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I. WPROWADZENIE

Butylowe zwigzki cyny, stosowane na skalg przemystowa od lat 50. ubieglego wieku,
zbudowane s z jednej lub kilku grup butylowych przytaczonych kowalencyjnie do centralnie
potozonego atomu cyny (Rys. 1) (Du i in., 2014). Funkcyjnos¢ tributylocyny (TBT) przejawia
si¢ przede wszystkim w dziataniu bdjczym, co umozliwito wykorzystanie zwigzku jako
sktadnika a) farb przeciwporostowych stuzacych do pokrywania kadtubow statkow i innych
konstrukcji podwodnych, b) s$rodkow dezynfekujacych stosowanych przez garbarnie,
celulozownie i fabryki wiokiennicze oraz c) srodkéw konserwujgcych gtownie drewno i inne
materiaty budowlane. Z kolei aplikacyjnos¢ dibutylocyny (DBT) — stabilizatora termicznego
oraz katalizatora reakcji estryfikacji — dotyczy glownie przemyshu tworzyw sztucznych,
a zwlaszcza produkeji polichlorku winylu, sylikonéw i pianek. Natomiast monobutylocyng

(MBT) wykorzystuje si¢ podczas obrobki szkta i wytwarzania PCW (Sousa i in., 2014).
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Rys. 1. Struktury chemiczne czasteczek tri- (a), di- (b) i monobutylocyny (c).

W konsekwencji globalnego eksploatowania butylowych zwiazkow cyny, substancje te
przenikajg ze Sciekow komunalnych i przemystowych, z odciekow z wysypisk oraz po
bezposrednim wymyciu z farb przeciwporostowych do ekosystemoéw wodnych i ladowych
(Hoch, 2001). Wedlug danych literaturowych, stezenie butylowych zwigzkow cyny nie
przekracza 200 ng Sn It wéd morskich, 17 pg Sn g s.m.* osadéw dennych oraz 100 pg Sn kg
s.m. 2 gleb (de Carvalho Oliveira i Santelli, 2010; Hoch, 2001; Okoro i in., 2011). W warunkach
srodowiskowych, substancje te moga ulega¢ procesom fotodegradacji, adsorpcji 1 desorpcji,
bioakumulacji oraz biologicznej degradacji (Rys. 2) (Hoch, 2001). Zrodtem energii niezbednej
do rozerwania wigzania Sn—C jest promieniowanie UV, stad tez fotoliza czasteczek butylocyn
zachodzi jedynie w warstwach powierzchniowych wod. Z kolei adsorpcja butylowych
zwigzkow cyny na powierzchni czasteczek gleby lub osadéw dennych zalezy od warunkow
srodowiskowych takich jak odczyn pH, zasolenie oraz sklad mineralogiczny 1 chemiczny

adsorbenta (Hoch, 2001). Jednakze dane literaturowe donoszg, iz substancje te pozostajg
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dlugoterminowymi zanieczyszczeniami $rodowiska naturalnego (Chiavarini i in., 2014).
Z powodu lipofilowego charakteru czasteczek, butylocyny ulegaja rowniez bioakumulacji
w tkankach bezkregowcow (takich jak mieczaki i skorupiaki) i krggowcow (przede wszystkim
ryb, delfinow, ptakéw) zagrazajac zdrowiu cztowieka, bedacego ostatnim ogniwem tancucha
troficznego (Hoch, 2001). Zrédta literaturowe wyszczegolniaja kilkanascie mikroorganizméow
wykazujacych zdolnos¢ do biodegradacji butylowych zwiazkéw cyny, a wsrod nich bakterie
z rodzaju Pseudomonas i Streptomyces (Bernat i Diugonski, 2009; Bernat i in., 2014), grzyby
strzepkowe nalezgce do gatunkow Cunninghamella elegans i Cochliobolus lunatus (Bernat
i Dlugonski, 2006; Bernat i in., 2013) oraz algi Chlorella vulgaris (Tsang i in., 1999).
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Rys. 2. Transfer i relokacja butylowych zwiazkéw cyny oraz procesy, ktorym ulegaja

w ekosystemach wodnych (Hoch, 2001).

Ekspozycja cztowieka na butylowe zwiazki cyny zwigzana jest z licznymi zrodtami
antropogenicznymi tych substancji (Rys. 3). Nastepstwem spozywania skazonej zywnosci
(owocow morza, pokarméw przechowywanych w opakowaniach wykonanych z PCW), wody
(transportowanej rurami  PCW) i napojow (dystrybuowanych w opakowaniach
wyprodukowanych z PCW), podobnie jak skutkiem kontaktu z artykutami gospodarstwa
domowego (takimi jak folie i pergaminy do pieczenia, gabki, odziez, artykuly sanitarne,
zabawki dziecigce, tapety, dywany, poduszki) i materiatami medycznymi, czy nawet kurzem
domowym (Hoch, 2001; Moser i in., 2009; Sousa i in., 2014) jest mierzalny poziom butylowych



zwiagzkow cyny w tkankach i wydzielinach ludzkich takich jak krew, watroba, czy mleko matki
(Kannan i Falandysz, 1997; Mino i in., 2008; Rantakokko i in., 2008).
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Rys. 3. Glowne zrodta ekspozycji cztowieka na butylowe zwiazki cyny (Sousa i in., 2014).

Wszechstronne narazenie cztowieka na obecno$é butylocyn stwarza niebezpieczenstwo
zwigzane z roznorodnymi efektami toksycznymi ich dziatania. Sg to przede wszystkim
zaburzenia reprodukcyjne, zmiany neurobehawioralne, zaburzenia immunologiczne, zmiany
hepatologiczne, toksyczno$¢ sercowo-naczyniowa, réznicowanie tkanki ttuszczowej i otylo$¢

oraz hamowanie osteoklastogenezy (Sousa i in., 2014).

Toksycznos¢ butylowych zwigzkéw cyny spowodowana jest m. in. interakcja ich
czasteczek ze sktadnikami blon komorkowych, prowadzaca do zaburzen prawidlowego
funkcjonowania tej bariery ochronnej komorki, stanowigcej zarazem gtowny cel dla wszystkich
substancji toksycznych, a zwtaszcza tych o lipofilowej naturze. Posrednig przyczyng tego
negatywnego oddziatywania jest generowanie reaktywnych form tlenu (RFT), w nastepstwie
czego, komorka poddana jest na dzialanie stresu oksydacyjnego (Chantong i in., 2014)
I peroksydacjg lipidow btonowych, co wptywa na wtasciwosci fizyko-chemiczne membran oraz
na pelione przez nie funkcje (Niki i in., 2005). Z kolei bezposrednig przyczyng zaburzen
prawidlowego funkcjonowania blon jest umiejscowienie lipofilowych czasteczek butylocyn
w dwuwarstwie lipidowej, co niesie ze sobg zmiany jej przepuszczalnosci, ktore
w konsekwencji zakltocajg jonowy gradient transbtonowy oraz funkcjonowanie enzymow

btonowych (Pagliarani i in., 2013). W sytuacji nadmiernego nagromadzenia butylowych
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zwigzkéw cyny w blonie komorkowej, nastgpuje oslabienie oddziatywania migdzy jej

sktadnikami, prowadzac do zniszczenia struktury membranowej (Bojarska-Kujawa i in., 2012).

Powszechnie przyjmuje si¢, iz toksycznos¢ butylowych zwigzkow cyny maleje wedlug
przedstawionego ciggu: R3SnX > R2SnXz > RSnXs, gdzie R oznacza ugrupowanie butylowe,
a X dowolne ugrupowanie anionowe (de Carvalho Oliveira i Santelli, 2010). Jednakze Frouin
i in. (2008) udowodnili, iz DBT wywiera silniejszy efekt immunotoksyczny u organizméw
bezkregowych 1 kregowych niz TBT. Co wigcej, istniejg dane literaturowe, ktére donosza, 1z
DBT oddziatuje silniej na funkcje mitochondrialne — niz TBT — hamujac aktywno$¢
hydrolityczng ATPaz magnezowych i wapniowych (Bouchard i in., 1999; Nesci i in., 2011).

W konsekwencji poszerzenia wiedzy na temat silnej toksycznosci i bioakumulacji
butylowych zwiazkéw cyny, uznajac potrzebe ochrony $rodowiska morskiego,
Migdzynarodowa Organizacja Morska (IMO) opracowata w 2001 roku Konwencj¢ AFS
wprowadzajaca prohibicje stosowania farb przeciwporostowych opartych na TBT jako
substancji czynnej (Sant’Annaiin., 2012; Sousa i in., 2014). Z kolei Unia Europejska uchwalita
Dyrektywe 2002/62/EC i Rozporzadzenie 782/2003, na mocy ktérych z dniem 1. stycznia 2008
roku zaczatl obowigzywacé rozszerzony zakaz korzystania z farb zawierajacych w swoim
sktadzie tributylocyn¢ obejmujacy wszystkie statki wpltywajace do portow panstw
cztonkowskich UE (Sousai in., 2014). Jednakze produkcja i stosowanie farb na bazie zwigzkow
cynoorganicznych sa nadal mozliwe w niektorych krajach rozwijajacych sig, niebgdacych
cztonkami IMO i UE (Yi i in., 2012). Co wigcej, pomimo zakazu stosowania, TBT jest nadal
w uzyciu na matych todziach (Toste i in., 2011), a dane literaturowe dowodzg, iz butylowe
zwigzki cyny sa w dalszym ciggu wykrywane w probach wod i osadow dennych pobieranych
z r6znych regionow $wiata (Chen i in., 2019; de Castro i in., 2012; Filipkowska i in., 2014;
Hassan i in., 2019).

Zanieczyszczenie ekosystemow naturalnych butylowymi zwigzkami cyny, w potaczeniu
z ich zdolnoscig do bioakumulacji w tancuchu troficznym 1 réznorodnymi mechanizmami
toksycznosci sktonito naukowcow do poszukiwania innowacyjnych rozwigzan stuzacych
bioremediacji srodowisk skazonych. Na szczegdlng uwage zastuguja grzyby mikroskopowe,
charakteryzujace si¢ tolerancja wobec wysokich stezen substancji toksycznych, réznorodno$cia
drég metabolicznych, niskg specyficznoscig enzyméw komodrkowych oraz wzrostem
strzgpkowym utatwiajacym dostep do metabolizowanych substancji (Potin i in., 2006; Samanta
I in., 2002).



Z uwagi na fakt potwierdzonych wtasciwosci prooksydacyjnych butylocyn (Chantong
I in., 2014; Ishihara i in., 2012), mozliwe jest przypuszczenie, iz celowa suplementacja
antyoksydantami, chronigca komoérki grzybowe przed stresem oksydacyjnym, moze zwigkszy¢
wydajnos¢  procesu  biodegradacji  tych  zwigzkow. Ws$rdd — nieenzymatycznych
przeciwutleniaczy, istotng role odgrywaja witaminy. Witamina C (kwas askorbinowy) —
uznawana za zasadniczy antyoksydant fazy wodnej komorki — wygasza reaktywne formy tlenu
tworzac stabilizowane rezonansowo, wzglednie niereaktywne i tatwo poddajace si¢ redukcji
rodniki askorbinowe (Li i Schellhorn, 2007). Witamina E (a-tokoferol) uwazana jest z kolei za
elementarny przeciwutleniacz fazy lipofilowej komorki i antyperoksydant lipidow. Wedlug
danych literaturowych, a-tokoferol zmiata wolne rodniki najskuteczniej sposrdéd wszystkich
tokoferoli. Mechanizm usuwania wtérnych rodnikow przez a-tokoferole polega na tamaniu
16-weglowego tancucha antyoksydantu wbudowanego uprzednio w struktur¢ btonowa.
W trakcie wymiatania rodnikow peroksylowych tworzone sg formy nierodnikowe i odpowiedni
rodnik a-tokoferylowy (Azzi i in., 2007; Sroka i in., 2005). Wsrod antyoksydantow wymienia
si¢ rowniez zwiazki steroidowe, szczegdlnie estrogeny naturalne, a spos$rod nich estron (E1)
i 17-Bestradiol (E2). Pierscien A wraz z grupag —OH usytuowang W pozycji 3. jest kluczowym
elementem aktywnosci antyoksydacyjnej estrogenow fenolowych, czynigc je silnymi
przeciwutleniaczami fazy wodnej i mniej skutecznymi w fazie lipidowej. Wedtug niektorych
zrodet literaturowych, efektywno$¢ zmiatania wolnych rodnikow przez estrogeny naturalne jest
porownywalna, a czasem wyzsza niz dla witamin (Ruiz-Larrea i in., 2000). Opisane powyzej
substancje o aktywnos$ci przeciwutleniajacej sg naturalnymi, powszechnie wystepujacymi
zwigzkami zréznicowanymi nie tylko pod wzglgdem struktury chemicznej (Rys. 4),
wlasciwos$ci 1 mechanizmoéw dzialania, ale rowniez ilosci podatnych na jonizacje grup

hydroksylowych, od ktorych zalezy aktywnos¢ antyoksydacyjna zwiagzku.



HO H
P:o HO cH
HO : ° . : 3
— HsC CHj
HO OH

HO HO

Rys. 4. Wzory strukturalne witamin C (a) i E (b) oraz estronu (c) i 17p-estradiolu (d).

Niniejsza praca doktorska dotyczy oddzialywania wybranych  substancji
o whasciwosciach antyoksydacyjnych: witamin C i E oraz estrogenéw naturalnych - 17f-
estradiolu i estronu na proces biodegradacji butylowych zwigzkoéw cyny, z jednoczesnym
uwzglednieniem modyfikacji wybranych elementow lipidomu mikroskopowego grzyba
strzepkowego Metarhizium robertsii. Grzyby nalezace do gatunku M. robertsii wystepuja
powszechnie na calym $wiecie. Ich glownym rezerwuarem jest gleba, a W szczegdlnosci
ryzosfera roslin (Liao i in., 2013; Sasan i Bidochka, 2012). Grzyb ten zaliczany jest do
mikroorganizméw entomopatogennych, czyli infekujacych owady (Sasan i Bidochka, 2012),
dzieki czemu znalazt zastosowanie W walce z insektami w postaci biopreparatow, zastepujac
chemiczne $rodki ochrony roslin (Sasan i Bidochka, 2012). Szczep grzybowy stanowigcy
model badawczy w niniejszej pracy zostal wyizolowany z gleby pochodzacej
z terenu Lodzi i umieszczony w katalogu kolekcji Katedry Mikrobiologii Przemystowe;
i Biotechnologii Uniwersytetu L.odzkiego pod sygnaturg IM 6519. Analizy przeprowadzone
przez Roézalska i in. (2015) dowiodly, iz grzyb ten wykazuje zdolno$¢ do biodegradacji
4-n-nonylfenolu. Co wigcej, badania wstepne uwidocznily potencjatl szczepu M. robertsii

IM 6519 do eliminacji butylocyn ze §rodowiska wzrostu.



Il. CELE PRACY
Za gtéwne cele badan przeprowadzanych podczas realizacji pracy doktorskiej przyjeto:

1. Optymalizacje procesu biodegradacji dibutylocyny przez mikroskopowy grzyb
strzepkowy Metarhizium robertsii IM 65109.

2. Analize wpltywu wybranych substancji o wlasciwosciach antyoksydacyjnych na rozktad
butylowych zwiazkéw cyny przez szczep IM 6519.

3. Badanie toksycznego oddzialtywania di- i tributylocyny (w/bez obecnosci witaminy C)

na wybrane sktadniki lipidomu grzybowego szczepu M. robertsii IM 6519.



111. REALIZACJA POSZCZEGOLNYCH CELOW PRACY

I11. 1. Opis optymalizacji procesu biodegradacji dibutylocyny przez
mikroskopowy grzyb strzepkowy Metarhizium robertsii IM 6519

Gloéwnym zrédtem dibutylocyny w ekosystemach wodnych i ladowych jest uwalnianie
zwigzku z materiatdw PCW oraz degradacja srodowiskowej tributylocyny za posrednictwem
aktywno$ci mikrobiologicznej i/lub reakcji fotochemicznych (Hoch, 2001). Dostepne dane
literaturowe wskazuja, iz DBT wykazuje dziatanie cyto-, immuno-, hepato-, terato-, neuro-
I genotoksyczne, a takze charakteryzuje si¢ wlasciwos$ciami prooksydacyjnymi (Chantong i in.,
2014; Farr i in., 2001; Ferreira i in., 2013; Gumy i in., 2008; Jenkins i in., 2004; Ueno i in.,
2003), stad tez wnioskuje sie, iz obecnos¢ tego zwigzku W bezposrednim otoczeniu Stwarza
zagrozenie dla wszystkich organizmow. Niestety, konwencjonalne metody oczyszczania
srodowisk skazonych obarczone sg wysokimi kosztami oraz stosunkowo niska skutecznos$cia,
dlatego tez dostrzega si¢ potencjat rozktadu zanieczyszczen z udzialem mikroorganizmow,

ktory moze postuzy¢ redukcji sSrodowiskowych pozioméow dibutylocyny.

Podczas realizacji pierwszego celu niniejszej rozprawy doktorskiej przeprowadzono
optymalizacj¢ biodegradacji DBT przez mikroskopowy grzyb strzepkowy Metarhizium
robertsii. Weryfikacja podt6z hodowlanych zréznicowanych pod katem sktadnikow
odzywczych umozliwita dokonanie doboru najlepszego zrédlta wegla (tj. glukozy) 1 azotu
(tj. ekstraktu drozdzowego) pozywki wzrostowej. Kolejno, eliminowano poszczegdlne zrodta
makroelementow (magnezu, wapnia i potasu) oraz modyfikowano a) odczyn pH pozywki
(w zakresie 6-8), b) temperature inkubacji (w zakresie 25-30 °C) i c) natlenienie hodowli
(porownanie kolb laboratoryjnych oraz bioreaktora) kontrolujac wplyw zmienianych
warunkow hodowli na tempo biodegradacji DBT. Ze wzgledu na fakt, iz deficyt Mg, Ca i K,
podobnie jak odczyn pH i temperatura hodowli (w badanych zakresach) nie oddziatywaty
istotnie na efektywno$¢ biodegradacji badanego zwiagzku [dane nieopublikowane], do dalszych
etapow badan wybrano podloze wzrostowe o nastgpujgcym sktadzie: KoHPOs (4,36 @),
KH2PO4 (1,7 g), MgSO4-7H20 (0,2 g), MnSO4 (0,05 g), FeSO4-7H20 (0,01 g), CaClz-2H20
(0,03 g), glukoza (40 g), ekstrakt drozdzowy (10 g), woda destylowana (do 1 1) i odczynie pH
rownym 6,8. Inkubacj¢ prowadzono w optymalnej temperaturze do hodowli grzybow
strzepkowych - 28 °C, przy minimalnym nasyceniu podtoza hodowlanego tlenem wynoszacym
20%. Wiasciwe warunki wzrostowe zostaly zapewnione poprzez uzycie bioreaktora Labfors 5

0 obj. roboczej 3,6 I. Hodowle grzybowe prowadzono w obj¢tosci 1 1, z kontrolowanym
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natlenianiem (przeptyw powietrza 1 1 min!) i mieszaniem (200-250 rpm) oraz

nieregulowanym odczynem pH pozywki.

Efektem zapewnienia optymalnych warunkéw inkubacji badanego grzyba strzgpkowego,
ze szczegdlnym naciskiem na intensywne natlenianie pozywki, bylo istotne przyspieszenie
zarbwno wzrostu jak 1 tempa biodegradacji butylowych zwigzkéw cyny. Warto$¢
maksymalnego, specyficznego wspotczynnika wzrostu drobnoustroju (umax) Wwzrosta
z 0,061 do 0,086 h', a proces biodegradacji DBT zostal przyspieszony 10-krotnie
(w poréwnaniu z wynikami otrzymanymi dla hodowli prowadzonych w kolbach
laboratoryjnych) doprowadzajac do catkowitego usunigcia di- i monobutylocyny ze srodowiska
wzrostu, czego nie udato si¢ osiagnaé podczas badan prowadzonych w kolbach. Co wiecej,
dotychczas nie opublikowano innego modelu biologicznego zdolnego do szybkiego
i catkowitego przeksztatcania butylowych zwigzkéw cyny do cyny nieorganicznej, poza
szczepem M. robertsii IM 6519 inkubowanym w warunkach intensywnego natlenienia.
Zaobserwowana zalezno$¢ pomiedzy krzywa wzrostu drobnoustroju, a ubytkiem DBT sktonita
do przeprowadzenia badan nad asymilacja glukozy z pozywki hodowlanej. Analizy wykonane
z uzyciem wysokosprawnej chromatografii cieczowej sprzezonej z tandemowa spektrometrig
mas HPLC-MS/MS umozliwily wyznaczenie trendu ubytku glukozy z podtoza wzrostowego,
obrazujac jednoczesne wykorzystanie zrodta wegla 1 energii oraz DBT przez komorki
grzybowe, wskazujac na kometaboliczng nature¢ procesu rozktadu ksenobiotyku. Z kolei,
obserwacje mikroskopowe grzybni inkubowanej w warunkach zrdéznicowanego natlenienia
ukazaty réznice morfologiczne wplywajace bezposrednio na wydajno$¢ procesu biodegradacji
DBT. W warunkach intensywnego napowietrzania, grzybnia przyjmowala posta¢ rozproszong
z dhugimi strzgpkami (okre$lang typu ,hairy”), podczas gdy niedostateczna ilos¢
doprowadzonego tlenu do hodowli w kolbach skutkowata formowaniem kulistych, gesto
upakowanych peletek grzybowych z pojedynczymi, krotkimi strzgpkami w regionie
peryferyjnym (morfologia typ ,,smooth”) oraz z najprawdopodobniej martwym wnetrzem.
Opisujac modyfikacje morfologiczne szczepu M. robertsii IM 6519 wyznaczano stosunek pola
powierzchni rdzenia peletki do pola powierzchni catej peletki. Zaobserwowano, iz otrzymane
warto$ci byly istotnie nizsze dla grzybni inkubowanej w bioreaktorze niz w kolbach,
potwierdzajac hipotezg, iz zmniejszenie powierzchni rdzenia peletki na rzecz aktywnych
metabolicznie strzepek znajdujacych si¢ w regionie peryferyjnym zwigksza wydajnosé
biodegradacji DBT, najprawdopodobniej ze wzgledu na lepsza wymiang masy pomig¢dzy

wnetrzem peletki, a srodowiskiem zewngtrznym.
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Stwierdzenia czastkowe dotyczace optymalizacji procesu biodegradacji

dibutylocyny przez mikroskopowy grzyb strzepkowy Metarhizium robertsii IM 6519

1. Szczep grzybowy Metarhizium robertsii IM 6519 wykazuje zdolno$¢ do catkowitej

eliminacji dibutylocyny ze §rodowiska wzrostu.

2. Intensywne napowietrzanie hodowli wglebnej badanego szczepu prowadzi do zmian
morfologicznych grzybni tj. powstawania rozproszonych form z dlugimi strzgpkami

w zamian gesto upakowanych peletek.

3. Utlatwiona wymiana substancji odzywczych oraz tlenu i1 dwutlenku wegla migdzy
biomasa, a S$rodowiskiem wzrostu skutkuje wzmozonym wzrostem grzybowym

i poprawa wydajnosci biodegradacji DBT i MBT.

4. Jednoczesne wykorzystanie glukozy i dibutylocyny wskazuje na kometaboliczny

charakter eliminacji ksenobiotyku.

5. Wykrycie hydroksylowanej monobutylocyny sugeruje zaangazowanie monooksygenaz

cytochromu P450 w proces biodegradacji DBT.
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I11. 2. Opis analizy wplywu wybranych zwiazkow o wlasciwosciach
antyoksydacyjnych na rozklad butylowych zwigzkéw cyny przez szczep
IM 6519

Wsrod  antyoksydantow, czyli donorow elektronow neutralizujacych niezwykle
reaktywne 1 niestabilne czasteczki wolnych rodnikéw, wyszczegolnia si¢ réznorodne zwigzki
takie jak witaminy, karotenoidy, zwigzki fenolowe i wiele innych (Sroka i in., 2005). Znaczenie
suplementacji  §rodowiska wzrostu drobnoustrojow niskoczasteczkowymi zwigzkami
przeciwutleniajacymi dla skutecznej eliminacji substancji o charakterze lipofilowym lub
wilasciwosciach prooksydacyjnych zostato dostrzezone w $wiatowej literaturze (Ponce i in.,
2011; Staba 1 in., 2013), jednakze wiedza na temat podtoza molekularnego procesu jest nadal

ograniczona.

Realizacj¢ drugiego celu niniejszej pracy doktorskiej dotyczacego oddziatywania
wybranych substancji o wiasciwosciach antyoksydacyjnych na biodegradacje butylowych
zwigzkow cyny przez szczep M. robertsii IM 6519 rozpoczgto od weryfikacji wptywu witamin
C i E na kinetyk¢ rozktadu DBT, ktéra pozwolita na stwierdzenie, iz suplementacja
przeciwutleniaczami odgrywa wigksza rolg w usuwaniu monobutylocyny, jako glownego
produktu ubocznego powstajagcego w trakcie rozkladu DBT, niz samego zwigzku
macierzystego. Eliminacja MBT w obecnosci witaminy C nastgpowala 3-krotnie szybciej niz
w hodowli bez dodatku przeciwutleniacza. Podczas gdy, dodatek witaminy E wptywat
negatywnie na tempo rozktadu MBT, spowolniajac go o 40% w trakcie pierwszych 7 godz.
prowadzenia hodowli. Biorac pod uwage fakt zaangazowania enzyméw cytochromu P450
w o-hydroksylacje tancucha wegglowodorowego witaminy E (Sontag i Parker, 2002), przyczyna
negatywnego wpltywu na tempo biodegradacji MBT jest przypuszczalnie konkurencja tych
czasteczek o miejsce aktywne cytochromu P450. Wykonane analizy ilosciowe dialdehydu
malonowego (MDA), jako jednego z najczg$ciej wymienianych markeréw peroksydacji
lipidow, potwierdzity potencjat antyoksydacyjny witaminy C i ochrong bton grzybowych przed
stresem oksydacyjnym. Poziom MDA w grzybni poddanej ekspozycji na DBT (151 uM 17?)
zmalat o 45% przy jednoczesnej obecno$ci witaminy C i nie ulegt istotnym zmianom po
wprowadzeniu witaminy E. Prawdopodobna przyczyna nieskutecznos$ci witaminy
E w badanym uktadzie jest a) zbyt niskie st¢Zenie antyoksydantu, ktorego aktywnos¢ wedtug
danych literaturowych jest skuteczna w stanach fizjologicznych (nie patologicznych), a czasem

wymaga podania dodatkowych przeciwutleniaczy (Azzi, 2007) lub b) brak réznorodnos$ci
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wielonienasyconych kwasow tluszczowych, ktérych uszkodzeniom zapobiega mechanizm

przerwania tancucha weglowodorowego antyoksydantu (Raederstorff i in., 2015).

Uzyskane wyniki pozwolily stwierdzi¢, iz witamina C jest skuteczniejsza substancja
(z punktu widzenia prowadzonych analiz) niz witamina E, co moze by¢ powigzane
z przewazajacg iloscig grup hydroksylowych (jako donoréw atomu wodoru) w strukturze kwasu
askorbinowego (4 grupy —OH) w poréwnaniu z a-tokoferolem (1 grupa —OH). Co wigcej,
zjawisko to sugeruje iz, reaktywne formy tlenu indukowane obecno$cig butylowego zwigzku
cyny powstaja w fazie wodnej, a nie lipofilowej. Kluczowym elementem realizacji niniejszego
etapu pracy doktorskiej byta identyfikacja pochodnych powstajacych w trakcie procesu
biodegradacji DBT. Wnikliwa analiza widm masowych uzyskanych z uzyciem techniki HPLC-
MS/MS umozliwila wskazanie produktu posredniego pomiedzy DBT, a MBT, ktorym byt
zwigzek o wzorze ogélnym OHBuSnH, (MBTOH), zwracajacy uwage w kierunku
monooksygenaz grzybowego cytochromu P450 katalizujacych reakcje hydroksylacji

ksenobiotykow.

Wyniki badan prowadzonych nad wptywem natlenienia oraz obecnosci witamin C 1 E na
kinetyke rozktadu butylowych zwigzkdéw cyny przez szczep M. robertsii IM 6519 oraz rezultaty
eksperymentéw majacych na celu wyjasnienie zaobserwowanych zjawisk tj. opis zmian
morfologicznych, znaczenie tempa asymilacji glukozy oraz analizy a) ilosciowe MDA
i b) jakosciowe metabolitow dibutylocyny opublikowano w pracy oryginalnej ,,Efficient
dibutyltin (DBT) elimination by the microscopic fungus Metarhizium robertsii under
conditions of intensive aeration and ascorbic acid supplementation” (Environmental Science

and Pollution Research, IF = 2,741, 30 pkt MNiSW).
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Efficient dibutyltin (DBT) elimination by the microscopic fungus
Metarhizium robertsii under conditions of intensive aeration

and ascorbic acid supplementation

[Environmental Science and Pollution Research (2017), 24:12118-12127]
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Abstract Dibutyltin (DBT) is an environmental pollutant
characterized by immunotoxic, neurotoxic, and pro-oxidant
properties. In this study, an attempt was made to enhance
DBT elimination by the Metarhizium robertsii strain. We ob-
served enhanced fungal growth in the bioreactor (pO, >20%)
compared to flask cultures (max increased from 0.061 to
0.086 hfl). Moreover, under aerated conditions, M. robertsii
mycelium with “hairy” morphology biodegraded DBT
(20 mg 1" 10-fold faster in the bioreactor than in the flask
cultures. Monobutyltin (MBT) and a hydroxylated derivative
of MBT (OHBuSnH,) were detected as by-products of
dibutyltin debutylation. Simultaneous usage of glucose and
butyltins indicates the comatabolic nature of monobutyltin
and dibutyltin removal. In order to protect fungal cells from
oxidative stress caused by DBT presence, vitamin C
(20 mg 17") was applied. Supplementation with ascorbic acid
(AA) resulted in a 3-fold acceleration of MBT removal during
the first 7 h of incubation. Using the HPLC-MS/MS tech-
nique, a quantitative analysis of malondialdehyde (MDA), a
marker of oxidative stress, was performed. In the AA pres-
ence, a decrease in the MDA amount (about 45%) was ob-
served compared to the case with fungal cells exposed to DBT
alone.
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Introduction

Dibutyltin (DBT) is a useful heat stabilizer of polyvinyl chlo-
ride, a curing agent for silicone rubbers, and a catalyst for
esterification reactions. Because of its widespread use, the
compound is found in the environment and in dietary sources
(Moser et al. 2009). This organotin is mainly introduced into
sediments and water by leaching from PVC materials.
Additionally, dibutyltin is formed as a major degradation
product of environmental tributyltin (TBT)—the most toxic
of all organotin compounds. Due to its hydrophilicity, DBT
rapidly enters into water and is accumulated in tissues of mus-
sels and other marine invertebrates (Nesci et al. 2011). The
concentrations of DBT in mussels from the Northern Adriatic
Sea ranges from 15 to 2660 ng Sn g~ (Nemani¢ et al. 2009).
The levels of DBT in mussels collected from the Polish coast
(Baltic Sea) are between 0.5 and 24 ng Sn g '. On the other
hand, dibutyltin found in the liver of European flounder in the
Gdansk Bay represents 72—-86% of total butyltin content
(Albalat et al. 2002). The presence of DBT in human blood
(4.7-36.7 ng Sn ml ") and liver samples (0.4-12.8 ngSn g ")
has been proved (Whalen et al. 1999; Nielsen and Strand
2002). Liver enzymes are not effective in DBT elimination
(Albalat et al. 2002).

In contrast to tributyltin, the toxic effects of dibutyltin are
less well known and there is little information available. A
reduction of the toxicity of metabolites compared to the initial
compound is assumed. Unfortunately, DBT is more
immunotoxic to invertebrates and vertebrates than TBT
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(Frouin et al. 2008). Moreover, DBT has a stronger effect on
mitochondrial functions than TBT, as it inhibits hydrolytic
Mg-ATPase and Ca-ATPase activities in mussels (Bouchard
etal. 1999; Nesci et al. 2011). A potential neurotoxic effect of
DBT, which may lead to apoptotic death of the hippocampus
and neocortex cells in rats, has also been reported (Jenkins
et al. 2004). DBT is an inducer of oxidative stress and an
amplifier of pro-inflammatory cytokine expression in microg-
lia cells (Chantong et al. 2014).

In this study, an attempt was undertaken to improve the pro-
cess of dibutyltin biodegradation using a microscopic fungus
Metarhizium robertsii. The selected strain can eliminate TBT
with high levels of efficiency by protecting the fungal cells from
oxidative stress through the application of 17[3-estradiol
(Siewiera et al. 2015). In the present research, ascorbic acid
(AA, vitamin C) and o-tocopherol (vitamin E) were chosen as
primary antioxidants of the aqueous and lipophilic phases, re-
spectively (Li and Schellhorn 2007). The effectiveness of vita-
mins in free radical scavenging was verified by quantitative
analysis of malondialdehyde (MDA), a lipid peroxidation prod-
uct. In order to speed up the process of DBT degradation, an
additional oxygen supply (pO, >20%) was prepared. Moreover,
there was an attempt at the identification of metabolic interme-
diates formed during organotin dealkylation.

Materials and methods
Chemicals

Dibutyltin dichloride, ascorbic acid, «-tocopherol, methyl
magnesium bromide, tropolone, anhydrous sodium sulfate,
and 1,1,3,3-tetracthoxypropane were purchased from Sigma-
Aldrich Chemical Co. (Germany). Stock solutions of
DBTCI,, a-tocopherol (vitamin E), and ascorbic acid (vitamin
C), each at a concentration of 10 mg ml™', were prepared in
ethanol, dimethyl sulfoxide, and distilled water, respectively.
The solvents for organotin extraction such as methanol, hex-
ane, and ethyl acetate were purchased from POCH S.A.
(Poland). Other high purity organic solvents used during gas
and liquid chromatography analyses originated from J.T.
Baker Chemical Co. (the Netherlands).

Microorganism and growth conditions

The ascomycete insect pathogenic fungus M. robertsii IM 6519
from the Department of Industrial Microbiology and
Biotechnology (University of Lodz, Poland) was the subject of
the study. The ability of the microorganism to degrade organotins
was confirmed in an earlier paper (Siewiera et al. 2015).
Fourteen-day-old fungal cultures on ZT slants were used to
inoculate synthetic medium (Lobos et al. 1992) in 100-ml
Erlenmeyer flasks. The medium was modified and consisted

of (grams per liter) K,HPO, (4.36), KH,PO, (1.7), MgSOy
7H,0 (0.2), MnSOy (0.05), FeSO,4-7H,0 (0.01), CaCl,-2H,O
(0.03), glucose (40), yeast extract (10), and distilled water (up
to 1 1), pH 6.8. The cultivation was carried out at 28 °C with
shaking at 160 rpm for 24 h. The precultures were transferred
to fresh medium (1:1 ratio) and incubated for another 24 h. In
100-ml flasks, the synthetic medium with DBT (20 mg 1" or
without the organotin (the control cultures) was inoculated
with 20% of a homogeneous preculture. Incubation was con-
ducted for 120 h in the above—mentioned conditions. Samples
for analyses were collected after 0, 24, 48, 72, 96, and 120-h
cultivations.

Batch cultivations

Batch cultivations of the M. robertsii strain were conducted in
a 3.6-1 bioreactor (Labfors 5; Iris 6 software; Infors AG,
Switzerland) with a culture volume of 1 1. The fungal
preculture, obtained as described above, was additionally
transferred to the fresh medium (1:2 ratio) and incubated for
a further 24 h. Finally, the homogeneous preculture was intro-
duced into 800 ml of the synthetic medium with DBT
(20 mg '), either alone or in a mixture with one of the vita-
mins (C or E, both 20 mg 1"!) or without the tested compounds
(the control culture). The applied concentrations of the vita-
mins did not affect M. robertsii growth. The fungal cultures
were incubated for 72 h with controlled aeration (air flow
11 minﬁl), stirring (200-250 rpm), temperature (28 °C), and
level of dissolved oxygen (pO, > 20%). The quantities of O,
in the introduced and exhaust gasses were measured with a gas
analyzer (Infors AG, Switzerland). The pH of the medium was
not regulated during the cultivation. In order to determine the
fungal growth and DBT utilization, the samples were collected
regularly: after 0, 3, 7, 12, 24, 48, and 72 h.

Fungal biomass estimation

Fungal mycelia were separated from culture media by filtra-
tion through Whatman#1 filter paper and drying at 105 °C to
reach a constant weight. The maximum specific growth rate
(max) Was calculated in accordance with the formula
tmax = [(InXy — InX}) / (&, — )], where X, is the biomass
concentration at time #, and analogously for X;. Based on
the growth curves, logarithmic growth phases of the
M. robertsii strain were indicated. Mycelium amounts re-
quired for the calculations were taken from 0 and 24-h incu-
bation and from 3 and 7-h cultivation for flask and batch
cultures, respectively.

Glucose content analysis

Glucose amounts in the supernatant were determined using an
Agilent 1200 HPLC coupled with a QTRAP 3200 mass
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spectrometer (AB Sciex), according to the Bernat et al. (2013)
procedure.

Sample preparation and organotin determination

Acidified (pH 2) fungal biomass was suspended in methanol
and homogenized with glass beads by ball milling (Retsch
MM 400, Germany). After disruption, the samples were pre-
pared according to the procedure by Bernat et al. (2013).

The analysis of butyltin intermediates

The cultures (20 ml) were transferred into Falcon tubes and
centrifuged for 10 min at 10,000xg. The mycelium was
suspended in methanol and homogenized using a mixer mill
with glass beads for 5 min at 30 m s . The extraction of the
homogenate and supernatant mixture with ethyl acetate (1:1
v/v) was carried out twice. The organic layers were dehydrated
with the use of anhydrous sodium sulfate and evaporated to
dryness. The precipitate was dissolved in methanol.

Separation of butyltins was performed with the
Agilent Technologies 1200 HPLC system equipped
with a Phenomenex Aqua C18 125A column
(50 mm x 2.0 mm X 5 pum) and maintained at 37 °C. The
mobile phase consisted of water (A) and methanol (B), both
supplemented with 2 mM ammonium formate and 0.2%
formic acid. The run time was 9 min, and the solvent gradient
was initiated at 60% B. After 1 min, the amount of B was
increased to 100% over the following 2 min, and this was
maintained for two additional minutes before returning to
the initial solvent composition over the next 2 min, and this
then being maintained for 2 min. The flow rate was
0.5 ml min~" with an autosampler temperature of 10 °C and
an injection volume of 10 pl, respectively.

To identify DBT derivatives in fungal samples by LC-MS/
MS, an information-dependent acquisition (IDA) method was
developed consisting of a precursor ion scan (PI) and an en-
hanced product ion (EPI) scan mode. IDA experiments were
performed on a hybrid Q-Trap 3200 mass spectrometer
(QTRAP; AB Sciex) connected to the HPLC system. The
ion source conditions were set as follows: curtain gas
(CUR) = 25, collision gas (CAD) = high, ionspray voltage
(IS) = 5500, temperature (TEM) = 500, ion source gas 1
(GS1) = 40, and ion source gas 2 (GS2) = 50. Nitrogen was
used as a nebulizer and an auxiliary gas. For the PI-EPI anal-
ysis, a PI scan of m/z 179 (BuSnH,") was run in positive mode
at a scan range from m/z 200 to m/z 650. The EPI scan was run
in positive mode at a scan range for daughter ions from m/z
100 to m/z 700. Declustering potential (DP), entrance potential
(EP), and collision energy (CE) were set to 25, 10, and 28,
respectively.

@ Springer

Characterization of morphological modifications

In order to determine the morphology of the M. robertsii hy-
phae from the exponential growth phase, image analysis was
used. Fungal pellet morphology was performed for 30 pellets
from each culture using the software package Axiovision 4.4
(Carl Zeiss, Germany). According to the Casas Lopez et al.
(2005) method, a central compact core region and a peripheral
“hairy” region of the fungal pellets were separated.
Subsequently, values of the pellet and pellet core projected
area (mm?) were estimated.

Quantitative determination of malondialdehyde

Samples were prepared according to the procedure by Wei
et al. (2010) with some modifications. After 7 h of batch
cultivation, 10 ml of the culture was collected and filtrated.
The mycelium was washed with distilled water and transferred
into Eppendorf tubes containing 1 ml of cooled water and
glass beads. The homogenization process with the use of
FastPrep 24 (MP Biomedicals, USA) was performed three
times for 20 s at4 ms ' with 2-min breaks for cooling samples
on ice. Subsequently, samples were centrifuged without beads
for 10 min at 4000x g at 4 °C. The upper layers were trans-
ferred into inserts of dark glass vials for LC-MS/MS analysis.
According to the Csallany et al. (1984) procedure, the MDA
standard for quantitative determinations was obtained by acid
hydrolysis of 1,1,3,3-tetracthoxypropane.

Measurement of MDA was performed using an Agilent 1200
HPLC (Santa Clara CA, USA) system and a 3200 QTRAP mass
spectrometer (AB Sciex, Framingham, MA, USA) with an ESI
source. For reversed-phase chromatographic analysis, 10 pl of
the sample was injected into a Phenomenex Aqua C18 125A
column (50 mm x 2.0 mm % 5 um). The mobile phase consisted
of water (A) and methanol (B); 5 mM ammonium formate was
also used in all solvents as an additive. The solvent gradient was
initiated at 20% B; after 0.5 min, this was increased to 100% B
over 1 min and maintained at 100% B for four additional mi-
nutes before returning to the initial solvent composition over
2 min. The run time was 7 min. The column temperature
was maintained at 37 °C, and the flow rate was
600 ul min~'. The instrumental settings were as fol-
lows: spray voltage —4500 V, curtain gas (CUR) 25,
nebulizer gas (GS1) 55, turbo gas (GS2) 60, and ion
source temperature of 500 °C. Data analysis was per-
formed with Analyst™ v1.5.2 software (AB Sciex,
Framingham, MA, USA). The monitored multiple reac-
tion monitoring (MRM) pair for MDA was m/z 71-42.

Statistical analysis

The experiments were carried out with triplicate samples. The
Student’s ¢ test and Spearman’s correlation were performed
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using Excel 2007 (Microsoft Corporation, USA). An average
standard deviation (£SD) was calculated. Values were consid-
ered significant when p < 0.05.

Results and discussion

Growth kinetics and DBT biotransformation
by the M. robertsii strain incubated in flasks

Based on the results of preliminary studies (data not shown),
synthetic medium with an addition of yeast extract as a source
of both organic nitrogen and various vitamins (Lee and Little
2015) was chosen for the M. robertsii strain cultivation. The
growth kinetics and glucose assimilation by the fungal cells
are shown in Fig. la. After 120-h incubation, the biomass
amount was almost 16 g I"!, while the glucose uptake was
complete after 72 h of cultivation. In the presence of DBT
(20 mg 17", an increase in the fungal dry weight of about
22% was observed (Fig. 1b). During the first 24 h of the
experiment, glucose assimilation by those fungal cells ex-
posed to the organotins was lower than in control cultures.
At the same time, the most rapid decrease in DBT level was
observed (Fig. 1b). No significant differences were noted in
the substrate assimilation after 72 h of cultivation between the
cultures, either with or without DBT. Due to the simultaneous
utilization of glucose and the organotins, the cometabolic
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Fig. 1 Biomass synthesis and glucose assimilation by the M. robertsii
strain during flask cultivation without (a) and with an addition of DBT (b)
for 120 h in synthetic medium. Additionally, in b, the curves for DBT and
MBT biodegradation by the examined fungus incubated in the above
conditions are shown

character of the compound removal was indicated. The same
phenomenon has previously been described for DBT biodeg-
radation by Cochliobolus lunatus and TBT elimination by
both Cunninghamella elegans and M. robertsii (Bernat and
Dhugonski 2006; Bernat et al. 2013; Siewiera et al. 2015).

The ability of the M. robertsii strain to eliminate not only
dibutyltin but also its derivative compound—monobutyltin
(MBT)—was confirmed. The efficiency of DBT removal after
5-day incubation on modified synthetic medium was estimat-
ed as 98%. On the other hand, a fifth of the MBT remained in
the culture (Fig. 1b).

Fungal growth and organotin utilization
by the M. robertsii strain cultivated under intensive
aeration conditions

Although hyphae are not as sensitive as tissues (Bilodeau et al.
2005), mechanical agitation in a bioreactor undoubtedly
causes stress resulting in morphological modifications in mi-
croorganism cells (Boswell et al. 2003; Chamsartra et al.
2005). However, the benefits of bioprocesses carried out on
a bioreactor scale, such as culture homogeneity and facilitated
transfers of nutrients, respiration gasses, and metabolic prod-
ucts (Garcia-Ochoa and Gomez 2009), seem to be more im-
portant than damage caused by mechanical stress. One posi-
tive impact of intensive oxygenation on fungal growth and
organotin biodegradation has previously been discovered
(Bernat and Diugonski 2006). Therefore, in the next stage of
the study, an experiment was performed with the aid of a
bioreactor. After 72 h of batch cultivation, the fungal biomass
from the control culture was lower (about 30% in comparison
with the flask cultures) (Fig. 2a). Maximum specific growth
rates ({max) of the M. robertsii cells were also determined. The
parameters for the fungus cultivated without DBT both in
flask and batch cultures were 0.060 and 0.078 h™*, respective-
ly. The acceleration of fungal growth in the bioreactor was
caused by the efficient system supply of O,. Oxygen plays a
key role in aerobic processes, especially in microorganism
growth and metabolite production (Garcia-Ochoa and
Gomez 2009). In our studies, the minimal level of dissolved
oxygen was 20%. In the presence of DBT, pO, = 20% was
achieved after 17 h of incubation, 5 h later than in the fungal
culture without the organotin. The changes in the productivity
of the fungal biomass exposed to DBT were not significant
(Fig. 2b), despite an increase in the fiy value up to 0.086 h™".
A reverse dependency was observed in flask cultures supple-
mented with DBT. The maximum specific growth rates of the
M. robertsii cells remained constant, despite the increase in
the biomass amount compared to the control culture.

The rate of butyltin biotransformation by the fungal strain
cultivated under intensive aeration conditions is presented in
Fig. 2b. Although the final effectiveness of DBT elimination is
comparable to the rate of the compound removal in flask
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Fig. 2 Biomass synthesis and glucose assimilation by the M. robertsii
strain during batch cultivation without (a) and with an addition of DBT
(b) for 72 h in synthetic medium. Additionally, in b, the curves for DBT
and MBT biodegradation by the examined fungus incubated in the above
conditions are shown

cultures, a supply of oxygen resulted in a 10-fold acceleration
of dibutyltin removal. A similar effect was described by
Bernat and Dlugonski (2006) for TBT utilization by an addi-
tional oxygen supply to a growing C. elegans strain. The
influence of the level of culture oxygenation on the progress
of DBT debutylation by the M. robertsii is crucial. Moreover,
complete metabolism of MBT by the fungus was possible
only in the bioreactor culture. The positive effect of batch
conditions on fungal growth and the organotin utilization by
the microorganism is connected with a facilitated exchange of
nutrients and respiratory gasses between the biomass and
growth medium (Garcia-Ochoa and Gomez 2009).

In contrast to TBT, a compound biodegraded by bacteria
(e.g., Moraxella osloensis (Yanez et al. 2015), Pseudomonas
sp. (Bernat et al. 2014), and Enterobacter cloacae
(Sakultantimetha et al. 2011)), fungi (e.g., C. elegans
(Bernat and Dhugonski 2006), Cunninghamella echinulata
(Sobon et al. 2016), and Coniophora puteana (White et al.
1999)), the alga Chlorella vulgaris (Tsang et al. 1999), and
crab Thalamita crenata (Chen et al. 2016), DBT and MBT
have been described as being degraded by only a few micro-
bial strains. Among the fungi, only C. lunatus has been men-
tioned as a strain efficiently degrading dibutyltin and
monobutyltin. During incubation on Sabouraud medium,
92% of the initial DBT concentration (10 mg 1™") and approx-
imately 70% of formed MBT were removed from the fungal

@ Springer

culture after 24 and 168 h of cultivation, respectively (Bernat
et al. 2013). On the other hand, the yield of DBT (20 mg )
transformation by Streptomyces sp. was equal to 90% after 1-
day cultivation on synthetic medium with a 2-fold higher
amount of MBT in comparison to the C. [unatus strain.
Moreover, within 7 days, almost 90% of produced MBT was
removed from the bacterial culture (Bernat and Dhugonski
2009). The most significant advantage of our results, com-
pared to those obtained in other published studies, is the re-
duction of the time required for the bioremediation process.
During the first 24 h of cultivation, differences were slight,
because all strains achieved a high (90%) efficiency of DBT
elimination. However, MBT was still detected as a major by-
product (until day 7), in both Streptomyces sp. (Bemat and
Dhugonski 2009) and C. lunatus (Bernat et al. 2013) cultures,
while as early as after 2 days of the M. robertsii cultivation,
both butyltins were completely eliminated.

Unfortunately, no literature data concerning the compari-
son of dibutyltin elimination efficiency in flask and batch
conditions are available. According to Moscoso et al.
(2012), benzo[a]anthracene (BaA), one of the polycyclic aro-
matic hydrocarbons, is biodegraded by Staphylococcus
warneri and Bacillus pumilus strains more efficiently in batch
experiments than in flask conditions. After 2-day cultivation
of the bacterial consortium on minimal medium with BaA
(100 uM), 8 and 75% of initial compound concentration were
removed in flask and bioreactor, respectively (Moscoso et al.
2012). On the other hand, in further studies on BaA biotrans-
formation in the same conditions by the bacterial strain
Pseudomonas stutzeri, a reverse dependency was observed.
The efficiency of BaA utilization was equal to 94% in flasks
and 81% in the bioreactor after 7 days of bacterial incubation
(Moscoso et al. 2015). The published results indicate the im-
portance of the metabolic abilities of microorganisms.

The influence of vitamins C and E on DBT removal
by the examined fungus

In our previous paper (Siewiera et al. 2015), an increase in the
efficiency (about 14%) of TBT elimination by the M. robertsii
strain cultivated in the presence of 173-estradiol was con-
firmed. DBT, as well as TBT, promotes production of reactive
oxygen species (ROS) (Chantong et al. 2014), which can in-
flict direct damage on cell components. In order to increase
fungal tolerance to oxidative stress induced by the presence of
DBT, vitamins C and E were applied. The influence of ascor-
bic acid (20 mg I'") or «-tocopherol (20 mg I"") on fungal
biomass synthesis and organotin biodegradation is demon-
strated in Fig. 3. In the presence of vitamins, the assimilation
of glucose was about 50% higher for vitamin C (Fig. 3a) and
about 68% higher for vitamin E (Fig. 3b) compared to culture
with DBT alone. Moreover, biomass production increased
about 34 and 58%, respectively. After supplementation of
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the growth medium with the tested vitamins, the values of
Imax Were decreased compared to the control cultures and
remained at the same level (~0.063 h™"). In the presence of
antioxidants, faster oxygen uptake from growth medium by
fungal cells was observed in comparison to the culture with
DBT alone. pO, = 20% was achieved after 14 and 9 h for
vitamins C and E, respectively.

Vitamin supplementation played a greater role in MBT
than in DBT elimination. The addition of ascorbic acid to
the fungal culture led to a 3-fold acceleration of the rate of
monobutyltin decomposition. The importance of vitamin C in
heavy metal removal by the filamentous fungi was noted.
According to Staba et al. (2013), the addition of 1 mM ascor-
bic acid enhanced the uptake of lead and copper into the cell
walls of Paecilomyces marquandi. In this study, in contrast to
vitamin C, the negative impact of «-tocopherol on the MBT
elimination was observed (about 40% during the first 7 h of
incubation). The involvement of cytochrome P450 enzymes
in vitamin E metabolism has been proved (Sontag and Parker
2002). Thus potentially, «-tocopherol could be a competitive
inhibitor of CYP450, decreasing the rate of organotin
debutylation. However, the involvement of the enzymatic
complex in butyltin biodegradation by the M. robertsii strain
has not yet been examined. On the other hand, the importance

Fig. 3 Growth curve, glucose 25 1
assimilation, and butyltin
utilization by the examined
fungus incubated for 72 hina
bioreactor on synthetic medium
supplemented with vitamin C (a)
or vitamin E (b)
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o (5] o

Concentrations of organotins (mg 1)
v

of vitamin E was confirmed in the biodegradation of
polychlorobiphenyls as environmental pollutants. According
to Ponce et al. (2011), a-tocopherol (1.6 uM) improved deg-
radation of biphenyl and 4-chlorobiphenyl (4-CB) by the bac-
terial strain Burkholderia xenovorans cultivated in an aqueous
solution. In the presence of the antioxidant, an increase in the
rate of biphenyl degradation (40 uM) from 0.8 = 0.1 to
1.32 + 0.2 uM min ' was observed. However, the efficiency
of 4-CB (1 mM) elimination after 24-h incubation reached
40% in the absence of «-tocopherol and 100% in the presence
of the antioxidant (Ponce et al. 2011).

In our experiments, butyltins were identified separately in
the fungal biomass and the supernatant (data not shown). On
this basis, the high affinity of DBT with the biomass was
discovered. During the first hours of the study, as much as
69% of the initial concentration of the compound was attached
to the M. robertsii mycelium. On the other hand, the location
of the monobutyl derivative was dependent on the oxygen
supply and incubation time. In the fungal cultures conducted
in the bioreactor, continuous MBT excretion to the growth
medium was detected. However, in the flask cultivation of
the fungus, MBT was mostly transported to the substrate only
for 24 h. Afterwards, accumulation of the monobutyl com-
pound was observed in the hyphae.
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Table 1  Kinetic parameters of M. robertsii growth and butyltin removal by the fungus cultivated on flask and bioreactor scale

Scale Culture Biomass parameters Butyltin degradation parameters
Xoax €T pmax B R? Max DBT R? Max MBT Max MBT R
removal (%) concentration (mg 1Y) removal (%)

Flasks Control 15.75+0.22  0.060 0997 - - - - -
DBT 19.20+0.15  0.061 1.000 98.80+0.15 0997 10.57+0.77 77.20+2.10  0.987
DBT + vitamin C ~ 21.18 £0.87 0.064 0999 94.65+0.16 099 16.00+0.17 6725+2.65 0.995
DBT + vitamin E~ 22.00 £0.98  0.069 0999 96.75+0.21 0986 11.07+0.50 69.56 +£2.17  0.989

Bioreactor  Control 11.07+£0.59 0.078 0988 — - - - -
DBT 10.83 +£2.30 0.086 0995 98.60+0.10 0999 1320+ 1.08 9590+£0.90 0.984
DBT + vitamin C 1458 £0.28  0.063 1.000  98.60+£0.05 0998 4.64+0.20 9246 +0.22  0.993
DBT + vitamin E ~ 17.15+0.64  0.063 0999 99.65+0.20 0996 18.78 +1.43 94.94+0.05 0.877

R coefficients refer to polynomial regression (1 = 4)

A summary of the most important kinetic parameters of the
M. robertsii growth and its efficiency in butyltin biodegrada-
tion is presented in Table 1, i.e., maximum values of biomass
(Ximax), specific growth rate (timax), DBT removal (%), MBT
concentrations, and MBT removal (%). The regression coef-
ficients (R*) were higher than 0.98 in all cases, except for
MBT removal (%) in the batch culture of the M. robertsii
supplemented with DBT and vitamin E, where R* was equal
to 0.877. The values of R* suggested at least good or very
good fitting of the model, which confirmed its suitability for
use in biodegradation processes.

Intensive aeration and the presence of vitamin C and glu-
cose in medium ensured optimal conditions for fungal growth
and butyltin biodegradation. The use of the nutrients is not
cost-effective. However, the application of agricultural wastes
as a rich source of carbon and energy for microorganisms
(Singh and Nain 2014) is the first step in the reduction of costs
with a simultanecous enhancement of biodegradation

Fig. 4 Mass spectrum showing 3.7e4
the main ion group of OHBuSnH, 35e4
acquired on the first day of the
M. robertsii incubation in the 3.0e4
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efficiency. Cometabolism could be a novel way of facilitating
the removal of not only butyltins but also other pollutants.

A qualitative analysis of butyltin metabolites

The extracts of the M. robertsii cultures from the exponential
growth phase were chosen for the studies because of the rapid
decrease in the DBT level at that time. The metabolites formed
during the organotin biotransformation were qualitatively an-
alyzed using gas and liquid chromatography coupled with
mass spectrometry.

MBT, the primary by-product of DBT biotransformation
by the M. robertsii cells, was determined with GC-MS/MS.
HPLC-MS/MS chromatograms revealed the presence of DBT
and MBT and the formation of its metabolite at retention time
4.15 (Fig. 4). The retention times for DBT and MBT were 4.0
and 4.6, respectively. The spectrum of the analyte showed ions
197 and 179, and the appearance of the [SnH;]" ion at m/z 123
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Fig. 5 A proposed pathway of DBT biodegradation by the M. robertsii
strain

and all of these exhibited a typical tin isotopic pattern. The
difference in masses at 18 Da between 197 and 179
[BuSnH,]" indicated that the obtained compound could be
the hydroxylated derivative of MBT—OHBuSnH,. The hy-
droxylated derivative of DBT was determined in samples from
the first to the third day of the M. robertsii incubation.
Therefore, considering the obtained results, it seems that the
presence of OHBuSnH, was probably associated with DBT
debutylation by the fungal strain (Fig. 5). A similar mecha-
nism was described by Suzuki et al. (1992) and Matsuda et al.
(1993) for TBT or DBT, which were metabolized either
in vitro or in vivo by rat or fish liver microsome enzyme
systems to MBT, DBT, and/or hydroxylated products at the
third and fourth positions of DBT or TBT.

Fungal cell morphology

Based on macroscopic observations during the experiments,
the morphological modifications of the M. robertsii pellets
(from the exponential growth phase) cultivated under various
levels of oxygen supply were noted (Supplementary Fig. 1).
Primarily, the shape and size of fungal morphological forms
were examined. In the conditions of intensified oxygenation,
the fungus grew as a non-spherical, dispersed form with long
hyphae, while the fungus cultivated in flasks formed spherical,
densely packed pellets with single hyphae outside the periph-
eral region. According to Papagianni’s (2004) hypothesis, hy-
phae aggregation and growth as pellets occur as a result of
insufficient oxygen levels in the growth medium.

In order to characterize the M. robertsii cell morphology,
the ratio between the pellet core and the projected area of the
whole pellet was calculated (Table 2). A high ratio implied
that the pellet had a “smooth” morphology while lower values
of the ratio suggested a hairy morphology (Rozalska et al.
2014). Densely packed fungal pellets with a smooth morphol-
ogy were noted in the flask cultures, unlike the pellets from
batch cultivation which had a large, actively growing hairy
zone. Due to the exposure to DBT and supplementation with

vitamins C or E, an increase in the hairy zone was observed.
Moreover, there was a positive correlation (= 0.803) between
the degree of hyphae compaction and the efficiency of DBT
biodegradation. Papagianni (2004) also reported that hyphae
surrounding the pellet core are characterized by high activity.
Taking into account the results obtained for the M. robertsii
during butyltin and 4-n-nonylphenol biotransformation
(Rézalska et al. 2014), hyphae compaction seems to be a com-
mon feature of the xenobiotic metabolism by fungi from the
genus Metarhizium.

Analysis of lipid peroxidation products

Dibutyltin contributes indirectly to lipid oxidation by inducing
reactive oxygen species (Chantong et al. 2014). MDA is the
most mutagenic among secondary products formed during the
process of lipid peroxidation (Ayala et al. 2014). In this study,
quantitative analyses of MDA, one of the most popular and
reliable markers of oxidative stress, were conducted with the
use of liquid chromatography coupled with mass spectrome-
try. Extracts of the M. robertsii batch cultures exposed to DBT
(with or without the antioxidants) from the exponential growth
phase were examined. The highest level of MDA, i.e.,
151 uM 1", was determined for those fungal cells supple-
mented with the organotin alone. In the presence of ascorbic
acid and «-tocopherol, a decrease in the MDA amount was
observed, about 45 and 2%, respectively. The same effect was
characterized by Lu et al. (2007), who investigated pancreatic
damage in rats induced by the presence of dibutyltin
dichloride. The action of AA, determined as soothing, was
supported by the measurement of reduced MDA levels after
the antioxidant treatment (Lu et al. 2007). In order to detect
MDA in the organs of rabbits exposed to stannous chloride
(the ROS inducer), a reaction with thiobarbituric acid was
applied. Researchers have reported that treatment with ascor-
bic acid causes a decrease in the TBARS levels in all tested
organs (El-Demerdash et al. 2005). These findings are consis-
tent with our results, despite the use of different test
organisms.

Undoubtedly, the reduction of MDA quantity in fungal
membranes damaged by DBT was a result of the efficient
process of free radical scavenging by ascorbic acid.
Consequently, restriction of oxidative stress was the main

Table2  The ratio between the pellet core and the projected area of the whole pellet of the M. robertsii strain cultivated in flasks and in a bioreactor on
synthetic medium in the absence of DBT, in the presence of DBT alone, or in a mixture with one of the vitamins

Control DBT DBT + vitamin C DBT + vitamin E
Cultures in flasks 0.732 £0.076 0.950 +£0.029 n.t. n.t.
Cultures in bioreactor 0.430 £ 0.020 0.562 = 0.006 0.629 £ 0.048 0.536 = 0.090

n.t. not tested
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reason for the improved yield of the process of DBT biodeg-
radation by the examined fungus.

Conclusions

This report is the first to show that the M. robertsii can degrade
both DBT and MBT with high levels of efficiency. An addi-
tional supply of oxygen led to a hairy morphology for the
M. robertsii hyphae instead of densely interwoven pellets. A
facilitated exchange of nutrients and respiratory gasses be-
tween the biomass and growth medium contributed to inten-
sive fungal growth and finally improved butyltin biodegrada-
tion. Due to simultaneous utilization of glucose and the
organotins, the cometabolic character of the described process
is suggested. Moreover, supplementation of the growth medi-
um with ascorbic acid protects fungal cells exposed to DBT
from oxidative stress.
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Supplementary

Fig.1. Confocal micrographs of mycelium structures from flask (A, B) and bioreactor cultures
(C, D) conducted on synthetic medium supplemented with DBT (B, D) or without the

compound (A, C). Microscope magnification was 10x. The scale bar represents 100 pm.
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Realizacje drugiego celu pracy doktorskiej kontynuowano poddajac analizie wptyw
dwoch estrogenow naturalnych — estronu i 17p3-estradiolu — na efektywnos¢ biodegradacji DBT
przez grzyb strzgpkowy M. roberstii. W trakcie pierwszych 24 godz. inkubacji, poczatkowe
stezenie DBT (20 mg 1?) zostato zredukowane do 3,1 mg 1%, z jednoczesnym wytworzeniem
MBT na poziomie 10,5 mg I"1. W obecnosci E1/E2, pozostatosci DBT byty niemalze 2-Krotnie
wyzsze niz w hodowlach bez dodatku estrogenow naturalnych. Negatywne oddziatywanie
zaro6wno estronu jak i 17B-estradiolu na efektywnos¢ usuwania DBT przez szczep grzybowy
IM 6519 zostalo wyjasnione podczas wykonywania eksperymentéw z udziatem proadifenu
(SKF, 1 mM) w roli niespecyficznego inhibitora cytochromu P450 (CYP450). Zaplanowane
analizy miaty gtownie na celu zweryfikowanie udziatu grzybowych monooksygenaz w procesie
biodegradacji butylowych zwiazkow cyny. W obecnosci SKF, eliminacja DBT nie ulegta
calkowitemu zahamowaniu, jednakze pozostatosci zwigzku macierzystego byly 4-krotnie
wyzsze niz w hodowlach bez dodatku inhibitora CYP450. Ponadto, brak obecnosci
hydroksylowanej monobutylocyny w prébach zawierajacych jednocze$nie DBT i SKF
potwierdzity ostatecznie udzial kompleksu enzymatycznego CYP450 w procesie
biotransformacji DBT. Z kolei wyzsze stezenia zarowno E1 jak i E2 odnotowane w hodowlach
z dodatkiem SKF zweryfikowaty pozytywnie udziat CYP450 w rozkladzie tych zwigzkow
wskazujac na inhibicje kompetycyjng jako przyczyng negatywnego oddziatywania estrogendéw
naturalnych na efektywno$¢ usuwania DBT. Istnieja doniesienia literaturowe na temat
zaangazowania enzymow ludzkiego cytochromu P450 w metabolizm estrogen6w naturalnych
(Tsuchiya i in., 2005), jednakze brakuje danych odnoszacych si¢ do monooksygenaz
grzybowych.

Pomimo udowodnionej nadprodukcji reaktywnych form tlenu (RFT) w obecno$ci DBT
(Chantong i in., 2014; Gennari i in., 2000), prace na temat rodzajow RFT i ich relacji
ilosciowych nadal nie sg dostepne. Podj¢to ten problem podczas realizacji niniejszej pracy.
Przeprowadzono detekcje in situ anionorodnika ponadtlenkowego (O2"), nadtlenku wodoru
(H202) i tlenku azotu (NO?) w grzybni M. robertsii poddanej ekspozycji na dziatanie
dibutylocyny i oszacowano ich poziomy na odpowiednio 66%, 4% i 28% po 24-godzinnej
inkubacji. Co wigcej, w trakcie dodatkowych analiz udowodniono, iz to nie DBT, lecz MBT
indukuje powstawanie RFT i reaktywnych form azotu (RFA). Jak dotad, tylko Ferreira i in.
(2013) wskazali na MBT jako silniejszego niz TBT induktora RFT w komorkach

neuroblastomy.
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Aplikacja zaro6wno estronu jak i 17p-estradiolu ograniczyta stres oksydacyjny i nitrozowy
poprzez skuteczne usuwanie RFT i RFA w grzybni szczepu IM 6519, ktérych poziom
zmniejszyt si¢ od 1,5 do 21 razy w zaleznosci od uzytego estrogenu naturalnego. Badania
wykonane nad obrong enzymatyczng szczepu IM 6519 przed reaktywnymi formami tlenu
indukowanymi obecnosciag MBT wykluczyly udziat katalazy i dysmutazy ponadtlenkowej
w usuwaniu H20; i Oz, podkreslajac znaczenie E1 i E2 w tagodzeniu skutkéw stresu
oksydacyjnego, a jednocze$nie wskazujgc na faze wodng jako obszar powstawania badanych
RFT.

Efekty wypracowane podczas analizy znaczenia estronu i 17f3-estradiolu dla wydajnosci
biodegradacji DBT przez szczep grzybowy IM 6519 opublikowano w kolejnej pracy autorskiej
,Estrogen-mediated protection of the organotin-degrading strain Metarhizium robertsii against

oxidative stress promoted by monobutyltin” (Chemosphere, IF = 4,208, 35 pkt MNiSW).
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Estrogen-mediated protection of the organotin-degrading strain

Metarhizium robertsii against oxidative stress promoted by monobutyltin

[Chemosphere (2017), 185:96-104]
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ABSTRACT

Dibutyltin (DBT) is a global pollutant characterized by pro-oxidative properties. The fungal strain Met-
arhizium robertsii can eliminate high levels of DBT efficiently. In this study, induction of oxidative stress as
well as its alleviation through the application of natural estrogens during the elimination of DBT by
M. robertsii were evaluated. During the first 24 h of incubation, the initial concentration of DBT
(20 mg 1-1) was reduced to 3.1 mg 1-', with simultaneous formation of a major byproduct — mono-
butyltin (MBT). In the presence of estrone (E1) or 17f8-estradiol (E2), the amounts of dibutyltin residues
in the fungal cultures were found to be approximately 2-fold higher compared to cultures without es-
trogens, which was associated with the simultaneous utilization of the compounds by cytochrome P450
enzymes. On the other hand, MBT levels were approximately 2.5 times lower in the fungal cultures with
the addition of one of the estrogens. MBT (not DBT) promotes the generation of O,*~, H,07, and NO* at
levels 65.89 + 18.08, 4.04 + 3.62, and 27.92 + 1.95, respectively. Superoxide dismutase and catalase
activities did not show any response of the M. robertsii strain against the overproduction of superoxide
anion and hydrogen peroxide. Application of E1 as well as E2 ensured non-enzymatic defense against
nitrosative and oxidative stress through scavenging of nitrogen and oxygen reactive species, and limited
their levels from 1.5-fold to 21-fold, depending on the used estrogen.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

gram of dry weight of sediments in Europe (Scrimshaw et al., 2005;
Diez et al., 2005, 2006), Asia and Oceania (Bhosle et al., 2006;

Dibutyltin (DBT) is one of the organometallic chemicals used in
the industry, primarily as a thermal stabilizer of polyvinyl chloride
materials (Okoro et al., 2011). Because widespread applications,
DBT has become a global pollutant that has been detected at levels
from nanogram to microgram of tin per liter of seawater or per

* Corresponding author.
E-mail address: przemyslaw.bernat@biol.uni.lodz.pl (P. Bernat).

http://dx.doi.org/10.1016/j.chemosphere.2017.06.130
0045-6535/© 2017 Elsevier Ltd. All rights reserved.

Harino et al., 2007), and North America (Landmeyer et al., 2004).

A major byproduct of DBT biotransformation is monobutyltin
(MBT), which also constitutes contamination of environmental
matrices (Okoro et al., 2011). It can remain in the environment for a
longer period than the parent compound because of its stronger
sorption to solid particles, especially in decreased pH and salinity
(Dai et al., 2003). According to the report published by World
Health Organization (Dobson et al., 2006), only limited data on
toxicity and possible health effects of MBT are available.
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Both DBT and MBT tend to bioaccumulate through the food
chain, particularly in mussels (Harino et al., 2007), gastropods
(Gomez-Ariza et al., 2006), fishes, oysters (Bhosle et al., 2004), and
crabs (Chen et al., 2016). The consumption of contaminated sea-
foods has resulted in measurable levels of the butyltins in human
blood and liver samples (Whalen et al., 1999; Nielsen and Strand,
2002).

Due to various mechanisms of toxicity such as cyto-, immuno-,
hepato-, terato-, and genotoxic activity of DBT (Farr et al., 2001;
Ueno et al., 2003; Gumy et al., 2008; Ferreira et al., 2013) and un-
recognized effects of MBT activity, the presence of these com-
pounds in the environment carries the risk for all organisms. The
biodegradation process could be used for the reduction of envi-
ronmental levels of butyltins. Moreover, application of antioxidants
seems to be the proper way to increase the fungal ability for
elimination of organotins (Siewiera et al., 2015, 2017). Although
overproduction of reactive oxygen species (ROS) in the presence of
DBT has been reported (Gennari et al., 2000; Chantong et al., 2014),
the knowledge about the types of intracellular ROS induced by the
compound is still limited. The data that have been published so far
are concerned only about the measurement of total amounts of ROS
(Gennari et al., 2000; Ferreira et al., 2013; Chantong et al., 2014),
while no information about individual chemical species is available.

Reactive oxygen species are characterized by different formation
rate and different reactivity and hence they have various targets of
action. Moreover, ROS not only can attack biological molecules, but
they can also interact with other radicals. In order to prevent the
ROS-mediated damage, more data about free radicals species that
are overproduced in the cells are required (Li et al.,, 2009). On the
other hand, oxidative stress is related with the imbalance between
the excessive formation of ROS and limited antioxidant defense,
and so the information about the antioxidant response needs to be
provided.

This paper describes the study on the induction of oxidative
stress as well as its alleviation through the application of antioxi-
dants during the elimination of dibutyltin using the fungal strain
Metarhizium robertsii. Two natural estrogens, i.e., 17p-estradiol (E2)
and estrone (E1), a major E2 metabolite with a higher radical-
scavenging activity than the parent compound (Ruiz-Larrea et al.,
2000), were used as antioxidant compounds. The tested com-
pounds were analyzed quantitatively using gas and liquid chro-
matography techniques. Involvement of cytochrome P450
(CYP450) monooxygenases in biotransformation of both natural
estrogens and butyltins by the M. robertsii strain was verified
through the application of a nonspecific inhibitor of CYP450. In-
vestigations on ROS induction were done through the in situ
detection of superoxide anion (O,*~) and hydrogen peroxide (H,0,)
as the products of the sequential reduction of molecular oxygen.
Considering the literature data for DBT effect on nitric oxide syn-
thase (Chantong et al., 2014), the level of nitric oxide (NO*) was also
estimated in our study. The antioxidant defense of the fungal strain
was studied by measuring the activities of catalase (CAT) and su-
peroxide dismutase (SOD), the major enzymes removing H,0; and
0,7, respectively (Carillon et al., 2013; Sooch et al., 2014).

2. Materials and methods
2.1. Chemicals

Dibutyltin dichloride, monobutyltin trichloride, 17f-estradiol,
estrone, proadifen, methyl magnesium bromide, tropolone,
nitrotetrazolium blue chloride (NBT), sodium azide (NaNs), 3,3’-
diaminobenzidine-tetrahydrochloride (DAB), 2',7’-dichlorodihy-
drofluorescein diacetate (H,DCFDA), bovine serum albumin (BSA),

Bradford reagent, ethylenediaminetetraacetic acid (EDTA), poly-
vinylpyrrolidone (PVP), ascorbic acid, methionine, and riboflavin
were purchased from Sigma—Aldrich (Germany). The other chem-
icals used for extraction were obtained from J.T. Baker Chemical Co.
(the Netherlands) while ultrapure solvents required for chroma-
tography analyzes were purchased from POCH S.A. (Poland). Stock
solutions of DBTCl, and 17B-estradiol (E2), both at 10 mg ml~,
were prepared in ethanol. Estrone (E1) was dissolved in dimethyl
sulfoxide to the final concentration of 5 mg ml~.

2.2. Microorganism and growth conditions

In this study, the filamentous fungus Metarhizium robertsii was
used. The ability of the IM 6519 strain to remove tri-, di-, and
monobutyltin had been reported by Siewiera et al. (2015, 2017).

Fourteen-day-old fungal cultures on ZT agar slants
(Paraszkiewicz et al., 2007) were used to inoculate 20 ml of syn-
thetic medium (Lobos et al, 1992). The growth medium was
modified by the addition of glucose and yeast extract and it finally
consisted of (per liter): 4.36 g KyHPOy4 1.7 g KHyPO4, 02 g
MgSO4 x 7H0, 0.05 g MnSOg4, 0.01 g FeSO4 x 7H0, 0.03 g
CaCl, x 2H50, 40 g glucose, 10 g yeast extract and distilled water
(up to 1 L), pH 6.8. The preculture was placed on a rotary shaker
(160 rpm) at 28 °C, for 24 h, and later transferred into a fresh
medium (in the ratio 1:1) and incubated for another day. A volume
of 4 ml of the homogenous preculture was introduced into 16 ml of
medium containing only DBT (20 mg 1-1), to the mixture of DBT
with one of natural estrogens (E1 at 5 mg 1-! or E2 at 10 mg 1),
and to a medium without any of the compounds as a control cul-
ture. Additionally, some cultures were supplemented with proa-
difen (SKF, 1 mM), a nonselective CYP450 inhibitor. The cultures
were incubated for 72 h in conditions described above.

The concentrations of DBT, E1, E2, and SKF, which did not inhibit
the growth of M. robertsii, were applied in the study. The effect of
the higher level of DBT (20 mg 1-') on the fungal cells might be
different from that observed in environmental matrices. However,
further research on the mechanisms of fungal resistance to the
butyltins could be unsuccessful because the DBT concentrations
would not be high enough to stimulate a noticeable response of the
cells. Samples, which undergo bioremediation, might contain
concentrated pollution.

2.3. Fungal biomass estimation

The M. robertsii mycelia from 24- and 72-h cultivation were
separated from culture media by filtering with a vacuum pump and
then dried at 105 °C, until the weight was constant.

2.4. Extraction and quantification of butyltins

The extraction of butyltin compounds from the fungal cultures
was carried out according to the method proposed by Siewiera et al.
(2015). The amounts of methylated di- and monobutyltin from the
extracts were determined quantitatively using a gas chromatog-
raphy mass spectrometry (GC-MS) (Hewlett-Packard Model 6890
equipped with an HP 5973 Mass Detector).

The cultures containing thermally killed fungal biomass (2 times
for 20 min, at 121 °C) were extracted independently according to
the above procedure to exclude the impact of abiotic factors, such
as UV radiation and adsorption of the compounds to a glass surface,
on the efficiency of DBT biodegradation.

2.5. Qualitative analysis of DBT derivatives

In order to determine butyltin intermediates in the fungal
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cultures cultivated with the addition of the CYP450 inhibitor, the
samples were prepared and then analyzed chromatographically
according to the earlier described procedure (Siewiera et al., 2017).

2.6. Determination of E1 and E2 contents

Estrone and 17fB-estradiol were extracted using a QuEChERS
(Quick, Easy, Cheap, Effective, Rugged, Safe) method. Next, the
quantitative analyzes of the estrogens were performed by liquid
chromatography mass spectrometry (LC-MS, Agilent 1200 coupled
with tandem mass spectrometer AB Sciex QTRAP 4500). The
detailed procedure has been described in the paper of Siewiera
et al. (2015).

2.7. In situ detection of superoxide anion

An assay of O,*~ accumulation in the M. robertsii hyphae was
carried out according to a modified method described previously by
Trujillo et al. (2004). The cultures were filtered using a vacuum
pump. Next, the biomass (100 mg) was transferred into an
Eppendorf tube containing a solution of 0.1% NBT and 10 mM NaN3
in sodium phosphate buffer (PBS) of pH 7.8. The mixtures were
incubated for 30 min in the dark, at room temperature. The samples
were centrifuged (5000 x g, 5 min) and then the fungal pellets
were washed twice with PBS. Finally, the biomass was suspended in
1 ml of the buffer and examined immediately under a confocal laser
scanning microscope Pascal 5 (Zeiss).

2.8. In situ detection of hydrogen peroxide

An accumulation of H,0; in the fungus hyphae was detected
according to the modified method of Orozco-Cardenas and Ryan
(1999). Firstly, 100 mg of wet biomass was placed in an Eppen-
dorf tube containing 1 ml of DAB solution (1 mg ml~!) in PBS of pH
3.8. Next, the samples were incubated for 15 h in the light, at room
temperature. The mycelium was washed twice with PBS and then
suspended in the buffer. At the end, the fungal pellets were trans-
ferred to the microscope slides and were photographed with an
Axiovert 200 M inverted microscope equipped with an HRC digital
camera (Zeiss).

2.9. In situ detection of nitric oxide

The NO- overproduction in M. robertsii mycelium was detected
via HoDCFDA, according to a slightly modified method by Liu et al.
(2010). Firstly, 1 ml of the fungal culture was transferred into an
Eppendorf tube and centrifuged at 5000 x g for 5 min. Next, the
supernatant was removed and the pellets were suspended in 1 ml
of PBS (pH 7.4) containing 50 uM H,DCFDA (dissolved in DMSO).
The incubation of samples was carried out for 30 min in the dark, at
room temperature. Finally, the mycelium was washed twice with
PBS and placed on a microscope slide. The images were taken using
a confocal laser scanning microscope (LSM510 Meta, Zeiss) com-
bined with an Axiovert 200 M (Zeiss, Germany) inverted fluores-
cence microscope equipped with a Plan-Apochromat objective
(63 x [1.25 oil). The mycelia were excited with a 488 argon laser
line and the emission was recorded using a 530 nm bandpass filter.
The same laser line was used for Nomarski DIC. Constant exposure
time was applied for all experiments. The detection of green fluo-
rescence was attributed to the presence of NO-.

2.10. Evaluation of superoxide anion, hydrogen peroxide, and nitric
oxide quantities

In situ ROS and RNS generation was visualized by the formation
of precipitates (blue — O2*~ or brown — H,0,) or by the occurrence
of green fluorescence (in NO+ presence). Accumulation of Oy,
H,0,, and NO* was calculated as a ratio of the fluorescent/colored
mycelial area (mm?) to the area of all mycelia (mm?), for at least 20
independent images.

2.11. Preparation of enzyme extracts

Firstly, a wet biomass (250 mg) was placed into a cooled mortar
and then it was homogenized in 2.5 ml of 50 mM phosphate buffer
(pH 7.0) containing 1 mM EDTA, 1% PVP, and 1 mM ascorbic acid.
The homogenate was centrifuged at 15,000 x g for 10 min at 4 °C.
The supernatant was transferred into a fresh Eppendorf tube placed
on the ice and it was subsequently used for enzyme assays.

2.12. Assays of CAT and SOD activities

Measurement of CAT activity through H,0, conversion was
carried out according to the modified method of Dhindsa et al.
(1981). The reaction mixture consisted of 1.8 ml of 50 mM PBS
(pH 7.0), 100 pl of the enzyme extract, and 150 pl of 1% H20,. An
absorbance decrease over time (4 min) was observed spectropho-
tometrically at 240 nm. Enzyme activity was expressed in U mg ™.

The activity of SOD was monitored by the inhibition of NBT
reduction under UV radiation, according to the method of
Beauchamp and Fridovich (1971) with few modifications. Firstly,
50 mM PBS (pH 7.8) containing 13 mM methionine, 75 pM NBT and
1 mM EDTA was prepared. The reactive mixture consisted of 2.9 ml
of the buffer, 50 ul of the enzyme extract, and 2 uM of riboflavin.
Additionally, a blank sample was made using the buffer instead of
the enzyme extract. All samples were transferred to a glass Petri
dish and then incubated under UV lamps for 30 min. Finally, the
absorbances were measured at A = 560 nm. Enzyme activity was
expressed in U mg~ .

2.13. Measurement of protein content

The protein content in the enzyme extracts was determined by
the Bradford (1976) method. A mixture of the extract (50 pl) and the
Bradford reagent (1 ml) was incubated for 15 min at room tem-
perature and then the absorbance of samples was measured
(A = 595 nm). The standard curve was prepared in the same way,
using bovine serum albumin instead of the supernatant. Next, the
curve equation was calculated and it was applied for the estimation
of the amount of protein.

2.14. Statistical analyzes

The experiments were carried out in triplicate. The one-way
analysis of variance (ANOVA) and Spearman’s correlation were
performed using Excel 2016 (Microsoft Corporation, USA). Sample
variability was given as a standard deviation (+SD). Differences at
p < 0.05 were considered as significant.

3. Results and discussion

3.1. Growth of M. robertsii strain exposed to DBT alone or to its
mixture with E1/E2

The influence of DBT (with or without the estrogens) on the
M. robertsii growth was observed as late as after 72 h of cultivation
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Fig. 1. Dry weight of the M. robertsii strain after 24- and 72-h incubation on modified
synthetic medium with: DBT (20 mg 1-!), DBT and E1 (5 mg 1"") or E2 (10 mg 1), as
well as without these compounds.

(Fig. 1). Dry weight of the tested strain exposed to DBT alone has
increased by 18% compared to the biotic control. The phenomena
can be connected with the butyltin utilization, followed by the
inclusion of the obtained carbon and hydrogen into the biomass, or
with the intensified uptake of glucose from the growth medium.
The amount of biomass exposed to the mixture of DBT and E1 was
higher by 7%, contrary to the quantity of the mycelium incubated in
DBT with E2, which remained at a level similar to that of the control
culture. But, in the previous study on tributyltin (TBT) biodegra-
dation by the M. robertsii strain, the addition of E2 resulted in a high
increase of the 5-day biomass (Siewiera et al., 2015). The di-
vergences between the obtained results might have resulted from a
stronger toxic effect of TBT, than DBT, on the tested strain, which
resulted in the requirement of greater antioxidant protection for
TBT-treated cells. Moreover, it could have been related with dif-
ferences in both growth media composition and incubation time,
which was adapted to show the dissimilarity between cultures
conducted with and without the addition of the antioxidant.
However, due to various conditions of the cultures and different
mechanisms of DBT and TBT toxicity, present and earlier results
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should not be compared.

3.2. Influence of the natural estrogens on DBT removal and
involvement of the fungal CYP450 in this process

The residues of di- and monobutyltin, a major byproduct of DBT
debutylation, are shown in Fig. 2. During the first 24 h of incuba-
tion, the initial concentration of DBT (20 mg 1~') was reduced to
3.1 mg 1!, achieving 85% efficiency of DBT elimination. Bernat et al.
(2013) have reported that Cochliobolus lunatus strain removed 92%
of the initial DBT concentration (10 mg 1~ ') during the first 24 h of
incubation on Sabouraud medium. Because of DBT dealkylation, a
byproduct with one butyl group was formed. In the C. lunatus
culture, the MBT concentration was greater than 6 mg 1~! (Bernat
et al, 2013), while in our studies DBT was converted to
10.5 mg 1! of MBT. The total amount of di- and monobutyltin was
not equal to 20 mg 1= due to a partial conversion of MBT to inor-
ganic tin.

Although the intention of this paper was improvement of DBT
elimination, dibutyltin levels were found to be approximately 2-
fold higher while monobutyltin amounts were approximately 2.5
times lower in the fungal culture in the presence of estrogens
(Fig. 2), compared to the cultures with DBT alone. The probable
cause of this phenomenon was competitive inhibition, which
means that DBT competed with E1 or E2 in binding to the active site
of the enzyme involved in biotransformation of these compounds.
A similar dependence was observed during the biodegradation of
volatile aromatic compounds by the fungus Cladophialophora sp.
The process was slower when the fungal culture was exposed to a
mixture of toluene and xylene because of simultaneous conversion
of the compounds conducted at the side chain by the same mon-
ooxygenase enzyme (Prenafeta-Boldd et al., 2002). On the other
hand, supplementation of the M. robertsii fungus with E2 resulted
in improved TBT removal (about 14%), compared to the cultures
without the estrogen (Siewiera et al., 2015). Literature data indicate
the significance of antioxidants application for the elimination of
other ROS inducers such as polychlorobiphenyls, chlor-
oacetanilides, and heavy metals by microorganisms (Ponce et al.,
2011; Staba et al., 2013, 2015).

Monooxygenases of CYP450, which play an important role in
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Fig. 2. The DBT and MBT residues in the fungal culture after 24 and 72 h of cultivation in the absence or in the presence of natural estrogens.
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bioremediation processes (Kumar, 2010), are commonly found in
the fungal kingdom (Jawallapersand et al., 2014). Moreover, Lin
et al. (2011) showed that CYP450 enzymes of M. robertsii species
are required for utilization of hydrocarbons.

In our study, the involvement of CYP450 monooxygenases in the
elimination of butyltins was verified indirectly using a proadifen
(SKF), a nonselective inhibitor of this enzymatic complex. In the
cultures with SKF, DBT biodegradation was not inhibited
completely but DBT level was 4-fold higher compared to the cul-
tures without inhibitor (Fig. 3). Moreover, the hydroxylated
metabolite of MBT (OHBuSnH,), described previously in our paper
(Siewiera et al., 2017), was not detected in the cultures with SKF,
which confirmed the involvement of CYP450 monooxygenases in
DBT bioconversion by the M. robertsii strain.

The research team of Bernat and Dtugonski (2002, 2009) also
proved that microbial CYP450 is involved in the dealkylation of
organotin compounds. Therefore, hydroxylation-mediated meta-
bolism of the butyltins seems to be a universal pathway of the
compound removal by bacteria and filamentous fungi.

3.3. The quantitative analyzes of the natural estrogens in the fungal
cultures conducted with or without the inhibitor of CYP450

Due to the ability of the M. robertsii strain to biotransform es-
trogens, the steroids were analyzed quantitatively using a LC-MS/
MS. During the first 24 h of incubation, E2 was utilized by the
fungal cells almost 2-fold faster than E1. The concentration of 1783-
estradiol was reduced from 10 mg 1-! to 2.52 mg 1-!, while the
estrone level was decreased from 5 mg1~! to 2.84 mg 1~! (Table 1).

In the presence of proadifen, the amounts of E1 and E2 were
higher by 67% and 34%, respectively, compared to cultures without
SKEF. The results indicate that the CYP450 of the M. robertsii strain
may participate in the biotransformation of E1 and E2. However,
dehydrogenation of ring D at C-17 position of 17p-estradiol mole-
cule was weakly inhibited, which led to the partial conversion of E2
to E1. Mediation of fungal laccases in the degradation of estrogens
has been described by Lloret et al. (2010) and Tran et al. (2010).
Unfortunately, no data about the involvement of cytochrome
monooxygenases in the biotransformation of natural estrogens by
filamentous fungi are available, contrary to the mechanism of
transformation of the compounds by human CYP450 (Tsuchiya
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Table 1
The quantities of natural estrogens in 1-day-old cultures of the M. robertsii strain
cultivated in the presence of DBT (with or without the CYP450 inhibitor).

Culture Proadifen [1 mM] presence  Estrogen level [mg 17']
DBT+E1[5mgl!] - 2.84 + 028

+ 473 + 033
DBT+E2[10mgl™'] — 2.52 +023

+ 339+035

et al,, 2005; Zhu and Lee, 2005).

3.4. Overproduction of O>*~, H>0,, and NO*

The quantities of superoxide anion, hydrogen peroxide, and
nitric oxide in the 3-h and 24-h M. robertsii mycelia exposed to DBT
and/or the estrogens are presented in Table 2. In contrast to the
estrogens, whose presence in the fungal culture had no effect on
ROS and RNS production, the addition of DBT caused a significant
increase in the levels of all detected reactive molecules since the
first hours of incubation. However, the reactive molecules were
present at the highest levels in the 1-day-old mycelium. A super-
oxide anion, the first product of sequential univalent reduction of
the molecular oxygen, was overproduced at the level of
65.89 + 18.08 initiating the ROS cascade. The level of hydrogen
peroxide, formed through the reduction of O,*~, was estimated as
4.04 + 3.62.

Similarly, Chantong et al. (2014) described the influence of DBT
(200 nM) on the overproduction of both the intracellular and the
mitochondrial ROS in BV-2 microglia cells. Moreover, a quantitative
real-time PCR revealed a significant increase in the mRNA expres-
sion of nitric oxide synthase (NOS) of BV-2 cells treated with the
organotin (Chantong et al., 2014). In our studies, we found that NOS
of the M. robertsii strain could also be activated in the presence of
DBT, because the level of NO* was significantly higher (than in the
control cultures) and amounted to 27.92 + 1.95. On the other hand,
Ohashi et al. (2004) indicate an opposite (inhibitory) effect of DBT
on the activeness of rat neuronal nitric oxide synthase.

After 1-day incubation with the natural estrogens, the levels of
0,7, Hy0,, and NO- in the DBT-treated mycelium were lower even

S N A& & @@

DBT MBT
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DBT

DBT + E1

MBT DBT MBT

DBT + E2

Fig. 3. The concentrations of the butyltin compounds in the culture of the examined fungus, after 24-h cultivation on growth medium supplemented with the inhibitor of CYP450.
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Table 2

The ratio between the area of colored/fluorescent hyphae and total hyphal area of the M. robertsii strain cultivated in the presence of DBT, and/or the antioxidant, or without

these compounds.

Culture 0y~ (blue colored) H,0, (brown colored) NO*(green fluorescent)
3h 24 h 3h 24 h 3h 24 h

Control 0.27 + 0.05 0.36 + 0.30 0.14 + 0.05 0.00 + 0.00 0.00 + 0.00 0.69 + 0.89
E1 1.53 + 1.46 0.33 +0.18 0.20 + 0.09 0.00 + 0.00 0.03 + 0.00 0.00 + 0.00
E2 0.56 + 0.19 527 +2.99 0.24 + 0.07 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00
DBT 17.95 + 1.37 65.89 + 18.08 0.66 + 0.34 4.04 + 3.62 6.51 +4.17 2792 +1.95
DBT + E1 0.70 + 0.34 4.61 + 1.73 024 +0.14 039 +0.12 0.00 + 0.00 723 +£0.72
DBT + E2 0.83 + 0.08 17.68 + 3.54 0.31 £ 0.11 0.19 + 0.01 2.76 + 0.98 17.61 + 5.61

14 times, 10 times, and almost 4 times in the presence of E1, as well
as 3.5-fold, 21-fold, and 1.5-fold in the presence of E2, compared to
the mycelium exposed to DBT alone. The protective effect of E2 on
TBT-induced neuronal damage and enhanced permeability of
fungal membranes has been described previously (Ishihara et al.,
2015; Siewiera et al., 2015). 17B-estradiol is known due to its pro-
tective properties for mitochondria (Borras et al., 2010), i.e., places
where intracellular ROS are produced (Dan Dunn et al., 2015). E2
exerts a positive effect on the activity of membrane-linked ATPases
(Kumar et al., 2011), the enzymes whose modulation by DBT
(Srivastava, 1990; Nesci et al., 2011, 2013) leads to the inhibition of
mitochondrial respiration (Ueno et al., 2003) and finally results in
ROS generation. Furthermore, the 17p-estradiol structure contains
two free phenolic OH groups, which have been considered the
quintessential feature in conferring protection against oxidative
stress (Prokai et al., 2013); therefore, E2 should be a stronger
antioxidant than E1 (the compound with only one hydroxyl group)
(E1). Despite all these useful properties of E2, the addition of E1
more efficiently limited the overproduction of both ROS and RNS in
the M. robertsii hyphae exposed to DBT. According to Ruiz-Larrea
et al. (2000), E1 has a higher radical-scavenging activity than E2.
On the other hand, the obtained results could be associated with a
longer presence of E1 in the fungal culture, contrary to E2, which
was rapidly utilized by the fungal cells.

The levels of O,*7, Hy0,, and NO- detected in the 1-day-old
mycelium were negatively correlated with DBT quantities and
positively related to MBT concentrations remained in these cul-
tures. The correlation was strong, because the coefficients were
higher than 0.745 in all cases. The reactive molecules were addi-
tionally detected in the M. robertsii mycelium exposed to MBT at
concentration of about 10 mg 1= The levels of 05*~, Hy0,, and NO*
amounted to 4535 + 918, 2.03 + 0.57, and 16.25 + 3.74,
respectively.

The biological activity of organotin compounds is determined by
the number of organic groups linked to the tin atom, and it de-
creases as follows: R3SnX > RySnXy > RSnX3 (de Carvalho Oliveira
and Santelli, 2010). Our results draw attention to an unexpected
threat associated with the presence of MBT, the compound that
appeared to be the least toxic among all organotins. Contrary to the
numerous studies carried out on TBT-mediated oxidative stress
(Ishihara et al., 2012; Bernat et al., 2014; Mitra et al., 2014; Sobon
et al.,, 2016), only Ferreira et al. (2013) have indicated MBT as the
compound causing stronger ROS induction in neuroblastoma cells
than TBT. There are studies indicating that MBT is more toxic to
methanogenic and sulfate-reducing bacteria than TBT (Belay et al.,
1990; Boopathy and Daniels, 1991; Lascourreges et al., 2000).
Moreover, MBT causes more intense potassium efflux from marine
yeast than DBT (Cooney et al, 1989; Laurence et al., 1989).
Furthermore, Doolittle and Cooney (1992) reported that MBT floc-
culated particles of bacteriophage T4, inactivating it more effec-
tively than TBT or DBT. Unfortunately, further studies on toxic
effects of MBT have not been carried out.

3.5. CAT and SOD activities

Oxygen can be toxic to every aerobic organism, including the
M. robertsii strain, which requires a large supply of the O for effi-
cient elimination of butyltins (Siewiera et al., 2017). Moreover, MBT
promotes generation of both the nitrogen and oxygen reactive
species. Nevertheless, after the addition of DBT (with or without
the estrogens), the levels of CAT (Fig. 4a) and SOD (Fig. 4b) were not
significantly different, in comparison to the results obtained for the
control mycelia.

In the research of toxic effects of organotins on natural pop-
ulations of bats (Myotis daubentonii), the inhibition of SOD activity
was determined (Lilley et al., 2013). In our studies, ROS cascade was
blocked (O,*~ was not converted into H>0,) but SOD levels in the
hyphae, which were exposed to the butyltin, were not changed. It
was assumed that the reason for the above could be caused by little
reactivity of superoxide anion with non-radical species in aqueous
solutions (Li et al., 2009). Similar to the superoxide dismutase ac-
tivity in the M. robertsii mycelium exposed to DBT alone or to its
mixture with one of the natural estrogens, the catalase activity also
remained at the same level. The amount of hydrogen peroxide was
low and it could be essential for the signaling pathways (Pourova
et al., 2010). On the other hand, other enzymes such as fungal
peroxidases (Hofrichter et al., 2010) could be involved in the H,0,
removal.

Detoxification of NO- has been a more complicated issue
because of the occurrence of various fungal-denitrifying systems
such as CYP450 nitric oxide reductase, or detoxification via oxida-
tion by flavohemoglobin YHb, or action of regulatory protein Yap1
(Lewinska and Bartosz, 2006; Lushchak et al., 2010; Shoun et al.,
2012). Due to the lack of information about antioxidant defense
of the M. robertsii strain against NO+ formation, it was difficult to
establish the nitrosative stress. However, the fungal cells are
certainly exposed to oxidative stress, because of ROS over-
production and defense enzymatic limitation. In published reports
concerning biodegradation of other xenobiotics such as chlor-
oacetanilide herbicides, quinclorac, bensulfuron-methyl, and atra-
zine, SOD as well as CAT activities showed active response of
microorganisms against oxidative stress (Lin et al., 2009; Lii et al.,
2009; Martins et al., 2011; Zhang et al., 2012; Staba et al., 2015).
In our studies, SOD and CAT activities were limited, which was most
likely associated with non-enzymatic defense of the fungal cells
initiated by the antioxidants application. Moreover, the unchanged
level of the M. robertsii antioxidant enzymes clearly indicates the
action of the natural estrogens in scavenging of O»°~, H>0,, and NO*
induced by the presence of MBT.

4. Conclusions

The presented study shows that CYP450 of the M. robertsii strain
is involved in DBT biodegradation. Moreover, generation of Oy*,
H,0,, and NO- is not induced by the parent compound, but by the
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Fig. 4. Activity of catalase (a) and superoxide dismutase (b) in the M. robertsii mycelium, incubated in the presence of DBT, and/or antioxidant, or without these compounds.

presence of MBT — a byproduct of DBT dealkylation, which is
considered as the least toxic of all organotins. Superoxide dismut-
ase as well as catalase of the fungal cells do not participate in ROS
detoxification. Estrone and 17-estradiol are effective scavengers of
nitrogen and oxygen reactive species, protecting M. robertsii cells
against both nitrosative and oxidative stress.

The obtained results could initiate further research focusing on
the molecular background of MBT action on microorganisms,
including the consequences of ROS and RNS overproduction.
Expanding the knowledge in the area of biodegradation of butyltins
by filamentous fungi in the presence of antioxidants may in future
lead to the creation of new, effective bioremediation systems.
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Realizacj¢ drugiego celu pracy doktorskiej podtrzymywano badajac oddzialywanie
17B-estradiolu na wydajnos¢ biodegradacji TBT przez grzyb mikroskopowy M. roberstii. Po
5 dniach prowadzenia hodowli z dodatkiem TBT (2,5 mg I"?) odnotowano 50% zahamowanie
wzrostu szczepu IM 6519. Pomimo wysokiej toksyczno$ci zwigzku w stosunku do wybranego
modelu badawczego, widma masowe ekstraktow hodowlanych (uzyskanych technika
chromatografii gazowej sprz¢zonej ze spektrometrig mas — GC-MS) ukazaty obecnos¢ DBT
i MBT jako gléwnych metabolitow biodegradacji TBT. Dodatek E2 (10 mg I"!) spowodowat
nie tylko wickszy przyrost biomasy grzybowej (o 20%) ale przede wszystkim poprawe
wydajnosci eliminacji TBT (o 14%), w pordwnaniu z wynikami osiggnietymi dla hodowli
niezawierajacej estrogenu naturalnego. Uzycie wysokosprawnej chromatografii cieczowej
sprzezonej z tandemowa spektrometriag mas umozliwito przeprowadzenie analizy ilosciowe;j
17B-estradiolu, ktora wskazywata na szybki ubytek zwigzku przeciwutleniajacego
z wytworzeniem nastepujacych metabolitow: estronu i estriolu oraz koniugatow E2 1 E1

z siarczanami i glukoronidami.

Poddajac analizie wptyw badanych zwiazkow (wprowadzanych do hodowli oddzielnie
lub w postaci mieszaniny) na sktad fosfolipidow (PLS) btonowych szczepu M. robertsii
IM 6519, zidentyfikowano glowne klasy lipidow, ktorymi byty fosfatydylocholiny (PC),
fosfatydyloetanoloaminy (PE), fosfatydyloglicerole (PG), fosfatydyloseryny (PS) oraz
fosfatydyloinozytole (Pl). PC i PE przewazaly ilosciowo nad pozostalymi klasami
na dzialanie TBT charakteryzowata si¢ zmniejszong iloscig PC 1 odwrotnie zwigkszong
zawarto$cig PE, co wskazywato na usztywnienie bton komoérkowych w obszarze glowek
fosfolipidowych zwigzane z upakowaniem mniej rozleglych obszarowo etanoloamin niz cholin.
Podstawowymi kwasami tluszczowymi budujacymi czasteczki PLS byty kwasy: palmitynowy
1 stearynowy ws$rod nasyconych oraz oleinowy 1 linolowy ws$rdd nienasyconych. Analiza
gtownych sktadowych (PCA) wykonana dla 14 dominujacych z 62 oznaczonych rodzajow PLS
wykazala, iz profil fosfolipidowy grzybni inkubowanej w obecno$ci mieszaniny TBT 1 E2 mial
charakter posredni migdzy profilami zmodyfikowanymi przez badane substancje wprowadzane
samodzielnie. Wyniki analizy PCA sugerowaly, iz dodatek 17p-estradiolu do hodowli
ograniczal zmiany w sktadzie fosfolipidow blon grzybowych zmodyfikowanych obecnos$cia

TBT, umozliwiajac dazenie membran do osiggniecia stanu fizjologicznego.

Analizy mikroskopowe przeprowadzone z uzyciem jodku propidu ukazaty 3500-krotny

wzrost intensywnos$ci fluorescencji barwnika jadrowego w strzepkach szczepu M. robertsii
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IM 6519 odzwierciedlajac zwigkszong przepuszczalno$¢ bton komoérek poddanych ekspozycji
na dziatanie TBT. W obecnosci 17B-estradiolu nastgpit 3-krotny spadek intensywnosci
fluorescencji fluoroforu, rownoznaczny z ograniczeniem liczby komoérek uszkodzonych przez

TBT, co potwierdzito antyoksydacyjne wlasciwosci ochronne badanego estrogenu naturalnego.

Wyniki badan prowadzonych nad wptywem 17f-estradiolu na efektywnos$¢ biodegradacji
TBT przez grzyb strzepkowy M. roberstii opublikowano w pracy oryginalnej ,,Estradiol
improves tributyltin degradation by the filamentous fungus Metarhizium robertsii”
(International Biodeterioration & Biodegradation, IF = 2,429, 30 pkt MNiSW), stanowigcej
pierwsze opublikowane doniesienie na temat mozliwosci wykorzystania estrogenu naturalnego
w celu zwigkszenia wydajnosci biodegradacji lipofilowego, silnie toksycznego zwigzku

o wlasciwosciach prooksydacyjnych.

Stwierdzenia czastkowe dotyczace analizy wplywu wybranych substancji
o wlasciwosciach antyoksydacyjnych na rozklad butylowych zwiazkow cyny przez szczep

IM 6519

1. Suplementacja pozywki wzrostowej witaming C skutkuje 3-krotnym przyspieszeniem
tempa biodegradacji MBT przez szczep grzybowy M. robertsii IM 6519.

2. Wyniki analizy ilosciowej dialdehydu malonowego — powszechnego markera
peroksydacji lipidow — wskazuja na skuteczno$¢ witaminy C w ochronie grzybowych

bton komoérkowych przed stresem oksydacyjnym.

3. Induktorem reaktywnych form tlenu i azotu w badanej grzybni jest monobutylocyna —

substancja uznawana za najmniej toksyczng sposrdd butylowych zwiazkow cyny.

4. Enzymy antyoksydacyjne tj. katalaza 1 dysmutaza ponadtlenkowa nie biorg udzialu

w usuwaniu nadtlenku wodoru i anionorodnika ponadtlenkowego.
5. Estron 1 17B-estradiol skutecznie usuwajg reaktywne formy tlenu.

6. Przyczyna negatywnego oddzialywania estrogenow naturalnych na proces
biodegradacji DBT jest wystepowanie zjawiska inhibicji kompetycyjnej
monooksygenaz cytochromu P450.

7. 17B-estradiol ogranicza zmiany w sktadzie fosfolipidow i zwigksza integralno$¢ bon
komorkowych szczepu IM 6519 eksponowanego na dziatanie TBT, w konsekwencji

zwigkszajac efektywno$¢ eliminacji badanego zwigzku.
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ABSTRACT

Tributyltin chloride (TBT) is a toxic and persistent organic pollutant that is extensively employed in a
variety of industrial products. TBT, an endocrine disrupting chemical, disturbs lipids homeostasis in living
cells and is responsible for generating reactive oxygen species (ROS), which affect cell viability. The aim
of this study was to test whether estradiol (E2), which exhibits antioxidant activity, could increase the
TBT degradation efficiency by the filamentous fungus Metarhizium robertsii. After five days of incubation
in Sabouraud growth medium, 27% of TBT (added at the initial concentration 2.5 mg 1~!) was converted
to dibutyltin (DBT) and monobutyltin (MBT). The data obtained for fungal cultures incubated with TBT
and E2 simultaneously demonstrated that, in the presence of estradiol, the TBT-induced growth inhi-
bition was reduced and 44% of TBT was metabolised. Moreover, the determination of phospholipids and
the assessment of propidium iodide influx showed a strong disturbance in the membrane integrity and
the phosphatidylcholine (PC)/phosphatidylethanolamine (PE) ratio for TBT-stressed mycelia, whereas
fungal cells treated with the mixture of TBT and E2 presented a lower level of membrane disintegration.

It is suggested that E2 protects fungal cells against TBT toxicity and improves biocide degradation.

© 2015 Published by Elsevier Ltd.

1. Introduction

Tributyltin (TBT) is one of the most toxic organotin compounds.
Various mechanisms of TBT action have been identified. Among
them, oxidative stress, associated with the overproduction of
reactive oxygen species (ROS), has been shown to cause damage to
lipids, proteins and nucleic acids (Ishihara et al., 2012). Moreover,
interference in the membrane structure by lipophilic TBT molecules
leads to changes in the membrane permeability and the func-
tioning of the transmembrane enzymes (Pagliarani et al., 2013).

Several studies suggest that biotic degradation is a major
pathway for the removal of TBT from the environment (Bernat et al.,
2013). Nevertheless, only a few fungal strains have been described
as TBT degrading microorganisms. Among the fungi, Coniophora
puteana, Trametes versicolor, Chaetomium globosum and Cunning-
hamella elegans have been mentioned (Bernat et al., 2014).

* Corresponding author.
E-mail address: jdlugo@biol.uni.lodz.pl (J. Diugonski).

http://dx.doi.org/10.1016/j.ibiod.2015.06.014
0964-8305/© 2015 Published by Elsevier Ltd.

Because the increase in the ROS levels affects the fungal growth
and decreases the fungal survival (Culakova et al., 2012), it has been
postulated that oxidative stress could reduce TBT degradation by
microorganisms. Therefore, the aim of this study was to increase
the efficiency of TBT degradation of a Metarhizium robertsii strain by
adding an antioxidant compound that could increase its tolerance
to oxidative stress.

Estradiol (E2) was chosen as an antioxidant. Literature data
indicate that the treatment of living cells with E2 decreases free
radical formation and reduces lipid peroxidation levels, which
further improves the membrane fluidity (Kumar et al, 2011).
Moreover, according to Ishihara et al. (2014), E2 diminishes TBT-
induced neurotoxicity. E2 is also the main estrogen compound
released into the environment, which is excreted by all humans and
animals (Lucas and Jones, 2006). Therefore, E2 and TBT are wide-
spread pollutants that could occur simultaneously in many aquatic
and terrestrial environments (Dubascoux et al., 2008).

The impact of E2 on the TBT degradation process was examined.
Moreover, because TBT caused modifications in the membrane
structure, changes in the phospholipid profile and membrane
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permeability of fungal cells simultaneously exposed to E2 and TBT
were described.

2. Materials and methods
2.1. Chemicals

Tributyltin chloride, other organotins and estradiol were pur-
chased from Sigma—Aldrich. The other chemicals were purchased
from Supelco, J. T. Baker, Fluka and POCh (Gliwice, Poland). All of
the chemicals were high-purity grade reagents. Stock solutions of
TBT and E2 at 5 mg ml~! were prepared in ethanol. The phospho-
lipid standards: phosphatidylcholine (PC), phosphatidylethanol-
amine (PE), phosphatidylserine (PS), phosphatidylinositol (PI) and
phosphatidic acid (PA) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA).

2.2. Microorganism and growth conditions

A fungal strain M. robertsii IM 6519, obtained from the collection
of the Department of Industrial Microbiology and Biotechnology,
Institute of Microbiology, Biotechnology and Immunology, Univer-
sity of Lodz, Poland, was applied in this study. This entomopatho-
genic strain is capable of degrading 4-n-nonylphenol (Rozalska
et al., 2015b).

Fourteen-day spores of an M. robertsii strain from cultures on ZT
agar slants (Paraszkiewicz et al., 2007) were used to inoculate 20 ml
Sabouraud medium (Difco, pH 5,8) in 100-ml Erlenmeyer flasks.
The cultivation was carried out for 48 h at 28 °C on a rotary shaker
(160 rpm). Subsequently, a homogenous preculture (20%) was
introduced into the Sabouraud medium with TBT (2.5 mg I-!) and/
or E2 (10 mg 1-!) or without the compounds in the control cultures.
The cultures were incubated for 5 days at 28 °C on a rotary shaker
(160 rpm).

2.3. Organotins analysis

The analysis of organotin compounds was carried out according
to the procedure by Bernat and Dtugonski (2009). The cultures after
5 days of incubation were acidified (pH 2), then transferred into
Falcon tubes and centrifuged for 10 min at 8000 xg. The fungal
biomass suspended in methanol with glass beads was homoge-
nized twice for 3 min at 30 m/s. A homogenate was mixed with
supernatant. An extraction process was carried out twice with
20 ml mixture of 0.05% tropolone in hexane. The organic layers
were dehydrated using anhydrous Na;SO4 and evaporated to dry-
ness. A precipitate was dissolved in 2 ml of hexane. Next, a deriv-
atization reaction of organotins was performed. After adding 0.5 ml
of a Grignard reagent (3 M methyl magnesium bromide in anhy-
drous diethyl ether), the reaction was carried out for 20 min in
darkness at room temperature. The derivatization process was
interrupted by the slow addition of cooled, 20% aqueous NH4CI
(2 ml). After centrifugation (2000 xg) for 10 min, 250 pl of the
upper layer was transferred into the chromatographic vials for a
GC/MS analysis.

A methylated organotin compounds were determined using a
gas chromatograph (Hewlett—Packard Model 6890 equipped with
HP 5973 Mass Detector). The temperature of the column (HP 5 MS
methyl polysiloxane, 30 m x 0.25 mm x 0.25 pm) reached 60 °C
and was maintained for 3 min. Next, the temperature was increased
to 280 °C at a rate of 20 °C min~! and maintained for 3 min. The
flow rate of helium as a carrier gas was set at 1.2 ml min~’. The
temperature of the injection port was 250 °C. The injection volume
was 2 pl. The organotin compounds were separated and identified

based on their retention times and typical ions. Quantitative ions
165 for MBT, 151 for DBT and 193 for TBT were performed.

2.4. E2 analysis

The analysis of E2 and its metabolites was carried out using the
QuEChERS method (Anastassiades et al., 2003). Five-day fungal
cultures were transferred into 50-ml tubes. Then, 10 ml of aceto-
nitrile with glass beads was added. Using a ball mill, biomass ho-
mogenization was carried out twice for 10 min. A mixture of salt
(2 g MgSO4, 0.5 g NaCl, 0.5 g C5H5Na307 X 2H20,
0.25 g CgHgNay07 x 1.5H,0) was added to the homogenate and
vortexed for 2 min. Then, the sample was centrifuged for 5 min
(4 °Cat 2000 xg). Finally, 2 ml of the top layer was collected for the
chromatographic analysis.

Estrogens were determined using liquid chromatography-mass
spectrometry (LC-MS/MS) with an Agilent 1200 coupled with
mass detector QTRAP 3200 (AB Sciex, USA) (Rozalska et al., 2015a).
The injection volume was 5 pl. The separation was carried out in a
capillary Zorbax Eclipse XDB-C18 column (50 mm x 4.6 mm, 1.8-
pum particle size; Agilent, USA) at 35 °C. The total flow rate of the
mobile phase (solvent mixtures A and B) was 0.6 ml min~. The
gradient was started at 80% B and 20% A; at 2 min it was linearly
increased to 100% B and held for 4 min; then, in 2 min it was lin-
early decreased to 20% B. The mobile phase consisted of 5 mM
ammonium formate in water (A) and 5 mM ammonium formate in
methanol (B). The mass spectrometric detection was conducted on
a 3200 QTRAP LC-MS/MS system from ABSciex (USA) equipped
with a turbo ion spray source. The detection of estrogens was
performed with the use of an MS/MS detector working in the
multiple reaction monitoring (MRM) negative ionization mode.
Additionally, a mass spectrometry of E2 potential metabolites was
performed using electrospray ionisation (ESI) in a negative ion
mode. Information-dependent acquisition (IDA) methods: EMS
(enhanced MS) and PI (precursor ion)/EPI (enhanced product ion),
were used to identify possible E2 metabolites. Both Q1 and Q3 were
operated at low and unit mass resolution, respectively. The spectra
were obtained over a range from m/z 50 to m/z 500.

2.5. Phospholipids (PLs) extraction and analysis

Phospholipids of M. robertsii from the stationary phase of
growth (120 h) were collected. To perform the extraction of lipids,
the Folch method (Folch et al., 1957) was applied with some
modifications. The fungal biomass was filtered and transferred to a
50-ml tube with a 10 ml of a chloroform/methanol mixture (2:1 v/
v). The samples were homogenized with glass beads into 50-ml
tubes using a ball mill (Retsch, Germany). The homogenization
process was conducted twice for 10 min each time. To separate the
methanol and chloroform layers, 2 ml of 0.85% NaCl was added to
the homogenate. The mixture was vortexed for 2 min. Then, the
sample was centrifuged for 5 min (2000 xg). The bottom layer was
collected, dehydrated by the addition of anhydrous sodium sul-
phate and finally evaporated. Extracts dissolved in 2 ml of methanol
were analysed according to the procedure of Bernat et al. (2014)
using the LC-MS/MS technique. The chromatographic conditions
had been described previously by Bernat et al. (2014).

Using MarkerView™ Software, principal component analysis
(PCA), indicating variations in phospholipids contents, was per-
formed. Additionally, the Double Bonds Index (DBI) describing fatty
acid unsaturation was calculated in accordance with the formula:
DBI = [> (N x % lipid molecular species)]/100, where N is a number
of double bonds in each lipid molecular species and % refers to the %
of a complex lipid class (Su et al., 2009).
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2.6. Test of the cell membrane permeability

The test was performed according to the modified procedure of
Staba et al. (2013). First, 1 ml each of the control and the tested
samples was transferred into Eppendorf tubes and centrifuged for
2 min at 6000 xg. After removing the supernatant, the mycelium
was suspended in 1 ml PBS (Phosphate Buffered Saline) and
centrifuged under the same conditions. Next, the previous step of
the procedure was repeated, 1 pl of propidium iodide (Prl, 2 uM)
was added and the mixture was incubated for 5 min in the dark.
Subsequently, the sample was centrifuged in the above-described
conditions and the final precipitate was suspended in 0.5 ml PBS.
Microscopic samples were prepared and examined on a confocal
microscope (Pascal II) at the wavelength A = 543 nm. The total area
of fungal hyphae and areas emitting red fluorescence were calcu-
lated. Using these data, the percentage of hyphae exhibiting fluo-
rescence and the percentage of damaged/dead cells were
simultaneously calculated.

2.7. Statistical analysis

Experiments were carried out in triplicate. Statistical analyses
were performed using Excel 2007 (Microsoft Corporation, USA) and
MarkerView™ Software 1.2.1 (AbSciex, USA).

3. Results

3.1. The growth of the M. robertsii strain in the presence of TBT and/
or E2

Fungal biomass growth after exposure to TBT (2.5 mg 171), E2
(10 mg 1-1) or a mixture of these two compounds was investigated.
After 5 days of incubation in Sabouraud medium, the dry fungal
weight of the control biomass was estimated to be 16.7 g1~ (Fig. 1).
In the samples with E2, a slight decrease in the fungal growth
(approximately 8%) was observed. A strong modification (50%)
occurred in the cultures with the addition of TBT, whereas 31%
growth inhibition was noted in the samples containing both
chemicals.

3.2. E2 influence on TBT degradation and TBT impact on E2
transformation by M. robertsii

The effect of E2 on the TBT degradation process and the influ-
ence of TBT on the E2 transformation were examined. After 5 days
of incubating the fungus with the organotin, the level of tributyltin
decreased by almost 30% (Fig. 2). The GC/MS chromatogram of M.
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Fig. 1. Dry mass of M. robertsii mycelium after 5-day incubation on Sabouraud medium
with TBT (2.5 mg 1-!) and/or E2 (10 mg 1) or without the examined compounds.
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Fig. 2. Residues of TBT (2.5 mg I"') and/or E2 (10 mg I~!) after 5 days of M. robertsii
culture on Sabouraud medium.

robertsii culture extracts incubated with TBT revealed that, despite
the inhibition of the mycelial growth, TBT was converted to less
toxic derivatives, which were dibutyltin (DBT) and monobutyltin
(MBT). The TBT elimination was associated with the fungal growth,
which suggests a cometabolic nature of TBT degradation. On the
other hand, during the study on the efficiency of tributyltin elimi-
nation by C. elegans the level of over 70% TBT conversion to de-
rivatives had been noted under the same culture conditions (Bernat
and Dtugonski, 2007).

The concentration of estradiol in the culture medium fell rapidly
(Fig. 2). The subsequent change in the estradiol concentration was
accompanied by the presence of some E2 metabolites. Estrone,
estriol, estrone 3-sulphate, estradiol-3-sulphate, estradiol-17-
glucuronide and estrone-3-glucoronide were found in the fungal
culture.

The differences between the dynamics of TBT debutylation were
observed in the absence and in the presence of estradiol (Fig. 2).
The results showed that butyltin transformation in the presence of
estrogen was better compared to the culture without the steroid.
Approximately 44% of TBT was transformed during 5 days of in-
cubation. On the other hand, the presence of TBT slightly decreased
the rate of the estrogen transformation. Moreover, the conjugate
formation was observed during the incubation of the fungus in the
medium with both substrates.

3.3. M. robertsii phospholipid profile in the presence of TBT and E2

Phosphatidylcholine (PC) and phosphatidylethanolamine (PE)
were determined as major classes of M. robertsii membrane phos-
pholipids (Fig. 3). The PC class represented 66.8% of the total
phospholipid content, followed by PE (17.3%) and PG (8.2%), while
PS and PI stayed on a similar level (approximately 3.5%). Upon
exposure to E2, the PE and PC contents decreased and increased,
respectively, compared with the control. After TBT treatment, the
inverse dependence was observed.

PC and PE are key components of the membranes of eukaryotic
cells (Fajardo et al., 2011). The ratio of these two phospholipid
classes is influenced by toxic substances or changes in the culture
conditions. Moreover, the PC/PE ratio has an effect on membrane
fluidity. A choline molecule as a head of phospholipid has a larger
size compared to the acyl chains, so the enrichment of the mem-
brane with PC results in an increase in membrane fluidity. In the
case of PE, the surface of the acyl chains is larger than the surface of
the phospholipid heads (ethanolamine), which leads to the
reduction in the membrane fluidity (Fajardo et al., 2011). The ratio
of PC to PE in the examined samples was designated. In the biotic
control, a value of the PC/PE ratio of 3.85 was estimated. An increase
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Fig. 3. Percentage composition of particular phospholipids classes of M. robertsii cell
membranes treated with TBT and/or E2. PC phosphatidylcholine, PE phosphatidyl-
ethanolamine, PG phosphatidylglycerol, PI phosphatidylinositol, PS
phosphatidylserine.

in the membrane fluidity was found in cultures supplemented with
E2, where almost doubling the PC/PE ratio in relation to the control
was determined. In contrast, a reduction of the membrane fluidity
of the fungus in the presence of only TBT and with the addition of
E2 was observed. In cultures with both test compounds, the most
similar the PC/PE ratio to the control was defined.

Phospholipids of the fungal strain of M. robertsii are composed
mainly of 16- and 18- carbon fatty acids (Fig. 4). Among the satu-
rated fatty acids, the highest contents were recorded for palmitic
(C16:0) and stearic (C18:0) acids. However, oleic (C18:1) and lino-
leic (C18:2) acids were recognized as the most abundant among
unsaturated fatty acids. After the addition of the compounds, the
biggest differences were observed for PC 18:1/18:1 and PC 18:2/
18:2. The content of PC 18:1/18:1 decreased by approximately 31%
after the exposure to TBT and increased by approximately 30% after
the treatment with E2. On the other hand, the amount of PC 18:2/
18:2 grew by approximately 16% due to the action of TBT and
decreased by approximately 28% when treated with E2. TBT had an
opposite effect on the phosphatidylethanolamine content (Fig. 3).
An increase in the amount of phospholipids in the presence of TBT
in maintained, in contrast to its decline in the presence of E2. The
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obtained results indicate the greatest influence of the TBT presence
on the PE content.

In total, 62 different species of phospholipids in each sample
were determined (data not shown). As a result of the principal
component analysis (PCA), variability in the contents of the most
abundant 14 phospholipids was specified in each extract (Fig. 5). A
projection of the resulting sample scores for the first and second
principal components showed the similarities and differences be-
tween the samples. The greatest differences were observed be-
tween the control and other samples, which were separated
primarily along the PC1 axis; PC1 explained 92.3% of the variance of
the dataset. The obtained results also indicate that the changes in
the lipidome of the TBT and E2 treated samples occurred in the
centre of both compounds when the compounds were introduced
separately.

Moreover, the Double Bond Index (DBI), characterizing the de-
gree of fatty acids unsaturation, remained at a constant level (~2.6)
for all examined samples.

3.4. Changes in M. robertsii membrane permeability after the
exposure to TBT and/or E2

The effects of tributyltin and estradiol on the fungal cell mem-
brane integrity were checked. Fungal cultures after 5-day incuba-
tion on Sabouraud medium were stained with propidium iodide
(Prl). The dye, after passing through the damaged cell membrane
and binding to the DNA, was fluorescently detected (Wadhawan
et al., 2011). The ratio of the red fluorescence surface area to the
mycelium area was calculated. Changes in the membrane perme-
ability of M. robertsii after a 5-day culture in four different test
systems are shown in Fig. 6. In the presence of all toxic compounds,
an increase in the membrane permeability was observed on the
control background. The greatest penetration of cells by dye was
recorded in TBT-exposed cultures, achieving more than 3500-fold
fluorescence. For cells grown in the presence of only E2 or both
E2 and TBT, lower fluorescence was observed, over 1000-fold and
over 1100-hold compared to the control, respectively. The latest
results are very similar, but due to the high standard deviations,
their statistical significance is negligible. All of the observed fluo-
rescence had a different character. The most intense red light of
whole fungal hyphae was observed in the samples with the addi-
tion of TBT. On the other hand, in the samples with E2, the fluo-
rescence occurred at specific points only, which was probably
related to the staining of the cell nucleus. In the mycelium treated
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with both xenoestrogens, all hyphae showed lower fluorescence
intensity.

4. Discussion

TBT degradation by microorganisms is an attractive method for
the removal of organotins from polluted environments. However,
cells exposed to TBT suffer oxidative stress. Therefore, the aim of
this study was to increase the efficiency of TBT degradation by
M. robertsii by the addition of an antioxidant compound that could
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Fig. 6. The permeability of M. robertsii cell membranes after a 5-day culture on Sab-
ouraud medium supplemented with xenoestrogens, in relation to propidium iodide.

increase its tolerance to oxidative stress. E2 was chosen as anti-
oxidant compound.

The examined fungus was able to grow in the presence of TBT.
However, TBT at an initial concentration of 2.5 mg 1~! caused
growth inhibition compared to the control after 5-day of incuba-
tion. On the other hand, a decrease in the biomass of another TBT-
degrading strain, C. elegans, cultured on Sabouraud medium for 7
days with the addition of 10 mg 1-! TBT reached 22% (Bernat and
Diugonski, 2007). A significant difference in the growth inhibition
of both strains proves that the species Metarhizium is more sensi-
tive to the presence of TBT in the environment. However, the
simultaneous presence of both compounds (E2 and TBT) in the M.
robertsii culture resulted in a strong increase in growth intensity,
compared with the effect of TBT alone.

On the other hand, E2 did not inhibit the fungal growth. Inter-
estingly, the cultures supplemented with both tested compounds
presented better growth than those treated with TBT, suggesting
that the estrogen partly reduced the negative effects induced by
TBT.

In addition to the increase in the cell growth caused by the
antioxidant compound, improved TBT degradation in an aqueous
medium was observed in the presence of E2.

The examined strain was able to transform E2 into other me-
tabolites. It seems that the oxidation of E2 into E1 diminishes the
estrogenicity of the sample, although E1 still retains the estro-
genicity level at 0.1-0.2 of the E2 equivalent (Khanal et al., 2006).
The conjugation of parent estrogens represent potential “detoxifi-
cation” reactions that may protect the cell from estrogen toxicity. In



P. Siewiera et al. / International Biodeterioration & Biodegradation 104 (2015) 258—263 263

mammals during conjugation, estrogens with higher polarity are
produced and then excreted from the organisms with urine (Lai
et al.,, 2002).

Interestingly, E2 counteracts the cell growth inhibition caused
by the exposure to TBT in glucose-grown cells, indicating a pro-
tective effect of E2. Moreover, a decrease in the propidium iodide
influx suggests that the presence of estrogen diminishes the
membrane perturbation.

TBT alters lipid homeostasis by disturbing phospholipids and
fatty acids composition (Bernat et al., 2014). The physical properties
of the membrane are determined by the phospholipid composition
(de Kroon, 2007; de Kroon et al., 2013). Among them, PC and PE
play a crucial role in the maintenance of the proper fluidity and
permeability of the membrane (Quartacci et al., 2001; Bou Khalil
et al., 2010). It was documented that PC tends to form a bilayer,
whereas PE has a strong propensity to build a non-bilayer hexag-
onal phase. The results obtained here revealed an increased level of
PE in TBT supplemented mycelia combined with an enhanced
propidium iodide influx, indicating strong membrane per-
meabilisation. However, the addition of E2 partly alleviated the
toxic TBT influence on fungal phospholipids.

The treatment of rat hippocampal slices with E2 in a dose-
dependent manner suppressed the neuronal cell death induced
by TBT. E2 reduced TBT-induced neuronal injury via an ER-
dependent non-genomic pathway. The attenuation of oxidative
stress downstream of Akt activation is considered to be involved in
the neuroprotection mediated by E2 (Ishihara et al., 2014). On the
other hand, the suppressive effects of E2 on oxidative stress are
believed to be receptor-independent and are attributed to the
antioxidant properties of estrogen related to the presence of a hy-
droxyl group at the C3 position on the steroid A ring (Behl et al.,
1997). Considering these findings, it can be assumed that a reduc-
tion in the growth inhibition influenced by TBT may be caused by
the suppression of oxidative stress mediated by E2 or its metabo-
lites. However, further studies are needed to reveal the mecha-
nisms underlying the attenuation of oxidative stress by E2.

5. Conclusions

It has been reported that TBT induced oxidative stress by the
overproduction of reactive oxygen species (ROS). The organotin
presence causes cellular oxidative injury such as lipid peroxidation,
protein oxidation and DNA damage.

The presented study indicates that the fungus M. robertsii is able
to metabolize TBT. Moreover, the data obtained for fungal cultures
incubated with TBT and E2, which is a known antioxidant,
demonstrated higher biomass growth and an increased organotin
degradation rate. The determination of phospholipids and the
assessment of propidium iodide influx revealed a strong distur-
bance in the membrane integrity and the PC/PE ratio for TBT-
stressed mycelia. However, a lower membrane permeability was
found in fungal cells treated with the mixture of TBT and E2.
Therefore, it cannot be excluded that the attenuation of oxidative
stress induced by TBT might be involved in E2-mediated protection.
It seems that lowering the ROS generation by E2 facilitates TBT
degradation.
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I11. 3. Opis badania toksycznego oddzialywania di- i tributylocyny
(w/bez obecnosci witaminy C) na wybrane skladniki lipidomu grzybowego

szczepu M. robertsii IM 6519

Obecnos¢ substancji o charakterze lipofilowym wplywa na sklad ilosciowy
komponentow bton komorkowych, a takze przyczynia si¢ bezposrednio do zmian ptynnos$ci
i przepuszczalnosci membran. Z drugiej strony, modyfikacje kluczowych sktadnikéw bion
komorkowych, tj. fosfolipidow, steroli i sfingolipidow wptywaja posrednio na wlasciwosci
fizyczne dwuwarstwy lipidowej, takie jak tadunek powierzchniowy, grubosé, ptynnosc,
przepuszczalno$¢ i wewngtrzng krzywizng (de Kroon i in., 2013; Rog i in., 2009). Co wigcej,
mikroorganizmy oporne na dziatanie ksenobiotykéw wypracowaly pewne mechanizmy
adaptacyjne zwigzane zazwyczaj ze strukturalnymi i funkcjonalnymi modyfikacjami ich bton
(Angelova i Schmauder, 1999). Ponadto, elastyczno$¢ lipidomiczna uznawana jest za
szczegolng wihasciwos¢ dla zachodzenia proceséOw biodegradacji ksenobiotykdéw (Murinova
i Dercova, 2014). Dlatego tez, za ostatni cel naukowy niniejszej pracy doktorskiej obrano
toksyczne oddzialywanie DBT i TBT (w/bez obecnosci witaminy C jako najbardziej skuteczne;j
substancji pod wzgledem zwigkszania wydajnosci usuwania MBT oraz ochrony komoérek
grzybowych przed stresem oksydacyjnym) na wybrane skladniki lipidomu grzybowego
M. robertsii, ktorego realizacja postuzyta identyfikacji zmian adaptacyjnych szczepu IM 6519

wzgledem badanych zwigzkow.

W poczatkowym etapie, uwage skupiono na badaniach jakos$ciowych i ilosciowych
fosfolipidow, sfingolipidéw, acylogliceroli i steroli komorkowych badanego szczepu. Analiza
HPLC-MS/MS ukazata silnie zmodyfikowany profil fosfolipidowy szczepu M. robertsii
IM 6519 inkubowanego w warunkach intensywnego napowietrzania (pO2 > 20%), eksponujac
podwyzszong do niemalze 80% zawarto$¢ fosfatydylocholin, znajdujaca odzwierciedlenie
w zwigkszonej ptynnosci btony, co najprawdopodobniej utatwito transfer masy, a w efekcie
koncowym przyspieszyto proces biodegradacji butylowych zwigzkow cyny. W efekcie kolejnej
analizy z zastosowaniem techniki HPLC-MS/MS scharakteryzowano sktad jako$ciowy
1 ilosciowy acylogliceroli badanego szczepu, identyfikujac tacznie 17 rodzajow lipidow
neutralnych, sposrod ktorych 5 stanowity diacyloglicerole (DAG), a pozostate 12 to
triacyloglicerole (TAG). DAG stanowily ogoétem 80% wyizolowanych acylogliceroli,
$wiadczac 0 tym, iz szczep M. robertsii IM 6519 nie nalezy do mikroorganizméw olejodajnych
akumulujacych TAG. Wykorzystanie techniki wysokosprawnej chromatografii cieczowej
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sprzgzone] z tandemowsg spektrometria mas umozliwito rowniez zidentyfikowanie
sfingolipidéow budujacych btony komoérkowe badanego szczepu. Sposrdd 17 rozpoznanych
lipidow, 3 z nich stanowity ceramidy, 2 dihydroceramidy, 10 sfingomielin, a pozostatymi byta
sfingozyna oraz dihydrofingozyna. Ostatnim komponentem blonowym poddanym analizie
ilosciowej byl ergosterol jako gtowny sterol grzybowy. Pomijajac zmiany proporcji miedzy
komponentami btonowymi, kluczowa modyfikacja okazata si¢ by¢ wzmozona synteza
fosfolipidow, sfingolipidow 1 ergosterolu przez komorki badanego szczepu grzybowego

poddane ekspozycji na butylowe zwigzki cyny.

Odrebna cze$¢ eksperymentow prowadzonych z uzyciem réznorodnych fluoroforow
umozliwila okreslenie wptywu badanych substancji na wtasciwosci fizyko-chemiczne bton
szczepu IM 6519. Na wstepie, wskazano na hiperpolaryzacje bton jako potencjalny mechanizm
przyspieszajacy wigzanie powierzchniowe TBT, a nastgpnie jego biodegradacj¢. Kolejne
badania fluorescencyjne ujawnily usztywnienie bton komoérkowych w regionie zar6wno
hydrofilowym jak 1 hydrofobowym dwuwarstwy lipidowej, bedace efektem dzialania
butylowych zwigzkéw cyny. Natomiast ostatnie analizy ukazaly istotne zmniejszenie
przepuszczalnoséci bton komorkowych wzgledem jodku propidu po ekspozycji na badane
zwigzki. Podsumowujac rozlegly obszar badan nad skladem i wlasciwosciami bton
komoérkowych bedacych docelowym miejscem dziatania zwigzkow lipofilowych jakimi sa
butylocyny, wskazano kilka wyznacznikoéw uniwersalnej reakcji komorek grzybowych
M. robertsii na obecno$¢ tych zwigzkéw. Wsrod biomarkerow fosfolipidowych
wyszczegolniono a) stosunek fosfatydylocholin do fosfatydyloetanoloamin, b) stosunek
zawartosci 16- do 18-weglowych kwasow tluszczowych, ¢) poziom PC 18:2 18:2 oraz
d) wartos¢ indeksu wigzan podwojnych, ktore ulegaty istotnemu zmniejszeniu w obecnosci
butylocyn. Z kolei, wérod zmian wiasciwosci btonowych wyrdézniono usztywnienie
i zwigkszenie integralnosci membran, co okazalo si¢ by¢ zgodne ze wzmozong synteza
ergosterolu — sterolu powszechnie uznawanego za element wzmacniajacy struktury btonowe;.
Jedna z prawdopodobnych przyczyn wystgpowania zmian adaptacyjnych w postaci grubszych
i gesciej upakowanych bton komoérkowych moze by¢ tworzenie przestrzeni do tymczasowego

przechowywania biodegradowanych zwigzkow.

Rownoczesnie wykonywane analizy nad oddzialywaniem witaminy C na
zmodyfikowang przez butylowe zwigzki cyny blong szczepu M. robertsii IM 6519
doprowadzily do wytonienia biomarkerow, identycznych jak wyzej wymienione dla obecnos$ci

butylowych zwiazkdéw cyny, z ta roznica, iz ulegaly one istotnemu zwigkszeniu w trakcie
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jednoczesnej ekspozycji grzybni na DBT/TBT 1 witaming C zblizajac si¢ do osiggnigcia
wartos$ci kontrolnych. Niewatpliwym skutkiem suplementacji przeciwutleniaczem bylo dazenie
do przywrdcenia rownowagi zardéwno w sktadzie btony jak i jej wtasciwosciach dynamicznych,
co hipotetycznie moglo przyspieszy¢ transport MBT 1 jego biodegradacje, chronigc komorki
szczepu IM 6519 przed stresem oksydacyjnym i nitrozowym.

Wyniki uzyskane podczas realizacji ostatniego celu niniejszej pracy doktorskiej
opublikowano w pracy oryginalnej ,,Lipidomic adaptations of the Metarhizium robertsii strain
in response to butyltin compounds presence” (Biochimica et Biophysica Acta - Biomembranes,
IF = 3,498, 35 pkt MNISW), bedacej pierwszym, szczegétowym doniesieniem
charakteryzujacym jako$ciowo i ilosciowo kluczowe komponenty i podstawowe wlasciwosci
fizyko-chemiczne bton eukariotycznych inkubowanych w obecnosci toksycznego zwigzku

lipofilowego i przeciwutleniacza.

Stwierdzenia czastkowe dotyczace badania toksycznego oddzialywania di-
i tributylocyny (w/bez obecnosci witaminy C) na wybrane skladniki lipidomu grzybowego

szczepu M. robertsii IM 6519

1. Dodatkowa podaz tlenu do hodowli (pO2 > 20%) skutkuje silnie zmodyfikowanym —
bogatym w fosfatydylocholiny — profilem fosfolipidowym szczepu M. robertsii
IM 65109.

2. Zarowno DBT, jak i TBT indukuja zintensyfikowang biosyntez¢ fosfolipidow,

sfingolipidoéw 1 ergosterolu.

3. W odpowiedzi na obecnos$¢ tributylocyny blony komoérkowe szczepu IM 6519 ulegaja

hiperpolaryzaciji.

4. Ekspozycja na dziatanie butylowych zwiazkdéw cyny powoduje zmniejszenie ptynnosci

1 przepuszczalno$ci bton komérkowych badanego grzyba mikroskopowego.

5. W wyniku suplementacji podloza wzrostowego witaming C, zmodyfikowane
obecnos$cia DBT/TBT blony komoérkowe M. robertsii daza do osiagnigcia stanu

fizjologicznego.

6. Swoistymi biomarkerami obecnosci DBT/TBT 1 witaminy C s3: stosunek
fosfatydylocholin do fosfatydyloetanoloamin; stosunek zawartosci 16- do 18-
weglowych kwasow thuszczowych; poziom PC 18:2 18:2; wartos¢ indeksu wigzan

podwdjnych; poziom ergosterolu; sztywnos¢ 1 integralno$¢ bton komorkowych.
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Metarhizium robertsii, a butyltin-resistant filamentous fungus, can rapid and complete biodegradation of di-
(DBT) and tributyltin (TBT) under conditions of intensive aeration and ascorbic acid supplementation. In this
paper, lipidomic investigations were performed to find the membrane adaptations necessary for effective bu-
tyltins degradation. HPLC-MS/MS analysis showed that the phospholipid profile was greatly modified during M.
robertsii batch cultivation (pO, = 20%), contributing to increased membrane fluidity and facilitated mass
transfer, which could enhance butyltins biodegradation. Intensified biosynthesis of phospholipids, sphingolipids
and ergosterol by the mycelia exposed to butyltins was noted. DIOC¢(3) fluorescence intensity for TBT-treated
mycelium increased 9-fold pointing to membrane hyperpolarization. Fluorescent studies showed improved
membrane rigidity and integrity in response to butyltins presence. Vitamin C supplementation restored mem-
brane composition and dynamic properties, followed by supposed acceleration of transport of monobutyltin and

its biodegradation thus protecting the M. robertsii cells against oxidative and nitrosative stress.

1. Introduction

Organotin compounds are industrial chemicals used as biocides,
polyvinyl chloride stabilizers and catalysts for the manufacture of si-
licon and polyurethane foams [1]. Tri- and dialkyl compounds, in-
cluding tributyltin (TBT) and dibutyltin (DBT), are characterized by
high biological activity [2]. The toxicity of butyltins has been well
described [1, 3, 4], but understanding of their interaction with cells is
still limited.

In previous papers, we demonstrated that the Metarhizium robertsii
strain can grow in the presence of TBT and DBT [5-7]. Moreover, we
discovered that bioreactor (pO, = 20%) application accelerated the
biodegradation of the butyltins as much as 10-fold or 40-fold, respec-
tively, for DBT [6] and TBT (data unpublished), compared to flask
cultures. This phenomenon was directly associated with the modifica-
tion of the mycelium structure during intensive aeration. Due to the
‘hairy’ morphology of the M. robertsii mycelium, exchange of nutrients
and respiratory gases was facilitated (unlike the situation with densely
interwoven pellets), which intensified butyltins biodegradation [6]. A
strong dependence between fungal morphology and the productivity of
both fungal biomass and secondary metabolites has been observed by
Antecka et al. [8]. The size, shape and structure of mycelia have a
significant impact on mass transfer within the culture medium. Small,
dispersed fungal pellets are better supplied with oxygen and nutrients

* Corresponding author.

than large pellets, whose interior may contain inactive or dead biomass
[8].

Oxygen supports microbial utilization of various xenobiotics
[9-12]. The proper mass transfer between growth environment and a
microbial cell with the involvement of membranes is important. Lim-
itation of permeability disrupts whole-cell bioprocesses such as bioca-
talysis, fermentation, and bioremediation [13]. Therefore, modulated
permeability of phospholipid membranes by oxygen supply could also
contribute to enhanced biodegradation of lipophilic compounds.

The significance of antioxidant-mediated elimination of harmful
substances by microorganisms has recently been identified [14, 15]. We
have also reported that vitamin C supplementation accelerates the
biodegradation of monobutyltin (MBT), i.e. the main byproduct of TBT
and DBT biotransformation [6], which was an inducer of reactive
oxygen and nitrogen species in the M. robertsii mycelium [7]. Anti-
oxidants improve biodegradation of butyltins, polychlorobiphenyls and
heavy metals via the protection of microbial cells from oxidative stress
and membrane damage [6, 14, 15] but information about cell adapta-
tion is unavailable.

The cell membrane is the prime target for any toxicants, especially
those with a lipophilic structure. Alterations in both the composition
and properties of biological membranes in response to membrane active
substances, such as aromatic hydrocarbons and pharmaceuticals
[16-21], are a common phenomenon. Xenobiotic-resistant
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microorganisms have developed some cell adaptations, usually related
with structural and functional modifications of their membranes [22].
Moreover, lipidomic flexibility is thought to be an essential feature
condition for chemicals biodegradation [23]. According to literature
data focusing on organotin degraders, little information is available on
fatty acid and/or phospholipid profiles of fungal (Cunninghamella, Me-
tarhizium) and bacterial (Pseudomonas) strains treated with TBT [5, 24,
25]. A more comprehensive approach is needed to recognize and un-
derstand the microbial adaptation responses to the presence of orga-
notins.

In this study, an attempt was made to identify lipidomic adaptations
of the Metarhizium robertsii strain for effective butyltins biodegradation
conducted at a bioreactor scale and mediated by vitamin C supple-
mentation. The investigations involved analyses of the membrane
components such as phospholipids, sphingolipids, neutral lipids and
ergosterol as well as membrane properties such as potential, fluidity
and permeability.

2. Materials and methods
2.1. Chemicals

DBTCl,, TBTCl, vitamin C, acylglycerol standards, ergosterol (ERG)
standard, and fluorescent probes were purchased from Sigma-Aldrich
(Germany). The phospholipid (PL) and sphingolipid (SPL) standards
were obtained from Avanti Polar Lipids (USA) and Cayman Chemical
(USA), respectively. The other chemicals were obtained from J.T. Baker
Chemical Co. (the Netherlands) or POCH S.A. (Poland). Stock solutions
of TBTCl (5mgml~") and DBTCl, (10mgml~') were prepared in
ethanol, while vitamin C was dissolved in distilled water to a final
concentration of 10 mgml ™',

2.2. Microorganism and growth conditions

In this study, Metarhizium robertsii IM 6519, an Ascomycete strain
obtained from the Department of Industrial Microbiology and
Biotechnology (University of Lodz, Poland) was applied. The ability of
the fungus to degrade butyltins was described in our previous reports
[5-71.

Batch cultivations of IM 6519 strain in a 3.6-1 bioreactor (Labfors 5;
Iris 6 software; Infors AG, Switzerland) were conducted in accordance
with the procedure by Siewiera et al. [6]. The cultures — with DBT
(20mg1~") or TBT (2.5 mgl™ ') introduced alone or as a mixture with
vitamin C (20 mg 171, or without the compounds (as a control culture)
— were incubated for 24 h. Applied concentrations of the above-men-
tioned substances had been selected experimentally in previous studies,
so as not to negatively affect the fungal growth (vitamin C) or to cause
50% inhibition of the biomass quantity (TBT). Despite the high toler-
ance of the tested strain to DBT (even to 100 mgl_l), the chosen con-
centration was relatively low but probable to occur in reservoirs in-
tended for purification. One tested system equated to one batch culture.
Three subsamples were collected each time after 3 and 24h of in-
cubation. The choice of sampling time was dictated by the butyltins
biodegradation curve. In a 3-hour culture of the M. robertsii strain, the
levels of TBT and DBT, as well as MBT were still high, while after 24 h
of incubation, the compounds amounts were residual [6, data un-
published].

2.3. Phospholipid analysis

Phospholipids were isolated according to the Folch method [26]
with a few modifications. The mycelium (125 mg) was placed into an
Eppendorf tube containing 333 pul of methanol, 666 pl of chloroform
and glass beads. The homogenization process was performed thrice for
20s at 30ms ' with the use of FastPrep-24 (MP Biomedicals). After
the removal of glass beads, 100 ul of 0.85% NaCl was added to the
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homogenate. The samples were vortexed for 1 min and centrifuged at
3000 x g for 5min. The bottom phase was transferred to a fresh Ep-
pendorf tube and dried.

The obtained extract was dissolved in 1 ml of methanol and then
analyzed using the LC-MS/MS technique (LC Agilent 1200 coupled with
an AB Sciex QTRAP 4500 tandem mass spectrometer). A Kinetex C18
column (50 mm X 2.1 mm, particle size: 5 um; Phenomenex, Torrance,
CA, USA) heated to 40 °C with a flow rate of 500 pl min ! was applied.
Water and methanol were used as solvents, both supplemented with
5mM ammonium formate. The solvent gradient started at 70% B, after
0.25 min increased to 95% B during 1 min, and maintained at 95% B for
7 min before returning to 70% B over 2 min. The mass spectrometer ion
source worked in negative mode, spray voltage —4.500V, curtain gas
25, nebulizer gas 60, auxiliary gas 50, and temperature 600 °C. The data
analysis was performed with Analyst™ v1.6.2 software (AB Sciex,
Framingham, MA, USA).

The Double Bond Index (DBI), whose values indicate the degree of
fatty acid unsaturation, was calculated in accordance with Su et al.
[27].

2.4. Quantification of neutral lipids

Tri- (TAGs) and diacylglycerols (DAGs) contained in lipid extracts
(point 2.3.) were separated and analyzed with the use of the liquid
chromatography technique with the LC-MS/MS system (as for phos-
pholipid determination). Acylglycerols were detected using ammonium
adducts of MRM scans including parent-daughter pairs. For quantifi-
cation, a standard curve correlating the peak area to moles of TAGs or
DAGs was with TAG 50:1 as a representative triglyceride and DAG 36:2
as a representative diglyceride. Chromatographic separation was con-
ducted on a C18 column (the same model as above) heated to 40 °C with
a flow rate of 0.6 ml min~!. The mobile phases were water (A) and a
mixture of acetonitrile:isopropyl alcohol (5:2, v:v) with 5mM ammo-
nium formate and 0.1% formic acid (B). During the analysis, the fol-
lowing gradient was applied: mobile phase B increased from 35% to
100% during 4 min and after 11 min it decreased to 35% during 2 min.
The mass spectrometer worked in positive mode with curtain gas 25,
ion spray voltage 5500, nebulizer gas 60, auxiliary gas 50, ion source
temperature 600 °C, declustering potential 70 and entrance potential
10.

2.5. Ergosterol content

Quantitative analysis of ergosterol from lipid extracts (point 2.3.)
was performed using a QTRAP 3200 (AB Sciex) mass spectrometer with
the 1200 series HPLC system. Chromatographic separation was per-
formed on a C18 column (the same model as above) heated to 40 °C
with a flow rate of 0.8 ml™ 1. The solvents were: water and methanol,
both containing 5 mM ammonium formate. The following gradient was
used: 40% solvent B from 0 to 1 min, 100% solvent B from 1 to 4 min,
40% solvent B from 4.0 to 4.1 min, 40% solvent B from 4.1 to 6 min.
Atmospheric pressure chemical ionization (APCI) was applied, working
in positive ion mode with MRM pairs: m/z 379.3-69.1 and 379.3-81.3.

2.6. Sphingolipid separation

Sphingolipids (SPLs) were isolated from the fungal membranes ac-
cording to the Bielawski et al. method [28] with some modifications.
Firstly, 125mg of the biomass was placed into an Eppendorf tube
containing 1ml of the solvent mixture (isopropanol-water-ethyl
acetate, 30:10:60, v:v:v) and glass beads. The sample was homogenized
thrice for 20s at 30 ms™~! using a FastPrep-24. After the removal of
glass beads, another 1ml of the same mixture was added to the
homogenate. The Eppendorf content was vortexed for 2 min and then
centrifuged at 6000 x g for 5min. The upper layer was collected to a
fresh Eppendorf tube. The precipitate was extracted again. SPL extract
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was evaporated at 45 °C to dryness. The precipitate was dissolved in
300l of 5mM ammonium formate in methanol containing 0.2%
formic acid. After centrifugation (6000 X g, 5 min), the supernatant was
transferred into a dark glass vial.

SPLs were analyzed by the LC-MS/MS technique by using the
QTRAP 4500 (AB Sciex) and an Agilent 1200 HPLC system (Santa Clara,
CA, USA). The mass spectrometer worked in positive ionization mode,
using the MRM pair as described earlier by Bielawski et al. [28].

2.7. Fluorescent studies

The changes in membrane potential were estimated using 3,3’-di-
hexyloxacarbocyanine iodide (DIOC¢(3)) and bis-(1,3-dibutylbarbituric
acid)trimethine oxonol (DiBAC,4(3)) according to the Liao et al. method
[29] with some modifications. Investigation of the surface and interior
membrane fluidities was performed according to the modified methods
of Krasnowska et al. [30], Hofstetter et al. [31] and Kuhry et al. [32]
using the following fluorescent labels: N,N-dimethyl-6-propionyl-2-
naphthylamine (Prodan), 1,6-diphenyl-1,3,5-hexatriene (DPH) and 6-
dodecanoyl-N,N-dimethyl-2-naphthylamine (Laurdan). Permeability of
the fungal membranes was examined using propidium iodide (PI) ac-
cording to the Siewiera et al. [5] procedure with some modifications.

One mililiter of the culture was transferred into an Eppendorf tube
and then centrifuged for 5min at 6000 xg. Subsequently, 2pul of
DIOCg(3) (1M in PBS), 2 ul DiBAC4(3) (1 mg ml~! in EtOH), 2 ul of
DPH (6 mM in TFH), 12 pl of Laurdan (0.5 mM in EtOH), 8 ul of Prodan
(0.1 mM in EtOH), or 2 ul of PI (1 mg ml~?! in H,0) solution was added
to the mycelium suspended in 1 ml of PBS (pH 7). The samples labeled
with DIOCg(3), DiBAC4(3) or PI were incubated for 5 min in the dark at
room temperature, while the incubation of the samples labeled with
DPH, Laurdan or Prodan was performed for 45min in a water bath
(37 °C). The pellets were washed twice with PBS to remove fluor-
ophores residues and finally resuspended in 1 ml of the buffer.

The fluorescence intensity of all samples was measured with a
FLUOstar Omega spectrofluorometer (BMG Labtech) with the following
parameters: Ao = 540-10, Aem = 630-10, gain = 2000 for PI;
Aex = 485-12nm, Ay = 520nm, gain = 1000 for DIOC4(3) and
DiBAC4(3); Aex = 355nm, Ay = 460nm, gain = 800 for DPH;
Aex = 355nm, Ay, = 510-10 nm, gain = 800 for Laurdan and Prodan.
The target for all measurements was 70%.

The obtained values were decreased by the fluorescence intensity of
the backgrounds (PBS without the pellets). The results were shown as a
fluorescence unit per 1 mg of the fungal biomass.

2.8. Statistical analyses

Experiments were conducted in triplicate. Sample variability is
given as a standard deviation ( = SD). Statistical significance was tested
with two-way ANOVA using treatment and time as factors on trans-
formed data. The analyses were performed using Statistica 13.1
(StatSoft, USA). Values at p < 0.05 were considered significant.

3. Results and discussion
3.1. The phospholipid profile

Phospholipids (PLs) are crucial components of most eukaryotic cell
membranes. Alternations in their structure affect the physical proper-
ties of the bilayer, such as surface charge, thickness, fluidity, and in-
trinsic curvature [33].

The main phospholipid classes determined in the M. robertsii
membrane are presented in Table 1. Phosphatidylcholines (PC) con-
stituted about 72.5-79.4% of the total PL content. Phosphatidylinositol
(PD) followed by phosphatidic acid (PA), phosphatidylethanolamine
(PE), phosphatidylserine (PS), and phosphatidylglycerol (PG) were re-
vealed to be less abundant PLs, representing about 8.5-9.7%, 5.2-6.1%,
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2.9-7.9%, 2.5-4.2% and 0.4-0.6%, respectively. In our previous study,
a different PL profile of the fungal strain was determined. First of all,
the PE content (representing about 17.3%) was second in the phos-
pholipid class in terms of abundance [5]. Moreover, the PG amount
exceeded 8% of the total lipid content, while PI remained at a low level
(about 3.5%). Divergences in the obtained results were caused by the
varied cultures conditions, with emphasis on the cultivation period and
oxygen supply. The influence of the culture scale and the growth phase
on the lipid composition of microorganisms has been documented [34,
35]. The hairy, relaxed, non-spherical structure of the M. robertsii my-
celium cultivated in batch conditions [6] seems to be related with an
increased content of phosphatidylcholines. Lucchesi et al. [36] and Zink
and Rabus [16] also reported higher pools of PC during the biode-
gradation of tetradecyltrimethylammonium bromide by a P. putida
strain and alkylbenzenes utilization by an A. aromaticum strain. It ap-
pears that the modified membrane dynamics required for the transport
of oxygen [37] facilitate the uptake of substrate accelerating the bu-
tyltins biodegradation by the homogenous M. robertsii culture.

Two-way ANOVA showed a significant increase in the amounts of
PA species after exposure to both DBT (B;: F = 9.97, p < 0.05) and
TBT (B2: F = 76.96, p < 0.01). Bernat et al. [24, 25] have recently
shown an increased level of PA, a signal lipid formed in stress condi-
tions, in TBT-treated cells of Pseudomonas sp. and Cunninghamella ele-
gans strain. The exposure of the M. robertsii mycelium to TBT resulted in
a significant decrease in the PI/PS ratios (B,: F = 28.30, p < 0.05):
from 3.5 to 1.9 and from 2.2 to 1.7 (Table 1). A reverse dependence i.e.
a higher value of PI/PS in the C. elegans strain treated with TBT has
been observed [30]. In our study, the values of the PC/PE ratios (equal
to 27.5 and 28.7 for the 3- and 24-hour control membranes of the M.
robertsii strain) were significantly lower, as much as 2 or 4 times, after
treatment with DBT (B;: F=99.40, p < 0.01) and TBT (B,
F = 345.80, p < 0.01), respectively. The reduction of the PC content
observed simultaneously with membrane enrichment in PE is thought
to be a common pattern of response to butyltins. Membrane dynamics
depend on the proportions between the PC and PE levels. The PE
headgroup has a smaller volume than PC. Therefore, an increased
amount of PE causes dense packing of the hydrophilic zone of the cell
membrane reducing its fluidity [33]. Bernat et al. [25] reported that the
C. elegans bilayers were slightly more fluid in the presence of TBT.
However, in our previous study on M. robertsii phospholipid adaptations
during TBT treatment, a decrease in the PC/PE ratio was observed [5].
Literature data point to a reduction in the fluidity of microbial mem-
branes induced by other lipophilic compounds such as carvedilol, tri-
chlorophenol or perfluorooctanesulfonate [17, 18]. Accumulation of
lipophilic compounds in the lipid bilayer enhances their availability for
the cell [22]. Therefore, limited membrane fluidity may constitute an
adaptive mechanism which ensures a gradual uptake of butyltin com-
pounds.

The dominant PL species of the M. robertsii strain are shown in
Table 2. The total amount of PC 18:2 18:2, PC 18:2 18:1 and PC 18:1
18:1 was almost 70%. The influence of the butyltins on the quantity of
individual phospholipids was noticeable. First of all, two-way ANOVA
indicated a significant decrease in the PC 18:2 18:2 amounts in the
fungal membranes treated with the butyltins (B;: F = 51.20, p < 0.01;
B,: F =238.03, p < 0.01), which is probably another phospholipid
marker of the presence of the compounds. Moreover, an inversely
proportional dependence between PC 18:2 18:2 and PC 18:1 18:1 levels
was observed. The quantities of PC containing two linoleic acids de-
creased from 43.7% to 27.9% and 26.1% in the presence of DBT and
TBT presence, respectively, whereas PC containing two oleic acids in-
creased from 10.6% to 18.2% and 13.4% after exposure to DBT and
TBT, respectively (Table 2). The same dependence was observed during
our previous experiments [5]. Therefore, the presence of the butyltins
may be responsible for increased oxidation of one of the double bonds
in linoleic acid or reduced activity of Al2-desaturase, the enzyme re-
sponsible for introducing a double bond into oleic acid [38]. On the
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Table 2

Relative abundance (%) of major phospholipid species, C16/C18 ratio and DBI values determined in 3- and 24-h mycelium of the M. robertsii strain incubated with or without the tested compounds.

Two-way ANOVA

Culture

Phospholipid

species

24h

3h

By, T, Vo, T,

Vi, T,

TBT + vitamin C By, T,

DBT DBT + vitamin C TBT

TBT + vitamin C Control

DBT + vitamin C TBT

DBT

Control

Vi X T B, x T Vo x T

By xT

ns, ns, *

23 £ 07
1.6 + 0.5
3.8 £ 0.1

25 * 0.4

4.1

1.0 = 0.1
0.8 + 0.1
19 = 0.1
23 + 0.1
2.0 =+ 0.1
4.0 = 0.1
8.3 £ 0.2

+ 0.1

1.1

2.7 £ 0.8
23 + 0.1
1.4 = 0.1
25 * 0.2

3.1

1.3 = 0.1
1.6 = 0.1
3.4 = 0.1
25 * 0.2
2.0 = 0.1
32 x 0.1

35 1.2
3.6

09 = 0.1
1.2 + 0.2
22 * 05
2.4 0.2
1.9 = 0.5
3.2 0.1

1.7 =+ 0.2
19 = 0.1
2.4 = 0.1
3.8 £ 0.1
1.5 = 0.1
22 + 0.2

0.8 =+ 0.2
1.2 + 05
1.8 = 0.1
24 * 0.5
2.6 = 0.3
3.2 £ 0.2
10.6 =

PE 16:0 18:2

ns, ns, ns

ns, ns, ns

ns, ns, **

+ 0.1

1.1 £ 0.2
1.8 = 0.1

2.1

0.5

PS 16:0 18:1

¥, NS, NS

3.8 £ 0.1

2.7 = 0.1
3.4 = 05
22 + 03
29 + 1.2

PA 16:0 18:1

>

*.ns, ns

+ 0.2

PI 16:0 18:1
PI 16:0 18:2
PC 16:0 18:2

ns, ns, ns

ns, ns, ns

1.6 + 0.1

1.6 = 0.1
3.6 £ 0.4

1.9 = 0.1
43 = 0.1
8.0 = 0.3

18.1

+ 0.2

)
S
+
]
o

-
S
+
A
)
—
«
—
+
<
o
—

3.4 = 0.8
7.2 £ 0.1

13.4 £ 0.9 135 = 0.2
18.2 + 1.3 20.1

182 £ 0.4 129 = 1.5

0.1

PC 18:1 18:1

17.8 £ 0.5 18.1 + 0.7 19.7 = 0.8

+ 0.1

156 = 0.1
43.5 =

+ 0.3

187 £ 1.2 21.2 = 0.1 19.3 = 0.7
43.7 = 3.2 279 = 0.3 38.6 * 1.3

0.11

3.1

PC 18:218:1

%)
=
2
=
2
=

223 = 0.7 269 * 0.5

0.21
2.5

429 = 0.1 456 * 0.2

0.13
3.1

0.1

26.1 £ 1.3 29.1 = 0.5

0.18
2.7

PC 18:2 18:2
C16/C18
DBI

*, ns, NS

%k

ns

P

0.18
2.7

0.12
3.1

0.13
3.1

0.16
2.8

0.12
3.0

0.14
2.7

* ns, ns

* s, *

2
=

Results were tested by two-way ANOVA with treatment (B or V) and time (T) factors; B — butyltin [B; — DBT, B, — TBT; analyses with regard to control]; V — vitamin C [analyses with regard to DBT (V) or TBT (V,)]; T -

time. p significance was shown: ** - p < 0.01, * —p < 0.05, ns — not significant.
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other hand, Masia et al. [39] reported that 18:2-enriched membranes
enhanced the resistance of S. cerevisiae cells against TBT action.

In microorganisms, membrane fluidity could be regulated by the
manipulation of the length and saturation degree of acyl chains.
Enrichment in unsaturated phospholipids as well as reduction of their
chain length cause an increase in membrane liquidity [33]. According
to the two-way ANOVA analysis, the exposure of the M. robertsii strain
to the butyltins resulted in a significant rise in the C16/C18 ratio: by
20% for DBT (By: F=9.12, p < 0.05) and by 50% for TBT (By:
F =95.12, p < 0.01). In contrast, the double bond index (DBI) - a
value describing the degree of fatty acid unsaturation — was sig-
nificantly lower in the presence of DBT (B;: F = 74.77, p < 0.01) or
TBT (By: F = 325.33, p < 0.01) (Table 2). The alterations of the above
membrane parameters could constitute a universal response of the
fungus to the butyltins action. Modifications of fatty acids play a role in
microbial cell adaptations to the presence of toxic substances such as
terpenes and ethanol [40, 41]. The butyltins may affect the thickness
and density of the tested membranes.

Vitamin C supplementation protected the M. robertsii strain from the
peroxidation of its lipids [6], which could have been related with ra-
dical exchange reactions between the antioxidant and phospholipids
[42]. Other antioxidants such as isobornylphenols, B-carotene, or dl-a-
tocopherylacetate affected the fatty acid profile or the phospholipids
from the outer membrane layer [43, 44]. However, no literature data
focusing on the phospholipid alternations after vitamin C supple-
mentation are available. Introduction of the antioxidant into the M.
robertsii culture conducted in the presence of DBT or TBT resulted in
important changes in the fungal membrane composition. Two-way
ANOVA showed significant alterations in the quantities of PC (Vy:
F=8.24,p < 0.05; Vo: F = 43.04, p < 0.01) and PE (V;: F = 14.38,
p < 0.05; Vo: F =9.40, p < 0.05) after simultaneous exposure of the
fungus to vitamin C and DBT or TBT (Table 1). Moreover, the addition
of the antioxidant led to significant changes in the amounts of PL spe-
cies such as PC 18:2 18:2 (V;: F = 210.69, p < 0.01; Va: F = 41.30,
p < 0.01), PI 16:0 18:1 (V;: F =37.06, p < 0.01; V,: F = 14.30,
p < 0.05) and PS 16:0 18:1 (Vy: F = 24.10, p < 0.01; V,: F = 78.29,
p < 0.01) as well as to certain values such as the C16/C18 ratio (V;:
F=1271, p < 0.05; V,: F=10.47, p < 0.05) and DBI (V;:
F = 463.50, p < 0.01; Vo: F =43.80, p < 0.01) (Table 2). The mod-
ifications of the above-mentioned parameters generating values similar
to the control seem to be a typical model of the fungal response to the
presence of vitamin C. It appears that ascorbic acid mitigates the bu-
tyltins interactions with the M. robertsii membranes, restoring their
homeostasis.

A strong impact of the butyltins on the phospholipid concentration
was recognized (Table 1). After DBT exposure, PL quantity
(27.0-29.9mg gd.w.~ ! for control membranes) was enhanced 2-fold
(B;: F=13.20, p < 0.05). For TBT-treated cells, the PL content in-
creased by 65-86% (B,: F = 35.80, p < 0.01). Lipid accumulation
after TBT exposure was recorded repeatedly [45-48]. It can be sug-
gested that intensified lipid production is associated with the creation
of an additional place for the storage of lipophilic compounds, espe-
cially because, in the presence of vitamin C (an accelerator of MBT
biodegradation), a considerable decrease in the amounts of the M. ro-
bertsii lipids was observed. Endo et al. [49] mentioned the ability of
membrane lipids to accumulate chemicals.

3.2. Tri- and diacylglycerol content

Neutral lipids stored in lipid particles are considered the main re-
serve material (triacylglycerols, TAGs), cellular signaling molecules and
an important element of the phospholipid biosynthesis pathway (dia-
cylglycerols, DAGs) [50].

Among the 17 different species of neutral lipids determined in each
sample (data not shown), 5 were DAGs representing about 80% of the
total acylglycerols, while the other 12 species were TAGs. The main
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species of the M. robertsii neutral lipids are presented in Supplementary
Table 1. The highest contents were recorded for DAG 16:0 16:0, DAG
18:0 18:1 and DAG 18:1 18:1. Besides DAG 18:1 18:2, the level of
which was significantly lower in the presence of TBT (By: F = 80.25,
p < 0.01), the other acylglycerols were unchanged after the treatment
with butyltins. The presence of vitamin C influenced the amounts of
TAG 16:0 18:1 18:1 (V,: F =11.06, p < 0.05), DAG 16:0 18:0 (V,:
F =12.55, p < 0.05) and DAG 18:1 18:2 (V;: F =9.18, p < 0.05).
However, markers of the fungal response to the tested compounds were
not indicated.

Increased TAG storage by Gobiocypris rarus [48] and mouse liver
[47] cells after their exposure to TBT has been observed. An opposite
dependence, i.e. a lower TAG content in Ciona intestinalis, was found by
Puccia et al. [46]. The M. robertsii strain is not an oleaginous micro-
organism, which accumulates high amounts of TAGs [51]. Moreover,
two-way ANOVA showed no significant influence of either butyltins or
vitamin C on the total levels of tri- and diacylglycerols in the fungal
cells (Supplementary Table 1).

3.3. Ergosterol content

Sterols, which are membrane reinforcers, maintain the domain
structure of cell membranes and are responsible for preserving a state of
fluidity adequate for its function [52]. The results obtained during the
quantitative analysis of ergosterol (ERG), the main sterol found in
fungi, are shown in Fig. 1. In the control samples, the ERG amounts
were estimated to be 172.3pg gd.w.* and 141.4 pg gd.w. ™ ! for 3- and
24-hour mycelia, respectively. Two-way ANOVA showed a significant
increase in the ERG content in the mycelium exposed to the butyltins.
The sterol content was 16% and 42% higher, respectively, after 3 and
24 h of cultivation in the presence of DBT (B;: F = 9.82, p < 0.05) as
well as approximately 70% and > 2-fold higher, respectively, after 3-
and 24-hour incubation in the presence of TBT (B,: F = 107.06,
p < 0.01). On the other hand, the addition of vitamin C caused a
significant decrease in the level of sterols (V;: F = 8.61, p < 0.05; Vy:
F =33.85, p < 0.01): 77% and 65% in 3- and 24-hour mycelia, re-
spectively. In contrast to the increased biosynthesis of ergosterol, which
seems to be a common pattern of the M. robertsii response to the bu-
tyltins, decreased sterol production was assumed to be the fungal
marker for the presence of vitamin C. Little information is available
about ERG level modifications in the presence of organotin. However,
there are reports proving that TBT induces more intense sterol bio-
synthesis by mice liver cells [47] and muscle tissues of Gobiocypris rarus
[48].
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The mechanistic role of ergosterol in membrane rigidity and the
resistance of S. cerevisiae to cycloheximide, another lipophilic com-
pound, was described by Abe and Hiraki [53]. On the other hand, de-
pendence between the ERG content and the hyphal diameter of fungi
was demonstrated by Klamer and Baath [54]. Besides the defensive
function, it was assumed that a higher sterol level could facilitate bu-
tyltins transport due to the thinner hyphae of the M. robertsii strain.

3.4. Sphingolipid composition

Followed by glycerophospholipids and sterols, sphingolipids (SPLs)
are the most abundant of the eukaryotic membrane lipids. They play an
important role in a variety of biological processes [52]. However, their
impact on membrane properties is still unclear.

Among the 17 identified sphingolipids of the M. robertsii strain, 3
were ceramides (Cers) containing 16, 18 and 20 carbon atoms, 2 were
dihydroceramides (dhCers) with 16- and 18-carbon chain lengths, 10
were sphingomyelins (SMs) composed of 14, 16, 18, 20, 22 and 24-
carbon chains and the remaining 2 were sphingosine (Sph) and dihy-
drosphingosine (dhSph) (data not shown).

The SPLs most abundantly occurring in the fungal membranes were
sphingomyelins, which represented 99.4% of the total SPL quantity
(Table 3). The other lipids were found in trace amounts (< 0.3%). The
levels of C22-SM (B,: F = 21.64, p < 0.01), C20:1-SM (B,: F = 10.40,
p < 0.05) and C22:1-SM (B,: F = 18.08, p < 0.05) were significantly
modified by the presence of TBT.

SM containing very long saturated acyl chains exhibit a strong af-
finity to sterols, leading to the formation of liquid ordered domains
[33]. Moreover, Gabrielska et al. [55] reported that adsorption of or-
ganometallic compounds depends on the quantitative proportions be-
tween sphingomyelin and cholesterol. A simultaneous increase in the
C22-SM and ERG contents in the M. robertsii strain is another proof for
the stiffening of its membranes in response to the presence of TBT.

Sphingolipid turnover as well as ceramide accumulation related
with the sphingomyelinase activity are usually found in response to
various stress stimuli, including oxidative stress [56]. Although MBT (a
major byproduct of DBT and TBT conversion) generates reactive oxygen
and nitrogen species [7], the ceramides identified in the M. robertsii
membranes were found to be quantitatively negligible. Moreover, due
to the low basal level of Cer, a SPL demonstrating the ability of re-
location in the bilayer [57], its effect on membrane permeability was
also omitted.

Two-way ANOVA showed significant changes in the quantities of
C22-SM (V;: F=23.87, p < 0.01) and C20:1-SM (Vy: F =8.19,

Fig. 1. Ergosterol concentration (uggd.w.”!) in

Two-way ANOVA fungal cells cultivated with the addition of DBT/TBT

B.T.B;*T * ns. ns and vitamin C, or without the tested compounds.
Results were tested by two-way ANOVA with treat-
VI.T.V,<T  *.ns. ns ment (B or V) and time (T) factors; B - butyltin [B; —
B,,T, B,xT *%_peong QBT, 1.32 — TBT; analysgs with regard to control]; V —
vitamin C [analyses with regard to DBT (V;) or TBT
V,.T. Vo<T  ** ns,ns  (V2)]; T - time. p significance was shown: ** —
p < 0.01, * - p < 0.05, ns — not significant.
Control
BDBT
BDBT + vitamin C
aoTBT

BTBT + vitamin C
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Fig. 2. Fluorescence intensity of the M. robertsii mycelium labeled with DIOC4(3) (a) and DiBAC4(3) (b). Results were tested by two-way ANOVA with treatment (B or
V) and time (T) factors; B — butyltin [B; — DBT, B, — TBT; analyses with regard to control]; V - vitamin C [analyses with regard to DBT (V;) or TBT (V5)]; T — time. p

significance was shown: ** - p < 0.01, * - p < 0.05, ns — not significant.

3.6. Membrane fluidity

Cell membrane fluidity can be affected by the presence of lipophilic
compounds. Application of the various fluorophores (Prodan, Laurdan
and DPH) allows the comparison of membrane physicochemical char-
acteristics at different depths of a bilayer.

Prodan can be located simultaneously in both polar and apolar re-
gions of the membrane but usually it is closer to the aqueous phase
[64]. Fluorescence intensity of M. robertsii membranes labeled with
Prodan was similar for 3-h and 24-h cells and amounted to about
700 Umg~ ! (Fig. 3a). After exposure to the butyltins, a significant
decrease in the exterior membrane fluidity (B;: F = 484.95, p < 0.01;
B,: F =659.12, p < 0.01) was observed. Prodan fluorescence values
for 3-h mycelia were 56% and 78% lower, respectively, for DBT- and
TBT-treated cells. Literature data confirming the action of the butyltins
on outer membrane fluidity are not available. The influence of a new
dibutyltin complex with citric acid on the bilayers surface was sug-
gested by Pruchnik et al. [65]. Slight changes in membrane fluidity are
probably caused by a partial penetration of the lipid head group region.
However, the size of DBT and TBT molecules is much smaller and this
facilitates diffusion. Incorporation of DBT in the outer layer as well as
homogeneous distribution of MBT in the bilayer have been proved [4,

323

66]. On the other hand, the presence of sterols can lead to the reloca-
tion of Prodan [64]. Therefore, decreased fluorophore fluorescence is
probably caused not only by filling of the M. robertsii outer membrane
with MBT and DBT but also by increased ERG content in TBT-treated
cells.

Laurdan contains the same chromophore as Prodan but it enters
deeper in the headgroup region until its fluorescent moiety is found at
the level of the glycerol backbone [64]. The dye fluorescence values for
the control cells were 452.5Umg ™! and 512.2Umg~"! after 3h and
24h of incubation, respectively (Fig. 3b). Significantly weakened
fluorescence intensity of Laurdan followed by limited membrane
fluidity in the area of fatty acids was detected in M. robertsii cells ex-
posed to butyltins. The membranes were 62% and 54% more rigid,
respectively, in 3- and 24-hour mycelia exposed to DBT (Bj:
F=111.67, p < 0.01) as well as 33% and 43% more rigid, respec-
tively, after 3 and 24 h of incubation in the presence of TBT (B,:
F = 36.92, p < 0.01). Bonarska et al. [67] also observed stiffening of
erythrocyte membranes exposed to TBT and DBT. The slight differences
between the results obtained for Prodan- and Laurdan-labeled cells
probably result from the similar membrane packing by butyltins and
sterol as well as lack of the spatial specificity of Prodan.

DPH, the last of the used chromophores, is located within the
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Fig. 3. Fluorescence intensity of the M. robertsii mycelium labeled with Prodan (a), Laurdan (b) and DPH (c). Results were tested by two-way ANOVA with treatment
(B or V) and time (T) factors; B — butyltin [B; — DBT, B, — TBT; analyses with regard to control]; V — vitamin C [analyses with regard to DBT (V;) or TBT (V3)]; T —
time. p significance was shown: ** - p < 0.01, * - p < 0.05, ns — not significant.
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hydrophobic membrane interior [64]. Fluorescence intensity of the 3-
hour and 24-hour fungal cells labeled with DPH amounted, respec-
tively, to 24,414.2Umg™ " and 18,395.1 Umg ' (Fig. 3c). After ex-
posure to butyltins, a significant reduction of the membrane fluidity
(69-74% and ~85%, respectively, in the presence of DBT (B;:
F = 824.37, p < 0.01) and TBT (Bs: F = 1259.54, p < 0.01)) was
observed. An increase in membrane rigidity as a result of organotins
incorporation between hydrophobic alkyl chains has also been observed
in erythrocytes, liposomes, Bacillus sp. cells and C. maltose protoplasts
[66-69].

Two-way ANOVA
B, T, ByxT *% % *
VLT, VT %k ok sk
B, T, By« T #* ok %
Vo, T, Vo< T ** #* ng

Control

mDBT

BDBT + vitamin C
OTBT

BTBT + vitamin C

Fig. 4. Fluorescence intensity of the M. robertsii
mycelium labeled with PI. Results were tested by
two-way ANOVA with treatment (B or V) and time
(T) factors; B — butyltin [B; — DBT, B, — TBT; analyses
with regard to control]; V — vitamin C [analyses with
regard to DBT (V;) or TBT (Vy)]; T - time. p sig-
nificance was shown: ** - p < 0.01, * - p < 0.05,
ns — not significant.

Membrane stiffening has also been noticed during bacterial biode-
gradation of other hydrophobic xenobiotics such as p-nitrophenol or
phenanthrene [20, 21]. According to this research, a highly ordered
membrane structure either is used for quick adaptation to toxic sub-
stances [21] or is a result of the uptake of these compounds inside the

membrane [20].

The addition of vitamin C caused an increase in the liquidity of the
M. robertsii membranes at all tested depths. Significantly higher fluor-
escence intensities for the Prodan - (V;: F = 148.05, p < 0.01; Vj:
F =56.24, p < 0.01), Laurdan- (V;: F=114.03, p < 0.01; Vg
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F = 65.93, p < 0.01), and DPH-labeled (V;: F = 1049.39, p < 0.01;
Vo F =74.28, p < 0.01) fungal membranes were observed after the
antioxidant supplementation. This could be explained by an increased
phosphatidylcholine content and decreased ergosterol level. To date, no
reports have been published on the alterations in the properties of
microbial membranes caused by the presence of ascorbic acid. Unlike
the membrane stiffening, which appears to be a universal reaction of
the M. robertsii strain to butyltins, its increased liquidity could be an-
other fungal marker for the presence of vitamin C.

3.7. Membrane permeability

The lipophilicity of the compounds contributes to changes in plasma
membrane permeability. The influence of the tested compounds on the
M. robertsii cell membrane integrity is presented in Fig. 4. The values of
fluorescence intensity for the control 3-hour and 24-hour fungal cells
labeled with propidium iodide were estimated at 1587.2Umg ™! and
1302.9 Umg !, respectively. TBT action had a greater impact on the
degree of cell penetration by the dye than DBT. Permeability of the
fungal membranes exposed to DBT was significantly lower — 60% (B;:
F =164.84, p < 0.01), whereas TBT-treated membranes were less
permeable — 27-36% (B,: F = 755.90, p < 0.01).

Butyltin compounds are known as membrane permeability dis-
rupters [70-72]. In our previous study [5], we observed a negative
impact of TBT on M. robertsii membrane integrity. However, optimi-
zation of the fungal growth by the application of intensified culture
oxygenation, which resulted in accelerated butyltins biodegradation
[6], suggests mitigation of the cell damage. Moreover, the presented
results obtained during fluorescence experiments were consistent with
the quantitative analysis of ergosterol. Sterols increase the mechanical
strength of a membrane [52], simultaneously reducing its permeability
for di- and triorganotin compounds. The tight structure of the M. ro-
bertsii membrane, in combination with intensified phospholipid synth-
esis, seems to confirm the hypothesis of the formation of a temporary
storage for butyltins in the fungal bilayer.

Triphenyltin (TPT) is the most often described organotin which af-
fects membrane integrity [73-75]. According to the authors, perme-
ability of B. brevis, S. maltophilia and B. thuringiensis membranes in-
creases during TPT biodegradation. Despite the similar molecular
weights of TPT and TBT, ring moieties and butyl chains probably in-
fluence the membrane properties in a different way. Therefore, these
results should not be compared.

Supplementation with vitamin C resulted in a significant increase in
the membrane permeability for PI, 66% and 31% respectively, after 3
and 24h of incubation in the presence of DBT (V;: F = 145.26,
p < 0.01) as well as by 94% and 75%, respectively in 3- and 24-h
mycelia exposed to TBT (Vo: F = 177.27, p < 0.01). In contrast to the
higher membrane integrity, which could be a marker of the M. robertsii
response to the butyltins action, its increased permeability seems to be
the fungal pattern for vitamin C supplementation. Although vitamin C
is described as a substance limiting membrane permeability through a
leveling of oxidative stress effects [76, 77], MBT levels (an ROS and
RNS inductor [7]) in the M. robertsii cultures supplemented with vi-
tamin C were negligible, which excludes peroxidative damage as a
reason for increased fungal membrane permeability. Considering the
facts that MBT is distributed homogeneously in the bilayer [66] and it is
transported across the membrane by passive diffusion [70], it can be
assumed that the relaxed membrane structure of the M. robertsii strain
caused by the presence of vitamin C is necessary for facilitated diffusion
of MBT.

4. Conclusions
The phospholipid composition of the M. robertsii membranes altered

during intensive aeration resulted in changes of bilayer dynamics
contributing to a facilitated uptake of butyltins. Hyperpolarization of

BBA - Biomembranes 1861 (2019) 316-326

the fungal membrane probably accelerates surface attachment of TBT.
Both DBT and TBT induce intensified lipid and ergosterol biosynthesis.
A rigid, compacted, less permeable membrane seems to be used for the
butyltins confinement. Vitamin C supplementation restores the balance
of the fungal membrane. A more fluid and permeable structure prob-
ably supports transport and biodegradation of MBT, avoiding the effects
of oxidative and nitrosative stress.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamem.2018.06.007.
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Supplementary

Table 1. Relative abundance (%) of acylglycerol species, total levels of tri- and diacylglycerols as well as the TAG/DAG ratio determined in the

M. robertsii cells after 3 h and 24 h of incubation with the butyltins and vitamin C.

Culture
Two-way ANOVA

3h 24 h

Acylglycerol species
+ +
D.BT. TBT + D.BT. TBT +
Control DBT vitamin TBT T Control DBT vitamin TBT N By, T, BixT V., T, VixT B, T, BoxT Vo, T, VoxT
vitamin C vitamin C

C C
TAG 16:0 18:1 18:1 3.3+0.3 2.9+0.1 3.6+0.1 2.8+0.2 2.2+0.1 2.5+0.1 3.3+1.1 2.4+0.1 2.7+0.4 2.6+0.7 ns, ns, * ns, ns, * ns, ns, ns *,ns, ns
DAG 16:0 18:0 9.0+2.5 10.5+0.5 8.5£1.6 9.4+0.3 9.9+0.7 10.2£1.0 10.0+0.7 10.8+0.1 14.448.1 8.6£1.3 ns, ns, ns ns, ns, ns ns, ns, ns *ns,*
DAG 18:118:2 9.0+7.5 4.3+0.1 3.7+0.5 3.0+0.3 3.2+1.1 2.8+0.8 7.244.0 3.8+0.8 3.2+0.3 2.5+0.4 ns, *, ** *.ns, ns Fk |k Kk ns, ns, ns
DAG 18:118:1 16.7+4.2 16.5£2.0 14.1£1.3 14.6+4.0 14.9+£2.0 12.2£1.0 12.3+£0.7 17.1+0.1 13.748.1 13.6+1.3 ns, **, ns ns, *, ** ns, **, ns ns, *, ns
DAG 18:018:1 17.4+4.5 17.540.1 17.3£0.4  18.9+£2.3 20.1+1.6 17.2+0.1 17.4£2.5 19.0+0.6 17.7£1.0 20.8+£2.7 ns, ns, ns ns, ns, ns ns, ns, ns ns, ns, ns
DAG 16:0 16:0 27.7£2.0 33.4+2.5 35.4+0.4  35.1+1.0 36.8+1.5 40.9+5.3 32.6+2.0 32.54+3.3 32.6+1.9 36.7+0.5 ns, **, ** ns, ns, ns ns, **, ** ns, ns, ns
X TAGs (%) 20.2+£2.8 17.840.2 21.0£0.2  19.1+0.9 15.1£0.0 16.8+£0.3 20.6+4.2 16.8+0.4 18.4+2.4 17.842.7 ns, ns, ns ns, ns, ns ns, ns, ns ns, ns, ns
X DAGs (%) 79.8+£2.8 82.2+0.2 79.0£0.2  80.9+0.9 84.9+0.0 83.2+0.3 79.4+0.2 83.2+0.4 81.6+2.4 82.2+2.7 ns, ns, ns ns, ns, ns ns, ns, ns ns, ns, ns
DAGITAG 3.9 4.6 3.8 4.2 5.6 4.9 3.9 49 4.4 4.6 ns, ns, ns ns, ns, ns ns, ns, ns ns, ns, ns

Results were tested by two-way ANOVA with treatment (B or V) and time (T) factors;
B — butyltin [B; — DBT, B, — TBT; analyses with regard to control]; V — vitamin C [analyses with regard to DBT (V1) or TBT (V2)]; T — time.

p significance was shown: ** —p < 0.01, * — p < 0.05, ns — not significant.

63



VI. STWIERDZENIA KONCOWE

. Optymalizacja warunkéw wzrostu szczepu M. robertsii IM 6519 — a w szczegolnosci
intensywne natlenienie hodowli (pO2 > 20%) — prowadzi do szybkiej i calkowitej

eliminacji butylowych zwigzkow cyny ze srodowiska wzrostu.

. Procesy lezace u podstaw efektywnej biodegradacji butylocyn to modyfikacje
a) morfologiczne grzybni, b) profilu fosfolipidowego i ¢) dynamiki dwuwarstwy
lipidowej ulatwiajgce transfer masy, a takze kometabolizm oraz zaangazowanie

monooksygenaz cytochromu P450.

. Witamina C to najbardziej skuteczna substancja pod wzglgdem zwigckszania wydajnosci
usuwania MBT oraz ochrony bton komoérkowych przed stresem oksydacyjnym,
stanowigca najlepszy (sposréd badanych antyoksydantow) suplement hodowli

grzybowej.

. Wystepowanie inhibicji kompetycyjnej kompleksu enzymatycznego CYP450 wyklucza

zastosowanie estrogenéw naturalnych jako intensyfikatorow procesu biodegaradacji

DBT.

Nadprodukcja reaktywnych form tlenu i azotu w badanej grzybni indukowana jest
obecnos$cig MBT — substancji uznawanej za najmniej toksyczng sposrod butylowych

zwigzkow cyny.

. Brak udziatu katalazy i dysmutazy ponadtlenkowej w usuwaniu nadtlenku wodoru
i anionorodnika ponadtlenkowego potwierdza posrednio efektywnos$¢ estronu

i 17B-estradiolu w usuwaniu reaktywnych form tlenu.

. Hiperpolaryzacja blony grzybowej (przypuszczalnie) przyspiesza wigzanie

powierzchniowe TBT.

Sztywnos¢ 1 integralno$¢ bton komérkowych o zwigkszonej zawartosci fosfolipidow,
sfingolipidéw oraz ergosterolu to zmiany adaptacyjne szczepu IM 6519 wzgledem DBT

i TBT.

. Dodatek witaminy C ogranicza zmiany badanych komponentéw i wtasciwosci fizyko-
chemicznych membran szczepu M. robertsii IM 6519 wywotane ekspozycja na

butylowe zwigzki cyny, przywracajac rownowage blony grzybowe;.
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10. Wzrost plynnosci 1 przepuszczalnosci blony komorkowej szczepu IM 6519
suplementowanego witaming C (przypuszczalnie) wspiera transport i biodegradacje

MBT, zmniejszajac skutki stresu oksydacyjnego.

11. Swoistymi biomarkerami obecnosci DBT/TBT 1 witaminy C s3: stosunek
fosfatydylocholin do fosfatydyloetanoloamin; stosunek zawartosci 16- do 18-
weglowych kwasow thuszczowych; poziom PC 18:2 18:2; wartos¢ indeksu wigzan

podwdjnych; poziom ergosterolu; sztywnos¢ 1 integralno$¢ bton komorkowych.
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Wplyw osiagnietych wynikow na rozwoj dyscypliny wraz z omowieniem

potencjalnego zastosowania praktycznego

Badania wykonane w trakcie tworzenia niniejszej rozprawy doktorskiej umozliwity
stworzenie nieopisanego wczesniej systemu biologicznego stuzacego do szybkiej 1 catkowitej
eliminacji butylowych zwiazkow cyny z uzyciem szczepu grzybowego M. robertsii IM 6519
inkubowanego w warunkach intensywnego napowietrzania oraz suplementacji podtoza

wzrostowego witaming C.

Przeprowadzone analizy zwracaja uwage na istote dostepu tlenu dla prawidtowego
przebiegu bioprocesow tlenowych. Zastosowany model badawczy wydaje si¢ by¢ silnie
aerobowym mikroorganizmem wymagajacym znacznych dostaw tlenu do hodowli, co skutkuje
zmianami morfologicznymi grzybni niewatpliwie ulatwiajagcymi transfer tlenu i dwutlenku
wegla, substancji odzywczych oraz butylowych zwigzkéw cyny pomiedzy strzepkami,
a podtozem wzrostowym. Ponadto, uzyskane wyniki sugeruja weryfikacje toksycznosci
powstajacych metabolitow, ktore sa zazwyczaj uznawane za mniej toksyczne niz zwigzki
macierzyste, co moze stanowi¢ btedne zatozenie, tak jak to miato miejsce w przypadku MBT.
Co wigcej, niezwykle waznym aspektem okazat si¢ by¢ trafny wybor substancji o aktywnosci
antyoksydacyjnej. Pozytywny wplyw przeciwutleniacza na przebieg procesu biodegradacji
butylocyn, rownoznaczny z ograniczeniem stresu oksydacyjnego i ochrong btony komoérkowej
wyklucza si¢ wraz z wyborem antyoksydantu przeksztalcanego przez ten sam uktad
enzymatyczny co zwigzek ulegajacy biodegradacji. Dlatego tez, wytypowane do badan
estrogeny naturalne jak 1 witamina E nie sprawdzily si¢ w roli suplementow przyspieszajacych
tempo usuwania butylowych zwigzkow cyny. Ostatecznie, analizy lipidomiczne umozliwity
wskazanie zmian adaptacyjnych na poziomie molekularnym (m. in. w sktadzie fosfolipidow
I poziomie ergosterolu oraz w wiasciwosciach fizyko-chemicznych bton komodrkowych),
zwigzanych bezposrednio z efektywnos$cig biodegradacji butylowych zwigzkéw cyny przez

szczep M. robertsii IM 6519.

Badania wykonane podczas realizacji niniejszej pracy doktorskiej maja charakter
podstawowy, jednakze zauwazalny jest potencjat przeniesienia opracowanego modelu
biologicznego z warunkéw laboratoryjnych na ewentualne aplikacje praktyczne w obszarze
utylizacji osadow $ciekowych stanowiacych rezerwuar butylowych zwigzkéw cyny. Co wiecej,
wykorzystanie powyzszych wskazowek dotyczacych optymalizacji procesu biodegradacji,

wyboru antyoksydantow oraz mozliwych manipulacji w sktadzie i wlasciwosciach bton
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komoérkowych przyczyniajacych si¢ do zwigkszenia wydajnosci biodegradacji butylowych
zwigzkoéw cyny przez szczep M. robertsii IM 6519 moze postuzy¢ podczas kreowania innych

systemow biologicznych do usuwania zwigzkéw o podobnym, szkodliwym dziataniu.
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V. STRESZCZENIE

Butylowe zwiagzki cyny charakteryzujg si¢ r6znorodnymi mechanizmami toksycznosci,
a ze wzgledu na ich zdolno$¢ do akumulacji, pozostaja dtugoterminowymi zanieczyszczeniami
srodowiska naturalnego. Niestety, substancje te stanowig zagrozenie nie tylko dla
mikroorganizmow srodowiskowych, organizmow morskich, ale takze dla cztowieka, bedacego
ostatnim ogniwem lancucha pokarmowego. Konwencjonalne metody oczyszczania skazonych
srodowisk obarczone sa wysokimi kosztami oraz stosunkowo niska skuteczno$cia, przez co
procesy biotechnologiczne wykorzystujace mikroorganizmy degradujace ksenobiotyki zyskaty

na wartosci.

Niniejsza praca doktorska dotyczy oddzialywania wybranych  substancji
o wilasciwosciach antyoksydacyjnych: witamin C i E oraz estrogenow naturalnych -
17B-estradiolu 1 estronu na proces biodegradacji butylowych zwigzkow cyny, z jednoczesnym
uwzglednieniem modyfikacji wybranych elementow lipidomu mikroskopowego grzyba

strzepkowego Metarhizium robertsii.

W trakcie realizacji niniejszej rozprawy doktorskiej przeprowadzono optymalizacje
biodegradacji dibutylocyny (DBT) przez szczep grzybowy M. robertsii IM 6519,
doprowadzajac do szybkiej 1 catkowitej eliminacji badanego zwigzku ze srodowiska wzrostu.
Nastepnie, odkryto procesy lezace u podstaw efektywnego rozktadu butylowych zwiazkéw
cyny, takie jak zmiany morfologiczne grzybni indukowane intensywnym napowietrzaniem,
kometabolizm oraz udzial monooksygenaz cytochromu P450 w tym procesie. Z kolei
identyfikacja hydroksylowanej monobutylocyny (MBTOH), jako metabolitu po$redniego
powstajacego w trakcie reakcji debutylacji DBT, umozliwila zaproponowanie szlaku
biotransformacji zwigzku macierzystego. Kolejny cel naukowy niniejszej pracy dotyczyt
wplywu Kilku substancji o wlasciwosciach antyoksydacyjnych na wydajnos¢ rozktadu
butylowych zwigzkéw cyny przez badany grzyb strzepkowy. W rezultacie przeprowadzonych
analiz wskazano na witaming C jako najlepszy suplement hodowli szczepu M. robertsii
IM 6519 wyjasniajac pozytywne oddziatywanie przeciwutleniacza poprzez ograniczenie
peroksydacji bton komérkowych. Negatywny wplyw estrogendw naturalnych na wydajnos¢
biodegradacji DBT zostal natomiast wyjasniony wystepowaniem zjawiska inhibicji
kompetycyjnej monooksygenaz cytochromu P450. Detekcja in situ reaktywnych form tlenu
I azotu w badanej grzybni dostarczyta dowodow, iz przyczyng ich nadprodukcji jest obecnosé

MBT (substancji uznawanej za najmniej toksyczng sposrod butylowych zwigzkoéw cyny), a nie
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DBT (jak poczatkowo uwazano). Z kolei, wykluczenie udziatu enzyméw antyoksydacyjnych
takich jak katalaza i dysmutaza ponadtlenkowa w usuwaniu nadtlenku wodoru i anionorodnika
ponadtlenkowego potwierdzito posrednio efektywnos¢ estronu i 17B-estradiolu w usuwaniu
reaktywnych form tlenu. Podczas realizacji ostatniego celu naukowego niniejszej pracy
doktorskiej zidentyfikowano zmiany adaptacyjne wybranych komponentow i wilasciwosci
fizyko-chemicznych bton grzybowych M. robertsii stanowigcych swoiste biomarkery
obecnosci DBT/TBT 1 witaminy C. W$réd wyznacznikow uniwersalnej reakcji komoérek
poddanych ekspozycji na badane zwigzki wyrdzniono stosunck fosfatydylocholin do
fosfatydyloetanoloamin, stosunek zawartosci 16- do 18-weglowych kwasow thuszczowych,
poziom PC 18:2 18:2, warto$¢ indeksu wigzan podwojnych, poziom ergosterolu oraz

zwigkszong sztywnos¢ 1 integralno$¢ bton komérkowych.

Analizy przeprowadzone w trakcie tworzenia niniejszej rozprawy doktorskiej umozliwity
stworzenie nieopisanego wczesniej systemu biologicznego stuzacego do szybkiej i catkowitej
eliminacji butylowych zwigzkow cyny z uzyciem szczepu grzybowego M. robertsii IM 6519
inkubowanego w warunkach intensywnego napowietrzania oraz suplementacji podtoza

wzrostowego witaming C.

Badania wykonane podczas realizacji niniejszej pracy doktorskiej majg charakter
podstawowy, jednakze zauwazalny jest potencjal przeniesienia opracowanego modelu
biologicznego z warunkow laboratoryjnych na ewentualne aplikacje praktyczne w obszarze
utylizacji osadow Sciekowych stanowigcych rezerwuar butylowych zwigzkéw cyny. Co wigcej,
uzyskane wyniki mogg postuzy¢ podczas kreowania innych systeméw biologicznych do

usuwania zwiazkéw o podobnym, szkodliwym dziataniu.
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VI. ABSTRACT

Butyltin compounds are characterized by a variety of toxicity mechanisms. Moreover,
due to their ability to accumulate, they remain long-term pollutants of the natural environment.
Unfortunately, these substances pose a threat not only to environmental microorganisms and
marine organisms but also to humans, who are the last link in the food chain. Conventional
purification methods of contaminated environments are burdened with high costs and relatively
low efficiency, therefore biotechnological processes using xenobiotic-degrading

microorganisms have gained in value.

This doctoral thesis concerns the analysis of the effect of the compounds with antioxidant
properties: vitamins C and E, natural estrogens - 17p-estradiol and estrone on the process of
butyltins biodegradation with simultaneous consideration of the modification of selected

elements of the lipidome of the microscopic filamentous fungus Metarhizium robertsii.

During the doctoral thesis realization, optimization of dibutyltin (DBT) biodegradation
by a fungal strain M. robertsii IM 6519 was carried out, leading to rapid and complete
elimination of the compound from the growth environment. Subsequently, the processes
underlying the effective decomposition of butyltin compounds, such as morphological
mycelium modifications induced by intensive aeration, cometabolism and participation of
cytochrome P450 monooxygenases, were discovered. Moreover, identification of the
hydroxylated monobutyltin (MBTOH), as an intermediate metabolite formed during the DBT
debutilation made it possible to propose a biotransformation pathway of the parent compound.
The subsequent aim of the doctoral thesis concerned an impact of few compounds with
antioxidant properties on the efficiency of butyltins decomposition by the tested filamentous
fungus. As a result of the performed analyses, vitamin C was indicated as the best culture
supplement for the M. robertsii IM 6519 strain explaining the positive effect of the antioxidant
by limiting the cell membranes peroxidation. On the other hand, a negative effect of the natural
estrogens on the efficiency of DBT biodegradation was explained by the occurrence of the
competitive inhibition of cytochrome P450 monooxygenases. In situ detection of reactive
oxygen and nitrogen species in the tested mycelium providing evidence that their
overproduction is caused by the presence of MBT (a substance considered as the least toxic
among butyltin compounds) and not DBT (as initially thought). In turn, the exclusion of
participation of antioxidative enzymes such as catalase and superoxide dismutase in the

removal of hydrogen peroxide and superoxide anion indirectly proved the effectiveness of
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estrone and 17p-estradiol in removal of reactive oxygen species. During realization of the last
aim of the doctoral thesis, adaptive modifications of chosen components and physico-chemical
properties of the M. robertsii membranes were identified and some of them were indicated as
specific biomarkers of the presence of DBT/TBT and vitamin C. A ratio of
phosphatidylcholines to phosphatidylethanolamines, ratio of 16- to 18-carbon fatty acids, PC
18:2 18:2 content, double bonds index, ergosterol level and increased stiffness and integrity of
the cell membranes were indicated as determinants of the universal response of the fungal cells

exposed to the tested compounds.

The analyses conducted during the creation of the doctoral thesis made it possible to
create a previously unwritten biological system for the rapid and complete elimination of
butyltin compounds by the application of a fungal M. robertsii IM 6519 strain incubated under

conditions of intense aeration and vitamin C supplementation.

The research carried out during the realization of the doctoral thesis is basic, but
a potential of transferring of the developed biological model from laboratory conditions to
possible practical applications (i.e. for the utilization of sewage sludge constituting a reservoir
of butyltin compounds) is visible. Moreover, the obtained results can be used for creating other

biological systems to remove compounds with similar harmful effects.
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