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4-tert-oktylofenol (ang. 4-tert-octylphenol)

oznaczenie numeryczne przypisane substancji chemicznej przez
amerykanska organizacje Chemical Abstracts Service

chemiczne zapotrzebowanie tlenu (ang. chemical oxygen demand, COD)
4-kumylofenol (ang. 4-cumylphenol)
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modulatory endokrynne (ang. endocrine disrupting compounds)
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drozdzowy test androgenowy (ang. yeast androgen screen)

drozdzowy test estrogenowy (ang. yeast estrogen screen)
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Zrddta finansowania badan prowadzonych w ramach pracy doktorskiej

1. Grant NCN (Opus 1) UMO-2011/01/B/NZ9/02898: ,Mikrobiologiczna degradacja
ksenoestrogendw i estrogendw w obecnosci metali ciezkich oraz NaCl” (2011 — 2014)
Kierownik projektu: prof. dr hab. Jerzy Dtugoniski

2. Dotacja celowa na dziatalnos¢ zwigzang z prowadzeniem badan naukowych lub prac
rozwojowych oraz zadan z nimi zwigzanych, stuzgcych rozwojowi mtodych naukowcéw
oraz uczestnikéw studiow doktoranckich w latach 2014, 2015 i 2016 (kody projektow:
B1411000000743.02; B1511000001018.02; B1611000001199.02)

3. Grant NCN (Sonata) UMO-2014/13/D/NZ9/04743: ,,Mikrobiologiczna degradacja
wybranych ksenobiotykdéw o witasciwosciach endokrynnych obecnych w produktach

codziennego uzytku i chemii gospodarczej”’ (2015-2021)
Kierownik projektu: dr Mariusz Krupinski
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Wykaz publikacji wchodzacych w sktad rozprawy doktorskiej

Prace opublikowane:
P1 -Janicki T., Krupinski M., Dtugonski J. 2016. Degradation and toxicity reduction of the
endocrine disruptors nonylphenol, 4-tert-octylphenol and 4-cumylphenol by the non-
ligninolytic fungus Umbelopsis isabellina. Bioresource Technology, 200, 223-229; doi:
10.1016/j.biortech.2015.10.034

IF =9,642; 33 cytowania; 140 punktéw MEiN

P2 - Janicki T., Dtugoniski J., Krupiski M. 2018. Detoxification and simultaneous removal
of phenolic xenobiotics and heavy metals with endocrine-disrupting activity by the non-
ligninolytic fungus Umbelopsis isabellina. Journal of Hazardous Materials, 360, 661-669;

doi: 10.1016/j.jhazmat.2018.08.047

IF = 10,588; 13 cytowan; 200 punktéw MEiN

Manuskrypt pracy wystany do czasopisma:

P3 — Janicki T., Diugonski A., Felczak A., Dtugonski J., Mariusz Krupinski. 2021.
Ecotoxicological estimation of 4-cumylphenol, 4-t-octylphenol, nonylphenol and volatile
leachate phenol degradation by the microscopic fungus Umbelopsis isabellina using
a battery of biotests. Manuskrypt przyjety do recenzji w czasopismie Chemosphere, 20

grudnia 2021 r.

Na rozprawe doktorska sktadaja sie:
e 2 opublikowane prace doswiadczalne o tgcznym IF = 20,23 oraz sumg punktéw MEIN
340, cytowane facznie 46 razy;
e 1 manuskrypt przyjety do recenzji w czasopismie Chemosphere o wartosci

IF = 7,086 i 140 pkt MEiN.

Wartosci IF oraz punktacja MEiN podana na rok 2021



|.  Wprowadzenie

Uwalnianie do otoczenia ksenobiotykdow ze zrddet antropogenicznych generuje wiele
niepozadanych efektéw srodowiskowych. Zwigzki te charakteryzujg sie przewaznie wysokga
opornosciag na degradacje, tendencjg do bioakumulacji oraz znaczng szkodliwoscig wzgledem
roznych gatunkdéw organizméw, przez co mogg powodowac negatywne zmiany zaréwno na
poziomie osobniczym, jak i wsrdd catych ekosysteméw. Wiele ksenobiotykéw wykazuje
dziatanie kancerogenne, mutagenne, teratogenne, stanowi przyczyne uogodlnionej reakcji

alergicznej organizmu jak rowniez zaburza prawidtowe funkcjonowanie narzagdéw.

Szczegdlng grupe zanieczyszczen stanowig zwigzki zaliczane do zewnatrz Srodowiskowych
modulatoréw hormonalnych - EDCs (ang. endocrine disrupting compounds) wywotujgce
negatywne zmiany w funkcjonowaniu uktadu endokrynnego poprzez zaburzanie transportu,
syntezy lub bezposrednie oddziatywanie z hormonami lub ich komdérkowymi receptorami.
W wyniku zaktécenia homeostazy uktadu wewnatrzwydzielniczego EDCs wywotujg liczne
zaburzenia endokrynologiczne w tym dysfunkcje reprodukcyjne, rozwojowe i behawioralne
(Dtugonski, 2016, 2021). Wtasciwosci destabilizowania uktadu hormonalnego wykazujg m.in.
niektére zwigzki fenolowe (w tym alkilofenole jak: 4-nonylofenol, 4-tert-oktylofenol) (Tabela
1) oraz jony metali ciezkich (np. Zn, Mn, Ni, Cd, Pb) szeroko wykorzystywane na skale
przemystowg w wielu gateziach gospodarki (Georgescu i in., 2011; lavicoli i in., 2009; Rana,
2014; Soares i in., 2008). Coraz wyziszy stopien zanieczyszczenia tymi ksenobiotykami
srodowiska naturalnego wynika z ich ciggtego uwalniania przede wszystkim wraz ze $ciekami
komunalnymi i przemystowymi. Obecnos¢ tych zwigzkédw wykazano w wielu elementach
biosfery m.in. wodach gruntowych, osadach dennych, glebie, rzekach i jeziorach. Ksenobiotyki
te zostaty réwniez wykryte w sciekach uznanych za oczyszczone, wskazujgc tym samym na
niepetny ich rozktad w trakcie zastosowanych proceséw technologicznych (Lu i Gan, 2014a;
Soares i in., 2008; Zuo i Zhu, 2014). Obszary srodowiska, w ktorych zidentyfikowano
modulatory hormonalne, bedgce niejednokrotnie w znacznych odlegtosciach od
potencjalnych Zrédet ich emisji, pokazuja, iz majg one zdolnos¢ do transgranicznej migracji,
zwiekszajgc tym samym terytorium bezposredniego wptywu na organizmy. Narazenie na
kontakt z EDCs jest zatem zjawiskiem ciggtym i dotyczy réznych gatunkéw bez wzgledu na

Srodowisko ich bytowania.



W efekcie wcigz rosngcej skali produkcji substancji wykazujgcych wtasciwosci endokrynne,
powiekszajgcym sie stopniem kontaminacji Srodowiska tymi zwigzkami oraz ich negatywnym
oddziatywaniem na organizmy, obserwuje sie intensywny wzrost zainteresowania
poszukiwaniem wydajnych sposobdéw eliminacji tych zanieczyszczen w ekologicznie rozsadny
i ekonomicznie korzystny sposéb. Fizykochemiczne metody usuwania i rozkfadu
ksenobiotykdéw charakteryzujg sie przewaznie wysokimi kosztami, generujg toksyczne
produkty uboczne oraz czesto prowadzg do powstawania intermediatéw charakteryzujgcych
sie wyzszg toksycznoscia od zwigzkéw macierzystych (Oluwasanu, 2018). Dlatego tez,
w poszukiwaniu efektywnych sposobdw ich rozktadu szczegblng uwage zwraca sie na metody
biologiczne wykorzystujgce drobnoustroje (Krupinski, 2021). Obszary intensywnych badan
i analiz naukowych nad modulatorami hormonalnymi dotyczg przede wszystkim ich
oddziatywania na organizmy oraz skali wystepowania i zanieczyszczenia $rodowiska tymi
ksenobiotykami. Procesy ich eliminacji i degradacji, zwtaszcza na drodze biologicznej, zostaty
dotychczas stabo poznane i opisane. Innowacje ekologiczne w ochronie $Srodowiska zmierzaja
zatem do opracowania bezpiecznych dla srodowiska technik mikrobiologicznych, ktére
zmniejszajg i eliminujg zagrozenie zwigzane z emisjg tych zanieczyszczen. W Swietle
aktualnego stanu wiedzy, uzasadnione wydaje sie zatem podjecie badan, ktérych istotg jest
poszukiwanie skutecznych i wydajnych metod mikrobiologicznej eliminacji opisywanych
ksenobiotykdéw, poznanie mechanizméw regulujgcych przebieg ich rozktadu i oszacowanie

toksycznych witasciwosci produktéw posrednich i koncowych zachodzacych przemian.

Gtéwnym obszarem badawczym niniejszej rozprawy byta mikrobiologiczna eliminacja
degradacja wybranych zwigzkéw fenolowych (4-nonylofenolu, 4-kumylofenolu i 4-tert-
oktylofenolu) oraz jonéw metali ciezkich (Zn, Mn, Ni, Cd, Pb) nalezgcych do grupy EDCs (Zhao
i in., 2021), wystepujacych powszechnie w $rodkach codziennego uzytku, kosmetykach oraz
chemii gospodarczej, jak réwniez szeroko wykorzystywanych jako surowce do syntezy innych
substancji chemicznych o cennych witasciwosciach technologicznych i przemystowych, ktére
uzywane sg m. in. w wyrobach plastikowych, materiatach kompozytowych, lakierach, smarach
oraz przy produkcji sprzetu elektronicznego, tekstyliow i wyrobdéw papierniczych.
Przeprowadzone prace skupiaty sie takze nad oceng zdolnos$ci uzytego w pracy grzyba
strzepkowego do detoksykacji Srodowiska w trakcie procesow eliminacji testowanych

toksykantow.



Tabela 1. Podstawowe wtasciwosci fizykochemiczne badanych zwigzkdw chemicznych.

Wzér chemiczny Masa Te'mp.eratura ' Gestosé
Nazwa czasteczkowa | topnienia/wrzenia 3
[g/mol] [°cl le/em]
strukturalny sumaryczny
H4C CHsy OH
4-tert-oktylofenol | HaC 0,89
CAS: 140-66.9 C1aH20 206,32 85/279 w90 “C
CHg
CH,
4-nonylofenol o o 0,95
-nonylofeno ,
CAS: 84852.15.3 | Hac CisH240 220,35 8/290-300 w30 °C
CH,
CH,
4-kumylofenol 1,12
HO '
Ao oo ena CisH160 212,29 74,5/335 was e
CH,

Wartosci podane za PubChem (data dostepu: 20.12.2021)




Il. Cele pracy

Prace badawcze realizowane w ramach prezentowanej rozprawy wpisujg sie w nurt badan
obejmujacy identyfikacje i charakterystyke uktadéw biologicznych pozwalajgcych na
zmniejszenie  toksycznego oddziatywania ksenobiotykéw poprzez ich eliminacje

i biodegradacje.

Gtownymi celami badan wykonanych podczas realizacji rozprawy doktorskiej byty:

1. Okreslenie zdolnosci grzyba strzepkowego U. isabellina do degradacji ksenobiotykow
fenolowych o wtasciwosciach endokrynnych: 4-nonylofenolu, 4-tert-oktylofenolu oraz
4-kumylofenolu.

2. Analiza potencjatu U. isabellina do jednoczesnej eliminacji 4-nonylofenolu, 4-t-
oktylofenolu, 4-kumylofenolu oraz wybranych jondw metali ciezkich destabilizujgcych
funkcjonowanie uktadu endokrynnego.

3. Ekotoksykologiczna ocena procesdw eliminacji 4-nonylofenolu, 4-tert-oktylofenolu,
4-kumylofenolu oraz jonéw metali ciezkich przez szczep U. isabellina z wykorzystaniem
baterii biotestdw toksycznosci.

4. Okreslenie efektywnosci U. isabellina do usuwania i detoksykacji lotnych fenoli

zawartych w odciekach ze sktadowiska odpadéw niebezpiecznych.



lll.  Techniki wykorzystane w czasie realizacji pracy doktorskiej

e Mikroskopia — okreslenie wptywu 4-nonylofernolu, 4-kumylofenolu oraz 4-tert-
oktylofenolu na wzrost i morfologie Umbelopsis isabellina.

e Chromatografia gazowa sprzezona ze spektrometria mas — wykorzystana w celu
scharakteryzowania grup izomeréw w NP oraz oznaczenia iloSciowego oraz
jakosciowego (poszukiwanie zwigzkéw pochodnych badanych ksenobiotykdw).

e Spektrofluorymetria — ocena toksykologiczna badanych filtratéw pohodowlanych.

e Absorpcyjna spektrometria atomowa — ocena zdolnosci U. isabellina do biosorpcji

i bioakumulacji metali ciezkich.

Wszystkie wyniki zamieszczone w publikowanych pracach zostaty podane jako wartosci
usrednione o odchylenie standardowe. Analizy statystyczne wykonano za pomoca pakietu
statystycznego SPSS (Windows ver. 17), przeprowadzono analize wariacji ANOVA. Testy

wykonano przy poziomie istotnosci statystycznej wynoszacym P < 0,05.
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V. Omowienie wynikdw przedstawionych w cyklu publikac;ji
wchodzacych w sktad rozprawy doktorskiej

Poszukiwanie nowych metod efektywnego usuwania i rozktadu toksycznych
zanieczyszczen z uzyciem mikroorganizmow, ktérych aktywnosé degradacyjna jest zazwyczaj
specyficzna w stosunku do okreslonej grupy zwigzkéw, stanowi jeden z istotnych elementdéw
strategii zmierzajgcych do remediacji $rodowisk skazonych ksenobiotykami. W celu
pozyskania drobnoustrojéw cechujacych sie zdolnosciami rozktadu badanych w pracy
zwigzkow fenolowych o wtasciwosciach endokrynnych, w poczatkowym etapie analiz
oszacowano potencjat piecdziesieciu szczepow grzybéw mikroskopowych do eliminacji NP,
4-CP oraz 4-t-OP z grzybowego podfoza wzrostowego. Testowane mikroorganizmy pochodzity
z kolekcji drobnoustrojow Katedry Mikrobiologii Przemystowe] i Biotechnologii Ut i byty
pierwotnie wyizolowane z matryc $rodowiskowych (gleba, S$cieki, hatdy kopalniane)
zanieczyszczonych wieloma réznymi ksenobiotykami organicznymi i metalami ciezkimi. Na
podstawie otrzymanych wynikéw wykazano, ze szczep Umbelopsis isabellina IM 833
charakteryzowat sie najwiekszg opornoscig na toksyczne oddziatywanie badanych zwigzkéw
fenolowych (najnizsze zahamowanie wzrostu w obecnosci ksenobiotykéw) jak réwniez
najwyzszg efektywnosciag w eliminacji NP, 4-CP oraz 4-t-OP z podtoza hodowlanego po 72
godzinach inkubacji. Z tego wzgledu, ww. szczep grzybowy zostat wybrany jako model

badawczy w pracach eksperymentalnych realizowanych w ramach prezentowanej rozprawy.
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IV.1 Publikacja P1

Rezultaty doswiadczen bedgce wynikiem realizacji pierwszego celu badawczego
prezentowanej dysertacji zostaty opisane w pracy eksperymentalnej (P1) —Janicki T., Krupinski
M., Dtugonski J. 2016. Degradation and toxicity reduction of the endocrine disruptors
nonylphenol, 4-tert-octylphenol and 4-cumylphenol by the non-ligninolytic fungus Umbelopsis
isabellina. Bioresource Technology; 200, 223-229, tworzacej cykl publikacji wchodzgcych
w sktad rozprawy doktorskiej. Analiza danych dynamiki eliminacji NP, 4-t-OP oraz CP z podtoza
wzrostowego przez szczep U. isabellina uwidocznita catkowity ubytek testowanych
ksenobiotykéw, w stezeniu wyjsciowym 25 mg/l, po 24 godzinach prowadzenia hodowli.
W pordéwnaniu do zawartosci toksykantéw w uktadach kontrolnych, zaobserwowano ponad
90 procentowg redukcje NP oraz 4-t-OP w hodowlach grzybowych po 12 godzinach inkubaciji.
Te sama wartos¢ eliminacji wykazano po 6 godzinach hodowli U. isabellina z dodatkiem CP.
Okresy poéttrwania testowanych zwigzkéw w fazie analizowanej mikrobiologicznej eliminacji
wynosity okoto 4 godziny dla NP i 4-t-OP oraz 3 godziny dla CP. Wiekszo$¢ danych
literaturowych dotyczgcych mikrobiologicznej degradacji NP, 4-t-OP oraz CP odnosi sie do
procesOw ich biotransformacji przez bakterie Ilub konsorcja rdéznych gatunkéw
drobnoustrojow (Gabriel i in., 2008; Lu i Gan, 2014b; Toyama i in., 2011). llos¢ badan
opisujgcych eliminacje tych ksenobiotykéw przez grzyby, zwtaszcza nieligninolityczne, jest
ograniczona. W Swietle dostepnych danych literaturowych, poréwnanie dynamiki
mikrobiologicznej eliminacji NP, 4-t-OP oraz CP wskazuje, ze U. isabellina charakteryzuje sie
kilkukrotnie wyzszg efektywnoscig w usuwaniu tych zanieczyszczen ze sSrodowiska wzrostu niz
inne scharakteryzowane grzyby mikroskopowe (Trametes versicolor, Bjerkandera sp. BOL13)

(Girlandai in., 2009; Soares i in., 2005).

Nonylofenol wykorzystywany w skali przemystowej gtéwnie jako pétprodukt do syntezy
zwigzkéw o bardziej pozgdanych wtasciwosciach technologicznych, wystepuje w postaci
mieszaniny kilkunastu izomeréw rdznigcych sie stopniem rozgatezienia tancucha
alifatycznego. W kolejnym etapie badan postanowiono okresli¢ czy struktura podstawnika
alifatycznego warunkuje stopien eliminacji poszczegdlnych izomeréw przez badany
drobnoustrdj. Na podstawie analizy rozktadu masy jondéw fragmentacyjnych izomeréw NP

otrzymanych metodg chromatografii gazowej sprzezonej ze spektrometrig mas (GC-MS),
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w zaleznosci od ich budowy wzgledem podstawnikéw w pozycji a- oraz B-wegla faricucha
alifatycznego, zostaty podzielone na pie¢ grup. Otrzymane wyniki wykazaty brak istotne;j
korelacji miedzy szybkos$cig usuwania izomeréw ksenobiotyku a stopniem rozgatezienia
podstawnika alkilowego w ich strukturze. W oparciu o posiadang wiedze, uzyskane dane sg
pierwszymi opisujgcymi szczep grzyba mikroskopowego zdolnego do catkowitej eliminacji
nonylofenolu wskazujgcymi jednoczesnie, iz szybko$¢ usuwania réznych grup izomerdéw
zwigzku przez ten drobnoustrdj nie zalezy od wzorca substytucji a- oraz B-wegla taricucha
alifatycznego. Analiza chromatograficzna (GC-MS) ekstraktéw z hodowli U. isabellina
traktowanych NP, 4-t-OP lub CP pozwolita ponadto zidentyfikowaé kilka posrednich
produktow degradacji testowanych ksenobiotykéw. Na ich podstawie sugeruje sie, ze rozktad
NP i 4-t-OP przez badany szczep grzybowy inicjowany jest przez hydroksylacje koncowego
wegla w ugrupowaniu alkilowym, po ktdrej nastepuje utlenienie grupy hydroksylowej
powstatego kwasu karboksylowego i stopniowe skracanie taniicucha alifatycznego poprzez
kolejne utlenianie subterminalnych lub terminalnych atoméw wegla. Mechanizm degradacji
CP opiera sie prawdopodobnie na hydroksylacji atomu C grupy metylowej (C-8 lub C-9)
a nastepnie utlenieniu odpowiedniej grupy karboksylowej. Dalsza transformacja przebiega
poprzez kilka przegrupowan w obrebie struktury czasteczki prowadzac do rozszczepienia
wigzania C-C miedzy ugrupowaniami aromatycznymi. Ze wzgledu na podobienstwo
strukturalne miedzy kumylofenolem a czasteczkg bisfenolu — ksenoestrogenu, ktérego
mikrobiologiczna degradacja zostata udokumentowana w wielu pacach naukowych, sugeruje
sie, ze procesy biotransformacji tych zwigzkdw mogg zachodzi¢ w podobnych szlakach

metabolicznych (Zhangiin., 2013).

Podczas mikrobiologicznych przemian ksenobiotykdw moze dochodzi¢ do wytworzenia
intermediatéw charakteryzujgcych sie bardziej szkodliwym wptywem na organizmy od
substratéw macierzystych. Z tego wzgledu, kolejny etap badani realizowanych w ramach
prezentowane] pracy, obejmowat ocene zmiany toksycznosci hodowli U. isabellina w trakcie
procesow rozktadu NP, 4-t-OP i CP. Ekotoksyczno$¢ filtratéw pohodowlanych analizowano
z zastosowaniem biotestow wykorzystujgcych w roli organizmdéw wskaznikowych dwa gatunki
bezkregowcow: stonowodne skorupiaki Artemia franciscana oraz stodkowodne rozwielitki
Daphnia magna, reprezentujgce rozne ekosystemy. Wyniki badan toksykologicznych

wykazaty, iz w przebiegu proceséw degradacji wszystkich testowanych zanieczyszczen
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dochodzito do powstawania mniej szkodliwych pochodnych. Zmniejszenie toksycznosci
szescio- i siedmiokrotne dla hodowli z CP, okoto siedmio- i oSmiokrotne dla kultur grzybowych
traktowanych NP oraz cztero- i sze$ciokrotne dla przesaczy otrzymanych z hodowli
z dodatkiem 4-t-OP, po 24 godzinach inkubacji, zaobserwowano odpowiednio w badaniach
z uzyciem A. franciscana i D. magna. Odnotowane w testach toksykologicznych procesy
detoksykacji  ksenobiotykdéw, zostaty dodatkowo potwierdzone poprzez analizy
mikroskopowe. Obecnos¢ NP, 4-t-OP i CP w Srodowisku wzrostu U. isabellina generowata
zmiany morfologiczne w strzepkach grzybni takie jak: wypuktosci na powierzchni strzepek oraz
pojawianie sie wewngatrzkomérkowych pecherzykéow. Po sze$ciu godzinach inkubacji, we
wszystkich analizowanych ukfadach hodowlanych z ksenobiotykami, zauwazono zanik
wspomnianych wyzej zaburzen morfologicznych. Zaleznos¢ miedzy szybkoscig eliminacji
testowanych zanieczyszczen przez szczep grzybowy a obserwowanymi w czasie zmianami
w strukturze jego strzepek wskazuje, ze procesy biodegradacji NP, 4-t-OP i CP prowadzity do

zmniejszenia toksycznosci podtoza wzrostowego.
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IV.2 Publikacja P2

W kolejnych doswiadczeniach realizowanych w ramach wyznaczonych celéw badawczych
prezentowane] rozprawy, analizowano potencjat szczepu U. isabellina do jednoczesnej
eliminacji z podfoza hodowlanego: NP, 4-t-OP i CP oraz wybranych jonéw metali ciezkich
wykazujgcych witasciwosci endokrynne. Wyniki przeprowadzonych ksperymentéw zostaty
przedstawione w publikacji (P2): Janicki T., Dtugonski J., Krupiski M. 2018. Detoxification and
simultaneous removal of phenolic xenobiotics and heavy metals with endocrine-disrupting
activity by the non-ligninolytic fungus Umbelopsis isabellina. Journal of Hazardous Materials;
360, 661-669. Ekspozycja na metale ciezkie, wsréd ktérych Mn, Zn, Ni, Pb i Cd uznawane sg
jako jedne z najbardziej toksycznych metali wystepujgcych w zanieczyszczonych
Srodowiskach. wywotuje szereg niekorzystnych skutkéw dla organizmoéow. W wielu badaniach
wykazano, ze narazenie na wysokie poziomy tych metali moze powodowac zaburzenia uktadu
hormonalnego, w szczegdlnosci poprzez modulowanie aktywnosci estrogenowej hormondéw

endogennych (Georgescu i in., 2011; lavicoli i in., 2009; Rana, 2014).

W pierwszym etapie badan oszacowano toksyczny wptyw Zn (1), Mn (11), Ni (11), Cd (l1),
oraz Pb (Il) na badany szczep U. isabellina w oparciu o analize zahamowania wzrostu
drobnoustroju w hodowlach suplementowanych wspomnianymi metalami ciezkimi. Na
podstawie wyznaczonych krzywych zaleznosci ,dawka — odpowiedZ” pomiedzy wielkoscig
wytworzonej biomasy grzyba a zawartoscig poszczegdlnych jondéw metali w podtozu
wzrostowym zdefiniowano stezenia testowanych inhibitoréw ograniczajace w 50 % wzrost
szczepu (ICso), ktore postuzyly do oceny stopnia toksycznosci badanych metali
manifestujgcego sie wedtug schematu Cd > Pb = Ni > Mn = Zn. Przeprowadzone badania
wykazaty, ze U. isabellina charakteryzowat sie wysokg tolerancjg na obecnos$é jonédw Pb, Ni,
Mn i Zn w Srodowisku wzrostu. Dodatkowo, w swietle danych naukowych, analizowany
drobnoustrdj wykazywat silniejsze reakcje fizjologiczne oraz mechanizmy obronne
warunkujgce jego opornos¢ na Pb i Ni w porédwnaniu do wielu szczepdw grzybowych
opisywanych w literaturze jako wysoce tolerancyjne na stres wywotany przez te metale
ciezkie. Ze wzgledu na wysokg toksycznos¢ Cd na przyrost biomasy U. isabellina (zahamowanie
wzrostu o 87 % przy zawartosci Cd w pozywce 2,5 mM) pominieto dalsze prace

eksperymentalne z wykorzystaniem tego metalu.
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W strategii tolerowania stresu srodowiskowego wywotanego toksycznym dziataniem
metali ciezkich, grzyby mikroskopowe rozwinety wiele mechanizméw opornosci z czego do
najwazniejszych z nich nalezg: biosorpcja - niezalezne od metabolizmu wigzanie
z powierzchnig komoérek i bioakumulacja — aktywny proces transportu metalu do wnetrza
komorki (Dengiin., 2011; Vargas-Garciaiin., 2012). W dalszych etapach badan postanowiono
zatem oceni¢ zdolnos¢ U. isabellina do eliminacji Pb, Ni, Mn i Zn z podtoza hodowlanego
analizujagc wspomniane procesy pobierania jondw metali ze srodowiska. Wyniki
przeprowadzonych badan ukazujg, ze we wszystkich testowanych uktadach badawczych
dominujgcym mechanizmem usuwania metalu byfa sorpcja do powierzchni komadrek grzyba.
Jednym z gtéwnych sktadnikéw $ciany komdérkowej grzybdéw sg lipidy zawierajgce okreslone
grupy funkcyjne, ktére bezposrednio uczestniczg w wigzaniu metali. Wiele publikacji wskazuje,
ze U. isabellina nalezy do tzw. ,grzybéw oleistych”, ktore pod wptywem stresu mogg
wytwarzaé duze ilosci lipidéw (Hussain i in., 2014; Ruan i in. 2015). Obserwacje te sugeruja, ze
oddziatywania fizykochemiczne miedzy metalami i ligandami, takimi jak grupy estrowe
i karboksylowe obecne na powierzchni komérki, mogg by¢ zaangazowane w mechanizmy
biosorpcji badanych metali przez U. isabellina. W procesach pobierania testowanych metali
z pozywki wzrostowe] przez drobnoustrdj, najwyzszg wydajnos¢ eliminacji otrzymano dla
hodowli suplementowanych jonami Pb wynoszacg 74,3 mg metalu na gram suchej masy,
z czego okoto 91 % (67,8 mg) byto chelatowanych na powierzchni komorki. Efektywnosc
wychwytywania jondw Zn, Mn i Ni przez grzybnie U. isabellina wynosita odpowiednio 23,4; 7,4
i 6,8 mg metalu na gram suchej masy a okoto 96 % tych ilosci ulegata wigzaniu do struktur
zewnatrzkomaérkowych. Otrzymane wyniki wskazujg na mozliwosci zastosowania U. isabellina
jako efektywnego biosorbentu do eliminacji Pb, Zn, Mn i Ni z zanieczyszczonych matryc
srodowiskowych.

Badania nad oceng potencjatu U. isabellina do usuwania metali ciezkich ze srodowiska,
zostaty nastepnie poszerzone o analizy proceséw biosorpcji i bioakumulacji testowanych
metali z uktadow hodowlanych traktowanych réwnolegle NP, 4-t-OP lub CP. Obecnos$¢
dodatkowego zanieczyszczenia w pozywce skutkowata zréznicowanym oddziatywaniem na
stopien wychwytywania metali przez drobnoustrdj zaleznie od uzytego ksenobiotyku.
W hodowlach suplementowanych NP lub 4-t-OP zaobserwowano hamujgcy wptyw alkilofenoli
na zdolnos¢ U. isabellina do usuwania wszystkich testowanych metali z podtoza wzrostowego

w poréwnaniu do uktadow kontrolnych. Do wskazywanych procesow mogty przyczynié sie
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zmiany w sktadzie i wtasciwosciach fizykochemicznych Sciany komdrkowej szczepu bedgce
efektem dziatania zastosowanych ksenobiotykéw. W przeciwiedstwie do hodowli
suplementowanych NP lub 4-t-OP, ekspozycja U. isabellina na CP nie generowata istotnych
zmian w aktywnosci tego szczepu do biosorpcji i bioakumulacji Zn, Mn i Ni w odniesieniu do
uktadéw nie zawierajgcych ksenobiotykow w pozywce wzrostowej. Zaobserwowano
natomiast wyrazny wzrost poziomu eliminacji Pb w hodowlach grzybowych traktowanych CP
o okoto 25 % w stosunku do uktadu kontrolnego. Poprawe zdolnosci sorpcyjnych U. isabellina
w odniesieniu do jondw Pb mozna ttumaczy¢ wptywem zwigzku na procesy metaboliczne
determinujgce budowe i funkcjonowanie $ciany komdrkowej grzyba. Jeden z tych
mechanizmdw mogt sprzyjac zwiekszeniu ilosci anionowych grup funkcyjnych osadzonych na
powierzchni komorki, ktére uczestniczyty w wigzaniu metalu. Dodatkowo, kumylofenol mégt
przyczyniaé¢ sie do zaburzenia integralnosci sciany komérkowej prowadzgc do ekspozycji
ukrytych wczesniej ligandéw wigzacych Pb.

W uktadach hodowlach ,metal + zwigzek fenolowy” analizowano ponadto stopien
usuwania zanieczyszczenia organicznego przez szczep U. isabellina ze srodowiska wzrostu.
Jednoczesne wprowadzenie do pozywki Pb, Ni, Mn lub Zn oraz jednego z testowanych
substratéw fenolowych pociggato za sobg ograniczenie szybkosci eliminacji NP, 4-t-OP oraz CP
w wiekszosci testowanych wariantach badawczych w poréwnaniu do hodowli bez dodatku
jonéw metalu. W stosunku do poziomdéw wydajnosci eliminacji substratdw organicznych
odnotowanych w hodowlach bez obecnosci metalu, najwyzsze zahamowanie aktywnosci
biodegradacyjnej U. isabellina zaobserwowano dla NP wynoszgce od 62 do 23 % odpowiednio
dla uktadéw z Pb i Zn w 24 godzinie inkubacji. Obserwowany spadek efektywnosci
drobnoustroju w biotransformacji NP, 4-t-OP i CP mégt wynikac z niekorzystnego wptywu
metali ciezkich na wiele procesdw metabolicznych zaangazowanych w transport i degradacje
tych zanieczyszczen takich jak: zahamowanie aktywnosci kluczowych enzymoéw katalizujgcych
reakcje rozktadu zwigzkéw czy ograniczenie syntezy ATP (Chen i in., 2011; Liu i in., 2017).
Pomimo ograniczenia szybkosci eliminacji wiekszosci testowanych zwigzkéow fenolowych
przez U. isabellina w odpowiedzi na stres spowodowany ekspozycjg na metale ciezkie, wyniki
badan wykazaty takze przyspieszenie niektérych proceséw degradacyjnych jak np. rozktadu CP
oraz 4-t-OP w obecnosci Mn, czy biotransformacji 4-t-OP w hodowlach z Zn. Sugeruje sieg, iz
procesy te mogg by¢ wynikiem zwiekszenia adsorpcji substratow organicznych do

powierzchniowych struktur komérkowych. Niektére metale ciezkie mogg wykazywac silniejsze
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przycigganie elektrostatyczne do powierzchni grzybni niz zwigzki fenolowe, czynigc
zewnetrzng przestrzen komoérki mniej hydrofilowg, a tym samym promujac adsorpcje
zwigzkow hydrofobowych, takich jak 4-t-OP czy CP (Liu i in., 2017). Dodatkowo, intensyfikacji
degradacji zwigzkéw organicznych mozna réwniez przypisa¢ tworzenie sie komplekséw
enzym-metal-ksenobiotyk fenolowy, w ktérym metale dziatajg jako kofaktory regulujgc w ten
sposéb funkcje enzymdw biorgcych udziat w biotransformacji zanieczyszczen organicznych.

Ze wzgledu na powszechne wspdtwystepowanie w skazonych ekosystemach wodnych
ksenobiotykéw fenolowych, takich jak NP, 4-t-OP i CP oraz metali ciezkich o wtasciwosciach
endokrynnych, w kolejnym etapie badan oszacowano zdolno$¢ U. isabellina do usuwania
wyzej wymienionych toksykantéw z hodowli zawierajgcych wszystkie testowane w pracy
zanieczyszczenia organiczne oraz jony metali. Wyniki badan ukazaty, ze rdéwnoczesna
suplementacja pozywki ksenobiotykami fenolowymi oraz Pb, Ni, Mn i Zn hamowata zaréwno
wydajnos¢ wychwytywania przez drobnoustrdj jonéw metali jak i efektywnos$é degradacyjng
NP, 4-t-OP i CP w poréwnaniu z poziomem ich eliminacji w mieszaninach dwuskfadnikowych
jak i hodowlach traktowanych osobno poszczegdélnymi zanieczyszczeniami. Wartosci
pobierania przez grzybnie metali ciezkich oscylowaty od 62,01 do 3,43 mg na gram suchej
masy, odpowiednio dla jonéw Pb i Ni, natomiast szybko$¢ rozktadu testowanych zwigzkéw
fenolowych zmniejszyta sie od 77 do 33 % po 24 godzinach inkubacji odpowiednio
w hodowlach z NP i 4-t-OP w odniesieniu do kultur traktowanych jednym ksenobiotykiem.
Chociaz wspoétwystepowanie metali i ksenobiotykdw organicznych w pozywce hodowlanej
negatywnie wptyneto na skuteczno$¢ ich eliminacji przez U. isabellina, szczep nadal
efektywnie usuwat zanieczyszczenia ze Srodowiska wzrostu, co czyni go obiecujgcym modelem
w opracowywaniu metod bioremediacji skazonych ekosysteméw wodnych.

W ostatnim etapie realizacji zatozonych celdw badawczych tej czesci pracy,
przeprowadzono ocene zmiany stopnia toksycznosci hodowli U. isabellina inkubowanych
w uktadach ,metal + zwigzek fenolowy”. Do analiz ekotoksykologicznych ponownie
zastosowano testy wykorzystujgce w roli bioindykatoréow skorupiaki A. franciscana oraz
D. magna. Otrzymane wyniki jednoznacznie wykazaty redukcje szkodliwego potencjatu
filtratow pohodowlanych po 24 godzinach inkubacji dla wszystkich badanych ukfadéw
eksperymentalnych w stosunku do testowanych organizmoéw wskaznikowych. Najszybszy
spadek toksycznosci odnotowano w trakcie pierwszych szesciu godzin prowadzenia hodowli,

co moze wskazywacd na zachodzgce wéwczas intensywne procesy adsorpcji metali do struktur
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powierzchniowych grzybni. Obserwowany wzrost toksycznosci dla niektérych uktadow
hodowlanych z NP i 4-t-OP w 12 godzinie inkubacji mégt wynikac z pojawienia sie w pozywce
produktow biotransformacji ksenobiotykéw wykazujgcych silniejsze szkodliwe wtasciwosci od
substratéw macierzystych (Dave i in., 2012). Podsumowujgc, analizy ekotoksykologiczne
przedstawione w tej pracy wykazaty, ze jednoczesnemu usuwaniu testowanych
zanieczyszczen organicznych i nieorganicznych przez U. isabellina towarzyszyta detoksykacja

srodowiska.
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IV.3 Publikacja P3 (manuskrypt pracy wystany do recenzji)

Zakres eksperymentéw wchodzacych w sktad trzeciej publikacji (P3): Janicki T.,
Dtugonski A., Felczak A., Dtugonski J., Krupinski M. Ecotoxicological estimation of
4-cumylphenol, 4-t-octylphenol, nonylphenol and volatile leachate phenol degradation by the
microscopic fungus Umbelopsis isabellina using a battery of biotests, (manuskrypt na etapie
recenzji w czasopismie Chemosphere), stanowigcego spdjny tematycznie zbidr publikacji,
obejmowat przede wszystkim poszerzenie analiz nad oceng zmiany toksycznosci srodowiska
wzrostu szczepu U. isabellina w hodowlach traktowanych NP, 4-t-OP lub CP, stanowigcych
uzupetnienie badan ekotoksykologicznych podjetych we wczesniejszej pracy doswiadczalnej
(P1). Szeroka ocena ekotoksycznosci zanieczyszczern stanowi podstawe oceny ryzyka
negatywnego oddziatywania danego czynnika na organizmy. Dlatego tez,
w przeprowadzonych badaniach zastosowano wielogatunkowe podejscie toksykologiczne
wykorzystujgc do analiz tzw. baterie biotestéw zawierajgcych jako bioindykatory organizmy
petnigce kluczowe funkcje w ekosystemach oraz reprezentujgce szeroki zakres taksonow
wszystkich poziomoéw fariicucha troficznego (konsumenci, producenci, destruenci). Umozliwito
to kompleksowa ocene catkowitego ryzyka stwarzanego przez wszystkie zwigzki zawarte
w kulturach grzybowych inkubowanych z zanieczyszczeniami, w tym wykrywanie toksycznosci
wykazywanej przez intermediaty powstajgce podczas biodegradacji (Kar i in., 2020; Manfra
i in., 2015). Analiza wielokierunkowych efektéw biologicznych narazenia na substancje
toksyczne (m.in. aktywno$¢ bioluminescencyjna u bakterii Aliivibrio fischeri, skala pobierania
pokarmu przez skorupiaki Thamnocephalus platyurus czy stopien kietkowania nasion
i zahamowanie wzrostu korzeni u Lepidium sativum, Sinapis alba i Sorghum saccharatum)
u wszystkich testowanych organizméw wskaznikowych wykazata zmniejszenie szkodliwosci
filtratdw otrzymanych w trakcie prowadzenia hodowli grzybowych traktowanych NP, 4-t-OP
lub CP. Wskazuje to, iz rozktad zwigzkdw fenolowych przez U. isabellina prowadzit do

powstawania metabolitdw o nizszej toksycznosci od substratéw macierzystych.

Poza standardowymi biotestami ekotoksykologicznymi, w pracy przeprowadzono
takze testy wykorzystujgce zmodyfikowane genetycznie drozdze Sacharomyces cerevisiae: YES
(yeast estrogen screen) oraz YAS (yeast androgen screen) umozliwiajgce ocene potencjatu

estrogennego i androgennego zardwno analizowanych ksenobiotykdw jak i hodowli
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grzybowych suplementowanych tymi zanieczyszczeniami. Wyniki badan wykazaty wtasciwosci
estrogenne NP i CP oraz aktywnos$¢ antyandrogenng CP i 4-t-OP. W oparciu o otrzymane dane,
w kolejnych doswiadczeniach, poddano analizie na aktywnos¢ endokrynng filtraty
pohodowlane U. isabellina z ukfadéw suplementowanych NP, CP i 4-t-OP. Rezultaty
doswiadczen pokazaty, ze zaden z badanych przesgczy uzyskanych w trakcie inkubacji
drobnoustroju z NP lub CP nie wykazywat potencjatu estrogennego W testach okreslajgcych
wiasciwosci antyandrogenne, zarowno w pozywkach z dodatkiem NP jak i CP obserwowano
spadek testowanej aktywnosci wraz z czasem prowadzenia hodowli. Wyniki testéw
jednoznacznie zatem wskazujg, ze procesy biodegradacji zwigzkéw fenolowych skutkowaty

redukcjg potencjatu endokrynnego srodowiska.

W obliczu narastajgcego zanieczyszczenia srodowiska odciekami generowanymi
z poprzemystowych skfadowisk i zawierajgcymi rdzine toksyczne zwigzki fenolowe,
w prezentowanej pracy skoncentrowano sie rowniez na okresleniu mozliwosci wykorzystania
szczepu U. isabellina do usuwania i detoksykacji lotnych fenoli (VPs) z odciekédw obcigzonych
ztozonymi zanieczyszczeniami organicznymi. W tym celu jako matryce wykorzystano odcieki
ze sktadowiska odpaddéw przemystowych dawnych Zaktadéw Produkcji Barwnikéw ,,Boruta”
w Zgierzu. Substancje zaliczane do VPs to przede wszystkim hydroksylowe pochodne benzenu
i innych zwigzkédw aromatycznych, ktére mogg powstawaé w procesach biotransformacji
i biodegradacji zarowno zwigzkéw pochodzenia naturalnego jak i ksenobiotykdéw np.:
wielopierscieniowych weglowodoréw aromatycznych (WWA) czy polifenoli (Kennes i in.,
2016). Wiele lotnych fenoli charakteryzuje sie wysoka toksycznoscig, w tym takze zdolnoscia
do zaburzania funkcjonowania uktadu endokrynnego (Oluwasanu, 2018). Przeprowadzone
analizy fizykochemiczne badanych odciekéw wykazaty nie tylko znaczng zawartos¢ VPs
w testowanych matrycach, ale réwniez wysokie wartosci ChZT, CWO, przewodnictwa czy
metali Swiadczgce o istotnym obcigzeniu testowanych préb srodowiskowych toksycznymi

substancjami organicznymi i nieorganicznymi.

Wyniki uzyskane z analizy zdolnosci U. isabellina do wzrostu w hodowlach
zawierajacych 20 lub 40 % odcieku sktadowiskowego wykazaty, ze uzyty drobnoustrdj jest
w stanie przystosowac sie do niekorzystnych warunkow srodowiskowych nawet w przypadku
jego ekspozycji na wyzsze stezenia toksykantéw obecnych w testowanych matrycach. Pomimo

obserwowanego zahamowania przyrostu biomasy grzyba w pozywkach suplementowanych
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probkami odciekéw, wykonane badania ilosSciowe na zawartos¢ w hodowlach lotnych fenoli
uwidocznity spadek ich stezenia w trakcie inkubacji analizowanych uktadéw. Przyspieszenie
procesu eliminacji VPs z podfoza wzrostowego po 24 i 48 godzinie inkubacji odpowiednio dla
hodowli traktowanych 20 i 40 % odcieku, sugeruje, ze lotne fenole wykorzystywane sg przez
U. isabellina zawtaszcza w fazie stacjonarnej wzrostu, kiedy wyczerpuje sie pula tatwo
metabolizowanych sktadnikéw odzywczych pozywki. Przeprowadzone  testy
ekotoksykologiczne wykazaty istotng korelacje miedzy redukcjg toksycznosci filtratow
otrzymanych z hodowli U. isabellina w obecnosci odciekéw a poziomem eliminacji VPs w tych
uktadach. Wartosci 3,8; 4,9 i 1,9-krotnego zmniejszenia toksycznosci dla 20 % objetosci
odcieku w hodowlach oraz 3,7; 4,6 i 2,1-krotnego dla 40 % jego zawartosci w kulturach
grzybowych po 96 godzinach inkubacji, zaobserwowano w badaniach odpowiednio z uzyciem
A. franciscana, D. magna oraz A. fischeri petnigcych role organizmoéw wskaznikowych.
Eliminacja zanieczyszczen obecnych w odciekach przez szczep U. isabellina prowadzi zatem do

redukcji toksycznosci Srodowiska.
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V. Podsumowanie oraz wnioski i stwierdzenia koncowe

W prezentowanej rozprawie doktorskiej po raz pierwszy scharakteryzowano procesy
mikrobiologicznej  degradacji i detoksykacji 4-nonylofenolu, 4-tert-oktylofenolu,
4-kumylofenolu oraz fenoli lotnych przez nieligninolityczny grzyb strzepkowy Umbelopsis
isabellina Wykazano takze zdolno$¢ analizowanego drobnoustroju do usuwania metali
ciezkich: Pb, Ni, Mn i Zn z pozywki wzrostowej przy jednoczesnym zmniejszeniu toksycznosci
srodowiska. Wyniki badan otrzymanych w niniejszej pracy uprawniajg do sformutowania

nastepujacych wnioskdéw i stwierdzen koricowych:

1. Szczep U. isabellina wykazuje wysoka aktywnos$é w eliminacji 4-nonylofenolu, 4-tert-
oktylofenolu oraz 4-kumylofenolu ze sSrodowiska wzrostu.

2. Badane procesy mikrobiologicznej eliminacji zwigzkéw fenolowych zachodzg poprzez
ich degradacje inicjowang procesami hydroksylacji, prowadzgc do wytworzenia mniej
toksycznych metabolitéw posrednich.

3.  Wysoka tolerancja U. isabellina na obecnosé Pb, Ni, Mn i Zn w podtozu wzrostowym
jest zwigzana gtéwnie z biosorpcjg jondw metali w obrebie struktur powierzchniowych
grzyba.

4. Uwidoczniona zaleznos¢ miedzy szybkoscig rozktadu NP, 4-t-OP oraz CP i zmianami w
strukturze strzepek U. isabellina wskazuje, ze biotransformacja ksenobiotykéw
fenolowych ogranicza szkodliwy wptyw tych zwigzkédw na morfologie grzyba.

5. Jednoczesne usuwanie z pozywki wzrostowej zwigzkéw fenolowych i metali ciezkich
przez U. isabellina prowadzi do redukcji toksycznego wptywu zanieczyszczen na reakcje
biologiczne organizméw wskaznikowych reprezentujgcych szeroki zakres taksondow
réznych poziomodw troficznych.

6. Grzyb U. isabellina charakteryzuje sie zdolnoscig do eliminacji lotnych fenoli
i detoksykacji zanieczyszczenn obecnych w odciekach pochodzgcych ze sktadowiska
odpaddéw przemystowych dawnych Zaktadéw Produkcji Barwnikéw ,,Boruta”
w Zgierzu.

7. Rezultaty badan przygotowanych w ramach prezentowanej pracy doktorskiej
uwidaczniajg przydatnos$é badanego grzyba do oczyszczania skazonych matryc, w tym

Sciekdw przemystowych, co moze réwniez stanowic interesujgca alternatywe dla
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czesto kosztownych i nieprzyjaznych dla $rodowiska fizykochemicznych metod

eliminacji substancji toksycznych.
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VI. Streszczenie

4-nonylofenol, 4-t-oktylofenol, 4-kumylofenol, liczne fenole lotne, a takze wybrane
metale ciezkie sg zaliczane do zwigzkéw toksycznych zaburzajgcych prawidtowe

funkcjonowanie uktadu hormonalnego ludzi i zwierzat.

Prezentowana rozprawa doktorska miata na celu charakterystyke proceséw degradacji
i detoksykacji 4-nonylofenolu, 4-tert-oktylofenolu 4-kumylofenolu przez grzyb mikroskopowy
Umbelopsis isabellina. Realizowane badania obejmowaty ponadto ocene zdolnosci grzyba do
usuwania wybranych jonéw metali ciezkich ze srodowiska wzrostu. W pracy podjeto takze
ekotoksykologiczng analize proceséw eliminacji 4-nonylofenolu, 4-tert-oktylofenolu,
4-kumylofenolu oraz metali ciezkich przez szczep U. isabellina z uzyciem testéw
wykorzystujgcych bioindykatory reprezentujgce rézne poziomy faicucha troficznego.
Poddano réwniez ocenie efektywnos¢ U. isabellina do usuwania i detoksykacji lotnych fenoli

zawartych w odciekach ze sktadowiska odpadéw niebezpiecznych.

W pierwszym etapie badan, ktérych wyniki zostaty przedstawione w publikacji P1,
wykazano zdolnos¢ U. isabellina do eliminacji NP, 4-t-OP i CP z podtoza wzrostowego. Ubytek
okoto 96 % poczatkowej zawartosci ksenobiotykéw w pozywce (25 mg/l) zaobserwowano po
24 godzinach inkubacji. Analizy chromatograficzne ekstraktéw pohodowlanych, umozliwity
zidentyfikowanie kilku posrednich produktéw biotransformacji NP, 4-t-OP i CP, wskazujac na
potencjat grzyba do degradacji badanych zwigzkéw fenolowych. Rozktad NP i 4-t-OP przez U.
isabellina inicjowany byt procesami hydroksylacji koricowego atomu wegla we fragmentach
alkilowych ksenobiotykdw, po ktdérych nastepowato utlenienie grupy hydroksylowej
i stopniowe skracanie tanicucha alifatycznego czasteczki. Biotransformacja CP zachodzita
prawdopodobnie poprzez hydroksylacje atomu C grupy metylowej (C-8 lub C-9) a nastepnie
utlenienie odpowiednio powstatej grupy karboksylowej. W ramach prowadzonych badan
analizowano ponadto wptyw testowanych zwigzkdw fenolowych oraz powstajgcych w trakcie
ich rozktadu intermediatow na szybkos¢ wzrostu i morfologie grzybni U. isabellina.
Zaobserwowano, ze ekspozycja grzyba na dziatanie NP, 4-t-OP i CP powodowata powstawanie
zmian w strukturze strzepek (wewnatrzkomodrkowe ziarnistosci) , ktore zanikaty w czasie
prowadzenia hodowli co wskazywato na zmniejszenie toksycznosci srodowiska wzrostu

drobnoustroju w trakcie badanych proceséw degradacyjnych. Zastosowanie testow
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ekotoksycznosci potwierdzito wczesniejsze obserwacje, iz procesy biotransformacji
substratéw fenolowych prowadzity do spadku toksycznosci hodowli wzgledem zastosowanych

bioindykatoréw.

Zakres badan, opisanych w publikacji P2, obejmowat przede wszystkim ocene zdolnosci
U. isabellina do biosorpcji i akumulacji metali ciezkich: Ni, Pb, Zn, Mn. Efektywnos¢
wychwytywania testowanych jonéw metali przez grzybnie drobnoustroju wynosita od 74,3 mg
dla PB do 6,8 mg dla Ni na gram suchej masy. Otrzymane w trackie doswiadczen wyniki
wskazaty ponadto, ze dominujgcym mechanizmem pobierania jonéw metali przez grzyba jest
sorpcja do powierzchniowych struktur komoérkowych. Rezultaty przeprowadzonych
doswiadczen pozwolity takie wykaza¢ aktywnos$é U. isabellina do jednoczesnej eliminacji
ksenobiotykéw fenolowych oraz metali ciezkich z podtoza hodowlanego. Réwnoczesna
suplementacja pozywki wzrostowej NP, 4-t-OP i CP oraz Pb, Ni, Mn i Zn hamowata zaréwno
efektywnos$é wychwytywania przez drobnoustréj jonéw metali jak i eliminacje NP, 4-t-OP i CP
w pordwnaniu z poziomem ich ubytku w hodowlach traktowanych osobno badanymi

zanieczyszczeniami.

Ostatnim realizowanym w niniejszej rozprawie etapem badan opisanych
w manuskrypcie P3 byfa przede wszystkim ocena catkowitego ryzyka przez wszystkie zwigzki
zawarte w kulturach grzybowych, powstajgce podczas biodegradacji NP, 4-t-OP i CP, poprzez
zastosowanie wielogatunkowych testow toksycznosci. Analizy ekotoksykologiczne
uwidocznity zmniejszenie szkodliwego wptywu filtratéw pohodowlanych w trakcie inkubacji
drobnoustroju z zanieczyszczeniami wobec wszystkich testowanych bioindykatoréw.
Przeprowadzone w pracy doswiadczenia ukazaty ponadto potencjatu U. isabellina do redukciji
fenoli lotnych z odciekdw przemystowych dawnych Zaktadéw Produkcji Barwnikéw ,,Boruta”
w Zgierzu. Wykonane analizy wykazaty zaréwno spadek ilosci VPs w trakcie hodowli grzyba
suplementowanych odciekami jak i zmniejszenie toksycznego wptywu przesaczy na organizmy

wskaznikowe.

Przeprowadzone badania dostarczajg dowoddw skutecznosci redukcji zagrozen
generowanych przez toksyczne ksenobiotyki fenolowe oraz metale ciezkie w wyniku proceséw
ich mikrobiologicznej eliminacji i degradacji, wskazujgc na potencjat wykorzystania grzyba
U. isabellina jako efektywnego narzedzia do bioremediacji srodowisk skazonych organicznymi

i nieorganicznymi zanieczyszczeniami.
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VII. Abstract

4-nonylphenol, 4-t-octylphenol, 4-cumylphenol, numerous volatile phenols, and
selected heavy metals are classified as toxic compounds that disrupt the proper functioning

of the endocrine system of humans and animals.

The presented dissertation was aimed at the characterization of the degradation and
detoxification processes of 4-nonylphenol (NP), 4-tert-octylphenol (4-t-OP) and
4-cumylphenol (4-CP) by the microscopic fungus Umbelopsis isabellina. The conducted
research also included the assessment of the fungus' ability to remove selected heavy metal
ions from the growth environment. The study also undertook an ecotoxicological analysis of
the elimination processes of 4-nonylphenol, 4-tert-octylphenol, 4-cumylphenol and heavy
metals by the U. isabellina strain by performing tests using bioindicators representing
different levels of the trophic chain. The effectiveness of U. isabellina for the removal and
detoxification of volatile phenols contained in the leachate from a hazardous waste landfill

was also assessed.

In the first stage of the research, the results of which were presented in the publication
P1, the ability of U. isabellina to eliminate NP, 4-t-OP and CP from the growth medium was
demonstrated. A loss of about 96% of the initial content of xenobiotics in the medium (25
mg/l) was observed after 24 hours of incubation. Chromatographic analyzes of post-culture
extracts allowed the identification of several intermediate products of NP, 4-t-OP and CP
biotransformation, indicating the fungus' potential to degrade the phenolic compounds
tested. The decomposition of NP and 4-t-OP by U. isabellina was initiated by the processes of
hydroxylation of the terminal carbon atom in alkyl fragments of xenobiotics, followed by
oxidation of the hydroxyl group and gradual shortening of the aliphatic chain of the molecule.
CP biotransformation probably took place by hydroxylation of the C atom of the methyl group
(C-8 or C-9) and then oxidation of the correspondingly formed carboxyl group. As part of the
research, the influence of the tested phenolic compounds and the intermediates formed
during their decomposition on the growth rate and morphology of the mycelium of
U. isabellina was also analyzed. It was observed that the fungal exposure to NP, 4-t-OP and CP
caused changes in the structure of the hyphae (intracellular granules), which disappeared

during cultivation, indicating a reduction in the toxicity of the microorganism growth
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environment during the degradation processes studied. The use of ecotoxicity tests confirmed
the earlier observations that the processes of biotransformation of phenolic substrates led to

a decrease in the toxicity of the culture in relation to the bioindicators used.

The scope of the research described in publication P2 included the assessment of
U. isabellina’s ability to biosorb and accumulate heavy metals: Ni, Pb, Zn, Mn. The efficiency
of capturing the tested metal ions by the microbial mycelium ranged from 74,3 mg for PB to
6,8 mg for Ni per gram of dry fungal mass. The results obtained during the experiments also
indicated that the dominant mechanism of metal ion uptake by the fungus is sorption to the
surface cell structures. The results of the conducted experiments also allowed to demonstrate
the activity of U. isabellina for the simultaneous elimination of phenolic xenobiotics and heavy
metals from the culture medium. Simultaneous supplementation of the growth medium with
NP, 4-t-OP and CP as well as Pb, Ni, Mn and Zn inhibited both the efficiency of metal ion
capture by the organism and the elimination of NP, 4-t-OP and CP compared to the level of

their depletion in the cultures treated separately tested pollutants.

The last stage of the research described in the P3 manuscript was assessment of the
total risk by all compounds contained in fungal cultures, formed during the biodegradation of
NP, 4-t-OP and CP, through the use of multispecies toxicity tests. Ecotoxicological analyzes
showed a reduction in the harmful effect of post-culture filtrates during the incubation of the
microorganism with contaminants against all tested bioindicators. The experiments carried
out in the study also showed the potential of U. isabellina to reduce volatile phenols from
industrial leachate of the former "Boruta" Dye Production Plant in Zgierz. The performed
analyzes showed both a decrease in the amount of VPs during the cultivation of the fungus
supplemented with leachate and a decrease in the toxic effect of filtrates on the indicator

organisms.

The conducted studies provide evidence of the effectiveness of reducing the risks
generated by toxic phenolic xenobiotics and heavy metals as a result of the processes of their
microbiological elimination and degradation, indicating the potential of using the U. isabellina
fungus as an effective tool for the bioremediation of environments contaminated with organic

and inorganic pollutants.
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Monylphenol (NP), 4-tert-octylphenol (4-r-0P) and 4-cumylphenol (4-CP) are pollutants that are known
as endocrine disruptors mainly due to their estrogen-mimicking activity. These phenolic substances are
used in a wide range of industrial and commercial applications. In the present study, biodegradation of
tNP, 4-t-0P and 4-CP using the non-ligninolytic fungus Umbelopsis isabelling was investigated. After 12 h
of incubation, more than 90% of initially applied tNP, 4-r-OP and 4-CP (25 mg L™") were eliminated.
GC=MS analysis revealed sewveral derivatives mainly (hydroxyalkyl)phenols. Moreover, xenobiotic
biotransformation led to the formation of intermediates with less harmful effects than the parent
compounds. For all xenobiotics, a decrease in growth medium toxicity was observed, using Artemia
franciscana and Daphnia magna as bicindicators. The results indicate that U isabelling has potential in
the degradation and detoxification of contaminants with endocrine activity. Moreover, this is the first
report demonstrating that a microorganism is capable of effective 4-CP elimination.

@ 2015 Elsevier Ltd. All rights reserved.

1. Introduction

hormones or by interfering with hormone receptors and biosig-
nalling pathways. These are defined as EDCs, or endocrine disrupt-

The environmental release and fate of numerous organic chem-
icals have attracted increasing attention because of their potential
adverse health effects. Numerous environmental pollutants are
known to disturb endocrine functions by mimicking natural
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ing compounds. 4-tert-octylphenol (4-t-0OP), 4-cumylphenol (4-CP)
and technical nonylphenol (tNP) are among the most frequently
detected EDCs in different environmental matrices (Soares et al.,
2008; Ying et al., 2002). 4-¢-0P and tNP oceur mainly in the envi-
ronment as incomplete microbial transformation products of
nonyl- and octylphenol polyethoxylates, which are widely used
as non-ionic surfactants in household products and in many indus-
tries as detergents, emulsifiers, plasticizers or preservatives (Ying
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et al., 2002). 4-CP is commonly used in the production of effective
stabilizers for fuels, oils, polymers, and rubbers, These compounds
are discharged into the environment mainly due to the insufficient
effectiveness of conventional wastewater treatment facilities. As a
consequence, they are ubiquitously found in various environmen-
tal compartments such as surface water and groundwater, sedi-
ments, soil and the atmosphere (Soares et al., 2008; Zuo and Zhu,
2014; Lu and Gan, 2014a). Moreover, 4-CP, 4-t-OP and tNP tend
to adsorb onto surface water particles and accumulate in aquatic
organisms, which causes their transfer and accumulation with
increasing trophic level and thereby poses a serious ecotoxicolog-
ical risk (Junghanns et al., 2005). Numerous papers have demon-
strated that the exposure to 4-CP, 4-t-OP and tNP results in
different adverse effects in various organisms, e.g., fish and inver-
tebrates. For instance, these compounds have been shown to inter-
fere with sexual development and reproductive function (Soares
et al., 2008; Zuo and Zhu, 2014). Additionally, several reports have
suggested that they affect the human body, for example, inducing
hormone-dependent cancers and causing immune dysfunction
(Inadera, 2006; Lee and Choi, 2013). Due to the widespread pres-
ence of 4-CP, 4-t-OP and tNP in the environment and their high
toxicity and persistence, it is important to investigate biodegrada-
tion processes that can reduce the risks posed by these xenobiotics.
Furthermore, because the current conventional treatment
techniques cannot effectively remove 4-CP, 4-t-OP and tNP, the
development of effective methods to eliminate these compounds
from various environments, and especially methods that use
microorganisms, is strongly recommended (Girlanda et al., 2009).

The information about pollutant biodegradation and detoxifica-
tion by microorganisms enables not only new potential applica-
tions in bioremediation but also improves the understanding of
the fate of these compounds in the environment and allows the
assessment of the ecotoxicological risk caused by their derivatives
(Cajthaml et al., 2009; Chen et al., 2015; Lu and Gan, 2014a; Zeng
etal, 2013; Zhang et al,, 2013), Therefore, the results presented in
this work on 4CP, 4-t-OP and tNP biodegradation by Umbelopsis
isabellina can be used to develop effective methods for removing
these xenobiotics from contaminated environments such as water,
sediment or soil.

Many studies have focused on the microbial degradation of NP
and 4-t-OP (Cajthaml et al., 2009; Gao et al., 2011; Junghanns et al.,
2005; Kolvenbach and Corvini, 2012; Rézalska et al., 2015; Toyama
et al,, 2011; Moon and Song, 2012). In contrast, the mechanisms of
their biotransformation have not been investigated sufficiently (Lu
and Gan, 2014b; Girlanda et al,, 2009). The reports concerning
potential derivatives and the biotoxic effects of these processes
are very limited. To the best of our knowledge, there is no informa-
tion available about the microbial biotransformation of 4-CP.
Therefore, in this study, the biodegradation of 4-CP, 4-t-OP and
tNP by the non-ligninolytic filamentous fungus U. isabellina was
examined. The biotransformation processes were characterized
by identifying several intermediates. Special attention was also
paid to the evaluation of changes in the toxicity of fungal cultures
during cultivation.

2. Methods
2.1. Chemicals

Technical nonylphenol (purity > 84%), 4-tert-octylphenol
(purity > 97%) and 4-cumylphenol (purity 99%) were purchased
from Sigma-Aldrich (Germany). N,0-bis-(trimethylsilyl)-trifluoroa
cetamide (BSTFA) was obtained from Merck (Germany). Other
solvents and high-purity analytical reagents were supplied by
POCH (Poland) and ].T. Baker (Holland).

2.2. Microorganisms and growth conditions

The filamentous fungus U. isabellina originated from the Culture
Collection of the Department of Industrial Microbiology and
Biotechnology, University of Lodz, Poland. Fungal spores from
10 days old cultures on ZT slants (Rozalska et al.,, 2010) were used
to inoculate of 20 mL Sabouraud medium (Difco) and precultured
for 24 h at 28 °C on a rotary shaker (150 rpm). Then, precultures
were transferred to fresh medium (at a 1:9 dilution) containing
xenobiotics. In each experiment, tNP, 4-t-OP or 4-CP was added
to a final concentration of 25 mg L™" (stock solution 5 mg mL™",
dissolved in 96% ethanol). Fungal cultures were incubated with
agitation (150 rpm) at 28 °C in the dark. Biotic cultures and abiotic
controls were also prepared. Furthermore, inactivated fungal cul-
tures were prepared by adding sodium azide (500mglL~")
(Junghanns et al., 2005).

2.3. Biomass estimation

All the tested fungal cultures were filtrated through a
preweighed filter membrane (Sartorius, 0.45 pm pore size) and
air-dried in an oven at 105 °C to obtain a constant weight.

2.4. Sample extraction and GC-MS analysis

Whole fungal cultures were homogenized using a FastPrep-24
bead mill homogenizer (MP Biomedicals, Santa Ana, CA, USA) and
then acidified to pH 2. Each sample was then extracted three times
with 1:1 ratio of ethyl acetate, dried over anhydrous sodium sul-
fate and evaporated to dryness by nitrogen gas stream. After
extraction, the organic phase was redissolved in ultra pure ethyl
acetate and derivatized with BSTFA according to a previously
described method (Rézalska et al, 2010). The concentrations of
xenobiotics and metabolites were analysed using a 7890A gas
chromatograph equipped with a 5975C mass spectrometer (Agi-
lent Technologies, USA). The samples (1.6 uL) were introduced into
a split injector (split ratio 10:1) and heated to 280 °C, and separa-
tion was achieved on a HP-5 MS capillary column (30 m, 0.25 mm
internal diameter, 0.25 um film thickness; Agilent Technologies,
USA). The helium carrier gas flow was held constant at
1.2 mLmin~". The column temperatures applied were: 80 °C for
2 min, ramped to 210 °C at 20 °C min™', increased to 225 °C at 2 °-
Cmin~' and further increased to 300 °C at 20 °C min~" and held at
300 °C for 3 min. Analysis was conducted in a full-scan mode over
an m|z range of 40-450 amu. Identification of tNP, 4-t-OP and 4-CP
metabolites was carried out on the basis of retention times and
mass spectra analysis as described previously (Krupinski et al.,
2013; Roézalska et al., 2010), completed with an Isotope Calculator
(NIST) and AMDIS software, and confirmed using the NIST08 MS
library. Quantitative analysis was performed using standard
curves, which showed linearity in the range of 0-100 pg mL™" for
all tested xenobiotics.

2.5. Toxicity bioassays

Toxicity levels of filtrates from fungal cultures with tested
xenobiotics were assessed using the Artoxkit M and Daphtoxkit F
toxicity bioassays (Microbiotests, Inc., Mariakerke-Gent, Belgium).
Changes in the toxicity of the samples were determined using lar-
vae of the crustaceans Artemia franciscana and Daphnia magna in
accordance with standard operational procedures. The results of
the tests were expressed as LCsopg (in % dilution), ie., the
concentration of compound leading to 50% mortality of the
tested bioindicators after 24 h, and converted into Toxic Units
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(TU = 1LCso * 100). Lethal concentrations were determined from
the linear portion of each curve using regression analysis.

26, Sratisrical analyses

All experiments were performed in triplicate, and the mean and
standard deviations were calculated. The data were tested by
standard variance ANOVA and followed by Student's [-test to
determine significant differences. The statistical significance level
was set at P = 0.05.

3. Results and discussion

3.1. Elimination and degradation of t-NP, 4-t-0P and 4-CP by fungal
cultures

Study of the tested EDCs showed complete degradation of
xenobiotics by U. isabelling by the end of cultivation i.e, 24 h. More
than 90% of tNP and 4-1-0P was removed after 12 h of incubation
compared with the abiotic controls (Fiz. 1A and C). The same
percentage of 4-CP elimination was observed as early as after 6 h
in U. isabellina cultures (Fig. 1B). In the experiments employing abi-
atic controls and inactivated fungal cultures treated with sodium
azide, all xenobiotic recoveries ranged from 92% to 96%, which
indicates their metabolic biotransformation in fungal cultures.

The hali-life of the described compounds depends on both envi-
ronmental and physicochemical factors and ranges from 1 to
300 days for tNP, from 38 to more than 340 days for 4-CP and from
8 to more than 150 days in the case of 4--0P in different environ-
mental compartments. Elimination and degradation of tNP or its
individual isomers and 4-i-OF were reported both in pure micro-
bial cultures and in environmental samples (soil, sediments and
wastewater) (Cajthaml et al, 2009; Di Gioia et al, 2008:; Girlanda
et al, 2009: Kolvenbach and Corvini, 2012; Moon and Song,
2012; Tamagawa et al., 2007 Toyama et al., 2011). Most of the
available darta on microbial degradation of tNP and 4-r-OP refer
to processes of biotransformation by bacteria or microbial consor-
tia (Gabriel et al., 2008; Lu and Gan, 2014b; Toyama et al, 2011). In
contrast, the number of studies describing the elimination of these
xenobiotics by fungi, especially non-ligninolytic fungi, is limited.
Newvertheless, filamentous fungi exhibit several advantages over
bacteria: they have a particularly high metabolic versatility and
soil colonization efficiency, tolerate considerable amounts of toxi-
cants, and produce enzymes that can reach contaminants with
poor bicavailability (Girlanda et al., 2009; Soares et al., 2005). In
this work, the elimination half-life values of the tested compounds
(initially added to the culture at 25 mg L") were approximately
4 h for tNP and 4-1-0OP and 3 h for 4-CP. A comparison of the tNP

and 4-t-0P disappearance rates obtained in this work and in other
studies indicates that [l isabelling has a higher degradation
efficiency than other fungi. In a study by Soares et al. (2005) that
used NP at a concentration of 100 mg L=', a 50% reduction of the
xenobiotic was observed in ligninolytic Bjerkandera sp. BOL13
and Trametes versicolor fungal cultures after 5 days of cultivation.
Another paper reported that the half-life of nonylphenol was
approximately 15 and 17 days in UHH 1-6-18-4 and Clavariopsis
agquatica fungal cultures, respectively, when applying almost the
same initial concentration of tNP (22 mg L™") used in the present
study (Junghanns et al, 2005). Removal of more than 50% of the
applied xenobiotic by white rot fungi was also documented to
occur at 14 days for Plewrotus ostreatus and [rpex lacteus and at
Tdays for T. wersicolor and Stereum hirsutum with the initial
amount of tNP lower than that applied in U. sabelling cultures (2,
5 and 1 mgL-", respectively) (Cajthaml et al, 2009: Castellana
and Loffredo, 2014} To the best of our knowledge, only a few stud-
ies reported tNP elimination rates by fungal cultures higher than
those obtained in this work (Moon and Song, 2012; Tamagawa
et al., 2007). Unfortunately, the authors did not structurally iden-
tify tNP isomers or examine toxicity changes during the analysed
processes. Potential intermediates that are direct evidence of
xenobiotic biotransformation were also not identified.

Based on the analysis of the mass distribution of fragment ions,
isomers of NP were divided into 5 groups (Supplementary Fig. 1),
depending on their structure relative to o- and p-carbons of the
alkyl chain (Gabriel et al., 2008; Lu and Gan, 2014b). Fragment ions
mfz 107, 121, 135, 149, 163 and 191 were selected to structurally
classify different types of the 17 separated NP isomers (comprising
approximately 94% of total tNP), and the identification process was
performed as proposed previously (Katase et al, 2008; Wu et al
2010} Four types of fragment ions, mfz 121, 135, 149 and 163,
were used for quantification calculations of individual NP isomers.

The results obtained in this work showed that there was no sig-
nificant correlation between the removal rate of NP isomers and
the degree of branching in the alkyl substituent in their structure.
The data presented in Fig. 2 indicate that during incubation of the
fungus with tNP, all analysed groups of isomers were transformed
simultaneously. These data suggested a non-isomer-specific degra-
dation of tNP by U. isabellina. These findings are in contrast to the
resiilts described for some other NP microbiological degradation
processes; however, significant differences in the susceptibility of
NP isomers to biodegradarion have been documented in numerous
papers [(Das and Xia, 2008; Gabriel et al., 2008; Ikunaga et al_, 2004;
Lu and Gan, 2014b). Biotransformation of different single NP iso-
mers by the bacteria Sphingomonas sp. TTNP3 showed that the
degradation was more efficient for a-methyl-a-ethyl isomers than
for isomers with the a2-dimethyl structure (Kolvenbach and
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Corvini, 2012). Gabriel et al. (2008) demonsirated that the bac-
terium Sphingomonas xenophaga Bayram preferentially degraded
NP isomers when the a-position was less bulky, whereas Das and
Xia (2008) reported that degradation of NP isomers with the
a-methyl-a-propyl structure were transformed more slowly than
the other tested isomers during biosolid composting. Biodegrada-
tion of tNP by Sphingobium amiense also showed isomer selectivity.
Isomers with the 2-dimethyl and s-ethyl-z-methyl substituents
were removed by these bacteria more quickly than were isomers
with the x-methyl-2-propyl structure (lkunaga et al, 2004)
Another study showed that the biodegradability of tNP by micro-
bial consortia in river sediments also strongly depended on the
structures of the isomers. NP isomers with a short side chain and
bulky a-substituents were more recalcitrant to biotransformation
({Lu and Gan, 2014b). Therefore, the authors concluded that
biodegradation of different tNP isomers was significantly influ-
enced by the length of the main alkyl chain and the substitution
pattern at the =- and p-carbon, which relate to steric constraints.
However, only one paper documented non-isomer-specific micro-
bial biotransformation of tMP, that is, removal by the bacterium
Sphingomonas cloacae (lkunaga et al, 2004). To the best of our
knowledge, the results obtained in this work are the first o
describe a filamentous fungus capable of eliminating total tNP dur-
ing 12 h of incubation, concurrently indicating that the removal
rates of different isomers of tNP do not depend on the substitution
pattern of the % and -carbons.

While the processes of tNP biodegradation by microorganisms
have been described by several studies, less information is avail-
able about the microbial removal of 4-i-0P. Moreover, only a few
reporis have focused on the biodegradation of octylphenols by
pure fungal cultures or microbial communities, and 4-t-0P degra-
dation by filamentous fungi has not been investigated sufficiently.
The half-life values for this xenobiotic in the ligninolytic fungus
Phanerochaete sordida YK-624 cultures were approximately 12
times higher than the results obtained in this study; they were also
at a lower initial concentration of 4-r-OP (20 mg L=") (Tamagawa
et al., 2007). The potential for the white-rot fungus Marasmius
guercophilus to degrade 4-f-0OP has also been reported (Farnet
et al, 2011). Although that study used a higher initial amount of
xenobiotic than was used in this study, they found that M. guer-
cophilus cultures almost completely removed the 4-i-0PF by
20 days. Degradation of 4-(-0P was also tested in cultures of [ [ac-
reus and T. versicolor (Moon and Song, 2012) The authors who
demonstrated a significant reduction of tNP by these ligninolytic
fungi also indicated their ability to effectively remove 4-r-OP.
The observed 4-t-0P elimination rates in L lacteus and T. versicolor
cultures were higher than those reported in this work and ranged
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from 46% to 100% after 3 h of cultivation, respectively. One caveat
of that work, howewver, is that in contrast to our research, and as
was the case in the studies with NP, no intermediates of 4-1-0OP
transformation were shown, and no toxicity changes during the
elimination processes were detected.

In contrast to NP and 4-t-0OP, there are currently no studies on
the microbiological degradation of cumylphenol. Therefore, this
is the first report demonstrating a microorganism capable of
biotransforming this xenobiotic. Only a few studies have focused
on the decomposition of 4-CP through physical or chemical path-
ways (Xiao et al, 2015). Nevertheless, 4-CP removal by fungi
maybe a safer, less invasive and more cost-effective alternative
for bioremediation processes than applied conventional physico-
chemical treatment technigues.

As mentioned above, most papers address the removal of (NP
and 4-t-0F by ligninolytic fungi. However, it should be noted that
non-ligninolytic fungi offer certain advantages owver white-rot
fungi because of their rapid colonization of different environmen-
tal compartments, higher competitive abilities, ecological plasticity
and faster metabolic processes (Krupinski et al., 2014). For these
reasons, the use of U. isabelling could be a convenient tool for the
decontamination of different xenobiotic-polluted areas. Only a
few studies have reported non-ligninolytic fungi capable of effec-
tively degrading individual NP isomers, especially of those with
non-branched aliphatic chains (4-n-NP), which are not present in
the NP technical mixture (Krupifiski et al, 2013; Lu and Gan,
2014b: Rézalska er al, 2010) However, these data should not be
compared with the results obtained in the present study because
it is more appropriate to use total tNP than to use single isomers
in environmental studies. This is because tNP has practical applica-
tions in industry and agriculture and is characterized by higher
toxicity and estrogenic activity compared with single NP isomers
(Gabriel et al., 2008).

GC-MS analysis identified several potential intermediates in
fungal cultures treated with tNP, 4-t-0F and 4-CP. The identified
products obtained from the metabolism of xenobiotics are shown
in Supplementary Fig. 2 and Table 1. Intracellular extracts of
L. izabelling grown on tNP and 4-t-0F contained mainly (hydrox-
yalkyl)phenols. Mass spectrometric analysis revealed the presence
of 2-hydroxy-2-{3-hydroxyphenyl)acetic acid and 2-hydroxy-3-{4-
hydroxyphenyl)propanocic acid in the cultures with 4-t-0F and
4-hydroxybenzoic acid and benzene-1,4-diol in the extracts from
cultures treated with 4-f-0P and tNP. This implies that the degra-
dation of alkylphenols by U. isabelling was most likely initiated by
hydroxylation of the terminal carbon in the alkyl moiety. Subse-
quently, oxidation of the hydroxyl group of the corresponding car-
boxylic acid and further shortening of the aliphatic chain through
subterminal or terminal carbon oxidation occurred, and p-
quinone was formed as the final intermediate. This suggests that
tNP and 4-t-0F were metabolized by the fungus via similar path-
ways. Alkyl-chain oxidation intermediates of NP were also found
in other fungal cultures. In our previous study, we identified 4-
hydroxybenzoic acid and several alkoxyphenol derivatives in
Aspergillus versicolor cultures with 4-n-NP (Krupifiski et al., 2013).
4-hydroxybenzoic acid was also identified as a product of tNP
degradation by the aguatic fungus UHH 1-6-18-4 (Junghanns
et al, 2005). Moreover, the alkylphenols formed as degradation
products of U. isabelling were similar to those proposed in Glio-
cephalotrichum simplex (Rdzalska et al., 2010). The metabolism of
4-p-NP by this fungus led to the detection of two intermediates
identical to those found in this study: 2-hydroxy-2-(3-hydroxyphe
nyl)acetic acid and 4-hydroxybenzoic acid. Based on the identified
derivatives, the authors of the above studies concluded that NP
degradation pathways proceeded via terminal hydroxylation of
the alkyl chain followed by subterminal oxidation processes.
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Table 1

Mass spectral data of 4-1-0P, tNP and 4-CP biodegradation products in U, isshelling culiures.

Metabolite [TMS derivatives) Substance  Retention Chemical — Molecular  Mass spectrum mjz (10 largest ions, relative intensity)
tieme | rmin| formula e ght
2-Hydrasy-2- hydroxyphenyl) 4-[-0F 927 CroHaz045is 38469 267(99.9), 73(57.2), 268(24.8). 147(16.3), 269(14.2), 341{10.1), 75
acetic acid, tri-TMS (B.2), T4{7.3), 45(7.2), 34H{4.2)
2-Hydrasy-3-{ d-hydroxyphenyl) 4-[-0F 1144 CisHasDaSiy 39872 179(99.9), 73(80.3), 147(24.3). 308(18.1), 180(17.3), T5(12.3), 45
propanoic acid, tri-TMS {B.3), T4{6.9), 14B(3.9), 281(3.1)
Benzene-1 4-diol, di TMS 4-1-0P 615 CpaHpn0.58; 25448 239(99.0), 256(77.0), T3(4B.7) 240(29.5), 112(22.8), 257(21.5), 241
NP {162} 258(14.8), 133(2.7), 75(3.2)
4-Hydraxybenzobc acid, di-TM5 4-1-0P 644 CraHzz055i; 28249 267(99.9), 223(72.4), T3(6B.1). 193{60.8), 282(23.7), 268(22.0), 224
NP 4-CP {16:4) 126{15.5), 194(11.2), 45(10.2)
2-{4-Hydroxyphenyl) acetic acid, di-  4-CP 660 CrqHz0n5i; 29650 73(99.9), 179(19.5), T5(18.2), 164(11.1L 74{0.8), 45{05) 25(7.11
™5 2E1(6.8), 296(6.5), 224(5.5)
2-{4-Hydroxyphenyl}-2- 4-CP 1237 CoiHanDhSiz  386.63 357(99.9), 372(47.8), T3(45.4). 358{32.9), 373(16.0), 103(13.3). 359

phenylpropancic acid, di-TMS

(121}, 119(7.7) 269(6.6), 75(6.3)

Therefore, a similar mechanism is proposed for NP biotransforma-
tion by U isabelling. The mechanism for 4-t-0P degradation starts
with the shortening of its alkyl moiety, which most likely occurred
simultaneously with the detachment of methyl groups from the -
C. Although the cleavage of the alkylphenols aromatic ring was not
confirmed in this study, the detection of p-quinone and 4-
hydroxybenzoic acid implied their subsequent conversion into
organic acid and €0, due to their lower resistance to biodegrada-
tion and higher bioavailability than 4-t-0OP and tNP (Junghanns
et al., 2005; Kolvenbach and Corvini, 2012).

There are no studies addressing the possible metabolic path-
ways for the microbial decomposition 4-CP. In our experiments
with the L. isabellina strain, the presence of three metabolites iden-
tified as 244-hydroxyphenyl)-2-phenylpropanoic  acid, 2-(4-
hydroxyphenyl) acetic acid and 4-hydroxybenzoic acdd were
detected in cultures supplemented with 4-CP. This is the first study
reporting the intermediates formed during the biodegradation of
this xenobiotic. The results of the gualitative analysis suggest that
4-CP decomposition was initiated by the hydroxylation of the C
atom of a methyl group (C-8 or C-9) and subsequent oxidation of
the corresponding carboxyl group. Further degradation most likely
occurred via several rearrangements, and cleavage of the C-C bond
between the aromatic moieties in two possible routes resulred in
the formation of 2-{4-hydroxyphenyl) acetic acid and 4-
hydroxybenzoic acid. 4-CP is structurally very similar to bisphenal
A (BPA), whose mechanisms of biodegradarion have been proposed
in several papers. BPA transformation by Pseudomonas sp. strain
MWV1 showed metabolites with a chemical structure corresponding
to the 4-CP derivatives produced by U isabelling (Zhang et al,
2013). Thus, it is hypothesized that metabolism of BPA by
Pseudomenas sp. strain MV1 and 4-CP by U isobeiling may follow
a similar pattern.

3.2 Toxicity assessment

Biodegradation results in the complete or partial decomposition
of xenobiotics. These metabolic processes may lead to the forma-
tion of intermediates with more harmful effects than the original
compound. To evaluate the toxicity changes during the biotrans-
formation of 4-CP, 4--0PF and (NP by U. isabelling, Artoxkit M
and Daphtoxkit F bioassays were applied. The ecotoxic effects of
filrates from fungal cultures were assessed using bioindicator spe-
cies from different ecosystems, ie, A franciscona as a marine
organism and . magna as a freshwater species. These water crus-
taceans have been used to test the toxicity of different environ-
mental matrices, microbial culture samples and many pollutants
such as pesticides, dyes, mycotoxins and other xenobiotics
(Bernat et al_, 201 3; Guida et al., 2008). The results of the toxicolog-
ical studies are presented in Fig. 3. No toxicity of the biotic cultures

(fungal cultures without xenobiotics) was observed in the tested
crustaceans. The biotests indicated that the biodegradation of all
used pollutants by the fungus led to the formation of less-toxic
derivatives. A comparison of the TU values for the abiotic controls
and xenobiotic-treated fungal samples indicated a reduction in
toxicity of greater than six- and seven-fold for cultures with 4-
CP, seven- and eight-fold for tNP and four and six-fold for samples
with 4-t-0P, in A franciscana and D. magna assays, respectively,
after a 24 h incubation. Detoxifying processes were also supported
by microscopic observations. Morphological defects of mycelium
in the cultures supplemented with tNP, 4-t-0P and 4-CP in com-
parison with the biotic control were observed in the first & h of cul-
tivation (Supplementary Fig. 3). The presence of xenobiotics in
fungal cultures resulted in morphological changes in hyphae such
as protuberances and the formation of intracellular nodules. Such
adverse effects may be caused by the effects of tNP, 4-r-0P and
4-CP on the uptake of respiratory oxygen (Karley et al, 1997)
Moreover, the abnormal shape of the hyphae may be a result of
the disruption of the hyphal cytosolic Ca®* gradient or actin
cytoskeleton { Krupifiski et al, 2013). After 6 h of incubation, micro-
scopic analysis revealed a disappearance of the morphological
abnormalities in the mycelium of all tested samples. This was asso-
ciated with the elimination of xenobiotics by the fungus, which
implied that the biodegradation processes lead to a decrease in
the toxicity of the growth medium. Removal of 4-CP, 4-i-0P and
NP was also accompanied by an increase in fungal biomass
(Fig. 1A-C). In all cases, elimination of the tested compound, by
approximately 80-90%, contributed to a significant enhancement
in U isabelling growth. These observations provided further evi-
dence for the reduction of toxicity during biodegradation pro-
cesses. A similar relationship between the growth rate and
kinetics of xenobiotic removal was reported, e.g., in G. simplex cul-
tured with 4-n-NP or IT-4 and IT-5 strains cultured with 4--0P
(Rézalska et al., 2010; Toyama et al., 2011). Only a few studies have
monitored changes in toxicty during microbial biodegradation of
several EDCs. In some cases, the results showed the formation of
metabolites that were more harmful than the original substance,
eg, during removal of tNP by P. ostreatus or 4-n-NP by T. versicolor
(Cajthaml et al, 2009) The experiments carried out in this study
demonstrated a relevant decrease in toxicity corresponding with
biodegradation of the xenobiotic by the fungus. Therefore, these
resiilts may be regarded as evidence of biological treatment lead-
ing to a reduction in the ecotoxicological risk of the xenobiotic.

4. Conclusions

Mumerous studies have demonstrated that biotransformation
processes catalysed by fungi should be considered when address-
ing the environmental fate and biological effect of pollutants such
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as EDCs. This study provides evidence for the effective biotransfor-
mation of 4--0F, iINP and 4-CP by the non-ligninolytic fungus U,
isabelling. Moreover, results show that xenobiotic decomposition
is accompanied by a decrease in the toxicity of the culture medium.
In conclusion, this work indicates a possible role for U. isabelling in
the degradation of contaminants with endocrine activity, which
makes this strain a promising biological tool offering new perspec-
rives for practical applications such as wastewater treatment.
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Figure 3. U. isabellina photographs after 6 h of incubation on Sabouraud medium without
xenobiotics (A) and with tNP (B), 4-CP (C) and 4-t-OP (D). Examples of morphological changes
are marked by arrows.
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1. Introduction

One of the most serious environmental hazards is posed by chemical
factors that affect the endoerine system. Numerous pollutants com-
monly known as endocrine-disrupting compounds (EDCs) have been
recognized to modulate endocrine functions by interfering with the
biosynthesis, transport, release or activity of endogenous hormones
[1,2].

Technical-grade nonylphenol (+-NP), 4-cumylphenol (CP) and 4-tert-
octylphenol (4-t-0OP) are typical phenolic xenobiotics possessing endo-
crine-disrupting activities, mainly known to cause oestrogen-like effects
[3,4]. They are widely used as plasticizers, surfactants, detergents,
emulsifiers and preservatives in many domestic, agricultural and in-
dustrial applications [5-7]. The exposure of wildlife to -NP, CP and 4-t-
OP was demonstrated to cause multiple harmful effects such as dis-
orders of homeostasis, growth, sexual development and reproductive
funetions [5,8,9]. Furthermore, some reports suggest that these che-
micals can also affect human health by inducing hormone-dependent
cancers and by disrupting thyreid function or neurobehavioural de-
velopment [9-12].

Heavy metals are also known to cause a variety of harmful effects on
living species [13]. Manganese (Mn), zinc (Zn), nickel (Ni), lead (Pb)
and cadmium (Cd) have attracted much attention as some of the most
toxic heavy metals found in polluted environments. All of them have
been listed in the ATSDR (Agency for Toxie Substances and Disease
Registry) report (2017 ATSDR Substance Priority List) as priority pol-
lutants constituting serious human health hazards. Many studies have
demonstrated that exposure to high levels of Mn, Zn, Ni, Pb and Cd can
result in disorders of the endocrine system, in particular by modulating
the oestrogenic activity of endogenous hormones [1,2,13-15]. For this
reason, Zn, Ni, Pb and Cd are often termed metalloestrogens.

The co-occurrence of phenolic compounds such as NP, 4-t-OP, and
CP with heavy metals possessing endocrine activity is widespread in
polluted environments [16-19]. The main sources of the emission of
these contaminants into various ecosystems are production, transpor-
tation, storage and industrial, agricultural and consumer usage of
phenolic compounds and heavy metals containing products. The lit-
erature data reveals that these xenobiotics have been detected in the
environment of many countries and regions on different continents. As
a result of their large-scale usage, they can be found in diverse en-
vironmental compartments including: sediments, soil, water (influents
and effluents of sewage treatment plants, lakes, rivers, marine areas)
and biota samples. All organic and inorganic pollutants used in this
work were detected i.a. in the Dianchi Lake (China) and rivers flowing
into it in China (in both surface water and sediments) [20-22]. More-
over, phenolic compounds were also identified in fish musele samples
collected from one of these rivers [20]. The coexistence of heavy me-
tals, 4-tert-OP and NP was also observed in sediments from the Dokai
Bay, Japan [23]. In Europe, Ni(II), Pb(II), Zn(II), Mn(Il) and phenolie
compounds with endocrine activities were reported to simultaneously
occur ia. in the Elbe River (Germany) and Jarama River (Spain)
[24-27]. Most of these xenobiotics have been also detected in muni-
cipal wastewater treatment plant effluents in Austria, whereas in the
USA the tested contaminants were found e.g. in drinking water samples
[28,29]. Therefore, the simultaneous removal of these toxicants in re-
mediation processes is highly important for the protection of both the
environment and human health. Moreover, the combined toxicity of
such co-contaminated sites is often higher than that of areas con-
taminated with a single pollutant [30-32]. The treatment of such multi-
polluted sites is a complex problem because of the mixed nature of the
contaminants, which often necessitates using different purification
methods [17,33]. Accordingly, remediation techniques for the effective
simultaneous elimination of organic and metallic pollutants are needed
[17,33,34].

There are several various physical and chemical techniques used for
the treatment of co-contaminated environments such as: chemical

662

49

Journal of Hozardous Materials 360 (2018) 661-669

precipitation, electrochemical processes, membrane filtration, solvent
extraction. Heavy metals and organic pollutants removal methods also
include coagulation, flocculation, reverse osmosis, ion exchange or
ozone oxidation. However, these conventional physicochemical
methods can be inefficient, time-consuming, highly expensive and often
less than eco-friendly due to their high reagent requirements and sec-
ondary waste generation [34-37]. To overcome these difficulties, many
recent studies have focused on the biotechnological potential of mi-
croorganisms to eliminate toxicants [31,38-40].

However, to date, limited information is available on the simulta-
neous removal of heavy metals and phenolic pollutants by fungi in co-
contaminated environments [17,38]. Although some studies have ad-
dressed the elimination of particular metals and organic xenobiotics
from binary mixtures [21,33], the removal of multiple heavy metals
and organic toxicants from these environments by a single fungal strain
has rarely been investigated and usually refers to the elimination of
polyeyelie aromatic hydrocarbons (PAHs) coexisting with randomly
selected metals [16,17,38]. Moreover, the number of studies reporting
toxicity changes during the simultaneous bicelimination of metals and
organic xenobiotics is limited.

Qur previous work demonstrated the ability of the Zygomycota
fungus Umbelopsis isabellina to degrade phenolic xenobioties that dis-
rupt the endocrine system: 4-CP, t-NP and 4-t-OP [5]. The aim of this
study was to evaluate the resistance of this fungal strain to heavy metals
with endecrine activities and to investigate its capability of metal re-
moval by biosorption and/or bicaccumulation mechanisms. To the best
of our knowledge, the combined effects of particular phenolic xeno-
biotics and heavy metals with endoerine activities on the removal of
both these inorganic pollutants and organic compounds by filamentous
microscopic fungi has not been previously ir gated. The pr d
research examines the influence of 4-CP, t-NP and 4-t-OP on the effi-
ciency of heavy metal removal by U. isabellina. An attempt was also
made to assess the effect of heavy metals on the biodegradation of the
tested xenobiotics when both were present in the culture medium. To
estimate the potential toxicity reduction accompanying bioelimination
processes in the cultures treated with single metallic and single organic
compounds, ecotoxicological assays (Daphtoxkit F and Artoxkit M)
were also conducted. As a result, this paper, for the first time, provides
evidence for the occurrence of detoxification processes during the si-
multaneous removal of phenolic organic and inorganic EDCs by a mi-
croscopic fungal strain. This work indicates a possible of U. isabellina
fungus in the simultaneous elimination of heavy metals and phenolic
pollutants with endocrine activity from co-contaminated environments
which makes this strain a promising biological toel offering perspec-
tives for practical applications in bioremediations processes.

2. Materials and methods
2.1. Microorganisms and growth conditions

The pure culture of U. isabellina used in this study originated from
the Department of Industrial Microbiology and Biotechnology,
University of Lodz, Poland (collection number: IM833). Spores from 10-
12-day-old cultures incubated on ZT slants at 28 °C were used to pre-
pare the inoculum. The fungus was inoculated as a conidial suspension
(initial concentration of 5 x 107 spores mL™") in 100 mL Erlenmeyer
flasks containing 30 mL Sabouraud medium (Difco). The cultivation of
U. isabellina was carried out for 24h at 28°C on a rotary shaker at
160 rpm.

2.2, Effect of the initial metal concentration on fungal growth

The degree of resistance of U. isabellina to heavy metal ions was
determined based on the growth of the fungus in the presence of metals
and was defined as an IC50 and IC10 values (i.e., the metal ion con-
centration that inhibits 50 and 10% of the fungal growth based on
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Fig. 1. Effects of different heavy metal ion concentrations on the growth of UL
isabellina after 24 h of cultivation.

biomass produetion). The metal concentrations that reduced the fungal
growth by 50 and 10% were determined from the linear portion of each
curve by regression analysis (Fig. 1). Metal stock selutions were pre-
pared by dissolving their nitrate salts, Mn(NO3). x 4H:0, Zn(NO3)z x
6H,0, Ni(NOy), X 6H,0, Pb(NO),, and CA(NO,), X 4H,0, in Milli-Q
water and then sterilized by filtration with a syringe filter of 0.22pm
pore size. The stock solutions of individual metals were added sepa-
rately to Sabouraud medium (100mlL) to obtain 2.5-15mM con-
centrations of each heavy metal. The growth experiments were per-
formed in flasks containing fresh medium inoculated with 15%
homogenous 24-h-old fungal cultures (obtained as described in Section
2.1). The fungus was cultivated on a rotary shaker (160 rpm) at 28 °C
for 24 h. At the end of the experiments, the biomass was harvested by
filtration through Whatman No. 1 filter paper and then washed twice
with Milli-Q water and dried at 85 °C to obtain a constant weight.

2.3. Metal bioaccumulation and biosorption analysis

The flasks were inoculated and incubated as described in Section
2.2, Based on the data on the growth of U. isabellina in the presence of
heavy metals, a concentration of each metal corresponding to the IC50
was selected for the biosorption and bioaccumulation studies. Un-in-
oculated culture medium containing the same concentration of heavy
metals was prepared as a control. The metal ion concentrations in dried
fungal biomass were measured by atomic absorption spectroscopy
(AAS). Dry weight of the biomass was obtained as described in Section
2.2, The biosorption process was estimated by the desorption of metals
from previously dried biomass with HCl as the eluent. The HCl-medi-
ated metal desorption was performed by placing 100mg of metal-
loaded biomass in 50 mL of 0.1 M HCl on a rotary shaker at 160 rpm for
30 min at 28 *C. After the desorption step, the biomass was separated by
filtration through a Whatman no. 1 filter paper, then washed 3—4 times
with Milli-Q water and again dried as described above. Each experi-
ment was repeated three times in three independent test series.

2.4. Sample digestion procedures

A Multiwave 3000 microwave system equipped with a 16HF100
rotor (Anton Paar, Austria) was used for the total digestion of the
biomass. The dried fungal biemass (approximately 100 mg) was placed
directly in a vessel made of PTFE-TFM, followed by the addition of a
HNO3/HCIO; mixture (4:1). The details of the microwave heating
programme are given in Table 1. After digestion, the samples were
diluted to 50 mL with Milli-Q water.
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Table 1
Operating conditions for microwave digestion.

Step Pawer (W) Time (min) Fan
1 1200 50 1(14.4L57")
2 0 15 3(438Ls™H)

2.5. Metal determination

The metal ion concentrations were quantified by the use of a 240FS
AA atomic absorption spectrophotometer equipped with a SIPS 20
sample introduction pump system (Agilent, USA). The metal biosorp-
tion/bioaccumulation capacity was calculated as follows: @ = [(C;-Cp)
/ m] V, where Q is the biosorption/bicaccumulation capacity of metal
ion uptake per gram of biomass (mg g ~"); C; is the initial concentration
of metal in solution (mg L™y Cyis the final concentration of metal in
solution after the biosorption/bioaccumulation process (mg L™"); m is
the amount of dry biomass (g); and V is the volume of the liquid
medium (L). The determinations were performed in triplicate.

2.6. Xenobiotic elimination and metal ion removal experiments

The sterilized metal stock solutions were added to the medium to
obtain metal concentrations equal to their IC50 (single metal treated
cultures and binary mixture) or IC10 values (multi metal and xenobiotic
system). Each of the tested xenobiotics (stock solutions SrngmL'],
dissolved in DMSO) was individually added to the same shake flask to
an initial concentration of 25 mgL™!. The amounts of phenolic com-
pounds used in the experiments were the same as applied in the our
previous research conceming separate CP, t-NP and 4-tert-OP de-
gradation by U. isabellina and it corresponded to the concentration,
which inhibited fungal growth no more than 50% compared to biomass
production in cultures without the xenobiotics [5]. All removal ex-
periments were conducted as described in Sections 2.2 and 2.3. The
concentrations of xenobiotics in the extracts from the fungal culture
were measured by a 7890 A gas chromatograph equipped with a 5975C
mass spectrometer (Agilent, USA). The extraction procedures and
quantitative analysis of xenobiotics were performed according to pre-
viously described methods [5]. All experiments were conducted in three
independent tests and each of them was performed in triplicate.

In order to improve the separation of metals and organic xenobio-
tics, pH modification (pH = 2) at the mineralization step (metals) and
extraction step (phenolic compounds) was performed. In the batch ex-
periments, the tested metals recoveries ranged from 92 to 95% for
uninoculated culture media and from 90 to 94% for fungal cultures.
Whereas, the t-NP, 4-tert-OP and CP recoveries were approximately
92-96% for abiotic controls and 91-95% for the U isabellina cultures
until the end of experiment, i.e. 24 h of incubation.

2.7. Toxicity assays

The ecotoxicity effects of filtrates from fungal cultures treated with
heavy metal ions and xenobiotics were analysed by using acute toxicity
tests with bioindicators representative of different aquatic ecosystems:
Artemia franciscana (marine organism) and Daphnia magna (freshwater
species). The biotests were performed with the commercial test kits
Artoxkit M and Daphtoxkit F (MicroBioTest Inc., Belgium) in ac-
cordance with the standard protocols recommended by the producer.
Three independent assays were performed by triplicate and the test
results were expressed as the LC50. The lethal concentration (in % di-
lution) after 24 h (A. franciscana) and 48 h (D. magna) of exposure were
then converted to toxic units (TU = 1,/LCsg x 100).
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Table 2

Inhibitory concentrations of tested heavy metal ions causing a 10 and 50%
reduction in the growth yield of U. isabellina [IC10 and IC50] compared with
that of the untreated control after 24 h of cultivation.

Metal 1C50,24 [mM]) IC10/24 [mM]
Zn(1n) 1310 a1
Pb(ID) 5.04 2.70
Mn(1l) 1115 2.02
Ni(I) 5.08 2.55

2.8. Statistical analysis

Results are given as the mean values *+ standard deviation (SD).
Statistical analyses of the data were performed with the SPSS statistical
package for Windows (version 17), and the means were examined by
one-way analysis of variance (ANOVA). Duncan’s multiple range test
was used to compare the differences in all treatments, and P values <
0.05 were considered statistically significant.

3. Results and discussion
3.1. Growth and metal uptake

The degree of resistance of U. isabellina to heavy metals was esti-
mated based on the measurement of growth inhibition in metal-treated
cultures. Moreover, to analyse metal-specific changes in the growth
pattern of U. isabellina, the 1C50 and IC10 values were calculated
(Table 2). As shown in Fig. 1, the growth pattern of U. Isabellina varied
with the addition of different individual heavy metals. Lower biomass
production compared with that of the control was observed in cultures
supplemented separately with each heavy metal at corresponding
concentrations, showing that the toxicity of the tested metals to UL
isabellina decreased in the order CA(II) > Pb(II) = Ni(II) > Mn(II) = Zn
(I). Considering the metal concentration exposure, Cd(Il) had the
greatest adverse effect on the biomass yield of U. isabellina. When the
initial amount of this metal in the medium was increased to 2.5 mM, the
growth decreased significantly (approximately 87% in comparison with
that of the control). These results corroborate other studies of fungal
resistance to Cd(II), which is generally indicated to be one of the metals
most toxic to all fungi [34]. A similar substantial inhibition effect of Cd
(II) on fungal growth was also previously reported for other Zygomy-
cota strains: Mucor sp. CBRF59 and Ascomycota Paecilomyces mar-
quandii [34,41]. Based on the presented results, Zn(II) and Mn(II) have
been found to be the least toxic to U, isabellina. In the cultures sup-
plemented with the highest initial concentration of these metals
(15 mM), the biomass amount was reduced to approximately 46 for Zn
and 48% for Mn(II) after 24 h of cultivation. A similar relation between
the inhibitory effects of Mn(II) and Zn(II) on fungal growth was re-
ported for Mucor circinelloides, but this strain exhibited approximately
5-fold lower resistance to Mn(II) and Zn(II) exposure than the newly
tested strain [42]. The growth of U. isabellina was also significantly
influenced by Ni(II) and Pb(II) at their respective initial concentrations.
A biomass reduetion of approximately 55% compared with that of the
control was observed in cultures supplemented with 5 mM Pb(II) or Ni
(I). These findings indicate that U. isabellina exhibited greater phy-
siological responses and higher tolerance mechanisms to Pb(II) and Ni
(II) stress than many filamentous fungi that have been described in
other works as Pb(II}- and Ni(II)-resistant. In comparison with this
study, higher inhibition of the fungal growth was reported for P. mar-
quandii and Acremonium sp. (approximately 1.5 and 0.4-fold, respec-
tively) as a result of exposure to 5mM Ni(II) [41,43]. Lower fungal
tolerance to Pb(I) was also observed in Lasiodiplodia sp. MXSFs, (ap-
proximately 1.5-fold), Paecilomyces fi oseus 4099 (approxi ly
2-fold) and Penicillium simplicissimum (approximately 2.2-fold) that in
U. isabellina [44-46]. Overall, our research demonstrated that the
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Zygomycota U. isabellina was capable of surviving at high Pb(II), Ni(II),
Mn(II) and Zn(Il) concentrations and exhibited high resistance to the
toxic effects of these metals.

The varied toxicity responses of U. isabellina to the different tested
metals might be due to one or more types of resistance mechanisms
and/or tolerance strategies [31]. Fungi have developed various defence
processes to counteract the toxic effeets of heavy metals, such as efflux,
extracellular precipitation, chemical transformation, cell surface ad-
sorption and intracellular aceumulation [34,47,48]. In fungal eells, the
main mechanisms of tolerance to heavy metals and simultaneous metal
uptake are biosorption - metabolism-independent binding to the cell
surface and bioaccumulation - energy-dependent flux into the cell
[34,48]. In this study, the ability of U. isabellina to remove tested heavy
metals by biosorption and/or bicaccumulation mechanisms was in-
vestigated. For this purpoese, fungal cultures were separately supple-
mented with each tested heavy metal at concentrations corresponding
to the IC50 values (Table 2). Due to the lowest tolerance of the strain to
Cd(I) among all the tested metals, biosorption/bicaccumulation stu-
dies as well as simultaneous xenobiotic elimination and metal ion re-
moval experiments involving this metal were omitted in further work.

Table 3 shows the differences in the elimination of the tested metals,
revealing that in all cases, metal sorption on the fungal cell surface was
a predominant removal mechanism. One of the main constituents of the
fungal cell wall are lipids containing certain functional groups that
participate directly in metal binding [47]. Some reports indicate that U.
Isabellina is among the oleaginous fungi, which can produce high
amounts of lipids under stress [49,50]. These observations suggest that
physicochemical interactions between metals and ligands such as ester
and carboxyl groups present on the cell surface may be involved in the
mechanisms of biosorption by U. isabellina.

In comparison to the results in the control medium, Pb(II) was the
metal adsorbed by the mycelium in the highest proportion (Table 3).
The total Pb(II) uptake yield was determined to be 74.3mgg~" dry
fungal biomass, of which approximately 91% (67.8mgg~') was re-
moved by chelation on the cell surface. Our results corroborate findings
from several studies describing Pb(II) as the metal most easily re-
movable by filamentous fungi [48]. This strong biosorptive capability
can be mostly assigned to the cationic properties Pb(II). In comparison
to other heavy metals, the covalent index value of Pb(II) indicates its
greater potential to form covalent bonds with biological functional

Table 3

Biosorption and bicaccumulation capacities of Umbelopsis isabelling after 24 h of
culture without organic treatment (control) and with cumylphenal (CP), 4-t-
octylphenol (4-t-OP) and technical nonylphenol (t-NF) separately.

Metal  Xenobiotic  q. Ga 9 Ct
Mn(ll) - 727 = 0.52 0.13 = 0.01 86 = 053 35.47
cp 679 + 0.25 0.14 + 0.01 793 + 023 3271
4-+-0P 407 = 0.51 0.35 = 0.04 4.42 = 055 18.23
-NP 511 = 0.15 0.31 = 0.01 5.42 = 017 22.35
Ni(IT) - 554 = 0.26 0.22 * 0.16 576 = 0.44 23.76
cp 516 = 0.23 0.12 * 0.01 528 + 023 21.78
4-+-0P 154 = 0.02 0 = 001 1.54 = 0.03 6.32
-NP 265 = 013 0 = 002 2.65 = 0.16 10.93
Phi{II) - 67.84 = 1.28 6.41 = 0.50 7425 = 1.78 306.28
cp 8807 = 229 1058 =+ 0,70 9865 + 299 406.93
4-+-0P 3082 = 1.19 032 += 0.01 3114 = 1.20 128.45
NP 3589 = 1.83 0.23 = 0.02 36.12 = 183 148.99
Zn(lI) - 2286 = 032 058 = 0.11 2344 = 044 96.69
cp 2186 = 366 048 * 0.21 2334 + 387 96.27
4-+-0P 628 = 1.11 0.11 = 0.02 639 = 113 26.35
NP 629 = 0.74 0.05 = 0.01 6.34 = 0.75 26.15

The biosorption (q,), bioaccumulation (q,), total metal biosorption and bioac-
cumulation (q,) values are estimated for 1 g of dry biomass (mg g~"). The total
specific metal ion uptake () was determined as the amount of metal per unit of
volume [mg LY.
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groups present on the cell surface [48]. Moreover, the defence me-
chanisms involved in Pb(II) toxicity reduction might also be linked to
the formation of Pb-oxalate crystals. Increased levels of oxalic acid and
the occurrence of oxalate erystals on the hyphae surface in the presence
of Pb(II) have been suggested as one of the most likely mechanisms of
Pb(II) detoxification by filamentous fungi [16]. However, in contrast to
several other reports, our results pointed to a higher Pb(II) biosorption
capacity by U. isabellina than by many other microscopic fungi well
recognized for their ability to remove Pb(Il) from aqueous solutions
[51]. Pb(II) removal efficiency lower than that demonstrated in our
study was reported i.e. for Mucor indicus, Aspergillus awamori and Tri-
choderma viride, with values of 22, 15.6 and 10.3mgg™ dry biomass,
respectively [52,53].

Regarding the removal of other tested metals, the maximum uptake
capacities for Zn(I), Mn(I) and Ni(Il) were lower than for Pb(Il) at
23.4, 7.4 and 6.8mgg~" dry fungal biomass, respectively, where at
least 96% of each metal was deposited extracellularly (Table 3). These
results revealed Ni(II) to be the most resistant to microbial action. Si-
milar findings were described by Vargas-Garcia et al. [48], who worked
with Fusarium and Penicillium species, and they suggested that the lower
of Ni(II) sorption compared with that of other metals might be sig-
nificantly lower due to steric hindrances caused by the cationic prop-
erties of the metals. However, even though Ni(II) was the least effi-
ciently removed by U. isabelling, the maximum uptake of this metal was
comparable to those demonstrated in other reports [54,55].

Our results revealed that intracellular accumulation plays a negli-
gible role in the mechanisms of removal of the tested metals. The lower
potential of these fungi for intracellular uptake can be attributed to the
lack or lesser expression of specific carrier proteins and to the inhibitory
effect of metals on cellular processes, resulting in metabolism-depen-
dent uptake [48]. In summary, these investigations have demonstrated
that the growing U. isabellina strain was capable of the removal of all
tested metals, indicating its suitability as a promising biosorbent for the
elimination of Pb(II), Zn(II), Mn(Il) and Ni(II) ions from aqueous so-
lutions.

3.2, Simultaneous removal of metals and degradation of phenolic
xenobiotics

The metal biosorption and bicaccumulation efficiency in cultures
with single xenobiotic supplementation are shown in Table 3. As
shown, the appearance of an organic co-pollutant in the culture
medium affected the total metal uptake differently depending on the
type of phenolic compound used. On the other hand, no significant
differences were observed in the ratio of the amount of metal accu-
mulated to the amount of the metal absorbed in comparison to the
corresponding proportions in the control. In all tested samples, the
elimination of phenolic compounds led to the formation of the same
several intermediates which have been identified in our previous stu-
dies [5]. In general, the total uptake of all tested metals coexisting with
NP and 4-t-OP separately were considerably reduced compared to those
in untreated cultures (Table 3). The highest inhibition of metal removal
was observed with 4-t-OP and ranged from 48.7% for Mn(II) to 73.3%
for Ni(II). In the case of NP supplementation, the lowest metal uptake
were found for Zn(IT), Ni(II) and Mn(II), and decreased from 23.44, 5.76
and 8.6 in cultures with no xenobiotic to 6.34, 2.65 and 5.42mgg ™'
dry biomass in NP-treated cultures, respectively (Table 3). A similar
phenomenon was described by Tsekova et al. [33], who found that
phenol had a negative influence on Co(Il) and Cu(Il) biosorption by
Rhizopus archizus. The inhibitory effect of organic pollutants on heavy
metal uptake capacity could be attributed to changes in the composition
and chemical-physical properties of the cell wall [35]. Bereketoglu
et al. [56] reported the dysregulation of the expression of several genes
involved in cell wall biogs is and cytoskeleton org, ion in Sac-
charomyces cerevisiae cells exposed to NP. Moreover, some genes en-
coding cell wall protein were also considerably affected upon exposure
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to this pollution. Thus, based on our findings as well as the structural
similarity between NP and 4-t-OP, these xenobiotics could be suggested
to influence the amounts and kinds of structural compounds and other
chemical activity groups on the fungal eall wall, thereby contributing to
a decrease in the removal capacities for all tested metals.

In contrast to NP and 4-t-OP supplementation, most of the tested
metals in cultures with CP showed similar final elimination to those of
the controls (Table 3). The only exception was Pb(II). In the presence of
CP, the maximum efficiency of Pb(II) removal increased by approxi-
mately 25% compared with that in the control and reached
98.65mg g~ " dry biomass (Table 3). Organic contaminants, including
phenolic compounds, have been reported to enhance the removal effi-
ciency of different metal ions by fungi in co-polluted aqueous solutions.
Chen et al. [32] reported a higher capability of P. chrysosporium to
eliminate Cd(II) in the presence of 2,4-dichlorophenol in the culture
medium, and a similar behaviour was reported by Staba et al. [57]
regarding the ability of P. marquandii to remove Zn(II) in alachlor-
treated cultures. This improvement in the biosorptive capability could
be primarily explained by the influence of selected organic xenobiotics
such as CP on the metabolic processes determining the structure and
functioning of the fungal cell wall. One of these mechanisms could
increase the amounts of specific metal-binding groups embedded in the
cell surface, increasing the availability of suitable anionic sites. CP
treatment might also cause a loss of cell wall integrity and thereby
increase the surface area, leading to the exposure of latent Pb(II)
binding ligands [35]. Additionally, our previous work showed that CP
elimination by U. isabellina was accompanied by the formation of dif-
ferent biodegradation products from those identified in cultures treated
with NP or 4-t-OP [5]. Moreover, the same metabolites have been de-
tected in present research involving all tested cultures with the addition
of CP. Hence, the possibility must be considered that intermediates of
CP such as 2-(4-hydroxyphenyl) acetic acid or 2-(4-hydroxyphenyl) 2-
phenylpropanoic acid could alse impact the fungal cell metabolism and
thereby enhance the biosorption of Pb(II) [33,38].

The efficiency of the elimination of +-NP, CP and 4-t-OP in cultures
with single-metal supplementation was also examined. As shown in
Fig. 2, in general, when organic xenobiotics were present together with
particular metal ions, their removal decreased in the order CP > 4-t-
OP > t-NP. In most cases, metal treatment slowed the eli ion of the
organic compounds relative to the values for in controls. Compared
with cultures without metals the highest inhibition of xenebiotic re-
moval were observed for t-NP (from 62% for Pb(II) to 23% for Zn(II) at
the end of the experiment) and for 4-+-OP, whose elimination yield
clearly decreased with Pb(II) supplementation, reaching 44 and 15%
after 12 and 24 h of cultivation, respectively. The time necessary to
degrade over 95% of 4-t-OP in the presence of Ni(Il) was found to be
within 24 h and was 12 h longer than in cultures without metal. These
delays in biodegradation could have been caused primarily by the ad-
verse impact of the tested heavy metals on many key fungal activities
such as ATP production, substrate mineralization and cell surface
functions that participate in the transport, biotransformation and de-
toxification of organic xenobiotics [38]. Moreover, many enzymes are
regulated by heavy metals at the transcription level and the activity
level, and therefore, in most cases, metal ions might inhibit the activ-
ities of enzymes involved in the degradation of the tested phenoclic
compounds [32]. One potential mechanism could reportedly involve
the ability of heavy metals to denature proteins and enzymes structures
[38]. Furthermore, many heavy metals also negatively affect the re-
moval of organic co-pollutants, inducing oxidative stress associated
with the production of reactive oxygen species (ROS), which among
other activities, can disrupt ion regulation or directly form DNA and
protein adducts [32,38)]. Our results showed that Pb(I) supplementa-
tion had the greatest adverse influenced the elimination of the tested
phenolic compounds. In addition, among all the metals used this work,
Pb(II) was characterized by the highest bioaccumulation uptake cap-
ability. These findings suggested that one of the possible mechanisms
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Fig. 2. Elimination rates of CP (a); 4-t-OP (b); and t-NP (c) by U. isabellina in the
presence of single heavy metal ions and in the metals untreated cultures. * Data
are expressed as the amount of xenobiotic recovery [%] in comparison with
appropriate abiotic controls. An asterisk indicates a statistically significant
differences from the control (p < 0.05).

involved in inhibiting CP, NP and 4-t-OP removal in response to Pb(II)
stress could be cellular oxidative damage or inactivation of enzymes
responsible for xenobiotics metabolism.

The separate addition of Pb(II) to the culture medium considerably
inhibited CP removal by U. isabelling, resulting in 67 and 19% inhibi-
tion after 6 and 12h of cultivation, respectively, while the opposite
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behaviour occurred for Mn(II) supplementation. In the presence of this
Mn(II), CP removal efficiency was enhanced by approximately 18% in
comparison to that of the control after 3h of cultivation, and almost
complete CP elimination (at least 98%) was observed 3 h earlier than in
cultures without Mn(II) treatment (Fig. 2). Moreover, our findings in-
dicated that individual Mn(II) or Zn(II) supplementation also increased
the 4-t-OP degradation by U. isabellina, while Mn(II) yielded a higher
removal than Zn(II): 9 and 18% of the original levels were observed,
respectively, compared with 27% in the control after 6 h of incubation
(Fig. 2). This phenomenon was similar to that reported earlier by Wu
et al [30], who found that the amount of phenanthrene elimination by
macroscopic fungus Pleurotus eryngii was approximately 15% higher in
cultures treated with 3 mM of Mn(Il) than in the control. A possible
explanation of these results could be the enhancement of organic xe-
nobiotics adsorption because of changes in the cell surface properties.
Some heavy metals might present stronger electrostatic attraction to the
mycelium surface than phenolie co-pollutants, making the cell surface
less hydrophilic and thereby promoting the adsorption of hydrophobic
compounds such as 4-t-OP [38]. Moreover, the enhancement of organic
compound degradation could alse be attributed to the formulation of an
enzyme-metal-substrate complex in which metals act as cofactors. Mn
(I) and Zn(11) have been reported to play regulatory roles in the ex-
pression and function of enzymes involved in the biotransformation of
organic pollutants, and therefore, the action mechanisms of these me-
tals could also contribute to the degradation of the tested organic pol-
lutants. Overall, the biodegradation capacity of some phenolic com-
pounds used in this work was enhanced by supplementation with
individual heavy metal ions.

Due to the ubiquitous co-occurrence of tested metals and phenolic
compounds in different environmental compartments, the capability of
U. isabellina to remove these pollutants from the multi metal and xe-
nobiotic mixture was also examined. The mean removal efficiency of
metals from fungal cultures co-contaminated with all tested organic
xenobiotics is presented in Table 4. Concurrent CP, 4-t-OP, t-NP and
metals supplementation of the culture medium was shown to inhibit the
individual metal removal compared to their elimination range from the
binary mixture and under single metal exposure (Table 3). In the multi
metal and organic xenobiotic system, U. isabellina could uptake from
62.01 mg L.~ " Pb(II) to 3.43mgL~" Ni(Il). These findings suggest that
these metals in mixture could interact in a synergistic manner, thereby
increasing toxicity [58)]. In multiple metal mixture the properties of
particular metals such as atomic radius, electronegativity and atomic
weight were found to significantly affect their removal efficiency by
microorganisms. As indicated in Table 4 and Fig. 2, the coexistence of
all organic and inorganic pollutants in culture medium also negatively
influenced the ability of the tested fungus to degrade t+-NP and 4-tert-OP.
At the end of the experiments (i.e. after 24 h) the elimination of t-NP
and 4-tert-OP by U. isabellina decreased by approximately 77 and 33%
respectively, compared to the single xenobiotic treated cultures. These
observation could result from the fact that the metals uptake occurred

Table 4
Multiple metals and xenobiotics removal capacities of Umbelopsis isabellina after
24 h of incubation.

Treatment O Ct Removal efficiency (%)
Mn(Il) 1.89 * 0.10 7.20 NA

Ni(IT) 0.90 = 0.04 3.43 NA

PhiI1) 16.31 = 1.02 62.01 NA

Zn(I1) 3.26 * 0.29 12.45 NA

P NA NA 93.1 * 2.0

NP NA NA 15.2 = 1.3

4-tert-OP NA NA 65.3 * 1.9

Total metal uptake (q,) values were estimated for 1 g of dry biomass (mg g~ *).
The total specific metal ion uptake () was determined as the amount of metal
per unit of volume [mg L™']; NA = not applicable.



T. Janicki et al.

Table 5
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Acute toxicity to D. magna during the simultaneous elimination of heavy metals and organic xenobiotics by U. isabellina from the binary mixture.

Treatments TU values after time of cultivation (h) Detoxification
o 3 -] 12 29 0-24h
Zn(ll) + CP 578.0 = 3.4 5214 = 30 5133 = 28 509.0 = 3.7 507.2 = 23 70.8
Zn(ll) + NP 5885 = 2.3 559.7 = 59 532.0 * 24 554.2 = 3.0 548.1 = 3.1 40.4
Zn(ll) + 4-+-0P 5900 = 3.7 5573 + 25 554.2 + 29 550.7 =+ 3.3 5301 = 27 59.9
Pb(ll) + CP 1320 = 3.0 858 = 1.6 803 =11 727 = 20 708 = 22 61.2
Pb(ll} + NP 139.7 = 3.3 1043 = 26 1039 = 35 1092 = 25 1024 = 33 73
Fb(ll) + 4--0OF 137.3 = 2.7 1044 = 33 1014 = 2.4 1154 = 29 936 = 28 43.7
Mn(ll) + CP 714 = 1.2 59.7 = 2.2 551 = 3.0 542 = 2.2 51.8 = 1.9 19.6
Mn(Il) + t-NP 76.5 + 20 69.1 + 2.2 66.8 = 18 632 + 24 622 + 10 143
Mn(ll) + 4-+-0OP 76.1 £ 2.0 662 = 2.4 636 = 1.6 61.1 = 2.0 61.0 = 1.9 15.1
Ni(ll} + CP 58.2 = 31 421 = 1.1 379+ 21 347 = 24 324 =12 35.8
Ni(Il) + NP 639 = 21 603 = 2.0 594 = 18 641 = 2.2 52.0 = 23 10,9
Ni(ll) + 4-t-0F 624 + 20 611 £ 1.5 512+ 20 622 + 16 372+ 24 252

prior to the phenolic substrates elimination, which led to the saturation
of the active sites binding these compounds on the biomass surface
[33]. In the case of CP, coexistence of all tested contaminants in culture
medium exerted a minimal influence on the removal of this xenobiotie
by U. isabellina. Comprehensive analysis concerning the simultaneous
elimination of these toxicants by tested fungal strain and understanding
the mechanisms of these processes require further investigations.
Although the coexistence of metals and organic substrates in culture
medium negatively affected their elimination efficiency by U. isabellina,
this strain was still able to effectively remove these pollutants from co-
contaminated aqueous solutions, making it a promising candidate for
bioremediation processes. The findings in this woerk may be crucial for
the development an environmental protection technologies 1o be ap-
plied in the elimination of co-pollutants from aquatic ecosystems.

3.3. Ecotoxicity assessment

The metabolic biotransformation and elimination of pellutants by
microorganisms can lead to the formation of produets more toxic than
the original compounds. Therefore, the detoxification efficiency of
metals and organie chemicals should be monitored. In this study,
toxicity bioassays were performed with the crustacean test species D.
magna and A. franciscana, widely accepted bioindicators for acute
toxicity evaluations for both single chemicals and complex environ-
mental contaminant [5,59].

The results of ecotoxicological experiments are summarized in
Tables 5 and 6. Detoxification processes occurred for all tested binary
mixtures of metal and a phenolic compound, but in various proportions.

Table 6

Acute toxicity to A. fr during the si

In the abiotic controls, no significant toxicity changes occurred over
time (data not shown), indicating that the toxicity reduction resulted
from fungal action. No toxicity was reported in untreated fungal cul-
tures (biotic controls). The bioassay results indicated differential sen-
sitivity of the bioindicators to the tested contaminants. A. franciscana
exhibited higher resistance to the harmful effects of the tested co-pol-
lutants than D. magna. These findings were consistent with the results of
our previous research concerning toxicity assessment during the in-
dividual degradation of CP, 4-+-OP and tNP by U. Isabellina [S].
Moreover, compared with results from this earlier report, we also ob-
served synergistic toxicological effects when the phenolic substrate and
heavy metal ion were present together in the fungal culture. These
findings corroborated the results of other studies emphasizing that
combined pollutions may generate unexpected increases in toxicity in
many ecosystems [60].

In general, the bioassays used in this study showed that the detox-
ification pattern was correlated with the observed removal of inorganic
and organic compounds in almost all experimental systems. Similar
observations have also been reported in other works investigating
toxicity changes during the microbial elimination of co-pollutants
[59,60]. In this study, the highest toxicity reduction occurred in CP-
treated cultures and ranged between 70.8 and 19.6 TU for D. magna and
between 67.1 and 15.2 TU for A. franciscana in the presence of Zn{II)
and Mn(II), respectively, after 24 h of cultivation. On the other hand,
the slowest detoxification were reported for cultures supplemented
with Ni(II) and t-NP, whose supernatants became 5.8 and 3.4 times less
toxic towards D. magna and A. franciscana, respectively, at the end of
the treatment period. In all cases, the decrease in toxicity was markedly

tion of heavy metals and organic xenobiotics by UL isabellina from the binary mixture.

Treatments TU values after time of cultivation (h) Detoxification
o 3 & 12 24 0-24h
Zn(ll) + CP 843 *+ 24 275+ 21 206 = 2.0 17.7 = 26 172 + 27 67.1
Zn(ll) + eNP 861 * 29 534 * 36 430 + 22 548 + 21 370 = 21 491
Zn(ll) + 4-+-0F 86.8 = 2.7 473 = 24 328 = 2.7 334 * 25 309 = 1.8 55.9
Ph(ll) + CP 434 = 26 286 = 3.0 241 = 1.7 17.0 = 2.0 142 *= 25 29.2
Pb(Il} + NP 533 * 26 398 + 31 49.7 + 3.2 50.7 = 28 327 £ 33 206
PhIl) + 4-+-0P 507 = 29 345 * 36 302 + 28 421 * 3.1 283 + 26 224
Mn(ll) + CP 211 * 1.3 116 + 12 72+ 09 60 * 09 59 + 03 15.2
Mn(ll) + NP 282 * 22 234 * 14 19.1 = 2.0 17.2 = 1.8 162 = 1.8 12.0
Mn(ll) + 4-+0F 26.7 * 2.7 140 = 31 100 = 1.1 91 = 15 80 * 12 18.7
Ni(ll) + CP 328 + 1.7 155 = 1.8 114 = 1.1 7.7 = 1.7 67 = 05 26.1
Ni(ll} + NP 398 * 18 383+ 19 352 + 31 414 *+ 26 282 + 20 116
Ni(Il) + 4-+0P 404 * 2.3 379 = 21 140 = 1.9 29.3 *+ 29 79 = 1.0 3as
667
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faster during the first six hours of cultivation, possibly due to the in-
tensive adsorption of metals in the initial stage of cultivation. Our re-
sults also indicated that some filtrates from 12 h cultures with NP and
4-t-0P showed more toxic effects towards both tested bioindicators than
the supernatants after 6 h and 24 h of incubation. Thus, the increase in
toxicity could be primarily explained by the appearance of more
harmful +-NP and 4-t-OP intermediates in the culture medium.

Overall, the ecotoxicological analyses performed in this study

clearly showed that the simultaneous removal of tested organic and
inorganic pollutants by U. isabellina was accompanied by detoxification.

4. Conclusions

This work supplies new information on the potential application of
filamentous fungi in the treatment of contaminated environments,
thereby leading to a better understanding of the efficiency of bior-
emediation processes under realistic conditions, i.e., in cases of co-ex-
posure to xenobiotics and heavy metals. Our research demonstrated for
the first time the potential of U. isabellina to remove selected heavy
metals from aqueous solution. Moreover, this fungus had never been
previously employed to eliminate pollutants coexisting in the culture
medium. Therefore, we propose the U. isabellina strain as an efficient

i

for the 1eous removal of endocrine-disrupting heavy

metals and phenolic xenobiotics, especially those inducing significant
oestrogen-like effects. Future research should be conducted to improve
the elimination capability of the fungus, primarily by the optimization
of all biotic and abiotic factors influencing the removal processes. In
general, both the chemical and ecotoxicological investigations in this
work revealed the high potency of Zygomycota U. isabellina strain for
the remediation of co-contaminated sites.
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The phenolic xzenmobiotics nonylphenol (MNP), 4-fert-octylphenol (4--OF) and 4-
cumylphenol (4-CP) have the potential to senously disrupt the endocrine system. Volatile
phenols (VPs), especially those present in landfill leachate, also adversely affact the health of
numerous organisms. Microbial degradation of xenobiotics can result in the formation of
intermediates with a higher toxicity than the precursor substrates. Therefore, the mam aim of
this study was to assess the changes in environmental ecotoxicity during the biotransformation
of NP, 4-+-0P, 4-CP and VPs by Umbelopsis isabelling using a battery of biotests. The
application of bicindicators belonging to different taxonomic groups and diverse trophic levels
indicated that the biodegradation process was accompanied by detoxification. Removal of 4-
CP and 4-+-OP also led to a decrease in the anti-androgenic potential. Moreover, this 15 the first
report demonstrating the anti-androgenic properties of 4-CP. The results showed that U7
isabelling is an attractive tool for the bioremediation and detoxification of contaminated

enviromments.

Keywords

Biodegradation
Detoxification

Landfill pest-industrial waste
Battery of biotests

Umbelopsis isabelling

1. Introduction

Many phenolic xenobiotics are commonly found in a vanety of environmental matrices
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due to their wide industrial and household application. Anthropogemie activities result in the
continuous release of phenolic xenobiotics into aquatic and terrestrial habitats. Among these
compounds, nonylphenol (NP), 4-terf-octylphencl (4-+-OP) and 4-cumylphenol (4-CF)
seripusly threaten the biediversity and function of ecosystems. Dunng the microbial
degradation of both natural wastes and erganic xenobiotics, toxic volatile phenols (VPs) are
formed, which may also have adverse effects on human health and wildlife. These phenols
pollute various environmental compartments because they are often a harmful component of
leachate from municipal and industrial landfills. Due to their incomplete biodegradation in the
treatment plants, together with their toxic denvatives, VPs are frequently detected in different
envirenmental compartments, mecluding surface water (mvers, lakes), sroundwater or
agricultural lands (Oluwasanu, 2018).

The adverse effects of 4-CP, NP, 4-+-0F and VPs on the reproduction, growth,
development and homeostasis of different organisms have been reported in several studies
(Ohawasanu, 2018; Wang et al., 2016; Yu et al., 2012). Moreover, it has been recognized that
these compounds mterfere with the normal fimctioning of the endocrine system; therefore, 4-
CP, NP and 4-+-OP were included in the categeries of endocrine-dismpting chemiecals (EDCs)
(Wang etal., 2016; Xie et al., 2020; Zhao et al., 2021). Because of the bioaccunmlation capacity
of 4-CP, NP and 4-+-0P, their resistance to degradation and potential negative effects for both
bumans and wildlife, increasing attention has been given to developing effective methods for
their decomposition and detoxification.

Microbial degradation is regarded as an important tool for the elimination and
detoxification of xenobiotics. To estimate the biodegradation efficiency, evaluation of the
toxicity reduction 1s a more appropriate and reliable approach than only measuring the residnal
concentration of the test compound during its biotransformation processes. There are many

cases where microbiological degradation of xenobiotics leads to the formation of intermediates
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characterized by a higher toxicity than that of the precursor compound (Costa et al., 2016;
Oberoi and Philip, 2017). Moreover, antagonistic and synergistic effects due to unkmown
metabolite Interactions may alse result mm enhanced tomicity. Therefore, from an
ecotoxicological perspective, it is very important to use bioassays that allow for a complete
evaluation of the toxieity of products resulting from biodegradation processes and prove exact
information about their potential environmental impact.

Many biological tests using different organisms as bicindieators have been effectively
applied to examine the ecotoxicity of various organic contaminants (Janicki et al., 2018; Kar et
al, 2020; Szklarek et al., 2021). Bioindicators allow for relevant information about the
biological effects of pollutants on ecosystem structure and function to be obtamed.

The use of single bioassays to estimate toxicity changes in xenobiotic biodegradation
processes has been reported in several sudies (Janickd et al., 2018; Louati et al_, 2019; Mtbaa
et al, 2020). However, there is little information about the toxicity vanation during the
microbial biodegradation of VPs and phenolic EDCs, particularly 4-CP. 4-+-OP and NP. In our
previcus paper, we demonstrated the ability of the fungus Umbelapsis isabelling to efficiently
degrade the phenolic xencbiotics 4-CP, 4-+-0OP and NP (Janick et al, 2016). By using assays
with two bioindicaters belonging to consumers in the trophic chain (Daphnia magna and
Artemia francizeana), we have also shown that the biodegradation processes lead to toxicity
reduction. The sensitivity of organisms to contaminants varies widely; therefore, the use of a
battery of bicassays involving bioindicators representing different trophic levels is an effective
and required tocl for predicting comprehensive environmental msk (Costa et al, 2016;
Martinez-Haro et al., 2015). Studies conceming a complex assessment of the total hazard posed
by all the intermediates formed dunng microbial bioconversion by using biomdicators from
different taxonomic groups remain limited. To our kmowledge, the assessment of endocrine

activity in the course of microbial degradation of phenolic EDCs has been rarely analysad.
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Therefore, there is a need to find microbial strains capable of growing and metabolizing in the
presence of toxic pollutants and estimate the toxicological effects of intermediates along with
Precursor contanunants to specify the efficiency of detoxification as a result of biedegradation
mechanisms.

In this context, the main aim of this stady was to assess the toxicity removal efficiency
during alkylphenol (4-CP, NP and 4-+-0F) degradation by the fungus U7 isabelling by using
selected bioassays covering multiple toxicological endpeints. In the presemt work, a
multispecies toxicological approach was applied by using a battery of biotests contaiming
organisms belonging to different trophic levels and exhibiting different key functions in the
ecosystem: decomposers, producers and consumers. Additionally, the endocrine properties.
including anti-androgenic activity, of selected phenols were also determined. In the face of
mereasing environmental pollution with leachates generated from post-industrial landfills and
contalning various toxic phenols, this work also focused on determining the possibility of using
the tested stram to remove and detoxify VPs from leachates loaded with complex organic
contaminants. Thus, for the first time, studies were conducted to assess the abality of a single,
non-lisninelytic fungal stran to eliminate and detoxify phenolic compounds, melnding EDCs,
both from cultures with single xemobiotic supplementation and from mmulti-contaminated

environmental matrices.

2. Materials and methods

21 Chemicals

NP, 4-CP and 4-i-0P were purchased from Sigma-Aldrich (5t Lows. Mo, USA). Other

solvents and reagents were of a highly pure grade and obtammed from Merck (Dammstadt,
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Gemmany). All constituents of the microbial eulture media were provided by Becton Diclinson

(Heidelberg, Germany).

2.2 Landfill leachate preparation

Landfill leachate was collected from the closed dangerous waste landfill of the former “Boruta™
Dwe Factory in Zgierz, Poland (Fig. 1), and kindly shared by the Voivodeship Inspectorate of
Environmental Protection in LodZ, Poland. Leachate sampling was cammied out in accordance
with the principles contained in the accredited test procedure based on the ISO 5667-10
standard. The preservation, transport and storage of the tested matmees were performed as
specified in the ISO 5667-3:201% standard Landfill leachate quality measurements were
performed at the Mamm Research Laboratory in Lodé commissioned by the Voivodeship
Inspectorate of Environmental Protection in LodZ, Poland, and are presented in Tables 51 and

52

23 Microorganism and growth conditions

The filamentous fungus U ixabeliing IM 833 was obtained from the Culure Collection
of the Department of Industrial Microbiology and Bistechnology, University of Lddz, Poland.
Fungal spores from 10-day-old cultures on £T slants (Janicki et al., 2016) were used to inoculate
20 mL of Sabouraud medium (Difco) ina 100 mL Edenmeyer flask. Cultivation was conducted
at 28 *C for 24 h on a rotary shaker (130 rpm). Afier 24 h of incubation, preculiures were
transferred to fresh medium (2 mL of fungal inoculum and 18 mL of Sabouraud medium), and
then NF, 4-1-0P or 4-CP (dissolved in DMS0, 5 mg/mL stock solution) was aseptically added

to the cultures to a final concentration of 25 mg/L. Control samples containing the same volume
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of ethanol {abiotic and biotic controls) were also prepared. All cultures were cultivated at 28 °C
for 24 h on a rotary shaker (150 rpm). For cultures containing 20 and 40% of the landfill

leachate, the incubation process was carried out for 96 h.

24 Biomass estimation

The dry fungal biomass was determined by filtering the whole culture through Sartorius
filter membranes (0.2 um pore size) (preweighed and predryed). After filtration, the samples
were dried to a constant weight at 100 *C. All analysed samples were triplicated, and the results

are expressed as gl -1

23 Evoloxi cological analysis

A semes of biotests using bioindicators belonging to different taxenomic groups and
diverse trophic levels were camied out to estimate the effectivensss of reducing toxicity by
biodegradation processes (Table 53). No toxicity of the untreated fimgal eultures (biotic

contrel) was observed for all indicator species used.

231 Microorganism-based bioassavs

Acute toxicity assessment was camad out on the basis of the decrease m Alifvibrio
fischeri (DSM T7151) luminescence after exposure to the tested post-culture filtrates. The studies
were performed according to a standard procedure (IS0 11348-2) using the Microtox M 500
Analyser (Modem Water, USA). Luminescence was measured before introducing the test

matrices and after 15 min of incubating bacteria with the samples. After the test, the percentaga
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180
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of biolominescence mhibition was calenlated as the EC50 value by applying MicrotoxOmm
software (Modem Water, USA).

The antimicrobial activities of the fimgal cultures containing zenobiotics and their
degradation products were alse evaluated using the multi-species microbial assay for risk
assessment (MARA) bioassay according to a standard protocel (NCIMB Ltd, Secotland).
Biotests were performed in 96-well plates containing lyophilized micrecrganisms (ten bacterial
strains and one yeast) (Table 53). The results were calculated using MARA software (ver. 3.5T)
and presented as microbial toxic concentration (MTC) values.

Growth inhibition tests using the freshwater green alga Raphidocelis subcapitata (SAG
61.81) and saltwater algae Phaeodactylum tricormutum (SAG 1090-1a) were conducted
according to the standard 150 £692:2012 and IS0 10253:2016 methods, respectively. After 72
h of meubation, algal growth reduction was caleulated based on the mumber of cells mn the
control versus the number of cells in the treated cultures, and the results were expressed as

EC350 values.

232 Plamt bioassays

The phytotoxicity assessment of post-culture filtrates was based on the germination and
seedling growth of one monocotyledonous (Sorghum saccharanim) and two dicetyledonous
(Lepidium sativim and Sinapsis alba) species using the Phytotosdkat biotest (MicroBioTests
Inc., Belgmm). The experiments were carried out according to the instructions provided by the
manufacturer. The number of germinated seeds and root lengths of the tested plants were
examined using GIMP mmage analysis software. Inhibition of seed germination (IG) and root

growth (IR) were calculated using the following formula:
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IGoor IR = [{4 —B)A] = 100

where A is the mean seed germination or root length in the control samples and 8 is the mean
seed germination or root length in the test post-culture filtrate samples. To assess the overall
germination capacity, the germination index (GI) was caleulated by comparing the IG and IR

values using the following formula:

Gl = (Gs * Ls)(Ge x Le) x 100%

where (s and Ls are the seed germination in percent and root elongation in mm for the tested

samples, respectively, and Ge and Le are the corresponding values for the control samples.

253 Invertebrate-based bioassays

A commercial test kat Rapidtoxlat (MicroBieTests Inc., Belgium) was used to estimate
the acute toxicity of pest-culture filirates with the freshwater erustacean Thammnocephalus
platyurus. The study evaluated the filtration and food intake of crustaceans exposed to the toxic
agents present in the test samples in comparison with a reference system. Based on the percent
inhibition of food particle uptake (a value >30% indicates the presence of harmful substances),
EC30 values were determined for the tested cultures. Toxicity levels of filtrates from fungal
culres supplemented with landfill leachate (20 and 40% by volume) were evaluated using
Artoxkit M and Daphtoxkit F toxicity bioassays (MicroBioTests, Inc., Belgium). The results of
the tests were expressed as LC50 values. Lethal concentrations were determined from the linear

portion of each curve using regression analysis.

2.5.4. Endocrine activity assay
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The XenoScreen YES/YAS Endocrme Disruptor Assay was used to determine the
oestrogenic and androgenic agonistic/antagomistic activity of the tested xenobiotics and post-
culture liquids. The tests were performed in accordamce with the standard provided by

Xenometnx, Switzerland.

26 Statistical analyses

Each treatment and control group contained triplicate samples. All experimental data
are expressed as the mean = standard deviation (SD). Statistical companisons of the results
between the conirol and treated samples were performed using cne-way ANOVA followed by
Tukey's test. Values of p < 0.05 were considered to be statistically significant. All statistical
analyses were performed with Microsoft Office Excel and STATISTICA 13 .3 (Tibeo Software

Inc., USA) software.

2.7. Spatial analyses

Maps illustrating the location of the landfill and its elements were elaborated based on
geographic information systems (GIS) in Quantom(GIS (ver. 3.12) software and OSMStandard
by OpenStrestMap GIS portal with its spatial database.

3. Results and discussion

3.1 Eroroxicological assessment of biodegradation processes

The biodegradation efficiency of the tested phenolic zencbiotics to reduce toxicity was

estimated by using a battery of bioassays with different types and durations of exposure, toxicity

endpoints and susceptibilities to specific modes of toxicant action Bicindicator species
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representative of various ecosystems and comprising a wide range of taxa and exposure routes
were applied. Analyzes of the biotests results were camied out in relation to the residual
concentrations of the tested xenobiotics, which were measured at different biodegradation times

(chemical data presented in our earlier paper (Jamicld et al., 2016)).

3.1.1 Producers

In the present work, the freshwater algae R subcapitata and saltwater diatom P
iricornutum, species commonly used for ecotoxicological studies, were exposed to [T
isabellina post-culture filtrates supplemented with 4-CP, 4-7-0OP and NP. As illustrated i Tabla
1, exposure of the microalgae species to the tested filirates induced their growth nhibition
during the assay, with the green alga showing a higher tolerance to the fimgal post-culturs

samples than the diatom.

Table 1 Assessment of the acute toxicity effects of U fsabelling post-culture filtrates with the

addition of 4-CP, NP or 4-1-OP by using different bioindicator species.

Xencbiotic Time(h) P micormuinm R subcapitata  T. platyurus A. fischerii

EC30
4.CP 1] 101=03 22205 3603 462+16
3 95035 197=04 40035 o0=18
] 10702 201=04 5004 63.1+21
12 109=07 198=03 7605 70416
24 16107 2B6=05 98+04 T41+15
4--0P 1] 33=03 44=02 10.1=0.7 52620
3 42035 43=03 13203 621=11
] 51=03 45=02 14306 TM1+£17
12 38=04 5803 147+03 15720
24 T8=03 62=0.1 17907 742+14
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NP ] 6507 4002 4504 583+15

3 63=03 5103 39+04 T08+13
6 60=06 64=03 5602 74215
12 T4=04 91=02 54+02 652+1.7
24 19607 12=04 79+05 728+21

Similar differences in toxin sensitivity between marine and freshwater microorganisms were
noted in studies on the effect of phenolic compounds on the growth and morphology of selected
algae. Additionally, these studies showed that marine algae species were more sensitive to
phenolic compounds than freshwater species, which was also shown i the results obtamed m
the present study. The diatom, compared to the green alga, was characterized by a smaller
specific surface due to the small size of the cells. This led to faster absorption of phenolic
xenobiotics in its cells and greater toxicity (Duan et al., 2017). The present sudy showed that
the ECsp values in the R. subeapitata assays performed for 24 h with [T isabelling post-culture
filtrates treated with 4-CP, NP and 4-+-OP increased by 6.4, 1.8 and 7.1%, respectively,
compared to the values at the beginning of mcubation, thus indicating the detoxification
processes occurmng during the microbiological degradation of the tested xenobioties.

A reduction in ecotoxicity was also demonstrated in tests with P. fricornutum, where
mereases in ECsp values from 10.1 to 16.1% for 4-CP, from 6.5 to 19.6% for NP and from 3.3
to 7.8% for 4-+-0P were observed for filtrates obtained from 0 and 24 h fimgal cultures,
respectively. Studies on toxicity changes durng biclogical transformation and elimmation of
pollutants by assessing growth inhibition of various species of algae before and after treatment
have also been reported in other works (Inoue et al, 2013; Suda et al, 2012; Yousefi-
Abmadipour et al., 2016).

Plants are impertant components of ecosystems primarily because they are the main
producers of food. Therefore, they are extremely helpfol m monitoring pollutants (DHugonski,

2018; Wei et al, 2017). Assays based on higher plants are characterized by low costs, quick
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test activation, and high sensitivity to a broad spectrum of contaminants; de not requre
qualified personnel; and offer a wide variety of toxicity endpoints (DHugodski, 2021; Ghosh et
al., 2017; Wieczerzak et al., 2016). In the present work, the phytotoxicity of the post-cultured
filtrates was determined on the basis of the number of germinated seeds and root lengths of the
tested plants. The results of contact tests with two species of dicotyledons and one species of
monocotyledon used in the study showed different reactions of bicindicators to intermediates

oecuming in post-culture liquids (Table 2).
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Table 2 Changes in the phytotoxicity of post-culture filtrates befors and after xenobiotic biodegradation processes.

Xenohiotic Incubation Germination mmhibition (PE%:) Root growth mhabition (PE%:) Germination index (%s)
fime (h) Sa 35 Ls Sa 33 Ls Sa Ss Ls

NP 0 100=0 00 0=0 100=0 39540 T25=z30 0=0 40518 27522
3 B0=5 00 0=0 TE9=35 42826 67129 42=11 57225 329=19
] =3 103 0=0 886=28 25327 60333 14=02 670=30 398=233
12 100=0 0=0 0=0 100=0 255435 545220 0=0 TATx36 456=28
M =3 D=0 0=0 001=31 21035 541=35 10=02 ToO0x£2E8 459=22

4+ 0P 0 100=0 0=0 0=0 100=0 65331 921=335 0=0 MEx1T 11.7=10
3 =5 00 0=0 002=10 658235 §871=41 007=01 342=+11 129=17
] 100=0 00 0=0 100=0 39926 87626 0=0 40110 124=135
12 =5 00 0=0 07.7=10 56026 832=30 023=01 HM0=15 167=1%
M4 100=0 00 0=0 100=0 51120 B814=22 0=0 48918 185=173

4-CP 0 903 00 0=0 0E9=12 500=x42 B844=41 022=01 406=+36 186=22
3 =3 00 10=3 05827 55530 B811=x36 042=01 44521 189=30
] =0 00 0=0 052=38 555335 T73zx30 048=01 44521 22E8=25
12 100=0 00 0=0 100=0 48540 769=33 0=0 51538 231=26
M =3 0=0 0=0 053=34 36532 639=x36 045=01 63542 360=31

S5 = 8 saccharanim

Ls = L zativim

Sa=5 alba
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MNumerous data mdicate that dicotyledons are more sensifive to toxic substances than
monocotyledons (Antonkiewicz et al., 2019; Baran and Tamawski, 2013; Szara et al., 2020).
These findings are m agreement with the results obtamned m this work for watercress and
sorghum, which reveal that L safivem 1s a more sensitive species for assessing changes in
ecotoxicity during biodegradation processes than 8 saccharatum. IR values ranged from 54.5
to 92.1% and from 21.0 to 63.8% for watercress and sorghum, respectively, whereas the GI
values varied within the range from 11.7 to 45.9% (L. sathvm) and from 34.2 to 79.0% (5
saccharatum) during the whole biodegradation process.

Generally, on the basis of the biotests with watercress and sorghum, after 24 h of
meubation mn all tested xenobiotic-fimgns systems, a significant decrease in phytotoxicity was
observed compared to the beginning of the experiments (Table 2). These results commesponded
with the chemical data presented in our previous work (Jamicki et al, 2016), indicating a
positive comelation between the amount of the analysed xenoblotics during the U isabelling
cultures and the values of the tested endpoints m L. safivum and 5. saccharatum.

Considering the use of mustard in ecotoxicity tests, many studies point out that 5. alba
15 a species with higher resistance to the presence of many organic and morgame pollutants than
other bicindicator plants (Baran and Tamawskd, 2013; Szara et al, 2020). However,
unexpectedly, the obtained results showed that mustard was the most sensitive test plant to the
contaminants present in the post-culture filtrates. Compared to the controls, for all fungal
cultures supplemented with xenobiotics, 90 to 100%: IG and 80 to 100% IR mn 5. alba tests were
observed. In other smdies assessing the phytotoxicity of soil from petrochemically
contaminated sites, for several tested matrices, 5. alba was found to be the most resistant species
to soil chemicals belonging to the BTEX and PAH groups (Gworsk et al_, 2018).

Our phytotoxicity data confirm that tolerance to stressors such as xenobiotics 1s a

species-specific trait. The contaminants present in the fimgal culfures underwent continmouns

75



318

315

320

321

322

323

324

325

326

327

328

329

330

331

33z

333

334

335

336

337

338

339

341

342

biotransformation processes. These mechanisms sigmificantly determined the bioavailability of
the intermediates and thus their toxicity, which tumed out to be the highest for mustard. Taking
mto account the obtained results, it seems mferesting to carry out further analyses to determine
the chemical profile of the filtrates to better understand the ecotoxicological response of 5. alba
to intermediates formed during 4-CP. NP and 4-:-OP biodegradation. As a result, this species
may become a key bioindicator of the toxicity of derivatives resulting from the degradation of

phenolic zencbiotics.

3.1.2 Consumers

In our previous studies, we applied two species of crustaceans, D. magna and A.
franciseana, to evaluate changes in toxieity durmg microbial degradation of xenobiotics, and
the mortality of the test organisms was used as the toxicity endpoint (Janickd et al, 2016). In
the present work, we extended the study to a tast that allows for rapid assessment of toxicity
with the use of short-term exposure to I plagurus larvae.

Our research showed that exposure of T. planwrus to post-culture filtrates resulted m
imhibiticn of food ingestion particles by crustaceans in all tested systems, indicating the toxic
nature of the contaminants present in the treated samples (Table 1). Wevertheless, based on the
Rapidtoxkit test results, we found that after 24 h of incubation of fungal cultures supplemented
with the tested xenobiotics, the toxicity of post-culture filtrates decreased 2.7-, 1.8- and 1.7-
fold for 4-CP, 4-1+-OP and NP, respectively. These results clearly show the effectivensss of
biodegradation processes in reducing ecotoxicity from U isabelling cultures, which was also
observed In our previous smdies for other species of biomdicators belonging to consumers
(Janicki et al., 2016). Several previously published papers also demonstrated a decrease in

sample toxicity for . planwrus dunng biclogical and physicochemical methods of pollutant
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decomposition, e.g., active sludge treatment of wastewater originating from tank truck cleaning

of photodegradation of asmcyclamide A (Dries et al., 2014; Sha et al., 2021).

3.1.3. Decomposers

One of the most sensitive microbiclogical bioassays is based on the measurement of the
bioluminescent activity of the marine bacteria A. fischeri. Data on the toxicity of post-culture
filtrates for 4. fizchert during the fungal elimination of 4-CP, 4-1-OP and NP are shown in Table
1. Bioluminescence readings revealed a decrease in toxicity values during the biodegradation
processes for all xenmobiotics tested (279, 236 and 14.5% for 4-CP, 4-+-0OP and NP,
respectively) at the end of the experiment. The rate of toxicity decline was comelated with the
degree of xenobiotic biotransformation demonstrated in cur earlier paper (Janicla et al., 2016).
These results suggested that fungal degradation led to metabolites that were less toxic than the
precursor compounds. It is considerad that along with the enhancement of the hpophilie
character of compounds, their ecotoxicity increases, which strongly inhibits cellular respiration
and disturhs bioluminescence {Ib[artiue'z-ﬁvj.la et al, 2021; Mhbaa et al, 2020). Considering
the structure of the intermediates we identified earlier, it is suggested that the processes of NP,
4-1-OF and 4-CP biotransformation by the fungus (aliphatic chain reduction, hydroxylation) led
to the formation of more peolar derivatives exhibiting reduced toxicity. More hydrophilic and
less toxic metabolites than the precursor compounds in the 4. fircheri test were also noted
during the degradation of NP by the fungus Thielavia sp HI22 and polychlonnated biphenyls
(PCBs) by Plewrotus ostreatis and Irpex lactens strains (Mtibaa et al,, 2020; Stella et al., 2017).

The toxicity of by-products formed during the biodegradation of the tested xenobiotics
by U7 isabelling was also assessed using the multi-species MARA test. The species used in this

assay show different sensitivities to toxicants, and the results obtained give a unique pattern of
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the microbial growth response (toxic fingerprint) to the tested samples. The data recerved from
the MARA test are summanzed in Fig. 1.

Incubation time
0h ®m3h =6h w12h m24h

100 - -1 -

MTC value

4-CP 4-t-OP

Fig. 1 Mean MTC values in the MARA test with 4-CP, NP and 4-+-OF fimgal culture exposure.

An asterisk indicates a statistically sigmificant differences from the control (p < 0L05).

Additienally, MTC values for each strain are represented in Fig. 52, The dose-response
relationship of the different MABA species exposed to the post-culture filtrates was different
for each of the xenobiotics tested. Such findings are typical of the MARA biocassay, as they
reflect the wide genetic diversity of the species and thus significant differences in susceptibility
among microorganisms. Exposure to fimgns-treated xenobiotic-polluted media resulted in the

growth reduction of almost all tested strains compared to negative controls.
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The most sensifive microorganism to the cultures supplemented with NP and 4---OP
was B. diminuta, while the strongest effect of 4-CP-treated cultures on growth imhibition was
observed for C. festosteromi. 5. rubidaea and C. freundii were also susceptible to the tested
filtrates. The obtained data correspond with previcusly presented studies showing that these
strains were characterized by high sensitivity among MARA species to the presence of other
toxicants, e.g., naproxen for B. diminnta or doxycycline for 5. rubidaea and C. frenmdii (Baran
etal, 2018; Gomy et al., 2019). Relatively low MTC values and, consequently, higher adverse
effzcts of the tested pollutants on the activity of microorganisms commeonly found in water and
soil ecosystems indicate that these species may be useful markers of treatment efficiency
envircnments contaminated with both phenolic xenobiotics and therr denivatives. The results of
the MARA assay showed that P. auranfiaca was the most tolerant microorganism to the toxic
effzct of post-culture filtrates. Similar findings were noted during the exposure of the strain to
naproxen (Gomy et al., 2019).

The results indicate that the average MTC values obtained for the post-cultured filtrates
increase with increasing incubation time of U isabelling with the tested toxicants. This finding
indicates, similar to other biotasts, that the intermediates formed during biotransformation are
less toxic than the precursor compeounds. Cur results confirm that the comparative sensitivity
of the various bicindicators for the matrices tested cannot be generalized but should be assessed

on a case-by-case basis.

3.1.4. Feast sereen assay — endgserine activity

Because many cestrogenic properties have been reported in the literature, they recemve

a large amount of attention, and relatively little 1s Jmown about the influence of varous

xenobiotics on androgen receptors; in the prasent work, both the cestrogenic and androgenic
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properties as well as the anfi-cestrogenic and anfi-androgenic properties of 4-CP, 4-+-0OP and
WP were investigated. Moreover, the endocrine activity of post-culture liquids obtained after
meubation with LT isabelling with the tested alleylphenols was also determined. The endocrne

properties of the tested compounds are summarized in Table 3.
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43 Table 3 Activity of test xenobiotics in the XenoSereen YES/YAS Endocrine Disruptor Assay.

Kenobiotic YES YAS Anti-YES Anti-YAS

4CP Oestrogenic activity (about  Lack of androgenic Lack of anti-pestrogenic 'eak anti-androgenic
(concentration 10.000 omes lower than properties properties activity

range: 5000 - 15 estradicl)

ugl)

4+-0P Lack of oestrogenic activity  Lack of androgenic Lack of anti-oestrogenic 'eak anti-androgenic
(concentration Proparties properties activity

range: 5000 - 15

ngl)

NP Oestrogenic activity (about  Lack of androgenic Lack of anti-oestrogenic Lack of anti-androgenic
(concentration 1.000 times lower than Properties properties Properties

range: 200000 -  estradiel)

1500 pg/L)

410  For each system, the activity of estradiol. DHT, flutannide, 4-hydroxy tamoxifen was determined and also the effect of suppressing the action of

411  individual compounds was checked.
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Our studies have confirmed that NP is a substance with oestrogenic properties, which was also
presented in other publications (Park et al., 2000; Preuss et al., 2006; Uchiyama et al., 2008).
In the present study, oestrogemic properties were also reported for cumylphenol (Fig. 53).
However, this activity was significantly lower than that of the standard cestradiol (E2). The
oestrogenic activity of the tested alkylphenols tumed out to be 1000- and 10000-times lower
than the activity of the standard for NP and 4-CP, respectively. On the basis of the obtammed
results, it can also be stated that none of the tested substances show androgenic activity (Table
3). No changes in j-galactosidase activity in the presence of NP or bisphenol A (BPA) wera
noted by Park et al (2000), which is in agresment with the presented data. Literature data
suggest that compounds that exhibit oestrogenic properties may also show anti-androgeme
activity (Sohoni and Sumpter, 1998). Examples of such compounds include BPA and 4-+-OP
(Panis et al., 2002). Therefore, m the next stage, the ant-androgemic properties of selectad
phenols were also assessed.

The conducted analyses showed that 4-+-OP and 4-CP exhibit anti-androgeme properties
and that the addition of these substances reduces the activity of DHT by approximately 30—
40%, depending on the analysad sample. The literamire data indicate that allkylphenols such as
BPA, NP or OP can interact with androgen receptors. These properties have not yet been
demenstrated for 4-CP (Lietal , 2010). To our kmowledge, this is the first report to demonstrate
the anti-androgenic activity of cumylphenol. On the basis of the obtained results, it can also be
concluded that NP does not show anti-androgenic activity. On the other hand, Lee et al. (2003)
mdicated that NP is an active anti-androgen.

In the next stage of the work, the post-culture fluids after incubation with L7 isabelling
with selected phenols were evaluated for endocrine properties. The conductad analyses showed
that none of the tested post-culture fluds obtained after incubation of U isabelling with NP or

4-CP showed oestrogemic activity, regardless of the ineubation time and concentration of the
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437 tested sample. In the test determining the anti-androgenic activity of the tested post-culture
438 liguids, it was shown that properties depend on the time of incubation of L7, isabelling with the
435  substrates (Table 54). The highest decrease m DHT activity was noted in trials from Oh. Aleng
440  with the extension of the imcubation time, the anti-androgenic activity of the tested fhuds
441 decreased, which indieates that the biodegradation process of the diseussed alleylphenols leads
442  to their detoxification.

443

qa4 3.2 Growth ability of Ul isabelling in leachate presence

445

448 The growth of 17 isabellina on Sabourand medmm contammmg 20 and 40% landfill
447  leachate originating from the closed dangerous waste landfill of the former “Boruta™ Dye

448 Factory in Zgierz, Poland, 15 presented m Fig. 2.

10 -
Q9
B
5 = Biotc
7 1 | comtrol
1
= 6 J 20% H20
-
= 3
E 20P
E 4 leachate
E. 3 = == 400 HXO
=
2P0
leachate
1
0= - - - ]
0 M 48 T2 96
42 Time [h]

g50  Fig. 2 Effect of supplementation with landfill leachate (20 and 40% of the volume) on the

451 growth of U isabelling during 96 h of incubation.
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The obtained results show that in 24 h of incubation, the amount of biomass in the culture with
20% of the landfill leachate was similar to that in the controls with 20 and £0%: water (instead
of landfill leachate), as well as mn the biotic control without any supplements. In the set with
40% landfill leachate, a significantly lower amount of biomass was observed in relation to that
m the adequate control supplemented with water. In the following hours of meubation, the
difference within both cultures decreased, and at the end of the experiment, the difference was
at the same level but mmuch lower than that in the biotic control without any supplements. The
obtained results suggest that the fungus is able to adapt to the wnfavourable conditions caused
by the landfill leachate compenents even in the case of additional landfill leachate introduction.

The basic analyses of the landfill leachate (Table 51) revealed high worth of COD
(chemical oxygen demand) as well as total orgamic carbon (TOC) content and relatively low
biochemical oxygen demand (BOD), which suggests the presence of toxic orgamic and
inorganic (high value of conductivity) components for the leachate microbiota. The investigated
leachate originates from a dye mdustry waste landfill located within the boundary of the eity
Zgierz in the central region of Poland (Fig. 1). The landfill 1s currently closed but was in use in
1995 — 2015 predomimantly by the former "Boruta” Dryve Industry Plant in Zgierz, Poland. The
post-production waste of the former Boruta factory was stored in iron containers, barrels or bins
and then covered with a layer of sand, ash, and nmumicipal waste as well as with a layer of ash,
gypsum and asbestos (Goralezyk-Bifkowska et al., 2021; Janas and Zawadzka, 2018).

The detailed chemical analyses of the leachate (Table 52) showed additionally high
amounts of ron (the mest hkely the result of metal contamer comrosion) and VPs. VPs ars
benzene hydroxyl derivatives and other aromatic hydroxyl chemicals that distil water vapour
from an acid solution and under specified standard conditions give a colour reaction with 4-
aminoantipyrine (FN-EN IS0 14402:2004). VPs are synthesized by microorganisms and are

formed during biotransformation and biodegradation processes of some natural compounds and
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491

xenobiotics, e.g., mnon-velatile phenecls, aromatic amino acids, polyeyelic aromatic
hydrocarbons (FAHs) and polyphenols (Schieber and Wiist, 2020). The leachate from the
landfill was sent by the mdustrial liquid waste system of the former "Boruta” factory to the
municipal and industrial wastewater plant in Zgierz, Poland. The possible ability of the tested
fimgns to degrade and detoxify VPs present in the laachate could be useful for the wastewater

plant in Zgierz.

3.3, VP unilizanion by UL isabellina

Analyses of VPs in cultures of U7 isabelling (Fig. 1) revealed that m the culture
without amy supplements (biotic control), the fungus released VPs into the medium over the

course of the experiment wmti] the end of ncubation at 96 h.

0.6

0.5

0.4

0.3

Phenol index JmgL-']

48 72 96
Time [h]
Fig. 3 Volatile phenol content during L7 isabelling cultures with the addition of 20 and 40%

landfill leachate.
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Fungi are able to produce and utilize numerous volatile organic compounds (VOCs), mcluding
VPs (Guo et al, 2021; Kennes et al., 2016). In the investigated control culture with 20% water
{mnstead of landfill leachate) for 48 h, a decrease in VP formation was noticed.

In the case of the control set with 40% water (in place of landfill leachate) after 48 h,
even a decrease in previously relzased VPs was observed. These phenomena are comelated with
a very rapid breakdown of the VP content after 48 h of culturing in the set with 40% landfill
leachate and indicate that VPs are utilized by U7 isabelling, especially in the stationary phase
growth phase when the easily and quickly metabolized components of the growth medium are
consumed. This conclusion also seems to be confirmed by a slight decrease in the VPs content
m the first 24 h of the experiment m the culture supplemented with 20% leachate and gradual

acceleration of this process in the further hours of mcubation.

3.4. Evaluarion of sample taxicity from U isabelling cultures supplemented with leachate

To estimate the detoxification capability of the tested fimgus in relation to the post-
industrial landfill leachate, toxicity tests using organisms representing different levels of the
trophic cham {consumer, decomposer, producer) were camed out.

In all of our tests, a significant correlation between the toxicity reduction of filtrates
from U7 isabelling culturs in the prasence of different leachate concentrations and the decreasa
in VPs in these samples was observed. Beductions in toxicity: 3.8, 4.9 and 1.9-fold for the 20%
leachate volume and 3.7, 4.6 and 2.1-fold for the 40% leachate volume in fungal eultures were
achieved during the 96 h of biodegradation experiments for 4. franciscana, D. magna and 4.

fischeri, respectively (Table 4).

86



516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

Table 4 Ecotoxicity data (EC50 and LC50 values) for D). magna, A. franciseana and 4. fischeri

assays in the presence of post-culture filtrates treated with the landfill leachate.

Landfill leachate (*a) Time (h) A. fischerii A fransciscana D magna

20 0 34206 134=056 0106
24 40.1+08 156=09 14511
48 45110 19.7=11 659x14
72 564009 256035 0410
96 66913 504=12 441+£15

40 0 15904 T8=x10 4402
24 24705 101=09 7209
48 282009 152=10 100£03
72 31105 174=10 11503
96 34010 286135 0212

Other studies using 4. franciscana as a bicindicator showed a 21% decrease in the harmful
potential of landfill leachate dunng treatment processes, which was a similar value to our results
(de Almeida et al., 2018). A significant reduction in toxicity for 60% of the landfill leachate as
a result of biological treatment over a 33-day peniod was also observed in the D). magna tests
(Paskuliakova et al., 2018).

The effectiveness of decreasing toxieity after biological treatment of landfill leachate
has also been successfully demonstrated in many studies by measuring the bioluminescent
activity of bacteria. The application of A. fischeri in studies carmied out by Kalka (2012) revealed
areduction in toxicity by 67.2% in the treated leachate, while Kaltikova et al. (2014), using the
same test, showed a reduction of 33.4% in harmfulness in leachate during the growth of the

fimgns Dicheminus squalens after 3 days of menbation.
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Therefore, reports indicate that toxicity assessment with 4. franciscana, D. magna
and A_ fischeri is convenient, effective and useful for monitoring the effectivensss of biological
leachate treatment processes (Abbas et al., 2018).

In the present work, toxicity results varied depending on the test orgamism and
selected endpoints, with D magna identified as the most sensitive orgamism. The lower
resistance of daphnids and other freshwater crustaceans to the toxic effect of leachate compared
to other bioindicators has already been demenstrated (Kalcikova et al., 2011; Melnyk et al.,
2014). The high toxicity of the tested landfill leachate to D). magna may be due to the high
conductivity and the presence of heavy metals, especially the high TOC values that excesd the
standard by more than thirty times (Table 51). The high content of organic matter may raduce
the oxygen content in the sample, negatively affecting the survival rate of daphmids (Sackey et
al., 2020).

The application of luminescent bacteria in the present study revealed the toxic nature
of the landfill leachate; however, among the tested bicindieators, 4. fischerii showed the lowast
sensitivity. A lower frequency of toxic reactions in response to landfill leachate in 4. fischeri
compared to test organisms representing different trophic levels was also repertad in another
study (Melnyk et al., 2014). It has been suggested that the reason for such findings may be the
presence of substances with insecticidal and herbicidal properties in the leachate. The harmful
impact of leachate on the luminescent activity of 4. fischerii could have resulted from the
coexistence of several metals, especially Fe*”, the amount of which significantly exceeded the
norms. It was noted that the mhibition of biclummescence by the leachate was positively
correlated with the metals present, including Fe*, that could be adsorbed and trapped in the
exo-polysacchanide layer of the bactenia (Schiavo et al_, 2020).

Our findings suggest that the toxicity decrease in filtrates in the test with A. fischers

may be cansed not only by the biodegradation processes of arganic substances but also by heavy
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metal 1on biosorption orfand bioaccumulation mechamsms. This is confirmed by the results of
our earlier studies, in which we demonstrated the ability of U isabelling to remove selected
heavy metals from the growth mediom (Janick et al_, 2018).

All filirate samples were evaluated as phytotoxic based on 5. saccharafum seed
sermination and root growth, aspacially at higher tested leachate concentrations. It was found
that the use of 20 and 40% of the leachate in fungal cultures resulted in root growth inhibition
of 32.5 and 59.1%, respectively, for the filirates from the start of cultivation. A correlation
between a higher leachate content and a greater percent of root growth inhibition of exposed
plants was also demonstrated by Sourkovi et al. (2020), who noticed a similar degree of 5. alba
root growth reduction using 23 and 50%: leachate. These findings indicate that the use of large
amounts of leachate disrupts the defence system and the metabolism of bicindicator plant
species. The phytotoxicity test also showed that toxicity declined in the filtrates obtained dunng
U izabelling incubation with the addition of leachates (Table 53). At 96 h of cultivation, the
GI mereased by 12.8 and 19.1% for post-culture samples contaning 20 and 40°%: leachate,
respectively.

Studies on root growth inhibition m the prasence of tested supematants also revealed
areduction in their harmful effects o 5. saccharatum. The growth inhibition of the roots treated
with the 4-day post-culture filtrates was reduced by approximately 19% compared to the starter
cultures for both the 20 and 40% leachate volumes. The tomic effect of leachate on 5.
saccharafum root elongation may be caused by the high conductivity value. A strong
dependence of 5. saccharanmm root growth mhibition on conduetivity was also demonstrated in
studies on the phytotoxicity assessment of leachate from a controlled municipal landfill in
Gdansk (Poland) (Melnylk et al., 2014). The availability value of water-seluble pollutants is
high for plants; therefore, they may have the strongest impact on bioindicators, which present

the first level of the trophic cham  The results of contact tests with plant seeds also showed an

89



531

582

583

534

585

5386

587

538

589

590

581

582

593

554

5895

586

597

588

599

600

601

602

603

604

605

merease In toxicity during the first 48 h of biodegradation processes. This suggests that VPs
and other organic contaminants present in the tested leachate could have been degraded mto
by-products characterized by higher toxierty than the precursor compounds. In conclusion, the
obtained data clearly indicate that the microbiclogical processes of compound metabeolism

contained m leachate, inchiding VPs, result in their detoxification.

4. Conclusions

The results obtained in the study provide accurate information on the reduction of
cummlative harmful effects of compounds moxtures formed during the degradation of 4-CP, NP
and 4-+-0F by U isabelling strain and decrease their adverse effect on biota. Moreover, the data
presented in this work show that the fimgal stram also has the ability to ehminate and detoxify
VPs from leachate produced by landfills post-industrial waste. The use of a battery of biotests
m our smdy provided information on the biological activity of leachate treated with biological
treatment processes. Thus, it can be concluded that the non-limnimelytic fingus U isabelling
shows potential usefulness m bioremediation processes not only in environments contaminatad
with specific phenolic xenobiotics but also in industrial leachates with similar chemical prefiles.

The results of the biotests presented in the paper demecnstrate sufficient evidence to
estimate the effectivensss of hazard reduction by biodegradation processes, indicating the
potential of the tested fungal strain to be used as an attractive tool for bicremediation of areas
contaminated with phenolic xenobiotics. This creates the prospect of the possible melusion of
this bacterium in wastewater treatment programs as a promising altemnative to the often costly

and not eco-frendly physico-chemical methods of reduemg toxic pollutants.
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Figure S1. Location of leachate collection from post-industrial landfills. Study area location in
Zgierz city (Poland, Central Europe). A. The municipal and industrial wastewater treatment
plant, B. The former "Boruta" Dye Industry Plant area, C. The closed landfill for hazardous
waste of the former "Boruta" Dye Industry Plant, D. The closed energy ash and gypsum landfill.
Note: The figure was elaborated in QuantumGIS Bucuresti (ver. 3.12) based on site

observation and mapping analysis according to online software sources (OSM Standard).

Table S1. Basic analysis of the landfill leachate collected from the hazardous waste landfill of

the former “Boruta” dye production plants in Zgierz.

Parameter Method Unit Value Standard
pH PN-EN ISO 10523:12 pH 7.2+0.4 6.5-9.0
Conductivity ~ PN-EN 27888:1999 uS 11805 + 673 -

CODwn PN-ISO 15705:2005 mg/L O, 348.8+92.4 125
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TOC PN-EN 1484:1999 mg/L C 1040.5+190.4 30
BODs PN-EN 1899-2:2002 mg/L O, 300 +15.2 -
Table S2. Chemical contaminants of the landfill leachate.
Parameter Method Unit Value Standard
Nitrites PN-EN ISO 13395:2001 mg/L NO> 0.026 + 006 1
Nitrates PN-EN ISO 10304-1:2009 mg/L NOs <1.7 30
Sulphates PN-EN ISO 10304-1:2009 mg/L SO4 15+3 500
Chlorides PN-EN ISO 10304-1:2009 mg/LCl 21+04 1000
Cyanides (free) PN-EN ISO 14403-2:2012 mg/L <0.008 -
Cyanides (bound) PN-EN ISO 14403-2:2012 mg/L 0.045 + 0.008 -
Antimony PN-EN ISO 11885:2009 mg/L Sb <0.020 0.3
Arsenic PN-EN 1SO 11885:2009 mg/L As <0.020 0.1
Barium PN-EN ISO 11885:2009 mg/L Ba 0.37+£0.08 2
Beryllium PN-EN ISO 11885:2009 mg/L Be <0.004 1
Boron PN-EN ISO 11885:2009 mg/L B 20.35+4.68 1
Chromium otal) PN-EN ISO 11885:2009 mg/L Cr total 0.055 £ 0.011 0.1
Zinc PN-EN ISO 11885:2009 mg/L Zn 0.067 £ 0.015 2
Aluminum PN-EN ISO 11885:2009 mg/L Al 0.071+0.016 3
Cadmium PN-EN ISO 11885:2009 mg/L Cd 0.0015 £ 0.0003 0.4
Cobalt PN-EN ISO 11885:2009 mg/L Co <0.002 1
Manganese PN-EN ISO 11885:2009 mg/L Mn 0.17£0.04 -
Copper PN-EN ISO 11885:2009 mg/L Cu 0.014 £ 0.003 0.5
Molybdenum PN-EN 1SO 11885:2009 mg/L Mo 0.057 £ 0.009 1
Nickel PN-EN ISO 11885:2009 mg/L Ni 0.23+0.04 0.5
Lead PN-EN ISO 11885:2009 mg/L Pb 0.023 + 0.004 0.5
Selenium PN-EN 1SO 11885:2009 mg/L Se <0.050 -
Silver PN-EN 1SO 11885:2009 mg/L Ag <0.010 0.1
Thallium PN-EN 1SO 11885:2009 mg/L Tl <0.020 1
Titanium PN-EN 1SO 11885:2009 mg/L Ti 0.024 £ 0.005 1
Vanadium PN-EN 1SO 11885:2009 mg/LV <0.006 2
Iron PN-EN 1SO 11885:2009 mg/L Fe 30.88 +5.87 10
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Mercury
Volatile phenols
Petroleum

hydrocarbons

EPA 7473 02.2007

PN-EN I1SO 14402 : 2004
PN-EN 1SO 9377-2:2003

mg/L Hg
mg/L
mg/L

0.0014 + 0.0002 0.06
1.68+0.48 0.1
72123 15

Table S3. Toxicity bioassays selected for the ecotoxicological analysis of filtrates from U.

isabellina cultures supplemented with xenobiotics and landfill leachate.

Trophic level Species Measure of toxic effect 4NP, 4-CP, VPssamples
(toxicological 4-t-OP analyzed
endpoints) samples

analyzed

Decomposer Aliivibrio fischeri Bioluminescence X X
activity

Microbacterium sp.  Growth rate inhibition X

Brevundimonas X
Growth rate inhibition

diminuta

Citrobacter freudii ~ Growth rate inhibition X

Comamonas X
Growth rate inhibition

testosteroni

Enterococcus X
Growth rate inhibition

casseliflavus

Delftia acidovorans  Growth rate inhibition X

Kurthia gibsonii Growth rate inhibition X

Staphylococcus X
Growth rate inhibition

warneri

Pseudomonas X
Growth rate inhibition

aurantiaca

Serratia rubidaea Growth rate inhibition X

Pichia anomala Growth rate inhibition X
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Saccharomyces Estrogenic/anti- X
cerevisiae estrogenic activity X
Androgenic/anti-
androgenic activity
Producer Sorghum Seed germination rate, X
saccharatum root length reduction
Lepidium sativum Seed germination rate, X
root length reduction
Sinapis alba Seed germination rate, X
root length reduction
Rhapidocelis X
Growth rate inhibition
subcapitata
Phaeodactylum X
Growth rate inhibition
tricornutum
Consumer Thamnocephalus Reduction or complete X
platyurus cessation of food intake
Daphnia magna Mortality x@
Artemia x@
Mortality
franciscana

& _ tests were carried out in previous studies (Janicki et al., 2016)
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Figure S2. MARA species responses (MTC value) to U. isabellina cultures treated with test

xenobiotics: a — 4-CP, b — NP, ¢ — 4-t-OP.
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Figure S3. Oestrogenic activity of 4-CP, 4-t-OP and NP.

Table S4. Anti-androgenic activity of post-culture filtrates obtained after incubation of U.

isabellina with NP or 4-CP (post-culture liquid concentration — 4%).

Time (h) Absorbance of 4-CP (% of control, i.e. Absorbance of 4-t-OP (% of control, i.e.

DHT) DHT)
0 65.50 + 1.52 75.04 £ 1.12
3 75.01 + 0.90 83.20 + 1.42
6 82.28 +1.23 85.18 + 0.64
12 81.98 + 0.56 87.90 + 0.49
24 86.73 +0.70 93.72 + 0.80
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Table S5. Plant biological endpoints for testing the phytotoxicity of fungal post-culture filtrates

supplemented with landfill leachate.

Landfill Time (h) Germination Root growth Germination index
leachate (%) inhibition (PE%) inhibition (PE%) (%)
20 0 0x0 325128 59.5+2.0
24 0+0 39.7+2.2 52.4+3.0
48 0x0 49.6 +3.0 43.0+29
72 0+0 29.3+2.7 62.9+3.6
96 0+0 20.6+3.1 78.3+2.8
40 0 10+2 59.1+33 40.6 +1.7
24 0x0 64.7+2.8 35.2+2.6
48 0x0 69.2+34 30.8+2.0
72 0x0 53.4+38 446 +2.7
96 0x0 40.1+25 59.7+2.1
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Opracowanie koncepcji badan nad procesami
mikrobiologicznej degradacji. Zaplanowanie i
realizacja do$wiadczen dotyczacych oceny
zdolnosci do wzrostu oraz eliminacji badanych
ksenobiotykow przez grzyb strzepkowy
Umbelopsis isabellina, analiza ilosciowa i
jakosciowa procesow biodegradacji,
oszacowanie toksycznosci produktow
mikrobiologicznego rozktadu badanych
zwigzkow. Opracowanie i interpretacja
otrzymanych wynikéw. Przygotowanie
manuskryptu: opracowanie graficzne
wynikdw oraz abstraktu graficznego, edycja
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bibliograficznych, opis materiafow i metod,
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eliminacji badanych ksenobiotykow przez
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ocena ekotoksykologiczna analizowanych
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