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Uvod do disertacni prace

Tuto disertaéni praci (DP) jsem vypracoval vrdmci doktorského studia Fyziologie rostlin na
Katedie fyziologie rostlin PFF UK. Vlastni prace probihala v obdobi 2004-2006 na Oddéleni
myKorhiznich symbioz BU AVCR v Prithonicich. Mym skolitelem byl Mgr. Miroslav Vosatka,
CSc. a konzultantkou Doc. RNDr. Jana Albrechtova, PhD.
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Tato DP je rozdélena do tii ¢asti:

Cast I: Ekofyziologie erikoidni mykorhizy a DSE-asociace na kofenovém systému spole¢ného
hostitele

CastII:  Kolonizatni potencidl Meliniomyces variabilis a vybranych ektomykorhiznich a
saprotrofnich hub v kotfenech typicky erikoidné¢ mykorhiznich a ektomykorhiznich
rostlin

Cast III:  Interakce mezi erikoidné mykorhiznimi a DSE houbami a krytenkami

Tyto tfi Casti, a¢ se zabyvaji samonosnymi tématy, jsou vzdjemné& spjaty jednak svym vznikem,
jednak fenoménem Sirokého spektra ptidnich (mykorhiznich nebo pravdépodobné
mykorhiznich) hub, kolonizujicich mykorhizosféru viesovcovitych rostlin. Kazda cast je
opatfena tvodem, relevantnimi manuskripty/publikacemi a diskusi vysledkti. Tato DP tedy ma
alternativni formu (oproti klasické ve smyslu dokumentu “Zadost o povoleni obhajoby disertaéni
prace). Popis experimentdlnich metod a postupti, konkrétni vysledky, podékovani a finan¢ni
podpora jsou uvedeny samostatné vramci jednotlivych manuskriptd/publikaci. Je mou milou
povinnosti podc¢kovat také nadaci “Naddni Josefa, Marie a Zdeniky Hldvkovych” za caste¢né

financovani ndkladi, spojenych se zahrani¢nimi prezentacemi dosaZenych vysledkd.

Cast I této DP se p¥i argumentaci opira o tii pivodni price:

Clanek 1: Vohnik, M., Albrechtovd, J., Vosatka, M. Morphological diversity and proportions
of ericoid mycorrhiza and DSE-association in roots of European rhododendrons.
(manuskript)

Clanek 2: Vohnik, M., Albrechtovd, J., Vosatka, M. In vitro interaction between dark septate

endophytic Phialocephala fortinii and ericoid mycorrhizal Rhizoscyphus ericae
and its effect on the growth and colonization rates of Vaccinium myrtillus.
(manuskript)

Clanek 3: Vohnik, M., Albrechtova, J., Vosatka, M. 2005. The inoculation with

Oidiodendron maius and Phialocephala fortinii alters phosphorus and nitrogen
uptake, foliar C:N ratio and root biomass distribution in Rhododendron cv. Azurro.

Symbiosis 40: 87-96
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Cast II této DP se pii argumentaci opira o dvé pavodni price:

Clanek 4: Vohnik, M., Fendrych, M., Kolatik, M., Gryndler, M., Hrselova,

H., Albrechtovd, J., Vosatka, M. An ascomycete Meliniomyces variabilis isolated
from a sporocarp of Hydnotrya tulasnei (Pezizales) intracellularly colonizes roots
of ecto- and ericoid mycorrhizal host plants. (manuskript)

Clanek 5: Vohnik, M., Fendrych, M., Albrechtovd, J., Vositka, M.

Interactions between Cenococcum geophilum, Geomyces pannorum, Meliniomyces
variabilis and roots of Rhododendron and Vaccinium. (manuskript pfijat

k publikaci v ¢asopisu Folia Microbiologica)
Cast ITI této DP se pii argumentaci opira o jednu pivodni prici:

CLANEK 6: Vohnik, M. Burdikova, Z., Albrechtova, J., Vosatka, M. Testate

Amoebae vs. Mycorrhizal Fungi: A Possible Novel Interaction in Mycorhizosphere

of Ericaceous Plants? (manuskript)

Predkladand DP je sepsdna v Ceském jazyce se shrnutim v anglictin€é. S radosti vyuZivdm
pravdépodobné posledni piilezitosti uZit svého matefského jazyka pfi sepisovani price tohoto
v soucasné dob¢ nemd k dispozici Ceskych textd, zabyvajicich se zkoumanou problematikou.
Doufdm, Ze dostate¢nou znalost anglictiny, kterd je jazykem soucasné védy, jsem prokazal napft. pii
sepisovani manuskripti vySe uvedenych védeckych ¢lankd.

Citim jiz v dvodu potiebu urcitym zptsobem vysvétlit a snad i ospravedlnit pon¢kud Sirsi
zabér mé DP. Pro¢ vysvétlit? ProtoZe jeji plivodni, védeckou radou oboru Fyziologie rostlin
schvéleny koncept podital pouze se soucasnou Casti I. Pii jeji realizaci viak pfede mnou &asto
vyvstavaly zajimavé skuteCnosti a nutkavé otdzky, které presahovaly rdmec pivodniho konceptu.
Tyto otdzky jsem mohl ignorovat, nebo se pokusit je zodpovédét. Pro¢ ospravedlnit? ProtoZe jsem
zvolil druhou moZnost. A to s védomim, Ze tak budu muset ¢4st Casu a energie investovat mimo
pivodni koncept. Je na jinych, aby objektivné zhodnotili, do jaké miry byla tato volba spravna.
Subjektivn€ mohu fici, Ze mne napliiovala pocity $tésti i zklaméni, radosti i smutku, zdaru i zmaru -
jak by védecka prace nejspiS méla Cinit. A jak ostatné ¢ini.

Abych ucinil vS§em mi zndmym poZadavkiim zadost, prohlasuji, Ze jsem tuto DP ani jeji
podstatnou c¢ast nepiedlozil k ziskdni jiného nebo stejného akademického titulu. ProhldSeni

spoluautorti jsou pfipojena ve zvlastni piiloze, ktera neni soucasti DP.

RNDr. Martin Vohnik
V Prtihonicich, 20. 12. 2006

I1I



1. CASTI:

Ekofyziologie erikoidni mykorhizy a DSE-asociace na

korenovém systému spolecného hostitele

e i TR X _-;h;_-.viﬂﬁﬁ‘.uﬁ”

Rhododendron ferrugineum kvetouci v 1ét€ 2005 pod konec¢nou stanici Tramway du Mont Blanc
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1. 1. Cast I: Uvod

2 Mo

Mykorhiza je jednou z nejvyznamnéjSich symbiéz v rostlinné fii. Vznikla sou€asné s pfechodem
rostlin na sous a odhaduje se, Ze je rozSitena az u 80 procent vyssich rostlin (naptf. Smith a Read
1997). Obecné schéma jeji funkce, tedy transport asimildtt z hostitelské rostliny do symbiotické
houby a minerdlnich Zivin z houby do rostliny, bylo postupné rozsifeno o vliv mykorhiz na vodni
provoz rostlin, zvySenou toleranci hostitelskych rostlin k vysokym koncentracim téZkych kovi a
jinym (a-)biotickym stresovym faktortim, ochranu hostitelskych rostlin pfed ptidnimi patogeny
apod. Nekteré studie dokazuji, Ze druhové sloZeni mykorhiznich hub mulze piimo ovliviiovat
druhové slozeni rostlin na stanovistich (napf. van der Heijden a kol. 1998).

Diverzita mykorhiz je vysoka: z morfologicko-funkéniho hlediska rozlisujeme nékolik typt
endomykorhiz [z nichZ arbuskuldrni mykorhiza (AM) predstavuje vibec nejrozsitenéjsi typ
mykorhizy], dile ektomykorhizu (EcM) a né€kolik typl ektendomykorhiz. Mezi endomykorhizn{
typy symbidz patii i erikoidni mykorhiza (ErM), vyskytujici se u zastupct Celedi Ericaceae.
Zvlastnim typem asociace kofenli vysSich rostlin a vlaknitych padnich hub je tzv. DSE-asociace,
pojmenovand podle hub (dark septate endophytes), které ji tvoii (Jumpponen a Trappe 1998). Na
rozdil od plivodnich piedstav (napf. Melin 1922) je v soucastné dob¢ akceptovano, Ze i tento typ
asociace miZe mit, alespon za urcitych okolnosti, charakter symbioticky, tedy prospésny pro oba
zicastnéné partnery (Jumpponen 2001, Mandyam a Jumpponen 2005).

Béhem ontogeneze hostitelské rostliny neziidka dochdzi k viméné nebo alespoii posunu od
jednoho mykorhizniho typu k jinému. Kupiikladu semendcky nékterych listnatych stromii (olsi,
eukalypti apod.) jsou prevazné AM, kdeZto dospélé rostliny jsou prevazné EcM. Casto je také
jedna mykorhiza (ve smyslu kofene kolonizovaného symbiotickymi houbami) tvofena vét§im
poctem riznych houbovych symbiontil, coZ je ziejmé zejména v piipadé EcM, ale i AM. U EcM
existuje Casova plasticita sloZeni houbovych symbiontli na jednotlivém kofenovém systému. Tzv.
early stages mykobionti jsou v souvislosti s vyvojem habitatu, ve kterém hostitelskd rostlina roste,
nahrazovani tzv. late stages mykobionty.

Na ptirozenych stanovistich se vyskytuji rostliny i houby stejnych ¢i riiznych mykorhiznich
preferenci soub&Zné a vzdjemné spolu interaguji. Na korenech jednotlivych mykorhiznich rostlin
pak miZeme nalézt (i) pouze jeden mykorhizni typ nebo (ii) soubéZné né€kolik mykorhiznich typi
(AM + EcM, EcM + ektendomykorhiza, AM + DSE-asociace apod.). Uvédomime-li si vSak
skute¢nost, Ze DSE houby jsou rozSiteny kosmopolitné¢ a maji schopnost kolonizovat kotfeny
vétsiny vysSich rostlin, nezbyva nez konstatovat, Ze varianta (i) je mén¢ pravdépodobnd. Piikladem
rostlin, u kterych bylo pozorovano vice ruznych typti mykorhiz, jsou zastupci Celedi Ericaceae,
na/v jejichz kotenech byly kromé typické ErM pozorovany i DSE-asociace, AM a EcM.

Na kofenech viesovcovitych rostlin odebranych z pfirozenych stanovist se vyskytuje
predevsim ErM. Pritomnost DSE-asociace je dokumentovana spoteji, coZ dle mého ndzoru miize

mit nékolik divoda (viz diskuse Cdst I). Pfesto se zdd, e DSE jsou v piirodé s koteny



viesovcovitych bé&Zné asociovdni (viz http://www.k-state.edu/biology/bio/faculty/jumpponen/
species_table.htm)

Ptitomnost AM u viesovcovitych je dokumentovdna zejména praci Chaurasia a kol. (2005),
zabyvajici se mykobionty kofend Himalajskych rododendrond. Ackoliv autofi v kofenech nalezli
jen vezikuly (byt v hojné mite: fddové desitky vezikul na cm’, uvadénd kolonizace 28 — 42%
kotenové délky), oznacdili pozorovanou kolonizaci za AM. Ta je vSak charakterizovdna zejména
pritomnosti arbuskuli (napf. Smith a Smith 1990). Autofi se pouze okrajové zminuji o o¢ekdvatelné
ptitomnosti ErM, naproti tomu uvadéji pritomnost DS hyf u dvou druhti rododendronti. Netroufam
si odhadnout ekofyziologicky vyznam takto vysokého vyskytu vezikul v kotfenech viesovcovitych.
MuizZe jit napf. o projev efektu chiivy (nurse effect), zpisobeného okolnimi AM rostlinami, mozna o
zaménu kofenll rododendronti s okolnimi rostlinami. Z vlastni zkuSenosti vim, Ze kofeny
rododendronti jsou Casto propleteny s kofeny sousedicich AM rostlin, coz velmi ztéZuje jejich
identifikaci. Ta se pak vétSinou opird o morfologii kofenti — zejména o piitomnost/nepiitomnost
kofenovych vlaskl, velikost kofenii apod. Pomérné maly vzorek kofeni himaldjskych
rododendronti, ktery jsem m¢l moznost zkoumat, byl t€éméf 100% kolonizovan DSE, v kofenech
evropskych rododendronii se vyskytuje ErM a DSE, byt jsou tyto kofeny Casto obklopeny AM
hyfami (viz Clanek 1). AM symbiézu u Ericaceae nicméné dokldda i prace Urcelay (2002), ktery
popisuje vyskyt AM (vezikuly i arbuskuly), DSE (mikrosklerocia) a ErM (hyfovad klubicka) u
Gaultheria poeppiggi DC v centrdlni Argenting.

EcM u viesovcovitych je dokumentovana napfi. praci Dighton a Coleman (1992), ktefi
zkoumali typy mykorhiznich asociaci u Rhododendron maximum L., nebo studii Smith a kol.
(1995), kteti zkoumali, zdali mohou viesovcovité rostliny Gaultheria shallon Pursh a
Rhododendron macrophyllum G. Don sdilet spolecné mykobionty s koniferami Pseudotsuga
menziesii (Mirb.) Franco a Tsuga heterophylla (Raf.) Sarg. (viz Cést II).

Cast I této disertaéni prace je zaméfena na interakce ErM a DSE-asociace (popf. hub, které
tyto asociace tvori) na/v kofenech spole¢né hostitelské rostliny, proto se o obou typech na tomto
misté zminim podrobnéji.

Souhrnny popis anatomie, morfologie a ekofyziologie ErM poddvaji napt. Read (1983),
Read (1996), Smith a Read (1997), Perroto a kol. (2002) nebo Cairney a Meharg (2003).
Fundamentdlni ndhled do problematiky ErM Ize ziskat z monumentilni série “The biology of
mycorrhiza in the Ericaceae”, kterd vychdzela v Casopisu New Phytologist v letech 1973 — 1998
(Abuarghub a Read 1988, 1988b, Bajwa a Read 1985, Bajwa a kol. 1985, Bradley a kol. 1982,
Kerley a Read 1995, 1997, 1998, Leake a Read 1989, 1989b, Leake a kol. 1990, Pearson a Read
1973, 1973b, Shaw a Read 1989, Shaw a kol. 1990, Stribley a Read 1974, 1974b, 1976, 1980 a
Stribley a kol. 1975). Zd4 se, ze roky 1973 a 1998 ohranicovaly jakousi zlatou éru vyzkumu ErM,
ve tretim tisicileti zejména experimentdlni zkoumani ErM skomird. Z chudého vyc¢tu publikaci

napf. Sokolovski a kol. (2002) zjistili, Ze rhizodermdlni buniky Calluna vulgaris (L.) Hull. jevi
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zvySenou kapacitu pro pifjem aminokyselin, jsou-li kolonizovdny typickou ErM houbou
Rhizoscyphus (diive Hymenoscyphus) ericae (Read) Zhuang & Korf.

Srovnani ErM a DSE-asociace zejména z hlediska vykonané experimentalni prace vyzniva
jednoznacné v neprospéch DSE-asociace. Soucasné publikované priace se sice casto studiem
nejhojnéji zkoumané DSE houby Phialocephala fortinii Wang & Wilcox zabyvaji, vétSinou vSak
z mykologicko-populaéné genetického pohledu (napt. Griinig a kol. 2001, 2004), bez zkoumdn{ jeji
asociace s kotfeny vyssich rostlin. Souhrn zdkladnich (a €asto i jedinych) informaci o DSE-asociaci
Ize ziskat z ptehledovych ¢lankd Jumpponen a Trappe (1998), Jumpponen (2001) a Mandyam a
Jumpponen (2005). Jumpponen (2001) navrhuje, aby byla DSE-asociace povaZovdna za
mutualistickou, tedy i mykorhizni. Cini tak na zdkladé vy&tu nékolika praci, které dokazaly uréitou
prospésnost P. fortinii vuci inokulované hostitelské rostling, a také na zdkladé konceptu tzv.
mutualisticko - parazitického kontinua (napt. Johnson a kol. 1997).

Z hlediska ndhledu na mykorhiznost DSE-asociace je existence mutualisticko —
parazitického kontinua dulezita, proto se u n¢j kratce pozastavim. Dle tohoto konceptu mohou i
mykorhizni houby za urcitych okolnosti ptisobit na svého hostitele neutrdlné ¢i negativng, t;.
paraziticky. Napf. ve vztahu sink - source je mykorhizni houba, resp. jeji mycelium za idedlnich
podminek pro rostlinu jak sink (putuji k ni uhlikaté produkty fotosyntézy), tak source (putuji od ni
roztoky predev§im minerdlnich Zivin), pficemz oba projevy jsou vyvazené. Analogicky je i rostlina
za normdlnich podminek pro houbové mycelium sink i source. Vlivem vnitfnich nebo vnéjsich
faktorii miZe u mykorhizni houby pfevazit, byt i doCasné, projev sinku, houba pak za¢ind na
rostlin¢ parazitovat. Tato moznost plati i z pohledu rostliny, napf. minimalné rannd vyvojova stadia
orchideji jsou pfikladem parazitizmu hostitelské rostliny na jeji “mykorhizni” houb¢. Pfedpoklada
se v8ak (snad s vyjimkou orchideoidni mykorhizy, ale viz Cameron a kol. 2006), Ze se jednd pouze
o oscilace z normdlniho stavu. Je zfejmé, Ze mykorhiznost houby, stojici napf. na pomezi
mykorhiza — parazitismus, prakticky nelze vyvratit, pouze potvrdit.

Je tieba uvést, Ze pozitivni vliv DSE na hostitelské rostliny mtiZe byt zprostfedkovany, tedy
nemykorhizni, jak ostatné¢ uvddi i Mandyam a Jumpponen (2005). DSE houby mohou napf.
mineralizovat organicky substrat v rhizosfée a zptistupnovat ho tak rostlinim, coZ muze vést
k jejich zlepSenému rustu. Takové houby je pfihodné nazyvat jako rostling prospésné (a beneficial
associate), spise neZ mykorhizni. Tento vyraz lze pouzit i v piipadé, kdy houba piimo kolonizuje
koteny rostlin. Napf. Newsham (1999) prokdzal, Ze DSE Phialophora graminicola (Deacon)
Walker kolonizuje koteny travy Vulpia ciliata ssp. ambigua (Le Gall) Stace & Auquier a
podporuje jeji riist a piijem Zzivin. Autor ji oznacil pravé jako “a beneficial associate of P.
graminicola®, nikoliv jako houbu mykorhizni. V idedlnim piipad€ by rozhodnuti o mykorhiznosti
m¢l predchazet dikaz o obousmérném vyvdZeném toku liatek mezi houbou a jeji hostitelskou
rostlinou, toho vsak, pokud je mi zndmo, nebylo v pifipadé DSE-asociace dosazeno. Alternativné
Ize uvazovat o mykorhiznosti v piipad¢, Ze zkoumand houba tvoii v kofeni morfologické struktury,

které se toku latek obvykle tcastni a které jsou pro jednotlivé typy mykorhiz charakteristické (viz

VII



Clanek 4 a 5). Takové struktury ale doposud nebyly u DSE-asociace s definitivni platnosti nalezeny
(viz diskuse k Clanku 1).
DSE-asociace byla v minulosti oznaCovdna rOznymi ndzvy, napf. i terminem

pseudomykorhiza. ProtoZe jsem tento ndzev v minulosti sdm (nejspiS nesprdvné) pouZzival, citim

povinnost na zavér dvodu o DSE-asociaci vyjasnit jeho ptvod a spravné pouziti. Termin
pseudomycorrhiza (PSM) pouZil na zacatku minulého stoleti Melin pro houbami kolonizované
koteny konifer, jejichz morfologie, nikoliv v§ak anatomie, pfipominala EcM. V PSM koienech
chybéla zejména Hartigova sit’, tedy fyziologicky aktivni rozhrani (interface) mezi rostlinou a EcM
houbou. Takové kofeny byly kolonizovdny pfedev§im agregidtem hub zvanym Mycelium radicis
atrovirens (MRA). Jiz Melin (1922) uvadi, Ze houby MRA tvorici PSM mély na kolonizované
konifery negativni vliv. Piivlastek pseudomykorhizni tak nabyl i fyziologického, byt negativniho,
rozméru. S postupujicim Casem a s rostoucim zdjmem o houby asociované s koreny rostlin byli
zastupci komplexu MRA izolovéni i z kofenti ne-EcM rostlin, kde jejich negativni ptisobeni nebylo
(alespoti relativné viiéi EcM-PSM rostlinim) ziejmé. Rada autort za¢ala pouZivat termin PSM pro
vSechny koteny kolonizované MRA. Tento termin tak byl pouZivan v souvislosti se specifickou
skupinou hub, které kolonizuji kotfeny, spiSe neZ s morfologickou strukturou popsanou Melinem.

S rozvojem molekuldrnich technik se ukdzalo, Ze hlavnim z4stupcem MRA je P. fortinii,
tedy typickd DSE houba. Pravdépodobné diky anatomii a morfologii ektomykorhiz se pfitom
oznaCeni DSE pouZivd spiSe v souvislosti stmavymi piepdzkovanymi hyfami, vnitrobunécéné
kolonizujicimi koteny piedevS§im ne-EcM rostlin. Je také tfeba si uv&domit, Ze taxonomickd
identita fady zastupci MRA byla pomoci molekuldrnich metod ur€ena az zpétné. P. fortinii tak
muzZe byt fazena jak do MRA (zejména pokud je asociovdna s kofeny EcM rostlin), tak mezi DSE
(zejména pokud je asociovana s kofeny jinych rostlin). Pokud navic specifickym zplsobem
modifikuje kofeny typicky EcM rostlin, miiZe byt povaZovana za houbu pseudomykorhizni.

Trend (snad nesprdvného) pouzivani terminu PSM se zménil s praci Jumpponen a Trappe
(1998) a Jumpponen (2001). Zejména Jumpponen (2001) poukazuje na moZny mykorhizni
charakter asociaci, vzniklych mezi kofeny a DSE. PouZivani terminu PSM vSak evokuje spiSe
negativni ucinek asociovanych hub, navic je diky svému pivodnimu (ve smyslu Melin 1922) uzit{
matouci. Proto se v soucasné dob¢ pro asociaci kofent a DSE pouziva termin DSE-asociace, a to
zejména je-li od DSE houby “o¢ekdvan” pozitivni (nebo alespoil neutrdlni) efekt na hostitelskou
rostlinu. Termin PSM by pak m¢l byt pouZivan ve smyslu Melina, tedy ve smyslu pvodnim. PSM
je tak moZno povazovat za specificky podtyp DSE-asociace. Piiklad pouzivani terminu PSM
vystizné ilustruje (nejen terminologickou) narocnost zkoumdni (ne-)mykorhiznich hub,
asociovanych s rhizosférou/s koteny mykorhiznich rostlin. Excelentni historicky ptehled tohoto
zkoumani podava Summerbell (2005b), ktery také publikoval n¢kolik pivodnich experimentalnich
praci na dané téma (napt. Summerbell 1987, 1989 a 2005).

Na korenech viesovcovitych rostlin se ErM a DSE mohou vyskytovat samostatné, nebo

spole¢né. PrestoZe jsou viesovcovité rostliny povazovany za primdrn¢ ErM, soucasnd pritomnost
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obou asociaci u nich byla zjiSténa mikroskopicky (napt. Urcelay 2002, Rains a kol. 2003, Peterson
a kol. 2004, Cézares a kol. 2005), i za pouziti molekuldrnich technik (Hambleton a Currah 1997,
Midgley a kol. 2004, Bougoure a Cairney 2005). Neni vSak ziejmé, je-li spoleCny vyskyt
pravidlem, nebo vyjimkou. Také ekofyziologicky vyznam tohoto souZiti zlustiva nejasny.
Teoreticky se projev interakce ErM a DSE-asociace miiZe pohybovat kdekoliv vramci jiz
zminéného mutualisticko-parazitického kontinua.

Vysledky mé ptedchozi prace (Vohnik a kol. 2003) dokladuji neutrdlni vliv kolonizace
kofend houbou P. fortinii na rust Rhododendron cv. Belle-Heller. Mé jiné nepublikované
experimenty naznaCovaly, Ze n¢které kmeny P. fortinii v kombinaci s nékterymi ErM houbami
ovliviiuji fyziologické parametry (biomasa, pfijem Zivin) hostitelskych rostlin pozitivné, naproti
tomu jiné kmeny P. fortinii v kombinaci se stejnymi ErM houbami plisobi negativné. M4
nepublikovand pozorovani Kkofenli viesovcovitych rostlin z pfirozenych stanovist pfitom
naznalovala, Ze sou¢asny vyskyt ErtM a DSE-asociace je spise pravidlem, neZ vyjimkou. Cést I této

disertacni prace si proto kladla nésledujici cile:

1. Dokumentovat pripadny soubézny vyskyt ErM a DSE-asociace v koifenech evropskych
rododendronti s durazem na sledovani a porovnani morfologickych struktur,
charakteristickych pro obé asociace.

2. Pokusit se nalézt morfologické struktury DSE-asociace, které by mohly piedstavovat
fyziologicky aktivni rozhrani mezi DSE a jejich hostitelskymi rostlinami.

3. Kvantifikovat vyskyt ErM a DSE-asociace v koienech evropskych rododendroni
v zavislosti na zemépisné Sifce.

Tyto cile jsou zpracovdny v Cldnku 1 této DP.
4. Sledovat interakce mezi ErM a DSE-asociaci, popf. houbami, které tyto asociace tvoii,

s dirazem na jejich vliv na ristové parametry hostitelskych rostlin.

Tento cil je zpracovdn v Cldncich 2 a 3 této DP.
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Abstract

Ericaceous species form ericoid mycorrhiza (ErM), but also host dark septate endophytes (DSE).
The co-existence of ErM and DSE-association is a poorly known phenomenon that may
significantly influence both plant and fungal partners. To investigate this co-existence and to
screen colonization patterns of ErM and DSE-association, we sampled roots of six European
Rhododendron species from different sites across a latitudinal profile of Europe. Structures of ErM
and DSE-association were simultaneously present in all field samples, however, differed in their
frequency depending on the Rhododendron species. Additionally, the structures intermediate
between ErM and DSE-association were found. These included loose intracellular coils formed by
hyaline to dark septate hyphae. The highest ErM colonization (> 40%) was found in roots of
Rhododendron hirsutum, R. ponticum and R. ferrugineum, whereas the lowest was in roots of R.
lapponicum (< 10%) and R. luteum (<20%). The highest DSE colonization was in roots of R.
lapponicum (>50%) and R. kotschyi (>30%), whereas the lowest (<10%) was in roots of R.
hirsutum, R. ferrugineum and R. ponticum. The highest colonization by the intermediate structures
(>20%) was in roots of R. lapponicum, whereas the lowest (<5%) was in roots of R. ponticum. The
highest total colonization was in roots of R. lapponicum (>80%) and R. kotschyi (>70%), whereas
the lowest (<50%) was in roots of R. luteum. There was a high variability of colonization types
among different individuals of the same species. DSE colonization was negatively correlated with
ErM colonization and occurrence of non-colonized cells, and positively correlated with
colonization by the intermediate structures. ErM was negatively correlated with colonization by the
intermediate structures. We discuss possible ecological meaning of our results in context of ErM —
DSE interactions.

Key words: ericoid mycorrhiza, DSE-association, Rhododendron, colonization pattern

Introduction
Ericaceous species form a unique root-fungus association called ericoid mycorrhiza (ErM),

which has a determinative effect on plant fitness (Smith & Read, 1997; Cairney & Meharg, 2003).



Even though members of Ericaceae are considered primarily ericoid mycorrhizal (Hambleton &
Currah, 1997), their roots are often colonized by ubiquitous dark septate endophytes (DSE;
Jumpponen & Trappe, 1998), which have obscure effects on their hosts (Jumpponen, 2001;
Mandyam & Jumpponen, 2005).

Although the simultaneous presence of ErM and DSE in roots of ericaceous plants can be
expected (Peterson et al., 2004) and both ErM and DSE were detected within a root system of
ericaceous plants either microscopically (Urcelay, 2002; Rains et al., 2003; Peterson et al., 2004;
Cazares et al., 2005) or using molecular techniques (Hambleton & Currah, 1997; Midgley et al.,
2004; Bougoure & Cairney, 2005a), only little is known about the ErM-DSE co-existence. This
contrasts with the fact that the interaction between ErM and DSE may have important eco-
physiological consequences for their host plants. For example, Vohnik ef al. (2005) showed that
inoculation with Oidiodendron maius Barron increased phosphorus uptake by Rhododendron cv.
Azurro in comparison with non-inoculated plants. This effect of O. maius was not altered in the
presence of Phialocephala fortinii Wang & Wilcox strain PFO-H, whereas in the presence of P.
fortinii strain PFO-F phosphorus uptake was reduced to the level of non-inoculated plants.

At different field sites, it can be expected that ErM fungi and DSE colonize different
proportions of ericaceous root systems. To date, it is unknown what influences the equilibrium
between ErM fungi and DSE in the rhizosphere of ericaceous plants, and how is this equilibrium
established. Answering this question would improve our understanding of principles of the ErM-
DSE co-existence, which may have parallels in other types of root-fungus associations.

One factor determining the co-existence of ErM and DSE-association may be a latitudinal
profile. From a “mycorrhizal” point of view, increasing latitude is reflected by a shift in major
mycorrhizal types in the respective plant community, i.e., arbuscular mycorrhizae (AM) are
replaced with ectomycorrhizae (EcM), which are further substituted by ErM. This pattern also
applies to AM, EcM and ErM host plants (Read & Perez-Moreno, 2003). Similarly, the frequency
of DSE in roots is supposed to increase along an altitudinal gradient. In Austrian Alps,
Haselwandter and Read (1980) found DSE colonization rates increasing with altitude in non-
ericaceous plants. At the same time, the authors found ErM colonization rates decreasing with
altitude, but did not note the presence of DSE in roots of ericaceous plants.

DSE are supposed to be the most frequent and important root associates in “increasingly
stressed environments” (Mandyam & Jumpponen, 2005), e.g. in alpine and sub-arctic conditions
(Haselwandter & Read, 1980; Read & Haselwandter, 1981; Stoyke & Currah, 1991; Schadt et al.,
2001). On the other hand, ericaceous plants living in a symbiosis with ErM fungi often dominate
such “harsh environments” (Cairney & Meharg, 2003). This indicates that at least under certain
conditions both ErM fungi and DSE co-exist and therefore can simultaneously colonize ericaceous
hosts.

Species of Rhododendron L. seem to be a good model for studying such co-occurrence.

Their roots constitute a habitat for fungi forming ErM (Pearson & Read, 1973; Moore-Pankhurst &



Englander, 1981; Duddridge & Read, 1982; Douglas et al., 1989; Currah et al., 1993a), DSE-
association (Currah et al., 1993b; Vohnik et al., 2003, Vohnik et al. 2005), and possibly also EcM
(Dighton & Coleman, 1992) and AM (but only hyphae and vesicules were found to date: Dighton
& Coleman, 1992; Chaurasia et al., 2005). The distribution of rhododendrons enables studying
their fungal associations on a broad environmental scale: rhododendrons are autochthonous in
Asia, Australia, Europe and North America, and were introduced in Africa and South America.
They occupy habitats differing in altitude (0 - 5000 m a. s. 1), latitude (northern Greenland to
northern Australia) and substrate composition. Rhododendron species vary in habitus and life-
style, ranging from 15 cm tall arctic dwarf shrubs to tropical epiphytes to 25 m tall arboreous
Rhododendron arboreum Adams. from the Himalayas (Dostdlkova, 1981).

Rhododendrons” habitat and lifestyle heterogeneity can also be exemplified in European
rhododendrons. According to Dostdlkova (1981), there are nine autochthonous species in Europe
(for their list, distribution and habitat preferences see Dostdlkova, 1981) which, together with other
ericaceous species (Calluna vulgaris Hull, Loiseleuria procumbens (L.) Desv., Vaccinium myrtillus
L., Vaccinium vitis-idaea L.) represent an important part of local flora, forming distinctive plant
communities that often dominate areas of their occurrence (Dostalkova, 1981).

To contribute to understanding of the co-existence of ErM and DSE-association, we
screened roots of 6 autochthonous European Rhododendron species from various habitats ranging
from sub-arctic to alpine to Mediterranean. We paid special attention to the presence of typical
ErM/DSE-association structures as well as to structures that were difficult to attribute to either of
the two types, because such structures might hamper the evaluation of proportions of ErM and

DSE colonization.

Materials and Methods
Collecting of root samples

Roots of the following Rhododendron species were collected, stained and screened for
colonization: Rhododendron. ferrugineum L. (according to the origin labeled as FER-Aut, FER-
Esp, FER-Fra throughout the following text), Rhododendron hirsutum L. (HIR), Rhododendron
kotschyi Simk. (KOT), Rhododendron lapponicum Wahlemb. (LAP), Rhododendron luteum Sweet
(LUT) and Rhododendron ponticum L. (PON).

Most root samples were taken from localities in alpine or sub-alpine habitats: FER at
different sites in Alps and Central Pyrenees, HIR at Slovenian Velika Planina plateau, KOT in
Romanian Carpathian Mts. Roots of LUT were from deciduous forest (tree dominants Fagus
sylvatica L., Quercus petraea (Mattusch.) Liebl., Carpinus betulus L. and Castanea sativa Mill.)
near BoStanj, Slovenia. LAP samples were from subarctic Kilpisjirvi, Finland. PON occurs as a
Tertiary relict in southern Iberian Peninsula (Mejias et al., 2002) and was collected in a stream
valley in sclerophyllous evergreen forest near Puerto de Galis, Spain. Collecting sites varied across

~33 latitudinal degrees, ~2300 m of altitude and ~14°C difference in mean annual temperature,



sub-arctic Kilpisjarvi (69°03'N, ~480 m a. s. 1., Finland) and Mediterranean Puerto de Galis
(36°08'N, ~420 m a. s. 1., Spain) representing the northern- and southernmost locality, respectively.
The collection site in the Romanian Carpathian Mts., 2505 m a. s. 1., was the highest locality,
whereas BoStanj (Slovenia) with 220 m a. s. 1. was the lowest locality. For details about the
localities see Table 1.

From each locality, roots of five different individuals were sampled. Where possible (FER,
KOT), collection sites differed in altitude. Samples of hair roots with adhering substrate (approx.
volume 30 ml) were carefully taken from a 5-10 cm depth and stored in lacto-glycerol (lactic acid :

water : glycerol =1 :1: 1) in a fridge (8°C) until screened.

Clearing and staining of roots, evaluation of colonization

Root samples were divided into halves; one half was washed under running tap water from
attached substrate and directly observed under microscope, the other was additionally cleared with
10% KOH and stained with trypan blue according to Brundrett et al. (1996). The first half was used
to screen the mycelium occurring in the rhizosphere of Rhododendron roots, including the
extraradical mycelium of mycorrhizal fungi. The second half was used for evaluation of root
colonization. Stained roots were observed at high magnification (400-1000x) with DIC, using an
Olympus BX60 microscope. Pictures were taken with an Olympus DP70 camera.

ErM was recognized on the base of the characteristic fine intracellular coils and loops,
either hyaline or blue-stained. DSE- association was recognized on the base of i) microscletoria,
either dark-brown, hyaline or blue-stained; ii) a dense parenchymatous mantle (sensu Wurzburger
& Bledsoe, 2001); iii) extra- or intracellular thick, light to dark brown septate hyphae; iv) extra- or
intracellular lightly brown to hyaline septate hyphae, but only if connected with
hyaline/brown/blue-stained intracellular microsclerotia or a parenchymatous mantle. Besides the
typical ErM and DSE structures listed above, we found structures intermediate between the ErM
and DSE colonization patterns (INT; See Results). Occurrence of other fungal hyphae (AM,
basidiomycetous) attached to the screened roots is also noted in Results.

Morphology of ErM and DSE was described for each screened Rhododendron species.
Additionally, percentual and proportional colonization of hair roots of five individuals per FER-
Esp, HIR, KOT, LAP, LUT and PON by ErM, DSE and the intermediate structures was counted.
For each Rhododendron individual, ten hair root segments (approx. length 5 mm) were randomly
chosen from its root sample and ErM/DSE/INT colonization was counted on the cell-by-cell basis.
In each segment, at least 250 cells were evaluated. 84,715 hair root cells were evaluated in total.
Percentual by ErM, DSE-association, the intermediate structures and percentual

The ratios between ErM- and DSE-colonized cells, between DSE-colonized and non-
colonized cells, between ErM-colonized and non-colonized cells, between INT-colonized and non-
colonized cells, and between colonized (ErM + DSE + INT) and non-colonized cells were counted.

The ratios did not have homogenous variances and normal distribution. Therefore, Kruskal-Wallis



ANOVA was used to evaluate the effect of the Rhododendron species on these ratios.
Kolmogorov-Smirnov two-sample test was used to evaluate the difference among screened
Rhododendron species. We further evaluated whether different individuals of the same
Rhododendron species significantly differed in these ratios using Kruskal-Wallis ANOVA, and
whether any correlation between ErM, DSE and INT colonization existed, using Spearman R

correlation.

Results

Morphology of ericoid mycorrhiza and DSE-association

The ErM colonization pattern was represented by typical intracellular coils or loops. However,
morphology of ErM colonization had several modifications: (i) the fine structure of the blue-
stained coils was poorly visible (Fig. 1); (ii) the fine structure of the blue-stained coils was well
visible (Fig. 2); (iii) fine coils did not stain with trypan blue and remained hyaline. Such hyaline
coils were connected with extracellular hyaline hyphae (Fig. 3) or dark, septate hyphae (Fig. 7);
(iv) fine coils did not stain with trypan blue and remained dark-colored. There were differences in
the diameter of hyphae forming such coils, in density of such coils, and in proportion of the cell
they occupied (Figs 4 & 5). Frequently, both blue-stained and dark-pigmented coils occurred in
parallel in one root segment (Figs 3 & 6); (v) very fine blue-stained coils, which usually did not
occupy the whole lumen of the colonized cell (Fig. 8); (vi) relatively thick, blue-stained hyphae
formed very loose intracellular coils (Fig. 9). A dense weft of hyaline to blue-stained hyphae
covering the whole surface of the root was rarely observed; if present, it was in roots colonized by
ErM to a high (up to 100%) degree.

Common features of the DSE colonization pattern were intracellular microsclerotia, either
hyaline or blue-stained or dark-pigmented (Fig. 10). The DSE colonization pattern was also
characterized by presence of a loose or dense parenchymatous net, which appeared to develop
either on the root surface or under the layer of the rhizodermal cells (Fig 11). The cellular structure
of the parenchymatous net resembled the Hartig net (Fig 12). In hair roots with the
parenchymatous net, ErM colonization was infrequent. If present, it occupied a cell layer directly
below the net (Fig. 15c¢). Sometimes, thick DS hyphae surrounded screened roots and formed
primordia of hyaline hyphae appearing to be formed to penetrate into rhizodermal cells, but
intracellular colonization was absent or scarce (Fig. 13). The DSE colonization pattern was also
characterized by thick, septate, hyaline to blue-stained intraradical hyphae (Fig. 14). In parts of the
screened roots where ErM and DSE-association were simultaneously spatially present, only the
weft of DS hyphae was observed around the roots. Sometimes, vesicles reminding modified
microsclerotia were present in the hair roots (Fig. 17).

Even though morphology of ErM and DSE-association is generally considered to be
distinct, in our study, some of their characteristics were difficult to distinguish when both root-

fungus associations were present together in a common root system. Thick, dark brown hyphae



forming intracellular microsclerotia were often connected to fine, dark to hyaline hyphae, which
formed loose loops in other rhizodermal cells (Fig. 10). Loose intracellular loops were also formed
by thick hyaline hyphae (Fig. 16). Because of frequent occurrence of structures, which could be
either ErM or DSE-association, in some root samples, we decided to introduce a new category, the
intermediate structures (INT). Characteristically, they were formed by light to dark brown septate
hyphae, which were thinner that typical DS hyphae, but thicker than typical ErM hyphae, and had a
shape of relatively loose hyphae (Figs 15, 18, 19 & 20). Sometimes, INT resembled ErM (cf. Figs
9 & 19); sometimes they resembled DSE-association (cf. Figs 10, 14 & 15 with 18, 19 & 20). For
example in FER-Fra samples, mostly loose dark brown to black intracellular coils of thick DSE
hyphae were present in hair roots. These coils were then often connected with DS hyphae on the
root surface (Fig. 18). In contrast, PON samples were dominated by dark dense coils, which were
apparently ErM structures (Figs 4 & 5). Interestingly, it seemed that some hyphae formed both
what appeared to be ErM and DSE-association (Figs. 15 & 21). Such atypical colonization pattern
had two distinct types. The less frequent first type, found in KOT hair roots, was characterized by
INT in the rhizodermal cells, accompanied by dense blue-stained ErM-like coils in the layer of
cells below the rhizodermis (Figs 15a — c¢). The more frequent second type, found in FER-Aut,
FER-Fra and KOT hair roots, was characterized by the parenchymatous net developed between the
non-colonized rhizodermis and the ErM-like colonized layer of cells below rhizodermis (Figs 21a
—e).

In all screened Rhododendron samples, definitive evidence of ErM and DSE co-occurrence
was the simultaneous presence of dense hyaline/dark/blue-stained coils typical for ErM and
microsclerotia or the parenchymatous net or thick, dark brown septate hyphae, typical for DSE-
association. The spectrum of morphological features occurring in respective Rhododendron species

is listed in the Table 1.

Proportions of ErM and DSE colonization in the field samples

Average percentual colonization of FER-Esp hair roots by DSE, ErM and INT was 6.8%, 41.6%
and 6.2%, respectively. It was 5.6%, 58.8% and 10.5% in HIR hair roots; 32.4%, 30.2% and 7.6%
in KOT hair roots; 55.0%, 8.5% and 22.4% in LAP hair roots; 22.7%, 16.8% and 7.5% in LUT hair
roots; 8.6%, 52.0% and 3.5% in PON hair roots.Average total colonization (DSE + ErM + INT) of
hair roots was 54.6% in FER-Esp, 74.9% in HIR roots, 70.2% in KOT, 85.9% in LAP, 47% in
LUT and 64.1% in PON (Table 1).

There was a significant effect of the Rhododendron species on the ratio between ErM-
colonized and DSE-colonized cells (H = 199.5, p = 0.000), DSE-colonized and non-colonized cells
(H = 175.1, p = 0.000), ErM-colonized and non-colonized cells (H = 129.0, p = 0.000), INT-
colonized and non-colonized cells (H = 128.4, p = 0.000), and colonized and non-colonized cells
(147.5, p = 0.000). The highest ErM : DSE ratio was in HIR (mean 82.007 £ SD 82.61;
significantly different group c) followed by FER-Esp (53.231 + 73.87; ¢), PON (44.176 £ 58.52; c),



LUT (3.126 £ 9.54; b), KOT (1.708 £ 2.24; b) and LAP (0.168 £ 0.14; a). The highest DSE ratio
was in LAP (5.761 £ 4.08; d) followed by KOT (1.828 + 1.84; c¢), LUT (0.557 + 0.57; b), PON
(0.358 £0.59; a), HIR (0.280 * 0.45; a) and FER-Esp (0.165 + 0.21; a). The highest ErM ratio was
in HIR (3.000 £ 2.67; e) followed by PON (1.902 + 1.32; d), KOT (1.596 + 1.67 cd), FER-Esp
(1.126 £ 0.87; c¢), LAP (1.054 £ 1.56; b) and LUT (0.355 + 0.30; a). The highest INT ratio was in
LAP (2.502 £ 1.99; d) followed by HIR (0.491 £ 0.50; c), KOT (0.444 £ 0.60; c), LUT (0.221 +
0.36; ab), FER-Esp (0.170 £ 0.19; b) and PON (0.095 £ 0.12; a). The highest ratio between
colonized and non-colonized cells was in LAP (9.318 + 7.11; d) followed by KOT (3.869 + 3.67;
¢), HIR (3.771 + 2.73; ¢), PON (2.356 + 1.64; c), FER-Esp (1.461 + 0.96; b) and LUT (1.134 +
0.93; a) (Table 2).

During the screening of morphology of hair roots’ colonization, there was high variability
in proportions of ErM, DSE-association and INT between samples of the same species. While ErM
dominated a sample from the root system of one individual, another sample from an individual a
few meters away seemed to be colonized preferentially by DSE. Another frequent situation was the
dominance of ErM in a part of the root sample, while the other part was densely colonized by DSE.
These observations were supported by the statistical analysis. There was a significant difference in
the ratio between ErM-colonized and DSE-colonized cells among different individuals of FER-Esp
(H=19.5, p=0.0006), HIR (H = 24.3, p=0.0001), LAP (H =23.3, p=0.0001), LUT (H=19.3, p
= 0.0007) and PON (H = 26.2, p = 0.0000). There was a significant difference in the ratio between
DSE-colonized and non-colonized cells among different individuals of FER-Esp (H = 18.6, p =
0.0009), HIR (H = 22.1, p = 0.0002), KOT (H = 30.9, p = 0.0000), LAP (H = 14.1, p = 0.0071),
LUT (H=19.3, p=0.0007) and PON (H = 25.7, p = 0.0000). There was a significant difference in
the ratio between ErM-colonized and non-colonized cells among different individuals of FER-Esp
(H=10.7, p = 0.0299), KOT (H = 27.1, p = 0.0000) and LAP (H = 28.0, p = 0.0000). There was a
significant difference in the ratio between INT-colonized and non-colonized cells among different
individuals of FER-Esp (H = 12.3, p = 0.0156), HIR (H = 29.1, p = 0.0000), KOT (H =32.9,p =
0.0000), LAP (H = 16.5, p = 0.0025), LUT (H = 23.4, p = 0.0001) and PON (H = 24.5, p = 0.0001).
There was a significant difference in the ratio between colonized (ErM + DSE + INT) and non-
colonized cells among different individuals of FER-Esp (H=11.5, p=0.0215), LAP (H=18.9,p =
0.0008), LUT (H=12.1, p=0.0169) and PON (H = 11.5, p = 0.0212).

In all individuals of all species, there was a negative correlation between DSE- and ErM-
colonization (r = -0.704, p = 0.0000), a positive correlation between DSE- and INT-colonization (r
= 0.442, p = 0.0000), a negative correlation between DSE- and non-colonization (r = -0.315, p =
0.0000) and a negative correlation between ErM- and INT-colonization (r = -0.424, p = 0.0000).

There was no correlation between ErM- and non-colonization (r = 0.0266, p = 0.646).



Other hyphae present in the rhododendrons” rhizosphere

Non-ErM- or DSE-association-forming hyphae were primarily of two kinds: 1)
basidiomycetous thick hyphae with clamp connections and ii) trypan blue-stained thick non-septate
hyphae, sometimes connected with AM spores.

Hyphae with clamp connections occurred in FER-AUT, HIR and LUT samples. In LUT
samples, we noticed the frequent presence of hyaline to brown basidiomycetous hyphae connected
with structures, which showed morphological similarity to papulasporas (Papulaspora Preuss;
Domsch et al., 1980). These structures were very frequent on the surface of decayed leaves found
in the rhizosphere of LUT samples. Hyphae connected with these structures were associated with
the surface of LUT roots, and it appeared that they occasionally formed intracellular loose loops
resembling the intermediate structures, in the rhizodermal cells.

AM hyphae occurred in FER-AUT, HIR and PON samles. They never penetrated root
tissues and were only loosely associated with screened Rhododendron roots. We never observed
any arbuscules or AM vesicles in Rhododendron root samples. Occasionally we found structures
resembling vesicles sensu Barrow (2003; Fig. 17). These vesicles resembled atypical
developmental stages of microsclerotia, which are characteristic structures DSE-association.

In healthy HIR roots we found intracellular coils formed by thick hyaline hyphae of

unknown origin (Fig. 16). We did not observe similar structures in other root samples.

Discussion
Since early observations on mycorrhizal status of alpine plant communities (Haselwandter & Read,
1980; Read & Haselwandter, 1981) it became evident that plants simultaneously possess different
fungal associations in their roots. Some authors pointed out the importance of other than traditional
root-fungus associations (AM, EcM, ErM), DSE-association, for host plants (Haselwandter &
Read, 1980; Ahlich & Sieber, 1996; Jumpponen & Trappe, 1998; Jumpponen, 2001).
Haselwandter and Read (1980) and Read and Haselwandter (1981) however indicated only ErM in
ericaceous species, including R. ferrugineum and R. hirsutum, in alpine habitats in Austrian Alps.

In contrast, we found both ErM and DSE-association in roots of all sampled Rhododendron
species, even though proportions of both associations differed in different species. The highest
ErM proportions were found in roots of HIR, PON and FER-Esp, which were collected in southern
part of Europe, and the lowest ErM proportions were found in roots of LAP, which was the
northernmost species. On the other hand, the highest DSE colonization was found in LAP roots
and the lowest in HIR, FER-Esp and PON roots. Statistical analysis revealed that DSE colonization
was negatively correlated with ErM colonization, i.e. ErM colonization decreases with increasing
DSE colonization.

Surprisingly, ErM-DSE co-occurrence was not frequently reported in early studies
focusing on the mycorrhizal status of natural communities using light microscopy. One reason for

this lack might be that ericaceous species only rarely represented significant proportion of screened



host plants and if included, then they were apparently expected to be only ericoid mycorrhizal.
This trend however has recently changed (Urcelay, 2002; Rains et al., 2003; Peterson et al., 2004;
Cazares et al., 2005; this study). For example, Rains et al. (2003) showed that both ErM fungi and
DSE inhabited 6 of 7 ericaceous species from a lower montane cloud forest. Cazares et al. (2005)
found both ErM fungi and DSE in 5 of 6 ericaceous species from a sub-alpine glacier forefront.

Another reason might result from morphological similarities between ErM and DSE-
association. According to common descriptions, ErM and DSE-association should be easily
distinguishable. However, we found that existence of some common features hampered their
distinguishing in the field samples. While it was always possible to distinguish typical ErM (fine
intracellular coils or loops) and it is unlikely that DSE would produce such structures (but see
Usuki & Narisawa, 2005), and the same applies for ErM fungi and microsclerotia, we observed
transient intracellular structures that cannot be reliably distinguished as strictly ErM or DSE. These
mainly comprised loose or dense intracellular coils formed by DS hyphae. The same loose to dense
coils were connected to extraradical DS hyphae forming microsclerotia, which indicated they
represented DSE-association. Moreover, colonization by the intermediate structures was highest in
LAP and was positively correlated with DSE colonization in all screened species. This is another
indication that most of the intermediate structures were actually formed by DSE fungi.

Loose to dense intracellular coils formed by DS hyphae, and similar to what we call the
intermediate structures, are reported from ericaceous roots worldwide (e.g. Cairney & Ashford
2002, Fig. 5, p. 312; Peterson et al. 2004, Fig. 166, p. 90) and are interpreted as ErM (Cairney &
Ashford, 2002) or DSE (Peterson et al., 2004). This may cause bias in results of microscopic
observations of field samples, because loose to dense DS intracellular coils may be interpreted as
ErM or DSE-association, or be ignored, according to the subjective feeling of an observer.
Obviously, INT might originate not only from ErM fungi or DSE, but also from
saprotrophic/parasitic root endophytes, but when INT occurred in the root segment, they usually
occupied majority of the screened cells, which otherwise looked healthy and were collected from
healthy plants.

The similarities between ErM and DSE fungi, including colonization patterns, “harsh
habitats” preference or the possibility to survive sufficiently without host plants as saprotrophs,
open an intriguing question whether some of them can behave at once as ErM- and DSE-fungi. For
example, H. chaetospira forms intracellular loops and microsclerotia in roots of Brassica
campestris L. (Ohki et al., 2002) and intracellular loops of ErM type, but no microsclerotia, in
rhizodermal cells of R. obtusum var. kaempferi (Usuki & Narisawa, 2005). Thus, “H. chaetospira
may occur in the roots of apparently healthy plants as either DSE or ErM fungi depending on the
host species” (Usuki & Narisawa, 2005). This has to be revealed at both structural and
physiological levels - the statement of Usuki and Narisawa (2005) is however based only on in

vitro re-synthesis trials and morphological observations. By definition, also typical DSE fungus P.



fortinii forming intracellular coils in ericaceous roots and enhancing fitness of the host plant could
be assigned as an ErM fungus.

The observational approach used in our study unfortunately limits reliable identification or
distinguishing of fungal partners in the root at a species level, because different ErM/DSE fungi
can develop very similar structures. Also seasonal variability in colonization degree (Hutton et al.,
1994; Ruotsalainen et al., 2002) and morphological pattern (Smith & Read, 1997) may obscure the
evaluation. The objective of our study was, however, not to determine root endophytic species, but
to screen ErM-DSE co-occurrence. Irrespectively of seasonal and morphological variability in
fungal colonization, we found ErM and DSE-association simultaneously occupying the roots of all
screened rhododendrons. This in our opinion indicates the eco-physiological relevance of this
phenomenon, even if the respective ErM and DSE fungi remained undetermined.

The question about the identity of fungi in a root can be answered when respective fungi
are isolated from root fragments, cultivated and determined, either morphologically or using DNA
analysis. Using this culture-based approach, numerous authors found that ErM fungi and DSE co-
exist within root systems of ericaceous species (Stoyke et al., 1991, 1992; Hambleton & Currah,
1997; Addy et al., 2000; Midgley et al., 2004; Bougoure & Cairney, 2005a). The discrimination of
DSE fungi in other molecular studies (e.g. Usuki et al., 2003; Allen et al., 2003) might be due to
the sterilization of the root surface before isolation of fungal mycelium or extraction of fungal
DNA from the root, because our observations indicate that a significant proportion of DS hyphae
are present extracellularly around the root and thus are destroyed by the sterilization procedure.
These facts notwithstanding, only a little attention was paid to DSE in molecular studies focused
on the community of fungal endophytes of ericaceous roots, possibly because they did not form
“typical ErM intracellular coils” in re-synthesis trials, thus were regarded as non-mycorrhizal (e.g.
Midgley et al., 2004). On the other hand intracellular coils are not regarded as typical structures of
DSE-association, and their absence should not lead to the conclusion that DSE are non-
mycorrhizal. Instead, structures typical for DSE-association (see below) should be searched.

Employing culture-independent molecular techniques can dispatch some disadvantages of
the culture-dependent approach. Both approaches however reveal different fungi from the same
root sample when used separately (Allen et al., 2003; Midgley et al., 2004; Bougoure & Cairney,
2005a, b), and it is recommended to combine them to find the most probable composition of root
endophytic fungi (Bougoure & Cairney, 2005a). For example, Allen et al. (2003) found
assemblage of fungi isolated from ErM roots to be dominated by “intracellular coils forming”
Capronia-like fungi, but assemblage of DNAs from the same root segments was dominated by
uncultivable (thus with unconfirmed mycorrhizal status) Sebacina-like basidiomycetes.

It should be skeptically considered that DSE-association is both in vitro and in the field
recognized mainly by the presence of intracellular microsclerotia, which likely serve as fungal
propagules with a high content of storage compounds (Yu et al., 2001), and are not supposed to act

as sites where possible nutrient exchange between DSE and colonized plant takes place. Moreover,
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we found considerably higher occurrence of microsclerotia under aseptic conditions, where in
some parts of the roots nearly all rhizodermal cells were filled (Fig. 18b), thus likely
physiologically impaired, than in the field where such a situation never occurred. Additionally,
microsclerotia can be formed by different fungi, not regarded as “true” DSE, e.g. by Heteroconium
chaetospira (Grove) M. B. Ellis in cortical cells of Brassica campestris L. (Ohki et al., 2002).
Another character of DSE association is a presence of DS hyphae either in the root or on
the root surface. This character however appears to be a vague criterion, since many fungi can form
DS hyphae. Beside others, Addy et al. (2005) included in their “Key to some dark septate fungi
from roots” also ErM fungi [Variable White Taxon = Meliniomyces variabilis Hambleton & Sigler
(Hambleton & Sigler, 2005), Scytalidium vaccinii Dalpé, Litten & Sigler (thus also its teleomorph
R. ericae) and O. maius]. Logically, if DS hyphae of the listed ErM fungi were found in or around
ericaceous root, they could be ascribed to DSE-association. The presence of DS hyphae on the root
surface, however, may be reliably attributed to DSE-association if the hyphae form a dense
parenchymatous mantle sensu Wurzburger and Bledsoe (2001) because this structure was to date
never observed in connection with ErM fungi. Typical ErM fungi (O. maius, R. ericae) never
formed similar mantle in our previous re-synthesis experiments. In FER samples (Fig. 4), a net of
parenchymatous cells developed under a layer of non-colonized rhizodermal cells; hypothetically,
it could serve as an exchange point between plant and fungus, analogically to the Hartig net. This
hypothesis, however, needs to be further investigated (see also discussion in Rains et al. 2003).
Judging DSE-association by the presence of microsclerotia, which are likely
physiologically inactive in nutrient transport between DSE and the colonized plant, is in
contradiction with AM (arbuscules), ErM (coils, loops) and EcM (Hartig net), where exactly these
kinds of structures with active plant/fungus interfaces (Smith & Smith, 1990) are traced. Such
structures in DSE-association may be hyaline intraradical hyphae (Barrow & Aaltonen, 2001;
Barrow, 2003), which are usually overlooked, or the parenchymatous mantle or net, as discussed
above. There is also a possibility that intracellular coils formed by P. fortinii in ericaceous roots
may play role in possible nutrient transport between DSE and the host plant. Similarly to

parenchymatous mantle, also this hypothesis needs further investigation.
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FIGURES

Figure 1: Typical ericoid mycorrhizal (ErM) colonization: fine blue-stained intracellular coils or loops
(arrows); PON. Figure 2: Typical ErM colonization: fine blue-stained intracellular coils or loops (arrows);
FER-Aut. Figure 3: Typical ErM colonization: fine blue-stained (arrowhead) or hyaline (arrows)
intracellular coils or loops; LUT. Figure 4: Typical ErM colonization: fine hyaline to dark intracellular coils
or loops; PON. Figure 5: Typical ErM colonization: dense black intracellular coils or loops; PON. Figure 6:
Two distinctive ErM colonization patterns: fine blue-stained coils (arrows) and thicker dark brown coils
(asterisk); FER-Esp. Figure 7: Typical ErM colonization: dense hyaline coils (asterisks) connected with
dark, septate extraradical hyphae (arrowheads); LUT. Figure 8: Typical ErM colonization: blue-stained thin
hyphae forming fine coils; LUT. Figure 9: Typical ErM colonization: thick, blue-stained hyphae forming
loose coils; HIR. Figure 10: Typical DSE colonization: thick dark septate (DS) hypha (arrow) enters the
rhizodermal cell and forms hyaline or blue stained or dark brown microsclerotia (m). The same thick DS
hypha changes its diameter and forms fine loose loops (h; = the intermediate structures) in other cells; FER-
Aut. Figure 11: Typical DSE colonization: a parenchymatous net (asterisk) formed by DS hyphae (arrows);
KOT. Figure 12: A detail of the parenchymatous net; KOT. Figure 13: Typical DSE colonization: thick DS
hyphae (arrows) forming hyaline hyphae (arrowheads), which explore the surface of the hair root; PON.
Figure 14: Typical DSE colonization: DS hypha (arrowheads) enters the cell and forms thick, hyaline or
blue-stained hyphae with septa (h). These hyphae remain narrow or become coiled; LUT. Figures 15a, b, c:
A sequence of three pictures of the same hair root, showing morphology of atypical colonization, formed in
the roots of KOT (bars = 50um). Figure 15a: DS hyphae form loose coils (c; = the intermediate structures)
in the rhizodermal cells. Figure 15b: The cells below the rhizodermis, which is colonized by the intermediate
structures (c), are filled with dense blue-stained ErM-like coils (arrows). Figure 15c: Most of the
rhizodermal cells are colonized by the intermediate structures (c). ErM-like, blue stained dense coils (arrows)
are situated in the second layer of the root cells. Figure 16: Atypical colonization formed in the roots of HIR:
loose coils formed by thick hyaline hyphae (arrowheads). Figure 17: Atypical colonization formed in the
roots of FER-Fra: vesicles (v) resembling DSE microsclerotia are surrounded by blue-stained ErM
(asterisks). Figure 18: Typical morphology of the intermediate structures: DS hyphae forming intracellular
loose coils (arrows); FER-Fra. Figure 19: Typical morphology of the intermediate structures: DS hyphae
forming intracellular loose coils (c); KOT. Figure 20: Typical morphology of the intermediate structures: DS
hyphae (arrowheads) connected with intracellular loose coils (c); HIR. Figures 21a — e: A sequence of five
pictures of the same hair root, showing morphology of atypical colonization, formed in the roots of FER-Aut,
FER-Fra and KOT (bars = 50um). Figure 21a: Dorsal view of a parenchymatous net (p) formed by DS
hyphae under the layer of empty rhizodermal cells. A layer of cells filled with dense blue-stained ErM-like
coils (asterisks) lies below this net; KOT. Figure 21b: A detail of the layer of the cells filled with dense blue-
stained ErM-like coils (asterisks), which is formed below the parenchymatous net (p); KOT. Figure 21c: A
cross view of the parenchymatous net (arrowheads), formed below the layer of empty rhizodermal cells (ec).
The layer of cells filled with dense blue-stained ErM-like coils (asterisks) lies below this net. The ErM-like
coils are connected with hyphae, forming the parenchymous net (arrow); KOT. Figure 21d: Hyphal
connections of the parenchymatous net with the ErM-like coils (arrows); KOT. Figure 21e: Ventral view of

the parenchymatous net (p); KOT. All bars correspond to 10um unless other value is given.

14



15



16



17



Table 1: The list of Rhododendron species screened in this study, with their localities and short descriptions of observed root-fungus associations

DSE/ErM/INT/ Ericoid mycorrhiza DSE-association features Other mycelium in the
Total (%) features rhizosphere / remarks
FER-Aut: R. ferrugineum (Austria, n. a. blue-stained, brown and microsclerotia (brown, blue), trypan blue-stained
Gross Venediger Massif); 1693 — 2375 m hyaline hyphal coils brown hyphal coils, the basidiomycetous hyphae
a. s. L.; August 2005 parenchymatous net
FER-Fra: R. ferrugineum (France, Mt. |n. a. blue-stained, brown and microsclerotia (brown, hyaline), |samples from higher sites

Blanc Massif); 1459 — 2325 ma. s. 1;
August 2005

hyaline hyphal coils

brown hyphal coils, the
parenchymatous net

dominated by DSE

FER-Esp: R. ferrugineum (Spain,
Central Pyrenees); 1792 — 2145 ma. s. L;
November 2005

6.8/41.6/6.2/
54.6

blue-stained and hyaline
hyphal coils

occasional microsclerotia
(brown), occasionally the
parenchymatous net

samples from highest site
dominated by ErM

HIR: R. hirsutum (Slovenia, Velika
Planina); ~1400 m a. s. 1.; June 2005

5.6/58.8/10.5/
74.9

blue-stained, brown and
hyaline hyphal coils

microsclerotia (brown), brown
and hyaline hyphal coils

trypan blue-stained
basidiomycetous hyphae,
atypical thick hyaline
intracellular hyphal loops

KOT: R. kotschyi (Romania, Carpathian
Mts.); 1724 - 2505 m a. s. 1.; September
2005

32.4/30.2/7.6/
70.2

blue-stained and hyaline
hyphal coils

loose net of brown DSE hyphae
over some roots, brown coils,
the parenchymatous net

roots of two individuals totally
dominated by DSE, ErM present
only sporadically

LAP: R. lapponicum (Finland,
Kilpisjirvi); ~480 m a. s. 1.; —2.3°C;
69°03'N; precipitations 25 — 65 mm;
November 2005

55.0/8.5722.4/
85.9

blue-stained, brown and
hyaline hyphal coils

microsclerotia (brown), loose
adhering net of thick dark brown
hyphae over some roots, brown
coils

no other hyphae present

LUT: R. luteum (Slovenia, BoStanj);
~220 m a. s. l.; September 2005

22.7/16.8/7.5/
47.0

blue-stained and brown
hyphal coils

microsclerotia (brown), brown
hyphal coils

brown and hyaline
basidiomycetous hyphae

PON: R. ponticum (Spain, Puerto de
Galis); ~420 m a. s. 1.; 14 - 16°C;
36°08'N; precipitations 800 — 1400 mm;
April 2005

8.6/52.0/3.5/
64.1

blue-stained, brown, black
and hyaline hyphal coils

brown to hyaline coils, brown
and blue-stained microsclerotia;
thick DS hyphae on the root
surface

trypan blue-stained AM hyphae,
samples dominated by black to
hyaline ErM coils




Table 2: Ratios between ErM-colonized, DSE-colonized, INT-colonized and non-colonized cells of hair roots of six screened Rhododendron species. ErM = ericoid
mycorrhiza; DSE = dark septate endophytes; non = non-colonized cells; INT = the intermediate structures; Col = cells colonized by ErM + DSE + INT. The values

are mean + SD. Different letters indicate significantly different groups of data using Kruskal-Wallis ANOVA and Kolmogorov-Smirnov two-sample test (p = 0.05).

ErM : DSE DSE : non ErM : non INT : non Col : non
R. ferrugineum (n= 50) 53.231+73.87 ¢ 0.165+021a 1.126 £0.87 ¢ 0.170£0.19b 1.461 £0.96 b
R. hirsutum (50) 82.007 £ 82.61 ¢ 0.280+045a 3.000 £2.67 e 0.491 £0.50 ¢ 37711 £273 ¢
R. kotschyi (50) 1.708 £2.24 b 1.828 £ 1.84 ¢ 1.596 £ 1.67 c¢d 0.444 £0.60 ¢ 3.869 £3.67 ¢
R. lapponicum (50) 0.168 £0.14 a 5.761 £4.08 d 1.054 £1.56 b 2502+£199d 9318+7.11d
R. luteum (50) 3.126 £9.54 b 0.557+0.57b 0.355+0.30a 0.221 £0.36 ab 1.134£093 a
R. ponticum (50) 44.176 £58.52 ¢ 0.358 £0.59 a 1.902 £1.32d 0.095+0.12a 2356+ 1.64c¢
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Abstract

In the present study, we investigated the effect of an in vitro interaction between an ericoid
mycorrhizal (ErM) fungus Rhizoscyphus ericae (= RER-1) and two strains of a dark septate
endophytic (DSE) fungus Phialocephala fortinii (= PFO-F and PFO-H) on their growth and
coexistence in a mixed culture and on the growth and ErM/DSE colonization rates of their common
host plants. The interaction between P. fortinii and R. ericae in a mixed culture was strain-specific.
The prevailing mode of the interaction between PFO-F and RER-1 was coexistence, whereas the
prevailing mode of the interaction between PFO-H and RER-1 was dominance of one fungus over
the other. The growth of V. myrtillus seedlings was significantly influenced by different proportions
of P. fortinii and R. ericae mycelia in their rhizosphere, which was connected with differences in
the DSE and ErM colonization rates in their roots. The growth of the seedlings was positively
correlated with increased ErM colonization and decreased DSE colonization. This is the first
comparison of the effects of DSE-association and ErM on the growth of their common host plants.
The effect of DSE-association on V. myrtilllus seedlings was relatively negative to neutral in
comparison with the effect of ErM. One of the components of the positive effect of R. ericae could

be moderation of the levels of DSE colonization.

Introduction
Ericoid mycorrhiza (ErM) represents the main root-fungus association in Ericaceae (Read, 1996).
However, dark septate endophytic (DSE) fungi also inhabit ericaceous roots forming so-called
DSE-association. DSE-association often co-occurs with other types of mycorrhizae (Mandyam and
Jumpponen, 2005). Its co-occurrence with ErM was reported in studies using microscopic (Urcelay,
2002; Rains et al., 2003; Peterson et al., 2004; Cazares et al., 2005) and/or molecular methods
(Hambleton and Currah, 1997; Midgley et al., 2004; Bougoure & Cairney, 2005).

The importance of ErM fungi for their host plants is well established (Smith and Read,
1997). In contrast, only little is known about DSE-association (Jumpponen and Trappe, 1998;



Jumpponen, 2001; Mandyam and Jumpponen, 2005). Considering the beneficial effect of
Phialocephala fortinii Wang & Wilcox on their host plants, Jumpponen (2001) characterized the
relationship between DSE fungi and their host plants as mycorrhizal. The eco-physiological
significance of the co-occurrence of ErM and DSE-association in a common host plant is unknown.
A wide range of interactions between these two types of root-fungus associations can be expected,
with a wide range of effects on their host plants. Hypothetically, the host plants colonized
simultaneously by ErM and DSE-association might gain an advantage over plants colonized by only
one type of association, for example, by accessing a broader spectrum of nutrient sources.

In our previous study (Vohnik et al., 2005), we separately or simultaneously inoculated
Rhododendron cv. Azurro with Oidiodendron maius Barron and two strains of P. fortinii in a split
root system and traced the effects of the (co-)inoculation on the host plants. Inoculation with single
0. maius was the most effective in terms of phosphorus and nitrogen uptake by the host plants, but
also the co-inoculation with O. maius and P. fortinii H led to increased uptake of both nutrients in
comparison with non-inoculated plants. However, no synergic effect was observed when host plants
were simultaneously inoculated with both O. maius and P. fortinii H. Inoculation with single P.
fortinii H led to increased phosphorus uptake, but nitrogen uptake was not affected in comparison
with the non-inoculated plants. Thus, the beneficial effect of the O. maius + P. fortinii H co-
inoculation on nutrient uptake by the host plants could be attributed either to both interacting fungi
or only to O. maius. P. fortinii H would then represent a neutral root associate.

In the present study, we investigated the interactions between the typical ErM fungus
Rhizoscyphus ericae Zhuang & Korf and the typical DSE fungus P. fortinii in vitro. In Experiment
1, we screened their growth and the mode of their co-existence in a mixed culture. In Experiment 2,
we followed the effects of their interaction on the growth of Vaccinium myrtillus L. seedlings and

the DSE/ErM colonization rates in their roots.

Materials and methods

Fungal isolates

We tested in vitro interactions between two strains of the DSE fungus P. fortinii (= PFO-F and
PFO-H) and one strain of the ErM fungus R. ericae (= RER-1). The PFO strains were previously
isolated from surface-sterilized roots of V. myrtillus (PFO-F) and Rhododendron sp. (PFO-H) by
Jansa and Vosatka (2000) and were identified as strains of P. fortinii using both phenotype and
genotype analysis (Vohnik et al., 2003). Both strains are deposited in the Culture Collection of
Fungi (Department of Botany, Faculty of Science, Charles University in Prague, CZ) under the
accession numbers CCF 3586 (PFO-F) and CCF 3587 (PFO-H). RER-1 is the culture derived from
the strain UAMH 6735 (= GenBank AJ319078) isolated from the roots of Calluna vulgaris Hull. by
Pearson and Read (1973).



Experiment 1

Each of six Petri dishes with MMN was inoculated with six agar plugs (diam. 5 mm) overgrown by
either PFO mycelium or RER-1 mycelium. Three dishes contained a combination of three plugs
with PFO-F and three plugs with RER-1; the remaining dishes contained a combination of three
plugs with PFO-H and three plugs with RER-1. Figure 1 illustrates the positioning of the plugs in
each dish. The inoculated dishes were incubated in the dark at room temperature for one month.
During this period, the PFO and the RER-1 mycelia radiating from the plugs came into contact and
subsequently, PFO hyphae started to grow around and through RER-1 colonies (Fig. 1). At this
moment, we extracted new agar plugs from the area where the PFO mycelium overlapped with the
RER-1 mycelium (= the overlapping area) and from the area where either PFO (= the PFO-
dominated area) or RER-1 (= the RER-1-dominated area) dominated (Fig. 1) and transferred them
into new Petri dishes with MMN. The new plugs from the overlapping area were extracted in a way
that one half of each plug contained a majority of the PFO mycelium and the other half a majority
of the RER-1 mycelium. Each new dish contained five new plugs: one from the PFO-dominated
area, one from the RER-1-dominated area, and three from the overlapping area. Figure 2 illustrates
the positioning of the new plugs in the new dishes. There were 15 dishes containing the PFO-F +
RER-1 combination and 15 dishes containing the PFO-H + RER-1 combination. The dishes with the
new plugs were incubated in the dark at room temperature. Two types of mycelium started to
radiate from the new plugs, either separately or simultaneously from one plug. One type
corresponded to PFO and the other corresponded to RER-1. Both types formed dense delimited
colonies with progressing time (Fig. 2).

After one week of cultivation, we determined the dominance of PFO and/or RER-1 in these
colonies. This was done by macroscopic evaluation of the proportions of PFO/RER-1 mycelium in
each colony with respect to the different origins of the plugs, and by comparing the observed
frequencies of both mycelia with expected frequencies using a y” test. We expected that the colonies
radiating from the plugs from the PFO-dominated area would be formed only by the PFO
mycelium, the colonies radiating from the plugs from the RER-1-dominated area would be formed
only by the RER-1 mycelium, and that the colonies radiating from the plugs from the overlapping
area would be formed by two approximately equal PFO and RER-1 sub-colonies. Thus, the
expected frequency derived from the number of dishes for each PFO + RER-1 combination (= 15)
was: i) in the plugs from the PFO-dominated area: 15 for both PFO strains, O for RER-1; ii) in the
plugs from the RER-1-dominated area: 15 for RER-1, O for both PFO strains; and iii) in the
overlapping area: 15 for both PFO strains and for RER-1. The same evaluation was performed after
10 weeks from the beginning of the experiment.

After one week from the beginning of the experiment, we also measured the diameters of
three colonies in each dish, each colony representing one of the three areas described above. From

the three colonies representing the overlapping area, only the middle was measured. The obtained



values were tested with Levene’s test for homogeneity of variances and with Kolmogorov-
Smirnov’s test for normal distribution. Because the assumptions of ANOVA were met, they could
be analyzed using 3-way ANOVA, where the PFO strain (PFO-F and PFO-H), the origin of the plug
(the PFO-dominated, the RER-1-dominated, and the overlapping area), and the dish (1 to 15 for
both PFO + RER-1 combinations) were chosen as independent factors and the colony diameter as a
dependent variable. The effect of the dish was nested in the effect of the PFO strain. Statistically
significant differences between the variants (= the PFO + RER-1 combinations) and between their
sub-variants (= the different areas of the PFO/RER-1 dominance) were evaluated using a HSD test

(p=0.05).

Experiment 2

Each of twelve Petri dishes with MMN was inoculated with five agar plugs, one plug from
the PFO-dominated area, one from the RER-1-dominated area, and three plugs from the overlapping
area. The plugs were obtained and arranged in the dishes in the same way as in Experiment 1. This
design was chosen to ensure that the seedlings from the different sub-variants would develop under
similar environmental conditions, especially under similar humidity and similar CO, concentration.
The same design as Experiment 1 also enabled a comparison of results of both experiments. Six of
the dishes contained the PFO-F + RER-1 combination and six dishes contained the PFO-H + RER-1
combination. The dishes with the plugs were incubated one week at room temperature in the dark.
Then, six-week-old axenic seedlings of V. myrtillus were inserted into the central part of each plug.
The dishes with the seedlings were sealed with Parafilm™ and with a protective adhesive tape and
cultivated in a growth chamber (16/8h day/night, 23°C, 150 umol m™*s™). There were five seedlings
in each dish, one seedling in the plug from the PFO-dominated area, three seedlings in the plugs
from the overlapping area and one seedling in the plug from the RER-1-dominated area. Figure 3
illustrates the positioning of the plugs with the seedlings in the dishes.

After two months, the seedlings were carefully extracted from the dishes and weighed.
From the seedlings representing the overlapping area, only the middle was weighed. The seedlings
were too small to measure their dry weight, especially when their roots were separated for an
estimation of colonization rates. Thus, only their total fresh weight (TFW) could be recorded. The
use of TFW as an indicator of biomass production is, in our opinion, justified by the fact that the
seedlings from all three sub-variants were cultivated together under the same water and CO, regime.
Two seedlings from the PFO-dominated area died back during cultivation, one in the PFO-F +
RER-1 variant and one in the PFO-H + RER-1 variant. To maintain the same number of dishes in
each sub-variant, we included the TFW of the seedlings from the dishes with the withered seedlings,
considering the TFW of both withered seedlings as zero, in the statistical analysis. The obtained
values were tested with Levene’s test for homogeneity of variances and with Kolmogorov-

Smirnov’s test for normal distribution. Because the assumptions of ANOVA were met, they could



be analyzed using 3-way ANOVA, where the PFO strain, the origin of the plug, and the dish (1 to 6
for both PFO + RER-1 combinations) were chosen as independent factors and TFW of the V.
myrtillus seedlings as a dependent variable. The effect of the dish was nested in the effect of the
PFO strain. Statistically significant differences between the variants and their sub-variants were
evaluated using a LSD test (p = 0.05).

After weighing, the roots of the seedlings were separated from the shoots, cleared in 10%
KOH, acidified in 3% HCI, and stained with trypan blue. All stained roots were then screened at
high magnifications (400x or 1000x) for the presence of ErM and DSE structures using a light
microscope equipped with DIC. We considered intracellular dense hyaline coils or loops as
indicators of ErM and microsclerotia and/or thick dark or hyaline septate hyphae as indicators of
DSE-association. In addition to these characteristic structures, we also found loose intracellular
loops formed by fine hyaline hyphae (Fig. 4), which were morphologically intermediate between
the ErM and the DSE colonization patterns.

After this preliminary screening, we selected the seedlings with the root systems formed by
at least four lateral roots and recorded their colonization by DSE-association, ErM, and intermediate
structures (IS). The colonization was recorded on a cell-by-cell basis in at least four lateral roots per
screened seedling. At least 400 rhizodermal cells (100 cells per lateral root) were evaluated in the
smallest root systems, but in average 750 cells were evaluated per root system. Then, for each
screened seedling we calculated the average colonization by DSE-association, ErM, and IS as well
as the ratios (1) between the DSE-colonized and the non-colonized cells, (2) between the ErM-
colonized and the non-colonized cells, (3) between the colonized (= DSE + ErM + IS) and the non-
colonized cells, and (4) between the DSE-colonized and the ErM-colonized cells. When the root
system of a seedling was colonized by only one type of root-fungus association, we enabled the
calculation of the ratios by considering that just one cell of such seedling was colonized by the other
type. The obtained values were tested with Levene’s test for homogeneity of variances and with
Kolmogorov-Smirnov’s test for normal distribution. The ratios between the DSE- and the ErM-
colonized cells were log-transformed. After that, the assumptions of ANOVA were met and we
analyzed the ratios using 3-way ANOVA, where the PFO strain, the origin of the plug, and the dish
were chosen as independent factors and the four ratios as dependent variables. The effect of the dish
was nested in the effect of the PFO strain. Statistically significant differences between the variants

were evaluated using a LSD test (p = 0.05).

Results

Experiment 1

After one week from the beginning of the experiment, the observed frequencies of all three fungi
did not significantly differ from the expected frequencies. In the PFO-F + RER-1 variant, the PFO-F
mycelium occupied at least one half of the colony in 30 plugs (= 15 plugs from the PFO-F-



dominated area + 15 plugs from the overlapping area) vs. the expected 30 plugs (x*= 0.00, d.f. = 2,
p < 1.00) and the RER-1 mycelium occupied at least one half of the colony in 27 plugs (= 15 plugs
from the RER-1-dominated area + 12 plugs from the overlapping area) vs. the expected 30 plugs (}2
=0.60, d. f. =2, p < 0.74). In the PFO-H + RER-1 variant, the PFO-H mycelium occupied at least
one half of the colony in 30 plugs (= 15 plugs from the PFO-H-dominated area + 15 plugs from the
overlapping area) vs. the expected 30 plugs (x* = 0.00, d. f. =2, p < 1.00) and the RER-1 mycelium
occupied at least one half of the colony in 29 plugs (= 15 plugs from the RER-1-dominated area +
14 plugs from the overlapping area) vs. the expected 30 plugs (° = 0.07, d. f. =2, p < 0.97).

After 10 weeks however, the observed frequencies of the RER-1 mycelium significantly
differed from the expected frequencies. In the PFO-F + RER-1 variant, the RER-1 mycelium
occupied at least one half of the colony in 13 plugs (= 12 plugs from the RER-1-dominated area + 1
plug from the overlapping area) vs. the expected 30 plugs (x* = 13.67, d. f. =2, p < 0.001). In the
PFO-H + RER-1 variant, the RER-1 mycelium occupied at least one half of the colony in 8 plugs (=
8 plugs from the RER-1-dominated area + O plugs from the overlapping area) vs. the expected 30
plugs (x> = 18.27, d. f. = 2, p < 0.0001). The observed frequencies of the mycelium of both PFO
strains did not differ from the expected frequencies after 10 weeks (in both cases X2 =0.00,d. f. =2,
p < 1.00). The PFO-F mycelium occupied at least one half of the colony in 44 plugs (= 15 plugs
from the PFO-F-dominated area + 15 plugs from the overlapping area + 14 plugs from the RER-1-
dominated area) vs. the expected 30 plugs and the PFO-H mycelium occupied at least one half of
the colony in 38 plugs (= 15 plugs from the PFO-H-dominated area + 15 plugs from the overlapping
area + 8 plugs from the RER-1-dominated area) vs. the expected 30 plugs.

There were significant effects of the PFO strain (F = 11.9, p = 0.0009), the origin of the
plug (F = 147.5, p = 0.0000), and the interaction between the PFO strain and the origin of the plug
(F = 18.9, p = 0.0000) on the size of the colonies radiating from the plugs. The effect of the dish
was not significant (F = 1.4, p = 0.25). The colonies from the PFO-F + RER-1 variant radiating
from the plugs from the PFO-F-dominated area had an average diameter of 1.60 = 0.03 cm (mean +
SE; significantly different group d), from the overlapping area an average diameter of 1.53 £ 0.03
cm (cd), and from the RER-1-dominated area an average diameter of 1.37 £ 0.03 cm (b). The
colonies from the PFO-H + RER-1 variant radiating from the plugs from the PFO-H-dominated area
had an average diameter of 1.63 £+ 0.03 cm (d), from the overlapping area an average diameter of
1.47 £ 0.02 cm (bc), and from the RER-1-dominated area an average diameter of 1.14 £ 0.04 cm (a)
(Table 1).

Experiment 2
Beside the characteristic DSE and ErM structures (see Materials and Methods), the V.
myrtillus roots were colonized by loose intracellular loops formed by fine hyaline hyphae (Fig. 4).

This colonization pattern was morphologically intermediate between the DSE and the ErM



colonization patterns and was therefore distinguished as a separate colonization category. It was
more prominent in the PHO-H + RER-1 variant than in the PFO-F + RER-1 variant, reaching up to
7% and 1% of the screened root cells, respectively.

There was a significant effect of the origin of the plug (F =6.4, p=0.017) on TFW of the V.
myrtillus seedlings. There was no significant effect of the PFO strain (F = 0.7, p = 0.42), the dish (F
= 1.7, p = 0.19), or the interaction between the PFO strain and the origin of the plug (F = 0.3, p =
0.61). The seedlings from the PFO-F + RER-1 variant growing from the plugs from the PFO-F-
dominated area had an average weight of 10.5 £ 2.3 mg (ab) and an average 23% colonization by
PFO-F and 5% colonization by RER-1. The seedlings from the overlapping area had an average
weight of 12.7 £ 1.8 mg (b) and an average 15% colonization by PFO-F and 20% colonization by
RER-1. The seedlings from the RER-1-dominated area had an average weight of 14.9 + 2.3 mg (b)
and an average 14% colonization by PFO-F, 27% colonization by RER-1, and 1% colonization by
IS. The seedlings from the PFO-H + RER-1 variant growing from the plugs from the PFO-H-
dominated area had an average weight of 5.8 £ 2.0 mg (a) and an average 43% colonization by
PFO-H and 7% colonization by IS. The seedlings from the overlapping area had an average weight
of 15.4 + 1.8 mg (b) and an average 28% colonization by PFO-H, 15% colonization by RER-1, and
7% colonization by IS. The seedlings from the RER-1-dominated area had an average weight of
12.5 £ 2.4 mg (b) and an average 11% colonization by PFO-H, 36% colonization by RER-1, and
2% colonization by IS (Table 1).

There was a significant effect of the PFO strain (F = 8.6, p = 0.009) and the origin of the
plug (F = 3.6, p = 0.050) on the ratio between the DSE-colonized and the non-colonized root cells
of V. myrtillus seedlings. In the seedlings from the PFO-F + RER-1 variant growing from the plugs
from the PFO-F-dominated area the ratio was 0.35 £+ 0.11 (ab), in the seedlings growing from the
overlapping area the ratio was 0.25 £+ 0.09 (a), and in the seedlings growing from the RER-1-
dominated area the ratio was 0.21 £ 0.09 (a). In the seedlings from the PFO-H + RER-1 variant
growing from the plugs from the PFO-H-dominated area the ratio was 0.86 + 0.06 (c), in the
seedlings growing from the overlapping area the ratio was 0.64 + 0.17 (bc), and in the seedlings
growing from the RER-1-dominated area the ratio was 0.25 + 0.11 (a) (Table 1). There were no
effects of the dish (F = 0.11, p = 0.88) and the interaction between the PFO strain and the origin of
the plug (F = 1.8, p=0.19).

There was a significant effect of the origin of the plug (F = 10.1, p = 0.001) on the ratio
between the ErM-colonized and the non-colonized root cells of the V. myrtillus seedlings. In the
seedlings from the PFO-F + RER-1 variant growing from the plugs from the PFO-F-dominated area
the ratio was 0.09 £+ 0.07 (ab), in the seedlings growing from the overlapping area the ratio was 0.32
+ (.08 (abc), and in the seedlings growing from the RER-1-dominated area the ratio was 0.39 +0.11
(c). In the seedlings from the PFO-H + RER-1 variant growing from the plugs from the PFO-H-

dominated area the ratio was 0.01 + 0.01 (a), in the seedlings growing from the overlapping area the



ratio was 0.33 + 0.13 (bc), and in the seedlings growing from the RER-1-dominated area the ratio
was 0.72 £ 0.08 (d) (Table 1). There were no significant effects of the PFO strain (F = 1.6, p =
0.22), the dish (F = 0.2, p = 0.82), and the interaction between the PFO strain and the origin of the
plug (F=2.1, p=0.15).

There were no significant effects of the origin of the plug (F = 1.5, p = 0.25) and the dish (F
= 1.0, p = 0.38) on the ratio between the colonized and the non-colonized rhizodermal cells of the V.
myrtillus seedlings. Also, the effect of the interaction between the PFO strain and the origin of the
plug was not significant (F = 0.33, p = 0.72). The effect of the PFO strain was only marginally
significant (F = 3.4, p =0.079) (Table 1).

There was a significant effect of the origin of the plug (F = 14.9, p = 0.0001) on the ratio
between the DSE-colonized and the ErM-colonized rhizodermal cells of the V. myrtillus seedlings.
In the seedlings from the PFO-F + RER-1 variant growing from the plugs from the PFO-F-
dominated area the ratio was 64.6 + 38.8 (cd), in the seedlings growing from the overlapping area
the ratio was 1.05 + 0.46 (ab), and in the seedlings growing from the RER-1-dominated area the
ratio was 0.44 £ 0.17 (a). In the seedlings from the PFO-H + RER-1 variant growing from the plugs
from the PFO-H-dominated area the ratio between the DSE-colonized and the ErM-colonized cells
was 151.8 £ 64.7 (d), in the seedlings growing from the overlapping area the ratio was 28.91 + 27.1
(bc), and in the seedlings growing from the RER-1-dominated area the ratio was 0.34 + 0.14 (a)
(Table 1). There were no significant effects of the PFO strain (F = 1.0, p = 0.32), the dish (F=0.1, p
= 0.92), and the interaction between the PFO strain and the origin of the plug (F = 1.27, p=0.31).

Discussion

The mycorrhizal character of the typical ErM fungus R. ericae is well acknowledged (Read, 1996;
Cairney and Meharg, 2003). In contrast with R. ericae, the mycorrhizal status of the typical DSE
fungus P. fortinii is less clear, also due to the considerably lower number of investigations
(Mandyam and Jumpponen, 2005). Jumpponen (2001) concluded that because of the beneficial
effects caused by inoculation with P. fortinii, its relationship with host plants was mycorrhizal, “at
least under some conditions”.

However, beneficial effects of root-inhabiting fungi are usually assessed by comparing the
fitness of the plants inoculated with single fungal strains with the fitness of non-inoculated plants.
This approach poorly reflects the situation at natural sites where ericaceous plants can be
simultaneously colonized by both ErM and DSE fungi (Hambleton and Currah, 1997; Urcelay,
2002; Rains et al., 2003; Midgley et al., 2004; Peterson et al., 2004; Bougoure & Cairney, 2005;
Cazares et al., 2005) and individual plants differ in the levels of ErM and DSE colonization rather
than in the presence or total absence of these associations (M. Vohnik, unpublished data). In this
study, we focused on the mode of P. fortinii/R. ericae co-existence and the interaction between

these two fungi in a common culture in vitro. We also attempted to trace the effects of the



interaction between P. fortinii and R. ericae on their common host plants. Similarly to the situation
at natural sites, the experimental plants were simultaneously colonized by both types of fungi and
differed mainly in the levels of colonization by DSE and ErM. We asked whether this difference
would be reflected in the growth of the experimental plants.

The results from Experiment 1 illustrate the behavior of P. fortinii and R. ericae in a
common culture in vitro. After one week of cultivation, there were significant effects of the PFO
strain, the origin of the plugs, and the interaction between the PFO strain and the origin of the plugs
on the diameter of the colonies emerging from the plugs. Both P. fortinii strains had similar growth
rates in the P. fortinii-dominated areas, but the average diameter of the RER-1 colonies radiating
from the RER-1-dominated areas was significantly higher in the PFO-F + RER-1 variant than in the
PFO-H + RER-1 variant. This means that already after one week of co-cultivation, P. fortinii strain-
specifically influenced the growth of the RER-1 dominated colonies. Towards RER-1, PFO-H was
more suppressive than (or less compatible with) PFO-F.

In contrast with the situation after one week of cultivation, after 10 weeks of cultivation,

both PFO strains dominated all except one plug from the overlapping area (this plug was co-
dominated by PFO-F and RER-1). Both PFO strains apparently had the ability to dominate over
RER-1 in a common in vitro culture where the ratio between PFO and RER-1 mycelium was 1 : 1 at
the beginning of the cultivation, as in the case of the plugs from the overlapping area.
RER-1 mycelium dominated one plug and co-dominated 11 plugs from the RER-1-dominated area
in the PFO-F + RER-1 variant and dominated seven plugs and co-dominated one plug from the
RER-1-dominated area in the PFO-H + RER-1 variant. Thus, in the colonies radiating from the
plugs from the RER-1-dominated area, the prevailing mode of the PFO-F vs. RER-1 interaction was
a coexistence of their mycelia, whereas it was the dominance of one mycelium over the other in the
case of the PFO-H vs. RER-1 interaction. These results support the hypothesis that PFO-H is less
compatible with RER-1 than PFO-F.

Based on the results of Experiment 1, we can presume that the main difference between the
variants in Experiment 2 was the mode of interaction between P. fortinii and R. ericae and the main
difference between the sub-variants within these variants were proportions of PFO and RER-1
mycelium in the rhizosphere of the V. myrtillus seedlings. In Experiment 2, we investigated whether
these differences would affect the growth and DSE/ErM colonization rates of V. myrtillus seedlings.

There was a significant effect of the origin of the plug (= the area from which the plug was
extracted at the beginning of Experiment 2) on TFW of the V. myrtillus seedlings. In general, the
seedlings growing from the plugs from the RER-1-dominated and the overlapping areas had higher
TFW than the seedlings growing from the PFO-dominated areas. This was notable especially in the
case of the PFO-H + RER-1 variant, where TFW of the seedlings from the RER-1-dominated area
and from the overlapping area were significantly higher than TFW of the seedlings from the PFO-

H-dominated area.



Considering the results of Experiment 1 and the fact that both P. fortinii and R. ericae affect
their host plants primarily through formation of an intracellular association with their roots, the
differences in the growth of the V. myrtillus seedlings could be explained by looking at the
DSE/ErM colonization levels in their roots. Therefore in Experiment 2, we in parallel investigated
whether the differences in behavior of both PFO strains towards RER-1 would influence the
intracellular colonization rates of V. myrtillus roots and whether different DSE/ErM colonization
rates would be connected with differences in the growth of V. myrtillus seedlings. The following
ratios were considered: (1) the DSE-colonized : non-colonized cells, (2) the ErM-colonized : non-
colonized cells, (3) the colonized : non-colonized cells, and (4) the DSE-colonized : ErM-colonized
cells.

There was not a significant difference in the (1) ratio among the sub-variants in the PFO-F +
RER-1 variant (the ratios from all three sub-variants were similar to the ratio in the RER-1-
dominated area from the PFO-H + RER-1 variant), but there was a significant difference in this
ratio among the sub-variants in the PFO-H + RER-1 variant, where the highest ratio was in the
seedlings growing from the plugs from the PFO-H-dominated area and the lowest in the seedlings
growing from the plugs from the RER-1 dominated area. It means that PFO-F had lower
colonization potential than PFO-H and that this potential was only marginally affected by the
interaction with RER-1. On the other hand, the colonization potential of PFO-H was higher than
PFO-F but was suppressed in the seedlings growing from the plugs from the RER-1-dominated area
to the PFO-F level. In both variants, the highest (2) ratio had the seedlings from the RER-1-
dominated areas and the lowest ratio had the seedlings from the PFO-dominated areas. This trend
was evident especially in the PFO-H + RER-1 variant. The (4) ratio was highest in the seedlings
growing from the plugs from the PFO-dominated areas and lowest in the seedlings growing from
the plugs from the RER-1-dominated areas. Again, this trend was especially evident in the PFO-H +
RER-1 variant. As can be seen, the proportions of DSE and ErM colonization tended to be
negatively correlated.

Similarly to our previous unpublished observations from both in vitro and in field
conditions, we found structures intermediate between the DSE and the ErM colonization pattern in
the roots of the V. myrtillus seedlings. Their incidence reached up to 7% of the root cells in two sub-
variants in the PFO-H + RER-1 variant, but only 1% in one sub-variant in the PFO-F + RER-1
variant. This difference suggests that IS were strain-specifically formed by PFO-H and hence, they
belonged to DSE-association. Post hoc inclusion of IS into the DSE-colonization category would
probably accent the difference between the colonization potential of PFO-F and PFO-H in
Experiment 2. However, we decided to keep the IS-colonization category to emphasize their
existence in ericaceous roots. IS might be parallel to hyaline hyphae observed by Yu et al. (2001) or

Barrow (2003) in non-ericaceous roots. Because of similarity with the ErM colonization pattern, IS
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might hamper proper evaluation of DSE/ErM colonization levels in ericaceous roots from field
samples.

In the PFO-F + RER-1 variant, the relationship between the DSE/ErM colonization rates
and the growth of the V. myrtillus seedlings is unclear, partly because there are no significant
differences in the growth of the seedlings and no sharp differences in the colonization levels as in
the PFO-H + RER-1 variant. The only trend that can be deduced based on the results is a negative
correlation between TFW and the (4) ratio (see Table 1).

In the PFO-H + RER-1 variant however, there was a significant difference between TFWs
of the seedlings growing from the plugs from the PFO-H-dominated area and TFWs of the seedlings
growing from the plugs from the overlapping and the RER-1-dominated areas. In this variant, we
can see a positive correlation between TFW and the (2) ratio and a negative correlation between
TFW and the (4) ratio.

Supposing that the interaction between the two PFO strains and RER-1 was similar in both
experiments, we can conclude that the growth of the V. myrtillus seedlings expressed as their TFW
was significantly influenced by different proportions of PFO and RER-1 mycelia in their
rhizosphere (= the effect of the origin of the plug). This probably caused the differences in the DSE
and the ErM colonization rates and in the ratio between them. The growth of the seedlings tended to
be positively correlated with increased ErM colonization and decreased DSE colonization. The
differences in the DSE/ErM colonization rates were more pronounced in the PFO-H + RER-1
variant. Considering the results of Experiment 1, this could be due to lower compatibility between
PFO-H and RER-1 than between PFO-F and RER-1.

To our knowledge, this study is the first comparison of the effects of DSE-association and
ErM on the growth of common host plants. In addition, we for the first time showed a strain-
specific linkage of proportions of DSE and ErM mycelium in the rhizosphere with proportions of
DSE and ErM colonization and the growth of host plants under in vitro conditions. Interpretation of
results of in vitro studies with respect to natural situations is certainly very limited. However, results
of Experiment 1 indicate strain-specific interactions between P. fortinii and R. ericae, which might
influence their coexistence also in the rhizosphere of ericaceous plants at natural sites. Such
interactions might influence ericaceous host plants in a similar way as in Experiment 2.

In our study, DSE colonization had a relatively neutral to negative effect and ErM
colonization had a relatively positive effect on the growth of the host plants. The neutral effect of
DSE colonization on the growth of host plants found in this study corresponds with results of our
previous study (Vohnik et al., 2003), where we found a neutral effect of inoculation with both PFO-
F and PFO-H on the growth of Rhododendron cv. Belle-Heller. The positive effect of colonization
by R. ericae corresponds with generally accepted positive influence of ErM fungi on their host

plants (Smith and Read, 1997). Our study shows that besides the expectable improved nutrition of
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its host plants, the positive effect of R. ericae could be seen in the moderation of the levels of DSE

colonization.
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FIGURES:

Figure 1: A dish with mycelium of Phialocephala fortinii and Rhizoscyphus ericae, from which the

plugs for the experiments were taken (for details see Materials and Methods).
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Fig 2: Positioning of the plugs with radiating P. fortinii and R. ericae mycelium in Experiment 1.
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Fig 3: Positioning of the plugs with radiating P. fortinii and R. ericae mycelium and inserted

Vaccinium myrtillus seedlings in Experiment 2;
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Fig 4: The three colonization categories found in the V. myrtillus roots: upper right picture = the
DSE colonization pattern with intracellular microsclerotia (arrows); lower left picture = the ErtM
colonization pattern with dense intracellular coils (arrows); background picture = the structures
intermediate between the DSE and the ErM colonization pattern (arrowheads). Bars correspond to

50pm.
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TABLE 1: I = Colony diameter (cm); II = Fresh weight of the V. myrtillus seedlings (mg); III = Percentual colonization of the V. myrtillus seedlings by DSE — ErtM
— intermediate structures (%); IV = The ratio between DSE-colonized and non-colonized root cells of the V. myrtillus seedlings; V = The ratio between ErM-
colonized and non-colonized cells of the V. myrtillus seedlings; VI = The ratio between colonized (= DSE + ErM + intermediate structures) and non-colonized cells
of the V. myrtillus seedlings; PFO = the P. fortinii-dominated area; Overlap = the overlapping area; RER-1 = the R. ericae-dominated area; PFO-F = P. fortinii
strain PFO-F; PFO-H = P. fortinii strain PFO-H. The first number in the brackets in the “Strain” column indicates the number of repetitions for I, the second number
indicates the number of repetitions for II and the third number indicates the number of repetitions for III, IV, V and VI. The values are mean + SD. The different

letters indicate significantly different groups (a HSD test for I, a LSD test for II to VII; p = 0.05). For details see Materials and Methods.

Origin Strain I II 11X v v VI Vi1
PFO PFO-F (15; 6; 4) 1.60+0.03d 10.5+2.3 ab 23-5-0 0.35+0.11ab  0.09 £0.07 ab 0.43+0.16 a 64.6 £38.8 c¢d
PFO-H (15; 6; 3) 1.63+0.03d 58+20a 43-0-7 0.86 £0.06 ¢ 0.01+£0.01 a 1.00+0.12a 151.8 +64.7d
Overlap PFO-F (15; 6; 5) 1.53 £0.03 c¢d 12.7+1.8b 15-20-0 025+0.09a 032+0.08abc 0.58+0.11a 1.05 +£0.46 ab
PFO-H (15; 6;5) | 1.47+£0.02 be 154+1.8b 28-15-7 0.64+0.17bc  0.33£0.13 be 1.13+031a 2891 +27.1bc
RER-1 PFO-F (15; 6; 5) 1.37+0.03 b 149+23b 14-27-1 0.21 £0.09 a 039+0.11¢ 0.61+0.19a 0.44+0.17 a
PFO-H (15; 6; 4) 1.14+0.04 a 125+2.4b 11-36-2 025+0.11a 0.72+0.08 d 1.03+22a 034+0.14a
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Abstract

A pioneering attempt to simultaneously introduce an ericoid mycorrhizal (ErM) Oidiodendron
maius Barron (O.m.) and two strains of dark septate endophyte (DSE) Phialocephala fortinii Wang
& Wilcox (strain P.f. F and P.f. H) into root systems of individual Rhododendron cv. Azurro plants
was conducted in split root systems. The inoculation had no effect on total biomass of inoculated
rhododendrons. However, plants accumulated more root biomass into compartments inoculated
with P.f. H than to those non-inoculated or inoculated with P.f. F. Plants with the highest foliar P
concentrations had been inoculated with O.m., co-inoculated with O.m. and P.f. H and inoculated
with P.f. H. Inoculation with O.m. and co-inoculation with O.m. and P.f. H also altered N uptake.
Inoculation with O.m. and its co-inoculation with both P. fortinii strains decreased foliar C:N
ratios. All fungi colonized host roots at low levels, P.f. F being the most successful colonizer.
Contrary to the other fungi, O.m. also colonized Rhododendron microcuttings at low levels in vitro,
and the colonization pattern was distinct from Hymenoscyphus ericae. Both P. fortinii strains
exhibited a typical DSE colonization pattern in vitro. Our study indicates that O. maius and P.
fortinii positively affect host plant nutrition and demonstrates interactions between separately

developing ErM and DSE fungi, which significantly affect plant physiology.

Key words: ericoid mycorrhiza, dark septate endophytes, DSE-association, split root

system, colonization level, pseudomycorrhiza, co-inoculation

Introduction

Members of Ericaceae dominate vast areas in both Northern and Southern hemisphere, which are
often characterized by “harsh edaphic conditions” (Cairney and Meharg 2003). These conditions
include low pH, low nutrient availability, high soil C:N ratio and high contents of phenolic

compounds and toxic elements (Smith and Read 1997). The roots of members of Ericaceae are



colonized by ErM fungi, which are regarded as important mutualistic associates. ErM fungi
positively influence growth, survival and competitiveness of their host species by enhancing
nutrient uptake (Read 1996, Read and Perez-Moreno 2003) and alleviating heavy metal toxicity
(Perotto et al., 2002).

The genus Oidiodendron contains a number of fungi, which inhabit the roots of ericaceous
species (Couture et al., 1983, Dalpé 1986, Xiao and Berch 1995, Johansson 2001), including
rhododendrons (Douglas et al., 1989, Currah et al., 1993a, Jansa and Vosatka 2000, Usuki et al.,
2003). Among oidiodendrons, O. maius is frequently detected in roots of ericaceous species
(Perotto et al., 2002). However, the ecophysiological role of oidiodendrons in the rhizosphere of
ericaceous species has not been studied extensively: there is only little, if any, experimental work
on nutrient uptake by plants inoculated with Oidiodendron species. This contrasts with their
frequent occurrence and isolations from ericoid mycorrhizal roots from natural sites. Our general
knowledge about the effects of oidiodendrons on the physiology of ericaceous plants is limited to
reports about their heavy metal resistance (Martino et al., 2000) and saprotrophic capabilities (Rice
and Currah 2001, Piercey et al., 2002). The majority of the data regarding nutrient uptake in ErM is
based on experiments with H. ericae (Bajwa and Read 1985, Bajwa et al 1985, Kerley and Read
1995, Kerley and Read 1997, Kerley and Read 1998).

In addition to ErM fungi, root endophytes belonging to the miscellaneous group of DSE
fungi are reported to colonize roots of ericaceous plants. The DSE comprise ascomycetous fungi
with a ubiquitous distribution and wide range of host plants, yet their effects on host physiology are
ambiguous (Jumpponen and Trappe 1998a). P. fortinii, the most prominent DSE fungus, was found
in roots of several ericoid species (Stoyke et al., 1992, Currah et al., 1993b, Ahlich and Sieber
1996), including rhododendrons (for list see Jumpponen and Trappe 1998a). Similarly to
oidiodendrons, our knowledge about the ecophysiological significance of DSE is scarce. Plant
responses to DSE generally vary from negative to positive (Jumpponen and Trappe 1998a,
Jumpponen 2001), and inoculation with DSE often causes no apparent effect on biomass
production or nutrient uptake by host plants in pot cultures (Jumpponen and Trappe 1998b, Vohnik
et al., 2003). Nevertheless, stressing their potential to improve plant growth and nutrient uptake
under certain conditions, Jumpponen (2001) qualified their effect on host plants as “mycorrhizal”.

It can be expected that at natural sites with ericaceous plant species, both ErM and DSE
fungi occur together in the soil and interact. The nature of these interactions is, however, unknown.
Direct observations have confirmed multiple colonization in roots of ericaceous species. Urcelay
(2002) reported the simultaneous occurrence of ErM, DSE and even arbuscular mycorrhiza in roots
of Gaultheria poeppiggi DC (Ericaceae). Also, molecular methods proved the simultaneous
presence of ErM (H. ericae-like and oidiodendrons) and DSE (P. fortinii) fungi within the same
root system (Midgley et al., 2004).

To contribute to the understanding of physiological processes in ericaceous host plants

influenced by ericoid mycorrhizal oidiodendrons and DSE fungi, we focused on the effects of (co-



)inoculation with O. maius and two strains of P. fortinii on growth, nutrient uptake and root
biomass distribution in Rhododendron cv. Azurro. Two experiments were conducted. The Fungal
Compatibility Experiment, carried out in split Petri dishes with tissue culture derived cuttings,
screened for compatibility of the fungal isolates with rhododendrons. A parallel Fungal Efficacy
Experiment was conducted in split root systems to ensure spatial isolation of two fungi, inoculated
into an individual root system, and was designed to screen the effects of inoculated fungi on their

host plants.

Materials and Methods

Fungal Compatibility Experiment

Tissue culture derived Rhododendron sp. cuttings with newly emerging roots were introduced into
split Petri dishes (Figs. 1a-4a) with perforated central septa and root compartments containing the
medium (MMR throughout the following text) after Dalpé (1986), which is modified from Mitchell
and Read (1981). Root compartments were inoculated with pieces of agar overgrown by mycelium
of following fungal strains: Oidiodendron maius B, Phialocephala fortinii F, Phialocephala fortinii
H and a strain of Hymenoscyphus ericae, included for the comparison of the colonization pattern of
this prominent ericoid mycorrhizal fungus with O. maius B. The fungal strains were pre-cultivated
two months prior to the experiment in the dark at room temperature on PDA media (39 g.I”,
Difco). O. maius B was previously isolated from Rhododendron sp., P. fortinii F from Vaccinium
myrtillus L. and P. fortinii H from Rhododendron sp. (Jansa and Vosdtka 2000). These strains were
identified both morphologically and using phylogenetic analysis (Vohnik et al. 2003). H. ericae
was the isolate from Leake and Read (1989), originally isolated from Calluna vulgaris Hull. One
set of split dishes was left non-inoculated. After the inoculation all dishes were sealed with
Parafilm™, and the root compartments were wrapped with aluminum foil to block light radiation.
There were 5 cuttings in each treatment, including a non-inoculated control.

After 3 months from the inoculation, the roots of the cuttings were separated from the
shoots, divided into halves and stained either with trypan blue or chlorazol black, respectively,
according to the method described by Brundrett et al. (1996). Roots were then observed at high
magnification (400-1000x) with DIC, using Olympus BX60 microscope. Pictures were taken with
Olympus DP70 camera.

Fungal Efficacy Experiment

Rooted tissue culture derived cuttings of Rhododendron cv. Azurro of equal total and root system
size were planted into split root systems composed of two Petri dishes. Prior to the introduction of
experimental plants, all dishes were perforated at the side to allow insertion of roots (Fig. 5a).
Dishes were then filled with peat:perlite (2:1) substrate amended with a slow release fertilizer
(Osmocote, 5-6 months release time, 2g.1") and autoclaved twice in consecutive 24-hr periods at

121°C for 60 minutes.



Plants, 50 total, in the split root systems were cultivated in a growth chamber (16/8h,
25/20°C day/night, 150umol m™s™, 85+5% relative humidity) and regularly watered two times per
week with de-ionized water. After 50 days of cultivation, the split root system of each plant was
visually checked to ensure the roots were distributed equally between both dishes. This procedure
resulted in a selection of 42 plants of similar size and equal root distribution, which were then used
for the experiment.

Mycelium of O. maius B, P. fortinii F and P. fortinii H was pre-cultivated for two months
on PDA media (39g of PDA powder, Difco, per 1L of de-ionized water) at room temperature in the
dark. Plants in the split root systems were inoculated i) separately with single fungal strains onto
one dish (then the other dish remained non-inoculated) — treatments B=0. maius B, F=P. fortinii F
and H=P. fortinii H or ii) simultaneously with two different fungal strains, each inoculated into one
of the dishes — treatments BF=0. maius B+P. fortinii F and BH=0. maius B+P. fortinii H. At the
beginning of the experiment, there were 7 plants in each treatment including a non-inoculated
control. The inoculation was performed by pipetting the inoculum onto the substrate in the dishes.
The inoculum was prepared by homogenizing the mycelium of the respective fungus (together with
the agar growth medium from below the colony) from 3 Petri dishes with 300ml of autoclaved
water. In the case of both P. fortinii strains, which in two months had overgrown the whole surface
of medium in dishes, the total content of the dishes (the mycelium + the growth medium) was
homogenized. For O. maius cultures, which did not overgrow the whole surface, we excised only
the fungal colonies and the medium directly below them. Sml of the suspension were used per each
inoculation resulting in a total amount of 5ml added per plant in treatments B, F and H and 10ml in
treatments BF and BH. Unequal inoculum volume as well as the presence of residues of the growth
medium in the inoculum did not influence the analyzed parameters of inoculated plants (see
Results). Both dishes of control plants remained non-inoculated. The control variant was set up to
find whether the root biomass distribution at the end of the experiment would be equal between the
two non-inoculated dishes of the same plant, thus the shift in the root biomass was due to the
inoculation. After the inoculation, each dish was wrapped with aluminum foil and placed into a
plastic sack to prevent cross-contamination between dishes (Fig. 5b). The experimental plants were
randomly placed in the growth chamber and regularly watered two times per week with de-ionized
water.

The roots were harvested 16 weeks after the inoculation. One of the rhododendrons
inoculated with O. maius B developed extremely badly compared to the rest of plants and was
excluded from the measurements. The shoots were separated from the roots, and the leaves were
counted and their area measured (LI-3100 Area Meter, LI-COR Inc., USA). The shoots were then
dried in an oven at 80°C for 10 hours and weighed to obtain the weight of the dried shoot biomass.
The dried leaves were homogenized in a grinding mill and analyzed for N, P, and C content
(methods after Ehrenberger and Gorbach, 1973). The concentration of P was expressed in pug/g of

the dried leaf biomass; the content of N and C was given as percentage of the two substances in the



analyzed samples. C:N ratio was calculated using percent carbon and nitrogen contents in the dried
leaves.

Roots from both dishes of one experimental plant were separated, washed under tap water,
dried with filtration paper and weighed. This yielded the total weight of the fresh root biomass of
the whole plant, and the total weights of the fresh root biomass from each of the two dishes,
belonging to the same plant. About one half of the roots from each dish were separated, weighed
again and the ratio between the weight of the separated part vs. the total weight of the fresh root
biomass from the same dish was calculated. The separated part was dried in an oven for 4 hours at
80°C and weighed again. Supposing that all parts of the root system would change their weight
during the drying the same way, we re-calculated the total weight of the dried roots from one dish
using the weight of the dried separated part and the ratio mentioned above. Obtained values were
used for the calculation of the total weight of the dried root biomass of the whole plant and for the
distribution of root biomass within the single root system. The distribution of root biomass within
the single root system was found by calculating the ratio between the weight of the dried root
biomasses in inoculated vs. non-inoculated dishes (treatments B, F, and H) and between weights of
the dried root biomasses from the dishes inoculated with O. maius B vs. inoculated with P. fortinii
F or P. fortinii H (treatments BF and BH).

Remaining roots not used for weighing were used to assess mycorrhizal colonization.
Roots were treated as in Fungal Compatibility Experiment and observed at high magnifications
with DIC, using the equipment listed above. The gridline intersection method (Brundrett et al.,
1996) proved unsuitable for evaluating colonization in the roots because of low colonization levels.
As an alternative to percent colonization, we divided roots into two related classes. The first class
represented poor colonization characterized by very scarce occurrence of both intra- and
extracellular hyphae, and the second class involved roots colonized in the same way at higher level
with occasional, but still scarce presence of hyphal clumps on the root surface.

Data were statistically analyzed for homogeneity of variances using Levene’s test and for
normal distribution using Chi-Square test. The data that did not have homogenous variances or
normal distribution were sqrt (foliar P content) or log transformed (foliar N and C content, the
distribution of root biomass) to meet assumptions of ANOVA. One-way ANOVA was used to
evaluate the effect of the inoculation on the weight of the dried shoot, root and total biomass, on
foliar nutrient content, C:N ratio and root biomass distribution. Calculated ratios of root biomass
distribution were divided into two groups: i) single fungus inoculation, the second dish non-
inoculated (treatments B, F and H) and ii) co-inoculation with two fungi, one dish inoculated with
O. maius B, the other with one of P. fortinii strains (treatments BF and BH) and the differences
between treatments were calculated within these groups. Significant differences between treatments
were evaluated using LSD test at p< 0.05. Statistica '™ 5.1 software was used for the statistical

analysis.



Results

Fungal Compatibility Experiment

There were no apparent differences in the growth and branching of the shoots among cuttings, and
all grew well without any signs of nutrient deficiency. Only the plants inoculated with O. maius B
seemed to exhibit less vigorous shoot growth compared to the others, but this observation was not
statistically evaluated because of a low number of replications per variant. Plants from all
treatments except those inoculated with O. maius B developed vigorous, branched root system
(Figs. 2a-4a). All fungal isolates except O. maius B grew sufficiently on the media. In contrast,
plants inoculated with O. maius B had reduced, dark pigmented and non-branched thick roots (Fig.
1a). O. maius B colonies grew very slowly reaching maximum diameter of 1.5 cm, compared to
Scm for H. ericae and 7 cm for both P. fortinii colonies, at the end of the experiment. O. maius B
colonies also produced a lightly brown pigment of unknown nature in the medium. Screening of
both trypan blue and chlorazol black stained roots revealed a typical DSE-colonization pattern in
treatments inoculated with P. fortinii F and P. fortinii H: abundant dark septate hyphae surrounded
the roots growing on its surface, penetrating rhizodermal cell walls and occasionally forming
primordia of hyaline microsclerotia (Fig. 3b). H. ericae formed typical ericoid mycorrhizal
colonization pattern: its hyphae grew along the root surface penetrating into rhizodermal cells and
filling them with dense hyphal coils (Fig. 2b). Trypan blue completely failed to stain mycelium of
O. maius B, and its intracellular hyphae were stained only lightly with chlorazol black. The
colonization pattern of O. maius B was distinct from H. ericae: its hyphae also formed intracellular
coils, but these had altered morphology and were looser compared to those of H. ericae (Fig. 1b).
The intracellular hyphae of O. maius B never filled the cells to such extent as those of H. ericae.
Cells colonized with hyphae of O. maius B in the described pattern, which resembled ErM, were
very scarce, and overall colonization was much less prominent and developed than that of H.

ericae.

Fungal Efficacy Experiment

The inoculation with either fungus had no significant effect on the weight of the dried shoot, root or
total biomass, shoot:root ratio, leaf area or number of leaves of experimental plants. However, the
inoculation had a significant effect on the distribution of root biomass within the root system of
plants inoculated with single fungal strains (F=3.28, p=0.042). This was expressed by statistically
different ratio between the weights of the dried root biomass found in inoculated vs. non-inoculated
dishes. Experimental plants developed significantly more root biomass in the dishes inoculated
with P. fortinii H than non-inoculated dishes (p=0.03) and dishes inoculated with P. fortinii F
(p=0.01). A similar but non-significant (p=0.097) trend was observed for dishes inoculated with O.
maius B, which appeared to favor root biomass distribution in comparison with P. fortinii F. The
distribution of root biomass in the group of plants co-inoculated with O. maius B and one of the P.

fortinii strains was not influenced by the inoculation (F=1.74, p=0.217).



The inoculation had significant effects on the foliar P content (F=7.05; p=0.0001). In
comparison with the non-inoculated control, the separate inoculations with O. maius B and P.
fortinii H increased the P content in the leaves 1.34 (p=0.00007) and 1.22 times (p=0.005),
respectively. The co-inoculation with O. maius B and P. fortinii H increased the P content in leaves
1.25 times (p=0.001) compared to the control and 1.23 times (p=0.002) compared to the co-
inoculation with O. maius B and P. fortinii F. The inoculation with O. maius B also increased the
foliar P content in comparison with P. fortinii F (1.25 times, p=0.001) and with the co-inoculation
with O. maius B and P. fortinii F (1.31 times, p=0.0002). P. fortinii H also increased the P content
in comparison with P. fortinii F (1.14 times, p=0.052). The inoculation also effected the N foliar
content, but this effect was only marginally significant (F=1.99; p=0.053). At the given level of
significance, the inoculation with O. maius B increased the N content 1.24 times (p=0.004)
compared to the control, 1.15 times (p=0.041) compared to the inoculation with P. fortinii F and
1.17 times (p=0.025) compared with P. fortinii H. Co-inoculation with O. maius B and P. fortinii H
also increased the N content comparing to the control (1.16 times, p=0.034). The inoculation had
no effect on the foliar C content but significantly influenced the foliar C:N ratio (F=2.79, p=0.032).
Inoculation with O. maius B decreased the C:N ratio in comparison with the control (p=0.002) and
with P. fortinii H (p=0.036). Additonally, the co-inoculation with either O. maius B and P. fortinii
H or with O. maius B and P. fortinii F decreased the C:N ratio compared to the control (p=0.011
and p=0.032, respectively).

Screening of the mycorrhizal colonization revealed very low levels of intracellular
colonization by fungal hyphae. If present, O. maius B hyphae grew around the roots and were
attached to the root surface, only very rarely penetrating rhizodermal cells to form sparse
intracellular coils. Hyphae of O. maius B failed to stain with trypan blue and were only lightly
stained with chlorazol black. P. fortinii H failed to produce abundant DSE-colonization. Its hyphae
grew mostly on the root surface, and if they penetrated the root, they grew along the central axis
producing mostly lightly stained (better with chlorazol black than in trypan blue) hyaline hyphae.
The hyphae of P. fortinii H scarcely formed microsclerotia. Relatively high colonization occurred
in the dishes inoculated with P. fortinii F, where dark septate hyphae formed well-developed
hyaline microsclerotia. However, even in the dishes inoculated with P. fortinii F, the colonization
was low, and we estimate it did not reach more than 5% (counting both the presence of hyphae and
microsclerotia) of the total root length colonized. The colonization level of O. maius B and P.
fortinii H belonged to the first class, with that of P. fortinii F within the second class as described

in Materials and methods.

Discussion
Fungal Compatibility Experiment
The Fungal Compatibility Experiment showed that the selected fungi were able to form both ErM

and DSE in the roots of Rhododendron micro-cuttings. O. maius B proved to be the least efficient



colonizer, exhibiting poor intracellular colonization compared to the typical ErM fungus H. ericae.
The presence of O. maius B also reduced the development of the root system of the inoculated
plants compared to the non-inoculated and the inoculated with H. ericae or either of the two strains
of P. fortinii. Similar root growth depression by O. tenuissimum (Peck) Hughes was observed by
Dalpé (1986) in Vaccinium angustifolium Ait., where O. tenuissimum failed to form ErM.

The root growth depression in mycorrhizal symbioses can be attributed to the fact, that
mycorrhizal plants, which receive mineral nutrients from substrate through the mycelium of
symbiotic fungi, can invest less energy into the formation of the root system. However, the
situation with O. maius B-inoculated plants, in which roots remained mostly non-mycorrhizal,
sharply contrasted with H. ericae-inoculated plants, which were readily ericoid mycorrhizal and
simultaneously produced more vigorous shoots and especially roots. The mechanisms of the
reduction of root, and to some extent, also shoot development by O. maius B thus remain unknown.
Except for sucrose, the nutrients in MMR are in mineral form and easily accessible to plants, as
revealed by the vigorous growth of the rhododendrons in the control treatment. In contrast to H.
ericae and both P. fortinii strains, the presence of O. maius B apparently altered the ability of
rhododendrons to draw the nutrients from MMR, likely by producing unknown inhibitory
compound(s), which reduced the development of the root system, and thus reducing its absorptive
area. Decreased nutrient uptake then reduced shoot growth.

In contrast to H. ericae and both strains of P. fortinii, the growth of O. maius B itself was
reduced on MMR. It was also reduced when compared to other cultivation media we ordinary use
for the cultivation of O. maius B (Potato Dextrose Agar, Malt Extract Agar, Modified Melin
Norkrans medium — data not shown). Reduced growth of O. maius on MMR, together with the
production of a pigment of unknown nature in the media was connected with reduced growth of the
roots and shoots of the inoculated plants — it appears that O. maius B, apparently growing under
sub-optimal conditions, did not act as an ericoid mycorrhizal symbiont.

Dulcos and Fortin (1983) found that the addition of a small quantity of glucose (0.5 g/L) to
the culture medium enhanced ErM formation on V. angustifolium and Vaccinium corymbosum L.
seedlings with H. ericae compared to the seedlings cultivated in the control medium without
glucose. A higher concentration of glucose (5 g/L) decreased the colonization rate as well as the
height of inoculated Vaccinium seedlings compared to the control medium. These results indicate
that the level of the colonization and the nature and effectiveness of the fungus-root association in
in vitro experiments with ErM and DSE fungi can be determined by the quality of the media, which
agrees with our results from O. maius B, although we cannot provide any direct evidence about the

effect of the limited C-availability.

Fungal Efficacy Experiment
In different habitats, different fungi usually inhabit plant roots, as is the case with ericaceous

species (Midgley et al. 2004), even though the dominant role of H. ericae is stressed. McLean and



Lawrie (1996) stated, on the base of the different colonization patterns, that more than one fungus
was involved in the screened ericoid mycorrhizae in the roots of epacridaceous plants from
different natural sites. Each fungus may make different contribution to the ecophysiology of its
host plant depending on the large scale of the environmental factors. This was also revealed in
Fungal Compatibility Experiment, where ErM fungi O. maius B and H. ericae, grown on the same
media, exhibited different effects on host plants. In the Fungal Efficacy Experiment, the direct
comparison of the effects of O. maius and both P. fortinii strains on the nutrient uptake by the host
plants showed a higher efficiency of O. maius than P. fortinii. The results of our previous
unpublished experiments, performed under the conditions similar to those presented here,
repeatedly indicated that O. maius B was more efficient in the terms of improved plant growth of
rhododendrons than H. ericae, which we had not expected. Unfortunately, studies employing O.
maius, and especially both O. maius and H. ericae simultaneously are missing, and the effect of
both fungi is therefore difficult to compare. Such studies would elucidate whether oidiodendrons
could be as efficient in facilitating nutrient uptake by host plants as H. ericae and thus play the
same or similar role in the environments dominated by ericaceous species. Results of our study
indicate that oidiodendrons might have such potential.

Phosphorus and especially nitrogen are primarily transported to host plants by ericoid
mycorrhizal fungi, according to experiments using H. ericae as a mycorrhizal partner of ericaceous
plants (Smith and Read 1997). Our study shows positive effects of inoculation with O. maius, in
particular, on P uptake but also indicates a positive trend in N uptake by inoculated plants. To our
knowledge, this is the first report about such effects observed for ericaceous plants inoculated with
O. maius.

The plants inoculated with O. maius B had higher foliar N content when compared to both
control and either of two P. fortinii strains and also higher foliar P content when compared to
control and P. fortinii F. On the other hand, P. fortinii H also increased foliar P content compared
to the control, which confirms its beneficial effect for the inoculated plants and at the same time
highlights the strain specificity, since P. fortinii F failed to facilitate P uptake by the inoculated
plants. In regard to nutrient availability for plants inoculated with DSE, Jumpponen et al. (1998)
reported enhanced phosphorus uptake by Pinus contorta when inoculated with P. fortinii. Studies
addressing similar questions with ericaceous host plants are missing. In our previous study (Vohnik
et al. 2003) we reported no effect of two P. fortinii strains (one of them was P. fortinii F from this
study) on the growth of Rhododendron cv. Belle-Heller in two different substrates, either sterilized
or non-sterilized.

A few authors have reported the presence of both ErM and DSE fungi in the root system of
a single ericaceous plant (Urcelay 2002, Midgley et al., 2004). However, there are no experimental
data explaining the ecophysiological significance of these observations. Our experiment is, to our

knowledge, the first attempt to artificially introduce both kinds of fungi into the root systems of



individual host plants and to trace the effect of the introduction on the physiology of the inoculated
plants.

We show that in the terms of the nutrient uptake, the interaction among O. maius and P.
fortinii is highly strain-specific: co-inoculation with O. maius B and P. fortinii H significantly
increased foliar P and N content compared to the control and increased foliar P content when
compared to co-inoculation with O. maius B and P. fortinii F. Co-inoculation with O. maius B and
P. fortinii F did not influence P and N uptake. This indicates that P. fortinii F, contrary to P. fortinii
H, negated the positive effect of O. maius B on P uptake by the host plants. It is difficult to explain
this observation, since both fungi were spatially separated and the only communication among
them could be realized through the host plant shoot. The question whether the strain specificity of
the interaction is a result of the origin of the fungal strains (‘“positively” interacting O. maius B and
P. fortinii H were isolated from the roots of rhododendrons, “neutral” P. fortinii F from the roots of
V. myrtillus — see Materials and Methods) remains to be answered in an experiment using V.
myrtillus as a host plant.

It should be emphasized that even if the co-inoculation with O. maius B and P. fortinii H
increased P uptake compared to the control, co-inoculation with O. maius B and P. fortinii strains
was never more efficient in the terms of nutrient uptake by host plant than the inoculation with
single O. maius B. We can draw two conclusions from these observations. Firstly, under the
experimental conditions, plants will benefit most from the presence of the single O. maius B
without the need for other fungi in or around the root system (here two strains of P. fortinii);
secondly, even the presence of fungi other than ErM in or around root system (here P. fortinii H)
will still increase P and N uptake compared to the non-mycorrhizal control treatment, without
negatively influencing the measured physiological parameters of host plants. Under different
experimental conditions, plants with a combination of O. maius B+P. fortinii H in or around roots
could have the advantage of the presence of an extra DSE fungus, which might improve access to
soil nutrient sources other than peat, which was used in our experiment. Based on these
conclusions, we can hypothesize that under our experimental conditions, O. maius B is the superior
associate with roots of Rhododendron cv. Azurro compared to both P. fortinii strains. It is
interesting to compare this hypothesis with the findings of Midgley et al. (2004) who reported that
75% of 327 fungal endophyte isolates from ericaceous Woollsia pungens Cav. (Muell.) and
Leucopogon parviflorus (Andr.) Lindl. was represented by a single putative taxon with affinities to
Helotiales ericoid mycorrhizal ascomycetes, which was spatially widespread in the root systems of
both plants. Therefore, it seems that single fungal strains are able to dominate in root systems of
ericaceous plants, depending on the environmental conditions. It would be interesting to
simultaneously inoculate the root system of a single host plant with multiple fungal strains. Shifting
experimental conditions could reveal the preferences of inoculated fungi (or their host plants) in

relation to the physiological response of host plants.
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Foliar C:N ratio is linked to soil C:N ratio and is an important parameter characterizing
substrate nutrient availability (Cairney and Meharg 2003). Our results show that co-inoculation
with O. maius B and both P. fortinii strains decreased foliar C:N ratio, which would decrease C:N
ratio in the rhododendron litter. The significance of this intricate effect remains unclear, since
ericoid mycorrhizal fungi are known to be able to draw nutrients directly from complex organic
substrates and thus have a competitive advantage in the environments with high C:N ratios (Read
and Perez-Moreno 2003). Decreased soil C:N ratios would likely result in the substitution of
ericaceous plants by other species better adapted to this environmental condition (Read et al. 2004).

Differences in root biomass distribution revealed the tendency of the experimental plants to
accumulate more root biomass (reflected by the weight of the dried root biomass) into dishes
inoculated with P. fortinii H than to those non-inoculated or inoculated with P. fortinii F. A similar
trend, however statistically non-significant, was observed for O. maius B compared to non-
inoculated dishes. Since there was no influence of inoculation on the total weight of the dried
biomass of the whole root systems, we conclude that P. fortinii H, and to a lesser extent O. maius
B, altered the distribution but did not stimulate extra production of roots in the inoculated dishes.
There is also a possibility that the root distribution could have been influenced by the nutrients
supplied to the substrate through the inoculation procedure, whereby the inoculum may have
included some nutrients from the fungal culture medium (see Materials and Methods). If this was
true, the inoculated dishes would have been favored in terms of the distribution of the roots, which
was however not the case (compare the distribution of the roots in the dishes inoculated with P.
fortinii F and P. fortinii H).

Both O. maius B and P. fortinii H failed to form extensive intracellular root colonization in
the Fungal Efficacy Experiment. Intracellular structures, such as ericoid mycorrhizal coils and
loops and DSE intraradical hyaline hyphae, supposed to be the nutrient exchange sites (Smith and
Read 1997, Barrow 2003), were missing in significant amounts. Similar to our observation, Piercey
et al. (2002) reported a lack of ErM structures in Rhododendron groenlandicum inoculated with
two strains of O. maius and attributed this observation to the saprobic abilities of O. maius strains.
The authors stated that oidiodendrons were more efficient as free-living saprobes than in
association with roots. In contrast, Usuki et al. (2003) reported that O. maius formed ErM with
Rhododendron obtusum var. kaempferi. At low levels of mycorrhizal colonization, it is difficult to
attribute the effects of the inoculation directly to the inoculated mycorrhizal fungi. However, it is
accepted that in the case of ectomycorrhizal symbioses, even low colonization levels can produce
significant effects on host plant performance (Smith and Read 1997). Unfortunately, similar studies
with ericoid mycorrhiza or DSE associations are missing.

The screening of the stained roots revealed that the fungi inoculated into the dishes in the
Fungal Efficacy Experiment were alive during our experiment. The inoculated fungi were
apparently able to survive without carbon flow from the plants and thus, behave saprotrophically.

The increased nutrient content of host plant tissues observed with fungal inoculation, despite a lack
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of vigorous mycorrhizal structures, indicates the ability of the inoculated fungi to enhance nutrient
uptake in their host plants. Combining the observations of increased nutrient uptake, altered root
biomass distribution and low colonization rates, we deduce that O. maius B and P. fortinii H
increased nutrient availability in the rhizosphere of the host plants rather than directly transported
nutrients into the plant tissues. As a result, the inoculated plants tended to produce more root
biomass in the compartments with higher nutrient availability, thus increasing the area for nutrient
absorption. Our deduction emphasizes the saprotrophic capabilities of both O. maius B and P.
fortinii H strains and highlights the significance of such features for plants in general, because they
enable the fungi from the mycorrhizal/saprotropic boundary to support the nutrient uptake of plants
without considerable intracellular colonization. Under some circumstances, strains of O. maius and
P. fortinii certainly can form intracellular structures of the ErM and DSE patterns. Our study
indicates that the absence of such structures in the roots does not imply the absence of effects of
these fungi on the physiology of the host plants.

For example, we observed proliferating, vigorously growing non-mycorrhizal roots of
rhododendrons in organic material (old homogenized tree bark) colonized by mycelium connected
with fruitbodies of saprotrophic Agrocybe (unpublished data). The root system outside of the
organic material was much less developed, even when containing intracellular structures
resembling ErM. The need to study the fungal community not only in, but also around, the roots of
ericaceous plants is evident.

To summarize, the results of our experiments revealed i) positive effect of O. maius on P,
and to some extent also on N uptake, connected with lowered foliar C:N ratio; ii) strain-specific
influence of P. fortinii on P and N uptake and the potential of P. fortinii to improve this uptake in
inoculated plants; iii) highly strain-specific interaction of O. maius with P. fortinii, driving the
effect of both fungi on N a P uptake when inoculated simultaneously; iv) the ability of P. fortinii H
to influence the biomass distribution in the root system of its host plant, likely by releasing
nutrients into the rhizosphere and v) the ability of O. maius B and P. fortinii H to influence nutrient

uptake at very low colonization rates, likely by increasing nutrient availability in the rhizosphere.
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Total weight of the
dried biomass (g)
NS

Weight of the dried
shoot biomass (g)
NS

Weight of the
dried root bimass
(g) NS

P (ug/g)
p=0.00011

N (%)
p=0.053

C:N ratio
p=0.032

B (n=6)

1.24 (0.91-1.57)

1.13 (0.85-1.41)

0.11 (0.06-0.17)

1288 (913-1662)c

1.39 (1.19-1.57)c

34.6 (29.7-39.6)a

F (7)

1.51 (1.25-1.77)

1.36 (1.15-1.57)

0.15 (0.10-0.20)

818 (725-913)ab

1.21 (1.13-1.29)ab

39.4 (36.4-42.4)abc

H (7)

1.55 (1.28-1.81)

1.40 (1.17-1.63)

0.15 (0.10-0.19)

1060 (849-1272)bc

1.19 (1.06-1.32)ab

40.5 (36.0-44.9)bc

BF (7)

1.36 (1.13-1.58)

1.23 (0.85-1.41)

0.12 (0.09-0.16)

745 (609-882)a

1.26 (1.16-1.36)abc

37.8 (34.6-41.1)ab

BH (7)

1.29 (1.04-1.53)

1.15 (0.91-1.40)

0.13 (0.08-0.19)

1138 (815-1460)c

1.30 (1.16-1.44)bc

36.7 (32.8-40.4)ab

Control (7)

1.50 (1.15-1.84)

1.35 (1.06-1.64)

0.15 (0.09-0.20)

720 (552-888)a

1.12 (0.93-1.32)a

43.6 (36.8-50.3)c

Table 1: The effects of the inoculation on the total weight of the dried biomass, the weight of the dried shoot and root biomass, foliar P content, percentual

foliar N content and leaf C:N ratio. “B” corresponds to the treatment inoculated with Oidiodendron maius B; “¥F” with Phialocephala fortinii F; “H” with

Phialocephala fortinii H; “BF” corresponds with the treatment co-inoculated with O. maius B and P. fortinii F; “BH” with the treatment co-inoculated with

O. maius B and P. fortinii H. NS — non-significant effect of the inoculation. The numbers in the table are means of the measured parameters and the 95%

Confidence Intervals. The different letters show significantly different groups at p<0.05.




0 -0

B -0

F - 0

H- 0

B - F

B - H

WDR (mg)

73.9+32a] 71.8+33a

64.2+33a] 49.9+23a

74.1+28a] 75.7425a

81.4+22a | 65.4+32a

64.7+31a | 58.7+23a

61.9421a | 73.0+45a

RATIO

1.04 (0.92-1.16)a

1.34 (0.81-1.86)ab

0.99 (0.77-1.22)a

1.61 (0.62-2.60)b

1.22 (0.67-1,77)a

0.99 (0.64-1.35)a

Table 2: The effect of the inoculation on the distribution of root biomass between inoculated and non-inoculated dishes. The treatment 0-0 represents control

with both dishes non-inoculated, B-0 represents the treatment with one dish inoculated with O. maius B and the other non-inoculated, F-0 is the treatment

with one dish inoculated with P. fortinii F and the other non-inoculated, H-0 is the treatment with one dish inoculated with P. fortinii H and the other non-

inoculated. The treatment B-F had one dish inoculated with O. maius B and the other with P. fortinii F; B-H had analogically the other dish inoculated with

P. fortinii H. WDR refers to the weight of the dried root biomass from a respective dish. RATIO expresses the ratio between the weight of the dried root

biomass from the inoculated vs. non-inoculated dish (treatments B-0, F-O and H-0), two non-inoculated dishes (treatment 0-0) or the dish inoculated with O.

maius B vs. one of the P. fortinii strains (treatments B-F and B-H). The data were divided into two groups (in the white cells: treatments B-0, F-0 and H-0; in

the gray cells: treatments B-F and B-H) for the statistical analysis (see Materials and Methods). The numbers in the table are means of the measured

parameters £ SD (WDR) or the 95%Confidence Intervals (RATIO). The different letters show significantly different groups at p<0.05.




Figures 1a-5Sb:

1a: Inoculation of Rhododendron cuttings with O. maius B resulted in reduction of the root development; 1b: Intracellular structures (arrows) formed by O.
maius B in Rhododendron root; 2a: Rhododendrons inoculated with H. ericae developed branched root systems; 2b: Intracellular structures (arrows) formed
by H. ericae in Rhododendron roots; 3a: Rhododendrons inoculated with both strains of P. fortinii developed branched root systems; 3b: Intracellular
microsclerotium formed by P. fortinii H; 4a: Also non-inoculated rhododendrons had branched, well developed root systems; 4b: a non-colonized root of a
non-inoculated control plant; §: A Rhododendron cv. Azurro rooted cutting in the split root system; Sa: before the inoculation, Sb: after the inoculation. The
fungal structures were stained with chorazol black (Fig. 1b) or trypan blue (Figs. 2b and 3b). Bars in the upper row correspond to lcm, in the lower row

correspond to10pm.






1. 5. Cast I: Diskuse

Mykorhizni typy u alpinskych rostlinnych komunit, jejichZ habitat se podobd habitatu nékterych
rododendront, zkoumanych v Clianku 1 (R. hirsutum, R. ferrugineum, R. kotschyi), zkoumali
zejména Haselwandter (1978), Haselwandter a Read (1980) a Read a Haselwandter (1981). Velmi
zajimava prace Haselwandter (1978) zjistuje, Ze vys$i intenzita houbové Kkolonizace u
viesovcovitych souvisi s lepsi fitness (host vigour) zkoumanych rostlin, byt je zde tato veliCina
definovédna jako podil suSiny spoleCenstva zkoumaného druhu na celkové rostlinné susin¢ dané
lokality. Autor také uvadi, Ze mira mykorhizni kolonizace zkoumanych viesovcovitych rostlin
klesa se vzrustajici nadmoiskou vySkou. Miru mykorhizni kolonizace vSak autor ur¢il pomoci
chemického stanoveni houbového chitinu (resp. jeho derivdtu chitosanu) v kofenech, a proto neni
mozné rozhodnout, do jaké miry vysledné hodnoty reprezentuji mykorhizni houby (at’ jiz ErM
nebo DSE) a do jaké miry jsou ovlivnény piitomnosti jinych, parazitickych ¢i saprotrofnich hub.
Posledni dv¢ prace uvedené vyse se viesovcovitymi zabyvaji pouze okrajové, zaméfily se mimo
jiné i dva druhy rododendrond (R. hirsutum a R. ferrugineum). Autofi vsak u R. ferrugineum
uvadéji pouze ptitomnost ErM, u R. hirsutum pak neuvadéji zadnou kolonizaci, byt u ostatnich
rostlin berou v dvahu kolonizaci tmavymi pfepazkovanymi hyfami (dark septate hyphae).

Clanek 1 naproti tomu ukazuje, Ze viech Sest zkoumanych druht evropskych rododendront
tvorilo vedle ErM také DSE-asociaci, byt proporce obou asociaci se liSily v zdvislosti na druhu
hostitelské rostliny, resp. na lokalité, na které byly odebrany jeji koteny. Tento rozpor miZe mit
nekolik pfi¢in: (i) samotny termin DSE-asociace se ustdlil aZ s praci Jumpponena (2001), identita
DSE hub byla objasnéna aZ srozvojem molekuldrnich technik. Je mozné, Ze néktefi autofi
pritomnost DSE hub ignorovali, zejména pokud si uvédomovali pfevdzn¢ negativni vliv DSE hub
(tedy MRA, viz tvod této ¢asti DP); (ii) zkoumdni viesovcovitych rostlin bylo ve vét§in¢ praci
pouze doplikové, vétSina z nich byla primdrné zamétena na typicky AM rostliny; (iii) viesovcovité
rostliny byly tradi¢né povaZovany za ErM, pti€emz i typicti ErM mykobionti maji pfepaZkované a
Casto i tmavé hyfy. DSE-asociace tak mohla byt povaZzovdna za ErM. To naznacuji i vysledky
Clankii 1 a 2, které ukazuji, Z¢ DSE mohou tvofit vnitrobun&éné struktury, pFipominajici
morfologicky ErM.

Clanek 1 a okrajové také Clanek 2 popisuji nékolik typti morfologickych struktur,

tvofenych DSE. K tém atypickym patii zejména tzv. pfechodné ttvary (intermediate structures; viz

vysledky, diskuse a obrazky k Clankam 1 a 2), tedy vnitrobundéné smycky, tvofené hyalinnimi aZz
tmavymi pfepdZkovanymi hyfami, které morfologicky stoji mezi ErM a DSE-asociaci, a tzv.

parenchymatézni sit’. Podobnd struktura byla popsdna napt. v praci Wurzburger a Bledsoe (2001)

(“a partial DSE mantle”, viz Clanek 1), ovSsem na kofenech borovice a s odliSnou morfologii.
Domnivam se, Ze ob¢ tyto struktury, tedy pfechodné ttvary a parenchymatézni sit’, by mohly byt
onémi stdle chybé&jicimi (ve smyslu nepopsanymi nebo neidentifikovanymi) rozhranimi, na kterych

probihd vymeéna latek mezi hostitelskou rostlinou a DSE houbou.

XIII



Z hlediska morfologie mykorhiz je zajimavy i popis atypické kolonizace u R. kotschyi, kdy
je vrstva epidermdlnich bun€k kolonizovana pfechodnymi utvary a vrstva bunék primarni klry je
ErM (viz obrazky 15a — 15c, Clanek 1), a u R. hirsutum, R. ferrugineum a R. kotschyi, kdy se
parenchymato6zni sit’ tvofi mezi vrstvou nekolonizovanych rhizodermalnich bunék a vrstvou ErM
bun&k primarni kiiry (viz obrazky 21a — 21e, Clanek 1). Je mo7né, e se jednd o dosud nepopsany
morfologicky typ mykorhizni asociace u viesovcovitych, ktery (s vyjimkou absence hyfového
plasté) do urcité miry muZe pfipominat neddvno popsanou kavendiSoidni ektendomykorhizu
(cavendishoid ectendomycorrhiza, Setaro a kol. 2005), vyskytujici se u andskych viesovcovitych
rostlin. Aby tato hypotéza mohla byt potvrzena nebo vyvricena, je tfeba identifikovat a izolovat
mykobionta(-y), ktery(-fi) se této asociace uUcastni a tuto asociaci syntetizovat v kontrolovanych
podminkdch. Doufdm, Ze toto bude ndplni mé piisti préace.

Jak bylo uvedeno vyse, rododendrony z riiznych lokalit se liSily proporcemi ErM a DSE-
asociace (Cla’mek 1). Jednim z faktord, které mohou ovlivnit koexistenci ErM a DSE, by mohla byt
zemepisnd §itka. Read a Perez-Moreno (2003) uvadéji, Ze zvySujici se zemépisnd Sitka se odrdzi
v posunu ve sloZeni mykorhiznich spoleCenstev (tedy spoleCenstev rostlin, tvoficich urcité typy
mykorhiz s urcitymi druhy mykorhiznich hub). Zjednodusené lze fici, Ze AM jsou postupné
nahrazovany EcM, které jsou ddle nahrazovany ErM, které jsou ndsledn¢ nahrazoviany DSE. Dle
tohoto schématu se ptredpoklddd, Ze tropické oblasti jsou dominoviny AM (ale viz napf.
Moyersoen a kol. 2001), oblast mirného padsma obsahuje pfedev§sim AM a EcM spolecenstva,
boredlni pdsmo je pak dominovdno EcM a ErM. Piedpoklddd se, Ze DSE nahrazuji funkci ostatnich
mykorhiznich hub v sub(-ant-)arktickém a (ant-)arktickém prostiedi.

Je dulezité se zamyslet, zda za tento posun mohou primarné mykorhizni houby, nebo
hostitelské rostliny, nebo jejich vzdjemnd soubé&znd evoluce, nebo pifedevsSim jiné (a-)biotické
charakteristiky prostedi. Pro prvni variantu hovoii napf. skute¢nost, Ze kli¢ivost spor AM hub je
nachylné&jsi k nizkym teplotdm nez kliCivost spor EcM hub, pficemz ErM a DSE houby se sporami
vétsinou vibec nesiii. V chladné&jSich oblastech pak miZe byt tvorba AM omezena absenci nebo
nizkou fitness AM hub. Je zndmo, Ze AM houby piimo ovliviiuji druhovou variabilitu spoleCenstva
hostitelskych rostlin (napf. van der Heijden a kol. 1998). Hypoteticky tak mohou ¢init i EcM, ErtM
a DSE houby. V neposledni fad¢ pak nékteré mozna “mykorhizocentrické prace uvadéji moznost,
7Ze koten vznikl béhem piechodu rostlin z vodniho prostfedi na sous jako samostatny orgén zejména
(nebo alesponi také) proto, aby v ném mohly rostliny “ubytovat® (fo accomodate, to host; Cesky
snad hostit, uchovdvat, avsak ubytovat se mi v tomto kontextu zdd velmi vystizné) mykorhizni
houby (Brundrett 2002). Pro druhou variantu hovoii napt. prace Ruotsalainen a Kytoviita (2004),
ve které autorky zkoumaly efekt mykorhizni asociace s AM houbou Glomus claroideum a DSE P.
fortinii v Gnaphalium norvegicum Gunnerus. Autorky dospély kzavéru, Ze mykorhizni
prospéSnost (mycorrhizal benefit) pro hostitelskou rostlinu je u danych asociaci pfi nizsich
teplotach nizsi, tedy i droven mykotrofie G. norvegicum s teplotou klesa. Rostlina je tedy do jisté

cvvs

miry pfi nizSich teplotich na mykorhiznich houbich méné¢ zavisld, snad si tedy mize i snize
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“vybirat” napf. mén€ ndrocné ¢i v dané situaci efektivnéj$i mykobionty (EcM a zejména ErM
houby maji v porovnani s AM houbami zna¢né saprotrofni schopnosti, zejména ErM houby jsou
v porovndni s AM houbami na hostitelské rostlin€ pomérné nezavislé apod.), nebo mykorhizni
variantou, kdy za vyslednou strukturu mykorhiznich (rostlina + houba) komunit mohou jak
rostliny, tak mykorhizni houby, ovliviiované navic vSemi faktory prostiedi. Ostatné pravé vné&jsi
prostfedi musi nutné determinovat sloZeni jak mykorhiznich hub, tak jejich hostitelskych rostlin.
Z tohoto pohledu zajimavy vyklad funkce mykorhiznich hub jako hybateli (drivers)
ekosystémovych procesii ve viesoviStnich a boredlnich lesnich biomech podavaji Read a kol.
(2003). Autofi poukazuji na skutecnost, Ze boredlni biomy nejsou uniformni ani z hlediska
geografického rozsiteni rostlin, ani z hlediska mykorhiznich typt, které tyto rostliny tvoii. Za
prvotné dileZzitou autofi povazuji schopnost EcM a ErM hub rozkladat specificky opad (ten je zde
bran jako primarni faktor, ovliviiujici biotu téchto biomil), ktery se v boredlnim pdsu tvori, tim
ovliviiovat cyklus uhliku a dusiku v téchto biomech a zptistupiiovat Ziviny rostlinim na dkor napf.
pldnich saprotrofnich organizmt. Pravé diky této schopnosti pak mohou mykorhizni houby
systémem zpétnych vazeb ovlivilovat produktivitu, druhové slozeni a produktivitu boredlnich
ekosystémi. Sirsf diskuse této problematiky nicméné piesahuje téma a rozsah této disertaéni préce.

Podobny vzorec, popisovany napi. v prici Read a Perez-Moreno (2003), byl nalezen i
v kofenech evropskych rododendrond (Clanek 1), kdy nejvyssi mira DSE kolonizace byla nalezena
pficemZz mira DSE kolonizace byla u vSech rododendronii negativné korelovdna s mirou ErM
kolonizace. Zda se tedy, Ze DSE-asociace opravdu dominuje kofeny rododendront z chladnéjsich
oblasti a Ze mezi DSE-asociaci a ErM, resp. houbami, které ji tvoii, existuje urcitd forma
kompetice o kofeny hostitelskych rostlin. Tyto tGvahy jsou podpofeny vysledky Clanku 2. Z nich je
ziejmé, ze DSE P. fortinii ve smésné in vitro kultufe postupné dominuje nad ErM houbou R.
ericae. Je otazkou, do jaké miry jsou vysledky in vitro pokust relevantni vzhledem k procestim,
které probihaji na pfirozenych stanovistich. Na druhou stranu posun proporci ErM a DSE-
kolonizace v kofenech evropskych rododendronti naznacuje, Ze urcitd interakce mezi obéma druhy
asociaci pravdépodobné existuje.

Vysledky Clanku 2 také ukazuji, Ze miru kolonizace kofenti hostitelské rostliny alespoi
v in vitro podminkdch urcuje spiSe interakce mezi ErM a DSE houbami, neZ rostlina sama. Zd4 se,
7e zélezi predev§im na mnoZstvi ErM/DSE mycelia, pfitomného v rhizosféfe hostitelské rostliny;
ruzné proporce mycelia obou typd se odrdZeji vrizné mife ErM a DSE kolonizace kofent
hostitelské rostliny. Fyziologickd odpovéd’ rostliny na rGznou miru ErM/DSE kolonizace je
plastickd a zda se byti negativné korelovdna s mnozstvim DSE mycelia v rhizosfére, tedy i s mirou
DSE kolonizace. Samotna DSE-asociace ma na rust rostliny neutrdlni nebo negativni vliv. Zda se,

Ze tento miZe byt zmirnén nebo posunut soucasnou piitomnosti ErM. Podobny ochranny efekt
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EcM hub proti MRA (tedy DSE) je zminovan v pracich Richard a kol. (1971), Richard a Fortin
(1975) nebo Hashimoto a Hyakumachi (2001).

Tento ochranny efekt mize byt ddlezity i z jiného hlediska: ErM a DSE houby se jisté
alesponi ¢astecné 1isi ve svych fyziologickych vlastnostech (neni mi vSak zndmo, Ze by existovala
publikovand prace, ktera by toto porovnavala). Pro rostlinu proto miize byt soucasna piitomnost jak
ErM, tak DSE-asociace vyhodnd, zvlast¢ v heterogennim substratu, kdy rizné houby mohou ¢erpat
Ziviny z riznych zdroji a tak rozsitovat spektrum zdroju i pro hostitelskou rostlinu. To je, alespon
astetnd, ziejmé i z vysledki Clanku 3. Z hlediska pifjmu Zivin (fosfor, dusik) je pro rostlinu
nejvyhodnéj$i kolonizace pouze ErM houbou Oidiodendron maius Barron, na druhou stranu i
souCasnd kolonizace houbami O. maius a P. fortinii je rostliné v porovndni s nekolonizovanou
variantou prospé&sna. Je tfeba zdtiraznit, Ze efekt DSE-asociace, nalezeny v Cldncich 2 a 3, byl vzdy
kmenov¢ specificky, a Ze se statisticky nepodatilo prokdzat prospésnost interakce mezi ErM a DSE
houbami vzhledem ke zkoumanym fyziologickym procestim hostitelskych rostlin. Negativni (resp.
pozitivni) vliv jednoho kmenu P. fortinii, zjistény v Clanku 2 (resp. 3) byl v rozporu s pozitivnim
(resp. negativnim) vlivem kmenu druhého. Z vysledk Clanku 3 také vyplyvd, Ze pozitivni vliv P.
fortinii na hostitelskou rostlinu miiZe byt nepiimy, tj. nemykorhizni jak vysvétleno diive nebo napf.
v pracich Piercey a kol. (2002) a Ruotsalainen a Kytoviita (2004). 1zolat P. fortinii PFO-H totiz
pasobil na hostitelskou rostlinu pozitivné ve srovnani s neinokulovanou kontrolou a s variantou
inokulovanou izolatem P. fortinii PFO-F, pfi¢emZ koloniza¢ni potencidl PFO-H byl niZsi nez PFO-
F (viz Clanek 3). Tato domnénka je podpofena i skute¢nosti, Ze piitomnost PFO-H pies (nebo
pravé pro) nizkou schopnost kolonizovat kofeny hostitelské rostliny podpoftila, pravdépodobné
nepiimo, jejich rlst v inokulovaném kompartmentu. To lze vysvétlit mimo jiné tak, ze PFO-H
netransportovala Ziviny ziskané mineralizaci organického substratu pfimo do malo kolonizované
hostitelské rostliny, ale uvolfiovala je v minerdlni formé zpét do substratu. ZvySend nabidka
dostupnych Zivin pak stimulovala rlst kofeni hostitelské rostliny. To sveéd¢éi pravé o
nemykorhiznim efektu P. fortinii, protoze u “pravé” mykorhizni houby obecn¢ naopak dochazi
k relativnimu zmenSeni kofenového systému hostitelské rostliny, protoZe funkci kofenti do jisté
miry ptebird houbové mycelium.

Na zavér této kapitoly se chci kratce zamétit na vliv DSE-asociace na hostitelskou rostlinu
z opacné strany. Jak uvedeno vyse, byl tento efekt neutrdlni nebo negativni, a to z hlediska rtstu
a/nebo piijmu Zivin kolonizovanou rostlinou. Je zajimavé porovnat rozméry dvou rododendront,
vysoké nékolik metrti a nezfidka zasahuji aZ k hranici stromového patra. Tento druh je kolonizovdn
predevs§im ErM houbami, v mensi miie pak DSE. Naproti tomu ketiky R. lapponicum ze severniho
Finska jsou vysoké max. desitky centimetrti a jsou kolonizovany pfedev§im DSE, v mens$i mite i
ErM houbami.

Lze s urcitou mirou nadsdzky hypotetizovat, Ze kdyby byl urcity jedinec R. lapponicum na

své severofinské lokalité inokulovdn ErM houbami a v jeho kofenech by zacala pfevaZzovat ErM
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nad DSE-asociaci, zacal by ve srovndni s ostatnimi DSE-dominovanymi jedinci rychleji tvofit véts{
mnoZstvi biomasy s vyS§im podilem biogennich prvki. Takovy jedinec by pak s vyssi
pravdépodobnosti vymrznul, nebo byl s vyssi pravdépodobnosti zkonzumovan vyhlddlymi soby.
Negativni efekt DSE-asociace, zjiStény v laboratornich podminkdch, by tak poskytl

neinokulovanym jedinctim nespornou evolu¢ni vyhodu.
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2. CAST II:
Kolonizaéni potencial Meliniomyces variabilis a
vybranych ektomykorhiznich a saprotrofnich hub
v korenech typicky erikoidné mykorhiznich a

ektomykorhiznich rostlin

Rhododendron luteum ptipravujici se na zimu 2005 v rezervaci Wola Zarczycka, Polsko.
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2. 1. Cast IT: Uvod

Koteny prvnich mykorhiznich rostlin byly pravdépodobné kolonizovany ptedchidci dneSnich AM
hub (Redecker a kol. 2000) a AM je povaZovana za vychozi typ, ze kterého se vyvinuly ostatni
typy mykorhiznich symbiéz (Redecker 2002), zejména EcM a evoluéné nejmlads$i typy
endomykorhiz, napt. ErM (Cairney 2000). Jednotlivé typy mykorhiz jsou odli§né anatomicky,
morfologicky i fyziologicky a vétSinou se nepiekryva ani spektrum jejich hostitelskych rostlin.
Casto se vsak na piirozenych stanovitich rostliny a houby riznych mykorhiznich preferenci
vyskytuji pospolu a interaguji. To miZe mit zna¢né disledky pro oba partnery, vstupujici do
mykorhizni symbiézy (Francis a Read 1994). Byla napt. vyslovena domnénka, Ze ErM houby
dokazi z prostfedi eliminovat EcM houby a potazmo tak i jejich hostitelské rostliny (Walker a kol
1999). Predpoklada se, Ze vysoka odolnost ErM hub vici zméndm prostiedi a zejména jejich
schopnost piezivat v pudé bez pfitomnosti hostitele usnadnila expanzi ErM hostitelské rostliny
Gaultheria shallon Pursh podél severozapadniho pobtezi severni Ameriky na ukor ptivodniho EcM
porostu (Xiao a Berch 1995). Naproti tomu se zdd, Ze AM hostitelské rostliny mohou efektivné
vytésniovat ErM rostliny (Hartley a Amos 1999). Je mozné, Ze takova schopnost AM rostlin
spole¢né se zvySenou depozici dusiku urychluje ustup a zatraviiovani plUvodnich viesovist
v severni Evropé¢ (Johansson 2000).

Mykorhizni houby dokaZi spojovat hostitelské rostliny systémem extraradikdlniho mycelia
do vzdjemné komunikujicich celkli, coZ zdsadnim zpisobem ovliviiuje rostlinnou biodiverzitu,
variabilitu a produktivitu ekosystémt (van der Heijden a kol. 1998). Zasadni vyznam tohoto
fenoménu shrnul Read (1998), ktery pro sit’ mykorhizniho mimokotfenového mycelia v ptid€ pouZil
vystizny (a vtipny - coZ bylo pravdépodobné pro jeho dal$i uzivani podstatnéjsi) termin wood wide
web (www). Lze predpoklddat, Ze pomoci www jsou spojeny pifedevsim rostliny stejnych
mykorhiznich preferenci. Snad pravé proto se studium funkéniho propojeni omezuje na rizné EcM
rostliny spojené myceliem EcM hub, rizné AM rostliny spojené myceliem AM hub apod.

Presto existuje mnoho dokladi o vyskytu mykorhiznich hub v kofenovych systémech
rostlin, které nejsou povaZovany za jejich hostitele, protoZze neodpovidaji jejich mykorhiznim
preferencim. Horton a kol. (1998) naptiklad popsal souc¢asny vyskyt EcM, AM a DSE-asociace u
semenacku typicky EcM Pinus muricata. Urcelay (2002) popsal soucasny vyskyt AM, ErM a DSE-
asociace v kotenech typicky ErM G. poeppiggi. Chaurasia a kol. (2005) popsal ptfitomnost AM u
Himaldjskych rododendronti (viz dvod Cist I). Je tedy teoreticky mozné, Ze pomoci www mohou
byt propojeny i rostliny zddnlivé odliSnych mykorhiznich preferenci, pfi¢emz se mykotrofné
odli$na rostlina “pfizptisobi” a zacne tvofit mykorhizni typ, ktery pro ni neni typicky. Osobné si
vSak myslim, Ze pfitomnost “netypickych” mykorhiz u rostlin s jinou preferenci je spiSe vyjimecny
a pravdépodobné nemad vétsiho ekofyziologického vyznamu.

Mykorhizni preference viesovcovitych jsou spojeny s ErM houbami, ostatné nizev ErM
hub je odvozen od ndzvu Celedi Ericaceae. Ddle tvoii viesovcovité za ptirozenych podminek DSE-

asociaci. Ztidka jsou v jejich kofenech nalezeny struktury (pfedev§im vezikuly, ziidka arbuskuly),
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typické pro AM. Tato skutetnost snad lze vysvétlit pomoci tzv. efektu chiivy okolnich rostlin (Cést
I). Je tieba skepticky uvést, Ze idaje o pfitomnosti AM v kofenech viesovcovitych jsou zaloZeny na
mikroskopickém hodnoceni kolonizace, a Ze ptipadné arbuskuly mohou byt téZce odliSitelné od
ErM struktur (viz Obr. 3, Clanek I). A¢koliv se ErM a AM rostliny &asto vyskytuji spole¢nd
v ramci stejnych habitatl (tedy “vedle sebe®), ze zkuSenosti vim, Ze rostou vétsinou oddélené (tedy
ne “mezi sebou‘). Naproti tomu viresovcovité rostliny pravidelné tvoii podrost EcM rostlin.

Houby tvorici EcM ve vétSin€ nélezeji mezi bazidiomycety (ErM houby jsou askomycety).
Tato skute¢nost diava zajimavy podtext zpravam o vyskytu bazidiomycett uvnitf rhizodermalnich a
kortikdlnich bun€k kotfenl viesovcovitych rostlin. Avsak, ackoliv jsou prvni zdznamy popisujici
podobnd pozoroviani staré pies dvé desetileti (Bonfante-Fasolo 1980) a zprdvy o vyskytu
bazidiokarpti asociovanych s ErM viesovcovitymi rostlinami jesté star$i (Seviour a kol. 1973),
podstata tohoto fenoménu zlstavd neobjasnéna. Je mozZné, Ze se jedna o podobnou vyjimku, jako
v piipadé AM u viesovcovitych. Na druhou stranu recentni zpradvy naznacuji, Ze bazidiomycety
mohou kolonizovat kofeny viesovcovitych podstatné Castéji, neZ se predpoklddalo. Vyskyt
piislusniki fadu Sebacinales (Heterobasidiomycetes) v kofenech viesovcovitych mimo jiné shrnuje
prace Weill a kol. (2004), ktera zaroven zduraznuje Siroké spektrum mykorhiznich typt, které
mohou tyto houby tvofit. Dle dostupnych pramenti se Sebacinales jako mykobionti ticastni EcM,
ErM i orchideoidni mykorhizy. Divodem opomijeni pfitomnosti téchto hub nejen v kofenech
viesovcovitych muze byt fakt, Ze se ve vétsiné jednd o houby pouze obtizné (pokud vibec)
kultivovatelné. Detekce Sebacinales je tak moZznd povétSinou pouze sekvenovanim jejich DNA,
ziskané piimo z kolonizovaného kotfene (napt. Allen a kol. 2003). Zd4 se, Ze houby tohoto faddu
mohou kolonizovat jak EcM konifery (popf. i listnaté stromy), tak (ne-)zelené orchideje, rostouci
v jejich podrostu (viz shrnuti ve Weifl a kol. 2004), a mohou tak zajistovat ptipadné propojeni
obou typi rostlin. Doklad jejich pfitomnosti u viesovcovitych se vSak opird hlavné o publikaci
Allen a kol. (2003). Ekofyziologicky vyznam vyskytu Sebacinales u viesovcovitych tak stdle ¢ekd
na své oziejmeni. Pfes hypotézy o nekompatibilnosti ErM a EcM hub (viz vySe) a doposud
nevyjasnény vyskyt bazidiomycetli v kofenech viesovcovitych vSak zlstava faktem, Ze typicka
kombinace EcM smrk (borovice, bfiza apod.) + ErM borlivka (vies, viesovec, brusinka apod.) neni
alespon v naSich podminkéch ni¢im neobvyklym.

Neni mi zndmo, Ze by existoval publikovany doklad o vyskytu ErM u typicky EcM rostlin.
Toto vSak miZe byt zpisobeno pouZivanou terminologii — ErM je definovana pfedevsim jako
morfologicky charakteristickd mykorhiza, tvofend typickym okruhem hub v kofenech zastupct
Celedi Ericaceae. Vyskytuji-li se typicky ErM houby na/v kotenech typicky EcM rostlin, o vyskytu
ErM se nehovofti, ptfestoZze tyto houby mohou tvofit ttvary morfologicky podobné ErM. Pokud
takovd houba netvoii Hartigovu sit, neni jeji pfitomnosti vétSinou prikladan velky vyznam —
predpokldda se, Ze je s kofeny asociovdna bez podstatného ekofyziologického vyznamu. Obvykle
je poukazovdno na vysoky stupeinl infektivity ErM hub, které mohou nespecificky kolonizovat i

mykotrofn¢ nekompatibilni rostliny. Pokud ov§em ErM houba v kofenech Hartigovu sit’ tvori,
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jednd se o EcM (pak i takova houba je povazovana za EcM houbu). Piedpoklddd se, Ze existuji
nejméné dveé houby, schopné tvortit jak ErM (typickou mykorhizu v kofenech viesovcovitych), tak
EcM (typickou mykorhizu s Hartigovou siti). Ob¢ ndlezi do tzv. Rhizoscyphus ericae — agregiatu
(Graf 1 na konci této kapitoly, viz déle). Toto izké spektrum by mohlo byt v budoucnosti rozsiteno
o piislusniky Sebacinales.

Na druhou stranu existuji publikované doklady o vyskytu EcM u viesovcovitych, tedy o
vyskytu Hartigovy sité v kotenech typicky ErM rostlin. Nejsou pfili§ Casté, hojné citovand je napf.
prace Dighton a Coleman (1992). Vzhledem k tomu, Ze se jednd o publikaci z hlediska DP velmi
relevantni (Cést 1 i Cast II), pokusim se ji detailn&ji popsat. Autofi zkoumali mykorhizy u R.
maximum Vv jizni oblasti Apalacského pohoti, Jizni Karolina, USA. Odebirali 4.5 cm Siroké a 10 cm
vysoké vidlcové vzorky (core sampling) rhizosférniho substrdtu uprostied tfech oblasti,
charakterizovanych jako “extensive, dense, monospecific stands of R. maximum”. Vzorky byly
odebirdny v tésné blizkosti kmenti R. maximum. Ze vzorkl autofi ru¢né vybrali vS§echny (alesponi
tak lze soudit z kapitoly Materidl a Metody) kofeny, roztiidili je do tfi hlavnich morfologickych
skupin a popsali vyskytujici se mykorhizni asociace. Autofi pak porovndvali ziskané vysledky
s kofeny téhoz druhu, komeréné péstovaného ve Skolce (popis péstovani ve Skolce je bohuZel zcela
krypticky). Tyto tii skupiny byly: (i) “fine, hair-like roots consisting of stele and a single layer of
cortical cells which had an outer lattice of thick, brown hyphae”; jednd se pravdépodobné o popis
kolonizovanych vlasovych kotent (hair roots), tedy organt typickych pro viesovcovité (napt. Read
1996); (ii) “beaded roots, containing a stele and a number of cortical cell layers™; a (iii) “roots
which showed evidence of a fungal sheath”. Autofi uvadéji, Ze rizné mykorhizy a kofenové
morfotypy byly nachdzeny v rtiznych castech jednotlivych kofenovych systému, tedy vzajemné
nesousedily. Neuvadéji vsak, jakym zpisobem definovali jednotlivy kofenovy systém, ani jakym
zpusobem urcili, Ze kofeny opravdu nalezely R. maximum. V ramci skupiny (i) identifikovali autoii
na zdkladé¢ pfitomnosti arbuskuli AM (tehdy VAM) a pravdépodobné i ErM [skupina (i) by méla
byt dominovdna ErM], v rdmci skupiny (ii) identifikovali na zdklad¢ ptfitomnosti arbuskuli AM,
v ramci skupiny (iii) autori rozlisili a popsali celkem devét (!) typtt EcM. Jeden z nich na zdkladé
morfologie identifikovali jako Cenococcum geophilum (typicky EcM askomycet, viz Clanek 5).
Zda se tedy, Ze R. maximum je schopen tvofit vSechny nejrozsifenéjsi mykorhizy (AM, EcM a
ErM). Osobné, a tedy s nezbytnou ddavkou subjektivity, si myslim, Ze zpisob, jakym autofi
odebirali kofeny zkoumaného rododendronu piimo vybizi k zamysleni, nedochizelo-li k zimé&né
kofenti rododendronti s jinymi rostlinami. U evropskych rododendronti jsem napii¢ kontinentem
EcM ani AM nenaSel (Clanek I), zaméfil jsem se viak pouze na vlasové kofeny, které by
pravdépodobné¢ spadaly do skupiny (i) vyse uvedeného Clenéni.

Zajimavou experimentalni praci zkoumajici ptitomnost EcM u viesovcovitych je publikace
Smith a kol. (1995). Autofi v kultivatnim experimentu zkoumali, zdali mohou viesovcovité
rostliny G. shallon a Rhododendron macrophyllum G. Don sdilet spolecné mykobionty

s koniferami Pseudotsuga menziesii (Mirbel) Franco a Tsuga heterophylla (Raf.) Sarg. Jako
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inokulum pouZili nesterilni substrat z lokality, kde se zminéné rostliny vyskytovaly dohromady. Do
tohoto substratu autofi zasadili semenacky zminénych rostlin (vZdy vSechny 4 druhy do spole¢ného
kvétinace) a po 8 — 10 mésicich vyhodnocovali jejich EcM a ErM kolonizaci. EcM kolonizace byla
hodnocena pomoci mikroskopického pozorovani rucnich fezli a kotenovych roztlakii (root
squashes), jejim indikdtorem byla pfitomnost Hartigovy sité. Vzhledem k tématu DP se zamé&tim
pouze na vysledky, tykajici se obou viesovcovitych rostlin. U nich autofi nalezli dva EcM
morfotypy a urcili je jako “Rhizopogon-type* a “Thelephora-type”. Typ Rhizopogon se vyskytoval
ul19% a typ Thelephora u 7% semenackd obou rostlin, ovSem vzdy pouze ve stopovych
mnoZzstvich (trace amounts), definovanych jako méné nez 1% kotfenového systému. Oba morfotypy
byly monopodidlni, vyskytovaly se na termindlnich kotfenovych Spickach. U typu Rhizopogon
autori pozorovali pro EcM netypickou intracelularni kolonizaci bunék kotfene a Hartigovu sit’ mezi
rhizodermalnimi bunikami, mykorhizy byly 1 — 1.5 mm dlouhé a mély pramér 0.2 — 0.3 mm. U typu
Thelephora autori pozorovali pouze ojedinélé interceluldrni hyfy, Hartigova sit’ tedy nebyla typicky
vyvinuta, mykorhizy byly 1 — 2 mm dlouhé a mély primér 0.3 — 0.5 mm. Z uvedenych vysledki je
dulezité zejména to, Ze EcM u obou viesovcovitych rostlin byly pfitomny pouze ve stopovych
mnozstvich. Navic je tieba brat v uvahu efekt chiivy okolnich EcM konifer, ktery mohl tvorbu EcM
u netypickych hostitelti podnitit. Autofi bohuzZel neilustrovali nalezené EcM morfotypy obrazovou
piilohou, navic identifikovali druhy z nich jako EcM i bez pfitomnosti Hartigovy sité. Troufdm si
také odhadnout, Ze autofi vzhledem k rozmérim obou morfotypti pouzili k jejich urCeni pouze
kotenové roztlaky, nikoliv ruéni fezy. V roztlacich se i atypickd kolonizace, nalezend v kofenech
evropskych rododendronti (Clinek 1) miiZe jevit jako EcM. Doklady ptitomnosti EcM u
viesovcovitych jsou proto z mého pohledu nejasné.

UvaZujeme-li v§ak o ptipadném napojeni typicky ErM a typicky EcM hostitelskych rostlin
na spole¢nou sit mimokofenového mycelia, nemusime ptfedpoklddat, Ze v kofenech takto
napojenych rostlin bude zformovan jenom jeden typ mykorhizy. Existuji totiz mykorhizni houby,
které dokdzi tvorit ErM i EcM v zavislosti na hostitelské rostliné (Bergero a kol. 2000, Vrélstad a
kol. 2000 a 2002). NaleZi do taxonomicky nelehce uchopitelného agregitu okolo typické ErM
houby Hymenoscyphus ericae (Read) Korf & Kernan. Nazev H. ericae - agregat je dosud pouZivan,
prestoze mykorhizni houba, kterd mu dala jméno, byla pfefazena do rodu Rhizoscyphus (viz
Hambleton a Sigler 2005). V této praci budu pouzivat oznaceni Rhizoscyphus ericae — agregét (R.
se ukdzalo, Ze se jednd o druhy Cadophora (dtive Phialophora) finlandica (Wang & Wilcox) Harr.
& McNew a Meliniomyces bicolor Hambleton & Sigler (Hambleton a Sigler 2005). C. finlandica
byla pfitom pfed ustavenim R. ericae — agregitu fazena mezi DSE a M. variabilis do okruhu
Variable White Taxon (Summerbell 2005b).

Az prace Villarreal-Ruiz a kol. (2004) vSak ukézala, Ze C. finlandica, je schopna soucasné
tvorit jak ErM, tak EcM. Autofi izolovali houbu z EcM morfotypu Piceirhiza bicolorata z kofent

P. sylvestris a pomoci sekvenovani ITS regioni rDNA prokazali, Ze nalezi do R. ericae - agregatu.
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Tato houba pii zpétné inokulaci tvotila EcM s P. sylvestris a ErM s V. myrtillus ve spole¢ném
tripartitnim systému. Je tedy mozné, Ze pravé askomycety R. ericae - agregatu jsou vhodnymi
kandidaty na poskytovatele hypotetické www, a ze C. finlandica tvoii pomyslny most mezi EcM a
ErM houbami (Vralstad 2004).

Pokud je mi zndmo, nebyly ani teoreticky mezi houby tvotici www nikdy fazeny typické
DSE houby, tedy predevSim P. fortinii. To je v rozporu se skute¢nosti, Ze kosmopolitn¢ rozsifené
DSE maji schopnost nespecificky kolonizovat kofeny pravdépodobné vSech vysSich rostlin, a Ze
jsou alespori za uréitych podminek povaZzovéany za houby mykorhizni (Cést I). Navic Kaldorf a kol.
(2004) uvadi, ze P. fortinii tvorila EcM (hyfovy plast a Hartigovu sit) v kofenech nékolika linii
transgenniho topolu (Populus tremula L. x P. tremuloides Michx.), pficemZ tento morfotyp byl
nalezen u 14% zkoumanych kotfenovych Spicek a predstavoval tak druhy nejrozsitencjsi morfotyp.
Prace Kaldorf a kol. (2004) je z tohoto pohledu ojedin€ld, napt. Melin (1922) popsal asociaci hub,
patiicich do MRA (jejichz typickym pfedstavitelem je pravé P. fortinii) jako pseudomykorhizu,
tedy asociaci bez formovani Hartigovy sité (Cést 1).

Zda se, Ze jak houby R. ericae — agregitu, tak DSE mohou byt na nasem tzemi pravidelné
asociovany s kofeny semenackii Picea abies (L.) Karst. V dosud nepublikované studii jsme se
s kolegy (L. Mrnka, O. Koukol, M. Fendrych, J. Fehrer) pokouseli izolovat a poté identifikovat
EcM houby z kofenti semenackii P. abies na nékolika lokalitich v NP Sumava. Drtivd vétSina
ziskanych izolatt vSak naleZela do tif taxonomickych skupin, jejichZ zastupci nejsou povazovani za
typicky EcM houby. Jednalo se o DSE houby (Acephala applanata, P. fortinii), houby R. ericae —
agregatu (C. finlandica, M. bicolor a Meliniomyces variabilis — tato houba byla izolovana
nejhojnéji) a houby z okruhu rodu Gyoerffyella. C. finlandica tvotila v in vitro experimentu s P.
abies asociaci pfipominajici EcM (typickd morfologie a anatomie vcetné hyfového plast¢ a
Hartigovy sité, Obr. 3 na konci této kapitoly) a s V. myrtillus asociaci pfipominajici ErM (tvorba
typickych hyfovych klubicek, Obr. 5). M. bicolor kolonizoval pouze koteny V. myrtillus a tvoftil
v nich asociaci ptipominajici ErM (Obr. 9). DSE houby tvotily DSE-asociaci v kofenech obou typt
rostlin (Obr. 15 a 17). M. variabilis také kolonizoval kofeny obou typt rostlin, kdyZ tvoril asociaci
podobnou ErM s V. myrtillus (Obr. 13) a netypickou intraceluldrni asociaci s P. abies (Obr. 11).

Zbyva uvést, jaké vyhody mykorhiznim rostlindim napojeni na www miiZe pfinaset. Je to
zejména vymeéna latek mezi riznymi jedinci téhoz, ale i rozdilnych druhti. Napi. Francis a Read
(1994) prokazali transport uhliku mezi rostlinami spojenymi myceliem AM hub. Simard a kol
(1997) dokazali in situ, Ze mimokofenové mycelium EcM hub slouzi také k vyméné uhliku mezi
ruznymi EcM hostitelskymi rostlinami. To zptesniuje ndhled na kolobéh uhliku v ekosystémech a
vrhd zcela nové svétlo na tradiéni schéma vymény minerdlnich a organickych litek mezi
hostitelskou rostlinou a mykorhizni houbou. Osobné¢ si myslim, Ze houby R. ericae — agregétu, snad
spolecné se n&kterymi Sebacinales, jsou pii uvazovdni o www propojeni typicky ErM a EcM
rostlin nejzhavéj§imi kandidaty. Je vSak tfeba zjistit, zda takové propojeni v pfirozenych

podminkach skute¢né existuje a zda ma relevantni ekofyziologicky vyznam.
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Ptitomnost mykorhiznich hub v rhizosféfe, popi. piimo v kofenech rostlin s odliSnou
mykorhizni preferenci muZe mit i jiné efekty, neZ napojeni na hypotetickou www. Napiiklad tzv.
hormondlni teorie predpoklddd aktivni Gcast auxind, tvofenych EcM houbou, pfi formovani EcM
jako morfologické struktury (napf. Nylund 1988, Gay 1990, Rudawska a Kieliszewska-Rokicka
1997, Niemi a kol. 2002). Je logické, Ze auxiny tvofené takovymi houbami by mély nespecificky
ovliviiovat také houby a rostliny s odliSnou mykorhizni preferenci. Podobny efekt jsem v minulosti
pozoroval u EcM houby C. geophilum, u ptudni houby Geomyces pannorum a v mensi miie také u

M. variabilis. Cast 11 této diserta&ni préce si proto kladla ndsledujici cile:

1. Popsat koloniza¢ni  potencidl Meliniomyces  variabilis v koifenech  typicky
ektomykorhiznich a typicky erikoidné mykorhiznich rostlin

Tento cil je zpracovdn v Cldnku 4 této disertacni prdce.
2. Porovnat koloniza¢ni potencial a mykorhizni efekt Cenococcum geophilum, Geomyces

pannorum a Meliniomyces variabilis u typicky erikoidné mykorhiznich rostlin

Tento cil je zpracovdn v Cldnku 5 této disertacni prdce.
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Obrazky k 2. 1. Cast IT: Uvod

Obr. 1: Schéma pokusu, zjistujictho kompatibilitu izolovanych hub a typicky EcM a ErM
hostitelskych rostlin; Obr. 2: Morfologie kofene Picea abies, kolonizovaného houbou Cadophora
finlandica, ptipominajici EcM morfotyt Piceirhiza bicolorata; Obr. 3. Hartigova sit, tvorend
houbou C. finlandica v kotenech P. abies, iseCka = 50um; Obr. 4: Morfologie kofenového systému
Vaccinium myrtillus, kolonizovaného houbou C. finlandica; Obr. 5: C. finlandica tvoii v kofenech
V. myrtillus asociaci, pfipominajici ErM, dsecka = 20um; Obr. 6: Morfologie kofene P. abies,
kolonizovaného houbou Meliniomyces bicolor, UseCka = 2mm; Obr. 7: Absence houbovych
struktur v kofeni P. abies, inokulovaném houbou M. bicolor, iseCka = 100um; Obr. 8: Morfologie
kofenového systému V. myrtillus, kolonizovaného houbou M. bicolor; Obr. 9: M. bicolor tvoii
v kofenech V. myrtillus asociaci, pfipominajici ErM, tsecka = 25um; Obr. 10: Morfologie kofene
P. abies, kolonizovaného houbou Meliniomyces variabilis; Obr. 11: Intracelularni kolonizace
kofene P. abies houbou M. variabilis, GseCka = 50um; Obr. 12: Morfologie kofenového systému V.
myrtillus, kolonizovaného houbou M. variabilis; Obr. 13: M. variabilis tvoii v kofenech V.
myrtillus asociaci, pfipominajici ErM, dseCka = 25um; Obr. 14: Morfologie kofene P. abies,
kolonizovaného houbou Phialocephala fortinii, ptipominajici pseudomykorhizu podle Melin
(1922), tsecka = 2mm; Obr. 15: Intracelularni kolonizace koiene P. abies houbou P. fortinii,
patrné je tmaveé hnédé mikrosklerocium a hyalinni az tmavé hnédé prepazkované hyfy, dsecka =
50um; Obr. 16: Morfologie kofenového systému V. myrtillus, kolonizovaného houbou P. fortinii;
Obr. 17: Intraceluldrni kolonizace rhizodermdlni buiikky V. myrtillus houbou P. fortinii,
ptipominajici intermediate structures (viz Cast I a zejména Clanek 1 této DP), tise¢ka = 25um; Obr.
18: Typickd morfologie DSE-asociace v koteni V. myrtillus, kolonizovaném P. fortinii, zfejma jsou
¢etnd mikrosklerocia, dseCka = 50um; Obr. 19: Morfologie kotfene P. abies, kolonizovaného
typickou ErM houbou Rhizoscyphus ericae; Obr. 20: Intraceluldrni kolonizace koiene P. abies
houbou R. ericae, usecka = 100um; Obr. 21: Intracelularni kolonizace kofene P. abies houbou R.
ericae, useCka = 25um; Obr. 22: Intracelularni kolonizace kofenti V. myrtillus houbou R. ericae,
usecka = 25um; Obr. 23: Morfologie kofenového systému V. myrtillus, kolonizovaného houbou R.

ericae. Autoti fotografif jsou M. Fendrych a M. Vohnik.
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Graf 1 k 2. 1. Cast II: Uvod

Kladogram agregdtu Rhizoscyphus ericae (Bayesianské posterior probabilities nad jednotlivymi
vétvemi, podpora bootstrapl pod jednotlivymi vétvemi: parsimonie normalnim pismem, distan¢ni
metoda kurzivou). R. ericae - agregit se v soucasné dobé€ sklddd minimdlné ze Ctyf popsanych
subkladl, tvofenych houbami Cadophora finlandica, Meliniomyces bicolor, M. variabilis a
Rhizoscyphus ericae. Pro vytvoreni kladogramu byly pouzity sekvence hub, izolovanych z kofent
semenalki Picea abies ze Sumavy (tuénd) a sekvence z vefejnych databazi. Je ziejmé, e vétsina
izolovanych hub ndleZela do subklddu M. variabilis (viz Cast II: Uvod). Autorkou kladogramu je
Dr. Judith Fehrer s pfispénim Libora Mrnky (BU AVCR, Prithonice).
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Abstract

Attempts to isolate ascomycetous Hydnotrya tulasnei Berk. & Br. from fresh hypogeous
sporocarps into a pure culture yielded beside H. tulasnei also a strain of Meliniomyces variabilis
Hambleton & Sigler (= MVA-2). Both phenotype and genotype analysis showed that MVA-2 was
highly similar to another M. variabilis strain, isolated previously from a root tip of Picea abies
(L.) Karst. The mycorrhizal potential of both H. tulasnei and M. variabilis is still dubious.
Therefore, we attempted an in vitro synthesis of root-fungus association between H. tulasnei, both
M. variabilis strains and typically ectomycorrhizal (P. abies and Pinus sylvestris L.) and typically
ericoid mycorrhizal (Vaccinium corymbosum L.) host plants. For comparison a strain of
Rhizoscyphus ericae (Read) Zhuang & Korf was also included. Both M. variabilis strains formed
intracellular structures characteristic for ericoid mycorrhiza in V. corymbosum roots, and also
colonized the roots of P. abies and P. sylvestris seedlings, modifying their morphology.
Superficially, Picea and Pinus root tips resembled early stages of EcM development, but
transversal sections revealed absence of the Hartig net and frequent intracellular colonization of
the cortex. Reference strain of R. ericae showed similar behavior in Picea, Pinus and Vaccinium
roots, only the intracellular colonization was more intensive and morphology of roots of both
conifers was less changed when compared to M. variabilis and control. H. tulasnei failed to
colonize the roots of P. abies and V. corymbosum, possibly due to sub-optimal conditions for its
growth. To our knowledge, this is the first report about the isolation of a putative ErM/EcM
fungus from inside a fresh sporocarp of a putative EcM fungus. The results of our study confirm
that M. variabilis can form ericoid mycorrhiza and at the same time intracellularly colonize roots

of coniferous plants, having no apparent negative effect on their growth. Further screening is



needed to elucidate whether the intracellular association between M. variabilis and roots of Picea

and Pinus is under natural conditions regular or exceptional, and if it has a symbiotic character.

Keywords: ericoid mycorrhiza, ectomycorrhiza, colonization pattern, Variable White Taxon,

Hymenoscyphus ericae — aggregate, Rhizoscyphus ericae

Introduction

The genus Hydnotrya (Pezizales, Discinaceae) comprises ascomycetous fungi with hypogeous
sporocarps (Montecchi and Sarafini 2000), which are suspected to be ectomycorrhizal (Newton
and Haigh 1998; Tedersoo et al. 2006). However, the mycorrhizal status and host plant
preferences of Hydnotrya tulasnei Berk. & Br. are still unclear. Tedersoo et al. (2006) molecularly
detected H. tulasnei in root samples from a mixed forest (Picea abies (L.) Karst., Tilia cordata
Miller, Betula pendula Roth., Populus tremula L.) in Estonia and described a putative H. tulasnei
morphotype. Authors, however, did detect neither the exact host species (except beech in two
localities in Denmark) nor isolated H. tulasnei into a pure culture. To our knowledge, reports
about an in vitro re-synthesis of ectomycorrhiza (EcM) using H. tulasnei are missing.

Meliniomyces variabilis Hambleton & Sigler, formerly known as Variable White Taxon
(Hambleton and Currah 1997), belongs to the Hymenoscyphus ericae (Read) Korf & Kernan
(=Rhizoscyphus ericae (Read) Zhuang & Korf) aggregate (Vralstad et al. 2000), which comprises
fungi forming ericoid mycorrhiza (ErM) and/or EcM (Vralstad et al. 2002a). Although M.
variabilis is commonly isolated from roots of ericaceous, broad-leaved and coniferous hosts, its
mycorrhizal status is still dubious (Hambleton and Sigler 2005 and references therein). On the
base of re-synthesis trials where it formed intracellular loops in rhizodermal cells of ericaceous
host plants, it was suspected to be an ericoid mycorrhizal symbiont (Piercey et al. 2002; Berch et
al. 2002).

In August 2004 and 2005, two H. tulasnei sporocarps were found in a mixed forest in northern
Bohemia and in a coniferous forest in Southern Bohemia, respectively. An attempt was made to
isolate H. tulasnei from both sporocarps into a pure culture for a re-synthesis trial. However, each
of the sporocarps yielded different mycelium. Thus, the aims of the reported study were: 1) to
identify both fungal isolates obtained from H. tulasnei sporocarps, and 2) to elucidate their
mycorrhizal potential by testing their ability to colonize roots of plant hosts typically
ectomycorrhizal (P. abies and Pinus sylvestris L.) and ericoid mycorrhizal (Vaccinium

corymbosum L.).

Materials and Methods
Isolation of fungal strains
Two H. tulasnei sporocarps were subjected to isolation of the fungal mycelium. The first was

collected in August 2004 in Taborsko region, southern Bohemia (CZ), in a forest dominated by P.



abies. The second was collected in August 2005 in a mixed forest between DrZzkov and Zdsada u
Jablonce nad Nisou municipalities, northern Bohemia (CZ). Both sporocarps were determined on
the base of typical macro- and micro-morphological characteristics according to Montecchi and
Sarafini (2000). Their specimens were deposited in Herbarium Mycologicum Musei Nationalis
Pragae part Flora Bohemica. For additional information see Table 1.

Small pieces of fungal tissue were aseptically extracted from the internal part of each
sporocarp and transferred into Petri dishes with standard MS medium (Murashige and Skoog 1962)
containing 0.16 mg IAA, 0.04 mg kinetin and 0.8 mg IBA per liter as growth regulators. The dishes
were Parafilm™-sealed and cultivated at room temperature in the dark. Each sporocarp produced
only one distinct type of fungal mycelium, differing in growth rates and morphology of the
colonies. The isolate from the first sporocarp is assigned as MVA-2, from the second sporocarp as
HTU-1 in the following text.

The M. variabilis strain MVA-1, in morphology similar to MVA-2, was also included in
this study. It was isolated in September 2003 from a root tip of P. abies seedling from a P. abies
stand at Modrava, Sumava National Park, southern Bohemia (M. Vohnik, unpublished data). The
isolation procedure included three washings of root tips (which superficially resembled EcM tips)
in sterile water followed by 10 min. in 10% SAVO (household bleach containing active chlorine)
and two washings in sterile water. The root tips were then placed on PDA (39 g I"', Fluka) and
cultivated at room temperature in the dark. MVA-1 was deposited in the Culture Collection of
Fungi (CCF; Faculty of Science, Charles University, Prague) and its ITS region’s sequence was
deposited in GenBank (Table 1). ITS region’s sequence (549 bp) of MVA-1 showed 99% similarity
with 522 bp of M. variabilis UAMH 8864 (= GenBank AY838789).

As a reference ErM fungus from the R. ericae - aggregate, we included a strain (= RER-1)
of R. ericae from Leake and Read (1989).

Identification of fungal strains

The mycelium of HTU-1 and MV A-2 was scraped with a lancet from margins of colonies actively
growing on PDA (MVA-2) or half-strength PDA (HTU-1) and processed with Mo-Bio
UltraClean™ Microbial DNA Isolation Kit following manufacturer’s instructions. Isolated DNA
was amplified using ITS1 and ITS4 primers according to Kolafik et al. (2004) and sequenced in the
DNA sequencing laboratory, Faculty of Science, Charles University in Prague, using BigDye
Terminator v. 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) and ABI 3100
Genetic Analyser, following manufacturer’s instructions. Obtained ITS1-5.8SrDNA-ITS2
sequences were compared with published sequences using the BLAST 2.1 similarity search
(Altschul et al. 1997). BioEdit 7.0.4.1 (Hall 1999) was used for comparison and alignment of

sequences.



Aseptic synthesis: Meliniomyces variabilis and Rhizoscyphus ericae
One compartment of each split Petri dish was filled with MMN and the other was left empty.
Despite relatively high content of glucose, MMN proved to be a suitable medium for ErM and EcM
synthesis with members of R. ericae — aggregate in our previous experiments (M. Vohnik,
unpublished data). Also, there was no qualitative or quantitative difference with respect to ErM and
EcM formation between MMN and 10x diluted MMN (1g of glucose per liter). After solidification,
the medium was overlaid with a sterile cellophane membrane to prevent growth of roots into the
medium. The central septum of each dish was perforated to allow insertion of experimental plants.
Agar plugs obtained from margins of actively growing fungal colonies were transferred into each
dish and cultivated for one month at room temperature in the dark. After this period, one aseptic
experimental plant was transferred into each dish in the manner that its roots were laid on the
surface of the fungal colonies and the shoots were placed in the empty compartments. There were
three sets of dishes (with P. abies, P. sylvestris and V. corymbosum), each containing three dishes
with MV A-1, three dishes with MV A-2, three dishes with RER-1 and three non-inoculated dishes.
The roots of experimental plants were covered with a sterile moistened filter paper. The
dishes were Parafilm™-sealed and placed in a vertical position into a growth chamber (16/8h
day/night, 23°C, 150 pmol m™s™). After two (for V. corymbosum) or three (for P. abies and P.
sylvestris) months, the experimental plants were extracted from the dishes and their roots were
separated and processed as follows: 1) V. corymbosum roots were cleared with 10% KOH (20min at
121°C), washed with tap water, acidified (1 min in 3% HCI), washed with tap water, stained with
trypan blue (1 hour at 121°C) and de-stained overnight in lacto-glycerol; ii) P. abies and P.
sylvestris roots were hand sectioned and thin sections were stained with aniline blue. Stained
roots/thin sections were observed using a microscope equipped by differential interference contrast
optics at high magnifications (400x and 1000x). For P. abies and P. sylvestris thin sections,

epifluorescent microscopy was employed according to Cudlin (1991).

Aseptic synthesis: Hydnotrya tulasnei

During sub-cultivation of isolated fungi, HTU-1 failed to grow on MMN. From the media
screened (MMN, MS, PDA, half-strength PDA), HTU-1 grew best on half-strength PDA. Thus, we
used this medium overlaid with a cellophane membrane or filter paper in a synthesis trial. After six
weeks, HTU-1 did grow on half-strength PDA in parallel dishes without cellophane membranes or
filter paper, but did not produce any significant growth in the dishes where membranes or filter
paper were inserted. In the former case, HTU-1 produced submersed mycelium identical to the
original colonies derived from the sporocarp. Apparently, cellophane membrane/filter paper
prevented submersed growth of the HTU-1 mycelium, hence completely inhibiting its
development. In this situation, it seemed best to insert three P. abies + three Vaccinium myrtillus L.

seedlings directly onto the surface of the original HTU-1 colony formed at MS medium. The



original HTU-1 colony was still viable, because served as a source of viable mycelium for dishes

without membranes/filter paper.

Results
Isolation and identification of fungal strains

Two fungal strains differing in morphology and ITS sequences were isolated in this study,
each from one of the H. fulasnei sporocarps. The isolation from the first sporocarp yielded white to
yellow smooth fungal colonies with moist appearance and sharp and narrow margins, growing
superficially on the medium (= MVA-2). The second sporocarp yielded slowly growing, brown to
orange submersed diffuse mycelium (= HTU-1). The ITS region’s sequence (569 bp) of MVA-2
showed 99% similarity with 465 bp of M. variabilis UAMH 8864 (= GenBank AY838789) and
99% similarity with 492 bp of MVA-1. The ITS region’s sequence (735 bp) of HTU-1 showed
99% similarity with 731 bp of “Pezizales sp. B48” (= GenBank AJ534700 = H. tulasnei, Tedesoo
et al. 2006). Thus, genotype analysis confirmed that HTU-1, isolated from the morphologically
determined H. tulasnei sporocarp belonged to this species and both genotype and phenotype
analyses confirmed that MVA-1 and MV A-2 represented different strains of M. variabilis. The ITS
region’s sequences of HTU-1 and MVA-2 were deposited in GenBank (Table 1). HTU-1 and
MVA-2 cultures are available from M. Gryndler.

Aseptic synthesis: Meliniomyces variabilis and Rhizoscyphus ericae

MVA-1, MVA-2 and RER-1 intracellularly colonized rhizodermal cells of V. corymbosum
micro-cuttings and formed characteristic ErM structures (Fig. 1a). Turgescent rhizodermal cells
were filled with dense hyphal coils and colonized parts of the root system were embedded in
hyphal wefts. RER-1 formed more intensive root colonization than both M. variabilis strains and its
intracellular hyphae were thinner, resulting in more compact loops. Colonized micro-cuttings grew
and performed well, however, there was no apparent macroscopic difference between the
inoculated and non-inoculated plants.

MVA-1, MVA-2 and RER-1 also colonized P. abies and P. sylvestris roots. Root
morphology of the colonized seedlings was changed in comparison with the non-inoculated
seedlings (Fig. 1b). When a contact between P. abies primary root and the fungal colony was
established, numerous short lateral roots without root hairs, resembling morphologically EcM root
tips, were produced. In contrast, non-inoculated plants produced only few short lateral root tips,
which were covered with root hairs. P. sylvestris lateral roots inoculated with MVA-1, MVA-2 and
RER-1 were often dichotomously branched, which never occurred in the non-inoculated roots.
Even though a loose mantle of fungal hyphae often surrounded the lateral root tips of both P. abies
and P. sylvestris, cross-sections revealed intracellular colonization of their cortex cells and absence
of the Hartig net (Fig. 1c). Intracellular colonization was most intensive in the case of RER-1.

However, the effect of RER-1 on the root morphology (the “EcM appearance”) was weaker than in



the case of MVA-1 and MVA-2. The seedlings of P. abies colonized by MVA-1 and MVA-2 grew
apparently better than the non-inoculated control seedlings, pointing at possible beneficial effect of
M. variabilis on host plants. However, due to a low number of replicates (n=3) we did not perform

statistical analysis.

Aseptic synthesis: Hydnotrya tulasnei

HTU-1 failed to form EcM with P. abies roots. After three months, its hyphae grew around the
roots of P. abies seedlings, but never penetrated their inter- of intracellular space. No EcM
structures like Hartig net or developed mantle were observed. Similar situation was in V. myrtillus

seedlings, where no interaction between roots and HTU-1 was observed.

Discussion:

Our study is the first report on the isolation of a putative ErM/EcM fungus M. variabilis from
inside the fresh young sporocarp of another putative EcM fungus H. tulasnei. Significance of this
finding together with possible H. tulasnei — M. variabilis co-existence could be resolved by
screening of more H. tulasnei sporocarps. Future investigators should consider presence of
endophytic fungi (e.g. M. variabilis) even in fresh, young H. tulasnei sporocarps.

To our knowledge, we report the first isolation of the H. tulasnei mycelium into a pure culture.
Bearing on mind limitations in interpreting the results of the H. tulasnei — P. abies re-synthesis,
we can only speculate on the mycorrhizal status of H. tulasnei. Its resolving appears to depend
especially on finding an experimental scheme respecting demands of both H. tulasnei and host
plant used.

M. variabilis is frequently isolated from EcM roots, namely from the “Piceirhiza bicolorata”
morphotype (e.g. Vralstad et al. 2000 and 2002b). Also MVA-1 was isolated from a root tip of P.
abies, which superficially resembled EcM (see Materials and Methods). On the other hand, M.
variabilis has to date never formed true EcM in re-synthesis trials (e.g. Vralstad et al. 2002a,
Piercey et al. 2002, this study).

The presence of MVA-1 and MVA-2 (and to limited extent also RER-1) changed superficial
morphology of P. abies and P. sylvestris roots to the EcM appearance: P. abies lateral roots could
resemble early stages of P. bicolorata and P. sylvestris roots were dichotomously branched.
However, changes in root morphology resulting in the EcM appearance are not necessarily
connected with EcM formation, and do not need to be caused by EcM fungi, as showed for
example by Gay (1990) in IAA-affected lateral roots of Pinus halapensis Mill. It seems to be the
case also in our study, because the Hartig net was missing in the lateral roots with the EcM
appearance and instead, intracellular colonization occurring across the whole cortex was present.

Intracellular colonization of roots of typically EcM coniferous plants by M. variabilis was
previously reported by Schild et al. (1988) and Piercey at al. (2002). M. variabilis also has a
potential to intracellularly colonize roots of typically ErM plants (Berch et al. 2002, Piercey et al.



2002, this study). While the significance of intracellular colonization in ericaceous roots can be
deduced from the well-established ericoid mycorrhiza, the importance of intracellular colonization
in coniferous roots is yet unknown.

However, the apparent ability of M. variabilis to colonize intracellularly both typically ErM
and EcM host plants, and the fact that this colonization mode has at least no negative effect on
colonized hosts (Piercey et al. 2002, this study) may have important eco-physiological
consequences. Similarly to many boreal and temperate ecosystems, where ericaceous shrubs form
understorey in coniferous forests, Vaccinium species frequently dominate understorey in P. abies
stands in Southern Bohemia. Hypothesized connection between ErM and EcM plants via the
mycelium of a common fungus is expected to play an important role in their life (Vralstad 2004).
Cadophora finlandica (Wang & Wilcox) Harr. & McNew is proposed to be a candidate for such
fungus (Vralstad 2004), because it forms both ErM (intracellular loops) with ericaceous and EcM
(the Hartig net) with coniferous plants (Villarreal-Ruiz et al. 2004). On the other hand, Piercey et
al. (2002) established intracellular association between M. variabilis (UAMH 8863) and typically
ErM plant Rhododendron groenlandicum (Oeder) Kron & Judd and typically EcM plant Picea
mariana (Mill.) BSP. Similar re-synthesis was repeated with MVA-1 and MVA-2 in the roots of
P. abies, P. sylvestris and V. corymbosum in this study. Thus, M. variabilis could play the same
role as proposed for C. finlandica. To confirm this deduction, it is needed i) to screen whether the
intracellular association between M. variabilis and coniferous plants regularly occurs at natural
sites and ii) to resolve whether this association has a symbiotic character.

It can be questioned whether the three-months cultivation period was sufficient for EcM
establishment in our experiment. However, Vralstad et al. (2002a) succeeded in EcM establishment
with members of R. ericae — aggregate within three months and the same period was sufficient for
the Hartig net development between P. abies and C. finlandica, another member of the H. ericae —
aggregate, and Cenococcum geophilum Fr., a common ascomycetous EcM fungus, under identical
scheme as used in this study (M. Vohnik et al., unpublished data). It is also uncommon that EcM
development would start with intracellular colonization of the cortex. Moreover, the intracellular
colonization pattern of both M. variabilis strains in P. abies and P. sylvestris roots resembled this
formed by the typical ErM fungus R. ericae, which have never formed EcM.

Alternatively, M. variabilis might be slower in the Hartig net formation than C. finlandica or C.
geophilum and might include unusual intracellular phase in early stages of EcM development. To
resolve this, prolonged cultivation period, more M. variabilis strains and possibly also other

cultivation scheme reflecting natural conditions should be employed.
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FIGURE 1a: Intracellular hyphal coils formed by MVA-1 and MVA-2 in the roots of V. corymbosum (bar = 10pm); FIGURE 1b Typical morphology of the

4

P. abies lateral roots, inoculated with MVA-1 and MVA-2 (bar = Imm); FIGURE 1c A thin section of a P. abies lateral root showing numerous M. variabilis

hyphae (arrows) colonizing cortical cells (bar = 10um).



Isolate Source of the Date and location Sporocarp | Culture accession | GenBank

g
isolate specimen accession .| 8%
o~ N
accession number 5| s S
sS2 g2 S
number SS|E% N
RS | &
HTU-1 |sporocarp of H. | August 2004; P. abies - dominated forest, PRM 902032 | Available from M. | AM261522 - NT -
tulasnei Téborsko region, S Bohemia (CZ) Gryndler

MVA-1 |roottip of a P. September 2003; P. abies stand, Modrava, Sumava - CCF 3583 AM261523 | INT | INT | ErtM

abies seedling | NP, S Bohemia (CZ)

MVA-2 |sporocarp of H. | August 2005; mixed forest between DrZzkov and PRM 905514 | Available from M. | AM261524 | INT | INT | ErtM

tulasnei Zasada u Jablonce n. N., N Bohemia (CZ) Gryndler
RER-1 C. vulgaris hair | Leake and Read, 1989 - Leake and Read, Leakeand | INT | INT | ErM
root 1989 Read, 1989

TABLE 1: Additional data about the fungal strains, used in this study, and their interaction with the roots of the three host species. HTU-1 = Hydnotrya
tulasnei; MVA-1 and MVA-2 = Meliniomyces variabilis; RER-1 = Rhizoscyphus ericae; PRM = Herbarium Mycologicum Musei Nationalis Pragae, Prague,
CZ; CCF = Culture Collection of Fungi, Prague, CZ; “-*“ = no interaction; NT = not tested; INT = intracellular colonization; ErM = formation of ericoid

mycorrhiza.
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ABSTRACT The roots of ericaceous plants are commonly inhabited by symbiotic ericoid
mycorrhizal (ErM) fungi, which are known to improve fitness of their hosts. However, being
underground absorptive organs, ericaceous roots come into contact and interact with a wider
spectrum of fungi, including saprotrophic and ectomycorrhizal (EcM) ones. Such interactions may
have an important impact on eco-physiology of ericaceous plants, yet their effects remain obscure.
Among the representatives of non-ErM fungi which are occasionally isolated from ericaceous
roots, we tested a potential of ECM Cenococcum geophilum Fr., saprotrophic Geomyces pannorum
(Link) Sigler & Carmichael and a frequent root-associated, potentially ErM-forming Meliniomyces
variabilis Hambleton & Sigler to colonize ericaceous roots and to support their development. Three
in vitro experiments were set up to verify such abilities of these fungi, including also a typical ErM
fungus, Rhizoscyphus ericae (Read) Zhuang & Korf, for comparison. All fungal strains
intracellularly colonized rooted Vaccinium micro-cuttings: G. pannorum occasionally produced
hyphal loops similar to ErM, M. variabilis and R. ericae exhibited typical ErM colonization
pattern. C. geophilum hyphae grew vigorously on and around newly formed roots and rarely
penetrated turgescent rhizodermal cells forming intracellular loose loops. Rooting of
Rhododendron sp. micro-cuttings was not promoted by any fungal strain except C. geophilum. C.
geophilum also promoted the most vigorous growth of Rhododendron ponticum L. seedlings. Our
observations show that the widespread EcM fungus C. geophilum has a potential to colonize
ericaceous roots and support their development, which may influence overall growth of ericaceous
plants. As showed for G. pannorum, structures resembling ErM colonization may be formed by

fungi, which are to date not regarded as ericoid mycorrhizal.

INTRODUCTION

Ericaceous plants form root-fungus associations mainly with ericoid mycorrhizal (ErM) fungi and
dark septate endophytes (DSE), called ericoid mycorrhiza (ErM) in the former and DSE-
association in the latter case. Extensive body of literature attests that ErM plays significant role in
the life of ericaceous plants (Cairney and Meharg 2003; Read et al. 2004), yet the role of DSE
remains to be uncovered (Jumpponen 2001; Mandyam and Jumpponen 2005). Similarly to DSE,
the significance of ectomycorrhizal (EcM) fungi (Dighton and Coleman 1992; Stoyke and Currah



1993; Midgley et al. 2004), unknown basidiomycetous fungi (Seviour et al. 1973; Bonfante-Fasolo
1980; Bougoure and Cairney 2005a,b) or saprotrophic ascomycetous fungi (Allen et al. 2003),
which are occasionally found in roots of ericaceous species, remains obscure.

Even though mycorrhizal fungi influence various components of host plant fitness (Jones
and Smith 2004), their effect on the host plant nutrient uptake and enhanced growth is usually
sought, putting other factors aside (Johnson et al. 1997; Jones and Smith 2004). In ericaceous
species, primary effect of their root associated ErM fungi is in accessing nutrients (mainly N) from
organic compounds together with detoxification of the substrate (Perotto et al. 2002; Cairney and
Meharg 2003). Other factors are considerably less studied.

For example, fungal involvement in enhanced root development of ericaceous plants is yet
an unresolved topic. Scarce reports about the influence of ErM fungi provide various results (e.g.
Eccher and Noé 2002). Contrary to ErM fungi and their ericaceous hosts, considerably more work
has been focused on the influence of EcM fungi on rooting and root development of EcM host
plants (e.g. Gay 1990; Rudawska and Kieliszewska-Rokicka 1997; Niemi and Haggman 2002;
Niemi et al. 2002), the experience and knowledge have however not been transferred into the field
of ErM symbiosis.

During our past work with mycorrhizal and other soil-borne fungi, which was focused on
aseptic syntheses with ericaceous host plants, several strains of different non-ErM fungi revealed a
potential to positively interact with ericaceous roots, namely to form intracellular structures
resembling ErM or positively influence root development of the inoculated micro-cuttings. Among
the most unexpected interactions, Geomyces pannorum, a soil borne fungus and an occasional
human skin pathogen (Domsch et al 1980, Gianni et al. 2003), colonized newly formed roots of
Rhododendron and Vaccinium micro-cutings. An EcM fungus, Cenococcum geophilum and a
frequent root-associated fungus, Meliniomyces variabilis supported the root development of R.
ponticum seedlings, both fungi also colonizing newly emerged roots. All three fungi were recently
detected in ericaceous roots by different authors (Lacourt et al. 2001, Midgley et al. 2004, for
details about M. variabilis see Hambleton and Sigler 2005), however without determination of their
interaction with the host roots.

To contribute to the knowledge on the interactions between non-ErM fungi and ericaceous
roots, we aimed to simultaneously screen the ability of C. geophilum, G. pannorum and M.
variabilis to colonize ericaceous roots and support their development in three in vitro trials.
Rhizoscyphus ericae (Read) Zhuang & Korf, a representative of a typical ErM fungus, was also

included in our study and screened for the same effects.

MATERIALS AND METHODS
Fungal isolates
Following fungal strains were tested for their ability to interact with roots of Rhododendron and

Vaccinium seedlings/micro-cuttings: C. geophilum (= CGE-4 in the following text), G. pannorun



(= GPA-1), M. variabilis (= MVA-1) and R. ericae (= RER-1). CGE-4 is available from M. Vohnik
on request. GPA-1 was isolated from a contaminated Rhododendron sp. tissue culture and is
deposited in the Culture Collection of Fungi (= CCF; Faculty of Science, Charles University,
Prague) under the accession number CCF 3581. Its ITS1-5.8SrDNA-ITS2 sequence is deposited in
GenBank under the accession number DQ494320. MVA-1 was originally isolated from P. abies
roots, is deposited in CCF under the accession number CCF 3583 and its ITS1-5.8SrDNA-ITS2
sequence is deposited in GenBank under the accession number AM261523. RER-1 was originally
isolated from Calluna vulgaris Hull. roots (Leake and Read 1989) and is available from M. Vohnik

on request.

Assessment of the fungal ability to colonize ericaceous roots

Rooted Vaccinium micro-cuttings

One compartment of each split Petri dish was filled with MMN and inoculated with agar plugs
overgrown with mycelium of CGE-4, GPA-1, MVA-1 and RER-1. The other compartment was left
without the medium. Suitability of the MMN medium for growth of Rhododendron/Vaccinium
seedlings/cuttings and the tested fungal strains was screened in advance with positive results.
Despite relatively high content of carbon in MMN, this medium showed to support ErM formation
with R. ericae during the testing.

The dishes with the plugs were cultivated for one month at room temperature in the dark.
After this period, one aseptic rooted Vaccinium cutting was inserted into each dish in a manner that
its roots were placed on the surface of the fungal colonies and its shoot was accommodated in the
empty compartment. There were three rooted micro-cuttings per each fungal strain including a non-
inoculated control. Each dish was Parafilm™-sealed and placed in a growth chamber (16/8h,
25/20°C day/night, 150 umol m™s™). After three months, plants were removed from the dishes,
their roots were cleared with 10% KOH (20min 121°C), washed with tap water, acidified (1 min
3% HCI), washed with tap water, stained with trypan blue (1 hour 121°C) and de-stained overnight
in lacto-glycerol. Stained roots were observed with DIC at high magnifications (400x and 1000x)
using Olympus BX60 microscope. Photos were taken with Olympus DP70 camera.

Additionally, the ability of GPA-1 to colonize Vaccinium roots was screened in a peat +
perlite substrate. Three 300ml Erlenmayers” flasks filled with moistened autoclaved peat : perlite
(1:1) were pre-inoculated for one month with GPA-1 and three flasks were left non-inoculated.
Three rooted micro-cuttings were inserted into each of the flasks, resulting in nine cuttings
inoculated with GPA-1 and nine cuttings non-inoculated. After three months of cultivation in the

growth chamber, the cuttings were harvested and their roots were treated as described above.

Rhododendron ponticum seedlings
Germinating surface-sterilized seeds of R. ponticum were placed onto margins of one-month-old

fungal colonies (CGE-4, GPA-1, MVA-1 and RER-1), actively growing on MMN. There were



three Petri dishes each with four seedlings per fungus and control. After three months of cultivation
in the growth chamber, the roots of the seedlings were stained, observed and documented as

described above.

Assessment of the fungal ability to support development of ericaceous roots
Experiment 1
One compartment of each of 15 split Petri dishes was filled with the medium (= MMR) after Dalpé
(1986). After solidification of MMR, a central septum of each dish was perforated to allow
insertion of experimental plants. Aseptic Rhododendron sp. micro-cuttings were inserted in
triplicates through perforated septum in a manner that approx. one fifth of their size was immersed
into MMR. The dishes were inoculated with agar plugs collected from margins of actively growing
colonies of all four tested fungi (CGE-4, GPA-1, MVA-1 and RER-1), representing separate
variants. There were nine micro-cuttings in each variant including a non-inoculated control. The
dishes were Parafilm"™-sealed and placed in a vertical position into the growth chamber. After 15
weeks, the number of rooted micro-cuttings was counted and the average length of the roots was
measured for each variant. Roots were excised and treated as described above.
Experiment 2

Aseptic Rhododendron micro-cuttings, the same origin as in the Experiment 1, were
introduced into glass vessels (350 ml) with the standard MS medium without growth regulators.
The vessels with 50 micro-cuttings were inoculated with CGE-4, GPA-1, MVA-1 or RER-1,
Parafilm™-sealed and placed in the growth chamber. One vessel was left non-inoculated. After
three months of cultivation, number of rooted micro-cuttings and colonization patterns in roots

were assessed as described above.

RESULTS
Assessment of the fungal ability to colonize ericaceous roots

All fungal strains intracellularly colonized roots of either Vaccinium micro-cuttings or R.
ponticum seedlings. Non-inoculated plants remained without any fungal colonization.

GPA-1 intracellularly colonized roots of Vaccinium micro-cuttings only in the peat - perlite
substrate. Here it formed loose to dense trypan blue-stained coils in rhizodermal cells (Figs. 1 - 3),
which resembled coils/loops formed by ericoid mycorrhizal fungi in ericaceous roots. On MMN
medium, GPA-1 occasionally formed loose hyphal wefts around the roots of Vaccinium micro-
cuttings, but without apparent intracellular colonization. The development of the roots of R.
ponticum seedlings in the presence of GPA-1 was reduced (Fig. 8) and the reduced roots were
without any fungal colonization.

Darkly brown septate hyphae of CGE-4 formed loose to dense mantle around the newly

formed roots (Fig. 4) and also around the base of stems of the micro-cuttings. Often, hyphae



followed grooves between rhizodermal cells, occasionally penetrating turgescent cells with
melanized or hyaline hyphae (Fig. 5), forming loose hyphal loops inside them (Fig. 6).

Both MVA-1 and RER-1 colonized rhizodermal cells of rooted Vaccinium micro-cuttings
in a manner typical for ErM fungi. Rhizodermal cells were filled with hyphal coils/loops and the
roots were often embedded in hyphal mantles. MV A-1 failed to colonize the roots of R. ponticum
seedlings. Contrary to CGE-4 and RER-1 variants, the roots of the seedlings did not penetrate
through MV A-1 fungal colonies into the agar medium, but developed extensively on the surface of
the colonies.

RER-1 was more efficient than MVA-1 in terms of root colonization levels reaching
approx. 15% and 25% of the total root length colonized in Vaccinium micro-cuttings and R.
ponticum seedlings, respectively. Colonization level of GPA-1 was lower and reached approx. 5 %.
The intracellular colonization by CGE-4 was lower than 1%.

There were no apparent differences in the size of the Vaccinium micro-cuttings among all
inoculation variants.  The growth of R. ponticum seedlings was positively influenced by CGE-4
and negatively by GPA-1. In the presence of CGE-4, the seedlings developed apparently better than
in the rest of the variants. In contrast, the seedlings growing in the presence of GPA-1 had reduced

roots and also their overall growth was reduced (Fig. 8).

Experiment 1

In the CGE-4 variant, five from the total nine micro-cuttings developed three or four roots >10
mm. In the GPA-1 variant, one micro-cutting developed one root <5 mm without any fungal
colonization, the same situation was in the RER-1 variant. The non-inoculated micro-cuttings
remained without any roots. There were no apparent differences in the growth of the cuttings

between all variants.

Experiment 2

In the CGE-4 variant, 16 from 50 micro-cuttings produced abundant roots (Fig. 7), which were
colonized in the same manner as in the Experiment 1. The micro-cuttings in the other variants
remained without any roots. The rooted micro-cuttings inoculated with CGE-4 were approx. two-
times bigger than the other, including the non-rooted micro-cuttings inoculated with CGE-4 (Fig.

7).

DISCUSSION

Even though C. geophilum is an EcM fungus, it is also occasionally detected in the surface-
sterilized ericaceous roots (Midgley et al. 2004). However, its impact on the eco-physiology of
ericaceous plants remains unclear. Stoyke and Currah (1993) found in a re-synthesis trial that
hyphae of C. geophilum formed “loose wefts of hyphae on root surfaces, but rarely penetrated the

root cortex” of ericaceous Menziesia ferruginea Smith in an aseptic culture. Similarly to Stoyke



and Currah (1993), C. geophilum reached very low colonization levels in our study. Stoyke and
Currah (1993) stated that the association between C. geophilum and M. ferruginea appeared
“potentially mycorrhizal”, thus having potentially beneficial character. Also in our study, both
extra- and intracellular in vitro presence of C. geophilum in ericaceous roots had a beneficial
character, resulting in a stimulation of rooting/root development, which was connected with
improved growth of the inoculated plants.

Despite the low colonization rate in the ericaceous roots, C. geophilum extraradical
mycelium (ERM) appeared to play more important role than the intracellular structures in our
study. This results in a situation where very low fungal intracellular colonization (but high presence
of the hyphae in the rhizosphere) is connected with positive effect on host plant fitness. Such
situation may occur under natural conditions, where ERM originating from C. geophilum-colonized
EcM host plants occurring sympatrically with ericaceous plants comes into direct contact with
roots of the latter. Then, C. geophilum can accidentally and at low levels colonize rhizodermal cells
of its ericaceous hosts. This statement is supported i) by observations of Stoyke and Currah (1993)
who observed low colonization levels of C. geophilum in M. ferruginea roots and noted that the
colonization pattern “resembled associations observed in field samples”, and ii) by infrequent
detections of C. geophilum in ericaceous roots by molecular methods (Midgley et al. 2004). C.
geophilum hyphal net in the rhizosphere of ericaceous plants then may positively interact with
ericaceous roots, as showed in our study. Question however remains about the interaction between
C. geophilum and ErM fungi, because most ericaceous roots are expected to be ErM under natural
conditions (Perotto et al. 2002).

The essence of the rooting-stimulating effect of CGE-4 in this study was not determined
and is an aim of our subsequent experiment. EcM fungi are known to produce phytohormones,
especially auxins, which is together with the hormone theory and its validity discussed elsewhere
(e.g. Nylund 1988; Gay 1990; Rudawska and Kieliszewska-Rokicka 1997; Niemi et al. 2002).
Apparently, the effect of C. geophilum on the root development of its hosts is non-specific and may
influence also non-EcM plants.

G. pannorum is a common air- and soil-borne fungus with cellulolytic and kerationolytic
abilities, frequently isolated from various substrates and niches, including rhizosphere of peat bog
plants (Domsch et al 1980). Lacourt et al. (2001) used a sequence of G. pannorum strain CLM
323.96 (GenBank AF307760) and noted that this strain had been originally isolated from roots of
Erica arborea L. by Bergero et al. (2000). This study is to our knowledge the first attempt
to describe the interaction between G. pannorum and ericaceous roots. GPA-1 formed intracellular
coils in the rhizodermal cells of Vaccinium micro-cuttings, however only in the peat-based
substrate. Similar structures formed by Myxotrichum setosum (Eidam) Orr, Kuehn & Plunkett,
Gymnascella dankaliensis (Castellani) Currah (both with Oidiodendron anamorphs) and

Pseudogymnoascus roseus Raillo (with Geomyces anamorph) were observed in Vaccinium



angustifolium Ait. roots by Dalpé (1989), who assigned them to ericoid mycorrhiza and declared
M. setosum, G. dankalienses and P. roseus to be new ErM fungi.

In our study, the colonization potential of GPA-1 was low and the colonized Vaccinium
micro-cuttings did not show any signs of improved fitness. On the other hand, also M. sefosum and
P. roseus reached low colonization levels (8 - 10% and 5 - 6%, respectively) in roots of V.
angustifolium, without causing any apparent improvement of fitness of the host plants (Dalpé
1989). Commonly, fungal strains isolated from surface-sterilized ericaceous roots and/or forming
intracellular coils in their rhizodermal cells are assigned as putative ErM fungi, regardless the
colonization levels they reach [e.g. M. setosum, G. dankalienses and P. roseus by Dalpé (1989);
saprotrophic Capronia-like fungi by Allen et al. (2003); dematiaceous hyphomycete Heteroconium
chaetospira (Grove) Ellis by Usuki and Narisawa (2005)]. In our study, the root development and
overall growth of R. ponticum seedlings growing in contact with GPA-1 cultures was depressed.
On the other hand, in vitro growth of rooted Rhododendron micro-cuttings can be depressed by
Oidiodendron maius Barron, which ex vitro forms ErM and improves nutrient uptake by
Rhododendron cv. Azurro (Vohnik et al. 2005). To conclude, the apparent ability of GPA-1 to
colonize rhizodermal cells of ericaceous plants together with the relatedness of G. pannorum to
Oidiodendron genera, which contains many ErM species (Dalpé 1986 and 1991; Hambleton et al.
1998; Lacourt et al. 2001) may indicate G. pannorum as a putative ErM fungus.

M. variabilis, formerly known as Variable White Taxon, is a fungus with yet not clear
mycorrhizal status (Hambleton and Sigler 2005). In this study, MVA-1 did not influence rooting of
Rhododendron micro-cuttings nor colonized the roots of R. ponticum seedlings nor apparently
influenced their growth in comparison with non-inoculated control, but intracellularly colonized
roots of Vaccinium micro-cuttings in a manner similar to ErM. On the other hand, the typical ErM
fungus R. ericae colonized also the R. ponticum seedlings, indicating R. ericae as a more infective
fungus that M. variabilis under chosen experimental conditions. These observations together with
those reviewed by Hambleton and Sigler (2005) indicate that beside the morphology of its colonies,

also the mycorrhizal potential of M. variabilis may be variable.
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Figures 1 & 2 & 3: hyphal loops
formed by Geomyces pannorum in the
roots of Vaccinium corymbosum;
Figure 4: a loose hyphal weft formed
by Cenococcum geophilum around the
roots of Rhododendron ponticum;
Figure 5: a dark septate hypha enters
the rhizodermal cell of R. ponticum;
Figure 6: extra- and intracellular
structures formed by C. geophilum in
the roots of V. corymbosum; Figure 7.
a comparison of the stimulation effect
of C. geophilum on Rhododendron sp.
micro-cuttings (control cuttings in the
smaller photo); Figure 8: a comparison
of the effect of C. geophilum (big
photo), Geomyces pannorum (upper
smaller photo) and M. variabilis (lower
smaller photo) on the development of
R. ponticum seedlings. Bars represent

10um unless other indicated.




2. 4. CAST II: Diskuse

(Ektomyko-)rhizosféra, potazmo pak i rhizopldna ektomykorhiznich rostlin, a zejména
houby, které ji obyvaji, byly pfedmétem vyzkumu jesté¢ pied vlastnim objevem EcM
symbidzy (Frank 1885). Specificky prostor vymezeny dosahem mimokofenovych hyf
vyrtstajicich z jednotlivych EcM kofenovych Spi¢ek obvykle obsahuje odlisné spektrum
hub, neZ okolni EcM hyfami nekolonizovand pida. Toto spektrum je neziidka
dominované nemykorhiznimi houbami typu Penicillium, Umbelopsis, Mortierella,
Trichoderma, Cylindrocarpon apod. (shrnuto napt. v  Summerbell 2005b).
Ektomykorhizosféra je houbami (ale i ostatni plidni mikroflérou a mikrofaunou) obvykle

) 24 a3

kolonizovédna v hojnéjsi mife, nez okolni substrét; tento jev se nazyva “rhizosférni efekt”
(rhizosphere effect) a byl dle Summerbell (2005b) pravdépodobné poprvé pozorovan O.
Hagemem jiZ v roce 1910.

V ektomykorhizosféfe jsou kromé vysSe uvedenych hub jiz od poc¢éitkti minulého
stoleti pravideln¢ a hojné¢ nalézany houby, jejichz mykorhizni status je nejisty. Jednd se
pfedev§im o houby diive fazené do komplexu MRA. Ten byl tradicné ¢lenény na skupiny
a a B. S rozvojem molekuldrnich technik bylo zjiSténo, Ze hlavnim pfedstavitelem MRA «a
je DSE-houba P. fortinii, taxonomicky status MRA B zlistavad nejasny. O vyznamu MRA,
tedy predevsim P. fortinii a DSE-asociace, kterou tato houba v kofenech vétSiny vyssich
rostlin tvoif, pojednavd Cist I této DP. Vedle MRA komplexu jsou s mensi frekvenci
v ektomykorhizosféte nalézany také houby, diive fazené do komplexu VWT. Summerbell
(2005b) uvadi jako jeden =z prvnich ndlezd VWT nékteré houby, izolované z
pseudomykorhiznich kotfenli Picea mariana (Mill.) BSP Richardem a Fortinem v roce
1974. VWT je také Casto asociovdn s mykorhizosférou viesovcovitych rostlin (Hambleton
a Currah 1997). S rozvojem molekuldrnich technik byla jako hlavni ptfedstavitel VWT
identifikovdna houba M. variabilis (Hambleton a Sigler 2005).

Vysledky Clanku 4 a Clanku 5 této DP ukazuji, Ze M. variabilis vnitrobunééné
kolonizuje kotfeny viesovcovitych rostlin, pficemz v jejich rhizodermalnich buiikach tvofii
struktury typické pro ErM. Vzhledem k casté asociaci M. variabilis skofeny
viesovcovitych za pfirozenych podminek (viz Hambleton a Sigler 2005), k vysledkiim
naSich in vitro syntetickych pokust a s pfihlédnutim k pracim Piercey a kol. (2002) a
Berch a kol. (2002) tak lze prohlasit, Ze M. variabilis ma potencidl tvofit v kofenech
viesovcovitych ErM. Vysledky Clinku 4 navic ukazuji, 7e oba zkoumané kmeny M.
variabilis dokazi vnitrobunécné kolonizovat typicky EcM hostitelské rostliny P. abies a P.
sylvestris. To je v souladu s vysledky prace Schild a kol. (1988), kterd uvadi podobny

zpusob kolonizace u Picea sitchensis Carr., a s vysledky prace Piercey a kol. (2002), kde
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M. variabilis podobnym zpisobem kolonizuje hostitelskou rostlinu P. mariana. Lze tedy
prohlasit, Ze vnitrobunécna kolonizace kotenil typicky EcM hostitelskych rostlin je u M.
variabilis alespon v kontrolovanych podminkach obvyklym jevem. Je hypoteticky mozné,
Ze by M. variabilis v ptirozenych podminkach mohl plnit roli propojovatele rostlin rtiznych
mykorhiznich preferenci, v tomto pfipad€ rostlin, typicky tvoficich ErM a EcM, pfi¢emz
v kofenech typicky EcM rostlin by M. variabilis netvotil EcM, ale byly by kolonizoviny
zpusobem popsanym vySe. Takova role byla hypotetizovana u dalSiho zastupce R. ericae —
agregatu, houby C. finlandica (Vralstad 2004). C. finlandica vSak na rozdil od M. variabilis
tvofi v kofenech typicky EcM hostitelskych rostlin Hartigovu sit’, charakteristickou pro
EcM a kofenové buiiky EcM rostlin nekolonizuje vnitrobun&éné (viz Cast II: Uvod, Obr.
3).

Ptestoze je C. geophilum typickou EcM houbou, jeji hyfy lze Casto nalézt i ve
rhizosféfe sousedicich ErM rostlin, a byla také izolovdna z povrchové sterilizovanych
kofenli viesovcovitych rostlin (napi. Midgley a kol. 2004). Dighton a Coleman (1992)
identifikovali jeden zdeviti EcM morfotypl, nalezenych u R. maximum, jako C.
geophilum. Stoyke a Currah (1993) inokulovali viesovcovitou rostlinu Menziesia
ferruginea Smith houbou C. geophilum. Nedochédzelo k tvorbé EcM, mycelium tvofilo
okolo kotend volnou sit’ hyf a pouze vzicné hyfy penetrovaly vnitrobunécné. Autofi
uvadeji, Ze asociace pozorovand Vv kontrolovanych podminkdch odpovidd asociaci,
pozorované v piirods. Tyto zavéry odpovidaji vysledktim, uvedenym v Clinku 5. C.
geophilum identickym zpisobem kolonizovalo koteny Vaccinium sp., Rhododendron sp. a
Rhododendron ponticum L., pticemz nikdy nedochdzelo k tvorbé EcM. Zda se tedy, Ze C.
geophilum nemd schopnost ve vlasovych kofenech viesovcovitych rostlin tvotfit EcM.
Ptesto byl vliv C. geophilum na tvorbu a rozvoj kofenli vSech zkoumanych rostlin
pozitivni, a to jak ve srovnani s kontrolou, tak s typickou ErM houbou R. ericae. Velmi
pravdépodobné za to miZe produkce auxinli zkoumanym kmenem C. geophilum, nebot’
koncentrace IAA v jeho myceliu dosahuje v priméru pomérné vysoké hodnoty 20 pmol/g
cerstvé hmotnosti (Vohnik a kol., nepublikovdno). C. geophilum tak mize stimulovat nejen
rozvoj kofentll své typicky EcM hostitelské rostliny, ale i rostlin sousednich, pfi¢emzZ pravé
viesovcovité pravidelné tvoii podrost EcM porostu. Takovato podpora rozvoje kofenového
systému se odraZ{ i na ristu viesovcovitych rostlin, jak ukazuji vysledky Clanku 5.

Je ztejmé, Ze typicky EcM C. geophilum mize nemykorhizné ovliviiovat i rostliny jinych
mykorhiznich preferenci. Pozitivni efekt mykorhizni houby tedy nemusi byt spjat s tvorbou
mykorhizy. Viesovcovité rostliny, zejména pokud rostou v pfitomnosti EcM rostlin, tak

hypoteticky mohou vyuZivat pfitomnosti EcM hub ve své rhizosféte, aniz by
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jim za to pfimo odvadély uhlikaté slouceniny, jak je pravidlem u mykorhizni symbiézy.
Jednalo by se tedy o urcitou formu komenzélniho vztahu. Lze vSak pfedpokladat, ze i C.
geophilum v ramci tohoto hypotetického vztahu profituje, napt. vyuZivinim kofenovych
exudatti nebo odumielych kofenti jako zdroje energie.

Mykorhizni status je u hub asociovanych s kofeny viesovcovitych rostlin ur€ovan
primdrné pomoci resyntetickych pokust, pficemZ za erikoidn€ mykorhizni je povazovédna
houba, tvofici v rhizodermdlnich buiikdch viesovcovitych tutvary typické pro ErM (viz
Clanek 1). Na zdkladé tohoto kritéria Dalpé (1989) prohlasila Myxotrichum setosum
(Eidam) Orr, Kuehn & Plunkett, Gymnascella dankaliensis (Castellani) Currah (obé&
teleomorfni Oidiodendron) a Pseudogymnoascus roseus Raillo (anamorfni Geomyces) za
ErM houby, kdyz tvofily hyfové smycky v kotenech Vaccinium angustifolium Ait.
Vysledky Clanku 5 ukazuji, e podobnou schopnost m4 i pidni keratinolytickd houba G.
pannorum, piibuznd vySe uvedenym. To miiZe poukazovat na jeji potencidlni schopnost
tvofit ErM 1 v pfirozenych podminkdch. Na druhou stranu byl rist kolonizovanych rostlin
v porovnani s kontrolnimi rostlinami ovlivnén negativng, coz sveéd¢i proti této domnénce.
Ptipadné mykorhizni vlastnosti této houby tak musi byt posouzeny v experimentu,

reflektujicim podminky, panujici na ptirozenych stanovistich viesovcovitych rostlin.
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3. CAST III:
Interakce mezi erikoidné mykorhiznimi a DSE houbami

a krytenkami

Rhododendron hirsutum z ndhorni planiny Velika Planina, Slovinsko.
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3.1. Cast III: Uvod

Cist III této DP je z hlediska rozsahu textu nejmensi, opird se o jeden pavodni &lanek. Piestoze si
myslim, Ze je z ur¢itého pohledu nejzajimavéjsi. Pojednava o interakci pidnich prvokt (Protozoa),
resp. protist (Protista) (v textu se budu pfidrZovat terminu “prvoci* jako ptekladu v soucasné dobé¢
stale pouzivaného protozoans), mykorhiznich hub a jejich hostitelskych rostlin, tedy organizmd,
lisicich se na trovni 1i8i. Problematika v ni zkoumana mé bohuZzel i jiné superlativum — je ze vSech
tif ¢asti nejhife metodicky/experimentalné uchopitelna.

Prvoci pfedstavuji vyznamnou cast pudni bioty zejména proto, Ze hraji klicovou roli pii
dekompozici organickych slozek pldy, ¢imz se vyznamné podileji na kolob¢hu Zivin v ptirodé
(napf. Vargas 1990 nebo Bonkowski 2004). Krytenky (n€kdy také kryténky, zast. thékaméby, angl.
testate amoebae, testaceans, thecamoebae nebo thecamoebians) jsou polyfyletickou skupinou
vodnich nebo pudnich prvoki, tedy jednobunéénych organizmi, jejichZ cytoplazma je uzaviena
v samostatné schrance (Ogden a Hedley 1980). Krytenky byly diive fazeny mezi kofenonoZce
(Rhizopoda: Testacea). V souCasnosti by se vSak tento pojem jiZ nemél pouZzivat, protoze vétSina
krytenek je fazena do dvou nov¢ ustavenych skupin: Arcellinida (Amoebozoa) a Euglyphida
jejich pritomnost ve vlhké pudé viesovist a lesnich ekosystémt. Na podobnych stanovistich mtize
byt zastoupeni krytenek v ramci pidni bioty znac¢né. Napiiklad Gilbert a kol. (1998) uvadi, ze
krytenky piredstavovaly 48% celkové mikrobidlni biomasy (nepocitaje biomasu pidni hub) na
raselini$ti dominovaném raselinikem (rod Sphagnum). V jiné studii zaméfené na vyzkum struktury
mikrobidlniho spoleCenstva v habitatu dominovaném druhy Sphagnum fallax a Carex rostrata
Gilbert a kol. (1998b) zjistili, Ze prvoci tvofili pfibliZzné 26% celkové mikrobidlni biomasy
(tentokrat houby nevyjimaje). Krytenky pak v rdmci této skupiny pfispély témét 14% z celkové
mikrobidlni biomasy. Oproti tomu pidni houby piedstavovaly pouze 2% celkové mikrobidlni
biomasy. Ztoho je ziejmé, Ze odumielé krytenky (= chitindzni schranky + jejich obsah)
predstavuji, alespon v ramci podobnych, na ziviny chudych ekosystémt, povdZeni hodny zdroj
(pool) Zivin. OvSem zdroj Zivin organickych, které jsou piimo nepfistupné primarnim
producentim, rostlinam.

Pfitomnost pidnich prvokl v rhizosfére signifikantné ovliviiuje rust rostlin (Bonkowski a
kol. 2000) a ptedpoklada se, Ze tento vliv miZe byt umocnén sou¢innosti s mykorhiznimi houbami
(Bonkowski a kol. 2001). Mykorhizni houby jsou totiZ, podobn¢ jako pidni prvoci, povazovani za
hybatele (drivers) vymény Zivin v rhizosféie, ktefi zcela zdsadné¢ ovliviuji hostitelské rostliny
(Read a Perez-Moreno 2003, Read a kol. 2004). ErM houby, na které je tato DP zamé&fend, tvoii
ErM s viesovcovitymi rostlinami, které typicky dominuji habitaty chudé na dostupny dusik (N),
tedy napf. raSelinisté a viesovisté (Read 1996, Cairney a Meharg 2003). V takovych podminkiach
ErM houby zajistuji piisun N svym hostitelskym rostlinim, pfi¢emZ jsou k tomu schopny vyuZzivat
rozli¢nych substratt, napf. chitinu (Kerley a Read 1995), houbového mycelia (Kerley a Read 1997)

nebo rostlinné/mykorhizni nekromasy (Kerley a Read 1998). Posledné jmenovand studie ukdzala
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Ze typickd ErM houba R. ericae produkovala extraceluldrni proteindzy a chitindzy, kdyZ byla
kultivovana na nekromase mykorhiznich kotentl, a byla schopna vyuZivat chitin jako zdroj N, ktery
posléze transportovala do hostitelské rostliny.

Interakce mezi pidni faunou a mykorhiznimi houbami zahrnuji komplexni a dynamické
procesy, které mohou ovlivnit v§echny partnery, ktefi se takovych procesd ucastni: kli¢eni spor,
schopnost kolonizovat kofeny, rust mycelia a jeho sporulace miiZze byt ovlivnéna na strané padnich
hub (Fitter a Garbaye 1994), produkce biomasy na strané¢ mykorhiznich rostlin (Bonkowski a kol.
2001) a sloZeni a struktura spoleCenstev na stran¢ pudnich prvoki (Ingham a Massicotte 1994).
Interakce mezi krytenkami a ostatni ptidni biotou, zejména pltidnimi houbami, nejsou pfili§ castym
predmétem vyzkumu. Z publikovanych praci vSak vyplyvaji zajimavé souvislosti. Gilbert a kol.
(2003) zjistili, Ze spory a mycelium pudnich hub ptedstavovaly 36% identifikovatelné potravy
zastupct komplexu krytenek Nebela tincta major-bohemica-collaris. To naznacuje, Ze pidni houby
(pravdépodobné i mykorhizni) pfedstavuji podstatnou sloZzku potravy téchto krytenek. Ingham a
Massicote (1994) zjistili, Ze krytenky pravideln¢ osidlovaly mykorhizosféru EcM koienti péti
konifer, a Ze jejich spoleCenstva se kvalitativn€ i kvantitativné liSila v zdvislosti na druhu EcM
houby a jeji hostitelské rostliny. To naznacuje, Ze sloZeni EcM spoleCestva miize ovliviiovat sloZeni
spoleCenstva krytenek, vyskytujicich se v mykorhizosféfe. Podstata takového vztahu zistava
bohuZel nezndmd. Ingham a Massicote (1994) hypotetizuji, Ze mykorhizni houby by mohly ovlivnit
spoleCenstvo pldnich prvoki prostfednictvim kontroly spoleCenstva bakterii v mykorhizosféie,
protoZe tyto jsou podstatnou slozkou potravy prvokd.

Ackoliv se mi nepodafilo nalézt préci, kterd by se piimo zabyvala interakci krytenek a
mykorhiznich hub, lze z dostupné literatury na piibuznd témata odvodit nékolik zajimavych
souvislosti: (i) krytenky predstavuji kvantitativné dileZitou soucast pudni bioty v zivinové chudych
habitatech (Gilbert a kol. 1998); (ii) takové habitaty jsou casto dominovany viesovcovitymi
rostlinami, tvoficimi ErM a/nebo DSE-asociaci; (iii) v takovych habitatech ErM houby (a
pravdépodobné i DSE) zprostfedkovavaji rostlinim piistup k organickym Zivinim (Read a kol.
2004, Mandyam a Jumpponen 2005); (iv) mykorhizni houby mohou vyuzivat “Zivo¢iSny” dusik
(Klironomos a Hart 2001); (v) pudni houby pfedstavuji dileZitou soucast potravy krytenek (Gilbert
a kol. 2003). Kone¢n¢, (vi) mad piedchozi nepublikovand pozorovdni naznacuji, Ze schranky
pravdépodobné¢ mrtvych krytenek jsou béZzné asociovdny s mimokoifenovym myceliem,
vyrustajicim z ErM  kofenl. Tyto skutenosti dohromady tvofi velmi zajimavou mozaiku
mykorhizosférnich vztahti, zahrnujici organizmy diametrdlné odliSnych skupin. VétSina
komponentil této hypotetické mozaiky je bohuZel neprozkoumana. V Cldnku 6 jsme se proto na

nékteré z nich zamérili.
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Cilem Césti III této disertaéni prace jmenovité bylo:

1. Prozkoumat asociaci krytenek a mycelia, vyristajictho zkofeni mykorhiznich
rododendront

2. Prozkoumat sloZeni spolecenstva krytenek, vyskytujicich se v rhizoplané téchto

rododendronu.

3. Prozkoumat, mohou-li vybrané ErM a DSE houby vyuZzivat schranky mrtvych krytenek
jako zdroj Zivin pro svij rist.

Tyto cile jsou zpracovdny v Cldnku 6 této disertacni prdce.
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Abstract

Interactions between soil protozoans and mycorrhizal fungi, despite their sympatric distribution and
proposed key role in nutrient cycling in the rhizosphere have been studied only to a limited extent.
Studies focusing on the interaction between testate amoebae (TA) and mycorrhizal fungi are lacking.
Here we report (i) field observations of TA, associated with ericaceous roots via mycelium of putative
mycorrhizal fungi, (ii) results of preliminary screening of TA populations associated with the
rhizoplane of three European Rhododendrons, and (iii) results of two in vitro experiments answering
the question, whether TA shells may serve as a sole source of nutrient for ericoid mycorrhizal fungi
(ErMF) and dark septate endophytes (DSE). Our field observations indicate that TA regularly associate
with the mycorrhizosphere of ericaceous plants and that ErMF and/or DSE possibly exploit the TA
shells as a nutrient source. Composition of TA communities associated with the rhizoplane did not
differ among all three Rhododendron species. In the in vitro experiments, both ErMF Rhizoscyphus
ericae and DSE Phialocephala fortinii regularly colonized TA shells, utilizing them as a sole source of
nutrients. P. fortinii formed microsclerotia (hyphal structures typical for DSE-association in roots of
higher plants) inside colonized TA shells. We hypothesize a multidimensional relationship between
EtMF/DSE and TA. If corroborated, it would represent an interesting nutrient loop in

mycorrhizosphere of ericaceous plants.

Introduction

Protozoans represent an important part of soil biota, playing a crucial role in decomposition of organic
matter and thus in nutrient cycling (25, 4). Testate amoebae (T A; Rhizopoda, Testacea), also known as
thecamoebae, are a polyphyletic group of aquatic or terrestrial unicellular organisms, whose cytoplasm
is enclosed within a discrete shell/testa (19). TA inhabit various habitats, including heathlands and peat

bogs, and are an important part of the community of soil protozoans. For example, Gilbert et al. (8)



found that TA represented 48 % of the total microbial biomass in a Sphagnum peatland. Thus, dead TA
constitute a considerable pool of nutrients in such nutrient-impoverished habitats, however in an
organic form, they are directly unavailable to plants.

The presence of soil protozoans in the rhizosphere significantly affects plant growth (2) and
this effect can be mediated by interactions with mycorrhizal fungi (3). Similarly to protozoans,
mycorrhizal fungi are also accepted as drivers of nutrient exchange in the rhizosphere, with
fundamental effects on plants fitness (22, 23). Among them, ericoid mycorrhizal fungi (ErMF)
regularly associate with roots of Ericaceae to form ericoid mycorrhiza (ErM). Ericaceous plants
typically inhabit soils poor in available nitrogen (N) and often dominate vegetation in heathlands and
peat bogs (21, 6). Under these conditions, Er'MF provide N supply to their hosts (24), being able to
utilize such complex substrates as chitin (14), fungal mycelium (15) or plant/mycorrhizal necromass
(16). The later study (16) 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.

Interactions between soil microfauna 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 (7), production of biomass
on the plant side (3) and composition of the community structure (11) on the protozoan side.
Investigations of interactions between TA and soil fungi are rare, and reveal interesting consequences.
Gilbert et al. (9) found 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 suggests that soil fungi,
possibly including mycorrhizal, represent an important part of feed for this species. Ingham and
Massicotte (11) found that TA regularly inhabited the mycorrhizosphere 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 suggests that the composition of an EcM
community might determine the composition of a TA community in the mycorrhizosphere. However,
principles of this relationship are unknown. Ingham and Massicotte (11) suggested that mycorrhizal
fungi could influence the protozoan community by controlling/altering the bacterial community in the
rhizosphere.

Even though reports focused directly on interactions between TA and mycorrhizal fungi are
lacking, several interesting facts can be extracted from the literature focused on related topics: (i) TA
represent a quantitatively important part of soil biota in nutrient-poor peatland habitats (8); (ii) such
habitats are often dominated by ericaceous plants, which regularly form ErM and/or DSE-association
(21, 13, 6); (iii) in such habitats ErMF, and possibly also DSE, help plants to access organic nutrients,
namely N (23, 18); (iv) mycorrhizal fungi can access animal N (17); (v) soil fungi represent an

important part of TAs” feed (9). In addition, our previous observations indicate that (vi) shells of



probably dead TA are regularly associated with mycelium emerging from ericoid mycorrhizal roots
(M. Vohnik, unpublished data). These facts together indicate a possible multidimensional relationship
between mycorrhizal fungi and TA, which might influence also mycorrhizal plants. However, almost
all pieces of this hypothetic mosaic are unwrought.

Here we report our observations of the association between shells of TA and fungal mycelium
emerging from Rhododendron mycorrhizal roots. In a preliminary screening, we describe the
composition of the TA communities found in the rhizoplane of three autochthonous European
Rhododendron species. In two in vitro experiments, we try to answer the question whether sterile TA
shells could serve as propagule carriers and/or a sole source of nutrient for ErMF R. ericae and DSE

Phialocephala fortinii Wang & Wilcox.

Materials and Methods

Screening of the association between TA shells and Rhododendron roots
Three European Rhododendron species (Table 1) were screened for the presence of TA shells in the
rhizoplane, with special emphasis on the shells associated with the fungal mycelium emerging from
their roots. 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 until screened. Additionally, roots of four rooted
stem cuttings (size approx. 10 cm) of Rhododendron cv. Azurro, cultivated in a growth chamber in a
non-sterile peat-based substrate were screened in the same manner except the TA species spectrum was
not determined. All root samples were also screened for the presence of ErM and DSE-association.
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 two parts were subjected to direct observation of associated TA shells
using light/SEM microscope. Prior to observation, the first part of the roots was treated according to
the methods commonly used for screening mycorrhizal colonization (5), 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 °C and left overnight at room temperature (= “common
treatment”). The second part of the roots was directly immersed in a solution of 0.05% trypan blue in
lactoglycerol and left overnight at room temperature (= “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 binoculars. 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 microscoped using SEM.

Slides were microscoped at high magnification (400x or 1000x) using Olympus BX60 microscope



equipped with DIC. SEM photographs were taken in the ESEM™ mode at low temperatures (-6 °C to —
3 °C) using an FEI Quanta 200 microscope.

Community structure of TA associated with the rhizoplane of three Rhododendron species

The third part of the roots was placed into 250-ml flasks with lactoglycerol (lactic acid : glycerol : de-
ionized water = 1 : 1 : 3) and stored in the fridge for one month. After this period the rhizoplanic
material, which separated from the roots of R. hirsutum, R. kotschyi and R. luteum due to gravitation,
was collected from the bottom of the flasks with plastic pipettes and was screened for composition of
the TA community. In each sample, at least 100 TA shells were collected and determined to the genus
level according to Ogden and Hedley (19). Similarity of the TA spectra between different individuals
of the three Rhododendron species was compared using cluster analysis (tree clustering, Ward’s

method) in Statistica™ 5.1 (StatSoft, USA).

Experiment 1 — colonization of TA shells by P. fortinii and R. ericae

Shells of TA belonging to Cyclopyxis and Trygonopyxis genera were extracted with fine forceps using
binoculars from a water suspension of the substrate, collected from the rhizosphere of Vaccinium
myrtillus L. in Modrava, Sumava NP, Czech Republic in September 2005. These two TA genera were
used because of their abundance in the suspension and shell size suitable for manipulation. 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 moistetned PRAGOPOR 6 nitrocellulose
membranes (@ 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). Small
pieces of mycelium (approx. 1 mm?®) obtained from actively growing cultures of P. fortinii and R.
ericae were inoculated approx. 3 mm from each membrane. P. fortinii was the strain “F” from Vohnik
et al. (26), 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. (10). R. ericae was the isolate
UAMH 6735 (GenBank AJ319078) from Pearson and Read (20). There were three variants (P. fortinii-
inoculated, R. ericae-inoculated and non-inoculated), each containing in total 60 autoclaved TA shells
onto 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 using light and/or scanning electron microscopy. The sand grains were subjected to

SEM only.

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

The second part of the shells/grains was aseptically transferred onto new autoclaved moistened
nitrocellulose membranes, placed on water agar 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 was observed and documented
periodically each week. After two months, the shells were screened using light and scanning electron

microscopy. The grains were subjected to SEM only.

Results

Screening of the association between TA shells and Rhododendron roots

We found 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 estimate that there was at least one TA shell associated with the mycorrhizal root via the
fungal mycelium per Scm 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 via fungal
mycelium (Fig. 1), in other cases however, the association between TA shells and the root appeared to
be very tight (Fig. 2). TA shells were often embedded in the fungal mycelium, often being partially
decomposed (Fig. 3), which substantially hampered their identification as the TA shells. 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 text below). All screened

ericaceous plants were both ErM and DSE-associated (Table 1).

Community structure of TA associated with the rhizoplane of three Rhododendron species

In total, we found 13 genera of TA to be associated with the rhizoplane of the three Rhododendron
species (alphabetically): Arcella, Assulina, Centropyxis, Corythion, Cyclopyxis, Diplochlamys,
Euglypha, Heleopera, Nebela, Pseudodifflugia, Tracheleuglypha, Trigonopyxis and Trinema (Tab. 2).
Shells of Pseudodifflugia were found only in the R. hirsutum samples, all other TA genera were found
in the rhizoplane of all three rhododendrons. The most frequent genera (>10% of the community) were
Diplochlamys and Centropyxis. In average, we were unable to determine 5.6% of the shells from the

community of each Rhododendron species.



We found no apparent difference in structure of TA communities associated with the
rhizoplane between the three Rhododendron species. Clustering of the TA communities of the

individual samples revealed no general pattern with respect to the three Rhododendron species (Graph

1).

Experiment 1 — colonization of TA shells by P. fortinii and R. 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 intracellularly colonized 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.

Experiment 2 — TA shells as a sole source of nutrients for P. fortinii and R. 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 sole
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. In the case of P. fortinii, the dark brown to black colored shells, which were intracellularly
colonized as described above, gave rise to more abundant mycelium than the yellow- to light-brown-

colored shells, which lacked significant intracellular colonization.



Discussion

The main impulse for this study originated from regular observations of associated TA shells while
screening extraradical mycelium (ERM) of ErMF, DSE and other fungi inhabiting roots of ericaceous
plants. Existence of the association between TA and ericaceous mycorrhizal roots might have
significant impact on the understanding of nutrient cycling in the rhizosphere of ericaceous plants,
which commonly dominate nutrient-poor habitats (22), particularly when considering that TA may
represent up to 48% of the total microbial biomass in such habitats (8). Therefore, it was worthwhile to
further investigate this interesting phenomenon.

The first step of the “alternative approach” used for this screening differed from the
methodology commonly used for screening endomycorrhizal colonization (5). Instead of serial
washings of the roots and their treatment with KOH or H202 in the “common approach”, which
destroy or remove most ERM and also root-associated protozoa, we immersed roots with adhering
rhizospheric soil directly into trypan blue, the dye that for its ability to stain chitin is used to visualize
fungal hyphae. Trypan blue stained also associated chitinous TA shells in our samples. We concluded
that the “common approach” impaired observation of the association between TA shells and
mycorrhizal roots and that the “alternative approach” would have to be employed to evaluate the
association. This conclusion was confirmed in this study, because we found TA shells associated with
mycorrhizal roots only in the alternative treatment, which did not include numerous washing steps.

Regularity of the association between TA shells and ericaceous mycorrhizal roots indicates
that it is not an exceptional curiosity. Subsequently, a question arose why this association had not been
reported earlier. We see two probable reasons. Firstly, the “common treatment” of roots prior to
screening of their endomycorrhizal colonization prevents observation of fragile TA shells and their
more fragile association with the fungal mycelium. Secondly, colonization by both P. fortinii and R.
ericae notably changed anatomy and morphology of the colonized TA shells (Figs. 7 - 9). To date, TA
species are determined mostly using the morphology of their shells (e.g. 19). Likely, TA shells
colonized by soil fungi, especially in later stages of their decomposition, would not be recognized as
TA atall (cf. Figs 3, 8 and 9).

As the next step, we determined the composition of TA communities living in the rhizoplane
of ErM/DSE-associated ericaceous roots. This was done for two reasons: (i) we needed to select
relevant TA candidates for in vitro experiments and (ii) we wanted to find out whether the TA
communities differ between different hosts from different localities. Our working hypothesis was that
if any closer relationship between TA and mycorrhizal roots exists, it is likely to be species-specific, as
indicated by results of Ingham and Massicotte (11). Then, assuming that the composition of ErMF and
DSE is similar in the roots of European rhododendrons, TA communities should not significantly differ

in their composition in rhizoplanes of different Rhododendron species.



The TA spectrum revealed in our preliminary screening (Tab. 2) differed from this found by
Ingham and Massicotte (11) around EcM roots of five conifer species, which was generally dominated
by species of Nebela, Valkanovia and Trinema. The significance of the comparison of the TA spectra
from ericaceous and coniferous mycorrhizosphere together with reasons for their similarity/difference
is open to debate. On the other hand, studies focusing on ericaceous mycorrhizosphere are lacking and
our preliminary screening pioneers this area of research.

There was no general pattern in the TA distribution among the three Rhododendron species,
which indicates that the TA composition was variable between different individuals of the same
species and generally, the variability was similar for all three Rhododendron species. Hypothetically,
this can be either directly or indirectly due to similar spectrum of mycorrhizal fungi colonizing roots of
European rhododendrons. However, it is needed to screen this spectrum to corroborate our hypothesis.
It is also needed to compare the composition of TA communities between plants of different
mycorrhizal status from the same environment prior to any general conclusion about possible
reciprocal preferences between TA and mycorrhizal fungi. To our knowledge, such a comparison is to
date lacking.

The association of TA shells (which likely represent a considerable pool of organic nutrients in
soil) with ericoid mycorrhizal roots (which occur mostly in N-limited habitats; 6) via the mycelium of
putative mycorrhizal fungi (which help ericaceous plants to access organic nutrients; 21) indicates that
ErMF and probably also DSE may exploit the shells as a nutrient source. The results of our in vitro
experiments confirm this possibility, because both P. fortinii and R. ericae were able to utilize TA
shells as a sole source of nutrients. It can be argued that WA or the membranes served as an additional
source of nutrients for the mycelium expanding from the shells. However, it was proved that the
nitrocellulose membranes used in the experiments were resistant to microbial degradation (1) and the
results from WA were repeated on serially washed quartz sand. Moreover, the differences between the
growth of the mycelium from the pre-inoculated shells and the sand grains indicate that both fungi did
utilize the shells as a sole source of nutrients.

To our knowledge, our study is the first observation of dead soil protozoans being exploited by
mycorrhizal fungi under field conditions, and its verification in vitro. Our observations and results
indicate the existence of an interesting nutrient loop in the rhizosphere of ericaceous plants. TA are
known to feed on soil fungi (9) and it can be expected that also mycorrhizal fungi are part of their diet.
Hypothetically, withered TA could be decomposed by the same mycorrhizal fungi that they fed on, and
through their mycelium they could serve as a nutrient source for mycorrhizal plants. Several reports
exist about the ability of ErMF to access organic N (in the form of chitin or plant, fungal and
mycorrhizal necromass) and transport it to their host plants under laboratory conditions (14, 15, 16).
However, this study showed that DSE and ErMF could directly access nutrients contained in withered

protozoans.



In a laboratory study Klironomos and Hart (17) found that Pinus strobus ectomycorrhizal with
Laccaria bicolor was able to derive up to 25% of its N from either dead or live soil-dwelling
arthropods via its fungal partner. This revealed, according to the authors, “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” (17). However, it remained unclear
whether the phenomenon observed by the authors was widespread or functional under natural
conditions. In our study, we report a very similar phenomenon, which is probably both widespread and
functional in the rhizosphere of ericaceous plants under natural conditions. For direct evidence of its
functioning and to reveal a nutrient flow between TA, mycorrhizal fungi and their host plants, labeled
TA should be employed in a microcosm study with tracing of their elements in plant tissues.

In addition, the relationship between TA and ErMF/DSE might have more dimensions. For
example, DSE fungi may survive unfavorable conditions in the form of microsclerotia embedded
inside TA shells. Intracellular microsclerotia formed by DSE in roots of higher plants (Fig. 11) consist
of short, thick, irregular, either dark or hyaline hyphae and are supposed to act as a nutrient storage
and/or propagules, released after the root’s disintegration (12). In our in vitro experiments, DSE P.
fortinii formed similar structures inside Centropyxis and Trigonopyxis shells (Fig. 7). Thus, TA shells
may serve as an efficient protecting envelope for these fungal structures. Moreover, fungal hyphae are
often associated with the surface of TA shells (Fig. 12). This probably includes also hyphae of
mycorrhizal fungi, because we isolated and amplified the DNA of R. ericae from TA shells collected
from the peat-based substrate (M. Vohnik, unpublished data). Thus, slowly motile TA might serve as
propagule carriers for soil fungi. These are some additional pieces of the interesting “TA vs.
mycorrhizal fungi” mosaic proposed in the introduction of this paper. We believe that our ongoing

work will further elucidate its ecological significance.
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TABLE 1 Species, origin and date of collection of ericaceous host plants screened for presence of

testate amoebae associated with the mycelium of putative mycorrhizal fungi. Additionally,

information about the mycorrhizal status of the screened species is provided. ErM = ericoid

mycorrhiza, DSE = association with Dark Septate Endophytes.

Host species Origin Date Mycorrhiza
Rhododendron hirsutum Slovenia, Velika Planina June 2005 ErM + DSE
Rhododendron kotschyi Romania, Carpathian Mts. September 2005 | ErM + DSE
Rhododendron luteum Slovenia, near BoStanj September 2005 ErM + DSE

TABLE 2 Genus-level compositions of the communities of testate amoebae (TA) from the

rhizoplanic material of three Rhododendron species. Frequency of TA in samples decreases from
left to right. HIR = R. hirsutum; LUT = R. luteum; KOT = R. kotschyi; ARC = Arcella; ASS =
Assulina; CEN = Centropyxis; COR = Corythion; CYC = Cyclopyxis; DIP = Diplochlamys; EUG =
Euglypha; HEL = Heleopera; NEB = Nebela; PSE = Pseudodifflugia; TRA = Tracheleuglypha; TRI

= Trigonopyxis; TRN = Trinema; UDT = undetermined. n = number of individuals screened per

Rhododendron species.

:":Z‘ites Frequency of TA shells (% + SD) associated with the rhizoplane of three European
oA Rhododendron species
species
DIP | CEN | CYC | EUG | TRN | ASS | COR | ARC | NEB | TRA | TRI | HEL | PSE [ UDT
HIR [21.6+|158+[116+[90 +[77 =[104+| 47+ [ 56+ [13 £ 29 [ 20+ [04 £[10 =[60 =
m=6) | 78 | 64 | 76 | 30 | 71 | 110 | 32 | 36 | 20 | 55| 14 | 10 | 26 | 49
LUT [ 145+[125+[90 +[134+[108%[67 |26+ | 24+ | 82+ [100+| 48+ [ 05 +| 00 [46
7 | 76 | 67 | 31 67 | 76 | 5. 33 | 3.1 47 | 94 | 44 | 13 42
KOT [ 165+ 114 [87 =[100+| 114+ 110+ [83%=| 47+ | 90+ [03 +| 22+ [03 | 00 [62 =
@ | 94 | +28 | 76 | 72 | 108 | 41 | 47 | 49 | 98 | 07 | 30 | 06 4.7
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GRAPH 1 Similarity between the communities of testate amoebae from the rhizoplane of
different Rhododendron individuals. HIR = R. hirsutum; KOT = R. kotschyi; LUT = R. luteum;
numbers after abbreviations indicate different individuals of the same Rhododendron species. For
details about the statistical method see Materials and Methods. For details about sampled
Rhododendron species see Table 1. For details about the testate amoebae community composition for

individual Rhododendron species see Table 2.
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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 hypha (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 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 = 100pum. 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.
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3. 3. Cast III: Diskuse

Hlavnim podnétem vzniku Clinku 6 a tedy i Césti III této DP byla opakujici se pozorovan{
schranek pravdépodobné mrtvych krytenek, asociovanych s myceliem mykorhiznich kofent
rtiznych viesovcovitych rostlin. Tyto rostliny byly zkoumédny zejména v souvislosti s Clankem 1

299
1

této DP. Diskuse Clanku 6 nastifiuje, jakym zpaisobem miize “mykorhizni” metodika p¥i zkoumén{
rhizosféry ovlivnit, resp. zdzit ndhled pozorovatele na déje, které v ni probihaji.

Cast IIT si kladla n&kolik cilti (viz Uvod) a byla postavena na hlavni pracovni hypotéze:
mykorhizni houby (ErM a DSE) dokdzi vyuzivat schranek mrtvych krytenek jako zdroje Zivin pro
svij rust. Tato hypotéza byla ve dvou in vitro experimentech potvrzena (viz vysledky a diskuse
Clanku 6). Zda se tedy, Ze odumielé krytenky mohou piedstavovat kvalitativng, ale i kvantitativnd
zajimavy “Zivinovy koktejl” jak pro mykorhizni houby, tak zprostiedkované pro jejich hostitelské
rostliny. Ekofyziologicky vyznam této domnénky vSak stile ¢ekd na své ozfejmeni.

Déle jsem predpoklddal, Ze existuje-li n¢jaky obousmérny vztah mezi mykorhiznimi
houbami a krytenkami, mél by se projevit ve sloZeni jejich spolecenstev. Nevim, do jaké miry lze
predpoklddat, Ze mykorhizni houby vyuZivaji jako zdroj Zivin preferencné urcity typ krytenek,
vysledky mych pozorovani ale naznacuji, Ze kolonizovany jsou piedev§im vétsi schranky s vétSim
mnozstvim detritu, nalepenym na schranky ve formé xenozému (napt. rody Centropyxis a
Trigonopygis) nez schranky mensi, shladkym povrchem. Nevim také, do jaké miry lze
predpokladat, Ze mykorhizni houby néjakym zplsobem pozitivné¢ zvyhodnuji ¢i piimo selektuji
urcité typy krytenek v mykorhizosféfe. Lze uvazovat, Ze mechanizmem takové selekce by mohla
byt schopnost nékterych krytenek vyuzivat pradvé mycelium mykorhiznich hub jako svoji potravu,
jak je nazna€eno napft. v praci Gilbert a kol. (2003). Pokud vySe uvedené hypotézy skute¢né plati,
je mozné hypotetizovat dale: krytenky se v mykorhizosféfe viesovcovitych Zivi (otazkou zistava,
do jaké miry) myceliem ErM a/nebo DSE hub. Zaroveii si na své schranky “lepi” mycelium téchto
hub ve formé xenozémii. Casto jsem pozoroval, Ze schranky krytenek na sob& maji piilepeny
houbové hyfy; je vSak nutné zjistit, jsou-li takové krytenky jesté Zivé. Tim se jesSté za svého Zivota
krytenky “preinokuluji”. Poté, co odumftou, jsou jejich preinokulované schranky vyuZity jako zdroj
Zivin mykorhiznimi houbami, potazmo jejich hostitelskymi rostlinami. Efekt preinokulace by tak
dal casovy ndskok mykorhiznim houbdm pifed ostatnimi destruenty. Optimdln¢ zdsobené
mykorhizni rostliny mohou investovat dostatecné mnoZstvi energie do extraradikdlnitho mycelia,
které je potravou mykofagnich krytenek. Hypoteticky cyklus se tim uzavira.
rododendronti, si byla alespoit do uréité miry podobnd, resp. nebyla navzdjem rozdilna. Nijak
nepfecenuji vyznam tohoto zjisténi. Je nutné si uvédomit, Ze sloZeni spolecenstev krytenek mize
byt ovlivnéno pestrou Skdlou faktorti. Predné jsem zjednodusené ptedpokladal, Ze kofeny
zkoumanych rododendronti jsou kolonizovany ptiblizné¢ stejnym spektrem mykorhiznich hub.
Clanek I viak ukazuje, Ze minimalné proporce ErM a DSE hub se u viech tif rododendronti li§f jak

mezidruhové¢, tak vnitrodruhové. To miiZe vysvétlovat variabilitu spolecenstev krytenek v ramci
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jednotlivych druhil rododendrond. Také jsem piedpokladal, Ze chemizmus rhizoplany zkoumanych
rododendronti je podobny. Ostatné, viesovcovité rostliny obyvaji ndpadné si podobné habitaty a
totozna je i anatomie, morfologie, mykotrofie a fyziologie jejich vlasovych kofeni (napf. Read
1996, Cairney a Meharg 2003). Takto podobné podminky by mély selektovat podobnd spektra
krytenek, vyskytujicich se v rhizoplan¢ (ale nejspiSe i v mykorhizosféfe) viesovcovitych, na
mykorhizni houby nehledé.

Z Clanku III nicméné nepopiratelnd vyplyvd, Z7e krytenky se pifmo v rhizoplang
viesovcovitych rostlin vyskytuji. Je z n¢j také ziejmé, o jaké spektrum krytenek se jednd. Oboji je
kupodivu zcela origindlni, doposud nezkoumand (nebo alespon nepublikovand) informace. Déle,
houby asociované s kofeny mykorhiznich viesovcovitych rostlin maji nepopirateln¢ schopnost
kolonizovat schranky mrtvych krytenek v pfirozenych podminkdch stanoviSt, na kterych se
viesovcovité rostliny vyskytuji. A v neposledni fadé, ErM a DSE houby maji schopnost takové
schranky vyuZivat jako zdroj Zivin, alespoil v in vitro podminkéch.

Vramci kontextu celé disertacni prace je vhodné upozornit na zpisob, jakym byly
kolonizovany schranky krytenek DSE P. fortinii (Obr. 7, Cléanek 6). Hyfové struktury, které P.
fortinii uvniti schranek tvorila, zcela nepochybné ptfipominaji vnitrobunénd mikrosklerocia,
tvofend DSE v kofenech vysSich rostlin (Obr. 11, Clanek 6). Zd4 se tedy, Ze tvorba mikrosklerocii
DSE hubami nemusi byt podminéna néjakym aktivnim impulsem ze strany ‘“hostitele” (v tomto
ptipadé schranky mrtvého prvoka). Je otdzkou, do jaké miry tato paralela plati i pro hostitele
rostlinné. Doposud nebylo doloZeno, Ze by mikrosklerocia byla smérem k rostliné fyziologicky
aktivni. Je naopak nasnad¢, Ze se jednd spiSe o klidové/zdsobni struktury DSE hub, kolonizujicich
kofen. Pak zustava otdzkou, pro¢ jsou pravé takové ttvary, které jiz z podstaty rostlinu spiSe
zatéZuji (minimdln¢ inaktivuji vétSinu obsahu kolonizované buiiky), urCovacim znakem DSE-
asociace, kterd je prohlasovdna za mykorhizni, tedy rostliné mutualisticky prospéS$nou (viz diskuse
Clanku 1).

Jak jsem jiz uvedl v dvodu této kapitoly, je problematika v ni obsaZend z experimentdlniho
hlediska velmi ndro¢nd. Pominu-li jeji mezioborovost, kladouci na zicastnéné jedince vysoké
naroky, zustava stdle celd fada nepfiznivych faktort. Zda se, Ze vodni krytenky lze za urcitych
podminek klondlné péstovat, pudni krytenky vsak jiz pfi nepatrné zméné prostiedi encystuji, jejich
metabolismus je sniZzen na minimum. Nelze je ziskat v axenickém stavu a jejich molekuldrni
taxonomie je doslova v plenkich. V Ceské Republice existuje velmi omezené spektrum
protozoologti, schopnych (a ochotnych) je podle schranek urcit. Schranky krytenek, zejména
v pokroc¢ilém stadiu rozkladu, nelze uréit vilbec — Casto je i samotnd skuteCnost, Ze se jednd o
krytenku, zna¢n¢€ nejistd. Jejich miniaturni kiehké schranky lze pouze s obtiZemi pozorovat
jednotlivé pomoci svételném mikroskopu, lze s nimi pouze obtiZn€¢ manipulovat. Prakticky nelze
ziskat takové mnozstvi jednotlivych krytenek, které by bylo z hlediska pfijmu Zivin podstatné byt
pro maly semenacek viesovcovité rostliny. Skoro se zd4, Ze krytenky “Buh snad proto ucinil tak

malé, aby se s nimi ¢lovek viibec nezaobiral”. Nevim, plati-li tato parafraze vyroku C. Linného,
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doufdm vsak, Ze nikoliv. Své doufani dokldddm hrubymi obrysy préce, kterou je zdhodné vykonat
pro lepsi objasnéni nastinéné problematiky. Dle mého ndzoru je tfeba porovnat spektrum krytenek,
vyskytujicich se v stejném biotopu, avsak v rhizosfére rostlin s riznou mykortrofii. Je tfeba zjistit,
jaké mnoZstvi odumielych krytenek je skuteCné kolonizovdno mykorhiznimi houbami a jaké
mnoZstvi takto ziskanych Zivin je ddle transportvano do hostitelské rostliny. Je tfeba ozfejmit, jaké
jsou potravni preference krytenek, vyskytujicich se v mykorhizosféie viesovcovitych rostlin, a
jestli mezi mykorhiznimi houbami a krytenkami existuje néjakd zpétnd vazba, pravdépodobné
zaloZend pravé na potravnich preferencich. Velmi zajimavé by bylo zjiSténi, do jaké miry plati
hypotéza o “preinokulaci” schranek, uvedend vySe. Doufdm, Ze se mi v blizké budoucnosti alespon

nékteré z téchto namétt podaii rozkryt.
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Shrnuti

Tato DP se zabyvd vybranymi interakcemi, probihajicimi v rhizosféfe erikoidn€ mykorhiznich rostlin.
Zkoumané vztahy zahrnuji: (i) interakce mezi erikoidné mykorhiznimi (ErM) houbami a tmavymi
prepazkovanymi endofytickymi (DSE) houbami; (ii) interakce mezi viesovcovitymi rostlinami a ErM
houbami, ektomykorhiznimi (EcM) houbami a houbami s dosud nevyjasnénym mykorhiznim statutem; (iii)
interakce mezi ErM a DSE houbami a pudnimi krytenkami. Hlavni poznatky, dosaZené v ramci DP, jsou

ndsledujici:

e ErM a DSE-asociace jsou souc¢asné piitomny v koienech vS§ech zkoumanych rododendroni napii¢
evropskym kontinentem, ackoliv jejich proporce se lisi zejména v zavislosti na zemépisné Sifce.
Kolonizace DSE houbami je negativné korelovana s kolonizaci ErM houbami. DSE houby tvoii
v koi‘enech rododendronti morfologické struktury, velmi podobné strukturam tvorenym ErM
houbami. To podstatné ztéZuje morfologické rozliseni ErM a DSE-asociace.

e Vin vitro podminkach ma DSE-asociace na rist viresovcovité rostliny neutralni az negativni vliv,
zatimco ErM ma vliv neutralni az pozitivni. Tento vliv je korelovan s proporcemi DSE a ErM
kolonizace v kofenech rostliny. ErM houby maji alespoii vin vitro podminkach schopnost
zmirnovat negativni vliv DSE hub.

eV ex vitro podminkach maji ErM houby na rist a pFijem Zivin viresovcovitou rostlinou pozitivni
vliv, ktery miize byt ovlivnén piitomnosti DSE houby. Efekt DSE-asociace je proménlivy od
pozitivniho po neutralni aZ negativni, zejména v zavislosti na zkoumaném izolatu DSE houby.
Pozitivni vliv DSE houby nemusi byt imérny jejimu koloniza¢nimu potencialu.

e Meliniomyces variabilis, houba nalezici do tzv. Rhizoscyphus ericae — agregatu, ma schopnost tvorit
struktury morfologicky shodné s ErM. Tato houba také dokaze intracelularné kolonizovat typicky
EcM hostitelské rostliny (Picea abies, Pinus sylvestris), aniz by se toto negativné odrazilo na jejich
rustu. M. variabilis také miiZze kolonizovat plodnice EcM houby Hydnotrya tulasnei, coz svéd¢i o
rozmanitosti Zivotniho stylu této houby.

e Viesovcovité rostliny, vyskytujici se ¢asto v podrostu typicky EcM rostlin, mohou byt ovliviiovany
i EcM houbami, i kdyZ tyto s nimi mykorhizu netvori. Pfikladem je Cenococcum geophilum,
podporujici rist a rozvoj koifeni u téchto rostlin. Mechanizmem je pravdépodobné tvorba
rostlinnych hormoni (IAA) nékterymi kmeny EcM hub.

e Koieny viesovcovitych rostlin mohou byt vnitrobunééné kolonizovany i houbami, které nejsou
béZné povazovany za ErM, pri¢emz morfologie takové kolonizace pripomina ErM. Prikladem je
pudni saprotrofni houba Geomyces pannorum, jejiz vliv na kolonizovanou rostlinu je vin vitro
podminkach negativni.

e Schranky pravdépodobné mrtvych pudnich krytenek jsou pravidelné asociovany s mykorhiznimi
koieny viesovcovitych rostlin. ErM a DSE houby jsou schopny tyto schranky kolonizovat a
vyuzivat jako zdroj Zivin pro svij rist. Typicka DSE houba P. fortinii tvoii v prazdnych
schrankach typicka mikrosklerocia, tedy utvary charakteristické pro DSE-asociaci v koienech

vysSich rostlin.
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Summary

This doctoral dissertation focuses on selected interactions, which take place in the rhizosphere of ericoid
mycorrhizal (ErM) plants. These include (i) interactions between ErM fungi and dark septate endophytic
(DSE) fungi; (ii) interactions among ericaceous plants and ErM and EcM fungi, and fungi with yet
unresolved mycorrhizal status; (iii) interactions among ErM and DSE fungi and soil testate amoebae. Main

findings achieved in the frame of the doctoral dissertation are:

¢ Ericoid mycorrhiza and DSE-association simultaneously occur in roots of all screened European
Rhododendron species across the continent. However, their proportions differ depending mainly
on latitude. DSE-colonization is negatively correlated with ErM colonization in roots of all
screened rhododendrons. DSE fungi form intracellular structures, which morphologically
resemble ericoid mycorrhiza.

e Colonization with selected DSE strains has neutral to negative influence on the growth of
ericaceous plants in vitro, whereas the effect of the typical ErM fungus Rhizoscyphus ericae is
neutral to positive. Effects of both types of fungi on the growth of host plants are correlated with
the level of ErM and DSE colonization. ErM fungi can alter the negative effect of DSE fungi when
present in the same root system in vitro.

o ErM fungus Oidiodendron maius increases the growth and nutrient uptake by ericaceous plants,
which can be strain-specifically altered by the presence of a DSE fungus. The effect of DSE-
association is variable and strain specific, ranging from positive to neutral to negative. Positive
effect of the DSE fungus does not need to be connected with its colonization potential.

o Meliniomyces variabilis, a fungus with affinities to the Rhizoscyphus ericae — aggregate, forms
intracellular structures resembling ErM in ericaceous roots. In addition, M. variabilis
intracellularly colonizes ectomycorrhizal host plants (Picea abies, Pinus sylvestris) without causing
a negative effect on their growth. M. variabilis can also colonize sporocarps of an EcM fungus
Hydnotrya tulasnei, which illustrates its variable life-style.

o EcM fungi can indirectly affect ericaceous plants, often growing under the canopy formed by EcM
plants, even without forming mycorrhizal association. For example, Cenococcum geophilum can
support the growth and formation of roots and hence also overall growth of ericaceous plants,
likely by producing phytohormones (IAA) in their rhizosphere.

¢ Roots of ericaceous plants can be intracellularly colonized by fungi, which are to date not regarded
as their mykorrhizal associates. Geomyces pannorum, a soil-borne saprotrophic fungus, forms
structures resembling ErM in roots of its ericaceous hosts, but apparently depresses their growth
in vitro.

e  Shells of probably withered soil testate amoebae are regularly associated with mykorrhizal roots of
ericaceous plants. ErM and DSE fungi can colonize the shells and use them as a sole source of
nutrients for their growth. Within the shells, the typical DSE fungus P. fortinii forms
microsclerotia, which are a diagnostic character for DSE-association, formed in roots of most of

higher plants.
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