WYDZIAL BIOLOGII
i OCHRONY SRODOWISKA

Uniwersytet todzki

Stacjonarne Studia Doktoranckie Mikrobiologii,
Biotechnologii i Biologii Eksperymentalnej

Tomasz Janicki

Eliminacja i detoksykacja wybranych
To6ANT {56 FSy2z2f268 0K 2N
OAtOd1AOK 1T gel2Nleadly
a 0 NJ t LIUmbelSpSiLisabellina

Elimination and detoxification of selected phenolic
compounds and heavy metal ions by the filamentous
fungusUmbelopsis isabellina

Praca doktorska

wykonana w Katedrze Mikrobiologii

t NI Syeavz2sS2a A . A20SOKy2t23AA
Instytutu Mikrobiologii, Biotechnologii

i Immunologii

Promotor:
1 LINBT®d RNJI KFod WSNIieé& 50d-aA22Z2a1A
Promotor pomocniczy:

T RNJ al NAdzaT Y NHzLIA Z&1 A

-) L6ds, 2021



Ve

Listadzd @ 6 Y@ OK &1 Nk (5 6

4t-OP
CAS

ChzT
CP
CwWO
EDCs
GCMS

NP
VPs
WWA

YAS
YES

NDH N N N N

4-tert-oktylofenol @éng.4-tert-octylphenol)

oznaczenie numeryczne przypae substancji chemicznej prz
FYSNEQLFZal1n 2NBIyYyAT | O2at [/ KSYAOI
chemicznezapotrzebowanie tlenuag.chemical oxygen deman€OD
4-kumylofenol é&ng.4-cumylphenol)

OF 01 26A0G8& gt ahy.Sthl orgaN@EdarfohTOT Y & 0
modulatory endokrynneang.endocrine disrupting compounds)
OKNRYI G423aNXF 3T 268 &aLINI t agygas
chromatographymass spectrometry)

4-nonylofenol &ng.4-nonylphenol)

fenole lotne &ng.volatile phenols)

gASEt2LIASNI OASYA26S gdnd poB@ydidRaRommitic
hydrocarbons PAH

RNRORO2g& (S Zaig.yeagtRitiBGS stra2an)d
RNRORO2¢g& (S iy yehst éstid@eh Scyeeny &



{LJAAa GNBI OA

%NF ROF FAYELyazgltyAl o6l RFZ LINRalLRIL2y.2QK 6 NIY

281FT Lzt A1l 02A ¢O0OK2RI nNnoOea.QK...6..41.0LR...8RT LINT &
I VAV o] 01772 To =] o[ PSSP 6
| O [ o] - 1oy Y PP PPPPPPR PPN 9
[ll.  Techniki wykorzystane w czasie realizacji pracy doktorskiej.....................c....... 10

V. hYséASYAS seyAlsse LINISRalGHeA2ye@OK ¢ O&1f dz

FOZPIaWY QOKIOISKIE]......evvveiiiiiiiiiiiiiiiiiii s e e e e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaes 11
V.1 PUDIKACIA PL.....oeiiiiiiiieieiei ettt e e e e e 12
V.2 PUDIKACIA P2.......eeeeiiiiiieeeeie ettt e 15
L+xdo tdzofAllFO2F to oYl ydza.l.NE.LI..LINL.OB20s8& a0l Yy

V. Podsumowanie oraz wnioskid i 6 A SNRIT Sy.A.L...1.2202.4S5.....23

VI SHESZCZENIE. ..cci ittt e s e e e s e e e an 25
LY B 111 - Lo AP TPPPPPPPPPPPRPI 27
VIL [ 01 26A0G8 R2NROSL.V.LAZL.2. 4.8 e, 29
RV L A U o] 11 = T [ PSP 29
VIII.2Doniesienia KONTEIrEeNCY N .......ueiiiiiieeiiiiit e 30
VI3 KUISY | SZKOIBNIA .....cceiiiiiieeieeieeeeit e e e e e e e e e e e e e e e e e e aaaaeaas 32
D O 1 (=T = (1 = P PP UPPRPPPPPP 33
NN V=N I < BV A e vt O 0 = NN A . 36
I NI @ 1 dzOY PZEZ]. 2. e AT
I NV V=N I < BV e v O 00 =N A o OO 57
hT 6AFROT SY Al ..6.8LI5.0L.dz0.2 NB. G.ccoeovoeeeeeeeeeeeeeeee 101



%NF ROl T A Y| préwadzdnyChw rania¢hRiack doktorskiej

1. Grant NCN (Opus 1) UMOn MM K n MK . K bMiédokiglogignd ydé&gradecja
14Sy2Sai8BaBFIBYE s 6 20SOy21 OROIYEAM)E A OAt
Kierownik projektu:prof. drhabWS NI @ 50dz32Z& 1 A

~ A

2. Dotacia &t 26 yI RIAFOLIty2106 T 6ANRTFYyNn T LINBGI
NET g2228680K 2NIT TIFRFEZ T YAYA T6ANRIIyeoOK:
2NI T dzOl SalGyAlse¢e aiGdzRAsg R210G2NI yOlAOK ¢
B1411000000743.02; B15000001018.02; B1611000001199.02)

3. Grant NCN (Sonata) UMZD14/13/D/NZ9/04743: ,,Mikrobiologiczna degradacja
Ge@OoNI yBOK 1aSy2o0Aiz2Ge1s9 2 60T O0A821 OAl OK
O2RT ASyyS32 dmmeidldz A 20)SYAA 3F2aL2RI NOI S20
Kierownik projektu:R NJ a | NA dzal Y NXzLIJA Za ] A

N

=N Ministerstwo Nauki
i Szkolnictwa Wyzszego

O W E
UM

N
C
N

>m >
Cz X
A-0

D
R
I



=

2381FT Lzt A1l O2A 6O0OK2RI NOBOK ¢ &1

Prace opublikowane:
Pl-JanickiT® ¥ Y NMzLJA Za 1 A aDegradatiOdaadzaziaty raduciioh ofgha m c @
endocrine disruptors nonylphenoltért-octylphenol and 4£umylphenol by the non
ligninolytic fungusUmbelopsis isabellindioresource Technology, 20023-229; doi:
10.1016/).biortech.2015.10.034

IF = 9,642; 33 cytowania; 14Qdzy” | MEiN

P2-JanickiTx 50dz32Zal A Wdetoxifidhiimh #n&simulfaneau®remonalt y
of phenolic xenobiotics and heavy metals with endociigupting activity by the non
ligninolytic fungusJmbelopsis isabellindournal é Hazardous Materials, 36661-669;

doi: 10.1016/j.jhazmat.2018.08.047

IF=MmnZpyyT mo LBIB/{MM&ENZT H Ny

al ydza {1 NB LG LN} Oe geaovlye R2 OTI&a2LRAAYLY

P3 ¢ Janicki T., 5 U dz3 2AZ &48lckakA., 5 U dz3 2JF & 1aAl NR dza | 2024.NHzLIA Z &
Ecotoxicological estimation ofelmylphenol, 4-octylphenol, nonylphenol and volatile

leachate phenol degradation by the microscopic fungimbelopsis isabellinasing

a battery of biotests.a I ydza { NBELJi LINJ @2t Gé& R2 NBOSyl 27
Indicdi 2 NA X oma20R1%. RT A SNY A |

bl NERIT LINI ¥l RRGHRINED aAty

1 2 opublikowane pracR 21T g Al ROITOMIOy Fe&yY LC I' HnXIHo 2NII
340, cytowané> N O B6yfarys

T M YIFydzZA{NEBLIG LINJeatrie ORZEZ 2HBRO8Y1 2V Ra O 2 B
IF= 4,958 140 pkt MEIN

2 NIi27 OA L C MRiNugbdana badmyk pakt O 2 |



. Wprowadzenie

UwalnianieR2 2032 01T Sy Al T $4& 8 W3 RS e ysaeNaujg2nie y A O y
YASLI2ONRIFY&OK S¥S ilsgs dKNARIGBNEEZ d20OK & Ag ALIND i
2LR2NY2ROANRT R O2t 2 GSYyRSyOa2an R2 o0A2F 1 dzydzZ I O2A
NsOyeOK 3Jliddzy1sg 2NHIYATYsgZ LINI ST O2 Y23n |
L2T A2YAS 2az2o0yAld0ieys 2F1 A I NsR OFveOK S1
RTAIFIOFHYASY YISy OB AISYyy Sy GSNIG23SyySs adlyz,
Ff SNAAOT yS2 2NBIYyAT Ydz 2151 Nbs6yASd T Fo6dzNJ I LIN

{T O1 S3asftynNn INHz2X T FyAaSOl eal Ofl Sz adly26an 1
Y2RdzZ | 62Nk 6 hKEDEE&y BV RBONAY S RAANHzZLIGAY 3 O2 YL
yS3alrdesyS TYAlLye ¢ Fdzy1022y 26 yAdz dzl OF Rdz SyF
aedyiaSi e tdzo 0ST LRI NBRYAB2w 2RRKANAX¥SEINFRE &V A KA.
2 geyAldz T 100SdNG Rd2 YE2@YINTINI 68 RT ASt yAOl §:
zaburzenia endokrynologiczne w tym dysfunkcje reprodukcyjne, rozwojowe i behawioralne
650da2 22020 2HBiIMIcOA 621 OA RSaGFOAT AT 261 YAl dzl O
YAS1 G35 NB 1 ¢ A 1y hikilofehdeyjak4-ndngl&fendl, ditert-oktylofenol) (Tabela
D2NIT 22ye YSGlItA OAtO1AOKgEdY2M asyse da WS A
LINI Syeaovz2gn ¢ oAStdz L0t T AFOK F2aL2REFENJA 6D
2014 Soares i in., 2008/ 2 NJ 1 ¢geéodoai e adGd2LASZ TFyAaASOleal
INPR26A&1F yIFGdzNF fyS3a2 geyAall T AOK OAN3IVS3A?
12YdzyFfye@YA A LINJI SyeavzgeYAd hoSOy2106 (e&OK
biosfery m.in. wodach gruntowych, osadach dennych, glebie, rzekach i jezittsamobiotyki
GS T 2adGl 08 N ¢y A SDanysRzh NEysBzahe ladir $d22OO Gy a
YASLISOy & A OK TNERa 28 2R | gy @O 1LAINRSO § & isGan, 280Ky 2 2
Soaes i in., 2008; Zuo i Zhu, 214 hoal I NBE T NBR2gAATIZT ¢ 140
Y2 Rdzt | 42 NE K2NXY2y Il fySs 0t RDOS yAS2SRy2{ NERI
L2 GSyoO2rfyeaOK 1 Ns RSO AOK SYraz2iazr LR{1lI1dz2nzs
T gat1airend Gey albyvyey GSNRBUG2NRARdZzY o0S1 LRIT NBRY
12ydlr1d 1T 95/7a&a 28ada TFHGSY T2lgralASaundOANIOE
I NPR2gAE&A1 2 AOK o026l yAl o



2 STS1TOAS 60AND NRaynoOSe OR|OKE & OUINPORdz]2® DM &c
LR gAt 1allandey aiat ad02LWASY (12yaF YAyl O2A 1 NP
2RRTI ALD&6lYyASY Yl 2NHIFyAT YéS 20aSN¥dzeS aa
LI2al dzl A6l yYASY geRIFI2yeOK alLl2agoSp282axdyyO8AN
A S12y2YAO0T yASDh FewdREGNGT vyELIZWMSG2Re  dzadze | v
1a4Sy20A2G@1596 OKFNITOSNRBTdz2N &At LINI Sgl dyAS
LINRRdzZl & dzo20TyS 2NIT Ot adz2 LINEshERNE 2N a2
aAt gedaln Gz21aed0ly21 OADBhI 2026 | 1ad MRIZZ] 50 MY IO@A S
g LIR&T dAA A6l yAdz SFS{GesyeOK aLRrazos¢6 AOK NERI |

0A2f23A01TyS ge12Nl eaiidz2ndOS RNEP o gyamgaki N@I2BI 2 Y |
A FYFEfAT yrEdzZl2680K yIFER Y2RdzE F G2NF YA K2N)¥2Yy
2RRTIALFO@gLF YAl yI 2NHIFIYyATYE® 2NI1T &ailrftiar geaidtr
1aSyz2o0Ar2ie8 1l YAd t NrPOSae AO0OK St AYRWODIORS2 A TRSE
R2G20KOT a aovloz2 LRIYIYS A 2LAalySe Lyyz2sl 02
ITFG4SY R2 2LIN}O24lyAl o0STLASOTyeOK Rfl T NEBR
T YyyaSeaaltren A StAYAydznD 1 INPDISYIASZD 62 DT K.

aktualnego stanu wiedzy, uzasadnione® R 28 aAt bDFRE¥ILIZRENDOK A
poszukiwanie skutecznych i wydajnych ogttmikrobiologicznej eliminacjopisywanych

14Sy20A2Ge1356 LI2NPBYA B2 VSO@KIYRINYEdALS I2 AI0KO 2
toksycznychs OF T OA 621 OA LINRPRdzZl is ¢ LRI NSRYAOK A 112ZC

DOsgyeyY 204l NBY o06FRIFIgOTl &y yAayasSecalsSe NRII
RS3INI RIF 02l g&0oN)ye OK -nbnyldfendiu] dkdmylcfeBojuzit-@rr & OK 0 |
210t 2FSy2f dz0 2 NI Zn, Nn2Nf, €a RBoY § i If SO NOROK] RRK IdNIzL
A AY®PS HAHMOX ¢geéaidtLildznoOeOK LRgal SOKYAS ¢ 11
OKSYAA 32aL2RINDI S22z 211 N sugdwct do syntezg NBdhz2 4 e |
adzoaidl yOaar OKSYAOI ye@OK 2 OSyyeOK 40T 0OAps21 O
ddeglyS an Yo Ayd g geNRolOK LXFalA126e0Ks Y

2 NI 1 LINI 8 LINPRdzl O2A aLI8dst GHz B8 8B a B y ALAT LYASS
t NI SLINPSIFRT 2y S LINF OS &1 dzLIAl vé &At GF10S yIF
aiNI t LI 26S32 R2 RSG21aelloO02A T[T NRR2gAALl &

214881t yisgo



¢FoStl mMd t2Raill 626S SIORNYIAGRITIO&ATR] 24 20KSYA

2 T scheiczny Masa Temperatura Dt & i
Nazwa O1 nad S (q topnienia/wrzenia 3
[g/mol] [c/ 6 [grcm]
strukturalny sumaryczny
H4C CHg OH
4-tert-oktylofenol | HsC 0,89
CAS: 14669 GiaH220 206,32 85/279 W 90C /
CHg
CHg
CH,
4 | f | CHg OH 0 95
-nonylofeno ) ,
CAS84852153 HaC CisH240 220,35 8/290-300 W 20¢ /
CHg
CH,
4-kumylofenol 1,12
HO '
CAS: 50544 CisH160 212,29 74,5/335 5 np
CHy

2 NG 21 OA L2 RIYISG N I R 23240202000& Y



Cele pracy

Prace badawcze realizowane w ramach prezentowanej rozpgalsdA a dz2 D aAt ¢ VY dz
20Sa2avydzeznoe ARSYGeFAaAll Oat A OKI N} {GSNeradGe |t
T YyaSaal Syias G21ael0lyéF2Ge2RRBRT ALBRWI A1 A DK

A

O0A2RS3INI RI O2at o

DOssyeYA OStlIYA O0FRIZ s0RP2YINYSOKRRZ RONKEA A BB

1.

hiNBT t SYyAS T R2ty2TWikabeAidtR2 0RS ANINRIt QB R 6 TAZY
TSy2t26280K 2 g0 1 OA ééylaierdiuGiert-dktyldteduniiaz vy @ OK Y
4-kumylofenolu.

Ly EAT I LIRisaBeylin@ ol jeéddpczesnej eliminacji-donylofenolu, 4t-
oktylofenolu, 4] dzy et 2 FSy 2t dz 2N} 1 680Nl yeOK 22ys5g
Fdzy1 022y 26t yAS dzl OF Rdz SYR2{NEByyS3I20
9120213812t 23A01ylI 2 BnylbfenduNBed-BkiytofénollS t A YA Y
Akume f 2 FSy2fdz 2N 1T 22y s ¢ UNsSoélling wykabzfstadigmi OK LI
oF GSNAA o0A20Satsg G21ael0ly21 OAo®

4. h1{ NBT £ SYyA S S wébdllinadd ysBwakda idetoksykacjilotnych fenoli

T 6FNI@OK ¢ 2ROASIIOK 18 a10FR26A&1 2RLI



lll. Techniki wykorzystane w czasie realizacji pracy doktorskiej

1 Mikroskopiac 2 1 NB T f Sy A Shonyofeli@dug deumylofenolu oraz 4ert-
2108t 2FSy2ft dz y I UnbdloNdsisdbellna. Y2 NF 2t 2 3A ¢
9 / KNRYFG23aNFFALF 3JILT 261 &LINMIwgkorgystdna w &lu & LIS | @
GOKI N {G0SNEBT 261 yAL ANHzZL) AT 2YSNk 6 6 bt
2121 0OA26S32 6L aIKRRYRIOKA D I TRG W1RIOIKs 4 alS3/@ o 7
1 Spektrofluorymetric2 OSy I (271 aé 2t 23 wdhgdbwladychRl y &8 OK 7T
1 Absorpcyjna spdrometria atomowac 2 OSy I T B dshbglhdd® hiosorpcji
A O0OA2F {dzydzt  O2A YSiGlFtA OAtO1AOK®D
231 2a01AS gseyAlAr TILYASaT Ol 2yS 6 LzmtAl26l Yy
dzl NBRYA2yS 2 2ROKeftSyAS aidlyRINR2gSd | yIfAT
aidldeaidedlySaz {t{{ o02AYR26a&a OSNWP wmMTOX LINJ §
wykonanoLJNJ & L2 T A2YAS AadGz2dy21Xps5. a0l eadeol ySe

10



IV. hYs6ASYyAS § 159 S
O0K2RT NO@OK 6 a1 0OFR NP

t 24T dAlAsl yAS y2e0K YSiz2R S¥SlGesyS3az2 dz
' YyASOTI @ 2TYOIYSAZ| NB 20XBRIG/AAS Ys 62X (1 0sNROK |1ilesgy2
aLISOFAOI Yy ¢ atG2adzy1dz R2 21 NBIf2yS2 3IANHzLR 1
UGN GSTIAA TYASNIF2nOeBOK R2 NBYSRAIFO2A I NEBR
pozyskania drobnousres ¢ OSOKdz2nNO& OK aAiat T R2fy27 OALl YA
T 6ANT {56 FSy2f2680K 2 g0F1I OAg21 OAF OK SyR2]
2al 1026l y2 LRGSyO2l O LAt kidskopdvich toCGeininaci NFOT S Ls ¢
4-CP oraz 4-OP myrzybowegd J2 RU20 1 ¢1 NRadi26S32¢ ¢Sadz2e6lyS
I 12tS5102A RNRoy2dzaGNR2s56 YIFIGSRNE aA{NRBOAZ2C
LIASNB2GYAS geAl2t26lyS 1 YFEGNEO T NRBR2gAA] 2
TFyASOl eal O 2 yeeaYOK 163ASS/f220YAl2 (NBlG WA 2NBFyA Ol yey
Ll2Raidr6AS 20GNI @Yl yeOK ¢ & yYnbelapgis isakelindNl 8332 > 0 S
OKI N} 1USNERT 2610 ait ylra2gAtl1alin 2L2Ny21 0AN yI
FTSy2t2680K oyl ayAoMBESGdi Kl ¥2EOYR80A 14aSy20A4
yE2geoaln S¥TS1Gesy20P0man-OB z SoDRYAYIKQ&R bt YSH2
godzinachA y 1 dzo  O2A® % {(S32 413ttt RdzZ 66d al Ol SLI

—)

badawczy w pracach eksperymentalnychlimmavanych w ramach prezentowanej rozprawy.

11



IV.1Publikacja P1

wST dzf GFGé R21T6A1F ROT SZ o0tRNOS geyAlASY NB
LINET SyiGi2¢lySe ReaSNIUIFO2A 1 2 aBWcTanickPTLIAMMIZIIA Fa L
adz 5 0dz3d 2 Z BdgradatidndandH toxigity ®eduction of the endocrine disruptors
nonylphenol, 4ert-octylphenol and £umylphenol by the noitigninolytic fungudJmbelopsis
isabellina Bioresource Technology; 200, 2834 b (62 NUzBOS Bl @28 f 6 K2 R
g 410FR NRTLINIge& R210G2NRARTAS2Ot-hty I2NIITF /R yie OBz

wzrostowego przez szczep). isabelinadzg A R2 O1 Yy A Ol OFrov12¢6A0e& dzo
148y20A2G8 56> 6 &aGtoSyAdz o8 pbwddenmaodowip Y Ik
2 LRNBsYlIYyAdz R2 T I gFNI21 OA G2laelltyidss 6 dz] 1

dn LINRPOSyYyG26n NORwhodBldch drayboydhlpd 12 godzinach inkubacii.

¢t AFYD 61 NI2T6 StAYAyY!Il O2AU.igabellihat dogakiem&P. ¢ I 2 |
hiNB&ae LB OUNBFYyAlL GSadt2é6lyeOK 1 6ANRT 156 6 Tl
gey2arve 21202 n-t-GP20Rak BygédzinR Hla CPortt | AT &l 6 Ry«
fAGSNI Gdz2NP g OK R23G201T N0 OK4t-iWiA 1 ARDB A 21 2 AR Rl &3
LINEPOS&ds596 AOK O0A2GNIYyaF2NXYI O2A LINd ST ol 108
RNER 0 Y 2 dzaGapvi#® & is.42008; Lu i Gan, 2014b; Toyama i in., @621 Lf 21 8 oI |
2LIAadzeanNn0eOK StAYAYyl Oat (B OV JTAGBYIRo¥ 2884 I FA VI
2INI YAOTI 2y I & 2 T gASGES R2aidt LIyeOK RIyeoOK
mikrobiologicznej eliminacji NP;th t 2 NI T/ t UdsabelineOoka N 1 ai$S NB T dze ¢
1Af1dzZINRlGYyAS geoain STEYaSHY2000DSE dz5dzb NERE
inne scharakteryzowane grzyby mikroskopoffeametes versicolpBjerkanderasp. BOL13

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

b2yef2FSy2t gel2Nieadesglye ¢ ailbtir LINJI Syea
ToANI {56 2 o0FNRIAS2S LRONRIYyE&OK gOFT OAg21 OAl
YAS&T FyAye {Afldzylaiddz AT 2YSN¥ S NsdyAnoe oK
FfAFFIGeolySazo 2 (12tSa2yey SiGlILAS o6FRFZ LIRA&
alifatt OT yS32 g NUzy1dzeS &aid2LIASZ StAYAYylFO2A LkR:
RNRoy2dzaGNs2d bl LIR2RadlIsgAS FylFfAl & NBI|OlRdz
otrzymanychY S i 2GRMOIN2 Y I 12 AN FAA 23 H152 ¢5513S 1 A LNRIMBSI2WA S

12



g 11 fSoyRK Ob dzR R¢ LI2aRIaTifl toR/SAY] shg 2 Mil -bLU2H &l O 20 Z O dzO

alifatycznego,] 2 4G+ & YR RILRA S OvzyAREHAIDY A1 A g1 0& 0N
12NBtlO02A YAtRI & aieo1210AN dz&adzl yAl AT 2YSN
LR RalGlIogyAllr FfE1Af26S32 6 AOK &0GNHA GdzNT S 2

LIASNB AT @YA 2LA&adzznoOeyYir &al20ly$1323NKz2e o0 O RIGNREIS
y2yet2FSy2ftdz gailildz2ndeyir 2SRy201 ST yAS:T ADd
T 6ANT 1dz LINI ST GSy RNRoOoyYy2dza iINRBJ-§Fh B0 H AGdSDR&I 2
alifatycznego Analiza chromatograficzna (@4S) ek8 NI 1 (i5 6 TU. isaBefimag f A
traktowanych NP, 4-ht € dzo / t L2162t A0l LRYIRG2 TARS
LINP Rdz]l G546 RS3INI RIFO2A (Saidz2sl yeOK (1aSyz2oArziae]
NP i 4t-OP przez badany szczep grzybowy inicjow&ng i LINJ ST K@ RNR {1 aef I (
gt I3t 6 dzaANHzLIR 6l yAdz f{Af268YT L2 (GdsNB2 v
LI2gadGroS32 1ok adz {INb2laetz2¢S32 A adz2LlWAz26S
kolejne utlenianie subterminalnych lub terminalnych¥ts g ¢t 3t | ® aSOKI yAT Y
/'t 2LIASNI &aAt LINI ¢ R2 L2 RZdagyupySnetylowej (AR NER) | a&f I C
I ylFadt LyAS dzit SyaASyAadz 2RLI26ASRYAS2S INHzLR |
L2 LINT ST (A€ 1 F LINT SINVzZLRSOZ] Ad LINGENG oRAT SN O& (IRRHZ] N
GANDT FYAIYALr RI @ dANHzZLR S6F YAl YA | NRYFGeOTyeyYaAod
a0 NHzl GdzNJ £ yS YAt RI @ (dzvet 2¢F|Sy2y255a GINE B8 ydzk S (
YATNRBOAZ2T23A01T Yl RSINF RIO2I thhaukowdh, sugeRip | dzY Sy
AAtY 0SS LINRPOSae o0A20UNIXyatT2NXNIFO2A (eékath 1T gANI
metabolicznych (Zhang i.jr2013).

t 2ROT A YA{INRBOA2f23aAO0T yeOK LINI SYAlLYy 14Sy206
AYUGSNYSRAFGs56 OXKAtNI piSREA&2NGIQR RE AgeY gLIOR
4dz0 A0NFs¢ YIOASNI eadeoOKod %% (S32 41 3ft RdzZ |
LINBT SyG2¢lySe LINI Oex 20S2Y2 ¢ Wisabalifay trakcieY A I y &
LINE OSas 6 NNBIOPOEMR Jz2 G121 a0l y2106 FAEGNIGs6 LRK:
I Tratz2azeélyASY oA2GSailisg ge12NI eaidzznde oK ¢
0ST I NY3I26056Y &0 2Afemiazfi@ntiscan® N2 NHzEAA21R 262 Ry S N
Daphnia magnd NBLINBT SwSidz8nede aNsdyeod 28yAlA o RIF
geallilrovexr Ad ¢ LINJI So6AS3dz LINRPOS&s56 RSINI RIO

13



R2OK2RI A2 R2 Lkgaidl sl yAal YyisSe al{2RtArAgell
a1 SIi<etirgiokrotne dlahodowlizCPDB 2 A-ASRYNA 21 NRUGYS Rt 1 d
traktowanych NP oraz czteroh a1 ST OA2 1 NRGYS Rt LINJ SanoOl ¢
z dodatkiem 4-OP, po 24 godzinach inkubacji, zaobserwowano odpowiednio w badaniach

I dzd 8AOfkaBcscana D. magna Odndowane w testach toksykologicznych procesy
RSG21ae1l O2A 1aSyz2o0A2Ge1s56> T2aidloe R2RI
YAINR&A]12L126SD thdSQAy 21td éb tIINPHR Baballbigd &y 8 NRB & Otz
T YAlLye Y2NF2t23A01yS g6 alidl 02010 A0 Ky 13 NDI2ROAYSANI GO
Ll22F6AlYyAS &aAt 6S6ynNGNI 12YsN] 280K LIt OKSNJI &

galeatd{AOK FylFLfAl26Fye@OK dzl OF RFOK K2R2gf I y¢
GALRYYAlIye@OK gedSe 11 0odz2NbSZAVYRNE?2 tad 2A0Q12yf e00K
G6Sad26lyeOK T FyAaSOleai O Sz LINJI ST &l Ol SLI 3anNd

g a0GNHA GdzNJ S 2S32 aid NIt LISINPaeH tH T dz2/StE 1R 4 INRIC
TYyaSaal SyAl (G21ae01ly21 OA LRRO20F gl NpradGz2¢S3

14



IV.2Publikacja P2

2 12tS2ye@0OK R21 6A ROI SyAl OK NBItAT 26l yeaOK
LINBT SyG2¢6lySa NRI LINI g8 3 Uy Isdbdllihadias jedh@czesndd (G Sy O2
StAYAYlFIO2A | LIRNPDR-ORIiCRANRT giaeydoNE2ye OK 22yY56 Y
g1l 1 d2ndedOK g0 T OAs21 OA SYR2{INBYYS®d 28yAlA
przedstawione w publikadfP2) Janicki . 3dAza 1 A WX YDéehrtifidafoa dnd a ®@ H

simultaneous removal of phenolic xenobcs and heavy metals with endocrikésrupting

activity by the nodigninolytic fungusUmbelopsis isabellindournalof Hazardous Materials;

360,661669.9 1 aLl21T @02l yI YSil fa¥ z0mMy®| AbSA= @ loNBAR /(R

2112 2SRyS 1 yI20FNRIT AS2 G21aedilyedk YSial
INPR2¢6BGVPROHz2S &1 SNB3I yAS] 2N & Wivigle adaniach dzi | 5 6
gellTly2y 88 YINIYOSYAS yI LROGR2R?2AMS oL I oaNd Siys

K2NY2ylFfyS3a2s ¢ ail Ol Sasty21 OA LRLINI ST Y2RdzA 7
endogennych (Georgescu i in., 2011; lavicoli i in., 2R@8a, 2014)

2 LIASN¥al ey SGFLAS ol RIF Zn@iaWMn(0N#|Ccdel), G211 ae
oraz Pb(ll) na badany szczep. isabellinag 2 LJ NOAdz 2 FylFfATt T KI
drobnoustroju w hodowlach suplementowanych wspomnianyiS G F € I YA OAt 81 A
L2 RaGFSAS gelyl Ol 2y e OK N3 IIBRIAOKR1TIEl f LSDMMRLT ROAS
gelio2NI 2yS2 oA2YlFae 3INITeéol  TFglNI21 OANn L
gI NratG2e6eyY TRSTFAYAZ241Ly2 A0Gt0oSyYyAl GSadtz2eél ye ot
szczepu (0> {UGsNB Ll2avddeove R2 20Sye a0 2L)AL
YIYyATQG&AAZ2Z AL ¢ S KO ™zBb =aNDK Mriy3 ZPrdeprowadzone ddania
g1l 1 rWidakellita®KI NI 1 G SNBT 261 0O aAat geaz21n G2t SN
ay A %y ¢ I NRPR2gAAdz 164 NRHEIIzOR I5RROK | Z 16 &L 2 6 &
RNRoy2@@dMNiE @61 0O arfyrisSaal S NBIF102S8S TFAlazf?
gl NHzy 1 dz2n0OS 2S32 2LR2NYy2106 Yyl to A bA ¢ LRI
2LAaesyeOK ¢ fAGSNIXGdzNI S 2112 sea20S G2t SN
OAtdo1ASd wSazsiAtiRUA YOI $21 6 Ulshbelliid(zaHaiNdwaneP & i 0 |
g NepadGdz 2 yt1 22 LINJe& TIFgFNI2TO0OA /R ¢ L2dé,

eksperymentalne z wykorzystaniem tego metalu.

15



2 A0NJIGSIAA G2EtSNRPSIYAlI aiNBay RNRRDS VA B?
YSGilFtA OAtd]1AO0OKS BRI Gayt ¥a | HR ERB0FXH OKI Y A IOV S,
yl2gl doyaSaal e OK 1 VAYKST FIf SOYIBY 2RA 2¥& NLD2T A
I LR2oASNI OKYAN 1 2Y¢¥bNBRoye onWER Q82 dzfi NDE B LJ2 NIi dz
12YsN]l A 65Sy3 -Dil NS M aAnmdTs +d ANEH @D 2 REf al @O0l
T FdSY 2 0Syu GabdlliReof efindiniadii Pb, Ni, Mn i Zn  LJ2 R @@wahegoK 2
FylFrfATl dz2nd 6aLRYYyAlLyS LINRPOSae LJ2 6 Wikl y A |
LINI SLINP gl RT 2ye@O0OK oOFRIFZ dzl T dz2nz 0SS 4SS gal ez
R2YAydz2noeyY YSOKIYAT YSY dRRdzdbB2ysAlS NF OKytAdz | &2&YG
JednynT 3J0Vs5 6y e OK al]OFIRYyA|lsgs T OAlLye 12YsN)2sS2
INHzLIE Fdzy1 Oea2ySs (i0GsNB o6ST LRI NBRyAz2 dzOl Sadya
0 Q. isabellinay £t S8 R2 Gl 6 oadINTeosg 2fSA&TROKES
geiigl NI 16 RdzS Af21 OA ftALARsS G 01 dzAaAlLAY A Ay O
2RRTIALFLOEgLF YAl FAI @120KSYAOT YS YAtRI & YSGlftl
A 1FNb2l1aeft2sS 20SO0yS yI L2s6ASN Okharzmy 2 Ys NJ
biosorpcji badanych metali przér isabellina W procesdt pobierania testowanych metali
I LR2deglA oI NRal26S2 LINI ST RNRoy2dzZAGN» 2z Yyl
K2R2gt A adz) SYSyiliz26FyeOK 22y YA tchejmasy2al no
I 01 S32 21202 om 2 o6cTIy Y3IL 0802 OKStlLFiz2sl
geOKgeldeslyAl 22ysg Wysabelng ey 2@EA OLINR RiLIZ2 HNISRY WK
A cXZy Y3 YSOFtdz yI 3INIY adzOKS@A NI lagA dz R 2@
1 S6yNGNI {2Ys5N] 2680Kd hiNI&aYlyS ée&yisibklinag a1 d:
jako efektywnego biosorbentu do eliminacji Pb, Zn, Mn i Ni z zanieczyszczonych matryc
I NPR2gAE&l 208 OKD

. FREYALF yIER 200&pellinaiR)?2 dzZ8 yz@ B Y ®Hz YSGI f A OAt 0
f2adlove yradtLyAaAsS LR2ail SNI2yS 2 FylFtAl & LINEC
YSGFtA T dzZl OFRs g K2R2¢fl yeOKhtiNIdeai2bt e @K S
R2RIG126S32 TIFIyASOl eall@IISYIANs 0/ AI02®é § @Y 2REI
aG2LASZ seOKgedesl yaAl YSEIYAS LAR Sidzd KNEBY 2 dz
W hodowlach suplementowanychNP lubBt T I 20 aSNB 26+ y2 KI Ydz2znoe
y I 1 R B.fisgbllind@lo usuwania wszystkichtestg | y @ OK YSGFt A [T LR2RO2
g LR2NBgYlYyAdz R2 dzl OFRsg {(2Yy0INRfYyeOK®d 52 galj

16



T YAlLye 6 &a1O0FRTAS A 60T OAg21 OAI OK FAT &8120K
S¥TS14GS8SY RIALFOEYAL T+ adwapd ISYa 6K S AzaiSyr2o A Rize
suplementowanyciNP lub 4t-OP,ekspozycjedl. isabellinay I/t YA S 3ISYSNRGI O
TYALY 6 FlGesey21 OA (GS32 al Ol SLJdz R2 0A2a2NLIOC

dzl OF Rs 6 yAS T 6ASNI2n0e0OK (aSyz2o0iraz2ié1sg6 ¢
YVIEG2YAlL &0 é6&8NIiTye 61 NRP&al hidyboRdy¥hdzakivahyehGPl O 2 A
2 21202 Hp 22 ¢ al2addzy1dz R2 dzl OF Rd.jsa@bgllinaNB f y S 3

6 2RYAS&ASYAdz R2 22¢sl@essSY YRHYDI {ididark OLWE OS
RSGSNNAYydzznNnOS odzR2ét A Tdzjloepayaient 2y 1 OAl
YSOKIYATYsg Ys30 alLINJealo T oAt 14l SyAadz Af 271 OA
L2 6ASNI OKYA {1 2YsNJAZ (10GdsNB dzO1 SaidyArol eve g ¢
LINT @ OT edpA @ dzHR By Al AY(GSANBSEF2ILNMR ol PADGE R 2%
dzZl NeGeOK ¢O1 ST yaS2 tA3IFLYyRsg6 6ANONOBOK tood

2 dzZ] OF R OK K2R2gfl OK aYSaGlt b T6ANRTS] ¥FS
usuwania zanieczyszczenia organicznego przez sktzispbellinal S T NP R2gA a1l o1
Jednoczesne wprowa8zy A S R2 LJ20@& 61 A omazednedn & Jestavghycli dzo %
adz0 a0NF is¢g FSy2ft280K LROANII U2 [4-0PDRDHAP 2 I NI
g oAt 1al 21 OA (S&ai26lyeOK 46l NAIFYydlF OK ok RIgOT ¢
22ys g YSiUabzdApdz2 REAGRI2T A2Ys56 geRIay21 OA St AYA
2Ry202¢1 yeOK ¢ K2R2gfl OK o06ST 20S0y21 OA YSil

biodegradacyjney. isabellind 20 aSN¥B 26l y2 Rfl Dbt g¢geyz2alinos 2
Rf I dzl OF Rs ¢ Hn tD2RA AYNS Ay 1 dzol O2Ad hoaSND2;
drobnoustroju w biotransformacji NPdht A /t Y530 geyAlld 1T YA

YSGlITfA OAtO1AOK Yyl gASES LINRPOS&sg YSilozf AOl
Ge@0K TFHyASOBRBRY Ol ISEI 2 g WYKS | 1Gesy21 OA |t dzOI
NEIF102S NRI 10FRdz 1T6ANRT 1356 OT & 23INIYyAOTl SyaASs

t2YAY2 23INIYAOI SyAl alé&ol121 0A StAYAYIlIO2A 6A
przezU. isabellag 2 RLIRZ2 6ASRI A yI &aGNBa alLlg2R26lye S
oFRIZ geltlTLroe G108 LINJeaLASal SyaAS yAasSiidsNe
oraz4t-ht 6 20S0Oy 21 OA ayzthQl &85 oKZRI2NG fyradre NIY | 108d |
LINEPOSae (S Y23In o6éd8 veyAlASY T At 1al Syal

L2 6ASNI OKYyA26@80K &GNzl GdzNJ {2Ys5N] 2680K®d bAST i

17



LINI @0AN3IFYAS SEtSTaONRaGEFGe@OTyS R2 LIsASN OK
1 SoMI N LINT SaidNISZ 12YsN]JA YyAiSe KeRNRTAL 2«
I 6ANT 156 Ké&RNERT2-6@P&zay OK (Eiu iilinl, 20A0Pdatko@djritensyfikacii
RSANI RFO2A T 6ANT 156 2NBFIYAOTI yeOK Y20yl Nk gy
enzymmetak] A Sy20A 2081 FSy2t2g¢ezx ¢ 10GsNBY YSGltS
all2aso FTdzyl1 02t Syl eyYsg 0A2NNOOK dzRT AT 6 0A
%S 41 mhipdwBedzhng & LJs OgealGt LR 6l yAS 6 ailoz2yeée oK
ksenob2 i@ 156 FTSy2f26edKE X1 AORNRBTI{YBGEt R OAt O]
SYyR21INEYyyeOKzI ¢ 12fSeyey Sl cdbdinadolusulvabia 2 a1 | O
geeS seYASYyAz2zyeOK G2laeéellyidse 1 K2R26fA 11 6A
TFTyASOl @al O1T Syal 2NBEIYyAOIyS 2NI1T 22yé YSilf
adzLJ SYSy il 02l L}Rodoesg|A 1aSyz20AiA2KRY2&A0ITF SlYRNR &
geRlI2y21 6 seOKgeldesglyAl LINI ST RNRoOoy2dzaliNka ¢
NP, 4t-OPiCB LRNk gyl yAdz I LRTA2YSY AOK StAYAyl O2.
21 A K2R2¢6flFOK GNYX1i026FyeOK 2az2oy2 Lkal o
LI2O0ASNI YyAF LINJ ST 3INIeoyaAt YSOiFfA OAtOd]1AOK 2
maes 2RLI2OASRYA2 Rfl 22ys5¢g to0 A bAZ ylLG2YAl
FSy2t268 0K 1 YyAS2a2al & Ul24 godzihachzimkubarjir odpBvwdednio o 273
w hodowlach z NP i-4#OP w odniesieniu do kultur traktowanych jednym ksenobiotykiem
Choci®@ 6alLlsUOgeaitLRsel yAS YSGFtA A (1aSyz2o0Arz2iGelcs
ySaridesgyArsS oLIVeyt U2 Yyl &7 dzishi@iing 22czép nkdalk St A

STS1liesyArS dzadz!l O T 1yASOl eal Ol Syal 1S T NRR2g
wopl O2g6&46l yAdz YSG2R 0A2NBYSRAIFIO2A &1l odo2yé&O0OK ¢

2 2adl dyAyYy SGIFLAS NBLIEtATFO2A 110202y eé 0K
LINI SLINE gl RT 2y 2 20Syt 1 YAl y8. isagélddidfubdwanyck? 1 4 & Of

g dzl OF RIFOK aYSilteéw BeAniySHt ATSyRit2®m21ae]2f
Tratzazely2 GSadte se12NJ @aiddzAd@ncistanab@zf A 0 A 2
D. magn® haGNJ &YlyS ge@yArAliA 2SRy21yl Ol yAS &1l
FAEGONI 56 LIR2K2R2gflyeOK L2 wn 3J2RIAYyFOK AY
STaLISNEYSYyGlfyeOK ¢ aidz2adzyl1dz R2 GSaidz2él ye oK
aLJ RS1 G 2RyeRGi2ywATy@A 6 GNI 10AS LASNpai eOK ail §

02 Y20S8 sa1tTesld yI T10K2RINOS 654601 1+a Ayds$s

>

18



LI26ASNI OKyA2ge80OK 3aIANJe&oyaAd hoaSN¥zélye o1 NP
hodowlanychzNP4t-ht ¢ wmMuH 3J2RTIAYAS Ayldzml O2A Y5s3I0 g
LINPRdzl G546 O0A20NIyaT2N¥I O2A (aSyz2oArzie|se 6]
ddzoaldNYXGsg6 YI OASN]I @& & RRGKzZYRBWHBHOX WKYyWEATHOT M8
przedstavione w tej pracy g1 11 0ex ©S 2SRy201S8aySydz d:
11 yAsol eal O énieorganicBnycyi priad. iabdiikal 2 6 1 NI a1 e oF RSG 2
I NPR2GAAL I @

19



IV.3PublikacjaP8 YI ydzi { NBE LJG LIN} O8 ¢8a0l ye

ZakresS 1 a LISNE ¥ O K@ RE N O& Ofzecig publikadji(PR) JanickiT.,
5 0dz3 2 &£,aFelézak A., 5 O dz3 2 B & INMzLIAME &Etotoxicological estimation of
4-cumylphenol, 4-octylphenol, nonylphenol and volatile leachate phenol degradation by the
microscopic fungus Ubelopsis isabellina using a battery of biotegteanuskrypt na etapie
NEOSyYyIl 2A ¢ EcOdgicad iiatbid>x Sa il y26ANn0S32 allaye
Lz f A1 O2AX 206S8S2Y261 0 LINJ SRS gaileadGiAy Lkal
I N2 R 2 gzosty szczepw. isabellinaw hodowlach traktowanyctiNP, 4t-OP lub CP,
ally26AnN080K dzZ dzLISOYASYAS oFRIFZ Si2G21ae12f¢:
R2T oAl ROT{ITtINE2 lot2vm®SY I S1 20214801 y21 0A TFyAS
ryzyka y Sl GegyS3az2 2RRTIALD&GLYAL RIS T2S 3 DT &lySyo.
g LINJ SLINPgI RT 2y@OK oOoFRIFEYAFOK Tlradtz2azeély2 oA
g1 2Nl eaddzeno R2 FyltAl Gigd oF GSNRt o0A20Sal
LISOYANGS (FidayQioeS ¢ S12a2aidSYFOK 2NFXT  NBLINEBI
gal eaG1AO0OK LRTA2Ys5¢ OF Z20dz0KI GNRFAOT yS3a2 012
G2 12YLX S1az2egn 20Syt Ol OPNIgSIGc Saal aNBd 18NS Tadin

wkulturachINJ 26268 OK Ayldzo26lyeOK I TIyASOieal O1S
gellileglySe LINI ST AyidSNYS Rdatjifkear i in2apz0iiMagi@@ O0S  LJ
iin, 201 d ' yIfATlF 6ASE21ASNHzy12680K ST¥S(1is6 o

toksyOT yS OYDAYy ® | {degy2]1 6 Aiivkeidfideheki gkala ol8eyatid 2y I d
pokarmu przez skorupiaklThamnocephalus platyuru®l @ aG2LIASZ (1 AS01 296
i zahamowanie wzrostu korzenilepidium sativum, Sinapis alb&orghum saccharatum

dz gal @ald]lAOK GSadt2él yeOK 2NRIFYATYsg gailiyi
FAEGONI G566 20NJ @Yl yeOK ¢ (GNI1OAS LINE gtORT Sy Al
fdzo /tod 2a1FTdz2S G232 A0 NBIigaeHiRLINRDSAIOR 1A T
LR a0l g yAlF YSGlFIo2ft A0 adzoA (WA di&xissS | OASANG @TayiRIC

Poza standardowymi biotestami ekotoksykologicznymi, w pracy przeprowadzono

GF10S GSade gel2NJ eaiddz2noOS SichapiRyEes detedisidEg S ISy
(yeastestrad Sy aONBSyo 2NIT ! { 6&SIad | yRNR3ISY &
SaGN23ISYyyS3I2 A |YyRNRB3IASYyyS3aI2 T INbssgy2 |yl ftAl

20



INI 206268 0K adzZJ SYSyilGz2s6lyeaOK GdaYAa TFyAaASOl eal o
estrogemne NP/ t 2 NI T I {liyeRoNE2d SSytyDR/\W éparcii o etrzymane dane,
g 12ftS2yeOK R2IBARRYISYyAYOKATAS yI F1dedsy:
pohodowlane U. isabellinal  dz]l OF Rs ¢ adzL) SYSy ii-Of Ref@ltabk bt >
R21T 6A1 ROT S»S LT RByvalz ol RFyaOK LINJ Sanoi e dz
RNRoy2dzadNRr2dz T bt fdzo /t yAS g2t NBBHED2DIPDE
GOIT OAGRYRPNRBYYIESY T I Nxssy2 ¢ LId0esgllOK I R2FR
spadek testowanej aktyyv2 1T OA NI 1T 1 OTIaSYy LINRgIFRISYyAL
2SRy2T yI OTyAS TFGSY ¢6a1t1dz2nz S LINROSae oA
NBRdzl 02N SyREWEFIlySE2 1 NPR2gAALIl ®

2 20fA0T dz yI NI ail 2noddvika odciekgii Séneréwmgrhi OT Sy A |
i L2 LINI Syeaovz2geOK &a10FR2¢Aal ADRT RS ABN 2INDOE
g LINBIT SyiGz2slySa2 LINFOe al2yOSyiNRsly2 &At Nk &
szczepW. isabellineR2 dzadzg I YAl A RSG21aeé 1 O2 A 1To2lyyeedkK
T o202y@YA TFHyASOl 2al Ol SyAlr YA 2NHIYAOI y@YAd 2
1S a10FR2gA&1I 2RLIRs5g LINI SYeabDRABYOKs BRI GYe DK
w ZgierzuSubstancje zaliczane do VPs to przede wszystkim hydroksyl@egree benzenu
A AYYyeoOK T gANT 156 INRYI G®O0Ig/e1l0KEO iSO ovazAln
A O0A2RSIANIRIFO2A TINbosy2 1 6ANRT 1596 LROK2RI Sy
GASE2LIASNI OASYyA2620K ¢t 3Af 262R2NF EKenedIY | (& OT
20160 2 AStS f2Gy@0OK FSy2fA OKINI}I{TGSNEBIT d2S &At
R2 T 1F0daNIIyAl Fdzy1022y26 yAl dzl OF Rdz SyR21 NE
analizy fizykachemiczned | R y@ OK 2 ROAWA S ¢ G &R {121 dIINICITYON =+t
g (1Saiz26lyeOK WHAISEE O OKZ| AIS So | pidsolindtva dzyK 12¢ ¥
metalilT 6AF ROT NOS 2 A&BAMRHY y2ORA NINSWA dzZ NER2GA &

substancjamorganicznymi i nieorganicznymi.

Wyniki uzyskane z analizy zdc® I @ Aisabellinado wzrostu w hodowlach
TFT6ASNI 2Nn08 0K wun fdzo nn 23 ORROASSY drzoad] (el R MPA Gl
atdryAS LINJeadz2az2¢l 6 aiat R2 yASi2Nl ealdyeoK
2832 Sl1aLrield2Ar I ydswaid SOyeOXKy ¥l (Baji2& ! ye o
20aSN¥B26lyS3I2 TIKFEY26F YAl LINJ@NRaldz 0A2YIl ae

Q\

21



LIN6 61 FYA 2ROAS 356 6e12yFyS o6FRIEYAlL Aft21 OA2¢
dzg A R2 OT yAOD@ aLJ RS{A yAlGiso I DBAD WA H Ad 2Ny OKS dz)
LINE OS&dz St AYAYylFIO2A +ta 1 LRRO20I I NRPadiz26S532
K2R2gf A GNI {1026 ye@OK wn A nn 272 2ROAST dzZ &dzAaS¢
U. isabellinal 6 O aFOT WS gaidl 022yl NySea 41 NRpaidGdzz {AS
YSGlFro2t AT 2461 ye OK a1 0FRYA|56 2R0& 901 & OK L
S12G214ae12t23A01yS geltilrove Aadz2ddyn 12NBt I (
otrzymanych z hodowll. isabellinav obeg/ 2 | OA 2 Rd2iangin glimindcji VPs w tych

dzl OF RF OK® 2 NIANBAySAgTI vyHSaaivSghl (21 aeé0l
odcieku w hodowlach oraz 3,7; 46 i3 INR Gy S32 Rfl nn 2 2832 11
0ASNB2g6ly2 6 oFRFEYAlF OK
YANOBOK NRft 2NHFYAT Y:
1 S Z Udsablihgréviadzi zaten2d® OA S| |
NER2gAETLI @

grzybowych po 96 godzinach inku@ag = T |

9t AYAYLl O2 TFyASO
NBERdzl O2A G21ae0lyz2l OA

—_—

22



V. t 2R&dzyY26FyAS 2NIT SyA2381A A ads

W prezentowanej rozprawie doktorskiej po raz pierwszy scharakteryzowano procesy

mikrobiologicznej degradacji 1 detoksykacji -ndnylofenolu, 4tert-oktylofenolu,

41 dzyef 2F¥FSy2fdz 2Nl 1T TFSy2ftA f20ye OKUmhédpsST y A S
isabellinaz @ 1 I T I y 21 R2If W¥d@fzawvanego drobnoustroju do usuwania metali
OAtd1AOKY t06X bAX ay A wy 1 LRDeIYMdzel NRRIAQIC

INPR26A&II P 28YyA1lA O0FRIFZ 20Nl eYlLyegOK 6 YAYyA
Y6 &adt Lldz2 n OO0 K (ayA 8EER sge OK Y

1. Szcze.isabelinas @ 1+ 1 dz2S ge&az21n | {-iodyligdll, dtertg St A Y.
oktylofenolu orazd-kumyft 2 ¥ Sy 2f dz 1S T NPR2g6A &A1 61 NB A G dz

2. . RIFYS LINRPOS&ae YAINRoA2t23A0lySe StAYAY!l C
AOK RS3INI RIFO2t AyA022glyn LINROSal YA Ke&RNZ
121480l yeOK YSGlro2tAlss LRI NBRYAOKO®

3. Wysoka tolerancjd. isabellinay | 206 SOy 2186 toX bAX ay A Ry

jesti 6ANT Lyl 30s5¢6yAS 1T 0A2&82N1LI02N 22ys6 YSil
grzyba.

4. ' 3AR20T YyA2yl T1t8dy2i8 YAhOPRIa2CParadamive I OA N
50 NHz] G dzNJ 8. isabdlINderalpe ] dz2 s 08 03 pFNI ¥EAFRNY
FSy2t2680K 23aNFyAOI I &l | 2Rf Xérdgybag LIV g (& OK

5. WSRy 20T 84yS dzadzsl yAS 1 LI2oesdlA 61 NRalG26S¢e
przezU. isabellingrowadzi do redukcjitoks OT y $32 gLI0@g6dz 1 I yASOIT &,

0A2t23A01TYS 2NHIYATYsg galliyrilz2eeOK NBLI
NEOYe&OK LRTA2Ys56 GNRTAOI yeOKo®

6. Grzyb U. isabelinaOK | NI { GSNRT dz2S &aAat T R2ty21 OAND |
A RSG21a81lr02r TIyAs80l erDAR&ESOEQOY RAWG A &
2RLI Rs g LINJ Sivead@we O NBRBA &2A . I NBYA]ls s
w Zgierzu

7. wSTdzf Gl Geé oFRFEZ LINJeée3az2i26kyeOK 6 NI Yl OK
dzg ARIF OT YAl 8NoLIRI yBEAYANI 86l R2 2,@iynal OT Iy
T OAS1s56 LINI SyeaovzseOK: O2 Y20S NkoyASd 3

23



Ol tatz2 12alitazgyeé oK

eliminacji substancji toksycznych.

24

A

YASLINI e2l 1T ye oK



VI. Streszczenie

4-nonylofenol, 4t-oktylofenol, 4kumylofenol,liczne¥ Sy 2t S 2G4y S | 4
YSGLrtS Ontayx&DI1 HysS mksycangech i | 6 dzNJ | 2n0& OK  LINJ
Fdzy 1 022y 26l YyAS dz]l OF Rdz K2NX2y Il ftyS32 fdzRT A A 1

Prezentowanaozprawa doktorsk& A [yl OSf dz OKI NI} { G SNerade|t
i detoksykacji honylofenolu, 4tert-oktylofenolu 4kumylofenoluprzez grzyb mikroskopowy
Umbelopsis isabellima. wSI t AT 261 yS o6FRIYyAlF 26Sa2Y2gl 0 LI
dza dz | yAl 6&@0NlryeOK 22ysg YSGlItA OAtd1AOK 18
S12G21ae12t23A01yn |yl tnanyléfenoliLINEe®-Skiylsfénolu,St A YA y
41 dzyet 2FSy2fdz 2NI 1 Y S U Asabefidatl 0 { dz®OKOAIGNT Sii S a
wykor2 8 G dz2Nn0eOK o0A2AYReé1FGd2NE NBLINBIT Syiidzends
t 2RRIFEY2 Nl oyASd 2 ddbglihado uSimadia ildetaksyleadji dotnych fenoli
TF6lNI@OK ¢ 2ROAS1IFIOK 1S a10FIR26A4&1F 2RLI Rs 5

2 LIASNBal ey SIGINBOK @RRMRAA { 2adlk e LINJ SRA
ge1l 1 y2 UlisReling@dindinacjiNP,4ht A /t T LR2RU20IF &1 N
21202 dc 2 LROINiG126S2 11 6FNI21 OA (1aSyzoiazide
24 godzinach inkubacji. yAr f AT @ OKNRYIF G23aNF FAOT yS ST aidNI (i
TARSYyGeTA126FyAS T1Af{1dz LRT NBRYHAOK LINPRAZAUE B
L2 GSyO2o aANJ e@ol R2 RS3INIRIFO2A oHBPpRIDOK 1 AN
isabellinainA 022 6+ ye o080 LINRPOS&FYA KeRNRlaeftl O2A 172
Ff1Af2680K 1aSy20Az2ie s abenienid grufyi ydidksdlewej y I & 4 t
A ad2LIWA26S A1NFOFyAS O 20O y aF 2ANBYHF G201 y/St3
prawdopodobnieLJ2 LINJ ST K& RNR {1 &aéf | Oat -8lubh @)odz I/ y3 NeHaLO_LIY
dzit SYASYAS 2RLIGASRYAZ LRgaildloSa 3IANHzZR 1+ NDb
FYFrtAT 26l y2 LRYIRG2 L0y (Sad26l yeaOK 1T 6ADT
AOK NRINSOWWSRRARKRYs s yI  aleéol2i06 olisebditadz A Y
%l 20aSN¥P26ly2r 0SS SlaLRitRO2k AN RPH2 K2 6 RORK I K
TYALY 6 &0GNHA GdzNI S &a0NJI tLIS]T 06S6yNINI 12Ys N
prowadzenia BR2¢6f A O2 gaililégl o2 yI 1TYyAaASaalSyais$s
RNROYy2dzaGNR2dz ¢ GNI{1{OAS oO6FRIFIy@OK LINROSa&s 4

25



S12021ae0l y21 OA L2 G6ASNRI AD?2 g 01 STyAasSe
adz0 A0NF (s 6 TRIAORS RAK alLMIRG Idz (121 ae Ol y2
A2AYRE1 02Nk 6@

Q1

%l {NBa O6FRIFZZ 2LA&lIYye&OK ¢ LlzmtAll O2A tHZ

U. isabelinaR2 06A2a2N1JO2A A | 1dzydz I O2A YSualFtA OA
wychwytywa/ A I (1S&aili26l yeOK 22ysg YSGlFfA LINI ST 3INTe@
RflF t. R2 c¢cXy Y3 Rfl bA yI 3IN}Y &adzOKS2 YI a
gallioe LRYIR(IG2Z 88 R2YAydz2znodey YSOKIYyATYSY

sorpcja R 2 L2 6ASNI OKyA2g@8 0K &A0GNHA GdzNJ 12YsN] 268
R21T 6AF ROIT SZ L2171 62t A Ue U. ishbellin&lo jéddccdednédj alimihatjii & ¢ y 2

1aSy2o0A20e| 59 TFSy2f2680K 2NIT YSGlItA OAtd]7
a dzLJX SY Sy ivki @z@obtowkpAB,@&ht A /t 2NIT to06X bAZ ay A
S¥Sl1iesy210 geOKgedesgl yAl LINI ST RNRORIZHzZ (N 2
g LERNbogylyAdz T LR1TA2YSY AOK dzoénd battanymi K2 R 2 ¢

zanieczyszczeniami.

Ostatnim realizowanym w niniejszej2 i LIN} 6 A S SGFLISY ol RIZ
g Yl ydza]INBLIOAS to o0&0F LINJ SRS gaieaidilAy 208y
TFéFNIGS 6 1dzf GdzNF OK 3INJ 862 ¢ & OK X-ORJIXE,piptzexN OS L
zastosowsl A S gASt23aFddzy1 268 0K G§Sailsg G21ae0l y?2
dz6 AR20T yADe TYYyAS2al SyAS al(1{2RftA$gS3I2 LIV FAz

RNROYy2dzaAGNR2dz | TTyASOi 2al OT SYyAlFYA 620680 ¢
Przeprowadzonew prO& R21T gA I ROT Sy Al  dzlUlidabelinddo dedikbjf RG 2 L
FSy2fA ft2GyeOK 1T 2ROAST 56 LINI Syeaovz2seOK RI gy
g %IAASNI dzd 2e12ylyS FyltAle ge{lTlL0& 1 Nbgy:

suplemen2 g y@ OK 2ROASTFYA 2F1 A TY¥NGRRAT BYABNHIRY
galliyArA126So

t NI SLINRgFRT 2yS o0 RIFEYAL R2aGFNOT I2an R2g2F
ISySNR sl yeaOK LINJI ST (21ae0ilyS (1aSyz2o0az2iGe1Ar ¥S§
iOK YAINRoA2t23A0TyS2 StAYRYIISOGDRID BBEIRNREOGE
U.isabelline2 I { 2 SF¥S1desgyS32 yINItRIAF R2 0A2NBYSRA
i nieorganicznymi zanieczyszczeniami.

26



VIl. Abstract

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

of the endocrie system of humans and animals.

The presentedlissertation was aimed at the characterizationtioé degradation and
detoxification processes of -donylphenol (NP) 4-tert-octylphenol (4-t-OP) and
4-cumylphenol (4-CP) by the microscopic fungu&Jmbelopsis isabellinaThe conducted
research also incletl the assessment of the fundwbility to remove selected heavy metal
ions from the growth environment. The study also undertook an ecotoxicological analysis of
the elimination processes of-donylphenol, 4tert-octylphenol, 4cumylphenol and heavy
metals by theU. isabellinastrain by performing tests using bioindicators representing
different levels of the trophic chain. The effectivenesdJofisabellinafor the removal and
detoxification of volatile phenols contained in the leachate from a hazardous waste landfill

was also assessed.

In the first stage of the research, the results of which were presented in the publication
P1, the ability olJ. isabellinao eliminate NP, 4-OP and CP from the growth medium was
demonstrated. A loss of about 96% of the initial content efiobiotics m the medium (25
mg/l) was observed after 24 hours of incubation. Chromatographic analyzes etydaste
extracts allowed the identification of several intermediate products of NRO#® and CP
biotransformation, indicating the fungus' potential to dege the phenolic compounds
tested. The decomposition of NP and-©OP byJ. isabellia was initiated by the processes of
hydroxylation of the terminal carbon atom in alkyl fragments of xenobiotics, followed by
oxidation of the hydroxyl group and graduabstening of the aliphatic chain of the molecule.
CP biotransformation probably took place by hydroxylation of the C atom of the methyl group
(G8 or G9) and then oxidation of the correspondingly formed carboxyl group. As part of the
research, the influere of the tested phenolic compounds and the intermediates formed
during their decomposition on the growth rate @nmorphology of the mycelium of
U. isabellinavas also analyzed. It was observed that the fungal exposure to-iNOP4and CP
caused changes in the structure of the hyphae (intracellular granules), which disappeared

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

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

The scope of the research described in putian P2 mcludedthe assessment of
U. isabellin& ability to biosorb and accumulate heavy metals: Ni, Pb, Zn, Mn. The efficiency
of capturing the tested metal ions by the enobial mycelium ranged from 74,3 mg for PB to
6,8 mg for Ni per gram of dry fungal magghe results obtained during the experiments also
indicated that the dominant mechanism of metal ion uptake by the fungus is sorption to the
surface cell structures. The results of the conducted experiments also allowed to demonstrate
the activity ofU. sabellinafor the simultaneous elimination of phenolic xenobiotics and heavy
metals from the culture medium. Simultaneous supplementation of the growth medium with
NP, 4t-OP and CP as well as Pb, Ni, Mn and Zn inhibited both the efficiency of metal ion
cgpture by the organism and the elimination of NP-@P and CP compared to the level of

their depletion in the cultures treated separately tested pollutants.

The last stage of the research described in the P3 manuseapassessment of the
total risk byall compounds contained in fungal cultures, formed during the biodegradation of
NP, 4t-OP and CP, through the use of multispecies toxicity tests. Ecotoxicological analyzes
showed a reduction in the harmful effect of pestlture filtrates during the incudtion of the
microorganism with contaminants against all tested bioindicators. The experiments carried
out in the study also showed the potential bf isabellinao reduce volatile phenols from
industrial leachate of the former "Boruta” Dye ProductionrPlan Zgierz. The performed
analyzes showed both a decrease in the amount of VPs during the cultivation of the fungus
supplemented with leachate and a decrease in the toxic effect of filtrates on the indicator

organisms.

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

and inorganic pollutants.
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» Non-ligninolytic fungus U. isabellina
was able to degrade NP, 4=r=0F and 4=
CP.

« Xenobiotics removal was
accompanied by the formation of
hydroxylated metabolites.

« Decrease of toxicity was observed
during the biodegradation of NP, 4-t-
OF and 4-CP.

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

@ 2015 Elsevier Ltd. All rights reserved.

1. Introduction

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

The environmental release and fate of numerous organic chem-
icals have attracted increasing attention because of their potential
adverse health effects. Mumerous environmental pollutants are
known to disturb endocrine functions by mimicking natural

#* Corresponding author. Tel.: +48 426354465; fax: +48 426784932,
E-mail address: jdlugo@biol.unilodz pl (. Dugonski).

http:/dx.doiorg/10.1016/j. biortech. 2015.10.034
D960-8524 /& 2015 Elsevier Ltd. All rights reserved.
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ing compounds. 4-tert-octylphenol (4-t-0P), 4-cumylphenol (4-CP)
and technical nonylphenol (tNP) are among the most frequently
detected EDCs in different environmental matrices (Soares et al.,
2008; Ying et al., 2002). 4--0P and tNP oceur mainly in the envi-
ronment as incomplete microbial transformation products of
nonyl- and octylphenol polyethoxylates, which are widely used
as non-ionic surfactants in household products and in many indus-
tries as detergents, emulsifiers, plasticizers or preservatives (Ying
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et al., 2002). 4-CP is commonly used in the production of effective
stabilizers for fuels, oils, polymers, and rubbers, These compounds
are discharged into the environment mainly due to the insufficient
effectiveness of conventional wastewater treatment facilities. As a
consequence, they are ubiquitously found in various environmen-
tal compartments such as surface water and groundwater, sedi-
ments, soil and the atmosphere (Soares et al., 2008; Zuo and Zhu,
2014; Lu and Gan, 2014a). Moreover, 4-CP, 4-t-OP and tNP tend
to adsorb onto surface water particles and accumulate in aquatic
organisms, which causes their transfer and accumulation with
increasing trophic level and thereby poses a serious ecotoxicolog-
ical risk (Junghanns et al., 2005). Numerous papers have demon-
strated that the exposure to 4-CP, 4-t-OP and tNP results in
different adverse effects in various organisms, e.g., fish and inver-
tebrates. For instance, these compounds have been shown to inter-
fere with sexual development and reproductive function (Soares
et al., 2008; Zuo and Zhu, 2014). Additionally, several reports have
suggested that they affect the human body, for example, inducing
hormone-dependent cancers and causing immune dysfunction
(Inadera, 2006; Lee and Choi, 2013). Due to the widespread pres-
ence of 4-CP, 4-t-OP and tNP in the environment and their high
toxicity and persistence, it is important to investigate biodegrada-
tion processes that can reduce the risks posed by these xenobiotics.
Furthermore, because the current conventional treatment
techniques cannot effectively remove 4-CP, 4-t-OP and tNP, the
development of effective methods to eliminate these compounds
from various environments, and especially methods that use
microorganisms, is strongly recommended (Girlanda et al., 2009).

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

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

2. Methods
2.1. Chemicals

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

2.2. Microorganisms and growth conditions

The filamentous fungus U. isabellina originated from the Culture
Collection of the Department of Industrial Microbiology and
Biotechnology, University of Lodz, Poland. Fungal spores from
10 days old cultures on ZT slants (Rozalska et al.,, 2010) were used
to inoculate of 20 mL Sabouraud medium (Difco) and precultured
for 24 h at 28 °C on a rotary shaker (150 rpm). Then, precultures
were transferred to fresh medium (at a 1:9 dilution) containing
xenobiotics. In each experiment, tNP, 4-t-OP or 4-CP was added
to a final concentration of 25 mg L™" (stock solution 5 mgmL™},
dissolved in 96% ethanol). Fungal cultures were incubated with
agitation (150 rpm) at 28 °C in the dark. Biotic cultures and abiotic
controls were also prepared. Furthermore, inactivated fungal cul-
tures were prepared by adding sodium azide (500 mgL~')
(Junghanns et al., 2005).

2.3. Biomass estimation

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

2.4. Sample extraction and GC-MS analysis

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

2.5. Toxicity bioassays

Toxicity levels of filtrates from fungal cultures with tested
xenobiotics were assessed using the Artoxkit M and Daphtoxkit F
toxicity bioassays (Microbiotests, Inc., Mariakerke-Gent, Belgium).
Changes in the toxicity of the samples were determined using lar-
vae of the crustaceans Artemia franciscana and Daphnia magna in
accordance with standard operational procedures. The results of
the tests were expressed as LCsops4 (in % dilution), ie., the
concentration of compound leading to 50% mortality of the
tested bioindicators after 24 h, and converted into Toxic Units
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(TU =1/LCsn * 100). Lethal concentrations were determined from
the linear portion of each curve using regression analysis.

2.6, Statistical analyses

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

3. Results and discussion

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

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

The half-life of the described compounds depends on both envi-
ronmental and physicochemical factors and ranges from 1 to
300 days for tNP, from 38 to more than 340 days for 4-CP and from
8 to more than 150 days in the case of 4-t-0P in different environ-
mental compartments. Elimination and degradation of tNP or its
individual isomers and 4-i-OF were reported both in pure micro-
bial cultures and in environmental samples (soil, sediments and
wastewater) (Cajthaml et al, 2009; Di Gioia et al, 2008:; Girlanda
et al, 2009; Kolvenbach and Corvini, 2012; Moon and Song,
2012; Tamagawa et al, 2007; Toyama et al, 2011} Most of the
available data on microbial degradation of (NP and 4-t-OP refer
to processes of biotransformation by bacteria or microbial consor-
tia (Gabriel et al., 2008; Lu and Gan, 2014b; Toyama et al, 2011). In
contrast, the number of studies describing the elimination of these
xenobiotics by fungi, especially non-ligninolytic fungi, is limited.
Newvertheless, filamentous fungl exhibit several advantages over
bacteria: they have a particularly high metabolic versatility and
soil colonization efficiency, tolerate considerable amounts of toxi-
cants, and produce enzymes that can reach contaminants with
poor bicavailability (Girlanda et al., 2009; Soares et al., 2005). In
this work, the elimination half-life values of the tested compounds
(initially added to the culture at 25 mg L-') were approximately
4 I for tNP and 4-t-0F and 3 h for 4-CP. A comparison of the (NP
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and 4-r-0F disappearance rates obtained in this work and in other
studies indicates that U isabellina has a higher degradation
efficiency than other fungi. [n a study by Soares et al. (2005) that
used NP at a concentration of 100 mg L=, a 50% reduction of the
xenobiotic was observed in ligninolytic Bjerkandera sp. BOL13
and Trametes versicolor fungal cultures after 5 days of cultivation.
Another paper reported that the half-life of nonylphenol was
approximately 15 and 17 days in UHH 1-6-18-4 and Clavariopsis
aquatica fungal cultures, respectively, when applying almost the
same initial concentration of tNP (22 mg L™") used in the present
study (Junghanns et al, 2005). Removal of more than 50% of the
applied xenobiotic by white rot fungi was also documented to
occur at 14 days for Pleurorus ostreatus and [rpex lacteus and at
7 days for T. versicolor and Stereum hirsutum with the initial
amount of tNP lower than that applied in U isabelling cultures (2,
5 and 1 mg L', respectively) (Cajthaml et al, 2009; Castellana
and Loffredo, 2014). To the best of our knowledge, only a few stud-
ies reported tNP elimination rates by fungal cultures higher than
those obtained in this work (Moon and Song, 2012; Tamagawa
et al., 2007). Unfortunately, the authors did not structurally iden-
tify tNP isomers or examine toxicity changes during the analysed
processes. Potential intermediates that are direct evidence of
xenobiotic biotransformation were also not identified.

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

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

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

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

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

GC-MS analysis identified several potential intermediates in
fungal cultures treated with tNP, 4-t-0P and 4-CP. The identified
products obtained from the metabolism of xenobiotics are shown
in Supplementary Fig. 2 and Table 1. Intracellular extracts of
U izabelling grown on tNP and 4-t-0F contained mainly (hydrox-
yalkyl)phenols. Mass spectrometric analysis revealed the presence
of 2-hydroxy-2-{3-hydroxyphenyl)acetic acid and 2-hydroxy-3-{4-
hydroxyphenyl)propanocic acid in the cultures with 4-t-0F and
4-hydroxybenzoic acid and benzene-1.4-diol in the extracts from
cultures treated with 4-t-<0P and tNP. This implies that the degra-
dation of alkylphenols by U. isabelling was most likely initiated by
hydroxylation of the terminal carbon in the alkyl moiety. Subse-
quently, oxidation of the hydroxyl group of the corresponding car-
boxylic acid and further shortening of the aliphatic chain through
subterminal or terminal carbon oxidation occurred, and p-
quinone was formed as the final intermediate. This suggests that
NP and 4-t-0F were metabolized by the fungus via similar path-
ways. Alkyl-chain oxidation intermediates of NP were also found
in other fungal cultures. In our previous study, we identified 4-
hydroxybenzoic acid and several alkoxyphenol derivatives in
Aspergillus versicolor cultures with 4-n-NP (Krupifiski et al., 2013).
4-hydroxybenzoic acid was also identified as a product of tNP
degradation by the aguatic fungus UHH 1-6-18-4 (Junghanns
et al, 2005). Moreover, the alkylphenols formed as degradation
products of L. isabelling were similar to those proposed in Glio-
cephalotrichum simplex (Rézalska et al. 2010). The metabolism of
4-n-NP by this fungus led to the detection of two intermediates
identical to those found in this study: 2-hydroxy-2-(3-hydroxyphe
nyl)acetic acid and 4-hydroxybenzoic acid. Based on the identified
derivatives, the authors of the above studies concluded that NP
degradation pathways proceeded wvia terminal hydroxylation of
the alkyl chain followed by subterminal exidation processes.
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Table 1

Mass spectral data of 4-r-0F, tNP and 4-CP biodegradation products in U iebelling cullures.

Metabolite (TMS derivatives) Substance  Retention Chemical  Molecular  Mass spectrum mj2 (10 largest ions, relative intensity)
tirme [min] formula weight
2-Hydraxy-2-{ 3-hydroxypheryl) 4-1-0P 927 CrpHazuSis 38469 267(99.9), 73(57.2), 268({24.8). 147(16.3), 269{14.2), 341{10.1L 75
acetic acid, tri-TMS (B2 T4(7.3), 45{7.2), 342{4.2)
2-Hydraxy-3-{ 4-ydroxyphenyl) 4-[-0F 1144 CighlaaDuSiy 39872 179(99.9), 73(80.3), 147(24.3), 308(18.1), 180(17.3), 75(12.3), 45
propanaic acid, tri-TMS (B3 T4(6.9), 148{3.9), 2B1{3.1)
Benzene-1,4-diol, di TMS 4-1-0P 615 CpaHpp0.5i; 25448 239(99.9), 256(77.9), TH4E.T), 240(29.5), 112(22.8), 257(21.5) 241
NP (16.2), 258( 14.8), 133(2.7), 75(9.2)
4-Hydrexybenzoic acid, di-TM5 4-1-0P 6.44 CraHzz0n5i; 282.49 2E7(99.9), 223(72.4), THEE.1). 103{60.8), 282(23.7), 268(22.0) 224
NP 4-CP (16.4), 126{15.5), 194(11.2), 45(10.2)
2-{4-Hydroxyphenyl) acetic acid, di-  4-CP 6.60 CraHze0n5i; 20650 7H99.9), 179(19.5), T5(18.2), 164{11.1), 74{0.8), 45{0.5) 252(7.1}
™S 2B1(6.8), 296(6.5), 224(5.5)
2{4-Hydroxyphenyl}-2- 4-CP 1237 CaHagDaSi; 38663 357(99.9), 372(47.8), 73(45.4). 358(32.9), 373(16.0), 103(13.3) 358

phenylpropancic acid, di-TMS

(121}, 1197.7). 269(6.5), 75(6.3)

Therefore, a similar mechanism is proposed for NP biotransforma-
tion by UL isabelling. The mechanism for 4-1-0P degradation starts
with the shortening of its alkyl moiety, which most likely occurred
simultaneously with the detachment of methyl groups from the -
C. Although the cleavage of the alkylphenols aromatic ring was not
confirmed in this study, the detection of p-quinone and 4-
hydroxybenzoic acid implied their subsequent conversion into
organic acid and C0, due to their lower resistance to biodegrada-
tion and higher bioavailability than 4-t-OP and tNP (Junghanns
et al., 2005; Kolvenbach and Corvini, 2012)

There are no studies addressing the possible metabolic path-
ways for the microbial decomposition 4-CP. In our experiments
with the UL isabellina strain, the presence of three metabolites iden-
tified as 24{4-hydroxyphenyl)-2-phenylpropanoic  acid, 2-{4-
hydroxyphenyl) acetic acid and 4-hydroxybenzoic acdd were
detected in cultures supplemented with 4-CP. This is the first study
reporting the intermediates formed during the biodegradation of
this xenobiotic. The results of the gualitative analysis suggest that
4-CP decomposition was initiated by the hydroxylation of the C
atom of a methyl group (C-8 or C-9) and subsequent oxidation of
the corresponding carboxyl group. Further degradation maost likely
occurred via several rearrangements, and cleavage of the C-C bond
between the aromatic moieties in two possible routes resulred in
the formation of 2-{4-hydroxyphenyl) acetic acid and 4-
hydroxybenzoic acid. 4-CP is structurally very similar to bisphenal
A (BPA), whose mechanisms of biodegradation have been proposed
in several papers. BPA transformation by Pseudomonas sp. strain
MWV1 showed metabolites with a chemical structure corresponding
to the 4-CP derivatives produced by U. sabelling (Zhang et al,
2013). Thus, it is hypothesized that metabolism of BPA by
Pseudomonas sp. strain MV1 and 4-CP by U isabelling may follow
a similar pattern.

3.2 Toxicity assessment

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

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

4. Conclusions

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

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

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

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

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

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

However, to date, limited information is available on the simulta-
neous removal of heavy metals and phenolic pollutants by fungi in co-
contaminated environments [17,38]. Although some studies have ad-
dressed the elimination of particular metals and organic xenobiotics
from binary mixtures [31,33], the removal of multiple heavy metals
and organic toxieants from these environments by a single fungal strain
has rarely been investigated and usually refers to the elimination of
polyeyelic aromatic hydroearbons (PAHs) coexisting with randomly
selected metals [16,17,38]. Moreover, the number of studies reporting
toxicity ct during the simul bicelimination of metals and
organic xenobiotics is limited.

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

2. Materials and methods
2.1. Microorganisms and growth conditions

The pure culture of U. isabellina used in this study originated from
the Department of Industrial Microbiology and Biotechnology,
University of Lodz, Poland (collection number: IMB33). Spores from 10-
12-day-old cultures incubated on ZT slants at 28 *C were used to pre-
pare the inoculum. The fungus was inoculated as a conidial suspension
(initial concentration of 5 x 107 spores mL™!) in 100 mL Erlenmeyer
flasks containing 30 mL Sabouraud medium (Difco). The cultivation of
U. isabellina was carried out for 24h at 28°C on a rotary shaker at
160 rpm.

2.2, Effect of the initial metal concentration on fungal growth

The degree of resistance of U. isabellina to heavy metal ions was
determined based on the growth of the fungus in the presence of metals
and was defined as an IC50 and IC10 values (i.e., the metal ion con-
centration that inhibits 50 and 10% of the fungal growth based on
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Fig. 1. Effects of different heavy metal ion concentrations on the growth of I1.
isabellina after 24 h of cultivation.

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

2.3. Metal bioaccumulation and biosorption analysis

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

2.4. Sample digestion procedures

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

Step Power (W) Time (min) Fan
1 1200 50 1(14.4Ls7")
2 0 15 3(438Ls7")

2.5. Metal determination

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

2.6. Xenobiotic elimination and metal ion removal experiments

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

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

2.7. Toxicity assays

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

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

Metal €502, [mM]) IC10/24 [mM)
Zn(1l) 13.10 311
Ph(I) 5.04 2.70
Mn(1l) 1115 3.02
Ni(I) 5.08 2.55

2.8. Statistical analysis

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

3. Results and discussion
3.1. Growth and metal uptake

The degree of resistance of U. isabellina to heavy metals was esti-
mated based on the measurement of growth inhibition in metal-treated
cultures. Moreover, to analyse metal-specific changes in the growth
pattern of U. isabellina, the IC50 and IC10 values were calculated
(Table 2). As shown in Fig. 1, the growth pattern of U. Isabellina varied
with the addition of different individual heavy metals. Lower biomass
production compared with that of the control was observed in cultures
supplemented separately with each heavy metal at corresponding
concentrations, showing that the toxicity of the tested metals to UL
isabellina decreased in the order Cd(II) > Pb(I) = Ni(Il) > Mn(Il) = Zn
(II). Considering the metal concentration exposure, Cd(I}) had the
greatest adverse effect on the biomass yield of U. isabellina. When the
initial amount of this metal in the medium was increased to 2.5 mM, the
growth decreased significantly (approximately 87% in comparison with
that of the control). These results corroborate other studies of fungal
resistance to Cd(II), which is generally indicated to be one of the metals
most toxic to all fungi [34]. A similar substantial inhibition effect of Cd
(II) on fungal growth was also previously reported for other Zygomy-
cota strains: Mucor sp. CBRF59 and Ascomycota Paecilomyces mar-
quandii [34,41). Based on the presented results, Zn(Il) and Mn(II) have
been found to be the least toxic to U, isabelling. In the cultures sup-
plemented with the highest initial concentration of these metals
(15 mM), the biomass amount was reduced to approximately 46 for Zn
and 48% for Mn(II) after 24 h of cultivation. A similar relation between
the inhibitory effects of Mn(Il) and Zn(II) on fungal growth was re-
ported for Mucor circinellpides, but this strain exhibited approximately
5-fold lower resistance to Mn(II) and Zn(II) exposure than the newly
tested strain [42]. The growth of U. isabellina was also significantly
influenced by Ni(II) and Pb(II) at their respective initial concentrations.
A biomass reduction of approximately 55% compared with that of the
control was observed in cultures supplemented with 5 mM Pb(II) or Ni
(II). These findings indicate that U. isabellina exhibited greater phy-
siological responses and higher tolerance mechanisms to Pb(II) and Ni
(II) stress than many filamentous fungi that have been described in
other works as Pb(Il}- and Ni(Il)-resistant. In comparison with this
study, higher inhibition of the fungal growth was reported for P. mar-
quandii and Acremonium sp. (approximately 1.5 and 0.4-fold, respec-
tively) as a result of exposure to 5mM Ni(II) [41,42]. Lower fungal
tolerance to Pb(II) was also observed in Lasiodiplodia sp. MXSFs; (ap-
proximately 1.5-fold), Paecilomyces fi oseus 4099 (appr ly
2-fold) and Penicillium simplicissimum (approximately 2.2-fold) that in
U. isabellina [44-46]. Overall, our research demonstrated that the
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Zygomycota U. isabellina was capable of surviving at high Pb(II), Ni(II),
Mn(II) and Zn(Il) concentrations and exhibited high resistance to the
toxic effects of these metals.

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

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

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

Table 3

Biosorption and bioaccumulation capacities of Umbelopsis isabelling after 24 h of
culture without organic treatment (control) and with cumylphenol (CP), 4-t-
octylphenol (4-+-0P) and technical nonylphenol (+-NP) separately.

Metal  Xenobiotic g, Qa Qe ct
Mno(ll) - 7.27 + 0.52 0.13 = 0.01 8.6 * 0.53 35.47
cp 679 + 0.25 0.14 = 0.01 793 + 023 3271
4-+-0F 4.07 = 0.51 0.35 = 0.04 4.42 £+ 0.55 18.23
-NP 511 = 0.15 0.31 = 0.01 542 * 017 22.35
Ni(I1) - 5.54 = 0.26 0.22 = 0.16 5.76 * 0.44 2376
cr 5.16 * 0.23 012 = 0.01 5.28 * 0.23 21.78
4-+-0F 154 + 002 0+ 001 154 += 0.03 6.32
t-NP 265 = 0.13 0 = 0.02 2,65 * 0.16 10,93
Ph(IT) - 67.84 = 1.28  6.41 = 0.50 7425 = 1.78 306.28
cp 8807 = 229 1058 =+ 0.70 9865 * 299 40693
4-+-0P 3082 = 119 032 = 0.01 3114 + 120 12845
NP 3589 = 1.83 0.23 = 0.02 36.12 = 1.83 148.99
Zn(II) - 2286 = 032 058 = 011 23.44 = 044 96.69
cr 21.86 = 3.66 048 = 0.21 23.34 * 387 96.27
4-+-0P 628 + 1.11 0.11 = 0.02 639 + 1.13 26.35
=NP 6.29 = 0.74 0.05 = 0.01 6.34 = 0.75 26.15

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

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

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

3.2, Simultaneous removal of metals and degradation of phenolic
xenobiotics

The metal biosorption and bicaccumulation efficiency in cultures
with single xenobiotic supplementation are shown in Table 3. As
shown, the appearance of an organic co-pollutant in the culture
medium affected the total metal uptake differently depending on the
type of phenolic compound used. On the other hand, no significant
differences were observed in the ratio of the amount of metal accu-
mulated to the amount of the metal absorbed in comparison to the
corresponding proportions in the control. In all tested samples, the
elimination of phenolic compounds led to the formation of the same
several intermediates which have been identified in our previous stu-
dies [5]. In general, the total uptake of all tested metals coexisting with
NP and 4-t-OP separately were considerably reduced compared to those
in untreated cultures (Table 3). The highest inhibition of metal removal
was observed with 4-t-OP and ranged from 48.7% for Mn(II) to 73.3%
for Ni(II). In the case of NP supplementation, the lowest metal uptake
were found for Zn(II), Ni(II) and Mn(II), and decreased from 23.44, 5.76
and 8.6 in cultures with no xenobiotic to 6.34, 2.65 and 5.42mgg ™!
dry biomass in NP-treated cultures, respectively (Table 3). A similar
phenomenon was described by Tsekova et al. [33], who found that
phenol had a negative influence on Co(II) and Cu(II) biosorption by
Rhizopus archizus. The inhibitory effect of organic pollutants on heavy
metal uptake capacity could be attributed to changes in the compeosition
and chemical-physical properties of the cell wall [35]. Bereketoglu
et al. [56] reported the dysregulation of the expression of several genes
involved in cell wall biog: is and cytoskeleton org ion in Sac-
charomyces cerevisize cells exposed to NP. Moreover, some genes en-
coding cell wall protein were also considerably affected upon exposure
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to this pollution. Thus, based on our findings as well as the structural
similarity between NP and 4--OP, these xenobiotics could be suggested
to influence the amounts and kinds of structural compounds and other
chemical activity groups on the fungal call wall, thereby contributing to
a decrease in the removal capacities for all tested metals.

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

The efficiency of the elimination of t-NP, CP and 4-t-OP in cultures
with single-metal supplementation was also examined. As shown in
Fig. 2, in general, when organic xenobiotics were present together with
particular metal ions, their removal decreased in the order CP > 4-t-
OP > t-NP. In most cases, metal tr t slowed the eli ion of the
organic compounds relative to the values for in controls. Compared
with cultures without metals the highest inhibition of xenobiotic re-
moval were observed for t-NP (from 62% for Pb(II) to 23% for Zn(II) at
the end of the experiment) and for 4-t-OP, whose elimination yield
clearly decreased with Pb(II) supplementation, reaching 44 and 15%
after 12 and 24h of cultivation, respectively. The time necessary to
degrade over 95% of 4-t-OP in the presence of Ni(IlI) was found to be
within 24 h and was 12 h longer than in cultures without metal. These
delays in biodegradation could have been caused primarily by the ad-
verse impact of the tested heavy metals on many key fungal activities
such as ATP production, substrate mineralization and cell surface
functions that participate in the transpert, biotransformation and de-
toxification of organic xenobiotics [38]. Moreover, many enzymes are
regulated by heavy metals at the transcription level and the activity
level, and therefore, in most cases, metal ions might inhibit the aetiv-
ities of enzymes involved in the degradation of the tested phenolic
compounds [22]. One potential mechanism could reportedly involve
the ability of heavy metals to denature proteins and enzymes structures
[38]). Furthermore, many heavy metals also negatively affect the re-
moval of erganic co-pollutants, inducing oxidative stress associated
with the production of reactive oxygen species (ROS), which among
other activities, can disrupt ion regulation or directly form DNA and
protein adducts [32,38]. Our results showed that Pb(II) supplementa-
tion had the greatest adverse influenced the elimination of the tested
phenolic compounds. In addition, among all the metals used this work,
Pb{1I) was characterized by the highest bioaccumulation uptake cap-
ability. These findings suggested that one of the possible mechanisms
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