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ABSTRAKT

Tato disertacni prace se zabyva studiem krytének ve vztahu k jejich pfirozenému biotopu a
moznosti analyzy krytének pokroc¢ilymi mikroskopickymi technikami. Hlavni vyzkum se opira
o ptivodni publikované védecké ¢lanky, ty jsou zatazeny do ti samostatnych kapitol (Cast I, Cést

IT & Cast IIT) a kazda je opatiena ivodem.

(Cast I) Metodicka ¢ast disertaéni prace se vénuje vyuziti pokroilych mikroskopickych technik
pouzivanych k rozsifeni rozsahu ekologickych analyz. Zejména piesné rozliSeni Zzivych
a mrtvych jedincti ve vzorku, presné méfeni biomasy uvniti schranky ¢i vizualizace cytoplazmy
mohou vyrazné ovlivnit vysledky ekologickych studii. Jako hlavni metody analyzy krytének byly
pouzity noveé konfokalni a dvoufotonovd mikroskopie. Tyto pokrocilé mikroskopické metody
umoznily zkoumat podrobné morfologii krytének. Udaje mohou mit vliv na taxonomii a

ekofyziologii, vEetné vyuziti krytének jako bioindikatoru znecisténi.

(Cast II) Aktuoekologicka analyza se zaméiuje na vykyvy ve slozeni spoledenstva krytének ve
sladkovodnim ekosystému, jmenovit¢ Komotanskych tiiikach v Praze, v pribéhu roku. Zmény
v druhovém slozeni krytének jsou korelovany se soucasné¢ zaznamenavanymi limnologickymi
parametry jako je teplota, pH, koncentrace tézkych kovi (Ni, Cd, Pb, Mn, As) nebo
polycyklickych aromatickych uhlovodiki a daldich chemickych latek (NH,", NO3, P).

Udaje ziskané v mélkych tiiikach ukézaly, ze ekologické preference naroky rodu Arcella a rodu

Difflugia se zdaji byt v opozici.

vvvvvv

evropskych rhododendronti mezi kryténkami a erikoidné mykorhiznimi houbami a DSE-
asociaci, pojmenované podle hub, které ji tvoti (Dark Septate Endophytes). Mozna role krytének
jako zdroje zivin pro hostitelské rostliny je diskutovana. Dalsi studie se zamétuje na interakci
mezi kryténkami a myceliem saprotrofnich hub kolonizujicich opad borovice lesni (Pinus

sylvestris). Analyzou bylo zjiSténo, Ze saprofytické/parazitické houby interaguji s kryténkami ve



smrkovém opadu. Pudni houby tak nepfimo ovliviiuji bakteridlni populace v hyphosféie. Tato

interakce zahrnuje mykofagy, houbové parazity a dekompozici schranek krytének.



Abstract

The present thesis focuses on testate amoebae (TA) and their relationship to their natural
environment, as well as on relevant microscopic imaging methods. The bulk of the data has been
published in original scientific papers and is compiled into three separate chapters (Pt I, Pt IT & Pt

III), each annotated by a brief introduction.

(Pt I) The methods section is devoted to specialized microscopic techniques employed to broaden
the scope of the ecological analyses. In particular, precise discrimination between live and dead
individuals, biomass determination inside individual tests and a multi-modal visualization of the
cytoplasm and organelles enhance the data. Laser scanning confocal microscopy and two-photon
microscopy are the main imaging modalities employed to study TA morphology in detail. The
data have implications for taxonomy and ecophysiology, including the use of TA as bioindicators

of pollution.

(Pt IT) An actuoecological analysis focuses on the seasonal variability of TA species composition
in a freshwater ecosystem, namely the Komotany ponds in Prague, during the course of the year.
The species composition variation is correlated to simultaneously recorded limnological
parameters such as temperature, pH, contamination by (heavy) metals (As, Cd, Mn, Ni, Fe, Pb),
polycyclic aromatic hydrocarbons (PAH) and other chemical species (NH, ", NO3’, P). For
example, the data obtained in shallow ponds revealed that the ecological preferences of Arcella

and Difflugia genera are more-or-less opposite.

(Pt IIT) More complex ecological interactions were studied by investigating the interaction in the
mycorhizosphere of European rhododendrons between TA and ericoid mycorrhizal fungi (ErMF)
and dark septate endophytes (DSE) fungi. The possible role of TA as a source of nutrients for the
host plant is discussed. Another study focuses on the interactions between TA and saprotrophic
fungi mycelium colonizing Scots pine (Pinus sylvestris L.). The analysis of TA species
composition data revealed that the saprotrophic/parasitic fungi do indeed interact with TA. Soil
fungi interact with TA indirectly by affecting the bacterial population in the hyphosphere. This

interaction involves mycophagy, fungal parasites and TA test decomposition.
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1. PREDMLUVA

Tuto disertaéni praci jsem vypracovala v ramci doktorského studia na Ustavu geologie
a paleontologie PiF UK. Vlastni prace probihala v obdobi 2004-2011 na Ustavu geologie
a paleontologie P¥F UK, na Oddéleni mykorhiznich symbiéz BU AVCR v.v.i. v Prihonicich
a Fyziologickém tistavu AVCR v.v.i. v Kréi. Mou $kolitelkou byla Doc. RNDr. Katarina Holcova,
CSc. a konzultantkou RNDr. Lucie Kubinova, CSc.

Predkladana DP je sepsana v ¢eském jazyce se shrnutim v angli¢ting. Detailni popis konkrétnich
experimentalnich metod a postupt, vysledky, podékovani a finan¢ni podpora jsou uvedeny
v jednotlivych manuskriptech/publikacich. Prace je zakoncena shrnutim dosaZenych vysledki,
jejich obecnou diskuzi a zavérem. Seznam literatury na konci prace obsahuje pouze ¢lanky jeste
neuvedené v jednotlivych manuskriptech/publikacich. Praktickd c¢ast této disertatni prace je
rozdélena do tii Casti, jejichZz centralnim motivem je zkoumani ekologie krytének pomoci

nejraznéjSich ptistupt:

Cast I: Analyza krytének novymi mikroskopickymi technikami

Tato ¢ast obsahuje jeden ptivodni ¢lanek:
Clinek 1: Burdikovad Z, C'apek M, Ostasov P. Machac J, Pelc R, Mitchell EAD, Kubinova L.
2010. Testate amoebae examined by confocal and two-photon microscopy: implications for

taxonomy and ecophysiology. Microscopy and Microanalysis 16: 735—746

Cast II: Aktuoekologie krytének sladkovodniho prosti-edi

Tato ¢ast obsahuje jeden piivodni manuskript:
Clanek 2: Burdikova Z, Capek M, Svindrych Z, Gryndler M, Kubinova L, Holcovd K.
Ecology of testate amoebae in the Komorany Pools of the Vitava Basin. Manuskript v tisku v

casopise Microbial Ecology

Cast III: Interakce mezi kryténkami a mykorhiznimi a saprotrofnimi houbami
Tato ¢ast obsahuje dva ptivodni ¢lanky:
Cldnek 3: Vohnik M, Burdikova Z, Albrechtova J, Vosdtka M. 2009 Testate

amoebae vs. mycorrhizal fungi: a possible novel interaction in the mycorhizosphere



of ericaceous plants? Microbial Ecology 57: 203-214
Clanek 4: Vohnik M, Burdikova Z, Vyhnal A, Koukol O. 2011. Interactions between testate

amoebae and saprotrophic microfungi in a Scots pine litter microcosm. Microbial Ecology

61: 660-668



2. UVOD

2.1. Morfologie a fyziologie krytének

Kryténky (TA) (Arcellinida a Euglyphida) jsou polyfyletickou skupinou jednobunécnych
améboidnich organisma obklopenych schrankou o velikosti 10 az 400 um. Schranka ma obvykle
jeden otvor pro pseudopodia a je formovadna bilkovino-chitindzni hmotou produkovanou
cytoplazmou krytének (Barto$, 1954). Bilkovinnd hmota je zékladni slozkou schranky vétSiny
krytének (Moraczewski 1969, Lamentowicz a Mitchell, 2005), existuji ale i schranky tvotrené
jinym materidlem. RozliSujeme ¢tyfi hlavni typy schranek: bilkovinné, vapnité, kiemité (druhy,
které vylucuji jejich pravidelné kiemicité Casti schranky, tzv. idiosomy) a aglutinované (druhy,
jejichz schranky obsahuji cizi CéasteCky nerostl, tzv. xenosomy) (Wanner, 1999). Velikost
schranky poskytuje dalezita limnologicka data; schranky krytének po nepohlavnim déleni jiz
nerostou (Penard, 1902), vyhodnoceni stfedni velikosti schranek v populaci tak mize poskytnout
uzite¢né informace o zivotnim prostiedi (Dallimore et al., 2000). U krytének rozliSujeme vnéjsi
ektoplazmu a vnitini endoplazmu. Pseudopodia jsou tvotfena vétSinou ektoplazmou, vnitini ¢ast
muze byt tvofena endoplazmou (Medioli a Scott, 1988).

Kryténky se rozmnozuji nepohlavné bindrnim de¢lenim, pohlavni rozmnozovéni je
relativné fidké (Medioli a Scott, 1988). Béhem reprodukce je velikost dcefiné schranky ur¢ovana
objemem cytoplazmy a mnozstvim dostupné potravy v obdobi pied reprodukci. Velikost
schranky také ovliviiuje fada abiotickych faktorti, napft. teplota vody (Medioli a Scott, 1988).
Vétsina krytének se zivi bakteriemi, fasami a houbami, nékteré druhy jsou predatofi (Gilbert,
2003; Yeates, 1995; Ogden, 1990). U nekterych druhti (napt. Hyalosphenia papilio) jsou v tcle
pfitomny symbiotické bakterie a tyto kryténky se vyzivuji mixotrofné. Pfi nepiiznivych
podminkach kryténky vytvareji cysty, pomoci nichz se také pasivnim transportem kosmopolitné

Sifi.

2.2. Vyznam krytének pro aktuoekologii
Mezi hlavni divody zvyseného zajmu o kryténky patii jejich kosmopolitni rozsiteni, vysoka
abundance a vynikajici zachovani pfredev§sim v sedimentu pozdnich ctvrtohor a holocénu

(Patterson et al. 1985) a to nejcastéji v sedimentech jezer, raSelinist’ a fek (Medioli a Scott, 1988,



Warner, 1990, Warner a Charman, 1994). Nejstars$i nalezy popisuji Porter a Knoll (2000)
z proterozoika v Grand Canyon v Arizoné, USA. V Ceské republice jsou doloZeny nejstarsi
nalezy z karbonu (namur) Vasickem a Ruzickou (1957), dale z cenomanu ceské kiidové panve
(Bubik, 1997). Ptehled o fosilnich nalezech ve svété shrnuje Medioli et al. (1990). Nejcastéji se
uchovavaji schranky ¢i kiemité desticky. Vzhledem k jednoduché morfologii jsou fosilni skupiny
velmi podobné svym modernim piibuznym (Patterson, 2002). Studie fosilnich spolecenstev
krytének naznacuji, Ze jsou citlivé na epizodné antropogenni naruSeni zahrnujici zmény
v trofickém statusu jezer spojené s rozsitenim hnojiv (Sageman, 1997).

Kryténky osidluji Sirokou paletu sladkovodnich prostfedi (jezera, rybniky, potoky, feky) a
také podmacend prostiedi (raSelinisté, slatinisté, vlhkou pidu, kGru stromil); pouze malé
mnozstvi druhti se vyskytuje v brakickych podminkéach. Kryténky jsou kosmopolitn¢€ rozsiieny
od tropickych az po polarni oblasti (Ogden a Headley, 1980). Jako vhodna pro studie zabyvajici
se paleoekologii ponejvice kvartéru se ukazala aplikace soucasnych ekologickych poznatka
z oblasti taxonomie a ekologie krytének, jez byla korelovana s mnoha environmentalnimi
parametry jako je napf. eutrofizace (Schonborn, 1990), zmény teploty vody (Collins et al., 1990),
salinita (Roe, 2006) a pH (Escobar, 2008). Spolecenstva krytének byvaji silné ovlivnéna obsahem
fosforu, jehoz zvySené hladiny odrazi eutroficky status jezer, dale také charakterem substratu,
celkovym obsahem organickych latek a kontaminaci prostiedi tézkymi kovy (Roe, 2010).

Kryténky se bézn¢ pouzivaji jako modelové organismy v populacni ekologii, ekotoxikologii
a paleoekologii, zejména diky relativné snadnému sbéru a identifikaci (Booth, 2002; Mitchell et
al, 1999; Payne a Mitchell, 2007). Mohou slouzit jako spolehlivy ukazatel prostiedi s nizkym pH,
ve kterém maji schranky ostatnich modelovych skupin (mé&kkysi, lasturnatky) tendenci se
rozpoustét (Escobar, 2008). Rada studii pouziva kryténky jako bioindikatory zmény hladiny mote
(Scott a Medioli, 1980, Charman et al., 1998; Scott et al., 2001), paleohydrologie a paleoklimatu
(Tolonen, 1986; Warner a Charman, 1994), ¢i limnologickych ukazatelii jako teplota, pH,
koncentrace kysliku nebo mnozstvi tézkych kovi (Reinhard et al., 1998; Patterson a Kumar,

2002; Escobar, 2008).



3. CASTI: ANALYZA KRYTENEK NOVYMI MIKROSKOPICKYMI TECHNIKAMI

3.1. Mikroskopické metody studia krytének

Dilezitym pifedpokladem pro uspésné pouziti krytének v ekologickém a paleoekologickém
vyzkumu je jejich spravné taxonomické zarazeni, které je i v dnesni dob¢ zalozeno predevsim na
struktufe schranky a cytoplazmy (Ogden a Headley, 1980). Pro mnoho taxont vsSak struktura
cytoplasmy, pocet jader ¢i typy pseudopodii jesté nebyly pozorovany (Meisterfeld, 2002a,
2002b). Na druhou stranu, souc¢asné studie kombinujici morfologicka a molekularni data odhalily
neocekavanou diverzitu mezi kryténkami; jemné morfologické rozdily, které nejsou vétSinou
viditelné pod svételnym mikroskopem, se ukazaly byt taxonomicky vyznamné (Todorov, 2009;
Heger, 2010). Dosud vSak bohuzel chybi relativné pfistupna metodika, jez by na tyto skutec¢nosti
reagovala a umoznila badatelim ziskat co nejpfesnéjsi taxonomicka data, kterd by mohla byt

pouzita pro dalsi ekologické aplikace.

3.1.2. Skenovaci elektronova mikroskopie

Pravdépodobné nejefektivnéjsi zobrazovaci technikou pouzivanou pii studiu krytének je
skenovaci elektronova mikroskopie (SEM). Tato technika je idedlni pro vizualizaci povrchu
schranek krytének a jejich taxonomicky vyznamnych morfologickych detailti. Schranky je pied
pouzitim této techniky nejdiive nutno pokovit; v posledni dobé se také u nekterych novejSich
SEM mikroskopt pouzivad environmentalni mod (napt. Olympus ESEM), jenz umoziuje studium
nezkolabovanych schranek bez pokoveni a tim dovoluje zobrazit vice jemn¢jSich detailti. Hlavni

nevyhodou SEM je jeji relativné vysoka finan¢ni narocnost a také delSi doba ptipravy vzorku.

3.1.3. Opticka mikroskopie

Ke studiu struktury schranek krytének jsou v praxi nejspiS$ nejCastéji pouzivany rtizné optické
kontrastni metody. Nezastupitelnou ulohu zde maji fdzovy a diferencialni interferencni kontrast
(DIC) (Murphy, 2001), lze také vyuzit vyhod digitdlni holografické mikroskopie, moderni
adaptace interferencni mikroskopie (Charriere et al., 2006), zejména pokud potiebujeme mefit
biomasu uvniti schranky nebo vytvaret 3D rekonstrukce. Nevyhodou digitalni holografické
mikroskopie je nizké rozliSeni a relativni casova a finanéni narocnost, zejména v porovnani

s fazovym kontrastem ¢i DIC.



3.1.4. Konfokalni mikroskopie

Nové cenné poznatky o vnitini struktute krytének piinesly az pokrocilé optické mikroskopické
metody — konfokélni a dvoufotonova fluorescen¢ni mikroskopie. Jejich hlavni vyhodou je
moznost studovat vnitini uspotadani zivych jedinci v pfirozeném prostiedi a stanovit objem
jejich biomasy. Konfokalni mikroskopie (Confocal Laser Scanning Microscopy - CLSM) se snazi
odstranit jeden z nedostatkl klasické optické mikroskopie, konkrétné nizky kontrast zptisobeny
pronikanim svétla z ¢asti vzorku mimo zaostfenou rovinu pozorovani do vysledného obrazu. V
bézné optické mikroskopii je totiz osvétleno celé zorné pole vzorku a rozptylené svétlo nebo
vyzéafena fluorescence z rovin mimo zaostfenou rovinu (tzv. nezadouci signal) pfispiva do
vysledného obrazu téméi stejnou meérou, jako uziteCny signal, tedy svétlo pochazejici ze
zaostiené roviny. Problém nezddouciho signalu lze vyfeSit dvéma zplisoby: eliminaci zdroje
nezadouciho signadlu - svétlo pfichdzi jen ze zaostiené roviny (Total Internal Reflection
Fluorescence Microscopy, Two Photon Excitation Microscopy, piipadné pouziti velmi tenkych
vzorkil) nebo tzv. konfokalnim snimanim.

V konfokalnim mikroskopu je vzorek osvétlen bodovym zdrojem svétla a signal ze
vzorku je sniman bodovym detektorem, najednou je tedy mozZné zobrazit jeden bod ze zaostiené
roviny vzorku. Cely obraz se ziskd posouvanim tohoto bodu pomoci zrcatek (skenovanim)
podobné, jako je v obrazovkach analogovych televizi magneticky vychylovan elektronovy
paprsek. Velikost tohoto bodu pak urcuje rozliseni mikroskopu. Mikroskop je "konfokalni" v tom
smyslu, Ze bodovy zdroj svétla i bodovy detektor jsou zobrazeny objektivem do jednoho a téhoz
bodu ve vzorku. Z principu je také ziejmé, ze svétlo z nezaostienych rovin (pod nebo nad rovinou
zaostieni) je blokovano konfokalni clonkou a neprojde na detektor. Tim je zajiSténo podstatné
zlepseni rozliSeni v ose vzorku oproti bézné optické mikroskopii, a to az na hodnoty pod 1 um,
rozliSeni v rovin¢ vzorku pod 0,5 um, v zavislosti na pouzitém objektivu a vinovych délkach
svétla.

Jako zdroj svétla se nejcastéji pouziva sada laserti pro excitaci béZznych fluorescen¢nich barev
a jako detektor pak fotonasobi¢ nebo lavinova fotodioda doplnéné vhodnymi filtry nebo difrakéni
miizkou (popt. hranolem) pro pruznou volbu spektralniho rozsahu detekce. Cely mikroskop je

fizen pocitacem, ktery také vytvaii vysledny obraz vzorku.



3.1.5. Dvoufotonova mikroskopie

Kazdy laserovy skenovaci konfokalni mikroskop 1ze téz pouzit pro dvoufotonovou mikroskopii
(Two Photon Excitation Microscopy - TPEM); nutnou modifikaci je jen pfipojeni specialniho
pulzniho laseru. Ve dvoufotonovém mikroskopu neni tfeba vyuzit konfokalniho principu (lze
vynechat konfokalni clonku detektoru), protoze fluorescence pochézi jen ze zaostfené roviny. Pii
dvoufotonové excitaci absorbuje molekula barviva energii dvou fotond. VIinova délka excitacniho
svétla je tedy piiblizné dvojnasobna oproti normalni excitacni vlnové délce dané¢ho barviva
a spadd tedy vétSinou do blizké infracervené oblasti. Tato dvoufotonové excitace je také velmi
malo pravdépodobnd, je tedy potieba fadové vysSich intenzit osvétleni vzorku, které jsou
dosazitelné jen pfi pouziti velmi kratkych pulzi (kolem 100 fs = 107" s). A nakonec, rozdil od
normalni excitace je dvoufotonova excitace nelinearni - jeji intenzita zavisi na druhé mocniné
intenzity dopadajiciho svétla, tedy fluorescence vychazi hlavné z mist, kde je dopadajici svétlo
neintenzivnéjsi, tj. z ohniska. Fluorescence z mist nad a pod ohniskem je potlacena. RozliSeni
dvoufotonového mikroskopu je o néco horsi, nez u konfokalniho mikroskopu, diivodem je hlavné
dlouhd vlnové délka excitaéniho svétla. Ta méa vSak tu vyhodu, Ze 1épe pronikd biologickymi

vzorky, je tedy mozné zkoumat tlusté a méné prisvitné vzorky.

3.2. Zpracovani obrazovych dat

Dalsim krokem je zpracovani dat ziskanych témito metodami, nabizeji se stereologické metody
a 3D rekonstrukce. Posunem vzorku ve sméru optické osy je totiz mozné snadno ziskat jednotlivé
optické fezy vzorkem, které jsou piesné slicované a bez deformaci.

3D rekonstrukce je pokrocila pocitacova graficka metoda, kterda umoziuje z tady
optickych ftezli vytvofit prostorovy model zkoumaného objektu a nahlizet pak na néj z
libovolného uhlu. Stereologické metody na druhou stranu umoziiuji pomoci pomérné
jednoduchych vypocth urcit dulezité vlastnosti vzorku a jeho ¢asti, jako jsou rozméry, velikosti
ploch a objem. Pravé pro ekologické studie je jednim z dualezitych parametrti mnozstvi biomasy
uvnitt schranky krytének, které se da pomérné presné urcit pomoci stereologického zpracovani
snimkt z konfokalniho nebo dvoufotonového mikroskopu.

Vramci své disertaCni prace jsem se zabyvala analyzou krytének pokrocilymi

mikroskopickymi technikami a moznostmi jejich vyuziti v ekologickych vyzkumech. Vysledkem



bylo zobrazeni vnitinich struktur krytének, optimalizace postupu rozliSeni zivych a mrtvych
jedinct ve vzorku a navrzeni postupu méieni biomasy krytének uvniti schranky. Vysledky této

prace jsem opublikovala v jednom védeckém ¢lanku.
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Abstract:

Testate amoebae (TA) are a group of free-living protozoa, important in ecology and paleoecology.
Testate amoebae taxonomy is mainly based on the morphological features of the shell, as
examined by means of light microscopy (LM) or (environmental) scanning electron microscopy
(SEM). We explored the potential applications of confocal laser scanning microscopy (CLSM), two
photon excitation microscopy (TPEM), phase contrast, differential interference contrast (DIC
Nomarski) and polarization microscopy to visualize TA shells and inner structures of living cells,
which is not possible by SEM or ESEM. Images captured by CLSM and TPEM were utilized to
create 3D visualizations and to evaluate biovolume inside the shell by stereological methods, to
assess the function of TA in ecosystems. To the best of author’s knowledge the present report is
the first to employ fluorescent probes, CLSM, TPEM, 3D reconstructions and stereological
methods to visualize TA. This approach significantly broadens the understanding of TA cell and
shell morphology, and inner structures including organelles and symbionts, with potential

implications for taxonomy and ecophysiology.

ABBREVIATIONS:

CLSM — confocal laser scanning microscopy

DIC — differential interference contrast

ESEM — environmental scanning electron microscopy
LM — light microscopy

SEM — scanning electron microscopy

TA — testate amoeba(e)
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TPEM — two- photon excitation microscopy
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INTRODUCTION

Testate amoebae (TA) belong a polyphyletic group of unicellular eucaryotes (ca. 10-400 pum)
protected by a shell (test). The shell enclosing the cell plasma usually has a single aperture for
the pseudopodia, rarely two apertures. A proteinaceous organic matrix is the basic shell
component (Meisterfeld, 2002a, 2000b). There are four main shell types: proteinaceous,
calcareous, siliceous (species secreting their own regular siliceous shell plates, so-called
idiosomes), agglutinated (species incorporating extraneous mineral particles, so-called
xenosomes, into their shells structure) (Wanner, 1999). Despite the presence of an opaque
shell, some testate amoeba species have photosynthetic symbionts and are thus mixotrophic

(Meisterfeld, 2002a, 2000b).

Testate amoebae are commonly used as model organisms in population ecology,
ecotoxicology, ecology, paleoecology and evolutionary biology. They are useful bioindicators of
natural ecological gradients, environmental stress or pollution in both aquatic and terrestrial
ecosystems (Booth, 2002; Mitchell et al., 2008; Foissner, 1997, 1999; Patterson et al. 1996,
2002). In most aquatic and terrestrial ecosystems TA also play an important role in the cycling of
nutrients, especially C, N, and Si. (Aoki et al., 2007; Wilkinson, 2008; Schroter et al., 2003;
Schénborn, 1983, 1992; Vohnik et al., 2009).

A prerequisite for the use of TA in ecological and paleoecological studies is a sound
taxonomy. TA taxonomy is mainly based on the shell structure (Ogden & Hedley, 1980). Indeed,
in a number of taxa the cytoplasm, the nuclei and types of pseudopodia have not been observed
yet (Meisterfeld, 2002a, 2000b). Recent studies combining morphological and molecular data
have revealed an unexpected diversity among the testate amoebae, thus illustrating their role
as a model group to study evolutionary processes such as marine-terrestrial transitions. Subtle
morphological differences that are typically invisible under light microscopy were shown be of

taxonomical significance (Todorov et al., 2009; Heger et al., 2010).

Ecological studies aiming to establish the contribution of TA to biomass or nutrient

cycling require a reliable estimate of cell volume (e.g. Gilbert et al., 1998; Schroder et al., 2003;
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Mitchell et al., 2003). The volume of biomass inside the shells can be calculated by applying an
appropriate conversion factor (Madrid & Felice, 2005) or calculated assuming that the TA shells
can be approximated by simple geometrical shapes (Gilbert et al., 1998). The accuracy of these

approaches is limited (Chariére et al., 2006).

There has been a growing demand to revise the taxonomy of testate amoebae and to
develop new optical methods for their reliable identification (Mitchell & Gilbert, 2010). Apart
from scanning electron microscopy (SEM) as the most common technique, the ideal imaging
setup should distinguish the relevant morphological features without requiring an excessively
complex preparation and handling. To some extent, the optical contrasting modalities such as
phase contrast, DIC (Murphy, 2001) or digital holographic microscopy, a modern adaptation of
interference microscopy (Charriere et al., 2006) can be utilized, as demonstrated in TA (Beyens
and Meisterfeld, 2001, Charriere et al., 2006). If biovolume estimations and/or 3D
reconstructions are required confocal or two-photon microscopy represents a convenient

solution.

The aim of the present study is to explore the potential of CLSM and TPEM together with 3D
reconstructions and stereological measurements for the study of testate amoebae morphology.
Phase contrast, differential interference contrast (DIC Nomarski, polarization microscopy) and
(E)SEM were employed as well. The data have implications for taxonomy and ecophysiology. To
the best of the authors’ knowledge, the present study is the first of its kind, as applied to testate

amoebae.

MATERIALS AND METHODS
Specimens

Samples of TA were collected from four pools of Komofany ponds near Vitava River, 1-2 m from
the river, in Prague, Czech Republic. TA from Komorany pools were studied without fixation and
stored in their natural environment (water) for not more than four hours before image

acquisition. Samples from the Alps and Jura Mountains (Switzerland) and from Sphagnum moss
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areas of the Sumava Mountains (Czech Republic) were studied both before and after a

paraformaldehyde fixation. A list of all examined species is shown in Table 1.

The fixation was a performed by gentle centrifugation followed by replacing the resulting
supernatant by 4% paraformaldehyde (45 min at room temperature). After fixation the specimen
was centrifuged again and supernatant replaced by filtered water (20 um mesh) obtained from

the place of sampling.

TA were labeled by 15 fluorescent markers: DAPI (D1306), Er-Tracker Blue- White DPX
(E12353), Hoechst (H21486), LysoTracker Red DND (L7528), MitoTracker (M22426), AlexaFluor
633 phalloidin (A22284), SYTO 16 (S 7578), Texas Red C,-imde, TMRE (T-699) (Invitrogen, Eugene,
OR, USA), and acid fuchsine (84600), aniline blue (ANILO1600), BCECF-AM (B8806), DiOCs(3),
FITC 46952 and propidium iodide (70335) (Sigma-Aldrich, USA). Details about the fluorescent
probes are listed in Table 2. We were also checking the autofluorescence of TA and chlorophyll-a

inside TA (mixotrophic species).

For DAPI, Hoechst, propidium iodide and AlexaFluor 633 phalloidin staining, the TA were
fixed and treated with 0.1% Triton X-100 (5 min at room temperature) to permeabilize the
plasma membrane. The samples were then centrifuged, Triton X-100 aspired and the samples
suspended in water. The TA samples were stained as specified in Table 2, centrifuged in
Eppendorf tubes (12,100 rpm for 45 s, RCF ca 9,000 g), supernatant removed and replaced with
filtered water (20 um mesh) from the place of sampling. The centrifugation was performed three
times, in order to remove any excessive probe. Afterwards, the TA suspension in water was

mounted between a microscope slide and a cover slip sealed together with nail varnish.

Optical contrasting modalities

All images shown in Fig. 1 were acquired with Olympus DP70 digital camera fitted to
Olympus BX60 upright microscope equipped with U-UCDS8 universal condenser (NA 0.90 in a dry
“TLD” mode).
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Conventional phase-contrast with no special modifications was employed. Polarization
microscopy was performed in a simple way, with the specimen placed between crossed or nearly
crossed polarizers; no other optical elements were present. Differential interference contrast
(DIC Nomarski) images were optimized by adjusting the position of the Wollaston prism in a DIC
slider (U-DICT type), thus setting an optimal bias retardation, depending on the optical thickness
of the object (testate amoeba). Two objective lenses were used: UPlanFl 40x/0.75 Ph2 (Fig. 1b)
and UPlanFl 20x/0.50 (all other images).

Except for Figs. 1f and 1h, all images shown in Fig. 1 are processed ones obtained from
raw images acquired at a series of focal planes, by employing a DeepFocus module of

QuickPHOTO Micro software.

Scanning and environmental scanning microscopy (SEM and ESEM)

A scanning electron microscope FEI Quanta 200 was used as described in (Michels, 2005),

either in SEM or ESEM mode.

For the SEM (high-vacuum) mode, the fixed shells were critical point dried or partially dried,
mounted on metal stubs with a double-sided adhesive conductive tape (carbon tape) and coated
with gold (4 min at 20mA in a vacuum of about 10 Pa, with argon present) using a model sputter
coater. The stubs were then affixed by the carbon tape to a microscope stage. The gold-coated
TA shells were observed at 20-30 kV in a high vacuum mode, using an Everhart-Thornley

secondary electron detector (ETD).

For the environmental SEM (ESEM) mode, the fixed shells were washed in distilled water to
remove the fixatives, partially dried and placed on a Peltier-cooled stage (JT Manufacturing,
USA). To prevent the stub from drifting, it was previously covered with the same double-sided
adhesive conductive tape (carbon tape) as used in SEM. The TA shells were observed at 20-30 kV,
200 to 400 Pa, and sample temperature of -14°C to -4°C. Alternatively, the pressure was raised

up to 1 kPa with no cooling applied. A gaseous secondary electron detector (GSED) was used.
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Confocal laser scanning microscopy (CLSM)

Two confocal laser scanning microscope systems were used: [1] Leica TCS SPE based on Leica DM
2500 CSQ V-VIS fluorescent microscope and equipped with four solid state lasers, 405 nm (25
mW), 488 nm (15 mW), 532 nm (15 mW), 635 nm (15 mW)); [2] Leica TCS SP2 AOBS based on
Leica DM IRE2 inverted microscope and equipped with continuous lasers 458nm(5mW),

476nm(5mW), 488(20mW), 514nm(20mW); HeNe: 543nm(1.2mW), 633nm(10mW).

The laser power was adjusted to obtain the best images. The laser power amplitude offset
and detector gain were manually adjusted prior to image stack collection, so the best
combination of black background and avoidance of black pixels and over-saturation in the
structures of interest was achieved. The image stacks were obtained by collecting optical
sections throughout the entire thickness of the specimen. The images were acquired using scan
rates and frame averaging settings to yield the best signal-to-noise ratio within a reasonable
collection time. In most cases we used a 20x water immersion planapochromat objective HC PL

APO CS (NA = 0.7) and apochromat objective HCX APO CS 63x W CORR /1.2 — 0.22 wd (NA=1,2).

Due to attenuation of the light arising from deeper parts of the sample, the images in the
acquired stack were enhanced by two methods: [1] online method — an intensity compensation
feature of Leica Confocal Software (version 2.61, Leica Microsystems GmbH, Heidelberg) in a
‘linear-by-gain’ mode), adjusting the PMT gain according to the z-coordinate of current image
and maintaining the best signal-to-noise ratio throughout the sample; [2] offline method — a
custom plug-in for the Ellipse modular software package (ViDiTo, Slovakia; www.vidito.com),
adjusting the brightness and contrast in an image series so that the effect of light attenuation is

minimized (Capek et al., 2006).

Two-photon excitation microscopy (TPEM)

An above-mentioned confocal microscope (Leica TCS SP2 AOBS) was used in concert with a
Ti:Sapphire Chameleon Ultra family femtosecond laser Mira 900 (Coherent, Santa Clara, CA)

tunable from 690 to 1040 nm. A two-photon fluorescence signal was collected by an internal

16



detector placed in the scanning head of the confocal microscope (descanned, backscattering
geometry). The detected wavelength by applying lambda scans in order to maximize the

fluorescence signal of the sample. The average laser power on the sample was in the order of

miliwatts.
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3D visualization

CLSM and TPEM provided a series of perfectly aligned optical sections of TA cells. To
visualize them as 3D objects, we used the Ellipse software package (ViDiTo Systems, KoSice,
Slovakia) adapted to work with a specialized VolumePro 1000 board (www.terarecon.com),

performing volume rendering of digital scalar data in real time (Capek et al., 2009).

Stereological measurement

The biovolume inside TA shells was determined by the stereological “fakir” method from
images acquired by CLSM or TPEM (Cruz-Orive, 1997; Kubinova & Janacek, 2001; Kubinova et al.,
2002). The fakir probe (Cruz-Orive, 1997) is a systematic probe consisting of parallel test lines
(resembling nails of a fakir’s bed and piercing its surface). We applied a highly-efficient spatial
grid consisting of three mutually perpendicular halfway shifted fakir probes (Kubinovd &
Janacdek, 1998, 2001, Difato et al., 2004). The TA biovolume (V) was estimated by the following

formula:
1,
estV =§-u (L, + L, + Ly)

where L; (i=1,2,3) is the total length of object-to-probe intercepts (i-th fakir probe), the object
being the biomass boundary, u is the grid constant, i.e. the smallest distance between
neighboring parallel lines of the fakir probe. The position of the spatial grid was uniform random

(Weibel, 1979).

RESULTS
Basic morphology (optical contrasting modalities)

The testate amoebae architecture was visualized by employing complementary optical

contrasting modalities such as phase-contrast (Fig. 1b), polarization (Fig. 1c, 1e, 1g) and DIC
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Nomarski (Fig. 1d, 1f, 1h) microscopy. The origin of the optically active objects highlighted in Fig.
1c is unclear and requires further elucidation. Test scales and/or sand grains adsorbed on the
test surface are also highlighted by polarization microscopy (Fig. 1e, 1g). The cyst architecture is
best visualized by DIC Nomarski imaging (Fig. 1d) while its outline is best rendered by phase-
contrast (Fig. 1b). A bright-field image (no optical contrasting, low contrast) is shown for

comparison (Fig. 1a).

Observation of testate amoebae surface structures by SEM and ESEM

SEM and ESEM visualize the surface of TA shells at high resolution (Fig. 2c). It is possible to
observe the shell coated with sand grains, its structure and typical morphological characteristics

(Fig. 2d, 2e).

As ESEM does not require the samples to be metal-coated, frequent artefacts caused by the
coating procedure are eliminated. The only requirement is to avoid mechanical or chemical
impurities, such as various particles or surface films. ESEM microscopy often yields better-quality
images of the shell, plus details just under the shell surface (Fig. 2e), in comparison to SEM.

However, SEM or ESEM cannot be applied to visualize living TA.

Fluorescence (data summarized in Table 3)

Labeling of the TA shell with acid fuchsine let us observe secreted scales, or organic or
mineral xenosomes used as building blocks of the shell (Fig. 2a, 2d and 2g, 3m). In some cases,
the SEM and CLSM images nicely complement each other (Fig. 2). Acid fuchsine also reveals the
internal structure of the cell (Fig. 2a, 2b, 2f), and such data can be combined with

autofluorescence observations of chlorophyll-a present in endosymbionts (Fig. 3a, 3b).

Fluorescein BCECF-AM labels the cytoplasm in living TA individuals only (Fig. 3c, 3e), a
protoplast, most likely of another organism, inside an otherwise empty shell (Fig. 4e) or even

cell nuclei during mitosis (Fig. 4f). In living TA, BCECF-AM also stains the shell and its architecture
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can be observed in great detail (Fig. 3e, 4c). However, the image is not as sharp as in the case of

acid fuchsine. BCECF-AM can also be used to determine cytosolic pH (Fig. 4h).

Propidium iodide stains nucleic acids in dead individuals (Fig. 3h). DiOCs(3) stains
membranes, including those of organelles within the cell. Mitochondria can be specifically
labeled by MitoTracker (Fig. 3k) and TMRE (Fig. 31). Aniline blue visualizes some components of
TA shells and appears to be complementary to acid fuchsine (Fig. 3m). Celltracker CMFDA also
labels living TA (Fig. 3n). Er-Tracker stains the endoplasmic reticulum of TA (Fig. 3g, 30). FITC
binds to proteins within the cell (Fig. 3p, 5a, 5b). The vacuoles of Hyalosphenia papilio labeled by

FITC (Fig. 3f) were visualized using a single laser line wavelength (514nm).

Staining by DAPI, LysoTracker, AlexaFluor 633 phalloidin, SYTO 16, Texas Red was

unsuccessful (data not shown).

Autofluorescence

Autofluorescence was recorded in Hyalosphenia papilio (Fig. 3p), a mixotrophic species (i.e.,
TA containing endosymbiotic algae). Autofluorescence of chlorophyll-a was recorded at
excitation wavelength of 633 nm and emission wavelength range of 650-710 nm (Fig. 3j). This
phenomenon could be useful in studies of symbionts inside mixotrophic TA species. No

autofluorescence was found in heterotrophic species.

Identification of living and dead TA individuals in sample

A combination of BCECF-AM and propidium iodide fluorescent probes, commonly used to
assess cell vitality (King, 2000), can be successfully applied to separate dead and living TA (Fig.
3¢, 3e, 3f, 3h, Table 1). While propidium iodide stained nucleic acids in dead cells with a
permeabilized membrane, fluorescence of BCECF-AM could only be observed in living cells

owing to enzymatic processes that activate the fluorescent probe.
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Rose Bengal (rB) is also commonly used to identify dead and living TA individuals (Patterson,
2002). However, no living specimens were detected by rB in our samples from the same locality
and time. This may be attributed to generic problems with rB staining as described by Bernhard
(2000). Thus, we recommend the BCECF-AM + propidium iodide method over rB staining alone
to identify dead/living TA individuals. Separating dead and living TA individuals is important in
ecological studies (e.g., Nguyen-Viet, 2008). Moreover, propidium iodide also allows counting

nuclei, which is important in taxonomy (Meisterfeld, 2002a, 2000b).

Examination of testate amoebae by TPEM

In small TA species (10-100 um) with translucent shells standard CLSM yields satisfactory
results (Fig. 4g). Problems occur with larger (thicker) species and those that build opaque shells
(typically made of agglutinated organic or mineral particles). Since both emission and excitation
light is strongly absorbed by the shell and the amoeba itself, CLSM typically makes it possible to
acquire TA images from only depths up to 20 um (Fig. 5a). In deeper layers the images suffer

from low signal-to-noise ratio.

These problems are partly solved by TPEM whose excitation light is in the infrared range
(700 - 910 nm) capable of penetrating deeper into most biological objects (Fig. 5b), Up to 70 um
in TA. This is sufficient for the vast majority of TA species and enabling biovolume estimation of

the amoeba inside the shell, and 3D reconstructions.

3D visualization

3D visualizations based on CLSM and TPEM images (acquired from one direction only) make
it possible to examine the object from any angle (Figs. 6a, 6d). Owing to the 3D data it is possible
to precisely localize in the amoeba chlorophyll-a (Fig. 6b, 6¢c) and the activity of non-specific

esterases (Fig. 6e, 6f, 6g, 6h).
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Stereological volume measurement

The results of biovolume measurement in four specimens of TA are summarized in Table 4.
By using the fakir method we were able to evaluate biovolumes with sufficient accuracy while

keeping the image acquisition time reasonably short (tens of minutes per one image stack).

DISCUSSION

Future progress in testate amoebae taxonomy and ecology requires a detailed
morphological characterization of their shells and cells, as this helps to select the criteria for
distinguishing closely related, morphologically similar species. A detailed examination of cell
content, e.g., quantification of organelles and (in mixotrophic species) endosymbionts, or
biovolume estimation yields information about the physiological state of the amoeba, with
implications in ecophysiology and ecotoxicology. Likewise, it is important to reliably recognize

living and dead individuals.

The relatively simple optical contrasting modalities such as phase-contrast, DIC-Nomarski or
Hoffman modulation contrast reveal the variations of a refractive index within the specimen and
are akin to the digital holographic microscopy mentioned towards the end of Discussion. They
are particularly suitable for examining non-absorbing objects such as unstained living cells
(Murphy, 2001). The structure of the TA shell can often be visualized by a simple polarization
microscopy at a negligible cost, owing to the shell’s its (bio)mineralized nature (Fig. 1e, 1g). In
this context, such modes are complementary with CLSM better capable of visualizing cell
components stained with specific fluorescent probes. For example, BCECF-AM binds to the

organic part of the TA shell only (e.g., Fig. 4c).

SEM and ESEM are frequently used for taxonomical descriptions of testate amoebae, and
less often in ecological studies. They make it possible to examine the surface features of TA at

high resolution and a very reasonable depth of field, and to perform quantitative elemental
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analyses of shell structures (Ogden & Hedley, 1980; Todorov et al., 2009). However, SEM and
ESEM cannot be used to examine living TA or the inner architecture of the amoeba or the shell.
Conventional SEM can only operate in a high-vacuum mode, which dictates the rather complex
specimen preparation protocol, itself a source of a number of artifacts. ESEM and some of its
alternatives, such as variable pressure SEM (VP-SEM), allow the examination of specimens under
a wide range of gaseous conditions. These conditions permit an investigation of the biological
samples, usually only non-living ones, in a closer-to-natural (uncoated) state, and are applicable

to practically any TA shell type. The drawback is a lower image contrast of the uncoated sample.

The fluorescent probes required in CLSM can penetrate into the amoeba only through the
shell operculum and some of them thus require a longer loading/staining time. The
reproducibility of the labeling protocols is often problematic. For example, Acantamoeba
castellanii was successfully labeled by Rhodamin tagged—phalloidin complex to visualize actin

(Gonzdlez-Robles, 2008). However, we failed to stain TA with this probe.

It is more difficult to stain shell-enclosed TA than naked amoebae or animal cells. The same
applies to foraminifera that also build their shells with an operculum. Bernhard, et al. (2004)
successfully stained foraminifera by calcein which we have not tested in TA. Instead, we
experimented with fluorescein BCECF-AM, a similar type of fluorescent probe. In many cases a
trial-and-error approach had to be applied to optimize the labeling protocols in terms of

photodamage, toxicity and photobleaching, and ten fluorescent probes were successfully used.

Rose Bengal (rB) is the most commonly used probe to distinguish live/dead shell-enclosed
TA or foraminifera cells. rB is a biological dye that is supposed to bind to cytosolic proteins,
rendering the cytoplasm in a rose color (Walton, 1952). The main advantages of rB are quick
staining and a relatively low price. However, necrotic as well as healthy cytoplasm is stained in
foraminifera. It has been shown that rB reacts even weeks or months after individual’s death.
Moreover, even specimens known to contain dead cells do not always become rB-stained
(Martin & Steinker, 1973; Lutze & Altenbach, 1991). Generally, rB should not be used as the only

dye to detect live/dead cells (Bernhard, 2000). Sudan black (a lipophilic stain) is yet another
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probe that is often used to distinguish live/dead foraminifera, and suffers from the same

drawback as rB — staining opaque specimens may yield ambiguous results (Bernhard, 2000).

These problems are absent if a combination of BCECF-AM and propidium iodide is used;
live/dead TA are clearly distinguished. BCECF-AM probe is non-fluorescent and membrane-
permeable in its basic state. Upon cleavage by non-specific esterases it becomes fluorescent but
also membrane impermeable, so it gets trapped in living cells but quickly disappears from dead
or membrane-damaged cells. Surprisingly, we observed fluorescence not only inside the living
cells, but also on the shells of living amoebae (between idiosomes), perhaps due to non-specific
esterases that may be part of the organic (proteinaceous) matrix sustaining the shell. This notion

is supported by the fact that the fluorescence was detected on the shells of living TA only.

In mammalian tissues, mitochondria are amongst the first organelles that exhibit distinct
structural alterations during necrosis (Raffay & Cohen, 1997). If intact mitochondria are
observed in TA, one may conclude that the cell is alive at the time of staining. In our samples
differences were encountered in spatial distribution of mitochondria between Euglypha sp. (a
heterotrophic species) labeled by MitoTracker (Fig. 3k) and Hyalosphenia papilio (a mixotrophic
species) labeled by TMRE (Fig. 3l). It is premature yet to draw any conclusions about the two
nutrition strategies but both of these probes are known to accumulate in active mitochondria
only.

To allow determination of the biomass inside the shell an optical diffraction tomography
technique based on digital holographic microscopy (DHM) can be utilized. This method,
essentially an adaptation of an interference-phase microscopy utilizing coherent light, enables a
tomographic reconstruction of the microscopic object with a resolution of ca 1.5 um in all three
directions (Charriere et al., 2006). Very small objects such as organelles or endosymbionts are
better modeled by CLSM owing to its better lateral/axial resolution of at least 350/1,000 um
(Diaspro, 2002; Matsumoto, 2002; Pawley, 2006) although in larger specimens such as
Hyalosphenia papilio, the laser light cannot penetrate sufficiently deep into the amoeba, and
TPEM (Denk, 1990; Diaspro, 2002) would have to be employed instead. In DHM, this problem is

mitigated simply by rotating the sample.
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Nguyen-Viet et al. (2008) evaluated TA biovolumes by assuming they are of regular
geometrical shapes. Obviously, this methodology enables fast volume measurements at the

expense of accuracy.

CONCLUSION

The present study highlights the advantages and limitations of various specialized
microscopic imaging modalities, as applied to testate amoebae morphology. The CLSM and
TPEM data are the first of its kind obtained in testate amoebae. Jointly with associated 3D
reconstructions and stereological analyses, the multimodal imaging is of potential interest e.g. in

taxonomy, ecophysiology or ecotoxicology.
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Tables:

Number of
. Probe /number of all/ living TA
Species . .
examined TA (staining by P and
B probes)
Archerella flavum Archer A3
Arcella vulgaris Ehrenberg A3,B/f2,C3,D/1, M/2, 55/7
Arcella discoides Ehrenberg P/5, TR/2,
Assulina sp.
Assulina muscorum Greeff A/ 1?:' /1Bc/)1(;,H%tO,S/D1I/10,
Assulina seminulum Penard ! !
Centropyaxis sp.
Centropyaxis aculeata (Ehrenberg) Stein A/5, AB/3, B/A5, D/7, P/, 66/18
Centropyxis aerophila Deflandre T/5, TR/8
Centropyaxis constricta (Ehrenberg) Penard
Cyclopyxis e.urysto.ma Deflandre B/4, T/7
Cyclopyxis kahli Deflandre
Cyphoderia ampulla Ehrenberg 11
Difflugia oblonga Ehrenberg B3, D/4, H/3, P3, T/8 21/4
Euglypha sp.,
Euglypha ciliata Ehrenberg B/5, C/3, Df2, Ef5, H/2, LS, 31/10
Euglypha compressa Carter M/10, P, S/1, T/3
Euglypha strigosa Ehrenberg
. - . A/10, B/10, D/10, DI/10,
Hyalosphenia papilio Leidy F/10, PH/10, 53, T/A
, A/10, B/10, C/3, D/10,
Nebela bohemica Taranek DI/L0, F/10, PH/10
Tracheleuglypha dentata Penard Af3, B/5, D/4, PR3, T/6 2155
Trinema enchelys Ehrenberg
Trinema complanatum Penard A/10, B/28, D/11, H/3, P, 68/8
. . T/20, TR/6
Trinema lineare Penard
Trigonopyxis arcula Penard AB/A
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Table 1: A list of observed TA with their description and number of tested species for given
fluorescent probes. The first column contains name of the species, while second one contains
name of probe used for staining (before slash) and number of examined individuals of given taxa
stained with it (after slash). Following notation was used — A (Acid Fuchsine), AB (Aniline Blue), B
(BCECF-AM), C (Cell Tracker CMFDA), D (DAPI), DI (DiOCs(3)), E (Er-Tracker Blue-White DPX), F
(FITC), H (Hoechst), L (LysoTracker Red DND), M (MitoTracker), P (propidium iodide), PH
(AlexaFluor 633 phalloidin), S (SYTO 16), T (TMRE), TR (Texas Red C,-imde) The third column
indicates the overall number of detected individuals of given taxa in phalloidin/BCECF-AM
staining experiment (before slash) and number of individuals identified as alive by this method

(after slash).
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Excitation/ . Staining
. Final .
Fluorescent probe Emission . time Targets of the probes
concentration .
wavelength [nm] [min]
Acid Fuchsine Chitin, vacuoles,
(84600) 514/600-650 170 uM 10 cytoplasm
Aniline Blue .
(ANILO1600) 405/550-620 135 uM 10 Chitin
BCECF —AM (B8806) | 0 a"‘; gf 0/500- 2 uM 25 Cytoplasm, pH
Cytoplasm, only
CellTracker CMFDA 490/523 4 uM 30 metabolically active
(C7025)
cells
DAPI (D1306) 405/450-520 300 uM 20 Nucleic acids
. 488(1P), 950 13.6 uM,
DiOC3(3) (2P)/ 500-650 4.5 UM 20-25 Membranes
Er-Tracker .
Blue-White DPX | >/ (le:()),_ézg(zp)/ 2 uM 120 E?gﬁf&?zm'c
(E12353)
FITC (46952) 490/523 1 mM 20 General staining,
aminogroups
Hoechst (H21486) 405/430-490 1.8 mM 30 Nucleic acids
LysoTracker Red
DND-99 (L7528) 577/590 200 nM 120 Lysosomes
MitoTracker . .
(M22426) 644/655 1uMm 120 Mitochondria
AlexaFluor 633 .
phalloidin (A22284) 633647 130 nM 120 Actin
Propidium lodide L
-67 7.5 uM 2 Nucl
(70335) 532/600-670 5u 5 ucleic acids
SYTO 16 (S7578] 488/513-530 10 um 90 Nucleic acids
Texas Red C,-imde 532/600-650 14 nM 40 General staining
TMRE (T-699) 532/560-590 1uM 20 Mitochondria

Table 2: Excitation and emission wavelengths, final concentrations, staining times and targets of

applied fluorescent probes.
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Fluorescent

Targets of fluorescent probes

probe nucleolus, cytoplasm | membranes | shell spec. symbionts
nucleus organelles

Acid Fuchsine - +++ - +++ - -
Anilin Blue - - - + - -
BCECF-AM - ++ + + - -
CellTracker - + - - +++ -
CMFDA
DiOCs(3) - . +++ + - B
Er-Tracker - - - - ++ -
FITC - +++ - + - -
MitoTracker - - - - ++ +++
Propidium + - - - - -
lodide
TMRE - - - - +++ -

Table 3: Suitability of fluorescent probes for visualization various compartments and

endosymbionts of testate amoebae (- unsuccessful, + poor, ++ successful, +++ excellent labeling).

Sample Dye Length /um | Width /um | Biovolume / um?3
Euglypha sp. BCECF-AM 64.6 34.1 3.04 x 10"
Cyphoderia BCECE-AM 112 50.5 3.90 x 10*
ampulla
Difflugia BCECE-AM 164 57.3 2.41x10°
oblonga
Euglypha sp. Acid 53 25 9.74 x 10°
(cyst) fuchsine

Table 4: Biovolume of testate amoeba inside their shells evaluated by the stereological fakir

method.
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Figures:

Fig. 1.
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Optical contrasting of three testate amoeba species: (a-d) Hyalosphenia papilio (cyst), (e,f)
Difflugia oblonga (living cell), and (g,h) Centropyxis sp. (two similar but different cells). Note the
complementary nature of (a) bright-field, (b) phase-contrast, (c,e,g) polarization and (d,f,h) DIC

Nomarski imaging. Scale bar in all images, 50 um.

Fig. 2.

Shell (test) shapes and surface structures visualized by CLSM, SEM and ESEM.

(a,b) Nebela tincta in CLSM (acid fuchsine staining); (a) max. intensity projection, scalebar 20

um, (b) serial optical sections.
(c) Nebela tincta in ESEM, scalebar 20 um.
(d) Centropyxis aculeata in SEM, details of aperture, scalebar 20 um.

(e) Trigonopyxis arcula in ESEM, scalebar 20 pum.
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(f,g) Centropyxis aculeata in CLSM (acid fuchsine staining), cyst inside the test, scalebar 50 um;
(f) serial optical sections, (g) overlay of transmission channel and max. intensity projection of

image f.

Fig. 3.
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Testate amoebae in CLSM as stained by various fluorescent probes.

(@) Archerella flavum, cytoplasm and nucleolus (green, acid fuchsine) and endosymbionts’
chlorophyll-a (red, autofluorescence), max. intensity projection; yellow color is due to overlaying

red and green channels.

(b) Hyalosphenia papilio, cytoplasm (green, acid fuchsine) and endosymbionts’ chlorophyll-a

(red, autofluorescence), optical section.

(c) Difflugia oblonga, cytoplasm of living TA (green, BCECF-AM, optical section).

(d) Difflugia oblonga, transmission channel of image c.

(e) Euglypha sp., cytoplasm and test (green, BCECF-AM), max. intensity projection; uneven

cytoplasm staining may be attributed to a varying esterase activity across cellular compartments.

(f) Hyalosphenia papilio, generic staining, preferentially of amine and sulfhydryl groups on
protein molecules (green, FITC) and symbionts’ chlorophyll-a (red, autofluorescence), max.

intensity projection.

(g) Hyalosphenia papilio, transmission channel of image f.

(h) Difflugia oblonga, nucleus (nucleic acids) in dead TA (red, propidium iodide), overlay with a

transmission channel.

(i,j) Hyalosphenia papilio, membranes of living TA (green, DiOCs(3)) and endosymbionts’
chlorophyll-a (red, autofluorescence); (i) optical section, (j) overlay of max. intensity projection

and transmission channel.

(k) Euglypha sp., mitochondria (red, MitoTracker), overlay of max. intensity projection (three

optical sections) and transmission channel.

(I) Hyalosphenia papilio, mitochondria (yellow, TMRE), endosymbionts’ chlorophyll-a (red,

autofluorescence), overlay with a transmission channel.
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(m) Trigonopyaxis arcula, test (blue, aniline blue; red, acid fuchsine), max. intensity projection.
(n) Nebela bohemica, generic staining (green, CMFDA), overlay with a transmission channel.

(o) Euglypha sp., endoplasmatic reticulum (cyan, Er-Tracker), optical section, CLSM, transmission

channel.

(p) Hyalosphenia papilio, cyst, generic staining (green, FITC) and endosymbionts’ chlorophyll-a

(red, autofluorescence).

Scalebar in all images 30 um.
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Fig. 4.
Advantages of CLSM imaging of testate amoebae.

(a) Tracheleuphyta dentata in CLSM, empty test (red, acid fuchsine), max. intensity projection,

scalebar 10 um.
(b) Trinema sp. in ESEM, test surface, scalebar 10 um.

(c,d) Nebela bohemica in CLSM, detail of the test structure (green, BCECF-AM); (c) max. intensity

projection, (d) transmission channel, scalebar 10 um.

(e) Euglypha sp. in CLSM, protoplast inside the test (green, BCECF-AM), overlay with a

transmission channel, scalebar 10 pum.

(f) Hyalosphenia papilio in CLSM, cell nucleus in mitosis and cytoplasm (green, BCECF-AM) and

endosymbionts’ chlorophyll-a (red, autofluorescence), scalebar 30 pm.

(g) Corythion dubium in CLSM, cytoplasm and test (green, BCECF-AM) with lateral views,

scalebar 10 um.

(h) Euglypha sp., pH distribution determined by BCECF-AM (radiometric probe, pH-to-color not

assigned), scalebar 10 um.
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Fig.5.

Comparison of CLSM and TPEM in terms of penetrating depth (shown in lateral views) in
Hyalosphenia papilio. Organic components (green, FITC) and endosymbionts’ chlorophyll-a (red,

autofluorescence); (a) CLSM, (b) TPEM, (c) transmission channel of image a.

Scalebar in all images 30 um.
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Fig. 6.

3D reconstructions of testate amoebae.

(a-d) Hyalosphenia papilio test (150 um in length), membranes of TA (green, DiOCs(3)) and
endosymbionts’ chlorophyll-a (red, autofluorescence) in CLSM; (a) VolumePro 1000 rendering

board, (b-d) OpenGL-based volume rendering; the same cell is shown in @ and d.
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(e,f) Euglypha sp. test (75 um in length, original image in Fig. 3e), enzymatic activity of

cytoplasm (green, BCECF-AM) in CLSM, max. intensity projection; (e) front view, (f) back view.

(g,h) Corythion dubium test (40 um in length, original image in Fig. 4g), enzymatic activity in

cytoplasm (green, BCECF-AM) in CLSM, max. intensity projection; (g) back view, (h) front view.
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4. AKTUOEKOLOGIE KRYTENEK SLADKOVODNIHO PROSTREDI

4.1. Vyznam krytének v sladkovodnim prostredi

Kryténky jsou rozSifeny kosmopolitné ve sladkovodnim prostiedi, Castecné se vyskytuji
1 v prostiedi brakickém. Kryténky maji kratkou generacni dobu (2-11 dni) (Medioli a Scott 1988)
a mohou tudiz rychle reagovat na zmény environmentalnich parametrti, které mohou byt ve
vodnim prostiedi rychlejsi a vyznamnéjsi nez v prostredi terestrickém. Na druhou stranu je jejich
druhové specificka citlivost ke zméndm urcitych environmentélnich parametrt ¢ini zajimavymi
bioindikatory kvality sladkovodnich prostiedi. Hodnoceni vyskytu druht, jejich pocetnosti
a morfologické variability v korelaci s limnologickymi parametry je tak pfedmétem cetnych
ekologickych studii. Vyzkumy v Kanad¢ a Italii demonstrovaly efektivni vyuziti krytének jako
excelentnich bioindikatord irovné znecisténi (Collins et al., 1990; Asioli et al., 1996; Patterson
1996).

Mezi nejcastéjsi druhy sladkovodniho prostiedi patii Difflugia protaeiformis, Difflugia
oblonga, Pontigulasia compressa, Centropyxis aculeata a Centropyxis constricta (Patterson et al.
1985, Patterson et al. 1996). Ogden (1983) popisuje vyskyt jednotlivych druhti rodu Difflugia,
jehoz zastupci se prevazné vyskytuji v jezernim sedimentu. Barto§ (1954) uvadi druh Difflugia
viscidula jako zastupce krytének, jez se vyskytuje vjezernim a rybni¢nim sedimentu, jeho
pozorovani potvrzuje Lorencova (2009). Mezi dals§i druhy hojné nalézané v jezernich
sedimentech patti Difflugia corona (Barto$, 1954), Difflugia tricuspis (Medioli a Scott, 1983) a
Difflugia urceolata (Bartos, 1954). Predpoklada se, ze Cetnost krytének se v tomto prostiedi
pohybuje okolo 500 jedinct na cm® (Patterson a Kumar, 2000a). Néktefi zastupci jako rod
Trinema a Euglypha jsou euryhalinni, jiné jako napt. Centropyxis aculeata dominuji brakickému
prosttedi (Patterson, 2002). Poznatky o ekologickych valencich vodnich krytének shrnuje
Patterson 2002. Rod Centropyxis je popsan jako oportunisticky generalista se schopnosti pfezit
v neptiznivych podminkach, 1épe nez jiné druhy krytének (Patterson et al., 1996). Reindhard
(1998) popisuje spolecenstva krytének s vysokou diverzitou, kde dominuje Cucurbitella tricuspis
jako indikator bentického prosttedi a pfitomnost druhu Difflugia protaeiformis indikuje zvysujici
se environmentalni stres. Tolonen (1986) revidoval pouziti krytének jako jezernich bioindikatord;

predpokladal, Ze hlavni kontrolu nad rozloZzenim druhti ma pomér C:N, velikost zrn, koncentrace
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kysliku a okolni vegetace. Pozd¢jsi studie ukazuji, ze odpoveéd spolecenstva krytének na
environmentalni podminky je mnohem komplexnéjsi (Escobar, 2008).

Patterson (1996) se vénoval pfitomnosti krytének v substratu kontaminovaném tézkymi
kovy (arsen, rtut’). Zjistil, Ze v kontaminovaném substratu jsou ptitomny Centropyxis aculeata,
Centropyxis constricta a piekvapivé Arcela vulgaris. Difflugia protaeiformis dobie indikuje
znecisténé a acidofilni sedimenty (pH 3,9-4,5). Lorencova (2009) studovala rozdily ve
spoledenstvech z riiznych vodnich prostiedi Sumavy. Popisuje vyskyt druhu Difflugia globulus
z jezer s vy$$i nadmotskou vyskou (nad 1000 m.n.m.); stejné tak Collins et al. (1990) oznacuje
druh Difflugia globulus jako dobry indikator chladného klimatu. Difflugia oblonga je typicky
jezerni zastupce, ktery je popisovan jako druh vyzadujici vySsi obsah organického materidlu
(Colins et al., 1990).

V mensSich a mél¢ich sladkovodnich prostiedich jako jsou napf. rybniky, tinky ¢i kaluze,
kde dochazi k periodickému vysychani, se objevuji také druhy ptidni. Misi se zde jak Cisté vodni
druhy (napt. Difflugia) s druhy vyskytujicimi se ve vodnim i pidnim prostfedi, tak s druhy

vyskytujicimi se pfevazné v pidnim prostiedi (napt. Trinema).

V ramci disertatni prace na tomto tématu jsem monitorovala a zachytila zmény v druhovém
slozeni krytének v mélkych tinich. Tyto data jsem korelovala s celorocné meéfenymi
limnologickymi parametry. Ekologické naroky rodu Arcella a rodu Difflugia se zdaji byt
v opozici. Z analyz vyplyva zavislost druhového slozeni krytének na teploté, koncentraci fosforu,
NH,", NO5, As, Pb, Cd, Mn, Ni, PAH a Fe. Vysledky budou publikovany v nize uvedeném

¢lanku.
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ABSTRACT

Testate amoeba (TA) assemblages were collected in 2005 from four ponds in Komorany (Prague,
Czech Republic). An analysis of seasonal taxonomic variability of TA populations and its
correlation with the limnological characteristics of the area (temperature, pH, total organic
carbon, nitrogen, phosphorus, heavy metals, etc.) was performed. The predominant genera
were Difflugia, Arcella and Centropyxis. The most significant changes in the TA community
occurred between March and July. Arcella genus dominated in March and April; in May, Arcella
and Centropyxis genera were present in the same amount; in June, Arcella genus disappeared
and Difflugia genus started to dominate the community. A multivariate redundancy analysis
showed statistically significant correlations between the environmental parameters and the
composition of the TA community. The results indicate a negative correlation between TA
quantities and Ni, Cd, PAH, Mn, As and Pb. TA were also affected by concentrations of NH,", NO3”
and P, as well as by temperature variations. The observed correlations between the species
composition and environmental parameters can be used in paleoecological interpretations of
fossil TA communities. Our results also prove the suitability of TA as water-quality indicators in

urban areas.

INTRODUCTION

Testate amoebae (TA), Amoebozoa:Arcellinida, are a group of amoebae (10-400 um) protected
by a solid test (shell). The test encloses the cell plasma, and usually has a single aperture for
pseudopodia. TA play an important role in most aquatic and terrestrial ecosystems, and have
thus been an essential subject of numerous scientific environmental studies [11, 42, 43, 53, 56].
TA belong to the small number of limnic species that can fossilize [27]. They are commonly used
as model organisms in population ecology, ecotoxicology and paleoecology owing to their
cosmopolitan dispersion and species-specific ecological preferences and capability to adapt to
environmental changes [5, 12, 31, 32]. Ellison [16] described a relationship between TA

distribution and physical and chemical parameters of tarn waters; he found that genus Difflugia
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seems to prefer acidic environment with pH under 6.2. Other genera such as Centropyxis,
Lesquereusia and some species of Cyclopyxis and Difflugia are common in lakes with pH above
that value. Qin [45] showed that increasing eutrophication of the lake Zhangdu in China resulted

in dramatic changes in the composition of lacustrine TA communities.

We suggest that TA can be used as indicator species for monitoring the environmental
conditions in ponds. The following considerations make them particularly useful [12, 19]. First,
various species respond differently to environmental conditions. Second, their small size enables
them to rapidly colonize a suitable site [15]. Third, due to their abundant presence in late

Quaternary lacustrine sediments TA can be used in paleoecological studies [14].

The taxonomy and ecology of freshwater TA (mainly from lakes) have been well
documented [1, 2, 3, 7, 8, 10, 14, 21, 22, 27, 30, 34, 39, 41, 0, 51, 54, 55]. In lakes, TA
assemblages can be correlated with a number of environmental parameters, e.g., eutrophication
[50], water temperature changes [10], salinity [47], and pH [18]. The TA assemblages showed a
strong correlation with phosphorus, reflecting the euthrophic status of the lakes and also
substrate characteristics, total organic carbon and metal contaminants (particularly Cu** and
Mg?*) [48]. Only few articles have been published by now about environmental preferences or
ecological factors such as heavy metal concentrations [e.g., 29, 35, 39, 43, 18]. Fossil TA datasets
collected from kettle lakes indicated that TA appear to be sensitive to the past episodes of
anthropogenic disturbances, including land clearance and changes in the trophic status of lakes,

as associated with widespread application of fertilizers from the mid-twentieth century [41].

Further, Heal [23] described the seasonality in composition of testate amoeba
assemblages. Warner [58] elucidated the relationships between TA and seasonal fluctuations of
soil moisture in Sphagnum habitats and sensitivity of these organisms if they are to be used as

reliable bioindicators of human pollution and environmental disturbance.

We chose the Komorany ponds, since it is an important test area for examining the
relationship between TA and disturbances in water quality. Previous studies have focused mainly

on bogs, sphagnum and large lakes, with minimum attention paid to ponds and their
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limnological parameters. The aim of the present study is to fill this gap by answering these

research questions:

1. How do populations of TA vary through the year?

2. How do populations of TA correlate with basic environmental factors (e.g., water chemistry)?

METHODS
The Komotany ponds biotope locality

The Komorany ponds chosen here as model habitat are a system of four ponds on the right bank
of the Vltava in Prague, Czech Republic, Europe. They are located in the southern part of Prague,
close to the confluence of Berounka and Vltava river (Fig. 1). They were built as a part of the
flood protection system in the 19th century. Once a cascade of dams was constructed on the
Vltava river, the ponds lost their importance in flood protection, and successive vegetation
evolved in a secondary flood-plain ecosystem. The locality is now a refuge for original Prague
fauna, and is the last functional fragment of the alluvial system in Prague. Despite its gradual
deterioration due to numerous disturbances, it remains an important stabilizer of the Prague
ecosystem (Kerous K., 2002, Locality biological processing — the right bank of the Vltava at the

confluence with the Berounka, report in Czech).

Geological and geomorphological characteristics

The Komorany pond complex is a territory with alluvial soils located in the southern part of the
Prague plateau at an altitude of 190 m a.s.l. The Prague plateau is influenced by a continental
climate with cold winters (average temperature around 0°C), warm and sunny summers (average
temperature 20°C) and an average annual temperature of about 102C. The climate is also

markedly influenced by the microclimate of the Prague metropolis. The annual precipitation is
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about 530 millimeters. The base of the Komorany ponds is lined with shales of Letnd formation
(Ordovician), overlaid by sandy gravel of alluvial terraces, which are overlapped by alluvial loams
[13]. The relief of the area consists of the flat floodplain of the Vitava river and a few shallow
ponds. The hydrology of the Komorany area has been constantly monitored by “Povodi Vitavy”

(VItava River Basin), a state public enterprise (http://pvl.cz/laboratore-povodi-vitavy).
Biota

The freshwater area of the Komorany ponds, periodically inundated by water from the nearby
Vltava river, is a significant ecosystem with high biodiversity. Most of the species are associated
with the water pond habitat, see also their brief list in supplementary data. Strong
anthropogenic influences predominantly affected the aquatic ecosystems of the four-hectare
area. These influences have led, for example, to a marked reduction in the populations of
amphibians in the last ten years. The decrease in the quality of the aquatic environment of the
Komofany ponds has been caused by the elimination of flooding. Flooding, which used to sustain
the quality of the environment by washing out sediments, is now much less frequent and much

less extensive than before the cascade of dams was constructed.

Nowadays, the ponds are covered by a growing layer of sediments, especially of organic
origin, resulting in oxygen deficit, eutrophication and changes in the chemistry of the
environment and in the overall balance of nitrogen compounds. The only remaining water
supply for the ponds is the permeable bedrock, which is homogeneous with the river bed.
Another factor that has affected the aquatic environment is the increase in car traffic in the area,

which causes pollution.

Characteristics of the Komorany ponds

All four ponds are shallow, euthrophic, and between 20 - 40 meters in diameter; the water is 0.1

- 0.8 min depth. The coordinates, the area, the distance from the Vltava, and the composition of
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the sediments of the ponds are described in Tab. 1. Snapshots of all ponds can be seen in

supplementary Fig. S5 - S10.

The Komofrany ponds form a dynamic ecosystem with periodic climatic cycles. Between
December and March, the ponds may freeze repeatedly for periods of 1 - 4 weeks. Due to
intense snowmelt and rainfalls, the ponds are periodically partially flooded by river water in
March and April. In summer, the ponds dry out and anoxic zones appear. Due to this dynamics,
most of TA tests from the previous years are washed away in the local spring floods. In summer
and autumn, the locality becomes overgrown with vegetation, and the tests are deposited into

the sediment in relatively large amounts.

Pond No. 1 is closest to the Vltava river, being localized near its confluence with the
Berounka river (Fig. 1). It thus communicates with the Vitava river more strongly than the other
three ponds. For this reason, it has the most stable environmental conditions throughout the
year (e.g., a shorter period of oxygen deficiency during the summer months than the other
ponds). This pond is about 0.2 - 0.8 m deep, and has a flat bottom. Pond No. 2 is similar to the
first one and is second in the direction of river flow. The sedimentary composition is similar to
that of the first pond. Pond No. 3 is third in the direction of river flow. Its sediment contains a
higher percentage of sand than the sediment in the other ponds. The pond No. 4 is the last one.

Its sediment is similar to sediments in ponds No. 1 and No. 2.

Sampling

TA were sampled in the period of November 2004 - September 2005. Ten sets of samples were
collected per pond, with a sampling interval of approximately one month (Tab. 2). Samples were
not collected in December 2004 and in February 2005, when the ponds were frozen, and in
March 2005, when they were completely flooded. The upper unconsolidated sediment layer was
sampled by inserting a tube (15 cm in diameter) into the layer and sliding a plate beneath the

bottom of the tube. The volume of the sampled sediments depended on the thickness of the
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unconsolidated layer, and varied from 20 to 70 cm®. Though the sampled layer may contain also
TA from previous time intervals, clear differences between subsequent/consecutive

samples were recorded, which reflects seasonal changes in composition of assemblages.

The samples were gently centrifuged, and the resulting supernatant was replaced by 4%
formaldehyde or 70% ethanol as fixatives. A subsample of 20 cm® was wet sieved, and 36 - 500
um fractions were used for the TA study. Similar studies analyze fractions >63 um [e.g., 1, 14, 22,
29, 39, 40, 0, 51]. However, since many TA species are smaller than 63 um [18], an appropriate

sieve size was chosen, see also [57].

The 36 - 500 um residues were air-dried at 20 - 30°C prior to identification and
qguantification. Use of the dry residuum selectively eliminated most autogenous tests. A
reduction in autogenous tests in dried residues corresponds to reduction during fossilization [18]

and, therefore, results are well applicable in paleoecology.

TA tests were picked from the dried residuum, identified and enumerated using a
stereomicroscope. When TA were too abundant in the sample, the dried residuum was split into
parts using a dry microsplitter. The parts were repeatedly split until they consisted of ~30 - 300
tests, which is suitable for calculating the percentage occurrences. Typically, one to three levels

of splitting were applied.

Biochemical water analysis

The analysis report was provided by “Povodi VItavy”, a state public enterprise. The samples for
biochemical analysis were taken from the Vltava river near the Komorany ponds. The parameters
of the analysis were monitored in 2004 - 2005, according to the ISO/IEC 17025 certified quality
control system and Annex 5 of Decree No. 2522004 Coll., amended by Decree 187/2005 Coll.
(Ministry of Health of the Czech Republic, in Czech), which stipulate the health requirements for

drinking water.
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The analysis involved basic chemical and physical parameters (including air temperature,
water temperature, pH, electrolytic conductivity, a number of mineral anions and kations,
dissolved oxygen, oxygen saturation, total organic carbon, total nitrogen, inorganic nitrogen), as
well as organic parameters (PAH - polyaromatic hydrocarbons and other regulated substances).
Among all these parameters, we selected environmental variables with a potential influence on
the species composition of TA assemblages for further analyses. The values of the selected

parameters are shown in supplementary data (Tab. S1).

Statistical analysis
Shannon index

At the assemblage level, the relative health of an aquatic environment can generally be indicated
by the diversity, usually measured by the Shannon diversity index (SDI) [49], and by the total
abundance of the specimens. In unfavorable environments, the SDI is generally low (<1.5). These
environments are typically dominated by only one or two species and/or strains, with other
forms being rare. By contrast, healthy TA fauna usually have SDI values >2.5 and abundance of

over 500 specimens/cm? [12]. This rule applies to entire communities.

When processing the sample from dry residual relics, it is necessary to take into account
that data on species with fragile tests is missing, since the tests of these species are mechanically

destroyed, which prevents the detection (Burdikovd, unpublished data).

Redundancy analysis

We applied redundancy analysis (RDA) for an evaluation of the effect of various factors and
substances on the TA populations. RDA is a canonical form of principal component analysis that
enables us to identify relationships between two sets of variables (species and environmental

variables). It assumes linear relations both among species and between species and
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environmental variables [24]. The significance of the species-environment relationship (the
effect of environmental parameters on TA assemblages during the year) was assessed using the
Monte Carlo permutation test. The computations were carried out using Canoco software,

version 4.5 [6].
Image acquisition

To study test morphology in detail, TA were imaged using JEOL-6380LV scanning electron
microscope (SEM). The fixed tests were critical point dried or partially dried, mounted on metal
stubs with a double-sided adhesive conductive tape (carbon tape) and coated with gold (4 min
at 20 mA in a vacuum of about 10 Pa, with argon present) using a sputter coater. The stubs were
then affixed by the carbon tape to a microscope stage. The gold-coated TA shells were observed

at 20 - 30 kV in high vacuum mode, using an Everhart-Thornley secondary electron detector.

TA Systematics

The TA classification is based on a detailed morphological study of tests [4, 9, 17, 26, 37, 38] (Fig.
2 and Fig. 3). The taxonomic status is often complicated by the fact that holotypes and

lectotypes of species were not clearly determined.

In Tab. 2 we determined the following variants of Difflugia (D.) oblonga: D. oblonga
acuminata Ehrenberg, 1838; D. oblonga brevicolla Cash, 1909; D. oblonga claviformis Penard,
1899, D. oblonga cylindrus Thomas, 1953; D. oblonga inflata Penard 1899, D. oblonga longicollis
Gassowsky, 1936; D. oblonga venusta Penard, 1902; D. oblonga schizocaulis Stepanek, 1952; D.
oblonga oblonga Ehrenberg, 1838 [4]. Since there is no consensus book or publication for TA
identification and, concurrently, the taxonomy has a strong impact on the results, we also put D.

oblonga Ehrenberg, 1838 in Tab. 2, which summarizes all variants of D. oblonga together [38].
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RESULTS
Characteristics of TA assemblages

Forty-nine species of TA were identified in the studied material, see Tab. 2 and supplementary
Fig. S2. With a few exceptions, all detected individuals belonged to one of three genera - Arcella,
Centropyxis or Difflugia. Their relative abundances in the individual samples during the observed
period in each pond are depicted in Fig. S3 of the supplementary data, and are summarized for
all ponds in Fig. 4. The number of species found in each assemblage sampled at the same time
varied from zero to twenty-four. The most abundant species in total were (top 10%): D. oblonga
oblonga Ehrenberg, 1838; Centropyxis (C.) minuta Deflandre, 1929; C. aculeata var. discoides

Ehrenberg, 1830; Arcella (A.) gibbosa Penard, 1890; A. arenaria Greeff, 1866.
Seasonal changes in TA assemblages in the Komofany ponds in the course of the year

Generally, the species composition of the assemblages changes gradually in the course of the
year. In November, the most abundant genus present was Arcella, namely species A. gibbosa and
A. vulgaris. The second highest occurrence, just slightly lower than that of Arcella, was observed
for Difflugia genus, with the most frequent species D. oblonga oblonga and D. lacustris. The

least abundant was genus Centropyxis — C. aculeata, C. cassis, C. minuta.

In January, the Arcella genus was represented by A. gibbosa, A. vulgaris, and the
Centropyxis genus was represented by C. aculeata, C. discoides, C. minuta. The dominant genus
was Difflugia — D. corona, D. gramen, D. lacustris, D. oblonga acuminata, D. oblonga brevicolla,

D. oblonga oblonga.

In February 2005 the ponds were frozen and, after a rise in temperature in March,
inundated by the river. During spring (March, April), Arcella genus and small Centropyxis species,
e.g., C. minuta, were the most frequent in the samples from all the ponds. In April, Arcella

became less prevalent while the numbers of Centropyxis specimens increased (e.g., C. aculeata
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var. discoides). In May, Arcella and Centropyxis genera were present in approximately the same
numbers while the number of Difflugia individuals increased slowly. By June, Arcella was in
regress. Although the relative abundances of Centropyxis genus remained steady, small species
such as C. minuta decreased in favor of bigger species, namely C. discoides and C. ecormis. In
June, there was an increase not only in the total number of individuals of Difflugia genus, but
also in the number of species; the most frequent ones being D. avellana, D. corona and D.

oblonga claviformis.

At the beginning of July, we observed the disappearance of Arcella genus. At the same
time, C. aculeata dominated in Centropyxis genus, C. minuta increased noticeably and the
abundance of C. ecornis decreased. Difflugia was the dominant genus in the assemblages in
these months; the abundance of species and individuals of D. compressa, D. lacustris, D. oblonga
claviformis, D. oblonga curvicaulis, D. oblonga oblonga, D. urceolata increased. At the end of
July, genus Arcella — A. vulgaris, genus Centropyxis — C. aculeata, C. aerophila, C. constricta, C.
ecornis, C. minuta and genus Difflugia — D. corona, D. lacustris, D. viscidula were present. In
August, we encountered Arcella genus — A. arenaria, genus Centropyxis — C. aculeata and
Difflugia — D. corona, D. lacustris, D. oblonga oblonga. In September, genus Arcella was present
only sporadically while genus Centropysis — C. aculeata, C. aerophila, C. minuta — dominated.
The presence of Difflugia genus in the assemblage decreased, and the most abundant species

were D. corona, D. oblonga oblonga, D. oviformis.

The diversity of TA assemblages in the course of the year, as characterized by the
Shannon index of diversity, is documented in supplementary Fig. S4 as a summarization for all
ponds. Fig. 5 demonstrates the results for each sampling date and pond. The highest
abundances of both species and individuals were observed in the pond No. 1. The ponds No. 1
and No. 2 were comparable in this respect while the number of individuals in the pond No. 4

was noticeably lower than in any of the other ponds.
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Correlation of environmental variables and TA assemblages

Graphic presentations (biplots) of RDA results (Fig. 6 - 10) illustrate dependency on various
environmental parameters for the most abundant TA. The arrows or small triangle tips represent
the scores of environmental parameters or TA species, respectively. An opposite or similar
orientation of the scores indicates a negative or positive correlation of the environmental
factors/species, respectively. The results of a Monte-Carlo permutation analysis are shown in

Tab. 3.
We observed following interactions of environmental factors with TA species:

Temperature: Temperature is not an important factor for most TA species, since the
Monte-Carlo test result is insignificant if no co-variable is introduced into the analysis (Tab. 3).
The result becomes significant only after pond identification is introduced as a co-variable, i.e.
when the variability caused by the location of the pond is subtracted from the model. From the
results of RDA (with pond identification included as a co-variable), see Fig. 6, it seems that
Arcella genus and also a few Difflugia species show a weak tendency to prefer low temperatures.
However, there is almost no correlation, or only a very weak positive correlation, with

temperature for Centropyaxis.

Phosphorus: Most TA species show weak negative correlation of marginal significance
with the concentration of phosphorus ions (Fig. 7). Thus, we can conclude that a high
concentration of phosphorus ions tends weakly to decrease the numbers of TA in the
environment. These results are independent of the location of the ponds, since they are similar

with or without using pond identification as a co-variable (data not shown).

NH,", NO;3 ions: A part of Difflugia species appears to be positively correlated with NH,4",
the other part showing the negative correlation. All the species seems to be independent of the

presence of NO3  (Fig. 8).
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Toxic substances (Fig. 9): Almost all species show a negative correlation with Pb (lead),
PAH (polycyclic aromatic hydrocarbons), Cd (cadmium) and Mn (manganese). Arcella has the
strongest correlation with Ni (nickel) and a significant negative correlation with As (arsenic).
Difflugia seems to be less affected by arsenic concentrations than other genera. C. discoides

shows obvious positive correlation with As.

Fe (iron): Arcella prefers a higher concentration of iron, Centropyxis appears to be

independent of iron while Difflugia shows a mild negative correlation, see Fig. 10.

Macrobiogenic elements: Sulphate, calcium and magnesium failed to exhibit any

dependence (data not shown).

DISCUSSION

In this paper we report our findings on changes in TA assemblages in the course of the year, and
our study on the use of TA as water-quality indicators in actuoecology. To the best of our
knowledge, no exhaustive study of this kind on the development of TA communities in the

course of the year has previously been reported.

The TA assemblages in the Komofany ponds undergo significant changes in composition
in the course of the year. At the beginning of the year, Arcella and Centropyxis genera
predominated. Other authors [48] have explained similar observations by the stress caused by
low oxygen availability. During the summer months, the genus Difflugia was predominant,
probably as a result of the pond eutrophication. From our other results, see Fig. 4, we can
conclude that the genera Arcella and Difflugia have opposite occurrence trends, life strategies
and ecological preferences. Centropyxis seems to be a genus capable of withstanding hostile

conditions better than most TA species.

To evaluate the limnological significance of TA assemblages, it is important to understand

their ecology and distribution [14]. Our results show that Arcella prefers clean waters with low
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concentrations of organic materials and lower temperatures (Fig. 6). These requirements are
fulfilled in running waters or, in our case, in the ponds in spring. It is supposed that the organic
compounds are used up in winter. Given their slightly psychrophilic nature, it was not surprising

that populations of TA grow first in the freshwater ecosystem, starting in late winter.

Difflugia seems to have different ecological requirements. It starts to grow later than
Arcella, but it cannot be distinguished whether this is caused mainly by temperature or by a lack
of organic material in the ponds, since these two factors are highly correlated. Our results
confirm the assumption that the species of D. oblonga are excellent indicators of eutrophication
[45]. Generally, the genus Centropyxis seems to be very tolerant to different environmental
conditions in the Komofany ponds in the course of the year, which is in accordance with the
results of other authors, e.g. [48, 18]. Also, Reinhardt [46] described that Centropyxis, sampled
from contaminated shallows and rich organic substrates, is a genus that tolerates significant

levels of environmental stress.

Our data indicate that the distribution of TA is commonly explained by abiotic factors.
This corresponds to the findings of others [33] who report that TA assemblages respond
dynamically to environmental changes. These organisms are therefore regarded as important

bioindicators of environmental changes [28].

Fig. 6 shows that neither Difflugia nor Centropyxis genus correlates with specific
temperatures. On the other hand, Arcella genus weakly correlates with low temperatures.
However, as mentioned above, it cannot be distinguished whether this correlation is a direct
result of temperature or of some other factors dependent on temperature, e.g. water

eutrophication.

The TA assemblages showed weak negative correlation dependence on phosphorus (Fig.
7) and, at the same time, phosphorus has the greatest influence on TA assemblage distributions
in some ecological studies [48]. The phosphorus concentrations in a given locality correspond to
a hypertrophic environment (concentration of P in water >100 pg/l) or a euthrophic

environment (in our case, March, August: concentration of P in water <100 pg/I).

60



Unfavorable conditions in the ponds were the reason for the dominance of the genus
Difflugia. This is in accordance with the results of Collins et al. [10], who described the species D.

oblonga as the major indicator taxa of high organic contents.

Published reports, e.g. [20], show that nitrogen (N) is an important ecological factor
severely affecting TA assemblages. Krashevska et al. [25] show that N strongly increased the
density of TA individuals, and the concentration of N has specific effects on different species in

the community. This is in accordance with our results.

C. constricta is known to be the first pioneering form that inhabits clean environments
[52]. This is in accordance with the results presented in Fig. 8 which indicate that C. constricta
prefers a freshwater system with a low concentration of NH,;", NO3', Fe and P. C. aculeata did not

show any considerable preference in terms of water eutrophication in our study.

Heavy metals are extensively monitored pollutants due to their high toxicity for
organisms. Many studies [e.g., 35] have focused on the use of microorganisms (other than TA)
for monitoring of this type of pollution. Previous studies have also shown the negative effect of
road traffic pollution on TA communities [2], and a negative correlation between TA assemblages

in mosses and atmospheric pollution by heavy metals, in particular by lead [36].

The results in our study, see Fig. 9, are in accordance with the results of the authors
mentioned above, and show that TA assemblages correlate negatively with heavy metal
concentrations in the environment. Our observations further suggest that Centropyxis is
sensitive to arsenic contamination, but that it is relatively insensitive to nickel concentrations.
This is in agreement with the result of Davis and Wilkinson [15] who suggest that Centropyaxis is

tolerant to metal pollutants.

Arsenic combines readily with other substances, and the resultant chemical compounds
produce changes in pH and in biological activity. In particular, lower forms of aquatic life, such as
TA, accumulate arsenic. Since they are near the bottom of the food chain, TA are excellent

indicators of arsenic contamination [41]. In our case, the most sensitive genus is Arcella.
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Patterson, et al. [39] describe the tolerance of A. vulgaris to arsenic. In our study we found an
opposite trend for the whole Arcella genus, including A. vulgaris, see Fig. 9. C. discoides, D.
oblonga, D. bartosi and D. oviformis have positive tolerances to arsenic. Other recent studies
carried out in lakes have also identified a positive relationship between specific strains of Arcella

and heavy metal pollution [1, 14, 39, 0].

Nguyen-Viet et al. [36] show that the richness and the total density of the TA species
correlate negatively with the concentrations of lead accumulated in the moss. Our study of the

ponds indicates the same trend (Fig. 9).

Iron is an essential nutrient and a component of the test of some TA species, possibly
contributing to its structural rigidity. Extracellular iron deposition may be also connected with a

detoxification mechanism that keeps metals (including iron) outside the cell membrane [44].

In urban mosses, Nguyen-Viet et al. [35] recorded no significant correlation between
total abundance TA and concentration of iron. This agrees with our results for genus Centropyxis,
see Fig. 10. However, we found a slight positive correlation between Arcella genus and higher
iron concentrations. Both of these genera have been supposed to accumulate iron. By contrast,

Difflugia showed a slightly negative correlation with iron.

CONCLUSION

The TA assemblages present in the ponds under study, composed mainly of Arcella, Centropyxis
and Difflugia genera, showed the variability in species composition in the course of the year. In
these four ponds, the most prominent changes in community composition were observed
between January and June, when Arcella individuals were gradually replaced by Difflugia
individuals. These changes are mainly due to different conditions of the environmental
parameters in the course of the year. It is possible that the differences between the community
compositions of the ponds are caused by distance from the river. Anoxic conditions may appear

in more distant ponds.
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The statistical analysis shows clearly that TA correlate with temperature, concentration of

phosphorus, NH4", NOs', As, Pb, Cd, Mn, Ni, PAH and iron.
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TABLES

Table 1: Coordinates and basic parameters of the Komorany ponds.

Pond No. Coordinates Area [m?] Distance from Sediment composition:
(pond centers) the river Vltava | organic material / sand /
[m] clay

1 49°59'16.923"N, 1122 8 50% / 25% / 25%
14°24'4.860"E

2 49°59'18.823"N, 1350 36 50% / 25% / 25%
14°24'6.042"E

3 49°59'21.039"N, 1677 25 70% / 25% / 5%
14°24'5.663"E

4 49°59'22.836"N, 1404 32 50% / 25% / 25%

14°24'5.565"E

69




Table 2: Abundances of TA species in samples of 20 cm® taken from the four Komotany ponds in
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Table 3: Parameters and results of a redundancy analysis of the TA data showing co-variables,
eigenvalues/traces, F values and significances of Monte-Carlo permutation test results (P),

determined using Canoco software.

No| Explanatory variables | Co- Monte-Carlo test of first | Monte-Carlo test of all
variables canonical axis canonical axes
Eigenvalue F P Trace F P
1 | Temperature Ponds - - - 0.080 3.294 0.002
2 | Temperature None - - - 0.051 1.834 0.090
3 | Phosphorus None - - - 0.061 2.199 0.046
4 | NH;', NO3 None 0.084 3.03 0.020 | 0.094 1.707 0.046
5 | As, Pb, Cd, Mn, Ni, PAH | None 0.154 526 0.016 | 0.265 1.741 0.004
6 |lron None - - - 0.067 2.423 0.020
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Figure 1: The Komorany ponds in Prague, Czech Republic. The five sampling places — four ponds

and the Vltava — are numbered in the image on the upper right.
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Figure 2: Testate amoebae found and identified in the samples from the Komorany ponds;

acquired by SEM; the bars correspond to 50 um: (1) Arcella discoides, (2) Centropyxis (C.)
constricta, (3) C. constricta, (4) C. constricta, (5) C. cassis, (6) C. ecormis, (7) C. ecormis, (8) C.

ecormis, (9) C. discoides, (10) C. discoides, (11) C. plagiostoma, (12) Cyclopyxis kahli.
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Figure 3: Testate amoebae found and identified in the samples from the Komofany ponds;
acquired by SEM; the bars correspond to 50 um: (1) Difflugia (D.) oblonga acuminata, (2) D.
oblonga claviformis, (3) D. oblonga acuminata, (4) D. scalpellum, (5) D. lacustris, (6) D. lacustris,

(7) D. venusta, (8) D. oblonga, (9) D. oblonga, (10) D. oblonga, (11) D. oblonga, (12) D. oblonga
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var. cylindrus, (13) D. oblonga var. cylindrus, (14) D. corona, (15) D. corona, (16) D. oblonga

longicollis, (17) D. labiosa, (18) Pontigulasia compressa, (19) Pontigulasia compressa.
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Figure 4: Relative abundances [%] of three main genera — Arcella, Centropyxis or Difflugia —

found in samples, summarized for all ponds.

76



25 @ é o o 3
o o o o
; © ¢ °
s 2 o
£ 0] o 8 o a
e s © ®Pond 1
& o @ @Pond 2
=
7] © oPond3
1 oPond 4
o)
0.5 ¢
0 © o © o
=+ uw 19} w w w w ) uw uw
o o o (=] (=] (=] (=] o o o
o o o o o o o o o o
N N N N N N N R N N
= - o < 0 © © ~ © o
~ Yo} A g [s2) — < » N~ I~ oo
2 N N N N ~

Figure 5: Shannon index of diversity for each sampling date and for each pond during the

observation period.

77



0 0)
o |
fo(%w' DifObl
DifObObl y kA A sl
DifObCur | DifObCla
DifobCyl b DifSca DifLab
‘D{fgi}z_fm Diftac, & & Difren DifObBre CenGib
\‘ ifCom ‘ 4 Di _d«D:jf(n‘a
e)‘ DifObVen ;‘ Y _ .
! D.ff()b.’s‘ch’ DifObAng
} L DifObL
DifObInf4 Di Mﬂ) g}f on
v DifObAcu
v
DifRub 1);')‘01;":' DifBar
CenDis v b ' 3
- wCenkco
temp
.-D‘ Gl
CenCon ifGlo
I N
» 4 CenPla CenCas®™ AreVul
onMi | Cendcu A
C ch:r i ArcCon
CenAer
AreDis
4 ArcGib
ArcRot 4
ArcHem
4
ArcBat
Oq <
O ArcAre
1 i .

-1.0 0.6

Figure 6: A graphic evaluation of the dependence of TA on temperature, using multivariate
redundancy analysis. The length of the projections of arrows with TA names on the temp axis
indicates the measure of their dependence on temperature. According to this plot, for example,
C. discoides (CenDis) is the species that is most positively dependent on temperature, while A.
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var. discoides; CenAer, C. aerophila; CenCas, C. cassis; CenCon, C. constricta; CenDis, C. discoides;
CenEco, C. ecornis; CenGib, C. gibba; CenMin, C. minuta; CenPla, C. plagiostoma; DifAve, D.
avellana; DifCom, D. compressa; DifCor, D. corona; DifBar, D. bartosi; DifHyd, D. lithophila;
DifGlo, D. globulosa; DifGra, D. gramen; DifLab, D. labiosa; DifLac, D. lacustris; DifLeb, D. lebes;
DifObAcu, D. oblonga acuminata; DifObAng, D. oblonga angusticollis; DifObBre, D. oblonga
brevicolla; DifObCla, D. oblonga claviformis; DifObCur, D. oblonga curvicaulis; DifObCyl, D.
oblonga cylindrus; DifObInf, D. oblonga inflata; DifObLon, D. oblonga longicollis; DifObVen, D.
oblonga venusta; DifObSch, D. oblonga schizocaulis; DifObObl, D. oblonga oblonga; DifObl, D.
oblonga (summarizes all variants of D. oblonga together); DifOvi, D. oviformis; DifSca, D.

scapellum; DifRub, D. rubescens; DifUrc, D. urceolata; DifVis, D. viscidula.
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Figure 7: Plot of a multivariate redundancy analysis of the dependency of TA on phosphorus (P).
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Figure 10: Plot of a multivariate redundancy analysis of the dependency of TA on iron (Fe).
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electrolytic ) ammoniac nitrate total . .

temperature - organic A ) chlorides sulphates calcium

date °C pH conductivity carbon [mg] nitrogen nitrogen phosphorus [ma/] [mg/] [mafl]

[mS/m] [mg/1] [mg/1] [mg/1]
15.11.2004] 8.2200 8.1272 34.2680 7.5272 0.0596 2.3600 0.1325 23.8720 44.0840 36.0000
5.1.2005| 3.8682 7.4732 33.7832 6.3084 0.1107 3.6101 0.1264 23.9017 46.2017 34.1006
243.2005| 5.3584 7.5614 30.5227 7.5908 0.0955 4.3908 0.0917 21.4068 42.4497 32.0000
23.4.2005| 10.3110 7.6515 31.8011 8.1059 0.0663 41853 0.1439 25.3061 44.7756 36.7747
1.5.2005] 11.6269 7.6764 32.3836 8.2058 0.0596 3.9356 0.1647 27.1038 45.4913 37.6057
4.6.2005| 16.2201 8.1929 31.6876 8.7880 0.0364 3.2360 0.1846 28.0072 44.3234 37.5991
29.6.2005| 17.1075 8.6545 26.4073 9.1615 0.0300 3.1384 0.1119 19.3227 37.9228 27.2381
27.7.2005| 15.8466 7.5444 23.6588 8.3740 0.0347 2.4836 0.1078 16.8657 35.4645 26.1668
17.8.2005] 15.9665 7.4609 25.4526 7.2792 0.0499 2.0977 0.0830 18.3688 33.6248 31.0000
8.9.2005| 18.2268 7.3986 28.6483 8.6822 0.0577 2.2536 0.1477 20.4732 38.6911 31.0000
magnesium total ) ] cadmium ;
date PAH [ng/l] chrome [ug/l] manganese iron[mg/l]  nickel [ug/l] copper [pg/l] lead [ug/l]  arsenic [ug/l]
(Mg (] bg

15.11.2004] 9.0160 41.9919 0.9872 0.0852 0.2604 2.1904 2.4848 0.1236 1.3008 4.1664
5.1.2005| 9.4916 211212 0.8933 0.0502 0.3117 27916 2.6849 0.0885 1.5832 2.9849
24.3.2005|  8.0000 16.7835 1.1749 0.1007 0.4488 5.2903 29749 0.0993 1.4546 1.5319
23.4.2005| 8.3432 30.7135 1.4627 0.1234 0.5575 6.0303 3.8461 0.1177 22265 1.7461
1.5.2005| 8.5096 36.5892 1.3962 0.1251 0.5708 5.4144 4.0625 0.1361 2.6759 1.9625
46.2005| 8.2799 38.7054 0.9480 0.1120 0.4732 29519 3.9439 0.1216 3.0638 26720
29.6.2005| 6.7922 13.5469 0.5000 0.0823 0.2208 1.9154 2.4153 0.0162 1.4231 2.6846
27.7.2005| 6.0767 17.4416 0.4302 0.0807 0.1574 2.2069 1.8000 0.0537 1.1508 2.3233
17.8.2005| 5.9769 9.8716 0.1942 0.0492 0.0466 1.9012 1.7931 -0.0007 -0.0278 2.3792
8.9.2005| 7.5357 18.5233 0.5839 0.1038 0.2727 1.8232 2.2607 0.0461 1.8429 3.7822

Table S1: Environmental variables of water from the Vltava river on the sampling dates.
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Arcella discoides Ehrenberg, 1842 [

Arcella conica Playfair, 1918 [

Arcella gibbosa Penard, 1890
Arcella vulgaris Ehrenberg, 1830

Centropyxis aculeata var. discoides Penard, 1890

Difflugia corona Wallich, 1864 I:I

Difflugia lebes Penard, 1893 @

Arcella arenaria Greeff, 1866
Difflugia oblonga acuminata Enrenberg, 1838 ==

=y
o
(=] o
J
Difflugia oviformis Cash, 1908

Arcella rotundata Playfair, 1918 =23
Centropyxis aerophila Deflandre, 1929

Arcella hemisphaerica Perty, 1928 3
Diflugia avellana Penard, 1890
Difflugia compressa Carter, 1864 [
Difflugia gramen Penard, 1802 @
Difflugia labiosa Wailes, 1915 B
Difflugia lacustris Penard, 1899 [
Difflugia urceolata Carter, 1864
Difflugia viscidula Penard, 1902

Centropyxis cassis Wallich, 1964 3
Pontigulasia compressa Carter, 1864

Centropyxis constricta Ehrenberg, 1841
Difflugia bartosi Stepanek, 1952

Centropyxis gibba Deflandre, 1924
Centropyxis minuta Deflandre, 1929
Cyphoderia laeris Penard, 1902 @
Cyclopyxis kahli Deflandre, 1928
Difflugia lithophila Penard, 1902
Difflugia globulosa Cujardin, 1837 @
Difflugia scapellum Penard, 1899 n
Difflugia rubescens Penard, 1891

Arcella bathystoma Deflandre, 1928 ===
Centropyxis plagiostoma Bonnet&Thomas, 1955

Centropyxis discoides Penard, 1890 3
Centropyxis ecornis Ehrenberg, 1541 [

Cyphoderia ampulla Ehrenberg, 1840 p
Cyclopyxis eurystoma Deflandre, 1929 =
Difflugia oblonga brevicalla Cash, 1909

Difflugia oblonga claviformis Penard, 1859 B
Difflugia oblonga cylindrus Thomas, 1953 ==
Difflugia oblonga inflata Penard, 1899
Difflugia oblonga longicollis Gassowsky, 1936 =
Difflugia oblonga venusta Penard, 1902 2
Difflugia oblonga schizocaulis $tepanek, 1952
Difflugia oblonga oblonga Enhrenberg, 1838 3

Difflugia oblonga angusticollis Stepanek, 1952 ==
Difflugia oblonga curvicaulis Penard, 1899 [@
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Figure S2: Total numbers of testate amoebae individuals found during the observed period,
sorted by species.
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Figure S3: Abundances and seasonal variability of genera Arcella, Centropyxis and Difflugia in the
individual ponds during the observed period.
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Figure S4: Shannon index of diversity with standard deviations for each pond, calculated for the
whole observation period.
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Figure S5: Pond No. 1, pictures of the ponds were taken in autumn 2011.
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Figure S6: Pond No. 2.
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Figure S7: Pond No. 3, the largest one.
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Figure S8: Pond No. 3, the largest one; the river Vltava is seen in the upper left.
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Figure S9: Pond No. 4.
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Figure S10: Pond No. 4.
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Fauna species and vegetation present in the area of the Komofany ponds

Invertebrates: Insecta: Hymenoptera — Bombus terrestris, Bombus bombus, Odonata -
Calopteryx splendens, Coenagrion puella, Aeschna grandis, Libellula depresa, Sympetrum
sanquineum, Heteroptera — Hydrometra stagnorum, Molusca: Lymnaea stagnalis, Anodonta
anatina. Vertebrata: Amphibia: Rana temporaria, Rana dalmatina, Rana ridibunda, Bufo bufo,
Triturus vulgaris. Reptilia: Anguis fragilis, Coronella austriaca, Natrix natrix. Aves: Accipiter nisus,
Bucephala clangula, Dendrocopos mediu, Lanius collurio, Mergus merganser, Micropus apus,
Oenanthe oenanthe, Phalacrocorax carbo, Podiceps cristatus, Perdix perdix, Sterna hirundo,
Tachybaptus ruficollis. Mammalia — Mustela nivalis, Neomys fodiens, Sciurus vulgaris, Vulpes
vulpes.

The vegetation includes: Ponds — Alisma plantago-aquatica,  Butomus
umbellatus,Ceratophyllum demersum, Hydrocharis morsus-ranae, Iris pseudacorus, Lemna
minor, Nymphoides peltata, Potamogeton trichoides, Sagittaria sagittifolia, Spirodela polyrhiza,
Utricularia australis. Edge of ponds — Alnus glutinosa, Juncus effuses, Lysimachia vulgaris,
Phalaris arundinacea, Robinia pseudacacia, Salix alba, Salix fragilis, Salix pentandra, Salix
viminalis, Typha angustifolia, Typha latifolia. All species of the vegetation community are
described by Hrcka D. (2009, Modrany and Komorany ponds, Prague, report in Czech).
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5. CAST III: INTERAKCE MEZI KRYTENKAMI A MYKORHIZNIMI A
SAPROTROFNIMI HOUBAMI

5.1. Vyznam mykorhiznich a saprotrofnich hub a jejich interakci s pidni mikrobiotou

Mykorhizni symbidza je mutualistické¢ souziti specializované skupiny pudnich hub s koteny
vyssich rostlin. Jedné se o jednu z evolu¢né nejstarSich a nejrozsifenéjsich rostlinnych symbidz,
v soucasné dobé€ zije v symbidze s mykorhiznimi houbami cca. 70-90% dosud zkoumanych
vysSich rostlin. Zékladnim principem fungovani mykorhizni symbidzy je transport asimilatt
(uhlikatych produktii fotosyntézy) z hostitelské rostliny do symbiotické houby a mineralnich
zivin z houby do rostliny, pficemZ vztah mezi obéma symbionty je v idedlnim piipadé vyvazeny
a oboustranné prospésny. Pokud pronikaji houbové vldkna do kotfenovych bun¢k primarni kury,
jedna se o endomykorhizni symbidzy. Zvlastni druh predstavuje erikoidni mykorhizni symbidza,
mutualistické souziti mezi specializovanymi pidnimi houbami a kofeny rostlin z celedi
viesovcovité (Ericaceae). Erikoidni mykorhiza je zasadni pro preziti viesovcovitych rostlin
v ptdnich podminkdch s nizkym obsahem minerdlnich latek, ale vysokym obsahem tézko
dostupnych organickych latek, vysokym pomérem uhlik:dusik ¢i nizkym pH (raseliniste,
viesovisté). Erikoidné mykorhizni houby jsou velmi dobrymi saprotrofy a jako takové tvoii
Siroké spektrum enzymt (napf. chitindzy), které jim umoziiuji Cerpat latky z odumtelych hyf hub
¢i zivocicht.

Zvlastnim typem asociace kofent vysSSich rostlin a vlaknitych pidnich hub je DSE-
asociace, pojmenovana podle hub, které ji tvoii (Dark Septate Endophytes) (Jumpponen a Trappe,
1998). DSE houby mohou mit symbioticky charakter (kolonizuji piimo kotfeny) nebo
asymbioticky ovliviiuji spolecenstva mykorhiznich hub a jinych mikroorganizmia v padé¢ okolo
kotenti (mineralizuji organicky substrat a zptistupnuji ho tak rostlindm, coz mize vést k jejich
zlepsenému rastu) (Mandyam a Jumponen, 2005). DSE houby se vyskytuji téméf u vsech
rostlinnych celedi véetné viesovcovitych. U viesovcovitych rostlin se erikoidni mykorhizy
a DSE-asociace mohou vyskytovat jednotlivé nebo paralelné (Cézares et al., 2005).

Jak jiz bylo uvedeno vySe, erikoidné mykorhizni houby tvofi enzym chitindzu, jez
hydrolyticky rozkldda aminopolysacharid chitin a tim umoziuje vyuzivat chitin jako zdroj zivin

(Gortari a Hours 2008). Erikoidné¢ mykorhizni houby by tedy mohly byt schopny rozkladat
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chitindzni schranky krytének a ndsledné je vyuZivat jako zdroj Zivin/energie. Tento ekologicky
aspekt dosud nebyl zkoumén, avSak z dostupné literatury vyplyva, ze biomasa krytének
piedstavuje kvantitativné vyznamnou soucast biomasy pidnich organismt, zejména v jinak na
ziviny chudych stanovistich (raSelinisté, lesni pady) (Gilbert, 1998a). Tyto habitaty byvaji
neziidka osidleny viesovitymi rostlinami, které zde ptirozené tvoii erikoidni mykorrhizy a/nebo
asociace s DSE houbami (Cairney, 2003; Read 1996). Mykorhizni houby mohou obecné¢ vyuzivat
dusik ulozeny napf. v rostlinném opadu, ale i odumftelych télech zivocichti (Klironomos, 2001),
na druhou stranu pfedstavuji piidni houby nezanedbatelny zdroj potravy pro pludni kryténky
(Gilbert, 2003).

Mezi substraty chudé na ziviny patii také pidy jehlicnatych a opadavych lest. Ty jsou
kolonizovany velmi rozmanitym spektrem nejriiznéjSich hub, jez se vyraznou mérou podileji na
dekompozi¢nich procesech a samy pfedstavuji vyznamny zdroj zivin pro edafon
a mikroorganismy. Je prokazano, ze houbové mycelium miize ovliviiovat slozeni populace
pudnich protistt (Ingham a Mastigotte, 1994), napt. Timoten (2004) popsal vyznamné rozdily ve
slozeni spoleCenstev protistli vyskytujicich se v mykorhizosféte rostlin Zzijicich v symbioze
s riznymi ektomykorhiznimi houbami. Napolitano a Flanagan (1981) zavedli analogicky k efektu
rthizosféry termin efekt karposféry — pozorovali, Zze hustota améb se snizovala s rostouci
vzdalenosti od houbovych plodnic a klesala s klesajici hustotou mycelia v ptidé. Na druhou stranu
mohou pudni protisti redukovat ektomykorhizni kolonizaci kofent rostlin nebo snizovat hustotu
mykorhiznich hyf v mykorhizosféie (Bonkowski, 2001). Existuje nicméné pouze mala hrst praci,
zabyvajicich se pfimymi interakcemi krytének a piadnich/mykorhiznich hub. Napf. na
rozpadajicich se jehlicich borovice lesni, rozklddanych saprotrofnimi houbami, se v asociaci
s témito houbami Casto vyskytuje kryténka Phryganela acropodia (Ogden, 1990). P. acropodia se
zivi selektivné fragmenty hyf riiznych druhG hub, hyfovymi exudaty a s nimi asociovanymi
bakteriemi.

V ramci své disertacni prace jsem se v této oblasti zaméfila na dveé témata, pficemz jsem
vysledky svého snazeni v obou pfipadech opublikovala ve védeckém ¢Elanku. V prvnim ¢lanku
(Microbial Ecology 2009, CLANEK 3 této DP) jsem s kolegy z Botanického tistavu AVCR v.v.i.
v Prihonicich zkoumala interakce mezi erikoidné mykorhiznimi a DSE houbami

a kryténkami v mykorhizosféfe evropskych rododendronti. Druhy ¢Eldnek (Microbial Ecology
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2011, CLANEK 4 této DP) se zabyva vlivem mycelia saprotrofnich hub obyvajicich opad

borovice lesni na distribuci a druhové slozeni komunit padnich krytének.

5.2. CLANEK 3: Testate amoebae (Arcellinida and Euglyphida) vs. ericoid mycorrhizal and
DSE fungi: A possible novel interaction in the mycorrhizosphere of ericaceous plants?

(Microbial Ecology 57: 203-214, 2009)

Testate Amoebae (Arcellinida & Euglyphida) vs. Ericoid Mycorrhizal and DSE
Fungi: A Possible Novel Interaction in The Mycorrhizosphere of Ericaceous

Plants?
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Abstract

Common occurrence of testate amoebae (TA) in the rhizosphere of mycorrhizal plants indicates
existence of yet undocumented ecological interactions, involving three distinct groups of
organisms: soil protists, mycorrhizal fungi, and their host plants. This tripartite relationship was
to date investigated only to a limited extent, despite its probable importance for processes
taking place in the mycorhizosphere. In this study, we i) explored spectra of different TA genera
naturally associated with the rhizoplane of three autochthonous European Rhododendron
species, ii) screened natural fungal colonization of the TA shells occupying the rhizoplane of
selected rhododendrons, and iii) carried out two in vitro experiments addressing the question,
whether TA shells may serve as a source of nutrients for ericoid mycorrhizal fungi (ErMF) and
dark septate endophytes (DSE). Our field observations indicated that TA regularly associated
with the rhizoplane of all screened rhododendrons and that ErMF and/or DSE associated with
their roots possibly exploited the TA shells as a nutrient source. In general, the TA spectra were
gualitatively and quantitatively similar among rhizoplanes of all three Rhododendron species,
being dominated by Diplochlamys, Centropyxis, Cyclopyxis, Euglypha, Trinema and Assulina. The
highest fungal colonization was observed in Centropyxidae and Trigonopyxidae, reaching up to
45% of the shells in the case of Trigonopyxis. In the in vitro experiments, both ErMF
Rhizoscyphus ericae and DSE Phialocephala fortinii regularly colonized TA shells, utilizing them as
a source of nutrients. We hypothesize a complex relationship between ErMF/DSE and TA. If
corroborated, it would represent an interesting nutrient loop in the mycorhizosphere of

ericaceous plants.

Introduction

Protists (protozoans) represent an important part of soil biota, playing a crucial role in

decomposition of organic matter and thus in nutrient cycling (14, 18, 49). Testate amoebae (TA),
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also known as thecamoebae, testaceans, thecamoebians or arcellaceans (38), are a polyphyletic
group of aquatic or terrestrial protists, whose cytoplasm is enclosed within a discrete shell/testa,
which normally consists of one chamber with a single aperture (40). Most TA belong to one of

two major groups: Arcellinida (Amoebozoa) and Euglyphida (Cercozoa) (38).

The diagnostic character of most TA is the architecture and composition of the shell. Several
reports were published with respect to the latter; for instance, Bartos (11) mentioned that the
TA shell was formed by a protein-chitinaceous matrix produced by the TA cytoplasm; Joyon and
Charret (30) stated that the shell wall of Hyalosphenia papilio was composed of a mucoprotein;
Moraczewski (39) reported that the shell wall of Arcella discoides contained several amino acids,
similar to those found in the organic cement of agglutinate marine foraminifera (28); Ogden and
Hedley (40) distinguished proteinaceous, agglutinate, siliceous, and calcareous TA shells. The
shells of most TA species are additionally strengthened with organic and/or inorganic particles

(xenosomes), e.g. sand grains, diatoms etc. (11, 40).

TA occupy various habitats, including heathlands and peat bogs (38), and in these environments,
they represent an important part of the community of soil protists. For instance, Gilbert et al.
(23) found that TA represented 48% of the total microbial biomass (excluding fungi) in a
Sphagnum peatland, and Gilbert et al. (24) stated, that TA contributed with nearly 14% to the
total microbial biomass (including fungi) in a Sphagnum fallax — Carex rostrata fen. Hence, dead
TA constitute a considerable pool of nutrients in such nutrient-impoverished habitats, however

in an organic form, which is directly unavailable to plants.

The presence of soil protists in the rhizosphere significantly affects plant growth (12) and this
effect can be mediated by interactions with mycorrhizal fungi (13). Similarly to protists,
mycorrhizal fungi are also considered as drivers of nutrient exchange in the rhizosphere, with
fundamental effects on plant fitness (44, 45). Important role of mycorrhizal fungi is pronounced
in nutrient-poor habitats where they access organically bound nutrients and make them
available to host plants. Members of Ericaceae and ericoid mycorrhizal fungi (ErMF) are an
excellent example of this phenomenon. Ericaceous plants typically inhabit soils poor in available

nitrogen (N) and often dominate vegetation in heathlands and peat bogs (16, 43). They regularly
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form ericoid mycorrhiza (ErM) with ErMF, which provide N supply to their hosts (48). ErMF are
able to utilize such complex substrates as peptides (2), proteins (3), chitin (33), fungal mycelium
(34) or plant/mycorrhizal necromass (35). The last study (35) showed that the typical ErMF
Rhizoscyphus ericae (Read) Zhuang & Korf produced extracellular protease and chitinase when
grown on mycorrhizal root biomass and used fungal chitin as a source of N, transporting it into
host plant tissues. Analogically to plant/mycorrhizal necromass, R. ericae could use TA
necromass, a cocktail of organic nutrients containing chitin and proteins, which is abundantly
available in peatlands (23, 24), as a substrate for its growth and transport obtained N to host

plants in exchange for photosynthetic carbon.

Interactions between soil protists and mycorrhizal fungi comprise dynamic and complex
processes that may influence all partners entering the interaction: spore germination, root
colonization, growth of fungal mycelium or sporulation can be affected on the fungal side (21),
production of biomass on the plant side (13) and composition of the community (29) on the
protist side. Even though investigations of interactions between TA and soil fungi are scarce, they
reveal consequences important for ecophysiology of the rhizosphere. Mycophagy is accepted as
one of the TA’s nutrition strategies (18). Couteaux (17) used malt extract to stimulate the growth
of fungi in a non-sterile soil and screened the response of the TA community to this
manipulation. The biomass of the fungal mycelium remained unaltered, but the incidence of the
most abundant TA, Phryganella acropodia, increased with time. This led the author to
hypothesize P. acropodia mycophagy, which was further supported by frequent observations of
its shells attached to fungal hyphae. Gilbert et al. (25) reported that spores and mycelium of soil
fungi represented 36% of the identified prey of the members of the TA complex Nebela tincta
major-bohemica-collaris. This suggested that soil fungi, possibly including mycorrhizal,
represented an important part of the diet for this species. Ingham and Massicotte (29) found
that TA regularly inhabited the mycorhizosphere of ectomycorrhizal (EcM) roots of five conifers
and that their communities quantitatively and qualitatively differed depending on host plants
and EcM fungi colonizing their roots. This indicated that the composition of an ECM community

might determine the composition of a TA community in the mycorrhizosphere. However,
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mechanisms of this relationship were unknown. Ingham and Massicotte suggested that
mycorrhizal fungi could influence the protist community by controlling/altering the bacterial

community in the rhizosphere.

Although reports describing direct interactions between TA and mycorrhizal fungi are lacking,
several interesting facts can be inferred from the literature focused on related topics. To
summarize, i) TA represent a quantitatively important part of soil biota in nutrient-poor peatland
habitats (23); ii) such habitats are often dominated by ericaceous plants, which regularly form
ErM and/or DSE-association (16, 31, 32, 43); iii) in such habitats, ErMF, and possibly also dark
septate endophytes (DSE), help plants to access organic nutrients, namely N (37, 45); iv)
mycorrhizal fungi can access animal N (36); v) soil fungi represent an important part of TAs’ feed
(25). In addition, our previous observations indicate that vi) shells of probably dead TA are
regularly associated with mycelium emerging from ericoid mycorrhizal roots (Vohnik,
unpublished data). These facts together indicate a possible complex relationship between
mycorrhizal fungi and TA, which might also influence physiology and ecology of mycorrhizal

plants.

In the present study, we investigated several aspects of this relationship, focusing mainly on
phenomena related to the hypothesis that mycorrhizal fungi can use TA shells as a nutrient
source. We describe the composition and similarity of the TA communities found in the
rhizoplane of three native European Rhododendron species, and quantify fungal colonization of
their shells. Additionally, we report observations of the association between TA shells and fungal
mycelium emerging from Rhododendron mycorrhizal roots. In two in vitro experiments, we
address the question whether TA shells could serve as a source of nutrients and/or propagule

carriers for ErMF R. ericae and DSE Phialocephala fortinii Wang & Wilcox.
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Materials and Methods

Occurrence of TA in the rhizoplane of three Rhododendron species

Three European Rhododendron species (Rhododendron hirsutum L., Rhododendron kotschyi
Simk. and Rhododendron luteum Sweet) were screened for TA occurring in their rhizoplane. The
roots of R. hirsutum were collected in June 2005 at Velika Planina plateau, Slovenia (~1400 m a.
s. |.), the roots of R. kotschyi were collected in September 2005 in the Carpathian Mts., Romania
(1724 - 2505 m a. s. I.) and the roots of R. luteum were collected in September 2005 in a
deciduous forest (tree dominants Fagus sylvatica L., Quercus petraea (Mattusch.) Liebl., Carpinus
betulus L. and Castanea sativa Mill.) near the municipality of Bostanj, Slovenia (~¥220 m a. s. .).
For each species, four to seven individuals were screened. From each individual, three root
samples (each containing approx. 15 cm of roots) were taken from the upper soil layer (depth 5

—15 cm), inserted in plastic bags and stored in a fridge (8 °C) until screened.

Roots with adhering rhizospheric soil were gently washed under running tap water on a sieve (@
1 mm) to remove excessive substrate. Washed roots with adhering rhizoplanic substrate were
divided into three parts. The first part was placed into 250-ml flasks with lactoglycerol and stored
in the fridge for one month. After this period, the rhizoplanic material, which separated from the
roots of R. hirsutum (n = 6), R. kotschyi (n = 7) and R. luteum (n = 4) due to gravity, was collected
from the bottom of the flasks with plastic pipettes and was screened for TA shells. In each
sample, at least 100 shells were collected, determined to the genus level according to Alekperov
and Snegovaya (1), Balik (5, 6, 7, 8, 9, 10), Bartos (11), Deflandre (19, 20), Foissner and
Korganova (22), Ogden and Hedley (40) and Patterson et al. (41), and % frequency of each
genera was counted. Qualitative and quantitative similarity of the TA spectra among all
Rhododendron individuals was assessed by the cluster analysis using the Jaccard index and the

Morisita index. PAST 1.4 (Hammer et al. 2001) was used for statistical analyses.
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Natural colonization of TA shells by fungal hyphae

The TA shells from separated rhizoplanic material were additionally screened for colonization by
fungal hyphae. To accomplish this, one individual was randomly chosen per each Rhododendron
species. At least 300 shells from its rhizoplane were collected, immersed in 0.05% trypan blue in
lactoglycerol (lactic acid : glycerol : de-ionized water = 1 : 1 : 3) to stain fungal mycelium and
observed with an Olympus SZX12 inverted microscope equipped with the Olympus Relief
Contrast (max. magnification 400x) and an Olympus BX60 microscope equipped with DIC (max.
magnification 1000x). A shell was considered as being colonized when fungal hyphae either grew
on its surface or inside its lumen. Percentual frequency of the colonized shells was counted for

each TA genera.

Association between TA shells and Rhododendron roots

The remaining two parts of the roots were subjected to direct observation of associated TA
shells using light microscopy and scanning electron microscopy (SEM). Prior to observation, one
part was treated according to the methods commonly used for screening mycorrhizal
colonization (15), i.e., autoclaved in 10% KOH for 20 min at 121 °C, rinsed in 3% HCI, washed
with running tap water and autoclaved in 0.05% trypan blue in lactoglycerol for 20 min at 121 eC
and left overnight at room temperature (= the common treatment). The other part of the roots
was directly immersed in a solution of 0.05% trypan blue in lactoglycerol and left overnight at
room temperature (= the alternative treatment). Roots were de-stained by immersing in de-
ionized water and screened for the presence of associated shells of TA and mycorrhizal
structures using a dissecting microscope. Because there were no TA shells associated with the
roots in the common treatment, we further focused only on the roots from the alternative
treatment. Here, mycorrhizal roots associated with TA shells via fungal mycelium were cut into 1-

cm pieces and mounted onto non-permanent slides for light microscopy or were directly
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examined using SEM. Slides were observed at high magnification (400x or 1000x) using an
Olympus BX60 microscope equipped with DIC. SEM photographs were taken in the Olympus
ESEMTM mode at low temperatures (-6 2C to -3 2C) using a FEI Quanta 200 microscope. The
Olympus ESEMTM mode enables screening of non-collapsed roots without previous treatment

(e.g. coating or critical-point drying).

Additionally to native Rhododendrons, roots of four rooted stem cuttings (size approx. 10 cm) of
Rhododendron cv. Azurro, cultivated four months in a growth chamber (16/8 h day/night,
average temperature 20°C, 150 umol m2s) in a non-sterile peat-based substrate (peat : zeolite :
perlite =1 : 1 : 1) were treated in the same manner and screened for association between TA

shells and their roots.

Experiment 1 — colonization of TA shells by Phialocephala fortinii and Rhizoscyphus ericae

Cyclopyxis and Trigonopyxis shells were extracted with fine forceps from a water suspension of a
peat-based substrate, collected from the rhizosphere of Vaccinium myrtillus L. in Modrava,
Sumava National Park, Czech Republic in September 2005. These two TA genera were used
because of their abundance in the suspension and shell size suitable for manipulation.
Moreover, we found that Cyclopyxis and especially Trigonopyxis shells were frequently naturally
colonized by fungal hyphae in the rhizoplanic samples from Rhododendron roots (see Results),
which indicated their suitability for inoculation experiments. Grains of serially washed quartz
sand (Provodinské pisky Inc., CZ; fraction <1 mm) were used as a negative control and were

treated in the same manner as the TA shells.

Extracted shells/sand grains were transferred onto moistened PRAGOPOR 6 nitrocellulose
membranes (@ adjusted to 1 cm, pore size 0.4 um; Pragochema Ltd., CZ) placed in glass Petri
dishes, five shells/grains per membrane, and autoclaved for 20 min at 121 °C. Autoclaved
membranes with adhering shells/grains were aseptically placed into plastic Petri dishes with

water agar (WA).
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P. fortinii and R. ericae axenic cultures were pre-cultivated in plastic Petri dishes on WA for one
month at room temperature in the dark. Small pieces of their mycelium (approx. 1 mm?®) were
obtained from margins of their actively growing colonies and were transferred approx. 3 mm
from each membrane. P. fortinii was the strain PFO-F (GenBank EF446149), which is deposited in
the Culture Collection of Fungi (Department of Botany, Faculty of Science, Charles University in
Prague, CZ) under the accession number CCF 3586. It corresponds to the P. fortinii cryptic
species CSP7 (= P. fortinii s. s.) sensu Griinig et al. (26) and forms DSE-association with ericaceous
host plants (50). R. ericae was a culture derived from the strain UAMH 6735 (GenBank

AJ319078), isolated by Pearson and Read (41). It forms ErM with ericaceous host plants (51, 52).

There were three treatments (P. fortinii-inoculated, R. ericae-inoculated and non-inoculated),
each containing in total 60 autoclaved TA shells on 12 membranes in four Petri dishes (three
membranes in one dish, each membrane with five TA shells) and 60 autoclaved sand grains
organized in the same manner as the shells. The dishes were sealed and incubated at room
temperature in the dark for two months. After this period, the shells/grains were extracted with
forceps and divided into three parts for each variant, each part containing 20 shells/grains on
four membranes. The first part was screened for colonization with P. fortinii or R. ericae
mycelium using light and/or scanning electron microscopy. The sand grains were observed by

SEM only.

Experiment 2 — TA shells as a source of nutrients for Phialocephala fortinii and Rhizoscyphus

ericae

The second part of the shells/grains was aseptically transferred onto new autoclaved moistened
nitrocellulose membranes, placed on WA in plastic Petri dishes (@ 9 cm), sealed and incubated at
room temperature in the dark for two months. The third part of the shells/grains was transferred
onto new autoclaved moistened nitrocellulose membranes, placed on serially washed quartz
sand (the same provenience as the grains) in glass Petri dishes (@ 5 cm), sealed and incubated at

room temperature in the dark for two months. The mycelium emerging from the shells/grains
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was observed and documented periodically each week. After two months, the shells were

screened using light and scanning electron microscopy. The grains were observed by SEM only.

Results

Occurrence of TA in the rhizoplane of three Rhododendron species

In total, we found 13 genera of TA to be associated with the rhizoplane of R. hirsutum, R. luteum
and R. kotschyi. They were (alphabetically): Arcella, Assulina, Centropyxis, Corythion, Cyclopyxis,
Diplochlamys, Euglypha, Heleopera, Nebela, Pseudodifflugia, Tracheleuglypha, Trigonopyxis and
Trinema. Shells of Pseudodifflugia were found only in the R. hirsutum samples, all other TA
genera were found in the rhizoplane of all three Rhododendron species (Table 1). On average, we
were unable to identify to genus level approx. 5 - 6% of the collected TA shells. The average
value of the Jaccard index for all Rhododendron individuals was 0.777, with minimum 0.583 (R.
hirsutum #1 vs. R. luteum #4 and #5) and maximum 1 (R. hirsutum #1 vs. R. kotschyi #3, R.
hirsutum #3 vs. R. luteum #3, R. kotschyi #4 vs. R. luteum #7 and R. luteum #4 vs. R. luteum #5).
The average value of the Morisita index was 0.697, with minimum 0.276 (R. hirsutum #4 vs. R.

luteum #4) and maximum 0.969 (R. hirsutum #1 vs. R. luteum #3).

Natural colonization of TA shells by fungal hyphae

The highest natural fungal colonization was found in shells of relatively scarce Trigonopyxis
(approx. 45%, 42% and 44% of the shells in the rhizoplane of R. hirsutum, R. luteum and R.
kotschyi, respectively), followed by Cyclopyxis (34%, 32% and 36%), Centropyxis (34%, 29% and
32%), Diplochlamys (29%, 25% and 44%), Arcella (20%, 0% and 38%), Trinema (13%, 0% and 6%),
Nebela (0%, 10%, 13%), Euglypha (8%, 7%, 10%), Assulina (0%, 4%, 7%), Tracheleuglypha (0, 6, 0)
and Corythion (0%, 0%, 3%). As can be seen, the shells of some TA genera differed in the fungal
colonization with respect to Rhododendron species, whereas the colonization of others was

similar in all Rhododendron rhizoplanes (Table 1).
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Association between TA shells and Rhododendron roots

We documented the association between TA shells and roots via the mycelium of putative
mycorrhizal fungi in all samples of all three Rhododendron species and Rhododendron cv. Azurro
in the alternative treatment. We estimated that there was at least one TA shell associated with
the mycorrhizal root by means of the fungal mycelium per 5cm of the total root length. We
found no associated TA shells in the samples from the common treatment. In some cases, TA
shells appeared to be only loosely attached to the root surface by means of the fungal mycelium
(Fig. 1), in other cases however, the association between TA shells and the root appeared to be
very intimate (Fig. 2). TA shells were frequently embedded in the fungal mycelium, often being
partially decomposed (Fig. 3), which substantially hampered their identification. Some of the
objects with the TA shells’ appearance were filled with darkly pigmented thick-walled cells (Fig.
4), which resembled the colonization pattern of the DSE P. fortinii (see below). All screened

ericaceous plants developed ErM colonization and also possessed DSE-association.
Experiment 1 — colonization of TA shells by Phialocephala fortinii and Rhizoscyphus ericae

Both Cyclopyxis and Trigonopyxis shells were colonized by the mycelium of both ErMF R. ericae
and DSE P. fortinii. Commonly, R. ericae mycelium almost completely covered the surface of the
colonized shells (Fig. 5). P. fortinii was slower in colonization and its mycelium usually did not
cover the whole surface of the shells (Fig. 6). P. fortinii hyphae often entered the shell via its
aperture (Fig. 6). The intracellular colonization of such shells consisted of short, thick, darkly
colored and thick cell-walled hyphae, which usually occupied the whole lumen of the shell (Fig.
7). This was connected with notable color change — the shells colonized intracellularly by P.
fortinii were dark brown to black, which contrasted with the yellowish to light brownish color of
the shells, which were colonized only superficially. Such intracellular colonization resembled
microsclerotia, formed by DSE in the roots of higher plants (Fig. 11). The surface of the sand
grains was only poorly colonized by either single hyphae or a very loose weft of the mycelium of

P. fortinii or R. ericae.
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Experiment 2 — TA shells as a source of nutrients for Phialocephala fortinii and Rhizoscyphus

ericae

After transferring the P. fortinii- and R. ericae- pre-colonized shells/grains onto new membranes
and during their two-month cultivation on WA, both fungi were able to utilize the TA shells as a
source of nutrients. This was indicated by vigorous growth of their hyphae, which radiated from
the pre-colonized shells and lack of such growth from the pre-colonized sand grains. Vigorous
growth was notable especially for the hyphae of P. fortinii, which expanded from the dark-
colored pre-colonized shells in all directions, covering the whole surface of the shells and
completely disorganizing their shape with progressing time (Fig. 8). Also the mycelium of R.
ericae completely covered the surface of the pre-colonized shells and partially disorganized their

shape with progressing time (Fig. 9).

When the membranes with the pre-colonized shells/grains were transferred into the dishes with
serially washed quartz sand, a similar situation occurred: the pre-colonized shells gave rise to
new abundant P. fortinii or R. ericae mycelium (Fig. 10), which was not the case of the pre-
colonized sand grains. The dark brown to black colored shells, which were intracellularly
colonized by P. fortinii as described above, gave rise to more abundant mycelium than the

yellow- to light-brown-colored shells, which lacked significant intracellular colonization.

Discussion

To date, the relationship between soil protists and fungi has not been frequently investigated.
One direction of the research was focused on investigations of communities of protists in the
rhizosphere. For instance, Ingham and Massicotte (29) explored ectomycorrhizospheres of Pinus
ponderosa, Pseudotsuga menziesii, Picea sitchensis, Tsuga heterophylla and Abies grandis, and
identified six types of protist communities, which always included ciliates, TA, naked amoebae
and flagellates, but differed qualitatively and quantitatively with respect to different host plants

and different symbiotic fungi. Protists generally tended to be more abundant and diverse in
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roots colonized by fungi from the EcM genera Rhizopogon than in roots symbiotic with EcM
fungus Thelephora terrestris or DSE fungi from the Mycelium radicis atrovirens complex (formed
predominantly by P. fortinii cryptic species), or in non-mycorrhizal roots. TA were relatively poor
in species number and abundance, especially when compared with flagellates, and included
Nebela, Euglypha, Valkanovia, Difflugia, Trinema, Corythionopsis and Arcella, the first genera

being the most abundant across all combinations of host species and mycorrhizal fungi.

Contrary to Ingham and Massicote, we found no clear differences in the average frequencies of
TA among the rhizoplanes of the three Rhododendron species. Additionally, these frequencies
differed qualitatively and quantitatively from those found in the coniferous
ectomycorrhizospheres. This discrepancy might be caused by several factors, because designs of
both studies varied in many ways. We focused on environmental samples, whereas the results of
Ingham and Massicote were derived from a greenhouse inoculation experiment. We examined
ErM- and DSE-colonized hair roots of mature ericaceous plants, whereas the other study
targeted EcM roots of young coniferous seedlings. Not least, ericaceous plants associate with
unique spectrum of fungi, which does not include EcM fungi from the Rhizopogon genera.
Moreover, in contrast to EcM fungi, ErMF or DSE do not coat root tips with a compact fungal
sheath — it is very likely that in our study, TA had direct access to the root surface and its
products whereas in the other study, TA interacted mostly with the fungal mantle. On one hand,
these facts seriously hamper comparison of the results; on the other, they emphasize the need
for further screening of preferably environmental root samples of plants from various

ecosystems and with different mycotrophy, to make future comparisons possible.

Our root samples originated from different Rhododendron species and were collected in
different environments. Then, why were the average frequencies of different TA genera relatively
similar? The answer could be in the conclusion that similar protist communities could be on
roots of different host plants, but with the same mycorrhizal fungi (29). We have not identified
the respective fungi colonizing the screened roots; on the other hand, it is assumed that ErM

and DSE-association are formed by only limited number of symbiotic fungi and that most ErM
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and DSE-associations are formed by R. ericae and P. fortinii, respectively (48). As a consequence,

relatively uniform spectrum of ErM/DSE fungi could attract a relatively uniform spectrum of TA.

Alternatively, and possibly more accurately, the similarity of the TA spectra in the Rhododendron
rhizoplanes could be the result of general uniformity of ericaceous roots (43) and environments
they inhabit (16). Apparently, further investigations are needed on the relative importance of
micro-environment versus host plant and root-inhabiting fungi identity as a determinant of TA

community structure.

The other direction of the protists vs. soil fungi research examined trophic relationships between
both groups of organisms. Couteaux (17) investigated the relationship between TA community
and soil fungi by addition of malt extract (ME) into experimental microcosms. She concluded
that one of the TA species monitored in her study, Phryganella acropodia, was mycophagic, i.e.
consumed mycelium of soil fungi, growth of which was stimulated by introduction of ME. Gilbert
et al. (25) drew additional attention to the nutritional importance of fungal mycelium for soil
protists by showing that it could represent a considerable part (up to 36%) of the diet of some TA
species. In contrast, we had focused on the trophic relationship from the fungal perspective and
showed that TA shells collected from environmental root samples were regularly colonized by

fungal mycelium, and the colonization in some genera reached considerable frequency.

These findings point at frequent interactions between TA and soil fungi. From the fungal point of
view, interactions with TA may have two different modes of functioning: passive and active. In
the former mode, fungal hyphae (dead or alive) are only mechanically glued to alive TA shells
and are de facto organic xenosomes. Slowly moving TA could serve as carriers for vital fungal
propagules, which, attached to the surface, wait for their chance to rapidly colonize the shell
after its death. In the latter mode, there is an indication of active fungal growth towards/from
the shell and we can expect that the fungus immediately explores the shell (or its parts) as a
nutrient source. From the TA (or rather the TA-researcher) point of view, frequent and genera-
specific fungal colonization might hamper proper assessment of TA community composition.

Identified Trigonopyaxis shells were represented relatively poorly in our rhizospheric samples; this
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could reflect either their genuine scarcity, or the possibility that they were decomposed or
deformed by fungi more frequently/rapidly than other genera. Future investigations of TA
communities from mycorhizospheres should consider the fact that fungal colonization could

rapidly and totally alter shape of TA shells (see further text).

Nutrients obtained by soil fungi from TA shells could be transported directly to the host plant in
exchange for photosynthetic carbon if the fungi were mycorrhizal and associated with roots. We
showed that direct connections between presumably dead TA and ericaceous roots by means of
symbiotic fungi, which is a prerequisite for the hypothetical nutrient flow, were relatively
common in the ericaceous rhizoplane. Magnitude, if any, of such nutrient exchange remains to
be established. However, relatively high incidence of such connections and high fungal
colonization of some TA shells in the mycorrhizosphere indicate that the ‘TA-root symbiotic
fungi-host plants’ association is not an exceptional curiosity. Subsequently, a question arose:
Why this association had not been reported earlier? We see two probable reasons: i) the
common treatment (see Materials and Methods) prevents observation of fragile TA shells and
their more fragile association with the fungal mycelium emerging from the root, and ii)
colonization by ErMF and DSE notably changes shape of the colonized shells. To date, TA species
are identified mostly using the morphology of their shells (38, 40); very likely, those colonized by
soil fungi, especially in later stages of decomposition, would not be recognized as TA at all (cf.

Figs 3, 8 and 9).

The proposed nutrient flow between TA and plants by means of mycorrhizal fungi has two steps:
nutrient uptake by the fungus followed by transport to the plant. We had focused on the first
step and demonstrated in vitro that TA shells represented an acceptable nutrient source for
ErMF and DSE. It could be argued that WA or the membranes (see Materials and Methods)
served as an additional source of nutrients for the mycelium expanding from the shells.
However, it was shown that the nitrocellulose membranes used in the experiments were
resistant to microbial degradation (4) and the results from WA were repeated on serially washed
guartz sand. Moreover, the differences between the growth of the mycelium from the pre-

inoculated shells and the sand grains indicated that both fungi did utilize the shells as a source of
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nutrients. Certainly, it would be interesting to determine which parts of the TA shell serve as the
actual source of nutrients for the colonizing fungus. It could be a wide range of organic
compounds forming the shell, or even the cytoplasm of the amoeba. With this respect, it
appeared that ErMF and DSE had favored different colonization strategies: the former group of
fungi had readily colonized all available shells, suggesting ErMF utilized whole TA necromass, but
the latter had appeared to ignore empty shells, indicating DSE preferred organic matter hidden
in the lumen to the organic substances forming the shell itself. Primarily triggered by organic
compounds, P. fortinii later developed multicellular structures consisting of short, thick-walled
hyphae inside the lumen of some shells. Such structures notably resembled intracellular
microsclerotia formed by DSE in roots of higher plants (31). Thus, a dead TA shell could represent
a shelter for fungal reproductive structures, similarly to root cells for microsclerotia or cavities of

dead seeds for spores of arbuscular mycorrhizal fungi (46, 47).

Our observations and findings together with the published papers on related topics (see
Introduction) indirectly favor existence of the second step — transport of nutrients derived from
TA shells to host plants. However, its corroboration will depend on a direct demonstration,
probably with the help of isotopically labeled compounds. Likewise, it remains to be established
whether such highly probable interaction has any significant effect on the host plant. With this
respect, we might parallel our deductions to a nutrient cycle demonstrated by Klironomos and
Hart (36), who investigated a tripartite relationship between Pinus strobus, an EcM fungus
Laccaria bicolor and a springtail Folsomia candida in a microcosms experiment. The authors
reported that P. strobus was able to derive up to 25% of its N from either dead or live soil-
dwelling arthropods via its fungal partner. Interestingly, L. bicolor was able to immobilize the
animals before infecting them - do ErMF or DSE have similar capabilities towards TA? As the
authors concluded, “EcM plants could indirectly depredate soil arthropods for a significant
source of nitrogen through their fungal partners” — could ErM plants derive a part of their
nitrogen from TA in a similar way? According to Klironomos and Hart, their results revealed “a
nitrogen cycle of far greater flexibility and efficiency than was previously assumed, where the

fungal partner uses animal-origin nitrogen to ‘barter” for the carbon from the host tree”.
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However, it remained unclear whether the observed phenomenon was widespread or functional
under natural conditions. In contrast, our observations and results suggest that the interaction
between TA and root-symbiotic fungi is both widespread and functional under natural
conditions. This might have profound impacts on all partners entering this interaction, as
mentioned throughout the discussion. Hopefully, our report will encourage further
investigations to elucidate ecological significance of the proposed ‘TA - mycorrhizal fungi - host

plants’ bi-directional nutrient loop.
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TABLE 1: Percentual frequency of testate amoebae (TA) shells associated with the rhizoplane

of three European Rhododendron species, and their colonization by fungal hyphae

Roots of six, seven and four individuals of R. hirsutum, R. luteum and R. kotschyi were screened
for occurrence of TA shells. Additionally, one individual was randomly chosen per each
Rhododendron species and its associated TA shells were screened for colonization by fungal
hyphae. The values in the table are mean + SD percentual frequencies of respective TA genera
followed by (number of TA shells screened for fungal colonization/number of those actually

colonized). n.e. = not estimated
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R. hirsutum

n (% frequency): 747

R. luteum

n (% frequency): 1282

R. kotschyi

n (% frequency): 677

Diplochlamys

21.6 +7.8(288)

14.5+7.6 (82)

16.5+ 9.4 (9/4)

Centropyxis

15.8 + 6.4 (67/23)

12.5+6.7 (63/18)

11.4 + 2.8 (62/20)

Cyclopyxis 11.6 + 7.6 (56/19) 9.0 +3.1(53/17) 8.7 +7.6 (2509)
Euglypha 9.0 +3.0 (36/3) 13.4 + 6.7 (574) 10.0 + 7.2 (636)
Trinema 7.7 +7.1(385) 10.8 + 7.6 (2500) 11.4+10.8 (523)
Assulina 10.4 +11.0 (16/0) 6.7 +5.1(28/1) 11.0 + 4.1 (453)
Corythion 4.7 +3.2 (110) 2.6 +3.3 (40) 8.3+4.7 (32/1)
Arcella 5.6 +3.6 (10/2) 2.4+3.1(40) 4.7+49 (83)
Nebela 1.3+2.0(30) 8.2+4.7 (2072) 9.0 + 9.8 (46/6)

Tracheleuglypha

2.9+5.5(170)

10.0 £ 9.4 (50/3)

0.3+0.7 (170)

Trigonopyxis 2.0+ 1.4 (20/9) 4.8 + 4.4 (5523) 2.2+3.0(18/8)

Heleopera 0.4+1.0(n.e.) 0.5+1.3(n.e.) 0.3+0.6 (n.e.)

Pseudodifflugia 1.0+£2.6(n.e) 0.0 (n.e.) 0.0 (n.e.)
undetermined 6.0+4.9 (n.e.) 46+4.2(n.e) 6.2+4.7 (n.e.)
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FIGURES

Figure 1: A TA shell loosely associated with the mycorrhizal root of Rhododendron cv. Azurro via
fungal hyphae emerging from the root (white arrow). SEM; bar = 10um. Figure 2: A TA shell
tightly associated with the mycorrhizal root of Rhododendron cv. Azurro via fungal hyphae. SEM;
bar = 50um. The detail shows the hyphae connecting the shell with the mycorrhizal root (black
arrows). SEM; bar = 25um. Figure 3: Partially decomposed TA shell, surrounded by fungal
hyphae (white arrows). SEM; bar = 50um. Figure 4: A TA shell from the root surface of
Rhododendron cv. Azurro. The shell is associated with dark septate hyphae (black arrow) and
filled with septate multicellular object, which shows similarity to microsclerotia formed by DSE
fungi either in TA shells (cf. Fig. 7) or rhizodermal cells of higher plants (cf. Fig. 11). DIC; bar =
50um. Figure 5: A TA shell colonized by the mycelium of R. ericae, incubated on WA for 6 weeks.
SEM; bar = 50um. Figure 6: A TA shell colonized by the mycelium of P. fortinii, incubated on WA
for 6 weeks. Contrary to R. ericae, there is only loose net of hyphae covering the shell’s surface
and the P. fortinii hyphae enter the shell’s lumen via its aperture (white arrow). SEM; bar =
50um. Figure 7: A detail of a TA shell intracellularly colonized by the mycelium of P. fortinii. The
colonization pattern, i.e. dark, short and thick cells forming dense coiled hyphae, resembles
microsclerotia formed by DSE fungi in the rhizodermal cells of higher plants (cf. Fig. 11). SEM;
bar = 1um. The detail shows general appearance of the colonized shell. DIC; bar = 10um. Figure
8: A TA shell as a propagule carrier and a nutrient source for the P. fortinii mycelium. The pre-
inoculated shell was cultivated on a nitrocellulose membrane placed on WA for two months. The
mycelium emerges in all directions from the shell’s lumen and completely disintegrates its
structure and shape. SEM; bar = 100um. The detail shows a sand grain, which served as a
negative control. Nearly no mycelium developed from the pre-inoculated grain. SEM; bar =
100um. Figure 9: A TA shell as a propagule carrier and a nutrient source for the R. ericae
mycelium. The pre-inoculated shell was cultivated on a nitrocellulose membrane placed on WA
for two months. The shell is completely covered by the R. ericae mycelium, which partly
disintegrates its structure. SEM; bar = 50um. Figure 10: A TA shell as a propagule carrier and a

nutrient source for the P. fortinii mycelium. The pre-inoculated shell (black arrow) was cultivated
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on a nitrocellulose membrane placed on moistened, serially washed quartz sand for two
months. The mycelium radiates from the shell across the membrane. Binoculars; bar = 500um.
The detail shows the same situation using SEM. Bar = 100um. Figure 11: Microsclerotia formed
by P. fortinii in the rhizodermal cells of Vaccinium myrtillus in an aseptic culture. DIC; bar =
25um. Figure 12: A TA shell collected from the rhizosphere of V. myrtillus from the field. Note

dark septate hyphae attached to its surface (black arrows). DIC; bar = 50um.

123



124



5.3. CLANEK 4: Interactions between testate amoebae and saprotrophic microfungi in a
Scots pine litter microcosm (Microbial Ecology 61: 660-668, 2011)
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Abstract

In all terrestrial ecosystems, testate amoebae (TA) encounter fungi. There are strong indications
that both groups engage in multiple interactions, including mycophagy and decomposition of TA
shells, processes which might be fundamental in nutrient cycling in certain ecosystems. Here, we
present the results of an experiment focusing on interactions between TA and saprotrophic
microfungi colonizing Scots pine (Pinus sylvestris L.) litter needles. The needles were collected
from a temperate pine forest and cultivated in damp chambers. Over a few weeks, melanized
mycelium of Anavirga laxa Sutton started to grow out of some needles; simultaneously, the
common forest-soil TA Phryganella acropodia (Hertwig & Lesser) Hopkinson reproduced and
spread around the mycelium. We investigated whether a potential relationship between TA and

saprotrophic microfungi exists by comparing the composition of TA communities on and around
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the needles and testing the spatial relationship between the A. laxa mycelium and P. acropodia
shells in the experimental microcosm. Additionally, we asked whether P. acropodia utilized the
A. laxa mycelium as a nutrient source and screened whether P. acropodia shells were colonized
by the microfungi inhabiting the experimental microcosm. Our results indicate that saprotrophic
microfungi may affect the composition of TA communities and their mycelium may affect
distribution of TA individuals in pine litter. Our observations suggest that P. acropodia did not
graze directly on the A. laxa mycelium, but rather fed on its exudates or bacteria associated with
the exudates. The fungus Pochonia bulbillosa (Gams & Malla) Zare & Gams was often found
parasitizing encysted shells or decomposing already dead individuals of P. acropodia. TA and pine
litter microfungi engage in various direct and indirect interactions which are still poorly
understood and deserve further investigation. Their elucidation will improve our knowledge on

fundamental processes influencing coexistence of soil microflora and microfauna.

Key words: testate amoebae, soil saprotrophic microfungi, pine liter

Introduction

Testate amoebae (TA) occupy various terrestrial and aquatic ecosystems. In some habitats, they
represent an important part of the community of soil protists [20, 21] and play a significant role
in biodegradation of organic matter [44] and nutrient cycling [1, 56, 58, 59]. Their frequency and
biomass may exceed those of other important soil organisms, such as ciliates or earthworms [4,
38, 49]. TA mostly feed on bacteria but some species are carnivorous or mycophagous [22, 25,

44, 60].

TA inhabit coniferous [48] as well as deciduous forest soils [37, 38, 53]. Coniferous tree litter is
colonized by a variety of soil fungi which play crucial roles in decomposition and nutrient
sequestration and simultaneously represent an important food source for edaphic fauna and
microorganisms [8, 34]. Fungi also represent a significant part of the soil microbial biomass; in

boreal forests, ectomycorrhizal hyphae comprise over 30% of the microbial biomass [27], and
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arbuscular mycorrhizal mycelium forms around 20% of the microbial biomass in prairie and
pasture grasslands [39]. The presence and identity of the fungal mycelium may influence
populations of soil protists: Ingham and Massicotte [30] and Timoten et al. [52] described
significant variation in the composition of protist communities with different types of
ectomycorrhizae. Napolitano and Flanagan [42] screened populations of amoebae in a sandy soil
around fruitbodies of Laccaria trullisata (Ellis) Peck and coined the term “carphosphere effect” —
the density of the amoebae decreased with an increasing distance from the fruitbodies and
decreasing density of the soil mycelium. Feeding on fungi by soil protists may reduce
colonization of plant roots by ectomycorrhizal fungi [7] or reduce the length of mycorrhizal

hyphae in the mycorrhizosphere [6].

Interactions between TA and fungi in forest soil and litter are an intriguing and potentially
important part of their ecology that has been only occasionally investigated. This might be due
to the need for combining protozoological and mycological approaches; nevertheless, some
simple and long-established mycological methods may be useful for understanding TA-fungi
interactions. For example, damp chambers are a simple method for a long-term cultivation of
saprotrophic microfungi [32, 62] and may offer optimal conditions for growth and reproduction

of TA as well.

In our study, we used damp chambers to screen TA populations and saprotrophic microfungi
colonizing Pinus sylvestris L. litter needles. During cultivation, a melanized mycelium of the
anamorphic ascomycete Anavirga laxa Sutton radiated from pine needles in some chambers.
Subsequently, Phryganella acropodia (Hertwig & Lesser) Hopkinson individuals multiplied in the
chambers with A. laxa and their distribution was affected by the distribution of the A. laxa
mycelium. P. acropodia is often found in association with saprophytic fungi on decaying pine
needles [M.-M. Co(teaux, pers. comm., sec. in 44], but the nature of the association is unclear. It
is unknown whether P. acropodia selectively feeds on certain guilds of fungi, utilizes hyphal
fragments, hyphal exudates or bacteria in the hyphosphere, or a combination of both fungal and

bacterial food sources. On the other hand, the fate of the dead P. acropodia individuals is also

127



unknown. In our previous report, we showed that TA shells were suitable nutrient source for

some mycorrhizal and root endophytic fungi [56].

To address these questions, we tested whether a relationship between P. acropodia and other TA
and pine needle microfungi existed in an experimental microcosm with pine litter needles. More
specifically, we investigated the composition of TA communities on and around the needles and
the spatial relationship between the A. laxa mycelium and P. acropodia shells. Additionally, we
asked whether P. acropodia utilized the A. laxa mycelium as a nutrient source and screened
whether P. acropodia shells were colonized by hyphae of the microfungi inhabiting the

experimental microcosm.

Methods

Construction of damp chambers

Scots pine needles were collected from an unmanaged pine forest in National Park Bohemian
Switzerland in North Bohemia (Czech Republic). Collections were taken from the top of a
sandstone massif “R0Zova zahrada”, about 450 m a. s. I. (50°53'20.28” N, 14°24’53.82” E). The
forest (plant association Dicrano—Pinetum) has interspersed birch (Betula pendula Roth) and a
herb layer that consists of Vaccinium vitis-idaea L. and V. myrtillus L. The soil is shallow (10-45
cm) and has an uppermost layer of more humus. Needles from the F1 layer were inserted into

sterile plastic bags and transported to the laboratory.

Damp chambers consisted of glass 15-cm diameter Petri dishes with a piece of a plastic mesh
overlain by a layer of cellular tissue and filter paper. They were moistened with distilled water
and sterilized in an autoclave. Single intact needles were separated from the bulk samples and
inserted equidistantly into sterile damp chambers (8—10 needles per each chamber). Ten damp
chambers containing 91 needles were set up and maintained at ambient light and room

temperature. The growth of fungi was observed periodically for three months.

128



A wide spectrum of microfungi was recovered from the pine needles and some of their mycelia
were accompanied by TA shells (data not shown). With progressing time, the surface of one
damp chamber became dominated by melanized mycelium of A. laxa accompanied by numerous
P. acropodia shells (Figure 1). A. laxa was identified based on conidia morphology according to
Sutton [51]. Confirmatory molecular identification was not possible as, at the time of
publication, no nucleotide sequences of A. laxa were deposited in a public database (GenBank).
Domination of the experimental system by a single fungal species was necessary for our study
because interactions among different fungi would most likely hamper proper statistical analyses.

Therefore, we used this chamber for subsequent investigations.

Testate amoebae communities

Eight pine needles and five + five squares (each 25 mm?) of filter paper adjacent to the needles
and colonized or non-colonized by the A. laxa mycelium were extracted from the damp chamber.
Both the needles and the filter paper squares were screened with a FEI Quanta 200 scanning
electron microscope in the Olympus ESEM™ mode for the presence of TA shells. TA species were
determined according to Balik [2, 3], Barto$ [5], Deflandre [15, 16], Ogden and Hedley [43] and
Patterson et al. [45]. The total number of TA individuals and their density per mm? was
calculated for the three scenarios, pine needles, and colonized or non-colonized filter paper.
1312 shells were identified in total. The Shannon H index was calculated for the three scenarios
using PAST 1.4 [24]. Additionally, colonization of P. acropodia shells by fungi was documented
using scanning electron microscopy, and the relative proportion of the P. acropodia shells
occurring on and nearby the mycelium were calculated for the filter paper squares with the A.

laxa mycelium.
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Spatial correlation between A. laxa mycelium and P. acropodia shells

Next, the spatial correlation between the mycelium of A. laxa and the shells of P. acropodia was
investigated. Specifically, we were interested in determining whether a statistically significant
relationship between the mycelium and the shells could be inferred from their respective
positions on the filter paper. The method used consisted of approximating the mycelium by a
large number of discrete points, which were randomly distributed along the curves representing
the mycelium, so that the essential details of the mycelium were reflected in the spatial
relationship. We first approximated the mycelium by a number of line segments. Next we chose
a fixed positive parameter A and scattered uniformly and independently n (A, /) points along each
of these line segments; n (A, /) was a random number with a Poisson distribution with mean A/
where [ is the length of the line segment. This resulted in a bivariate marked point process: we
assigned the mark “1” to the points representing the mycelium and the mark “2” to the points

representing the centers of the shells (Figure 2).

To perform an exploratory statistical analysis of the spatial correlation between the mycelium
and the shells we estimated the partial pair correlation function gi,(r) for the bivariate marked
point process. The intuitive meaning of the partial pair correlation function gi,(r) was as follows:
g1»(r)dxdy described the normalized probability of finding a point of type “1” in an infinitesimally
small sphere b(x) of volume dx and a point of type “2” in an infinitesimally small sphere b(y) of
volume dy, where the distance between the two sphere centers was r. The convenient feature of
the partial pair correlation function gi»(r) as a tool of exploratory statistical analysis was its
relatively straightforward interpretation, which in our context might be summarized as the
following trichotomy: the value gi,(r) =1 indicated no interaction between the mycelia and the

shells, whereas gi,(r) >1 indicated attraction and g1,(r) <1 indicated repulsion.

To perform the confirmatory statistical analysis we tested the null hypothesis as the random
superposition hypothesis, i.e., we tested if the two components of the marked point pattern,
mark “1” representing the mycelia and mark “2” representing the shells, are independent. We

used a Monte Carlo envelope test of random shifts on torus as detailed by Goreaud and Pelissier
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[23]. For each of our marked point patterns we simulated other k € N marked point patterns. In

each of these k simulations all the points of type “1” were fixed and all the points of type “2”

were shifted by a vector 54, where A is a random uniform location in the observation window
W, with a unique A for each individual simulation. In our analysis the observation window W was
in all cases a rectangle, therefore we considered W to be a torus when performing the random
shifts. For each simulated point pattern we estimated the bivariate L-function Ly,(r). Next, lower
and upper envelopes Lizmin(r) and Liamax(r), respectively, were constructed based on the k
simulated patterns. If the estimate of the bivariate L-function Li,(r) for the empirical marked
point pattern was not within these envelopes, except the a fraction of the values r, the random
superposition hypothesis was rejected. We assumed this general convention used in the context
of point processes [29] to conform to the values k = 19 or k = 99, i.e., a statistical significance

level of @=0.05 or ¢=0.01, respectively.

The input data set consisted of mycelium length and number of shells of A. laxa and P.
acropodia, respectively. They were enumerated on five 2300 x 1700 um microscopic images of
the filter paper taken adjacent to the needles. The total length of the A. laxa mycelium and the
number of P. acropodia shells were counted for each of the pictures using measuring tools in the
Quick Photo Micro software. To perform the exploratory statistical analysis of the data we
computed the kernel estimators of the partial pair correlation function gi»(r) with translational
edge-correction, the kernel being a simple box function with bandwidth h = 25 um, for each of
these five patterns. Since the observation windows of these five replicated patterns were
congruent, we formed the averaged estimator of the partial pair correlation function by taking
pointwise arithmetic means of these five estimators. To perform the confirmatory statistical
analysis of the data we proceeded by testing the random superposition hypothesis as outlined

above. All computations were performed in Mathematica (Wolfram Research, Inc., USA).

Results
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The overall TA community in the damp chamber was dominated by members of Trinematidae,
Phryganellidae and Euglyphidae. The most frequent species on the needles were P. acropodia
and Trinema lineare Penard, while TA communities on the filter paper squares were dominated
by P. acropodia. The ratio between the number of Trinematidae and P. acropodia individuals was
2.4 : 1 on the needles, and 1 : 5.9 on the colonized filter paper squares. There were no
Trinematidae on the non-colonized filter paper squares (Table 1). The density of TA individuals
and TA species richness and diversity were higher on the needles than on both A. laxa-colonized
and non-colonized filter paper squares (Table 1). On the filter paper squares with the A. laxa
mycelium, 53.8% of the P. acropodia shells were found on the mycelium with the remainder

near but not in immediate contact with the mycelium.

Some of the P. acropodia shells were colonized by fungal hyphae with hyaline conidiophores
bearing conidia (Figure 3), which was identified as Pochonia bulbillosa (W. Gams & Malla) Zare &
W. Gams based on morphological characteristics [61]. Although P. bulbillosa occasionally formed
conidiophores on the surface of the needles, conidiogenesis occurred mainly on P. acropodia

shells.

In the first microscopic picture, there were 16 P. acropodia shells; the total length of the A. laxa
mycelium (TLM) was 23804.4 um which was approximated by 4475 points. In the second picture
with 19 shells, TLM was 33052.8 um and approximated by 6155 points. In the third picture with
22 shells, TLM was 34338.7 um and the mycelium was approximated by 6478 points. In the
fourth picture with 29 shells, TLM was 34711 um and the mycelium was approximated by 6463
points. In the fifth picture with 22 shells, TLM was 27897.7 um and TLM was approximated by
5170 points (Figure 2).

The estimators of the averaged partial pair correlation function indicated an attraction between
the A. laxa mycelium and the P. acropodia shells at a range of up to 500 um (Figure 4). The
envelopes L1z max(r)- L12(r) and Lia(r)- Liz,min(r) resulting from 19 simulations of random shifts for
the five patterns were created. Since the null line was above the confidence band for more than

5% of values of r for all five patterns, the hypothesis of random superposition was rejected for all
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of these patterns (Figure 5), which indicates attraction between the A. laxa mycelium and the P.

acropodia shells was statistically significant at a = 0.05.

Discussion

Pine litter represents a considerable carbon pool which is primarily utilized by variety of soil
fungi [17, 40, 54]. Some authors have attempted to link fungal succession on pine litter needles
with faunal succession [46] and to determine the food substrate for microfauna inhabiting this
ecosystem [47]. However, reports on the structure of TA communities found in coniferous litter
are scarce and have not evaluated interactions between TA and decomposer fungi [48]. By
contrast, by employing an experimental system traditionally used in mycological studies [26, 32,
55], we showed that TA are common inhabitants of the pine litter and their interactions with
saprotrophic microfungi may significantly affect their fate, and potentially influence TA

distribution, lifespan and turnover of their shells.

The composition of the TA community at the end of our experiment may have been influenced
by the cultivation conditions, especially the constant high levels of humidity in the damp
chamber. Lousier [35, 36] showed that an increase in soil moisture content caused a significant
increase in active TA and a proportional decrease of their encysted forms. Interestingly, Lousier
[36] pointed out that at high soil moisture, the proportion of encysted forms was enhanced to a
greater degree for the large (>60 um) compared to small TA, which dominated the TA
community in the study. However, in our experiment, the generally smaller Trinematidae did not
successfully colonize the filter paper, which was instead dominated by the large-diameter P.
acropodia, suggesting that moisture did not influence TA activity and dispersion as previously

described.

At the family level, the TA community on the needle surface roughly corresponded to the
community observed by Schéonborn [48] in raw humus of two Norway spruce forests in Thuringia

(Germany). P. acropodia dominated both the surface of the needles (together with Trinema spp.)
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and the filter paper. Congruently, P. acropodia has been reported as the most frequent TA in oak-
beech and spruce forest soils in Europe [9, 10]. Therefore, it appears that the realized TA
diversity in the damp chamber did not substantially differ from situations in the field. A. laxa was
previously reported to colonize both deciduous [18] and coniferous litter [32] and P. bulbillosa
has been commonly isolated from coniferous soils [57]. It is therefore likely that P. acropodia

also comes into contact with these fungi under natural conditions.

The needle surface was the most suitable microhabitat for TA as opposed to the filter paper
without the A. laxa mycelium, where the number of total TA individuals decreased by 20-fold
and P. acropodia by 6-fold relative to the pine needles. However, when A. laxa mycelium was
present, the TA numbers decreased only approximately 4 times (P. acropodia approx. 1.5 times)
relative to the pine needles. Interestingly, Trinema spp. numbers decreased 34-fold on the A.
laxa-colonized filter paper relative to the pine needles and decreased to zero in the absence of
A. laxa. This, together with the significant affinity of the P. acropodia individuals to the A. laxa
mycelium, clearly demonstrates the determining role of the fungal mycelium in the dispersion of
TA in the microcosm. A similar result was also obtained in the field study carried out by
Napolitano and Flanagan [42], who demonstrated that the amount of the mycelium was a

primary determinant of the density of soil amoebae in the carphosphere of L. trullisata.

P. acropodia appears to be a mycophagous species that dominates TA communities in soils [13].
It is reported to associate with microfungi on decaying pine needles (M.-M. Colteaux, pers.
comm., sec. in 44; this study) and its occurrence is strongly correlated with ergosterol
concentrations (a fungal biomass marker) along an altitudinal transect in tropical mountain rain
forests in Ecuador [33]. Mycophagy of P. acropodia was originally proposed based on
observations in two experimental studies. First, Colteaux and Dévaux [11] added four
sporulating saprotrophic microfungi into microcosms which contained soil humus naturally
colonized by TA and observed a significant increase in the frequency of P. acropodia (but not
other TA) in the experimental systems upon addition of saprophytic microfungi. Second,
Coliteaux [12] added malt extract (ME) to induce fungal growth in a non-sterile soil and tracked

the response of the TA community. In the study, the number of P. acropodia individuals

134



increased with time and P. acropodia shells were often attached to fungal hyphae. Although
adding ME did not alter the fungal biomass and there were no signs of grazing on fungal hyphae,
the author concluded that P. acropodia was mycophagous. Yet, its association with fungi is
intriguing and unclear. Similarly to Colteaux [12], we often observed P. acropodia shells directly
attached to the A. laxa mycelium. On the other hand, there were no signs of grazing and approx.
one half of the shells were found alongside, rather than in direct contact with the A. laxa
mycelium, suggesting that association with the mycelium is not a conclusive evidence of

mycophagy by TA.

It seems that P. acropodia has varying levels of affinity to different fungi; it was the only TA
species that responded positively to the addition of four sporulating saprotrophic microfungi
into a humus microcosm [11], but was completely absent from the ectomycorrhizosphere of six
coniferous species investigated by Ingham and Massicotte [30], and the mycorrhizosphere of
Rhododendron spp. investigated by Sutton and Wilkinson [50] and Vohnik et al. [56], and its
occurrence did not correlate with the presence of arbuscular mycorrhizal fungi in tropical
mountain rain forests in Ecuador [33]. This raises a question: why would P. acropodia prefer

saprotrophic to mycorrhizal fungi?

In principle, mycophagous TA can choose from two different substrates: fungal hyphae and
spores. To our knowledge, there is only one published study showing that TA are actually able to
ingest fungal mycelium [22], while ingested spores were confirmed by Gilbert et al. [22] via light
microscopy and by Ogden and Pitta [44] with electron microscopy. A relatively large and
continuous production of digestible spores might be a reason why mycophagous TA prefer
saprotrophic fungi, because most mycorrhizal fungi produce spores seasonally in aboveground

sporocarps.

Spores were the most likely food source for P. acropodia in the study of Colteaux and Dévaux
[11]. However, in our experimental system, most A. laxa mycelium did not produce conidia
(asexual spores) and if conidia were present, they oversized the shells of P. acropodia by one

order of magnitude. Additionally, thick melanized hyphae are relatively resistant to grazing.
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Therefore, an alternative explanation of the P. acropodia — A. laxa relationship is that the testate
amoeba utilized either exudates of hyphae, bacteria associated with the A. laxa hyphosphere, or
both. In all cases, P. acropodia would be dependent on the presence of the A. laxa mycelium, but
could spread in its hyphosphere over the surface of the filter paper. In our experiment, such
attraction was significant in the range of up to 500 um from the mycelium. Indeed, bacteria
seem to be a common mediator of the TA — fungi interactions. Both Ingham and Massicotte [30]
and Timoten et al. [52] concluded that the significant differences in composition of TA
communities around different types of ectomycorrhizae were due to the differential effect of
ectomycorrhizal fungi on bacterial growth, with bacteria as the primary nutrient source for the
observed protists. If we suppose that the fungal diversity was considerably higher on the needles
than the filter paper, a differential effect of A. laxa on the assemblages of bacteria associating
with its hyphosphere may explain why Trinema spp. and other bacteriophagous TA prospered on

the needle surface, but were unable to spread on the filter paper surface.

The hundreds to thousands of P. acropodia shells that developed in our experimental systems
represented a significant nutrient pool. Congruently, under natural conditions, TA constitute a
significant part of the community of soil protists. They represented 48% of the total microbial
biomass (excluding fungi) in a Sphagnum peatland [20] and nearly 14% of the total microbial
biomass (including fungi) in a Sphagnum fallax — Carex rostrata fen [21]. The processes involved
in the decomposition of the TA shells are, however, largely unknown. Couteaux [14] found no
significant decomposition of TA shells in a sterilized organic acid soil five weeks after inoculation
with a mixed bacterial inoculum. This suggests that bacteria are not the primary decomposers of
dead TA shells. On the other hand, decomposition of litter and soil TA shells may be relatively
fast: Lousier and Parkinson [38] found that within two weeks, 89-98% of empty tests made of
self-secreted plates (idiosomes) and 47-83% of empty tests made of agglutinated organic or
mineral particles (xenosomes) may decompose under controlled experimental conditions.
Vohnik et al. [56] observed that TA shells collected from the Rhododendron mycorrhizospheres
were frequently colonized by fungal hyphae; up to 45% of the Trigonopyxis shells were found in

association with fungal hyphae. Additionally, the authors showed that Cyclopyxis and
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Trigonopyxis shells were regularly decomposed by two root-symbiotic fungi in vitro. This
suggests that soil fungi rather than bacteria might be the primary decomposers of TA shells

under natural conditions.

An increased incidence of P. bulbillosa on P. acropodia shells suggests a direct trophic
interaction. Most probably, P. bulbillosa parasitized P. acropodia encysted cells or decomposed
already dead individuals. To our knowledge, there is no published information on fungal
parasites of testate amoebae. However, selective fungal parasitization of encysted TA shells may
significantly affect the lifespan of TA and the structure of TA communities in soils. Pochonia spp.
are producers of numerous secondary metabolites that mediate their parasitism of invertebrates
and mycoparasitism [31]. For example, Fassatiova and Lysek [19] isolated P. bulbillosa from
Ascaris (Nematoda) eggs and Moosavi et al. [41] successfully tested the infectivity of several
Pochonia spp. on eggs of root-knot nematode. On the other hand, P. bulbillosa is used as a food
source by some plant parasitic nematodes [28], suggesting that the relationship between the

fungus and nematodes is ambivalent. Similarly, P. bulbillosa spores may be ingested by soil TA.

To conclude, saprotrophic/parasitic fungi seem to be frequent partners of testate amoebae in
soils. Their most notable direct interactions involve mycophagy, fungal parasitism and
decomposition of TA shells. Additionally, soil fungi may indirectly influence TA populations
through their influence on bacterial communities in the hyphosphere. However, these
potentially significant processes are currently poorly understood and undoubtedly deserve

further investigation.
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Figure 1 The dark Anavirga laxa mycelium radiates from a Pinus sylvestris needle (N) and
supports the growth of Phryganella acropodia (its shells visualized as black dots). Bar

corresponds to 1 mm.
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Figure 2 One of the five transformed microscopic pictures used to investigate the spatial
correlation between the Anavirga laxa mycelium and the shells of Phryganella acropodia. The A.
laxa mycelium radiating from Pinus sylvestris needles is approximated by 4475 black points; the
centers of the TA shells are represented by 16 blue dots. The total length of the mycelium is

23804.4 um. For details on the exploratory and confirmatory statistical analyses see Methods.
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Figure 3 Conidiophores of Pochonia bulbillosa emerging from Phryganella acropodia shells. Bars

correspond to 50 um.
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Figure 4 The averaged estimated partial pair correlation function for the dataset of the five
transformed microscopic pictures (See Figure 2). It indicates attraction between the Anavirga

laxa mycelium and the shells of Phryganella acropodia in the range of up to 500 um.
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Figure 5 The envelope Lizmax(r)- Li2(r) and Liy(r)- Lizmin(r) resulting from 19 simulations of
random shifts for a transformed microscopic picture (Figure 3). Since the null line is outside the
confidence band for many more than 5% values of r, the hypothesis of random superposition is
rejected. This means that the attraction between the A. laxa mycelium and the P. acropodia

shells was confirmed by the confirmatory statistical analysis at the significance level a = 0.05.

20 ' (um)

100 200 300

148



Table 1 The spectra and numbers of testate amoebae found on the Pinus sylvestris needles and
on the filter paper colonized (Paper + myc) and non-colonized (Paper - myc) by the Anavirga laxa
mycelium. The density of the respective species per mm? is in parentheses. For further details

see Methods.

Needles Paper + myc Paper - myc
(45 mm?) (125 mm?) (125 mm?)
EUGLYPHIDA
Assulinidae
Assulina muscorum 15 (0.34) 6 (0.05)
Euglyphidae
Euglypha compressa 1(0.02)
Euglypha rotunda 13 (0.29)
cf. Euglypha 8(0.18) 1(0.01) 1(0.01)
Trinematidae
Corythion dubium 43 (0.96) 15 (0.12)
Trinema complanatum 28 (0.63)
Trinema enchelys 27 (0.60) 1(0.01)
Trinema lineare 266 (5.95) 10 (0.08)
cf. Trinema 325 (7.28) 8 (0.06)
ARCELLINIDA
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Centropyxidae

Centropyxis aerophila 2 (0.05)

Hyalospheniidae

cf. Nebela 1(0.02)

Phryganellidae

Phryganella acropodia 290 (6.45) 199 (1.59) 49 (0.39)
Plagiopyxidae

Bullinularia indica 1(0.02)

Trigonopyxidae

cf. Trigonopyxis 1(0.02) 1(0.01)
TOTAL 1021 (22.80) 240 (1.92) 51 (0.41)
Shannon index (H) 1.595 0.712 0.193
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5. SHRNUTI A DISKUSE

Analyza krytének novymi mikroskopickymi technikami

Pro aplikaci vysledkii pozorovéani krytének do ekologického vyzkumu je dalezité presné
taxonomické zatazeni, rozliSeni mrtvych / zivych jedinct; s pfichodem a aplikaci molekularnich
dat, vSak je nutné toto hodnoceni obohatit o dalsi parametry. Pro studium parametra spolecenstev
krytének jsme pouzili konfokalni a dvoufotonovou mikroskopii. Celkem jsme vyzkouseli 16
fluorescencnich barev pro zvyraznéni riiznych bunécnych struktur, z toho 10 uspésné. Diky
fluorescencnimu barveni, konfokalni a dvoufotonové mikroskopii jsme byli schopni zobrazit
jadro, cytoplasmu, membrany, nékteré organely (mitochondrie, endoplasmatické retikulum) a
symbiotické fasy u mixotrofnich druhti. Rovnéz rozliSeni zivych a mrtvych jedinc diky
fluorescencnimu barveni propidium jodidem a BCECF-AM bylo tspésné a do budoucna by
mohlo nahradit doposud pouzivané nespolehlivé barveni Bengalskou rizovou (Bernhard, 2000).
U nékolika jedincii jsme zkoumali také autofluorescenci chlorofylu symbiotickych fas uvnitf
schranky. Pro proostieni mensich rodd krytének (napf. Trinema, Euglypha) postacilo pouziti
klasické konfokalni mikroskopie. Pro rody s typickou velikosti nad 100 pum a rody s
aglutinovanou schrankou bylo pro tuspéSné proostieni celého zivoCicha nutné pouzit
dvoufotonovou mikroskopii. Obé tyto zobrazovaci metody byly pouzity pro studium krytének
poprvé a poprvé byly takto detailné zobrazeny bunécné struktury krytének. Na takto ziskana data
je mozné aplikovat stereologické metody napt. pro vypocet biomasy ¢i prostorovou vizualizaci.
Ve spojeni s 3D rekonstrukcemi a stereologickymi metodami jsou tyto zobrazovaci metody

zajimavé zejména pro taxonomii, ekofyziologii a ekotoxikologii krytének.

Sezonni variabilita krytének a jejich zavislost na limnologickych parametrech prostiedi
v Komoianskych tiisikach

Druhové slozeni spoleCenstva krytének v Komortanskych tlinich se béhem roku vyrazné meéni.
Nejhojnéji jsou v lokalité¢ zastoupeny rod Arcella, Centropyxis a Difflugia. Na pocatku roku
pievlada ve spolecenstvu rod Arcella. V letnich mésicich je nejpocetnéjsi rod Difflugia. Rod
Centropyxis je ptitomen béhem celého roku. Zda se tedy, ze rod Arcella a Difflugia maji opozitni

zivotni strategie a ekologické preference.
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Porovnanim vyznamnosti jednotlivych limnologickych ukazateli pro spolecenstvo krytének
v prubéhu roku jsme zdokumentovali dalsi poznatky o jejich ekologii. Mitchell (2004) tvrdi, ze
zmény ve spolecenstvu krytének jsou zplisobeny zménou abiotickych faktorii prostfedi. Z mého
pozorovani vyplyva, ze rod Arcella uptednostiiuje vody s nizkou koncentraci organického
materialu a nizsi teplotou. Difflugia preferuje vody eutrofniho charakteru, coz odpovida zjisténim
Qina (2009), ktery popisuje druh Difflugia oblonga jako excelentni indikator eutrofizace vodniho
systému. Obecn¢ rod Centropyxis nevykazoval statisticky vyznamné valence k jednotlivym
limnologickym parametrim. Reinhardt (1998) popisuje vyskyt rodu Centropyxis zvod
kontaminovanych a organicky bohatych. DalS§i autofi charakterizuji rod Centropyxis jako
oportunisticky (Roe, 2010; Scott, 2001). Vyznamnymi limnologickymi ukazateli jsou ionty
NH, " a NO; (Gilbert, 1998). Krashevska et al. (2010) studovala dopad dusiku na hustotu krytének
a jeho dopad na specifické druhy. Z mého pozorovani vyplyva statisticky vyznamna korelace
s ionty NH4'a NO3 ™. Podle RDA analyzy ovliviiuji komunitu krytének v tiifikach: t&zké kovy (As,
Pb, Cd, Mn, Ni) a PAH.

Tézké kovy jsou intenzivné sledovanymi znecistovateli zivotniho prostiedi z divodi jejich
vysoké toxicity a dopadu na mikroorganismy (Nguyen-Viet, 2008). Davis a Wilkinson (se
domnivaji, Ze rod Centropyxis je tolerantni ke znec€isténi tézkymi kovy a vysledky RDA analyzy
tomu odpovidaji. RDA analyzy u vétSiny druht krytének dokazuji negativni korelaci s t€Zkymi
kovy. Napt. rod Centropyxis vykazuje citlivost vi¢i kontaminaci arsenu avSak relativni
necitlivost ke koncentraci niklu. Vysokou citlivost krytének vic¢i arsenu potvrzuje Patterson
(2002). Z ptitomnych druhii vykazuje v thnkach statisticky signifikantni citlivost rod Arcella
negativniho charakteru. C. discoides, D. oblonga, D. bartosi a D. oviformis maji naopak pozitivni
toleranci k pfitomnosti arsenu. Esencialni Zivina a komponenta schranky pro kryténky je zelezo
(Fe). Extracelularni ukladani zeleza mtze byt také spojeno s detoxifikacnimi mechanismy, jez
umozni bunice ponechat vSechny kovy véetné Zeleza na vnéjsi strané bunééné membrany (Payne,
2011). V naSem vyzkumu se ukazalo, ze rod Arcella ma mirné pozitivni korelaci s Fe a rod

Difflugia mirn€ negativni.
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Interakce mezi kryténkami a mykorhiznimi a saprotrofnimi houbami

rozdilem je ale zptsob, jakym ze svého okoli ziskévaji uhlik. Zatimco saprotrofni houby ho
ziskavaji z odumfenych casti jinych organizmi, plivod uhliku vyuzivaného houbami
mykorhiznimi je ve fotosyntéze a tedy de facto ve vzdusSném oxidu uhli¢itém. Na jedné strané
tedy saprotrofni houby limituje pfitomnost organického substratu, na druhé jsou mykorhizni
houby limitovany svou realizovanou schopnosti interagovat s rostlinami, tedy autotrofnimi
organismy, které vétSinou nejsou zdrojem uhliku limitovany. To ma velky duisledek i pro
kryténky, které s obéma druhy plidnich hub bézné interaguji. Zatimco v organickém opadu
vétSinou byva houbového mycelia dostatek, a to jak saprotrofniho, tak mykorhizniho, v Cisté
mineralnich substratech se vyskytuji pouze houby, které Cerpaji uhlik zjinych organizmd.
O krytenkdch je znamo, ze dokdZou pro svou vyzivu vyuzivat mycelium pudnich hub;
mykorhizni rostliny tak mohou nepiimo ovliviiovat distribuci a abundanci krytének ve své
mykorhizosféte praveé pres své symbiotické houby.

V Clanku 1 jsme ukézali, Ze tento vztah miZe byt velmi komplexni. Kryténky mohou ke
své vyzivé vyuzivat jak mycelium ptudnich hub, tak jeho exudaty a pravdépodobné i baktérie
asociované s jejich hyfosférou. Ve rhizosféfe mykorhiznich rostlin tedy maji velkou evolu¢ni
vyhodu skupiny krytének, které se naucily vyuzivat ptitomnosti mycelia mykorhiznich hub. Na
druhou stranu predstavuje biomasa odumfielych krytének v nékterych ptidach podstatny zdroj
zivin, pficemz se jedna zejména o raSelini§t€¢ a viesovisté, tedy habitaty vétSinou dominované
viesovcovitymi rostlinami. Jak jiz bylo vysvétleno v tivodu, asociuji viesovcovité rostliny se
zvlastni skupinou plidnich hub, se kterymi tvofi erikoidni mykorrhizy. Erikoidné mykorhizni
houby pfitom dokazou z celé skupiny mykorhiznich hub asi nejlépe vyuzivat chitin jako zdroj
a druhovou pestrost a bohatost rostlin a fada rostlin pfi jeho ziskavani spoléhd pravé na
mykorhizni houby. Uvédomime-li si, ze dusikem bohaty chitin tvoii velmi dileZitou slozku
schranek tady krytének, nemizeme si nepovSimnout velmi zajimavého momentu: interakce mezi
kryténkami a myceliem mykorhiznich hub mize byt oboustrannd, jedny konzumuji druh¢, aby
byly posléze svou ptedchozi potencidlni potravou “navraceny” do kolobéhu zivin v rhizosféte,

pricemz do této sité interakci pfirozen¢ vstupuji rostliny jako primarni zdroj uhliku, ktery tento
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hypoteticky minicyklus dusiku pohani. V Clanku 1 jsme podali fadu nepiimych diikazi o jeho
mozné existenci.

Clanek 2 se naproti tomu zabyva interakcemi krytének a saprotrofnich hub, které jsme
zkoumali ve zjednoduseném mikrokosmu simulujicim podminky panujici v opadu borovice lesni.
Opad obecné je rozkladan celou fadou specializovanych saprotrofnich hub, pficemz je v ptipad¢
jehlicnatych strom@i mozno zjednoduSené¢ konstatovat, ze jako prvni nastupuji houby
vieckovytrusé, které jsou postupné v sukcesi vystifidany houbami stopkovytrusymi. Narazime zde
na dal$i z hlediska vyZzivy krytének vyznamny rozdil mezi saprotrofnimi a mykorhiznimi
houbami — prvni skupina totiz tvofi velmi ochotné obrovské mnozstvi spor, a to Casto ptimo
v substratu, ktery kolonizuji, tedy pod povrchem pidy. Zda se, ze pro fadu krytének je snazsi
vyuzivat jako zdroj potravy pravé spory, nikoliv aktivni mycelium, a Ize tak predpokladat, ze
bude tada krytének piizpusobena interakci pravé se saprotrofnimi houbami tvoficimi ochotné
spory. V Clanku 2 jsme ukézali, Ze jedna z nejhodngjsich krytének kolonizujicich jak listnaty tak
jehli¢naty opad, Phryganella acropodia, umi na rozdil od jinych krytének efektivné vyuzivat
pritomnost mycelia saprotrofni houby Anavirga laxa. Mycélium této houby signifikantné
ovliviiovalo distribuci kryténky P. acropodia, ta se také v jeho pritomnosti uspésné rozmnozovala
a postupné opanovala cely experimentalni systém, na ukor ostatnich krytének. Zjistili jsme
pritom, Ze zdrojem potravy pro P acropodia velmi pravdépodobné neni piimo tlustosténné
melanizované mycelium A. laxa, ale spiSe jeho produkty, tedy hyfové exudaty, nebo baktérie
zivici se témito exudaty. Opét se tedy mize jednat o znaéné€ komplexni, z ¢asti zprostiedkovanou
interakci mezi nékolika zcela odliSnymi skupinami organizmt (kryténky, houby, baktérie).
V Clanku 2 jsme opét ukazali, Ze schranky odumfelych krytének piedstavuji v ptidnim prostiedi
bohaty koktejl zivin, ktery je nejspise hojné¢ vyuzivan houbami: odumielé, popt. dormantni
schranky P. acropodia byly totiz na konci naseho pokusu hojné kolonizovany houbou Pochonia
bulbillosa, pficemz tato houba tvofila konidiofory piedev§im na myceliu vyristajicim ze
schranek P acropodia. Neni bez zajimavosti, ze rod Pochonia obsahuje druhy, které jsou

specializovanymi predatory pidnich had’atek.
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6. ZAVER

V metodické studii jsem pouzila pokrocilé mikroskopické techniky - CLSM a TPEM. Pouziti
téchto technik pfineslo nové poznatky o vnitinich strukturach krytének, pomohlo ptesnéji rozlisit
zivé/mrtvé jedince ve vzorku, nez doposud bézné¢ pouzivané metodiky a po aplikaci
stereologickych metod se ukazala tato metodika vhodna i pro vypocet biomasy uvniti schranky.
Celorocnim pozorovanim se podafilo zachytit zmény v druhovém spoleCenstvu krytének.
Pozorovala jsem nejdiive rozvoj rodu Arcella nasledovany rodem Centropyxis v jarnich mésicich.
Béhem letnich mésicii doslo k nastupu rodu Difflugia a postupnému uUstupu rodu Arcella.
Statistickd analyza korelovala signifikantné spoleCenstva krytének s teplotou, koncentraci
fosforu, NH,", NO5', As, Pb, Cd, Mn, Ni, PAH a Fe.

Dokumentovala jsem s kolegy interakci mezi kryténkami a kofeny rododendronu asociovanymi s
mykorhiznimi houbami, spojenou myceliem s mykorhiznimi kofeny. Nase pozorovani a zjiSténi
pro hostitelskou rostlinu.

Zjistila jsem, ze saprofytické/parazitické houby interaguji s kryténkami ve smrkovém opadu.
Pidni houby nepfimo ovliviiuji populaci krytének, diky jejich vlivu na bakteridlni populaci
v hyphosféfe. Tato interakce zahrnuje mykofagy, houbové parazity a dekompozici schranek

krytének.
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