Zemédélska Jiholeska univerzita

... fakulta v Ceskych Budé&jovicich

Faculty University of South Bohemia
.. of Agriculture  in Ceské Budé&jovice

JIHOCESKA UNIVERZITA V CESKYCH BUDEJOVICICH
ZEMEDELSKA FAKULTA

Dizertacni prace

Moznosti vyuziti vybranych druhli entomopatogennich hub
v biologicke ochrané rostlin proti modelovym druhim Sktidcti

hospodaftskych plodin

Ing. Jana Konopicka

Ceské Budgjovice
2022



Skolitel: prof. Ing. Vladislav Curn, Ph.D.
Jiho¢eské univerzita v Ceskych Bud&jovicich
Zemé&déelska fakulta

Katedra genetiky a zemé&délskych biotechnologii

Skolitel specialista: Ing. Andrea Bohata, Ph.D.
Jiho&eska univerzita v Ceskych Bud&jovicich
Zemégdéelska fakulta

Katedra rostlinné vyroby

Skolitel specialista: Ing. Rostislav Zemek, CSc.

Biologické centrum AV CR, v. v. i. v Ceskych Bud&jovicich
Entomologicky ustav

Laboratof aplikované entomologie

Prace vznikla za podpory projektii:

GAJU 018/2018/Z

GAJU 027/2019/Z

TACR TP01010022

TACR TG02010034

NAZV QK1910270

Institucionalni podpora RVO:60077344
MMT 8G15006


https://www.entu.cas.cz/
https://www.entu.cas.cz/oddeleni/oddeleni-biochemie-a-fyziologie/laborator-aplikovane-fyziologie-hmyzu

Podékovani

Rada bych podékovala svému $koliteli prof. Ing. Vladislavu Curnovi, Ph.D., za cenné
rady a pfipominky béhem mého studia. Déle bych chtéla podc¢kovat Skolitelim
specialistim pani Ing. Andree Bohaté, Ph.D., a panu Ing. Rostislavu Zemkovi, CSc.,
kteti m& b&hem celého studia formovali a podporovali. Jejich cenné rady, postiehy,
vstiicnost a trpélivost vedly ke vniku této prace. Pod€kovani patii také pani
Olze DiviSové za technickou asistenci a pomoc pii vyhodnocovani pokusi.
A v neposledni fad€ bych chtéla podé€kovat mé rodiné, ktera mé vzdy podporovala
po celou dobu mého studia.



Prohlaseni

Prohlasuji, ze jsem doktorskou disertacni praci vypracovala samostatné¢ na zakladé
vlastnich zjisténi a za pomoci uvedené literatury.

Prohlasuji, Zze v souladu s § 47b zédkona ¢. 111/1998 Sb. v platném znéni souhlasim
se zvefejnénim své dizertacni prace, a to v nezkracené podobé¢ elektronickou cestou
ve vefejné pristupné Casti databdze STAG provozované JihoCeskou univerzitou
v Ceskych Budgjovicich na jejich internetovych strankach, a to se zachovanim mého
autorského prava k odevzdanému textu této kvalifikacni prace. Souhlasim déle s tim,
aby toutéz elektronickou cestou byly v souladu s uvedenym ustanovenim zdkona
¢. 111/1998 Sb. Zvetejnény posudky skolitele a oponentil prace i zaznam o pritbéhu
a vysledku obhajoby kvalifikacni prace. Rovnéz souhlasim s porovnanim textu
mé kvalifikaéni prace s databazi kvalifikacnich praci Theses.cz provozovanou
Néarodnim registrem vysokoSkolskych kvalifika¢nich praci a systémem na odhalovani
plagiath.

V Ceskych Bud&ovicich dne .....ccoccecvvciicies e
Ing. Jana Konopicka



Souhrn

Dizertacni prace je zaméfena na problematiku entomopatogennich hub, které
se mohou vyuzivat v biologické ochrané rostlin. Dizertacni prace je sestavena ze dvou
hlavnich ¢asti: 1) podrobné literarni reserSe a 2) péti podkapitol experimentalni ¢asti
a vysledku, které obsahuji originalni publikace s vysledky vlastni vyzkumné prace.

Prvni studie byla zaméfena na izolaci a identifikaci novych kment
entomopatogennich hub z puidnich vzorkd z Ceské republiky a Izraele a zkoumala
se také ucinnost proti roztoCi Rhizoglyphus robini. Celkem bylo z ptidnich vzorkl
zobou zemi vyizolovano 5 rodl entomopatogennich hub (Metarhizium sp.,
Beauveria sp., Isaria  sp., Lecanicilium sp. a  Purpureocillium  sp.).
Nejfrekventovanéj§i byl rod Metarhizium sp. a to zejména na lokalitach
v Ceské republice. Nejvyssi Gi¢innost proti rozto&i Rhizoglyphus robini byla zjisténa
u kment Metarhizium anisopliae izolovanych z padnich vzorka z Ceské republiky
a u kmene Metarhizium indigoticum z lzraele. Mortalita po 4. dnech biotestu byla
téméf 100 %.

Druha studie se zabyvala GCinnosti  entomopatogenni  houby
Isaria fumosorosea CCM 8367 proti zavijeCi zimostrazovému
(Cydalima perspectalis). Houbova infekce byla pozorovana vétSinou u kukel.
Nicméné mortalita nepiesdhla 60 %, coZ naznacuje velmi nizkou citlivost
zavijeCe zimostrazoveého k houbé€ Isaria fumosorosea CCM 8367.

Ve tieti podkapitole se feSila problematika zavazného Skiidce brambor
mandelinky bramborové. Nejprve byly provedeny laboratorni experimenty,
kde se vybral virulentni kmen Beauveria bassiana BBA 08 proti tomuto skidci, ktery
byl nasledné pouzit v dalSich experimentech. Tento kmen byl testovan proti dospélciim
mandelinky bramborové v kvétind¢ovych pokusech a polnich podminkach. Houba
byla aplikovana samostatné a v kombinaci s entomopatogennimi hlisticemi. Ve vSech
experimentech houba snizila pocty dospélci mandelinky bramborové, v terénni
aplikaci az 0 30 % v porovnani s kontrolou.

Ctvrta studie se vénovala zam&mému obohaceni piidniho vysevniho substratu
entomopatogenni houbou Isaria fumosorosea CCM 8367 pro zvySeni supresivity.
Vysledky ukazaly, ze pifi 20 °C houba uspésné kolonizovala plidni substrat
a pretrvavala v ném vice jak 6 mésicii 1 kdyz se primérna koncentrace mirn¢ snizila
7 5,89x10% na 2,76x10* spor na mililitr substratu béhem experimentu.

Posledni studie testovala efektivitu pfenosu entomopatogenni houby
Isaria fumosorosea CCM 8367 pomoci entomopatogennich hlistic druhu
Steinernema feltiae a Heterorhabditis bacteriophora. Vysledky nasi studie poprvé
ukézaly, ze Sifeni konidii i1 blastospor Isaria fumosorosea je vyznamné posileno
pfitomnosti entomopatogennich hlistic.

Kli¢ova slova: entomopatogenni houby, biologickd ochrana, Rhizoglyphus robini,
Metarhizium, Isaria, Beauveria, virulence, pidni substrat, hlistice



Summary

Ph.D. thesis is focused on the entomopathogenic fungi that can be used
in biological control. Ph.D. thesis consists of two main parts: 1) a detailed background
research, and 2) five subchapters of the experimental part and results, which contain
original publications describing results of my own studies.

The first study focused on the isolation and identification of new strains
of entomopathogenic fungi from soil samples collected in garlic and onion fields
in the Czech Republic and Israel. Furthermore, the efficacy of selected fungal strains
against the bulb mite Rhizoglyphus robini was tested. A total of 5 genera
of entomopathogenic fungi (Metarhizium sp., Beauveria sp., Isaria sp., Lecanicilium
sp. and Purpureocillium sp.) were identified among the soil isolates from both
countries. The most frequent was the genus Metarhizium sp. especially in sampling
sites of the Czech Republic. The highest efficacy against Rhizoglyphus robini mites
was found in Metarhizium anisopliae strains isolated from soil samples collected
in the Czech Republic and in Metarhizium indigoticum strain from Israel. Mortality
after 4 days of the bioassay was almost 100%.

The second study investigated the efficacy of the entomopathogenic fungus
Isaria fumosorosea CCM 8367 against box tree moth (Cydalima perspectalis). Fungal
infection was mostly observed in pupae. However, mortality did not exceed
60%, indicating a very low susceptibility of box tree moth to Isaria fumosorosea
CCM 8367.

In the third subchapter, various strains of entomopathogenic
fungus Beauveria bassiana were tested against the Colorado potato beetle, a serious
pest of potato. First, laboratory experiments were performed and the most virulent
strain BBA 08 against this pest was selected and used subsequently in further
experiments. The strain efficacy against L. decemlineata adults was evaluated in pot
experiments and under field conditions. The fungus was applied alone and in
combination with entomopathogenic nematodes. In all experiments, the fungus
reduced the number of Colorado potato beetle adults by about 30% compared to the
control.

The fourth study described enrichment of soil substrate with entomopathogenic
fungus Isaria fumosorosea CCM 8367 for increasing its suppressivity. The results
showed that the fungus successfully colonized the soil substrate and remained in it for
more than 6 months at 20 °C, although the average concentration decreased slightly
from 5.89x10% to 2.76x10* spores per milliliter of substrate during the experiment.

The last study described dissemination of Isaria fumosorosea CCM 8367
spores by nematodes of Steinernema feltiae and Heterorhabditis bacteriophora.
The results of our study revealed for the first time that the spread of conidia
and blastospores of Isaria fumosorosea in soil environment is significantly enhanced
by the presence of entomopathogenic nematodes.

Key words: entomopathogenic fungi, biological control, Rhizoglyphus robini,
Metarhizium, Isaria, Beauveria, virulence, soil substrate, nematodes
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1 Uvod

V soucasné dobé je mnoho Skliidci vyznamnych zemédé€lskych plodin
odolnych wvici pesticidim. Rezistence populaci Skiidci se mnohdy neuvazenou
aplikaci pesticidii neustale zvySuje, proto je snaha vyuzivat alternativni metody
vramci programi integrované ochrany rostlin. Mezi takové metody patii
napf. biologickd  ochrana  rostlin.  Vhodnou  ekologickou  alternativou
k Sirokospektralnim chemickym pesticidim je vyuzivani pfirozenych nepiatel,
jako jsou predatofi, parazitoidi a mikroorganismy mezi které spadaji také
entomopatogenni houby.

Znacny pocet mikrobidlnich biopesticidi na bazi entomopatogennich hub
soucasti pudy a infikuji skiidce ze vsech fadi hmyzu, diky ¢emuz jsou povazovany
za vyznamné biologické agens regulujici populace Skidct. Jejich velkd vyhoda
spoiva v tom, ze nemusi byt pfijimany potravou, protoze jsou schopny proniknout
pies kutikulu do hostitele a biopreparaty na bazi entomopatogennich hub lze snadno
vyrobit. Mezi nejbéznéj§i pouzivané druhy entomopatogennich hub v komeréné
vyrabénych mykopesticidech patii: Beauveria bassiana (Balsamo-Crivelli) Vuillemin,
Metarhizium anisopliae (Metchnikoff) Sorokin, Isaria fumosorosea (Wize)
Brown & Smith a Beauveria brongniartii (Saccardo) Petch.

Kromé ptimé biologické ochrany proti Skiidclim se tyto houby mohou vyuzivat
také v preventivnich aplikacnich programech, zejména u okrasnych nebo Skolkatskych
vypéstki, aby poskytly lepsi ochranu proti sktidctiim. Dalsi vyhodou pii pouziti téchto
mikroorganismil je i1 absence rezidui v oSetfenych kulturach, takze v ptipad€ pouziti
piipravku na bazi entomopatogennich hub neni potfeba dodrzovat ochrannou lhtitu.
To skyta vysokou ptidanou hodnotu zejména v systémech produkce ovoce a zeleniny.
Nevyhodou pouziti entomopatogennich hub 1 ostatnich bioagens je jejich zavislost
na podminkach prostiedi (zejména teplota, relativni vzdusna vlhkost a UV zafeni).
Tim se pouzitelnost omezuje pouze na urcité klimaticky ptiznivé arealy a prostory jako
jsou napt. skleniky.

Dizertacni prace se veénuje problematice entomopatogennich hub, které
se mohou vyuzivat v biologické ochrané rostlin. Mezi cile této dizertacni prace patii
izolace a identifikace novych kmeni entomopatogennich hub z pidnich vzorki
zCeské republiky a Izracle a naslednd jejich testovani proti roztodi
Rhizoglyphus robini. Déle byly vtéto praci testovany vybrané kmeny
entomopatogennich hub na vyznamnych Skidcich zavije¢i zimostrdzovém
a mandelince bramborové. DalSim vyznamnym cilem prace bylo zdmérné inokulovat
pudni substrat entomopatogenni houbou Isaria fumosorosea CCM 8367 a tim zvysit
jeho supresivitu. A poslednim cilem této prace bylo otestovat, zdali se muze
entomopatogenni houba Isaria fumosorosea CCM 8367 S§ifit v prostiedi efektivnéji
za pomoci entomopatogennich hlistic.



2 Literarni prehled

2.1 Integrovana ochrana rostlin

Integrovana ochrana rostlin (IOR) je systém hospodateni, ktery upiednostiiuje
ptirozenéjsi alternativy ochrany rostlin a zaroven snizuje zavislost na pesticidech. Jde
o ptechod mezi konvenénim a ekologickym systémem hospodafeni. IOR zahrnuje
prevenci, monitoring a intervenci (Prochazka 2019; Bailey et al. 2010). Termin
IOR jako prvni definovali kalifornsti entomologové Stern, van Der Bosch,
Hagen a Smith vroce 1959 jako pfistup k potlacovani Skodlivych organismi
(Stern et al. 1959).

2.1.1 Definice integrované ochrany rostlin

Klasickou a jednu z nejvice pouzivanych definic charakterizovala organizace
spojenych narodti, Food and Agricultural Organization (FAO). Tato definice popisuje
IOR jako systém regulace Cetnosti populaci Skodlivych ¢initeli, ktery vyuziva vSech
metod regulace Cetnosti populaci Skodlivych ¢Cinitelit s ohledem na ekologické,
ekonomické, toxikologické a hygienické pozadavky, se zamérem udrzet populace
Skodlivych Ciniteld na tolerovatelné urovni, pii preferovani a védomém vyuZzivani
piirozenych metod regulace populacni hustoty Skodlivych €initeld. IOR se zamétuje
na rast zdravé plodiny s co nejmensSim naruSenim agroekosystémi a podporuje
piirozené mechanismy kontroly sktidci.

Agentura pro ochranu zivotniho prostiedi (U.S. Environmental Protection
Agency zkracen¢ EPA ¢i1 USEPA) charakterizuje IOR jako ucinny a ekologicky citlivy
piistup vregulaci cCetnosti populaci Skodlivych Cinitelt, ktery se zamétuje
na kombinaci postupt zdravého rozumu. Programy IOR vyuzivaji aktudlni
a komplexni informace o zivotnich cyklech Skidcu a jejich interakci s prostfedim.
Tyto informace se v kombinaci s dostupnymi metodami ochrany pied skidci pouzivaji
k fizeni Skod Sktdcii nejispornéjSim zplisobem a s co nejmensim moznym rizikem
pro lidské zdravi, necilové organismy a zivotni prostredi.

V roce 2009 byla piijata Cleny Evropské Unie smérnice 2009/128/ES, ktera
je soucasti narodni legislativy rostlinolékaiského zédkona €. 199/2012 Sb. § 5. Podle
smérnice 2009/128/ES se IOR rozumi ,,pe€livé zvazovani veSkerych dostupnych
metod ochrany rostlin a nasledna integrace vhodnych opatieni, kterd potlacuji rozvoj
populaci Skodlivych organismi a udrzuji pouzivani ptipravkd na ochranu rostlin
a jinych forem zasahu na trovnich, které 1ze z hospodarského a ekologického hlediska
odliivodnit a které snizuji ¢i minimalizuji rizika pro lidské zdravi nebo Zivotni
prostfedi. IOR klade diraz na rist zdravych plodin pfi co nejmensim naruSeni
zem&délskych ekosystémli a podporuje pfirozené mechanismy ochrany
pred Skodlivymi organismy“. Soucasti rostlinolékaiského zdkona je platnd vyhlaska
¢. 205/2012 o obecnych zasadach IOR. Dodrzovani obecnych zasad IOR je povinné
pro kazdého zemédélce Evropské Unie od 01. 01. 2014. Kontrolu dodrzovani
obecnych zasad IOR v Ceské republice provadi Ustiedni kontrolni a zkusebni tistav
zemédélsky (UKZUZ) na zakladé tzv. kontrolniho  bodového  systému
(Hnizdil 2014b).
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Obecné zasady IOR (upraveno podle vyhlasky ¢ 205/2012 Sb.)

1. Opatfeni k zamezeni vyskytu Skodlivych organismii jako stiidani plodin,
pouzivani odolnych odrid, vyvadzené¢ hnojeni, dodrzovani hygienickych
opatieni a podpora uzite¢nych organismui

2. Sledovani Skodlivych organismti dostupnymi postupy a nastroji

3. Rozhodovani o provedeni opatfeni na zakladé¢ védecky podlozenych
prahovych hodnot, vztazené vzdy na konkrétni oblast, plodinu, termin
a podminky

4. Upftednostiovani  metod  udrzitelnych  biologickych,  fyzikalnich
a nechemickych metod, pted chemickymi, zajisti-li uspokojivou ochranu

5. Piinasazeni pesticidl pouzivani co nejvice specifickych k danému Skodlivému
organismu s co nejmensimi vedlejSimi ucinky na lidské zdravi, necilové
organismy 1 Zivotni prostredi

6. Pouzivani pesticidll jen v nezbytném rozsahu

7. Uplatiiovani antirezistentnich strategii a stfidani U¢innych latek s odliSnymi
mechanismy U¢inku

8. Pravidelné vyhodnocovani tspésnosti provadénych opatieni

Hlavnim rysem IOR by méla byt predev§im komplexnost pristupu pii vybéru
zpusobu ochrany konkrétniho porostu a zejména zvadzeni a realizovani moznosti
zapojit do systému potlacovani Skodlivych organismii dostupné ptirozené prostiedky
(Hnizdil 2014a). Jednim z pfirozenych prostiedkii na doplnéni klasické ochrany
a v nékterych ptipadech i pfima nahrada chemickych ptipravkl v ochrané rostlin, které
byt i entomopatogenni houby (Bidochka 2001), které jsou z hlediska environmentalni
zatéze mnohem pfiijatelnéjsi, nez synteticke pesticidy (St. Leger et al. 1996).

2.2 Biologicka ochrana rostlin

Populace vSech zivych organisma v ptfirod¢ se snizuji pomoci predatort,
parazitli, parazitoidii a riznych mikroorganismt. Tento proces se nazyva piirodni
ochrana. Jsou-li sktidci kontrolovani, jedna se o biologickou ochranu (Hajek 2004).
Biologicka ochrana rostlin (BOR) muze byt definovana jako umyslné vyuzivani
prirozenych nepiatel Skodlivych organismii pro jejich potlaceni a obvykle zahrnuje
aktivni lidskou roli (Bale et al. 2007). Biologickou ochranou se rozumi nejen zamérné
vyuZzivéani a cilena podpora pfirozenych neptatel, ale 1 zZdmérné vyuzivani a podpora
systémil v interakcich ,,zivy proti zivému* (Landa 2002). Mezi pfirozené nepiatele
hmyzich $kiidch a rozto¢h patii parazité, parazitoidi a predatofi. Biologickéd ochrana
plevell zahrnuje hmyz (herbivofi) a patogeny. V regulaci patogent rostlin se uplatiiuji
tzv. antagonisté nebo mykoparazité (Hajek, Eilenberg 2018). Eilenberg ef al. (2001)
rozliSuje n€kolik zplsobl biologické ochrany rostlin: klasickou biologickou metodu,
augmentacni metodu (kterd muiize byt dale délena na inundativni a inokulativni)
a konzervaéni metodu.
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2.2.1 Strategie biologické ochrany rostlin

Klasicka biologicka metoda

Klasické biologickd metoda je zdmérnou introdukci exotického biologického
agens, s cilem zajistit jeho trvalé usidleni v biotopu a tim dlouhotrvajici kontrolu
cilového sktdce (Eilenberg et al. 2001). Tato metoda se pouziva hlavné proti
»exotickym* Skidcim, ktefi se usadili v novych zemich nebo regionech svéta.
Pomérné maly pocet urcitého druhu pfirozeného nepfitele (obvykle méné nez 1 000)
je shromazd’ovan ze zemé nebo oblasti piivodu skodlivého organismu a nasledné
inokulovéan do nového prostiedi, kde umoziuje vybudovat trovei biologické ochrany,
ktera mize byt udrzena po velmi dlouhou dobu (Roy et al. 2010; Bale et al. 2007).
Prvni ptfipad cilené biologické ochrany tohoto typu je dolozen z ostrova Mauricius,
kam byl v roce 1762 introdukovan druh Majna obecné (Acridotheres tistis) za ucelem
regulace sarancat Nomadacris septemfasciata (Shah, Pell 2003). Tento typ biologické
povaha ekosystému umoziuje, aby se interakce mezi Skiidci a pfirozenymi neprateli
pln¢ etablovala v urcitém ¢asovém obdobi. Prikladem uspeésné introdukce byl dovoz
a vypusténi dravého slunécka Rodolia cardinalis za GCelem regulace zavleceného
citrusového Sktudce cervce Icerya buyi ve stiedomoiské Evropé kolem roku
1900 (Bale et al. 2007). Dale vypusténi parazitoida Aphelinus mali ve 30. letech
20. stoleti za ucelem regulace zavle¢ené msice vinatky krvavé (Eriosoma lanigerum)
v jablonovych sadech po celé Evropé (Greathead 1976). Pokud jde o entomopatogenni
houby, je zndma introdukce izraelského kmene obligatniho parazita Zoophthora
radicans proti mSicim Therioaphis trifolii f. maculata Skodici na leguminézach
v Australii. Tato entomoparazitickd houba pfispéla k odvraceni vyznamnych
hospodarskych Skod (Shah, Pell 2003).

Inundativni metoda

Inundativni metoda je zamérné vneseni zivého organismu do prostiedi,
ve kterém je ptredpoklad pro uspésnou kontrolu pocetnosti populace skiidce po urcity
casovy usek. Po vyhubeni sktidce ptirozeni nepiatelé hynou (Eilenberg et al. 2001).
Jde o masové vypusténi ptirozeného nepftitele Skodlivého organismu s cilem okamzité
potlacit Cetnost Skodlivého organismu. Strategie je urCena proti jednogenera¢nim
Skiildciim zptisobujicich $kody na polnich plodinach. Inundativni metoda je obvykle
pfechodna a je nutné ji opakovat, nékdy vice nez jednou ro¢né (Bale et al. 2007).
Ptikladem je vypousténi parazitické vosi¢ky Trichogramma evanescens do populace
zavije€e kukufi¢ného (Landa 2002). Tato forma BOR se také oznacuje jako ,,aplikace
biopesticidii, protoze vétSina téchto latek se pouziva za pouziti upraveného
konvencniho zatizeni pro aplikaci pesticidii. Mikrobidlni patogeny jsou aplikovany
timto zptisobem. Casto jsou produkovéany fermentaénimi procesy, protoZe je zapotiebi
obrovské mnoZzstvi inokula k potlaeni nezddoucich organismii (Helyer et al. 2014).
V ptipadé vyuZiti entomopatogennich hub se pro tuto metodu pouzZivd pojem
mykopesticid, popt. mykoinsekticid. Pfikladem muize byt pouZiti biopreparati na bazi
entomopatogennich hub napt. BotaniGard (Beauveria bassiana) proti Sirokému
spektru hostiteld vyuzivané v Severni Americe, PFR 97 (Isaria fumosorosea) proti
mSicim, molicim a sviluSce chmelové a komer¢né dostupny produkt Met 52
(Metarhizium anisopliae) (Shah, Pell 2003).
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Inokulaéni metoda

Inokulaéni metoda je forma BOR, pifi niz je vneseno velké mnozstvi
ptirozenych nepratel, k piekryti populaci skodlivych Cinitelii v fizenych podminkéch,
tj. skleniki a v interiérech spiSe nez u polnich plodin (Helyer et al. 2014). Tato metoda
je vyuzivana ¢asto po obdobi péstitelského cyklu proti Skiidcim, kteti maji vice
generaci do roka a vneseni prirozeného nepritele miize byt i opakované (Landa 2002).
Cilem augmentativni strategie je dosahnout okamzit¢ého ochranného efektu
(Bale et al. 2007). Piikladem je periodickd (tydenni nebo ctrnéctidenni) aplikace
parasitoidnich vosi¢ek Encarsia formosa do rostlin citlivych na molice. Tato aplikace
se provadi za ucelem ochrany mnoha sklenikovych plodin (Helyer et al. 2014). Dale
se vramci této metody vyuzivaji napt. dravy rozto¢ Phytoseiulus persimilis,
entomopatogenni  bakterie  Bacillus  thuringiensis, entomopatogenni houba
Beauveria bassiana a spousta dalSich jinych makroorganismii nebo mikroorganismil
(Driesche, Heinz 2004; Landa 2002).

Konzervace a podpora prirozenych nepratel

Konzervaéni biologicka ochrana spoc¢iva v cilené ochrané a podpoie pfirozené
se vyskytujicich druhli neptatel hmyzich sktidci. Jedna se o podporu populaci, které
se v daném prostiedi jiz vyskytuji, a to tak, aby jejich plisobenim nésledné doslo
k udrZeni populaci skiidcli na tolerovatelné urovni (Pell et al. 2010). To muze
zahrnovat rozvoj oblasti, které funguji jako 1utoCiSt€ pro prospéSné organismy,
poskytovani vhodnych rostlin a mist pro piezimovani, ¢asnou produkci pylu a omezeni
Sirokospektralnich pesticidi (Helyer et al. 2014). V ptipadé entomopatogennich hub
a jejich podpory je vhodné zvySovat napt. pomoci zavlazovani vlhkost, omezit pouziti
pesticidi ¢i zajistit dostatek vhodnych hostitelit v neobdélavanych biokoridorech, ktefi
mohou dopomoci k bezproblémovému prezimovani (Shah, Pell 2003).

2.2.2 Ptirozeni nepiatelé

Ptirozené neptatele 1ze definovat jako zivé organismy, které se bézn¢€ vyskytuji
v pfirod¢ a jsou schopny usmrcovat nebo oslabovat populace jinych organismii
nebo snizovat jejich reprodukéni potencial (Landa 2002). Pfirozeni neptatelé
se v biologické ochrané rostlin déli na dvé skupiny. Do prvni skupiny pfirozenych
nepratel spadaji makroorganismy (parazité, parazitoidi, predatofi) a druhd skupina
zahrnuje = mikroorganismy  (bakterie,  viry,  hlistice, houby, prvoci)
(Hajek, Eilenberg 2018). VétSina pfirozenych neptatel je vysoce specializovana
a napadd pouze jeden nebo n€kolik pfibuznych druhli Skidce. Pfirozeni neptatelé
se aplikuji s cilem regulovat populace Skiidcti pod ekonomickym prahem Skodlivosti,
zpomalovat a oddalovat vznik jejich rezistence vU¢i pesticidim a sniZovat
kontaminace zivotniho prostiedi (Hone¢k er al. 2008). Nejucinnéjsi regulace
Skodlivych organismli je dosazena, pokud ma pfirozeny nepfitel uzky hostitelsky
okruh, synchronni Zivotni cyklus s Zivotnim cyklem Skiidce a vice generaci do roka.
Tyto vlastnosti zajisti vyss§i Gi€innost proti Skodlivému organismu (Dreistadt 2007).
Vsechny metody biologické ochrany popsané vySe umoZiluji vyuZzit ptirozené
nepratele proti Skodlivym Cinitelim (Hajek, Eilenberg 2018).

13



Makroorganismy — 1. skupina prirozenych nepratel

Skupina makroorganismi neboli bioagens je obvykle ¢lenéna na zikladé
vztahu k dané skupiné Skidct, kterou jsou schopni regulovat, na parazity a predatory.
Casto je v ramci této skupiny samostatnd vy¢lefiovana kategorie parazitoidd
(Hajek 2004; Kabicek 2004). Dilezitou podminkou uspé$ného uchyceni ptirozenych
nepratel je vCasna aplikace bioagens na zakladé peclivého monitorovani vyskytu
Skodlivych organisml v porostu. Nejsou-li v ochrané proti skodlivym organizmiim
vyuzivany vyhradné jen bioagens, je nutné téz zajistit jejich kompatibilitu s jinymi
metodami ochrany rostlin a zejména pak s ptipravky chemické ochrany proti skiidcim
a patogentim. Pouziti nevhodnych pesticidil v systému ochrany dané plodiny ¢i kultury
muze vyrazn¢ omezit nebo zcela znicit probihajici regulaci populaci skiidcti pomoci
ptirozenych nepratel (Kabicek 2004).

Sirokospektralni pesticidy ¢asto zabijeji vyssi podil predatorti a parazitoidi
nez sklidce, na néz se vztahuji. Kromé& okamzitého zabijeni pfirozenych nepratel, kteti
jsou ptitomni (kontaktni toxicita), je mnoho perzistentnich pesticidi, které zanechéavaji
rezidua v pude. Zbytkova rezidua jsou Casto pro pfirozené neptatele toxicka dlouho
poté, co jiz nejsou ovlivitovani sktidci. I nizké hladina rezidui pesticidi miize narusit
reprodukei pfirozenych neptatel a jejich schopnost lokalizovat a zabijet Skudce
(Dreistadt 2007). V ptipad¢ pouziti pesticidii nebo mechanického poskozeni rostlin
muze ptirozeného nepftitele na urcitou dobu odehnat od populace hostitele nebo jej
zahubit (Osborne et al. 2004). Distributofi bioagens obvykle spottebitele informuji,
které ptipravky chemické ochrany Ize nebo nelze pouZit pii pouZziti konkrétniho druhu
bioagens, aby nedoslo k radikalnimu sniZzeni nebo uplnému vyhubeni jeho populace
(Kabicek 2004).

Paraziti

Paraziti jsou organismy, které vytvareji vzajemné vztahy mezi organismy
ruznych druhi. Vyhoda parazita je, ze zZije na tkor druhého organismu nazyvaného
hostitel (Helyer et al. 2014). Paraziti jsou Castecné nebo po vétSinu svého vyvoje
zéavisli na svém hostiteli a rozd¢€luji se na parazity zijici na povrchu téla, kdy oslabuji
hostitele zven¢i (ektoparazité) nebo je oslabuji zevnitt (endoparazité)
(Hongk et al. 2008). Existuji rizné typy parazitickych vztahli. Obligatni parazité
nemohou ptezit bez svych hostitelii, zatimco fakultativni parazité ano. Paraziti svého
hostitele mohou oslabovat, nemusi ho vzdy usmrtit (Helyer ef al. 2014; Landa 2002).
A ztohoto divodu nejsou paraziti v biologické ochrané¢ tak vyznamni

(Navratilova 2015a).

Parazitoidi

Tato skupina makroorganismii patii prevazné do fadd blanokiidli
(Hymenoptera) a dvoukiidli (Diptera). Parazitoidi jsou mens$i neZ jejich hostitel
ajsou na svého hostitele vdzani nejen potravné, ale i vyvojové (Dreistadt 2007,
Landa 2002). Znamena to, Ze cely vyvojovy cyklus parazitoida nebo jeho ¢ast je vazan
na vyvojovy cyklus organismu, ktery je jim regulovan (Kabicek 2004). Parazitoidi
jsou uzce specializovani na jeden druh nebo rod skodlivého organismu a mohou
napadat vSechna vyvojova stadia nebo se tizce specializuji na konkrétni stadium. Larvy
se zivi tkdnémi a télnimi tekutinami hostitele (Honek et al. 2008). VZzdy nastane smrt
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hostitele, coz je velkym pifinosem z hlediska BOR. Parazitoidy l1ze dale klasifikovat
na ektoparazitoidy, ktefi se vyvijeji na hostiteli a endoparazitoidy, kteti se vyvijeji
z vajicka ulozeného v hostitelském organismu (Helyer et al. 2014). Na hostiteli
se Casto zivi pouze nedospélé stddium parazitoida a zabije pouze jednoho hostitele,
dospélci ziji volné a vétSinou se zivi sanim nektaru (Dreistadt 2007). Lokalizace
hostitele parazitoidy probiha pomoci chemickych podnétt, které produkuji sami
hostitel¢é nebo napadené rostliny. Pokud parazitoid lokalizuje hostitele, zacina
s ohledanim a v kratkém casovém useku bud’ samicka naklade vajicko do hostitele,
nebo se jim za¢ne zivit (van Lenteren, Woets 1988). Biologické prostfedky na bazi
parazitoidl obsahuji prevazné kukly.

Jako klasické priklady pouzivanych parazitoidii lze uvést parazitoidy larev
molic mSicovnika Eretmocerus eremicus a vosicku Encarsia formosa. Dospélci
mnoha parazitoidnich vosicek se mohou zivit také jako predatoti, kdy zabijeji jeden
nebo vice druhii sktidcii a vyrazné ptispivaji k jejich regulaci (Helyer et al. 2014). Mezi
dal8i vyznamné parazitoidy zafazujeme msicomary Aphidius colemani a A. ervi proti
msicim, parazitoidy vrtalek lumcika Dacnusa sibirica a Lesknatku Diglyphus isae
(Hajek 2004; Ticha 2001). V polnich podminkach se vyuZivaji drobnénky rodu
Trichogramma (Hymenoptera: Trichogrammatidae), které svym vzristem patii mezi
nejmensi hmyz na svété. Druhy tohoto rodu jsou zndmé jako parazitoidi vajicek celé
fady zastupct fadu motyli (Lepidoptera). V Ceské republice jsou pro pouZiti v ochrang
rostlin registrovany druhy 7. brassicae, T. pintoi a T. evanescens. Ve Svycarsku byl
od roku 1975 masové€ chovan druh 7. evanescens a od roku 1978 vyuzivan v kukufici
proti zavijeci kukuti¢nému (Ostrinia nubilalis) (van Lenteren 2012).

Predatori

Predatoti patfi také k vyznamnym pfirozenym nepiatelim clenovct
a jsou zastoupeni v mnoha fadech tfidy hmyzu a v nékterych celedich roztoci
(Acarina). Tyto makroorganismy jsou na svou obét vazany pouze potravng,
to je odliSuje od paraziti a parazitoidi (Hoffmann, Frodsham 1993). Jejich Zivotni
strategie se od strategie parazitoidii a paraziti 1isi i1 specializaci, kdy nékteré druhy
parazitoida jsou pfevazné specializovani na tizkou skupinu hostitelt, kdezto predatoii
mayji Siroky okruh hostitelti, kterymi se zivi (Osborne et al. 2004). Spotieba potravy
je oproti parazitoidim vysokd (Hoffmann, Frodsham 1993). Néktefi predatofi mohou
byt polyfagni, kdy napadaji Siroky okruh hostitelti, ale zpravidla preferuji potravné
urcity druh (Navratilova 2015a). Napadeni obvykle probihd propichnutim kutikuly
hostitelského organismu, kdy se poskodi jeho vnitini organy a nésleduje bud’ vysani
télni tekutiny nebo konzumace celého téla hostitele predatorem. U mnoha predatorii
se kofisti (hostitelem) Zivi pouze larvalni stddium a dospélci piezivaji na rostlinné
potravé jako je rostlinny nektar, pyl nebo medovice hmyzu. U predatori
jako jsou napt. slunécka se vSak larvalni i dospé€lé stadium zivi vyhradné hostitelem
(Helyer et al. 2014). Biologické prostfedky na bazi predatortii jsou k dostani ve formé
dospélct.

Mezi vyznamné predatory vyuZivané v BOR zafazujeme napi. bejlomorku
Aphidoletes aphidimyza, kterd je predatorem vSech béznych druhd msic, slunécko
Cryptolaemus montrouzieri, které se vyuzivad kosmopolitné proti ¢ervcim, dravou
plostici Klopusku Macrolophus caliginosus a hladénku Orius laevigatus predatory
molic, tfasnének, msSic a sviluSek (van Lenteren 2012; Moayeri et al. 2006;
Helyer et al. 2003). Mezi biologické prostfedky na bazi dravych roztoct patii
napt. Amblyseius cucumeris napadajici ttasnénky, Phytoseiulus persimilis, ktery
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je hlavnim prostfedkem biologické ochrany proti svilusce chmelové, dravy rozto¢
Typhlodromus pyri predator fady Skodlivych roztocu (svilusky, hal¢ivei) (Hajek 2004)
a Hypoaspis aculeifer roztoC zivici se larvami smutnic, muchnic, tfasnének a jiného
hmyzu a také chvostoskoky a rozto¢i (Helyer et al. 2003; Zhang 2003).

Mikroorganismy — 2. skupina prirozenych nepratel

Jako mikroorganismy jsou oznacovany organismy, které jsou dobie viditelné
pouze pod mikroskopem. Nékteré druhy mikroorganismi jsou schopny vyvolat
hromadné nakazy Skidct doprovazené zhroucenim jejich populaci (Ticha 2001).
Mikroorganismy druhé skupiny piirozenych neptatel se nazyvaji patogeny. Jedna
se o mikroorganismy, které zpusobuji onemocnéni Skodlivych organismi s jejich
naslednym usmrcenim. Patogeny parazituji bud’ pfimo na hostiteli nebo uvnitf
hostitele, kdy dojde v disledku piisobeni toxinti patogenti k destrukci vnitinich organi
hostitele. Témét ve vSech ptipadech je hostitelsky organismus zabit
(Helyer et al. 2014). Do této skupiny zatazujeme bakterie, houby, viry, hlistice
a prvoky. Mikroorganismy jsou velmi dtleziti v BOR proti mnoha druhiim skodlivych
organismi vcetné Skodlivého hmyzu, hlistic, rozto¢i, plevele a jinych skidca
(Flintetal. 1998). Kromé piirozené se vyskytujicich mikroorganismt
jsou v soucCasnosti nekteré prospésné patogeny komeréné vyrabény ve formé
biopreparathi (Tab. ¢.1) (Gani et al. 2019; Dara 2018; Nafiu et al. 2014). Biopreparaty
na bazi mikroorganismil reprezentuji velmi rozmanitou skupinu. V soucasné dobé
jsou na trhu bioprepardty na bazi entomopatogennich virti, bakterii, hub a hlistic
(Landa 2002).

Pouziti mikroorganismi poskytuje vyrazné vyhody oproti mnoha jinym
metodam ochrany rostlin. Hlavni vyhodou wvyuziti mikroorganismii je jejich
bezpecnost viici zivotnimu prostiedi predevsim kvili hostitelské specificnosti téchto
patogenti. Déale maji mikroorganismy pfirozenou schopnost zplisobovat epizoocie
v populacich sktdcti, kdy dochazi k jejich uplnému zhorouceni (Koul 2011). Mnoho
patogenti hmyzu je kompatibilnich s jinymi metodami ochrany rostlin, vcéetné
chemickych insekticidii. Naklady na vyvoj a registraci mikrobialnich insekticid
jsou mnohem niz$i nez naklady na chemické insekticidy. Ve vétSin¢ pripada
je populace Skiadct dlouhodobé regulovana. Kultura a aplikace ve velkém méfitku
je relativné snadné a levna (Kachhawa 2017).

Entomopatogenni bakterie

a Bacillus. Doposud bylo izolovano vice nez 90 druhii bakterii, které vykazuji
patogenitu k hmyzu (Landa 2002). Nejvyznamnéjsi bakterii, ktera je vyuzivana v BOR
proti Skiidclim z f4du Coleoptera, Lepidoptera a Diptera patii Bacillus thuringiensis
(Bt). B. thuringiensis je pudni tyCinkovitd bakterie, kterd tvofi pfi sporulaci v buiice
krystal specialni bilkoviny, kterd se nazyva Cry-protein. Tato bilkovina je toxicka
prohmyz a nese nazev o-endotoxin, tyto toxiny jsou kodovany plazmidy
B. thuringiensis (Ibrahim et al. 2010). d-endotoxiny, jsou souldsti tzv. krystalu
(proteinové inkluze), ktery predstavuje klicovy prvek toxicity a selektivity
biopreparatl na bazi tohoto mikroorganismu (Landa 2002). Infekce za¢ina po pozieni
potravy larvou hmyzu a toxické bilkovinné proteiny se ve stievé hostitele aktivuji
a zpusobuji rozklad stievni stény, v jehoz disledku nakaZzeny hmyz hyne na bakterialni
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sepsi (Hajek 2004). Diky této vlastnosti se pouziva bunck B. thuringiensis jako
specifického insekticidu. Uginnost B. thuringiensis je dostate¢nd za teplotnich
podminek, kdy probiha aktivni zir housenek. V extrémné horkych dnech se vSak efekt
zasahu snizuje (Falta 2018). Biopreparaty na bazi bakterie B. thuringiensis
jsou pro ¢lovéka a uziteéné organismy bezpecné a celosvétove jsou to nejrozsirené)si
biopesticidy kompatibilni s zivotnim prostfedim (Ibrahim et al. 2010).

Vyuzivano je né€kolik poddruhti bakterie B. thuringiensis s odliSnym spektrem
citivych  skupin  hmyzu.  Poddruhy  B.  thuringiensis  ssp.  kurstaki
a B. thuringiensis ssp. aizawai ucinkuji proti housenkam motylu,
B. thuringiensis ssp. tenebrionis nachdzi uplatnéni proti nékterym brouklim
(napt. kvétopasu jablonovému) a B. thuringiensis ssp. israelensis ma potenciadlni
vyuziti proti dvoukfidlému hmyzu. V ovocnafstvi se vyuZzivaji predevSim
B. thuringiensis ssp. kurstaki a B. thuringiensis ssp. aizawai v ochrané proti
housenkam a obale¢lim (Falta 2018). Insekticidni Bt geny byly zaclenény do genomu
vyznamnych plodin, coZ je ¢ini odolnymi vii¢i sklidciim (Ibrahim ef al. 2010). Do rodu
Bacillus sp. patfi 1 dal§i entomopatogenni druhy, napt. B. larvae, B. cereus,
B. laterosporus a B. popilliae (Omkar, Kumar 2016).

Entomopatogenni hlistice

Entomopatogenni hlistice jsou pudni organismy, které ziji pfirozené¢ v pude
a jsou patogenni k mnoha druhtim Skodlivych organismi. Svého hostitele lokalizuji
v reakci na oxid uhliCity, vibrace a jiné chemické podnéty (Kaya et al. 1993).
Steinernematidae rod Steinernema a Heterorhabditidae rod Heterorhabditis. Oba rody
jsou asociovany s  bakteriemi rodu  Photorhabdus a  Xenorhabdus
(Ferreira, Malan 2014). Rody Steinernema a Heterorhabditis patii mezi vysoce
virulentni obligatni parazity hmyzu (Landa 2002). Infek¢ni juvenilni (3. stadium)
entomopatogenni hlistice aktivné vyhledéavaji své hostitele a vstupuji do nich pres
piirozené otvory, jako jsou usta, pruduchy, konec¢nik nebo intersegmentalni membrana
(Dara 2018). Po kolonizaci hostitele do jeho téla uvoliuji z jicnu symbiotické bakterie,
které zpasobi septikémii larev hmyzu. Symbiotické bakterie nasledné slouzi jako
potrava pro hlistice, které uvnitf téla prod€lavaji sviij vyvojovy cyklus. Klicovym
mechanismem tohoto parazitizmu je symbioticka asociace entomopatogennich hlistic
se specifickymi bakteriemi, které by jinak nebyly schopné hostitele parazitovat
(Lacey, Georgis 2012; Bailey et al. 2010). Napadené larvy jsou obvykle usmrcovany
jiz b&hem dvou dnti (Navratilova 2015b). U¢innost je zavisla na vlhkosti ptdy a jeji

2%

(Falta 2018).

Entomopatogenni houby

Entomopatogenni houby jsou organismy, které jsou béznou soucasti
ekosystému a vyskytuji se jak v ptidnim prostedi, tak i na nadzemnich ¢éstech rostlin,
kde zplisobuji piirozené epizootie v populacich hmyzu (Butt, Goettel 2000). Maji
Siroké hostitelské spektrum, proto jsou Casto vyuzivané v biologické ochrané rostlin.
Podrobngjsi charakteristika entomopatogennich hub je popsana niZe v samostatné
kapitole.
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Entomopatogenni mikrosporidie

Entomopatogenni mikrosporidie jsou extrémné rdaznorodou skupinou
organismul, které zahrnuji kolem 1000 druhti napadajicich bezobratlé zivocichy vcetné
hmyzu (Brooks et al. 1988). Dtive byly mikrosporidie fazeny mezi prvoky,
ale na zakladé¢ porovnavani uréitych molekuldrnich znakli se postupné dospélo
k ndzoru, ze budou mikrosporidie fazeny mezi houby. Obvykle jsou mikrosporidie
spefické ke svému hostiteli a vyvolavaji pomalé a chronické infekce s obecnym
oslabenim hostitele. Hostitel musi mikrosporidie pfijmout potravou, aby doslo
k infekci. Vyvoj zacind jednoduchou mikroskopickou bunikou sporoplazmou
vpravenou do cytoplazmy buiky hostitele dutym vldknem vystfelenym ze spory
béhem explozivniho kliceni. Sporoplazma roste a méni se ve stadium zvané meront,
které dale roste, d€li se a postupné dcefinymi buiikami zapliiuje hostitelskou buiiku,
coz zpusobuje infekci hostitele (Vavra 2017). Infekce ma za nésledek snizeni vitality,
zivotnosti hostitele, plodnosti a je snizen pfijem potravy hostitelem (Solter et al. 2000).
V biologické ochran¢ se vyuziva druh Paranosema locustae, ktery parazituje
sarancata. Tato mikrosporidie je uméle mnozena a v USA se jeji spory pouzivaji
v navnadovych prostfedcich (Semaspore Bait, Nolo Bait) ke snizovani poctu sarancat
na pastvinach. Krome¢ jiného nékaza také omezuje u sarancat produkci agregacniho
feromonu, ktery vede k jejich masovym migracim. Jde o velmi G¢inny zpisob
biologickych metod ochrany, protoze mikrosporidie na oSetfené pastviné dlouhodobé
pretrvavaji a jsou vysoce hostitelsky specifické, takze ndvnada nezasahne jiné
organismy. [ fada dalSich hmyzich mikrosporidii pomédha regulovat populace
Skodlivého hmyzu, jako napt. Nosema pyrausta, efektivné omezujici vyskyt zavijece
kukuficného (Vavra 2017; Solter et al. 2000).

Entomopatogenni viry

V ochrané sada jsou uspé$né vyuzivany dva druhy entomopatogennich virt
z Celedi Baculoviridae, ato virus granulozy obalece jable¢ného (CpGV) a virus
granul6zy obalece zimolezového (AoGV). Vznik téchto ptipravki miizeme povazovat
za jeden z nejvetsich uspéchii vyvoje metod biologické ochrany ovoce (Falta 2018).

Entomopatogenni viry ¢eledi Baculoviridae jsou velké tyCinkovité DNA viry,
kdy jejich virion je bud’ samostatné¢ (Granulovirus), nebo ve skupinach (viry jaderné
polyedrie, Nuclear Polyhedrosis Viruses) obalen bilkovinnou membranou, ktera
je zapouzdiena v sekundarni proteinové matrici (Omkar, Kumar 2016). Infekce zacina
po pozieni potravy, kterd obsahuje virové ¢astice. Virus infikuje buiiky stieva, a poté
se §ifi do celého téla, kdy je poruSena integrita tkdni hostitele. Finalnim stddiem
virového onemocnéni je uplné ztekuceni télniho obsahu hostitele, praskani kutikuly
a kapénkova kontaminace (Bailey ef al. 2010). Pfed smrti infikované larvy stoupaji
do vysSich pater rostlin, coz napomaha Sifeni virovych ¢astic z mrtvych hostitelti
do spodnich ¢asti rostlin, kde se nachdzeji zdravi jedinci. Toto chovani napomaha
Sifeni viru a zpusobuje infekci u zdravych larev (Dara 2018). Viry jsou pro hostitele
velmi specifické, vyvolavaji onemocnéni pouze u jediného druhu hostitele
(Omkar, Kumar 2016), ale i tak mohou zplsobit vyznamné snizeni hostitelské
populace. Béhem 2-4 dnd virus zasdhne vétSinu organt hostitele a larva piestane
pfijimat potravu. Po thynu organizmu dojde k uvolnéni milioni novych vird
do prostiedi a k infikovani dal$ich larev (Falta 2018). Castice viru se mohou §ifit také
destém a jinymi organismy (Bailey ef al. 2010).
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Laboratorni testy prokazuji, ze 1-2 pfijaté virové Castice na 1 larvu vedou
k 50% mortalité v populaci. U¢innost lze proto srovnat s b&Znymi insekticidy, nutna
je vsak presna signalizace oSetfeni, kterou smérujeme na pocatek lihnuti housenek
(Falta 2018). Viry z této skupiny zptsobuji infekce jen u hmyzu a jsou biochemicky
i geneticky velmi odlisné od virt,, které napadaji obratlovce, diky cemuz
jsou povazovany za bezpecné pro ¢loveka, jsou také zcela selektivni k necilovym

organizmum véetné prirozenych neptatel a opylovacu (Bailey et al. 2010).

Tab. ¢. 1: Biopreparaty na bazi riiznych entomopatogennich mikroorganismi

(upraveno podle Bamisile ef al. 2021; Gani et al. 2019; Dara 2018)

Poenibacillus popilliae

Novodor FC, Milky Spore Powder

Mikroorganismus Biologicky pripravek Hostitel
Bakterie
Bacillus. thuringiensis ssp. aizawai | Agree WG, XenTari DF Motyli
B. thuringiensis ssp. israelensis Mosquito Beater WSP Dvoukfidli
B. thuringiensis ssp. kurstaki CoStar, DiPel ES, Monterey B.t., Motyli
Thuricide
B. thuringiensis ssp. tenebrionis Lepinox® Plus Brouci

Popillia japonica

Hlistice
Heterorhabditis bacteriophora
Steinernema carpocapsae

S. feltiae

H. bacteriophora a S. carpocapsae

Nemasys, Terranem, Nematop,
Dianem

Ecomask, NemAttack

Entonem, Fungus Gnat & Rootknot
Exterminator, Scanmask, Nemaplus
Double-Death

Padni skadci

Houby

Beauveria bassiana

BotaniGard ES, Mycotrol-ESO,
Myco-Jaal, Naturalis-L

Rozto¢i, Brouci,

Hirsutella thompsonii ABTEC Hirsutella Dvoukiidli,
Isaria fumosorosea NoFly WP, Pfr-97 WDG Stejnokiidli,
Lecanicillium lecani/muscarium Phule Bugicide, Mycotal Blanoktidli, Motyli,
L. longisporum Vertalec Rovnokiidli,
Metarhizium anisopliae BioCane, Metarril, Ory-X Tiasnokiidli
M. brunneum Met52 EC

Paecilomyces lilacinus MeloCon WG Fytopatogenni
Pochonia chlamydosporia Pochar hlistice

Viry

Granulovirus (GV)

Cydia pomonella GV CYD-X, MADEX HP

Nucelopolyhedrovirus (NPV) bt
Helicoverpa zea NPV Gemstar LC

Spodoptera exigua Spod-X LC

Lymantria dispar NPV Gypchek
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2.3 Charakteristika entomopatogennich hub

V soucasné dobé vzrGstd zajem o redukci Skodlivych cinitel pomoci
biologickych metod ochrany rostlin. Velikd pozornost je sméfovana
i na entomopatogenni houby, které predstavuji jednu z nejvyznamnéjSich skupin
ptirozenych neptatel prakticky vSech druht $kodlivého hmyzu (Landa et al. 2008;
Roy, Cottrell 2008). Houby zijici s hmyzem v jakémkoli typu vztahu se obecné
nazyvaji entomogenni. Mnohé z nich se po dlouhou dobu vyvijely zaroven se svymi
hostiteli a vznikli tak komenzalové nebo mutualisti, z jinych naopak obligatni nebo
fakultativni patogeny, jez nejCastéji oznaCujeme jako entomopatogenni houby
(Kubatova 2017). Entomopatogenni houby jsou nejcastéjSimi ptivodci onemocnéni
hmyzu (Obr. 1) (Sutanto et al. 2021; Lovett, Leger 2017), ale mohou vykazovat také
akaropatogenni efekt, kdy se podileji na prirozené regulaci pocetnosti fady druhti
roztocu (Pell et al. 2010).

Entomopatogenni houby jsou jedine¢né v tom, ze na rozdil od ostatnich
mikroorganismu, které jsou také schopni vyvolavat onemocnéni u hmyzu, nevyzaduji
pfimé vstfebani, ale jsou schopny aktivné pronikat skrz epikutikulu hmyzu
(Pedriny et al. 2007). A ackoliv tyto houby napadaji hmyz prakticky ze vSech hlavnich
fadt (Lepidoptera, Coleoptera, Hemiptera, Diptera, Orthoptera, Hymenoptera)
a mohou téz napadat vSechna vyvojova stadia (Bailey et al. 2010), jednotlivé druhy
jsou Casto vuci hostiteli velmi specificti a existuje zde tak jen velmi malé riziko
vzhledem k necilovym organismim (Roberts, Humber 1981).

Obr. 1: Ukéazka napadeni entomopatogenni houbou Isaria fumosorosea CCM 8367
na kukle zavijeCe zimostrdzového (vlevo) a na dospélci mandelinky bramborové
(vpravo)

Z hlediska vyuziti entomopatogennich hub, jakoZto soucasti biologické
ochrany rostlin, poskytuje velkou vyhodu fakt, Ze entomopatogenni houby jsou
naprosto pfirozenou soucdsti pudniho prostfedi. Pida jako takova jim poskytuje
idedlni podminky, kde jsou chranény pred extrémnimi teplotami a slunecnim zafenim
a je také ptirozenou lokalitou vyskytu potencidlnich hmyzich hostiteld (Humber 2008).
Entomopatogennimi houbami lze také pldu (substrat) obohatit. Houby aplikované
do plidy (substratu) ji kolonizuji a jsou schopny piezivat na alternativnim materidlu
jako je organickd hmota nebo mohou saprofyticky rist v rhizosféfe (Wang et al. 2005).
Substraty obohacené entomopatogennimi houbami se mohou pouzit v zahradnictvi
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nebo ve sklenikovych kulturach. Vysevni substraty obohacené entomopatogennimi
houbami jiz 1 u nés existuji a jsou snadno dostupné pro bézné spotiebitele.

Entomopatogenni houby jsou tak neodmyslitelnou souc¢ésti biologické ochrany
rostlin proti Skidciim. Jako mykoinsekticidy se mohou vyuzivat v zahradnictvi,
lesnictvi a zemé&d€lstvi (Gul ef al. 2014).

2.3.1 Taxonomické zarazeni a klasifikace

Entomopatogenni houby jsou fylogeneticky rozmanitou skupinou,
heterotrofnich, eukaryotickych, jednobunécnych nebo mnohobunécénych (vlaknitych)
mikroorganismil, kter¢ se rozmnozuji bud pohlavné (teleomorfni stadium)
nebo nepohlavné (anamorfni stadium). Nékteré druhy téchto hub maji teleomorfni
i anamorfni stddium (Mora et al. 2017). U nékterych zastupcti entomopatogennich hub
neni stale zndmaé teleomorfa. Praveé nalezeni teleomorfnich stadii jednotlivych hub
a jejich fylogenetické zarazeni véetné historie jejich vyvoje ndm miize dopomoci
k pochopeni ekologickych roli entomopatogennich hub v ptirodé
(Kaczmarek, Bogus 2021; Shahid et al 2012). V poslednich letech dochazi
k zasadnim revizim v oblasti taxonomického zatazeni jednotlivych druhii na zakladé
testovani pomoci molekularné-biologickych metod. Nejzasadnéjsi zmény klasifikace
probéhly u hub spadajici do fadu Hypocreales oddéleni Ascomycota u anamorfnich
stadii jejich zastupct (Tiago et al. 2014; Humber et al 2009). Klasifikace
entomopatogennich hub v jednotlivych oddélenich tiSe Fungi je podrobnéji popsana
v Tab. ¢. 2.

Pokroky v molekularni biologii vedly k vyvoji riznych metod detekce
genetického polymorfismu na urovni DNA a pomohly ndm porozumét genetické
rozmanitosti a popula¢nim strukturdm populaci hub (Hibbett et al. 2007).

2.3.2 Charakteristika vyznamnych fadu Hypocreales a Entomophthorales

Rad Hypocreales sdruzuje fakultativni parazity, které je mozné kultivovat
na umélych zivnych pidach a substratech, a proto se v soucasnosti hojné vyuzivaji
ve form¢ standardnich biopreparati. Lze je také snadno vyizolovat z pudy
nebo infikovanych hostiteld (Sharma et al. 2021). Do tohoto fadu patii houby
s Sirokym  hostitelskym  spektrem, a zafazuji se sem vyznamné rody
entomopatogennich hub jako jsou Beauveria, Hirsutella, Metarhizium, Nomuraea,
Isaria a Lecanicillium (Shah, Pell 2003). Tyto houby jsou pravdépodobné
za normalnich okolnosti saprotrofni organismy vyuzivajici ke své vyzivé mrtvou
organickou hmotu a pouze za vhodnych environmentalnich podminek jsou schopny
vyuzivat jako zdroj surovin 1 exoskelet zijictho hmyzu. Z toho vyplyva,
7e entomopatogenni houby jsou schopny realizovat jak paraziticky (v ptipadé
pfitomnosti vhodného hostitele), tak 1 neparaziticky, saprotrofni cyklus
(Landa ef al. 2008; Shah, Pell 2003). De Faria a Wraight (2007) identifikovali
171 produktli na bazi hub, které se pouZivaji jako biopreparaty od Sedesatych let,
vétSina z nich na bazi Beauveria bassiana, Beauveria brongniartii,
Metarhizium anisopliae a Isaria fumosorosea.

Rad Entomophthorales zahrnuje houby patfici do rod@i Conidiobolus,
Entomophaga, Entomophthora, Erynia, Neozygites a dalsi. Jsou to obligatni parazité,
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ktefi jsou striktné vazani na jeden konkrétni druh zivého hostitele, a vétSinou nejsou
schopny saprofytismu (Shah, Pell 2003). Jejich vztah s hostiteli se projevuje
1 ve strategii Sifeni, zatimco fakultativné paraziti¢ti zastupci Hypocreales nevyvinuly
zadné specialni strategie Sifeni. Usmrceni hostitelé zastupci fddu Entomophthorales
zustavaji zpravidla ptichyceni pomoci rhizoidd produkovanych houbou na povrchu
listu ¢i stébla a spory houby jsou aktivné, na zéklad¢ rozdilného tlaku mezi konidii
a konidioforem vymrs$tovany do prostiedi, kde je vysSs$i Sance styku s novym
potencidlnim hostitelem (Kubatova 2017; Bailey et al. 2010; Shah, Pell 2003).
V ptipad¢ nevyhovujicich podminek prostiedi, poptipad¢ absence vhodného hostitele
jsou zastupci Entomophthorales schopni produkovat trvalé zygospory ¢i azygospory,
které v prostfedi dokazi prezit del§i obdobi (Shah, Pell 2003). Jelikoz jsou zastupci
fddu Entomophthorales obligatni parazit¢ je velmi komplikované vyvinout
biopreparaty ne jejich bazi (Bailey ef al. 2010).

Tab. ¢. 2: Klasifikace entomopatogennich hub v jednotlivych oddélenich FiSe
Fungi (Upraveno podle Naranjo-Ortiz, Gabaldon 2019; Kubatova 2017)

Oddéleni Rody entomopatogennich hub (priklady)

Amblyospora, Bacillidium, Campanulospora, Culicosporella,
Episeptum, Flabelliforma, Geusia, Hazardia, Heterovesicula,
Microsporidium, Nosema, Orthosomella, Perezia, Pilosporella,
Pulsispora, Resiomeria, Spherospora, Striatospora,
Tardivesicula, Toxoglugea, Vairimorpha, Vavraia, Weiseria

Microsporidiomycota
(Microsporidia)

Ascosphaera, Cordyceps (anamorfy: Beauveria, Isaria,
Lecanicillium, Simplicillium), Culicinomyces, Elaphocordyceps
(anamorfa: Tolypocladium), Hypocrella (anamorfa:
Aschersonia), Metacordyceps (anamorfy: Pochonia,
Metarhizium), Moelleriella, Nectria, Ophiocordyceps
(anamorfy: Hirsutella, Hymenostilbe), Samuelsia, Torubiella

Ascomycota

Basidiobolus, Conidiobolus, Entomophthora, Entomophaga,

ERicroribolpiens Massospora, Neozygites, Pandora

Chytridiomycota Myiophagus, Myrmicinosporidium

Neocallimastigomycota | Rozella

Blastocladiomycota Coelomomyces, Coelomycidium
Kickxellomycotina Smittium

Mucoromycotina Sporodiniella
Zoopagomycotina Zoophagus

Glomeromycota Rhizophagus

Basidiomycota Septobasidium, Uredinella

*Modfe jsou oznadeny nejvyznamnéjsi skupiny entomopatogennich hub. Anamorfy byly v nékterych
pripadech nejdfive popsany jako samostatny taxon.
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2.3.3 Vyskyt a rozsireni

Entomopatogenni houby jsou vSudypfitomné organismy tam, kde jim
podminky prostiedi umoznuji jejich preziti (Jaronski er al. 2007). Tyto houby
se pfirozen¢ vyskytuji v pfirodnich i zemédélskych akroekosystémech, vodnim
prosttedi nebo v podzemnich nikach (Lovett, Leger 2017; Pell 2007).
Také se vyskytuji druhy hub, které ziji nejen na hmyzu, ale i na mrtvém substratu
organickych zbytkl semen, listi a kiry, dalsi mohou mit vedle parazitického vztahu
s hostitelem i1 vztah symbioticky (Weiser 1966).

2.3.4 Vyvojovy cyklus

Houbové¢ patogeny hmyzu vyuzivaji riizné mechanismy k infikovani hostitele.
K nékaze dochazi nejcastéji prosttednictvim houbovych spor, které se v prostiedi Sifi
riznymi zpiisoby jako napt. vodou, vzduchem nebo na télech drobnych zivocicht
(Kubatova 2017).

Zivotni cyklus entomopatogennich hub se skldd4 z parazitické faze (infekce
hostitele a nasledna smrt) nasledované fazi saprofytickou (po smrti hostitele).
Narozdil od jinych entomopatogennich organismu (bakterie, viry), které obvykle
vstupuji do téla hostitele pasivné s potravou, jsou entomopatogenni houby schopny
infikovat svého hostitele nejcastéji pfimou penetraci pies jeho exoskelet a kutikulu
(Augustyniuk-Kram, Kram 2012). Ktéto funkci jsou vybaveny enzymatickym
aparatem, tvofenym lipazami, protedzami a chitinazami. Tyto enzymy povazujeme
za indikatory virulence (de Carolina Sanchez-Pérez et al. 2014).

Faze infek¢niho cyklu (upraveno podle Zimmermanna 2007a)

Ptichyceni spor na kutikulu hostitele

Kliceni spor

Produkce apresoria a penetrace do kutikuly

Ptekonani imunity hostitele

Kolonizace hostitele (tvorba blastospor)

Prortstani na povrch hostitele, sporulace (tvorba konidii)

Al e

Prvni fazi infekéniho cyklu je piichyceni spor na povrchu hostitele
(Da Silva et al. 2010; Pedriny et al. 2007). Ulpéni konidii na povrchu hostitele
(Shahid et al. 2012; Song, Feng 2010). Z tohoto diivodu obsahuji konidie nékterych
druhii napf. adhezivni substance (Lecanicillium lecanii, Aschersonia aleyrodis,
Hirsutella thompsonii) (Boucias ef al. 1991; Boucias et al. 1988). Jiné druhy mohou
obsahovat hydrofobni konidie se strukturovanym povrchem (Metarhizium anisopliae,
Beauveria bassiana, Isaria fumosorosea), kdy je ptichyceni na kutikulu zajiSténo
pfimou interakci mezi dvéma hydrofobnimi povrchy nebo na zaklad¢ elektrostatickych
sil (Landa et al. 2008). Morfologie spor, povrchové vlastnosti spor a poc¢atky infekce
jsou povazovany za naprosto zasadni faktory v procesu infekce hmyziho hostitele
(Hussain et al. 2010).

Po pfichyceni konidii na povrch téla hostitele dochazi pifi vhodnych
podminkach k nabobtnani konidie, kdy se zacne tvofit primarni klicek (Landa 2002).
Pro kli¢eni konidii entomopatogennich hub je spora energeticky dostate¢né vybavena,
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ale od wurcité faze nakliceni je nezbytnd pfitomnost externiho zdroje uhliku
(Smith et al. 1981). Entomopatogenni houby jsou v prvnich fazich vyvoje schopny
vyuzivat chitin a né¢které mastné kyseliny z povrchovych struktur kutikuly hostitele,
coz je naprosto zdsadni schopnost pro uspésny vyvoj houby (Feron 1978). Po naklic¢eni
produkuji  konidie infekéni strukturu nazyvanou apresorium. Apresorium
s vytvofenym penetraénim hrotem vytvari mechanicky tlak a kutikulu degradujici
enzymy, piicemz hlavni roli maji enzymy lipdzy, protedzy a chitindzy
(Lovett, St. Leger 2015). Proniknuti do téla hostitele se déje bud’ pfimou penetraci
do kutikuly nebo prostfednictvim pfirozenych télnich otvorl, jakymi jsou dychaci
otvory, fitni nebo ustni otvor, vzacné i pres rizna poranéni (Gillespie et al. 1998).

Samotna infekce hmyziho hostitele je komplexni proces, kterého
se bezprostredné ucastni latky, které jsou produkovany houbou. Tyto latky usnadnuji
penetraci do hostitelského organismu (Pedriny et al. 2007). Mezi latky produkované
houbami patii rizné toxiny a enzymy, které redukuji obranné mechanismy hostitele
nebo napomahaji houb& se stémito obrannymi mechanismy hmyzu vyrovnat
(Inglis ef al. 2001). Pro ptekonani vodéodolné svrchni vrstvy, epikutikuly, houba
vyuziva lipazy (enzymy ze skupiny hydroldz rozklddajici tuky na glycerol
a absorbovatelné mastné kyseliny). Poté jsou produkovany protedzy, rozkladajici
bilkovinné latky, a chitindzy, degradujici chitinovy exoskelet (Kubatova 2017).
Hussain et al. (2010) déavaji piimou spojitost virulence konkrétniho kmene
entomopatogenni  houby nejen smnozstvim spor a rychlosti kliceni,
ale zeyjména kutikulou degradujicimi enzymy, z nichZ za nejvyznamnéjSi povazZuje
enzym Prl, coZ je alkalicka serinova proteaza se zbytkem histidinu v aktivnim miste.
Tento enzym uvoliuje peptidy, které¢ sami o sobé indukuji jeho dalsi vyrobu.

Po proniknuti patogena do téla hostitele dochazi k rychlé¢ kolonizaci
jednotlivych télnich tkani a organd. Pro tuto fazi vyvojového cyklu je typicky ptechod
vlaknitych forem hub na rychle se délici a pomnozujici téliska tzv. blastospory.
Blastospory se v hostitelském organismu rychle mnozi a roznesou se hemolymfou
po celém organismu (Landa et al. 2008). Infikovany hmyz jevi rizné symptomy
napadeni, pohybuje se nekoordinované, piestava piijimat potravu, a nakonec dochazi
k paralyze a thynu. Po invazi je hmyz usmrcen v disledku rtstu blastospor, produkce
toxind, popt. kombinaci obojiho (Kubatova 2017).

Po smrti hostitele hyfy entomopatogenni houby kolonizuji mrtvé télo a béhem
2 az 3 dnQ prorostou na povrch mrtvého téla hostitele, kde se vytvoii vzdusné
konidiofory, které zacnou sporulovat, a cyklus je ukoncen. Houba ptechazi
do saprofytické faze svého vyvoje (Lovett, St. Leger 2015; Clarkson, Charnley 1996).
Sporulace probihd bézn€ na mrtvém hmyzu, ale miize se vyskytovat i u Zivého hmyzu.
Rozptyl spor mtize byt aktivnim nebo pasivnim procesem a zavisi na vlastnostech spor
(Tanada, Kaya 1993). Spory se déle $ifi do okoli vétrem a vodou, a pokud hned
nepfilnou na nového hostitele, mohou v prostiedi piezivat na mrtvych
mumifikovanych hostitelich nebo v pidé (Augustyniuk-Kram, Kram 2012).

2.4 Faktory ovliviiujici i¢innost entomopatogennich hub
I ptes dlouhodobé studium entomopatogennich hub je jejich komeréni vyuziti
a vSeobecné pfijeti Sirokou zemédélskou praxi stale limitovano urcitymi piekézkami,

a to zejména vlhkostnimi podminkami v polnich podminkach, slune¢nim zéatenim,
teplotou nebo efektivni formulaci do findlniho komer¢niho ptipravku (Vega 2008).
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V souvislosti se zmifovanymi limity je tieba dodat, ze rozsah znalosti
o ekologii a epizoocii entomopatogennich hub je stile nedostatecny (Pell et al. 2010).
Utinnost entomopatogennich hub je piimo ovlivnéna pasobenim abiotickych
a biotickych faktorii (Jaronski 2007). Proto je velmi dulezité najit zpiisob, jak vliv
téchto faktort eliminovat, omezit nebo alespon predpovédét vhodné aplikacni okno
pro vyuziti preparati na bazi entomopatogenich hub (Vidal, Fargues 2007).

2.4.1 Biotické faktory: Interakce houba-hostitel

Interakce mezi houbou a hostitelem jsou vzdy oboustranné. Houbovy patogen
vyviji nove, ucinngjsi latky a cesty k infekci hostitele, hostitel stejné intenzivné vyviji
a zdokonaluje své obranné reakce (Jarrold et al. 2007).

Patogen

Zékladni vlastnosti patogena musi byt schopnost vyvolat onemocnéni. Tato
schopnost se nazyva patogenita. Patogenita je zavisla na fyziologii hostitele, fyziologii
a virulenci houby a zivotnim prostiedi (Inglis ez al. 2001).

Velmi dilezitd je tzv. specifita k hostiteli, kterd je jednim z hlavnich
hodnocenych parametri organismii nebo biopreparatii pouzivanych v ramci
biologické ochrany rostlin (Santi er al 2010). Selektivita nékterych
entomopatogennich hub je pravdépodobné déna povrchovymi strukturami na téle
hostitele a jejim chemickym sloZzenim (Pedriny et al. 2007). Nékteré sloucCeniny
jsou pii pocateCnich fazich infekce vyzadovany, protoze plsobi jako stimulatory
kli¢eni konidii (Jarrold et al. 2007). Proto maji n¢které druhy entomopatogennich hub
Siroky ~ okruh  hostiteld  vCetné¢  jejich  rlznych  vyvojovych  stadii
(napt. Beauveria bassiana, Metarhizium anisopliae a Isaria fumosorosea) nebo maji
naopak uzky hostitelsky okruh, kdy je patogenita omezena jen na uroven fadi
(napt. Nomuraea  rileyi  parazituyje pouze na larvach motyli  nebo
Aschersonia aleyrodis, ktera je izce specializovand jen na molice) (Landa et al. 2008).

Hostitel

Nachylnost hmyzu k entomopatogennim houbam ovliviiuji fyziologické
a morfologické faktory (hustota populace, chovani, veék, vyziva, genetika, zranéni,
imunita hostitele). UZ v prvni fazi ptichyceni a kli¢eni konidii entomopatogennich hub
na povrchu hostitele jsou zndmy slozky, které dokaZou inhibovat jejich kliceni
(napf. kyselina kaprylovd) (Jarrold et al. 2007). Bylo dokonce pozorovéno, ze nékteti
Clenovei dokdzi v pfipadé infekce zmeénit své termoregulacni chovani. Jedna
se predev§im o proteiny tepelného Soku, které se vytvoii v hostiteli po napadeni
houbou, v disledku ¢ehoz infikovany hmyz zvysi svoji télesnou teplotu nad normalni
hranici (Lovett, St. Leger 2015; Inglis ef al. 2001). Ouedraogo et al. (2003) publikovali
studii, kde prokdzali Ze saranCata stéhovavd (Locusta moratoria), ktera byla
infikovana houbou Metarhizium anisopliae var. acridum byla schopna zménit svou
termoregulaci. Tam, kde byla zmé&nou prostfedi sarancatim umoZnéna i zmeéna vlastni
termoregulace, dokdzali jedinci uspésné infekci houbou vzdorovat, zatimco sarancata
umisténa do stabilniho prostfedi bez moZznosti zvysit za pomoci externich vlivil svoji
teplotu, infekci zdhy podléhala. To mlze byt zplsobeno jak dosaZenim teploty
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nevhodné pro riist patogena (Arthurs, Thomas 2001a), tak indukovanym vyvolanim
imunitni odpovédi hostitele (Ouedraogo et al. 2003). DalSim dualezitym faktorem
je vyvojové stadium hmyzu. VSechny etapy zivotniho cyklu hmyzu nejsou stejné
nachylné k infekci. V nékterych situacich jsou nedospéld stadia hmyzu nachylnéjsi
k infekei nez dospéla stadia a naopak (Feng et al. 1994).

2.4.2 Abiotické faktory

Bylo prokazano, ze na ucinnost entomopatogennich hub se vyznamné podili
faktory prostiedi jako je teplota, vlhkost a slune¢ni zafeni (Inglis et al 2001).
Abiotické faktory ovliviiuji zejména Sifeni a kli¢eni konidii, penetraci invazni hyfy
kutikulou a sporulaci patogena na mrtvém hostiteli (Tanada, Kaya 1993).

Sluneéni zareni

O rozdilech v toleranci ke sluneénimu zéatfeni u jednotlivych kmenid hub
nemame dostatek informaci (Vidal, Fargues 2007). V pfirodnich podminkach
je spektrum slune¢niho zafeni oznacované jako UV-B (280-320 nm). Je to dalsi
limitujici faktor, ktery ptisobi na uc¢innost entomopatogennich hub. Slunec¢ni zafeni
muiZe mit negativni vliv na vSechny mikroorganismy (Inglis et al. 1995), a to jiz
po kratké expozici (Braga et al. 2001a). Studie ukazuji, Ze vyznamnym parametrem
muze byt 1 kolisani urovné zafeni béhem denni i ro¢ni periody (Braga et al. 2001c¢).

O negativnim vlivu UV-B zéfeni existuje mnoho studii napt. studie zabyvajici
se zivotnosti konidii B. bassiana aplikovanych ve vodni suspenzi na kryci sklicko
a vystavené¢ UV-B zafeni. Jiz po patnéacti minutach byla klicivost redukovana o vice
nez 95 % (Inglis et al 1995). V ptipadé houby M. anisopliae, popsali
Braga et al. (2001b) pomérné Sirokou variabilitu tolerance k vystaveni UV-B zéfeni
napfi¢ testovanymi kmeny (redukce zivotnosti ale byla ve vSech ptipadech vysoka).
Napt. testovany kmen M. anisopliae ARSEF 23 vystaveny ozatfovani 1 hodinu vykazal
po dvandcti hodinach kli¢ivost pouze 15 % v porovndni s neozafenou kontrolou,
zatimco po 48 hodinach jiz dosahoval 95 % (Braga et al. 2001a).

Proti negativnimu vlivu slunecniho zafeni jsou v biopreparatech casto
vyuzivany UV protektanty. Nékteré nosiCe, jako napft. nosice na olejové nebo jilové
bazi, zajistuji ochranu pred skodlivymi ufinky UV zafeni a dokazi vitalitu a prezivani
konidii v polnich podminkach alesponn prodlouzit (Thompson et al. 2006).
Napt. vyuziti olejové formulace dokédze v laboratornich podminkach na krycim
sklicku omezit mortalitu konidii na 74 % po vystaveni UV zafeni po dobu 60 minut.
V ptipad¢ aplikace na list se za stejnych podminek zvySuje mortalita aZ na 97 %,
coz muze byt vysvétleno absorbovanim oleje listovymi tkanémi (Inglis et al. 1995).
Za zvlastni typ UV protektantu mize byt povazovana i zévlaha ihned po aplikaci
konidii, protoZze ta pomulze spordm uniknout z pifimého vystaveni se UV zafeni
do vrchnich vrstev pidy (Thompson et al. 2006).

Vlhkost

Vlhkost je povazovana za klicovy faktor prostfedi ovliviujici uspé&Snost
kliceni, rychlost infekce a letalni efekt na hmyzi hostitele (Santos et al 2009;
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Landa et al. 2008). Za kritickou mez pro kli¢eni konidii je povazovana dolni hranice
mezi 90 az 95 % relativni vzdusné vlhkosti (Vidal, Fargues 2007). Pti poklesu relativni
vzdusnosti pod dolni hranici se klicivost konidii snizuje a GspéSnost infekce klesa.
Napt. kli¢ivost konidii M. anisopliae se pii poklesu vlhkosti pod 90,2 % rapidné
snizuje (Liu ef al. 1989). Je mnoho studii, které dokladaji diilezitost relativni vzdusné
vlhkosti, napt. Arthurs, Thomas (2001b) stanovili optimalni vlhkost pfi testovani
houby Metarhizium anisopliae var. acridum na 96 %. Kope et al. (2007) upozoriuje
na potiebu testovanych kmenti Lecanicillium na minimalni 90% vlhkost.

Vlhkost ptidy nebo substratu v ptirozenych podminkach ovliviuji také destové
srazky nebo zavlazovani. Zavlazovani ma pozitivni vliv na zivotnost aplikovanych
konidii, kdy pomahéa dopravit konidie do hloubky, kde ptida zajistuje dostatecnou
ochranu proti UV zafeni, které vitalitu konidii snizuje (Thompson et al. 2006).

Ohledné pozadavki na vodni aktivitu nebyly pozorovany vyznamné odlisné
naroky na dostupnost vody pro rast mezi jednotlivymi druhy Metarhizium anisopliae,
Beauveria bassiana a Paecilomyces farinosus. Optiméalni hodnoty se pfi
25 °C pohybovaly v rozmezi vodni aktivity 0,99-0,97 a, (Hallsworth, Magan 1999).

Teplota

Teplotni  tolerance  entomopatogennich hub je relativné vysoka
(Landa ef al. 2008). Ale tento faktor velmi vyrazné ovliviiuje kli€eni konidii, rist
a reprodukci v téle hostitele a sporulaci (Vidal, Fargues 2007). Teplota tedy umérné
ovlivituje délku vyvojového cyklu (Landa et al. 2008) a je jednim z kritickych faktorti
ucinnosti entomopatogennich hub (Jaronski 2007). Obecné jsou optimalni teploty
pro klic¢eni a rast v rozmezi 20-30 °C (Landa et al. 2007).

Bugeme et al. (2008) testovali rizné kmeny B. bassiana a M. anisopliae
a dospéli k zavérim, ze nejoptimalnéjsi teplota pro kli¢eni spor je v rozmezi mezi
25a 30 °C a pro nejproduktivnéjsi radidlni rtst poté pii teplot¢ 30 °C. Vysledky
experimentll publikované Cabanillas, Jones (2009) s houbou Isaria spp., ukazaly
na linearni pribéh radialniho ristu az do teploty 30 °C, kdy bylo dosazeno optima.
Pti vysSich teplotach (35-40 °C) nebyl pozorovan zadny mycelidlni rGst. Podobné
vyzkumy provedl i Kope ef al. (2007) s nékolika izolaty Lecanicillium. Prokazatelny
rust byl pozorovan v rozmezi od 5 do 30 °C s optimem ve 25 °C. Velmi podobné
vysledky publikoval 1 Hallsworth, Magan (1999), ktefi dosli k zavéru,
ze pro M. anisopliae, B. bassiana a I farinosa jsou optimalni teploty pro rust
v rozmezi 20-30 °C.

Obecné rozpéti teplot neni univerzalni, protoze kmeny ziskané z urcitych
geografickych oblasti se ¢asto v podminkach napadné odliSuji. Existuji totiz druhy,
které¢ se nachdzeji v oblastech s velmi nizkou teplotou, napf. v Sub-Antarktidé,
kde se vyskytuji kmeny, které jsou adaptovany na nizké teploty a jsou schopni
infikovat hmyz 1 pii 5 °C (Lovett, St. Leger 2015), jakoz i v oblastech s vysokou
teplotou, napt. v tropickych pasmech, ve kterych je houba M. anisopliae schopna
vyklicit, rist a mnozit se 1 pti teplotach nad 35 °C (Zimmerman 2007b).

Kratkodobé jsou entomopatogenni houby schopny ptezivat i teploty 40-45 °C
(Landa et al. 2008). Varela, Morales (1995) dodavaji, ze vystaveni konidii teplotdm
v rozmezi 45-50 °C po dobu 10 minut vyznamné sniZuje klicivost a stejné¢ dlouhé
vystaveni teploté pii 55 °C je jiz pro konidie letalni. Vysokou termotoleranci potvrzuji
také Cabanillas, Jones (2009), kteti uvadi rozmezi od 0 do 40 °C, ale dodavaji,
ze rozmezi teplot pro infekci, mycelidlni rist a sporulaci byva ¢asto mnohem uZzsi.

27



Je patrné, Ze teplota prosttedi hraje velkou roli pro UspéSnou realizaci
entomopatogennich hub. Pro redukci populaci Skodlivych €initelt je nezbytna nejen
virulence konkrétniho kmene, ale také jeho teplotni naroky ve vztahu k prostfedi
vyskytu daného Skidce (Cabanillas, Jones 2009; Fernandes et al. 2007;
Kope et al. 2007).

Podstatnou slozkou biopreparati na bazi entomopatogennich hub, ktera
ovliviiuje termostabilitu, kli¢ivost a ti¢innost, je podle vyzkumia Alvese et al. (2017)
nejen vhodné zvoleny kmen, ale i jeho kone¢na formulace. Tento vyzkumny tym na
pokusech s komer¢nimi produkty Metarril® SP Organic and Metarril® WP prokazal,
ze zatimco konidie v olejové formulaci, vystavené pétidennimu cyklu pfi stfidani
teplot 40 °C po dobu 4 hodin ndsledovaném 19 hodinami pfi teploté 25 °C vykazovaly
jen velmi mirny pokles v kli¢ivosti z 92,8 % prvni den na 87,2 % po 5 dnech. Naopak
konidie pfipravené ve vodni formulaci zaznamenaly vyrazny pokles klicivost
ze 79,3 % po prvnim dnu na 39,1 % po 5 dnech.

2.5 Nejvyznamnéjsi druhy entomopatogennich hub
2.5.1 Beauveria bassiana (Balsamo-Crivelli) Vuillemin

Rod Beauveria byl pojmenovan francouzskym doktorem Jeanem Paulem
Vuilleminem vroce 1912, jako pocta francouzskému védci Jeanu Beauveriovi
(Vega 2007). Tento druh byl, ale objeven dfive, a to védcem Agostino Bassi di Lodi,
ktery jako poprvé popsal infekci na bourci moruSovém (Bombyx mori) a nazval
ji ,,bilou muskardinou* (infikovany jedinec portsta bilym myceliem). Nasledné byl
tento druh podroben testovanim Giuseppe Gabriel Balsamo-Crivelli, ktery
ho po objeviteli Bassim nazval Botrytis bassiana (Zimmermann 2007a). V soucasnosti
taxonomicky nalezi B. bassiana do tadu Hypocreales, celedi Cordycipitaceae
(Sung et al. 2007).

B. bassiana patii, stejn¢ jako M. anisopliae, mezi nejprozkoumand;jsi
anejbéznéji se vyskytujici zastupce entomopatogennich hub (Feng et al. 1994).
Tato houba se vyskytuje celosvétové s vyjimkou Antaraktidy (Landa et al. 2007).
Pro jeji vyskyt je prirozené pidni prostfedi (Thompson et al. 2006), a to zejména
povrchové vrstvy (Landa et al. 2007). Byl prokazan 1 jeji endofytni vyskyt v rostlinach
(Vega 2008). Napft. po kolonizaci sazenic bavlnikli byla indukovana rezistence vici
Skodlivym organismim. V laboratornich podminkach ,,in vitro ““ byl naopak prokazan
vliv fady metabolith B. bassiana na omezeni ristu rostlinnych patogenli
(Ownley et al. 2010). Houby rodu Beauveria jsou polyfagni druhy, které napadaji vice
jak 700 druht hostitelti, nejvétsi zastoupeni hostiteld je v faddech Lepidoptera
a Coleoptera (Landa et al. 2007).

Konidiogenni buiiky B. bassiana maji kulatou nebo lahvicovitou bazalni Cast.
Konidie jsou jednobunétné (Rehner et al. 2011), hyalinni, globoidniho tvaru
(Landa ef al. 2008) az Siroce elipsoidni, o velikosti obvykle 2-3 x 2-2,5 um,
uspofddané¢ ve shlucich a prfipominajici snéhové koule ¢i chomace bavlny.
Na konidioforu jsou umistény v tzv. ,,cik-cak postaveni (Zimmermann 2007a).

V zahrani¢i je registrovana fada biopreparatii formulovanych na bazi konidii
nebo blastospor B. bassiana. V Ceské republice je registrovan biopreparat na bazi
této houby pod nazvem Botanigard WP. Biopreparaty na bazi Beauveria bassiana
jsou vyuzivany v ochrané proti riznym Skidciim polnich plodin, v ochrané rychlené
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zeleniny a okrasnych kvétin i v ochrané lesnich porosti proti nékterym druhtm
Sktideti, véetné lykozrouta smrkového (Landa 2007).

2.5.2 Isaria fumosorosea (Wize) Brown & Smith

Tento druh entomopatogenni houby byl diive nazyvan
Paecilomyces fumosoroseus. Rod Paecilomyces byl popsan francouzskym védcem
Georgem Bainierem. Pozd¢ji vSak bylo zjisténo, ze nékteré druhy tohoto rodu
jsou polyfyletické a byly pfevedeny do samostatného rodu Isaria (Vega 2007). Podle
nejnovejsich fylogenetickych studii je rod Isaria fazen do fadu Hypocreales, celedi
Cordycipitaceae, a to na rozdil od druhd, které jsou stale fazeny jako rod Paecilomyces
spadajici do ¢eledi Clavicipitaceae (Sung et al. 2007).

Rod Isaria reprezentuje Siroce polyfagni entomofagni, akarifagni
a nematofagni druhy hub, které zplisobuji ndkazy zastupci mnoha tadi hmyzu,
rozto¢u a hlistic (Landa et al. 2008). I. fumosorosea je druh s celosvétovym vyskytem
a relativné Sirokym spektrem potencialnich hostiteld, pfi¢emz v biologické ochrané
je vyuZivan zejména proti molicim (Zimmermann 2008).

Houba 1. fumosorosea vytvari na hostiteli nejprve bilé vatovité mycelium, které
se pozd¢€ji zbarvuje do odstinti nartizovélé, nafialovelé az Sedofialové barvy. Starsi,
plné sporulujici kultury maji aZ Sedofialové zbarveni a vatovity charakter kolonie
se méni v prasny (Landa 1994; Samson 1974). Konidie tohoto druhu jsou ovalné,
hydrofobni a na konci fialid (konidiogenni bunky, kterych je 3-6 na konidioforu)
se odd€luji postupné. Nejmladsi konidie je vZzdy v kontaktu s fialidou a odtlacuje starsi
konidie dal do tvoticiho se fetizku (Landa et al. 2008).

1. fumosorosea muze vykazovat za urcitych okolnosti také status mykoparazita.
Patogen se jako ektoparazit mize vyvijet na rzich (Uromyces dianthi) a na riznych
druzich padli, napi. na konidiich padli okurkového (Sphaerotheca fuliginea)
(Zimmermann 2008; Landa 2002).

Existuji studie, které prokazaly, Zze blastospory v porovnani s konidiemi
1. fumosorosea zacinaji kli¢it rychleji na kutikule hostiteli. Blastospory lze snadno
produkovat v kapalnych kulturach za méné€ nez 4 dny, coz je vyrazn¢ kratSi nez pouZziti
tradicnich povrchovych kultivaci pro vyrobu konidii. Pro vyvoj biopreparatu
je proto vyhodnéjsi pouzit blastospory nez konidie této houby (Kim et al. 2013).

Entomopatogenni houba I fumosorosea neni povazovana za patogenni
pro ¢loveéka. Pfi laboratornich pokusech nebyla shleddna toxickou pro krysy, ptaky,
vCely medonosné, c¢meldky nebo Sirokou Skdlu necilovych Clenovci
(Zimmermann 2008).

2.5.3 Lecanicillium lecanii (Zimmermann) Zare & W. Gams

Houba Lecanicillium lecanii byla poprvé popsdna v roce 1861 po izolaci
z cervee Coccus viridis (Tichd 2001). Vlastni nazev rodu Lecanicillium vznikl
slozenim casti slov z pivodniho ndzvu Verticillium lecanii, tj. ,lecani® a ,cillium*
(Vega 2007). Zare a Gams (2001) provedli celkovou revizi rodu Verticillium
a tento rod nasledné rozdélili do dvou rodu, na rod Verticillium a Lecanicillium.
Do rodu Lecanicillium vyclenili druhy vykazujici entomopatogenni status. Houba
L. lecani taxonomicky spadéa pod celed’ Cordycipitaceae (rod Verticillium je zatazen
do celedi Clavicipitaceae) (Sung et al. 2007).
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Ptirozen€ je mozné L. lecani izolovat z populaci riznych druhti broukt, motyla
a dvoukfidlého hmyzu, n¢které kmeny mohou parazitovat také fytofdgni roztoce,
hlistice nebo ptisobit jako ptilezitostny mykoparazité na nékterych druzich rzi a padli
(Ownley et al. 2010; Landa et al. 2008). Tato houba je Siroce polyfagni, ale v praktické
ochrané je vyuzivana zejména pii ochrané proti savym polyfagnim Sktidcim zeleniny
a okrasnych kvétin péstovanych ve sklenicich (Landa et al. 2008).

Houby rodu Lecanicillium vytvaii bilé nebo krémové mycelium. Konidiofory
jsou formovany v preslenech a vyrtstaji protilehle. Konidie jsou elipsoidni, tvofi
se postupné a nova vzdy odtlacuje difive vytvofenou, ¢imz tvoii shluky podobné
kulickdm. Konidie jsou drzeny pospolu pomoci mucilagenni hmoty, ktera udrzuje
kompaktni tvar findlniho utvaru (Landa et al. 2008; Hall 1976).

U houby L. lecani mtizeme produkovat konidie i blastospory za pouziti bézné
dostupnych komerénich médii nebo substratii. Pro produkci konidii se jako rastové
médium pouziva Cirok a ryze. Zatimco pro produkci blastospor submerzni kultivaci
se pouziva melasa (Shinde ef al. 2010). Druh L. lecani (=L. muscarium) je komercné
vyuzivan a je soucasti biopreparatu Mycotal, ktery je urCen proti molicim. Produkt
vyrabi holandska firma Koppert. U¢innost biopreparatu mize byt zvysena, pokud
je aplikovan spole¢né s emulgovanym rostlinnym olejem, ktery slouzi jako adjuvans
(Koppert 2021).

2.5.4 Metarhizum anisopliae (Metschnikoff) Sorokin

Rod Metarhizium poprvé popsal vroce 1883 Nikolay Vasilevich Sorokin,
profesor botaniky na Kazanské univerzité, na zakladé¢ druhti klasifikovanych
Metchnikoffem (Entomophthora anisopliae) (Vega 2007). Houba byla izolovéana
na uzemi dnes$ni Ukrajiny v 70. letech 19. stoleti z listokaze Anisoplia austriaca
(Roberts, St. Leger 2004). Samotny nazev je sloZen z feckého ,,meta”, coZ znamena
»zmeéna“ a ,,rhiza“, coz je ,.,kofen*. Toto pojmenovani bylo z toho diivodu, ze Sorokin
povazoval mycelium za kotfen houby (Vega 2007). Prvni testovani bezpeCnosti
aucinnosti této houby proti savcim provedl vroce 1968 Schaerffenberg.
Entomopatogenni houba M. anisopliae patii mezi nejprozkoumanéjsi a zaroven
nejvyuzivanéjsi entomopatogenni houby (Tiago et al. 2014). Nakazy timto druhem
byvaji Casto oznaCovany jako ,,zelené muskardiny®, protoze infikovany jedinec
nasledn¢ portstd hustym, tmavé zelenym myceliem (Landa et al 2008;
Roberts, St. Leger 2004).

Dlouhou dobu byla houba M. anisopliae povazovana za asexudlni (anamorfni).
Pozdé&ji byla popsana i pohlavni (teleomortni) forma Cordyceps taii, kterd vyvojove
souvisi s neddvno objevenou anamorfni fazi Metarhizium taii. V soucasnosti
taxonomicky nalezi M. anisopliae do tadu Hypocreales, celedi Clavicipitaceae
(Bischoff et al. 2009; Sung et al. 2007).

Houba M. anisopliae se vyskytuje téméf na celém svété s vyjimkou Antarktidy
(Roberts, St. Leger 2004). Vyskyt této houby je obvykle spojovan s piidou, ale nékteré
jeho izolaty byly ziskdny 1 z rybnikd, nebo umélych nadrzi (Santos et al. 2009;
Zimmermann 2007b). Z hlediska druhového spektra hostiteld se jednd o Siroce
polyfagni houby, které jsou vazany prevazné na pudni hmyz (Landa ef al. 2008),
nicméné kmeny M. anisopliae vykazuji znacnou metabolickou a ekologickou
vSestrannost, kdy bylo pozorovano kolonizovani rhizosféry a pfilnuti k povrchiim
kotfent rostlin (Hu, St. leger 2002). Ekologické role M. anisopliae doposud nebyla
jednoznacné objasnéna a je mozné, Ze tato houba ma nékolik funkci, pokud
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jde o ochranu rostlin, a to redukci populaci pidnich $ktidcti, antagonistické ucinky
proti fytopatogennim houbam nebo vzdjemnou symbiodzu s rostlinou, kdy je pfenasen
dusik ziskany z hmyzu do kotfent rostlin, pravdépodobné vymeénou za rostlinné cukry
(Behie et al. 2013; Meyling, Eilenberg 2007).

Pro vyrobu biopreparati se vyuzivaji konidie houby. Konidie M. anisopliae
jsou hydrofobni (Shahid et al. 2012), hranolovité, na obou koncich zaoblené (velikost
5-8 x 2,5-3,5 um), a tvofi fetizky. Jsou zelenosedé¢ az olivové zelené
(Landa et al. 2008). Produkce konidii se odehrava v in vitro systémech povrchovych
kultivaci na umélych zivnych ptidach nebo na piirozenych substratech (Landa 2002).
Nedavné vyzkumy ukazaly, ze je mozné produkovat M. anisopliae také v tekutych
médiich, kde se vytvareji tzv. mikrosklerdcia, coz jsou kompaktni shluky hyf,
umoziujici preckavat nepifiznivd obdobi (Jaronski, Jackson 2008). VétSina
mykoinsekticidli je zalozena na bazi této houby. Ze 171 mykoinsekticidi
a mykoakaricidl je 61 vyrobkli na bazi M. anisopliae (de Faria, Wraight 2007).

2.6 Entomopatogenni houby jako biopesticidy

Biopesticidy jsou perspektivnim nastrojem pro oSetfeni plodin v systémech
integrované ochrany rostlin (Chandler er al. 2011). Poptavka Siroké vetejnosti
po produktech, které byly oSetfovany Setrnymi metodami k ptirod¢ roste. To vSe vede
k vyvoji novych metod, prostfedkil a pfipravkil zaloZzenych na principech biologické
ochrany, a to zejména tam, kde neni poZadovana totalni eradikace Skidce,
ale je tolerovan jeho urcity vyskyt, ktery je z hlediska miry poSkozeni rostlin piijatelny
(Shahid et al. 2012).

Aby bylo mozné ekonomicky vyrabét komercni biopreparaty na bazi
entomopatogennich hub, nepouzivaji se k masové produkci piirozeni hostitelé,
ale uméla zivnd média (Mohammadbeigi 2013). Vyroba hub na umélych médiich
muze ne¢kdy vést az ke ztrat€¢ virulence, kdy se houby opakované subkultivuji
pies jeden typ zivné pidy a dochézi k degeneraci (Hussain et al. 2010). Je tedy nutné
provést dikladné testovani vlivu produkce na zivnych médiich na virulenci hub jesté
pied tim, nez budou konkrétni kmeny pouzity pro komercni vyrobu
(Mohammadbeigi 2013). Tomuto negativnimu vlivu firmy pfedchazi tim,
ze si vyprodukuji vEétsi mnozstvi tzv. mateCnych kultur, které uchovavaji v nizkych
teplotaich. Pro kazdy cyklus produkce pouzivaji vzdy novou matecnou kulturu
(Ravensberg 2010).

Dnes se ve svéte na trhu objevuji biopreparaty na bazi hub nalezejicich do rodu
Metarhizium, Beauveria, Isaria a Lecanicillium. V roce 2007 byla publikovéana studie
o nabidce komer¢nich preparatii na bazi entomopatogennich hub. Nejvétsi zastoupeni
ze 171 produkti mély piipravky na bazi Beauveria bassiana (33,9 %),
Metarhizium anisopliae (33,9 %) a  Isaria  fumosorosea (5,8 %)
(de Faria, Wraight 2007). Ackoliv je zndmo vice jak 750 druhii entomopatogennich
hub (Landa et al. 2008), celé¢ 2/3 komeréné dostupnych preparatt je zaloZzeno pouze
na dvou z nich.

Mezi negativni vlastnosti biopreparatli na bazi entomopatogennich hub patii
delsi casova perioda od aplikace po UspéSnou eradikaci v porovnani s aplikaci
chemickych ptipravki, které pisobi v rdmci hodin (St. Leger et al. 1996). Biologické
prostiedky vSeobecné piisobi pomaleji a jejich ucinek je jesté zavisly na biotickych
a abiotickych podminkach prostifedi (Véchet 2014). Na druhou stranu tyto preparaty
umoziuji provadét aktivni, pfimou a cilenou ochranu rostlin, aniz by negativné
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zasahovaly do daného eckosystému a ziroven mohou mit dlouhodoby efekt
(Tiago et al. 2014). Dalsi nevyhodou jsou i vysoké naklady na produkci, nehledé
na nutnost UspéSného schvéleni kazdého kmene, formulace i zplsobu pouziti
od pfislusnych regulacnich uradi (Cook et al. 1996). Vlastni srovnani s chemickymi
ptipravky se velmi Casto d€je na Girovni ucinnosti a ceny, ale je tfteba vnimat i urcitou
pridanou hodnotu, ktera se ukryva napt. v minimalizaci zdravotnich rizik pro ¢lovéka
1 ostatni necilové organismy (Shahid et al. 2012; Shah, Pell 2003). A velmi pozitivni
je z hlediska dlouhodobého piisobeni entomopatogennich hub, ze existuje jen velmi
mala pravdépodobnost vzniku rezistence cilovych Skidct (Bamisile et al. 2021;
Ondrackova et al. 2017).

2.7 Vliv entomopatogennich hub na necilové organismy

V pocatcich biologické ochrany rostlin nebyl kladen diraz na hodnoceni
bezpecnosti mikrobidlnich prostiedkti pro ¢lovéka a necilové organismy
(Shahid et al. 2012). Nejucelenéjsi informace o bezpecnosti nejbéznéjsich a nejvice
vyuZivanych entomopatogennich hub B. bassiana, B. brongniarti, M. anisopliae
a I. fumosorosea poskytl ve svych review aZ Zimmerman (2008, 2007a, 2007b).
Ve svych review konstatoval, Zze na zaklad¢ souCasnych poznatkii se tyto druhy hub
zdaji bezpecnymi a s minimalnimi riziky k ¢lovéku, dalSim obratlovcim,
1 k Zivotnimu prostiedi. K sou¢asnym informacim o bezpecnosti entomopatogennich
hub pfispiva 1 jedna z novéjSich studii vénujici se pfipadnému vlivu na savce, kterou
publikovali Brunner-Mendoza et al. (2017). Védci testovali dermalni reakci kralika
po aplikaci 2 g I fumosorosea na kuzi kralikQ, a pfi nasledném pozorovéani nebyly
zaznamenany jakékoliv zndmky podrazdéni ¢i jinych reakci.

Ve svych pokusech napt. Hu, St. Leger (2002) neprokézali pienos ¢i infekci
aplikovaného kmene M. anisopliae ARSEF 1080 v polnich podminkéch na necilové
Sktdce, stejné jako Parker et al. (1997) neprokézali negativni vliv pidniho oSetieni
B. bassiana a Mariannaea spp. na necilové lesni ¢lenovce.

Na druhou stranu je tfeba zminit, Ze infekce se nemusi projevovat
jen na Skadcich polnich ¢i zahradnich plodin, napt. houba Gibellula infikuje pavouky
a nekteré druhy hub rodu Cordyceps a Erynia jsou schopné vyvolavat infekci
u mravencu (Shah, Pell 2003). Dale Dogan et al. (2017) v ramci laboratorni testii
s Metarhizium brunneum V275, prokazali jeho vyznamny patogenni ucinek i na dravé
roztoce Phytoseiulus persimilis a Neoseiulus californicus. Citlivost byla ve srovnani
s citlivosti svilusky chmelové Tetranychus urticae ale podstatné nizsi.

Pti kombinaci riznych zptsobu biologické ochrany je vzdy tfeba dikladné
zvazit aplikovanou davku a nacasovani, aby byly jednotlivé komponenty biologické
ochrany vz4jemné co nejméné negativné ovlivnény. Stejné tak je zadouci nalézt kmeny
entomopatogennich hub, které budou uc¢inné proti Skiidciim, ale prospésné organismy
budou k houbadm co nejméné citlivé (Dogan et al. 2017; Ondrackova et al. 2017).

Srovnavani chemickych metod ochrany rostlin s metodami biologickymi
je velice obtizné, a pravé bezpecnost pro ¢lovéka (jak pfi aplikaci, tak u vysledného
produktu), jakoz i1 k necilovym organismlim a zivotnimu prostiedi by méla byt brana
jako vyznamny benefit ndhrady chemickych metod témi biologickymi
(Shah, Pell 2003). DalSim pozitivem je, Ze pii pouziti preparati na bazi
entomopatogennich hub neni z divodu jejich bezpecnosti tfeba dodrzovat Zadné
ochranné lhity a mohou byt pouZity napf. pro ochranu konzumni zeleniny proti

vvvvv
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3 Hypotézy a cile prace

Vyzkumné hypotézy
Pro dosazeni cilti byly stanoveny nasledujici vyzkumné hypotézy:

1. Diverzita kment hub je natolik vysoka, Ze je mozné vyizolovat z piidy novy
(virulentni) kmen entomopatogenni houby s novymi vlastnostmi.

2. Entomopatogenni houby redukuji populace skodlivych ¢initelt.

3. Pomoci zdmérné inokulace kmene entomopatogenni houby lze zvysit
supresivitu pudy.

4. Hlistice mohou §ifit spory entomopatogennich hub v Zivotnim prostiedi.

Cile prace
Tato prace byla zaméfena na tfi hlavni cile:

1) Najit virulentni kmeny entomopatogennich hub (EPH) proti vybranym
cilovym hostitelim

Dil¢i cile:

e Izolace kmenti EPH zpudnich vzorkl/infikovanych hostitelti pomoci
selektivniho média na bazi dodine

e Identifikace EPH pomoci morfologickych a mikroskopickych vlastnosti
a pomoci genetické analyzy

e Utinnost vybranych kment jednotlivych EPH na mortalitu cilovych
hostiteli (rozto¢ Rhizoglyphus robini, zavijeC¢ zimostrazovy, mandelinka
bramborova)

2) Obohatit pudni vysevni substrat o entomopatogenni houbu
Isaria fumosorosea CCM 8367

Dil¢i cile:
e Vyvoj laboratorniho zafizeni pro aplikaci suspenze spor houby
1. fumosorosea
e Optimalizace submerzni kultivace této houby
e Testovani pfitomnosti houby v substratu v Case

3) Zjistit, zdali se miZe entomopatogenni houba Isaria fumosorosea CCM
8367 Sirit v prostiredi efektivnéji za pomoci entomopatogennich hlistic
Dil¢i cile:
e Zhodnotit $ifeni hub hlisticemi v rGznych pokusnych arénach

e Otestovat Sifeni dvou typt spor houby, a to konidii a blastospor
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4 Experimentalni ¢ast a vysledky

4.1 Utinnost entomopatogennich hub vyizolovanych z Ceské republiky
a Izraele proti roztoci Rhizoglyphus robini (Acari: Acaridae) a jejich
vyskyt

Rozto¢ Rhizoglyphus robini patii mezi zavazné sklidce Cesneku a cibule,
pricemz jeho regulace je obtizna kvili jeho schopnosti vyvinout si rezistenci viuci
akaricidam. Dal$im nebezpecim je interakce roztoct s houbovymi patogeny, jako
je napt. Fusarium spp. Cilem nasi prace bylo posoudit moznost biologické ochrany
pomoci pfirozenych patogenti, konkrétné entomopatogennich hub (EPH).

V prvni casti studie byly realizovany terénni sbirky padnich vzorkl
na cibulovych a &esnekovych polich v Ceské republice a v Izraeli. Z t&chto vzorki
byly provedeny vyluhy a kultivace pomoci selektivniho média. Celkem bylo z piidnich
vzorkll z obou zemi vyizolovano 5 rodi EPH (Metarhizium sp., Beauveria sp.,
Isaria sp., Lecanicilium sp. a Purpureocillium sp.). Nejfrekventovanéj$i byl rod
Metarhizium sp. a to zejména na lokalitach v Ceské republice. Naopak nejméné byl
zastoupen v obou zemich rod Beauveria sp. Pudni vzorky z Ceské republiky
obsahovaly vyrazné vyssi koncentraci EPH oproti [zraeli. Vybrané kmeny EPH byly
stanoveny do druhu pomoci makroskopickych, mikroskopickych a molekuldrnich
markert.

Vybrané kmeny hub byly nésledné testovany proti samicim roztoce R. robini
v laboratornich podminkach. V biotestech bylo testovano celkem 20 kment EPH
(17 1izolovanych a 3 referencni kmeny). Vysledky odhalily vysokou variabilitu mezi
druhy a kmeny. NejvyS$i ucinnost proti R. robini byla zjisttna u kmeni
Metarhizium anisopliae izolovanych z pidnich vzorkt z Ceské republiky a u kmene
Metarhizium indigoticum z lzraele. Mortalita po 4. dnech biotestu byla 99,3 %,
respektive 98,3 %. Nejnizsi virulence byla pozorovana u hub rodu Beauveria spp.
U tfech nejucinnéjsSich kment byla vypocitana také letalni doba (LT50) a koncentrace
(LC50), kdy uhynulo 50 % populace roztoce. LT50 se pohybovala mezi 2 a 4 dny
a LC50 mezi 1,01x10% a 2,36x10° spor/ml. Tyto parametry ukazaly, Ze nejvirulentngjsi
byla houba M. indigoticum z lzracle.

Tato studie prokazala, ze nékteré¢ kmeny EPH, zejména rodu Metarhizium, maji
vysoky potencial regulovat populace roztocu R. robini a vyuziti téchto hub predstavuje
vyznamnou alternativu vic¢i ochrané chemické.

Okrajové byly v této praci studovany také mykoparazitické houby rodu
Trichoderma sp., vyizolované z pidnich vzorkii z obou zemi.

Publikaéni vystupy:
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of entomopathogenic and mycoparasitic fungi in the soil of onion and garlic fields in

the Czech Republic and Israel. Journal of Plant Diseases and Protection, Early View.
DOI: 10.1007/s41348-021-00557-5

Konopicka J., Bohata A., Nermut’ J., Jozova E., Mracek Z., Palevsky E., Zemek R.
(2021) Efficacy of soil isolates of entomopathogenic fungi against the bulb mite,
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4.2 Ulinnost entomopatogenni houby Isaria fumosorosea CCM 8367 proti
zavije€i zimostrazovému (Cydalima perspectalis)

Zimostraz (Buxus sempervirens) je vyznamnou okrasnou dfevinou, kteréd
jevazné  ohrozend  invazivnim  Skidcem  zavijeCem = zimostrazovym
(Cydalima perspectalis). Larvy tohoto skiidce jsou schopné kompletné stromy odlistit
a zpusobit jejich smrt. Vyvoj novych biopesticidli zamétenych na tohoto Sktdce
by mohl pomoci vysadby téchto okrasnych dievin ochranit.

V této studii byly provedeny laboratorni experimenty za ucelem posouzeni
ucinnosti entomopatogenni houby Isaria fumosorosea kmene CCM 8367 proti sktidci
C. perspectalis. Larvy posledniho instaru byly oSetfeny suspenzi konidii houby
v rozmezi koncentraci od 1x10* do 1x10% spor na 1 ml. Houbova infekce byla
pozorovana vétSinou u kukel. Nicméné mortalita neptfesahla 60 %, coz naznacuje
velmi nizkou citlivost C. perspectalis k houb& I. fumosorosea. Dale bylo za pomoci
nizkoteplotni rastrovaci elektronové mikroskopie zjisténo na larvalni kutikule sktidcti
velké mnozstvi nekli¢ivych spor houby. V dalsi fazi studie se ukdzalo, Ze inhibici
kliceni spor houby zpisobuje hydroalkoholicky extrakt z listi Buxus sempervirens.

Bohuzel se prokézalo, Ze kmen CCM 8367 I. fumosorosea neni pro potlaceni
populace C. perspectalis vhodny. Nizk4 virulence houby mohla byt zptisobena
akumulaci fytochemikalii hostitelské rostliny s antimikrobialni aktivitou do larvalni
kutikuly sktdce.

Publikaéni vystupy:

Zemek R., Konopicka J., Ul Abdin Z. (2020) Low efficacy of Isaria fumosorosea
against box tree moth Cydalima perspectalis: Are host plant phytochemicals involved
in herbivore defence against fungal pathogens? Journal of Fungi 6: 342.

DOI: 10.3390/j0f6040342

4.3 Utinnost entomopatogenni houby Beauveria bassiana proti
mandelince bramborové (Leptinotarsa decemlineata)

Mandelinka bramborova (Leptinotarsa decemlineata) patii mezi zavazné
a Siroce rozsifené skiidce brambor a jinych plodin. Tento sktidce je schopen defoliovat
hostitelskou rostlinu a zplsobit vysoké ztrdty na vynosu. Navic se mandelinka
bramborova stava rezistentni vi¢i mnoha chemickym pesticidiim. Proto je zapotiebi
vyvoje novych biopesticidii zamétenych na tohoto Skiidce.

Cilem této studie bylo ziskat nové kmeny entomopatogenni houby B. bassiana
a posoudit jejich ucinnost proti dospélcim L. decemlineata v laboratornich
podminkach. Dvanact kmenii bylo izolovdno z mrtvych dospélci mandelinky
bramborové sesbiranych na bramborovych polich v Ceské republice.

V samotném biotestu byli dospélci mandelinky bramborové oSetieni suspenzi
konidii kazdého kmene houby B. bassiana v koncentraci 1x107 spor na mililitr a jejich
prezivani bylo denn€ zaznamenavano po dobu tii tydnd. Vysledky biologickych testi
odhalily, Ze vSechny nové nativni kmeny byly pro dospélce patogenni a zpusobily
mortalitu az 100 % na konci zkuSebniho obdobi s LT50 pfiblizn€ 7 dni. Tyto kmeny
byly virulentngj$i nez referen¢ni kmen GHA a nékteré z nich lze doporucit pro vyvoj
nového mykoinsekticidu proti L. decemlineata.

V dalsi fazi studie se testoval virulentni kmen B. bassiana (kmen BBA 08)
v kvétinaCovém a polnim experimentu. Tento kmen byl testovan samostatné a také
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v kombinaci s entomopatogennimi hlisticemi, kde byl hodnocen vliv bioagens
na pocet objevujicich se dospélcii mandelinky bramborové. V kvétindovych
experimentech pidni aplikace hlistic (Steinernema carpocapsae 1343 a S. feltiae
Jakub) a houby (BBA 08) vyznamné snizila pocty vzchazejicich dospélct
L. decemlineata, zatimco po aplikaci na listy bylo ucinné pouze oSetfeni houbou
B. bassiana.

Terénni aplikace houby B. bassiana vyznamné snizila pocet objevujicich
se dospéelcti mandelinky bramborové ve srovnéni s kontrolni variantou o cca 30 %,
zatimco ucinek hlistic a kombinace hlistice-houba nebyl statisticky vyznamny.

NaSe zjisténi také zduraziuji dulezitost hledani perspektivnich kment
entomopatogennich hub mezi pfirozené infikovanymi hostiteli. Entomopatogenni
houby 1 hlistice maji potencidl ucinn€ snizovat vyskyt dospélci mandelinky
bramborové, ale ke zlepSeni uc€innosti v této oblasti je zapotiebi dalsi vyzkum.

Publikacni vystupy:

Zemek R., Konopicka J., Jozovéa E., Skokova Habustova O. (2021) Virulence of
Beauveria bassiana strains isolated from cadavers of Colorado potato beetle,
Leptinotarsa decemlineata. Insects 12: 1077. DOI: 10.3390/insects12121077

Piaza V., Nermut J., Konopicka J., Skokova Habustova O. (2021) Efficacy of the
applied natural enemies on the survival of Colorado Potato Beetle adults. Insects
12: 1030. DOI: 10.3390/insects12111030

4.4 Obohaceni pidniho substratu  entomopatogenni  houbou
Isaria fumosorosea CCM 8367 pro zvySeni jeho supresivity

Cilem této studie bylo prozkoumat potencial kolonizace piidniho vysevniho
substratu entomopatogenni houbou Isaria fumosorosea CCM 8367. U tohoto kmene
houby byla dfive zjisténa vysokd virulence proti nékolika druhtim skudci.

V prvni fazi studie bylo vyvinuto jednoduché laboratorni zatizeni pro aplikaci
suspenze spor hub do substratu. Suspenze byla pfipravena z blastospor houby, které
byly ziskdny submerzni kultivaci v tekutém médiu za pomoci orbitalni tfepacky.
Nainokulovany substrat houbou byl umistén do plastovych sackii a uchovavan
pii konstantni teplot¢ 20 °C po dobu Sesti mésici. Kazdy mésic byly vzorky
analyzovany a byla zjiStovana koncentrace houby ve form¢ parametru Colony forming
units — jednotky tvofici kolonie (CFU). Vysledky ukézaly, Ze pti 20 °C houba tGspésné
kolonizovala ptidni substrat a pretrvavala i kdyz se primérna koncentrace mirné snizila
7 5,89x10* na 2,76x10* spor na mililitr substratu béhem experimentu.

Substrat kolonizovany houbou I fumosorosea mize byt vhodny
pro preventivni a trvalou ochranu riznych rostlin pied sktidci Zijicimi v pade.

Publikaéni vystupy:

Zemek R., Konopicka J., Bohata A., Horiidk P., Jind¢ek M. (2017) Vysevni substrat
s entomopatogenni houbou Isaria fumosorosea kmene CCM 8367. Funkéni vzorek
1- 7. (podléha autorskym praviim)

Zemek R., Nermut’ J., Konopicka J., Bohata A. (2018) Pudni ptfipravek na bazi
Isaria fumosorosea a Steinernema feltiae. Funk¢ni vzorek
TG02010034 2021 Duoefekt Zemek: 1-8. (podléhd autorskym pravim)
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Zemek R., Nermut J., Konopicka J., Bohata A. (2018) Insekticidni a akaricidni
aditivum do nosného substratu pro péstovani rostlin. Uzitny vzor ¢. 32259. Urad
pramyslového vlastnictvi, reg. ¢. 2018-35411.

Zemek R., Konopicka J., Bohata A. (2018) Péstebni substrat s insekticidnimi
a akaricidnimi vlastnostmi. Uzitny vzor ¢. 31982. Utad primyslového vlastnictvi,
reg. ¢. 2018-35195.

Zemek R., Konopicka J., Bohatd A. (2018) Inoculation of sphagnum-based soil
substrate with entomopathogenic fungus Isaria fumosorosea
(Hypocreales: Cordycipitaceae). AlIP Conference Proceedings
1954: 030009- 1- 030009-5. DOI: 10.1063/1.5033389

Konopicka J., Bohatd A., Zemek R. (2019) Technologie vyroby blastospor
entomopatogenni houby Isaria fumosorosea kmene CCM 8367 submerzni kultivaci.
Ovétena technologie OT-ENTU-01 (podléha autorskym praviim)

4.5 Sifeni spor entomopatogenni houby Isaria fumosorosea CCM 8367
hlisticemi

Entomopatogenni houby a hlistice jsou celosvétové rozsifené pudni
mikroorganismy, které se ¢asto pouzivaji v biologické ochrané¢ rostlin. Mnoho studii
prokédzalo, ze kombinace bioagens mtize zvysit jejich ucinnost proti cilovym
hostitelim.

Tato studie se zamétuje na potencidlni pfinos synergie dvou druht hlistic,
Steinernema feltiae a Heterorhabditis bacteriophora, a houby Isaria fumosorosea
CCM 8367.

V prvni fazi studie bylo testovano Sifeni hub hlisticemi v riznych pokusnych
arénach. Siteni hub hlisticemi bylo testovano na Petriho miskach s agarovym médiem
Potato Dextrose Agar, dale na Petriho miskéach, kde byl piidan pisek jako bariéra
a v posledni fazi studie byl pifenos hub hlisticemi testovan ve sklenénych trubickach
naplnénych zeminou.

Vysledky naSi studie poprvé ukazaly, ze Sifeni konidii i1 blastospor
L fumosorosea je vyznamné posileno pfitomnosti entomopatogennich hlistic,
ale uc¢innost Sifeni je negativné ovlivnéna heterogenitou testovaci arény.

Dal$im zjiSténim bylo, ze hlistice H. bacteriophora §ifi houby efektivnéji
nez S. feltiae. Tento jev lze vysvétlit v rozdilech ptfitomnosti kutikuly druhého stupné
nebo odliSnym chovéanim pfi hledani potravy hlistic.

Bylo také zjisténo, Ze blastospory houby se §ifi G€innéji nez konidie, coz miize
byt zplsobeno ruznou adherenci téchto spor (konidie jsou hydrofobni, zatimco
blastospory jsou hydrofilni). Tato studie zkoumala novy, alternativni zptsob Sitfeni
entomopatogennich hub v oblasti Zivotniho prostfedi. Ziskané vysledky ukazaly,
7e entomopatogenni hlistice mohou zvysit G¢innost Sifeni hub.

Publikaéni vystupy:

Nermut' J., Konopicka J., Zemek R., Kopatka M., Bohata A., Piza V. (2020)
Dissemination of Isaria fumosorosea spores by Steinernema feltiae and
Heterorhabditis bacteriophora. Journal of Fungi 6: 359. DOI: 10.3390/j0f6040359
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5 Prilohy

Podkapitola experimentalni ¢asti a vysledkil 4.1 U¢innost entomopatogennich
hub vyizolovanych z Ceské republiky a Izraele proti roztodi Rhizoglyphus robini
(Acari: Acaridae) a jejich vyskyt zahrnuje vysledky a data, ktera byla publikovana
ve dvou odbornych impaktovanych ¢asopisech. Nazvy publikaci jsou nasledujici:

e Survey of entomopathogenic and mycoparasitic fungi in the soil of onion and
garlic fields in the Czech Republic and Israel.

e Efficacy of soil isolates of entomopathogenic fungi against the bulb mite,
Rhizoglyphus robini (Acari: Acaridae).

Podkapitola 4.2 U¢innost entomopatogenni houby Isaria fumosorosea
CCM 8367 proti zavijeci zimostrazovému (Cydalima perspectalis) zahrnuje vysledky,
které byly publikované v impaktovaném casopise (ndzev publikace viz niZe).

e Low Efficacy of Isaria fumosorosea against Box Tree Moth Cydalima
perspectalis: Are Host Plant Phytochemicals Involved in Herbivore Defence
against Fungal Pathogens?

Podkapitola 4.3 Uéinnost entomopatogenni houby Beauveria bassiana proti
mandelince bramborové (Leptinotarsa decemlineata) obsahuje cenna data, ktera byla
publikovana v impaktovaném Casopise Insects. Z této studie vznikly dvé publikace
jejichz ndzvy jsou nize.

e Virulence of Beauveria bassiana strains isolated from cadavers of Colorado
potato beetle, Leptinotarsa decemlineata.

e Efficacy of the applied natural enemies on the survival of Colorado Potato
Beetle adults.

Do podkapitoly 4.4 Obohaceni pidniho substratu entomopatogenni houbou
Isaria fumosorosea CCM 8367 pro zvysSeni jeho supresivity spadaji vysledky, které
byly vyuzity pro piipravu funkénich vzorkl, uzitnych vzorti a ovéfené technologie.
Ze ziskanych dat byla vytvoiena také publikace. Prilozené jsou uzitné vzory
a publikace, jejichZ nazvy jsou nize:

e UzZitny vzor ¢. 32259: Insekticidni a akaricidni aditivum do nosného substratu
pro péstovani rostlin.

e Uzitny vzor ¢. 31982: Pé&stebni substrat s insekticidnimi a akaricidnimi
vlastnostmi.

e Inoculation of Sphagnum-Based Soil Substrate with Entomopathogenic
Fungus Isaria fumosorosea (Hypocreales: Cordycipitaceae).

Do posledni podkapitoly 4.5. Sifeni spor entomopatogenni houby
Isaria fumosorosea CCM 8367 hlisticemi patii vysledky, které byly publikované
v impaktovaném ¢asopise, ndzev publikace je nasledujici:

e Dissemination of Isaria fumosorosea Spores by Steinernema feltiae and
Heterorhabditis bacteriophora.
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Abstract

Bulb crops are attacked by various soil-dwelling pests and pathogens. Entomopathogenic (EPFs) and mycoparasitic fungi
(MPFs) which are distributed in natural and agricultural soils worldwide can play an important role as natural enemies of
bulb pests. The species richness and density of these fungi in onion and garlic fields have not been investigated. The aim
of this study was to determine the occurrence of EPFs and MPFs in soils where these crops were grown and compared the
data from sites of the Czech Republic and Israel. Methods of fungi isolation and quantification were based on elution of
soil samples by water and cultivation using selective media with dodine for EPFs and cultivation using potato dextrose agar
with chloramphenicol for MPFs. Entomopathogenic fungi Beauveria spp., Isaria spp., Lecanicillium spp., Metarhizium
spp., Purpureocillium spp. and mycoparasitic fungi Trichoderma spp. were isolated from soil samples in both countries.
The highest density was observed in the genus Metarhizium in both countries. Metarhizium spp. were most abundant in the
site Mlyn Podhora in the Czech Republic. The average density of colony-forming units (CFU) per 1 mL of soil sample was
1.47 x 10*. The lowest density was observed in the genus Beauveria in both countries, up to 5.93 x 10* CFU per 1 mL of soil
sample. Soils in the Czech Republic contained about ten times higher number of EPFs compared to Israel. Rather higher
prevalence of MPFs was also found in the Czech Republic. Possible reasons for within and between countries variability in
EPFs and MPFs occurrence are discussed.

Keywords Alliaceae - Soil microorganisms - Hypocreales - Diversity - Metarhizium - Trichoderma

Abbreviations Background

EPFs Entomopathogenic fungi
MPFs Mycoparasitic fungi Onion (Allium cepa) and garlic (Allium sativum) are culti-
vated throughout the world for food, therapeutic and medici-
nal properties (Sharifi-Rad et al. 2016; Lawande et al. 2009).
According to the statistics of the FAO, the total world pro-
duction for onion was 93,226,400 tons, and for garlic, it was
26,639,081 tons produced in 2019 (FAO 2021). Onion and
garlic crops are attacked by many pathogens and pests at

different crop growth stages which cause considerable losses
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in yield (McDonald et al. 2004; Lawande et al. 2009). Onion
and garlic are subject to a number of diseases (e.g., Fusarium
basal rot, onion smut, downy mildew, pink root, neck rot,
Botrytis leaf blight, etc.) and pests (e.g., Rhizoglyphus rob-
ini Claparede, onion maggot, Thrips tabaci Lindeman, etc.)
(Ofek et al. 2014; Lebiush-Mordechai et al. 2014; Mishra
et al. 2014). The control of these pests and diseases are still
based almost entirely on pesticides, some of which, espe-
cially for the control of mites and insects being hazardous.
Due to resistance and toxicity to the environment, efforts
are currently being made to reduce the use of pesticides and
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replace them with eco-friendly methods of plant protection
(Diaz et al. 2000; Mishra et al. 2014; Hossain et al. 2017).
Thus, alternative, environmentally safe control strategies,
e.g., biological control, need to be developed and imple-
mented. Entomopathogenic fungi (EPFs) and mycoparasitic
fungi (MPFs) represent such promising biocontrol agents.

The soil environment constitutes an important reservoir
for a diversity of EPFs, which can contribute significantly
to the regulation of insect populations (Keller and Zim-
mermann 1989). EPFs can interact with arthropod hosts as
parasites or saprotrophs (Bidochka et al. 1998; Charnley and
Collins 2007). Hypocrealean EPFs, belonging to the gen-
era Beauveria, Isaria and Metarhizium, occur worldwide in
the soil, including natural and agricultural areas and have
the greatest potential for biological control (Bidochka et al.
1998; Meyling and Eilenberg 2006; McGuire and Northfield
2020; Bueno-Pallero et al. 2020). These kinds of fungi are
unique organisms that are capable of infecting their hosts
directly through the exoskeleton, while other entomopatho-
gens (viruses and bacteria) must be ingested with food to
infect the host (Augustyniuk-Kram and Kram 2012). These
fungi can cause massive epizootics after infection and
manifestation of disease symptoms in the pest population
(Augustyniuk-Kram and Kram 2012; Tkaczuk et al. 2014).
Therefore, knowledge of the occurrence and species com-
position of EPFs in the soil environment is very important,
especially the native EPFs population. Most studies of the
occurrence and biodiversity of EPFs in soils have focused
on differences in species composition between areas defined
by habitat types (Vinninen 1996; Steenberg 1997; Bidochka
et al. 1998; Klingen et al. 2002; Keller et al. 2003; Meyling
and Eilenberg 2006, 2007; Prenerova et al. 2009; Bueno-
Pallero et al. 2020; Sharma et al. 2020). Several methods to
isolate EPFs from the soil have been used. The traditional
insect bait method uses Galleria mellonella (Lepidoptera:
Pyralidae) or Tenebrio molitor (Coleoptera, Tenebrionidae)
as a host (Zimmermann 1986; Meyling and Filenberg 2007;
Sharma et al. 2018). Another method used to isolate EPFs is
soil dilution and cultivation on selective media (Meyling and
Eilenberg 2007) or methods of molecular biology (Canfora
et al. 2016).

MPFs of genera Trichoderma and Gliocladium are
cosmopolitan in the soil, on decaying wood and on veg-
etable matter and some species are frequently dominant
in widely varying habitats (Harman and Kubicek 2002).
Some species of the genus Trichoderma can be utilized
in biological control because of their mycoparasitism and
other properties. Strains which are effectively able to sup-
press plant pathogens in a sufficiently wide spectrum of
environmental conditions are rhizosphere-competent and
have a positive effect on growth and development of plants
(Brozova 2010). MPFs used in biological control have a
higher ability to spread in soil and rhizosphere compared

@ Springer
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to soil antagonistic bacteria, due to the active growth of
hyphae. There is a number of species of fungi that have
been studied in the biological control, but among them
the fungi of the genus Trichoderma clearly dominate.
Trichoderma spp. grow easily and have a wide range of
hosts (Whipps and Lumsden 2001). The most widely used
methods for MPFs isolation include, e.g., pre-colonized
plate method, use of selective nutrient media, dilution
plate method (Rabeendran et al. 1998) and sclerotia bait
technique using Sclerotinia sclerotiorum (Lib.) de Bary
as a selective bait of sclerotia (Ribeiro and Butler 1992).

This research aims to investigate the species compo-
sition and within and between-country variability of co-
inhabiting EPFs and MPFs from soil samples collected in
onion and garlic fields of the Czech Republic and Israel.
Although EPFs and MPFs have been surveyed in these two
countries in the soil of various cultivated and uncultivated
habitats (Kenneth et al. 1979; Landa et al. 2002; Paz et al.
2007a, 2007b, 2011; Gerson et al. 2008; Prenerova et al.
2009; Brozova 2010; Siméckova et al. 2014; Degani and
Dor 2021), no previous study focused on garlic and onion
crops. In the present study, EPFs and MPFs were surveyed
together, with the aim of determining whether the MPFs
can have a negative impact on the EPFs. Data obtained
thus provide new information and knowledge useful for
the biological control of pests and pathogens attacking
onion and garlic in two countries with different climates
and soil type.

Methods
Soil sampling

The occurrence of EPFs and MPFs was surveyed in soil sam-
ples collected in onion and garlic fields in the Czech Repub-
lic and Israel in 2017. Sampling was carried out before the
harvest, i.e., in July and August in the Czech Republic and
at the end of April in Israel. In total, nine sites (farms) in
which both crops are traditionally grown were sampled, five
in the Czech Republic and four in Israel. The sites were
located in Pilsen and South Bohemian regions and in the
Beit She'an Valley, Jezreel Valley and Lower Galilee, respec-
tively (Table 1). Five soil samples were collected from each
site: four samples at field corners and one from the center of
field. Soil samples were taken with a shovel from a depth of
10-20 cm adjacent to crop plants and individually placed in
a 40-mL polyethylene vials with minimum air (compacted),
i.e., 200 mL of compacted soil was collected per each sam-
pling site in total. The vials with soil were sealed with the
cap and stored in a refrigerator at 6 °C until isolation of
fungi (maximum 1 week).
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Table 1 Soil sampling sites in the Czech Republic and Israel

Country Site Crop Farming system Soil type Field area (ha)
Name GPS

Czech Republic Dortiov 49.215789 N, 14.773615E garlic Sustainable® Cambisol 3.6
Radomysl 49.316988 N, 13.946182E onion Conventional® Luvisol 3.9
Mezifi¢i 48.699942 N, 14.589516E onion Organic® Luvisol 7.4
Kolence 49.096081 N, 14.786852E onion Conventional Podzol 8.8
MIyn Podhora 49.420356 N, 13.371508E onion Sustainable Cambisol 11.2

Israel Harduf 32.776000 N, 35.169791E onion Organic Leptosol 3.5
Gazit 32.631341 N, 35.444345E onion Organic Chromoxerert 3.5
Sdehu Nachum 32.530280 N, 35.476934E onion Organic Chromoxerert 4.0
Sde Eliyahu 32.435397 N, 35.513981E garlic Organic Cambic Gypsiorthid 3.5

*Transient system between conventional and organic system
®System in which pesticides and fertilizers are applied
“Certified organic farming system

Isolation, identification and density estimation
of entomopathogenic fungi

EPFs were isolated with water elution of soil samples
and cultivation using selective medium with dodine
(0.05 g/L) (Sigma-Aldrich, Darmstadt, Germany) (Chase
et al. 1986). For analysis, 13.5 mL of soil was used from
each sample. This volume of soil was transferred to a
250-mL Erlenmeyer flask and then mixed with 50 mL of
a 0.05% Tween™ 80 solution (Sigma-Aldrich, Darmstadt,
Germany). The samples were mixed for 20 min on an
orbital shaker (200 rpm). Subsequently, the samples were
diluted once (1-mL sample with 9 mL water with 0.05%
Tween 80). Subsample of 0.5 mL was taken from the 10~
diluted sample and transferred to the Petri dish (vented,
inner diameter 90 mm, height 15 mm, Gosselin™, Borre,
France) with selective medium with dodine and spread
over the entire medium using a sterile spatula. Three rep-
licates were established for all samples from each site.
After 14 days of incubation at 25+ 1 °C and 16L/8D
photoperiod, the grown EPFs colonies were counted and
identified on the basis of macroscopic and microscopic
characteristics to the genus level because without molec-
ular methods it is almost impossible to correctly iden-
tify the taxa at the species level. Identification of fungal
isolates was made by the determination of conidial size
and shape, conidiogenous cell and colony morphology
(Rehner and Buckley 2005; Rehner et al. 2011; Inglis
et al. 2012; Humber 2012) using an Olympus CH20 light
microscope (Olympus Optical Co., Ltd., Tokyo, Japan),
bright field, 400 X magnification. The number of EPFs
colonies were expressed as colony-forming units (CFU)
of each EPFs per 1 mL of soil sample.

Isolation, identification and prevalence
of mycoparasitic fungi

Modified dilution plate method (Rabeendran et al. 1998) was
used for the isolation of MPFs. A dilution series was made
up to 107 and three replicates were performed from each
dilution series. The soil extract and each aliquots of samples
was pipetted in the same volume (0.5 mL) as for the EPFs
isolation on Petri dishes with PDA (potato dextrose agar)
(Sigma-Aldrich, Darmstadt, Germany) supplemented with
the antibiotic chloramphenicol (0.05 g/L) (Sigma-Aldrich,
Darmstadt, Germany). Samples were spread with a sterile
spatula over the entire area of the medium. Fungi of the
genus Trichoderma were isolated and identified on the basis
of macroscopic and microscopic characteristics (Gams and
Bissett 2002) after 7 days of incubation at 25+ 1 °C and
16L:8D photoperiod. The occurrence of Trichoderma spp.
was assessed by the presence or absence in soil samples.

Statistical analysis

The obtained data on EPFs density in soils collected at sites
in the Czech Republic and Israel were statistically evaluated
using Multivariate analysis of variance (MANOVA) after
log(x+1) transformation. When the analysis was significant,
univariate ANOVAs for the individual genera and Tukey
tests for multiple comparisons were conducted. Compu-
tations were done by means of Statistica v. 13.5 software
(TIBCO Software Inc., Tulsa, OK, USA). The prevalence of
Trichoderma spp. was expressed as mean percentage+ stand-
ard error of the mean of positive sample. A generalized lin-
ear model with a binomial distribution and logit link was
used to analyze data. Treatment and replication were set as
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fixed effects. The analysis was performed in SAS® Studio
for Linux (SAS Institute Inc. 2018) using the GLM proce-
dure (PROC GENMOD) of SAS/STAT module (SAS Insti-
tute Inc. 2017). Means were separated by the least-square
means (LSMEANS) statement of SAS with Tukey—Kramer
adjustment for multiple comparisons. We also conducted a
Spearman correlation analysis (Siegel and Castellan 2003) to
test if there is any association between Trichoderma preva-
lence and overall mean density of entomopathogenic fungi.
The computation was done using the PROC CORR function
in SAS/STAT. P values < 0.05 were considered statistically
significant in all tests.

Results

Density estimation of entomopathogenic fungi

Five genera of entomopathogenic fungi were found in soil
samples from the Czech Republic and Israel: Lecanicillium
spp., Purpureocillium spp., Metarhizium spp., Isaria spp.
and Beauveria spp. (Fig. 1). The density of EPFs CFU was
dependent on site. Soil in Israeli fields contained obviously
lower number of EPFs compared to Czech fields (Fig. 2).
The overall average of CFU/mL of soil was 1.21 x 10* and
2.63x10% in Israel and the Czech Republic, respectively.
The effect of sampling site was statistically highly significant
(Wilk’s A=0.0277; F(35,137.0416)=5.2768;P <0.0001).
The highest total number of CFU of EPFs was found
in samples from the Czech Republic Dominant genus was

Metarhizium in both countries. The genus Metarhizium most
represented in soil samples from the sites Mlyn Podhora
(1.47x 10* CFU/1 mL), Kolence (9.82x 10° CFU/1 mL) and
Doiiov (7.38 x 10° CFU/1 mL) from the Czech Republic and
on the farms of Gazit and Sde Nahum from Israel. Gazit
site contained 7.11 x 10> CFU (79% of all isolated infectious
units of fungi) of Metarhizium spp. per 1-mL soil sample
and Sde Nahum site contained 7.85 x 10> CFU/1 mL (88%).
On other sites, the concentration of the genus Metarhizium
was lower. The site had a highly significant effect on the
density of the genus Metarhizium (F=5.6914; df =7,36;
P <0.0001). Genus Lecanicillium was isolated from all loca-
tions in the Czech Republic, but it occurred at a very low
frequency. The same phenomenon was observed for samples
from Israel except of the Sde Eliyahu site (Fig. 1), where its
occurrence was not recorded and the density of infectious
units was not statistically significant (F=1.8619; df=7,36;
P=0.1052). The lowest density of infectious units was
recorded in the genus. Beauveria. Genus Beauveria occurred
Podhora) and in one site in Israel (Sde Eliyahu). CFU of
this genus were very low in all sites. The amount of CFU
fungus per mL of soil ranged from 1.04 x 10? to 5.93 x 10*
per mL. The effect of sampling site on CFU of the genus
Beauveria was not significant (F=1.3379; df =7,36;
P=0.2614). The most frequent genera in samples from
Harduf was Purpureocillium at 3.41 x 10*> CFU per mL of
soil. Purpureocillium spp. was found in all samples from the
Czech Republic; the highest concentration was in Kolence
(4.92x 10° CFU/1 mL). Differences in density of CFU of

Fig. 1 Density of EPFs in o - ;
soils in the Czech Republic RER Lecanicillium Purpureocillium Metarhizium
b
and Israel. Sites: Dotiov (a), 5E+03 b b 5
Radomysl (b), Mezifi¢i (¢), c & T f
, c
Kolence (d), Mlyn Podhora 5E+02 . ab ab ab
(e), Harduf (f), Gazit (g), ab ab @b ab be
Sde Nahum (h), Sde Eliyahu ab ab b a a a
AR, L 5E+01 ab @ &
(i). Different letters indicate = "
significant differences between _é
columns (Tukey test, P <0.05) 5 SE+00 m
a
LL L L n I L 1 L I 1 " I 1 1 L 1 "
g A B CDETFGHI A B C D E F G H A B CDETFGHI
‘2\ 5E+04
= 5E+
2 Isaria Beauveria
o b
B i & ; b O Czech Republic
5E+02 O lIsrael
a a &
5E+01 a :
4 a O Mean
T MeantSE
5E+00 F‘
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Fig.2 Photos: demonstrat-

ing differences in densities

of colony-forming units of
entomopathogenic fungi in soils
between the Czech Republic
and Israel. Sites: a Donov; b
Mezifiéi; ¢ Kolence; d Harduf;
e Gazit; f Sde Eliyahu

the genus Purpureocillium among the sampling sites were
highly significant (F=13.9898; df=7,36; P <0.0001). The
Harduf site was the only site in Israel to contain the Isaria
genus, represented 11% of the total number of colonies.
Soil samples from Domiov and Radomysl contained very
high EPFs concentrations of Isaria spp.; Doilov contained
53% and Radomys] contained 61% of this genus of the total
number of isolated infectious units of fungi. The effect of
sampling site on infectious units of Isaria spp. was highly
significant (F=9.2598; df =7,36; P <0.0001).

Prevalence of mycoparasitic fungi

All soil samples from both countries contained fungi of the
genus Trichoderma (Fig. 3). A lower occurrence of Tricho-
derma spp. was recorded in soil samples from Israel in com-
parison with samples from the Czech Republic on average
by 10%. At the Sde Eliyahu site, MPFs only occurred in
two of the five soil samples (13.32%). In contrast, at the
Sde Nahum site, the occurrence of Trichoderma spp. was
recorded in all samples. On the farms of Gazit and Harduf,
the average incidence rates of MPFs were 79.98, respec-
tively, 59.98%. At localities in the Czech Republic, the aver-
age percentage of MPFs ranged from 39.96 to 86.66%. The
lowest occurrence of fungi of the genus Trichoderma was
recorded at the Mezifi¢i site in only 39.96% of soil samples.
At the remaining sites, the presence of the fungus Tricho-
derma spp. was almost indistinguishable. The effect of site
on prevalence of MPFs was highly significant (X2 =47.217,
df =8, P<0.001). No significant differences were found
among replications (X2= 6.97, df=4, P=0.1375). A Spear-
man correlation analysis showed that prevalence of MPFs

120
Czech Republic Israel
c
100 b b e
b b
% ab
80
S
g
§ 60 ab
©
F
I
40
a
20 &‘
0 1

% O Mean
Site T MeanzSE

Fig. 3 Prevalence of mycoparasitic fungi in soils in the Czech Repub-

(d), Mlyn Podhora (e), Harduf (f), Gazit (g), Sde Nahum (h), Sde Eli-
yahu (i). A generalized linear model was fitted and pairwise between
site differences was tested using the least-square means. Different let-
ters indicate significant differences between columns (P <0.05)

and overall means of EPFs were not significantly correlated
(rs=0.3515, n=9, P=0.3537).

Discussion

The most used methods for isolation of EPFs from soil
are selective media and the ‘Galleria or Tenebrio bait
method’ (Zimmermann 1986; Scheepmaker and Butt 2010).
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Currently, methods of molecular biology for the isolation
and quantification of fungi in the soil can be used, too. For
example, JPCR (quantitative polymerase chain reaction) is
a molecular technique based on PCR (Canfora et al. 2016).
However, before using molecular biological methods, it is
necessary to take into account the possible shortcomings
of the technique, such as sensitivity, accuracy, robustness,
frequency of testing and cost. In addition, these methods
do not tell us anything about the virulence of fungal strains
(Canfora et al. 2016; Tsui et al. 2011). In the current study,
we used a selective media based method. EPFs were iso-
lated with water elution of soil samples and cultivated on
a selective medium with dodine. Selective media can be
used for quantitative studies and for isolation of the fungus
from soil or plant material (Zimmermann 2007a). There
are different groups of EPFs in different habitats. Different
insect pathogenic mycobiota could be found in the soil and
different in the aboveground environment (Augustyniuk-
Kram and Kram 2012). We identified EPFs belonging to
the genera Lecanicillium, Purpureocillium, Metarhizium,
Isaria and Beauveria. In our recent study on the efficacy
of soil isolates of EPFs against Rhizoglyphus robini, we
identified 17 selected strains of EPFs at species level using
molecular methods as: Metarhizium anisopliae (Metsch.)
Sorokin, Metarhizium indigoticum (Kobayasi & Shimizu)
Kepler, S.A. Rehner & Humber, Isaria fumosorosea (Wize),
Beauveria bassiana (Bals.-Criv.) Vuill. and Beauveria
brongniartii (Sacc.) Petch (Konopicka et al. 2021). EPFs
of the genus Beauveria, Metarhizium and Isaria are domi-
nant fungi found in soil environments as evidenced by many
studies (e.g., Samson et al. 1988; Keller and Zimmermann
1989; Prenerova et al. 2009; Augustyniuk-Kram and Kram
2012; Majchrowska-Safaryan and Tkaczuk 2021). The
highest natural density was observed in the genus Metarhi-
zium spp. in both countries. Metarhizium anisopliae is an
entomopathogenic fungus that is present in soils through-
out the world (Zimmermann 2007a; Augustyniuk-Kram and
Kram 2012). Our laboratory study revealed that particularly
Metarhizium strains have potential to control the bulb mite
R. robini (Konopicka et al. 2021). Fungi of the genus Beau-
veria exhibited the lowest natural density in soil samples
from both countries. Some studies suggest that B. bassiana
seems to be very sensitive to the disturbance effects of cul-
tivation and thus is restricted to natural habitats (Vanninen
1996; Quesada-Moraga et al. 2007; Medo and Cagan 2011).
Simackova et al. (2014) surveyed EPFs, including Beauve-
ria spp. in the Czech Republic and came also to conclusion
that uncultivated soils showed a higher richness EPFs than
cultivated ones. Fungus B. bassiana is more frequent in for-
ests in comparison with M. anisopliae which can persist in
cultivated soils (Rath et al. 1992; Vinninen 1996; Quesada-
Moraga et al. 2007; Sanchez-Pefia et al. 2011). According
to Vénninen (1996), an insect host is needed for B. bassiana
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because this species requires frequent serial passage through
insects to survive. Heavily cultivated fields and the absence
of hosts are limiting factors for the survival of B. bassiana.
In contrast, M. anisopliae conidia are able to persist in the
absence of arthropod hosts and have a higher survival in the
soil than B. bassiana (Latch and Falloon 1976; Vinninen
et al. 2000; Medo and Cagén 2011). Landa et al. (2002)
isolated M. anisopliae in almost 50% of fungus-positive
samples from arable soils.

Genus Lecanicillium was found in almost all sites in both
countries except Sde Eliyahu from Israel, but at a lower con-
centration. This is due to the fact, Lecanicillium is not a
typical soil fungus but is found primarily in the phylophlan.
Representatives of this genus most often cause spontane-
ous epizooties in Sternorrhyncha (Hemiptera order) insect
populations, particularly populations of different aphid and
whitefly species (Hall 1976; Goettel et al. 2008). Spores of
Lecanicillium probably got into the soil by rain, washing the
environment of the phylophlan. Lecanicillium can be also
endophytic and ephiphytic (Ownley et al. 2010).

The presence of Isaria spp. varied significantly in both
countries. In Israel, the Isaria spp. was isolated from only
one site, while in the Czech Republic, it was present in all
sites. Because species like I. fumosorosea can easily survive
in soils in the absence of insect hosts (Zemek et al. 2018),
it is possible that abiotic environmental factors affected the
natural density and abundance of EPFs of this genera.

The last genus isolated from the soil was Purpureocil-
lium spp. This genus has a nematophagous effect rather
than an entomopathogenic. But depending on the availabil-
ity of nutrients in the surrounding microenvironments, it
may be nematophagous, mycoparasitic, saprotrophic and
entomopathogenic (Gupta et al. 1993; Marti et al. 2006;
Rombach et al. 1986).

In general, localities from Israel contained a signifi-
cantly lower EPFs concentration than localities in the Czech
Republic. As a possible explanation, Israel’s sites are very
arid areas and may not provide EPFs with appropriate mois-
ture conditions needed for survival and reproduction. The
most important abiotic environmental constraints for fungi
are temperature, humidity or moisture and solar radiation
(Inglis et al. 2001; Zimmermann 2007a), e.g., at the locali-
ties sampled in the Czech Republic, the average year-round
temperature is 8.3 °C (18.2 °C in summer), whereas at Sde
Eliyahu and Sde Nahum in Israel (localities sampled with the
most arid conditions), the average year-round temperature is
22.2 °C (29.6 °C in summer). Other environmental data for
localities in the Czech Republic are 70% R.H., 649 mm of
annual precipitation and 1500-1600 h of sunshine (Czech
Republic Meteorological Services 2021), while in the arid
localities of Israel, averaged relative air humidity is 61%,
annual precipitation is 306 mm and an annual solar radia-
tion is about 3300 h Israel Meteorological Services 2021).
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There are numerous studies and compilations on the impact
of environmental factors on efficacy and viability of EPFs,
(e.g., Keller and Zimmermann 1989; Fuxa 1995; Inglis et al.
2001; Zimmermann 2007a, b, 2008). Another possible rea-
son for the lower incidence of fungi in Israel is that moisture
content is dependent on the cropping cycle. While crops are
growing, for example for onion and garlic (October—March),
soil moisture is maintained by irrigation (if rains are not
adequate), but toward harvest (May the beginning of the dry
season) irrigation is stopped and soil desiccates creating an
unfavorable environment for fungi until the next cropping
cycle.

Besides EPFs, the present study also surveyed the occur-
rence of MPFs. The modified dilution plate method was
used to isolate MPFs (Rabeendran et al. 1998). The soil
dilution method is commonly used for the isolation of both
MPFs and EPFs (Goettel and Inglis 1997). It is a qualita-
tive method that focuses only on the occurrence of MPFs
because quantitative estimation of Trichoderma spp. in soil
is often difficult due to their rapid growth (Elad et al. 1981).

There are a wide range of MPFs, but they are dominated
by representatives of the genus Trichoderma and Clonos-
tachys. These are worldwide soilborne anamorphic fungi.
Trichoderma spp. as well as Clonostachys spp. are faculta-
tive parasites of a wide spectrum of phytopathogenic fungi
including Alternaria spp., Bipolaris sorokiniana (Sacc.)
Shoem, Botrytis cinerea Pers., Fusarium culmorum W.G.
Smith, Fusarium graminearum Schwabe and Sclerotinia
sclerotiorum (Jensen et al. 2000, 2002, 2004; Whipps and
Lumsden 2001; Hue et al. 2009; Rodriguez et al. 2011;
Nygren et al. 2018) but they can also live as saprotrophs.
Some strains/species of Trichoderma and Clonostachys
are, however, known to be also entomopathogenic (Ghosh
and Pal 2016; Anwar et al. 2018; Podder and Ghosh 2019;
Mohammed et al. 2021). The manifestation of their antag-
onism includes competition, parasitism and antibiosis
(BroZova 2010). In particular, fungi of the genus Fusarium
sp. play a very important role not only in the infection of
bulb crops but also in the enhancement of R. robini popula-
tions on infected onion bulbs (Okabe and Amano 1991; Ofek
et al. 2014). Thus, the application of MPFs can decrease the
infestation of the bulb mite, too. The roots of onion seedlings
dipped into the suspension of fungi Trichoderma viride Pers.
and Trichoderma harzianum Rifai before planting reduced
the Fusarium basal rot disease caused by F. oxysporum f.
sp. cepae, by 61.8% and 53.7%, respectively (El-Mougy
and Abdel-Kader 2019). In the greenhouse experiment, the
symptoms of Fusarium basal rot in the onion inoculated with
F. oxysporum £. sp. cepae were also significantly reduced by
Trichoderma atroviride Karsten and T. harzianum inoculated
into the soil (Bunbury-Blanchette and Walker 2019).

Results of the present study showed that all soil sam-
ples from both countries contained fungi of the genus

Trichoderma. Lower prevalence of Trichoderma spp. was
recorded in soil samples from Israel in comparison with
samples from the Czech Republic. Lower occurrence of
Trichoderma spp. in Israel may be, similarly to EPFs, due
to environmental conditions, e.g., environmental and soil
temperature, humidity, UV radiation (Domsch et al. 1980;
Inglis et al. 2001; Zimmermann 2007a) or the absence of
irrigation during some periods of the year.

The correlation analysis did not reveal any associa-
tion between MPFs and EPFs indicating that there is no
significant effect of mycoparasites on the occurrence of
entomopathogens in soil. There are many studies that have
examined the interactions between entomopathogens and
mycoparasites. A study by Krauss et al. (2004) investigated
the interaction between the entomopathogens, B. bassiana,
M. anisopliae and I. fumosorosea and the mycoparasites
Clonostachys spp., T. harzianum and Lecanicillium lecanii
(Zimm.) Zare & W. Gams. The authors concluded that tested
entomopathogens and mycoparasites were compatible and
could be used in integrated pest management. On the con-
trary, other studies have observed an antagonistic effect of
mycoparasites and entomopathogens (Moino Jr. and Alves
1999; Wen et al. 2020).

Since it is often necessary for agricultural producers to
address arthropod pests and plant pathogens simultaneously
(Keyser et al. 2016), the use of MPFs in combination with
EPFs can improve biocontrol efficacy. However, their com-
patibility must be verified before using the entomopathogen
and mycoparasite combination.

Conclusions

The abundance of EPFs differed significantly between locali-
ties; CFU density of EPFs was higher in the Czech Republic
compared to Israel. The likely reason is that crops in Israel
need to be irrigated, while during transient periods, when
fields are empty and not irrigated, top soils desiccate and do
not provide a sustainable environment for fungi. Additional
reasons can be different types of soil and different climatic
conditions between the two countries. Dominant genera
among EPFs were Metarhizium; the only MPFs found were
Trichoderma spp. The abundance and distribution of these
fungi provide new information, understanding and insight
for further studies on the biological control of soil pests.
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Abstract

The bulb mite, Rhizoglyphus robini, is a serious pest of garlic, onion and other crops. The mite is usually found
in association with dangerous fungal pathogens such as Fusarium spp. Control of this pest has relied upon the
use of synthetic acaricides but chemical control of the bulb mite is difficult because it is able to develop
resistance quickly. Thus, alternative control methods, e.g. biological control, need to be developed and
implemented. The aim of this study was to assess efficacy of selected strains of entomopathogenic fungi (EPF)
against adult females of R. robini under laboratory conditions. New EPF strains were isolated from soil samples
collected in onion and garlic fields in the Czech Republic and Israel using soil elution and cultivation on
selective media. Fungal species were determined using macroscopic, microscopic and molecular markers. The
efficacy against R. robini females was tested in 17 isolated and 3 reference strains of EPF. Results revealed high
variability among species and strains. The highest efficacy against R. robini mites was found in strains of
Metarhizium anisopliae isolated from soil samples collected in the Czech Republic which caused mortality up
t0 99.3%, and a Metarhizium indigoticum strain from Israel causing 98.3% mortality after four days of bioassay.
Isaria fumosorosea strains did not caused mortality higher than 40%. The lowest virulence was found in
Beauveria spp. strains causing mortality of mites between 5 and 25%. Median lethal time (LT,;) and median
lethal concentration (LC,)) in the three most virulent strains ranged between 2 and 4 days and between 1.01x10*
and 2.36x10° spores/ml, respectively. The concentration-response models indicated that the M. indigoticum
strain is more lethal than M. anisopliae strains. The present study showed that some strains of entomopathogenic
fungi, especially from the genus Metarhizium, could be perspective biocontrol agents against R. robini.

Key words: Alliaceae, soil mites, Metarhizium, Isaria, Beauveria, biological pest control, mycoacaricides,
virulence

Introduction

Bulb mites of the genus Rhizoglyphus are economically important pests of plants with bulbs, corns,
and tubers. Their main hosts are species in the family Liliaceae but they often attack other important
crops such as potatoes (Solanum sp.) and carrots (Daucus carota) (Diaz et al. 2000). Fan and Zhang
(2004) published a revision of the Australasia and Oceana species of Rhizoglyphus and more recently
Barbosa and Moraes (2020) reported on the species in Brazil.

Rhizoglyphus robini (Claparede) (Acari: Acaridae) is considered one of the most serious pests
of onion, garlic and ornamentals such as lily, tulips and hyacinths in storage, greenhouse and in the
field around the world (Diaz et al. 2000; Fan & Zhang 2004). This species has a very high
reproductive rate. When offered peanuts as a sole food source, the mean total fecundity was 690 eggs
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and the intrinsic rate of population increase (rm) was estimated to be 0.285 (Gerson et al. 1983).
Besides causing direct feeding damage, this pest also disseminates phytopathogenic bacteria and

fungi, e.g. Fusarium oxysporum, which infect bulbs, facilitating the pathogens entry into host plants
(Poe et al. 1979; Okabe & Amano 1991; Diaz et al. 2000; Hanuny et al. 2008; Zindel ef al. 2013;
Ofek et al. 2014).

With the exceptions of solarization of soil (Gerson et al. 1981) or hot-water treatment of bulbs
(Conijn 1992), the control of this pest is still based almost entirely on broad-spectrum pesticides,
even though it has been known for many years that bulb mites quickly develop resistance to
pesticides (Poe et al. 1979; Kuwahara 1988; Diaz et al. 2000). Furthermore the application of these
chemicals to soil negatively impacts non-target organisms, e.g. earthworms and soil
microorganisms, leaves residues in food crops and contaminates groundwater. For these reasons
broad-spectrum pesticides have been targeted by the European community for deregistration (EC
2009). Thus, alternative, environmentally safe control strategies, e.g. biological control, need to be
developed and implemented. Efforts to develop biocontrol techniques for bulb mites have been
undertaken in many countries and mostly involved the use of soil-dwelling predatory mites, e.g.
Gaeolaelaps aculeifer (Canestrini) (Acari: Laelapidae) (Lesna et al. 1995, 1996). A recent study by
Nermut’ et al. (2019) showed that some, especially small, entomopathogenic nematodes (EPN) are
able to invade and kill adult females of R. robini. The most promising species were Steinernema
huense (Nematoda: Steinernematidae), Heterorhabditis bacteriophora and H. amazonensis
(Nematoda: Heterorhabditidae) causing mortality in R. robini up to 30%. Mortality of mites treated
by culture supernatants of the nematode symbiotic bacteria of the genus Xenorhabdus was generally
lower but some bacterial strains showed repellent effect to mites. Due to their relatively low efficacy,
EPNs and the metabolites of their symbiotic bacteria do not seem to represent a viable option for bulb
mite biocontrol as a standalone approach (Nermut et al. 2019).

Entomopathogenic fungi (EPFs) represent another promising group of biocontrol agents. Their
advantages are that they do not need to be ingested as they are able to penetrate the host cuticle and
can be relatively easily produced (Shahid ez al. 2012). Many EPFs species attack Acari and can be
used for biological control of mite pests. Besides Acari-specific pathogens such as Hirsutella
thompsonii (Fisher) and Neozygites spp. (Entomophthorales), ‘nonspecialist’ mitosporic fungi
(Hyphomycetes) like Beauveria bassiana (Bals.-Criv.) Vuill., Metarhizium anisopliae (Metsch.)
Sorokin, Isaria fumosorosea (Wize), I. farinosa (Holmsk.), and Lecanicillium lecanii (Zimm.) Zare
& W. Gams have potential to control some mite species (Chandler et al. 2000). Most studies on
efficacy of EPFs against mites have targeted ticks (Kaaya et al. 1996; Kaaya & Hassan 2000;
Fernandes & Bittencourt 2008), spider mites (Chandler ef al. 2005; Wekesa et al. 2005; Shi & Feng
2009; Ullah & Lim 2017; Shang et al. 2018; Khoury et al. 2020) and eriophyoid mites (Latge et al.
1988; McCoy 1996; Van der Geest et al. 2000). To our knowledge, only three EPFs species have
been tested against R. robini under laboratory or greenhouse conditions: Hirsutella kirchneri
(Rostrup) Minter, Brady and Hall (Sztejnberg et al. 1997), 1. fumosorosea (Zemek et al. 2018) and
Metarhizium brunneum Petch (Ment et al. 2020). While the first two species were not able to control
R. robini, M. brunneum was found to be a promising biocontrol agent against this pest.

The aim of our study was to assess the possibility of fungal biocontrol of R. robini by new EPF
strains isolated from soil samples collected in onion and garlic fields in the Czech Republic and
Israel. The efficacy of these strains was compared with I fumosorosea strain CCM 8367 and two
commercially used strains, B. bassiana strain GHA and M. brunneum Petch strain F52.
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Material and methods

Rhizoglyphus robini

The laboratory culture of R. robini was established from mites originating from rotting onion
plants collected in Israel. The mites were maintained in large Petri dishes lined with wet filter paper
using crushed raw peanuts as a food source. The dishes with mites were kept in darkness at 20 °C.

Entomopathogenic fungi

In total, 17 EPF strains were isolated from soil of several, mostly pesticide free onion and garlic
fields in Pilsen and South Bohemian regions in the Czech Republic and in the Beit She'an Valley,
Jezreel Valley and Lower Galilee in Israel. Soil sampling was performed during vegetation season
in 2017. EPF isolates were obtained by water elution of soil samples and cultivation using selective
medium containing dodine (Chase et al. 1986). Strains of EPF were identified on the basis of
macroscopic, microscopic and genetic characteristics.

DNA for genetic analysis was extracted from fresh mycelium grown at 25+1 °C for 7 days on
Petri dishes with PDA (Sigma-Aldrich, Darmstadt, Germany) medium. Each mycelium was
collected to a sterile 1.5 mL microtube. The extraction method used was based on CTAB-PVP
(Doyle 1991) with modification for fungi. Genomic DNA was amplified by PCR with universal
primers NL1 5-GCATATCAATAAGCGGAGGAAAAG-3" (forward) and NL4 5'-
GGTCCGTGTTTCAAGACGG-3’ (reverse) (O’Donnell 1992; 1993). PCR reactions were carried
out in a volume 25 pL containing in 1X reaction buffer (75 mM Tris—HCI, pH=8.8, 20 mM
(NH,),SO,, 0.01% Tweene 20 (Sigma-Aldrich, Darmstadt, Germany), 2.5 mM MgCl,, 200 uM
dNTPs), 1.25 U Taq Purple DNA polymerase (PPP Master Mix, Top-Bio, CZ), 10 pmol of both
forward and reverse primer and 50 ng template DNA. Microtubes were placed in a thermal cycler
(TProfessional Basic Gradient, Biometra) with the following program: 1 cycle of 94 °C for 5 min,
25 cycles of 94 °C for 1 min, 50 °C for 1 min, 72 °C for 1 min and 15 s, and final elongation at 72
°C for 5 min. The part of amplified PCR products was visualized on 2% agarose gel. The PCR
products were sequenced by SEQme (Czech Republic). The sequences obtained were edited,
compiled and aligned using Geneious (New Zealand) software. Sequence similarity searches were
performed using NCBI GenBank BLASTn.

Cultures have been deposited at the Biology Centre CAS, Ceské Budgjovice. GenBank
accession numbers for all 17 strains are listed in Table 1. In addition, three reference strains were
used in efficacy bioassays. Two reference strains were re-isolated from commercial mycopesticides:
B. bassiana strain GHA (BotaniGarde WP, Certis USA, Llc., Butte, MT, USA) and M. brunneum
strain F52 (Met52# EC, Novozymes Biological, Franklinton, NC, USA). The species M. brunneum
was previously classified as M. anisopliae (Bischoff et al. 2009). The third strain was CCM 8367
strain of I fumosorosea, which originates from the horse chestnut leaf miner, Cameraria ohridella,
Deschka & Dimi¢ (Lepidoptera: Gracillariidae) collected in the Czech Republic (Zemek ez al. 2007).
The strain is patented (Prenerova et al. 2013, 2015) and deposited in the Czech Collection of
Microorganisms in Brno.

All strains were cultivated on PDA medium at 25+1 °C and 16L:8D photoperiod. After 10 days
of incubation, the spore suspensions were prepared from each strain by scraping off conidiospores
into a sterile solution of 0.05% (v/v) Tweene 80 (Sigma-Aldrich, Darmstadt, Germany). Suspensions
were filtered through sterile gauze to separate the mycelium and clusters of spores. In uniform
suspension, the number of spores was counted with a Neubauer improved counting chamber (Sigma-
Aldrich, Darmstadt, Germany) and subsequently the suspension was adjusted to the required
concentration. The suspension was left for approximately 12 hours at temperature 23+1 °C to
accelerate and synchronize germination of conidia (Dillon & Charnley 1985, 1990) before its
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application. Viability of spores was verified using a standard germination test (Skalicky et al. 2014).
Ten drops from suspension were applied using a 1 pl inoculation loop on the surface of 2% water
agar, which was poured in a thin layer onto the surface of a sterile slide. After the drops had dried,
the slides were moved into a wet chamber and incubated at 25+1 °C for 24 h. Percentage of
germinating spores was determined using an Olympus CH20 light microscope (Olympus Optical
Co., Ltd., Tokyo, Japan); bright field, 400x magnification. The spore germination of all strains was
>95%.

Bioassays

Efficacy of EPF strains was assessed in single-dose bioassays using 24-well polystyrene tissue
culture plates (Orange Scientific, Braine-L’Alleud, Belgium). Plate dimensions were 128x86 mm
and bottom area of single well was 193 mm?. Filter paper discs of 14 mm in diameter were placed
into each well and moistened with 100 puL of sterile distilled water. Water did not only provided
moisture, but also created a surface tension that prevented the mites from escaping from the
experimental arena (Chen 1990). Four R. robini females were placed into each well and the plate was
sprayed with 2 mL of fungus suspension with concentration 1x107 spores per 1 mL using a Potter
spray tower (inner diameter of cylinder 29 cm, spray pressure 50 kPa). Density of conidia was thus
approx. 3x10* spores per cm?, i.e. 5.8x10* spores per a single plate well. Control variant was treated
with a sterile solution of 0.05% Tween 80e. After treatment, plates were covered with lids and
incubated at 25+1°C and constant darkness for four days. After this period mortality of mites was
recorded using a dissection microscope Technival 2 (Carl Zeiss, Jena, Germany) at a magnification
25% and 40x. Mycosis on cadavers was documented by Olympus SZX12 equipped with an Olympus
E-3 digital camera (Olympus Optical Co., Ltd., Tokyo, Japan) at 50x magnification. Each strain
bioassay was conducted in 3 replicates, i.e. 3 times one plate with 96 mites tested.

Dose-response of R. robini to EPFs was assessed in three selected strains of Metarhizium spp.
which showed high efficacy in previous single-dose experiments. The mean and the median time to
death (LT, the number of days until 50% of mites were dead) and lethal concentrations (LC,, and
LC,,) of conidia were estimated from cumulative mortality of mites at five concentrations ranging
from 1x103 to 1x107 spores/ml of suspension. The bioassays were performed as described above
except that mortality was checked daily. The control was treated with 0.05% Tween 80e solution.
Each concentration test was repeated twice; 96 mites were used per replication.

Scanning electron microscopy of pathogenesis

Pathogenesis was studied in two selected EPF strains, BEA 02 and MET 08. Samples of R.
robini females treated by either strain were collected at 24, 48, 72 and 96 hours after the application
of fungal suspension. Mites were fixed and dehydrated in vapors from crystals of osmium tetroxide
in Petri dishes properly sealed with Parafilme at -20 °C in a freezer. After three weeks the Petri dishes
with mites were placed in the fume hood and kept open for 24 hours to evaporate remaining osmium
tetroxide. The following day the mites were mounted on aluminium stubs using a double-sided
carbon tape and coated with gold using a Sputter Coater (Baltec-SCD 050). The mites were
examined in the scanning electron microscope JEOL 7401-FE (JEOL Ltd., Tokyo, Japan) at an
accelerating voltage of 4 kV.

Statistical analysis

Mortality in R. robini females was expressed as mean percentage + standard error of the mean.
A generalized linear model with a binomial distribution and logit link was used to analyse data.
Treatment and replication were set as fixed effects. The analysis was performed in SASe Studio for
Linux (SAS Institute Inc. 2018) using the GLM procedure (PROC GENMOD) of SAS/STAT
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module (SAS Institute Inc. 2017). Means were separated by the least-square means (LSMEANS)
statement of SAS with Tukey-Kramer adjustment for multiple comparisons. Dose-response
experiment data were first subjected to survival analysis. The Kaplan—Meier product limit estimate
calculated in the LIFETEST procedure in SAS/STAT module was used to determine both the mean
and the median time to death (LTj,) for each selected strain. Wilcoxon and log-rank test statistics
(PROC LIFETEST) were used to test the global hypothesis that mortality (time to death) differed
between strains. Data were further analysed using Probit analysis (PROC PROBIT) to estimate lethal
concentrations (LCs, and LC,,). In all tests P values <0.05 were considered statistically significant.

Results

In total, 17 strains of EPFs were isolated and identified as species B. bassiana, Beauveria
brongniartii (Sacc.) Petch, 1. fumosorosea, M. anisopliae and Metarhizium indigoticum (Kobayasi
& Shimizu) Kepler, S.A. Rehner & Humber (Table 1). The results of bioassays revealed that while
in the control treatment mortality of R. robini females was only 2.8% without any evidence of fungal
infection, some strains belonging to genus Metarhizium were able to kill almost all treated mites
within four days (Fig. 1). Mycosis on the cadavers followed by sporulation was observed in few
mites treated by Beauveria spp. strains (Fig. 2 A) and almost on all cadavers of mites treated by
Metarhizium spp. strains (Fig. 2 B, C). No obvious symptoms of mycosis were found four days after
the treatment by strains of other EPF species. Observation of pathogenesis revealed that conidia
germinated in 24 hours and in 48 hours were able to form appressoria (Fig. 3 A1-2). Strains of
Metarhizium genera were the fastest in development of conidiophores and sporulation was observed
as early as 72 hours after fungus application (Fig. 3 B3).

TABLE 1. Strains of entomopatogenic fungi isolated within this study and used in bioassays.

Species Strain Country of origin Genbank accession number
Beauveria bassiana BEA 01 Israel MN960362
BEA 02 Israel MN960361
BEA 03 Czech Republic MN960359
BEA 04 Czech Republic MN960363
Beauveria brongniartii BEA 05 Czech Republic MN960372
Isaria fumosorosea ISA 01 Israel MN960358
ISA 02 Czech Republic MN960357
Metarhizium indigoticum MET 01 Israel MN960355
Metarhizium anisopliae MET 02 Israel MN960371
MET 03 Israel MN960367
MET 04 Israel MN960373
MET 05 Czech Republic MN960356
MET 06 Czech Republic MN960369
MET 07 Czech Republic MN960366
MET 08 Czech Republic MN960370
MET 09 Czech Republic MN960374
MET 10 Czech Republic MN960365
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Strain of entomopathogenic fungus

FIGURE 1. Mortality of Rhizoglyphus robini adult females treated with various strains of entomopathogenic
fungi. See Table 1 for the key to EPF strains. Data presented are means (+ SE), with three replicates of 96 mites
for each strain. A generalized linear model was fitted and pairwise between treatment differences were tested
using the least-square means. Different letters indicate significant differences between columns (P<0.05).

200 um

FIGURE 2. Photographs (dissection microscope, 50x) of sporulated entomopathogenic fungi on Rhizoglyphus
robini cadavers. A: Beauveria bassiana strain BEA 02, B: Metarhizium indigoticum strain MET 01, C:
Metarhizium anisopliae strain MET 08.

The most virulent were particularly M. anisopliae strains MET 08 and MET 07 from the Czech
Republic and M. indigoticum strain MET 01 from Israel causing mean mortality 99.3, 98.6 and
98.3%, respectively. The strain F52 caused also high mortality of R. robini females (80.6%). Other
species of EPF turned out to be much less virulent against R. robini. The reference strain of 1.
fumosorosea CCM 8367 caused mortality less than 40%. Strains of the genus Beauveria showed
very low acaropathogenic effect against R. robini females. Mortality ranged from 4.9% (BEA 04) to
25.0% (BEA 02). The effect of strain on virulence against R. robini was highly significant
(x*=4086.32, df=20, P<0.001). No significant differences were found among replications (y*=1.41,
df=2, P=0.493).
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FIGURE 3. Scanning electron micrographs showing pathogenesis of Beauveria bassiana strain BEA 02 (A)
and Metarhizium anisopliae strain MET 08 (B) on Rhizoglyphus robini females at 24 (1), 48 (2), 72 (3) and 96
(4) hours after fungus application. Al: germinating conidia; B1: attachment of conidia to mite cuticule; A2:

appressorium (ap) formation; B2 and A3: mycelium on the edge of the anal opening; B3: the beginning of
sporulation; A4 and B4: details of conidiophores (cf) with conidia (c).
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Cumulative mortality at the end of dose-response experiments reached 97.9, 99.0 and 99.5% in
mites treated with the highest concentration of MET 01, MET 07 and MET 08 strain, respectively
(Fig. 4). First mycosis was observed on the 3™ day after fungus application at the highest
concentration when 22.3%, 12.0% and 14.0% of cadavers had symptoms of mycosis in MET 01,
MET 07 and MET 08 strain, respectively. Four days after the treatment, mycosed cadavers were
found also at concentrations 1x10° and 1x10°¢ spores/ml (Fig. 5). Survival analysis of obtained data
revealed no statistically significant effect of strain at the lowest concentration, i.e. 1x10° spores/ml
(Wilcoxon test, ¥>=1.705, P=0.426; log-rank test, ¥>= 1.654, P = 0.437) but highly significant
differences were found at all higher concentrations (Wilcoxon test and log-rank test, P<0.001). The
shortest median survival time (LT, =2.0 days) was estimated in strain MET 07 applied at
concentration 1x107 spores/ml (Table 2). The log-probit regression lines describing relationship
between concentration of METO01, METO07 and METO08 strains and mortality of R. robini (Fig. 6)
have a form y = -3.830 + 0.957x, y = -3.315 + 0.617x and y = -3.324 + 0.711x, respectively. The
estimated values of LC,, and LC,, were lowest in strain MET 01 (Table 3).

TABLE 2. Corrected mortality, mean survival time (+ SE) and median lethal time (LT, ) of Rhizoglyphus robini
adult females treated by suspensions of selected strains of Metarhizium spp.

Species Strain  Concentration(spores/ml)  Mortality® (%) Survival time® (days) LTso (95% CI) (days)
M. indigoticum MET 01 1x103 11.96 3.8120.04 NA
110 40.76 3.64+0.06 NA
1x10° 95.11 3.09+0.07 3.0 (3.0-4.0)
1x108 95.65 2.84+0.07 3.0 (NA-NA)
1x107 97.83 2.55+0.07 3.0 (2.0-3.0)
M. anisopliae  MET 07 1x103 4.14 3.74%0.05 NA
13104 10.06 3.72+0.06 NA
1x10° 12.42 3.67+0.06 NA
1x10° 48.52 3.45+0.07 4.0 (4.0-NA)
1x107 98.82 2.29+0.07 2.0 (NA-NA)
MET 08 1x103 7.78 3.69+0.06 NA
13104 19.16 3.67+0.06 NA
1x10° 31.14 3.5440.07 NA
1x10° 85.63 3.1240.07 3.0 (3.0-4.0)
1x107 99.40 2.64+0.06 3.0 (NA-NA)

2 Percent of dead individuals at the end of experiment corrected for mortality in control using the Abbott equation (Abbott 1925).
b The mean survival time and its standard error were underestimated because the largest observation was censored and the estimation
was restricted to the largest event time.

Discussion

Fungal insect pathogens are important natural control agents for many insect and other arthropod
pests. These pathogens have a potential to significantly reduce host insect populations (Burges 1981;
Carruthers & Soper 1987; McCoy et al. 1988). Many EPF can be not only entomopathogenic but also
acaropathogenic. The study by Chandler et al. (2000) describes many EPF species capable of
attacking mites. In theory, Acari make good hosts for fungal pathogens because they are generally
soft bodied and many inhabit environments with humid microclimates (Ferro & Southwick 1984)
which favour infection and disease transmission (Hajek & St Leger 1994).
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There are many studies that have focused on the use of the EPF H. thompsonii against mites. In
laboratory experiments, Gerson et al. (1979) observed 94% mycosis of the carmine spider mite,
Tetranychus cinnabarinus Boisduval (Acari: Tetranychidae), within four days of inoculation at a
constant 100% relative humidity (RH), 68% mycosis at 100% RH for 18 h per day, and 23% mycosis
at 100% RH for 6 h per day. Hirsutella thompsonii was also shown to be effective against the two-
spotted spider mite, Tetranychus urticae Koch in laboratory bioassays, causing 96.5% mortality with
unformulated conidia and up to 99% mortality with the formulated Mycare (Gardner et al. 1982).
McCoy et al. (1971) applied the mycelia of H. thompsonii against the citrus rust mite, Phyllocoptruta
oleivora (Ashmead) (Acari: Eriophyiidae) infestation on citrus trees, observing sporulation after
about 48 h, followed by a decline in mite infestation, which only began to recover 10—14 weeks later.
In contrast, Sztejnberg et al. (1997) reported a failure of an isolate of H. kirchneri, obtained from the
cereal rust mite (original accession number CMI 257456) to infect R. robini. Another EPF that has
an acaropathogenic effect is Neozygites floridana (Weiser & Muma) Remaud. & S. Keller. It was
first described as the cause of population declines in the Texas citrus mite, Eutetranychus banksi
(McGregor) in Florida (Weiser & Muma 1966). Neozygites floridana is highly effective against the
two-spotted spider mite, 7. urticae and the tobacco spider mite, Tetranychus evansi Baker and
Pritchard in several major crops where it causes natural epizootics (Humber et al. 1981; Klubertanz
et al. 1991; Nordengen & Klingen 2006; Duarte et al. 2009).

TABLE 3. Lethal concentrations of selected strains of Metarhizium spp. against Rhizoglyphus robini adult

females.

Species Strain LCso LCoy e P

M. indigoticum MET 01 1.01x10% 2.20x10° 306.79 <0.001
M. anisopliae MET 07 2.36x10° 2.81x107 286.42 <0.001

MET 08 4.74x10* 3.01x10° 319.56 <0.001

In the present study, new strains of “nonspecialist” mitosporic fungi Beauveria spp., Isaria sp.
and Metarhizium spp. were tested against the bulb mite R. robini under laboratory conditions. The
most effective strains were those belonging to the genus Metarhizium. This genus is one of the most
widely used fungus in mycoinsecticides throughout the world, mainly as an inundative control agent
(Zimmermann 2007). According to Goettel et al. (1990) the host range of M. anisopliae includes
Symphyla, Orthoptera, Dermaptera, Isoptera, Homoptera, Heteroptera, Diptera, Coleoptera,
Hymenoptera, Siphonaptera, Lepidoptera and Acari, as well as some nontarget hosts, e.g. those
belonging to Malacostrata (Amphipoda) and Ephemeroptera. A summary of the safety of M.
anisopliae has been reviewed by Zimmermann (2007).

Metarhizium genus shows very high virulence to many mite species, as evidenced by several
studies (Kaaya et al. 1996; Smith et al. 2000; Zimmermann 2007; Tomer et al. 2018). The results of
the present study revealed that Czech strains of M. anisopliae MET 07 and MET 08 caused almost
100% mortality in R. robini females in four days of incubation. The highest virulence was found in
M. indigoticum strain MET 01 from Israel in which the lowest median lethal concentration
(LC,,=1.01x10) was estimated compared to the above mentioned M. anisopliae strains. Their LC;,
values were still much lower (4.74x10* and 2.36x10%) than that reported by Wekesa et al. (2005) for
M. anisopliae strain in which the lowest LC,; was 0.7x107 conidia/ml 7 days after application on T.
evansi under laboratory conditions. The differences in efficacy may be due to different EPF strain or
host species or due to the fact that in the present study conidia in suspensions were activated for 12
hours prior to their application which is known to synchronize germination of spores (Dillon &
Charnley 1985, 1990). Recent study by Ment et al. (2020) demonstrated high efficacy against R.
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robini in M. brunneum isolate Mb7. Conidia of this fungus applied in-vitro at concetration 1x10’
caused mortality of mites 43% and 100% at three and seven days post inoculation, respectively and
the estimated LTso value was 4.3 days. Drench application in potted onion experiments also
significanly reduced bulb mite population compared to untreated control (Ment et al. 2020).
Reference strain F52 of M. brunneum, the active ingredient of mycopesticide Met52e EC, is effective
against many arthropod pests including the larvae of the black vine weevil Otiorhynchus sulcatus
(Moorhouse et al. 1993; Bruck & Donahue 2007; Ansari & Butt 2013), chilli thrips Scirtothrips
dorsalis (Arthurs et al. 2013), Japanese beetle larvae Popillia japonica (Behle et al. 2015; Krueger
et al. 1992), the Asian longhorned beetle Anoplophora glabripennis (Gardescu et al. 2017, Clifton
et al. 2020) and the tick Ixodes scapularis (Bharadwaj & Stafford 2010; Stafford & Allan 2010). In
the present study F52 strain also caused high mortality of R. robini (80%) but lower than other
Metarhizium spp. strains tested.

100+ A
—e— 1E+407 '!
§ 904  —a— 1E+06 e
— 1E+05 o
=~ 804 & 1E+04 /}
—— 1E403 /
g 704 —-0-= Control
]
£ 60 /
=] ”
E s04 T
g 40 g L
§ f
= 304 v 3
g 204 A =
e 3
Vol F SRS
S . I S e - a
T et a
o= T T T
1 2 3 4
Time after treatment (days)
100 . B
—e— 1E+07 G
§ 90+ a— 1E+06 "
+— 1E+05 el
~ 804 - 1E+04 =
& 1E+03 —
g 704 ——0-— Contrel }
]
£ 60
s / {
E so4 /
/
2 v
- 3 y
] / <
2 304 / ¥
g v d - i
20+
3 ¥ I = §
Y 104 B —_—_j_§ ________ .
5" =
o T T T T
1 2 3
Time after treatment (days)
1
100+ — C
—e— 1E+07 e
-~ 01— 1E+06 7 {
R 1E+05 / s
~ 804 - 1E+04
2 — 1E+03 p
= 7094 —-0-— Centrol b
1.“.' /
60
[ / I
E 504
2 a0
i
5 30
E
= 204
Y 04

Time after treatment (days)

FIGURE 4. Cumulative mortality of Rhizoglyphus robini treated by Metarhizium indigoticum strain MET 01
(A) and Metarhizium anisopliae strains MET 07 (B) and MET 08 (C). Data presented are means (+ SE), with
two replicates of 96 mites for each strain and concentration.
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FIGURE 5. Percentage of mycosed cadavers of Rhizoglyphus robini adult females treated by Metarhizium
indigoticum strain MET 01 and Metarhizium anisopliae strains MET 07 and MET 08. Data presented are means
(£ SE), with two replicates of 96 mites for each strain and concentration.

The strains of other EPF species, Isaria sp. and Beauveria spp. tested in the present study
showed much lower efficacy against R. robini than strains of Metathizium spp. Reference strain
CCM 8367 of I fumosorosea caused 40% mortality which was slightly higher compared to the two
other 1. fumosorosea strains tested. This strain was reported to be a promising biocontrol agent
against several insect pests (Hussein et al. 2013, 2016; Prenerova et al. 2013) although recent
findings demonstrated that some pests might be resistant to infection (Zemek et al. 2020). The strain
also turned out to be virulent against 7. urticae (Zemek et al. 2016). High virulence of . fumosorosea
against 7. urticae was found earlier by Kim et al. (2008). This EPF species was found to be effective
also against the broad mite, Polyphagotarsonemus latus (Bank) (Acari: Tarsonemidae) (Pena et al.
1996), T. cinnabarinus (Shi & Feng 2004a,b), Eutetranychus orientalis (Klein) (El-Sharabasy 2015)
and the European red mite, Panonychus ulmi (Koch) (Graeff et al. 2017) whereas it provided only
moderate effect against P. oleivora compared to B. bassiana and M. anisopliae (Robles-Acosta ef al.
2019). When 1. fumosorosea is applied together with other biological control agents, its side effects
against non-target species like predatory mites or parasitoids needs to be assessed (Zemek et al.
2017). For example, in a recent study by Chen et al. (2020), the fungal entomopathogen /.
fumosorosea exhibited low toxicity to the predatory mite Neoseiulus cucumeris (Oudemans).

High efficacy of B. bassiana against mite pests has been documented by several authors. Khoury
et al. (2020) compared the virulence of blastospores and aerial conidia of different strains of B.
bassiana against different life stages of T. urticae under laboratory and greenhouse conditions with
high mortality after exposure mainly to blastospores. Under laboratory conditions, the LTso values
of conidia of the Lebanese strain of B. bassiana (concentration 1x107) was estimated to be 5.6 and
7.5 days for adults and for motile juveniles, respectively. Shi et al. (2008) demonstrated that B.
bassiana had a significant ovicidal effect on the two-spotted spider mite, with up to 87.5% egg
mortality in laboratory bioassays while a significant negative effect on reproductive potential of 7.
urticae females was reported by Shi and Feng (2009). Chandler et al. (2005), in a greenhouse
experiment, demonstrated up to 97% reduction in 7. urticae abundance when the commercial
biopreparate Naturalis-L based on B. bassiana was applied. Wekesa et al. (2005) studied the

pathogenicity of B. bassiana against T. evansi and determined the LCso of 1.1x107 conidia/ml.
Studies with other mite species reported promising results for B. bassiana against P. latus in

laboratory bioassays and greenhouse trials (Pefia ez al. 1996) and with various fungal isolates against
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the false spider mite, Brevipalpus phoenicis (Geijskes) (Acari: Tenuipalpidae) under laboratory
conditions (Rossi-Zalaf & Alves 2006). The strain GHA has been reported to be highly efficient in
control of many insect pest species (Liu & Bauer 2008; Mukawa et al. 2011; Clavet et al. 2013;
Parker ef al. 2015) and was found to be virulent also against 7. urticae (Ullah & Lim 2015). In the
present study, however, the efficacies of all tested Beauveria spp. strains against R. robini were
rather low confirming the fact that the virulence of infective propagules of B. bassiana may vary with
respect to the arthropod host or their developmental stage (Khoury et al. 2020).
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The above results indicate that R. robini is more resistant to some EPF species than to others.
This might be linked to some compounds found in R. robini which have been shown to possess
antifungal activity. Leal et al. (1990a) described hexyl rhizoglyphinate and showed that it inhibited
mycelial growth of several species of fungi. Further studies are needed to elucidate if this inhibitory
effect is species-specific, e.g. if it negatively affects Beauveria spp. or Isaria sp. more than
Metarhizium spp. The role of other compounds, such as the monoterpenoids robinal (Leal et al.
1990b) and isorobinal (Sakata et al. 1996) in adaptation of bulb mites to live next to some acaro/
entomopathogenic fungi in soil environments also remains to be explored.

Conclusions

Acaropathogenic status was demonstrated in most strains of EPF isolated from soil of onion and
garlic fields. The most virulent strains of M. anisopliae (MET 08) from the Czech Republic and M.
indigoticum (MET 01) from Israel caused almost 100% mortality in R. robini females. Results of the
present study thus indicate that particularly that species of EPF belonging to the genus Metarhizium
can be promising new biocontrol agents against R. robini. Further research needs to be carried out to
verify if application of EPF is viable as an alternative method to chemical control of bulb mites under
greenhouse and field conditions.
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Abstract: Buxus sp. is an important native and ornamental tree in Europe threatened by a serious
invasive pest Cydalima perspectalis. The larvae of this moth are able to defoliate box trees and cause
their death. The development of novel biopesticides targeting this pest might help protect Buxus
trees grown wildly or in city parks. Laboratory experiments were conducted to assess the efficacy of
entomopathogenic fungus Isaria fumosorosea strain CCM 8367 against C. perspectalis. The last-instar
larvae of the box tree moth were treated by the suspension of fungus conidia at concentrations ranging
from 1 x 10* to 1 x 10°® spores per 1 mL. Fungus infection was observed mostly in pupae, but the

maximum mortality did not exceed 60%, indicating a very low susceptibility of C. perspectalis to
I. fumosorosea. Furthermore, a number of ungerminated fungal conidia were found on larval cuticles
using a low-temperature scanning electron microscopy. Our data also reveal that the hydroalcoholic
extract from B. sempervirens leaves significantly inhibits both the germination of I. fumosorosea

conidia and fungus growth. It can be speculated that the strain CCM 8367 of I. furmosorosea is not a
potent biocontrol agent against C. perspectalis and low virulence of the fungus might be due to the
accumulation of host plant phytochemicals having antimicrobial activity in larval cuticle of the pest.

Keywords: Buxus; entomopathogenic fungi; invasive pests; virulence; alkaloids; antimicrobial activity

1. Introduction

Box trees, Buxus sp., are important evergreen shrubs occurring in natural Buxus forests [1] or
grown as ornamental trees in city parks in Europe. They are now endangered by the box tree moth
(BTM), Cydalima perspectalis (Walker) (Lepidoptera: Crambidae), which is a serious invasive pest
native to Asia that was first detected in Germany in 2007 and has since invaded a large area causing
significant damage [2,3]. This pest overwinters at the larval stage [4,5] and can have two to four
generations per year in Europe depending on abiotic conditions [6]. Natural enemies do not suppress
the C. perspectalis population, which is probably because this exotic species does not seem to be a
good host for native parasitoids [4,7,8]. Thus, the pest is able to destroy Buxus tree completely in
one season [9]. Some synthetic chemical insecticides are effective in C. perspectalis control [10]. Still,
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their application in natural habitats is problematic because of their adverse side effects on non-target
species. Their frequent application possibly leads to the risk of resistance development in the pest.

The use of microbial biopesticides against BTM offers a unique alternate solution to broad-spectrum
chemical insecticides. The best results have been obtained by using products based onBacillusthuringiensis
Berliner (Bacillales: Bacillaceae) while entomopathogenic nematode Steinernema carpocapsae (Weiser)
(Rhabditida: Steinernematidae) was less successful [11]. Entomopathogenic fungi (EPFs) represent
other promising biocontrol agents. Their advantages are that they do need to be ingested as they are able
to penetrate the host cuticle and can be relatively easily produced [12]. A number of mycoinsecticides,
most commonly based on Beauveria bassiana (Balsamo) Vuillemin (Hypocreales: Cordycipitaceae),
Metarhizium anisopliae (Metsch.) Sorokin, (Hypocreales: Clavicipitaceae), Isaria fumosorosea (WIZE)
Brown & Smith (Hypocreales: Cordycipitaceae), and B. brongniartii (Saccardo) (Hypocreales:
Cordycipitaceae) have been developed in the world [13]. To our knowledge, only B. bassiana strain
GY1-17 was tested against BTM in Korea, but larvae were not affected significantly [14].

The present study aimed to assess the possibility of fungal biocontrol of C. perspectalis by
I. fumosorosea, which is known to be virulent to many insect species including a wide variety of
butterflies and moths [15-17] and has received significant attention as a possible biological control
agent for several economically important pests [18]. The obtained results showed low efficacy of the
fungus against this pest. Therefore, additional experiments were conducted to test the hypothesis
that the low effectiveness might be due to the antifungal activity of some host plant phytochemicals
consumed by the mothlarvae. Low-temperature scanning electron microscopy revealed that the number
of I. fumosorosea conidia did not germinate. In vitro experiments confirmed that the hydroalcoholic
extract of Buxus leaves suppressed spore germination and fungus growth.

2. Materials and Methods

2.1. Insects

Last-instar larvae of C. perspectalis were collected from unsprayed Buxus sempervirens trees located
in a private garden in Staré Hode"jovice (South Bohemia, Czech Republic, 49> N) and maintained in
net cages at a room temperature with 16L:8D photoperiod for a few days before they were used in
bioassays. Young twigs of untreated box trees collected in the vicinity of the Biology Centre, Ceské
Bude'jovice were provided as food and replaced with fresh ones when needed.

2.2. Entomopathogenic Fungus

Isaria fumosorosea strain CCM 8367 was used in this study. The strain was isolated from the pupa
of the horse chestnut leaf miner, Cameraria ohridella, Deschka & Dimic” (Lepidoptera: Gracillariidae)
collected in the Czech Republic [19] and deposited in the Czech Collection of Microorganisms in Brno
as a patent culture [20,21].

The fungus was grown on PDA medium (Sigma-Aldrich, Darmstadt, Germany) at 25 + 1 .C and a
16L:8D photoperiod. After 10 days of incubation, the spore suspensions were prepared from each strain
by scraping off conidia into the sterile solution of 0.05% (v/v) Tween® 80 (Sigma-Aldrich, Darmstadt,
Germany). The suspension was filtered through sterile gauze to separate the mycelium and clusters
of spores. In uniform suspension, the spores were counted with a Neubauer improved counting
chamber (Sigma-Aldrich, Darmstadt, Germany), and subsequently, the suspension was adjusted to the
required concentration.

The viability of spores was verified using a standard germination test [22]. Ten drops from
suspension were applied using a 1 uL inoculation loop on the surface of 2% water agar, which was
poured in a thin layer onto the surface of a sterile slide. After the drops had dried, the slides were
moved into a wet chamber and incubated at temperature 25 + 1 oC for 24 h. The percentage of
germinating spores was determined using an Olympus CH20 light microscope (Olympus Optical Co.,
Ltd., Tokyo, Japan); bright field, 400x magnification. The spore germination in all tests was 100%.
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2.3. Bioassays
2.3.1. The Efficacy of I. fumosorosea against C. perspectalis

Five concentrations of I. funosorosea ranging from 1 x 10* to 1 x 10° spores per 1 mL were used
in this experiment. The last-instar larvae of BTM in treated groups were individually immersed in

the suspension of conidiospores of the fungus for five seconds (dip-test). All specimens in a control
group were immersed in sterile solution of 0.05% Tween® 80 only. Then, the larvae were placed into
polystyrene Petri dishes (vented, inner diameter 90 mm, height 15 mm, Gosselin™, Borre, France) lined
with moist filter paper (KA 0, Papirna Perstejn, Ltd., Perstejn, Czech Republic) and kept under constant
conditions (25 + 1 oC and 16L:8D photoperiod). Larvae were fed with B. sempervirens leaves, which were
replaced daily until larva developed into pupa or died. The filter paper was also daily moistened by
distilled water to maintain optimal humidity inside the Petri dishes. The insects were monitored daily
for a period of three weeks to record insect development, mortality, and the development of mycosis
on cadavers until all individuals died or adults emerged.

All bioassays described above were repeated twice; each replication tested 15 insect individuals.
Mycosis on cadavers and emerged adults were documented by digital cameras Olympus SP-510
(Olympus Optical Co., Ltd., Tokyo, Japan) and Nikon Coolpix 4500 (Nikon Corporation, Tokyo, Japan)
mounted on a tripod and using macro mode.

2.3.2. Scanning Electron Miscroscopy of I. fumosorosea Conidia Germination on Cuticle of
C. perspectalis Larvae

In vivo germination of fungal conidia on the insect cuticle was examined by low-temperature
scanning electron microscopy (LT-SEM). BTM larvae were treated by immersing in suspension of
I. fumosorosea conidia (concentration 5 x 107 spores mL-') and incubated for 0, 24, and 48 h at the
temperature of 25 oC. The larvae were mounted on an aluminum stub using Tissue-Tek (C.C.T.D.
Compound, The Netherlands). The samples were extremely fast (<10-> K/s) frozen in vapor of
liquid nitrogen. After freezing, the samples were transfered into a GATAN ALTO-2500 high vacuum
cryo-preparation chamber (Gatan Inc., Abingdon, UK). The surface of the sample was sublimated
(freeze-etched) for 5 min at the temperature of —95 oC and at —130 oC. After sublimation, the samples

were sputter-coated with gold at the temperature of —130 oC. Coated samples were inserted into the
chamber of a JEOL JSM-7401F Field Emission Scanning Electron Microscope (JEOL Ltd., Tokyo, Japan).
Images were obtained by the secondary electron signal at an accelerating voltage of 4 kV and current

10 nA using an Everhart-Thornley Detector (ETD).

2.3.3. The Effect of B. sempervirens Extract on L. fumosorosea Germination and Growth

Plant material was collected from untreated B. sempervirens trees grown in the Biology Centre
garden. The extract used for the study was prepared at the concentration of 20% (w/v) by grinding 2 g of
fresh leaves in 10 mL of solvent (water—ethanol 1:1 mixture). Analytic grade ethanol (Penta Ltd., Czech
Republic) and distilled water were used. The mixture was filtered through filter paper (KA 0, Papirna
Perstejn, Ltd., Czech Republic) to remove particulate materials, and one milliliter of fresh extract was
spread on the surface of 2% water agar in Petri dish and left to dry for 24 h. Then, a suspension of
I. fumosorosea conidia was applied using an inoculation loop on the surface. Germination was evaluated
in 100 spores after 24 h of incubation at 25 + 1 oC as described above. The control plate was treated with
solvent only. The experiment was conducted in three replicates. Spore germination was documented
by NIS-Elements Imaging Software and a Nikon Eclipse E200 microscope equipped with Nikon DS-Fi3
color camera (Nikon Corporation, Tokyo, Japan).

The effect B. sempervirens extract on fungus growth was measured by a modified inhibition zone
assay [23]. A half mL of conidia suspension in 0.05% Tween® 80 at a concentration 1 X 104 spores mL-!
was spread evenly on potato dextrose agar (PDA) medium in a plastic Petri dish (diameter 90 mm).
A hydroalcoholic extract of B. sempervirens leaves prepared as described above was applied on filter
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paper discs (diameter 14 mm) in a dose 150 pL per disc. Control discs were treated with 150 uL of
the pure solvent. The solvent was allowed to evaporate, and paper discs were placed carefully in the
center of PDA plates. After 7 days incubation at 25 oC, the plates were photographed by a digital
camera Olympus SP-510 (Olympus Optical Co., Ltd., Tokyo, Japan) mounted on a tripod to document
differences in fungus growth. Then, the area of plate in the center not covered by I. fumosorosea
mycelium was measured using Image]J, a Java-based image analysis software [24]. The assay was
conducted using 10 dishes (replications) for both treatment and control.

2.4. Data Analysis

To analyze the effect of treatment on developmental time of C. perspectalis larvae and pupae,
we fitted generalized linear models (GLM) with a Poisson error distribution and log link function.
Mortality as well as germination data were analyzed using GLM with a binomial distribution and logit
link. Treatment and replication were set as fixed effects. The analyses were performed in SAS® Studio
for Linux [25] using the GLM procedure (PROC GENMOD) of SAS/STAT® module [26]. Means were
separated by the least-square means (LSMEANS) statement of SAS with Tukey-Kramer adjustment for
multiple comparisons. p-values <0.05 were considered statistically significant. Lethal concentrations
(LCs0 and LCqp) were estimated using Probit analysis (PROC PROBIT). Differences in area not covered

by 1. fumosorosea mycelium were compared by an exact Wilcoxon two-sample test (PROC NPARIWAY)
of the SAS/STAT® module.

3. Results and Discussion

Most BTM larvae successfully passed to pupa regardless of treatment (Table 1), and no statistically
significant effect of treatment on the duration of the larval stage was observed (x* = 10.08, df = 5,
p = 0.0730). Similarly, treatments had no significant effect on the duration of the pupal stage (x> = 0.19,
df =5, p =0.9992), but higher mortality was observed in all treatments; the maximum mortality of

46.4% pupae was found with the highest concentration of fungal treatment.

Table 1. The effects of Isaria fumosorosea on the development of Cydalima perspectalis.

Last-Instar Larvae Pupae Malformed
1 Duration Died/Mycosed Duration Died/Mycosed Adults
Treatment y y

Mean + SE n % Mean + SE n % %
Control 424 +041 29 3.3/0 10.10 £0.15 21 27.6/0 0
1 x10* 5.04 +0.58 28 6.7/0 10.33 £0.11 18 35.7/0 0
1x10° 553+054 30 0,0 1017 £0.13 24 20.0/0 0
1 x10° 4.87 £043 30 00 10.46 £ 0.10 26 13.3/0 0
1 x107 5.00 +0.31 30 0/0 10.33 £0.11 21 30.0/10.0 0
1 x108 3.96 +0.32 28 6.7/3.3 1027 £0.25 15 46.4/28.6 20.0

1 Concentration of conidia per milliliter of suspension.

Mycosis was observed only in treatments of 1 x 10" and 1 x 10° conidia per 1 mL when 10% and
28.6% of pupae cadavers, respectively, were obviously infected by the fungus (Table 1). Infection by

I. fumosorosea was later confirmed when fungus sporulated (Figure 1).

Interestingly, several adults that emerged from larvae treated by the highest conidia concentration
were malformed (Table 1, Figure 2) and died in 1-2 days. A similar effect was observed when
I. fumosorosea was applied to Spodoptera littoralis (Boisd.) [27].
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(b)

Figure 1. (a) Early mycosis of Isaria fumosorosea on Cydalima perspectalis pupa; (b) Cadaver of C. perspectalis
covered with sporulating fungus.

(@) (b)

Figure 2. (a,b) Malformed adults of Cydalima perspectalis emerged in a group of larvae treated by
Isaria fumosorosea at a concentration 1 x 10° conidia/mL.

The cumulative mean mortality, including mortality in malformed adults, varied among treatments
and reached a maximum value of 60% when larvae were treated by a suspension of 1 x 10° conidia per
1 mL (Figure 3a). Thus, the highest mortality corrected for mortality in the control group [28] was only
42.9%. Although the effect of treatment on mortality was significant (x> = 18.67, df = 5, p = 0.0022) and
no significant differences were found between replications (x2 =0.45,df =1, p = 0.5004), the results
indicate the very low susceptibility of C. perspectalis to I. fumosorosea.

The low efficacy is rather surprising, because the strain CCM 8367 of I. fumosorosea used in
this study was previously found to be highly virulent against several pest species. For example,
the mortality of pupae of C. ohridella, an invasive pest of Aesculus hippocastanum in Europe [29], treated
by blastospores or conidia suspension of concentration 5 x 10” spores per 1 mL reached 100% over a
few days [20]. Later, the high efficacy of this strain was confirmed against Spodoptera littoralis (Boisd.)
in which an application of CCM 8367 blastospores at a concentration of 5 x 10" per 1 mL caused
larval mortality >90% [27]. The high efficacy of CCM 8367 under laboratory conditions similar to that
used in the present study was reported also against Colorado potato beetle, Leptinotarsa decemlineata,
(Say) (Coleoptera: Chrysomelidae) larvae [30]. This indicated that the strain could be a prospective
biocontrol agent, although some side effects against non-target natural enemies were also reported [31].
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Figure 3. (a) Mean cumulative mortality (+SE) of Cydalima perspectalis (including mortality of malformed
adults) treated with various concentrations of Isaria fumosorosea conidia. A generalized linear model was
fitted and pairwise between treatment differences were tested using the least-square means. Different
letters indicate significant differences between columns (p < 0.05); (b) Log-probit regression line of
concentration-mortality response of C. perspectalis to I. fumosorosea.

The log-probit regression line describing the relationship between concentration and mortality
has a form y = —1.264 + 0.135x (Figure 3b), but the slope was not statistically significant (x* = 3.27,
df =1, p =0.071). Thus, the extrapolated values of LCsy = 2.42 X 10° and LC 90= 7.88 X 10'® were
very high. For example, this contrasts with the LCsy and LC %0 values of 1.03 x 10° and 8.67 x 107,
respectively, reported for L. decemlineata [30].

LT-SEM imaging of . furmosorosea conidia on the cuticle of BTM larvae revealed a high number of
spores immediately after treatment (Figure 4a,b), but after 24 and 48 h of incubation, the number of
attached spores seemed to be much lower, as we found them only in some places of larvae, usually
as small groups or individual conidia. This indicates low conidial attachment to the larvae cuticle.
Examination further showed that the number of spores did not germinate (Figure 4d—f). This finding
might explain the low virulence of the fungus against C. perspectalis because the successful germination
of fungus conidia on the host cuticle has been considered to be necessary for infection [32,33]. Several
studies documented that the cuticle of some arthropods repress the germination of EPF spores or
further development of germlings and appressoria formation [34,35]. One of the reasons might be the
presence of antifungal compounds on the cuticle [36,37], which might be also case of C. perspectalis.

Results of in vitro experiments using B. sempervirens hydro-alcoholic extract revealed that this
extract has a negative effect on the germination of I. fumosorosea conidia (Figure 5). In the control
treated by solvent, the mean germination was 100% (SE = 0, n = 3), while on extract-treated agar,
the mean germination was only 92.67% (SE = 0.88, n = 3) in average. The difference was statistically
highly significant (x> = 31.36, df = 1, p < 0.0001).

The inhibition zone assay showed the suppression of I. fumosorosea mycelium growth on filter paper
discs treated by B. sempervirens extract. The mean area not covered by mycelium was 0.02 + 0.01 mm?
and 53.83 + 19.86 mm” in control and treated discs, respectively. The differences were statistically
significant (Z = —2.184, p = 0.028).

Our findings indicate the presence of phytochemicals in box tree leaves having some activity against
entomopathogenic fungi. Several secondary plant compounds were found to have a negative effect
on the germination of I. fumosorosea blastospores, indicating that the presence of allelochemicals on a
substrate (e.g., insect cuticle or leaf) may be an additional constraint to the survival of entomopathogenic
fungi [38]. The Buxus trees contain a lot of alkaloids, some of which are sequestered by C. perspectalis
larvae, while some are metabolized and/or excreted [39]. The antimicrobial activity of substances
extracted from B. sempervirens by 65% ethanol were found earlier [40], and similar effects of box
tree extracts were confirmed by other authors [41]. Thus, it is thus likely that BTM larvae use
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phytochemicals obtained from the host plant for their own defense against the invasion of microbial
pathogens. This might explain the low efficacy of two strains of entomopathogenic fungi, I. fumosorosea
(present study), and B. bassiana [14] against BTM.

LEI v X450 WD 100mm  10zm WD 10.0mm  10pm

(b)

WD 100mm  10um

LEI 0 WD100mm  1am

(d)

1.0kV X5,000 WD 10.0mm Tum

LEI 1.0kV X2500 WD 10.0mm  10um J LEI

(e) ()

Figure 4. Low-temperature scanning electron microscope (LT-SEM) image of Isaria fumosorosea conidia
on the cuticle of Cydalima perspectalis larva. (a,b) Conidia immediately after the fungus application;
(c) Conidium with germ tube after 24-h incubation; (d) Ungerminated conidium after 24-h incubation;
(e) Group of ungerminated conidia after 24-h incubation; (f) Ungerminated conidia after 48-h incubation.
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(@) (b)

Figure 5. Germination of Isaria fumosorosea conidia on: (a) a control agar plate treated with solvent
only; (b) agar plate treated with Buxus sempervirens extract. Arrows indicate spores with no or little
germination peg. Traces of plant extract are visible on the agar surface.

It may be concluded that the strain CCM 8367 of L. fumosorosea is not a potent biocontrol agent
against C. perspectalis and that the reason for the low efficacy of the fungus might be the accumulation
of host plant phytochemicals with antimicrobial activity in the fifth-instar larvae cuticle of the pest.
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Simple Summary: The Colorado potato beetle is a serious insect pest, attacking mainly potato.
This pest causes severe yield loss all over the world and it is difficult to control by chemical pesticides
because it quickly develops resistance to them. In our study we investigated the potential of the
fungus Beauveria bassiana, a natural pathogen of insects, to kill adults of the Colorado potato beetle.
The novelty of this study is that strains of the fungus were isolated from naturally infected adults of
the pest which were collected in potato fields in the Czech Republic. A suspension of B. bassiana spores
was applied to test beetles and their survival was observed under constant conditions. Obtained
results revealed that some strains of the fungus were able to kill almost all treated beetles in 21 days
and can be therefore recommended for the development of a new biopesticide. The results of this
study can thus be applied in effective biological control of the most serious pest of potato.

Abstract: The Colorado potato beetle, Leptinotarsa decemlineata (Say), is a serious, widely distributed
pest of potato and other crops. This pest is able to defoliate the host plant and cause severe yield loss.
Moreover, the pest quickly becomes resistant to many chemical pesticides. Therefore, the develop-
ment of novel biopesticides targeting this pest is urgently needed. The purpose of this study was to

obtain new strains of the entomopathogenic fungus Beauveria bassiana and assess their efficacy against
L. decemlineata adults under laboratory conditions. Twelve strains were isolated from cadavers of

Colorado potato beetles collected in potato fields in the Czech Republic. Test beetles were treated by
suspensions of conidia at the concentration of 1 x 107 spores per milliliter and their survival was

recorded daily for three weeks. The results of the bioassays revealed that all new native strains were
pathogenic to L. decemlineata adults and caused mortality up to 100% at the end of the trial period

with an LTso of about 7 days. These strains were more virulent than a reference strain GHA and some

of them can be recommended for the development of a new mycoinsecticide against L. decemlineata.
Our findings also highlight the importance of searching for perspective strains of entomopathogenic

fungi among naturally infected hosts.

Keywords: potato; insect pest; entomopathogenic fungi; biological control; efficacy; mycoinsecticides

1. Introduction

The Colorado potato beetle (CPB), Leptinotarsa decemlineata (Say) (Coleoptera: Chrysomeli-
dae), is a serious pest of potatoes (Solanum tuberosum L.) in the USA and Europe as well
as in Asia [1-3]. The biology and history of its spread have been reviewed in detail else-
where [4,5]. Adults and larvae feed on leaves and can develop two complete generations
in warm regions. Without control measures, the beetle can cause severe reductions in tuber
yield or quality (tuber size) [5]. Chemical pesticides which have been used frequently
for the last few decades to manage this pest are, however, often hazardous for human
health as well as the ecosystem. In addition, CPB has evolved resistance to many registered
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pesticides [6-11] and CPB thus becomes one of the most difficult insect pests to control.
Resistance of CPB to chemical pesticides, concern about their harmful effects on the envi-
ronment, and increasing public demand for reduction of pesticide residues in food call for
alternative, safer, yet effective control agents [12-14].

In addition to arthropod natural enemies of CPB, such as carabid beetles [15], lacewings
larvae [16] and lady beetles [17], and besides entomopathogenic nematodes [18,19] or
Bacillus thuringiensis [20], biological control using mycoinsecticides can be a good, en-
vironmentally friendly alternative to broad-spectrum chemical insecticides [21]. Many
biopesticides based on entomopathogenic fungi (EPF) such as Beauveria bassiana (Bals.-Criv.)
Vuill,, Isaria fumosorosea Wize (Hypocreales: Cordycipitaceae), or Metarhizium anisopliae
(Metsch.) Sorokin (Hypocreales: Clavicipitaceae) have been developed worldwide since
the 1960s [22]. Their advantages are that they can be relatively easily produced, are able to
penetrate the host cuticle so they do not need to be ingested [23], and there is no risk of
resistance development in target pests and none or few side effects on non-target organisms.
Moreover, synergistic combinations of microbial control agents with other technologies are
expected to occur in the future [24].

The efficacy of several EPF species against CPB has been investigated in many studies.
For example, in various experiments, including field trials with Isaria farinosa (Holmsk.)
Fr. alone and in combination with other fungi, high efficacy of fungus treatment was
reported in Poland [25,26], the Czech Republic [27], and in Austria [28]. Another species of
entomopathogenic fungus successfully tested against CPB was I. fumosorosea. Strain CCM
8367 of this species isolated from Cameraria ohridella, Deschka and Dimic” (Lepidoptera:
Gracillariidae) [29-31] caused high mortality against CPB larvae under laboratory condi-
tions [19]. Field trials of another study revealed that potato plots treated with I. furnosorosea
or B. bassiana had significantly higher tuber yield compared to an untreated control but
still lower than the yield obtained from the plots protected with chemical pesticides [32].
Similar results were obtained in small field plot experiments in the USA [33]. A study on
the effect of B. bassiana on foliage consumption by CPB larvae revealed that the treatment
reduced leaf consumption by up to 76.2%, and increasing the fungus dose reduced the
larval feeding period [34]. Wraight and Ramos reported significant reductions of CPB
populations after B. bassiana foliar treatments [35,36]. The highest sensitivity of CBP to
B. bassiana (strain NDBJJ-BFG) was reported in the youn§est larval instars using when
LCso was only 10°-10° while in adults LCsq values were 10°-10% [37]. A recent laboratory
study of 14 Turkish isolates of B. bassiana showed high variability in mortality among
the strains and developmental stages of CPB. Some isolates caused the highest mortality
between 96.7 and 100% in the 1st and 2nd instar larvae [38] when they were sprayed with
a suspension of 1 x 107 conidia per mL.

The present study was aimed to assess the virulence of new strains of B. bassiana
isolated against CPB adults. The novelty of the study is that strains were isolated from
naturally infected L. decemlineata collected in the Czech Republic. The obtained results
are intended to contribute to the development of safe and efficient biocontrol of the most
serious pest of potato.

2. Materials and Methods
2.1. Beauveria Bassiana Strains

Twelve strains were isolated from naturally B. bassiana-infected adults of L. decemlineata
found among hundreds of beetles collected in several commercial and experimental potato
fields in South and West Bohemia, the Czech Republic, during the spring season in 2019.
The beetles from different populations were kept isolated under greenhouse conditions for
1-2 weeks on potted potato plants (cv. Magda) grown from in vitro cultures in sterilized
soil substrate. Dead individuals were placed on sterile wet filter paper in Petri dishes
to stimulate the growth of fungi. EPF strains were isolated from CPB cadavers showing
mycosis symptoms typical for B. bassiana infection. The strains were purified using a selec-
tive medium based on Potato Dextrose Agar (PDA) (Sigma-Aldrich, Darmstadt, Germany)
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with a fungicide dodine (0.05 g/L) and antibiotics cycloheximide (0.25 g/L) and chloram-
phenicol (0.5 g/L) (Sigma-Aldrich, Darmstadt, Germany) [39].

Species identification of the strains was verified on the basis of macroscopic, micro-
scopic, and genetic characteristics. DNA for genetic analysis was extracted from fresh
mycelium grown at 25 £ 1 oC for 7 days on Petri dishes with PDA medium. Each mycelium
was collected in a sterile 1.5 mL microtube. The extraction method used was based on
CTAB-PVP [40] with modification for fungi. Genomic DNA was amplified by PCR with
universal primers NL1 5-GCATATCAATAAGCGGAGGAAAAG-3/ (forward) and NL4 5/-
GGTCCGTGTTTCAAGACGG-3/ (reverse) [41,42]. PCR reactions were carried out in a
volume of 25 pL contained in 1x reaction buffer (75 mM Tris-HCI, pH = 8.8, 20 mM
(NH4),SOy, 0.01% Tween® 20, 2.5 mM MgCl,, 200 uM dNTPs) (Sigma-Aldrich, Darmstadt,
Germany), 1.25 U Taq Purple DNA polymerase (PPP Master Mix, Top-Bio Ltd., Vestec,
Czech Republic), 10 pmol of both forward and reverse primer, and 50 ng template DNA.
Microtubes were placed in a thermal cycler TProfessional Basic Gradient (Biometra GmbH,
Gottingen, Germany) with the following program: 1 cycle of 94 oC for 5 min, 25 cycles of
94 oC for 1 min, 50 oC for 1 min, 72 oC for 1 min and 15 s, and final elongation at 72 oC for
5 min. The part of amplified PCR products was visualized on 2% agarose gel. The PCR
products were sequenced by SEQme Ltd. (Dobr'is, Czech Republic). The sequences ob-
tained were edited, compiled, and aligned using Geneious (Auckland, New Zealand)
software. Sequence similarity searches were performed using NCBI GenBank BLASTn.

Cultures are deposited at the Biology Centre of the Czech Academy of Sciences,
Institute of Entomology, Ceské Bude“jovice. GenBank accession numbers for all 12 strains
are listed in Table 1. In addition, B. bassiana strain GHA was re-isolated from commercial
mycopesticide BotaniGarde WP (Certis USA, L.L.C., Butte, MT, USA) and used as a
reference strain in efficacy bioassays.

Table 1. Strains of Beauveria bassiana isolated within this study and used in bioassays.

Strain Sampling Site GPS Coordinates Genbank Accession Number
Bbl Ceské Budejovice 48.97417- N, 14.44867- E MN560148.1
Bb2 Ceské Budejovice 48.976010 N, 14.447200 E MN749309
Bb3 Ceské Bude“jovice 48.97417 N, 14.44867 E MN749310
Bb4 Malontyl 48.691050 N, 14.589500 E MN749311
Bb5 Malonty ! 48.691050 N, 14.589500 E MN749312
Bb6 Malonty ! 48.691050 N, 14.589500 E MN749313
Bb7 Be'lcice 49.50702 N, 13.895450 E MN749314
Bb8 Be'lcice 49.507020 N, 13.895450 E MN749315
Bb9 Oblajovice 49.449650 N, 14.880240 E MN749316
Bb10 Bojanovice 49.297240 N, 13.6225% E MN749317
Bbl1 Bojanovice 49.297240 N, 13.6225% E MN749318
Bb12 Bojanovice 49.297240 N, 13.62259 E MN749319

! Organic farm.

2.2. Preparation of Fungal Suspension

Beauveria bassiana strains were grown on Petri dishes (¢ 90 mm) containing PDA
(Sigma-Aldrich, Munich, Germany, 39 g/L). The plates were incubated at 25 -C in the dark
for 10-14 days. The aerial conidia were harvested by scraping them into a sterile solution
of 0.05% (v/v) Tween 80® (Sigma-Aldrich, Munich, Germany). The conidial suspension
was filtered through sterile gauze to separate the mycelium and clusters of conidia. In the
uniform suspension, the spores were counted with a Neubauer improved counting chamber
(Sigma-Aldrich, Munich, Germany) and, subsequently, the suspension was adjusted to a
concentration of 1 x 107 conidia per mL. The suspension was left for approximately 12 h at
temperature 23 & 1 oC to accelerate and synchronize germination of conidia [43,44] before
its application. The viability of spores was verified using a standard germination test [45].
Ten drops from suspension were applied using a 1 pL inoculation loop on the surface of 2%
water agar, which was pourgc} in a thin layer onto the surface of a sterile slide. After the
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drops had dried, the slides were moved into a wet chamber and incubated at 25 £ 1 oC for
24 h. The percentage of germinating spores was determined using an Olympus CH20 light

microscope (Olympus intical Co., Ltd,, Tokqo, Japan); bright field, 400 x magnification.
The spore germination of all strains was >98%.

2.3. Bioassays

The efficacy of individual B. bassiana strains was tested on CPB adults collected in
an organic potato field in Malonty, South Bohemia, Czech Republic. The beetles were
individually immersed in the suspension of conidiospores of the fungus (1 x 107 spores per
mL) for 30 s (dip-test). All specimens in a control group were immersed in a sterile solution
of 0.05% Tween® 80 only. The beetles were then placed into polystyrene Petri dishes
(vented, inner diameter 90 mm, height 15 mm, Gosselin™, Borre, France) lined with moist
filter paper KA 0 (Papirna Perstejn Ltd., Pernstejn, Czech Republic) and kept under constant
conditions (25 £ 1 oC and 16L:8D photoperiod). Fresh leaves from potted potato plants
(cv. Magda) grown under greenhouse conditions were added daily to provide food for
beetles. The filter paper was also daily moistened with distilled water to maintain optimal
humidity inside the Petri dishes and replaced with a new one once a week. The insects
were monitored daily for 21 days to record insect mortality and development of mycosis
on cadavers. Only mycosis verified by microscopic examination of sporulating fungus
as B. bassiana was considered. The bioassays were repeated twice; each replication tested
30 insect individuals.

2.4. Statistical Analysis

Cumulative mortality data were subjected to survival analysis. The Kaplan-Meier
product limit estimate calculated in the LIFETEST procedure of SAS/STAT® (SAS Institute,
Gary, NC, USA) module [46] was used to determine both the mean and the median time to
death (LT5;, the number of days until 50% of insects were dead) for each strain. Log-rank
test statistics (PROC LIFETEST) was used to test the global hypothesis that mortality (time
to death) differed between strains and Sidak adjustment was used for multiple comparisons.
CPB mortality and mycosis of cadavers at the end of the experiment were expressed
as mean percentage + standard error of the mean. A generalized linear model with a
binomial distribution and logit link was used to analyse data. Treatment and replication
were set as fixed effects. The analysis was performed using the GLM procedure (PROC
GENMOD) of SAS/STAT® module [46]. Means were separated by the least-square means
(LSMEANS) statement of SAS with Tukey-Kramer adjustment for multiple comparisons.
The analyses were performed in SAS® Studio for Linux (SAS Institute, Gary, NC, USA) [47].
p values <0.05 were considered statistically significant.

3. Results

The results of bioassays showed that B. bassiana-treated CPB beetles survived much
less compared to beetles in control (Figure 1).

Survival analysis revealed a statistically highly significant effect of strain (log-rank
test, Xz =47.449, p < 0.0001) and pairwise comparisons found differences between GHA
strain and other strains (Table 2).

As shown in Figure 1, the survival curve of GHA-treated beetles shows an almost lin-
ear decline while in other strains most beetles died during a period between 5 and 10 days
after treatment, and survival curves had thus a sigmoid shape. The shortest median sur-
vival time (LT50 = 6.5 days) was estimated in the Bb2 strain, the longest (LTsy = 12.0 days)
in the GHA strain (Table 2).

Cumulative mortality of L. decemlineata adults on the 21st day after treatment reached
26.7% in the control, while many B. bassiana strains were able to kill almost all treated
insects (Figure 2a).
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Figure 1. Product-limit survival estimates for Leptinotarsa decemlineata adults treated by Beauveria bassiana or distilled water
with 95% confidence limits (dashed lines) and 95% Hall-Wellner bands. (a) Control; (b) Strain GHA; (c¢) Strain Bb1; (d) Strain
Bb2; (e) Strain Bb3; (f) Strain Bb4; (g) Strain Bb5; (h) Strain Bbé6; (i) Strain Bb7; (j) Strain Bb8; (k) Strain Bb9; (1) Strain Bb10;
(m) Strain Bb11; and (n) Strain Bb12.

Table 2. Corrected mortality, mean survival time (£ SE), and median lethal time (LTso) of Leptinotarsa decemlineata adults
treated by suspensions of native strains of Beauveria bassiana.

Strain Mortality 1 (%) Survival Time > (Days) LTs0 (95% CI) (Days) Log-Rank Test 8
B2 0515 885051 656070 A
Bb3 93.18 ;gg i 823 7.0 (6.0-8.0) A
Bb4 97.73 8.05 n 0'55 7.0 (6.0-8.0) A
Bb5 90.91 8.52 T 0.65 7.0 (6.0-8.0) A
Bb6 93.18 7'97 I 0'47 7.0 (6.0-8.0) A
Bb7 88.64 8.77 T 0'55 7.5 (7.0-8.0) A
Bb8 100.00 7'50 T 0'41 7.0 (6.0-7.0) A
Bb9 84.09 7'90 T 0.65 7.0 (6.0-7.0) A
Bb10 97.73 7'27 T 0'33 7.0 (NA-NA) A
Bb11 97.73 7'25 T 0'43 7.0 (6.0-7.0) A
Bb12 97.73 8.28 T 0'43 7.0 (7.0-8.0) A
GHA 63.64 19 33 4+ (1 85 12.0 (8.0-16.0) B

1 Percent of dead individuals at the end of experiment corrected for mortality in control using Abbott equation [48]. 2 The mean survival
time and its standard error were underestimated because the largest observation was censored and the estimation was restricted to the
largest event time. 3 Different letters indicate a statistically significant difference between lines (p values adjusted for multiple comparisons
by Sidak).

Mean cumulative mortality at the end of experiments thus ranged between 73.3 and
100%. The most virulent were particularly the strains Bb4, Bb8, Bb10 and Bb11 causing
mean mortality higher than 98%. The reference strain GHA showed the lowest efficacy
against L. decemlineata when mortality was 73.3% at the end of the trial. The effect of
treatment on virulence against CPB was highly significant (x* = 169.98, df = 13, p < 0.0001)
but pairwise comparison showed differences only between control and B. bassiana strains
(Figure 1a). Statistically significant were also differences between replications (x* = 4.56,
df =1, p =0.0327).

The average percentage of mycosed cadavers at the end of experiments in the control
group was 31.3%. This indicates that about 8.3% of adults in the field population used in
bioassays were naturally infected by B. bassiana. Depending on the strain, mycosis ranged
between 66.5 and 98.3% in GHA and Bb12 strains, respectively (Figure 1b). The effect of
both the treatment and replication on mycosed cadavers were statistically highly significant
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(x* = 70.44, df = 13, p < 0.0001 and x* = 54.61, df = 1, p < 0.0001, respectively). Pairwise
comparison showed some differences among B. bassiana strains (Figure 1b).

e b b b b b b bc be bc bc c [4 bec bc
b b b b b
§1007 __[II:_IIB—D-T-:_-'I: 1004 I:[Iucin:lh(lll
L

= b T = I B I

5] 9 ab

Y 80 I < 80

:

g > |z

g 60+ z 60

L) v

- k-]

%= 40+ @ 404

9 0

- v

: H

E 20 20

)

=
0 T T T T T T T T T T T T T 0 T T T T T T T T T T T T T

> N D P 5 o A D O O N LN TN A 9 .0 N O
&@ (5‘* & & ¢ Q;ob‘ 2 & & & @° éo’\, <$°\' e.o'\' & R 307 0 7 &F &P o & ¢ ¢° Q;o’\- 60’» %\0'\,
(’O ()
Beauveria bassiana strain Beauveria bassiana strain

(a) (b)

Figure 2. Percentage of mortality and mycosed cadavers of Leptinotarsa decemlineata adults treated with various strains of
Beauveria bassiana 21 days after treatment. See Table 1 for the key to the strains. Data presented are means (+ SE), with two
replicates of 30 beetles for each strain. A generalized linear model was fitted and pairwise between treatment differences
were tested using the least-square means. Different letters indicate significant differences between columns (p < 0.05).
(a) Mortality; (b) Mycosed cadavers.

4. Discussion

Entomopathogenic fungi as biocontrol agents against L. decemlineata have been inves-
tigated in many laboratory and field studies. For example, high efficacy against last instar
CPB larvae was reported for I. fumosorosea, with the highest mortality reaching 93% on the
7th day after treatment of insects by suspension of blastospores with a concentration of
5 x 10’ spores/mL [19]. Another EPF species, Purpureocillium lilacinum (Thom) Luangsa-
ard, Houbraken, Hywel-Jones and Samson (Hypocreales: Ophiocordycipitaceae), was
found to be most effective also on the last larval instar of CPB but mortality was only 33.2%
on the 10th day of treatment with a fungal concentration of 10° CFU/mL [49]. Results
obtained in the present study revealed that B. bassiana-infected adults can be frequently
found in field populations of CPB. In the population used in bioassays which originated
from an organic farm in Malonty about 8.3% of beetles were naturally infected. Natural in-
fection of CPB by entomopathogenic fungi was documented by Mietkiewski et al. [50] who
found B. bassiana to be the dominant fungal pathogen infecting about 21% of diapausing
beetles in Poland. Mortality of CPB adults caused by new native strains isolated within our
study reached up to 100% when beetles were treated by conidia with a concentration of
1 x 10” spores/mL with an LTs of about 7 days. Such efficacy is high for adult CPB beetles
because it is known that different developmental stages of CPB have different susceptibility
to entomopathogenic fungi, with eggs and adults being the most resistant [51-53]. While
in the Zoungest larval instars the LCsg values for the NDBJJ-BFG strain of B. bassiana were
10°-10°, in adults the LCx, values ranged between 10" and 10® spores/mL [37]. The highest
sensitivity of the 1st and 2nd instar CPB larvae was confirmed by a recent study when
some of 14 Turkish B. bassiana isolates applied at a concentration of 1 x 10’ conidia per mL
caused mortality between 96.7 and 100% while they caused lower mortality in eggs and
adults [38]. Higher vulnerability of early instars towards B. bassiana is not unique for CPB
as it has also been reported for some other insect pests [54,55].

Several field trials demonstrated a good potential of B. bassiana to control CPB [32-36,56].
Biocontrol agents are usually applied in the field as a spray, while we used dip test in our
laboratory assays. Although g}éraying insects together with the host plant (potato leaves in
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this case), e.g., using a Potter tower, seems to simulate field application better, a previous
study [57] revealed lower efficacy when B. bassiana was applied to potato leaves, and the
authors, therefore, recommend developing a formulation targeting the insect cuticle rather
than a formulation ensuring spores’ long attachment and survival time on the leaf surface.
Moreover, several studies have documented that the persistence of EPF spores on plants is
limited by many factors such as temperature, rainfall, low humidity, solar radiation, plant
chemistry, host plant genotype, fungal strain, etc. [58-69].

Our results further showed little variability in efficacy against CPB adults among
native B. bassiana strains. This could indicate that the strains are genetically similar and
that the sampling site has a relatively low effect when strains are selected naturally via the
same host species. Results of a recent study [38] demonstrated significant differences in
virulence among B. bassiana isolates obtained from the soil by bait method; nevertheless,
genetical analysis revealed that all tested isolates had 99% evolutionary homology with
other B. bassiana isolates from the NCBI database.

The present study also showed that the efficacy of new native strains was significantly
higher than that of the reference strain GHA which caused intermediate mortality of
L. decemlineata adults. GHA strain, the active ingredient of mycopesticide BotaniGard® WP,
has been reported to be highly efficient in the control of many arthropod pests [70-74].
This strain was originally isolated from a chrysomelid beetle Diabrotica undecimpunctata
Mannerheim (Coleoptera: Chrysomelidae) and host specificity thus might be one of the
reasons why it was less effective compared to native strains isolated from naturally infected
CPB adults. Similar results were demonstrated by Li et al. [75] who found that the B. bassiana
strains isolated from infected mulberry longicorn, Apriona germari (Hope) (Coleoptera:
Cerambicidae), caused the highest cumulative mortality rate and the shortest LT5( to the
same pest species compared with other strains. The reason might be attributed to the fact
that strains were isolated from their original host pest and showed a stronger ability to
infect the original host compared with other strains isolated from different insects [76]. This
proves that isolation of EPF from the target host might have an advantage of discovering
highly virulent strains which can only germinate and expand when it infests its specific
host, called host specificity [76-78]. The reason for host specificity is biological long-term co-
evolution and mutual adaptation, which may have limited the choices of parasites for the
host [77]. Genetical aspects of the host specificity were discussed, e.g., by Viaud et al. [79]
and Maurer et al. [80]. In the recent study, Zhang et al. [81] sequenced and compared the
genome of seventeen B. bassiana isolates obtained from different insect hosts including
L. decemlineata and concluded that several mutated genes and positively selected genes
may underpin the virulence of B. bassiana towards hosts during the infection process.

As indicated from the present study, highly virulent strains can be obtained by isola-
tion of EPF from target pests. There are, however, other strain characteristics important for
practical applications, such as spore production in mass cultures, low humidity, and UV
tolerance or long shelf life of the formulated product, which need to be considered when a
particular strain is selected for further steps of mycopesticide development [82,83].

5. Conclusions

Our findings demonstrate that most of the native B. bassiana strains isolated from
naturally infested L. decemlineata adults showed high virulence against this pest and suggest
that this entomopathogenic fungus could be an alternate solution to broad-spectrum
chemical insecticides. Results revealed little variability among these strains collected at
different sites. Their efficacy was significantly higher than reference strain GHA from
BotaniGard®, indicating that host species from which the B. bassiana strain is isolated seems
to be more important than the geographical origin of the strain. Further research, e.g.,
genetical analysis, trials under field conditions, development of effective formulations, and
study on potential non-target effects, is therefore needed before some of the strains can be
recommended for application as a biopesticide.
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Simple Summary: Colorado potato beetle (CPB) Leptinotarsa decemlineata is the potato plant’s most
destructive pest. Recently, resistance to the traditional insecticides has appeared, thus new environ-
mentally friendly control agents are highly needed. In our study, we searched for the most effective
entomopathogenic agents that could be used to decrease the emergence of CPB adults from the
soil. We selected two entomopathogenic nematodes (Steinernema carpocapsae and S. feltiae) and one
strain of fungus (Beauveria bassiana). The suspension application was done on the leaves, plus by
watering the pods and the field plots. All the treatments had an obvious effect, but in the field, only
the fungal treatment showed a promising result. Further research is needed to develop the most
effective application for field usage.

Abstract: Colorado potato beetle Leptinotarsa decemlineata is among the most destructive pests of
potatoes quickly developing resistance to traditional insecticides. In the present study, we tested the
effect of various species and strains of entomopathogenic nematodes on CPB adults, and subsequently,
the most effective nematodes were applied alone and in combination with entomopathogenic fungus
B. bassiana in pots with potato plants and in the field and their effect on the number of emerging
adults was evaluated. In the experimental infections, both the nematode invasion and pathogenicity
were variable, and, in several strains, the mortality reached 100%. In pot experiments, soil application
of nematodes S. carpocapsae 1343 and S. feltiae Jakub and fungus significantly decreased numbers of
emerging CPB adults, while, after the application on leaves, only fungal treatment was effective. The
field application of fungus B. bassiana significantly decreased the number of emerging CPB adults
in comparison to control sites by ca. 30% while the effect of nematodes and the nematodes—fungus
combination was not significant. In conclusion, we demonstrate the necessity of thorough bioassays
to select the most effective nematode strains. Entomopathogenic nematodes have the potential to
effectively decrease the emergence of CPB adults, but further research is needed to improve the
effectiveness in the field.

Keywords: Colorado potato beetle; entomopathogenic nematodes; entomopathogenic fungi;
Steinernema; Beauveria; field application

1. Introduction

Colorado potato beetle (CPB), Leptinotarsa decemlineata Say (Coleoptera: Chrysomeli-
dae), is among the most destructive pests of potatoes (Solanum tuberosum L.). The adults
and larvae feed on potato plants, significantly reducing the yield [1]. Since CPB is known
to develop resistance to traditional insecticides [2—4], new environmentally safe control
strategies are highly needed.

Entomopathogenic nematodes (EPNs) (Steinernematidae and Heterorhabditidae: Ne-
matoda) are ubiquitous lethal insect parasites with global distribution and a wide host
range [5]. Due to their ability to infect various insects [6], the possibility of mass production
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by industrial techniques [7], and their safety to non-target organisms and the environ-
ment [8,9], EPNs represent an attractive agent for the biological control of many insect
pests [10].

Entomopathogenic fungi (EPFs) represent other promising biocontrol agents. Their
advantages are that they do not need to be ingested, as they are able to penetrate the host
cuticle, and that they can be relatively easily produced [11]. The fungi are produced either
in solid-state fermentation, where they produce aerial conidia, or in a submerged liquid-
state fermentation, where they produce blastopores [12], and a number of mycoinsecticide,
have been developed in the world [13].

In the last three decades, a considerable number of studies addressed the potential
use of entomopathogenic nematodes for control of CPB, but with variable results. Under
laboratory conditions, Cantelo and Nickle [14] tested three EPN species at different dosage
levels and achieved 100% mortality of CPB prepupae at a dose of 164.6 nematodes/cm?.
Similarly, Trdan et al. [15] have shown that four EPN species caused the prompt death of
all CPB stages at doses of 200, 1000, and 2000 infective juveniles per individual in Petri dish
experiments. So far only several field studies were performed. Nematode Heterorhabditis
marelatus applied twice during the season caused a 50% reduction in adult CPB populations
and produced six times as many dead prepupae in nematode-treated soil samples as in
the untreated samples [16]. Recently, Cac'ija et al. [17] have demonstrated that S. feltize and
S. carpocapsae effectively decreased the number of overwintering CPB adults.

The effect of control agents can be increased by their combination [18,19]. The com-
bined application of the nematode S. feltine with entomopathogenic fungus Isaria furmosorosea
significantly increased the CPB mortality in comparison to single-agent treatment [20].
Ozdemir et al. [21] observed a synergistic effect between several chemical insecticides
and S. feltiae against CPB. On the other hand, the negative effect of the combination has
been recorded in the interactions between the EPN S. glaseri and fungus Metarhizium aniso-
pliae [22] and between Steinernema ichnusae and B. bassiana fungus [23]. Therefore, the
compatibility of control agents should be thoroughly tested before large-scale applications.

Colorado potato beetle adults are generally less susceptible to nematodes [16]. How-
ever, the reduction of pupating adults is desirable as it could decrease the damage caused
by second-generation CPB in field conditions, as well as adult emergence in the next spring.
Therefore in the present study, we focused on adult CPB and we tested a large number
of EPN species and strains for pathogenicity to CPB adults in Petri dish assays in order
to select the most effective nematodes. The selected nematodes were tested alone and in
combination with entomopathogenic fungus in pot and field experiments. The combined
application allows the testing of the hypothesis that the combination of the nematodes
with EPF could increase the effectivity against CPB.

2. Materials and Methods
2.1. Culture of Colorado Potato Beetle

The adults and larvae of Colorado potato beetle (CPB) were collected from the
potato plants on an organic farm near the vicinity of Malonty village, Czech Republic
(48.7083920 N; 14.5778508 E) in several consecutive series in July and August 2019-2021.
Each developmental stage (larvae and adults) was collected separately inside a plastic box
of size 34 x 22.5 x 15.7 cm with a perforated lid.

The collected culture of CPB was placed inside the fine mesh cage of size 100 x 50 x 50 cm.
Potato plants of the variety Magda, grown in a pot with a diameter of 21 cm and a volume
of 4 L, were provided for feeding. Culture was left in controlled greenhouse conditions
(25 oC, 75% relative humidity and a long day photoperiod 16:8). Culture was checked
daily and supplemented with fresh potato plants. Potato plants of the variety Magda were
obtained in the form of tubers and tissue cultures (tiny plants) from the Potato Research
Institute, Havlickuiv Brod. Plants were grown in a pot with a diameter of 21 cm and a
volume of 4 L, watered daily, and left in the same conditions as a CPB culture. The Magda
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variety is a dynamically growing plant with a big leaf and, therefore, is highly suitable
for feeding.

2.2. Rearing of Nematodes

The nematodes used in this study either originated from the collection of the Labora-
tory of Entomopathogenic Nematodes, Biology Centre CAS, which contains both Czech
and exotic EPN strains, or were obtained from the field sampling performed during this
research (Table 1). In total, 32 EPN strains were used. Soil samples were collected in potato
fields and field edges in 15 localities in Czech Republic in the years 2019 and 2020. At each
sampling site, five samples of approximately 1 kg of soil were taken with a hand shovel
to a depth of ca. 20 cm. Each sample consisted of 10 subsamples from a ca. 100 m?* area.
The modified Galleria baiting technique of Bedding and Akhurst [24] was used for EPN
isolation. Four last-instar G. mellonella larvae were added to each sample. Samples were
incubated for 5 days at 20 «C and at 55% relative humidity. Dead larvae were individually
incubated in the White Traps (White, 1927). The infective juveniles (IJs) recovered from the
traps were used both for molecular identification and the subsequent experiments. The
nematode strains in the collection are maintained according to Kaya and Stock [25]. Before
the experiments, all nematodes were propagated using G. mellonella, and 2-3-week-old IJs
were used for the infections.

Table 1. Entomopathogenic nematodes used in different experiments. Marked strains (*) were isolated within this study,
other strains originate in the laboratory collection.

Species Strain Locality Habitat
S. kraussei, Oscheius onirici 1*%1b* Dvorce, Lysa nad Labem field edge
S. affine 4% Zubr'i, Nové Mesto n. M. field
S. feltiae 6* Zubri, Nové Me'sto n. M. field
S. feltiae 7* Oupor, Obristvi field edge
S. affine 8* Havl. Borova field
S. feltiae 15% Oupor, Obristvi field edge
S. feltiae A2* Maly Bor, Klatovy field
S. affine A3* Dr'evikov, Chrudim field edge
S. affine A6* Maly Bor, Klatovy field edge
S. feltiae A7* Supikovice field edge
S. kraussei A8* Drevikov, Chrudim field edge
Rhabditis terricola A9* Chlebovice, Frydek-Mistek field
Diplogaster sp. Al1* Brezova, Opava field edge
Diplogaster sp. Al2* Supikovice field edge
S. affine A13* Supikovice field
S. affine Al4* Valec'ov field edge
S. feltiae Jakub * Zbudov, Divciice field edge
S. feltiae BM4 * Bojanovice field edge
S. feltiae BEM * Be'lcice field edge
S. feltiae BP6 * Be'lcice field
S. feltiae L2+ Horazd ovice field edge
S. feltiae MP5 * Malonty field
S. feltiae MT2 * Malonty field
S. feltiae MT6 * Malonty field
H. bacteriophora HB221 Czech Republic -
S. arenarium SLOV Slovakia -
S. carpocapsae 1343 Czech Republic -
S. carpocapsae Egy4 Egypt -
S. carpocapsae MG604 Switzerland -
S. feltine 626 Czech Republic -
S. feltine 37Ca Canada -
S. feltine Bork Czech Republic -
S. feltine Jakutsk Russia -
S. feltine klen Czech Republic -
S. feltiae NFUST Russia -
S. feltine Bel Belarus -
S. kraussei vC1 Czech Republic -

94



Insects 2021, 12, 1030

40f13

Mass Rearing of Nematodes for Field Application

Nematodes for the field experiment were monoxenically mass produced in liquid
medium by modified method according Stock and Goodrich-Blair [26] as follows. Gravid
females of Steinernema feltiae, strain Jakub, were obtained by the dissection of Galleria
mellonella larvae infected 4 days before dissection. Females (ca. 50 individuals) were placed
in the 1.5 mL Eppendorf tubes with sterile tap water. Later, the water was removed, and
females were gently crushed by a plastic microhomogenizer directly in the tube. Water was
added (1 mL) to the homogenized females, and the tubes with females were centrifuged
for 2 min. at 2000 rpm. After this step, eggs were concentrated in the form of a small
but clearly visible pellet on the bottom of the tubes. The supernatant was removed by
pipet, and cleaning with water was repeated once again. After that, 1 mL of sterilization
solution (10 mL tap water, 1.5 mL 4 M NaOH, and 0.5 mL 12% NaOCl) was added. Eggs
were incubated in this solution for 4 min., and after that, the tubes were centrifuged for
2 min. at 4000 rpm to concentrate the eggs into a pellet again. The sterilization solution was
removed and replaced by 1 mL of YS medium (5 g yeast extract, 5 g NaCl, 0.5 g NH,H,POy,
0.5 g Ko HPOy, 0.2 g MgSOy, -7H, O, 1 L distilled water), then centrifuged again for 2 min.
at 4000 rpm. This wash with YS medium was repeated twice. After that, sterile YSin a
volume of 1 mL was added and the solution of medium with eggs was transferred to sterile
multiwell plates (24 wells per plate), with 300 uL of solution per one well. Plates were
then sealed with parafilm and stored at 16 oC for 72 h in a climatic box. If the solution was
without any turbidity after that time, eggs or the hatched first stage larvae were considered
sterile and axenic.

Symbiotic bacteria for the mass production of nematodes were obtained from Galleria
mellonella larvae 24 h after infection with an appropriate nematode strain. Firstly, the
infected larvae were washed in 70% ethanol and dried, and then one leg was cut by
sterile scissors. A drop of hemolymph was placed on NBTA agar (37 g standard nutrient
agar I, 25 mb bromthymolblue, 4 mL 1% 2,3,5,-triphenyl-tetracoliumcholoride) plate and
dispersed on the surface of the plate; 90 mm Petri dishes with bacteria were sealed with
parafilm and stored at room temperature, ca. 22 oC. One day later, a single colony of
the growing bacteria was transferred to the sterile YS medium (20 mL of medium in a
50 mL Erlenmeyer flask) and cultivated with a shaker at 180 rpm for 2 days. One ml
of two-day-old culture was then used as inoculum for sterile nematode culture medium
(50 mL of medium in a 250 mL Erlenmeyer flask), composed according to Dunn et al. [27]:
15 g yeast extract, 20 g soy powder, 4 g NaCl, 0.35 g KCI, 0.15 g CaCl,, 0.1 g MgSOy,, 36 mL
olive oil, and 1 L distilled water.).

Nematode culture medium inoculated with bacteria was shaken at 180 rpm at 18 oC
for 48 h, and after that time, axenic nematode larvae were added to the flask. By this
method, the established monoxenic culture was cultivated for 14 days at 18 oC and 160 rpm.
Within this time, the nematodes finished their life cycle and produced new IJs on a mass
scale. These IJs were then used as inoculum for the subsequent mass production that
was performed as described before. The nematode culture medium pre-inoculated with
bacteria was settled with 1 mL of IJs obtained from the first cultivation. After 14 days, we
collected nematodes for field applications and other experimental purposes. Nematodes
were collected with the simple sedimentation method and by washing in tap water. All of
the work regarding the cultivation of nematodes was done in strictly sterile conditions in a
UV-sterilized flow box.

2.3. Rearing of Entomopathogenic Fungus

Beauveria bassiana strain BBA 08 was used in this study. The strain was isolated from
the adult of the Colorado potato beetle (CPB), Leptinotarsa decemlineata, from the Be'lcice site
in the Czech Republic (49.50702 N; 13.89545 E). The strain was identified on the basis of
macroscopic, microscopic, and genetic characteristics and has been deposited at the Biology
Centre CAS, Ceské Bude“jovice. The GenBank accession number of the LSU sequence is
MN749315.
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Blastospores of the fungus BBA 08 were used in the experiments. The fungus was
cultured in Potato Dextrose Broth liquid medium (Sigma-Aldrich, Darmstadt, Germany)
at 25 £ 1 oC. For cultivation, 95 mL of liquid media was put into a 250 mL Erlenmeyer
flask and inoculated with 5 mL of conidial fungus suspension. Then the flask was placed
on an orbital shaker with a speed of 200 rpm and temperature 25 £ 1 oC for four days.
After four days, the suspension was filtered through sterile gauze to separate the mycelium.
In uniform suspension, the spores were counted with a Neubauer improved counting
chamber (Sigma-Aldrich, Darmstadt, Germany), and subsequently, the suspension was
adjusted to the required concentration.

The viability of spores was verified using a standard germination test [28]. Ten drops
from suspension were applied using a 1 uL inoculation loop on the surface of 2% water
agar, which was poured in a thin layer onto the surface of a sterile slide. After the drops
had dried, the slides were moved into a wet chamber and incubated at a temperature
of 25 £+ 1 oC for 24 h. The percentage of germinating spores was determined using an
Olympus CH20 light microscope (Olympus Optical Co., Ltd., Tokyo, Japan); bright field,
400 x magnification. The spore germination in all tests was 100%.

2.4. Petri Dish Infections

In the experimental infections, the CPB adults were individually infected in Petri
dishes (9 cm diameter) lined with moist filter paper and a potato leaf for feeding. Various
collection and freshly isolated EPN strains (Table 1) were applied at three doses of 250, 500,
and 1000 IJs per one dish in a total water volume of 450 uL, each dose being applied in ten
replicates. Control dishes received 450 pL of water only, and there were ten control dishes
for each nematode strain. The mortality of CPB was observed for 6 days and then both
dead and live beetles were dissected in order to check for the presence of nematodes.

2.5. Pot Experiments

Pot experiments were designed to confirm the effectivity of the selected nematodes
and the entomopathogenic fungus B. bassiana strain BBA 08 in outdoor conditions prior to
the field application. Based on the Petri dish experiment, highly pathogenic strains S. feltiae
strain Jakub and S. carpocapsae strain 1343 were selected. Some other strains displayed
comparable, or even slightly higher pathogenicity, but we selected these Czech strains as
they could be better adapted to local outdoor conditions.

The effects of both nematodes and fungus B. bassiana strain BBA 08 on pupating
Colorado potato beetles in the soil and on CPB adults on plant leaves were tested in pots
with potato plants (see above) in outdoor conditions, in Ceské Budejovice, Czech Republic
(48.9764494 N; 14.4473356 E).

Each combination was tested in 8 plastic pots (diameter 21 cm, 15 cm of organic soil)
with one potato plant per pot (25 cm high) that was populated with 5 IV. instar larvae or
5 adults of L. decemlineata prior to the application. Another four pots with either the IV.
instar CPB larvae or adults were prepared as the control without bioagent application.

To assess the effect on pupating CPB, both nematodes and fungus were applied to the
soil by automatic pipette in 5 mL of water at a dose of 21,000 IJs for the nematodes and

1% 10° for the fungus with nematode dosage corresponding to the standard recommended

doses (5 x 10° IJs per square meter) and fungal dose corresponding to the half of the
highest recommended dose for a commercial product based on B. bassiana BOTANIGARD

22 WP (5.37 x 1017/ mz). In the experiment with adults on leaves, the nematodes and
fungus in the same dosage were sprayed on plant leaves. Each pot was closed into an
entomological isolator to prevent adult beetles and larvae from escaping and also to protect
them from natural enemies from the surrounding area.

The effect of leaf application was observed every day and after one week the final
evaluation was done when all dead and live adults were counted. To evaluate the effect
of soil application, the larvae were allowed to leave the leaves and move to the soil to
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pupate. Then the pots were observed daily and the numbers of emerging adult beetles
were recorded.

2.6. Field Application

The field trial area was located near the village of Zabc'ice in the South Moravian
Region (49.0219636 N; 16.6155681 E), in the corn production area, altitude 178 m, average
air temperature (1991-2020) 10.3 -C, average total precipitation (1991-2020) 491.1 mm. The
surface is dominated by fluvial gley, and the soil type is a clayey loam. The pre-crop was
spring barley. Our field was prepared with standard agrotechnical methods.

The total experimental area was 302.4 m?, which was divided into 12 experimental
plots by using GPS navigation (Figure 1). One experimental plot (25.2 m?) contained 4 rows
of potatoes, and the length of the row was 8.4 m; the number of tubers in a row was 28; the
distance between tubers in a row was 30 cm, and the pitch was 0.75 cm. The planted variety
of potatoes was Rosara. Entomopathogenic nematode S. feltiae, strain Jakub, was selected
as the more effective nematode from the pot experiments. The application of nematodes,
fungus B. bassiana strain BBA 08, their combination, and control was done shortly before
the larvae of IV instar were ready to climb for pupation into the soil (larvae from the first
generation of CPB adults). Each agent application was repeated in 3 repetitions.

Figure 1. Experimental field with experimental rows covered with non-woven fabric.

The bioagents were applied at doses of 12.5 million IJs of EPN/plot/40 L of water, 1.72 x 10"
spores of EPF/plot/40 L of water, and 12.5 million IJs of EPN + 1.72 X 10" EPF/ plot/40 L. The
nematode dose was derived from the recommended dose (5 x 10° IJs per 10 m?) and the

dose of EPF corresponded to ca. 12% of the highest recommended dose for the commercial

product B. bassiana BOTANIGARD 22 WP (5.37 x 10'°/m?).
The control plots were watered by 40 L of water/plot. After application, two rows

along the entire field trial were randomly selected, and treated plots were separately
covered with non-woven fabric to prevent the leakage and mixing of CPBs (Figure 1).
After 14 days, all second-generation CPB adults were counted. The occurrence was
compared between treated plots with different bioagents and their combination to the
control experiments.

2.7. Statistical Analyses

All statistical analyses were performed in Statistica version program 10, StatSoft Inc.,
Tulsa, OK, USA. Main effect ANOVA was used to analyze the data for invasion (numbers of
invaded nematodes) and mortality in Petri dish experiments and for numbers of emerging
beetles in the field experiment. One-way ANOVA was used to compare the numbers of
emerging adults after soil application in the pot experiment and for the mortality data after
leaf application and to compaye invasion and mortality between endemic and non-endemic
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nematode strains. Tukey test was used to detect differences among individual treatments
in the pot experiments. Prior to the analyses, count data (nematode invasion, numbers of
emerging CPB adults) were square root transformed, and arcsin transformation was used
for mortality data. In the text, the data are presented in the form of mean -+ SEM.

3. Results
3.1. Field Sampling

The sampling in the potato fields resulted in the isolation of 21 steinernematid strains
(Table 1), out of which 13 strains belonged to S. feltiae, 6 strains were identified as S. affine,
and 2 strains belonged to S. kraussei. The nematodes were present both on the field margins
and within the fields.

3.2. Petri Dish Infections

During the dissections, we could observe that part of the nematodes were dead
and encapsulated by CPB hemocytes. Nematodes were present also in the living insects,
where dead nematodes prevailed. The proportion of dead nematodes also differed among
nematode strains and the development to first-generation adults was observed only in
some strains (data not shown). Mortality in control dishes was negligible.

In the experimental infections, both the nematode invasion and pathogenicity were
quite variable (Figures 2 and 3), with strains with negligible invasion and negligible mortal-
ity (S. affine A14, S. kraussei 1) to strongly invasive and pathogenic strains (e.g., S. carpocapsae
MG604). However, some strains with moderate invasion caused only a very low mortality
(e.g., S. feltiae Jakutsk). Overall, there was no difference in invasion between endemic and
non-endemic nematodes (F = 0.404, p = 0.527, df = 1) but non-endemic nematodes caused
significantly higher mortality of CPB (F = 6.396, p = 0.013, df = 1).

Invasion

Q. onirici 1b*
S. felliae BM4* 29 47 23
S. feltiae 626 | 14 32 74
S. kraussei A8* | 18
S. feltiae PD6* 2 HG 61

S. faltiae 15r* | 18 34 34
S. feltiae BORK | 21

S. carpocapsae MG604 25
S. feitiae UST | 15
S. felliag A2* 30 45
S. feltiae Jakub* | 17
S. kraussef VC1 2
S. feltiae MT2* 41
S. feltiae JAK | 15
S. affine A3* |
S. affine A6*
S. feltiae 7* |7 IEDNEED
S. carpocapsae 1343
S. carpocapsae EGY4 | ¢ IEIEE]
S. feltiae BEL | 18
S. affine 4* dose 250 M dose 500 M dose 1000
S. feltiae 37Ca
S. feltiae L2* Z
S. feltiae AT |5
S. feltiae MP5*
S. feltiae KLEN pr@
S. feltiae BEM* |18
S. felliae 6
S. feltiae MT6* |2
H. bacteriophora Hb221
S. kraussei 1*
S. affine A14*

Figure 2. Mean numbers of nematodes of various EPN species and strains that invaded in adult
Colorado potato beetles. The nematodes were applied at three doses of 250, 500, and 1000 IJs per
host. Endemic strains isolated within this study are marked (*).
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S. carpocapsae EGY4
S. carpocapsae 1343
S. carpocapsae MG604
S. feltiae 37Ca

S. feltiae Jakub*

S. kraussei A8*
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S. feltiae 15r*

S. feltiae 626

S. feltiae BM4*

S. affine A3*

S. feltiae L.2*

S. feltiae MT2*

S. feltiae BORK

S. feltiae PD6*

S. feltiae UST

S. feltiae AT*

S. kraussei VC1

S. feltiae BEL

S. feltiae KLEN

H. bacteriophora Hb221
S. feltiae 6*

Q. onirici 1b*

S. affine A14*

S. felliae 7*

S. affine A6*

S. feltiae MP5*

S. feltiae JAK

S. feltiae A2*

S. arenarium SLOV
S. kraussei 1*

S. feltiae MTE*

S. feltiae BEM*

mortality (%)

70 90 80
30 100 100
60 40 20
60 ) 50
50 L5040 |
30 60 30
70 30 20
40 40 40
10 [ T
30 E) 30
20
10 T
30 300 10
10 TR
20
20
10 IS
10 ENNEERE
20 20 | dose 250 Ml dose 500 M dose 1000
20
20
20 FENG]

Figure 3. Percentage mortality of adult Colorado potato beetles caused by various EPN species and

strains applied at three doses of 250, 500, and 1000 IJs per host. Endemic strains isolated within this

study are marked (*).

In general, S. carpocapsae strains had consistently moderate to high invasion and
caused the highest CPB mortality reaching 100% in higher doses of S. carpocapsae strain
1343. Performance of S. feltine and S. kraussei strains was variable, and the highest mortality,
reaching 50% in all doses, was observed in S. feltize 37Ca and S. feltiae Jakub, with the
latter showing a higher invasion. The invasiveness and pathogenicity of S. affine strains
and the only heterorhabditid strain, Heterorhabditis bacteriophora Hb221, were lower. The
facultatively parasitic nematode Oscheius onirici caused CPB mortality only at the highest

dose, and its invasion was very high, but occurred only in the dead beetles.

Based on these results, two EPN strains, S. carpocapsae 1343 and S. feltiae Jakub, were
selected for further experiments.

3.3. Pot Experiments

Soil application of both nematodes (S. carpocapsae 1343 and S. feltiae Jakub) and fungus
resulted in a significant decrease in the number of emerging CPB adults in comparison
to control (df = 3, 28, F = 31.9, p < 0.001). As visible in the graph (Figure 4a), both
nematode strains and fungus caused significantly higher mortality than was observed in
control (p < 0.05). Beauveria bassiana and S. feltiae Jakub have significantly (p < 0.05) higher
mortality (more than 80%) than S. carpocapsae 1343 (less than 40%).
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Figure 4. Mortality of pupating CPB in the soil (a) and adults on the potato leaves (b) after the
application of entomopathogenic nematodes and fungus. Different letters above bars indicate
statistically significant differences.

After the application of nematodes on the leaves against adults of L. decemlineata, the
observed mortality was not significantly different from control and reached a maximum of
around 20% or lower (Figure 4b). On the other hand, the leaf application of fungus (df = 3,
28, F =37.5, p < 0.001) was very successful, reaching mortality higher than 90%.

3.4. Field Application

In the field experiment, statistical analyses revealed significant differences among
treatments (F = 3.15, p = 0.025, df = 3), but only the application of fungus B. bassiana
significantly decreased the number of emerging CPB adults in comparison to control sites,
by ca. 30% (p = 0.014) with a mean number of CPB adults emerged per 1 potato plant of

259 £ 2.84 vs. 35.7 = 3.43 in control plots. The number of emerging adults from the sites
with the application of S. feltiae strain Jakub (29.6 £ 3.24) and its combination with fungus
B. bassiana (29.6 + 2.12) were around 20% lower in comparison to control (35.7 & 3.43),
though the difference was not statistically significant (p = 0.014).

4. Discussion

Endemic EPN strains can be more effective against target pests than exotic ones [29,30],
and, therefore, we performed the sampling in the target localities. Interestingly, we recorded
a massive presence and diversity of EPNs in Czech potato fields. Entomopathogenic
nematodes are ubiquitous soil organisms; however, in general, their occurrence in the
agroecosystems tends to be low [31]. In the light of this fact, our results are surprising, and
it can be assumed that, in Czech fields, naturally occurring EPNs could contribute to the
regulation of CPB populations.

The ubiquity of S. feltine and to a lesser extent S. affine is not surprising, as the former
species is the most common EPN in the Czech Republic and the latter is frequent in
the agroecosystems [32]; on the other hand, the isolation of two strains of S. kraussei is
surprising, as it represents the first finding of this species in arable areas of the Czech
Republic [32]. The isolation of Oscheius onirici is the first finding of this nematode in the
Czech Republic.
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Our experimental infections with endemic and non-endemic strains did not support
the superiority of endemic strains, but conversely, non-endemic EPN strains were generally
more pathogenic. In accordance with our results, Berry et al. [33] observed exotic EPN
strains being superior to endemic ones in CPB infections.

Overall, the experimental infections have shown considerable variability both in the
invasion and pathogenicity of the nematodes tested. Inter and intraspecific differences in
EPN infectivity towards different hosts are well known (e.g., [34]), and in this particular
case, the differences could be related to host immune response. The Colorado potato beetle
is known to possess an effective immunity response towards EPNs via encapsulation [35].
Accordingly, during dissections, we often observed dead IJs or even adults encapsulated
by CPB hemocytes. Different insects have been shown to differ in their immune reaction
towards different EPN species [36]; it can be hypothesized that the high effectivity of
S. carpocapsae strains could be due to the lower immune response of the host. The high
variability in the performance of nematode species and strains highlights the importance
of thorough screening in the search for suitable biocontrol agents for CPB control.

With a majority of the tested strains killing only ca. 30% of CPB adults or less, even
at the highest dose of 1000 IJs per beetle, the mortality is quite low in comparison with
published data from infections of CPB prepupal stages [20,33], but CPB adults are known
to be less susceptible than prepupal stages [16]. Trdan et al. [15] reported the lowest LC50
for adult CPB infections being 463 IJs/adult in S. carpocapsae, while in the present study, a
mortality of well over 50% was achieved with S. carpocapsae strains even at the lowest dose
of 250 IJs per one CPB adult.

Field applications of biocontrol agents tend to be less successful due to uncontrolled
abiotic and biotic factors. The results of the field application of the nematodes, fungus, and
their combination with only the fungus causing a significant decrease in comparison to
untreated control are not surprising. The rate of infestation in the experimental field was
very high, with more than 200 adult beetles emerging from under a canopy of a single plant,
so possibly the standard doses of bioagents were too low to cause considerable effect. In
comparison to similar studies, the 20% decrease of the CPB population in S. feltiae—treated
sites in our study was lower than the 31% reduction of the late-season adults of the CPB
treated with S. carpocapsae at a little higher dosage (7.6 x 10° per m?vs. 5 x 10° per m?) [37].
Caged small plots with potatoes treated with S. feltize and H. heliothidis (later synonymized
with H. bacteriophora) decreased the emergence of CPB adults by 66-77% [38], but the dose
of 90-150 IJs per cm* was two to three times higher than in the present study.

Interestingly, in our experiment, the combination of both bioagents had a worse result
than fungus alone. Interactions between some bioagents can be antagonistic [39], and,
similar to our result, Shapiro-Ilan et al. [40] observed that, when pairs of nematode and fun-
gal pathogens attacked weevils of Curculio caryae, most pairings were less effective than a
single highly effective entomopathogenic species. The negative effect of entomopathogenic
fungi on EPNs has been described on several occasions. The development of Steinernema
feltine was negatively affected when the nematode was applied on Colorado potato beetle
larvae 24 h or later after fungus I. fumosorosea [20]. A similar negative effect on nematode
growth was observed in the interactions between the EPF Metarhizium anisopliae and EPNs
Steinernema glaseri [22] and H. bacteriophora [41]. On the other hand, in our study, the
combined application showed worse results in comparison to fungus alone, which would
suggest a negative effect of the nematode on fungus performance. The secondary metabo-
lites of the nematode bacterial symbionts of the genus Xenorhabdus produce many bioactive
compounds, including fungistatic substances [42], and a negative effect of some of these
metabolites on the growth of the fungus B. bassiana were observed [23]. Coinfections of CPB
adults in the locality thus could reduce the reproduction of the fungus, leading to lower
overall CPB mortality. Further research is needed to shed more light on the interactions
of these particular biocontrol agents. Nevertheless, our present results do not allow us to
recommend the combination of the nematodes and B. bassiana in the field.
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Pupating summer generation CPB adults spend only several weeks in the soil, and
thus the time that biocontrol agents have to localize and infect pupating insects is limited.
Our further research will focus on overwintering CPB generation, where the nematodes
and fungi can operate for a long period.

5. Conclusions

In conclusion, we demonstrate that, due to the high variability in nematode pathogenic-
ity towards CPB adults, large-scale screening is necessary in order to select the effective
nematode strains. The selected nematodes and fungus B. bassiana etfectively decreased the
emergence of second-generation CPB adults in pots, while the effect of the field application
of both agents and their combination was low. Further research will focus on overwintering
CPB generation.
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Insekticidni a akaricidni aditivum do nosného substratu pro péstovani rostlin

Oblast techniky

Technickeé feSeni se tyka insekticidniho a akaricidniho aditiva do pidniho nosného substratu.

Dosavadni stav techniky

Ochrana vétSiny kulturnich plodin a ovocnych a okrasnych dievin pted ZzivocisSnymi Skiddci
spociva predevsim v aplikaci pesticidii postiikem nadzemnich &asti rostlin. Zivotni cyklus fady
hmyzich $kiidcd je vSak vazan na pudni prostfedi, kde Skodi na kofenech, jako jsou napt. larvy
smutnic, kovatikt ¢i lalokonosct, nebo do pudy zalézaji za ucelem kukleni ¢i pfezimovani, jako
jsou napt. tfasnénky, mandelinka bramborova ¢i makadlovka Tuta absoluta. Aplikace
chemickych insekticidt a akaricidi, tedy pesticidii ur¢enych k hubeni hmyzu a rozto¢t, ptimo do
pudy neni Zadouci z diivodu rizika kontaminace spodnich vod a kumulace rezidui v ptde€. Hmyzi
Sktidce vyskytujici se v pade vsak Ize Gspésné potlacit pomoci jejich pfirozenych antagonisti, tj.
entomopatogennich hub a entomopatogennich hlistic. Ob& skupiny organismu se bézné vyskytuji
v pfirozeném pudnim prostiedi, ne vzdy jsou vSak dostatecné ucinné, at’ jiz z divodu nizké
patogenicity daného kmene, nebo nizké koncentraci infektivnich ¢astic v pude. Vétsina komercné
vyrabénych péstebnich substratii tyto organismy bézné neobsahuje a nechrani tak péstované
rostliny pfed Skiddci.

Technické feSeni podle CZ 31982 popisuje péstebni substrat s insekticidnimi a akaricidnimi
ucinky obsahujici entomopatogenni houbu zrodu Isaria. Nevyhodou uvedeného feSeni je
zejména skuteCnost, ze entomopatogenni houby nejsou dostateéné virulentni proti vSem Skudct
vyskytujicich se v pidé a péstebnich substratech, neplisobi napf. na zastupce fadu dvoukiidli.
Vysokou ucinnost na larvy dvoukiidlého hmyzu i dal$i hmyzi Skidce vykazuji entomopatogenni
hlistice rodu Steinernema a Heterorhabditis. Entomopatogenni hlistice jsou na trhu jako
samostatné pripravky na ochranu rostlin uréené pro aplikaci pomoci zalivky. Nevyhodou téchto
pripravkid je omezena doba jejich pfezivani v pidach a substratech bez vhodného hmyziho
hostitele, a tudiz je nelze pouzit preventivng.

Ukolem technického feSeni je proto vytvoreni insekticidniho a akaricidniho aditiva do ptidniho
nosného substratu, které by odstraniovalo vyse uvedené nedostatky, obohacovalo pidu, péstebni
substrat ¢i kompost o uzite¢né mikroorganismy a makroorganismy a zlepSovalo tak jejich
biologickou aktivitu, redukovalo vyskyt Sirokého spektra pidnich skidcii a mélo pozitivni vliv na
fyzikalni vlastnosti pidy, jako je provzdu$néni, a v konecném disledku zlepSovalo vynosové
parametry péstovanych plodin a kvalitu produkce s minimalnim dopadem na zivotni prostiedi.

Podstata technického feSeni

Vyt€eny ukol je vyfeSen pomoci insekticidniho a akaricidniho aditiva do nosného ptdniho
substratu pro péstovani rostlin podle tohoto technického feSeni. Podstata technického feSeni
spociva v tom, ze aditivum je tvofeno smesi alesponi jednoho kmene entomopatogenni houby
rodu Isaria (synonymum Paecilomyces) v koncentraci v rozmezi 10° az 10" infektivnich ¢astic na
1 ml nosného substratu a alespoil jednoho kmene entomopatogenni hlistice rodu Steinernema v
rozmezi 10?az 10* infektivnich ¢astic na 1 ml nosného substratu.

Infektivni ¢astice entomopatogenni houby jsou ve formé spor nebo ve formé fragmentd mycelia.
Entomopatogenni hlistice je ve form¢ invaznich larev. Ve vyhodném provedeni je kmen
entomopatogenni houby Isaria fumosorosea (syn. Paecilomyces fumosoroseus) CCM 8367,
kmen entomopatogenni hlistice je Steinernema feltiae NFUST a nosi€ je péstebni substrat, Cista
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raSelina nebo pisek. V dalsim vyhodném provedeni jsou ob¢ slozky, tj. entomopatogenni houba
a entomopatogenni hlistice oddé€leny a misi se az pied aplikaci.

Vyhody ptidniho insekticidniho a akaricidniho aditiva na bazi entomopatogennich hub a hlistic
podle tohoto technického feSeni spocivaji zejména v tom, Ze obohacuje pudu nebo péstebni
substrat o uzite¢né mikroorganismy a makroorganismy a vyuziva jejich synergického ucinku.
Kombinovanim vys$e zminénych dvou bioagens se dosahuje rozsifeni GcCinnosti na vice druhi
hmyzich skidct a Skodlivych roztoct vyskytujicich se v pidé. Vyhodou entomopatogenni
hlistice je jeji rychlé ptisobeni a schopnost najit Skiidce i na vzdalenost n€kolika centimetru,
pficemz béhem svého pohybu pfispivaji k lepSimu provzdusnéni pudy a rozsiteni spor druhého
bioagens. Vyhodou entomopatogenni houby je schopnost rist saprofyticky na organické hmotg,
kolonizovat ptudu ¢i péstebni substrat a pusobit tak po del§i obdobi po aplikaci. Vyse uvedené
pudni insekticidni a akaricidni aditivum zlepSuje biologickou aktivitu pidy ¢i substratu a ve
vysledku ma pozitivni vliv na vynosové parametry péstovanych plodin a kvalitu produkce
s minimalnim dopadem na Zzivotni prostiedi.

Kmen c¢eského ptivodu CCM 8367 entomopatogenni houby /. fumosorosea je ulozeny ve Sbirce
mikroorganismtt v Brné jako patentova kultura. Insekticidni a akaricidni U€inky tohoto kmene
byly prokazany jiz dfive. Infektivni castice houby lze ziskat stacionarni neboli povrchovou
kultivaci na pevném piip. tekutém médiu nebo submerzni kultivaci.

Ve vyhodném provedeni je entomopatogenni houba kultivovana ve fermentorech za pouziti
vhodného tekutého média, napf. na bazi glukozy, maltézy, Skrobu a peptonu. Kratkodobé lze
houbu skladovat v podobé zamrazenych blastospor. Pro dlouhodobé uchovani je vhodné pouzit
konidiospory, které se nejprve lyofilizuji a poté ulozi v kapalném dusiku pti -196 °C nebo
v hlubokomrazicim boxu pfi -70 °C. K adjustaci do inertniho nosného substratu lze ve vyhodném
provedeni pouZit techniku rozpraSovani suspenze infektivnich ¢astic entomopatogenni houby ve
vhodném misicim zafizeni.

Kmen hlistice Steinernema feltiae NFUST pochazejici z Izhevska z Ruska, je uloZen ve sbirce
entomopatogennich hlistic Biologického centra AV CR, v.v.i. v Ceskych Bud&jovicich. Druhova
identita byla potvrzena morfologicky i sekvenovanim ITS oblasti rDNA (Genbank piistupové
¢islo: KT809344). Invazni larvy entomopatogenni hlistice 1ze ziskat chovem hlistic na hmyzim
hostiteli, kterym je posledni larvalni instar housenky zavijece voskového, Galleria mellonella,
nebo primysloveé in-vitro kultivaci ve fermentorech. Mnozeni hlistic se provadi ndkazou
housenek zavijeCe voskového na vlhkém filtracnim papiru v Petriho misce v davce cca 50 az
100 invaznich larev na jednu housenku zavijeCe. Po uhynuti housenek jsou tyto pfemistény na
vodni pasti (White Trap), pfiblizné za 7 dni se z mrtvych hostitelti za¢nou uvoliiovat nové invazni
larvy, které zistavaji uvéznény v nizkém vodnim sloupci, odkud jsou tyto slévany a CiStény
opakovanou sedimentaci ve vod€. Vycisténé invazni larvy je pak mozné pouzit pro pifimou
aplikaci nebo skladovani. Cely proces mnozeni se odehrava pii pokojové teploté cca 21 °C.
Dlouhodobé¢ 1ze entomopatogenni hlistice skladovat ve stadiu invaznich larev pfi teploté kolem 5
az 6 °C v nizkém vodnim sloupci, vlhkém pisku ¢i vermikulitu nebo v molitanové drti.

Objasnéni vykresu

Uvedené technicke feSeni bude blize objasnéno na nésledujicich vyobrazenich, kde:
obr. 1 zndzornuje graf zavislosti mortality Sktidcti na typu oSetfent,

obr. 2 znazoruje graf zavislosti perzistence Steinernema feltiae na podminkach a dobé
skladovani,

obr. 3 znazoriiuje graf vlivu oSetfeni na lihnuti Skiidct z péstebniho substratu.
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Piiklad uskutecnéni technického feSeni

Priklad 1

Suspenze infektivnich ¢astic entomopatogenni houby I fumosorosea CCM 8367 byla piipravena
z blastospor, které byly ziskany submerzni kultivaci. Do 95 ml sterilniho tekutého kultiva¢niho
média na bazi PDB v 250 ml Erlenmeyerové bance bylo naockovano 5 ml houbové suspenze.
Inkubace probihala na orbitalni tfepacce pti rychlosti 200 otacek za minutu a teploté 25 °C po
dobu c¢tyf dnd. Po inkubaci byla kone¢na suspenze filtrovana pies sterilni gazu, aby se oddélilo
mycelium a shluky spor. Koncentrace blastospor v suspenzi byla po¢itana pomoci Neubauerovy
komurky a nasledn¢ byla upravena na pozadovanou koncentraci. Do suspenze bylo pfidano
smaceci ¢inidlo Tween 80e v koncentraci 0,02 % (v/v). Test kli¢ivosti prokazal 100% kli¢ivost
blastospor. Invazni larvy S. feltiae NFUST byly ziskani z infikovanych housenek zavijece
voskového pomoci tzv. vodnich pasti. Koncentrace invaznich larev ve vodni suspenzi byla
ustavena na 2 000 invaznich larev na 1 ml vody.

Pfipravenymi suspenzemi obou bioagens byl oSetfen komercni péstebni substrat na bazi raseliny
nasypany do plastovych kelimkti v mnozstvi 180 ml substratu na kelimek. Byla pouzita davka
108 blastospor houby a 1 000 invaznich larev hlistic na jeden kelimek. Paralelné byly zaloZeny
varianty, ve kterych byl substrat oSetfen pouze I. fumosoroea, S. feltiae nebo sterilni vodou se
smacedlem predstavujici kontrolu. Do kazdého kelimku byla nasledné¢ umisténa jedna larva
posledniho instaru mandelinky bramborové, Leptinotarsa decemlineata. Kelimky byly zakryty
folii a umistény do inkubatoru s konstantni teplotou 25 °C a nasledn¢ denné kontrolovany pro
stanoveni poc¢tu vylihlych dospélci. Soucasna aplikace obou bioagens se ukazala jako
nejucinngjsi, jak je patrné z nasledujici tabulky a obrazku 1. Po ukonceni pokusu bylo z 50 larev
v substratu nalezeno 11 mumifikovanych s mykozou 1. fumosorosea, 28 jedinct bylo rozlozeno
v dusledku parazitace S. feltiae a 3 jedinci byli mrtvi bez symptomt mykdzy ¢i parazitace. Na
obr. 1 je tedy znazornéno porovnani u¢innosti oSetfeni nosného substratu entomopatogenni
houbou 1. fumosorosea CCM 8367 v kombinaci s parazitickou hlistici S. feltiae NFUST oproti
varianté oSetfené pouze jednim bioagens ¢i oproti kontrole, v niz byla aplikovana pouze voda se
smacedlem Tween 80a. Chyboveé usecky u sloupcii znazortiuji 95 % konfidenéni limity.

Osetreni Pocet larev Pocet vylihlych imag
kontrola 120 112

Isaria fumosorosea 80 45
Steinernema feltiae 40 22

Isaria fumosorosea + Steinernema feltiae 50 8

Priklad 2

Suspenze entomopatogenni houby a entomopatogenni hlistice podle ptikladu 1 byly formulovany
do inertnich nosici, kterym byla v ptipadé 1. fumosorosea raselina a v ptipade S. feltiae pisek
frakce 0,8 mm. Déavkovani bylo zvoleno tak, aby koncentrace houby byla 2x10°blastospor na
1 ml raSeliny a koncentrace hlistic byla 1 500 invaznich larev na 1 ml suchého pisku. Invazni
larvy hlistic byly do pisku pfidany v objemu 1 ml vody a nasledné byl pisek jesté zvlhcen dalsimi
9 ml vody (celkem tedy 10 ml vody, 67 ml pisku a 100 000 invaznich larev hlistic). Takto
pripravené formulace obou bioagens tvoii dvé slozky insekticidniho a akaricidniho aditiva do
nosného substratu pro péstovani rostlin. Bylo vyrobeno nekolik davek, které byly samostatné
zabaleny do uzaviratelnych polyethylenovych (PE) sackii a umistény do termostatu.

Ihned po aplikaci I. fumosorosea do raSeliny a poté po mesici skladovani v PE saccich
o rozmérech 15%20 cm pti 9 °C byly z kazdého sacku odebrany tfi vzorky o objemu 25 ml, tyto
byly eluovany ve 100 ml sterilni vody s pfidavkem smacedla Tween 80 v 250 ml
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Erlenmayerové baiice. Vzorky byly umistény na orbitalni tfepacce po dobu 20 minut, 200 otacek
za minutu a teploté¢ 25 °C. Jeden mililitr vyluhu byl potom zfedén v 9 ml sterilni vody se
smacedlem Tween 80®, 0,5 ml suspenze bylo pfeneseno pipetou a rovnomérng€ rozetfeno po
povrchu selektivniho ristového média s latkou Dodine. Petriho misky byly nasledné inkubovany
po dobu jednoho tydne pii 25 °C. Po tomto obdobi byl stanoven pocet kolonii /. fumosorosea na
misce. Nasledujici tabulka ukazuje, ze koncentrace infektivnich castic (CFU) v raseling
(X =1,98x10%1 ml) odpovidala vypoc&tené koncentraci blastospor entomopatogenni houby pfi
vyrob¢ insekticidniho a akaricidniho aditiva. Z tabulky je dale patrné, Ze béhem skladovani po
dobu jednoho mé&sice doslo k mirnému navyseni CFU (X = 2,52x10%1 ml).

Cas od Priméma koncentrace infektivnich ¢astic Isaria fumosorosea v 1 ml raseliny
vyroby Vzorek 1 Vzorek 2 Vzorek 3 Vzorek 4 Vzorek 5
0 2,11x10° 1,91x10° 2,01x10° 1,91x10° 1,97x10°
1 mésic 2,57x10° 2,48x10° 2,58x10° 2,05%10° 2,49x10°

Pisek sinvaznimi larvami S. feltiae byl skladovan pfti teplotaich 5, 16 a 20 °C v uzavienych
saccich (7x10 cm) a pii stejnych teplotach ve ventilovanych saccich (do stény sacku byly
propichnuty dva malé otvory pro volny pfistup vzduchu) stejné velikosti. V intervalu 7 dni byl
odebiran z kazdé teploty 1 sacek uzavieny a jeden ventilovany a pomoci Bearmannovych nalevek
byly invazni larvy extrahovany, aby mohl byt stanoven jejich pocet ve vyluhu. Na sitko
Baermanovy nalevky byla z prostorovych divodi umisténa vzdy 1/10 dikladné promichaného
objemu sacku. Pocet entomopatogennich hlistic byl stanoven pocitanim jedinct pod binokularni
lupou. Tito jedinci byli zaroven mechanicky podrazdéni, abychom ovéfili, Ze se jedna o zivé
aktivni jedince. Z obrazku 2 je patrné, ze entomopatogenni hlistice v daném nosném substratu
prezivaji ve vSech teplotach po dobu nejméné 5 tydnt, ackoliv dochazi k mirnému poklesu jejich
koncentrace v zavislosti na ¢ase a teploté skladovani. Nizs§i pocty jedinct, nez by odpovidalo
1/10 objemu pfipravku (tj. 10 000 larev) jsou pravdépodobné zplsobeny (zvlasté v prvnich
tydnech) pfirozenymi vlastnostmi entomopatogennich hlistic, jejichz cca 1/3 invaznich larev
zustava neaktivni a nemize tak byt Baermanovou nalevkou zachycena. Tyto larvy jsou nicméné
zivé a v pritomnosti hostitelti schopné infekce. Z obrazku vyplyva, ze tuto slozku insekticidniho a
akaricidniho aditiva je nejvhodnéjsi skladovat v uzavieném obalu pfi teploté 5 nebo 16 °C, kde
preziva po 5 tydnech nejvetsi pocet jedinct. Tyto vysledky zaroven jasn€ naznacuji schopnost
hlistic pretrvat za danych podminek po dobu delsi nez testovanou.

Priklad 3

Insekticidni a akaricidni aditivum na bazi entomopatogenni houby I fumosorosea
a entomopatogenni hlistice S. feltiae podle ptikladu 2 bylo aplikovdno do smési dvou komercné
dostupnych péstebnich substratii: bio substratu s guanem bez raSeliny a substratu pro rajcata,
papriky a okurky, které byly smichany v poméru 1:1. Oba substraty byly jiz zamoteny larvami
smutnic. Touto smési substratt byly do 2/3 naplnény plastové kelimky o objemu 200 ml. Poté
bylo u oSetfené varianty pifiddno insekticidni a akaricidni aditivum v dévce 10 ml raseliny
inokulované entomopatogenni houbou a 3 g vlhkého pisku s S. feltiae na jeden kelimek.
Insekticidni a akaricidni aditivum bylo lehce zapraveno do nosného substratu a zavlazeno 10 ml
vody. Kontrolni varianta byla pouze zavlazena 10 ml vody.

Kelimky byly poté uzavieny prihlednym plastovym vickem, jehoz spodni strana byla natiena
lepem na hmyz a kelimky byly umistény do klimatizovaného boxu s teplotou 21°C a
fotoperiodou 16L:8D. Po tiech, péti a deviti tydnech od zalozeni pokusu byli spocitani vylihli
dospé€lci smutnic. Z obrazku 3 je patrné, Ze oSetfeni péstebniho substratu aditivem ma
dlouhodoby tcinek. Zatimco v neosetiené kontrole se v priméru vylihlo celkem 8,55 smutnic na
jeden kelimek, v oSetfené varianté jich bylo pouze 2,00. V pribéhu pokusu tak doslo k redukci
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skadce o 77 %.

Prumyslova vyuzitelnost

Insekticidni a akaricidni aditivum do nosného substratu pro péstovani rostlin podle tohoto
technického feSeni lze pouzit zejména pii péstovani pokojovych i venkovnich kvétin a bylin
péstovanych v kvétinacich, truhlicich ¢i na zahonech, k ochran¢ sklenikovych kultur, zejména
zeleniny a ovocnych a okrasnych ketti a stromt a dalSich plodin. Je uréeno pro aplikaci do pudy,
k obohaceni péstebnich substratti a kompostli a k mofeni osiva a sadby. Uplatnéni najde zejména
u drobnych péstitell a v ekologickém a bio-dynamickém zeméd¢lstvi.

NAROKY NA OCHRANU

1. Insekticidni a akaricidni aditivum do nosného substratu pro péstovani rostlin na bazi pudy,
pestebniho substratu nebo kompostu, vyznacujici se tim, Ze je tvofeno smési alespon jednoho
kmene entomopatogenni houby rodu Isaria v koncentraci v rozmezi 10° az 107 infektivnich &astic
na 1 ml nosného substratu a alespon jednoho kmene entomopatogenni hlistice rodu Steinernema
v rozmezi 10 az 10* infektivnich ¢astic na 1 ml nosného substratu.

2. Insekticidni a akaricidni aditivum podle naroku 1, vyznacujici se tim, Ze kmen
entomopatogenni houby je Isaria fumosorosea CCM 8367.

3. Insekticidni a akaricidni aditivum podle naroku 1, vyznacujici se tim, ze kmen
entomopatogenni hlistice je Steinernema feltiae NFUST.

4. Insekticidni a akaricidni aditivum podle naroku 1 nebo 2, vyznacujici se tim, ze infektivni
¢astice kmene entomopatogenni houby jsou ve forme spor.

5. Insekticidni a akaricidni aditivum podle naroku 1 nebo 2, vyznacujici se tim, Ze infektivni
¢astice kmene entomopatogenni houby jsou ve formé fragmentii mycelia.

6. Insekticidni a akaricidni aditivum podle naroku 1 nebo 3, vyznacujici se tim, Ze infektivni
¢astice kmene entomopatogenni hlistice jsou ve stadiu invaznich larev.

2 vykresy
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Péstebni substrat s insekticidnimi a akaricidnimi vlastnostmi

Oblast techniky

Technické feSeni se tyka péstebniho substratu s insekticidnimi a akaricidnimi vlastnostmi.

Dosavadni stav techniky

Produkce péstebnich substratti v Evropé ptredstavuje odvétvi s obratem ve vysi 1,3 miliardy eur.
Obecné se pozadavky na vlastnosti péstebnich substratii 1i$i, nicméné lze fici, Ze jsou vyZadovany
tyto vlastnosti, jako je ukotveni rostliny, tedy musi byt schopen udrzet rostlinu, dobie zabezpecit
vyzivu rostliny, dobra propustnost a nasakavost vodou, vhodné pH pozadované druhem rostliny
a péstebni substrat by nemé&l obsahovat toxické latky a Skidce.

Péstebni substraty jsou vétSinou zalozeny na organickych slozkach, které zahrnuji raSelinu,
kokosové vlakno, dievéné vlakno, kiru ¢i kompost. Kompost je organicky prostfedek pro
zlepSeni péstebnich substratdi obsahujici stabilizované organické latky a rostlinné Ziviny ziskany
fizenym biologickym rozkladem smeési sestdvajici zejména z rostlinnych zbytkli a majici
deklarované kvalitativni znaky. RaSelina je nahromadény, Casteéné rozlozeny rostlinny material,
ktery obsahuje pfevazné organické latky a organické kyseliny. Pro dodani pfijatelnych zivin pfi
pripravé ¢istych raselinovych péstebnich substratti se pouzivaji mineralni ziviny ve formé hnojiv
obsahujicich dusik, fosfor a draslik. Raselina navic pfedstavuje dominantni péstebni médium
pouzivané v Evropé. Dlvody pouziti samotné raseliny nebo jejiho pouziti jako hlavni soucast
pestebnich médii 1ze nalézt v jeji dostupnosti v severni Evropé, relativné nizkych nakladech,
vynikajicich chemickych, biologickych a fyzikalnich vlastnostech a nizké hmotnosti.

Kultivované rostliny jsou ¢asto napadany hmyzimi $kidci, pficemz vice nez 90 % téchto skudch
travi Cast svého zivotniho cyklu v pidé, tedy v péstebnim substratu. Substrat, ve kterém se
rostliny péstuji, proto hraje dilezitou roli pii jejich ochrané vi¢i hmyzim Skidcim. V bézném
pudnim prostiedi se vyskytuji entomopatogenni houby zajist'ujici pifirozenou regulaci Skadcu.
Entomopatogenni houby mohou napadat a parazitovat na vSech vyvojovych stadiich hmyzu,
nejcastéji se vSak vyskytuji na larvach a kuklach, méné Casto jsou houbami infikovani dospélci
a vajicka hmyzu. Komeréné vyrabéné péstebni substraty tyto houby bézné neobsahuji a nemaji
tak insekticidni vlastnosti tedy nejsou uréené k hubeni hmyzu v jeho rGznych vyvojovych
stupnich ani akaricidni vlastnosti tedy nejsou urcené k hubeni rozto¢d. Ochranu rostlin je pak
nutné zajistovat dodate¢n€é pomoci chemickych insekticidt, které jsou vSak problematické kvili
vyvoji rezistence Skidcii a kvtli reziduim v zivotnim prostfedi s negativnim vlivem na necilové
organismy, zdravi lidi a zvitat a jejichz nasledné odstranovani je finan¢né i Casoveé naro¢né.

Ukolem technického feSeni je proto vytvofeni péstebniho substratu s insekticidnimi a
akaricidnimi vlastnostmi, ktery by odstrafioval vyse uvedené nedostatky, ktery by snizoval skody
na rostlinach zptsobené hmyzimi $kidci a roztoci, dale zlepSoval vitalitu rostlin a jehoz pouziti
by vedlo ke snizeni spotieby chemickych pesticidi a zvySeni kvality produkce rostlin
s minimalnim dopadem na zivotni prostredi.

Podstata technického feSeni

Vytceny ukol je vyieSen pomoci péstebniho substratu s insekticidnimi a akaricidnimi vlastnostmi
podle tohoto technického feSeni. Péstebni substrat obsahuje smés raseliny, jilu a mineralnich
latek. Podstata technického feSeni spociva vtom, ze dale obsahuje alespont jeden kmen
entomopatogenni houby z rodu Isaria (synonymum Paecilomyces) v koncentraci v rozmezi 107
az 10" infektivnich ¢astic na 1 ml p&stebniho substratu.
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Ve vyhodném provedeni je kmen entomopatogenni houby Isaria fumosorosea (synonymum
Paecilomyces fumosoroseus) CCM 8367.

Infektivni ¢astice entomopatogenni houby jsou ve formé spor nebo ve form¢ fragmentti mycelia.

Vyhody péstebniho substratu s insekticidnimi a akaricidnimi vlastnostmi podle tohoto
technického feseni spocivaji zejména v tom, ze snizuje $kody na rostlinach zplisobené hmyzimi
sktdci arozto€i, zlepSuje vitalitu rostlin a jeho pouziti vede ke sniZeni spotieby chemickych
pesticidl a zvyseni kvality produkce rostlin s minimalnim dopadem na Zivotni prostiedi.

Kmen ¢eského ptivodu CCM 8367 entomopatogenni houby 1. fiumosorosea je ulozen ve Sbirce
mikroorganismtt v Brné jako patentova kultura. Insekticidni a akaricidni ucinky tohoto kmene
byly prokazany jiz diive. Infektivni Castice houby lze ziskat stacionarni neboli povrchovou
kultivaci na pevném piipadné tekutém médiu nebo submerzni kultivaci. Ve vyhodném provedeni
je houba kultivovana ve fermentorech za pouziti vhodného tekutého média, naptf. na bazi
glukozy, maltdzy, Skrobu a peptonu. Aplikaci do substratu lze ve vyhodném provedeni zajistit
rozprasovanim suspenze infektivnich castic houby do substratu ve vhodném misicim zafizeni.

Objasnéni vykrestu

Uvedené technické feSeni bude blize objasnéno na nasledujicich vyobrazenich, kde:

obr. 1 znazornuje graf =zavislosti umrtnosti $kiidci na koncentraci infektivnich ¢astic
entomopatogenni houby v substratu,

obr. 2 znazornuje graf vlivu koncentrace infektivnich ¢astic na procento infikovanych dospélci
vylihlych z houbou-inokulovaného péstebniho substratu.

Priklad uskutecnéni technického feSeni

Priklad 1

Péstebni substrat byl pfipraven na bdzi vytiidéné svétlé a tmavé raseliny s piidavkem mletého
jilu, obohaceny hnojivem se zékladnimi zivinami a inokulovany entomopatogenni houbou Isaria
fumosorosea kmene CCM 8367. Suspenze infektivnich ¢astic houby pouzitd pro inokulaci
substratu byla ptipravena z blastospor, které byly ziskdny submerzni kultivaci. Do 95 ml
sterilniho tekutého kultivatniho média na bézi PDB (Sigma-Aldrich, Némecko) v 250 ml
Erlenmeyerove baiice bylo nao¢kovano 5 ml houbové suspenze. Inkubace probihala na orbitalni
ttepacce pii rychlosti 200 otacek za minutu a teploté 25 °C po dobu Ctyt dnti. Po inkubaci byla
konecna suspenze filtrovana pfes sterilni gazu, aby se oddélilo mycelium a shluky spor.
Koncentrace blastospor v suspenzi byla pocitana pomoci Neubauerovy komurky a nasledné byla
upravena na koncentraci 1x10” spor/ml. Do suspenze bylo piidano smaceci ¢inidlo Tween 80w
(Sigma-Aldrich, Némecko) v koncentraci 0,05% (v/v). Test kli¢ivosti prokazal 100% klicivost
blastospor.

Homogenita inokulace v substratu byla zajisténa rozpraSovanim suspenze blastospor pomoci
airbrush pistole za pouziti tlaku 0,5 baru do péstebniho substratu promichavaného v horizontalné
umisténé sklenéné michaci nadobé€ o objemu 3 1 otacejici se rychlosti 18 ot./min, pficemz byla
aplikovana davka 5 ml inokula na 0,5 1 substratu. Vysledny péstebni substrat mél tyto vlastnosti:
pH 6,5 az 7, vlhkost 60 az 70 %, obsah spalitelnych latek v susin€ 70 %, obsah infektivnich Castic
1x10° na 1 ml substratu.
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Priklad 2

Péstebni substrat podle piikladu 1 pfipraveny s pocateéni koncentraci 4x10*blastospor/ml
pestebniho substratu o objemu 0,51 byl ulozen do uzaviratelnych PE sackti o rozmérech
15%20 cm a umistén do inkubatorti s konstantni teplotou. V mési¢nich intervalech byly ze sacka
odebirany vzorky substratu o objemu 25 ml, tento byl eluovan 100 ml sterilni vody s piidavkem
smacedla Tween 80e v 250 ml Erlenmayerové baiice. Vzorky byly umistény na orbitalni tfepacce
po dobu 20 minut, 200 otacek za minutu a teploté 25 °C. Jeden mililitr eluatu byl potom ziedén
v 9 ml sterilni vody se smacedlem Tween 80, 0,5 ml suspenze bylo pfeneseno pipetou a
rovnomerné rozetieno po povrchu selektivniho ristového média s latkou Dodine. Petriho misky
byly nasledn¢ inkubovany po dobu jednoho tydne pii 25 °C. Po tomto obdobi byl stanoven pocet
kolonii /. fumosorosea na misce. Vysledky ukazaly, Ze houbou obohaceny péstebni substrat l1ze
skladovat pfi teplotach 15 az 25 °C po dobu n€kolika mésicli pii zachovani zivotaschopnosti
entomopatogenni houby v péstebnim substratu, jak je patrné z tabulky znazornujici koncentraci
infektivnich ¢astic v 1 ml substratu v ¢ase.

Doba skladovani v mésicich
Teplota
skladova 2 3 4 5 6 7 8
ni
15°C | 4,27x10* |5,57x10* |5,71x10* [6,19x10* |4,11x10* [4,08x10* [3,09x10*
20°C | 3,44x10* | 5,95x10* |5,36x10* [3,31x10* |1,87x10* |1,71x10* [,27x10*
25°C | 4,00<10* |2,93x10* |2,59x10* [2,08x10* |8,80x10° [6,93x10° [3,73x10°
Piiklad 3

Pé&stebni substrat podle piikladu 1 piipraveny s pocatecni koncentraci 7x10° az 7x10°
blastospor/ml substratu byl rozmistén do plastovych kelimkd v mnozstvi 180 ml/kelimek. Do
kazdého kelimku byla umisténa jedna larva posledniho instaru mandelinky bramborové. Kelimky
byly zakryty parafilmem a umistény do inkubatoru s konstantni teplotou 25 °C a nasledné denné
kontrolovany pro stanoveni poc¢tu vylihlych dospélci. Vysledky ukazaly, Ze Gi¢innost vyjadiena
procentem $ktdct uhynulych v substratu vzrista s rostouci koncentraci infektivnich ¢astic, jak je
patrné z obrazku 1. Vylihli dospéli brouci mandelinky bramborové byly nasledné¢ umistény do
Petriho misek s 2% agarem, pro zjisténi pfitomnosti infekce u dospélct. Na rozdil od houbou
neoSetfeného substratu (kontrola) dosahovalo procento infekce az 78 %, jak je patrné z obrazku
2.

Priklad 4

Pé&stebni substrat podle piikladu 1 piipraveny s po&ateéni koncentraci 1x10°blastospor/ml
substratu byl rozmistén do 20 plastovych kvétindci o objemu 100 ml. Soucasné byla také
pripravena kontrola, tedy 20 kvétinaca substratu bez entomopatogenni houby. Do substratu bylo
vyseto osivo okurky seté salatové a rist sktidct-prostych rostlin byl sledovan ve fytotronu. Po
dvou mésicich byla vyhodnocena hmotnost suSiny kofenu a nadzemni ¢asti vyrostlych rostlin.
Vysledky neukazaly statisticky vyznamné rozdily mezi biomasou rostlin péstovanych v houbou
obohaceném substratu (primér£SE: 1,97+0,36 g) a kontrolnim substratu (primer+SE:
2,10+0,29 g) a potvrdily tak, Ze péstebni substrat nema negativni vliv na rostliny v podminkéch
bez vyskytu Skiidct. SouCasné byly ndhodné odebrany vzorky substratu, v nichz byla stanovena
koncentrace infektivnich ¢astic postupem podle piikladu 2. V kontrole nebyla ptitomnost houby
L. fumosorosea prokdzana, zatimco v obohaceném substratu byla koncentrace v rozmezi
6,32E+03 az 7,36E+03 blastospor/ml substratu, jak je patrné z nasledujici tabulky.
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Vzorek 1 Vzorek 2 Vzorek 3 Vzorek 4 Vzorek 5
Kontrola 0 0 0 0 0
Obohaceny 6,80x103 6,32x10° 6,88%10° 6,40%10° 7,36x10°
substrat

Prumyslova vyuzitelnost

Péstebni substrat s insekticidnimi a akaricidnimi vlastnostmi podle tohoto technického feSeni lze
pouzit zejména pro péstovani hospodaisky vyznamnych plodin, pro vysev, rozmnozovani
a péstovani zeleniny, napft. paprik, rajcat, okurek atd., okrasnych rostlin, napt. pokojovych kvétin
adalSich plodin. Uplatnéni najde zejména v alternativnim, ekologickém zemé&délstvi,
sklenikovém péstovani plodin a u drobnych péstitelti.

NAROKY NA OCHRANU

1. Péstebni substrat s insekticidnimi a akaricidnimi vlastnostmi obsahujici smés raSeliny, jilu
a mineralnich latek, vyznacujici se tim, Ze dale obsahuje alespon jeden kmen entomopatogenni
houby zrodu Isaria v koncentraci v rozmezi 10* az 107 infektivnich ¢astic na 1 ml péstebniho
substratu.

2. Pé&stebni substrat podle naroku 1, vyznacujici se tim, Ze kmen entomopatogenni houby je
Isaria fumosorosea CCM 8367.

3. Pé&stebni substrat podle naroku 1 nebo 2, vyznadujici se tim, Ze infektivni ¢astice jsou ve
formé¢ spor.

4. Péstebni substrat podle naroku 1 nebo 2, vyznacujici se tim, ze infektivni Castice jsou ve
form¢ fragmentti mycelia.

1 vykres
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Abstract. Convenient ecological alternative to broad-spectrum chemical pesticides is the utilization of natural enemies,
like predators, parasitoids and microorganisms. A substantial number of microbial biopesticides based on
entomopathogenic fungi have been developed worldwide since 1960s. Beauveria bassiana (Balsamo-Crivelli) Vuillemin,
Metarhizium anisopliae (Metchnikoff) Sorokin, Isaria fumosorosea (Wize), and B. brongniartii (Saccardo) Petch are the
most common species used in commercially produced mycopesticides. Besides direct biological pest control, these fungi
could be also used in preventive application programs, particularly in ornamental or nursery plants to provide better
control against pests. The aim of the present study was to investigate potential of pre-colonization of sphagnum-based
soil substrate with 1. fumosorosea strain CCM 8367 which was found earlier to be highly virulent against several pest
species. We developed simple laboratory apparatus for application of fungal spore suspension into the substrate.
Suspension was prepared from blastospores obtained by submerged cultivation on potato dextrose broth (PDB) medium
using an orbital shaker. Inoculated substrate was placed into plastic bags and stored at constant temperature for six
months. Every month, samples were analyzed for concentration of colony forming units (CFU) by elution and selective
medium technique. The results showed that at 20°C the fungus successfully colonized the soil substrate and persisted
there although the mean concentration slightly decreased from 5.89x10* to 2.76x10* CFU per milliliter of substrate
during the experiment. Temperature 30°C had negative effect on survival of the fungus and is not recommended for long-
term storage of pre-inoculated substrate. We can conclude that /. fumosorosea-colonized substrate can be convenient for
preventive and permanent protection of various plants against soil-dwelling pests.

INTRODUCTION

Production of growing media represents an industry with a €1.3 billion turnover accounting for 11,000 jobs
across Europe and is essential to the horticulture industry [1]. Growing media or plant substrates are mostly based on
organic constituents which includes peat, coir, wood fibers, bark and compost [2] with peat presenting dominant
growing media used in Europe [3,4]. The reasons for using pure peat or as a main component of growing media are
to be found in its availability in Northern Europe, relatively low cost, its excellent chemical, biological and physical
properties and its light weight [2].

Cultivated plants are often attacked by insect pests and more than 90% of these pests spend part of their life
cycle in the soil [5]. Therefore, a substrate in which plant is grown plays an important role in plant protection, too.
Instead of using chemical insecticides which are problematic because of pest resistance and residue in environment,
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development of biocontrol methods using natural pathogens might be solution for sustainable production. Many
microbial biopesticides based on entomopathogenic fungi have been developed worldwide since 1960s. The most
common mycopesticides are based on Beauveria bassiana (Balsamo-Crivelli) Vuillemin, Metarhizium anisopliae
(Metschnikoff) Sorokin, Isaria fumosorosea (WIZE), and B. brongniartii (Saccardo) Petch [6]. Experiments with
preventive application of these fungi to soil or substrate were already reported [7—10].

The aim of the present study was to develop simple laboratory device for inoculation of sphagnum-based soil
substrate with entomopathogenic fungi and to assess the persistence of the fungus in pre-colonized substrate during
six months. For this purpose, we selected 1. finosorosea, the species which has a worldwide distribution and its
natural occurrence in soil samples was reported from many countries including the Czech Republic [11]. It is a
species with a relatively wide host range across several insect orders with the ability to cause natural insect
epizootic. Several commercial mycoinsecticides based on various strains of this fungus have been developed in
America, Asia or Europe. There is a growing demand for their application in biocontrol programs [12, 13].

MATERIAL AND METHODS

Soil Substrate

A commercially available special horticultural sphagnum-based substrate for seeds and nursery plants (Forestina
Ltd., Czech Republic) was used. This soil substrate contains black and white peat, fine-ground clay, and is enriched
by fertilizer with essential and trace nutrients, also pH is adjusted

Entomopathogenic Fungus

Strain CCM 8367 of 1. fumosorosea was used in this study. The strain originated from pupae of the horse
chestnut leaf miner, Cameraria ohridella Decka and Dimic (Lepidoptera: Gracillariidae) collected in the Czech
Republic [14]. The strain is deposited as a patent culture in the Czech Collection of Microorganisms in Brno [15, 16]
and at our laboratory is commonly maintained on potato dextrose agar medium (PDA, Sigma-Aldrich, Germany).
The CCM 8367 strain was found earlier to be highly virulent against several insect and mite pest species [17-23].

Spore suspension used for inoculation of substrate was prepared from blastospores which were obtained by
submerged cultivation. For the cultivation, 95 mL of potato dextrose broth (PDB, Sigma-Aldrich, Germany)
sterilized liquid medium in 250 mL Erlenmeyer flask was inoculated with 5 ml of fungus suspension. The flask was
placed on an orbital shaker with speed of 200 rpm and temperature 25°C and it was incubated for four days [24].
After incubation, the final suspension was filtered through sterile gauze to separate the mycelium and spore clusters.
The number of blastospores in suspension was counted with a Neubauer improved chamber and subsequently the
suspension was adjusted to the concentration 1x107 spores per mL. For adjusting, soaking agent Tween 80» (Sigma-
Aldrich, Germany) was added to the suspension at a concentration of 0.05% (v/v).

Inoculation Technique

A laboratory device for low-volume application of fungal suspension into substrate has been developed [25]. The
device consists of a glass jar with volume 3 liters placed horizontally on metal frame equipped with four motorized
rubber wheels and airbrush connected to an electric compressor. Substrate of 0.5 L was scattered into the jar which
revolved at speed 18 rpm. Two milliliters of fungal suspension were sprayed into the revolving jar by airbrush using
pressure of 0.5 bar. Thus, the expected initial concentration was 4x10* blastospores per milliliter of substrate.
Inoculated substrate was then placed into a plastic ziplock bag of size 15x20 cm.

Evaluation of Fungus Persistence in Substrate

Bags with inoculated substrate were sealed and placed into climatized cabinet with constant temperature 20+1°C
for six months. Immediately after inoculation and subsequently every month five bags were analyzed for
concentration of fungus in the substrate. For this purpose, substrate sample of 25 mL per bag was collected, eluted
by 100 mL of sterile water with Tween 80® in 250 mL Erlenmayer flask. Samples were placed on orbital shaker for
20 minutes, 200 rpm and temperature 25°C. One milliliter of elution was then diluted in 9 mL of sterile water with
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Tween 80w®, 0.5 mL of the suspension was transferred by pipette and spread with inoculation spatula on surface of
selective grow medium with dodine [26]. Petri dish plates were incubated for one week at 25°C. After this period,
number of colonies of 1. fumosorosea on the plate were counted. This was repeated three times per one bag sample
giving totally 15 counts per sampling period. In addition, shorter experiments were carried out to test fungus
persistence at 15, 25 and 30°C with only one bag sampled per temperature and sampling period.

Data Analysis

Fungus concentration in substrate was expressed as number of colony forming units (CFU) per milliliter of
substrate. CFU data were logl0 (x+1) transformed before the analysis. Consequently, data were statistically
analyzed using one/way ANOVA followed by Tukey post-hoc test.

RESULTS AND DISCUSSION

Conidia and blastospores are the main infective units used in biological control with entomopathogenic fungi.
Although most formulations are based on aerial conidia obtained in solid-state fermentation using cheaper natural
substrates such as rice, bran, hail or cereals [27] since these propagules are more resistant to abiotic factors found in
open fields [6] there is no absolute advantage between both infective units [28]. We used blastospores because their
cultivation was faster and provided sufficient yield [24].

Preparation of one sample of inoculated substrate took several minutes during which fungal spores were properly
mixed with substrate. Advantages of the device used for inoculation are in particular that it allows a very precise
dosing of the fungus suspension into the substrate and achieves a high homogeneity of mixing without significant
increase in the liquid content of the final product. Other benefits include simple application, low cost, applicability
under laboratory conditions, versatility of use and easy portability and maintenance.

Elution and selective medium technique revealed that the fungus successfully colonized the soil substrate and
that concentration after inoculation of substrate ranged between 4.99x10* and 7.17x10* CFU/mL. This was slightly
higher concentration than expected and might be caused either by the fact that concentration of blastospores in
suspension used for inoculation was underestimated or because fungus multiplicated during period between
preparation of substrate and the start of incubation of eluted sample. The results of long-term storage experiment
showed that at 20°C fungus persisted well for six months although the mean concentration decreased from 5.89x10*
to 2.76x10* CFU per millilitre of substrate during the experiment (Fig. 1). This confirms that entomopathogenic
fungi are able to survive in soil environment for long time [29] and, moreover, they are able to survive on the
alternate substrate represented by organic matter or to grow saprophytically in the rhizosphere [30].

a
a
a
ab
be
II c C
0 1 2 3 4

Months after inoculation

4x10% 6x104

2x10%4

CFU per 1 mL of substrate

0x10°

FIGURE 1. Changes of Isaria fumosorosea concentration (mean and SE) in fungus-colonized soil substrate in time. The same
letters indicate no significant differences between columns (Tukey HSD test, P>0.05)
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Analysis of variance revealed highly significant effect of storage time on CFU concentration in substrate (Fs2s
=15.10, P<0.0001). Persistence of fungus at 15°C was similar to that at 20°C. However, fungus concentration
decreased at 25°C and temperature 30°C had strong negative effect on its survival (Table 1). Therefore, higher
temperature is not recommended for long-term storage of pre-inoculated substrate.

TABLE 1. The effect of temperature on Isaria fumosorosea concentration (CFU/mL) in fungus-
colonized substrate.

Storage length 15°C 25°C 30°C
[months]
2 4.27x10* 4.00<107 1.52x10*
3 5.57x10* 2.93x10% 0
4 5.71x10* 2.59x10* 0

Soil trials reported earlier demonstrated high virulence of CCM 8637 strain against the Egyptian cotton
leafworm, Spodoptera littoralis (Boisd.) (Lepidoptera: Noctuidae) [20] and the Colorado potato beetle, Leptinotarsa
decemlineata (Say) (Coleoptera: Chrysomelidae) [21]. The strain is also efficient against the two-spotted spider
mite, Tetranychus urticae Koch (Acari: Tetranychidae) [22]. However, the the strain was not virulent against the
bulb mite, Rhizoglyphus robini (Claparéde) (Acari: Acaridae) [31]. It seems, that bulb mites are well adapted to live
next to acaro/entomopathogenic fungi in soil environment. Indeed, some compounds like hexyl rhizoglyphinate
isolated from R. robini have been shown to inhibit mycelial growth of several species of fungi [32]. Since I
fumosorosea might also have some negative effect on predators and parasitoids [33], it will be necessary to verify
whether fungus-colonized substrate is harmless to beneficial soil-dwelling arthropods.

We can conclude that the proposed method of inoculation of sphagnum-based substrate using mixing device
provides high homogeneity and that the fungus is able to survive saprophytically in the substrate for several months.
Pre-colonized substrate can be convenient for preventive and permanent protection of various plants against many
pests occurring in soil.
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Abstract: Entomopathogenic nematodes and fungi are globally distributed soil organisms that are
frequently used as bioagents in biological control and integrated pest management. Many studies
have demonstrated that the combination of biocontrol agents can increase their efficacy against target
hosts. In our study, we focused on another potential benefit of the synergy of two species of nematodes,
Steinernema feltine and Heterorhabditis bacteriophora, and the fungus Isaria fumosorosea. According to our
hypothesis, these nematodes may be able to disseminate this fungus into the environment. To test
this hypothesis, we studied fungal dispersal by the nematodes in different arenas, including potato
dextrose agar (PDA) plates, sand heaps, sand barriers, and glass tubes filled with soil. The results
of our study showed, for the first time, that the spreading of both conidia and blastospores of
I. fumosorosea is significantly enhanced by the presence of entomopathogenic nematodes, but the
efficacy of dissemination is negatively influenced by the heterogeneity of the testing arena. We also
found that H. bacteriophora spread fungi more effectively than S. feltize. This phenomenon could be
explained by the differences in the presence and persistence of second-stage cuticles or by different
foraging behavior. Finally, we observed that blastospores are disseminated more effectively than
conidia, which might be due to the different adherence of these spores (conidia are hydrophobic,
while blastospores are hydrophilic). The obtained results showed that entomopathogenic nematodes
(EPNSs) can enhance the efficiency of fungal dispersal.

Keywords: entomopathogenic nematodes; entomopathogenic fungi; conidia; blastospores; dispersal;
PDA plates; soil substrate

1. Introduction

Entomopathogenic nematodes (EPNs) of the families Steinernematidae Filipjev, 1934,
and Heterorhabditidae Poinar, 1976, are ubiquitous soil organisms and can be found in almost
all terrestrial ecosystems except for Antarctica. These nematodes live in obligate association with
bacteria of the genera Xenorhabdus Thomas and Poinar, 1979, and Photorhabdus Boemare et al., 1993,
(Enterobacterales: Morganellaceae) [1] and infect and kill a wide range of insects [2]. The only
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free-living stage is infective juveniles (IJs), which can detect hosts over long distances due to their
sense organs. They are able to react to many host-associated cues, such as carbon dioxide, arginine,
uric acid, and ammonia [3-7]. When a signal from a host is detected, an IJ starts to move against the
gradient of this chemical. When they reach the host, they invade its body, release bacteria into the
hemolymph, causing septicemia, and the host usually dies within 24 or 48 h. The ability to actively
search for hosts and rapidly kill them make EPNs good biocontrol agents.

Some EPN species are mass cultured in liquid media or in surrogate hosts (e.g., Galleria mellonella
Linnaeus, 1758 (Lepidoptera: Pyralidae) larvae) and widely used in biological control to reduce the
damage caused by soil-dwelling pestiferous insects, e.g., grubs, caterpillars, and dipteran larvae [8].
Usually, these nematodes have a wide range of hosts and can be used to control populations of many
insects; however, some nematodes (e.g., Steinernema scapterisci Nguyen and Smart, 1990 (Rhabditida:
Steinernematidae) show an affinity for and a greater ability to manage populations of one pest
(mole crickets) or a group of pests (e.g., grubs are controlled by Heterorhabditis bacteriophora Poinar,
1976 (Rhabditida: Heterorhabditidae)) [8].

Entomopathogenic fungi (EPFs) are common in nature, have a cosmopolitan distribution and
cause natural epizootics in populations of insects or other arthropods [9-11]. EPFs belonging
to the order Hypocreales have a very wide range of hosts. The most important species include
Beauveria bassiana (Bals.-Criv.) Vuill, 1912, Isaria fumosorosea Wize, 1904 and Metarhizium anisopliae
(Metchnikoff) Sorokin, 1883 (Hypocreales: Cordycipitaceae) [12]. EPFs are unique organisms that are
capable of infecting their hosts directly through the exoskeleton, while other entomopathogens (viruses
and bacteria) must be ingested with food to infect the host [13]. The process of host infection starts
with the adhesion of the fungal conidia to the host cuticle and then involves conidial germination,
the differentiation of germ tubes into appressoria, cuticle penetration, hyphal differentiation into
blastospores in the hemolymph inside the insect body, host colonization, and hyphal proliferation
onto the host cadaver surface [12,14,15]. Under suitable conditions, the fungus grows on the surface
of the body of the dead host and sporulates. A secondary generation of conidia is then released into
the environment [16]. Conidia can be spread in the environment in several ways, e.g., by weather
factors (wind and rain) or by biotic vectors that can spread spores over long distances [17,18].
Common mechanisms of the horizontal transmission of fungal diseases in invertebrate populations
include the contact of healthy individuals with infected cadavers and the autodissemination of
conidia within populations in connection with specific intrapopulation processes, such as migration,
copulation, and oviposition [12,19]. Entomopathogenic fungi persist in the soil for a long time [20-22],
but the process of spore dispersion is limited [10]. Entomopathogenic fungi from the Hypocreales
order are already promising candidates in practical biological control against serious pests [23,24].
Numerous commercial products based on EPFs are registered around the world. The dominant species
incorporated into these bioproducts are B. bassiana and M. anisopliae, which represent almost 70% of all
bioproducts [24]. The fungi are produced either in solid-state fermentation, where they produce aerial
conidia, or in a submerged liquid-state fermentation, where they produce blastopores [25]. The EPF
I. fumosorosea, which is widely spread and has a wide host range, is one of the most prominent species
of EPF [26]. This fungus can cause natural insect epizootics in populations of sucking pests [23,27].
Several commercial bioproducts based on various strains of L. fumosorosea have been successfully used
in biocontrol, especially in Europe and the USA [26,28].

The efficacy of biocontrol agents can be improved by their combination [29-31]. Entomopathogenic
fungi and entomopathogenic nematodes applied together performed more efficiently than when
applied alone [32-35]. In contrast, Shapiro-Ilan et al. [36] found that when pairs of nematode
and fungal pathogens attacked the larvae of the weevil Curculio caryae Horn, 1873 (Coleoptera:
Curculionidae), most pairings were less effective than a single highly effective entomopathogenic
species. Although nematodes do not seem to be directly affected by EPFs, Hussein et al. [35] found that
when Steinernema feltiae Filipjev, 1934 (Rhabditida: Steinernematidae) was applied to Colorado potato
larvae 24 h or later after . fumosorosea, the penetration rate and the development of the nematodes
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were negatively affected. A similar negative effect was observed in the interactions between the fungus
M. anisopliae and nematodes Steinernema glaseri Steiner, 1929 (Rhabditida: Steinernematidae) [37] and

H. bacteriophora [38] and between B. bassiana and Steinernema ichnusae Tarasco et al., 2008 (Rhabditida:
Steinernematidae) [39].

Invertebrates can effectively vectorize fungal spores and increase the chances of contact between
them and their hosts. In particular, there is high potential in pollinators [40—42] or predators that have
been recently investigated in several studies. Zhang et al. [43] reported that predatory mites can spread
conidia of B. bassiana. A method has been developed in which the soil predatory mite Stratiolaelaps
scimitus Berlese (Acari: Laelapidae) and the plant-inhabiting mites Neoseiulus cucumeris Oudemans
and Amblyseius swirskii Athias-Henriot (Acari: Phytoseiidae) collect and transport B. bassiana conidia
directly from commercial rearing substrates to control western flower thrips, Frankliniella occidentalis
Pergande, 1895 (Thysanoptera: Thripidae) [44]. To our knowledge, the dissemination of spores of
entomopathogenic fungi by EPNs has not yet been studied.

The main goal of this study was to evaluate the possibility of the dispersal of spores (both conidia
and blastospores) of the EPF I. fumosorosea by the EPNs S. feltize and H. bacteriophora. We not only
targeted the differences between the different types of spores and different vector species but also tried
to estimate the effects of environmental heterogeneity (experimental arenas) and the desheathment of
the IJs.

2. Materials and Methods

2.1. Experimental Organisms

The entomopathogenic nematodes Steinernema feltiae strain NFUST (isolated during the 1980s
near the town of Izhevsk, Russia) and H. bacteriophora strain HB221 (isolated in 1997, near the village of
Pouzdr“any, Czech Republic) were used for this study. Both strains are maintained in the nematode
collection of the Laboratory of Entomopathogenic Nematodes, Institute of Entomology, Biology Centre
CAS in Ceské BudeTjovice, Czech Republic.

The nematodes were cultured in vivo in Galleria mellonella (Lepidoptera: Pyralidae) larvae,
which were infected with ca. 50 IJs of the appropriate nematode per larva. The dead larvae were
placed on White traps [45] and newly released IJs were collected from the water. The IJs were stored
for later use in sterile tap water on 90 mm Petri dishes in a refrigerator at 5 -C in the dark.

For this study, strain CCM 8367 of Isaria fumosorosea (Hypocreales: Cordycipitaceae) was used.
The strain originated from infected pupae of the horse chestnut leaf miner, Cameraria ohridella Deschka
and Dimic’, 1986 (Lepidoptera: Gracillariidae), collected in the Czech Republic [46]. The strain was
deposited as a patent culture in the Czech Collection of Microorganisms (CCM) in Brno [47,48].

Isaria fumosorosea was grown on Petri dishes (¢ 90 mm) containing potato dextrose agar
(PDA, Sigma-Aldrich, Munich, Germany, 39 g/L). The plates were incubated at 25 oC in the dark for
10-14 days. The aerial conidia were harvested by scraping them into a sterile solution of 0.05% (v/v)
Tween 80® (Sigma-Aldrich, Germany). The conidial suspension was filtered through sterile gauze to
separate the mycelium and clusters of conidia. In the uniform suspension, the number of conidia was
counted with a Neubauer improved counting chamber (Sigma-Aldrich, Germany), and subsequently,
the suspension was adjusted to a concentration of 1.5 x 10° spores per mL. The blastospores of the
fungus were produced in potato dextrose broth (PDB, Sigma-Aldrich, Germany). For submerged
cultivation, 95 mL of sterile liquid PDB medium in a 250 mL Erlenmeyer flask was inoculated with

5mL of conidial suspension at a concentration of 1.0 X 107 spores per mL. The flask was placed in
an orbital shaker (Kiihner AG, Birsfelden, Switzerland), and the fungus was incubated at a speed of
200 rpm at 25 oC. The blastospores were harvested after 4 days of incubation. The suspension was
filtered through sterile gauze to remove the mycelia. The blastospore concentration was determined
by a Neubauer improved counting chamber and adjusted to 1.5 x 10° spores per mL.
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2.2. Agar Plate Experiments

The ability of EPNs to spread the spores of an EPF was observed on PDA in 90 mm Petri dishes.
To simulate the effect of heterogeneity of space in contrast with clean agar we used three different types
of experimental arenas: (1) a clean 3.9% PDA plate, (2) a Petri dish with a line of silver sand acting as a
barrier across the center and (3) a Petri dish with PDA and a small heap of 0.8 mm sterile silver sand in
the center (Figure 1). Sand grains were considered as obstacles which are likely to affect movement of
nematodes and can remove some fungus spores from nematodes cuticle. A pipette was used to place
the nematodes and fungal spores in the dishes on the agar in the center of the Petri dish (Figure 1A),
directly on the top of the silver sand heap (Figure 1H) or on the agar in the middle of half of the Petri
dish (Figure 1B). For the experiment, 50 IJs of either nematode species (S. feltiae or H. bacteriophora) and
20 uL of spore suspension (either conidia or blastospores) at a concentration of 1.5 x 10° per mL were
used. Control dishes received fungus only. When the experiment was established, all the dishes were
stored at 16 oC in the dark for 5 days. Then, photos of the dishes were taken, and the digital images
were analyzed (see the next paragraph). For each combination, we used 10 experimental and 10 control
dishes, and the whole experiment was repeated twice. In total, 480 dishes were used (2 nematode
species X 2 types of spores x 20 dishes X 3 types of experimental arenas X 2 repetitions). Additional
five dishes for each experimental design were used for evaluation of nematodes dispersal on the
experimental plates and number of nematodes in different zones of the dishes (Figure 1) were counted.

Z2 Z2
@

Figure 1. Design of the potato dextrose agar (PDA) plate experiments and zones for nematodes’

dispersal evaluation. Clean agar (A), silver sand barrier (B) and silver sand heap (H), Zones 1-3
(Z1-Z3), nematode or nematodes/fungus application side (N), sand marked with blue color.

To estimate the area covered with I. fumosorosea colonies, the individual Petri dishes were
photographed by an Olympus SP-510 camera. The digital images were manually cleaned, and the
colors were inverted to obtain negative images using Adobe Photoshop CS3 and Space Navigator
(3Dconnexion). The resulting files were then processed in custom-made image analysis software written
in the Java™ programming language [49]. This processing included thresholding to obtain a black and
white image, counting the number of black pixels (these indicate fungi) and calculating the percentage
of Petri dish area covered by I. fumosorosea. The results were stored in a CSV (comma-separated value)
file along with a thresholded image to control whether the thresholds were correctly implemented.
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2.3. Glass Tube Experiments

This experiment was performed in a simple apparatus that was constructed from one 10 cm long
glass tube (with an inner diameter of 5 mm) and two 2 mL Eppendorf tubes attached to the ends of the
glass tube (Figure 2). The glass tubes were lined with a piece of parchment paper (10 X 2 cm). Later,
the tubes with paper were filled in with 3 mL of slightly wet sterilized brown soil. Openings (diameter
of 8 mm) were made in the lids of the Eppendorf tubes, into which the glass tubes were inserted.
Pieces of a synthetic cloth with calibrated apertures of 25 x 30 um were glued onto the bottoms of the
Eppendorf tube lids to protect the tubes against pollution by the soil in the glass tube. The Eppendorf
tube on the application side of the glass tube was left empty, while one G. mellonella larva was added
to the opposite Eppendorf tube (Galleria side) to stimulate the nematodes to move in that direction.
The suspension with nematodes (500 IJs in 40 pL of water) and 20 pL of the suspension with either
conidia or blastospores were pipetted directly onto the soil in the glass tubes on the application side
(without G. mellonella). These glass tubes were stored horizontally at 16 -C in the dark for 3 days.
After this time, the soil on top of the parchment paper was removed from the glass tubes and divided
into three equal parts, which were used for fungal isolation and consequent evaluation. Each part
contained 1 mL of the soil substrate. As a control, we used glass tubes with the fungus but without
the nematodes. The experiment was performed with both S. feltiae and H. bacteriophora nematodes
and with both conidia and blastospores of the fungus I. fumosorosea. For each combination, we used
10 experimental and 5 control tubes, and the whole experiment was repeated twice. In total, 120 glass

tubes were used (2 nematode species X 2 types of spores X 15 glass tubes x 2 repetitions).

Figure 2. Design of the glass tube experiments. Eppendorf tubes (E), glass tube (G), parchment
paper (P).

To explain the effect of nematode species on fungus dispersal and the potential role of the
second-stage cuticle, the same experiment was performed with desheathed IJs of both nematode
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species. Infective juveniles were desheathed in 1% NaOCl for 5 min [50]. For this experiment, we used
5 experimental glass tubes for each nematode and spore combination and 10 controls. The whole
experiment was repeated twice. In total, 60 glass tubes were used (2 nematode species X 2 types of
spore X 5 glass tubes + 10 controls X 2 repetitions).

In order to test a possible effect of sheath on nematode movement, the same experiment without
fungus was arranged both for ensheathed and desheathed nematodes. Nematodes from each part was
extracted by using modified Baerman funnels [51] and counted under the stereomicroscope. For this
experiment 6 glass tubes with desheathed and ensheatehed nematodes of both species were used
making of 24 glass tubes in total.

After 3 days, the concentration of spores in the soil substrate was analyzed from each part obtained
from the glass tubes. From all the variants, 1 mL of the soil substrate from the first part (the side where
the IJs and spores were applied) was suspended in 100 mL of sterile solution of Tween 80® (0.05% v/v)
in a 250 mL Erlenmeyer flask. The samples were then placed on an orbital shaker for 20 min at 200 rpm
at a temperature of 25 oC. After homogenization, each sample was diluted twice (1:100) with Tween
80® solution. One milliliter of soil substrate from the middle part and 1 mL from the last part were
suspended in 5 and 3 mL, respectively. The homogenization was performed with a Vortex (Heidolph
Instruments GmbH, Schwabach, Germany). These samples were not diluted after homogenization.
Each sample was transferred to a volume of 0.5 mL on the surface of a Petri dish with the selective
medium dodine [52] and stirred with a sterile L-shaped spatula. The Petri dishes were incubated in a
climate chamber for one week at 25 oC. After this period, the numbers of colonies of I. furmosorosea on
the plates were counted. Three replications of each sample were prepared. The fungus concentration in
the substrate was expressed as the number of colony-forming units (CFU) per milliliter of soil substrate.

2.4. Statistical Analyses

All the analyses were performed in the program Statistica 10 (Statsoft, Inc., Tulsa, OK, USA).
Analysis of variance (ANOVA) was used for the data evaluation. Glass tube experiments were
evaluated by factorial ANOVA, for agar plate experiments one-way ANOVA was used due to different
(non-factorial design). All the dependent variables were logarithmically transformed to reach normality.
The results of these analyses were visualized by using categorized column or box plot graphs based on
raw (nontransformed) data.

3. Results

3.1. Agar Plate Experiments

The statistical analysis showed that the dispersion of I. fumosorosea on agar plates (Figures 3 and 4)
is significantly influenced by the presence of nematodes (df: 1, 48; F: 18.38; p < 0.001) and by the type
of experimental area (df: 2, 87; F: 32.37; p < 0.001). The difference between dispersal of blastospores
(1314 + 700 mm?) and conidia (1103 + 654 mm?) was not statistically significant (df: 1, 88; F: 2.27;
p > 0.05). In general, the average fungal dispersion on the plates with H. bacteriophora (1219 + 636 mm?)
was similar (df: 1, 88; F: 0.07; p > 0.05) to that on the plates with S. feltiae (1203 + 707 mm?2). Significant
differences (p < 0.001) were observed among the different types of experimental arenas. The highest
fungal coverage (1607 + 693 mm?) was recorded from the clean PDA plates with both nematodes
and fungi, while in the case of the silver sand barrier (1314 + 282 mm?) and heap (704 + 654 mm?),
the fungal dispersion was apparently lower.
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Control Steinernema feltiae Heterorhabditis bacteriophora
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Figure 3. Mean ( N SD) area of Isaria fumosorosea colonies in mm?. (A) Clean (pure) PDA, (B) PDA with
a silver sand barrier, (H) PDA with a silver sand heap. Statistically significant differences are indicated
by letters (a, b, ¢).

Figure 4. Examples of dissemination of the blastospores of Isaria fumosorosea by Heterorhabditis
bacteriophora on clean PDA plates (A), plates with a line of silver sand as a barrier (B), and a sand
heap (H). Replications were performed without nematodes (A1,B1,H1) and with ensheathed infective
juveniles (A2,B2,H2). The other combinations of nematodes, spores and experimental arena type are
not shown as they seem very similar. This is an illustrative photo that do not have fully correspond
with data presented in Figure 3 that shows means and standard deviations.

According to statistical analyses there were no significant differences in the dispersal on PDA
plates between H. bacteriophora and S. feltine in any experimental arena: agar (df: 1, 54; F: 0.13; p > 0.05),
barrier (df: 1, 72; F: 0.04; p > 0.05), heap (df: 1, 36; F: 1.51; p > 0.05). Expectedly there was recorded
significant effect of the zone (Figure 1) on nematode’s dispersal: agar (df: 2, 54; F: 6.49; p < 0.05), barrier
(df: 3, 72; F: 14.48; p < 0.001), heap (df: 1, 36; F: 14.86; p < 0.001). In general, the data showed no
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difference in the dispersal between H. bacteriophora and S. feltiae on the clean PDA plates and plates
with sand heap or sand barrier but according to our observation the movement pattern seemed to be
different as the IJs of H. bacteriophora were almost always cruising while the IJs of S. feltiae tended to
remain curled up and inactive after reaching some position in the arena. This effect however was not
further evaluated.

3.2. Glass Tube Experiment

Isaria fumosorosea spread within the soil substrate in the glass tubes (Table 1 as a result of its own
growth; however, this dispersion was significantly enhanced by the presence of entomopathogenic
nematodes (df: 1, 84; F: 5.00; p < 0.05). In general, H. bacteriophora dispersed to the distant part of
the tube significantly (df: 1, 84; F: 13.82; p < 0.001) more spores per 1 mL of soil (64 + 25 CFU/mL)
than S. feltine (11 + 12 CFU/mL). The dispersal of the blastospores (49 + 34 CFU/mL, 0.022 % of
all recovered spores) was significantly higher (df: 1, 84; F: 7.04; p < 0.05) than that of the conidia
(26 + 30 CFU/mL).The presence of the second-stage cuticle on the bodies of the infective juveniles was
identified as a crucial factor (df: 1, 84; F: 14.08; p < 0.001), because spore dissemination by desheathed
IJs was almost negligible. Only in the combination treatment with H. bacteriophora and blastospores
were 3 CFUs disseminated in one of the glass tubes (an average 0.6 CFUs per glass tube). In the other
combinations, the conidia and blastospores were not disseminated. Complete results of ANOVA,
interactions included, are presented in Table 2.

Table 1. Mean number of colony-forming units (CFUs) of Isaria fumosorosea isolated from different
sections of the glass tubes with ensheathed infective juveniles of entomopathogenic nematodes.
Statistically significant differences (p < 0.05) between “conidia or blastospores only” (control) and
“conidia or blastospores + nematodes” in Galleria side are marked with asterisks. Dispersal of spores
by desheathed nematodes is not shown, as there were almost no CFUs recovered in central and
Galleria side.

Glass Tube’s Side
Nematode Spores . 5
Application Centre Galleria

Conidia + nematodes X 590,000 154 51
Heterorhabditis bacteriophora Condia only 608,000 125 108
Blastospores + nematodes X 120,000 258 771
Blastospores only 154,000 79 11.4

Conidia + nematodes 527,000 53.1 1.5

Steinernema feltiae Condia only 537,000 14.4 0
Blastospores + nematodes X 126,000 125 19.8
Blastospores only 608,000 125 10.8
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Table 2. Glass tube experiments—fungi and nematodes’ dispersal: Complete results of factorial
ANOVA including interactions that are not presented in the text; degrees of freedom (df), test criterion
(F), p-value (p), numbers 1-4 indicate respective categorical predictors.

Spore Dispersal Experiment Nematode Dispersal Experiment

Categorical Predictors df F p Categorical Predictors  df F p
(1) Presence of sheath 1 14.0813 <0.001 (1) Presence of sheath 1 2.8779 >0.05
(2) Nematode species 1 13.8195 <0.001 (2) Part of glass tube 2 86.8856 <0.001
(3) Presence of nematodes 1 5.0018 <0.05 (3) Nematode species 1 1.9545 >0.05
(4) Spore type 1 70388  <0.01 (4) Time 2 11445  >0.05
1x2 1 9.5566 <0.01 1%2 2 6.0719 <0.01
1x3 1 48463  <0.05 1%3 1 04680 >0.05
2%3 1 6.8541 <0.01 2 %3 2 3.6176 <0.05
1x4 1 45062  <0.05 x4 2 00601  >0.05
2% 4 1 93411  <0.01 2% d 4 159850 <0.001
3% 4 1 26101  >0.05 x4 2 02696  >0.05
1x2x%x3 1 49220 <0.05 1%2%3 2 9.6688  <0.001
1x2x4 1 43586  <0.05 1x2 x4 4 24874  >0.05
1x3x%x4 1 24981 >0.05 1x3%4 2 00614 >0.05
2%3%x4 1 47677  <0.05 2 %3 x4 4 28772  <0.05
1x2%x3x%x4 1 2.9877 >0.05 1x2%x3x%x4 4 3.7649 <0.01

error 84  2.8677 >0.05 error 36

Statistical analyses of additional glass tube experiment for nematodes” dispersal showed that
nematodes species (df: 1, 36; F: 1.955; p > 0.05), presence of the second stage cuticle (df: 1, 36; F: 2.87§;
p > 0.05) and time (df: 2, 36; F: 1.144; p > 0.05) have no significant effect on nematodes dispersal.

4. Discussion

The present study explored a new alternative method for disseminating entomopathogenic fungi
in the environment, mostly in the soil. The goal of this study was to evaluate and quantify the efficacy
of the dissemination of conidia and blastospores of I. fumosorosea by H. bacteriophora and S. feltiae.
We focused on the differences between the types of spores and vector species. We also estimated the
effect of environmental heterogeneity and the presence of a second-stage cuticle on the IJ] nematodes.
Our results showed, for the first time, that EPNs can enhance the efficacy of EPF dissemination.

The utilization of other invertebrates, such as mites and insects, as vectors of fungal spores
increases the chances of contact between a microorganism and its host and is considered a promising
strategy for biological control programs [44]. The potential of arthropods, e.g., commercially available
and mass-produced pollinators or predators, as vectors of beneficial fungi has been recently investigated
in several studies [42]. Al Mazra’awi et al. [40] reported that honeybees, Apis mellifera Linnaeus,
1758 (Hymenoptera: Apidae), effectively dispersed B. bassiana conidia in canola fields, increasing
the mortality of the target pest, Lygus lineolaris Palisot de Beauvois, 1818 (Heteroptera: Myridae),
by up to five times compared to the mortality of the control. Entomovectoring systems using
bumble bees are already commercially used in greenhouses [42]. Kapongo et al. [41] used B. bassiana,
while Smagghe et al. [53] reported efficient bumble bee vectoring of M. anisopliae spores.

Zhang et al. [43] used two predatory mite species, N. cucumeris and A. swirskii, as vectors of
B. bassiana conidia against Diaphorina citri Kuwayama (Homoptera: Psyllidae). In vitro experiments
showed that the mortality rates of phytoseiid mites were between only 10% and 15%, while the
mortality of D. citri was 100%. In assays with plants, the majority of D. citri individuals were killed by
fungi a few days after contact with the mites, which were loaded with fungal spores. A method has
been developed in which the soil predatory mite Stratiolaelaps scimitus and the plant-inhabiting mites
N. cucumeris and A. swirskii collect and transport B. bassiana conidia directly from a commercial rearing
substrate to control the western flower thrips, F. occidentalis [44]. A study by Lin et al. [54] confirmed
that loading A. swirskii and N. cucumeris with B. bassiana can increase their capacity to suppress thrips
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populations by combining predation and the dispersal of pathogens. Wu et al. [55] demonstrated
that another phytoseiid mite, Neoseiulus barkeri Hughes (Acari: Phytoseiidae), is able to disseminate
B. bassiana conidia. Another study, however, showed that any potential benefits of fungal dissemination
by predatory mites were possibly weakened by increased mite grooming time, which likely reduced
the searching activity and predation rates of N. barkeri and suggested that the simultaneous application
of B. bassiana and phytoseiid mites would not be recommended for effective biological control [56].

Similar to arthropods, entomopathogenic nematodes may be able to spread the spores of various
fungi, and this phenomenon could explain the previously reported synergy between I. fumosorosea and
S. feltiae [35]. The present study has demonstrated that although I. furmosorosea is able to spread in the
environment through its own growth, the efficacy of its dissemination is enhanced by the presence of
EPNs in the system. This effect is clearly visible both on the agar plates and in the glass tubes with soil.
The fact that the fungal coverage on the agar plates and the number of CFUs in the glass tubes are
higher in the presence of nematodes than in the controls suggests a certain level of synergy between
the EPF and EPN, which could lead to higher efficiency against target pests, as reported by other
authors [29-34]. Similarly, concomitant infection with Steinernema diaprepesi Nguyen and Duncan, 2002
(Rhabditida: Steinernematidae) and the saprophytic fungus Fusarium solani (Martius) Saccardo, 1881
(Hypocreales: Nectriaceae) increased the mortality of insects to 83% compared to 58% and 0% mortality
when nematodes and fungi, respectively, were applied individually [57]. The final outcome will depend
on the timing of the (co)application of the EPFs and EPNs [35], and the EPF species will probably play
an important role (as in the joint application of some EPN-EPF pairs (e.g., M. anisopliae-S. glaseri and
H. bacteriophora and B. bassiana—S. ichnusae); nevertheless, a negative effect on the efficacy has been
observed [37-39].

In particular, from the agar plates with different treatments (clean agar, sand heap, and sand
barrier), we saw that the dispersal of spores is apparently limited by spatial heterogeneity of the
environment. The fungus was very effectively spread on the clean agar plates, while the sand barrier
strongly limited its dissemination, probably due to the reduction in nematode movement on the
plate. Only a limited number of nematodes moved across the barrier; however, the fungus was
not disseminated across the barrier in almost any case. A similar effect was also observed on the
plates with the sand heaps. Spore dispersal outside the heaps, on the agar surface was significantly
lower than the dispersal on the clean agar. Therefore, it is possible to hypothesize that spatial
heterogeneity (more abrasive environment) can limit the fungal dissemination due to removing spores
from nematodes’ surface.

After observing that H. bacteriophora was more efficient than S. feltiae in transmitting spores,
we formulated and tested the hypothesis that the difference could be connected to the presence of
the second-stage cuticle. It is well known that Heterorhabditis nematodes retain their second-stage
cuticle much more firmly than Steinernema, which usually loses this cuticle more easily [58]. Indeed,
our experiment with desheathed larvae confirmed the crucial effect of the second-stage cuticle for
dissemination. Generally, the presence of sheaths plays several important roles in nematode biology
and survival. Sheaths can protect nematodes against desiccation [59], prevent infection with the
parasitic fungus Hirsutella rhossiliensis Minter and Brady (Hypocreales: Ophiocordycipitaceae) [60]
or reduce predation by mites [61]. The second-stage cuticle is more corrugated than the third-stage
cuticle, and some parts of the sheath can be disrupted, providing the spores a good opportunity to
adhere to the nematode and be transmitted. The less effective spore dispersal by the nematodes in
the sand heaps and across the sand barriers could therefore be well explained by the fact that the
abrasive environment could desheathed the nematodes, decreasing their ability to transmit the spores.
The alternative explanation could lie in differences in foraging strategies of these two nematodes.
While H. bacteriophora is considered typical cruiser, S. feltiae is intermediate species [50]. Surprisingly,
no significant difference in nematodes’ dispersal was observed between these nematodes and that
supports our first hypothesis about the crucial role of sheath. On the other hand, we observed, though
it was not systematically evaluated, that after moving quite far from the place of application S. feltiae
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usually remained still, while H. bacteriophora was usually observed in active movement. Higher
movement activity of H. bacteriophora thus could contributed to its more efficient spore dissemination.
The situation in the glass tubes is very similar. There was no significant difference in number of
nematodes recovered from different parts of glass tubes between S. feltine and H. bacteriophora, but the
latter dispersed more spores than S. feltiae. The fact that desheathed nematodes transmitted almost no
spores while their movement did not differ from ensheathed nematodes in both species highlights
the important role of sheath. On the other hand, S. feltize was evidently able to move through the
tube with soil and find the host more effectively than H. bacteriophora as the mortality of Galleria larvae
and nematodes’ invasion rate in dead Galleria were apparently higher in S. feltiae. This observation
highlights the role of foraging behavior in spore transmission. While S. feltiae goes directly and quickly
to the host, H. bacteriophora cruise more in the soil and disperse the spores more effectively. According
to our opinion and based on the results and observations both discussed factors influence the ability
of the nematodes to disperse spores. In any case it will be necessary to make series of more specific
experiments targeting both on the role of sheath and foraging behavior to further clarify their role in
spore transmission by the nematodes.

5. Conclusions

This study explored a new, alternative way for dispersal of entomopathogenic fungi in the
environment. The obtained results showed that EPN can enhance the efficiency of fungal dispersal.
The level of fungal dissemination depends on the nematode species, spore type and heterogeneity of
the environment.
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6 Z.avér

Na zéklad¢ vysledkli popsanych v této dizertacni préaci byly vSechny cile splnény
a zavéry lze shrnout do nasledujicich bodi:

e Pomoci selektivniho média na bazi dodine byly zpidnich vzorkd
z Ceské republiky a Izraele vyizolovany kmeny EPH spadajici do rodu:
Metarhizium sp., Beauveria sp., Isaria sp., Lecanicilium sp. a Purpureocillium

sp.

e Identifikace EPH byla provedena pomoci morfologickych a mikroskopickych
vlastnosti a pomoci genetické analyzy. Byly identifikovany druhy
EPH: Metarhizium anisopliae, Metarhizium brunneum,
Metarhizium indigoticum, Beauveria bassiana, Beauveria brongniartii, Isaria
fumosorosea, Lecanicillium muscarium a Purpureocillium lilacinum.

e Nejvyssi ucinnost (témef 100 %) proti rozto€i Rhizoglyphus robini byla
zjisSténa u kmenl Metarhizium anisopliae izolovanych z pudnich vzorki

z Ceské republiky a u kmene Metarhizium indigoticum z Izraele.

e Kmen EPH I fumosorosea CCM 8367 vykazal nizkou virulenci proti larvam
zavijeCe zimostrazového (Cydalima perspectalis).

e Houba Beauveria bassiana BBA 08 byla velmi efektivni proti dosp&lcim
mandelinky bramborové.

e Bylo vyvinuto jednoduché¢ laboratorni zatizeni pro aplikaci suspenze spor hub
do substratu.

e Podafilo se optimalizovat proces maloobjemové submerzni kultivace houby
1. fumosorosea kmene CCM 8367.

e Houba I. fumosorosea CCM 8367 byla schopna po dobu 6. mésicti v substratu
prezivat a slouzit jako preventivni ochrana vi¢i ptidnim sktidciim.

o Sifeni spor I fumosorosea CCM 8367 v pokusnych arénach je efektivngjsi
za pfitomnosti entomopatogennich hlistic.

e Utinngji se §iii blastospory houby, pravdépodobné z diivodu schopnosti vazat
vodu (hydrofilni vlastnosti).
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Vyzkumné hypotézy

Hypotéza 1

Znéni hypotézy: Diverzita kmenti hub je natolik vysokd, Zze je mozné vyizolovat
z pudy novy (virulentni) kmen entomopatogenni houby s novymi vlastnostmi.

Potvrzeni/zamitnuti hypotézy: Vysledky provedenych experimentii potvrdily vyse
uvedenou hypotézu. Podafilo se vyizolovat z pidy velmi virulentni kmen, ktery
zpusobil témet 100% mortalitu v populaci roztoce Rhizoglyphus robini.

Hypotéza 2
Znéni hypotézy: Entomopatogenni houby redukuji populace Skodlivych €initel.

Potvrzeni/zamitnuti hypotézy: Vysledky provedenych experimentl potvrdily
i zamitnuly vySe uvedenou hypotézu. Ne vSechny entomopatogenni houby mohou
efektivné redukovat populace Skodlivych Ciniteld. Isaria fumosorosea CCM 8367
nebyla UCinnd proti zavije€i zimostrazovému naopak Beauveria bassiana BBA 08
vykazovala vysokou efektivitu proti mandelince bramborové.

Hypotéza 3

Znéni hypotézy: Pomoci zamérné inokulace kmene entomopatogenni houby lze
zvysit supresivitu ptdy.

Potvrzeni/zamitnuti hypotézy: Vysledky provedenych experimentl potvrdily vyse
uvedenou hypotézu. Podafilo se nainokulovat plidni substrat o houbu
Isaria fumosorosea CCM 8367, ktera byla schopna v substratu piezivat vice jak
6 mésicl a tim se zvysila pudni supresivita.

Hypotéza 4

Znéni hypotézy: Hlistice mohou S§ifit spory entomopatogennich hub v zivotnim
prostiedi.

Potvrzeni/zamitnuti hypotézy: Vysledky provedenych experimenti potvrdily vyse
uvedenou hypotézu. Sifeni spor houby Isaria fumosorosea CCM 8367 bylo
efektivnéjsi za pfitomnosti entomopatogennich hlistic.
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