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Abstrakt

Tato disertacni prace se zabyva vyznamem hmyzich opylovatel a upozoriuje
na jejich ubytek vlivem intenzivniho zemédélstvi. Velka pozornost je vénovana vcele
medonosné jakozto hlavnimu opylovateli, predevsim otazce kvalitni vyzivy vcelstev
v navaznosti na podporfeni detoxikace pesticidi. Dale je pozornost vénovana
alternativnim moznostem kontroly vybranych vcelich patogent a prizkumem jejich
prevalence v Ceské republice. Prace je rozdélena na dvé hlavni &asti: literarni resersi
a experimentalni ¢ast slozenou ze Sesti podkapitol s vysledky z vlastni vyzkumné
¢innosti.

Prvni studie pojednava o vlivu opyleni na kvalitativni a kvantitativni
parametry vynosu zimolezu modrého. Bylo testovano nékolik variant opyleni a
nejlepsiho vysledku ve vSech sledovanych parametrech bylo dosazeno opylenim
pfirozenymi opylovateli. Varianty ru¢ni opyleni a bez opyleni zpusobovaly
nerovnomérné dozravani i1 nizsi vynos. Dale byla hodnocena diverzita a pocCetnost
opylovatelt v blizkosti této plodiny a zjiStovany nejvhodnéjsi opylovatelé, kterymi
se zdaji byt ¢melaci a v€ela medonosna.

Druha studie tesi vliv intenzity zemédé€lstvi na diverzitu a pocetnost
opylovateli v krajiné. Srovnavany byly lokality s ekologickym a konvencénim
rezimem hospodafeni. Vyznamné vys$i diverzita i poCetnost opylovateli byla
zaznamenana na lokalité obhospodafované ekologickym zemédélstvim. Kromé toho
byla také sledovana kontaminacni zatéz rezidui pesticidi ve vcelach. Na lokalité
s konven¢nim zemédélstvim byla detekovana rezidua nekolika pesticidd, zatimco na
lokalité s ekologickym zeméd¢lstvim nebyla detekovana zadna.

Treti studie se zabyva vlivem vyzivy, konkrétné fenolickych latek, na
schopnost vcel detoxikovat pesticid, kterému byly wvystaveny. V provedeném
experimentu byly véely v klickach krmeny smési vybranych polyfenolt, bézné se
vyskytujicich v pylu, a pesticidem thiaclopridem. Po dobu 14 dni byla sledovana
mortalita, denni spotfeba krmiva a ve stanovenych intervalech probihala analyza
miry exprese detoxikacnich genti. Byl prokazan pozitivni vliv fenolickych latek na
délku Zivota intoxikovanych vcel, stejné jako vyssi spotifeba krmiva, coZz muze
indikovat zvySenou potfebu téchto latek. Naopak zvySend mira exprese

detoxikacnich gent potvrzena nebyla.



Dalsi studie se vénuji patogenum vcely medonosné. Jedna z nich sleduje
vyskyt a prevalenci vybranych hlavnich véelich patogenti na Gizemi Ceské republiky
a porovnava odlisné typy habitatu, jako jsou meéstské oblasti, zemeédélsky intenzivné
obdélavané oblasti a chranéna piirodni oblast. Piekvapiveé nejcastéji byl detekovan
patogen Lotmaria passim. Z virovych onemocnéni pak DWV komplex a ABPV.
Obecné se vice eukaryotnich patogent vyskytovalo ve méstech a zemédé€lské krajineg.
Naopak vice virovych onemocnéni bylo zaznamenano v chranéné piirodni oblasti.

Pata podkapitola se sklada ze Ctyt publikaci a zabyva se vyuzitim rostlinnych
silic ke kontrole roztoCe Varroa destructor a entomopatogenni houby Ascosphaera
apis. Prvni publikace porovnava rust a vyvoj houby A. apis na raznych kultivac¢nich
mediich a navrhuje nové medium s pfidavkem vceliho plodu, na kterém byla
zaznamenana nejvetsi sporulace. Dalsi dvé publikace pojednavaji o fungicidnim
ucinku vybranych rostlinnych silic v laboratornich podminkach. Nejlepsi vysledky
vykazovaly silice z tymianu, cedrového deva, hiebitku a skofice. Ctvrta publikace
se veénuyje akaricidnimu ucinku vybranych rostlinnych silic na roztoce V. destructor a
zaroven hodnoti toxicitu té€chto silic na dospélé vCely. Na zakladé téchto vysledku
byly stanoveny rostlinné silice s nejvét§im pomérem LDsy na vCely / LDsy na roztoce
(selectivity ratio), které maji nejveétsi potencial vyuziti ve vCelarské praxi. Jedna se o
silice z manuky, maty peprné, dobromysli a vaviinu kubébového (litsea).

Posledni kapitola fesi kontrolu ptivodce onemocnéni moru vceliho plodu,
bakterii Paenibacillus larvae, pomoci enzymu traviciho traktu zavijeCe voskového.
Larvy zavijeCe byly krmeny voskovymi mezisténami kontaminovanymi bakterii P.
larvae. Nasledné byl jejich zazivaci trakt rozdélen na tii Casti, ze kterych probé&hla
kultivacni 1 molekularni detekce bakterie. V pfednich Castech traktu byla bakterie
detekovana, ale v zadni jiz ne. To mlze naznaCovat sporicidni GCinek travicich
enzymul, nebo pomaly prichod spor zazivacim traktem. Pro upfesnéni jsou vSak

zapottebi dalsi experimenty.

Klicova slova: Vcela medonosna, opylovatelé; screening vcelich patogent,
Ascosphaera apis; Paenibacillus larvae; Varroa destructor; polyfenoly; rostlinné

silice



Abstract

This Ph.D. thesis is focused on the importance of insect pollinators and
pointed out to their loss due to intensive agriculture. Great attention is paid to the
honey bee as the main pollinator, especially to the issue of quality nutrition of bee
colonies in connection with the support of detoxification of pesticides. Furthermore,
the main effort is devoted to alternative possibilities of control of selected bee
pathogens and research of their prevalence in the Czech Republic. The work is
divided into two main parts: a detailed background research and an experimental part
consisting of six subchapters with results from my own research studies.

The first study deals with the effect of pollination on the qualitative and
quantitative yield parameters of honeysuckle. Several pollination variants were tested
and the best result in all monitored parameters was achieved by the pollination with
natural pollinators. Variants of manual pollination and without pollination caused
uneven maturation of fruits and lower yields. Furthermore, the diversity and
abundance of pollinators in the vicinity of this crop were observed and the most
suitable pollinators identified which appear to be bumblebees and the honey bee.

The second study deals with the impact of agricultural intensity on the
diversity and abundance of pollinators in the landscape. Localities with organic and
conventional management regimes were compared. Significantly higher diversity and
abundance of pollinators was recorded in the locality managed by organic farming.
In addition, the contamination load of pesticide residues in bee’s body was also
monitored. Residues of several pesticides were detected at the site with conventional
agriculture, while none of them were detected at the site with organic farming.

The third study examines the effect of nutrition, specifically phenolic
substances, on the ability of bees to detoxify the pesticide to which they have been
exposed. In the experiment, the bees in the cages were fed with a mixture of selected
polyphenols, commonly found in pollen, and the pesticide thiacloprid. Mortality and
daily feed consumption were monitored for 14 days, and the expression level of
detoxification genes was analyzed at specified intervals. Phenolic substances have
been shown to have a positive effect on the lifespan of intoxicated bees, as well as
higher feed consumption, which may indicate an increased need for these substances.

In contrast, the increased expression of detoxification genes was not confirmed.



Other studies focus on honey bee pathogens. One of them monitors the
occurrence and prevalence of selected major bee pathogens in the Czech Republic
and compares different types of habitats, such as urban areas, agriculturally
intensively cultivated areas and protected natural areas. Surprisingly, the most often
detected pathogen was Lotmaria passim. From the viral diseases, the highest rate of
occurrence had DWV complex and ABPV. In general, more eukaryotic pathogens
were found in cities and agricultural landscapes. On the contrary, more viral diseases
were recorded in the protected natural area.

The fifth subchapter consists of 4 publications and deals with the use of
essential oils to control the Varroa destructor mite and the entomopathogenic fungus
Ascosphaera apis. The first publication compares the growth and development of the
fungus A. apis on different culture media and proposes a new medium with the
addition of bee brood, on which the greatest sporulation was recorded. Another 2
publications deal with the fungicidal effect of selected essential oils in laboratory
conditions. The best results were shown by essential oils of thyme, cedar wood,
cloves and cinnamon. The fourth publication deals with the acaricidal effect of
selected essential oils on the V. destructor mites and at the same time evaluate the
toxicity of these oils to adult bees. Based on these results, essential oils with the
highest LDsg to bees / LDsp to mites ratio (selectivity ratio) were determined, which
have the greatest potential for use in beekeeping practice. These are essential oils of
manuka, peppermint, oregano and litsea.

The last chapter deals with the control of the causative agents of American
foulbrood, the bacterium Paenibacillus larvae, by the enzymes of the digestive tract
of the wax moth. The larvae of the moth were fed with wax foundation contaminated
with P. larvae. Subsequently, their digestive tract was divided into 3 parts, from
which culture and molecular detection of bacteria were carried out. Bacteria were
detected in the anterior tract, but not in the posterior tract. This may indicate a
sporicidal effect of digestive enzymes, or a slow passage of spores through the

digestive tract. However, further experiments are needed for clarification.

Keywords: Honey bee; Pollinators; Screening of Honey Bee Pathogens;
Ascosphaera apis; Paenibacillus larvae; Varroa destructor; Polyphenols; Essential

oils
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1 Uvod

Kromé poskytovani mnoha vcelich produkta lezi hlavni vyznam vcely
medonosné (Apis mellifera) v opylovaci €innosti, jelikoz patii mezi nejvyznamnéjsi
opylovatele zeméde€lskych plodin i plané rostoucich rostlin. Jeji kosmopolitni
rozSifeni a vysoka pocetnost zajist'uji relativné stabilni vynosy a vyznamné se podili
na potravinové bezpecCnosti. Nekteré druhy plodin jsou pfimo zavislé na kvalitnim
opyleni a vcelstva jsou k nim pravidelné presouvana, mnohdy 1 na velké vzdalenosti.
Jde predev§im o mandloniové a jablofiové sady v USA, ale s koCovanim vcelstev
k zemé&délskym plodinam se lze &asto setkat i v podminkach Ceské republiky.
V posledni dobé se vSak potykame s ploSnymi uhyny vcelstev stale Castéji. Priciny
uhynt nejsou zcela znamy, ale pravdépodobné se na nich podili hned nékolik faktort
najednou. Nejvyznamnéj§imi faktory se zdaji byt vCeli onemocnéni, kontaminace
zivotniho prostfedi a vCelich produktd pesticidy, pfipadné dal§imi xenobiotiky, dale
nedostateCna vyziva, zmény krajinného razu, klimatické zmeény, nebo i koCovani se
vCelstvy. Na mnoha mistech tak dochézi k ubytku jak vcely medonosné, tak i dalSich
hmyzich opylovateli. To mize negativné ovliviiovat nejen potravinovou bezpecnost
vlivem nedostate¢ného opyleni, ale i ekosystémové sluzby, diverzitu rostlin, trofické
vazby a vést az k naruseni stability ekosystému.

Z vyse uvedenych divodu je problematika tykajici se zdravotniho stavu vcely
medonosné velmi aktualni a dostdva se do popiedi pozornosti jak fundovanych
odborniku, tak i laické vefejnosti. V této souvislosti byla disertani prace zamétena
na zlepSeni zdravotniho stavu vcelstev pomoci novych, alternativnich terapeutickych
postuptl zdolavani vybranych onemocnéni vcel. Dale se zabyva vlivem vyzivy na
schopnost detoxikace pesticidi a délku zivota vCel. V dnesni dobé, kdy aplikace
pesticidil neustale stoupa, je téméf nemozné vyhnout se jejich reziduim. Proto je nyni
velmi dulezité porozumét detoxikacnim mechanismum vcel. Ve vét§iné ptipadu jsou
pesticidni pfipravky pfed uvedenim na trh testovany pouze jednotlivé, coz nemusi na
vcely pusobit akutné, ale oslabuje je chronicky. V pifipadé nedostate¢né vyzivy, ¢asto
zpusobené péstovanim monokultur na rozsahlych plochach, je vSak detoxikace vcel
omezovana a i1 chronické pusobeni mize vést ke znacnym oslabovanim kolonii,

ptipadné az k jejich kolapsu. Do poli jsou vSak ziidka aplikovany pesticidy
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jednotlivé. VétsSinou se jedna o smés nékolika pesticidi zaméfenych na riazné
patogeny. Tyto smési mohou prestavovat velké nebezpeci, protoze Casto pusobi
synergicky a zvysuji tak svlj negativni dopad na opylovatele. Dokonce vétsina
ptipravk(l k potlatovani nejvyznamnéjsiho vceliho onemocnéni, varrodzy, je
pesticidniho charakteru a donedavna byla jejich aplikace zdkonem nafizena. Nyni se
situace zlepSuje a zejména u mladsich generaci vCelaft je snaha pouzivat k prirodé
Setrnéjsi latky, jako jsou napt. organické kyseliny nebo rostlinné silice.

Hlavnim tématem prace bylo stanovit nové terapeutické postupy zdolavani
vybranych vcelich onemocnéni na zakladé vyuziti rostlinnych silic, nebo travicich
enzymu zavijeCe voskového (Galleria mellonella) a dale vyhodnotit vliv stravy,
konkrétné polyfenolt, na detoxikacni schopnosti vCely medonosné. Také byla
sledovana diverzita a pocetnost vCel a vcelich patogent v odliSnych habitatech
s riznou meérou pesticidni a antropogenni zatéze a v neposledni fad€ vyznam opyleni,
zejména kvantitativni a kvalitativni parametry vynosu zimolezu modrého (Lonicera

caerulea) v zavislosti na rizném typu opyleni.
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2 Literarni prehled

2.1 Vyznam v¢ely medonosné

Viela medonosna (Apis mellifera 1.) je povazovana za jedno =z
nejdulezitéjSich hospodaiskych zvirat. Lidstvo vyuziva jeji produkty jiz od
staroveku, zejména vceli med, coz doklada jeho vysokou nutricni hodnotu a
zdravotni nezavadnost. Mezi dal§i vyuzivané vceli produkty z této doby patii vceli
vosk, ktery byl nepostradatelnou surovinou pro vyrobu svici. Pozdé€ji se zacal
vyuzivat také propolis jako antimikrobialni slozka. V soucasné dobé jsou popularni
také fermentovany pyl, tzv. perga, mateti kaSicka a vceli jed, vyuzivané zejména
v potravinafském, kosmetickém a farmaceutickém pramyslu. To déla z vcelich
produktd velmi dilezité a cenné suroviny (Cianciosi et al., 2018; Ruoff and
Bogdanov, 2004). Jejich 1écivych acinku je vyuzivano po staleti (Nolan et al., 2019)
kvuli zvySujici se rezistenci patogenu k antibiotikim a oblibé pfirodnich produkti
(Cornara et al., 2017; Jagua-Gualdron et al., 2020; Lu et al., 2019).

Nejvétsi vyznam ma vSak vcela medonosna pro svou opylovaci ¢innost. Jelikoz
ma celosvétove rozsifeni a vysokou pocetnost, fadi se mezi hlavni opylovatele jak
zemédeélskych plodin, tak 1 plané rostoucich rostlin. Opylovani umoziuje pohlavni
rozmnozovani rostlin a zajistuje tak vysokou genetickou i druhovou diverzitu flory.
Opylovani je zdkladem i zemédélské produkce, zajist'ujici potravinovou bezpecnost.
Kvalitni opyleni pfispiva k vét§im vynosim i vyssi kvalit€¢ produkti (Aizen et al.,
2009; Gallai et al., 2009). Nékteré zemeédé€lské podniky jsou dokonce piimo zavislé
na pfisunu vcelstev k péstovanym plodinam za ucelem opyleni, zejména mandloriové

a jabloniové sady (Smart et al., 2019).

2.2 Ohrozeni véely medonosné a souvisejici dopady

V soucasné dobé jsou vSak vCely vystaveny mnoha stresovym faktorim,
zejména podvyzivé zpusobené redukci biodiverzity kvetoucich rostlin, v extrémnich
ptipadech vedoucich az k monodieté (Dolezal et al., 2019; Smart et al., 2019). Dalsi
stres vCelam zpusobuji Casté presuny na dlouhé vzdalenosti, nevhodné nebo
nedostateCné zasahy vcelaii (Biesmeijer et al., 2006) a predevsim, aplikace
fungicidt, akaricidd a antibiotik do ulového prostoru a aplikace mnoha pesticida v

zemédélstvi, jez mohou pusobit synergicky a zvySovat tak svlj negativni ucinek
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(Iwasa et al., 2004; Thompson et al., 2014). Kromé¢ toho, pesticidy (Motta et al.,
2018) a antibiotika (Raymann et al., 2017) negativné ovliviiyji stfevni mikrobiom
vcelich hormont a bilkovin a v neposledni fadé vyznamné podporuje imunitu vcel
(Kwong et al., 2017; Zheng et al., 2017). VSechny tyto faktory délaji vcely vice
nachylné k parazitim a patogenim zpusobujicim rlizna onemocnéni, kterd by
vCelstva za nestresujicich podminek byla schopna piekonat. Proto nyni vcelstva trpi
parazity a patogeny Cast€ji nez diive a vzristaji obavy, jak zabranit nartstajicim
ptipadiim kolapsti vCelstev (Genersch, 2010a; Goulson et al., 2015; Kulhanek et al.,
2017), stejné jako dalsich hmyzich opylovatelt (Hallmann et al., 2017; Potts et al.,
2010).

Jelikoz vcCely dokazi pomoci jemnych chloupki na téle zachytit i velmi malé
mnozstvi kontaminanti v krajiné, at uz jde o rezidua pesticida, t€zké kovy,
radionuklidy nebo polycyklické aromatické uhlovodiky, jsou ¢asto vyuzivany jako
bioindikator Zivotniho prostiedi. Cast&j§i plosné kolapsy velstev tak mohou
naznaCovat 1 zvySujici se kontaminaCni zatéz zivotniho prostfedi (Porrini et al.,
2003).

Velky problém soucasného vcelafstvi tedy predstavuji stale Cetnéjsi plosné
kolapsy vcelstev vedouci k nedostate¢né produkci vCelich produktt a jejich nabidka
je prevysovana poptavkou (Biesmeijer et al., 2006). To vede k rozsahlému falSovani
vcelich produktt (Sahlan et al., 2019). Nejvice je takto ovlivnén med, ktery je navic
ve velkém importovan do Evropy a USA ze vzdalenych oblasti, napt. Ciny. Tyto
medy obsahuji odlisSna pylova zrna, ktera mohou zpusobovat alergické reakce.
V nekterych pripadech obsahuji také rezidua pesticidi a antibiotik, které jsou
v Evropské Unii zakazany (Barganska et al., 2011; Ruoff and Bogdanov, 2004).
Vceli vosk je také Casto kontaminovan pesticidy, a to jak v Evropé (Morales et al.,
2020; Vazquez et al., 2015) a USA (Frazier et al., 2008), tak i v Africe (Llorens-
Picher et al., 2017). Tato kontaminace ma za nasledek zvySeni poptavky po kvalitnim
vosku, kterého je nedostatek. Proto je vceli vosk Casto nastavovan parafinem a
stearinem, coz zpusobuje dalsi problémy v chovu véel (Svecnjak et al., 2019).

Jesté veétsi obavy vSak vzbuzuje ubytek opylovateli v krajin€, ktery se
souhrnné oznacuje jako opylovaci krize. V pfirodnich ekosystémech dochazi vlivem
nedostatku opylovateli k naruseni ekosystémovych sluzeb, trofickych fetézcu i

redukci biodiverzity (Aizen et al., 2009; Gallai et al., 2009; Hallmann et al., 2017).
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Naopak plochy péstovanych zemédélskych plodin zavislych na hmyzim opyleni se
kazdorocné zvySuji a nedostatecné opyleni zptusobuje nestabilni vynosy a snizuje
kvalitu produkovanych komodit, coz vede ke znacnym ekonomickym ztratdm (Aizen
et al., 2009; Lippert et al., 2021) a ohrozuje potravinovou bezpecnost (Klein et al.,
2007). Hmyzosnubné zemédélské plodiny jsou navic hlavnim zdrojem
mikronutrient pro lidskou vyzivu, zatimco vétrosnubné plodiny jsou spiSe zdrojem
kalorii. Nedostatecné opyleni tedy muze prispivat k deficitu téchto dulezitych Zivin a
vést k podvyzivé (Eilers et al., 2011). Vynosy nékterych zemédélskych plodin jsou
limitovany pouze kvalitnim opylenim (Reilly et al., 2020). V urcitych oblastech se
proto vyuziva umélého opyleni sadd, kde pracovnici Stétecky opyluji jednotlivé
kvéty. Cena lidské prace je vSak obecné velmi vysoka a neustale roste, coz v tomto
pfipadé zpusobuje i rostouci naklady na produkci potravin (Partap and Ya, 2012).
Alternativu predstavuji robotické drony, které s sebou ale nesou velké mnozstvi rizik,
jako napt. nizka efektivita opyleni, vysoka pofizovaci cena, riziko destabilizace
ekosystému a ekosystémovych sluzeb a v neposledni fadé vétsi potravinova nejistota
(Potts et al., 2018). Ani umélé opyleni rostlin vSak neposkytuje takové vynosy a
kvalitu plodt jako v pfipadé€ opyleni pfirozenymi opylovateli (Chauta-Mellizo et al.,
2012).

2.3 Prirozené obranné mechanismy vcel

Vcely maji ne€kolik obrannych mechanismu. Prvni z nich je kutikula, vnéjsi
nebunécna vrstva slozena prevazné z chitinu, sacharidi a voskd, ktera slouzi jako
mechanicka i1 biochemicka bariéra zabrafiujici mikrobidlni invazi. Po narueni této
bariéry dochazi k aktivaci vrozené imunity zalozené na nespecifické bunécné a
humoralni aktivit¢ (Tsakas and Marmaras, 2010). BunéCna imunita je spojena
s hemocyty a zahrnuje fagocytozu, nodulaci a enkapsulaci riznych patogend, jako
jsou bakterie, kvasinky, viry, protozoa a nematoda. Hemocyty jsou butiky pfenasené
v hemolymf¢€ se specifickymi povrchovymi utvary, kterymi se pfichytavaji na rizné
povrchy. To je dualezité pii nodulaci a enkapsulaci patogeni a cizorodych latek
(Marringa et al., 2014; Negri et al., 2013). Male cizorodé struktury mohou byt
pohlceny fagocytozou, zatimco u vétsich dochazi ke kooperaci vice hemocytl, které

tyto Castice obklopi a eliminuji (Dubovskiy et al., 2016). Mnozstvi hemocyti se
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snizuje s vékem vc€ely (Schmid et al., 2008), ale jejich Gcinek zustava stale stejny
(Wilson-Rich et al., 2008).

Mezi dalsi imunitni reakce patfi melanizace, predstavujici kombinaci
bunéénych a humoralnich procesu, které vznikaji béhem enkapsulace a nodulace
cizorodych struktur. Pfi melanizaci dochazi k eliminaci negativnich vlivii patogenu,
nebo jejich zmirnéni, napiiklad zabranénim ztraty hemolymfy a vniknuti dalSich
mikroorganisma (Larsen et al., 2019). Cely proces se nazyva fenoloxidazova kaskada
a tvori jednu ze zakladnich soucasti vrozené imunity v¢el. Tomuto procesu predchazi
rozpoznani cizorodych struktur (PAMPs — pathogen-associated molecular patterns) a
nasledna indukce adheze hemocytu na cilové struktury. Tim se z hemocytu aktivuje
produkce monomeru profenoloxidazy, jehoz St€penim vznikd katalyticky aktivni
enzym fenoloxiddza. Pfi vlastni enkapsulaci vznikaji jako meziprodukty vysoce
reaktivni latky na bazi kysliku (H2O,, *O) a dusiku (NO¢), které maji znacnou
cytotoxickou aktivitu vuc¢i mikroorganismim (Negri et al., 2012).

Druhym typem vrozené imunity je humoralni imunita, kterd piedstavuje
nejdulezitéjsi obranny mechanismus vcely jako jedince. Je zalozena na cilené sekreci
antimikrobialnich peptidi (defensin, abaecin, apidaecin a hymenoptaecin) a dalSich
biologicky aktivnich latek (napt. lektint, lysozomui a fenoloxidazy) po prvotni
detekci mikrobialni infekce. Jedna se o malé proteiny slozené z 12-50 aminokyselin,
které jsou z velké Casti produkovany v tukovém télese a hemolymfou transportovany
na misto zacinajici infekce, kde eliminuji nebo neutralizuji potencialni patogeny
(Larsen et al., 2019). Tato imunitni odpovéd vSak znacné zatéZuje organismus, coz
vede ke snizeni délky zivota (Moret and Schmid-Hempel, 2000) a omezeni
kognitivnich funkci (Alghamdi et al., 2008; Mallon et al., 2003). Oba typy vrozené
imunity, jak celularni, tak 1 humoralni, jsou v pfipadé¢ vcely medonosné méné
rozvinuté nez u ostatniho hmyzu. Dukazem je celkové méné genli spojenych
s imunitou, z toho pouze jediny gen koddujici profenoloxidazu (Evans et al., 2006;
Lourenco et al., 2013), nebo 4 skupiny antimikrobialnich peptidi (Larsen et al.,
2019) v porovnani s 10-15 skupinami u vétSiny hmyzich druhti (Cooper, 2006).

Vcely maji vSak vyhodu socialniho zivota, coz jim umoziuje vyuzivat
socialni imunitu. Jejim principem je vyhybani se patogenim a omezovani jejich
Siteni. Jako prevenci vyuzivaji vCely rostlinné pryskyfice, které zpracovavaji na
propolis a pfidavaji do vosku nebo s nim tmeli vnitini povrch tlu (Simone et al.,

2009). Propolis vytvari antimikrobialni prostfedi, které brani rastu bakterialnim
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(Borba and Spivak, 2017) i houbovym patogenim (Alotaibi et al., 2019; Arismendi
et al., 2018; Wilson et al., 2017). Dalsi sofistikovany systém ve vcelstvu je
prostorové rozdéleni riiznych kast. Mladé vcely pecujici o plod maji omezeny
kontakt s 1étavkami, které jsou vystavovany vysSimu riziku infekce (Stroeymeyt et
al., 2014). Jakmile dojde k infekci uvnitf vceliho ulu, dospélé vcely rozpoznaji
nakazeny plod a za uCelem omezeni Sifeni patogenu jej vyhazuji. Tato aktivita se
oznacuje jako hygienické chovani a patii k nejdulezitéjSim faktorim socialni imunity
(McAfee et al., 2018). Kromé plodu je mozné vyhazovat i dospélé nemocné vcely
(Baracchi et al., 2012), které ale vzhledem k jejich altruistickému chovani ve vétsiné
piipadu opoustéji vcelstvo samy (Rueppell et al., 2010). Mezi dalsi formy socialni
imunity patii tzv. “socialni horecka® (social fever). Vyznacuje se cilenym zvySenim
teploty na takovou hodnotu, které je pro parazita/patogena letalni, ale vcCely ji jesté
snesou. Tato zména teploty byva patrna zejména v oblasti vCeliho plodu (Goblirsch
et al., 2020; Starks et al., 2000). Zanedbatelny neni ani vliv matky, kterd se pafi
s nékolika trubci (polyandrie), coz ji umoziuje zvySit genetickou variabilitu své
kolonie. V ulu se tedy vyskytuji vCely s riznymi otci. V praxi to znamena, ze kazda
tato linie ma jinou nachylnost k parazitim a patogenum, coz zpomaluje Sifeni

onemocnéni (Desai and Currie, 2015; Seeley and Tarpy, 2007; Tarpy, 2003).

2.4 Studovana vceli onemocnéni

2.4.1 Varrooza

Za nejnebezpecnéj§iho vceliho patogena je povazovan paraziticky roztoc
klestik veeli (Varroa destructor Anderson and Trueman). Nadmérnou infestaci ve
vCelstvu tento rozto¢ zpusobuje onemocnéni zvané varrodza (Rosenkranz et al.,
2010). Do roku 2000 byl oznacovan jako Varroa jacobsoni, poté v§ak doslo k jeho
reklasifikaci na zakladé rozdilnych haplotypti (Anderson and Trueman, 2000). Tento
rozto¢ je puvodem zvychodni Asie, kde parazituje na vcele vychodni (Apis
ceranae). Evolucnim vyvojem si vcela vychodni vytvofila fadu obrannych
mechanizmi a proto je tento vztah parazita a hostitele v rovnovaze (Lin et al., 2018;
Wang et al., 2020). Ve druhé poloviné minulého stoleti v§ak doslo k pfenosu klestika
vCeliho na v€elu medonosnou a jeho rozsifeni téméf po celém svété. Pro vcelu
medonosnou je to zcela novy patogen, proti kterému nema vytvorené dostateCné

ucinné obranné mechanizmy a snadno mu podléha. Pro ochranu svych vcelstev
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zacali chovatelé pouzivat rizna oSetfeni, zejména syntetickymi akaricidy, ktera sice
redukuji pocty roztoCu ve vcelstvech, ale také znemoziiuji véelstviim adaptovat se a
vytvofit si specifické obranné mechanizmy (Guichard et al., 2020; Locke, 2016;
Panziera et al., 2017).

Zasadnim rozdilem mezi puvodnim hostitelem véelou vychodni a novym
hostitelem v¢elou medonosnou je omezeni reprodukce roztoCe pouze na trubim
plodu. Mezi dalsi piirozené obranné mechanismy redukujici pocty roztoct patii napf.
hygienické chovani vcel, kterému se piiklada nejvétsi vyznam a je nejvice
studovanym mechanismem redukujicim pocty rozto¢u (Traynor et al., 2020). Do této
kategorie patfi varroa senzitivni hygiena vyznacujici se odstranovanim plodu
napadeného roztoCi (Panziera et al., 2017). Vcelstva proslechténa na vysokou troveri
této vlastnosti preferuji Cisténi takovych bunék, které jsou napadeny vice roztoci
najednou, ¢imz vyznamné omezuji reprodukci a dalsi Sifeni roztoct (Kim et al.,
2018). Hygienické chovani ale pravdépodobné neni zéavislé na pfitomnosti roztoce
v plodové buiice, jako spiSe na poskozeni v¢eliho plodu, tzn. vceli plod parazitovany
vice roztoci, nebo rozto€i s vice virulentni variantou virt je odstrafiovan prednostné
z divodu vétsiho poskozeni vceli larvy (Schoning et al., 2012). Z poskozenych nebo
mrtvych larev pres perforované vicko bunky prochéazeji specifické latky, jako napf.
kyselina olejova, které stimuluji vCely k odstraniovani poskozeného plodu (McAfee et
al., 2018), nebo jeho kontrolu odvi¢kovanim bunék (Martin et al., 2019). Pti otevieni
bunék s parazitovanym plodem dojde k preruseni reprodukéniho cyklu roztoce, ale
samiCka Casto unikne ven a muze se dale reprodukovat (Rosenkranz et al., 2010).
Tomu lze zabranit vhodnym stfedné az dlouhodobym oSetfenim. Roztoci
v zavickovanych bunkach jsou totiz ve vétsin€ piipadu chranéni pred ucinnou latkou.
Jejich vyruSenim pii odvickovani butiky a nasledném utéku vSak dojde
k pozadovanému kontaktu s u¢innou latkou. Dal§im mechanismem redukujici poCty
roztou je zvySena nachylnost vcelich larev na toxiny, které rozto¢ vylucuje slinami
do svého hostitele. V tomto piipadé muze dojit k usmrceni hostitele diive, nez
prob&hne vyvojovy cyklus roztoce, coz limituje jeho reprodukci. K tomuto jevu
dochazi na puvodnim hostiteli — vcele vychodni. Mrtvé larvy dale stimulyji
hygienické chovani véel (Page et al., 2016; Zhang and Han, 2018). Velmi ucinny
muze byt také tzv. “grooming“, neboli cilené odstrafiovani parazitujicich roztoc¢t na

télech vCel pomoci kusadel a predniho paru nohou (Pritchard, 2016).
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Patogeneze

Parazitujici roztoCi se zivi lipidovou slozkou vceliho plodu i dospélcu
(Ramsey et al., 2019), ¢imz vcely oslabuji, vyznamné snizuji jejich imunitu i
celkovou hmotnost (Duay et al., 2003) a omezuyji jejich letové schopnosti (Duay et
al., 2002; Kralj and Fuchs, 2006). Trubci, ktefi byli parazitovani béhem svého
vyvoje, produkuji v dospélosti vyrazné méné spermii (Duay et al., 2002). Byla také
prokdzana vyznamné krat$i délka zivota véel (Amdam et al., 2004). Vcely po
vylihnuti prochazi riznymi obdobimi, ve kterych vykonavaji odli§né Cinnosti v tlu.
Od 12-15 dne se stavaji létavkami a vydavaji se ven z Ulu shanét potravu. Pokud
vSak byly v¢ely béhem svého vyvoje parazitovany roztoCem, tato jednotliva obdobi
se zkracuji a z Ulu vylétavaji za potravou mnohem diive. Jejich mozkové funkce za
tak kratkou dobu jesté nejsou zcela vyvinuté a to véelam zpusobuje znacné problémy
sucenim, paméti 1 orientaci (Gomez-Moracho et al., 2017), a omezuje adaptaci
létavek na nové podminky prostiedi (Muijres et al., 2020). Ve vysledku tyto vcely
travi vyrazné vice Casu mimo ul a maji problémy s uspéSnym navratem do své
matetské kolonie, coz indikuje 1 navigacni potize (Kralj and Fuchs, 2006). Kromé
toho se omezuje pfisun potravy do vcelstva. Tento stav iniciuje vylétavani jesté
mladSich vcel, avsak se stejnym efektem. Ve vysledku to muze vést az ke kolapsu
celého vcelstva (Gomez-Moracho et al., 2017). Tyto neurologické zmény byly také
potvrzeny zménou expresi nékterych gent ovladajicich spravnou funkci mozku
(Morfin et al., 2020). Casto na véelstva ptisobi i dal§i negativni faktory ve stejny
okamzik spolu s roztoCem Varroa a u nékterych téchto kombinaci byl dokonce
pozorovan synergicky efekt, tzn. vysledny efekt je vétsi nez soucet obou negativnich
faktord. S timto jevem se lze setkat u pesticidd (Annoscia et al., 2020; Schwartz et
al., 2020), dalSich patogenti (Cox-Foster et al., 2007; Higes et al., 2008), nebo
v souvislosti se zménami klimatu (Le Conte and Navajas, 2008).

Nejvice vSak rozto¢ poskozuje vcelstva jako vektor riznych vcelich vira,
¢imz usnadriuje jejich pfenos a vyrazn€ zvysuje vyskyt ve véelstvech. Pfenos virt se
uskutecniuje na zaklade tii kritérii. Prvni z nich je krmeni se na virem infikovaném
jedinci. Dalsim krokem je transport rozto¢e na jinou vcéelu a na konec prenos,
ptipadné ziskani novych virovych c¢astic. NejCastéji jsou prenaSeny virus
deformovanych kiidel (Deformed wing virus — DWV) a virus akutni paralyzy vcel
(Acute bee paralysis virus — ABPV), které jsou zarovenl nejCastéjSimi a
nejnebezpecnéj$imi viry vyskytujici se ve vcelstvech (Posada-Florez et al., 2020).
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Uspé&snost a efektivita pfenosu zavisi na mnoha faktorech, jako je piitomnost viru
v hostiteli, schopnost pfezivat v necilovém organismu (v roztoci), pfipadné se v ném
i replikovat, nebo odolnost v¢ely vii¢i danému viru. Pravé schopnost viru replikovat
se i vrozto¢i Varroa je velmi zasadni a byla objevena u viru DWV-B (Gisder and
Genersch, 2021), dfive oznacovaném jako VDV-1 (Varroa destructor virus-1),
protoze byl izolovan praveé z roztoct Varroa (Ongus et al., 2004). Bylo prokazano, ze
pokud rozto¢ obsahuje vice virovych Castic, je schopen vyvolat u vyvijejicich se vcel
akutni pribéh virovych onemocnéni vedoucich k zimnim uhynim vcelstev (Gisder et
al., 2009). Prechod viru na nového hostitele, je Casto doprovazen zménou virulence,
ktera je v tomto ptipade vyssi nez u klasické varianty DWV-A (Gisder et al., 2018;
McMahon et al., 2016; Natsopoulou et al., 2017). Kromé¢ toho se jevi vztah roztoce a
viru jako symbioticky, protoze DWV potlacuje imunitu vcel a podili se na posileni
reprodukce roztoce (Di Prisco et al., 2016).

V ptfipadé ponechani infestovanych vcelstev v mirném klimatickém pasmu
bez zasahl vcelafe dojde po exponencialnim rozmnozeni rozto¢ti béhem letniho
obdobi k maximu roztoci ve vcelstvu na podzim, kdy jiz matky za béznych
podminek zastavuji kladeni. Pfi velkém oslabeni vcelstva vlivem varrodzy vsak
matka stale klade vajicka s cilem zachranit kolonii. Vysledek je ale opacny, protoze
novy vceli plod umoziiuje pokracovani reprodukce roztoCe a tento stav byva pro
vCelstva fatalni (Kang et al., 2016; Messan et al., 2021). Ke znaénym problémtum
vS§ak muze dojit i po fadném oSetfeni vCelstev, a to tzv. reinvazi roztocu, kdy silné
infestovana vcelstva za¢nou kolabovat a véely ze siln€jSich kolonii loupici cukerné
zasoby s sebou do matefskych kolonii pfenaseji i velké mnozstvi rozto¢t (Peck and
Seeley, 2019), zeyména pokud jde o vCelstva na stejném stanovisti nebo v jeho tésné
blizkosti (Nolan and Delaplane, 2017). Kromé maximalniho pocétu rozto¢u ve
veelstvu dochazi zaroven v tomto obdobi ke snizovani populace vcel, tzn., Ze na
jednu vcelu pripada v poméru vice roztoCu. Pravé proto se ve vcelstvech objevuje i
vice klinickych pfiznakd onemocnéni (Traynor et al., 2020). Mezi typické klinické
pfiznaky varrodzy patii velkd mezerovitost plodu, zmrzacené vcely, zejména
s deformovanymi kfidly, Castd vyména matek nebo bezmatecnost a rapidni Ubytek
vcel. Z téchto divodi zpusobuje varroo6za velmi Casté zimni Uhyny vcelstev a
kontrola roztoCe Varroa se stala sttedem pozornosti vCelait téméf po celém svété

(Rosenkranz et al., 2010).
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Morfologie a biologie roztoce

Samicka roztoce je 1,1-2 mm Siroka, hnédo-Cerveného zbarveni a ovalného
tvaru se siln¢ sklerotizovanym dorzalnim i ventralnim Stitkem s vétsi Sitkou nez
délkou. Nohy jsou silné a kratké, dobfe prizptisobené k pohybu na hostiteli. Samecek
je vyrazné mensi (cca 0,7 mm), hruskovitého tvaru a svétlejs§i barvy. Pomérem k télu
ma delsi koncetiny nez samicka a je celkové méné sklerotizovany (Rosenkranz et al.,

2010; Roth et al., 2020).

Zivotni cyklus

Jeho zivotni cyklus se déli na dvé faze, reprodukéni a disperzni (foreticka).
V reprodukéni fazi samicky zalézaji do otevienych plodovych bunék kratce pred
jejich zavickovanim. Preferuji trub¢i plod, na kterém mohou vyprodukovat 2,2-2,6
mladych samicek, zatimco na délniCich burikach je to pouze 1,3-1,45. Dospéla
samicka se zpocCatku ukryva v tekuté potravé larvicky u dna buriky. Dychani je
umoznéno tzv. peritreme, které funguje jako brcko a vycniva skrze hladinu. Po
zavickovani buiky samicka roztoce vyleze na vzpfimujici se larvu a propichne ji
kutikulu pro vytvofeni krmiciho otvoru pro sebe i budouci potomky. To je velmi
dulezité pro vyvoj potomku, protoze sami toho nejsou schopni. Zaroven se do rany
dostanou antikoagulanty, které zabrariuji jeji zaceleni (Rosenkranz et al., 2010).
Vlastni reprodukci predchazi krmeni se tukovym télesem larvy (Ramsey et al.,
2019), protoze kladeni vajicek samickou roztoce je energeticky velmi narocné a je
podminéné ziskem bilkovin, hormont a dalSich nutri¢nich latek z tukového télesa
larvy. Nékteré tyto bilkoviny ani nejsou metabolizovany, ale rovnou zabudovany do
struktur kladenych vaji¢ek. V principu pak vajicka roztoCe obsahuji vceli bilkoviny
(Tewarson, 1982; Traynor et al., 2020). Pohlavi u roztoci je determinovano
arrhenotokni partenogenezi, kdy samec je haploidni se sedmi chromozomy a samice
jsou diploidni se Ctrnacti chromozomy (Traynor et al., 2020). Samicka roztoce jako
prvni naklade haploidni vajicko pfiblizn€ 60-70 hodin po vniknuti do buiky. Tento
prvni potomek je nejdulezitéjsi, protoze se z né vylihne samecek a musi oplodnit
vSechny své “sestry, které se poté lihnou z dalSich vajicek kladenych jednotlivé cca
kazdych 30 hodin. Z tohoto divodu je prvni vajicko umistovano na horni okraj
buriky, coz je nejvice bezpecné misto vzhledem ke kukleni se larvy. Pafeni iniciuje
pohlavné dospéla samitka svymi feromony. Cim je mladsi, tim jsou feromony
siln€jsi a samecek je preferuje. Tim je dosazeno postupného oplozovani vSech
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samiCek az do vylihnuti véely. SameCek ma kratky zZivot a proto muze byt nalezen
pouze v zavickované plodové burice, stejn€ jako vyvojova samici stadia, protonymfa
a deutonymfa. Jelikoz je sameCek malo sklerotizovany, mize snadno zemfit vlivem
pohybu vyvijejici se vceli larvy, které Casto brani pfistupu ke krmicimu otvoru
(Traynor et al., 2020). V tomto piipadé upoustéji buiiku neoplozené samicky, které
vSak mohou naklast haploidni vajicko do jiné plodové buiky a posléze se spafit se
svym potomkem a dale klast diploidni vajicka (H&uBermann et al., 2019).
V ptirozenych podminkach opusti buiiku spolu s matkou jedna az dvé oplozené
samiCky a nastane jejich foreticka faze. Samicka rozto¢e ma 1,5-3 reprodukéni cykly
(Rosenkranz et al., 2010).

Disperzni (foreticka) faze zacina vybéhnutim dospélé véely z buiky, na které
parazituji samicky roztocCe, Casto skryty pod sternity v¢ely. Béhem této faze se zivi
na tukovém télese, coz aktivuje jejich vajecniky (Ramsey et al., 2019). Mladé
samicky roztoCe Casto méni svého hostitele a preferuji mladé vcely, jejichz ukolem je
praveé péce o vceli plod. Takto se snadno dostanou do nové plodové buiiky a cely
cyklus se opakuje. Tato faze roztoce je také nezbytna pro Sifeni roztoce do dalSich
uld, zejména pokud stavajici veelstvo kolabuje (Rosenkranz et al., 2010; Roth et al.,

2020).

Monitoring roztoce

V piipadé€, ze vCelstvo jiz samo nezvlada regulovat populaci roztoce Varroa a
hrozi jeho pfemnoZzeni, je nutny zasah vcelafe. Z tohoto divodu je monitoring
rozto¢e ve vcelstvu jednou ze zakladnich a vdneSni dobé nezbytnych
zootechnickych postupt (Ramzi et al., 2017). Nejjednodussi, ale také nejpracnéjsi
metoda spociva v mechanickém odvi¢kovani vceliho plodu a kontrole pfitomnosti
roztoCe. Kontrolovan je prednostné trub¢i plod z davodu jeho preference roztoci. Pro
presnéjsi informaci je vSak nutné ovéfit veétsi mnozstvi plodu, ktery zasah neptezije
(Dietemann et al., 2013; Fries et al., 1991). Vzhledem k nerovnomérnému napadeni
plodovych bunék je tato metoda méné spolehliva a neurci celkové napadeni vCelstva
rozto¢em (Roth et al, 2020). Nejcastéji se k monitoringu roztoCe vyuziva
monitorovaci podlozka na dné€ ulu, kam padaji mrtvi roztoci. Z divodu odklizeni
necistot z ulového dna véelami je vhodnéjsi celozasitované dno ulu, kterym roztoci
propadavaji na monitorovaci podlozku umisténou pod sitem. Takto se k nim vcely jiz

nedostanou. Problém vSak mohou zpusobovat mravenci odnasejici roztoce
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z podlozky. V téchto ptfipadech je doporucovano napt. umistit nohy stojanu pro uly
do nadob s olejem, kterou mravenci nejsou schopni piekonat, nebo zajistit lepivy
povrch na podlozce. Z prirozeného denniho spadu Ize orientaéné vycist celkovy stav
rozto¢i ve vcelstvu. Monitorovaci podlozky se také vyuzivaji pii hodnoceni
efektivity provedenych oSetfeni, a to na zaklade 1é¢ebného spadu roztocti (Branco et
al., 2006; Gregorc and Sampson, 2019; Peck, 2021; Shakib and Mehdi, 2017). Pro
presnéjsi monitoring populace roztoCe se pouzivaji metody vyuzivajici smyvu
foretickych roztocu ze vzorku vcel (cca 300) odebranych z plodovych plastd. Tyto
vCely se nasypou do upravené nadobky se sitem, posypou mouckovym cukrem a
radné protfepou, aby se obalily v cukru. Tim dojde k nastartovani groomingu,
mavani kiidel a celkové vyssi aktivité, ktera vede k zahtati vcel. Velka ¢ast roztoct
je chranénd mezi sternity vcel, ale zvySena teplota je nuti vylézt a kluzka vrstva
mouckového cukru na povrchu vcel spolu s jejich zvySenou aktivitou jim znacné
zt€zuje udrzeni se na vcele. Po kratké dobé& se s nadobkou opét zatfese nad bilou
podlozkou a spocitaji se spadani roztoCi. Tato metoda ma i sva omezeni, napt. nesmi
se pouzivat za vlhka nebo na mokré vcely. Piesnost je pouze orientacni, protoze
nikdy nespadnou vSichni roztoci a zalezi 1 na velikosti vzorku v¢el a mista, odkud byl
odebiran (Aliano and Ellis, 2005; Fakhimzadeh, 2001a, 2001b; Gregorc et al., 2017).
Dalsi moznosti monitoringu je pfidat do nadobky ke v¢elam misto mouckového
cukru alkohol. Timto se ziska pfesnéjsi vysledek, ale zabije to i vSechny vcely
(Toufailia et al., 2014). Kromé téchto moznosti se vyuziva i narkotizace CO; nebo
N,O. Tyto metody jsou zalozeny na spadu narkotizovanych roztocu ze véel po jejich
protiepani. Vcely se po Case proberou a mohou se vratit zpét do ulu (Dietemann et
al., 2013; Shakib and Mehdi, 2017). V piipad¢ diagnézy infestace roztoce veétsi nez
3-5% je doporuceno okamzité oSetfeni vCelstva (Gregorc and Sampson, 2019). Bez
vhodného osetfeni vétSina infestovanych vcelstev uhyne béhem 1-3 let (Dietemann

et al., 2013; Peck, 2021; Tihelka, 2018).

Kontrola roztoce

Syntetické akaricidy

Ke kontrole roztoCe V. destructor se nejCastéji pouzivaji syntetické akaricidy,
zejména na bazi organofosfatu kumafos, pyretroidi tau-fluvalinate, flumethrin,
acrinathrin a formamidinu amitraz. Jejich vyhodou je snadna aplikace, pfizniva cena

a vysoka ucinnost v porovnani s ostatnimi metodami (Rosenkranz et al., 2010;
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Tihelka, 2018). Tyto latky jsou vSak v urcité mife toxické i pro véely a je proto nutné
pouzivat nejniz§i moznou koncentraci, ktera zahubi pouze roztoce. Problém ale
nastava 1 v pfipadé€ pouziti nizsi koncentrace, kterou jsou rozto€i schopni piezit a
vytvoftit si urcitou odolnost (rezistenci) i vici vys$s§im davkam. Z tohoto davodu je
velice dulezité dodrzovat presny postup podle piibalového letaku kazdého 1écivého
ptipravku. Snaha vylepsit ucinnost nebo aplikaéni formu produktu pak vede
k rychlému narastu rezistence roztocu na tyto latky (Gregorc and Sampson, 2019).
Jelikoz je vétSina téchto akaricidd lipofilni povahy, akumuluji se jejich rezidua
v malych davkach ve vCelim vosku, coz zpusobuje i pfirozenou rezistenci roztocu,
pusobi chronicky na dospélé veéely i vceli plod a v neposledni fadé také
znehodnocuje vc€eli produkty. Rezistence roztocu jiz byla pozorovana na vSechny
vySe uvedené syntetické akaricidy (Gonzalez-Cabrera et al., 2016; Hernandez-
Rodriguez et al., 2021; Kamler et al., 2016; Rinkevich, 2020; Stara et al., 2019).
Z tohoto davodu zistava vyvoj novych, vysoce specifickych syntetickych akaricidu
s odliSnym mechanismem ucinku velkou vyzvou a jejich vyroba a vyuziti je
v nejblizsi dobé nepravdépodobné (Ramzi et al., 2017). I v pfipade ucinného oSettent
muze prezit mala Cast populace roztoCe, ktera se poté nekontrolované rozmnozi a
vytvoii rezistentni populaci. Stfidani raznych ucinnych latek se toto riziko
minimalizuje a na vétSiné mist zustava jedinym vyuzitelnym feSenim. I tato metoda
je vSak pouze docasna z divodu vzniku rezistence na vice u¢innych latek najednou.
Vznik multirezistence je velmi usnadiiovan pienosem rozto¢li vcelami mezi
jednotlivymi aly 1 stanovisti (Ramzi et al., 2017; Rosenkranz et al., 2010).

Mira negativniho ucinku syntetickych pesticidi na vcely (review v Tihelka,
(2018) zavisi na mnoha faktorech, napt. na metodé aplikace, koncentraci a davce
pesticidu, nebo ptitomnosti dalSich stresovych faktorti, mezi které patii klimatické
faktory, omezena pylova snaska, koCovani se vcelstvy, nebo patogenni zatéz.
Vétsinou se tento negativni efekt projevuje zvySenou mortalitou vCel a zkracenim
jejich zivota (Pettis et al., 1991; Tihelka, 2018). Objevuji se vSak i zmény v chovani
vcel, napt. redukovanad mira trofolaxe a v dusledku toho ovlivnéni energetické
distribuce v celé kolonii (Bevk et al., 2012), nebo zmény v metabolismu vedouci ke
snizeni mnozstvi proteind, sacharidt, tukl i enzyma v hemolymfé (Loucif-Ayad et
al., 2010, 2008). Vceli matky mohou byt syntetickymi pesticidy také negativné
ovlivnény, a to nejen jejich reprodukéni vlastnosti jako je niz§i hmotnost vajecnikt
nebo nizs§i pocet uchovavanych spermii i produkovanych vajicek, ale i chovani
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matky a zkraceni zivota (Collins and Pettis, 2013; Pettis et al., 2004; Rangel and
Tarpy, 2015). U trubct bylo pozorovano snizeni celkové hmotnosti, mensi pocet
spermii a jejich nizsi zivotnost. To muze vést k nedostatecnému oplozeni matky a
nutnosti jeji diivejsi vymeény (Burley et al., 2008; Johnson et al., 2013). Znacné je
ovlivilovan 1 vCeli plod, protoZe je neustale v kontaktu srezidui pesticidi ve
voskovych buiikach (Orantes-Bermejo et al., 2010). Byla prokazana jeho vySsi
mortalita, krat§i délka zivota v dospélosti a zpozdény larvalni vyvoj, ktery zaroven
prodluzuje reprodukcni cyklus roztoCe Varroa v plodovych buikach a vede
k produkci vice samicek (Medici et al., 2012; Wu et al., 2011). U vSech kast pak
muze dochazet k negativnimu efektu ovliviiyjicimu uceni a pamét vcéel (Gashout et
al., 2020), expresi genti zodpovédnych za imunitu a detoxifikaci (Gashout et al.,
2018) a také k poskozeni Cichovych senzort, které jsou klicové pro nezbytnou
komunikaci a ziskavani potravy (Weick and Thorn, 2002). V neposledni fadé
chronické ptsobeni rezidui pesticidi zvysuje nachylnost véel k houbovym (Wu et al.,
2012) a virovym onemocnénim (Locke et al., 2012). Smés akaricidi muaze navic
zpusobit tzv. koktejlovy efekt, kdy jejich smés pusobi synergicky (Johnson et al.,
2009; Traynor et al., 2016), poptipadé chronicky a poSkozuje tak véely mnohem vice
(de Mattos et al., 2017).

Tyto syntetické pesticidy mohou také negativné pusobit i na lidské zdravi.
Vzhledem k jejich schopnosti bioakumulace se hromadi v téle a ptsobi chronicky.
Casto jsou spojovany s potlaovanim imunity, narufenim hormonalni aktivity,
nervovymi poruchami, genetickymi zménami a vznikem rakoviny (Al-Waili et al.,
2012). Proto je nezbytné zapojit do kontroly varrodzy alternativni metody
(Ruffinengo et al., 2014).

Kontrola roztoce pomoci syntetickych akaricidi je v oblibé zejména na
velkych farméach v USA, zatimco drobnochovatelé pouzivaji vice alternativni metody
nebo nechavaji vCelstva bez oSetfeni. V posledni dobé vsak i tito drobnochovatelé
zaCinaji pouzivat vice syntetickych akaricidd, pravdépodobné vzhledem k zvysujicim
se Gthynim véelstev (Haber et al., 2019). V Ceské republice je trend opatny a po
zruSené povinnosti 1éCit syntetickymi akaricidy mnoho vcelait prechazi
k alternativnim metodam, které jsou béznou praxi i1 v Rakousku (Brodschneider et

al., 2019).
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Organické kyseliny

Dalsi moznosti kontroly roztoCe Varroa je pouziti piipravki na bazi
organickych kyselin. Nejcasteji se vyuziva kyselina mravenci, Stavelova a mlécna.
Jejich vyhoda spociva v dostateCné efektivité pfi spravném pouziti, minimalnimu
riziku vzniku rezistence roztoCu a malému riziku akumulace rezidui, protoze vétSina
téchto latek je rozpustna ve vod¢, te€kava anebo predstavuji pfirozenou slozku medu.
Tyto pfipravky maji vSak 1 své nevyhody, jako je napf. aplikacni forma nebo
davka/koncentrace ucinné latky. Aplika¢nich forem je nékolik, vCetné odparu,
pokapu, postfiku, fumigace nebo krmeni v roztoku. Kazda z nich ma riiznou ucinnost
v zavislosti na klimatickych podminkach i1 povaze aplikované latky. Dal§im
problémem je stanoveni 1écebné davky tak, aby byla ucinna a zaroven neposkozovala
vCely, protoze tyto latky maji vétS§inou malé rozpéti mezi toxicitou k roztocum a
toxicitou ke véelam, zejména véelimu plodu. Kazdé vcelstvo je razné silné, obseda
razné velky prostor a byva problém zvolit spravnou davku l1éCiva. Znaény vliv maji i
klimatické podminky nebo konstrukce uli. Dal§im omezenim je pouziti pouze
v bezplodovém obdobi pro zachovani deklarované Gcinnosti. Vyjimkou je kyselina
mravenci, ktera prostupuje i do zavickované bunky. Z té€chto duvodu je aplikace
slozit€j§i nez u syntetickych akaricidi a vyzaduje urCitou znalost biologie a
reprodukce roztoCe Varroa (Rosenkranz et al., 2010).

Kyselina §tavelova pusobi na roztoCe dvojim zpusobem. Kromé kontaktni
toxicity, ktera poSkozuje zejména uUstni Ustroji, zvySuje také kyselina Stavelova
aktivitu vCel a tim podporuje grooming (Al Toufailia et al., 2015). Kyselina
Stavelova se nejCastéji aplikuje pokapem roztoku dihydratu kyseliny S§tavelové
v sachar6zovém roztoku v rizném pomeéru. Do kazdé ulicky obsazené vCelami se
injekeni stiikackou aplikuje 5 ml roztoku (Al Toufailia et al., 2015; Gregorc et al.,
2017; Papezikova et al., 2017). V ptipadé pouziti pokapu kyselinou Stavelovou ve
tftech oSetfeni v bezplodovém obdobi bylo dosazeno vysoké ucinnosti (99%),
v piitomnosti v¢eliho plodu vsak uc¢innost vyrazné klesa (39 a 52%) (Gregorc and
Planinc, 2001). V teplejSich podminkach, kdy vcely nezimuji v choméci, ale jsou
spiSe rozvolnéné, bylo stejnou metodou ve Ctyfech oSetfenich v zimnim obdobi
dosazeno ucinnosti 90-100%. V letnich mésicich vSak byla U¢innost minimalni
(21%) (Gregorc et al., 2017). Dalsi zpusoby aplikace jsou postiikem na jednotlivé
ramky, nebo sublimaci. Tyto dva postupy se jevi v porovnani v zimnim bezplodovém
obdobi jako ucinngjsi, zejména sublimace, u které pro zachovani vysoké ucinnosti
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staci nizsi davka nez v piipadé ostatnich zptisobu aplikace (Al Toufailia et al., 2015).
Pro vcely se sublimace jevi jako bezpecné oSetfeni (Al Toufailia et al., 2015;
Papezikova et al., 2017) na rozdil od pokapu, postiiku, nebo oralni aplikace, jez
vykazuji kontroverzni vysledky (Ebert et al., 2007; Gregorc and Skerl, 2007;
Hernandez et al., 2007; Schneider et al.,, 2012; Toomemaa et al., 2010). Davka
kyseliny §tavelové vyuzivana v praxi je vSak niz§i nez ve vySe uvedenych studiich,
cca 70 ug na vcelu (Charriére and Imdorf, 2002), coz je mnohem méné nez
stanovena LDjo (176,68 ug) (Aliano et al., 2006). Zajimavé vysledky pifinasi novy
typ aplikace rozpusténi dihydratu kyseliny stavelové v glycerinu aplikované na
celulozovy nosic. Takto aplikovana kyselina stavelova ma dlouhodoby tcinek (az 42
dni) a proto 1 vysokou ucinnost za pritomnosti plodu (93,1%) (Maggi et al., 2016).
Jind studie vSak ukazuje ucinnost nizsi (78,7%) a zaroven vyssi mortalitu vcel
(Sabahi et al., 2020).

Kyselina mravenci je vyjimecna tim, ze pusobi jak na roztoce ve foretické
fazi, tak 1 na roztocCe reprodukujici se v zavickovanych burnkach (Pietropaoli and
Formato, 2019; Rosenkranz et al., 2010). Pouziva se v riznych aplikatorech, jejichz
hlavnim cilem je jeji rovnomérné uvolilovani. Za vysokych teplot se pfirozené
odpafuje velmi rychle a pasobi toxicky i na vcely, vCeli plod a zejména na vajicka
(Giusti et al., 2017). Naopak za chladnych dni se odpafuje velmi pomalu a
nedosahuje pozadovaného efektu na roztoce. Idealni venkovni teplota pro ucinné
oSetfeni kyselinou mravenci je 15 — 30 °C. Jednou z moznosti jsou gelové nosice
(Varterminator, MAQS), které¢ se umistuji nad plodové ramky. Druhou moznost
predstavuji celulozové nosiCe, které jsou nasyceny kyselinou a dochazi k jejimu
odparu. Pfi vhodném pouziti maji obé formy aplikaci vysokou ucinnost (57-99%)
(Giusti et al., 2017; Pietropaoli and Formato, 2019, 2018; Satta et al., 2005).

Kyselina mléCna se pouziva nejCastéji postiikem 15% vodniho roztoku na
ramky obsednuté vCelami. Z kazdé strany se aplikuje Sml. Pouziti kyseliny mlécné je
vhodné v obdobi bez plodu. Za téchto podminek bylo dosazeno vysoké ucinnosti
(88-90%). Negativni vliv na rozvoj vcelstva nebyl zaznamenan (Domatskaya and
Domatsky, 2020). Tato metoda je vSak vhodna spiSe pro mala vcelstva, jako jsou
oddélky, smetence, nebo roje, protoze je vice Casové naro¢na (Rosenkranz et al.,
2010). AvSak za pritomnosti plodu ve vcelstvu v pfimém porovnani téchto tfi
organickych kyselin byla kyselina mlécnd nejméné ucinna, a to jak na podzim (54-
88%) tak 1 na jare (8%) (Girisgin and Aydin, 2010).
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Mechanické metody kontroly

V posledni dobé jsou také hojné vyuzivané mechanické metody kontroly.
Mezi n€ patfi tzv. trapping comb method, kde se vyuziva akumulace roztoct
v zavickovanych plodovych burikach vcel, predevsim trubCich. Dale je nékolik
moznosti, jak s timto plodem nakladat. Trub¢i plod se mize bud’ odstranit (usmrtit)
(Calderone, 2005), umistit do jiného vcelstva, které se po jejich vylihnuti oSetii
syntetickymi akaricidy (Wantuch and Tarpy, 2009), pfipadné jesté zavickovany plod
oSetfit kyselinou mravenci, coz zamezi dalSimu Sifeni rozto¢h (Pietropaoli and
Formato, 2019, 2018). Také je mozné vyuziti trub¢iho plodu v lidské vyzivé jako
zdroje kvalitnich bilkovin (Lecocq et al., 2018; Ulmer et al., 2020), nebo vzhledem
k vysokému obsahu bioaktivnich latek (Silici, 2019) lze také vyuzit ve formé
homogenatu ve zdravotnictvi pro lécbu riznych nemoci a obtizi spojovanych
zejména s neplodnosti (Sidor and Dzugan, 2020). V zeméd¢lstvi je mozné vyuziti
homogenatu jako podptrného prostiedku pro hospodarska zvifata (Bolatovna et al.,
2015). Jina moznost je termické oSetieni pfi teploté 41-44°C po dobu 2-3 hodin ve
specializovanych boxech, a to jak délniciho, tak i1 trubciho plodu. Pii teploté 42-
43,7°C bylo dosazeno vysoké ucinnosti kontroly roztoce Varroa a dokonce i
prodlouzeni délky zivota vylihnutych véel z takto oSetfené¢ho plodu (Kablau et al.,
2020, 2019). AvSak krome vysoké pocatecni investice do termického boxu a vétSim
Casovym narokim na oSetieni patii mezi dalsi nevyhody riziko usmrceni casti plodu
(Kablau et al., 2019).

Jind metoda vyuziva posypu vcel praSkovym cukrem. Zajimavé vysledky
ukazaly laboratorni pokusy (Aliano and Ellis, 2005; Fakhimzadeh, 2001a), ale
v praxi je ucinnost nizka (Berry et al., 2012; A. M. Ellis et al., 2009; Haber et al.,
2019). Neucinny se zda byt i chov v€el na mensich buiikach (4,9 mm) v porovnani
s klasickym rozmérem (5,3 mm), které mély omezit prostor v buiice pro vyvoj
roztoCe, ptipadné urychlit vyvoj vCely (Berry et al., 2010; A. Ellis et al., 2009;
Seeley and Griffin, 2011).

Genetické metody kontroly

Mezi genetické metody patii Slechténi na Varroa senzitivni hygienu (VSH).
Ukazuje se, ze je mozné dale Slechtit vcelstva, ktera prezila plosné kolapsy
zpusobené varroozou. Tato vCelstva se 1épe vyporadaji s roztoCi odstranovanim
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napadeného plodu nebo groomingem. I pfes mnohé uspéchy vsak tato metoda
kontroly roztoCe ve vétSin€ piipadd stale neni dostateCna a i tato vCelstva je nutné
dfive nebo pozdé&ji osettit (Kirrane et al., 2018; Ward et al., 2008). Navic se ukazuje,
ze veelstva Slechténa na VSH mohou mit 1 niz§i produkci medu (Le Conte et al.,
2007).

Dalsi oblasti intenzivniho vyzkumu je vyuziti RNA interference (RNA1)
k regulaci cilovych genu roztoc¢e Varroa. Tato metoda vyuziva dvouvlaknovou RNA
(dsRNA), ktera je komplementarni k cilovému useku mediatorové RNA (mRNA). Po
vniknuti molekul dsRNA do organismu dojde k jejich rozstépeni na mensi useky,
tzv. siRNA, o délce 19 — 25 nukleotidl, které se navazi na komplementarni mRNA a
tim je degraduji, ¢imz zabrani genové expresi (Fire et al., 1998). Na stejném principu
funguje i pfirozena obrana vcel proti virim (Flenniken and Andino, 2013). Vétsinou
je zamérem pieruSeni syntézy dulezitych proteini cilového organismu, coz vede k
jeho uhynu. Pomoci této metody bylo dosazeno nékolika uspéSnych pokust
redukujicich pocty roztoCu, a to jak v in vitro podminkach (Campbell et al., 2016;
Huang et al., 2019), tak i v prostfedi Ulu (Garbian et al., 2012; Leonard et al., 2020).
Castice dsSRNA v3ak podléhaji pom&mé rychlému rozkladu, proto je ddlezité jejich
kontinualni podavani. Zpusob jejich doruceni do cilového mista se zachovanim
dostate¢né ucinnosti je znané problematicky a zavisi na vyvojovém stadiu jedince,
stabilité cilového genu, misté cilové tkané a dostatecné kvantité¢ dsSRNA (Yang et al.,
2018). Tyto latky se aplikuji do organismu vcel, odkud se dale §ifi do roztocu.
Jednou z moznosti jak tyto molekuly genetické informace dostat do organismu vcely
v dostateCném mnozstvi je napt. krmenim cukernym roztokem (Garbian et al., 2012),
nebo genetickou modifikaci symbiontnich bakterii zajis§tujicich produkci téchto
specifickych latek (Leonard et al., 2020). Tato metoda je vSak pro vyuziti v praxi
velmi nakladna a muze ovliviiovat i necilové useky genetické informace. Proto je
z hlediska bezpecnosti nezbytné, aby tyto dsRNA useky byly navrzeny tak, aby se
neshodovaly s jinymi necilovymi useky RNA vcely, ¢lovéka, ani dalSich organismi.
To je zatim velmi problematické a zejména u savcu, ale i u vCel, zptsobuje cizoroda
dsRNA nespecifické zmény genové exprese (Jarosch and Moritz, 2012; Nunes et al.,
2013). Dalsim omezenim muze byt dlouhodobou koevoluci vyvinuty obranny
mechanismus nékterych virt, ktery zpasobuje produkci specifickych latek

eliminujicich dsSRNA (Chen et al., 2014).
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K upravé genetické informace 1ze pouzit také metodu CRISPR — Cas9. Jde o
cilenou editaci genomu pifimo na molekule DNA. Takto lze vypnout celé geny,
ptipadné upravit jejich funkci. Na rozdil od RNAI je tato metoda trvala (Taning et
al., 2017). Na vcelach jiz byla uspésné aplikovana pfi modifikaci genu odpovédného
za produkci MRJP1 proteinu (Kohno et al., 2016), nebo pii snaze ovlivnit vyvoj
vajeCniki a tim diferenciaci kast mezi matkou a délnici (Roth et al., 2019).
V Evropské unii je vSak tato metoda omezena na vyuziti pouze v laboratofich,
protoze pro praktické vyuziti je stejné jako GMO legislativné regulovano (Taning et

al., 2017).

Biologické metody kontroly

Vyzkum probiha i v oblasti pfirozenych antagonisti roztoce Varroa, jako jsou
napt. viry (Zhang et al., 2007), bakterie (Sacca and Lodesani, 2020), dravi
pavoukovci (Rangel and Ward, 2018; Read et al., 2014) a entomopatogenni houby
(Meikle et al., 2012). Nejvétsi uspéch byl zaznamenan u entomopatogennich hub,
konkrétné Metarhizium anisopliae (Kanga et al., 2003), Beauveria bassiana (Garcia-
Fernandez et al., 2008; Meikle et al., 2008) nebo Verticillium lecanii (Shaw et al.,
2002). Zatim se vSak tento zpusob kontroly roztoce Varroa do bézné praxe nedostal,
protoze vykazuje vétSinou spise primérnou nebo nizsi uc¢innost (Romo-Chacon et al.,
2016; Sinia and Guzman-Novoa, 2018).

Nejvétsi potencial v soucasné dobé maji biopesticidy na bazi rostlinnych silic.
Tyto pfirodni latky se zdaji byt vhodnou alternativou k syntetickym akaricidim a
mohly by tak predstavovat zakladni sloZku integrované ochrany proti parazitim
(Pavela and Benelli, 2016; Perricone et al., 2015). Mnoho rostlinnych druht bylo
vyuzivano v mediciné dlouho pied objevenim mikrobl. Nasi predci empiricky
pozorovali 1éCivé uCinky nékterych rostlinnych druhd, dnes oznaCované jako
antimikrobialni efekt. Za tento efekt jsou zodpovédné rostlinné oleje obsahujici
tékavé substance ruznych bioaktivnich latek. Maji silné aroma a v rostliné zastavaji
ochranné funkce. Tyto rostlinné oleje jsou hojné vyuzivané i v dneSni dobé
k prevenci a 1éCbé riznych zazivacich a respira¢nich onemocnéni, pfevazné€ v podobé
¢aju, koreni nebo tradi¢niho 1écitelstvi. Navic nemaji zadné, nebo pouze minimum
vedlejsich ucinku. Z téchto diivodu jsou rostlinné oleje povazovany jako ekologicky

Setrné a bezpecné 1 v lidské vyzivé (GRAS status). I v souc¢asné dobé jsou stale
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ucinné, jelikoz nebyla zaznamenana zadna rezistence patogenti nebo paraziti
(Bakkali et al., 2008; KuzySinova et al., 2016; Li et al., 2019).

Rostlinné oleje obsahuji obecné fadu raznych chemickych latek, zejména
fenoly, terpeny a terpenoidy, z nichz nékteré mohou pusobit synergicky a maji velmi
Siroké spektrum ucinnosti (Li et al., 2019; Ramzi et al., 2017; Rios and Recio, 2005).
Kromé hlavnich komponent obsahuji rostlinné oleje velké mnozstvi dalSich latek
v nizkych koncentracich, které usnadfiuji penetraci bunék a fixaci na bunécné
membrany, ¢imz zvysuji celkovou ucinnost (Tak and Isman, 2017). Z tohoto divodu
je vznik rezistence u patogenu velmi nepravdépodobny. Tyto latky vznikaji v mnoha
aromatickych rostlinach jako sekundarni metabolity, kde slouzi primamné jako
antimikrobialni ochrana (Bakkali et al., 2008). Kromé toho se vyznamné podileji na
lakani opylovateld, a tim i zajisténi pohlavni reprodukce rostlin (Stevenson, 2020).
Pro komer¢ni vyuziti jsou rostlinné oleje ziskavany destilaci, lisovanim, nebo
extrakci ruznych casti aromatickych rostlin, zahrnujici listy, stonky, vétvicky,
semena, plody, kvéty, pupeny, kofeny, dievo, nebo kuru. Vysledkem je
koncentrovany roztok tékavych organickych komponent charakteristickych silnou
vuni (Ferrentino et al., 2020).

Jako pfirodni a snadno odbouratelné produkty nezanechavaji rostlinné oleje
zadna, nebo pouze minimalni rezidua, které nepiekracuji doporucené limity a velmi
rychle se odbouraji kompletné (Milano and Donnarumma, 2017; Serra Bonvehi et
al., 2016). Mohou tak byt vyuzivany i v ekologickém zemeédélstvi. Vyznacuji se
kontaktni toxicitou, repelentnim uc¢inkem, inhibuji reprodukci a pfijem potravy
(Bakkali et al., 2008; Regnault-Roger et al., 2012) a v nékterych piipadech mohou u
vCel stimulovat hygienické chovani a grooming (Abd El-Wahab et al., 2012).
Fenolické latky obsazené v rostlinnych olejich také zvysuji detoxikacni schopnost
vCel a snizuji jejich mortalitu pfi intoxikacich pesticidy (Hybl et al., 2021b).

Mnoho studii dokazuje inhibi¢ni ucinek rostlinnych oleji na vCeli patogeny a
parazity, zejména na A. apis (Ansari et al., 2017; Calderone et al., 1994; Chaimanee
et al., 2017; Chantawannakul et al., 2003; Gabriel et al., 2018), P. larvae (Calderone
et al., 1994; Chaimanee et al., 2017; Damiani et al., 2014), V. destructor (Ariana et
al., 2002; Conti et al., 2020; Damiani et al., 2009; Ramzi et al., 2017) a N. ceranae
(Borges et al., 2020; Bravo et al., 2017).

Utinnost rostlinnych olejii je mnohem vy$§ nez G&innost piirozenych
antagonisti Varroa (Romo-Chacon et al., 2016; Sinia and Guzman-Novoa, 2018),
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v neékterych piipadech i na urovni syntetickych akaricidi (Ramzi et al., 2017).
Naopak toxicita pro vcely je nizka, dokonce i v porovnani s hojn€ vyuzivanymi
organickymi kyselinami (Ebert et al., 2007; Sababhi et al., 2020).

Vysokou ucinnost vykazuje olej z rostlin rodu dobromysl (Origanum), jejichz
hlavni slozku tvoii carvacrol (Ariana et al., 2002). V kombinaci s tymidnovym
(Thymus satureioides) olejem chemotypu borneol ma srovnatelnou ucinnost se
syntetickymi akaricidy (flumethrin). Tato kombinace naznacuje synergicky ucinek
mezi carvacrolem a borneolem (Ramzi et al., 2017). Dalsi synergicky efekt byl
nalezen mezi oleji z maty, merliku a vaviinu (Aglagane et al., 2021). Kombinacemi
vhodnych oleji tak 1ze dosahnout vysoké ucinnosti i pii nizsi davce.

Jednou z nejvice ucinnych latek rostlinnych oleji je monoterpen tymol, ktery
se piirozené vyskytuje vtymidnovém oleji a v praxi se jiz vyuziva v nékolika
pfipravcich (Sabahi et al., 2020). Na roztoce pusobi neurotoxicky (Rattan, 2010).
Jeho GcCinnost je jako v pfipad€ vSech rostlinnych oleji zavisla na aplika¢ni formeé a
venkovni teploté. Pfi spravném pouziti je velmi vysoka, a to jak ve formé prasku
(96,6%), tak i v kombinaci s glycerinem (92,4%) (Sabahi et al., 2020). Pon¢kud
horsich vysledkt bylo dosazeno aplikaci tymolu ve formé gelu nebo celulozovych
nosict (Gregorc and Planinc, 2012). Jeho ucinnost je mozné navysit v kombinaci
s mechanickymi metodami na vice nez 98% (Cengiz, 2018). Tymol ma také pozitivni
ucinky na hygienické chovani vcel. Po jeho aplikaci byla prokdzana zvysena mira
odstrafiovani poskozeného plodu (Colin et al., 2019).

Z rostlinnych oleji a jejich komponent vSak patii tymol i mezi nejvice
toxické vaci veelam. Selekcni pomeér (selectivity ratio) mezi L.Csg na véelu (3,3 pg) a
LCsp na roztoce (2,6 ng) po 48 hodinach je velmi uzky a indikuje mozné problémy
pfi nepiesné aplikaci (Brasesco et al., 2017). Rostlinny olej z tymidnu mé toto
rozmezi Sir§i (LCso=11,9 pl, 3,02 pul), ale stale patii k nejvice toxickym olejim vici
vCelam (Damiani et al., 2009). Pouziti tymolu je tedy omezené a za vysokych
venkovnich teplot (27°C) mize vykazovat zvySenou mortalitu vcel (Gal et al., 1992).
I vnizké koncentraci (0,05%) zpusobuje zvySeni hladiny enzymu spojenych
s neurotransmisi a detoxikaci indikujici zvySenou potiebu detoxikace a chronicky
dopad na nervovou soustavu (Glavan et al., 2020).

Zajimavych vysledkt bylo dosaZzeno i s dal§imi rostlinnymi oleji. Napiiklad
LCsy levandulového oleje (Lavandula officinalis) byla po 48 hodinach (3,58 pul)
srovnatelna s tymianovym olejem a po 72 hodinach dokonce jesté ucinnégjsi (2,24 pl).
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Ke véelam je mnohem Setrnéjsi (LCso=>20 pl). Hlavni slozkou levandulového oleje
je lavandin (Damiani et al., 2009). Dalsi in vitro testy ukazuji vysokou ucinnost, ale
pouze bez piitomnosti v€el (Ariana et al., 2002). Vysokou ucinnost ma také olej
z rodu saturejka (Satureja), a to i pfi nizké koncentraci (Ariana et al., 2002).

Problém vsak predstavuje nestalé slozeni biologicky aktivnich latek, a to 1 ve
stejném rostlinném druhu. Toto slozeni je ovlivnéno Casti rostliny, ze které byl olej
ziskan, klimatickymi podminkami, pldnimi charakteristikami, vékem a vegetaCnim
cyklem rostlin a jejich genetickymi znaky. Kolisavé slozeni ucinnych latek ze
stejného rostlinného druhu zptusobuje znacné rozdily v Géinnosti a komplikuje
vyuziti rostlinnych oleji v praxi (Angioni et al., 2006; Masotti et al., 2003; Ramzi et
al., 2017; Tock et al., 2020).

2.4.2 Zvapenaténi véeliho plodu

Zvapenaténi vceliho plodu patfi mezi nejvice rozsifené onemocnéni vcel.
Toto onemocnéni je vyvolano heterotalickym houbovym patogenem Ascosphaera
apis (Maassen ex Claussen) (Spiltoir, 1955), ktery napada pouze vceli plod. Dospélé
vCely se nakazit nemohou, pomahaji vSak s rozSifovanim onemocnéni prenosem
spor, tzv. askospor (Ansari et al., 2017). Na rozdil od dalSich entomopatogennich hub
fadu Hypocreales vsak tyto askospory nemohou klicit na povrchu hostitele a musi
byt pfijimany oralné¢ (Mannino et al., 2019). Jakmile se askospory dostanou do
zazivaciho traktu vceli larvy spolu s pfirozenou potravou, rychle se aktivuji
vystavenim vyssi koncentrace CO, a za¢nou kli¢it (Heath and Gaze, 1987). Nasledné
prorazi peritrofickou membranu a prorostou celou larvou. Zpocatku infekce
nakazena larva prestane piijimat potravu, pozdé€ji opuchne a na jejim povrchu se
vytvoii husté bilé mycelium patogena. Nakonec se larva scvrkne do podoby
pfipominajici Sedou az Cernou nebo bilou kiidu, v zavislosti na pfitomnosti
reprodukénich struktur houby (Aronstein and Murray, 2010). V piipadé pfitomnosti
obou pohlavnich typa zaCne patogen produkovat velmi odolné spore cysts
(ascomata), ve kterych jsou chranéné nové askospory v kulovitych tutvarech zvanych
spore balls. Tyto spory jsou zivotaschopné po mnoho let (Bamford and Heath, 1989).
Takto usmrcené larvy vcéel se oznacuji jako zvapenatélé mumie (chalkbrood
mummies) a pifedstavuji typické prfiznaky tohoto onemocnéni (Aronstein and
Murray, 2010). Zvapenaténi vCeliho plodu je povazovano za onemocnéni vyvolané
stresem a vyskytuje se prevazné ve vlhkych a chladn&sich klimatickych
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podminkach, nebo v tlech slabsich vcelstev, ktera nejsou schopna udrzet optimalni
stalou teplotu 35°C pro chov plodu (Evison, 2015). Houba A. apis za této teploty
roste velmi pomalu a nepravidelné a preferuje rad¢ji teploty kolem 30°C (Mréz et al,
2021b). To je také jeden z divodud, pro¢ larvy stresované chladem jsou Ccastéji
napadeny timto patogenem (Vojvodic et al., 2011). Vhodnymi teplotnimi
podminkami a vlivem vyzivy na tohoto patogena se zabyva Mraz et al. (2021).

Celosvétove je vyskyt tohoto onemocnéni na vzestupu (Aronstein and
Murray, 2010), zejména pak v jithovychodni Asii (Chantawannakul et al., 2003; Li et
al., 2018), kde zpusobuje velké skody. Ve vétsin€ piipada vSak nezpisobuje thyny
celych vcelstev, ale podili se na jejich oslabeni a snizeni produktivity (Zaghloul et
al., 2005). Navic snizuje jejich imunitu, ¢imz se stavaji vice nachylna k dal§im
patogentim i kontaminantim zivotniho prostiedi (Hedtke et al., 2011).

Vzhledem k absenci terapeutického pfipravku uréeného k 1écbé zvapenaténi
vceliho plodu a zakazu pouzivani fungicidu k t€émto tcelim v mnoha statech, véetné
EU, je kontrola A. apis velmi obtizna (Guo et al., 2018). Pouzivaji se zejména
preventivni opatfeni jako je chov odolnéjSich vcelstev (Spivak and Reuter, 2001)
nebo je kladen diraz na sanitaci a spravnou vcelafskou praxi (Flores et al., 2005).
Z téchto duvodu je velky zajem o alternativni metody kontroly (Ansari et al., 2017),
z nichz nejvétSich uspéchu bylo dosazeno pomoci rostlinnych silic, napf. tymianoveé,

cedrové, hiebickové a skoficové (Mraz et al., 2019).

2.4.3 Mor vceliho plodu (MVP)

Mor vceliho plodu je onemocnéni zpusobené gram pozitivni tyCinkovitou
bakterii Paenibacillus larvae (White, 1906). Jedna se o fakultativné anaerobni
sporulyjici bakterii dorastajici délky 2,5-5 um. Spory o velikosti 0,-1,3 um jsou
velice odolné a mohou pfezivat i vice nez 35 let. Zaroveii jsou jedinou infekéni
formou bakterie a mohou infikovat pouze vceli plod (Hansen and Bredsgaard, 1999;
Hitchcock et al., 1979; Neuendorf et al., 2004). Nejvice nachylné jsou larvy ve stari
12-36 hodin od vylihnuti, které se snadno infikuji stravou obsahujici 1 malé mnozstvi
spor (Genersch et al., 2005). Starsi larvy ziskavaji stale vétsi odolnost, ktera je dana
také geneticky a dospélci se jiz nakazit nemohou. Vzhledem k velké odolnosti spor a
jejich schopnosti akumulovat se a prezivat v téle dospélct vsak tito jedinci Casto

slouzi jako prenaseci onemocnéni (Poppinga and Genersch, 2015).
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Patogeneze

Spory ve stievé larvy zacnou velmi rychle klicit, ¢imz se utvofi vegetativni
forma bakterie schopna pohybu a rozmnozovani. Tyto bakterie pravdépodobné
vyuzivaji pfijimanou potravu od larvy, protoze obsahuji enzymy podilejici se na
Stépeni nékterych sacharidi. To umoziuje rychly rist a rozvoj vedouci k zaplnéni
velké casti stieva larvy (Genersch, 2010b; Poppinga and Genersch, 2015) bez
vyznamného poskozeni epitelu (Yue et al., 2008). Nasledn¢ dochazi k priniku
bakterii pres peritrofickou membranu za pomoci aktivnich extracelularnich proteaz
(Antunez et al., 2009) a mechanického pohybu bakterii (Salyers and Whitt, 2002),
¢imz dojde k umrti larvy (Yue et al., 2008). Protedzy slouzi také k celkovému
rozkladu larvy na tzv. pfiskvar, coz je typicky pfiznak onemocnéni. Na rozdil od
bakterie Melissococcus plutonius, zpusobujici hnilobu vceliho plodu, lze tento
ptiSkvar odstranit jen velmi obtizné. Buriky s infikovanym plodem jsou ztmavlé,
propadlé a né€kdy prodéravélé po uniklém plynu, pfipadné muze dojit k vytlaceni
tekutiny na povrch vicka buiky. Dal§im typickym pfiznakem je mezerovitost plodu,
ktera vznika na zakladé hygienického chovani vc¢el odstrafiovanim uhynulych larev
(Hansen and Bredsgaard, 1999). P. larvae v rozkladajici se larvé zacne produkovat
spory umoziiujici snadné Sifeni onemocnéni. Mladé dospélé vcely Cistici butiky
s priskvary, které obsahuji az 2,5 bilionu spor, tyto spory roznaseji nejen ve své
kolonii, ale 1 mezi ostatnimi koloniemi v doletu vCel (Genersch, 2010b). Mor vceliho
plodu se Sifi velmi snadno i z kontaminovaného medu, pylu, vosku a vcelarského
vybaveni. Dalsi riziko mohou predstavovat ulétlé roje. Nekteré studie vSak toto
tudiz nepredstavuje infek¢ni tlak (Goodwin et al., 1994; Hornitzky et al., 1996).
Z téchto diivodi je onemocnéni mor vceliho plodu celosvétove rozsifené s vyjimkou
subsaharské Afriky a Indického subkontinentu (Hansen and Bredsgaard, 1999) a je
povazovano za jedno z nejvice infekcnich. Pfi jeho potvrzeni plati pfisna karanténni
opatfeni spolu s palenim vSech MVP pozitivnich vcelstev 1 suly a veSkerym

spalitelnym vybavenim, coz zpusobuje zna¢né ekonomické ztraty (Titéra, 2009).

Klasifikace
Onemocnéni mor a hniloba vceliho plodu bylo popsano jiz v roce 1769 pod
souhrnnym nazvem Foulbrood ale az v roce 1906 uspésnou kultivaci P. larvae (tehdy

jesté Bacillus larvae) doSlo k rozdéleni téchto onemocnéni, jak je zname nyni
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(White, 1906). Pozdéji byla z priskvard objevena podobna bakterie pojmenovana
Bacillus pulvifaciens (Katznelson, 1950). S pfichodem molekularé genetickych
metod doslo na zakladé odlisnosti k prefazeni téchto druhti do samostatného rodu
Paenibacillus (Ash et al., 1993). O 3 roky pozdéji doslo k dal§imu prefazeni a
vznikly dva poddruhy, P. larvae subs. larvae a P. larvae subs. pulvifaciens
(Heyndrickx et al., 1996). K zatim posledni klasifikaci doslo na zakladé zkoumani
genotypt pomoci ERIC (Enterobacterial repetitive intergenic consensus) primerd a
vysledkem bylo odstranéni poddruht a piijeti 4 genotypd (ERIC I — IV) stim, ze
pavodni poddruh P. larvae subs. larvae piedstavuje ERIV I a II, a poddruh P. larvae
subs. pulvifaciens predstavuje genotyp ERIC IIT a IV (Genersch et al., 2006).
Tab. ¢. 1 ERIC genotypy Paeniballus larvae (Genersch, 2010b)

Paenibacillus larvae

Genotyp ERICI ERIC IT ERIC III ERIC IV
Morfologie kolonii | nasedla oranzova oranzova naSedla
Poddruh P. l. subsp. | P.l subsp. | P.L subsp. P. l. subsp.

larvae larvae pulvifaciens pulvifaciens
LT100 12d 7d 7d 7d

Podle tabulky je zifejmé, ze na Grovni jedince jsou vice virulentni genotypy
ERIC II-1V, jelikoz usmrti larvu piiblizn€ za 7 dni, na rozdil od genotypu ERIC I,
ktery k tomu potiebuje primérné 12 dni (Genersch et al., 2006). Na urovni kolonie je
vSak virulence opacna, protoze larvy uhynulé jesté pred zavickovanim jsou snadno
rozpoznany a odstraniovany vcelami dfive, nez bakterie vysporuluji. Tim se
vyznamné snizuje infekéni tlak a zpomaluje prabéh onemocnéni. Naopak larvy
uhynulé v jiz zavickované buiice jsou pro vCely obtiznéjsi detekovat, ¢imz dochazi
k Castéjsi tvorbeé priskvara plnych infek¢nich spor (Evans and Spivak, 2010; Rauch et
al., 2009).

I pres vysokou infek¢nost onemocnéni zUstavaji nektera vcelstva v ohniscich
nakazy MVP prosta, nebo bez klinickych pfiznaki (Hansen and Bredsgaard, 1999).
Tyto rozdily jsou pravdépodobné zptuisobeny ruznou toleranci veelstev a jejich urovni
hygienického chovani. Velmi vyznamny faktor je i virulence kmene P. larvae nebo
napadeni vcelstva jinymi patogeny nebo parazity, zejména kleStikem vcelim. Proto
nelze jednoznacné urcit, jaké mnozstvi spor je nutné k vypuknuti onemocnéni.

V nékterych pripadech je 1 obtizné detekovat klinické priznaky, zejména
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v souvislosti rychlého odstraniovani uhynulych larev pfed vznikem pfiskvara

(Genersch, 2010b).

Prevence a kontrola MVP

Nejdulezit€jsi opatieni pro predchazeni onemocnéni je prevence, spocivajici
v kontrole plodovych ramka, casté obméné vceliho dila, dezinfekci nastavka a chovu
silnych a odolnych vcelstev (Titéra, 2009). Velkym rizikem je krmeni véel medem
nebo pylem neznamého puvodu. Existuji vSak i metody, které pomahaji odhalit
ptvodce onemocnéni o nekolik let dfive, nez se vyskytnou ve vcelstvu klinické
pfiznaky onemocnéni, napt. bakteriologické vySetieni z medu, nebo ze smésného
vzorku vcel (von der Ohe, 2003). V pripadé absence klinickych ptiznakl u vcelstev
se jeSté doporuuje metoda premeteni vcelstev na mezistény (Hansen and
Bradsgaard, 1999; Munawar et al., 2010).

V ptipadé potvrzeni klinickych pfiznaki dochazi k propuknuti onemocnéni.
V nékterych statech (USA, Kanada, Argentina) se k potlaCeni MVP, ale i preventivné
pouzivaji antibiotika, napt. oxytetracyklin hydrochlorid (OTC) a sulfathiazol.
Dlouhodobou expozici vS§ak muze vznikat rezistence. Tyto latky se navic pouzivaji i
k 1écbé bakterialnich nemoci u lidi, coz mlze v piipadé rezistence vést ke znatnym
problémum. Z téchto divodu je pouzivani antibiotik ve vCelstvech v mnoha statech
zakéazano (EU). Dalsi negativni efekt predstavuji rezidua hromadici se ve vcelich
produktech, kde ovliviiuyji jejich kvalitu a zdravotni nezavadnost. Tyto
kontaminované produkty predstavuji dalsi komplikace stalou expozici vici veelam,
na které muze pusobit chronicky, vyvolavat stres, negativné ovliviiovat vceli
mikrofloru a snizovat zivotaschopnost vcelich larev. Antibiotika vSak vcelstva od
moru véeliho plodu nevyléci, ale pouze utlumi klinické pfiznaky, protoze nepusobi
na odolné spory. Tim se zkresluje prubéh onemocnéni a po vysazeni antibiotik mor
veeliho plodu opét propukne. V Ceské republice je jediné povolené opatieni
zabrafiyjici Sifeni MVP zakonem natizené spaleni infikovanych vcelstev (Titéra,
2009).

Vzhledem k zakazu antibiotik ve vcelafstvi v EU je snaha o alternativni
pristupy 1é¢by a potlacovani MVP. Urcitého uspéchu jiz bylo dosazeno Slechténim
vCelstev na vysokou uroven hygienického chovani dospélych vcel a vyssi odolnosti
vceliho plodu. V principu jde o v€asné nalezeni a odstranéni napadeného plodu, ¢imz

se zabrani dalsi produkci spor a snizi se infek¢ni tlak (Rauch et al., 2009; Spivak and
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Reuter, 1998). Vliv na odolnost véeliho plodu maji také rizné vceli kasty i kvalita
stravy (Riessberger-Galle et al., 2001), kterad se méni v zavislosti na larvalnim vyvoji
(Wedenig et al., 2003). Dulezita je zejména vysoka diverzita pylu. Dale bylo
zjisténo, ze peptidova cast matefi kasicky inhibuje rist bakterie P. larvae (Bilikova
et al., 2001).

Dalsi z alternativnich metod kontroly MVP je biologicka ochrana zalozena na
pfirozené inhibici antagonistickymi bakteriemi. V tomto sméru se vSak zatim
nedosahlo uspokojivych vysledkt, nebot” P. larvae produkuje silna antibiotika, ktera
vyznamné omezuji prezivani dalSich druht bakterii (Evans and Armstrong, 2005).
Vhodngjsi se zda byt vyuziti bakteriofagli, coz jsou viry napadajici bakterie. Jiz bylo
vybrano nekolik bakteriofagh s pfiznivym ucinkem. Diky jejich uzké specializaci
neSkodi véelam a v pripadé absence hostitelské bakterie ze vcelstva samovolné
vymizi (Tsourkas, 2020).

Velky potencidl maji vtomto sméru zejména rostlinné silice, jejichz
antimikrobialni uc¢inek byl prokazan v laboratornich podminkach (Calderone et al.,
1994; Damiani et al., 2014). Velkou vyhodu rostlinnych silic pfedstavuje jejich
Siroky rozsah ucinku a moznost potlaeni n€kolika vcelich patogenti najednou,
vcetne klestika vCeliho (Ebert et al., 2007; Genersch, 2010a).

Zajimavy muze byt i netradiCni pfistup inspirovany pfirozenym chovanim
dvou organismd, které predstavuji vyznamné Sktdce ve vcelafstvi, a to bakterie P.
larvae a zavijeC voskovy (Galleria mellonella). Zavije€ voskovy je vyjimecny svoji
schopnosti rozkladat vceli vosk a dalsi, svou strukturou podobné, velmi stabilni latky
bohaté na alifatické uhlovodiky, jako jsou napfiklad plasty (Billen et al., 2020;
Bombelli et al., 2017; Kong et al., 2019). Diky tomu se v ptirodé podili na kolobéhu
zivin, plni hygienickou funkci a omezuje akumulaci a Sifeni patogent (Ellis et al.,
2013). Oba vySe uvedené organismy se tedy mohou v pfirodé beézné setkat.
Vzhledem k velmi vysoké odolnosti spor P. larvae je pravdépodobné, ze v piirodé
existuje néjaky mechanismus zabranujici jejich akumulaci a pfemnozeni. Nabizi se
tedy otazka, zda velmi specificky travici systém zavijeCe voskového dokaze narusit i

spory puvodce moru véeliho plodu. Timto tématem se zabyva Mraz et al. (2020).
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3 Hypotézy a cile

3.1 Hodnoceni vlivu a kvality opyleni na kvantitativni a kvalitativni

parametry vynosu zimolezu modrého

Citelny ubytek opylovateld v posledni dobé mize zpusobit znacné
komplikace péstitelam. Opylovani je proces nezbytny pro tvorbu plodd a u
hmyzosnubnych rostlin je tato Cinnost zajiStovana zejména hmyzimi opylovateli.
Proto se dil¢i ¢ast této prace zabyva také vlivem a kvalitou opyleni na kvantitativni a
kvalitativni parametry vynosu stale popularnéj$i plodiny zimolezu modrého
(Lonicera caerulea: Caprifoliaceae). Hlavnim cilem bylo zjistit, zda opylovani
pfirozenymi opylovateli zvySuje kvalitu a mnozstvi vyprodukovanych plodu
v porovnani s ruénim opylenim nebo variantou bez opyleni. Dal§im cilem bylo
porovnat druhovou rozmanitost a pocetnost vCel (Apoidea) pifimo na kvétech

zimolezu a v jeho okoli.

Hypotézy:

e Opylovani pfirozenymi opylovateli zvySuje kvalitu a mnozstvi
vyprodukovanych plodi.

3.2 Studium diverzity a pocetnosti v¢el v ruznych rezimech hospodaieni

Kontaminace pesticidy je v dnesSni krajiné téméf nevyhnutelna a negativné
ovliviluje diverzitu a pocetnost vCel a snizuje i kvalitu véelich produkti. Obecné
mezi lokality s nizkym, nebo zadnym obsahem rezidui pesticidi patii plochy
obhospodarované v ekologickém rezimu hospodateni. Proto je snaha mnozstvi téchto
ploch navysSovat. I pifesto je vSak procentudlni zastoupeni téchto ploch v krajiné
velmi nizké. Cilem bylo porovnat diverzitu a pocetnost vCel a dale kontaminacni
zatéz prostiedi rezidui pesticidd mezi lokalitami s ekologickym a konvencénim

rezimem hospodareni.

Hypotézy:

e Na lokalité s ekologickym rezimem hospodateni se vyskytuje vice druhti vcel
s vys$i poCetnosti v porovnani s lokalitou s konvenénim hospodatenim.
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e Na lokalit¢ sekologickym rezimem hospodafeni se vyskytuji rezidua
pesticidil v niz§i mife nez na lokalité s konvencnim rezimem hospodateni.

3.3 Studium vliva polyfenoli na schopnost detoxikace vcel
intoxikovanych pesticidem

Casto za $patny zdravotni stav véelstev a jejich zimni uhyny moZze i
nedostateCna strava s nizkou pylovou diverzitou casto vedouci az k monodieté s
nizkym obsahem fenolickych latek. To je zapfi¢inéno zejména zménou krajinné
struktury a managementem hospodareni. V Ceské krajiné prevazuji velké plochy
monokultur s minimem meziplodin, mezi, remizk, nebo i plevell, které predstavuji
dilezity zdroj pylu. Cilem tedy bylo zjistit vliv polyfenolt, které se bézné€ vyskytuji
v pylu rostlin, na schopnost detoxikace vcel a jejich délku zivota po intoxikaci

pesticidem.

Hypotézy:

e Vciely krmené stravou s piidavkem polyfenold maji vyssi aktivitu
detoxikacnich enzymad.
e Vcely krmené stravou s pridavkem polyfenolt prezivaji delsi dobu.

3.4 Hodnoceni diverzity a pocetnosti vybranych véelich patogenu
v riuznych typech habitati

Tato Cast prace se zabyva prevalenci vyznamnych patogent véely medonosné
na tzemi Ceské republiky v zavislosti na odlignych typech ekosystémi. Véeli
patogeny piedstavuji velky problém ve vcelafstvi, zejména v dnesni dobé&, kdy jsou
vcelstva Casto stresovana kontaminanty zivotniho prostfedi 1 podvyzivou, coz se
negativné projevuje na jejich imunité. Cilem bylo stanovit nej¢astéji se vyskytujici
patogeny véel v Ceské republice a zjistit jejich piipadny vliv na zimni ztraty
vcelstev. Dal§im cilem bylo ovéfit, zda maji ekosystémy s riznym stupném

antropogenni zatéze vliv na vyskyt a prevalenci téchto patogend.

Hypotézy:

e Ztestovanych patogentl se v Ceské republice vyskytuje nejcast&ji Nosema
ceranae.

e Nosema apis se v Ceské republice vyskytuje velmi malo nebo vibec.
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e Typ ekosystému ma vliv na vyskyt vCelich patogenu.
e Patogeny vcel ovliviiuji pfezimovani vcelstev.

3.5 Testovani novych a alternativnhich moznosti kontroly vybranych
vcelich patogenu pomoci rostlinnych silic

Nedilnou soucasti studie jsou nové a alternativni moznosti kontroly patogent,
které musi byt Setrné jak ke v€elam, tak 1 k ¢loveéku, nezanechavat rezidua ve vcelich
produktech a v neposledni fadé vykazovat vysokou ucinnost na cilové organismy.
Tyto parametry by mohly spliiovat urcité rostlinné silice, jejichz potencialni vyuziti
ve vcelafstvi, zejména ke kontrole parazitického roztoCe Varroa destructor a
entomopatogenni houby Ascosphaera apis, je hlavni naplni této prace. Velky diraz
je kladen na houbového patogena A. apis, u kterého byly nejdiive zkoumany vhodné
podminky pro rast a vyvoj a na zakladé toho probéhla optimalizace kultivace
v laboratornich podminkach. Cilem bylo ovéfit Casto pouzivana kultivaéni media a
zjistit jejich vliv na rast a reprodukéni parametry tohoto patogena. Nasledné byl
testovan fungicidni uc¢inek nekolika vybranych rostlinnych silic s cilem zjistit, zda
tyto silice maji fungicidni efekt. V ptipadé roztoCe V. destructor byl sledovan
akaricidni efekt rostlinnych silic a také jejich toxicita vici véele medonosné. Cilem
bylo ovéfit, zda maji nékteré z vybranych rostlinnych silic vétsi toxicky efekt na

roztoCe nez na vcely a zda by bylo mozné jejich vyuziti ve véelafské praxi.

Hypotézy:

e Vceli plod ma pozitivni vliv na rast a produkci reprodukénich struktur
entomopatogenni houby A. apis.

e N¢které z vybranych rostlinnych silic maji fungicidni nebo akaricidni efekt.

e Nekteré z vybranych rostlinnych silic maji vétsi toxicky efekt na roztoce nez
na vcely.

e Vyuziti rostlinnych silic ve véelarské praxi je teoreticky mozné.

3.6 Studium novych a alternativnich moznosti kontroly vybranych
vcelich patogenu pomoci travicich enzymu zavijece voskového

Zajimavy muze byt i netradiCni pfistup inspirovany piirozenym chovanim

dvou organismu, které predstavuji vyznamné Skidce ve vcCelafstvi, a to bakterie

Paenibacillus. larvae a zavije¢e voskového (Galleria mellonella). Zavije¢ voskovy je
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vyjimecny svoji schopnosti rozkladat vceli vosk a dalsi, svou strukturou podobné,
velmi stabilni latky bohaté na alifatické uhlovodiky, jako jsou napftiklad plasty. Diky
tomu se v piirodé podili na kolob&hu zivin, plni hygienickou funkci a omezuje
akumulaci a Sifeni patogent. Oba vySe uvedené organismy se tedy mohou v pfirodé
bézné setkat. Vzhledem k vysoké odolnosti spor P. larvae je pravdépodobné, ze v
ptirodé existuje mechanismus zabratniujici jejich akumulaci a pfemnozeni. Cilem tedy
bylo ovéfit, zda velmi specificky travici systém zavijeCe voskového dokaze narusit i

spory puvodce moru v¢eliho plodu.

Hypotézy:

e Travici systém zavijeCe voskového narusuje spory puvodce moru vceliho
plodu.
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4 Experimentalni ¢ast a vysledky

4.1 Hodnoceni vlivu a kvality opyleni na kvantitativni a kvalitativni
parametry vynosu zimolezu modrého

Vlivem opylovanim pfirozenymi opylovateli se zabyva prace Determination
of main pollinators of haskap (Lonicera caerulea: Caprifoliaceae) and the effect of
different controlled methods of pollination on fruit set (Hybl et al., 2022).
Upozortiuje na velky vyznam piirozenych opylovatela v zavislosti na kvalitativnich i
kvantitativnich parametrech vynosu. Ukdazalo se, ze vSechny testované variety
zimolezu mély lepsi vynosové parametry, vcetné rovnomérného dozravani, poctu
semen 1 jejich hmotnosti za volného opyleni pfirozenymi opylovateli v porovnani
s ruénim opylenim, a to jak samosprasné tak i pylem z jinych rostlin. U varianty bez
opyleni v izolaci v nékterych pripadech dokonce nedoslo ani k formovani semen. To
naznacuje silny entomofilni charakter zimolezu. Podobny vyznam ma vSak opyleni
pfirozenymi opylovateli i u mnoha dalSich ovocnych druhti rostlin.

V posledni dobé stale rychlejsi ubytek hmyzich opylovateli vede ke snaze
omezovani pesticidd, k ochrané zivotniho prostfedi a podpofe pfirozenych hmyzich
ekotypi. Jde zejména o vysevy kvétnatych past, zvySovani heterogenity krajiny
nebo zmény managementu zemédelského hospodarfeni, napt. tvorba jednosecnych
kvétnatych luk nebo vyuzivani meziplodin a thort. V nékterych oblastech je ale
situace tak vazna, ze se vyuziva ru¢niho opyleni ovocnych stromi a velké usili je
vénovano i konstrukci malych dront k podpofe opylovani. Tyto aktivity jsou vSak
velmi nakladné a efektivita opyleni nizka. Z téchto divodu je ochrana opylovatelt

nezbytna a méla by predstavovat jeden ze zakladnich pilifti moderniho zemédélstvi.

Publikacéni vystupy:

Hybl, M., Mraz, P., Vladek, A, Piidal, A., Polak, O., Sipo§, J. 2022.
Determination of main pollinators of haskap (Lonicera caerulea: Caprifoliaceae) and
the effect of different controlled methods of pollination on fruit set. Agriculture,

Ecosystems and Environment — under review.
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4.2 Studium diverzity a pocetnosti v¢el v riznych rezimech hospodareni

Kontaminacni zatéz prostiedi a diverzitu vCel v zavislosti na rizné intenzité
zemedélského hospodareni fesi prace Diversity of bees (Apoidea) and their pesticide
contamination in two different types of agricultural management (Hybl et al., 2020).
Hlavnim cilem bylo zjistit, zda se v krajiné obhospodafované Setrnéj§im zptisobem,
v tomto piipadé¢ plochy v ekologickém rezimu hospodateni, objevuje vyssi diverzita 1
pocetnost hmyzich opylovateli v porovnani s konvencnim zptusobem hospodateni,
ktery je v Ceské republice dominantni. Nejen Ze byla tato hypotéza prikazné
potvrzena, ale navic bylo v konvencné obhospodafované krajiné nalezeno vétsi
mnozstvi rezidui pesticidd. Oproti tomu na plochach v ekologickém rezimu
hospodareni nebyla nalezena zadna rezidua pesticidi. Pravé pritomnost rezidui
pesticidi ve vCelach by mohl byt jeden z hlavnich faktori ubytku pocetnosti i
diverzity opylovateld. Proto i kdyz je zpravidla ekologické zemédélstvi narocnéjsi
v mnoha aspektech a vynosy jsou Casto niz§i nez u konvencniho hospodafeni,
znacnou kompenzaci je Setrny pfistup k zivotnimu prostedi a jeho ochrana, coz ve
vysledku pozitivné ovliviiuje prosperitu jak hmyzich opylovateld, tak i pfirozenych
neptatel mnoha skidci zemédélskych plodin. Z tohoto uhlu pohledu je pouzivani
znaCnych mnozstvi agrochemikalii v konvenénim zemédélstvi dlouhodobé
neudrzitelné a je mnohem vice zadouci podporovat jiné systémy hospodafreni, jako je
napfiklad ekologické, integrované, ¢i precizni zemédélstvi, které kladou diraz na

udrzitelnost a Setrnost k zivotnimu prostiedi.

Publikacéni vystupy:
Hybl, M., Mraz, P., Sipos, J., 2020. Diversity of bees (Apoidea) and their
pesticide contamination in two different types of agricultural management, in:

MendelNet. Brno, pp. 216-221.

4.3 Studium vliva polyfenoli na schopnost detoxikace vcel
intoxikovanych pesticidem
Rezidua pesticidi jsou v dneSni dobé hojné diskutované téma. Jejich
odbouravani ze zivotniho prostiedi je casto velmi problematické a tak se s nimi vcely
setkavaji velmi Casto. Tato xenobiotika 1 ve velmi nizké koncentraci zatézuji

detoxikacni systém vcel a zpusobuji jim stres vedouci mimo jiné ke snizovani
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imunity a tim i zvySeni nachylnosti k pivodcim riznych onemocnéni. Podporou
detoxikace vCel od pesticidi se zabyva studie Polyphenols as Food Supplement
Improved Food Consumption and Longevity of Honey Bees (Apis mellifera)
Intoxicated by Pesticide Thiacloprid (Hybl et al., 2021b). Diaraz je kladen na
plnohodnotnou vyzivu v€el. K tomu je nezbytna pestra pylova sniska, ktera pokryje
potfebu vSech esencialnich aminokyselin a navic obsahuje latky fenolické povahy,
které jsou nezbytné pro spravnou funkci detoxikace. V provadéném experimentu se
ukazalo, ze tyto latky u vcel intoxikovanych pesticidem prodluzuji délku zivota.
Navic pusobi jako atraktanty, protoze zvySovaly piijem krmiva v¢elami. To mize byt
vysvétleno 1 zvySenou potiebou téchto latek pro detoxikaci, pfipadné podporu
imunity, nebo dalsi fyziologické pochody pro dokonceni plného vyvoje vcel. Pro
ucely pokusu byly totiz vybrany velmi mladé véely do 24 hodin stari, které jeste
nemaji vSechny obranné mechanismy plné funkéni. Pro jejich aktivaci je vyzadovan
pyl jako hlavni bilkovinna strava s vysokym obsahem polyfenolt. Z téchto davodi je
ztejmé, ze vysoka diverzita a dostatek pylovych zasob jsou pro véely nezbytné. Na
druhou stranu vSak nebyla prokazana zvysena aktivita detoxikacnich enzymu, jelikoz
vysledky nebyly presvédcivé. Genové exprese se mohou odehravat pouze v urcity
okamzik, ktery nemusel byt ve stanoveném casovém intervalu zachycen. Pro
presnéj§i vysledky by pravdépodobné bylo vhodné vybrat vice méteni v kratSich

casovych intervalech.

Publikacéni vystupy:

Hybl, M., Mraz, P., éipoé, J., Hogtickova, I, Bohata, A., Curn, V., Kopec, T.,
2021. Polyphenols as Food Supplement Improved Food Consumption and Longevity
of Honey Bees (Apis mellifera) Intoxicated by Pesticide Thiacloprid. Insects 12, 572.

4.4 Hodnoceni diverzity a pocetnosti vybranych v¢elich patogeni
v riuznych typech habitati
Vysoka uroven imunity vCel a jejich schopnost odolavat napadeni riznymi
patogeny je v soucasnosti velmi zddana a mnohé Slechtitelské programy cili pravé na
odolnost vcCelstev. Ta byla dfive upozad'ovana pfed mednym vynosem, mirnosti nebo
men$i rojivosti a dalSimi vlastnostmi, které ve vysledku mohou pravé odolnost

vCelstev snizovat. Tato situace vedla k Castéj§imu vyskytu a prevalenci vcelich
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patogent podilejicich se na plosnych kolapsech vcelstev. Vyskytem a prevalenci
v&elich patogent na tzemi Ceské republiky s ohledem na rizné typy ekosystému a
jejich vlivem na pfezimovani vcelstev se zabyva studie Screening of honey bee
pathogens in the Czech Republic and their prevalence in various habitats (Mraz et al
2021a). Ve studii byla sledovana pfitomnost velkého poctu bé€zné se vyskytujicich
vCelich patogent a parazitd, s vyjimkou roztoCe Varroa destructor, ktery je témer
vSudyptitomny. Vysledky naznacuji n€kolik zajimavych trendd. Jednim z nich je
dominantni vyskyt patogenu z Celedi Trypanosomatidae, konkrétn€ Lotmaria passim
a Crithidia mellificae. Tito parazité¢ byli v minulosti opomijeni, protoze jim nebyl
pfisuzovan negativni vliv na vcelstva. Nyni se vSak ukazuje, ze mohou pusobit
negativné¢ a zejména v ko-infekci s parazitickou mikrosporidii Nosema ceranae
pusobi velké skody. Pravé Nosema ceranae je druhy nejcastéji se vyskytujici patogen
na uzemi Ceské republiky, ktery diky svoji vyssi virulenci vytladuje, nebo jiz
kompletné vytlacil pavodni druh Nosema apis, jehoz pfitomnost nebyla nalezena
v zadném z 250 testovanych vcelstev. I presto, ze v piilozené studii nebyl prakazné
potvrzen vliv ko-infekce N. ceranae a paraziti z Celedi Trypanosomatidae na zimni
uhyny vcelstev, jejich alarmujici vysoky vyskyt predstavuje znacné riziko a vyzaduje
zvySenou pozornost jak odbornych pracovniki, tak i v¢elait. Dale bylo zjisténo, ze
nové formy viru deformovanych ktidel, konkrétné DWV-B a DWV-C se vyskytuji 1
v Ceské republice a maji prokazatelnd negativni vliv na zimni Ghyny véelstev.
Prevalence virt je obecné v podminkach Ceské republiky velmi vysoka. Alespoii
jeden virus byl detekovan v 74% testovanych vcelstev, ve vétsin€ pripada vsak bylo
nalezeno vird vice. Infestace viry je v posledni dobé dalsi velky problém ve
vcelafstvi a to zejména kvuli roztoCi V. destructor, ktery slouzi jako vektor virt a

umoziuje tak jejich snadné §ifeni.

Publikacéni vystupy:
Mraz, P., Hybl, M., Kopecky, M., Bohata, A., Hostickova, 1, éipo§, I,

Vocadlova, K., Curn, V. 2021. Screening of honey bee pathogens in the Czech

Republic and their prevalence in various habitats. Insects 12, 1051.
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4.5 Testovani novych a alternativnich moznosti kontroly vybranych
vcelich patogenu pomoci rostlinnych silic

V podminkach Ceské republiky je rozto¢ V. destructor nepivodni a véela
kranska, primarné chovana na nasem Gzemi, vic¢i nému nema vyvinuté pfirozené
obranné mechanismy. Proto se jedna o jednoho z nejvyznamnéjSich paraziti vcelstev
a je mu vénovana maximalni pozornost. VCelstva napadena roztocem V. destructor
jsou bézné oSetfovana syntetickymi akaricidy, jako jsou formamidin amitraz,
pyrethroidy tau-fluvalinat a flumethrin, nebo organofosfat kumafos. Tyto latky vSak
zanechavaji rezidua ve vcelich produktech, pasobi chronicky na vcely i vceli plod a
navic na v§echny tyto latky jiz byla objevena urcita mira rezistence. Z téchto divoda
je snaha o vyvoj alternativnich metod kontroly roztole Varroa, které musi byt
ucinné, bezpeéné pro vcely 1 vceli plod, nezanechavat rezidua, byt snadno
aplikovatelné a cenové dostupné. Vsechny tyto pozadavky by mohly spliiovat urcité
rostlinné silice, kterymi se zabyva studie Evaluating the Efficacy of 30 Different
Essential Oils against Varroa destructor and Honey Bee Workers (Apis mellifera)
(Hybl et al.,, 2021a). V prvni fazi hodnoti akaricidni ucinek vét§itho mnozstvi
rostlinnych silic. Ty nejucinnéjsi silice byly dale testovany spolecné se veelami v in
vitro podminkach a na zakladé vysledkd stanoveny hodnoty LDsy a vypocitano
selectivity ratio (pomér mezi LDsp na véely a na roztoCe). U rostlinnych silic
s nejvyssi hodnotou selectivity ratio bylo také stanoveno jejich slozeni a kvantita
jejich hlavnich slozek. Tyto silice, mezi které patfi naptiklad mata peprna, manuka,
dobromysl a vaviin kubébovy (litsea) maji velky potencial ve vyuziti ve vcelafské
praxi, jelikoz maji znaény akaricidni ucinek a zarovenl se jevi byt v testovanych
koncentracich bezpecné pro vcely. V dalSich fazich vyzkumu vsak bude nutné jesté
vyhodnotit toxicitu rostlinnych silic na vceli plod a také stanovit aplikac¢ni formy a
davky v poloprovoznich podminkach. Tento trend vyuzivajici latky na piirodni bazi
a omezeni syntetickych akaricidi je celosvétovy, ale zatim se nepodafilo vyvinout
spolehlivy a funkéni pfipravek. Na Balkan€, zejména v Bosné a Hercegoving je s
uspéchem znacné€ pouzivan produkt na bazi rostlinnych silic Herba strips, ale jako
hlavni uc¢innou latku obsahuje stale synteticky akaricid flumethrin. Podobny a stéale
obliben¢jsi produkt, kompletné bez syntetickych akaricidi je Ekopol pouzivany

v Rusku a ve statech vychodni Evropy, ale jeho tcinek je ¢asto kontroverzni.
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Rostlinné silice maji ¢asto 1 fungicidni efekt, kterého 1ze vyuzit k potlacovani
houbového patogena Ascospahera apis, ptipadné jako prevence propuknuti
onemocnéni zvapenaténi vcCeliho plodu, které tento patogen zpusobuje. Jeho
kultivaénimi podminkami a virulenci se zabyva studie The effect of artificial media
and temperature on the growth and development of the honey bee brood pathogen
Ascosphaera apis (Mraz et al., 2021b). Vysledky naznacuji, ze A. apis preferuje nizsi
nez pro vCeli plod optimalni teplotu a proto se Cast&ji vyskytuje ve slabSich
veelstvech, kde vCely nedokazi udrzet stalou teplotu. Tento patogen je Gzce spjat se
vCelim plodem a po jeho piidani do kultiva¢niho media, entomopatogenni houba A.
apis vykazovala vyrazné vys§i produkci reprodukénich struktur. Dale se c¢lanek
zabyva kompetici raznych kmend mezi sebou a nabizi mozné vysvétleni vzniku
mumifikovaného plodu bilé barvy, které dosud neni zcela objasnéno. VSechny tyto
poznatky zvySuji porozuméni o ristu a vyvoji A. apis v in vitro podminkach. Na
zaklade téchto vysledkt byl testovan fungicidni efekt vybranych rostlinnych silic.
Timto tématem se zabyvaji pfilozené publikace Inhibitory effect of selected botanical
compounds on the honey bee fungal pathogen Ascosphaera apis (Mraz et al., 2019) a
Antifungal activity of selected botanical compounds on Ascosphaera apis (Mréz et
al., 2022). Nejvétsi fungicidni aktivitu vykazovaly silice z tymianu, cedrového dreva,
hiebicku a skotice. Také bylo stanoveno jejich slozeni, coz pomohlo zjistit jednotlivé
ucinné latky. Na zéaklade tohoto vysledku vznikl piedpoklad, ze jednotlivé slozky ze
silic hiebicku a skofice pusobi synergicky, jelikoz tyto silice vykazovaly veétsi
fungicidni aktivitu nez jejich hlavni uc¢inné latky. Vysledky ztéchto publikaci
zabyvajicich se ufinkem rostlinnych silic jak na A. apis, tak i na V. destructor
naznacuji, ze vhodna kombinace oleji by mohla mit Siroky rozsah pasobeni, ¢imz by

bylo mozné redukovat vice patogent/paraziti najednou.

Publikacéni vystupy:

Mraz, P., Bohata, A., Hostickova, 1., Kopecky, M., Zabka, M., Hybl, M.,
Curn, V., 2019. Inhibitory effect of selected botanical compounds on the honey bee
fungal pathogen Ascosphaera apis. Proceedings of the MendelNet, Brno, Czech
Republic 6-7.

Mraz, P., Hybl, M., Kopecky, M., Bohata, A., Konopicka, J., Hostickova, I,
Konvalina, P., Sipog, J., Rost, M., Curn, V., 2021. The Effect of Artificial Media and
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Temperature on the Growth and Development of the Honey Bee Brood Pathogen
Ascosphaera apis. Biology 10, 431.

Mréz, P., Zabka, M., Hybl, M., Kopecky, M., Bohata, A., Tomcala, A., Curmn,
V. 2022. Antifungal activity of selected botanical compounds on Ascosphaera apis.
Industrial Crops and Products — under review.

Hybl, M., Bohata, A., Radsetoulalova, 1., Jelinkova, 1., Vanickova, A., Mraz,
P. 2021. Evaluating the efficacy of 30 different essential oils against Varroa
destructor and honey bee workers (Apis mellifera). Insects 12, 1045.

4.6 Studium novych a alternativnich mozZnosti kontroly vybranych
vcelich patogenu pomoci travicich enzymu zavijece voskového

Odlisny pristup byl zvolen ke kontrole ptivodce onemocnéni moru vceliho
plodu, kterym se zabyva studie Effect of the digestive proces of the Greater wax
moth (Galleria mellonella) on the causative agents of American Foulbrood
(Paenibacullus larvae) (Mraz et al., 2020). Konkrétné se jedna o vyuziti travicich
enzymu motyla zavijeCe voskového za ucelem poskozeni velmi odolnych spor
bakterie P. larvae. Tento motyl je ve vCelafstvi povazovan za Skadce, jelikoZ se zivi
na starSich vcelich plastech tzv. koSilkami (zbytky organické hmoty ze svlékani
larev), voskem a zasobami pylu. Vyjimecna je zejména jeho travici soustava, které
dokaze rozlozit 1 velmi stabilni latky, jako je napt. vceli vosk. Otazkou tedy bylo, zda
si poradi 1 se sporami bakterie P. larvae. V experimentu se larvy zavijece zivily na
voskovych mezisténach kontaminovanych touto bakterii. Nasledné byly larvy
usmrceny a jejich travici trakt rozdélen na 3 casti (pfedni, stfedni a zadni Cast).
Metodou PCR byla potvrzena ptitomnost patogena a kultivaéné pak byl stanoven
pocet kolonii v jednotlivych Castech. Zajimavé zjiSténi bylo, ze v zadni Casti se
nevyskytovaly zadné spory, zatimco v pfedni a stfedni ano. Nabizi se dvé mozna
vysvétleni. Vzhledem k mnoha zahybtim v travici soustavé a pomalé priichodnosti je
mozné, ze se velmi malé spory jesté nestihly dostat do zadnich ¢asti traktu. Druhym
vysvétlenim muaze byt znaény sporicidni efekt travicich enzymu, které nejen ze
zabrafiuji sporam vykli¢it (negativni kultivacni test), ale dokazi poskodit 1 jejich
genetickou informaci (negativni PCR test). Pro objasnéni jsou vSak nutné dalsi
experimenty. Travici enzymy zavijeCe voskového jsou zajimavé i1 z pohledu

mozného vyuziti pfi biologické degradaci plastické odpadni hmoty, ktera je za
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béznych podminek velmi pomald a predstavuje zavazny problém v odpadovém

hospodafstvi 1 ochrané krajiny.

Publikacéni vystupy:
Mraz, P., Hybl, M., Kopecky, M., Sipos, J., Ryba, S., Curn, V., 2020. Effect
of the digestive process of the Greater wax moth (Galleria mellonella) on the

causative agents of American Foulbrood (Paenibacillus larvae), in: MendelNet.

Brno, pp. 413—418.
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S Prilohy
Hodnoceni vlivu a kvality opyleni na kvantitativni a kvalitativni parametry vynosu
zimolezu modrého zahrnuje vysledky publikace ve formé rukopisu v recenznim
fizeni s nazvem:

e Determination of main pollinators of haskap (Lonicera caerulea: Caprifoliaceae) and the
effect of different controlled methods of pollination on fruit set.

Studium diverzity a pocetnosti v€el v raznych rezimech hospodafeni zahrnuje
vysledky recenzované publikace s ndzvem:

e Diversity of bees (Apoidea) and their pesticide contamination in two different types of
agricultural management.

Studium vlivu polyfenolti na schopnost detoxikace véel intoxikovanych pesticidem
zahrnuje vysledky publikované v impaktovaném casopise (Q1, IF = 2.8). Nazev
publikace:

e Polyphenols as Food Supplement Improved Food Consumption and Longevity of Honey
Bees (Apis mellifera) Intoxicated by Pesticide Thiacloprid.

Hodnoceni diverzity a pocetnosti vybranych vcelich patogent v raznych typech
habitati zahrnuje publikované v impaktovaném cCasopise (Q1, IF = 2.8). Nazev
publikace:

e Screening of honey bee pathogens in the Czech Republic and their prevalence in various
habitats

Testovani novych a alternativnich moznosti kontroly vybranych vcelich patogent
pomoci rostlinnych silic zahrnuje 1 recenzovanou publikaci (uvedena v databazi
WoS), 2 publikace v impaktovaném casopise (Q1, IF = 5,1; Q1, IF = 2,8) a 1 rukopis
v recenznim fizeni. Nazvy praci jsou:

e Inhibitory effect of selected botanical compounds on the honey bee fungal pathogen
Ascosphaera apis

e The effect of artificial media and temperature on the growth and development of the honey
bee brood pathogen Ascosphaera apis

e Evaluating the efficacy of 30 different essential oils against Varroa destructor and honey bee
workers (Apis mellifera)

e Antifungal activity of selected botanical compounds on Ascosphaera apis

Studium novych a alternativnich moznosti kontroly vybranych vcelich patogenu
pomoci travicich enzymu zavijeCe voskového zahrnuje vysledky 1 recenzované
publikace s nazvem:

e Effect of the digestive proces of the Greater wax moth (Galleria mellonella) on the causative
agents of American Foulbrood (Paenibacullus larvae)
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5.1

Determination of main pollinators of haskap (Lonicera caerulea:
Caprifoliaceae) and the effect of different controlled methods of

pollination on fruit set

Marian Hybl?, Petr Mraz®, Ales Vladek®, Antonin Pridal®, Ondrej Polak®, Jan Sipos™*
* Department of Zoology, Fisheries, Hydrobiology and Apiculture, Faculty of AgriSciences,
Mendel University in Brno, Zemedelska 1, 613 00 Brno, Czech Republic
b Department of Genetics and Agricultural Biotechnology, Faculty of Agriculture, University
of South Bohemia in Ceske Budejovice, Studentska 1668, 370 05 Ceske Budejovice, Czech
Republic
¢ Department of Crop Science, Breeding and Plant Medicine, Faculty of AgriSciences,
Mendel University in Brno, Zemedelska 1, 613 00 Brno, Czech Republic
* Corresponding authors at: Mendel University in Brno, Zemedelska 1, 613 00 Brno, Czech
Republic, email: jan.sipos@mendelu.cz
Abstract

The fruit set of haskap is dependent on optimal pollination. Thus, the focus of this
study was the effect of pollination in haskap (varieties Viola, Gerda and Sinnaja ptica). The
study aimed to verify the impact of different pollination methods on fruit harvest as well as
identify the main bee pollinators and compare their significance. The percent fruit set, fruit
weight, number of seeds per fruit and percent fruit set in time order were compared for four
treatments: free pollination, self-pollination, cross-pollination and no manipulation. In
general, the observed production parameters were better under the free pollination treatment.
As the cross-pollination method was unable to maximise the fruit set and improve other

production parameters, it is clear haskap has an entomophilous character. This proves that an
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obscure effect of pollinators on the effectivity of pollination in haskap exists. The results
regarding haskap bee pollinators suggest a preference by long-tongued bees belonging to
Bombus spp. and A. mellifera, despite the fact that short-tongued species of solitary bees were
dominant in the haskaps’ vicinity. Based on our results, Bombus spp. is the most suitable
pollinator in Central Europe conditions. Other experiments have to be conducted to further

clarify the reasons for low haskap productivity under isolation with cross-pollination.

Key words: honeysuckle, hand pollination, fruit set, pollinator, A. mellifera, Bombus spp.

1. Introduction

The growing human population is increasing demands on agricultural production
(Foley et al., 2011). There is concern regarding meeting the growing demand for food while
protecting ecosystems and biodiversity (Brussaard et al., 2010; Perfecto and Vandermeer,
2010). Thus, yields will have to increase in the future through either intensifying agriculture
or expanding agricultural land or by using a combination of both (Phalan et al., 2011). Given
the negative impact that agriculture has on biodiversity (Stoate et al., 2001), steps to increase
production need to be in line with sustainable development and the environment (Beddington,
2010; Moudry et al., 2018). One of the ways to increase crop production is to provide
cultivated crops with optimal pollination and thus maximise the quality and quantity of a yield

(Garratt et al., 2014).

Although the rate of increase in a yield is highly questionable in some cases due to the
great variability of varieties (Garratt et al., 2014; Stanley et al., 2013), even for crops and
varieties where a small or slight increase in yield is observed, the nutritional and seed quality
is improved significantly (Bjorkman, 1995). This can be of great economic importance to

farmers (Klatt et al., 2014). The optimal level of pollination can directly increase yields, as in
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the case of Vicia faba (Kopke and Nemecek, 2010), or the content of nutritionally and
economically important substances in the fruit, such as in the case of increasing the amount of
oil in the fruits of Brassica napus (Bommarco et al., 2012). Another factor that is often
directly affected by pollination is the shape of the fruit, as is the case with strawberries

(Zebrowska, 1998).

Lonicera caerulea var. kamtschatica is a slightly tall fruit shrub characterised by two-
flowered inflorescences (Bozek, 2012). The flowers are tubular up to 2.5 cm long with fused
ovary. The whole fruit is formed by the fusion of two berries (Frier et al., 2016a), forming a
co-formation that looks like one berry (Bozek, 2012). Another specific feature of honeysuckle
is tolerance to very low temperatures. The plant can withstand up to —40 °C, while flowers
can endure up to —8 °C (Rezniek and Sala§, 2004). That allows for very early flowering,
which usually lasts two to three weeks (Frier et al., 2016b). The ripening of the fruit also
occurs very early, in the temperate zone from the end of May to the beginning of June. The
shape of the fruit and the time of its harvest depend on the characteristics of the cultivar

(Bozek, 2012).

Haskap originated in the Northern Hemisphere, namely in Asia, Europe and America
(Frier et al., 2016a). However, it is spreading outside of this area as a result of its popularity,
which is mainly due to the tasty blueberry-like fruits and potential health benefits it offers
(Svarcova et al., 2007). Honeysuckle fruits are a valuable source of important nutrients (e.g.
anthocyanins, polyphenolic substances, vitamins and minerals) (Gazdik et al., 2008). Their
consumption can help to prevent many chronic diseases, including cancer, cardiovascular

disease and diabetes mellitus (Svarcova et al., 2007).

Honeysuckle is an attractive source of nectar and pollen for bees (Bozek, 2007; Bozek
and Wieniarska, 2006), which suggests its entomophilic demands. This is confirmed by the

specific composition of the fruit (double berry), the formation of which needs effective
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pollination of both flowers in the inflorescence, requiring specific pollinator behaviour
(Bozek, 2012; Frier et al., 2016a; Woodcock et al., 2013). This is typical for species

characterised by self-incompatibility and cross-pollination.

The self-incompatibility of honeysuckle has been confirmed by pollination
experiments under open and isolated conditions (Bozek, 2012), as well as cyto-
embryologically (Boyarskikh, 2017). For this reason, it is assumed that haskap requires cross-

pollination of two compatible varieties (Bors et al., 2012).

However, for a comprehensive experimental investigation of pollination requirements,
positive (pollinated) controls under isolation must be included in the experiment (Corbet et
al., 1991). In addition to the influence of insect pollinators, this will also reveal the effects of

foreign pollination and self-pollination, which have yet to be determined.

Solitary bees, Bombus spp. and honey bees are considered suitable pollinators for
honeysuckle (Bozek, 2007, Bozek and Wieniarska, 2000), with different pollinators having
different efficiencies in pollinating its flowers (Frier et al., 2016a). In the early spring, when
honeysuckle blooms, many pollinators are not yet active or able to pollinate at such low
temperatures (Frier et al., 2016a). In addition, changes in the composition of bee taxocenoses
occur due to different climates (Ottosen, 1987). Given that the relationships between
pollinators in connection with the pollination of honeysuckle have not been fully investigated
so far (Frier et al., 2016a), it is possible that some synergistic effect in pollination can exist
among different taxons of bees (Brittain et al., 2013). Thus, it is appropriate to identify

pollinators that are essential for pollination (Leung and Forrest, 2019).

The main objectives of this research are to (i) compare fruit yields (i.e. the number of
fruit, the average weight of fruit, the number of seeds per one fruit and ripening/harvesting

process) across different pollination methods (i.e. free pollination, self-pollination, cross-
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pollination and no manipulation), (ii) compare the composition of bee taxocenosis in the
haskaps’ vicinity with bee taxocenosis on haskap blossoms during the flowering period, (iii)
determine the richness and abundance of bee pollinators (Hymenoptera: Apiformes) and (iv)

assess their effectiveness and significance in pollination.
2. Material and methods
2.1. Locations

The experiment was conducted in the spring of 2018 in Zab&ce (South Moravian
Region, Czech Republic) on the experimental farm of Mendel University where black soils
are located. The locality is situated on a flat surface and has, on average, an altitude of 185 m
and precipitation of 380-550 mm. The average annual temperature is over 10 °C. In addition
to Zabéice, bee collections were also conducted in the foothills of the Bohemian-Moravian
Highlands in Pfibram in Moravia (South Moravian Region, Czech Republic) on the private
haskap orchard. Hilly surfaces with an altitude of 440 m, precipitation of 516-612 mm and
annual temperatures over 7.5 °C on average dominate this area. The last observed locality was
Lednice (South Moravian Region, Czech Republic) on the private haskap orchard. Flat
surfaces with an altitude of 173 m, precipitation of 328-519 mm and annual temperatures

over 10 °C on average dominate this area.
2.2 Pollination
2.2.1 Experiment design

Three varieties (Viola, Gerda and Sinnaja ptica) were chosen for this experiment. A
soft paintbrush was used for hand pollination. Monitored branches were isolated by a textile
net (organdy) to prevent insect pollination. The whole shrubs were covered by a plastic net

before the fruits ripened. The observed flowers were indicated by a rainproof marker. With
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respect to their compatibility, Tomichka and cultivar Prithonicky semena¢ (wild seedling)

were used for the pollination of the tested varieties (Boyarskikh, 2017).

The experiment was performed in accordance with the principles of Corbet et al.
(1991). The following treatments were used: a) free pollination (unlimited access to
pollinators), b) self-pollination (hand-pollination by pollen from own shrub, under isolation),
¢) cross-pollination (hand-pollination by pollen from compatible pollinisers, under isolation)

and d) no manipulation (without access to pollinators or manipulation, under isolation).

Each treatment (branches) and each variety (shrubs) consisted of three replications
(n=3). One hundred flowers on each branch were indicated by a waterproof marker and
included in the experiment. The blooming dates were as follows: 9. 4., 11. 4., 13. 4., 15. 4.,
17. 4., 19. 4. and 22. 4. (2018). The fruits was harvested on the following dates: 8. 5., 11. 5,

14.5.,16. 5., 18. 5. and 21. 5. (2018).
2.2.2 Evaluation of fruit yield

The percent fruit set was evaluated as a proportion of the number of created fruits and
monitored inflorescences. For every harvest, the number of fruits, average fruit weight, fruit

dimensions (width and length) and average number of seeds were assessed.
2.3 Pollinators
2.3.1 Determination of bees present in the haskaps’ vicinity

In order to explore the spectrum of bee species in the areas (Zabgice, Lednice and
Ptibram na Moravé€), Moericke traps were installed in and around the haskap culture. For
sampling, bees were collected by an entomoligic hand net in accordance with the Methods of

Insect Collection and Preparation (Upton et al., 2010).
2.4.2 Determination of bees at the haskap blossoms
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Species that pollinated the haskap were identified using by method of transect
sampling. Bee visits to haskap blossoms were assessed visually in three transects throughout

each field.

Bee visits to haskap flowers were recorded. The visits suggesting pollination were
visually observed in three repetitions on each locality once a week for three consecutive
weeks, which comprised the majority of the blooming period (Petersen et al., 2013). The
sampling of bees pollinating haskap was realised between 08:00 and 17:00 (when flowers
were open) during appropriate sunny weather. Pollination by bees was observed for a total of
10 minutes each by slowly walking around flowering bushes at 10:00, 12:00, 14:00 and 16:00

for each locality.

Assemblages of bees in the haskaps’ vicinity and at the haskap blossoms were
established for all sites together. Following this, the lists of species (including bee species and
families, their numbers and dominance) were established for both communities. From the
data, richness and abundance were established of both communities as well as the Shannon-

Weaver index and equitability.

The bee assemblages were divided into guilds (A. mellifera, bombus spp. and solitary

bees) and by tongue length (short-tongued bees and long-tongued bees).

The assemblages were compared with each other, and their similarities and attachment

were determined depending on the affiliation to the guild or the length of the tongue.

The number of flowers visited per minute by bee was determined for A. mellifera and
bombus spp. Individual bee was observed when visiting haskap flowers as long as possible.
The number of visited flowers were recorded. Assesement of pollinated flowers was

determined for all sites.
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The flower constancy of A. mellifera and Bombus spp. was measured by determining
pollen load composition. Several individuals belonging to A. mellifera and Bombus spp. were
captured directly at the haskap blossoms. Pollen loads were removed from the corbiculae and

stored dry in micro-centrifuge vials.

The pollen loads were put into 70% ethanol and shaken and mixed to disperse. The
mixture of pollen and ethanol was filtered through filter paper (Whatman 1, in a Buchner
funnel, subsequently dried and fixed on a microscope slide using fuchsine gelatine following
Dafni et al. [2005]) Pollen grains were recognised and quantified according to Von Der Ohe

et al. (2004).

2.3.3 Comparison of number of visited flowers per day between A. mellifera and Bombus

spp.

To calculate the average number of pollinated flowers (f-t), the following were
determined: the attendance rate of the monitored guilds, the average number of visits by one
bee per hour (a — n — v), of/1h = average number of pollinated flowers per hour by one bee,

the length of the working day (1-w —d) F.

For both A. mellifera and Bombus spp., the number of flowers visited per day was
determined for each site separately. Following this, the average was given. The number of

flowers visited per day was calculated as (f—t) = (a—n—v) x ¢f/Im x 60 x (1 - w — d).

2.4 Statistical analysis

The comparing of differences in species richness, abundance and assemblage structure
between the haskaps’ vicinity and the haskap blossoms was based on a repeated sampling
design. Therefore, Least-Squares Repeated Measures ANOVA with locality as a random
variable was used for this analysis. The Wilcoxon test was used to compare the number of

pollinated flowers per minute and the proportion of pollen in the pollen loads among bee
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guilds (A. mellifera and Bombus spp.). The differences in fruit yield parameters between
pollination treatments were statistically analysed with a one-way ANOVA, and a post-hoc
Tukey test was used to compare differences between pollination treatments. The percent fruit

set was transformed by arcsin (x) to improve normality.

To compare the assemblage composition between the haskaps’ vicinity and the haskap
blossoms, partial canonical correspondence analysis (pCCA) with locality as a covariable was
used. Bees were sampled sequentially along the growing season. Therefore, we maintained
the time autocorrelation of individual records using cyclic shifts. The abundances of each
species were transformed by a decimal logarithm. Randomisation was restricted by
randomising time records within each locality separately using cyclic shifts. The significance
of the canonical axis was tested with a restricted Monte Carlo permutation test for the time
series with 2,000 permutations. To describe how the ecological traits were distributed
between the haskaps’ vicinity and the haskap blossoms, community-weighted means (CWMs)
were calculated and passively displayed in an ordination diagram. CWMs were calculated as
the mean trait value for each sample weighted by the relative abundance of the species sharing
a given trait. The arrow direction in the ordination diagram indicates the occurrence of
dominant trait values in the assemblages. All ordination analyses were conducted by the

statistical software CANOCO, v. 5.

To reveal whether the species composition in the haskaps’ vicinity determined the
species assemblage at the haskap blossoms, we used co-correspondence analysis. This type of
analysis relates two correspondence analyses to maximise covariance among them (ter Braak
and Schaffers, 2004). Therefore, we were able to identify and test the patterns that were
common to species assemblage in the haskaps’ vicinity and at the haskap blossoms and also
weather haskap blossom assemblage were determined by bee assemblages in the haskaps’
vicinity.
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3. Results

3.1 Yield

Differences in the percent fruit set are depicted in Figure 1. The differences were
highly significant in the case of all tested varieties: Gerda (F3g =41.99; p < 0.001), Sinnaja
ptica (F33 = 18.88; p < 0.001) and Viola (F33=34.53; p <0.001). The significantly highest
production was found under free pollination for all three varieties (Tukey test, p < 0.05).
Significant change between isolation treatments in fruit production was not observed in the
varieties Gerda and Sinnaja ptica. However, significant difference between treatments in
isolation was observed in the case of the variety Viola, which reached the significantly highest

yield under the cross-pollination treatment.

a b b b a b b b a b c [
100% 1
80% -
S 60%
E
E o 40% -
=
I [
20% - 1
0% - L
Gerda Sinnaja Ptica Viola
Varietes
u free pollination » hand-cross hand-self no manipulation

Figure 1: Percent fruit sets according to variety and pollination method. The Tukey test
was used to determine differences in the fruit sets between particular pollination methods for
each variety. Error bars represent a 95% confidence interval. Significant differences (p <

0.05) among treatments are indicated by different letters.

The differences in the fruit weight were highly significant in the varieties Gerda

(F35=22.12; p <0.001) and Viola (F33=56.39; p <0.001), and the significantly heaviest
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fruits were recorded under free pollination treatment for both varieties (Tukey test, p < 0.05)
(Figure 2). The average fruit weight in the case of Viola under isolation was significantly
higher only with the cross-pollination treatment. In the case of Gerda, only treatment without
manipulation was significantly different from cross-pollination. Regarding Sinnaja ptica (Fs g
= 15.64; p < 0.001), heavier fruit was observed in the case of free pollination compared to
other treatments, but only in the cases of no manipulation and self-pollination were the

differences significant.
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Figure 2: Average weights of fruit according to variety and pollination method. The Tukey
test was used to determine differences in fruit weight between particular pollination methods
for each variety. Error bars represent a 95% confidence interval. Significant differences (p <

0.05) among treatments are indicated by different letters.

In regard to the number of seeds per fruit, significant differences were observed
between pollination methods. Figure 3 shows that the number of seeds was several times
higher under free pollination than under cross-pollination for all observed varieties. Higher
seed counts within isolated treatments have always been observed in cross-pollination, but

only in the cases of Gerda and Viola were the differences significant (Tukey test, p < 0.05).
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Compared to the self-pollination and no manipulation treatments, the average number of seeds
in the case of self-pollination was higher for all varieties. In the case of Sinaja ptica, no seed

formation was even observed in the no manipulation treatment.
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Figure 3: Average numbers of seeds per fruit according to variety and pollination method.
The Tukey test was used to determine differences in the number of seeds between particular
pollination methods for each variety. Error bars represent a 95% confidence interval.

Significant differences (p < 0.05) among treatments are indicated by different letters.

The free pollination treatment resulted in earlier harvesting for all varieties (Appendix
C). The highest harvesting intensity (i.e. the highest fruit set per harvest day) was achieved
under the free pollination treatment. The harvest tops came later (by about one harvest day)
under isolation compared to under free pollination and at the same time compared with these
three treatments. The duration of harvesting was about two to three days longer under the
isolated treatments.

3.2 Pollinators of haskap

3.2.1 Bees in the haskaps’ vicinity
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In the haskaps’ vicinity, a total of 49 species of bees from five families (Apidae,
Andrenidae, Colletidae, Halictidae and Megachilidae) were registered (Appendix A,
supplementary material). Within the taxonomical groups, the majority of the observed
individuals were solitary bees (82.14%), represented by Andrena flavipes (eudominant),
Andrena gravida (dominant) and Evylaeus malachurus (dominant). There were fewer
individuals observed in the case of A. mellifera (14.29%, eudominant), and there were even
fewer individuals belonging to Bombus spp. (3.57%; represented by five species, of which
Bobus terrestris was the only subdominant species). The remaining four species only occurred
subrecessively (Appendix A, supplementary material). In addition, significant difference was
observed regarding the proportion of long-tongued and short-tongued bees, with most bees
belonging to the latter group (75.89%) and less than a quarter belonging to the former group
(24.1%; see Figure 4).

3.2.2 Bees at the haskap blossoms

At the haskap blossoms, 21 species of bees from five families (Apidae, Andrenidae,
Colletidae, Halictidae and Megachilidae) were registered (Appendix B, supplementary
material). Within the functional groups, the majority of the observed individuals were A.
mellifera (65.66%, eudominant). A significant proportion of the bees involved in pollination
were Bombus spp. (23.99%), represented by nine species, of which the most abundant were
Pyrobombus pratorum (eudominant) and Bombus terrestris (dominant). The smallest
proportion of individuals consisted of solitary bees (10.35%), represented by 12 species, of
which only the most abundant species, Anthophora plumipes, was subdominant. The rest of
the solitary bees were even less represented (Appendix B, supplementary material). The
largest difference was observed in the proportion of long-tongued and short-tongued bees,
with the vast majority of bees falling under the former classification (96.97%) and only a

fraction falling under the latter (3.03%; see Figure 4).
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293 Figure 4: Barplots showing proportions of pollinator species among taxonomical groups.
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295  Figure 5: Value of Shannon-Weaver index and equitability for species assemblage in the
296  haskaps’ vicinity and at the haskap blossoms (left). Figure 6: Comparison of the percentages

297  of bee families between the haskaps’ vicinity and haskap blossoms (right).
298  3.2.3 Comparison of bee assemblage in the haskaps’ vicinity and at the haskap blossoms

299 Figure 4 shows the difference in the composition of the pollinator assemblage and
300 species richness in the haskaps’ vicinity and at the haskap blossoms (Figure 7). While the bee

301 assemblage in the haskaps’ vicinity had 49 species, the composition of pollinators of haskap
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blossom consisted of 21 species. We also observed differences in the proportions of bee
families, which were more balanced in the haskaps’ vicinity compared to the assemblage at
the haskap blossoms (Figures 5 and 6). Higher evenness in the abundance distribution across
species in the haskaps’ vicinity in comparison to at the haskap blossoms was also confirmed
by the measurements of the equitability index (Figure 5). Moreover, based on the analysis,
species diversity (Fjg= 18.06, p < 0.01) was significantly higher in the haskaps’ vicinity
compared to at the haskap blossoms (Figure 7). However, we did not find any significant

difference in regard to species abundance (Figure 8).
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Figure 7: Species richness (left). Figure 8: Comparison of species abundance (right) between
different places of catch. Least-Squares Repeated Measures ANOVA was used as a

significance test.

Based on the co-correspondence analysis, the species composition at the haskap
blossoms was significantly associated with the species in the haskaps’ vicinity (Figures 9 and
10) (test on first axis: lambda = 0.256, p < 0.01; test on all axes: trace = 0.347, p = 0.011).
While short-tongued bees (largely represented by solitary bees) were tied to the haskaps’

vicinity, long-tongued bees (represented primarily by Bumbus spp. and A. mellifera) were tied
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319  to the haskap blossom assemblage (Figure 11). The legend to Figures 9, 10 and 11 is in

320 Appendix D.
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322 Figure 9: Diagrams of co-correspondence analysis showing species composition in the
323 haskaps’ vicinity (left). Figure 10: Diagrams of co-correspondence analysis showing species

324  composition at the haskap blossoms (right).

1.0

OsmiBicr
. '“ABombus spp/

PyrbPrat & il

MegbHort
A A

short-tongued Iu»;rll.u/uﬁf'ryl'\’"h MegbPasc

<7. AndrMint
L -~ IPauxp AndrFlav

soltary b

_."Haskap blossom

PyrbHypn
Bombl apd A Cebiciics
a.,

L@\ AndrVaga
AndrGrav fe.

Haskap vicinity ,dndrnors
Nomdl-lavd ‘,Vulm/.\‘m o

AndrCarn . -
NomdMoes pAndrNitd Along-longued
Andrl'uly AndyHaem . p AnthPlum

Xyleviol "4\

Apis mellifera

-1.0

325 -1.0 1.0
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329  3.2.4 Comparison of pollination effectivity between main haskap pollinators
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The speed rate of pollination varied considerably between A. mellifera and Bombus
spp. While individual A. mellifera visited an average of 7.53 flowers per minute, Bombus spp.
visited an average of 28.27 flowers per minute. The speed of work therefore significantly

differed in both groups (p < 0.001) (Figure 12).
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Figure 12: Number of pollinated flowers per minute (left). Figure 13: Proportion of lonicera

pollen in the pollen loads (right). The Wilcoxon test was used as a significance test.

Another factor that influenced the efficiency and significance of pollinators was the
proportion of pollen transmitted by the pollinator. In the case of A. mellifera (95.5%), a
significantly higher transmission of haskap pollen grains was not observed in comparison to
Bombus spp. (75.5%) (p = 0.7438) (Figure 13). Individuals of A. mellifera were observed
from about 09:00 to 16:00, so the length of their working day was set at an average of seven
hours. Bombus spp. were observed from 08:00 to 17:00, so the length of their working day
was set at nine hours. From all recorded flower visits at all habitats, the average number of
individuals visiting honeysuckle flowers per unit of time was calculated for A. mellifera and
Bombus spp. The average number of visits was higher in the case of A. mellifera compared to
Bombus spp. Nevertheless, the average number of flowers visited per hour per bee was many

times higher in the case of Bombus spp. Furthermore, the working day length was longer for
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Bombus spp. (nine hours) than for A. mellifera (seven hours). Considering these results,

Bombus spp. could participate in more flower visits even in smaller numbers (Table 1).

Table 1: Comparison of average number of visited flowers per day between A. mellifera and

Bombus spp.

A. mellifera a-—n-v 109.5
of/1m 7.53
l-w-d 7
f-v-d 346,305

Bombus spp. a—n-—v 28

of/Im 28.27
l-w—-d 9
f-v-d 427,442

Legend: a—n — v = average number of visits (one hour), ¢f/1m = average number of visited
flowers per minute per bee, | —w — d = length of working day, f — v —d = number of flowers

visited per day.

4. Discussion

The significantly highest percent fruit set was observed in all varieties of haskap under
free pollination. In contrast, percent fruit set under isolation conditions without manipulation
was three times lower for Viola and Gerda and even lower in the case of Sinnaja ptica. The
same trend was detected in regard to the weights of fruit. This is consistent with the results
obtained by Bozek (2012). Free pollination had the greatest effect on the number of seeds per
fruit. Regarding the varieties Gerda and Viola, the numbers of seeds per fruit were found to be
more than ten times higher under free pollination compared to under isolation conditions

without manipulation. In the case of Sinaja ptica under isolation and without manipulation,
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seed formation did not occur at all. This suggests a higher possible susceptibility of different
varieties to seed formation depending on insect pollination. This finding is in line with Bozek
(2012) and applies to other fruit species (Garratt et al., 2014). The positive effect of insect
pollinators is also undeniable with respect to uneven ripening, which leads to harvest
complications in the case of treatments under isolation. This pattern of optimal pollination
causing shorter harvest periods is known to also be the case for other crops (Racys and

Montviliene, 2005; Williams, 1985).

We observed that cross-pollination did not maximise the fruit set. This indicates that
there can be a ‘pollinator’ factor or factors that increase the efficiency of pollination. This is
reflected in all monitored yield parameters (fruit set, weight and number of seeds). There are
possible explanations: haskap flowers require a) greater amounts of pollen grains transported
on the stigma, which is ensured by a higher number of flower visits (Frier et al., 2016b; Rader
et al., 2009) and/or b) higher demands on the specificity of polliniser necessary to achieve
compatibility (Bors et al., 2012; Boyarskikh, 2017). These factors seem to be the main cause
of the differences in fruit and seed productivity between the cross-pollination and self-
pollination treatments. The differences in the fruit set, weight of fruit and number of seeds per

fruit were dependent on the variety.

We did not find any significant difference between the self-pollination and without
manipulation treatments in regard to the fruit set and weight of fruit. The same pattern was
observed concerning the number of seeds per fruit, with the exception of the case of Sinnaja
ptica, in which no seeds were created under treatment without manipulation. This suggests a
limited level of self-compatibility, which is in line with Bors et al. (2012). Flowers without
manipulation were pollinated by an expected internal process of self-transfer of their own
pollen grains from anther to stigma (Frier et al., 2016b). This self-fertilisation process likely

maximised fruit productivity by itself; therefore, the hand-transferred pollen grains inside of
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the same flower by paintbrush were surplus. However, there was a difference in the case of
cross-pollination compared with self-pollination in that the transfer of foreign pollen
increased fruit productivity, as previously discussed. To explain the low productivity of the
haskap in the case of the cross-pollination treatment, it would be appropriate to perform
further experiments.

A relatively high number of bee species was observed in the localities in the haskaps’
vicinity. Short-tongued species, represented mainly by individuals from the Andrenidae
family, comprised the majority of these bees. In contrast, the assemblage of bees observed at
the haskap blossoms was dominated by long-tongued bees that belonged mainly to the Apidae
family. Short-tongued bee species barely participated in pollination (Figure 7). This is also
reflected in the declining values of the Shannon-Weaver index and equitability, which are
significantly lower for the bee assemblages observed at the haskap blossoms than for the
apidofauna observed in the haskaps’ vicinity (Figure 8). Despite the species richness of the
bees pollinating haskap being significantly lower compared to the number of species
occurring in the haskaps’ vicinity, their abundance was not significantly reduced (see Figure
9). These results indicate a high competitive potential of long-tongued bees due to the deep
flowering corolla of haskap flowers (Hummer et al., 2012). This is supported by the fact that
haskap was originally a circumpolar species, meaning Bombus spp., the classical
representatives of long-tongued bees, are by far the best adapted pollinators (Kevan et al.,
1993). However, in conditions outside the Arctic and subarctic zones, A. mellifera also seem
to be another important pollinator of haskap, perhaps even the most abundant pollinator in
warmer conditions. This is in line with the findings of Frier et al. (2016a) and Olmstead

(2019).

Although the haskap-pollinating bee assemblage differed significantly from the bee

assemblage in the haskaps’ vicinity, the species composition of the haskap-pollinating
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assemblage was logically directly influenced by the bee assemblage in the haskaps’ vicinity.
Therefore, there were many species observed on haskap flowers that were also present in the
bee assemblages observed in the haskaps’ vicinity (Figure 10). However, the species common
to both assemblages differed significantly in abundance (Figure 7). A different trend was
observed in each assemblage: while short-tongued bee species represented by the solitary bee
guild were associated with the bee assemblages in the haskaps’ vicinity, long-tongued bee
species were linked with the bee assemblages at the haskap blossoms, particularly A. mellifera
and Bombus spp. (Figure 11). A similar trend was observed by Leung and Forrest (2019). The
nesting of various native species of solitary bees was observed in the haskap orchard, of
which only a few long-tongued species participated in pollination, with the vast majority of

the solitary bees preferring other food sources.

We also determined a difference among the main guilds of haskap pollinators (A.
mellifera and Bombus spp.) in regard to the number of flowers visited by an individual per
unit of time, pollen load composition (indicating the flower constancy of the guilds and
working day length (which is closely related to the number of potentially visited/pollinated
flowers per day). Based on this, we compared the effectiveness and importance of both guilds
for haskap pollination. While one A. mellifera worker visited an average of 7.5 flowers per
minute, the average Bombus spp. was able to visit almost four times more flowers in the same
amount of time (Figure 121). Although A. mellifera were expected to have a higher degree of
floroconstancy compared to Bombus spp. and thus a significantly higher proportion of
transported haskap pollen (i.e. a lower probability of contamination of stigma with pollen
from different plant species), this was not confirmed, and a high proportion of haskap pollen
was observed in both guilds (Figure 12r). Both guilds seemed to be extremely effective
compared to the Osmia lignaria (long-tongued solitary bees considered a natural pollinator of

haskap) mentioned in the study of Frier et al. (2016a), where the average pollen load was only
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5% of haskap pollen. After observing the activity of individuals belonging to the guilds of A.
mellifera and Bombus spp., the working day was set at two hours longer for Bombus spp.
This is due to the ability of bumblebees to function even at significantly lower temperatures

than A. mellifera can (Frier et al., 2016a; Lundberg, 1980).

The most numerous bee guild that participated in haskap pollination was A. mellifera,
which is consistent with Frier et al. (2016a) and Olmstead (2019). When calculating the
potentially visited/pollinated flowers per day, using the data obtained, however, it turned out
that despite the significantly higher involvement of A. mellifera, bumblebees were still able to
visit more flowers. This result reflects their ability to visit many flowers per unit of time and
the longer length of their working day. Frier et al. (2016a) further stated that bumblebees are
able to transfer more pollen to the stigma per visit to the haskap flower and thus ensure
complete fertilisation in a single visit, unlike A. mellifera, which have to visit the flower
several times for complete fertilisation. However, the sexual parts of the flowers are active for
several days, even in the case of pollination (Frier et al., 2016b), meaning there is a relatively

high probability that many flowers will be visited/pollinated more than once.

Some studies have assessed the suitability of pollinators by body size, which has a
crucial impact on circadian rhythms (Hoehn et al., 2008). In the present study, however, due
to the flower biology (length of the corolla and the long-term activity of the sex parts of the
flower), we focused on the suitability of pollinators according to the length of the tongue,
following the pattern of Fontaine et al. (2006). While Frier et al. (2016a) assumed that the
haskap uses a generalist pollination strategy to maximise the use of the limited number of
pollinators available in the spring based on the characteristics of the flower, we revealed that
in the relationship between plants and pollinators, haskap primarily employs long-tongued

generalist bees.
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To ensure optimal pollination, a supply of social bee species such as bumblebees and
A. mellifera, which are the most effective pollinators of haskap, is recommended. The benefits
of these species are their easy displaceability, numerous colonies and affordability. A supply
of commercially bred pollinators is particularly recommended when the community of native
pollinators is disturbed and there is a risk of reducing the fruit set (Hoehn et al., 2008; Klein et
al., 2007). Furthermore, these bees species are relatively more resistant against anthropogenic

changes in landscape (Hybl et al., 2020).

5. Conclusion

The harvest parameters of haskap (percent fruit set, fruit weight, number of seeds per
fruit and term and duration of harvest) were found to be most optimised under free pollination
compared to under other treatments, including cross-pollination. This proves that some

obscure effect of pollinators on the effectivity of the pollination process in haskap must exist.

Despite the dominant occurrence of short-tongued bee species belonging to solitary bees, the
pollination of haskap was almost exclusively due to long-tongued bee species, mainly
represented by Bombus spp. and A. mellifera. Thus, it can be assumed that the most important
bees for pollination and yield generation are social species of bees that are traded, great in

number and easily movable.

The most abundant bee species observed during the pollination of haskap was A.
mellifera. Although significantly fewer Bombus spp. were observed on the flowers, it is
assumed that they did more work in total than A. mellifera, mainly due to their higher work

efficiency and longer working day.

In warmer areas with sufficient density, A. mellifera can likely become the most
important pollinator of haskap. During a high flight, they can pollinate more flowers per day
than Bombus spp. (Frier et al., 2016a). This could be particularly valid in areas with strongly

reduced occurrences of wild pollinators (Hoehn et al., 2008).
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Abstract: The biodiversity and density of pollinators systematically and drastically decreases.
The intensification of agriculture, including a change in land use, increased chemistry and different farm
management are considered to be the main causes. In the study differences in land use, biodiversity
of apidofauna and chemical contamination of bees by pesticides was compared between the locations
with different management. While the locality in conventional regime of agriculture was characterized
by intensively farmed rapeseed field and main landscape matrix was formed by arable land,
at the locality in organic regime of agriculture was observed flowering strips and major landscape matrix
was formed by permanent grassland. At the locality in organic regime, a significantly higher richness
and abundance of bees were observed in comparison with the locality in conventional regime.
In addition, the analyses of bees from the locality in conventional regime revealed the presence
of residues of several pesticides. In contrast, at the locality in organic regime, analyses did not confirm
presence of any residues.

Key Words: biodiversity, pesticides, pollinators, contamination

INTRODUCTION

Apoidea are a diverse group comprising solitary, socially or kleptoparasitic species living
exclusively on pollen and nectar (Macek et al. 2010). The bee superfamily includes approximately
430 genera and about 16,000 species. The most important agricultural genera in the Czech Republic
includes bees (Apis), bumblebees (Bombus) and solitary bees, of which there are 6 genera and about
600 species in the Czech Republic (Straka et al. 2010). Bees are the most important pollinators
of agricultural crops and it is estimated that 30% of crop production depends on bee pollination (O'Toole
1993). In addition, many wild plants (estimated at 60-90%) are dependent on insect pollination, with
bees making the greatest contribution to pollination (Spivak et al. 2011). Except to improving
the qualitative and quantitative characteristics of agricultural production (especially vegetables, fruits
and seeds) (Vladek et al. 2018), bee activity also contributes significantly to wider plant biodiversity
and improved ecosystem equilibrium (Delaphane and Mayer 2000).

Thus, the decline in the diversity of wild pollinators and the massive collapses of A. mellifera
colonies are extremely worrying (Biesmeijer et al. 2006). This pollinator crisis is expected to continue
to have a far-reaching impact not only on agriculture and the related economy (Gallai et al. 2009),
but also on the species diversity of plants associated with them (Biesmeijer et al. 2006) and the overall
landscape character (Ricketts et al., 2008). The main factors contributing to the decline of native
pollinator species are landscape fragmentation, habitat loss, pesticide use (Cane and Tepedino 2001).
In addition to declining wild bee populations in recent years, there have also been severe losses
of A. mellifera colonies due to pests, diseases and especially pesticide pollution and malnutrition
(Matheson et al. 1996, Hybl et al. 2019).

Pesticide pollution in intensively farmed landscapes is a dangerous phenomenon because these
substances accumulate in vegetation, water and soil and cause damage to beneficial organisms such
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as bees (Porrini et al. 2002). In agricultural areas, A. mellifera colonies are commonly used
as bioindicators of environmental pollution. In addition to the state of the colony, chemical pollution
of the environment is detected by chemical analyses of bees and bee products, which tells us about
the state of the environment. This makes bees a generally accepted bioindicator (Balayiannis
and Balayiannis 2008).

The aim of the study is to verify the influence of the intensity of agricultural management
on the population of bees (Apoidea), to describe the differences in diversity, abundance, balance
and contamination of the bee community in differently managed agricultural localities.

MATERIAL AND METHODS

At both localities, measuring of biodiversity and abundance were done and chemical analyses
of bodies of bees (A. mellifera) caught at the entrance of hives located in close proximity to the localities
was performed.

Study areas

The locality in the ecological regime of agriculture was located near the village of Malonty.
The landscape matrix consisted mainly of permanent grasslands, which were also exclusively
in the ecological regime of farming. In addition to permanent grassland, there were a large number
of significant landscape elements and an inconsiderable part of landscape was occupied by forests.
However, the observation and collection of bees took place in flowery belts dividing the field, which
was also in mode of organic agriculture. A large part of the landscape was occupied by the development
of the village (Figure 1). The average slope of the site is 5 °, the average altitude is 680 meters. In recent
years, in addition to cereals, a significant number of clovers have been grown in the locality and its
surroundings, and flowering catch crops and buckwheat are also an integral part of sowing procedures,
which provide bees with a valuable source of food. The location in the conventional agricultural regime
was located near the town of Ceské Bud&jovice. The landscape matrix consisted mainly of arable land,
thus intensively cultivated areas on which most oilseed rape was grown. However, in the immediate
vicinity of the monitored locality, there were also more extensively used areas, mainly regularly mown
grasslands and commercial forests. There were also several other ecologically important areas
in the landscape (borders, draws, tree lines and others). Apart from that, the urban area is also represented
to a lesser extent (Figure 1). The monitored field had an area of 1.83 ha, a slope of 2 ° and an average
altitude of 520 meters. In recent years, almost only rape, corn, and wheat have been grown in the area.

Figure I Graph of land use in radius 1km in observed localities (locality in organic regime in left,
locality in conventional regime in right)

W Urban area m Urban area

7.9% 9.6%

6.1% .
| ° mForest M Forest
46.5%

31.1% Significant Significant
landscape 5.0% landscape
element element

B Permanent W Permanent
grassland grassland
Arable land Arable land

Sampling

Measurement of bee diversity and abundance was based on trapping in the Moericke traps.
The principle of the traps lies in the attractiveness of the yellow colour for the bees, which drown after
sitting on the surface. Traps were collected regularly every 14 days. Bee diversity was measured
throughout the flowering period of rapeseed at the locality in conventional regime. This period also
coincided with the flowering of the main blossoming species at the locality in organic regime.
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The material was then determined and classified into families and species. Based on this, the Shannon-
Weaver diversity index and equitability were calculated.

Analyses of pesticides

The workers of western honey bee (A. mellifera) used for pesticide contamination analyses were
obtained by capture at a time when the last chemical treatment at rapeseed field had already been
provided. On May 9, approximately 1,000 A. mellifera individuals were captured at the site
in the conventional agricultural regime, and approximately 1,000 A. mellifera individuals were also
captured at locality in organic farming regime on May 10. The analyses of contamination of bees were
performed by the State Research Institute in Prague. Methods used: SOP 10.58 (GC-ECD) and SOP
70.101 (HPLC-MS /MS). Using these methods, the presence and amount of pesticides and their residues
were detected.

Statistical analyses

Individual study plots were clustered within fields and each plot was repeatedly sampled over
time. Accordingly, due to nested design, the mixed effect model procedure was applied to data analysis.
The relationship between species richness and abundance as dependent variables and the agriculture
management as explanatory variable was separately evaluated by two linear mixed effect models
(LMMs) with Poisson error distribution and link function log. In the LMM model, particular plot was
used as random intercept effect and sample date as random slope effect. The significance
of the explanatory variables was then tested by Likelihood Ratio Test.

RESULTS

During the monitoring, a total of 310 individuals of bees belonging to 5 families representing
39 species of bees were observed (Figure 3 and 4). At the locality in organic regime, altogether
36 species of bees from 5 families (Apidae, Andrenidae, Colletidae, Halictidae and Megachilidae) were
observed. The most abundant group in terms of species and numbers were bees of the family
Andrenidae, which numbered 17 species, 147 individuals and accounted for 64.2% of all observed bees.
The most abundant species were Andreana cineraria (76 individuals, 33.2%), Andrena Bicolor
(30 individuals, 13.1%) and A. mellifera (27 individuals, 11.8%). However, compared to the abundance
of solitary bees, a small occurrence of bumblebees was found, including 2 species of Bombus terrestris
(4 individuals, 1.7%) and Bombus lucorum (1 individual, 0.4%). The least numerous family was
Megachilidaee represented by 2 species of bees, Chelostoma florisomne numbered only one individual,
Chelostoma rapunculi numbered 3, which together accounted for 1.7% of the total number of captured
individuals. In the locality in convetional regime were observed 20 species of bees from 3 families
(Apidae, Andrenidae and Halictidae) The most abundant group in terms of species and numbers were
bees from the Andrenidae family, which numbered 13 species, 50 individuals that accounted for
61.7% of all caught bees. However, the most abundant species was A. mellifera of the genus Apidae,
which represented 15 individuals and 18.5% of all bees collected. A significant proportion
of bumblebees were also found. Two species were captured, numbering a total of 10 individuals, most
of which were B. Terrestris and a smaller part of Bombus lapidarius, together accounting for
12.3%. The least numerous family was Haliactidae in which, despite the presence of 4 species, only
6 individuals were caught, which gave only 7.5% of the total number. The graphs show a difference
in the composition of the pollinator community in the both localities. In the ratio of occurrence
and richness of species, localities vary considerably. While the locality in organic agriculture has
5 families representing 36 species, the locality of conventional agriculture has only 3 families including
only 20 species. This corresponds to the value of Shannon-Weaver index and equitability, which is about
twice as high in the locality in organic regime, compared to the locality in conventional regime.
Similarly, in the case of the locality in organic regime, the species richness (x’= 4.5717, p = 0.0325)
and species abundance (y° = 13.313, p < 0.001) are significantly higher compared to the locality
in conventional regime (Figure 4).

The most significant difference between localities was in the presence of pesticides. At the locality
in convenctional agriculture, altogether 4 pesticides were detected (Table 2), all of them correspond with
pesticides applied on the rapeseed field (Table 1), except for carbendazim (which is a metabolite
of thiophanate methyl). In the other hand, at the locality in organic regime, no pesticides were found.
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Figure 2 Comparison of the percentage of bee families between different farming systems of over time
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Figure 3 Comparison of species and families richness between different farming systems (in left)
and value of Shannon-Weaver index and equitability (in right)
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Figure 4 Comparison of species abundance (in left) and species richness (in right) between different
farming systems
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Table 1 Pesticides used on rapeseed field at the locality in the conventional regime

Trade name of ap][))?itciltion Amount Active substances Function
Succesor 600 21.08.2015 1.83 1/ha pethoxamid 600 g/1 herbicide
Command 36CS 21.08. 2015 0.145 I/ha clomazone 360 g/1 herbicide
Groundet 21. 08. 2015 0.3 I/ha 732 g/l paraffin oil wetting agent
Metarex 26. 08. 2015 4 kg/ha metaldehyde 40 g/kg molluscicide
Garland forte 1.09. 2015 0.6 I/ha propaquizafop 100 g/l herbicide
Lynx 2.10.2015 0.95 I/ha tebuconazole 250h/1 fungicide
Nurelle D 4.4.2016 0.6 I/ha zl;;‘jfrﬁfl‘ﬁ nsgg gﬂ insecticide
Bariard 2.5.2016 0.3 I/ha thiacloprid 240 g/1 insecticide
Paroli 2.5.2016 3 /ha thl"pgigztif)ie{%l;/? gl fungicide
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Table 2 Detected pesticides in bee bodies captured at the locality in conventional regime of agriculture

Pesticide Amount (mg/kg)| Function |Toxicity| LD50 bee | Detected amount per 1 bee
thiophanate-methyl | 0.119 (£ 50 %) | fungicide | slight | >100 pg 0.0119ug
thiacloprid 0.114 (= 50 %) |insecticide| low 24 ug 0.0114pg
iprodione 0.084 (=50 %) | fungicide | slight | >100 ug 0.0084ug
carbendazim 0.067 (= 50 %) | fungicide | low 50 ug 0.0067ug
DISCUSSION

When comparing the localities, there is a clear difference in the composition of the pollinator
community. In the ratio of occurrence and richness of species, the localities differ considerably
(Figure 3 and 4). Higher species diversity and abundance of bees on the locality in the organic regime
of agriculture was probably caused by lower farming intensity, i.e., lower environmental chemistry,
but higher landscape heterogenity and higher diversity of cultivated plants, which is in agreement with
literature (Cane and Tepedino 2001, Porrini et al. 2002). This suggests that the ecological management
system is a much more suitable environment for apidofauna compared to the conventional way
of management, represented by the locality near Ceské Budgjovice. The results of the Shannon-Weaver
index and equitability point to a markedly higher equilibrium and stability of the pollinator community
in space and time (which is also evident from Figures 2 and 3). However, the higher proportion
of bumblebees (Bombus spp.) and A. mellifera in the locality in the conventional regime points
the ability of generalist bee species to some extent adapt to the anthropogenic environment to take
the place of more specialized pollinators and thus replace their pollination service, which
is in accordance with literature (Ghazoul 2005).

Although the determined amount of pesticide residues in bee bodies was very low, a negative
effect on bee populations cannot be ruled out (Blackuié¢re 2012), which can be difficult to detect at such
low doses (Lambin et al. 2001). Another potential risk, even with such low doses of pesticides,
is a possible synergistic effect (Iwasa et al. 2004). In addition to direct toxicity, persistent exposure
to pesticides at low doses can disrupt the bees' immune system, making it more susceptible to viral
infections to which bees are normally resistant (Di Prisco 2013). Last but not least, the question remains
as to the mortality of bees contaminated with a lethal dose and what was the concentration of pesticides
in such affected individuals. The presence of natural and semi-natural habitats (Carré et al. 2009)
certainly has another effect on the differences in diversity of pollinators in monitored localities, which
is again related to the degree of landscape intensification.

CONCLUSION

The locality in the regime of conventional agriculture was characterized by a lower richness
and abundance of bees. Furthermore, a lower number of specialists and, conversely, a higher number
of generalists were observed in comparison with the locality in the ecological regime of agriculture.

The bee population at the site in the conventional regime was contaminated with pesticides.
Residues of several pesticides were detected directly in bodies of bees, in contrast, in bees from
the locality in the regime of organic farming, no pesticide residues were detected.
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Simple Summary: Worldwide, mass losses of honey bee colonies are being observed more frequently.
Poor nutrition may cause honey bees to be more susceptible to pesticides and more vulnerable to
diseases, and as a direct result of this, honey bee colonies can collapse. Another cause of mass
bee colony collapse that is no less important is the use of pesticides. The level of toxicity of most
pesticides is greatly affected by nutrient uptake. In addition, the honey bee genome is known to be
specific for a significantly lower number of genes associated with detoxification compared with other
insect species. Intake of phenolic and flavonoid substances in food can lead to increased expression
of genes encoding detoxification enzymes in bees. Therefore, in this study, we evaluated in vitro the
effect of phenolic and flavonoid substances on bee mortality and food consumption in the case of
intoxication by pesticide thiacloprid. The results of this study showed a significant positive effect on
honey bee survival rate as well as increased food intake. In addition, the expression level of genes
encoding detoxification enzymes was determined.

Abstract: Malnutrition is one of the main problems related to the global mass collapse of honey bee
colonies, because in honey bees, malnutrition is associated with deterioration of the immune system
and increased pesticide susceptibility. Another important cause of mass bee colonies losses is the
use of pesticides. Therefore, the goal of this study was to verify the influence of polyphenols on
longevity, food consumption, and cytochrome P450 gene expression in worker bees intoxicated by
thiacloprid. The tests were carried out in vitro under artificial conditions (caged bees). A conclusively
lower mortality rate and, in parallel, a higher average food intake, were observed in intoxicated bees
treated using a mixture of phenolic acids and flavonoids compared to untreated intoxicated bees.
This was probably caused by increased detoxification capacity caused by increased expression level
of genes encoding the cytochrome P450 enzyme in the bees. Therefore, the addition of polyphenols
into bee nutrition is probably able to positively affect the detoxification capacity of bees, which is
often reduced by the impact of malnutrition resulting from degradation of the environment and
common beekeeping management.

Keywords: cage experiments; cytochrome P450; detoxification; food intake; mortality rate
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1. Introduction

One of the most worrying phenomena is the global mass losses of honey bee colonies,
including in Europe and the USA [1,2]. Along with diseases, nutrition stress and malnutri-
tion appears to be one of the main causes of bee mortality [3-5]. The healthy development
and survival of bee colonies depends to a large extent on the availability and quality of
nutrients in the environment [3,6]. However, the availability and diversity of bee food
resources are steadily declining due to the ever-increasing intensification of agriculture
and the associated changes in the landscape, leading to a decrease in environmental sus-
tainability [7]. As a result, there has been a decrease in the diversity of flowering plants,
and low species diversity of blooming plants means reduced availability and diversity
of macro- and microelements in bee nutrition [4,8], which, in the end, negatively affects
bee populations [7,9]. The lack of nutrients is also the result of inefficient beekeeping
practices; when replenishing winter supplies, bees are often provided only with a solution
of sugar and artificial pollen substitutes. These food supplements usually lack nutrients
that are naturally occurring in bees’ natural diets [10]. Consequently, bee colonies are not
provided with full-value nutrition [11]. Poor nutrition may cause greater susceptibility
to pesticides [12], more vulnerability to diseases [13], and, as a direct result of this, the
number of honey bee colonies may be decreasing [14].

Another cause of mass bee colony collapse that is no less important is the use
of pesticides [15,16], which can act synergistically with other pesticides [17] or with
pathogens [18,19]. The level of toxicity of most pesticides varies depending on many
factors, including the means of exposure, the age of the bees, the fitness of the colonies
or bee subspecies [20,21], and the optimal nutrient distribution [4,22]. In addition, the
degree of toxicity of different pesticides may vary depending on whether they are tested
on individual bees or on whole colonies. In vitro tests often show high pesticide toxicity
and associated negative effects on bees [17,18,23]; in contrast, entire colonies appear to
be relatively less susceptible to pesticides [24]. A similar trend can be observed in other
social bees such as bumblebees [25]. In a broader context, some bee species may even be
advantaged in anthropogenic areas such as agricultural land or urban areas [26]. However,
the results of the study by Alburaka et al. [27] suggest that, while neonicotinoids do not
directly affect the health and strength of bee colonies, they indirectly weaken bee health by
inducing physiological stress and increasing the burden of pathogens.

However, the bee genome is known to be specific for a significantly lower number of
genes associated with detoxification compared to other insect species. Where the honey
bee has only 46 genes encoding the cytochrome P450 enzyme, which is thought to be the
major enzyme responsible for detoxification, other insect species have around 80 or more
genes encoding the cytochrome P450 enzyme [28]. There are several honey bee cytochrome
P450 genes that have defined functions, including CYP9Q1, CYP9Q?2, and CYP9Q3. These
genes metabolize both natural and synthetic xenobiotics [29].

The intake of phenolic and flavonoid substances, which are commonly found in
honey and, to a greater extent, in pollen, via food can lead to an increased expression of
genes encoding cytochrome P450 enzyme in bees. The amount and proportion can vary
significantly depending on food sources [30]. Of these, the highest efficacies have been
observed for p-coumaric acid and quercetin [31]. The natural diet of bees usually contains a
large amount and great diversity of phenolic acids, flavonoids and their derivatives [32,33]
and it is their different amounts and proportions that influence the detoxifying effects [31].

The first goal of this study was to determine the real effect of phenolic acids and
flavonoids in vitro on the mortality of bees intoxicated by thiacloprid, one of the most
widely used neonicotinoids. The second aim was to determine the effect of phenolic
substances on the rate of food intake by bees; and the last target, although no less impor-
tant, was to determine the expression level of several genes potentially responsible for
detoxification via the enzyme cytochrome P450.
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2. Materials and Methods

The experiment was carried out at the beginning of the summer of 2019 in Brno (South
Moravia, Czech Republic)

2.1. Bees

The honey bees used in this study were obtained from the experimental apiary of
Mendel University in Brno. Honey bees from four colonies were used (one frame with
hatching bees per colony). The colonies were maintained following standard beekeeping
practices. In all the bee colonies, inseminated queens belonging to Apis mellifera carnica
were used. As a result, the genetic variability of bees in individual colonies was reduced so
that the average coefficient of relatedness between workers from one colony was r = 0.5.

The brood frames with hatching bees (one from each colony) were incubated at 35 oC
and 65-80% relative humidity for 12 h. This allowed bees of the same age 4= 12 h to be
obtained. Then the frames were brushed, and all bees were mixed together and divided
into four groups according to the treatment with three replications (three cages each). There
were 40 bees of the same age in each cage. The cages were maintained for 2 weeks in the
thermostat with conditions 30 oC and 65-70% relative humidity [34]. The bee mortality and
food consumption were noted down every day and dead bees were continuously removed
from the cages.

2.2. Chemicals

The sucrose solution consisted of 50% (w/v) sucrose and distilled water. A dosage of
thiacloprid was mixed with the sucrose solution in two different concentrations, 35 mL/L
or 70 mg/L, depending on the treatment [19].

The mixture of phenolic compounds consisted of 200 mg/kg of phenolic acids and
10 mg/kg of flavonoids in proportions based on the real concentrations found in common
honey [33]. The concentration of p-Coumaric acid was scaled up on the basis of Mao
et al. [30]. The final contain of phenolic compounds is in Table 1. The thiacloprid and
sucrose were purchased from Sigma Aldrich (Schnelldorf, BO, Germany), phenolic acids
and flavonoids were purchased from Alfa Aestar (Kandel, RP, Germany).

Table 1. Content of phenolic acids and flavonoids used in the phenolic mixture.

Phenolic Substance Classification Phenolic Substance Name Amount (%) Amount (mg/kg)
caffeic acid 10 20
benzoic acid 20 40
Phenolic acids gallic acid 7.5 15
ferulic acid 20 40
p-Coumaric acid 35 70
vanillic acid 7.5 15
rutin 25 25
Flavonoids quercetin 25 2.5
naringin 25 25
hesperidin 25 25

2.3. Design of the Experiment

The bees in cages were fed with two top feeders with scales (ad libitum) per cage,
enabling measurement of the daily food consumption. The rate of consumption of a
prequantified amount by a set number of live bees was evaluated over a set time period.
The experimental groups were set up as follows:

1.  Treatment TL—sucrose solution with a low dosage of Thiacloprid (35 mg/L).
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2. Treatment FTL—sucrose solution (50% w/v) with a mixture of phenolic compounds
and low dosage of Thiacloprid (35 mg/L).

3. Treatment TH—sucrose solution (50% w/v) with high dosage of Thiacloprid (70 mg/L).

4.  Treatment FTH—sucrose solution (50% w/v) with a mixture of phenolic compounds
and a high dosage of Thiacloprid (70 mg/L).

5. Treatment F—sucrose solution (50% w/v) and a mixture of phenolic compounds.

6.  Treatment C—sucrose solution (50% w/v).

2.4. RNA Isolation and RT-gPCR
Samples for studying gene expression were collected as a bulk of three bees and frozen

immediately in liquid nitrogen, and were stored at —80 oC. Total RNA was extracted using
the TRI Reagent (MRC, Montgomery, OH, USA) according to manufacturer’s instructions.
Contaminating DNA was removed using the DNA-freeTMKit (Ambion, supplied by Ther-
moFisher scientific, Loughborough, UK). BioSpec Nano (Shimadzu, Nakagyo-ku, Kyoto,
Japan) was used to quantify RNA (OD260) and to assess sufficient quality (OD260/280 ra-
tio and OD260/230 ratio). cDNA templates were prepared using a Standard Reverse
Transcription Protocol (Promega, Madison, W1, USA) and stored at —20 oC until use.

The RT-qPCR was performed on the QuantStudio™ 6 Flex Real-Time PCR System
(Applied Biosystems, supplied by ThermoFisher scientific, Loughborough, UK) using
Power SYBR® Green PCR Master Mix (Applied Biosystems, supplied by ThermoFisher
scientific, Loughborough, UK) in a 96-well reaction plate using parameters recommended

by the manufacturer (2 min at 50 «C, 10 min at 95 oC and 40 cycles of 155 95 oC, 1 min of
68 0C,15sat950C, 1 min at 60 oC and 15 s at 95 oC). The three replicates and no-template

controls were included. The specificity of amplification was determined by dissociation
curve analyses. A comparative threshold cycle method was applied to determine relative
concentrations of mRNA. The primers used are shown in Table 2. All the gene expression
levels were normalized to Am Rp49 gene expression, as a reference gene [35], and the
obtained data were normalized to Am Rp49 using the AACT method according to Livak,
Schmittgen [36].

Table 2. Primers for qPCR analysis.

Gene Sequences 5/-3/ Reference
F: TCGAGAAGTTTTTCCACCG
Cyp9ql R: CTCTTTCCTCCTCGATTG Mao et al. [37]
F: GATTATCGCCTATTATTA
Cyp9q2 R: GTTCTCCTTCCCTCTGAT Mao etal. [37]

F: AATGCGAGAAGTGTCGTCGA
R: AGCGGTTTCCAGAAGGATGT

F: CGTCATATGTTGCCAACTGGT
R: TTGAGCACGTTCAACAATGG

Cyp4gll Calla et al. [38]

AmRp49 Tesovnik et al. [39]

2.5. Data Analyses

The survival curves were fitted by the Kaplan-Meier method. On the basis of this
method, the survival probability for each tested treatment during 14 days of observation
was estimated [40]. The conclusive difference between each survival curve was evaluated
by log-rank test [41]. The log-rank test compares a monitored case number with the case
number that would have been expected under the null hypothesis (i.e., identical survival
curves). All data were analyzed using the R statistical program (R Core Team, 2017).

Daily food intake was analyzed using the statistical program Statistica 12. The effect
of fed substances on the rate of diet consumption was tested by the analysis of variance
procedure ANOVA (post hoc analysis using Tukey test), preceded by a normality test.
Statistical significance was tested at a level of significance o = 0.05.
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3. Results

The bee survival rate corresponding fed treatment is presented in Table 3 and Figure 1.
The FTH group exhibited a significantly lower mortality rate than group TH (p < 0.001),
but a higher mortality rate than the control groups C and F (p < 0.001 for both). Compara-
tively lower mortality rates were observed in the treatment FTL than in the treatment TL
(p < 0.001), although the mortality rate was higher than in the control group C (p = 0.03), but
no significant differences were observed in comparison with group F (p = 0.17). Addition-
ally, no significant differences were registered between control groups C and F (p = 0.44).
Significant differences were also observed between TH and C, TH and F, TL and C, and TL
and F (p < 0.001 in all cases).

Table 3. The results of the log-rank test, which was used to compare different treatment groups of
bees treated using various chemical substances.

Treatment Degrees of Freedom Chi-Square Statistic p-Value
TH/C 1 310 <0.001
TH/F 1 270 <0.001

FTH/TH 1 72 <0.001
FTH/C 1 62.9 <0.001
FTH/F 1 51.2 <0.001
FTL/TL 1 6 0.01

TL/C 1 57 0.01
FTL/C 1 4.6 0.03
FTL/F 1 1.8 0.17

F/C 1 0.6 0.44

<+ Treatment=C =+= Treatment=FTH -+ Treatment=TH

Treatments
= Treatment=F Treatment=FTL Treatment=TL
>\1.00' o "-5;5_12_;-_--#?--0'-—1-——#—1-_ —
= e + .ﬂ..-— -:— [ P—— ' ': {
9 0.951 +o - g
m -
0 = + _I
S - -
S 0.90+ =
T s 3=,
= 1 I
Z 0.851
5 | -
= i |
0.801 ' . . .
0 5 10 18
Days

Figure 1. The relationship between the bee mortality and the treatments over 14 days (Kaplan-
Maier survival analyses). Legend: TH—sucrose solution (50% w/v) with high dosage of Thiacloprid

(70 mg /L), FTH—sucrose solution (50% w/v) with a mixture of phenolic compounds and a high
dosage of Thiacloprid (70 mg/L), TL—sucrose solution with a low dosage of Thiacloprid (35 mg/L),
FTL—sucrose solution (50 w/v) with a mixture of phenolic compounds and low dosage of Thiacloprid
(35 mg/L), F—sucrose solution (50% w/v) and a mixture of phenolic compounds, C—sucrose solution
(50% w/v).

The food intake was dependent on the treatment (Figure 2). The amount of diet
consumed was higher in groups C and F than in any of the other groups, whereas the food
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consumption was higher in group F than in group C. In group FIL, higher food intake was
observed than in group TL. The same trend was observed in the case of the FTH and TH
groups. The lowest food consumption was observed in groups TH and TL.

45
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C F FTL FTH 7y & TH [] 25%-75%
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Figure 2. The daily average of the food intake per 1 bee over 14 days. Significant differences (p < 0.05)
in food consumption between treatments are indicated by different letters.

The expression of CYP9Q1 (Figure 3a), CYP9Q2 (Figure 3b), CYP9Q3 (Figure 3c) and
CYP4G11 (Figure 3d) genes was analyzed using RT-qPCR. Differences in gene expression
between the testing groups were not statistically significant. However, despite that, some
trends in the levels of expression were noted between the testing groups. The relative
expression of the CYP9Q1 gene decreased in bees fed with sucrose solution enriched by
phenolic compounds, irrespective of thiacloprid intoxification (F, FTL, FTH) in comparison
with the C group after 7 days of treatment. In bees from groups TL and TH, the relative
gene expression of this gene was comparable with its expression in the C group after 7 days.
After 14 days of treatment, the relative expression of CYP9Q1 was increased in bees from
group TH. In other groups, the relative gene expression of this gene was comparable with
its expression in the C group.

After 7 days of treatment, the relative expression of CYP9Q?2 in bees from groups F and
FTL was comparable with the C group. In groups FTH, TL and TH, it was slightly increased
in comparison with the C group. After 14 days of treatment, the relative expression of this
gene was increased in groups F, FTL and FTH. In groups TH and TL it was comparable
with group C.

The relative expression of CYP9Q3 was higher in the TL group after 7 days of treatment
and also in the FTH and TL groups after 14 days of treatment. In other groups, the relative
expression of this gene was comparable with group C.

After 7 days of treatment, the relative expression of the CYP4G11 gene was comparable
in bees fed with sucrose solution enriched by phenolic compounds regardless of whether
they were intoxicated with thiacloprid (F, FTL, FTH) and in bees from C group. In groups
TL and TH, it was increased in comparison with C. After 14 days of treatment, the relative
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expression of this gene was increased in the FTH, TL and TH groups in comparison to the
C group. In the F and FTL groups it was comparable with the C group.
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Figure 3. Cont.
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expression

Relative Cyp4gll gene

7 days 14 days

Figure 3. Relative expressions of four cytochrome P450 genes in bee workers depending on treatment
at the 7th and 14th days of the experiment. Error bars denote two technical replications of three
samples. (a) CYP9Q1 gene, (b)CYP9Q2 gene, (c) CYPIQ3 gene, (d) CYP4G11 genes.

4. Discussion

As expected, significantly higher mortality was observed in the treatment groups
containing thiaclopride (TL, TH) compared to thiacloprid-free groups (C, F). This is con-
sistent with the findings reported by Retschnig et al. [19]. However, Retschnig et al. [19]
observed significantly lower mortality levels in bees intoxicated with high doses of thia-
cloprid than those observed in this study (TH). This difference may be due to different
levels of sensitivity between bee subtaxons [20]. On the other hand, a low level of bee
mortality was observed in group F, which did not differ from group C, indicating the safety
of phenolic compounds for bees, which is in accordance with the results of Liao et al. [31].
Conversely, a statistically significant decrease was observed in the mortality rate of the
group FTL in comparison with group TL, as well as in FTH compared to TH, which was
probably caused by the increased detoxification capacity [30] and antioxidant activity [33]
of the experimental bees due to phenolic-enriched diets [31]. The fact that with the addition
of phenolic compounds (FTL), the mortality of intoxicated bees decreased significantly
compared to the TL group, but did not reach the same level as in non-intoxicated bees
(©), indicates the limited detoxification capacity in honey bees [28,42]. This trend was
even more pronounced in the groups with a high dose of thiacloprid. A very significant
reduction in mortality was observed with the addition of phenolic compounds (FTH) in
comparison with the group without phenolic compounds (TH), but losses were still higher
than in all other groups. The relationship between the experimental groups FIL, F and C
seems to be an interesting phenomenon. No statistically significant difference in mortality
was observed between the FTL and F groups, but there was a difference between the FTL
and C groups. This can be explained by the probable increase of metabolic load caused by
increased flavonoid levels [43].

The food consumption in the group containing phenolic compounds (F) was higher
than in the group fed only with sucrose solution (C). Similar results were obtained by
Porrini et al. [44]. They observed increased food intake when feeding bees with the
addition of essential oils that contained phenolic compounds as their main components.
Nevertheless, in their study, the rate of food consumption was lower in the control group,
as well as in the experimental groups, compared to our study. This difference was probably
caused by the difference in the carbohydrate concentration of the feed solution. A higher
concentration of sugars in the feed leads to lower feed consumption, and vice versa [45].
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On the other hand, in groups C and F, the food consumption rate was significantly higher
than the groups with the addition of pesticide (TL and TH). This is consistent with the
findings of Gregorc et al. [46] and Tosi et al. [47]. This was probably caused by increased
levels of stress as a result of the addition of pesticides in the food [45]. However, in the case
of intoxicated groups fed food enriched with phenolic compounds, the rate of food intake
was significantly increased compared with groups without phenolic compounds, both
in the case of low amounts of pesticide (FTL) and the case of high amounts of pesticide
(FTH). This trend may be explained by the increased detoxification capacity [30] and
antioxidant activity [33] caused by phenolic compounds in the food [31]. Differences in
food consumption between TL and TH were not observed, nor were they observed between
FTL and FTH. Therefore, the amount of pesticide in the food did not affect the level of
consumption, which is consistent with the results of Retschnig et al. [19].

The relative expression of CYP9Q1, CYP9Q2, CYP9Q3 and CYP4G11 genes was an-
alyzed using RT-qPCR. The cytochrome P450 enzyme group was chosen as the main
endpoint in the detoxification process because it is responsible for the activity of the detoxi-
fication pathways of neonicotinoids [17]. The gene expression of four genes responsible for
detoxication was analyzed after 7 and 14 days of treatment. In previous studies [30,37,48],
bees were fed once with pesticide at the beginning of the experiment, and then the mor-
tality and gene expression were analyzed in the first days after treatment. Conversely,
in this study, a long-term experiment with long-term exposition to the tested substances
was performed, with bees being fed continuously throughout the whole experiment. The
expression levels of detoxification genes are highly dependent on time after pesticide treat-
ment [49]. Therefore, the time of collection of genetic material could be the main reason
why differences in detoxification gene expressions between experimental groups were not
conclusive, and that the expression levels did not differ significantly between groups. Our
results suggest a trend in which the expression in the F, FTL and C groups was comparable,
and the gene expression in other intoxicated groups was increased. This could indicate that
increased expression probably took place at the beginning of experiment, and that in the
first days of bee sampling, the level of enzymes cytochrome P450 were already increased.
However, better explanation of this issue could be provided by quantification of expressed
protein. It would be suitable to carry out this investigation in future experiments.

Wheeler and Robinson [50] point out the problem that beekeepers use artificial bee
food for bees, which, however, usually does not contain certain ingredients with high
nutritional value and importance that are natural components of honey and pollen. Thus, it
is clear that in addition to macronutrients (carbohydrates and proteins), the bee diet should
also contain other elements (such as phenolic compounds) that have a conclusive impact
on their detoxification capacity [30,31]. Based on the results of this study, we suggest that
the addition of phenolic compounds to bee nutrition could to some extent increase the
detoxification capacity of bees [30,31], which is often reduced due to malnutrition caused
by degradation of the environment and the associated loss and contamination of food
resources, as well as factors related to routine beekeeping management [4,50]. In addition,
according to Mao et al. [29], some phenolic substances have an effect on the suppression of
ovarian development, suggesting that phenolic substances could be used in the future to
solve other problems in beekeeping practice.

5. Conclusions

Phenolic compounds, as natural components of the bee diet, have been demonstrated
to have a positive impact on the longevity of honey bees intoxicated by thiacloprid, as well
as their food intake.

The results of the experiments suggest that by adding phenolic substances to bee
nutrition, the risks associated with the intoxication of bees can be reduced.

The expression levels of detoxification genes alone, depending on the treatment, may not
be sufficient, and it is appropriate to support this with quantification of expressed proteins.

94



Insects 2021, 12,572 10 of 12

Author Contributions: Conceptualization, M.H.; Data curation, ].S. and LH.; Formal analysis, P.M,,
].S. and T.K,; Funding acquisition, V.C.and A.B. ; Investigation, P.M. and A.B.; Methodology, M.H. and
L.H.; Project administration, A.B. and T.K.; Supervision, V.C.; Validation, 18, Writing—original draft,
M.H,, PM,, LH. and TK. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Mendel University in Brno, grant number AF-IGA2019-1007
and Ministry of agriculture, grant number QK1910356.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The study did not report any data.

Acknowledgments: We thank Antonin Pr'idal (Department of Zoology, Fisheries, Hydrobiology and
Apiculture, Mendel University in Brno) for providing us with the used chemicals, the background of
the university apiary, and apicultural consultations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Aizen, M.A,; Garibaldi, L.A.; Cunningham, S.A.; Klein, A.M. How much does agriculture depend on pollinators? Lessons from
long-term trends in crop production. Ann. Bot. 2009, 103, 1579-1588. [CrossRef]

2. Stokstad, E. The Case of the Empty Hives. Science 2007, 316, 970-972. [CrossRef]

3. Brodschneider, R.; Crailsheim, K. Nutrition and Health in Honey Bees. Apidologie 2010, 41, 278-294. [CrossRef]

4. Di Pasquale, G.; Salignon, M.; Le Conte, Y., Belzunces, LP.; Decourtye, A.; Kretzschmar, A.; Suchail, S.; Brunet, J.-L.;
Alaux, C. Influence of Pollen Nutrition on Honey Bee Health: Do Pollen Quality and Diversity Matter? PLoS ONE 2013,
8, €72016. [CrossRef] [PubMed]

5. Sharpe, R]J.; Heyden, L.C. Honey Bee Colony Collapse Disorder Is Possibly Caused by a Dietary Pyrethrum Deficiency. Biosci.
Hypotheses 2009, 2, 439-440. [CrossRef]

6. Haydak, M.H. Honey Bee Nutrition. Annu. Rev. Entomol. 1970, 15, 143-156. [CrossRef]

7. Naug, D. Nutritional Stress Due to Habitat Loss May Explain Recent Honeybee Colony Collapses. Biol. Conserv. 2009,
142, 2369-2372. [CrossRef]

8. Johnson, R.M.; Ellis, M.D.; Mullin, C.A.; Frazier, M. Pesticides and Honey Bee Toxicity—USA. Apidologie 2010,
41, 312-331. [CrossRef]

9.  Decourtye, A.; Mader, E.; Desneux, N. Landscape Enhancement of Floral Resources for Honey Bees in Agro-Ecosystems. Apidologie
2010, 41, 264-277. [CrossRef]

10. Manning, R.; Rutkay, A.; Eaton, L.; Dell, B. Lipid-enhanced Pollen and Lipid-reduced Flour Diets and Their Effect on the
Longevity of Honey Bees (Apis mellifera L.). Aust. ]. Entomol. 2007, 46, 251-257. [CrossRef]

11. Hayes, ]., Jr.; Underwood, R.M.; Pettis, J. A Survey of Honey Bee Colony Losses in the US, Fall 2007 to Spring 2008. PLoS ONE
2008, 3, e4071.

12. Wahl, O.; Ulm, K. Influence of Pollen Feeding and Physiological Condition on Pesticide Sensitivity of the Honey Bee Apis mellifera
Carnica. Oecologia 1983, 59, 106-128. [CrossRef]

13. Alaux, C.; Ducloz, F; Crauser, D.; Le Conte, Y. Diet Effects on Honeybee Immunocompetence. Biol. Lett. 2010,
6, 562-565. [CrossRef] [PubMed]

14. Keller, I; Fluri, P; Imdorf, A. Pollen Nutrition and Colony Development in Honey Bees—Part II. Bee World 2005,
86, 27-34. [CrossRef]

15. Frazier, M.; Mullin, C.; Frazier, J.; Ashcraft, S. What Have Pesticides Got to Do with It? Am. Bee J. 2008, 148, 521-524.

16. Medrzycki, P.; Sgolastra, F.; Bortolotti, L.; Bogo, G.; Tosi, S.; Padovani, E.; Porrini, C.; Sabatini, A.G. Influence of Brood Rearing
Temperature on Honey Bee Development and Susceptibility to Poisoning by Pesticides. ]. Apic. Res. 2010, 49, 52-59. [CrossRef]

17. Iwasa, T.; Motoyama, N.; Ambrose, ].T.; Roe, RM. Mechanism for the Differential Toxicity of Neonicotinoid Insecticides in the
Honey Bee, Apis mellifera. Crop Prot. 2004, 23, 371-378. [CrossRef]

18.  Alaux, C.; Brunet, ].; Dussaubat, C.; Mondet, F.; Tchamitchan, S.; Cousin, M.; Brillard, J.; Baldy, A.; Belzunces, L.P.; Le Conte, Y.
Interactions between Nosema Microspores and a Neonicotinoid Weaken Honeybees (Apis mellifera). Environ. Microbiol. 2010,
12,774-782. [CrossRef]

19. Retschnig, G.; Neumann, P.; Williams, G.R. Thiacloprid—Nosema Ceranae Interactions in Honey Bees: Host Survivorship but Not
Parasite Reproduction Is Dependent on Pesticide Dose. J. Invertebr. Pathol. 2014, 118, 18-19. [CrossRef]

20. Suchail, S.; Guez, D.; Belzunces, L.P. Characteristics of Imidacloprid Toxicity in Two Apis mellifera Subspecies. Environ. Toxicol.
Chem. 2000, 19, 1901-1905. [CrossRef]

21. Nauen, R.; Ebbinghaus-Kintscher, U.; Schmuck, R. Toxicity and Nicotinic Acetylcholine Receptor Interaction of Imidacloprid and

Its Metabolites in Apis mellifera (Hymenoptera: Apidae). Pest Manag. Sci. 2001, 57, 577-586. [CrossRef]

95



Insects 2021, 12,572 11 of 12

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Wehling, M.; Ohe, W.; Brasse, D.; Forster, R. Colony Losses-Interactions of Plant Protection Products and Other Factors. Jul. Kiihn
Arch. 2009, 423, 153-154.

Grillone, G.; Laurino, D.; Manino, A.; Porporato, M. Toxicity of Thiametoxam on in vitro Reared Honey Bee Brood. Apidologie
2017, 48, 635-643. [CrossRef]

Osterman, J.; Wintermantel, D.; Locke, B.; Jonsson, O.; Semberg, E.; Onorati, P.; Forsgren, E.; Rosenkranz, P.; Rahbek-Pedersen, T.;
Bommarco, R. Clothianidin Seed-Treatment Has No Detectable Negative Impact on Honeybee Colonies and Their Pathogens.
Nat. Commun. 2019, 10, 1-13. [CrossRef] [PubMed]

Rundlof, M.; Lundin, O. Can Costs of Pesticide Exposure for Bumblebees Be Balanced by Benefits from a Mass-Flowering Crop?
Environ. Sci. Technol. 2019, 53, 14144-14151. [CrossRef]

Ghazoul, J. Buzziness as Usual? Questioning the Global Pollination Crisis. Trends Ecol. Evol. 2005,
20, 367-373. [CrossRef] [PubMed]

Alburaki, M.; Boutin, S.; Mercier, P.-L.; Loublier, Y.; Chagnon, M.; Derome, N. Neonicotinoid-Coated Zea Mays Seeds Indirectly
Affect Honeybee Performance and Pathogen Susceptibility in Field Trials. PLoS ONE 2015, 10, e0125790. [CrossRef]
Claudianos, C.; Ranson, H.; Johnson, R.; Biswas, S.; Schuler, M.; Berenbaum, M.; Feyereisen, R.; Oakeshott, ].G. A Deficit
of Detoxification Enzymes: Pesticide Sensitivity and Environmental Response in the Honeybee. Insect Mol. Biol. 2006,
15, 615-636. [CrossRef]

Mao, W.; Schuler, M.; Berenbaum, M. Task-related Differential Expression of Four Cytochrome P450 Genes in Honeybee
Appendages. Insect Mol. Biol. 2015, 24, 582-588. [CrossRef] [PubMed]

Mao, W.; Schuler, M. A.; Berenbaum, M.R. Honey Constituents Up-Regulate Detoxification and Immunity Genes in the Western
Honey Bee Apis mellifera. Proc. Natl. Acad. Sci. USA 2013, 110, 8842-8846. [CrossRef]

Liao, L.-H.; Wu, W.-Y,; Berenbaum, M.R. Impacts of Dietary Phytochemicals in the Presence and Absence of Pesticides on
Longevity of Honey Bees (Apis mellifera). Insects 2017, 8, 22. [CrossRef]

Cianciosi, D.; Forbes-Hernandez, T.Y.; Afrin, S.; Gasparrini, M.; Reboredo-Rodriguez, P.; Manna, P.P,; Zhang, J.; Bravo Lamas, L.;
Martinez Florez, S.; Agudo Toyos, P. Phenolic Compounds in Honey and Their Associated Health Benefits: A Review. Molecules
2018, 23, 2322. [CrossRef]

Moniruzzaman, M.; Yung An, C.; Rao, P.V.; Hawlader, M.N.IL; Azlan, S.A.B.M.; Sulaiman, S.A.; Gan, S.H. Identification of Phenolic
Acids and Flavonoids in Monofloral Honey from Bangladesh by High Performance Liquid Chromatography: Determination of
Antioxidant Capacity. BioMed Res. Int. 2014, 2014, 737490. [CrossRef]

Williams, G.R.; Alaux, C.; Costa, C.; Csaki, T.; Doublet, V.; Eisenhardt, D.; Brodschneider, R. Standard Methods for Maintaining
Adult Apis mellifera in Cages under in Vitro Laboratory Conditions. J. Apic. Res. 2013, 52, 1-36. [CrossRef]

Lourengo, A.P.; Mackert, A.; dos Santos Cristino, A.; Simoes, Z.L.P. Validation of Reference Genes for Gene Expression Studies in
the Honey Bee, Apis mellifera, by Quantitative Real-Time RT-PCR. Apidologie 2008, 39, 372-385. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2-AACT
Method. Methods 2001, 25, 402—408. [CrossRef] [PubMed]

Mao, W.; Schuler, M.A.; Berenbaum, M.R. CYP9Q-Mediated Detoxification of Acaricides in the Honey Bee (Apis mellifera). Proc.
Natl. Acad. Sci. USA 2011, 108, 12657-12662. [CrossRef] [PubMed]

Calla, B.; MacLean, M.; Liao, L.; Dhanjal, I.; Tittiger, C.; Blomquist, G.J.; Berenbaum, M.R. Functional Characterization of
CYP4G11—a Highly Conserved Enzyme in the Western Honey Bee Apis mellifera. Insect Mol. Biol. 2018, 27, 661-674. [CrossRef]
Tesovnik, T.; Cizelj, I.; Zorc, M.; Citar, M.; Bozic, J.; Glavan, G.; Narat, M. Immune Related Gene Expression in Worker Honey Bee
(Apis mellifera Carnica) Pupae Exposed to Neonicotinoid Thiamethoxam and Varroa Mites (Varroa Destructor). PLoS ONE 2017,
12, €0187079. [CrossRef] [PubMed]

Kaplan, E.L.; Meier, P. Nonparametric Estimation from Incomplete Observations. J. Am. Stat. Assoc. 1958, 53, 457-481. [CrossRef]
Therneau, T.M.; Grambsch, P.M. The cox model. In Modeling Survival Data: Extending the Cox Model; Springer: New York, NY,
USA, 2000; pp. 39-77.

Yu, S.J. Interactions of Allelochemicals with Detoxication Enzymes of Insecticide-Susceptible and Resistant Fall Armyworms.
Pestic. Biochem. Physiol. 1984, 22, 60-68. [CrossRef]

Mao, W.; Schuler, M.A.; Berenbaum, M.R. Disruption of Quercetin Metabolism by Fungicide Affects Energy Production in Honey
Bees (Apis mellifera). Proc. Natl. Acad. Sci. USA 2017, 114, 2538-2543. [CrossRef] [PubMed]

Porrini, M.P.; Fernandez, N.J.; Garrido, P.M.; Gende, L.B.; Medici, S.K.; Eguaras, M.]. In Vivo Evaluation of Antiparasitic Activity
of Plant Extracts on Nosema Ceranae (Microsporidia). Apidologie 2011, 42, 700-707. [CrossRef]

Tong, L.; Nieh, J.C.; Tosi, S. Combined Nutritional Stress and a New Systemic Pesticide (Flupyradifurone, Sivanto®) Reduce Bee
Survival, Food Consumption, Flight Success, and Thermoregulation. Chemosphere 2019, 237, 124408. [CrossRef]

Gregorc, A.; Alburaki, M.; Rinderer, N.; Sampson, B.; Knight, P.R.; Karim, S.; Adamczyk, ]. Effects of Coumaphos and Imidacloprid
on Honey Bee (Hymenoptera: Apidae) Lifespan and Antioxidant Gene Regulations in Laboratory Experiments. Sci. Rep. 2018,
8, 15003. [CrossRef]

Tosi, S.; Nieh, J.C.; Sgolastra, F.; Cabbri, R.; Medrzycki, P. Neonicotinoid Pesticides and Nutritional Stress Synergistically Reduce
Survival in Honey Bees. Proc. R. Soc. B 2017, 284, 20171711. [CrossRef] [PubMed]

Manjon, C.; Troczka, B.].; Zaworra, M.; Beadle, K; Randall, E.; Hertlein, G.; Kumar, S.S.; Nauen, R. Unravelling the Molecular
Determinants of Bee Sensitivity to Neonicotinoid Insecticides. Curr. Biol. 2018, 28, 1137-1143. [CrossRef]

96



Insects 2021, 12,572 12 of 12

49. Alptekin, S.; Bass, C.; Nicholls, C.; Paine, M.].; Clark, S.J.; Field, L.; Moores, G.D. Induced Thiacloprid Insensitivity in Honeybees
(Apis mellifera L.) Is Assoc. with Up-regulation of Detoxification Genes. Insect Mol. Biol. 2016, 25, 171-180. [CrossRef]

50. Wheeler, M.M.; Robinson, G.E. Diet-Dependent Gene Expression in Honey Bees: Honey vs. Sucrose or High Fructose Corn Syrup.
Sci. Rep. 2014, 4, 5726. [CrossRef] [PubMed]

97



5.4
insects

Article

Screening of Honey Bee Pathogens in the Czech Republic and
Their Prevalence in Various Habitats

Petr Mraz 1*, Marian Hybl 1, Marek Kopecky ! %, Andrea Bohata !, Irena Hosti¢kova 1, Jan Sipos 2,
Katefina Voéadlova ! and Vladislav Curn !

check ror
updates

Citation: Mraz, P.; Hybl, M,;
Kopecky, M.; Bohatj, A.; Hostitkov3,
L; Sipos, J.; Votadlov4, K.; Curn, V.
Screening of Honey Bee Pathogens in
the Czech Republic and Their
Prevalence in Various Habitats.
Insects 2021, 12, 1051. https://
doi.org/10.3390/insects12121051

Academic Editors: Ivana Tlak Gajger,

Franco Mutinelli and Cristina Botias

Received: 1 November 2021
Accepted: 23 November 2021
Published: 24 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

Faculty of Agriculture, University of South Bohemia in Ceske Budejovice, Studentska 1668,

370 05 Ceske Budejovice, Czech Republic; mario.eko@seznam.cz (M.H.); mkopecky@zfjcu.cz (M.K.);
bohata@zf.jcu.cz (A.B.); jelini00@zf.jcu.cz (I.H.); katerina.vocadlova@gmail.com (K.V)); curn@zf.jcu.cz [V.é.)
Faculty of Agronomy, Mendel University in Brno, Zemedelska 1, 613 00 Brno, Czech Republic;
jan.sipos@mendelu.cz

*  Correspondence: mrazpe01@zfjcu.cz

Simple Summary: Worldwide, mass losses of honey bee colonies are being observed more frequently
in recent times. Except for the overuse of pesticides, one of the main reasons for high honey bee
colony collapse is diseases. For this reason, nationwide screening of common pathogens involving
viruses, bacterial, fungal, and protozoa pathogens was performed in three different types of habitat
including agroecosystems, towns, and national parks. The most frequent eukaryotic pathogens
were Trypanosomatids and N. ceranae and in the case of viruses DWV-A and ABPV. In addition, the
association between the occurrence of particular pathogens and winter colony losses was found.
Although the differences in mortality between individual habitats were not significant, results of this
study suggest a significant correlation between DWV-B and DWC-C occurrence and mortality of bee
colonies, despite their relatively low occurrence.

Abstract: Western honey bee (Apis mellifera) is one of the most important pollinators in the world.
Thus, a recent honey bee health decline and frequent honey bee mass losses have drawn attention and
concern. Honey bee fitness is primarily reduced by pathogens, parasites, and viral load, exposure to
pesticides and their residues, and inadequate nutrition from both the quality and amount of food
resources. This study evaluated the prevalence of the most common honey bee pathogens and viruses
in different habitats across the Czech Republic. The agroecosystems, urban ecosystems, and national
park were chosen for sampling from 250 colonies in 50 apiaries. Surprisingly, the most prevalent
honey bee pathogens belong to the family Trypanosomatidae including Lotmaria passim and Crithidia
mellificae. As expected, the most prevalent viruses were DWV, followed by ABPV. Additionally, the
occurrence of DWV-B and DWV-C were correlated with honey bee colony mortality. From the habitat
point of view, most pathogens occurred in the town habitat, less in the agroecosystem and least
in the national park. The opposite trend was observed in the occurrence of viruses. However, the
prevalence of viruses was not affected by habitat.

Keywords: Apis mellifera; deformed wing virus; screening; trypanosomatids

1. Introduction

The western honey bee (Apis mellifera) is one of the most important pollinators of
many agricultural crops and wild plants worldwide. Overall, annual economic evaluation
of the pollination service was quantified in 2005 to 153 billion euros, representing a yield of
about 10% of global agriculture production [1]. Considering the ecological and economical
importance of pollination, the widespread honey bee colony losses are a worrying phe-
nomenon [2]. Researchers have found many factors that are a potential cause of honey
bee collapse including viral [3], fungal [4], and bacterial diseases [5] together with the use
of pesticides [6]. Other factors leading to the collapse of honey bee colonies are parasites,
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chemical treatments (amitraz, tau-fluvalinate, coumaphos, antibiotics), nutritional stress
(pollen monodiete), and others [7,8]. Some stressors act synergistically such as Nosema apis
and some pesticides [9]. The collapse of honey bee colonies is thus probably caused by
combinations of multiple factors. Therefore, it is necessary to look at and deal with the
health of honey bee colonies comprehensively [10].

Recently, however, viral diseases have largely contributed to bee colony losses. The
most common and most dangerous virus is a deformed wing virus (DWYV). This single-
stranded RNA virus is a member of Iflaviridae [11] and creates highly genetically hetero-
geneous forms known as quasispecies, which can exist as several master variants [12].
One of them is type A (DWV-A), which has been attributed to the global decline in honey
bees [13-15]. Another variant is type B (DWV-B), known as Varroa destructor virus-1
(VDV-1) [16,17], since it was isolated from the Varroa mite for the first time [18]. The third
master variant is type C (DWV-C). However, its impact on honey bees is still unclear [12].
Other common honey bee viruses are slow bee paralysis virus (SBPV), acute bee paralysis
virus (ABPV), chronic bee paralysis virus (CBPV), black queen cell virus (BQCV), sacbrood
virus (SBV), Lake Sinai virus (LSV), and Macula-like virus (MLV) [19]. Their increasing
distribution is mainly due to the ubiquity of the Varroa destructor mite, which serves as a
vector and transmits viruses [10], both directly on honey bees and indirectly on other insect
pollinators [20].

Another dangerous pathogen is the bacteria Paenibacillus larvae causing the disease
called American foulbrood (AFB). Several genotypes (ERIC I-V) of this bacteria are known,
and each has its specific properties such as virulence or distribution area [21]. American
foulbrood is one of the most infectious honeybee diseases spread worldwide [22]. In
some countries (USA, Canada, Argentina), it is allowed to use antibiotics against AFB.
However, antibiotic treatment can only mitigate the symptoms but not eliminate the
disease. Moreover, the antibiotics leave residues in the honey and their use in beekeeping is
prohibited in many countries [23]. Given that the spores of this bacterium are very resilient
and remain viable for more than 35 years, the only effective provision against the spread of
P. larvae is to burn the infected hives together with combustible beekeeping equipment. It
is essential to monitor infected habitats and their surroundings for a long time [5].

The bacterium Melissococcus plutonius, the causal agent for European foulbrood, has
a similar infection course and method of control. It often appears together with other
bacteria, so-called secondary invaders. This pathogen causes great problems, especially
in the UK and Switzerland [24,25]. However, M. plutonius has been recorded in the Czech
Republicin 2015 after a long time [26].

Important parasites are also pathogenic fungi Nosema apis and Nosema ceranae, which
cause disease of the digestive tract of adult honey bees. At present, this disease is considered
one of the main causes of the collapse of honey bee colonies during the winter period [10,27].

So far, less attention has been drawn to fungal diseases such as chalkbrood disease
caused by entomopathogenic fungus Ascosphaera apis [28]. It causes mummification of bee
larvae in the hive, resulting in weakening the colony and increasing susceptibility to other
pathogens. Under suitable environmental conditions, the reproductive potential of the
pathogen increases [29]. In some cases, it can even cause the death of bee colonies [30]. In
addition, its worldwide distribution and its frequent occurrence make it an economically
significant disease on a global scale [31,32].

Recently, of concern is also an infection by parasitic protozoa Crithidia mellificae and
Lotmaria passim belonging to the order Trypanosomatida [33], which were previously
considered relatively harmless [34]. However, it turns out that they can cause significant
losses of honey bee colonies, especially with co-infection with Nosema ceranae [35-37].
Castelli et al. [38] also reported an association between the infected colonies and higher
level of V. destructor infestation. Furthermore, honey bees have a highly conserved and
specialized intestinal microbiome [39] that might be disrupted by trypanosomatids [40].
L. passim species has only recently been described [33] and now represents the dominant
trypanosomatids species [37], which has already been detected in the Czech Republic [40].
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All of the above-mentioned pathogens contribute to the deaths of honey bee colonies.
In particular, they have a significant negative effect on the bees’ winter generation, which,
due to stronger immunity and longevity, ensures the survival of honey bee colonies during
winter. However, since the winter generation of bees is weakened, the length of their lives
is significantly reduced, which might subsequently lead to honey bee colony losses [41].

To inhibit pathogens within the congenital and social immunity and for the proper
development of honey bee brood, the quality of honey bee nutrition represented by pollen
is crucial. In particular, its diverse composition with a broader range of biologically active
substances significantly contributes to strengthening the bee detoxification capacity [42],
immunity, and resistance to overcome some diseases [43] or viral infections [44]. In contrast,
the low diversity of food resources can cause malnutrition and, together with the cocktail of
pesticides applicable on the fields, can shorten the life of the winter generation of bees. This
can disrupt the immune response of bees, which are then more susceptible to pathogens,
parasites, and other stressors. This situation occurs more often in intensively cultivated
agricultural areas where a significant change in the landscape has been made, leading to a
reduction in biodiversity [45]. Very specific are urban areas, which have recently become
increasingly popular for beekeeping. These are mainly characterized by a built-up area
and high human disturbances. Nevertheless, urban areas also contain parks, gardens,
and other seminatural areas, which provide honey bees with continual nectar and pollen
flow [46]. Protected areas are represented by a less anthropogenically influenced landscape
characterized by a high diversity of vegetation providing rich food resources and a low
level of chemical contamination [47].

This study aims to evaluate the prevalence of the main honey bee pathogens in the
Czech Republic, depending on different types of habitats representing various anthro-
pogenic burdens as well as to determine the possible impact of individual pathogens and
their co-infection on the honey bee colony losses during the winter period.

2. Materials and Methods
2.1. Sampling

Samplings were carried out from selected apiaries placed in different landscapes across
the Czech Republic in the fall of 2019. Agroecosystems, urban ecosystems, and national
parks were chosen concerning different urban burdens to sample biological material from
250 hives in 50 apiaries (22 apiaries in agroecosystems, 22 apiaries in urban ecosystems,
and six apiaries in the national park). From each apiary, five beehives were randomly
chosen. Approximately 50 honey bees were collected from the brood frame of each beehive
and immediately frozen on dry ice. The samples were stored at-80 °C until processing.
All brood frames from the tested colonies were checked for symptoms of bacterial bee
brood diseases. The colony losses were assessed in spring 2020 (the percentage of collapsed
colonies of the whole apiaries).

2.2. Characterization of Different Types of Habitat

The town habitat in the Czech Republic involves especially built-up area of towns with
houses and factories and is affected by increased industrial contamination and high levels
of traffic. Therefore, it represents the highest urban burdens. This habitat also includes
town parks and gardens. The agroecosystems are characterized by large areas of fields
with agricultural crops, especially monocultures, a high rate of landscape fragmentation
and agrochemical contamination. In addition, low diversity of bee food sources as well as
short-term availability of food due to intensive agricultural management is typical. Na-
tional parks, as the most potential honey bee-friendly environment with minimal human
disturbance is characterized by flowery meadows, pastures, and forests. Habitat is char-
acterized by an absence of industry, a low degree of landscape fragmentation, and a rich
diversity of flowers, which are a good source of food for bees. Agricultural management is
possible only through an ecological approach without the use of pesticides.
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2.3. Sample Preparation and Nucleic Acid Purification

Samples for RNA (detection of DWV-A, DWV-B, DWV-C, BQCV, CBPV, ABPV, SBV,
LSV, MLV) and DNA (detection of Nosema apis, Nosema ceranae, Paenibacillus larvae, Melis-
sococcus plutonius, Ascosphaera apis, Crithidia mellificae, Lotmaria passim) purification were
collected as a bulk of approximately 250 bees from five hives in each location, frozen in dry
ice, and stored at80 °C. After homogenization in liquid nitrogen, aliquotes for separate
RNA and DNA purification were made.

According to the manufacturer’s instructions, total RNA was extracted using the TRI
Reagent (MRC, Montgomery, OH, USA). Contaminating DNA was removed using the
DNA-free TM Kit (Ambion, supplied by ThermoFisher Scientific, Loughborough, UK).
BioSpec Nano (Shimadzu, Nakagyo-ku, Kyoto, Japan) was used to quantify RNA (0D260)
and to assess sufficient quality (0D260/280 ratio and 0D260/230 ratio). cDNA templates
were prepared using a Standard Reverse Transcription Protocol (Promega, Madison, WI,
USA) and OligodT primer and stored at 20 °C until use.

DNA was extracted using a modified CTAB method. Homogenized tissue was resus-
pended in CTAB buffer (2% CTAB, 100 mM Tris pH 8.0, 20 mM EDTA pH 7.8, 1.4 M NaCl)

with 1% B-mercaptoethanol and incubated at 65 °C for 10 min. The solution was extracted
with 500 pL chloroform:isoamylalcohol (24:1) and precipitated in 250 pL of 2-propanol at
— 20 °C for 30 min. After washing with 1 mL of 70% ethanol, the pellet was resuspended in

150 pL of TE buffer (10 mM Tris pH 8.0, 1 mM EDTA pH 7.8) and stored in 4 °C until use.

2.4. PCR Conditions

The RT-PCR (detection of DWV-A, DWV-B, DWV-C, BQCV, CBPV, ABPV, SBV, LSV,
MLV) was performed on the QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosys-
tems, supplied by ThermoFisher scientific, Loughborough, UK) using Power SYBR® Green
PCR Master Mix (Applied Biosystems, supplied by ThermoFisher Scientific, Loughborough,
UK) in a 96-well reaction plate using parameters recommended by the manufacturer (2 min
at 50 °C, 10 min at 95 °C, and 40 cycles 0of 15595 °C, 1 min of 60 °C, 15 s at 95 °C, 1 min at
60 °C, and 15 s at 95 °C). The no-template controls were included. Positive samples were
considered a true positive using a Ct cutoff of 36 cycles. The specificity of amplification was
determined by dissociation curve analyses and sequencing of randomly selected positive
samples. The sequence of the primer, orientation, annealing temperature, and references
are shown in Table 1.

The PCR (detection of Nosema apis, Nosema ceranae, Paenibacillus larvae, Melissococcus
plutonius, Ascosphaera apis, Crithidia mellificae, Lotmaria passim) was performed on the Ep-
pendorf Mastercycler PRO system (Eppendorf, Hamburg, DE) in 25 pL volume containing
1>PPP Master Mix (Top-Bio, Vestec, Czech Republic), 10 pmol each forward and backward
primer, and 2 YL of DNA template using the following cycling conditions: denaturation
at 95 °C for 5 min, 40 cycles of 30 s 95 °C, 45 s of TA, 1 min at 72 °C; and a final extension
at 72 °C for 10 min. PCR products were visualized by 1.5% agarose gel electrophoresis
and stained with ethidium bromide solution (Merck Life Science, Darmstadt, Germany).
The specificity of amplification was determined by sequencing randomly selected positive
samples. The sequence of the primer, orientation, annealing temperature, and references
are shown in Table 1.
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Table 1. Primers for PCR analysis.

Gene

Sequences 5-3 TAC] Reference

F: GGGGGCATGTCTTTGACGTACTATGTA

Nosema apis R: GGGGGGCGTTTAAAATGTGAAACAACTATG 62 [48]
Nosema ceranae F: CGGCGACGATGTGATATGAAAATATTAA 62 (48]
R: CCCGGTCATTCTCAAACAAAAAACCG
L F: GCTCTGTTGCCAAGGAAGAA
Paenibacillus larvae R: AGGCGGAATGCTTACTGTGT 55 [49]
. . F: GAAGAGGAGTTAAAAGGCGC
Melissococcus plutonius R: TTATCTCTAAGGCGTTCAAAGG 55 [50]
Ascosphaera apis F: TGTGTCTGTGCGGCTAGGTG 60 [51]
P P R: GCTAGCCAGGGGGGAACTAA
o . F: AGTTTGAGCTGTTGGATTTGTT
Crithidia Melliflcae R: AACCTATTACAGGCACAGTTGC 56 [52]
[ — F: TGACTTGAATTAGCAAGCATGGGATAACA 60 [53]
P R: CCTTTAGGCTACCGTTTCGGCTTTTGTTGGT
F: CGTCGGCCTATCAAAG
DWV-A R: CTTTTCTAATTCAACTTCACC 60 [>4]
F: GCCCTGTTCAAGAACATG
DWV-B R: CTTTTCTAATTCAACTTCACC 60 [54]
F: TACTAGTGCTGGTTTTCCTTT
DWV-C R: ATAAGTTGCGTGGTTGAC 60 [>4]
F: GGACGAAAGGAAGCCTAAAC
BQCV R: ACTAGGAAGAGACTTGCACC 48 [48]
F: AACCTGCCTCAACACAGGCAAC
CBPV R: ACATCTCTTCTTCGGTGTCAGCC 60 (5]
F: TGAGAACACCTGTAATGTGG
ABPV R: ACCAGAGGGTTGACTGTGTG 48 [>6]
F: GGATGAAAGGAAATTACCAG
SBV R: CCACTAGGTGATCCACACT 48 [>6]
LSV F: CKTGCGGNCCTCATTTCTTCATGTC 60 [57]
R: CATGAATCCAAKGTCAAAGGTRTCGT
F: ATCCCTTTTCAGTTCGCT
MLV R: AGAAGAGACTTCAAGGAC 60 [>8]

2.5. Statistical Analysis

To evaluate whether pathogen occurrence and species richness differ among honey
bee colonies and habitat types, we used separate generalized liner mixed-effects models
(GLMM) [59]. In the case when species richness was used as dependent variable, GLMM
with a Gaussian error distribution was used. When the pathogen occurrence or honey bee
mortality rate was used as the dependent variable, binomial error distribution with logit
link function was used. In each model, we specify habitat types and pathogen species as
fixed factors and the owner of the honey bee colony was used as a factor with a random
intercept effect. To compare the means within a particular fixed factor, the Tukey multiple
comparison test with Bonferroni adjustment of p-values was used. Data were analyzed in
the R program (R Development Core Team 2020).

To visualize and test the association between the mortality rate of honey bees and
species composition of pathogens, partial canonical correspondence analysis (pCCA) was
used with the habitat type as the covariable. We used this type of covariable to eliminate
the possible confounding effect of habitat type on the mortality of honey bees regardless of
the pathogen species composition. The significance of the canonical axis was tested with a
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restricted Monte Carlo permutation test for the time series with 2000 permutations. All
ordination analyses were conducted by the statistical software CANOCO, v. 5 [60].

3. Results

The proportion of eukaryotic pathogen occurrence significantly differs between town
habitat and national park, whereas the lowest rate of pathogen occurrence has been ob-
served in the national park and the highest in the towns. A moderate rate of pathogen
burden has been observed in agroecosystems. However, this habitat did not differ signifi-
cantly between urban areas or national parks (Figure 1a, Table 2). The species richness of
eukaryotic honey bee pathogens did not significantly differ between the tested habitats
(Figure 1b, Table 2).
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Figure 1. (a) The proportion of eukaryotic pathogen occurrence in different types of habitats and (b) the proportion of
eukaryotic pathogen richness in different types of habitats. Black squares represent means and the error bars represent 95%
confidence intervals. Significant differences (<0.05) are indicated by different letters.

Table 2. The results of the analysis of deviance (likelihood-ratio test) testing the partial effect of
habitat type and pathogen species identity on the species richness and occurrence of pathogens in
the honey bee colonies. Likelihood-ratio analysis testing of whether the Akaike information criterion
(AIC) of the full model significantly increased after a particular explanatory variable was excluded
from the model.

Df. AIC LRT Pr (Chi)
Dependent variable: species occurrence
Full model 243.68
Eukaryote 4 332.25 96.570 <0.0001
Habitat 2 246.76 7.081 0.02899
Full model 398.26
Virus 9 494.96 114.695 <0.0001
Habitat 2 396.69 2.423 0.2977
Dependent variable: number of eukaryotic species
Full model 156.78
Habitat 2 157.23 4.453 0.107
Dependent variable: number of virus types
Full model 181.88
Habitat 2 180.52 2.642 0.267

In all types of habitat, the same species of eukaryotic pathogens dominated. In all
cases, the most dominant species were L. passim and N. ceranae, followed by C. mellificae,
and the lowest occurrence rate had M. plutonius and P. larvae. No clinical symptoms of
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bacterial brood diseases were observed. In contrast, A. apis and N. apis were not detected at
all (Figure 2).
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Figure 2. The comparison of proportion of eukaryotic pathogen occurrence regardless of habitat.
Black squares represent means and the error bars represent 95% confidence intervals. Significant
differences (<0.05) are indicated by different letters.

In the case of individual habitats, all five tested pathogens were detected in a town
habitat. The most prevalent pathogens were L. passim and N. ceranae, followed by C. melli-
ficae. Bacteria P. larvae and M. plutonius only had a low prevalence. The most dominated
species in the agroecosystems were N. ceranae, L. passim, and C. mellificae. M. plutonius
occurred significantly less and P. larvae were not detected at all. In the case of national
parks, only L. passim and N. ceranae were detected (Figure 3).
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Figure 3. The comparison of proportion of eukaryotic pathogen occurrence within each habitat type.
Black squares represent means and the error bars represent 95% confidence intervals. Significant
differences (<0.05) are indicated by different letters.

Viral pathogen occurrence and species richness did not significantly differ between
individual habitats (Figure 4 and Table 2). Generally, the most abundant viruses were
DWV-A and ABPYV, followed by DWV-B and LSV. Less frequent viruses were MLV, SBV,
CBPV, DWV-C, and BQCV (Figure 5). A similar pattern was observed in all types of
habitats. Only DWV-A dominated in the agroecosystems (Figure 6).
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Figure 4. (a) The proportion of viral pathogens occurrence in different types of habitats and (b) comparison of species
richness of viral pathogens between different types of habitats. Black squares represent means and the error bars represent
95% confidence intervals. Significant differences (<0.05) are indicated by different letters.
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Figure 5. The comparison of proportion of viral pathogen occurrence regardless of habitat. Black
squares represent means and the error bars represent 95% confidence intervals. Significant differences
(<0.05) are indicated by different letters.
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Figure 6. The comparison of proportion of viral pathogen occurrence within each habitat type. Black
squares represent means and the error bars represent 95% confidence intervals. Significant differences
(<0.05) are indicated by different letters.

Differences winter mortality rates in honey bee colonies between habitats were not
statistically significant (Figure 7) due to a small number of samples from national parks
and high confidence interval from the data. However, the average winter mortality in
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town (24.51%) and agroecosystem (21.50%) habitats were twice as high as in national
parks (11.11%).
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Figure 7. The comparison of honey bee winter mortality rate according to type of habitat. Black
squares represent means and the error bars represent 95% confidence intervals.

Based on the results of pCCA species, structures of all pathogens (i.e., species com-
position and their abundances) were significantly associated with honey bee mortality
(pseudo-F = 1.8, p = 0.053, test of all canonical axes, R? = 3.73%). In the separate pCCA anal-
yses evaluating association only between viruses and honey bee mortality, we found that
the assemblage composed only with viruses (pseudo-F = 2.2, p = 0.037, test of all canonical
axes, R? = 5.28%) had a closer relationship to mortality than the assemblage composed
only with eukaryotes (pseudo-F = 0.3, p = 0.881, test of all canonical axes, R? = 0.80%). The

pCCA diagram revealed that the closest association with honey bee mortality was shown
by DWV-C and DWV-B viruses (Figure 8).
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Figure 8. Partial canonical correspondence analysis biplot with the habitat type as a covariable
showing the strength of the association of individual pathogens with the mortality rate.
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4. Discussion

In the study, the prevalence of several honey bee pathogens was detected including
viruses, fungal, protozoa, and bacterial pathogens on different types of habitats. The most
frequently detected pathogens belonged to the family Trypanosomatida, in particular,
Lotmaria passim (72%) and Crithidia mellificae (38%). Both protozoa significantly shorten the
life of bees and are therefore thought to cause significant bee colony losses [61]. Of even
more concern is that trypanosomatids affect the composition of the symbiotic bacterial
taxa of bees [40]. However, little is known about the full extent of the harmfulness and
mechanism of pathogenesis of these two pathogens [38,62]. Other studies have shown
an even higher risk of trypanosomatids when co-infected with N. ceranae [35-37]. In
addition, it led to a reduction in immune gene expression [37]. The high incidence of
trypanosomatids is similar in other European countries [36,62].

The prevalent pathogen is also Nosema ceranae (64%), often associated with colony
losses, especially in Mediterranean areas [4,63,64]. However, its occurrence has also been
recorded in the temperate zone to a lesser extent [10] and with less impact [65,66]. In this
study, N. ceranae has not been significantly associated with colony losses (Figure 8). This
pathogen occurred independently of the habitat type observed. On the other hand, Nosema
apis was not detected at all. The decline in N. agpis and the spread of N. ceranae is a well-
known and long-lasting trend taking place globally [67-71]. However, the complete absence
of N. apis in the nationwide screening is a novelty. We attribute this to the displacement
of the more aggressive N. ceranae due to its higher virulence [68,69]. Ascosphaera apis was
also not been detected. It is an opportunistic pathogen that occurs in the colony, especially
in stressful situations such as thermal discomfort [29]. Higher prevalence was recorded
in humid areas, and, for example, in China [72] and northern Thailand [30], the fungal
pathogen causes great damage.

Bacterial diseases occurred only to a lesser extent and only in urban areas (P. larvae and
M. plutonius) and agroecosystems (M. plutonius). They did not occur in the national parks
at all. P. larvae commonly occurs across the whole Czech Republic, especially in Moravia,
and the dominant genotype is ERIC II (80.4%) over ERIC I (19.4%) [73]. The outbreak of
European foulbrood caused by M. plutonius was observed in 2015 after 40 years in the
Czech Republic. Since then, the occurrence persists, but with a very low prevalence [74].
In contrast, in some countries such as England [75], France [76], and Switzerland [77],
bacterial disease very often occurs. These two bacterial diseases are very infectious and
can cause great economic losses. Therefore, the government often monitors its prevalence,
and in many cases, there is an effort to eliminate them through strict rules.

In the case of viral diseases, at least one of the tested honey bee viruses were detected in
74% of cases, while two or more viruses were present in one-third of the tested apiaries. The
most prevalent honey bee virus was the deformed wing virus (DWV). There are multiple
variants of DWV that include type A [11], type B (Varroa destructor virus-1 (VDV-1) [14,18],
and type C [12]. These variants have a different impact on honey bee colonies, and their
virulence is not clear. Whereas some studies claim DWV-A has higher virulence [16,78,79],
other studies claim DWV-B has the same or even higher virulence [17,80-82]. Since the
variant DWV-B can replicate in Varroa mites, the viral load is usually higher in honey bee
tissues than in other DWV variants [78,83]. DWV-C is associated with DWV-A and has been
indicated as a contributing factor in overwintering losses of honey bee colonies [78,79]. Our
study reports DWV-A as the most frequent variant (60%) in the Czech Republic (Figure 5).
Surprisingly, similar results where variant DWV-A dominated have been reported from
the USA [79,83], whereas variant B dominated in Europe [78,80,84]. However, despite their
low prevalence, only DWV-B (26%) and C (6%) variants were significantly associated with
the overwintering losses (Figure 8). Other authors have also concluded that these variants
are associated with winter colony losses [17,85].

The second most prevalent virus was ABPV, which was detected in half of the tested
colonies. This virus has commonly been detected in Germany [10], the USA [3], Switzer-
land [86], and Belgium [87] and its co-infection with DWV is attributed to overwintering
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losses [10]. The LSV (24%) virus is also a major concern, especially in the USA [88]. How-
ever, its prevalence is also high in Europe [36]. One of the recently identified honey bee
viruses is MLV (16%), which is associated with the mite V. destructor [89]. However, its
virulence and impact on honey bees are still unclear [90]. Its high prevalence has been
observed in France [89], Belgium [36], and Syria [91]. The occurrence of SBV (10%), CBPV
(8%), and BQVC (2%) was only minor, especially in urban areas and agroecosystems. The
presences of these viruses were not significantly related to the decline of honey bee colonies
in the Czech Republic.

The lowest occurrence of eukaryotic pathogens was detected in the national parks,
higher occurrence in the agroecosystems, and the highest occurrence in town habitats
(Figure 1). This probably corresponds with a high density of bee colonies in the land-
scape [92] because the number of bee colonies per km? in the Czech Republic is one of the
highest in the world (>8 honey bee colonies/km?) [93]. According to these results, Taric [94]
also found a higher parasitic burden in commercially kept colonies than traditionally kept
colonies, which are mostly situated in natural areas. The richness of individual pathogens
was in the same trend, where only two eukaryotic pathogens were present in the national
parks. At the same time, four of them occurred in the agroecosystems and five in the towns.

The opposite trend was observed for viruses. All nine tested viruses were present in
the national parks, while in agroecosystems and towns, there were eight species. However,
these differences were not statistically significant. The study shows that the occurrence of
honey bee pathogens, and especially viruses, did not differ between the tested habitats. In
addition, the viruses also spread quickly among other species of wild pollinators, which
can cause problems with species composition and affect trophic bonds and ecosystem
stability [20,84,95].

Differences in the mortality between habitats were not statistically significant. The
results were not significant probably due to the low number of samples from the national
parks. One of the reasons for colony mortality in national parks is probably due to the high
prevalence of viruses as in other habitats (DWV-B and DWV-C), which were associated
with colony mortality. The next issue is the trading of bee queens or whole colonies and
the migratory management of colonies [96]. This is connected with colony density, which
is usually lower in natural parks. This might be another reason for lower honey bee
eukaryotic pathogen occurrence in natural parks. At localities with a high bee density, bee
colonies cannot avoid sharing food resources, which represent hotspots of infections [97].

5. Conclusions

The most prevalent eukaryotic pathogens in the population of A. mellifera in the Czech
Republic were L. passim and N. ceranae, followed by C. mellificae. This trend was valid in
all types of monitored habitats. In contrast, P. larvae and M. plutonius were detected only
sporadically. N. apis and A. apis were not detected at all.

The most prevalent viruses were DWV-A and ABPV in all types of tested habitats. On
the other hand, BCQV, SBV, and DWV-C were the least prevalent, except in national parks,
where the occurrence of all the monitored viruses was relatively uniform.

Of all the monitored eukaryotic and viral pathogens, only DWV-C and DWV-B were
significantly associated with colony mortality.
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Simple Summary: Chalkbrood is a worldwide spread honey bee brood disease caused by the
fungal pathogen Ascosphaera apis. The disease is commonly treated with fungicides, but due to the
accumulation of residues, these fungicides have been banned in many countries, including Euro-
pean Union countries. Since then, control of chalkbrood has been problematic. The disease is fatal
to individual honey bee larvae and can cause significant losses in terms of both bee numbers and
colony productivity, and can even in some cases lead to colony collapse. Owing to these reasons, in
vitro fungus cultivation is necessary to properly understand its pathogenesis as well as life cycle
for the possible future development of an efficient and environmentally friendly control method.
Therefore, in this study, several artificial media and different temperatures were evaluated to see
their impact on the growth and development of A. apis. Furthermore, one of the media was modi-
fied by the addition of crushed honey bee brood to simulate natural conditions. This medium was
found to be the most suitable for fungus reproductive structure production. In addition, a biolog-
ical pattern was found explaining the relationships between temperature and the size of the fungal
reproductive structures.

Abstract: Ascosphaera apis is a causative agent of chalkbrood, which is one of the most widespread
honey bee diseases. In our experiments, the influence of several artificial media and cultivation
under different temperatures was evaluated. Concretely, the radial growth of separated mating
types was measured, reproductive structures in a Neubauer hemocytometer chamber were
counted simultaneously, and the morphometry of spore cysts and spore balls was assessed. The
complex set of experiments determined suitable cultivation conditions. A specific pattern between
reproductive structure size and temperature was found. The optimal temperature for both mating
types was 30 °C. SDA and YGPSA media are suitable for fast mycelial growth. Moreover, the effect
of bee brood on fungus growth and development in vitro was investigated by modification of
culture medium. The newly modified medium PDA-BB4 was most effective for the production of
the reproductive structures. The result suggests that honey bee brood provides necessary nutrients
for proper fungus development during in vitro cultivation. As there is no registered therapeutic
agent against chalkbrood in most countries, including the European Union, the assessment of A.
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apis growth and development in different conditions could help to understand fungus pathogene-
sis and thus control chalkbrood disease.

Keywords: Apis mellifera; chalkbrood; cultivation; culture media; sporulation

1. Introduction

The western honey bee (Apis mellifera) is one of the most important pollinators of
many agricultural crops as well as herbaceous plants [1-3]. However, a sudden large de-
cline in the number of honey bees has been observed worldwide [4,5]. Especially in the
United States of America, the number of bee colonies has decreased by over 50% since the
1940s [2,6,7]. Many factors are responsible for reducing bee colonies’ vitality and viabil-
ity, including the application of acaricides, fungicides, and antibiotics [8], agrochemicals
[9,10], malnutrition [11,12], inappropriate beekeeping practices or changes in habitat
[5,13], and, especially, bee diseases [14,15]. One of the pathogens harming colonies is a
widespread heterothallic fungus, Ascosphaera apis (Maasen ex Claussen) L.S. Olive and
Spiltoir, which causes chalkbrood disease [16].

Ascosphaera apis (Ascomycota, Eurotiomycetes, Ascosphaerales) is a species closely
adapted to honey bees and can only invade bee brood. It was widely accepted that A. apis
spores cannot germinate on the larval cuticle, therefore, the infection of bee brood starts
when the spores are ingested with the food by bee larvae during their feeding [14]. The
mode of larval infection distinguishes this species from other entomopathogenic fungi
belonging to the order Hypocreales, which are able to penetrate the insect cuticle without
the need for ingestion [17,18]. For this reason, it is not possible to utilize many well-
known methods that are used for studying common entomopathogenic fungi [19]. After
ingestion, the spores of A. apis need to be exposed to higher CO: concentrations to start
germination [20]. In this case, CO: is produced by the larval tissues in the gut. The
optimal temperature for spore germination is 35 °C [21]. After their activation, spores
become swollen and create germ tubes that grow into dichotomous hyphae. Mycelium
then penetrates through the peritrophic membrane of bee larvae into the body cavity and
grows to the posterior end, where it breaks the barrier. In the case of the presence of both
mating types, it starts to create spore cysts (ascomata). Ascospores, which are the only
infective units causing chalkbrood [22], are formed in spore balls (asci) and located in
resistant cysts [16]. The spores contain two nuclei; the bigger one lies in the center and the
second smaller one is situated near the end of the spore [23]. The three-layered spore wall
is tough, containing chitin as its major component [23,24], which helps ascospores stay
viable for many years [20,25,26].

The first clinical signs of the disease are dead larvae that are covered by a fluffy
white mold and they are usually swollen. After some time, they shrink and turn
black/gray or white, depending on the presence of reproductive structures [26-28]. At the
end of the fungus development cycle, honey bee larvae become mummified. Chalkbrood
can be easily recognized by visual detection of these mummified bee brood, known as
chalkbrood mummies, on the bottom board of beehives, as well as in uncapped cells.
However, De Jong [29] claims that a low infestation level of this disease (less than 12%
infection) is not recognizable, because worker bees remove the infected bee brood.

Chalkbrood is considered to be a stress-related disease [27,30,31], which could be the
reason for its increased occurrence in recent years [22,23], because honey bees are
stressed by many factors. According to Vojvodic et al. [31], chalkbrood is a chronic dis-
ease because it persists in beehives for a long time and can break out at any time, de-
pending on the conditions, which makes this disease more dangerous. Chalkbrood is also
considered to be more prevalent in damp weather conditions [32-34], fluctuating tem-
peratures [35], or if the bee colonies are excessively fed with sugar syrup [36]. Brood
chilling also causes stress and leads to outbreaks of the disease [21,31,37,38]. This situa-
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tion can occur during rapid colony growth due to a lot of bee brood in combs and a rela-
tively small number of worker bees taking care of the brood and warming the space
[29,38] up to a temperature close to the optimal bee brood temperature of 35 °C [27].

There are some indications that this fungus, which is one of the most contagious and
destructive bee brood pathogens [14], may be increasing in occurrence [22]. There are
also some locations, such as northern Thailand [39] and China [23], where this pathogen
causes high bee mortality because the even less pathogen-susceptible Apis cerana cerana
can be easily infected by A. apis [40]. This fact contributes to chalkbrood’s worldwide
occurrence and adds to the importance of the disease. Although chalkbrood is fatal to
individual bee larvae, it rarely causes colony losses [22]. However, in most cases, it causes
significant losses of bee numbers and colony productivity [30,41], which makes it an
economically important disease [27].

There is no registered therapeutic agent against chalkbrood disease [42] and it is
difficult to involve or find any effective control agent [26,43] despite the promising re-
sults with plant essential oils recently [44,45]. Thus, for these reasons, it is necessary to
understand the life cycle and pathogenesis of A. apis. From this point of view, the opti-
mization of cultivation methods and the establishment of a stable and effective in vitro
cultivation system with a high yield of ascospores are crucial.

Fungi have evolved several specialized strategies for overcoming insect defense
mechanisms and reaching nutrients, including biotrophy (nutrition derived only from
living cells, which ceases once the cell has died), necrotrophy (killing and utilization of
dead tissues), and hemibiotrophy (initially biotrophic and then becoming necrotrophic).
When they invade an appropriate kind of insect, the host provides them with the whole
spectrum of nutrients they need [46]. Artificial media significantly influence the germi-
nation, growth, enzyme production, and thus also the virulence of entomopathogenic
fungi [47,48]. Nutrition for fungi cultivated in vitro depends especially on the C/N ratio.
Yeast extract and peptone have C/N ratios of 3.6:1 and 8:1, respectively, and represent
different carbon and nitrogen sources [49]. According to Ibrahim et al., 2002 [47], nutri-
ent-rich media such as SDA and YEA promote greater germination compared to nutri-
ent-poor media. However, it can vary significantly depending on the species [49,50].

In the present study, commonly used artificial media as well as different tempera-
tures were tested for the pathogen cultivation, with the aim of determining the optimal
conditions for A. apis and verifying their influence on the reproductive structures’ yield
and morphometry. Moreover, the effect of bee brood addition on fungus growth and
sporulation was compared. These findings are necessary to understand fungus patho-
genesis and occurrence in beehives and the biological mechanisms of reducing spore
loads in nature.

2. Materials and Methods
2.1. Fungal Isolate

Dry mummified bee brood (Figure 1) were collected from an apiary in the South
Bohemian Region, Czech Republic, from the bottom boards of infected colonies and
stored in a refrigerator (at 5 °C) until use. The mummies were crushed and small pieces
were placed on potato dextrose agar (PDA) for spore activation. The plates were incu-
bated at 35 °C until the growth of mycelia and subsequent sporulation were observed.
During that time, ascospores of this fungus were activated and the opposite mating types
observed. Male (-) and female (+) mating types were separated by continuous subcul-
turing (Figure 2) until pure cultures were obtained. The opposite mating types were ver-
ified by a dual test (Figure 3), when reproductive structures (Figure 4) in lines between
mycelia of opposite mating types were developed.
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Figure 1. Mummified honey bee brood.

Figure 2. Separation of opposite mating types of A. apis by subcultivation. The mummified honey
bee brood were crushed and subcultivated on PDA medium until black lines of reproductive
structures appeared (shown by the two arrows). These lines indicated the presence of opposite
mating types of A. apis. Mycelium was taken by a cork borer from that area.
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Figure 3. Pure cultures of opposite mating types of A. apis in dual test. Mycelia of opposite mating
types were subjected to dual tests several times until pure cultures were established. The black line
of reproductive structures is closer to the left side because of the slower growing (+) mating type.

Figure 4. Spore cysts (A), spore balls (A), and ascospores (B). Reproductive structures of A. apis
consist of spore cysts in which ascospores are formed in spore balls. If the cysts mature, they will
open and ascospores can be released.

Maternal cultures of both mating types were maintained separately on PDA at 30 °C.
The fungus was identified by molecular techniques. PCR and sequencing of the ITS1-
5.85-ITS2 (ITS) region were carried out. Genomic DNA of A. apis was extracted and used
as a template for PCR identification. The final volume was 20 uL, including 1 pL of
template DNA, 10 uL PPP Master Mix (Top-Bio, Vestec, Czech Republic), 7 uL of PCR
Ultra H:O  (Top-Bio), and the  specific ITS  primers  AscosFOR
(TGTGTCTGTGCGGCTAGGTG) and AscosREV (GCTAGCCAGGGGGGAACTAA), 1
pL each at 10 uM [51]. PCR was performed under the following conditions: initial tem-
plate denaturation at 95 °C for 2 min; 35 cycles at 95 °C for 30 s, 50 °C for 30 s, and 72 °C
for 45 s, with a final 7 min extension at 72 °C. PCR products were electrophoretically
separated on 1.5% agarose gel, visualized by a UV transilluminator (INGENIUS, Tri-
gon-plus, SYNGENE, Cestlice, Czech Republic), purified using a gel extraction kit fol-
lowing the manufacturer’s instructions, and sent to SEQme (Dobris, Czech Republic) for
data sequencing. Species identity was analyzed in the BLAST search tool available
through the website of the NCBI [52] and confirmed by phylogenetic analysis. The ITS
dataset used in this study was obtained from GenBank [53]. The Aspergillus terreus ITS
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sequence (accession number NR_149331) was used as an outgroup for the analysis. Se-
quence data were aligned using the CLUSTALw algorithm as implemented in Geneious
8.1.9. MrBayes was run for 100,000 generations with 50,000 sample points under default
prior probability settings.

Seven standard artificial media, namely potato dextrose agar, (PDA), Sabouraud
dextrose agar (SDA), malt extract agar (MEA), Czapek dox agar (CDA), potato dextrose
agar with 0.4% yeast extract (PDAY), and yeast glucose starch agar (YGPSA) (all from
HiMedia Laboratories Pvt. Ltd., Prague, Czech Republic), and Iso-Sensitest agar (Oxoid
ISA) (Thermo Scientific™, Pardubice, Czech Republic) were used. Three modified media
were prepared by the addition of crushed frozen drone bee brood to PDA before sterili-
zation (PDA-BB4: 40 g/L PDA; PDA-BB8: 80 g/L PDA; PDA-BB12: 120 g/L PDA). All the
media were autoclaved at 121 °C for 45 min. Precipitates of crushed bee brood were re-
moved by sterile cotton before pouring to plates.

2.2. Growth Parameters

Seven-day-old cultures of each mating type were used in the experiments. The disks
were cut from the edge of growing mycelium using an 8 mm diameter cork borer. One
disk of the mating type (+) or mating type (-) was placed in the middle of each tested
medium in Petri dishes (90 mm). All plates were placed into plastic bags to keep a stable
humidity (>90%) and avoid water evaporation from the media. All the variants were in-
cubated at different temperatures (25 °C, 30 °C, and 35 °C) for six days. Four replications
of each variant were performed. Colony diameter was measured daily with a 1 mm pre-
cision rule by two perpendicular lines across the bottom of each Petri plate crossing over
the inoculum plug until the mycelia reached the edge of plate (84 mm in diameter) or
ceased growth (Figure 5).

Figure 5. Growth differences among cultures of A. apis in different conditions. (A) Pure culture of (+) mating type of A.
apis 15 days post inoculation on PDA at 35 °C (slow and irregular radial growth). (B) Pure culture of (+) mating type of A.
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apis 15 days post inoculation on PDA at 25 °C (moderate radial growth). (C) Pure culture of (+) mating type of A. apis 15
days post inoculation on PDA at 30 °C (fast radial growth). (D) Pure culture of (-) mating type of A. apis 15 days post
inoculation on PDA at 30 °C (fastest radial growth and quick aging).

2.3. Reproductive Structure Production

For the production of reproductive structures, six media (PDA, PDAY, SDA, MEA,
YGPSA, and PDA-BB4) were selected based on the results of the previous experiment.
One disk of mating type (+) and one disk of mating type (-) were placed symmetrically 5
c¢m apart from each other on all tested media. Four replications were prepared for each
variant. All the variants were incubated at 25 °C, 30 °C, and 35 °C in plastic bags to keep a
stable humidity (>90%). After 15 days of incubation, two disks (J 8 mm) were cut from
the fully sporulated area at distances of 20 and 40 mm from the edge of each plate (a total
of eight samples from each variant). Disks were separately transferred into a 1.5 mL mi-
crocentrifugation tube with 0.5 mL of 0.05% sterile water with Tween 80. The reproduc-
tive structures were washed out using a vortex for 60 s. The concentrations of cysts, spore
balls, and ascospores from the obtained suspension were counted simultaneously in a
Neubauer hemocytometer chamber (Sigma-Aldrich, Prague, Czech Republic) under a
light microscope (Olympus CH20, Prague, Czech Republic) at 100x magnification (spore
cysts and spore balls) and at 200x magnification (ascospores). The concentration of re-
productive structures was recalculated for 1 mm? of a fully sporulated area.

2.4. Morphometry of Reproductive Structures

The same suspensions prepared for counting of reproductive structures also were
used for morphometry of spore cysts and spore ball assessment. An aliquot of 50 pL of
the suspension was deposited on the surface of the glass slide and the reproductive
structures were observed at 200x magnification under a light microscope (Nikon Eclipse
E200, Prague, Czech Republic). Altogether, 15 cysts and 15 spore balls for each sample
(120 cysts and 120 spore balls per variant) were measured from the captured images
(Nikon, Prague, Czech Republic) by two perpendicular diameters with the software NIS
Elements E200. The range of sizes was determined and the mean size for both structures
was calculated for each variant.

2.5. Statistical Analysis

Three experimental designs with repeated measures on the Petri dish were used for
exploring how A. apis grows and develops in response to several factors: (a) a3 x 10 x 2
factorial design was applied to test the effect of temperature and medium on radial
growth of two mating types on the fourth day; (b) a 3 x 6 x 3 factorial design was applied
to test the effect of temperature and medium on the production of the reproductive
structures (spore cysts, spore balls, and spores), and (c) a 3 x 6 x 2 factorial design was
applied to test the effect of temperature and medium on the size of the reproductive
structures (spore cysts and spore balls). Mating types, temperature, medium, reproduc-
tive structures, and their interaction were entered into the models as fixed effects, and
Petri dishes were entered as random effects. For data analysis, repeated-measures non-
parametric ANOVA was used, which is a robust statistical tool for the analysis of multi-
ple factorial designs with non-normal residuals. Before using ANOVA itself, the data
were transformed by the “art” function (ARTool package) [54]. This function first aligns
the data for each effect (main or interaction) and then assigns averaged ranks [55]. The
post hoc comparison of the main effect for food source was conducted by the “emmeans”
package with Bonferroni-corrected p-values [56].

The radial colony growth was analyzed by the generalized estimating equation
(GEE) approach with Poisson error distribution and log link function [57]. The repeated
measures from the same Petri dish were partitioned within clusters by the argument “id”
in the GEE method. Temporal autocorrelation between repeated measures was adjusted
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by specifying a first-order autocorrelation error covariance matrix. All analyses were
performed using the statistical software R version 4.0.1 (R Core Team, 2020).

3. Results

We isolated two fungal strains from mummified honey bee larvae which were
morphologically determined as A. apis. Sequencing of the ITS region was used for mo-
lecular characterization and determination of these two isolates. ITS sequences from both
cultures possessed 100% sequence identity to ITS sequences from reference strains of A.
apis (GQ867766, U68313, KJ158165, KM242589, KM242591, KM242592, KT373974,
MHB859367) as found by the BLAST analysis conducted on the NCBI website
(https://www.ncbi.nlm.nih.gov/, accessed on 2 November 2020). Additionally, the result
of phylogenetic analysis performed using Bayesian methodology in Geneious software
clustered these stains into a single clade, along with eight reference A. apis strains (Figure
6).

0.9827

NR_149331 Asperillus terreus

NR_137164 Ascosphaera solina
NR_145261 Ascosphaera osmophil...

MH862582 Ascosphaera subcuticu..
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0.7048

0.996

0.9309

0.758

0.996[

NR_137165 Ascosphaera flava
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U68313 Ascosphaera apis
KJ158165 Ascosphaera apis
KM242589 Ascosphaera apis
KM242591 Ascosphaera apis
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NR_145262 Ascosphaera fusiform...
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Figure 6. Phylogeny of the ITS region for selected Ascosphaera species. The phylogeny was inferred under Bayesian
methodology in MrBayes using Geneious software. MrBayes was run for 100,000 generations with 50,000 sample points.
For major phylogram branches, Bayesian posterior probabilities are shown. Taxa denoted as Fungal culture 1 and Fungal
culture 2 represent sequence data generated in this study. These strains were isolated from mummified larvae, se-
quenced, and compared with other Ascosphaera species; their sequences as well as sequences for the outgroup (Aspergillus
terreus) were obtained from GenBank.

3.1. Phylogeny of the ITS Region

We isolated two fungal strains from mummified honey bee larvae which were
morphologically determined as A. apis. Sequencing of the ITS region was used for mo-
lecular characterization and determination of these two isolates. ITS sequences from both
cultures possessed 100% sequence identity to ITS sequences from reference strains of A.
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apis as found by the BLAST analysis conducted on the NCBI website. Additionally, the
result of phylogenetic analysis performed using Bayesian methodology in Geneious
software clustered these stains into a single clade, along with eight reference A. apis
strains (Figure 6).

3.2. Growth Parameters

Both medium and temperature influence the growth rate of A. apis (Appendix A,
Table A1, Figure 7). The growth is very close to the linear model (Appendix A, Tables A2
and A3, Figure 8). Both mating types grew fastest at 30 °C on each artificial medium on
the 4th day of growth, except the low-nutrient medium CDA (Figure 7), on which A. apis
grew faster at 25 °C. Mating type (-) grew faster than mating type (+) on almost every
artificial medium. The exceptions are the low-nutrient media such as CDA and Oxoid
ISA (Figure 7). After six days of growth, the mating type (+) of A. apis did not reach the
edge of any of the media plates at any temperature. The fastest growth of the (+) mating
type was recorded on PDA-BB8 (Day 6: 25 °C—69.75 mm, 30 °C—80.75 mm, 35 °C—70.00
mm) and YGPSA (Day 6: 25 °C—58.00 mm, 30 °C—79.50 mm, 35 °C—79.00 mm). How-
ever, the mycelium of mating type (-) reached the edge of the Petri dishes in 11/30 dif-
ferent variations (25 °C—PDA-BB4, 30 °C—SDA, PDAY, MEA, YGPSA, PDA-BB4,
PDA-BBS8, PDA-BB12, 35 °C—SDA, YGPSA, PDA-BB4) in six days. The best artificial
media for fast growth of both mating types are YGPSA, PDA-BB12, PDA-BBS8, SDA, and
PDA-BB4. MEA and PDAY are also very suitable media. On the contrary, the growth on
medium CDA was insufficient. As the fungal cultures reached the edge of the Petri
dishes on the fifth day, statistical analyses were performed with the data of the fourth
day of growth.
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Figure 7. Effect of medium and temperature on the growth of both mating types of A. apis (4th day
of growth). The error bars represent 95% confidence intervals.
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Figure 8. Scatter plot showing colony radial growth within six days, modeled using the cubic
polynomial function. The regression lines were fitted by a generalized linear model with Poisson
error distribution and link function log. The error lines represent 95% confidence intervals.

3.3. Production of Reproductive Structures

The number of reproductive structures, consisting of spore cysts, spore balls, and
ascospores, was counted depending on the artificial media and temperature. Since as-
cospores are formed in spore balls and located in spore cysts, the reproductive structures
were counted simultaneously to assess suitable conditions for the maturation and release
of ascospores and spore balls. The production of reproductive structures is influenced by
the artificial media and temperature (Appendix A, Table A4). The results are shown in

Figure 9.
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Figure 9. The mean number of reproductive structures (spore cysts, spore balls, and spores) per
mm?on different culture media in combination with temperature. The error bars represent 95%
confidence intervals.
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3.3.1. Spore Cysts

For spore cyst production, both temperatures, 25 °C and 30 °C, are suitable. The
temperature 35 °C is not suitable for high spore cyst production. The highest spore cyst
production was recorded on the PDA-BB4 medium at 30 °C (3101/mm?), which was 4—
9-fold higher than on the other media (30 °C—SDA: 792/mm?, MEA: 647/mm?, PDAY:
582/mm?, PDA: 356/mm?2, YGPSA: 343/mm?). Thus, the addition of bee brood to an artifi-
cial medium has a significant effect on the fungus’s sexual reproduction.

3.3.2. Spore Balls

Production of spore balls was also higher at 30 °C on all the tested media, especially
on PDA-BB4 (4338/mm?), MEA (2822/mm?), and SDA (2645/mm?), which correlated with
the number of spore cysts produced.

3.3.3. Ascospores

Though the most ascospores were observed on MEA agar at 30 °C (99,245/mm?), the
lowest number of ascospores was also produced on the MEA agar (2797/mm?), at 35 °C.
Therefore, the appropriate temperature setting is crucial to ensure high ascospore pro-
duction. Very high ascospore concentrations were also detected on PDA-BB4
(64,900/mm?), SDA (63,252/mm?), and PDA+Y (63,127/mm?), all at 30 °C.

3.4. Morphometry of Reproductive Structures

The temperature and artificial media affect the size of the reproductive structures of
A. apis (Appendix A, Table A5). The results imply that, in more suitable media and tem-
peratures, A. apis produce smaller spore cysts and bigger spore balls and vice versa
(Figure 10). The biggest spore cysts were observed at 25 °C with the exception of SDA,
where the result is not statistically significant. On average, the largest spore cysts were
produced on SDA (25 °C—82.45 pum, 30 °C—75.28 um, 35 °C—79.75 um) and MEA (25
°C—83.75 um, 30 °C—73.29 um, 35 °C—77.54 um). The smallest spore cysts were pro-
duced on PDA (25 °C—76.44 pm, 30 °C—71.08 um, 35 °C—67.23 um). This may also
correlate with the amount of nutrients in the media.
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Figure 10. The mean size of reproductive structures (spore cysts and spore balls) in different cul-
ture media, in combination with temperature. The error bars represent 95% confidence intervals.
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The opposite situation is true of the spore ball size. Bigger spore balls were pro-
duced at a suitable temperature. If the temperature changed from the optimum, the size
was smaller. On most of the tested media, spore balls were significantly bigger at 30 °Cin
comparison with 25 °C with the exception of PDA-BB4. In some cases (PDAY, MEA,
SDA), the spore balls at 30 °C were bigger than at 35 °C. Overall, the largest spore balls
were produced on SDA (30 °C =16.21 £ 2.19 pm).

4. Discussion
4.1. Growth Parameters and Optimal Temperature

Ascosphaera apis grew faster on sugar-rich media such as SDA, YGPSA, MEA, PDA-
Y, or PDA-BB. Slower growth was recorded on sugarless media such as CDA and
Oxoid ISA (Figure 7). This is in agreement with Heath [58], who stated that A. apis grows
very well on sugar-rich media because it can easily utilize arabinose, dextrose, mannose,
galactose, sucrose, maltose, lactose, trehalose, glucose, fructose, and even dextrin and
starch. On the contrary, high-fat and high-nitrogen media are not suitable for A. apis
growth [59].

The optimal temperature for A. apis cultivation on commonly used artificial media
was 30 °C for both mating types, (+) and (-). This could be one of the reasons why A. apis
spreads faster in weak bee colonies, which are unable to maintain a high and stable
temperature in beehives. Nevertheless, Flores et al. [37] reported the highest rate of in-
fection in bee brood kept in vitro at 25 °C (77.62%), less at 30 °C (15.31%), and the lowest
rate at 35 °C (2.22%). These differences between the growth of A. apis on artificial media
and in natural conditions are probably caused by the low temperature for the develop-
ment of bee brood. The lower than optimal temperature reduces the activity of physio-
logical processes and contributes to a slower metabolism of bee brood, which makes bee
brood more susceptible to pathogens [60,61].

Additionally, other studies reported an optimal A. apis growth rate near 30 °C
[21,62,63]. However, A. apis is able to grow in a broad temperature range, from 22 °C [64]
to 45 °C [65]. Therefore, the optimal growth conditions seem to depend on the particular
strain and area of its occurrence.

Claussen [66] and Maurizio [63] stated that the male mating type (-) grows faster
than the female mating type (+), which correlates with the results of this study. However,
Evison et al. [67], Bissett [64], and Anderson and Gibson [62] did not notice any differ-
ences depending on the growth of opposite mating types. Claussen [66] and Bissett [64]
also found yellowish pigment in the (-) mating type. The yellowish color was observed in
this study as well; however, this phenomenon was not observed by Spiltoir [16]. Growth
differences between opposite mating types probably depend on the particular A. apis
strain, and the yellowish pigment could be caused by faster aging due to a lack of nutri-
ents.

Since the male mating type (—) grows faster than the female mating type (+), it usu-
ally also requires more nutrients for its development due to a faster metabolism [68]. That
is the reason for faster consumption of all nutrients from media and consequently the
earlier aging and changing color. Low-nutrient media contain an insufficient amount of
nutrients, so the generally faster-growing mating types are restricted. On the other hand,
the slower-growing mating type can better exploit lower-nutrient media and, under
those conditions, fares better (Figure 7).

Commercially available media can be improved by protein supplements. The addi-
tion of yeast to PDA medium promoted the growth of A. apis. Even better results were
achieved by the addition of mixed bee brood to PDA (Figure 7, Appendix A, Table A3).
The sufficient amount of bee brood to ensure faster fungal growth is 40 g/L media. In
general, nutrient-rich media produced better results compared to the nutrient-poor me-
dia [47].
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4.2. Reproductive Structure Production

To assess the reproductive structure development, the spore cysts, spore balls, and
ascospores were counted simultaneously. The method does not allow for counting the
real number of ascospores; instead, it involves assessing the natural level of maturation
and release of spore balls and ascospores depending on the media and temperature.
According to our results, both media and temperature affect ascospore release (Appendix
A, Table A4), and thus a lot of immature ascospores can remain for different lengths of
time in spore balls or cysts. Ruffinengo et al. [69] only counted ascospores after the stir-
ring of the spore cysts. However, that method may be inaccurate because counting the
real number of ascospores is very difficult as not every ascospore is properly released
from reproductive structures.

In general, the more suitable the medium and temperature for A. apis development,
the more ascospores and spore balls will mature and be released in a shorter period of
time and vice versa. At 25 °C, more spore cysts than spore balls were observed on each
medium (Figure 9), which indicated slow reproductive structure development and ma-
turity because of the lack of ascospores and spore balls released. However, at 30 °C, sig-
nificantly more ascospores and spore balls were released. The lowest reproductive
structure release rate was recorded at 35 °C due to less favorable conditions. In addition,
if there is less suitable medium, spore cysts crumble very little and only a small number
of spore balls and ascospores are released. Ascospore maturation and release are heavily
influenced by the temperature. For example, the lowest and highest ascospore concen-
trations were observed on MEA at 35 °C (2797/mm?) and 30 °C (99,245/mm?), respec-
tively. However, since A. apis produced the greatest number of spore cysts and spore
balls on the PDA-BB4 medium, this medium has the potential to produce the greatest
number of ascospores as well. In this case, the ascospore maturation takes longer than on
MEA agar, indicating that malt extract accelerates maturation. Nevertheless, Ruffinengo
et al. [69] did not find a significant effect of the culture medium on the number of pro-
duced ascospores. This was likely due to the different media composition compared to
this study.

In general, the highest spore yields are obtained in media with a C/N ratio of 10:1,
which could represent potato dextrose agar (PDA) [50]. However, in this experiment, A.
apis reproductive structure production was lower on PDA at the optimal temperature (30
°C) in comparison to the other tested media. These parameters were improved only after
the addition of yeast (PDAY), but especially by honey bee brood supplementation (Fig-
ures 7-9).

The number of produced ascospores can vary greatly, even under the same condi-
tions. Ruffinengo et al. [69] reported only 7.42 ascospores per 1 mm? on PDA at 30 °C, but
we recorded 22,410 ascospores per 1 mm? in the same conditions. The ascospore produc-
tion could have been affected by a particular strain and also by the height of myceliumin
the Petri dishes where the ascospores were produced. On most of our tested media, the
mycelium grew to the top of the lid. Therefore, reproductive structures were produced in
the whole column of mycelium. At the time of sample collection, most of the mycelia
were degraded and the number of reproductive structures per area increased. The other
issue is the area of the Petri dishes where the samples were taken from, because the
sporulated area can differ in size. In some cases, the sporulated area can be thinner than
the diameter of the cork borer. The bigger the cork borer that is used, the fewer repro-
ductive structures are counted in the average 1 mm?area. In this study, the sporulated
area covered the whole cork borer diameter. That could be the main cause of the differ-
ences in the abovementioned results. Other authors reported that the mean value of as-
cospores on a single mummy varies between 10*and 10° depending on bee mummy col-
or, which is affected by loads of spore cysts [70,71], which correlates with our observa-
tions.
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4.3. Morphometry of Reproductive Structures

This study confirmed that temperature and artificial media affect the size of spore
cysts and spore balls (ANOVA, Fao, 28 = 7.5380, p < 0.001) (Appendix A, Table A5). As-
cospores are almost unaffected by media and temperature [69] and too small to measure
precisely. For that reason, ascospore morphometry was not included in this study.

During the measurement of spore cyst and spore ball size, a specific pattern was
found. In less suitable conditions, large spore cysts and small spore balls were observed,
and vice versa (Figure 10). This means that, for example, A. apis growing on SDA at 30 °C
(suitable conditions) produced relatively small spore cysts and big spore balls. On the
contrary, A. apis growing on PDA at 25 °C (less suitable conditions) produced relatively
big spore cysts and small spore balls (Figure 10). The reason could be that, in suitable
conditions, A. apis does not need to create big and strong cysts to protect ascospores, in-
stead investing energy into creating bigger spore balls, which means more ascospores as
a result. On the contrary, in worse conditions, it is preferable to create big and strong
cysts, which help ascospores to survive an unfavorable period of time. This phenomenon
can also be observed when compared with two other studies from Argentina. While the
authors examined spore cysts in unfavorable conditions on solitary bees Xylocopa augusti
[72], the average size of spore cysts was significantly bigger than the spore cysts pro-
duced under suitable conditions on artificial media [69]. In addition, the solitary bees’
brood is exposed to fluctuating temperatures, which could be the main reason for the
greater spore cyst production. In former studies, smaller spore balls (12.5 um, 12.0 um,
12.1 pm) and bigger spore cysts (80.2 um, 70.0 um, 84.5 um) were found at lower tem-
peratures [62,64,73], while bigger spore balls (up to 16 um) and smaller spore cysts (50-60
pum) were found at 30 °C [23]. The pattern can be seen in all the tested media in this study.
On average, A. apis produced the smallest spore cysts and biggest spore balls at 30 °C.
Only in the case of PDA were the spore cysts smallest at 35 °C, which indicates a more
suitable cultivation temperature on that medium at 35 °C. If the sizes of spore cysts cre-
ated at 30 °C and 35 °C are not significantly different, the optimal cultivation temperature
seems to be between these values. The exceptions are spore balls produced on PDA-BB4,
the size of which was not affected by the temperature. The addition of bee brood could
simulate natural conditions and eliminate the effect of temperature on the spore ball
morphometry, which is evident in artificial conditions.

However, the size of reproductive structures can also differ considerably depending
on the strain. That is obvious when we compare the abovementioned Argentinian strain
and the strain used in this study, cultivated under the same conditions (PDA at 30 °C). In
addition, the size of the spore balls of the Argentinian strain was not significantly af-
fected by the culture media. That is not in agreement with the results of this study
(ANOVA, Fep, 28 = 33.7521, p < 0.001). The sizes of the reproductive structures were very
variable and depended on the temperature and artificial media. For example, on PDA at
35 °C, the mean spore cyst size was only 67.22 + 12.17 um; however, on MEA at 25 °C, the
mean spore cyst size was 83.75 = 15.22 um. Spore balls are also affected by media and
temperature. On PDA at 25 °C and SDA at 30 °C, the mean spore ball sizes were 13.32 +
2.27 umand 16.21 + 2.19 pm, respectively.

4.4. Strain Competition

The growth rate of Ascosphaera apis mating types, also representing the degree of
virulence, is very important because of the superinfection model of evolution in which
strains do not cooperate but rather compete with each other [67]. If there is only one
parasite invading a host, it can fully exploit the host nutrients because of an absence of
competition [74]. However, if the host is attacked by more parasites, which is very
common in nature, even with A. apis [75], it is very likely that less virulent parasites will
be outcompeted or suppressed by the faster-growing ones. That leads to the selection of
more virulent strains [76], assuming a high transmission ability [77]. Evison et al. [67]
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claim that more virulent A. apis strains may have an evolutionary advantage. They ob-
served an increase in virulence after artificial co-infection by several strains in three
generations. Some of the replicate lines of the parasite even disappeared. The model of
Ascosphaera superinfection has also been observed by Klinger et al. [78], who tested three
Ascosphaera species in a mixed infection. However, increasing virulence often leads to a
decrease in parasite fitness because of faster host death and fewer nutrients [77]. It is
likely that, after some time, only the most effectively host-utilized strains will remain in
an area. The very high- or low-virulence strains will disappear [67].

An exception would be, for example, a heterothallic species, where two opposite
mating types are needed to ensure reproduction. In this case, there may even be an ad-
vantage for a less virulent and less abundant mating type [79,80]. The evolutionary ad-
vantage of slower-growing mating types is better competitiveness in specific situa-
tions—for example, they can better exploit poor nutrient sources because of their slow
growth. On the contrary, a more virulent mating type needs more nutrients to support its
faster growth. It is demonstrated in this paper that only on poor-nutrient media (CDA
and Oxoid ISA) did the (+) mating type grow faster than the (-) mating type (Figure 7).
Another advantage lies in the low reproduction limitation because a faster-growing
mating type is probably more abundant. That means it is easier to mate and survive in a
given area.

Reproduction with a slower-growing mating type can explain the occurrence of
white bee brood mummies, which are supposed to be without ascospores; however,
Gochnauer and Margetts [71] found a few spore cysts on the surface of white mummies.
This indicates the presence of both mating types in the mummy, but the faster-growing
one may have prevailed and consumed all nutrients from the host. In general, a more
virulent mating type prevails and outcompetes a slower one in a body cavity; therefore,
there is no or little sporulation on the surface of the mummy. White mummies can occur
often and in significant amounts. Gilliam [81] observed 35% white mummies in his ex-
periment. This could be a way of reducing ascospore loads in infected beehives, ensuring
balanced parasite-host evolution.

5. Conclusions

The study provides a comprehensive summary of the cultivation conditions for
culturing A. apis on artificial media and explains the biology and specific behavior pat-
tern of the fungus depending on different conditions. The optimal temperature for the
fungus cultivation is 30 °C because it allows the fastest growth, the highest reproductive
structure production, the fastest release, and the greatest spore ball formation. The results
of the study clarify the genesis of reproductive structures depending on the conditions
and confirm the importance of the bee brood for the pathogen’s high reproduction rate.
The article also gives a possible explanation of the occurrence of pure white chalkbrood
mummies, which is based on the different growth rates of individual strains of A. apis.
This mechanism balances the parasite—host relationship in nature. These results can be
used in subsequent studies, which are needed to gain a better understanding of A. apis
pathogenesis and virulence, especially in the conditions of a live bee brood.
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Appendix A

Table Al. Results of the aligned rank transformed ANOVA testing the effect of temperature, cul-

ture medium, and mating type on the radial growth of A. apis (4th day of growth).

Explanatory Variables F Df. Df. Residual p-Value
Medium 21.204 9 180 <0.001
Temperature 16.370 180 <0.001
Mating type 38.523 1 180 <0.001
Medium:Temperature 0.956 18 180 0.5121
Medium:Mating type 4591 9 180 <0.001
Temperature:Mating type 0.096 2 180 0.9082
Medium:Temperature:Mating type 0.096 18 180 0.9982

Table A2. Results of generalized estimating equation approach, testing the effect of temperature,
culture medium, day (repeated measurements in time), and mating type on the radial colony

growth.

Explanatory Variables Df. X2 p-Value
Medium 9 3741 <0.001
Day 1 6724.2 <0.001
Mating type 1 290.0 <0.001
Temperature 2 297.5 <0.001
Medium:Day 9 81.8 <0.001
Medium:Mating type 9 4236 <0.001
Day:Mating type 1 2.7 0.098
Medium:Day:Mating type 9 14.0 0.122

Table A3. Regression slopes estimated by the generalized estimating equation approach, testing
the relationship between A. apis growth on different culture media within six days; mating type
and temperature were used in the model as covariates.

Medium Regression Slopes Standard Error p-Value
YGPSA 2.53 0.06857 <0.001
PDA-BB12 2.49 0.06282 <0.001
PDA-BB8 248 0.06392 <0.001
SDA 2.47 0.06833 <0.001
PDA-BB4 2.45 0.05889 <0.001
MEA 2.45 0.06612 <0.001
PDAY 2.36 0.06224 <0.001
PDA 222 0.06724 <0.001
Oxoid ISA 2.23 0.07234 <0.001
CDA 1.66 0.08585 <0.001

Table A4. Results of the aligned rank transformed ANOVA, testing the effect of temperature and

culture medium on the production of different reproductive structures per mm?.

Explanatory Variables F Df. Df. Residual p-Value
Medium 314.91 5 162 <0.001
Temperature 1128.41 2 162 <0.001
Rep. structures 1549.62 2 162 <0.001
Medium:Temperature 183.04 10 162 <0.001
Medium:Rep. structures 235.06 10 162 <0.001
Temperature:Rep. structures 1268.48 4 162 <0.001
Medium:Temperature:Rep. structures 124.21 20 162 <0.001
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Table A5. Results of the aligned rank transformed ANOVA, testing the effect of temperature and
culture medium on the size of different reproductive structures.

Explanatory Variables F Df. Df.Residual  p-Value

Medium 33.7521 5 228 <0.001
Temperature 85.8862 2 228 <0.001
Rep. structures 6794.2763 1 228 <0.001
Medium:Temperature 6.0024 10 228 <0.001
Medium:Rep. structures 24.3856 5 228 <0.001
Temperature:Rep. structures 127.0338 2 228 <0.001
Medium:Temperature:Rep. structures 7.5380 10 228 <0.001
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Abstract: Ascosphaera apis is a heterothallic fungus causing widespread honey bee disease called
chalkbrood. In many countries, beekeepers use fungicides to control this pathogen. However,
this approach results in residues in bee products as well as in resistance which are serious problems.
For these reasons, in European Union countries is not allowed to use nor fungicides, neither antibiotic
to control bee diseases. Therefore, there is an increasing need to find environmentally friendly methods
to control honey bee pathogens. One of the most promising approaches seems to be using natural
botanical compounds with antifungal effects. In this paper, 2 essential oils and 2 main components were
tested for A. apis inhibition in in vitro conditions. Local strain of A. apis was cultivated on Sabouraud
dextrose agar (SDA) with different concentrations of tested botanical compounds. Cultivation was
carried out at 30 °C for 21 days. The greatest inhibitory effect reached thymol (MIC 500 pg/ml). Very
promising seems to be also clove bud oil (MIC 2500 pug/ml) and eugenol (MIC 2500 pg/ml). Cedarwood
oil did not stop the growth of A. apis even in the highest concentration (MIC >5000 ug/ml).
This experiment confirmed that these plant substances are efficient as an antimicrobial agent against
chalkbrood disease. Despite problems with unstable botanical compounds composition in the same plant
species, application of essential oils and their main components could be gentle and safe way
how to control a lot of bee diseases in the future.

Key Words: Essential oils, chalkbrood, cultivation media, cultivation, antifungal effect

INTRODUCTION

More than three quarters of agricultural crops are dependent on pollination and approximately
one third of food production is influenced by pollinators (Klein et al. 2007). Therefore, reduction
in abundance of insects and their extinction draw the attention to many scientists because it poses
a significant threat. The same, if not worse situation affects also wild plants (Biesmeier et al. 2006). One
of the most important pollinators is honey bee (Apis mellifera) which is currently affected by many
diseases more frequently than before. It is the result of exposure of bees to pesticides applied to the fields
and antibiotics to bee hives (Sandrock et al. 2014), decline of biodiversity and pollen mono diet, transfer
of bee colonies for long distances, inadequate beekeeping practice and also anthropogenic modifications
in habitats and climate changes (Biesmeier et al. 2006). One of the very common and worldwide spread
diseases is chalkbrood. Its incidence is on the rise and may cause significant economic losses, especially
in cold and damp weather conditions (Aronstein and Murray 2010). There are some reports from East
Asia where beekeepers deal with this disease very often (Chantawannakul et al. 2005).
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Chalkbrood is caused by heterothallic fungus Ascosphaera apis (Maassen ex Claussen) (Spiltoir
1955) which is closely specialized to honey bees and it can infect only bee larvae. Spores of this fungus
can be consumed with food by honey bee larvae. In the suitable conditions in a gut, spores are activated
by higher concentration of carbon dioxide and the mycelium starts grow. At the beginning of infection,
the larvae cease food consumption and get swollen. During the time, mycelium grows throughout
the larvae and causes its dead. After some time, the larvae are going to shrink and solidify and also form
so-called chalkbrood mummy. The color of cadavers can be white, black/grey or mottled depend
on the presence of ascospores being created on the surface. These ascospores, which can be produced
only sexually, are placed into resistant cyst and stay viable for many years. The mummies resemble
chalk, from that the name of the disease originated (Aronstein and Murray 2010).

In many countries, beekeepers still use fungicides to treat chalkbrood disease. It can, however,
leave residues in bee products and also causes problem with pathogen resistance (Chaimanee et al.
2017). Therefore, in European Union countries, are these substances banned and there is no registered
therapeutic agent against chalkbrood. A lot of chemotherapeutic compounds have been investigated
as potential substances to treat chalkbrood. Although many of them have antifungal effect, they are not
efficient to spores and, in addition, they have negative effect to bee vitality and longevity (Aronstein
and Murray 2010). Moreover, there is also a worldwide increase prevalence of other fungal pathogen
species on fields and warehouses which are associated with higher fungicide consumption (Zabka et al.
2014). Farmers and even consumers are exposed to long-term, low-dose unnatural substances
due to fungicides residues in food supply and groundwater as well as many non-target organisms,
especially in developing countries. These negative substances are linked to immune suppression,
hormone disruption and cancer. Thus, there is an increasing effort to use alternative, more
environmentally friendly methods. Recently, one of the most promising way how to control chalkbrood
seems to be using of plant essential oils (EOs) or their main components (MCs) with fungicide effect
(Gabriel et al. 2018). Their next substantial advantage is that they are allowed in human food chain
included honey production because of GRAS status (Chantawannakul et al. 2005, Li et al. 2019).

A various plants had been used in medicine long time before microbes were discovered. Our
ancestors empirically observed the healing potential of some plant species which is currently known
as the antimicrobial effect. This effect is mainly caused by essential oils which are volatile substances
of plants containing a various organic bioactive compounds. They are known for its very sharp aroma
and taste and have a protective function in plants (KuzySinova et al. 2016). Even now, these plant
substances are abundantly used in preventing and treating various digestive and respiratory diseases
in the form of tea, spices and traditional remedies. They are still efficient because there is no resistance
against these compounds. In recent time, there is an increasing effort to utilize these plant compounds
because they are easily degradable and environmentally friendly and have minimum or no side effects
(Li et al. 2019). In this paper, we demonstrated antifungal effect of some botanical compounds against
the local strain of A. apis, which have a potential to be used as agents against honey bee pathogens.

MATERIAL AND METHODS

Fungal isolates and essential oils

Ascosphaera apis isolates were obtained from mummified bee brood collected on apiary in South
Bohemia. The opposite mating types were separated on the PDA (Potato dextrose agar, Himedia)
with addition of chloramphenicol by sub culturing until pure culture were established and stored
as the maternal cultures on PDA at 30 °C. For antifungal effect, the male mating type was chosen due to
its faster growth. For fungicide activity assay, two EOs (clove bud oil, cedarwood oil) and two MCs
(thymol, eugenol) were chosen based on their antimicrobial activity. All of these substances were
obtained from Sigma Aldrich and stored in dry, dark conditions at 22 °C. The DMSO (dimethyl
sulfoxide, Himedia) served as a solvent. Four different concentrations of each tested substances were
prepared by diluting 25, 50, 250 and 500 pl of EOs or MCs in 500 pl of DMSO for 100 ml media.
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Testing of EOs and MCs

For cultivation tests, SDA (Sabouraud dextrose agar, Himedia) medium was used
due to its suitability for A. apis growth and also for the medium uniformity. A volumes of 100 ml SDA
media were autoclaved at 121 °C for 30 min in Erlenmeyer flask for each variant. Diluted substances
of EO/MC were added to the autoclaved SDA cooled at 45 °C aseptically to ensure final concentrations
(250, 500, 2500, 5000 pg/ml) and dispersed by circular movements. An amount of 20 ml were poured
into Petri dishes (90 x 15 mm). After media solidification, the 8 mm cork bores of mycelium were cut
from the edge of 7 days old culture and placed in the middle of each Petri dish. Five repetitions were
prepared for each concentration of tested substances. A. apis was cultivated under the dark condition
at 30 °C for 21 days. The growth of mycelium was measured by two perpendicular diameters daily
for the first 10 days, then the 15" day and the 21* day. The inhibitions effect was calculated. Data
from the 10™ day of cultivation were statistically analysed with ANOVA (STATISTICA 12, StatSoft
Inc.) and the mean values were compared using the Tukey HSD test (p < 0.05).

RESULTS AND DISCUSSION

An antifungal effect of four plant substances was tested against A. apis. This fungus grew very
well on SDA medium as well as on the SDA controls including the DMSO. All the tested substances
showed an antifungal effect (Figure 1). In each case, the higher concentration of tested botanical
compounds caused higher growth inhibition. Thymol (Fsss) = 32315.7, p < 0.05) has been detected
as the most effective substances with the MIC < 500 pg/ml after 10 days of cultivation. However, during
the first 7 days, there was no A. apis growth even at the lowest concentration (250 pug/ml). Calderone
et al. (1994) determined its MIC as 1000 ug/ml after 7 days of cultivation. This variability may indicate
different sensitivity of individual A. apis strains or different substances composition. Thymol
is considered as a broad range inhibitor because it can suppress growth many fungal species as
Alternaria alternate, Stachybotrys chartarum, Cladosporium cladosporioides and especially significant
for beekeeping Aspergilus niger causing Stonebrood disease (Zabka et al. 2014) as well as
Paenibacillus. larvae causing American foulbrood (Fuselli et al. 2006). This substance was tested
against many different bacteria and yeast with very promising results (Wiese et al. 2018). Thyme,
with its main component thymol, had very low MIC (300 ug/ml) also against the human pathogen
as Staphylococcus aureus, Escherichia coli and Candida albicans (Hammer et al. 1999).

Great antifungal effect had also clove bud oil (Fs 54 =47413.8, p < 0.05) with MIC <2500 ug/ml
measured after 10 days of cultivation. According to Chaimanee et al. (2017), clove bud EO had MIC
very low (32 pg/ml) after 3 days of cultivation and as an efficient oil is also considered by Ansari et al.
(2016) with MIC 400 pg/ml and by Calderone et al. (1994) with MIC 1000 pg/ml, both measured
after 7 days of cultivation. In our study, the lowest concentration was relatively harmless and mycelium
started to grow even on the second day of cultivation. However, the clove bud concentration
of 500 ug/ml inhibited A. apis growth for the first 7 days (Figure 1). Clove bud oil is efficient
also against Staphylococcus aureus, Escherichia coli and Candida albicans (MIC 1200 ug/ml)
representing a group of common human pathogens (Hammer et al. 1999). Especially clove bud oil main
component, eugenol, is known for its significant antifungal effect. In this study, eugenol inhibited 100%
A. apis growth at 2500 pg/ml after 10 days of cultivation (Fsssy = 11342, p < 0.05). Its particular
efficiency was proved also by Larran et al. (2001) who tested eugenol as a part of basil oil against A. apis
and also by Gende et al. (2008) who tested eugenol as a main part of Cinnamomum zeylanicum against
P. larvae.

Despite cedarwood essential oil (Fs s4) = 3876.25, p < 0.05) showed antimicrobial activity (Figure
1), it did not completely inhibit A. apis growth in any tested concentrations (MIC >5000 pg/ml). For this
reason, its use can be suitable only assuming its synergic effect with other medical substances to treat
chalkbrood disease. In cedarwood oil were recorded considerable diversity in its compositions, therefore
the efficacy can differ. The same effect occurs in many plant oils (Paoli et al. 2011).
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Figure 1 Inhibition effect of botanical compounds on the A. apis pathogen during 21 days, differences
among the concentrations on the 10" day of fungus cultivation show small letters (HSD Tukey test)
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CONCLUSIONS

Plants contain a diverse composition of essential oils and their main components and a lot of them
have an antimicrobial effect. By these botanical compounds, plants can protect themselves against many
pests and pathogens. Therefore, essential oils are used for plant protection in agriculture
and it is considered as an environmentally friendly way with a minimum risk of acquisition of resistance.
Moreover, there are no residues in agriculture products after their use because essential oils are easily
degradable. In addition, they are convenient also for organic farming. For these reasons, botanical
compounds have a large potential and represent a suitable alternative to prevent or treat different kind
of bee diseases. Their antifungal effect was confirmed also by this study. There were tested four plant
substances and especially thymol and clove bud essential oil had significant antimicrobial effect against
A. apis. It is very likely, that some substances can cause a synergistic effect, which would increase
antimicrobial activity and decrease costs for its practical use. However, the next studies are needed
to confirm bee tolerance and also to find suitable methods for its application in bee hives.
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Highlights
e 4 essential oils had significant antifungal effect
e Botanical substances inside clove bud and cinnamon oils cause synergistic effect
e (Cedarwood oil inhibit the fungal growth even at low concentrations
e Results suggest a potential these oils for use as an alternative to the fungicides

Abstract

Ascosphaera apis is a worldwide spread fungal pathogen invading honey bee brood
and causing chalkbrood disease. In many countries, its control with fungicides is banned due
to residue contamination of bee products and health risk. Since then, there is no alternative
treatment. In this study, an antifungal activity of 10 essential oils or botanical components has
been investigated with the potential to participate in alternative methods of controlling the

pathogen. Agar dilution method was carried out showing considerable differences between
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their antifungal activity with the best results of thyme oil (MICso= 57.7 ppm) followed by
cedarwood oil (MICsp= 64.9 ppm), clove bud oil (MICsp= 114.2 ppm) and cinnamon oil
(MICsp= 136.6 ppm). The composition and quantity of main components of above mentioned
oils were determined by GC-MS/MS. Thymol is responsible for the antifungal activity of
thyme oil, whereas, in clove bud and cinnamon oil, the main component is eugenol.
Cedarwood oils contain primarily gama and alpha cendrene. Since the analyzed compounds
have a broad range of antimicrobial activity and a possible synergistic effect could increase
their efficacy, results suggest they might be used to control several honey bee pathogens at

once.

Keywords: Agar dilution method; chromatography; essential oils; fungal pathogen;

honey bee; minimum inhibitory concentration

1. Introduction

Managed western honey bees (Apis mellifera L.) are kept for their honey production as
well as other bee products, especially beeswax, propolis, and fermented pollen. People have
used these products all around the world, which makes it important sources (Cianciosi et al.,
2018; Ruoff and Bogdanov, 2004). However, the greatest importance of bees lies in the

pollination service, because A. mellifera belongs to one of the main pollinators worldwide.

Honey bees are stressed by many factors, including malnutrition (Dolezal et al., 2019;
Smart et al., 2019), long-distance transport, inadequate beekeeping practice (Biesmeijer et al.,
2006), and especially, application of fungicides, miticides, and antibiotics to the beehives as
well as pesticides to the fields which often act synergistically (Iwasa et al., 2004; Schmuck et
al., 2003; Thompson et al., 2014). These factors make bees more susceptible to parasites and
pathogens, which honey bees would be able to fend off in non-stressing conditions. Therefore,

honey bees suffer from parasites and pathogens more often these days and there is an
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increasing concern about honey bee colony collapses (Genersch, 2010; Goulson et al., 2015;
Kulhanek et al., 2017) as well as other insect pollinators (Hallmann et al., 2017; Potts et al.,

2010).

Periodical honey bee colony collapses worldwide in recent time lead to insufficient
production of honey bee products (Biesmeijer et al., 2006). That increases their demand and
thus occurrence of counterfeit (falsified) products (Sahlan et al., 2019). Apart from that, a big
amount of cheaper honey from distant countries has been imported to the EU and the USA. In
some cases, it can contain residues of pesticides and antibiotics (Barganska et al., 2011; Ruoff
and Bogdanov, 2004). Beeswax has also been contaminated by pesticides, both in Europe
(Morales et al., 2020; Vazquez et al., 2015) and USA (Frazier et al., 2008) as well as in Africa
(Llorens-Picher et al., 2017), which degrades it and the need of high-quality beeswax is
getting bigger. Furthermore, beeswax, too, is falsified with paraffin because of its shortage
(Svecnjak et al., 2019). Another bee-related issue is the so-called pollination crisis.
Pollination dependent crops are cultivated in a larger area every year and despite a great
contribution of bumblebees, wild bees, and solitary bees, there are not sufficient numbers of
pollinators to ensure stable yields, which leads to great economic losses (Aizen et al., 2009;
Gallai et al., 2009). Neither in wild landscape is the situation better because the lack of

pollinators leads to the decline of plant biodiversity (Hallmann et al., 2017).

The very common and widespread bee brood disease is a chalkbrood. It is caused by
the pathogen Ascosphaera apis (Maassen ex Claussen) (Spiltoir, 1955). This heterothallic
fungus can invade only bee brood. Once the ascospores are ingested with contaminated food,
they are activated by CO, exposure and start to germinate in the gut. Later on, mycelium
breaks the peritrophic membrane and grows throughout the larvae. At the beginning of
infection, the larvae cease food consumption, get swollen and covered by fluffy mold. In the

end, the larvae shrink and resemble white or gray/black chalk, depending on the presence of
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ascospores. They are called chalkbrood mummies and represent a typical symptom of the
disease (Aronstein and Murray, 2010). Chalkbrood occurs especially in damp and cold
weather conditions or in weak bee colonies where workers are unable to maintain a constant
temperature at 35°C (Evison, 2015) because A. apis prefer rather lower temperatures around
30°C (Mraz et al., 2021). Therefore, disease occurrence in beehives is promoted by exposing

bee larvae to cold-stress (Vojvodic et al., 2011).

Chalkbrood are ordinarily treated chemically by fungicides. Generally, the application
of pesticides helps prevent economic losses, including higher crop quality, protection of crop
losses and vector-borne disease control, therefore, they bring considerable benefits (Aktar et
al., 2009). On the other hand, fungicides leave residues and can cause pathogen resistance
(Evans, 2003; Rinkevich, 2020; van den Heever et al., 2014). Furthermore, long-term, low-
dose exposure of pesticides has a negative effect even for people because it can cause
hormone disruption, suppressed immune function, reproductive abnormalities, and cancer.
Pesticides and their residues can also be leached into the groundwater and contaminate
drinking water, which is a serious problem (Aktar et al., 2009). Pesticides negatively affect
non-target organisms, e.g. those in bee gut microbiota, which leads to a disruption of bee
immunity (Zhu et al.,, 2020). Many studies have investigated the side effects of these
pesticides warning against negative influence related to honey bee learning, memory,
navigation, foraging activity or immune response (Cullen et al., 2019; Liao et al., 2019; Tison
et al., 2019). For these reasons, the use of fungicides in beehives is prohibited in many
countries, including the EU. Therefore, there is a great interest in the investigation of

alternative and efficient disease-controlling substances (Ansari et al., 2017).

Several approaches or alternatives seem to be promising. One of them is using
essential oils (EOs) containing biologically active compounds, especially phenols, terpenes,

and terpenoids (Zabka and Pavela, 2013). They are known for the antimicrobial effects (Rios
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and Recio, 2005) that mankind has been using since the Middle Ages (Bakkali et al., 2008).
That is one of the main reasons they are considered safe in the human food chain and also
environmentally-friendly (Chantawannakul et al., 2003). As a natural product, its application
does not leave residues, because essential oils are completely degradable. Therefore, essential
oils are convenient also for organic farming. Furthermore, thanks to many biologically active
substances composition, it is very difficult to involve resistance for the pathogens (Milano and
Donnarumma, 2017). Essential oils could represent an alternative to the synthetics fungicides,

and thus reduce the environmental pollution (Du Plooy et al., 2009).

Originally, Essential oils are formed in various aromatic plants as secondary
metabolites and play an important role in their protection as antimicrobial agents (Bakkali et
al., 2008). Besides, they may attract pollinators to ensure plant reproduction (Stevenson,
2020). For commercial use, essential oils are the product of distilled, pressed, or extracted all
part of raw plant organs including buds, flowers, leaves, stems, twigs, seeds, fruits, roots,
wood or bark, resulting in a concentrated solution of volatile organic compounds

characterized by a strong odor (Ferrentino et al., 2020).

Several studies have been carried out investigating the inhibitory effect of essential
oils on honey bee pathogens and parasites, namely A. apis (Ansari et al., 2017; Calderone et
al., 1994; Chaimanee et al., 2017; Chantawannakul et al., 2003; Gabriel et al., 2018), P.
larvae (Calderone et al., 1994; Chaimanee et al., 2017; Damiani et al., 2014), V. destructor
(Ariana et al., 2002; Conti et al., 2020; Damiani et al., 2009), and N. ceranae (Borges et al.,
2020; Bravo et al., 2017) with promising results. Apart from the main components (MCs),
essential oils contain other numerous molecules in small quantities. These can play a role in
cell penetration, lipophilic or hydrophilic attraction and fixation on cell membranes or cellular
distribution. Thus, they can act synergically and increase the antimicrobial effect (Bakkali et

al., 2008). What more, phenols, which commonly occurred in essential oils can reduce the
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mortality of honey bees intoxicated by pesticides (Hybl et al., 2021). Unfortunately, essential
oils' biologically active substances proportion varies depending on a part of the plant, climate,
soil composition, plant age, vegetative cycle stage, and genetic traits. This fluctuating
composition of substances complicates the use of essential oils (Angioni et al., 2006; Masotti

et al., 2003; Tock et al., 2020).

This study aims to verify the inhibition effect of selected essential plant oils and their
main components on the widespread honeybee pathogen Ascosphaera apis. First, the
minimum inhibition concentrations of botanical substances were evaluated, and second, the

chemical compositions of the most effective oils were determined.

2. Material and methods

2.1.Fungal culture, cultivation media and essential oils

The Ascosphaera apis strain was isolated from mummified bee broods from the South
Bohemia region. The species was identified by molecular methods, specifically sequencing of
ITS region and comparison with the BLAST (The National Centre for Biotechnology
Information; NCBI). The male mating type was chosen for the inhibition tests due to its faster
growth (Mraz et al.,, 2021). The isolate was grown on SDA (Sabouraud dextrose agar,
Himedia) at 30°C. Essential oils and main components were obtained from Sigma-Aldrich,

Prague, Czech Republic.

2.2.Agar dilution method

The agar dilution method was carried out according to Zabka et al., (2009) with small
modifications. Briefly, an amount of 25, 50, 250 and 500 ul of EOs or MCs were dissolved in
500 pl DMSO and mixed with a 100ml SDA medium tempered at 45°C. The emulsions were
dispersed by circular movements and 20 ml of the media was poured into Petri dishes (90x15

mm). The final concentrations were 250, 500, 2500 and 5000 ppm. The medium SDA with
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5 000 ppm DMSO was used as a negative control. Untreated and uninoculated SDA was used
as a contamination control. Once the media solidified, an 8 mm diameter plug was removed
from the edge of 7 days old culture of A. apis and placed in the middle of each Petri dish.
Each experiment was conducted in five repetitions. Plates were incubated at 30 °C in dark
conditions until the cultures reached the edge of the Petri dish or ceased the growth. The
radial growth was measured by two perpendicular diameters daily. The percent inhibition of
the radial growth of the target fungi was calculated according to the following formula.
Percent inhibition = (DC — DT)/DC x 100, where DC is the colony diameter of the control
sets and DT is the colony diameter of the treated sets. The second sets of experiments were
done with a narrower range of concentration based on the results of the first experiment. The
concentrations were as follows (ppm): Cedarwood - 5, 10, 25, 50, 100, 200, 250, 400; thyme -
50, 100, 200; clove bud, cinnamon, eugenol, wintergreen - 100, 200, 400; methyl eugenol
100, 200, 500; peppermint - 250, 500, 1000, Linalool - 600, 1200, 2000; Lavandin 600, 1200,

2500. From the obtained data, a MICs, was calculated.

2.3.Determination of main components by GC-MS/MS

Samples of essential oils were analysed diluted 1:10000 in hexane by GC MS/MS
system consisting of TriPlus autosampler, Trace GC Ultra gas chromatograph equipped with a
TG-5MS fused silica capillary column, 30 m x 0.25 mm x 0.25 um, and coupled to a mass
spectrometer TSQ Quantum XLS all from Thermo Fischer Scientific, USA. Helium was used
as a carrier gas at 1.0 ml/min. 1 pl of the sample was injected to SSL injector in the splitless
mode set at 280 °C. The oven temperature was programmed as follows: start at 40 °C and
held for 5 min, then increased to 150 °C at a rate of 3 °C/min and held for 0.5 min, then
increased to 250 °C at a rate of 10 °C/min, then increased to 290 °C at a rate of 25 °C and
finally maintained at 290 °C for 10 min. The temperature of the transfer line was held at 250

°C, and the ion source was operating at 200 °C. TIC mode was performed on Q1 at 70 eV of
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ionization energy and mass range 50 — 450 m/z. To exclude congestion of detector the
scanning was performed after 6 min of injection. The data was processed in Thermo Xcalibur
3.0.63 (Thermo Fisher). Components identification was made based on comparison with the
NIST Mass Spectral Search Program library v 2.0f (Thermno Fisher). The quantification was
achieved based on Q3 SIM mode focused on fragmentation ions of desired compounds and
also via external calibration curve. The Thujone (Sigma Aldrich) was used as an internal and

also external standard.

3. Results

All the tested botanical substances inhibit the growth of A. apis at various
concentrations (Tab 1). The greatest inhibitory effect was caused by thyme oil (MICsy = 57.7
ppm). Very high efficiency had also cedarwood (MICsy = 64.9 ppm), clove bud (MICsy =
114.2 ppm) and cinnamon oil (MICsp = 136.6 ppm). From the MCs, the highest inhibitory
effect had methyl eugenol (MICsy = 146.5 ppm) and eugenol (MICsy = 151.1 ppm). Moderate

efficiency had wintergreen and low efficiency had peppermint oil, linalool and lavandin.

Table 1. Inhibitory effect of EOs/selected natural compounds on A. apis at 2500 ppm and

MICsp
Tested Inhibitio S.D. MICsy* Chi
1P

substance n (%) (%) (ppm) square®
Thyme 100 +0.00 57.7 50.22-64.53 0.009
Cedarwood 100 +0.00 64.9 57.69-73.04 0.465
Clove bud 100 +0.00 114.2 78.29-140.47 0.246
Cinnamon 100 +0.00 136.6 117.77-154.26 0.192
Methyl

100 +0.00 146.5 114.96-176.52 0.459
eugenol
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Eugenol
Wintergreen
Peppermint
Linalool

Lavandin

100

100

100

100

87.5

+0.00

+0.00

+0.00

+0.00

+2.99

151.1

209.9

556.7

806.0

1062.7

138.12-163.77

163.95-257.66

478.48-656.42

709.56-917.11

924.92-1233.67

0.269

0.096

0.003

0.193

0.380

*Minimum inhibitory concentration of compound that resulted in a 50% inhibition

99% confidence intervals

‘Chi-square value, significant at P < 0.01 level

The chemical composition of the tested essential oils is given in table 2. The main

component of clove bud oil was eugenol (62.6%) and acetyleugenol (31.7%). Likewise

cinnamon contained eugenol (88.6%) as a main component. Thyme oil contained mainly

thymol (69.4%) and linalool (10%). Cedarwood contained more main substances in lower

concentrations, from which the most frequent was gama cendrene (31.9%) and alpha cendrene

(31.9%) followed by beta cendrene (14.3%) and cuparene (10%).

Table 2. Chemical composition of the tested essential oils

Normalized area [%]

Component RT [min]

Cedarwood Clove bud  Cinnamon Thyme
Linalool 21,13 0,15 0,33 6,63 10,03
Camphor 23,17 0,06 0,03 0,07 3,52
Borneol 24,32 0,03 0,04 0,33 6,74
Estragole 29,95 2,44 0,00 0,00 0,00
Thymol 30,67 0,00 0,14 0,00 69,41
Eugenol 33,11 1,53 62,59 88,60 4,95
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Anisketone 34,18 0,41 0,00 0,00 0,00
gama_cedrene 35,65 31,88 4,39 4,37 5,35
alfa_cedrene 35,65 31,85 0,00 0,00 0,00
beta_cedrene 35,97 14,27 0,00 0,00 0,00
beta-Vetirenene 37,70 7,31 0,80 0,00 0,00
Cuparene 39,42 10,07 0,00 0,00 0,00
Acetyleugenol 40,13 0,00 31,67 0,00 0,00

4. Discussion

This study deals with the antifungal effect of several essential oils and botanical
compounds on the honey bee brood pathogen Ascosphaera apis. All the tested botanical
substances inhibit the growth of A. apis at various concentrations (Tab. 1) due to its different
composition (Tab. 2). The most effective oils were thyme, cedarwood, clove bud, and
cinnamon. Therefore, GC-MS/MS analyses were performed to reveal their main components.
The greatest inhibitory effect was caused by thyme oil (MICsy = 57.7 ppm). The main
component of thyme oil is thymol (69.4%), which has a high antimicrobial activity on the
fungal pathogens (Boudegga et al., 2010; Calderone et al., 1994; Kloucek et al., 2012; Zabka
et al.,, 2014) and also on other honey bee pathogens, specifically Melissococcus plutonius
(Wiese et al., 2018), Paenibacillus larvae (Alippi et al., 1996; Flesar et al., 2010; Fuselli et
al., 2009), Nosema ceranae (Borges et al., 2020; Costa et al., 2010; Maistrello et al., 2008)
and the parasite Varroa destructor (Ariana et al., 2002; Damiani et al., 2009). Even a low
concentration of thymol naturally occurred in nectar and pollen have an antimicrobial effect
(Stevenson, 2020; Wiese et al., 2018). Furthermore, thyme oil and its main component thymol
have a low toxicity on adult honey bees (Ariana et al., 2002) as well as honey bee larvae

(Charpentier et al., 2014) and other pollinators (Stevenson, 2020). Therefore, it is considered
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safe for honey bees (Gashout et al., 2020; Gregorc et al., 2018) but there are also studies
which make its safety controversial (Alayrangues et al., 2016; Chapuy et al., 2019; Colin et
al., 2019). Despite that, thymol has already been registered as a varroacide in several

products.

Cedarwood oil was the second most effective EO (MICsy = 64.9 ppm) on the fungal
pathogen. There is no evidence in literature how the oil influences honey bees or their
pathogens. However, it shows high antimicrobial activity on bacteria (Korona-Glowniak et
al., 2020; Zrira and Ghanmi, 2016) and has also sporicidal activity (Ramadass and
Thiagarajan, 2015). According to our results, cedarwood oil reduced the growth rate at low
concentrations for a long period of time. This effect could be used in different EOs mixtures.
For that effect, active constituents with a slow rate of release could be responsible. The main
components of cedarwood oil are gama and alpha cendrene, which represent 63.7% of total
oil composition. Next abundant compounds are beta cendrene (14.3%), cuparene (10%) and

beta-vetirene (7.3%). However, its composition often differs significantly (Adams, 1991).

The moderate inhibition effect caused clove bud oil (MICsy = 114.2 ppm), cinnamon
oil (MICsy = 136.6 ppm), methyl eugenol (MICsy = 146.5 ppm), and eugenol (MICsy = 151.1
ppm). Especially cinnamon oil is considered to have a great antifungal (Chantawannakul et
al., 2003; Gabriel et al., 2018) and antibacterial effect against honey bee pathogens
(Calderone et al., 1994; Chaimanee et al., 2017). It is mainly caused by the constituent
eugenol (88.6%), which dominated in the oil composition. Its further research is, however,
hampered by its high toxicity towards honey bees (Chaimanee et al., 2017), especially at

higher concentration (Arismendi et al., 2018).
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Better results achieved clove bud oils, particularly from the 500 ppm concentration. A
lower MICy is reported with a shorter monitoring time (Ansari et al., 2017; Chaimanee et al.,
2017). Honey bee sensitivity to the oil is lower than to cinnamon oil (Chaimanee et al., 2017),
and even lower than thymol, oxalic and formic acid (Ebert et al., 2007) which are commonly
used as acaricides in bee hives. In addition, clove bud oil negatively affects P. larvae
(Calderone et al., 1994; Chaimanee et al., 2017) and V. destructor (Li et al., 2017; Maggi et
al., 2010). Therefore, clove bud oil has a good potential to take a part in alternative
treatments. Its main component is eugenol (62.6%), but it also contains a higher amount of

acethyleugenol (31.7%).

Eugenol is a main component of clove bud and cinnamon oil and is responsible for the
antimicrobial activity (Maggi et al., 2010) as well as methyl eugenol in many other essential
oils, for example Laurus nobilis (Nabila et al., 2020) or lemongrass (Lal et al., 2020). Since
these MCs had higher values of MICsy (151.1 ppm and 146.5 ppm, respectively) than clove
bud and cinnamon oils, it’s very likely that a synergistic effect among the oils component
occurs. This effect could be used intentionally in practice to increase the antimicrobial activity
and to lower the dose and cost of products (Sharma et al., 2020). Several compounds are
already known to act synergistically, for example thymol and eugenol (Palmer-Young et al.,

2017) or eugenol with some synthetics compounds (Jafri et al., 2020).

Wintergreen and peppermint oils (MICsp = 209.9 ppm and 556.7 ppm) did not show a
high antifungal effect as well as linalool and lavandin (MICsp = 806.0 ppm and 1062.7 ppm).
However, wintergreen, peppermint, (Imdorf et al., 1999) and lavandin (Ariana et al., 2002;

Damiani et al., 2009) oil have been proved to have acaricidal effect against Varroa destructor.
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5. Conclusion
This research has identified 4 essential oils with high inhibition effect against A. apis.
Additionally, their main substituents were recognized. Results suggest potential use of these
EOs and their MCs as antifungal treatment in beekeeping practice. However, the assessment
on the honey bee tolerance needs to be done as well as examination of the essential oil

application forms in practical use.
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Simple Summary: Worldwide, mass losses of honey bee colonies are being observed more frequently
due to Varroa mite infestation. Therefore, varroosis is considered a major problem in beekeeping
participating to a large extent in colony collapse disorder. Except for direct damage of bees and
suppressing their immune system caused by parasitism, Varroa mites transfer viral particles straight
to bee hemolymph which can have a fatal impact. To control the mite population, several acarici-
dal treatments are used. Commonly used treatments are synthetic acaricides with a high risk of
developing Varroa resistance population and contamination of bee products by acaricidal residues.
Other commonly used treatments are organic acids, which are increasingly associated with damage
of brood, adult bees, and premature deaths of queens. Therefore, in this study, we evaluated the
varroacidal effect of 30 individual essential oils. The toxicity of the most effective oils selected by
screening was subsequently tested on Varroa mites and adult honey bee workers simultaneously.
In addition, the main components of these essential oils were specified. Several essential oils were
proven to be effective against the adult female of Varroa mites and at the same dose safe for adult
honey bee workers under laboratory conditions, especially manuka, peppermint, oregano, litsea,
and cinnamon.

Abstract: Essential oils and their components are generally known for their acaricidal effects and are
used as an alternative to control the population of the Varroa destructor instead of synthetic acaricides.
However, for many essential oils, the exact acaricidal effect against Varroa mites, as well as the effect
against honey bees, is not known. In this study, 30 different essential oils were screened by using
a glass-vial residual bioassay. Essential oils showing varroacidal efficacy > 70% were tested by the
complete exposure assay. A total of five bees and five mites were placed in the Petri dishes in five
replications for each concentration of essential oil. Mite and bee mortality rates were assessed after 4,
24, 48, and 72 h. The LCso values and selectivity ratio (SR) were calculated. For essential oils with
the best selectivity ratio, their main components were detected and quantified by GC-MS/MS. The
results suggest that the most suitable oils are peppermint and manuka (SR > 9), followed by oregano,
litsea (SR > 5), carrot, and cinnamon (SR > 4). Additionally, these oils showed a trend of the increased
value of selective ratio over time. All these oils seem to be better than thymol (SR < 3.2), which is
commonly used in beekeeping practice. However, the possible use of these essential oils has yet to be
verified in beekeeping practice.

Keywords: acaricidal effect; complete exposure bioassay; honey bee; screening; Varroa mite
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1. Introduction

The main threat for beekeeping is a varroosis caused by the obscure ectoparasitic mite
Varroa destructor Anderson and Trueman (Acari: Varroidae) [1,2]. The mite feeds on the fat
body of bees [3] and thus reduces the weight and fitness of newly emerging adult bees,
affects cuticle properties [4] and suppresses the immune response system [5]. In addition,
V. destructor acts as a vector of viruses [6], including deformed wing virus, Kashmir bee
virus, and Israeli acute paralysis virus [7-11]. These viruses are transmitted in large doses
directly to the hemolymph of the bee brood and adult honey bees [5]. Infected individuals
weaken, their lifespan is shorter, and the infection can lead through visible damaged bodies
and wings [12,13] to the colony collapse at the final stage [1,6]. For these reasons, and also
due to its almost worldwide distribution [1], V. destructor is associated with colony collapse
disorder (CCD) [14,15].

Reproduction of the V. destructor mite is closely related and synchronized with the
development of the bee brood [16]. Adult mated female mites enter the bee colony attached
to worker and drone bees, usually hidden under the sternites of bees, and then enter
brood cells only several hours before capping. Varroa mites can find the adult honey bee
workers and bee brood before capping based on chemical communication [1]. In colonies
highly infested (>7%) with V. destructor [1], the bee population is significantly reduced, and
eventually, the entire colony crashes unless the mite population is treated [17]. Colonies in
temperate areas must therefore be treated several times in a year against V. destructor to
keep mite populations at acceptable levels [18].

For a long time, the use of synthetic chemicals has been considered the most effective
way to control V. destructor [19], especially pyrethroids and organophosphates [20]. Ex-
cept for their declining efficiency due to emerging resistance against V. destructor [21-23],
excessive use of these compounds has, in many cases, also led to contamination of bee
products [24-26], especially honey and beeswax [24]. This could endanger the health of
bees and humans with potential sublethal doses of pesticide residue mixtures [27,28]. As a
result, the idea of finding new and safer ways to control the parasite is spreading. Thus,
natural products offer a very desirable alternative to synthetic products. Interestin these
substances is still growing because they are generally cheap and have lower health risks
for humans and bees [29].

In response, beekeepers are showing a growing interest in treatments that work
on physical intolerance rather than enzyme degradation, as is the case with synthetic
acaricides, to which resistance develops. Therefore, natural chemicals such as organic acids,
essential oils, and their derivatives are increasingly used [30,31]. However, several studies
suggest that the use of organic acids against Varroa may be harmful to bees. For example,
damage and removal of open and capped brood are most commonly observed [32,33]. In
addition, permanent damage to the digestive and excretory organs and glands of bees was
described [34,35], as well as damage to the queen or often even premature death [36,37], or
a decrease in the pH of honey during the following season [38].

Another possible way to reduce Varroa mites is essential oils (EO) [39]. According to
The Commission of the European Pharmacopoeia, EOs are odorous products, usually with
a complex composition, obtained from a botanically defined plant raw material by steam
distillation, dry distillation, or a suitable mechanical process without heating. They are
usually separated from the aqueous phase by a physical process that does not significantly
affect their composition. EOs are lipophilic and may contain over 100 different plant
secondary metabolites (terpenoids and phenylpropanoids, monoterpenes, sesquiterpenes,
aldehydes, alcohols, etc.) [40]. Among natural substances, essential oils represent one
of the most promising alternatives to synthetic chemicals [41-48], with minimal side
effects [49-52]. The effectiveness of EOs against V. destructor is comparable to organic acids,
but the application of EOs causes a lesser degree of stress in bees than the application of
organic acids [29].

In addition to acaricidal effects, the application of EOs into hives often also causes
antimicrobial effects, which can lead to an overall improvement in the health status of honey
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bee colonies [53]. Most research suggests that essential oils may be a useful alternative
to maintaining a low level of mite infestation in hives [39,54-57]. Adamczyk et al. [58]
concluded that the presence of residues of essential oil components in honey samples does
not pose a hygiene risk or a risk to human health.

Despite the promising acaricidal effects of various EOs found in vitro [54,55,57], only
a fraction of them has been tested under beehive conditions [39]. This could be the reason
why EOs have not yet been included in many commercial formulations, with the exception
of some cases [53].

The aim of the study was therefore to determine the acaricidal effect of a large number
of selected EOs against Varroa mites, as well as their effect on honey bees in vitro, which
select the most promising essential oils for the in vivo experiments. In addition, the most
promising EOs were quantified for their major components.

2. Materials and Methods
2.1. Biological Material and Essential Oils

V. destructor mites and honey bees (Apis mellifera) used in this study were obtained
from the experimental apiary of the Faculty of Agriculture, the University of South Bohemia
in Ceské Budéjovice, (Czech Republic). To rear mites, 4 honey bee colonies were infested

by Varroa mites and untreated for over 12 months. From the infested beehives, the bees
were collected in a mesh container by sweeping from the brood frames and subsequently
exposed to CO,. After anesthesia of the bees, the vessel was closed and shaken until mites
fell over the mesh bottom [59]. Thus, a sufficient number of adult vital female mites were
collected. Mites showing signs of defect, newly molded, or poorly mobile were eliminated.

A total of 30 essential oils (EO) were obtained from company 1. Aromaterapeuticka
KH a.s. (Czech Republic). The list of EOs, their abbreviations, Latin names, and part of
used plants are given in Table 1.

Table 1. The list of essential oils, abbreviations, Latin names, and part of the used plants.

English Name Abbreviation Latin Name Part of Plant
Black pepper PEP Piper nigrum berry
Blue chamomile BCH Matricaria chamomilla flower
Carrot CAT Daucus carota seeds
Cinnamon CIN Cinnamomum zeylanicum bark
Clove Bud CB Eugenia caryophyllata leaves, buds, and twigs
Copaiba cop Copaifera reticulata resin
Coriander COR Coriandrum sativum seeds
Fennel FEN Foeniculum vulgare seeds
Ginger GIN Zingiber officinale rhizome
Green cardamom CAR Elettaria cardamomum seeds
Laurel LAU Laurus nobilis leaves
Lavender LAV Lavandula angustifolia flowering herb
Litsea LIT Litsea cubeba fruits
Mace MAC Myristica fragrans flower
Manuka MAN Leptospermum scoparium leaves and twigs
Maroc chamomile MCH Ormenis multicaulis herb
Nutmeg NUT Myristica fragrans seeds
Oregano ORG Origanum vulgare herb
Pelargonium PEL Pelargonium graveolens leaves and flowers
Peppermint PPM Mentha piperita herb
Ravensara RAV Ravensara aromatica leaves and twigs
Roman chamomile RCH Anthemis nobilis flower
Rosemary ROS Rosmarinus officinalis herb
Sage SAG Salvia officinalis leaves
Savory SAV Satureja montana herb
Spearmint SPM Mentha spicata crispa flowering herb
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Table 1. Cont.
English Name Abbreviation Latin Name Part of Plant
Thyme TYM Thymus vulgaris herb
Turmeric TUR Curcuma longa root
Wild thyme WTYM Thymus serpyllum herb
Wormwood ww Artemisa absinthium herb

2.2. Screening of Essential Oils for Their Acaricidal Activity

To evaluate EO acute toxicity on V. destructor, a glass-vial residual bioassay was
used [60]. Each tested product was diluted in acetone (0.375 pyL EO/500 pL acetone). This
solution was pipetted into a 10 mL glass vial. Glass vials were rolled on their side until the
acetone evaporated and EOs created a cohesive film. Then, 5 vital female adult mites were
placed in each glass vial using a fine brush. The glass vials were sealed and placed in a dark
room at 25 °C and 65% RH. For each treatment, including acetone as a negative control
and thymol (THM) as a positive control; 5 repetitions were provided (each repetition in an
individual glass vial).

The mortality rates of Varroa mites were evaluated 2 and 4 h after the treatment, and
the efficacy of tested EOs was determined [55]. The mites were transferred to a white pad
and encouraged to move with the brush. Mites that did not move even after repeated
brushing were considered dead.

2.3. Complete Exposure Bioassay

EOs showing >70% mite mortality in the screening test were subjected to further
testing in the complete exposure method [61]. Dosages of EOs were prepared based on the
mortality of previous experiments with honey bees (data not included). A selected amount
of EOs was diluted in 0.5 mL of acetone. This solution was pipetted on the bottom of the
Petri dish and subsequently covered with filter paper (Whatman 1). After evaporation of
the solvent, five vital adult honey bee workers were placed in each Petri dish, together with
five vital female adult Varroa mites. Positive control (thymol) and negative control (acetone
only) were included. Altogether, 5 replicates were established for each treatment (each
repetition in an individual Petri dish). Inmediately after the establishment, the Petri dishes
were transferred to an incubator (28 °GH.5). Honey bee and mite mortality were assessed
after 4, 24, 48, and 72 h. The values of LCso and selectivity ratio (SR) were calculated. SR is
aratio between mite and bee toxicity, and it was determined according to the following
formula: SR = LCsq a. melifera/ LCs0 v. destructor-

2.4. Assessment of the Main Components of the Examined EOs

Samples of essential oils were analyzed diluted 1:10,000 in hexane by GC MS/MS
system consisting of TriPlus autosampler, Trace GC Ultra gas chromatograph equipped
with a TG-5MS fused silica capillary column, 30 ¥ 0.25 mm>0.25 pym and coupled to a
mass spectrometer TSQ Quantum XLS all from Thermo Fischer Scientific, Cleveland, OH,
USA. Helium was used as a carrier gas at 1.0 mL/min. A total of 1 yL of the sample was
injected into the SSL injector in the splitless mode set at 280 °C. The oven temperature was
programmed as follows: start at 40 °C and held for 5 min, then increased to 150 °C at a
rate of 3 °C/min and held for 0.5 min, then increased to 250 °C at a rate of 10 °C/min,
then increased to 290 °C at a rate of 25 °C, and finally maintained at 290 °C for 10 min.
The temperature of the transfer line was held at 250 °C, and the ion source was operating
at 200 °C. TIC mode was performed on Q1 at 70 eV of ionization energy and mass range
50-450 m/z. To exclude congestion of detector the scanning was performed after 6 min of
injection. The data were processed in Thermo Xcalibur 3.0.63 (Thermo Fisher, Waltham,
MA, USA). Component identification was made based on comparison with the NIST Mass
Spectral Search Program library v 2.0 f (Thermo Fisher). The quantification was achieved
based on Q3 SIM mode focused on fragmentation ions of desired compounds and also via
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an external calibration curve. The Thujone (Sigma Aldrich, St. Louis, MO, USA) was used
as an internal and also external standard.

2.5. Statistical Analyses

Statistical analyses of the screening of essential oils, including graphical outputs, were
processed in STATISTICA (version 14, TIBCO Software Inc., Palo Alto, CA, USA, 2021),
specifically, the analysis of variance procedure ANOVA, preceded by a normality test.
Statistical significance was tested at a level of significance = 0.05.

Probit analyses were calculated in XLSTAT (Addinsoft, 2016) incorporating natural
mortality into the analyses. The concentration of essential oils was transformed logarithmi-
cally. LDso with 95% confidence intervals (p < 0.05) were fitted.

The in vitro effect of each active substance on mortality of both Varroa mite and honey
bees was analyzed by the test of hypothesis for two samples representing independent
binomial experiments, and the acaricidal effects of active substances were subsequently
evaluated (GenStat 17). Significant differences among substances were stated where
p < 0.05.

3. Results
3.1. Screening of Essential Oils for Their Acaricidal Activity

All 30 EOs were screened for acaricidal effect in glass vials (Figure 1). Based on these
results, the EOs were divided into three categories according to their efficacy. A total of
11 EOs showed a high acaricidal efficacy (>70%) and were further tested on Petri dishes
(complete exposure assay) simultaneously with honey bees and mites. These were MAN,
TYM, WTYM, ORG, SAV, CIN, CB, PPM, CAT, PEL, LIT, and THM as a positive control.
The category of moderately effective oils (30-50%) includes ROS, RAV, TUR, RCH, LAV,
CAR, PEP, and GIN. The last category with an efficiency of less than 30% includes NUT,
FEN, MAC, BCH, MCH, COP, SAG, SPM, COR, LAU, and WW. Oils showing less than
70% efficacy were further tested.

——

80

60

Varroa destructor mortality (%)

T {
m,‘h Ul [ |

Essential oils =] 4n

Figure 1. Mortality rates of Varroa destructor in glass vial bioassay after 2 and 4 h of EO exposition.
The error bars denote standard deviation. Full name of each abbreviation is shown in Table 1.

3.2. Complete Exposure Bioassay

The complete exposure bioassay reveals that EO from MAN showed by far the lowest
LCso value against Varroa mites both after 4 and 72 h of exposure. EOs from TYM, ORG,
and control THM also had a low LCso value after 72 h of exposure. A moderate LCso
value after 72 h showed PPM, SAV, WTYM, CB, and CIN. EO from PEL and CAT showed a
relatively high value. The lowest LCso value for bees after 72 h of exposure had EOs from
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MAN, TYM, and control THM, slightly high values had CB and ORG. In contrast, bees
were most tolerant of EOs from CAT, PPM, LIT, and PEL (Table 2).

Table 2. Complete exposure bioassay. LCso (ML) of essential oils on V. destructor and A. mellifera and their selectivity ratio in

a monitored period. Green highlighting means low value of selectivity ratio (<3), yellow highlighting means moderate
value of selectivity ratio (3-5), and red highlighting means high value of selectivity ratio (>5).

EO Species 4h 24h 48h 72h
LCso 95% CL LCso 95% CL LCso 95% CL LCso 95% CL
THM V. destructor 1505  1.180  1.937 0834 0629 1.052 0.660 0.475 0.846 0660 0475 0.846
A. mellifera 6181 5074  7.847 4090 3189 6759 2427 2097 2871 2112 1940  2.320
Selectivity ratio 4.107 4903 3.675 3.198
CAT V. destructor 10449  6.806 34882 4167 2457 6630 3.276 1930 4590 2539 1.187  3.653
A. mellifera 18.607 13.845 64136 13.048 9.588 27.137 11557 8.855 19.447 11557 8.855 19.447
Selectivity ratio 1.781 3.131 3.527 4.552
PPM V. destructor 8121 6159 13576 2512 1430 3578 1732 0499 2806 1.066 0.011 2197
A. mellifera 12951 11.259 14994 10759 9.483 12156 10285 9109 11.568 10285 9.109 11.568
Selectivity ratio 14595 4283 5939 9.651
SAV V. destructor 3825 3165 4918 2008 1323 2754 1459 0.626 2075 1364 0417 1.996
A. mellifera 11.657  9.247 16335 5786 4607 7218 5275 4273 6467 4621 3.884 5897
Selectivity ratio 3.048 2.881 3.615 3.386
WTYM V. destructor 8185 5218 22390 2549 1495 8207 2013 0926 7.327 1861 0825 5487
A. mellifera 9.074 8106 10780 7517 6606 8265 6512 5958  7.494 6250 5.603  6.897
Selectivity ratio 1.109 2.949 3.236 3.358
ORG V. destructor 3517 2339 7322 0879 0638 1302 0577 0280 0924 0577 0280 0.924
A. mellifera 6982 6136  7.889 3362 2997  3.803 3362 2997 3.803 3362 2997 3.803
Selectivity ratio 11985 3.827 5.830 5.830
PEL V. destructor 2798 0113 4758 2291 0247 3.825 2402 0804 3532 2272 0788 3.311
A. mellifera 17122 13.427 27.935 12401 10.159 17209 9.479 8132 11201 9479 8.132 11.201
Selectivity ratio - - 3.945 4171
MAN V. destructor 1.262 0848 3192 1.029 0558 2880 0.265 0020 0540 0158 0011  0.497
A. mellifera 1975  1.662  2.681 1415 1218 1666 1472 1277 1720 1472 1277 1.720
Selectivity ratio  |14565 1.375 [5:551] 9.333
LIT V. destructor 4801 3522  7.436 2716 1322 4311 2116 0243 3.761 1807 0.243  2.989
A. mellifera 11.660  9.524 15222 11590 8994 20.096 9.207 7721 12115 9.678 7.255 18.278
Selectivity ratio 24420 4267 4352 5.354
TYM V. destructor 1279 0985  1.613 0678 0314 0940 0.678 0314 0940 0587 0202 0.851
A. mellifera 8759  6.684 14553 3887 3295 4837 3113 2696 3.763 2677 2418 2982
Selectivity ratio - - 4.590 4557
CB V. destructor 2337 1829 2962 1690 1237 2143 1490 1207 1776 1490 1207 1.776
A. mellifera 5965  4.620 10.868 4860 4023 6546 3.305 2790 4179 3305 2790 4.179
Selectivity ratio 2.553 2.875 2.218 2.218
CIN V. destructor 4321 3163 5979 2820 1577 4002 2529 1370 3.590 1543 0.829 2484

A. mellifera
Selectivity ratio

10.635 9.559 11.972  7.488 6.680 8.408 7.488  6.680 8.408 7.007  5.835 8.664
2.461 2.655 2.960 4.542

The selectivity ratio was calculated based on the LCso values. The estimated LCso
values, including standard deviation obtained at each observation time and selectivity ratio
for every treatment, are shown in Table 2. By far, the highest value of the selective ratio
was reached after 72 h of exposure to EO from PPM (SR =9.65) and MAN (SR =9.33). ORG
(SR =5.83) and LIT (SR =5.35) also reached high values at 72 h. All these four oils had an
increasing SR value over time. In contrast, TYM and PEL oils had the highest SR value after
4 h of exposure (SR = 6.85; SR = 6.12). A significant decrease in this value was observed
in the following measurements. Moderately high SR values were observed after 72 h of
exposure in CAT, SAV, and WTYM, which showed an increasing tendency of SR value in
time (SR =4.55; SR =3.39; SR = 3.36). A moderate-to-high SR value was also observed in
THM (positive control). After 4 h of experiment, THM showed even one of the highest SR
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values (SR = 4.11), however, with a declining trend of SR values in time. A constantly low
value of SR was observed with CB, as in each measurement SR was less than 3. Similarly,
CIN also had alow value of SR, and with the exception of the last measurement after 72 h
of exposure, the level of SR increased significantly (SR = 4.54).

The main components and their quantity of the most effective EOs were assessed
(Table 3). The most frequent substances were carvacrol and p-cymene.

Table 3. Composition of the most effective essential oils and their constituents’ quantity (>5%).

EO Main Components and Their Quantity (%)
Carrot Ceratol 30.28 o-Pinen 15.462 Sabinen 10.22 B- Caryophyllen 8.31 B-bisabolen 5.63
Peppermint Limonen 38.02 Menthol 16.41 o-Pinen 15.92 B-Pinen 11.46 Menthon 5.65
Savory Carvacrol 41.67 v-Terpinen 35.82 p-Cymen 11.73 - -
Wild thyme Thymol 16.33 Carvacrol 15.38 p-Cymen 15.01 Geraniol 10.62 v-Terpinen 10.30
Oregano Carvacrol 73.50 p-Cymen 6.97 v-Terpinen 6.02 - -
Pelargonium Citronellol 33.51 Geraniol 15.36 Cltrone;l}éllformlat Isomenthon 5.61 10-epi-g-Eudesmol 5.37
Manuka Calamenene 17.92 Leptospermone 16.02 Flaveson 5.95 «o-Selinene 4.62 -
Litsea Citral A 39.03 Citral B 29.35 Limonen 13.74 - -
Thyme Thymol 40.96 p-Cymen 16.76 - - -
Clove Bud Eugenol 86.62 B-Caryophyllen 10.21 - - -
trans-
Cinnamon Cinnamaldehyde Eugenol 7.50 - - -
77.69

4. Discussion

Investigation of the acaricidal activity of essential oils is a major concern of many
scientific studies. However, large-scale screening of a number of EOs is rare, and most of
the effort is devoted to an individual or a small number of selected oils, such as thyme,
clove bud, or oregano [55,56,62]. In this study, the acaricidal effect of 30 EOs on V. destructor
mites was assessed by the glass vials bioassay (Figure 1), which represents a simple and
quick way to determine the effectiveness of individual EOs [60].

Thymol, as a derivate of thyme, was included in the screening as a positive control, as
it is commonly used in beekeeping practice as an acaricide [63]. However, thymol could
have some negative effects on bees, including toxicity on bee brood, metabolic disorders,
changes in bee’s behaviors, etc. [64-71].

In the experiment, after 4 h of exposure, all EOs showed either the same or higher
acaricidal effect than after 2 h. Based on the results of mortality after 4 h of exposure, the
individual EOs were divided into three categories according to their effectiveness: highly
effective, moderately effective, and minimally effective. The oils in the highly effective
group, including MAN, WTYM, TYM, ORG, SAV, CIN, CB, PPM, CAR, PEL, and LIT, were
further tested. Almost all oils in this group were able to kill 100% of mites after 2 h, with
the exception of PPM, CAR, PEL, and LIT. The EOs from the moderately effective group
have still the potential to participate in the mite control; however, a higher dose or applying
a certain mixture showing a stronger synergistic effect would be needed. From the group
of moderately effective EOs, the best acaricidal activity belonged to ROS, RAV, and TUR.
The oils from the minimally effective group showed a very low varroacidal effect, and
therefore, they were not suitable for further testing. Especially WW, LAU, and COR appear
to be ineffective.

The 11 EOs from the highly effective group were further tested in order to determine
the most suitable EOs for the best potential use in beekeeping practice. In addition to
mite toxicity, the bee tolerance was necessary to be evaluated. Therefore, the method of
complete exposure assay [61] was chosen, which allows the evaluation of selectivity ratio
(SR), the most telling data for this purpose, in addition to LC for mites and bees [57].

In the complete exposure bioassay, after 4 h of exposure, only MAN and TYM showed
a higher level of mite toxicity than THM (control). After 72 h of exposure at the end of
the experiment, MAN, TYM, and ORG showed higher mite toxicity. The higher degree of
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toxicity of the above-mentioned EOs, compared with THM, is probably due to the content
of other active substances (carvacrol, p-cymene, calamenene, leptospermone), which can
additionally act synergistically [56,72]. While the varroacidal effect has already been
described for TYM and ORG [55,56,62], for MAN, it has not been described yet. However,
its antimicrobial and also acaricidal effects against other mite species (Dermatophagoides
and Tyrophagus) have been observed [73,74]. Regarding bee toxicity, only EOs from CB
and MAN were more toxic than THM after 4 h of exposure. After 72 h, at the end of the
experiment, a higher degree of toxicity was observed only in EO from MAN. Thus, the
results indicate higher toxicity of THM to Varroa mites but also to honey bees [55,57].

The ratio between mite and bee toxicity is defined as selectivity ratio (SR) values. At
the beginning of the experiment, after 4 h of exposure, THM showed an SR value of 4.107,
which was better than most EOs tested. Higher SR value was observed only at PEL (6.120)
and TYM (6.848). However, with the duration of exposure, the SR value of THM decreased.
After 72 h of exposure, the value was only 3.198. This can be explained by a decrease in
mite toxicity, an increase in bee toxicity, or a combination of both in time. [64,75]. A similar
trend was observed for PEL and TYM. In both EOs, the SR value also decreased with the
duration of exposure; however, in both EOs, the SR value was always higher, compared
with THM. This declining trend in the SR value with increasing exposure time for TYM is
consistent with the results of Damiani et al. [62] and is probably due to the high thymol
content that is characteristic of thyme [76]. This declining trend in the SR value indicates
the potential unsuitability of EOs with these properties, and these EOs need to be subjected
to further testing.

Stable to slightly fluctuating development of SR values depending on the duration
of exposure was observed at SAV and CB. The initial values at the beginning of the
measurement were very similar to the values at the end of the experiment and do not
change significantly during the experiment. However, the SR value was significantly lower
in CB than in THM, which is in accordance with the results of Damiani et al. [62], and in
the case of SAV, the SR values are similar to THM. In the other tested EOs, an opposite
trend was observed, and the SR increased with the time of exposure.

The best SR value after 72 h was determined at EOs from PPM (SR =9.651) and MAN
(SR =9.333), followed by ORG (SR = 5.830) and LIT (SR = 5.354). From the results of Nazer
and Al-Abbadi [77], it seems EO from PPM is more suitable to control varroosis than THM
in vivo. The same conclusion can be drawn from the results of Damiani et al. [62] in the case
of ORG in in vitro conditions. There is still a lack of varroacidal data from MAN and LIT
in the literature; however, a strong antimicrobial effect against Clostridium, Bifidobacterium,
Escherichia, Staphylococcus, Lactobacillus, and an acaricidal effect against Dermatophagoides
and Tyrophagus is known for both EOs [73,74,78].

A very good result after 72 h was also observed at EOs from CIN (SR = 4.542) and
CAT (SR = 4.552). CIN is proposed as a suitable option for reducing the population of V.
destructor. In addition, CIN has a strong repellent effect on V. destructor mites and is also
gentle on bees [39]. The suitability of CAT for further testing in the beehive conditions is also
proved by its strong inhibitory effect against Ascosphera apis and Paenibacillus larvae [79,80].
A slightly lower SR value, but still higher than THM, was observed in EO from WTYM
(SR =3.358).

Since the chemical composition of EOs is influenced by many factors (geographical
origin, part of the plant, agrotechnics, genotype, extraction technology, etc.), it is necessary
to know their composition to interpret the effect of individual EOs [78].

According to SR of EOs from PPM and MAN, they seem to be the most promising oils
against V. destructor. The most represented substances in PPM were limonene, menthol,
and x-pinene. Limonene has been shown to be effective in reducing the population of V.
destructor at a colony level [81] and has strong antimicrobial effects [82]. Varoacidal [55]
and antimicrobial effects have also been reported for menthol [83], whereas &-pinene is
known for its inhibitory effects on bacteria [84]. In addition, it can also be produced in
larger quantities by genetically modified bacteria [85]. In the case of MAN, calamenene
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and leptospermone were the most abundant constituents. Celemonene-containing oils
show high antimicrobial and fungicidal activity and are effective against a wide range of
pathogens, including methicillin-resistant Staphylococcus aureus (MRSA) strains, and also
have high antioxidant activity [86]. Leptospermone is known for its bactericidal, antiviral,
and acaricidal effects [73,74].

Other EOs with suitable results were LIT and ORG. The main components of LIT
were citral (A and B) and limonene. The findings of Liu et al. [87] agree with ours that
citral is the main component of litsea and has a strong aroma and strong antimicrobial
effects [88] against both, gram-positive and gram-negativebacteria [78]. At ORG, carvacrol
was absolutely dominant and is known for its significant acaricidal and antimicrobial
effects. In addition, it also has anti-inflammatory and antimutagenic, and antigenotoxic
effects [89]. CIN and CAT also showed a significant acaricidal effect. The main component
of CIN was cinnamaldehyde, to which Conti et al. [39] attributed the main varroacidal
effects in cinnamon EO. It also has antibacterial effects [90]. Ceratol and &-pinen were
predominant in CAT. The last EO with better results than THM was WTYM, with an almost
balanced representation of thymol, carvacrol, and p-cymene.

5. Conclusions

The results based on selectivity ratio (SR) value for individual EOs showed that
potential best EOs for Varroa control are PPM and MAN, followed by ORG and LIT. Other
suitable candidates seem to be CAT, SAV, WTYM, and CIN. All these oils showed better SR
values at the end of the experiment than THM (control group), which is used in beekeeping
practice. Additionally, these oils showed a trend of an increased value of the selective ratio.

Thymol showed very good SR at the beginning of the experiment, but this value
declined with all following measurements. At the end of the experiment, the SR value was
lower than the values of most tested essential oils. This trend was also observed in EOs

from PEL and TYM.

Except for well-known substances such as thymol, menthol, and carvacrol, other
components appear to be potentially interesting for the control of Varroa, especially cit-
ral, limonene, calamenene, leptospermone, p-cymene, and cinnamaldehyde, as the main
compounds of the most effective EOs.
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Abstract: Both, greater wax moth (Galleria mellonella) and the causative agent of American Foulbrood
(Paenibacillus larvae) cause considerable economic losses in beekeeping practice. Their life cycle
is closely related to the honey bees, thus they can easily come into contact. The greater wax moth
is exceptional for its ability to decompose beeswax. Therefore, it reduces also pathogen loads on old
beeswax in nature. The aim of this study was to determine whether the greater wax moth is able
to disrupt or destroy the very resistant spores of P. larvae in its digestive tract. In the laboratory
experiment, the larvae of the greater wax moth were fed on wax foundation contaminated with P. larvae
spores, either loosely or fixed in cages. After 2 days, their intestine was dissected and analysed by both,
cultivation and molecular methods. The greatest amount of spores was found in the first parts
of the intestine, fewer spores were found in the middle parts. No spores were detected in the back parts
of the intestine. If the greater wax moth were able to destroy spores of the causative agent of American
Foulbrood, there would be great potential for the development of a treatment that is still lacking.
However, it is still not clear if the very efficient digestive tract of the greater wax moth is able to disrupt
the spores or they are accumulated in the front part of the intestine.

Key Words: Honey bees, beekeeping pests, cultivation, digestive system, spores

INTRODUCTION

Pollinators, such as insects, birds, bats, and others, are very important for the sexual reproduction
of many crops and wild plants. Bees are the main contributors to pollination and despite the great
importance of solitary bees, the most numerous and also the most universal pollinator is the honey bee
(Apis mellifera). Beekeeping, therefore, has a very close relationship with the environment
and significantly contributes to strengthening the ecological stability of the landscape (Gallai et al.
2009). Honey bees are often the only way for farmers how to ensure sufficient pollination of crops
if other pollinator species are rare or absent. Therefore, honey bees belong to one of the most important
livestock (Klein et al. 2007, Morse and Calderon 2000).

However, despite the economic and environmental importance of bees, beekeeping is in decline
throughout Europe (Biesmeijer et al. 2006). Increasing the application of agrochemicals to fields
is a great risk, which significantly weakens bee colonies (Klein et al. 2017). Moreover, honey bee
immunity is greatly influenced because of landscape changes, mainly manifested by malnutrition (Alaux
et al. 2010, Hybl et al. 2019). A combination of these negative factors makes bees more vulnerable
to parasites and pathogens which resulted in a large decline of bees colonies every year.
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One of the most economically serious diseases is American Foulbrood (AFB) which is caused
by the bacteria Paenibacillus larvae. Once infected, the larva dies within 3 to 12 days. Adult bees cannot
be infected, however, they can spread the disease (Genersch 2010). AFB spreads very easily both
between hives and between localities (Lindstrom et al. 2008). The most common cause is the exchange
of materials, bee robbing, or the sale of bee products that may be infected with this disease (Ashiralieva
and Genersch 2006).

The greater wax moth is widespread and can be found in the beehive or on the old wax combs
of the wild bees; therefore, it can easily come in contact with the bacteria causing AFB (Kwadha et al.
2017). It is considered a pest because its larvae feed mainly on older beeswax or combs with supplies
of pollen. In nature, however, it plays an important role, namely the biological degradation of beeswax.
It can even decompose very stable plastic materials (Billen et al. 2020, Bombelli et al. 2017),
because their structures are similar to beeswax, both rich in long aliphatic chains (Kong et al. 2019).
The process ensures the decomposition of very stable wax substances into simple components
and their return back to the closed natural cycle. From this point of view, the larvae of the greater wax
moth have a hygienic function in the landscape and also reduce the pathogen loads (Eillis et al. 2013).
This raises the question of whether the larvae of the greater wax moth can deal with spores of P. larvae,
which are commonly found in beeswax?

The aim of the work was to determine whether the greater wax moth is, thanks to its well-adapted
digestive tract, able to disrupt the resistant layers of P. larvae spores and thus damage or destroy it.

MATERIAL AND METHODS

The larvae of greater wax moth (Galleria mellonella) were divided into 3 experimental groups.
One of the test variants contained larvae, which were able to move freely inside the Petri dish
(90 x 15 mm) on a wax foundation contaminated with spores of P. larvae (PK). For the second variant,
small modified cages from mesh were prepared to prevent larval free movement (PR). The larvae were
fixed inside the cages upside down and embedded in wax foundation contaminated with spores
of P. larvae placed in a beaker (Figure 1). The fixed position ensured that the larvae were able
to consume the contaminated wax but other parts of their body never came in contact with the spores.
The spores had to go through the digestive system of larvae together with the food received. The last
group consisted of larvae, which were able to move freely on the wax foundation without contamination
(NK).

Figure 1 Larvae placed in cages

All of the larvae were fed for 2 days. Then, the larvae from the variants NK and PR were cut
into 3 parts of the same size. The front part (1) consisted of a head and beginning of a digestive system.
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The middle part (2) contained most of the digestive system and the back part (3) consisted of the end
of digestive system and the Malpighian tubule system. From the last group of larvae (PK), the digestive
system was dissected and divided into 3 parts in the same manner.

Spore extraction and inoculation

The sample amount of 0.1 g was diluted in 0.9 ml toluene and shaken for 1 hour. An amount
of 0.2 ml of distilled water was added. The mixture was heated at 90 °C for 5 min to kill any undesirable
bacteria. After cooling, 200 ul of the water phase was used for inoculation MYPGP agar and 100 ul
of the water phase was used for the consequent PCR test (Ryba et al. 2009). All of the dishes were put
in plastic bags to slightly increase CO, concentration and cultivated at 37 °C for 10 days. Growing
colonies were assessed morphologically and identified by the peroxide test.

Molecular identification

The presence of spores was analysed also by PCR. Mixed samples from the PK and PR group
were prepared. The whole DNA isolation procedure is according to the instructions of E.Z.N.A.
Bacterial DNA Kit (2003). Genomic DNA of P. larvae was extracted and used as a template for PCR
identification. The final volume was 50 ul including 1 ul of template DNA, 25 ul Master Mix, 20 ul
of PCR Ultra H>O and the specific ITS primers F3: TCCTGGCTCAGGACGAAC and B3:
ACAGGTTGCCCCGTCTTT, 2 wl each at 10 uM. PCR was performed under the following conditions:
initial template denaturation at 95 °C for 15 min; 35 cycles of 94 °C for 30 s, 58 °C for 30 s, and 72 °C
for 1 min. PCR products were electrophoretically separated on 1.0% agarose gel and visualized by a UV
transilluminator (INGENIUS, Trigon-plus, SYNGENE) (Ryba et al. 2009).

Statistical Analysis

The amount of viable spores between groups and part of intestine were statistically analysed
by using repeated-measures nonparametric ANOVA (R Core Team 2020). Species groups and part
of intestine were entered into the models as fixed effect, and each individual were entered as random
effect. The post hoc comparison of the average of individual levels of fixed factors was compared
by using the Tukey HSD test with Bonferroni corrected p-values.

RESULTS AND DISCUSSION

The number of viable spores in different experimental group and in each part of intestine differ
significantly (ANOVA, Fu 12y = 59.323, p < 0.01). As expected, the greater wax moth placed
in an uncontaminated environment (NK) did not contain any P. larvae spores. The second variant
which contained larvae placed in a contaminated environment (PK), was expected to have a high number
of spores in all analysed parts. According to the cultivation tests, the front part contained a higher amount
of spores. However, the middle part contained fewer spores (Tukey HSD, p = 0.025) and the back part
did not even contain any spores. A slightly different situation occurred with the PR group. More spores
were found in the middle part, less in the front part (Tukey HSD, p = 0.019) and the back part did not
contain any spores (Figure 2). Overall, in the PK group, there were on average more than twice as many
spores as in PR group in the front part of intestine. However, there were approximately equal numbers
of viable spores in the middle intestines in both groups. That could be explained by the possible slow
passage of spores through the digestive system of the greater wax moth. The spores are very small
and can easily adhere to the surface of the intestine, which in addition has many folds (Kodrik 2004).
The larvae in the PR group were fixed in small cages and could not move when they consumed all
accessible diet. Therefore, their loads of spores were lower than in the PK group. In addition, more
spores occurred in the middle part because many of the consumed spores passed through the front part.
Due to the lack of accessible contaminated diet, no more spores were consumed. On the contrary,
in the PK group, the intake of contaminated diet was unlimited and, therefore, more spores were
accumulated in the front part. However, a very surprising result occurred in the back part
where no spores were found. The absence of spores in the back part was confirmed also by the molecular
analysis (Figure 3). Spores were either digested by the greater wax moth and intestinal microbiome
enzymes (Cassone et al. 2020) or the passage through the intestine was very slow and spores were not
able to reach the back part during the tested period of time.
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Part of intestine

Insect infection via the oral route is prevented both, by the structure of the gut which has a lining
of chitin and by the adverse conditions in the gut such as pH and digestive enzymes. Furthermore,
the intestinal microflora significantly contributes to the reduction of incoming microorganisms (Wojda
2017).

The other issue is G. mellonella immunity which could eliminate the pathogen. As same as other
insect species, the greater wax moth has only innate immunity. However, if G. mellonella has previously
encountered the pathogen in small amounts, its resistance increases (Bergin et al. 2006).
This phenomenon is unusual in insects (Wojda 2017). However, this should be of no significance
in this case, as the larvae were in contact with P. larvae for the first time. In addition, this bacterium
is closely specialized for honey bee larvae and G. mellonella is not a suitable host (Genersch 2010).

Figure 3 Result of molecular analysis (PCR)

Legend: 1-Ladder 100bp, 2-NK first part
of intestine, 3-NK second part of intestine, 4-NK
third part of intestine, 5-PR+PK first part
of intestine, 6- PR+PK second part of intestine, 7-
PR+ PK third part of intestine, 8-positive control,
9-negative control, 10-Ladder 100 bp

The greater wax moth immunity, development, and digestion efficiency is also influenced
by the quality of food (Cassone et al. 2020, Kwadha et al. 2017). The natural diet is honey combs, honey,
pollen and bee brood, but they can also be reared on artificial diets containing honey, wax and cereal
products (Kwadha et al. 2017). In this case, the larvae were reared on artificial diet contained 660 g
of corn bran, 330 g of wheat bran, 330 g of wheat flour, 330 g of powder milk, 165 g of dried yeast,
330 g of honey, 330 g of glycerine, 525 g of beeswax. Any negative side effect caused by the diet were
not observed. Furthermore, an artificial diet can even support larval development and immunity
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compared to natural diet (Jorjdo et al. 2018). It is possible that naturally reared individuals can have
different composition of microflora and thus the digestion efficiency between natural reared
and artificial reared greater wax moth larvae can differ (Cassone et al. 2020).

CONCLUSIONS

The greater wax moth is known for its efficient digestive tract, which allows it to digest beeswax.
At the same time, it significantly reduces the amount of bee pathogens, which occur mainly on old wax.
On the other hand, spores of P. larvae, the causative agent of American Foulbrood, are very resistant.
Therefore, the effect of the passage of P. larvae spores through the gastrointestinal tract of the greater
wax moth was tested in this experiment. The main goal of the work was to determine the amount
of spores and their germination after the passage. The results show that the most spores were in the front
part of the intestine, the fewer spores were in the middle part and there were even no spores in the back
part. However, it is not clear whether the spores in the digestive tract were digested or only accumulated
in the anterior parts, which is full of folds and thus makes their passage more difficult. Therefore, further
research is needed to clarify the details.
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6 Zavér

Disertacni prace se zabyva hmyzimi opylovateli a jejich vyznamem a zaroven
upozoriiuyje na jejich ubytek vlivem chemizace a intenzifikace zemédélstvi. Velka
pozornost je veénovana vcele medonosné jako hlavnimu opylovateli, zejména
schopnosti detoxikace pesticidi a alternativnim moznostem kontroly vybranych
patogent. Disertacni prace byla zaméfena do Sesti tematickych bloki a témto blokim
odpovidaly i cile této prace. Naplnéni vSech cila disertacni prace je dokumentovano
pfilozenymi publikovanym pracemi. V prubéhu feSeni byly i zodpovézeny védecké

hypotézy, jejich naplnéni je uvedeno nasledovné:

6.1 Hodnoceni vlivu a kvality opyleni na kvantitativni a kvalitativni
parametry vynosu zimolezu modrého

H: Opylovani ptfirozenymi opylovateli zvySuje kvalitu a mnozstvi vyprodukovanych

plodu.

e Tato hypotéza byla naplnéna. Opylovani pfiirozenymi opylovateli zvysSuje
kvalitu i mnozstvi vyprodukovanych plodu, a to jak v porovnani s umélym
opylenim, tak 1 variantou bez opyleni.

6.2 Studium diverzity a pocetnosti véel v riznych rezimech hospodareni
H: Na lokalité s ekologickym rezimem hospodafeni se vyskytuje vice druht vcel
s vys§i poCetnosti v porovnani s lokalitou s konvenénim hospodatenim.

e Tato hypotéza byla naplnéna. Na lokalité s ekologickym rezimem
hospodareni se vyskytovalo vyznamné vice druhi vCel a dosahovaly také
vyrazné vyssi poCetnosti, nez na lokalité s konven¢nim rezimem hospodateni.

H: Na lokalité s ekologickym rezimem hospodateni se vyskytuji rezidua pesticidi
v niz$i mife nez na lokalité s konvencnim rezimem hospodateni.

e Tato hypotéza byla naplnéna. Na lokalité s konvenénim rezimem hospodareni
byla ve vCelach detekovana rezidua nékolika pesticidl, zatimco na lokalité
s ekologickym rezimem hospodareni nebyla detekovana zadna.

6.3 Studium vlivu polyfenoli na schopnost detoxikace vcel
intoxikovanych pesticidem
H: Vcely krmené stravou s piidavkem polyfenold maji vyssi aktivitu detoxikacnich

enzymu.
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e Tato hypotéza nebyla naplnéna. Z vysledkii neni patrny nardst exprese
detoxikacnich geni po podani fenolickych latek. Divodem muze byt delsi
Casovy interval mezi poCatkem piijmu fenolickych latek a samotnym meéteni
exprese detoxikacnich genti.

H: Vcely krmené stravou s pifidavkem polyfenolt ptezivaji delsi dobu.

e Tato hypotéza byla naplnéna. DelSi prezivani v¢el intoxikovanych pesticidem
po podani fenolickych latek bylo potvrzeno, stejné jako i vyss§i mira spoteby
krmiva, coz muaze signalizovat velky vyznam téchto latek ve vyzive vcel.

6.4 Hodnoceni diverzity a pocetnosti vybranych véelich patogeni
v riuznych typech habitati

H: Z testovanych patogent se v Ceské republice vyskytuje nejGastéji Nosema

ceranae.

e Tato hypotéza nebyla naplnéna. Prekvapivé byl nejcasteji detekovan patogen
Lotmaria passim patfici do cCeledi Trypanosomatidae. Druhy nejcastéji
detekovany patogen jiz byla Nosema ceranae.

H: Typ ekosystému ma vliv na vyskyt vCelich patogent.

e Tato hypotéza byla naplnéna jen ¢asteCné. Priakazn€ se potvrdil pouze vyskyt
niz§iho poc¢tu druhti patogenti v habitatu narodniho parku v porovnani
s habitatem mésta. V zemédélsky intenzivné obhospodarované krajiné jiz
nebyl statisticky prukazny rozdil. Vyskyt vira také nebyl prikazné€ ovlivnén
typem habitatu.
H: Nosema apis se v Ceské republice vyskytuje velmi malo nebo viibec.

e Tato hypotéza byla naplnéna. Patogen Nosema apis nebyl detekovan
v zadném ze vzorka.

H: Patogeny vcel ovliviiuji pfezimovani vcelstev.

e Tato hypotéza byla naplnéna. Prikazné vSak byl prokazan negativni vliv na
pfezimovani vcelstev pouze u virovych patogent, konkrétné DWV — B a
DWYV - C.

6.5 Testovani novych a alternativnhich moznosti kontroly vybranych
vcelich patogenu pomoci rostlinnych silic
H: Vceli plod ma pozitivni vliv na rist a produkci reprodukcnich struktur

entomopatogenni houby A. apis.
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e Tato hypotéza byla naplnéna. Vysoce pozitivni vliv byl zaznamenan zejména
v produkei reprodukénich struktur. Pozitivni vliv byl pozorovan i v radialnim
rastu, ale néktera kultivacni media byla v tomto ohledu jesté vhodnéjsi.

H: Neékteré z vybranych rostlinnych silic maji fungicidni nebo akaricidni efekt.

e Tato hypotéza byla naplnéna. U velkého poctu testovanych rostlinnych silic
byl potvrzen znaCny fungicidni nebo akaricidni efekt. U nékterych silic
dokonce 1 jejich kombinace.

H: Neékteré z vybranych rostlinnych silic maji vétsi toxicky efekt na roztoCe nez na
vcely.

e Tato hypotéza byla potvrzena. VSechny z testovanych nejvice ucinnych
rostlinnych silic mély vétsi toxicky efekt na rozto¢e nez na vcely. Nékteré
dokonce mnohanasobng.

H: Vyuziti rostlinnych silic ve vcelarské praxi je teoreticky mozné.

e Tato hypotéza byla potvrzena. Vzhledem k vysoké toxicit¢ nékterych
rostlinnych silic na roztoce Varroa a zaroven znacné toleranci vcel je
teoreticky mozné jejich vyuziti ve vcelarské praxi. Bude vSak nezbytné
provést dalsi experimenty, optimalné¢ v poloprovoznich podminkach a
stanovit vhodnou aplika¢ni formu i davku silic.

6.6 Studium novych a alternativnich moznosti kontroly vybranych
vcelich patogenu pomoci travicich enzymu zavijece voskového
H: Travici systém zavijeCe voskového narusuje spory puvodce moru vceliho plodu.

e Tato hypotéza nebyla jednoznacné potvrzena ani vyvracena. Spory bakterie
P. larvae sice nebyly nalezeny v zadni casti traviciho traktu zavijece
voskového, ale nebylo prokdzano ani jejich naruSeni. Spory se totiz mohly
akumulovat v pfednich ¢astech traviciho traktu. Pro objasnéni by bylo vhodné
provést dalsi experimenty.

176




7 Seznam pouZité literatury

Abd ElI-Wahab, T.E., Ebadah, I.M.A,, Zidan, E.W., 2012. Control of Varroa mite by essential
oils and formic acid with their effects on grooming behaviour of honey bee
colonies. J. Basic. Appl. Sci. Res 2, 7674-7680.

Aglagane, A., Laghzaoui, E.-M., Soulaimani, B., Er-Rguibi, O., Abbad, A., Mouden, E.H.E.,
Aourir, M., 2021. Acaricidal activity of Mentha suaveolens subsp. timija,
Chenopodium ambrosioides, and Laurus nobilis essential oils, and their synergistic
combinations against the ectoparasitic bee mite, Varroa destructor (Acari:
Varroidae). Journal of Apicultural Research 1-10.

Aizen, M.A., Garibaldi, L.A., Cunningham, S.A., Klein, A.M., 2009. How much does
agriculture depend on pollinators? Lessons from long-term trends in crop
production. Annals of botany 103, 1579-1588.

Al Toufailia, H., Scandian, L., Ratnieks, F.L., 2015. Towards integrated control of varroa: 2)
comparing application methods and doses of oxalic acid on the mortality of
phoretic Varroa destructor mites and their honey bee hosts. Journal of Apicultural
Research 54, 108-120.

Alghamdi, A., Dalton, L., Phillis, A., Rosato, E., Mallon, E.B., 2008. Immune response impairs
learning in free-flying bumble-bees. Biology Letters 4, 479-481.

Aliano, N.P., Ellis, M.D., 2005. A strategy for using powdered sugar to reduce varroa
populations in honey bee colonies. Journal of Apicultural Research 44, 54-57.

Aliano, N.P., Ellis, M.D., Siegfried, B.D., 2006. Acute contact toxicity of oxalic acid to Varroa
destructor (Acari: Varroidae) and their Apis mellifera (Hymenoptera: Apidae) hosts
in laboratory bioassays. Journal of economic Entomology 99, 1579-1582.

Alotaibi, A., Ebiloma, G.U., Williams, R., Alenezi, S., Donachie, A.-M., Guillaume, S., Igoli,
J.0., Fearnley, J., De Koning, H.P., Watson, D.G., 2019. European propolis is highly
active against trypanosomatids including Crithidia fasciculata. Scientific reports 9,
1-10.

Al-Waili, N., Salom, K., Al-Ghamdi, A., Ansari, M.J., 2012. Antibiotic, pesticide, and microbial
contaminants of honey: human health hazards. The scientific world Journal 2012.

Amdam, G.V., Hartfelder, K., Norberg, K., Hagen, A., Omholt, S.W., 2004. Altered physiology
in worker honey bees (Hymenoptera: Apidae) infested with the mite Varroa
destructor (Acari: Varroidae): a factor in colony loss during overwintering? Journal
of economic entomology 97, 741-747.

Anderson, D., Trueman, J., 2000. Varroa jacobsoni (acari: varroidae) is more than one
species. Experimental & applied acarology 24, 165-189.

Angioni, A., Barra, A., Coroneo, V., Dessi, S., Cabras, P., 2006. Chemical composition,
seasonal variability, and antifungal activity of Lavandula stoechas L. ssp. stoechas
essential oils from stem/leaves and flowers. Journal of agricultural and food
chemistry 54, 4364-4370.

Annoscia, D., Di Prisco, G., Becchimanzi, A., Caprio, E., Frizzera, D., Linguadoca, A., Nazzi, F.,
Pennacchio, F., 2020. Neonicotinoid Clothianidin reduces honey bee immune
response and contributes to Varroa mite proliferation. Nature communications 11,
1-7.

Ansari, M.J., Al-Ghamdi, A., Usmani, S., Khan, K.A., Algarni, A.S., Kaur, M., Al-Waili, N., 2017.
In vitro evaluation of the effects of some plant essential oils on Ascosphaera apis,
the causative agent of Chalkbrood disease. Saudi journal of biological sciences 24,
1001-1006.

Antunez, K., Anido, M., Schlapp, G., Evans, J.D., Zunino, P., 2009. Characterization of
secreted proteases of Paenibacillus larvae, potential virulence factors involved in
honeybee larval infection. Journal of invertebrate pathology 102, 129-132.

177




Ariana, A., Ebadi, R., Tahmasebi, G., 2002. Laboratory evaluation of some plant essences to
control Varroa destructor (Acari: Varroidae). Experimental & applied acarology 27,
319-327.

Arismendi, N., Vargas, M., Lépez, M.D., Barria, Y., Zapata, N., 2018. Promising antimicrobial
activity against the honey bee parasite Nosema ceranae by methanolic extracts
from Chilean native plants and propolis. Journal of Apicultural Research 57, 522—
535.

Aronstein, K.A., Murray, K.D., 2010. Chalkbrood disease in honey bees. Journal of
invertebrate pathology 103, S20-S29.

Ash, C., Priest, F.G., Collins, M.D., 1993. Molecular identification of rRNA group 3 bacilli
(Ash, Farrow, Wallbanks and Collins) using a PCR probe test. Antonie van
leeuwenhoek 64, 253-260.

Bakkali, F., Averbeck, S., Averbeck, D., Idaomar, M., 2008. Biological effects of essential
oils—a review. Food and chemical toxicology 46, 446—475.

Bamford, S., Heath, L., 1989. The effects of temperature and pH on the germination of
spores of the chalkbrood fungus, Ascosphaera apis. Journal of Apicultural Research
28, 36—40.

Baracchi, D., Fadda, A, Turillazzi, S., 2012. Evidence for antiseptic behaviour towards sick
adult bees in honey bee colonies. Journal of insect physiology 58, 1589—-1596.

Barganska, Z., Namieénik, J., Slebioda, M., 2011. Determination of antibiotic residues in
honey. TrAC Trends in Analytical Chemistry 30, 1035-1041.

Berry, J.A., Afik, O., Nolan IV, M.P., Delaplane, K.S., 2012. Revisiting powdered sugar for
varroa control on honey bees (Apis mellifera L.). Journal of Apicultural Research 51,
367-368.

Berry, J.A., Owens, W.B., Delaplane, K.S., 2010. Small-cell comb foundation does not
impede Varroa mite population growth in honey bee colonies. Apidologie 41, 40—
44,

Bevk, D., Kralj, J., Cokl, A., 2012. Coumaphos affects food transfer between workers of
honeybee Apis mellifera. Apidologie 43, 465—470.

Biesmeijer, J.C., Roberts, S.P., Reemer, M., Ohlemiiller, R., Edwards, M., Peeters, T.,
Schaffers, A.P., Potts, S.G., Kleukers, R., Thomas, C.D., 2006. Parallel declines in
pollinators and insect-pollinated plants in Britain and the Netherlands. Science 313,
351-354.

Bilikova, K., Wu, G., Simuth, J., 2001. Isolation of a peptide fraction from honeybee royal
jelly as a potential antifoulbrood factor. Apidologie 32, 275-283.

Billen, P., Khalifa, L., Van Gerven, F., Tavernier, S., Spatari, S., 2020. Technological
application potential of polyethylene and polystyrene biodegradation by macro-
organisms such as mealworms and wax moth larvae. Science of the Total
Environment 735, 139521.

Bolatovna, K.S., Rustenov, A., Eleuqalieva, N., Omirzak, T., Akhanov, U.K., 2015. Improving
reproductive qualities of pigs using the drone brood homogenate. Biol Med
(Aligarh) 7, 2.

Bombelli, P., Howe, C.J., Bertocchini, F., 2017. Polyethylene bio-degradation by caterpillars
of the wax moth Galleria mellonella. Current biology 27, R292—R293.

Borba, R.S., Spivak, M., 2017. Propolis envelope in Apis mellifera colonies supports honey
bees against the pathogen, Paenibacillus larvae. Scientific reports 7, 1-6.

Borges, D., Guzman-Novoa, E., Goodwin, P.H., 2020. Control of the microsporidian parasite
Nosema ceranae in honey bees (Apis mellifera) using nutraceutical and immuno-
stimulatory compounds. Plos one 15, e0227484.

Branco, M.R., Kidd, N.A., Pickard, R.S., 2006. A comparative evaluation of sampling methods
for Varroa destructor (Acari: Varroidae) population estimation. Apidologie 37, 452—
461.

178




Brasesco, M.C., Gende, L.B., Negri, P., Szawarski, N., Iglesias, A.E., Eguaras, M.J., Ruffinengo,
S.R., Maggi, M.D., 2017. Assessing in vitro acaricidal effect and joint action of a
binary mixture between essential oil compounds (thymol, phellandrene, eucalyptol,
cinnamaldehyde, myrcene, carvacrol) over ectoparasitic mite Varroa destructor
(Acari: Varroidae).

Bravo, J., Carbonell, V., Sepulveda, B., Delporte, C., Valdovinos, C., Martin-Hernandez, R.,
Higes, M., 2017. Antifungal activity of the essential oil obtained from Cryptocarya
alba against infection in honey bees by Nosema ceranae. Journal of invertebrate
pathology 149, 141-147.

Brodschneider, R., Brus, J., Danihlik, J., 2019. Comparison of apiculture and winter mortality
of honey bee colonies (Apis mellifera) in Austria and Czechia. Agriculture,
Ecosystems & Environment 274, 24-32.

Burley, L.M., Fell, R.D., Saacke, R.G., 2008. Survival of honey bee (Hymenoptera: Apidae)
spermatozoa incubated at room temperature from drones exposed to miticides.
Journal of economic entomology 101, 1081-1087.

Calderone, N., 2005. Evaluation of drone brood removal for management of Varroa
destructor (Acari: Varroidae) in colonies of Apis mellifera (Hymenoptera: Apidae) in
the northeastern United States. Journal of Economic Entomology 98, 645—650.

Calderone, N.W., Shimanuki, H., Allen-Wardell, G., 1994. An in vitro evaluation of botanical
compounds for the control of the honeybee pathogens Bacillus larvae and
Ascosphaera apis, and the secondary invader B. alvei. Journal of Essential Oil
Research 6, 279-287.

Campbell, E.M., Budge, G.E., Watkins, M., Bowman, A.S., 2016. Transcriptome analysis of
the synganglion from the honey bee mite, Varroa destructor and RNAi knockdown
of neural peptide targets. Insect biochemistry and molecular biology 70, 116-126.

Cengiz, M.M., 2018. Effectiveness of combining certain biotechnical methods with thymol
treatment against Varroa destructor infestation. African Journal of Agricultural
Research 13, 2735-2740.

Chaimanee, V., Thongtue, U., Sornmai, N., Songsri, S., Pettis, J.S., 2017. Antimicrobial
activity of plant extracts against the honeybee pathogens, Paenibacillus larvae and
Ascosphaera apis and their topical toxicity to Apis mellifera adults. Journal of
applied microbiology 123, 1160-1167.

Chantawannakul, P., Puchanichanthranon, T., Wongsiri, S., 2003. Inhibitory effects of some
medicinal plant extracts on the growth of Ascosphaera apis, in: [l WOCMAP
Congress on Medicinal and Aromatic Plants-Volume 4: Targeted Screening of
Medicinal and Aromatic Plants, Economics 678. pp. 183—-189.

Charriére, J.-D., Imdorf, A., 2002. Oxalic acid treatment by trickling against Varroa
destructor: recommendations for use in central Europe and under temperate
climate conditions. Bee world 83, 51-60.

Chauta-Mellizo, A., Campbell, S.A., Bonilla, M.A., Thaler, J.S., Poveda, K., 2012. Effects of
natural and artificial pollination on fruit and offspring quality. Basic and Applied
Ecology 13, 524-532.

Chen, Y.P., Pettis, J.S., Corona, M., Chen, W.P., Li, C.J., Spivak, M., Visscher, P.K., DeGrandi-
Hoffman, G., Boncristiani, H., Zhao, Y., 2014. Israeli acute paralysis virus:
epidemiology, pathogenesis and implications for honey bee health. PLoS Pathog 10,
e1004261.

Cianciosi, D., Forbes-Hernandez, T.Y., Afrin, S., Gasparrini, M., Reboredo-Rodriguez, P.,
Manna, P.P., Zhang, J., Bravo Lamas, L., Martinez Flérez, S., Agudo Toyos, P., 2018.
Phenolic compounds in honey and their associated health benefits: A review.
Molecules 23, 2322.

Colin, T., Lim, M.Y.,, Quarrell, S.R., Allen, G.R., Barron, A.B., 2019. Effects of thymol on
European honey bee hygienic behaviour. Apidologie 50, 141-152.

179




Collins, A.M., Pettis, J.S., 2013. Correlation of queen size and spermathecal contents and
effects of miticide exposure during development. Apidologie 44, 351-356.

Conti, B., Bocchino, R., Cosci, F., Ascrizzi, R., Flamini, G., Bedini, S., 2020. Essential oils
against Varroa destructor: a soft way to fight the parasitic mite of Apis mellifera.
Journal of Apicultural Research 59, 774-782.

Cooper, E.L., 2006. Comparative immunology. Integrative zoology 1, 32—-43.

Cornara, L., Biagi, M., Xiao, J., Burlando, B., 2017. Therapeutic properties of bioactive
compounds from different honeybee products. Frontiers in pharmacology 8, 412.

Cox-Foster, D.L., Conlan, S., Holmes, E.C., Palacios, G., Evans, J.D., Moran, N.A., Quan, P.-L.,
Briese, T., Hornig, M., Geiser, D.M., 2007. A metagenomic survey of microbes in
honey bee colony collapse disorder. Science 318, 283-287.

Damiani, N., Fernandez, N.J., Porrini, M.P., Gende, L.B., Alvarez, E., Buffa, F., Brasesco, C.,
Maggi, M.D., Marcangeli, J.A., Eguaras, M.J., 2014. Laurel leaf extracts for honeybee
pest and disease management: antimicrobial, microsporicidal, and acaricidal
activity. Parasitology research 113, 701-709.

Damiani, N., Gende, L.B., Bailac, P., Marcangeli, J.A., Eguaras, M.J., 2009. Acaricidal and
insecticidal activity of essential oils on Varroa destructor (Acari: Varroidae) and Apis
mellifera (Hymenoptera: Apidae). Parasitology research 106, 145-152.

de Mattos, I.M., Soares, A.E., Tarpy, D.R., 2017. Effects of synthetic acaricides on honey bee
grooming behavior against the parasitic Varroa destructor mite. Apidologie 48,
483-494.

Desai, S.D., Currie, R.W., 2015. Genetic diversity within honey bee colonies affects
pathogen load and relative virus levels in honey bees, Apis mellifera L. Behavioral
ecology and sociobiology 69, 1527-1541.

Di Prisco, G., Annoscia, D., Margiotta, M., Ferrara, R., Varricchio, P., Zanni, V., Caprio, E.,
Nazzi, F., Pennacchio, F., 2016. A mutualistic symbiosis between a parasitic mite
and a pathogenic virus undermines honey bee immunity and health. Proceedings of
the National Academy of Sciences 113, 3203—3208.

Dietemann, V., Ellis, J.D., Neumann, P., 2013. The COLOSS BEEBOOK Volume II: Standard
methods for Apis mellifera pest and pathogen research. International Bee Research
Association IBRA.

Dolezal, A.G,, Clair, A.L.S., Zhang, G., Toth, A.L., O’Neal, M.E., 2019. Native habitat mitigates
feast—famine conditions faced by honey bees in an agricultural landscape.
Proceedings of the National Academy of Sciences 116, 25147-25155.

Domatskaya, T., Domatsky, A., 2020. Study of effectiveness of lactic acid at varroatosis in
the apiaries of Tyumen region, Russia. Ukrainian Journal of Ecology 10, 155-159.

Duay, P., De Jong, D., Engels, W., 2003. Weight loss in drone pupae (Apis mellifera) multiply
infested by Varroa destructor mites. Apidologie 34, 61-65.

Duay, P., De Jong, D., Engels, W., 2002. Decreased flight performance and sperm production
in drones of the honey bee (Apis mellifera) slightly infested by Varroa destructor
mites during pupal development. Genet. Mol. Res 1, 227-232.

Dubovskiy, I., Kryukova, N., Glupov, V., Ratcliffe, N., 2016. Encapsulation and nodulation in
insects. Invertebrate Survival Journal 13, 229-246.

Ebert, T.A., Kevan, P.G., Bishop, B.L., Kevan, S.D., Downer, R.A., 2007. Oral toxicity of
essential oils and organic acids fed to honey bees (Apis mellifera). Journal of
apicultural research 46, 220-224.

Eilers, E.J., Kremen, C., Greenleaf, S.S., Garber, A.K., Klein, A.-M., 2011. Contribution of
pollinator-mediated crops to nutrients in the human food supply. PLoS one 6,
€21363.

Ellis, A., Hayes, G., Ellis, J., 2009. The efficacy of small cell foundation as a varroa mite
(Varroa destructor) control. Experimental and Applied Acarology 47, 311-316.

180




Ellis, A.M., Hayes, G.W.,, Ellis, J.D., 2009. The efficacy of dusting honey bee colonies with
powdered sugar to reduce Varroa mite populations. Journal of apicultural research
48, 72-76.

Ellis, J.D., Graham, J.R., Mortensen, A., 2013. Standard methods for wax moth research.
Journal of Apicultural Research 52, 1-17.

Evans, J., Aronstein, K., Chen, Y.P., Hetru, C., Imler, J., Jiang, H., Kanost, M., Thompson, G.,
Zou, Z., Hultmark, D., 2006. Immune pathways and defence mechanisms in honey
bees Apis mellifera. Insect molecular biology 15, 645—656.

Evans, J.D., Armstrong, T.-N., 2005. Inhibition of the American foulbrood bacterium,
Paenibacillus larvae larvae, by bacteria isolated from honey bees. Journal of
Apicultural Research 44, 168-171.

Evans, J.D., Spivak, M., 2010. Socialized medicine: individual and communal disease barriers
in honey bees. Journal of invertebrate pathology 103, 562-572.

Evison, S.E., 2015. Chalkbrood: epidemiological perspectives from the host—parasite
relationship. Current opinion in insect science 10, 65—70.

Fakhimzadeh, K., 2001a. Effectiveness of confectioner sugar dusting to knock down Varroa
destructor from adult honey bees in laboratory trials. Apidologie 32, 139-148.

Fakhimzadeh, K., 2001b. The effects of powdered sugar varroa control treatments on Apis
mellifera colony development. Journal of Apicultural Research 40, 105-109.

Ferrentino, G., Morozova, K., Horn, C., Scampicchio, M., 2020. Extraction of essential oils
from medicinal plants and their utilization as food antioxidants. Current
pharmaceutical design 26, 519-541.

Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., Mello, C.C., 1998. Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis elegans.
nature 391, 806—-811.

Flenniken, M.L., Andino, R., 2013. Non-specific dsRNA-mediated antiviral response in the
honey bee. Plos one 8, €77263.

Flores, J., Spivak, M., Gutiérrez, 1., 2005. Spores of Ascosphaera apis contained in wax
foundation can infect honeybee brood. Veterinary Microbiology 108, 141-144.

Frazier, M., Mullin, C., Frazier, J., Ashcraft, S., 2008. What have pesticides got to do with it?
American Bee Journal 148, 521-524.

Fries, I., Aarhus, A., Hansen, H., Korpela, S., 1991. Comparison of diagnostic methods for
detection of low infestation levels of Varroa jacobsoni in honey-bee (Apis mellifera)
colonies. Experimental & applied acarology 10, 279-287.

Gabriel, K.T., Kartforosh, L., Crow, S.A., Cornelison, C.T., 2018. Antimicrobial activity of
essential oils against the fungal pathogens Ascosphaera apis and
Pseudogymnoascus destructans. Mycopathologia 183, 921-934.

Gal, H., Slabezki, Y., Lensky, Y., 1992. A preliminary report on the effect of origanum oil and
thymol applications in honey bee (Apis mellifera L.) colonies in a subtropical climate
on population levels of Varroa jacobsoni. Bee Sci 2, 175-180.

Gallai, N., Salles, J.-M., Settele, J., Vaissiére, B.E., 2009. Economic valuation of the
vulnerability of world agriculture confronted with pollinator decline. Ecological
economics 68, 810-821.

Garbian, Y., Maori, E., Kalev, H., Shafir, S., Sela, ., 2012. Bidirectional transfer of RNAi
between honey bee and Varroa destructor: Varroa gene silencing reduces Varroa
population. PLoS Pathog 8, e1003035.

Garcia-Fernandez, P., Santiago-Alvarez, C., Quesada-Moraga, E., 2008. Pathogenicity and
thermal biology of mitosporic fungi as potential microbial control agents of Varroa
destructor (Acari: Mesostigmata), an ectoparasitic mite of honey bee, Apis mellifera
(Hymenoptera: Apidae). Apidologie 39, 662—673.

Gashout, H.A., Goodwin, P.H., Guzman-Novoa, E., 2018. Lethality of synthetic and natural
acaricides to worker honey bees (Apis mellifera) and their impact on the expression

181




of health and detoxification-related genes. Environmental Science and Pollution
Research 25, 34730-34739.

Gashout, H.A., Guzman-Novoa, E., Goodwin, P.H., Correa-Benitez, A., 2020. Impact of
sublethal exposure to synthetic and natural acaricides on honey bee (Apis mellifera)
memory and expression of genes related to memory. Journal of insect physiology
121, 104014.

Genersch, E., 2010a. Honey bee pathology: current threats to honey bees and beekeeping.
Applied microbiology and biotechnology 87, 87-97.

Genersch, E., 2010b. American Foulbrood in honeybees and its causative agent,
Paenibacillus larvae. Journal of invertebrate pathology 103, S10-S19.

Genersch, E., Ashiralieva, A., Fries, 1., 2005. Strain-and genotype-specific differences in
virulence of Paenibacillus larvae subsp. larvae, a bacterial pathogen causing
American foulbrood disease in honeybees. Applied and Environmental
Microbiology 71, 7551-7555.

Genersch, E., Forsgren, E., Pentikdinen, J., Ashiralieva, A., Rauch, S., Kilwinski, J., Fries, .,
2006. Reclassification of Paenibacillus larvae subsp. pulvifaciens and Paenibacillus
larvae subsp. larvae as Paenibacillus larvae without subspecies differentiation.
International Journal of Systematic and Evolutionary Microbiology 56, 501-511.

Girisgin, A., Aydin, L., 2010. Efficacies of formic, oxalic and lactic acids against Varroa
destructor in naturally infested honeybee (Apis mellifera L.) colonies in Turkey.
Kafkas Univ Vet Fak Derg 16, 941-945.

Gisder, S., Aumeier, P., Genersch, E., 2009. Deformed wing virus: replication and viral load
in mites (Varroa destructor). Journal of General Virology 90, 463—-467.

Gisder, S., Genersch, E., 2021. Direct Evidence for Infection of Varroa destructor Mites with
the Bee-Pathogenic Deformed Wing Virus Variant B, but Not Variant A, via
Fluorescence In Situ Hybridization Analysis. Journal of Virology 95, e01786-20.

Gisder, S., Mockel, N., Eisenhardt, D., Genersch, E., 2018. In vivo evolution of viral virulence:
switching of deformed wing virus between hosts results in virulence changes and
sequence shifts. Environmental microbiology 20, 4612-4628.

Giusti, M., Sabelli, C., Di Donato, A., Lamberti, D., Paturzo, C.E., Polignano, V., Lazzari, R.,
Felicioli, A., 2017. Efficacy and safety of Varterminator, a new formic acid medicine
against the varroa mite. Journal of apicultural research 56, 162-167.

Glavan, G., Novak, S., Bozic, J., Kokalj, A.J., 2020. Comparison of sublethal effects of natural
acaricides carvacrol and thymol on honeybees. Pesticide Biochemistry and
Physiology 166, 104567.

Goblirsch, M., Warner, J.F.,, Sommerfeldt, B.A., Spivak, M., 2020. Social fever or general
immune response? Revisiting an example of social immunity in honey bees. Insects
11, 528.

Gdémez-Moracho, T., Heeb, P., Lihoreau, M., 2017. Effects of parasites and pathogens on
bee cognition. Ecological Entomology 42, 51-64.

Gonzalez-Cabrera, J., Rodriguez-Vargas, S., Davies, T.E., Field, L.M., Schmehl, D., Ellis, J.D.,
Krieger, K., Williamson, M.S., 2016. Novel mutations in the voltage-gated sodium
channel of pyrethroid-resistant Varroa destructor populations from the
Southeastern USA. PloS one 11, e0155332.

Goodwin, R.M., Perry, J.H., Houten, A.T., 1994. The effect of drifting honey bees on the
spread of American foulbrood infections. Journal of Apicultural Research 33, 209—
212.

Goulson, D., Nicholls, E., Botias, C., Rotheray, E.L., 2015. Bee declines driven by combined
stress from parasites, pesticides, and lack of flowers. Science 347.

Gregorc, A., Knight, P.R., Adamczyk, J., 2017. Powdered sugar shake to monitor and oxalic
acid treatments to control varroa mites (Varroa destructor Anderson and Trueman)
in honey bee (Apis mellifera) colonies. Journal of Apicultural Research 56, 71-75.

182




Gregorc, A., Planinc, I., 2012. Use of thymol formulations, amitraz, and oxalic acid for the
control of the varroa mite in honey bee (Apis mellifera carnica) colonies. Apicultural
Science 56, 61.

Gregorc, A., Planinc, |., 2001. Acaricidal effect of oxalic acid in honeybee (Apis mellifera)
colonies. Apidologie 32, 333-340.

Gregorc, A., Sampson, B., 2019. Diagnosis of Varroa Mite (Varroa destructor) and
sustainable control in honey bee (Apis mellifera) colonies—A review. Diversity 11,
243,

Gregorc, A., Skerl, M.LS., 2007. Toxicological and immunohistochemical testing of
honeybees after oxalic acid and rotenone treatments. Apidologie 38, 296—305.

Guichard, M., Dietemann, V., Neuditschko, M., Dainat, B., 2020. Three decades of selecting
honey bees that survive infestations by the parasitic mite Varroa destructor:
outcomes, limitations and strategy.

Guo, R., Chen, D., Xiong, C., Hou, C., Zheng, Y., Fu, Z., Diao, Q., Zhang, L., Wang, H., Hou, Z,,
2018. Identification of long non-coding RNAs in the chalkbrood disease pathogen
Ascospheara apis. Journal of invertebrate pathology 156, 1-5.

Haber, A.l., Steinhauer, N.A., vanEngelsdorp, D., 2019. Use of chemical and nonchemical
methods for the control of Varroa destructor (Acari: Varroidae) and associated
winter colony losses in US beekeeping operations. Journal of economic entomology
112, 1509-1525.

Hallmann, C.A., Sorg, M., Jongejans, E., Siepel, H., Hofland, N., Schwan, H., Stenmans, W.,
Miiller, A., Sumser, H., Horren, T., 2017. More than 75 percent decline over 27
years in total flying insect biomass in protected areas. PloS one 12, e0185809.

Hansen, H., Brgdsgaard, C.J., 1999. American foulbrood: a review of its biology, diagnosis
and control. Bee world 80, 5-23.

HauRermann, C.K., Giacobino, A., Munz, R., Ziegelmann, B., Palacio, M.A., Rosenkranz, P.,
2019. Reproductive parameters of female Varroa destructor and the impact of
mating in worker brood of Apis mellifera. Apidologie 1-14.

Heath, L., Gaze, B.M., 1987. Carbon dioxide activation of spores of the chalkbrood fungus
Ascosphaera apis. Journal of Apicultural Research 26, 243-246.

Hedtke, K., Jensen, P.M., Jensen, A.B., Genersch, E., 2011. Evidence for emerging parasites
and pathogens influencing outbreaks of stress-related diseases like chalkbrood.
Journal of invertebrate pathology 108, 167-173.

Hernandez, R.M., Pascual, M.H., Pérez, J., del Nozal Nalda, M.J., Meana, A., 2007. Short
term negative effect of oxalic acid in" Apis mellifera iberiensis". Spanish journal of
agricultural research 5, 474-480.

Hernandez-Rodriguez, C.S., Marin, O., Calatayud, F., Mahiques, M.J., Mompd, A., Segura, .,
Simé, E., Gonzdlez-Cabrera, J., 2021. Large-Scale Monitoring of Resistance to
Coumaphos, Amitraz, and Pyrethroids in Varroa destructor. Insects 12, 27.

Heyndrickx, M., Vandemeulebroecke, K., Hoste, B., Janssen, P., Kersters, K., De Vos, P.,
Logan, N.A., Ali, N., Berkeley, R.C.W., 1996. Reclassification of Paenibacillus
(formerly Bacillus) pulvifaciens (Nakamura 1984) Ash et al. 1994, a later subjective
synonym of Paenibacillus (formerly Bacillus) larvae (White 1906) Ash et al. 1994, as
a subspecies of P. larvae, with emended descriptions of P. larvae as P. larvae subsp.
larvae and P. larvae subsp. pulvifaciens. International journal of systematic and
evolutionary microbiology 46, 270-279.

Higes, M., Martin-Hernandez, R., Botias, C., Bailén, E.G., Gonzalez-Porto, A.V., Barrios, L.,
Del Nozal, M.J., Bernal, J.L.,, Jiménez, J.J., Palencia, P.G., 2008. How natural infection
by Nosema ceranae causes honeybee colony collapse. Environmental microbiology
10, 2659-2669.

183




Hitchcock, J., Stoner, A., Wilson, W., Menapace, D., 1979. Pathogenicity of Bacillus
pulvifaciens to honey bee larvae of various ages (Hymenoptera: Apidae). Journal of
the Kansas Entomological Society 238-246.

Hornitzky, M., Oldroyd, B.P., Somerville, D., 1996. Bacillus larvae carrier status of swarms
and feral colonies of honeybees (Apis mellifera) in Australia. Australian veterinary
journal 73, 116-117.

Huang, Z.Y., Bian, G., Xi, Z., Xie, X., 2019. Genes important for survival or reproduction in
Varroa destructor identified by RNAI. Insect science 26, 68—75.

Hybl, M., Bohat3d, A., Radsetoulalovj, I., Kopecky, M., Hostickov3, I., Vanickova, A., Mraz, P.,
2021a. Evaluating the Efficacy of 30 Different Essential Oils against Varroa
destructor and Honey Bee Workers (Apis mellifera). Insects 12, 1045.

Hybl, M., Mraz, P., Sipos, J., 2020. Diversity of bees (Apoidea) and their pesticide
contamination in two different types of agricultural management, in: MendelNet.
Brno, pp. 216-221.

Hybl, M., Mréaz, P., Sipos, J., Hostickova, 1., Bohata, A., Curn, V., Kopec, T. 2021b.
Polyphenols as Food Supplement Improved Food Consumption and Longevity of
Honey Bees (Apis mellifera) Intoxicated by Pesticide Thiacloprid. Insects 12, 572.

Iwasa, T., Motoyama, N., Ambrose, J.T., Roe, R.M., 2004. Mechanism for the differential
toxicity of neonicotinoid insecticides in the honey bee, Apis mellifera. Crop
protection 23, 371-378.

Jagua-Gualdrén, A., Pefia-Latorre, J.A., Fernadez-Bernal, R.E., 2020. Apitherapy for
osteoarthritis: perspectives from basic research. Complementary medicine research
27,184-192.

Jarosch, A., Moritz, R.F., 2012. RNA interference in honeybees: off-target effects caused by
dsRNA. Apidologie 43, 128-138.

Johnson, R.M., Dahlgren, L., Siegfried, B.D., Ellis, M.D., 2013. Effect of in-hive miticides on
drone honey bee survival and sperm viability. Journal of Apicultural Research 52,
88-95.

Johnson, R.M., Pollock, H.S., Berenbaum, M.R., 2009. Synergistic interactions between in-
hive miticides in Apis mellifera. Journal of economic entomology 102, 474-479.

Kablau, A., Berg, S., Hartel, S., Scheiner, R., 2019. Hyperthermia treatment can kill immature
and adult Varroa destructor mites without reducing drone fertility. Apidologie 1-9.

Kablau, A., Berg, S., Rutschmann, B., Scheiner, R., 2020. Short-term hyperthermia at larval
age reduces sucrose responsiveness of adult honeybees and can increase life span.
Apidologie 51, 570-582.

Kamler, M., Nesvorna, M., Stara, J., Erban, T., Hubert, J., 2016. Comparison of tau-
fluvalinate, acrinathrin, and amitraz effects on susceptible and resistant
populations of Varroa destructor in a vial test. Experimental and applied acarology
69, 1-9.

Kang, Y., Blanco, K., Davis, T., Wang, Y., DeGrandi-Hoffman, G., 2016. Disease dynamics of
honeybees with Varroa destructor as parasite and virus vector. Mathematical
biosciences 275, 71-92.

Kanga, L.H.B., Jones, W.A,, James, R.R., 2003. Field trials using the fungal pathogen,
Metarhizium anisopliae (Deuteromycetes: Hyphomycetes) to control the
ectoparasitic mite, Varroa destructor (Acari: Varroidae) in honey bee, Apis mellifera
(Hymenoptera: Apidae) colonies. Journal of economic entomology 96, 1091-1099.

Katznelson, H., 1950. Bacillus pulvifaciens (n. sp.), an organism associated with powdery
scale of honeybee larvae. Journal of Bacteriology 59, 153—155.

Kim, S.H., Mondet, F., Herve, M., Mercer, A., 2018. Honey bees performing varroa sensitive
hygiene remove the most mite-compromised bees from highly infested patches of
brood. Apidologie 49, 335—-345.

184




Kirrane, M.J., De Guzman, L.l., Whelan, P.M., Frake, A.M., Rinderer, T.E., 2018. Evaluations
of the removal of Varroa destructor in Russian honey bee colonies that display
different levels of Varroa sensitive hygienic activities. Journal of Insect Behavior 31,
283-297.

Klein, A.-M., Vaissiere, B.E., Cane, J.H., Steffan-Dewenter, I., Cunningham, S.A., Kremen, C.,
Tscharntke, T., 2007. Importance of pollinators in changing landscapes for world
crops. Proceedings of the royal society B: biological sciences 274, 303—313.

Kohno, H., Suenami, S., Takeuchi, H., Sasaki, T., Kubo, T., 2016. Production of knockout
mutants by CRISPR/Cas9 in the european honeybee, Apis mellifera L. Zoological
science 33, 505-512.

Kong, H.G., Kim, H.H., Chung, J.,, Jun, J., Lee, S., Kim, H.-M., Jeon, S., Park, S.G., Bhak, J., Ryu,
C.-M., 2019. The Galleria mellonella hologenome supports microbiota-independent
metabolism of long-chain hydrocarbon beeswax. Cell reports 26, 2451-2464.

Kralj, J., Fuchs, S., 2006. Parasitic Varroa destructor mites influence flight duration and
homing ability of infested Apis mellifera foragers. Apidologie 37, 577-587.

Kulhanek, K., Steinhauer, N., Rennich, K., Caron, D.M., Sagili, R.R., Pettis, J.S., Ellis, J.D.,
Wilson, M.E., Wilkes, J.T., Tarpy, D.R., 2017. A national survey of managed honey
bee 2015-2016 annual colony losses in the USA. Journal of Apicultural Research 56,
328-340.

Kuzysinova, K., Mudronova, D., Toporcak, J., Molnar, L., Javorsky, P., 2016. The use of
probiotics, essential oils and fatty acids in the control of American foulbrood and
other bee diseases. Journal of Apicultural Research 55, 386—395.

Kwong, W.K., Mancenido, A.L.,, Moran, N.A., 2017. Immune system stimulation by the
native gut microbiota of honey bees. Royal Society open science 4, 170003.

Larsen, A., Reynaldi, F.J., Guzman-Novoa, E., 2019. Fundaments of the honey bee (Apis
mellifera) immune system. Review. Revista mexicana de ciencias pecuarias 10, 705—
728.

Le Conte, Y., De Vaublanc, G., Crauser, D., Jeanne, F., Rousselle, J.-C., Bécard, J.-M., 2007.
Honey bee colonies that have survived Varroa destructor. Apidologie 38, 566—572.

Le Conte, Y., Navajas, M., 2008. Climate change: impact on honey bee populations and
diseases. Revue Scientifique et Technique-Office International des Epizooties 27,
499-510.

Lecocq, A., Foley, K., Jensen, A.B., 2018. Drone brood production in Danish apiaries and its
potential for human consumption. Journal of Apicultural Research 57, 331-336.

Leonard, S.P., Powell, J.E., Perutka, J., Geng, P., Heckmann, L.C., Horak, R.D., Davies, B.W.,
Ellington, A.D., Barrick, J.E.,, Moran, N.A., 2020. Engineered symbionts activate
honey bee immunity and limit pathogens. Science 367, 573-576.

Li, X., He, T., Wang, X., Shen, M., Yan, X,, Fan, S., Wang, L., Wang, X., Xu, X., Sui, H., She, G.,
2019. Traditional uses, chemical constituents and biological activities of plants from
the genus Thymus. Chemistry & biodiversity 19, e1900254.

Li, Z., You, X., Wang, L., Yan, Z., Zhou, Z., 2018. Spore morphology and ultrastructure of an
Ascosphaera apis strain from the honeybees (Apis mellifera) in southwest China.
Mycologia 110, 325-338.

Lin, Z., Qin, Y., Page, P., Wang, S., Li, L., Wen, Z., Hu, F., Neumann, P., Zheng, H., Dietemann,
V., 2018. Reproduction of parasitic mites Varroa destructor in original and new
honeybee hosts. Ecology and evolution 8, 2135-2145.

Lippert, C., Feuerbacher, A., Narjes, M., 2021. Revisiting the economic valuation of
agricultural losses due to large-scale changes in pollinator populations. Ecological
Economics 180, 106860.

Llorens-Picher, M., Higes, M., Martin-Hernandez, R., De la Rua, P., Mufoz, I., Aidoo, K.,
Bempong, E.O., Polkuraf, F., Meana, A., 2017. Honey bee pathogens in Ghana and
the presence of contaminated beeswax. Apidologie 48, 732-742.

185




Locke, B., 2016. Natural Varroa mite-surviving Apis mellifera honeybee populations.
Apidologie 47, 467-482.

Locke, B., Forsgren, E., Fries, |, de Miranda, J.R., 2012. Acaricide treatment affects viral
dynamics in Varroa destructor-infested honey bee colonies via both host physiology
and mite control. Applied and environmental Microbiology 78, 227-235.

Loucif-Ayad, W., Aribi, N., Smagghe, G., Soltani, N., 2010. A scientific note on the impact of
acaracides on the nutritional biochemistry of Apis mellifera intermissa
(Hymenoptera: Apidae). Apidologie 41, 135-137.

Loucif-Ayad, W., Aribi, N., Soltani, N., 2008. Evaluation of secondary effects of some
acaricides on  Apis mellifera  intermissa  (Hymenoptera,  Apidae):
acetylcholinesterase and glutathione S-transferase activities. Eur. J. Sci. Res 21,
642-649.

Lourengo, A.P., Guidugli-Lazzarini, K.R., Freitas, F.C., Bitondi, M.M., Simdes, Z.L., 2013.
Bacterial infection activates the immune system response and dysregulates
microRNA expression in honey bees. Insect biochemistry and molecular biology 43,
474-482.

Lu, J., Cokcetin, N.N., Burke, C.M., Turnbull, L., Liu, M., Carter, D.A., Whitchurch, C.B., Harry,
E.J., 2019. Honey can inhibit and eliminate biofilms produced by Pseudomonas
aeruginosa. Scientific reports 9, 1-13.

Maggi, M., Tourn, E., Negri, P., Szawarski, N., Marconi, A., Gallez, L., Medici, S., Ruffinengo,
S., Brasesco, C., De Feudis, L., 2016. A new formulation of oxalic acid for Varroa
destructor control applied in Apis mellifera colonies in the presence of brood.
Apidologie 47, 596—605.

Mallon, E.B., Brockmann, A., Schmid-Hempel, P., 2003. Immune response inhibits
associative learning in insects. Proceedings of the Royal Society of London. Series B:
Biological Sciences 270, 2471-2473.

Mannino, M.C., Huarte-Bonnet, C., Davyt-Colo, B., Pedrini, N., 2019. Is the insect cuticle the
only entry gate for fungal infection? Insights into alternative modes of action of
entomopathogenic fungi. Journal of fungi 5, 33.

Marringa, W.J., Krueger, M.J., Burritt, N.L., Burritt, J.B., 2014. Honey bee hemocyte profiling
by flow cytometry. PloS one 9, e108486.

Martin, S.J., Hawkins, G.P., Brettell, L.E., Reece, N., Correia-Oliveira, M.E., Allsopp, M.H.,
2019. Varroa destructor reproduction and cell re-capping in mite-resistant Apis
mellifera populations. Apidologie 1-13.

Masotti, V., Juteau, F., Bessiere, J.M., Viano, J., 2003. Seasonal and phenological variations
of the essential oil from the narrow endemic species Artemisia molinieri and its
biological activities. Journal of agricultural and food chemistry 51, 7115-7121.

McAfee, A., Chapman, A,, lovinella, ., Gallagher-Kurtzke, Y., Collins, T.F., Higo, H., Madilao,
L.L., Pelosi, P., Foster, L.J., 2018. A death pheromone, oleic acid, triggers hygienic
behavior in honey bees (Apis mellifera L.). Scientific reports 8, 1-13.

McMahon, D.P., Natsopoulou, M.E., Doublet, V., First, M., Weging, S., Brown, M.J., Gogol-
Doring, A., Paxton, R.J., 2016. Elevated virulence of an emerging viral genotype as a
driver of honeybee loss. Proceedings of the Royal Society B: Biological Sciences 283,
20160811.

Medici, S.K., Castro, A., Sarlo, E.G., Marioli, J.M., Eguaras, M.J., 2012. The concentration
effect of selected acaricides present in beeswax foundation on the survival of Apis
mellifera colonies. Journal of Apicultural Research 51, 164—168.

Meikle, W.G., Mercadier, G., Holst, N., Girod, V., 2008. Impact of two treatments of a
formulation of Beauveria bassiana (Deuteromycota: Hyphomycetes) conidia on
Varroa mites (Acari: Varroidae) and on honeybee (Hymenoptera: Apidae) colony
health, in: Diseases of Mites and Ticks. Springer, pp. 105-117.

186




Meikle, W.G., Sammataro, D., Neumann, P., Pflugfelder, J., 2012. Challenges for developing
pathogen-based biopesticides against Varroa destructor (Mesostigmata:
Varroidae). Apidologie 43, 501-514.

Messan, K., Rodriguez, M.M., Chen, J., DeGrandi-Hoffman, G., Kang, Y., 2021. Population
dynamics of Varroa mite and honeybee: Effects of parasitism with age structure
and seasonality. Ecological Modelling 440, 109359.

Milano, F., Donnarumma, L., 2017. Determination of essential oils residues on zucchini
fruits by GC-MS. Natural product research 31, 976-979.

Morales, M.M., Ramos, M.J.G., Vazquez, P.P., Galiano, F.J.D., Valverde, M.G., Lépez, V.G,,
Flores, J.M., Fernandez-Alba, A.R., 2020. Distribution of chemical residues in the
beehive compartments and their transfer to the honeybee brood. Science of The
Total Environment 710, 136288.

Moret, Y., Schmid-Hempel, P., 2000. Survival for immunity: the price of immune system
activation for bumblebee workers. Science 290, 1166—1168.

Morfin, N., Goodwin, P.H., Guzman-Novoa, E., 2020. The Combined Effects of Varroa
destructor Parasitism and Exposure to Neonicotinoids Affects Honey Bee (Apis
mellifera L.) Memory and Gene Expression. Biology 9, 237.

Motta, E.V., Raymann, K., Moran, N.A., 2018. Glyphosate perturbs the gut microbiota of
honey bees. Proceedings of the National Academy of Sciences 115, 10305—-10310.

Mraz, P., Bohata, A., Hostickova, I., Kopecky, M., Zabka, M., Hybl, M., Curn, V., 2019.
Inhibitory effect of selected botanical compounds on the honey bee fungal
pathogen Ascosphaera apis. Proceedings of the MendelNet, Brno, Czech Republic
6-7.

Mraz, P., Hybl, M., Kopecky, M., Bohat3, A., Hosti¢kova, I., Sipos, J., Vocadlova, K., Curn, V.,
2021a. Screening of Honey Bee Pathogens in the Czech Republic and Their
Prevalence in Various Habitats. Insects 12, 1051.

Mraz, P., Hybl, M., Kopecky, M., Bohata, A., Konopicka, J., Hostickova, I., Konvalina, P.,
Sipos, J., Rost, M., Curn, V., 2021b. The Effect of Artificial Media and Temperature
on the Growth and Development of the Honey Bee Brood Pathogen Ascosphaera
apis. Biology 10, 431.

Mraz, P., Hybl, M., Kopecky, M., Sipos, J., Ryba, S., Curn, V., 2020. Effect of the digestive
process of the Greater wax moth (Galleria mellonella) on the causative agents of
American Foulbrood (Paenibacillus larvae), in: MendelNet. Brno, pp. 413—418.

Muijres, F.T., Van Dooremalen, C., Lankheet, M., Lugt, H., De Vries, L.J., Van Langevelde, F.,
2020. Varroa destructor infestation impairs the improvement of landing
performance in foraging honeybees. Royal Society open science 7, 201222.

Munawar, M.S., Raja, S., Waghchoure, E.S., Barkat, M., 2010. Controlling American
Foulbrood in honeybees by shook swarm method. Pakistan Journal of Agricultural
Research 23.

Natsopoulou, M.E., McMahon, D.P., Doublet, V., Frey, E., Rosenkranz, P., Paxton, R.J., 2017.
The virulent, emerging genotype B of Deformed wing virus is closely linked to
overwinter honeybee worker loss. Scientific Reports 7, 1-9.

Negri, P., Maggi, M., Correa-Aragunde, N., Brasesco, C., Eguaras, M., Lamattina, L., 2013.
Nitric oxide participates at the first steps of Apis mellifera cellular immune
activation in response to non-self recognition. Apidologie 44, 575-585.

Negri, P., Maggi, M., Massazza, D., Correa-Aragunde, N., Eguaras, M., Lamattina, L., 2012.
Nitric oxide stimulates melanin production during immune response in Apis
mellifera. Biocell 36, 68.

Neuendorf, S., Hedtke, K., Tangen, G., Genersch, E., 2004. Biochemical characterization of
different genotypes of Paenibacillus larvae subsp. larvae, a honey bee bacterial
pathogen. Microbiology 150, 2381-2390.

187




Nolan, M.P., Delaplane, K.S., 2017. Distance between honey bee Apis mellifera colonies
regulates populations of Varroa destructor at a landscape scale. Apidologie 48, 8—
16.

Nolan, V.C., Harrison, J., Cox, J.A., 2019. Dissecting the antimicrobial composition of honey.
Antibiotics 8, 251.

Nunes, F.M., Aleixo, A.C., Barchuk, A.R., Bomtorin, A.D., Grozinger, C.M., Simdes, Z.L., 2013.
Non-target effects of green fluorescent protein (GFP)-derived double-stranded RNA
(dsRNA-GFP) used in honey bee RNA interference (RNAI) assays. Insects 4, 90—103.

Ongus, J.R., Peters, D., Bonmatin, J.-M., Bengsch, E., Vlak, J.M., van Oers, M.M., 2004.
Complete sequence of a picorna-like virus of the genus Iflavirus replicating in the
mite Varroa destructor. Journal of General Virology 85, 3747—-3755.

Orantes-Bermejo, F.J., Pajuelo, A.G., Megias, M.M., Fernandez-Piiar, C.T., 2010. Pesticide
residues in beeswax and beebread samples collected from honey bee colonies (Apis
mellifera L.) in Spain. Possible implications for bee losses. Journal of Apicultural
Research 49, 243-250.

Page, P., Lin, Z.,, Buawangpong, N., Zheng, H., Hu, F., Neumann, P., Chantawannakul, P.,
Dietemann, V., 2016. Social apoptosis in honey bee superorganisms. Scientific
Reports 6, 1-6.

Panziera, D., van Langevelde, F., Blacquiere, T., 2017. Varroa sensitive hygiene contributes
to naturally selected varroa resistance in honey bees. Journal of Apicultural
Research 56, 635—642.

Papezikova, |., Palikova, M., Kremserova, S., Zachova, A., Peterova, H., Babak, V., Navratil,
S., 2017. Effect of oxalic acid on the mite Varroa destructor and its host the honey
bee Apis mellifera. Journal of Apicultural Research 56, 400—408.

Partap, U., Ya, T., 2012. The human pollinators of fruit crops in Maoxian County, Sichuan,
China. Mountain Research and Development 32, 176-186.

Pavela, R., Benelli, G., 2016. Essential oils as ecofriendly biopesticides? Challenges and
constraints. Trends in plant science 21, 1000-1007.

Peck, D.T., 2021. The Parasitic Mite Varroa destructor: History, Biology, Monitoring, and
Management. Honey Bee Medicine for the Veterinary Practitioner 235-251.

Peck, D.T., Seeley, T.D., 2019. Mite bombs or robber lures? The roles of drifting and robbing
in Varroa destructor transmission from collapsing honey bee colonies to their
neighbors. PloS one 14, e0218392.

Perricone, M., Arace, E., Corbo, M.R., Sinigaglia, M., Bevilacqua, A., 2015. Bioactivity of
essential oils: a review on their interaction with food components. Frontiers in
microbiology 6, 76.

Pettis, J., Wilson, W., Shimanuki, H., Teel, P., 1991. Fluvalinate treatment of queen and
worker honey bees (Apis mellifera L) and effects on subsequent mortality, queen
acceptance and supersedure. Apidologie 22, 1-7.

Pettis, J.S., Collins, A.M., Wilbanks, R., Feldlaufer, M.F., 2004. Effects of coumaphos on
gueen rearing in the honey bee, Apis mellifera. Apidologie 35, 605-610.

Pietropaoli, M., Formato, G., 2019. Acaricide efficacy and honey bee toxicity of three new
formic acid-based products to control Varroa destructor. Journal of Apicultural
Research 58, 824—-830.

Pietropaoli, M., Formato, G., 2018. Liquid formic acid 60% to control varroa mites (Varroa
destructor) in honey bee colonies (Apis mellifera): protocol evaluation. Journal of
Apicultural Research 57, 300-307.

Poppinga, L., Genersch, E., 2015. Molecular pathogenesis of American Foulbrood: how
Paenibacillus larvae kills honey bee larvae. Current opinion in insect science 10, 29—
36.

188




Porrini, C., Sabatini, A.G., Girotti, S., Ghini, S., Medrzycki, P., Grillenzoni, F., Bortolotti, L.,
Gattavecchia, E., Celli, G., 2003. Honey bees and bee products as monitors of the
environmental contamination. Apiacta 38, 63—-70.

Posada-Florez, F., Ryabov, E.V., Heerman, M.C., Chen, Y., Evans, J.D., Sonenshine, D.E.,
Cook, S.C., 2020. Varroa destructor mites vector and transmit pathogenic honey
bee viruses acquired from an artificial diet. PloS one 15, e0242688.

Potts, S.G., Biesmeijer, J.C., Kremen, C., Neumann, P., Schweiger, O., Kunin, W.E., 2010.
Global pollinator declines: trends, impacts and drivers. Trends in ecology &
evolution 25, 345—-353.

Potts, S.G., Neumann, P., Vaissiere, B., Vereecken, N.J., 2018. Robotic bees for crop
pollination: Why drones cannot replace biodiversity. Science of the total
environment 642, 665—667.

Pritchard, D.J., 2016. Grooming by honey bees as a component of varroa resistant behavior.
Journal of Apicultural Research 55, 38—48.

Ramsey, S.D., Ochoa, R., Bauchan, G., Gulbronson, C., Mowery, J.D., Cohen, A., Lim, D.,
Joklik, J., Cicero, J.M., Ellis, J.D., 2019. Varroa destructor feeds primarily on honey
bee fat body tissue and not hemolymph. Proceedings of the National Academy of
Sciences 116, 1792-1801.

Ramazi, H., Ismaili, M.R., Aberchane, M., Zaanoun, S., 2017. Chemical characterization and
acaricidal activity of Thymus satureioides C. & B. and Origanum elongatum E. &
M.(Lamiaceae) essential oils against Varroa destructor Anderson & Trueman (Acari:
Varroidae). Industrial Crops and Products 108, 201-207.

Rangel, J., Tarpy, D.R., 2015. The combined effects of miticides on the mating health of
honey bee (Apis mellifera L.) queens. Journal of Apicultural Research 54, 275—-283.

Rangel, J., Ward, L., 2018. Evaluation of the predatory mite Stratiolaelaps scimitus for the
biological control of the honey bee ectoparasitic mite Varroa destructor. Journal of
Apicultural Research 57, 425-432.

Rattan, R.S., 2010. Mechanism of action of insecticidal secondary metabolites of plant
origin. Crop protection 29, 913-920.

Rauch, S., Ashiralieva, A., Hedtke, K., Genersch, E., 2009. Negative correlation between
individual-insect-level virulence and colony-level virulence of Paenibacillus larvae,
the etiological agent of American foulbrood of honeybees. Applied and
Environmental Microbiology 75, 3344-3347.

Raymann, K., Shaffer, Z., Moran, N.A., 2017. Antibiotic exposure perturbs the gut
microbiota and elevates mortality in honeybees. PLoS biology 15, €2001861.

Read, S., Howlett, B.G., Donovan, B.J., Nelson, W.R., Van Toor, R.F., 2014. Culturing chelifers
(Pseudoscorpions) that consume Varroa mites. Journal of applied entomology 138,
260-266.

Regnault-Roger, C., Vincent, C., Arnason, J.T., 2012. Essential oils in insect control: low-risk
products in a high-stakes world. Annual review of entomology 57, 405—-424.

Reilly, J., Artz, D., Biddinger, D., Bobiwash, K., Boyle, N., Brittain, C., Brokaw, J., Campbell, J.,
Daniels, J., Elle, E., 2020. Crop production in the USA is frequently limited by a lack
of pollinators. Proceedings of the Royal Society B 287, 20200922.

Riessberger-Galle, U., Von Der Ohe, W., Crailsheim, K., 2001. Adult honeybee’s resistance
against Paenibacillus larvae larvae, the causative agent of the American foulbrood.
Journal of invertebrate pathology 77, 231-236.

Rinkevich, F.D., 2020. Detection of amitraz resistance and reduced treatment efficacy in the
Varroa Mite, Varroa destructor, within commercial beekeeping operations. PloS
one 15, e0227264.

Rios, J.-L., Recio, M.C., 2005. Medicinal plants and antimicrobial activity. Journal of
ethnopharmacology 100, 80—-84.

189




Romo-Chacén, A., Martinez-Contreras, L.J., Molina-Corral, F.J., Acosta-Mufiz, C.H., Rios-
Velasco, C., de Ledn-Door, A.P., Rivera, R., 2016. Evaluation of Oregano (Lippia
berlandieri) Essential Oil and Entomopathogenic Fungi for Varroa destructorl
Control in Colonies of Honey Bee, Apis mellifera2. Southwestern Entomologist 41,
971-982.

Rosenkranz, P., Aumeier, P., Ziegelmann, B., 2010. Biology and control of Varroa destructor.
Journal of invertebrate pathology 103, S96—-5119.

Roth, A., Vleurinck, C., Netschitailo, O., Bauer, V., Otte, M., Kaftanoglu, O., Page, R.E., Beye,
M., 2019. A genetic switch for worker nutrition-mediated traits in honeybees. PLoS
biology 17, e3000171.

Roth, M.A., Wilson, J.M., Tignor, K.R., Gross, A.D., 2020. Biology and management of Varroa
destructor (Mesostigmata: Varroidae) in Apis mellifera (Hymenoptera: Apidae)
colonies. Journal of Integrated Pest Management 11, 1.

Rueppell, O., Hayworth, M.K., Ross, N., 2010. Altruistic self-removal of health-compromised
honey bee workers from their hive. Journal of evolutionary biology 23, 1538—-1546.

Ruffinengo, S.R., Maggi, M.D., Marcangeli, J.A., Eguaras, M.J., Principal, J., Barrios, C., de
Piano, F.G., Giullia, M., 2014. Integrated Pest Management to control Varroa
destructor and its implications to Apis mellifera colonies.

Ruoff, K., Bogdanov, S., 2004. Authenticity of honey and other bee products. Apiacta 38,
317-327.

Sabahi, Q., Morfin, N., Emsen, B., Gashout, H.A., Kelly, P.G., Otto, S., Merrill, A.R., Guzman-
Novoa, E., 2020. Evaluation of Dry and Wet Formulations of Oxalic Acid, Thymol,
and Oregano Oil for Varroa Mite (Acari: Varroidae) Control in Honey Bee
(Hymenoptera: Apidae) Colonies. Journal of Economic Entomology 113, 2588-2594.

Sacca, M.L., Lodesani, M., 2020. Isolation of bacterial microbiota associated to honey bees
and evaluation of potential biocontrol agents of Varroa destructor. Beneficial
Microbes 11, 641-654.

Sahlan, M., Karwita, S., Gozan, M., Hermansyah, H., Yohda, M., Yoo, Y.J., Pratami, D.K.,
2019. Identification and classification of honey’s authenticity by attenuated total
reflectance Fourier-transform infrared spectroscopy and chemometric method.
Veterinary world 12, 1304.

Salyers, A.A., Whitt, D.D., 2002. A molecular approach. Bacterial pathogenesis.

Satta, A., Floris, I., Eguaras, M., Cabras, P., Garau, V.L., Melis, M., 2005. Formic acid-based
treatments for control of Varroa destructor in a Mediterranean area. Journal of
economic entomology 98, 267-273.

Schmid, M.R., Brockmann, A., Pirk, C.W., Stanley, D.W., Tautz, J., 2008. Adult honeybees
(Apis mellifera L.) abandon hemocytic, but not phenoloxidase-based immunity.
Journal of insect physiology 54, 439444,

Schneider, S., Eisenhardt, D., Rademacher, E., 2012. Sublethal effects of oxalic acid on Apis
mellifera (Hymenoptera: Apidae): changes in behaviour and longevity. Apidologie
43, 218-225.

Schoning, C., Gisder, S., Geiselhardt, S., Kretschmann, I., Bienefeld, K., Hilker, M., Genersch,
E., 2012. Evidence for damage-dependent hygienic behaviour towards Varroa
destructor-parasitised brood in the western honey bee, Apis mellifera. Journal of
Experimental Biology 215, 264-271.

Schwartz, K.R., Minor, H., Magro, C., McConnell, J., Capani, J., Griffin, J., Doebel, H., 2020.
The neonicotinoid imidacloprid alone alters the cognitive behavior in Apis mellifera
L. and the combined exposure of imidacloprid and Varroa destructor mites
synergistically contributes to trial attrition. Journal of Apicultural Research 60, 431—
438.

Seeley, T.D., Griffin, S.R., 2011. Small-cell comb does not control Varroa mites in colonies of
honeybees of European origin. Apidologie 42, 526-532.

190




Seeley, T.D., Tarpy, D.R., 2007. Queen promiscuity lowers disease within honeybee
colonies. Proceedings of the Royal Society B: Biological Sciences 274, 67-72.

Serra Bonvehi, J., Ventura Coll, F., Ruiz Martinez, J.A., 2016. Residues of essential oils in
honey after treatments to control Varroa destructor. Journal of essential oil
research 28, 22-28.

Shakib, V., Mehdi, E.S., 2017. Infestation levels of the mite (Varroa destructor) between two
honeybee races Apis mellifera meda (Indigenous) and Apis mellifera carnica
(Imported) in Savojbolagh regions of Alborz province in Iran.

Shaw, K.E., Davidson, G., Clark, S.J., Ball, B.V., Pell, J.K., Chandler, D., Sunderland, K.D., 2002.
Laboratory bioassays to assess the pathogenicity of mitosporic fungi to Varroa
destructor (Acari: Mesostigmata), an ectoparasitic mite of the honeybee, Apis
mellifera. Biological Control 24, 266-276.

Sidor, E., Dzugan, M., 2020. Drone Brood Homogenate as Natural Remedy for Treating
Health Care Problem: A Scientific and Practical Approach. Molecules 25, 5699.

Silici, S., 2019. Chemical Content and Bioactive Properties of Drone Larvae (Apilarnil).
Mellifera 19, 14-22.

Simone, M., Evans, J.D., Spivak, M., 2009. Resin collection and social immunity in honey
bees. Evolution: International Journal of Organic Evolution 63, 3016—3022.

Sinia, A., Guzman-Novoa, E., 2018. Evaluation of the entomopathogenic fungi Beauveria
bassiana GHA and Metarhizium anisopliae UAMH 9198 alone or in combination
with thymol for the control of Varroa destructor in honey bee (Apis mellifera)
colonies. Journal of Apicultural Research 57, 308-316.

Smart, M.D., Otto, C.R., Lundgren, J.G., 2019. Nutritional status of honey bee (Apis mellifera
L.) workers across an agricultural land-use gradient. Scientific reports 9, 1-10.

Spiltoir, C.F., 1955. Life cycle of Ascosphaera apis (Pericystis apis). American Journal of
Botany 501-508.

Spivak, M., Reuter, G.S., 2001. Resistance to American foulbrood disease by honey bee
colonies Apis mellifera bred for hygienic behavior. Apidologie 32, 555-565.

Spivak, M., Reuter, G.S., 1998. Performance of hygienic honey bee colonies in a commercial
apiary. Apidologie 29, 291-302.

Stara, J., Pekar, S., Nesvorna, M., Kamler, M., Doskocil, I., Hubert, J., 2019. Spatio-temporal
dynamics of Varroa destructor resistance to tau-fluvalinate in Czechia, associated
with L925V sodium channel point mutation. Pest management science 75, 1287—-
1294.

Starks, P.T., Blackie, C.A., Seeley, T.D., 2000. Fever in honeybee colonies.
Naturwissenschaften 87, 229-231.

Stevenson, P.C., 2020. For antagonists and mutualists: the paradox of insect toxic secondary
metabolites in nectar and pollen. Phytochemistry Reviews 19, 603-614.

Stroeymeyt, N., Casillas-Pérez, B., Cremer, S., 2014. Organisational immunity in social
insects. Current Opinion in Insect Science 5, 1-15.

Svecnjak, L., Jovié, O., Prdun, S., Rogina, J., Marijanovi¢, Z., Car, J., Matosevi¢, M., Jerkovi¢,
I., 2019. Influence of beeswax adulteration with paraffin on the composition and
quality of honey determined by physico-chemical analyses, 1H NMR, FTIR-ATR and
HS-SPME/GC-MS. Food chemistry 291, 187-198.

Tak, J.H., Isman, M.B., 2017. Penetration-enhancement underlies synergy of plant essential
oil terpenoids as insecticides in the cabbage looper, Trichoplusia ni. Scientific
reports 7, 1-11.

Taning, C.N.T., Van Eynde, B., Yu, N., Ma, S., Smagghe, G., 2017. CRISPR/Cas9 in insects:
Applications, best practices and biosafety concerns. Journal of insect physiology 98,
245-257.

191




Tarpy, D.R., 2003. Genetic diversity within honeybee colonies prevents severe infections
and promotes colony growth. Proceedings of the Royal Society of London. Series B:
Biological Sciences 270, 99-103.

Tewarson, N., 1982. Resorption of undigested proteins and their incorporation into the
eggs of Varroa jacobsoni [honey-bees, Apis mellifera]. Apidologie (Germany, FR).

Thompson, H.M., Fryday, S.L., Harkin, S., Milner, S., 2014. Potential impacts of synergism in
honeybees (Apis mellifera) of exposure to neonicotinoids and sprayed fungicides in
crops. Apidologie 45, 545-553.

Tihelka, E., 2018. Effects of synthetic and organic acaricides on honey bee health: a review.
Slovenian Veterinary Research 55, 114—40.

Titéra, D., 2009. Mor véeliho plodu. VUVE.

Tock, M.L.A., Kamatou, G., Combrinck, S., Sandasi, M., Viljoen, A., 2020. A chemometric
assessment of essential oil variation of three Salvia species indigenous to South
Africa. Phytochemistry 172, 112249.

Toomemaa, K., Martin, A.-J., Williams, 1.H., 2010. The effect of different concentrations of
oxalic acid in aqueous and sucrose solution on Varroa mites and honey bees.
Apidologie 41, 643—653.

Toufailia, H.M.A., Amiri, E., Scandian, L., Kryger, P., Ratnieks, F.L., 2014. Towards integrated
control of varroa: effect of variation in hygienic behaviour among honey bee
colonies on mite population increase and deformed wing virus incidence. Journal of
Apicultural Research 53, 555-562.

Traynor, K.S., Mondet, F., de Miranda, J.R.,, Techer, M., Kowallik, V., Oddie, M.A,,
Chantawannakul, P., McAfee, A., 2020. Varroa destructor: A complex parasite,
crippling honey bees worldwide. Trends in Parasitology 36, 592—606.

Traynor, K.S., Pettis, J.S., Tarpy, D.R., Mullin, C.A., Frazier, J.L., Frazier, M., 2016. In-hive
Pesticide Exposome: Assessing risks to migratory honey bees from in-hive pesticide
contamination in the Eastern United States. Scientific reports 6, 1-16.

Tsakas, S., Marmaras, V., 2010. Insect immunity and its signalling: an overview. Invertebrate
Survival Journal 7, 228-238.

Tsourkas, P.K., 2020. Paenibacillus larvae bacteriophages: Obscure past, promising future.
Microbial genomics 6.

Ulmer, M., Smetana, S., Heinz, V., 2020. Utilizing honeybee drone brood as a protein source
for food products: Life cycle assessment of apiculture in Germany. Resources,
Conservation and Recycling 154, 104576.

Vazquez, P.P., Lozano, A., Uclés, S., Ramos, M.G., Fernandez-Alba, A.R., 2015. A sensitive
and efficient method for routine pesticide multiresidue analysis in bee pollen
samples using gas and liquid chromatography coupled to tandem mass
spectrometry. Journal of Chromatography A 1426, 161-173.

Vojvodic, S., Jensen, A.B., James, R.R., Boomsma, J.J., Eilenberg, J., 2011. Temperature
dependent virulence of obligate and facultative fungal pathogens of honeybee
brood. Veterinary Microbiology 149, 200-205.

von der Ohe, W., 2003. Control of American Foulbrood by using alternatively eradication
method and artificial swarms. Apiacta 38, 137-139.

Wang, S, Lin, Z., Chen, G., Page, P., Hu, F., Niu, Q., Su, X., Chantawannakul, P., Neumann, P.,
Zheng, H., 2020. Reproduction of ectoparasitic mites in a coevolved system: Varroa
spp.—Eastern honey bees, Apis cerana. Ecology and evolution 10, 14359-14371.

Wantuch, H.A., Tarpy, D.R., 2009. Removal of drone brood from Apis mellifera
(Hymenoptera: Apidae) colonies to control Varroa destructor (Acari: Varroidae) and
retain adult drones. Journal of economic entomology 102, 2033-2040.

Ward, K., Danka, R., Ward, R., 2008. Comparative performance of two mite-resistant stocks
of honey bees (Hymenoptera: Apidae) in Alabama beekeeping operations. Journal
of economic entomology 101, 654—659.

192




Wedenig, M., Riessberger-Gallé, U., Crailsheim, K., 2003. A substance in honey bee larvae
inhibits the growth of Paenibacillus larvae larvae. Apidologie 34, 43-51.

Weick, J., Thorn, R.S., 2002. Effects of acute sublethal exposure to coumaphos or diazinon
on acquisition and discrimination of odor stimuli in the honey bee (Hymenoptera:
Apidae). Journal of economic entomology 95, 227-236.

White, G.F.,, 1906. Bacteria of the Apiary. Technical series (United States. Bureau of
Entomology); no. 14.

Wilson, M.B., Pawlus, A.D., Brinkman, D., Gardner, G., Hegeman, A.D., Spivak, M., Cohen,
J.D., 2017. 3-Acyl dihydroflavonols from poplar resins collected by honey bees are
active against the bee pathogens Paenibacillus larvae and Ascosphaera apis.
Phytochemistry 138, 83-92.

Wilson-Rich, N., Dres, S.T., Starks, P.T., 2008. The ontogeny of immunity: development of
innate immune strength in the honey bee (Apis mellifera). Journal of insect
physiology 54, 1392-1399.

Wu, J.Y,, Anelli, C.M., Sheppard, W.S., 2011. Sub-lethal effects of pesticide residues in brood
comb on worker honey bee (Apis mellifera) development and longevity. PloS one 6,
e14720.

Wu, LY., Smart, M.D., Anelli, C.M., Sheppard, W.S., 2012. Honey bees (Apis mellifera)
reared in brood combs containing high levels of pesticide residues exhibit increased
susceptibility to Nosema (Microsporidia) infection. Journal of invertebrate
pathology 109, 326—-329.

Yang, D., Xu, X., Zhao, H., Yang, S., Wang, X., Zhao, D., Diao, Q., Hou, C., 2018. Diverse
factors affecting efficiency of RNAi in honey bee viruses. Frontiers in genetics 9,
384.

Yue, D., Nordhoff, M., Wieler, L.H., Genersch, E., 2008. Fluorescence in situ hybridization
(FISH) analysis of the interactions between honeybee larvae and Paenibacillus
larvae, the causative agent of American foulbrood of honeybees (Apis mellifera).
Environmental microbiology 10, 1612-1620.

Zaghloul, O., Mourad, A., El Kady, M.B., Nemat, F., Morsy, M., 2005. Assessment of losses in
honey yield due to the chalkbrood disease, with reference to the determination of
its economic injury levels in Egypt. Communications in agricultural and applied
biological sciences 70, 703—-714.

Zhang, Q., Ongus, J.R., Boot, W.J., Calis, J., Bonmatin, J., Bengsch, E., Peters, D., 2007.
Detection and localisation of picorna-like virus particles in tissues of Varroa
destructor, an ectoparasite of the honey bee, Apis mellifera. Journal of invertebrate
pathology 96, 97-105.

Zhang, Y., Han, R., 2018. A saliva protein of Varroa mites contributes to the toxicity toward
Apis cerana and the DWV elevation in A. mellifera. Scientific reports 8, 1-9.

Zheng, H., Powell, J.E., Steele, M.l., Dietrich, C., Moran, N.A., 2017. Honeybee gut
microbiota promotes host weight gain via bacterial metabolism and hormonal
signaling. Proceedings of the National Academy of Sciences 114, 4775-4780.

193




8 Seznam vlastnich publikovanych praci

8.1 Publikované prace vimpaktovanych ¢asopisech

Kopecky, M., Kolar, L., Konvalina, P., Strunecky, O., Teodorescu, F., Mraz, P.,
Peterka, J., Vachalova, R., Bernas, J., Bartos, P., 2020. Modified Biochar—A
Tool for Wastewater Treatment. Energies 13, 5270.

Mraz, P., Hybl, M., Kopecky, M., Bohata, A., Konopicka, J., Hostickova, I,
Konvalina, P., Sipo§, J., Rost, M., Curn, V., 2021. The Effect of Artificial
Media and Temperature on the Growth and Development of the Honey Bee
Brood Pathogen Ascosphaera apis. Biology 10, 431.

Kopecky, M., Mraz, P., Kolaf, L., Vachalova, R., Bernas, J., Konvalina, P., Perna,
K., Murindangabo, Y., MenSik, L., 2021. Effect of Fertilization on the Energy
Profit of Tall Wheatgrass and Reed Canary Grass. Agronomy 11, 445.

Hybl, M., Mraz, P., Sipog, J., Hosti¢kova, I, Bohata, A., Curn, V., Kopec, T., 2021.
Polyphenols as Food Supplement Improved Food Consumption and
Longevity of Honey Bees (Apis mellifera) Intoxicated by Pesticide
Thiacloprid. Insects 12, 572.

Mraz, P., Hybl, M., Kopecky, M., Bohata, A., Hosti¢kova, L, Sipos, J., Vocadlova,
K., Curn, V. 2021. Screening of honey bee pathogens in the Czech Republic
and their prevalence in various habitats. Insects 12, 1051.

Hybl, M., Bohata, A., Radsetoulalova, I, Jelinkova, 1., Vanickova, A., Mraz, P.
2021. Evaluating the efficacy of 30 different essential oils against Varroa
destructor and honey bee workers (Apis mellifera). Insects 12, 1045.

Kopecky, M., Kolaf, L., Vachalova, R., Konvalina, P., Batt, J., Mraz, P., Mensik, L.,
Hoang, T.N., Dumbrovsky, M. 2021. Black carbon and its effect on carbon
sequestration in soil. Agronomy 11, 2261.

Kopecky, M., Kolatf, L., Perna, K., Vachalova, R., Mraz, P., Konvalina, K.,
Murindangabo, Y.G., Dumbrovksy, M. 2021. Fractionation of soil organic
matter into labile and stable fractions. Agronomy 12, 73.

Hybl, M. éipo§, J., Krejova, A., Sodomova, K., Polak, O., Kolackova, 1., Mraz, P.
2022 Preference of pollinators over various forage mixtures and
microelement treatments. Agronomy 12, 370.

8.2 Rukopisy praci v recenznim rizeni vimpaktovanych ¢asopisech

Mriz, P., Zabka, M., Hybl, M., Kopecky, M., Bohata, A., Tomcala, A, Cumn, V.
2021. Antifungal activity of selected botanical compounds on Ascosphaera
apis. Industrial Crops and Products.

Hybl, M., Mraz, P., Vladek, A, Piidal, A., Polak, O., Sipos, J. 2021. Determination
of main pollinators of haskap (Lonicera caerulea: Caprifoliaceae) and the
effect of different controlled methods of pollination on fruit set. Agriculture,
Ecosystems and Environment.

194




8.3 Konferenc¢ni prispévky uvedené v databazi WoS

Mraz, P., Bohata, A., Hostickova, 1., Kopecky, M., Zabka, M., Hybl, M., Curn, V.,
2019. Inhibitory effect of selected botanical compounds on the honey bee
fungal pathogen Ascosphaera apis. Proceedings of the MendelNet, Brno,
Czech Republic 6-7.

Hybl, M., Mraz, P., Sipos, J., Pridal, A., 2019. Effects of phenolic bioactive
substances on reducing mortality of bees (Apis mellifera) intoxicated by
thiacloprid. Proceedings of the MendelNet, Brno, Czech Republic 6-7.

8.4 Recenzované prace

Mraz, P., Bohata, A., Konopicka, J., Curn, V. 2018. Vliv Zivné pidy a teploty na
radialni rdst entomopatogenni houby Ascosphaera apis zpusobujici
onemocnéni vé&eliho plodu. Uroda 66: 235-238.

Konopicka, J., Sandala, D., Bohata, A., Mraz, P. 2018. Teplotni profil ristu a
produkce spor entomopatogenni houby Metarhizium Brunneum. Uroda 66:
209-212.

Mraz, P., Hybl, M., Kopecky, M., Sipos, J., Ryba, S., Curn, V., 2020. Effect of the
digestive process of the Greater wax moth (Galleria mellonella) on the
causative agents of American Foulbrood (Paenibacillus larvae), in:
MendelNet. Brno, pp. 413—418.

Hybl, M., Mraz, P., Sipos, J., 2020. Diversity of bees (Apoidea) and their pesticide
contamination in two different types of agricultural management, in:
MendelNet. Brno, pp. 216-221.

8.5 Kapitola v knize

Tawaha, A.R.M., Kozuharova, E., Valchev, H., Hybl, M., Mraz, P., Kovarova, D.,
Elfattah, M.S.A., Trioui, L., Al-Tawaha, A.R., et al. 2022. Climate Change
and Ecosystems. Chapter 16. Pollinators Ecology and Management. Taylor &
Francis, 336p, ISBN 9781032260686. In Press.

8.6 Certifikovana metodika

Curn, V., Hostickova, I, Mraz, P., Vocadlova, K., Stehlikova, D., Benes, K., Rost,
M. 2021. Metodicky postup detekce exprese specifickych genti vyznamnych
pro detoxifikaci latek u vcel.

195




