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Abstrakt

Disertacni prace je zaméfena na ziskani novych poznatkii o rezistenci vii€i pyrethroidiim
ziskanych poznatkil o této rezistenci jsou v disertacni praci navrzeny péstebni technologie
s piesahem na dal$i Skidce fepky a antirezistentni strategie, které se fidi zdsadami
integrované ochrany rostlin. Pfi komplexnim pojeti integrované ochrany je také teba
vnimat dopady soucasného zemé&délstvi na uzitecné organismy a moznosti, jak podpofit
jejich vyskyt v blizkosti poli se zemédélskymi plodinami. Pfi soucasném velmi tzkém
spektru ptipravkil na ochranu proti Skiildetim roste potencial uzite¢nych organismt. Proto je
disertacni prace zaméfena také na moznéa vyuziti parazitoidii v ochrané proti Skidciim a

mozna opatieni, kterd jejich vyskyt a abundanci v zemédélskych plodindch mohou zvysit.

Klicova slova: rezistence, mechanismy rezistence, fepka, skidci, uzitecné organismy,

mimoprodukéni plochy

Abstract

This dissertation thesis aims to gain new insights into pyrethroid resistance in one of the
most important pests of oilseed rape, the pollen beetle. Based on the newly acquired
knowledge on this resistance, the dissertation proposes cultivation technologies with
overlapping to other oilseed rape pests and anti-resistance strategies following the principles
of integrated pest management. In a comprehensive approach to integrated pest
management, the impacts of current agriculture on beneficial organisms and the possibilities
to promote their occurrence in the vicinity of crop fields must also be considered. With the
current very narrow range of pest management products, the potential for beneficial
organisms is increasing. Therefore, this dissertation also focuses on the possible use of
parasitoids in pest management and possible measures that can increase their occurrence

and abundance in agricultural crops.

Keywords: resistance, resistance mechanisms, oilseed rape, pests, beneficial organisms,

non-crop habitats
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1 Uvod

Repka olejka (Brassica napus L.) je jednoleta plodina, ktera se na evropském uzemi
pestuje jiz po staleti. Jednd se o vysoce vynosnou plodinu cenénou piedevSim pro sva
olejnata semena (Scarisbrick et al. 1989; Wang et al. 2017). Olej z jejich semen je dulezitym
pramyslovym artiklem a je vyuzivan vtadé odvétvi jako je naptiklad potravinaistvi
a kosmeticky primysl (Friedt & Snowdon 2010). V Evropé se spolu se slunecnici jedna
o nejvice péstovanou olejninu a v osevnich postupech zaujima nezastupitelné misto. Mezi
jeji hlavni péstitele patii Francie (1 227 tis. ha), Némecko (1 088 tis. ha), Polsko (1 075 tis.
ha), Rumunsko (467 tis. ha), Litva (352 tis. ha) a také Cesko (344 tis. ha) (European
Commision 2023). Pestoze ma fepka mnoho pozitivnich vlastnosti, zpiisob jejiho péstovani
a vysokda nachylnost k napadeni patogeny a sktidci pfinasi také fadu problémt (Menzler-
Hokkanen et al. 2006; Assefa et al. 2018). Kromé ztrat na vynosech a kvalité produktu,
které jsou zpisobeny chorobami a Sktdci, je v souasném systému jejiho péstovani velkym
problémem pouziti pesticidli (Barzman et al. 2015). Pesticidy jsou vyznamnym a n€kdy
nezbytnym nastrojem pro prevenci a potirani Skodlivych organism, ale jejich nadmérné
pouzivani vede ke Skoddm na zivotnim prostfedi (Simon-Delso et al. 2015), negativnimu
vlivu na clovéka (Ansari et al. 2014) a v neposledni fadé také k rozvoji rezistence
u Skodlivych organismi (Thieme et al. 2010).

Rezistence je schopnost patogenti a Sklidcli vyvinout si odolnost vic¢i chemickym
prostfedkiim ochrany (pesticidy) a pfedstavuje nejen v ptipad¢ skidct fepky jeden
z nejvetsich problémi v jejim GspéSném péstovani (Roush & Tabashnik 2012). Jednim
nému provadét chemicka osetieni, je blyskacek fepkovy (Free & Williams 1978; Ekbom &
Borg 1996; Williams 2010a). U tohoto sktidce byla napti¢ Evropou (Hansen 2003; Nauen
et al. 2012) véetn& Ceské republiky (Seidenglanz et al. 2016a; Stara & Kocourek 2018)
prokazana rezistence vuci insekticidiim ze skupiny pyrethroidd, ktera byla zptisobena jejich
nadmérnym a dlouhodobym uzivanim (Slater et al. 2011; Nauen et al. 2012). Dtlezitym
prostiedkem, jak zabranit rozvoji a §ifeni rezistence, je jeji monitoring (Slater et al. 2011;
Sparks & Nauen 2015). Ten je kazdoro¢né v CR provadén u populaci skadct dle
stanovenych metodik. Na zdklad¢ vysledkti monitoringu rezistence je mozné vybrat G€inné
latky pesticidi, které 1ze na ochranu proti skildctim pouzit. Velky problém vsSak predstavuje

jejich v soucasnosti nedostatecné spektrum (Nauen et al. 2012). V roce 2001 bylo dle



Evropské komise povoleno pies 1000 ucinnych latek, zatimco v roce 2009 pouhych 250
a trend je stale klesajici (Barzman et al. 2015). Proto je dnes velkym problémem dodrzovani
hlavnich zasad antirezistentni strategie, jako je stfidani €¢innych latek pesticidli z riznych
skupin s odliSnymi mechanismy t¢inku (Thieme et al. 2010). Jednim z divodd, ktery vede
k postupnému omezovani spektra pesticidi, je také celou fadou studii prokédzany negativni
vliv na necilové organismy (Boatman et al. 2004; Geiger et al. 2010; Ulber et al. 2010a;
Blacquiere et al. 2012; Pekar 2012; Zhang et al. 2017).

Funk¢ni feSeni téchto problémi predstavuje integrovana ochrana rostlin. Dodrzovanim
jejich zédsad je dilezitym mechanismem, jak ptedchézet problémim se Skudci vcetné
rezistence (Barzman et al. 2015). Tyto zdsady maji mimo jiné za cil vyuziti Setrnych
péstebnich technologii a opatfeni, kterd podporuji pfirozené regulatory skodlivych
organismi (Ortega-Ramos et al. 2022; FAO 2023). Jako strategie ochrany fepky proti
Skiidelim je v soucasné dobé mozné vyuzit Sirokého sortimentu odrid fepky s rliznymi
vlastnostmi. Mezi tyto vlastnosti patii také riznd atraktivita odriid fepky pro skiidce, jako
je barva kvétu, odlisnad fenologie a obsah volatilnich latek v rostlindch (Smart & Blight
1997; Cook et al. 2006, 2013). Odridovych rozdilli v atraktivité¢ pro Skidce l1ze vyuzit
v ochrannych obsevech fepky, kdy na kraji pozemku je zaseta atraktivnéjsi odrida, ktera
Skiidce 1aka a koncentruje. Pouziti pesticidii tak neni nutné na celé plose, ale pouze na kraji
pozemku, ¢imz dojde k dostate¢né regulaci populace Sktidct a snizeni chemickych vstupti
do zivotniho prostiedi (Barari et al. 2005; Cook et al. 2007; Kazda et al. 2008). Zbytek
populace skiidct pak maji pfi zajiSténi vhodnych podminek schopnost regulovat jejich
pfirozeni nepratelé: predatofi, parazitoidi a také entomopatogenni mikroorganismy.

Vhodné podminky pro tyto organismy piedstavuji ptredevsim mista, kterd jsou schopna
jim v dob¢ nedostatku poskytnout snadno ptistupnou potravu (pyl a nektar) a ukryt (Isbell
et al. 2017; Marja et al. 2019). Jedna se naptiklad o remizky, zbytky piirodé blizkych
stanovist’ (tzv. mimoprodukéni plochy) nebo také o periodicky se vyskytujici mista, ktera
nedisponuji vhodnymi podminkami pro riist plodin (polni kazy) (Brose 2003; Rosch et al.
2013; Gonzalez et al. 2016). Mimoprodukéni plochy jsou mistem, které je schopné
poskytnout podminky pro zivot riiznych druhti rostlin a na né¢ vazanych organismi véetné
pfirozenych nepiatel. Tato mista také podporuji biologickou rozmanitost zemédélské
krajiny, k jejimuz ubytku v poslednich desitkach let masivné dochéazi (Poschlod & Bonn
1998; Henle et al. 2008; Mupepele et al. 2021). Vyskyt uzite¢nych organismi lze také
podpofit opatienimi v podobé kvetoucich biopasti uvniti a na okraji poli nebo vhodnym

managementem souvrati (Hatt et al. 2018). Cilem je tedy zajistit funkéni ekosystém, ktery
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je schopny regulovat Skodlivé Cinitele a uSetii mnoho vynalozenych prostfedkt a sily
k dosazeni pozadované produkce. Vyuziti novych péstebnich technologii zaloZenych na
odriidové preferenci Skiidci a podpotre pfirozenych neptatel Skidct je v budoucnu
vzhledem ke zuzujicimu se spektru uc¢innych latek pesticidd a S$ifeni rezistence

pravdépodobné jedinou moznou alternativou k dosaZeni dostatecné vynosné rostlinné

produkce.



2 Cile a hypoteézy prace

Zakladnim cilem disertacni prace je zhodnoceni miry a mechanismi rezistence jednoho
z hlavnich Skidct fepky, blyskacka fepkového, viici bézné pouzivanym insekticidim.
Dalsim cilem je vyhodnoceni G¢innosti ostatnich insekticidl vici skidciim fepky a navrzeni
novych antirezistentnich strategii na zakladé ziskanych dat.

Mimo vyhodnoceni rezistence a ucinnosti insekticidi v ochrané proti sktidcim fepky
jsou dalSimi cili prace: (1) navrZeni alternativnich zplisobt ochrany fepky v podobé novych
péstebnich technologii, (2) vyuziti pfirozenych neptatel v ochrané fepky proti Skiidetim a

mimoprodukénich ploch na zemédélské ptidé, které jejich vyskyt podporuji.

Hypotéza 1: Opakovand aplikace insekticidi ze skupiny pyrethroidii vede u blyskéacka
fepkového ke vzniku rezistence jeho populaci, ktera je podminéna genetickou mutaci typu

kdr. Vysledek: Vystup A (kapitola 4.1)

Hypotéza 2: Za rezistenci blyskacka fepkového vici insekticidim stoji pravdépodobné

vice mechanismu rezistence. Vysledek: Vystup B (kapitola 4.2)

Hypotéza 3: Péstebni technologie fepky vyuzivajici lapacich rostlin a rozdilné atraktivity
odrid pro Skidce se jevi jako potencidlné vhodnéd v rdmci integrované ochrany rostlin.

Vysledek: Vystup C (kapitola 4.3)

Hypotéza 4: Blanokiidli parazitoidi jsou uG¢innym nastrojem v ochrané fepky proti
Skiidcim a mimoprodukéni plochy podporuji jejich vyskyt a diverzitu. Vysledky: Vystup
D (kapitola 4.4), Vystup E (kapitola 4.5)



3 Literarni prehled

3.1 Vybrani Skiidci Fepky

Skuidce fepky mizeme v Ceské republice (CR) rozdélit do dvou skupin, a to na $kiidce
fepky na podzim, ktefi zplsobuji Skody na vzchdzejicich porostech a pifezimujicich
rostlinach, a na Sktidce fepky na jate (Kocourek et al. 2017, 2018a). Mezi hlavni podzimni
Skiidce patii diepcik olejkovy (viz kapitola 3.3.2) a mSice broskvonova, ktera piisobi Skody
hlavné nepfimo, a to pfenosem virovych patogent, jako jsou virus Zloutenky vodnice
(turnip yellows virus, TuYV), virus mozaiky vodnice (turnip mosaic virus, TuMV) a virus
mozaiky kvétaku (cauliflower mosaic virus, CaMV) (Schliephake et al. 2000; Alford 2003;
Ekbom 2010; Kocourek et al. 2017; Slavikovd & Kumar 2018). Nejvyznamnéjsi jarni
Skiidei fepky jsou stonkovi krytonosci, blyskacek fepkovy (viz kapitola 3.3.1), krytonosec
SeSulovy (viz kapitola 3.1.3) a bejlomorka kapustova (Veromann et al. 2006; Ekbom 2010).
Jako stonkovi krytonosci jsou oznacovani dva druhy nosatcovitych brouki: krytonosec
fepkovy a k. ctyfzuby. Oba druhy poskozuji stonky fepky (Obr. 1), redukuji jejich rust,
vétveni a snizuji tvorbu generativnich organti (Kelm & Klukowski 2000; Alford 2003). Pti
silném napadeni se napadené stonky fepky lamou a mize dojit ke kompletni devastaci urody
(Kocourek et al. 2018b; Hovorka & Skuhrovec 2019). Bejlomorka kapustova je velmi maly
zastupce  stejnojmenné  Celedi  dvoukiidlého hmyzu bejlomorkoviti  (Diptera:
Cecidomyidae). Spolu s krytonoscem SeSulovym patii k vyznamnym Sktdcim fepky.
Poskozuji Sesule a lizka, v kterych se tvofi semena (Ekbom 2010; Williams 2010a). V jedné
SeSuli se muze vyvijet i vice néz 100 larvicek (Obr. 1, Kazda et al. 2008). Larvy zptsobuji
zloutnuti, vyrazné deformace a zdufeni SeSuli, ty se posléze oteviraji a vypadavaji z nich

semena (Kazda et al. 2010; Beranek et al. 2023).



Obrazek 1. Poskozeni fepky larvami stonkovych krytonoscii (vlevo) a poskozeni Sesuli fepky bejlomorkou
kapustovou (vpravo). Foto: vlevo T. Hovorka, vpravo Rostlinolékaisky portal.

3.1.1 Blyskacek repkovy (Brassicogethes aeneus (Fabricius, 1775))

3.1.1.1 Popis a moinosti zdmény

Blyskacek fepkovy je maly brouk z ¢eledi lesknackovitych (Coleoptera: Nitidulidae)
s maximalni velikosti v rozmezi 1,5 az 2,7 mm. Dospélci jsou Cerné barvy s kovové
nazelenalym, vzacné€ji namodralym az fialovym leskem. Tykadla a nohy jsou tmavé hnédé
barvy (Hurka 2005).

V Ceské republice se b&Zné na polich s fepkou miizeme setkat se sedmi dal§imi druhy
blyskackt (Toth et al. 2013) celkem v péti rodech (Tab. 1). K zaméné jednotlivych druhti

muze dojit pomérné snadno, identifikace je Casové narocna a komplikovand. Jednotlivé



druhy se od sebe rozezndvaji na zéklad¢ charakteristického ozubeni vnéjSiho okraje
ptednich holeni (Hurka 2005), ptipadné podle tvaru sami¢iho a samciho genitalu nebo na
zaklad¢ morfometrie v kombinaci s barevnymi rozdily (Audisio et al. 2009; Toth et al.

2013).

Tabulka 1. Piehled druhii blyskacki vyskytujicich se nejéastéji na polich s fepkou v CR.

Rod Druh Autor popisu druhu
Brassicogethes Audisio & Cline, 2009 aeneus (Fabricius, 1775)
coracius (Sturm, 1845)
subaeneus (Sturm, 1845)
viridescens (Fabricius, 1787)
Fabogethes Audisio & Cline, 2009 nigrescens (Stephens, 1830)
Genistogethes Audisio & Cline, 2009 carinulatus (Forster, 1849)
Meligethes Stephens, 1830 atratus (Olivier, 1790)
Sagittogethes Audisio & Cline, 2009 Maurus (Sturm, 1845)

3.1.1.2  Zivotni cyklus

Blyskacek fepkovy ma jednu generaci do roka. Dospélci pfezimuji v ptid€, opadaném
listi, na mezich nebo v pfilehlych kfovinach. Brzy na jate se pii otepleni (nad 10 °C) za¢inaji
objevovat prvni dospélci, kteti prezimovali a Zivi se pylem rliznych bylin a dievin (Laska
& Kocourek 1991; Kazda et al. 2010). Do porostt jarni i ozimé fepky hromadné pieletuji
v obdobi tvorby poupat pii teplotach nad 13,5 °C (Kocourek et al. 2018a). Poupata ze stran
vykusuji a pozdéji se zivi pylem a nektarem rozvinutych kvétt (Kazda et al. 2008). Vajicka
jsou kladena po jednom az dvou kusech do otvorti v poupatech, které si samice vykouse
(Kocourek et al. 2018a). Z vajicek se po dvou az ¢tyfech dnech lihnou oligopodni larvy,
které se zivi pylem zpoc¢atku nerozvinutych poupat a pozdéji otevienych kvitkli vyhradné
brukvovitych rostlin (Brassicaceae). Dorostlé larvy padaji na zem a kukli se v pud¢. Posléze
se z pudy lihnou dospélci, kteti se zivi pylem jinych rostlin. Od ¢ervence do zati vyhledavaji
brouci ukryt pro ptezimovani. Cely vyvoj od vajicka k imagu trva 20-30 dni (Beranek et al.

2023).

3.1.1.3 Hostitelské spektrum a priznaky poSkozeni

Hostitelskymi rostlinami larev jsou vyhradné brukvovité rostliny. Dospélci se Zivi
pylem nejriznéjsich druht kulturnich i planych rostlin. Z hospodatsky vyznamnych druht
muzeme mezi hostitelské rostliny zaradit mimo fepky hoicici a také semenné porosty
brukvovité zeleniny. Nova generace dospélcti blyskacka se Casto vyskytuje na kvétech

maku, kde ale neskodi (Alford 2003; Kazda et al. 2010).
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Ptezimujici dospélci Skodi pfedevsim na nerozvinutych poupatech fepky. Do poupat se
vziraji ze strany (Obr. 2) a dokaZou zcela zkonzumovat jeho vnitfek (Alford 2003). Takto
poskozené poupé opadava a zistava po ném pouze stopka, coz je také typickym ptiznakem
poskozeni blyskackem. Poskozend poupata jsou v kvétenstvi nepravidelné rozmisténa a

disledkem je asymetrické rozmisténi kvétenstvi a nasledné i SeSuli (Beranek et al. 2023).

Obrizek 2. Dospélec blyskacka fepkového vzirajici se do nerozvinutého poupéte. Foto: Hovorka T.

3.1.1.4 Hospodarsky vyznam

semennych porostil brukvovité zeleniny v CR i v Evropé (Williams 2010b; Kocourek et al.
2018a; Beranek et al. 2023). V ptipad¢ jarni fepky miize v mimotadnych ptipadech dojit ke
ztraté na vynosu az 80 % (Kazda et al. 2010; Beranek et al. 2023). Nejvétsi Skody jsou na
brukvovitych plodinidch zptsobeny za chladného pocasi pied kvétem, kdy dochazi
k pomalému rozkvétani. Nejohrozenéjsi jsou slabé a tidké porosty, které nejsou schopné
poctem rostlin a kvéth kompenzovat ztraty (Kocourek et al. 2018a).

V CR blyskacek $kodi pravidelné kazdy rok. Jeho vyskyt v regionech a poletnost
populaci je vSak rok od roku rizna. Pti¢inou poklesu plosné skodlivosti blyskacka mize byt
intenzivni ochrana fepky proti SeSulovym Sktdciim, kterd zahubi larvy blyskackt zivicich
se na pylu rozkvetl¢ fepky. Dalsi pfi¢inou mohou byt nové odridy fepky s vysokym
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vynosovym potencialem, které dokazou poSkozena poupata do urcité miry nahradit. I pfesto
se kazdoro¢né proti blyskackovi osetiuje 70 az 80 % ploch tfepky (Kocourek et al. 2018a;
Beranek et al. 2023).

3.1.1.5 Monitoring a ochrannd opatieni

Zakladni metodou monitoringu dospélcii blyskacka v porostech brukvovitych plodin
jsou pfimé vizudlni odpocty jedinct v kvétenstvich rostlin (Beranek et al. 2023). Podle
poctu jedinct v jednotlivych kvétenstvich lze na zakladé srovnani s hodnotami praht
Skodlivosti rozhodnout o oSetfeni porostu. Odpocty je vhodné zacit v€as a spojit je naptiklad
s monitoringem stonkovych krytonoscti. Pro tcely zachyceni poc¢atku migrace do porostil
lze podobné jako u stonkovych krytonoscli pouzit optické lapace v podobé zlutych
Morickeho misek a zlutych lepovych desek. Od pocatku faze dlouzivého rastu rostlin je
vhodné provadét monitoring dospélcti pomoci entomologického smykadla v daném poctu
smyki na plochu (Kocourek et al. 2018a).

V piipadé¢ ptekroceni prahu Skodlivosti je vhodné pfistoupit k chemickym ochrannym
opatfenim, a to v obdobi od prvniho vyskytu zelenych poupat do pocatku kvétu (Beranek et
al. 2023). Vzhledem k Siroce rozsifené rezistenci vici pyrethroidim neni vhodné vyjma
ucinné latky (u ptipravkl déle u.1.) etofenprox pouzivat piipravky z této skupiny (Kocourek
et al. 2020). Kromé¢ pyrethroidl je v soucasné dobé z jinych skupin 0.1. do fepky povolen
pouze acetamiprid ze skupiny neonikotinoidi a botanicky insekticid azadirachtin. V piipadé
citlivych populaci blyskackt k pyrethroidim lze 1.1. z této skupiny na ochranu fepky pouzit
(Kocourek et al. 2018a). Ptehled citlivych ¢i rezistentnich populaci vi¢i riznym
pfipravkiim lze nalézt na strankach Rostlinolékaiského portalu, kam jsou vkladana data
z kazdoro¢niho monitoringu rezistence Skidet

(https://eagri.cz/public/app/srs_pub/fytoportal/public/#rlp|so|skudci|detail:c18ccd9cbe2bal3

81e37b810d0c77df63|rezist). Vhodné je v rdmci antirezistentni strategie stiidat ptipravky

z raznych skupin ucinnych latek s riiznym mechanismem uc¢inku (Kocourek et al. 2018a;

Beranek et al. 2023).

3.1.2 Drepcik olejkovy (Psylliodes chrysocephalus (Linnaeus, 1758))



3.1.2.1 Popis a moinosti zamény

Diepcik olejkovy je 4 az 5 mm velky brouk (Obr. 3). T€lo ma zbarveno ¢erné s kovoveé
modrym odstinem. Zadni nohy jsou uzpisobeny ke skdkani, a jsou mohutné s tlustymi
stehny (Cox 1998; Alford 1999). Diepcik olejkovy je nejvice rozsifenym ,,stonkovym*
Skiidcem ozimé fepky v zemich severni Evropy s pfimotskym klimatem (Garbe et al. 2000).
Jeho vyskyt byl také zaznamenan na Blizkém vychodé€ v Asii, severni Africe, Kanad¢ a
USA. Porosty jarni fepky nejsou timto Skildcem napadany (Williams 2010b).

Dospélci d. olejkového jsou nékdy zaménovani s diepéiky rodu Phyllotreta. Ti jsou
vsak oproti d. olejkovému vyrazné mensi a v porostech fepky byvaji mnohem pocetné;jsi.
Diepcik olejkovy ma také oproti svym menSim piibuznym deset tykadlovych ¢lankt. Na
jafe je moznd zameéna larev dfepcika s larvami stonkovych krytonosct, které jsou vSak

beznohé a méné zbarvené (Kocourek et al. 2017, 2018a; Beranek et al. 2023).

3.1.2.2 Zivotni cyklus

Diepcik olejkovy mé jednu generaci do roka. Dospélci perforuji listy vzeslych rostlin
fepky. Je aktivni 1 za nizkych teplot, nemé zimni diapauzu a béhem zimy se v porostech
mohou nachazet vSechna vyvojova stadia (vajicka, larvy i dospélci). Samice kladou vajicka
na konci zaii ke kotfenovym krckiim rostlin jednotlivé, do puklin v pidé. Pii mirnych
zimach ¢ast broukt dokdze prezimovat a na jafe samice pokracuji v kladeni vajicek (Alford
2003; Williams 2010a; Kocourek et al. 2017). Vylihlé larvy se zavrtavaji do fapiku
srdéckovych listl. V konecné fazi vyvoje se larvy kukli v ptidé. Dospélci se lihnou na
pfelomu kvétna a cervna (Kazda et al. 2010). Letni obdobi s vysokymi teplotami
a nedostatkem srazek preckavaji dospélci v diapauze. V této fazi maji brouci omezeny
pfijem potravy, pohybovou aktivitu a zastaveny vyvoj rozmnozovacich organt. Brouci
nejCastéji tuto fazi preckavaji na mezich, loukach, ketich a stromech na okraji lesii. Letni
diapauzu brouci kon¢i za¢atkem zafi, v jinych letech az zacatkem fijna. Dosp€lci naletuji
na porosty vzeslé fepky ozimé, kde po Uzivném Ziru nastava pafeni a opctovné kladeni

vajicek (Cox 1998; Alford 1999).
3.1.2.3 Hostitelské spektrum a priznaky poSkozeni

Diepcik olejkovy Skodi na riiznych ptfezimujicich brukvovitych plodinach, z nichz

hospodaisky vyznamné Skody zpusobuje pouze na ozimé fepce. Jeho vyskyt a Skodlivost
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podporuje mirné pocasi na podzim a béhem celé zimy (Kazda et al. 2008; Beranek et al.
2023; Tixeront et al. 2023).

Dospélci diepcikti poskozuji listy rostlin drobnym kruhovym zirem (dirkovani; Obr. 3).
Vylihlé larvy se zavrtavaji do fapiki srdéckovych listil, které proziraji. Zir larev v rostlinach
muze pokracovat do kofenového krcku a baze lodyhy. Rostliny s poSkozenymi srdécky
snadnéji vymrzaji, zahnivaji, listy Zloutnou a mohou byt nachylné;jsi k napadeni patogeny

(Alford 2003). Nékdy se larvy spolu se stonkovymi krytonosci proziraji do lodyh fepky, ty

se pak snadno lamou a praskaji (Kocourek et al. 2017).

Obriazek 3. Poskozeni rostliny fepky Zirem dfepcika olejkového a dva dospéli jedinci fep(‘:i
Foto: T. Hovorka.

SN
ka olejkového.

3.1.2.4 Hospodaisky vyznam

Rostliny, kterym larvy diepCiki poskodily srdéckové listy snadno vymrzaji, listy
zloutnou, vadnou a zahnivaji. Pozd¢ji se prozrané lodyhy fepky snadno lamou a praskaji.
Mirné a teplé pocasi na podzim a béhem celé zimy podporuje napadeni rostlin diepcikem

(Alford 2003). Hospodaisky vyznamné Skody mohou zpiisobit pouze larvy koncem zimy
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a na jafe (Ortega-Ramos et al. 2022; Beranek et al. 2023). Skody miize zptisobovat diepéik
olejkovy spolu s diepCiky rodu Phyllotreta na Cerstvé vzeslych kli¢nich rostlinach fepky a
dalsich brukvovitych plodinach. V CR se vyznam tohoto $kiidce kazdoroéné zvysuje
pfedevsim na podzim, kvili zdkazu moteni osiva fepky neonikotinoidy (Kocourek et al.

2017).

3.1.2.5 Monitoring a ochrannd opatieni

Pro monitoring larev a dospélct diepcika olejkového je mozné vyuzit ptimé i nepiimé
metody. Z pfimych metod se zjiSt'uje pocet dospélcii na 1 m fadku a nasledné pocet larev
na jednu rostlinu na jafe. Larvy se kontroluji na deseti mistech pozemku. Na kazdém misté
se odebere pét v fadku po sobé rostoucich rostlin, kterym se podélné roziezou lodyhy a
fapiky listd, v kterych se spocitaji larvy diepcika (Kocourek et al. 2017; Beranek et al.
2023). Z neptimych metod monitoringu se pro zjist'ovani letové aktivity dosp€lct vyuzivaji
Morickeho (zluté) misky (Walters & Lane 1994; Ortega-Ramos et al. 2022) nebo zluté
lepové desky (Tixeront et al. 2023). Tyto optické lapaky se umistuji pfi vzchazeni fepky na
dvé protilehlé strany pozemku nejméné deset metrti od jeho okraje. Mnozstvi odchycenych
dospélct se kontroluje n€kolikrat tydné a na jeho vysledcich lze cilit oSetfeni (Beranek et
al. 2023).

V soucasné dobé jsou jedinou registrovanou skupinou ucinnych latek pesticidl
v ochrang proti d. olejkovému pyrethroidy. Na fadé mist v Evropé véetng CR viak byla viici
této skupine¢ 0.l. prokazana rezistence a jejich pouziti se dlouhodobé nedoporucuje
(Heimbach & Miiller 2013; Stara & Kocourek 2019; Willis et al. 2020). Je tak tieba klast
diiraz na registraci novych piipravka z jinych skupin u.l. a také na alternativni metody
ochrany rostlin, které predstavuji vyuziti pfirozenych nepfatel a rGznych preventivnich

péstebnich opatteni.

3.1.3 Krytonosec SeSulovy (Ceutorhynchus obstrictus, (Marsham, 1802))

3.1.3.1 Popis a moZnosti zamény
Krytonosec SeSulovy je 2-3 mm velky, Sed¢ zbarveny brouk (Obr. 4) z celedi

nosatcovitych (Coleoptera: Curculionidae). Nohy jsou Sedocerné a jeho télo je pokryto

12



belavymi chloupky ve tfech fadach v ryhach na krovkach (Alford 2003). Je Siroce rozsifen
v Evropé a Severni Americe (Dosdall & Carcamo 2011).

Dospélce k. SeSulového je mozné zameénit s ostatnimi krytonosci vyskytujicimi se
v fepce, a to hlavné se stonkovymi krytonosci a k. zelnym. Tyto druhy se vSak v obdobi
vyskytu dospélcti k. SeSulového objevuji v porostech fepky jiz minimalné. Larvy
vyskytujici se v SesSulich mohou byt zaménény s larvami bejlomorky kapustové. Na rozdil
od bejlomorky maji larvy k. SeSulového snadno odliSitelnou svétle hnédavou hlavu, jsou
celkoveé vétsi a v SeSulich se vyskytuji solitérné. Larvy bejlomorky jsou naopak bezhlavé,
bilé a v Sesuli je jich vzdy vice (Kazda et al. 2010; Kocourek et al. 2018a; Beranek et al.
2023).

:

Obrazek 4. Dospélec krytonosce SeSulového a jeho larva vyzirajici tvofici se semeno v SesSuli fepky.
Foto: vpravo T. Hovorka, vlevo J. Kazda.

3.1.3.2 Zivotni cyklus

Krytonosec SeSulovy ma jednu generaci do roka. Jeho larvy se vyviji pouze na
brukvovitych rostlinach. Zimu preckavaji dospélci pod spadanym listim nebo zbytky
rostlin. Do porostl fepky nalétavaji ptezimujici dospélci v obdobi jejiho kvétu, pii teplotach
nad 15 °C. Teplé pocasi v obdobi kvétu podporuje jeho vyskyt. Vajicka jsou po kratkém
uzivném ziru kladena jednotlivé na mladé tvotici se SeSule do otvoru vykousaného v jejich
sténé (Lerin 1991; Williams 2010b). Po vykladeni vajicka samice zanechava na sténé SeSule

znackovaci feromon, ktery brani v kladeni vaji¢ek jiné samici (Ferguson et al. 1999). Po
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vylihnuti vyZird beznoha (apodni) larva vyvijejici se semena (Obr. 4), ale na rozdil od
bejlomorky kapustové nedochazi k otevirani SeSuli. Larva na konci svého vyvoje opousti
SeSuli kruhovym otvorem a kukli se v pid€. V Cervenci a srpnu se objevuji brouci nové
generace, ktefi piezimuji. Vyznam tohoto $ktidce je v CR prozatim mensi (Beranek et al.

2023).

3.1.3.3 Hostitelské spektrum a priznaky poSkozeni

Mezi hlavni hostitelské rostliny k. SeSulového patii pfedev§im ozima i jarni fepka
a semenné porosty brukvovité zeleniny (Gratwick 2012; CABI 2019). Mimo kulturnich
plodin jsou hostitelskymi rostlinami i rizné brukvovité plevele, jako jsou hulevnik Iékatsky
(Sisymbrium officinale) nebo thornik mnohodilny (Descurainia sophia) (Beranek et al.
2023).

Dospélci se vyskytuji hojn€ v porostech fepky od pocatku jejiho kveteni a zpisobuji
pouze zanedbatelné skody v podobé drobného ziru na vrcholovych partiich rostlin (Kazda
et al. 2008; Beranek et al. 2023). Napadené SeSule 1ze v praxi poznat aZ po jejich opusténi
larvou, a to podle drobného otvoru o velikosti Spendlikové hlavicky, ktery larva vykousala,
aby se dostala ven z SeSule a mohla se zakuklit v ptid€. Uvnitt napadenych Sesuli je obvykle
nékolik (dvé az pét) vyvijejicich se semen sezrano larvou a pobliz semen je patrny trus
(Kriiger 1983). Otvory v SeSuli usnadnuji kladeni vajicek bejlomorce kapustové a také
mohou slouzit jako vstupni brana pro nckteré patogeny fepky, jako je naptiklad

Leptosphaeria maculans (Newman 1984).

3.1.3.4 Hospodarsky vyznam

Krytonosec SeSulovy je Siroce rozSifenym a bézné se vyskytujicim Sktidcem, ktery
vétSinou 1 ptes jeho vysoky vyskyt neplisobi v porovnani s jinymi sktidei tak velké Skody. I
tak je ale povazovan za vyznamného Sktidce fepky a semennych porostti brukvovitych
plodin v celé Evropé, USA a Kanadé¢ (Gratwick 2012) a ekonomicky nejvyznamnéjsiho
sktidce napadajiciho fepku v obdobi kvétu (CABI 2019). V Ceské republice jeho $kodlivost
postupné nartsta. V nékterych letech mohou pii silném vyskytu zpisobovat Skody houbové
choroby Sesuli, kter¢ se §ifi z mist mechanického poSkozeni dospélci a vylézajicimi larvami

krytonoscti (Beranek et al. 2023).
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3.1.3.5 Monitoring a ochrannd opatieni

Pro monitoring vyskytu dospélct k. SeSulového je vyuzivana predevSim piimé metoda
monitoringu sklepavanim dospé€lcti z kvétenstvi na né€kolika mistech pozemku nebo
transektem napti¢ polem v obdobi od zac¢atku do konce kvétu fepky. Takovy monitoring je
vhodny provadét ve tfech opakovanich a z poctu dospélcil a rostlin je vypocitan pramér
broukl na rostlinu. K monitoringu 1ze také vyuzit metodu smykani kvétenstvi fepky. Za
slune¢ného a bezvétrného pocasi je mozné dospélce piimo pozorovat a odecitat z pupent a
kvétenstvi fepky (Williams et al. 2003; CABI 2019). VSechny zminéné metody monitoringu
se provadi za slunecného a bezvétrného pocasi pti dopolednich teplotach vyssich nez 15 °C
(Williams et al. 2003; Beranek et al. 2023). K zachyceni migrace dospélcti do porostil 1ze
pouzit i Mdrickeho Zluté misky s ndvnadou v podobé isothiokyanatl nebo podobnych
sloucenin, které napodobuji viini fepky, kterou jsou brouci ldkani (Smart & Blight 1997).
Pro zjisténi poctu larev je nutné nasbirat vyvijejici se nebo zralé Sesule a rozfiznout je (larvy
jsou mezi semeny). PoSkozeni 1ze rovnéz zjistit sbérem zralych Sesuli a jejich prohlidkou,
zda v nich jsou piitomné vylezové otvory po larvach (CABI 2019).

Ptimou chemickou ochranu je nutné cilit na dospélce, jesté¢ pred zacatkem kladeni
vaji¢ek samicemi. V Ceské republice jsou proti k. $eSulovému povoleny G&inné latky ze
skupiny pyrethroidii (lambda-cyhalothrin, deltamethrin atd.) a jedna ze skupiny
neonikotinoidl (acetamiprid) (CABI 2019; Beranek et al. 2023). Pocetnost a skodlivost k.
SeSulového vsak vétSinou potlacuji aplikace cilené proti jinym Sktidcim, napt. bejlomorce

kapustové (Beranek et al. 2023).

3.2 Rezistence Skiidci vici insekticidim

Vice jak pil stoleti pouzivani syntetickych pesticidi v ochran¢ rostlin vedlo k selekci
rezistence vici zoocidiim u vice jak 450 druhti ¢lenovceii (Georghiou & Taylor 1986; Roush
& Tabashnik 2012). Jest¢ pocatkem padesatych let nebyla rezistence ¢lenovei k 1.l
insekticidiit mnohymi entomology a pracovniky v zemé&délstvi vnimana jako realna hrozba
pro ochranu zemédélskych plodin (Onstad & Knolhoff 2022). V dnes$ni dobé vime, Ze se
1989; Roush & Tabashnik 2012; Sparks & Nauen 2015). Projevem rezistence sktidcti k
insekticidiim je jejich neucinnost. V ptipad¢ vystaveni opakovanému ptisobeni jedné G¢inné
latky insekticidu na urcitou populaci Skiidce po nékolik generaci dojde k narGstu

rezistentnich jedincli v populaci, nasledné ke ztratdm na produkci a zvySeni nékladi na
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ochranu pfi opakované aplikaci (Zimmer & Nauen 2011b). Dlivodem k nérGstu nékterych
rezistentnich populaci $ktidci mohou byt naptiklad opakované neefektivni aplikace s nizsi
nez registrovanou davkou uc¢inné latky, nedodrZzovani zasad integrované ochrany rostlin
a také zuzujici se sortiment povolenych piipravkli na ochranu rostlin. Také nartst z4jmu
vefejnosti o problematiku pouziti pesticidii a jejich dopad na Zivotni prostfedi vyustil k
legislativnim zménam a omezenim spektra pouzivanych ptipravki. Moznosti, jak zabranit
narlistu rezistence a zaroveil snizit celkovy dopad pouZzivanych insekticidi na Zivotni
prostiedi, je vyuziti selektivnich pfipravkl a efektivniho monitoringu rezistence pomoci
biologickych testli a modernich metod diagnostiky z oblasti molekularni biologie (Casida

& Quistad 1998; Roush & Tabashnik 2012; Ishaaya & Horowitz 2016).

3.2.1 Mechanismy rezistence

U hmyzich skiidcti je zndmo 5 hlavnich mechanismi rezistence k insekticidam: (1)
zvySeni metabolismu biologicky aktivnich latek, tj. degradace pesticidu specifickymi
detoxika¢nimi enzymy (tzv. metabolickd rezistence), (2) omezend ucinnost penetrace
ucinnych latek pesticidu pres kutikulu hmyzu, (3) zvySené vylucovani ucinné latky
pesticidu, (4) redukce citlivosti nervového systému na misté plisobeni insekticidu vlivem
mutace gend (napi. kdr rezistence = Knock-down rezistence), (5) rezistence podminéna
zménou chovani, tj. vyhnuti se mistu, kde byl insekticid aplikovan ((Onstad & Knolhoff
2022); Obr. 5). U jednoho druhu hmyzu se mize vyskytovat souc¢asné nékolik mechanismu
rezistence (Obr. 6). Napiiklad u ftady evropskych populaci blyskacka fepkového
rezistentnich k G¢innym latkdm deltamethrin, lambda-cyhalothrin a cypermethrin bylo
prokéazano, ze se jednd o metabolicky podminénou rezistenci (Zimmer & Nauen 2011b;
Erban et al. 2017). Ve Svédsku a Dansku, kde byla rezistence blyskacka fepkového
k pyrethroidiim také zaznamenana, vSak byla prokdzana nejen metabolicka rezistence, ale
v roce 2010 byl u nékterych populaci prokazan také mechanismus rezistence zalozeny na
bodové mutaci L1014F v sodném kanalu, tzv. rezistence typu kdr (Nauen et al. 2012). V CR
vyskyt této mutace u blyskacka fepkového nebyl dosud zjistén. Mutace L1014F byla
prokazana také u populaci msSice broskvonové rezistentnich k pyrethroidiim (Martinez-
Torres et al. 1999). Vyskyt této mutace u msice broskvoiniové v CR se pohybuje mezi 20 a
30 % (Stara et al. - rukopis v recenznim fizeni). U mSice broskvonové byl kromé mutace
L1014F prokazéan také vyskyt mutace M918T (super-kdr). Tato mutace se vyskytuje ve
vazbé na mutaci L1014F (Anstead et al. 2004).
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| Metabolicka

Kompenzace detoxifikace

Vyhnuti se mistu
aplikovaného insekticidu
Insekticid

Obrizek 5. Schematické znazornéni mechanismu rezistence u hmyzu.

Omezena
propustnost
kutikuly

Rezistence k vice u¢innym latkdm se stejnym mechanismem uc¢inku je oznacovana jako
cross-rezistence. Piikladem cross rezistence muze byt rezistence populace mandelinky
bramborové k organofosfatim typu kdr. Piestoze lokalni populace mohla byt vystavena
selekénimu tlaku jen jedné z mnoha ucinnych latek organofosfatli, vykazuje populace
rezistenci ke vSem uU¢innym latkdm organofosfati, tedy i1 k t€ém, se kterymi se populace
Skiidce nesetkala. Stfidani pifipravkd ze skupiny organofosfati na takovou rezistentni
populaci tak nezajisti pozadovanou ucinnost (Mota-Sanchez et al. 2006). V piipade
fepkového vystavend opakovanému oSetifeni napiiklad cypermethrinem bude rezistentni
nejen k cypermethrinu, ale ke vS§em uc¢innym latkdm ze skupiny pyrethroidit s obdobnou
chemickou strukturou (napt. deltamethrin, lambda-cyhalothrin). Né&které u¢inné latky ze
skupiny pyrethroidd, napfiklad etofenprox a tau-fluvalinat vSak vykazuji jesté jiné
mechanismy pusobeni nez pyrethroidy typu cypermethrinu. V tomto piipad¢ tak nemusi
nastat pfipad cross rezistence populace blyskdcka ke vSem u¢innym latkdm ze skupiny
pyrethroidi (Stard & Kocourek 2018; Kocourek et al. 2020). U populaci blyskacka
fepkového z CR nebyla v obdobi pred rokem 2017 prokazana cross rezistence mezi lambda-
cyhalothrinem a tau-fluvalindtem, vi¢i kterému byly zkoumané populace dosud citlivé

(Stard & Kocourek 2018). Na vétsim souboru populaci byl od roku 2018 prokazan nartist
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rezistence populaci blyskacka fepkového k tau-fluvalinatu (Seidenglanz et al. 2020), takze
se ¢asem vyselektovala cross rezistence mezi lambda-cyhalothrinem a tau-fluvalinatem.

rezistence (multiple rezistence), tj. rezistence soucasné ke dvéma a vice skupinam ucinnych
latek s riznym mechanismem uc¢inku. Pfikladem mnohocetné rezistence mize byt
rezistence mandelinky bramborové soucasné k organofosfatim, pyrethroidim a jejich
smésnym piipravkim (Zichova et al. 2010), nebo rezistence obalece jable¢ného k

organofosfatlim, juvenoidiim a inhibitoriim tvorby chitinu (Stard & Kocourek 2007).

-
¢ K jedné ucinné
latce (u.l.)

¢ K vice neZ jedné
u.l. s riznym
mechanismem
ucinku

Rezistence Mnohocetna
jednoducha rezistence

Kombinovana Cross
rezistence rezistence

* Vice
mechanism
rezistence v
populaci/jedinci

* K vice nez jedné
u.l. se stejnym
mechanismem
ucinku

-

Obrizek 6. Typy rezistence vici insekticidim u hmyzich skadct.

Pro nékteré druhy sktidct je mozné v ramci antirezistentnich strategii vyuzivat princip
negativni cross rezistence anebo modely fenologie Skidct zahrnujici simulaci podilu
rezistentnich jedinct v populaci. Negativni cross rezistence (NCR = Negative Cross
Resistance) je oznaceni efektu, kdy rezistence k ti¢inné latce s jednim mechanismem ucinku
se projevuje zvysenou citlivosti k u¢inné latce s jinym mechanismem ucinku. Ptikladem
muze byt populace blyskidCka fepkového rezistentni k pyrethroidim, kterd vykazuje
zvysenou citlivost k organofosfatim (Seidenglanz et al. 2017). Metabolicky podminéna
rezistence k pyrethroidim je zalozena na zvySené aktivité izoenzyml zodpovédnych za
degradaci molekul pyrethroidi. Stejné izoenzymy $tépi u¢innou latku organofosfatu na dvé

slozky, z nichZ jedna vykazuje mnohem vétsi toxicitu, nez méla piivodni molekula G¢inné
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latky insekticidu. Jinym piikladem negativni cross rezistence jsou populace obalece
jable¢ného rezistentni k organofosfatu s ucinnou latkou azinphos-methyl, které vykazuji

zvySenou citlivost k jinym skupindm ucinnych latek insekticidi (Dunley & Welter 2000).

3.2.2 Molekularni metody detekce rezistence

V oblasti vyzkumu rezistence $ktidct k insekticidiim se v poslednim desetileti dostavaji
do poptredi molekularni metody detekce rezistence véetné proteomickych metod (Van
Leeuwen et al. 2020). Pomoci molekularnich metod Ize detekovat bodové mutace gentl,
a tedy vyskyt rezistentnich jedinct v populaci, pficemz je mozné urcit, zda k mutaci doslo
na obou alelach chromozomu (rezistentni homozygot RR), jedné alele (heterozygot SR)
nebo zda k mutaci nedoslo ani na jedné alele (citlivy homozygot SS). RozliSenim genotypt
je mozné zjistit, jak vysoky je podil rezistentnich alel v populaci a jak vysoké je riziko, Ze
citlivost k insekticidu ztrati celd populace. Molekularnimi metodami Bi-PASA a RFLP byla
napf. prokazana v CR rezistence mandelinky bramborové k pyrethroidiim (mutace L1014F)
a organofosfatiim (mutace S291G) (Zichova et al. 2010). Metodou PCR lze prokazat také
vyskyt mutace L1014F u rezistence blyskacka fepkového k pyrethroidiim. Pro detekci
mutaci L1014F a M918T, zodpovédnych za rezistenci mSice broskvonové k pyrethroidim,
se pouziva tzv. kvantitativni PCR (qPCR) (Anstead et al. 2004). Tato metoda je zaloZena
na klasické PCR, ovSem s vyuzitim specialniho termocykleru, ktery kvantifikuje sledovany
usek DNA v redlném case.

Kromé mutace genli miize byt rezistence zpusobena napf. zvySenou aktivitou
metabolismu, resp. aktivitou nékterych enzymi. Aktivitu enzymii zodpovédnych za
rezistenci, jako jsou napf. esterdzy, monooxygendzy nebo glutation-S-transferdzy,
umoziiuji méfit biochemické a proteomické metody. Tzv. metabolicky podminéna
rezistence byla prokazana u blyskacka fepkového (Zimmer & Nauen 2011a; Erban et al.

2017; Van Leeuwen et al. 2020).

3.2.3 Biologické metody hodnoceni rezistence

Biologick¢ metody hodnoceni rezistence jsou zdkladem pro provadéni plosného
monitoringu rezistence Skidct k insekticidiim (Donnelly et al. 2016). Biologické testy jsou
zalozeny na riiznych zptsobech aplikace uc¢inné latky insekticidu na rtizna vyvojova stadia
Skiideti. Metody hodnocent, které zahrnuji topikalni aplikace (aplikace pfimo na dospélce),

tarsalni testy a ponofovaci testy, jsou vhodné zejména pro testovani latek s kontaktnim
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ucinkem. Pro ucinné latky s vyznamnymi nebo pfevazujicimi ucinky poZerovymi se
pouzivaji pozerové testy, nebo ponoiovaci testy s zivnou rostlinou, piipadné aplikace
insekticidu na povrch nebo inkorporace do um¢lé diety. U insekticidi se systémovym
ucinkem je tieba volit jiné metody, napft. aplikace insekticidu na Zivnou rostlinu a naslednou
introdukci testovaného Skiidce. Rozdilnymi metodami je tfeba testovat latky s ovicidnim a
larvicidnim ucinkem. Biologické testy poskytnou zpravidla informaci o citlivosti
testovaného vzorku populace sklidce k insekticidu ve srovnani s citlivosti laboratorniho
kmene. Hodnoti se mortalita ve srovnani s mortalitou citlivé populace. Uroveii rezistence
hodnocend biologickymi testy je vyjadfovana indexem rezistence, coz je pomér LC50
rezistentni populace k LC50 citlivé populace Skiidce. LC50 (LD50) je koncentrace (davka)
ucinné latky ptipravku, ktera zptisobuje 50% mortalitu testovanych jedinct, podobné LC90
(LD90) zpiisobuje 90% mortalitu testovanych jedinct (Miller et al. 2010; Donnelly et al.
2016; Kocourek et al. 2020).

3.3 Skiidci rezistentni via¢i insekticidim

Od roku 2010 do soucasnosti je v databazi ,,www.pesticideresistance.org™ evidovano
4642 ptipadi rezistence zjisténych u 115 druhtt hmyzu. Ze Skidct na zemédélskych
plodinéch je v Evropé€ nejvice piipadii rezistence dokumentovano u blyskacka fepkového
(Slater et al. 2011), msice broskvonové (Bass et al. 2014), svilusky chmelové (Kim et al.
2006; Nicastro et al. 2010), molice bavinikové (Horowitz et al. 2020), mandelinky
bramborové (Mota-Sanchez et al. 2006) a zaptednicka polniho (Zhao et al. 2006). V
poslednich 5 letech se objevila rezistence také u krytonosce SeSulového, krytonosce
Ctyfzubého a drepcika olejkového (Heimbach & Miiller 2013; Stara & Kocourek 2019).
V naSich podminkéch je rezistence Skiidcti monitorovana od roku 2017 v ramci expertni
¢innosti ,,Plo§ny monitoring rezistence vybranych Skadcti vici u€innym latkam pesticida
na uzemi CR®. Monitoring je zaméfen na sledovani vyskytu rezistence u blyskacka
fepkového, krytonosce SeSulového, diepcika olejkového, diepcikit rodu Phyllotreta,
zépredni¢ka polniho a mandelinky bramborové. V CR byla zjisténa rezistence u blyskacka
fepkového k pyrethroidim (Stard & Kocourek 2018), u zdpfednicka polniho
k pyrethroidim (Kovatikova et al. 2017), u dfepcika olejkového k thiaklopridu (Stard &
Kocourek 2019), u mandelinky bramborové k organofosfatiim a pyrethroidiim (Zichova et
al. 2010) a k nékterym neonikotinoidim (Stara & Kocourek 2019) a u msice broskvonové

k pyrethroidiim a karbamatiim (Stara et al. rukopis v recenznim ¥izeni). V CR byla také
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dokumentovéana rezistence obaleCe jablecného k organofosfatim a inhibitorim tvorby

chitinu (Stard & Kocourek 2007) a k bakulovirim (Zichova et al. 2013).

3.3.1 Blyskacek repkovy

V Evropé a také v Ceské republice byla jiz fadou studii prokézana rezistence populaci
blyskackt vaci pyrethroidim (Delorme et al. 2002; Slater et al. 2011; Stard & Kocourek
2018). Rezistence b. fepkového k pyrethroidim neni omezena na jednotlivé ucinné latky,
ale zahrnuje celou chemickou tiidu pyrethroidnich insekticidi. V CR byla prokazana
rezistence vuc¢i u.l. lambda-cyhalothrin, deltamethrin a cypermethrin, ale v rGznych
regionech existuji vyznamné rozdily v citlivosti k jednotlivym G¢innym latkdm (Kocourek
et al. 2018a, 2020; Beranek et al. 2023). Navzdory témto faktim jsou pyrethroidy stéale
Siroce pouzivanou skupinou U.1. pesticidii (Zimmer & Nauen 2011a). Kromé pyrethroidi
existuje také riziko vyskytu rezistence viiéi neonikotinoidiim. V CR byly zaznamenany
prvni vyskyty rezistentnich a vysoce rezistentnich populaci vici 0.1. acetamiprid. K selekci
této rezistence prispiva také rozsifeni ochrany stejnych G€innych latek na Sesulové sktidce.
K ochrané proti blyskackiim a krytonosclim je tak tfeba piistupovat komplexné a volbu
piipravki piizplsobit vyskytu konkrétnich Skidcii v porostu. Prozatim nebyla u blyskacka
prokézana mnohocetna rezistence mezi pyrethroidy a neonikotinoidy (lambda-cyhalothrin
x acetamiprid). TaktéZ nebyla zatim zjiSténa mnohocetna rezistence mezi pyrethroidy

a organofosfaty (Kocourek et al. 2018a; Beranek et al. 2023).

3.3.1.1 Mechanismy rezistence vitci pyrethroidiim

U blyskacka ftepkového jsou zndmy dva hlavni mechanismy rezistence vuci
pyrethroidim: 1) zvySend detoxikace, kterd je céaste€né zplsobena aktivitou
monooxygendzy cytochromu P450 (Scott 1999) a 2) rezistence typu kdr, kterd vede ke
snizeni neurondlni citlivosti k pyrethroidim (Scott 2019). Bylo prokazano, ze oxidativni
degradace pyrethroidi cytochromem P450 dependentnimi monooxygenazami (Zimmer &
Nauen 2011a; Erban & Stara 2014; Zimmer et al. 2014) a esterdzami (Philippou et al. 2011;
Zamojska et al. 2013) hraje vyznamnou roli v mechanismu rezistence blyskackt k
pyrethroidim. Nové transkriptomatické idaje taktéz prokazaly dva hlavni mechanismy
spojené s rezistenci viuci pyrethroidiim v evropskych populacich b. fepkového, tj. zvySenou
detoxikaci jednim nebo vice cytochromy P450 a modifikaci cilového mista plsobeni

insekticidu (Zimmer et al. 2014). Mechanismus modifikace cilového mista plsobeni
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insekticidu, konkrétné mutace L1014F, byla nalezena jako prvni u druhu Musca domestica
(Williamson et al. 1996) a byla také identifikovana v populacich b. fepkového z jizni
Skandindvie a v jedné populaci z Némecka (Nauen et al. 2012). Alely s mutaci typu kdr
byly nalezeny ve vzorcich z jizni &asti Svédska, které rovnéZ obsahovaly citlivé genotypy.
Je zajimavé, Ze mutace kdr chybéla u vysoce rezistentnich populaci ze severniho Svédska
a chybéla také u vétSiny testovanych populaci z jinych evropskych zemi (Nauen et al. 2012).
U blyskackt rezistentnich vici u.1. esfenvalerat z Polska bylo také identifikovano nékolik
dal§ich mutaci s moznymi u¢inky na interakci pyrethroidii s mistem jejich ucinku

(Wrzesinska et al. 2014).

3.3.2 Drepcik olejkovy

Hlavni a nejucinnéj$i metodou ochrany fepky proti dfepcikiim bylo do roku 2016
mofieni osiva neonikotinoidy, a to pfedevsim 0.l. thiametoxam (Maienfisch et al. 2001).
Kwvili obavam z jejich vedlejSich ucinkli na necilové organismy (vcely a dalsi bezobratli
zivocichové) bylo jejich pouzivani od roku 2013 v EU zakdzano (Blacquiere et al. 2012;
European commission 2013; Kocourek et al. 2017). Od této doby jsou jedinymi
registrovanymi insekticidy pro oSetfeni fepky proti d. olejkovému pyrethroidy, vici kterym
je vsak jiz prokdzana rezistence (Heimbach & Miiller 2013; Willis et al. 2020). Prvni
pfipady rezistence dfepcika vici pyrethroidim jako duasledek jejich dlouhodobého
pouzivani byly dokumentovany jiz v roce 2009 v Némecku (Zimmer et al. 2014) a pozd¢ji
také ve Velké Britanii (Hojland et al. 2015). Od roku 2018 je také v Ceské republice zndm
trend v poklesu ucinnosti pyrethroidii. Byly zaznamendny prvni tfi rezistentni populace
drepcikti viici lambda-cyhalothrinu z okoli Brna. Jedna se o ohnisko, ve kterém muze dojit
k rychlému S$ifeni rezistence (Kocourek 2019). Plosny monitoring rezistence provadény
v letech 2017 a 2018 potvrdil také neucinnost ptipravkl na bazi neonikotinoidu thiakloprid
(Biscaya 240 OD). I kdyz neonikotinoidni pfipravky nejsou na diepcika olejkového piimo
registrovany, je potiebné citlivost tohoto skiidce k témto insekticidim monitorovat, nebot’
se v porostech s neonikotinoidy setkavaji (diky spole¢nym aplikacim proti vice Skidctim)
aje nutné s jejich nizkou citlivosti k témto latkdm pocitat (Kocourek & Stard 2016;

Kocourek 2019; Stara & Kocourek 2019).
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3.3.3 Krytonosec SeSulovy

V Evropé, a to pfedevSim v Némecku, byla u k. SeSulového zaznamenéna rezistence
vici pyrethroidim, kterd je pravdépodobné vysledkem jejich dlouhodobého uzivani
(Heimbach & Miiller 2013). Podobné byla také v CR u fady populaci k. $eSulového
zaznamenana rezistence k pyrethroidim. Mimo pyrethroidi je z Gizemi Cech jiz znama
rezistence viiéi neonikotinoidiim (0.1 acetamiprid), kterA ma potencial $ifeni napii¢ CR
(Beranek et al. 2023). Kazdoro¢né je podobné jako u jinych Skiidct fepky provadén plosny
monitoring rezistence, jehoz vysledky jsou uvefejnény v podobé map rezistence na
Rostlinolékatském portalu:
https://eagri.cz/public/app/srs_pub/fytoportal/public/?key=%22f50546d2ac767ccc6ca48bb
clalc86de%?22#rlp|solskudci|detail:c18ccd9cbe2ba381e37b810d0c71fb3d|rezist.

3.4 Integrovana ochrana rostlin

Integrovand ochrana rostlin (IOR), je systém ochrany, vyuzivajici vS§echny ekonomicky,
ekologicky a toxikologicky piijatelné metody pro udrzeni Skodlivych organismi pod
prahem Skodlivosti, s pfednostnim vyuzitim pfirozenych neptatel jako omezujicich faktort
(Kazda et al. 2008, 2010; Kocourek et al. 2018a; FAO 2023). Mimo této definice existuje
mnoho jinych, které jsou vSak v zdsad¢ podobné. Pro srovnani je podle evropské legislativy
IOR definovéna takto: ,,Peclivé zvazovani veskerych dostupnych metod ochrany rostlin
anasledna integrace vhodnych opatteni, ktera potlacuji rozvoj populaci Skodlivych
organismi a udrzuji pouzivani pfipravkl na ochranu rostlin a jinych forem zasahu na
urovnich, které 1ze z hospodarského a ekologického hlediska odlivodnit a které snizuji €i
minimalizuji ohrozeni lidského zdravi nebo Zivotniho prostfedi. Integrovana ochrana rostlin
klade diiraz na rtst zdravych plodin pii co nejmensim naruseni zemé&délskych ekosystému
a podporuje pfirozené mechanismy ochrany pfed Skodlivymi organismy* (Smérnice
Evropského parlamentu a Rady 2009/128/ES ze dne 21. fijna 2009).

V navaznosti na ustanoveni § 5 zdkona ¢. 326/2004 Sb., o rostlinolékaiské péci a o
zméné nekterych souvisejicich zdkond, ve znéni pozd¢jSich predpist (dale ,,zdkon*)
vstoupila v roce 2014 v uc¢innost vyhlaska ¢. 205/2012 Sb. O obecnych zasadach
integrované ochrany rostlin (dale ,,vyhlaska®). Touto skute¢nosti doslo k naplnéni
zakonnych povinnosti ¢eskych zemédélcii vyuZzivat obecné zasady integrované ochrany
rostlin v praxi a soucasn¢ k moznosti ulozeni sankce v ptipadé jejich prokazaného neplnéni.

V ramci pravidelnych kontrol je tak provadén monitoring stavu IOR, ktery se stal dopliikem
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ke kontrolam Cross Complience (kontrola dodrzovani souboru zakladnich pozadavkd, které
jsou podkladem narokovani rezimu pfimych plateb v zemédélstvi), jak pro oblast evidence
spotieby ptipravkd na ochranu rostlin, tak pro oblast kontroly hnojiv (Prudil 2020). Pro
dodrzovani IOR byly stanoveny zédsady, kterymi by se péstitelé méli fidit.

3.5 Zasady integrované ochrany rostlin

Integrovand ochrana rostlin zahrnuje osm zésad, z nichZ prvni je dale ¢len¢na do Sesti
dal§ich dil¢ich z&sad. Mezi tyto zédsady se dle Zakona ¢. 326/2004 Sb. - Zakon
o rostlinolékarské péci a o zméné nekterych souvisejicich zakonti 2004; Kazdy et al. 2008;

Harasty et al. 2015; Barzmana et al. 2015 a Prudila 2020 fadi:

1. Soubor preventivnich opatieni a metod:
1.1 Sttidani plodin
- Predstavuje pravidelné stfidani a casovy odstup zhorsujicich a zlepsujicich
plodin a také prostorova izolace bloki se stejnymi plodinami véetné zatazovani
meziplodin. Dodrzovanim téchto postupt lze ptfedchdzet vypadkim vynost
a zajistit pudni Grodnost bez navySovani vstupt.
1.2 Vhodné péstitelské postupy
- Jsou jimi ptedev§im rGzna opatfeni jako protierozni opatfeni, opatieni proti
zhutiiovani pid, vyuzivani poskliznovych zbytkti a vedlejSich produkti
zivocisné vyroby jako zdroji Zivin pro rostliny a také zafazeni riznych
meziplodin do osevnich postupd.
1.3 Péstovani odolnych nebo tolerantnich odrid a pouzivani certifikované¢ho osiva
a sadby
- Vybérem odrad, které vykazuji odolnost vi¢i urcitému spektru Skodlivych
organismi nebo abiotickym vlivim lze pfedejit nadbytecnému pouzivani
pesticidii a také zajistit potravinovou bezpecnost (odridy rezistentni vici
houbam rodu Fusarium). Zvlasté¢ doporucené je vybirat odriidy ze seznamu
doporugenych odriid (SDO), kde jsou odridy testované v podminkach CR.
- Pé&stitelé by méli davat prednost osivu s garantovanymi parametry kvality, kterd

nejsou zdrojem ptiivodct chorob pfenosnych osivem a pleveld.
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1.4 Vyvazené hnojeni, vapnéni a odvodnovani

Vyvazené hnojeni stoji na zékladech dodrzovani vhodnych péstitelskych
postuptl. Cilem je zajistit, aby nebyla pida jednostranné vycerpavana. Je také
nutné na zdkladé agrochemického zkouseni piid dopliovat do pliidy nékteré
prvky (fosfor a draslik), které jsou z pidy vycCerpany. Spravné a vyvazené
hnojeni kromé obecné kondice rostlin ovliviiuje také jejich odolnost vuci
patogentm a Skidcim.

Véapnéni je nutné provadét pravidelné predevsim kvili jevu postupného
okyselovani pid, kdy jsou zpidy vyplavované bazické ionty (pfirozené

a vlivem mineralnich hnojiv).

1.5 Hygienicka opatfeni pro zamezeni Sifeni skodlivych organismil

Predstavuje pfedevsim vyuziti certifikovaného a zdravého osiva, které neni
zdrojem puvodct chorob a plevelt. Je vhodné vybirat osivo od firem, které
disponuji kvalitnim technickym zdzemim pro skladovani a oSetfovani (moteni)

osiva.

1.6 Ochrana a podpora uzite¢nych organismi

Pomoci riiznych opatieni ptedstavujici iidrzbu a tvorbu mimoprodukénich ploch
vytvaret vhodna prostiedi pro Zivot pfirozenych neptatel Skidcti. Opatieni
zahrnuji naptiklad tvorbu a udrzbu kvétnatych okraji a travinobylinnych lemt,
vegetagnich pésd, pestrych uhort, remizki, mezi atd. Rada z tdchto opatieni je

podporovana dota¢nimi tituly.

Monitorovani vyskytu Skodlivych organisml vcetné vyuzivani systémi predpovédi

(progndz) a systému varovani a v€asné diagnozy

Monitoring Skodlivych organismi predstavuje vyuziti ptislusnych metod pro
zachyceni vyskytu Skodlivého organismu. V piipadé skidct je provadén napt.
monitoring pomoci lepovych desek a Zlutych misek.

Prognéza vyskytu (Skiddci) stanovuje s pfedstihem nejcastéji na zacatku

vegetacniho obdobi riziko vyskytu Skodlivych organisml (pocty ptfezimujicich

stadii skidcii, odbéry pudy atd.).

Signalizace urcuje nejvhodnéjsi termin pro zacatek osetfeni a bere v uvahu intenzitu

vyskytu a nejvhodnéjsi dobu pro ochranna opatieni.

Rozhodovani o provedeni oSetfeni podle objektivizace rizik vyskytu a prahti Skodlivosti

(kritického poctu) ve srovnani s vyskytem Skodlivého organismu na poli
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Osetfeni by mélo byt provedeno pouze v piipadé piekroceni prahu Skodlivosti
vyskytu daného Skodlivého organismu na pozemku s plodinou. Rozhodnuti
o oSetfeni je nutné stavét na skutecnych datech zmonitoringu v kombinaci

s predpovédnimi modely (meteorologické, sumy efektivnich teplot atd.).

Preference vSech nechemickych prostfedkii a metod pied chemickymi, pokud

uspokojive zajisti ochranu pied Skodlivymi Ciniteli

Nechemické prostfedky ochrany rostlin v sob& obsahuji celou fadu mechanickych a
fyzikélnich metod regulace Skodlivych organismt (pleckovani, vlaceni, netkana
textilie atd.) technologickych postupii a skupin pfipravkit na béazi mikro
a makroorganismu nebo pfirodnich extrakti.

Tato zésada v sob¢ skryva také biologickou ochranu s vyuzitim ptirozenych neptatel
Skiideti a také pouziti piipravkll na bazi biologicky aktivnich preparath (Bacillus

thuringiensis, Pythium oligandrum atd.)

Vybér ptipravkil na ochranu rostlin selektivnich ke Skidcim, sco nejmensSimi

vedlej$imi ucinky pro lidské zdravi, na ptirozené nepratele a dalsi necilové organismy

a zivotni prostredi

V ptipadé rozhodnuti o pouziti pfipravkii na ochranu rostlin by méla byt déna
pfednost u¢innym latkam, které maji co nejmensi vedlej$i ucinky, rychle se
rozkladaji, jsou bezpecné pro zivotni prostfedi vcetné ¢loveka, pisobi pouze na

Skodlivé Cinitele (jsou selektivni) a je u nich nizké riziko vzniku rezistence.

Pouzivani pesticidi a dalSich prostfedkli ochrany rostlin v nezbytném rozsahu pouze

profesiondlnimi uzivateli

Ptipravek pro profesionalni pouziti mize byt distribuovan pouze osobam, které jsou
drziteli osvédceni o odborné zpusobilosti pro nakladani s piipravky 2. stupné.
O zarazeni pfipravki do kategorie pro profesionalni pouziti rozhoduje na zakladé
posouzeni jeho nebezpecnych vlastnosti ministerstvo zdravotnictvi.

Profesionalnim uzivatelem piipravki na ochranu rostlin se rozumi dle § 2 zdkona
o rostlinolékarské péci osoba, vcetné obsluhy, technikl, zaméstnavateli a
samostatné vydélecnych osob, kterd pouziva piipravky na ochranu rostlin v ramci

svych profesnich ¢innosti jak v oblasti zemédélstvi, tak v jinych odvétvich.

Uplatilovani antirezistentnich strategii

Predstavuje postupy, které se vyuzivaji jako prevence vzniku rezistence. Zakladnimi
postupy jsou snizeni opakovanych aplikaci pesticidi jednou ucinnou latkou

v pribéhu jedné sezoény, stiidani a kombinovani ucinnych latek v zdkonné mezi,
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aplikace pfipravki v optimalnich terminech pro potlaceni vyskytu Skodlivého
organismu s vyuzitim metod prognozy a signalizace a dodrzovani doporucenych
davek zvolenych ptipravki.
8. Ovéfovani tspésnosti ochrannych opatieni

- Predstavuje vyhodnoceni G¢innosti opatfeni, kterd byla v daném roce provedena.
Naptiklad v ur€itém odstupu vyhodnotit aplikaci hnojiv a pesticidli v porostu
a zaznamenat uvazované vlivy, které mohou slouzit jako voditko pro rozhodovani
v dalSim roce. V zavéru sezény by mély byt zhodnoceny jak vSechny uspéchy, tak i

neuspéchy a hleddna zdivodnéni dosazenych vysledki.

3.5.1 Technologie ochrany rFepky vyuzitelné v ramci IOR

3.5.1.1 Ochranné obsevy a atraktivita odrid iepky

Zakladnim ptfedpokladem pro vyuZziti ochrannych obsevi je fakt, Ze Sktdci (nejen)
fepky osidluji porost od jeho okraje, tedy jejich nejvyssi hustota byva nékolik desitek metri
od okraje pozemku. Smérem ke stfedu pozemku dochéazi ke snizovani hustoty populaci
Sktdct a tento jev se nékdy nazyva jako ,,okrajovy efekt (Murchie et al. 1999; Kazda et al.
2008). Podstatou ochrannych obsevil fepky je obseti obvodu pozemku nékolikametrovym
pruhem pro Skidce atraktivngj$i lapaci plodiny, na které se béhem jara koncentruje jejich
vyskyt. Na tento pruh je pak mozné cilit pfislusSnou ochranu misto plosné aplikace na cely
pozemek (Kazda et al. 2008). Tato strategie a jeji principy vyuZzivajici manipulace
s chovanim hmyzu je nazyvana ,,push-pull” (pfildkej a odpuzuj). Strategie "push-pull”
zahrnuje behavioralni manipulaci s hmyzimi $ktdci (a také s jejich pfirozenymi nepiateli)
prostfednictvim integrace podnétl, které pasobi tak, ze chranény zdroj (fepka) je pro sktidce
neatraktivni nebo nevhodny (push), zatimco je laké k atraktivnimu zdroji (pull) v podobé
obsevu, odkud jsou sktidci nésledné odstranéni. Tato strategie je postavena na vyuZiti
primarn¢ netoxickych metod v podobé biologickych prostiedkii ochrany rostlin a je tak
uzite€nym nastrojem pro programy integrované ochrany proti sklidcim snizujici vstupy
pesticidii do zivotniho prostiedi (Cook et al. 2007). Jistou modifikaci strategie ,,push-pull*
je technologie nazyvana ,.attract and kill“ (pfilakej a zabij) vyuzivajici taktéz lapacich
rostlin nebo syntetickych feromonti a volatilnich latek, které ptildkaji Skiidce na dané misto,
kde je nasledné cilena chemicka ochrana syntetickymi insekticidy (Barari et al. 2005).

Pro obsevy pozemki Ize v rdmci uplatnéni téchto strategii pouzivat kombinace ozimé

tepice (Brassica rapa) s jami fepkou. Rada $kidct fepky preferuje jako hostitelskou
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rostlinu fepici pfed samotnou fepkou a taktéz diive kvetouci jarni fepku (Dosdall & Kott
2006). Mozné je také vyuziti kombinace rané a pozdni ozimé odriidy fepky s odliSnou
fenologii. Vyznamnou roli v atraktivité jednotlivych odriid pro Sklidce hraje také barva
kvéth fepky, cemuz se prozatim nevénovala pfilisnd pozornost, ackoliv atraktivita riznych
barev (pasti) pro skiidce byla mnohokrat zkoumana (Cook et al. 2006, 2013). Vyslechténi
novych linii fepky se zménénou barvou kvéth fepky muze byt dalsi smér feSeni ochrany
nejenom s blyskackem fepkovym, ale i krytonoscem SeSulovym a piekonani naristajicich
problému s rezistenci téchto Skiidct k pesticidim. Budoucnost Slechténi fepky je také
zaméfena na rezistenci odrid vici Skidcim napiiklad v podobé transgennich rostlin

a editaci jejich gent metodou CRIPR Cas9 a také vyuziti iRNA hybrida (Cook et al. 2013).

3.5.2 Prirozeni nepiatelé v ochrané rostlin proti Skiidcim

Za ptirozené nepratele Skidcii jsou povaZzovany organismy, které jim Skodi do takové
miry, ze vazné snizuji jejich Zivotaschopnost a mohou zpusobit i jejich smrt (Hongk et al.
2021). Pfirozeni nepfatelé Skiadct jsou predatofi, paraziti, parazitoidi a také
entomopatogenni mikroorganismy, které jsou piivodci nemoci Skidct. Predatofi, paraziti
a parazitoidi jsou na svého hostitele (Skiidce) vazani svym vyvojem nebo jim sktdce slouzi

jako potrava. Definice a pfiklady vzajemnych vztaht jsou s piiklady uvedeny v Tabulce 2.

Tabulka 2. Vztahy mezi pfirozenymi nepfateli a skadci.

Predator Parazit Parazitoid
Definice lovi a konzumuje jiné organismus existencné organismus zpravidla se
zivocichy zavisly na svém hostiteli, vyvijejici na jednom hostiteli,

kterého vétSinou nezabiji, | kterého na konci svého vyvoje
smrt hostitele by ohrozila | usmrti
jeho samého

Piiklad larvy a dospélci slunécek | blecha, pijavice, ves, blanokf#idli parazitoidi (lumci,
larvy pestrenek nékteré parazitické hlistice | luméici, chalcidky), kladou
konzumuji msice, vajicka napt. do msic, ze kterych
stievlici, zlatoocky se lihnou larvy konzumujici

svého hostitele zevnitt, az ho
nakonec zabiji

dvoukridli (kuklicoviti), vnitini
parazitoidi rizného hmyzu

3.5.2.1 Entomopatogenni mikroorganismy
Mimo predatort, paraziti a parazitoidd hraji vyznamnou roli v zivotnich cyklech
Skidct (hmyzu) také entomopatogenni mikroorganismy (obecné ,,choroby* hmyzu). Mezi

tyto organismy se fadi viry, bakterie a houbové patogeny (Rod et al. 2005). Tyto organismy
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jsou bézné pfitomné v pifirod¢ a fada znich je také vyuzivana k primyslové vyrobé
piipravkil na ochranu rostlin, jejichZ jsou uc¢innou soucasti (Honék et al. 2021).

Ptikladem z fad virG vyuzivanych v ochrané rostlin naptiklad proti bélasku zelnému
(Pieris brassicae) nebo obaleci jablecnému mohou byt bakuloviry (Sood et al. 2010;
Rodriguez et al. 2012). Mezi ty patii rod Alphabaculovirus, ktery infikuje sktidce z fadu
motyld. Dal$imi piiklady jsou Gammabaculovirus, ktery infikuje hmyz zfadu
blanokiidlych a Deltabaculovirus jenz infikuje pfedevsim dvoukiidly hmyz. Bakuloviry
vyvolavaji u Skiideti dv€ onemocnéni zvana granuloza a polyedréza (Rodriguez et al. 2012;
Plotnikov et al. 2020).

Skiidei jsou také hostiteli celé fady houbovych patogenti (Plotnikov et al. 2020).
Spontann¢ nebo jako soucast biopreparatl se vyskytuje naptiklad entomopatogenni houba
Beauweria bassiana. Tato houba napadd ptes 150 druhli hmyzu, u kterych vyvolava
onemocnéni zvané bild muskaritida. Dal$imi z mnoha ptiklad jsou houby Metarhizium
anisopliae, které je pivodcem zelené muskaritidy u broukd a motylii, nebo Entomophthora
planchoiana, ktera se vyskytuje v koloniich msic. K podpoie vyskytu entomopatogennich
hub pfispivda omezené pouzivani syntetickych fungicidi v ochrané proti houbovym
chorobam rostlin. Jejich vyskyt je také vyssi, pokud se pole s péstovanymi plodinami
nachdzi v dostate¢né blizkosti neovlivnénych pfirodnich ekosystémi s vyskytem
prirozenych hostitelll hub (Rod et al. 2005). Na regulaci nékterych Skodlivych druht
had’atek se podileji nematofagni houby (napt. Drechslerella brochopaga, Zoophagus
pectosporus, Monacrosporium ellipsosporum nebo Arthrobotrys oligospora). Ty produkuji
atraktanty, které lakaji had’atka do jejich lepivych pasti. Houbové pasti na had’atka mohou
mit riznou strukturu a také funkci. Kofist téchto hub je chytana naptiklad pomoci
stahujicich se hyf (podobné pastim typu ok), lepkavych siti nebo lepkavymi nafouklymi
buiikami. Pfed vstupem houbovych vlaken do téla had’atek vypoustéji houby Casto rizné
toxiny a narkotiza¢ni latky, které zptisobi znehybnéni kofisti a jeji snazsi konzumaci (Rod

et al. 2005; Koukol 2014; Hrouda 2023)

3.5.2.2 Predatoii

Z podstaty definice jsou predatofi voln€ Zijici organismy, které jsou obvykle vétsi nez
jejich kotist a k dokonceni svého vyvoje potiebuji nékolik jedinct své koftisti (Begon et al.
1986; Claro et al. 2009). Podobné¢ jsou predatofi Skiidcti zemédélskych plodin v pievazné
vétsing dravei, kteti se zivi poziranim vétsiho poctu kofisti (Skiidetr), kterou zabijeji. VEtSina
predatort neni na rozdil od parazitoidl tizce specializovana na jednoho hostitele. Polyfagni

29



predatoii napadaji velky pocet druhti kofisti, nejsou ani specializovani na ur¢ity vyvojovy
stupent své kofisti a také neni vyjimkou, Ze se néktefi Zivi i rostlinnou potravou (napf.
semena, pyl) (Alford 2003; Williams 2010a). Nejvétsi vyznam pro regulaci populaci skiidcii
maji z polyfagnich predatori s kousacim ustnim Ustrojim v polnich podminkach brouci
z Celedi strevlikovitych (Carabidae), drabc¢ikovitych (Staphylinidae) a patetiCkovitych
(Cantharidae). Dal§imi vyznamnymi polyfagnimi predatory jsou druhy plostic, které
disponuji bodavé-savym ustnim astrojim. Rada druhti plostic se Zivi vyhradné Zivo&isnou
¢i rostlinnou potravou a nékteré druhy také jejich kombinaci (Kromp 1999; Biichs 2003;
Hongk et al. 2008). Dalsimi polyfagnimi druhy predatort jsou pavouci (Araneae) a dravi
rozto€i (Acarina). Mezi specializované predatory s uzsim vybérem kofisti jsou z fadu
broukt druhy z ¢eledi slunéckovitych (Coccinelidae), z fadu dvoukiidlych druhy z celedi
pesttenkovitych (Syrphidae) a dravych bejlomorek (Cecidomyidae), jejichz hlavni kofisti
jsou msice. Dal§imi specializovanymi predatory jsou zastupci z fadu sit'okiidlych z celedi
zlatoockovitych (Chrysopidae, napt. Chrysopa carnea) a denivkovitych (Hemerobiidae,
napt. rod Micromus), kteti se zivi mSicemi, tfasnénkami, sviluskami a také vajicky nebo

malymi larvami jiného hmyzu (Biichs 2003; Honék et al. 2008; Hon¢k et al. 2021).

3.5.2.3 Parazitoidi

Parazitoidy lze rozdélit do riznych skupin na zakladé urcitych kritérii, jak je uvedeno
na Obrazku 7. Druhové nejbohats$i skupinou parazitoidi zemédé€lskych Skadct je
blanokiidly hmyz (Hymenoptera), zejména z celedi lumkovitych (Ichneumonidae),
lumcikovitych (Braconidae) a nadceledi chalcidek (Chalcidoidea) (Ferguson et al. 2010).
Dalsi druhové bohatd skupina parazitoiddi je z fddu dvouktidlich, zejména z celedi

kuklicovitych (Tachinidae) (Grenier 1988).
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Vyvoj hostitele Misto vyvoje larvy Pocet hostitelt Pocet larev na hostiteli

Idiobiont: samice hostitele trvale
paralyzuje/usmrti. Larva parazitoida Vnéjsi (ektoparazitoid): larva je na Monofag: jen 1 druh hostitele (tzce Solitérni parazitoid: na hostiteli jen 1
ma rychly vyvoj. Nejéastéjsi u povrchu téla hostitele specializovany) larva
ektoparazitoidd.

Koinobiont: samice hostitele
neparalyzuje (nebo jen kratkodobé), Vnitni (endoparazitoid): larva je
hostitel pokracuje ve svém vyvoji a uvnitF téla hostitele
larva parazitoida ho usmrti az koncem
svého vyvoje (napf. parazitovano jiz
vajicko hostitele, ale parazitoid se
lihne a7 z jeho kukly) Polyfag: parazitdujehdaesitky aZ stovky
ruht

Oligofag: parazituje pouze nékolik
pfibuznych druh(i nebo hostitele
obyvajici podobné prostiedi

Gregariozni parazitoid: na jednom
hostiteli vice larev

Obrizek 7. Rozdéleni parazitoidt dle riznych kritérii.

3.5.2.3.1 Lumkoviti (Hymenoptera: Ichneumonidae)

Celed lumkovitych je v Ceské republice druhové nejbohatsi ¢eledi hmyzu a tim padem
1 parazitoidd (Obr. 9). Lumkoviti jsou vyznamnymi parazitoidy zeméd¢€lskych a lesnich
Sktdct. Jeden druh Skidce muze byt hostitelem az pro nékolik desitek druhii lumki. Larvy
lumk jsou parazitoidy vajicek, larev a kukel motylt, broukd, dvoukiidlych, blanokiidlych,
méng¢ Casto druhti z dal$ich fadt hmyzu a pavouki (Goulet & Huber 1993; Holy & Zeman
2018; Holy 2020). Hostitel¢ lumkl jsou znami pouze u nejSkodlivéjSich druht Skidct.
Ptikladem mohou byt Diadegma fenestrale a D. semiclausum, ktefi jsou larvalnimi
parazitoidy jednoho z nejvyznamnéjSich sktidct brukvovitych plodin zapfednicka polniho.
Parazitace larev zaprednicka dosahuje v piipade téchto dvou druhti parazitoidd v polnich
podminkach az 48 %. Kukly stejného Sktidce byvaji az v 30 % parazitovany lumky
Diadromus collaris a D. subtilicornis (Haye et al. 2021). Lumci jsou ale také castymi
parazitoidy (hyperparazitoidy) jinych uzite¢nych organismu, ¢imz mohou sniZovat jejich

ucinnost (Holy 2019).

3.5.2.3.2 Lumdikoviti (Hymenoptera: Braconidae)

Lumgéikoviti jsou spolu s lumkovitymi v CR druhové velmi pocetnou skupinou
blanokiidlych parazitoidd (Obr. 9). Mezi jejich hlavni hostitele patii pfedevsim motyli,
brouci, dvouktidli a polokiidli (Wharton 1993; Goulet & Huber 1993; Achterberg 2016; Yu
et al. 2016). V pfirod¢ i v kulturni krajin€¢ patii lumcici mezi vyznamné regulacni
mechanismy Skodlivého hmyzu a fada druht je vyuzivéana pro biologickou ochranu rostlin

(Goldson et al. 1992; McNeill et al. 2002; Sarfraz et al. 2005; Paranhos et al. 2019).
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3.5.2.3.2.1 Lumcikoviti vyuzivani v ochrané rostlin

Mezi nejvyznamnéjsi lumcikovité, kteti se pouzivaji v ochrané rostlin, se fadi
pfedev§sim podceledi Aphidiinae (mSicomati) parazitujici na msSicich (Aphididae),
Alysiinae parazitujici dvoukiidlé (Diptera) a Microgastrinae, ktefi se vyvijeji na
housenkéch motyli (Lepidoptera).

Rod Aphidius z celedi Aphidiinae je v Evropé zastoupen vice nez 40 druhy (Achterberg
2016; Yuetal. 2016) a v ochrané rostlin ve sklenicich se vyuZzivaji dva z nich. Teplomilné&jsi
A. colemani pochéazi ze Stiedomoii a Stfedni Asie a parazituje mensi druhy msic (napf.
msice broskvoiiova, m. fesetlakova, m. bavinikova, m. makova) (Stary 1975; Bohata 2023).
Dals$im druhem je A4. ervi, ktery pochazi z Evropy a je vétsi nez piedchozi druh, diky cemuz
je schopny parazitovat vétsi druhy msic (napft. kyjatka osenni, k. zahradni, k. hrachova, k.
travni) (Stary 1974; Bohata 2023). Uvedené druhy byly zdmérné Sifeny do rliznych casti
svéta jiz od konce 70. let 20 stoleti a spolu s nimi byly s riznou uspésnosti introdukovany i
druhy Aphidius eadyi ¢i A. smithi (Cameron & Walker 1989). Samicky mSicomari jsou
schopné za svij zivot nakléast az 300 vajicek a jejich larvy se vyvijeji jednotlivé ve vSech
stadiich mSic 10-20 dni v zavislosti na teploté (Wei et al. 2005). Asi tyden od nakladeni
vaji¢ek se parazitované msSice prestavaji hybat, larva vykousne otvor v parazitované msici
a sprada kokon, pomoci kterého je msSice pfipevnéna k listu. Larva se v kokonu zakukli a
tim zplisobi, Ze se mSice nafoukne v kozovitou Sedou az bézovou mumii (Obr. 8.), ze které
se po nékolika dnech prokouse ven kulovitym otvorem dospélec (Stary 1970; Bohata 2023).
V Ceské republice je registrovana cela fada biopreparati obsahujicich jednotlivé druhy
msicomarl Aphidius colemani nebo A. ervi a jeden smésny preparat od firmy BIOCONT
LABORATORY, spol. s r.o0., ktery obsahuje z 85 % mSicomary: Aphidius colemani (20 %),
A. ervi (15 %), Ephedrus cerasicola (10 %) a Praon volucre (40 %) a 15 % produktu tvoti
také msSicovnik Aphelinus abdominalis (Chalcidoidea) (BIOCONT 2023; Ministerstvo
zemédélstvi 2023). Chalcidka 4. abdominalis se pouziva spolecné s mSicomary pro posileni
ucinku biologického preparatu. Dravé samicky jsou vyznamnymi predatory prvnich dvou
instard msSic. Kozovité mumie, které¢ vzniknou po parazitaci A. abdominalis, maji nasledné
¢ernou barvu (Bohat4 2023).  VSechny nabizené preparaty obsahuji mumie mSic a
pouzivaji se od pocatecnich fazi napadeni rostlin. V zavislosti na druhu mSicomara a
napadeni je aplikovano 0,15-4 ks/m? plochy skleniku. Uspé&$nost parazitace msic je u

mSicomart dobfe kontrolovatelna v porostu diky viditelnym mumiim (eAgri 2023).
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Obrazek 8. MSicomar podceledi Aphidiinae a nafouklé mumie msic s otvorem po vylihnuti parazitoida.
Foto: T. Hovorka.

Naproti tomu lumc¢ici rodu Dacnusa z pod€eledi Alysiinae se vyvijeji ve svém hostiteli
skryt¢ az do lihnuti dospélcti z kukel jejich dvoukiidlych hostitelti vrtalek (Diptera:
Agromyzidae). Rod Dacnusa je v Evropé zastoupen vice nez 70 druhy (Achterberg 2016;
Yu et al. 2016). Lumcik D. sibirica je vyuzivan v biologické ochrané proti larvam vrtalek
Lyriomyza spp. a Chromatomyia syngenesiae, které skodi ve sklenicich na plodové zeleniné
a okrasnych rostlinach. Samicky D. sibirica vyhledavaji larvy vrtalek nejprve podle pachu
trusu a nasledné po nalezeni napadeného listu najdou larvu poklepavanim tykadel do listu.
Do larev hostitelské vrtalky nakladou samicky vzdy jen jedno vajicko. Za Zivot naklade
samicka 60-90 vajic¢ek. D. sibirica se vyviji v larvach vrtalek, které nezabiji. Posledni instar
vrtalek opusti rostlinu a kukli se pod napadenymi rostlinami ¢i v zemi. Dacnusa sibirica se
kukli az ve svém hostiteli, ze kterého se prokouse ven. Optimalni podminky pro vyvoj
parazitoida je 20 az 30 °C a délka jeho vyvoje se pohybuje od 13 do 16 dni. Pfi nizSich
teplotach 12-15 °C trva vyvoj parazitoida 32 az 78 dni (Hendrikse et al. 1980; Bohata 2023).
V CR jsou pro biologickou ochranu registrovany dva produkty obsahujici dospélce D.
sibirica. Preparat MINUSA (BIOCONT LABORATORY, spol. s r.0.) obsahuje pouze
lumcika D. sibirica a jeho pouziti je vhodné na zacatku sezony pii nizkych populacnich
hustotach vrtalek a teplotach 15-20 °C. Preparat Dacnusa-Mix-System (Biobest N.V.)
obsahuje navic 10 % parazitickych vosicek Diglyphus isaea (Chalcidoidea), které zvySuji
ucinnost preparatu pti vyssi populacni hustoté vrtalek a také pfi teplotach nad 20 °C. Oba
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preparaty se aplikuji 3x v intervalu 7 dni v davce 2,5 ks/ 10 m? plochy skleniku (eAgri
2023).

Lumcici rodu Cotesia (Microgastrinae) jsou v Evropé zastoupeni vice nez 90 druhy
a jsou mezi nimi hospodarsky vyznamné druhy, které reguluji vyskyt sktidct z fadu motyla
(Lepidoptera) (Achterberg 2016; Yu et al. 2016). Nejcastéjsimi hostiteli rodu Cotesia jsou
bekyné (Lymantriinae), miry c¢eledi Noctuidae, bélaskoviti (Pieridae), zaprednickoviti
(Plutellidae) ¢i travatikoviti (Crambidae). Celosvétove rozsiteny druh Cotesia glomerata
parazituje housenky fady bélasktli, zejména bélaska zelného (Pieris brassicae) a fepového
(P. rapae). Vyvoj C. glomerata je vSak v housenkach pomaly a housenka hyne az ke konci
5. instaru, coz vede k velkému poskozeni listil hostitelské rostliny. Pro biologickou ochranu
je vhodngj$im druhem C. rubecula, diky kterému je piijem potravy parazitovanych
¢inské populace C. rubecula, ktera se v oblasti Nové Anglie nejlépe adaptovala, a dokonce
vytlacila dfive introdukovany druh C. glomerata (Herlihy et al. 2012). Dal§im druhem, u
kterého je vice nez 40 let studovana ucinnost, je C. flavipes, jehoz inundativni aplikace
pomaha v Jizni Americe regulovat vyznamného Skidce cukrové titiny Diatraea saccharalis
(Lepidoptera: Crambidae) (Baimey et al. 2020). Zivotni cyklus je podobny jako u druhu
Cotesia glomerata. Samicka klade kratce po pareni 20-60 vajicek do hostitelské housenky.
Larvy opousti télo hostitelské housenky za 15 az 20 dni a kukli se v jeji blizkosti. Celkovy
vyvoj od vajicka do dospélce trva v zavislosti na teploté¢ 22—-30 dni. Na zacatku sezény je
parazitace housenek nizkd, ale nartistd a koncem sezény miize byt az 60—75 % (Nouhuys
2015). Vzhledem k obrovské diverzit¢ a mnoha nepopsanym druhiim lumcikovitych je

mozné ocekavat, ze bude jejich vyuZiti a vyznam v ochrané rostlin stoupat.

3.5.2.3.3 Chalcidky (Hymenoptera: Chalcidoidea)

Zastupci nadéeledi Chalcidoidea jsou pievazné vajeCnymi parazitoidy jinych druht
hmyzu, jako jsou brouci, motyli a dvouktidli. Jedna se vétSinou o velmi malé zastupce (i
mén¢ jak 0,5 mm), jejichz diagnostika je zna¢né¢ obtizna. VétSina chalcidek ma prihledna
ktidla s velmi redukovanou zilnatinou a jejich télo je ¢asto kovové-zelené zbarvené (Obr.
9.; Goulet & Huber 1993). Mezi komeréné GspéSné vyuzivané chalcidky patii zastupci
celedi Trichogrammatidae. V piipad€, Ze se v blizkosti pole nachazi ptirodé blizky
ekosystém, ktery vyhovuje nejen témto chalcidkdm, dokazi druhy Trichogramma

evanescens a T. brassicae parazitovat az v 90 % vajicek nékterych Skodlivych druhi
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motyll. Tyto dva druhy se také uméle mnozi a jsou pomérné hojn¢ vyuzivany v ochrané

rostlin pfed motylimi Skiidci (Rod et al. 2005; Honék et al. 2008).

1 “k'

Obrazek 9. Nejdilezitéjsi blanokiidli parazitoidi: A) lumek (Iceumonidae), B) lumcik (Bracoﬂi;ie)
podceledi Microgastrinaea C) chalcidka celedi Torymidae. Foto: T. Hovorka.

3.5.2.4 Parazitoidi vybranych Skiidcu fepky

3.5.2.4.1 Parazitoidi blyskacka repkového

Mezi hlavni parazitoidy blyskackd patii nejen v CR blanokiidly hmyz (Hymenoptera).
Parazitovana mohou byt jak vajicka, tak ptedevsim larvy. Jedna se hlavné o druhy z ¢eledi
lumkovitych (Ichneumonidae) a luméikovitych (Braconidae) (Williams 2010b).

Vajicka a larvy blyskacka fepkového jsou v Evropskych podminkach parazitovana
nejméné deviti druhy parazitoidii. VSechny patii mezi larvalni endoparazity (Nilsson 2003;
Alford 2003). Parazitace larev blyskacka mtize byt jednim z hlavnich faktorti ovlivitujici
populac¢ni dynamiku tohoto Skidce a jeji procento se v podminkach stiedni Evropy

pohybuje v priméru mezi 25-50 %. Mezi nejvyznamnéjsi druhy parazitujici na larvalnich
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stadiich blyskacka patii Phradis interstitialis, Phradis marionellus a Tersilochus
heterocerus (Ulber et al. 2010b).

Nalet prezimujicich jedinct jednotlivych druhti do porostl fepky se lisi v zavislosti na
priabéhu pocasi jednotlivych let, regionu, sluneCnim svitu a vyvojovém stadiu
parazitovaného Sktidce. Dospélci P. interstitialis nalétavaji do porostl fepky obvykle diive
nez zbylé dva druhy, a to od zacatku do poloviny dubna (Ulber & Nitzsche 2006; Williams
2006). Samice tohoto druhu preferuji ke kladeni vajicek larvy prvniho instaru hostitele
(Nilsson 2003). Dospélci P. marionellus a T. heterocerus obvykle migruji do porostt fepky
pocatkem kveteni na pfelomu dubna a kvétna (Ulber & Nitzsche 2006). Samice vyhledavaji
ke kladeni larvy druhého instaru hostitele (Nilsson 2003). Tito parazité patifi mezi
koinobionty tzn., Ze napadend larva hostitele mlze pokracovat ve svém vyvoji za
ptitomnosti parazitoida. Vajicko parazitoida uvniti hostitelské larvy zacina s vyvojem ve
chvili, kdy hostitel dokoncuje svlij vyvoj a je pfipraven na kukleni v pid¢. Prezimuji
dospélci v piidé v kukelni komtrce blyskacka vedle zbytku hostitelské larvy (Ulber et al.
2010Db).

3.5.2.4.2 Parazitoidi drepcika olejkového

V Evropé bylo do soucasné doby znamo pét blanokiidlych parazitoidd diepcika
olejkového. Tito parazitoidi patiici do celedi lumkovitych (7ersilochus microgaster,
Aneuclis melanaria), lumcikovitych (Diospilus morosus, D. oleraceus) a nadceledi
chalcidek (7Trichomalus lucidus) napadaji larvy tohoto Sklidce (Williams 2010b).

Z parazitoidii napadajici dospélce diepcika olejkového byl do soucasné doby znam
pouze jediny druh Microctonus melanopus, ktery byl ve Velké Britdnii a Francii vychovan
z dospélct diepcika. Informace o jeho biologii a taxonomickém zatazeni jsou vSak sporné
a nelze jejich spravnost podle dostupnych zdrojii ovefit (Williams 2010b; Jordan et al.
2020). Navic jsou u tohoto druhu uvadéni jako jeho hlavni hostitelé brouci z celedi
nosatcovitych (krytonosec zelny; krytonosec Sesulovy; krytonosec ¢tyfzuby a dalsi) (Yu et

al. 2016).

3.5.2.4.3 Parazitoidi krytonosce SeSulového

Krytonosec SeSulovy je hostitelem nejméné 31 druhti blanoktidlych larvalnich

vvvvvv

a Mesopolobus morys patii do celedi kovovénkovitych (Chalcidoidea: Pteromalidae)

(Williams et al. 2003). Tyto tfi druhy jsou uvadény jako klicové pro biologickou regulaci
36



tohoto skiidce (Ulber et al. 2006). Urove parazitace dosahuje aZ 50 % (Ulber et al. 2010b).

Predpoklada se, Ze vSichni tfi uvedeni parazitoidi napadajici larvy k. SeSulového maji
podobny vyvojovy cyklus. Nejpodrobnéji byl studovan druh 7. perfectus (Williams 2003)
na jehoz priklad¢ je uveden Zivotni cyklus. Tento ektoparazitoid ma jednu generaci do roka.
Do porostl naletuje dva az Ctyfi tydny po ndletu hostitele. Samicka klade po jednom vajicku
do larev hostitele pfitomnych v SeSulich. Tento druh patii mezi idiobionty, to znamena, ze
hostiteli nedovoluje dokoncit vyvojovy cyklus. Z vajicka se po jednom az ctyfech dnech
lihne larva, kterd se zevn¢ Zivi na hostitelské larvé po dobu sedmi az deseti dnti. Kukli se
v Sesuli vedle zbytki hostitelské larvy. Pfezimuji pravdépodobné pouze samicky. Dospélci

nové generace se na fepce vyskytuji az do sklizné (Ulber et al. 2010b).

3.5.3 Ochrana a podpora uZite¢nych organismu

Ochrana a podpora uzitecnych organismi spociva pfedevsim v zachovani prostredi pro
jejich vyvoj a prezivéani. Jedna se o komplex opatieni, kterd zvysuji biologickou rozmanitost
rostlin a zivo€ichil v okoli pozemk s péstovanymi plodinami (Landis 2017). Obecné plati,
ze srostouci biologickou rozmanitosti roste také urovenl regulacnich mechanismu
v ekosystému (Altieri 1999). Zakladem pro podporu biodiverzity v polnich plodinach jsou
kromé& pouZzivani pouze nezbytné chemické ochrany a selektivnich pesticidi opatieni, ktera
navysuji druhovou rozmanitost rostlinnych druhii, na nichZ je hmyz siln¢ zavisly (Isbell et
al. 2017; Marja et al. 2019). Diverzita hmyzich druhd odpovida poctu rostlinnych druhti
rostoucich na dané lokalité. Na téchto rostlinach je zavislé Siroké spektrum herbivorniho
hmyzu, na nichz se vyviji komplex druhli predatorii a parazitoidii, ktefi se nasledné
vyznamné podili na regulaci populaci Skiidcti (Letourneau et al. 2011; Moreira et al. 2016;
Hoffmann et al. 2020).

Prikladem, jak podpofit vyskyt pfirozenych neptatel Skidci a dalSich uziteCnych
organismil, je poskytnuti snadno dostupné a energeticky bohaté potravy ve formé pylu
a nektaru (Obr. 10). Zdrojem této potravy jsou napiiklad nektarodarné biopasy, které lze
vysévat na okrajich poli nebo v ptipadé velkych ptadnich bloki jimi rozdélit pole na vice
casti (Hatt et al. 2018). Nektarodarné biopasy je také mozné zakladat na pozemcich nebo
jejich castech, kde nebylo v minulych letech dosazeno chténého vynosu. Dal§i moznosti
zvySeni biodiverzity v blizkosti poli je management souvrati. Na téchto plochach je mozné
vynechat oSetfeni herbicidy nebo piimo dosévat nékteré druhy kvetoucich rostlin (svazenka
vraticolista, hoiCice bild, pohanka obecnd) (Talasova 2018). Pozitivni vliv nektarodarnych
biopast a vyuziti kvetoucich rostlin pro podporu uzite¢nych organismii véetné opylovact
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byl prokazan fadou ¢eskych (Sramkova et al. 2014; Talagova 2018; Talasova et al. 2018) i
zahrani¢nich studii (Haaland et al. 2011; Tschumi et al. 2015; Wood et al. 2015; Hoffmann
et al. 2018, 2020).

Obriazek 10. Kvetouci pohanka v blizkosti dozravajiciho pole s fepkou poskytujici uzite¢nym organismim
snadno dostupnou a energeticky bohatou potravu ve formé pylu a nektaru. Foto: T. Hovorka.

Vyznamnou roli v podpoie vyskytu uzite¢nych organismt hraji také mimoprodukéni
plochy na nebo v blizkosti poli (Bianchi et al. 2006; Albrecht et al. 2020). Tyto plochy
mohou byt bud’ trvalé (zivé ploty, travnaté okraje poli nebo zbytky poloptirozenych biotopti
jako jsou lesy a travnata stanovisté) nebo docasné (Rosch et al. 2013; Ernoult et al. 2013;
Gonzélez et al. 2016). Do¢asné mimoprodukéni plochy zahrnuji kromé jinych také polni
kazy (defekty). Polni kazy jsou docasné se vyskytujici plochy na polich s plodinami, na
kterych nejsou vlivem raznych faktorti pfiznivé podminky pro rist péstované plodiny.
Ptic¢inou vzniku takovychto ploch mohou byt sezonni zaplavy casti pozemku, nedostatek
vlahy a zivin v pidé nebo disturbance zptisobend zvéti (Brose 2003; Seidl et al. 2020). Tyto
plochy mohou byt vhodnym prostfedim pro rust casné spontanni vegetace (napt. kvetouci
plevele), kterd nasledné poskytuje ostatnim zivocichiim, jako jsou ptaci, hmyz (opylovaci,

parazitoidi a hmyzi predatofi) a pavoukovci, vhodné prostfedi pro zivot (Dainese et al.
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2019). Hmyzu mohou polni kazy se spontanni vegetaci poskytnout v pocatcich jeho vyvoje
nebo pfi nedostatku Zivin potravu v podobé pylu a nektaru. Hraji tak dilezitou roli spolu s
trvalymi mimoprodukénimi plochami v jinak uniformni zemédé€lské krajin€ (Wéckers

2004).
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4 Publikované prace

Hlavni a korespondenc¢ni autofi vSech védeckych ¢lankli uvedenych v disertaéni praci,
na kterych neni autor disertace uveden jako jeden znich, vyjadiili v elektronické

korespondenci souhlas s jejich vyuzitim pro ucely sepsani a obhajoby diserta¢ni prace.

4.1 Rezistence blyskatka fepkového k pyrethroidiim v Ceské republice

bez prokazaného vyskytu mutace typu kdr v jeho populacich

Vystup A: Hovorka T, Kocourek F, Horska T, Stard J. 2021. Widespread resistance of
pollen beetles to pyrethroids in Czechia with no evidence for kdr mutation. Crop Protection

145:105648. DOI: https://doi.org/10.1016/j.cropro.2021.105648 (IF 3,036)

Prispéni autora:
Autor provedl jak sbér materialu v terénu, tak praktické biologické pokusy v laboratofi
véetné molekularni metody detekce rezistence. Podilel se hlavni mérou na analyze dat a na

sepsani finalni verze rukopisu prace vcetn¢ vypotadani pfipominek recenzentt.

4.1.1 Charakteristika problematiky

je rezistence k pyrethroidim dobfe zndmym a Siroce rozsifenym problémem, insekticidy
z této skupiny stale zlstavaji hlavnim prostifedkem ochrany fepky ptfed timto skiidcem. Od
roku 1999, kdy byly zaznamenany prvni piipady rezistence populaci blyskacka
k pyrethroidiim ve Francii, se rezistence Siii Evropou a mezi roky 2006 a 2008 byla poprvé
dokumentovana i v Ceské republice. Od té doby se na naSem tUzemi rezistence
k pyrethroidim vyznamné rozsifila. Proto je dilezité testovat rezistentni populace
blyskackt k pyrethroidiim na citlivost k ta¢innym latkam jinych skupin insekticidl a hledat
tak v ramci antirezistentni strategie ndhradu za jiz nefungujici pyrethroidy. Mechanismus,
jakym rezistence v CR vznikla, nebyl dosud znam a zdznamy ze Skandinavie a Némecka
naznacuji, Ze by pticinou mohla byt mutace typu kdr (L1014F) v genu pro sodny kanal.
Dalsi pri¢inou/mechanismem zpisobujici rezistenci k pyrethroidiim by mohla byt zvySena
Zjisténi €1 vylouCeni mechanismu rezistence je dilezit¢ k zastaveni jejiho Sifeni a
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ptizplsobeni ochrany fepky v rdmci antirezistentni strategie. Cilem této studie bylo zjistit
miru rezistence lokalnich populaci blyskacka fepkového k pyrethroidiim a jeji vyvoj v ¢ase
a prostoru. Dal$imi cili byl screening rezistentnich populaci blyskackt k pyrethroidim na
vyskyt mutace L1014F a vyhodnoceni citlivosti téchto populaci vii¢i insekticidim s jinym

mechanismem uc¢inku, nez maji insekticidy ze skupiny pyrethroidu.

4.1.2 Metodicky postup

Lokalni populace b. fepkového v poctu 1000 dospélcti na lokalitu, byly sbirdny pomoci
entomologického smykadla béhem obdobi kveteni fepky na jate. Dospélci blyskackt byli
prepraveni do laboratotfe v izolatorech, kde byla broukiim k dispozici potrava v podobé
nékolika kvétenstvi fepky. Dospélci blyskacki byli pied zacatkem laboratorniho pokusu
ulozeni po dobu 48 h v klimaboxu se svételnym rezimem 16 h svétlo: 8 h tma a teplotou
5 °C. Pro biologické testy byli pouziti pouze vizualn¢ zdravi jedinci.

Pro populace blyskackt byly pouzity tzv. lahvickové testy IRAC €. 11 (pyrethroidy), €.
21 (neonikotinoidy), ¢. 25 (organofosfaty) a ¢. 27 (oxadiaziny). Pro kazdou skupinu
ucinnych latek insekticidli bylo v zavislosti na mechanismu ucinku a formulaci nafedéno
odpovidajici mnozstvi koncentraci v rozmezi 0 % (kontrola) az 200 % polni davky a¢inné
latky. Redéni uéinnych latek bylo provedeno v acetonu s vyjimkou p¥ipravku Biscaya 240
OD (nejprve rozpustén v destilované vodé a nasledné¢ doplnén pozadovany objem
acetonem). Jako kontrolni byl pouzit Cisty roztok acetonu. Pro ucely testli byly pouzity
sklenéné lahvicky (P-lab, CZ) s poréznimi sténami a vnitini plose 32,4 ¢cm?. Do kazdé
lahvicky bylo aplikovano 520 pl urcité koncentrace uc¢inné latky (v pfipad€ kontroly Cisty
aceton). Pro kazdou koncentraci v€etné kontrolnich bylo pouZito tfech opakovéani. Lahvicky
byly nésledné pii pokojové teplote otaceny na valcovém ohtivaci, dokud nebyl roztok zcela
odpaten. Nasledné bylo do kazdé lahvicky umisténo 10 dospé€lct blyskacki. Hrdlo lahvicky
bylo uzavieno prodysnou tkaninou. Lahvi¢ky byly s dospélci blyskackti umistény do
exsikatort (20 °C, 60% vlhkost) a po 24 h byla hodnocena mortalita blyskacki.

Hodnoceni mortality dosp€lcii bylo provedeno po vysypani broukl zlahvicky
doprostfed kruhové vysece z filtracniho papiru o priméru 8 cm. Po vysypani byli spocitani
mrtvi a téZce postizeni jedinci. Za vazné postizené jedince byli povazovani ti, kteti
nedokézali béhem 1 minuty opustit kruhovou vysec. Vysledek hodnoceni byl vyjadren jako
procento mortality a byla provedena korekce na mortalitu v kontrolni neoSetfené varianté
podle Abbotta (1925), tj. A = [(P-C)/(100-C)]*100, kde A je vysledna mortalita v oSetfené
varianté¢ po korekci, P je mortalita v oSetfené variant¢ pied korekci a C je mortalita
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v kontrolni neoSetfené varianté. Mortalita byla pocitana jako podil souctu mrtvych
a postizenych broukli z celkového poctu hodnocenych broukl. Pokud byla mortalita
v kontrolni varianté vys$si nez 20 %, bylo nutné pokus zopakovat. Pfezivsi jedinci testu
IRAC ¢. 11 (pyrethroidy) byli v ptipadé koncentrace 100 % a vySe zamrazeni pro ucely
molekularni detekce rezistence.

Vysledna data zbiologickych testl byla zpracovana v programu XLSTAT 2019
(Addisoft, NY, USA) probitovou analyzou. Pro vypocet cross-rezistence mezi u¢innymi
latkami byla pouzita Pearsonova korelacni analyza.

Z prezivsich jedincii biologického testu IRAC €. 11 byla izolovana DNA pomoci
izola¢niho kitu NucleoSpin DNA Insect Kit (Macherey-Nagel GmbH & Co. KG, Diiren,
Némecko). Pro ucely zjisténi piitomnosti mutace typu kdr byla pouzita klasickd PCR
(polymerazova fetézova reakce) s primery Py-KDR-F a Py-KDR-R dle Nauen et al. (2012).
V ptipad¢ uspésné amplifikace pozadovanych usekit DNA byly vzorky odeslany na
sekvenaci (Macrogen, Amsterdam, Nizozemsko). Vysledné sekvence byly analyzovany a

upraveny v programu BioEdit sequence alignment editor (verze 7. 2. 5).
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The pollen beetle Brassicogethes aeneus (Fabricius, 1775) (Coleoptera: Nitidulidae) is one of the most important
pests in oilseed rape (Brassica napus L. var. oleifera Moench) in Czechia. Wide-spread resistance development to
pyrethroids in pollen beetle populations was documented in many European countries, including Czechia. The
susceptibilities of 10 local pollen beetle populations originating from 10 localities in Czechia to lambda-cyha-
lothrin, tau-fluvalinate, thiacloprid, indoxacarb and chlorpyrifos were evaluated in 2017-2020 using glass vial
bioassays. A high level of resistance to lambda-cyhalothrin was recorded in all the evaluated populations of the
pollen beetle. The proportion of the populations resistant to tau-fluvalinate varied between years from 30% to
60%, and in 2018 and 2020, all the tested populations were classified as resistant. Despite the high level of
resistance to pyrethroids, a kdr mutation known to cause resistance in the pollen beetle was not detected in any of
the 244 tested individuals. In 2017-2020, the first local populations of the pollen beetle with decreased sus-
ceptibility to thiacloprid occurred. The LDg of thiacloprid exceeded the field application dose in 100% and 90%
of populations in 2018 and 2020, respectively. All the tested populations were susceptible to indoxacarb and
chlorpyrifos. Cross-resistance between lambda-cyhalothrin and thiacloprid and between tau-fluvalinate and
thiacloprid was found using data from 2017 to 2020. No cross-resistance between lambda-cyhalothrin and tau-
fluvalinate was detected.

1. Introduction

The pollen beetle, Brassicogethes aeneus (Fabricius, 1775) (Coleop-
tera: Nitidulidae), is one of the most important pests in oilseed rape
(Brassica napus var. oleifera Moench) throughout Europe (Williams,
2004). Synthetic pyrethroids are the main control agents of this pest
despite the occurrence of resistance (Heckel, 2012). Pyrethroid resis-
tance in pollen beetles was first reported in France in 1999 (Détourné
et al., 2002) and subsequently in Sweden (Ekbom and Kuusk, 2001) and
other countries (Derron et al., 2004; Hansen, 2003; Heimbach et al.,
2010; Kazachkova et al., 2007; Tiilikainen and Hokkanen, 2008). Pollen
beetle pyrethroid resistance monitoring carried out in 2008 confirmed
that pyrethroid resistance is widespread in Europe and concluded the
spread of resistance to Eastern Europe (Slater et al., 2011). The resis-
tance of the pollen beetle to pyrethroids has also been documented in
Czech pollen beetle populations (Spitzer et al., 2020; Stara and
Kocourek, 2018). Pollen beetle resistance to pyrethroids is not limited to

individual compounds; rather, it includes the whole chemical class of
pyrethroid insecticides (Hansen, 2003; Wegorek et al., 2011; Zamojska
et al., 2013) although some pyrethroids, such as tau-fluvalinate and
etofenprox, seem to be less affected by cross-resistance (Zimmer and
Nauen, 2011a). However, a decrease in susceptibility of pollen beetles to
etofenprox was observed in Germany (Heimbach et al., 2010). No
changes in the level of resistance to etofenprox were reported from
Czechia in the 2009-2017 period, while the mortality data showed low
efficacy of this compound against the pollen beetle (Spitzer et al., 2020;
Stard and Kocourek, 2018). Regarding the low frequency of etofenprox
application by Czech farmers, it seems that the low efficacy of etofen-
prox is not a result of developed resistance but of naturally higher
tolerance of pollen beetles to this compound.

Research has shown that even those populations classified as highly
resistant to pyrethroids did not show lower susceptibility to neon-
icotinoid thiacloprid, suggesting a complete lack of cross-resistance
(Zimmer and Nauen, 2011b). Similarly, no cross-resistance between
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pyrethroids, organophosphates (e.g., chlorpyrifos) and oxadiazines (e.
8., indoxacarb) was demonstrated (Seidenglanz et al., 2017; Zamojska,
2017).

It is important to note the different criteria used for classifying pollen
beetle resistance to pyrethroids and neonicotinoids. The existing IRAC
classification scheme for thiacloprid is based on percentage mortality
scored at 200% of the recommended field dose in a glass vial (Kaiser
etal., 2018). Populations with mortality higher than 95% are considered
highly susceptible. This is related to the fact that thiacloprid is intrin-
sically less active than pyrethroids and organophosphates (Zimmer and
Nauen, 2011b). Therefore, this classification scheme seems to be lenient
in comparison with the IRAC classification scheme for pyrethroids pre-
sented in IRAC susceptibility test method 011 (IRAC Test methods,
2020). Nevertheless, a slight decrease in the susceptibility of several
populations to thiacloprid was reported from Denmark, Germany (Kai-
ser et al., 2018) and from Czechia (Spitzer et al., 2020).

To date, no decrease in pollen beetle susceptibility to chlorpyrifos or
indoxacarb has been observed. Hence, following the banning of thia-
cloprid and chlorpyrifos by the EU (European Commission, 2020a,
2020b), neonicotinoid acetamiprid and oxadiazines remain the only two
alternatives to control pyrethroid-resistant pollen beetle populations in
Czechia in the near future.

Two main mechanisms of pyrethroid resistance are known: i)
increased metabolic detoxification, which is due in part to cytochrome
P450 monooxygenase activity (Scott, 1999), and ii) knockdown resis-
tance (kdr), which leads to a reduction in neuronal sensitivity to pyre-
throids (Scott, 2019). It was proven that oxidative degradation of
pyrethroids by cytochrome P450-dependent monooxygenases (Erban
and Stara, 2014; Zimmer and Nauen, 2011a; Zimmer et al., 2014a) and
esterases (Philippou et al., 2011; Zamojska et al., 2013) plays a role in
the resistance mechanism of pollen beetles to pyrethroids. De novo
transcriptome data proved two major mechanisms associated with py-
rethroid resistance in European pollen beetle populations, i.e., enhanced
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detoxification by one or more cytochrome P450 and modification of the
target site (Zimmer et al., 2014b). The target site mechanism, namely,
the L1014F mutation, was identified in pollen beetle samples from
southern Scandinavia and in one population from Germany (Nauen
et al., 2012). The kdr alleles were found in samples from the southern
part of Sweden that also contained susceptible genotypes, while the kdr
mutation was absent in highly resistant populations from northern
Sweden and in the majority of tested populations from other European
countries (Nauen et al., 2012).

The aim of this study was to i) evaluate the level of pyrethroid
resistance in the pollen beetle with regard to the origin of samples and
year of sample collection, ii) determine the incidence of kdr mutation
L1014F in pyrethroid-resistant populations from Czechia, and iii) eval-
uate the level of susceptibility of pyrethroid-resistant populations to
insecticides from groups with different modes of action.

2. Materials and methods
2.1. Sampling of insects

Samples of pollen beetle adults from 10 selected localities in Czechia
were collected from commercial winter oilseed rape fields in
2017-2020, which are situated in the main growing regions of winter
oilseed rape in Czechia (Fig. 1). Samples of local pollen beetle pop-
ulations were collected from selected localities every year (Fig. 1). The
size of the area of collection over 4 years ranged from 500 to 1000 ha.

Pollen beetle adults were collected using entomological sweep nets
during April and May. The sampling period began when green buds
appeared on plants and lasted for the duration of oilseed rape flowering
(BBCH 55-69). The dates of sampling were different for the individual
localities. A minimum of 1000 specimens per population of adult pollen
beetles were collected. The beetles were transferred to a laboratory in an
entomological net with several inflorescences (as food) placed in a
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Fig. 1. Selected localities for adult pollen beetle sampling during 2017 and 2020: Praha-Ruzyné (50°5'15.925"N, 14°17'55.740"E), Karlstejn (49°55'22.589"N,
14°9'10.705"E), Doksany (50°27'23.685"N, 14°9'40.964"E), Zehun (50°8'6.468"N, 15°17'34.499"E), Sezemice (50°3'58.297"N, 15°51'8.989"E), Doksy

(50°34'17.760"N, 14°38'53.159"E), Lety (49°30'48.173"N, 14°6'5.284"E),

Msené-lazné (50°21'46.433"N,

14°7'17.190"E), Plastovice (49°4'21.208"N,

14°17'58.552"E) and Mimon (50°39'14.181"N, 14°43'51.152"E) (Map source: Czech Entomological Society).
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Styrofoam box. Before the start of the bioassay, the adult beetles were
stored at 5 °C. The beetles were tested for resistance within 1-2 days
after collection. Only the insects that had good fitness were used for the
bioassay.

2.2. Bioassay

IRAC adult vial tests (IRAC Test methods, 2020) no. 011 (pyre-
throids), no. 021 (neonicotinoids), no. 025 (organophosphates) and no.
027 (oxadiazines) were used to conduct the bioassays in 2017-2020.
Technical-grade class II pyrethroid (lambda-cyhalothrin, 97% purity),
class I pyrethroid (tau-fluvalinate, 95% purity), organophosphate
(chlorpyrifos, 98% purity) and oxadiazine (indoxacarb, 95% purity)
were obtained from Sigma-Aldrich (CZ). Biscaya 240 OD (240 g thia-
cloprid per L of solution) was used as the neonicotinoid thiacloprid
formulated product. Stock solutions of Biscaya 240 OD were prepared by
dissolving 140.4 mg of Biscaya 240 OD formulation (containing 32.4 mg
of thiacloprid) in 2 mL of distilled water and subsequently adjusting the
volume to 100 mL with acetone. All further dilutions were made with
acetone. The doses recommended in Czechia for the field application
were calculated assuming that the highest recommended dose of a
commercial product in 400 L of water is used per hectare. The field
application doses for lambda-cyhalothrin (7.5 g/ha (=0.075 pg/cmz)),
tau-fluvalinate (48 g/ha (=0.48 pg/cmz)), thiacloprid (72 g/ha (=0.72
pg/cm?)), chlorpyrifos (300 g/ha (=3.0 pg/cm?)) and indoxacarb (25.5
g/ha (=0.255 pg/cmz)) were used as the doses for the experiments. Four
doses of pesticides, which were prepared by dilutions with acetone, were
used to generate data for calculating dose-response curves (Table S1,
Supplemental data).

The glass vials (P-lab, CZ, internal surface area: 32.4 sz) were filled
with 520 pL of insecticide and rotated on a vial roller at room temper-
ature until the acetone was completely evaporated. Subsequently, bee-
tles were transferred into each vial. Three replicates were used, and a
minimum of 10 beetles were used for each replication of each insecticide
dose. The control vials included pure acetone. The vials were incubated
under controlled conditions at 20 °C and 60% relative humidity with a
16:8 h light:dark photoperiod. The number of severely affected beetles
(i.e., dead and moribund) was counted after 24 h.

2.3. Data analysis

The bioassay data were analysed by probit analysis using a dose-
effect analysis in XLSTAT 2019 (Addinsoft, NY, USA). The doses of in-
secticides were In-transformed. The lethal doses (LDsg and LDgg) were
fitted with 95% confidence limits. The LDsy and LDgy values were
calculated for each subpopulation separately and for the populations
combined in individual years. Due to the high efficacy of indoxacarb and
chlorpyrifosin bioassay, the resistance ratio (RR) values were calculated
only for lambda-cyhalothrin, tau-fluvalinate and thiacloprid. Because no
population susceptible to lambda-cyhalothrin was found, the resistance
ratio was calculated by dividing the LDsq (LDgg) of each population by
the LDso (LDgg) of the susceptible population Praha-Ruzyné, 2009,
which had an LDs of 0.21 g/ha and an LDgg of 1.91 g/ha (Seidenglanz
et al., 2016b). Moreover, the susceptibility of the tested populations to
lambda-cyhalothrin and tau-fluvalinate was evaluated by the IRAC
classification scheme for pyrethroids (Zimmer and Nauen, 2011b), and
the susceptibility to thiacloprid was evaluated based on percentage
mortality scored at 200% of the recommended field dose (Kaiser et al.,
2018). The pollen beetle mortality in each bioassay was corrected using
Abbott’s formula (Abbott, 1925). The mean pollen beetle mortality of
the field populations exposed to 100% of the recommended dose (for
lambda-cyhalothrin, tau-fluvalinate, thiacloprid and indoxacarb) and
10% of the recommended dose (for chlorpyrifos) of the field application
dose was compared. A Kruskal-Wallis test was used to compare the
pollen beetle mean mortality at 100% resp. 10% of the field application
dose of pesticides in particular monitoring years and localities. Multiple
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pairwise comparisons using the Steel-Dwass-Critchlow-Fligner proce-
dure/two-tailed test were performed as post hoc tests. A Pearson cor-
relation was used to analyse the cross-resistance (Zimmer and Nauen,
2011a) between i) LDsg of lambda-cyhalothrin and that of tau--
fluvalinate, indoxacarb, thiacloprid and chlorpyrifos ii) LDsg value of
tau-fluvalinate and that of indoxacarb, thiacloprid and chlorpyrifos.

2.4. Molecular assays

Selected surviving beetles after bioassays from 2018 to 2020 were
used for molecular detection of kdr resistance (L1014 mutation). Total
DNA of 244 individual pollen beetles from 10 localities was extracted
using a NucleoSpin DNA Insect Kit (Macherey-Nagel GmbH & Co. KG,
Diiren, Germany). From the total number of analysed individuals, 166
and 78 individuals survived the 100% or higher field application doses
of lambda-cyhalothrin and tau-fluvalinate, respectively. Adults of sur-
viving beetles were individually homogenized in 100 pL of elution buffer
(5 mM Tris/HCl, pH 8.5) with 3 mm steel beads in Type D NucleoSpin
for 15 min with a Vortex-Genie 2 (Scientific Industries, USA). The iso-
lated DNA was stored at —20 °C.

The 139-bp fragment of the pollen beetle para-type sodium channel
gene was then PCR amplified using forward and reverse primers Py-
KDR-F and Py-KDR-R (Nauen et al., 2012).

Amplification of the fragment was performed with an MJ Mini™
Gradient Thermal Cycler (Bio-Rad, Hercules, USA). In a 25 pL total
volume, the PCR mixture contained 16.1 pL of nuclease-free water, 2.5
pL of 10X Dream Tagq Buffer (including 20 mM MgCly), 0.2 pL of ANTP
mixture (25 mM), 0.2 pL of Dream Taq DNA Polymerase, 2 pL of forward
and reverse primers (10 pM), and 32 ng (2 pL) of template DNA per
reaction. The following amplification conditions were used: 3 min at
94 °C; 45 cycles of 50 s at 94 °C, 45 s at 55 °C, and 30 s at 72 °C; followed
by a final extension for 5 min at 72 °C and a 4 °C hold. The PCR product
was visualized on an agarose gel with the addition of SYBR® Safe DNA
gel stain and sequenced (Macrogen, Amsterdam, Netherlands). The se-
quences were assembled with the BioEdit sequence alignment editor,
version 7.2.5 (Hall, 1999).

3. Results
3.1. Mortality

The mean mortality, the maximum mortality and the variability in
mortality between populations (expressed as the standard deviation) are
presented in Table 1. All the tested pollen beetle populations were

Table 1

Mean pollen beetle mortality (%) at 100% of the field application dose (mean
from all the samples), standard deviation (SD) and maximum mortality (max)
from all of the samples.

Active 2017 2018 2019 2020 Kruskal-Wallis
substance test
lambda- mean”  48.0°° 369" 557" 46.1% KW-Hgy 3=
cyhalothrin SD 18.2 195 170 167 16.563 p =
max 80.0 90.9 833  80.0 0.001
tau-fluvalinate mean®  89.7°  77.4° 986 527°  KW-Hy 3=
SD 13.2 157 44 26.9 70.695 p <
max 100 100 100 88.9 0.0001
thiacloprid mean’ 762 422" 821° 61.6° KW-Hsp 3=
SD 21.7 21.0 152 271 45.196
max 100 100 100 100 P < 0.0001
indoxacarb mean” 100* 100* 100* 99.4* KW-Hgzo, 3 =
SD 0 0 0 2.29 6.05p = 0.109
max 100 100 100 100
chlorpyrifos** mean 100 100 100 X
SD 0.00 0.00  0.00

max 100 100 100

@ Values with different letters within each line are significantly different;
**10% of the field application dose tested (30 g/ha).



T. Hovorka et al.

highly susceptible to chlorpyrifos and indoxacarb. The maximum mor-
tality for chlorpyrifos and indoxacarb was 100% every year (Table 1).
The lowest mean mortality was observed for lambda-cyhalothrin, for
which the maximum mortality in particular years ranged from 80.0 to
90.9% (Table 1). The maximum mortality for tau-fluvalinate ranged
from 88.9% to 100%, whereas the maximum mortality for thiacloprid
was 100% every year (Table 1). High variability in the mean mortality
was recorded for tau-fluvalinate and thiacloprid. The highest mean
mortality of pollen beetles was observed for lambda-cyhalothrin, tau-
fluvalinate and thiacloprid in 2019, and the lowest mean mortality was
found for lambda-cyhalothrin and thiacloprid in 2018 and for tau-flu-
valinate in 2020 (Table 1). The mortality in the control variant in the
bioassays ranged from 0% to 16.1%.

3.2. Pyrethroid resistance throughout Czechia

The susceptibilities of pollen beetles to pyrethroid active substances
in different years expressed as composite log-dose probit models with
LDsp and LDgg values and slopes are presented in Table 2. The LDs and
LDgp values of lambda-cyhalothrin and tau-fluvalinate obtained from
different local populations are shown in Table S2 and Table S3 (Sup-
plemental data), respectively.

For lambda-cyhalothrin, the highest average LDsy and LDgg values
were obtained in 2018 (Table 2). The high LDg, values were consistent
with the low mortality of beetles after the application of lambda-cyha-
lothrin at a 100% field application dose (Table 1). Using the IRAC py-
rethroid resistance classification scheme, 41.7% of populations
evaluated in 2017-2020 were resistant (between 50% and 90% of
affected beetles in 100% recommended field application dose), and
58.3% were highly resistant (less than 50% of beetles affected in 100%
recommended field application dose) to lambda-cyhalothrin (Table S2,
Supplemental data). The RRs calculated from the LDs, values showed
that the evaluated populations were 6.81-fold-104.76-fold less suscep-
tible to lambda-cyhalothrin than the reference population originating
from Praha-Ruzyné in 2009.

The tau-fluvalinate LDsp and LDgy average values differed signifi-
cantly between years and fluctuated between years without any trend

Table 2

The composite log-dose probit mortality data for lambda-cyhalothrin, tau-flu-
valinate, indoxacarb, thiacloprid and chlorpyrifos obtained from the bioassay on
the pollen beetles collected during 2017-2020.

Year n LDso 95% CL LDgo 95% CL Slope + SE

lambda-cyhalothrin

2017 8 6.18" 5.29-7.20 53.3% 42.6-68.9 1.37 £ 0.06
2018 10 11.3° 9.87-12.9 92.9¢ 75.9-117 1.42 +£ 0.07
2019 9 5.50% 4.98-6.29 34.5% 28.8-42.5 1.63 + 0.08
2020 10 5.81° 5.04-6.64 35.9%" 30.1-44.1 1.66 + 0.09
tau-fluvalinate

2017 8 8.23" 7.13-9.46 46.9° 38.3-59.5 1.70 + 0.09
2018 10 11.8¢ 10.3-13.3 72.6° 60.5-89.6 1.64 + 0.08
2019 9 4.11* 3.56-4.70 21.8% 18.2-27.0 1.79 £ 0.11
2020 10 19.8°  167-235  253¢ 191-354 1.19 + 0.07
Indoxacarb

2017 8 0.02* 0.01-0.02 0.35% 0.27-0.46 0.94 £ 0.07
2018 10 0.09° 0.08-0.10 0.54° 0.46-0.65 1.65 + 0.08
2019 9 0.03" 0.02-0.03 0.26" 0.20-0.37 1.31 £+ 0.09
2020 10 0.46° 0.36-0.56 4.19¢ 3.38-5.37 1.36 + 0.08
Thiacloprid

2017 8 20.9° 18.1-24.0 1387 112-175 1.57 + 0.08
2018 10 72.14 63.7-82.3 472°¢ 362-662 1.59 £ 0.11
2019 9 12.8% 11.1-14.7 98.6" 81.3-123 1.46 + 0.07
2020 10 29.4¢ 25.3-34.0 260" 205-348 1.39 £ 0.08
Chlorpyrifos

2017 8 0.21* 0.18-0.24 1.48¢ 1.21-1.89 1.52 + 0.09
2018 9 0.21* 0.19-0.22 0.43" 0.39-0.48 4.11 £ 0.25
2019 8 0.22° 0.20-0.24 0.62° 0.52-0.77 2.89 + 0.22

50% lethal dose (LDso; g/ha); 90% lethal dose (LDgg; g/ha); confidence limits
(95% CL; g/ha); regression slopes with the standard error (SE).
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(Table 2). The higher LDgq values obtained in 2018 and 2020 (Table 2)
corresponded well with the lower mortality of beetles recorded in 2018
and 2020 after application of tau-fluvalinate at a 100% field application
dose (Table 1). The LDy values exceeded the field application dose of
tau-fluvalinate in 54% of cases. Of the populations evaluated in the
period from 2017 to 2020, only 21.6% were classified as susceptible
(100% and <100% of beetles affected by 20% and 100% field applica-
tion dose) and the rest of populations were classified more or less
resistant to tau-fluvalinate (Table S3, Supplemental data). The RRs
calculated from the LDs( values showed that the evaluated populations
were 2.67-fold-89.8-fold less susceptible to tau-fluvalinate than the
reference population originating from Doksany in 2019 (Table S3,
Supplemental data).

3.3. Pollen beetle population sensitivity to indoxacarb, thiacloprid and
chlorpyrifos

The sensitivities of pollen beetles to indoxacarb, thiacloprid and
chlorpyrifos in particular years expressed as composite log-dose probit
models with LDsg and LDg values and slopes are presented in Table 2.

The indoxacarb LDso values calculated for particular populations
were very low. The LDgg values were lower than the 100% field appli-
cation dose of 25.5 g/ha in all the populations (Table S4, Supplemental
data). No decrease in susceptibility to indoxacarb was observed in the
2017-2020 period.

For thiacloprid, the average LDs values differed significantly be-
tween years (Table 2). The LDgg values in most of the populations and
years (Table S5, Supplemental data) and the average LDgg values in all
the years (Table 2) exceeded the 100% field application dose of thia-
cloprid (72 g/ha). Using the IRAC classification scheme for thiacloprid,
from 2017 to 2020, 43.2% of the analysed populations were found to be
highly susceptible (95-100% of beetles affected by 200% field recom-
mended dose). The RRs calculated from the LDs values showed that in
the 2017-2020 period, the evaluated populations were from 1.27-fold to
44.0-fold less susceptible to thiacloprid than the reference population
Praha-Ruzyné in 2017 (Table S5, Supplemental data).

The average LDs values for chlorpyrifos and the 95% CL did not
differ among the three years of the experiment, whereas the average
LDy values did differ significantly (Table 2). In all cases, the LDgq values
were lower than the 100% field application dose of 300 g/ha for
chlorpyrifos, indicating no shift in the susceptibility of pollen beetles to
chlorpyrifos in the 2017-2020 period (Table S6, Supplemental data).

3.4. Variation in pollen beetle susceptibility to insecticides between years
and cross resistance between insecticides

The LDgg values of lambda-cyhalothrin exceeded the field application
dose in all the evaluated populations and years (Table S2, Supplemental
data). The LDsq values of lambda-cyhalothrin exceeded the field appli-
cation mainly in 2017 and 2018, while in 2019 and 2020, they exceeded
the field application dose in only 22% and 10% of populations,
respectively (Table S2, Supplemental data). According to these findings,
the intensity of pollen beetle resistance to lambda-cyhalothrin in 2019
and 2020 decreased.

The LDg values of tau-fluvalinate exceeded the field application dose
mainly in 2018 and 2020 (Table S3, Supplemental data). This result
indicates an increase in the intensity of pollen beetle resistance to tau-
fluvalinate in 2018 and 2020. In almost all populations and years, the
LDsg values of tau-fluvalinate were below the recommended field
application dose.

The LDg of thiacloprid exceeded the recommended field application
dose, mainly in 2018 and 2020 (Table S5, Supplemental data). This
indicates an increase in the intensity of pollen beetle resistance to
thiacloprid in 2018 and 2020. The LDs of thiacloprid exceeded the
recommended field application dose mainly in 2018 and 2020 (Table S5,
Supplemental data).
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Pollen beetle susceptibility to indoxacarb and chlorpyrifos did not
vary between years (Tables S4 and S6, Supplemental data).

Statistically significant correlations were found between lambda-
cyhalothrin and thiacloprid and between tau-fluvalinate and thiaclo-
prid. No cross-resistance was observed between lambda-cyhalothrin and
tau-fluvalinate (Tables 3 and 4).

3.5. Incidence of kdr mutation in pyrethroid-resistant pollen beetle
individuals

The L1014F mutation was not found in any of the 244 sequenced
individuals obtained from 2018 to 2020. Two silent nucleotide poly-
morphisms in the coding sequence of the sodium channel were found
(Table 5). First, a C/G shift at position 364 of the nucleotide sequence
was found. This shift was in a total of 21 samples. Second, a C/T shift
was found at position 462 of the nucleotide sequence. This silent
nucleotide polymorphism was found in a total of 46 samples (Table 5).

4. Discussion
4.1. Resistance of the pollen beetle to pyrethroids

The first pollen beetle populations resistant to lambda-cyhalothrin in
Czechia were documented in 2008 (Slater et al., 2011). Since then, the
proportion of resistant populations has increased (Seidenglanz et al.,
2016a, 2016b; Stara and Kocourek, 2018), and the last population
sensitive to lambda-cyhalothrin in Czechia was recorded in 2012
(Seidenglanz et al., 2016a). However, not only great insensitivity to
lambda-cyhalothrin but also great variability in resistance levels to the
insecticide were observed in Czech pollen beetle populations in the
2009-2015 period (Seidenglanz et al., 2016a, 2016b; Stara and
Kocourek, 2018). The peak of pollen beetle lambda-cyhalothrin resis-
tance was observed in 2013 (Seidenglanz et al., 2016b; Stara and
Kocourek, 2018), when an interruption in the very fast continual decline
in pollen beetle susceptibility to pyrethroids was recorded. From 2014 to
2017, a stagnation of the pollen beetle mortality level after application
of lambda-cyhalothrin was documented (Spitzer et al., 2020; Stara and
Kocourek, 2018). This stagnation was probably a result of insect resis-
tance management, i.e. reduced use of pyrethroids by farmers and shift
to using of neonicotinoids, mainly thiacloprid. From 2014 to 2019,
thiacloprid and tau-fluvalinate have been the most frequently used in-
secticides in Czechia. These insecticides were applied during flowering,
at the peak of the occurrence of pollen beetle larvae, to control Ceuto-
rhynchus obstrictus and Dassineura brassicae. According to the data pre-
sented in this study, the stagnation of pollen beetle resistance to
pyrethroids was also confirmed from 2017 to 2020 (Table S2, Supple-
mental data and Fig. 2).

Compared with other European countries, the development of
lambda-cyhalothrin resistance in Czechia has been similar but occurred
with a delay of several years. Heimbach and Miiller (2010) recorded a
dramatic decline in susceptible samples in Germany from 2005, with a
peak of resistance in 2011. In Sweden, resistance to pyrethroid in-
secticides in pollen beetles began to occur in 2001 and peaked in 2010
(Riggi et al., 2016). This finding confirms the spread of resistant pollen
beetles in Europe (Slater et al., 2011).

Table 3
Cross-resistance between lambda-cyhalothrin and tau-fluvalinate, indoxacarb,
thiacloprid and chlorpyrifos.

tau-fluvalinate indoxacarb thiacloprid chlorpyrifos
Observations 36 25 36 17
Pearson 0.070 —-0.110 0.456 0.028
P 0.686 0.599 0.005 0.916
R? 0.005 0.012 0.208 0.001
Significant no no yes no
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Table 4
Cross-resistance between tau-fluvalinate and indoxacarb, thiacloprid and
chlorpyrifos.

indoxacarb thiacloprid chlorpyrifos
Observations 25 37 17
Pearson 0.213 0.347 —0.086
P 0.306 0.035 0.742
R? 0.046 0.121 0.007
Significant no yes no

After incidence of resistance to lambda-cyhalothrin and deltameth-
rin, the use of other pyrethroids, mainly tau-fluvalinate and etofenprox,
has increasing in Germany and Czechia (Heimbach and Miiller, 2010;
Stara and Kocourek, 2018). Similarly, the increasing use of tau--
fluvalinate followed the decreasing efficacy of lambda-cyhalothrin in
Denmark (Hansen, 2003). The extent of resistance to tau-fluvalinate in
Denmark and Germany was less than that to lambda-cyhalothrin
(Heimbach and Miiller, 2010; Hansen, 2003). The susceptibility of
pollen beetles to tau-fluvalinate in our study was much higher than that
to lambda-cyhalothrin, with high variation between years (Table 1,
Fig. 2). According to Heimbach and Miiller (2010), no clear
cross-resistance between lambda-cyhalothrin and the pyrethroids eto-
fenprox and tau-fluvalinate was detected. Similarly, we did not find any
cross-resistance between lambda-cyhalothrin and tau-fluvalinate
(Table 3). However, Seidenglanz et al. (2020) found a moderate level of
cross-resistance between lambda-cyhalothrin and tau-fluvalinate.

The resistance ratio (RR) calculations for tau-fluvalinate and thia-
cloprid were related to the lowest LDso and LDg values that had been
recorded for pollen beetle collections from 2017 to 2020. The RR cal-
culations for lambda-cyhalothrin were related to a sensitive pollen beetle
population in Praha-Ruzyné in 2009 (Seidenglanz et al., 2016b). This
population was more sensitive than all the other populations tested in
2017-2020 and showed a shift in susceptibility to lambda-cyhalothrin in
the same region from 2009 to 2020.

4.2. Resistance of the pollen beetle to thiacloprid

According to our data, the LDs values for thiacloprid obtained from
the evaluation of 10 local Czech populations in 2017-2020 ranged from
3.52 to 142 g/ha and showed the next shift in pollen beetle suscepti-
bility. In 26 cases, the LDso was higher (Table S5, Supplemental data)
than the LDsg of the German strain no. 50-10 with the lowest sensitivity
of 20 g/ha (Zimmer and Nauen, 2011b). Most of the populations with
increased LDs values of thiacloprid were recorded in 2018. The average
LDs value (40.3 g/ha) exceeded 5 times the baseline mean value of
thiacloprid (8 g/ha) obtained by combining composite data from 2009
to 2010 (Zimmer and Nauen, 2011b). In 2018 and 2020, pollen beetle
resistance to thiacloprid reached a level of resistance comparable to that
of both pyrethroids (lambda-cyhalothrin and tau-fluvalinate). Decreased
susceptibility to thiacloprid was related to resistance to lambda-cyha-
lothrin and tau-fluvalinate, as shown by the correlation analysis (Ta-
bles 3 and 4) and by the increasing trend of resistance in 2018 and 2020
(Tables S2, S3, and S5, Supplemental data).

4.3. Susceptibility of pollen beetles to indoxacarb and chlorpyrifos

During the monitoring of pollen beetle susceptibility to insecticides
from 2017 to 2020, the mortality of all populations reached 100% when
exposed to chlorpyrifos. Similar results were obtained by Spitzer et al.
(2020), Seidenglanz et al. (2017) and Wegorek et al. (2011). In all cases,
the LDy values were even lower than the 10% field application dose of
chlorpyrifos (30 g/ha), indicating no shift in susceptibility of pollen
beetles to chlorpyrifos in the 2017-2020 period. Wegorek and Zamojska
(2008) reported a strong negative cross-resistance between pyrethroids
and chlorpyrifos in Central Europe. This negative cross-resistance,
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Table 5
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Silent nucleotide polymorphisms found in the coding sequence of the sodium channel isolated from the sampled pollen beetles in 2018-2020.

Year Total number of C/G Percentage (%) of C/G polymorphism in total c/T Percentage (%) of C/T polymorphism in total
sequences polymorphism samples polymorphism samples
2018 87 4 4.6 22 25.3
2019 75 9 12.0 12 16.0
2020 82 8 9.8 12 14.6
80
60
40
20
0
-20
-40

-60

-80

-100

—— lambda-cyhalothrin

- = tau-fluvalinate

===-thiacloprid

Fig. 2. Difference (%) in the average LDy value per year from the average LDg, value.

especially between chlorpyrifos and lambda-cyhalothrin, was also
determined in Czech (Moravian) populations of pollen beetles by Seid-
englanz et al. (2017). However, the use of the insecticide chlorpyrifos
was prohibited in 2020 (European Commission, 2020b). Despite its high
effectiveness on pollen beetles, it is no longer possible to use this active
ingredient in the protection of oilseed rape against this pest.

The pollen beetles in our study also showed a lack of resistance to
indoxacarb in all years of monitoring. High susceptibility to indoxacarb
was also proven in Polish pollen beetle populations, while cabbage seed
weevils were resistant to indoxacarb and susceptible to the pyrethroid
deltamethrin (Zamojska, 2017). Regarding the lack of records of resis-
tance to indoxacarb in pollen beetle populations, there is still nothing
known about the resistance mechanism to indoxacarb in this pest. Cy-
tochrome P450-dependent monooxygenases (Zimmer and Nauen,
2011a; Wegorek et al., 2011; Zimmer et al., 2014a) and esterases
(Philippou et al., 2011; Zamojska et al., 2013) were proven to partici-
pate in the resistance of pollen beetles to pyrethroids. Since pollen beetle
populations highly resistant to pyrethroids are still highly susceptible to
indoxacarb (Zamojska, 2017, Tables S2, S3 and S4 in Supplemental data
in this study), another mechanism of resistance to indoxacarb, in addi-
tion to the mechanism of resistance to pyrethroids, can be expected.

4.4. Target site and metabolic resistance in pyrethroid-resistant pollen
beetles

In our study, the kdr mutation, which causes the L1014 mutation in
voltage-sensitive sodium channels (VSSCs), was not found in 166 and 78
individuals surviving the application of 100% or higher field application
doses of lambda-cyhalothrin and tau-fluvalinate in the bioassay,
respectively. The occurrence of kdr mutations in pyrethroid-resistant
pollen beetles in Europe was first reported by Nauen et al. (2012).

These authors were successful in detecting the L1014F mutation in
populations collected in Denmark and Sweden only. Additionally, a
single heterozygous beetle carrying the L1014F mutation from northern
Germany was reported in this study (Nauen et al., 2012). Another Eu-
ropean study by Wrzesinska et al. (2014) confirmed the lack of the kdr
type mutation in Polish pollen beetle populations.

According to the results of Nauen et al. (2012), the presence of the
kdr mutation in Danish samples seems to be connected with pollen
beetle resistance to tau-fluvalinate, which is less affected by the meta-
bolic resistance mechanism. Danish farmers switched to tau-fluvalinate
because it seemed to retain better efficacy under field conditions. Hence,
the continued application of tau-fluvalinate may have contributed to the
selection for target site resistance in these populations (Nauen et al.,
2012).

Two silent mutations, a C/G shift at position 364 and a C/T shift at
position 462 of the nucleotide sequence (Table 5), were also detected in
the samples analysed by Nauen et al. (2012). Wrzesinska et al. (2014)
found 18 heterozygous nucleic acid substitutions, among which six
caused an amino acid change. They also determined the
three-dimensional structure of these amino acid changes in the VSSCs
and revealed that some of these changes may slightly influence the
protein structure. This change in the protein structure could then affect
the docking efficiency of some insecticides, such as esfenvalerate, which
also belongs to the pyrethroid family.

Currently, it is known that active substances, such as lambda-cyha-
lothrin, deltamethrin and cypermethrin are mainly affected by the
metabolic resistance mechanism, which is caused by elevated levels of
cytochrome P450 (Nauen et al., 2012; Zimmer and Nauen 2011a). The
role of cytochrome P450 and glutathione-S-transferase in the detoxifi-
cation of pyrethroid deltamethrin was also proven in Czech pollen beetle
populations (Erban et al., 2017).
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The putative synergic action of target-site mutations and enhanced
detoxification in pyrethroid resistance in insects has been studied by
Samantsidis et al. (2020) in transgenic Drosophila lines. Genotypes
expressing pollen beetle Cyp6BQ23 and bearing the kdr L1014F muta-
tion displayed an almost multiplicative RR. However, these combined
genotypes significantly increased the developmental time of pollen
beetles. Hence, combinations of target sites and P450 resistance loci
might be unfavourable in field populations in the absence of insecticide
selection. The combination of metabolic resistance and kdr mutation is
extremely rare in pollen beetle populations, supporting the fitness cost
theory (Nauen et al., 2012). We can expect that the presence of kdr
mutations in pollen beetle populations with metabolic resistance
mechanisms is so scarce that it is nearly undetectable in small samples.
Hence, in the bioassay in our experiment, the high resistance level of
pollen beetles to pyrethroids in the absence of the kdr mutation supports
the existence of a metabolic mechanism of resistance in Czech pollen
beetle populations, as presented in the study of Erban et al. (2017).

4.5. Changes of insect resistance management strategies

Until 2020, rotation insecticides from three groups of active sub-
stances (oxadiazines, neonicotinoids and pyrethroids) was a base of the
antiresistant strategy. Results of our study documenting fast selection of
pollen beetle resistance to tau-fluvalinate and decreasing sensitivity to
thiacloprid. At the same time, stable and high sensitivity to indoxacarb
was proved. Changes in antiresistant strategies are proposed for the
regions with decreased pollen beetle sensitivity to tau-fluvalinate. To
prevent the injuries of oilseed rape, indoxacarb is recommended for the
application before flowering. Acetamiprid aimed against Ceutorhynchus
obstrictus and Dassineura brassicae with a side effect on pollen beetle
larvae and adults is recommended for the application during flowering.

5. Conclusion

A high level of resistance to lambda-cyhalothrin was recorded in all
10 evaluated populations of the pollen beetle in 2017-2020. In the same
period, the first local populations of pollen beetles with decreased sus-
ceptibility to thiacloprid were observed. Cross-resistance between
lambda-cyhalothrin and thiacloprid and between tau-fluvalinate and
thiacloprid was proven. The high variability in the resistance to thia-
cloprid and tau-fluvalinate between years was documented in pop-
ulations from the same localities. Low efficacy of etofenprox to pollen
beetles and high susceptibility to indoxacarb and chlorpyrifos were
observed throughout the period in which pollen beetle resistance to
insecticides developed in Czechia. Beginning in 2021, important
changes in pollen beetle control are expected to depend on changes in
the spectrum of insecticides. Following the restriction of organophos-
phates and thiacloprid, only two efficient insecticides, indoxacarb and
acetamiprid, will be available for the control of pollen beetles in the near
future. Monitoring the susceptibility of pollen beetles to insecticides will
be an important part of insect resistance management strategies. The
registration of new insecticides with new modes of action for the control
of pests in oilseed rape is important for solving the problem of pollen
beetle resistance and for reducing the impact of resistance on crop yields
and the economic effectiveness of oilseed rape production.
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4.2 Rezistence/tolerance blyskacka repkového k insekticidiim z pohledu

proteomiky

Vystup B: Kocourek F, Stara J, Sopko B, Talacko P, Harant K, Hovorka T, Erban T. 2021.
Proteogenomic insight into the basis of the insecticide tolerance/resistance of the pollen
beetle Brassicogethes (Meligethes) aeneus. Journal of Proteomics 233:104086. DOI:
10.1016/].jprot.2020.104086. (IF 3,855).

Prispéni autora:
Autor provedl sbér materidlu v terénu a biologické pokusy v laboratofi. Déle autor
ptispél v pritbéznych komentétich a opravach manuskriptu jemu ptisluSnych ¢asti. Autor se

nepodilel na proteomickém a statistickém vyhodnoceni dat.

4.2.1 Charakteristika problematiky

produkci zemédé€lskych plodin. Pochopeni jejich mechanismt je dilezité pro uspéSnou
ochranu plodin proti skiidciim, a to zejména v ramci integrované ochrany plodin. U populaci
blyskackti v Evropé bylo potvrzeno nékolik znamych mechanismii rezistence. Jednim
z téchto mechanismil je mutace typu kdr v genu pro sodny kandl zplsobujici rezistenci
k pyrethroidim. Dal$im ptikladem také zpiisobujici rezistenci k pyrethroidiim je nadmérna
produkce detoxifika¢niho enzymu cytochrom P450. Mimo tyto zndmé mechanismy existuji
i dalsi ,,skryté epigenetické faktory, které mohou pfirozené stat za toleranci blyskacki vici
insekticidiim. Mechanismus vedouci k rezistenci blyskacki vici insekticidim mize byt
vrozeny, diky pfitomnosti proteint reagujicich na stres jako napiiklad ,,pathogenesis-related
proteins®. Tyto proteiny mohou byt brouky vyuZzivany k pteziti jak v pfirozeném prostiedi,
tak v polnich podminkéch v reakci na insekticidy. Jiz diive byl u G€inné latky deltamethrin
ze skupiny pyrethroidi diky zméndm v genové expresi prokazan epigeneticky zaklad
tolerance/rezistence. Cilem této studie bylo pomoci proteogenomického ptistupu
indentifikovat nové markery pro porozuméni mechanismil tolerance/rezistence u blyskacka
fepkového. Diky identifikaci téchto markert lze potencialné cilit ochranu rostlin proti

vzniku nebo projevu tolerance/rezistence vici insekticidiim u populaci blyskack.
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4.2.2 Metodicky postup

V roce 2017 bylo na lokalit¢ Chlumec nad Cidlinou o rozloze 50 ha nasbirano pomoci
entomologického smykadla pfiblizné 1000 jedinci dospélych blyskackli tfepkovych.
Dospélci blyskackt byli pfepraveni do laboratofe v polystyrenovych izolatorech, kde byla
brouktim k dispozici potrava v podobé nékolika kvétenstvi fepky.

Pro ucely proteomické analyzy byli pouziti brouci ktefi 1) nebyli oSetfeni v laboratofi
zadnou u.1.; 2) prezili oSetfeni 100% polni davkou lambda-cyhalothrinu; 3) ptezili oSetieni
200% davkou thiaklopridu; 4) ptezili oSetfeni kombinace 100% polni davky lambda-
cyhalothrinu a 200% davky thiaklopridu, ktery byl aplikovan po jednodenni selekci lambda-
cyhalothrinem.

Biologické testy probihaly 24 h po sbéru blyskacki. Dospélei blyskacka byli pied
zacatkem laboratorniho pokusu ulozeni po dobu 10 min v 5 °C kvili sniZeni jejich aktivity.
Pro biologické testy byli pouziti pouze vizualné zdravi jedinci. Biologické testy na citlivost
vici lambda-cyhalothrinu a thiaklopridu probihaly na zdkladé metodik IRAC ¢. 11
a modifikované metodice IRAC €. 21. Porézni sklenéné lahvicky o vnitini ploSe 46,7 cm2
byly naplnény 750 pl roztoku dané u¢inné latky a ponechany na valcovém ohtivaci, dokud
se tekutina nevypafila (fedéni a detailnéjsi popis biologickych testli viz. Vystup A). Deset
dospélct blyskackt bylo ve 25 opakovanich pro kazdou uc¢innou latku a Cisty aceton
(kontrola) ptevedeno do sklenénych lahvicek. Lahvicky s brouky byly inkubovany po dobu
24 hodin pfi teploté 22 °C, 60% relativni vlhkosti a svételném rezimu 16:8 h svétlo:tma. Po
uplynuti 24 hodin byla hodnocena mortalita. Deset piezivSich brouki v péti opakovanich
po oSetfeni lambda-cyhalothrinem a thiaklopridem bylo uloZeno pti -80 °C pro dalsi
biochemické analyzy. Deset ptezivSich brouki v 15 opakovénich z oSetfeni lambda-
cyhalothrinem bylo pfeneseno do sklenénych lahvicek s thiaklopridem a inkubovéno za
kontrolovanych podminek pfti 22 °C a 60% relativni vlhkosti vzduchu s fotoperiodou 16:8
h svétlo:tma po dobu nasledujicich 24 h. Po 24 h byla vyhodnocena mortalita broukl. Deset
prezivsich brouktl z oSetfeni a kontrolni varianty v péti opakovanich bylo uloZeno pii -80
°C pro dalsi biochemické analyzy. Mrtvi a téZce postizeni brouci z kazdého oSetfeni béhem
pokusti byli vytazeni. Pocet té¢Zce postizenych broukt byl stanoven po 24 h. Vyhodnoceni
ucinku bylo provedeno pomoci softwaru CompuSyn.

Pro profilaci proteini a méfeni jejich relativniho mnozZstvi byla pouZita analyza label-
free nLC-MS/MS (LC=Liquid chromatography; MS=Mass spektrometry). Pro analyzu bylo
vybrano celkem 20 vzorkl (Ctyfi oSetieni x pét vzorkd broukul). Jeden vzorek broukt

sestaval z deseti jedinci blyskackd. Zmrazeni brouci byli umisténi do homogenizatoru
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Potter-Elvehjem (KartellLabware, Noviglio, Italie) a byl pfidan 1 ml 100 mM
triethylamoniumbikarbonatového pufru (TEAB; Fluka, Sigma-Aldrich) obsahujiciho 2 %
w/v deoxycholatu sodného (SDC; BioXtra, Sigma-Aldrich). Vzorky byly homogenizovany
na ledu, a poté centrifugovany pii 4 °C a 3000 xg po dobu 10 minut. Byl odebran alikvotni
podil 150 pl, ktery byl zpracovan a analyzovan pomoci nLC-MS/MS s vyuZzitim
hmotnostniho spektrometru Orbitrap Fusion Tribrid (Thermo Scientific, Waltham, MA,
USA). Data byla pro ucely vypoctu nahrana na mistni server. Data byla prohledana pomoci
vyhleddavace Andromeda a analyzovana a kvantifikovana pomoci algoritmli bez znackové
kvantifikace (LFQ=Ilabel-free quantification of proteins) v programu MaxQuantv1.6.3.4.
Enzymova specifita trypsinu byla nastavena jako C-termindlni Arg a Lys zbytkd.
MethylThio byla fixni modifikace, zatimco N-termindlni acetylace proteinu a oxidace
methioninu byly variabilni modifikace. Parametr FDR (false discovery rate) byl nastaven
na 1 % pro proteiny i peptidy. Data byla prohleddvana ve vlastni databazi. Pivodnim
zdrojem pro vytvoieni proteinové databaze byl de novo transkriptom a proteinové sekvence
byly analogické tém, které byly pouzity v pfedchozich studiich. Zde jsme vSak provedli
anotaci Sestiramcovych prelozenych transkripti v programu Blast2GO 5 (Biobam,
Valencie, Spanélsko) proti podskupiné Arthropoda v databazi NCBInr, kterd byla
k dispozici v cloudu Blast2GO 21. fijna 2019. Intenzity LFQ 20 nLC-MS/MS cyklt byly
vyhodnoceny v programu Perseus v1.6.2.3. Pied podrobnou analyzou dat jsme odstranili
potencialni béZzné kontaminanty, shody identifikované pouze modifikaénim mistem
areverzni shody. Byly odfiltrovany shody proteinti, které mély méné nez tfi pozitivni
vysledky mezi v§emi 20 vzorky. Soubor dat byl log2-transformovéan a pomoci histogramt
bylo zkontrolovano normalni rozdéleni dat pited a po redukci souboru dat. Chybéjici
hodnoty byly nahrazeny na zéklad¢ normalniho rozdéleni a normalizovany prostiednictvim
Z-skore. Soubor dat byl zpracovan pomoci Spearmanovy korelace potfadi. Umély rozptyl v
ramci skupiny (S0) byl nastaven na 0,1 jak pro FDR s vysokou spolehlivosti 0,01, tak pro
FDR s nizkou spolehlivosti 0,05. Umély rozptyl v rdmci skupiny (S0) byl nastaven na 0,1
pro FDR s vysokou spolehlivosti 0,01. Vyznamné shody FDR s vysokou spolehlivosti byly
poté pouzity k identifikaci markerd s nejvySsi dilezitosti. Kromé& toho jsme znovu
vyhodnotili data pomoci stejné vyhledavaci databaze, ktera byla pouzita v predchozi studii,
v niz byli blyskdcci oSetfeni deltamethrinem. Z-skére normalizovanych dat mezi
preziv§imi, ktefi byli oSetfeni deltamethrinem, a kontrolami bylo zkoumé&no pomoci t-testu
s FDR 0,01 a S0 0,1. Vysledek byl pouzit k porovnani shody markerti v této studii s markery

v predchozi studii.
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ARTICLE INFO ABSTRACT

Keywords: The pollen beetle is a major pest of oilseed rape. Although various resistance mechanisms have been identified,
Lal.nel-fre.e proteomics such as kdr (mutation in the sodium channel) and metabolic resistance (CYP overexpression), other “hidden”
Epigenetics factors also exist. Some studies have stressed the importance of epistasis as a genetic background. The combi-
;t;?:;?g}fin nation of kdr and metabolic resistance appears to be unfavorable under field conditions in the absence of

pesticide selection. The regulation of detoxification enzymes can play an important role, but we highlight
different detoxification markers compared to those emphasized in other studies. We also stress the importance of
studying the role of markers identified as pathogenesis-related protein 5-like (PR5; upregulated by insecticides)
and highlight the role of RNA (DEAD-box) helicases (downregulated by insecticides). Thus, we suggest the
importance of epigenetic drivers of resistance/tolerance to pesticides. The key results are similar to those of our
previous study, in which deltamethrin treatment of the pollen beetle was also investigated by a proteogenomic
approach. Indeed, the mechanism leading to resistance of the pollen beetle may be an innate mechanism that the
pollen beetle can also employ in natural habitats, but under field conditions (pesticide exposure), this mechanism
is used to survive in response to insecticides.

Significance: Pesticide resistance is a serious problem that hampers the successful production of crops. Under-
standing the mechanisms of insecticide resistance is highly important for successful pest control, especially when
considering integrated pest management. Here, using a proteogenomic approach, we identified novel markers for
understanding pollen beetle resistance to pesticides. In addition, future studies will reveal the role of these
markers in the multiresistance of pollen beetle populations. We highlight that the proteins identified as PR5,
which are known to occur in beetles and are similar to those in plants, may be responsible for tolerance to
multiple stresses. In addition, our results indicate that the RNA helicases that exhibited changes in expression
may be the epigenetic drivers of multiresistance. The nature of these changes remains an open question, and their
relevance in different situations (responses to different stresses) in natural habitats in the absence of pesticides
can be proposed.

lambda-cyhalothrin
Multiresistance

1. Introduction

Crop or plant protection products (PPPs) are important factors
necessary for the high production required to feed the current and still
growing population and to address consumption growth [1]. However,
pesticide resistance hampers the sustainability of pest control. Strong
selective pressures can lead to the rapid development of pesticide
resistance, and the speed of resistance development is linked to the

evolutionary origins of adaptations [2]. There is a need to understand
the mechanisms of pesticide action and effects on the target organism,
including potential resistance. The limiting factor in the use of almost all
pesticides is the selection of strains resistant to the selecting or pres-
suring compounds, as well as pests that are cross-resistant to other
pesticides with the same target [3]. The potential of the development of
resistance to pesticides acting on different targets, which can be called
multiple resistance, remains an open question.
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Brassicogethes aeneus (previously known as Meligethes aeneus) (Cole-
optera: Nitidulidae) can cause substantial losses of up to 80% in oilseed
rape (Brassica napus) [4], which is one of the most important cultivated
crops worldwide [5]. Two decades of effective and “relatively” problem-
free control of the pollen beetle by pyrethroids were disrupted by the
first reports of resistance in a study from France [6]. Resistance has been
confirmed in other countries [7], and investigations of the mechanism
have commenced. Knockdown resistance (kdr) to pyrethroids caused by
an amino acid substitution in the voltage-gated sodium channel (VGSC)
was detected [8]. Another mechanism recognized as being responsible
for pyrethroid resistance is overexpression of the cytochrome P450
(CYP) CYP6BQ23 [9-11]. Combinations of multiple mechanisms of
resistance, such as kdr and hyperfunction of CYP, can appear unfavor-
able for various insect pests under field conditions in the absence of
pesticide selection. Therefore, the importance of epistasis as the genetic
background of the populations has been stressed [12,13]. In this regard,
pollen beetle dispersal and recolonization of fields from natural habitats
are also important [14]. A proteomic study has provided deep insight
into the response of the pollen beetle to deltamethrin treatment [15]. In
addition to the complexity of the response to deltamethrin treatment,
the epigenetic basis of pyrethroid resistance was indicated. Indeed, we
previously indicated alternative splicing (production of different protein
isoforms) in addition to changes in epigenetic markers (regulators) in
the pollen beetle due to deltamethrin treatment. Thus, although a
change in DNA is not observed, alterations in gene expression can be
reflected in increased tolerance/resistance to pesticides [15]. Wide-scale
observations of the response to pesticide treatments can indicate various
adaptations leading to increased pesticide tolerance, which can, how-
ever, be of different types.

In the field, the common practice for pollen beetle control is
increased application of insecticides throughout the season [16,17].
There are a number of other insect pests of rapeseed, such as cabbage
stem flea beetle, cabbage seed weevil, cabbage stem weevil, rape stem
weevil and brassica pod midge [18]; thus, in practice, the pollen beetle
can also be threatened by treatments primarily used for different targets.
In addition, some PPPs contain more active substances with different
insecticidal targets (such as NURRELE D, which combines chlorpyrifos
and cypermethrin) [19]. This strategy should increase the efficacy
compared to the use of only one PPP, but in practice, insecticides of
different groups can be used in tank mixes. Zimmer and Nauen [7]
indicated in bioassays of pollen beetles from different countries the
resistance to the pyrethroid lambda-cyhalothrin, but they negated the
cross-resistance with thiacloprid, which is commonly used in rapeseed
and against the pollen beetle [7]. The importance of understanding the
efficacy of pyrethroids and the neonicotinoid thiacloprid is illustrated in
a study from Denmark, which showed regional differences in pollen
beetle resistance to lambda-cyhalothrin and general susceptibility to
thiacloprid [20]. The efficacy of PPPs containing lambda-cyhalothrin
was lower than that of PPPs with thiacloprid or tau-fluvalinate, and the
former was observed to be noneffective for overwintering pollen beetles
[17]. In Czechia, pollen beetle resistance to pyrethroids has been
documented, although kdr was not detected. In addition, the low cross-
resistance between the ester-type pyrethroid lambda-cyhalothrin and
nonester etofenprox was indicated in Czechia [21]; however, in Ger-
many, the efficacy of etofenprox decreased rapidly from 2008 to 2017
[22]. Etofenprox or tau-fluvalinate is more efficient in the control of
pollen beetles compared to other pyrethroids, including lambda-cyha-
lothrin, alpha-cypermethrin and deltamethrin [17,21,23,24]. The
sensitivity to various pyrethroids is also of importance for nontargets,
for example, honey bees and bumblebees exhibit higher tolerance to tau-
fluvalinate than to most other pyrethroids, especially type II pyre-
throids, although tau-fluvalinate is also a type II pyrethroid [25]. The
effect appears to be the opposite of that in pollen beetle, since tau-flu-
valinate has been observed to be more effective, as mentioned above.
Thus, there can be various mechanisms of tolerance/resistance that can
be affected by the structure and class of the pyrethroid in the context of
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pollen beetle resistance to pyrethroids. Some mechanisms may be un-
discovered or underestimated or can even differ among populations. A
proteogenomic study on a model pollen beetle population indicated that
the mechanism of resistance to pyrethroids could be caused by various
or combined actions of detoxification enzymes, but it was also indicated
that the resistance could be based on epigenetic stress-responsive pro-
teins, such as pathogenesis-related proteins [15]. The mechanism of
tolerance to thiacloprid or its combination with a pyrethroid is un-
known, but because pollen beetle tolerance to thiacloprid was also
indicated in Czechia (unpublished results; this study), it is important to
identify the response or mechanism leading to survival after treatment.

In this study, we performed a model experiment in which we selected
tolerant pollen beetles from a model population by high-dose applica-
tions of three different treatments: lambda-cyhalothrin, thiacloprid, and
their combination. The high-throughput proteogenomic analysis
enabled us to select novel markers for understanding resistance mech-
anisms with potential applicability in resistance targeting. Our data
indicate the multiresistance adaptations of the selected pollen beetle
population to pesticide treatments.

2. Materials and methods
2.1. Biological samples

Biological samples of the pollen beetle measured using nLC-MS/MS
in this study were collected in 2017 from Chlumec nad Cidlinou, Cze-
chia (N 50°7.72035/, E 15°28.36585). The size of the area of collection
was 50 ha. Approximately 1000 specimens of adult pollen beetles were
collected using a sweep net on 26th April and transported in a Styrofoam
box to the laboratory. Before the start of the bioassay, the beetles were
stored at +5 °C for approximately 10 min to reduce their activity and
facilitate handling of the beetles during the bioassay. The beetles were
fed oilseed rape flowers. The beetles were tested in the bioassay 1 day
after collection. Only insects capable of quick, coordinated movement
were used for the experiments. Briefly, for the proteomic analysis, pools
of beetles that (i) were not treated with pesticides in the laboratory or
(ii) survived the treatment with lambda-cyhalothrin (~100% recom-
mended field concentration), (iii) thiacloprid (~200% recommended
field concentration) or (iv) lambda-cyhalothrin (~100% recommended
field concentration) and thiacloprid (~200% recommended field con-
centration) sequentially applied prior to the 1-day selection by lambda-
cyhalothrin were used. The recommended field concentrations were
derived from the active substance present in the PPPs containing
lambda-cyhalothrin and thiacloprid. For the nLC-MS/MS analysis, 5
pools were used, each consisting of 10 individual beetles as independent
replicates. Note that we also used the proteomic data of controls and
deltamethrin treatment survivors from our previous study [15], and
these data were reevaluated.

Technical-grade lambda-cyhalothrin and thiacloprid (Sigma-Aldrich,
St. Louis, MO, USA) were used to treat the beetles. The insecticides were
diluted with acetone to concentrations of 18.8 mgL ™! and 360 mg L
for lambda-cyhalothrin and thiacloprid, respectively. The used rates
were selected based on the preliminary results of the bioassay, in which
they both caused approximately 50% pollen beetle mortality. These
rates corresponded to concentrations of 7.5 gha! and 144gha™}, i.e.,
100% and 200% of the field-recommended concentrations of lambda-
cyhalothrin and thiacloprid, respectively. IRAC method no. 11 [26] and
modified IRAC method no. 21 [27] were used to test the susceptibility of
pollen beetles to lambda-cyhalothrin and thiacloprid, respectively. Glass
vials with an internal surface area of 46.7 cm? (P-Lab, Prague, Czechia)
were used as test containers. Glass vials were filled with 750 pL of so-
lution and rotated at room temperature until the acetone was completely
evaporated. Ten beetles in 25 replicates were transferred to glass vials
with lambda-cyhalothrin, thiacloprid or pure acetone as a control
treatment. The vials were incubated under controlled conditions at
22°C and 60% RH with a 16:8h light:dark photoperiod. After 24 h,
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beetle mortality was evaluated. Ten surviving beetles in five replicates
from lambda-cyhalothrin and thiacloprid treatments were stored at
—80°C for further biochemical analysis. Ten surviving beetles in 15
replicates from the lambda-cyhalothrin treatment were transferred to
glass vials with thiacloprid and incubated under controlled conditions at
22°C and 60% RH with a 16:8 h light:dark photoperiod for the next
24 h. After 24 h, beetle mortality was evaluated. Ten surviving beetles
from the treatments and control in five replicates were stored at —80 °C
for further biochemical analysis. The dead and moribund beetles from
each treatment during the experiments were discarded. The number of
severely affected beetles (i.e., dead and moribund) was determined after
24h. Effect evaluation was carried out using CompuSyn software
[28,29].

2.2. Label-free nLC-MS/MS analyses

Overall, 20 (4 treatments x 5 biological samples consisting of pooled
beetles) samples were prepared for the nLC-MS/MS analysis. One bio-
logical sample consisted of 10 pooled individuals of pollen beetles. The
frozen beetles were placed in Potter-Elvehjem homogenizers (Kartell
Labware division, Noviglio, Italy), and 1 mL of 100 mM triethylammo-
nium bicarbonate buffer (TEAB; Fluka, Sigma-Aldrich) containing 2%
w/v sodium deoxycholate (SDC; BioXtra, Sigma-Aldrich) was added. The
samples were homogenized on ice and then centrifuged at 4°C and
3000 xg for 10 min. An aliquot of 150 uL was taken, processed and
analyzed using nLC-MS/MS employing an Orbitrap Fusion Tribrid mass
spectrometer (Thermo Scientific, Waltham, MA, USA) as described
elsewhere [30].

The data were uploaded to a local server for computation. The data
were searched using the Andromeda search engine [31] and analyzed
and quantified with label-free quantification (LFQ) algorithms in Max-
Quant v1.6.3.4 [32]. The enzyme specificity of trypsin was set as C-
terminal Arg and Lys residues. MethylThio was the fixed modification,
while N-terminal protein acetylation and methionine oxidation were
variable modifications. The false discovery rate (FDR) parameter was set
to 1% for both proteins and peptides. The data were searched against an
in-house database. The original source for the creation of the protein
database was a de novo transcriptome [11], and the protein sequences
were analogous to those used in our previous study [15]. However, here,
we performed annotation of the 6-frame translated transcripts in
Blast2GO 5 (Biobam, Valencia, Spain) against the Arthropoda subset of
the NCBInr database available in the Blast2GO cloud on 21st October
2019.

2.3. Evaluation of the LFQ data

The LFQ intensities of the 20 nLC-MS/MS runs were evaluated in
Perseus v1.6.2.3 [33]. Before detailed data analysis, we removed po-
tential common contaminants, hits identified only by a modification site
and reverse hits. Protein hits that had fewer than three positives among
all 20 samples were filtered out. The dataset was log2-transformed, and
the normal distribution of the data before (Fig. S1A) and after (Fig. S1B)
reducing the dataset was inspected through histograms. Missing values
were replaced based on a normal distribution (width: 0.3; downshift:
1.8; total matrix) and normalized through the Z-score. The dataset was
processed using Spearman rank correlation. The artificial within-group
variance (Sg) [34] was set to 0.1 for both a high-confidence FDR of
0.01 and a low-confidence FDR of 0.05. The significant hits of the high-
confidence FDR were then used to identify the markers of highest
importance.

In addition, we re-evaluated the data using the same search database
that was used in our previous study, in which pollen beetles were treated
with deltamethrin [15]. The Z-score normalized data between survivors
receiving deltamethrin treatment and controls were examined using a t-
test with FDR of 0.01 and Sy of 0.1. The result was used to compare the
correspondence of markers in this study with those in a previous study
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3. Results and discussion
3.1. Overall results of the proteogenomic analysis

Currently, there is no available annotated genome for the pollen
beetle. Thus, in this study, we used sequences retrieved from a tran-
scriptome [11], similar to the method applied in our previous proteo-
genomic study. However, unlike that study, in which we annotated the
identified proteins manually [15], we prepared the search database
through automated BLASTp [35] annotation of the six-frame translated
transcripts. Our in-house database for data search contained 45,540
blasted sequences out of a total of 168,384 examined sequences. An
overview illustrating the annotation details and similarity with other
organisms is provided in the Supplementary material (Figs. S2-S4). A
search of the nLC-MS/MS results for 20 samples provided a dataset
consisting of 3857 protein hits. Filtering rows (protein hits) with fewer
than 3 positive values from this dataset narrowed the dataset to 2477
protein hits (Table S1), which were further processed. A general over-
view of the differences among the four proteomes is provided as a
heatmap (Fig. 1A) and a PCA (Fig. 1B). Briefly, these visualizations
indicate the following: (i) the proteomes of survivors after the lambda-
cyhalothrin, thiacloprid and lambda-cyhalothrin with subsequent thia-
cloprid treatments differed considerably from those of untreated beetles;
(ii) the thiacloprid and lambda-cyhalothrin treatments produced
different proteomic changes, but in some aspects, the changes appeared
to be similar; and (iii) the proteomes of the surviving beetles after
lambda-cyhalothrin and subsequent thiacloprid treatment changed in a
different direction from the changes observed when the pesticides were
used individually, but it is difficult to exactly predict whether the
resulting effect could be considered synergic, additive or antagonistic.
For example, Liu et al. [36] reported, based on biotests conducted in the
silkworm Bombyx mori, an additive effect from the combination of
lambda-cyhalothrin and the neonicotinoid imidacloprid, despite most of
the different combinations with pesticides that they tested being eval-
uated as synergic, and the effect of the chlorantraniliprole and imida-
cloprid mixture was evaluated as antagonistic [36]. To reveal the level
of impact of the pesticides from our proteomic data, it was necessary to
inspect changes in the protein markers or their groups (next section).
Indeed, the survival data for combined lambda-cyhalothrin/thiacloprid
in CompuSyn indicated an additive effect (Fig. 2).

3.2. Markers connected to survival after different pesticide treatments

To identify markers that might indicate the mechanisms responsible
for survival of the pollen beetles, we performed a Spearman rank cor-
relation analysis of proteome changes. The significant results (Table 1;
for the complete results, see Table S1) in any of the three groups of
survivors after treatments relative to the control untreated group of
beetles clearly indicated that the lowest number of significant markers,
that is, only one marker (Section 3.3), could be retrieved after thiaclo-
prid treatment (THI in Table 1) and that the additional population se-
lection by thiacloprid treatment after lambda-cyhalothrin (C—T
compared to CYH in Table 1) increased the number of significantly
changed markers compared to treatment with lambda-cyhalothrin alone
(CYH in Table 1). Twenty protein hits that were significant in both CYH
and C - T indicated that their change induced by lambda-cyhalothrin
still occurs after the subsequent treatment with thiacloprid. Thus, this
group of markers can be considered useful in the combined resistance to
both pesticides. The group of 22 retrieved proteins that were significant
in only the CYH treatment can be considered important or specific for
lambda-cyhalothrin treatment, since this set of proteins was less
important after the subsequent selection by thiacloprid. Finally, the
group of 65 proteins that was significant in only the C — T treatment can
be considered to be induced or amplified by the pesticide interaction.
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The resulting effect of the sequential use of these two insecticides ap-
pears to be additive, since the markers changed (increased or decreased)
to some extent after both thiacloprid (THI) and lambda-cyhalothrin
(CYH) treatment. Indeed, our assumption of the additive effect supports
the results of biotest analyses (Fig. 2). The retrieved significant markers
in C— T were generally amplified after the sequential use of lambda-
cyhalothrin and thiacloprid. These results together indicate that the
tolerance to lambda-cyhalothrin and thiacloprid in the tested population
of pollen beetles had a collective basis. Overall, the number of signifi-
cant markers was different for different treatments because most of the
markers changed to different extents compared to the control. Thus, the
indicated collective basis of resistance was present at a different level in
each treatment due to different active substances and dosages.

Below, we provide the key markers that we selected to be the cause of
resistance to the high doses of the tested pesticides. From the results in
Table 1, it is apparent that detoxification enzymes were not found to be
the major drivers (the corresponding changes in abundance were not
among the highest) of survival under high doses of pesticides. Indeed,
we stress that this result is valid for the stage at which the analysis was
performed. We observed similarities to our previous study, which indi-
cated the existence of new markers [15]. In further sections, we high-
light those markers that we selected to be the most important for future
investigations.

3.3. Pathogenesis-related protein 5-like/thaumatin-like proteins

When we considered the high-confidence (FDR=0.01) results
(Table 1), we found that the only significant marker after thiacloprid
treatment-mediated selection was pathogenesis-related protein 5-like
(PR5-like; Locus_1055_Transcript_1_1_4). Importantly, this marker was
also significant after the other two pesticide treatments (CYH and
C—T). The abundance of another PR5-like isoform (Locus_12694_-
Contigl 2) significantly increased after the deltamethrin treatment
(Table S2), although in the dataset from our previous study [15], the
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Fig. 2. Graphical representation of the CompuSyn analysis of survival data for
the combined lambda-cyhalothrin/thiacloprid effect. The dashed red line
clearly indicates the positive additive effect. A positive synergistic effect, if
found, would be represented as a solid red line, and negative effects would be
denoted in blue; however, these effects were not observed. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 1. Heatmap and PCA demonstrating the proteomic differences among the four analyzed treatments. A resulting (A) heatmap and (B) PCA were generated from
the normalized and averaged (median) Z-score data. Both presentations indicate that the pollen beetles selected by the pesticide treatments differ from those in the
control (CON) and that the survivors after thiacloprid (THI) treatment differ more from those selected by lambda-cyhalothrin (CYH) alone and beetles selected by
lambda-cyhalothrin followed by thiacloprid (C — T). Moreover, thiacloprid treatment showed a weaker effect on proteomic changes compared to lambda-cyhalo-

thrin treatment.
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Table 1
Significant (FDR of 0.01) protein markers obtained using Spearman rank correlation analysis.
C->T CYH THI Fasta headers (only first header is provided; selected markers are in bold)
Sig.  -Log Dif. Sig.  -Log Dif. Sig.  -Log Dif.
P P P
Yes 7.01 2.42 Yes 5.37 1.95 Yes 6.44 2.10 Locus_1055_Transcript_1_1_4 pathogenesis-related protein 5-like
Yes 4.30 2.42 Yes 3.62 1.77 3.02 1.65 Locus_511_Contig44_1 Paramyosin, long form
Yes 3.29 2.30 Yes 4.18 1.66 3.08 1.51 Locus_3137_Contig3_1 filamin-A isoform X3 ...
Yes 4.30 2.24 Yes 4.14 1.86 2.57 1.75 Locus_6122 Transcript_6_11_5 leucine-rich repeat-containing protein let-4 ...
Yes  3.23 2.14 Yes  3.82 1.75 4.06 2.02 Locus_364_Contig19_4 titin-like isoform X2
Yes 4.28 2.10 Yes 4.95 2.06 4.61 2.08 Locus_364_Contig19_5 titin isoform X3 ...
Yes 3.90 2.09 Yes 413 2.22 2.70 1.47 Locus_2123_Transcript_48_60_4 myosin heavy chain, muscle isoform X2 ...
Yes 5.19 2.05 Yes 3.75 1.95 1.54 1.22 Locus_259_Contig25_4 myosin heavy chain, muscle
Yes  4.05 1.98 Yes  4.22 211 3.02 1.77 Locus_493_Contig1_1 apical junction molecule isoform X5
Yes 5.01 —1.81 Yes 6.54 —2.42 4.45 —1.92  Locus_3467_Transcript_27_64_1 DEAD-box ATP-dependent RNA helicase 20-like ...
Yes 4.55 -1.85 Yes 4.71 -2.27 2.83 -1.72 Locus_164_Contig2_2 lipid storage droplets surface-binding protein 1-like isoform X1
Yes 3.64 -1.86 Yes 3.95 —2.06 4.03 -2.11 Locus_10285_Contigl_2 probable 26S proteasome non-ATPase regulatory subunit 3 ...
Yes 3.44 -1.88 Yes 3.52 —-2.12 1.84 -1.29 Locus_1409_Contigl_1 39S ribosomal protein L28, mitochondrial
Yes 4.74 —1.90 Yes 4.57 —2.20 5.79 —2.13  Locus_2319_Contig9_3 ATP-dependent RNA helicase p62-like ...
Yes 3.48 -1.97 Yes 3.60 -1.89 2.86 -1.94 Locus_23210_Contigl_1 26S proteasome regulatory subunit 6A-B
Yes 4.20 —2.08 Yes 5.07 —2.27 2.89 -1.35 Locus_6758_Contigl_1 insulin-like growth factor-binding protein complex acid labile subunit
Yes  4.46 -2.17 Yes 410 —1.68 2.43 —1.84 Locus_2325_Contig10_2 probable phosphoserine aminotransferase ...
Yes  3.41 -2.23  Yes 397 -1.69 2.69 —1.56  Locus_5216_Contigl_4 hypoxia up-regulated protein 1
Yes 5.36 —2.24 Yes 3.45 —-1.97 6.02 —1.88  Locus_2319_ Transcript_70_169_2 ATP-dependent RNA helicase p62-like ...
Yes 6.23 —2.34 Yes 5.06 —2.15 4.01 —1.66 Locus_4047_Contigl_6 acyl-CoA Delta(11) desaturase-like ...
2.99 1.49 Yes 5.07 2.33 4.10 1.98 Locus_79_Contig9_1 protein anoxia up-regulated isoform X4
2.75 1.84 Yes 3.96 2.26 211 1.22 Locus_4737_Contigl_4 serine protease 55-like ...
1.73 1.43 Yes 4.12 2.19 2.45 1.31 Locus_1129 Transcript_2 2 1 slit homolog 3 protein-like
2.92 1.69 Yes 4.59 2.19 3.43 1.77 Locus_5590_Contigl_2 B1 protein-like ...
1.18 1.04 Yes 4.01 2.18 3.21 1.72 Locus_79_Contig7_1 protein anoxia up-regulated isoform X3
0.91 0.67 Yes 4.45 217 4.44 1.87 Locus_19042_Contigl_4 B1 protein-like
1.74 1.44 Yes 3.89 213 291 1.51 Locus_3307_Contig3_2 gelsolin-like isoform X1 ...
1.43 1.37 Yes  3.50 2.05 3.10 1.73 Locus_10599_Contigl_3 B1 protein-like
1.90 1.27 Yes 3.60 2.03 2.80 1.76 Locus_4489_Contig2_5 transforming growth factor-beta-induced protein ig-h3
1.53 1.35 Yes 3.99 1.90 0.92 0.78 Locus_2188_Transcript_66_143_4 paxillin isoform X1 ...
1.31 1.55 Yes 3.74 1.73 2.32 1.08 Locus_514_Contig24_1 putative cysteine proteinase CG12163
222 1.90 Yes 373 1.50 3.63 1.86 Locus_4052_Contig13_1 probable isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial
isoform X2 ...
2.45 -1.41 Yes 4.55 —1.58 1.59 —1.65 Locus_364_Contig5_5 26S proteasome regulatory subunit 6B
0.00 0.00 Yes 3.75 -1.61 3.57 —1.46 Locus_5265_Transcript_3_6_2 26S proteasome non-ATPase regulatory subunit 13 ...
1.25 -1.19 Yes 5.91 -1.78 1.25 -1.09 Locus_4072_Transcript_2_21_3 tumor protein D52 ...
1.67 -1.33  Yes 372 -1.79 0.64 -0.71 Locus_3817_Contig11_3 NADP-dependent malic enzyme isoform X1 ...
3.03 —1.83 Yes 3.63 —2.05 0.64 —0.56  Locus_2319_Contig3 2 h ine S-methyl 1-like
3.17 -1.76 Yes 4.06 —2.24 2.24 —1.58 Locus_3405_Contig13_6 Eukaryotic translation initiation factor 4 gamma 1-like Protein ...
2.25 —1.32 Yes 4.81 —2.33 2.10 —1.05 Locus_13322 Transcript_1_3_3 ester hydrolase C11o0rf54 homolog isoform X2
1.70 -1.11 Yes  4.22 -2.35 1.91 —1.12  Locus_1209_Contigl_6 endoplasmin
2.90 -1.62 Yes 525 —2.39 212 —1.08 Locus_6187_Contig2_2 mitochondrial-processing peptidase subunit alpha ...
1.73 —0.80 Yes 3.85 —2.44 1.46 —0.75 Locus_2572_Contig7_4 Lysosomal aspartic protease ...
Yes 4.15 2.49 1.82 1.02 2.03 1.10 Locus_2377_Transcript_28_47_2 tropomyosin-2 isoform X13 ...
Yes 4.01 2.42 2.45 1.07 1.55 0.90 Locus_2508_Contig2 6 tropomyosin-1 ...
Yes  3.81 242 219 1.18 1.69 0.98 Locus_4542_Transcript_27_63_2 tropomyosin-1, isoforms 33/34 isoform X1 ...
Yes 3.90 2.40 2.44 1.38 2.56 1.41 Locus_7953_Contigl_5 laminin subunit alpha
Yes 3.79 2.39 1.70 1.01 2.21 0.95 Locus_5358_Contig3_6 coronin-6;Locus_5358_Contig2_5 coronin-6
Yes 3.68 2.38 2.29 1.22 1.61 1.05 Locus_3817_Contig5_1 NADP-dependent malic enzyme ...
Yes  3.80 2.35 1.97 1.30 1.18 0.92 Locus_2823_Transcript_71_125_4 troponin T, skeletal muscle isoform X6 ...
Yes 3.60 2.34 1.56 1.06 1.46 1.16 Locus_5297_Contig4_2 PDZ and LIM domain protein 3 isoform X2 ...
Yes 3.90 2.33 2.47 1.50 3.52 1.63 Locus_2597_Contig9_3 ras-related protein Rab-23 ...
Yes 4.72 2.33 2.84 1.59 2.74 1.63 Locus_2562_Contigl_5 ATP synthase subunit gamma, mitochondrial ...
Yes 4.34 2.30 1.20 0.75 1.05 0.66 Locus_9567_Contig2_1 PREDICTED: uncharacterized protein LOC109544647 ...
Yes 458 2.30 1.18 0.93 1.24 0.71 Locus_5368_Contigl_2 microtubule-associated protein 1A isoform X2 ...
Yes 3.76 2.30 1.42 0.93 1.59 1.19 Locus_19089_Contigl_4 cytochrome c oxidase subunit NDUFA4 ...
Yes 4.25 2.29 3.18 1.99 2.52 1.20 Locus_2110_Contig9_2 obscurin isoform X4
Yes 3.97 2.29 1.87 1.25 2.04 1.15 Locus_3482_Contig5_3 spectrin beta chain isoform X1 ...
Yes 3.74 2.29 2.16 1.35 1.68 1.20 Locus_511_Contig46_3 delta-1-pyrroline-5-carboxylate dehydrogenase, mitochondrial
Yes  3.99 227 292 1.33 1.08 0.66 Locus_7526_Contig2_4 protein msta-like ...
Yes 3.53 2.24 2.77 1.47 1.01 0.82 Locus_6911_Contig2_3 PREDICTED: uncharacterized protein LOC109595226 ...
Yes 3.97 2.22 0.88 0.64 1.26 0.71 Locus_2959_Transcript_36_60_2 spectrin alpha chain isoform X1
Yes 3.91 2.21 1.25 0.94 0.84 0.77 Locus_13577_Contigl_4 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 7 ...
Yes  3.55 221 3.16 1.90 218 1.17 Locus_5235_Contig2 6 PDZ and LIM domain protein Zasp isoform X1 ...
Yes 3.61 2.21 3.39 1.86 2.50 1.49 Locus_259_Contig29_2 myosin heavy chain, muscle ...
Yes 4.14 2.21 3.39 1.04 1.39 1.23 Locus_4_Contig2_3 lamin DmO-like ...
Yes 3.59 2.20 2.95 1.78 3.34 1.96 Locus_6061_Transcript 4_7_6 UNC93-like protein
Yes 3.92 2.20 2.41 1.66 1.73 1.23 Locus_2494_Contig2 5 alpha-actinin, sarcomeric isoform X1 ...
Yes 3.83 2.19 1.31 0.52 0.41 0.38 Locus_2538_Contig4_2 flightin ...
Yes 3.24 2.18 2.88 1.79 2.86 1.79 Locus_511_Transcript_258_305_4 paramyosin, long form-like ...
Yes 3.40 217 0.50 0.29 1.23 0.61 Locus_6964_Contig5_5 failed axon connections isoform X1 ...
Yes 4.50 214 3.03 1.54 2.16 1.65
(continued on next page)
5
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Table 1 (continued)
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C-T CYH THI Fasta headers (only first header is provided; selected markers are in bold)
Sig.  -Log Dif. Sig.  -Log Dif. Sig.  -Log Dif.
P P P

Locus_4526_Contig3_5 transforming growth factor beta-1-induced transcript 1 protein-like
isoform X2 ...

Yes 3.91 2.14 1.18 0.78 1.21 1.02 Locus_5765_Contig2_1 PREDICTED: LOW QUALITY PROTEIN: uncharacterized protein
LOC109601562 ...

Yes 4.10 211 2.21 1.23 1.89 1.55 Locus_18888_Contigl_3 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 5,
mitochondrial

Yes 3.89 2.09 2.19 1.70 1.82 0.88 Locus_4634_Contigl_1 Actin, muscle ...

Yes 3.36 2.08 1.27 0.96 1.18 1.15 Locus_6175_Transcript_16_19_2 sodium/potassium-transporting ATPase subunit alpha isoform
X9

Yes 3.41 2.07 3.02 1.77 1.52 1.10 Locus_95_Contig10_6 ADP,ATP carrier protein ...

Yes  3.20 2.07 2.37 1.62 2.07 1.48 Locus_3907_Contig5_2 annexin B9 isoform X1 ...

Yes 4.65 2.05 1.82 1.53 3.39 1.87 Locus_23210_Contigl_2 26S proteasome regulatory subunit 6A-B

Yes 3.44 1.94 1.29 0.80 0.44 0.50 Locus_8470_Transcript_1_1_3 sodium/potassium-transporting ATPase subunit beta-2

Yes 3.37 1.91 0.21 0.25 0.46 0.35 Locus_4635_Contigl_5 limbic system-associated membrane protein-like isoform X1 ...

Yes  3.52 1.89 0.17 0.21 0.72 0.69 Locus_7914_Contig1_5 ubiquitin-conjugating enzyme E2 variant 2

Yes 3.71 1.89 1.74 0.77 0.15 0.23 Locus_4287_Contig4_3 neuronal calcium sensor 2 ...

Yes 3.35 1.82 0.27 -0.23 2.20 1.18 Locus_7825_Transcript_11_11_2 F-actin-capping protein subunit alpha ...

Yes 3.46 1.79 2.76 1.75 2.65 1.88 Locus_8481_Contig2_2 PREDICTED: uncharacterized protein LOC109597034 ...

Yes  3.57 1.78 0.06 —0.05 0.19 0.26 Locus_2610_Contig6_3 myosin regulatory light chain 2 ...

Yes  3.65 1.75 0.90 0.78 1.61 1.56 Locus_8111_Contig2_6 phosphoglycerate mutase 1

Yes  3.96 1.69 2.09 1.27 0.52 0.69 Locus_6661_Contigl_3 muscle M-line assembly protein unc-89-like isoform X1

Yes 3.95 1.62 3.06 1.55 0.94 1.14 Locus_12746_Contigl_2 protein deglycase DJ-1

Yes 3.70 1.52 0.41 0.51 3.64 1.81 Locus_5543_Contig4_1 probable salivary secreted peptide ...

Yes  3.43 —1.64 297 -1.77 1.75 -1.67 Locus_2645_Transcript_24_24_6 importin-5;Locus_2645_Contig5_6 importin-5

Yes  3.37 -1.77 0.12 0.07 3.31 —1.66 Locus_3921_Contigl_6 very-long-chain 3-oxoacyl-CoA reductase

Yes 3.78 -1.83 2.95 —1.50 2.41 -1.92 Locus_2325_Transcript_102_160_1 probable phosphoserine aminotransferase ...

Yes 4.07 -1.88 1.85 -1.30 1.02 —0.95 Locus_514_Contig22 6 seipin ...

Yes 4.77 -1.90 1.84 -1.47 1.26 -1.09 Locus_1039_Contigl_5 endoplasmic reticulum resident protein 44 ...

Yes  3.80 -1.95 2.49 -1.33 214 -1.81 Locus_5258_Contig3_1 glycylpeptide N-tetradecanoyltransferase 1 ...

Yes 4.60 -1.97 3.35 -2.15 1.98 —1.00 Locus_6758_Contigl_2 insulin-like growth factor-binding protein complex acid labile subunit

Yes 3.54 -1.98 2.25 —1.64 3.20 —2.05 Locus_7147_Contigl_6 26S proteasome non-ATPase regulatory subunit 12

Yes 3.24 -1.98 1.02 -0.58 0.60 -0.67 Locus_3920_Contig6_3 protein transport protein Sec24C ...

Yes 3.30 —2.04 3.27 -1.60 1.21 -1.11 Locus_6558_Contig3_3 putative serine protease K12H4.7 ...

Yes  4.59 —2.06 1.49 -0.79 2.00 -1.67 Locus_5625_Contig3_2 fatty acid synthase-like

Yes 3.87 -2.09 2.11 -1.63 2.66 —0.90 Locus_3486_Contig5_2 protein sel-1 homolog 1 isoform X1 ...

Yes 4.39 —2.17 3.07 -1.71 3.09 -1.83 Locus_2493_Transcript_24_40_3 elongation factor 1-gamma ...

Yes 3.55 -2.19 2.39 -1.63 2.01 -1.49 Locus_3152 Contig3_5 clustered mitochondria protein homolog isoform X1 ...

Yes 3.95 —2.22 3.25 —1.40 2.18 —1.73  Locus_2319_Contig16_1 ATP-dependent RNA helicase p62-like ...

Yes 3.35 -2.27 2.44 -1.76 2.22 -1.38 Locus_2577_Contigl4_2 dnaJ homolog subfamily A member 2-like ...

Yes 4.51 —2.40 1.66 —1.00 1.99 —1.00 Locus_2316_Contig11_2 heat shock 70 kDa protein cognate 4

Yes 5.08 —2.43 2.92 -1.66 3.94 -1.69 Locus_4854_Contig2 2 mitochondrial uncoupling protein 4 ...

Only high-confidence (FDR = 0.01) results are shown. The data processed using Spearman rank correlation were normalized through the Z-score.

The full list of identified protein markers with at least three positives among all 20 samples analyzed using nLC-MS/MS, low-confidence results (FDR = 0.05) and high-
confidence results (FDR = 0.01), and details on the protein IDs and FASTA headers are given in Table S1.

Legend: Sig. — Significant; Dif. - Difference of the treatment compared to the control treatment.

changed (Table S2). Thus, different PR5-like can change with different
pesticide treatments or pollen beetle populations. The PR5 protein is a
thaumatin family protein (TLP) according to CCDs. PR5 proteins are
well known to be responsive to abiotic and biotic stress, including dis-
ease resistance in plants, but they were also identified as being impor-
tant in fungi and animals. In addition, these proteins appear to be
universal among eukaryotes [37-39]. We emphasized that PR5 is
responsive to deltamethrin pesticide treatment in our previous study
[15]. This study indicates that it would be interesting to examine the
role of PR5/TLRs-like in response (resistance/tolerance) to pesticides.
The role of PR5/TLRs in multiple resistance or at least their role in
tolerance to stress can be proposed. Finally, note that additional
thaumatin-like proteins were identified using the proteogenomic
approach in our studies (this study and [15]). For instance, we found
significant change for Locus_13237_Contigl_1 thaumatin-like protein 1
(Table S2), although significant change was not observed due to the
three treatments measured in this study (Table 1; Table S1).

PR5-like isoform Locus_1055 Transcript 1 1 4 was not significantly

3.4. Detoxification enzymes: the putative ester hydrolase C11orf54

The resistance markers considered to be of common interest are
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potent detoxification enzymes of different classes that are generally
overexpressed under pesticide treatment. In this study, we found a high-
confidence (FDR = 0.01) significantly changed (decreased) abundance
of the ester hydrolase Cllorf54 homolog (Locus 13322 Tran-
script 1_3_3) after lambda-cyhalothrin treatment. Although esterases
were previously shown to play only a limited role in some populations
[40,41], their detoxification potency should not be underestimated,
because if the ester bond is cleaved, pyrethroids should be deactivated.
This is important because the nonester pyrethroid etofenprox has been
observed to be more efficient in the control of pollen beetle than the
ester pyrethroids that include lambda-cyhalothrin, alpha-cypermethrin
and deltamethrin [21,23,24]. The role of esterases in the tolerance/
resistance to ester pyrethroids might be considered generally to be
disruption of the ester bond, which is, however, different from the effect
if the target is a nonester pyrethroid.

3.5. Detoxification enzymes: CYPs

One of the detoxification enzyme types generally considered to be a
key participant in detoxification and pesticide resistance is CYPs.
Despite being different from esterases (Section 3.4), CYPs are not limited
to the ester bond present in the ester pyrethroids; it is necessary to
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consider their supposed high specificity toward any target. Thus,
different CYPs can contribute to tolerance/resistance to various pesti-
cides within just a single class. In this regard, it is important that no CYP
was significant among the high-confidence (FDR = 0.01) markers pre-
sented in Table 1. However, it is notable that CYP9Z40 was significant at
the low-confidence level (FDR = 0.05; see CYP9Z40_2 cytochrome P450
9e2-like in Table S1), and its abundance was higher in all three treat-
ments compared to the control. Previous studies showed CYP6BQ23 to
be highly upregulated at the transcript level [10,11]. However, in our
dataset, CYP6BQ23 was not on the list of proteins after the data were
filtered (Table S1), despite it being in the database search list. In our
previous study [15], deltamethrin treatment did not significantly
change the abundance of CYP6BQ23 in survivors compared to the
control, but its abundance was lower in the dead/tremor beetles [15].
Thus, the lower abundance of CYP6BQ23 in individual insects that did
not overcome deltamethrin treatment may be one of the factors playing
a role in pollen beetle resistance to pyrethroids [15]. Reanalysis of the
data from the previous proteogenomic study (Table S2) confirmed that
in that experiment, CYP6BQ23 did not significantly change in survivors
of deltamethrin treatment compared to the control; however, the del-
tamethrin treatment increased the abundance of another CYP, denoted
as CYP9Z42 or cytochrome P450 9e2-like (See Table S2). Thus, there is a
similarity with the abovementioned CYP9Z40, and according to the
proteomic results, we can highlight these CYPs or similar CYPs.

Overall, in the explanation of why we did not find CYP6BQ23 to be
important in driving the resistance in our experiments, it is appropriate
to consider the following factors. Transcriptomic and proteomic data
can provide different results due to differing durability of proteins and
transcripts, the post transcription machinery and post translational
modifications [42,43]. The results can be affected by the experimental
design; however, there can still be poor or no correlations between
transcriptomic and proteomic data, even when the data are obtained
under same conditions [43]. Further, it is important to consider that the
key factors could differ among different populations of pollen beetles.
Thus, populations can differ in their responses and abundances of
transcripts and proteins, including isoforms, due to different pheno-
types, which is an effect closer to the proteome than to the transcriptome
or genome [44].

3.6. Epigenetic markers in resistance/tolerance

Among the various mechanisms of resistance in pollen beetle, we
previously stressed the potential of epigenetic mechanisms in the
resistance/tolerance to pesticides [15]. Epigenetic processes may also
importantly affect the development of insecticide resistance; however, a
report subsequent to our study indicated that relevant knowledge of the
epigenetic role in insecticide resistance is scarce [45]. For example, the
epigenetic mechanism by which hypomethylation is connected to atra-
zine removal in a paddy crop has been indicated [46]. In this regard, O-
methyltransferase in yeast cells was indicated as facilitating atrazine
metabolism and elimination [47]. Indeed, the changes in proteins
affected methylation after deltamethrin treatment of pollen beetles, as
we have previously indicated [15]. Here, we stress that homocysteine S-
methyltransferase 1-like was significant after lambda-cyhalothrin treat-
ment (Table 1). Indeed, the key factor among the epigenetic markers in
this study that we highlight is the DEAD-box ATP-dependent RNA
helicase 20-like (DEAD20) and three isoforms of the ATP-dependent
RNA helicase p62-like (Rm62) (Table 1). In general, RNA helicases are
associated with the lifespan of RNAs. RNA helicases are involved in gene
expression and function as drivers of mRNA processing to translationally
active mRNAs [48-50]. The change in DEAD-box helicases has been
linked to the stress response [50-52]. Indeed, Drosophila Rm62 is also a
conserved ATP-dependent RNA helicase DEAD-box protein [53]. Here,
we observed the downregulation of these RNA helicases after pesticide
treatment compared to the control, and the results in Table 1 are sig-
nificant for CYH and/or C — T. The downregulation of DEAD20/Rm62
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by deltamethrin treatment in pollen beetles has previously been
observed [15]. The regulation of DEAD-box helicases as epigenetic
markers can be a key factor in the response to multiple stresses. Whether
or how these markers are linked to the other observed changes, espe-
cially the upregulation of PR5 due to pesticide exposure, remains an
open question.

4. Conclusions

In this study, we demonstrate the use of a high-throughput proteo-
genomic approach to identify markers that could play key roles in the
resistance/tolerance of pollen beetles to different pesticides. Here, we
used lambda-cyhalothrin and thiacloprid treatments and their sequential
use. The results indicated an additive effect when the pollen beetle
population was selected with lambda-cyhalothrin and further treated
with thiacloprid. The results indicated that proteins identified as PR5
could play an important role in the resistance/tolerance to pyrethroid
and/or neonicotinoid treatment. Furthermore, we identified an epige-
netic background for the response to pesticide treatment. In addition to
PRS5, we highlight the role of RNA helicases (DEAD-box proteins) as
drivers of pesticide tolerance, which is similar to the result of our pre-
vious study in which pollen beetles were treated with deltamethrin. We
also show that there is a metabolic connection to survival, but we
identified markers of lower significance and/or different markers
(different CYPs; esterase) compared to other studies. This conclusion is
similar to that of our earlier proteogenomic study. This may be due to
differences in biological experiments as well as observations at the
proteome level. Our data indicate multiresistance adaptations to pesti-
cide treatments. The mechanisms appear to be regulated by epigenetic
drivers; however, the details need to be further explained. Accordingly,
this study indicates the importance of studying the genetic background
of the populations (epistasis).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jprot.2020.104086.
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4.3 Rozdilna atraktivita odrid Fepky jako potencialni nastroj ochrany

proti blyskacku Fepkovému a krytonosci SeSulovému

Vystup C: Hovorka T, Saska P, Stard J, Kocourek F. 2021b. Attractiveness of oilseed rape
cultivars to Brassicogethes aeneus and Ceutorhynchus obstrictus as a potential control
strategy. Plant, Soil and Environment 67 (2021):608—615. DOI: 10.17221/367/2021-pse.
(IF 2,328)

Prispéni autora:

Autor provedl sbér vzorki v terénu, identifikaci materidlu v laboratoii a pfipravu dat
pro statistické zpracovani. Podilel se hlavni mérou na sepsani findlni verze rukopisu prace
vcetné vyporadani pfipominek recenzentli. Autor se nepodilel na statistickém zpracovani

dat.

4.3.1 Charakteristika problematiky

Repka olejka patii nejen v Ceské republice k zédkladnim a nejvice péstovanym
plodindm. V osevnich postupech soucasného zeméd¢lstvi zaujima nezastupitelné misto jak
z hlediska jejich zlepSujicich vlastnosti pro pudu, tak zhlediska vynosového
a ekonomického pro jeji péstitele. Uspéch péstovani fepky v dne$ni dobé znaéné zavisi na
pouziti pesticidi proti Skodlivym organismtim. Pesticidy vSak nejsou vétSinou aplikovany
ve spravny Cas tak, aby efektivné potlacily Skodlivy organismus, coz vede Casto k jejich
naduzivani a v dasledku také ke vzniku rezistence. Problém rezistence je zna¢ny hlavné u
hmyzich sktdct fepky. Pfikladem mtize byt blyskacek fepkovy, u kterého byla diky jejich
naduzivani prokdzana vysoka mira rezistence k pyrethroidiim a také snizena citlivost vici
u.l. thiakloprid. Naduzivani a nespravna aplikace pesticidii vede také k ubytku biologické
rozmanitosti v zem&délské krajin€. Moznostmi, jak minimalizovat mnozstvi pouzivanych
pesticidu a jejich dopad na necilové organismy mohou byt zmény ve vlastnostech odriid
fepky a také zmény v péstebnich technologiich. Pfikladem mutize byt modifikace barvy
kvétu, kterd vyznamné ovlivituje chovani hmyzu vdzaného na fepku. Cilem této prace bylo
v maloplo$nych polnich pokusech zjistit preferenci blyskacka fepkového a krytonosce
SeSulového pro bile a Zluté kvetouci odridy fepky s rozdilnou fenologii. Na zaklade

vysledkti preferenci Skidcti navrhnout potencidlni vyuziti bile kvetouci odridy fepky
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v ramci péstebni technologie ,,push-pull® (napt. vyuziti lapacich/atraktivnich rostlin na

okraji pole).

4.3.2 Metodicky postup

Polni pokusy probihaly v jarnim obdobi v letech 2015-2018 na experimentalnich
pozemcich Vyzkumného ustavu rostlinné vyroby, v.v.i v Praze-Ruzyni. Pro simulaci
typického osevniho postupu v intenzivni zemédélské krajiné byl zvolen osevni postup
fepka-obilniny-fepka-obilniny. Repka byla tedy na stejném pozemku kazdy druhy rok. T#i
pokusné parcely, kazda o velikosti 0,4 ha, se nachézeji v blizkosti ovocnych sadi (pfevazné
jablon¢) a poli s okopaninami. Pro tc¢ely experimentu byly vybrany tii odrady fepky, dvé
zluté kvetoucti s odlisSnou fenologii: DK Exssence (Casnéjsi) a DK Sensei (pozdnéjsi) a jedna
bile kvetouci odrtida s pozdnéjsi fenologii: Witt. Pokusnd pole byla ponechana bez
insekticidniho oSetfeni, coz umoznilo ptirozené osidleni porostli hmyzem. Agrotechnické
zasahy byly obvyklé se standartnim herbicidnim oSetfenim na podzim preemergentné
1 postemergentné.

Jako modelové druhy $ktdct, ktefi jsou lakéni barvou kvétu a fenologii fepky, byly
zvoleni blyskacek fepkovy a krytonosec SeSulovy. Pro odbér vzorki hmyzu byly na vSech
parcelach zvoleny dvé metody: piimy odpocet jedincii (pouze blyskacek) a sbér pomoci
entomologického smykadla (oba druhy). Odbéry vzorki v rdmeci parcel byly opakovéany pro
kazdou odridu fepky. Pfimé odpocty blyskackt probihaly kazdy rok (2016-2018) od jejich
prvniho vyskytu ve zlutych miskach (monitoring prvni letové aktivity). Brouci byli
sklepavani z 25 nadhodné vybranych rostlin v rdmci kazdé odridy na kus bilého papiru
anésledn¢ byl zapsan jejich pocCet. Pocet dnl s odecty se lisil v ramci kazdé sezony
s ohledem na délku kveteni fepky. Odbéry vzorkii metodou smykani byly provadény od
pulky dubna do konce kvétna v zévislosti na délce kveteni fepky. Smykani probihalo pouze
za dobrého pocasi (slune¢no/polojasno a teplota >10 °C), kdy je aktivita hmyzu nejvyssi.
Kazdy vzorek pochézel ze 75 smyki (25 smykt x 3 opakovani) na kazdé odriid€. Oznacené
nasbirané vzorky byly ihned transportovany do laboratofe a zamrazeny v platovych saccich
(-32 °C) dokud nebyly rozebrany. V laboratofi byly vzorky nésledné rozebrany a spocitdno
zastoupeni Sklidcii na jednotlivych odriiddch. Pro identifikaci druhd bylo vyuZito
stereomikroskopu a ptislusné literatury.

Data z ptimych odpoctl byla zpracovana pomoci analyzy rozptylu (ANOVA). Data
z odbéri pomoci smykani byla analyzovana s vyuzitim zobecnénych linearnich modelt
(GLMs). Procentudlni rozdil v pocetnosti Skiidcti mezi jednotlivymi odridami byl odhadnut
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na zékladé¢ zobecnéného modelu se smiSenym efektem s negativnim binomickym
rozdélenim chyb (balicek Ime4). Vyznamnost terminti odbéru vzorki byla posouzena na
zékladé testu poméru pravdépodobnosti X? (balicek car). Veskeré analyzy byly provedeny

v prostfedi programu R.
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Abstract: The abundances of two pests, pollen beetle (Brassicogethes aeneus (Fabricius, 1775)) and cabbage seed
weevil (Ceutorhynchus obstrictus (Marsham, 1802)), were measured before flowering and in the full bloom of oilseed
rape cultivars with different phenologies (two yellow-flowering: DK Exssence (the earliest), DK Sensei (the latest)
and one white-flowering in time between yellow-flowering cultivars), and the differences in their abundance in the
selected cultivars were determined in plot experiments during 2015-2018. No significant differences in pollen beetle
and cabbage seed weevil occurrence were observed between the cultivars in the pre-flowering period, but during
flowering, the two yellow-flowering cultivars were more attractive than the white-flowering cultivar for both pests.
In the white-flowering cultivar, 57% and 69% reductions in the pollen beetle and cabbage seed weevil populati-
ons, respectively, were found relative to the two with yellow flowers. Thus, the use of white-flowering cultivar (less
attractive, later flowering) as the main crop and the yellow-flowering cultivar (more attractive, earlier flowering)
at field edges, with the width of the one-track line, could serve as a strategy to manage oilseed rape pests during
flowering. This control strategy which combines more and less attractive oilseed rape cultivars may contribute to
a reduction in the use of pesticides and their negative impact on the environment.

Keywords: Brassica napus L.; push-pull strategy; pest management; insecticide; trap crops

Agriculture is currently one of the sectors under-
going major changes in terms of crop protection
based on synthetic pesticides (Long et al. 2016). It
is necessary to adapt cultivation technologies and
strategies for pest control with a narrower spectrum
of insecticides in crops grown at large scales, such
as oilseed rape (Brassica napus L.), one of the most
important oilseed crops in Europe (Kaasik et al.
2014). The expansion of its cultivation in Europe
over the past three decades has created ideal condi-
tions for increasing pest population densities and
damages caused by crop pests. The pollen beetle

(PB, Brassicogethes aeneus (Fabricius, 1775)) and
the cabbage seedpod weevil (CSW, Ceutorhynchus
obstrictus (Marsham, 1802)) are considered members
of the major oilseed rape pests in the spring.
Overwintering PB adults colonise fields during the
green bud phenological stage of oilseed rape plants
(BBCH 51-57). The greatest damage caused by PB
adults occurs during the cold weather period in the
spring when buds begin to flower (BBCH 57-60).
Feeding damage to flower buds caused by adults,
or rarely also by larvae, can lead to abscission and
subsequent pod-less stalks (Williams and Free 1979,

Supported by the Ministry of Agriculture of the Czech Republic, Project No. RO0418.
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Sedivy 1993). The damage caused by adult PBs can
be higher on spring-sown oilseed rape cultivars
than on autumn-sown rape cultivars. Pollen beetle
adults also cause damage to other cruciferous crops
grown for seed, such as white mustard and cabbage
(Alford et al. 2003).

In Europe, the CSW is a less significant pest of
oilseed rape than in North America (Cdrcamo et
al. 2001). Overwintering adults migrate to oilseed
rape during the flowering stages (BBCH 61-65), and
warm weather during the flowering period (BBCH
61-65) supports their occurrence. Females lay eggs
singly in a hole bitten in the wall of young pods
(Lerin 1991), and after hatching, larvae feed on the
developing seeds (Williams 2010).

For almost two decades, PB populations in Europe
have been effectively controlled by synthetic pyrethroid
insecticides, but in 1999, the first report of pyrethroid
resistance in PB was documented in France (Derron
et al. 2004). Subsequently, pyrethroid-resistant PB
populations were detected in 18 European countries
(Slater et al. 2011), including Czech Republic (Stard
and Kocourek 2018, Hovorka et al. 2021). The risks of
increased damage caused by the CSW could be due to
the increased resistance of CSW to pyrethroids and
neonicotinoids. Cabbage seedpod weevil resistance
to acetamiprid was locally documented in Poland in
2009 and 2010 (Zamojska and Wegorek 2014), and
resistance to pyrethroids was reported in Germany
(Heimbach and Miiller 2013). Although there is strong
evidence of pyrethroid resistance among populations
of the PB (Slater et al. 2011, Spitzer et al. 2020) and
CSW (Heimbach and Miiller 2013) across Europe,
pyrethroids remain the main control agents for these
pests. Insecticides are routinely applied to large areas
of monocultural crops, frequently without prior screen-
ing for the presence of pests (Williams 2010). One of
the most recent surveys of insecticide usage in Europe
have shown that oilseed rape usually receives between
one and four applications; however, it is not unusual
for this crop to receive five applications (Menzler-
Hokkanen et al. 2006, Richardson 2008). Innovative
integrated pest management (IPM) approaches to
control these pests is necessary to decrease yield
losses and to slow the development of resistance to
insecticides (Skellern and Cook 2018). With increas-
ing crop damage caused by the PB and CSW, demand
by farmers for new management strategies for these
pests also is increasing (Williams 2010).

One of these potential innovative approaches for
oilseed rape could be the push-pull control strategy.

69

This control strategy can be defined as a behavioral
manipulation method that uses repellent (push) and
attractive (pull) stimuli to direct the movement of
pests or beneficial insects for pest management
(Foster and Harris 1997, Cook et al. 2007). Stimuli that
can be used for insect behavioral manipulation include
visual and semiochemical cues. These stimuli can be
combined with other population-reducing methods,
including insecticide application, with a preference
for biologically based or selective products (Nalyanya
et al. 2000, Zhang et al. 2013). Control strategies
against pests, such as the push-pull strategy, have
been developed in many areas of pest management.
However, despite the problems associated with the
development of resistance, chemical control is still
preferred in many situations by farmers, because
for the time being, there is no other way to protect
large scale grown crops like oilseed rape effectively
(Cook et al. 2007).

The use of trap crops is an example of a stimulus
that attracts (pull) pests. Trap crops divert pest
pressure from the main crop because they are more
attractive to the pests (Hokkanen 1991, Shelton and
Badenes-Perez 2006) and can be plants of a preferred
growth stage, cultivar or species. For example, when
used as a trap crop, turnip rape (Brassica rapa L.)
significantly reduced the abundance of the PB in
spring-sown oilseed rape compared to that in plots
without this trap crop (Cook et al. 2004, Hokkanen
and Menzler-Hokkanen 2018). Selective or biological
insecticides can be used to reduce pest populations in
trap crops. Turnip rape is known to be the preferred
host for several oilseed rape pests, as it is for the PB
(Barari et al. 2005), and growth stage-related visual
and olfactory stimuli are at least partly responsible for
the increased preference by pests (Cook et al. 2006).
Another example of the push-pull control strategy
(in addition to trap crops) is the use of oilseed rape
cultivars with different flower (i.e., petal) colours
and their different preferences by pests. The high
attractiveness of yellow petal colour in oilseed rape
for some pests, including the PB and CSW, is well
known (Laska et al. 1986, Buechi 1990). However,
only a few studies have reported the attractiveness of
other petal colours for oilseed rape pests, with their
potential to manipulate the location of herbivores or
pollinators of oilseed rape and reduce subsequent
infestation by pests (Cook et al. 2006, 2013). Cook
et al. (2006) reported that blue petals were the least
attractive, compared to the yellow, white and red
petals, and these results were supported by the use of
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sticky traps, with blue and black traps being the least
attractive. Additionally, Cook et al. (2013) reported
that red and blue petals of oilseed rape plants were
less attractive than yellow and white petals in their
experiments with dyed flowers. In both experiments,
white petals were the second most attractive for the
overwintering PB after yellow.

The aim of our work was to determine in field
experiments the preference of PB and CSW by di-
rect counts and sweep netting for white- or yellow-
flowering cultivars with different phenologies (two
yellow-flowering: DK Exssence (earlier), DK Sensei
(latest) and one white-flowering in time between
yellow-flowering cultivars). Based on obtained results
to propose the potential use of the white-flowering
cultivar in a push-pull-based control strategy.

MATERIAL AND METHODS

Field trials. The experiments were carried out in
the experimental fields of the Crop Research Institute
in Prague (50°05'16.5"N, 14°17'56.0"E, elevation of
345 m a.s.l.) in the spring periods from 2015-2018.
The whole region belongs to the temperate climate
zone, with an average annual temperature of 7.9 °C

Apple orchard
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and average annual precipitation of 472 mm. The
main soil unit is a modal brown soil that is clayey
loam and is on a subsoil formed mainly of loess and
marlstone.

To simulate the crop rotation system frequently
used in Czech Republic, the crop sequence in the
experimental fields was as follows: oilseed rape-
cereals-oilseed rape-cereals. Thus, oilseed rape
was grown in the same field every second year. The
experimental fields were located within potatoes-
cereals fields and apple orchards (Figure 1). Plots of
oilseed rape were separated within a field with 10 m
belt of nectar-rich, mainly Leguminosae, plants.
No brassicas were planted in the belt of nectar-rich
plants.

Winter oilseed rape cultivars were sown on three
experimental plots (one plot for each cultivar) at
a rate of 400 000 seeds per ha with a Wintersteiger
plot seeder (Wintersteiger Sdgen GmbH, Arnstadt,
Germany). Two yellow-flowering cultivars (DK
Exssence and DK Sensei) and one white-flowering
cultivar (Witt) were used for the trial (Figure 1).

The two yellow-flowering cultivars of oilseed rape
were each sown on a 0.2 ha plot; the white-flowering
cultivar was sown on a 0.4 ha plot. Hence, the area

® hid

» ®

PN

Winter wheat

Belt of nectar rich plants

e R )

Witt

@w & O ~ ® e~ O N

cv. DK Exssence

[ [ Yellow flowering cultivars

[[1 White flowering cultivar

s & »

Figure 1. Schematic map of the experi-
mental field with a sowing plan and crop

Apple orchard
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of yellow-flowering cultivars was in total 0.4 ha as
the white-flowering cultivar. The plots were left
untreated by insecticide, permitting natural infesta-
tion by the PB and CSW. Fertilisers (autumn: 40 kg
N/ha of UREAS®#PI® Agra as., Strelské Hostice, Czech
Republic; spring: 80 kg N/ha of UREAS®PI® Agraas.,
Stielské Hostice, Czech Republic with StabilureN®,
Agra a.s., Strelské Hostice, Czech Republic) and
herbicides (only in autumn: Butisan® Complete
(2.25 L/ha), Stratos® Ultra (1.2 L/ha) + Dash® HC
(1.2 L/ha), BASF, Prague, Czech Republic and Galera
(0.35 L/ha), Dow AgroSciences s.r.o., Prague, Czech
Republic) were added as in conventional operating
conditions to all cultivars the same way. Two meth-
ods of insect sampling, direct counting and sweep
netting, were performed in all experimental plots.
The samplings of evaluated insects were replicated
within a single plot of each cultivar.

Plant material. The yellow-flowering cv. DK
Exssence (Monsanto Technology LLC, St. Louis, USA) is
a pollen-fertile hybrid with low glucosinolate and eru-
cic acid contents. This cultivar has earlier phenology
than the other cultivars (DK Sensei and Witt) used in
this experiment, so it flowered first. The other yellow-
flowering cultivar, DK Sensei (Monsanto Technology
LLC, St. Louis, USA), is a half-dwarf pollen-fertile
hybrid with minimal erucic acid and glucosinolate
contents. The DK Sensei cultivar is the latest-flow-
ering of the cultivars used in this experiment. The
white-flowering cultivar, Witt (Seed Service CZ, Inc.),
has plants of an intermediate-range. The phenology
of this cultivar is later than that of DK Exssence
but earlier than that of DK Sensei. The cv. Witt
starts flowering approximately one week after
cv. DK Exssence and one week before cv. DK Sensei.

Insect sampling

Direct counts of the pollen beetle. Adult PBs were
counted directly from oilseed rape inflorescences
in 2016, 2017 and 2018. The beetles from randomly
selected plants from each cultivar were beaten down
by shaking of the plant from inflorescences onto
a sheet of white paper and counted. The total num-
ber of beetles from 25 plants of each cultivar was
evaluated in the spring during each census. One
person collected the samples to ensure these were
consistent. The number of censuses varied across
years and depended on the duration of the flower-
ing period (2016, 5 censuses; 2017, 7; 2018, 6). The
sampling was done at the same time, regardless of
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the stage development of particular cultivars. The
sampling started after the first collection of PB in
yellow water traps. The first census began during
BBCH 51 and lasted until BBCH 65. The counts
were summed and averaged per plant.

Pest sampling by sweep netting. Adult PBs and
CSWs were sampled from mid-April until mid-May
in 2015, 2016 and 2018 and throughout May in 2017.
Five (2015, 2016) and four (2017, 2018) censuses were
performed in the period from BBCH 57 to BBCH 65.
Insects were sampled on shine or partly cloudy skies
at temperatures higher than 10 °C using an entomo-
logical sweep net (perimeter 100 cm). Each sample
consisted of 75 sweeps in total (25 sweeps with
3 repetitions) on each cultivar. In the yellow flower-
ing cultivars, the first repetition was performed 5 m
from the edge of the plot, followed by the second in
the middle of the plot and the third repetition 5 m
from the edge adjacent to the neighbouring cultivar.
Collected samples of insects were then transferred
into labelled plastic bags and frozen (-32 °C) until
identification. In the laboratory, adult PBs and CSW's
were identified and counted using an Olympus SZX7
stereomicroscope (Tokyo, Japan). Pollen beetles were
identified according to Kirk-Spriggs (1996), and CSW
were identified according to Miller (1956).

Statistical analysis. Since we had only the data
from visual counts of PBs on plants averaged per
plant and census, we analysed the data using analysis
of variance in R version 3.6.1 (R Team 2019), with
alog-transformed response variable and cultivar, year
(categorical) and their interaction as explanatory terms.

The sweep data were analysed using generalised
linear models (GLMs) for the PB and CSW. Based on
prior inspection of the residuals, we used a negative
binomial error distribution with a log link function
(R package MASS), which was superior to the Poisson
distribution. The initial model included the cultivar,
year (categorical) and their interaction as the explana-
tory variables and counts of the respective taxonomic
group as response variables. The significance of the
terms was assessed based on a likelihood ratio X*
test (R package car). The percentage difference in
the abundance between the cultivars was estimated
from a generalised mixed-effect model with a nega-
tive binomial error distribution (R package lme4;
ref), with cultivar as a fixed effect and a random
intercept for the year of sampling. The inclusion
of the random effect was justified by a AAIC > 2,
which differed from the value in the corresponding
fixed-effect model.
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RESULTS AND DISCUSSION

Direct counts of pollen beetle. At oilseed rape stages
BBCH 51-65, the abundance of PBs per plant evalu-
ated by direct quantification of inflorescences varied
across the years (F2,45 =4.697, P = 0.014) but not with
the cultivar used (F2,45 =1.027, P = 0.366). Averaged
across the cultivars, the abundance per plant increased
from 2016 (mean * standard error; 2.65 + 0.37) and
2017 (3.57 + 0.61) to 2018 (10.58 + 2.33). According to
the Czech Central Institute for Supervising and Testing
in Agriculture, the threshold number of PB adults on
oilseed rape is 3 adults per plant or inflorescence (less
than 3 adults/plant: low abundance, 3-10 adults/plant:

32 | —e—Exssence
28 | —e—Sensei
—— Witt

Number of adults
—
o
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intermediate abundance, 10 adults/plant and higher:
high abundance). Across the study years and cultivars,
an average of 5.66 + 0.94 individuals per plant were
reported through visual counts. The abundance of PBs
(average number of beetles per plant) on the three cul-
tivars of oilseed rape on various Julian dates over three
years (2016, 2017 and 2018) is presented in Figure 2.
Our results show that the PB was not able to distinguish
the oilseed rape cultivars used in this study before
flowering, but from the beginning of flowering, the PB
preferred the yellow-flowering cultivars with the high-
est mean predicted abundance found for cv. Exssence
(116.37,95% CI: 48.42-280.03) over the white-flowering
cv. Witt (50.55, 95% CI: 21.08-122.94).

2016

3 2017

Number of adults

Number of adults

Julian date

Figure 2. The abundance of Brassicogethes aeneus (average number of beetles per plant via direct counting =
y-axis) on three cultivars of oilseed rape over three years (2016-2018) on Julian dates (x-axis) associated with
BBCH 51-65. The arrows show the optimal treatment dates for the pollen beetle based on the abundance

exceeding the threshold (shown by the dashed line))
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Table 1. The effects of oilseed rape cultivar and year of
sampling on the abundance of pollen beetle and cabbage
seed weevil on flowers (generalised linear model with
negative binomial distribution). The significance of the
terms was assessed based on a likelihood ratio X* test

Likelihood

Term ratio df by
Pollen beetle
Cultivar 20.29 2 < 0.001
Year 101.24 3 < 0.001
Cultivar x year 10.78 6 0.095
Cabbage seed weevil
Cultivar 44.08 2 < 0.001
Year 78.84 3 < 0.001
Cultivar x year 6.56 6 0.363

Sweep netting of the pollen beetle. Just before and
during flowering (BBCH 57-65), the abundance of
the PB (as evaluated by sweep netting) in all cultivars
was low in 2015 (1 623 adults in total), intermediate
in 2016 (2 250 adults) and 2017 (2 050 adults) and
high in 2018 (9 717 adults). Data from sweep netting
demonstrated that adult PBs were able to discriminate
between flowering oilseed rape cultivars and that the
response to a particular cultivar was constant across
the years included in this study (Table 1). The highest

(A) 8

X

mean predicted abundance was found for cv. Exssence
(116.37,95% CI: 48.42-280.03), followed by cv. Sensei
(100.40, 95% CI: 41.80-241.69), but the observed
decrease in abundance (14%) was not significant
(z = -0.78, P = 0.44). The cv. Witt with white flow-
ers attracted significantly fewer individuals (50.55,
95% CI: 21.08-122.94; 57% reduction compared to
cv. Exssence; z = —4.29, P < 0.001) than the two culti-
vars with yellow flowers. The overall variation in the
abundance among the cultivars and across the years
is shown in Figure 3A. The preference of the PB for
yellow-flowering oilseed rape cultivars over white-
flowering oilseed rape cultivars is also described by
Giamoustaris and Mithen (1996), who stated that the
abundance of the PB was approximately 50% lower on
white-flowering oilseed rape than on yellow-flowering
oilseed rape. Cook et al. (2013) found using different
methodology (dyed flowers with a water solution
of food colouring) that a white-flowering cultivar
was as attractive to the PB as the same cultivar with
yellow petals, but plants with red and blue petals
were significantly less attractive. The high incidence
of PBs on white flowers in the study by Cook et al.
(2013) was interpreted as a consequence of their
high UV reflectance. Doring et al. (2012) found that
the number of PBs caught in red, blue, white, grey
or black water traps (Petri dishes, diameter 14 cm)
in comparison to yellow and green, where was the

$ cv. Exssence
$ cv. Sensei
$ cv. Witt

?
b t

Abundance (log(n))

2015 2016

2017 2018

Figure 3. The abundance of (A) Brassicogethes aeneus, and (B) Ceutorhynchus obstrictus collected on three

cultivars of oilseed rape over four years of sampling by sweep netting. The points represent the predicted mean

abundance, and the vertical lines represent the 95% confidence intervals as predicted by a GLM (negative bino-
mial distribution) (# = 5 for 2015, n = 18 for 2016, n = 12 for 2017 and 2018)
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highest number of beetles caught, was generally very
low. These results support our study and proposed
control strategy, which is listed below.

Sweep netting of the cabbage seedpod weevil. In
the flowering period of oilseed rape (BBCH 61-65),
the response of adult CSWs to the oilseed rape culti-
vars was very similar to that of the PB (Table 1). The
mean density on cv. Exssence was 32.29 individu-
als (95% CI: 13.81-76.10), and the 10% increase in
abundance on cv. Sensei (mean predicted abundance:
35.49, 95% CI: 15.23-83.91) was not significantly
different from that on cv. Exssence (z = 0.47, P =
0.64). The CSW was less abundant on cv. Witt (mean
predicted abundance: 10.00, 95% CI: 4.25-23.59; 69%
reduction compared to cv. Exssence; z = —5.69, P <
0.001) than on the two cultivars with yellow flow-
ers. The overall variation in abundance among the
cultivars and across the years is shown in Figure 3B.
In Canada, white mustard (Sinapis alba L.) was used
in canola breeding for resistance to CSW damage
(Dosdall and Kott 2006). Some canola genotypes that
showed greater resistance to the CSW had different
chemical compositions and glucosinolate contents in
the pod developing seeds. The effectiveness of using
trap crops to control the CSW was investigated in
southern Alberta, Canada (Carcamo et al. 2007). In
one study, turnip rape flowered approximately one
week earlier than the main crop, oilseed rape, and
effectively concentrated CSWss, allowing them to be
controlled with pyrethroid insecticide to prevent their
movement into the main crops (Carcamo et al. 2007).

In conclusion, knowledge about the relative attrac-
tiveness of oilseed rape cultivars to the PB and CSW
can be utilised in pest control strategies adjusted for
particular cultivars based on the push-pull strategy
(Cook et al. 2007). At the beginning of immigration
into oilseed rape fields, the PB prefers plants in the
bud formation phase and neglects phenologically
delayed plants or cultivars. Hence, it is recommended
to sow cultivars with the earliest onset of bud forma-
tion on the marginal strips of a field. Acceleration
of the phenophase of oilseed rape at field edges can
be achieved by earlier sowing, reducing the doses of
morphoregulators and lower dosing of nitrogen-based
fertilisers. We propose that the cultivar preferred by
the pest should be sown along the edges of a field with
a width of a one-track line (approx. 24 m), which cor-
responds to the area of the sprayers used in this study.
The cultivar less preferred by pests (i.e., the white-
flowering cultivar) should be sown inside the plot. In
plots larger than 20 ha, it is recommended to establish
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one or more central strips of the preferred cultivar,
preferably in the longitudinal direction of the field.

In our four-year trial, we found that oilseed rape
cultivars of different colours and phenologies have
different attractiveness for PBs and CSWs. These
findings can be used as a part of a push-pull control-
based strategy. This can lead to a reduction in a limited
range of pesticides and, as a result, protect natural
enemies, which are important in pest population
reduction. This control strategy, which considers
cultivaral differences, works together with other
approaches in an IPM system.
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4.4 Prvni zaznam o vyskytu lumcéika Microctonus brassicae v Ceské

republice a jeho potencial jako bioagens proti diepfiku olejkovému

Vystup D: Hovorka T. 2022. First record of Microctonus brassicae in Czechia, a potential
biological control agent against a primary oilseed rape pest. Journal of Entomological and

Acarological Research 54: 1. DOI: 10.4081/jear.2022.10047. (SJR 0,18)

Prispéni autora:

Autor proved] praktickou ¢ast i sepsani findlni verze manuskriptu.

4.4.1 Charakteristika problematiky

Driepcik olejkovy (Psylliodes chrysocephala Linnaeus, 1758) patii po zdkazu mofeni
$kodam, které zpiisobuje na podzim. V Ceské republice se vyznam tohoto $kiidce spolu se
zuzujicim se spektrem vhodnych pfipravkll na ochranu fepky v podzimnim obdobi
kazdoro¢né zvySuje. Vzhledem k témto okolnostem je vhodné hledat alternativni moznosti
ochrany fepky proti tomuto $kiidci, coz mize piedstavovat napiiklad podpora vyskytu
ptirozenych nepiatel skiidct. Jednim z téchto uzitecnych organismi je i lumc¢ik druhu
Microctonus brassicae (Haeselbarth 2008). Tento druh parazitoida byl prozatim zjistén
z polnich populaci d. olejkového pouze ve Velké Britanii. Do této doby je to jediny zndmy
druh parazitoida dospé€lct d. olejkového a v jeho Zivotnim cyklu hraje spolu s ostatnimi
parazitoidy (larvalnimi) pravdépodobné vyznamnou roli. Cilem této prace bylo zjisténi
vyskytu tohoto potencialné vyuzitelného parazitoida v biologické ochrané na uzemi Ceské
republiky. Dale bylo cilem prace shrnout soucasné poznatky o bionomii, taxonomickém

zafazeni a identifikaci tohoto parazitoida.

4.4.2 Metodicky postup

Pro sbér materialu byla vybrana dvé mista v oblasti sttednich Cech (Slapanice, Unhost),
ktera se nachdzi v intenzivn¢ obhospodafované zemédélské krajing. Ke sbéru dospélct
drepcika olejkového bylo vyuzito entomologického smykadla. Brouci byli sbirdani na konci
zafi na polich s ozimou fepkou a pfilehlych polich s kvetouci hoi¢ici. Z kazdé lokality bylo
vybrano 50 jedincii, kteti byli nasledné chovani v laboratornich podminkach. Chov probihal

v entomologickych izolatorech z perforované textilie. Jako potrava byla broukim
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poskytnuta predpéstovand tfepka nebo kedlubna. Brouci byli chovani v kontrolovanych
svételnych a teplotnich podminkach s rezimem: den 16 h (22 °C) / noc 8 h (20 °C). Chovy
byly kvili lihnuti parazitoiddi kontrolovany tiikrat tydné. Vylihnuti parazitoidi byli
usmrceni octanem ethylnatym. Cést parazitoidil byla nasledné nalepena na entomologické
Stitky nebo uchovana v lihu pro pfipadnou identifikaci pomoci barcodingu. Morfologické
ur¢eni parazitoidl bylo provedeno dle dostupné literatury a originalnich popist druhti. Pro
shrnuti dosavadnich znalosti o tomto druhu a jemu pifibuznych druzich parazitoidi bylo

vyuzito dostupné literatury.
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Abstract

After the ban on treating oilseed rape seeds with neonicotinoids
in European Union, cabbage stem flea beetles (Psylliodes
chrysocephala Linnaeus, 1758) again became one of its main pests.
In Czechia, the impact of this pest increases every year, given with
the narrowing spectrum of suitable insecticides and growing dam-
age to oilseed rape plants in autumn. Based on this scenario, it is
appropriate to look for alternative options to control oilseed rape
pests. One option could be supporting beneficial organisms. One of
these organisms is the hymenopteran braconid parasitoid
Microctonus brassicae (Haeselbarth, 2008), which parasitizes adult
cabbage stem flea beetles. Its occurrence has now been confirmed
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outside Great Britain in Czechia and continental Europe respective-
ly. Five male specimens of M. brassicae emerged from 50 collected
adults of cabbage stem flea beetle by sweep netting from two local-
ities in central Bohemia. This parasitoid of adult cabbage stem flea
beetles and its larval parasitoids probably play an important role in
the life cycle and population dynamics of this pest. Current knowl-
edge about the biology, taxonomic classification and identification
of this parasitoid is summarized in this paper.

Introduction

The cabbage stem flea beetle (CSFB), Psylliodes
chrysocephala, Linnaeus 1758 (Coleoptera: Chrysomelidae), is
currently a major pest of winter oilseed rape (Brassica napus var.
oleifera M.) in Europe (Heimbach and Miiller, 2013; Stara and
Kocourek, 2019). Under central European conditions, this pest has
one generation within a year (Williams, 2010). Adults feed on
cotyledons and stems or perforate the first true leaves of emerging
oilseed rape plants and other cruciferous crops (Kaufmann, 1941).

To keep the CSFB below the harmful threshold, only prepara-
tions with the active substance lambda-cyhalothrin or other
pyrethroid insecticides (deltamethrin and cypermethrin) can cur-
rently be used in Czechia (Stara and Kocourek, 2019). However,
the use of pyrethroids should not be continuous to avoid selection
of resistant populations, as is now the case in Great Britain (Willis
et al., 2020). Neonicotinoid insecticides such as thiacloprid, which
have been traditionally used, have shown to be insufficiently
effective under Czech conditions. During 2015-208, at least two
populations of CSFBs (Prague and Potehy) showed tolerance to
thiacloprid. Nevertheless, neonicotinoids are no longer directly
approved for protection against CSFBs in European union (Stara
and Kocourek, 2019). Thus, with the growing importance of this
pest and the narrowing range of usable insecticides, farmers” inter-
est in new CSFB control options is also growing. Given these cir-
cumstances, it is necessary to obtain more knowledge about the
life cycle of this pest, its natural enemies (parasitoids) and their
biology to create a supporting strategy for this important natural
regulation system, which in the future could remain the only
option for CSFB control. Before proceeding with chemical protec-
tion, it is appropriate to use agrotechnical preventive measures,
such as sowing in well-prepared soil in the agrotechnical period.
With this preventative measure, farmers can achieve evenly grown
vegetation. Maintaining the dynamic growth of plants by growth
regulators and balancing the nutritional state of soil also have a
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positive effect (Gendy and Marquard, 1989). Despite these direct
precautions, ecosystem services provided by beneficial organisms
at essentially no cost can be used (Polasky, 2008). These organisms
include hymenopteran larval and adult pest parasitoids. These
organisms can be attracted to fields by creating a suitable environ-
ment for them, such as flowering belts at the edge of a field or
properly maintained landscape elements (e.g., draws and borders)
that provide shelter and food. The reward for farmers can be main-
taining pest populations below the harmful level and, consequent-
ly, decreasing the amount of chemicals applied to their fields (Hatt
etal., 2018).

To date, only five parasitoids of CSFBs larvae have been iden-
tified in Europe (Ulber et al., 2010). These larval parasitoids
belong to the Ichneumonidae and Braconidae families within the
Hymenopteran order, and one species of larval hymenopteran par-
asitoid belongs to the Chalcidoidea superfamily. Of the parasitoids
attacking adult CSFBs, two species, Microctonus melanopus
(Ruthe, 1856) and M. brassicae (Haeselbarth, 2008), has been
identified to date. The species of M. melanopus was raised from
adult CSFBs in Great Britain and France. However, its biology and
taxonomic classification is unclear (Ulber et al., 2010). In addition,
this species is considered to be a parasitoid of some weevil species
(Coleoptera: Curculionidae; Ceutorhynchus assimilis Paykull,
1792 (Harmon and McCaffrey, 1997); C. obstrictus Marsham,
1802 (Fox et al., 2004); C. pallidactylus Marsham, 1802 (Tobias,
1971); C. leprieuri Brisot, 1881 (Fulmek, 1968); and Hypera meles
Fabricius, 1792 (Tobias, 1986)).

To date, the only confirmed parasitoid of adult CSFBs is
Microctonus brassicae (Haeselbarth, 2008). This species was
described in 2008 by E. Haeselbarth from Great Britain as a
Perilitus brassicae, and in 2016, Gavin R. Broad transferred it to
the genus Microctonus (Wesmael, 1835). The only occurrence of
this parasitoid has been documented in Great Britain, where it was
raised from collected adult CSFBs from three localities in Norfolk
County. The accuracy of its morphological identification was also
genetically confirmed by Jordan et al. (2020) by the barcoding
method.

The aim of this work was to determine the presence of
Microctonus brassicae in Czechia for future research on this
potential biological control agent.

Materials and Methods

Adult cabbage stem flea beetles were collected by sweep netting
from two Czech field sites within the central Bohemia region at the
end of September 2020 (Slapanice GPS:50.3216647N, 14.1097611E
and Unhost” GPS: 50.0833436N, 14.1017786E localities; date of
collection: 25.9.2020). Adult CSFBs were collected from winter
oilseed rape and adjacent white mustard. Fifty individuals from each
locality were maintained on potted oilseed rape (variety DK
Exssence) or kohlrabi (Brassica oleracea var. gongylodes) in insect
breeding cages (35%35x60 cm) with microperforated textile cover
(Entosphinx Ltd, Czechia) in rooms with controlled environments at
an L16 (22°C): D8 (20°C) photothermoperiod. Beetle colonies were
checked three times a week for parasitoid emergence.

Upon emergence, wasps were collected with an exhaustor into a
100 ml polyethene bottle (Entosphinx Ltd, Czechia) that was used to
kill the wasps with 1 ml of 99.7% ethyl acetate (Penta Ltd, Czechia).
Some wasp specimens were also collected and preserved in 99%
ethanol (Penta Ltd, Czechia) for future molecular analysis. Collected
specimens in polyethene bottles were then glued on the entomolog-
ical labels and morphologically identified under an Olympus SZX7
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binocular microscope (Olympus Czech Group Ltd, Czechia) using a
key by Haeselbarth (2008) and description by Jordan et al. (2020).

Results

The emerged parasitoids

The first adult wasp was detected within the beetle colonies
maintained under controlled conditions approximately 2 months
after collection (10.12.2020). Another four individuals hatched from
the CSFBs during the following 20 days. All five individuals were
identified as males.

Identification of Microctonus brassicae

All emerged wasp specimens were identified as Microctonus
brassicae (Haeselbarth, 2008). This is the first report on this parasitic
wasp species from Czechia and continental Europe. The species
belongs to the hymenopteran parasitic family Braconidae. Together
with Ichneumonidae, these families form one of the most species-rich
families within Hymenoptera. In nature and in man-made ecosystems
(agrocenoses), they are important natural regulators of pests. M. bras-
sicae is further classified in the subfamily Euphorinae and the genus
Microctonus. This subfamily is one of the many subfamilies (236
species known in Europe; de Jong Yde et al., 2021) within the
Braconidae family and contains several small species parasitizing not
only Coleoptera but also Hemiptera, Neuroptera, Psocoptera,
Orthoptera and Hymenoptera (Quicke, 2015; Yu et al., 2016).

Male and female of M. brassicae are different in colour.
According to Jordan et al. (2020), females are orange to brown, and
males are predominantly black with yellow-brown legs (Figures 1
and 2). Females have 21 flagellomeres, while males have 25 to 26
flagellomeres. The mean size of the body from the head to the last
metasomal segment is usually 2.5 mm in diameter, with the males
being slightly larger (mean body length in males: 2.6 mm, females:
2.3 mm; Jordan et al., 2020). The genus Microctonus is character-
ized by two fused cells (submarginal and discal) in the front wing
and an elongated first metasomal tergite (Figures 1 and 2)
(Haeselbarth, 2008; Jordan ez al., 2020).

Life-cycle
Microctonus brassicae is a solitary koinobiont endoparasitoid.
Females lay their eggs on the pronotum or elytra, which is the most
preferred site, but mouthparts and the tip of adult CSFB abdomens
can also be chosen. The larva hatches from the egg and, after enter-
ing the body of the host, feeds on the haemolymph for most of its
larval development (Jordan et al., 2020). Once the larva reaches its
last (fifth) stage of development, it leaves the host’s body through its
anus and seeks shelter (mostly underground), where it pupates in a
silk cocoon (Figure 3). The adult then hatches from the cocoon
(Quicke, 2015). The time to complete the whole lifecycle from
oviposition in the CSFB to enclosion of the adult took on average
43.5 days (Jordan et al., 2020). It is currently unknown whether
adult CSFBs survive when parasitoid larvae leave their bodies.
However, it is known that the larva of the parasitoid feeding on the
body of the CSFB significantly affects its behaviour and, in the
later stages of its development, the level of CSFB host plant (cru-
ciferous plant) consumption. Cabbage stem flea beetle adults are
sterile due to the presence of parasitoid larvae (Jordan e al., 2020),
which also occurs in other species of the Microctonus genus (Loan
and Holdaway, 1961). This fact can highly affect the future popu-
lation density of pests if strongly parasitized. Thus, we will focus
on this problem in the future in more detail.
OPEN a ACCESS
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Elongated 1st metasomal
tergum is characteristic for
subfamily Euphorinae

Fused submarginal and
discal cell characterize this
genus

Figure 1. Microctonus brassicae male emerged from the CSFB adult (slapanice locality 2020): A) Overall view B) detail of fore wing
venation.

Overall appearance of the Microctonus
brassicae (Haeselbarth, 2008) male

Mesopleuron of male
Microctonus brassicae
(Haeselbarth, 2008) with
narrow precoxal sulcus

Figure 2. Male of Microctonus brassicae: A) Whole specimen B) Detail of Mesopleuron.
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Figure 3. Life cycle of Microctonus brassicae and its host cabbage stem flea beetle.

Discussion and Conclusions

Braconid wasps of the genus Microctonus have been success-
fully used for the biological control of pests (Aeschlimann, 1983;
Barratt et al., 2007). Two species can serve as an example: M.
aethiopoides (Loan, 1975) and M. hyperodae (Loan, 1974). These
two species were successfully introduced into New Zealand as a
biological control agent of two weevil pests (Sitona discoideus
Gyllenhal, 1834, and Listronotus bonariensis Kuschel, 1955) in
alfalfa pastures and graminaceous crops. For both species of para-
sitoids, the average parasitisation rate was over 50% (Prestidge et
al., 1991; Kean and Barlow, 2000). Similar results were obtained
by Jordan et al. (2020) from Great Britain in the case of M. bras-
sicae parasitoids of CSFBs in oilseed rape. This study by Jordan et
al. (2020) served as a template for this and future research. The
laboratory experiments with CSFBs exceeded the average parasiti-
sation rate by over 44%. The study also described in more detail
the life cycle of this parasitoid and the possibilities of breeding and
reproducing in captivity. The protocol for breeding this parasitoid
in captivity, which has been successfully described, indicates the
possibility of its use for biological control of cruciferous crops
against CSFBs in the future. However, it is necessary to optimize
laboratory breeding for the conditions in Czechia and then to test
the functionality of this bioagent in practice. Another possibility of
using this parasitoid in the protection of cruciferous plants outside
the laboratory is the release of parasitized adult CSFBs back into
nature. However, it is necessary to accurately identify parasitized
adults and determine the degree of parasitism of CSFB populations
(Jordan et al., 2020) across Czechia.
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In this article, the first report of the occurrence of the parasitoid
M. brassicae from Czechia and continental Europe is presented.
The report on its occurrence shows that due to the great distance
between Great Britain and Czechia and the likely widespread dis-
tribution of this species, there is potential for its use in the biolog-
ical control of oilseed rape against CSFBs.
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4.5 Docasné uméle vytvorené mimoprodukcni plochy podporuji vyskyt

o W

parazitoidi na orné pudé

Vystup E: Gonzilez E, Strobl M, Jansta P, Hovorka T, Kadlec T, Knapp M. 2022.
Artificial temporary non-crop habitats support parasitoids on arable land. Biological

Conservation 265:109409. DOI: 10.1016/j.biocon.2021.109409. (IF 7,497)

Prispéni autora:

Autor pfispél ke kompletaci ¢lanku predevS§im identifikaci nasbiraného
entomologického materialu, a to konkrétné jedinct z €eledi parazitickych blanokiidlych
lum¢ikovitych (Hymenoptera: Braconidae). Podilel se také na zpracovani sekvena¢nich dat.
Dale autor pfispél ke kompletaci findlni verze manuskriptu. Autor se nepodilel na

statistickém zpracovani dat.

4.5.1 Charakteristika problematiky

Na celém svété se zemédelska krajina postupné stala jednotvarnou s pfevahou pouze par
druhii velkoplosné péstovanych plodin. Diky tomu je uspesna produkce plodin silné zavisla
na agrochemikaliich, jako jsou rtizné pesticidy a hnojiva. Dlsledkem téchto faktd je
v takovéto krajin¢€ velmi nizka mira biodiverzity, kterd je existencné zavisla na pfitomnosti
mimoprodukénich ploch, které organismiim poskytuji mimo jiné potravu, ukryt a misto na
ptezimovani. Vyhodou mimoprodukénich ploch je kromé pozitivniho vlivu na biodiverzitu
také podpora ekosystémovych sluzeb v podobé predéatori a parazitoidi Skidct plodin.
Tvorba a udrzovani mimoprodukénich ploch, jako jsou kvétnaté pasy podél a uvnitt poli,
pozitivné pusobi na vyskyt pfirozenych neptatel, ktefi mohou slouzit jako biologicka
ochrana proti $kiidcim. Zatimco trvalé¢ a obhospodaifované mimoprodukéni plochy maji
dobfe znama pozitiva, docasné mimoprodukéni plosky uvniti poli s plodinami (polni kazy)
nebyly z hlediska podpory biodiverzity a ekosystémovych sluzeb prakticky studovany.
severni Evropé fepka olejka. Pravé v fepce se v praxi polni kazy pomérné frekventované
vyskytuji. Repka je od zagatku az do konce svého riistu napadana fadou $kudcd, jako je
diepcik olejkovy, stonkovi krytonosci, blyskacek ftepkovy, krytonosec SeSulovy a
bejlomorka kapustova. Ochrana fepky je u vétsiny téchto sktideti, diky vyskytu rezistentnich

populaci a malému sortimentu ucinnych latek insekticidi v dneSni dobé velmi
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komplikovana. Polni kazy vyskytujici se v fepce mohou diky nabidce heterogennich zdroju
poskytovat idedlni prostiedi pro podporu vyskytu ptirozenych neptatel sktidcti, jako jsou
néktefi parazitoidi, kteti mohou slouzit jako bioagens.

Cilem této prace bylo zjistit 1) jak doc¢asné mimoprodukcni plochy, jejich pozice
v ramci pole (okraj, stied) a vysev kvetoucich bylin vzajemné ovliviiuji druhovou bohatost,
abundanci a druhové sloZeni parazitoida v riznych ristovych fazich fepky; 2) jestli docasné
mimoprodukéni plochy pozitivn€ ovlivituji klicové druhy parazitoidi; 3) zda pfitomnost
kvetoucich rostlin na mimoprodukénich plochach podporuje vyskyt a pocetnost klicovych

parazitoidu.

4.5.2 Metodicky postup

Studie byla provedena v severozapadnich Cechach v roce 2018 na péti vybranych polich
s intenzivnim péstovanim ozimé fepky. Studovana pole s fepkou byla od sebe v praiméru
vzdalena 3,4 km a kompozice okolni krajiny sestavala z produkénich ploch, travnika
a drobnych lesnich ostriivkll. Na kazdé studované plose byla sledovéna tfi riizné prostfedi:
1) kontrolni plocha s ozimou fepkou; 2) plocha bez fepky ponechéana ptirozené sukcesi 3)
plocha bez fepky osetd vicencem ligrusem (Onobrychis vicifolia). Na kazdém poli bylo
celkem 6 studovanych ploch o vymeéte 18 x 18 m s kazdym typem prostiedi. Velikost téchto
ploch odpovida ptirozené se v praxi vyskytujicim polnim kaztim. U kazdého typu prostredi
byla vzdy jedna plocha na okraji pole a druha uvnitt cca 60 m od okraje. Studované plochy
byly konven¢né obhospodarovany tak, jako zbytek pole (bézné agrotechnické zasahy véetné
insekticidnich oSetfeni).

Dospélci parazitoidl byli sbirdni pomoci Zlutych a bilych misek naplnénych vodou se
smacedlem. Misky byly umisténé na dievéné tyCi ve vysi vegetace, exponovany po dobu
48 h a nésledné vybrany. Mimo pasivniho sbéru bylo dvakrat béhem sezény (kveteni a zrani
fepky) vyuzito sbéru pomoci entomologického smykadla (50 smykd na zkoumanou
plochu). Veskery nasbirany materidl z obou metod sbéru byl uchovan v 96% ethanolu
s piislusSnym oznac¢enim zkoumané plochy.

Veskery nasbirany materidl zfadu blanokiidlych (Hymenoptera) byl v laboratofi
s vyuzitim literatury roztfidén na co nejmensi taxonomické jednotky (nadceled’, celed’, rod
¢i druh). Podrobna identifikace druht v rdmeci Celedi byla provedena specialisty na danou
celed’. V ptipadé, Ze podrobna identifikace nebyla mozna, byli jedinci urceni do rodu, tribu

nebo podceledi a v rdmci téchto jednotek roztiidéni na tzv. morphospecies. Pro nejvice
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pocetné druhy, u kterych nebyla mozna morfologicka identifikace, byla druhové ptislusnost
urc¢ena pomoci barcodingu.

Pro kazdy typ plochy a obdobi odbéru vzorkt byl zkombinovan hmyz sebrany pomoci
smykéni a obou druhtt misek. Ke zjisténi druhové specifickych reakci dominantnich druhti
parazitoidi na neoseté plochy byly vybrany ty druhy, jejichZ pocetnost byla v celkovém
vzorku vys$si nez 2,5 %. Timto vznikla podskupina sestavajici z 9 dominantnich druht.
Dostupnost kvéti byla v obou obdobich sbéru materidlu na neosetych plochach odhadnuta
vizualng a byla stanovena stupnice od 0 (zadné kvetouci rostliny) do 3 (kvetouci rostliny na
celé plose).

Pro zjisténi efektu typu ploch, pozice ploch v ramci pole, vlivu fenologie fepky na
soubor parazitoidli, celkové druhové bohatosti a pocetnosti parazitoidi byly pouzity
zobecnéné mixované linearni modely (GLMMS). Podobné byly tyto modely pouzity také
k vyhodnoceni vztahu mezi nabidkou kvetoucich rostlin a parazitoidy (data pouze
z neosetych ploch a ploch s vicencem). Pro analyzu, jak je slozeni parazitoidi ovlivnéno
typem prostiedi (ploch), dobou odbéru vzorkil a pozici ploch v rdmci pole bylo provedeno
nemetrické mnohorozmérné Skalovani (NMDS) a permutovand analyza variance
(Permanova). Ob¢ analyzy byly provedeny v ramci balicku vegan v softwaru R. Pro zjisténi,
zda jsou nékteré druhy parazitoidl uzce vdzané na urcity typ prostfedi (plochu) byla vyuzita

,Indicator Species Analyses* v rdmci balicku indicspecies v softwaru R.
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Non-crop habitats are important to support biodiversity and ecosystem services in agricultural landscapes.
Whereas perennial and managed non-crop habitats have known benefits, temporary non-crop patches within
arable fields (field defects) have been poorly studied. We created artificial field defects (unsown patches) in
oilseed rape (Brassica napus L.) fields and evaluated their effects on parasitoid assemblages at two crop growth
stages. Moreover, we compared unmanaged patches with those sown with flowering plants (Onobrychis vicifolia)
and crop controls and analyzed the influence of position within the field (edge or interior), and total flower
availability. Altogether, we found almost 200 morphospecies of hymenopteran parasitoids (140 in unsown
patches, 147 in Onobrychis patches, and 81 in controls), including important enemies of crop pests. Species
richness and abundance were higher on both types of unsown patches than in controls but were not affected by
Onobrychis sowing. The differences between unsown patches and controls were larger during oilseed ripening,
suggesting that these temporary habitats can offer important resources during crop senescence. Parasitoid species
composition differed between controls and unsown patches, indicating that species not linked to the crop could
also benefit from these habitats. Finally, unsown patches with higher flower availability supported higher species
richness, total abundance, and abundance of three key species during OSR flowering. Thus, newly created un-
managed habitats have the potential to increase biodiversity despite their small size, although increasing flower
resources can boost their benefits. Unsown patches can be easily created by switching-off sowing, facilitating
their adoption by farmers. Future studies on pest control levels and comparisons with other agri-enviromental
schemes would help to elucidate the cost-benefit of unsown patches.

1. Introduction managed agricultural landscapes (Ekroos et al., 2014).

Natural enemies of crop pests provide the valuable ecosystem service

Throughout the world, agricultural landscapes have become
extremely simplified and dominated by a small number of crops that are
planted in large fields (Tscharntke et al., 2005; Ramankutty et al., 2018).
In addition, there is a strong dependence on external agrochemical in-
puts, such as fertilizers and pesticides (Gliessman, 2015). In conse-
quence, biodiversity in these landscapes is often reduced and the
occurrence of many species strongly depends on the presence of non-
crop habitats (Landis, 2017). Therefore, maintaining and creating
semi-natural habitats is important to support biodiversity in intensively

of biological control for agriculture (Hajek and Filenberg, 2018). Many
species of natural enemies depend, at some point of their life cycles, on
the resources provided by non-crop habitats, such as alternative hosts or
prey, refuges, overwintering sites, and flowering plants (Bianchi et al.,
2006). Therefore, natural enemies are benefited by higher proportions
of semi-natural habitats at the landscape scale (Chaplin-Kramer et al.,
2011; Gonzalez et al., 2020a; Kovacs et al., 2019) and the creation of
non-crop habitats such as flower strips at the local scale (Tschumi et al.,
2016), which can in turn enhance pest control, at least near these
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habitats (Albrecht et al., 2020).

Non-crop habitats within intensively managed agricultural land-
scapes can be either perennial or ephemeral. Perennial non-crop habi-
tats include linear corridors such as hedgerows and grassy field edges
(Albrecht et al., 2020; Ernoult et al., 2013) or patches of the original
semi-natural ecosystems that persist after habitat loss and fragmentation
such as forests (Gonzalez et al., 2016) and grasslands (Rosch et al.,
2013). Ephemeral non-crop habitats include, among others, natural field
defects, which are temporary patches within agricultural fields where
crop vegetation is poorly developed due to waterlogging, drying out,
nutrient deficiencies or animal perturbations (Brose, 2003a, 2003b;
Seidl et al., 2020). Early-successional, spontaneous vegetation can
colonize these patches making them a potentially suitable habitat for
many insect and bird species. The importance of perennial non-crop
elements for biodiversity and ecosystem services (ES) provision by in-
sects is well-known (Dainese et al., 2019). However, the role of field
defects to support beneficial insects has been rarely studied. While
carabid beetles can avoid field defects with low vegetation cover or
heterogeneity (Brose, 2003a; Seidl et al., 2020), they still provide similar
or slightly lower levels of pest and weed control within defects compared
to the surrounding crop areas (Gonzdlez et al., 2020b). Recently, Knapp
et al. (2022) shown that artificial field defects (unsown patches) can
support various pollinators, true bugs and spiders, however, their effects
on parasitoids are still unclear.

Oilseed rape (OSR; Brassica napus L.) is one of the most important
crops in Central and Northern Europe (Eurostat, 2021), and field defects
are frequently observed in OSR fields (Gonzalez et al., 2020b; Seidl
et al., 2020). Throughout its phenology, OSR is attacked by multiple
insect pests, such as stem and seed weevils, pollen and flea beetles, and
midges (Alford, 2003). These pests are attacked by diverse natural en-
emies, among else various parasitoids that can significantly reduce their
populations (Ulber et al., 2010). Different parasitoid species overwinter
on the ground of both OSR and non-crop habitats and colonize new
winter OSR fields in spring, where they find their hosts and reproduce.
In summer, OSR begins to ripen and the new generation of parasitoids
emerge from their hosts. At this point of their cycles, most parasitoid
species feed on flowers, which increases their longevity (Wackers,
2004). Therefore, field defects could benefit parasitoid communities,
especially when flowering plants are present.

Here, we performed a manipulative experiment in which we created
artificial field defects (hereafter, unsown patches) within conventional
OSR fields to investigate their influence on parasitoid assemblages.
Furthermore, we compared unmanaged patches (where vegetation grew
spontaneously) with patches sown with flowering plants (Onobrychis
vicifolia Scop.; Fabaceae) and OSR controls. Specifically, we had three
main questions: 1) How do unsown patches, their relative position
within fields, and the sowing of flowering plants affect parasitoid species
richness, abundance, and species composition in different growth stages
of OSR?; 2) Are key parasitoids of OSR pests benefitted by unsown
patches?; 3) Does flower availability within unsown patches enhance
parasitoid assemblages and the abundance of key parasitoid species?

We predicted that more parasitoid species and individuals will be
found in unsown patches than in control plots due to the presence of
heterogeneous resources. This effect will be particularly high in patches
located in the field edge, given that this location facilitates colonisation
from adjacent habitats, and in summer, when OSR begin to ripen and
non-crop habitats offer alternative resources. Moreover, we expected
that patches sown with flowering plants (hereafter, Onobrychis patches)
will have higher abundance and species richness of parasitoids than
unmanaged patches due to the provision of additional floral resources.
Finally, we predicted that flower availability will be positively related to
parasitoid richness and abundance, as nectar sources represent a highly
relevant food resource for most parasitoid species.

&9
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2. Methods
2.1. Study sites and experimental design

The study was conducted in 2018, in an intensive agricultural
landscape in the north of the Czech Republic (Fig. 1la;
50.5468°-50.5970°N, 14.2537°-14.2989°E). The study area covered ca.
20 km? and has a moderately continental climate with an average
annual precipitation of 500-650 mm and an average annual tempera-
ture of 7-10 °C (Czech Hydrometeorological Institute [WWW Docu-
ment], 2020). Within this area, we chose five fields (area 13.3-33.9 ha;
altitude 285-385 m.a.s.l.) intensively cultivated with winter OSR. Fields
were separated by 3.4 km on average (range: 0.6-5.9 km). The soils of
the selected fields were leptosols, cambisols, fluvisols, and chernozems
(VUMOP, 2020). The composition of the surrounding landscape was
similar at all fields (dominated by arable fields, with grassland and forest
patches interspersed). All the fields were sown with winter OSR in
September 2017.

Within each field, we selected three different habitat types: control
OSR plots (henceforth ‘control’) and two types of unsown patches that
were created by destroying OSR plants in early spring. The first type of
unsown patches was left unmanaged and followed a successional pro-
cess of colonization by weeds (henceforth ‘unsown patch’), whereas
Onobrychis patches were sown using a mix of mechanized and hand
sowing with O. vicifolia in early April. O. vicifolia is a legume plant thatis
frequently used as fodder and in flower strips to attract beneficial insects
in agricultural landscapes (Pfiffner and Wyss, 2004). Within every field,
we established a total of six study plots (squares of 18 x 18 m; Figs. 1b;
A1), one plot of each habitat type at the edge (with one side directly
neighboring the adjacent habitat) and one at the interior (ca. 60 m from
the edge). The selected size of the unsown patches is within the size
range of naturally occurring field defects in the region (from 10 to 66 m
in diameter; Seidl et al., 2020). Four fields neighbored a grassland and
one a deciduous forest, but exploratory analyses indicated that neigh-
boring semi-natural habitat type did not have strong influences on
parasitoid assemblages. Due to the dry weather conditions, the density
of Onobychis plants was low and both types of unsown patches were
dominated by spontaneous plants such as Thlaspi arvense, Chenopodium
sp., Atriplex sp., Polygonum arenastrum, Tripleurospermum inodorum,
Euphorbia helioscopia, Lactuca serriola, and Avena fatua (Fig. Al).
Farmers managed unsown patches conventionally, as the rest of the
fields. A combination of Nurelle® 130 and Rapid® insecticides were
applied by spraying during autumn and spring (four and three times,
respectively), but no insecticide applications were performed at least
two weeks before each sampling occasion. Note that our artificial field
defects were established in areas with environmental conditions suitable
for optimal crop growth, which differs from natural field defects which
commonly occur in extreme conditions (Brose, 2003a; Seidl et al.,
2020).

2.2. Data collection

Adult parasitoids were sampled using pan traps and sweep-netting in
two periods during different OSR phenological stages. The first sampling
period was in mid-May, during OSR mass flowering (henceforth ‘flow-
ering’, BBCH stage 65), and the second period was in mid-June during
the beginning of the OSR ripening stage (henceforth ‘ripening’, BBCH
80-85). As more parasitoid individuals and species can be collected
using pan traps from different colours, a combination of white and
yellow pan traps was used (Larsen et al., 2014). Pan traps were plastic
dishes (diameter 25 cm, depth 4 cm) filled with saline solution with a
few drops of detergent (Jar; UFI: KPQO-RORU-800Y-F4FV). One pan trap
of each colour was placed in the middle of each plot, on top of wooden
poles that were adjusted at the height of the surrounding vegetation, and
left exposed for 48 h. To sample parasitoids on the vegetation, we swept
the vegetation throughout each plot making 50 sweeps using a 35 cm
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Fig. 1. Study sites location and experimental design. a) Location of the study sites (black dots) in the north of the Czech Republic. b) Example of an OSR field
showing the experimental plots (18 x 18 m squares) at edge and interior locations. Unsown patches are shown in blue, Onobrychis patches in green and oilseed rape
controls in yellow. Note that the field also has a natural field defect in the lower-left corner. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

diameter sweeping net. Sweep-netting was performed on the same days
at all fields and within the days when pan traps were exposed, during
favourable weather conditions for insect activity (sunny days with no
rainfalls or strong winds). All the captured arthropods were preserved in
separate plastic zip bags with 95% ethanol.

At the laboratory, all the specimens of Hymenoptera collected in
each sample were sorted to superfamily and family levels using keys
(Goulet and Huber, 1993) and individuals from groups with known
parasitoid habits were further identified to the species level using spe-
cific literature (Table Al; Alford, 2007; Gibson et al., 1997; Stary and
Lukas, 2009; Tobias et al., 1986). We focused only on species from
Hymenoptera, as parasitoids from other orders are usually not relevant
for the main OSR pests (Alford, 2007). Specialists on the main Hyme-
noptera families performed the identification and in the case of species
with sexual dimorphism, data from males and females were merged for
the analyses. When identification to the species level was not possible,
individuals were classified to genus, tribe, or subfamily and, within
those categories, to morphospecies. Nevertheless, for the most abundant
species that were not possible to identify using keys, we identified them
through barcoding (Appendix A1).

For each habitat type and sampling period, we combined the insects
collected by sweep-netting and both colours of pan traps for further
analyses. To investigate species-specific responses of dominant para-
sitoid species to unsown patches, we selected those whose abundance
was higher than 2.5% of the total abundance, resulting in a subset of
nine species (see results and Table Al).

Flower availability during both sampling periods was estimated
visually on unsown patches and Onobrychis patches. Flower availability
was assessed using a continuous quantitative scale from 0 (no flowering
plants) to 3 (flowering plants present throughout the whole area of the
patch).

90

2.3. Statistical analyses

To analyse the effects of habitat type, position within fields, and OSR
phenology on parasitoid assemblages, total species richness and abun-
dance (total number of species and individuals per sampling plot) were
used as response variables in generalised linear mixed models (GLMMs)
with a negative binomial error distribution and a log link, due to over-
dispersion in the data. The independent variables in the analyses were
habitat type (OSR control, unsown patch, and Onobrychis patch), sam-
pling period (OSR flowering and ripening), position within fields (edge
and interior), and all two-way interactions between these three vari-
ables. Field ID was used as a random factor to model the nested structure
of the experiment. To evaluate the effects of habitat type, position, and
sampling period on the dominant parasitoid species, we calculated the
total abundance of these species and used them as response variables in
GLMMs with the same independent and random variables as above.

To evaluate the relationship between flower availability and para-
sitoids, we used only the data from unsown patches and Onobrychis
patches. Total species richness and abundance, as well as the abundance
of the dominant species, were used as response variables in GLMMs with
a negative binomial error distribution. Flower availability, sampling
period and their interaction were the independent variables, whereas
field ID and habitat type nested within field were included as random
variables.

For analyses, we started with a full model including all the predictors
and the tested two-way interactions. Non-significant interactions were
removed from the models, but the main experimental factors (habitat
type, sampling period, and position for the first group of analyses; flower
availability and sampling period for the second group) were always
retained, reflecting our experimental design. Tukey's post hoc tests were
performed to identify significant differences among habitat types,
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sampling periods, and positions within fields. In order to test for spatial
autocorrelation, we performed Moran's I tests using the residuals of the
models and the spatial coordinates of each sampling plot. Spatial auto-
correlation was not significant for any of the response variables (p >
0.05 in all cases). All the analyses were performed with the software R,
version 3.5.1 (R Core Development Team, 2015), using the packages
Ime4 (Bates et al., 2007), and emmeans (Lenth et al., 2019). Model as-
sumptions and spatial autocorrelation were checked using the package
DHARMa (Hartig, 2021) and figures of models' predictions and raw data
were created with the package ggeffects (Liidecke, 2018).

Finally, we also analyzed how the species composition of parasitoid
assemblages was influenced by habitat type, sampling period, and po-
sition within the field. To this end, we performed an NMDS (Non-Metric
Multi-Dimensional Scaling; Kruskal, 1964) and a Permanova (Anderson,
2001). To minimize the influence of the dominant species, log-
transformed species abundance data (log N + 1) was used to calculate
the Bray-Curtis dissimilarity index. Both analyses were done using the
package vegan (Oksanen et al., 2007) in the software R. An Indicator
Species Analysis with the R package indicspecies (De Caceres and Jansen,
2016) was performed to determine if there were any parasitoid species
closely linked to particular habitat types.

3. Results
3.1. Parasitoid assemblages on unsown patches and OSR

We collected a total of 5586 individuals, representing 7 superfam-
ilies, 20 families, and 192 species of Hymenoptera (20 identified to the
species level, 61 morphospecies identified to the genus level, and 111
morphospecies identified to a higher taxonomic level; Table A1). Of
these, 140 species were collected in unmanaged unsown patches, 147 in
Onobrychis patches, and 81 in OSR controls. The most abundant species
were Helconinae sp. 1 (Braconidae; 12.4% of the total abundance),
Trichomalus perfectus (Pteromalidae; 11.6%), Mesopolobus morys (Pter-
omalidae; 9.6%), Diaeretiella rapae (Braconidae; 5.6%), Pseudotorymus
sp. 1 (Torymidae; 4.3%), Eulophidae sp. 1 (Eulophidae; 4.2%), Omphale
clypealis (Eulophidae; 3.3%), Dacnusa sp. 1 (Braconidae; 3.3%), and
Pediobius metallicus (Eulophidae; 2.6%). Some of these dominant species
are known parasitoids of OSR pests. T. perfectus and M. morys are among
the main parasitoids of the cabbage seedpod weevil (Ceutorhynchus
obstrictus). D. rapae attacks the cabbage aphid (Brevicorne brassicae).
O. clypealis and Pseudotorymus are commonly found parasitizing the
brassica pod midge (Dasineura brassicae). Several genera of the sub-
family Helconinae are parasitoids of pollen beetles (Brassicogethes spp.),
although our identification level does not allow us to confirm if Helco-
ninae sp. 1 is among them. Similarly, Tersilochinae are also key para-
sitoids of pollen beetles, but they were represented by only few

Table 1
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individuals in our samples. Finally, Pediobius metallicus and Dacnusa spp.
are reported as parasitoids of leaf miners and could be attacking some
incidental OSR pests such as the cabbage leaf miner (Phytomyza rufipes)
and Scaptomyza spp. (Drosophilidae). Other known parasitoids of OSR
pests are highlighted in Table Al.

For total species richness we found an interaction between habitat
type and sampling period (Table 1). During OSR flowering, species
richness was marginally higher in unsown patches and Onobrychis
patches than in OSR controls. During OSR ripening, significantly more
species than during OSR flowering were collected, and the number of
species collected in both types of unsown patches was more than two
times higher than in OSR controls (Fig. 2a). Habitat type, sampling
period, and their interaction were also linked to total abundance
(Table 1). During OSR flowering, the highest numbers of individuals
were collected in unsown patches, intermediate numbers in Onobrychis
patches, and the lowest numbers in OSR controls. During OSR ripening,
parasitoids in OSR controls were least abundant, comparable to their
numbers found in unsown patches during OSR flowering, whereas the
number of individuals in both types of unsown patches was on average
five times higher (Fig. 2b). Neither species richness nor abundance
differed between edge and interior positions. Additional models per-
formed to evaluate the patterns obtained with each sampling method
indicated similar effects of habitat type and sampling period for all
methods, with some variations on the significance of the interaction
between these two variables (Table A2; Fig. A2).

The species composition of parasitoids was also affected by habitat
type, sampling period, and their interaction, which explained 37.7% of
the variance in the assemblages (Table A3). The NMDS shows that OSR
control plots are separated from unsown patches and Onobrychis patches
along the first axis, whereas the samples from spring and summer are
separated along the second axis (Fig. 3). Furthermore, differences in the
variability among samples reveal the interaction between habitat type
and sampling period: similarity among unsown plots is higher during
OSR ripening than during OSR flowering (Fig. 3). The Indicator Species
analysis revealed that 30 species were strongly associated with habitat
types (Table A4). One species (Tersilochinae sp. 1, Ichneumonidae) was
an indicator of unsown patches, three species were indicators of Ono-
brychis patches (Pachyneuron sp. 1; Pediobius sp. 2; Eulophinae sp. 2),
and the remaining 26 were indicators of both types of unsown patches
combined (Table A4). No indicator species were detected for OSR
controls.

3.2. Abundance of dominant parasitoid species

In general, most of the dominant species showed significant re-
sponses to habitat types and sampling periods (Table AS5; Fig. A3). All
species were more abundant during OSR ripening than during flowering.

Effects of habitat type, sampling period, position, and their interaction on the species richness and abundance of parasitoids on unsown patches in OSR fields. For each
response variable, the independent variables and significant interactions, their estimates, standard errors, z, and P-values are shown.

Response variable Independent variables Estimates Std. error z value P-value
Species richness Habitat type 1.95 (Intercept: Control, Spring, Edge) 0.14 13.91 <0.0001
Sampling period 0.51 (Summer) 0.17 2.91 0.004
Position 0.38 (Unsown patch) 0.18 211 0.04
Habitat * period 0.23 (Onobrychis patch) 0.18 1.28 0.20
0.05 (Interior) 0.56 0.56 0.58
0.98 (Unsown patch, Summer) 0.22 4.36 <0.0001
1.09 (Onobrychis patch, Summer) 0.23 4.76 <0.0001
Total abundance Habitat type 2.29 (Intercept: Control, Spring, Edge) 0.19 11.72 <0.0001
Sampling period 0.25 3.43 0.0006
Position 0.87 (Summer)
Habitat * period 0.93 (Unsown patch) 0.25 3.67 0.0002
0.47 (Onobrychis patch) 0.26 1.82 0.07
—0.02 (Interior) 0.14 -0.15 0.88
1.46 (Unsown patch, Summer) 0.34 4.27 <0.0001
1.83 (Onobrychis patch, Summer) 0.35 5.28 <0.0001
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Fig. 2. Interactive effects of habitat type and sampling period on parasitoid assemblages in OSR and artificial field defects. For species richness (a) and abundance
(b), estimates (+95% confidence intervals) from the GLMMs (dots and error bars), plus raw data (blurry dots) are shown. Yellow represents OSR control plots, green
unsown patches, and blue Onobrychis patches. Different letters indicate significant differences according to Tukey's post hoc tests. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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In general, there were no differences between habitat types during OSR
flowering, except for Dacnusa sp. 1, Omphale clypealis, and Eulophidae
sp. 1, which were more abundant in both types of unsown patches, and
Pseudotorymus sp. 1, which was not collected in that sampling period.
Finally, during OSR ripening all species were more abundant in both
types of unsown patches than in OSR controls, while only Pseudotorymus
sp. 1 was significantly more abundant in unmanaged patches than in
Onobrychis patches.

Pediobius metallicus was more abundant at field edges than interiors
(Table A5; Fig. A4). For the remaining species. no large differences be-
tween positions were found, although Helconicae sp. 1, Mesopolobus
morys, and Pseudotorymus sp. 1 had slightly higher abundances at the
edge (Table A5). Contrarily, Dacnusa sp. 1 and Eulophidae sp. 1 tended
to have more individuals at the interior of the fields.
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3.3. Influence of flower availability on parasitoids in unsown patches

During OSR flowering, the availability of flowers on both unsown
patches and Onobrychis patches was positively related to the total rich-
ness and abundance of parasitoids, whereas during OSR ripening flower
availability was not important (Table A7; Fig. 4). At the level of indi-
vidual species, the abundances of Helconine sp. 1 and Diaeretiella rapae
were also positively associated with flower availability during OSR
flowering, and Pediobius metallicus was positively linked to flower
availability at both sampling periods (Table A6; Fig. A5). On the other
hand, the remaining dominant species showed no responses to flower
availability (Table A6).
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b) Abundance
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Fig. 4. Interactive effects of flower availability and sampling period on parasitoid assemblages in unsown patches within OSR fields. For species richness (a) and
abundance (b), the estimated effect of flowers and sampling period (+95% confidence intervals) from the GLMMs (lines and confidence bands) and raw data (dots)

are shown. Black and grey represent OSR flowering and ripening, respectively.
4. Discussion

The presence of non-crop habitats within arable fields or in their
surroundings is frequently linked to an increase in arthropod diversity,
including beneficial organisms such as natural enemies of agricultural
pests (Chaplin-Kramer et al., 2011). Here, we showed that artificially-
created field defects (unsown patches) within OSR fields were linked
to increased local diversity and abundance of hymenopteran parasitoids,
including common parasitoids of OSR pests. This increase was particu-
larly remarkable in summer, when OSR starts to ripen (from BBCH 80)
and unsown patches offer flower resources for beneficial insects. Con-
trary to our expectations, patches located at the field edges and interiors
supported similar numbers of species and individuals. This suggests that
the dispersal abilities of most species allow them to colonize the
different parts of a field early in the season. Furthermore, the relevance
of floral resources was highlighted by the positive link between flower
availability within both types of unsown patches and species richness,
total abundance, and abundance of some key parasitoid species.

The higher richness and abundance of parasitoids found on unsown
patches, compared to OSR fields, contrasts with the lower diversity of
carabids found on natural field defects (Seidl et al., 2020). This differ-
ence could be linked to the scarce vegetation cover of natural field de-
fects. Natural field defects are frequently linked to stressful conditions
for the growth of both crop and other plant species. Though, plant cover
benefitted ground beetle species richness (Seidl et al., 2020), indicating
that it is a key factor determining the value of defects for insects. Arti-
ficial defects, by contrast, were created in field parts where OSR was
growing successfully, which could also translate into better conditions
for spontaneously-growing plants. In addition, the importance of both
natural field defects (Seidl et al., 2020) and unsown patches for insect
communities increased during OSR ripening. In contrast to OSR flow-
ering, when the crop offers high amounts of nectar, during ripening
defects can become an important source of scarce resources. At this time,
mainly the offspring of the overwintered parasitoids are sampled (Ulber
et al., 2010) and this might indicate that defects are more relevant for
this new generation than for overwintered individuals, which are
searching for hosts in the crop earlier in the season. Also, this result is in
agreement with the idea that populations of natural enemies that
reproduce within crop fields move towards non-crop habitats during
crop senescence (Rand et al., 2006). In addition, pesticide applications
typically decrease during ripening, which could contribute to the in-
crease in diversity and abundance. However, since the increase was
observed mainly in unsown patches, resource provision and spillover
seem more relevant.

Multivariate analysis revealed that species composition of parasitoid
assemblages in unsown patches during OSR ripening was much more
homogeneous and similar to control plots than during OSR flowering. As
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OSR pest parasitoids find hosts and flowers within the crop during
flowering, the differences in species composition indicate that other
species not closely-related to OSR were collected within unsown
patches, which highlights their potential benefits to support biodiversity
on arable land. In fact, several indicator species associated with both
types of unsown patches were identified. This highlights the role of
unsown patches in supporting insect biodiversity and providing re-
sources also to parasitoid species that might act as natural enemies in
other crops. Even if managed non-crop patches such as flower strips can
support higher richness and abundance of insects, wild flower patches
can provide resources with different phenologies that play a relevant
complementary role (von Konigslow et al., 2021). On the other hand, the
higher similarity and low variability during OSR ripening reinforces the
idea of spillover of natural enemies from the crop towards semi-natural
habitats (Rand et al., 2006).

The sowing of Onobrychis plants did not affect parasitoid assem-
blages, i.e., both Onobrychis and unmanaged patches had similar di-
versity and assemblage composition. This could be linked to the limited
development of Onobrychis plants in the experiment because of very dry
weather conditions in 2018. As a result, the number of flowering Ono-
brychis plants was low and other weeds colonised both types of unsown
patches (MK, personal observation; Fig. Al, A6). In addition, legumes
represent a suitable source of nectar only for a limited subset of para-
sitoid species (Wickers, 2004), so this plant species can have limited
benefits for parasitoids.

Contrary to our expectations, species richness, abundance, and
composition at field edges and interiors were similar. Most parasitoid
species of OSR pests hibernate in OSR fields from the previous season or
in non-crop habitats (Ulber et al., 2010) and must move from these
habitats to colonize new OSR fields after the winter due to crop rotation.
Thus, in spring, a higher abundance of parasitoids can be expected in
field edges (Murchie et al., 1999), whereas after mating, their distri-
bution can extend throughout the fields and reflect the spatial distri-
bution of their hosts (Ferguson et al., 2000) and the availability of nectar
sources (Hatt et al., 2018). Nevertheless, the good dispersal abilities of
flying parasitoids can help them to efficiently disperse through agri-
cultural landscapes at distances lower than 100 m (Halder, 2011) and
some OSR pest parasitoids respond strongly to landscape scales of 1-1.5
km (Thies and Tscharntke, 2010), which explain the lack of differences
between our edge and interior positions. Since interior unsown patches
also supported diverse communities of parasitoids, this indicates that
these simple management actions can be included at different parts of
the fields to increase beneficial insects far from field edges. As networks
of semi-natural habitats are highly important to increase biodiversity in
agricultural landscapes (Tscharntke et al., 2021), unsown patches of
similar sizes to those used in this study could be incorporated in parts of
the fields where other agri-environmental schemes are more difficult to
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establish.

The dominant parasitoid species found in our study indicate that at
least the cabbage seedpod weevil (Ceutorhynchus obstrictus (Marsham)),
the brassica pod midge (Dasineura brassicae (Winnertz)), and aphids
were some of the main pests of OSR in these fields. Trichomalus perfectus
and Mesopolobus morys are the main parasitoids of the cabbage seedpod
weevil and can effectively control its populations (Kovacs et al., 2013,
2019; Veromann et al., 2010). Only females of T. perfectus survive the
winter in non-crop habitats (Alford, 2003). Potentially, unsown patches
could act as suitable habitats for this and other species with similar life
cycles after OSR senescence. The life cycles of most parasitoids are
poorly studied, but similar phenologies are expected for many species
(Alford, 2007). Some of the abundant parasitoids indicate the presence
of minor and incidental pests of OSR, such as other aphids (Myzus per-
sicae) and lepidopteran larvae (Plutella xylostella and Pieris spp.). Despite
these herbivores are rarely considered serious pests of OSR (Alford,
2003), they can be the main pests in other crops. Therefore, unsown
patches could also be playing a role as sources of natural enemies for
neighboring fields or future crops following crop rotation as, for
example, the movement of parasitoids between OSR and other crops can
be considerably high (Macfadyen and Muller, 2013).

During OSR flowering, local flower availability within unsown
patches was positively linked to total species richness and abundance, as
well as to the abundance of three dominant species. As flower avail-
ability in unsown patches was more limiting during this phase, patches
dominated by bare ground seem to be avoided by parasitoids. This
suggests that active management aimed at increasing early floral re-
sources in these habitats could increase the performance of unsown
patches, although unmanaged patches supported parasitoids, particu-
larly during OSR ripening, and the lack of management could be
attractive for farmers as well. Many species of hymenopteran parasitoids
are known to visit and feed on flowers (Jervis et al., 1993), which in
many cases is linked to increases in longevity, fecundity, and activity
(Bianchi and Wackers, 2008). Indeed, Diaeretiella rapae was one of the
species positively linked to flower availability and a previous study
showed that nectar consumption increased female longevity and the
number of parasitised hosts (Jamont et al., 2013). Pest control can thus
be improved when flowers are provided such as in flower strips,
although only within close proximity to the strips (Albrecht et al., 2020)
and, in the case of OSR, this was observed only after six years (Thies
et al., 1997). Furthermore, certain flower traits, such as nectar avail-
ability and flower colour, can drive the abundance of parasitoids of OSR
pests in flower strips (Hatt et al., 2018). However, nectar accessibility is
a key factor for parasitoids in general (Wackers, 2004), and thus tailored
flower enrichments are usually ideal (Tschumi et al., 2016). Unfortu-
nately, as we did not measure the composition of flowering plants on
unsown patches, we cannot relate parasitoid assemblages with specific
plant species. Nevertheless, wild flowers can support variable abun-
dances of other insects as well, especially when late-flowering plants are
present (von Konigslow et al., 2021).

Some caution has to be exercised when interpreting the positive ef-
fects of our unsown patches on parasitoids. On the one hand, even
though our results revealed clear patterns, the experiment was repli-
cated in a low number of fields due to logistic reasons. On the other
hand, these ephemeral habitats could also act as reservoirs for pests
(Tamburini et al., 2020). However, Hatt et al. (2018) showed that par-
asitoids of pollen beetles and weevils on flower strips responded to
flower traits and not to their host abundance, which suggests that
alternative resources rather than hosts are attracting parasitoids into
non-crop habitats. At the same time, there is a risk that unsown patches
become an ecological trap in arable fields, as observed for predators in
annual ploughed wildflower strips (Ganser et al., 2019). Small habitat
patches usually have higher rates of species loss due to ecosystem decay,
suggesting that isolated unsown patches might have limited value to
sustain biodiversity across time (Chase et al., 2020). Moreover, despite
their potential benefits for farmers, natural field defects (as well as our
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artificial defects) are usually managed as the rest of the field, including
pesticide application and tillage. Insecticide applications can have se-
vere consequences for OSR pest parasitoids when an application is done
after the early-season migration to the fields (Murchie et al., 1997). After
harvesting OSR and when the next crop is sown, tillage is known to
reduce the populations of parasitoids overwintering in the soil by at least
50% (Nilsson, 1985), which could be a significant issue if the high
number of individuals collected during OSR ripening also overwinters in
these patches. Nevertheless, our results show that even with conven-
tional management, local diversity and abundance were much higher in
unsown patches than in OSR during ripening. Unsown patches are an
easy and inexpensive method for farmers to apply, which can motivate
their choice. A comparison among unsown patches and other agri-
enviromental schemes, such as flower strips or fallows, would provide
needed information of their relative performance in terms of biodiver-
sity and ESs enhancement while considering the associated management
costs. In this sense, unsown patches show some similarities to fallow
plots for ground-nesting birds (Chamberlain et al., 2009), although the
latter are larger and thus our patches might be less suitable for birds.
Furthermore, future studies on crop pests, pollinators, insect trophic
webs and pest control levels are necessary to determine if the net effects
of unsown patches for crops is beneficial (i.e., if yield losses due to un-
sown patches can be compensated). Similarly, it would also be inter-
esting to evaluate if maintaining these patches for a longer time period
and studying how alternative management strategies such as low levels
of soil disturbance (Alford, 2007) can help to maximize the positive
effects of unsown patches.

5. Conclusions

Our study showed that newly created unsown patches in OSR fields
can support natural enemies of crop pests despite their relatively small
size and lack of specific management. Besides the potential benefits for
the provision of biological pest control, unsown patches were also linked
to a diverse assemblage of parasitoids, which shows their potential to
support biodiversity in agricultural landscapes. This was especially true
in the late season, when spontaneous vegetation can become a source of
scarce resources for many species. In addition to the higher abundance
and richness of parasitoids in unsown patches, compared to OSR, flower
availability enhanced parasitoids diversity and abundance, indicating
that flower resources are an important mechanism driving our results.
These positive effects call for further research on the applicability of this
simple tool in arable land. Future studies investigating other arthropod
taxa and benefits for nesting birds would further improve our under-
standing on the potential of unsown patches as conservation tools on
arable land.
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5 Vysledky a diskuse

5.1 Rezistence blyskacka fepkového k pyrethroidiim v Ceské republice

bez prokazaného vyskytu mutace typu kdr v jeho populacich

U vsSech nami deseti hodnocenych populaci byla v letech 2017 az 2020 prokazana
vysoka rezistence vici pyrethroidu lambda-cyhalothrin (dale LC) (Hovorka et al. 2021a).
Toto zjisténi je v souladu s pracemi Slater et al. (2011), Seidenglanz et al. (2016b, 2016a)
a Stara & Kocourek (2018), kteii také zkoumali rezistenci blyskacka k pyrethroidim v CR.
Rezistence blyskacka fepkového vii¢i tomuto pyrethroidu je tak v CR Siroce rozsifena
a odpovida celoevropskému trendu Sifeni této rezistence (Delorme et al. 2002; Hansen
2003; Heimbach & Muller 2010; Nauen et al. 2012; Heimbach & Miiller 2013), ktera je

Po ztraté ucinnosti pfipravkil na bazi LC a také deltamethrinu zacaly byt zemédélci
vyuzivany jiné pyrethroidy, a to hlavné tau-fluvalinate (dale TF) a etofenprox (dale EP)
(Heimbach & Muller 2010; Stard & Kocourek 2018). Podobn¢ jako u LC doslo i u TF
k postupné ztraté jeho Uc¢innosti, avSak mira rezistence nebyla v némeckych a danskych
populacich blyskacka tak silnd jako v pfipadé LC (Hansen 2003; Heimbach et al. 2010).
Stejné tak byla i v nasi praci zaznamenana mnohem vyssi citlivost k TF v porovnani s LC,
avSak s vysokou variabilitou mezi zkoumanymi roky. V nasi studii také nebyla nalezena
zktizena rezistence mezi LC a TF, coz je ve shod¢ s Heimbachem a Miillerem (2010), kteti
také nenalezli u némeckych populaci blyskacka tento typ rezistence. Nicméné Seidenglanz
et al. (2020) ve své studii publikovali stfedni miru zktizené rezistence mezi LC a TF.

Nase data letalnich davek thiaklopridu (dale TC) u deseti populaci blyskackt ukazala
vysokou variabilitu mezi populacemi a posun ve snizovani citlivosti vici této ic¢inné latce.
Hodnoty LDso byly ve 26 ptipadech vyssi nez hodnoty z némeckych populaci publikované
Zimmerem & Nauenem (2011b). V letech 2018 a 2020 dosahla mira rezistence vuci TC
nami zkoumanych populaci srovnatelné tirovné jako rezistence vici pyrethroidim LC a TF.
Jak ukazala korelacni analyza, tak sniZena citlivost k TC souvisela s jeho cross rezistenci
vici LC a TF a také s rostoucim trendem rezistence v letech 2018 a 2020. Mirny pokles
citlivosti né¢kolika populaci k thiaklopridu byl jiz diive hlaSen z Danska v roce 2014, z
Némecka v letech 20152016 (Kaiser et al. 2018) a z Ceska v roce 2014 (Spitzer et al.
2020).
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V nasem vyzkumu (Hovorka et al. 2021a) nebyla prokdzana snizena citlivost populaci
blyskackt vici a.l. chlorpyrifos (mortalita vSech populaci 100%) a indoxakarb, coz je ve
shod¢ s pracemi Wegorek et al. (2011); Seidenglanz et al. (2017) a Spitzer et al. (2020).
Utinna latka chlorpyrifos byla vsak v EU vroce 2020 zakazana a neni ji tak mozné
v ochran¢ rostlin dale vyuzivat (European Commision 2020). Stejné tak neni jiz od roku
2021 mozné pouzivat G.1. indoxakarb (UKZUZ 2022). Jedinou alternativou tak v ochrang
rostlin proti rezistentnim populacim blyskacki ziistdva neonikotinoid acetamiprid.

Dospélci blyskackt, ktefi prezili 100% a vyssi davku pyrethroidd LC a TF, byli
zkoumani na pfitomnost mutace typu kdr L1014F v sodném kanalu. U zadného jedince
nebyla tato mutace nalezena (Hovorka et al. 2021a). Stejné jako v pracich Nauen et al.
(2012) a Wrzesinska et al. (2014) byly zjistény pouze dvé tiché mutace, které nemaji vliv
na vznik a vyvoj rezistence u blyskackd. Mechanismus rezistence ceskych populaci
blyskackt tak bude pravdépodobné metabolického piivodu a zaloZzeny na zvySené aktivité
cytochrom P450 oxidazy. Tento piedpoklad podporuje studie (Erban et al. 2017), ktera
prokézala vyznamnou roli cytochromu P450 a glutathion-S-transferdzy v detoxifikaci

pyrethroidu deltamethrinu v populacich ¢eskych blyskackda.

5.2 Rezistence/tolerance blyskacka repkového k insekticidiim z pohledu
proteomiky

Vnasi studii (Kocourek et al. 2021) byl demonstrovan vysoce vykonny
proteogenomicky pfistup k identifikaci markerti, které by mohly hrat klicovou roli
v toleranci/rezistenci blyskacki viici t€innym latkam insekticida z riznych skupin. Zmény
zastoupeni markeri po oSetfeni LC a TC ukézaly aditivni G¢inek pii postupné selekci
populace blyskacki témito insekticidy, coz je ve shod¢ s vysledky biologickych testi.
Z vysledki také vyplyva, Ze detoxifikacni enzymy pravdépodobné nehraji hlavni roli
v prezivani blyskackl po vystaveni vysokym davkam pesticidl, coz bylo jiZ naznaceno
v pfedchazejici studii Erban et al. (2017). Statisticky vyznamny narast PR5-like proteind
(pathogenesis-related protein 5-like) ve vSech variantach osetfeni potvrdil jejich dilezitou
roli v toleranci/rezistenci blyskackl k pyrethroidim a neonikotinoidiim (Kocourek et al.
2021) coz také potvrzuje pfedchdzejici studie Erbana et al. (2017) v pfipadé u.L
deltamethrin. U proteint typu Thaumatin, kam patii PR5-like protein, je dobfe znamo, ze
reaguji na abioticky i bioticky stres (Shatters et al. 2006). Mohou tedy, jak uvadi Erban et

al. (2017), reagovat také na stres vyvolany oSetfenim pesticidy.
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Za obecné dulezit¢é markery rezistence jsou povazovany silné detoxifikacni enzymy
ruznych tiid, které jsou pii oSetfeni nadmérné exprimovany. V nasi studii (Kocourek et al.
2021) byla s vysokou spolehlivosti po osetieni LC zjisténa vyznamné snizena abundance
(2011) a Zamojska et al. (2013) ukazalo, Ze esterazy hraji jen omezenou roli v n¢kterych
populacich blyskacki, jejich detoxifikacni potencidl by nemél byt podceniovan. V piipadé,
ze dojde ke Stépeni esterové vazby, pyrethroidy mohou byt deaktivovany. Tento fakt je
dilezity z hlediska vys$$i u¢innosti neesterového pyrethroidu etofenprox oproti esterovym
pyrethroidiim jako je LC, deltamethrin a alfa-cypermethrin, kterym esterazy $tépi na rozdil
od etofenproxu vazbu a mohou tak hrat roli v toleranci/rezistenci blyskackt vici
insekticidiim (Makunas et al. 2011; Smatas et al. 2012; Seidenglanz et al. 2020). V nasi
studii (Kocourek et al. 2021) nebyl s vysokou spolehlivosti nalezen zadny kliCovy
detoxifikacni enzym typu cytochromoxidazy (CYP) odpovédny za rezistenci. Na nizsi
urovni spolehlivosti bylo vSak u vSech variant oSetfeni v porovnani s kontrolou nalezeno
vyssi mnozstvi CYP9Z40. Podobné bylo také v ptedchozi studii Erban et al. (2017)
nalezeno niz§i mnozstvi CYP6BQ23 u broukt, ktefi neptezili oSetieni deltametrhrinem,
avSak opétovna analyza nepotvrdila vyznamny rozdil u ptfezivsich a neptezivsich brouki.
Nicméné tato opakovand analyza pfinesla zjiSténi, Ze oSetfeni deltamethrinem zvysilo
abundanci detoxifika¢niho enzymu oznacovaného jako CYP9Z42 (cytochrom P450), ktery
vykazuje podobnost s ndmi nalezenym CYP9Z40 a dle vysledkt proteomiky lze poukézat
na existenci metabolické souvislosti s prezivanim. V nasi studii (Kocourek et al. 2021) byla
také zjiSténa vyznamna role RNA helikdz (DEAD-box ATP-dependentni 20-like helikazy
= DEAD?20 a tfi isoformy ATP-dependentni RNA helikazy p62-like = Rm62) jako faktord,
které ovliviluji rezistenci/toleranci k pesticidim. RNA helikazy se podileji na genové
expresi a funguji jako hnaci sila zpracovani mRNA na translacn¢ aktivni mRNA
(Jankowsky & Fairman 2007; Bourgeois et al. 2016). Zména v DEAD-box helikazéach je
dle Kant et al. (2007) a Linder & Jankowsky (2011) spojena s reakci na stres. V nasi praci
(Kocourek et al. 2021) byla pozorovana vyznamna downregulace téchto RNA helikaz po
osetfeni LC a také LC+TH podobné¢ jako ve studii Erban et al. (2017) v ptipad¢ osetieni
blyskackl deltametrinerm. Regulace DEAD-box helikaz jako epigenetickych markeri
muze byt klicovym faktorem v reakci na vice stresti. Otevienou otdzkou zlstava, zda a jak
tyto markery souviseji s dal§imi pozorovanymi zménami, zejména s upregulaci PRS v

disledku expozice pesticidim. Nase data ukazuji na multirezistentni adaptace k oSetfeni
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pesticidy a tyto mechanismy jsou pravdépodobné regulovany epigenetickymi faktory.

Dalsi vyzkum je vSak spolu se studiem genetického pozadi populaci nutny.

5.3 Rozdilna atraktivita odrid Fepky jako potencidlni nastroj ochrany

proti blyskacku Ffepkovému a krytonosci SeSulovému

V nasi Ctyfleté studii (Hovorka et al. 2021b) bylo zjisténo, ze odridy fepky s riznou
barvou kvétu a fenologii maji rozdilnou atraktivitu pro blyskacka fepkového a krytonosce
SeSulového.

Vysledky pfimého odpoctu dospélcti blyskacka ukézaly, ze brouci nebyli schopni
rozlisit odrady fepky pied kvétem. Od pocatku kveteni vSak blyskacci preferovali zluté
kvetouci odridy fepky pted bile kvetouci odridou s nejvyssi abundanci na odridé DK
Exssence. Data ziskand metodou smykéni konstantn€ napfic roky u blyskacka ukdzala, ze
blyskacci preferovali odridy Zluté kvetouci s nejvyssi abundanci na odridé DK Exssence a
statisticky vyznamné niz$i abundanci na odrtidé bile kvetouci (Witt). Toto potvrzuje také
Giamoustaris & Mithen (1996), ktefi uvadéji, Ze pocetnost blyskackt byla v jejich studii
ptiblizné o 50 % nizsi na bile kvetouci odriid¢ nez na Zlut€ kvetouci. Také Blight & Smart
(1999) uvadéji vyssi atraktivitu zluté barvy oproti bilé pro blyskacky. Rozdil mezi Zluté
kvetoucimi odridami s odliSnou fenologii nebyl v pfipadé blyskéacka statisticky prukazny,
ackoliv na pozdné&jsi odridé bylo v priméru zachyceno méné jedinct. Studie Koleva &
Zhelezov (2017) a Kriiger & Ulber (2010) vSak potvrzuji statisticky vyznamny rozdil
v poctu blyskackl mezi Zluté kvetoucimi odriidami s rozdilnou fenologii a je tak tfeba
dalsich studii v podminkach CR. Podobné jako blyskacek i krytonosec $esulovy preferoval
odridy zluté kvetouci pred bile kvetouci a rozdil v abundanci k. SeSulového na Zluté
kvetoucich odrtid s rozdilnou fenologii taktéz nebyl statisticky vyznamny (Hovorka et al.
2021b). Podobnych vysledkl dosahla i kanadska studie Carcamo et al. (2007), ktera vyuzila
kombinaci brukve fepaku jako obsevu s fepkou jako hlavni plodinou. Krytonosci v této
studii preferovali diive kvetouci b. fepak, kde se koncentrovali, a mohlo zde byt provedeno
oSetfeni a zabranit tak migraci do hlavni plodiny. V obdobi od pocatku kvétu lze tedy
oSetfeni fepky zaloZené na atraktivité odrad vyuzit jak pro blyskacka, tak pro krytonosce,
kteti v nasich studiich vykazovali podobnou reakci na odrady.

Znalosti o rozdilné atraktivité odrid fepky pro oba skidce lze vyuzit pro Upravu
ochrany na jednotlivych odridach, kterou Ize zaloZit na strategii "push-pull" (Cook et al.

2007). Podle Cook et al. (2013) ale byly bile kvetouci odrtidy pro blyskacka stejné atraktivni
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jako odrtida se zlutymi okvétnimi platky, ale rostliny s cervenymi a modrymi okvétnimi
listky byly vyrazn€¢ méné atraktivni. Diivodem tohoto rozdilu v atraktivit¢ dvou bile
kvetoucich odrid fepky pro blyskacka mulize byt odlisny genotyp, ktery ovliviiuje rizné
urovné UV odrazivosti (Cook et al. 2013). Barari et al. (2005) a Cook et al. (2006) uvadé;ji
vyuziti preference hostitelskych rostlin ve strategiich ochrany proti Skiidcim fepky.
Rostliny preferované sktidci mohou byt vyuzity jako lapaci a na nich provedeno chemické
oSetfeni insekticidy.

V sortimentu odrid fepky jsou také odridy, které disponuji jistou obranyschopnosti
(antixendza) vici Skiidelim a jsou jimi méné preferovany. Antixenotickd odolnost téchto
odrid je zaloZena na rozdilné atraktivité€ rostlin, kterou hmyz vnima ¢ichem nebo zrakem.
Byly naptiklad vySlechtény odridy fepky s nizkym podilem alkenylglukosinolatt, které
blyskacci méne preferuji (Cook et al. 2006). Podobné byla pii Slechténi fepky pouzita
hoi¢ice bild, kterd je odolna vici poSkozeni k. SeSulovym (Dosdall & Kott 2006). Slibné
hybridy fepky olejky pro pouZiti ve strategii push-pull by byly zaloZzeny na kombinaci obou
mechanism, jako hybridy, které hmyz vnima ¢ichem, a ty, které vnima zrakem.

Na zaklad¢ vysledkii (Hovorka et al. 2021b) byla navrzena péstebni technologie fepky
vyuzivajici rozdilnou atraktivitu odriid pro Skidce. Diky této technologii by mohlo
v budoucnu dojit ke snizeni chemickych vstupli do poli a nepiimé podpote diverzity

¢lenovct véetné ptirozenych neptatel a predatort Skadci fepky.

5.4 Prvni zaznam o vyskytu lumé&ika Microctonus brassicae v Ceské
republice a jeho potencial jako bioagens proti diepfiku olejkovému
Celkem bylo vtomto kratkém experimentu vylihnuto pét samcl parazitoida
Microctonus brassicae. Tato prace (Hovorka 2022) ptinasi prvni zdznam o vyskytu tohoto
druhu v Ceské republice a kontinentalni Evropé&. Ve vzorku populace diepé&ikii byla v tomto
experimentu pomérne vysokd mira parazitace (20 %). Podobnych vysledki dosahla i studie
stejného parazitoida kolektivem Jordan et al. (2020) z Velké Britanie. Mira parazitace byla
v laboratornich experimentech s dfepciky v priméru 44 %. Ve studii byl také detailngji
popsan zivotni cyklus tohoto parazitoida a moznosti jeho chovu a mnozeni v zajeti. Prave
uspésné popsany protokol chovu lumcika M. brassicae v zajeti ukazuje do budoucna na
moznost jeho vyuziti pro biologickou ochranu brukvovitych plodin proti dfepciku
olejkovému (Jordan et al. 2020; Ortega-Ramos et al. 2022). Je ovSem nutné laboratorni chov

optimalizovat do podminek Ceské republiky a Evropské unie a nasledné vyzkouset
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funkcnost tohoto bioagens v praxi. DalSi moznosti pouziti tohoto parazitoida v ochrané
brukvovitych rostlin mimo laboratorni chovy je zpétné vypusténi parazitovanych dospélct
drepcikii na pole s plodninami (McNeill et al. 2002; Jordan et al. 2020; Ortega-Ramos et al.
2022). Je vSak nutné piesné identifikovat napadené dospélce a také zjistit miru parazitace
populaci dfepcika olejkového tak, jak doporucuji Jordan et al. (2020) a Ortega-Ramos et al.
(2022) ve svych studiich.

Druhy parazitoidii rodu Microctonus Wesmael, 1835 byly jiz ve svété v praxi uspésné
pouzity pro biologickou ochranu rostlin (Goldson et al. 1992, 1997; McNeill et al. 2002;
Jordan et al. 2020). Ptikladem mohou byt dva druhy: M. aethiopoides (Loan, 1975) a M.
hyperodae (Loan, 1974), které byly introdukovany na Novy Zéland za ucelem biologické
ochrany ploch vojtésky a obilnin, na kterych skodi dva zavlecené druhy nosatcovitych
broukii (Sitona discoideus Gyllenhal, 1834 a Listronotus bonariensis Kuschel, 1955).
V ptipad¢ obou druhi parazitoidl byla introdukce Gispé$na a parazitace Skidct v priméru
presahovala 50 % (Prestidge et al. 1991; John M. & Barlow 2001). Vysledky vSech
zminénych studii tak ukazuji na potencidl vyuziti druhid rodu Microctonus véetné M.

brassicae v biologické ochrané proti Skiidctim.

5.5 Docasné uméle vytvorené mimoprodukcni plochy podporuji vyskyt
parazitoidii na orné pidé

Za dobu naseho vyzkumu (Gonzalez et al. 2022) bylo celkem odchyceno 5 586 jedinct
blanokiidlého hmyzu patficich do 7 nadceledi, 20 celedi a celkem 192 druhi, z nichz 140
bylo odchyceno na neosetych plochach bez managementu (polni kazy), 147 na plochéch
s vicencem a 81 na kontrolnich plochach v poli s fepkou. Nékteré druhy parazitoidd, které
nejsou blizce vazany na fepku, byly odchyceny pouze v polnich kazech. Z toho vyplyva
fakt, ze uméle vytvorené polni kazy jsou spojeny s podporou lokalni diverzity a pocetnosti
blanoktidlych parazitoidii podobné jako je tomu dle Chaplin-Kramer et al. (2011)
u ostatnich mimoproduk¢nich ploch.

V nasi studii (Gonzalez et al. 2022) byla prokazéna interakce mezi typem prostiedi
(management ploch) a po¢tem druhti parazitoidii. Nejvice druht bylo zaznamenano na obou
plochach bez tepky, jak v obdobi kvétu, tak v obdobi dozravani fepky. V obdobi dozravani
bylo na plochich bez fepky odchyceno vice jak pétindsobné mnozstvi druhd, coz je

wrwe

vysledky Seidla et al. (2020) ukazaly nizsi diverzitu stievlikovitych broukl v pfirozené
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nevhodnymi podminkami pro rist vétSiny rostlin, mivaji také mensi pokryv vegetaci, s ¢imz
by mohly souviset rozdily ve vysledcich naSich studii. Nami vytvofené polni kazy byly
naopak na mistech, kde se plodinam dafilo a poskytovaly pravdépodobné také vhodné&;jsi
podminky pro rist plevelnych rostlin nez u ptirozené vzniklych polnich kazii. Béhem
obdobi dozravani fepky se ale vyznam polnich kazii v obou studiich zvysil, ponévadz
v tomto obdobi mohou nabizet pro pifirozené neptatele nedostatkové zdroje v podobé¢ pylu
anektaru. Ve fazi dozradvani fepky je dle Ulber et al. (2010b) zaznamendvano vice potomki
pfezimujicich parazitoidl, coZ naznacuje vyznamnost polnich kazl z hlediska nabidky
nedostatkovych zdroji pro tuto novou generaci. Tento vysledek je také v souladu
s myslenkou, Ze populace pfirozenych nepfiatel, které se rozmnozuji na polich s plodinami,
se beéhem starnuti plodin pfesouvaji na stanovi$té¢ mimo plodiny (Rand et al. 2006). Kromé
toho se béhem dozravani obvykle snizuje aplikace pesticidii, coz by mohlo pfispét ke
zvySeni diverzity a po€etnosti nejen parazitoidd.

Tticet druhli parazitoidii bylo siln€ asociovano s typem stanovisté, z nichz jeden druh
(Tersilochinae sp. 1, Ichneumonidae) byl indikatorem ploch bez managmentu (polni kazy),
tf1 druhy indikatory ploch s vicencem (Pachyneuron sp. 1, Pediobius sp. 2, Eulophinae sp.
2) a zbylych 26 bylo spole¢nymi indikatory téchto dvou stanovist. Nebyl nalezen zadny
indikéatorovy druh pro kontrolni plochy s fepkou. Druhové slozeni parazitoidi odpovidalo
vyskytu nékterych Skidct fepky, jako jsou krytonosec Sesulovy, bejlomorka kapustova,
zaptrednicek polni, bélasci a rtizné druhy mSic. Ackoliv je Skodlivost n€kterych druht
v fepce nizkd mohou byt vyznamnymi Skiidci piilehlych plodin. Proto by polni kazy mohly
hrat roli i jako zdroj pfirozenych neptatel pro okolni pole nebo nasledné plodiny
(Macfadyen & Muller 2013).

Oproti naSemu ocekavani nebyl prokazan vliv polohy polnich kazl (vnitfek vs. okraj
pole) na druhovou bohatost, po€etnost a slozeni parazitoidi. To naznacuje, Ze schopnost
Sifeni vétSiny druhil umoziuje parazitoidim kolonizovat rizné ¢asti nebo jind pole na
pocatku sezony. Na jafe 1ze tedy ocekavat vyssi pocetnost parazitoidii na okrajich poli
(Murchie et al. 1999), zatimco po spafeni se mohou S§ifit napfi¢ polem a odrdzet tak
prostorové rozsiteni svych hostiteltl (Ferguson et al. 2000) a dostupnost zdroji nektaru (Hatt
et al. 2018). Vyhodné vlastnosti z hlediska Sifeni u okfidlenych parazitoidll jim umozuji
efektivné se sifit zemeédélskou krajinou na vzdalenosti do 100 m (Halder 2011) a orientovat
se v méfitku krajiny 1-1,5 km (Thies & Tscharntke 2010), coz vysvétluje absenci rozdili

mezi polnimi kazy na okraji a uvnitf pole. Jelikoz polni kazy uvniti poli taktéZ podporovaly
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spoleCenstva parazitoidl, lze tato jednoduchd managementova opatfeni provadét na
riuznych Castech pole a zvysit tak vyskyt uzite¢nych organismiit mimo okraje poli. Sité
polopfirozenych stanovist jsou velmi dualezit¢é zhlediska podpory biodiverzity
v zeméd¢lské krajiné (Tscharntke et al. 2021), proto by polni kazy podobné velikosti jako
vna$i studii mohly byt vytvofeny na Ccastech poli, kde je obtizné zavést jina
agroenviromentalni opatfeni.

Béhem obdobi kvétu fepky nebyly zaznamenany vyznamné rozdily v preferenci druhti
parazitoiddi pro zkoumané plochy (Gonzalez et al. 2022). V¢étSina dominantnich druht
parazitoidl byla ale vyznamné vice pocetna v obdobi dozravani fepky na obou plochéach
bez ni. Dilezitou roli zde v tomto obdobi hraje dostupnost kvétii na neosetych plochach,
kterd zvySuje diverzitu i pocCetnost parazitoidi a je tedy dilezitou proménnou, kterd
vyznamné ovlivnila naSe vysledky. Aktivni management polnich kazli (dosévani
kvetoucich rostlin) by mohl podpofit vyskyt parazitoidi, ale spiSe absence managementu je
v praxi pro zeméd¢lce vice lakava. Nicméné je znamo, Ze mnoho druhli parazitoidu
navstévuje kvéty, kde se zivi pylem a nektarem (Jervis et al. 1993). Pravé nabidka kvéth je
spojena s prodlouzenim Zivotnosti a plodnosti parazitoidd, jak bylo zjisténo Bianchi &
Wickers (2008). Jednim z druhli pozitivné vazanych na kvéty byl v nasi studii lumcik
Diaeretiella rapae, u kterého bylo jiz ve studii Jamont et al. (2013) prokézéano, ze nabidka
pylu a nektaru zvySuje dlouhovékost a pocet parazitovanych hostiteld (mSice). Parazitace
Skidc uzitenymi organismy se tak mize zvySit snabidkou kvetoucich rostlin
v bezprostiedni blizkosti poli v podobé jak kvetoucich pési, tak divoce rostoucich rostlin
v polnich kazech.

Ackoliv vysledky nasi studie (Gonzalez et al. 2022) odhalil pozitivni vliv polnich kazi,
je tieba zminit i par uskali na$i studie. Krom¢ malého poctu opakovani by efemérni
stanovisté v podobé polnich kazi mohla také slouzit jako rezervoar sktidcti (Tamburini et
al. 2020). Hatt et al. (2018) také ve své studii upozornili, Ze spiSe alternativni zdroje lakaji
parazitoidy nez vyssi abundance hostitelti. Existuje také riziko, Ze neoseté polni kazy se
stanou ekologickou pasti na orné ptid¢, jako tomu bylo v piipad¢ predatorit a kazdorocné
oranych kvétnatych pasti ve studii Ganser et al. (2019). Malé plochy jako polni kazy
obvykle vykazuji vyssi miru ubytku druhii v disledku rozpadu ekosystému, coz naznacuje,
7ze mohou mit omezenou hodnotu pro udrzeni biodiverzity v Case (Chase et al. 2020).
Negativni vliv na potencidl polnich kazii ma také vétSinou konvencni zplsob
obhospodaiovani na téchto plochéach, véetné orby a aplikace pesticidii (Nilsson 1985;

Murchie et al. 1997). Nicméné naSe vysledky ukazuji (Gonzalez et al. 2022), Ze i pfi
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konvenénim hospodateni byla lokélni diverzita a pocetnost v polnich kazech béhem obdobi
dozravani mnohem vyssi nez v fepce. Neoseté plochy jako polni kazy tak mohou byt pro
zemédélce snadnou a levnou alternativou k nékterym jinym opatienim vyzadujici
pravidelny management, jako jsou kvétnaté pasy nebo zelené uhory. AvSak
multidisciplinarni srovnavaci vyzkum rOznych opatfeni a jejich vliv na podporu

biodiverzity a rentability pro zemédélce je do budoucna nutny.
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6 Zavéry

Vysledky publikovanych praci jsou rozdéleny do tii tematickych celkl: (1) zaméfenych
na stanoveni miry rezistence ¢eskych populaci blyskacka fepkového a jejich mechanismi,
(2) na inovaci péstebni technologie fepky, ktera je vyuzitelnd v ramci integrované ochrany
rostlin a jako antirezistentni strategie ochrany fepky proti Skidctim, (3) na moznosti vyuziti
uzite¢nych organismu a podpory jejich vyskytu v zemé&délské krajiné.

Vysledky monitoringu ucinnosti pfipravkll na ochranu proti blyskacku fepkovému
ukdzaly vysokou miru rezistence viaci pyrethroidu lambda-cyhalothrin u vSech
hodnocenych populaci v letech 2017 az 2020. Byly zaznamenany prvni lokélni populace se
snizenou citlivosti k uc¢inné latce thiakloprid s vysokou variabilitou mezi roky. Poprvé byla
v polnich podminkéach prokdzana cross rezistence thiaklopridu a lambda-cyhalothrinu
a thiaklopridu a tau-fluvalinatu. Dale byla zjiSténa nizka Uc¢innost etofenproxu a vysoka
ucinnost chlorpyrifosu a indoxacarbu, avSak po ukonceni feSeni projektu byla registrace
téchto dvou uc¢innych latek ukoncena. V eskych populacich blyskacka nebyla prozatim
nalezena mutace typu kdr, kterd by byla odpovédna za rezistenci vici pyrethroidiim, pozadi
této rezistence je tak pravdépodobné jiné¢ho piivodu. Vysledky proteogenomického ptistupu
naznacuji, ze dulezitou roli v rezistenci/toleranci blyskackt k pyrethroidim
a neonikotinoidiim mohou hrat proteiny PR5 (pathogenesis-related protein 5) spolu s RNA
helikazami (DEAD-box helikdzy). Byla také zjiSt€éna metabolickd souvislost piezivani
blyskackti po vysokych davkach insekticidd, kterd je spojena s vysokou exprimaci
nékterych detoxifikatnich enzyml jako jsou cytochrom-oxiddzy. Pro potvrzeni
epigenetickych faktort ovliviluji rezistenci je nutné dalSich detailnéjSich studii.

Uzké spektrum registrovanych insekticidii neumozituje v soucasné dobé efektivné
dodrzovat anitrezistentni strategii, proto byla ovéfovana nova péstebni technologie fepky.
Tato technologie byla zaloZena na vyuzivani rozdilné atraktivity odriid fepky pro Skadce.
Vysledky odchytu dvou Skideti fepky blyskacka fepkového a krytonosce SeSulového
ukazaly v obdobi od zacatku kvétu fepky statisticky vyznamnou preferenci zluté kvetoucich
odriid pred bile kvetouci. Byl také zaznamendn rozdil ve vyskytu obou Skiidcl mezi
fenologicky odliSnymi Zluté kvetoucimi odridami, ale statisticky nebyl prikazny. Dale bylo
zjisténo, ze blyskacci nejsou schopni rozlisit odridy pied zacatkem kveteni. Navrzena
péstebni technologie vyuZziva obsevu bile kvetouci fepky na hlavni ¢asti pozemku casnéjsi
zluté¢ kvetouci odriidou, kterd slouzi jako lapaci plodina. Na preferované odridé se

koncentruji $ktidci a je proti nim mozny provést ochranny zasah, ¢imz lze usettit hlavni ¢ast
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pozemku od nadbytec¢nych chemickych vstupt a podpofit tak vyskyt pfirozenych neptatel
Skiidety, jako jsou jejich parazitoidi, na hlavni ¢asti pozemku.

Vyznamnou skupinu pfirozenych neptatel predstavuji blanokiidli parazitoidi, kteti
dokézou ucinné regulovat n&které sktidce. Proto se dalsi studie vénovala zjisténi vyskytu
lumcika Microctonus brassicae, ktery parazituje v dospé€lcich Skidce tfepky drepcika
olejkového. Vyskyt tohoto parazitoida byl poprvé zaznamenan v Ceské republice a také
v kontinentalni Evropé. Tento druh parazitoida by mohl byt v budoucnu po dal$im vyzkumu
vyuzit jako prostiedek biologické ochrany rostlin. Z hlediska regulace sktidct fepky je
dilezité pro parazitoidy a také dalsi uzite¢né organismy vytvofit vhodné podminky pro
jejich ptezivani. Ty muze tfada druhi v zeméd¢€lské krajin€ nalézt na mimoprodukénich
plochéch, kterymi mohou byt i polni kazy (nepravidelnosti ve struktufe porosttt). Vysledky
naseho vyzkumu ukézaly, ze uméle vytvofené polni kazy v polich s fepkou maji vysoky
potencial v podpoie vyskytu pfirozenych neptatel. Bylo prokazéano, ze uméle vytvorené
polni kazy jsou ve srovnani s kontrolnimi plochami s fepkou spojeny s rozmanitym
spolecenstvem parazitoidii. Nekteré druhy parazitoidl indikovaly vyskyt svych hostiteld,
mezi které patfily i1 skiidci fepky. Vyznamné vysSi vyskyt a diverzita parazitoidi na
umélych polnich kazech, v porovnani s fepkou, byla obzvlasté patrna v pozdni sezoné
(dozravani fepky). V tuto dobu pfirozené vznikla vegetace na umélych polnich kazech
s fadou kvetoucich druht plevelti a poskytovala parazitoidim v porovnani s plochami v

fepce nedostatkové zdroje jako je pyl a nektar.
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Dalsi zkuSenosti: Zakladni analyza fylogenetickych dat

Ocenéni

2022: Cena rektora za publikaéni vystup zaméstnanct CZU v Praze v asopisech,
zatazenych v 1. decilu Web of Science

2019: Cena d¢kana FAPPZ za nejlepsi prezentaci svého vyzkumu na studentské védecké
konferenci doktorandit FAPPZ

2019: Cena spolecnosti Selgen za studentskou praci v oboru genetiky a Slechténi rostlin
2018: Cena d¢kana Fakulty agrobiologie, potravinovych a pfirodnich zdroji (FAPPZ) za

nejlepsi prezentaci diplomové prace

Publikované ¢lanky v periodikach s nenulovym impakt faktorem a ¢lanky uvedené

v databazi SCOPUS

Hovorka T, Kocourek F, Horska T, Stara J. 2021. Widespread resistance of pollen beetles
to pyrethroids in Czechia with no evidence for kdr mutation. Crop Protection (105648)
DOI: https://doi.org/10.1016/j.cropro.2021.105648. (IF 3,036)

Hovorka T, Saska P, Stard J, Kocourek F. 2021. Attractiveness of oilseed rape cultivars to
Brassicogethes aeneus and Ceutorhynchus obstrictus as a potential control strategy.
Plant, Soil and Environment 67:608-615. (IF 2,328)

Hovorka T. & Macek J. 2022. Catalogue of type specimens of braconid wasps
(Hymenoptera: Braconidae) deposited in the National Museum, Prague, Czech
Republic. Acta Entomologica Musei Nationalis Pragae 62: 521-546. (IF 0,883)

Kocourek F, Stara J, Sopko B, Talacko P, Harant K, Hovorka T, Erban T. 2021.
Proteogenomic insight into the basis of the insecticide tolerance/resistance of the pollen
beetle Brassicogethes (Meligethes) aeneus. Journal of Proteomics (104086) DOI:
https://doi.org/10.1016/].jprot.2020.104086. (IF 3,855)

Belokobylskij S. A. & Hovorka T. 2022. A new fossil euphorine genus and species
(Hymenoptera, Braconidae) with the longest known ovipositor from Dominican
amber. Journal of Hymenoptera Research 93: 71-80. (IF 1,76)

Gonzélez E, Strobl M, Jansta P, Hovorka T, Kadlec T, Knapp M. 2022. Artificial
temporary non-crop habitats support parasitoids on arable land. Biological Conservation
(109409) DOI: https://doi.org/10.1016/j.biocon.2021.109409. (IF 7,497)

Hovorka T. 2022. First record of Microctonus brassicae in Czechia, a potential biological
control agent against a primary oilseed rape pest. Journal of Entomological and
Acarological Research (10047) DOI: https://doi.org/10.4081/jear.2022.10047.
(SCOPUS, SJR 0,18).
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Hovorka T, Viehmannova I, Vitamvas J, Hlasna Cepkové P, Fernandez E. 2019.
Micropropagation of Incarvillea delavayi Bureau et Franchet (Bignoniaceae). Acta
Universitatis Agriculturae et Silviculturae Mendelianae Brunensis 67:1453-1456.
(SCOPUS, SJR 0,18)

Kapitoly v knize

Hovorka T, Kocourek F. 2022. Pfirozeni neptatelé Skidct a opylovaci: Predatofi,
parazitoidi a patogeni. Pages 93-96 in Kocourek F, editor. Integrované ochrana zeleniny.
Profi Press s.r.o., Praha.

Hovorka T, Kocourek F. 2022. Metody monitorovani Skiidcti zeleniny. Pages 63-68 in
Kocourek F, editor. Integrovana ochrana zeleniny. Profi Press s.r.0., Praha.

Kocourek F, Hovorka T, TalaSova A. 2022. Ochrana a podpora uzite¢nych organismi a
podpora biodiverzity. Pages 52-57 in Kocourek F, editor. Integrovana ochrana zeleniny.
Profi Press s.r.o0., Praha.

Vybrané ¢lanky v ostatnich periodikach

Hovorka T., Holy K., Macek J. 2022. Distribution of Mymaromma anomalum
(Hymenoptera: Mymarommatidae) in the Czech Republic. Klapalekiana 58: 69-76.

Hovorka T., Horska T. 2022. Lumcikoviti (Hymenoptera: Braconidae): diverzita a jejich
vyuziti v ochrané rostlin proti Skiidcim. Rostlinolékat 1: 9-14.

Hovorka T. 2021. Faunistic Records From The Czech Republic — 512. Klapalekiana 57:
236.

Hovorka T. 2021: UZite¢né organismy v ochrané proti $kiidctim fepky. Uroda 5: 54-58.

Hovorka T. 2021: Potencialni pomocnik v boji proti diep&ikovi olejkovému. Uroda 10:
39-41

Hovorka T, Kocourek F, Stara J. 2021. Citlivost populaci mSice broskvonove vici
vybranym insekticidim. Uroda 1:34-36.

Hovorka T, Kocourek F. 2020. Skiidei fepky na jate: blyskacek fepkovy a krytonosec
SeSulovy. Uroda 3:46-50.

Hovorka T, Kocourek F. 2020. Skudci fepky na jafe: stonkovi krytonosci. Uroda 1:30-34.

Stara J, Hovorka T, Kocourek F. 2020. Citlivost mandelinky bramborové k nové
pouzivanym insekticidiim. Agromanual 1:34-35.

Hovorka T, Kocourek F, Stard J. 2020. MSice broskvonova na ozimé fepce-Aktudlni
poznatky o rezistenci a u¢innosti vybranych insekticidi. Agromanual 8:58-59.

Hovorka T. 2020. Uzitecny hmyz (1): ivod do tématu. Selska revue 8:42-44.
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Hovorka T. 2020. Uzite¢ny hmyz (2): nad¢eled’ Ichneumonoidea. Selské revue 11:56-58.

Stara J, Hovorka T, Kocourek F. 2019. Rezistence mSice broskvoiiové na fepce vici
insekticidlim a moZnosti ochrany. Agromanuél 8:48-49.

Hovorka T, ’Staré J, Kocourek F. 2019. MSice broskvonova: rezistence a moznosti ochrany
na fepce. Uroda 8:60-63.

Hovorka T, Kocourek F, Stard J. Monitoring a ochrana proti hlavnim $ktidciim fepky na
podzim. Uroda 9:40-45.

Hovorka T., Skuhrovec J. 2019. Stonkovi krytonosci na ozimé fepce. Agromanual 2:
40-43.

Hovorka T., Kocourek F, Stara J. 2019. Monitoring a ochrana proti hlavnim Sktidctiim fepky
na podzim. Uroda 9: 40-45.

Hovorka T., Kocourek F. 2019. Odridové rozdily v atraktivité pro skidce fepky. Uroda 4
(Ptiloha fepka): 11-13.

Kocourek F, Stard J, Hovorka T. 2019. Rezistence Skidct k insekticiddm-pficina selhani
ochrany. Selska revue 8:78-82.

Kocourek F, Skuhrovec J, Hovorka T. 2018b. Monitoring stonkovych krytonoscli a
ochrana fepky proti nim. Agromanual 2:38-42.

Konference s aktivni ucasti

Hovorka T, Holy K. 2020. The distribution and biology of the tribus Helconini
(Hymenoptera: Braconidae: Helconinae) in Czechia. Kostelecké inspirovani 2020.

Sbornik abstrakti XII. Ro¢niku konference 19. — 20. 11. 2020: p. 21.

Hovorka T, Holy K. 2020. Seznam luméikt Ceské republiky a Slovenska. Zoologické dny
Olomouc 6.-7. 2. 2020. Sbornik abstrakti z konference: pp. 77-78.

Hovorka T. 2018. Monitoring stonkovych krytonoscii na ozimé fepce. Page 79 in Sefrové
H, Safrankova I, editors. XXI. Ceska a slovenské konference o ochrané rostlin. Sbornik

abstrakti. Mendelova univerzita v Brn€, Brno.

Hovorka T. 2019. New technology for winter rape growing and control using varietal
differences in pests and their natural enemies preferences. Page 5 in Lost’ak M, editor.

CASEE conference 2019. The role of life science universities in redirecting land use from
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threat to guardian of ecosystem. Faculty of Agriculture and Food Sciences, University of

Sarajevo, Sarajevo.

Hovorka T, Kocourek F. 2019. Technology for winter rape growing and control using
varietal differences in pests and their natural enemies preferences. Page 11 in Bozik M,
Saskova M, Rysova L, editors. Védecka konference doktorandii — sbornik piispévki.

Ceska zeméd¢lska univerzita v Praze, Praha.

Vysledky aplikované pro zemédélskou praxi
Metodiky
Kocourek F, Havel J, Hovorka T, Kazda J, Kolatik P, Kovatikova K, Ripl J, Skuhrovec J,

Seidenglanz M, Safat J. 2017. Ochrana fepky proti Zivo¢isnym $kiidcim na podzim bez

mofidel na bazi neonikotinoidii. Vyzkumny ustav rostlinné vyroby, v.v.i., Praha.

Kocourek F, Havel J, Hovorka T, Jursik M, Kazda J, Kolafik O, Plachka E, Skuhrovec J,
Seidenglanz M, Safaf J. 2018. Metodika integrované ochrany fepky viéi $kodlivym

organismim vyjma podzimnich sktdct. Vyzkumny ustav rostlinné vyroby, v. v. i. Praha.

Kocourek F, Stard J, Horska T, Hovorka T, Seidenglanz M, Kolatik P, Havel J, Hrudova
E. 2020. Biologické metody hodnoceni rezistence Skiidcti k insekticidiim a antirezistentni

strategie. Vyzkumny ustav rostlinné vyroby, v.v.i., Praha.

Technologie

Kocourek F, Havel J, Hovorka T, Kazda J, Kolatik P, Skuhrovec J, Seidenglanz M, Safaf
J. 2018. Technologie péstovani a ochrany fepky zalozend na vybérovém oSetfeni odrad
ruzn¢ atraktivnich pro klicové skiidce — ovéiend technologie. Vyzkumny ustav rostlinné

vyroby, v. v. i. Projekt MZe ¢. QJ1610217.

Vybrané projekty a granty s aktivni Gcasti FeSeni
MZe €. QJ1610217: Inovace systému integrované ochrany fepky pro omezeni negativnich

dopadi soucasné technologie péstovani.

MZe €. QK1820081: Metody monitorovani rezistence hospodaisky vyznamnych skiidcii a

plevell k pfipravkiim na ochranu rostlin a antirezistentni strategie.
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MZe ¢. QK21020238: Inovace integrované produkce zeleniny pii zméné spektra
prostiedkd ochrany, zdokonaleném monitoringu Skodlivych organismt a omezeni rizik

pesticidl v produktech.

GAUK ¢&. 375421: Vliv zivotnich strategii vybranych druht drobnych motyl na sloZzeni
spolecenstva jejich parazitoida (hlavni fesitel v obdobi 2021-2023).
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