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| Wprowadzenie

Powszechne stosowanie chemicznych srodkéw ochrony roslin przyczynito sie do
rozprzestrzenienia zanieczyszczen organicznych w srodowisku rolniczym. Obecnie na swiecie
rocznie zuzywa sie 2,5 min ton pestycyddéw, z czego najwiekszg cze$¢ stanowig herbicydy (ok.
40%) (Fenner i in., 2013). Tylko minimalna czes¢ stosowanego pestycydu trafia do organizmu
docelowego (0,1%), podczas gdy reszta ulega rozproszeniu w $rodowisku, zanieczyszczajac
glebe, wody powierzchniowe i gruntowe, stanowigc tym samym zagrozenie dla organizmow

zywych (Olchanheski i in., 2014).

Alachlor [2-chloro-N-2,6-diethylphenyl-N-(methoxymethyl)acetamid] i metolachlor
[2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylethyl)acetamid] nalezg do
grupy herbicydow chloroacetanilidowych, powszechnie stosowanych w rolnictwie ze
wzgledu na duzg skutecznos¢ w eliminacji jednorocznych traw, turzyc oraz chwastéw
lisciastych w uprawach soi, kukurydzy, bawetny, stonecznikéw, rzepaku czy orzeszkdéw
ziemnych (Rys. 1) (Huang i in.,, 2017). Chloroacetanilidy sg selektywnymi herbicydami
o dziataniu systemowym, wchtanianymi przez kietkujgce pedy i korzenie roslin docelowych.
Mechanizm dziatania opiera sie na zahamowaniu biosyntezy biatek, a takze kwaséw
ttuszczowych o dtugich tancuchach weglowych, co w konsekwencji prowadzi do zatrzymania

wzrostu roslin (Souissi i in., 2013).
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Rys. 1 Wzory strukturalne alachloru (a) oraz metolachloru (b).

Ze wzgledu na stosunkowo dobrg rozpuszczalnos¢ w wodzie (alachlor 242 mg/L
w 20°C; metolachlor 530 mg/L w 20°C) oraz niski stopieri mineralizacji, substancje te
przedostajg sie do wdéd powierzchniowych i gruntowych, gdzie wigzg sie zaréwno ze
sktadnikami gleby jak i sktadnikami osadéw dennych (Huang i in., 2017). Dane literaturowe

wskazujg, iz rozktad chloroacetaniliddw w warunkach $rodowiskowych pod wptywem



czynnikdw atmosferycznych przebiega z niskg wydajnoscig, co w rezultacie prowadzi do
akumulacji tych zwigzkéw oraz ich pochodnych w glebie, rzekach, morzach, a takze wodzie
pitnej (Zhang i in., 2011). Komisja Europejska ustalita dopuszczalny poziom zawartosci
alachloru w wodzie pitnej - 0,1 pg/L, natomiast suma zawartosci herbicydu oraz jego
metabolitéw nie moze przekraczac 0,5 pg/L wody. Natomiast wedtug Amerykanskiej Agencji
Ochrony Srodowiska (EPA) dozwolony maksymalny poziom alachloru w wodzie pitnej wynosi
2,0 pg/L (Qiang i in., 2010). W wyniku nadmiernego oraz niekontrolowanego stosowania
herbicydéw, substancje te stanowig realne zagrozenie dla Srodowiska naturalnego oraz
organizméw niestanowigcych celu zwalczania dla srodkédw chwastobdjczych. Badane
herbicydy sg wysoce toksyczne dla organizméw wodnych, roslin oraz zielonych alg (Maroni¢
i in., 2018). Na podstawie badan prowadzonych na zwierzetach EPA sklasyfikowata alachlor
w grupie B2 czynnikéw kancerogennych jako prawdopodobnie rakotwdrczy dla ludzi.
Natomiast metolachlor jest pestycydem nalezgcym do kategorii C, ktdra charakteryzuje sie
znikomym  prawdopodobiedstwem  rakotwdrczego dziatania (US EPA, 2017).
Chloroacetanilidy mogg ulega¢ akumulacji w tkankach, co stanowi szczegdlne zagrozenie dla
cztowieka, bedgcego ostatnim ogniwem faricucha pokarmowego. Zaréwno alachlor jak
i metolachlor wykazujg wtasciwosci ksenoestrogenne, tzn. zaktécajg prawidtowe
funkcjonowanie uktadu hormonalnego ludzi i zwierzat. Alachlor wigze sie kompetencyjnie
z receptorami zenskich hormondéw piciowych. Ponadto alachlor i metolachlor poprzez
aktywacje receptora hormondéw steroidowych (pregnan X) zakiécajg synteze enzymow
odpowiedzialnych za ich metabolizm (Mnif i in., 2011). Szkodliwe dziatanie herbicydéw moze
by¢ rowniez zwigzane z generowaniem reaktywnych form tlenu (RFT), co prowadzi do utraty
rownowagi pomiedzy przeciwutleniaczami a utleniaczami, a w konsekwencji moze
powodowac oksydacyjne uszkodzenia biatek, lipidéw czy kwaséw nukleinowych (Jiang i in.,
2016; Sies i in., 2017). Na tej podstawie Unia Europejska uchwalita Dyrektywe 2008/105/EC
na mocy ktdrej od 2008 alachlor zostat wycofany z uzytku na terenie UE oraz zostat wpisany
na liste substancji szczegdlnie niebezpiecznych dla srodowiska wodnego, ktére powinny
zostaé catkowicie z niego wyeliminowane. Natomiast metolachlor jest dopuszczony do
uzytku na terenie krajow Unii Europejskiej. Poza Europg alachlor wcigz jest powszechnie
stosowany w praktyce rolniczej, zwtaszcza w USA, Indiach, Republice Potudniowej Afryki,

Chinach i Japonii, a takze w Bangladeszu, Indonezji, Malezji, Nepalu, Pakistanie, Filipinach,



Singapurze, Sri Lance, Tajlandii i Wietnamie (Stamper i Tuovinen, 1998; FAO of the United
Nations Regional Office for Asia and the Pacific, 2013).

Zastosowanie konwencjonalnych fizykochemicznych metod usuwania
chloroacetanilidéw z réznych srodowisk obarczone jest m.in. wysokimi kosztami, niska
wydajnoscia  procesu, wytwarzaniem toksycznych ~metabolitéw lub  minimalnym
zmniejszeniem toksycznosci herbicyddw (Souissi i in.,2013; Qiang i in., 2010).
Mikrobiologiczna degradacja uwazana jest za najwazniejszg droge transformacji alachloru
i metolachloru w $rodowisku naturalnym, a kluczowa role w tym procesie przypisuje sie
mikroorganizmom wyizolowanym ze skazonych S$rodowisk, ktdore charakteryzujg sie
zdolnosciag adaptacji do warunkéw sSrodowiska, a takze mozliwoscig wykorzystywania
szeregu zwigzkdéw organicznych jako substratéw energetycznych i budulcowych (Huangi in.,
2017). Zrédta literaturowe podajg szereg mikroorganizméw zdolnych do transformaciji
chloracetanilidow zaréwno w warunkach tlenowych jak i beztlenowych. Jednakze wiekszos¢
badan dotyczy wykorzystania szczepdw bakteryjnych z rodzaju Agrobacterium sp.,
Ancylobacter sp., Burkholderia sp. (Ewida, 2014), Bacillus sp. (Wang i in., 2008; Xu i in.,
2008), Microbacterium sp., Pseudomonas sp. (Xu i in., 2008) oraz Streptomyces sp. (Durdes
Sette i in., 2004). Mniej natomiast wiadomo na temat mozliwosci metabolizowania alachloru
i metolachloru przez grzyby strzepkowe. Badania prowadzono gtdwnie na modelu grzybdow
zgnilizny drewna np. Chaetomium globosum (Tiedje i Hagedorn, 1975) Phanerochaete
chrysosporium (Ferrey i in., 1994; Chirnside i in., 2009) i Coriolus versicolor (Hai i in., 2012),
a takze z wykorzystaniem mikroskopowych grzybéw strzepkowych np. Cunninghamella
elegans (Pothuluriiin., 1993, 1997), Paecilomyces marquandii (Staba i in., 2013) oraz drozdzy
Candida xestobii (Munoz i in., 2011).

Grzyby z rodzaju Trichoderma sp. sg kosmopolitycznymi mikroorganizmami,
izolowanymi najczesciej z gleby oraz korzeni roslin. Powszechnos$é ich wystepowania wynika
ze zdolnosci do szybkiego wzrostu i przezycia w niekorzystnych warunkach, a takze
mozliwosci wykorzystania réznych substratow jako zrédta wegla i azotu (Tripathi i in., 2013).
Grzyby te znane sg przede wszystkim jako drobnoustroje, ktére wspomagajg wzrost roslin
i chronig je przed patogenami (Raspanti i in., 2009). Przez wiele lat uwazano, iz promowanie
wzrostu przez Trichoderma sp. jest bezposrednim wynikiem wytwarzania metabolitéw

wtérnych (kwas harzianowy, tricholin, kwas heptelidowy, wirydyna, peptaibole, gliowiryna,
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massoilakton, gliotoksyna, alamentycyny, 6-pentyl-a-pyrol, glisopreniny), ktére wykazujg
antagonistyczne dziatanie w stosunku do fitopatogendw. Kolejne badania wykazaty, ze
stymulacja wzrostu roslin jest wynikiem oddziatywania synergistycznych mechanizmow,
m.in. syntezy fitohormondéw wzrostu (np. kwasu indolilo-3-octoweg, kwas giberelinowego),
zwiekszenia biodostepnosci makro- i mikrosktadnikéw w glebie (np. fosforu, zelaza, miedzi,
cynku i manganu), rozwoju strefy korzeniowej, a takze stymulacjg tempa metabolizmu
weglowodandw oraz indukcjg odpornosci roslin na stres abiotyczny i biotyczny (Stewart i Hill,
2014). Grzyby z rodzaju Trichoderma wykazujg takze opornos¢ w stosunku do wielu
toksycznych zwigzkéw, np. s$rodkdw ochrony roslin, metali ciezkich i zwigzkéw
metaloorganicznych. Wysoka aktywnos$¢ metaboliczna sprawia, iz wyselekcjonowane szczepy
Trichoderma sg zdolne do degradacji wielu zwigzkdw chemicznych, np. cyjankéw, krezoli,
fenoli, aromatycznych amin, zieleni malachitowej, WWA, a takze $rodkdw ochrony roslin, np.
kwasu 2,4-dichlorofenoksyoctowego (2,4-D), 2,4-dichlorofenolu (2,4-DCP),
pentachlorofenolu (PCP), dichlorodifenylotrichloroetanu (DDT), dichlorfosu, chloropiryfosu
(Blaya i in., 2013; Tripathi i in.,, 2013). Te wtasciwosci sprawiajg, ze Trichoderma sa
szczegolnie interesujgcym obiektem badan, zwifaszcza dla potencjalnego zastosowania

w bioremediacji skazonych gleb i wéd.

Niniejsza praca doktorska dotyczy oceny zdolnosci wybranych szczepdw
mikroskopowych grzybdéw strzepkowych z rodzaju Trichoderma: T. atroviride IM QF10,
T. hamatum IM |-1, T. harzianum IM 0961, T. koningii IM 0956, T. citrinoviride M 6325,
T. harzianum KKP 534, T. viride KKP 792 oraz T. virens DSM 1963 do eliminacji alachloru
i metolachloru. Jako model badawczy wybrano szczepy wyizolowane z réznych lokalizacji
geograficznych (Polski, Rosji, Wegier, USA) i zdeponowane w rdéznych kolekcjach
drobnoustrojow. Szczepy T. atroviride IM QF10, T. hamatum IM |-1, T. citrinoviride IM 6325,
T. harzianum IM 0961 oraz T. koningii IM 0956 nalezg do kolekcji Katedry Mikrobiologii
Przemystowej i Biotechnologii Uniwersytetu tddzkiego. T. harzianum KKP 534 i T. viride KKP
792 pochodzg z Kolekcji Kultur Drobnoustrojow Przemystowych (IBPRS) w Warszawie,
natomiast T. virens DSM 1963 z Niemieckiej Kolekcji Mikroorganizméw i Hodowli
Komédrkowych (DSMZ). Wczesniejsze badania wykazaty zdolnosé T. citrinoviride IM 6325 do
efektywnej eliminacji pentachlorofenolu (Szewczyk i in., 2003), a takze T. virens DSM 1963

do biodegradacji tworzyw sztucznych (Klausmeier, 1972). Natomiast T. harzianum IM 0961



stymulowat wzrost siewek pszenicy w obecnosci kwasu 2,4-dichlorofenoksyoctowego
(Bernat i in., 2018a). Ponadto przestanka do podjecia badan byty réwniez prace dotyczace
zdolnosci szczepdw T. virens oraz T. reesei do efektywnej eliminacji anilin i chloroanilin (m.in.
3-chloro-4-metyloanilina (3,4-CMA), 2,6-dietyloanilina (2,6-DEA), 2-etylo-6-metyloanilina
(2,6-EMA), 3,4-dichloroanilina (3,4-DCA)), ktdére sg produktami transformacji wielu

herbicydéw anilidowych (Cocaign i in., 2013).
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Il Cele pracy

Za gtéwne cele badan przeprowadzanych podczas realizacji pracy doktorskiej przyjeto:

1. Analiza zdolnosci wybranych szczepdéw z rodzaju Trichoderma do biotransformacji
alachloru i metolachloru.

2. Ocena wptywu wybranych szczepdéw Trichoderma na wzrost siewek rzepaku
poddanych ekspozycji na badane herbicydy chloroacetanilidowe.

3. Badanie oddziatywania herbicyddw na szczepy Trichoderma zdolne do
biotransformacji chloroacetanilidéw oraz analiza zmian adaptacyjnych indukowanych

obecnoscig tych zwigzkéw.
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lll Realizacja poszczegolnych celow pracy

.1 Analiza zdolnosci wybranych szczepow z rodzaju Trichoderma do biotransformaciji

alachloru i metolachloru.

W pierwszym etapie badaf oceniono zdolno$¢ osmiu szczepdw grzybéw
strzepkowych z rodzaju Trichoderma: T. atroviride IM QF10, T. hamatum IM I-1, T. harzianum
IM 0961, T. koningii IM 0956, T. citrinoviride IM 6325, T. harzianum KKP 534, T. viride KKP
792 oraz T. virens DSM 1963 do biotransformac;ji alachloru i metolachloru. Wykazano iz,
wszystkie badane mikroorganizmy charakteryzujg sie wysokim potencjatem degradacyjnym
zaréwno alachloru (50 mg/L) jak i metolachloru (50 mg/L), ale rdinig sie pod wzgledem
tempa eliminacji tych zwigzkéw. Najszybszy ubytek alachloru odnotowano dla pieciu
szczepOw Trichoderma spp.: IM QF10, IM 6325, IM I-1, IM 0961 oraz IM 0956, ktére podczas
poczatkowych 72 h eliminowaty okoto 80-90% poczatkowego stezenia herbicydu. Natomiast
po 168 h inkubacji odnotowano minimalng zawartos¢ alachloru (ok.1%). Szczepy DSM 1963
oraz KKP 792 charakteryzujg sie najnizszg wydajnoscig eliminacji alachloru, po 7 dniach
hodowli stwierdzono odpowiednio 80 i 89% ubytek zawartosci ksenobiotyku. W przypadku
hodowli Trichoderma sp. z dodatkiem metolachloru zaobserwowano wolniejsze tempo
degradacji herbicydu niz w przypadku alachloru. Najefektywniejsza eliminacja wystgpita
pomiedzy 72 a 120 h inkubacji. W hodowlach IM 0956, IM 0961, IM QF10, IM I-1, IM 6325,
KKP 534 oraz DSM 1963 odnotowano 62-79% eliminacje metolachloru, natomiast szczep KKP
792 powodowat ubytek jedynie 40% substratu. Prawdopodobng przyczyne réznic w tempie
biotransformacji alachloru i metolachloru mozna upatrywaé w strukturze tych zwigzkdéw.
Wedtug danych literaturowych chloroacetanilidy posiadajgce faricuch alkoksymetylowy
zlokalizowany przy azocie amidowym (m.in. alachlor, acetochlor, butachlor) sg szybciej
degradowane niz herbicydy z taricuchem alkoksyetylowym przy azocie amidowym (m.in.
metolachlor, pretilachlor) (Hou i in., 2014; Zhang i in., 2011). Analizy widm masowych
uzyskanych poprzez zastosowanie wysokosprawnej chromatografii cieczowej sprzezonej
z tandemowg spektrometrig mas umozliwity identyfikacje 8 metabolitdw alachloru oraz 4
metabolitéw metolachloru, a dwa z nich zostaty po raz pierwszy zidentyfikowane w hodowli
mikroskopowych grzybow strzepkowych. Biotransformacja alachloru przez badane szczepy
Trichoderma rozpoczyna sie od reakcji dechlorynacji, a nastepnie podstawniki N-alkilowe
ulegajg reakcjom hydroksylacji, co w konsekwencji prowadzi do powstania mono-, di- lub
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trihydroksylowanych produktdw ubocznych. Natomiast metabolity metolachloru powstajg
gtéwnie na drodze O-demetylacji podstawnika N-alkilowego oraz na drodze dechlorynacji.
Biotransformacja jest najwazniejszg drogg usuwania ksenobiotykdéw ze srodowiska, jednakze
moze prowadzi¢ do powstawania oraz akumulacji toksycznych i kancerogennych
metabolitéw posrednich. Z tego powodu, miedzy innymi, zabroniono w Europie aplikacji
alachloru. Ocena toksycznosci produktow mikrobiologicznej transformacji alachoru
i metolachloru zostata wykonana z uzyciem stonowodnego skorupiaka Artemia franciscana
(test Artoxkit M). Wyniki testu Artoxkit M wskazujg na niemal catkowitg detoksykacje
alachloru w hodowlach T. harzianum IM 0961, T. koningii IM 0956 oraz T. hamatum IM |-1.
Z kolei w hodowlach KKP 534, KKP 792 i DSM 1963 zahamowanie ruchliwosci larw
A. fransciscana wynosito 20-50% w poréwnaniu do 100% immobilizacji skorupiakéw po 24 h
inkubacji z alachlorem w stezeniu 50 mg/L. Badanie toksykologicznosci ekstraktéw
pohodowlanych IM I-1, IM 0956, IM 0961, KKP 534 i KKP 792 inkubowanych z dodatkiem
metolachloru wykazato 1,5-2,5-krotng redukcje toksycznosci herbicydu w pordéwnaniu
z kontrolg abiotyczng. Uzyskane wyniki wyraznie wskazujg na spadek toksycznosci zaréwno
alachloru jak i metolachloru przez badane szczepy Trichoderma. W ekstraktach
pochodzacych z hodowli IM QF10 i IM 6325 nietraktowanych herbicydami zaobserwowano
wysoka smiertelnos¢ A. franciscana, co moze miec¢ zwigzek z wytwarzaniem metabolitow
wtdérnych o aktywnosci przeciwdrobnoustrojowej oraz ich szkodliwym wptywie na wodne
bezkregowce m.in. A. franciscana i Daphnia magna (Favilla i in., 2006; Thiruchchelvan i in.,
2013). Ponadto w ptynach pohodowlanych wyzej wymienionych szczepéw grzybowych
zidentyfikowano metabolity wtdrne o dziataniu przeciwdrobnoustrojowym, takie jak kwas
harzianowy, kwas harziafilowy, T22azaphilon, T39butenolid i trichoharzin. Obecnos¢ tych
zwigzkdéw, choc¢ utrudnia interpretacje testéw toksycznosci, moze chroni¢ rosliny uprawne

przed fitopatogenami.

Wyniki badan majgce na celu ocene zdolnosci o$miu wybranych szczepdw
Trichoderma do eliminacji popularnych chloroacetanilidéw - alachloru i metolachloru,
jako$ciowa analize powstatych produktéw mikrobiologicznej transformacji, a takze ocene ich
toksycznosci zostaty opisane w pracy oryginalnej "Biotransformation and detoxification of

chloroacetanilide herbicides by Trichoderma spp. with plant growth-promoting activities"
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(Pesticide Biochemistry and Physiology; 10.1016/j.pestbp.2019.11.018; IF= 3.44, 100 pkt
MNiSW).

Realizacje pierwszego celu pracy doktorskiej kontynuowano poddajgc ocenie udziat
lakazy oraz cytochromu P450, w eliminacji alachloru przez szczep T. koningii IM 0956. Szczep
ten zostat wybrany, poniewaz oprdécz duzej aktywnosci w eliminacji alachloru byt zdolny do
utleniania aminobenzotriazolu (ABTS), co $wiadczy o wytwarzaniu lakazy, a takie
charakteryzowat sie wysokg tolerancja na miedz. Badania dotyczace niespecyficznych
enzymow oksydacyjnych - lakazy oraz monooksygenazy cytochromu P450 wskazujg na ich
istotng role w metabolizmie ksenobiotykéw, m.in.: alachloru (Chirnside i in., 2011; Pothuluri
i in., 1993), bisfenolu A (Yang i in., 2013), 2,4-D (Nykiel-Szymanska i in., 2017), dibutylocyny

(Siewiera i in., 2017) lub zieleni malachitowej (Jasifska i in., 2015).

Lakaza jest enzymem oksydoredukcyjnym charakterystycznym dla grzybow biatej
zgnilizny, niemniej jednak potwierdzono zdolnos$¢ do wytwarzania tego enzymu u niektérych
grzybow z rodzaju Trichoderma: T. atroviride (Chakroun i in., 2010), T. aureoviridae
(Khambhaty i in., 2015), T. harzianum (Sadhasivam i in., 2008) oraz T. koningii (Wang i in.,
2012). Sposrdéd osmiu badanych szczepdw Trichoderma tylko szczep T. koningii IM 0956
charakteryzowat sie aktywnoscig lakazy w hodowlach zaréwno bez jak i z dodatkiem
alachloru. Dodatek jonéw miedzi do pozywki wzrostowej badanego szczepu znaczgco
stymulowat aktywnos¢ lakazy w pordwnaniu do uktadu kontrolnego (0,02-0,42 U/L dla
kontroli, 0,05-13,07 U/L dla préb badanych), co potwierdza dane literaturowe, iz dodatek Cu
(I1), jest niezbedny do wzmozonej aktywnosci lakazy (Chakroun i in., 2010; Khambhaty i in.,
2015). Najwyzszg aktywnos¢ enzymu uzyskano w obecnosci 7,5 mM miedzi. Ponadto
wykazano, ze wysoka aktywnos$¢ lakazy wystepuje przy jednoczesnej suplementacji hodowli

T. konigii jonami miedzi oraz alachlorem.

Nastepnie poddano ocenie udziat enzyméw oksydoredukcyjnych w procesie
biotransformacji alachloru przez T. koningii poprzez analize kinetyki rozktadu herbicydu
w obecnosci inhibitoréw lakazy (azydku sodu) oraz cytochromu P450 (aminobenzotriazolu
i proadifenu). Dodatek azydku sodu do hodowli IM 0956 spowodowat niewielkie, aczkolwiek
istotne statystycznie zahamowanie tempa degradacji chloroacetanilidu przez caty okres

trwania hodowli, co potwierdza udziat lakazy w biotransformacji herbicydu przez IM 0956.
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Natomiast obecnos¢ inhibitoréw cytochromu P450 znaczgco spowolnita tempo rozktadu
alachloru podczas pierwszych 24 h hodowli, kiedy proces eliminacji ksenobiotyku zachodzi
najintensywniej. Z kolei w pozniejszych etapach hodowli wptyw inhibitoréw byt mniejszy, ale
wcigz istotny statystycznie. Uzyskane wyniki pozwalajg stwierdzi¢, iz biotransformacja
alachloru przez T. koningii jest ztozonym procesem obejmujgcym udziat cytochromu P450
oraz lakazy. Wybrany szczep charakteryzowat sie réwniez tolerancja na obecnosé¢ jondéw
miedzi (1,0-7,5 mM). Zwigzki miedzi sg nie tylko induktorem aktywnosci lakazy, ale réwniez
sg czesto stosowane w ochronie roslin jako fungicydy (Filimonova i in., 2018). W zwigzku
z tym przeanalizowano réwniez kinetyke rozktadu alachloru przez T. koningii w obecnosci
tego metalu ciezkiego. W obecnosci 1 mM miedzi odnotowano ok. 20% zahamowanie tempa
degradacji alachloru w trakcie pierwszych 24 h hodowli, natomiast w pdzniejszych etapach
nie zaobserwowano rdzinic pomiedzy badanym ukfadem a uktadem kontrolnym.
Zastosowanie wyzszych stezen miedzi - 2,5 oraz 5 mM spowodowato silne zahamowanie
biotransformacji ksenobiotyku (60-62%) w 24 h, natomiast ostatecznie spowodowaty jedynie

10-13% pogorszenie degradacji badanego zwigzku.

Wyniki badan dotyczacych udziatu enzymdéw oksydoredukcyjnych (lakazy,
cytochromu P450) w eliminacji alachloru przez T. koningii IM 0956, a takze oceny zdolnosci
tego szczepu do jednoczesne] eliminacji herbicydu i jondw miedzi opublikowano w pracy
eksperymetalnej "Potential of Trichoderma koningii to eliminate alachlor in the presence of
copper ions" (Ecotoxicology and Environmental Safety 2018, 162, 1-9;
10.1016/j.ecoenv.2018.06.060 IF= 3.974, 30 pkt MNiSW).

Stwierdzenia czgstkowe dotyczace oceny zdolnosci wybranych szczepdéw z rodzaju

Trichoderma do biotransformacji alachloru i metolachloru

1. Szczepy Trichoderma: T. atroviride IM QF10, T. hamatum IM |-1, T. harzianum |M
0961, T. koningii IM 0956, T. citrinoviride IM 6325, T. harzianum KKP 534, T. viride
KKP 792 oraz T. virens DSM 1963 charakteryzujg sie zdolnoscig do eliminacji alachloru
i metolachloru, ale rdznig sie pod wzgledem efektywnosci degradacji tych zwigzkdéw.

2. Analiza widm masowych uzyskanych poprzez zastosowanie wysokosprawnej
chromatografii cieczowej sprzezonej z tandemowg spektrometrig mas umozliwita

identyfikacje 8 metabolitow alachloru oraz 4 metabolitéw metolachloru. Dwa
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metabolity metolachloru: N-(2-etylo-6-metylofenylo)-2-hydroksy-N-(2-hydroksy-1-
metyloetylo)acetamid oraz N-(2-etylo-6-metylofenylo)-N-(2-hydroksy-1-
metyloetylo)acetamid zostaty po raz pierwszy zidentyfikowane w hodowli
mikroskopowych grzybéw strzepkowych jako produkt degradacji tego herbicydu.
Biotransformacja badanych ksenobiotykéw przez Trichoderma spp. zachodzi gtéwnie
na drodze reakcji hydroksylacji, dechlorynacji oraz demetylacji.

Mikrobiologiczna transformacja alachloru i metolachloru prowadzi do zmniejszenia
toksycznosci srodowiska, a w przypadku przeksztatcen alachloru przez szczepy
T. hamatum IM I-1, T. koningii IM 0956 i T. harzianum IM 0956 stwierdzono niemal

catkowitg detoksykacje.

. W biotransformacji alachloru przez szczep T. koningii IM 0956 biorg udziat cytochrom

P450 (szczegdlnie w poczgtkowym etapie procesu) oraz lakaza. Proces zachodzi
rowniez w obecnosci jonéw miedzi. Stezenia metalu w zakresie 2,5 - 5 mM powodujg

zahamowanie eliminacji jedynie 0 10-13% .
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I11.2 Ocena wplywu wybranych szczepow Trichoderma na wzrost siewek rzepaku

poddanych ekspozycji na badane herbicydy chloroacetanilidowe.

Aplikacja herbicydéw o dziataniu selektywnym, w tym takie herbicydow
chloroacetanilidowych oprdécz niszczenia roslin  docelowych moze réwniez dziatac
niekorzystnie na uprawy roslin objetych przez nie ochrong (Ahemad i Kibret, 2014). Grzyby
strzepkowe z rodzaju Trichoderma sg  kosmopolitycznymi  mikroorganizmami
0 potwierdzonym pozytywnym wptywie na wzrost i rozwdj roslin (Viterbo i in., 2010; Zhang
i in., 2016). W zwigzku z tym realizacje drugiego celu niniejszej rozprawy doktorskiej
rozpoczeto od oceny wptywu wybranych szczepdw Trichoderma na dtugos¢ peddéw i korzeni
7-dniowych siewek rzepaku poddanych ekspozycji na alachlor (1,5 mg/L) i metolachlor (1,0
mg/L). Jako model roslinny wybrano rzepak, poniewaz jest jedng z najwazniejszych
i najpopularniejszych roslin oleistych uprawianych na catym swiecie, a w ochronie jego
upraw przed chwastami stosowane sg herbicydy chloroacetanilidowe (Stamper i Tuovinen,
1998; Lin i in., 2013). Wykazano, iz w obecnosci szczepéw T. harzianum KKP 534 oraz T. viride
KKP 792 zwiekszyta sie dtugosc korzeni i pedow siewek rzepaku odpowiednio o 38 i 45%
w poréwnaniu do uktadu kontrolnego bez Trichoderma spp.. Stymulacje wzrostu rzepaku
poprzez aplikacje zarodnikéw badanych szczepdw Trichoderma odnotowano zwtaszcza
w obecnosci alachloru i metolachloru. W przypadku T. koningii IM 0956, T. harzianum KKP
534 oraz T. viride KKP 792 odnotowano pozytywny wptyw na wzrost korzeni. Natomiast
inokulacja siewek rzepaku zarodnikami IM 0956, KKP 534, KKP 792 oraz DSM 1963 znaczaco
wptyneta na wydiuzenie pedéw rzepaku. W pracy okreslono réwniez poziom chlorofilu.
W sadzonkach rzepaku narazonych na dziatanie metolachloru zaobserwowano statystycznie
istotny wzrost zawartosci chlorofilu w wyniku aplikacji pieciu sposréd osmiu badanych
szczepOw Trichoderma: T. hamatum IM 1-1, T. harzianum IM 0961, T. koningii IM 0956,
T. citrinoviride IM 6325 oraz T. harzianum KKP 534. Natomiast w przypadku oddziatywania
alachloru pozytywny wptyw na poziom chlorofilu odnotowano podczas zastosowania

zarodnikow IM 0961 oraz IM 0956.

W kolejnym etapie pracy zbadano zdolnosci grzybéw do rozpuszczania fosforanéw,
wytwarzania sideroforow oraz produkcji deaminazy 1-aminocyklopropano-1-karboksylowej
(ACCD). Aktywnosci te mogg swiadczy¢ o promowaniu wzrostu roslin przez badane szczepy

Trichoderma. Biodostepnos¢ fosforu, podstawowego makrosktadnika odzywczego roslin,
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w glebie jest ograniczona ze wzgledu na wystepowanie w postaci nierozpuszczalnych form
m.in. fosforanu wapnia, zelaza czy glinu. Zrédta literaturowe wskazuja, ze grzyby z rodzaju
Trichoderma sp. sg zdolne do rozpuszczania fosforandw dzieki wytwarzaniu stabych kwasow
organicznych (Saravanakumar i in., 2013). Uzyskane wyniki wskazujg, ze poczawszy od
pierwszych 24 godzin hodowli wszystkie badane szczepy grzybowe byty zdolne do
rozpuszczania fosforandéw. Ich stezenie w supernatantach z ptynnych hodowli szczepdéw
Trichoderma wahato sie od 132 do 164 mg/L, natomiast w kontrolach abiotycznych wynosito
13-18 mg/L. Negatywny wptyw herbicydéw na rozpuszczalno$¢ fosforanéw odnotowano
przez caty okres trwania hodowli T. harzianum KKP 534, T. viride KKP 792 oraz T. virens DSM
1963. Solubilizacja fosforandw przez wyzej wymienione szczepy byta hamowana
najintensywniej w 24 h inkubacji o odpowiednio 85, 50 i 65% w hodowlach z dodatkiem
alachloru oraz 86, 53 i 58% w hodowlach z dodatkiem metolchloru. Natomiast dla
pozostatych szczepdw nie odnotowano znaczgcego pogorszenia rozpuszczania fosforanow.
Grzyby z rodzaju Trichoderma sg réwniez znane jako producenci sideroforéw, metabolitow
wtérnych wykazujgcych korzystne biologiczne dziatanie na wzrost roslin (Kumar Ghosh i in.,
2015). Potwierdzono, ze wszystkie badane szczepy charakteryzowaty sie zdolnoscig do
wytwarzania sideroforow zaréwno w uktadzie bez jak i z dodatkiem chloroacetanilidéw.
W hodowlach Trichoderma sp. z dodatkiem herbicydéw odnotowano inhibicje wytwarzania
sideroforow w ciggu pierwszych 24 h inkubacji. W starszych hodowlach chloroacetanilidy nie
hamowaty juz syntezy sideroforéw, a nawet w przypadku szczepu IM 0961 oraz KKP 792
zaobserwowano indukcje wytwarzania tych metabolitow wtérnych w obecnosci alachloru

i metolachloru.

Dla szczepdw T. harzianum IM 0961, T. harzianum KKP 534, T. koningii IM 0956 oraz
T. citrinoviride 1M 6325, ktére charakteryzowaty sie najlepszymi wtasciwosciami
promujgcymi wzrost roslin w obecnosci badanych chloroacetanilidéw, a takze najwieksza
efektywnoscig w ich biotransformacji, okreslono rowniez aktywnos¢ deaminazy ACC (ACCD).
ACCD jest enzymem hydrolizujgcym prekursor etylenu, a przez to bierze udziat w obnizeniu
jego poziomu w tkankach roslinnych, co prowadzi do opdznienia starzenia sie roslin oraz
stymulacji odpornosci na rézne czynniki stresowe (Viterbo i in., 2010). Aktywnos$¢ deaminazy
ACC stwierdzono u wszystkich wybranych szczepéw Trichoderma. Najwiekszg aktywnoscia

tego enzymu charakteryzowat sie szczep IM 0961 (52,14 uM a-ketomaslanu/mg biatka/h)
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czyli od 3 do 6-razy wyzszg w poréwnaniu z pozostatymi szczepami. Ponadto wyniki wskazujg
rowniez na indukcje aktywnosci enzymu w hodowli IM 0961 z dodatkiem alachloru
i metolachloru. Mikroorganizmy promujgce wzrost ros$lin w warunkach optymalnych maja
aktywnos¢ ACCD na stosunkowo niskim poziomie, ale pod wptywem stresu biotycznego lub
abiotycznego jej aktywnos$¢ moze by¢ stymulowana, a tym samym moze minimalizowac

dziatanie czynnika stresowego (Glick, 2014).

Wyniki badan dotyczacych wybranych szczepdw Trichoderma na wzrost siewek
rzepaku poddanych ekspozycji na dziatanie alachloru i metolachloru oraz rezultaty
eksperymentdw majgcych na celu potwierdzenie potencjatu badanych Trichoderma spp.
w promowaniu wzrostu roslin zostaty opublikowane w pracy doswiadczalnej
"Biotransformation and detoxification of chloroacetanilide herbicides by Trichoderma spp.
with plant growth-promoting activities" (Pesticide Biochemistry and Physiology,

10.1016/j.pestbp.2019.11.018; IF= 344, 100 pkt MNiSW).

Stwierdzenia czastkowe dotyczace oceny wptywu wybranych szczepow
Trichoderma na wzrost siewek rzepaku poddanych ekspozycji na badane herbicydy

chloroacetanilidowe.

1. Sposrdd badanych szczepdw Trichoderma: T. harzianum KKP 534, T. viride KKP 792,
T. koningii IM 0956 oraz T. virens DSM 1963 stymulujg wzrost korzeni i pedow
rzepaku zarowno w uktadzie z jak i bez dodatku alachloru i metolachloru.

2. Wszystkie szczepy Trichoderma wykazujg cechy Swiadczgce o wspomaganiu wzrostu
ro$lin poprzez wytwarzanie sideroforéw oraz rozpuszczanie fosforanéw. Aktywnosci
te wystepowaty przez caty okres trwania hodowli. Nie wykazano negatywnego wptyw
badanych chloroacetanilidéw na proces wytwarzania zwigzkédw chelatujgcych jony
zelaza dla hodowli stacjonarnych. Natomiast w hodowlach 24 h prowadzonych
w obecnosci herbicyddw odnotowano wyrazne zahamowanie wytwarzania
sideroforéw. Dodatek herbicydéw powodowat pogorszenie rozpuszczania fosforandw
przez caty czas inkubacji w przypadku trzech badanych szczepdéw: T. harzianum KKP
534, T. viride KKP 792 oraz T. virens DSM 1963.

3. Dla najbardziej aktywnych w degradacji szczepéw wykazano aktywnos$é deaminazy

1-aminocyklopropano-1-karboksylowej (ACC), enzymu, ktérego aktywnos$¢ moze
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stymulowaé odpornosci na rdine czynniki stresowe. Co istotne dla szczepu
T. harzianum IM 0961 aktywnos¢ tego enzymu byfa stymulowana przez

chloroacetanilidy.
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1.3 Badanie oddzialywania herbicydow na szczepy Trichoderma zdolne do
biotransformacji oraz analiza zmian adaptacyjnych indukowanych obecnoscia
tych zwigzkow.

Jednym z mechanizméw toksycznego oddziatywania alachloru i metolachloru jest
indukcja stresu oksydacyjnego poprzez nadprodukcje reaktywnych form tlenu (RFT), co
w rezultacie moze prowadzi¢ do uszkodzenia biomolekut (Jang i in., 2016). Dotychczas
prowadzone badania dotyczace stresu oksydacyjnego oraz jego konsekwencji dotyczyty
gtéwnie rodlin (Singh i in., 2017; Stajner i in., 2004), kregowcéw (Yi i in., 2007), a takze tkanek
zwierzecych (Burman i in., 2003). Niemniej jednak wcigz niewiele wiadomo na temat
odpowiedzi na stres oksydacyjny mikroorganizméw zdolnych do efektywnej eliminacji
chloroacetanilidéw. W zwigzku z tym realizacje ostatniego celu niniejszej rozprawy
doktorskiej rozpoczeto od oceny indukcji stresu oksydacyjnego w hodowlach badanych
grzybéw mikroskopowych poddanych ekspozycji na alachlor i metolachlor poprzez
zastosowanie popularnych biomarkeréw. W pierwszym etapie przeprowadzono detekcje in
situ anionorodnika ponadtlenkowego (0,"") oraz rodnika hydroksylowego/nadtlenoazotynu
(HO*/ONOO") w grzybniach os$miu szczepdw Trichoderma: T. atroviride IM QF10,
T. hamatum IM |-1, T. harzianum IM 0961, T. koningii IM 0956, T. citrinoviride IM 6325,
T. harzianum KKP 534 oraz T. virens DSM 1963 poddanych ekspozycji na dziatanie alachloru
i metolachloru. Detekcja wyzej wymienionych RFT zostata wykonana poprzez zastosowanie
barwnikéw, stuzacych do oceny komodrkowego stresu oksydacyjnego - bfekitu
nitrotetrazoliowego (NBT) dla anionorodnika ponadtlenkowego (0,"") oraz dioctanu
2',7'-dichlorodihydrofluoresceiny (H,DCFDA) dla rodnika hydroksylowego/nadtlenoazotynu
(HO*/ONOOQO"). H,DCFDA jest niespecyficznym wskaznikiem stresu oksydacyjnego i jest
powszechnie stosowany do okreslania ogdlnego poziomu reaktywnych form tlenu (Staba
i in., 2015; Bernat i in., 2018; Maronic¢ i in., 2018). Jednakze wedtug Kalyanaraman i wsp.
(2012), a takze informacji zawartych w Molecular Probes Handbook (Termofisher) (Johnson
i Spence, 2010) barwnik ten nalezy stosowac dla okreslenia poziomu HOe jak i ONOO".
Uzyskane w pracy wyniki wskazuja na wysoki poziom wewnatrzkomdérkowego O,
a jednoczesnie duzo nizszy poziom HOe/ONOO~, a zatem stosujagc barwnik H,DCFDA
i wykrywajac tylko HOe/ONOO™ nie zawsze mozna okres$li¢ ogdlng pule RFT. Najwyzszy
poziom reaktywnych form tlenu odnotowano w hodowlach Trichoderma spp. pochodzgacym

z wyktadniczej fazy wzrostu (24 h). Zaobserwowano, iz chloracetanilidy wptywaty znaczgco
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na nadprodukcje anionorodnika ponadtlenkowego w poréwnaniu do poziomu drugiego
wykrywanego rodnika HO¢/ONOO™. Obecnos¢ chloroacetanilidéw spowodowata 4-8-krotny
wzrost poziomu O,"” w hodowlach IM 0956, IM QF10, IM 0961 i IM 6325, natomiast
w hodowlach KKP 534, KKP 792 oraz DSM 1963 odnotowano 15-28-krotny wzrost
anionorodnika ponadtlenkowego. Odnotowano réwniez zwiekszone wytwarzanie rodnika
hydroksylowego/nadtlenoazotynu w grzybni Trichoderma spp. w wyniku oddziatywania
herbicydéw, jednakze w wiekszosci przypadkdéw bez statystycznego znaczenia. Uzyskane
wyniki wskazujg na indukcje stresu oksydacyjnego w wyktadniczej fazie wzrostu u wiekszosci
badanych Trichoderma spp.. Natomiast w stacjonarnej fazie wzrostu (72 h) zaobserwowano
istotny spadek poziomu zaréwno O, jak i HO*/ONOO", co wskazuje na aktywna odpowied?
systemu antyoksydacyjnego. Indukcja RFT oraz ich wewnatrzkomoérkowa akumulacja moze
by¢ réwniez spowodowana wysokg aktywnoscig metabolizmu szczepdw Trichoderma,

podczas biotransformacji badanych chloroacetanilidéw.

Poniewaz w pierwszym etapie realizacji tego celu pracy wykazano wzmozony poziom
RFT, sprawdzono réwniez czy alachlor i metolachlor wywotujg oksydacyjne uszkodzenia
lipidow oraz biatek w hodowlach badanych grzybéw strzepkowych. Peroksydacje lipidow
oceniono poprzez pomiar zawartosci substancji reagujgcych z kwasem tiobarbiturowym
(TBARS) oraz grup karbonylowych w przypadku utleniania biatek. Zaobserwowano wzrost
poziomu produktéw peroksydacji lipidéw w prébach z dodatkiem herbicydéw zardwno
w wyktadniczej (24 h) jak i stacjonarnej (72 h) fazie wzrostu u siedmiu sposréd osmiu
szczepdw Trichoderma (1,5-3-krotny w poréwnaniu do uktadu kontrolnego). Jedynie
w przypadku szczepu DSM 1963 nie odnotowano zadnych zmian w poziomie TBARS pod
wptywem alachloru i metolachloru. Wyniki wskazujg, ze wzmozona nadprodukcja TBARS
w ciggu pierwszych 24 h inkubacji jest spowodowana nadprodukcjg RFT, a takze
potwierdzajg indukcje stresu oksydacyjnego u badanych grzybéw pod wptywem
chloroacetaniliddw. Natomiast akumulacja produktéw peroksydacji lipidow w fazie
stacjonarnej, kiedy dla wiekszosci badanych szczepédw odnotowano nizszy niz w 24 h poziom
rodnikdw, moze by¢ zwigzany z tancuchowym charakterem reakcji zaangazowanych w ten
proces (Li i in., 2009). W wyktfadnicze] fazie wzrostu odnotowano réwniez wzrost poziomu
produktow peroksydacji biatek w hodowlach IM 6325, IM I-1 i KKP 792 z dodatkiem alachloru
oraz w hodowlach IM QF 10, IM 6325, IM I-1, IM 0956 oraz DSM 1963 z dodatkiem
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metolachloru. Podwyzszony poziom grup karbonylowych takie jest skorelowany
z nadprodukcja RFT i jest kolejnym dowodem potwierdzajgcym indukcje stresu
oksydacyjnego w hodowlach Trichoderma spp.. Z kolei po trzech dniach inkubacji w wyzej
wymienionych hodowlach zaobserwowano spadek zawartosci grup karbonylowych, co
sugeruje aktywng odpowiedz systemu antyoksydacyjnego badanych szczepdw. Kolejna
mozliwoscig jest zaangazowanie enzymdw proteolitycznych w eliminacje zmodyfikowanych
oksydacyjnie biatek, ktére czesto sg okreslane mianem wtdrnej obrony antyoksydacyjnej

(Nystrom, 2005)

Odpowiedz systemu antyoksydacyjnego szczepdw Trichoderma zostata oceniona
poprzez pomiar aktywnos$ci enzymow - katalazy (CAT) i dysmutazy ponadtlenkowej (SOD),
ktore stanowig pierwszg linie obrony przeciwko stresowi oksydacyjnemu. Zaobserwowano
zréznicowang odpowiedz badanych enzyméw antyoksydacyjnych na stres wywotany
obecnoscig alachloru i metolachloru w hodowlach grzybéw strzepkowych z rodzaju
Trichoderma. Po 3 dniach inkubacji odnotowano 2-6-krotng indukcje aktywnosci katalazy
w hodowlach IM 6325, KKP 534, KKP 792 i DSM 1963 z dodatkiem ksenobiotykéw
w poréwnaniu do préb pochodzgcych z pierwszych 24 h hodowli, co wskazuje na aktywna
odpowiedz systemu antyoksydacyjnego. Natomiast zwiekszony poziom anionorodnika
ponadtlenkowego w prébach z dodatkiem herbicydéw nie znalazt odzwierciedlenia
w indukcji aktywnosci dysmutazy ponadtlenkowej u wiekszosci badanych mikroorganizméw.
Jedynie w przypadku hodowli IM I-1 i DSM 1963 z dodatkiem alachloru oraz KKP 792
z dodatkiem metolachloru odnotowano stymulacje aktywnosci SOD po 24 godzinach

inkubacji.

Mechanizm dziatania chloroacetanilidow, w tym takze alachloru i metoalchloru
opiera sie na zahamowaniu syntezy biatek i kwasdw ttuszczowych o dtugich tancuchach
weglowych (Souissi i in., 2013). Zmiany w sktadzie lipidéw btonowych, zwtaszcza fosfolipidéw
(PLs), odgrywajg wazng role w adaptacji do réznych warunkéw stresowych (Bernat i in.,
2018b; De Kroon i in., 2013; Staba i in., 2013b; Stolarek i in., 2019; Zawadzka i in., 2017).
W zwigzku z tym realizacje ostatniego celu pracy kontynuowano poddajgc analizie wptyw
badanych chloracetanilidéw na sktad fosfolipidéw btonowych o$miu szczepdéw Trichoderma.
Zidentyfikowano nastepujgce klasy lipidow: fosfatydylocholiny (PC),
fosfatydyloetanoloaminy (PE), kwas fosfatydowy (PA), fosfatydyloseryny (PS) oraz
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fosfatydyloinozytol (Pl). Dominujgcy klasg fosfolipidow byty fosfatydylocholiny stanowigce
31,63-82,23% wszystkich analizowanych klas. Natomiast zawartos¢ PE, PA, Pl oraz PS
w uktadach kontrolnych wynosita odpowiednio 7,12-37,42, 0,41-2285, 0,71-12,48 oraz
0,31-6,59%. Sposrdod dwdéch badanych herbicydéw metolachlor wyraznie modyfikowat profil
lipidowy Trichoderma spp. w stacjonarnej fazie wzrostu, co przejawiato sie zmianami
ilosciowymi w sktadzie PA, PC oraz PE. W hodowlach IM QF10, IM I-1 oraz IM 0956
z dodatkiem metolachloru odnotowano wzrost zawartos$ci PE, ktory jest skorelowany ze
zmniejszong zawartoscig PC, co sugeruje usztywnienie btony komdrkowej badanych grzybéw
strzepkowych. Natomiast odwrotng korelacje zaobserwowano w hodowlach IM 6325,
IM 0961 i KKP 534 z dodatkiem metolachloru, a takze w hodowlach IM 0961, IM I-1, IM 0956
oraz KKP 534 z dodatkiem alachloru, co z kolei wskazuje na wzrost ptynnosci btony
Trichoderma spp.. Ponadto w wyniku ekspozycji na metolachlor zaobserwowano réwniez w
fazie stacjonarnej wyrazny wzrost poziomu kwasu fosfatydowego u IM I-1, IM 0956 oraz KKP
534. PA jest lipidem sygnatowy, ktérego poziom w dwuwarstwie lipidowej moze ulec
zwiekszeniu w wyniku oddziatywania stresu abiotycznego lub biotycznego (Testerink

i Munnik, 2005). Dziatanie metolachloru potwierdza te doniesienia.

Kondycje btony komodrkowej szczepdw Trichoderma spp. narazonych na dziaftanie
alachloru i metolachloru okreslono poprzez pomiar wewnatrzkomoérkowej akumulacji jodku
propidu wewnatrz strzepek badanych drobnoustrojdow. Obecnos$é ksenobiotykéw
spowodowata minimalny wzrost przepuszczalnosci btony zaréwno w wyktadniczej jak
i stacjonarnej fazie wzrostu, jednakze w wiekszosci przypadkdw bez znaczenia statycznego.
Pomimo wzrostu poziomu produktéw peroksydacji lipiddw oraz zmian w sktadzie
fosfolipiddw, nie zaobserwowano znaczgcych zmian w przepuszczalnosci bton komérkowych

Trichoderma spp. w wyniku ekspozycji na alachlor i metolachlor.

Wyniki badani dotyczgce oddziatywania herbicyddow na szczepy Trichoderma zdolne
do biotransformacji oraz zmian adaptacyjnych w odpowiedzi na obecnos¢ tych zwigzkéw
zostaty opublikowane w pracy oryginalnej "Assessment of oxidative stress and phospholipids

alterations in chloroacetanilides-degrading Trichoderma spp.." (Ecotoxicology and

Environmenral Safety 184; 10.1016/j.ecoenv.2019.109629, IF=3.974, 100 pkt MNiSW).
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Stwierdzenia czastkowe dotyczacy oceny oddziatywania herbicydow na szczepy
Trichoderma zdolne do biotransformacji oraz zmian adaptacyjnych w odpowiedzi na

obecnos¢ tych zwigzkow.

1. Wozrost poziomu wewnatrzkomoérkowych reaktywnych form tlenu (RFT), produktéw
peroksydacji lipiddw (TBARS) oraz biatek (grup karbonylowych) sugerujg indukcje
stresu oksydacyjnego w fazie wzrostu wyktadniczego (24 h) badanych szczepow
Trichoderma poddanych ekspozycji na dziatanie alachloru lub metolachloru.

2. Znaczacy spadek RFT oraz produktéw peroksydacji biatek, a takie zmiany
w aktywnosci katalazy w fazie stacjonarnej (72 h) wskazujg na aktywng odpowiedz
systemu antyoksydacyjnego badanych grzybéw strzepkowych w odpowiedzi na stres
wywotany obecnoscig chloroacetanilidéw.

3. Zmiany w profilu fosfolipidowym grzybéw Trichoderma w odpowiedzi na toksyczne
dziatanie herbicyddéw wskazujg na mechanizm adaptacyjny, ktéry moze by¢ zwigzany
z tolerancjg Trichoderma spp. na badane zwigzki.

4. Mechanizm toksycznego dziatania herbicyddow chloroacetanilidowych nie jest

zwigzany ze zwiekszeniem przepuszczalnosci btony komérkowej Trichoderma spp.
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IV. Podsumowanie i wnioski koricowe
1. Badane szczepy Trichoderma: T. atroviride IM QF10, T. hamatum IM I-1, T. harzianum
IM 0961, T. koningii IM 0956, T. citrinoviride IM 6325, T. harzianum KKP 534, T. viride
KKP 792 oraz T. virens DSM 1963 charakteryzujg sie wysoka wydajnoscig eliminacji
alachloru jak i metolachloru, a szczegdlnie alachloru, ktéry jest szybciej i efektywniej

usuwany z hodowli.

2. Biotransformacja ksenobiotykdw przez Trichoderma spp. przebiega na drodze reakcji
hydroksylacji, demetylacji oraz dechlorynacji. Zidentyfikowano 8 pochodnych alachloru
i 4 pochodne metalochloru, w tym 2 po raz pierwszy zidentyfikowane jako produkty

metabolizmu grzybdw.

3. Biotransformacja alachloru i metolachloru przez szczepy Trichoderma prowadzi do
zmniejszenia toksycznosci sSrodowiska, a w przypadku eliminacji alachloru przez szczepy
T. hamatum IM 1-1, T. harzianum IM 0961 oraz T. koningii IM 0956 stwierdzono niemal

catkowitg detoksykacje.

4. Proces przeksztatcania alachloru przez szczep T. koningii IM 0956 obejmuje udziat
cytochromu P450 oraz lakazy. Ponadto szczep IM 0956 jest zdolny do efektywnej

eliminacji alachloru w obecnosci wysokich stezen jonéw miedzi.

5. Wybrane szczepy Trichoderma stymulujg wzrost siewek rzepaku w ukfadzie bez jak
i z dodatkiem badanych herbicyddw oraz minimalizujg ich niekorzystny wptyw na
rzepak. Wykazujg réwniez cechy $wiadczace o promowaniu wzrostu roslin, m.in.
zdolno$¢ do wytwarzania sideroforéw, rozpuszczanie fosforandw oraz aktywnosé

deaminazy ACC.

6. Spadek zawartosci wewngtrzkomérkowych reaktywnych form tlenu (RFT), produktéw
peroksydacji biatek i wzmozona aktywno$¢ katalazy podczas biotransformacji
chloroacetanilidow przez szczepy Trichoderma wskazuje na aktywng odpowiedz

systemu antyoksydacyjnego oraz mechanizm adaptacji badanych drobnoustrojéow.

7. Zmiany w ogdlnej zawartosci dwdéch gtéwnych klas fosfolipidéw - fosfatydylocholin oraz
fosfatydyloetanoloamin mozna rédwniez uznaé¢ za mechanizm adaptacyjny szczepow

Trichoderma chronigcy przed toksycznym oddziatywaniem chloroacetaniliddw.
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8. Sposréd badanych szczepdw Trichoderma najbardziej interesujgcym modelem
badawczym jest T. koningii IM 0956 ze wzgledu na jedng z najlepszych aktywnosci
degradacyjnych herbicydow potaczong z jednoczesnym promowaniem wzrostu,

rowniez w obecnosci alachloru i metolachloru.
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V. Streszczenie

Alachlor i metolachlor sg przed- i powschodowymi herbicydami, powszechnie
stosowanymi w ochronie upraw rolniczych i ogrodniczych ze wzgledu na duzg skutecznosc
oraz umiarkowang trwatos¢ w srodowisku. Z powodu niekontrolowanego oraz nadmiernego
stosowania tych herbicydow, substancje te stanowig realne zagrozenie dla $rodowiska
naturalnego oraz organizmédw niebedacych celem zwalczania. Biodegradacja jest
najwazniejszg i najefektywniejszg drogg eliminacji chloroacetanilidow ze s$rodowiska,
a kluczowag role w tym procesie przypisuje sie mikroorganizmom wyizolowanym ze
skazonych $rodowisk, ktére czesto charakteryzujg sie tolerancjg w stosunku do toksycznych

zwigzkow.

Niniejsza praca doktorska dotyczy zdolnosci wybranych szczepdw Trichoderma
w biotransformacji alachloru i metolachloru z jednoczesnym uwzglednieniem oddziatywania
tychze zwigzkéw na system antyoksydacyjny oraz profil lipidowy modelu badawczego.

Ponadto poddano réwniez ocenie zdolnos¢ Trichoderma spp. do promowania wzrostu roslin.

W trakcie realizacji pierwszego celu rozprawy doktorskiej wykazano, iz wszystkie
badane szczepy Trichoderma: T. atroviride IM QF10, T. hamatum IM 1-1, T. harzianum
IM 0961, T. koningii IM 0956, T. citrinoviride IM 6325, T. harzianum KKP 534, T. viride KKP
792 oraz T. virens DSM 1963 charakteryzujg sie zdolnoscig do eliminacji alachloru
i metolachloru, ale rdéznig sie pod wzgledem efektywnosci degradacji tych zwigzkdw.
Metabolizm chloroacetanilidéw przez badane grzyby strzepkowe przebiega gtéwnie na
drodze reakcji dechlorynacji, demetylacji oraz hydroksylacji. Analiza toksycznosci produktéw
mikrobiologicznej degradacji ksenobiotykdw wskazuje na zmniejszenie toksycznosci
srodowiska. Stwierdzono rowniez, ze w przypadku szczepu T. koningii IM 0956 eliminacja
alachloru jest ztozonym procesem obejmujgcym udziat zardwno cytochromu P450 jak
i lakazy. Kolejny cel naukowy dotyczyt wptywu badanych szczepéw Trichoderma na wzrost
7-dniowych siewek rzepaku poddanych ekspozycji na alachlor i metolachlor. Sposréd
badanych szczepdw Trichoderma: T. harzianum KKP 534, T. viride KKP 792, T. koningii
IM 0956 oraz T. virens DSM 1963 stymulowaty wzrost korzeni i pedéw rzepaku zaréwno
w ukfadzie z jak i bez dodatku herbicydéw. Wykazano réwniez, ze wszystkie szczepy
wykazujg cechy s$wiadczagce o promowaniu wzrostu m.in. zdolno$¢ do wytwarzania

sideroforow czy rozpuszczanie fosforandw. Dla najbardziej aktywnych w degradacji
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Trichoderma spp. wykazano aktywnos$¢ deaminazy 1-aminocyklopropano-1-karboksylowej
(ACC), a dla szczepu T. harzianum IM 0961 aktywno$¢ tego enzymu byta wyzsza po ekspozycji
na chloroacetanilidy. Podczas realizacji ostatniego celu niniejszej pracy sprawdzono
oddziatywania alachloru i metolachloru na drobnoustroje zdolne do ich efektywnej
biotransformacji. Detekcja in situ wewnatrzkomdrkowych reaktywnych form tlenu oraz
obecnos¢ produktédw peroksydacji biatek i lipiddw w wyktadniczej fazie wzrostu badanych
Trichoderma spp. potwierdzita indukcje stresu oksydacyjnego w wyniku ekspozycji na
alachlor i metolachlor. Z drugiej strony znaczacy spadek RFT oraz produktéw peroksydacji
biatek, a takze zmiany w aktywnosci katalazy w fazie stacjonarnej (72 h) wskazujg na
aktywng obrone systemu antyoksydacyjnego badanych grzyboéw strzepkowych w odpowiedzi
na stres wywotany obecnoscig chloroacetanilidow. Zmiany w profilu fosfolipidowym grzybow
Trichoderma, zwtaszcza w obrebie dwdch gtéwnych klas PC i PE w odpowiedzi na toksyczne
dziatanie herbicydéw, moga s$wiadczy¢ o mechanizmie adaptacyjnym. Ponadto nie
odnotowano statystycznie znaczgcego wzrostu przepuszczalnosci bton komodrkowych

Trichoderma spp po ekspozycji na chloroacetanilidy.

Badania przeprowadzone w trakcie tworzenia niniejszej rozprawy doktorskiej maja
charakter podstawowy, niemniej jednak wykazaty mozliwos¢ potencjalnego zastosowania
kosmopolitycznych grzybdw strzepkowych z rodzaju Trichoderma w bioremediacji obszaréw
rolniczych skazonych pozostato$ciami chloroacetanilidéw. Jest to szczegdlnie istotne
w przypadku alachloru, ktérego stosowanie w UE zostato zabronione m.in. ze wzgledu na
ksenoestrogenne wtasciwosci. Sposrdd badanych szczepdw Trichoderma najbardziej
interesujgcym modelem badawczym jest T. koningii IM 0956 ze wzgledu na jedng
z najlepszych aktywnosci degradacyjnych herbicydow potgczong z jednoczesnym

promowaniem wzrostu, réwniez w obecnosci alachloru i metolachloru.
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VI. Abstract

Alachlor and metolachlor are pre- and post-emergent herbicides commonly used in
the protection of agricultural and horticultural crops due to their high effectiveness and
moderate environmental stability. Owing to the uncontrolled and excessive use of these
herbicides, they pose a real threat to the natural environment and non-target organisms.
Biodegradation is the most important method of controlling the dissipation of
chloroacetanilide herbicides in the natural environment, a key role in this process is
attributed to microorganisms isolated from contaminated environments, which are often

characterized by tolerance to toxic compounds.

This doctoral thesis focuses on the analysis of the ability of selected Trichoderma
strains to biotransform alachlor and metolachlor with a simultaneous consideration of the
impact of these compounds on the antioxidant system and lipid profile of the fungal
research model. Moreover, Trichoderma spp. ability to promote plant growth has been

evaluated.

During the study, it was shown that all tested Trichoderma strains: T. atroviride
IM QF10, T. hamatum IM |-1, T. harzianum IM 0961, T. koningii IM 0956, T. citrinoviride
IM 6325, T. harzianum KKP 534, T viride KKP 792 and T. virens DSM 1963 were characterized
by the ability to eliminate alachlor and metolachlor but differed in the efficiency of
degradation of the xenobiotics. Biotransformation of the herbicides was performed mainly
by the reaction of dechlorination, demethylation and hydroxylation. The analysis of the
toxicity of microbial degradation products of chloroacetanilides indicated a reduction in
environmental toxicity. It was also found that in the case of the strain T. koningii IM 0956,
the elimination of alachlor was a complex process involving both cytochrome P450 and
laccase. The subsequent aim of the thesis concerned the impact of the studied Trichoderma
strains on the growth of 7-day rape seedlings exposed to alachlor and metolachlor. Among
the tested Trichoderma strains, T. harzianum KKP 534, T. viride KKP 792, T. koningii IM 0956
and T. virens DSM 1963 stimulated the growth of roots and shoots of rapeseed seedlings
treated with alachlor or metolachlor. All tested strains exhibited plant growth-promoting
traits, such as siderophore production and phosphate solubilization, even in the presence of
chloroacetanilide herbicides. Trichoderma spp. with the highest capability to effectively

eliminated tested chloroacetanilides, were also characterized by the ability to produce
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1-aminocyclopropane-1-carboxylic deaminase (ACCD), and for the T. harzianum IM 0961
strain the activity of this enzyme was higher after exposure to chloroacetanilides. The last
stage of the thesis was an assessment of the effect of alachlor and metolachlor on
microorganisms capable of their effective biotransformation. The overproduction of
intracellular reactive oxygen species (especially the superoxide anion) and increased lipid
and protein oxidative damage confirmed chloroacetanilide-induced stress in Trichoderma
spp. cultures during the exponential phase of growth. In turn, a considerable decline in the
ROS levels and the carbonyl group content (biomarkers of protein peroxidation) in a time-
dependent manner and changes in the antioxidant enzyme activities indicated an active
response against chloroacetanilide-induced oxidative stress and the mechanism of tolerance
in the tested fungi. The changes in the overall content of two main PLs groups (PC and PE)
can be considered as defense response of fungal cells against the toxic action of
chloroacetanilides. In addition, there was no statistically significant increase observed in the

permeability of Trichoderma spp. cell membranes after exposure to chloroacetanilides.

The research carried out during the creation of this doctoral dissertation has a basic
character, however, it has shown the potential for the use of cosmopolitan filamentous fungi
from the genus Trichoderma in bioremediation of agricultural areas contaminated with
chloroacetanilides. Among the tested Trichoderma strains, T. koningii IM 0956 has been
found to be the most interesting research model because of its the high ability to eliminate
the tested chloroacetanilides and multiple PGP activities even in the presence of the

herbicides.
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ARTICLE INFO ABSTRACT

Keywords: Due to the increasing use of chlorinated organic compounds, environmental pollution is a key issue in agri-
Alachlor cultural and industrial areas. In this study, biodegradation of chloroacetanilide herbicides, such as alachlor and
Metolachlor

metolachlor, by eight fungal strains of Trichoderma spp. originating from different microorganism collections
was investigated. The tested fungi converted 80-99% of alachlor and 40-79% of metolachlor after 7 days of
incubation. Biotransformation of herbicides was performed mainly by dechlorination and hydroxylation reac-
tions. Eight alachlor metabolites and four byproducts of metolachlor conversion were detected in Trichoderma
cultures, including two metolachlor intermediates for the first time identified in fungi. Moreover, in the cultures
of six Trichoderma strains supplemented with chloroacetanilides, a decrease in toxicity was observed toward
tested Artemia franciscana crustaceans. Simultaneously, 7 days after the application of the spores of T. koningii IM
0956, T. citrinoviride IM 6325, T. harzianum KKP 534, T. viride KKP 792 and T. virens DSM 1963 the length of
roots and shoots of rapeseed seedlings treated with alachlor or metolachlor significantly increased. All tested
strains exhibited plant growth-promoting traits, such as siderophore production, 1-aminocyclopropane-1-car-
boxylate deaminase (ACCD) activity, and phosphate solubilization, even in the presence of chloroacetanilide

Herbicide biodegradation
Plant growth-promoting fungi
Trichoderma
Chloroacetanilide toxicity

herbicides.

1. Introduction

The excessive use of plant protection products, pesticides and in-
dustrial process products has led to the widespread contamination of
the environment by organic pollutants. Currently, pesticide consump-
tion in the world is approximately 2.5 million tons, of which herbicides
account for > 40% (Fenner et al., 2013). Only a minimum fraction of
the applied pesticide goes to the target organism (0.1%), while the rest
is dispersed in the environment contaminating soil, surface water and
groundwater, thus posing a threat to living organisms (Olchanheski
et al., 2014). Alachlor [2-chloro-N-2,6-diethylphenyl-N-(methox-
ymethyl)acetamide] and metolachlor [2-chloro-N-(2-ethyl-6-methyl-
phenyl)-N-(2-methoxy-1-methylethyl)acetamide] are chloroacetanilide
herbicides used widely to control annual grasses and broadleaf weeds in
corn, cotton, soybean, rapeseed, rice, sunflower, and vegetables. Com-
pounds belonging to this group of herbicides possess good water solu-
bility and a low degree of mineralization, which facilitates the in-
filtration into groundwater and surface water (Huang et al., 2017). This
is particularly dangerous because chloroacetanilides can exert harmful
effects on living organisms. These herbicides are highly toxic to aquatic
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organisms. Alachlor belongs to the class of possible human carcinogens,
whereas metolachlor is not classifiable to human carcinogenicity
(United States EPA, 1995, 1998). Moreover, alachlor has been classified
as an endocrine-disrupting compound (Bergman et al., 2012). Due to
this reason, it has been banned in the European Union (EU) since 2008.
However, metolachlor is still approved for use in EU countries. Biode-
gradation is the most important method to control the dissipation of
chloroacetanilide herbicides in the natural environment (Huang et al.,
2017). Numerous studies have been devoted to the use of soil auto-
chthonous microorganisms to eliminate chloroacetamides, while a
limited number of studies have been focused on the mechanism of the
degradation process, identification of metabolites, and checking de-
toxification (Durdes Sette et al., 2004; Munoz et al., 2011; Pothuluri
et al.,, 1993, 1997; Sanyal and Kulshrestha, 2003; Staba et al., 2013,
2015).

Trichoderma spp. are well-studied cosmopolitan fungi that inhibit
the growth of phytopathogens, exert beneficial effect on plant growth,
possess high enzymatic activity (cellulase, chitinase, pectinase, oxi-
doreductase), and offer resistance to a wide range of toxicants such as
heavy metals (e.g., Cd, Cu, and Ni), agrochemicals (e.g.,
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dichlorodiphenyltrichloroethane, dieldrin, and chlorpyrifos), and
harmful chemicals (e.g., polycyclic aromatic hydrocarbons (PAHs) and
cyanide) (Blaya et al., 2013; Tripathi et al., 2013). Xenobiotics de-
gradation by Trichoderma spp. has been well documented (Tripathi
et al., 2013). Some Trichoderma species are characterized by high tol-
erance to chloroacetanilide herbicides and its effective elimination,
such as butachlor (Sherif and Mounir, 2013), or transformation of toxic
anilide herbicides byproducts (Cocaign et al., 2013). These benefits
make them an important genus of fungi that need to be further in-
vestigated for their potential use in the bioremediation of chlor-
oacetanilides.

The aim of this study was to investigate the ability to degrade ala-
chlor and metolachlor by eight filamentous fungi from the genus
Trichoderma, isolated from different countries (Poland, Russia,
Hungary, USA) and located in different microorganism collections.
Some of them had been earlier characterized as effective degraders of
xenobiotics: pentachlorophenol by T. citrinoviride IM 6325 (Szewczyk
et al., 2003), alachlor by T. koningii IM 0956 (Nykiel-Szymarnska et al.,
2018), and plastics by T. virens DSM 1963 (Klausmeier, 1972). Fungus
T. harzianum IM 0961 stimulated the growth of wheat seedlings in the
presence of 2,4-dichlorophenoxyacetic acid (2,4-D) but without 2,4-D
removal (Bernat et al., 2018). We also focused on the identification of
alachlor and metolachlor degradation metabolites and checked the
toxicity of pesticides introduced in fungal liquid cultures. Moreover, the
ability of selected Trichoderma strains to promote oilseed rape growth
under chloroacetanilide herbicide stress was estimated by analyzing
siderophore production, phosphate solubilization, and 1-aminocyclo-
propane-1-carboxylate (ACC) deaminase activity.

2. Materials and methods
2.1. Chemicals

Alachlor and metolachlor (PESTANAL, analytical standard
(99.2%)), ammonium molybdate, ferrous sulfate, a-ketobutyrate, 1-
aminocyclopropane-1-carboxylic acid (ACC), 2,4-dinitrophenylhy-
drazine (DNPH), chrome azurol sulfate (CAS), hexadecyl-
trimethylammonium bromide (HDTMA) and iron (III) chloride hex-
ahydrate (FeCly6H,0) were purchased from Sigma-Aldrich (Poznan,
Poland). Ethyl acetate was purchased from POCh (Gliwice, Poland), and
high-purity solvents used during the sample preparation for high-
pressure liquid chromatography (HPLC) were obtained from Sigma-
Aldrich (Poznan, Poland) and POCh (Gliwice, Poland).

2.2. Microorganisms and growth conditions

Five fungal strains, including Trichoderma atroviride IM QF10, T.
hamatum

IM I-1, T. harzianum IM 0961, T. koningii IM 0956, and T. ci-
trinoviride IM 6325, were obtained from the Microorganisms Collection
of the Department of Industrial Microbiology and Biotechnology,
University of Lodz (Lodz, Poland). T. harzianum KKP 534 and T. viride
KKP 792 strains were deposited in the Collection of the Industrial
Microorganisms of the Institute of Agricultural and Food Industry
(IAFB) (Warsaw, Poland), a member of the World Data Centre for
Microorganisms (WDCM 212). One strain of T. virens DSM 1963 was
purchased from the German Collection of Microorganisms and Cell
Cultures (Braunschweig, Germany). T. citrinoviride IM 6325 was iso-
lated from municipal waste (Russia), while the other Trichoderma
strains were isolated from soil samples (Poland, Hungary, USA).

Seven-day spores of tested Trichoderma spp. cultures on ZT agar
slants were used to inoculate 20 mL mineral medium with 2% glucose
and 1% yeast extracts. The medium was composed of (gL~ "): K,HPO,
(4.36), KH,PO4 (1.7), NH4Cl (2.1), MgSO4 x 7H,0 (0.2), MnSO4
(0.05), FeSO4 x 7H,0 (0.01), CaCl, x 2H,0 (0.03), glucose (20), yeast
extract (10), and distilled water (up to 1L, pH6.5).The initial
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preculture was performed on a rotary shaker (160 rpm) for 24 h at 28 °C
in 100 mL Erlenmeyer flasks. The precultures were transferred to a
fresh medium in the ratio 1:1 (v/v) and incubated for the next 24 h. The
homogenous preculture (10%) was introduced into the medium sup-
plemented with alachlor or metolachlor at concentration 50 mgL ™"
(stock solution 10 mg mL~"). Biotic controls and abiotic controls of the
tested herbicides (uninoculated) were also prepared. All cultures were
grown for 7 or 14 days on a rotary shaker at 28 °C.

The Trichoderma spp. mycelia were separated by filtration with a
vacuum pump and then dried at 100 °C to reach a constant weight for
dry biomass determination.

2.3. Extraction of chloroacetanilides and LC - MS/MS analysis

The extraction of alachlor or metolachlor from fungal cultures was
carried out according to the method described by Nykiel-Szymanska
et al. (2018).

Quantitative and qualitative LC-MS/MS analyses of chlor-
oacetanilides were conducted using an Agilent 1200 HPLC system and a
QTRAP 3200 mass spectrometer equipped with an ESI source (elec-
trospray ionization). The analysis of the herbicides elimination was
performed with the application of the chromatographic method de-
scribed in our previous study (Nykiel-Szymanska et al., 2018). The
detection of the compounds was performed using an MS/MS detector
working in the multiple reaction monitoring (MRM) positive ionization
mode. The monitored MRM pairs for alachlor were m/z 270.1-238.2
and m/z 270.1-162.3 at retention time 1.61 min., while the MRM pairs
for metolachlor were m/z 284.2-252.2 and m/z 284.2-176.2 at reten-
tion time 1.59 min.

The quantitative analysis of possible alachlor metabolites was con-
ducted with the application of the previously developed method
(Nykiel-Szymanska et al., 2018). The measurement of metolachlor
metabolites was performed by the IDA method using the precursor ion
of m/z 176 triggering EPI mass spectra (over a range from m/z 50 to
500) in the positive ionization mode.

2.4. Toxicity study

The ecotoxicity of postculture extracts of eight Trichoderma strains,
cultivated with or without the tested chloroacetanilides for 7 and
14 days, was analyzed by using the acute toxicity test Artoxkit M
(MicroBioTests, Inc., Belgium). The bioassay was performed in ac-
cordance with the standard operational procedures. The toxicity of the
herbicides and their metabolites was calculated as a percentage of
Artemia franciscana larvae that were not mobile after 24 h of incubation.
The motility of larvae was measured microscopically at a magnification
of 40 x. The larvae that did not move within 10 s were presumed to be
dead.

2.5. Influence of Trichoderma strains on rapeseed growth under
chloroacetanilides stress

The samples preparation protocol was modified from a procedure
developed by Bernat et al. (2018). Rapeseed (Brassica napus, cv.
Monolit) seeds, obtained from the Regional Center for Sale and Supply
of Agriculture, Elewator Sieradz Sp. z 0.0., Poland, were germinated on
two layers of the paper filter (Whatman No. 1) in Petri dishes (5cm).
Twenty-five seeds were placed on paper filter and, depending on the
experimental group, treated with:

(1) distilled water (2.00 mL), (rapeseed without Trichoderma spp.)
(2) 1.50mg L~ ! alachlor (2.00 mL),

(3) mgL~! metolachlor (2.00 mL),

(4) Trichoderma spp. spores (2.00 mL)

(5) Trichoderma spp. spores with 1.50 mg L ™" alachlor (2.00 mL)

(6) Trichoderma spp. spores with 1.00 mgL~" metolachlor (2.00 mL)
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A suspension of 1 x 10° Trichoderma spp. conidia per mL was pre-
pared. Every 24 h, 1 mL of the diluted (1:4) Hoagland nutrient solution
(Hoagland and Arnon, 1950) was added to the Petri dishes to maintain
sufficient moisture. Seeds were incubated in a plant growth chamber
(IL/750/FIT P Pol-Eko, Poland), under a 16h light/8 h dark photo-
period, with light supplied by cool white fluorescent lamps (a light
intensity of 200 pmolm ~2s~'). The temperature regime was kept at
22/18°C for day and night periods, respectively. Relative humidity of
the chamber was set to 40%. After 7 days, the shoots and roots were
harvested and their length and fresh biomass were estimated.

2.6. Leaf chlorophyll content measurement

The variation of rapeseed leaf chlorophyll content under
Trichoderma spp. or the herbicide exposure was estimated. The leaf
chlorophyll content (mgm~2) was measured using a handheld
Chlorophyll Content Meter CCM-300 (Opti Sciences, USA). The mea-
surements were made from one leaf per each seedling (n = 20) and the
experiments were repeated two separate times. At each evaluation, the
content was measured 5 times from the tip to the base and the average
was used for analysis.

2.7. Siderophore production by Trichoderma strains

All tested Trichoderma strains were screened for siderophore pro-
duction using the Chrome Azurol sulphonate (CAS) assay described by
Schwyn and Neilands (1987). Fungal cultures were grown in iron-de-
ficient medium and incubated for 7 days on a rotary shaker at 28 °C.
Quantitative production of siderophore in Trichoderma spp. cultures
was estimated in 24, 72 and 168 h of incubation. The CAS solution
(0.5mL) was supplemented with 0.5mL of culture supernatant and
incubated for 15min. To prepare CAS assay solution, 50 mL of 2mM
CAS, 40mL of 5mM HDTMA and 10 mL of 1 mM FeCl;x6H,0 were
added. Afterwards, the absorbance of the mixture was measured at
630 nm and calculated by the following formula (Payne, 1993): side-
rophore production (%) = (Ar - As)/Ar x 100%, where Ar represented
the absorbance of CAS assay solution and As - the absorbance of a tested
sample.

2.8. Evaluation of ACC deaminase in fungal cultures

ACC deaminase activity in liquid cultures of Trichoderma spp. was
determined according to the method described by Viterbo et al. (2010)
with some modifications. Spores suspension of Trichoderma spp. (50 pL)
was introduced into 10 mL of mineral medium with 2% glucose and
incubated for 48 h on a rotary shaker at 28 °C. The accumulated bio-
mass was harvested by centrifugation of the fungal cultures at 8000 g
for 10 min at 4 °C. Then, the washed biomass was transferred to 5 mL
mineral medium with 2% glucose and 3 mM ACC as the sole source of
nitrogen and incubated for the next 72h. After that time Trichoderma
spp. cultures were homogenized with a ball mill (Retsch MM 400) using
2.5mL of Tris buffer 0.1 M (pH 8.5). Fifty microliters of toluene was
added to 400 pL aliquot of homogenate and vortexed. Twenty micro-
liters of 0.5M ACC was added to a 200 pL of the toluenized samples
incubated for 15 min. at 30 °C. Following the addition of 1 mL of 0.56 M
HCI, the mixture was vortexed and centrifuged for 10 min. at 10,000 g
at room temperature. One milliliter of the supernatant was mixed with
0.8 mL 0.56 M HCI and 0.3 mL DNPH. After 30 min. of incubation 2 mL
of 2M NaOH was added to the tested samples and then the absorbance
was measured at 540 nm. The remaining aliquots of toluenized samples
were stored at 4 °C for protein estimation by Bradford (1976) assay. The
absorbance of the assay reagents in the presence of ACC was used as
reference. The ACCD activity in the tested samples was determined by
measuring the amount of a-ketobutyrate generated by the activity of
the enzyme. ACC deaminase activity was expressed in pmol of a-keto-
butyrate mg ™! protein h™ ™.
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2.9. Effect of selected Trichoderma strains on phosphate solubilization

Quantitative estimation of phosphate solubilizing potential in the
liquid culture of Trichoderma sp. was assayed according to the proce-
dure described by Saravanakumar et al. (2013). Fungal cultures were
grown in National Botanical Research Institute Phosphate (NBRIP)
broth medium and incubated for 7 days on a rotary shaker at 28 °C. The
medium was composed of (gL~!) glucose (10), Cas(PO4), (10),
MgCly6H,0 (5.0), MgSO47H,0 (0.25), KCI (0.2) and (NH4)2SO04 (0.1)
(Nautiyal, 1999). Phosphate solubilization in Trichoderma spp. cultures
was estimated in 24, 72 and 168 h of incubation. The culture super-
natant (0.75mL) was mixed with 0.75mL of the reagent containing
1.5% ammonium molybdate, 5.5% sulfuric acid solution and 2.7%
ferrous sulfate solution and then the absorbance of the mixture was
measured at 600 nm. Phosphate concentration was established by using
a standard curve of KH,PO, and expressed in uL mL™'.

2.10. Statistical analysis

All samples were prepared in triplicate and the experiments were
repeated two separate times. The samples variability was presented as a
standard deviation ( + SD). The differences between biomass produc-
tion by Trichoderma spp. under alachlor or metolachlor exposure and
the herbicides biotransformation rate were evaluated by two-way
ANOVA. The effect of alachlor or metolachlor on root and shoot length,
and chlorophyll content of rapeseed seedlings growing alone or in the
presence of Trichoderma spp. was analyzed using a two-way ANOVA.
Siderophore production by tested fungi under alachlor and metolachlor
exposure were tested for significant differences by a two-way ANOVA
with fixed factors: the effect of the herbicides and incubation time. Data
from the toxicity analysis were also analyzed by a two-way ANOVA to
achieve the variation attributable to the factors: effect of the herbicides
with or without Trichoderma spp. and incubation time. Three-way
analysis of variance was carried out to evaluate the effect of the tested
herbicides, fungal inoculum and incubation time on phosphate solubi-
lization. The means of above-mentioned data were also compared using
Tukey's test (P < .05).Statistical analyses were performed using the
software STATISTICA ver. 13.1 (StatSoft).

3. Results

3.1. Growth of tested Trichoderma strains in the presence of
chloroacetanilides

The growth curves of eight Trichoderma strains in the presence of
alachlor and metolachlor were plotted (Fig. 1A-H). All examined fungi
were characterized by high tolerance to the tested concentration of
herbicides but chloroacetanilide treatment showed differences in bio-
mass production by the tested Trichoderma strains. A two-way ANOVA
showed that the effect of the tested chloroacetanilides and incubation
time, as well as the interaction between these factors significantly in-
fluenced the growth all of the tested fungi (P < .001) (Table 1). In the
exponential (24 h) phase of growth, alachlor inhibited the growth of T.
koningii IM 0956, T. citrinoviride IM 6325 and T. viride KKP 792. Inter-
estingly, a significant growth stimulation in the alachlor supplied
fungal stationary cultures was observed in the case of IM 0956
(Fig. 1D), KKP 534 (Fig. 1F), and KKP 792 (Fig. 1G). Biomass produc-
tion in DSM 1963 cultures supplemented with herbicides was compared
with the control growth during the entire period of incubation
(Fig. 1H). Metolachlor was the most toxic to T. harzianum IM 0961 and
inhibited fungal growth during the whole culturing period (Fig. 1B). It
also exerted a stronger toxic effect than alachlor on the growth of Tri-
choderma with the exception of IM 0956 and KKP 792 strains, which
were more inhibited by alachlor during the initial 24 h of incubation.
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Fig. 1. Growth of the tested Trichoderma strains in the presence of chloroacetanilide herbicides in mineral medium supplied with glucose and yeast extracts (A - T.
hamatum IM I-1; B - T. harzianum IM 0961; C - T. atroviride IM QF10; D - T. koningii IM 0956; E - T.citrinoviride IM 6325; F - T. harzianum KKP 534;G - T. viride KKP 792;

H - T.virens DSM 1963). Data are the mean + SD (n = 6).

Table 1

Results from two-way ANOVA for Trichoderma spp. growth under chlor-
oacetanilide exposure (H = F value for the effect of chloracetanilides, T = F
value for the time of incubation, H X T = F value for interaction between these
factors) * indicate significant difference at P < .001.

Sample Alachlor Metolachlor

H T HxT H T HxT
IM I-1 443,83*  563,55*  45,92* 309,41* 380,03* 70,86*
IM 0961 12,12* 625,34*  14,90* 1084,50*  419,64* 34,87+
IM QF10 124,83* 510,18* 13,76* 168,67* 427,45* 13,132
IM 0956 35,7* 3094,9%  442,7* 901,25* 1534,44* 244 95*
IM 6325 26,14* 474,19  13,84* 169,93* 551,23* 37,84*
KKP 534 388,39*  463,6* 103,35*  61,42* 534,67* 115,01*
KKP 792 185,25*  455,4* 201,37*  219,15* 359,8* 26,24*
DSM 1963  43,42* 469,74*  9,25* 8,63* 442,68* 6,77*

3.2. Degradation and detoxification of chloroacetanilides by Trichoderma
strains

The curves of alachlor removal by the studied fungi were plotted using
the software Origin Pro 2019 v9.6 (Origin Lab) (Fig. 2A-H). The regression
equations, coefficient of determination (R%) and asymptotic standard errors
are presented in Table S1. A two-way ANOVA showed that the fungal in-
oculum, incubation time, as well as the interaction between these factors
significantly influenced alachlor degradation (P < .001) (Table 2). All
tested microorganisms were characterized by high activity in the elimina-
tion of alachlor but the strains differed in the herbicide removal dynamics.
As indicated by kinetic data, the most intense decrease in the pesticide
content for seven tested strains: IM 6325, KKP 534, IM 0956, IM I-1, IM
QF10, IM 0961 and KKP 792 was observed during the initial 72h of in-
cubation. The above-mentioned strains eliminated 50-85% and 80-99% of
alachlor after 24 and 72h of incubation, respectively. Among the tested
fungal strains, T. virens DSM 1963 exhibited the lowest degradation po-
tential (Fig. 2H). In this case, efficient alachlor removal started after 24 h

and finally led to an 80% reduction in the herbicide amount. Based on the
mass weight and fragmentation patterns of alachlor metabolites, eight by-
products were identified: N-(2,6-diethylphenyl)-N-(methoxymethyl)acet-
amide (1); (2)-1-[(2,6-diethylphenyl)-N-(methoxymethyl)amino]ethene-1,2-
diol (2); N-(2,6-diethylphenyl)-N-[(dihydroxymethoxy)methyl]-2-methox-
yacetamide (3); N-(2,6-diethylphenyl)-2-hydroxy-N-(methoxymethyl)acet-
amide (4); 2,6-diethyl-N-methylaniline (5); N-(2,6-diethylphenyl)-2,2-dihy-
droxy-N-[(methoxy)methyl]acetamide ~ (6);  N-(2,6-diethylphenyl)-N-
[(dihydroxymethoxy)methyl]-2-hydroxy-2-methoxyacetamide (7) and N-
(2,6-diethylphenyl)-2,2-dihydroxy-N-[ (hydroxymethoxy)methyl]acetamide
(8). The chemical structures of alachlor metabolites and their time-depen-
dent conversion are presented in Fig. S1A and Table S2, respectively.

The tested filamentous fungi were also capable of effectively uti-
lizing another chloroacetanilide herbicide - metolachlor. The curves of
metolachlor decompostion by tested Trichoderma spp. were plotted
using the software Origin Pro 2019 v9.6 (Origin Lab) (Fig. 2A-H). The
regression equations, coefficient of determination (R%) and asymptotic
standard errors are presented in Table S1. A two-way ANOVA indicated
that the fungal inoculum, incubation time, as well as the interaction
between these factors significantly influenced metolachlor degradation
(P < .001) (Table 2). The biodegradation kinetics of metolachlor also
revealed that there were differences in the herbicide decomposition
potential among the tested fungi. Moreover, the comparison chlor-
oacetanilides removal rateindicated that metolachlor was slower de-
graded than alachlor by all fungal strains. The most substantial deple-
tion in the pesticide content was noted for T. harzianum IM 0961, T.
virens DSM 1963, T. atroviride IM QF 10 and T. viride KKP 792 between
72h and 120h of incubation. The results indicated that metolachlor
degradation by T. harzianum IM 0961, T. virens DSM 1963, T. ci-
trinoviride IM 6325, T. hamatum IM I-1 and T. atroviride QF 10 was more
effective in comparison to other strains. After 7 days the above-men-
tioned Trichoderma strains eliminated approximately 71-79% of the
herbicide, whereas T. viride KKP 792, T. harzianum KKP 534, and T.
koningii IM 0956 were only able to reduce 40-62% of the initial con-
centration. The intermediate 2-chloro-N-(2-ethyl-6-methylphenyl)-N-
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Fig. 2. Alachlor and metolachlor removal by tested Trichoderma strains in mineral medium extracts supplied with glucose and yeast extracts (/@ - alachlor/
metolachlor abiotic control, respectively, A - alachlor, V - metolachlor) (A - T. hamatum IM I-1; B - T. harzianum IM 0961; C - T. atroviride IM QF10; D - T. koningii IM
0956; E - T.citrinoviride IM 6325; F - T. harzianum KKP 534;G - T. viride KKP 792; H - T.virens DSM 1963). Data are the mean * SD (n = 6).

Table 2

Results from two-way ANOVA for chloroacetanilides removal by Trichoderma
spp. (F =F value for the fungal inoculum, T = F value for the time of in-
cubation, F X T = F value for interaction between these factors). * indicate
significant difference at P < .001.

Sample Alachlor Metolachlor

F T FxT F II; FXT
IMI-1 1704605*  130789* 11768*  224546*  19629*  4068,81*
IM 0961 1260167* 116325*  35609* 159749*  27288*  12695*
IM QF10 1265868*  110820* 38634*  76318* 15228*  17875*
IM 0956 845325*  62322* 37013*  262984* 22197 10075%
IM 6325 1244127%  87098* 35855*  666573*  78806%  22782*
KKP 534 891296*  65126* 33917%  7840* 4208*  3632*
KKP 792 75530* 1164829*  26459*  6098* 1353* 1560*
DSM 1963  152717*  33617* 9502*  62782* 21948*  20578*

(2-hydroxy-1-methylethyl)acetamide (2) was the main product of me-
tolachlor biodegradation identified in fungal cultures during 168 h.
When the cultivation period was extended, N-(2-ethyl-6-methylphenyl)-
2-hydroxy-N-(2-hydroxy-1methylethyl)acetamide (1), N-(2-ethyl-6-
methylphenyl)-2-hydroxy-N-(2-hydroxy-1-methylethyl)acetamide (3)
were also detected. In the case of T. harzianum KKP 534 another known
metabolite  N-(2-ethyl-6-methylphenyl)-2-hydroxy-(2-methoxy-1-me-
thylethyl)acetamide (4) dominated in metolachlor transformation. The
chemical structures of metolachlor metabolites and their time-depen-
dent conversion are presented in Fig. S1B and Table S3 in Supple-
mentary Data. Moreover, the summary of qualitative analysis is shown
in Table S4.

An Artoxkit M bioassay was performed to test whether detoxifica-
tion occurred during chloroacetanilides degradation by the tested
Trichoderma strains (Table 3). After the incubation for 7 and 14 days,
the extracts of the abiotic controls containing 50 mgL ™" alachlor or
50 mg L.~ ! metolachlor inhibited the motility of A. franciscana larvae by
90.75 + 0.98, 88 + 1.41, 88.50 + 9.00, and 83.33% = 10.00, re-
spectively. The motility inhibition of the tested crustaceans by pure
alachlor and metolachlor solution (without incubation and extraction)
in both cases reached 100%. The toxicity of biotic controls originating
from T. hamatum IM I-1, T. koningii IM 0956, T. harzianum IM 0961 and

KKP 534 cultures (without the herbicide), observed in the tested or-
ganism, was negligible (1-8%). A two-way ANOVA showed significant
differences between the effect of the herbicides with or without Tri-
choderma spp. (F = 123,386, P < .001 in the case of alachlor and
F =15,215, P < .001 in the case of metolachlor), incubation time
(F=1782, P < .001 and F = 28,770, P < .001, respectively), and
interaction between these factors (F = 921, P < .001 and F = 3054,
P < .001, respectively). In the case of extracts from the biotic controls
and alachlor-treated cultures of T. atroviride IM QF10 and T. citrinoviride
IM 6325, a high (90-95%) motility inhibition of A. franciscana was
observed. Prolongation of the above-mentioned fungal cultures up to
14 days did not reduce herbicide toxicity. Biotransformation of alachlor
by T. viride KKP 792, T. harzianum KKP 534, and T. virens DSM 1963 led
to 53-80% reduction in toxicity. The immobilization of A. franciscana
after 24 h of incubation, with extracts from alachlor-treated T. koningii
IM 0956, T. harzianum IM 0961, and T. hamatum IM I-1 and samples,
reached 6.67 *= 1.04, 4.17% =+ 0.28, and 3.71 * 0.18 (for a 7-day
degradation study) and 5.56 + 1.33,3.71% + 0.28,and 3.33 * 0.92
(within 14 days), respectively. The results of Artoxkit M tests indicated
a decrease in metolachlor toxicity due to biotransformation by IM I-1,
IM 0956, IM 0961, KKP 534, and KKP 792 strains. A comparison of the
motility inhibition for the abiotic control and xenobiotic-treated fungal
samples indicated an almost 1.5-2.5-fold reduction in toxicity for 14-
day cultures after 24 h of incubation. High toxicity (70-80%) was ob-
served for 7-and 14-day extracts from IM 6325, IM QF10, and DSM
1963 cultures supplemented with metolachlor.

3.3. Rapeseed seedlings growth in the presence of Trichoderma spp. and
herbicides

In this study, we also investigated the effect of alachlor at con-
centration 1.5mgL ™" and metolachlor at 1.0mgL~" on the growth of
the seedlings inoculated with Trichoderma strains. Higher concentra-
tions of alachlor and metolachlor induced a strong inhibition of seed
germination (data not shown). The used concentration of chlor-
oacetanilides reduced the growth of rapeseed roots and shoots, al-
though not significantly (P = .42, P = .97 for rapeseed roots and
P = .99, P = .95 for shoots treated with alachlor and metolachlor, re-
spectively). The effect of the tested Trichoderma spp. on rapeseed
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Table 3
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Toxicity analysis of eight Trichoderma spp. cultures with alachlor or metolachlor in the Artoxkit M assay. Data are the mean + SD (n = 6). Different letters indicate
significant difference (P < .001) according to two-way ANOVA followed by Tukey's HSD post-hoc test.

Sample Immobilization of A. franciscana [%]

Biotic control Alachlor Metolachlor

7 days 14 days 7 days 14 days 7 days 14 days
Abiotic control - - 88.9 + 1.41° 90.75 + 0.98° 88.50 + 9.00° 83.33 + 10.00°
Pure herbicide solution - - 100 = 0.2 100 = 0.2 100 = 0.50 100 = 0.50
M I-1 8.33 = 0.94° 3.33 = 0.58" 3.71 = 0.18" 3.33 = 0.92° 66.10 = 9.20° 56.05 = 6.94°
IM QF 10 99.00 + 1.41° 92.00 + 5.66 91.67 + 5.42° 93.27 + 3.53° 81.00 + 5.00° 78.00 + 5.60"
IM 0956 3.03 = 0.77° 2.78 + 0.23° 6.67 + 1.33° 5.56 + 1.04 " 65.30 + 2,42 46.70 + 5.80°
M 0961 5.80 + 0.28" 417 + 1.36" 417 + 0.90 3.71 + 0.28° 51.51 + 3.20% 34.44 + 0.96
IM 6325 96.67 + 4.20° 85.00 + 4.14° 96.29 + 1.14° 96.67 + 2.10° 88.89 + 9.25° 78.40 + 7.30°
KKP 534 7.50 + 1.44° 1.00 + 0.03" 20.74 + 1.08% 20.00 + 1.008 71.74 + 879" 59.33 + 1.159
KKP 792 385 = 7.83¢ 14.44 = 2.48" 47.69 + 2.07° 34.81 + 5.00 100 + 0.02° 46,67 + 5.77%
DSM 1963 20.00 + 0.20% 12.73 + 0.69¢ 74.30 + 3.95° 54,85 + 5.00°M 81.48 + 6.20° 67.70 + 5.00"

seedling growth, fresh biomass weight, and leaf chlorophyll content in
seedlings untreated and treated with alachlor and metolachlor was es-
timated after 7 days. The interaction between the effect of the herbi-
cides and fungal inoculum significantly influenced roots and shoots
length of rapeseed seedlings (F=5.48, P < .001 for roots and
F=5.91, P < .001 for shoots), which was demonstrated in the two-
way ANOVA test. The results indicated that T. harzianum KKP 534 and
T. viride KKP 792 increased the length of the roots by 38 and 45%,
respectively. At the same time, the other strains had no significant ef-
fect on the roots of seedlings untreated with herbicides, but under
chloroacetanilides pressure the inoculation with T. koningii IM 0956, T.
harzianum KKP 534 and T. virens DSM 1963 spores resulted in the
elongation of roots with statistical importance (P < .001) (Table 4).
On the other hand, the presence of T. koningii IM 0956, T. harzianum
KKP 534, T. viride KKP 792, and T. virens DSM 1963 significantly in-
creased the length of shoots (Table 4). In addition, an increase in the
fresh biomass of rapeseed seedlings was observed after the treatment
with T. koningii IM 0956 for control (4.02g + 0.10) and alachlor
supplied plants (3.87 g + 0.21) (Table S5). The results revealed that T.
koningii IM 0956 had the biggest influence on the growth and weight of
fresh biomass in seedlings treated with alachlor and metolachlor. The
shoot length of the plants treated with fungi and alachlor or metola-
chlor increased by 80 and 50%, respectively, while the root length in-
creased by 37 and 36%, respectively, and the fresh weight rose by 82
and 31%, respectively. The results presented in Table 4 show that the
chlorophyll content in seedling leaves treated with chloroacetanilides
was lower, although without statistical significance. The two-way
ANOVA results demonstrated that the interaction between the effect of
the herbicides and fungal inoculum significantly affected chlorophyll
content in rapeseed seedlings (F = 4.16, P < .001). Application of T.
hamatum IM 1-1 had a positive effect on the chlorophyll content
(94.50mgm ™2 + 9.27) in comparison to control seedlings untreated
with herbicides (76.10mgm~2 + 7.75) A statistically significant in-
crease in the chlorophyll content was also observed for rapeseed
seedlings exposed to metolachlor protected by all Trichoderma strains,
except of T. viride IM 792 and exposed to alachlor inoculated with T.
harzianum IM 0961 (84.07 mgm"2 + 9.66) and T. koningii IM 0956
(82.20 *+ 6.35mgm ™ 2) spores in comparison to seedlings exposed to
the herbicide without Trichoderma spp.(68.10mgm ™2 + 8.12).

3.4. Evaluation of plant growth-promotion (PGP) characteristics of
Trichoderma spp.

To evaluate the potential of the tested Trichoderma spp. in pro-
moting plant growth under herbicide-stressed conditions, siderophore
production, phosphorus solubilization, and ACC deaminase activity in
fungal cultures were examined. Siderophore production by

chloroacetanilide-tolerant Trichoderma strains in fungal liquid cultures
with the herbicides was estimated (Fig. 3). The interaction between the
incubation time and the exposure to the herbicides significantly influ-
enced siderophore production by Trichoderma spp. (F = 1570,
P < .001), which was demonstrated in the two-way ANOVA test. The
formation of siderophores in control and fungal cultures supplied with
the herbicides occurred during the initial 24 h and reached the max-
imum at 72h of incubation. Supplementation with alachlor or meto-
lachlor resulted in the inhibition of siderophore production in the cul-
tures of T. koningii IM 0956, T. citrinoviride IM 6325, T. harzianum IM
0961,T. hamatum IM I-1 and T. harzianum KKP 534 during the first 24 h
of incubation. After this period, the formation of siderophores in the
herbicide-treated cultures of T. hamatum IM I-1, T. koningii IM 0956, T.
citrinoviride IM 6325 and T. atroviride IM QF10 strains was compared
with the control fungal cultures. Moreover, in the stationary (72h)
phase of growth a stimulation of the production of iron-chelating
compounds was observed in the cultures of T. harzianum IM 0961
supplemented with alachlor and metolachlor and also in alachlor-
treated cultures of T. hamatum IM I-1, T. viride KKP 792, and T. virens
DSM 1963.

As shown in Fig. 4, a significant increase in soluble phosphate
concentration in all the fungal strains compared to abiotic control was
observed from 24 to 168 h of incubation (P < .001). A three-way
ANOVA indicated that the interaction between the incubation time,
exposure to the herbicides, and fungal inoculum significantly influ-
enced phosphate solubilization (F = 74, P < .001). The concentration
of soluble phosphate varied from 132 to 164mgL~" in the fungal
culture filtrates in comparison to 13-18 mg L.~ ! in the filtrates from the
abiotic control. The P-solubilizing capacity of Trichoderma strains in the
presence of alachlor and metolachlor was also assayed (Fig. 4). The
inhibiting effect of herbicides in T. harzianum KKP 534, T. virens DSM
1963, and T. viride KKP 792 cultures was observed during the entire
incubation period. Phosphate solubilization by these strains was the
most significantly decreased in 24 h alachlor and metolachlor supplied
cultures, by 85, 65,50% and 86, 58, 53%, respectively (P < .001).

Some Trichoderma spp. were found to have the ability to produce
ACC deaminase, an enzyme involved in ethylene synthesis (Viterbo
et al., 2010). Four tested Trichoderma strains with the highest capability
to effectively eliminate tested chloroacetanilides and PGP activities in
the presence of the herbicides, were also examined for ACCD activity
(Table 5). The ACC deaminase average activity of selected Trichoderma
strains IM 0961, IM 0956, KKP 534 and IM 6325 cultures, with ACC as
the sole nitrogen source, was found to be 52.14 + 1.35,16.10 *= 0.10,
12.55 + 2.18 and 8.21 + 0.29 pumol a-ketobutyrate mg~! protein
h™!, respectively, whereas in alachlor- and metolachlor-treated cul-
tures of IM 0961, the activity of the enzyme significantly increased by
66 and 55%, respectively (P < .001) (86.64 + 0.13 in alachlor-
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()
E ik T treated samples and 80.83 + 1.89 umol a-ketobutyrate mg ™! protein
g 1% :‘2 § ’5@ ah% ﬁg 4 h~! in metolachlor-treated samples). At the same time, the ACCD ac-
P = ‘fl 'fl ':I : : ‘fl ":I :’l _'fl tivity in the IM 0956 culture with the addition of herbicides was
g _§ nee229238 compared with that of control (17.30 = 1.62, 14.45 + 2.12umol a-
§ g c¥sIZgnng ketobutyrate mg~" protein h™' in alachlor- and metolachlor-treated
g cultures, respectively).
< o b o o
S R - T T W - -
= S d d d d & d d d 3 H
S a=hhoRNTohd 4. Discussion
= OO MONW® e~
= B NGOG AN DG WD
N
S — | 5 ’ : — _— y
g 7|2 ;' ;' ;' b : ::: 2 :,' ; Trichoderma strains are known for their ability to eliminate different
é g :_3 éf g E 5 E § E § P hazardous pollutants, including heavy metals, pesticides or PAHs
£ E (Tripathi et al., 2013). Our former study indicated that T. koningii IM
£ g Bl gmopw 5.9 o 0956 was capable of efficiently removing alachlor (Nykiel-Szymariska
E § i{\n mﬂ;:’i "g ’ig ‘2 :Q-,’ £% et al., 2018), which prompted us to examine the process of alachlor and
] E No®oNSBNGR S B metolachlor decomposition by strains from the genus Trichoderma ori-
g g B ;' :;' 2 ;‘ ;‘ ;' :'r' ;' : ginating from different microbial collections. Some of these strains were
E’ é’ 5 g E E § E g E E E also characterized by the ability to degrade various xenobiotics such as
=] H i .
8-} plastics and PCP (Klausmeier, 1972; Szewczyk et al., 2003). In the
2 g : . .
go 7 6.5, ®EE present study, the growth of the tested Trichoderma strains varied with
2 9 B EE RS the addition of chloroacetanilide herbicides. Alachlor stimulated the
8 57-’ S| Hefdanndd biomass production in the stationary cultures of IM QF10, IM 0956,
T g S| 4 HH ; A : ;
38 S|lesgoguase KKP 534, and KKP 792. According to literature data, microorganisms
2 a SlddnardLdon able to degrade toxic compounds may use them as a source of biogenic
g T elements for their physiological processes (Kodama et al.,, 2001;
£ - T Moneke, 2010; Bera and Ghosh, 2013). Growth inhibition under the
5 E EERE T R same concentration of alachlor was reported for Paecilomyces mar-
g Z . :| : :I : : : : TI fl quandii (Staba et al., 2013) and Candida xestobii (Munoz et al., 2011).
5§ Floecosranse Metolachlor exhibited the largest effect on IM 0961 growth during the
:: 2 % 5 5 g 2 ; E ; ; E entire period of incubation. The study conducted by Sahid and Kasim
£73 (1994) and Ismail and Shamsuddin (2005) demonstrated a higher in-
a8
g & E 2Bz 2o wrn hibitory effect of metolachlor on the growth of soil filamentous fungi
= CZ> _E AR 7:3 o 3‘3 o ﬁg compared with alachlor, whereas in the case of C. xestobii, only a slight
g i & AHHdAHddNdoS reduction in biomass growth was observed under 50 mgL ™! metola-
g g g E : g ;' 2 :} :: 2 2 2 chlor exposure (Munoz et al., 2011). In this study, it was not possible to
B & 2|8 TRETSG g an state clearly which of the tested herbicides was more toxic in relation to
- ‘z the examined fungal model. The sensitivity to chloroacetanilides was an
_§ 0 S . individual characteristic of Trichoderma strains. However, literature
L :g 3 iw %o Z;ﬂ_ '%’ 3 ‘%\1 2 data indicated that in the case of higher organisms (rat, mouse, rabbit,
E g sl SR aEREEE2 fish), alachlor is more toxic than metolachlor (US EPA, 1995, 1998). All
§ bl T | M H the examined filamentous fungi were capable of effective elimination of
o é S|8R2838838 alachlor or metolachlor but showed different rates in the decomposition
g v S| BEBRAERBE of herbicides. The results indicated that alachlor biodegradation rate
SRy was very fast for five Trichoderma strains IM QF10, IM 6325, IM I-1, IM
' - 8 L)
S g 333852883 0961, and IM 0956 from the culture collection of our Department and
§ @ § E E E § :‘2 § E E after the initial 72 h of cultivation, the herbicide removal ranged from
g 8:" 5| 444 A A ‘:’I HoHH 80 to 90%. After 168 h of cultivation, only a negligible amount of
5 = § NO28R%n888 alachlor was detected. The lowest capacity of xenobiotic decomposition
5§ < | BFBRBBERES by the tested strains was reported for DSM 1963 and KKP 792 strains
< ”éo (80 and 89% after 168 h, respectively). Comparison of the results pre-
%G| PRSI % sented in most papers exploring microbial transformation of alachlor
. % d ted i t lori icrobial f ion of alachl
Bal|E AL EEALE A with the data for Trichoderma s i
21 E % pp. tested in our study showed a faster
£ 9 MITONARDS M R A . :
= g AR R rate of herbicide decomposition by Trichoderma. Previous reports
% E 5 —E :: 2 :,' ;’ :: :: ;' ;' 2 showed that P. marquandii (Staba et al., 2013) and C. xestobii (Munoz
= g g 5 R R R s et al., 2011) were able to eliminate only 70% of 50mgL ™" alachlor
4= N O OOYOYOONY . . . . .
£ t" after 3days of incubation, respectively. Six Streptomyces strains de-
'§ § 4, graded about 60-75% of the herbicide at an initial concentration of
~E -;% 144mgL~" after 14 days. On the other hand, the rate of metolachlor
1A £ biotransformation by the tested Trichoderma strains was slower than
g § 3 that of alachlor and the most efficient removal occurred between 72
3 [ E and 120 h of incubation. After 7 days of cultivation, IM 0956, IM 0961,
‘g g' g IM QF10, IM I-1, IM 6325, KKP 534, and DSM 1963 strains were able to
g » £ degrade 62-79% of the herbicide, while the KKP 792 strain eliminated
= ‘2 é R only 40% of metolachlor. A similar rate of the herbicide decomposition
T8 5|2 $E. 22aRRQ2 at initial concentration 50 mg L ™" has been recorded for Fusarium spp.,
v s E|E & oOLoov § s ..
) é o| & SEEEE2¢ E 2 Mucor racemosus (Saxena et al., 1987) and C. xestobii (Munoz et al.,
&< 2011). Sanyal and Kulshrestha (2003) reported that Aspergillus flavus
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Fig. 3. Production of siderophore by the tested Trichoderma spp. Data are the mean

according to two-way ANOVA followed by Tukey's HSD post-hoc test.

and A. terricola degraded 68.76% and 44.12% of metolachlor at an
initial concentration of 20mg L~ after 7 days of growth, respectively.
According to Zhang et al. (2011) and Hou et al. (2014), the molecular
structure of chloroacetanilides affects their biodegradability. Com-
pounds with an alkoxymethyl side chain on amide nitrogen (e.g., ala-
chlor, acetochlor, butachlor) are more rapidly degraded than com-
pounds with an alkoxyethyl side chain on amide nitrogen (e.g.,
metolachlor, pretilachlor), which may explain the lower rate of meto-
lachlor decomposition by the tested strains compared with that of
alachlor. Alachlor biotransformation by Trichoderma spp. starts with
oxidative dechlorination and then the metabolites undergo hydroxyla-
tion of terminal carbon atoms of hydroxyacetaldehyde substituents and
dimethyl ether, which creates various di- or tri-hydroxylated by-pro-
ducts. Alachlor transformation via N-alkyl group hydroxylation was
described for P. marquandii (Staba et al., 2013), whereas in the earlier
work, only hydroxylation of ethyl chains was detected (Pothuluri et al.,
1993). This work proved that both ways of substrate hydroxylation are
common in fungal cells. The predominant metabolism of metolachlor
by the tested Trichoderma strains included O-demethylation of the N-
alkyl substituent to form 2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-
hydroxy-1-methylethyl)acetamide (2). This mechanism has already
been described in the literature for Chaetomium globosum (McGahen and
Tiedje, 1978), Cunninghamella elegans (Pothuluri et al., 1997), Fusarium
spp., Mucor racemosus, or bacteria such as Bacillus circulans and B.
megaterium (Krause et al., 1985). Similarly, the production of metabo-
lites 1 and 3 began with O-demethylation and next two-way de-
chlorination occurred. Oxidative dechlorination resulted in the forma-
tion of N-(2-ethyl-6-methylphenyl)-2-hydroxy-N-(2-hydroxy-
1methylethyl)acetamide (1), and reductive dechlorination resulted in

alachlor

]

jd
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Table 5

ACCD activity in Trichoderma spp. cultures with or without chloroacetanilide
herbicides (A—alachlor, M—metolachlor). * indicates values that differ sig-
nificantly from the biotic control (IM 0961) at P < .001.

Treatment ACCD activity [uM a-ketobutyrate mg ™" protein h™]
IM 0961 52.14 = 1.35

IM 0956 16.10 = 0.10

KKP 534 12,55 = 2,18

IM 6325 8.21 + 0.29

IM 0961 + A 86.64 = 0.13*

IM 0961 + M 80.83 = 1.89*

IM 0956 + A 17.30 = 1.62

IM 0956 + M 1445 = 212

the formation of N-(2-ethyl-6-methylphenyl)-N-(2-hydroxy-1-methy-
lethyl)acetamide (3). Microbial conversion of metolachlor via the
above-mentioned types of reactions has not been described so far.
Toxicity estimation of metabolites formed during xenobiotics bio-
transformation is a major concern of ecotoxicology, because generated
by-products may exhibit either lower or higher toxicity than the parent
compounds (Bernat et al., 2013; Souissi et al., 2013). However, mi-
crobiological degradation of toxic compounds involving hydroxylation
and dechlorination reactions can lead to the detoxification of the sub-
strate (Pothuluri et al., 1993, 1997). The Artoxkit M bioassay used in
this study showed a nearly 100% reduction in toxicity in comparison to
the rate of alachlor biodegradation by T. harzianum IM 0961, T. koningii
IM 0956, and T. hamatum IM I-1. In the case of KKP 534, KKP 792, and
DSM 1963 incubated with alachlor, the immobilization of A. franciscana
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Fig. 4. Phosphate solubilization by the tested Trichoderma spp. Data are the mean * SD (n = 6). Different letters indicate significant difference (P < .001) ac-

cording to three-way ANOVA followed by Tukey's HSD post-hoc test.
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was in the range of 20-50%, whereas alachlor extract or pure solution
of herbicide at the same concentration caused 88.9 and 100% im-
mobilization of crustacean, respectively. The obtained results clearly
indicate the detoxification of the herbicide by these strains. Im-
mobilization of the tested invertebrates in metolachlor-treated samples
of IM I-1, IM 0956, IM 0961, KKP 534, and KKP 792 showed a 1.5-2.5
fold reduction in toxicity compared with the parent compound. To the
best of our knowledge, this is the first report that demonstrates the
detoxification of alachlor and metolachlor during the microbial de-
gradation by different Trichoderma strains.

The high mortality of A. franciscana observed in the samples origi-
nating from the fungal cultures IM QF10 and IM 6325 untreated with
the herbicide may be associated with the generation of secondary by-
products showing antimicrobial activity and the also have deleterious
effect on aquatic invertebrates A. fransciscana and D. magna (Favilla
et al., 2006; Thiruchchelvan et al., 2013). Moreover, in the postculture
extracts of IM QF10 and IM 6325 were identified secondary metabolites
with antimicrobial activity like harzianic acid, harziaphilic acid,
T22azaphilone, T39butenolide and trichoharzin (data not shown).
Biocontrol activity of two Trichoderma strains can enhance growth of
plants exposed to phytopathogens.

The extensive application of herbicides may adversely affect both
the growing plants protected by them and soil microorganisms
(Ahemad and Kibret, 2014). It has been reported that some Trichoderma
sp. are known for their beneficial effect on plant growth and resistance
to abiotic and biotic stress factors (Viterbo et al., 2010; Zhang et al.,
2016). In the present study, the Trichoderma strains KKP 534 and KKP
792 had the ability to stimulate growth of seedling roots and shoots,
while elongation of shoots was observed in the case of IM 0956 and
DSM 1963. It has been suggested that the production of phytohormone -
indole-3-acetic acids is related to the promotion of plant growth by
some Trichoderma spp. (Hermosa et al., 2012). The improvement in
seedling growth by supplementation of Trichoderma was noticed espe-
cially in the presence of alachlor or metolachlor. The growth promotion
in seedlings was more related with fungal PGP activities than alachlor
or metolachlor decomposition by the tested strains, because in the
samples containing rapeseed seedlings inoculated with Trichoderma
spores, herbicide elimination did not exceed 30% (data not shown). In
addition, plant inoculation with IM 0956 conidia significantly enhanced
the fresh weight of seedlings. Bernat et al. (2018) reported that the
application of T. harzianum IM 0961 increased the growth of wheat
seedlings only in the presence of 2.5mgL ™" 2,4-dichlorophenoxyacetic
acid. However, the inoculation of T. atroviride IM QF10 had no bene-
ficial effect on the growth of rapeseed seedlings, whereas a positive
effect of T. citrinoviride IM 6325 appeared only in the presence of the
herbicides. This confirmed that the interaction between fungi and
plants to stimulate plant growth is a species-dependent ability of Tri-
choderma spp. (Nieto-Jacobo et al., 2017). Determination of plant
growth promoting characteristics of tested Trichoderma strains revealed
presence of phosphate solubilization, siderophore production and ACC
deaminase activity. Our study demonstrated that all eight Trichoderma
strains were able to solubilize insoluble tricalcium phosphate (TCP) to
various extents. From 24 to 168 h of incubation, the concentration of
solubilized phosphate gradually increased in the culture filtrates from
the biotic control of the tested strains. A similar content of P-solubilized
was observed in the cultures of ten Trichoderma strains isolated from the
rhizosphere of Avicennia marina (Saravanakumar et al., 2013). A study
conducted by Rudresh et al. (2005) also confirmed the ability of an-
other Trichoderma strain to dissolve TCP but T. viride PDBCTV 32, T.
virens PDBCTVs 12, and T. virens PDBCTVs 13 were found to solubilize
about 5% of the phosphate dissolved by the strains used in this study.
The amount of P-solubilized decreased in fungal cultures supplemented
with chloroacetanilides. Alachlor and metolachlor showed the most
deleterious effect on phosphate solubilization in KKP 534, KKP 792, and
DSM 1963 cultures in comparison to the cultures not supplemented
with the herbicides. A decline in phosphate solubilizing potential of a
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large variety of microorganisms under xenobiotic exposure had pre-
viously been mentioned (Ahemad and Khan, 2010, 2011a,b). Moreover,
all the tested Trichoderma strains exhibited the ability to produce
siderophores both in the absence and presence of chloroacetanilides.
The addition of the herbicides to the medium reduced significantly the
amount of siderophores formed by the cultures of almost all the tested
strains at 24 h of growth. However, after this period, the effect of the
herbicides was marginally inhibitory and in the case of KKP 792 and IM
0961, the production of siderophores was significantly induced. This
unexpected result could have been caused by interactions of fungal
metabolism with metal trace ions other than iron nd with the herbi-
cides. Manganese and iron compounds may impact the fate of organic
pollutants. These processes depend on solution chemistry and microbial
activity (Borch et al., 2010). On the other hand, metals other than iron,
in the proper form and concentration, may also enhance siderophores
production (Saha et al., 2012). Similarly to the harmful effect of ala-
chlor and metolachlor on P-solubilization, the production of side-
rophores by IM 6325, KKP 534, and KKP 792 decreased after 24 h of
incubation. The reduction in the of the amount iron-chelating mole-
cules in the cultures of plant growth-promoting bacteria under various
pesticide exposure had been described earlier (Ahemad and Khan,
2011a,b, 2012). The inhibition of siderophore production and P-solu-
bilizing potential in the cultures of KKP 534, KKP 792, and DSM 1963
supplemented with alachlor or metolachlor can be related to the da-
mage to or decreased functioning of protein or pathways responsible for
these PGP traits.

The ACC deaminase activity was found in all the selected
Trichoderma spp. but the highest activity was observed in T. harzianum
IM 0961, about 3-6 fold in comparison to the other strains. However, in
the case of IM 0956, IM 6325, and KKP 534, the ACC deaminase activity
was compared with that reported for T. asperellum T206, T. atroviride, T.
harzianum TSK8, and T. estonicum SKS1 (8.20-13.50 pumol a-ketobuty-
rate mg~' protein h™!) (Gravel et al., 2007; Saravanakumar et al.,
2018; Viterbo et al., 2010). Moreover, our results revealed that the
addition of alachlor or metolachlor to fungal cultures led to an increase
in the enzyme activity in T. harzianum IM 0961. Similarly, a higher
ACCD activity in plant growth-promoting bacteria was observed under
heavy metal (Pb, As, Cu, Cd or Zn) exposure (Carlos et al., 2016;
Grobelak et al., 2018). According to Glick (2014), ACC deaminase is
present in PGP microorganisms at a relatively low level but its activity
may be stimulated under biotic or abiotic stress (high salinity, heavy
metal, pesticide) and thus can be helpful in minimizing stress.

5. Conclusion

The present study demonstrated the ability of eight Trichoderma
strains to transform and detoxify popular chloroacetanilide herbicides
such as alachlor and metolachlor. The rapid and effective removal of
the tested herbicides by Trichoderma spp. can be used for future stra-
tegies of bioremediation of agricultural areas polluted with residues of
chloroacetanilides. This is particularly important especially in the case
of alachlor, which is banned in the EU due to its endocrine-disrupting
activity. The pathway of chloroacetanilides degradation by Trichoderma
species involves mainly dechlorination and hydroxylation reactions. N-
(2-ethyl-6-methylphenyl)-2-hydroxy-N-(2-hydroxy-1-methylethyl)acet-
amide and N-(2-ethyl-6-methylphenyl)-N-(2-hydroxy-1-methylethyl)
acetamide were identified for the first time as metolachlor metabolites
formed by fungi. Our study showed that selected Trichoderma strains
enhanced the growth of rapeseed seedlings under alachlor or metola-
chlor exposure and mitigated the harmful effect of these herbicides on
plants by stimulating various PGP traits such as siderophore produc-
tion, phosphate solubilization, and ACC deaminase activity. Among the
tested Trichoderma strains, T. koningii IM 0956 is the most interesting
research model because of the high ability to eliminate tested chlor-
oacetanilides and multiple PGP activities even in the presence of the
herbicides. In the future, it would be necessary to check whether the
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strains of Trichoderma, capable of degrading herbicides in the labora-
tory scale, will not mitigate the effectiveness of chloroacetanilides ac-
tion in crop protection in agricultural soils.
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Table S1 Alachlor metabolites and their time dependent conversion (N-(2,6-diethylphenyl)-N-
(methoxymethyl)acetamide (1); (Z)-1-[(2,6-diethylphenyl)-N-(methoxymethyl)amino]ethene-1,2-diol
(2); N-(2,6-diethylphenyl)-N-[(dihydroxymethoxy)methyl]-2-methoxyacetamide (3); N-(2,6-
diethylphenyl)-2-hydroxy-N-(methoxymethyl)acetamide (4); 2,6-diethyl-N-methylaniline (5); N-(2,6-
diethylphenyl)-2,2-dihydroxy-N-[(methoxy)methyl]acetamide (6); N-(2,6-diethylphenyl)-N-
[(dihydroxymethoxy)methyl]-2-hydroxy-2-methoxyacetamide (7) and N-(2,6-diethylphenyl)-2,2-
dihydroxy-N-[(hydroxymethoxy)methyl]acetamide (8)).

Time [h]
Sample
72 120 168

IM QF10 1;3;5 1;3;4;5;6 1;3;4;5;6

IM I-1 1,5 1,4;5 1,4;5

IM 0956 1;3;5;6 1,2;5,6;7 1;,2;3;4,5;6;,7
IM 0961 1;4;5 1;,2;4;5 1;2;4;5

IM 6325 1,5;6 1,2;4;5;6 1,2;3;4,5,6,7
KKP 534 1;,3;5;8 1,4;,5;6;8 4:5;6;8
KKP 792 1;3;5;8 1,3;4,5;,7;,8 1,5;3
DSM 1963 1;4;5 1;4;5;7 1;4;5;7
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Table S2 Metolachlor metabolites and their time dependent conversion (N-(2-ethyl-6-
methylphenyl)-N-(2-hydroxy-1-methylethyl)acetamide (1), 2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-
hydroxy-1-methylethyl)acetamide (2), N-(2-ethyl-6-methylphenyl)-2-hydroxy-N-(2-hydroxy-1-
methylethyl)acetamide (3), and N-(2-ethyl-6-methylphenyl)-2-hydroxy-(2-methoxy-1-

methylethyl)acetamide (4)) .

Time [h]
Sample

168 240 336

IM QF10 2 1;2 1;2

IM I-1 2 1;2 1;2
IM 0956 1;2 1;,2;3 1;2;3

IM 0961 2 1;2 1;2

IM 6325 2 1;2 1;2
KKP 534 4 1;3;4 1;3;4
KKP 792 2 1;,2;3 1;2;3

DSM 1963 2 1;2 1;2
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Table S3. Mass spectra, molecular weights and retention times of 4 detected metolachlor metabolites produced by tested fungi.

N-(2-ethyl-6-methylphenyl)-N-(2-hydroxy-1-

methylethyl)acetamide

No. 1 , No. 2
RT (min) 1.22 T RT (min) 1.64
Formula CuHuNO, | & Formula C1,H2CINO,
MW 235.33 T MW 269.77
Mass spectrum f, Mass spectrum
m/z rel.int. (%) ; o m/z rel.int. (%)
121.1 22.63 = E 109.62 3.1
134.04 5.19 E, 8| 12110 4.96
146.2 7.93 s 5| 13416 4.96
148.26 33.02 £=| 149.20 9.31
149.20 22.63 £ % | 161.88 4.34
161.20 14.82 © >| 176.28 100
176.20 100 ;f ‘aE‘a 185.10 54
207.30 11.31 e 195.12 17.39
234.30 68.80 z 213.20 78.88
235.30 100 S 214.10 14.28
236.90 8.25 % 252.18 7.45
3 253.20 94.4
271.14 13.66

N-(2-ethyl-6-methylphenyl)-2-hydroxy-N-(2-hydroxy-1-

methylethyl)acetamide

No. 3
RT (min) 1.71
Formula CisH,1NO3
MW 265.36
Mass spectrum
m/z rel.int. (%)
134.82 6.81
136.26 77.27
146.16 6.81
148.20 36.36
176.34 100
204.18 81.81
205.50 20.45
233.40 79.54
266.26 6.81

N-(2-ethyl-6-methylphenyl)-2-hydroxy-(2-methoxy-1-

methylethyl)acetamide

No. 4
RT (min) 1.80
Formula C14H,1NO3
MW 251.33
Mass spectrum
m/z rel.int. (%)
91.14 1.29
104.16 2.58
119.04 2.15
132.00 1.29
134.11 15.51
135.42 1.29
146.4 3.01
148.08 3.87
161.04 1.72
176.22 75.43
184.26 2.58
252.30 39.65
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Table S4. Effect of alachlor (1.5 mg L™) and metolachlor (1 mg L™}) treatment on the dry
weight of rapeseed seedlings growing alone or in the presence of Trichoderma strains. Data
were evaluated with a one-way ANOVA followed by Tukey's post-hoc test, each value is the
mean * SD (n = 20). a indicates values that differ significantly from the control treatment
(without Trichoderma spp.) at P < 0.001. b indicates values that differ significantly from the

treatment with alachlor (without Trichoderma spp ).

Total fresh weight [g]

Sample
Control Alachlor Metolachlor
Rapeseed without
2.36+0.18 2.10+0.19 2.12+0.18
Trichoderma sp.

IM QF10 3.48+0.44 2.26+0.36 2.56+0.35
iMI-1 3.17+0.76 2.21+0.06 2.53+0.26
IM 0956 4.02+0.10° 3.87+0.21° 2.79+0.85
IM 0961 3.01+0.10 2.45+0.20 2.44+0.10
IM 6325 2.57+0.15 2.25+0.24 2.27+0.20
KKP 534 2.39+0.02 2.03+0.76 2.70+0.12
KKP 792 2.78+0.36 1.67+0.37 1.93+0.66
DSM 1963 2.81+0.34 1.10+0.15 1.55+0.05
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The filamentous fungus Trichoderma koningii is capable of fast and effective eliminate alachlor (90% after 72 h
when added separately and 80-60% in the presence of 1-5mM of copper). After 168 h over 99% elimination of
alachlor resulted in detoxification and was connected with the mitigation of reactive oxygen species (ROS)
production. Using MS/MS techniques, seven dechlorinated and hydroxylated metabolites were identified.
Cytochrome P450 and laccase participate in biotransformation of the herbicide by this non-ligninolytic fungus.
Laccase activity is stimulated both by copper and the mixture of copper and alachlor, which seems to be im-

portant for combined pollutants. T. koningii is characterized by high tolerance to copper (up to 7.5mM). The
metal content in mycelia reached 0.9-7.76 mg in 1 g of dry biomass. Our results suggest that T. koningii strain
seems to be a promising tool for bioremediation of agricultural areas co-contaminated with copper-based fun-
gicides and chloroacetanilide herbicides.

1. Introduction

Alachlor [2-chloro-N-2,6-diethylphenyl-N-(methomethyl)acet-
amide] is a chloroacetanilide herbicide registered for pre- and post-
emergent control of annual grasses and broadleaf weeds of corn, soy-
beans, cotton, sorghum, peanuts, rapeseed, or beans. Its huge
consumption has caused negative impacts on both agricultural ecosys-
tems and aquatic environment (Rattanawong et al., 2015). Alachlor
toxicity is primarily due to its good solubility in water (240 mgL ™),
which contributes to its migration in the environment. Penetration of
this compound into surface water and groundwater poses a threat to
living organisms. Alachlor has been classified by Environmental Pro-
tection Agency (EPA, US) as a potential carcinogen of B2 group (EPA
1998). Furthermore, due to its toxic and genotoxic properties, the
herbicide has been included in the group of compounds disrupting
proper functioning of the endocrine system of humans and animals
(EDC's) (UNEP and WHO, 2012). Therefore, there is a great concern
regarding the fate of this herbicide and its byproducts in the environ-
ment. Alachlor can be degraded through physicochemical methods, but
microbial degradation has a crucial relevance in its transformation in
the natural environment. In the polluted areas, degradation is per-
formed by a selected group of microflora that are capable of surviving
in the presence of toxic substances (Wang et al., 2008; Xu et al., 2008).
Till date, various microorganisms that are capable of degrading alachlor
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under both aerobic and anaerobic conditions have been isolated and
identified. A lot of attention has been paid to bacteria originating from
acetanilide-contaminated sludge and soil. Most of them belong to
Agrobacterium sp., Ancylobacter sp., Burkholderia sp. (Ewida, 2014),
Bacillus sp. (Wang et al., 2008; Xu et al., 2008), Microbacterium sp.,
Pseudomonas sp. (Xu et al., 2008) and Streptomyces sp. (Sette et al.,
2004). However, only a limited number of studies have involved se-
lected filamentous fungi that can effectively remove alachlor, for ex-
ample, Phanerochaete chrysosporium (Ferrey et al., 1994; Chirnside
et al., 2011), Cunninghamella elegans (Pothuluri et al., 1993), Chaeto-
mium globosum (Tiedje and Hagedorn, 1975), Paecilomyces marquandii
(Staba et al., 2013c), Candida xestobii (Munoz et al., 2011), and Coriolus
versicolor (Hai et al., 2012).

Xenobiotics degradation by soil microflora can be limited by the
presence of excessive concentrations of heavy metal ions. Copper is one
of the heavy metals having an adverse effect on the microbial processes
such as cellular polymer synthesis, respiration, and cell division. In
addition, it disturbs enzyme activity, membrane permeability, and can
induce oxidative stress (Iwinski et al., 2017; Staba et al., 2013a, 2013b).
Copper compounds are often used as effective fungicides to protect
infected plants as they are highly effective against fungi (Filimonova
et al., 2018). Since 1904, copper has also been used as an aquatic
herbicide and algaecide (Iwinski et al., 2017). In contrast, it is a ben-
eficial micronutrient needed to achieve the appropriate height and
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quality in the case of many crops (Zou et al., 2015).

Nonspecific oxidative enzymes, for example, laccase, lignin perox-
idase, manganese peroxidase, and cytochrome P450 oxidase are often
engaged in the fungal elimination of many xenobiotics e.g., polycyclic
aromatic hydrocarbons (PAHs) (Bautista et al., 2015), chlorophenols,
pesticides (Rao et al., 2014) and dyes (Jasinska et al., 2015). Laccase
activity in non-ligninolytic fungi from the genus Trichoderma has been
described by Chakroun et al. (2010); Sadhasivam et al. (2008), and
Wang et al. (2012). Fungal laccases have been used in many processes,
for example, decolorization or synthesis of dye (Jasiniska et al., 2015;
Polak and Jarosz-Wilkolazka, 2012), biopulping, delignification of lig-
ninocellulosis compounds, production of ethanol, treatment of waste-
water (Chen et al., 2015b), and degradation of pesticides (Khambhaty
et al., 2015). Elimination of alachlor with the participation of the en-
zyme laccase was observed in the lignin-degrading white rot fungus P.
chrysosporium (Chirnside et al., 2011), whereas degradation of chlor-
oacetanilides by non-ligninolitic fungi with laccase is so far un-
documented. The role of cytochrome P450 (CYP450) in alachlor me-
tabolism was detected in different eukaryotic organisms such as fungi
(C. elegans) (Pothuluri et al., 1993) and mammalians (rats) (Kale et al.,
2008).

Filamentous fungi from the genus Trichoderma are cosmopolitan
microorganisms, mostly isolated from the soil or plant roots These fungi
are best known for supporting the growth of plants and protecting them
from pathogens (Tripathi et al., 2013). Their prevalence in the en-
vironment is primarily due to their ability to grow rapidly, to propagate
in adverse environmental conditions, as well as their ability to use
different sources of carbon and nitrogen (Raspanti et al., 2009). Because
of their high metabolic activity, the fungi are able to degrade a broad
spectrum of xenobiotics, for example PAHs, cyanides, synthetic dyes,
cresols, phenols, and plant protection products (e.g., dicofol, di-
chlorodiphenyltrichloroethane (DDT), dichlorvos, and chlorpyrifos)
(Tripathi et al., 2013).

In this study, we investigated the transformation and detoxification
of alachlor by Trichoderma koningii with the involvement of laccase and
the cytochrome P450 system. Moreover, due to the high tolerance of T.
koningii to copper ions, its ability to simultaneously eliminate alachlor
and copper ions was determined.

2. Materials and methods
2.1. Chemicals

Alachlor (PESTANAL’, analytical standard (99.2%)), metabolic in-
hibitors, laccase substrate — 2,2’-azino-bis-(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS), copper sulfate, nitrotetrazolium blue chloride
(NBT) and 2’,7’-dichlorodihydrofluorescein diacetate (H,DCFDA) were
purchased from Sigma-Aldrich (Poznan, Poland). Ethyl acetate, for
alachlor extraction, was purchased from POCh (Gliwice, Poland), and
high purity solvents used during sample preparation for high pressure
liquid chromatography (HPLC) were obtained from Sigma-Aldrich
(Poznan, Poland) and POCh (Gliwice, Poland).

2.2. Microorganism and growth conditions

The filamentous fungus Trichoderma koningii IM 0956 was obtained
from the Department of Industrial Microbiology and Biotechnology,
Institute of Microbiology, Biotechnology and Immunology, University
of Lodz, Poland. Seven-day-old spores of T. koningii strain from cultures
on ZT agar plants (gL~ ': glucose (4); Difco yeast extract (4); agar (25);
and malt extract (6 °Blg), up to 1L; pH 7.0) were used to inoculate
20 mL of mineral medium with 2% glucose and 1% yeast extract in 100-
mL Erlenmeyer flasks. The medium was composed of (gL ~"): K;HPO,
(4.36), KH,PO4 (1.7), NH4Cl (2.1), MgSO4 X 7H,0 (0.2), MnSO4
(0.05), FeSO4 x 7H,0 (0.01), CaCl, x 2H,0 (0.03), glucose (20), yeast
extract (10), and distilled water (up to 1L, pH 6.5). The fungal cultures
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were grown on a rotary shaker (160 rpm) for 24 h at 28 °C. The pre-
culture was transferred to a fresh medium in the ratio of 1:1 and in-
cubated for the next 24 h. The homogenous preculture (10%) was in-
troduced into the medium supplemented with 50 mgL~' alachlor
dissolved in ethanol (stock solution 10 mgmL™") or a control culture
without the tested compound. In addition, abiotic controls (unin-
oculated) were also prepared. All cultures were incubated at 28 °C on a
rotary shaker (160 rpm). At appropriate time, culture samples were
selected for analyses.

2.3. Determination of alachlor and its metabolites

Samples were prepared according to the method described by Staba
et al. (2013c) with some modifications. The cultures were homogenized
with glass beads twice for 4 min at 25ms~ ! (Retsch, Ball Mill MM
400). Next, the samples were extracted twice with ethyl acetate. The
extracts were dried with anhydrous sodium sulfate and evaporated
under reduced pressure at 40 °C. Evaporated residues were dissolved in
2mL of methanol and 0.2 mL was transferred to chromatography plates
for quantitative and qualitative analyses.

Quantitative analysis of alachlor was performed on the Agilent 1200
LC System coupled with an AB Sciex 3200 QTRAP mass detector
equipped with a TurboSpray Ion Source (electrospray ionization (ESI)).
The separation was performed in a capillary Eclipse XDB-C18 column
(50 mm X 4.6 mm, 4.6 um) maintained at 37 °C. The mobile phase
consisted of water (A) and methanol (B) supplemented with
5mmol "' ammonium formate. The run time was 6 min with the
solvent gradient initiated at 50% B. After 1 min, during the next minute,
B was decreased to 5% and maintained at 5% for four additional
minutes before returning to the initial solvent composition over 2 min.
The flow rate was 600 uL.min~'. The detection of alachlor was per-
formed on an MS/MS detector working in the multiple reaction mon-
itoring (MRM) positive ionization mode. The monitored MRM pairs
were m/z 270.1-238.2 and m/z 270.1-162.3 at 1.61 retention time. The
quantitative analysis of alachlor in the tested samples was performed
according to the standard equation (y = 6.67e+0.006 x; r = 0.991),
and the alachlor content was calculated in percentage. A 100% value
represented the amounts of alachlor, which were estimated in abiotic
controls.

Samples for qualitative analysis were selected from 0, 24, 72, 120,
and 168h of culture and included corresponding biotic and abiotic
controls acting as a reference for the detection of alachlor metabolites.
The same chromatographic method was used to identify the possible
alachlor metabolites, which were detected in previously extracted
samples. The mass spectrometric analysis was performed using a tar-
geted scanning mode. According the previous data on alachlor biode-
gradation (Staba et al., 2013c), a list of predicted Multiple Reaction
Monitoring (pMRM) pairs of possible metabolites in positive ionization
mode was created. The pMRM-based method was constructed based on
the characteristic fragmentations occurring in the alachlor mass spec-
trum: m/z 238, m/z 224, m/z 220, m/z 210, m/z 208, m/z 90, and m/z
77. Then, Information Dependent Acquisition (IDA) criteria were em-
ployed to automatically trigger the acquisition of full-scan MS/MS
spectra for any compounds that were detected by the pMRM scans. The
Enhanced Product Ion (EPI) scan-type was used to acquire full-scan MS/
MS spectra in the range of m/z 50-350 in the linear ion trap of the
QTRAP system. The optimized ion source parameters were: CUR: 25, IS:
5500V, TEMP: 550 °C, GS1: 55 psi, GS2: 50 psi.

2.4. Toxicity study

The possible toxicity of postculture extracts of the T. koningii strain,
cultivated with or without alachlor was examined using a commercial
bioassay Artoxkit M provided by MicroBioTests, Inc., Belgium.
Experiments were based on the immobilization of the larvae of Artemia
franciscana in accordance with standard operational procedures. The
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fungal cultures (with and without the herbicide after 7 and 14 days)
were homogenized using a ball mill. The homogenized samples and
abiotic controls were extracted twice with ethyl acetate, dried with
anhydrous sulfate, and evaporated under reduced pressure at 40 °C. The
extracts were dissolved in 0.1 mL of ethanol and diluted with saline
water to obtain 20 mL of the initial volume of the cultures. Next, ap-
propriate dilutions were prepared. A. franciscana controls with saline
water and with the same volume of ethanol as in the test samples were
also prepared. The toxicity of alachlor and its metabolites was calcu-
lated as the percentage of immobile larvae after 24 h of incubation. The
motility of larvae was measured microscopically at a magnification of
40 x. The larvae that did not move within 10s were presumed to be
dead.

2.5. Superoxide anion and nitrogen oxide detection

The detection of superoxide anion (O,") and nitric oxide (NO") in T.
koningii hyphae was carried out according to the detailed method de-
scribed in the paper by Siewiera et al. (2017).

2.6. Laccase activity and effect of copper on enzyme production

Laccase activity in the centrifuged supernatant was assayed, by
monitoring ABTS oxidation at 420 nm, according to the procedure de-
scribed by Jasiniska et al. (2015).

To establish if the presence of copper and alachlor in the medium
would affect the activity of laccase, the liquid culture of T. koningii was
supplemented with various concentrations of CuSO, (1, 2.5, 5, 7.5, and
10 mM) and 50 mg L.~ ! alachlor. The samples were collected every 24 h
for 7 days and residual activities were determined using the ABTS
assay.

2.7. Cytochrome P450 and laccase inhibition studies

CYP450 inhibiting compounds (proadifen, SKF 525-A (0.1 mM), and
1-aminobenzotriazole, ABT (0.25 mM)) or a supposed laccase inhibitor
(sodium azide, NaN3 (0.1 mM)) were introduced to 18 mL growth
medium supplemented with alachlor (50 mgL~") and inoculated with
T. koningii. Then, the flasks were incubated in the same conditions on a
rotary shaker (160 rpm) at 28 °C. At appropriate time, culture samples
were selected for analyses and prepared according to the method de-
scribed in Section 2.3.

2.8. Alachlor elimination in the presence of copper

Liquid cultures of T. koningii with the addition of 50 mg L.~ alachlor
and different concentrations of copper (1.0, 2.5, and 5.0 mM) were
incubated on a rotary shaker (160 rpm) at 28 °C. At appropriate time,
culture samples were selected for analyses and prepared according to
the method described in Section 2.3.

2.9. Metal content in fungal mycelium

Copper content in the mycelium, after thermal mineralization by
nitric acid (65%), was determined in an atomic absorption spectrometer
Spectra 240 FS (Agilent). The quantity of metal loaded in the mycelium
was expressed as milligrams of metal per gram of dry weight of my-
celium.

2.10. Statistical analysis

Results were assessed by ANOVA and statistical analyses were
performed on three replicates of data obtained from each treatment.
The significance (P < 0.05) of differences was treated statistically by
one- or two-way ANOVA followed by Tukey's test.
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Fig. 1. Trichoderma koningii growth (grey column - biotic control, black column
- alachlor) and alachlor elimination (line with black squares - abiotic control,
line with black circles - alachlor) in rich mineral medium supplied with glucose
and yeast extract. Data are presented as mean + SD (n = 3). * Indicates values
that differ significantly from the abiotic control at P < 0.001. 4 Indicates
values that differ significantly from the biotic control at P < 0.001.

3. Results and discussion

3.1. Growth, alachlor degradation, and detoxification in fungal liquid
cultures

Our preliminary results indicate a high activity of selected
Trichoderma strains in the elimination of alachlor (data not shown).
Among Trichoderma strains isolated from environments contaminated
with inorganic and organic pollutants, only T. koningii revealed a ca-
pacity to degrade alachlor with substrate-induced laccase activity
(Table S1). The influence of alachlor at the concentration of 50 mg i
on the growth of the T. koningii strain in rich liquid mineral medium
with glucose (2%) and yeast extract (1%) has been illustrated in Fig. 1.
The tested concentration of alachlor inhibited significant the growth of
the fungus during 72h of incubation (strongly within first 24h)
(P < 0.05). After this time the growth stimulation by the herbicide in
T. koningii stationary cultures was observed. On the other hand the
same concentration of the herbicide resulted in the toxic effect on
fungal growth throughout the culture period in the case of P. mar-
quandii and C. xestobii (Munoz et al., 2011; Staba et al., 2013c).

The dynamics of alachlor elimination by T. koningii is also shown in
Fig. 1. No such rapid alachlor degradation rate in fungal cultures had
been previously recorded as for T. koningii examined in this study. After
initial 24-h incubation, 72% of the supplemented alachlor was re-
moved, and after 72 h, more than 90%. In the case of the filamentous
fungus P. marquandii and the yeast C. xestobii, 30% of alachlor was
detected after 3 days of incubation (Munoz et al., 2011; Staba et al.,
2013c¢). A two-way ANOVA results showed that the fungal inoculum
and time as well as their interaction significantly influenced on alachlor
degradation (F =391.7, P < 0.001; F=73748, P < 0.001 and
F = 316.2, P < 0.001, respectively). Based on the alachlor metabolites
mass weight and fragmentation patterns, seven byproducts were iden-
tified:  N-(2,6-diethylphenyl)-N-(methoxymethyl)acetamide;  (Z)-1-
[(2,6-diethylphenyl)-N-(methoxymethyl)amino]ethene-1,2-diol; N-
(2,6-diethylphenyl)-N-[(dihydroxymethoxy)methyl]-2-methox-
yacetamide; N-(2,6-diethylphenyl)-2-hydroxy-N-(methoxymethyl)acet-
amide; N-(2,6-diethylphenyl)-2,2-dihydroxy-N-[(methoxy)methyl]acet-
amide; 2,6-diethyl-N-methylaniline and N-(2,6-diethylphenyl)-N-
[(dihydroxymethoxy)methyl]-2-hydroxy-2-methoxyacetamide. Ex-
amples of mass spectra and structural formulas of alachlor inter-
mediates are presented in Fig. 2. T. koningii transformed alachlor
mainly via oxidative dechlorination and N-acetyl hydroxylation, but
reductive dechlorination resulting in the formation of N-(2,6-diethyl-
phenyl)-N-(methoxymethyl)acetamide was also noted. Alachlor by



J. Nykiel-Szymariska et al.

4304 A
4.0e4

3.5e4
3.0e4

2504

Intensity, cps

2004

1.5e4

1.0e4

5000.0

0.0"

140

160

1624 1794

Ecotoxicology and Environmental Safety 162 (2018) 1-9

2195

!
180 200 220

m/z. Da

1624

1.905
1805

1.6e5

1.405

1.005

8 0e4

Intensity, cps

120 140

intensity, cps

912

60 80 100 120 140 160

160
mz, Da

180

2976

180 200 220 240 260 280 300 320 340
m/z. Da

Fig. 2. Mass spectra and chemical structures of exemplary alachlor byproducts originating from Trichoderma koningii cultures detected by LC-MS/MS. (A) N-(2,6-
diethylphenyl)-N-(methoxymethyl)acetamide; (B) (Z)-1-[(2,6-diethylphenyl)-N-(methoxymethyl)amino]ethene-1,2-diol; (C) N-(2,6-diethylphenyl)-N-[(dihydrox-

ymethoxy)methyl]-2-hydroxy-2-methoxyacetamide.

products detected in Trichoderma had been earlier described for another
ascomycete fungus, P. marquandii (Staba et al., 2013c). The obtained
results revealed that the mechanism of alachlor transformation in mi-
croscopic fungi via N-alkyl group hydroxylation leading to the

formation of mono-, di-, or trihydroxylated byproducts is more popular
than it was supposed. Earlier, preferential hydroxylation of the ar-
ylethyl chain of alachlor was observed in Cunninghamella elegans
(Pothuluri et al., 1993). On the other hand, only in a few works, the
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Table 1
Toxicity of extracts obtained from Trichoderma koningii cultures supplemented
with alachlor against Artemia franciscana.
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Table 2
Relative amounts [%] of O, and NO" generated in T. koningii mycelium during
alachlor transformation.

Type of postculture extracts Immobilization of A. franciscana [%] Parameter 24h 72h

7 days 14 days Control Alachlor Control Alachlor
Abiotic control 90.75 + 0.98 88.00 = 1.41 0,7 [%] 3.65 += 0.50 29.54 * 3.60 0.10 + 0.00 0.19 + 0.01
T. koningii (biotic control) 3.03 * 0.77 278 = 0.23 NO. [%] 0.31 £ 0.01 1.60 * 0.02 0.00 £ 0.00  0.01 = 0.00
T. koningii + alachlor 6.67 + 1.04 5.56 + 1.33
Pure alachlor solution (without 100 + 0.20 100 * 0.20 * Indicates values that differ significantly from the control at P < 0.001,

incubation and extraction)

* Indicates values that differ significantly from the abiotic control at
P < 0.001, each value is the mean = SD (n = 3).

modern MS/MS methods were used to identify alachlor metabolites in
microbial cells and to propose degradation pathway (Sette et al., 2004;
Staba et al., 2013c).

Biodegradation is the most efficient way of eliminating xenobiotics
from soil, but it can also lead to the formation and accumulation of
toxic and carcinogenic intermediate metabolites (Bernat et al., 2013).
An Artoxkit M bioassay was performed to test if the detoxification oc-
curred during alachlor degradation by T. koningii. Extracts of the abiotic
controls incubated for 7 and 14 days, containing alachlor at a con-
centration of 50 mg L.~ ! inhibited the motility of A. franciscana larvae in
90.75 = 0.98% and 88 + 1.41%, respectively (Table 1). The inhibi-
tion of motility by pure alachlor solution (without incubation and ex-
traction) reached 100 + 0.2%. Toxicity of biotic controls originating
from Trichoderma cultures (without the herbicide), observed in the
tested organism, was negligible. Two-way ANOVA showed significant
differences among the effect of alachlor treated samples with or without
T. koningii (F=618.3, P < 0.001). However, there was no significant
effect of incubation time (F=0.13, P = 0.72) (7 and 14 days) and no
interaction between incubation time and alachlor treated samples with
or without T. koningii (F = 0.46, P = 0.64). The immobilization of A.
franciscana after 24 h of incubation with extracts obtained from ala-
chlor-treated fungal samples, reached 6.67 + 1.04% (for a 7-day de-
gradation study) and 5.56 = 1.33% (within 14 days). The obtained
results showed a 13-fold reduction in toxicity. This is the first report
showing almost total detoxification of alachlor via fungal transforma-
tion. Only a slight reduction in alachlor solution toxicity during direct
ozonation and O3/H,0, advanced oxidation was obtained (Qiang et al.,
2010). Interestingly, although alachlor oxidation by P. marquandii,
proceeded probably along the same route, there was no decrease in
toxicity against A. franciscana. The 24-h ECs of alachlor amounted to
8.17 + 1.11 and 7.35 + 2.54mgL ™! for abiotic and alachlor-treated
fungal samples, respectively (Staba et al., 2013c). Probably, a crucial
role in the final toxicity of alachlor supplied fungal cultures can play
concentrations of particular byproducts.

3.2. ROS and RNS generation during alachlor conversion

The mechanisms of alachlor toxicity may be correlated with its
ability to induce oxidative stress by an enhanced production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS), which in
turn may lead to biological macromolecules damage (Rattanawong
et al., 2015). However, little is known about the ROS and RNS action
towards alachlor-degrading microorganisms. Literature data indicate
that the ROS and RNS system may be involved in microbial transfor-
mation of xenobiotics, which was postulated in the degradation of 4-n-
nonylphenol by Metarhizium robertsii (Szewczyk et al., 2014). Therefore,
the presence of superoxide anion and nitric oxide in T. koningii alachlor
degrading mycelia was measured. The quantities of RNS and ROS to the
24-h and 72-h fungal mycelia exposed to the herbicide are presented in
Table 2. Two-way ANOVA analysis indicated that interaction between
effect of fungal cultures and time significant influenced on the

each value is the mean * SD.

formation of O,™ and NO" (F = 22248.26, P < 0.001; F = 22248.2,
P < 0.001, respectively). The addition of alachlor in 24-h cultures
caused an 8-fold increase in the level of O, and a 5-fold increase in the
level of NO" compared to control. However in 72-h alachlor-supple-
mented samples, a significant decrease (P < 0.05) in the formation of
free radicals was noted, which was correlated with an efficient decrease
in the content of alachlor (Fig. 1), as well as also with detoxification
process (Table 1). Such a phenomenon was not observerd during the
herbicide biotransformation by P. marquandii in liquid batches. Despite
the effective elimination of alachlor by P. marquandii, there was no
decrease in herbicide toxicity and the content of ROS in the culture
remained at a constant level (Staba et al., 2013c, 2015).

3.3. Laccase production during alachlor elimination in the presence of
different concentrations of copper

Laccases are enzymes widely distributed in plants, bacteria, or
fungi. These enzymes are polyphenolic oxidases belonging to a large
family of enzymes, referred to as multicopper oxidases (Chen et al.,
2015b). Some Trichoderma species: T. atroviride (Chakroun et al., 2010),
T. aureoviridae (Khambhaty et al., 2015), T. harzianum (Sadhasivam
et al., 2008) and also T. koningii (Wang et al., 2012) have the ability to
produce laccase. The influence of alachlor on laccase activity and
contribution of this enzyme to the elimination of chloroacetanilides has
not been studied so far. Enzyme activity in T. koningii cultures supplied
with alachlor was measured every 24 h for 7 days as its ability to ABTS
oxidize by laccase or another multicopper oxidase. At this stage of work
it was not possible to state clearly whether this enzyme was certainly
laccase. The formation of the enzyme in the growth medium in the
absence of copper ions was negligible (0.02-0.42UL™"), which sug-
gests that their presence in culture medium is strictly necessary for the
production of the enzyme by T. koningii. Our results indicated that the
addition of Cu®* (Fig. 3a) into the culture medium significant stimu-
lated laccase activity, compared to control (P < 0.05). The production
of laccase by T. koningii occurred during the initial 24 h and reached its
maximum at 96h (7.7-13.06 UL™') for cultures supplemented with
various concentrations of copper. In addition, a simultaneous applica-
tion of copper ions and alachlor also resulted in the enhancement of
laccase activity (Fig. 3b) (maximum 4.2-9.58 UL for different con-
centrations of copper at 72-96 h). In cultures older than 96 h, the en-
zyme activity decreased and after 168 h, it reached a very low level
compared with control cultures not supplemented with Cu®>*, whereas
in the presence of alachlor, minor laccase activity was detected until
168 h. Two-way ANOVA showed that the interaction between samples
with different concentrations of copper and with or without alachlor
and time significantly influenced on laccase activity (F=905.67,
P < 0.001; F = 1538.2, P < 0.001, respectively). The optimal copper
concentration for laccase synthesis was found to be 5.0 and 7.5 mM.
Stimulation of laccase activity by the addition of copper into the culture
medium is well documented and may result from the filling of type-2
copper binding sites with copper ions (Chakroun et al., 2010;
Khambhaty et al., 2015). However, some heavy metals such as copper
or vanadium may be involved in the oxidative production of radicals by
Fenton or Haber-Weiss reactions, which may enhance nonspecific
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Fig. 3. Laccase activity in supernatants collected from fungal cultures supple-
mented with copper ions (1-10mM) (A) and simultaneously with alachlor
(50 mgL~ 1 and copper ions (1-10 mM) (B). Data are presented as mean = SD
(n=23).

enzyme activities (Liu et al., 2017). Laccase activity may also be sti-
mulated by oxidative stress (Ceci et al., 2018). The toxicity of alachlor
(Rattanawong et al., 2015; Staba et al., 2015) and copper (Staba et al.,
2013b) might be associated with the induction of oxidative stress in
fungal cells. Enhanced radicals production was also detected in alachlor
treated Trichoderma cultures within the first 24h of incubation
(Table 2). Laccase activity stimulation by different xenobiotics is well
documented. Mougin et al. (2002) reported an increased laccase ac-
tivity in a Tremetes versicolor culture supplemented with different
compounds of industrial origin (e.g., nonylphenol, aniline, diquox, or 9-
fluorenone). An increased activity of this enzyme during the biode-
gradation of bisphenol A and diclofenac by T. versicolor was noted by
Yang et al. (2013). The greatest effect on the enzyme activity in a liquid
culture of T. koningii was detected after 3-4 days of treatment. Similar
results were obtained by Sadhasivam et al. (2008), who reported that
the onset of laccase activity in Trichoderma harzianum occurred at 48 h
and achieved the maximum at 96 h of incubation. Subsequently, the
enzyme production decreased. In the case of Trichoderma atroviride, the
enzyme activity was noted only after 5 days of culture (Chakroun et al.,
2010).

3.4. Effect of metabolic inhibitors on alachlor elimination by T. koningii

Studies on fungal laccases and cytochrome P450 oxidases have re-
vealed a potential role of these oxidative enzymes in the metabolism of
different xenobiotics, for example alachlor (Chirnside et al., 2011;
Pothuluri et al.,, 1993), bisphenol A (Yang et al., 2013), 2,4-di-
chlorophenoxyacetic acid (2,4-D) (Nykiel-Szymanska et al., 2018), di-
butyltin (Siewiera et al., 2017), diethyltoluamide (Tran et al., 2013), or
malachite green (Jasinska et al., 2015). Therefore, we investigated
whether T. koningii was able to transform alachlor in the presence of
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Fig. 4. Degradation of alachlor by Trichoderma koningii strain in the presence of

metabolic inhibitors. * Indicates values that differ significantly from the control
at P < 0.001, each value is the mean = SD (n = 3).

inhibitors of laccase and CYP450. Degradation of alachlor by the T.
koningii strain in the presence of a putative inhibitor of laccase (0.1 mM
sodium azide) was monitored. Competitive inhibitors of CYP450, such
as aminobenzotriazole and proadifen were also used (Fig. 4). An initial
concentration of the inhibitors was individually chosen for T. koningii as
the highest dose, which did not inhibit the fungal growth by more than
15%.

The sensitivity of laccase to several supposed enzyme inhibitors
such as sodium dodecyl sulfate (SDS), NaN3, and ethylenediaminete-
traacetic acid (EDTA) was tested (Table S2). Among the tested com-
pounds, NaN3 was found to be the most effective laccase inhibitor.
Literature also indicates that NaN; is an effective inhibitor of fungal
laccase (Chakroun et al., 2010; Sadhasivam et al., 2008). The enzyme
activity was completely inhibited at a concentration as low as 0.1 mM.
The addition of 0.1 mM NaNj to the fungal culture resulted in a small
but statistically significant drop in the rate of alachlor decomposition,
which indicates the contribution of this enzyme in the elimination of
chloroacetanilide (Fig. 4).

The addition of CYP450 inhibitors to the culture medium of T. ko-
ningii led to a significant inhibition of alachlor biodegradation
(P < 0.05) during the first 24 h, when its elimination was most effec-
tive. Two-way ANOVA analysis showed significant effect of treatment
of CYP450 inhibitors (F = 359.77, P < 0.001), incubation time
(F=1627.24, P < 0.001) and interaction among this factors
(F=124.08, P < 0.001) on alachlor degradation by tested fungus.
After 24h in the fungus culture with 0.1 mM proadifen, alachlor re-
moval was about 60% lower, and subsequently, the influence of the
inhibitor on the degradation rate was found to be weaker but statistical
significant (P < 0.05). In contrast, in the sample with the addition of
0.25mM 1-aminobenzotriazole, the elimination of the herbicide was
observed lower by 5-15%. These results show a significant role played
by CYP450 in the initial stage of alachlor biotransformation (24 h), but
later the process of alachlor removal was not dependent on CYP450
activity. Earlier studies showed different significance of CYP450 in
fungal chloroacetanilides metabolism. The CYP450 system was found to
be strongly involved in the utilization of alachlor by C. elegans
(Pothuluri et al., 1993). However, according to Staba et al. (2013c),
CYP450 has a negligible role in the elimination of alachlor by P. mar-
quandii. Throughout the culture period, the herbicide removal in the
presence of inhibitors was about 20% lower than without inhibitors, but
after 7 days of incubation, the differences between the samples with
and without inhibitors did not exist.

3.5. The influence of copper on herbicide degradation

Contamination of the environment with heavy metals and chlori-
nated organic compounds (e.g., alachlor, 2,4-D, 4-chlorophenol, DDT,
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Fig. 5. Trichoderma koningii growth and alachlor degradation in the presence of
copper ions. Fungal growth in the presence of 1.0-7.5mM Cu®?* (A).
Simultaneous effect of 50 mgL~" alachlor and copper ions (1.0-7.5mM) on
fungal growth (B). Alachlor elimination in the presence of copper ions
(1.0-5.0mM) (C). * Indicates values that differ significantly from the control at
P < 0.001, each value is the mean = SD (n = 3).

and trichloroaniline) is a serious problem in industrial and agricultural
areas (Olaniran et al., 2009). Heavy metals may inhibit the growth of
microorganisms involved in the degradation of organic pollutants and
affect the rate of biodegradation by inhibiting enzymes engaged in the
metabolism of these compounds (Chen et al., 2015a; Liu et al., 2017).

The growth intensity of T. koningii in the presence of copper and
simultaneous presence of copper and alachlor was tested (Fig. 5a,b).
The tested strain was characterized by high tolerance to the presence of
copper ions in the culture in the range of concentrations 1-7.5mM
(63.5-476.25 mg L.~ 1) (Fig. 5a). The fungal biomass growth in cultures
supplemented with 1.0 and 2.5mM copper was comparable to the
control, whereas at higher concentrations (5.0 mM and 7.5), only 20%
inhibition of growth was noted. Two-way ANOVA revealed no sig-
nificant effect of different concentrations of heavy metal (F = 0.97,
P = 0.45) and time (F = 1.02, P = 0.41) on growth of T. koningii as well
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as no interaction between this factors (F = 0.99, P = 0.49) was verified.
Strong growth inhibition in alachlor- and copper-treated cultures, ob-
served during the initial 24 h of incubation, was caused by alachlor
(Figs. 1, 5a, 5b). Cu** did not deteriorate the growth of T. koningii
supplemented with the herbicide. Moreover, the metal at concentra-
tions of 1.0-5.0 mM, stimulated biomass production in 48 h alachlor-
stressed cultures. Again, two-way ANOVA showed no significant effects
due to the treatment (F=0.99, P = 0.43), time (F = 1.02, P = 0.43) or
interaction effect (F=0.99, P = 0.5). Our results indicate that the fila-
mentous fungus T. koningii survived at the copper concentrations which
might be toxic to other Trichoderma sp. The growth of T. asperellum
strongly decreased with increasing the initial concentration of copper.
After 10 days of incubation in fungal cultures supplemented with
300mgL~!, more than 90% inhibition of growth was observed
(Iskandar et al., 2011). Lopez and Vazquez (2003) reported that T.
atroviride was also characterized by high tolerance to copper at con-
centrations of 0.25-300 mg L™ ". In this range, only ca. 10% deteriora-
tion in growth was observed. However, at 350mgL~" of metal con-
centration, the growth of T. atroviride severely decreased (ca. 80%). In
addition, Anand et al. (2006) reported that there was no growth of T.
viride at 300 mg L ™" of Cu®*. Modification in metal tolerance might be
due to the presence of one or more types of tolerance strategies or re-
sistance mechanisms demonstrated by different microorganisms
(Mohammadian et al., 2017).

The results indicate that at 24 h, alachlor degradation in the pre-
sence of 1.0 mM copper was ca. 20% lower in comparison to cultures
not supplemented with Cu?*. The differences between the culture with
and without copper ions did not exist since 120 h (Fig. 5¢). At higher
concentrations of copper (2.5 and 5.0 mM), alachlor biotransformation
was significantly slower (ca. 30-60%), but finally it caused only 20%
deterioration in the pesticide degradation (P < 0.05). Two-way
ANOVA demonstrated significant effect of different concentrations of
copper (F = 30657.5, P < 0.001), incubation time (F = 10245,
P < 0.001) as well as their interaction effect (F = 1315.8, P < 0.001)
on alachlor elimination by T. koningii. Some selected microorganisms
can eliminate xenobiotics in the presence of toxic metals (Ceci et al.,
2018; Hong et al., 2010; Olaniran et al., 2009; Staba et al., 2009;
Springael et al., 1993). Similarly, elimination of alachlor was not in-
hibited in the culture of P. marquandii with the addition of 1.0 mM zinc.
Nevertheless, a higher metal content (5.0 and 7.5mM) in the culture
medium limited alachlor mitigation by 30-50% (Staba et al., 2009).
Synergic action of heavy metals and xenobiotics might activate specific
metabolic pathways and nonspecific oxidoreductive enzymes such as
laccases (Ceci et al., 2018). Inhibition of biodegradation of 2,4-D in
copper co-contaminated systems has been reported by Springael et al.
(1993). Iwinski et al. (2017) studied the influence of copper on bac-
terial degradation of microcystin, a toxin produced by freshwater bac-
teria. The results indicated that copper even at low concentrations
(1.0-5.0mg L™ ") inhibited the elimination of the toxin by as much as
36-70%. According to Olaniran et al. (2009), the presence of lead and
mercury causes 24% reduction in the degradation of 1,2-dichloroethane
in soil.

Filamentous fungi, isolated from contaminated environments, are
often characterized by high tolerance to heavy metals and have been
proposed as potential bioagents for metal recovery processes (Chen
et al., 2015a; Wang and Wang, 2013). We studied the uptake of copper
to evaluate the ability of T. koningii to eliminate alachlor and simulta-
neously remove copper from the culture containing both toxic com-
pounds. The results of Cu>* uptake by the IM 0956 strain in the pre-
sence of alachlor are presented in Table S3. Trichoderma mycelia
originating from 72-h and 120-h cultures, whose growth was not in-
hibited by increasing concentrations of copper ions (1.0-7.5mM),
bound 0.9-6.15mg and 0.97-7.76 of copper g~ ' in 1g of dry myce-
lium, respectively. The metal uptake in mycelia increased proportion-
ally to the initial metal concentration. T. koningii has already been
mentioned as a cadmium-tolerant strain (Massaccesi et al., 2002), but
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this is the first report on copper tolerance and removal by this species.
Another species of Trichoderma, T. atroviride, isolated from sewage
sludge, was able to remove 1.2 mg copper g~ dry weight at 50 mg L ™"
of Cu®* (Lépez and Vézquez, 2003). In the culture of T. asperellum, the
maximum uptake of Cu?* occurred at 200 mg L~ ! concentration with a
value of 12.809mgg~! (Iskandar et al., 2011). A similar content of
copper was noted in the mycelia of T. koningii, originating from the
stationary phase of growth (7.76 mg of copper in 1 g of dry mycelium).

4, Conclusion

This study demonstrates that T. koningii can effectively eliminate
alachlor even in the presence of copper ions. The results indicate that
the herbicide biotransformation is a complex process involving CYP450
monooxygenase(s) and laccase. Moreover, the study shows that xeno-
biotic biodegradation is accompanied by the detoxification of alachlor.
Stimulation of laccase activity in T. koningii cultures supplemented with
copper and alachlor could enhance the degradation potential of the
tested strain. This observation may be helpful for investigation of
bioremediation areas co-contaminated with copper and chlor-
oacetanilide herbicides using the T. koningii strain.
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Supplementary

Table S1. Laccase activity in supernatants from Trichoderma spp. cultures with or without 50
mg L™ alachlor collected from 72 h of incubation. The results are the average of triplicate

analysis.

Enzyme activity [U L]
Fungal cultures

Biotic control Sample with alachlor

T. koningii IM 0956 0.16 0.2

T. atroviride IM QF10 0.06 0.05
T. hamatum IM 1-1 0 0
T. harzianum IM 0961 0 0
T. harzianum KKP 534 0 0
T. citrinoviride IM 6325 0 0
T. virens DSM 1963 0 0
T. viride KKP 792 0 0
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Table S2. Effect of inhibitors on laccase activity in supernatants from Trichoderma koningii
cultures supplemented with 1 mM copper ions or simultaneously with 1 mM copper ions

and alachlor (50 mg L) collected from 72 h of incubation. The results are the average of

triplicate analysis.

Compound Concentration Inhibition [%]
name [mM] -
, 1 mM Cu
control 1 mM Cu** alachlor
+ alachlor
0.1 75 60 87 64
EDTA
1 89 85 92 72
0.1 100 100 100 100
NaN3
1 100 100 100 100
0.1 65 48 60 37
SDS
1 99 89 100 92

Table S3. Copper uptake by Trichoderma koningii mycelium during alachlor transformation.

Data are presented as mean + SD (n=3).

Copper content in mycelium [mg g ™ of dry weight]

Incubation -
Cu“"concentration (mM)
period (h)
1.0 2.5 5.0 7.5
72 0.940.2 3.210.6 4.92+0.02 6.15+0.01
120 0.97+0.2 2.310.3 7.7610.6 5.11+0.01
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To investigate the induction of oxidative stress and antioxidant response in the chloroacetanilides-degrading
Trichoderma spp. under alachlor and metolachlor exposure, a comparative analysis using popular biomarkers
was employed. An increased intracellular level of reactive oxygen species (ROS; especially superoxide anion
[0,+7]) as well as products of lipid and protein oxidation after 24 h incubation with the herbicides confirmed
chloroacetanilide-induced oxidative stress in tested Trichoderma strains. However, the considerable decline in
the ROS levels and the carbonyl group content (biomarkers of protein peroxidation) in a time-dependent manner
and changes in the antioxidant enzyme activities indicated an active response against chloroacetanilide-induced
oxidative stress and the mechanism of tolerance in tested fungi. Moreover, the tested herbicides clearly modified
the phospholipids (PLs) content in Trichoderma spp. in the stationary phase of growth, which was manifested
through the difference in phosphatidic acid (PA), phosphatidylethanolamine (PE) and phosphatidylcholines (PC)
levels. Despite enhanced lipid peroxidation and changes in PLs in most tested fungi, only a slight modification in
membrane integrity of Trichoderma spp. under chloroacetanilides exposure was noted. The obtained results
suggest that the alterations in the antioxidant system and the PLs profile of Trichoderma spp. might be useful
biomarkers of chloroacetanilide-induced oxidative stress.

1. Introduction

Alachlor  (2-chloro-N-2,6-diethylphenyl-N-[methoxymethyl]acet-
amide) and metolachlor (2-chloro-N-[2-ethyl-6-methylphenyl]-N-[2-
methoxy-1-methylethyl]acetamide) are pre- and post-emergent herbi-
cides commonly used in the control of annual grasses and weeds in
corn, cotton, rapeseed, rice, and soybean fields (Huang et al., 2017).
The major issue with the constant and uncontrolled use of these her-
bicides is the contamination of environment and toxic effect on non-
target organisms (Gil et al., 2017). Alachlor and metolachlor are clas-
sified as endocrine-disrupting compounds (Mnif et al., 2011) and
probable human carcinogens (US EPA, 2017). Nevertheless, alachlor is
definitely more toxic to mammals (rat, mouse, and rabbit) and fish than
metolachlor, therefore, since 2008, the use of alachlor has been banned
in the European Union and Canada (Bergman et al., 2012). The harmful
effects of the herbicides may also be related to triggering the formation
of reactive oxygen species (ROS) or antioxidant system depletion,
leading to an imbalance between oxidants and antioxidants and thus
cause oxidative damage to biological macromolecules (lipids, proteins
or DNA) (Jiang et al., 2016; Sies et al., 2017). Although the induction of

* Corresponding author.
E-mail address: miroslawa.slaba@biol.uni.lodz.pl (M. Staba).

https://doi.org/10.1016/j.ecoenv.2019.109629

oxidative stress under chloroacetanilide herbicides exposure and the
antioxidant system response were reported, the data were mostly re-
lated to plants (Singh et al., 2017; étajner et al., 2004), green micro-
algae (Maronic et al., 2018), fish (Yi et al., 2007), or rat tissues (Burman
et al., 2003). However, there is still a special interest in the oxidative
stress response in microorganisms, especially in those that can degrade
these compounds. The effects of selected chloroacetanilides (alachlor,
acetochlor, and metolachlor) on the antioxidant system of yeast Sac-
charomyces cerevisiae (Rattanawong et al., 2015), filamentous fungus
Paecilomyces marquandii (Staba et al., 2015), and soil bacteria (Martins
et al., 2011) have been investigated, but the mechanism of oxidative
disturbance and microbial response in chloroacetanilide-transforming
microorganisms is not fully understood.

Previous studies showed that the filamentous fungus Trichoderma
koningii IM 0956 could transform alachlor effectively, even in the pre-
sence of copper. Moreover, the elimination of the tested chlor-
oacetanilide resulted in an almost complete reduction in the toxicity to
Artemia franciscana larvae. The pathway of alachlor conversion by
tested fungus involved mainly dechlorination and hydroxylation reac-
tions (Nykiel-Szymariska et al., 2018).
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The aim of this study was to evaluate oxidative stress induction and
antioxidant response during alachlor and metolachlor elimination by
eight Trichoderma strains. Specifically, oxidative stress biomarkers such
as intracellular ROS generation, lipids, and protein peroxidation were
revealed. The antioxidant defense of the tested fungal strains was de-
termined by measuring the activity of catalase (CAT) and superoxide
dismutase (SOD). Additionally, we focused on the possible modification
of the Trichoderma spp. lipid profile and membrane permeability under
the tested chloroacetanilides.

2. Materials and methods
2.1. Chemicals

Alachlor and metolachlor (PESTANAL, analytical standard
[99.2%]), nitrotetrazolium blue chloride (NBT), sodium azide (NaN3),
2,7’-dichlorodihydrofluorescein  diacetate (H,DCFDA), 2,4-dini-
trophenylhydrazine (DNPH), bovine serum albumin (BSA), Bradford
reagent, ethylenediaminetetraacetic acid (EDTA), poly-
vinylpyrrolidone, methionine, riboflavin, streptomycin sulfate, buty-
lated hydroxytoluene (BHT), thiobarbituric acid (TBA), trichloroacetic
acid (TCA) and malondialdehyde (MDA) were obtained from Sigma-
Aldrich (Poznan, Poland). Phospholipids (PLs) standards were obtained
from Avanti Polar Lipids (Alabaster, AL, USA). Ethyl acetate was ob-
tained from POCh (Gliwice, Poland), and high-purity solvents used
during the sample preparation for high-pressure liquid chromatography
were obtained from Sigma-Aldrich (Poznan, Poland) and POCh
(Gliwice, Poland).

2.2. Microorganisms and growth conditions

Five Trichoderma strains such as: T. atroviride IM QF10, T. hamatum
IM I-1, T. harzianum IM 0961, T. koningii IM 0956, and T. citrinoviride IM
6325 were obtained from the Microorganisms Collection of the
Department of Industrial Microbiology and Biotechnology, University
of Lodz (Lodz, Poland). T. harzianum KKP 534 and T. viride KKP 792
strains were deposited in the Collection of the Industrial
Microorganisms of the Institute of Agricultural and Food Industry
(IAFB) (Warsaw, Poland). T. virens DSM 1963 was acquired from the
German Collection of Microorganisms and Cell Cultures (Braunschweig,
Germany). The ability of T. koningii IM 0956 to eliminate alachlor has
been previously reported by Nykiel-Szymariska et al. (2018).

The spores of tested Trichoderma spp. originating from 7-day-old
cultures were used to inoculate 20 mL mineral medium with glucose
(2%) and yeast extracts (1%). The initial preculture was cultivated
under conditions described previously (Nykiel-Szymanska et al., 2018).
Two milliliters of the homogenous preculture was introduced into
18 mL of medium supplemented with alachlor or metolachlor at a
concentration of 50mgL~" (stock solution 10mgmL™!) or without
chloroacetanilides in the control cultures. The abiotic controls of the
tested herbicides (uninoculated) were also prepared. All cultures were
incubated at 28 °C on a rotary shaker (160 rpm). Then, the Trichoderma
spp. mycelia samples were washed and separated for analyses. The
samples from the exponential (24h) and stationary (72h) phases of
growth for the control and chloroacetanilides-treated mycelium were
used in the experiments.

The Trichoderma spp. mycelia were separated by filtration with a
vacuum pump and then dried at 100 'C, to reach a constant weight for
dry biomass determination.

2.3. Extraction and quantification of chloroacetanilides

The extraction of chloroacetanilide herbicides from Trichoderma
spp. cultures was performed according to the procedure described by
Nykiel-Szymariska et al. (2018). The quantitative analysis of alachlor
and metolachlor in the fungal cultures was carried out by the
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chromatographic method (LC Agilent 1200 coupled with an Sciex 3200
mass spectrometer) described in our previous study (Nykiel-Szymariska
et al., 2018). The detection of the herbicides was performed using
tandem mass spectrometry detector working in the multiple reaction
monitoring (MRM) positive ionization mode. The m/z values of mon-
itored MRM pairs for alachlor were 270.1-238.2 and 270.1-162.3 at a
retention time of 1.61 min. Moreover, m/z values of the MRM pairs for
metolachlor were 284.2-252.2 and 284.2-176.2 at a retention time of
1.59 min.

2.4. Measurement of intracellular peroxynitrate anion/hydroxyl radical
anion

The measurement of the total intracellular levels of peroxynitrate
anion/hydroxyl radical anion (HO-/ONOO ™) was carried out using
2/,7’~dichlorodihydrofluorescein diacetate (H,DCFDA) assay described
by Liu et al. (2010), with some modifications. Briefly, 1 mL of Tricho-
derma spp. cultures was centrifuged at 8000 x g for 10 min. Next, the
supernatant was removed, and the biomass was suspended in 1 mL of
phosphate-buffered saline (PBS) containing 50 mM H,DCFDA (pre-
viously dissolved in dimethyl sulfoxide, [DMSO]). The samples were
incubated for 10 min under the dark at room temperature. Then, the
mycelium was washed three times with PBS and placed on a microscope
slide. The images were recorded using a confocal laser scanning mi-
croscope (LSM510 Meta, Zeiss) combined with an Axiovert 200 M
(Zeiss, Germany) inverted fluorescence microscope equipped with a
Plan Apochromat objective (63/1.25 oil). The samples were excited
with a 488 argon laser line, and the emission spectrum was recorded
using a 530 nm bandpass filter. The same laser line was used for No-
marski differential interference contrast microscopy. The results were
expressed as a percentage of the green fluorescence area compared to
the total hyphal area.

2.5. Measurement of intracellular superoxide anion

For the measurement of superoxide anion (O, ") in Trichoderma
spp. hyphae, the method described in the study by Trujillo et al. (2004)
was used. Briefly, 1 mL of fungal culture was centrifuged at 8000 X g for
10 min. Next, the supernatant was removed and the biomass was sus-
pended in 1mL solution containing 0.1% NBT and 10 mM NaNj in
sodium phosphate buffer (PBS) of pH 7.8. The samples were incubated
for approximately 60 min under the dark at room temperature. Next,
the biomass was examined under a confocal laser scanning microscope
LSM510 Meta (Zeiss). The results were expressed as a percentage of the
blue area compared to the total hyphal area.

2.6. Enzyme activity determination

The enzyme extracts were prepared according to the method de-
scribed in the study by Staba et al. (2015). Briefly, fresh Trichoderma
spp. mycelium (1 g) was homogenized (1:10 w/v) in a frozen mortar
with the addition of 50 mM sodium phosphate buffer pH 7 containing
1% polyvinylpyrrolidone, 10 mM sodium ascorbate and 1 mM EDTA.
After centrifugation (15,000 X g, 10 min, 4 'C) the obtained supernatant
was used for the measurements of enzyme activity. Catalase (CAT)
activity was determined spectrophotometrically by monitoring the de-
composition of hydrogen peroxide (H20,) at 240 nm (Dhindsa et al.,
1981). The reaction mixture for CAT activity contained 50 mM sodium
phosphate buffer pH 7, 1% H,0, and enzyme extract. Superoxide dis-
mutase activity was measured at 540 nm by the nitrotetrazolium blue
chloride (NBT) reduction method described by Beauchamp and
Fridovich (1971). The assay mixture consisted of 50mM sodium
phosphate buffer pH 7,8, EDTA, NBT, methionine, ryboflavine and the
enzyme extract. The protein content was estimated by the Bradford
procedure (1976) using BSA as a standard.
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2.7. Measurement of protein carbonyl content

Protein oxidative damage was measured spectrophotometrically as
protein carbonyl content using the 2,4-dinitrophenylhydrazine (DNPH)
assay described by Levine et al. (1994), with some modifications. Fresh
fungal biomass (0.5-1 g) was homogenized in an ice-cold mortar using
50mM PBS (pH 6.7) containing 1 mM EDTA. After centrifugation
(10,000 x g, 15min, 4 C), the obtained supernatant was used in the
protein carbonyl content assay. First, 0.2mL of the above-mentioned
supernatant was added to 0.8 mL of 10 mM DNPH (dissolved in 2.5 mM
HCI) and allowed to remain for 1h at room temperature. In parallel,
control samples were prepared by the addition of 2.5 mM HCl instead of
DNPH. All samples were vortexed every 15 min during the incubation.
After incubation, 1 mL of 20% trichloroacetic acid (TCA) was added to
each sample, left for 5min and centrifuged (10,000 X g, 15 min, 4°C).
Next, the pellets were resuspended in 1 mL of 10% TCA and incubated
for 5 min. After centrifugation, the supernatant was discarded, and the
pellet was washed three times with 1 mL of ethanol/ethyl acetate
mixture (1:1) with resuspension followed by centrifugation. The wa-
shed pellets were dissolved in 0.5 mL 6 M guanidine hydrochloride, and
the insoluble material was removed by centrifugation. The sample ab-
sorbance was measured at 370 nm, and by using extinction coefficient
for DNPH (22mM ~'cem ™), the concentration of the carbonyls was
calculated as nanomoles of protein carbonyls per mg of protein. The
protein amount was determined on the basis of the absorbance at
280 nm.

2.8. Lipid peroxidation assay

Lipid oxidation damage was measured spectrophotometrically as
the content of thiobarbituric acid-reactive substances (TBARS) using Jo
and Ahn's assay (1998), but slightly modified. Fresh wet biomass
(0.50 g) was homogenized with a ball mill (MM 400, Retsch) using 9 mL
of deionized water containing 0.05 mL of 7.2% BHT. Next, 1 mL of the
fungal homogenate was transferred to a Falcon tube containing 2 mL
TBA-TCA solution (20 mM TBA in 15% TCA). Then, the mixture was
vortexed and boiled in a water bath for 30 min. After cooling, the
samples were centrifuged at 2000 x g for 15min. The absorbance of
supernatants was measured at 531 nm and the value of nonspecific
absorption was subtracted at 600 nm.

2.9. Determination of phospholipids

Phospholipids (PLs) of tested Trichoderma spp. were extracted ac-
cording to the procedure described in the study by Bernat et al. (2018).
Fresh fungal biomass (0.10 g) was transferred into an Eppendorf tube
(1.50 mL) containing methanol (0.66 mL), chloroform (0.33 mL) and
also glass beads. The samples were homogenized for 2 min using a ball
mill (FastPrep-24, MP Biomedicals). Next, 0.20 mL of 0.9% NaCl was
added to the obtained mixture to facilitate separation into two layers.
The quantitative and qualitative analyses of PLs were performed by LC-
MS/MS technique (LC Agilent 1200 coupled with an Sciex 4500 tandem
mass spectrometer) according to the method described by Bernat et al.
(2018). Chromatographic separation was performed on a Kinetex C18
column (50 mm X 2.1 mm, particle size: 5 um; Phenomenex, Torrance,
CA, USA) heated to 40 °C with a flow rate of 0.5 mL min~"'. The mobile
phases were water (A) and methanol (B) both containing 5mM am-
monium formate. The solvent gradient started at 70% B, after 0.25 min
increased to 95% B during 1 min, and remained at 95% B for 7 min
before returning to 70% B over 2min. The mass spectrometer ion
source worked in the negative mode, spray voltage —4.500V, curtain
gas 25, nebulizer gas 60, auxiliary gas 50, and temperature 600 °C. The
data analysis was performed with Analyst™ v1.6.2 software (Sciex,
Framingham, MA, USA).
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2.10. Statistical analyses

All samples were prepared in triplicate, and the experiments were
repeated two separate times. The samples variability was calculated as
a standard deviation ( = SD). Data were analyzed by the two-and three-
way analysis of variance (ANOVA) and means were compared using
Tukey's test (P < 0.05). Statistical analyses were performed using the
software STATISTICA version 13.1 (StatSoft).

3. Results and discussion

3.1. Effects of chloroacetanilides on growth and intracellular ROS
generation

Different strains of Trichoderma: T. atroviride IM QF10, IM I-1, T.
harzianum IM 0961, T. harzianum KKP 534, T. citrinoviride IM 6325, T.
viride KKP 792, and T. virens DSM 1963 were able to eliminate alachlor
similarly to T. koningii IM 0956, which the growth in the presence of
alachlor and its ability to transform this herbicide have been described
previously (Nykiel-Szymanska et al., 2018). Additionally, metolachlor
degradation by the above-mentioned Trichoderma spp. was also studied.
The growth pattern of the Trichoderma strains differed after the addition
of the examined chloroacetanilide herbicides, and it was difficult to
determine which of them was more harmful to the tested microorgan-
isms. In most cases chloroacetanilides inhibited fungal growth during
the first 24 h of incubation (Fig. 1). These chloroacetanilides-degrading
fungi were characterized by different rates of herbicide transformation.
Alachlor was more effectively removed from Trichoderma cultures than
metolachlor. After 72h alachlor removal reached 80-98%, whereas
metolachlor elimination ranged 15-65% (Fig. 2). The highest reduction
in the metolachlor content was noted after 120h of incubation
(69-84%), but at this point of time, the activity of antioxidant enzymes
was negligible (data not shown). Moreover, our former study (Nykiel-
Szymariska et al., 2018) indicated reactive oxygen species alleviation
during alachlor biotransformation by T. koningii IM 0956, which en-
couraged us to continue and expand investigations about oxidative
disturbance and microbial response in chloroacetanilide transforming
fungi from the genus Trichoderma. The intracellular ROS level in Tri-
choderma spp. mycelia after chloroacetanilides exposure was inspected
at 3, 6 and 12h of incubation, but we did not observe any changes
between the biotic controls and the tested samples (data not shown).
Chloroacetanilides oxidative action was noted after 24 h. Therefore, the
evaluation of ROS level in the tested fungi under chloroacetanilides
exposure was conducted both in the exponential (24 h) and early sta-
tionary (72 h) phases of growth.

Literature data indicated that the mechanisms of toxicity of chlor-
oacetanilide herbicides could be associated with the enhanced pro-
duction of intracellular ROS (Jiang et al., 2016). Moreover, reactive
molecules can be produced during the early step of microbial trans-
formation of this type of herbicides, which involves the reaction of
dechlorination (Xu et al., 2008). Therefore, the intracellular level of
ROS including superoxide anion and hydroxyl radical/peroxynitrate
anion in Trichoderma spp. mycelia after 50 mgL ™! alachlor and meto-
lachlor exposure was determined (Table 1). The H,DCFDA and NBT
assays, used in this study, are one of the basic tools to evaluate cellular
oxidative stress by the determination of reactive oxygen species (Bernat
et al., 2018; Jambunathan, 2010; Matolepsza and Rézalska, 2005;
Maroni¢ et al.,, 2018; Staba et al., 2015; Siewiera et al., 2017).
H,DCFDA is a non-specific indicator of oxidative stress, which is com-
monly used for the determination of the overall ROS level (Bernat et al.,
2018; Maronic et al., 2018; Staba et al., 2015). However, according to
Kalyanaraman et al. (2012) and data from the Molecular Probes
Handbook (Thermofisher) (Johnson and Spence, 2010), this indicator
may be considered among others as a non-specific indicator of the HO
+/ONOO ™ level. Our results also suggest this possibility, because the
level of intracellular superoxide anion was definitely higher and did not
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Fig. 1. Growth of the tested Trichoderma spp. in the presence of alachlor and metolachlor after 24-and 72-h incubation on mineral medium supplied with glucose

(2%) and yeast extract (1%). Data are the mean +

SD (n = 6). * indicates the values that differ significantly from the biotic control at P < 0.001 and A indicates the

values that differ significantly in a time-dependent manner, according to the two-way ANOVA followed by Tukey's HSD test.

reflect the overall ROS level. The images originating from 24-h cultures,
when the accumulation of reactive molecules was most intense, are
presented in Table S1 and Table S2 in Supplementary Data. The inter-
action between the herbicides exposure and the growth phase sig-
nificantly influenced ROS formation in Trichoderma spp. mycelia
(F = 268.03, P < 0.001 for HO-/ONOO ™ and F = 187.88, P < 0.001
for 05+ ), which was demonstrated in the two-way ANOVA test. The
highest level of the reactive molecules in the other chloroacetanilides-
treated fungal samples was detected at 24 h of incubation. However, the
tested compounds affected the overproduction of superoxide anion
more significantly than the other tested ROS. The addition of alachlor
or metolachlor to the cultures of IM QF10, IM 0961, IM 0956, and IM
6325 caused a noticeable, approximately 4-to 8-fold, increase in the
level of O,-~, whereas, for KKP 534, KKP 792, and DSM 1963, the
herbicide caused an enormous overproduction of these ROS, approxi-
mately 15-to 28-fold, compared to the control. The results presented in

M alachlor
50
45 -
< 40 A * = i -
= 35 *
g
:‘ 30 1 . * -
£ 25 i
@ 20 i
2
)
-

IM 6325
IM 0961

IMI-1
IM 0956

o w o n
*
KKP 534 TS «

IM QF10

abiotic control

24h

KKP 792

DSM 1963

*
abiotic control —:
>
s
»
>
>
>
>
S
>
»
o+
>
IS
s
*

Table 1 show that the content of hydroxyl radical/peroxynitrate anion
in fungal hyphae treated with chloroacetanilides increased, although in
most samples without statistical significance. Nevertheless, these results
clearly showed the induction of oxidative stress in Trichoderma spp.
after exposure to the herbicides. Other studies also reported over-
production of intracellular ROS under chloroacetanilides exposure in
Saccharomyces cerevisiae (Rattanawong et al., 2015) and Paecilomyces
marquandii (Staba et al., 2015). In addition, the generation of reactive
oxygen species may be considered as an indicator of chloroacetanilides
toxicity in Trichoderma spp. As presented in Table 1, after 3 days of
incubation with the herbicides, the levels of 05+~ and HO:/ONOO~
were significantly lower in Trichoderma mycelium, which was related to
the elimination of the tested chloroacetanilides (Fig. 1). For T. koningii,
it was also linked with reduction in alachlor toxicity to A. franciscana
larvae (Nykiel-Szymanska et al., 2018). Many studies reported that
fungi from the genus Trichoderma reduce oxidative stress in plants by

Ometolachlor
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IM 0961
IMI-1

M 0956

KKP 534 Lo

DSM 1963
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72h

Fig. 2. Alachlor and metolachlor residues in Trichoderma spp. cultures after 24-and 72-h cultivation. Data are the mean + SD (n = 6). * indicates the values that
differ significantly from the biotic control at P < 0.001 and 4 indicates the values that differ significantly in a time-dependent manner, according to the two-way

ANOVA followed by Tukey's HSD test.
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Table 1
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Intracellular ROS generation (O,-~ and HO:/ONOO ™) in Trichoderma spp. after 24 and 72-h exposure to chloroacetanilides. Data are the mean = SD (n = 6). *
indicates the values that differ significantly from the biotic control at P < 0.001 and 4 indicates the values that differ significantly in a time-dependent manner,
according to the two-way ANOVA followed by the Tukey's HSD test. BC - biotic control, A - alachlor, M - metolachlor.

Samples HO-/ONOO ™ [%)] 0.+~ [%]
24h 72h 24h 72h
IM QF10 BC 0.03 + 0.01 0.05 + 0.02 0.64 + 0.08 0.28 + 0.08
A 1.93 + 0.42* 0.18 + 0.064 3.50 + 0.58* 0.31 + 0.034
M 0.56 + 0.12 0.24 + 0.01 2.66 + 0.15 0.42 + 0.17
M I-1 BC 0.14 + 0.01 0.05 + 0.01 0.02 + 0.01 0.00 + 0.00
A 0.44 + 0.05 0.15 + 0.21 0.32 + 0.04 0.00 + 0.00
M 0.61 + 0.07 0.82 + 0.02 0.61 + 0.02 0.29 + 0.08
IM 0961 BC 0.06 + 0.03 0.03 + 0.01 0.59 + 0.12 0.03 + 0.01
A 0.26 + 0.02 0.19 + 0.04 3.16 + 0.32* 0.92 + 0.04
M 0.33 = 0.01 0.52 = 0.02 2.45 + 0.23 1.82 = 0.05
IM 0956 BC 0.31 + 0.01 0.00 + 0.00 3.65 + 0.01 0.10 + 0.004
A 1.60 + 0.02% 0.01 + 0.004 20.54 + 3.60% 0.19 + 0.014
M 0.47 + 0.01 0.38 + 0.08 11.83 + 2.41* 0.73 + 0.044
IM 6325 BC 0.14 + 0.01 0.21 + 0.02 5.35 + 0.53 0.63 + 0.074
A 0.15 + 0.01 0.19 + 0.01 32,18 + 0.97* 11.00 + 0.72+4
M 0.65 + 0.12 0.43 + 0.01 10.63 + 0.11* 10.60 + 1.05*
KKP 534 BC 0.33 + 0.06 0.03 + 0.01 0.33 + 0.02 0.05 + 0.01
A 0.88 = 0.09 0.11 £ 0.024 519 * 0.60* 0.26 = 0.034
M 2.83 + 0.37* 0.33 + 0.084 9.31 + 0.10* 289 + 0.16*4
KKP 792 BC 0.21 + 0.02 0.15 + 0.01 0.38 + 0.01 0.24 + 0.04
A 1.68 + 0.25% 1.53 + 0.30% 6.78 + 0.92* 266 + 0.514
M 1.09 + 0.11* 1.73 + 0.49* 6.46 + 0.46* 1.67 + 0.504
DSM 1963 BC 0.55 + 0.01 0.25 + 0.01 0.60 + 0.02 0.00 + 0.00
A 13.81 + 1.61* 245 + 0284 11.30 + 0.68* 0.42 + 0.014
M 12.37 = 0.40* 0.68 = 0.054 13.78 = 2.08* 1.32 = 0.164

stimulation activity of ROS-scavenging enzymes (Gucel and Ahmad,
2015; Mastouri et al., 2010; Singh and Singh, 2011), but antioxidant
response of Trichoderma fungi exposed to stress factors was unknown.
Our results indicated that in most cases, the induced ROS formation
occurred as a result of efficient biotransformation of the herbicides by
the tested Trichoderma spp. Only in the IM I-1 cultures the presence of
the herbicides had no effect on ROS production, although effective
herbicide elimination was noted. Xu et al. (2008) suggested that ROS
formation is caused by microbial metabolism in the case of bio-
transformation of another popular chloroacetanilide - acetochlor.
Moreover, a study conducted by Staba et al. (2015) showed that the
overall ROS level in P. marquandii mycelia under 50 mgL~" alachlor
exposure did not increase until 24 h, reached the maximum at 48 h of
the culture and then remained at a constant level. In turn, Rattanawong
et al. (2015) revealed that 15 min exposure of S. cerevisiae to 2,4-di-
chlorophenoxyacetic acid (2,4-D) resulted in a high accumulation of
intracellular ROS, whereas alachlor treatment of yeast did not increase
the ROS level during the first 2 h of incubation. On the basis of these
results authors suggested that alachlor has no pro-oxidant activity. Our
results seem to confirm the presumption that ROS induction and in-
tracellular accumulation are caused by fungal metabolism, active
during chloroacetanilides conversion and that these herbicides have no
direct pro-oxidant activity.

3.2. Lipids and protein oxidation caused by chloroacetanilides exposure

A common target for extensive oxidation, caused by the over-
production of ROS, are membrane lipids or endogenous proteins (Sies
et al., 2017). To determine whether the chloroacetanilides exposure
resulted in oxidative damage to proteins and lipids in Trichoderma spp.
mycelia, we evaluated the content of the carbonyls groups and TBARS,
respectively (Fig. 3). The effect of alachlor and metolachlor on TBARS
formation—popular biomarkers of lipid peroxidation in the tested fungi
is shown in Fig. 3A. The two-way ANOVA results demonstrated that the
interaction between chloroacetanilides treatment and incubation time
significantly affected the TBARS content in tested Trichoderma spp.
(F = 86.52, P < 0.001). A noticeable, approximately 1.5- to 3-fold,

enhancement in TBARS level in herbicides-treated fungal mycelia was
observed throughout the culture period and confirmed the induction of
oxidative stress. On the other hand, no significant variation in oxidative
damage to lipids was noted in DSM 1963 exposed to both tested her-
bicides. Our results suggest that increased lipid peroxidation in tested
Trichoderma strains was caused by the enhanced generation of reactive
oxygen intermediates at the first 24 h (Table 1). According to Li et al.
(2009), the enhanced amount of TBARS in the samples from the sta-
tionary phase of growth may result from chain reactions involved in
this process. Moreover, the increased lipid peroxidation in fungal my-
celia from the stationary phase of growth was also observed in Umbe-
lopsis  isabellina exposed to a common herbicide, 2,4-di-
chlorophenoxyacetic acid (Bernat et al., 2018). As shown in Fig. 3A, a
significant decrease in the TBARS content in a time-dependent manner
was observed in alachlor-treated cultures of IM 0956 and KKP 792, and
it was correlated with the lower level of ROS (Table 1). This observation
indicated a neutralization of oxidative damage by antioxidant defense
or adaptation of the above-mentioned strains to herbicide-stress factor.

The oxidative modification of proteins based on carbonyl group
formation under tested chloroacetanilides exposure in Trichoderma
strains is presented in Fig. 3B. The interaction between the incubation
time and the exposure to the herbicides had a significant influence on
protein carbonyl content by Trichoderma spp. (F = 29.04, P < 0.001),
which was demonstrated in the two-way ANOVA test. The level of
protein carbonyl content in the control cultures of the tested fungal
strains did not change during the experimental period. An increase in
the protein oxidation was detected in the alachlor-treated cultures of IM
6325, IM I-1, and KKP 792 and the metolachlor-treated cultures of IM
QF10, IM 6325, IM I-1, IM 0956, and DSM 1963 from the exponential
phase of growth. However, for IM 0961 and KKP 534 with the addition
of the herbicides, there were no significant changes in the carbonyl
group content during the culture period. The accelerated protein oxi-
dation at the first day of incubation was also correlated with over-
production of ROS (Table 1) and was a further evidence that confirmed
chloroacetanilides-induced oxidative stress in Trichoderma strains. The
addition of paraquat-enhanced protein carbonylation in the fungal
strains Humicola lutea (Krumova et al., 2009) and Aspergillus niger
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Fig. 3. The TBARS (A) and carbonyl group (B) content in Trichoderma spp. biomass exposed to chloroacetanilides. Data are the mean + SD (n = 6). * indicates the
values that differ significantly from the biotic control at P < 0.001 and 4 indicates the values that differ significantly in a time-dependent manner, according to the

two-way ANOVA followed by Tukey's HSD test.

(Angelova et al., 2005). However, after 72 h, the accumulation of the
carbonyl group significantly decreased in the above-mentioned fungal
cultures, which indicate an active response from the antioxidant system
of the tested strains. Moreover, it has been suggested that oxidatively
modified proteins may be effectively removed through intracellular
proteolytic elimination, and proteases have been proposed as “sec-
ondary antioxidant defenses” in microorganisms (Nystrom, 2005). Li
et al. (2008) reported the enhanced proteolytic activity in oxygen-en-
richment batch cultures of A. niger BD-1 in response to the rise in the
level of carbonylated proteins.

3.3. Influence of chloroacetanilides on the phospholipids profile and
membrane conditions in fungal cultures

The mode of action of chloroacetanilide herbicides, including ala-
chlor and metolachlor, is the inhibition of the biosynthesis of lipids and

fatty acids, especially very long fatty-acid chains (VLCFAs), which in
turn affects cell membrane integrity (Matthes and Boger, 2002). The
alterations in membrane lipid composition, especially phospholipids
play an important role in the adaptation to different stress conditions
(Bernat et al., 2018; Kroon et al., 2013; Staba et al., 2013a, 2013b;
Stolarek et al., 2019; Zawadzka et al., 2017). Therefore, the effect of the
tested chloroacetanilides on the PL profile in Trichoderma spp. was
observed (Fig. 4). Using the chromatographic technique, 34 species of
tested fungi phospholipids from five classes was identified. Phosphati-
dylcholines (PC) were prevalent and constituted 31.63-82.23% of the
total PLs content. Phosphatidylethanolamine (PE), phosphatidic acid
(PA), phosphatidylinositol, and phosphatidylserine (PS) were less
abundant PLs, representing approximately 7.12-37.42, 0.41-22.85,
0.71-12.48, and 0.31-6.59%, respectively. The three-way ANOVA re-
vealed that the interaction between the herbicide exposure, the growth
phase, and the content of PLs species had a significant influence on the
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Trichoderma strains’ phospholipids profile (F = 87.03, P < 0.001 for
alachlor and F = 69.70, P < 0.001 for metolachlor). In the exponential
phase of growth (24 h) fungal lipids composition after alachlor or me-
tolachlor exposure was comparable to the control samples. A significant
change in the phospholipids content in Trichoderma mycelia was ob-
served after 72 h of incubation. In alachlor-treated cultures of IM 0961,
IM I-1, IM 0956, and KKP 534, 14.46%, 15.15%, 8.36%, and 13.28%
increase in the PC level related to 5.77, 11.13, 1.89 and 6.33% decrease
in the PE level was observed, respectively. The same correlation be-
tween the phosphatidylcholine and phosphatidylethanolamine content
was observed in IM 6325, IM 0961, and KKP 534 supplemented with
metolachlor. A reverse dependence was noted in the cultures of IM
QF10, IM I-1, and IM 0956 with the addition of metolachlor, a
12.96-26.59% decrease in the PC content and 6.10-16.45% increase in
PE content was noted. Phosphatidylcholine and phosphatidylethano-
lamine are nearly related, because PC can be synthesized from PE (Xia
et al., 2011). According to Li et al. (2006), the proportion between PC
and PE may provide information about membrane integrity. An in-
crease in PC level stabilizes the lipid bilayer, while PE has the tendency
to form hexagonal phase, thus reducing the membrane fluidity.
Therefore, the differences in the PC/PE ratio after incubation of the
Trichoderma spp. with chloroacetanilides were determined (Table 2).
The pronounced changes in this index were noted in the stationary
phase of growth. Alachlor caused an increase in the PC/PE ratio in IM
0961 (from 1.86 to 2.88), IM I-1 (from 3.68 to 11.55), IM 0956 (from
2.44 to 3.04), and KKP 534 (from 0.85 to 1.45) mycelia. Moreover, a
higher value of the PC/PE ratio in metolachlor-treated cultures of IM
6325 and KKP 534 was also noted. These results point to an increase in
the membrane fluidity of the above-mentioned fungi. Such phenom-
enon may lead to enhancement of available herbicides for the fungal
cells, which can be important in the effective biotransformation of these
compounds. In the case of another filamentous fungus Cunninghamella
elegans, an increase in the membrane fluidity was noted under

Table 2

Effect of the chloroacetanilide herbicides on membrane permeability and the
PC/PE ratio in Trichoderma spp. after 24- and 72-h exposure to chlor-
oacetanilides. Data are the mean + SD (n = 6). * indicates the values that
differ significantly from the biotic control at P < 0.001 and 4 indicates the
values that differ significantly in a time-dependent manner, according to the
two-way ANOVA followed by the Tukey's HSD test. BC - biotic control, A -
alachlor, M - metolachlor.

Samples Membrane permeability [%] PC/PE ratio
24h 72h 24h 72h
IM QF10 BC 0.26 = 0.04 0.05 = 0.01 4.19 8.27
A 0.64 + 0.11 0.43 + 0.03 5.22 8.43
M 0.81 + 0.11 0.54 = 0.08 3.24 1.89
IM I-1 BC 0.09 + 0.01 0.21 + 0.02 2.03 3.68
A 0.66 *+ 0.07 0.63 = 0.07 1.76 11.55
M 0.88 + 0.12* 1.42 + 0.03* 1.55 1.17
IM 0961 BC 0.57 + 0.05 0.59 + 0.21 1.82 1.86
A 1.60 + 0.20* 0.17 = 0.054 1.69 2.88
M 249 + 0.34* 1.29 + 0.124 1.53 2.23
IM 0956 BC 1.91 * 0.04 0.22 + 0.014 2.44 2.44
A 222 * 0.20 1.56 = 0.35* 2.16 3.04
M 3.02 = 0.69* 262 + 0.86* 3.81 1.33
M 6325 BC 0.70 + 0.15 0.09 + 0.01 2.96 2.58
A 1.70 + 0.23% 1.01 + 0.08* 2.96 2.58
M 3.10 + 0.35* 0.64 = 0.054 1.83 3.72
KKP 534 BC 1.86 + 0.09 0.40 = 0.024 1.60 0.85
A 1.91 + 0.27 0.71 + 0.144 1.74 1.45
M 1.17 + 0.22 1.31 * 0.16* 1.29 1.93
KKP 792 BC 0.38 + 0.04 0.99 * 0.37 8.65 10.73
A 0.88 + 0.01 1.27 + 0.29 6.36 9.28
M 0.72 + 0.02 1.47 + 0.254 5.22 9.20
DSM 1963 BC 0.36 = 0.05 0.94 + 0.18 2.17 3.84
A 1.04 + 0.30% 1.69 = 0.12 2.29 419
M 0.64 + 0.01 3.19 + 0.09*4 1.62 3.57
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tributyltin (TBT) exposure (Bernat et al., 2014). Moreover, metolachlor
in the cultures of IM QF10, IM I-1, and IM 0956 caused approximately
2-4-fold decrease in the PC/PE ratio. It has been suggested that mem-
brane integrity loss results from the decrease in the proportion between
PC and PE (Li et al., 2006). Nevertheless, a reduction in membrane
fluidity in above-mentioned Trichoderma strains may evidence an
adaptive mechanism that enables a gradual uptake of metolachlor.
Stolarek et al. (2019) also reported a decline in the value of PC/PE ratio
in Metarhizium robertsii under dibutyltin (DBT) and TBT exposure. In the
present study, the addition of metolachlor to IM I-1 and IM 0956 cul-
tures caused a significant increase in PA content. Phosphatidic acid is
known as signal lipid, and in response to different abiotic and biotic
stress factors, PA level can significantly be enhanced (Testerink and
Munnik, 2005). An increased amount of PA in carbazole-treated C.
elegans mycelia (Zawadzka et al., 2015) and DBT- or TBT-treated M.
robertsii (Stolarek et al., 2019) cells was recently reported. The changes
in the content of most abundant PLs species and PC/PE ratio suggested
a significant effect of tested chloroacetanilides on the membrane com-
position. Among the tested chloroacetanilides, metolachlor clearly
modified the PLs in Trichoderma spp. in the stationary phase of growth,
which was manifested through the difference in PA, PE and PC levels.
The results point to a defense mechanism of tested microorganisms to
chloroacetanilide-induced stress, which may also be related to high
tolerance of Trichoderma spp. to this toxic compound.

The condition of the fungal membrane exposed to alachlor or me-
tolachlor was determined by the measurement of propidium iodide
intracellular accumulation on Trichoderma mycelium from the ex-
ponential and stationary growth phases (Table 2). The presence of the
red dye inside the fungal hyphae indicated disruptions in membrane
integrity. The two-way ANOVA showed that the interaction between
the herbicides exposure and the growth phase (F = 25.12, P < 0.001)
had a significant influence on the permeability of the tested Tricho-
derma spp. membrane. As illustrated in Table 2, alachlor and metola-
chlor caused an increase in the membrane permeability of the tested
fungi throughout the culture period, but in most cases without statis-
tical significance. Despite the overproduction of TBARS and changes in
the phospholipids composition under chloroacetanilides exposure in the
stationary phase of growth, we did not observe a strong disruption of
Trichoderma spp. membrane integrity.

3.4. The role of antioxidant enzymes in response to chloroacetanilides-
mediated oxidative stress

Catalase (CAT) and superoxide dismutase (SOD) belong to the group
of antioxidant enzymes with confirmed significance in the alleviation of
the reactive molecules level, and the activity is frequently evidence for
oxidative stress response (Sies et al., 2017) (). Therefore, the CAT and
SOD activities in the mycelia of Trichoderma spp. under alachlor or
metolachlor exposure were examined (Fig. 5). The interaction between
the chloroacetanilides treatment and the phase of growth had a sig-
nificant influence on CAT and SOD activity in fungal cultures
(F=129.40, P < 0.001 and F=18.96, P < 0.001, respectively),
which was demonstrated in the two-way ANOVA test. The analyzed
antioxidant enzymes of tested Trichoderma strains reacted differently
under chloroacetanilides-induced oxidative stress depending on the
incubation time. No alterations were observed in the catalase level in
IM 6325, KKP 534, KKP 792, and DSM 1963 exposed to alachlor and
metolachlor in the exponential phase growth (Fig. SA). However, after
72 h of exposure to the herbicides 2-6-fold increase in the CAT activity
was observed in the IM QF10, IM 6325, IM 0961, KKP 534, KKP 792,
and DSM 1963 cultures compared to the samples from 24h of in-
cubation. These results were related to the alleviated levels of the re-
active molecules in the tested fungal mycelia from the stationary phase
(Table 1) and indicate an active response from the antioxidant system
of the tested fungi. In contrast, despite significant increase in the con-
tent of superoxide anion (Table 1) no major changes in the SOD activity
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Fig. 5. Catalase (A) and superoxide dismutase (B) activity in Trichoderma spp. under chloroacetanilides exposure. Data are the mean + SD (n = 6). * indicates the
values that differ significantly from the biotic control at P < 0.001 and 4 indicates the values that differ significantly in a time-dependent manner, according to the

two-way ANOVA followed by the Tukey's HSD test.

in the most fungal cultures are exposed to alachlor or metolachlor were
observed (Fig. 5B). Only in alachlor-treated cultures of IM I-1 and DSM
1963 and in metolachlor-treated cultures of KKP 792, stimulation for
the SOD activity after 24 h of incubation was noted and related to the
elimination of reactive molecules from the fungal cells (Table 1).
Probably, in the other Trichoderma strains, the applied concentration of
tested chloroacetanilides was insufficient to observe a significant in-
crease in dismutase activity. However, the antioxidant system of tested
Trichoderma strains could still effectively remove O,-~ (Table 1). For
the alachlor-degrading fungus P. marquandii, the CAT and SOD activ-
ities significantly decreased in the mycelia from exponential phase of
mycelia growth, but after this period was comparable to the control
(Staba et al., 2015). Literature data indicated that some Trichoderma
spp. were found to be effective in the mitigation of pathogen- or pes-
ticide-induced oxidative stress in agricultural crops, e.g., tomato

(Mastouri et al., 2012), sunflower (Singh and Singh, 2011), or wheat
(Mohapatra and Mittra, 2017) by the activation of antioxidant enzymes
such as catalase, superoxide dismutase or peroxide ascorbate. However,
to the best to our knowledge, there is a lack of information about the
antioxidant response of these microorganisms to environmental stress
factors.

4. Conclusion

In summary, the overproduction of intracellular reactive oxygen
species (especially the superoxide anion) and increased lipid and pro-
tein oxidative damage confirmed chloroacetanilide-induced stress in
Trichoderma spp. cultures. Our results also indicated that induced ROS
formation occurred as a result of the metabolism of the herbicides.
However, the mitigation in the content of intracellular ROS during the
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biotransformation of alachlor and metolachlor suggests an active anti-
oxidant response and also the mechanism of tolerance in the tested
fungi. Moreover, the decline in the content of protein oxidative damage
biomarker was alleviated in the stationary Trichoderma spp. cultures.
Catalase activity was involved in active fungal defense against induced
oxidative stress caused by chloroacetanilides. This study documented
for the first time the effect of alachlor and metolachlor on the PLs
composition and membrane integrity in non-target organisms such as
filamentous fungi. The changes in the overall content of two main PLs
group (PC and PE) can be considered as defense response of fungal cells
against the toxic action of chloroacetanilides and also may be con-
nected with a high tolerance of Trichoderma spp. to the herbicides.
These findings may contribute to broadening the knowledge about the
mechanisms of cellular response to oxidative stress in chlor-
oacetanilide-degrading microorganisms.

Conflicts of interest
The authors declare that they have no conflict of interest.
Acknowledgments

The targeted subsidy for young scientists and participants of doc-
toral studies in 2018 (Project No. B1811000001839.02).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ecoenv.2019.109629.

References

Kroon de, A.ILP.M., Rijken, P.J., Smet de, C.H., 2013. Checks and balances in membrane
phospholipid class and acyl chain homeostasis, the yeast perspective. Prog. Lipid Res.
52, 374-394. https://doi.org/10.1016/j.plipres.2013.04.006.

Angelova, M.B., Pashova, S.B., Spasova, B.K., Vassilev, S.V., Slokoska, L.S., 2005.
Oxidative stress response of filamentous fungi induced by hydrogen peroxide and
paraquat. Mycol. Res. 109, 150-158. https://doi.org/10.1017/50953756204001352.

Beauchamp, C., Fridovich, 1., 1971. Superoxide dismutase: improved assays and an assay
applicable to acrylamide gels. Anal. Biochem. 44, 276-287. https://doi.org/10.1016/
0003-2697(71)90370-8.

Bergman, k, Heindel, J., Jobling, S., Kidd, K., Zoeller, R.T., 2012. State of the science of
endocrine disrupting chemicals, 2012. Toxicol. Lett. 211 (Suppl. $3). https://doi.
org/10.1016/j.toxlet.2012.03.020.

Bernat, P., Gajewska, E., Szewczyk, R., Staba, M., Diugoniski, J., 2014. Tributyltin (TBT)
induces oxidative stress and modifies lipid profile in the filamentous fungus
Cunninghamella elegans. Environ. Sci. Pollut. Res. 21, 4228-4235. https://doi.org/10.
1007/s11356-013-2375-5.

Bernat, P., Nykiel-Szymanska, J., Stolarek, P., Staba, M., Szewczyk, R., Rézalska, S., 2018.
2,4-dichlorophenoxyacetic acid-induced oxidative stress: metabolome and membrane
modifications in Umbelopsis isabellina, a herbicide degrader. PLoS One 13, 1-18.
https://doi.org/10.1371/journal.pone.0199677.

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72,
248-254. https://doi.org/10.1016/0003-2697(76)90527-3.

Burman, D.M., Shertzer, H.G., Senft, A.P., Dalton, T.P., Genter, M.B., 2003. Antioxidant
perturbations in the olfactory mucosa of alachlor-treated rats. Biochem. Pharmacol.
66, 1707-1715. https://doi.org/10.1016/50006-2952(03)00475-1.

Dhindsa, R.S., Plumb-dhindsa, P., Thorpe, T.A., 1981. Leaf senescence: correlated with
increased levels of membrane permeability and lipid peroxidation, and decreased
levels of superoxide dismutase and catalase. J. Exp. Bot. 32, 93-101. https://doi.org/
10.1093/jxb/32.1.93.

Gil, F.N., Belli, G., Viegas, C.A., 2017. The Saccharomyces cerevisiae response to stress
caused by the herbicidal active substance alachlor requires the iron regulon tran-
scription factor Aftlp. Environ. Microbiol. 19, 485-499. https://doi.org/10.1111/
1462-2920.13439.

Gucel, S., Ahmad, P., 2015. Role of Trichoderma harzianum in mitigating NaCl stress in
Indian mustard (Brassica juncea L) through antioxidative defense system. Front. Plant
Sci. 6, 1-15. https://doi.org/10.3389/fpls.2015.00868.

Huang, X., He, J., Yan, X., Hong, Q., Chen, K., He, Q., Zhang, L., Liu, X., Chuang, S., Li, S.,
Jiang, J., 2017. Microbial catabolism of chemical herbicides: microbial resources,
metabolic pathways and catabolic genes. Pestic. Biochem. Physiol. 143, 272-297.
https://doi.org/10.1016/j.pestbp.2016.11.010.

Jambunathan, N., 2010. Determination and detection of reactive oxygen species (ROS),
lipid peroxidation, and electrolyte leakage in plants. Methods Mol. Biol. 639,
292-298. http://doi: 10.1007/978-1-60761-702-0_18.

10

Ecotoxicology and Environmental Safety 184 (2019) 109629

Jiang, J., Chen, Y., Yu, R., Zhao, X., Wang, Q., Cai, L., 2016. Pretilachlor has the potential
to induce endocrine disruption, oxidative stress, apoptosis and immunotoxicity
during zebrafish embryo development. Environ. Toxicol. Pharmacol. 42, 125-134.
https://doi.org/10.1016/j.etap.2016.01.006.

Jo, C., Ahn, D.U., 1998. Fluorometric analysis of 2-thiobarbituric acid reactive substances
in Turkey 1 chemicals and reagents sample preparation and storage. Poult. Sci. 77,
475-480. https://doi.org/10.1093/ps/77.3.475.

Johnson, 1, Spence T,Z, M.T.Z., 2010. Molecular Probes™ Handbook. A Guide to
Fluorescent Probes and Labeling Technologies, eleventh ed. Thermofisher, pp.
805-828.

Kalyanaraman, B., Darley-Usmar, V., Davies, K.J.A., Dennery, P.A., Forman, H.J.,
Grisham, M.B., Mann, G.E., Moore, K., Roberts, L.J., Ischiropoulos, H., 2012.
Measuring reactive oxygen and nitrogen species with fluorescent probes: challenges
and limitations. Free Radic. Biol. Med. 52, 1-6. https://doi.org/10.1016/j.
freeradbiomed.2011.09.030.

Krumova, E.Z., Pashova, S.B., Dolashka-Angelova, P.A., Stefanova, T., Angelova, M.B.,
2009. Biomarkers of oxidative stress in the fungal strain Humicola lutea under copper
exposure. Process Biochem. 44, 288-295. https://doi.org/10.1016/j.prochio.2008.
10.023.

Levine, R.L., Williams, J.A., Stadtman, E.P., Shacter, E., 1994. Carbonyl assays for de-
termination of oxidatively modified proteins. Methods Enzymol. 233, 346-357.
https://doi.org/10.1016/S0076-6879(94)33040-9.

Li, Q., Harvey, L.M., Mcneil, B., Li, Q., Harvey, L.M., Mcneil, B., 2009. Oxidative stress in
industrial fungi. Crit. Rev. Biotechnol. 8551, 199-213. https://doi.org/10.1080/
07388550903004795.

Li, Q., McNeil, B., Harvey, L.M., 2008. Adaptive response to oxidative stress in the fila-
mentous fungus Aspergillus niger B1-D. Free Radic. Biol. Med. 44, 394-402. https://
doi.org/10.1016/j.freeradbiomed.2007.09.019.

Li, Z., Agellon, L.B., Allen, T.M., Umeda, M., Jewell, L., Mason, A., Vance, D.E., 2006. The
ratio of phosphatidylcholine to phosphatidylethanolamine influences membrane in-
tegrity and steatohepatitis. Cell Metabol. 3, 321-331. https://doi.org/10.1016/j.
cmet.2006.03.007.

Liu, P., Luo, L., Guo, J., Liu, H., Wang, B., Deng, B., Long, C., Cheng, Y., 2010. Farnesol
induces apoptosis and oxidative stress in the fungal pathogen Penicillium expansum.
Mycologia 102, 311-318. https://doi.org/10.3852/09-176.

Malolepsza, U., Rézalska, S., 2005. Nitric oxide and hydrogen peroxide in tomato re-
sistance: nitric oxide modulates hydrogen peroxide level in o-hydroxyethylorutin-
induced resistance to Botrytis cinerea in tomato. Plant Physiol. Biochem. 43,
623-635. https://doi.org/10.1016/j.plaphy.2005.04.002.

Maronié, D.,$., Camagajevac, L.,S., Horvatié, J., Pfeiffer, T.,Z., Zarkovi¢, N., Waeg, G.,
Jaganjac, M., 2018. S-metolachlor promotes oxidative stress in green microalga
Parachlorella kessleri - a potential environmental and health risk for higher organisms.
Sci. Total Environ. 638, 41-49. https://doi.org/10.1016/j.scitotenv.2018.04.433.

Martins, P.F., Carvalho, G., Gratao, P.L., Dourado, M.N., Pileggi, M., Aratjo, W.L.,
Azevedo, R.A., 2011. Effects of the herbicides acetochlor and metolachlor on anti-
oxidant enzymes in soil bacteria. Process Biochem. 46, 1186-1195. https://doi.org/
10.1016/j.procbio.2011.02.014.

Mastouri, F., Bjorkman, T., Harman, G.E., 2012. Trichoderma harzianum enhances anti-
oxidant defense of tomato seedlings and resistance to water deficit. Mol. Plant
Microbe Interact. 25, 1264-1271. https://doi.org/10.1094/mpmi-09-11-0240.

Mastouri, F., Bjorkman, T., Harman, G.E., 2010. Seed treatment with Trichoderma har-
zianum alleviates biotic, abiotic, and physiological stresses in germinating seeds and
seedlings. Phytopathology 100, 1213-1221. https://doi.org/10.1094/phyto-03-10-
0091.

Matthes, B., Boger, P., 2002. Chloroacetamides affect the plasma membrane. Z.
Naturforsch. Sect. C J. Biosci. 57, 843-852.

Mnif, W., Ibn, A., Hassine, H., Bouaziz, A., Bartegi, A., Thomas, O., 2011. Effect of en-
docrine disruptor pesticides: a review. Int. J. Environ. Res. Public Health 8,
2265-2303. https://doi.org/10.3390/ijerph8062265.

Mohapatra, S., Mittra, B., 2017. Alleviation of Fusarium oxysporum induced oxidative
stress in wheat by Trichoderma viride. Arch. Phytopathol. Plant Prot. 50, 84-96.
https://doi.org/10.1080/03235408.2016.1263052.

Nykiel-Szymanska, J., Bernat, P., Staba, M., 2018. Potential of Trichoderma koningii to
eliminate alachlor in the presence of copper ions. Ecotoxicol. Environ. Saf. 162, 1-9.
https://doi.org/10.1016/j.ecoenv.2018.06.060.

Nystrom, T., 2005. Role of oxidative carbonylation in protein quality control and se-
nescence. EMBO J. 24, 1311-1317. https://doi.org/10.1038/sj.emboj.7600599.
Rattanawong, K., Kerdsomboon, K., Auesukaree, C., 2015. Cu/Zn-superoxide dismutase
and glutathione are involved in response to oxidative stress induced by protein de-

naturing effect of alachlor in Saccharomyces cerevisiae. Free Radic. Biol. Med. 89,
963-971. https://doi.org/10.1016/j.freeradbiomed.2015.10.421.

Sies, H., Berndt J.D.P., C., Jones, D.P., 2017. Oxidative stress. Annu. Rev. Biochem. 86,
715-748. https://doi.org/10.1146/annurev-biochem-061516-045037.

Siewiera, P., Rézalska, S., Bernat, P., 2017. Estrogen-mediated protection of the orga-
notin-degrading strain Metarhizium robertsii against oxidative stress promoted by
monobutyltin. Chemosphere 185, 96-104. https://doi.org/10.1016/j.chemosphere.
2017.06.130.

Singh, B.N., Singh, A., 2011. Trichoderma harzianum - mediated reprogramming of oxi-
dative stress response in root apoplast of sunflower enhances defence against
Rhizoctonia solani. Eur. J. Plant Pathol. 131, 121-134. https://doi.org/10.1007/
510658-011-9792-4.

Singh, H., Pal, S., Bhattacharya, A., 2017. Oxidative stress caused by use of pre-emergent
herbicides in wheat seedlings. Int. J. Curr. Microbiol. Appl. Sci. 6, 2580-2586.
https://doi.org/10.20546/ijcmas.2017.612.299.

Staba, M., Bernat, P., Rozalska, S., Nykiel, J., Dlugoniski, J., 2013a. Comparative study of
metal induced phospholipid modifications in the heavy metal tolerant filamentous



J. Nykiel-Szymariska, et al.

fungus Paecilomyces marquandii and implications for the fungal membrane integrity.
Acta Biochim. Pol. 60, 695-700.

Staba, M., Rézalska, S., Bernat, P., Szewczyk, R., Piatek, M.A., Dlugonski, J., 2015.
Efficient alachlor degradation by the filamentous fungus Paecilomyces marquandii
with simultaneous oxidative stress reduction. Bioresour. Technol. 197, 404-409.
https://doi.org/10.1016/j.biortech.2015.08.045.

Staba, M., Szewczyk, R., Piatek, M.A., Dlugonski, J., 2013b. Alachlor oxidation by the
filamentous fungus Paecilomyces marquandii. J. Hazard Mater. 261, 443-450. https://
doi.org/10.1016/j.jhazmat.2013.06.064.

Stajner, D., Popovié, M., Stajner, M., 2004. Herbicide induced oxidative stress in lettuce,
beans, pea seeds and leaves. Biol. Plant. 47, 575-579. https://doi.org/10.1023/
B:BIOP.0000041064.04385.c7.

Stolarek, P., Rézalska, S., Bernat, P., 2019. Lipidomic adaptations of the Metarhizium
robertsii strain in response to the presence of butyltin compounds. Biochim. Biophys.
Acta Biomembr. 1861, 316-326. https://doi.org/10.1016/j.bbamem.2018.06.007.

Testerink, C., Munnik, T., 2005. Phosphatidic acid: a multifunctional stress signaling lipid
in plants. Trends Plant Sci. 10, 368-375. https://doi.org/10.1016/j.tplants.2005.06.
002.

Trujillo, M., Kogel, K.-H., Hiickelhoven, R., 2004. Superoxide and hydrogen peroxide play
different roles in the non host interaction of barley and wheat with inappropriate
formae speciales of Blumeria graminis. Mol. Plant Microbe Interact. 17, 304-312.

11

Ecotoxicology and Environmental Safety 184 (2019) 109629

https://doi.org/10.1094/mpmi.2004.17.3.304.

US EPA, 2017. US Environmental Protection Agency Office of Pesticide Programs
Chemicals Evaluated for Carcinogenic Potential Annual Cancer Report 2017.

Xia, J., Jones, A.D., Lau, M.W., Yuan, Y.J., Dale, B.E., Balan, V., 2011. Comparative li-
pidomic profiling of xylose-metabolizing S. cerevisiae and its parental strain in dif-
ferent media reveals correlations between membrane lipids and fermentation capa-
city. Biotechnol. Bioeng. 108, 12-21. https://doi.org/10.1002/bit.22910.

Xu, J., Yang, M., Dai, J., Cao, H., Pan, C., Qiu, X., Xu, M., 2008. Degradation of acetochlor
by four microbial communities. Bioresour. Technol. 99, 7797-7802. https://doi.org/
10.1016/j.biortech.2008.01.060.

Yi, X., Ding, H., Lu, Y., Liu, H., Zhang, M., Jiang, W., 2007. Effects of long-term alachlor
exposure on hepatic antioxidant defense and detoxifying enzyme activities in crucian
carp (Carassius auratus). Chemosphere 68, 1576-1581. https://doi.org/10.1016/j.
chemosphere.2007.02.035.

Zawadzka, K., Bernat, P., Felczak, A., Lisowska, K., 2015. Carbazole hydroxylation by the
filamentous fungi of the Cunninghamella species. Environ. Sci. Pollut. Res. 22,
19658-19666. https://doi.org/10.1007/511356-015-5146-7.

Zawadzka, K., Felczak, A., Lisowska, K., 2017. Microbial detoxification of carvedilol, a p-
adrenergic antagonist, by the filamentous fungus Cunninghamella echinulata.
Chemosphere 183, 18-26. https://doi.org/10.1016/j.chemosphere.2017.05.088.



Supplementary

Table S1 Intracellular superoxide anion (0,"") generation in Trichoderma spp. after 24-h exposure to chloroacetanilides. Bar represents 20 um.
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Table S2 Intracellular peroxynitrate anion/hydroxyl radical (HO°/ONOO™) generation in Trichoderma spp. after 24-h exposure to

chloroacetanilides. Bar represents 20 um.
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