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Abstrakt

Zastupci rodu Armillaria jsou Siroce rozSirenymi lesnimi patogeny, proti nimz dosud nebyla
vyvinuta uc¢inna ochrana. Vzhledem k jejich dlouhovékosti a tvorbé rozsahlych klondlnich
jedinc by mohlo byt vyhodné pouziti mykovird jako prostredk( biologické kontroly proti
témto patogenim. Tato prace popisuje druhové zastoupeni vaclavek rodu Armillaria v CR,
a nasledné detekci a charakterizaci vir(i u Armillaria spp. nasbiranych v Ceské republice. U
druhl Armillaria ostoyae a A. cepistipes bylo detekovano celkem pét ssRNA virQ, véetné
viru z Celedi Tymoviridae a ¢ty virQ patficich do nedavno popsané skupiny "ambivir(" s
kruhovym ambisense usporadanim genomu. Ve vSech ambivirovych sekvencich byly
popsany ribozymy hammerhead (HHRz) i hairpin ribozymy (HpRz). Nové detekované viry
byly porovnany pomoci fylogenetické analyzy a na zdkladé sekvenacnich dat byly navrzeny

primery a optimalizovana metoda RT-PCR pro rychly screening ptritomnosti téchto vird.

Klicova slova: Armillaria, kofenova hniloba, viry, ambivirus, tymovirus, biologicka kontrola
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Abstract

Members of the genus Armillaria are widespread forest pathogens against which effective
protection has not yet been developed. Given their longevity and the formation of large
clonal individuals, the use of mycoviruses as biological control agents could be an effective
alternative against these pathogens. This paper describes the species distribution of Ar-
millaria spp. in the Czech Republic, followed by the detection and characterization of viru-
ses in Armillaria spp. collected in the Czech Republic. A total of five ssRNA viruses were
detected in Armillaria ostoyae and A. cepistipes, including a virus from the family Tymoviri-
dae and four viruses belonging to the recently described group of "ambiviruses" with a
circular ambisense genome arrangement. Both hammerhead ribozymes (HHRz) and hairpin
ribozymes (HpRz) have been described in all ambivirus sequences. The newly detected vi-
ruses were compared by phylogenetic analysis and primers were designed based on the
sequencing data and the RT-PCR method was optimized for rapid screening for the pre-

sence of these viruses.
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1 UvoD

Vaclavky (Armillaria) predstavuji rod rostlinnych patogennich hub, ktery zahrnuje asi 40
znamych morfologickych a nejméné 129 biologickych druht (Coetzee a kol., 2018). Mnohé
z nich jsou patogeny, které zpUsobuji onemocnéni projevujici se hnilobou koren( u Siroké
Skaly strom0 a kef(l, v€etné hospodarsky vyznamnych jehli€nand. V nasich podminkach se
Casto vyskytuji ve smrkovych porostech. Jsou snadno rozeznatelné podle svych rhizomorf,
které slouZi k vyhledavani potravy a zaroven pretrvavaji v pldé za nepfiznivych podminek
pro rlst. Stejné jako ostatni houby zpUsobujici bilé hniloby mohou Armillaria rozkladat
vSechny slozky ligninového dreva, a Ize je tak zaradit mezi houby patogenni i saprofytické
(Sipos a kol., 2018). Produkuji enzymy rozkladajici polysacharidy lignin a celulézu, coz hou-
bam umoznuje Zivit se i jiz odumfielou organickou hmotou (Rodriguez a kol., 1997). Houbdm
rodu Armillaria se dafi prevdiné ve vlhkych podminkach, v suchych a chladnych podmin-
kach preckavaji ve formé rhizomorf (Denman a kol., 2000). NakazZeni vaclavkami mudze pro-
bihat pres padu rhizomorfy nebo pfimym kontaktem s myceliem rostoucim v infikované
rostliné (Charles a kol., 1991). Mezi limitujici faktory ohroZujici Zivot saprofytnich hub patfi
konkurence mezi jednotlivymi druhy hub Zijicimi ve spolecném prostoru, dale stres zpUso-
beny nevhodnymi klimatickymi, vyzivovymi nebo mikrobiotickymi podminkami a distur-
bance. U smrkovych porostl ¢asto dochazi ke konkurenci mezi vaclavkou obecnou (Armilla-
ria mellea), troudnatcem kopytovitym (Fomes fomentarius), ohnovci (Phellinus) a lesklo-

korkami (Ganoderma; Klan, 1989).

Dalsim limitujicim faktorem, omezujicim rlist a patogenitu vaclavek mohou byt mykoviry.
Mykoviry obecné byly detekovany ve vsech hlavnich skupinach patogennich hub (Ghabrial
a Suzuki, 2009). Jsou to prevainé dvouvlaknové (ds) RNA viry, ale vyskytuji se i ve formé
jednovldknovych (ss) RNA vir(i a kruhovych jednovlaknovych (ss) DNA vird. Ve svém repli-
ka¢nim cyklu neprochdzi extraceluldrni fazi, jsou pfendseny intracelularné prostfednictvim
spor nebo skrz spojovani hyf (Ghabrial, 1998). U&innost pfenosu spor se li$i podle typu spor
a taxonomického zarazeni hostitelskych hub (Ihrmark, 2004). Ve vétsiné hostitelich prezi-
vaji asymptomaticky, zatimco u nékterych byla prokazana snizena schopnost virulence hos-
titelskych hub. Tato vlastnost, oznadovana jako hypovirulence, mize byt uzite¢na prede-
vsim kvali rozsahlosti houbovych chorob v zemédélstvi a lesnictvi a omezenym moznostem

kontroly téchto chorob.



Existuji vyznamné lesni patogenni houby, jako jsou napf. Cryphonectria parasitica, Phy-
tophthora spp., Ophiostoma spp., Gremmeniella abietina, Hymenoscyphus fraxineus, Hete-
robasidion annosum a Armillaria spp., které hosti mykoviry s rliznymi vztahy mezi houbami
a viry (Mufioz-Adalia a kol. 2016; Vainio a kol. 2018; Sutela a kol. 2021). U Armillaria popsali
jiz Blattny a kol. (1973) a Reaves a kol. (1988) pfitomnost virlm podobnych castic u A.
mellea a A. ostoyae, ale teprve v roce 2021 byly viry potvrzeny pomoci molekularnich me-

tod (Linnakoski a kol., 2021).

V dosavadnich studiich tykajicich se mykovir(i vaclavek Armillaria bylo popsano nékolik RNA
vir(l. Cilem téchto studii bylo pfedevsim porozumét rozmanitosti a vlivu téchto mykovirQ
na druhy rodu Armillaria a zaméfit se na jejich ekologickou roli a potencidlni vliv na virulenci
hub. Doposud byl virom rodu Armillaria molekularné zkoumdn ve vzorcich z Finska, Ruska
(Sibif), Jizni Afriky a Svycarska. Bylo popsano nékolik pozitivnich i negativnich ssRNA vir(i a
dva dsRNA mykoviry. U péti riznych druhl rodu Armillaria (A. mellea, A. borealis, A. cepisti-
pes, A. ostoyae, A. gallica) byly popsany mitoviry, ourmia-like viry, tymoviry, flegiviry, ambi-
like viry, nékolik dosud neklasifikovanych (+)ssRNA a dva neklasifikované dsRNA viry (Linna-

koski a kol. 2021; Shamsi a kol. 2024).



2 Vaclavky rodu Armillaria

Houbové patogeny hraji v lesnich ekosystémech dulezitou roli. Vyznamné ovliviuji rozma-
nitost, strukturu a dynamiku lesnich spolecenstev (Hansen a kol., 2000). Houby rodu Ar-
millaria (dle Maphosa (2005): celed Tricholomataceae; fad Agaricales; trida Basidiomy-
cetes), také zndmé pod Ceskym ndzvem vaclavka, jsou skupinou hub, které se vyskytuji po
celém svété. Tyto houby patti k nejrozsifenéjSim houbam na svété a maji velmi duilezitou
roli v lesni ekologii. Jejich hlavni funkci je rozklad organického materialu v lesnich ekosys-
témech a jsou popsany jejich symbiotické vztahy i s nékterymi orchidejemi napf. Galeola

septentrionalis (Ogura-Tsujita, 2021).

Armillaria se Zivi odumrelym dfevem a zasadné pomahaiji pti rozkladu dreva v lese. Pfi
tomto procesu dochazi k obnové pldy a uvolfovani Zivin z mrtvého dreva do pUdy, coz
poskytuje Ziviny pro dalsi rostliny a houby. Armillaria primarné likviduji nemocné ¢i jiz od-
umrelé stromy, které pomahaji rozkladat a tim udrzovat zdravi lesa a sniZovat riziko pre-
nosu infekce na dalsi zdravé stromy. Napadaji vSak i zdravé jedince, narusuji jejich vodni
rezim a mohou tak zplsobovat odumirani i jinak zcela zdravych strom(. Tyto houby se mo-
hou napojit na kofeny stromu, zpUsobit jejich ochabnuti a smrt. Tento proces je znamy jako
hniloba kofen, pro lesni hospodarstvi mize byt velmi problematicky a vést k velkym eko-
nomickym ztratam (Baumgartner a kol., 2011). Kromé toho, Armillaria mohou sami prena-
Set viry a bakterie mezi jednotlivymi stromy, coz vede k Sifeni dalSich onemocnéni. Armilla-
ria jsou povazovany za nejvyznamnéjsi patogeny poskozujici smrkové porosty v nizsich a
stfednich polohdach. Nejvétsi dopad mivaji v lesich oslabenych péstovanim na hranici eko-
logického optima. Dreviny se tak stdvaji citlivéjSimi vici jakymkoliv stresovym faktor(im
(KFistek a Urban, 2013). V roce 2022 bylo prevazné na severni Moraveé a ve Slezsku evido-
vano 115 000 m3,,vaclavkového dfivi“ (Lubojacky a kol., 2023). Kromé jehli¢nant napadaji
houby rodu Armillaria i dalsi rostlinné druhy, bylo popsano vice nez 600 dalSich druhd, které
mohou byt hostiteli téchto patogen(, patti mezi né i zemédélsky vyznamné druhy jako jsou

napr. obilniny, vinna réva a brambory (Jancaftik a Jankovsky, 1999).

Houby rodu Armillaria jsou zajimava také svou dlouhovékosti a jsou povaZzovany za nejroz-

sahlejsi organizmy svéta. V USA je zndma vaclavka Armillaria ostoyae, kterd je rozlehld na
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890 hektarech lesa a jeji stafi je odhadovano na 2 400 let (Maheshwari, 2005). Dalsi zajima-
vosti je, Ze se u vaclavek miZeme setkat s bioluminiscenci. Ve vaclavkach dochazi k reakci
kysliku s luciferinem katalyzované enzymem luciferazou, to vede k svétélkovani mycelia a
mladych rizomorf. Ekologicky vyznam tohoto jevu zatim nebyl objasnén (Sochor a kol.,

2015).

Uzitecna mUze byt i schopnost vaclavek detoxikovat pidu od fenoll a ropnych derivat(,
diky enzymm rozkladajicim drevo. Tyto latky se do lesnich pld dostavaji predevsim kvili
lesnické mechanizaci (Jankovsky a Schanél, 1997). V poslednich letech se védci snazi vyuzit
schopnosti vaclavek k rozkladu dreva pfi produkci alternativnich paliv a bio materiald. Toto
vyuziti ma potencial snizit zavislost spole¢nosti na fosilnich palivech (Hadibarata a kol.,

2015; Kim a kol., 2023).

Smrk ztepily (Picea abies) je vyznamnym hostitelem hub rodu Armillaria v Ceské republice.
Zda se, Ze v poslednich letech dochazi k ubytku smrku ztepilého v Evropé, ktery je umocnén
i patogennimi houbami, jako jsou vaclavky rodu Armillaria (Cienciala a kol., 2017). Hojnost
a druhové sloZeni populaci vaclavek r. Armillaria je obtizné urcit. Onemocnéni kofenovou
hnilobou Ize u smrku ¢asto rozpoznat pomoci odumirani koruny, chlorotickych jehlic nebo
pryskyri¢nych vytok(. Tyto pfiznaky je obtizné odlisit od priznak(, které jsou vyvolany ji-
nymi patogeny nebo skidci (Holusa a kol., 2018). Presnéjsi idaje o distribuci lze ziskat z pfi-
tomnosti plodnic, mycelii nebo rizomorf na kofenech napadenych stromU (Morrison a kol.,

2004).

K ubytku smrkovych porostti v CR i Evropé houby rodu Armillaria vyznamné pftispivaji, pfi-
¢inou je i zména prostredi, kterd jehlicnaté porosty stresuje, a ty se pak stavaji nachylnéjsi
k patogenim. K sou¢asnému stavu smrkovych porostd vyznamné prispiva i nevhodné mo-
nokulturni sloZeni les(, které vznikd za uc¢elem co nejvétsi produkce dreva a vede k posou-

vani péstovani smrku na okraj ekologického optima (Jankovsky, 2014).
2.1 Taxonomické zastoupeni vaclavek v CR

Taxonomicka historie rodu Armillaria saha az do 17. stoleti, kdy byl tento rod poprvé za-
znamenan danskym botanikem Martinem Vahlem. Tento rod obsahuje 40 morfologickych
druh, z nichZ nékteré jsou velmi podobné a obtizné rozeznatelné. Nicméné, diky pokroku

v molekularni biologii, se taxonomie této houby stava presnéjsi, umozniuje spravné urceni
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druh( a byl na zdkladé ni objeven znaény pocet biologickych druhd tohoto rodu (Baumgart-
ner a kol., 2011). V soucasnosti je rozpoznano nejméné 129 biologickych druh(i (Coetzee a
kol., 2018) a probihaji dalsi vyzkumy v oblasti taxonomie této houby pro lepsi pochopeni
jeji evoluce a fylogeneze. Jednim z cil(l tohoto vyzkumu je zjistit, jaky vliv ma Armillaria na
ekosystémy a jak mlze byt vyuzita v |ékarskych a technologickych aplikacich (Gao a kol.,

2009, Muszynska a kol., 2011; Kim a kol., 2023).

V Ceské republice se dle prace Antonin a Tom$ovsky (2010) vyskytuje pét prstenatych: vac-
lavka smrkova (A. ostoyae), vaclavka obecna (A. mellea), vaclavka hliznatd (A. gallica, syn.
bulbosa), vaclavka severska (A. borealis), vaclavka cibulkotfennd (A. cepistipes) a dva bez-
prstenaté druhy vaclavek: vaclavka bezprstennd (A. socialis, syn. A. tabescens) a vaclavka

bazinna (A. ectypa).

Nejrozsifen&jsim druhem v Ceské republice je vaclavka smrkova, kterd zpGsobuje vétinu
korenovych chorob smrki ve stfednich a nizsich polohach. K velkym ekonomickym ztratam
dochazi predevsim ve smrkovych monokulturach, ve smiSenych lesich je vaclavka smrkova
spiSe saprofyt a k parazitickému vztahu dochazi jen s oslabenymi jedinci (Schwarze a kol.,
2000). Vaclavku obecnou v nasich podminkdach nalezneme vyhradné na listnatych, zejména
ovocnych stromech v teplejSich oblastech (Antonin a Tom3Sovsky, 2010). Vaclavka severska
roste prevazné ve strednich az vyssSich polohach a napada prevainé smrkové porosty, ale
mUzZe se vyskytovat i na listnatych stromech (Jankovsky, 2003). Vaclavka hliznatd byla po-
zorovana na nejvétsSim poctu hostiteld. Jehli¢naté stromy vsak napada vzacné, nalezneme
ji spiSe na dubech, habrech a dalsich listnatych stromech, pfedevsim v teplych niZinatych
oblastech (Antonin a kol., 2009). Vaclavka cibulkotfenna se vyskytuje prevazné ve vyssich a
vlhkych oblastech, kde parazituje na dfevé buk(, smrkd, jasan( i dalSich (Antonin a kol.,

2009).

Vaclavka bezprstennd se v Ceské republice nachézi pouze v nejteplejsich mistech na jizni a
stfedni Moravé. Je to teplomilna houba, kterd Zije pfevainé saprofyticky v doubravach a
luznich lesich (Antonin a TomsSovsky, 2010). Jeji vyskyt je spiSe vzacny a je proto zafazena v
Cerveném seznamu hub Ceské republiky (Holec a Beran, 2006). Vaclavka baZinna je dal$im
ohrozenym druhem, predevsim kvili vodohospodaiskym a lesnim zasah(m. Je to saprofyt

rostouci pouze na silné podmacenych loukdch a raselinistich. Pro svou vzacnost a vyskyt na
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omezenych stanovistich je zafazena mezi kriticky ohrozené druhy v Seznamu zvlasté chra-
nénych druh( podle zdkona o ochrané prirody ¢. 114/92 Sb. a vyhlasky ¢. 395/92 Sb. (An-
tonin a Bieberova, 1995). V CR se pravidelné vyskytovala na jediném stanovisti — NPR Ruda
v CHKO Tteborisko. Dale byla pFekvapivé nalezena v 2009 jesté v Ceskomoravské vrchoviné

— PR v Lisovech u Pocatek (Antonin a Tomsovsky, 2010).

Houby rodu Armillaria jsou povazovany za hlavni abioticky faktor, ktery zplsobuje chiad-
nuti a Ubytek smrkovych lest v Ceské republice. Nejéast&jsi pricinou je konkrétné na nasem
Uzemi vaclavka smrkova, nasledné vaclavka cibulkova a v mensi mife i vaclavka severska.
V nizsich lokalitdch muUZe smrkové porosty napadat i vaclavka hlizovita, zatimco vaclavka

obecna nebyla na smrku pozorovana (Jankovsky, 2014).
2.2 Molekularni determinace druhii vaclavek

Morfologicka identifikace druht rodu Armillaria je vzhledem k jejich mezidruhové podob-
nosti pomérné obtizna, casto i nemoznad. Pro presnou identifikace je potfeba mikroskopické
analyzy, jako je napfiklad zkoumani charakteristickych struktur vytrus(, hyf a bazidiomu
(Gezahgne a kol., 2004). Proto se v soucasnosti pfistupuje spiSe k identifikace zaloZzené na
molekuldrnich metodach. Casto vyuzivanym markerem pro druhovou identifikaci rodu Ar-
millaria jsou napftiklad oblasti ITS (Internal Transcribed Spacer). ITS se nachazi v nekédujici
oblasti jaderné rRNA. Jsou to kratké intergenové regiony oddélujici strukturni ribozomalni
podjednotky 18S, 5,85 a 28S (Anderson a Stasovski, 1992). Ackoliv byly ITS nékolikrat
uspésné pouzity pro odliseni jednotlivych druhdG Armillaria (Koch a kol., 2021, Kim a kol.,
2006, Schulze a kol., 1997), neposkytuji dostatecnou variabilitu pro odliseni druh( A. gallica
a A. cepistipes (Antonin a kol., 2009). Dalsi vyuzivanou oblastni pro molekuldrni identifikaci
je oblast IGS-1 (Intergenic Spacer Region 1), ktera se nachazi mezi ribozomalni podjednot-
kou 28S a genem 5S. Tento marker byl Uspésné vyuzit napt. ve studiich Tsykun a kol. (2013),
Kim a kol. (2006) a White a kol. (1998). Pti identifikaci nékolika africkych druhl Armillaria
byla vSak popsdna inverze genu 5S, coZz znemoznilo pouZziti tohoto markeru (Coetzee a kol.,
2018). Z kédujicich oblasti je ve fylogenezi rodu Armillaria ¢asto vyuzivan gen pro elongacni
faktor 1-a. Tento gen je pfitomen ve vSech eukaryotickych organismech, obsahuje vysoce
konzervované sekvence, které umoznuji druhovou analyzu u mnoha taxont. Dostatecnou

variabilitu pro druhovou diferenciaci zajistuji degenerované nukleotidy na tfetich pozicich
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kodon( aminokyselin. Ty vSak zaroven komplikuji navrh univerzdlnich primerU a ztéZuji tak
amplifikaci (Djernaes a Damgaard, 2005). Pfesto je gen EF 1-a ¢asto vyuZivan a povazovan

za jeden z nejlepsSich molekularnich marker( v identifikaci hub (Coetzee a kol., 2018).

Dalsi kodujici oblasti, ktera je vyuzivdna k mezidruhové identifikaci hub je gen pro beta-
tubulin. Sekvence tohoto genu obsahuje variabilni introny a stejné jako u genu EF 1-a ob-
sahuje degenerované treti pozice kodonl aminokyselin, coz umoznuje jeho vyuziti na me-
zidruhové nebo dokonce i vnitrodruhové Urovni v taxonomii hub (Geiser a kol., 1998; Myllys

a kol., 2001; Sung a kol., 2007; Guo a kol., 2016).
2.3 Sifeni vaclavek a vliv na smrkové porosty CR

Nejcastéjsi zplsob Siteni hub Armillaria je vegetativné pomoci mycelia, ale je mozné i ge-
nerativni rozmnozovani pomoci vytrusli — bazidiospor. Bazidiospory kli¢i pouze v dosta-
tecné vihkém prostredi a dokdzou se vzduchem rozsifit az do vzdalenosti 100 km (Vasaitis
a kol., 2008). Vegetativné Armillaria vyuZzivaji k Sifeni mycelium, které tvofi rizomorfy. Ri-
zomorfy jsou dlouhé provazovité utvary, spletené z povrchového mycelia, pomoci nichz se
vaclavky dostavaji do lykovych ¢asti kofenového systému a dale i do dienovych a pryskyftic-

nych kandlk( (Jankovsky, 1997).

Podminkou pro napadeni vaclavkou je predispozice hostitele, ke které ¢asto vede naruseni
vodniho rezimu, at uz nadmérnym suchem nebo nadmérnou vihkosti a naslednou hypoxii.
| kratkodobé naruseni vodniho reZzimu vede k oslabeni jedincl a vzniku predispozice pro
napadeni houbovym patogenem (Jankovsky, 2014). Pfiznaky infekce jsou pozorovatelné az
ve chvili, kdy strom uz hyne. Nejprve se projevi zména barvy jehli¢i na svétle zelenou az
Sedou, nasledné dochazi k omezeni rlistu stromu, usychdni a opad jehli¢i, a nakonec k upl-

nému odumirani stromu (PeSkova a Soukup, 2013).

Pod kurou infikovanych jedincl Ize pozorovat typicky bily povlak, tzv. syrocium, které se
rozrusta od kofen(l a postupuje k bazi kmene (Jankovsky, 1997). Infekce vaclavkami vede
k charakteristické bilé hnilobé, ktera pomoci enzym0 zpUsobi mineralizaci dfeva. To vede
ke zvétseni dfevni hmoty, ale snizeni hmotnosti a tvrdosti dfeva (Jankovsky a kol., 2005).

Mezi pfiznaky infekce patfi i ronéni pryskyrice na kmeni strom( (Jankovsky, 1997).

14



V roce 2019, kdy bylo evidovéno 145 tisic m3,vaclavkového dFivi“, do$lo k mirnému zlep-
Seni a poklesu vaclavkami napadenych porostu oproti predchozim rok({im, presto jsou stale
oblasti, kde situace zUstava vaina. Tyto oblasti se nachazi predevsim na Moravé a ve Slez-
sku (Knizek a Liska, 2020). V roce 2020 byl zaznamendn dalsi narust objemu ,,vaclavkového
dFivi“ na 207 tisic m3 (Knizek a Li$ka, 2021). V nasledujicich letech se trend opét otodil a
doslo k vyraznému poklesu. V roce 2021 bylo hlaseno celkem 113 tisic m? ,vaclavkového
drivi (Lubojacky a kol., 2022), v roce 2022 bylo evidovano 115 tisic ,vaclavkového dftivi (Lu-
bojacky a kol., 2023). Tento vyrazny pokles objemu znehodnoceného dfivi je, ale pravdé-
podobné zplsoben vytéZzenim mnoha postizenych porostl v pfedchozich letech ((Lubo-

jacky a kol., 2022).
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Obr.1: Evidovany objem vytézeného smrkového vaclavkového dfivi a rozloha smrkovych
porostl napadenych vaclavkami v letech 2001-2022 (Lubojacky a kol., 2022)

Vaclavka tedy prokazatelné prispiva k ubytku smrkovych porostd jako patogen narusujici
jejich vodni cyklus a zaroven pusobi i jako stresor oslabujici stromy, které jsou nasledné

snadno napadnutelny pro klrovce (napft. Ips typographus; Sierota a Grodzki, 2020).
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2.4 Metody ochrany smrkovych porostu

V soucasnosti existuje nékolik zplsobl ochrany smrkovych porostl proti vaclavkdam rodu
Armillaria. Patfi mezi né vykop kofenového limce nebo chemické fungicidy. Jako Ucinna
ochrana proti A. ostoyae se ukazalo také odstranéni nakaZenych parezl (Cleary a kol.,
2013). Z4dné ze zavedenych metod viak nedokaze zcela eliminovat mycelium z kontamino-
vaného mista (Linnakoski a kol., 2021). Mycelia téchto patogen( jsou velmi odolna v{ci
vysokym teplotam. Prezivaji dokonce i rozsahlé lesni pozary (Smith a kol., 1992). Zaroven
nelze vylécit uz napadené stromy. Vykacenim napadenych porostl se neodstrani zbytky
kotend, ze kterych se Armillaria mohou §ifit i nékolik dal3ich let (Cox a kol., 2004). U&inna
by mohla byt preventivni opatfeni zahrnujici véasné vytéZzeni napadenych porostti a zménu
drevinné skladby ze souc¢asnych smrkovych monokultur na pfirozené smisené drevinné po-
rosty (Peskova a Soukup, 2013). Dalsi potencidlni moznosti ochrany proti témto patoge-
nGm, by mohly byt, v souc¢asnosti velmi diskutované, mykoviry. Virom téchto patogena vsak

nebyl doposud dostatecné prozkouman.
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3 Mykoviry

Mykoviry jsou riznoroda skupina virQ, které infikuji houby, véetné kvasinek a plisni. Jsou to
stejné jako ostatni druhy virli nebunécéné intraceluldrni organismy neschopné samostatné
existence mimo svého hostitele, tj. jsou biotrofni. Poprvé byly objeveny v 60. letech 20.
stoleti. 14 let poté, co byla v Pensylvanii hlasena nemoc ,La France” u hub Agaricus bispo-
rus, charakterizovana deformovanymi plodnicemi a ztrdtou vynosu. Podobné nemoci byly
hlaseny i z Evropy a Japonska, coz nasledné vedlo k objevu mykovird a prvnimu popisu vi-
rovych ¢astic uvnitf houbového hostitele (Hollings, 1962). Od té doby védci identifikovali
a kol., 2009; Herrero a kol. 2013; Nerva a kol., 2019). Mykoviry jsou predmétem velkého
zajmu védcl studujicich ekologii hub a patologii rostlin, protoZze mohou mit vyznamny do-

pad na rist, reprodukci a virulenci jejich houbovych hostiteld.

Vztah mykovirl s jejich houbovymi hostiteli je jeden z fascinujicich aspektt vyzkumu. My-
koviry mohou mit vyznamny dopad na fyziologii a biologii svého hostitele a zpUsobit riizné
fenotypové ucinky. Nékteré mykoviry jsou pro houby skodlivé a zpUsobuji pfiznaky jako je
snizeny rlst, abnormalni morfologie, zména rychlosti replikace a snizena virulence. Jiné
mykoviry nemaji na své houbové hostitele Zadny vliv. Nékteré mohou dokonce poskytovat
svym houbovym hostiteliim vyhody ve formé zrychleného ristu, odolnosti vici environ-
mentalnim stresorim a zvysené virulence. Bylo prokazano, Ze nékteré mykoviry dokonce
ovliviuji produkci sekundarnich metabolitl jejich hostitelskych hub, coZ vede ke zméndm
v jejich aromatickych a chutovych profilech (Nerva a kol., 2019; Ninomiya a kol., 2020;
Kotta-Loizou 2021).

Jednim z dlivodi rozsahlého studia mykovirl je jejich potencial v biologické ochrané rost-
lin. Pouziti mykoviru jako biologického agens bylo poprvé popsano ve spojitosti s epidemii
plisné kastanové (Turchetti a Maresi, 1993; Milgroom a Cortesi, 2004). To zasadné pfispélo
ke zvySeni zajmu o houbové viry a rozvoji novych detekénich metod. Zavedeni technologie
vysokovykonného sekvenovani (HTS) znacné usnadnilo a zrychlilo objevy novych mykovira.
Rozsahlym vyzkumem bylo potvrzeno, Ze mykoviry jsou v Fisi hub vSudypfitomné a zaroven
byla odhaleno jejich pozoruhodna rozmanitost (Herrero a kol., 2012; Sutela a kol., 2019,
Garcia-Pedrejas a kol., 2019).
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3.1 Taxonomie mykovirli

Taxonomie mykovir( je predmétem studia po mnoho let a neustale se vyviji s tim, jak jsou
objevovany nové druhy vir(i. Plvodné byly pro pojmenovavani viri hub vyuzivany tti ter-
miny — mykoviry (Bozarth, 1972), mykofagy (Nash a kol., 1973) a virdm podobné ¢astice
(,,virus-like particles”, VLP). Jedna se vsak pouze o rozdilnou terminologii jednotlivych vy-
zkumnik, kterd nema souvislost se strukturou nebo funkci jednotlivych vir(i hub (Bozarth,
1979). Néktefi autofi pouzivaji termin VLP pro castice detekované u houbovych hostitel(
podobné virdm, které jesté nebyly dostatecné charakterizovany, zatimco termin mykoviry
pouzivaji pro dostatecné popsané castice, u kterych je zndma morfologie a nukleoprotei-

nové slozeni (Ghabrial, 1980).

Zprvu se zdalo, Zze vSechny mykoviry maji dsRNA genomovou strukturu. Tato teorie byla
s dalSimi popsanymi mykoviry vyvracena. ICTV (Regenmortel a kol., 2000) uvadél jesté
v roce 2000, Ze vétSina mykovird ma dsRNA genom, pouze u dvou znamych mykovirQ byl
popsan ssRNA genom, a to Mushroom bacilliform virus z plodnic Agaricus bisporus nakaze-
nych chorobou ,La France” zpusobujici jejich deformace (Revill a kol., 1999) a Scleropht-
hora macrospora virus B z mycelia Sclerophthora macrospora (Yokoi a kol., 1999). V roce
2005 ICTV (Fauquet a kol., 2005) popisuje jiz 28 ssRNA virQ, které tvori témér tretinu ze
vSech tehdy zndmych mykovirid. Od té doby je evidovdno stdle narlstajici mnozstvi ds i
ssRNA virl. Dnes se mykoviry na zakladé jejich genomu déli na dvouretézcové RNA viry
(dsRNA), jednoretézcové pozitivni RNA viry (+ssRNA), jednoretézcové negativni RNA viry (-

ssRNA) a kruhové jednoretézcové DNA viry (ssDNA; Ghabrial a kol., 2015).

Houbové viry jsou zafazeny do nékolika virovych ¢eledi, z nichz nékteré obsahuji pouze my-
koviry, jiné Celedi, jako napfiklad Partitiviridae obsahuji zastupce, ktefi mohou napadat jak
houby, tak i rostliny a zvifata. Mykoviry se déli primdarné do deviti ¢eledi obsahujici dsRNA
viry a deviti ¢eledi obsahujici pozitivni +ssRNA viry, dale je popsano jen nékolik zastupct

s negativnim — ssRNA a ssDNA genomem (Obr. 2).
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Obr. 2: Fylogenetické rozdéleni mykovirovych Celedi; Polymycoviridae nebyly doposud za-
fazeny. (Jillian a kol., 2022)

Existuji také dalsi faktory, které Ize pouzit k rozdéleni druht mykovir(. Jednim z takovych
faktor( je typ hostitele, kterého virus infikuje. Nékteré mykoviry napftiklad infikuji pouze
specifické typy hub, zatimco jiné mohou infikovat Sirokou $kdlu riznych druh( hub ¢i rost-
lin, pfipadné Zivocichl (Gillings a kol., 1993; Hacker a kol., 2005; Pearson a kol., 2009; Her-
rero a kol., 2012). Mykoviry byly dokonce nalezeny i v lidskych patogennich houbach (Kotta-
Loizou a Coutts, 2017). Taxonomie mykovir( se neustale vyviji, protoZe jsou objevovany
nové druhy a preklasifikovany ty stavajici. Pokroky v technologiich genomového sekveno-
vani usnadnily identifikaci a klasifikaci novych mykovir( a vyzkumnici neustdle pracuji na

lepSim pochopeni rozmanitosti a vlastnosti téchto vir(Q.
3.2 Genomova organizace mykoviru

Genomova organizace mykoviru je zajimavou a stdle zkoumanou oblasti v oboru virologie.
Jak bylo popsdno vySse mykoviry mohou mit svou genetickou informaci kédovanou jak
v RNA, tak DNA. Pficemz kazdy typ ma specifické charakteristiky a mechanizmy replikace.
Genomy mykovird mohou byt linearni, kruhové, jednoretézcové nebo dvouretézcové.
Casto maji prekryvajici se ¢teci rdmce (frameshift reading), coZ umoZfiuje vytvafeni vice

proteinl z jednoho genu. Vétsina z nich je tvorena pouze malymi genomy, které kéduji jen
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nékolik proteini (Ghabrial a kol., 2015; Lefkowitz a kol., 2018). Nejjednodussi doposud
znamy mykovir je +ssRNA mytovirus z ¢eledi Narnaviridae, ktery se ¢asto vyskytuje jako
koinfekce u mykovirovych infekci a kdduje pouze jeden protein, RARP (RNA dependentni

RNA polymerdza), nezbytny pro replikaci viru (Hillman a kol., 2018; Sutela a kol., 2019).

Replikace mykovirl je zcela zavisla na hostitelskych burikdch a probihd v jejich cytoplazmé.
Vyjimkou jsou ¢lenové Celedi Botourmiaviridae, ktefi se replikuji v hostitelskych mitochon-
driich (Hillman a kol., 2018). RNA viry jsou obecné nachylné k chybam v procesu replikace,
pFicemZ mutaéni rychlost je vypoditdana na 103-10° na nukleotid v jednom replikaénim
cyklu (Domingo a Holland, 1997). V dlisledku toho se populace RNA virl skladaji z komplex-
nich a dynamicky se vyvijejicich sekvenci, tzv. kvazi-druhd (Domingo a Holland, 1997; Van
Regenmortel, 2007). Vyskyt kvazi-druht mlze byt pro RNA viry evolu¢né vyhodné, umoz-
fuje totiz rychlé pfizpisobovani se novému prostiedi (Garcia-Arenal a kol., 2001; Schneider

a Roossinck, 2001).

Vyzkum genomové organizace mykovird ma velky vyznam pro pochopeni interakci mezi
virem a hostitelskou houbou. Pomaha ndm |épe porozumét evoluci a diverzité mykovirQ,
jejich replikaénim mechanismdm a adaptabilité na rlizna prostredi. To mlze vést k vyvoji
novych strategii pro ochranu rostlin a hub pred patogennimi mykoviry a rozsifeni nasich

znalosti o virdIni ekologii.
3.3 Hostitelé a pfenos mykoviri

V soucasnosti je popsano vice nez 150000 druhG hub (https://www.speciesfungo-

rum.org/Names/Names.asp) a pfedpoklada se, Ze jich je jesté fadoveé vice neobjevenych.

Na zdkladé odhadu, Ze mykoviry napadaji 30—80 % z nich (Ghabrial a Suzuki, 2009) Ize oce-

kavat velkou rozmanitost stale nepopsanych druhl mykovirQ. Spektrum hostiteld mykovir(

vvvvv

Ascomycetes, Basidiomycetes a Zygomycetes, ale vyskytuji se i u houbam podobnych orga-

nisma nalezicich do fise Chromista.

Pfesto, Ze jsou mykoviry taxonomicky riznorodé, zda se, ze viechny sdili cyklus pfenosu se

svymi hostiteli (Villarreal, 2008). Mykoviry se mnozi uvnitf houbové tkané a houbovych bu-
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nék. Replikuji se pfevainé v bunécéné cytoplazmeé, ale jsou i druhy replikujici se v mitochon-
driich hostitelskych bunék, napf. mitovirus (Goker a kol., 2011, Milgroom a Hillman, 2011).
Zivotni cyklus mykovird na rozdil od jinych vir(i postrada extracelularni fazi. Proto nejsou
infekéni v klasickém slova smyslu. Omezeni styku s extracelularnim prostifedim ovliviuje i
potiebu vytvareni Castic pro ochranu genetické informace. Spousta mykovirl jako jsou
napf. ¢lenové taxonomickych rodin Narnaviridae a Hypoviridae, ani nevytvafi kapsidovy
protein (Nuss, 2005). K pfenosu dochazi horizontalni cestou skrz intraceluldrni hyfalni ana-
stomodzu vedouci k cytoplazmatické vyméné u vegetativné kompatibilnich druhl (Zhang a
kol., 2014). K vertikalnimu zplsobu pfenosu mykoviri dochazi v pfirodé pomoci houbovych
spor (Ghabrial a kol., 2015; Sutela a kol., 2019) Uvnitf hostitele se mykoviry Sifi bunéénym
délenim. Mykoviry nenarusuji buriky hub, které infikuji, ale spiSe vyuzivaji bunécny aparat
svého hostitele, aby se replikovaly. Infikované houby proto mohou vypadat naprosto

zdravé, ale presto budou schopny prenést vir na jiné houby.

Mykoviry jsou obecné povazovany za pouze endogenni viry (Ghabrial a Suzuki, 2009; Ghab-
rial, 1998; Lemke, 1979) a predpoklada se, Ze Uplné postradaji extraceluldrni fazi v jejich
multiplikacnich cyklech. Yu a kol. (2013) ve své prdci popisuji, Ze purifikované ¢astice DNA
mykoviru Sclerotinia sclerotiorum hypovirulence-asociovany DNA virus 1 (SSHADV-1), jsou
infekéni pfi extraceluldrni aplikaci na svého hostitele Sclerotinia sclerotiorum. Virové ¢astice
izolované z infikovaného hostitele mohou infikovat hyfy bezvirového S. sclerotiorum ptimo,
kdyzZ jsou aplikovany na hyfy péstované na bramborovém dextrézovém agaru nebo nastfi-
kané na listy Arabidopsis thaliana a Brassica napus, bez ohledu na pfislusnost k vegetativni

kompatibilité.

Kromé pfimého extracelularniho pfenosu byla v nékolika studiich popsana i mozZnost pre-
nosu mykovird pomoci vektorovych organismu jako jsou hadatka, roztoci pancifnici (Oriba-
tida) ¢i roztoC Thyerophagus corticalis (Hillman a kol., 2004; Yaegashi a kol., 2013; Simoni a
kol., 2014; Petrzik a kol., 2016). Mykovirus v myceliu Rosselinia necatrix, fytopatogenu zpG-
sobujicim bilou hnilobu kofenu jabloni, béhem inkubace v pdé vedl k hypotéze, ze krmeni
mikroclenovci nebo hadatky mlze vést k mezidruhovému prenosu RNA virl (Yaegashi a
Kanematsu, 2012). Déle Liu a kol. (2016) ve své praci popisuji moznost SSHADV-1 infikovat
mykofagni hmyz, Lycoriella ingenua, a jeho vyuzZiti jako prenosového vektoru. Virus ziskany

larvami Zivicimi se koloniemi virem infikovaného kmene S. sclerotiorum byl replikovan a
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uchovavan v larvach, kuklach, dospélcich i vejcich. Potomstvo larev vylihnutych z virulent-

nich vajic¢ek bylo pfenasecem viru a mohlo virus také uspésné prenaset.

Oba tyto pro mykoviry netypické mechanismy prfenosu prekondvaji vegetativni inkompati-
bilitu a mohou tak usnadnit vyzkum a vyuziti mykovir( v biologické ochrané rostlin. Vege-
tativni inkompatibilita predstavuje hlavni pfekdzku pro Uspésny horizontdalni pfenos hou-
bovych vird mezi druhy nebo kmeny hub. Hyfy se neslucuji a je zahdjena programovana
bunécna smrt, kterad brani horizontalnimu prenosu mykoviru (Wu a kol., 2017). Proto by

prekondni této bariéry vyznamné usnadnilo vyuZziti mykovirQ v praxi.
3.4 Hypovirulence a biologicka kontrola houbovych patogent

Hypovirulence je termin pouzivany k popisu jevu, pti kterém normalné virulentni patogen
ztraci schopnost zpUsobit u hostitele onemocnéni. Mlze byt zprostfedkovana plsobenim
virové infekce, mitochondridlnimi defekty nebo mutacemi v genomu hub (Ghabrial a
Suzuki, 2008). KdyzZ se patogenni houba nakazi mykovirem, virus narusi normalni fungovani
houby, coZ vede ke sniZeni virulence. Pfesny mechanismus, kterym mykoviry vyvoldvaji hy-
povirulenci, neni plné objasnén. Pfedpoklada se, Ze virus interferuje s expresi genll zapoje-
nych do patogenity. V disledku toho infikovand houba jiz neni schopna zpUsobit onemoc-
néni u svého hostitele. Zaroven hypovirulence byva spojovdna s dalSimi fenotypovymi zmé-
nami, jako jsou sniZzend pigmentace, snizend sporulace a rlstové defekty (Hillman a kol.,
2018). Tyto fenotypové zmény jsou zplsobeny zménami v expresi gent hub a jsou induko-
vany pomoci umlcovani RNA, zménami genové exprese a disrupcnim transkriptomem

(Nuss, 2005; Nuss, 2011).

Hypovirulence byla poprvé pozorovana v poloviné minulého stoleti u patogenni houby
Cryphonectria parasitica, ktera na pocatku 20. stoleti zpustosila porosty kastanovniku v Se-
verni Americe a nasledné byla zavleCena i do Evropy. V 50. letech 20. stoleti bylo v Italii
zjisténo, Ze v nékterych sadech doslo ke spontannimu uzdraveni kastanovnikud z infekce C.
parasitica a infekce se prestala Sifit. Virus izolovany z této houby vykazoval v laboratofi niz-
kou virulenci. Tento objev vyprovokoval extenzivni vyzkum mykovir( a odstartoval program
biologické kontroly k osetreni kastanovnikovych sadl (Turchetti a Maresi, 1993; Heiniger a

Rigling, 1994; Dawe a Nuss, 2001; Milgroom a Cortesi, 2004).
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3.4.1 Hypovirulence v biologické ochrané rostlin

Mykoviry maji nékolik vyhod ve srovnani s tradi¢nimi pesticidy pouzivanymi v ochrané rost-
lin. Jednou z vyhod je, Ze mykoviry jsou specifické vici urcitym druhim hub a neovliviuji
ostatni organismy v ekosystému. To znamend, Ze se minimalizuje riziko nepfiznivych do-
padu na pfirodni nepfatele Skldcl nebo na benefi¢ni organismy, které jsou dllezité pro
udrZeni ekologické rovnovahy. Ddle jsou mykoviry biologicky rozloZiteIné a nezanechavaji
zadna rezidua. To je v souladu s poZadavky na udrZitelnost a bezpecnost v zemédélstvi.
Dalsi vyhodou mykovird je jejich schopnost prirozeného Sifeni. Infikované houby mohou
byt nositeli mykovirQ a $ifit je mezi ostatnimi houbami. Tento pfirozeny mechanismus sni-
Zuje naklady na aplikaci mykovir(i a zvySuje jejich efektivitu v ochrané rostlin. Navic, myko-
viry maji schopnost prezivat v plidé a dlouhodobé udrzovat svou aktivitu, coz zvysuje jejich
ucinnost i v dalSich vegetacnich obdobich (Nuss 2005; Mufioz-Adalia a kol. 2016; Villan La-

rios a kol. 2023).

Doposud byla prokazana schopnost zplsobit hypovirulenci hostitell u desitek mykovir(,

zde jsou nejznamé;jsi priklady:

Cryphonectria parasitica. Je velmi destruktivni patogen ovliviujici dfeviny z rodu Casta-
nea, zejména kastanovniky. C. parasitica patii mezi ascomycetové houby a byla poprvé
identifikovdna v Severni Americe, kde byly devastujici disledky jejiho plsobeni na mistni
populace kastanovnik(. Nemoc se nakonec rozsifila i do Evropy a Asie, coz zpUsobilo dalsi
znic€ujici dopady na tamni populace kastanovnik(. Infekce C. parasitica za¢ind na povrchu
kiry dreviny, kde se vyviji koZovité léze. Tyto léze postupné pronikaji hluboko do kiry a
dreva, coz vede k odumirani cévnich svazk( a naslednému stale vétSimu oslabeni stromu.
PostiZeni kastanovniky ¢asto vykazuji symptomy, jako je odumirani koruny, vrstveni klry a
tvorba drobnych drevénych vyrlstkd, které jsou charakteristické pro tuto nemoc
(Anagnostakis, 2016). Jak jiz bylo popsano vyse, poprvé byla hypovirulence zaznamendna u
patogenu plisné kastanové C. parasitica. Mykoviry Cryphonectria hypovirus 1-4 (CHV1-4)
nalezi do rodu Hypovirus z ¢eledi Hypoviridae (Nuss a Hillman, 2011) a infikuji své houbové
hostitele v Evropé, Asii a Severni Americe. Ve svém hostiteli kromé hypovirulence zpUsobuiji
zménu morfologie a pigmentace z jasné oranzové na bilou, lehce naoranzovélou a jsou pre-

naseny pomoci hyfalni anastomazy a prostifednictvim konidiospor (Kyrychenko a kol., 2018;
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Ghabrial a kol., 2015; Rigling a Prospero, 2018). Infekéni cDNA klony hypoviru CHV1-EP713
byly zkonstruovany z RNA a zpUsobuji hypovirulenci po propuknuti infekce. cDNA je inte-
grovana do jaderné DNA C. parasitica nebo primo do fungalnich sféroplastl. Tyto transfe-
kované systémy CHV1-EP713 RNA byly zavedeny také do kmene C. cubensis ptibuzného C.
parasitica v Jizni Africe za ucelem kontroly onemocnéni rakovinou eukalyptu. Nedavno byl
tento systém zaveden ddle u Phomopsis a Valsa ceratosperma, patogent ovocnych stromd,
a vedl ke snizeni infekénosti u obou patogen(. C. parasitica infikovand hypovirem CHV1
snizila produkci oranzového pigmentu, ktery je produkovan kmeny neobsahujici mykoviry.
Zbarveni je vyuzivano jako marker pro odliseni infikovanych a neinfikovanych kmen( hub

(Hillman a kol. 2004).

Sclerotinia sclerotiorum. Tento notoricky zndmy rostlinny houbovy patogen repky olejky,
séji a mnoha zelenin je rozsifen po celém svété a napada vice nez 400 druhu rostlin, véetné
Brassicacae, Fabacae a Solanacae (Jiang et al., 2013). S. sclerotiorum produkuje bilou pli-
sen a zplsobuje tmavé léze na stoncich svych hostitelQ, prostfednictvim hyfalnich agregatu
— sklerocii prezimuje v plidé a infikuje plodiny v nasledujicich sezénach (Heffer Link a Jo-
hnson, 2007). V soucasnosti se pro kontrolu tohoto rozsireného patogenu pouzivaji fungi-
cidy, coZ negativné ovliviiuje Zivotni prostfedi a nevyhnutelné vytvari izolaty odolné vici
fungiciddm. Mykoviry u S. sclerotiorum byly poprvé popsany jiz pred vice nez 30 lety (Bo-
land, 1992). Od té doby bylo u tohoto patogenu identifikovano nékolik riznych mykovir(
(viry ssRNA, dsRNA a ssDNA) v¢etné nékolika spojovanych s hypovirulenci, napf. DNA virus
1 (SsHADV-1 kmen DT-8) nebo mykovirus SsDRV (Yu a kol., 2015; Li a kol. 2019). Sclerotinia
sclerotiorum s hypovirulenci asociovany DNA virus 1 je zaroven prvnim popsanym DNA vi-
rem infikujicim houby. Zhang a kol. (2020) ve své préci prokazali, Ze houba infikovana virem
S. sclerotiorum SsHADV-1 plsobi endofyticky a sniZzuje rast svych hostitel( ve srovnani

s bezvirovymi kmeny.

Rhizoctonia solani. Rhizoctonia solani je jednim z nejvice rozsifenych fytopatogennich or-
ganismu patricich do tfidy Basidiomycota. Jeho rozsiteni je globalni a postihuje rizné druhy
rostlin, véetné zemédélskych plodin a okrasnych rostlin. R. solani se vyskytuje ve formé
mycelia, které se nachazi bud v pidé, nebo na povrchu rostlin a do tkani svych hostitel
pronika prostfednictvim ran nebo kofenovych Spicek. Tato infekce vede k nejriznéjsim

chorobam, véetné cévniho hnédnuti, skvrnitosti listl, padli a hniloby kofenu. R. solani je
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schopna prezit v plidé nebo na rostlinnych zbytcich po dobu nékolika let. Skody zptisobené
R. solani jsou nejen ekonomickou ztratou, ale také maji negativni dopad na zemédélskou
udrzitelnost a potravinovou bezpecnost (Sneh a kol. 2013). Zheng a kol. (2020) ve své praci
popsali dsRNA mykovir z ¢eledi Partitiviridae - Rhizoctonia solani partitivirus 2 (RsPV2). Pu-
rifikované ¢éstice tohoto mykoviru zavedené do protoplastli virulentniho kmene R. solani
vedly k vytvoreniizogenniho kmene se snizenym ristem mycelia a hypovirulenci vici listim

ryze. Proto ma tento mykovir potencialni vyuziti v biologické ochrané.

Fusarium graminearum. Je fytopatogenni houba napadajici obilniny, zejména pSenici, jec-
men a kukuftici. Tento patogen je rozsifen po celém svété a jeho pfitomnost v polnich kul-
turach predstavuje vdiné hrozby pro zemédélce a potravinovou bezpecénost. F. graminea-
rum zpUsobuje hnédou skvrnitost, onemocnéni rostlin, které nejvice postihuje klasy u obi-
lovin. Tato choroba se projevuje hnédo-zlatymi nebo rdzovymi skvrnami na klasech, které
postupné prechazeji na obaly semen a zpUsobuji jejich hnédnuti. Infikované rostliny casto
produkuji méné zrna a mohou byt nachylné k dalSim patogenim a hmyzim skldclm. F.
graminearum je také znama produkci mykotoxinu deoxynivalenol (DON), ktery je toxicky
pro lidi i zvifata. Mykotoxiny, které jsou produkovany touto houbou, jsou kontaminanty v
potravinarskych vyrobcich, jako je mouka, pecivo, krmiva a alkoholické napoje. Kontrola
této houby je obtiznad z dlvodu jeji Zivotaschopnosti ve venkovnim prostfedi, odolnosti
proti chemickym latkdm a schopnosti prezit v piidé po dlouhou dobu (Goswami a Kistler,
2004). Darissa a kol. (2012) ve své praci popisuji dsRNA mykovir FgV-ch9 detekovany u
houby F. graminearum, ktery ve stfednich a vyssich koncentracich v hostiteli dokaze sniZit
rast mycelia, snizit konidiacni kapacitu, zplUsobit abnormalni morfologii kolonii, dezorgani-

zovat cytoplazmu, a predevsim snizit virulenci svého hostitele.

Rosellinia necatrix. Je zavainy pUdni patogen z ¢eledi Roselliniaceae zpUsobuijici bilou hni-
lobu korenl ovocnych strom( a jinych drevin. Pfi infekci se houba dostava do korenu rost-
liny a zpUsobuje vznik charakteristickych hnédych dutin. Tyto dutiny postupné nici kofeny
a kmen rostliny, coz ma za nasledek snizeni jejiho ristu a v kone¢ném dlsledku mize vést
az k uplnému odumfeni. R. necatrix ma schopnost prezivat v plidé az 20 let. Jeji vyskyt je
zvlasté problematicky v oblastech s teplym a vihkym podnebim, které jsou idealni pro rast
této houby. Infekce se Sifi prostfednictvim pldnich ¢astic, vodou, hmyzem a také pomoci

vegetativniho mnoZeni. Chiba a kol. (2009) ve své praci popsali mykovir Rosellinia necatrix
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megabirnavirus (RnNMBV1) izolovany z R. necatrix. Nasledné vyvinuli transfekéni protokol
s poutzitim purifikovanych virion( a dokazali tak, Ze je tento mykovir zodpovédny za snizeni

virulence a rlistu mycelia u nékolika hostitelskych kmena.

Botrytis cinerea. Botrytida, zndma také jako "Seda plisert”, je houbova choroba, ktera ovliv-
Auje razné rostliny, zejména vinnou révu. Tato choroba muzZe zpUsobit vainé Skody na
sklizni a kvalité plodd. Tato houba se vyviji za vihkého a teplého pocasi, které poskytuje
idedlni podminky pro jeji rast a Sifeni. Infekce zacinaji drobnymi skvrnami, které se po-
lené sivym povlakem, cozZ je charakteristicky pfiznak botrytidy (Williamson a kol., 2007). U
druhl botrytis byly popsany rlizné mykoviry véetné Botrytis virus F (BVF), Botrytis virus X
(BVX), Botrytis cinerea mitovirus 1 (BcMV1) a Botrytis porri RNA virus 1 (BpRV1) (Howitt a
kol., 2001; Castro a kol., 2003; Pearson a Bailey, 2013).

Mykoviry maji potencial byt i¢innym a ekologicky Setrnym prostfedkem pro boj proti skid-
cam rostlin. V soucasné dobé se objevuje stéle vice studii zabyvajicich se vyuzitim mykovir(
v biologické ochrané rostlin. Jejich potencial je velky a mohou se stat klicovym prvkem udr-
zitelného zemédélstvi. Zatimco konvencni pesticidy maji negativni dopad na Zivotni pro-
stfedi a lidské zdravi, mykoviry nabizeji Setrnéjsi a efektivné;jsi alternativu. Jejich vyuziti by
mohlo snizit zavislost na chemickych postficich a prispét k udrzitelnému rozvoji zemédél-

stvi.
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4 Mykoviry vaclavek rodu Armillaria v CR

Vzhledem k omezenym moZnostem ochrany smrkovych porosti viici patogennim houbam
rodu Armillaria v Ceské republice byl v této praci zkouman jejich virom jako potencialni
moznost detekce mykovirt vyuzitelnych v biologické ochrané. Jedna se o prvni studii na
toto téma, po praci Bllatny (1973) a Reaves a kol. (1988) v ¢eskych populacich vaclavek.
Zahrani¢ni vyzkum odhalil nékolik RNA vir(i spojenych s témito organismy. Virom Armillaria
byl dosud molekuldrné zkouman ve vzorcich z Finska, Ruska (SibiFe), Jizni Afriky a Svycarska.
Bylo popsano nékolik ssRNA vird a dva dsRNA viry. U péti rliznych druht rodu Armillaria (A.
mellea, A. borealis, A. cepistipes, A. ostoyae, A. gallica) byly identifikovany mykoviry, které
patfi do virovych Celedi mitovir(, ourmi-like virQ, tymovird, flegivirG, ambi-like vir(i a néko-
lik dosud neklasifikovanych (+)ssRNA a dvou neklasifikovanych dsRNA vir(l (Linnakoski a
kol., 2021; Shamsi a kol., 2024). U hub rodu Armillaria byly v této préaci detekovani zastupci

virového rodu Tymovirus a nedavno popsané virové skupiny ambiviry.
4.1 Tymoviry

Tymoviry predstavuji viry infikujici prevaziné rostliny nalezici do ¢eledi Tymoviridae a viro-
vého radu Tymovirales. Tymovirové infekce u hub jsou relativné vzacné ve srovndni s jejich
prevalenci v rostlinach. Jejich pritomnost vSak byla zjiSténa u rdznych druhd hub patficich
do rGznych taxonomickych skupin, véetné Ascomycota a Basidiomycota (Howitt a kol.,
2001; Howitt a kol., 2006; Xie a kol., 2006; Shamsi a kol., 2024). Tymoviry infikujici houby
maji obecné podobné vlastnosti jako ty, které infikuji rostliny. Jsou to neobalené kulovité
Castice s dvacetisténnou kapsidovou strukturou a jednovlaknovym genomem RNA s pozi-
tivnim smyslem. Genom tymovirll byva z pravidla monopartitni, priblizné 6-8 kb velky, s ne-
obvykle vysokym obsahem cytidinu (32 az 50 %; Martelli a kol., 2002; King a kol., 2012). Na
rozdil od mnoha rostlinnych tymovir nebyla u tymovira infikujici houby detekovana sek-

vence kodujici pohybovy protein (Li a kol., 2016).
4.2 Ambiviry

Ambiviry jsou relativné nedavno popsanou, zatim taxonomicky nezafazenou mykovirovou
skupinou. Jedna se o ssRNA viry s bicistronickym nesegmentovanym genomem. Jejich ge-

nom je velky ptiblizné 5 kb a obsahuje dva oteviené ¢teci rdmce (ORF A a B) charakteristicky
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v ambisense orientaci (Sutela a kol., 2020; Forgia a kol., 2021). ORF A obsahuji konzervo-
vané sekvence motivu GDD charakteristické pro RNA-dependent RNA-polymerazy (RdRP) a
proto se predpoklada, Ze ORF A jsou ambivirové RdRP (Sutela a kol., 2020; Forgia a kol.,
2021; Kondo a kol., 2022). ORF B — kédované proteiny jsou homologni s nékterymi ORFans
(nehostitelské RNA bez vyznamné podobnosti se zndmymi proteinovymi sekvencemi) Aga-
ricus bisporus, jinak je jeho funkce zatim neobjasnéna (Deakin a kol., 2017; Kondo a kol.,

2022; Chong a Lauber, 2023).

Tyto mykoviry byly poprvé objeveny u R. solani (Picarelli a kol., 2019). Dale byly ambiviry
popisovany u endomykorhiznich hub (Sutela a kol., 2020), a u fytopatogennich hub, jako
jsou C. parasitica (Forgia a kol., 2021), Armillaria spp. (Linnakoski a kol., 2021; Shamsi a kol.,
2024) a H. parviporum (Sutela a kol., 2021). VSechny drivéjsi prace predpokladali, Zze jsou
ambiviry linedrni a sekvenacni nejasnosti vysvétluje tvorba dimer(. Zaroven nebyly zazna-
mendny zadné fenotypové zmény hostitelskych hub souvisejici s virovou infekci (Linnakoski

a kol., 2021).

Soucasné prace (Forgia a kol., 2022; Sato a Suzuki, 2023; Chong a Lauber, 2023; Shamsi a
kol., 2024) vsak plvodni tvrzeni o linedarnim genomu ambivird vyvraci. Dokonce zpochyb-
Auji i fakt, Ze mohu byt ambiviry jednoznacné povazovany za mykoviry. Forgia a kol. (2022)
na zakladé de novo sestaveného transkriptu popsali spojitost mezi 3" a 5 terminalnimi
konci, coz vylu€uje typicky linedrni genom RNA viru. Pfedpokladaji, Ze ambiviry maji kru-
hové RNA genomy, kddujici parové samostépici ribozymy. To umoziiuje replikaci mechanis-
mem rotujiciho kruhu podobného viroidiim. Zda se, Ze by ambiviry mohly vzniknout hybri-
dizaci genomového zakladu podobnému viroidim s genem pro RdRp, ktery je charakteris-
ticky pro RNA viry. Jako takové, mohou byt odlisSnou tfidou infekéniho agens. Chong a Lau-
ber (2023) popisuji ambiviry jako , Hybridni infekéni elementy kédujici charakteristicky gen
RNA virG RNA-dependentni RNA polymerdzu a samostépici RNA ribozymy nalezené v

mnoha viroidech”.

Pti podrobnéjsi analyze traskriptom( se ukazalo, Zze kromé dvou hypotetickych proteint
kdduji ambiviry dva ribozymy, pro kazdy ORF jeden. Ty slouZi ke Stépeni jejich multimernich

replikac¢nich produktl a nachdazeji se blizko C-koncové ¢asti kazdého ORF v oblasti genomu
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nekddujici protein. Nej¢astéji jsou to ribozymy HHR (hammerhead) a HPR (hairpin), ale mo-
hou kddovat i jiné typy (Chong a Lauber, 2023). Predikce sekundarnich struktur odhalila
ty¢inkovou nebo kvazi-ty¢inkovou strukturu ambivir( s velmi vysokou stabilitou podobnou
vétsiné rostlinnych viroida. Zaroven asi 10 % ambivirovych genomui ma vysoce rozvétve-
nou, ale stdle stabilni konformaci RNA s hlavni tyéinkovitou architekturou. Tato nova zjis-
téni o hybridnim sloZeni ambivirovych genom( spojuji sféry vird a viroidi a vyvolavaji

otazky tykajici se jejich plvodu a koevoluce (Forgia a kol., 2022).
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5 Cile prace a hypotézy

Tato prace byla primarné zamérena na detekci mykovir(l u houbovych patogen(li rodu Ar-
millaria.

Dil¢imi cili bylo:

e Monitorovani druhového zastoupeni vaclavek rodu Armillaria ve vzorcich sbiranych
v Ceské republice se zaméfenim na druhové odliseni pomoci molekularnich mar-
ker(

e Detekovani a identifikace jednotlivych mykovir(i vyskytujicich se v ¢eskych popula-
cich vaclavek Armillaria

e Genomova analyza a fylogenetické zafazeni popsanych mykovir(

e Ndvrh a optimalizace metody RT-PCR (Reverse-transcription polymerase chain re-

action) pro rychly screening pritomnosti mykovird

Hypotézy:

e Na zdkladé molekuldrni marker( Ize odliit jednotlivé druhy rodu Armillaria
e Houby rodu Armillaria v CR jsou hostiteli mykovir

e Metodu RT-PCR Ize vyuzit pro detekci RNA vir(
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6 Komentar k publikacim

Prvni publikace ,, Development of loop mediated isothermal amplification for rapid species
detection of Armillaria ostoyae using assimilating probe“ je zamérena na presnou identifi-
kaci Armillaria ostoyae v polnich podminkach pomoci metody LAMP (loop mediated iso-
thermal amplification). K vyvoji a optimalizaci nového testu LAMP pro urceni druhu bylo
pouzito celkem 101 izolatl hub rodu Armillaria, které zahrnovaly A. ostoyae, A. cepistipes
a A. gallica. K zavedeni a testovani metody LAMP byla pouzita sbirka sta vzorkd z vychodni
¢asti Ceské republiky a jednoho vzorku z CCBAS218 (Armillaria gallica — Sbirka kultur basidi-
omycet(i, Mikrobiologicky ustav Akademie v&d CR, Ceska republika, http://www2.bio-
med.cas.cz/ccbas/fungi.htm). DNA byla ze vzork( izolovdana pomoci roztoku CTAB-PVP
(cetyltrimetylamoniumbromid — polyvinylpyrrolidon; Curn a kol. 2019) a extrahovana DNA
byla resuspendovana v 1x TE pufru a uchovdavana pfti -20°C. Druhy vaclavek rodu Armillaria
byly urceny na zakladé molekuldrnich markeru. Pro presné odliseni druh( byla pouzita kom-
binace marker( pro ITS oblast a pro eukaryoticky elongacni faktor 1-alfa (EF 1-a). Byla pro-
vedena nested PCR s primery pro ITS oblast: ITS1 a ITS4, a vnitfnimi primery AR1 a AR2
(Lochman a kol., 2004) a PCR amplifikace s primery pro oblast EF 1-a EF1160F a EF1750R
(Kauserud a Schumacher, 2003). Amplifikované fragmenty byly sekvenovany v externi la-
boratofi SEQme s.r.o (Dobfi$, Ceska republika), pomoci softwaru blastn porovnény s data-
bazi GenBank (http://www.ncbi.nlm.nih.gov/BLAST/) a pfifazeny k jednotlivym druhim Ar-

millaria.

Z databaze GenBank byl ziskan soubor sekvenci genu Armillaria tefl od zastupct vsech
hlavnich evropskych druhl a byl vytvoren alignment pro urceni konzervativnich oblasti
vhodnych k navrhu primer(i. Na zakladé tohoto alignmentu bylo pomoci LAMP designer
softwaru (OptiGene Limited; Version 1.12, 2017) navrZzeno pét LAMP primer( pro detekci
A. ostoyae a asimila¢ni sonda znacena fluorescencni slou¢eninou TAMRA (5-karboxytetra-
methylrhodamin) na 5 konci. Reakce byly provedeny ve tfech opakovanich pomoci systému
QuantStudioTM 6 Flex Real-Time PCR (Applied Biosystems, USA) a na ru¢nim zatizeni
Smart-DART (Diagenetix, USA).

Na zakladé amplifikace ITS/tef1 oblasti a srovnani s GenBank databazi bylo identifikovano

celkem 64 izolatl A. ostoyae, 33 A. cepistipes a 3 A. gallica. Vysledky testi LAMP oblasti
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tefl A. ostoyae jasné prokazaly pozitivitu pfi testovani DNA izolatl A. ostoyae z rGznych
lokalit. Pfi screeningu jinych druh( rodu Armillaria (A. cepistipes, A. gallica) nebyl ani jed-
nim z test( ziskan Zadny pozitivni signdl. Detekéni limit testu LAMP byl stanoven na

1.6 pg-uL™ na reakci.

Vyhodou metody LAMP oproti konvenéni PCR je jeji jednodussi a rychlejsi provedeni a snad-
néjsi hodnoceni vysledk(. Navic citlivost metody LAMP je 10x-100x vyssi nez u konvencni
PCR (Wang a kol., 2015). Kromé PCR a LAMP je dalsi molekularni technikou uplatfiovanou
k identifikaci a kvantifikaci hub kvantitativni PCR v redlném c¢ase (qPCR) (Aslam a kol., 2017).
Metoda qPCR umoznuje identifikaci a kvantifikaci DNA sekvenci a je ¢asto vyuzivdna k de-
tekci fytopatogennich hub v tkanich infikovanych rostlin (Hariharan a Prasannath, 2021).
Nicméné je qPCR vyuZivana prfedevsim pro kvantifikace nukleovych kyselin v biologickych
vzorcich a neni Siroce vyuzivdna pro druhovou identifikaci. Navic je pro analyzu qPCR zapo-
tfebi drahé pfistrojové vybaveni s fluorescenénimi detekénimi moduly, zatimco tato prace
popisuje metodu LAMP provedenou pomoci prenosného ru¢niho zafizeni pouZitelného

pfimo v terénu.

Jedna se o prvni zaznam vyuziti metody LAMP pro identifikaci vaclavek Armillaria. Metoda
LAMP v kombinaci s pouZitim asimilac¢ni sondy je jednoduchy, rychly, citlivy a specificky
identifika¢ni test. ProtoZe nevyzaduje pouziti Zddného specializovaného vybaveni, Ize jej
snadno pouZzit pfimo v terénu pro rychlou detekci A. ostoyae a m{ize tak byt uzite¢cnym mo-

nitorovacim nastrojem téchto lesnich patogend.

Zatimco prvni publikace byla zamérena na druhovou identifikaci vaclavek, nasledujici prace
se specializuji na detekci a charakterizaci mykovirl vyskytujicich se u hub rodu Armillaria
v Ceské republice. V publikaci €. 2 ,Molecular characterization of a ssRNA mycovirus isola-
ted from the forest pathogenic fungus Armillaria ostoyae.” a publikaci €. 3 ,,Development
of RT-PCR for rapid detection of ssRNA ambi-like mycovirus in a root rot fungi (Armillaria
spp.)”“ jsou popisovany prubézné vysledky prace. Publikace €. 4 uvadi kompletni shrnuti a
nejnoveéjsi poznatky nasi prace.

Vzorky hub rodu Armillaria byly sbirany v letech 2019-2020 v Ceské republice, predevsim

na severovychodni Moravé, v Moravském krasu a jihovychodnich Cechéch. Spory z plodnic
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nebo rizomorfy byly prfeneseny a kultivovany na ME agaru pfi 25 °C po dobu pfiblizné ¢tyr

tydni pred sbérem. Nasledné byly vzorky na stejném ME agaru skladovany pfi 4 °C.

U vzorkd byla nejdfive provedena detekce pfitomnosti virovych dsRNA molekul. Mycelium
z jedné Petriho misky bylo lyofilizovano a nasledné vortexovanim s ocelovymi kulickami ho-
mogenizovano. dsRNA byla extrahovana dle protokolu Morris a Dodds (1979) s nékterymi
modifikacemi, jak je popsano v praci Tonka a kol. (2021). Izolaty Gremmeniella a Phytopht-
hora s dfive potvrzenou pritomnosti dsRNA mykovirQ byly pouZivany jako pozitivni kon-

trola. Zadny dsRNA element nebyl ve zkoumanych vzorcich detekovan.

Pro sekvencni analyzu celkové RNA bylo vybrano 13 vzorkd pochazejicich z rliznych lokalit
Ceské republiky. Celkova RNA byla izolovana pomoci extrakéniho kitu RNA SPLIT (Lexogen,
Viden, Rakousko) a uchovavana pfi -80°C. Izolovand RNA vybranych 13 vzorkl Armillaria
byla slou¢ena do jednoho smésného vzorku a oSetfena pomoci TURBO DNA-free TM Kit
(InvitrogenTM (Waltham, MA, USA). Takto pfipraveny smésny vzorek byl odeslan do spo-
le¢nosti SEQme s.r.o. (Dob¥i$, Ceska republika) ke konstrukci knihovny a NGS sekvenovani
RNA. Pted pfipravou knihovny byla ribozomalni RNA (rRNA) depletovana pomoci soupravy
NEB-Next rRNA Depletion Kit (Human/Mouse/Rat). Knihovna byla pfipravena pomoci sady
NEB-Next Ultra Il Directional RNA Library Prep Kit for lllumina. Kvalita pfipravené knihovny
byla zkontrolovana pomoci soupravy Agilent Bioanalyzer 2100 High sensitivity DNA Kit, sou-
pravy Invitro-gen Collibri Library Quantification Kit a soupravy Qubit 1X dsDNA High-Sensi-
tivity Assay Kit. Knihovny byly ¢teny pomoci pair-end sekvenovani (PE) (2 x 150 nt) na pfi-
stroji NovaSeq6000 (DS-150) (Illumina, San Diego, CA, USA) s pouzitim sady Cinidel NovaSeq
S4 v1.5. Sekvenacni data byla stazena z datového ulozisté spole¢nosti SEQme s. r. 0. (Dob-
¥§, Ceska republika) a softwarové zpracovana pomoci programél FASTQC v.0.11.9 (An-

drews, 2010) a Cutadapt v3.4 (Martin, 2012).

Po zpracovani surovych sekvencnich dat, byly odstranény sekvence pattici hostitelskym
houbam. K tomuto ucelu byl pouzit program STAR v2.7.9a (Dobin a kol., 2013). K odhaleni
jiz znamych vird byla pouZita databaze Viral NCBI (https://www.ncbi.nlm.nih.gov/labs/vi-
rus/vssi/#/) a nasledné byla provedena analyza de novo sestavenych sekvenci pomoci pro-
gramu SPAdes verze 3.15.3 (Bankevich a kol., 2012), které byly porovnavany s databazemi

Virus UniProt KB (https://www.uniprot.org/uniprotkb?query=10239), Virus NCBI
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(https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/), RVDB (https://rvdb.dbi.udel.edu/) a Vi-

rus-Host DB (https://www.genome.jp/virushostdb/).

V této praci bylo detekovano a popsano celkem pét mykovir(i, které zahrnovaly Ctyfi viry
pfifazené k mykovirové skupiné ,,Ambiviry” a jeden vir nalezici do Celedi Tymoviridae.
V druhé publikaci ,Molecular characterization of a ssSRNA mycovirus isolated from the fo-
rest pathogenic fungus Armillaria ostoyae” je popsan jeden linedrni ssRNA mykovir s geno-
mem v ambi-sense usporadani. Jedna se o prvni zachyt virové sekvence ze sekvenacnich
dat. Mykovir byl na zakladé dosud zndmych dat prirazen ke skupiné ambivir( a povazovan
za linearni. Nicméné se po dalSim podrobném zkoumani sekvenacnich dat prokazala pfi-
tomnost kromé tymoviru i dalSich ambi-like virG a prokdazalo se jejich kruhové usporadani,
jak je detailné popsano ve ctvrté publikaci ,,Characterization of mycoviruses in Armillaria
ostoyae and A. cepistipes in the Czech Republic”. Genomové sekvence domnélych ambi-
like virG byly cca 4,5 kb dlouhé a obsahovaly typické RdRP konzervované domény véetné
motivu GDD. Cty¥i riizné druhy ambi-like virtl byly rozlieny na zakladé procenta parového
porovnani sekvenci (PASC) a byly pojmenovany s ohledem na jejich hostitelskou identitu —
Amillaria ambi-like virus 1, Amillaria ostoyae ambi-like virus 2-4 (AALV1, AocALV2-4). AALV1,
AoALV2 a AoALV3 obsahovaly dva a AoALV4 obsahoval tfi nepfekryvajici se ambisense ORF
(open reading frame). Tymovir popsany ve ¢tvrté publikaci obsahoval pfiblizné 6,8 kb a byl
pojmenovan Armillaria ostoyae tymovirus 1 (AoTV1). AoTV1 kdéduje jeden (+) sense ORF a
na zakladé sekven¢ni analyzy byly odhaleny konzervované sekvence, véetné konzervova-
nych oblasti patficich do pfam01660 superrodiny Vmethyltransf cl03298 a konzervované
sekvence patfici do PFAMO01443 Superfamily Viral_Helicasel. Armillaria ostoyae tymovi-

rus 1 je druhy tymovirus popsany v ramci rodu Armillaria po studii Shami a kol. (2024).

Aminokyselinové (aa) sekvence RdRP oblasti kazdého viru byly zahrnuty do fylogenetickych
analyz. Sekvence byly porovnany v Geneious v. 8.1.9 pomoci MUSCLE v3.8.425 (Edgar,
2004) spolu se zndmymi aa sekvencemi pribuznych vird. Fylogenetické stromy byly sesta-
veny pomoci metody maximalni pravdépodobnosti (Stamatakis a kol., 2008) v RAXML-HPC
v.8 na XSEDE bézicim na webovém portalu CIPRES Science Gateway (Miller a kol., 2010).
Bootstrapping byl proveden s pouzitim doporucenych parametrd poskytovanych portalem

CIPRES Science Gateway. Stromy byly vizualizovany ve FIGTREE (V1.4.4). Fylogenetické
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vztahy Ceskych ambivir(i A. ostoyae s jinymi ambiviry ukazuji, Ze se sdruzuji do dvou oddé-
lenych shluk( virll, pficemz oba zahrnuji viry z A. mellea a A. borealis. Tento vysledek na-
znacuje monofyleticky plivod ambivirovych sekvenci u Armillaria spp. Fylogeneticky nej-

evvs

vzorku houby Lentinula edodes (GenBank: QOX06053).

Pfitomnost virl v jednotlivych izolatech byla ovéfena metodou RT-PCR (Reverse transcrip-
tion — PCR) a naslednym Sangerovym sekvenovanim jak je popsano ve treti publikaci ,De-
velopment of RT-PCR for rapid detection of ssRNA ambi-like mycovirus in a root rot fungi
(Armillaria spp.)“. Pro syntézu cDNA byl pouzit LunaScript® RT SuperMix Kit (New England
Biolabs, UK) a Uspésnost syntézy byla ovérena amplifikaci oblasti tefa, ktera byla vizualizo-
vana na agardézovém gelu. cDNA byla dale pouZita pro PCR reakci s virové specifickymi pri-
mery, které byly navrZeny na zakladé sekvenacnich dat. PCR produkty byly vizualizovany
gelovou elektroforézou, vysledné fragmenty byly vyfiznuty a precistény pomoci Nucleo-
Spin® Gel a PCR Clean-up kit-Macherey-Nagel (BioTech as, Ceska republika) a ExoSAP-IT™
PCR Product Clean-up Reagent (Thermo Fisher Scientific, USA). Poté byly fragmenty ode-
slany do SEQme (Dobii$, Ceska republika) a sekvenovany. Rozsifeni metody o dalsi speci-
fické primery je popsdno ve ¢tvrté publikaci.

Nékteré viry popsané v této prdci byli detekované ve vice izolatech, a dokonce i u riznych
druhl Armillaria. AALV1 byl pfitomen v jednom izoldtu A. ostoyae a v A. cepistipes. AOALV2
byl detekovan pouze v jednom izolatu, zatimco AoALV3 byl detekovan ve dvou izolatech,
AoALV4 ve Ctyfech a AoTV1 pouze v jednom izolatu. Zajimavé je, Ze izolaty, mezi nimiz do-
Slo k mezidruhovému prenosu viru, byly shromazdény na lokalitach vzdalenych od sebe
priblizné 50 km. Tyto vysledky naznacuji, Ze ambiviry jsou Uc¢inné pfendseny v Armillaria v
Ceské republice stejné jako v jinych oblastech severni polokoule (Linnakoski a kol., 2021;
Shamsi a kol., 2024), kde bylo zjiSténo, Ze ambi-like viry jsou velmi bézné u izolatl Armilla-

ria.
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Abstract: We introduced here the first loop mediated isothermal amplification (LAMP) assay for the identification of ho-
ney fungus, Armillaria ostoyae, a basidiomycote playing an important role in spruce declines in the Palaearctic region.
Intotal, 101 isolates, representing three Armillaria species, were used to develop a new LAMP assay to determine species
specific identification. We have here described LAMP primers enhanced with fluorescent dye that are able to amplify
A. ostoyae DNA and detect fungi in a fast single step reaction. The detection limit of LAMP was 1 pg of genomic DNA
per reaction. We optimized a new LAMP assay for the rapid detection of A. ostoyae using the translation elongation
factor 1-a (tefl) marker and fluorescence labelled oligonucleotide assimilating probe. The LAMP assay does not require
any specialized equipment, hence it can be used in the field for the rapid detection of A. ostoyae even using the porta-
ble and mobile device. The specificity of the assay was confirmed by the use of A. ostoyae strains and Armillaria cepistipes
and Armillaria gallica strains, respectively. In conclusion, the assay could be a rapid, specific, sensitive and low-cost tool
for identification of A. ostoyae as well as the first step for expansion of this method in practical applications.

Keywords: detection of fungi; molecular diagnosis; forest pathogen; root rot fungi; spruce decline

Fungal pathogens play an important role in for-
est ecosystems. The complex Armillaria/De-
sarmillaria comprises approximately 41 species
(Klopfenstein et al. 2017; Koch et al. 2017; He et al.
2019b) which are well-known pathogens causing
root diseases on trees worldwide resulting in huge
economic losses (Baumgartner et al. 2011). Nor-
way spruce (Picea abies) is an important host
of Armillaria sp. (honey fungi) in the Palaearctic

region and has suffered a generalized decline en-
hanced by Armillaria in the last years (Cienciala
et al. 2017; Holusa et al. 2018).

It is difficult to determine the abundance and
species composition of honey fungus populations.
Currently, with the progress in the development
of molecular methods, Armillaria can be directly
detected by PCR (Lochman et al. 2004; Antonin
et al. 2009; Park et al. 2018). However, the use

Supported by the Ministry of Agriculture of the Czech Republic (Project No. QK1920412).
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of this assay in real-time surveillance is not prac-
ticable as it is not directly applicable in the field
due to operational constraints, including time con-
sumption and costs. Therefore, cost-effective rapid
DNA amplification methods able to rapidly screen
a large number of samples are needed.

Loop mediated isothermal assays may provide
a solution to real-time inspection including field
use. This method was first described by Notomi
et al. (2000). Advantages of LAMP assays include
improved sensitivity and specificity, as well as fast
reaction times. Thus, it has also become popular for
rapid identification of plant pathogens, including
fungi (Sillo et al. 2018; Aglietti et al. 2019; He et al.
2019a; Stehlikova et al. 2020). As compared to PCR-
based assays, LAMP methods are inexpensive, fast,
sensitive and they can be performed in a minimally
equipped laboratory (Ghosh et al. 2015).

As far as we know, no report about the LAMP-
based method for rapid Armillaria species iden-
tification has been published to date. The LAMP
method has widely been applied to soil, mycorrhi-
zal, and pathogenic fungi, but not yet to Armillar-
ia spp. (Ortega et al. 2018; King et al. 2019; Panek,
Frac 2019). In the present work, we accomplished
several goals: raising awareness of this method
useful in the differentiation of Armillaria spp., us-
ing this method as a preventive technique in soil
screening against Armillaria pathogens and utiliz-
ing this method in forest ecology in general.

MATERIAL AND METHODS

A collection of 100 samples from locations in the
eastern part of the Czech Republic and one sample
from CCBAS218 (Armillaria gallica - Culture Col-
lection of Basidiomycetes, Institute of Microbiol-
ogy, Czech Academy of Sciences, Czech Republic,
http://www2.biomed.cas.cz/ccbas/fungi.htm) were
used to test the new LAMP assay (101 in total).
The Armillaria rhizomorphs were collected from
trees that were less than 50 years old. Parts of rhi-
zomorphs were sampled in the basal part of the
trunk, 5-15 cm below the soil and placed in sepa-
rate plastic bags.

We have isolated DNA directly from collected
rhizomorphs using the CTAB-PVP method (Poreb-
ski et al. 1997). The extracted DNA was suspended
in 1X TE buffer and stored at —20 °C for further
use. The DNA isolated directly from rhizomorphs
was used for PCR and LAMP experiments.
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The internal transcribed spacer (ITS) and the
translation elongation factor 1-a (tef1) regions were
amplified from extracted DNA using AR1/AR2 and
EF595F/EF1160R primers to confirm the species
identification (Kauserud, Schumacher 2001; Lo-
chman et al. 2004). PCR products were subjected
to electrophoresis on a 2% agarose gel in 1X Tris/
borate/EDTA buffer and were visualized by ethid-
ium bromide staining. Successfully amplified sam-
ples were sequenced at SEQme s.r.o (Dobris, Czech
Republic). The sequences were assembled and ana-
lyzed by the use of Geneious (Version 8.1.9, 2015).
Each sequence was parsed into the primer specific
regions (AR1/AR2 and EF595F/EF1160R, respec-
tively) and was then separately used to perform
a blastn query against the GenBank database using
the NCBI website (http://www.ncbi.nlm.nih.gov/
BLAST/). Sequence-based identities with a cutoff
of > 98% were considered significant, i.e. belonging
to the same species, and the best hit was defined
as the sequence with the highest maximum identity
to the query sequence.

A set of Armillaria tefl gene sequences of rep-
resentatives of all major European species was
obtained from the GenBank database and aligned
to determine the pattern of sequence conserva-
tion. Sequences included those of target A. ostoyae
(GenBank accession No. EU251401, MN580142,
JN657489) and other related Armillaria species,
including A. cepistipes (MN580151), A. gallica
(EU251391), A. ectypa (EU251403) and A. mellea
(EU251399). The sequences were imported into
Geneious 8.1.9 and primers were determined based
on in silico analysis using LAMP designer software
(OptiGene Limited; Version 1.12, 2017) to design
A. ostoyae specific primers.

Five A. ostoyae LAMP primers were proposed:
outer primers F3 and B3, internal primers FIP (con-
sisting of the Flc and F2 sequences) and BIP (Blc
and B2), and one loop primer LB. Primer codes
mentioned here have been used for convention
since the development of LAMP, with primer codes
Loop F and Loop B applied in later assays (Notomi
et al. 2000). Additionally, we designed an assimi-
lating probe labelled with the TAMRA fluorescent
dye (5-carboxytetramethylrhodamin) at the 5' end.
Primers, including the probe, were synthesized
by Macrogen Inc. (South Korea) and their sequenc-
es are given in Table 1.

To determine a quick extraction method for
LAMP assay, genomic DNA was extracted from
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Table 1. Designed LAMP primers and the assimilating probe for detection of A. ostoyae

Name of the primer

Sequence 5-3'

F3 TACCTCCCAGGCTGATTG

B3 TCCACTGAGATAACAGTCAGA

EIP? TCGAGTCTGGCCGTCCTTIGCCATTCTCATCATCGC

BIP® TTGGTGTCAGGCAGCTCATCTAGATCTCGTACCTTGGTGG

LB¢ TCGCCGTCAACAAGATGG

Probe LE¢ TAMRA® ~ACGCTGAGGACCCGGATGCGAATGCGGATGCGGATGCCGA
= CTTCAAATTCACCAGTTCCACC

Qstrand’ TCGGCATCCGCATCCGCATTCGCATCCGGGTCCTCAGCGT — BHQ#

*bold sequence — Flc; underlined sequence — F2; "bold sequence — Blc; underlined sequence — B2; “Loop B primer; ‘fluo-

rescence strand of assimilating probe (underlined fragment acts as Loop F); “TAMRA — 5-carboxytetramethylrhodamine;

fquench strand of assimilating probe; 8BHQ — Black Hole Quencher-1

mycelia using the Plant Material DNA extraction
kit (OptiGene Limited, the United Kingdom).
All fungal cultivations were performed at 25 °C
in the dark. As a medium, we used malt extract
agar (48 g-L-!, ME agar, Merck). After three weeks
of mycelium growth, DNA was extracted according
to the manufacturer’s instructions.

The LAMP amplification reaction contained 2.4 uL
LAMP primer mixture (0.8 pM FIP and BIP, 0.2 uM
F3 and B3 each, and 0.4 pM LB), 15 pL Isother-
mal Master Mix without intercalating dye (Op-
tigene, Inc., the United Kingdom), 2 uL LAMP
probe mixture (Probe_LF and Quench strand at
a final concentration 0.3 uM and 0.5 pM, respec-
tively) and 3 uL. DNA template (final concentration
2.5 ng-uL1), filled with DEPC water. The reaction
was performed in a 0.2 mL tube at a final volume
of 25 pL. The reaction was incubated at 65 °C for
30 min and finally at 80 °C for 2 min to termination.
Sterilized water was used as a no template control
(NTC). All reactions were performed in tripli-
cates. Real-time LAMP assays were carried out on
a QuantStudioTM 6 Flex Real-Time PCR System
(Applied Biosystems, USA) and on a handheld de-
vice, Smart-DART (Diagenetix, USA).

To test the specificity, assays for A. ostoyae were
initially tested using DNA samples from the iso-
lates of A. cepistipes and A. gallica, respectively.
To evaluate the sensitivity, the LAMP assays were
performed using a 10-fold dilution series of ge-
nomic DNA from A. ostoyae ranging from 10 ng
to 1 pg. Time to threshold (7)) was calculated using
manual baseline settings in QuantStudio Software
(Version 1.3; 2015).

RESULTS

In total, 100 collected isolates and one A. gallica
from CCBAS were tested to develop a new LAMP
assay. Based on the ITS/tefI PCR amplification, 64
isolates of A. ostoyae, 33 isolates of A. cepistipes and
three A. gallica strains were confirmed by the blast
against the NCBI database. Together with CCBAS
A. gallica was used in the LAMP assays.

The tefl A. ostoyae LAMP assays gave unam-
biguous positive results when tested against DNA
from A. ostoyae isolates collected at different sites.
They produced clear amplification curves (Fig-
ure 1). No signal was obtained using either assay
when screening other Armillaria species (A. ce-
pistipes and A. gallica, respectively) (Figure 1).
The tef1-specific A. ostoyae primers gave positive
results within 14:12-20:41 minutes. No template
controls (NTC — water) included in each test ran
tested negatively, that is, no amplification curves
were observed for A. cepistipes or A. gallica. When
screened against serial dilutions of A. ostoyae
DNA, the tefl LAMP assay could consistently de-
tect down to 1.0 pg (Figure 2). The testing method
enabled the fast quantitative estimation of target
A. ostoyae DNA present in samples. The detection
limit of LAMP was 1.6 pg-uL™"' of DNA per reac-
tion (Figure 2). The detection limit of conventional
PCR with F3/B3 primers was 0.1 ng-uL~! (data not
shown). As shown in Figure 1, the results indicat-
ed that a positive LAMP reaction occurred only
in A. ostoyae, while the other species were negative.

This study also employed the handheld device
Smart-DART for fast and clear low-cost detection
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Figure 1. Representative results from screening of A. ostoyae with new LAMP primers (each dilution was run in three repli-
cates); (A) specific LAMP amplification curves for serial dilutions of DNA extracted from A. ostoyae using the LAMP primers
designed for this study for the tefI marker of A. ostoyae; (B) results of the specificity test of three different Armillaria spp.
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Figure 2. Sensitivity testing of EF1 — a LAMP primers de-
veloped in this study; screening against different amounts
of A. ostoyae DNA [curve was generated by linear regres-
sion analysis, plotting the T (time to threshold) value in the
y-axis vs. the logarithm of the starting DNA dilutions
in the x-axis]
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of amplified DNA. The results obtained by this
system were consistent with those obtained by the
Quant Real Studio. Since the detection can be ac-
complished in a closed system between mobile
device and handheld equipment, there is no risk
of contamination and this system can be used eas-
ily in field conditions.

DISCUSSION

To the best of our knowledge, this is the first
report on the application of the LAMP assay for
the detection of A. ostoyae. Relative to conven-
tional PCR, the LAMP assay reported here is easi-
er to perform, more rapid, and the results are easier
to evaluate. The sensitivity advantage of the LAMP
over conventional PCR is 10-100 times greater
(Wang et al. 2015). Our results showed that the de-
tection limits could be at the pg level for A. ostoyae
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genomic DNA. Compared to conventional PCR,
the LAMP detection assay was more rapid and sim-
ple. The speed of the reaction was enhanced by the
use of fluorescent dye in the assimilating probe.
Additionally, the use of an assimilating probe with
the LAMP assays allows sequence specific detec-
tion and it also allows detection in real-time (Kou-
guchi et al. 2010; Tanner et al. 2012).

Besides PCR and LAMP, quantitative real-time
PCR (qPCR) is another molecular technique imple-
mented to identify and quantify fungi (Aslam et al.
2017). This method allows detection and quan-
tification of DNA sequences and is mostly used
to detect phytopathogenic fungi in infected plant
tissues (Hariharan, Prasannath, 2021). The real-time
detection based on species-specific primers and
fluorescent dyes is used to scan the reaction steps.
Similar to our LAMP experiment with tefI primers
the quantitative PCR was reported to amplify tef]
sequences from Armillaria species in the northern
hemisphere (Baumgartner et al. 2010). Neverthe-
less, qPCR is a tool for the quantification of nucleic
acid in biological samples and is not widely used
for the species identification from isolated DNA.
For qPCR-based analysis a well-equipped labora-
tory with fluorescence detection modules is needed.
However, in this work the newly developed LAMP
assay was reported to identify Armillaria species
from isolated DNA by the handheld device that can
be used in the field.

PCR amplification and sequencing of the tefl
gene requires an expensive instrument for the
thermal reaction, extra time and cost for gel elec-
trophoresis; the species identification period using
sequencing of tefl usually takes several days and
additional cost is needed. For LAMP, the identifi-
cation only requires a water bath, and the detection
can be completed and judged by a pending hand-
held device, connected to a mobile phone within
several hours (Jenkins et al. 2011). Therefore,
LAMRP detection is faster and requires a lower cost
than PCR (He et al. 2019a).

Several publications reported the detection
of Armillaria fungi using specific primers including
the IGS-1 or ITS1/ITS2 regions (Anderson, Staso-
vski 1992; Chillali et al. 1998). Although these gene
regions were successfully used in various phyloge-
netic studies (Keca et al. 2006; Antonin et al. 2009;
Klopfenstein et al. 2017), it was recognized that
some of these primer pairs failed to differentiate
among Armillaria species (Sicoli et al. 2003). Lat-

er on, several studies have shown that alternative
loci should be considered to distinguish different
Armillaria species, including these tef1, f-tubulin
or rpb2 genes (RNA polymerase) (Matheny et al.
2007; Guo et al. 2016; Koch et al. 2017). Therefore
for a primer and probe design, we used the tefl
gene because it provides sufficient species resolu-
tion and differentiates Armillaria species (Mapho-
sa et al. 2006; Mulholland et al. 2012; Coetzee et al.
2018). However, with PCR amplification, A. ostoyae
and other related Armillaria species are nearly in-
distinguishable on agarose gels. Their differentia-
tion is complicated and direct sequencing of PCR
products takes a long time (Lochman et al. 2004;
Kim et al. 2006). Using the LAMP assays with fluo-
rescent probe we were able to differentiate A. os-
toyae from other species within 14 minutes.

Using the assimilating probe in LAMP reaction
was described on different isolates of the pathogen
Ralstonia solanacearum (Kubota et al. 2011), which
enhanced the specificity and speed of LAMP reac-
tion. The LAMP reaction might be facilitated by the
addition of assimilating probes to the primers.
In the present study, we used LAMP primers to-
gether with primers carrying a fluorescent marked
probe (Table 1). This improved the reaction time
and efficiency.

The results presented in this study demonstrated
the use of LAMP to rapidly detect A. ostoyae us-
ing genomic DNA under controlled in vitro condi-
tions, as was described previously for A. cepistipes
(Stehlikova et al. 2019). Further steps should include
testing the specificity of the method described here
under more challenging conditions of soil and root
material from the environment.

CONCLUSION

In conclusion, we have found thata LAMP assay
combined with assimilating probe is simple, rapid,
sensitive and specific. Because our LAMP assay
does not require any specialized equipment, it can
be used in the field for the rapid detection of A. os-
toyae in connection with mobile device and hand-
held Android-based equipment. This is the first
report on the use of LAMP assay for the detection
of A. ostoyae. It is a promising assay for the rapid
diagnosis of honey fungus infection in the labora-
tory and it will be very useful for monitoring the
Armillaria complex in the field prior to suggesting
management strategies.
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Species of the genus Armillaria are members of the
soil-borne fungalcommunity that induce rootrotand are
contributing to the decline of Norway spruce and other
coniferous stands in the northern hemisphere (1). Fungi
of Armillaria spp. are highly destructive forest patho-
gens that infect economically important conifers and
cause huge economic losses. Since the first description
of fungal virus in cultivated mushrooms (2), dozens of
new mycoviruses were identified and placed into a taxo-
nomic system of viruses (3). Mycovirus infections are
symptomless and persist inside their host for decades (4).
However, instead of classical molecular methods for the
identification of mycoviruses in fungal genomes, the tran-
scriptome approaches have become more popular. Using
the HTS, several mycoviruses with ambisense genome
were described recently in Armillaria spp. from Finland,
Russiaand South Africa (5). Together with Cryphonectria
parasitica ambivirus, Rhizoctonia solani ambiviruses (6),
Tulasnella ambiviruses and Ceratobasidium ambivirus
they established a new group of viruses temporarily
named ambiviruses (7).

E-mail: ttonka@fzt.jcu.cz; phone +420 387772940.
Abbreviations: aa = amino acids; AIV = ambi-like virus; Ab-
AlV2 = Armillaria borealis ambi-like virus 2; AAIV3 = Armillaria
ambi-like virus 3; AoAlV = Armillaria ostoyae ambi-like virus;
CDD = Conserved domain database; HTS = high throughput
sequencing; nt = nucleotides; ORF = open reading frame;
RdRP = RNA dependent RNA polymerase; RT-PCR = reverse
transcription PCR

In the present study, we describe a new strain of the
fungal viruswith ambisense genomeisolated from Armi-
llaria ostoyae and,to our knowledge, thisis the firstreport
of ssRNAmycovirus found inthis species of serious forest
pathogen.

Strains/species of Armillaria spp. were isolated from
rhizomorphs (mycelial cords) collected at different
locations in the Czech Republic. Fungal mycelia were
cultivated on malt extract agar (ME agar). Total RNA
was isolated using PureLink RNA Mini Kit (Invitrogen)
according to the manufacturer's procedures. Pooled
total RNA sample of 13 Armillaria strains/species (10 A.
ostoyae, 2 Armillaria gallica and 1 Armillaria cepistipes)
was delivered to SEQme (Dobti§, Czech Republic) for
further processing of the sample, including RNA qua-
lity control and library preparation (NEBNext Ultra II
Directional RNA Library Prep Kit for Illumina, NEB Inc.).
The host rfRNA was depleted from the pooled sample
using NEBNext rRNA Depletion Kit (Human/Mouse/
Rat) (NEBInc.). AnIllumina platform Novaseq 6000 was
used to generate 150 bp paired-end reads. After quality
trimming, reads were assembled de novo with SPAdes.
The assembled contigs longer than 1kb were compared
(yielding e-values = le®) with the NCBI virus database,
and with the RefSeq non-redundant database using
blastn and blastx, respectively. A sample of each total
RNA included in the pool was converted to cDNA using
LunaScript RT SuperMix Kit (NEB Inc.)according to the
manufacturer's instructions. Identification of virus-host
sample was performed using RT-PCR with virus-specific
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primers based on the ORFs found in assembled virus
contig (Table1).

Thirteen Armillaria strains from the Czech Republic
representing three species (A. ostoyae, A. gallica and
A. cepistipes) were included in the HTS analysis. The
RNA-Seq library comprised ~113 millions paired-end
reads. After quality trimming and de novo assembly, we
obtained 8809 contigs longer than 1 kb. Among viral
contigs,we found one sequence that resembled the ambi-
like virus strain 3 described from Armillaria borealis
and A. cepistipes, respectively. RT-PCR analysis of cDNA
performed on each of the strains included in the pooled
sample revealed that ambi-like virus was found only
in the isolate representing A. ostoyae strain Harta. The
complete sequence comprises 4523 nt, encoding three
ORFs (Fig. 1). The ORF1 and ORF2 are overlapped in 2 nu-
cleotides. A blastp search of predicted proteins against
a non-redundant database confirmed strong sequence
similarity to ORFs of previously described ambi-like vi-
ruses deposited in the GenBank database. The ORFl was
predicted to encodea putative protein of 712 amino acids
(2139 nt). Blastp analysis showed that ORF1 had a high
amino acid similarity to the hypothetical proteins of
AAIV3(94.20-98.46%) and AbA1V2(71.59-73.19%). Notably,
the GDDtriad isincluded in allthese longest ORFs, which
is considered to be amark of the RdRP (Fig. 2).

The smallest ORF2 encoded sequence of 217 aa (654 nt)
and shared at least 62% similarity with hypothetical
protein of AbAIV2, and between 94.47 and 99.08% with
hypothetical proteins of AAIV3. The ORF3 was 407 aa
(1224 nt) long and shared 96.42-98.53% similarity withthe
hypothetical proteins of AAIV3 and at least 62% with pre-
dicted ORF3 of AbA1V2. Both, ORF2 and ORF3, separated
by an intergenic region of 33 nt in length, are read in the
opposite direction of the ORF1.

To define the relationships within the group of ambi-
viruses, a phylogenetic tree was derived based on the nu-
cleotide sequences of previously described ambiviruses
and ambi-like viruses. Three distant main clades, ambi-
like virus 1,2 and 3, separated from ambivirus sequences
were detected. The results showed that AoAlV formed
acladewith abootstrap value of 100% with other AA1Vs3,
and ambi-like virus 1and 2 made individual clusters with
highly supported bootstrap values(Fig.3). The sequenced

2 ORF3

SUTR

Table 1. Primer sets of AoAlIV partial ORFs

Primername Primer sequence 5-3' Position (nt)
AoAIF GCTATGGCTGACTCTTCATC 1025-1080
AoAIR ACAGGGCATTCATTGGAGGG

AoA2F CTTCTCTCCCCGCGTATGAC 2625-3240
AoAZ2R CGCATGTGCCATATATCGCG

genome of thevirus infecting A. ostoyae was deposited in
the NCBI GenBank database (Accession no. OL863120).
Based on the similarity with up-to-date described ambi-
like viruses of several Armillaria spp. we designated this
virus as Armillaria ostoyae ambi-like virus.

A new group tentatively named ambiviruses com-
prises new putative viruses recently described in myco-
rrhizalfungiusing HTS (7). Similar viruses were also found
to infect C. parasitica and R. solani (6). Though viruses
from this group seem to be very common in basidiomy-
cetes, there are no data on their biological or population
structure. Thereis nothing known about the relationship
between virus and host as well as virus-virus interaction
even though many descriptions of new viruses were re-
ported to infect forest fungal pathogens in recent years
(4; 8; 9). The ambi-like viruses were described to infect
members of the genus Armillaria worldwide but not A.os-
toyae. These mycoviruses seem to be abundant and are
distributed throughout the area where Armillaria fungi
are found (5). All these ambi-like viruses remain uncla-
ssified and are not included in the virus taxonomy. Last
year, many viruses with ambisense genome have been
described to infect the pathogenic fungi (5, 6). The ambi-
like virus strain delimitation is based on the nucleotide
and amino acid sequence identities(5). Although no other
criteria are available for this new group of viruses, simi-
larity in sequencesrevealed that AoAlV shared homology
with the ambi-like virus 3, which is strongly supported
with the phylogenetic analysis based on multiple alig-
nment of the nucleotide sequences of ambi-like viruses.

Although the GDD motif is present in aa sequence of
the ORF1, no conserved domains have been detected in
AoAlV. The GDD motif is considered as a marker of RARP
but this gene has not been described either in ambi-like

2496 3181 4404
e ———

ORF2

J -
2485 ORF1 3148 IUTR

Fig.1

Schematic representation of the Armillaria ostoyae ambi-like virus genome organization
Three ORFs encoding three hypothetical proteins are depicted. Note the orientation of the ORF1, ORF2 and 3, respectively. A black line

illustrates the genome. Numbers represent position of ORFs.
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Fig. 2

Alignment representing amino acids encoded by ORF1 of representative ambi-like viruses of strains 2and 3

Highlighted is GDD motif, which is a hallmark of RdRP. Points indicate identical sites. Letters reveal differences in aa sequence. AmAIV2

= Armillaria mellea ambi-like virus 2, AIV3 = ambi-like virus 3, Armillaria ostoyae AlV = Armillaria ostoyae ambi-like virus.
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Fig.3

Phylogenetic tree of a putative group of ambiviruses inferred using maximum likelihood method
The complete nt sequences were aligned in Geneious 8.1.9 with MUSCLE and the tree was constructed using GTR+F+R& model (best-fit
model according to ModelFinder) and 1000 bootstrap repetitions. The bootstrap values are shown on the branches. The ambi-like viruses,

including AocAlV OL863120, are highlighted.

viruses nor ambiviruses infecting C. parasitica or other
macromycetes (4, 5, 6).

Based on genomic analysis, phylogenetic relation-
ships, similarity of nucleotide sequences, amino acid
translation and host properties, this is a first report
of the complete sequence of ambi-like virus isolated
from A. ostoyae as well as the Czech Republic. The
rod-shaped virus-like particles have been described
in Armillaria mellea 50 years ago (10). However, this
description of virus cannot be verified as it is unclear
whether observed particles represent known viruses or
not. Further research on the dsRNA viruses in Armillaria
spp. proceeded in the Czech Republic with no success
(11) and that is in agreement with later studies showing
that viruses infecting Armillaria belong to the ssRNA
viruses (4, 5).

In conclusion, our study describes virus with ssRNA
genome that can be classified in the tentative group of

ambi-like viruses. Members of this group share highly
similar single-stranded genome encoding 2-3 ORFs in
ambisense orientation. They also share a similar host
range. To date, in addition to AoAlV, only fifteen other
ambi-like viruses have been identified, infecting exclu-
sively fungi of the genus Armillaria and also Heteroba-
sidion parviporum. Thus, these results together with
previously discovered viruses indicatethat there is huge
undescribed diversity of fungal virusesin forest macro-
mycetes. Moreover,as ambi-like viruses seem to be hosted
by Armillaria fungi and other serious fungal pathogens, it
will be important to determine biological and ecological
properties of this emerging viruses in more detail. The
effect of these viruses on Armillaria spp. or their hosts in
general remains unknown and needs to be investigated
in further research.

Here, thesequencingresultsrevealedaviruswithanam-
bisensegenome infecting A. ostoyae and wenamed it Armi-
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llaria ostoyae ambi-like virus.Inthefuture, biologicalfunc-
tion of AoAlV willbeunder investigation due tothe possible
biological control of honey fungus and furtherresearch also
can expand our knowledge of the diversity and taxonomy
ofthesemycoviruses aswellasthe hostvirusrelationships.
Description of the new virus may provide new insightsinto
the taxonomy of fungal viruses. To our knowledge, this is
the first report of the naturally mycovirus-infected fungal
species A. ostoyae, the major and serious pathogen of the
coniferous stands in Palearctic region.
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Mycoviruses are viruses that infect fungi mainly from
hosts in phyla Ascomycota and Basidiomycota. Although
the majority of mycovirus infections appear to be cryp-
tic or symptomless, some viruses affect fungal growth
or reduce the virulence of their hosts (1). These days,
mycoviruses are intensively studied because of their
possible use in biological control against serious fungal
diseases (2). Though mycoviruses are widely distributed
throughout the fungal kingdom, until recently there was
only onereport describing mycoviruses infecting fungi of
the genus Armillaria (3). Fungal viruses with ambisense
genome described in several pathogenic fungi including
Armillaria spp.form the virus group temporarily named
ambiviruses (4, 5).

Fungiin the genus Armillaria are known as important
pathogens of forest trees. Armillaria ostoyae is a highly
pathogenic parasite of coniferous standsinthe Palearctic
region (6). An extensive survey of Armillaria viruses in
the Czech Republic was carried out in 2019-2020 using
the bioinformatic approach. However, analyses of virus
sequences using NGS methods are time-consuming and
costly. Therefore, the aim of this work was to develop
a specific RT-PCR assay for easy identification of these

E-mail: ttonka@fzt.jcu.cz; phone +420 387772940.
Abbreviations: AlV(s) = ambi-like virus(es); AIV2 = ambi-like
virus strain 2; AIV3 = ambi-like virus strain 3; CCBAS = Cul-
ture Collection of Basidiomycetes (Prague, Czech Republic);
NGS =next generation sequencing; RT-PCR = reverse transcrip-
tion PCR

mycovirusesand to speed up the detection of ambi-like vi-
ruses (AlVs),which seem tobe abundantin Armillariaspp.

The Armillaria strains were collected from different
places in the Czech Republic. They were cultivated on
malt extract agar and growing mycelium was used for
RNAisolation. In thisexperiment we analyzed 9 samples/
strains collected in nature (7 A. ostoyae, 1 A. gallica and
1A. cepistipes) and three fungal cultures obtained from
CCBAS - A. tabescens CCBAS213, A. ostoyae CCBAS215
and CCBAS325, respectively. The specific virus primers
AmbiF (5'-GCTATGGCTGACTCCTCGTC-3') and AmbiR
(5-ACAGGGCAATCATTGGAGGG-3') were designed based
on the assembled contigs. This primer pair has been able
to detect the major ORF region, corresponding to the
hypothetical protein ORFA of the AlVs, deposited in the
NCBI GenBank database.

Total RNAwas isolated using SPLIT RNA Extraction Kit
(Lexogen GmbH, Vienna, Austria) and used as a template
for RT-PCR. The complementary DNA (cDNA) was synthe-
sized using the ImProm-II Reverse Transcription System
(Promega, Madison, USA) according to the manufacturer's
protocol. The AmbiF/AmbiR primers (0.5 ul each) were
mixed with 3 pl of isolated RNA, filled to 5 plwith water, in-
cubated for 5min at 70°Cand then cooled on ice for 5min.
After a short centrifugation, 15 pl reverse transcription
reaction mix containing 4 plreverse transcriptase buffer,
1pl ANTP mix (0.5 mM), 0.5 ul RNAse inhibitor, 4.8 pl of
MgCl,, 1ulInProm-II RT (reverse transcriptase) was added
and subsequently incubated at 25°C for 5 min, at 42°C for
1h,and at 70°Cfor 15min. The PCRreaction mixture (20 pul
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Fig.1

Aneighbor-joining tree of the AlVs was generated from sequences of the hypothetical protein encoded by the ORFA aligned
with MUSCLE
The tree was inferred with Rhizoctonia solani ambivirus1 as an outgroup. Bootstrap values above 50% from 1000 replicates are indicated
for the corresponding branches. The length of branchesis proportional to the number of base changes indicated by the scale.
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total volume) containing 10 pl of PPP Master Mix (Top-Bio,
Czech Republic),1ul of each primer (AmbiF/R) and 4 pl of
the water was supplemented with 4 ul of cDNA. PCRreac-
tion consisted of denaturationat 94°C for 2 min., followed
by 25 cycles of 94°C for 1 min, 60°C for 1 min, and 72°C for
2min, with a final extension at 72°C for 10 min. Final PCR
products were analyzed by gel electrophoresis and posi-
tive samples were sequenced in an external laboratory
(SEQme, Czech Republic).

Theisolated RNA from fungal mycelium was subjected
to RT-PCR assay to investigate AV sequences in different
Armillaria strains/species. Two positive samples, both
isolated from A. ostoyae, marked as 411 and CCBAS325
and producing 776 bp amplicon, were sequenced and
blasted against the NCBI nucleotide database. The re-
sults indicated that CCBAS325 shared 81.97% sequence
identity with the AlV2 (BK014421) and sequence identity
between 89.4-96.31% with AIV3 (MW423811, MW423812,
MW423813). The amplicon of sample 411 shared 83.04% se-
quenceidentity with A1V2 (BK014421) and between 84.58
and 85.35 % sequence identity with strain 3 (MW423812,
MW423813) at the nucleotide level. Thus, A1V sequences
amplified with our designed primers were detected in
the mycelium of both A. ostoyae samples. The sample 411
was collected in a spruce stand in 2019 and is cultivated
in the laboratory. The CCBAS325 strain was isolated and
deposited in culture collection in 1964 and is maintained
there since then, obviously infected with the ambi-like
virus for decades.

The positivenucleotide sequences were thensearched
against NCBI non-redundant database using blastx.
The results showed that the amino acid identity of the

CCBAS325 and Armillaria AlV3 hypothetical protein
(ORFA) was greater than 94%, while the identity of the
hypothetical protein (ORFA) of sample 411 and ORFA of
Armillaria AlV3wasbelow 91%. The amino acid sequences
of both samples had identity below 91% (75-90%) with
hypothetical proteins (ORFA) encoded in AlV genomes
of A. borealis (Fig. 1).

We acknowledge that little is currently known about
the ecology and/or host interactions of the AlVs. Despite
thefactthat thereisalsolittle known about the molecular
and biological properties of this new putative group of
viruses, our assay can now be used as a simple and fast
RT-PCRtest that will encourage the study of these fungal
viruses. The RT-PCR method described hereis rapid, reli-
able, and cost-effective for screening for A1V infectionin
Armillaria fungi. This method provides a useful tool for
the investigation of mycoviruses within a host fungus. It
is likely that with the specific detection of the A1V deve-
loped in the present work, a greater opportunity to study
this group of mycoviruses will emerge.

In conclusion, we demonstrated a novel detection
method for AlVs using specific RT-PCR amplification. We
have verified our method through successful detection of
the Armillaria AlV sequences from growing mycelium.
This work includes only preliminary results, which can
prompt studies to examine the presence of AlVsin Armil-
laria spp., to investigate the specific host-virus or virus-
virus interactions as well as to further the description of
incredible virus diversity.

Acknowledgment. This work was supported by the Ministry of
Agriculture of the Czech Republic with the project QK1920412.
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Abstract: Members of the genus Armillaria are widespread forest pathogens against which effective
protection has not yet been developed. Due to their longevity and the creation of large-scale cloning
of Armillaria individuals, the use of mycoviruses as biocontrol agents (BCAs) against these pathogens
could be an effective alternative. This work describes the detection and characterization of viruses
in Armillaria spp. collected in the Czech Republic through the application of stranded total RNA
sequencing. A total of five single-stranded RNA viruses were detected in Armillaria ostoyae and
A. cepistipes, including viruses of the family Tymoviridae and four viruses belonging to the recently
described “ambivirus” group with a circular ambisense genome arrangement. Both hammerhead
(HHRz) and hairpin (HpRz) ribozymes were detected in all the ambiviricot sequences. Armillaria
viruses were compared through phylogenetic analysis and confirmed their specific host by direct
RT-PCR. One virus appears to infect both Armillaria species, suggesting the occurrence of interspecies
transmission in nature.

Keywords: root rot; viruses; circular genetic elements; ambivirus; tymovirus; biological control

1. Introduction

Fungal pathogens are important members in forest ecosystems. They affect the diver-
sity, structure and dynamics of forest communities substantially [1,2]. The fungal genus
Armillaria includes more than 40 described species [3], which are causal agents of root
rot in a wide variety of trees, shrubs and some herbs [4], including economically impor-
tant conifers (e.g., Abies, Picea, Pinus) and agricultural crops (e.g., Citrus, Juglans, Malus,
Prunus, Vitis) [5]. Norway spruce (Picea abies) is a major host of Armillaria in the Czech
Republic. Over the last few years, Czech forests of Norway spruce seem to be suffering a
generalized decline [6,7], which is enhanced by pathogenic fungi like Armillaria [8,9]. The
decline is often caused by a combination of abiotic and biotic factors that limit tree growth,
reduce foliage quality, and weaken root systems. These interactions can kill individual
trees and entire stands [10,11]. Although there are relatively efficient methods for the
protection of agricultural crops against Armillaria root rot, none of the established methods
can completely eliminate the mycelium from the contaminated site [12,13]. Therefore, other
strategies have to be pushed towards the development of environmentally friendly control
approaches [14].

Fungal viruses (mycoviruses) of plant-interacting fungi are particularly significant
for crop protection because they can influence the phenotype of their host. An increasing
number of mycoviruses with the ability to induce hypovirulence in their host have been
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reported [15-17]. There are important forest pathogenic fungi, such as Cryphonectria para-
sitica, Phytophthora spp., Ophiostoma spp., Gremmeniella abietina, Hymenoscyphus fraxineus,
Heterobasidion annosum and Armillaria spp., which host mycoviruses with diverse fungus-
virus relationships [18-20]. In Armillaria, early studies by Blattny (1973) [21] and Reaves
etal. (1988) [22] described the presence of virus-like particles in A. mellea and A. ostoyae, but
it was not until 2021 that viruses were confirmed by molecular characterization [13,23,24].

Previous research on Armillaria root rot fungi has identified several RNA viruses.
These studies have primarily aimed to understand the diversity and impact of these viruses
on Armillaria species, focusing on their ecological roles and potential effects on fungal
virulence. To date, the virome of the genus Armillaria has been molecularly investigated
in samples from Finland, Russia (Siberia), South Africa and Switzerland. Several positive-
and negative-stranded ssSRNA viruses and even two dsRNA mycoviruses have been de-
scribed. Mitoviruses, ourmia-like viruses, tymoviruses, phlegiviruses, ambi-like viruses,
several previously unclassified (+)ssRNA and two unclassified dsRNA viruses have been
described in five different Armillaria species (A. mellea, A. borealis, A. cepistipes, A. ostoyae,
A. gallica) [13,23,24].

The main objectives of this study were (i) to confirm the occurrence of mycoviruses in
a collection of isolates of the genus Armillaria in Central Europe, and (ii) to describe their
genomic features and phylogenetic relationships.

2. Materials and Methods
2.1. Sampling

Armillaria isolates were collected in the years 2019-2020 in the Czech Republic, mainly
in northeastern Moravia, the Moravian Karst and southeastern Bohemia (Table 1). Spores
from fruiting bodies or rhizomorphs were transferred and cultured on ME agar (7.5 g
bacteriological agar, 3.5 g corn agar, 10 g malt extract, 10 g glucose/0.5 L; pH 5.5) at
25 °C for approximately four weeks before being harvested. Subsequently, samples on the
same ME agar were stored at 4 °C. A total of 13 samples, including Armillaria ostoyae and
A. cepistipes, were cultivated and analyzed.

Table 1. Data collection of the examined Armillaria isolates in this study.

Iz(:)l;ie ;:;:cgi:l Site Coordinates Country Tree Host I\I/:I::g?:l (]gz;f;;gz&g::i)
1 A. cepistipes  49.5147885 N, 17.5546327 E ~ Czech Republic Picea abies Rhizomorphs 29.9.2020
2 A.ostoyae  48.9813906 N, 14.4205031 E ~ Czech Republic Picea abies Fruiting body 31.10.2019
3 A. ostoyae 49.81582 N, 17.34951 E Czech Republic Picea abies Fruiting body 27.10.2019
4 A.ostoyae  48.6232622 N, 14.6442581 E  Czech Republic Picea abies Fruiting body 16.10.2019
5 A. ostoyae 50.10238 N, 16.0683 E Czech Republic Picea abies Fruiting body 23.10.2019
6 A.ostoyae  49.5226228 N, 17.5717912 E  Czech Republic Picea abies Rhizomorphs 5.9.2019
7 A.ostoyae  49.8084936 N, 17.4939458 E ~ Czech Republic Picea abies Rhizomorphs 4.8.2020
8 A. ostoyae 4931372 N, 16.77221 E Czech Republic Picea abies Fruiting body 23.10.2019
9 A.ostoyae  48.6078636 N, 14.6688486 E ~ Czech Republic Picea abies Fruiting body 21.10.2019
10 A.ostoyae  49.8084936 N, 17.4939458 E ~ Czech Republic Picea abies Rhizomorphs 4.8.2020
11 A. ostoyae 49.32247 N, 16.78645 E Czech Republic Picea abies Fruiting body 23.10.2019
12 A.ostoyae 489815597 N, 14.4162544 E  Czech Republic Picea abies Fruiting body 4.11.2020
13 A.ostoyae  49.5419285N, 17.3919515E  Czech Republic Picea abies Rhizomorphs 14.8.2019

2.2. Isolation of Double-Stranded (ds) RNA

The samples were first examined for the presence of potential viral dSRNA molecules.
Mycelium from one Petri dish was lyophilized and collected in a 50 mL Falcon tube.
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Two stainless steel beads with a diameter of 10 mm and liquid nitrogen were added
to the Falcon tube and mycelium was homogenized by vortexing at maximum speed
(3400 RPM/approx. 2 min). After homogenization, dsSRNA was extracted using protocol
Morris and Dodds (1979) [25] with some modifications, as described in the work of Tonka
etal. (2021) [26]. Previously confirmed dsRNA-hosting isolates of Gremmeniella [27] and
Phytophthora [28] were used as the positive control of each isolation.

2.3. Isolation of Total RNA

Thirteen samples were selected for stranded total RNA sequencing analysis (Table 1).
Approximately 50-100 mg of fresh mycelium was collected from the agar of each sample
and transferred to the 2 mL tubes with steel beads. The tubes were immersed in liquid
nitrogen and vortexed (using Labnet vortex mixer VX-200, Labnet, Edion, NJ, USA) until
the mycelium was ground to a fine powder. Isolation of total RNA was performed using a
SPLIT RNA Extraction Kit (Lexogen, Vienna, Austria) following the protocol provided by
the manufacturer, eluted in 30 uL of EB buffer. Total RNA was visualized on an agarose gel
and stored at —80 °C.

2.4. Stranded Total RNA Sequencing

The isolated total RNA of 13 Armillaria samples was pooled into one mixed sample
and treated with TURBO DNA-free TM Kit (InvitrogenTM (Waltham, MA, USA), Thermo
Fisher Scientific (Waltham, MA, USA)). RNA quantity was measured by Qubit® Fluorom-
eter (Life Technologies (Carlsbad, CA, USA), Thermo Fisher Scientific). Total RNA was
sent to SEQme s.r.o. (Dobris, Czech Republic) for RNA library construction and RNA
sequencing. Prior to the library preparation, ribosomal RNA (rRNA) was depleted using
the NEBNext rRNA Depletion Kit (Human/Mouse/Rat). The library was prepared using
an NEBNext Ultra II Directional RNA Library Prep Kit for Illumina. The quality of the
prepared library was checked using an Agilent Bioanalyzer 2100 High sensitivity DNA
Kit, Invitrogen Collibri Library Quantification Kit and Qubit 1X dsDNA High-Sensitivity
Assay Kit. A KAPA Library Quantification Kit for Illumina platform was used for absolute
qPCR-based quantification of the Illumina libraries flanked by the P5 and P7 flow cell oligo
sequences. Libraries underwent paired-end (PE) (2 x 150 nt) sequencing on a NovaSeq6000
(DS-150) (Ilumina, San Diego, CA, USA) using a NovaSeq S4 v1.5 reagent kit. An “in-lane”
PhiX control spike was included in each lane of the flow cell.

2.5. Bioinformatics
2.5.1. Data Preprocessing

The raw sequencing data were downloaded from the data repository of the sequencing
company SEQme s. r. o. (Dobris, Czech Republic). The processing was carried out on
the local server of the University of South Bohemia. In the first step, data quality was
assessed using the FASTQC v.0.11.9 program [29]. This control step revealed the presence of
a small number of adapter sequences. The nucleotide sequences of adapters were obtained
according to the used library kit and sequencer machine mentioned earlier [30]. Adapter
and quality trimming were performed using the program Cutadapt v3.4 [31] with require-
ments for a Phred score higher than 30 and a minimum length of the truncated sequence of
50 bases. The software is available at the code depository GitHub [32]. Subsequently, data
quality of trimmed reads was again assessed in FASTQC program mentioned previously.

2.5.2. Host Reads’ Removal

After preprocessing the data, it was necessary to remove reads belonging to host fungi.
The STAR v2.7.9a program was used for this purpose [33]. Assembly GCA_900157425.1
version 2 of strain C18/9 of A. ostoyae was used as a reference sequence. After mapping the
reads to the Armillaria genome, only unmapped reads were left for further processing.
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2.5.3. Discovery of Known Virus

To reveal already known viruses, the Viral NCBI database [34] was used for this
purpose. We downloaded only complete viral RefSeq nucleotide sequences. Our reads
were aligned to this reference database by BWA v0.7.17.-r1188 program package [35]. In the
next step, we calculated the coverage for each viral genome using Samtools kit v1.16.1 [32].
If the coverage was higher than 80 percent, we visualized the alignment for particular viral
genome with IGV program v2.16.1 [36] and manually confirmed or denied the presence of
the published virus.

2.5.4. Discovery of Novel Viruses

In the first step, de novo assembly was performed with unmapped reads from STAR
aligner. The toolkit SPAdes version 3.15.3 [37] with default settings for metagenomics was
used for this purpose. Assembled contigs shorter than 1000 bp were discarded. In the
next step, the rest of contigs were compared to several databases: Viral UniProt KB [38],
Viral NCBI [34], RVDB [39], Virus-Host DB [40]. Each of the databases was downloaded
to a local server and was used to search for similarities between database sequences and
assembled contigs. For this purpose, the program BLASTx and BLASTn v2.12.0+ was used.
The threshold for the E-value was set to 1 x 1073, All contigs with at least one hit were
further used to search for similarity with the NCBI database nr (RefSeq non-redundant
proteins) or nt (RefSeq Nucleotide) specifying the Armillaria taxon. If a positive hit was
found, the E-value values were subsequently compared. If this value was higher for the
results from viral databases, the contig was removed. In the last step, the remaining contigs
were searched with the entire nr and nt databases and the threshold for the E-value was set
as1x 1075,

Potential protein-encoding segments were detected with a coding open reading frame
(ORF) finder using Geneious® v.-8.1.9. Depth of coverage: for the calculation of the
coverage depth, we used the following formula: (Total reads mapped to the final identified
virus * average read length) /virus genome or contig length.

2.5.5. Ribozymes’” Detection

The identification of potential ribozymes followed a customized protocol adapted
from the viroid-like sequence search pipeline outlined by Lee et al. in 2023 [41]. The process
began with the recognition of covalently closed circular RNAs (cccRNAs) using a modified
version of the reference-free CIRIT algorithm, as introduced by Qin et al. in 2020 [42].
This algorithm entails the exploration of overlapping regions between the starting and
ending points of contigs to pinpoint cccRNAs. Unlike the original algorithm, our modified
version repeatedly attempted to dissect potential cccRNAs into individual units, with the
condition of maintaining a minimum 95% similarity within repeated regions. Subsequently,
the identified cccRNAs underwent a search for known self-cleaving ribozymes, employing
Infernal, a tool introduced by Nawrocki and Eddy in 2013 [43]. Ribozymes surpassing
Rfam'’s curated gathering threshold or exhibiting E-values below 0.1 were identified in each
polarity. In addition to this, a subset of sequences underwent further scrutiny using an RNA
motif, a tool developed by Macke et al. in 2001 [44]. This supplementary analysis aimed to
uncover more diverse ribozymes that may not have been initially detected by Infernal.

2.6. Retro Transcription Polymemse Chain Reaction (RT-PCR) and Sanger Sequencing

Approximately 50-100 mg of fresh mycelium was collected and crushed in a mortar.
Crushed mycelium was mixed with 600 uL of lysis buffer (LB; included in the PureLinkTM
RNA Mini Kit) and 6 pL 2-mercaptoethanol and transferred to the 1.5 mL sterile tube.
Isolation of total RNA was carried out using PureLinkTM RNA Mini Kit (Invitrogen, USA).
The RNA was eluted in 30 pL of elution buffer and 1 uL of RNase inhibitor was added. The
quality of total RNA was assessed by gel electrophoresis in 1.5% agarose gel and total RNA
was stored at —80 °C. LunaScript® RT SuperMix Kit (New England Biolabs, Hitchin, UK)
was used for the synthesis of cDNA, as reported by Tonka (2022) [45]. The success of cDNA
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synthesis was verified by amplification of the eukaryotic region translation elongation
factor 1-alpha-eEF1A (tefa) and checked by gel electrophoresis in 1.5% agarose gel [46]. If
the amplification was successful, the cDNA was used in a PCR reaction with virus-specific
primers. The virus-specific primers were designed to partially amplify the ORFs of putative
viruses based on sequencing data from RNA sequencing using program Geneious v.-8.1.9.
PCR amplification was performed with 12 uL. PPP Master Mix (Top-Bio, Vestec, Czech
Republic) 1 uL of each 10 mM primer (Table S1), 4 uL of cDNA and PCR-grade water in a
total volume of 25 puL. PCR conditions were as follows: 94 °C 2 min, 25 x (94 °C 1 min, 60 °C
1min, 72 °C 2 min) 72 °C 5 min. Due to the low concentration of putative viruses, the PCR
amplification was repeated with fresh chemicals and 4 uL of resulting product from the
first PCR amplification was used as a template; then, PCR products were visualized by gel
electrophoresis in 1.5% agarose gel. All resulting fragments with the appropriate size were
cut from the gel, cleaned using NucleoSpin® Gel and PCR Clean-up kit-Macherey-Nagel
(BioTech a.s, Prague, Czech Republic), and ExoSAP-IT™ PCR Product Cleanup Reagent
(Thermo Fisher Scientific, USA), and then fragments were sent to SEQme (Dobiis, Czech
Republic) for Sanger sequencing.

2.7. Conserved Domains

NCBI CD-search tool [47] was used to search for putative conserved domains in
predicted amino acid (aa) sequences. All sequences were then aligned to aa sequences of
related viruses retrieved from the GenBank using MUSCLE v3.8.425 in Geneious v.-8.1.9.

2.8. Phylogenetic Analyses

Amino acid (aa) sequences of RARP regions of each virus were included in phylo-
genetic analyses. Sequences were aligned in Geneious v. 8.1.9 by MUSCLE v3.8.425 [48]
together with known aa sequences of viruses considered to be related. Phylogenetic trees
were built using the maximum likelihood method [49] in RAXML-HPC v.8 on XSEDE
running in the CIPRES Science Gateway web portal [50]. Bootstrapping was performed by
using the recommended parameters provided by the CIPRES Science Gateway portal. The
trees were visualized in FIGTREE (V1.4.4).

3. Results and Discussion

In this study, we described the genomes of five putative single-stranded (ss) RNA
viruses hosted by pathogenic fungi belonging to the genus Armillaria (specifically A. ostoyae
and A. cepistipes) from the Czech Republic. These new viruses include a member of the
family Tymoviridae and members of recently described virus group, tentatively named
“Ambiviruses” [51-54].

3.1. dsRNA Screening

No dsRNA elements were detected in Czech isolates of Armillaria spp. As later demon-
strated by high-throughput sequencing (HTS) of total RNA, no dsRNA viruses appear
to occur in our collection of isolates. Some ssRNA viruses can produce dsRNA interme-
diates during their replication. However, not all ssRNA viruses generate dsRNA, and
the amount produced varies among viral species. While dsRNA extraction methods can
capture dsRNA, they may not effectively detect all ssRNA viruses, especially those with low
dsRNA abundance. Our result agrees with that of the study of Linnakoski et al. (2021) [13],
which dealt with the detection of mycoviruses in isolates of fungi of the genus Armillaria
from Finland, Russia, and North Africa, and it also corresponds to the results of Dvofdk’s
work (2008) [55], which did not detect dsRNA viruses in Armillaria from the Czech Repub-
lic. However, Shamsi et al. (2004), in their work, report two detected mycoviruses with
a dsRNA genome (a partitivirus and a phlegivirus) in samples originating from Switzer-
land [24]. Dvorak, in 2008 [55], and Blattny et al., in 1973 [21], studied the Armillaria fungi
virome from the Czech Republic in their works. In his research, Dvotak (2008) [55] detected
possible double-stranded molecules in forty samples from the Czech Republic, but they
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were not confirmed to be viral, which coincides with the results of this study. Likewise,
Blattny et al. (1973) [21] and Reaves et al. (1988) [22] detected virus-like particles in their
works on Armillaria mellea and Armillaria ostoyae, but they were not further verified molecu-
larly. Blattny et al. (1973) [21] described these particles as rod-shaped (22-28 x 119 nm) or
isometric (30 nm).

3.2. Identification of ssRNA Viruses

Total RNA sequencing generated 113 million paired-end (PE) reads. After quality
trimming and de novo assembly, a total of 8809 contigs longer than 1 kb were obtained.
BLASTX comparison of the contigs revealed four viral contigs with sequence similarities to
members of the recently described circular RNA virus group “Ambiviruses” and one related
to the members of the order Tymovirales, in particular, the family Tymoviridae (Table 2).

Table 2. Mycoviruses detected in Armillaria samples in this study.

3 Accession Most Similar o o Mapped Depth of
Virns Name o L Number ? Virus ® E¥alue Q%) Lt%) Reads Coverage
srmlluvdy AALVI 4663  ON3gossp  /rmillariaspp. 0.0 9% 9631 24902 78091
ambi-like virus 1 ambi-like virus 3
Armillaria Phlebiopsis
ostoyae ambi-like A0ALV2 4541 ON380551 gigantea 2 x 107103 41 36.65 27,239 863.10
virus 2 ambi-like virus 2
Armillaria Armillaria mellea
ostoyae ambi-like A0ALV3 4562 ON380552 SR ; 0.0 56 80.94 21,362 678.90
5 ambi like virus 4
virus 3
Armillaria Kemitia
ostoyae ambi-like AOALV4 4549  ONB380553 ey D 0.0 46 91.57 6169 196.26
s ambi-like virus 3
virus 4
crnllgria AoTV1 6824  ON3gossg4 Lentinulaedodes 0.0 94 68.16 4959 106.22

ostoyae tymovirus 1

tymo-like virus 1

a Accession number in GenBank. ? Most similar viruses in GenBank (BLASTX) accession numbers: MW423812.1
(Armillaria ambi-like virus 3), MZ448625.1 (Phlebiopsis gigantea ambi-like virus 2), BK014421.1 (Armillaria mellea
ambi-like virus 2), MW423813.1 (Armillaria ambi-like virus 3), MN744726.1 (Lentinula edodes tymo-like virus
1); Q, query cover; I, Identity; L, virus sequence length; depth of coverage was calculated by following formula:
(Total reads mapped to the final identified virus * average read length)/virus genome or contig length.

Regarding ambi-like viruses, Sutela et al.’s work in 2020 [51] was the first study to
describe “ambiviruses” in the endomycorrhizal fungi Ceratobasidium sp. and Tulasnella
sp. Then, they were discovered in Cryphonectria parasitica [52] and many agaricomycetes
including Armillaria spp. [13,24], Heterobasidion spp. [20], Rhizoctonia spp. [13], and Phlebiop-
sis gigantea [56]. As in these studies, the genomic sequences of the putative ambi-like
viruses detected in Czech isolates of Armillaria spp. were approx. 4.5 kb long and contained
typical RARP conserved domains including the GDD motif (Figure S1A). Based on the
pairwise sequence comparison (PASC) percentages (Table S2A,B), four different viruses
were identified and considered different species following the same criteria as those of
Sutela et al. in 2020 [51], Forgia at al. in 2021 [52] and Turina et al. in 2023 [53]

They were tentatively named considering their host identity (Table 2). AALV1,
AoALV2 and AoALV3 contained two and AoALV4 contained three non-overlapping am-
bisense ORFs. AALV1 encodes a first positive (+) sense ORF (ORF A) corresponding to
the RARP (713 aa long) and a second negative (—) sense ORF (ORF B) corresponding
to a hypothetical protein (HP) 410 aa long. AoALV2 encodes the (—) sense ORF B-HP
655 aa long, and the (+) sense ORF A-RdRP 710 aa long. AoALV3 contains first (+) sense
ORF corresponding to a hypothetical protein (ORF B) 400 aa long and a second negative
sense ORF (ORF A) corresponding to RARP 682 aa long. This arrangement shows that the
contig was assembled in the 3’ to 5’ orientation. AoALV4 encodes a first (—) sense ORF
B-HP 405 aa long, a second negative ORF 220 aa long, and a third (+) sense ORF A-RdRP
713 aalong.
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Ambivirus genomes have the unique feature of having circular genomes encoding
RdRP and divergent ribozymes in various combinations in both sense and antisense orien-
tations [54]. In our analyses, several hammerhead (HHRz) and hairpin (HpRz) ribozymes
were detected. This is in agreement with the findings of Forgia et al. (2023) [54], who
describe the HHRz and HpRz motifs and predicted cleavage sites in both known fungal
ambiviruses and ambiviricot RARP palmprints of 439 distinct species-like operational
taxonomic units (sOTUs) found in GenBank. Although HHRz typically consists of 30 to
40 nucleotides (nts), in Armillaria ambiviruses, some of them seem to be slightly longer,
ranging from 55 to 78 nts. The representation of Armillaria ambiviruses and their ribozymes
is illustrated in Figure 1A-D, and the positions in the particular ambivirus contigs are
shown in Supplementary Table S3.

The phylogenetic relationships of Czech A. ostoyae ambiviruses with other “am-
biviruses” (Figure 2) show that they group in two separated virus clusters, both of them
including viruses from A. mellea and A. borealis. This result suggests a monophyletic origin
of the ambiviricot sequences in Armillaria spp.
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Figure 1. Schematic presentation of AALV1 (A), AoALV2 (B), AoALV3 (C) and AoALV4 (D) genomes
with predicted ORFs and ribozymes (rbz) secondary structures drawn as inlay; black arrows show
the potential self-cleavage site at the predicted HHRz and HPRz motifs. Conserved residues are
highlighted in blue; (E) schematic representation of AoTV1 genome with predicted ORF and its
conserved motifs. The rbz (+) polarity is defined as the RNA strand coding for the polymerase
(ORF A). * nt positions of the region spanning the ribozyme in the original virus contig. For more
information of the rbz position refer to Table S3.
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i{: Armillaria sp. ambi-like virus 8_\WOK58265.1
Armillaria novae-zelandiae ambi-like virus 1_DAD54841
100 - Ceratobasidium ambivirus 1_QPB44668 Quambiviridae

Tulesnella ambivirus 4_QPB44672
Tulesnella ambivirus 3_QPB44670
Tul lla ambivirus 5_QPB44674

100 Armillaria borealis ambi-like virus 1_QUD20357
Armillaria ectypa ambi-like virus 1_DADS4833
Armillaria mellea ambi-like virus 3_WOK58267.1
Armillaria luteobubalina ambi-like virus_1_DADS54835
Heterobasidion ambi-like virus 4_UHK02578
Heterobasidion ambi-like virus 3_UHK02576
Armillaria sp. ambi-like virus 6_WPK49511 .1
Armillaria sp. ambi-like virus 5_WOKS58261.1
Armillaria mellea ambi-like virus 1_DADS4837
Armillaria ostoyae ambi-like virus 2 * Unambiviridae
Phlebiopsis gigantea ambi-like virus 2_UJT31806
Cryphonectria parasitica ambivirus 1_QMP84022
100 Heterobasidion ambi-like virus 2_UHK02574
Heterobasidion ambi-like virus 1_UHK02572
Phlebiopsis gig ambi-like virus 1_UJT31805
Tulasnella ambivirus 1_QPB44664
Tulasnella ambivirus 2_QPB44666
Rhizoctonia solani ambivirus 2_QMP84026
Rhizoctonia solani ambivirus 1_QMP84024 Durmbiviridae
Armillaria mellea ambi-like virus 5_WOK58270.1
Armillaria borealis ambi-like virus 2_QUD20363
Armillaria sp. ambi-like virus 7_WOKS58262.1
Armillaria mellea ambi-like virus 2_DADS54839
Armillaria ostoyae ambi-like virus 4™
Armillaria ambi-like virus 1 *
rmillaria ambi-like virus 3_QUD20376
Armillaria ostoyae ambi-like virus_3 *

Armillaria mellea ambi-like virus 4_WOKS58268.1

Trimbiviridae

Ourmia melon virus_YP_002019757

10

Figure 2. RAXML phylogenetic tree based on the predicted RARP of representative ambiviruses.
Nodes are labeled with bootstrap support values >50%. Branch lengths are scaled to the expected
underlying number of amino acid substitutions per site. Tree is rooted in the midpoint and uses
Ourmia melon virus as an outgroup. Czech Armillaria viruses are written in blue and indicated with
an asterisk.

An Armillaria tymovirus 1. A viral contig resembling features of those from the
genus Tymoviridae was detected in Armillaria ostoyae. Armillaria ostoyae tymovirus 1 is
approximately 6.8 kb length and encodes one (+) sense ORF with 2172 aa (Figure 1E). Based
on the sequence analysis of tymoviruses, conserved sequences were revealed (Figure S1B),
including conserved regions belonging to pfam01660 super family Vmethyltransf cl03298
in region 143-314 (E-value 6.72 x 10~7). This methyltransferase domain has been detected
in a wide range of viruses and is involved in mRNA capping. Furthermore, conserved
sequences were detected belonging to pfam01443 superfamily Viral_helicasel cl26263
located 1113-1322 (E-value 2.66 x 10~!%) and ps-ssRNAv_RdRp-like super family c140470
located 16001799 (E-value 2.73 x 10~2) [57].

The order Tymovirales was first described in 2004 and currently comprises five families:
Alphaflexiviridae, Betaflexiviridae, Gammaflexiviridae, Deltaflexiviridae, and Tymouviridae [58].
Members of the order Tymovirales have a 5.9 to 9.0 kb (+) ssRNA genome that is often
polyadenylated. The largest protein, the replication-associated polyprotein (RP), is encoded
by all members of the Tymovirales order. Tymovirales RP usually contains sets of conserved
functional domains [59].

Viruses belonging to this order usually have a wide range of host organisms. Betaflex-
iviridae and Tymoviridae are usually considered plant viruses [59], a single member of
Gammaflexiviridae has been detected in a filamentous fungus [58,60], and Alphaflexiviridae
have been detected both in plants and fungi [61]. Although most viruses in the order Tymovi-
rales are plant viruses, several members of this order are known to infect plant pathogenic
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fungi, including Botrytis cinerea, Fusarium boothii, Fusarium graminearum, R. solani, and
S. sclerotiorum [62-66]. Armillaria ostoyae tymovirus 1 is the second tymovirus described
within the genus Armillaria after the study of Shami et al. (2004) [24].

The phylogenetic relationships with other members from the order Tymoviriales from
GenBank are shown in Figure 3. The phylogenetically closest virus to the virus AoTV1 is
Lentinula edodes tymo-like virus 1, which was detected in a Chinese sample of the fungus
Lentinula edodes.

100 100 Soybean leaf-associated mycoflexivirus 1_YP_009508374.1
87 Sclerotinia sclerotiorum deltaflexivirus 1_YP_009508363.1
—l L Fusarium graminearum deltaflexivirus_1_YP_009268710.1
Botrytis virus F_NP_068549.1
Ribes americanum virus A_YP_009553496.1
Cherry mottle leaf virus_NP_062428.1
Watermelon virus A_QEA69426.1
Actinidia seed borne latent virus_BBH55947.1
Actinidia virus B_QJQ13953.1
Arracacha virus V_YP_009352883.1
| | Potato virus T_AZM68728.1
Prunus virus T_QVES5506.1
ﬂ: African oil palm ringspot virus_YP_002776347 .1
Cherry rusty mottle associated virus_AOT80763 1
68, Apricot latent virus_YP_004089619.1
Asian prunus virus 1_YP_009094347 .1
Birch carlavirus_QBJ27544.1
Butterbur mosaic virus_UKY18867.1
Caper latent virus_QTZ97115.1
Aconitum latent virus_NP_116487.1
Cole latent virus_QGN03513.1
Atractylodes mottle virus_YP_009508317 .1
Diuris virus A_YP_006905850.1
Apple stem grooving virus_ALJS6060.1
Cherry virus A_ASL72081.1
Donkey orchid symptomless virus_YP_008828152.1
—Botrytis virus X_NP_932306.1
Alfalfa virus S_QJD13457 1
100 [ 00—  Shallot virus X_NP_620648.1
Garlic virus A_QNJ60325.1
Vanilla latent virus_YP009389473.1
Cassia mild mosaic virus_QEM20968.1
Blackberry virus E_YP_004659200.1
Lolium latent virus YP_001718499.1
Allium virus X_YP_002647027.1
Alternanthera mosaic virus_QUP51765.1
Cactus virus X_NP_148778.1
Indian citrus ringspot virus_NP_203553.1
Citrus yellow vein clearing virus_QIN54978.1
Alstroemeria virus X_YP_319827.1
Asparagus virus 3_YP_001715612.1
S inia sclerotiorum debilitation-associated RNA virus_YP_325662.1
100 Anagyris vein yellowing virus_YP_002308578.1
r:ndean potato latent virus_YP_007517180.1
o7 Afalfa virus F_YP_009561972.1 72
100, Nectarine marafivirus M_ALX72770.1
Maize rayado fino virus_NP_115454.2
Bombyx mori latent virus_BAD35017.1
100 Armillaria borealis tymo-like virus 1_WEA82905.1
Armillaria ostoyae RNA virus 1_WOK58250.1
100 — Armillaria ostoyae tymovirus_1*
L— Lentinula edodes tymo-like virus 1_QOX06053.1
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Figure 3. RAXML phylogenetic tree based on the predicted RARP of Armillaria ostoyae tymovirus 1
(blue letters and *) and other members of the order Tymovirales. Nodes are labeled with bootstrap
support values >50%. Branch lengths are scaled to the expected underlying number of amino acid

substitutions per site.
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3.3. RT-PCR Screening

Some of the viruses described in Czech isolates of Armillaria (Figure 1) are hosted by
more than one isolate, and even by different species, suggesting interspecies transmission.
AALV1 is present in isolate 1 (Armillaria cepistipes) and in isolate 7 (A. ostoyae), AoALV2
was detected just in isolate 7 (A. ostoyae), AoALV3 is present in isolates 7 and 13 (A. ostoyae),
AoALV4 in isolates 6, 7, 8 and 13 (A. ostoyae), and AoTV1 was detected just in isolate 13
(A. ostoyae; Figure S2). Interestingly, isolates 1 and 7, between which virus interspecies
transmission has occurred, were collected at localities approximately 50 km apart. These
results suggest that ambiviruses are transmitted efficiently in Armillaria in the Czech Re-
public, as seems to happen in other regions of the Northern hemisphere [13,24], where
ambi-like viruses have been found to be very common in Armillaria isolates and occur often
in A. borealis and A. mellea from Finland, Siberia, and Switzerland. This efficiency could also
be related to the fact that members of the genus Armillaria, as well as other fungi causing
tree root rot, such as Heterobasidion spp. or Rosellinia necatrix, usually form large clonal indi-
viduals that grow for decades. It can therefore be considered that virus accumulation and
interspecies transmission of mycoviruses are considered rather rare. However, laboratory
experiments have shown that these are possible within the fungal genera Aspergillus [67],
Sclerotinia [68] and Cryphonectria [69]. In vitro studies have shown mycovirus transmissions
between somatically incompatible fungal strains of Heterobasidion [70-72], being relatively
common in both the laboratory and in nature.

4. Conclusions

Our study confirms the presence of one tymovirus and five “ambiviruses” infecting
Czech populations of A. ostoyae and A. cepistipes. Their potential effect on infected Armillaria
hosts and their ability to be transmitted intra- and interspecies should be further investigated.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390 /v16040610/s1, Figure S1. A, Amino acid alignment of
ambi-like viruses described in this study and related members. B, Amino acid aligment of Armillaria
tymovirus described in this study and related members. Figure S2. Resulting RT-PCR gels. Table SI:
List of primers used for direct virus RT-PCR detection. Table S2. A, pairwise sequence comparison
(PASC) percentages (%) based on nucleotide sequence of ambi-like viruses hosted by Armillaria
cepistipes and A. ostoyae. B, PASC % based on RARP amino acid (aa) sequence of ambi-like viruses
hosted by Armillaria cepistipes and A. ostoyae. Table S3: Types and genomic position of the ribozymes
detected in Armillaria ambiviruses.
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11 Zaveér
V ramci této prace byly splnény vSechny vytycené cile:

e Na zakladé molekularnich metod bylo identifikovano 64 druhd A. ostoyae, 33 A.
cepistipes a 3 A. gallica sbiranych v Ceské republice
e Byly popsany nové ssRNA mykoviry u hub Armillaria ostoyae a cepistipes
o 4 viry ndleZici do virové skupiny ,,ambiviry”
o 1 virnalezici do virové Celedi Tymoviridae
e Byly charakterizovany genomy detekovanych virli a provedena fylogeneticka ana-
lyza se vSemi popsanymi sekvencemi
e BylanavrZena a optimalizovana metoda RT-PCR pro rychlou detekci popsanych RNA
virQ
o Neékteré z popsanych virl se vyskytovaly ve vice neZz jednom izolatu, a dokonce i u

raznych druhl Armillaria
Zaroven byly v této praci potvrzeny vSechny stanovené hypotézy:

e Prokazalo se, Ze na zdkladé molekuldrnich marker( Ize spolehlivé odlisit jednotlivé
druhy rodu Armillaria

e Bylo popsdno nékolik mykovirt izolovanych z vaclavek rodu Armillaria pochdzejicich
z CR

e Metodou RT-PCR byla syntetizovana cDNA, ktera byla vyuzita pro potvrzeni pfitom-
nosti mykovirll a metoda RT-PCR se tak ukazala vhodna pro pouziti pti detekci zna-

mych mykovir(.
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