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IVV. Streszczenie w jezyku polskim

Organiczne zwiagzki cyny ze wzgledu na pehlienie funkcji stabilizatoréw
polichlorku poliwynylu (PCW) oraz wysoka skuteczno$¢ biobodjcza znalazty szerokie
zastosowanie w przemysle i rolnictwie. Wprowadzone do $rodowiska wywotuja
wiele niekorzystnych zmian w organizmach. Spo$rod nich, szczegdlnie wysoka
toksycznos$cig charakteryzuje si¢ tributylocyna. Proces mikrobiologicznego rozktadu
TBT jest dotychczas stabo poznany, chociaz stanowi jedno z glownych zrodet
eliminacji tego zwigzku ze srodowiska. W prezentowanej pracy oceniono zdolno$¢
do degradacji TBT przez grzyb strzgpkowy Cunninghamella echinulata IM 2611.
Okreslono ponadto wptyw TBT na morfologi¢ 1 aktywno$¢ metaboliczng grzybni,
a takze zbadano jakie zmiany zachodza w profilu metabolomicznym i biatkowym
wwyniku  ekspozycji  drobnoustroju na badany ksenobiotyk. Badania
przeprowadzono z wykorzystaniem szeregu technik analitycznych, opartych przede
wszystkim o spektrometrie mas (GC-MS, LC-MS/MS i MALDI-TOF/TOF)
I techniki  elektromigracyjne (1- 1 2-DE). Uzyskane dane analizowano
z wykorzystaniem specjalistycznego oprogramowania komputerowego.
Przeprowadzone badania wykazaty, ze grzyb C. echinulata IM 2611 byt zdolny do
eliminacji ponad 90% ksenobiotyku w ciaggu 120 godzin hodowli przy stezeniu
wyjsciowym wynoszagcym 5 mg/l. Jedoczesnie stwierdzono, ze TBT ulega
przeksztalceniu do dibutylocyny (DBT), monobutylocyny (MBT) oraz
hydroksylowanej pochodnej TBT. Wstepne analizy uwidocznity zmiany w profilu
aminokwasow oraz biatek badanego mikroorganizmu i stanowily punkt wyjscia do
rozszerzenia badan nad nimi w dalszych czes$ciach pracy. Wykazano, ze obecnos¢
ksenobiotyku w hodowli niekorzystnie wptywata na drobnoustrdj, co przejawiato si¢
silnym zahamowaniem przyrostu biomasy, polaczonym ze spadkiem aktywnosci
metabolicznej grzybni oraz zmniejszonym wykorzystaniem glukozy i wybranych
aminokwasoéw z podioza hodowlanego. Na podstawie analizy mikroskopowej
stwierdzono plazmoliz¢ 1 wakuolizacje cytoplazmy. Wymienionym wyzej zjawiskom
towarzyszyly rowniez zmiany w profilu metabolomicznym drobnoustroju.
Odnotowano wzrost stezenia metabolitow glikolizy przy jednoczesnym spadku

zawartosci zwigzkow cyklu Krebsa. Pod wptywem TBT, grzyb strzgpkowy



zwigkszat produkcje zwigzkéw o wlasciwosciach antyoksydacyjnych (betaina,

prolina, kwas y-aminomastowy).

Uzyskane wyniki sugerujace zachodzenie istotnych zmian w profilu biatkowym
grzyba w obecnosci ksenobiotyku wskazaly na konieczno$¢ wykonania
pogtebionych badan proteomicznych podczas biodegradacji TBT. Przeprowadzona
analiza proteomu wykazata indukcje proceséw biochemicznych ukierunkowanych na
zwigkszenie syntezy ATP. Zaobserwowano réwniez nadprodukcje biatek i enzymow
zaangazowanych w ochrong komorki przed stresem oksydacyjnym, ktorej
towarzyszyta zwigkszona produkcja reaktywnych form tlenu (RFT) oraz wzrost
aktywnosci dysmutazy ponadtlenkowej (SOD). Odnotowano takze wzmozZona
biosynteze prohibityny, biatka odgrywajacego istotng rolg w prawidlowym
funkcjonowaniu mitochondriow. Z kolei nadprodukcja nukleazy Cl1 moze by¢

zwigzana z ochrong DNA przed uszkodzeniami.

Wyniki uzyskane w trakcie realizacji niniejszej pracy doktorskiej przyczynity si¢
do wyodrebnienia szczepu grzybowego zdolnego do wydajnej biotransformacji TBT.
Przeprowadzone badania wykazaty niekorzystny wptyw ksenobiotyku na grzybnie¢
C. echinulata IM 2611, wskazujac jednocze$nie mechanizmy odpowiedzialne za
oporno$¢ drobnoustroju na wysokie stezenie ksenobiotyku przy jednoczesnej
wydajnej eliminacji tego zwigzku ze $rodowiska wzrostu. Zastosowanie
zaawansowanych, nowoczesnych technik analitycznych pozwolito zidentyfikowaé
mechanizmy komorkowe zaangazowane w przeciwdziatanie niekorzystnym
zmianom wywotanym obecnoscig ksenobiotyku w $rodowisku wzrostu grzyba.
Analizy zmian metabolomu i proteomu grzyba poddanego ekspozycji na TBT miaty

charakter nowatorski i nie byty dotychczas przedmiotem badan.



V. Streszczenie w jezyku angielskim

Due to their role as polyvinyl chloride (PVC) stabilizers and high biocidal
effectiveness, organic tin compounds have found wide applications in industry and
agriculture. When they are introduced into the environment, they cause many adverse
changes in organisms. Among these harmful substances, tributyltin is characterized
by particularly high toxicity. The process of microbial degradation of TBT is still
poorly understood, although it is one of the main methods of eliminating this
compound from the environment. In the presented work, the ability of the
filamentous fungus Cunninghamella echinulata IM 2611 to degrade TBT was
assessed. The effect of TBT on the morphology and metabolic activity of the
mycelium was determined. Also, changes in the metabolomic and protein profile as
aresult of exposure of the microorganism to the xenobiotic were examined. The
research was carried out using a number of analytical techniques, primarily based on
mass spectrometry (GC-MS, LC-MS/MS and MALDI-TOF/TOF) as well as
electromigration techniques (1- and 2-DE). The obtained data were analyzed using
specialized computer software. The study showed that the fungus C. echinulata 1M
2611 was able to eliminate over 90% of the xenobiotic at the initial concentration of
5 m/l during 120 hours of cultivation. At the same time, TBT was found to be
converted to dibutyltin (DBT), monobutyltin (MBT) and a hydroxylated TBT
derivative. Initial analyses revealed changes in the profile of amino acids and
proteins of the studied microorganism and became the starting point for extending
the research in further parts of the work. It was shown that the presence of the
xenobiotic in the culture adversely affected the microorganism, which was
manifested by a strong inhibition of biomass growth, combined with a decrease in
the metabolic activity of mycelium and reduced use of glucose and selected amino
acids from the culture medium. During the microscopic analysis, plasmolysis and
vacuolization of the cytoplasm were observed. These phenomena were accompanied
by changes in the metabolomic profile of the microorganism. An increase in the
concentration of glycolysis metabolites with a simultaneous decrease in the content
of Krebs cycle compounds was noted. Under the influence of TBT, the filamentous
fungus increased the production of compounds with antioxidant properties (betaine,

proline, y-aminobutyric acid).
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The obtained results, which revealed significant changes in the protein profile of
the fungus in the presence of TBT, indicated the need for in-depth proteomic studies
during its biodegradation. The performed proteome analysis showed that in response
to a decrease in the ATP concentration in fungal cells, resulting from the inhibitory
effect of TBT on ATP synthase, the microorganism induced biochemical processes
aimed at increasing ATP synthesis. Overproduction of proteins and enzymes
involved in cell protection against oxidative stress was also observed, which was
correlated with an intensified generation of reactive oxygen species (RFT) and an
increase in superoxide dismutase (SOD) activity. Increased biosynthesis of
prohibitin, a protein that plays an important role in the proper functioning of
mitochondria, was also noted. Overproduction of C1l nuclease might have been

associated with DNA protection against damage.

The results obtained during the implementation of this dissertation contributed to
the isolation of a fungal strain capable of efficient TBT biotransformation. The
metabolomic and proteomic analyses of the microorganism exposed to TBT were
innovative and had not been performed before. The conducted experiments showed
the adverse effect of the xenobiotic on the mycelium of C. echinulata IM 2611, at the
same time indicating the mechanisms responsible for the resistance of the
microorganism to the high concentration of the xenobiotic with its simultaneous
effective elimination from the growth environment. The use of advanced, modern
analytical techniques allowed identifying cellular mechanisms involved in
counteracting adverse changes caused by the presence of xenobiotics in the fungal

growth environment.
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VI. Wprowadzenie

Przemystowa dziatalno$¢ cztowieka i intensywny rozwdj rolnictwa przyczynity
si¢ do wprowadzenia do $rodowiska naturalnego wielu nowych zwigzkéw, ktore nie
sa naturalnymi sktadnikami zywych organizméw. Substancje takie nazywane sa
ksenobiotykami. Do tej grupy nalezg migdzy innymi zwigzki metaloorganiczne,
W tym organiczne zwigzki cyny. Zawierajg one w swych strukturach atomy cyny
potaczone kowalencyjnie z jednym lub wigksza liczba podstawnikow organicznych,
ktéorymi moga by¢ grupy metylowe, etylowe, butylowe, propylowe lub fenylowe
(Hoch, 2001). Zwiazki cynoorganiczne mozna scharakteryzowa¢ ogolnym wzorem
R(4-n) SnXn, gdzie R oznacza grupe organiczng, X — podstawnik nieorganiczny, za$
n przyjmuje wartosci od 0 do 3. Obecno$¢ okreslonych podstawnikow alifatycznych
determinuje wlasciwosci fizykochemiczne zwiazku, a takze decyduje o jego
toksyczno$ci. Najwyzszg toksyczno$cig wobec organizmow o roznej przynaleznos$ci
taksonomicznej charakteryzuja si¢ trojpodstawione potaczenia cynoorganiczne, przy
czym ich toksyczno$¢ maleje w miar¢ wydluzania si¢ tancucha n-alkilowego

(Falandysz, 2003).

Jednym z gltéwnych przedstawicieli zwigzkow cynoorganicznych, uwazanym
jednoczesnie za jeden z najbardziej toksycznych zwigzkow wprowadzonych
dotychczas do srodowiska morskiego jest tributylocyna (TBT), znajdujaca si¢ na
liscie priorytetowych substancji niebezpiecznych. (Cruz i wsp. 2015). Ze wzgledu na
wysoka aktywnos$¢ biocydobojcza, zwigzek ten jest wykorzystywany w wielu
dziedzinach przemyshu, w rolnictwie, konserwacji tekstyliow i1 ochronie drewna
(Sousa i wsp. 2014). Przez szereg lat byl wykorzystywany jako sktadnik farb
przeciwporostowych, ktérymi pokrywano kadluby statkow 1 konstrukcji
podwodnych (Antizar-Ladislao, 2008). W wyniku tego obecnos¢ TBT odnotowano
w wodach i osadach dennych, szczegdlnie znajdujacych si¢ w poblizu portow oraz
stoczni. W wodzie okres potowicznego rozpadu zwigzku waha si¢ od kilku dni do
kilku tygodni, podczas gdy w osadach dennych ksenobiotyk ten utrzymuje si¢ nawet
do kilkudziesigciu lat (de Carvalho Oliveira i Santelli, 2010). Uwalnianie TBT do
srodowiska naturalnego 1 akumulacja tego zwigzku w tkankach organizméw zywych
stanowig powazne zagrozenie dla funkcjonowania ekosystemow ze wzgledu na
szerokie spektrum toksycznego oddzialywania. Badania toksykologiczne wykazaty,
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ze TBT charakteryzuje si¢ efektem cyto-, geno-, embrio-, immuno- czy
neurotoksycznym wobec organizmoéw reprezentujgcych rézne poziomy troficzne
(Antizar-Ladislao, 2008). Szkodliwy wplyw na organizmy wynika z lipofilnego
charakteru czasteczki TBT, ktéra moze oddziatywa¢ na blony biologiczne, w wyniku
Czego naruszona zostaje ich integralno$¢ i przepuszczalnos¢ (Bonarska-Kujawa
i wsp. 2012). Szczegodlnie nickorzystnie ksenobiotyk oddziatuje na funkcjonowanie
mitochondriow, co skutkuje zmiang ich potencjatu btonowego (Tiano i wsp. 2003).
Tym samym biocyd zaburza szlak fosforylacji oksydacyjnej sprzezonej z fancuchem
oddechowym, co w potaczeniu z udokumentowang inhibicja syntazy ATP
przyczynia si¢ do znacznego zahamowania syntezy ATP - zwigzku kluczowego do
prawidtowego funkcjonowania komorki (Nesci i wsp. 2011; Von Ballmoos i wsp.
2004). Wykazano, ze TBT indukuje stres oksydacyjny, prowadzacy m. in. do
peroksydacji lipidow (Bernat i wsp. 2014) czy uszkadzania DNA (Liu i wsp. 2006).
Z kolei stres oksydacyjny i zwigzane z nim uszkodzenia struktur komorkowych, jak
rowniez wzrost stezenia wapnia w komorkach prowadza do apoptozy komoérki (Mitra
i wsp. 2013; Nakatsu i wsp. 2007). Stwierdzony wptyw ksenobiotyku na metabolizm
lipidow, objawiajacy si¢ zmianami w profilu fosfolipidow moze by¢ reakcja obrong
organizmu polegajaca na zmniejszeniu przepuszczalnosci bton komoérkowych
I zwigkszenia zawartosci jondw potasu w komorce (Bernat i wsp. 2009). Negatywny
wplyw TBT na struktury komodrkowe przejawia si¢ takze dezorganizacja bialek

cytoszkieletu (Cima i wsp. 1998).

Oprocz silnie toksycznych wihasciwoscei, ksenobiotyk ten wykazuje rowniez
dziatanie androgenne, dlatego zaliczany jest do substancji zaburzajacych gospodarke
hormonalng organizmu (EDCs, ang. Endocrine Disrupting Compounds) (Falandysz,
2003). Ekspozycja na TBT powoduje pseudohermafrodytyzm u skorupiakow, czyli
wytworzenie dodatkowych meskich narzadow piciowych u osobnikow plcei Zenskie;,
jak rowniez uposledzeniem wzrostu, rozwoju i cyklu rozrodczego organizmoéow

morskich (Falandysz, 2003; Antizar-Ladislao, 2008).

W eliminacji TBT ze §rodowiska mogg bra¢ udziat mikroorganizmy. Zwiazek ten
moze by¢ usuwany poprzez biosorpcje lub degradowany w wyniku aktywnosci
metabolicznej drobnoustrojéw. Proces mikrobiologicznej biotransformacji TBT

polega na stopniowym odlaczaniu grup alifatycznych od atomu cyny, prowadzacym
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do powstania dibutylocyny (DBT) i monobutylocyny (MBT) oraz ich
hydroksylowanych pochodnych (Bernat i wsp. 2013). Uwage badaczy przykuwaja
mechanizmy odpowiedzialne za oporno$¢ mikroorganizméw oraz zdolnos¢ do
eliminacji tego ksenobiotyku. Tworzenie hydroksylowanych pochodnych oraz
ograniczenie biodegradacji TBT w obecnosci inhibitoréw cytochromu P-450
wskazuje na udziat tego uktadu enzymatycznego w eliminacji ksenobiotyku (Bernat

i Dtugonski, 2002).

W ostatnich latach notuje si¢ znaczacy wzrost zainteresowania technikami
»omicznymi”, takimi jak proteomika czy metabolomika. Zaliczane sg one to nowej
dyscypliny naukowej - biologii systemowej, dazacej do holistycznej oceny
funkcjonowania uktadu biologicznego (Silberring i Drabik, 2010). Proteomika jest
gatezig nauki skupiajaca si¢ na calosciowej analizie i identyfikacji biatek organizmu,
tkanki, badZz komorki, za§ metabolomika obejmuje iloSciowe 1 jakosciowe
oznaczanie zwigzkow endogennych — metabolitow (Szewczyk i Kowalski, 2016a,b).
Sa to stosunkowo miode dziedziny wiedzy, niezwykle pomocne w zrozumieniu
zjawisk zachodzacych w komorce, ktore wraz z pozostatymi elementami biologii

systemowej prowadza do uzyskania peilnej wiedzy o analizowanym systemie.

Pomimo licznych doniesien uwidaczniajacych szkodliwe oddziatywanie TBT na
organizmy, wiedza na temat wptywu tego zwigzku na metabolizm komodrkowy, jak
I mechanizmy molekularne odpowiedzialne za oporno$¢ badz zdolnosé
drobnoustrojéw do jego degradacji jest ograniczona. Poznanie mechanizmow
komorkowych umozliwia wytypowanie kluczowych biatek odpowiedzialnych za
proces detoksykacji ksenobiotyku, co moze by¢ pomocne w projektowaniu metod
mikrobiologicznej eliminacji takiego zwiazku ze skazonego $rodowiska. Dlatego
celowe wydaje si¢ badanie wplywu zwigzkéw cynoorganicznych na metabolizm
organizméw 1 poznanie mechanizmoéw warunkujgcych oporno$¢ na nie, co stanowi

przedmiot prezentowanych w tej pracy badan.
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VIIl. Cele pracy

Glowne cele badan przeprowadzonych podczas realizacji pracy doktorskiej

obejmowaty:

1. Okreslenie zdolno$ci grzyba strzgpkowego Cunninghamella echinulata
IM 2611 do degradacji TBT.

2. Ocen¢ wptywu TBT na wzrost, aktywno$¢ metaboliczng oraz morfologi¢
drobnoustroju.

3. Analize metabolomu i proteomu C. echinulata w czasie ekspozycji na TBT.
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VIII.

Metodologia badan

VI1I. 1. Techniki wykorzystywane podczas realizacji pracy doktorskiej

Techniki Zakres badan

Chromatografia gazowa sprzezona
ze spektrometrig mas GC-MS

Oznaczenia ilosciowe TBT i
produktdéw jej degradac;ji

Chromatografia cieczowa
sprzezona ze spektrometrig mas
LC-MS/MS

Oznaczenia jakosciowe produktéow
biotransformacji TBT

llosSciowa ocena zawartosci
metabolitow

Spektrofluorymetria

Ocena wptywu badanego
ksenobiotyku na aktywnos¢
metaboliczng mikroorganizmu

Mikroskopia konfokalna

Okreslenie wptywu TBT na
morfologie strzepek

Oznaczenia ilo$ciowe reaktywnych
form tlenu (RFT)

Elektroforeza 1-D oraz 2-D

Analizy zmian profilu biatkowego
drobnoustroju

Spektrometria mas MALDI-
TOF/TOF

Oznaczenie peptydow
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VIII. 2. Oprogramowanie

W pracy doktorskiej do analizy wynikow wykorzystano szereg specjalistycznych

programow komputerowych:

e PeakView (Sciex) to oprogramowanie stuzgce do analizy widm masowych,
ktore w prezentowanej pracy zostalo zastosowane do identyfikacji
hydroksylowanej pochodnej (TBTOH) i okresleniu miejsca przytaczenia grupy
hydroksylowej do czasteczki ksenobiotyku.

e LightSight (Sciex) — oprogramowanie dedykowane do systemu LC-MS firmy
Sciex wspomagajace poszukiwanie metabolitow. Algorytm tej aplikacji na
podstawie widma masowego zwigzku wyjsciowego generuje mozliwe
kombinacje par MRM potencjalnych metabolitow, tworzac gotowa metode do
zastosowania w systemie LC-MS. Program umozliwia wglad w uzyskany
chromatogram oraz pozwala na jednoczesne poréwnanie widm masowych
zwigzku wyjsciowego oraz jego potencjalnego metabolitu. W prezentowanej
pracy oprogramowanie zostalo wykorzystane do stworzenia szeregu metod
analitycznych LC-MS shuzacych poszukiwaniu metabolitow fazy 1 i1 II
metabolizmu ksenobiotyku.

e MarkerView (Sciex) to aplikacja umozliwiajagca wykonanie analiz
statystycznych (np. PCA, ang. Principal Component Analysis) wynikéw
uzyskanych technikg LC-MS. W pracy doktorskiej przeprowadzono analizy
gtéwnych sktadowych w celu poprawne;j interpretacji wynikow.

e MultiQuant (Sciex,) to oprogramowanie stuzace do przetwarzania danych
uzyskanych podczas analiz z wykorzystaniem spektrometrow masowych.
W pracy doktorskiej MultiQuant zostal wykorzystany do iloSciowej oceny
zawarto$ci metabolitow.

e Image Lab (Bio-Rad) - aplikacja wykorzystywana do analizy
densytometrycznej biatek rozdzielonych technikg 1-DE. W pracy P1 przy jego
pomocy okreslono zmiany profilu biatkowego C. echinulata.

e Image Master 2D Platinum (GE Healtcare) to program do wizualizacji
I analizy danych zeli 2-D. W pracy doktorskiej zostal wykorzystany do
oznaczania 1 poréwnania spotow biatek uzyskanych podczas elektroforezy

dwukierunkowej.
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o ProteinPilot (Sciex) to oprogramowanie umozliwiajace identyfikacje biatek,
ktore wykorzystuje algorytmy przeszukiwania bazy danych MASCOT oraz
PARAGON bedacy autorskim algorytmem firmy Sciex. Sekwencjom bialek
zdeponowanych w bazach danych pochodzacych z National Center for
Biotechnology Information (NCBI) algorytm przypisuje widma fragmentacyjne
peptydow uzyskanych w wyniku uprzedniej proteolizy biatka z uzyciem
dedykowanego enzymu, ktorym w przypadku niniejszej pracy byta trypsyna.
W pracy wykorzystano to oprogramowanie do identyfikacji biatek badanego
drobnoustroju na podstawie widm masowych uzyskanych podczas analiz
z zastosowaniem spektrometrow mas QTRAP oraz MALDI-TOF/TOF.
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IX. Syntetyczne omowienie wynikow przedstawionych
w cyklu publikacji wchodzacych w sklad rozprawy
doktorskiej

Eliminacja TBT przez grzyby jest stosunkowo stabo poznana. W literaturze
przedmiotu zostal opisany tylko jeden szczep grzybowy (C. elegans IM 1785/21Gp)
zdolny do efektywnej degradacji TBT z wytworzeniem mniej toksycznych
pochodnych — DBT oraz MBT. Podczas badan skriningowych prowadzonych
w Katedrze Mikrobiologii Przemystowej i1 Biotechnologii UL z moim udziat,
stwierdzono, ze wyodrebniony wczesniej z gleby szczep grzybowy IM 2611,
oznaczony jako C. echinulata, jest zdolny do wzrostu w obecnosci TBT i prawie
catkowitej eliminacji ksenobiotyku przy stezeniu wyj§ciowym toksycznego substratu
5 mg/l, co stato si¢ podstawag do wybrania go jako obiektu badan w prezentowanej

pracy doktorskiej.

W pierwszej pracy skladajacej si¢ na niniejsza rozprawe doktorskg (Pl —
Sobonn A, Szewczyk R, Dhugonski J (2016), Tributyltin (TBT) biodegradation
induces  oxidative stress of Cunninghamella echinulata; International
Biodeterioration and Biodegradation 107, 92-101) zawarto wyniki opisujgce
dynamike¢ eliminacji ksenobiotyku wraz z iloSciowa 1 jakosciowa ocena
powstajacych pochodnych oraz analiz¢ zmian w poziomie aminokwasoéw 1 biatek
wewnatrzkomérkowych. Szczep C. echinulata IM 2611 wydajnie degraduje TBT
w stezeniu  wyjsciowym 5 mg/l, eliminujac 91% poczatkowej zawartosci
ksenobiotyku w czasie 120 godzin hodowli. Procesowi temu towarzyszyt wzrost
zawartosci produktow degradacji biocydu, gléwnie DBT, obserwowany od 48
godziny hodowli. Przeprowadzono szereg analiz z wykorzystaniem chromatografu
cieczowego sprzezonego z tandemowym spektrometrem mas (LC-MS/MS) oraz
oprogramowaniem  LightSight™ (Sciex), ukierunkowanych na poszukiwanie
potencjalnych produktow metabolizmu ksenobiotyku. Na podstawie otrzymanych
wynikow  stwierdzono obecno$¢ hydroksylowanej pochodnej TBT, za$
przeprowadzone z wykorzystaniem spektrometru mas oznaczenia widm masowych
badanego zwigzku cynoorganicznego uwzgledniajace charakterystyczny profil
izotopowy pierwiastka cyny wykazaty, iz grupa hydroksylowa jest przytaczona

bezposrednio do atomu cyny. Jednocze$nie, zaobserwowano silne zahamowanie
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wzrostu drobnoustroju w podtozu hodowlanym w obecnosci ksenobiotyku,
szczegolnie podczas pierwszych 48 godzin inkubacji. Nalezy rowniez zaznaczy¢, ze
dynamika procesu degradacji TBT byta skorelowana ze wzrostem drobnoustroju.
Zaobserwowane poczatkowe silne zahamowanie wzrostu mikroorganizmu,
a nastgpnie intensywny przyrost biomasy, wskazuja na zmiany biochemiczne
zachodzgce w komorce. Obserwacja ta postuzyta jako punkt wyjscia do dalszych
badan. W zwigzku z tym, eksperymenty rozszerzono o nieukierunkowang analize
wewnatrzkomoérkowego — profilu  aminokwasowego.  Zaobserwowano  istotne
statystycznie réznice w zawartosci 19 sposrod 26 aminokwasdéw 0znaczonych
w hodowlach zawierajacych TBT w poréwnaniu do kontroli. Stwierdzono, ze TBT
W zrdznicowany sposob wplywa na profil aminokwasowy u badanego drobnoustroju.
Zaobserwowano zwiekszenie st¢zenia betainy i proliny, ktére mogg by¢ zwigzane

Z odpowiedzia drobnoustroju na stres oksydacyjny..

Na tym etapie pracy, dokonano rowniez wstepnej oceny wptywu ksenobiotyku na
zmiany profilu biatkowego badanego grzyba strzepkowego Wewnatrzkomorkowe
biatka C. echinulata rozdzielono elektroforetycznie technikg jednokierunkowe;j
elektroforezy (1-DE, ang. 1-Dimensional Electrophoresis), a nast¢pnie 22 prazki
biatkowe poddano analizie porownawczej i identyfikacji z wykorzystaniem techniki
LC-MS/MS. Obecnos¢ biocydu w srodowisku indukowata wzrost biosyntezy biatek
zwigzanych zcyklem Krebsa (dehydrogenaza jabtczanowa), glikoliza (enolaza),
synteza ATP (syntaza ATP), synteza aminokwaséw (metylotransferaza
tetrahydropteroiloglutaminowa homocysteiny). W obecnosci TBT stwierdzono tajze
wzrost syntezy peroksyredoksyny, co wraz z akumulacja betainy i proliny wskazuje
na istotng role komoérkowych mechanizmoéw antyoksydacyjnych w odpowiedzi na
pojawienie si¢ tego ksenobiotyku. Z kolei nukleaza C1, ktorej nadprodukcje rowniez
stwierdzono w obecnosci TBT, moze by¢ zwigzana z ochrong komorki przed
uszkodzeniami DNA. Zaobserwowane zmiany biochemiczne w komorkach
badanego mikroorganizmu stanowily punkt wyjScia do przeprowadzenia
rozszerzonych badan metabolomicznych (P2) oraz proteomicznych (P3) w dalszych

czegsciach pracy.

Metabolomika to stosunkowo mloda i intensywnie rozwijajaca si¢ dziedzina

biologii systemowej, majaca na celu catosciowa analiz¢ metabolitéw (metabolomu)

20



obecnych w danym czasie i warunkach w komorce. Uzyskane dzigki niej wyniki
umozliwiajg badanie dynamiki zmian biochemicznych zachodzacych w badanym
uktadzie pod wyptywem réznych czynnikow zewnetrznych, takich jak np.
ekspozycja na ksenobiotyki. Kolejna praca wchodzaca w sklad rozprawy
doktorskiej (P2 — Sobon A, Szewczyk R, Roézalska S, Dhtugonski J (2018),
Metabolomics of the recovery of the filamentous fungus Cunninghamella echinulata
exposed to tributyltin; International Biodeterioration and Biodegradation 127, 130-
138) obejmowata ukierunkowang analiz¢ metabolomiczng 92 metabolitow
komorkowych znajdujacych si¢ w komoérkach C. echinulata oraz w podtozu
wzrostowym. Badania te zostaly rozszerzone o pomiary dynamiki wykorzystania
glukozy z podtoza hodowlanego przez mikroorganizm, pozwalajace na oceng
aktywnos$ci metabolicznej drobnoustroju. W strzepkach grzyba pochodzacych z 24-
godzinnych hodowli inkubowanych z dodatkiem TBT stwierdzono zwigkszone
stezenie zwigzkoéw powstajacych w procesie glikolizy (glukozo-6-fosforan, fruktozo-
6-fosforan, fosfoenolopirogronian) oraz zmniejszong zawarto$¢ wszystkich
metabolitow wystepujacych w cyklu Krebsa (za wyjatkiem szczawiooctanu).
W komorkach poddanych ekspozycji na ksenobiotyk wykazano wzrost st¢zenia
zwigzkéw wykazujacych antyoksydacyjne wilasciwosci w komorkach - betainy,
proliny i kwasu y-aminomastowego (GABA), a takze odnotowano nagromadzenie
kwasu glutaminowego, bedacego prekursorem do syntezy tych zwigzkow.
Dodatkowo, zmniejszona zawarto$§¢ lizyny 1 zwigkszony poziom kwasu 2-
aminoadipowego przy jednoczesnym niewielkim wykorzystaniu lizyny zawartej
w podtozu hodowlanym sugeruje aktywacje szlaku biosyntezy lizyny u badanego

grzyba w trakcie ekspozycji na ksenobiotyk.

Interesujagce  wyniki uzyskano podczas oceny zawartosci metabolitow
w podtozu wyjsciowym oraz pohodowlanym. Analiza sktadu podtoz po 24-godzinnej
inkubacji  z dodatkiem biocydu wykazata podobny profil metabolitow do
wyjéciowego podioza hodowlanego (bez dodatku mikroorganizmu). Z kolei
w uktadzie kontrolnym (niezawierajacym TBT) grzyb strzepkowy po 24 godzinach
hodowli wykorzystat wigkszos¢ o0znaczanych zwigzkow wchodzacych w sktad
podtoza. W kolejnych  godzinach  hodowli w uktadach niezawierajacych

ksenobiotyku zaobserwowano zwickszong sekrecje kwasow organicznych do
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podtoza, co powoduje szybsze zakwaszanie $rodowiska i tym samym stymuluje
zwigkszenie przyswajania substancji odzywczych z podloza. Zjawiska tego nie
stwierdzono w hodowlach z TBT. Wykazano, ze obecno$¢ TBT w podtozu skutkuje
znacznie wolniejszym spadkiem wartosci pH, w poréwnaniu do hodowli
kontrolnych. Po 24 godzinach inkubacji, wartos¢ pH w uktadzie z TBT byla zblizona
do wyjsciowe] wartosci pH podloza. Zaobserwowano rowniez zahamowanie
wykorzystania  glukozy =~ w hodowlach  suplementowanym  ksenobiotykiem
W poczatkowym okresie inkubacji. Spowolnienie wzrostu grzyba w czasie
ekspozycji na TBT, potaczone ze zmniejszong asymilacjg glukozy oraz zwigzkoéw
organicznych z podtoza, sktonily do zbadania Zywotnos$ci grzybni za pomoca
zmodyfikowanej metody z wykorzystaniem dioctanu fluoresceiny (FDA) oraz oceny
wpltywu badanego zwigzku na morfologi¢ strzepek. Przeprowadzona analiza
wykazata statystycznie istotng inhibicje aktywnosci metabolicznej drobnoustroju
w kontakcie z TBT. Po 24 godzinach, w probach z dodatkiem ksenobiotyku
stwierdzono 3,9% aktywno$ci metabolicznej w stosunku do uktadu kontrolnego.
W kolejnych dobach hodowli zaobserwowano stopniowy wzrost tego parametru, az
do osiggniecia wartosci 50,85% po 120 godzinach inkubacji. Réwnolegle
przeprowadzone obserwacje mikroskopowe z wykorzystaniem mikroskopii
konfokalnej uwidocznily wysoce niekorzystne dziatanie ksenobiotyku na strzepki,
objawiajace si¢ silng wakuolizacja oraz plazmoliza komodrek. Najwiecej zmian

wykazano po 24 godzinach inkubacji i zanikaty one wraz z czasem trwania hodowli.

Reasumujac t¢ cze$¢ badan mozna stwierdzié, ze pomimo toksycznego
wptywu zwigzku na strzepki grzyba, drobnoustrdj aktywnie przeciwdzialat
niekorzystnym zmianom w komorce indukowanym przez ksenobiotyk poprzez
akumulacje zwigzkow petnigcych ochronng rolg w warunkach stresu oksydacyjnego

I zaburzonej osmoregulacji komorki.

Biatka pelnig kluczowa role we wszystkich procesach biologicznych. Sa
odpowiedzialne za zmiany zawarto$ci metabolitow, ktore omowiono we
wczesniejszych pracach (P1 i P2). Przeprowadzona analiza 1-DE biatek
wewnatrzkomorkowych badanego szczepu zaprezentowana w pracy Pl wykazata
wystepowanie roznic w profilu biatkowym C. echinulata, indukowanych obecnoscia

ksenobiotyku w podtozu hodowlanym. Dlatego tez, trzecia praca skladajaca si¢ na
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niniejsza rozprawe doktorska obejmowata analiz¢ zmian w proteomie badanego
grzyba wywotanych ekspozycjag na TBT, jak rowniez oceng zawarto$ci wolnych
rodnikéw w strzepkach mikroorganizmu (P3 — Sobon A, Szewczyk R, Dtugonski J,
Rozalska S. (2019), A proteomic study of Cunninghamella echinulata recovery
during exposure to tributyltin; Environmental Science and Pollution Research, 1-14).
Analizie poréwnawczej poddano bialka rozdzielone technikg dwukierunkowej
elektroforezy (2-DE, ang. 2-Dimensional Electrophoresis), pochodzace z 24, 48, 72
1 96 godziny hodowli z uktadéw zawierajacych oraz niezawierajacych TBT (uktad
kontrolny). Przeprowadzona ocena obrazéw 2-DE z wykorzystaniem dedykowanego
oprogramowania Image Master 2-D Platium (GE Healtcare) umozliwita detekcje
Srednio 116 plam proteinowych na zel, sposrod ktérych zidentyfikowano
I dopasowano az 92 biatka, dla ktérych wyznaczono wzgledny poziom ekspresji.
Stwierdzono réznice w profilu biatkowym grzyba rosnacego w obecnosci
toksycznego zwiazku. Najistotniejsze zmiany zaobserwowano po 24 godzinach
inkubacji. Przeprowadzone badania uwidocznily zwickszong biosynteze¢ biatek
zwigzanych z produkcja energii na drodze oddychania komorkowego, co wskazuje
na jej deficyt wkomorce, skutkujagcy zahamowaniem przyrostu biomasy czy
zmniejszong aktywnos$cig metaboliczng. Stwierdzono zwigkszony poziom biosyntezy
enzyméw zaangazowanych w szlak glikolizy oraz nadprodukcje dehydrogenazy
NADH (kompleks I tancucha oddechowego) i dehydrogenazy jabtczanowe;.
Odnotowano zwiekszony poziom oksydazy cytochromu c, jak rowniez katalitycznie
aktywnych podjednostek syntazy ATP oraz pirofosfatazy nieorganicznej, czyli
elementow bezposrednio zaangazowanych w wytwarzanie ATP. Uzyskane dane
wskazuja na indukcje szlakéw odpowiedzialnych za wytworzenie NADH, jego
utlenienie przez dehydrogenze NADH =z jednoczesnym wytworzeniem gradientu
elektrochemicznego, redukcji tlenu 1 zwigkszenia gradientu protonowego poprzez
ostatni element tancucha transportu elektronow - oksydazg cytochromu c.
Wytworzony gradient elektrochemiczny wykorzystywany jest do produkcji ATP
przez syntazg¢ ATP. Szlak oksydacji fosforylacyjnej jest glownym miejscem
powstawania RFT, a funkcjonujagcy nieprawidlowo moze prowadzi¢ do
zwigkszonego generowania tych form tlenu w komoérkach. W 24-godzinnej hodowli
w obecnosci TBT stwierdzono w strzgpkach duza ilos¢ RFT, ktéra malata wraz
z czasem trwania hodowli, podczas gdy w uktadzie kontrolnym zaobserwowano ich
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niewielka ilo$¢ przez caly okres trwania hodowli. Grzybnia poddana ekspozycji na
TBT charakteryzowata si¢ zwiekszonym poziomem biatek Hsp70 i Hsp71
uwazanych za markery stresu oksydacyjnego. W komoérkach grzybowych
hodowanych na podlozu zawierajacym TBT wykazano wzrost aktywnos$ci
dysmutazy ponadtlenkowej (SOD), podczas gdy aktywnos$¢ katalazy (CAT)
utrzymywata si¢ na niskim, zbliZzonym poziomie, W obu analizowanych uktadach.
Jednoczesnie, zaobserwowano w nich zwigckszong biosynteze enzymow
0 wlasciwos$ciach antyoksydacyjnych, takich jak dysmutaza nadtlenkowa cynkowo-
miedzianowa (Cu-Zn) i manganowa (Mn), tioredoksyny czy redoksyna.
Nadprodukcja tych enzymow byta skorelowana ze zwigkszonym wytwarzaniem RFT
W strzgpkach badanego grzyba. Co istotne, do prawidlowego funkcjonowania
tioredoksyny czy dysmutaz nadtlenkowych kluczowa jest obecnos¢ NADPH,
produkowanego  gltownie  wszlaku  pentozofosforanowym. W hodowlach
inkubowanych z ksenobiotykiem stwierdzono zwigkszong biosynteze enzymow tego
szlaku - transaldolazy i dehydrogenazy 6-fosfoglukonianowej, zwigkszajacych pulg
réwnowaznikow redukujacych niezbednych do przeprowadzania szeregu reakcji
redukcji w komorce. Natomiast wzrost produkcji biatek cytoszkieletu (aktyna,
tubulina) moze by¢ zwigzany z przeciwdzialaniem niekorzystnym zmianom
morfologicznym, ktére zaobserwowano w strzgpkach grzyba podczas ekspozycji na
TBT.

Odnotowano rowniez zwiekszong zawarto§¢ prohibityny. Jest to
wielofunkcyjne biatko, niezb¢dne do prawidlowego funkcjonowania mitochondriow,
uczestniczace rowniez w ochronie komorki przed stresem oksydacyjnym. Z uwagi na
fakt, ze TBT niekorzystnie oddzialuje sg procesy zachodzace w tym organellum,
zwigkszona biosynteza prohibityny u badanego grzyba moze by¢ odpowiedzialna za

jego zdolno$¢ do wzrostu w obecnosci TBT, jak i biodegradacj¢ tego zwiagzku.

Wyniki przedstawione w pracy P3 wskazujg na ztozong odpowiedz komorek
badanego grzyba strzgpkowego w obecnosci TBT. Procesy biochemiczne w grzybni
poddanej ekspozycji na TBT ukierunkowane sa gléwnie na zwiekszenie produkcji
ATP 1 rownowaznikoéw redukujacych przy jednoczesnym przeciwdziataniu skutkom

stresu oksydacyjnego i toksycznego oddzialtywania samej czasteczki TBT.
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P1
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Tributyltin (TBT) is one of the most deleterious compounds introduced into natural environment by
humans. The ability of Cunninghamella echinulata to degrade tributyltin (TBT) (5 mg 1-!) as well as the
effect of the xenobiotic on fungal amino acids composition and proteins profile were examined.
C. echinulata removed 91% of the initial biocide concentration and formed less hazardous compounds
dibutyltin (DBT) and monobutyltin (MBT). Moreover, the fungus produced a hydroxylated metabolite
(TBTOH), in which the hydroxyl group was bound directly to the tin atom. Proteomics analysis showed
that in the presence of TBT, the abundances of 22 protein bands were changed and the unique over-
expressions of peroxiredoxin and nuclease enzymes were observed. Determination of free amino acids
showed significant changes in the amounts of 19 from 23 detected metabolites. A parallel increase in the
level of selected amino acids such as betaine, alanine, aminoisobutyrate or proline and peroxiredoxin
enzyme in TBT-containing cultures revealed that TBT induced oxidative stress in the examined fungus.

Proteomics
Oxidative stress

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Endocrine-disrupting compounds (EDCs) are a large group of
exogenous chemicals that cause adverse health effects in numerous
organisms. The receptor affinity mentioned here is mainly due to
hormonal mimicry (Tabb and Blumberg, 2006). A highly hazardous
representative of this group is tributyltin (TBT), used for many years
as a biocide in the textile industry and as an antifoulant agent in
marine paints (Antizar-Ladislao, 2008; Cruz et al., 2007). TBT
demonstrates several cytotoxic properties on bacteria and higher
living organisms (Liu et al., 2006; Gupta et al., 2011; Cruz et al,,
2015). The presence of the toxic compounds in the environment
induces changes in the cell structure and metabolism. A special role
is played by the overproduction of reactive oxygen species (ROS),
which cause extensive oxidation damage to numerous bio-
molecules including DNA, proteins and lipids. The ROS-originated
damage may lead to cellular dysfunctions or even cell death
(Ishihara et al., 2012), but the cells may fight with the high level
of ROS with the use of enzymatic or non-enzymatic mechanisms.
The first components of self-defence are antioxidant enzymes
like superoxide dismutase (SOD), catalase (CAT) or guaiacol
peroxidase (GPX). The other antioxidants involved in the cellular
elements protection include: ascorbic acid, reduced glutathione,

* Corresponding author.
E-mail address: jdlugo@biol.uni.lodz.pl (J. Diugonski).
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0964-8305/© 2015 Elsevier Ltd. All rights reserved.

a-tocopherol, carotenoids, flavonoids and selected amino acids
such as betaine or proline (Das and Roychoudhury, 2014). However,
the nature of molecular response against stress factors induced by
organotin compounds remains poorly characterized. Studies con-
ducted on Cunninghamella elegans as a eukaryotic model revealed a
number of negative effects of TBT on the organism, such as changes
in the lipid profile, increased potassium retention and disturbances
in the hyphae morphology (Bernat et al., 2009; Bernat and
Diugonski, 2012; Bernat et al., 2014a).

Proteomics and metabolomics are useful tools for the research
on the processes occurring in the cell leading to a deeper and more
complex understanding of the cell behaviour under various stress
or physiological conditions (Baxter et al., 2007; Bundy et al., 2009;
Kroll et al., 2014). The current work was focused on the examina-
tion of the influence of TBT biodegradation on the amino acids
composition and proteome expression of Cunninghamella echinu-
lata, and revealed a significant upregulation of oxidative stress
biomarkers.

2. Materials and methods

2.1. Chemicals

Tributyltin (TBT), dibutyltin (DBT), monobutyltin (MBT), tetra-
butyltin (TTBT) and tropolone were purchased from Sigma-Aldrich
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(Germany). All other chemicals and ingredients used in the GC—MS
and LC-MS/MS analysis and protein sample preparation were of
high purity grade and were obtained from Sigma-Aldrich (Ger-
many), Serva (Germany), Bio-Rad (USA), Avantor (Poland), or
Promega (USA).

2.2. Strain and growth conditions

C. echinulata IM 2611 from the fungal collection of the Depart-
ment of Industrial Microbiology and Biotechnology, University of
L6dz, Poland, was the subject of the work. Spores originating from
10-day-old cultures on ZT slants (Bernat et al., 2013) were used to
inoculate 20 ml of Sabouraud dextrose broth medium (Difco)
supplemented with 2% glucose. The incubation was conducted in a
100-ml Erlenmeyer flask with a wide neck at 28 °C on a rotary
shaker (160 rpm). After 24 h, the precultures were transferred to
fresh Sabouraud dextrose broth medium (in the ratio 1:4) and
incubated for another 24 h in the same conditions as above. Two
millilitres of the homogenous preculture was introduced into 18 ml
of fresh Sabouraud dextrose broth medium (in a 100-ml Erlen-
meyer flask with a wide neck) supplemented with TBT at 5 mg 1!
(TBT stock solution 5 mg ml~! in ethanol) or without the xenobiotic
as a biotic control. Additionally, an abiotic control of TBT (without
the microorganism) was prepared. The cultures and controls were
incubated for 5 days in the same conditions as described above. All
samples were prepared in triplicate.

2.3. Butyltin determination

The organotins analysis was conducted according to the modi-
fied procedure described by Bernat and Diugonski (2009). The
sample was acidified (pH 2) and homogenized using a mixer mill
(Retsch MM400) with glass beads @1 mm for 5 min at 30 Hz. Next,
the sample was extracted twice using a 20 ml mixture of 0.05%
tropolone in hexane, dried over anhydrous Na;SO4 and evaporated.
The extract was dissolved in 2 ml of hexane and derivatized by
adding 0.5 ml of a Grignard reagent. The reaction was carried out in
darkness at room temperature for 20 min. Next, the process was
quenched by slow addition of cooled, 20% NH4CI (2 ml). The sample
was next centrifuged at 3000 g for 10 min and the supernatant was
analyzed. The butyltin determination was conducted using an
Agilent 7890 gas chromatograph coupled with an Agilent 5975C
mass detector. The separation was performed using an Agilent HP-
5MS capillary column (30 m x 0.25 mm id. x 0.25 um film thick-
ness). The injection volume was set to 1.6 pl. The inlet was set to a
split mode with a split ratio 10:1 and the temperature maintained
at 280 °C. Helium was used as a carrier gas. The column tempera-
ture parameters were as follows: 60 °C maintained for 4 min, then
increased at 20 °C min ! ratio to 280 °C and maintained for 3 min.
lons 165 m/z (for MBT), 151 m/z (DBT) and 193 m/z (TBT) were
chosen for targeted quantitative analysis.

2.4. Sample preparation for LC-MS/MS analysis of TBT
intermediates

The cultures were homogenized using a mixer mill (Retsch MM
400) with glass beads @1 mm for 5 min at 30 Hz. The analytes were
extracted according to the modified QUEChERS protocol (available
online at http://quechers.cvua-stuttgart.de). A 10-ml sample of the
homogenate was mixed with 10 ml of ACN in a 50-ml centrifuge
tube and was vortexed for 1 min. Next, 4 g of magnesium sulphate
anhydrous, 1 g of sodium chloride, 1 g of trisodium citrate dihydrate
and 0.5 g of disodium hydrogencitrate sesquihydrate were added,
and the sample was vortexed for another 1 min. The samples were
centrifuged for 3 min at 5000 g, and the supernatant was analysed

by LC-MS/MS. All samples were prepared in triplicate.

2.5. Sample preparation for amino acids analysis

The sample preparation was performed according to the pro-
cedure described by Szewczyk et al. (2015). Mycelium (100 mg) was
placed into 2-ml Eppendorf tubes containing 1 ml of cold water and
homogenized with a cold glass matrix @1 mm on FastPrep-24 (MP
Biomedicals, USA) three times for 30 s at a velocity 4 m s~ ! using a
2 min break between each homogenization in order to cool the
sample; the sample was then centrifuged at 4000 g at 4 °C for
10 min. Supernatant (100 pl) was vortexed with 900 pl 0.1% formic
acid in ethanol for 3 min and incubated for 2 h at —20 °C. Next, the
sample was centrifuged at 14,000 g for 20 min at 4 °C and the su-
pernatant was collected into a separate 1.5-ml Eppendorf tube and
evaporated at 30 °C under a vacuum. Dry extracts were stored
at —70 °C for further analysis. The content of a frozen sample was
resuspended in 1 ml of 2% ACN in water, sonicated and vortexed for
2 min, and incubated for 1 h at 4 °C. Finally, the samples were
diluted 20-times prior to LC-MS/MS analysis.

2.6. LC-MS/MS analysis of TBT metabolites

LightSight™ software was used to predict the multiple reaction
monitoring (MRM) transitions for various phase I and Il metabo-
lites. Moreover, neutral loss and precursor ion scans for glucuronide
and glutathione conjugates were performed. Qualitative analyses
were performed using an Eksigent expert™ microLC200 chro-
matograph coupled with an AB Sciex QTRAP 4500 mass spec-
trometer. Chromatographic separation was conducted on a reverse-
phase Eksigent C18-AQ (0.5 mm x 150 mm x 3 pum, 120 A) column:
temperature 40 °C, injection volume: 5 pl. The applied eluents
consisting of 2 mM of ammonium formate and 0.1% of formic acid in
both water (A) and acetonitrile (B) were used. The gradient with a
constant flow of 10 pl min~! and 0.5 min preflush conditioning was
as follows: started from 98% of eluent A for 0.2 min; 100% of eluent
B after 15 min and maintained until 7 min; reversed to the initial
conditions from 22.1 to 23 min. The optimized ESI ion source pa-
rameters were as follows: CUR: 25; IS: 5000 V; TEMP: 400 °C; GS1:
20; GS2: 40; ihe: ON for the positive ionization mode and
IS: —4500 V for the negative ionization mode, respectively. Several
methods with different CE settings were tested (30 + 15 V;
50 + 15 V; 60 + 15 V), especially for phase Il metabolites.

2.7. Amino acids analysis

The LC-MS/MS screening method in the MRM mode applied for
investigation of the amino acids composition was based on a multi-
method developed by Wei et al. (2010). An Eksigent expert™
microLC chromatograph coupled with an AB Sciex QTRAP 4500
mass spectrometer was employed for the analysis. Chromato-
graphic separation was performed on a reverse-phase Eksigent
ChromXP C8EP (0.5 x 150 mm x 3 pm, 120 A) column. The tem-
perature was set to 35 °C and the injection volume was set to 5 pl.
The applied eluents were water with 0.1% of formic acid (A) and
acetonitrile with 0.1% of formic acid. (B). The gradient with a con-
stant flow of 50 pl min~' and 0.5 min preflush conditioning was as
follows: start from 98% of eluent A for 0.2 min; 90% of eluent B after
2.2 min and maintained to 3.4 min; reversed to the initial condi-
tions from 4 min. The positive ionization ESI ion source parameters
were as follows: CUR: 25; IS: 5000 V; TEMP: 300 °C; GS1 and GS2:
30; ihe: ON. The compound-dependent MRM parameters were
presented in Tables S—1.
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2.8. Protein extraction

Protein extraction was performed as described previously
(Szewczyk et al.,, 2014). Mycelia (3.5 + 0.2 g) from the 5-day-old
control and TBT-containing samples were separated from the cul-
ture media, transferred to a lytic buffer and mechanically homog-
enized using glass beads on a FastPrep-24 (MP Biomedicals, USA).
Proteins were precipitated with 20% trichloroacetic acid and
resuspended in an SSSB buffer (8 M urea, 4% w/v CHAPS, 1% w/v
DTT). The total protein content was measured using the Bradford
method with BSA (Sigma-Aldrich, Germany) as the protein stan-
dard. The samples were stored at —70 °C for further use.

2.9. 1-D electrophoresis

The protein samples (10 pg) were separated on 12% mini gels
(mini-Protean tetra cell, Bio-Rad) as described previously (Bernat
et al., 2014b). The gels were stained with Coomassie blue, imaged
using the ChemiDoc System (Bio-Rad) and analysed using the Im-
age Lab v.4.1 (Bio-Rad).

2.10. Protein digestion

Protein digestion with trypsin was conducted according to the
procedure described by Shevchenko et al. (2006). The selected
protein bands were excised and placed into 0.5-ml LoBind tubes
(Eppendorf). The gels were cut into approximately 1 x 1 mm
fragments. Then, the reduction and acylation of proteins were
performed. Next, the gels were saturated with trypsin (Sequencing
Grade Modified Trypsin, Promega) and incubated overnight at
37 °C. After digestion, peptides were extracted with 50 pl of 0.1%
trifluoroacetic acid (TFA) solution in 2% ACN and analysed.

2.11. LC-MS/MS analysis of peptides

The LC-MS/MS analysis of digested proteins was performed
using the Eksigent expert™ microLC 200 system coupled with a
QTRAP 4500 (AB Sciex) (Bernat et al., 2014b). The 10 ul of peptides
was injected onto a reversed-phase Eksigent C8CL-120 column
(0.5 x 100 mm, 3 um) and separated for 53 min at 40 °C. MS/MS
analysis was operated in a data-dependent mode with optimized
ESI parameters as follows: ion spray (IS) voltage of 5000 V,
declustering potential of 100 V, and temperature of 300 °C. The
precursor ions range was chosen from m/z 500 to m/z 1500, and the
product ions range was chosen from m/z 50 to m/z 2000. The ion
source GS1, GS2 and CUR parameters were set at 20, 20, and 25,
respectively.

2.12. Database search

The Protein Pilot v4.0 software (AB Sciex), coupled with the
MASCOT search engine v2.3, was used for the database searches.
The data were searched against the NCBI and Swiss-Prot + TrEMBL
databases with taxonomy filtering set to fungi (ver. 04.2015, total
number of fungi sequences 5566597 and 3479123, respectively).
Mascot MS/MS ion searches were performed with trypsin chosen as
a protein digesting enzyme, up to two missed cleavages were
tolerated and the following variable modifications were applied:
Acetyl (N-term), Carbamidomethyl (C), Deamidated (NQ), Formyl
(N-term), GIn- > pyro-Glu (N-term Q), Glu- > pyro-Glu (N-term E),
and Oxidation (M). Searches were conducted with a peptide mass
tolerance of 1 Da and a fragment ion mass tolerance of 0.5 Da.

2.13. Statistical analysis

All experiments were prepared in triplicate. T-test was used to
determine the significance of the differences between the samples.
The data were considered as significant if P < 0.05. Principal
component analysis (PCA) of the MRM data (chromatography peak
areas and retention times) obtained from the microLC-MS/MS
analysis was conducted with the MarkerView™ software (AB
Sciex, USA). Pareto algorithm was applied for the PCA calculation.
Statistical analysis and hit map presentation of the data obtained
from PCA loadings were performed with the use of Excel 2007
(Microsoft Corporation, USA).

3. Results
3.1. TBT quantitative analysis

C. echinulata IM 2611 was capable of efficient TBT (5 mg 1™ 1)
degradation to less toxic metabolites—DBT and MBT during 5 days
of the culture (Fig. 1). After 5 days of incubation, fungus eliminated
91% of the initial xenobiotic concentration (0.42 mg 1°!) and
transformed the substrate to DBT (177 mg 1 ') and MBT
(0.08 mg 1 1). Moreover, TBT strongly inhibited the growth of the
tested strain during the first 48 h of incubation (Fig. 2). Additionally,
an increase in the concentration of degradation by-products was
correlated with the fungus growth.

3.2. TBT qualitative analysis

The TBT fragmentation pattern had been described previ-
ously (Banoub et al., 2004; Békri et al., 2006). On the basis of
the optimized product ions of TBT, the predicted MRM LC-MS/
MS methods were developed using LightSight™ software and
applied for the screening of possible metabolites. These methods
included phase [, phase Il and distinct GSH conjugates screening.
Samples for qualitative analysis, including corresponding biotic
and abiotic controls acting as a reference for TBT intermediates
searching, were collected every 24 h during 5 days of the
experiment. A novel TBT intermediate, tributyltin hydroxide
(TBTOH) (Fig. 3C), was detected. The mass spectrum analysis of
the 309 m/z, 307 m/z and 305 m/z tin isotopes (RT 10.6 min)
showed that the hydroxyl group was attached directly to the tin
atom. The characteristic 251 m/z ion was formed by the loss of
one butyl group from TBTOH [M—C4Hg]"; the 233 m/z species
were attributed to the loss of the butyl and the hydroxyl group
[M-C4H9OH] ", which gave the DBT ion; 195 m/z corresponded to

Concentration of organotins [mg 1]

Time [day]

Fig. 1. TBT degradation by C. echinulata IM 2611 (n = 3).
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Fig. 2. Time course of growth of C echinulata IM 2611 in the presence of TBT in
concentration 5 mg I-' (dotted lines) compared to the control samples (continuous
lines). (n = 3).
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3.3. Amino acids analysis

The influence of TBT on 26 amino acids composition was
examined with the use of LC-MS/MS technique and 23 of them
were detected, whereas isoleucine and leucine could not be
separated under the tested conditions. Cysteine, glycine and
homocysteine were not detected. The LC-MS/MS data from
control (c) and TBT-treated (TBT) samples were subjected to
principal component analysis (PCA) with MarkerView™ soft-
ware. PCA analysis showed the impact of TBT on the selected
C. echinulata amino acids content. The main differences occurred
during the first 48 h of the culture, as presented in Fig. 4, where
the samples ‘Oh’, ‘TBT24’ and ‘TBT48’ are located on the chart at
the longest mutual distances to each other and other samples.
The analytes determining differences between the samples are
located on the Pcl loadings chart (Fig. 4). To examine all the
data, the PCA loadings (peak areas) for each analyte were
averaged and recalculated as relative percentage values (100% is
the highest loading for each analyte). To facilitate data evalua-
tion, a hit map and simple chart scoring were applied (Table 1).
The most important differences were observed for the results

178.98

235.04

176.

198.03

197.05

136.87

155 160 185

Mass/Charge, Da

170

Fig. 3. Mass spectra and fragmentation patterns of TBT and novel, hydroxylated TBT intermediate (TBTOH). (A) ER scan of TBT; (B), fragmentation pattern of TBT (287, 289 and
291 m/z) containing characteristic tin isotopes: ''%Sn (orange), "'®Sn (purple) and '2°Sn (blue), respectively; (C) mass spectra of TBTOH (307 m/z) containing '"®Sn; (D) MS?
experiment for 195 m/z originating from TBTOH (307 m/z). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

an MBT ion coupled with the hydroxylated group; the
175—177 m/z ion was produced by the loss of another butyl and
hydroxyl group [M—C4Hg—C4HgOH]"; the 137 m/z was attributed
to the loss of the third butyl group from TBTOH [M—Cy2Ha6]";
finally, the 16 Da mass shift between 137 and 121 m/z showed
that the oxygen atom was bonded to the tin (Fig. 3C). Addi-
tionally, selected MS? experiments aimed at the characterization
of a unique 195 m/z ion (and its tin isotopes) fragmentation
pathway were performed to confirm the point of oxygen
attachment (Fig. 3D). The LC-MS/MS analysis did not show any
other TBT intermediates of phases I and II

obtained after 24 h and 48 h of incubation, where the fungus
growth was strongly inhibited by TBT (Fig. 2).

Under stress conditions caused by TBT, the contents of 19 from
23 detected amino acids were affected in at least two consecutive
time points, demonstrating that the xenobiotic caused a consider-
able impact on the fungus primary metabolism. During 24—48 h of
the experiment aminoisobutyrate, alanine, asparagine, betaine,
proline, serine and threonine were significantly upregulated in the
TBT containing cultures (Table 1). Alanine and betaine showed a
maximum relative concentration after 24 h of incubation in the
presence of TBT. Interestingly, accumulation of betaine was
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Fig. 4. PCA analysis of the mycelial amino acids metabolism on TBT-containing (5 mg I~') and control cultures on Sabouraud medium. On the left — PC1 against PC2 loading charts;

on the right — PC1 against PC2 scoring chart.

Table 1

Relative concentration of the monitored amino acids during TBT (5 mg I~') biodegradation by C. echinulata IM 2611 on Sabouraud medium.

Control culture TBT containing culture
Amino acid 0 24c¢ 48¢ 72¢ 24TBT  48TBT  72TBT  96TBT  120TBT
Aminoisobutyrate®** il 13 gl 29 gl 33
Alanine”* %12 al 26l 31 gl 40
Argnine™ ' gl 11l 36l 4
Asparagine“'n‘”‘m nﬂﬂl 19 IIII 97 ||||| 2%
Aspamtez4,4s.96.lzo llll 30

Betaine®'?"

Dimethyl glycine”
Glutama tB48,96. 120
Lysing?*%
Gmminezd.dsﬂl. 120
Hslﬂiﬂeu.%. 120
Hydr oxyproline48‘72' 120
Isoleucine/Leucine™
M ethlomn e24.48,72, 120
omhhinezat.ds.%, 120
Phenylalanine®
Pl' olincu,nls.?ﬁ. 120
Semeds,%, 120

Threonine'*’
72,96,120

Tryptophan
Tyrosine? 7296120
Valine™*”®

Superscript numbers indicates time points where significant difference to equivalent control point was observed (t-test, P < 0.05)

observed only after 24 h; afterwards, the relative concentration of
betaine was maintained at a constant low level (Table 1). Significant
downregulation after 24 h of incubation in the TBT presence was
observed for arginine, dimethyl glycine, lysine, glutamine, histi-
dine, isoleucine/leucine, methionine, ornithine, phenylalanine,
tyrosine and valine (Table 1). However, after 48 h or later the
amount of these amino acids in TBT-containing cultures increased
and demonstrated even higher relative concentrations at the end of
the experiment compared to the control samples (e.g. arginine,

histidine or tyrosine). Except for 24 h cultures, only in the case of
dimethyl glycine, isoleucine/leucine and phenylalanine, there were
no significant differences between TBT-containing and control
samples.

3.4. Protein analysis

A preliminary study of the TBT impact on the intracellular
protein profile of the filamentous fungus was conducted for the
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first time. Based on the 1D SDS-PAGE analysis (Fig. 5), 22
protein bands from the TBT-containing sample and two inten-
sive protein bands from the control culture (3 and 8) were
taken for tryptic digestion followed by LC-MS/MS analysis. The
homology (MASCOT searches) and functional alignments (BLAST
searches with the use of delta-blast algorithm) of the 24 tested
protein bands allowed for the identification and/or functional
alignment of 15 protein bands, resulting in the final number of
20 identified proteins (Table 2). The tested organism was not
sequenced; however, on the basis of sequence homology, it was
revealed that the majority of the identified proteins belonged to
the fungi from the Mucorales order, the same as the tested
strain. In 1D electrophoresis one band often contains more than
one protein; therefore, the conclusion concerning the role of
identified proteins in the examined process was difficult. Only
two protein bands (3 K and 8 K) were overexpressed in the
control sample; the other protein bands had a higher intensity
in the TBT-containing sample.

Identified proteins could be classified as involved in the ROS
defence system (peroxiredoxin, nuclease C1), cell wall architec-
ture (chitin deacetylase, UDP-glucose dehydrogenase), TCA cycle
(malate dehydrogenase), sugar and energy-related systems
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Fig. 5. 1-D SDS-PAGE analysis of the C. echinulata proteome in the absence (line 1) or
presence of TBT (line 2).

(enolase and ATP synthase) and amino acids synthesis
(5-methyltetrahydropteroyltriglutamate-homocysteine methyl-
transferase). The most conspicuous observation was strong over-
expression of peroxiredoxin during TBT exposure. As showed in
Fig. 5, peroxiredoxin had the most intensive band (no. 19) when
compared to the other proteins. This difference is particularly
evident in relation to control sample. An interesting result was
obtained for the overexpression of nuclease C1 (bands 15 and 16)
and malate dehydrogenase in TBT-treated sample.

4. Discussion

The major role in the elimination of xenobiotics from the envi-
ronment is played by microorganisms (Gadd, 2000; Desai et al.,
2010). Only one described fungal strain—C. elegans (Bernat and
Diugonski, 2002), was capable of effectively eliminating high con-
centrations of TBT with DBT and MBT by-products formation.
C. echinulata conducted TBT degradation on Sabouraud medium in
a manner similar to C. elegans. In contrast to C. elegans which
eliminated over 60% of TBT (5 mg 1"') after 7 days of incubation
(Bernat and Diugonski, 2002), C. echinulata degraded 91% of the
xenobiotic after 5 days of culturing. In addition, the TBT biodegra-
dation curve in C. echinulata (TBT concentration 5 mg 1~!) was
similar to that in C. elegans (TBT concentration 10 mg 1-! of TBT)
(Bernat and Dtugonski, 2002, 2007). The first significant amount of
DBT and MBT observed on 3rd day of the culture as well as the
general biodegradation process in the tested Cunninghamella spe-
cies were closely related to the microorganisms growth.

The ability of Cunninghamella sp. to biotransform a wide range
of xenobiotics and drugs using both phase I and phase Il mecha-
nisms is well-known due to the similarity to the mammalian
metabolism (Asha and Vidyavathi, 2009; Murphy, 2015). Therefore,
a search for other TBT by-products was performed. LightSight™ is a
useful tool in the development of methods applied for the metab-
olites of phase I or Il screening. The software analyses the data by
comparing the test sample against the control sample, followed by
the generation of a list of probable metabolite hits (Ramirez-Molina
and Burton, 2009; Song et al., 2014). Except DBT and MBT, only
hydroxylated TBT (TBTOH) was detected. Interestingly, the hy-
droxyl group was bound directly to a tin atom. This type of TBT
hydroxylation has not been postulated in a biological system
although hydroxylated intermediates formed during TBT degrada-
tion had been reported previously (Matsuda et al,, 1993; Bernat
et al,, 2013). The process of TBT elimination was accompanied by
cytochrome P450 activity (Bernat and Diugonski, 2002; Ohhira
et al., 2006). The comparison of the obtained mass spectra with
the one presented by Békri et al. (2006) and Bernat et al. (2013)
confirmed that the detected compound was a novel tin-
hydroxylated TBT. Taking into account the results obtained for
C. elegans and C. echinulata, the formation of DBT, MBT and hy-
droxylated intermediates seems to be an integral part of TBT
removal by fungi belonging to the Cunninghamella genus.

ROS cause several negative effects on both, the structure and
the cellular metabolism (Circu and Aw, 2010), therefore organ-
isms developed a number of enzymatic and non-enzymatic
antioxidant mechanisms. The majority of the mechanisms of
ROS defence systems involve various kinds of reactive oxygen
scavenging redox reactions. These reactions may be catalysed by
stress response enzymes or be a result of the chemical and
biochemical pathways incorporating various compounds, which
leads to the modulation of the intracellular redox environment.
Biodegradation of TBT by C. echinulata presented in this work
occurs effectively on the rich Sabouraud medium as an oxygen-
related metabolic pathway. The time courses of the TBT elimi-
nation and formation of biodegradation intermediates—DBT, MBT
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Table 2
Proteins identified by LC-MS/MS.
Band Protein name” Species homology Accession no* Score Matched  Sequence Delta-BLAST results Fold
no’ sequence/ coverage change®*
Unique
peptides
1 5- Lichtheimia corymbifera AOAO68SGC6_9FUNG 117  1/1 2% [cd03312] CIMS - Cobalamine-independent 2,2
methyltetrahydropteroyltri- JMRC:FSU:9682 methonine synthase, or MetE, N-terminal
glutamate-homocysteine domain_like
methyltransferase
2 Hypothetical protein Stachybotrys chartarum  AOAO84AHDO_STACH 81 2/2 2% [COG2051] Ribosomal protein S27E 19
S7711_11496 IBT 7711 [Translation, ribosomal structure and
biogenesis]
TAT-binding protein-like ~ Cryptococcus gattii gi|317460266 74 2/2 3% [pfam03941] Inner centromere protein,
protein 7 WM276 ARK binding region
Uncharacterized protein Mucor circinelloides f. S21ZG8_MUCC1 77 2/2 3% [cd00086] Homeodomain; DNA binding
circinelloides (strain domains involved in the transcriptional
1006PhL) regulation of key eukaryotic developmental
processes
3K Uncharacterized protein Absidiaida hoensis var.  AOAO77WJ15_9FUNG 102  1/1 4% [cd10952] Catalytic NodB homology 1,3
thermophila domain of Mucor rouxii chitin deacetylase
Chitin deacetylase Mucor circinelloides f. S2JG56_MUCC1 83 11 4% and similar proteins
circinelloides (strain
1006PhL)
3 Chitin deacetylase Amylomyces rouxii CDA_AMYRO 72 2/2 7%
Chitin deacetylase Mucor circinelloides f. S2JG56_MUCC1 72 2/2 7%
circinelloides (strain
1006PhL)
4 NOT IDENTIFIED 1,6
5 UDP-glucose Lichtheimia corymbifera AOAO68SBD3_9FUNG 154  3/1 7% [pfam03721] UDP-glucose/GDP-mannose 4,2
dehydrogenase JMRC:FSU:9682 dehydrogenase family, NAD binding
domain
Absidiaida hoensis var.  AOAO77WFT0_9FUNG 154  3/1 7% [cd00882] Rat sarcoma (Ras)-like
thermophila superfamily of small guanosine
triphosphatases (GTPases).
[pfam03721] UDP-glucose/GDP-mannose
dehydrogenase family, NAD binding
domain
Rhizopus delemar (strain 11BJF8_RHIO9 154 3/1 9% [pfam00984] UDP-glucose/GDP-mannose
RA 99-880/ATCC MYA- dehydrogenase family, central domain
4621/FGSC 9543 /NRRL
43880)
6 NOT IDENTIFIED 73
7 V-type ATPase Lichtheimia corymbifera  gi|661185643 80 11 2% [cd01135] V/A-type ATP synthase (non- 1,8
JMRC:FSU:9682 catalytic) subunit B
Putative ZYRO0C16984p Absidiaida hoensis var.  gi|671690638 80 11 2%
thermophila
8 K Enolase Cunninghamella elegans ENO_CUNEL 512 8/5 28% [cd03313] Enolase 19
ATP synthase subunit beta Mucor circinelloides f. S2IV94_MUCC1 248 6/3 17% [cd01133] F1 ATP synthase beta subunit,
circinelloides (strain nucleotide-binding domain
1006PhL)
Putative ATP synthase Rhizopus microsporus gi|729711200 245 6/4 17%
subunit beta
8 ATP synthase subunit beta Mucor circinelloides f. S2IvV94_MUCC1 112 3/2 8% [cd01133] F1 ATP synthase beta subunit,
circinelloides (strain nucleotide-binding domain
1006PhL)
Enolase Cunninghamella elegans ENO_CUNEL 92 2/2 8% [cd03313] Enolase
Putative ATP synthase beta Rhizopus microsporus gi|727144303 88 2/1 6% [cd01133] F1 ATP synthase beta subunit,
chain, mitochondrial nucleotide-binding domain
9 NOT IDENTIFIED 55
10 NOT IDENTIFIED 14
11 Putative Malate Rhizopus microsporus gi|729714123 311 5/0 23% [cd01337] Glyoxysomal and mitochondrial 1,6
dehydrogenase malate dehydrogenases
malate dehydrogenase Rhizopus delemar (strain 11BQQ7_RHIO9 296 4/0 16%
RA 99-880/ATCC MYA-
4621/FGSC 9543/NRRL
43880)
malate dehydrogenase Mucor circinelloides f. S2J7L6_MUCC1 291  5/0 23%
circinelloides (strain
1006PhL)
12 malate dehydrogenase Paracoccidioides lutzii C1GNF8_PARBA 98 3/2 11% [cd01337] Glyoxysomal and mitochondrial 2,6
(strain ATCC MYA-826/ malate dehydrogenases
PbO1)
malate dehydrogenase Paracoccidioides Q7ZA65_PARBR 98 3/2 11%
brasiliensis
Transaldolase Rhizopus delemar (strain 11CEK5_RHIO9 93 2/2 7% [cd00957] Transaldolases including both

RA 99-880/ATCC MYA-

TalA and TalB
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Table 2 (continued )

Band Protein name” Species homology Accession no* Score Matched  Sequence Delta-BLAST results Fold
no" sequence/ coverage change®®
Unique
peptides
4621/FGSC 9543 /NRRL
43880)

13 NOT IDENTIFIED 72

14 NOT IDENTIFIED TBT

15 Nuclease C1 Cunninghamella NUC1_CUNEE 206 4/4 19% [cd00091] DNA/RNA non-specific 3,0
echinulata var echinulata endonuclease

Minor nuclease C1B isoform Cunninghamella Q9UUS3_CUNEE 206  4/4 18%
echinulata var. echinulata
Voltage-dependent ion- Lichtheimia corymbifera AOAOG68RIS3_9FUNG 88 2/2 7% [cd07306] Voltage-dependent anion
selective channel JMRC:FSU:9682 channel of the outer mitochondrial
membrane

16 Minor nuclease C1B isoform Cunninghamella Q9UUS3_CUNEE 515 11/11 44% [cd00091] DNA/RNA non-specific 44

echinulata var. echinulata endonuclease
Nuclease C1 Cunninghamella gi|3914183 409 8/8 36%
echinulata var. echinulata
Elongation factor 1-beta Cladophialophora yegresii WIVTJ9_9EURO 61 11 5% [cd00292] Elongation factor 1 beta (EF1B)
CBS 114405 guanine nucleotide exchange domain
17 Hypothetical protein Rhizopus microsporus gi|727147104 104  2/2 6% [pfam00450] Serine carboxypeptidase TBT
RMATCC62417_06621
Putative Rho-gdp Rhizopus microsporus gi|727153664 71 2/2 21% [pfam02115] RHO protein GDP dissociation
dissociation inhibitor inhibitor

18  NOT IDENTIFIED 2,1

19  Peroxiredoxin 1 Lichtheimia corymbifera  gi|661185649 87 2/1 13% [cd03015] Peroxiredoxin (PRX) family 31
JMRC:FSU:9682

Putative Peroxiredoxin Absidiaida hoensis var.  gi|671690634 87 2/1 13%
thermophila

Peroxiredoxin Mucor circinelloides f. S2K2B6_MUCC1 84 2/1 12%
circinelloides (strain
1006PhL)

20  Pc22g23680 protein Penicillium chrysogenum B6HW37_PENCW 63 1/1 8% [pfam12680] SnoalL-like domain; This 5,6
(strain ATCC 28089/DSM family contains a large number of proteins
1075/Wisconsin 54- that share the Snoal fold
1255)

21 NOT IDENTIFIED 34

22 NOT IDENTIFIED 28

Bands 3 K and 8 K were from the control sample.
Maximum of three best proteins with the highest score were presented.

Fold change was calculated as a ratio of the intensity of the protein bands between the control sample and the TBT-containing sample.

a
b
¢ If a protein was identified using both databases, the accession for the protein with the highest score was described.
d
e

TBT means that protein band was present only in the sample from the TBT-incubated culture.

and TBTOH reflects the changes in the mycelium growth as well
as in the examined proteins and selected amino acids. In TBT-
containing cultures a significant upregulation of peroxiredoxin
(band 19) and nuclease C1 (band 15 and 16) (Fig. 5, Table 2) and
an increased contents of aminoisobutyrate, alanine, betaine and
proline (Table 1) supports the fact that ROS were generated
during the xenobiotic biodegradation.

Peroxiredoxins are important antioxidant enzymes found in
organisms from all kingdoms. This group of enzymes are mainly
involved in cellular response against oxidative damage by
reducing hydrogen peroxide (Rhee et al., 2001). Previous studies
had focused on the study of the activity of the other antioxidant
enzymes, such as SOD or CAT rather than peroxiredoxin
participation in the regulation of oxidative stress in organisms
exposed to TBT. Jia et al. (2009) examined the level of the ac-
tivity of selected enzymatic antioxidants in TBT-treated abalone
Haliotis diversicolor supertexta. Exposure to TBT (0.35 pug Sn 1°1)
caused changes in the acidic (ACP) and alkaline (AKP) phos-
phatase activity in abalone hepatopancreas and hemolymph.
Thus, SOD and CAT do not seem to be involved in the TBT
detoxification process in H. diversicolor supertexta hepatopan-
creas. On the other hand, the study conducted by Zhou et al.
(2010) on the same research model showed a decreased SOD

activity and increased peroxidase activity in abalone heamo-
lymph. Thus, the obtained results suggest that peroxiredoxin
should be taken into account as an important ROS scavenger in
TBT exposed organisms. The increased expression of peroxir-
edoxin may also be caused by a high concentration of DBT after
5 days of incubation (Fig. 1) due to the fact, that DBT also in-
duces oxidative stress (Chantong et al., 2014). An interesting
result was obtained for nuclease C1 — highly upregulated in a
TBT-containing sample. Nuclease C1 in C echinulata was
described by Ho et al. (1998) and showed a significant similarity
to the sequence of the mitochondrial nucleases of Saccharomyces
cerevisiae (44% identity) and Schisosaccharomyces pombe (42%
identity). However, its role in the fungal cells remains ambig-
uous as the enzyme has a complex nature. Additionally, Cun-
ninghamella sp. were not sequenced, and the reported nuclease
was described only once. The DELTA-BLAST search conducted on
band 15 digest confirmed that the protein is a member of the
NUC superfamily. The nuclease from C. echinulata showed a
similarity to the endonuclease G from Rhizopus micrococcus (57%
identity) and mitochondrial endonuclease G from Mucor circi-
nelloides f. circinelloides 1006PhL (57% identity), in contrast to
Nuclp from S. cerevisiae (45% identity) (Marchler-Bauer et al.,
2015). Endonuclease G is a mitochondrial nuclease employed
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in life and death processes in the cell (Biittner et al., 2007).
Moreover, it was involved in the nucleosomal DNA fragmenta-
tion under oxidative stress in rat primary hepatocytes (Ishihara
and Shimamoto, 2006). Considering the fact that TBT induced
DNA damage (Liu et al., 2006; Morales et al., 2013), the over-
expression of this enzyme points it as a possible DNA protector
in the examined process.

Mitochondria are key structures involved in several cellular
mechanisms. TBT is known to disrupt the mitochondrial func-
tions, especially related with the respiratory chain (Nesci et al.,
2011). The downregulation of ATP synthase in the presence of
TBT confirmed the negative effect of the compound on mito-
chondria. Moreover, TCA cycle components located in this
organella are correlated with many metabolic pathways occurring
in the cell. Enolase and malate dehydrogenase are involved in
sugar and energy-related metabolism and they down- and
upregulation, respectively, suggest a varied disrupting action on
the cell metabolism. The disorders in metabolism caused by TBT
were showed in bacteria and abalone (Cruz et al. 2012; Zhou
et al., 2010). Methionine synthases are enzymes that catalyse
the formation of methionine from homocysteine. Thus, the
upregulated 5-methyltetrahydropteroyltriglutamate-homocyste-
ine methyltransferase (band 1) and an increased level of methi-
onine seem to be responsible for the accumulation of methionine
in fungal cells (Table 1). It was proved, that methionine accu-
mulation exhibits cytoprotective and antioxidant properties in
living cells (Bender et al, 2008). Because the highest level for
methionine was observed in 48 and 72 h of the culture, it can be
assumed that the level of expression of the methionine synthase
was higher at earlier stages implying a high concentration of
methionine in this stage of the culture. Chitin deacetylase and
UDP-glucose dehydrogenase are involved in cell wall biosyn-
thesis. The observed changes in the hyphae structure and
membrane lipid composition in C. elegans during the exposure to
TBT (Bernat and Dtugonski, 2012; Bernat et al., 2009; 2014a) can
indicate a role of these enzymes in the TBT induced modification
of cell membranes.

The second antioxidant strategy examined in this work involved
free amino acids analysis. TBT-related stress induced changes in the
relative concentration of selected amino acids, whose accumulation
is a known marker of the defence mechanism towards ROS. How-
ever, the impact of stress conditions on fungal amino acids
composition is still poorly understood. In a C. echinulata TBT-
treated culture, significant changes in the amount of 19 from 23
detected free amino acids were observed in a time-dependent way.
Some of them showed maximum amount after 24 h, 48 h or at the
later time points. Proline and betaine are many the most important
organic compounds accumulated in a variety of organisms in
response to oxidative stress (Ashraf and Foolad, 2007; Liu et al.,
2011). Particularly proline is the object of an intense study,
showing its broad influence on the physiology of the cells under
stress, which is not limited only to osmoregulation but also enables
the removal of reactive oxygen species or stabilization of the cell
membranes (Takagi, 2008). In the examined fungal cultures the
relative concentration of proline and betaine were significantly
increased during the exposure to the xenobiotic. The study con-
ducted by Zhou et al. (2010) revealed disturbances in the meta-
bolism of abalone (Haliotis diversicolor supertexta) during the
exposure to TBT. Incubation with the xenobiotic showed increased
levels of alanine and glutamine as well as the other kinds of com-
pounds such as: lactate, acetate, and succinate. A decreased level in
concentrations of TCA cycle compounds pyruvate and glucose was
also observed. Another example of an amino acid linked with
oxidative stress is aminoisobutyric acid (Mimura et al., 1994).
Similar trends for alanine and aminoisobutyrate and glutamine

were observed in C. echinulata in TBT-treated samples.
5. Conclusions

C. echinulata was capable of effective TBT biodegradation during
5 days of culture. The TBT hydroxylation directly on a tin atom has
been described for the first time, and TBTOH appears to be a key
intermediate that may be involved in the TBT debuthylation leading
to DBT and MBT formation. However, the exposure to the biocide
was a stress factor for the fungus manifested by a strong inhibition
of growth at the initial stages of the culture. In the presented study
the microorganism strategy against TBT-induced stress was
examined on the protein and amino acids level. Proteomics analysis
showed changes in the protein profile, especially related with the
antioxidant defence mechanism (peroxiredoxin and nuclease).
Significant changes in most of the analysed free amino acids were
also observed, especially the accumulation of oxidative stress
markers such as aminoisobutyrate, betaine and proline. The ob-
tained data proved that during TBT biodegradation oxidative stress
occurred. A deeper explanation of TBT impact on the fungus
metabolism requires further investigation incorporating compara-
tive proteomics as well as broader targeted metabolomics.
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ARTICLE INFO ABSTRACT

Keywords: The exposure of microorganisms to toxic compounds induces a range of responses at different levels of the cell
Cunninghamella echinulata morphology, biochemistry and physiology. Tributyltin (TBT) is a highly toxic compound used for many years in
Tributyltin industry as a marine anti-fouling agent or as a biocide in preservatives of wood. We previously described a
I'i’:f;‘;‘;ﬁg‘i“ microscopic filamentous fungus Cunninghamella echinulata IM 2611 capable of efficient degradation of TBT at a

high concentration. Additionally, we demonstrated that TBT showed a negative effect on fungal growth, as well
as protein and amino acid profiles. This study used microscopic, metabolic and targeted metabolomic analyses
for a better understanding of the processes occurring in the fungal hyphae of C. echinulata during exposure to
highly toxic TBT. The exposure to TBT strongly inhibited the metabolic activity of C. echinulata, leading to
changes in the hyphal structure. In addition, the study showed disturbances in the functioning of the major
biochemical pathways in the cells through changes in the profile of metabolites belonging to glycolysis, tri-
carboxylic acid (TCA) cycle, amino acids and nucleotides pathways. Despite many adverse changes, the fungus

Oxidative stress
Metabolic activity

was able to recover in the toxic environment.

1. Introduction

Metabolomics is a dynamically growing field in systems biology. It
is focused on the metabolites and small molecules present in biological
samples (Szewczyk and Kowalski, 2016). Next to genomics, tran-
scriptomics and proteomics, metabolomics is classified as an omic ap-
proach and an important tool used for a better understanding of the
biology of organisms and their response to environmental conditions
(Roessner and Bowne, 2009).

Tributyltin is a well-known endocrine disruptor which shows sev-
eral negative and toxic effects on living organisms: from bacteria to
higher organisms (Antizar-Ladislao, 2008; Cruz et al., 2015; Dtugonski,
2016). Mitochondria are particularly susceptible to the effects of TBT
(Yamada et al., 2015). Tributyltin shows high affinity to cell mem-
branes and interferes with their integrity (Bernat and Dtugonski, 2012).
In mitochondria two important biochemical pathways (glycolysis and
TCA) occur, which are necessary for the proper function of the cell. This
xenobiotic not only negatively affects the above-mentioned mitochon-
drial pathways but also generates oxidative stress which causes damage
to different cell components and macromolecules, e.g. DNA (Ishihara
et al., 2012), proteins (Gupta et al., 2011) or lipid composition (Bernat
et al., 2014). This damage could lead to cell apoptosis (Jurkiewicz et al.,

* Corresponding author.
E-mail address: jerzy.dlugonski@biol.uni.lodz.pl (J. Diugoriski).
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2004). Organisms use enzymatic and non-enzymatic defense strategies
against unfavorable changes. However, changes at the metabolome
level are still poorly understood, particularly in the context of micro-
organisms capable of degrading compounds harmful to the environ-
ment.

Only a few microorganisms capable of TBT elimination have been
described (Cruz et al., 2015). Fungi from the genus Cunninghamella,
capable of TBT elimination in high concentrations (up to 40 mg 1~* by
C. elegans) are very interesting (Bernat and Diugoriski, 2002). In our
earlier study, C. echinulata was characterized as resistant to a high
concentration of TBT (5 mg 171 and able to effectively transform the
xenobiotic to less toxic metabolites — dibutyltin (DBT) and mono-
butyltin (MBT). TBT led to a strong inhibition of the fungus growth and
significant changes in protein profiles (Sobon et al., 2016). In the pre-
sent study, we used the metabolic activity assay, morphological ana-
lyses and targeted metabolomics for a detailed research on the TBT
influence on the primary metabolism of the filamentous fungus C.
echinulata.
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0964-8305/ © 2017 Elsevier Ltd. All rights reserved.
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2. Materials and methods
2.1. Chemicals and reagents

Chemicals and reagents of the highest commercially available grade
were used. TBT chloride (96% purity) was purchased from Sigma-
Aldrich (Germany). Methanol, acetonitrile, formic acid and water were
of LC-MS grade and came from Avantor (Poland) and Sigma-Aldrich
(Germany). Metabolites were purchased from Sigma-Aldrich
(Germany), Fluka (Germany), Supelco (Germany) or Calbiochem
(Germany), and had a minimum purity of 95%.

2.2. Culture conditions

The strain C. echinulata IM 2611 from the microorganisms collection
of the Department of Industrial Microbiology and Biotechnology,
University of £L6dZ, Poland, was used in the investigation. Ten-day-old
cultures on ZT slants (g 1~ glucose, 4; Difco yeast extract, 4; agar, 25;
malt extract 6 BLG up to 11; pH 7.0) were used to inoculate 20 ml of
Sabouraud dextrose liquid medium (Difco) supplemented with 2%
glucose as described previously (Sobon et al., 2016). The initial pre-
culture was prepared to contain spores density of 1 x 107 ml~ . In-
cubation was conducted in a 100-ml Erlenmeyer flask with a wide neck
on a rotary shaker (160 rpm) at 28 °C. After 24 h, the precultures were
transferred to fresh medium (in the ratio 1:4) and incubated for another
24 h. Two milliliters of the homogenous preculture were introduced
into 18 ml of fresh Sabouraud medium (in a 100-ml Erlenmeyer flask
with a wide neck) either supplemented with TBT at 5 mg 17! (TBT stock
solution 5 mg ml~! in ethanol) or without the xenobiotic as a biotic
control. Additionally, an abiotic control of TBT (without the micro-
organism) was prepared. The cultures and controls were incubated for 5
days in the same conditions.

2.3. Metabolic activity and morphological analyses

Metabolic activity measurements were performed according to the
procedure described by Rézalska et al. (2014), using a modified FDA
(fluorescein diacetate) method in a FLUOstar Omega fluorescence mi-
croplate reader (BMG Labtech), where the fluorescence was read at an
excitation of 485 nm and emission of 530 nm. The data obtained from
the microplate reader (mean fluorescent units) were divided by the
amount of dry mass obtained for each sample. The results were pre-
sented as Fluorescence intensity (AU) in time. Microscopic images were
taken using an LSM 5 (Zeiss) confocal laser scanning microscope
equipped with a Nomarski DIC and Plan-Neofluar 63 X (1.25 oil) ob-
jective lenses.

2.4. Glucose analysis

Sample preparation for glucose quantitation was performed ac-
cording to a previously described procedure (Rézalska et al., 2010). The
samples (200 pl) were withdrawn aseptically and placed in Eppendorf
tubes followed by centrifugation 2600 X g for 10 min. Next, super-
natants were transferred to new Eppendorf tubes and diluted prior to
LC-MS/MS.

2.5. Intracellular metabolite extraction

Samples were collected every 24 h. Whole mycelium was separated
from the medium during the filtration using polycarbonate membrane
filters (0.4 um of pore size) and washed using 100 ml of deionized
water. Next, 100 mg of wet biomass was placed in a 1.5-ml Eppendorf
tube for immediate storage in a freezer (—70 °C). L-phenyl-ds-alanine
and succinic acid-2,2,3,3-d, were used as internal standards for the
analysis of amino and organic acids, respectively. Homogenization and
the extraction were performed at the same time. For this purpose,
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approximately 0.5 ml of glass beads, 320 ul of 80% acetonitrile/20%
water solution and 40 pl (1.25 mg ml™ 1Y) of internal standards were
added to an Eppendorf tube containing 100 mg of frozen filtered my-
celium, and homogenized for 30 s at a velocity of 4 m s~' using
FastPrep-24, and then incubated for 10 min on ice. At the end of the 10-
min incubation, the sample was spun in a microcentrifuge at
12,000 x g for 2 min at 4 °C. The extraction process was carried out
thrice and the resulting extracts were combined.

2.6. Extracellular metabolite analysis

For the analysis of extracellular metabolites, the culture medium
was centrifuged and the supernatant was stored at —70 °C for further
examination. Before the analysis, the supernatant was thawed, diluted
and analyzed by LC-MS/MS.

2.7. LC conditions

Qualitative analyses were performed using an Eksigent expert™
microLC 200 chromatograph with Eksigent columns and an Agilent
1200 chromatograph with a Phenomenex AQ column coupled with an
AB Sciex QTRAP 4500 mass spectrometer.

LC separations were carried out on three different columns in the
reverse phase mode. An Eksigent 3C8-EP-120 (0.5 X 150 mm, 3 um)
column (Eksigent, USA) was used to separate the majority of the amino
acids, vitamins and nucleic bases in positive ionization mode. The
mobile phases used were 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B). The 4-min separation time started from
2% B for 0.2 min, followed by a linear increase to 95% B for 2 min; held
at 95% B for 1.2 min, and then decreased to 2% B and held for 0.6 min.
The flow rate was set to 50 ul min ™~ at 40 °C and the injection volume
was set to 2 pl.

An Eksigent 3C18-AQ-120 (0.5 x 150 mm, 3 um) column (Eksigent,
USA) was used to separate selected organic acids, both forms of glu-
tathione, and pantothenate in negative ionization mode. The mobile
phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid
in acetonitrile (B). The 4-min separation time started from 2% B for
0.1 min, followed by a linear increase to 30% B for 0.4 min and a linear
increase to 98% B for 2 min; held at 98% for 1 min, and then decreased
to 2% B and held for 0.5 min. The flow rate was set to 50 ul min~" at
40 °C and the injection volume was set to 2 pl.

A Synergi Hydro-RP column (2 X 150 mm, 4 pm) (Phenomenex,
Germany) was used to separate other organic acids, nucleotides and
metabolites containing a phosphate group in the molecule. The mobile
phase consisted of 4 mM ammonium acetate in 95/5 water/acetonitrile
(A) and 4 mM ammonium acetate in 5/95 water/acetonitrile (B). The
15-min separation time started from 0% B for 0.2 min followed by a
linear increase to 95% B for 4.8 min; held for 2 min, and then decreased
to 0% B and held for 8 min. The flow rate was set to 500 pl min~! at
40 °C and the injection volume was set to 10 pl.

2.8. Mass spectrometry

Ionization polarity, optimal declustering potential (DP), product ion
and collision energy (CE) for all metabolites were manually tuned using
standard solutions as presented in Table S-1. For microLC analysis, MS
parameters were as follows: nebulizer gas (GS1) and drying gas (GS2)
were set to 28 and 40, respectively; curtain gas (CUR) was set to 25;
source temperature (TEM) was set to 400 °C and Ion Spray voltage (IS)
was set to 5000 V and —4500 V for the positive and negative mode,
respectively. For HPLC analysis, the MS parameters were as follows (in
negative ionization mode): IS: —4500 V, Cur: 30, GS1: 50, GS2: 40,
TEM: 500 °C.
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Fig. 1. Cunninghamella echinulata TM 2611 viability during the incubation with TBT
(5 mg 17"). The measurement was performed using a modified FDA (fluorescein diace-
tate) method in a fluorescence microplate reader (485 nm and 530 nm of excitation and
emission, respectively). The data are presented as a fluorescence intensity (AU) according
the time.

2.9. Statistical analysis

The experiments were carried out in triplicate. The T-test using
Excel 2013 (Microsoft Corporation, USA) was used to determine the
significance of the differences between the samples. An average stan-
dard deviation ( + SD) was calculated for each data. Values were
considered significant if P < 0.05. Principal component analysis (PCA)
of the statistically processed quantitative data obtained from the LC-
MS/MS analysis was conducted with MarkerView™ software (AB Sciex,
USA). The Pareto scaling was applied for the PCA calculation.
Normalization using the Z-score algorithm and the heatmap were per-
formed using Perseus Software (Tyanova et al., 2016).

3. Results
3.1. Metabolic activity in the presence of TBT

In order to show the influence of TBT, the metabolic activity of C.
echinulate was assessed using the FDA staining method coupled with
morphological analyses. The results presented in Fig. 1 show that it was
significantly lower during the exposure to TBT. The most significant
TBT impact on C. echinulata was observed at the initial stage of in-
cubation, especially after 24 h of culturing. In the cultures containing
TBT, the calculated metabolic activity value was only 3.9% in com-
parison to untreated cells (Fig. 1). The metabolic activity of C. echinu-
lata in the presence of TBT gradually increased during incubation to a
value of 50.85% after 120 h. This proves that the applied concentration
of TBT (5 mg 1~") was highly toxic to the microorganism, which finally
resulted in severe growth inhibition after the first 24 h of culturing.
These findings are also in agreement with microscopic observations,
where the most severe damage (shrinking of the protoplasts) to C.
echinulata cells was observed on the first day of incubation (Fig. 2b).
After 48-72 h of incubation with TBT, where an increase in fungal
metabolic activity was observed, the morphological damage to the cells
was different from that noted after 24 h of culturing. Only few cells
with gaps between the cell wall and the membrane were observed,
while in the majority of the cells multiple, circular vesicles were de-
tected (Fig. 2c and d). At the end of the experiment (120 h), the me-
tabolic activity in the TBT supplemented cultures increased in com-
parison to the control and microscopic data revealed the presence of

132

International Biodeterioration & Biodegradation 127 (2018) 130-138

hyphae comparable to the control samples (Fig. 2a and f).
3.2. TBT disrupts the functioning of cellular biochemical pathways

Using a targeted LC-MS-MS analysis, a total of 92 metabolites from
C. echinulata were measured at various time-points (0, 24, 72, 96, and
120 h incubation) across three biological replicates. For the LC-MS/MS
data acquired for control (c¢) and TBT-treated samples (TBT), Principal
Component Analysis (PCA) (Ringnér, 2008) was performed using
MarkerView™ software (AB Sciex, USA). Analyses of intracellular and
extracellular metabolites allowed the monitoring of changes occurring
in the cell. The major differences appeared during the first 48 h of
culture. Fig. 4A and B show that for both intracellular and extracellular
metabolite profiles, the samples “0 h” (or “Sabouraud” in extracellular
analysis), “TBT24” and “TBT48” are located farthest from the other
samples on the PCA chart. The data from intra- and extracellular me-
tabolite concentrations were plotted as a heatmap chart presented in
Fig. 5. Those metabolites were responsible for the observed changes and
together covered various metabolic pathways, such as purine, pyr-
imidine, amino acid, TCA and the sugar metabolism.

3.2.1. TBT interferes with glycolysis

The negative effect of TBT on glucose utilization was noted. A re-
duced uptake of glucose from the medium was observed during the
exposure to TBT (Fig. 3). Especially after 24 h of incubation, a slight
amount of glucose from the medium was used in xenobiotic-treated
samples. At the end of the experiment, microorganisms used 62% and
78.3% of the initial glucose amount in both control samples and those
containing TBT, respectively. Further insights into carbon source usage
in the presence of the xenobiotic were gained by sugar metabolism
analysis. All tested glycolysis intermediates — glucose-6-phosphate
(G6P), fructose-1,6-bisphosphate (F16bP) and phosphoenolpyruvate
(PEP), were accumulated in TBT-treated samples - this accumulation
was especially noticeable after 24 h of incubation (Figs. 5 and 6).

3.2.2. TBT disrupts proper functioning of the TCA cycle

A decreased accumulation of the total TCA cycle metabolites (except
for oxaloacetate) was observed in cultures containing TBT after 24 h of
incubation. Oxaloacetate (the first intermediate of the TCA cycle) was
the only TCA-related compound present in higher concentrations in
TBT-treated cells. Limited organic acid production was observed during
the analysis of Sabouraud medium composition. Media acidification by
C. echinulata was significantly reduced after the treatment with the
xenobiotic (Fig. 3). In contrast to untreated cells, which were able to
reduce the external pH from 5.69 to less than 5.00 after 24 h of in-
cubation, the treated cells reduced the pH slowly during cultivation and
reached a value below 5 after 4 days. In control conditions, the fungus
extensively secreted organic acids (mainly malic and succinic acid) to
the medium (Fig. 5). However, in samples containing TBT (especially
after the first two days of incubation) the fungus did not secrete organic
acids in large amounts. The exceptions were cis-aconitate and adipate,
which were the only organic acids excreted to the medium in the
amounts higher than in the control sample.

3.2.3. TBT induces changes in the amino acid composition

Both glycolysis and TCA cycles are key processes involved in amino
acid biosynthesis. For the analysis of intracellular amino acids, one of
the observed trends was a delay in the uptake and synthesis of amino
acids under the influence of TBT. A reduced concentration was ob-
served for the majority of amino acids in treated cells after 24 h of
incubation. After 48 h of incubation with the xenobiotic, the fungus
contained the amount of amino acids comparable to that in the control
samples after 24 h. A similar trend was observed for extracellular me-
tabolite profiles, where most significant changes occurred after the first
two days of culturing (Figs. 4B and 5). An interesting result was ob-
tained for L-aminoadipate, which is a precursor for lysine synthesis. In
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the control system, the fungus exhausted all the lysine from the medium
during 24 h of culturing, and the maximum intracellular concentration
of lysine was observed after 24 h and, at subsequent measuring points,
its contents fluctuated around a similar level. A completely opposite
situation was observed for TBT-treated samples. After 24 h the micro-
organism did not use lysine from the medium - a low measurable
concentration of intracellular lysine was observed until 72 h of culture.
Another significant observation concerned the accumulation of stress-
related metabolites. Betaine was strongly accumulated in the fungal
cells and showed a maximum concentration after 24 h of incubation.
This was one of the few examples of metabolites where maximum
concentrations were found after 24 h of the exposure to TBT. Proline
showed an over three-fold increased concentration compared to the
control sample, and was the amino acid produced in the largest quan-
tities by the fungus, reaching a value of 733.2 pg per 100 mg of
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Fig. 2. Influence of TBT on the morphology of C. echinulata.
(a) Control-without TBT, samples supplemented with TBT
at (b) 24 h, (c) 48 h, (d) 72 h, (e) 96 h, (f) 120 h. Cell
protoplast damage (shrinking of the protoplasts) is marked
with white arrows, while the presence of round vesicles is
marked with black arrows.

biomass. A higher concentration of proline in samples containing TBT
did not increase the content of hydroxyproline, which continued to
occur at a similar level to that in the control system. However, after
96 h the concentration of hydroxyproline increased and the proline
level decreased. A significant increase in the y-aminobutyrate (GABA)
concentration was observed after 48 h in TBT-samples.

The extracellular amino acid composition showed that the utiliza-
tion of compounds was limited under the exposure to TBT. As presented
on the PC scores chart (Fig. 4B), the samples “Sabouraud”, “TBT24” and
“TBT48” are located at close distances to each other, and farthest from
the other samples. The main analytes determining differences between
the samples located on the PC loadings chart included amino acids
(Fig. 4B). After 24 h the microorganism did not use arginine, lysine and
phenylalanine, or it used only part of the amino acids soluble in
medium (serine). Despite the strong intracellular accumulation, proline
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Fig. 3. Glucose utilization (solid line) and medium acidification (dotted line) by C. echinulata in the presence of TBT (5 mg 1~ ") (white diamond) compared to the control without toxic

substrate (white circle).
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Fig. 4. PCA analysis of intracellular (A) and extracellular (B) metabolite compositions in control (c) and TBT-containing cultures (TBT) of C. echinulata on Sabouraud medium. The
numbers on the PC Score section represent the time of culturing, and metabolites responsible for the data clustering were presented in the PC loading section.

was secreted in large quantities into the culture medium. In contrast,
under control conditions the microorganism intensively utilized amino
acids and therefore after 24 h either a minimal concentration was ob-
served or no signal was detected.

3.2.4. Effect of TBT on purine and pyrimidine biosynthesis

Disturbance in the nucleotide biosynthesis is another common cell
response against stress. In the tested fungal cultures, a significant effect
of biocide was observed on nucleotide synthesis in the early stages of
the exposure to TBT. As a result, uridine monophosphate (UMP) content
decreased in the cell, compared to both the corresponding control
sample and the preculture sample. The same correlation was observed
for cytidine monophosphate (CMP). After 24 h exposure to the xeno-
biotic, UMP and CMP were still present in the medium. A completely
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reverse correlation was observed for purine nucleotides such as ade-
nosine monophosphate (AMP), adenosine diphosphate (ADP), adeno-
sine triphosphate (ATP), guanosine monophosphate (GMP), guanosine
diphosphate (GDP) and inosine monophosphate (IMP). These metabo-
lites were present in higher concentrations in fungal cells cultivated in
the presence of the xenobiotic.

4. Discussion

Metabolism is the foundation of life processes, and consists of a
number of biochemical processes in cells, determining their growth and
functioning. Metabolic disorders may lead to cellular dysfunctions or
even cell death. Many factors, such as xenobiotics, can adversely affect
metabolism. Metabolomics is a helpful tool, which is currently being
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Fig. 5. Heatmaps of intracellular (left) and ex-
tracellular (right) metabolite compositions in
untreated (¢) and TBT-treated samples (TBT) of C.
echinulata. The numbers represent the time of
culturing. The metabolites which were not de-
tected during the whole time of the experiments
are presented in grey.
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extensively used for a better understanding of the processes occurring
in the cell. This may be particularly important in the monitoring of the
effects of toxic compounds. The smooth operation of biochemical
pathways is essential for the proper functioning of the cell - its growth,
differentiation and division.

During the exposure to TBT, an interesting observation was the
recovery of the fungus. The previous study showed that TBT strongly
inhibited C. echinulata growth and generated oxidative stress (Sobor
et al., 2016). Moreover, disturbance in microorganisms growth, as well
as morphological changes caused by the exposure to TBT were pre-
viously reported (Cruz et al., 2012; Bernat et al., 2009). After an initial
lag in the fungal growth during the first 48 h of culturing, the increment
of the culture biomass was noticed. Interestingly, despite exerting ne-
gative effects on cells, C. echinulata was able to effectively degrade over
91% of TBT (5 mg 1™ ?) after 5 days of incubation. It seems that it is a
unique feature of the genus Cunninghamella, as it was described also for
C. elegans (Bernat and Diugonski, 2002), however, the mechanism of
the fungal adaptation is still not clear.

In the present study TBT strongly reduced the metabolic activity of
the tested microorganism. After 24 h the fungus showed only 3.9% of
the metabolic activity, which then gradually increased along with the
incubation time. Cruz et al. (2012) showed that the metabolic activity
of Aeromonas molluscorum, as determined by ATP and NADH levels, was
reduced in the presence of TBT. The literature indicates a number of
mechanisms correlated with several cell networks that may be involved
in the organism survival and TBT degradation. The xenobiotic is known
to modify fatty acid compositions of the C. elegans cell membrane and
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Fig. 6. Analysis of TBT impact on the regulation of selected
metabolic pathways in C. echinulata. Single and double ar-
rows indicate one and two (or more) reaction steps, re-
spectively. Colors are used to schematically represent
changes in compounds concentrations (red for up-regula-
tion and green for down-regulation) during 120 h of in-
cubation in TBT-treated samples. (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)

adipate = Lysinel

the saturation of fatty acids is an important factor of the micro-
organism'’s resistance (Bernat et al., 2009). The overexpression of ROS-
scavenging enzymes, like peroxiredoxin (Sobon et al., 2016), can also
be responsible for the fungus recovery.

The analysis of extracellular metabolites composition, pH and glu-
cose concentration also confirmed decreased levels of metabolic ac-
tivity. After 24 h in the samples containing TBT, the levels of com-
pounds soluble in the medium were similar to the initial metabolite
concentrations in the Sabouraud medium. After 24 and 48 h of the
exposure to TBT, the pH values were similar to the initial medium
values. In the case of glucose, a significant inhibition of its uptake from
the medium was observed in the cultures supplemented with the xe-
nobiotic. The acidification of culture media is a characteristic feature of
Mucorales (Rosling et al., 2007). Rousk et al. (2009) proposed two
reasons for fungal acidification of their habitat: (i) low pHs favor fungal
growth and prevent undesired growth of other microorganisms; and (ii)
the acidic environment increases the availability of carbon, nutrient
and metal. Acidification of the growth environment by fungi improves
the availability of nutrients, for example phosphorus (Rosling et al.,
2004), as a result of microbial secretion of organic acids, proton efflux
over the plasma membrane, and the formation of carbonic acid in the
media from respiratory CO, production (Burford et al., 2003). The
stable pH in samples containing xenobiotics could be responsible for the
decreased bioavailability of nutrients, such as amino acids or com-
pounds containing phosphorus. In the samples containing TBT (espe-
cially after the first two days of incubation) the fungus did not secrete
large amounts of organic acids to the medium, which resulted in lower
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acidification of the medium during exposure to TBT. This further led to
lower utilization of amino acids, such as isoleucine/leucine, lysine,
valine and phenylalanine found in the medium in high concentrations.

The intracellular accumulation of energy-related metabolites is a
determinant of disturbances in the metabolism of energy. PEP and FBP
are key contributors to the assessment of the nutrient starvation re-
sponse in glucose assimilation (Brauer et al., 2006). In particular, PEP is
a strong marker of carbon starvation. Other helpful contributors are a-
ketoglutarate (nitrogen assimilation), glutamine (ammonia utilization)
and IMP or carbamoyl-aspartate (purine or pyrimidine biosynthesis).
The exposure to TBT revealed that only glycolysis intermediates were
accumulated, while glutamine levels were not significantly affected. As
stated by Thomsson et al. (2005), the major response of the organism to
general stress is energy conservation. Increased levels of PEP or F16bP
have been also observed in Saccharomyces cerevisiae as a result of carbon
starvation (Brauer et al., 2006). Moreover, there is evidence that PEP
could inhibit the activity of glycolytic enzymes (Ogawa et al., 2007).
Disturbances in the glycolysis pathway and glucose uptake were ob-
served in human embryonic carcinoma cells during exposure to TBT
(Yamada et al., 2013). Intracellular accumulation of sugar-related me-
tabolites was observed during biodegradation of alachlor by the fila-
mentous fungus Paecilomyces marquandii (Szewczyk et al., 2015). En-
ergy saving seems to be a characteristic microorganism's response to
stress conditions. A clear explanation of the observed accumulation of
glycolysis compounds in fungal cells is still difficult. Blockage of glu-
cose utilization caused by xenobiotic-induced oxidative stress, as well
as inhibition of glycolytic-related enzymes leads to carbon starvation
and an increased content of metabolites associated with the central
carbon metabolism. The higher levels of glycolysis intermediates may
also reinforce blockage of the sugar metabolism, and thus, a reduce the
uptake of glucose resulting in arrested growth, as presented in our
previous work (Sobon et al., 2016). The obtained results have con-
firmed that TBT disrupt glycolytic pathway in the tested micro-
organism.

TBT exerts an undesirable effect on the TCA cycle and amino acid
pathways of C. echinulata. Changes in the metabolite profiles of human
embryonic carcinoma cells exposed to TBT were described by Yamada
et al. (2014). Yamada and co-workers observed a decreased content of
a-ketoglutarate, succinate and malate during exposure to TBT, whereas
the levels of acetyl coenzyme A and isocitrate remained unchanged.
Another study using the metabolomics approach to TBT toxicology was
conducted by Zhou et al. (2010). Haliotis diversicolor supertexta exposed
to TBT revealed increased levels of succinate, acetate, lactate, alanine
and glutamine, as well as decreased concentrations of pyruvate and
glucose in abalone hemolymphs.

IMP, a precursor for AMP and GMP synthesis, is another important
contributor to the starvation response in purine and pyrimidine bio-
synthesis (Brauer et al., 2006). The content of ribose-5-phosphate
(R5P), which is a precursor for nucleotide synthesis (Jozefczuk et al.,
2010), also increased in TBT-containing samples. The negative effect of
TBT on energy production by ATP synthase and related enzymes in-
hibition is well-known (Pagliarani et al., 2013). Similarly to our results,
the increased content of AMP and ADP in the abalone hepatopancreas
during exposure to organotin (TBT and triphenyltin) was observed by
Lu et al. (2017).

Despite the negative effect of xenobiotics on the proper functioning
of many elementary cellular processes, C. echinulata actively counter-
acts adverse changes caused by TBT by accumulating metabolites,
which play a protective role against oxidative and osmotic stress.
Betaine, proline and GABA are amino acids which are well-known for
their beneficial role in various stress conditions and cellular osmor-
egulation (Ashraf and Foolad, 2007; Liang et al., 2013; Shelp et al.,
1999). The experiments demonstrated the effect of TBT on the meta-
bolism of glutamic acid (Fig. 6). The major activated pathway starts at
glutamate and leads to a formation of high amounts of proline, GABA
and both forms of glutathione. The disturbance of glutamate uptake
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from the medium and increased concentration of a-ketoglutarate after
48 h of incubation indicate the importance of the glutamate network for
the fungus recovery. Moreover, the absence of ornithine suggests that
either it was rapidly utilized or the fungus switched its metabolism by
omitting or silencing the ornithine pathway. Oxidative stress was also
confirmed during biodegradation of ametryn by Metarhizium brunnem
(Szewezyk et al., 2018), where betaine, proline and GABA were accu-
mulated intracellularly. GABA, together with betaine and proline,
seems to play a key role in cell protection in the presence of toxic xe-
nobiotics, including TBT. Moreover, microscopic observation showed a
large number of vesicles in C. echinulata, and potassium retention in C.
elegans (Bernat et al., 2009). Due to their involvement in the osmor-
egulation, intracellular accumulation may be responsible for the
maintenance of homeostasis.

5. Conclusions

Changes in the metabolome and metabolic activity of C. echinulata
during the exposure to TBT were studied. TBT had a significant wide-
range negative impact on fungal metabolism. The exposure to TBT
caused damage to the protoplasts resulting in significant changes in the
hyphal morphology, as well as significant inhibition of metabolic ac-
tivity, resulting in reduced utilization of carbon and energy media
sources. On the intracellular level, TBT disrupted sugar metabolism by
blockage of the glycolytic pathway leading to accumulation of glyco-
lysis intermediates and TCA cycle malfunctions, when compared to
control cultures. TBT also exerts an undesirable effect on the purine and
pyrimidine metabolism of C. echinulata, as evidenced by nucleotides
profiling. Disturbances in glycolysis and TCA cycle were also reflected
in changes in the amino acids composition. Profiling of these com-
pounds revealed the oxidative stress condition caused by TBT. In re-
sponse to a number of adverse changes, the fungus switched its meta-
bolic network to counteract the harmful effects of TBT by accumulating
amino acids with antioxidant properties such as betaine, proline or
GABA. Despite the strong growth inhibition and metabolic disorders,
the fungus was able to recover. Further research on the effects of TBT
biodegradation on C. echinulata is needed to reveal its impact on the
other levels of cellular organisation including large biomolecules ex-
pression and profiling in lipidomics, proteomics and genetics study.
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lla echinulata exposed to tributyltin

Metabolite Name DP EP CE CXp Lincarity Range (ng/ml)’ R Column®
2-aminoadipate 1 S1 10 21 8 0.5-100 0.9996 1
2-aminoadipate 2 S1 10 15 6 1
S-aminovalerate | 21 10 19 6 1-100 0.9983 1
S-aminovalerate 2 21 10 25 6 1
Acetyl-CoA_1 =S -10 -108 -5 100-1000 09813 3
Acetyl-CoA 2 -5 -10 -16 -7 3
Adenine | 86 10 31 10 0.5-50 0.9982 1
Adenine 2 86 10 37 8 1
Adenosine | 66 10 27 10 0.25-100 0.9960 1
Adenosine 2 66 10 67 4 1
Adipate | -40 -10 -14 -7 10-250 0.9942 3
Adipate 2 -40 -10 -18 -7 3
ADP_1 295 -10 -0 -11 10-1000 0.9916 3
ADP 2 295 -10 -32 9 3
Alanine | 31 10 15 6 25-250 0.9974 1
Alanine 2 31 10 39 6 1
AMP_| -100 -10 -58 -13 S-1000 0.9946 3
AMP_2 -100 -10 -26 -9 3
Alw 1 46 10 29 8 1-100 0.9988 1
Arginine 2 46 10 19 6 1
Asparagine | 46 10 13 8 2.5-100 0.9951 1
Asparagine 2 46 10 21 4 1
Aspartate | 51 10 15 12 2.5-100 0.9972 1
Aspartate 2 S1 10 27 6 1
ATP_1 -15 -10 -32 -5 25-1000 0.9928 3
ATP 2 -15 -10 -84 221 3
Betaine | 76 10 39 16 1-50 0.9972 1
Betaine 2 76 10 27 4 1
Biotin_1 76 10 21 8 0.1-100 0.9994 1
Biotin 2 76 10 39 8 1
CDP_1 -105 -10 -68 -5 25-1000 0.9962 3
CDP_2 -105 -10 =28 -11 3
Cis-aconitate | -20 -10 -16 -5 2.5-1000 0.9995 2
Cis-aconitate 2 -20 -10 -12 -7 2
Citrate/Isocitrate _1 -15 -10 -2 -9 5250 0.9889 3
Citrate 2 -15 -10 -24 -7 3
CMP_1 -0 -10 -48 -1 10-1000 0.9965 3
CMP 2 -0 -10 =28 -7 3
CTP_1 -85 -10 -46 -13 25-1000 0.9966 3
CTP 2 -85 -10 -106 -7 3
Cyanocobalamin_1 S0 10 92 11 0.05-250 0.9994 1
Cyanocobalamin 2 50 10 50 13 1
Cysteine | 61 10 35 6 1-100 0.9974 1
Cysteine 2 61 10 19 6 1
Cystine 1 66 10 21 8 1-100 0.9962 1
Cystine 2 66 10 7 16 1
Cytidine 1 16 10 21 6 0.25-100 0.9963 1
Cytidine 2 16 10 55 12 1
Diaminopimelate 1 61 10 21 12 1-100 0.9998 1
Diaminopimelate 2 61 10 31 6 1
F16bP_1 -15 -10 -86 -5 5-1000 0.9916 3
F16bP 2 -15 -10 -28 -7 3
FAD_1 -125 -10 -40 -5 10-500 0.9927 3
FAD_2 -125 -10 -42 -11 3
Fumarate | -35 -10 12 -5 1-100 0.99% 2
Furmarate 2 -35 -10 =14 -5 2
G6P_1 -0 -10 -24 -7 S-1000 0.9986 3
G6P_2 -0 -10 -4 -5 3
GABA_I 30 4 14 S 0.9977 1
GABA 2 30 4 13 6 1
GDP_I -90 -10 -4 -7 10-1000 0.9944 3
GDP 2 90 -10 =34 -9 3
Gluconate_| -65 -10 -18 -9 2.5-1000 0.9931 2
Gluconate 2 -65 -10 -24 -7 2
Glucuronate | -50 -10 -16 -7 0.9971 2
Glucuronate 2 -0 -10 -18 -5 2
Glutamate | 46 10 21 6 1-100 0.9964 1
Glutamate 2 46 10 15 6 1
Glutar 36 10 23 4 1-100 0.9924 1
Glut 36 10 17 8 1
Glutathione oxidized | -105 -10 -3 -11 1-250 0.9894 2
Glutathione oxidized 2 -105 -10 -38 -9 2
Glutathione reduced 1 -60 -10 -26 -11 2.5-1000 0.9966 2
Glutathione reduced 2 -60 -10 -20 -13 2
GMP_I| -15 -10 -2 -11 S-1000 0.9947 3
GMP 2 -15 -10 -30 -7 3
GTP_I -850 -10 -108 -13 25-1000 0.9973 3
GTP 2 -80 -10 -32 -13 3
Guanidineacetate_| 46 10 15 8 2.5-100 0.9966 1
Guanesine | 6 10 7 8 0.1-100 0.9998 1
Guanosine 2 6 10 55 8 1
Histidine | 61 10 21 14 2.5-100 0.9956 1
line 2 61 10 35 12 0.33 1
Homoeysteine thioluctone 1 11 10 15 12 0.37 5-250 0.9960 1
Homocysteine thiolactone 2 11 10 39 6 0.37 1
Homocysteine | 40 S 16 6 043 2.5-250 0.9990 1
Homocysteine 2 40 S 26 6 0.43 1




Homocystine | 269.0 S1 10 13 6 10-250 0.9921 1
Homocystine 2 269.0 51 10 47 8 1
Homoserine_| 120.0 40 S 26 11 1-100 0.9967 1
Hydroxyproline | 132.0 1 10 19 8 2.5-100 0.9947 1
Hydroxyproline 2 132.0 1 10 27 4 1
Hypoxanthine 1 136.9 31 10 29 8 0.5-100 0.9992 1
Hypoxanthine 2 136.9 31 10 24 6 1
IMP_1 347.1 -10 -10 -8 -13 25-1000 0.9847 3
IMP 2 -10 -10 -2 -7 3
Inosine | 101 10 19 12 0.25-100 0.9981 1
Inosine 2 101 10 57 8 1
Isoleucing/Leucine | 51 10 15 10 2.5-100 0.9962 1
Isoleucing/Leucing 2 51 10 23 8 1
Kynurenate | 55 8 27 S 0.1-100 0.9992 1
Kynurenate 2 53 8 S0 7 1
Lysine | 36 10 21 6 2.5-100 0.9999 1
Lysine 2 36 10 35 10 1
Malate 1 -15 -10 -16 -9 5-1000 0.9972 2
Malate 2 -15 -10 -0 -5 2
Malonate | 102.8 =25 -10 14 -5 0.9887 3
Melatonine | 73 10 23 8 0.999 1
Melatonine 2 75 10 63 8 1
Methionine_| 50, S 10 15 8 1-100 0.9981 1
Methionine 2 150.1 51 10 13 6 1
Myoinasitol I 178.8 -80 -10 -2 -7 S-1000 0.9971 2
Myoinesitol 2 178.8 -80 -10 =32 -5 2
NAD_I =75 -10 -20 -7 2.5-1000 0.9968 3
NAD 2 75 -10 -110 -7 3
NADP_I 743, 0 -10 -0 -9 25-1000 0.9952 3
NADP 2 743.1 0 -10 -116 -5 3
Niconitate | 124.0 26 10 27 8 . 1-100 0.9990 1
Niconitate 2 124.0 10 43 14 0.49 1
Ornithine | 133.1 10 23 10 0.33 2.5-100 0.9972 1
Ornithine 2 133.1 10 13 6 0.33 1
Oxaloacetate | 131.0 -10 -18 -S 0.5 S50-500 0.9966 3
Oxaloacetate 2 131.0 -10 -16 -7 0.5 3
Piridoxal-S-phosphate (PSP) 1] 2459 -10 -58 -7 0.63 5-1000 0.9905 3
Piridoxal-5-phosphate (PSP) 2] 2459 -10 -18 -7 0.63 3
PABA_I 138.0 10 29 10 1.16 0.1-100 0.999 1
PABA 2 138.0 10 19 8 1.16 1
Pantothenate | 217.9 -10 -18 -7 1 0.5-100 0.9980 2
Pantothenate 2 217.9 -10 -2 -7 1 2
166.8 -10 -+ -7 0.48 2.5-1000 0.9992 3

166.8 -10 -90 -3 0.48 3

3] 166.1 10 17 10 0.64 1-100 0.9988 1
Phenylalunine 2 166.1 10 39 10 0.64 1
Piridoxine | 170.0 10 19 6 0.5-25 0.9963 1
Piridoxine 2 170.0 10 27 4 1
Proline | 116.0 10 19 8 1-100 0.9981 1
Proline 2 116.0 10 39 4 1
Quinate | 190.8 10 -28 -7 5-250 0.9945 3
Quinate 2 190.8 -10 -24 -5 3
RSP_1 289 -10 -18 -5 2.5-1000 0.9944 3
R5P 2 289 -10 -52 -1 3
Riboflavin_1 377.1 10 44 11 115 0.25-250 0.9997 1
Riboflavin 2 377.1 10 44 11 1
106.0 1 10 15 4 5-100 0.9968 1

106.0 1 10 33 10 1

-35 -10 -16 -5 5-500 0.9927 2

Succinate 2 -35 -10 -14 -9 2
Succinyl-CoA_l -15 -10 -14 -11 10-500 0.9956 3
Succinyl-Cod 2 -15 -10 =78 -7 3
Tartrate_| -5 -10 -18 -7 5-100 0.9937 3
Tartrate 2 -5 -10 -2 -7 3
Thiamine | 36 10 5 4 0.999 1
Thiamine 2 36 10 12 1
Threonine | 120.0 6 10 6 5-100 0.9916 1
Tocopherol 1 431.2 16 10 8 2.5-100 0.9977 1
Tocopherol 2 431.2 16 10 10 1
Tryptophan_1 205.1 41 10 8 1-100 0.999% 1
Tryptophan 2 41 10 10 1
Tyrosine | 36 10 6 0.5-100 0.9993 1
Tyrosine 2 36 10 6 1
UDP_1 -60 -10 =S 10-1000 0.9981 3
UDP_2 -60 -10 -5 3
UDP-glucase 1 3 -90 -10 -11 0.9974 3
UDP-glucase 2 78.9 -90 -10 -7 3
UMP_| 78.9 -90 -10 -7 10-1000 0.9973 3
UMP_2 i} 96.9 =90 -10 -7 3
Uracil_1 113.0 96.0 41 10 6 5-100 0.999%0 1
Uracil 2 113.0 70.0 41 10 16 1
Uridine 1 2449 113.0 31 10 10 0.5-100 0.9988 1
Uridine 2 2449 70.0 31 10 6 1
UTP_1 482.9 158.7 -85 -10 34 -5 10-1000 0.9954 3
UTP_2 4829 78.8 -85 -10 -102 -5 3
Valine | 118.1 57.1 66 10 39 14 5-250 0.9946 1
oketoglutarate 1 144.9 100.8 -S -10 -12 -3 10-250 0.9973 3
oketozlutarate 2 1449 73.0 -5 -10 -18 -7 3

First MRM transition was chasen for quantitative analysis
* Column 1: Eksigent 3C8-EP-120 (05 = 150 mm, 3 pm, Eksigent), Column 2: Eksigent 3C18-AQ-120 (0.5 =

second was confirmatory transition.

150 mm, 3 pm, Eksigent). Column 3: Synergi Hydro-RP column (2

150 mm, 4 pm, Phenamenex)
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Abstract

A proteomic study of Cunninghamella echinulata recovery during exposure to tributyltin was conducted with 2-D SDS-PAGE
protein separation and profiling, MALDI-TOF/TOF protein identification, and PCA analysis. The presence of TBT resulted in an
upregulation of enzymes related to energy production via cellular respiration. The unique overexpression of NADH dehydro-
genase and mitochondrial malate dehydrogenase, together with an increased level of cytochrome ¢ oxidase, ATP synthase
subunits, and inorganic pyrophosphatase, indicates a strong energy deficit in the cells, leading to an increase in the ATP
production. The overexpression of Prohibitin-1, a multifunctional protein associated with the proper functioning of mitochondria,
was observed as well. The data also revealed oxidative stress condition. Among reactive oxygen species (ROS)-scavenging
enzymes, only superoxide dismutase (SOD) showed active response against oxidative stress induced by the xenobiotic. The
induction of a series of ROS-scavenging enzymes was supported by a microscopic analysis revealing a considerably large
concentration of ROS in the hyphae. The overexpression of cytoskeleton-related proteins in the TBT presence was also noticed.
The obtained results allow explaining the recovery strategy of the fungus in response to the energy depletion caused by TBT.

Keywords Cunninghamella echinulata - Fungi - Proteomics - Tributyltin, Oxidative stress - Respiratory chain

Introduction

As a result of the human industrial activity, a wide range of
toxic compounds are released into the environment.
Therefore, the understanding of the mechanisms of their in-
fluence and action towards living organisms is crucial. A good
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example of a toxic xenobiotic is tributyltin (TBT), an organo-
metallic compound, which has been extensively used as an
active component of herbicides, biocides, and antifouling
paints (Cruz et al. 2015). TBT is highly toxic and has a num-
ber of negative effects on living organisms, including bacteria
(Martins et al. 2005), fungi (Bernat and Dtugonski 2012), and
higher eukaryotic organisms (Liu et al. 2006). It has also been
classified as an endocrine disruption compound (EDC)
(Dhugonski 2016). Several studies assessing its toxicity have
been reported; however, the mechanism of interaction is still
unclear and remains a subject of research. It is especially im-
portant in the case of filamentous fungi as TBT effect on this
group of organisms is still poorly described. The negative
effects of TBT are manifested by the inhibition of cell growth
and a decrease in the metabolic activity (Cruz et al. 2012) or
changes in the mycelium and the phospholipid profile
(Siewiera et al. 2015). Most of the negative effects point to
mitochondria as a site of TBT attacks. TBT induces mitochon-
drial fragmentation, degrades the mitochondrial fusion pro-
teins (Yamada et al. 2015), and changes the profile of tricar-
boxylic acid (TCA) cycle metabolites (Zhou et al. 2010). TBT
can also inhibit the ATP synthase efficiency (Nesci et al.
2011a).
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Proteomics, together with other omics techniques, such as
transcriptomics, metabolomics, or lipidomics, plays an impor-
tant role in the rapid development of modern system biology (
Desai et al. 2010; Bernat 2016; Szewczyk and Kowalski
20164, b; Joseph 2017). Proteomics is a helpful tool in deter-
mining the changes in the composition of proteins induced by
exposure to toxic compounds (Szewczyk et al. 2014, 2015). It
allows determining the disturbances of the metabolic path-
ways and the adverse effects on cell elements (Matsuzaki
et al. 2008). It also leads to a better understanding of the
cellular defense mechanisms and the strategies of compound
elimination and detoxification.

In our earlier studies, the filamentous fungus C. echinulata
was found to be capable of effective TBT biodegradation at
the high concentration 5 mg L™ (Sobon et al. 2016). The
effect of the xenobiotic on the microorganism’s metabolic
activity and the metabolite profile as well as the possible role
of the accumulation of glycolytic-related metabolites and
ROS-scavenger compounds were reported (Sobon et al.
2018). A microscopic analysis showed negative changes in
the fungus morphology, manifested in strong cell
vacuolization. As a continuation of the studies on the influ-
ence of TBT on the fungal strain, this paper is focused on the
TBT effect on the microbial proteome and cell processes in-
duced by TBT on the proteomic level, which together with the
previously obtained metabolomics data (Sobon et al. 2018)
allow explaining the mechanisms associated with the unique
recovery of the fungus.

Materials and methods
Chemicals and reagents

TBT chloride, ammonium persulfate, and ammonium bicarbon-
ate were obtained from Sigma—Aldrich (Germany). Urea, di-
thiothreitol (DTT), iodoacetamide, sodium dodecylsulphate
(SDS), bromophenol blue, 3-((3-cholamidopropyl)
dimethylammonio)-1-propanesulfonate (CHAPS), 2-amino-2-
hydroxymethyl-propane-1,3-diol (tris), Coomassie Briliant
Blue G 250, N,N,N’,N'-tetramethylethylene diamine
(TEMED), Bradford reagent, and the acrylamide:bisacrylamide
mix were obtained from Serva (Germany). IPG strips (17 cm
pH 3-10 NL) and mineral oil were purchased from Bio-Rad
(Germany). Glycine and acetone were obtained from Avantor
(Poland). Trypsin (sequence grade) and CHCA came from
Promega (Germany) and CovaChem (USA), respectively.
Stock solution of TBTCI (5 mg ml™") was prepared in ethanol.

Microorganism

The filamentous fungus C. echinulata IM 2611 obtained from
the Department of Industrial Microbiology and Biotechnology
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(University of Lodz, Poland) was examined. The capability of
this microorganism to efficiently remove TBT had been report-
ed in the earlier paper (Sobon et al. 2016). The fungus was
cultured in the Sabouraud medium as described previously
(Sobon et al. 2018). Briefly, Sabouraud dextrose liquid medi-
um (Difco) supplemented with 2% glucose was inoculated
with C. echinulata IM 2611 and incubated on a rotary shaker
(160 rpm) for 24 h at 28 °C. After 24 h, the preculture was
transferred to fresh medium in the ratio 1:4 and shaken for
another 24 h in the same conditions as described above. A
homogenous preculture (10%) was introduced into the
Sabouraud medium without and with 5 mg L™' TBT, and in-
cubated at 28 °C for 24, 48, 72, and 96 h as above in triplicates.

Proteome analysis
Protein extraction

The mycelium from each culture sample was obtained by
filtration using polycarbonate membrane filters (0.4 pm),
washed with 100 mL of deionized water, and lyophilized in
a freeze dryer (Christ Alpha, USA). Next, approximately
80 mg of the lyophilized mycelia was homogenized thrice
for 30 s at the speed of 5 m/s by using Fast-Prep24 (MP
Biomedicals), suspended in 1 mL of the resuspension buffer
(7 M urea, 2 M thiourea, 4% CHAPS, and 65 mM DTT), and
incubated for 10 min in an ultrasonic bath and for 60 min in
the vortex. The samples were centrifuged for 10 min at
17000xg; the supernatant was then transferred to a new lobind
Eppendorf tube and precipitated using ice-cold acetone
followed by incubation for 2 h at — 20 °C. The protein pellet
was next centrifuged for 10 min at 15000xg, washed thrice
using ice-cold acetone, dried, and equilibrated in the resuspen-
sion buffer. The Bradford assay with BSA as a protein stan-
dard was used to determine the protein concentration.

2-D SDS-PAGE

Passive rehydration (700 pg protein) was conducted overnight
and loaded onto 17 cm IPG strips pH 3—10 NL. The isoelectric
focusing (IEF) step was carried out in a Protean i12 device
(Bio-Rad, Germany) as follows: 4 h at 50 V, 5 h at 6000 V
(gradient), and 50000 Vh at 6000 V. Next, the equilibration
step was performed according to the manufacturer’s protocol.
Electrophoresis was performed overnight on 12% SDS-gels
with a wide range marker (6.5-200 kDa; Serva, Germany)
using a Protean XL cell (Bio-Rad, Germany), and stained
using Coomassie Blue. Image Master 2D Platinum 7 software
(GE Healthcare, Germany) was applied to identify differen-
tially expressed protein spots according to the manufacturer’s
instruction and data described in our previous paper
(Szewczyk et al. 2015). Detected protein spots were matched
by comparing the gels from control and TBT-treated cells for
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the appropriate culturing time (24, 48, 72, and 96 h). Due to
the lack of information on the Cunninghamella proteome as
well as different expression of proteins during exposure to
TBT, all visible protein spots were manually excised from
the gels. Protein intensity was analyzed using Student’s ¢ test
(GraphPad Prism 6, USA). Spots showing a minimum of 1.1
fold change were considered to be significant (P < 0.05). The
spots intensity was subjected to principal component analysis
(PCA) with normalization using total area sums and Pareto
scaling (MarkerView software ver. 1.2.1; AB Sciex, USA).

Protein identification

The protein spots (manually excised from the gels) were
digested with trypsin according to the modified procedure
described by Szewczyk et al. (2014). The obtained peptides
were extracted using three buffers: solution A (2% ACN with
0.2% TFA) for 15 min, solution B (50% ACN with 0.2%
TFA) for 60 min, and solution C (90% ACN with 0.2%
TFA) for 15 min. The extracts were combined, dried, dis-
solved in 5 pL of solution A, mixed with an equal volume
of a-Cyano-4-hydroxycinnamic acid (CHCA) solution
(10 mg mI™" in 50% ACN with 0.2% TFA), and finally 0.6
pL of this mixture was dropped onto a metal plate. MALDI-
TOF-MS analysis was performed using an AB Sciex 5800
TOF/TOF system (AB Sciex, USA). The detailed information
of MALDI parameters had been described previously by
Szewczyk et al. (2015). Briefly, the mass spectrometer was
externally calibrated in reflectron mode using peptides solu-
tion (AB Sciex, USA), and fragments of Glu-fibrinopeptide
(1570.677 Da) were chosen for TOF/TOF MS/MS mode cal-
ibration. The proteins were identified against the NCBI data-
base (restricted to the Zygomycota order, total number of se-
quences = 333338) by using the Protein Pilot v4.5 software
connected with the MASCOT v4.2. MASCOT parameters
and Blast searches were performed according to Szewczyk
et al. (2014). Search criteria included trypsin as the protein-
digesting enzyme, one missed cleavage and the following var-
iable modifications were applied: Acetyl (N-term),
Carbamidomethyl (C), Deaminated (NQ), Gln to pyro-Glu
(N-term Q), Glu to pyro-Glu (N-term E), and Oxidation (M).
Mass tolerance mass parameters were set to 100 ppm for MS
and 0.5 Da for MS/MS mode. Peptide sequences with a
MASCOT ion score > 75 (P < 0.05) were considered to be
significant. The proteins established by MASCOT searches
were further processed using BLAST search against NCBI
non-redundant protein sequence database applying DELTA-
BLAST algorithm.

ROS detection

The analysis of ROS production was performed with 2,7-
dichlorodihydrofluorescin diacetate (H,DCFDA) (Sigma—

Aldrich, Germany) by the method described previously
(Staba et al. 2015). One-milliliter samples of C. echinulata
were centrifuged 2000xg for 5 min and the pellet was washed
with 1 mL of the 10-mM sodium phosphate buffer pH = 7.5
(PBS). Then, 1-mL PBS with 40 mM H,DCFDA (dissolved
in dimethyl sulfoxide) was added to the mycelial pellet and
incubated for 15 min followed by PBS washing. A confocal
laser scanning microscope (LSM510 Meta, Zeiss) was used
for ROS detection in the mycelium. The H,DCFDA fluores-
cence was detected using an argon laser (488 nm) and an LP
filter set (505-530 nm). Nomarski DIC was conducted using
the same laser line. The results were expressed as a percentage
of the green fluorescence area as compared to the total hyphal
area.

Measurement of SOD and CAT activity

Assays of SOD and CAT activity were carried out according to
the method described by Siewiera et al. 2017. Freshly pre-
pared 50 mM phosphate buffer (pH 7.0) with the addition of
1 mM EDTA, | mM ascorbic acid, and 1% PVP was added to
250 mg of wet biomass and homogenized in a cooled mortar
followed by centrifugation at 4 °C for 10 min at 15,000xg.
The obtained supernatant was incubated on ice for further
analysis. For measuring the SOD activity, 2.9 ml of mixture
containing 50 mM PBS (pH 7.8), 13 mM methionine, | mM
EDTA, and 75 uM NBT was mixed with 50 pl of the obtained
supernatant and 2 uM of riboflavin, incubated for 30 min
under UV lamps and analyzed spectrophotometrically at 560
nm. To determine the CAT activity, 100 pl of supernatant was
mixed with 1.8 ml of 50 mM PBS (pH 7.0) and 150 pl of 1%
H,0,. Next, absorbances were measured at A = 240 nm for 4
min. The Bradford assay with BSA as a protein standard was
used to determine the protein concentration. CAT and SOD

activity was expressed in U mg protein .

Statistical analysis

The experiments were conducted in triplicate. The Student’s ¢
test was performed using GraphPad Prism 6 (USA).
Differences at P < 0.05 were considered as significant.
Principal component analysis (PCA) with normalization using
total area sums and Pareto scaling was performed using
MarkerView software (AB Sciex, USA). The results of the
antioxidant enzymes activity were estimated by one-way anal-
ysis of variance (ANOVA) and Tukey’s test using software
STATISTICA ver. 13.0 (StatSoft).

Results and discussion

Representative 2-DE maps of the control and TBT-treated
samples are depicted in Fig. 1. On average, 119 protein spots
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per gel were detected using ImageMaster 2-D software (GE
Healthcare, Germany). The proteomic analysis resulted in the
identification and matching of 92 spots, and allowed for a
comparison of the relative expression levels between the sam-
ples based on spot volume quantification after total volume
normalization within the gels. The summary results of the
proteomic analysis are presented in Table 1, whereas detailed
information is presented in Table S-1. The PCA analysis of
proteomic data was performed and is presented in Fig. 2. The
distribution of samples can be divided into three groups. The
greatest differences were observed between the TBT-treated
samples after 24 h (TBT24), which deviated from the other
samples. This indicates that the protein in the samples from
the 24 h culture with TBT had a unique profile, incomparable
to the protein profiles obtained for the remaining samples. The
TBT-treated cells from 48 h of incubation showed similarity to
the control sample from 24 h. Proteins responsible for such a
differentiation of samples were, e.g., spots #10 or #17 for
TBT24, and spots #15 and #48 for ¢24 and TBT48 group,
respectively. The 3rd group consisted of the remaining sam-
ples. This indicates that the differences between samples de-
crease over time.

Energy and TBT—the pathways switch

Energy plays an essential role in the life of organisms because
it is used to perform a number of biochemical reactions in the
cells. The most important energy-related compound is ATP,
which is produced via the respiratory chain by three main
energy pathways: glycolysis, the Krebs cycle, and oxidative
phosphorylation (OXPHOS). In the tested samples containing
TBT, only the overexpression of fructose-bisphosphate aldol-
ase (ALDO), triosephosphate isomerase (TPI),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phos-
phoglycerate kinase (PGK), phosphoglycerate mutase (PGM),
and particularly enolase (ENO) was observed (Table 1). The
enzymes (hexokinase, glucose-6-phosphate isomerase, and
phosphofructokinase) involved in the first three steps in the
preparation phase of glycolysis and pyruvate kinase were not
detected. Together with the accumulation of glycolytic-related
metabolites (Sobon et al. 2018), this result may suggest that
the fungus focuses on energy production and simultaneously
limits its consumption. This effect may also be supported by
the inhibitory action of TBT on the glucose transporter
(GLUT) manifested by the reduction of the glucose uptake
(Yamada et al. 2013), which was also observed in the tested
fungus (Sobon et al. 2018).

Another important pathway for the appropriate functioning
of the cell is the pentose phosphate pathway (PPP). Its major
role is the generation of reducing agents in the form of
NADPH, as well as the metabolites necessary for the synthesis
of nucleotides, nucleic acids, and amino acids. Through
transketolase and transaldolase, the pentose phosphates can
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be converted back to fructose-6-phosphate and glucose-6-
phosphate. The proteomic analysis showed a strong upregu-
lation of transaldolase (spot 28) in the TBT samples, which
could be responsible for the increased level of fructose-6-
phosphate in the cell (Sobon et al. 2018) and its incorporation
into glycolysis. The second overexpressed PPP-related en-
zyme was 6-phosphogluconate dehydrogenase (spot 29),
which is involved in the conversion of 6-phosphogluconate
to ribulose-5-phosphate with the formation of NADPH
(Table 1, Fig. 3). Both enzymes were upregulated in the initial
stage of culturing, and together with an increased level of
ribose-5-phosphate (Sobon et al. 2018) indicate the role of
PPP in the fungus recovery during exposure to TBT. More
importantly, NADPH is necessary for the functioning of
ROS-scavenger enzymes such as thioredoxins, which were
overexpressed during exposure to TBT (Table 1, Fig. 3).

Pyruvate, as a final product of glycolysis, was oxidized and
decarboxylated by the pyruvate dehydrogenase complex,
leading to the formation of acetyl-CoA, carbon dioxide, and
NADH. The proteomic analysis indicated the upregulation of
dihydrolipoamide dehydrogenase (DLD) (spot 39), a part of
this complex, particularly after 24 h of incubation with TBT
(Table 1, Fig. 3). Acetyl-CoA is a starting molecule for the
TCA cycle and in a series of redox reactions, harvests a con-
siderable amount of its bond energy in the form of NADH,
FADH,, and ATP. The electron carriers—NADH and
FADH,—generated in the TCA cycle pass their electrons into
the electron transport chain and, through OXPHOS, generate
most of the ATP (Lapuente-Brun et al. 2013).

Two isoforms of malate dehydrogenase (MDH) were up-
regulated after 24 h of incubation with TBT. In particular, the
unique upregulation of MDH (spot 38) was interesting be-
cause it was upregulated only in TBT-containing samples. In
contrast, two isoforms of citrate synthase (CS) (spots 34 and
35) and isocitrate dehydrogenase (IDH) (spot 36) were down-
regulated during exposure to TBT (Table 1). A study conduct-
ed by Yamada et al. (2014) showed the decreased activity of
NAD-dependent IDH together with a reduced ATP production
caused by 100 nM of TBT. Moreover, a reduction in the con-
tent of most of the TCA-related compounds as a result of the
TBT exposure was observed (Yamada et al. 2014; Sobon et al.
2018).

Mitochondria are excellent ATP producers. Their basic
function is the oxidation of organic compounds, such as sim-
ple sugars, fatty acids, and amino acids, leading to the transfer
of energy in ATP molecules using OXPHOS, which consists
of five complexes of enzymes, including NADH dehydroge-
nase (I), succinate dehydrogenase (II), cytochrome b-c1 (IIT)
complex, and cytochrome ¢ oxidase (IV) (Fig. 3). The last
enzyme involved in OXPHOS is ATP synthase, also referred
to as the V complex. ATP synthase uses a proton gradient to
drive the synthesis of ATP from ADP and phosphate (P;)
(Nakamoto et al. 2008). Exposure to TBT clearly indicated
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Fig. 1 Representative 2-DE gels of mycelial proteome of C. echinulata after exposure to 5 mg L' TBT. a TBT-treated sample after 24 h, b control
sample after 96 h, ¢ TBT-treated sample after 96 h. The figure shows the numbers of protein spots
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Table 1 Summary identification of C. echinulata IM 2611 proteins after exposure to 5 mg L' of TBT. The protein names in the brackets were
identified using a delta-blast algorithm. The proteins which were not detected are presented in white

Fold change®
Spot Best protein name 24 48 72 96
Glycolysis
1 fructose-bisphosphate aldolase, class Il

2 triosephosphate isomerase

3 glyceraldehyde-3-phosphate dehydrogenase

4 glyceraldehyde-3-phopshate dehydrogenase

5 glyceraldehyde-3-phopshate dehydrogenase

6 hypothetical protein (phosphoglycerate kinase)

7 2,3-bisphosphoglycerate-independent phosphoglycerate mutase

8 enolase
Oxidative Phosphorylation
9 hypothetical protein (NADH dehydrogenase subcomplex)
10 hypothetical protein (NADH ubiquinone oxidoreductase)
11 NADH dehydrogenase [ubiquinone] complex |
12 cytochrome b-c1 complex subunit 7
13 cytochrome c oxidase subunit 5A COX5A
14 ATP synthase subunit alpha
15 ATP synthase F1 subcomplex beta subunit ATP2
16 hypothetical protein (ATP synthase D chain)
64 F1 complex, OSCP/delta subunit of ATPase
17 inorganic pyrophosphatase
18 electron transfer flavo protein, beta subunit
Stress response
19 thioredoxin-like protein
20 thioredoxin-like protein . .
21 thioredoxin-like protein
22 manganese and iron superoxide dismutase
23 Redoxin
24 heat shock 70 kDa protein 2
25 hsp71-like protein
26 hypothetical protein ( Hsp70 protein) .
27 superoxide dismutase Cu-Zn
Pentose phosphate pathway
28 hypothetical protein (transaldolase B) (]
29 hypothetical protein (6-phosphogluconate dehydrogenase)
Cytoskeleton proteins
30 Tubulin alpha-1C chain
31 beta-tubulin, partial
32 actin-2
33 Putative Actin (Fragment)
TCA cycle
34 citrate synthase
35 Citrate synthase, mitochondrial .
36 isocitrate dehydrogenase, NAD-dependent
37 malate dehydrogenase, NAD-dependent
38 hypothetical protein (malate dehydrogenase) . 7]
Pyruvate oxidation
39 hypothetical protein (dihydrolipoamide dehydrogenase)

Protein metabolism
40 hypothetical protein (Ribosomal protein L7Ae/L30e/S12e/Gadd45)

41 40S ribosomal protein S7
42 40S ribosomal protein S5, partial
43 40S ribosomal protein S8
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Table 1 (continued)

45 putative transcription factor btf3-like protein
46 translation elongation factor 1 alpha, partial
47 hypothetical protein PHYBLDRAFT_129275
48 60S acidic ribosomal protein PO
49 elongation factor 1-alpha
50 translation elongation factor 1-alpha, partial
51 translation elongation factor 1-alpha, partial
79 prohibitin-1
81 hypothetical protein (Serine protease)
91 nucleophile aminohydrolase
Amino acids metabolism
52 hypothetical protein (Glutamine synthetase)
53 Putative Imidazoleglycerol-phosphatedehydratase
54 aspartate aminotransferase
55 S-adenosylmethionine synthase
56 spermidine synthase
57 glutamate decarboxylase
58 hypothetical protein (Glutamine synthetase)
59 endopeptidase
60 peptidase S10, serine carboxypeptidase
61 adenosylhomocysteinase
70 ketol-acid reductoisomerase
Others
44 hypothetical protein (Protein of unknown function)
62 hypothetical protein (Archaeal/vacuolar-type H+-ATPase subunit B) .
63 V-type proton ATPase catalytic subunit A
65 vacuolar atp synthase subunit e
66 14-3-3-like protein
67 14-3-3-like protein
68 14-3-3-like protein
69 hypothetical protein (UDP-N-acetylglucosamine pyrophosphorylase)
71 minor nuclease C1B isoform precursor, partial
72 phosphoesterase family-domain-containing protein
73 adenine phosphoribosyltransferase
74 nucleoside diphosphate kinase
75 FAD binding domain-domain-containing protein [ ]
76 hypothetical protein (WD40 domain)
77 hypothetical protein (WD40 domain)
78 Putative GTP-binding nuclear protein GSP1/Ran
80 ClpP/crotonase-like domain-containing protein
82 FAD/NAD(P)-binding domain-containing protein
83 mitochondrial carrier
84 eukaryotic porin/Tom40
85 hypothetical protein (chitin deacetylase)
86 hypothetical protein ( Plectin/S10 domain)
87 E3 ubiquitin ligase complex SCF subunit sconC .
88 immunoglobulin E-set
89 hypothetical protein (protein disulfide isomerase) B B
90 cytochrome b5
92 hypothetical protein (Nucleoside diphosphate kinase) -

Fold change color scalling:
B <o 02505 o5 1.2 | 2.4 ISGNEEEE

?Fold change was calculated as a ratio of the protein spots intensity between the TBT-containing sample and the corresponding control sample after 24,
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that the xenobiotic affects the processes involved in energy
production, particularly within the mitochondria, which is pre-
sented in Fig. 3. First of all, the overexpression of enzymes
associated with OXPHOS process strongly indicates disorders
in its functioning. A particularly outstanding observation was
the high upregulation of the subunits of NADH dehydroge-
nase (spots 9 and 10), which occurred only after 24 h of ex-
posure to TBT (Table 1). NADH dehydrogenase is the first
enzyme complex of OXPHOS; it collects electrons from
NADH and releases protons into the intermembrane space.
The second enzyme involved in OXPHOS at the electron
entry point is succinate dehydrogenase, which was not detect-
ed during the entire duration of the experiment. The enzymatic
activity of NADH dehydrogenase is the main source of pro-
tons for ATP synthase, generating about 40% of the total pro-
ton pool (Berrisford et al. 2016). The proton gradient is nec-
essary for the ATP production by ATP synthase. The strong
expression of cytochrome c¢ oxidase (spot 13) was observed
after the 48-h treatment with TBT (Table 1). The final element
involved in the ATP production is ATP synthase. It consists of
two main subunits, F, and F;, which have a rotational motor
mechanism allowing for ATP production. Subunits «, 3, v,
and 6 comprise the F1 domain. The o and 3 subunits are
involved in the formation of the catalytic site in which ATP
synthesis takes place, while the & and ¢ subunits are respon-
sible for the binding of F, to F,. During exposure to TBT, «
(spot 14), 3 (spot 15), & (spot 64), and d (spot 16) subunits
were overexpressed (Table 1). Simultaneously, an increased
expression of the inorganic pyrophosphatase (spot 17) was
observed (Table 1). It catalyzes the conversion of pyrophos-
phate to phosphate ions, which together with ADP are sub-
strates for the synthesis of ATP by ATP synthase. An overex-
pression of these enzymes indicates the energy demand of the
cell, which cannot be met because of the dysfunction of the
OXPHOS pathway. The respiratory chain disorders caused by
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TBT have been previously documented; however, the molec-
ular mechanisms of this process are still being investigated.
The obtained results strongly indicate that TBT disrupts the
energy production in cells and causes a shortage of ATP. The
studies performed by Dudimah et al. (2007) on human natural
killer (NK) cells showed a decrease in the ATP level during
exposure to TBT in a dose-dependent manner. Cell incubation
with a high ATP concentration (300 nM and 500 nM) showed
a significant decrease in ATP just after 1 h of incubation,
together with a significant decrease in cell viability. The lower
the concentration, the longer was the waiting time for the
effect on the reduction of the ATP content. The inhibition of
ATPase—ATP synthase by TBT has been described previously
(Pagliarani et al. 2008). It is related to the direct interaction of
the compound with the F,F, complex, where the xenobiotic
covalently binds to the thiol groups of the Fy domain, which
may promote changes in the enzyme structure (Nesci et al.
2011a). Studies conducted on the sea snail Haliotis
diversicolor showed that exposure to organotin compounds
disturbs the energy production and osmotic balance, and in-
duces oxidative stress (Lu et al. 2017). Another study using
the snail as a research model showed a significantly inhibited
oxygen consumption and respiratory activity at the first two
phosphorylation sites caused by TBT, whereas complex IV
was not affected (Nesci et al. 2011b). The study conducted
on bacteria showed that TBT was able to inhibit NADH res-
piration (Martins et al. 2005) and complex III in the photosyn-
thetic purple bacterium Rhodobacter spheroides (Hunziker
et al. 2002). Our proteomic analysis revealed the overexpres-
sion of two forms of malate dehydrogenase (spots 37 and 38),
both of which were identified using a delta-blast algorithm as
mitochondrial/glyoxysomal malate dehydrogenase (Table S-
1). One of the isoforms (spot 38) showed unique overexpres-
sion after 24 h in the TBT-containing samples (Table 1).
However, the second one identified as malate dehydrogenase,
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Fig.2 PCA analysis of protein composition in control (c) and TBT-exposed cultures (TBT) of C. echinulata on Sabouraud medium. The numbers on the
PC score represent the time of culturing, and protein spots responsible for data clustering were presented in the PC loading section
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except in the TBT sample obtained after the 24-h and 96 h
exposure, was downregulated during exposure to TBT
(Table 1). Because of the fact that fungi have three isoforms
of MDH, cytoplasmic, mitochondrial, and peroxisomal, the
appropriate identification and determination of their role in
the process remain unclear. However, a high level of oxaloac-
etate and a low level of malate observed previously in the
examined fungus (Sobon et al. 2018), together with the strong
cellular demand for NADH necessary in the OXPHOS pro-
cess, suggest that the isoenzyme, which was uniquely
overexpressed after 24 h of incubation, is a mitochondrial
form of MDH (Fig. 3). The conversion of malate to oxaloac-
etate by mitochondrial malate dehydrogenase is a major
source of NADH, required for NADH dehydrogenase.
NAD"* and NADP* were not detected during the examined
process; however, the FAD™ concentration after 24 h in the
TBT samples was very low (Sobon et al. 2018), which con-
firmed the high cell demand for reducing equivalents neces-
sary for the functioning of the electron transfer chain.

4

glucose 2
sy, —> ATP

1 N
NADH
pyruvate

NADP*  NADPH

Fig. 3 Fungal response to energy demand and ROS generation during
exposure to TBT (5 mg L™"). Enzymes overexpressed during the first
48-h exposure to TBT are marked in red, and downregulated proteins
are green. Red arrows indicate known molecular targets of TBT. Yellow
arrows in oxidative phosphorylation indicate electron flow through the

¥ 4 \\\\DLD

Aspartate aminotransferase (spot 54), a part of the malate—
aspartate shuttle was strongly upregulated after 72 h and
96 h in the TBT-induced cells (Table 1). The upregulation of
the malate—aspartate shuttle pathway also indicated a strong
energy deficit.

TBT and enzymatic cell defense

The dark side of mitochondrial activity is the production of
free oxygen radicals. It is estimated that approximately 20% of
the free radical pool is generated in the process of cellular
respiration. However, under abnormal conditions, this propor-
tion can be disturbed, resulting in the increased ROS forma-
tion, which leads to oxidative stress conditions. The micro-
scopic analysis presented in Fig. 4 showed a statistically sig-
nificant increase in the ROS concentration in the fungus hy-
phae exposed to TBT (5 mg L™"). Its maximum level was
observed after 24 h of culturing (57.60% + 4.03% in compar-
ison to the control 0.82% + 0.03%) (P < 0.05), slightly
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ETC. I, complex I; II, complex II; ITI, complex III; IV, complex IV; V,
ATP synthase. (complex V), DLD dihydrolipoamide dehydrogenase,
MDH malate dehydrogenase, CS citrate synthase, IDH isocitrate
dehydrogenase, SOD superoxide dismutases, Trx thioredoxins
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decreased on the second day of incubation (41.71% + 3.54%
in comparison to the control 0.57% + 0.04%) (P < 0.05).
Simultaneously with increased amounts of ROS observed in
TBT-exposed cells, the increased activity of SOD and CAT
was noticed (Table 2). SOD activity significantly increased
over 4-fold in the samples containing TBT after 24 h and
decreased over time to a comparable amount between samples
to the end of the experiment. CAT showed low activity during
the whole time of the experiment in both compared samples
indicating no significant role of this enzyme in the tested pro-
cess. However, in TBT-treated samples, a significantly

enhanced CAT activity was observed after 24 h. After 72 h,
a similar enzyme activity was noted between the compared
systems. The high ROS concentration might be attributed to
an interrupted electron flow of the electron transport chain
(ETC) complexes. Complexes I and III of ETC are indicated
as the main source of ROS formation (Jastroch et al. 2010).
Under normal conditions, complex I'V reduces oxygen, which
acts as a terminal electron acceptor, forming water. In the
TBT-treated cells, an upregulation of NADH dehydrogenase
and cytochrome ¢ oxidase belonging to complexes I and IV,
respectively, was observed. The inefficient transport of

Fig.4 ROS generation in the C. echinulata cultures. Control without TBT after a 24 h and ¢ 48 h; sample supplemented with TBT afterb 24 hand d 48 h.
The hyphal fluorescence indicates ROS generation
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Table2  Activity of superoxide dismutase (SOD) and catalase (CAT) determined in C. echinulata biomass incubated in the presence or absence of TBT

(initial concentration 5 mg LY

Enzyme activity 24 h 48 h 72h 96 h
(U mg proteinf’)
Control TBT Control TBT Control TBT Control TBT
SOD 0.424 £0.015 1.920+0.012" 0.085+0.008 0.911 £0.015" 1.306+0.014 0.989+0.015" 1.209 £0.038 1.089 +0.039"
CAT 0.028 +0.004 0.067 +0.007" 0.038 +0.004 0.049 +0.005 0.033 =0.003 0.035+0.005 0.029+0.003 0.030 = 0.004

" indicates values that differ significantly from the control at P < 0.05

electrons not only reduces the efficiency of ATP production
but also contributes to the generation of ROS. Moreover, other
mitochondrial enzyme complexes, such as DLD, have been
reported to be able to generate superoxides (Starkov 2004).
Many studies have demonstrated the interaction of lipophilic
TBT with the cell membrane (Martins et al. 2005; Bonarska-
Kujawa et al. 2012) against which the cell fights by changes in
the lipid composition (Bernat et al. 2014). An increase in
membrane permeability caused by TBT could enhance ROS
generation and ROS-induced damage because more electrons
leak and form more superoxide anions. Several studies have
shown that the generation of ROS is a major mechanism of
TBT toxicity (Wang et al. 2012; Ferreira et al. 2013). The
activation of enzymatic and non-enzymatic defense mecha-
nisms against ROS is required to neutralize the large number
of free radicals observed in the examined fungus. In the course
of the current and the previous studies, a number of protective
factors have been identified. An upregulation of the Heat
Shock 70-kDa protein (Hsp70) (spot 24), a marker of oxida-
tive stress, was observed in the TBT-treated samples after 48 h
of incubation (Table 1). Cu—Zn superoxide dismutase (SOD)
(spot 27) was overexpressed only at 24 h and 96 h, and Mn-Fe
SOD (spot 22) was upregulated at 24 h, 72 h, and 96 h during
exposure to TBT (Table 1, Fig. 3). In addition, an increased
activity of SOD in the mycelia of the fungus incubated with
the xenobiotic after 24 and 48 h was observed, while the low
CAT activity suggests negligible participation of that enzyme
in the examined process. A study conducted by Liu et al.
(2006) showed an increased level of SOD in rats after 3 days
of exposure and a decreased SOD level after 7 days, which
suggested that the antioxidative system was activated by TBT
on the first day of incubation. Our results confirmed these
findings, indicating the induction of the oxidative stress-
related mechanism from the first hour of exposure to TBT.
Interestingly, the upregulation of three isoforms of
thioredoxin-like protein (Trx) (spots 19-21) as well as redoxin
(spot 23) was observed in the TBT-containing samples
(Table 1, Fig. 3). Trx together with redoxin was strongly
expressed, particularly from 48 h. The expression of Mn
SOD is essential for the cellular resistance to ROS owing to
the fact that SODs catalyze the dismutation of O, into oxy-
gen and H,O, (Turrens 2003), which is further reduced by
catalase, peroxiredoxin (Prx), and glutathione peroxidase

(GPx) as well as by the Trx system (Amér and Holmgren
2000). One of the central antioxidant systems in the cell is
the redoxin family, including Prxs, Trxs, and glutaredoxin
(Grxs) proteins (Hanschmann et al. 2013). However, the sig-
nificance of Trxs is not limited to the antioxidant system,
because it plays an important role in redox signaling and the
regulation of the protein function (Lee et al. 2013; Matsuzawa
2017). Moreover, the occurrence of three isoforms may be
attributed to the fact that mitochondria have their own Trx
system (Collet and Messens 2010). The metabolomic analysis
in the previous work also highlighted a number of non-
enzymatic factors involved in the elimination of stress, such
as proline, betaine, and GABA (Sobon et al. 2018).

The strong upregulation of prohibitin-1 (PHB1) (Spot 79)
after 24 h of exposure to TBT is worth noting. PHB1 together
with prohibitin-2 (PHB2) play a crucial role in the proper
functioning of mitochondria. They are a universal protein
scaffold for key mitochondrial processes involved in cell pro-
liferation, morphogenesis, mitochondrial DNA organization,
protein processing, functional integrity of mitochondria, and
triggering retrograde signals in response to stress as well as
stress tolerance (Merkwirth and Langer 2009). Due to the
multifunctional nature of this protein, its role in the examined
process is ambiguous. Studies on eukaryotic organisms have
shown the cytoprotective role of PHB during oxidative stress,
which leads to a decrease in the level of ROS. Studies con-
ducted by Theiss et al. (2007) suggest the protective role of
this protein on cells exposed to oxidative stress. In another
study by Liu et al. (2006), upregulation of PHB1 in cultured
cardiomyocytes was found to protect mitochondria from
injury and apoptosis induced by hydrogen peroxide and
maintain mitochondrial membrane permeability. A study
performed by Li et al. (2015) showed the protective role of
PHBI in the recovery of spinal cord injury in rats by the
suppression of ROS formation, reducing apoptosis and restor-
ing the mitochondrial function. Moreover, it has been revealed
that PHB interacts with and is required for the optimal activity
of complexes I and IV of the ETC and thus preserves mito-
chondrial respiratory function of cells exposed to oxidative
stress (Anderson et al. 2018), which could be correlated with
the upregulation and functioning of these complexes in the
fungus during exposure to TBT. DNA fragmentation is one
of the known mechanisms of TBT action (Zuo et al. 2012;
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Morales et al. 2013), and due to the fact that PHB plays a role
in mitochondrial DNA organization (Van Aken et al. 2010), its
overexpression together with nuclease C1 (spot 71) could be
involved in DNA repair processes occurring in fungal cells.
Upregulation of nuclease C1 in TBT-treated samples was ob-
served during the whole time of the experiment (except the
samples from 48 h where nuclease was not detected in both
samples). The role of nuclease C1 in the examined process
had been discussed earlier (Sobon et al. 2016) and seems to be
another cell-protection element induced in fungus during ex-
posure to TBT. The overexpression of PHB, which plays an
anti-apoptic role in mitochondria (Peng et al. 2015), is also
remarkable due to the fact that the induction of apoptosis by
TBT has been reported in several studies (Jurkiewicz et al.
2004; Mitra et al. 2013). Because of TBT negative effect on
the proper functioning of mitochondria coupled with strong
oxidative stress, the upregulation of multifunctional protein
PHBI seems to be another important cell factor involved in
fungus recovery during exposure to TBT. In the tested fungus,
TBT-induced oxidative stress was noticed, and upregulation
of PHBI could have been involved in mitochondrial function-
ing and supporting ROS elimination Taking into account all of
the obtained results, we concluded that the enzymatic and
non-enzymatic cell defense plays a significant role in ROS-
scavenging and leads to a balance of homeostasis in cells
exposed to TBT, as well as protective effect of PHB1 on
proper mitochondria functioning

TBT effect on cytoskeleton-related proteins

Filamentous fungi are highly polarized eukaryotic cells,
whose characteristic feature is a continuous elongation of their
hyphae at the tip. Actin and tubulin, the cytoskeletal elements
play essential roles in polar growth and organelle distribution
(Horio 2007; Takeshita et al. 2014). TBT leads to morpholog-
ical damage to the C. echinulata hyphae, especially visible
after 24 h of culturing (Sobon et al. 2018). The induction of
{3 tubulin (spot 31) and actin (spots 32 and 33) only in the
control culture after 24 h, followed by its upregulation in TBT-
treated cells in the next measuring points confirmed micro-
scopic observation that TBT disturbs the cell architecture. The
adverse influence of TBT on the cytoskeleton system has been
reported (Cima et al. 1998; Khondee et al. 2016) and our
results confirm the negative effect of TBT on the cell
architecture.

Conclusions

The obtained results revealed the multiple negative effects of
TBT on fungal hyphae. The fungus focused on energy pro-
duction via the respiratory chain by the upregulation of the
glycolysis enzymes, the NADH delivery system (malate
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dehydrogenase), the electron transport chain (NADH dehy-
drogenase), and ATP synthesis (ATP synthase together with
inorganic pyrophosphatase). The upregulation of cellular re-
spiratory pathways including glycolysis and oxidative phos-
phorylation, together with an increased level of mitochondrial
malate dehydrogenase and DLD enzyme, revealed energy de-
pletion and the activation of the systems involved in reducing
the equivalents production and the ATP generation by the
fungus. The unique overproduction of PHB1 involved in a
number of mitochondrial-related processes may indicate the
important role of this protein in fungus recovery. Disturbances
in the functioning of the electron transport chain resulted in
the formation of considerably large amounts of ROS.
Exposure to TBT resulted in the generation of oxidative stress,
which induced various defense mechanisms in the examined
fungus. The fungal response included the upregulation of
ROS-scavenging enzymes (SODs, Trx, and redoxin) and the
Hsp70 protein with parallel low catalase activity. The morpho-
logical damage to hyphae was manifested by the induction of
cytoskeletal proteins, which were necessary for cell architec-
ture building, organelle transport and organization of the fun-
gal cell. The characterization of physiological measurements
together with proteomic and metabolomic studies provided
deeper insights into the approach that the microorganism uses
for recovery at various levels of the functionality and cell
structure. These techniques showed a wide spectrum of mech-
anisms involved in the cell recovery and fungus defense strat-
egy towards toxic TBT, which might contribute to increasing
the knowledge about the influence of TBT on the cells.
However, the transcriptomic analysis in the future studies
could increase our knowledge concerning the molecular pro-
cesses involved in fungus recovery during TBT exposure.
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Table S-1. Detailed results of proteomic identification of C. echinulata IM 2611 proteins during exposure to 5 mg L™ TBT. ®Fold change was calculated as a ratio of the intensity of the
protein bands between the TBT-containing sample and the corresponding control sample after 24, 48, 72 and 96 h. The protein spots observed only in the control or TBT-containing
sample were marked as ‘c’ or ‘tbt’, respectively. If no spots were detected there were marked as ‘-’.

MASCOT search results Delta-BLAST results Fold change?®
Best protein name Score Organism Accesion MW [Da]

fructose-bisphosphate aldolase, 569 Syncephalastrum ORY96155.1 cd00946, Class Il Type A, Fructose-1,6-bisphosphate (FBP)
class Il racemosum aldolases.
triosephosphate isomerase 347 Absidia repens ORZ22507.1 26942 PTZ00333, triosephosphate isomerase. c 259 1,97 3,55

BRI E N EE s e 348 Absidia repens ORZ17044.1 35502 TIGRO01534, glyceraldehyde-3-phosphate dehydrogenase, typel. 0,44 0,59 0,65 19,03

dehydrogenase
9'ycer%'gﬁ;‘é’f‘oeéghg';%mhate 200  Absidiarepens ~ ORZ17044.1 35502  TIGRO1534, glyceraldehyde-3-phosphate dehydrogenase, type . ¢ - 381 tht
glycera(ljlgﬁ;]ggoeég;]gg%pshate 277 Absidia repens ORZ17044.1 35502 TIGRO01534, glyceraldehyde-3-phosphate dehydrogenase, type I. - G 4,03 0,96

hypothetical protein 246 Absidia glauca SAMO09852.1 47484 PTZ00005, phosphoglycerate kinase; Provisional. c tht 3,11 tbt




2,3-bisphosphoglycerate-

7 independent phosphoglycerate
mutase
8 enolase

Oxidative Phosphorylation

hypothetical protein
BCR42DRAFT_491864

hypothetical protein

NADH dehydrogenase
[ubiquinone] complex |, assembly
factor 7-like protein

cytochrome b-c1 complex subunit
7

cytochrome ¢ oxidase subunit 5A
COX5A

ATP synthase subunit alpha

ATP synthase F1 subcomplex
beta subunit ATP2

hypothetical protein
F1 complex, OSCP/delta subunit
of ATPase
inorganic pyrophosphatase
electron transfer flavo protein,
beta subunit
Stress response

19 thioredoxin-like protein
20 thioredoxin-like protein
21 thioredoxin-like protein

manganese and iron superoxide
22 :

dismutase

23 Redoxin
24 heat shock 70 kDa protein 2
25 hsp71-like protein
26 hypothetical protein
27 superoxide dismutase Cu-Zn

212

721

260

158

101

155

967

898

213
225
571
271

239

207
164
183

110
807
316

183
94

Absidia repens

Cunninghamella
elegans

Absidia repens
Absidia glauca

Smittium culicis

Lichtheimia
corymbifera
JMRC:FSU:9682
Phycomyces
blakesleeanus
NRRL 1555(-)
Hesseltinella
vesiculosa
Mucor
circinelloides f.
lusitanicus CBS
277.49
Absidia glauca
Hesseltinella
vesiculosa
Absidia repens
Hesseltinella
vesiculosa

Hesseltinella
vesiculosa
Rhizopus
microsporus
Absidia repens
Rhizopus
microsporus
Hesseltinella
vesiculosa
Absidia repens
Rhizopus
microsporus
Absidia glauca
Absidia repens

ORZ08611.1

CAA76735.1

ORZ15863.1

SAM04188.1

0OMJ26490.1

CDH56085.1

XP_018289694
A

ORX53531.1

OADO04005.1

SAMO02571.1
ORX62690.1
ORZ15054.1
ORX46546.1

ORX62243.1

ORE14485.1
ORZ12671.1
ORE15744.1

ORX46097.1
ORZ12002.1
ORE16196.1

SAL95812.1
ORZ18937.1

57856

46849

41685

15166

61959

14616

15568

59092

52713

17762
23065
32653
28746

21826

24403
18613
25064

17994
67482
71206

66741
15863

PRKO05434, phosphoglyceromutase; Provisional.
PLNO00191, enolase.

cd05271, NADH dehydrogenase (ubiquinone) 1 alpha
subcomplex, subunit 9, 39 kDa, (NDUFAD9) -like, atypical (a)
SDRs.
pfam05071, NADH ubiquinone oxidoreductase subunit
NDUFA12.

pfam02636, Putative S-adenosyl-L-methionine-dependent
methyltransferase.

pfam02271, Ubiquinol-cytochrome C reductase complex 14kD
subunit.

pfam02284, Cytochrome c oxidase subunit Va.

PRK09281, FOF1 ATP synthase subunit alpha.

PRK09280, FOF1 ATP synthase subunit beta.

pfam05873, ATP synthase D chain, mitochondrial (ATP5H).
COGO0712, FoF1-type ATP synthase, delta subunit [Energy
production and conversion]
¢cd00412, Inorganic pyrophosphatase.

cd01714, The electron transfer flavoprotein (ETF).

cd03015, Peroxiredoxin (PRX) family, Typical 2-Cys PRX
subfamily.

¢d03016, Peroxiredoxin (PRX) family, 1-cys PRX subfamily.
cd00340, Glutathione (GSH) peroxidase family.
PLNO02471, superoxide dismutase [Mn]

€d03013, Peroxiredoxin (PRX) family, PRX5-like subfamily.
pfam00012, Hsp70 protein.
pfam00012, Hsp70 protein.

pfam00012, Hsp70 protein.
pfam00080, Copper/zinc superoxide dismutase (SODC).

0,99

1,02

3,14
2,52
1,23
2,23

1,45

1,64

12,17

tbt
1,83
5,41
2,06

tbt
0,53
tbt

tbt

0,81

2,08

1,87

2,17

1,17
0,64
3,08
1,25

2,94

2,92
1,73
2,61

3,14
tbt
9,47

tbt

0,29

0,39

tbt

tbt

2,76

3,05

1,65
0,73
1,43
0,41

0,57

tbt
tbt
1,83

3,37
6,20
0,60

tbt
tbt
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Pentose phosphate pathwa!

28 hypothetical protein Absidia glauca SAL97358.1 35034 PRK05269, transaldolase B. 096 3,70 4,42 1,79
29 hypothetical protein Absidia glauca SAL98199.1 52769 PRK09287, 6-phosphogluconate dehydrogenase. 1,92 - - -
Cytoskeleton proteins
: c Choanephora . .
30 Tubulin alpha-1C chain 578 cucurbitarum 0OBZ89207.1 49857 PTZ00335, tubulin alpha chain. 0,56 1,04 tbt 1,18
31 beta-tubulin, partial 264 Blakeslea trispora  AAY18773.1 43231 ¢d02187, The beta-tubulin family. c 234 456 2,82
Mucor

; circinelloides f. .

32 actin-2 671 SeeleiEs EPB91408.1 41710 PTZ00281, actin. c 2,58 3,27 6,81
1006PhL
33 Putative Actin (Fragment) 356 L";Q:;‘gg'a CDS12119.1 41753 PTZ00281, actin. c c 314 3,37
TCA cycle
34 citrate synthase 555 Sy?gfg:ﬂ:j;ﬁ“m ORZ00561.1 52635 PRK095609, type | citrate synthase. 1,12 0,38 090 0,70
35 Citrate synthase, mitochondrial 79 gﬂgjﬁ&?ﬁ;ﬁ‘ OBZ90597.1 52383 PRK09569, type | citrate synthase. - c 082 065
S socirate djggg;%%?{t‘ase' NAD- 799 Absidiarepens  ORZ20789.1 40899 PLN00118, isocitrate dehydrogenase 09 ¢ 073 158
malate dehydrogenase, NAD- - ¢d01337, Glyoxysomal and mitochondrial malate

37 dependent 528 Absidia repens ORZ25534.1 35197 dehydrogenases. 25 030 0,41 1,87

. h - cd01337, Glyoxysomal and mitochondrial malate
38 hypothetical protein 682 Absidia glauca SAL95658.1 36703 dehydrogenases. 3,63 tht tbt tbt
Pyruvate oxidation
39 hypothetical protein Absidia glauca SAMO04640.1 55520 PRK06327, dihydrolipoamide dehydrogenase tbt tbt 0,71 tbt
Protein metabolism
40 hypothetical protein Absidia glauca SAL97789.1 15375 pfam01248, Ribosomal protein L7Ae/L30e/S12e/Gadd45 family. c 1,67 - 1,13
41 40S ribosomal protein S7 92 H\f’:;ﬁg:ggga ORX56371.1 21816 pfam01251, Ribosomal protein S7e. - - - 380
42 40S ribosomal protein S5, partial 118 (gggjrrz)eitg?&r: OBZ80663.1 19990 PTZ00091, 40S ribosomal protein S5. - - - 1,80

q n Rhizopus delemar COGb5256, Translation elongation factor EF-1alpha (GTPase) _ _ )
= SO MeseiEl rEE 52 oS RA 99-880 23T A [Translation, ribosomal structure and biogenesis] —
LR Putatve "a}i”kzcgfé't‘;ri‘nfacmr bf3- 506 Absidiarepens ~ ORZ25666.1 16697 pfam01849, NAC domain. - tot  tht 1,41
translation elongation factor 1 - . COGb5256, Translation elongation factor EF-1alpha (GTPase) ) ) )

-9 alpha, partial — Hluetili spiroes ez Rl [Translation, ribosomal structure and biogenesis] S0

. . Phycomyces
a7 hypothetical protein 226 blakesleeanus XP_018298654 17259 PTZ00141, elongation factor 1- alpha. tbt 270 391 1,03

PHYBLDRAFT_129275 1
NRRL 1555(-)
I 60S acidic ribosomal protein PO 235 Hf:;gmggga ORX46259.1 33272 PTZ00135, 60S acidic ribosomal protein PO. ¢ 702 1002 1,79
49 elongation factor 1-alpha 198 Absidia repens ORZ26205.1 49798 PTZ00141, elongation factor 1- alpha. - - c tbt
gl Uranslation elongationfactor 1- ;55 Cunninghamella  \\co09941 46461 PTZ00141, elongation factor 1- alpha. 262 181 032 0,80
alpha, partial echinulata
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translation elongation factor 1-
alpha, partial

prohibitin-1

hypothetical protein
PHYBLDRAFT_98645, partial

nucleophile aminohydrolase

Amino acids metabolism
hypothetical protein
BCR42DRAFT_403787
Putative Imidazoleglycerol-
phosphatedehydratase
aspartate aminotransferase
S-adenosylmethionine synthase
spermidine synthase
glutamate decarboxylase
hypothetical protein
DMO1DRAFT_1335954

endopeptidase

peptidase S10, serine
carboxypeptidase
adenosylhomocysteinase

ketol-acid reductoisomerase

Others
hypothetical protein
BCR42DRAFT_399282

hypothetical protein

V-type proton ATPase catalytic
subunit A

vacuolar atp synthase subunit e
14-3-3-like protein
14-3-3-like protein

14-3-3-like protein

hypothetical protein
RO3G_12286

407

S5

130

116

312

126

212
699
180
141

451

151

145
138
235

932

113

155

372

174

196

137

Cunninghamella
echinulata

Absidia repens

Phycomyces
blakesleeanus
NRRL 1555(-)
Syncephalastrum
racemosum

Absidia repens

Lichtheimia
ramosa
Absidia repens
Absidia repens
Absidia repens
Absidia repens
Hesseltinella
vesiculosa
Syncephalastrum
racemosum
Hesseltinella
vesiculosa
Absidia repens

Absidia glauca

Absidia repens
Absidia glauca
Absidia repens

Mucor ambiguus

Hesseltinella
vesiculosa
Hesseltinella
vesiculosa
Hesseltinella
vesiculosa
Rhizopus delemar
RA 99-880

AAG28994.1

ORZ22100.1

XP_018288270

A

ORY90517.1

ORZ23018.1

CDS05525.1

ORZ25296.1
ORZ05044.1
ORZ18907.1
ORZzZ25441.1

ORX54097.1

ORZ01430.1

ORX51196.1
ORZ26031.1
ORZ12664.1

ORZ25053.1

SAMO08263.1

ORZ15905.1

GANO09215.1

ORX45293.1

ORX45293.1

ORX45293.1

EIE87575.1

46461

30665

40921

22757

39265

21608

47281
42262
33035
57584

39869

44046

56551
46789
40254

11491

57310

67553

26414

28901

28901

28901

55679

PTZ00141, elongation factor 1- alpha.

COGO0330, Regulator of protease activity HfIC,
stomatin/prohibitin superfamily [Posttranslational modification,
protein turnover, chaperones]

COG1404, Serine protease, subtilisin family [Posttranslational
modification, protein turnover, chaperones]

cd03759, proteasome beta type-3 subunit.

COGO0174, Glutamine synthetase [Amino acid transport and

metabolism].

COGO0131, Imidazoleglycerol phosphate dehydratase HisB
[Amino acid transport and metabolism].
PTZ00376, aspartate aminotransferase.

PTZ00104, S-adenosylmethionine synthase.
PLN02366, spermidine synthase.
TIGR01788, glutamate decarboxylase.

COGO0174, Glutamine synthetase [Amino acid transport and

metabolism].

cd05488, Fungal Proteinase A , aspartic proteinase superfamily.

pfam00450, Serine carboxypeptidase.

PRK05476, S-adenosyl-L-homocysteine hydrolase.
COG0059, Ketol-acid reductoisomerase [Amino acid transport
and metabolism, Coenzyme transport and metabolism)].

pfam12585, Protein of unknown function (DUF3759)

COG1156, Archaeal/vacuolar-type H+-ATPase subunit B/Vma2
[Energy production and conversion].

COG1155, Archaeal/vacuolar-type H+-ATPase catalytic subunit
A/Nmal [Energy production and conversion].
COG1390, Archaeal/vacuolar-type H+-ATPase subunit E/Vma4
[Energy production and conversion].

COG5040, 14-3-3 family protein [Signal transduction
mechanisms].

COG5040, 14-3-3 family protein [Signal transduction
mechanisms].

COG5040, 14-3-3 family protein [Signal transduction
mechanisms]

COG4284, UDP-N-acetylglucosamine pyrophosphorylase
[Carbohydrate transport and metabolism]

5,54

0,48

tbt

o O 00

1,82

0,41
0,21
0,18

0,86

1,76
tbt

0,29
2,06
1,22
0,44
3,25

1,94

tbt

4,74
3,25
tht

1,25
0,90
tbt
3,67
2,32
1,96
2,03

2,59

6,36

1,91

tbt

tbt

5,85
tbt
tbt

1,52

0,86
1,82
tbt

0,90
19,58
0,74
1,82
1,71
2,55
1,54

tbt
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minor nuclease C1B isoform
precursor, partial

phosphoesterase family-domain-
containing protein

adenine
phosphoribosyltransferase
nucleoside diphosphate kinase
FAD binding domain-domain-
containing protein

hypothetical protein
PHYBLDRAFT_133989

hypothetical protein
PHYBLDRAFT_133989

Putative GTP-binding nuclear
protein GSP1/Ran
ClpP/crotonase-like domain-
containing protein

FAD/NAD(P)-binding domain-
containing protein
mitochondrial carrier

eukaryotic porin/Tom40

hypothetical protein

hypothetical protein
DMO1DRAFT_1337961
E3 ubiquitin ligase complex SCF
subunit sconC
immunoglobulin E-set

hypothetical protein
cytochrome b5

hypothetical protein

377

199

120

72

268

305

254

332

207

254

526

316

107

338

101
204
220

220

334

Cunninghamella
echinulata var.
echinulata

Absidia repens
Absidia repens

Absidia repens
Absidia repens

Phycomyces
blakesleeanus
NRRL 1555(-)

Phycomyces
blakesleeanus
NRRL 1555(-)

Lichtheimia
ramosa

Absidia repens
Hesseltinella
vesiculosa

Hesseltinella
vesiculosa

Absidia repens

Absidia glauca

Hesseltinella
vesiculosa

Absidia repens

Absidia repens
Parasitella
parasitica

Hesseltinella
vesiculosa

Absidia glauca

AAF21905.1

ORZ16986.1

ORZz07684.1

ORZ21602.1

ORZ11075.1

XP_018290866
A

XP_018290866
A

CDS07831.1

ORZ19902.1

ORX49489.1

ORX62758.1
ORZ23420.1
SAL98725.1
ORX49824.1

ORZ08142.1
ORZ24166.1
CEP18291.1

ORX50111.1

SAL99484.1

28178

41177

19505

16548

68166

35144

35144

24299

31957

47924

33460

29960

47097

16470

17958
22105
54924

14166

24549

cd00091, DNA/RNA non-specific endonuclease

pfam04185, Phosphoesterase family

COGO0503, Adenine/guanine phosphoribosyltransferase or
related PRPP-binding protein [Nucleotide transport and
metabolism]

]COGO0105, Nucleoside diphosphate kinase [Nucleotide transport
and metabolism]

COG1053, Succinate dehydrogenase/fumarate reductase,
flavoprotein subunit [Energy production and conversion]
€d00200, WD40 domain, found in a number of eukaryotic
proteins that cover a wide variety of functions including
adaptor/regulatory modules in signal transduction, pre-mRNA
processing and cytoskeleton assembly
€d00200, WD40 domain, found in a number of eukaryotic
proteins that cover a wide variety of functions including
adaptor/regulatory modules in signal transduction, pre-mRNA
processing and cytoskeleton assembly

PTZ00132, GTP-binding nuclear protein Ran

COG1024, Enoyl-CoA hydratase/carnithine racemase [Lipid
transport and metabolism]
COG0446, NADPH-dependent 2,4-dienoyl-CoA reductase, sulfur
reductase, or a related oxidoreductase [Lipid transport and
metabolism]

pfam00153, Mitochondrial carrier protein

¢cd07306, Voltage-dependent anion channel of the outer
mitochondrial membrane
cd10952, Catalytic NodB homology domain of Mucor rouxii chitin
deacetylase and similar protein

pfam03501, Plectin/S10 domain

COG5201, SCF ubiquitin ligase, SKP1 component
[Posttranslational modification, protein turnover, chaperones]
pfam02115, RHO protein GDP dissociation inhibitor

TIGR01130, protein disulfide isomerase, eukaryotic

pfam00173, Cytochrome b5-like Heme/Steroid binding domain

COG0105, Nucleoside diphosphate kinase [Nucleotide transport
and metabolism]

tbt

tbt

1,01

tbt

tbt

tbt

1,31
tbt

1,63

1,75

tbt

2,31

tbt

2,75

tbt

0,83

0,32

1,22

0,09
1,05
tbt
0,62

tbt
4,58

3,57

1,38

7,69

5,90

tbt

0,91

tbt

2,07

1,74

1,84

tbt

0,49

0,15
0,74
tbt

0,66

0,99
tbt

1,03

0,83
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X. Podsumowanie i stwierdzenia koncowe

W prezentowanej pracy doktorskiej po raz pierwszy scharakteryzowano
proces mikrobiologicznej degradacji TBT u grzyba strzepkowego Cunninghamella
echinulata IM 2611, jak rowniez oceniono wplyw ksenobiotyku na zmiany

w morfologii i w procesach biochemicznych zachodzacych w jego strzgpkach.

1. Wykazano, ze drobnoustréj wydajnie przeksztatca TBT (5 mg/l), do
pochodnych DBT oraz MBT, a proces biodegradacji byt skorelowany ze
wzrostem grzyba. Jednocze$nie zidentyfikowano nowa hydroksylowang
pochodng TBT.

2. Obecnos¢ ksenobiotyku w srodowisku wzrostu wptywata niekorzystnie na
badany mikroorganizm. Dodatek TBT do hodowli powodowat silne
zahamowanie wzrostu i aktywno$ci metabolicznej grzyba, jak rowniez
negatywnie oddziatywal na strzepki mikroorganizmu indukujac ich
wakuolizacj¢ 1 plazmolize.

3. Zwiazek cynoorganiczny w zréznicowany sposob wptywat na profil
metabolomiczny grzyba, skutkujace nagromadzeniem w grzybni metabolitow
glikolizy i szlaku pentozofosforanowego przy jednoczesnym spadku stezenia
wiekszosci zwigzkow cyklu Krebsa.

4. Biocyd indukowat stres oksydacyjny, czego objawem jest nadprodukcja RFT
w strzepkach grzyba, oraz zwigkszona biosynteza biatek szoku cieplnego
Hsp70 1 Hsp71, uwazanych za markery stresu oksydacyjnego.

5. W odpowiedzi na stres osmotyczny (plazmoliza komorki) i oksydacyjny,
aktywacji  ulegly nieenzymatyczne 1 enzymatyczne mechanizmy
antyoksydacyjne, poprzez stymulacj¢ akumulacji betainy, proliny i GABA,
oraz zwigkszong biosyntez¢ dysmutazy nadtlenkowej cynkowo-miedzianowej
(Cu-Zn) 1 manganowej (Mn), tioredoksyny, redoksyny czy
peroksyredoksyny.

6. Zwigkszona biosynteza prohibityny i nukleazy C1 $wiadczy o indukcji
mechanizmow  odpowiedzialnych za  prawidlowe  funkcjonowanie

mitochondriow oraz ochrong¢ DNA przed uszkodzeniami.
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7. Zwigkszonej biosyntezie podlegaty biatka zaangazowane w produkcj¢ energii
w postaci ATP na drodze oddychania komdrkowego, co zwigzane jest ze

zwickszonym wydatkiem energetycznym komorki.
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