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1.UvOD

Funkcionalnost ekoloskih sustava tla klju¢na je za kopnene sustave, a svaki rizik od narusavanja
stabilnosti ekoloskih sustava tla treba shvatiti ozbiljno. Informacije o utjecaju pojedinih stresora
i zagadivala na organizme tla izrazito su vazne, ali nedostatne. Naime, kompleksnost tla kao
medija i ograni¢ena dostupnost organizama koji se nalaze u tlu, ¢ine istrazivanja ekoloskih
sustava tla izrazito slozenima. Razvoj znanosti i tehnologije doveo je do razvoja
ekotoksikologije tla, grane znanosti koja omogucava prikupljanje novih znanja koja vode ka
to¢nijem predvidanju utjecaja okoli$nih stresora i zagadivala na organizme tla, ali i Citave
ekoloske sustave.

Razvoj ekotoksikologije tla je zapoceo 1960-ih godina prvim opazanjima negativnog utjecaja
pesticida na beskraljeznjake tla (van Gestel, 2012). Uz akvaticku, terestricku, te
ekotoksikologiju sedimenata, ekotoksikologija tla €ini jednu od glavnih grana ekotoksikologije
(Zhou i sur., 2019). Ekotoksikologija je multidisciplinarna znanost, koja integrira toksikologiju
i ekologiju. Njen primarni cilj je detektirati i predvidjeti ucinke zagadenja u kontekstu svih
ostalih okolisnih ¢imbenika, kako bi se sprije¢io negativan utjecaj na strukturu, funkciju i
bioraznolikost ekoloskih sustava tla (Tarazona i Ramos-Peralonso, 2014; Zhou i sur., 2019).
Ucinak razli¢itih zagadivala proucava se na viSe razina slozenosti, u rasponu od biomolekula,
stanica, organa i organskih sustava sve do razine organizama, populacija, ekoloskih sustava i
ukupne biosfere. Osim toga, ekotoksikologija proucava kretanje zagadivala u okoliSu,
ukljucujuéi njihovu migraciju, transformaciju i degradaciju. Ekotoksikologija tla usredotocuje
se na utjecaj zagadivala 1 stresora na organizme ili populacije organizama koje posljedi¢no
djeluju na cjelokupne zajednice. Nadalje, procjena utjecaja na niZim razinama organizacije
¢esto omogucuje predvidanje utjecaja na viS§im organizacijskim razinama. Stoga se utjecaj na
jedinke koristi kao pocetna to¢ka ekotoksikologije. Naime, na taj nacin odreduju se krajnje
tocke koje su lako mjerljive, a mogu predvidjeti utjecaj na Citave populacije. Najcesce koriStene
krajnje toc¢ke su prezivljavanje, reprodukcija i produkcija biomase koja se procjenjuje kao stopa
rasta.

Krajnje tocke na niZzim organizacijskim razinama uglavnom se odreduju tijekom testova u
kontroliranim laboratorijskim uvjetima, dok se istrazivanje i mjerenje krajnjih toc¢aka na visim
organizacijskim razinama najces¢e provodi pomocéu mikro i mezo kozmickih sustava te
istrazivanjima u okoliSu. Kako bi se odredile promjene razlicitih krajnjih toCaka razvijen je
Citav niz analitickih metoda i posebnih protokola za dokumentiranje utjecaja. Biomarkeri su
mjerljive molekularne, stani¢ne, fizioloske ili biokemijske promjena kod jedinki. Upravo se
pomoc¢u biomarkera mogu kvantificirati u¢inCi izlozenosti prije pojave vidljivog Stetnog

utjecaja. Kako bi biomarkeri bili prikladni za koriStenje u ekotoksikologiji moraju biti
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1.UvOD

ucinkoviti (niska cijena i1 jednostavna primjena), precizni, odgovarajuce osjetljivosti i
dosljednosti, te moraju imati sposobnost generiranja jasnih rezultata.

Kako bi se omogucila procjena utjecaja zagadivala na ekoloske sustave tla, 80-ih godina proslog
stolje¢a zapoceo je razvoj testova toksi¢nosti. Prvi protokol za provodenje kratkotrajnih
(akutnih) testova toksi¢nosti koji je koristio gujavice kao modelne organizme publiciran je
1984. godine (OECD, 1984). U narednim godinama istrazivana je moguca upotreba razli¢itih
organizama tla, te se pokazalo kako su gujavice, enhitreje, skokuni i grinje najpogodnije
skupine. Iako je upotreba gujavica i danas najzastupljenija, sve vazniju ulogu preuzimaju
enhitreje. Naime, specificnosti ove skupine organizama omogucuju provodenje
ekotoksikoloskih testova razli¢itog dizajna, ¢ime se povecava broj promatranih krajnjih toc¢aka,

ali 1 pruza moguénost za koristenje novih biomarkera.

1.1. Enhitreje — modelni organizmi ekotoksikologije tla

Tlo predstavlja osnovu i temelj svakog kopnenog ekoloSkog sustava, neovisno o razini
antropogenih promjena, te je najvazniji izvor bioraznolikosti koji odrazava metabolizam
cjelokupnog ekoloskog sustava buduc¢i da se u njemu isprepli¢u svi biogeokemijski procesi
razlic¢itih komponenti ekoloskih sustava (Menta, 2012).

Zbog iznimne brojnosti, ali 1 izrazite funkcionalne i taksonomske raznolikosti beskraljeznjaci
su sastavni dio ekoloskih sustava tla. Upravo su beskraljeznjaci klju¢ni dio hranidbenih mreza
u tlu, te igraju neizostavnu ulogu u regulaciji funkcije ovog ekoloskog sustava. Generalno,
organizme tla s obzirom na veli¢inu dijelimo na mikrofaunu, mezofaunu, makrofaunu i
megafaunu. Mikrofaunu ¢ine organizmi ¢ija je veliCina tijela izmedu 20 pm i 200 pm
(Wallwork, 1970) kao S§to su sitne grinje (Acarina), obli¢i (Nematoda), kolnjaci (Rotifera),
dugozivci (Tardigrada), te veslonosci (Copepoda). U kategoriju mezofaune ubrajamo sve
organizme ¢ija je veliina tijela izmedu 200 pm i 2 mm (Wallwork, 1970). Enhitreje
(Enchytraeus), te mikro¢lankonosci poput grinja i skokuna (Collembola) glavni su predstavnici
ove skupine. Uz njih u skupinu mezofaune ubrajamo oblice, kolnjake, dugoZicve, manje
paucnjake (Arachnida), pseudoskorpione (Pseudoscorpiones), li¢inke kukaca (Insecta), male
jednakonozce (Isopoda) i stonoge (Myriapoda). Makrofaunu ¢ine organizmi veli¢ine od 2 mm
do 20 mm (Wallwork, 1970). Ovoj kategoriji pripadaju neke gujavice (Lumbricidae), puzevi
(Gastropoda), jednakonozci, stonoge, paucnjaci i vecina kukaca. Najvecu skupinu Cine

organizmi ¢ija veli€ina prelazi 20 mm, a nazivamo ih megafauna tla.
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Uz skokune i grinje, enhitreje su najvazniji pripadnici mezofaune tla. Pripadaju koljenu

koluti¢avaca (Annelida), razredu koluti¢avaca (Clitellata) i porodici Enchytraeidae (Tablica 1).

Tablica 1 - Klasifikacija enhitreja

Klasifikacija
Carstvo Zivotinje (Animalia)
Koljeno Koluti¢avci (Annelida)
Razred Pojasnici (Clitellata)
Red Haplotaxida
Porodica Enchytraeidae

Ovu slabo poznatu, ali izrazito vaznu skupinu beskraljeZnjaka tla odlikuje bilaterno simetri¢no
tijelo bez pigmentacije ili blijedo zute boje, duljine nekoliko mm do nekoliko cm. Poput
gujavica, enhitreje imaju razvijene ¢etine koje sluze za oslanjanje pri kretanju, a nalazimo ih na
svim koluti¢ima osim prvog i posljednjeg. Enhitreje su saprofazi koji igraju izrazito vaznu
ulogu u razgradnji organske tvari, odrzavanju poroziteta i strukture tla, ali 1 kruzenju nutrijenata
I energije unutar tla (Briones, 2014). Prisutne su u ekoloskim sustavima diljem svijeta, od
tropskih do polarnih regija. Preferiraju Sumska i livadna tla bogata organskom tvari, ali ih se
moze pronaci i u krskim zajednicama, unutar raspadajucih stabala, moc¢vara, duz rije¢nih obala
i obala mora, kao i na dnu jezera i oceana. Svojom aktivnos$¢u enhitreje stvaraju pogodna
mikrostaniSta za rast 1 razvoj razli€itih skupina mikroorganizama (Bardgett 1 sur., 2005).
Posebnu vaznost enhitreje imaju u podru¢jima poput Arktika i subarkti¢kih tundri, mocvara,
planinskih travnjaka, crnogori¢nih Suma i poljoprivrednih povrsina u zoni tajgi gdje su gujavice
odsutne (Swift i sur., 1998). Osim toga, dokazano je da pod pritiskom intenzivnog oranja i
obrade tla dolazi do smanjenja brojnosti gujavica, dok se brojnost i aktivnost enhitreja povecava
(Topoliantz i sur., 2000).

Danas je poznato viSe od 700 vrsta enhitreja koje su podijeljene u 33 roda (Schmelz i Collado
2010). Enhitreje su uglavnom hermafroditi, medutim neke se vrste mogu razmnoZavati
fragmentacijom, partenogenezom ili samooplodnjom (Amorim i Scott-Fordsmand, 2021).
Glavnina vrsta se razmnozava spolnim putem tako $to proizvode spermije 1 jajaSca, medusobno
se oploduju 1 polazu kokone.

Vrste roda Enchytraeus zasigurno su najpoznatije vrste enhitreja koje se zbog svojih osobina
ucestalo koriste u ekotoksikolosSkim istraZivanja. Medutim, prije uvrStavanja na popis

indikatorskih organizama, odabrane vrste enhitreja morale su ispuniti propisane uvijete. Naime,
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1.UvOD

indikatorski organizmi koji se koriste u ekotoksikoloskim istrazivanjima moraju biti prisutni u
razli¢itim tipovima tla gdje se njihova pojavnost i brojnost mogu povezati s kvalitetom i
o¢uvanosti ekosustava. Osim toga njihovo izlaganje u kontroliranim laboratorijskim uvjetima
treba rezultirati informacijama o mogucim utjecajima zagadivala koje su primjenjive na
cjelokupne ckoloske sustave tla. Stoga indikatorski organizmi moraju ispunjavati sljedece

uvijete:

imaju kljuénu ulogu u funkciji ekoloskih sustava tla, a njihov odgovor na promjene u ekoloskim
sustavima i prisutnost zagadivala relevantan je za zakljucke koji se odnose na nivo cijelog
ekoloskog sustava,

prisutni su u ¢itavom nizu ekoloskih sustava tla diljem svijeta, §to omogucuje usporedbu pojava
izmedu razli¢itih ekoloskih sustava;

iznimno su brojni u ekoloskim sustavima tla, §to omogucava lako opaZanje utjecaja zagadivala
1 okoli$nih stresora;

jednostavni su za rukovanje, $to omogucava lak uzgoj u laboratorijskim uvjetima i jednostavno
prikupljanje na terenu;

dolaze u dodir sa zagadivalima koja se nalaze u razli¢itim fazama tla (tekuca, ¢vrsta i plinovita
faza u tlu);

dovoljno su osjetljivi kako bi bila moguca detekcija negativnih utjecaja zagadivala i okolisnih
stresora, ali ne pretjerano osjetljivi kako bi se izbjeglo ugibanje tijekom laboratorijskih testova
ili izumiranje u okoli$nim uvjetima prilikom izlozenosti zagadivalima ili okoli$nim stresorima

(Didden i Rmbke, 2001).

Dosadas$nja istrazivanja pokazala su moguénost upotrebe razlicitih grupa organizama kao
indikatora. Pogodni indikatorski organizmi koji pripadaju mikrofauni tla su prazivotinje i oblici.
Razlog tome lezi u ¢injenici kako se pripadnici ovih skupina ucestalo pojavljuju u razli¢itim
ekoloskim sustavima, dovoljno su osjetljivi na izloZenost zagadivalima i okoli$nim stresorima,
ali dolaze u dodir samo s teku¢om fazom tla (Didden i Rombke, 2001). Osim toga, njihova
veli¢ina oteZava manipulaciju tijekom terenskih, ali 1 laboratorijskih istraZzivanja. Nedostatak
mikro i makro ¢lankonozaca kao bioindikatora je njihov izostanak dodira s teku¢om fazom tla,
zbog cega se dodir sa zagadivalima odvija samo kroz ¢vrstu i plinovitu fazu. Najpoznatiji
modelni organizmi koji se koriste u ekotoksikoloskim testovima zasigurno su gujavice (Solé,
2020; van Gestel, 2012). Osim §to imaju izrazito vaznu ulogu u ekoloskim sustavima tla,
gujavice se lako uzgajaju u laboratorijskim uvjetima, te su izlozene svim fazama u tlu. Cesto, a

ponekad i jedino koristenje vrsta E. fetida i E. andrei rezultiralo je ¢injenicom da se mnoga
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ekotoksikoloska istrazivanja provedena s ovim vrstama smatraju manje relevantnima. Naime,
ove vrste ne nalazimo u prirodnim ekoloskim sustavima tla, ve¢ na kompostistima gdje je
prisutna iznimno velika koli¢ina organske tvari. Razlog ¢estog koriStenja ove dvije vrste lezi u
¢injenice S$to nativne vrste Cesto imaju izrazito dug Zivotni ciklus, te zahtijevaju specificne
uvjete koji otezavaju njihov uzgoj (Rombke i Moser, 1999).

Enhitreje ispunjavaju sve navedene kriterije, te su stoga prikladni modelni organizmi
ekotoksikologije tla (Rombke 2003). Po¢etkom 2000-tih krenuo je razvoj standardiziranih
laboratorijskih testova koji omogucuju procjenu utjecaja zagadivala i okoliSnih stresora na
prezivljavanje i reprodukciju enhitreja (Rombke i Moser, 2002). Prva laboratorijska istrazivanja
temeljena na enhitrejama provedena su u vodenom mediju i na agaru (Rombke i Knacker, 1989;
Westheide 1 sur., 1989), te u razli¢itim tipovima tla (Lock i Janssen, 2001; Lock i Janssen,
2002a; Rombke, 1988). Prema protokolima Organizacije za ekonomsku suradnju i razvoj
(OECD) preporucena vrsta za provodenje testova reprodukcije je Enchytraeus albidus (OECD,
2016), dok se kao alternativne vrste navode E. luxuriousus (Lock i Janssen, 2002b), E.
buchholzi (Jarratt i Thompson, 2009), E. crypticus (Castro-Ferreira i sur., 2012), te E. bulbosus
(Yang i sur., 2021) (Tablica 2).

Tablica 2 - Specifi¢nosti vrsta roda Enchytraeus.

Vrsta Generacijsko vrijeme* Temperatura  Fekunditet* Izvor
E. albidus 33 18°C 120 OECD 2016
I1SO, 2014
Amorim i sur., 2005
E. buchholzi 26 20°C 400-600 Vouai sur., 2014
Didden 1991
E. bulbosus 18 18°C 100 Yang i sur., 2021
E. crypticus 18 21°C 200-500 Bicho i sur., 2015
Westheide i Graefe,
1992
E. luxuriosus 19-32 20-21 50 Amorim i sur 2005
Schmelz i Collado,
1999

*QGeneracijsko vrijeme izrazeno je u danima, a fekunditet kao opaZeni broj juvenilnih jedinki nakon

izlaganja 10 odraslih jedinki u uvjetima standardiziranima za pojedinu vrstu.
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Zbog specifi¢nosti zivotnog ciklusa pojedinih vrsta enhitreja ekotoksikoloski testovi se provode
u kra¢em vremenskom periodu uz utroSak manje tla i kemikalija u usporedbi s gujavicama.
Glavnina suvremenih ekotoksikoloskih istrazivanja provedena je s dvije najpoznatije vrste

enhitreja, E. albidus i E. crypricus.

1.1.1. Enchytraeus albidus

E. albidus je jedna od najpoznatijih i najvecih vrsta roda Enchytraeus. Nepigmentirano ili
blijedo Zuto, segmentirano tijelo obi¢no je dugo izmedu 20 i 30 mm (40 do 65 segmenata), te
moze teziti do 5 mg (Schmelz i Collado, 2010) (Slika 1).

Slika 1 — Enchytraeus albidus. Odrasla jedinka s vidljivim klitelumom. Foto: M. Kovacevi¢

Vrsta E. albidus nastanjuje povrSinske slojeve tla s visokim udjelom organske tvari, te je
zastupljena u raznolikim staniStima od umjerenih regija do Arktika (Christensen i D6zsa Farkas,
2006). Zbog izrazito raznolikih staniSta pojedine populacije ove vrste toleriraju velike
fluktuacije u salinitetu i temperaturi izmedu smrzavanja i odmrzavanja. Istrazivanja ovog
fenomena pokazala su kako E. albidus podnosi temperature do -20°C, te se prilagodava
salinitetu do 50%o (Patricio Silva i sur., 2013). Naime u tako ekstremnim uvjetima ove enhitreje
sintetiziraju izrazito visoke koncentracije glukoze koja preuzima ulogu krioprotektanta.

Generacijsko vrijeme vrste E. albidus je 33 dana pri 18°C i 74 dana pri 12°C (ISO 2014). Prije
koristenja u ekotoksikoloskim testovima enhitreje vrste E. albidus moraju minimalno 5 tjedana
provesti u kontroliranim laboratorijskim uvjetima. Taj period se zove aklimatizacijski period.

Osim toga, za reprodukcijski test koriste se samo odrasle jedinke s dobro razvijenim klitelumom
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I vidljivim jajima. Ove enhitreje svoje kokone oblazu sitnim Cesticama tla §to otezava njihovo

uocavanje. Embrionalni razvoj vrste E. albidus u prosjeku traje 14 dana.

1.1.2. Enchytraeus crypticus

Nepigmentirano tijelo vrste E. crypticus sastoji se od najvise 34 segmenta i doseze duljinu
izmedu 3 i 12 mm (Schmelz i Collado, 2010) (Slika 2). Za razliku od vrste E. albidus, E.
crypticus se moze uzgajati na ploGama agara, ima vecCu stopu reprodukcije, te krace
generacijsko vrijeme (18 dana) Sto rezultira kra¢im vremenom potrebnim za provodenje testova
(Castro-Ferreira i sur., 2012). Nadalje, E. crypticus ima vecu toleranciju na Citav niz okoli$nih
faktora kao $to su pH (4.4-8.2) i tekstura tla (udio gline od 1-29%), te udio organske tvari (1.2
- 42%) (van Gestel i sur., 2011; Kuperman i sur., 2006).

Slika 2 — E. crypticus. Kultura organizama uzgojena na tlu. Foto: M. Kovacevié¢

Posebnost ove vrste su kokoni s prozirnom ovojnicom koja omoguéava promatranje razlicitih
stadija embrionalnog razvoja. Embrionalni razvoj vrste E. crypticus traje 9 dana. Kako je
generacijsko vrijeme vrste E. crypticus gotovo dvostruko krace nego E. albidus, vrijeme
trajanja standardiziranog reprodukcijskog testa smanjeno je s 6 tjedana (standardno vrijeme za
vrstu E. albidus) na 3 tjedna (van Gestel i sur., 2011).

1.1.3. Primjena enhitreja u ekotoksikoloSkim istraZivanjima

Enhitreje se primjenjuju u ekotoksikoloskim istraZivanjima vise od 20 godina (Amorim i Scott-

Forsmand, 2021). Postoje standardizirani protokoli za procjenu utjecaja zagadivala na
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prezivljavanje i reprodukciju (OECD, 2016; 1SO, 2014), bioakumulaciju (OECD, 2010;
Amorim i sur 2002), izbjegavanje (ISO, 2008) i ¢itav niz testova koji omoguéuju procjenu
dodatnih krajnjih tocaka. Neki od njih su testovi embriotoksi¢nost (Gongalves i sur., 2015),
testovi izlijeganja (Bicho i sur., 2017a; Bicho i sur., 2017b; Santos i sur., 2017; Bicho i sur.
2016), visegeneracijski testovi (Ribeiro i sur 2019; Bicho i sur., 2017b), cjelozivotnih testovi
(Gongalves i sur., 2017), testovi u sustavu vise vrsta (engl. Multispecies test systems) (Mendes
i sur., 2019; Mendes i sur., 2018; Menezes-Oliveira i sur., 2014; Menezes-Oliveira i sur., 2013),
histoloski testovi (Bicho i sur., 2021), te testovi koji proucavaju utjecaj na antioksidativni sustav
(Maria i sur., 2018; Gomes i sur., 2012; Howcroft i sur., 2011; Howcroft i sur., 2009) i ukupnu
energiju organizama (Gomes i sur., 2015a; Gomes i sur., 2015b).

Ekotoksikoloska istrazivanja temeljena na enhitrejama usmjerena su uglavnom na djelovanje
razli¢itih metala i nanocestica. Medu njima je zasigurno najbolje proucen utjecaj nanocestica
srebra (Bicho i sur., 2021; Mendonga i sur., 2020; Maria i sur., 2018; Topuz i van Gestel, 2017;
Bicho i sur., 2016; Ribeiro i sur., 2015; Gomes i sur., 2013). Istrazivanja utjecaja nanocestica
srebra obuhvatila su mnogobrojne krajnje tocke poput prezivljavanja, reprodukcije, rasta,
uspjeha izlijeganja, bioakumulacije, transfera energije, ponasanja izbjegavanja, lokomotorne
aktivnosti, aktivnosti hranjenja, biomarkera oksidativnog stresa, genske ekspresije,
genotoksi¢nosti, imunotoksi¢nosti, citotoksi¢nosti te embriotoksi¢nosti. lako je utjecaj
pesticida na enhitreje takoder istrazen (da Rocha i sur 2020; Chelinho i sur., 2014; Novais i
sur., 2014; Novais i sur., 2013; Novais i sur., 2011; Novais i sur., 2010; Kobeti¢ova i sur., 2009;
Amorim i sur., 2002; Puurtinen i sur., 1997) velik dio istrazivanja usmjeren je na insekticide
poput dimetoata, dobro poznate fungicide iz skupine konazola ili modelne fungicide poput
karbendazima. Dokazano je kako osim negativnog utjecaja na prezivljavanje i reprodukciju
pesticidi djeluju na izbjegavanje, uzrokuju disbalans antioksidativhog sustava koji uzrokuje
pojavu oksidativnog stresa, te djeluju na koli¢ine dostupne energije. Medutim, postojeca
istrazivanja nisu dostatna za to¢no razumijevanje mehanizama i dugoro¢nih u¢inaka pojedinih
pesticida. Osim toga, novije skupine fungicida, koje zauzimaju sve vazniju ulogu u
poljoprivredi te se zbog izuzetne ucinkovitosti primjenjuju u sve veéim koli¢inama, nisu
dovoljno istrazene. To je slucaj i sa strobilurinskim fungicidima, za koje postoje samo saznanja
0 negativnom utjecaju na prezivljavanje i reprodukciju (Gomes i sur., 2021; Leitdo i sur., 2014)
te utjecaj na mikrobne zajednice probavila enhitreja (Zhang i sur., 2022; Zhang i sur., 2019).
Medutim, sve veca paznja znanstvene zajednice usmjerena je na ovu skupinu fungicida. Naime,

zbog prekomjerne primjene i negativnog utjecaja na neciljne organizme izrazito su vazna
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istrazivanja koja ¢e omoguciti jasniji uvid u mehanizme djelovanja i dugoro¢ne ucinke na

populacije enhitreja u tlu.

1.2. Strobilurinski fungicidi

Upotreba pesticida u modernoj poljoprivredi nuzna je za izbjegavanje negativnog djelovanja
Stetnika 1 osiguravanje dostatnih uroda (Wang i sur., 2021). Medu Stetnicima poljoprivrednih
kultura prema ucestalosti infestacija i nastaloj Steti isticu se gljivicna oboljenja (Fisher i sur.,
2012). Upravo je zbog toga za uspjesnu poljoprivrednu proizvodnju klju¢na primjena fungicida
(Strange i sur., 2005).

Zbog specifi¢nosti poljoprivredne proizvodnje i odabira usjeva Europa se smatra glavnim
trziStem fungicida (Zubrod i sur., 2019). Naime, od godisnje koli¢ine prodanih proizvoda za
zastitu bilja, gotovo 40% cine fungicidi (Eurostat, 2022). Njihova primjena posebice je izrazena
u vinorodnim podruc¢jima, gdje udio fungicida doseze gotovo 90% primijenjenih proizvoda za
zaStitu bilja (RoBberg, 2009). lako su podatci o upotrebi fungicida na podru¢ju Republike
Hrvatske nepotpuni, analiza primjene sredstava za zastitu bilja na podrucju Osjecko-baranjske
Zupanije pokazala je da se fungicidima godisnje tretira vise od 70% poljoprivrednih povrsina
(Matkovi¢, 2016).

Medu fungicidima se zbog svoje izrazite efikasnosti i uestalosti primjene isti¢u strobilurinski
fungicidi. Ova skupina fungicida predstavljaju novu prekretnicu nakon razvoja triazolnih
fungicida, te su postali jedna od najprodavanijih skupina fungicida na globalnom trzistu (Wang
i sur., 2021). Strobilurinski fungicidi temeljeni su na derivatima gljiva stapcarki iz koljena
Basidiomycete (Bartlett 1 sur., 2002) koji su posluzili kao modeli za proizvodnju sintetskih
molekula (Slika 3). Najpoznatiji medu njima su strobilurin A i oudemazin, produkti gljiva
Strobilurus tenacellus i Oudemansiella mucida. Citava skupina dobila je ime prema strobilurinu
A koji je najjednostavnija prirodna molekula iz koje su razvijene nove strukturne varijacije
(Sauter i sur., 1996; Sauter i sur., 1995). Prvotno ime ove skupine bilo je -metoksiakrilati ili

B-MOA prema strukturi toksopore, aktivnog dijela molekule (Ypema i Gold, 1999).
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Slika 3 — Nastanak strobilurina. Gljive stapcarke vrste Strobilurus tenacellus (A) i
Oudemansiella mucida (B) iz koljena Basidiomycete ¢iji su derivati posluzili kao modeli za
proizvodnju sintetskih molekula prvih strobilurinskih fungicida. (C) Proces sinteze
azoksistrobina i krezoksim-metila iz strobilurina A, odnosno oudemazina (Prilagodeno prema
Sauter i sur., 1995.).

Strobilurinski fungicidi inhibiraju respiraciju gljivicnih mitohondrija i blokiraju proizvodnju
ATP-a (Zhang i sur., 2020a; Balba, 2007; Kim i sur., 2007; Bartlett i sur., 2002) (Slika 4).
Naime, prilikom sinteze energije, energija iz hranjivih tvari najprije se pohranjuje u obliku
visokoenergetskih elektrona: reduciranog nikotinamid-adenin dinukleotida (NADH) i
reduciranog flavin adenin dinukleotida (FADH:). Elektroni se nakon toga transportiraju kroz
takozvani mitohondrijski respiratorni lanac, niz proteinskih kompleksa koji se nalaze uklopljeni
u membranu mitohondrija (kompleks I-V), te zavrSavaju ugradene u krajnjeg elektronakceptora
— molekulu kisika. Tijekom ovog procesa energija se pretvara u molekule ATP-a. Medutim,
vezanjem strobilurinskih fungicida na takozvano Qo mjesto na citokromu bcl (kompleks 111)
blokiran je transfer elektrona izmedu citokroma b i citokroma cl Sto u konacnici rezultira

inhibicijom produkcije ATP-a (Bartlett i sur., 2002).
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Slika 4 — Mehanizam djelovanja strobilurinskih fungicida. Protok elektrona kroz
transportni lanac prenosi protone (H*) preko unutra$nje mitohondrijske membrane. ATP-
sintetaza (protonska pumpa) koristi gradijent protona za proizvodnju ATP-a, ¢ime Se stanica
dobiva energijom za njezin metabolizam. U nekim gljivama i biljkama, inhibitori
respiratornog puta i drugi faktori stresa induciraju sintezu alternativne oksidaze. Ovaj
alternativni put disanja posredovan oksidazom preusmjerava elektrone na ubikinon (Q) i daje
smanjenu osjetljivost na djelovanje strobilurina in vitro, ali stvara mnogo manje energije. Q =
ubikinon, Cyt b = citokrom b, Cyt c1 = citokrom c1, C = citokrom c, Cyt a = citokrom a, Cyt
a3 = citokrom a3. (Prilagodeno prema Ypema i Gold, 1999).

Nakon azoksistrobina razvijene su i registrirane aktivne tvari piraklostrobin, trifloksistrobin,
krezoksim-metil, fluoksastrobin, pikoksistrobin i druge. O njihovoj efikasnosti i $irokoj
primjeni govori i podatak da su 2014. godine komercijalni pripravci temeljeni na azoksistrobinu
i piraklostrobinu bili najprodavaniji fungicidi, dok su strobilurini bili jedna od najprodavanijih
skupina s udjelom od 22,9% na ukupnom trzistu fungicida (Mao i sur., 2020; Li i sur., 2018;
Lu, 2018; McDougall, 2015).

1.2.1. Azoksistrobin

Azoksistrobin je prvi strobilurinski fungicid koji je na trzistu od 1996. godine (Bartlett i sur.,
2002), te se od tada uspjesno koristi u prevenciji gljivicnih oboljenja. Njegova fizikalno-
kemijska svojstva prikazana su u Tablici 3. Primjenjuje se na razli¢itim usjevima, ukljucujuéi
zitarice, krumpir, voce, oraSaste plodove, vinovu lozu, lisnato povrée, ljekovito bilje 1 zaCine
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(US EPA, 2022). Ponekad se primjenjuje na travnjacima, bozi¢nim drvcima, pamuku, ali i
ukrasnom bilju (US EPA, 2020). Azoksistrobin se takoder dodaje u smjesu prilikom izrade

razli¢itih zidnih obloga, kako bi sprijecio razvoj plijesni (Cooper i sur., 2020).

Tablica 3 — Fizikalno-kemijska svojstva azoksistrobina.

Strukturna formula:

e
N H
! o .
o o
\K\(
g

Kemijski naziv prema IUPAC-u:

methyl (E)-2-[2-[6-(2-
cyanophenoxy)pyrimidin-4-ylJoxyphenyl]-3-
methoxyprop-2-enoate

Kemijska formula: C22H17N30s
CAS registarski broj: 131860-33-8
Molarna masa: 403.4 g/mol

Fizikalno stanje:

bijela kristalna krutina

Gustoda: 1.33 g/lcm?®
Topivost u vodi: 6 mg/L pri 20 °C
Taliste: 116 °C
Tlak para: 8.3 x 10"** mm Hg pri 25 °C

Particijski koeficijent (log Kow):

2.50 pri 20 °C

Adsorpcijski koeficijent (Koc):

13

207 - 594 mL/g
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1.2.2. Piraklostrobin

Piraklostrobin (Tablica 4), sli¢no kao i azoksistrobin, primjenjuje se na ¢itavom nizu usjeva
medu kojima su najzastupljenije zitarice, vinova loza, Se¢erna repa, soja i krastavci (Joshi i sur.,
2014). Zbog visoke toksi¢nosti za akvati¢ke organizme primjena piraklostrobina zabranjena je
u rizinim poljima (Jiang i sur., 2019a; Li i sur., 2019; Zhang i sur., 2017). Medutim, zbog

izrazite efikasnosti 1 dalje se koristi na prostoru ¢itave Europe.

Tablica 4 — Fizikalno-kemijska svojstva piraklostrobina.

Strukturna formula:

. . methyl N-[2-[[1-(4-chlorophenyl)pyrazol-3-
Kemijski naziv prema IUPAC-u:
ylJoxymethyl]phenyl]-N-methoxycarbamate

Kemijska formula: Ci9H18CIN3O4

CAS registarski broj: 175013-18-0

Molarna masa: 387.8 g/mol

Fizikalno stanje: bijela ili svijetlo-bez kristalna krutina

Gustoca: 1.285 g/cm? pri 20 °C

Topivost u vodi: 1.9 mg/L pri 20 °C

Taliste: 63.7 do 65.2 °C

Tlak para: 1.95 x 10 mm Hg pri 20 °C

Particijski koeficijent (log Kow):

3.99 pri 22 °C

Adsorpcijski koeficijent (Koc):

6 do 16 mL/g
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1.2.3. Trifloksistrobin

Komercijalne pripravci temeljeni na trifloksistrobinu (Tablica 5) uglavhom se koriste za
prevenciju gljivicnih bolesti na ukrasnom drvecu i grmlju, te vocarskim 1 povrtlarskim
kulturama. lako se smatra da je trifloksistrobin slabo toksi¢an za sisavce, ptice i pele, nedavna
istrazivanja pokazala su kako predstavlja veliki rizik za akvaticke organizme i organizme tla

(Junges et al., 2012; Liu i sur., 2020).

Tablica 5 — Fizikalno-kemijska svojstva trifloksistrobina.

Strukturna formula:

F

Kemijski naziv prema IUPAC-u:

methyl (22)-2-methoxyimino-2-[2-[[(E)-1-[3-(trifluoromethyl)
phenyl]ethylideneamino]oxymethyl]phenyl]acetate

Kemijska formula: C20H19F3N204

CAS registarski broj: 141517-21-7
Molarna masa: 408.4 g/mol
Fizikalno stanje: bijeli prah

Gustoca:

1.36 cm?® pri 21 °C

Topivost u vodi:

0.610 mg/L pri 25 °C

Taliste:

72.9 °C

Tlak para:

2.55 x 10® mm Hg pri 25 °C

Particijski koeficijent (log Kow):

4.5 pri 25 °C

Adsorpcijski koeficijent (Koc):

351.5 do 811 mL/g
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1.2.4. Krezoksim-metil

Krezoksim-metil (Tablica 6) je razvila tvrtka BSF, te je prvo registriran u Kini za prevenciju
krastavosti lista i ploda jabuke uzrokovanih vrstom Venturia inaequalis, te pepelnice jabuke i
krastavaca uzrokovanih vrstom Podosphaera leucotricha (Li i sur., 2006). Komercijalne
pripravci temeljeni na krezoksim-metilu koriste se za suzbijanje gljivicnih oboljenja u

vinogradarstvu, vocarstvu, povrtlarstvu 1 maslinarstvu.

Tablica 6 — Fizikalno-kemijska svojstva krezoksim-metila.

Strukturna formula: |

methyl (2E)-2-methoxyimino-2-[2-[(2-

Kemijski naziv prema IUPAC-u:
methylphenoxy)methyl]phenyl]acetate

Kemijska formula: CisH1sNO4
CAS registarski broj: 143390-89-0
Molarna masa: 313.3 g/mol
Fizikalno stanje: bijeli kristali
Gustoca: 1.258 g/cm?®
Topivost u vodi: 2 mg/L pri 20 °C
Taliste: 99.0 °C
Tlak para: 1.72 x 10® mm Hg pri 20 °C
Particijski koeficijent (log Kow): 3.40
Adsorpcijski koeficijent (Koc): 1,700 mL/g
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1.2.5. Utjecaj strobilurinskih fungicida na neciljne organizme

Strobilurinski fungicidi odlikuju se relativno visokom topivosti u vodi, §to moze uzrokovati
njihovo nakupljanje u vodi, sedimentu i tlu (Zhang i sur., 2020a). Prisutnost ostataka
azoksistrobina dokazana je za 22 od 317 uzoraka tla prikupljenih diljem Europe (Silva i sur.,
2019). lako je centralna (medijalna) vrijednost ostataka azoksistrobina bila 0.03 mg/kg tla,
maksimalne koncentracije dosezale su 0.25 mg/kg. Nadalje, koncentracije ostataka
azoksistrobina u poljoprivrednom tlu u Kini dosezu ¢ak 9.5 mg/kg (Xu i sur., 2021). Informacije
o prisutnosti ostalih strobilurinskih fungicida u tlu izrazito su Sture, te se vecina postojecih
istrazivanja temelji na procjeni njihovih vrijednosti u vodi.

Intenzivna i prekomjerna primjena strobilurinskih fungicida, te potencijalna toksicnost za
ekoloske sustave 1 neciljne organizme privlaci sve vecu pozornost. lako se strobilurinski
fungicidi smatraju slabo toksi¢nima za sisavce 1 ptice, rezultati provedenih istraZivanja
sugeriraju visoku toksi¢nost za akvaticke vrste (Cui i sur., 2017; Hartman i sur., 2014; Liu sur.,
2013). Wang i sur. (2021) su u svom preglednom radu pokazali kako je piraoksistrobin
najtoksi¢niji za akvaticke organizme, a slijede ga piraklostrobin, trifloksistrobin,
pikoksistrobin, krezoksim-metil, fluoksastrobin i azoksistrobin. NajviSe paznje privuklo je
djelovanje strobilurinskih fungicida na zebrice (Danio rerio). Naime, provedena istraZivanja
pokazala su kako strobilurinski fungicidi uzrokuju o$tec¢enja mitohondrijskih kompleksa i
vezanih enzima (Kumar i sur., 2020; Jiang i sur., 2019a; Jiang i sur., 2019b; Cao i sur., 2018;
Luz i sur., 2018) koja su povezana s krajnjim toCkama poput rasta i ponasanja. Upravo
disfunkcija mitohondrija i pojava oksidativnog stresa pridonose smanjenju duzine tijela li¢inKi
zebrica i promjenama kretanja (Kumar i sur., 2020; Cao i sur., 2018). Nadalje, mitohondrijska
disfunkcija povezana je s pojavom kardiotoksi¢nosti i neurotoksi¢nosti (Li i sur., 2019), te
genotoksi¢nosti, imunotoksic¢nosti i endokrine disrupcije. Sve navedene pojave mogu imati
utjecaj na cjelokupni organizam uzrokujuci odgodeni razvoj, smanjenu reprodukciju i promjene
u ponasanju (Kumar i sur., 2020; Cao i sur., 2019; Jiang i sur., 2019a; Jiang i sur., 2019b; Cao
i sur., 2018; Zhang i sur., 2017; Cao i sur., 2016; Han i sur., 2016; Zhu i sur., 2015). Najjaci
utjecaj strobilurinskih fungicida opazen je u stadiju liinke, juvenilnih jedinki, te za vrijeme
embrionalnog razvoja (Jiang i sur., 2019a; Jiang i sur., 2019b; Li i sur., 2018; Jiang i sur., 2018;
Wang i sur., 2018). Osim mortaliteta embrija, izlaganja strobilurinskim fungicidima uzrokovalo
je disfunkciju mitohondrija i smanjene proizvodnje energije, promjena u genskoj ekspresiji, ali
| promjena u lu¢enju hormona $titnjace. Bez obzira na opazanje Stetnog djelovanja, smatra se

kako zebrice nisu okoliSno relevantna vrsta, te se dobiveni rezultati ne mogu u potpunosti
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primijeniti na okoliSne vrste. U prilog tome govore istrazivanja koja isticu vecu osjetljivost
vrsta kao $to su amur (Ctenopharyngodon idella), kalifornijska pastrva (Oncorhynchus mykiss)
i vrsta Gobiocypris rarus (Zhu i sur., 2015). Ovakvi rezultati upucuju na moguéu utjecaj
strobilurinskih fungicida na razli€ite Zivotne stadije ostalih organizama, medu kojima se najvise

istiCe embrionalni razvoj. Stoga izrazitu vaznost imaju buduca istrazivanja u ovom podrucju.

1.2.5.1. Utjecaj strobilurinskih fungicida na organizme tla

Utjecaj strobilurinskih fungicida na neciljne organizme tla najbolje je prouc¢en kod gujavice E.
fetida, dok je utjecaj na enhitreje i skokune do sada slabo istrazen (Tablica 7). lako
strobilurinski fungicidi nemaju izrazen utjecaj na prezivljavanje gujavica, provedena
istrazivanja su pokazala kako izlaganje vrste E. fetida pikoksistrobinu i azoksistrobinu moze
dovesti do negativnog utjecaja na reprodukciju (Schnug i sur., 2014a; Leitdo i sur., 2014,
Schnug i sur., 2013). Osim toga primjena pikoksistrobina u okolisu moze dovesti do smanjenja
raznolikosti lumbrikofaune (Schnug et al., 2015). Nadalje, detaljnije analize djelovanja
azoksistrobina, piraklostrobina, fluoksastrobina i trifloksistrobina pokazale su da strobilurinski
fungicidi izazivaju pojavu oksidativnog stresa i oStecenja DNA (Hou i sur., 2022; Wu i sur.,
2021; Xuisur., 2021; Liu i sur., 2020; Zhang i sur., 2020b; Ma i sur., 2019; Zhang i sur., 2018b;
Han i sur., 2014). Osim utjecaja na gujavice, nekoliko istrazivanja se usmjerilo na djelovanje
strobilurinskih fungicida na skokune. lako je dokazana manja osjetljivost u odnosu na gujavice,
pokazalo se kako izlaganje pikoksistrobinu utjeCe na promjene brojnosti testiranih vrsta
(Schnug i sur., 2014a) dok izlaganje azoksistrobinu uzrokuje smanjenje reprodukcije vrste
Folsomia candida (Leitdo i sur., 2014). Medutim, najmanji broj istrazivanja 0odnosio se na
utjecaj strobilurinskih fungicida na enhitreje. lako su prema Leitdo 1 sur. (2014) enhitreje vrste
E. crypticus bile manje osjetljive na djelovanje azoksistrobina u odnosu na gujavice i skokune,
uoceno je smanjenje stope reprodukcije. Nadalje, ista pojava uocena je nakon izlaganja
komercijalnom pripravku temeljenom na aktivnoj tvari azoksistrobin (Gomes i sur., 2021).
Medutim, utjecaj ostalih strobilurinskih fungicida potpuno je nepoznat, kao i njihovo djelovanje
na molekularne biomarkere enhitreja. Osim toga, utjecaj strobilurinskih fungicida na
embrionalni razvoj organizama tla nije istrazen. Ranije navedene posebnosti vrste E. crypticus

omogucuju provodenje testova embriotoksi¢nosti 1 popunjavanje praznina u trenutnom znanju.
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Tablica 3 - Pregled istrazivanja djelovanja strobilurinskih fungicida na neciljne organizme tla.

Organizam Fungicid Vrsta Vrijeme Krajnje Rezultati lzvor
izlaganja izlaganja tocke
Eisenia fetida azoksistrobin filter papir 48 h LCso LCs0AZO =2.72 Wang i sur.,
pikoksistrobin test pg/cm? 2012
trifloksistrobin LCsoPIK = 3.15
pg/cm?
LCsTRI =>1000
pg/cm?
izlaganje u 7 dana LCso LCs0AZO = 362.4
tlu mg/kg
LCsPIK =9.22
mg/kg
LCsoTRI =414.1
mg/kg
14 dana LCso LCs0AZO = 327.4
mg/kg
LCsPIK =7.22
mg/kg
LCsTRI =401.3
mg/kg
Eisenia fetida pikoksistrobin izlaganje u 28 dana prezivljavanje smanjena stopa Schnug i
tlu i reprodukcija reprodukcije sur., 2013
Eisenia fetida pikoksistrobin izlaganje u 8 tjedana brojnost utjecaj na Schnug i
Proisotoma minuta tlu prezivljavanje sur., 2014a
Heteromurus juvenilnih jedinki E.
nitidus fetida, promjene u
Folsomia fimetaria brojnosti pojedinih
Protaphorura vrsta skokuna
fimata
Folsomia fimetaria
Hypoaspis
aculeifer
Folsomia fimetaria | pikoksistrobin izlaganje u 21 dan prezivljavanje slaba toksi¢nost Schnug i
thu i reprodukcija sur., 2014b
Eisenia fetida azoksistrobin izlaganje u 28 dana antioksidativni  oksidativni stres i Han i sur.,
thu odgovor oStecenje DNA 2014
gujavica
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Eisenia andrei
Enchytraeus

crypticus

Folsomia candida

Gujavice prisutne u

poljoprivrednom
tlu
Eisenia fetida
Eisenia fetida
Eisenia fetida
Eisenia fetida
Enchytraeus
crypticus
Eisenia fetida

Eisenia fetida

Eisenia fetida

azoksistrobin

pikoksistrobin

fluoksastrobin

piraklostrobin

fluoksastrobin

trifloksistrobin

azoksistrobin

azoksistrobin

trifloksistrobin

piraklostrobin

izlaganje u
tlu

izlaganje u
tlu

izlaganje u
tlu
izlaganje u
tlu
izlaganje u
tlu
izlaganje u
tlu
izlaganje u
tlu
izlaganje u
tlu
izlaganje u
tlu
Izlaganje u
tlu

4 tjedna
3 tjedana
28 dana

2 godine

28 dana

28 dana

28 dana

28 dana

21 dan

56 dana

56 dana

28 dana

reprodukcija

utjecaj na
gustocu
populacije
antioksidativni
odgovor
antioksidativni
odgovor
antioksidativni
odgovor
antioksidativni
odgovor
prezivljavanje
i reprodukcija
antioksidativni
odgovor
antioksidativni
odgovor
antioksidativni
odgovor,

genotoksi¢nost
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ECso = 42 mg/kg
ECs0 = 99.2 mg/kg
ECso = 92 mg/kg

jak utjecaj na

populaciju gujavica

oksidativni stres i
oste¢enje DNA
oksidativni stres i
ostecenje DNA
oksidativni stres i
oste¢enje DNA
oksidativni stres

ECs0=37mg/kg

oksidativni stres i
osteéenje DNA
oksidativni stres i
osteéenje DNA
oksidativni stres i
ostecenje DNA

1.2.6. Razlika djelovanja aktivne tvari i komercijalnih pripravaka

Leitdo i sur.,

2014

Schnug et
al., 2015

Zhang i sur.,
2018b
Ma i sur.,
2019
Zhang i sur.,
2020b
Liu i sur.,
2020
Gomesii
sur., 2021
Xu i sur.,
2021
Wu i sur.,
2021
Hou i sur.,
2022

Nedavna istraZivanja naglasila su vazZnost usporedbe djelovanja ciste aktivne tvari i

komercijalnih pripravaka, te istrazivanja koja bi usporedno proucavala njihov utjecaj na

neciljne organizme tla (Gomesi sur., 2021). Naime dokazano je kako je utjecaj pripravaka ¢esto

jaci nego utjecaj Ciste aktivne tvari (Gomes 1 sur., 2021; Marques i sur., 2009; Mesnage 1 sur.,

2014).

Medutim, regulative navode potrebu testiranja Ciste aktivne tvari prije njene registracije, te su

zbog toga istrazivanja temeljena samo na cCistoj aktivnoj tvari mnogo ¢e$c¢a. Ovakav pristup

moze dovesti do podcjenjivanja stvarnih ucinaka do kojih moze do¢i nakon primjene

komercijalnih pripravaka na poljoprivrednim povrSinama. Veca toksi¢nost komercijalnih

pripravaka povezuje se s dodatcima koji omogucavaju vecu bioraspolozivost, ali i stabilnost

aktivne tvari ¢ime povecavaju njenu toksi¢nost za neciljne organizme (Pereira et al., 2009).
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Smatra se kako nakon primjene komercijalnih pripravaka dolazi do oslobadanja aktivnog
sastojka od dodataka (Flury, 1996). Medutim stopa otpustanja ovisi o vrsti pripravka i razli¢itim
okolisnim faktorima. NajceS¢e koriSteni komercijalni pripravci pesticida su koncentrirane
suspenzije (engl. suspension concentrate - SC), koncentrati za emulziju (engl. emulsifiable
concentrate - EC), suspendirane emulzije (engl. suspoemulsion - SE), vlazivi prah (engl.
wettable powder - WP), vododispergiraju¢e granule (engl. water-dispersible granule — WG),
topive tekucine (engl. soluble liquid - SL) i granule (engl. granules - GR) (Cush, 2006). Osim
Sto vrsta pripravka utjece na stopu otpusStanja pesticida, ona utjece i na njegovo ispiranje nakon
primjene te akumulaciju u okoliSu. Tako su uocene razlike u ispiranju aktivne tvari i razlicitih
pripravaka (Khan i Brown 2016), a najveca razlika opazena je izmedu EC i SC pripravaka. SC
pripravci sadrze sitne Cestice aktivne tvari otopljene u teku¢em mediju, obi¢no vodenoj otopini
uz razli¢ite dodatke. Medu dodatcima nalaze se razli¢ite tvari za suspenziju, tvari za vlazenje i
zgusnjivaci koji povecavaju dostupnost aktivne tvari i mogu utjecati na ponasanje pripravaka u
okolisu, te smanjiti ispiranje aktivne tvari i povecati njenu perzistentnost i akumulaciju u
okolisu (Khan i Brown, 2016). EC pripravci sadrze emulgatore u organskom otapalu
netopljivom u vodi, koje je dizajnirano za stvaranje emulzije ulja u vodi koja nakon
razrjedivanja utjeCe na ponasanje i aktivnosti pesticida. Oni mogu ograniciti otapanje molekule
pesticida u vodi ili mogu usporiti procese koji kontroliraju sorpciju u tlo s uljnim organskim
otapalima koja okruzuju molekulu pesticida, ¢ime se povecava ispiranje. Kako pomoéna
sredstva utjeCu ne samo na ispiranje fungicida, ve¢ i na pocetnu i ukupnu dostupnost aktivne
tvari, naglasena je potreba za testiranjem Cciste aktivne tvari u usporedbi s razli¢itim
komercijalnim pripravcima. Osim toga, kako bi se S§to tocnije odredilo djelovanje
strobilurinskih fungicida na enhitreje nuzno je koristenje razliitih laboratorijskih testova koji

omogucuju procjenu ¢itavog niza krajnjih tocaka.

1.2.7. Testirani fungicidi

Osim ciste aktivne tvari azoksistrobin, tijekom izrade ove disertacije koriStena su i Cetiri
komercijalna pripravka temeljena na razli¢itim aktivnim tvarima: Quadris®, Retengo®, Zato
50 WG® i Stroby WG® (Tablica 8). Odabrani komercijalni pripravci temeljeni su na jednoj
aktivnoj tvari, te se ucestalo koriste za suzbijanje gljivicnih bolesti u ratarstvu, vocarstvu i
hortikulturi.

Quadris® je lokalno-sistemi¢ni i translaminarni fungicid koji se koristi za preventivno
suzbijanje pepelnice (Uncinula necator) i plamenjace (Plasmopara viticola) vinove loze.

Aktivna tvar u ovom pripravku je azoksistrobin s udjelom od 250 g/L. Sredstvo dolazi u obliku
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koncentrata za suspenziju (SC). Prilikom primjene ovog sredstva karenca je 35 dana, a
primjenjuje se najvise dva puta u sezoni. Medutim kod kultura kao $to su tikvenjace, luk,
¢esnjak, mrkva 1 jagode primjenjuje se do Cetiri puta u sezoni u vremenskim razmacima od 7

dana (Ministarstvo poljoprivrede, 2022).

Tablica 4 - Testirani fungicidi.

Naziv komercijalnog ] Koncentracija Vrsta komercijalnog
) Aktivna tvar ) ) ) Proizvoda¢
pripravka aktivne tvari pripravka
) ) ) koncentrirana
Quadris® azoksistrobin 250 g/L y Sygenta
suspenzija
) ) koncentrirana
Retengo® piraklostrobin 200 g/L y BASF
suspenzija
mocive
Zato 50 WG® trifloksistrobin 500 g/kg samodispergirajuce BAYER
granule
] mocive
krezoksim-
Stroby WG® il 500 g/kg samodispergirajuce BASF
meti
granule

Lokalno-sistemi¢ni i translaminarni fungicid Retengo® Kkoristi se za suzbijanje gljivicnih
oboljenja na Zitaricama. Dolazi u obliku koncentrata za emulziju (EC), a u svom sastavu ima
200 g aktivne tvari piraklostrobin po litri pripravka. Koristi se za suzbijanje pepelnice, hrde
(zuta 1 smeda) 1 pjegavosti (smeda pjegavost lista 1 smeda pjegavost pljevica) jare i ozime
pSenice, je¢ma uz dvije maksimalne primjene u sezoni. Osim toga jednom u sezoni se moze
primijeniti na kukuruzu i suncokretu kako bi se suzbile siva pepelnica, pjegavost lista, hrda, te
crna 1 koncentri¢na pjegavost (Ministarstvo poljoprivrede, 2022).

Zato 50 WG® i Stroby WG® primjenjuju se u vocarstvu, povréarstvu i vinogradarstvu za
suzbijanje krastavosti, pepelnice, pjegavosti i hrde. Oba komercijalna pripravka dolaze u obliku
vododispergirajuc¢ih granula. Komercijalni pripravak Zato 50 WG® sadrzi 500 g aktivne tvari
trifloksistrobin po kilogramu granula. Maksimalno se primjenjuje tri puta tijekom sezone, a
koristi se za prevenciju krastavosti, pepelnice, smede pjegavosti i hrde vinove loze, vocarskih i
povrtlarskih kultura, te ukrasnog bilja. Stroby WG® primjenjuje se maksimalno dva puta

tijekom jedne sezone, a u kilogramu granula nalazi se 500 g aktivne tvari krezoksim-metil.
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Koristi se za suzbijanje krastavosti, smede pjegavosti, pepelnice i paunovog oka kod razli¢itih

vocarskih 1 povrtlarskih kultura (Ministarstvo poljoprivrede, 2022).
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1.3. Testovi toksi¢nosti

Testovi toksi¢nosti, izmedu ostalog (u zavisnost od svog dizajna), omogucéavaju procjenu
djelovanja razlicitih okoli$nih ¢imbenika ili zagadivala na Citav niz krajnjih to¢aka. Zbog svog
nacina zivota, enhitreje se nalaze u bliskom dodiru s vodom i zrakom u porama tla, ali i samim
tlom, $to dovodi do izloZenosti kroz dermalni, intestinalni i respiratorni sustav (Lock i Janssen,
2003). Standardizirani protokol za reprodukcijski test vrste E. albidus propisuje procjenu
utjecaja zagadivala na prezivljavanje, reprodukciju i bioakumulaciju dok su zbog posebnosti
vrste E. crypticus uvedene i dodatne krajnje tocke temeljene na embrionalnom razvoju (Tablica
9).

Tablica 9 - Toksikoloski testovi temeljeni na enhitrejama.

Test Medij Trajanje testa Vrsta Krajnje tocke
Akutni testovi Agar 24h, 48h E. albidus, E. Presivliavanic
toksi¢nosti Tlo 7,14 dana crypticus ) !
_ Testovi Tlo 24, 48 h E. albidus, E. Izbjegavanje
izbjegavanja crypticus
Reprodukcijski I 6 tjedana E. albidus, E. Stopa reprodukcije,
0 . . .- .
test 3 tjedna crypticus molekularni biomarkeri
Test izlijeganja ISOT\I/(())da, 9 dana E. crypticus Uspjeh izlijeganja

1.3.1. Akutni testovi toksi¢nosti

Akutni testovi toksi¢nosti provode se uglavnom s vrstom E. albidus zbog njene velicine.
Moguce ih je provoditi na plo¢ama agara ili u umjetnom tlu (Slika 5) (OECD 2016; 1SO 2014).
Akutni testovi toksi¢nusti traju od 24 h do 14 dana, a naj¢esce se koriste periodi izlaganja od
48 h, te 71 14 dana. U testovima na agaru enhitreje su izloZzene samo dermalnim putem, dok su
prilikom izlaganja u tlu izloZzene dermalnim, interstinalnim i respiratornim putem. Kao krajnja
tocka procjenjuje se mortalitet enhitreja, koji se iskazuje u obliku letalnih koncentracija (LCx)

I doza-odgovor krivulja.
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0]1]2 7 14
Uzorkovanje:
[ prezivljavanje

Slika 5 - Shematski prikaz akutnog izlaganja enhitreja. Izlaganje je moguce provesti na
agaru (lijevo) ili u tlu (desno). Najcesce se koriste periodi izlaganja od 24 h, 48 h, te 71 14

dana nakon cega se utvrduje djelovanje na prezivljavanje.

1.3.2. Reprodukcijski testovi

Reprodukcijski testovi enhitreja (Slika 6) temeljeni su na izlaganju odraslih jedinki s dobro
razvijenim klitelumom razli¢itim zagadivalima koji se nalaze u tlu (OECD 2016; ISO 2014).
Trajanje reprodukcijskog testa ovisi 0 vrsti enhitreja. Tako test s vrstom E. albidus traje 42
dana, a vrstom E. crypticus 21 dan. Naime 10 odraslih jedinki s dobro razvijenim klitelumom
izlaze se zagadivalima ili stresorima u 20 g tla. Nakon 21 dana, odrasle jedinke vrste E. albidus
se uklanjaju, te se mogu koristiti za mjerenje drugih krajnjih tocaka poput promjena stani¢nih i
molekularnih biomarkera. Nakon dodatnog 21 dana utvrduje se broj juvenilnih jedinki. Zbog
kraceg zivotnog ciklusa vrste E. crypticus, nakon 21 dana izlaganja utvrduje se broj prezivjelih
odraslih jedinki i1 broj juvenilnih jedinki. Primarna krajnja toc¢ka koja se procjenjuje nakon
reprodukcijskog testa je stopa reprodukcije. Inhibicija reprodukcije iskazuje se u obliku efektne
koncentracije (ECx) i doza-odgovor krivulje.

Prije brojenja juvenilnih jedinki provodi se njihovo bojenje bojom Bengal rose. Postupak
bojenja temelji se na fiksaciji tla i prisutnih jedinki 96%-tnim EtOH. Nakon toga dodaje se 300
uL Bengal rose boje (1% boje otopljen u 96% EtOH) po replici. Nakon 24 h mokrim
prosijavanjem uklanjaju se sitne Cestice tla i gline ¢ime se sprjeCava zamucenje prilikom
brojenja juvenilnih jedinki. Juvenilne jedinke poprimaju ruZzicasto obojenje, a zbog njihove

veli¢ine brojenje se provodi uz pomoc¢ lupe.
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TR TE TR =

Uzorkovanje:
[ ] E. crypticus - prezivljavanje i reprodukcija

E.albidus - prezivljavanje

L] E. albidus - reprodukcija

Slika 6 - Shematski prikaz reprodukcijskog testa s vrstama E. albidus i E. crypticus.
Izlaganje se provodi u tlu u periodu od 21 dan za odrasle jedinke obije vrste. Nakon 21 dana
utvrduje se utjecaj na prezivljavanje i reprodukciju vrste E. crypticus, dok se kod vrste E.
albidus procjenjuje djelovanje na prezivljavanje i uklanjaju odrasle jedinke. Izlezeni kokoni

ostaju u tlu jo§ 21 dan, a broj juvenilnih jedinki procjenjuje se nakon 42 dana.

1.3.3. Testovi izlijeganja

Razvoj testova embriotoksi¢nosti i izlijeganja ograniéen je svojstvima tla kao medija (Druart et
al., 2010). Stoga je provedeno tek nekoliko istrazivanja s razli¢itim vrstama puzeva (Shoaib i
sur., 2010; Iglesias i sur., 2002; Iglesias i sur., 2000). Medutim prozirnost kokona vrste E.
crypticus, duljina trajanja embrionalnog razvoja i visoka stopa reprodukcije ¢ine ovu vrstu
pogodnom za provodenje testova izlijeganja i embriotoksic¢nosti (Gongalves i sur., 2015).

Testovi izlijeganja enhitreja (Slika 7) omogucuju procjenu krajnjih tocaka poput uspjeha
izlijeganja 1 razvoja embrija (makroskopski ili histoloski pristup). Ovakvi testovi zapocinju
izlaganjem sinkroniziranih kokona starosti 1-2 dana. Izlaganje kokona moze se provesti u ISO
(ISO, 2012) vodi ili tlu. Dok ISO voda omogucuje kontinuirano praéenje embrionalnog razvoja,
izlaganje u tlu zahtjeva destruktivno uzorkovanje, te je potreban velik broj replika kako bi bilo

moguce kontinuirano pracenje dinamike izlijeganja.

26



1.UvOD

Uzorkovanje:
[[] uspjeh izlijeganja

Slika 7 - Shematski prikaz testa izlijeganja vrste E. crypticus. 1zlaganje se provodi u vodi

(lijevo) ili tlu (desno), a broj izleZenih jedinki procjenjuje nakon 11 dana.
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1.4. Krajnje tocke testova toksi¢nosti

Standardizirani toksikoloski testovi za organizme tla uglavnom su usmjereni na prezivljavanje
i reprodukciju kao kljuéne krajnje tocke (van Gestel, 2012). Medutim, procjena ovih krajnjih
tocaka moze biti dugotrajna, te se ¢esto podcjenjuju ucinci koji se dogadaju na molekularnoj ili
stani¢noj razini, a mogu utjecati na vitalne procese (Howcroft i sur., 2009). U modernoj
ekotoksikologiji ¢esto se stavlja naglasak na stani¢ne 1 molekularne biomarkere koji se koriste
kao znakovi ranog upozorenja prilikom monitoringa kvalitete okoliSa ili procjene utjecaja
zagadivala na ekoloske sustave (Stegeman i sur., 1992). Upravo se odgovori biomarkera
smatraju poveznicom izmedu izvora zagadenja i utjecaja na viS$im razinama (Suter, 1990).
Biomarkeri utjecaja zagadivala na molekularnoj i stani¢noj razini pokazali su se pouzdanima
za predvidanje ucinaka na vi$im razinama organizacije (Howcroft i sur., 2009). Stoga se njihova
upotreba preporuca u svrhu sveobuhvatne procjene djelovanja zagadivala, ali i kako bi se
omogucilo povezivanje subletalnih pojava i ekoloski relevantnih utjecaja koji se dogadaju
prilikom izlaganja organizama u ekoloskim sustavima. U svrhu povezivanja odgovora
biomarkera s negativnim utjecajima na vi§im razinama organizacije odgovor biomarkera bi
trebao biti povezan s utjecajem na rast, reprodukciju ili s metaboli¢kim funkcijama koje izravno

utjecu na cijeli organizam (Depledge 1 Fossi, 1994).

1.4.1. Mehanizam multiksenobioticke otpornosti (MXR)

Mehanizam multiksenobioti¢ke otpornosti (engl. multixenobiotic resistance mechanism, MXR)
dio je stani¢nog detoksikacijskog sustava koji djeluje kao crpka, uklanjajuéi Stetne tvari iz
stanice s ciljem smanjenja njihove koncentracije do netoksicne razine (Kurelec, 1992). MXR
mehanizam temeljen je na transmembranskim proteinima lokaliziranima u citoplazmatskoj
membrani. Glavnu ulogu igraju ABC transportni proteini medu kojima su zastupljeni P-
glikoprotein (P-gp) i multidrug resistance associated protein (MRP) (Leslie i sur., 2005). Ovi
proteini prisutni su u svim organizmima ukljucujuéi mikroorganizme, biljke, beskraljeznjake i
kraljeZnjake (Licht 1 Schneider, 2011). MXR mehanizam najizraZeniji je u razli¢itim epitelnim
i endotelnim tkivima koja su direktno ili indirektno povezana s metabolizmom ili izlu¢ivanjem
zagadivala (Chu i sur., 2013). Medutim, ksenobiotici, odnosno zagadivala prisutna u okolisu
mogu utjecati na aktivnost ovog sustava. Ksenobiotici koji izravno utje¢u na aktivnost MXR
mehanizma imaju dvojako djelovanje. S jedne strane oni mogu djelovati kao induceri i povecati
aktivnost MXR sustava, odnosno dovesti do njegove indukcije 1 povecanog transporta tvari iz

stanice. Medutim, s druge strane mogu djelovati poput inhibitora, pri ¢emu dolazi do smanjenja
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ili potpunog prestanka transporta tvari iz stanice i posljedi¢no njihove akumulacije (Epel i sur.,
2008; Kurelec 1997). Dosadasnja istrazivanja vodenih i kopnenih organizama upucuju na
korelaciju izmedu aktivnosti MXR 1 koncentracije ksenobiotika u okoliSu, §to ovom
mehanizmu daje izraziti potencijal u ekotoksikoloskim istrazivanjima (Sauerborn Klobucar i
sur. 2010; Kurelec 1997).

lako se promjene aktivnosti MXR sustava ucestalo koriste kao biomarker u akvatickoj
ekotoksikologiji (Falfushynska i sur., 2019; Katsumiti i sur., 2018; Cunha i sur., 2017;
Franzellitti i sur., 2017; Anselmo i sur., 2012; Faria i sur., 2011) upotreba ovog biomarkera
nesto je manje zastupljena u ekotoksikologiji tla (Topi¢ Popovié i sur., 2015; Bosnjak i sur.,
2014; Velki 1 Hackenberger, 2012). Metoda razvijena za mjerenje promjena aktivnosti MXR
sustava primjenjuje se na gujavicama (Hackenberger i sur., 2012), te se temelji na akumulaciji
fluorescentnih supstrata rodamina B i rodamina 123 unutar organizama. PredloZena metoda
pokazala je kako prisutnost ksenobiotika poput pesticida moze izazvati inhibiciju ili indukciju
MXR sustava (Velki i sur., 2018; Velki i Hackenberger 2013a; Velki i Hackenberger 2013b;
Velki i sur., 2013; Velki i Hackenberger, 2012). Nadalje, nedavno je razvijena metoda za
mjerenje ovog biomarkera kod skokuna (Lopes i sur., 2021). Medutim, prisutnost ovog
mehanizma kod enhitreja i dalje nije dokazana, te ne postoji prikladna metoda za mjerenje ovog
biomarkera. Stoga je potrebno razviti metodu koja bi omogucila mjerenje promjena aktivnosti
MXR mehanizma enhitreja, sto bi uvelike razjasnila djelovanje pojedinih zagadivala na ove

organizme.

1.4.2. Oksidativni stres

Zanimanje za molekularne biomarkere potaknuo je istrazivanje antioksidativne obrane
(Winston i Di Guli., 1991) koja igra kljuénu ulogu u odrzavanju homeostaze organizama.
Tijekom normalne funkcije organizma, u stanicama nastaju reaktivni spojevi kisika (engl.
reactive oxygen species, ROS) s vaznom ulogom u redoks signalizaciji, apoptozi i indukciji
obrambenih gena, te mogu imati razli¢ite u€inke na stani¢ni metabolizam. ROS dijelimo na
slobodne radikale i neradikalne produkte. Dva slobodna radikala koji dijele nespareni elektron
¢ine neradikalni oblik ROS-a, dok skupini radikala pripadaju male reaktivne molekule koje
sadrze kisik (hidroksilni radikal - OHe, superoksidni radikal - Oz, vodikov peroksid - H20,)
(Birben i sur., 2012). Prema nastanku slobodni radikali dijele se na endogene i egzogene.
Endogeni slobodni radikali nastaju reakcijama uslijed upalnih odgovora, kao posljedica
infekcija, starenja ili pretjerane fizicke aktivnosti. Egzogeni slobodni radikali nastaju nakon
izlaganja razli¢itim zagadivalima (Valko i sur., 2007).
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Slobodni radikali odlikuju se jednim nesparenim, visoko reaktivnim elektronom u vanjskoj
orbitali koji napada dvostruke ugljik-ugljik veze polinezasi¢enih masnih kiselina $to dovodi do
stvaranja dodatnih meduprodukata - slobodnih radikala. Nastale veze su izuzetno reaktivne i
nestabilne pa stupaju u reakciju sa spojevima poput proteina, lipida i ugljikohidrata (Straus i
sur., 2009). U zdravim stanicama nastali ROS uklanja se djelovanjem antioksidansa i
specificnih antioksidacijskih enzima (Halliwell i Gutteridge, 1999). Medutim, izlozenost
okoli$nim stresorima ili zagadivalima moze dovesti do stvaranja prekomjernih koli¢ina ROS-a
Sto dovodi do disbalansa antioksidativnog sustava i vodi ka potencijalnim dugorocnim
osteCenjima stanica 1 organizma. Stoga je za neometanu funkciju organizma nuzno
pravovremeno i efikasno uklanjanje ROS-a iz stanica. Klju¢nu ulogu u tom procesu igraju
enzimi antioksidativnog sustava poput superoksid dismutaze (SOD), katalaze (CAT), glutation-
s-transferaze (GST) i neenzimske komponente koju ¢ine razli¢iti vitamini. Promjene aktivnosti
enzima antioksidacijskog sustava ¢esto se koriste kao biomarkeri toksi¢nih uc¢inaka zagadivala,
jer pokazuju izravno mjerljivu manifestaciju nakon izlozenosti zagadivalima (lghodaro i
Akinloye, 2018).

Odgovor enzima antioksidativnog sustava dijelimo u dvije faze. Efikasnost prve faze
detoksikacije uvelike ovisi o aktivaciji antioksidativnih enzima kao §to su SOD i CAT. SOD
pripada skupini metaloenzima koji kataliziraju disproporcioniranje superoksidnog aniona (O2)
u vodikov peroksid (H202) (Ighodaro i Akinloye, 2018). Postoji nekoliko formi SOD-a koje
kao kofaktore sadrze molekule metala poput bakra, cinka, mangana, Zeljeza i nikla (Abreu 1
Cabelli, 2010) koje nalazimo u mitohondrijima i citosolu. SOD se smatra prvom linijom obrane
u sustavu antioksidativnih enzima (Singh 1 sur., 2006) te se ucestalo koristi kao molekularni
biomarker za detekciju oksidativnog stresa. Naj¢e$¢i odgovor na prisutnost ROS-ova je
indukcija enzima, koja je kod enhitreja zabiljeZena nakon izlaganja razli¢itim vrstama
nanocestica (Gomes i sur., 2012; Novais i sur., 2011). H>O> nastao u reakcijama koje katalizira
SOD supstrat je za CAT, hematin-sadrzavaju¢i enzim koji je prisutan u mitohondrijima,
peroksisomima ili citosolu stanica gotovo svih aerobnih organizama. Ovaj enzim kojega ¢ine
Cetiri podjedinice (Cetiri polipeptidna lanca) s hem prostetickom grupom u katalitickom centru,
katalizira razgradnju H>O2 na molekularni kisik i vodu, bez nastajanja Stetnih molekula poput
slobodnih radikala (Aebi, 1974). Svojim djelovanjem CAT sprjecava transformaciju H202 u
hidroksil radikale (OH") koji mogu negativno utjecati na genetski materijal organizama. Zbog
izrazite vaznosti i efikasnosti ovog enzima, njegova aktivnost osjetljiva je na promjene
oksidativnog statusa stanice. Upravo zbog toga promjene aktivnosti CAT sluze kao vazan

biomarker u pracenju djelovanja zagadenja na neciljne organizme.
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Medutim ukoliko prva faza ne eliminira sve Stetne molekule, aktivira se i1 druga faza,
karakteristi¢na po enzimima poput GST. GST su skupina citosolnih enzima koji imaju vaznu
ulogu u katalizi konjugacije razliCitih endogenih i1 egzogenih elektrofilnih supstrata s
endogenim tiolnim antioksidantom, tripeptidom glutationom (GSH) (Palmeira 1999; Clark i
sur., 1986). Adicija glutationa na dvostruku vezu temelj je konjugacije, a odvija se razlaganjem
epoksidnog mosta, supstitucijom halogena ili drugih odlaze¢ih skupina (Stenersen, 1984).
Enzimi druge faze detoksikacije poput GST imaju vaznu ulogu u metabolizmu i ekskreciji
zagadivala, ¢ime izravno utjeCu na odrzavanje homeostaze organizama.

Niske razine lipidne peroksidacije (LPO) stimuliraju stanice na pojacanje antioksidativnih
obrambenih mehanizama 1 aktivaciju signalnih puteva koji pokrecu sintezu antioksidanasa ili
oksidativnih enzima koji pomazu organizmu u adaptaciji na stres. Medutim, suvi$na produkcija
ROS-a ili nedovoljno uc¢inkovito uklanjanje mogu odvesti do neuravnotezenosti oksidativnog
sustava koje rezultira pojavom lipidne peroksidacije (LPO) i mogucéih ostecenja tkiva. LPO je
sloZzena lancana reakcija potaknuta ROS-om, a tijekom nje dolazi do oksidacije viSestruko
nezasiéenih masnih kiselina (Stefan i sur., 2007). LPO se dijeli na tri stupnja: inicijaciju,
propagaciju i terminaciju, a najéesc¢e ju uzrokuje hidroksilni radikal. Glavni produkt lipidne
peroksidacije je malondialdehid (MDA) koji se ucestalo koristi za mjerenje stupnja LPO u
stanicama (Duryee i sur., 2010).

Dokazano je kako strobilurinski fungicidi uzrokuju oksidativni stres i lipidnu peroksidaciju kod
gujavica (Wu i sur., 2021; Liu i sur., 2020; Ma i sur., 2019), medutim informacije o djelovanju

strobilurinskih fungicida na oksidativni status enhitreja ne postoje.

1.4.3. Energetski status

Dostupna energija i njena ravnoteza presudne su za odvijanje klju¢nih procesa u organizmima
poput bazalnog metabolizma, rasta i reprodukcije (Novais 1 sur., 2013). Medutim, izlozenost
razliCitim zagadivalima moze uzrokovati metabolicke promjene i smanjenje energetskih
rezervi, osobito prilikom dugotrajnog izlaganja, $to u konacnici moze rezultirati utjecajem na
rast i reprodukciju jedinki, ali i na cjelokupnu dinamiku i strukturu populacije (de Coen i
Janssen, 2003). Tako se i utjecaj zagadivala moze utvrdivati neizravno, procjenom utjecaja na
reprodukciju ili izravno, odredivanjem koli¢ine ukupne dostupne energije. Istrazivanja
dostupnih energetskih rezervi vrste E. albidus ukazala su na potencijalnu primjenu koli¢ine
dostupne energije kao biomarkera prilikom izlaganja okoli§nim stresorima (Amorim i sur.,

2012), metalima (Novais i sur., 2013) i pesticidima (Novais i Amorim, 2013).

31



1.UvOD

Kako bi se odredila koli¢ina dostupne energije nekog organizma ucestalo se Kkoristi
metodologija koju su propisali de Coen i Janssen (1997, 2003). Za nju je potrebno odrediti
ukupni sadrzaj ugljikohidrata, lipida i1 proteina koji se uz pomoc¢ energetskih ekvivalenata
pretvaraju u energiju. Istrazivanja energetskog statusa enhitreja vrste E. albidus pokazala su
kako se energetske rezerve sastoje uglavnom od proteina (50-55%) i lipida (35-40%), dok
ugljikohidrati zauzimaju najmanji udio (priblizno 10%) (Novais i sur., 2013; Amorim i sur.,
2012).

Iako su zastupljeni s najmanjim udjelom, ugljikohidrati imaju izuzetno vaznu ulogu u
metabolizmu. Prema gradi, ugljikohidrati su aldehidi ili ketoni s vi$e hidroksilnih skupina, a
sluze kao pricuvna energija, gorivo i metaboli¢ki produkt. Naime, upravo se ugljikohidrati
ucestalo koriste kao prvi izvor energije prilikom izloZenosti organizama stresnim uvjetima
(Moolman i sur., 2007), a brza mobilizacija ugljikohidrata uocena je kod enhitreja izlozenih
metalima (Novais i sur., 2013) i pesticidima (Novais i Amorim, 2013). Uz ugljikohidrate, lipidi
se odlikuju visokom efikasnos¢u skladiStenja energije. Kako su neproteinske komponente
pozeljniji izvori energije, lipidi se mobiliziraju prije ili zajedno s ugljikohidratima prilikom
izlozenosti zagadivalima (Smolders i sur., 2003). Smanjenje koncentracije lipida moze biti
posljedica smanjene aktivnosti hranjenja i pove¢ane mobilizacije, ali i posljedica oStec¢enja koja
nastaju uslijed LPO. Nasuprot tome, pove¢ana akumulacija lipida nakon izlaganja razli¢itim
pesticidima (Novais i Amorim, 2013) povezuje se s upalnim stresom (Gomes i sur., 2015b).
Iako se ne koriste neposredno poput ugljikohidrati 1 lipida, proteini mogu biti vazan izvor
energije (Smolders i sur., 2003). Medutim, u nekim slucajevima povecanje koncentracije
proteina povezuje se s indukcijom sinteze proteina koji se koriste za razlicite detoksifikacijske
ili ostale mehanizme (Sokolova i sur., 2012; Tripathi i sur., 2010; Smolders i sur. 2003). Medu
proteinima koji se sintetiziraju u stresnim uvjetima isticu se metalotioneini (MT) i proteini
toplinskog stresa (engl. heat shock proteins - HSP) koji su izravno uklju¢eni u mehanizme
detoksikacije.

Izlaganje enhitreja metalima pokazalo je ocitu poveznicu izmedu povecanja metabolicke
aktivnosti, procesa detoksikacije i ponovnog uspostavljanja stani¢ne ravnoteze (Gomes i sur.,
2015; Novais i1 sur.,, 2013), medutim promjene dostupne energije prilikom izloZenosti

strobilurinskim fungicidima nisu proucavane.
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1.5. Statisticke metode

Statisticka analiza podataka provedena je racunalnom okruzenju R (R Development Core
Team, 2022) pomocéu R korisnickog sucelja RStudio (RStudioTeam, 2022). Distribucija
dobivenih rezultata testirana je Shapiro-Wilkovim testom, dok je za testiranje homogenosti
varijance koriSten Bartlettov test. Za daljnju analizu podataka s normalnom distribucijom
koriSteni su parametarski testovi. Pri usporedbi dvije skupine podataka koriSten je t-test, dok je
za analizu viSe skupina podataka koriStena analiza varijance (ANOVA) u kombinaciji s
odgovaraju¢im post hoc testom (Dunnet post hoc test (p<0.05)). Za skupine podataka koji su
odstupali od normalne distribucije koriSten je ne parametarski test (Kruskal Wallis) i
odgovarajuci post hoc test (Gao tests).

Za izracun letalnih (LCx), efektnih (ECx) i inhibitornih (ICx) koncentracija, te opisivanje doza-
odgovor krivulja koriSten je paket drc (Ritz i sur., 2015). Prilikom izra¢una LCx podatci o
prezivljavanju modelirani su uz pomo¢ tri parametarske logisticke krivulje. Za izratun ECx
koristeni su podatci o reprodukciji, uspjehu i vremenu izlijeganja koji su modelirani prema tri
ili Cetiri parametarskim logisti¢kim krivuljama. Za opisivanje odgovora promjenama aktivnosti

MXR mehanizma i izra¢una ICx koriStena je tri parametarska logisti¢ka funkcija.
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1.6. Ciljevi istrazivanja

S obzirom na nedostatke postojeceg znanja, ciljevi ove disertacije bili su nadopuniti postojeca
istrazivanja novim znanjima o utjecaju strobilurinskih fungicida na enhitreje vrste E. crypticus

I E. albidus ispitivanjem sljedec¢ih hipoteza:

Enhitreje posjeduju MXR transportere i na njihovu aktivnost se moze utjecati modelnim
inhibitorima i inducerima;

Promjene aktivnosti MXR sustava enhitreja mogu se Koristiti kao vrijedan komplementarni
biomarker u ekotoksikoloSkim istrazivanjima;

Ksenobiotici prisutni u okoliSu mogu djelovati na aktivnost MXR sustava enhitreja uzrokujuéi
njegovu inhibiciju ili indukciju;

Komercijalni pripravci strobilurinskih fungicida mogu negativno utjecati na prezivljavanje i
reprodukciju enhitreja vrste E. crypticus;

Komercijalni pripravci strobilurinskih fungicida temeljeni na razli¢itim aktivnim tvarima
pokazat ¢e razli¢ito djelovanje na neciljnu vrstu E. crypticus;

Istrazivanje toksiCnosti Ciste aktivne tvari nije dostatno za procjenu okoliSnog rizika jer se
dodatcima u komercijalnim pripravcima bitno mijenjaju toksikoloSka, tj. ekotoksikoloska
svojstva aktivne tvari;

Procjena djelovanja Ciste aktivne tvari i razli¢itih komercijalnih pripravaka strobilurinskih
fungicida na aktivnosti MXR mehanizma, prezivljavanje, reprodukciju, uspjeh izlijeganja, te
oksidativni i energetski status dat ¢e cjelovitu sliku djelovanja strobilurinskih fungicida na
enhitreje;

Kako bi se predvidjelo djelovanje komercijalnih pripravaka u okoliSu uz standardne krajnje
tocke, prezivljavanje i reprodukciju, nuzno je uvesti i istraziti nove krajnje tocke koje ¢e pomocéi

pri to¢nijem odredivanju mehanizama toksicnosti.
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The multixenobiotic resistance (MXR) mechanism is the first defense line against xenobiotics. Enchytraeids, a model
organism in soil ecotoxicology, are often exposed to various xenobiotics, some of whichmay influence MXR activity.
Since MXR activity has not been studied in these organisms, the aim of this paper was to establish a methodology for
the implementation of the dye assay in enchytraeids. Enchytraeus albidus and Enchytraeus crypticus were exposed
to model chemosensitizers: cyclosporine A (CA), dexamethasone (DEX), ivermectin (IVM), rifampicin (RIF),
verapamil (VER), and fungicide propiconazole (PCZ). Thereafter, a dye assay with specific fluorescent dyes
rhodamine B and rhodamine 123 was performed. Changes in MXR activity caused by variations in dye accumulation
were measured fluorometrically. CA, IVM, and VER were found to inhibit the MXR system and increase the
fluorescence 2.2- fold, while DEX and RIF induced the MXR system and decreased the fluorescence. CA was
the strongest inhibitor in both E. albidus (ICso 5.48 + 1.25 uM) and E. crypticus (ICso 5.20 &+ 3.10 uM). In the
validation experiment, PCZ was found to inhibit the MXR system. The ICso varied between species and exposure
substrates: water (E. albidus - 1Cso 0.74 + 0.24 mg/L; E. crypticus - 1.31 + 0.24 mg/L) or soil (E. albidus - 1.79 + 0.42
mg/kg; E. crypticus - 1.79 £ 0.17 mg/kg). In conclusion, the tested compounds changed the MXR activity, which
confirms the applicability of this method as a valuable complementary biomarker in soil ecotoxicolog.
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Introduction

Every year, humans discard into the environment considerable quantities
of chemical compounds. To be able to survive in such conditions,
organisms develop a set of highly specific cellular de- fense
mechanisms. One of these is the multixenobiotic resistance (MXR)
mechanism, which is considered the first defense line against
xenobiotics (Kurelec, 1992). MXR is based on the activity ofadenosine
triphosphate (ATP)-binding cassette (ABC) superfamily members: P-
glycoprotein (P-gp), multidrug resistance-associated protein (MRP), and
breast cancer resistance protein (BCRP) (Leslieet al., 2005). The ABC
proteins are present in all organisms, including microbes, plants,
invertebrates, and vertebrates (Licht and Schneider, 2011). Although
P-gp and MRPs overlap in the structure and substrate specificity, they
differ in the transport mechanism and substrate types (Leslie et al.,
2005). P-gp trans- porters are involved in the efflux of non-modified
xenobiotics (moderately  amphipathic,  hydrophobic, neutral, or
positively charged planar organic molecules of low molecular weight
with basic nitrogen atoms), while MRPs are involved in the transport
of the products of different metabolism phases (Litman et al., 2001).
P-gp and MRP transporters, the primarily studied MXR proteins involved
in the efflux of xenobiotics, are commonly known as the efflux pumps.
The MXR mechanism is highly expressed in  different epithelial

and endothelial tissues directly or indirectly involved inthe metabolism
or excretion of contaminants (e.g., mussel and fish gills,liver,  kidney,
intestines, blood-brain barrier, and placenta) (Chuet al., 2013). This
mechanism protects against environmental contamination by pumping
out endogenous chemicals from the cells, thus preventing their
accumulation and toxic effects (Kurelec, 1992). Chemicals and
xenobiotics that block MXR transporters’function and alter cell sensitivity
are known as chemosensitizers (Kurelec, 1997). Regarding the
mechanism of action, chemo- sensitizers are classified into competitive
and non-competitive inhibitors. While competitive inhibitors overwhelm
the efflux pump’s  substrate binding capacity, non-competitive
inhibitors block the ATPase activity of the efflux pump (Faria et al., 2011).
Both of these inhibitor types target the MXR system. In contrast to in-
hibitors, MXR system inducers increase the efflux pump activity, induce
P-gp and MRP, and reduce xenobiotics accumulation. Envi- ronmental
chemosensitizers lead to an intracellular accumulation of xenobiotics,
consequently increasing their toxic effects. A wide range of
environmental pollutants has been shown to affect the MXR system
activity (Smital and Kurelec, 1998; Ecimovic et al., 2018; Lackmann
et al,, 2018; Vehovszky et al.,, 2018; Moreira et al., 2019). Due to
the xenobiotic  presence in the environment and their influence on the
MXR system activity, changes in MXR activity are used as a
biomarker of environmental pollution (Kurelec et al., 2000).

MXR activity and its modulation by various chemosensitizers is
commonly assessed with a cell-based transport assay with fluo- rescent
substrates, known as the dye assay. This fast and easy to usemethod enables
preliminary testing of the compounds and their interaction with MXR
proteins (Cunha et al., 2017). The dye assay isbased on the accumulation
of fluorescent dyes, mostly rhodamine B (RhB) and rhodamine 123
(Rh123). While RhB, commonly used in marine and freshwater
invertebrates, is a P-gp substrate model, Rh123 is a substrate of both
P-gp and MRP (Daoud et al., 2000).

Briefly, this in vivo assay is based on the accumulation of fluo- rescent
dye in the organism after exposure to model chemo- sensitizers. Model
inhibitors include immunosuppressive agent cyclosporine A (CA) and
calcium channel blocker verapamil (VER). These agents are known for
their ability to inhibit both P-gp and the
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MRP, and to subsequently increase the accumulation of fluorescent
substrates in the cell (Epel et al., 2008). Additionally, an antipara- sitic
drug, macrocyclic lactone, ivermectin (IVM) is reported as a suitable
substrate and potent P-gp inhibitor (Lespine et al., 2006). Among P-gp
efflux inducers, the most frequently used are synthetic glucocorticoids,
such as dexamethasone (DEX), or macrolide anti- biotics, such as
rifampicin (RIF) (Jackson and Kennedy, 2017). The experiments with
model inhibitors or inducers are the first step in the study of MXR
inducibility before conducting the experiments with environmental
Xenobiotics.

Dye assays and changes in MXR activity have been used for screening the
substrates and inhibitors of ABC transporters (Luckenbach et al., 2014).
The MXR is mostly studied in aquatic invertebrates and vertebrates in
various life stages, for example in echinoid larvae (Anselmo et al., 2012),
zebrafish embryos (Cunhaet al., 2017) and hepatocyte cell line (Moreira
et al., 2019; Lopeset al., 2019), mussel larvae (Faria et al., 2011;
Franzellitti et al., 2017), adult mussel (Falfushynska et al., 2019), and
mussel cells (Katsumiti et al., 2018). Besides aquatic invertebrates, it is
also studied in soil invertebrates. An important model for the study of
efflux  transport in  terrestrial  annelids are  earthworms
(Hackenberger et al., 2012; Bosnjak et al.,, 2014). In earthworm
models, changes in efflux pump activity are used as a biomarker of
exposure to environmental pollutants, mostly pesticides (Velki and
Hackenberger, 2012; Velki et al., 2013) or wastewater and sludge (Topic
Popovic et al., 2015). Differences in the efflux pump activity were found
between species (Smital et al., 2000; Velki and Hackenberger, 2012) and
between populations from clean and polluted sites that correlate with the
sensitivity to chemicals (Kurelec et al., 1996; Smital et al., 2004).

The most commonly used fluorescent dyes in the phylum Annelida are
RhB and Rh123 (Hackenberger et al., 2012; Bosnjak et al., 2014;
Vehnitinen and Kukkonen, 2015) in combination with known MXR
inhibitors and inducers (i.e., model chemosensitizers).

Besides earthworms, another group of organisms that plays an essential
role in the decomposition of organic matter and soil bioturbation are
enchytraeids (Briones, 2014). These organisms areecologically relevant
soil-dwelling annelids widespread in many types of soil. Enchytraeids
are particularly important in the areas where earthworms are absent, such
as in the Arctic and subarctic tundra, moorlands, montane grasslands,
agricultural land in the taiga zone, and coniferous forest soils (Swift et
al., 1998). Enchy- traeus albidus and Enchytraeus crypticus are model
species widely used in soil ecotoxicology (Didden and Rombke, 2001;
Castro-Ferreira et al., 2012). Their use in laboratory tests is recom-
mended by the Organisation for Economic Co-operation and Development
((OECD 220 2016)) and International Organization for Standardization
((1SO 16387 2004)) guidelines, and they are frequently used to assess
the effects of environmental pollutants, mostly pesticides (Amorim et
al., 2005; Leitao et al., 2014; Bartetal.,, 2017) and nanoparticles
(Amorim and Scott-Fordsmand, 2012; Bicho et al., 2016, 2017 ) or
their combination (Hackenberger et al., 2019). Although enchytraeids
are commonly used model species and they are assumed to have an
MXR system that helps in the defense against xenobiotics, so far it has not
been studied whether this system actually exists and how it is affected by
modulators and xenobiotics. Understanding the MXR mechanism’s role
in altering chemical toxicokinetics and characterizing its regulation can
aid in studying the chemical defense mechanisms. Hence, this study
aimed to establish a methodology for imple- menting the dye assay in
enchytraeids, confirm the presence of efflux transporters and their
activity, and determine whether enchytraeids are suitable organisms
for this type of test. The
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experiments involved known MXR activity modulators (inhibitors (CA,
VER, IVM) and inducers (DEX, RIF)). Additionally, to verify theresults,
an experiment with fungicide propiconazole (PCZ) - an environmentally
relevant modulator of efflux pump activity, was conducted.

Materials and methods
Test organisms

The study used adult potworms with a well-developed clitellumfrom a
synchronized culture. The potworms E. albidus (Henle, 1837) and E.
crypticus (Westheide and Graefe, 1992) were obtained from the culture
maintained at the Department of Biology in Osijek (Croatia) for several
years according to the OECD 220 (2016), 1SO 16387 (2004), and Bicho
etal. (2015) guidelines. Shortly, the cul- tures were kept under controlled
conditions in a climate room at a constant temperature (18 +£1 °C), relative
humidity of 60%, and a photoperiod of 16:8 h (light: dark). E. albidus
cultures were main- tained in moist soil media, while E. crypticus
cultures were kept in agar plates and were prepared with the salt
solution of 2 M CaCl;1 M MgSO,, 0.05 mM NaHCO3;, and 0.01 mM
KCI. Both species were fed with ground rolled oatmeal ad libitum.
Synchronized cultures of E. crypticus were prepared according to Bicho
et al. (2015). Briefly,adults with a well-developed clitellum were
transferred into fresh agar plates to lay cocoons. After two days, the
synchronized co- coons were transferred with a brush to fresh agar plates.
E. albiduscultures were synchronized by transferring the cocoons into
fresh soil. The process consisted of gently picking cocoons from the
culture using a brush. At the beginning of the test, the age of adult E.
crypticus was 25 days and three months for E. albidus.

Test materials

All reagents were of analytical grade. Cyclosporine A (CAS Number
59865-13-3, molecular weight 1202.635 g/mol), dexa- methasone (CAS
Number 50-02-2, molecular weight 392.461 g/ mol), rifampicin (CAS
Number  CAS 13292-46-1, molecular weight 822.94 g/mol), and
Rhodamine 123 (CAS Number 62669-70-9, molecular weight 380.82
g/mol) were purchased from ACROS Or- ganics (Geel, Belgium).
lvermectin (CAS Number 70288-86-7, mo- lecular weight 875.1 g/mol)
and Rhodamine B (CAS Number 81-88-9, molecular weight 479.02
g/mol) were obtained from Sigma (St Louis, MO, USA) and verapamil
(VER, CAS Number 152-11-4, mo- lecular weight 491.07 g/mol)
purchased from J&K Scientific GmbH (Pforzheim, Germany). Dimethyl

sulfoxide (DMSO, CAS Number 67-68-5, molecular weight 78.13
g/mol) was purchased from Gram- mol (Zagreb, Croatia). A
commercial preparation of pesticide Bumper 25 EC (Chromos Agro)
with active ingredient propicona- zole (PCZ) (250 g/L) was used.

Test media

Water

Standard 1SO water, containing 2 M CaCl,, 1 M MgSO,, 0.05 mM
NaHCOg3, and 0.01 mM KCI, was used (ISO, 2012). The test conditions
were based on the aquatic toxicity test for enchytraeids described by
Rombke and Knacker (1989) and reproduced by Gomes et al. (2015).
For additional details on test procedures please see the supplementary
material.

Soil
The artificial soil (AS) was prepared according to the OECD (2016)
protocol with sphaghum peat (10%), kaolin clay (20%), and
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air-dried quartz sand (70%). The soil pH was adjusted to 6 + 0.5 by the
addition of CaCOs.

Dye accumulation experiment

A dye accumulation experiment was conducted to select the appropriate
fluorescent dye concentration and exposure time needed to avoid
passive diffusion. The test was performed with different RhB and
Rh123 concentrations (0, 1.25, 2.5, 5, 10, and 20 uM) dissolved in
distilled water. Enchytraeids were exposed to 5 ml of fluorescent dye
solutions with ISO water in six-well plates for 1, 2, 4, and 6 h in
the dark at 20 °C. The treatments were replicated five times, and
each replicate consisted of seven E. albidus or 20 E. crypticus
individuals. At the end of the exposure, enchytraeids were prepared for
fluorescence  measurement ac- cording to the procedure described
below.

MXR model inhibitors and inducers experiment

Enchytraeids were exposed to a range of model chemo-sensitizers
concentrations (inhibitors: CA 0, 2, 5,10, and 15 uM; VER O, 5, 10, 20,
and 50 uM; IVM 0, 0.1, 1, 10, and 20 uM and inducers: DEX 0, 0.1, 1,
10, and 20 uM; RIF 0, 0.1, 1, 10, and 20 uM). The con- centrations of
inhibitors and inducers were chosen based on pre- liminary experiments.
The exposure was conducted in 5 ml of chemosensitizer solution in six-
well plates for 6 h in the dark at 20 °C. For the negative control, only
ISO water was used. As DMSO proportion in the exposure solution
was less than 5 x 10—* (v: v) and no effect of DMSO in the preliminary
study was observed, a solvent control was not used. Furthermore, DMSO
toxicity at con- centrations above 0.5% was not reported (Galvao et
al., 2013; Sumida et al., 2011). Details about stock solution and working
so- lution preparations are included in Supplementary information.
After the exposure to chemosensitizers, a dye assay was conducted. Based
on the dye accumulation experiment (2.4.), 10 uM RhB and5 puM
Rh123 concentrations and 1 h exposure was chosen as

optimal for dye assay.

Validation experiment

To test the assay validity, enchytraeids were exposed to fungi- cide
PCZ, a known MXR inhibitor. Two experiments were con- ducted: one
in 1SO water and one in AS. Nonlethal pesticide concentrations were
chosen based on previous research (Hackenberger et al., 2019). For water
exposure, the pesticide sus- pensions were prepared using 1SO water to
obtain the following concentrations: 0, 0.3125, 0.625, 1.25, 2.450, and 4.9
mg/L. Water exposure was performed in six-well plates containing 5
ml of pesticide solution in ISO water. For AS exposure, the selected PCZ
concentrations were prepared with distilled water and added into each
test vessel in the amount needed for 60% soil WHC (water holding
capacity). The soil was homogeneously mixed and allowed to
equilibrate for 24 h before the start of the tests. The tested concentrations
were 0, 0.3125, 0.625, 1.25, 2.450, and 4.9 mg/kg. The water exposure
test was run at 20 °C in the dark for 6 h , and theAS exposure test was
run at 20 °C and 16:8 h photoperiod for seven days. After exposure,
enchytraeids were washed in distilled water and transferred to six-well
plates containing 5 ml of 5 MM Rh123 in 1SO water and exposed for 1
h in the dark, at 20 °C. Each replicate consisted of seven E. albidus or 20
E. crypticus individuals. All treatments were done in a pentaplicate. At the
end of the exposure,enchytraeids were homogenized and prepared for
fluorescence measurement as described below.



M. Kovacevic, D.K. Hackenberger, Z. Loncaric et

Sample preparation and measurement of rhodamine amount

After exposure to RhB or Rh123, potworms were quickly washed with
distilled water and weighted. Whole potworms were ho- mogenized in
pools (seven in a pool for E. albidus, and 20 for E. crypticus)
immediately after the exposure in 250 mL of cold po- tassium phosphate
buffer (0.1 M, pH 7.4) with the IKA RW20 digitalhomogenizer. The
homogenates were centrifuged for 30 min at 9000 g and 4 °C to
yield the post-mitochondrial fraction (S9). Immediately after the
centrifugation, RhB and Rh123 amount in S9tissue  fraction was
measured with a spectrofluorometer (Varian Cary Eclipse). The samples
were kept in the dark to avoid RhB and Rh123 photodegradation. The
fluorescence was determined at the wavelengths of 544 nm (excitation)
and 590 nm (emission) for RhB,and at 490 nm (excitation) and 544 nm
(emission) for Rh123. The measured  fluorescence values were
normalized by organisms’ weight. Dye accumulation in the treatments
was quantified as a fold increase over control.

Data analysis

Statistical analyses were performed with the statistical software R
version 3.4.0 (R Development Core R Core Team, 2017) and RStudio
(R Studio Team, 2016). The data were tested for normality with the
Shapiro-Wilk test and the homogeneity of variance with the Bartlett
test. As the data were distributed normally, the sig- nificance of
differences in Rh123 and RhB accumulation was assessed by ANOVA
followed by the Dunnett post hoc test. For curvefitting and calculation of
50% inhibitory concentration (1C50) values, R package drc (Ritz et al.,
2015) was used. Fluorescent substrate accumulation during different
exposure times was fitted to the three-parameter log-logistic model.

Results
Dye accumulation experiment

RhB and Rh123 accumulation dynamics depended on fluores- cent
dye concentration and exposure length (Fig. 1). In this exper- iment, no
mortality was observed. The kinetics of fluorescent dye accumulation
differed between the species. Significant dye accu- mulation, detected as
fluorescence increase, was observed in E. albidus when it was
exposed to 20 mM Rh123 (Fig. 1A) and when it was exposed to 1.25, 2.5,
5, and 20 mM RhB, both for 6 h (Fig. 1C).In E. crypticus, a significant
fluorescence increase was observed only after it was exposed to the
highest Rh123 concentration for 6 h (Fig. 1B) and when it was exposed
to the highest RhB concentration for two, four, and 6 h (Fig. 1D). The
results obtained after 6 h exposure to 20 MM Rh123 for both species
and after two, four, and 6 h exposure to 20 mM RhB for E. crypticus
indicate passive dye diffusion. Rh123 showed a stronger response than
RhB. Namely, Afluorescence was significantly higher (5 times higher)
in both species exposed to 20 mM Rh123 for 6 h than to the same RhB
concentration.

Efflux pump activity modulation

E. albidus

The exposure of E. albidus to CA significantly (p < 0.05) increased Rh123
fluorescence in a dose- dependent manner (up to 1.6-fold), but it
increased RhB fluorescence only at 10 mM (1.3-fold) (Fig. 2A). IVM
increased the fluorescence of both substrates (Fig. 2C) up to 1.3-fold.
Furthermore, VER increased Rh123  accumulation (p <0.05) in
a dose-dependent manner, with an increase ranging from 1.1 to 1.5-
fold compared with the control (Fig. 2E). It also
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increased RhB fluorescence 1.65-fold at the lowest concentration applied
(5 mM VER), but decreased it at higher concentrations (Fig. 2E).
DEX significantly decreased both  substrates’ fluorescence at all
concentrations (Fig. 3A) e Rh123 fluorescence decreased 0.3-fold and
RhB fluorescence decreased 0.4-fold. RIF significantly (p < 0.05)
decreased the fluorescence of both substrates in a dose- dependent manner
(Fig. 3C).

Increased fluorescence enabled the calculation of 1Cs, for CA andVER in

a dose-dependent manner. 1Cs for VER in combination withRh123 was

13.77 £ 592 uM and for VER in combination with RhB it was 10.10 +

3.54 uM ICs for CA in combination with Rh123 was 7.05 + 2.13 uM)

and for CA in combination with RhB it was5.48 +£1.25 uM.

E. crypticus

The accumulation of both fluorescent substrates in E. crypticus exposed
to model inhibitors resulted in fluorescence increase. CA treatment
significantly (p < 0.05) increased the fluorescence in a dose-dependent
manner (Fig. 2B) - Rh123 fluorescence increased from 1.1 to 2.1-fold
and RhB fluorescence increased from 1.3 to 1.8-fold compared with the
control. IVM I ncreased Rh123 fluorescenceup to 1.45-fold, and it
increased RhB fluorescence up to 0.5-fold (Fig. 2D). Unlike in E.
albidus, VER caused a dose-dependent in- crease (p < 0.05) of both
substrates (Fig. 2F). At higher concentra- tions, such as at 50 uM, VER
increased Rh123 fluorescence up to 2.2-fold, and RhB fluorescence up
to 1.7-fold. Both inducers (DEX and RIF) significantly decreased Rh123
fluorescence and slightly decreased RhB fluorescence (Fig. 3B, D).

The most potent inhibitor of the MXR system was CA in com- bination
with RhB (ICs, 5.20 + 3.10 pM) and Rh123 (ICs6.59 + 1.71
pM). ICs for IVM in combination with Rh123 was 8.35 + 5.34 uM
and for IVM in combination with RhB it was 7.90 + 3.90 pM. IC
for VER in combination with Rh123 was 19.55 + 6.75 p M and for
VER in combination with RhB it was7.90 +3.90 pM.

Validation experiment

No mortality was observed after 6 h exposure to PCZ in either 1SO
water or AS tests. In both media, PCZ inhibited efflux pump activity.
Namely, it increased fluorescence in a dose-dependent manner in both
species and in both exposure substrates (Fig. 4).In E. albidus, it
significantly increased Rh123 fluorescence at con- centrations higher than
1.25 mg PCZ/kg (above 2-fold at 2.45 and above 2.2-fold at 4.9 mg
PCZ/kg) in 1SO water (Fig. 4A). In soil, the same PCZ concentrations
caused a slightly lower Rh123 fluores- cence increase (1.6-fold at 2.4
and 4.9 mg PCZ/kg). In E. crypticus, Rh123 fluorescence increased above

2-fold at 2.45 and 4.9 mg PCZ/kg in 1SO water, while in soil, it
increased for more than 3-fold(4.9 mg PCZ/kg) (Fig. 4B).
ICsp for PCZ obtained by ISO water exposure was

0.74 £ 0.24 mg/L for E. albidus and 1.31 + 0.24 mg/L for E. crypticus. These
values were slightly higher after soil exposure, with almost the same
values for both species: 1.79 + 0.42 mg/kg for E. albidus and 1.79 +
0.17 mg/kg for E. crypticus.

Discussion

The exposure to known inhibitors (CA, VER, IVM) and inducers (DEX,
RIF) changed Rh123 and RhB accumulation, which confirmed the
presence of efflux transporters and their activity in E. albidus and
E. crypticus.

In the dye accumulation experiment, Rh123 uptake at the same
concentration of fluorescent dye was time-dependent in both enchytraeid
species, while RhB  uptake significantly changed only in
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Fig. 1. Fitted substrate accumulation (three-parameter log-logistic model) as a function of exposure time (1, 2, 4, and 6 h) and substrate concentrations: Rh123 (0, 1.25, 2.5, 5,10, and
20 uM) (A, C) and RhB (0, 1.25, 2.5, 5, 10, and 20 uM) (B, D) in E. albidus (A, C) and E. crypticus (B, D). D fluorescence is expressed as a change in fluorescent units compared with

the control obtained from (n = 5).

E. crypticus. This difference may be attributed to different proper- ties,
binding sites, and fluorescent ability of fluorescent substrates.
Furthermore, RhB is reported to have lower fluorescence intensity in
combination with phosphate buffer (Saueretal., 1995), while it does
not have an impact on Rh123 fluorescence intensity.

The fluorescent dye concentration should be high enough to allow a
sufficient dye uptake but not too high since this could induce passive
diffusion across biological membranes. Although in human hepatocellular
carcinoma cell line Rh123 uptake was re- ported to be an active
process at concentrations below 2 uM (Forster et al., 2012), in zebrafish
hepatic cells in vivo passive diffusion was not reported at 20 pM Rh123
concentration (Jacksonand Kennedy, 2017). Our results suggest that in E.
albidus passive diffusion occurred after 6-h exposure to 20 uM Rh123,
while RhB fluorescence increase was not significant, and passive
diffusionoccurred at concentrations higher than tested. In E. crypticus,
pas- sive diffusion also occurred after 6-h exposure to 20 pM Rh123, and
after 20 uM RhB exposure longer than 1 h. Hence,, 1 h was chosen as an
optimal exposure time, while the concentrations of 5 uM for Rh123
and 10 pM for RhB were selected based on fluorescence

Intensity and fluorescence change. At these concentrations, the active
dye uptake is sufficien t to conduct an assay but low enough to avoid
passive diffusion. Additionally, at these concentrations, the substrate
fluorescence is high enough to be detected.

Almost all used model inhibitors increased Rh123 and RhB accumulation
and, consequently, their fluorescence, in a dose- dependent manner. For
both species and substrates, the most potent inhibitor was CA. Itisa
known non-competitive inhibitor that blocks the P-gp ATP-ase activity
necessary for ATP-mediated efflux (Twentyman, 1992). Model
competitive inhibitor VER in E. crypticus inhibited the efflux pump in
combination with both fluorescent substrates, and in E. albidus only in
combination with Rh123. Interestingly, even though VER increased
RhB fluorescencein earthworm Eisenia andrei (Hackenberger et al.,
2012) and pot- worm E. crypticus, it caused a decrease in E. albidus
and Eisenia fetida (Bosnjak et al., 2014). Such a response presumably
results from the interaction between the fluorescent substrate and the
inhibitor or binding site due to VER’s mode of action. Namely, VER isa
competitive inhibitor that acts as a substrate with a high affinity to
the P-gp binding site, preventing the binding and active
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< 0.01, and *p < 0.05.
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Transport of other substrates or xenobiotics. The increased fluo- rescence
at higher CA or VER concentrations, particularly notice- able in E.
crypticus with Rh123 as a substrate, can be associated withthe transport
not only with P-gp but also with proteins from the MRP subfamily
(Haimeur et al., 2005). These results suggest species-specific ratios of
P-gp and MRP proteins in enchytraeidspecies. Furthermore, although
RhB can serve as a MRP substrate, it is a model P-gp substrate, being
commonly used as a fluorescent dye in marine and freshwater
invertebrates (Smital et al., 2000). Incontrast, Rh123, recognized as a
substrate for both P-gp and MRP, is suggested as a dye of choice for
earthworm models (Bosnjak etal.,2014). Our results point to Rh123 being
a better fluorescent sub- strate for enchytraeid experiments as well. This
is likely related to species-specific ratios of P-gp and MRP proteins, which
could be similar to those in earthworms since both of these species
belong to the annelid phylum. Additionally, Zaja et al. (2007)
demonstrated that CA, VER, reversin 205, MK571, probenecid, and
indomethacin were more potent in combination with Rh123. In our
study, the third tested inhibitor, IVM, inhibited the efflux and increased
Rh123and RhB accumulation in both species. The same pattern was
observed by Lespine et al. (2006), who showed that IVVM inhibited

P-gp transport function and MRPs in various modified cell lines. In their
study, IVM inhibited P-gp proteins at lower concentrations, while MRP
inhibition required higher concentrations (Lespine et al.,2006). Still, it has
to be taken into consideration that MRP does notcompensate for P-gp
absence, which leads to neurotoxicity in ani- mals exposed to IVM.
Furthermore, IVM is highly toxic to soil or- ganisms (Jensen et al., 2003),
and in our preliminary experiment study concentrations higher than 50
uM were fatal for both species. CA was also lethal for both enchytraeid
species at concentrations higher than 50 uM, while RIF and DEX
showed lethal effects at 100 uM. VER was least toxic, with no lethal
effects even at the highest concentration (100 pM).

P-gp inducers DEX and RIF (Séée et al., 1998) decreased RhB and Rh123
accumulation, which indicates that they induced the efflux pump
mechanism, i.e., enhanced the removal of fluorescent sub- strates from
the cells, thereby decreasing fluorescence. The same induction effect was
observed, for example, in earthworm Eisenia andrei exposed to DEX
(Hackenberger et al., 2012) and porcine brain capillary endothelial cells
treated with RIF (Ott et al., 2009). Furthermore, in our study both
inducers caused a difference in induction between the species and
fluorescent dyes. Thus, in
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E. crypticus there was little or no induction in combination with RhB,
while a significant induction was observed in combination with Rh123.
In E. albidus, lower DEX concentrations caused higher induction, which
decreased with increasing DEX concentration. On the contrary, RIF
induction was dose dependent. Such differences can probably be
attributed to different protein structures of the twospecies, but also to
different types of interaction between fluores- cent substrates and
inhibitors.

To avoid interference with or binding to soil substances, tests were
performed in ISO water, making chemosensitizers maximallyavailable to
enchytraeids (Rombke and Knacker, 1989). Aquatic tests are excellent
for short-term and range-finding tests, facili- tating continuous
monitoring of the behavior during exposure. In our study, ISO water
tests enabled us to quickly and easily assess acute exposure and possible
adverse effects of different substances.However, as enchytraeids are a
soil organism, experiments con- ducted in that medium allow a more
realistic exposure and assessment. The validation experiment with PCZ
showed the ISO water test to be comparable with the AS test, indicating
that both media can be used to investigate the effect of a substance on
efflux pump activity in enchytraeids. Furthermore, the dye assay
proved to be an easy to use and effective method to study efflux pump
activity after enchytraeid exposure to various chemosensitizers.

An  efficient MXR system increases xenobiotic resistance. Namely,
high efflux transport activity allows only a few of the potentially harmful
substances to reach a toxic level (Bard, 2000; Epel et al., 2008). In
amarine environment, most pollutants in- crease the efflux transporters
activity, but some of them act as in- hibitors (Jeong et al., 2017). These
chemosensitizers are not necessarily substrates of the efflux system, but
they may interact either on the substrate-binding site or on the regulatory
part of the transporter = molecules and affect the xenobiotic
accumulation (Kurth et al., 2017). Some pesticides show MXR inhibitory
potential at environmentally relevant concentrations. For example,
organo- phosphate and neonicotinoid insecticides, as well as conazole
fungicides, inhibited the P-gp efflux activity in various organisms (\Velki
and Hackenberger, 2012, 2013a, 2013b; Mazur et al., 2015; Guseman et
al., 2016; Vehovszky et al., 2018; Velki et al., 2018). The

inhibition of efflux pump activity after exposure to PCZ observed in our
study corresponds to previous findings on conazole fungicides. An
analysis of PCZ transport in membrane vesicles demonstrated that PCZ
acted as a P-gp inhibitor rather than a substrate (Mazur et al., 2015).
Furthermore, P-gp modulation or inhibition can significantly affect the
absorption and excretion of xenobiotics, anddrugs’ pharmacokinetics and
safety. As expected, PCZ has a more pronounced impact during exposure
in water. The fluorescence increase observed after enchytraeids were
exposed to the highest PCZ concentration in water is comparable to the
increase caused bymodel inhibitors (CA and VER). Similar results were
observed in a study using NIH-3T3/MDR1 cells, which showed that PCZ
and VER inhibited P-gp at a comparable level (Pivéevi¢ and Zaja
2006). Previous studies of the PCZ effect on E. albidus (Hackenberger et
al.,2019) showed that EC50 for reproduction was 3.7 mg/kg, as well as
that GST activity and lipid peroxidation significantly increased at
concentrations ranging from 2.45 mg/kg to 4.9 mg/kg. As MXR activity
inhibition took place already at 1.25 mg/kg after one week of exposure,
the changes in efflux pump activity could be used as an early and
complementary biomarker of soil pollution in enchytraeids.

Efflux transporters inhibition can enhance the toxicity of some
xenobiotics, as the potential for xenobiotic accumulation inside the cell
depends on the efflux pump activity. Therefore, it is useful to determine
the effects of xenobiotics and chemosensitizers on the efflux pump
activity in different organisms and understand themechanisms underlying
these processes. Additionally, the syner- gistic action of some
xenobiotics can lead to more potent adverse effects at lower
concentrations. All this makes it important to investigate the impact of
environmental pollutants on efflux pump activity in enchytraeids and to
assess the effect of changes of efflux pump activity on the sensitivity
towards other chemicals or envi- ronmental stressors.

Conclusion

Both tested enchytraeid species were shown to be suitable models
for the established dye assay. Furthermore, functional
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experiments demonstrated the expression of ABC efflux trans- porters
in enchytraeids. The efflux pump activity in enchytraeids can be
modulated by common substrates and chemosensitizers used in
earthworm models. However, the difference in the fluo- rescence
substrate accumulation suggests the presence of partic- ular MXR
proteins (P-gp and MRP). Further research should use various types of
MXR inhibitors and specific substrates to deter- mine the dominant type
of MXR transporters in enchytraeids and their gene expression. The
validation test results showed that this assay was applicable in a
standard toxicity test conducted in the soil. Besides, the exposure to
PCZ showed that environmental xe- nobiotics could affect the MXR
system in enchytraeids, which warrants further research on the effects
of different pollutants and abiotic factors on efflux pump activity. In
conclusion, the changes of MXR activity could be a valuable
complementary biomarker in ecotoxicological research and risk
assessment not only in aquatic but also in soil organisms.
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GRAPHICAL ABSTRACT
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Pyraclostrobin (PYR)
Trifloxystrobin (TRI)
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150

- hatching delay (lower concentrations)
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ABSTRACT

Large quantities of strobilurin fungicides (SFs) are used worldwide, resulting in adverse effects on non-target organisms.
SFs affect the reproduction and embryonic development of aquatic organisms, while the impact on soil organisms has been
insufficiently researched. Therefore, we investigated the effects of three SFs (azoxystrobin (AZO), pyraclostrobin
(PYR), and trifloxystrobin (TRI)) on the survival, reproduction, and hatching success ofthe non-target soil oligochaete
Enchytraeus crypticus. The standard enchytraeid reproduction test (ERT) showed that, regarding survival, TRl (LCso =
2.34 mg/kg) was the most toxic, followed by PYR (LCso = 4.26 mg/kg) and AZO (LCso =150 mg/kg). Reproduction
was affected in the same order (TRI ECso = 0.045 mg/kg, PYR ECso = 1.85 mg/kg, and AZO ECso = 93.10 mg/kg).
Exposure to AZO and PYR showed a negative impact on hatching success with a significant increase in the number
of unhatched cocoons. Prolonged hatching test was consequently carried out. As a result, a hatching delay was
observed at lower AZO and PYR concentrations, while at higher concentrations hatching was completely stopped as
the cocoons were no longer viable. Hence, hatching test enabled a discrimination between hatching delay and hatching
impairment. Besides demonstrating the adverse effects of AZO, PYR, and TRI on the survival, reproduction, and
hatching success of E. crypticus, the obtained results indicate the convenience of using several endpoints in
reproduction tests. The usage of prolonged hatching tests and monitoring of hatching dynamics could fill the gap
between standard reproduction tests and multigeneration tests and allow a better understanding of the adverse effects
on reproduction.

© 2021 Elsevier B.V. All rights reserved.
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Introduction

Strobilurin fungicides (SFs) became an important and commonlyused
class of agricultural fungicides. They bind to the mitochondrial
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respiratory complex III and block electron transfer from quinol to cyto-
chrome c1, thus acting on mitochondrial respiration and blocking ATP
production (Bartlett et al, 2002). Azoxystrobin (AZO), pyraclostrobin
(PYR), trifloxystrobin (TRI), fluoxastrobin (FLUO), picoxystrobin (PICO),
and kresoxim-methyl (KRE) are considered the most widely used
SFs types (Zhang et al., 2020c). Due to their efficiency, SFs are used in
large quantities worldwide. This led to the accumu- lation of SFs in
surface waters at high concentrations and could se- verily affect many
soil ecosystems and harm non-target soil organisms (Ma et al., 2019).
Among non-target soil organisms, enchytraeids play an important role
in soil ecosystems. As environ- mentally relevant soil-dwelling annelids,
they are involved in soil organic matter decomposition and
bioturbation. In addition, they are widely distributed in many soil
types and have a particularly important role in Arctic and subarctic
regions where earthworms are absent.

Despite recent increased attention to the potential toxicity of SFs to
various organisms, data on the toxicity of these fungicides to soil ecosys-
tems and organisms are inconclusive, and existing information is sparse.
Zhang et al. (2020c¢) provided an overview of the research conducted on
the effects of SFs on different groups of non-target organisms. Most re-
search on the effect of SFs on soil organisms has been conducted on the
earthworm Eisenia fetida (Han et al.,, 2014; Schnug et al., 2014; Schnuget
al, 2015; Ma et al, 2019; Zhang et al, 2020b), where they affected
survival, reproduction, caused oxidative stress and DNA damage. SFs
also reduced the reproductive rate of springtails (Leitdo et al., 2014;
Schnug et al,, 2014). In enchytraeids, only the adverse effects of AZO on
Enchytraeus crypticus reproduction have been demonstrated(Leitdo et
al, 2014; Gomes et al,, 2021), while the effects of other SFs are unknown.
Embryotoxicity tests have been developed mainly for aquatic organ-
isms, while for soil organisms such tests are rare. Standardized ecotox-
icological tests for soil invertebrates primarily focus on assessing a
survival and number of juveniles. However, assessing the effects on early
life stages is both time-efficient and highly sensitive, especially for soil
organisms (Bart et al., 2019). The need to develop a full life cycle test
and tests that assess effects on early life stages has been highlighted in
the regulatory context, particularly for specific com- pounds such as
endocrine disruptors (Crane et al, 2010). Embryotoxicity tests in soil
organisms have only recently been developed (Gongalves et al.,, 2015).
Such tests are performed on the potworm E. crypticus, which is one of
the most commonly used model organisms in soil eco- toxicology due to
its characteristics (Castro-Ferreira et al, 2012). Namely, a higher
reproduction rate and shorter generation enable faster culture
synchronization compared to E. albidus. Moreover, the ability tocultivate
this species on agar plates allows easy collection and observa-tion of
cocoons. The development of new tests and the awareness that
embryonic development is one of the most sensitive points in the life
cycle have led to an increase in the number of studies addressing this
issue. Although the number of studies on the influence of metals and
nanoparticles on embryonic development and different life stages of soil
invertebrates increased (Bicho etal.,, 2015; Bicho et al,, 2016; Bichoet al,,
2017; Santos etal., 2017; Gomes et al.,, 2018), the influence of pes-ticides,
including SFs, has not been studied yet. As SFs are known to affectembryo
development in aquatic organisms, it would be interesting to as- sess if
they have the same effect on enchytraeids. For example, studieson
zebrafish have shown that embryos are the most sensitive life stagewhen
exposed to AZO, KRE, PICO, PYR, and TRI (Jiang et al., 2019; Kimet al,,
2020). Moreover, the exposure of zebrafish larval stage to FLUO led to
delayed hatching, induced developmental toxicity, and oxidativestress
(Zhang et al., 2020a).

Therefore, this study aimed to assess the effects of three SFs
(azoxystrobin (AZO), pyraclostrobin (PYR), and trifloxystrobin (TRI)) on
the potworm E. crypticus and evaluate the potential adverse effectsof SFs
in terrestrial ecosystems studying multiple endpoints: survival,
reproduction and hatching success.
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Material and methods
Test organisms

The test species Enchytraeus crypticus (Westheide and Graefe, 1992)
(Oligochaeta: Enchytraeidae) was used. Potworms were obtained froma
culture maintained for several years at the Department of Biology in
Osijek (Croatia). Cultures were maintained under controlled conditionsin
a climate room at a constant temperature of 18 = 1 °C, a relative hu-
midity of 60%, and photoperiod of 16:8 h (light: dark) in agar plates pre-
pared with a salt solution of CaClz, MgS04, KCl and NaHCOs. Potworms
were fed ad libitum with ground rolled oatmeal.

Synchronized cultures of enchytraeids were prepared according toBicho
et al. (2015). Briefly, adults with well-developed clitellum are
transferred to fresh agar plates to lay cocoons. For the reproduction test,
25-day-old synchronized adults with well-developed clitellum were
used. One day old cocoons were used for the hatching test.

Test soil

LUFA 2.2. standard natural soil (Speyer, Germany) was used. The main
characteristics were pH (0.01 M CaClz) of 5.5, 1.73% organic mat-ter,
45.8% WHC (water holding capacity), 8.3% clay, 14.9% silt and 76.8%
sand in terms of particle size distribution.

Test pesticides and spiking

Commercial formulations of the fungicides QUADRIS® (Syngenta) with
the active ingredient azoxystrobin (AZO) (250 g/L), RETENGO® (Bayer
AG) with the active ingredient pyraclostrobin (PYR) (200 g/L) and ZATO
WG® (BASF SE) with the active ingredient trifloxystrobin (TRI) (500
g/kg) were used. The concentrations tested for the enchytraeid
reproduction tests (ERT) were 0, 10, 25, 75, and 150 mg ai/kg of d.w. soil
for AZO and 0, 0.1, 0.3125, 0.625, 1.25, 2.5, 5 and 10 mg ... /kg of d.w. soil
for PYR and TRI. The selected concentrations were based on the resultsof
a preliminary study. A careful examination of the cocoons after ERT
showed a significant increase of unhatched cocoons in AZO and PYR treat-
ments, while no difference in cocoon numbers in TRI treatments was ob-
served. Furthermore, the cocoons in AZO and PYR treatments were
almost fully developed, while in TRI treatments the cocoons were
completely damaged and underdeveloped. Therefore, only AZO and PYR
were selected for subsequent hatching test. The selected con-
centrations for the hatching test based on results of ERT were 0, 25,
75,and 150 mgai/kg of d.w. soil for AZO and 0, 0.625, 1.25and 2.5
mg ai/kg of d.w. soil for PYR.

As the commercial formulations are water soluble, stock solutions

for each test substance were prepared and diluted. The required
concentrations of commercial formulations dissolved in water were
added separately to each replicate in the amount required for 60% of the
WHC. The soil was mixed homogeneously and equilibrated for 24 h
before starting the tests. To confirm nominal pesticide concen- trations,
an LC-MS/MS (HRN EN 15662:2018) analysis were per- formed using
Agilent 6470 LC/MS system. The results showed that the deviation
between nominal and actual concentrations of chemicalswas less than
20% (Tables S1, S2). Therefore, the results are given in nominal
concentrations.

Test procedures

The enchytraeid reproduction test (ERT) was performed accordingto
standard guidelines (ISO, 2004; OECD, 2016). Briefly, 10 adult

E. crypticus with well-developed clitellum were introduced into each test
vessel containing 20 g of moist spiked soil, after which 2 mg of oat-meal
was added for food. Food and water were replenished weekly. Thetest ran
at 20 °C and 16:8 h photoperiod for 21 days. All treatments werecarried
out in five replicates. To extract organisms from the soil,



M. Kovacevié, D.K. Hackenberger and B.K. Hackenberger

Data analysis
10 og— [
S f
§ 4 * i
= .
z 6
E 4
<.
P C AZO
- @ PYR
0 - éx @ TRI

T
0 10
Active ingredient (mg/kg)

100

Fig. 1. Survival of adult Enchytraeus crypticus in the Enchytraeid Reproduction test (ERT) after
exposure to azoxystrobin (AZO), pyraclostrobin (PYR) and trifloxystrobin (TRI). Results are
expressed as average + SD. The lines represent the model fitted to data. *: p < 0.05
(Dunnett's).

replicates were fixed with 96% ethanol and Bengal rose (1% solution in
ethanol). After 2 h, soil samples were sieved through a mesh(63
Mm) to remove small clay particles and prevent water blur-ring. The
number of adults, juveniles, and unhatched cocoons was counted
using a stereomicroscope. As E. crypticus does not coat its cocoons
with soil particles, they are coloured as juvenile and adult individuals,
which makes them easy to spot and count under a stereomicroscope.
The hatching test was performed on 6-well plates containing 5 g LUFA
2.2.and 5 synchronized (1-day old) E. crypticus cocoons per well. The
procedure consisted of carefully picking the cocoons off the agar plates
with a brush. It is important to spread the cocoons evenly and cover
them with soil to avoid desiccation and ensure ex- posure and hatching
success. For the prolonged hatching test, 30 replicates per test
concentration were used, three for each of the 10 sampling days.
Replicates were sampled from the 10th to 19th day of exposure. The
duration of the test was chosen based on the hatch- ing dynamics in
preliminary experiments. The endpoint for the test was the number of
hatched juveniles and the number of unhatched cocoons. To extract the
organisms from the soil, the same procedure as for ERT was used.

150 -

Number of juveniles
(% of Control)
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Statistical analyses were performed using R statistical software ver-sion
3.4.0 (R Development Core Team, 2020) and RStudio (R Studio Team,
2020). Data were tested for normality (Shapiro-Wilk test) and
homogeneity of variance (Bartlett's test). Normally distributed data
were analysed with ANOVA, follows by Dunnett post hoc test (p < 0.05).
Data that deviated from normality where analysed using KruskalWallis
test followed by Gao post hoc tests (Gao et al., 2008).

For curve fitting and calculation of effect concentrations (ECx) and lethal
concentrations (LCx), package drc (Ritz et al, 2015) was used. EC
estimates were performed for the various endpoints (survival, repro-
duction, hatching success, and hatching time). Dose response curves
were fitted to the logistic models. For the three-parameter log-logistic
models, LL.3 function was used, while LL.4 function was used for four-
parameter log-logistic models. The function confint was used to deter-
mine the confidence interval while a function EDcomp was used to test
for significant differences between EC values. Differences betweenlinear
regressions were determined by ANOVA and Tukey post hoc analysis.

Results
Enchytraeid reproduction test (ERT)

The performed tests fulfilled the validity criteria according to the OECD
guidelines (OECD, 2016). Namely, in controls the adult mortalitywas less
than 20%, the number of juveniles was higher than 50, with acoefficient
of variation lower than 50%. ERT results showed stronger ef-fects of TRI
and PYR compared to AZO in terms of survival (Fig. 1) andreproduction
(Fig. 2). Adult mortality had a significant dose- dependent effect. TRI
(LCso = 2.34 (2.13-2.55) mg/kg) was the most toxic followed by PYR
(LCso = 4.26 (4.06—4.47) mg/kg), while AZO (LCso = 150 mg/kg) showed
the lowest impact (Table 1).

Accordingly, the number of hatched juveniles was significantly re- duced
with TRI treatment (at all concentrations; p < 0.05) (Fig. 2C). PYR and
AZO caused a dose-dependent reduction in the number of hatched
juveniles, with a significant decrease at the highest concentra- tions
applied (Fig. 2). The EC values are summarized in Table 1.

Moreover, a significant increase in the number of unhatched co- coons
was observed in the AZO and PYR treatments (Fig. 2). The number of
unhatched cocoons increased almost threefold at a concentration of25
mg azo /kg and 1.25 mg pyr /kg compared to the control. Additionally,a
dose-dependent decrease in hatching rate was observed in the AZO
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Fig. 2. Reproduction of Enchytraeus crypticus after exposure to strobilurin fungicides azoxystrobin (AZO), pyraclostrobin (PYR) and trifloxystrobin (TRI) in LUFA 2.2. soil presented as the number of

juveniles (A) and the number of unhatched cocoons (B). Results are expressed as average == SD.
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Table 1

Summary of the effect concentrations (ECx) expressed as mg ai/kg d.w. soil estimated for
Enchytraeus crypticus after exposure to azoxystrobin (AZO), pyraclostrobin (PYR) and
trifloxystrobin (TRI) in LUFA 2.2 soil in Enchytraeid Reproduction test (ERT). Results show EC
and the 95% confidence intervals (in brackets).

LCio LCso LCoo
Survival AZO 132 (100-157) >150 >150
PYR 2,95 (2-3.20) 4.26 (4.06-4.47) 6.17 (5.2-6.57)
TRI 1.06 (0.95-1.50) 2.34 (2.13-2.55) 5.18 (4.3-6.1)
ECio ECso ECq0
Reproduction AZO 57 (40-75) 93 (79-103) 150 (110) 160)
PYR 0.50 (0.20-0.80) 1.85 (1.5-2.3) 3.80 (2.1-4.3)
TRI 0.000613 0.045 (0.031-0.079) 3.37 (1.2-3.9)

and PYR treatments. Namely, while more than 85% cocoons hatched in
the control, these percentages decreased significantly with increase of
SFs concentrations. In contrast, there were no significant changes in the
number of unhatched cocoons or hatching rate after TRI applicationat any
concentration applied.

Hatching dynamics

After prolonged exposure experiment, changes in hatching dynam-ics
were observed between the tested concentrations (Fig. 3). Compared to
the control at day 11, the tested SFs significantly inhibitedhatching rate
at 75 mg azo /kg, 150 mg azo /kg, 1.25 mg pyr /kg and
2.5 mg pyr /kg, respectively. However, the hatching rate changed with
the exposure time and, at the end of the experiment, a significant
difference was observed only between the control group and two highest
SFs concentrations applied (150 mg azo /kg and 2.5 mg pyr /kg). While the
hatching rate reached maximum (between 90 and 100%) and remained
the same until the end of the experiment in the control, it showed a time-
related increase in treatments with maximum after the 11th day.In
contrast to the control group where all juveniles hatched, number of
hatched juveniles from day 11 to day 19 of exposure in treatments dif-
fered and were concentration dependent. At the end, the number of
hatched juveniles reached almost 100% at 25 mg azo/kg, 60% at75
mg azo/kg, and almost 50% at 150 mg azo/kg, respectively. The same
pattern occurred with the PYR treatment. The percentage of hatched
juveniles (comparing 11th and 19th day) increased from 85% to
more than 90% at 0.625 mg ryr /kg, from 50% to almost 100% at 1.25
mg pyr/kg and from 13% to 65% at 2.5 mg ryr/Kkg.
Prolonged hatching tests allowed the study of hatching dynamics
and the calculation of the effective time (ETx) for hatching success at
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Table 2

Summary of the effect time (ETx) expressed in days, for cocoons of Enchytraeus crypticus when
exposed to azoxystrobin (AZO) and pyraclostrobin (PYR) in LUFA 2.2 soil. Results show EC and
the 95% confidence intervals (in brackets).

Active ETao (days) ETso (days) EToo (days)
ingredient

Control 0 mg/kg 9.78 (9-9.9) 10.38 (10.23-10.55) 11.01 (10-11.4)

AZO 25 mg/kg 9.17 (9.1-10.1) 10.21 (9.94-10.49) 11.77 (10-11.9)
75 mg/kg 12.84 (9.9-13) 16.80 (10.6-11.96) 24.44 (12.4-26.5)
150 mg/kg 13.27 (9.8-14.2) 19.08 (13.53-18.11) 27.45 (14.1-31)

PYR 0.625 mg/kg 9.38(9-9.8) 10.13 (9.87-10.39) 11.27 (11-13.2)
1.25 mg/kg 9.95 (9.3-10.5) 13.63 (11.89-13.31) 15.85 (13.4-18.2)
2.5 mg/kg 12.19 (11.6-14.2) 17.86 (11.2-21.4) 26.17 (14-29)

different exposure days. The differences in time required for hatching
are summarized in Table 2. Apart from the differences in the hatching
time required, the prolonged exposure also affected the calculated ef-
fective concentrations (ECx) (Table S3). The ECso differed significantly
between day 11 and 19, and increased from 34 (25-51) to 104
(62—147) mg/kg for AZO and from 1.08 (0.88—1.29) to >2.5 mg/kg for
PYR (Table S3).

Discussion

This study demonstrated an adverse effect of three SFs on survival,
reproduction and hatching success in E. crypticus. Furthermore, the
prolonged hatching test showed that AZO and PYR caused hatching im-
pairment and lead to hatching delay (at lower concentrations) or pre-
vent it completely (at higher concentrations). The difference in
sensitivity between life stages of soil organisms exposed to different
classes of chemicals has been confirmed in previous research (Castro-
Ferreiraetal., 2012; Gomes et al., 2018). In this research the adults were
less sensitive to the tested fungicides than juveniles as well.

It is challenging to prevent AZO from reaching the soil ecosystems
knowing that it is the best-selling fungicide worldwide (Zhang et al,,
2019). AZO was thought to degrade relatively rapidly in the environ-
ment and therefore a low risk for soil organisms was predicted (Bartlett
et al, 2002). However, AZO is more persistent in aerobic than in
anaerobic soils and the degradation time depends on the chemical and
microbial properties of the soil (Rodrigues et al,, 2013). Furthermore, a
median dissipation time between 56 and 279 days is enough to affect
several generations of enchytraeids. Due to poor mobility, it mostly re-
mains in the soil and becomes persistent in the soil environment (Wu et
al,, 2016). Our results showed that AZO was the least toxic comparedto all
three tested SFs, with an LCso > 150 mg/kg. These values were

A B
AZQO PYR
Wl o
L5 b-ee U
= =
g ' 2
z 4 T B
= . =
T3 - 3
= 77 TT%¥ =
2 2
© P Yo =
= 24 - * o
7 -
S 1 l =]
s 1 et S
Z g Z
0 - - 1
T
15
Day Day
QO Omg,;/kg O 0.625mg,;/kg @ 1.25mg,; kg @ 2.5mg,;/kg
@ 25mg,;/ke @ 75mg,;/'kg @ 150 mg,; kg

Fig. 3. Results of the Hatching test (HT) of synchronized Enchytraeus crypticus cocoons exposed to azoxystrobin (AZO) (A) and pyraclostrobin (PYR) (B). Results are expressed as average == SD. The

lines represent the model fitted to data.
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higher than the ones reported by Gomes et al. (2021) (LCso 39 (34—45)
mg/kg). However, those were obtained with pure active substance,
while we used the commercial formulation. The same difference was
with the ECso for reproduction, with lower values in experiment with
pure substance (ECso = 37 mg/kg, Gomes et al,, 2021), than with com-
mercial formulation as is ours (ECso 93 (79-103) mg/kg) and from
Leitdo et al. (2014) (ECso = 99.2 (73.3—125.7) mg/kg), which were sim-
ilar. These results suggest different effect size and toxicity of commercial
formulations and pure compounds. Furthermore, treatment with AZO
significantly increased the number of unhatched cocoons at 25 mg/kg
and 75 mg/kg indicating hatching impairment rather than preventing
cocoons production.
In this study, PYR showed stronger adverse effects than AZO against
E. crypticus in terms of both survival and reproduction. As AZO, PYR also
caused hatching impairment, resulting in a hatching delay. To our
knowledge, PYR has not been tested on enchytraeids before. So far the
only research was on earthworms reporting that PYR disrupts the oxi-
dative balance in E. fetida (Ma et al.,, 2019). However, potentially nega-
tive impacts on reproduction, growth, and development are unknown.
Although the data on the effect of TRI on soil environment and soil
organisms are insufficient, Wang et al. (2012) reported a negative effect
of TRI on E. fetida in terms of survival with an LCso of 401.3
(309.4-539.1) mg/kg obtained with filter paper contact test. Soil expo-
sure to TRI of earthworm E. fetida showed that TRI and its main
metabolite TRI acid exhibited biochemical toxicity and genotoxicity
(Liu et al., 2020). Compared to the results obtained in this study, at
the same concentration range, TRI exhibited higher toxicity toward
enchytraeids than earthworms.
In contrast to soil organisms, the effects of SFs in aquatic organisms,
particularly in zebrafish Danio rerio, are widely studied (Zhang et al.,
2020c). The unique feature of the zebrafish is the possibility of using it
for embryotoxicity tests. The zebrafish embryo standard toxicity test
(OECD, 2013) is a good example where embryotoxicity has been exten-
sively studied. Many SFs have been shown to affect embryonic develop-
ment. Thus it is known that AZO, FLUO, PICO, PYR, TRI and KRE led to
high embryonic development toxicity (hatching inhibition, mortality,
and teratogenic rates, reduce respiration and decreased mitochondrial
function) (Jiang et al., 2019; Kim et al., 2020; Kumar et al., 2020; Mao et
al,, 2020; Zhang et al,, 2020a). One of the adverse effects is the slowing
of embryonic development, which leads to the prolonged time required
for complete embryonic development and hatching, which is observed
in PYR, KRE and FLUO exposed zebrafish (Maoet al., 2020; Zhang et
al., 2020a). We observed the same effect after a prolonged hatching test
with synchronized E. crypticus cocoons exposedto AZO and PYR. Namely,
after 11 days of exposure, more than 90% ofju-veniles hatched in control,
which proved to be a sufficient time for
E. crypticus to complete embryonic development and hatch (Bicho et
al, 2015). However, while in the control the hatching rate reached
maximum (between 90 and 100%) and remained the same until the end
of the experiment, it showed a time-related increase in treatmentswith
maximum after the 11th day. This suggests that SFs at lower con-
centrations affect embryonic development and hatching success more
than the cocoon production itself. Furthermore, after 19 days of expo-
sure, the remaining unhatched cocoons were dry or damaged and would
not hatch even after prolonged exposure. Observation of hatch-ing
dynamics after exposure to AZO and PYR showed that some concen-
trations led to delayed hatching, while higher concentrations led to a
hatching impairment. Comparison of time needed for hatching in con-
trol and pesticides treatments is of high ecological relevance, as a delay,
not impairment, will influence population dynamics (Rodrigueset al.,
2020). The hatching delay has been observed after exposure of
E. crypticus to some other chemicals as well. Namely, full life cycle test
exposure to Ni nanoparticles caused a hatching delay and only after25
days the number of organisms was similar to the control (Santos et al.,
2017). Prolonged exposure (11-17 days) of 1-2 days old
E. crypticus cocoons to different Ag (nano) materials also allowed
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discrimination between hatching delay and impairment (Rodrigues et
al, 2020). A study with the earthworm Aporrectodea caliginosa re-
ported that the most sensitive endpoint was the hatching success of the
cocoons produced by exposed adults (Bart et al., 2019). Furthermore,the
cocoons produced by exposed adults took additional five days to hatch
and had alower hatching success than cocoons produced by non- exposed
adults. This finding could also explain the difference between alarge
number of unhatched cocoons after exposure to AZO (25 mg/kg) in ERT and
80% of hatched juveniles at the same concentration in prolonged hatching
test. Such results suggest that AZO does not only alter cocoonproduction
at higher concentrations but also their viability at lower con- centrations.
A similar effect was observed with the PYR treatments. It isnoticeable that
AZ0 and PYR at lower concentrations caused a hatchingdelay that was
not previously described in enchytraeids. Furthermore, hatching
dynamics showed a different response in the control group and at lower
concentrations than it was the case at higher exposure con- centrations.
Namely, at control treatments and at lower concentrationsthe hatching
dynamics shows a logarithmic growth, while in the case of higher
concentrations this growth is exponential (Fig. 3). Furthermore, the
implementation of the prolonged hatching test enables monitoringof the
hatching dynamics and emphasizes importance of the experimentduration
on the obtained results. Besides, the hatching test can serve as ascreening
tool that will show whether a substance causes the hatchingdelay or
completely prevents it. Hence, it would be effective to conduct research
that will monitor the impact of SFs throughout the life cycle of an
organisms over several generations.

Current toxicological studies on SFs focus on acute or chronic toxicity,

but the toxicological mechanisms are still unclear (Zhang et al,, 2020c¢).
AZO0 and PYR induced oxidative stress, genotoxicity, and neurotoxicity in
zebrafish (Li et al,, 2019) suggesting the need to investigate its effect on ox-
idative stress, neurotoxicity and genotoxicity biomarkers in enchytraeidsas
well. In addition, it is necessary to investigate the influence of otherSFs
such as PICO, FLUO, and KRE that are listed as high toxic for zebrafishand
can cause oxidative stress and affectlarval development (Jiang etal.,2019;
Mao etal.,, 2020), but has not been tested with enchytraeids.

Conclusion

This study demonstrated the adverse reproduction effects of threeSFs
on the soil non-target organism E. crypticus. Overall, TRY exerted the
strongest toxicity on both survival and reproduction compared to PYR
and AZO. Application of standard ERT estimated the effects of pes-ticides
on survival and number of juveniles, yet the prolonged hatching test
allowed recognizing the difference between hatching delay and
complete hatching impairment (non-viability of cocoons) at lower ex-
posure concentrations. Obtained results highlighted the importance of
further research of SFs impact on enchytraeids. Furthermore, an applica-
tion of test with different endpoints regarding reproduction provides a
better insight into the action of an individual substance. Such tests could
be implemented in future studies together with different bio- markers of
oxidative stress, neurotoxicity or genotoxicity to further un-derstand the
mechanism of SFs toxicity.
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ABSTRACT

Due to the often-excessive usage of fungicides, increasing attention is being paid to their impact on soil and non-
target organisms. Risk assessments are usually based on the pure active ingredient and not on the formulated
products applied in the environment. The aim of this study was therefore to investigate how azoxystrobin, the best-
selling strobilurin fungicide, affects non-target soil organisms Enchytraeus albidus. To investigate the effects of the
different types of azoXystrobin, E. albidus was exposed to the pure active ingredient, AZO_Al, and the formulated
product, AZO_FP. Survival, reproduction, and molecular biomarkers of E. albidus were determined for different
exposure durations (seven and 21 days). AZO_FP (LCso = 15.3 mgai/kg) showed a slightly strongereffect on
survival than AZO_AI (LCso = 16.8 mgai/kg), yet the impact on reproduction was much stronger. Namely, while
the tested concentrations of AZO_AI (ECso> 8 mgai/kg) had almost no effect on reproduction, AZO_FP (ECso = 2.9
mgai/kg) significantly inhibited reproduction in a dose-dependent manner. Changes in enzyme activities
(superoxide dismutase, catalase, glutathione-s-transferase) and malondialdehyde levels in both treatments indicated
oxidative stress. Although AZO_FP had a stronger negative effect, the impact depended on the exposure time and the
tested concentration. The higher toxicity of AZO_FP was a consequence of increased bioavailability and activity of the
active ingredient due to the presence of adjuvants. Overall stronger adverse effects of AZO_FP suggest that the toxicity
of azoXystrobin in the agricultural environment on the enchytraeid population may be underestimated. Furthermore,
the results of this study highlighted the importance of comparing the toxicity of the active ingredient and the
formulated product.

1. Introduction

kg were detected in Chinese soils (Xu et al,, 2021). Namely, due to the increase
in average humidity and temperatures, the possibility of fungal disease

To ensure high crop yields and protection against plant diseases and pests,
plant protection products (PPPs) are commonly used in modern agriculture.
Among the PPPs sold in the European Union (EU) in 2019, fungicides
represented 40% of sales (Eurostat). Strobilurin fungicides(Sfs) are one of
the essential fungicides used in large quantities world- wide due to their
efficacy. SFs act by blocking ATP production and thus impairing
mitochondrial respiration (Bartlett et al., 2002). AzoXystrobin (AZO) is one
of the most important and highly efficient broad-spectrum SFs. Due to its
wide use, AZO enters the aquatic and soil ecosystem through agricultural
and urban runoff. The presence of azoXystrobin residues was detected in 22
out of 317 soil samples collected acrossEurope (Silva et al, 2019). The
reported median concentration of azoxystrobin was 0.03 mg/kg, while the
maximum concentration reached 0.25 mg/kg. Moreover, concentrations
of AZO up to 9.5mg/

* Corresponding author.
E-mail address: hackenberger@biologija.unios.hr (B.K. Hackenberger).
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development in crops has increased, which has consequently led to an
increased application of all PPPs, and especially fungicides.

Among SFs, AZO has attracted scientific attention because of its
overapplication and ecotoXicity. AZO has been shown to affect various
non-target organisms, including mammals, amphibians, aquatic, and soil
organisms (Zhang et al., 2020). While the impact on aquatic or- ganisms
have been extensively studied (for areview see Rodrigues etal.,, 2013), most
of the research among soil organisms has been conductedon earthworms
(Wangetal,, 2012; Han et al.,, 2014; Zhang et al., 2018;Zhang et al., 2020;
Xu etal, 2021; Wu et al., 2021). AZO tested as an active ingredient was
highly toXic (Wang et al., 2012) and causedoXidative stress to earthworm
Eisenia fetida, leading to lipid peroxidation and DNA damage (Han et al,
2014). However, testing only the active ingredient may lead to an
underestimation of the ecotoxicological
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effects of AZO. Namely, due to recommendations in regulatory guidelines,
the use of pure active ingredients instead of formulated products is common.
Nevertheless, it has been shown that the effect of a formulated product is
often stronger than that of a pure active ingredient (Marqueset al,, 2009;
Mesnage et al, 2014; Gomes et al, 2021). Recent researchhas also
highlighted the importance of studies that include both a pure active
ingredient and a formulated product (Gomes et al., 2021).

Enchytraeids are recognised as indicators of soil quality (Didden and
Ranbke, 2001; Castro-Ferreira et al.,, 2012; Pelosi and Ranbke, 2016).
They play an important role in soil ecology, especially in soils under tillage
pressure, where the number of earthworms is reduced. Namely,
enchytraeids affect the decomposition of organic matter, bioturbation, and
the circulation of nutrients in the soil, thus improving soil structure,
porosity, and quality (Briones, 2014; Maraldo et al, 2011). Due to their
features, Enchytraeus albidus and E. crypticus are commonly used in
ecotoxicology tests. E. albidus, the larger of the two species, can be found in
the surface soil layers, especially in soils with a high content of organic
matter. It can be found in diverse habitats, from temperate re- gions to the
arctic (Christensen and Dsa-Farkas, 2006). Due to its wide distribution,
this species is considered a more relevant indicator or- ganism compared to
the earthworms Eisenia fetida and E. andrei (Ranbke and Moser, 1999).
Moreover, E. albidus has a generation time of 33 days at 18 °C (ISO, 2004),
which allows the performance of the

reproduction test in six weeks (OECD, 2016). Furthermore, in additionto
the effect on survival and reproduction, it is possible to determine the effect
on a wide range of endpoints and molecular biomarkers. However, existing
information on the impact of strobilurin fungicides on this species is
insufficient. Recent results addressed only the impact of AZO on E. crypticus
(Leito et al., 2014; Gomes et al., 2021). In addition to effects on survival
and reproduction, a hatching delay has been demonstrated (Kovacevic et
al.,, 2021a). However, the impact on mo- lecular biomarkers of
enchytraeids has not been studied. Biomarkers can be used as an early
warning system to detect stress following exposure tospecific toXicants or
stressors (Lam and Gray, 2003). The assessment of biomarkers at different
levels of an organism's organization providesbetter insight into response to
contaminants.

The multixenobiotic resistance mechanism (MXR) found in aquatic and soil
organisms, including enchytraeids (Kovacevi¢ et al., 2021b), serves as a
defence system and acts by pumping harmful substances out of the cell
(Kurelec, 1992). Its activity can be assessed by measuringchanges in the
accumulation of fluorescent substrates. MXR effects fungicide toXicity by
active pumping fungicides out of the cell, thus reducing their accumulation.
However, if the MXR system is inhibited,the fungicides accumulate in the
cell and toxic effects occur. Simulta-neously, when an organism comes into
contact with harmful substances, free radicals are produced and antioxidant
defence is activated. The role and effectiveness of the first phase of
detoxification depend on the activation of antioxidative enzymes such as
superoXide dismutase (SOD) and catalase (CAT). If the first phase does not
eliminate all harmful molecules, second phase enzymes, such as glutathione-
s-transferase (GST), are activated. Sometimes, however, the action of toXic
sub- stances is too strong and lipid peroxidation (LPO) occurs, indicating
long-term damage. To obtain a more comprehensive picture of the effect of
the toXicant, it is important to also assess the impact on the energy status of
the organism. Namely, available energy and energy balance are crucial for
key processes in an organism such as basal metabolic rate, growth, and
reproduction (Novais et al., 2013). Therefore, measuring protein, lipid, and
carbohydrate content are essential to evaluate available energy reserves.

In this research, the impact of AZO on Enchytraeus albidus was evaluated to
obtain new information on the differences between the toxicity of the pure
active ingredient and the formulated product. Therefore, multiple endpoints
were assessed. In addition to survival and reproduction, effects on MXR
activity, oxidative status, and available energy reserves were measured.

Pesticide Biochemistry and Physiology 187 (2022) 105198

2. Material and methods

Test organism and soil

As a model organism, the soil annelid Enchytraeus albidus (Oli- gochaeta:
Enchytraeidae) from the culture maintained in the laboratory at the
Department of Biology in Osijek (Croatia) were used (OECD 220, 2016; ISO
16387, 2012). The culture was established in 2014 from or- ganisms
provided by the Complutense University of Madrid. The or-ganisms were
kept in moist soil in a climate room and fed ad libitum with oatmeal. The
temperature was set at 20 1 °C, relative humidity at 60% with a photoperiod
of 16 h of light and 8 h of darkness.

All experiments were carried out in artificial soil (AS) (OECD 220, 2016) that
consists of air-dried quartz sand (70%), kaolin clay (20%)and sphagnum
peat (10%). As prescribed in the guidelines, the soil pH was modified by
adding CaCOs up to 6 + 0.5.

Test materials and spiking

The active ingredient azoXystrobin (AZO_AI) (Pestanal®, analytical
standard, 98.9%) and the fungicide formulated product Quadris® (AZO_FP)
(Syngenta) were used. AZO_FP based on the active substance azoXystrobin
(25%) contains adjuvants 1,2-benzisothazol-3(2H)-one (0.025-0.05%),
naphthalene and alkyl naphthalene sulfonic acid form-
aldehyde condensate and sodium salts (1 < 10%). The recommended
application dose for AZO_CP in the field is 1 L/ha or 0.17 mg ai/Kg soil.
Priory the final experiment, a range-finding test was conducted. Tested
concentrations were 0, 1, 2, 3, 4,5, 6,8, 10, 14, 18,22, 25, 52,75,100 and
150 mg ai/Kg soil for AZO_Al and AZO_FP. Concentrationsfor the final test
were selected based on the recommended applicationdoses for AZO_FP
and according to the results of the range-finding test.The concentrations
used in the test were 0, 0.085, 0.17, 1.45, 2.7, 4 and8 mg .. /Kg soil for
AZO_Al and AZO_FP. The AZO_AI was prepared bydissolving in organic
solvent (acetone) and diluted to the tested con-centrations. After
dissolving, the required concentrations of AZO_Alwere added in 2 mL of
acetone to each replicate, homogeneously mixed,and left for 24 h to
evaporate. Solvent controls were run in parallel withthe test. The soil
moisture was adjusted with water until 60% of thewater holding
capacity (WHC). As AZO_FP is water-soluble, a stock so-lution was
prepared and diluted. The required concentrations of AZO_FPwere
dissolved in water and separately added to each replicate in theamount
required for 60% of the water holding capacity (WHC). The soilwas
miXed homogeneously and allowed to equilibrate for 24 h before thestart
of the tests. Clean soil with the required amount of water was used
as a control.

Test procedures and sample preparation

The range-finding test was conducted in three replicates per test
concentration. 10 adult organisms with well-developed clitellum were
exposed to different concentrations of AZO_FP and AZO_Al for seven days.
To determine LC values survival was determined after 24 h, 48 h, 72 h, 96
h and seven days.
The reproduction test was carried out according to the standardised
enchytraeid reproduction test (ERT) guidelines (ISO, 2012; OECD, 2016).
Ten adults with well-developed clitellum were introduced into each test
vessel containing 20 g of moist soil and food supply (auto-
claved rolled oats). The test was carried out at 20 -1 °C and a photo-
period of 16: 8 h for six weeks (42 days). Water and food were replenished
weekly, according to weight loss. Five replicates per test concentration were
used. After 21 days, the surviving adults were

extracted and counted, pooled per replicate, weighted, and stored at80

_ °C. 21 days after removing adults (42 days after beginning the
experiment), the juvenile organisms were fixed with ethanol and stained
with Bengal rose (1% in ethanol). After 24 h, soil samples were sieved
through the mesh (63 pm) to separate enchytraeids from soil and
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facilitate counting with a stereomicroscope.

Simultaneously with the ERT, a seven-day exposure with identical settings
was conducted. To provide a better understanding of the effects of
fungicides and to allow a comprehensive consideration of changes in
multiple endpoints at different periods.

Parallel with the above tests, ten replicates with ten organisms pertest
concentration were used to measure MXR activity. MXR activity was
measured on day seven (5 replicates per test concentration) and day 21(5
replicates per test concentration) as the accumulation of Rh123 ac-
cording to Kovacevic et al. (2021b).

Oxidative status and energy reserves were measured in the whole
organisms that were pooled per replicate and homogenized (IKA RW20
digital homogenizer) in a cold potassium phosphate buffer (0.1 M, pH7.4)
(1: 15, w: v ratio). Post-mitochondrial fraction (S9) was obtained after
centrifugation of homogenates for 30 min at 9000g and 4 °C. Ho- mogenates
and S9 fractions were stored at 80 °C until further analysis. Homogenates
were used for measuring MDA, lipid and carbohydrate content while in S9
protein content and activities of enzymes SOD, CAT and GST werw
mwasured.

Oxidative status

SOD was measured according to McCord and Fridovich (1969), CAT
activity was determined with the method of Claiborne (1985) and GST
activity was evaluated with the method described by Habigetal. (1974). LPO
was determined as the malondialdehyde (MDA) content according to Gagne
(2014). All enzyme activities and MDA contents were calcu- lated per
protein content and expressed relative to their respective control.

Energy reserves

To determine the available energy reserves, the total protein, lipid, and
carbohydrate content were quantified. The method described by Bradford
(1976) was used to measure protein content in the S9 fraction, while the
lipid and carbohydrate contents were determined in homog- enate using the
methods described by Frings et al. (1972) and Jermyn (1975). For
transforming energy sources into energetic equivalents, the enthalpy
combustion method described by De Coen and Janssen (1997, 2003) was
used. Results were expressed relative to their respective control.

Data analysis

Data analyses were performed with statistical software R version

4.3.0 (R Development Core Team, 2021) and RStudio (RStudio Team,2021).
Data normality was tested using the Shapiro-Wilk test and ho-mogeneity
of variance was assessed by the Bartlett test. As data werenormally
distributed, ANOVA, followed by a Dunnett post hoc test (p < 0.05) was
used. Effect concentration (ECX) and lethal concentration (LCX) were
calculated by fitting the curve in the package drc to the three-parameter log-
logistic models (function LL.3) (Ritz et al., 2015).

Results

The test validity criteria described in OECD 220 (2016) were met. Namely,
adult mortality in the reproduction test was below 10% and the number of
juveniles was higher than 50. The range-finding test showed a slightly
stronger negative effect of AZO_FP on survival (Table 1). The

results of the reproduction experiment (21 days of exposure) showed a
significant inhibition (ANOVA, p < 0.05) of reproduction with the highest
treatment of AZO_AI (8 mga.i./Kkgsoi1) and most AZO_FP treat- ments (1.45,
2.7, 4, and 8 mga.i/kgson) (Fig. 1). Additionally, the calculated ECso values
show that AZO_CP has a stronger adverse effect

on reproduction compared to AZO_AI (Table 1). Moreover, an increased
number of unhatched cocoons was observed in some AZO_FP treatments

Table 1
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Lethal (LCx) and effect (ECx) concentrations expressed as mg ai./Kg soil calculated for
Enchytraeus albidus after exposure to azoxystrobin as the pure active ingredient
(AZO_AI) and formulated product (AZO_FP). Results are expressed as LC/EC and the
95% confidence intervals.

Exposure LC1o0 LCso LCoo
time
AZO_Al 24h 16.31 20.54 29.84
(15.20-17.42) (19.76-21.32) (26.03-32.93)
48h 19.89 18.76 23.64
(13.73-16.05) (18.19-19.33)  (21.84-25.44)
72h 12.66 17.65 21.53
(11.69-13.63) (17.30-17.99)  (20.50-22.63)
7 days 11.95 16.76 19.14
(11.21-12.70) (16.51-17.01)  (18.27-20.00)
AZO_CP 24h 12.19 18.44 33.72
(11.41-12.98) (16.62-20.26)  (29.97-37.48)
48h 11.67 18.12 31.58
(11.17-12.17) (17.47-17.76)  (29.36-33.80)
72h 11.61 16.98 30.84
(10.98-12.50) (16.47-17.50)  (28.12-33.56)
7 days 10.65 15.29 26.98
(10.14-11.17) (14.88-15.71)  (24.99-28.97)
EC10 ECso ECo0
AZO_Al 21 day >8 >8 >8
AZO_CP 21 day 1.23 2.94 6.21
(0.40-2.06) (2.41-3.73) (3.84-7.78)
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Fig. 1. The number of juveniles after exposure of Enchytraeus albidus to azoX-
ystrobin as a pure active ingredient (AZO_AI) and formulated product (AZO_FP)
presented as the number of juveniles. Results are expressed as the average
number of juveniles * SD.

(> 15 at 1.45 and > 8 at 2.7 mgai/Kgsou) and highest AZO_Al treatment(8
mga.i./kgsoil)-

In addition to population biomarkers, both AZO_Al and AZO_FP
demonstrated negative effects on cellular and molecular biomarkers. MXR
activity was only affected after seven days of exposure to AZO_Al

and AZO_FP. AZO_AI significantly induced (ANOVA, p < 0.05) MXR
activity at lower concentrations (0.17, 1.45 mgai/Kg soi), while AZO_FP
inhibited MXR activity and caused the accumulation of R123 within cells
at 4 and 8 mga.i/ kg soil (Fig. 2).

Moreover, exposure to both AZO_Al and AZO_FP induced changes in
measured enzyme activities (Fig. 3). Namely, both substances tested led
to a significant induction (ANOVA, p < 0.05) of SOD and CAT activities
after seven days of exposure. After 21 days of exposure, SOD and CAT
activities returned to control levels. While AZO_Al induced GST activity
after seven days, AZO_FP caused induction after 21 days. The MDA
content increased significantly (ANOVA, p < 0.05) after 21 days of
exposure to AZO_AI (2.7 mgai/kg son) and AZO_FP (4 and 8 mgai/kg
soil)-

The total available energy reserves after exposure to AZO_Al and AZO_FP in
different time intervals are shown in Fig. 4.In organisms from
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Fig. 2. Fig. 2. Rh123 relative content in Enchytraeus albidus after exposure to azoXystrobin as a pure active ingredient (AZO_AI) and formulated product (AZO_FP).

Resultsare relative to the corresponding control and expressed as average * SD.

the control treatment, the ratios of individual energy reserve fractions were
similar at different time points. Thus, proteins accounted for about 50% of
the total available energy, lipids 40%, and carbohydrates 10%.No changes
were observed in the total available energy reserves after exposure to
AZO_AL However, there was a shift in the proportion of each energy reserve
fraction. Namely, after seven days of exposure, a signif-

icant decrease (ANOVA, p < 0.05) in protein and carbohydrate content was
observed, while lipids significantly increased (ANOVA, p < 0.05) (up to
54% of total available energy reserves). After 21 days of exposure, lipids
decreased significantly (ANOVA, p < 0.05) (up to 25% of total available
energy), while proteins and carbohydrates were at the control level. The
highest concentration of AZO_FP caused a significant increase (ANOVA, p <
0.05) in total available energy reserves after seven and 21 days of exposure.
Namely, a significant increase (ANOVA, p <0.05) inthe amount of energy
available occurred after seven days due to the increase in lipid content,
while the increase after 21 days was the resultof the increase in protein,
lipid and carbohydrate content.

4. Discussion

The effects of AZO on E. albidus were evaluated by measuring various
endpoints after seven and 21 days of exposure. Although no significant
differences were observed between the impact of AZO_Al and AZO_CP on
survival, species-specific sensitivity between E. albidus and

E. crypticus was observed. E. crypticus has been reported as a more
tolerant species to toXicants than E. albidus (Pokarzhevskii et al,, 2003).
Consequently, E. albidus (LCso = 1529 mgai/kgsoy) showed higher
susceptibility to AZO_FP than E. crypticus (LCso 150 mgai/Kkgsoil)
(Kovacevic et al.,, 2021a). Similarly, Gomes et al. (2021) reported an
LCso of 39 mgai/Kkgsoi after exposure of E. crypticus to AZO_Al, also
indicating a higher susceptibility of E. albidus (LCso = 20.54 mgai/
kgsoil). The differences in toXicity between the species are attributed to
peculiarities in life cycle duration (Pokarzhevskii et al., 2003). EXcept for
survival, both AZO_Al and AZO_FP affected the reproduction rate of E.
albidus. Although AZO_AI has an impact on reproduction only at the
highest tested concentration (8 mga.i/kgson), AZO_CP caused a decrease in
reproduction at concentrations higher than 0.17 mgai/kgsi. The negative
impact of the formulated products on E. crypticus reproduction has been
shown in previous studies with ECso values ranging from 37 mga.i./Kgsoil to
99.2 mga.i./Kgsoil (Gomes et al., 2021; Leit? et al., 2014; Kovacevic et al.,
2021a). Moreover, the increased number of unhatched cocoons observed
in some treatments suggests an effect on embryonic development. The
same effect was observed in E. crypticus (Kovacevic

etal, 2021a). Namely, atlower concentrations, AZO_FP caused impairment
of embryonic development, while at higher concentrations the reproduction
rate was reduced. Zebrafish (Danio rerio) embryotox- icity test showed that
azoXxystrobin alters mitochondrial bioenergetics and causes developmental
toxicity (Yang et al, 2021). Moreover, early developmental stages are
expected to have less robust and established antioXidant defence systems
which may lead to high levels of oxidative stress that result in genotoxicity
(Zhang et al, 2020). Additionally, the higher toxicity of AZO_CP may be
caused by adjuvants, which increase the bioavailability of active ingredients
and allow them to pass more easily through cocoon and bind to target sites
and consequently increasing toxXicity to non-target organisms (Pereira et
al,, 2009).

The survival of organisms in an environment with a high concen-
tration of pollutants depends on the MXR mechanism and the efflux of a
toxicant from the cell (Epel et al., 2008). The function of the ABC transporters
in the MXR mechanism can be affected by pesticides. Namely, some
pesticides act as chemosensitizers and can inhibit or induce the activity of
the MXR system in enchytraeids (Kovacevic et al., 2021b) and earthworms
(Velki and Hackenberger, 2013). Furthermore, the activity of the MXR
system is extremely sensitive to the concentra- tions of available substrates.
Namely, while a small amount of substrate activates the MXR system, higher
concentrations inhibit it (Velki and Hackenberger, 2013). Therefore, the
opposite response of the MXR mechanism observed after seven days of
exposure to AZO_Al and AZO_CP could be associated with the different
availability of the active ingredient. In other words, adjuvants
formulated products enhancethe absorption and stability of the active
ingredient, thus promoting its pesticidal action (Mesnage and Antoniou,
2018). Moreover, the main adjuvants of AZO_FP, 1,2- benzothiazole-3(2H)-
one (EU regulation No. 528/2012, 2022; IMAP, 2020; EPA, 2021) and
naphthalene (EPA,

2008), have no adverse effects on non-target soil organisms at the
concentrations present in this study, but certainly, enhance AZO uptake and
stability. Since inhibition of MXR activity causes longer retention of toXicants
in the organism, it leads to higher toXicity of AZO_CP.

Changes in antioXidant enzyme activities can indicate the mecha-
nism by which organisms protect themselves from toXic effects.

in

Although the influence of AZO on enchytraeid enzyme activity has not
been investigated, the research carried out with the earthworm E. fetida
indicates the importance of the enzymes SOD and GST (Han et al., 2014;
Xu et al, 2021). SOD is part of the primary antioXidant defence mech-
anism and acts in the conversion of the superoxide anion radical (027) to
hydrogen peroxide (H202) (Ighodaro and Akinloye, 2018). SOD  induc- tion
has been reported in earthworms exposed to AZO_AI (Han et al,
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Fig. 3. Differences in biomarker responses of SOD, CAT, GST and MDA in Enchytraeus albidus after exposure to azoXystrobin as the pure active ingredient (AZO_AI)and
formulated product (AZO_FP) presented as the number of juveniles. Results are relative to the corresponding control and expressed as average * SD.
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20.14; Xu et al, 2021). However, while SOD activity in earthworms
increased with exposure time, SOD activity in enchytraeids was induced only
after seven days of exposure. This response suggests the high effi-
ciency of this enzyme in enchytraeids, which successfully convert 0%~
after a short exposure time. Although the research suggests different
importance and CAT responses in E. fetida (Han et al., 2014; Xu et al, 2021),
the results obtained indicate that its activity plays a vital role in
enchytraeids. Like SOD, CAT showed high efficacy, and after prolonged
exposure due to substrate deficiency, its activity returned to the levels
observed in control. GST is a crucial second-phase detoxifying enzyme that
scavenges lipid hydroperoxides to reduce oxidative damage. GSTwas the
most important detoXification enzyme in earthworms after AZO_AI
treatment (Han et al, 2014; Xu et al, 2021). Namely, GST ac-tivity
increased with increasing concentration and exposure time. Although
AZO_AI induced GST activity in enchytraeids after seven daysof exposure,
after 21 days, induction was recorded only at the highest concentration
tested. Again, this response suggests the success of thedetoxification system
in enchytraeids and the lack of substrate for GST after 21 days of exposure.
On the contrary, AZO_CP caused GST induc-tion only after 21 days of
exposure. Namely, the substrate concentration formed after seven days of
exposure was not sufficient for GST induc- tion. However, the higher
induction of GST after 21 days of exposure suggests a high substrate
production and thus stronger oXidative stress than observed in the AZO_Al
treatments. When ROS are formed in sig- nificant amounts, a saturation of
antioxidant defence occurs. As a consequence, damage to lipids and other
vital molecules may occur.
Most commonly, the degree of lipid peroxidation (LPO) is assessed by
measuring the MDA content as a biomarker of oxidative damage (Duryee
etal, 2010). ROS production after seven days was insufficientto promote
LPO and increase MDA content in E. fetida exposed to AZO_Al (Han et al.,
2014; Xu et al, 2021). However, after prolonged exposure, LPO was
observed. The same pattern was observed in enchytraeids. Moreover, the
level of LPO again suggests a higher impact of AZO_CP than AZO_AlL
The impact of AZO on mitochondrial metabolism and induction of oxidative
stress suggests a possible imbalance in the energy metabolism of E. albidus.
Therefore, total protein, lipid, and carbohydrate content were measured to
determine the level of available energy reserves. AZO_AI and AZO_FP
affected the energy reserves of E. albidus differently. Although no changes in
total available energy reserves were observed after exposure to AZO_Al,
AZO_FP caused an increase in available energy reserves at the highest tested
concentration after seven and 21 days of exposure. Moreover, both AZO
forms induced a change in the proportion of energy fractions. In control
organisms, the proportion of energy reserve fractions was similar to
previous studies (50 (proteins): 40 (lipids): 10 (carbohydrates)) (Amorim et
al, 2012; Novais et al, 2013). However, after seven days of exposure to
AZO0_A] protein and carbo- hydrate content were significantly reduced, due
to an intense defence against oxidative stress and increased energy demand.
Carbohydratesare commonly used as a primary energy source under stress
conditions (Moolman et al., 2007). A reduction in carbohydrate content is a
com- mon response in enchytraeids after exposure to pesticides (Novais and
Amorim, 2013). On the contrary, lipid content was increased after seven
days of exposure to AZO_AI, indicating inflammatory stress (Gomes et
al,, 2015). After 21-days, proteins and carbohydrates were equivalent to
the control, while lipid content was significantly reduced. The reduction
in lipid content is associated with increased LPO, which may lead to a
reduction in available energy. Exposure to AZO_FP had a different effect
on the time course of the energy reserves. After seven days, the
carbohydrate content was reduced and lipids increased. However, a
significant increase in protein, carbohydrate, and lipid content was
observed only at the highest concentration after 21 days of exposure. This
increase in protein synthesis, carbohydrate, and lipid accumulation can be
explained as a stress response. Namely, Tripathietal. (2010) reported that
an increase in protein content observed in earthworms indicates the
possibility of increased synthesis of stress
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proteins.
After application, formulated products can be absorbed by the plant,
deposited on the surface of the soil, or adsorb onto organic matter or clay
in the soil (Hildebrandt et al., 2007). AzoXystrobin is mainly applied as a
foliar fungicide, and if the treatment is carried out too early, >50% ofthe
applied fungicide can end up directly on the soil (Jensen and Spliid, 2003).
According to Flury (1996), the active ingredient is released from the
formulation after application. However, the release rate depends on
various factors such as the type of formulation and environmental
conditions. The observed differences between the response of E. albidus to
AZO_FP and AZO_Al indicate a slow release of azoXystrobin from the tested
formulation. Furthermore, low mobility of different forms of azoxystrobin
and a higher residue level were observed in the upper
layers of the soil (0-20 cm) (Herrero-Hernadez et al., 2015; Ghosh and
Singh, 2009). Considering that enchytraeids are found in the surface layers
of the soil, their exposure to azoXystrobin becomes almost inev- itable.
Moreover, the oxidative stress observed at the recommended application
dose of AZO_CP (0.17 mgai/Kkgs) indicates a possible riskto enchytraeids
after field application of the formulated products. Although enchytraeids
successfully eliminated oXidative stress and reproduced unhindered, higher
concentrations may affect embryonic development and reproduction. The
leaching behaviour of fungicides plays a major role in the accumulation and
impact of fungicides on soil organisms. Khan and Brown (2016) observed
differences in leaching between the active ingredient and the formulated
products. However, the biggest difference was observed between the
emulsifiable concen- trate (EC) and suspension concentrate (SC)
formulation, indicating a high impact of adjuvants on the leaching of the
active ingredient. ECformulations contains emulsifying agents in a water-
insoluble organicsolvent, which is designed to form an oil-in-water emulsion
upon dilu- tion that affects the behaviour of pesticide activity. They can
restrict the pesticide molecule from dissolving in water or may retard
processes controlling sorption to soil with the oily organic solvents
surroundingthe pesticide molecule, thus increasing pesticide leaching. On
the other hand, SC usually contains suspension agents, wetting agents, and
thickeners that may reduce leaching (Khan and Brown, 2016). Hence,
adjuvants can affect not only the leaching of fungicides but also the
initial and total availability of fungicide. Current maximum concentra-
tions of AZO in European soils reach up to 0.25 mgai/Kgson (Silva et al.,
2019), but climate change and agricultural intensification lead to a
higher demand for plant protection products. Consequently, this can
result in higher concentrations of AZO in the soil, as is already the case in
China (>9 mgai/Kgsoi, Xu et al., 2021). Such high concentrations may
significantly impact enchytraeid reproduction, and thus the stability of their
populations.

5. Conclusion

A detailed insight into the changes in the activity of the measured
biomarkers in enchytraeids allows a better assessment of the potential
toxicity and the difference between AZO_AI and AZO_FP. The opposite
response of the MXR system activity indicates an increased availabilityof
the active substance upon exposure to AZO_FP compared to AZO_AL
Although AZO_AI impairs enchytraeid reproduction only at the highest
tested concentration, the changes in enzyme activity indicate the
occurrence of oXxidative stress. The activities of SOD, CAT, and GST were
induced during exposure to AZO_AI and AZO_FP, suggesting their
involvement in reducing oxidative damage and detoxification.
Furthermore, changes in MDA content after 21 days of exposure showed the
occurrence of LPO. Therefore, assessment of multiple endpoints is
recommended to more accurately predict potential adverse effects and
avoid the possibility of underestimating the effects. Since the toxicity ofa
formulated product may be higher than that of the active ingredient itself,
testing both is crucial to reveal differences in toxicity. Further-more, the
differences obtained between the AZO forms imply the importance of
evaluating various formulated products. Although the
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recommended application dose has not shown an effect on survival and
reproduction, such concentrations can cause oXidative stress and affect
enchytraeid populations after multiple or multigenerational exposures.
Therefore, under the conditions of imminent climate change, it is necessary
to determine the most suitable formulated products to establish successful
crop protection and ensure the stability of soil communities.
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Abstract

Excessive application of fungicides in crop fields can cause adverse effects on soil organisms and consequently affect soil
properties. Existing knowledge on the effects of strobilurin fungicides has been primarily based on toxicity tests with active
ingredients, while the effects of fungicide formulations remain unclear. Therefore, this work aims to provide new data on the
effects of three commercial formulations of strobilurin fungicides on the soil organism Enchytraeus albidus. The tested fungicide
formulations were Retengo®(pyraclostrobin—PYR), Zato WG 50®(trifloxystrobin—TRI) and Stroby WG®(kresoxim-methyl- KM).
In laboratory experiments, multiple endpoints were considered at different time points. The results showed that PYR had the greatest
impact on survival and reproduction  (LCso=7.57 mgaiKgsoii 5, ECs0=0.98mgaikg ), followed by TRI soil (LCso=
72.98 Ma.iKgsoit 2, ECs0=16.93 Mgaikgsoi?) and KM (LCso=73.12 MgaiKgsoir >, ECs0>30 mgaikgsoi t). After 7 days of
exposure, MXR activity was inhibited at the highest concentration of all fungicides tested (6 mgevrKGsoil 2, 15 MgTrIKYsoil
and 30 mgkmkg ). Furthermore, oxidative stress (induction of SOD, CAT and GST) and lipid peroxidation soil (increase in
MDA) were also observed. In addition, there was a decrease in total available energy after exposure to PYR and KM. Exposure to
fungicides resulted in a shift in the proportions of carbohydrates, lipids, and proteins affecting the amount of available energy. In
addition to the initial findings on the effects of strobilurin formulations on enchytraeids, the observed results suggest that multiple
and long-term exposure to strobilurin formulations in the field could have negative consequences on enchytraeidpopulations.

Keywords Strobilurin fungicides - Toxicity - Enchytraeus - Oxidative stress - Energy available

2020). According to Eurostat data, sales of strobilurin
fungicides in Europe almost doubled from 2011 to 2020,
reaching ~3 million kg per year (Eurostat). Besides azox-
ystrobin (AZO), pyraclostrobin (PYR), trifloxystrobin ~ (TRI)
and kresoxim-methyl (KRE) are the most commonly used
strobilurin fungicides (Zhang et al. 2020; Xu etal. 2021,
Wu et al. 2021). PYR, TRI, and KRE are used on various
cereal, oil, vegetable, fruit and other crops worldwide
(zZhang et al. 2020). Although strobilurin fungicides are
expected to be rapidly degraded, other trends have been

Introduction

The use of pesticides in excessive quantities is of great
concern for the environment. According to Nguyen et al.
(2016), <0.1% of the pesticides reach their specific targets,
while the rest go into ecosystems. Among pesticides, fun-
gicides account for 40% of sales. In the last two decades,
strobilurin fungicides have become an indispensable part of
agricultural production (Bartlett et al. 2002; Zhang et al.
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observed. Namely, the average half-life (DTsg) reported for
PYR is 28 days, but can extend up to 63 days (Fulcher et al.
2014). In contrast to PYR, the DTs,  reported for TRI
and KM is shorter. However, their metabolites are formed,
which may have adverse effects. Although the DTso for TRI
ranged from 5 to 25 days, the DTso for the  metabolites of
TRI ranged from 138 to 231 days (Wang et al. 2015). In
addition, KM rapidly dissipates into its acidic metabolites in
soil (Khandelwal et al. 2014). The mean DTso values
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calculated for KM were ~3 days, while its metabolites are
present in the soil for more than 90 days. The high-water
solubility of strobilurin fungicides can lead to their accu-
mulation in water and soil (Zhang et al. 2020). Previous
research has focused mainly on the effects of active ingre-
dients on survival, reproduction, and the occurrence of
oxidative stress in aquatic organisms (Li etal. 2016; Jiang et
al. 2019; Li et al. 2018; Kumar et al. 2020; Mao et al. 2020;
Kim et al. 2021; Li et al. 2021; Yang et al. 2021). However,
there are limited data on the impact of strobilurin fungicides
on soil ecosystems.

The widespread and extensive application of strobilurin
fungicides, where soil ecosystems are the main sink, leads to
potential risks for soil organisms and ecosystems (Zhanget
al. 2020). Soil processes are mainly influenced by the
indispensable part of this ecosystem—the soil fauna

(Brussaard 1998). The decline in soil biodiversity and
biological activity has been linked to the excessive appli-
cation of fungicides in agriculture (Pelosi et al. 2014).
Enchytraeids are considered indicators of soil quality (Didden
and Rombke 2001; Pelosi and Rombke 2016) and perform
similar functional role as earthworms, but in a lesser extent
(Marinissen and Didden 1997). Namely, they affect the
decomposition of organic matter and the circu- lation of
nutrients in the soil (Brionesetal. 1998; Maraldo etal. 2011).
In this way, they create a favourable micro- habitat for the
growth and development of microorganisms(Bardgett 2005).
Moreover, under tillage pressure in culti- vated soils, a
decrease in earthworm populations was observed, while
enchytraeids activity increased (Topoliantz et al. 2000).
Enchytraeids affect soil structure and porosity in such soils,
thus improving their quality. Their role in decomposition and
bioturbation together with living close to the surface layers
of the soil brings them into direct contact with pollutants and
makes them easy targets of environmental pollution.
Enchytraeus albidus is a model organism in soil eco-
toxicology (OECD 2016; ISO 2014). However, informationon
the effects of strobilurin fungicides on this species is
insufficient. Apart from azoxystrobin, which has been
extensively studied (Zhang et al. 2020; Xu et al. 2021; Wu
et al. 2021), pyraclostrobin (PYR), trifloxystrobin (TRI) and
kresoxim-methyl (KM) are the most widely sold fungicidesin
this group. PYR and TRI in the form of a pure active
ingredient have been shown to inhibit growth and induce
oxidative stress and DNA damage in the earthworm Eisenia
fetida (Ma et al. 2019; Liu et al. 2020; Wu et al. 2021).
Furthermore, exposure to formulations containing the active
ingredient PYR and TRI impaired the survival and repro-
duction of E. crypticus (Kovacevic et al. 2021a), while the
effects on other endpoints at the suborganismal level are
unknown. To our knowledge, KM has not yet been studied in
soil organisms, apart from regulatory risk assessments in

which the risk to soil organisms was considered low (EFSA
2010). However, although the risk to aquatic organisms has
been classified as low, both KM and its main metabolite BF-
490-1 (acid of kresoxim-methyl) are toxic to non-targetaquatic
organisms (Li et al. 2021). In addition, strobilurin fungicides
have been repeatedly detected in aquatic and terrestrial
environments at concentrations above the Reg- ulatory
Acceptable Concentration (RAC) and could threatennon-target
organisms (Feng et al. 2020; Li et al. 2021).

The ecotoxicological effects of formulations may differ
significantly from those of a pure active ingredient (Mesnageet
al. 2014; Gomes et al. 2021). Therefore, the need for a detailed
assessment of the impacts of formulations has beenhighlighted
previously (Marques et al. 2009). However, a comprehensive
analysis of different endpoints over differenttime intervals is
needed for a better understanding of the mechanisms of action
that will allow a more accurate pre- diction of population-level
consequences. Standardised testsfocus primarily on endpoints
such as survival and reproduc-tion and ignore effects on crucial
physiological processes thatare important for organisms to
adapt to stressful conditions. Therefore, it is important to link
subindividual and population biomarkers to elucidate the
mechanisms that are important for the survival of organisms and
their populations.

This study aimed to comprehensively evaluate the effectsof
three commercial formulations containing strobilurin active
ingredients (pyraclostrobin, trifloxystrobin, and kre- soxim-
methyl) on E. albidus at different time points. In addition to
survival and reproduction, the effects on MXR activity,
oxidative status, and available energy reserves were also
investigated. The results obtained will provide valuable
information on the effects of different commercialstrobilurin
fungicides on enchytraeids.

Material and methods

Test organism and soil

Enchytraeus albidus (Oligochaeta: Enchytraeidae) was usedas
the test species. Cultures were maintained in moist soil under
controlled conditions according to the prescribed guidelines
(OECD 220 2016; ISO 16387 2014) at the University of Osijek
(Croatia).

All experiments were conducted in the standard artificialsoil
(AS), which consists of 70% air-dried quartz sand, 20%kaolin
clay, and 10% sphagnum peat. The AS was preparedaccording
to OECD guidelines (2016).

Test materials and spiking procedures

The strobilurin fungicides used were the formulations
Retengo® (BASF, 200 gL pyraclostrobin—PYR), Zato
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WG 50® (Bayer, 500 gkg* trifloxystrobin—TRI), and Stroby
WG® (BASF SE, 500 gkg* kresoxim-methyl— KM).

The  concentrations selected for the range-finding test
were 0, 1.87, 3.75, 7.5, 15 and 30 mga.i Kgsei * for PYR and 0,
9.38, 18.75, 37.5, 75 and 150 mgaikgsi* TRI and KM.
Based on the recommended application doses (RD) for
formulations (RD pyr = 0.16 mMai Kg soii ; RD7rI=
0.1 MgaiKgsoit *; RD km = 0.1 mgai. Kg soit 1) and the results of
the range-finding tests, the final test concentrations were
Selected. The concentrations selected were 0, 0.08, 0.16,
1.107, 2.053, 3 and 6 mgaikg si”? for PYR, 0, 0.05, 0.1,
2.57,5.03, 7.5 and 15 mgaikg st for TRI and 0, 0.05, 0.1,
5.07, 10, 15 and 30 mgaikg st for KM. The fungicides
were dissolved in distilled water to obtain the desired
concentrations. The solutions were prepared to contain the
volume required for 60% of the water holding capacity. After
the addition of the pesticide, the soil was homo-geneously
mixed and allowed to equilibrate 24 h before the start of
the experiment.

Test procedures

As no sufficient information on the effects of PYR, TRI,
and KM on E. albidus is available, the range-finding test
was performed according to the recommended guidelines
(OECD 2016) followed by the enchytraeid reproduction test
(ERT) (ISO 2014; OECD 2016). Ten adult organisms with
well-developed clitellum were used per replicate. Each test
vessel contained 20 g of moist soil and a food supply. Forthe
range-finding test, the organisms were exposed for 7 days
and only survival was assessed. For the final experiment
twenty replicates per test concentration were used. In the ERT
five replicates were used and adults were exposed for 21 day,
with an additional twenty-one day for hatching and growth of
juveniles. Five replicates were used for each tested
concentration. Simultaneously with the ERT, an additional
five replicates per tested concentration were set up for seven-
day exposure. Each of the test vessels contained 20 g of soil
and ten adult organisms with well-developed clitellum. The 7-
day exposure wa s added toallow assessment at an additional
time point. Moreover, to determine changes in
multixenobiotic resistance mechanism activity (MXR),
additional ten replicates were set up, five toassess effects after
7 days of exposure, and five to assess MXR activity after 21
day. During exposure, a constant temperature of 20+ 1 °C and
a photoperiod of 16 h of light and 8 h of darkness were
maintained. Organisms were fed once per week with
autoclaved oatmeal, while water was replenished weekly,
based on weight loss.

After exposure, adults were carefully removed from the
soil, counted, pooled per replicate, and weighed. Organisms
were homogenised using the IKA RW20 homogeniser in

cold 0.1 M potassium phosphate buffer (pH 7.4) at a ratio of 1:15
(w:v). The post-mitochondrial fraction (S9) was obtained after
centrifugation of the homogenate (30 min at 9000 g and 4 °C).
The post-mitochondrial fraction and homogenates were stored
at -80 °C before analysis.

Juveniles were counted 21 day after extraction of the

adults. To enable counting, juveniles were fixed with
ethanol and stained with Bengal rose (1% in ethanol). The soil
samples were sieved through the mesh (63 pm) to prevent
blurring and to facilitate counting with a stereomicroscope.
Organisms used for the MXR system analyses were isolated,
washed, and transferred to a 5 mM solution  of Rh123 in ISO
water. Exposure to the fluorescent substrate took place in the
dark at 20 °C and lasted for 1 h. MXRactivity was measured
according to Kovacevic et al. (2021b). The concentration of
Rh123 in the organisms was expressed as pM of Rh123 per g
of wet tissue and nor- malised to the control.
To determine the oxidative status of the organisms, the
activities of the enzymes superoxide dismutase (SOD),
catalase (CAT), and glutathione S-transferase (GST) were
measured in the S9 fraction. The method described byMcCord
and Fidovich (1969) was used to measure SOD activity. The
CAT activity was measured according to Claiborne (1985) and
the GST according to Habig et al. (1974). Malondialdehyde
(MDA) content was measured as described by Gagne (2014)
and used to determine LPO. Enzyme activities and LPO were
calculated per protein content and expressed as relative values
compared to the control. Lipid and carbohydrate content were
measured in the homogenate using the method described by
Frings et al.(1972) and Jermyn (1975). The protein content in
the S9 fraction was determined according to the method of
Brad- ford (1976). To allow calculation of available energy
reserves, the determined content of carbohydrates, lipids, and
proteins was expressed in energetic equivalents using the
enthalpy of combustion (17.5kJg™ carbohydrates, 39.5 kig™
lipids, and 24 kJg™ protein) as described in De Coen and
Janssen (1997); De Coen and Janssen (2003).

Statistical analysis

Data analysis was performed using R software version 4.3.0(R
Development Core Team 2022) and RStudio (RStudio
Team 2022). The Shapiro-Wilk test was used to test the

distribution of data and Bartlett’s test was used to test the

homogeneity of variances. As the data did not deviate from
the normal distribution, one-way ANOVA followed by
Dunnett’s post hoc test (p < 0.05) was used to determine the
difference between the control group and the tested con-
centrations. The package drc (Ritz et al. 2015) was used to
calculate the lethal (LCx) and effect concentrations (ECx).
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Results & discussion
Survival and reproduction

Our results showed a higher impact of PYR (LCso
= 7.6 mga.ikgsoi t) on the survival of E. albidus compared to
TRI (LCso = 73 mgaikgsi ') and KM (LCso =73
mMgaiKgsoii 1) (Table 1). Reported LCso for E. crypticus
exposed t0 PYR (LCso=4.26 mgaikgsei *) and TRI (LCso =
2.34 mga.ikgsoil %) suggest a higher resistance of E. albidus to
PYR and, in particular, to TRI (Kovacevi¢ et al. 2021a).

Consistent with the effects on survival, PYR was most
detrimental to reproduction (Table 1). While PYR showed the
strongest effect on reproduction, the effects of TRI
(ECs0 =17 mgaiKg il ) and KM (ECso =30 mga,i Kg soil 1) Were
lower (Fig. 1). Unlike the other two strobilurins, KM
significantly impaired reproduction only at the highest con-
centration tested. Although E. albidus showed the ability to
survive exposure to higher concentrations of PYR than E.
crypticus, the effect on reproduction was the opposite. With an
ECso of 0.98mgaikg i %, E. albidus appears to be more
sensitive to PYR than E. crypticus (ECso = 1.85 mgaiKg soil ).
The recommended application dose prescribed for PYR
exceeds the ECsp value calculated for E. albidus. Additionally,
soil analysis of some agricultural land revealed the presence of
PYR in the range of 0.0128-1.5mga.ikgsi * (Zhao et al.

2020), which also exceeds the ECso value. Therefore, the
concentrations of PYR present in the environment may pose a
threat to the stability of enchytraeid populations and the
function of soil ecosystems.

MXR

The negative effects of strobilurin fungicides were also evidentat
the sub-organismal level, causing impairment of MXR and
induction of oxidative stress. A signifiant inhibition (ANOVA,p
<0.001, F = 44.675) of the MXR system was observed after

Table 1 Lethal (LCx) and effect (ECx) concentrations calculated for
Enchytraeus albidus after exposure to formulated products of strobilurin
fungicides based on pyraclostrobin (PYR), trifloxystrobin (TRI), and
kresoxym-metil (KM)

LCyo LCso LCoo
Survival PYR 4 (3-5) 7.6 (6-8) 10 (9-11)
TRI 15 (9-20) 73 (67-81) 130 (110-152)
KM 21 (19-24) 73 (47-91) 98 (90-109)
ECyo ECso ECo
Reproduction PYR  0.12(0.025-0.26) 0.98 (0.51-1.5) 8 (7-12)
TRI 3(1.8-4.5) 17 (12-18) 31 (28->30)
KM 17 (10-24) >30 >30

Concentrations are presented as mga.ikgsoii™* and show LC/EC and the
95% confidence intervals

exposure to higher concentrations of the three fungicides (Fig.
2). The strongest inhibition of the MXR system (up to7-fold)
was observed after a seven-day exposure to PYR (6
mMgaikgsi %), followed by a 4-fold increase at the same
concentration after twenty-one day of exposure. TRI caused a
significant dose-dependent increase in Rh123 levels after 21
day of exposure. As with reproductive success, exposure toKM
inhibited the MXR system only at the highest concentra- tion (30
mMQaikgsoin ™) after 7 and 21 day. The dye efflux assay is a
commonly used method to quantify the effects of envir-
onmental contaminants on MXR activity (Luckenbach et al.
2014). Few studies have reported the effects of fungicides on the
MXR system of enchytraeids (Kovacevi¢c et al. 2021b,
Kovacevic¢ et al. 2022), but such a response has also been
observed in earthworms (Velki et al. 2018). The MXR
mechanism removes harmful substances from cells immedi-
ately after exposure and is therefore considered the first line of
defence (Ferreira et al. 2014). Furthermore, changes in MXR
activity are used as biomarkers of exposure and can provide
additional information on the effects and toxicity of fungicides.
Indeed, inhibition of MXR activity may lead to a longer resi-
dence time of fungicides in cells, which consequently influ-
ences their toxicity (Hackenberger et al. 2012). Although there is
no available information on the accumulation of PYR in soil
organisms, studies with zebrafish (Danio rerio) show that mostof
PYR enters the body through the gills and intestines - epi-thelial
tissues rich in MXR transporters (Huang et al., 2021).
Furthermore, the toxicity of PYR in zebrafish was related to its
accumulation in the organism. Therefore, the higher toxicity of
PYR could be related to the strong inhibition of the MXR
system, which consequently led to the accumulation of fungi-
cides in the organism. Furthermore, the accumulation of fun-
gicides in cells can lead to oxidative stress, as antioxidant
defence may be overwhelmed.

Oxidative stress

Changes in the activity of enzymes of the antioxidant system
(SOD, CAT, GST) and the observed LPO indicate the
appearance of oxidative stress. Although data on antioxidant
enzymes in enchytraeids after exposure to strobilurin fungi-
cides are lacking, there is information on the effect of the pure
active ingredient on the earthworm E. fetida (Maetal. 2019;
Liu et al. 2020; Wu et al. 2021). Listed studies have shown
that strobilurin fungicides in the form of pure active ingre-
dients cause oxidative stress, suggesting similar effects in
other non-target soil organisms. One of the enzymes that
respond first to the onset of oxidative stress is SOD. As part of
the primary antioxidant defence mechanism, SOD converts
the superoxide anion radical (O, 7) into hydrogen peroxide
(H202) (Ighodaro and Akinloye 2018). In this study, there
was a significant induction of SOD activity after a seven-day
exposure to lower concentrations of PYR and almost all
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Fig. 1 Reproduction of Enchytraeus albidus after exposure to for- the number of juveniles. Results express average values + SD. Sig-

mulated products of strobilurin fungicides based on pyraclostrobin
(PYR), trifloxystrobin (TRI), and kresoxym-metil (KM) presented as

concentrations of TRI (Fig. 2). The induction of SOD indi-
cates the presence of O -, which the enzyme attempts to
remove. SOD induction Ras been observed after 7 days of
exposure to PYR (0.08 mga.iKg soil *and 16 mg kg soil ) and
TRI (0.1 MgaiKgsoil ™ t0 15 Mg ai. kg soit ). The activity of
SOD remained induced at lower concentrations of
PYR(0.16 mgaiKkgsoil * and 1.107 mga.ikgsei™®) and was induced
at the three highest concentrations of KM after 21 days of
exposure (p < 0.05). However, at the highest tested con-
centrations of PYR (6 mgaikgsei ™) and TRI (7.5 mgaikgsoir ™,
15 mgaikg soil 1), the amount of substrate  exceeds the
enzyme capacity, and its depletion and degradation occur.
Since no new enzyme is synthesised, this reaction leads to a
significant reduction in the amount of enzyme. A similar
response to PYR and TRI has been observed in the earth-
worm E. fetida. Namely, Ma et al. (2019) reported induction
of SOD after 7 and 14 days of exposure to PYR, while
inhibition was observed after 21 and 28 days. Furthermore,
Liu et al. (2020) observed induction only at the highest TRI
concentration tested (10 mgaikgsei™t), while Wu et al. (2021)
observed induction of SOD activity after 7 and inhibition after28
and 56 days. SOD scavenges excess O ~ and converts it toH,0,
(Shao et al. 2019). As H,0, is a substrate for CAT, itsactivity
was induced in all treatments after 7 days (ANOVA, p==
0.0058, F =9.4) (Fig. 2). However, after 21 day, the activity
of CAT returned to the control level, indicating that the
elimination of H,O, was successful at lower concentra-tions.
Only at the highest concentrations of PYR and KM, theactivity
of CAT was significantly inhibited (ANOVA, p =
0.0092, F = 3.585), indicating that the enzyme capacity was
exceeded and degraded. Similarly, in E. fetida, inductionof
CAT activity was observed after shorter exposures (7, 14,and
21 day) to PYR and TRI (7 and 28 days) and without change
or inhibition after longer exposures (Ma et al. 2019;Wu et al.
2021). GST is a crucial enzyme in the second
biotransformation phase. Unlike SOD and CAT, which are
activated immediately after exposure to free radicals, the
effect of GST is most pronounced after prolonged exposure.

nificant differences compared to control are labeled with *(p < 0.05),
**(p < 0.01), ***(p < 0.001)

Indeed, in this study, no significant changes in GST activity
were observed after a seven-day exposure (Fig. 2). However,
after twenty-one day of exposure to TRI and KM, there was a
dose-dependent induction (ANOVA, p < 0.0001, F =27.46).
GST was also induced at two lower concentrations of PYR, but
at higher concentrations, its activity was significantly
inhibited. This result suggests a higher ROS production
caused by exposure to PYR and/or glutathione depletion (a
substrate for GST). Earthworms appeared to cope better with
PYR since only induction was detected (Ma et al. 2019),
although the duration of exposure may not have been long
enough to detect GST inhibition. Indeed, exposure to TRI
induced GST in earthworms after 7 days but inhibited it after56
days (Liu et al. 2020; Wu et al. 2021). This also suggests a
prolonged effect of strobilurins on soil invertebrates and urges
caution, as multiple and mixed applications of pesticides
regularly occur in this time frame under the given environ-
mental conditions. Excessive long-term ROS production can
cause LPO. LPO is a sign of severe oxidative stress and the
inability of an organism to defend itself. Measurement of MDA
content is often used to determine the extent of LPO (Gawet et
al. 2004). Normally, LPO does not occur after a short exposure.
However, after only 7 days, the MDA content increased
significantly at the highest concentrations of PYR (6 mga.ikg
oY) and TRI (30 mgai kgsit ™) (ANOVA, p = 0.002, F
= 4514) (Fig. 2). After 21 day of exposure to thethree fungicides,
a significant increase in MDA was observed at higher
concentrations. These results are consistent with thepreviously
reported increase in MDA after exposure of E. fetida to PYR
and TRI (Ma et al. 2019; Liu et al. 2020; Wuet al. 2021).

Available energy reserves

Detoxification processes are energetically costly for organ-
isms, which can lead to a reduction in the energy used for basic
processes such as growth and reproduction  (Swiatek
and Bednarska 2019). The total available energy of the
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Fig. 2 Responses of different endpoints (MXR (Rh123 content), SOD, CAT,
and GST activity, and lipid peroxidation (MDA content)) in Enchytraeus
albidus after exposure to formulated products of strobi- lurin fungicides
based on pyraclostrobin (PYR), trifloxystrobin (TRI)

organisms in the control groups was approximately
1700 mImgw: while the ratio of energy reserves was about
10:35:55 (carbohydrates:lipids:proteins). These results agree
with previous studies on enchytraeids (Amorim et al.2012;
Novais et al. 2013).

Exposureto commercial | strobilurin fungicides resulted in the
available energy changes in E. albidus (Table 2). A significant
decrease in carbohydrate fraction was observed after a seven-
day exposure to the two highest concentrations

T days 21 day
Oo OQoos Owl @507 @o WS W

21 day

and kresoxym-metil (KM). Results are expressed as average = SD and relative
to the corresponding control. Significant differences comparedto control
are labeled with * (p <0.05), ** (p <0.01), *** (p <0.001)

of PYR and after a twenty-one day exposure to all fungi- cides
tested. The decrease in the carbohydrate fraction is a result of
oxidative stress, a condition in which carbohy- drates are used
as the primary source of energy (Moolman etal.2007).
The reduction of carbohydrate content has beenobserved after
exposure of enchytraeids to the pesticides dimethoate,
anthrazine, and carbendazim (Novais and Amorim 2013).
Since lipids are extremely efficient as energy storage, they
are usually mobilised simultaneously
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Table 2 Total energy available and proportions of each energy reserve (carbohydrates, lipids, and proteins) in Enchytraeus albidus after exposure to formulated products of strobilurin fungicidesbased on
pyraclostrobin (PYR), trifloxystrobin (TRI), and kresoxym-metil (KM)

PYR

TRY

KM

Energy available Proportion of energy reserve

Energy available Proportion of energy reserve

Energy available Proportion of energy reserve

CH Lipid Protein CH Lipid Protein CH Lipid Protein
7-day exposure
Ctrl. 1697 +88 12+2.1 37+3.7 50+2.8 1673+181 11+19 34+5 54+38 1735498 11+14 35+£37 54+2.7
C1 1692+112 12+14 38+1.8 50+2.7 1591+128 10+0.9 32+49 58+4.1 1825+114 11+03 35+35 53+34
Cc2 1750 +23 12+25 42+5.7 46+3.8 1755+87 11+14 39+25 50+15 1905+82 10+14 37+19 53+2.8
C3 1782 +82 12+1 41+2.9 47+2.8 1796+139 13+2.3 36+55 50+3.4  1977+168" 10+£14 45+3™ 45+4
C4 1696+ 15 9.3+2 40+6.4 50+6.3 1863+178 12+1.9 40+5.1 48+53 1997 +48™ 1142 45+£1.8™ 43+22
C5 1719+86 52+13™ 44+28 50+2.4 1795+143 9+25 41+24 50+1.3 1957+65" 10+£1.8 41+29™ 49+27
C6 1624 +170 3+£0.66™ 44+42 51+4.7 1796+43 10+1.3 41+£27 48+2 1864 +111 10+£15 43+3" 47+24
21-day exposure
Ctrl. 1632 +99 12+1.6 3B+1.7 52+19 1613+62 10+14 36+25 53+3.6 1753+166 10+09 35+23 54+1.7
C1 1622 +80 12+2.8 30+1.8 58+4.4 1335+38 7+£15™ 30+£3.6™ 63+3 1737+120 8+0.9" 35+11 57+0.8
Cc2 1553 +£51 10+£3.1 28+1.4" 62+2.6" 1507+130 6+1™" 27+£1.2™ 67+2" 1706 +73 8+1.9" 3335 59+29
C3 1540+ 38 8+3" 27£4™ 65+1.8™ 1784+103 6+£0.35™" 24+1.9™ 70+£2™ 1599+86 8+1" 31+2.3" 61+2.2
C4 1423 +99™ 6+1.6™ 22+45™ 71+4.9™ 1634+160 6+0.8™ 22+£4.6™ 72+4.6™ 1582+45 8+1.7" 30+23™ 62+1.1
C5 1343 +100™ 5+£0.75™ 18+4™ 77+3.3™ 1741+56 7+£15 22+ 2™ 71+£3.1™" 1546 +75" 8+1.5" 29+37" 63+4.1
C6 1263 +58™" 3+£0.78™ 17+14™ 80+2™ 1789+091 6+0.76™ 24+1.8™ 70+1.3™ 1528+120" 7+£127 25+29™ 67+4

Results are expressed as average + standard deviation. Significant differences compared to control are labeled with *(p < 0.05), **(p < 0.01), ***(p < 0.001)
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with carbohydrates under stress conditions (Smolders et al.,
2003). However, after a 7-day exposure to KM (2.57, 10, 15
and 30 mgaikgsi ™), lipid content increased. An increase in
lipid content has previously been associated with inflam-
matory stress (Gomes et al. 2015). The tendency to accu-
mulate lipids was also observed after 8 days of exposure of E.
albidus to the fungicide carbendazim (Novais and Amorim
2013). The lipid content decreased after 21 day ofexposure
to all tested fungicides. Lipid depletion could be a
consequence of severe oxidative stress and damage to the cell
membrane. Increased levels of MDA and changes in activities
of SOD, CAT, MXR, and GST were measured inall
treatments in our studies. Similar changes in lipids havebeen
reported after exposure of E. albidus to Cd and Zn (Novais et
al. 2011; Novais et al. 2013). As anabolic components,
proteins are only used as an energy source during extreme
energy deficiency (Swiatek and Bednarska 2019). Sokolova
et al. (2012) reported that an increase in protein levels under
intermediate stress indicates a higher expression of stress
response proteins. In our research proteins increased
significantly after 21 day of exposure to higher concentrations
of PYR and TRI (Table 2) and no decrease was observed.
These shifts in carbohydrate, lipid, and protein content
affected total available energy, which increased after 7 days
of exposure to KM and significantly decreased after 21 day of
exposure to higher concentrationsof PYR and KM. Exposure
to TRI did not affect the total available energy. Since an
increase in lipid content strongly influences total available
energy, an increase in lipid contentafter exposure to different
pesticides led to an increase in available energy (Novais and
Amorim 2013). According to the general prediction of
metabolic models, the metabolic rate should increase with
intoxication (Calow and Sibly 1990), which may be related to
the results of this research. Although in KM treatments, the
decrease in available energy may be a consequence of
excessive energy con- sumption as a result of the
simultaneous defence against oxidative stress and
reproduction, in the case of PYR, it wasdue to the higher
toxicity and the need for a more intense defence against stress.
Furthermore, although oxidative stress was observed after
TRI treatment, the lack of repro- duction compensated for the
loss of energy, and the decrease in total available energy, was
not observed.

Strobilurin  fungicides are known for their ability to act on
the mitochondrial respiratory chain and consequently reduce
the available energy of organisms. Furthermore, the
breakdown of the electron transfer chain and mitochondrial
membrane protein leads to the formation of ROS and,
consequently, oxidative stress. Although changes in apical
endpoints, such as growth and behaviour, may not be
observed, even extremely low concentrations of strobilurin
fungicides can cause oxidative stress in aquatic organisms
(Wang et al. 2021). Consequently, although exposure to

some formulations did not affect survival and reproduction,
changes in CAT and GST activity when exposed to the
recommended application doses indicate a negative effect. In
addition to oxidative stress, the reduction in available energy
observed after prolonged exposure suggests a negative effect
on mitochondrial respiration. Similar con- clusions about the
strobilurin mechanism were made for different non-target
organisms (Wang et al. 2021). Fur- thermore, a high
concentration  of  strobilurin  fungicides suppresses
mitochondrial respiration, and consequently, cell apoptosis
occurs (Rodrigues et al. 2015). Therefore, inhi- bition of the
MXR system and accumulation of fungicides within the cell,
observed in PYR treatments, increase the possibility of
fungicide binding to the mitochondria, caus- ing apoptosis and
enchytraeid mortality.

Most laboratory studies with suborganismic biomarkers
are based on short-term exposure to high concentrations of
pollutants (Rodriguez-Castellanos and Sanchez-Hernandez,
2007). However, in the environment, with soil as the main
sink, long-term exposure to low concentrations is a more
common scenario. Although environmentally relevant
concentrations did not show effects on enchytraeid repro-
duction, the occurrence of oxidative stress and reduction in
available energy showed that the adverse impact of strobi-
lurin formulations begins much earlier than is evident from
population biomarkers. The inclusion of the suborganismic
biomarker approach showed a marked adaptability of
enchytraeids to exposure. Although activation of the anti-
oxidative system has been shown as a successful defence
method, changes in the amount of available energy suggest
that this strategy is not sustainable in long-term exposure.
Namely, in such situations, there is a certain reduced rate of
reproduction or its absence, which can ultimately lead to the
collapse of populations. Moreover, formulated products
often exhibited stronger adverse effects on non-target
organisms than a pure active ingredient commonly used in
research (Marques et al. 2009; Mesnage et al. 2014; Gomes
et al. 2021). Therefore, research carried out with formulated
products provides results more relevant to environmental
conditions. Adjuvants present in  commercial products
increase the absorption rate and stability of the active
ingredient, consequently affecting its bioavailability and
causing higher toxicity to non-target  organisms (Pereira
et al. 2009; Mesnage and Antoniou 2018). PYR applied in
the form of suspension concentrate  (SC) showed the
strongest effect on enchytraeids compared to TRl and KM
applied in the form of water-dispersible granules (WG). SC
formulations contain small particles of the active substance
dissolved in a liquid medium, usually an aqueous solution
with various additives. Among the additives are various
suspension agents, wetting agents, and thickeners that
increase the availability of the active substance and can
affect the behaviour of the formulation in the environment
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(Khan and Brown, 2016). Compared to other formulations,SC
formulations have reduced leaching, which results in
increased persistence and accumulation in the environment,
which can result in a stronger effect on non-target organ- isms
compared to other forms of formulations.

Conclusion

This study highlights the importance of assessing effects on
multiple endpoints over different periods. Therefore, com-
prehensively considering the changes in multiple endpoints
over different periods provided better insight into the impact
of strobilurin fungicides. The results obtained indicate dif-
ferences in the response of E. albidus to three commercial
formulations of strobilurin fungicides. Overall, when all
measured endpoints, are assessed PYR was the most toxic,
followed by TRI and KM. Although with different inten-
sities, all three strobilurins affected reproduction and induced
oxidative stress in E. albidus. The analyses ofavailable energy
showed that the exposure also representeda high energetic
cost for the organisms. While these costs after exposure to
PYR and TRI were mainly related to antioxidant defence, the
energetic costs after KM exposure,which was the least toxic,
were associated with both costly defence and reproduction
processes. Research like this is important to determine the
sublethal toxicity of these fun- gicides because the frequent
detection of strobilurins in theterrestrial environment suggests
the potentiality for adverseeffects on soil-dwelling organisms.
Furthermore, like other pesticides, strobilurins are used
indiscriminately in agri- culture and predicted climate
changes indicate an increase in fungicide use. The ECs for
PYR determined in this studyis already within the range of
concentrations observed in theenvironment. Future research
should consider several aspects: exposure to formulations
under realistic conditionsin a native soil, exposure to pesticide
mixtures or for-mulations with different combinations of
strobilurins, which are commonly  used, and
multigenerational studies in whichthe consequences of
oxidative stress and higher energy expenditure could be
investigated at the population level.
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Provedena istrazivanja predstavljaju prvi sveobuhvatni prikaz djelovanja strobilurinskih
fungicida na enhitreje vrsta E. albidus i E. crypticus, a dobiveni rezultati doprinose boljem
razumijevanju mehanizma djelovanja ovih fungicida. Dokazano je kako testirani fungicidi pri
visim koncentracijama mogu negativno djelovati na prezivljavanje i reprodukciju enhitreja.
Medutim, nize koncentracije strobilurinskih fungicida, mogu uzrokovati odgodu izlijeganja,
promjene aktivnosti MXR mehanizma, ali i disbalans oksidativnog sustava koji vodi ka pojavi
oksidativnog stresa, lipidne peroksidacije i promjena u koli¢inama dostupne energije.

Gotovo je nemoguce sprijeciti ulazak strobilurinskih fungicida 1 njihovih pripravaka u
ekoloske sustave, a iako kemijska i fizikalna svojstva strobilurinskih fungicida ukazuju na brzu
razgradnju (Bartlett i sur., 2002) sve se ¢esce detektiraju u vodi i tlu (Feng i sur., 2020; Li i sur.,
2006, 2021; Silva i sur., 2009; Xu i sur 2021). Upotreba strobilurinskih fungicida nuzna je za
uspjeSnu poljoprivredu, a zbog neizbjeznih klimatskih promjena, razvoja rezistentnosti
gljivicnih vrsta, ali 1 pojave novih, invazivnih vrsta, neizbjezno je povecanje koli¢ine primijenih
fungicida (Nnadi i Carter, 2021; Fisher i sur., 2012; Hakala i sur., 2011; Boxall i sur., 2009).
Stoga je potrebno istraziti djelovanje strobilurinskih fungicida na klju¢ne skupine organizama
tla, ali i odrediti aktivne tvari te komercijalne pripravke koji pokazuju najmanji utjecaj na
neciljne organizme. Rezultati velikog broja istrazivanja ukazuje na negativan utjecaj
strobilurinskih fungicida na akvaticke organizme (Rodrigues i sur., 2013). Medu neciljnim
organizmima tla, glavnina istrazivanja usmjerena je na gujavice vrste E. fetida. Tako je uo¢ena
visoka toksi¢nost azoksistrobin primljenog u obliku ciste aktivne tvari, koja je izraZenija u
prirodnom nego umjetnom tlu (Xu i sur., 2021). Nadalje, uo¢eno je negativno djelovanje
piraklostrobin 1 trifloksistrobin na rast gujavica, dok su niZe koncentracije uzrokovale pojavu
oksidativnog stresa (Wu i sur., 2021; Liu i sur., 2020; Ma i sur., 2019). lako postojece
informacije govore u prilog toksic¢nosti strobilurinskih fungicida za organizme tla, upitna
osjetljivost i prikladnost vrsta E. fetida i E. andrei umanjuje njihovu relevantnost. Naime, ove
vrste gujavica ne nalazimo u poljoprivrednim tlima, te su ¢esto manje osjetljive na pesticide u
usporedbi s ostalim organizmima tla §to moZe utjecati na relevantnost rezultata. Kako je
koriStenje vecine nativnih vrsta gujvica praceno teSko¢ama u njthovom uzgoju i koriStenju u
laboratorijskim uvijetima, namece se potreba za koristenjem drugih tj. relevantnijih vrsta
organizama (Bart i sur., 2018). Zbog toga se sve veca paznja ekotoksikoloskih istrazivanja
posvecuje enhitrejama. Enhitreje su organizmi tla koji imaju slicnu funkcionalnu ulogu poput
gujavica, prisutne su u tlima diljem svijeta, te odolijevaju intenzivnoj mehanickoj obradi tla.

Osim toga, zbog svoje veliCine, duljine zivotnog ciklusa i njegovih specifi¢nosti enhitreje su
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prikladne za razli¢ite modifikacije standardiziranih testova koje omogucuju procjenu dodatnih
krajnjih toc¢aka. Tako se u danasnjim istrazivanjima koristi pet vrsta enhitreja: E. albidus, E.
buchholzi, E. bulbosus, E. crypticus i E. luxuriousus. Medutim, potreba za standardizacijom
testova i njihovom interkalibracijom rezultirala je masovnom uporabom vrsta E. albidus i E.
crypticus. Upravo su ove vrste pokazale dovoljnu osjetljivost i najbolje osobine za uzgoj u
laboratoriju 1 provodenje ekotoksikoloskih testova S§to je rezultiralo ponavljanjem sli¢ne
situacije kao u sluc¢aju gujavica vrste E. fetida i E. andrei. Intenzivno koristenje novih ili slabije
koristenih vrsta zahtjevalo bi dugogodisnju i1 zahtjevnu selekciju do vrsta koje bi zaista mogle
zadovoljiti sve potrebe suvremene ekotoksikologije.

Iako su enhitreje priznati indikatorski organizmi ekotoksikologije tla, te je razvijen Citav
niz testova koji omogucava procjenu razli¢itih krajnjih to¢aka, neki mehanizmi i dalje nisu
potvrdeni. Skupini neistrazenih mehanizama pripada i MXR mehanizam koji je kljucan za
opstanak organizama u okoliSu u kojemu su prisutna razli¢ita zagadivala. MXR mehanizam
prva je linija obrane organizama nakon dodira s okolisnim zagadivalima, a promjene aktivnosti
ovog mehanizma ucestalo se koriste kao rani biomarker upozorenja (Acs i sur., 2015).
Prisutnost MXR mehanizma nije ranije dokazana kod enhitreja, te nije ustanovljena
metodologija specifi¢na za ovu skupinu organizama. Prilagodba metoda koje se koriste za
procjenu promjena aktivnosti MXR mehanizma gujavica (Bosnjak i sur., 2014; Hackenberger
i sur., 2012) dovela je do razvoja nove metode koja se moze uspjesno koristiti za mjerenje
promjena aktivnosti MXR mehanizma enhitreja. Kao i kod ostalih organizama, sam test temelji
se na akumulaciji fluorescentnih supstrata. Izlaganje organizama fluorescentnim supstratima
prilikom testa akumulacije uglavnom se provodi na filter papiru, vodenom mediju ili tlu. Kako
zbog veli¢ine enhitreja 1 velike moguénosti isusivanja izlaganje na filter papiru nije prihvatljiva
opcija, kao optimalno rjeSenje odabrano je izlaganje u ISO vodi. Ovakav nacin osigurava
ravnomjerno izlaganje organizama, a moguc¢nost oStecenja tijekom rukovanja svedena je na
minimum. Niz eksperimenata provedenih u ISO vodi omogucio je odredivanje optimalnog
vremena izlaganja, te odabir najprikladnijeg fluorescentnog supstrata i njegove koncentracije.
Rodamin 123 smatra se supstratom izbora prilikom mjerenja promjena aktivnosti MXR
mehanizma gujavica (Bosnjak i sur., 2014), a provedena istrazivanja na enhitrejama pokazala
su njegove prednosti u odnosu na rodamin B. Nadalje, kako bi se dokazale promjene aktivnosti
MXR sustava pod djelovanjem razli¢itih okolisnih zagadivala nuzno je odrediti modelne
inhibitore 1 inducere koji se koriste kao pozitivna 1 negativna kontrola. Izlaganje razli¢itim

koncentracijama modelnih inhibitora i inducera izazvalo je ofekivano djelovanje sugerirajuci
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sli¢cnosti MXR mehanizma gujavica i enhitreja, ¢ime je potvrdena prva hipoteza ovog rada.
Naime, dokazana je prisutnost MXR mehanizma kod enhitreja i uspostavljena metodologija
koja omogucava mjerenje ovog biomarkera tijekom standardiziranih testova. Ciklosporin A,
poznati ne kompetitivni inhibitor P-gp transportera (Twentyman, 1992), pokazao se kao
najsnazniji inhibitor MXR mehanizma kod obije vrste enhitreja. lako je verapamil modelni
inhibitor, u kombinaciji s rodaminom B uzrokovao je indukciju MXR mehanizma vrste E.
albidus. Ovakav odgovor posljedica je razlika u veznim mjestima i omjeru P-gp i MRP proteina
izmedu vrsta E. albidus i E. crypticus, te interakcije izmedu fluorescentnog supstrata i inhibitora
ili veznog mjesta, a uocen je i kod gujavica vrste E. fetida (Bosnjak i sur., 2014). Aktivnost
MXR mehanizma igra vaznu ulogu u odgovoru organizama na prisutnost zagadivala u okolisu,
stoga je vazno prouciti njihove interakcije 1 utjecaj na promjene aktivnosti MXR sustava.
Kemosenzitizatorima pripada i veliki broj fungicida, koji su prepoznati kao inhibitori MXR
mehanizma (Mazur i sur 2015; Velki i Hackenberger, 2013a; Velki i Hackenberger, 2013b;
Velki i Hackenberger 2012). Inhibitorna svojstva propikonazola dokazana su validacijskim
testom provedenim s obije vrste enhitreja nakon izlaganja u ISO vodi i tlu. Ovim
eksperimentom dokazana je i druga hipoteza rada. Naime, potvrdena je mogucénost da
ksenobiotici prisutni u okoliSu, poput fungicida propikonazola, mogu djelovati na aktivnost
MXR sustava enhitreja i uzrokovati njegovu inhibiciju ili indukciju. Nadalje, svim provedenim
eksperimentima pokazana je primjenjivost i to¢nost nove metode koja se moze koristiti kao
vrijedan komplementarni biomarker u ekotoksikoloskim istraZivanjima koja se provode s
enhitrejama, ¢ime je dokazana i trec¢a hipoteza ovoga rada. Osim toga, dobiveni rezultati ukazali
su na potrebu za daljnjim istrazivanjem djelovanja fungicida na promjene aktivnosti MXR
mehanizma.

Kako su strobilurini relativno nova skupina fungicida koja je tek nedavno privukla
paznju Sire znanstvene zajednice, informacije o njihovom djelovanju na neciljne organizme tla,
posebice enhitreje su nedostatne. Stoga je cilj drugog istrazivanja bio prikupiti osnovne
informacije o djelovanja tri komercijalna pripravaka na prezivljavanje i reprodukciju vrste E.
crypticus. Standardizirani reprodukcijski test pokazao je negativno djelovanje tri komercijalna
pripravka temeljena na azoksistrobinu, piraklostrobinu i trifloksistrobinu na prezivljavanje i
reprodukciju vrste E. crypticus potvrdivsi cetvrtu hipotezu rada. Komercijalni pripravak
temeljen na aktivnoj tvari trifloksistrobin pokazao je najjace djelovanje na prezivljavanje i
reprodukciju, dok je neSto blaze djelovanje uoceno pri tretmanima provedenima s

komercijalnim pripravcima temeljenima na piraklostrobinu i azoksistrobinu. OpaZene razlike u
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djelovanju pojedinih komercijalnih pripravaka potvrdile su petu hipotezu ovoga rada. Nadalje,
prosirena su postojeca znanja o negativno djelovanje azoksistrobina na vrstu E. crypticus, dok
rezultati o djelovanju piraklostrobina i trifloksistrobina predstavljaju temeljne informacije o
djelovanju ovih pripravaka i aktivnih tvari na enhitreje. Temeljem standardiziranih
reprodukcijskih testova uoceno je povecanje broja ne izlezenih kokona pri pojedinim
koncentracijama koje se moze povezati s pojavom oSteCenja embrionalnog razvoja ranije
zabiljezenog kod akvati¢kih organizama (Ma i sur., 2020; Zhang i sur., 2020c). Dok su tretmani
vis$im koncentracijama komercijalnih pripravaka uzrokovali inhibiciju reprodukcije, ona se pri
nizim koncentracijama odvijala necometano. Medutim, niZze koncentracije fungicida uzrokuju
promjene embrionalnog razvoja koje za posljedicu imaju odgodu ili potpuni izostanak
izlijeganja. Prijasnja istrazivanja potvrdila su razliku u osjetljivosti izmedu zivotnih faza
organizama tla (Gomes i sur., 2018; Castro-Ferreira i sur., 2012), te moguce djelovanje
strobilurinskih fungicida na embrionalni razvoj akvati¢kih organizama (Kim i sur., 2020; Jiang
i sur., 2019a). Medutim, informacije o djelovanju strobilurinskih fungicida na embrionalni
razvoj organizama tla nisu bile dostupne. Tlo kao medij ¢ini embrioloska istrazivanja
sloZenima, a Zivotni ciklusi organizama tla ¢esto su dugotrajni i nedovoljno istrazeni. Tako je
primjerice vrijeme potrebno za provodenje testova izlijeganja gujavica 60 do 70 dana (Bart i
sur., 2018; Jensen i Holmstrup 1997). lako postoje dokazi kako primjena pojedinih pesticida
poput glifosata pri polovici preporuc¢ene doze moze smanjiti stopu izlijeganja gujavica za 50%
(Gaupp-Berghausen i sur., 2015) informacije o djelovanju strobilurinskih fungicida nisu
dostupne. Medutim, kratak Zivotni ciklus, visoka stopa reprodukcije i prozirni kokoni vrste E.
crypticus (Castro-Ferreira i sur., 2012) omogudili su provodenje testova izlijeganja u puno
kra¢em vremenskom razdoblju. Naime, sam test izlijeganja traje 11 dana, dok je prije testa
potrebno provesti sinkronizaciju organizama, ¢ime se cjelokupno trajanje testa povecava na 14
dana (Bicho 1 sur., 2015). Osim toga, testove izlijeganja mogucée je modificirati ¢ime se
omogucuje prac¢enje dinamiku izlijeganja. Nedostatak testova izlijeganja vrste E. crypticus je
destruktivno uzorkovanje ¢ime se stvara potreba za velikim brojem replika. Medutim, veli¢ina
kokona omogucava provodenje ovog testa u 5 g tla, dok visoka stopa reprodukcije vrste E.
crypticus olaksava prikupljanje velikog broja sinkroniziranih kokona. Sinkronizacija kokona
obavlja se na novim plo¢ama agara na koje se prenose odrasle jedinke s vidljivim klitelumom.
Prilikom sinkronizacije potrebno je prikupiti 2.5 puta viSe odraslih jedinki od Zeljenog broja
kokona, a sinkronizirani kokoni se kistom prenose u tlo (Bicho i sur., 2015). Zbog mogu¢nosti

isuSivanja kokona iznimno je vazno voditi brigu o vlaZnosti tla, te kokone u cijelosti prekriti
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tlom za vrijeme izlaganja. Produljenje testa izlijeganja s 11 na 19 dana uz povecanje broja
replika omogucilo je kontinuirano praéenje dinamike izlijeganja vrste E. crypticus i
izraCunavanje vremena potrebnog za izlijeganje. Koncentracije azoksistrobina na kojima je
uocen utjecaj na odgodu izlijeganja bile su poprili¢no visoke i u normalnim okolnostima se ne
oekuju u okolisu. Medutim, piraklostrobin je uzrokovao odgodu izlijeganja pri
koncentracijama koje su okoli$no relevantne (< 2.5 mga.i./kg). Prikupljeni rezultati pokazali su
da embriotoksi¢nost strobilurinskih fungicida nije karakteristicna samo za akvaticke, ve¢ i za
organizme tla, a niske koncentracije strobilurinskih fungicida u okoliSu mogu utjecati na
dinamiku izlijeganja i posljedi¢no djelovati na populacije enhitreja.

Postojece informacije o djelovanju strobilurinskih fungicida uglavnom su rezultat
ekotoksikoloskih testova provedenih sa ¢istom aktivnom tvari, a ne komercijalnim pripravcima
kojima su izlozeni organizmi u okoliSu. Osim toga djelovanje komercijalnih pripravaka cesto
je snaznije od djelovanja Ciste aktivne tvari (Mesnage i sur., 2014; Marques i sur., 2009).
Upravo zbog toga naglaSena je potreba za istrazivanjima koja bi proucavala djelovanje razli¢itih
komercijalnih pripravaka ili usporedila djelovanje Ciste aktivne tvari i komercijalnih pripravaka
(Gomes i sur., 2021). lako je vrsta E. crypticus zbog trajanja zivotnog ciklusa i specifi¢nosti
kokona pogodna za provodenje testova prezivljavanja, reprodukcijskih testova i1 testova
izlijeganja, njen glavni nedostatak je veli¢ina. Izrazito male i njezne jedinke Cine mjerenje
promjena aktivnosti MXR sustava dugotrajnima, a mjerenje razli¢itih molekularnih biomarkera
nemogucima zbog nedostatka potrebne koli¢ine tkiva. Iz tog razloga jedinke vrste E. albidus
izloZene su Cistoj aktivnoj tvari azoksistrobin i komercijalnom pripravku temeljenom na istoj
aktivnoj tvari. Kako bi se dobile $to to¢nije informacije o djelovanju testiranih fungicida,
mjerenja razlic¢itih biomarkera provedena su nakon 7 i 21 dana izlaganja. Prikupljeni rezultati
pokazali su kako istraZivanja toksi¢nosti Ciste aktivne tvari nisu dostatna za procjenu okoliSnog
rizika jer se dodatcima u komercijalnim pripravcima bitno mijenjaju toksikoloska svojstva
aktivne tvari, potvrdivsi Sestu hipotezu rada. [ako je utjecaj na prezivljavanje bio slican, uocena
je znacajna razlika u djelovanju na reprodukciju. Naime, komercijalni pripravak pokazao je
puno vecu toksi¢nost i uzrokovao znacajno smanjenje reprodukcije. Ovakva razlika u odgovoru
povezuje se s dodatcima prisutnima u komercijalnom pripravku. Upravo dodatci mogu povecati
bioraspolozivost aktivne tvari i omoguditi joj laksi prolazak kroz membranu kokona S§to
rezultira ve¢om toksi¢nosti za enhitreje (Mesnage i Antoniou, 2018; Pereira i sur., 2009). U
prilog tome govori i odgovor MXR mehanizma enhitreja. Indukcija MXR mehanizma

zabiljezena nakon izlaganja €istoj aktivnoj tvari, a inhibicija nakon izlaganja komercijalnom
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pripravku. Aktivnost MXR mehanizma izrazito je osjetljiva na koncentracije dostupnog
supstrata, te niske koncentracije uzrokuju indukciju MXR mehanizma, dok pri viSim
koncentracijama dolazi do njegove inhibicije (Velki i Hackenberger, 2013a). Aktivna tvar se
gotovo nikada ne primjenjuje kao pojedinacni pripravak, ve¢ se mijesa s raznim dodatcima koji
poboljSavaju njezina svojstva mijeSanja, razrjedivanja, primjene i stabilnosti (Tominack, 2000).
Iako sami dodatci zbog svoje koncentracije i svojstava ne uzrokuju toksi¢ne ucinke, povecavaju
bioraspolozivost aktivne tvari, njenu stabilnost i osiguravaju laksi ulazak u stanice organizama
¢ime uzrokuju vecu efikasnost, ali 1 snaznije negativno djelovanje (Nagy 1 sur., 2020). Osim
odgovora MXR mehanizma, uocene su promjene u aktivnosti kljuénih enzima antioksidativnog
sustava, te promjene u koli¢ini dostupne energije. Mjerenje promjena aktivnosti enzima prve
faze antioksidativnog sustava, SOD i CAT, pokazalo je njihovu izrazitu vaznost nakon 7 dana
izlaganja. Dok nakon 21 dana izlaganja, glavnu ulogu ima GST. lako su istraZivanja provedena
na gujavicama E. fetida pokazala kako SOD i GST imaju klju¢nu ulogu u smanjenju negativnog
djelovanja strobilurinskih fungicida (Xu i sur., 2021; Han i sur., 2014), istrazivanje provedeno
s vrstom E. albidus pokazalo je vazna i uloga CAT u metabolizmu enhitreja. Nakon 21 dana
izlaganja veéina enzima antioksidativnog sustava jedinki izloZenih €istoj aktivnoj tvari vratila
se na kontrolnu razinu sugeriraju¢i uspjesno uklanjanje ROS-a. Medutim, tretman
komercijalnim pripravkom pokazao je snazniji utjecaj i povecanu aktivnost GST i nakon 21
dana izlaganja. Osim toga uocena je povecana koncentracija MDA koja sugerira pojavu lipidne
peroksidacije. Kao i kod gujavica, produkcija ROS-a nakon 7 dana izlaganja bila je nedovoljna
za uzrokovanje lipidne peroksidacije, medutim nakon 21 dana doSlo je do njene pojave.
Izlaganje aktivnoj tvari i komercijalnom pripravku temeljeni na azoksistrobinu nije uzrokovalo
promjene u koli¢ini dostupne energije, ali su uocene promjene u omjeru pojedinih komponenti
(ugljikohidrati, lipidi i proteini). Intenzivna obrana od oksidativnhog stresa uzrokovala je
smanjenje koncentracije ugljikohidrata nakon 7 dana izlaganja. Upravo je redukcija
ugljikohidrata, primarnog izvora energije (Moolman i sur., 2007), poznat odgovor enhitreja
nakon izlaganja pesticidima (Novais 1 Amorim, 2013). Povecana koncentracija proteina nakon
21 dana izlaganja komercijalnom pripravku sugerira poveéanu sintezu proteina kao odgovor na
stresne uvijete (Tripathi 1 sur., 2010). OpaZeni rezultati su osim potrebe za testiranjem
komercijalnih pripravaka ukazali na vaznost sveobuhvatne analize razli€itih krajnjih tocaka u
cilju dobivanja $to detaljnijih, ali i relevantnijih rezultata.

Zbog razlike u djelovanju komercijalnog pripravka i Ciste aktivne tvari, te u svrhu

nadopunjavanja postoje¢ih znanja provedeno je i Cetvrto istraZivanje kojim je usporedeno
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djelovanje razlic¢itih komercijalnih pripravaka na vrstu E. albidus. Dobiveni rezultati pokazali
su kako je za opazanja promjena krajnjih toCaka na viSim razinama organizacije, poput
prezivljavanja i reprodukcije, ponekad potrebno izlaganje izrazito visokim koncentracijama
strobilurinskih fungicida. Medutim, niZze koncentracije prisutne u okoliSu mogu uzrokovati
oksidativni stres i promjene energetskog statusa enhitreja. Na djelovanje komercijalnih
pripravaka uvelike utjeCu promjene aktivnosti MXR mehanizma. Krezoksim-metil koji je
pokazao najslabije djelovanje na prezivljavanje i reprodukciju enhitreja, te ujedno izazvao
najmanje promjene aktivnosti MXR mehanizma. Naime, pri tretmanima krezoksim-metilom
inhibicija MXR mehanizma zabiljezena je samo pri najvisoj testiranoj koncentraciji. Sukladno
tome, piraklostrobin koji je pokazao najvece djelovanje na prezivljavanje i reprodukciju
uzrokovao je najsnazniju inhibiciju MXR mehanizma. Svi testirani komercijalni pripravci
uzrokovali su pojavu oksidativnog stresa koja je karakteristican odgovor na strobilurinske
fungicide kod organizama tla (Xu 1 sur., 2021; Wu i sur 2021). Osim toga duZe izlaganje
komercijalnim pripravcima (21 dan) uzrokuje promjene u koli¢inama dostupne energije
organizma.

Procjena djelovanja Ciste aktivne tvari i razli€itih pripravaka strobilurinskih fungicida
na aktivnosti MXR mehanizma, prezivljavanje, reprodukciju, uspjeh izlijeganja, te oksidativni
i energetski status dala je informacije o mogucim posljedicama izlaganja organizama razlicitim
strobilurinskim fungicidima, ali i omoguéila bolje razumijevanje mehanizma djelovanja ¢ime
je potvrdena 1 sedma hipoteza ovog rada. lako izlaganje enhitreja okoliSno relevantnim
koncentracijama aktivne tvari ne bi uzrokovalo vidljive utjecaje na prezivljavanje i
reprodukciju, koristenje nizih koncentracija komercijalnih pripravaka i sveobuhvatnog pristupa
sprijecilo je moguce podcjenjivanje negativnog djelovanja ove skupine fungicida. Biomarkeri
na nizim razinama organizacije nezaobilazan su i iznimno vazan pristup u modernoj
ekotoksikologiji, medutim i dalje se preispituje njihova uloga i tocnost prilikom povezivanja s
pojavama na viSim razinama organizacije (Forbes 2006). Tako se krajnje tofke poput
prezivljavanja i reprodukcije smatraju ekoloski relevantnijima od biomarkera na nizim
razinama organizacije. Medutim, odgovori na molekularnoj, stani¢noj ili fizioloskoj razini
klju¢ni su za rasvjetljavanje tocnog mehanizma djelovanja zagadivala (Shi i Wang, 2017).
Stoga je prilikom istrazivanja koja prikupljaju inicijalna znanja nuzno provesti sveobuhvatnu
analizu razlicitih krajnjih toCaka i1 biomarkera. Sveobuhvatni pristup proveden tijekom izrade

kljuénih mehanizama koji pomazu pri sprjeCavanju pojave negativnog djelovanja, ¢ime je
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potvrdena i posljednja hipoteza ovog rada. Dokazano je kako strobilurinski fungicidi
prvenstveno izazivaju oksidativni stres. Oksidativi stres je najvjerovatnije posljedica djelovanja
na mitohondrijsku respiraciju. Na taj nacin strobilurinski fungicidi utjecu na transportni lanac
elektrona, nastanak energije i posljedi¢no povecanje brojnosti ROS-a. Osim toga, dokazano je
kako MXR mehanizam ima iznimnu vaznost pri sprjecavanju Stetnog djelovanja strobilurinskih
fungicida. Naime, funkcionalni MXR mehanizam sprje¢ava akumulaciju aktivne tvari unutar
organizma i djelovanje na antioksidativni sustav. Antioksidativni sustav odraslih jedinki dobro
je razvijen i moze uspjesno odolijevati nizim koncentracijama komercijalnih pripravaka
strobilurinskih fungicida. Medutim, embrionalni razvoj pokazao se kao najosjetljivija tocka
zivotnog ciklusa enhitreja. Odrasle jedinke pokazale su izrazitu prilagodljivost na Stetno
djelovanje strobilurinskih fungicida. Tako se pri nekim tretmanima smanjenje dostupne
energije kompenziralo smanjenjem ili potpunom odgodom reprodukcije, te usmjeravanjem
energije na obranu od oksidativnog stresa. lako se ovakva strategija pokazala uspjeSna za
prezivljavanje odraslih jedinki, dugoro¢no bi mogla predstavljati opasnost za stabilnost
populacija. Na samo trajanje izlaganja u poljoprivrednim tlima utjece ucestalost primjene, ali i
mobilnost fungicida u tlu i njihovo ispiranje. Zbog slabe mobilnosti, azoksistrobin i krezoksim-
metil ostaju u povrSinskim slojevima tla (Wu i sur., 2015), a sli¢no je i s ostalim aktivnim
tvarima. Nadalje, na mobilnost aktivne tvari dodatno utjeCe i vrsta pripravaka, odnosno
pomocne tvari koje se nalaze u pripravcima. Tako se zbog razli¢itih dodataka EC pripravci brze
ispiru iz tla nego SC pripravci (Khan i Brown, 2016). Zbog toga odabir aktivne tvari s
najslabijim djelovanjem na neciljne organizme u kombinaciji s prikladnim pomo¢nim tvarima
predstavlja najbolje rjeSenje za stabilnost ekoloskih sustava tla. Osim toga prilikom primjene
komercijalnih pripravaka klju¢no je postivanje preporucene doze i propisanih vremenske
razmake prije ponovne primjene. Na taj na¢in omogucuje se potpuna ili djelomi¢na razgradnja
aktivne tvari koja se ve¢ nalazi u tlu, ali i oporavak organizama nakon energetski zahtjevnog

procesa obrane od oksidativnog stresa.
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Prikupljeni rezultati predstavljaju prvi sveobuhvatni prikaz djelovanja strobilurinskih
fungicida na enhitreje vrste E. albidus i E. crypticus.

MXR mehanizam prisutan je kod enhitreja te je na njegovu aktivnost moguce utjecati
modelnim inhibitorima (ciklosporin A, ivermektin i verapamil) i inducerima
(deksametazon i rifampicin)

Novoustanovljena metoda primjenjiva je u standardiziranim ekotoksikoloSkim
testovima koji se provode u tlu te je uocena potreba za daljnjim istrazivanjem MXR
mehanizma enhitreja, ali i za koristenje promjene aktivnosti MXR mehanizma kao
komparativnog biomarkera zagadenja.

Izlaganje komercijalnom pripravku temeljenom na aktivnoj tvari propikonazol dovelo
je do inhibicije MXR mehanizm vrsta E. albidus i E. crypticus dokazujuc¢i da
ksenobiotici prisutni u okoliSu mogu djelovati na aktivnost MXR mehanizma enhitreja.
Komercijalni pripravak temeljen na aktivnoj tvari trifloksistrobin pokazao je snazniji
utjecaj na prezivljavanje i reprodukciju vrste E. crypticus u usporedbi s komercijalnim
pripravcima temeljenima na aktivnoj tvari piraklostrobin i azoksistrobin.

Primjena produljenog testa izlijeganja omogucila je razlikovanje odgode izlijeganja i
njegova potpuna izostanka naglaSavaju¢i potrebu za istrazivanjem djelovanja
strobilurinskih fungicida na nizim razinama organizacije (biokemijski i stani¢ni
biomarkeri).

Azoksistrobin u obliku ¢iste aktivne tvari i komercijalnog pripravka moze uzrokovati
promjene u aktivnosti MXR mehanizma, te izaziva oksidativni stres i promjene u
koli¢inama dostupne energije. Medutim,

Veca dostupnost azoksistrobina u obliku komercijalnog pripravka u usporedbi s ¢istom
aktivnom tvari prouzrocila je inhibiciju aktivnosti MXR mehanizma enhitreja vrste E.
albidus te indukciju oksidativnog stresa i promjenu koli¢ine dostupne energije.
Negativan utjecaj pripravaka zabiljeZen je na okoli$no relevantnim koncentracijama, §to
predstavlja opasnost za populacije enhitreja u poljoprivrednim tlima.

Najveéi utjecaj na reprodukciju vrste E. albidus pokazao je pripravak temeljen na
aktivnoj tvari piraklostrobin, nakon koje slijede pripravci temeljeni na aktivnim tvarima
trifloksistrobinu i krezoksim-metilu. Vaznu ulogu u smanjenju Stetnih utjecaja igraju
MXR mehanizam i detoksikacijski sustav ¢ija aktivnost moze utjecati na ublazavanje

Stetnih posljedica na viSim razinama organizacije.
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Svi testirani fungicidi djeluju na mitohondrijski respiratorni lanac smanjujuéi koli¢inu
dostupne energije u organizmu, te uzrokuju povecanje koncentracije ROS-a i
posljedi¢no pojavu oksidativnog stresa. lako neki komercijalni pripravci nisu negativno
utjecali na krajnje tocke poput prezivljavanja i reprodukcije, povecana aktivnost enzima
koji sudjeluju u detoksikacijskom procesu i obrani organizma od oksidativnog stresa
upucéuje na izuzetnu vaznost ovog mehanizma prilikom izlozenosti strobilurinskim
fungicidima.

MXR mehanizam i detoksikacijski sustav dobro su razvijeni kod odraslih jedinki te
igraju vaznu ulogu u prevenciji Stetnih posljedicama na viSim razinama organizacije.
Medutim, embrionalni razvoj se pokazao kao najosjetljivija to¢ka Zivotnog ciklusa
enhitreja. Naime, dok je inhibicija reprodukcije opaZena pri visim koncentracijama, nize
koncentracije uzrokovale su negativno djelovanje na embrionalni razvoj koje je
rezultiralo odgodom izlijeganja ili njegovim potpunim izostankom.

Kako bi se sprijecile dugoro¢ne posljedice na populacije enhitreja i ¢itave ekoloske
sustave tla potrebno je odabrati komercijalne pripravke koji ¢e pri okoli$no relevantnim
koncentracijama imati minimalno djelovanje na enhitreje, te ih primjenjivati u
propisanim razmacima kako bi se omogucio oporavak organizama prije ponovne

primjene.
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Marija Kovacevi¢ rodena je 12. svibnja 1994. godine u Pozegi. Nakon zavrSetka
osnovne Skole u Pleternici pohadala je prirodoslovno-matematicki program Gimnazije Pozega.
Preddiplomski i diplomski studij biologije pohadala je na Odjelu za biologiju Sveucilista Josipa
Jurja Strossmayera u Osijeku, te je za izvrsne uspjehe tijekom studiranja primila Proc¢elnikova
nagrada za najboljeg studenta 1. godine diplomskog sveuciliSnog studija biologije; smjer:
znanstveni za akademsku 2016./2017. godinu i Rektorovu nagradu za akademsku 2017./2018.
godinu. Osim toga 2018. godine je nagradena GodiSnjom nagrada grada Pleternice za
obrazovanje. Tijekom studija sudjelovala je u izvodenju nastave kao demonstrator na vjezbama
1 terenskoj nastavi iz kolegija “Stablasice” i1 “Kraljeznjaci” preddiplomskog sveuciliSnog
studija. Nadalje, sudjelovala je u raznim projektima inventarizacije flore i faune, te u
floristickim istraZzivanjima koja su osim zavr$nog i1 diplomskog rada rezultirala prvim

kongresnim priop¢enjima.

Nakon zavrSetka diplomskog studija zaposlila se na Zavodu za kvantitativnu biologiju,
Odjelu za biologiju SveuciliSta Josipa Jurja Strossmayera u Osijeku u okviru HRZZ projekta
»Razli¢iti u¢inci okoliSno relevantnih mjeSavina metal temeljenih nanocestica i pesticida na
faunu tla: Nove smjernice za procjenu rizika (DEFENSoil)*“ (IP-2014-09-4459) pod
mentorstvom prof.dr.sc. Branimira K. Hackenberger. Tijekom posljediplomskog studija
stru¢no se usavriavala na Zavodu za botaniku i zoologiju, Sveuéilista Masaryk u Brnu (Ceska),
te na Zavodu za ekoznanosti, Sveuéili§ta Aarhus u Silkeborgu (Danska). Sudjelovala je u
izvodenju nastave iz kolegija Animalna fiziologija 1, Molekularna ekotoksikologija,

Toksikologija, Ekologija tla, te provodenju terenske nastave.

Do sada je kao koautor objavila 8 znanstvenih radova u ¢asopisima citiranima u CC
(Curent Contents) bazi podataka, te 19 kongresnih priopéenja koja su bila prezentirana na

domacim 1 medunarodnim kongresima.
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2. Mandir T, Kovacevi¢ M, Simi¢ M, Zuna Pfeiffer T, Spoljari¢ Maroni¢ D, Stevi¢ F (2017)
Raznolikost flore stepolike travnjacke povrsine u Bistrincima, 6. Simpozij s medunarodnim

sudjelovanjem "Kopacki rit jucer, danas, sutra, 2017.", Tikves. (postersko priopéenje)

3. Kovacevi¢ M, Plavac T, Hackenberger BK (2018) TBARS in horse hair as an indicator of
oil industry pollution, SETAC (Society of Environmental Toxicology and Chemistry) Europe

28th annual meeting, Rim. (postersko priopcenje)

4. Komljenovi¢ J, Kristi¢ T, Mandir T, PBuri¢ A, Kovaéevi¢ M, Bjedov, D., Mikuska, A (2018)
Breeding of rooks (Corvus frugilegus L. 1785) In the eastern Slavonia, 1st International

Students' GREEN Conference, Osijek. (postersko priopcenje)

5. Mandir T, Kovadevi¢ M, Simi¢ M, Grgosevi¢ M, Zuna Pfeiffer T, Spoljari¢ Maroni¢ D
(2018) Flora of steppe like grasland a rea in Bistrinci (East Croatia), 1st International Students'

GREEN Conference, Osijek. (postersko priopéenje)

6. Zuna Pfeiffer T, épolj ari¢ Maroni¢ D, Kovacdevi¢ M, Sag M, Domjan L, Stevi¢ F, Loncari¢
Z (2018) Comparative study of plant morphology and leaf anatomy of near threatened terrestrial
species, Orchis morio L., 3rd International Conference on Plant Biology (22nd SPPS Meeting),

Beograd. (postersko priopcenje)

7. Kovadevi¢ M, Hackenberger DK, Loncari¢ Z, Hackenberger BK (2019) Aktivnost efluks

pumpe enhitreida, 2nd Young Scientists Days Conference, Osijek. (predavanje)

8. Mandir T, Kovaéevi¢ M, Simi¢ M, Grgosevi¢ M, Zuna Pfeiffer T, Spoljari¢ Maroni¢ D
(2019) Raznolikost flore subpanonskog travnjaka u Bistrincima, 2nd Young Scientists Days

Conference, Osijek. (predavanje)

9. Kovacevi¢ M, Hackenberger DK, Lonéari¢ Z, Hackenberger BK (2019) Efflux pump activity
in Enchytraeidae, SETAC (Society of Environmental Toxicology and Chemistry) Europe 29th

Annual Meeting, Helsinki. (predavanje)

10. Galinovi¢ T, Hackenberger DK, Kovaéevi¢ M, Zeli¢ L, Loncarié 7z (2019) The eftect of
silver nanoparticle size on the reproduction of Enchytraeus albidus, Scientific symposium Soil

ecotoxicology Theory and Application, Osijek. (predavanje)

119



6. ZIVOTOPIS

11. Kovacevi¢ M, Hackenberger DK (2019) Effect of fungicide azoxystrobin on hatching delay
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prof.dr.sc. Branimir K. Hackenberger, Odjel za biologiju; Sveudiliste Josipa Jurja
Strossmayera, Osijek. Hrvatska zaklada za znanost (HRZZ).
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