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ABSTRAKT

Vysledky uvedené vtéto disertani praci se tykaji oboru environmentdlnich véd,
konkrétné mykoremediace. Velkd c¢ast téchto vysledk(l byla uverejnéna v recenzovanych
Casopisech s impakt faktorem, z toho 7 ¢lankl v zahranic¢nich ¢asopisech. Prace zahrnuje také dva
souhrnné ¢lanky a dosud nepublikovana data. Z obecného pohledu prispéla tato prace k rozvoji
znalosti v oblasti degradace organopolutantl a konkrétné byla zaméfend na biodegradace
endokrinné disruptivnich latek (ED) pomoci hub bilé hniloby.

Prvni tematicky okruh se zabyva screeningem degradacné vhodnych kmend hub bilé
hniloby. V rdmci prace bylo otestovano 8 kmen( na modelovém tekutém médiu a 4 kmeny na
pevném sldamovém substratu. Degradacni potencidl byl uréen na zakladé kvantifikace
koncentracnich zmén ED (bisfenolu A, irgasanu, 4-nonylfenolu a 17a-ethynylestradiolu), dale byly
zhodnoceny zmény estrogennich aktivit a produkce ligninolytickych enzym(. Pleurotus ostreatus,
Irpex lacteus a Trametes versicolor byly vyhodnoceny jako nejslibnéjsi kmeny pro degradace ED
v tekutych médiich a prokazaly dobrou degradacéni ucinnost vici smési ED (syntetické ED a
pfirozené  estrogeny) béhem  kultivace na pevném  substratu. Naopak kmen
Phanerochaete chrysosporium, dosud nejstudovanéjsi zastupce hub bilé hniloby, zcela
nedegradoval 17a-ethynylestradiol (EE2) a bisfenol A (BPA) a pouze ¢astecné degradoval irgasan
(IRG) a 4-nonylfenol (NP). V ramci prvniho okruhu byly zpracovany dva souhrnné ¢lanky. Jeden
zaméreny na plivod, vyskyt a odbouravani ED v Zivotnim prostfedi a druhy zabyvajici se detailné
latkou EE2.

Druhy tematicky okruh je vénovan detailni studii mechanismu houbového metabolismu
EE2. Byla provedena frakcionace houbovych kultur 8 kmeni za Gcelem lokalizace degradacniho
aparatu a identifikace nékolika dosud nepopsanych metabolitli EE2. Pomoci série in vitro pokusl
byl dale otestovan degradacni potencial lakdzy jedlého kmenu P. ostreatus, produkované za
riznych podminek a také mikrosomalni frakce P. ostreatus. Bylo prokazano, Ze do procesu
degradace EE2 v houbovych kulturdch neni zapojen pouze jeden mechanismus, ale Ze se
pravdépodobné jedna o kooperaci nékolika extracelularnich a intracelularnich mechanisma.

Treti tematicky okruh se tyka biodegradace ED latek patfici mezi skupinu perzistentnich
aromatickych polutantli, jako jsou polychlorované bifenyly a jejich bakteridlni metabolity
chlorbenzoové kyseliny. Do tohoto okruhu spada také vyvoj selektivnich a citlivych analytickych
metod kapalinové chromatografie a extrakénich metod. Pfi degradacnich experimentech
v tekutych médiich a kontaminované zeminé byly zhlediska degradace a snizeni toxicity

nejefektivnéjsi kmeny P. ostreatus a I. lacteus.



ABSTRACT (EN)

This dissertation thesis contains scientific results attained in the field of bioremediation.
The major part of the results has been published in international journals in 8 papers. In addition,
relevant yet unpublished results have been included too.

The first thematic part describes the screening of the degradation ability of white rot fungi
(WRF). In the screening, several endocrine-disrupting compounds (EDs; bisphenol A, triclosan,
4-nonylphenol and 17a-ethinylestradiol) were degraded by 8 different fungal strains in the
presence of liquid medium. The most promising strains were used for the degradation of an ED
mixture (synthetic and natural estrogens) in the presence of a straw substrate. Attention was paid
to the evaluation of stimulation or suppression of enzyme activities during the biodegradation
processes and changes in residual estrogenic activity. Pleurotus ostreatus, Irpex lacteus and
Trametes versicolor showed the highest degradation ability under both cultivation conditions. On
the contrary, Phanerochaete chrysosporium, to date the most studied representative of white rot
fungi, did not degrade bisphenol A and 17a-ethinylestradiol (EE2) at all. Two review articles have
been published to summarize the origin, presence and biodegradation of EDs, mainly EE2, in the
environment.

The second thematic part is focused on the investigation of EE2 biodegradation
mechanisms. Fractionation of fungus bodies and extracellular contents were used in EE2
degradation in order to detect the degradation apparatus. Identification of a number of EE2
metabolites was performed; many of them have not yet been described. The degradation ability
of lacase from edible fungus P. ostreatus as well as microsomal fraction was tested in a set of
in vitro experiments. It has been proved that in the EE2 biodegradation by P. ostreatus (and other
strains) several enzymatic mechanisms (intracellular, extracellular) are involved most likely via
cooperation.

The third thematic part focuses on the biodegradation of persistent aromatic
organopollutants with endocrine-disruptive activity, such as polychlorinated biphenyls and their
bacterial metabolites chlorobenzoic acids. This part also includes the development of sensitive
liquid chromatography methods and an extraction method using accelerated solvent extraction.
During the degradation experiments in a liquid medium and contaminated soil, P. ostreatus and

I. lacteus showed the highest degradation rate and also the highest toxicity reduction.
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SEZNAM ZKRATEK A SYMBOLU

ABTS
AC
ACN
APE
ASE
BK
BPA
BSTFA
CBA
CCBAS
cit.
cov
DDE
DDT
DL
DMSO
E1l

E2

E3

EA

ED
EE2
EEQ
EtOACc
FDA
GC/MS
HBA
HKC
HPLC
1.D.
IRG

KV ED
LC/MS
LiP
LoQ
MEG
MiP
MnP
MQ
MS

2,2'-azino-bis(3-ethylbenzothiazolin-6-sulfonova) kyselina
Abioticka kontrola

Acetonitril

Alkylfenolethoxylaty

z angl. ,Accelerated solvent extration” (Urychlena extrakce rozpoustédlem)
Bioticka kontrola

Bisfenol A

N,O-bis(trimethylsilyl)trifluoroacetamid

z angl. ,Chlorobenzoic acid” (Chlorbenzoové kyseliny)
Sbirka basidiomycet AV CR v.v.i.

Citace

Cistirna odpadnich vod
1,1-dichlor-2,2-bis(4-chlorfenyl)ethan
1,1,1-trichlor-2,2-bis(4-chlorfenyl)ethan

Detekovano, nekvantifikovano

Dimethylsulfoxid

Estron

17B-estradiol

Estriol

Estrogenni aktivita

Endokrinné disruptivni [atky

17a- ethynylestradiol

Estradiol ekvivalent

Ethylacetat

z angl. ,Foof and drug administration“ (Ufad pro kontrolu potravin a lé¢iv)
Plynova chromatografie ve spojeni s hmotnostni detekci
Hydroxybenzoova kyselina

z angl. ,Heat killed control” (Teplem inaktivovana kontrola)
Vysoko ucinna kapalinova chromatografie

Vnitfni pramér

Irgasan

Koeficient sorpce

Uméle kontaminovana kohoutkova voda

Kapalinova chromatografie ve spojeni s hmotnostni detekci
Lignin peroxiddza

Limit kvantifikace

z angl. ,Malt-extract medium“ (Typ komplexniho média)
Mangan independetni peroxidaza

Mangan dependentni peroxidaza

Millipore deionizovana voda

z angl. ,Mass spectrometry” (Hmotnostni spektrometrie)



MW Molekulovd hmotnost
NADPH  Nikotinamid adenin dinukleotid fosfat

ND Nedetekovano

NM Nestanoveno

NP 4-nonylfenol

NPE Nonylfenolethoxylaty

OV ED Uméle kontaminovana odpadni voda
P450 Cytochrom P-450

PAH Polyaromatické uhlovodiky

PCA z. ang. ,Principal component analysis“ (Analyza hlavnich komponent)
PCB Polychlorované bifenyly

pH Vodikovy exponent

p/ Izoelektricky bod

ppm Jedna miliéntina celku

R? Koeficient determinace

RH Organicky substrat

ROH Hydroxylovany organicky substrat

ROOH Karboxylova kyselina

rpm z angl. ,,Revolutions per minute” (Otacky za minutu)
RT Laboratorni teplota

Std. Standardni smérodatna odchylka

t-NP Technicka smés nonylfenoll

U Jednotka enzymové aktivity

UPLC Ultra ucinna kapalinova chromatografie

USEPA  z angl. ,Environmental Protection Agency” (Americka agentura pro Zivotni prostredi)
uv Ultrafialova

VP Verzatilni peroxidaza
V/V Objemovy zlomek
@ Pramér



1 Uvobp

Endokrinni disruptory (ED) patfi do Siroké skupiny environmentalnich polutantd. Jedna
se biologicky aktivni latky, které maji schopnost vyvolat negativni efekt jiz pfi velmi malych
koncentracich a vyskyt téchto latek v Zivotnim prosttedi predstavuje hrozbu nejen pro citlivé
vodni organismy, ale nasledné i pro volné Zijici zvél, Clovéka i cely ekosystém. ED jsou
definovany Americkou Agenturou Ochrany Zivotniho Prostfedi (US EPA) jako ,latky, které brani
syntéze, sekreci, transportu, vazbé, cinnosti nebo eliminaci pfirozenych hormonl v téle
odpovédnych za udrZovani homeostazy, reprodukéni vyvoj a/nebo chovani.” Tato Siroka
skupina zahrnuje latky antropogenniho i pfirodniho ptvodu, jako jsou syntetické nebo pfirodni
hormony, fytoestrogeny, nékteré mikrobidlni toxiny, farmaka, antimikrobialni slouceniny,
chlorované pesticidy a perzistentni organopolutanty (polychlorované bifenyly, dioxiny,
bromované retardatory horeni), zmékcovadla plastl, tézké kovy, organokovové slouceniny
nebo alkylfenoly®. V literatufe jsou nejvice popsany latky ovliviiujici estrogenni hormony
(tzv. xenoestrogeny), ale existuji i druhy latek napodobujici ¢i blokujici plsobeni hormon(
androgennich?, thyroidnich®*, ovliviiujici drahy glukokortikoidd®, insulinu® & gonadotropnich
hormont’. Nékteré latky mohou zaroveri ovliviiovat vice hormonalnich receptoril. Spravna
funkce endokrinniho systému v organismu je udrZzovana pomoci mechanismu zpétné vazby a je
tudiz znacné flexibilni vic¢i zménam hormonalniho stavu, ale velmi citliva vci rusivym vlivim.
Negativni vlivy se nejvice projevi u zarodkl ¢i mladych organism, kde je schopnost regulovat
zmény velmi omezena.

ED se v Zivotnim prostredi vyskytuji v koncentracich pohybujicich se od ng po ug na
litr®. Stanoveni ED v environmentalnich matricich vyzaduje velmi selektivni a citlivé analytické
metody. Béhem nékolika poslednich let bylo publikovano mnoho praci zabyvajicich se
vyskytem ED v Zivotnim prostfedi. Z praci, tykajicich se odpadnich vod vyplyva, Ze Cistirny

odpadnich vod nejsou schopné tyto latky Gcinné degradovat™*"*

, @ mnohdy béhem procesu
Cisténi dochazi pouze k pfesunu na jinou environmentalni matrici, napf. sorpci na aktivovany
kal*.

Ligninolytické kmeny hub jsou hojné rozsifené v prirodé a diky svému extraceluldarnimu
enzymatickému aparatu predstavuji perspektivni nastroj pro odstrariovani organopolutantd.
Houby vykazuji vysokou odolnost vici vysokym koncentracim fady organickych latek a

prostfednictvim hyf také zna¢nou schopnost proristat lignincelulézovym substratem i ptdou.

Jejich hlavni vyhoda plyne z konstitutivni povahy extracelularnich enzym (peroxidazy, lakaza).



Oproti intracelularnim bakteridlnim degradacim je tento mechanismus vyhodny z hlediska
prostupnosti enzymi i pro hlife rozpustné polutanty a také z hlediska eliminace adaptace
organismu na polutant.

Tato disertacni prace zacind Sirokym teoretickym Uvodem rozdélenym do tii ¢asti
(kapitola 2). Prvni cast je vénovana puvodu a vlastnostem ED, druhd ¢&ast ligninolytickym
houbam a jejich enzymovému aparatu a treti ¢ast se zabyva degradacemi ED. Nasleduji cile
prace (kapitola 3), instrumentace a metodika nepublikovanych vysledk( (kapitola 4). Diskuze a
vysledky (kapitola 5) pfedstavuji struény vypis nejdulezitéjsich bodd u publikovanych praci a
detailné vysledky praci nepublikovanych. Podrobny popis experimentalnich postupu, reserse,

diskuze a vysledky se nachazeji v publikacich 1-8, které jsou ptiloZeny jako soucast pfilohy B.
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2 LITERARNI UvOD

Tato kapitola shrnuje literarni pozadi této disertacni prace. Hlavnim cilem je zde
predstavit zastupce endokrinnich disruptord, jejich rozdéleni a plvod a také moznosti jejich
odstrafiovani pomoci abiotickych i biologickych metod. Cést kapitoly je vénovéna vyskytu ED

v Zivotnim prostifedi a samostatnd kapitola pak popisu a charakterizaci ligninolytickych hub.

2.1 Endokrinni disruptory

V poslednich desetiletich se objevuji cetné dikazy o pfitomnosti latek s hormonalni
aktivitou v Zivotnim prostredi. Prvni studie pfitomnosti farmak a lidskych hormon( v Zivotnim

13,14,15

prostfedi pochazi ze 70.-80. let , avSak tehdy detekovand stopovda mnoizstvi ED

nevzbuzovala velkou pozornost, az do doby zjisténi negativniho vlivu pfitomnosti syntetické
antikoncepce v Zivotnim prosttedi na ryby*®*" 2,

Problematice ED v Zivotnim prostfedi se vénuje celd rada svétovych i Evropskych
organizaci. V Americe v roce 1995 US EPA zfidila Endocrine Disruptor Screening Program
k vytvoreni screeningovych metod a strategie testl toxicity pro vymezeni endokrinné
disruptivnich latek®. V Némecku v roce 1995 UBA (Umweltbundesam — Federalni ufad pro
Zivotni prosttedi) zahajil projekt sledovéani ED v Zivotnim prostiedi’’, roku 1996 byla zalozena
skupina pro screening a testovdni ED organizaci OECD (Organizace pro hospodaiskou
spolupraci a rozvoj)*’. Od roku 1997 se endokrinnim disruptor@im vénuje i Evropska komise
vypracovanim Strategie pro endokrinni disruptory®. Prvni projekt Evropské komise z let 1997—
2004 (CSTEE®, vybor pro toxicitu, ekotoxicitu a Zivotni prostfedi) byl zaméfeny na vliv
endokrinnich disruptor( na zdravi volné Zijicich organism( a lidské populace. V letech 2000-
2003 byl v Italii pInén evropsky projekt REMPHARMAWATER? zaméfeny na ekotoxikologické
hodnoceni a vytvoreni technologii pro odstranovani IéCiv v odpadnich vodach, na ktery navazal
projekt POSEIDON® (2004-2007, Némecko), roziiteny vedle 1é¢iv i o odstrafiovani produkt
osobni péce z odpadnich a pitnych vod. V soucasné dobé bézi nékolik program( na testovani,
screening a odstranovani ED a dalSich latek, jako jsou léciva ¢i produkty osobni péce,

ze zivotniho prostfedi. Dosud je popsdano mnoho sloucenin sendokrinni aktivitou (viz

tabulka 1) a testovani dalSich stale probiha.
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Tabulka 1 Seznam vybranych sloucenin s endokrinné disruptivni aktivitou.

Trida ED Slouéeniny Pavod/pouZiti
Pfirozené Estron, estradiol, estriol, metabolit 16a- Produkovany lidmi a zvitaty, vyuZiti
hormony hydroxyestron, testosteron, equilin, 19- nékterych v hormonalnich
norethisteron substitucnich terapiich
Fytoestrogeny Genistein, daidzein, matairesol, Ptirodni slouceniny rostlinného
biochanin A, enterodiol, enterolacton plvodu
Mykoestrogeny Zearalenon a jeho metabolity a-zearalanon | Mikrocyklické toxiny produkovany
a B-zearalanon houbou Fusarium sp. (kontaminanty
kukufice, obili atd.)
Syntetické 17a-ethynylestradiol, diethylstilbesterol, Soucast substituc¢ni hormonalni Ié¢by
hormony mestranol, norgestrel, 19-norethindron a antikoncepce
Bisfenoly Bisfenol A Prekurzor v plastovém priimyslu pro
vyrobu polykarbamat( a
expoxidovych pryskyfic
Surfaktanty Nonylfenolethoxylat, oktylfenolethoxylat a | Vyroba pryskyfic, vyuZziti jako tenzidy,
jejich metabolity nonylfenol a oktylfenol aditiva plastl
Produkty osobni Irgasan (triclosan), methyl-, ethyl-, propyl- | VyuZiti v kosmetickém primyslu a
péce a butylparaben pfipravkach pro osobni hygienu
Ftalaty Butylbenzylftalat, di-n-butylftalat, di-(2- Aditiva plastll, soucast detergentd,
ethylhexyl)ftalat pryskytic
Pesticidy DDT, DDE, deltametrin, karbofuran, Insekticidy, herbicidy a fungicidy

atrazine, lindan, vinklozolin

vyuzivané v zemédélstvi

Polychlorované
bifenyly

Delor 103, metabolity chlorbenzoové
kyseliny

Soucast olejli do vyménikovych
stanic, lubrikantd atd. (pouZiti
zakazano)

Polyaromatické

Fenantren, fluoren, antracen, pyren,

Produkty nedokonalého spalovani

uhlovodiky naftalen pevnych paliv pfirodniho plvodu

Bromované Polybromované difenylethery, VyuZiti jako prevence pozarQ

retardatory tetrabrombisfenol A, v elektronickych pfistrojich, izolaci

hofeni domd, nabytku, textilu atd.

Tézké kovy Kadmium, rtut, olovo, arsen Metalurgicky pramysl

Organokovy Tributylcin, trifenylcin Ochranné barvy pro lodni trupy
2.1.1 Mechanismus ptisobeni ED a vliv na organismy

Endokrinni disruptory napodobuji plsobeni pfirozenych hormoni a jejich estrogenni

aktivita je vztahovana k 17B-estradiolu (E2). Plsobeni pfirozenych hormont v téle Zivocichl

probiha skrze jaderné hormonalni receptory zahrnujici androgenni receptory, progesteronové

a thyroidni receptory a predevsim estrogenni receptory, které jsou u obratlovcl zastoupeny

dvéma hlavnimi typy — ERa a ERB. ED mohou dale ovliviiovat také nejaderné steroidni

receptory hormond (membranové) i nesteroidni receptory (dopaminové, noradrenalinové

a serotoninové). ED ovliviuji endokrinni systém na nékolika Urovnich, plsobi jako agonisté

i antagonisté receptort®®, ale také ovliviiuji steroidni biosyntézu, metabolismus a Uroveri

receptord®.

Estrogeny vyvolavaji cilenou odezvu skrze expresi genu®® spousténou

responzivnim elementem (Usek DNA), ktery je predtim aktivovan nasednutim komplexu
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hormon-receptor. Estrogenni receptory maji nizkou substratovou specifitu, takze mze dojit
k navdzani cizorodych latek strukturné podobnych estradiolu, které tak mohou vyvolat odezvu,
ale naruseni muiZze ovlivnit i jiné Urovné tohoto mechanismu. Hormonalni signaly fidi normalni
vyvoj mnoha organd véetné mozku, proto mohou ED ménit vyvojové procesy téchto systémi®.
Ucinky ED na organismus v prdbé&hu vyvoje jsou nejzavaingj$i, protoie expozice mdie mit
negativni vliv na organizaci nervovych systémd a tim vyvoldvat trvalé a nevratné dopady™.
U dospélych jedinclh jsou zmény zpravidla reverzibilni a po ukonéeni expozice organismu
endokrinnim disruptorm jsou kompenzovany®.

Endokrinni disruptory, spiSe nez dle jejich biochemického mechanismu ucinku, délime
na skupiny dle jejich efektu. Nejvétsi skupinou jsou xenoestrogeny mezi které patfi 17a-
ethynylestradiol, bisfenol A (BPA), 4-nonylfenol (NP), ftalaty, chlorbenzoové kyseliny (CBA),
nékteré pesticidy (DDT, dieldrin), polychlorované bifenyly (PCB), hydroxylované PCB atd. Dale
jsou popsany xenoandrogeny, které maji nejcastéji anti-androgenni funkci (napf. nékteré
bromované étery®, fytosterol®’, DDE) a latky ovliviiujici thyroidni hormony (nap¥. irgasan
(IRG)*®, PCB, nékteré bromované étery31). Jedna sloucenina muze pUsobit na nékolika Urovnich,
ale také na nékolik rGznych typ(l receptorl zarovei. Pfikladem je tributylcin®®, ktery
napodobuje pfirozeny hormon testosteron u vodnich plzl (funguje tak jako agonista), ale také
blokuje receptory testosteronovych antagonist( a také aromatazovou aktivitu, ¢imz se hladina
testosteronu jesté zvysuje. Predstavuje tak slouceninu plsobici na nékolika Grovnich.
Prikladem druhé skupiny je endosulfan’, plsobi jako agonista estrogennich receptor(, ale
zaroven jako inhibitor syntézy testosteronu a gonadotropinu u krys. DalsSim nezanedbatelnym
faktem je, Ze organismy v pfirodé nejsou vétsinou vystaveny pouze jedné latce, ale vétSimu
mnozstvi rGzné pUlsobicich sloucenin, kdy vysledny efekt nemusi byt pouze souctem
jednotlivych efekt(, ale ¢asto dochazi k synergickému plsobeni sloucenin. Toto téma je Siroce
zpracovano v souhrnném &lanku autora Kotenkampa z roku 2007 (cit.*).

Pripady negativniho vlivu endokrinnich disruptord byly prvné nalézany u sladkovodnich
ryb Zijicich na dolnich tocich u Cistiren odpadnich vod a také v blizkosti priimyslovych vod.
Negativni vliv ED na organismy se projevuje napt. maskulinizaci ¢i feminizaci genitalii, vyskytem
hermafroditismu, porusenim vyvoje varlat a vajicek, pfedcasnym ¢i zpozdénym vyspivanim
jedincl, zaostalosti, neplodnosti atd. Sladkovodni ryby patii mezi nejvice studované organismy,
u kterych byly popsany pfipady zmény v syntéze specifického samiciho hormonu vitellogeninu
u samci***’, inhibice vyvoje pohlavnich organt u kapri (Cyprinus carpio)® zhorseni vyvoje
vajeénikdi v populaci Catostomus commersoni®® atd. Zmény vlivem puUsobeni ED byly ale

40,39

pozorovany napt. i u ptak*®*®, plazi®, obojzivelnika®®, kory$a i savcd™.
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U c¢lovéka je expozice syntetickym i prirozenym estrogenim ddavana do spojitosti se

43,44

vznikem rakoviny prsou®, vaje¢niku a varlat®. Je prokazano, e endokrinni disruptory maji

%47 a3 vyrazné tak ovliviiuji muzskou plodnost. Expozice

negativni vliv na kvalitu spermii
mladych jedincl latkdm ovliviujici thyroidni a estrogenni systém vede k pred¢asnému
, Y . , , iz v . .,
pohlavnimu dospivani’. Panzica a kol. se ve svém souhrnném c¢lanku vénuje negativnim
vlivim na ED na nervovou soustavu zivocich(l i ¢lovéka®.
Vzhledem k negativnim vlivim endokrinnich disruptord nejen na vodni Zivocichy, ale

i ostatni organismy a Clovéka, je jejich pfitomnost v Zivotnim prostfedi nezadouci a je nutno

nalézt vhodné metody odstranéni.

2.1.2 Zastupci ED a jejich vyskyt v Zivotnim prostiedi

V Zivotnim prostfedi na celém svété jsou nalézana stopovd mnoiZstvi endokrinnich
disruptor(l syntetického i pfirozeného plivodu. Zdroje ED v Zivotnim prostredi |ze rozdélit na
bodové a plosné plsobici. Mezi plosné pulsobici poéitame odtoky odpadnich vod z méstské
zastavby nebo zemédélskych oblasti, mezi bodové plsobici spadaji pridmyslové odpadni vody a
odtoky C¢istiren odpadnich vod (COV). Sougasné studie potvrzuji, Ze &istirny odpadnich vod
nedostatecné odstranuji organické polutanty a jejich Uc¢innost odstranéni pro rdzné latky se
uvadi mezi 60 % a7z 90 % (cit.***®). Tyto hodnoty ale nepfedstavuji pouze degradaci, ale také
prenos latek z vodného prostfedi do matrice kalu. Velkd ¢ast organopolutantll ma pfimou
souvislost s rozvojem primyslu (plastového, detergentniho atd.), a proto byva pravidlem
nalézani vyssich koncentraci ED v blizkosti priimyslovych oblasti.

Vliv ED na Zivotni prostfedi neni dan pouze mirou jejich koncentrace, ale do jejich
efektu je nutno také zahrnout miru jejich bioakumulace, lipofilniho charakteru, perzistentnosti,
délku expozi¢niho Casu a biotransformacni a eliminacni mechanismy. V nékterych ptipadech
mohou byt produkty rozkladu latek sSkodlivéjsi nez jejich materské slouceniny (napf.
nonylfenoly, rozkladné produkty alkylfenolethoxylatd). Osud ED v Zivotnim prostfedi neni
dosud zcela popsan, ale jejich chovani je velkou mérou odvozené od jejich fyzikdlné-
chemickych vlastnosti a vlastnosti prostfedi. Jednim z nejdulezitéjsich parametrd hodnoceni
toxicity a Ucinku latek je mnoZstvi vazané a volné frakce latek (tzn. dostupné frakce). Sorpce
latek na matrici je zavisla hlavné na lipofilni povaze latek, nepfimo umérna velikosti molekul,
pFimo Umérna obsahu organického uhliku v matrici®® a salinité prostredi*.

Tato disertaCni prace je zaméfena na endokrinni disruptory béiné detekované
ve vodnich tocich v Zivotnim prostredi: tfi nejcetnéjsi zastupce endogennich hormonu estron

(E1), 17B-estradiol (E2) a estriol (E3), synteticky hormon EE2, xenoestrogen BPA a NP a dale je
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v praci zahrnut IRG, ovliviujici thyroidni systém. Fyzikalné-chemické parametry a struktury
jednotlivych latek jsou uvedeny v tabulce 2. Pozornost je také vénovana xenoestrogenlim z rad

PCB a CBA, ackoliv tyto jsou spise padnimi kontaminanty.

2.1.2.1 Prirozené estrogeny

Pfirozené estrogenni hormony nalézané v Zivotnim prostfedi pochazeji ze Zivocisné a
humanni produkce a do Zivotniho prostfedi vstupuji ze splaskovych vod. Hlavnim zdrojem
znecisténi jsou COV, kde nedochazi k Uplnému odbourdni téchto latek v prabéhu Eisticich
procesll. Estrogeny (E1, E2 a E3) jsou odvozeny od esteralniho cyklu (struktury viz tabulka 2),
jsou produkovany v télech samic a v malé mifre také samcll. Koncentracni hladina (jednotky az
stovky pg/den) produkce estrogeni se u Zzen méni v pribéhu Zivota a také kolisa v pribéhu
menstruaéniho cyklu. E3 je produkovan témér vyhradné placentou, v pribéhu téhotenstvi jeho
koncentrace vzrista z hodnot 10° mg/den a? na 10° mg/den. Estrogenni ucinek E3 dosahuje
zhruba 1/10 Gcinka E2, E1 dosahuje zhruba 1/2 Gcinku oproti E2.

Estrogeny jsou zvelké casti exkretovany ve formé glukuronovych konjugatl, ale
v odtocich odpadnich vod jsou estrogeny casto pfitomny ve své volné formé vlivem
enzymatické dekonjugace v pfitomnosti enzym( fekalnich bakterii (napf. B-glukuronasa
bakterie Escherichia coli)’". E1 je exkretovan vice ve formé sulfonovych konjugatd, které jsou
v COV stabilnéjsi, protoze pritomnost bakterialni arylsulfatasy v OV neni pfili§ béZna®. Pavod
volného E1 detekovaného na COV pochazi pravdépodobné z mikrobialni transformace E2 nebo

z dekonjugace E1 pf¥i prachodu kanalizaci.

2.1.2.2 Syntetické endokrinni disruptory a irgasan
Mechanismus vstupu xenoestrogenli do Zivotniho prostfedi je oproti pfirozenym
estrogenlm jiny a primarnim zdrojem jsou zpravidla primyslové a méstské odpadni vody.
U nékterych perzistentnich polutantd se na znecisténi podileji vyznamnou mérou také prlsaky
ze skladek. Pouze synteticky estrogen EE2, pouZivany jako soucast hormonalni antikoncepce,
ma mechanismus vstupu do Zivotniho prostredi shodny s pfirozenymi estrogeny — tj. lidskymi
exkrementy. Zdrojem znecisténi v Zivotnim prostfedi jsou, stejné jako u endogennich

estrogentl, COV kde nedochazi k Gplnému odstranéni téchto latek.
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Tabulka 2 Souhrn chemickych struktur a fyzikalné chemickych vlastnosti xenoestrogent a irgasanu.

Struktura Vlastnosti Struktura Vlastnosti
Estron CAS ¢islo 53-16-7 Estriol CAS cislo 53-16-7
O @ MW 270,37 MW 270,37
/ CH4 OH
Sumarni C1gH5,0, aH Sumarni C1gH1,0,
vzorec vzorec
Rozpustnost 13 Rozpustnost 13
HO ET ) .
ve vodé HO E3 ve vodé
LogKow 3,1 LogKow 2,8
3-Hydroxyestra-1,3,5(10)-trien-17-on Estra-1,3,5(10)-trien-3,160,17f —triol
Struktura Vlastnosti Struktura Vlastnosti
17B-estradiol CAS ¢islo 50-28-2 17a-ethynylestadiol CAS ¢islo 57-63-6
MW 272,38 CH MW 296,40
CH, oH CH, —(H
Sumarni C13H2402 Sumarni C20H2402
vzorec vzorec
Rozpustnost 13 Rozpustnost : 4,8
EEZ
HO E2 ve vodg' HO ve vodé'
LogKow 3,9 LogKow 3,9
Estra-1,3,5(10)-trien-3,17B-diol 17a-Ethynyl-1,3,5(10)-estratriene-3,173-diol
Struktura Vlastnosti Struktura Vlastnosti
4-nonylfenol CAS ¢Cislo 104-40-5 Irgasan CAS cislo 3380-34-5
MW 220,35 MW 289,54
CqH
I8 Cl OH
=S Sumarni Ci5H240 o Sumarni Cq,H,Cl30,
vzorec i vzorec
e bk Rozpustnost 1,6 | P L Rozpustnost 4,9
P ve vodg' Cl IRG Cl o vevods!
OH
LogKow 4,5 LogKow 4,8
4-(2,4-dimethylheptan-3-yl)phenol 5-chlor-2-(2,4-dichlorfenoxy)fenol
Struktura Vlastnosti ! mg/l pti 20 °C
Bisfenol A CAS cislo 80-05-7
MW 228,29
OH
Sumarni Ci5H160,
HyC
vzorec
CH, BFA Rozpustnost 120
HO ve vodg'
LogKow 3,3
2,2-bis(4-hydroxyfenyl)propan
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Synteticky EE2 je analog E2 a je soucasti vétsiny ordlnich kontraceptiv. Jako jedina
studovana sloucenina vykazuje 2,2x vyssi estrogenni aktivitu nez E2. Denni pfijem této latky se
dle terapie pohybuje v rozmezi od 10 do 40 pg. V lidském téle je EE2 metabolizovan zhruba
z40%, zbytek je ve formé konjugdtl (prevainé glukuronovych a minoritné sulfonovych)

&>, v €OV jsou tyto konjugaty

vylou¢en moci a stolici a mala ¢ast je vyloucena ve volné form
Stépeny stejnym mechanismem jako u pfirozenych estrogeni a vétSina EE2 se tak v odpadnich
vodach nachazi ve své volné formé®'. Diky p¥itomnosti ethynylu na uhliku C17 je EE2 obtizné
odbouratelnym a diky vysoké lipofilité ma tendenci se kumulovat v Zivotnim prostfedi®.

BPA (monomerni sloucenina 2,2-bis(4-hydroxyfenyl)propan) patfi mezi jednu z nejvice
produkovanych chemikdlii na svété a pouzivd se pri vyrobé polykarbamatovych plast(,
fenolovych pryskyfic, polyakrylatd a polyester(™. Polykarbonaty se pouzivaji jako obalovy
material nebo jako material pro vyrobu kompaktnich diskl. Epoxidové pryskytice lze nalézt
napf. v zubarskych nahradach a plombach, nebo jako ochranny natér plechovych konzerv.
Obecné se vsak BPA nachazi témér ve vSech vyrobcich z plastovych hmot, véetné mobilnich
telefonl, pocitacq, lahvi na piti, plastovych jidelnich nadob atd. Polymerizaci nedostatecné
zpracovany BPA se uvoliuje do svého okoli, takZe dalSimi zdroji kontaminace vedle
primyslovych a méstskych odpadnich vod muzou byt také prisaky ze skladek®. BPA ma
zhruba 1000x nizsi estrogenni Uucinky nez E2, ale diky svému hojnému rozsireni (byl detekovan
i v prachovych &asticich a podzemni vodé®’) a vysokym koncentracim pfitomnym v Zivotnim
prostfedi, patfi mezi zavazné polutanty s biologickou aktivitou®® a to i v pfipadé, Ze
koncentrace nemusi vidy dosahovat hodnot nutnych pro vyvolani ucinku (tzv. efekt nizkych
davek)®. Mimo estrogennich G&nké u n& byly popsany také ucinky thyroidni a
antiandrogenni®’.

4-nonylfenol je metabolit alkylfenolethoxylatl (APE), které se pouzivaji jako
neionogenni tenzidy. Jsou soucasti povrchové aktivnich pfipravkl v domacnostech
iv priimyslu, vyuZivaji se jako pénidla, smacedla ¢i emulgatory v papirenském, textilnim a
koZzedélném pramyslu. A dale pti zpracovani kov( jako mazadla a soucdst barev, pri aplikaci
biocidl, pfi vyrobé epoxidovych pryskyfic atd. Pfi degradaci alkylfenolethoxylatl dochazi ke
vzniku mnohem vice perzistentnich nonylfenol (v malé mife i oktylfenold)®®, které vykazuji
estrogenni aktivitu (zhruba 1000x nizsi nez E2). NP je také hlavni slozkou technického
nonylfenolu — smési C;-Cyo alkylfenoll vyuZivané jako stabilizator plastl a prekurzor pro
syntetickou vyroby alkylfenolethoxylat(.

Nonylfenoly jsou velmi obtizné odbouratelné v Zivotnim prosttedi, proto jejich zdrojem

byvaji COV, kde vznikaji v prib&hu &isticiho kroku z rozkladu alkylfenolethoxylatd (hlavné
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nonyl- a oktyl-). Plati pfitom, Ze ¢im delSi uhlovodikovy fetézec, tim vyssi hydrofobicita a
estrogenni aktivita. Dal$imi zdroji znecisténi mohou byt prlisaky ze skladek odpadi, recyklace
Cistirenského kalu, méstské odpadni vody nebo uvolfiovani z nékterych pesticidd®. Béiné
nalézané koncentrace NP v povrchovych vodach se pohybuiji v rozmezi od 10%-10* ng/I (cit.®).
Thyroidni disruptor irgasan (2,4,4-trichloro-2-hydroxydifenyl ether) patfi v poslednich
desetiletich mezi hojné pouZivané latky predevsim v produktech osobni péce. Pro své
antimikrobialni a antifungalini vlastnosti je vyuZivan v kosmetickém primyslu (deodoranty,
zubni pasty), také jako soucast antibakteridlnich mydel, pfipravkl ve zdravotnictvi a
domadcnosti (napt. antimikrobialni plastové nadobi, bezpachové tkaniny atd.). Do Zivotniho
prostfedi se dostava jako soutast odpadnich vod a kald. Mimo thyroidnich G&inkd® jsou IRG
pFisuzovany také slabé estrogenni® a antiandrogenni Gcinky®®. Kvali obsahu atom@ chléru
v molekule (struktura viz tabulka 2) byva casto diskutovan také vliv jeho pritomnosti v pribéhu
vodarenského chlorovani vody na zvy$enou produkci karcinogenniho chloroformu® a
dioxinG®. Jeho pfitomnost v Zivotnim prostiedi muoZe mit také vliv na vznik nezadouci
bakterialni rezistence®. IRG byl nalezen v nékterych biologickych matricich jako napt. rybi

maso® a mate¥ské mléko®.

2.1.2.3 Perzistentni aromatické polutanty
Estrogenni, antiestrogenni, androgenni a thyroidni aktivita byla prokazana u rady

69,70

kongener(i polychlorovanych bifenyld (PCB)>", jejich metabolitll (napf. hydroxylovanych
PCB’*’? a chlorbenzoovych kyselin™) a jejich smési (nap¥. Delor 103)”.

Pro své chemické a fyzikdlni vlastnosti (dobré elektroizola¢ni vlastnosti, nehoflavost,
dobra tepelna vodivost, nizka rozpustnost ve vodé atd.) byly PCB hojné vyuzivany v 50.—60.
letech minulého stoleti. V 70. letech ukazaly prvni studie perzistentnost téchto latek v Zivotnim
prostfedi a negativni vliv na zdravi ¢lovéka’. Diky témto studiim se jejich vyroba omezila
nejprve na uzavfené systémy a posléze byla zastavena uplné (v CSSR k 1.1.1984). Ackoliv je
jejich vyroba dnes jiz zakdzana, predpoklada se, Ze v biosféfe se stdle nachazi priblizné
7 500 000 tun PCB. Diky svému vysoce lipofilnimu charakteru se PCB zaclenily do potravniho
fetézce a mimo negativniho vlivu na endokrinni systém ovliviiuji také nervovy’ a reprodukéni
systém’® a patii mezi podezielé karcinogeny’’. Jejich toxicita zavisi na poloze a po¢tu chléri
v molekule. Tabulka 3 shrnuje jejich fyzikdlné-chemické a biologické vlastnosti, véetné popisu

plavodu latek v Zivotnim prostredi.
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Tabulka 3 Fyzikalné-chemické a biologické vlastnosti vybranych aromatickych organopolutantd.

Struktura Vlastnosti — 209 kongeneri
PCB Sumarni vzorec CiH104Cly
CAS ¢islo 1336-36-3
|)n LogKow Velmi lipofilni
Rozpustnost ve vodé 0,0027-0,42 ng/L
Ucinky Thyroidni, estrogenni, androgenni aktivita,
PCB karcinogenni
( I)n Pavod Aditiva v barvach, hydraulickych zafizenich, ¢i
teplonosnych médiich
n,n’-chlorobifenyl (2-10 atom chléru)
Struktura Vlastnosti — 19 izomera
CBA Sumarni vzorec C,0,Hs.Cl,
COOH MW 156,57-294,35
Rozpustnost ve vodé Vysoka, dle poctu chlori v molekule
Ucinky Mirnd estrogenni aktivita, toxicita vUci
(@l CBA vodnim organismim
n Pavod Bakterialni rozklad PCB, pesticid(l a herbicidt

Chlorbenzoové kyseliny (1-5 atomu chléru)

Kyseliny chlorbenzoové pochazeji z bakterialniho rozkladu PCB a jinych chlorovanych
latek jako jsou napt. nékteré herbicidy a pesticidy. Existuje 19 mozZnych izomeru (struktura viz
tabulka 3) a chemicko-fyzikalni vlastnosti, stejné jako biologické ucinky, jsou odvozené dle
poctu chlort a jejich poloh v molekule. Na toxicitu chlorbenzoovych kyselin (CBA, z anglického
chlorobenzoic acid) ma velky vliv ionizace karboxylové skupiny. Toxicita CBA byla prokazana
vigi nékterym modelovym rostlindm (napt. tabak’®), nékterym Zivocichim (dafnie, ryby’), ale
z environmentalniho hlediska je nejzavaznéjsi inhibice a toxicita CBA vuci bakteriim, které jsou
schopny degradovat PCB. Vyskyt bakterialnich metabolitd PCB v kontaminované lokalité tak

vede k inhibicim jejich dalsiho rozkladu®>*#

. CBA maji oproti PCB vyssi polaritu, a mohou tak
z mista vzniku migrovat do podzemnich vod®. Nékteré ze zastupct CBA byly prokazany jako
slabé estrogeny. Pro testovanou smés mono-, di- a trichlorderivatd vykazoval nejvyssi

estrogenni aktivitu derivat 2,3-CBA, naopak nejnizsi aktivita byla zaznamenana u mono-CBA”.

2.1.2.3 Vyskyt ED v Zivotnim prostredi
Pritomnost pfirodnich i umélych estrogen a dalSich mikropolutantl v Zivotnim

prostfedi je predmétem mnoha studii z poslednich let®*?>%087,88899091

. Tabulka 4 shrnuje
nékolik praci zamérenych na stanoveni pfirozenych a umélych estrogend v povrchovych a

odpadnich vodach.
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Tabulka 4 Vybrané ptiklady stanoveni koncentraci (ng/l) ED v povrchovych a odpadnich vodach. ND-nedetekovano; DL-detekovano, nekvantifikovano

Koncentrace (ng/l)

Lokalita Typ vzorku Obdobi E1l E2 E3 EE2 BPA NP Reference
CR - stiedocesky kraj  Boti¢ - Praha DL 1,5 1,7 3,3
Odtok ¢oV 2005 43-330 DL-11 DL-10 DL-5 %
Vltava — Praha DL DL-2,6 DL-1,7 DL-3,8
Sttedni Italie Odtok COV 5-30 3-8 ND-1 ND 13-36 1120-2235
Pkitok COV 03-05/02 15-60 10-31 23-48 ND 332-339 4194-8768 &
Reka Tibera 5-12 2-6 2-6 ND-1 15-29 1289-1466
Francie — okoli Pafize  Pfitok COV 9,6-17,6 11,1-17,4 11,4-15,2 4,9-7,1
Odtok oV 12/01-02/02 4,3-7,2 4,5-8,6 5,0-7,3 2,7-4,5 o
Reka Seina 1,1-2,7 1,4-3,0 1,0-2,5 1,1-2,9
Francie — 14 COV PFitok Cvov 2009 78 23 313 ND 95
Odtok ¢OV 8 4 33 2,7
Spanélsko - PFitok 5“:ov 03-04/06 ND-71 32-160 3310-7040 86
Katalansko Odtok COV ND ND ND-2250
Spanélsko - Galicie Odpadni voda 10/01-07/02 2-3 2-3 ND %
Belgie Reka Schelt 12/04-12/04 0,7-10,0 ND-0,27 ND ND 7
Némecko — Sasko- Reka Saale (Halle) ND ND ND DL 67 35
Anthaltsko Reka Saale (Bracheitz) 10/10 ND ND ND 28 56 41 %
Odtok oV ND ND 18 DL 68 55
Némecko — Frankfurt  P¥itok COV 466-12205 <10-9124
(Niederrad- Odtok oV (20-7625 <10-14444 %
griesheim; Pkitok COV 01/03-09/05 20-9124 <10-7977
Sindlingen) Odtok COV <20-4890 <10-3031
USA — Las Vegas Reka Las Vegas Wash 05/03-12/07 ND-36 ND-1,2 ND-1 100
USA - Ontario Ptitok COV 08-12/02 29,5-48,7 8,3-13,9 101
Cina - Xiamen Povrchové voda 04/08 ND-5,3 ND-1,6 ND-0,4 14-31 587-619 %0
Kapilarni voda ND-10,9 ND-2,9 0,8-2,5 18-42 609-965
Cina - Tinjin Reka Betiang 06/07 4,3-49,8 2,5-21,2 ND-15,4 1,6-24,4 102
Reka Dagu 06/07 5,0-55,3 0,9-2,4 2,3-46,4 ND-9,3
Taiwan - Taipei Reka Dan-Shui 06/04 22,4-66,2 1,4-33,9 12,4-73,6 75,3-27,4 103
Odtok oV 06-08/04 2,4-73,6 10,2-48,6 ND-39,1 2,25-37,9
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E2 miZe byt za urditych podminek degradovan na E1 a/nebo na E3 (cit.’!). Oba tyto
estrogeny maji sice nizsi estrogenni aktivitu nez E2, jsou ale vice perzistentni vic¢i mikrobidlnimu
rozkladu. V odpadnich vodach je E1 zpravidla nachdzen v niisich koncentracich neZz ostatni
hormony. Hodnoty koncentraci pfirozenych estrogen(ll v odpadnich vodach se pohybuji v rozmezi
10" a7 10° ng/I a zpravidla kopiruji trend E3>E2>E1 (cit.*).

Stopovda mnoizstvi EE2 jsou nalézana na celém svété (podrobnéji je této tématice
vénovana souhrnnd publikace 2). Morteani a kol. ve své praci detekovali EE2 na nékolika mistech
v Praze, ale také v upravené pitné vodé z nadrze Zelivka (2,3-2,4 ng/l), ktera je zasobarnou vody
pro Prahu®. Problematika vyskytu EE2 na odtocich COV na tGzemi Ceské Republiky je ale mnohem
Sirsi (nepublikovana data autorky).

BPA a NP pochazeji z primyslovych odpadnich vod a z méstskych odtokd a jejich
koncentrace jsou zpravidla vyrazné vyssi nez u pfirozenych hormon( (dosahuji az jednotky pg/l).
NP, ktery je patrné hire odbouratelny v Zivotnim prostiedi, dosahuje celosvétové nejvyssich
koncentraci z fad ED. Klecka a kol. se ve studii z roku 2009 zaméfili na srovnani 89 publikovanych
praci zaméfenych na analyzu BPA v Zivotnim prosttedi Severni Ameriky a Evropy z let 1997 azZ
2007 (cit.”®). Z dat je patrny trend narGstu koncentrace BPA v Zivotnim prostiedi. Detekované
koncentrace se pohybovaly v okolo jednotek pg/l. Nar(st pfitomnosti estrogen( je patrny napf.
v porovnani dat ze dvou studii z Francie z let 2002 a 2009 (viz tabulka 4).

Studie z Evropy, Severni Ameriky, Australie i Asie ukazuji velmi Siroky rozptyl koncentrace
irgasanu v Zivotnim prostfedi. V povrchovych voddch se mnoiZstvi IRG pohybuje v rozptylu
«1-100 ng/! (cit.****%>1%) "hodnoty na COV jsou nékolikandsobné vys§i (10 po 10° ng/1)**"3% 18 (viz
tabulka 5). U¢innost odstranéni IRG na COV se dle typu ¢isténi uvadi v rozsahu 60-90 % (cit.'®'%).
Uc¢innéjsi jsou COV, které maji zafazeny aerobni biologicky proces a aktivovany kal, naopak
mikrobialni filtr se ukazal byt ned&inny®®. Na odstranéni IRG v €OV se podileji abiotické (sorpce)
i mikrobiologické procesy, proto je monitoring mikrobiadlni degradace IRG zpravidla zaloZzen na
stanoveni bakteridlniho metabolitu methyl-irgasanu, ktery odpovidd zhruba 20-30% IRG

195 Koncentrace v podobném rozmezi jsou nachazeny i na COV Uzemi CR

pfitomného v COV
(nepublikovana data autorky).

US EPA uddva vprogramu Ambient Water Quality Criteria meze pro endokrinni
disruptory. Pro nonylfenol je to hodnota 28 pg/l (akutni expozice) a 6,6 pg/! (chronicka expozice)
v povrchové vodé, pro PCB 0,0014 ug/| (chronicka expozice)'**. Tyto kritéria nejsou zavazna, ale

stanovuji hodnoty pro kvalitu vody v Zivotnim prostfedi tak, aby nedochazelo k negativnim vlivim

pritomnosti organopolutanti. Nonylfenoly a 4-nonylfenol jsou na seznamu prioritnich latek
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Evropské komise (EEC793/93, 2000/60/ES)">*'® a jejich vyroba je v Evropské unii zakazana.
Americky Ufad pro kontrolu potravin a lé&iv pro potraviny a lé¢iva (FDA) v 80. letech stanovil jako
maximalni hodnotu denniho pFijmu BPA 50 pg/kg. Od té doby probéhlo nékolik pokusd ze stran
védcl i vefejnosti o prehodnoceni parametrli na zakladé novych vyzkuma. Od roku 2009 reguluje

FDA pouZiti BPA jako prekurzoru pro vyrobu medicinskych pomticek'".

Tabulka 5 Vyskyt IRG v pfitoku a odtoku €OV a v povrchovych vodach. DL-detekovano, nekvantifikovano

Koncentrace IRG (ng/l)

Lokalita Obdobi Pritok COV  Odtok €OV P°‘\',::::"é Ref.
Velka Britanie — Feka Taff 04-08/07 97-240 72-520 5-11 109
Velk4 Britanie — feka Ely 04-08/07 33-463 13-82 5-24 109
Némecko — Pobrezi Sev. more  02/04-07/05 0,001-6,87 10
Svédsko 2002 380 160 m
Spanélsko - Almeria 07/03-04/04  390-4200 80-400 12
Austrélie 2004 23-434 DL-75 %
Hong Kong, Cina 2005 15-110 106
USA — 139 toki 99-00 140 s
USA - Ontario 08-12/02 1930-4001  400-2210 1ot

Pritomnost estrogen(l v povrchovych vodach neni smérnicemi regulovana. Koncentracni
mez pro vyvolani negativnich Uc¢inkd byva udavana 0,1 ng/l pro E2 a analogicky jeho estrogennich

118

ekvivalent( (tzn. 0,05 ng/l pro EE2, 1 ng/l pro E3 a cca 3,3 ng/l pro E1)"°. Pro irgasan se tyto

hodnoty pohybuiji zhruba od 150 ng/! (cit.™).

Z praci publikovanych v poslednich letech je jasné patrné, Ze endokrinni disruptory se
v Zivotnim prostfedi nachdzi v koncentracich postacujicich pro vyvolani biologického efektu.
| v pfipadé podprahovych davek vsak nelze zanedbavat efekt dlouhodobé expozice organismi

danym latkdm a v neposledni fadé také zatim malo objasnény synergicky efekt plsobeni riznych

organopolutantl pfi soucasné expozici.

22



2.2 Houby bilé hniloby a jejich enzymovy aparat

Ligninolytické houby neboli houby bilé hniloby, jsou organismy rostouci na drevé, resp.
lignincelulézovych substratech. Houby bilé hniloby jsou pfevdiné basidiomycety a askomycety a
jsou schopny rozkladat heterogenni polyfenolicky polymer lignin. Z bioremediacniho hlediska jsou
zajimavé svym extraceluldrnim enzymatickym aparatem. Produkuji velké mnoiZstvi enzymdi
schopnych vedle ligninu rozklddat i celou skalu dalSich organickych sloucenin jako jsou
halogenované latky, pesticidy'®®, primyslova syntetickd barviva'?, l1é¢iva'??, p¥irozené i syntetické
estrogeny'® atd. Mezi nejzndmé&ji a nejvice studované druhy patii Phanerochaete chrysosporium
(Kornatec) a dale Pleurotus ostreatus (Hliva Ustficnd), Trametes versicolor (Outkovka pestra),
Pycnoporus cinnabarinus (Outkovka rumélkova) a Panus (Lentinus) tigrinus (HouZevnatec
tygrovany).

Lignin patfi mezi nejhojnéji zastoupené biopolymery (tfeti nejhojnéjsi biopolymer po
celuldze a hemiceluldéze) na svété a sklada se ze tfi zakladnich jednotek, jimiz jsou primarni
aromatické kyseliny, resp. jejich hydroxyderivaty (p-kumarylalkohol, koniferylalkohol,
sinapylalkohol), které jsou u rostlinnych druh( zastoupeny v rlizném pomeéru. Odbouravani ligninu
neptindsi houbam zadny energeticky zisk ani jiné Ziviny (s vyjimkou minoritnich dusikatych latek
vazanych v ligninu), ale poskytuje strategickou vyhodu v pfistupu k substratim obsahujicim

celuldzu v mistech krytych ligninem***

. Celuléza a hemiceluldza jsou pak houbou rozkladany a
vyuzivany jako zdroj energie a uhliku, zatimco z degradovaného ligninu vznikaji huminové latky.
Vzhledem k ¢etnosti vyskytu ligninu na Zemi je jeho biodegradace zasadni pro kolobéh uhliku
v pfirodé.

Odbouravani dreva, resp. lignincelulézovych komplexd, je u hub striktné aerobni proces
probihajici zejména plsobenim extracelularnich enzym(. Vhledem k velké strukturni heterogenité
ligninu maiji ligninolytické enzymy velmi $irokou substratovou specifitu. Radime mezi né lignin
peroxidazu (LiP; EC 1.11.1.14), mangan-dependentni peroxidazu (MnP; EC 1.11.1.13) a versatilni
peroxidazu (VP; 1.11.1.16). U nékterych druhi se také vyskytuje mangan-independetni peroxidaza
(MiP)'®°. Dalezitou roli hraje také fenol oxidaza lakaza (EC 1.10.3.2).

Dalsi skupinou jsou tzv. pomocné enzymy jako napf. arylalkohol oxidaza (EC 1.1.3.7),
glyoxal oxidaza (EC 1.2.3.5), ¢i superoxid dismutaza (EC 1.15.11). Tyto enzymy samy neiniciuji atak
ligninu a ani nemaji schopnost lignin stépit, ale vyznamné se podili na degradacnich pochodech.
Kvali své velikosti enzymy nemohou plné difundovat k molekuldm ligninu v substratu, takZe reakci
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zahajuji nizkomolekuldrni mediatory (napf. veratryl alkohol, hydroxybenzotriazol atd.)™*". Enzymy

jsou u raznych kmend ligninolytickych hub produkovany na rdzné koncentracni Grovni.
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Superoxid dismutaza chrani bunky pred plsobenim reaktivnich superoxidovych radikald
vznikajicich pfi reakcich lakazy s chinony a pfeménuje je na méné reaktivni H,0,. Glyoxal oxidaza
produkuje H,0,, nutny pro reakce MnP a LiP, katalyzou premény aldehydu na karboxylovou
skupinu. Navic pfi oxidaci glyoxalu na kyselinu glyoxalovou a nasledné oxalovou vznikd kofaktor
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nutny pro funkci MnP~~. Arylalkohol oxiddza ma stejnou funkci jako glyoxal oxiddza - produkci

H,0, a katalyzuje oxidativni dehydrogenaci Sirokého spektra polynenasycenych alifatickych
alkohold™®.

Princip rozkladu ligninu i organopolutantd je nejvice popsany u kmenu
P. chrysosporium a Bjerkandera adusta. Pocatecni atak komplexu ligninu (popf.
organopolutantt), zprostredkovavaji MnP a LiP, které pro svou funkci potrebuji peroxid
vodiku (viz obrazek 1). BEhem reakci dochazi k uvolriovani velmi reaktivnich volnych radikalt
kysliku, které reaguji s molekulou ligninu, Stépi kovalentni vazby a uvolfiuji mnoho riznych

fenolickych sloucenin ve formé kationovych radikald. Tyto radikaly reaguji s kyslikem a vodou

I L s .. ey v s 124,125
a vznikaji nizkomolekuldrni latky, které jsou zpétné pfijimany houbovou hyfou ™",
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Obrazek 1 Ligninolyticky systém houby Bjerkandera sp. (pfevzato od de Jongns).
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2.2.1 Mangan-dependentni peroxidaza
MnP je hemové peroxidaza katalyzujici H,0,-dependentni oxidaci Mn** na vysoce reaktivni

Mn** dle schématu:

2Mn?* + 2H* 4+ H,0, - 2Mn®* + 2H,0

Vznikly kation pak nasledné oxiduje fenolické ¢asti ligninu za vzniku volnych radikald. MnP
patfi mezi glykoproteinové peroxiddzy a je Casto produkovdna ve formé izoenzymd, jejichz
molekulovd hmotnost se pohybuje od 45-55 kDa a liSi se hodnotou izoelektrického bodu p/

(cit.”’

). Molekulova struktura MnP je podobnd struktute LiP a skldda se ze dvou proteinovych
domén, mezi nimiz je uloZzen hem. Déle struktura zahrnuje 11 a-helix a 5 disulfidickych mastka.
Mn** vazebné misto se nachazi na C-terminalnim konci a je tvofeno disulfidickym méistkem®*%.
Katalyticky cyklus je obdobny jako u ostatnich hemovych peroxidaz (obrazek 2). Zahrnuje
nativni formu enzymu obsahujici Mn?** a reaktivni meziprodukty (slou¢enina | a I1). Kation Mn**
vstupuje do reakce jako donor elektronu a je oxidovan na Mn®'. Reaktivni Mn*" se disociuje od
enzymu a nasledné dochazi k jeho stabilizaci vkomplexu pomoci a-hydroxy kyselin (oxalova,

malonovd). Vzniklé komplexy jsou schopné diflize a pulsobi jako oxida¢ni cinidlo schopné

jednoelektronové oxidace raiznych substratd (RH) dle rovnice'®:
Mn®*+*+ RH - Mn?*+ R+ H*
MnP Vznikly nestabilni fenoxy-radikal podléha
ROO Mn” R dalim neenzymatickym reakcim. Za fyziologickych
ROH M2t podminek je oxidace MnP omezena na jednoduché
fenolické substraty. Pro oxidaci nefenolickych
MNP - | MnP - 1I substratl je zpravidla vyZadovana pritomnost
M;n2+ M;n3+ mediatoru (napf. glutationu).
Mezi reakce katalyzované MnP patfi napft.
!
R

mineralizace fenoll a chlorofenolli, organickych

barviv a dalsich organopolutantd'®. MnP byla

Obrazek 2 Katalyticky cyklus mangan- detekovdna napf. u kmenl Phanerochaete a
dependentni peroxidaz (MnP). RH-
substrat. Upraveno dle cit™™. Dichomitus squa/enslzg.

2.2.2 Mangan-independetni peroxidaza
MiP byla prvné popsana v roce 1988 a byla definovdna jako izoenzym MnP a pojmenovana
jako manganem inhibovana peroxidaza®'. Tento enzym neni zatim pfili§ prostudovan a

charakterizovdn, ale patfi do skupiny peroxiddz, katalyzujicich jednoelektronovou oxidaci
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substratu pti redukci H,0, na H,0. Substratem pro MiP je napf. 2,6-dimethoxyfenol (DMP) a

oproti MnP neni MiP dle nékterych autorll schopna oxidovat veratryl alkohol'”®. MiP muze

oxidovat substraty i bez pfitomnosti H,0, a v nékolika pfipadech byla pozorovdna inhibice MiP

125,132

aktivity pfitomnosti Mn** (cit. ). Role MiP v biodegradaci ligninu je neobjasnéna.

2.2.3 Lignin peroxidaza

Lignin peroxidaza je hemovy glykoprotein s molekulovou hmotnosti v rozmezi 30—46 kDa.
LiP katalyzuje H,0,-dependentni oxidativni depolymerizaci ligninu a oxidaci fenolickych
i nefenolickych aromatickych struktur za vzniku arylkationovych a fenoxylovych radikala*?. Pro LiP
je charakteristickd nizka hodnota pH optima (okolo pH 3), se stoupajici hodnotou pH aktivita
enzymu rychle klesa'?®. Reakce Ize zapsat jako:

1,2-bis(3,4-dimethoxyfenyl)propan-1,3-diol + H,0, — 3,4-dimethoxybenzaldehyd +
1-(3,4-dimethoxyfenyl)ethan-1,2-diol + H,0

LiP je globularni protein skladajici se ze dvou domén, mezi kterymi se nachazi stérbina se
zaClenénym hemem. Struktura je bohatd na a-helixové struktury a cysteinové zbytky, které se
podili na tvorbé disulfidickych mustk(. Kazda doména obsahuje kalcium-vazebné misto, jehoz
funkci je udrzovani struktury aktivniho centra. C-termindlni konec je proti proteolyze chranény
glykosylaci. Vazebné misto pro peroxid je umisténo na distalni strané hemu a je pfistupné

128

prostfednictvim kandalu™°.

Katalyticky cyklus LiP je zobrazen na obrazku 3.

LiP H,0

V pribéhu cyklu dochazi k odebrani dvou elektronl z molekuly
LiP za vzniku meziproduktu (LiP-1), ktery oxiduje substrat
odstranénim elektronu za vniku redukovanéjsiho enzymového
meziproduktu (LiP-Il). LiP-Il oxiduje dalSi molekulu substratu

odejmutim elektronu, ¢imzZ se vraci do svého plvodniho stavu.

V ptipadé nedostatku substratu nebo vysoké koncentraci H,0,

mUze LiP-Il reagovat na neaktivni LiP-Ill. Pfitomnost nékterych

e P ~H,0
aromatickych latek muze tento krok blokovat (napf. veratryl
_ alkohol nebo tryptofan)™.
LiP - 11l
Reakce katalyzované LiP zahrnuji Stépeni aromatickych cykld
Obrazek 3 Katalyticky cyklus lignin i alifatickych fFetézcl, oxidace benzylalkoholu a oxidativni
peroxidazy (LiP); R-substrat.
Upraveno dle cit'”. i reduktivni dechlorinaci a methoxylaci. Byla popsana u kmen

Phanerochete, Trametes a Bejkandera™.
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2.2.4 \Versatilni peroxidaza

Versatilni peroxidaza (VP) byla vzhledem ke svym katalytickym vlastnostem oznacena jako
LiP-MnP hybrid'?’. Strukturné se VP vice podobad LiP, obsahuje aminokyselinové zbytky
charakteristické pro vazbu aromatického substratu, ale také obsahuje vazebné misto na Mn*".
Unikatni je diky spektru substratd, které je schopnd oxidovat, jako je napf. veratryl alkohol
(typicky pro LiP), ale také napf. primyslova barviva s vysokym i nizkym redoxnim potencidlem,
substituované fenoly a Mn*" atd.'?.

Katalyticky cyklus VP je shodny s ostatnimi peroxidazami, kdy dochdzi ke dvouelektronové
oxidaci enzymu prostfednictvim H,0,, a nasledné k jednoelektronovym oxidacim substratl a
navratu enzymu do nativniho stavu.

VP oxiduje dimethylbenzeny, ligninové dimery, fenoly, aminy, syntetickd barviva a

134

aromatické alkoholy™. V neptitomnosti MnP oxiduje VP fenolické a nefenolické substraty

obdobné jako LiP. Enzym byl detekovan napf. u kment Pleurotus, Bjerkandera a Trametes'®.

2.2.5 Lakaza
Lakdza patfi do skupiny fenol oxiddz obsahujicich méd. Lakdza katalyzuje ¢tyfelektronovou
redukci kysliku na vodu:
4RH + 0, - 4R + 2H,0

. Velikost lakazy se pohybuje v rozmezi od 50—
Lac (4 Cu) Lo ] ) oo
110 kDa a prevainé je exprimovand extracelularné.

plné redukovany enzym
U rostlin lakaza participuje na syntéze ligninu®, u hub
0, se mimo rozkladu ligninu Ucastni také pigmentace a

sporulace’. Lakaza oxiduje mnoho sloudenin, jako

2+ *y  jsou fenoly, olyfenoly, aromatické aminy a
Lac (4 Cu™) Si@cu” +2Cu) | Y, POWIERON Y

olng oxidovany enzym peroxidovy meziprodukt nefenolické substraty za wvzniku radikal(, které
podléhaji depolymerizaci, repolymerizaci a methylaci.
Lakdza obsahuje ve své molekule 4 centra

obsahujici méd’ ve formé Cu®, které jsou rozmistény

mezi 3 vazebnymi misty do dvou reakcnich center (T1

2+
si@cu’)

. . . 2+ 7
oxo radikélovy meziprodukt a T2/T3). T1 obsahuje jeden kation Cu”’, druhé
centrum T2/T3 se sklada z vazebného mista T2, které

Obrazek 4 Katalyticky cyklus lakazy. Lac-lakaza;
SI a Sll-reaktivnim meziprodukty; RH-  vaZe jeden kation Cu** a vazebného mista T3 pro
substrat. Upraveno dle cit'.

zbyvajici dva kationty Cu®*.
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Katalyticky cyklus je znazornén na obrazku 4. Molekula kysliku se nejprve navaze
na centrum T2/T3, pficemz dojde k rychlému transportu dvou elektron( ze dvou kationtd médi ve
vazebném misté T3 za vzniku peroxidového meziproduktu (S1). Nasledné dojde k rychlému
transportu elektronu z reakéniho centra Tl za vzniku oxy- radikdlového meziproduktu (S 1l).
Po reduktivnim stépeni kyslikové vazby (0-O) dochazi k uvolfiovani molekuly H,0. Pomaly rozpad
oxo- meziproduktu je usnadnén prenosem 1 elektronu zcentra T2. V poslednim kroku se
4 kationty médi nachazeji v oxidaénim stavu ** a anion O, je uvolnén ve formé druhé molekuly
H,0 (cit. **°).

Katalytické plsobeni lakdz mohou usnadnovat nizkomolekularni mediatory pfirodniho ci
syntetického plvodu, které pusobi jako oxidacni cinidlo. Substrat je oxidovan sekundarné bez
pfimého kontaktu s enzymem. Mezi pfirodni mediatory patfi napf. 4-hydroxybenzoova kyselina
(HBA), tyrozin, redukovany glutation & kyselina sinapova®’. V souvislosti s degradacemi
organopolutantl bylo popsano také nékolik mediatord syntetického plvodu jako napf. napfiklad
2,2'-azinobis(3-etylbenzthiazolin)-6-sulfonova kyselina (ABTS)™.

Obdobné jako peroxidazy katalyzuji lakdzy jednoelektronovou reakci fenoll na fenoxy-
radikély. V pfitomnosti mediatort oxiduji lakdzy nefenolické substraty™*. Pfitomnost lakazy byla

detekovana nap¥. v kulturach Trametes, Bjerkandera a Pleurotus™.

2.2.6 Cytochrom P-450

Mezi dulleZité enzymové aparaty schopné metabolismu cizorodych latek patfi
u ligninolytickych hub (stejné tak jako u jinych organismi) cytochrom P-450 (P450). P450 (tzv.
systém oxiddz se smiSenou funkci) se v eukaryotické burnce nachazi v membrané hladkého
endoplasmatického retikula a podili se na biotransformacnich procesech primarniho a
sekundarniho metabolismu a metabolismu xenobiotik. V mensi mife se nachazi také v membrané
mitochondii, kde se podili na biosyntéze steroid(l. P450 se podili na Siroké skale reakci, které Ize
vyjadfit obecnou rovnici:

RH + NAD(F)H+ H* + 0, — ROH + NAD(P)* + H,0

Elektrony potfebné pro reakci substratu s molekulou O, jsou generovany samostatnym
systémem. Donor elektrond u mitochondridlnich a prokaryotickych P450 je proteinovy systém
adrenodoxin a NADPH-adrenodoxin reduktaza. U eukaryotnich a retikuldarnich P450 je donorem
cytochrom P450 reduktdza'*. Dle proteint, participujicich na transferu elektrond, jsou

b'*!. Dohromady je popsano

cytochromy rozdéleny na 10 skupin, z nichZz 3 byly prokazany u hu
6000 houbovych gentl z 276 rodin kddujicich P450 (cit.**%). Nejvétsi pocet houbovych P450 gend

(148 gend) bylo popsanu u P. chrysosporium™®.
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Struktury cytochromi P450 se mohou znacné lisit a ackoliv jejich aminokyselinové sloZeni
neni pfili§ konzervovano, 3D struktury rdznych rodin cytochrom( jsou velmi podobné. Silné
konzervované je pouze aminokyselinové sloZeni na C-terminalnim konci, které obsahuje vazebné
misto pro hem a substrat. P450 obsahuje ve své strukture porfyrinovy skelet, ktery je v aktivnim
centru vazan hydrofobnimi silami a také pomoci siry z cysteinu. Diky tomuto uspotradani maji P450

unikatni katalytické a spektralni vlastnosti. DalSim ligandem Zeleza v porfyrinu je molekula vody.

e

PFe’ [RH] ——» P-Fe’ [RH]
‘T NROOH k
0,

p-Fe* —O[RH]ﬁ P-Fe’ (02) [RH]<—T p-Fe’ OZ[RH]

H,0 2H" /N/

pP-Fe' 0" [RH]

Obrazek 5 Katalyticky cyklus P450; RH-substrat. Upraveno dle cit. 144

Katalyticky cyklus P450 je zndzornén na obrdzku 5. Vazba substratu (RH) do dutiny
v blizkosti kationtu Fe®* porfyrinu vyvold konformaéni zménu, kterd usnadriuje redukci Fe**.
Redukce je zprostfedkovana prenosem elektront z NADPH (nikotinamid adenin dinukleotid fosfat)
na NADPH-cytochrom P450 reduktdzu (v endoplasmatickém retikulu) nebo na ferredoxin
reduktdzu (v mitochondriich) a nasledné na P450. Na redukovany P450 se vaZze molekula O, za
vzniku nestabilniho komplexu, ktery je redukovan na superoxidovy meziprodukt, ktery je dale
protonovan za Stépeni 0-O vazby. Jeden z atom0 kysliku je redukovan na vodu a druhy zlstava
navazany v aktivnim centru komplexu. V nasledujici reakci dochazi k od$tépeni H" z molekuly
substratu za vniku nestabilniho radikalu a nasledného uvolnéni hydroxylovaného substratu (ROH)
z komplexu. Tim se P450 dostane do své nativni formy.

Spolec¢nym rysem cytochromi je hydrofobni povaha jejich substratd. Primarnim Ukolem
PA50 je oxidace substratl za zvySeni jejich rozpustnosti. Cytochromy katalyzuji predevsim
epoxidace, Stépeni C=C vazby a hydroxylace. Dale se podili na deaminacich, dealkylacich,
dehydrogenacich, dehydratacich, desulfatacich a dale oxidativnich i reduktivnich dehalogenacich.
P450 pravdépodobné hraje dulleZitou roli vrozkladu depolymerovanych metabolitl ligninu,

vznikajicich pri pdsobeni houbovych peroxidaz.
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2.2.7 Ostatni enzymy
Mezi dalsi enzymy schopné participace pfi degradaci ligninu a xenobiotik mlizZeme Fadit
napf. tyrosindzu (polyfenolexodazu), nitrat reduktdzu a dioxygenazy, jako je napf. pyrokatechol-
3,4-dioxygendza, 1,2,4-trinydroxybenzen 1,2-dioxygendza a katechol 1,2-dioxygenaza'*.

Do metabolismu xenobiotik mohou byt zapojené také glukozylaéni a xylozylaéni enzymy™®.
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2.3 Degradace ED

Vyskyt ED v Zivotnim prostfedi a hlavné v odtocich COV ukazuje na nedostate¢né
odbourani téchto latek v pribéhu Ccistirenskych procesd. V pfipadé konjugovanych sloucenin
(estrogeny, EE2) miZe na COV dochazet k dekonjugaci a tim k nar(istu koncentrace téchto latek.
K odstranovani organopolutant z odpadnich a pitnych vod lIze pouZit velké mnozstvi technik, nebo
jejich kombinaci. Volby vhodné techniky zavisi na typu cilové slouéeniny ¢i jejich smési a matrici.
DuleZitym parametrem pro vybér metody jsou vedle Uc¢inné eliminace latek z prostiedi i technické
pozadavky, typ vznikajicich produktl, parametry prostiedi (prltok, koncentrace atd.) a také

ekonomické hledisko.

2.3.1 Abiotické degradace ED
Abiotické metody odstranéni ED zvodnych matric lze rozdélit na dvé skupiny dle
mechanismu — destrukéni a zachytné. Mezi metody Ucinné destrukce ED fadime napfriklad oxidace
ozonizaci**, pouziti MnO, (cit.*), Mn*" (cit.**®), H,0, (cit.**®), TiO,-fotooxidace™ a fotoIszlSl’lsz.
K nedestruktivnim metodam odstranéni ED z vodného prostiedi patii koagulace-flokulace napt.
s FeCl; (cit."?), adsorpce na aktivni uhli'® a réizné membranové techniky, jako je nanofiltrace™ &i
reverzni osméza™’. Vétsina popsanych metod vykazuje velmi vysoky degradacni potencidl, ale

jejich vysoka cena z nich ¢ini nastroje zpravidla jen pro Upravu pitné vody.

2.3.2 Degradace na COV
Jako nejlevnéjsi a technologicky dostupna biologickd metoda odstranéni organopolutant(

je pouziti aktivovaného kalu, ktery je béZné pouzivan jako sou¢ast COV pro velkd mésta. V pfipadé
mikropolutant® véak neni tento proces zcela G¢inny™® a v fadé p¥ipad(l je také nutno zohlednit
snizeni dostupnosti organopolutantt vazbou na matrici®” vlivem lipofilniho charakteru nékterych
latek. Afinita latek vici ¢asticim kalu byva definovana jako koeficient sorpce K. Clara a spol.™®
stanovili, Ze sorpce na Castice je stéZzejni u latek, jejichz hodnota log Ky se pohybuje nad
hodnotou 4. Naopak u latek s log Ky mensi nez 2 Ize sorpci zanedbat. Pro E1, E2 a EE2 se hodnoty
log K4 pro aktivovany kal pohybuji vrozmezi od 2,88 (EE2), 2,84 (E2)™’, 2,6 (E1)™° takze
predpokladana sorpce latek na kal je 50-75 %. Nékteré prace uvadéji sorpci estrogenli na pevné
matrice jako nepodstatnou ¢ast jejich odstranéni v porovnani s jejich biodegradaci (napfr.
|.158

Andersen a kol.® uvadéji pouze 5% sorpci latek na Eistirensky kal, Janex-Habibi a ko méné nez

10 % sorpce), jiné prace naopak tomuto procesu prikladaji velky daraz***°.
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61
I

Johnson a ko porovnavali pritomnost estrogend a nonylfenolu na 17 rdznych

evropskych COV. COV, které zahrnovaly pouze primarni &isténi, mély nejnizsi schopnost odstranit
ED, resp. na odtocich byl detekovan vzrist koncentrace (odtok 35 ng/l E1, pfitok 13 ng/l E1). COV,
zahrnujici aktivovany kal jako sekunddrni Cistici proces, prokazaly 82-90% ucinnost odstranéni E1,
mimo jednoho pfipadu, kdy doslo k poklesu pouze z 54 %. Velmi Gcinné v odstranéni E1 se ukdazaly
byt COV zahrnujici techniku umozfiujici promichavani a oxidaci kalu (89-99%) a takté? kombinaci
biologického filtru s aktivovanym kalem (99%). Johnson a kol.®* detekovali E2 v odtoku COV pouze
v 6 pripadech ze 17 a koncentrace se pohybovala v rozmezi 0,7-5,7 ng/l, svyjimkou COV
s primarnim cisténim, kde koncentrace dosahla 13 ng/l. Nonylfenol byl detekovan na odtoku 14
€OV v rozmezi 0,05-2,3 pg/! (cit.*"). Ternes a kol."® uvadi az 90% preménu estrogenu E2 ve slabsi
estrogen E1 béhem 30 min v podminkach aktivovaného kalu. Nasledny rozklad E1 je vyrazné
pomalejsi (redukce 50 % za 24 h) diky vétsi stabilité E1 vici mikrobidlnimu rozkladu.

EE2 ma oproti pfirozenym hormondm nizsi rozpustnost ve vodé, vyssi odolnost vici
bakteridlnimu rozkladu a vy33i estrogenni aktivitu. Miége a kol.’® srovnavali degradaéni G&innost
riznych typGd COV vid&i organopolutantdm. AZ 70% odstranéni EE2 bylo popsano u COV
zahrnujicich pevny bioreaktor svodnou fazi a dlouhou retenéni dobou. Baronti a kol.>
zaznamenali 61%-95% degradaci na COV u pfirozenych estrogent a 85% degradaci u EE2. Naopak
velmi nizkou degradaci EE2 (3 %) a velmi vysokou degradaci E1, E2 a NP (98 %) popsal Kanda a kol.
ve své praci zroku 2008 (cit."®"). Mes a kol.'® srovnavali digesci E1, E2 a EE2 za pfidavku
aktivovaného kalu jako inokula na rlznych substratech a za anaerobnich podminek nedetekovali
pokles estrogend. Vliv pfitomnosti kysliku a stupné nitrifikace na degradaci EE2 a E2 srovnaval ve
své praci také Dytczak a kol.. Za anaerobnich (denitrifikaénich) podminek byl EE2 perzistentni,
za aerobnich (nitrifikacnich) podminek dosahla degradace 22 % po 7h. E2 byl rychle pfeménén na
E1, ktery se dale kumuloval. Vyssi degradace estrogen( byla v obou pfipadech zaznamendana
v pfitomnosti nitrifikaéni biomasy. Dalsi pfiklady degradace EE2 a estrogend v COV pomoci
bakterii a dalSich mikroorganism jsou diskutovany v souhrnném clanku 2.

Alkylfenolethoxylaty, které jsou dobre rozpustné ve vodé a zUstavaji ve vodné frakci, jsou
v aktivovaném kalu bakterialné degradovany na méné polarni a vice perzistentni alkylfenoly***. Na
obrdzku 6 je schematicky zndzornéna bakteridlni degradace nonylfenoletoxylatu (NPE) pres
dimerické meziprodukty na nonylfenol. Nonylfenol ma vysokou hodnotu sorpéniho koeficientu
(3,87), a proto predpoklddanym mechanismem jeho odstranéni z vod v COV je sorpce na €astice
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kalu™". Vlaboratornich podminkach bylo prokazano, Zze NP v aktivovaném kalu nepodléhal

anaerobni digesci a zUstal stabilni'®. Fernandéz a kol. sledovali pokles NP, BPA a estrogen( ve

4 kanadskych COV'®. Degradace NP se pohybovala v rozmezi 56-90 %, BPA 28-100 %. Estrogeny
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byly ve vétsiné pripadld detekovany pouze v odtoku COV, co? poukazuje na mozné uvolfiovani

hormond z konjugatG. Fuerhacker a kol. stanovili 78-89% odstranéni BPA oproti vstupu u 4 COV

z pramyslovych oblasti a 2 COV u velkych mést'®’.

Hoﬁ

Anaerobnl Aerobnl

.
1,2 El——@—CgHZOCOOH

mono- a di-APE

CoH1g
NPnEO

Karboxyl alkyl polyetoxy karboxylaty

CoH1g
1,2

Nonylfenoxy(etoxy)karboxylaty

:

HO CgHqg

Nph

Obrazek 6 Aerobni a anaerobni bakteridlni degradace nonylfenolethoxylatt v €OV (NPE) na nonylfenol (NP);
APE-alkylfenolethoxylaty. Upraveno dle Corvini a kol. 168,

Irgasan byl pfi laboratornim pokusu za aerobnich podminek v aktivovaném kalu
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degradovan ze 75 %, zatimco za anaerobnich podminek je téméf nedegradovan . V prliibéhu
jednoleté monitorovaci studie na jihu Spanélska byl pozorovan trend poklesu IRG pfi priichodu
€OV (v priméru okolo 88 %)"2. 90% odstranéni IRG bylo pozorovano u COV zahrnujicich

aktivovany kal, avSak z celkového ubytku IRG je 40-60 % prisuzovano biodegradaci a zbytek

105,170 I 171

sorpénim mechanismm . Singer a kol.”"" pfisuzuje sorpci na kal 15 % z celkového ubytku IRG
(94 %).

PFitomnost druhého biologického ¢&isticiho stupné v COV se zd4 byt dle dostupnych dat
velmi podstatnd v odstrafiovani ED ze Zivotniho prostfedi. Pfesto se viak na odtocich COV
nachazeji koncentrace ED, které mohou mit negativni vliv na Zivotni prostfedi. Vhodnou metodou
by mohlo byt zarazeni dalsiho, tzv. terciarniho stupné cisténi odpadnich vod, ktery se dosud kvl
své financni nakladnosti pouZiva spiSe ojedinéle. Zpravidla se jednd o fyzikdlni metody (napf.

filtrace), ale mohou zde byt zafazeny i biologické metody (napr. biologické filtry, reaktory atd.).
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2.3.3 Mikrobidlni degradace ED v laboratornim méfitku
Mezi studované mikrobidlni degradacni metody patfi také vyuZiti nékterych kmenl
bakterii, hub, a v nékolika mdlo pfipadech také fas. Podrobnéji se tomuto tématu vénuje
souhrnny ¢lanek autorky (publikace 1), na shrnuti mikrobidlniho rozkladu EE2 je zaméren dalsi
souhrnny ¢lanek (publikace 2).
Bakterie pfitomné v COV maji zpravidla schopnost ¢asteéné &i zcela degradovat pfirozené
estrogeny. Prvni kmen schopny degradovat E2 izolovany zaktivovaného kalu byl

Novosphingobacterium tardaudens (publikovéno v roce 2003)""?

. Ke a kol. popisuji degradaci E1,
E2, E3 a EE2 pomoci kment bakterii izolovanych z odtoku COV, kterd zahrnovala biologicky
krok*®. E3 a EE2 nebyly za anaerobnich podminek degradovany zadnym z izolovanych kmen
(Acinetobacter, Agromyces, Sphingomonas), E3 byl degradovan za aerobnich podminek kmenem
Agromyces. Za aerobnich podminek doslo k rychlé degradaci E2 na E1 u vSech tfi izolovanych
kmend, ale E1 byl degradovan pouze kmenem Sphingomonas. Schopnost degradovat zaroven E1,
E2, E3 a EE2 byla popsana u bakteridlnich kmenl Rhodococcus zopfii a Rhodococcus equi,

174

izolovanych z Cistirenského aktivovaného kalu ™. Degradace EE2 byla popsana také u houbového

kmenu Fusarium proliferatum, izolovaného z odpadnich vod kravina'’®>. Pfeména E2 a EE2 na E1
byla prokézana pfi pouZiti fi¢niho bakteridlniho biofilmu v pritoéném reaktoru®’®.
4-Nonylfenol mizZe byt bakteridlné metabolizovan pfes rozklad aromatického kruhu za

° 168
u

vzniku nonylalkohol@'®. Tento proces byl nejprve popsan u bakterie Sphingomonas sp.*’”’, a od té

doby bylo izolovdano mnoho kmenl Sphingomonas, schopnych degradace NP (napf.

Sphingomonas xenophaga, Sphingomonas cloacae a Sphingobium amiense'’®*”

). Schopnost
degradovat NP kmeny Sphingomonas sp.*®* byla prokadzana také v prostiedi laboratorniho
reaktoru, kde doslo k poklesu pocatecni koncentrace z 95 % béhem 10 dnd. Kmeny Sphingomonas
se ukazaly jako vhodné i pro degradaci BPA a IRG. BPA byl zcela degradovan jiz po 6 hodinach
kultivace a za Uubytek byl dle detekovanych hydroxylovanych metabolitd pravdépodobné

181

zodpovédny cytochrom P450°". Degradace IRG kmenem Sphingomonas byla pomalejsi a ze tfi
testovanych kmenl pouze jeden dokazal redukovat IRG z25 % za 8 dni'®’. Detekované
metylované a Stépné meziprodukty vykazovaly nizsi antimikrobidlni aktivitu nez irgasan.

V literature existuje nékolik praci, zabyvajicich se degradaci ED pomoci sladkovodnich a
morskych fas. BPA byl ¢aste¢né degradovan pomoci zelené tasy Chlorella fusca'® a také

184

fytoplanktonni mofskou jednobunécnou fasou™". Ge a kol. izolovali tfi druhy sladkovodnich fas

(Chlorella vulgaris, Anabaena cylindrica, Microcytis aeruginosa) a poutili je pfi fotodegradacich E2
a EE2. Navicula incerta, morska rasa, degradovala v pribéhu 96 h 20 % NP, 38 % BPA, 52 % E2 a

185

31 % EE2 v prostredi slané vody ™. Ve vétsiné pripadl dochazi k inhibici rlstu ras pfi vyssich
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koncentracich ED a degradacni testy byly provadény na hladiné environmentalnich koncentraci
(ng/1). Irgasan je viak toxicky v(ci fasam jiz v takto nizkych koncentracich'®.

Degradace EE2 byla popsdna u pldni houby Cunninghamella elegans™’. Houba
Cephalosporium aphidicola, u které byla popsana schopnost biotransformovat derivaty
pregnanu’®, nejprve v prostfedi tekutého média degradovala norethisteron na EE2. Ten byl

nasledné houbou C. elegans degradovdn na methoxylované a hydroxylované produkty, které jsou

zobrazeny na obrazku 7.
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Obrazek 7 Metabolicka draha EE2 houby Cunninghamella eleganslw.

2.3.4 Degradace ED pomoci ligninolytickych hub
V literature existuje mnoho praci zabyvajicich se degradaci celé fady organopolutantd
pomoci celych houbovych kultur nebo izolovanych™®'*>'%1%°  nopi.  imobilizovanych
ligninolytickych  enzym@™!.  Takté? jsou popsany studie intraceluldrnich degradaci

organopolutantt, napf¥. prostfednictvim mechanismu P450 (cit."*?

). Cabana a spol. ve svém clanku
z roku 2007 shrnuje prace, které se tykaji degradace mnoha latek s estrogenni aktivitou (napfr.
BPA, nonylfenol, IRG, E2, E3, EE2, E1, dibutylftalat, fytoestrogeny atd.)'®. Z vysledkd je viak
patrné, Ze vSechny kmeny hub nemaji stejny degradacni potencial. Fyziologie produkce

ligninolytickych enzym( pro degradace organopolutantll byla studovana v mnoha pracich. Ackoliv
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houby bilé hniloby zahrnuji velké mnozstvi kmend, Ize shrnout nékolik pravidel tykajicich se
degradace organopolutantl. Bylo prokazano, Ze produkce ligninolytickych enzymid muze byt
vyvolana nedostatkem Zivin v prostfedi (hlavné C a N) a dale ovlivnéna teplotou, tlakem, pH,
pritomnosti anorganickych soli a téZzkych kovd, parcialnim tlakem kysliku a v neposledni radé také
pfitomnosti dalSich organickych sloucenin. Uvedené parametry ovliviiuji produkci, aktivitu a
stabilitu enzymu a tim pfimo ovlivriuji degradaci organopolutant(.

Jednim z prvnich ¢lankd, zaméfenych na degradaci perzistentnich organopolutani pomoci
ligninolytickych hub, byla prace autora Bumpuse a kol., kterd vysla vroce 1985 v Casopise
Science'®. Prace byla zaméfend na degradaci DDT, nékterych PCB, chlorovanych dioxinC a
polyaromatickych uhlovodikd (PAH) kmenem P. chrysosporium a potvrdila dllezitou ulohu lignin-
degradujiciho systému v odstrafiovani organopolutant(l. Degradace pfirozenych estrogen( (E1, E2
a E3) izolovanou lakdzou z kmene Polyporus versicolor byla v roce 1973 popsdna v praci Lugara a

kOI 194

2.3.4.1 Degradace in vivo
Ackoliv jsou ptirozené estrogeny zpravidla dobfe rozkladany v pfitomnosti ligninolytickych
hub'*'**, vice praci je zaméfeno na jejich odstranéni pomoci izolovanych enzym(. 98% degradaci
E1l béhem 5 dnl kultivace kmenem Phanerochaete sordida v prostiedi dusikem limitovaného
média popsal Tamagawa a kol. Po¢ate¢ni koncentrace E1 byla 10° M a degradace korelovala

1% Odstranéni E2 a EE2 bylo popsano také u kultivace T. versicolor, kde

s produkci lakazy a MnP
doslo k degradaci 97 % po 24 h (vstupni koncentrace 10 ppm) pravdépodobné prostfednictvim
enzymu lakazy™’.

Degradacni potencial ligninolytickych kmenG Stereum hirsutum a Heterobasidium insulare
vUci BPA byl otestovan béhem 14 denni kultivace pfi 30 °C, kdy doslo k 99% poklesu pocatecni
koncentrace'®. ProtoZe v priibéhu degradace nedoslo k ovlivnéni hladiny ligninolytickych enzymd,
domnivaji se autofi, Zze do mechanismu odstranéni BPA jsou zapojeny i intraceluldrni pochody.
V ptedchozich studiich byla dokdzana také schopnost kmenu P. ostreatus degradovat BPA z 80 %

%9 Kum a spol. vytvofili

v pribéhu 12 dni kultivace, pravdépodobné diky pfitomnosti enzymu MnP
pro degradaci BPA a NP rekombinantni kmen Phlebia tremellosa, ktery produkuje vysoké mnoZstvi
lakdzy, ale MnP na nizké drovni. Transformant byl vytvoren vnesenim genem pro produkci MnP
z kmenu Polyporus brumalis a jeho prostfednictvim bylo dosaZeno rychlejsi a Uc¢innéjsi degradace

obou latek®®

. Shin a kol. testovali degradaci BPA pomoci hub /. lacteus, T. versicolor, Ganoderma
lucidum, P. brumalis, Pleurotus eryngii a Schizophylum commune a dvou transformant(

T. versicolor. Nejucinnéjsi byly kmeny 1. lacteus a T. versicolor, které byly schopny odstranit 100 %

36



BPA béhem 12 h inkubace. Transformanti s genem potlacujicim produkci MnP degradovali 76 %
BPA za stejnych podminek®.

Z testovanych kmenU P. chrysosporium, P. ostreatus, T. versicolor a Bjerkandera sp.
prokazaly nejvyssi degradacni ucinnost vici nonylfenolu T. versicolor a Bjerkandera sp., které
v prlbéhu 25 denni kultivace odstranily 97-99 % pocatecni koncentrace. U T. versicolor pokles
koncentrace koreloval s produkci lakazy, ale u kmenu Bjerkandera sp. zlstavaly hladiny enzymi
na nizkych hodnotéach v priibéhu celé kultivace, coz ukazuje na odliSnou strategii hub v degradaci
NP. Aplikace téchto dvou kmend na uméle kontaminované pdé (430 mg/kg) prokazala pokles

1.2 ve své préci srovnaval

témér 100 % pocate¢ni koncentrace béhem 5 tydnd®. Martin a ko
intracelularni a extracelularni degradaci technické smési nonylfenolu (t-NP) a 4-nonylfenolu
pomoci kmenu Clavariopsis aquatica, vodni hyfomycety produkujici lakazu. V kulturach
s indukovanou lakazou zaznamenali 2,6x vyssi degradaci u NP a 1,6x vyssi u t-NP neZ u kultur
s pfidanymi inhibitory lakdzy (72 %). Pokles koncentrace izomerl t-NP (40 %) v pribéhu
degradace s inhibitorem lakazy cykloheximidem pfrikladaji autofi intracelularnim mechanismim a
dokladaji tak duleZitost propojeni obou procest v pribéhu in vivo degradacnich pochod.
Na rozdil od lakdzy byla vsak degradace intracelularnimi mechanismy stereospecificka a nejlépe
probihala u izomerl s méné objemnym substituentem v poloze a.

Na degradaci irgasanu pomoci kultur ligninolytickych hub je zaméfeno pouze nékolik
praci, vice ¢lankl je zaméreno na jeho degradaci pomoci izolovanych enzym (viz dale). Irgasan
diky své antimikrobidlni a antifungalni aktivité podléha degradaci obtiznéji nez ostatni ED. Hundt a
kol. popsali vyraznou inhibici rlstu T. versicolor po ptidavku IRG (0,25 mM) v prvnich 3 dnech
kultivace. Srovnatelnych hodnot s biotickou kontrolou bylo dosaZzeno aZ po 10 dnech kultivace.
Rlst kultury kmene Pycnoporus cinnabarinus za stejnych podminek nebyl pridavkem IRG

203

ovlivnén™>. Béhem degradacnich experimentl s extraktem bunék T. versicolor byly detekovany

konjugované metabolity odpovidajici zapojeni uridindifosfat-xylozyltransferazy v transformaci IRG,

zatimco v kulturach P. cinnabarinus byly detekované methylované metabolity®®.

2.3.4.2 Degradace pomoci ligninolytickych enzymii
Ve snaze prekonat nedostatky, plynouci ztradi¢nich chemickych a biologickych
remediacnich postupll, se néktefi autofi zaméfili na degradace organopolutantd pomoci
izolovanych enzymu. Bylo prokazano, Ze mezi slibné enzymy patfi napf. polyfenol oxidazy (lakaza,
tyrosinaza) nebo oxidoreduktazy (houbové i rostlinné peroxidazy). Vysledky nedavnych studii
ukazaly, Ze mezi nejucinnéjsi degradacni enzymy patfi vedle kifenové peroxidazy také manganova

189,123,196,204,205

peroxidaza a lakaza . Diky své extracelularni povaze predstavuiji ligninolytické enzymy

perspektivni nastroj pro odstranéni organopolutantt ze Zivotniho prostredi.
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Schopnost lakdazy, manganové peroxidazy, versatilni peroxidazy i lignin peroxidazy
odstranovat endokrinni disruptory, jako jsou napf. pfirozené a syntetické estrogeny, bisfenol A,

nonylfenol a irgasan byla prokézéna ve studiich z posledni doby'******%

. Shrnuti nékterych
vybranych studii s G¢innou degradaci endokrinnich disruptord je uvedeno v tabulce 6.

V prlibéhu degradace ED nedochazi vidy k odpovidajicimu poklesu toxicity a estrogenni
aktivity, coz muizZe byt zplsobeno formovanim metabolitl, napf. oligomerl (zpravidla di- az
penta-). Tyto polymery mohou vykazovat vlastni biologickou aktivitu. Tvorba C-C a C-O dimert

byla popsana napt. u degradace E2 lakdzou v systému reverznich micel*”, kdy dochazi k degradaci

v nevodném prostredi. Popsané produkty byly symetrické 4-4° a asymetrické 4-2'dimery (viz

obrazek 8).
OH
CH, cH, OH
0 ‘
;4 HO f
H3C HO 2’
CHs by ' OH

Obrazek 8 Zastupci C-C a C-O dimerd vzniklych pfi oxidaci E2 lakazou™.

Tsustsumi a kol.>®

popsali Uplnou degradaci NP a BPA pfi 1h inkubaci s izolovanymi
enzymy z kultury P. ostreatus (MnP, lakdza), ale detekovali 60% rezidudini estrogenni aktivitu,
zpUsobenou pravdépodobné enzymatickou tvorbou oligomert BPA a NP. Vznik C-C a C-O dimerd,
trimer(, tetramer( a pentamer( BPA, NP a IRG byl pozorovan také pfi oxidaci substratli pomoci
lakazy izolované z Coriolopsis polyzona®®. Vznik metabolitél IRG v pfitomnosti lakdzy je diskutovan

také v élanku Murugesana a kol.*°

. Autofi detekovali dva typy metabolit(: a) dimery a trimery IRG
vzniklé pri degradaci bez mediator(i a b) stépné produkty IRG, které byly dale dehalogenované,
vzniklé pri degradaci s prfidavkem mediatort. Dimery a trimery vykazovaly rezidudini toxicitu pfi
bakteridlnim testu, zatimco u Stépnych produkt( toxicita vUci bakteriim poklesla. Pridavek
mediator( tedy ovliviuje nejen degradaéni vytéinost, ale miZe ovliviiovat i formovani

metabolitd.
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Pozitivni vliv redoxnich mediatord jako napf. ABTS ¢i HBT je deklarovan mnoha pracemi,

209,211

zvlasté v ptipadé odstranfovani IRG (viz tabulka 6). Degradace IRG lakdzou izolovanou

210 Také lakaza

z kmene Ganoderma lucidum vzrostla z56 % na 90 % po pridavku mediator(
T. versicolor prokazala vyssi degradacni uc¢innost IRG v pfitomnosti ABTS jako mediatoru, kdy bylo
dosaZeno Uplné degradace béhem 30 min oproti 60% degradaci bez pridavku mediatord. Naopak

211
I

pridavek mediatoru HBA reakci neovlivnil®™". ZvySeni degradacni ucinnosti IRG lakdzou béhem 1 h

220 % na 50 % bylo pozorovano u pfidavku HBA klakaze z C. polyzona. U BPA a NP bylo
pozorovano zvyseni ucinnosti z 35 % na 50 % a 60 % (cit.”*).

Dle Inoue a kol.?*> by MnP mohla byt vhodné&j$im nastrojem pfi odstranéni toxicity IRG.
Béhem srovndavaciho experimentu degradacnich schopnosti MnP, lakdzy a lakazy s mediatory,
MnP redukovala IRG z 94 % béhem 30 min a zaroven zcela redukovala bakteridlni toxicitu, zatimco
lakaza a lakdza s mediatorem degradovala za 30 min 30 %, resp. 40 % pocatecni koncentrace IRG.

Imobilizace enzymU na nosi¢ vyrazné zvysuje stabilitu enzym(, které pak v degradacnich
studiich vykazuji vyssi ucinnost. Navic umoznuje opétovné poufZiti katalyzatord a zvysSuje moznosti

Ve

jejich primyslového vyuZiti napf. v procesech Ccisténi odpadnich vod. V praci autora
Songulashviliho byla popsdna 7x vyssi uc¢innost lakdazy kmenu Cerrera unicolor imobilizované na
silikagelovém zékladu vGci ABTS a zastupctim ED nez tomu bylo u volné formy lakazy®*°. Nicolucci
a kol. studovali schopnost imobilizované lakazy z T. versicolor a houbové tyrosindzy degradovat
BPA a jeho analogy bisfenol B, bisfenol F a tetracholobisfenol A v podminkach
vsadkového reaktoru. Po 8 min doslo k poklesu 50 % BPA u lakdzy, u tyrosinazy bylo stejného
poklesu dosazeno po 12 min. Obecné byla imobilizovand lakdza ucinnéjsi nez tyrosindza

v odstrafiovani viech latek®*

. Cabana a kol. imobilizovali lakdzu na pevném nosici, ktery byl
posléze pouzit jako sou¢ast naplfiového reaktoru pro kontinudlni odstrafiovani ED**®. Taboada-
Puing a kol. imobilizovali verzatilni peroxiddzu metodou zk¥izené vazby enzymu do agregat( bez
pouziti nosi¢e. Takto pripraveny enzym byl nasledné pouzit na degradaci ED v membranovém

reaktoru®*®

. Reaktory s imobilizovanymi enzymy maiji oproti klasickym bioreaktorlim, kde dochazi
k odplaveni enzymU v kazdém cyklu vyhodu v ,zadrZeni“ a moznosti opétovného pouziti enzyma.
Ztraté enzym lze také zabranit také pouZitim ultrafiltraénich membran o rlzné velikosti pora.
Prikladem miZe byt enzymovy membranovy reaktor, kde je enzym pomoci semipermeabilni

membrany oddélen od svych produktd®?>.
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Tabulka 6 Degradace ED pomoci izolovanych ligninolytickych enzym{; EA — estrogenni aktivita

Enzym Polutant Zdroj enzymu Popis degradacnich experimentt Ref.
Lakaza E1, E2, E3 Polyporus versicolor Emulze vody obsahuijici lakazu 194
IRG T. versicolor Degradace ovl. pfidavkem mediatord 211
IRG, BPA, NP | C. polyzona Degradace 65 % IRG, 100 % BPA a NP (4h) 209
E1, E2 Myceliophthora 94% degradace ve vsadkovém reaktoru 213
thermophila (30 min)
E2 Trametes pubescent, Tvorba C-C a C-O dimer( E2 207
Myceliophthora sp.
NP, BPA P. tremellosa 65-75% pokles estrogenni aktivity pfi 3h 214
inkubace
NP, E1, EE2, C. versicolor, ED adsorbované na pisku; E1 degradovan 206
BPA P. ostreatus, ze 40 %, ostatni ED 100 % degradace (3h)
P. coccineum
E1, E2, E3, T. versicolor 100% degradace ED béhem 1h v prostredi 204
EE2 odpadni vody
ABTS systém | IRG, BPA, NP | C. polyzona U&inn&jéi degradace s mediatory; tvorba 209
polymer( ED
E2, EE2 T. versicolor, Odstranéni ED béhem 1h, pokles EA 215
P. chrysosporium béhem 8h
HBT systém E2, EE2 T. versicolor 80% Ubytek estrogenni aktivity béhem 1h 215
NP, BPA P. tremellosa 60-75% degradace béhem 3h 214
Imobilizace IRG, BPA, NP | C. polyzona 100% degradace bé&hem 200 min 216
IRG, BPA, NP | C. unicolor 80% degradace BPA, 60 % degradace IRGa | 2%®
40% degradace NP (30 min)
Reverzni BPA, NP Coriolus versicolor 100% degradace v nevodném prostiedi ™1
micely (1h)
Mangan- IRG P. chrysosporium 94% degradace béhem 30 min 212
dependentni | E2 EE2 P. chrysosporium 80% Ubytek estrogenni aktivity béhem 1h 190
peroxidaza
BPA P. ostreatus Detekce 4 fenolickych metabolitQ 199
NP, BPA P. chrysosporium 100% degradace béhem 1h 208
Lignin E2 P. chrysosporium Sled degradacnich experiment(; tvorba 217
peroxidaza dimerl a trimert(
Reverzni BPA, NP P. chrysosporium Degradace v prostiedi org. rozpoustédla; 218
micely 92% degradace po 1h, s pfidavkem HBA
100% degradace
Versatilni E1,E2, EE2 | B. adusta 100% degradace jednotlivych ED béhem 122
peroxidaza 10 min
Imobilizace BPA, NP, B. adusta IRG 25% degradace, ostatni 55% 219
IRG, EE2, E1 degradace (10 min)

2.3.4.3 Degradace in vitro — P450

Plvodné byla schopnosti kmenu P. chrysosporium degradovat organopolutanty spojovana

s extraceluldarnimi enzymy (LiP, MnP), nasledné byla degradace objevena i u kmend

neprodukujicich ligninolytické enzymy, coz vedlo k domnénce, Ze do metabolismu jsou zapojené

ijiné enzymové systémy. Schopnost degradovat nékteré organopolutanty pomoci P450 byla

pozdéji prokazana u nékolika druht hub (souhrnné &lanky cit.'*® a cit.?*?). Kvali obtiZné izolaci
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houbového P450, ktery je ve vétSiné pripad(l exprimovan v nizkych koncentracich a ma také

nizkou stabilitu, jsou dikazy katalyzy degradacnich pokusu ¢asto ovéfovany nepfimymi metodami,

140 223

napf. pfidavkem inhibitord mezi které patfi CO (cit.”) ¢i piperonylbutoxid (PB)*~. Nebo naopak je

participace CYP ovéfend pfidavkem kofaktoru NAD(P)H®, popf. detekci exprese P450 kdduijicich
gent indukovanych pfitomnosti polutantd®.
Degradace intraceluldarnimi mechanismy pfi zapojenim P450 je nejvice prostudovana

o 140,227

degradace PAH***?%°, nékolika pfirozenych steroidnich hormontl a nékterych 1é¢iv>*®

. Kasai a
kol.””® ovéfili participaci P450 kmene P. chrysosporium pfi degradaci chlorovanych dioxind pomoci
molekuldrné-genetickych metod. 120 gend P450 bylo vloZzeno do kvasinek, ze kterych bylo 40
klon( vyuZito pro degradacni pokus s chlorovanymi dioxiny. 6 klonU prokazalo vysoky degradacni
ucinek vici 2-chloro-dibenzo-p-dioxinu.

Néktefi zastupci PAH, jako je tfeba benzo(a)pyren, jsou podezielé karcinogeny®° a
prokazané antiestrogeny”'. Bezalel a kol.**® provedl degradaéni experiment skmenem
P. ostreatus a jeho extracelularni tekutinou. Zatimco béhem in vivo pokust doslo k poklesu
koncentrace vétSiny PAH, pfi inkubaci pouze s extraceluldrni tekutinou nebyl zaznamenan Zadny
pokles. Autor navrhl mechanismus pocdtecniho ataku skeletu PAH cytochromem P450 a
naslednému rozkladu prostfednitvim extracelularnich enzymd. Bezalel a kol. identifikovali pfi
degradaci pyrenu hydroxylované metabolity, které by mohly vzniknout zapojenim P450 do
degradace®®. Participaci P450 pfi degradaci benzo(a)pyrenu potvrdil také Masaphy a kol. u kmenu
P. pulmonaris®®.

Rada praci dokazuje, Ze houbovy cytochrom

P450 se ucastni biotransformace exogennich steroidd, H3C
N , . —0
ackoliv u ligninolytickych kmen( nebyl tento proces CHsy
doposud pozorovan. Endogenné se P450 zapojuje do \
biotransformace ergosterolu bunécné stény. CHs Q
Hydroxylace progesteronu v pozici 11a- a 11B- ¢ k
byla prokdzana napf. u druhl Cunninghamella
0 \
elegans®®’ a Paecilomyces lilacinus*, 1la- a 15pB-

. . 233 ¥
hydroxylace u Aspergillus fumigatus a dalsich Obrizek 9  Hydroxylace  progesteronu

(obrazek 9). Demethylace lanosterolu v 14a- pozici byla houbovym PA50. Prevzato od van den

Brink a kol.™".
prokazana u kvasinek u fady kment Candida sp.™*.

Zapojeni P450 jako prvotniho Cinidla pfi rozkladu organopolutantd bylo prokazano také

234
).

u jednoho z kongenerl PCB (cit. Participace P450 byla ovéfena na zakladé kultivace

Phanerochaete sp. s/bez inhibitoru piperonylbutoxidu a na zdkladé identifikace hydroxylovanych a
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methoxylovanych meziproduktl pfi degradaci. Jako koncové metabolity byly stanoveny 4-
chlorobenzoova kyselina, 4-chlorbenzaldehyd a 4-chlorbenzylalkohol.

P450 hraji u hub podstatnou roli v primarnim i sekunddrnim metabolismu, ale také
predstavuji nastroj pro detoxifikaci xenobiotik. Z publikovanych praci vyplyva, Zze P450 se ¢asto pfi

degradaci ucastni prvotniho ataku organopolutantu.

2.3.5 Degradace na pevnych substratech

Imobilizace mikrobidlnich bunék obecné umozZiuje snaz$i manipulaci sorganismy,
zabezpecuje bunkam vhodné prostredi a umoznuje jejich opétovné poufZiti. Pro vyuziti reaktord je
nutné nalézt vhodny nosi¢ pro houbovou kulturu, ktery musi splfiovat nékolik faktorld. Mezi
nejdllezitéjsi parametry v zavislosti na pouZiti patfi toxicita nosice, jeho cena, tvar, adhezivni
vlastnosti povrchu a také jeho degradabilita.

Bylo prokazano, Zze kmeny produkuji na rliznych nosi¢ich i substratech rlzné mnoZstvi
ligninolytickych enzym( a Ze biosubstraty mohou také slouZit jako nosice houbovych kultur
s vyhodou absence nutnosti sekundarniho doddavani Zivin. Pfirozenym substratem hub bilé hniloby
je lignincelulézovy material — napf. drevo, dfevéné piliny, slama atd. Ovlivnéni produkce enzymi
pfi kultivaci na tfech typech biosubstratli (slamové pelety a sldmové pelety smichané s hoblinami
dubu a topolu) srovnavala ve své diplomové préci Slavikova-Amemori*®®> . Kmen Pleurotus, ktery
predstavuje treti nejcastésji druh kultivovatelnych jedlych hub, zahrnuje kmeny s vysokym
medicinalnim potencidlem. Za Ucelem jeho péstovani bylo proto testovano velké mnozstvi
pfirodnich substratl a zemédélskych odpadil, mezi které patfi napf. difevéné hobliny, stvoly
kukufice, ryzova sldama, stonky baviniku, slupky ovoce atd.”®>. V literatufe ale existuje pouze mélo
praci zamérenych na degradace organopolutant( pti kultivaci hub na pevnych substratech.

Bioreaktory zajistuji stabilni podminky pro degradace organopolutantd a také umozriuji
snadnou regulaci podminek. Pro imobilizaci kultur P. chrysosporium pti degradaci azo-barviva
v prikapavaném reaktoru se sypanym loZzem (trickle-bed) byla vyuZita polyuretanova péna, nékolik

6

komerénich nosi¢t pro biomasu, vinylchlorid, keramické kulicky, dfevéné piliny®*® a mineralni

skelnd péna®’. Nylon byl kvili jeho degradaci v pfitomnosti VP vyhodnocen jako nevhodny

%238

nosic¢~™". Nejvyssich hodnot VP bylo dosaZzeno pfi kultivaci na specidlné ptipravenych komercnich

bylo dosaZeno pfi péstovani P. chrysosporium na pilindch z borovice®®®, coz muaze byt dano
nevhodné zvolenym difevnim substratem. Obdobné srovnaval vhodnou imobilizaci Pocedic a kol.
pro imobilizaci kultury I. lacteus na lufé, péné z polyéteru a kuchyrské draténce pro degradaci

barviva v pfikapavaném reaktoru. Nejrychlejsi degradace bylo dosaZeno v reaktoru s kuchyriskou
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2% Dle hladin produkce MnP z P. chrysosporium zvolil Linag a kol.

draténkou jako nosi¢em kultury
polystyrenovou pénu jako nejvhodnéjsi substrat, vzhledem k jejimu velkému povrchu i dostatecné
velikosti kavit pro proristani houbou a transport Zivin a kysliku. Dalsimi srovnavacimi nosici byly
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nylonové, kovové a viakenné sitky™". Dubové kostky jako nosi¢ pro T. versicolor a Lentinus edodes

jako soucast reaktord se sypanym loZzem pro pouZiti v odpadnich vodach z papirenské produkce
navrhl Ortega-Clemente®*.

Vzhledem k odliSnym kultivaénim, imobilizacnim i degradacnim technikdm je velmi obtizné
srovnavat vysledky, pfesto se poufZiti bioreaktor( pfi odstrafiovani endokrinnich disruptord jevi

jako perspektivni technika.

2.3.6 Degradace PBC a CBA
V minulosti byly PCB povaZovany za zcela rezistentni vici bakterialnimu rozkladu. Pozdéji
byly objeveny a izolovany bakterialni i houbové kmeny schopné degradovat nékteré kongenery

PCB (cit.>*?). Mechanismus degradace je odli$ny za aerobnich a anaerobnich podminek.

Anaerobni reduktivni dechlorinace byla poprvé cl
popsana Brownem a kol. (1987)** u bakterii v fi¢nim
sedimentu. Obecné za anaerobnich podminek dochazi 0
k atakiim vice substituovanych kongener(l v polohach meta- l/oz
a para-. To vede ke sniZeni toxicity a kumulaci ortho- cl
substituovanych PCB. Aerobni bakterie pfimo atakuji 0 O
bifenylovy skelet méné substituovanych PCB. Nejcastéji jsou HO HH OHVKNAD+ (lj)
PCB vpfirodé odbourdavany aerobnimi  bakteriemi NADH+H

kometabolismem prostfednictvim tzv. horni bifenylové cl
metabolické drahy, kdy dochazi ke Stépeni jednoho z kruh( Q O

1
v pozici meta- (cit.***). Tato degradace je 4 stupriova (Fizena (i

HO OH l/oz
bph operonem) a je znazornéna na obrdazku 10. Reakci
zahajuje enzym bifenyl-2,3-dioxygendza, kterda preménuje — cl
bifenyl (1) na cis 2,3-dihydro-2,3-dihydroxybifenyl (ll), ktery \ J )
je dehydrogenovan bifenylhydrogendiol-dehydrogenazou na HO cooH l/HZO
2,3-dihydroxybifenyl (lll). Nasleduje meta Stépeni jednoho
z kruhQ v pozici 1,2 enzymem 2,3-dihydroybifenloxigenazou (\(OH Cl
za vzniku kyseliny  2-hydroxy-6-oxo-6-fenyl-hexan-2,4- C|H2 COOH W)

dienové (IV), kterd je nasledné rozstépena za vzniku
COOH
pfislusné chlorbenzoové (V) a hydroxypentadienové kyseliny.
Obrazek 10 Metabolicka draha

bakterialniho odbouravani PCB.
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Tato cesta ale vede k akumulaci CBA, které jsou pro PCB-degradujici bakterie toxické a zpétné tak

inhibuji cely proces®?**

. Mezi bakteridlni kmeny schopné degradovat Sirsi spektrum kongener(

PCB kmeny Pseudomonas, Alcaligenes, Acinetobacter a Corynebacterium®®. Degradabilita

jednotlivych kongener(l zavisi predevsim na specifité klicového degradacniho enzymu -

bifenyloxigendazy. Furukawa a kol. ve své praci definoval nékolik obecnych pravide

244
[

- Se zvysujicim se poctem Cl v molekule klesa degradabilita

- Clv poloze ortho snizuji degradabilitu

- Substituce Cl pouze na jednom z kruh( usnadriuje degradaci

- Kinicia¢nimu kroku dochazi na méné substituovaném kruhu

- Tetra- a pentachlorbifenyly jsou snadnéji degradovatelné, pokud je jeden kruh substituovan

v polohach 2 a3

PCB nemohou pro bakterie slouZit jako zdroj energie, ale jedna se o kometabolicky proces

pfi transformaci bifenylu. Bifenyl musi byt pfitomen nejen jako rlstovy substrat, ale zaroven jako

induktor potfebnych enzym(. Pfi remediacnich studiich in situ tak nutnost pfitomnosti bifenylu

predstavuje jeden z klicovych probléma.

HO cl O o

sy
sayiie

o )

CH,OH CHO COOH

>
(v) V) (v
Cl Cl cl

Obrazek 11 Rozkladna cesta PCB houby P. chrysosporium
vedouci ke vzniku CBA™.
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P. chrysosporium byl prvni
ligninolyticky kmen u kterého byl prokdzan
degradacni potencial vuci PCB
kongenerdm™. Nésledné bylo prokazano, 7e
ligninolytické  houby  maji  schopnost

degradovat jednotlivé kongenery PCB (cit.**’)

i jejich smési (napt. Delor, Aroclor atd.)**®*.
Obecné schopnost degradovat PCB klesa se
stoupajicim poctem atom chléru v molekule
a dulezitou roli hraje také pozice chlord.
Kamei a kol. prokazali, Zze PCB satomem
chléru v ortho- pozici je vyrazné lépe
mineralizovan kmenem P. brevispora nez PCB
satomem chléru v pozici meta- (cit.”).
Stejné i P. ostreatus pfi degradaci komeréni

smési Delor 103 prokazal nejvétsi degradacni

ucinnost u PCB satomy chléru v ortho-



poloze a nejnizéi u PCB satomy chléru v para- poloze®®. Schopnost degradovat méné
substituované kongenery PCB byla také prokazana u vlaknité houby Aspergilus niger a Aspergilus
flavus®*.

V pracich zamérenych na analyzu metabolitll bylo prokazano, Ze hexa-, penta- a
tetrachloro-PCB jsou ligninolytickymi houbami nejéastéji methoxylované a castecné

>0 Stepné produkty byly detekovany pouze u degradace dichloro-PCB. Kamei a

dechlorované
kol.”** popsal transformaci 4,4 -dichloro-PCB (viz obrazek 11) kmenem P. chrysosporium na 2-
hydroxy- a 3-hydroxy PCB (I, IlI). 3-hydroxy-PCB byl ddle metabolizovan na 4-chlorbenzoovou
kyselinu (VI), 4-chlorbenzadehyd (V) a 4-chlorbenzylalkohol (IV), zatimco 2-hydroxy-PCB byl dale
methoxylovan (llI).

Na rozdil od PCB, hydroxylované metabolity PCB lze degradovat pomoci izolované

251,252

lakazy . Pravidlo degradability a poctu chlor(l v molekule je stejné jako pti poufZiti celych
houbovych kultur®? .

Jedinou rozsahlejsi praci zabyvajici se degradacnim potencialem ligninolytickych hub vaci
zastupcm CBA, je prace autorky (publikace 6). Ning a kol. popsali silnou indukci aktivity P450
P. chrysosporium v pfitomnosti benzoové kyseliny a mono-CBA (cit.”®). Bakterialni rozklad CBA je
I[épe prozkoumany a je popsano nékolik degradacnich cest CBA. Nejhojnéji se vyskytuje rozklad
enzymem benzoat 1,2-dioxygenazou na chlorodihydrodihydroxybenzoaty a ndsledné enzymem
benzoat dihydrodioldehydrogenaza na pfisluiné chlorokatecholy®*.

Nékteré bakterie rodu Pseudomonas, Burkholderia a Alcaligenes jsou schopny utilizovat

mono-CBA jako jediny zdroj uhliku a energie®. Schopnost degradovat 2-CBA a 3-CBA byla

prokazana také u bakterie Pseudoxanthomonas sp. PNK-04.
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CiLE DISERTACNI PRACE

Disertacni prace byla zamérend na testovani degradacniho potencialu ligninolytickych kmend hub

s vysokym biotechnologickym potencidlem vici endokrinné disruptivnim latkdm pro vyuZziti

v bioremediacnich procesech odstrafiovani organickych polutantd.

Dil¢i cile byly nasleduijici:

1)

2)

3)

4)

5)

6)

7)

Shrnuti souéasného stavu problematiky vyskytu a degradace endokrinnich disruptort

(publikace 1 a 2).

Degradacni screening ligninolytickych hub v¢i latkam z fad ED (publikace 3).

Popis degradacnich mechanismd 17a-ethynylestradiolu u 8 kmenu ligninolytickych hub

(nepublikovano).

Objasnéni degradacniho metabolismu 17a-ethynylestradiolu u P. ostreatus pomoci

frakcionace houbovych kultur a identifikace metabolitd (publikace 4).

Degradace ED lakazou P. ostreatus izolovanou z kultur rostoucich v/bez pfitomnosti

induktorti a EE2 (nepublikovano).

Optimalizace faktord, ovliviiujicich bioremediacni procesy v prostiedi odpadnich vod
obsahujicich ED, které vyuZivaji houbové kultury péstované na pevnych substratech

(nepublikovano).

Degradace perzistentnich polychlorovanych bifenyli (PCB) a jejich bakteridlnich
metaboliti chlorbenzoovych kyselin (CBA) v tekutych médiich (publikace 5) a pudé
(publikace 6).

8) Vytvoreni vhodnych metod stanoveni smési PCB a CBA pomoci pokrocilych
extrakénich technik a analytickych metod vysoceucinné a ultraicinné kapalinové

chromatografie ve spojeni s UV detekci (publikace 7 a 8).
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4 EXPERIMENTALNi CAST

Experimentdlni ¢ast shrnuje pouZité metody a techniky pro nepublikované vysledky. Metodiky

publikovanych vysledk jsou soucasti publikaci 1-8 v ptiloze A.

4.1 Mikroorganismy a material

Experimentalni postupy popsané v této sekci se vztahuji k vysledkiim ze sekce 5.4, 5.5 a
5.7.

Ze sbirky basidiomycet Akademie véd (CCBAS) byly ziskany nasledujici mikroorganismy:
Bjerkandera adusta 606/93, Dichomitus squalens CCBAS 750, Irpex lacteus CCBAS 931, Lentinus
tigrinus 577.79, Phanerochaete chrysosporium ME 446, Phanerochaete magnoliae CCBAS 134/I,
Pleurotus ostreatus 3004, Pycnoporus cinnabarinus CCBAS 595 a Trametes versicolor CCBAS 612.
Kultury byly uchovavany na miskach s malt extrakt médiem s agarem pfi 4 °C.

Biosubstrat pro péstovani kultur byl pofizen od firmy Atea (sldmové piliny, @ 0,8 mm,
100% p3eni¢nd slama; Praha, CR). Malt extrakt broth pro p¥ipravu komplexnich tekutych médii
(MEG) byl zakoupen od firmy Oxoid (Merck, Praha, CR).

Rozpoustédla pro kapalinovou chromatografii a extrakce byly pofizeny v kvalité pro
kapalinovou chromatografii s hmotnostni detekci (LC/MS) nebo pestapur kvalité od firmy
Chromservis  (Praha, CR). Derivatizaéni ¢&inidlo  N,O-bis(trimethylsilyl)trifluroacetmid
s chlorotrimethylsilanem (BSTFA:TMCS; 99:1) a standardy ED byly pofizeny od firmy Sigma-
Aldrich (Némecko). Odpadni vody byly dodany firmou Dekonta a.s. (CR) a pred pouzitim byly
skladovany pfti 4 °C v tmavych lahvich. Ostatni chemikalie a pfistroje jsou popsany v jednotlivych

publikacich v metodické ¢asti.

4.1 Analytické metody

Experimentalni postupy popsané v této sekci se vztahuji k vysledkiim ze sekce 5.4, 5.5 a
5.7. Stanoveni enzymatickych aktivit a rezidudlni estrogenni aktivity jsou popsany v publikaci 3.

Pro analyzu EE2 byl pouZit kapalinovy chromatograf Alliance Waters 2695 Separation
module (Waters, Milford, USA) s detektorem diodového pole (Waters 2996) a kolonou XBridge
C18 (250 mm x 4 mm, 3.5 um; Waters). Pritok mobilni faze sloZzené z 60% acetonitrilu (ACN) byl
0,8 ml/min, teplota kolony 35 °C a davkovany objem vzorkd pripravenych v ACN 20 ul. Kalibraéni
kfivka byla sestrojena z 6 hodnot v rozmezi 0,5-50 pug/ml EE2 (3 opakovani méreni) a jeji regresni

koeficient byl 0,9998. Kvantifika¢ni limit metody (LOQ) byl 0,5 ug/ml EE2.
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Analyzy smési ED byly provadény na plynovém chromatografu s hmotnostni detekci
(GC/MS) Varian 450-GC (Palo Alto, CA, USA) s automatickym injektorem (Combi-Pal injector; CTC
Analytics, Svycarsko) a iontovou pasti jako hmotnostnim detektorem (Varian 240 Mass Selective
Detector). Pro ionizaci latek byla pouZita elektronova ionizace (70 eV). Latky byly separovany na
koloné 30m DB-5MS (30 mx0,25 mm [.D., 0,25 mm; Agilent, Santa Clara, CA, USA). Teplotni
gradient pece byl nastaven ndsledovné: 60 °C po dobu 1min, zahfati na 120 °C rychlosti
25 °C/min, nasledné na 240 °C rychlosti 2,5°C/min a 28 min udrZeni teploty na 240 °C. Teplota
zdroje byla 230 °C a iontové pasti 150 °C. Jako nosny plyn bylo pouzito helium (1 ml/min).
Davkovany objem vzork(l rozpusténych v ethylacetatu (EtOAc) byl 1 pl. Kalibraéni kfivky byly
sestrojeny pomoci 6 hodnot ED v rozmezi 20-1000 ng/ml (3 opakovani) a regresni koeficienty se
pohybovaly od 0,9980-0,9994. LOQ byl pro jednotlivé ED 20 ng/ml.

Aktivity enzymU byly méreny dle publikovanych spektrofotometrickych metod (viz
publikace 3 a 4) na pfistroji NanoQuant (Tecan, Svycarsko). Enzymovd aktivita je vyjadiena
jednotkami U (enzymatic unit). Jedna jednotka predstavuje mnoZstvi enzym(, které za 1 min
pfeméni 1 umol substratu za podminek metody pfi laboratorni teploté.

Estrogenni aktivity (EA) byly méfeny pomoci testu srekombinantni kvasinkou
Saccharomyces cerevisiae svloZienym genem pro lidsky estrogenni receptor dle metodiky
popsané v publikaci 3. Estrogenni aktivita je vyjadrend jako procento vici referencni latce — E2

ve formé estradiol ekvivalentl (EEQ).

4.2 Priprava substratt a kultivace mikroorganismu

Experimentalni postupy popsané v této sekci se vztahuji k vysledkiim ze sekce 5.4, 5.5 a
5.7.

Houby byly kultivovany na tekutém malt extrakt mediu (MEG; 0,5% malt extrakt, 1%
glukéza). Kinokulaci 20 ml Zivného média byly pouZity 3 bloéky (@ 10 mm) se 7 dni
starou kulturou. Kultury byly kultivovany staticky po dobu 8 a 9 dni ve tmé pfi 28 °C.

Pro kultivaci hub na komercnich sldmovych peletach prodavanych pro topné ucely bylo k
10 g slamovych pilin ve 250 ml Erlenmayerové barce pridano 33 ml deionizované Millipore vody
(MQ) (75% vlhkost substratu). Vlhké substraty byly sterilizovany (120 °C, 25 min) a uchovavany
v pokojové teploté po dobu 24h. Nasledné byly substraty sterilizovdny za stejnych podminek a po
vychladnuti na pokojovou teplotu byly za sterilnich podminek inokulovany 3 blo¢ky (@ 10 mm)

z agarové misky se 7 dni starou kulturou. Kultivace probihala 7 dni ve tmé pfi 28 °C.
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4.3 Priprava a frakcionace houbovych kultur pro degradace in vitro

Experimentdlni postupy popsané vtéto sekci se vztahuji kvysledkim ze sekce 5.4.
Degradacni experiment a jeh vyhodnoceni je popsano v publikaci 4.

Houbové kultury B. adusta, D. squalens, I. lacteus, P. chrysosporium, P. cinnabarinus,
P. magnoliae a T. versicolor byly ihned po zaockovani na tekutd MEG média kontaminovany 1 ml
roztoku EE2 v 50% dimethylsulfoxidu (DMSO; 10 pug/ml) a ponechdny po dobu 9 dni pfi 28 °C.
Nasledné byla provedena frakcionace houbovych kultur a degradacni experiment dle publikace 4.

Po 24 hodinové inkubaci pti 28 °C byly ke vzorkim pfidany 2 ml EtOAc a vzorky byly

extrahovany a analyzovany dle postupu popsaného v publikaci 4.

4.4 Priprava a izolace lakazy kultur P. ostreatus, kultivovanych za rliznych
podminek

Experimentdlni postupy popsané vtéto sekci se vztahuji kvysledkim ze sekce 5.5.
Degradacni experiment a jeh vyhodnoceni je popsano v publikaci 4.

Houbové kultury P. ostreatus byly kultivované na tekutém mediu s/bez pfitomnosti
induktoru Cu®* (150 pM CuSO,) nebo EE2 (10 pg/l). Sterilni roztok induktoru v MQ, vodé byl ke
kulturam pfidan 5. den kultivace, EE2 byl pfidan ihned po zaockovani. Lakazy byly izolovany dle
postupu uvedeného v publikaci 4. Doba kultivace hub byla 8 dni.

Degradacni pokus, extrakce i analyzy rezidudlni koncentrace a estrogenni aktivity EE2 byly

shodné s degradacnim pokusem s neindukovanou lakdzou popsanym v publikaci 4.

4.5 In vivo degradace ED pfi kultivaci hub na slamovém substratu

Experimentalni postupy popsané v této sekci se vztahuiji k vysledklim ze sekce 5.6.

Ke kulturam 1. lacteus, P. ostreatus, P. tigrinus a T. versicolor bylo v7. dnu kultivace
pfidano 40 ml odpadni vody (OV), uméle kontaminované odpadni vody (OV ED), kohoutkové vody
(KV; dechlorované stanim 2h pfi RT) nebo uméle kontaminované kohoutkové vody (KV ED).
Biotické kontroly (BK) byly pfipraveny pouZitim sterilni kohoutkové vody, teplem inaktivované
kultury (HKC) byly pfipraveny ze 7 dni starych kultur sterilizaci (30 min, 120 °C). Abiotické kontroly
(AC) byly pripraveny pouze se sterilnim sldmovym substratem bez pritomnosti houbovych kultur.

K degradacnim kulturam s odpadni a kohoutkovou vodou (OV ED a KV ED) a kontrolam
HKC a AC bylo déle pfidano 100 pg nasledujicich latek: E1, E2, E3, EE2, BPA, NP, IRG (0,5 ml

roztoku 70% DMSO o koncentraci 200 pg/ml). Kultury byly ponechany po dobu 8 dni ve tmé pfi
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28 °C a nasledné byly extrahovany. K biotickym kulturdm bylo pfidéno 0,5 ml roztoku 70% DMSO
ve vodé. Kultury T. versicolor byly péstovany za statickych i tfepanych podminek (150 rpm).

Hladiny enzymovych aktivit LiP, MnP, MiP a lakdzy byly ve dnech 1, 3 a 5 stanoveny na
zakladé publikovanych spektrofotometrickych metod uvedenych v publikacich 3,4. Estrogenni
aktivity byly stanovena na zakladé testu s rekombinantni kvasinkou (metodika publikaci 3,4).

ED byly extrahovany kapalina/kapalina (I/1) extrakci do EtOAc nasledujicim zplsobem: ke
kulturdm bylo pfiddno 40 ml EtOAc, kultury byly promiseny a ponechdny 20 min v ultrazvukové
Iazni. Nasledné byla tekutina pfevedena do zdsobni sklenéné lahve, substrat vyzdiman pomoci
nerezového lisu, promyt EtOAc a opét vymackan. Tekutiny byly sjednoceny a po pfidavku 20 ml
EtOAc extrahovany 20 min tfepanim a 20 min v ultrazvukové lazni. Nasledné byla EtOAc vrstva
odebrana a pfidano 20 ml Cistého EtOAc. Cyklus se opakoval 5x. Pevné substraty byly extrahovany
analogicky 5 cykly vidy s pridavkem 20 ml EtOAc. Sebrané EtOAc extrakty byly odpafeny na
rotacni vakuové odparce (45 °C, 750 hPa) na cca 2 ml, zbaveny stopového mnozstvi H,0 pomoci
Na,SO, a nafedény na 10 ml. 200 pul vzorku bylo derivatizovano pomoci BSTFA (30 min, 70 °C) a

analyzovano na GC/MS. Vytéznost extrakéni metody byla 82-98 %.

4.6 Statistické vyhodnoceni

Experimentalni postupy popsané v této sekci se vztahuji k vysledkiim ze sekce 5.4, 5.5 a
5.7.

Stanovené enzymové aktivity a degradacni ucinnost (vyjadrend v procentech degradace
vztaZzenych k abiotickym kontroldm) byly vyhodnoceny pouZitim t-testu (p<0,05). Pti kultivaci hub
na pevnych substratech byla enzymova aktivita vztazena k 1 g substratu, pfi kultivaci na tekutych
médiich na 1 ml média. Korelace mezi aktivitami jednotlivych enzym(, degradaci EE2 a inhibice
estrogenni aktivity byla testovana pomoci analyzy hlavnich komponent (PCA) v programu Minitab

16.2.2.30.
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5 DISKUZE A VYSLEDKY

Tato kapitola sumarizuje dosazené vysledky publikované ve védeckych casopisech
(podkapitola 5.3; 5.6; 5.8; 5.9; 5.10 a 5.11) a kratka shrnuti z prehledovych ¢lankd (podkapitola
5.1 a 5.2). Dale tato kapitola uvadi vysledky dosud nepublikovanych praci (podkapitola 5.4; 5.5
a5.7).

5.1 Mikrobialni degradace endokrinné disruptivnich latek - review
(publikace 1)

Souhrnny ¢lanek z roku 2009 je zaméreny na shrnuti problematiky vyskytu a degradace
zastupcu endokrinnich disruptort (EDs) v poslednich tfech dekadach se zvlastnim ohledem na
degradacni ucinnost zastupcl hub bilé hniloby. Endokrinné disruptivni latky, mezi které patfi
napf. bisfenol A, nonylfenol, 17a-ethynylestradiol a dalsi slouceniny, jsou nalézany v Zivotnim
prostfedi na celém svété. Mikroorganismy a jejich enzymy predstavuji perspektivni nastroj pro

jejich odstranéni.

5.2 Mikrobialni transformace syntetického estrogenu 17a-ethynylestradiolu -
review (publikace 2)

Souhrnny ¢lanek je zaméfen na mikrobidlni transformaci syntetického 17a-
ethynylestradiolu a pfirozenych estrogenl. V c¢lanek jsou popsany jednotlivé procesy
bakteridlniho rozkladu EE2 a ostatnich estrogen( za aerobnich a anaerobnich podminek a dale
vliv pfitomnosti dusi¢nanll, sulfatd a iontd Zeleza na degradaci. Rozebirdn je také
kometabolismus estrogenl autotrofnimi bakteriemi oxidujicimi amoniak a heterotrofnimi
bakteriemi. Cast prace je vénovéana sorpénim mechanismim v Zivotnim prostiedi a degradaci

ligninolytickymi houbami a jejich extracelularnim enzymatickym aparatem.

5.3 Degradace ED a odstranéni jejich estrogenni aktivity pomoci
ligninolytickych hub (publikace 3)

Prace byla zaméfena na in vivo screening ligninolytickych kmen( schopnych ucinné
degradovat zastupce ED — bisfenol A, nonylfenol, 4-nonylfenol, irgasan a 17a-ethynylestradiol.
Vramci prace bylo otestovdno 8 kmenl, znichZ nejlépe testované latky degradoval

P. ostreatus a I. lacteus (80% degradace v prlibéhu 3 dn( kultivace). Nejslabsi degradacni
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vlastnosti byly detekovany u kmenu P. chrysosporium, u kterého nebyla detekovana zadna
degradace EE2 a BPA v pribéhu 14 dn( kultivace.

V prlibéhu degradace byl spokrocilou degradaci pozorovan klesajici trend
estrogennich aktivit. Pouze u kmenU P. ostreatus a I. lacteus byla po 14 dnech kultivace
detekovana vysoka estrogenni aktivita (28 % resp. 38 %). Koncentrace EE2 byla vtéchto
pfipadech pod limitem detekce (0,5 pg/l). Vysoka rezidudlni estrogenni aktivita je
pravdépodobné dana tvorbou meziproduktl s vlastni aktivitou.

V prlibéhu degradacnich pokusd byly pomoci spektrofotometrickych metod méreny
enzymové aktivity hlavnich ligninolytickych enzym( — lakdzy, MnP, MiP a LiP. Mezi produkci
enzym0 a rychlosti degradaci ED nebyl nalezen jednoznacny trend. Obecné byly enzymové
aktivity inhibovany pritomnosti IRG a NP, pouze u kmen( T. versicolor, I. lacteus a P. ostreatus

byl detekovan narust aktivity lakazy.

5.4 Degradace EE2 enzymovymi frakcemi houbovych kultur (nepublikovano)

V rdmci tohoto experimentu bylo srovnano 9 kmen( ligninolytickych hub dle jejich
degradacniho potencidlu v0c¢i EE2 pfi in vitro podminkach scilem popsat rozdily
v mechanismech jednotlivych kmenid. Kmeny byly pfed frakcionaci kultivovany v pfitomnosti
EE2 na komplexnim tekutém médiu. V pfedchozich experimentech bylo prokazano, Ze rGzné
kmeny ligninolytickych hub degraduji EE2 rlznou mérou (publikace 3). Degradaci EE2
enzymovymi frakcemi kmenu P. ostreatus kultivovaného bez pfitomnosti EE2 je vénovdana
publikace 4.

Pti frakcionaci houbovych kultur doslo k oddéleni volnych extracelularnich enzym (lakaza,
peroxidazy) a enzym( vazanych s myceliem (intracelularni enzymy a extracelularni enzymy
vazané na mycelium, z nichZ nejvyznamnéjsi skupinou jsou enzymy schopné oxidovat ABTS —
substrat pro lakazu. Hladiny aktivit enzym( v jednotlivych frakcich byla stanovena na zakladé
pfislusnych metod a sfrakcemi byl proveden in vitro degradaéni experiment. Ulinnost
degradace, inhibice estrogenni aktivity a aktivita jednotlivych enzym( byly posouzeny

z hlediska vzajemné korelace (viz graf 1).

5.4.1 Stanoveni enzymu v prlibéhu kultivace
V prlibéhu kultivace hub pred frakcionaci kultur byl porovnavan vliv pfitomnosti EE2 na
produkci enzym v pribéhu kultivace. LiP nebyla v prlibéhu kultivace detekovana u Zadného
kmenu. Vysledné aktivity biotickych kontrol (BK) a kultur s prfidavkem EE2 jsou uvedeny

v priloze B vtabulce 9. U P. ostreatus a T. versicolor byly detekovany hodnoty lakazy i MnP.
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Lakaza byla detekovana u P. cinnabarinus, P. tigrinus a B. adusta, zatimco manganazy byly
detekované u kmen( B. adusta a I. lacteus. U kmenU P. magnoliae a P. chrysosporium nebyla
v prlbéhu kultivace detekovana Zzadna enzymova aktivita (data neprezentovana), ackoliv po
zhruba desetinasobném zkoncentrovdni extraceluldrni tekutiny P. chrysosporium byla
detekovana slaba MnP aktivita (0,2 mU/I).

V publikaci 3 byla naméfrena indukce aktivity MnP a lakdzy u T. versicolor v pfitomnosti
EE2. Vtomto experimentu vSak mimo pfipady indukce MiP u I. lacteus ve 2. dnu, MnP ve
4. dnu u D. squalens a lakazy P. tigrinus ve 4. az 8. dnu nedoslo ke zvyseni aktivity enzym
v pritomnosti EE2. Naopak ihibice lakazové aktivity byla patrna u T. versicolor a P. ostreatus (viz

pfiloha A, tabulka 9).

5.4.2 Degradace in vitro
V prfedchozim experimentu (viz publikace 3) bylo prokazano, Ze z pouZitych kmend jsou
vSechny schopné castecné nebo Uplné degradace EE2 svyjimkou P. chrysosporium. NiZzsi

degradacni potencidl vici EE2 byl také prokazan u kmenu P. magnoliae a B. adusta.

Tabulka 7 Aktivity enzymi v reakénich smésich, rezidualni koncentrace EE2 vyjadienad % ve vztahu ke
kontrole a rezidualni estrogenni aktivita vztazena ke kontrole. Mycelium vazané enzymy (mycelium
vaz. enz. ) predstavuji aktivitu enzym oxidujicich ABTS.

Aktivita (mU/systém) Rezidualni koncentrace EE2 (%) Rezidualni estrogenni aktivita (%)
mycelium mycelium mycelium
Kmen vaz.enz. lakdza MnP vaz.enz. lakdza MnP vaz.enz. lakdza MnP
B. adusta 0,0+0,0 0,0+0,0 0,0£0,0 19,4+2,3 105,2#9,0 0,0+0,0 | 136,8+5,0 63,8+11,8 1,0+0,8
D. squalens 0,9+0,0 67,2%¥4,6 10,2+1,2 11,5%8,3 6,6+1,2  80,0%16,2 84,9+3,2 45,9+4,1 125,245,5
I lacteus 12,2+0,2  0,0£0,0  5,3%0,4 0,0£0,0 98,0%5,0 0,00,0 5,9+3,3  122,845,0 0,00,0
P. cinnabarinus 3,4+0,1 36,1#5,6  0,0£0,0{ 100,0+12,3 100,0%5,1 98,0£3,1 | 123,0+13,1 103,8+2,9 116,2+7,7

P. chrysosporium 6,1+0,3  0,0+0,0 0,2+0,0 92,3#9,9 100,0+1,2 101,0+11,3 94,6+2,7 125,0£2,0 97,3%2,9

P. magnoliae 0,0+0,0  0,0+0,0 0,0+0,0 | 48,4+13,7 101,0+2,2 93,8+7,5| 101,8+4,4 96,1+3,9 125,3+1,7
P. ostreatus 15,8+0,4 61,3+8,9 0,0+0,0 0,0+0,0 99,4+2,8 96,7£2,8 4,7¢5,0 125,0+¢11,8 97,3%43,2
P. tigrinus 8,7+0,1 24,24#3,6 10,0%+2,1 92,6+1,8 15,2+2,6 86,7+7,4 | 108,1+12,5 72,0+7,8 202,2+2,0
T. versicolor 9,7¢0,2  6,4%1,2 8,6%1,5 80,2+4,0 82,0+4,0 54,5+9,9 94,6+2,3 100,156 95,0+2,3

Kvali rozdilné expresi enzym( nebylo moZné pro in vitro degradacni smési u vsech
kmenl pouZit stejnou hodnotu aktivity. Extracelularni tekutina byla pred pouZitim do
degradacniho experimentu zkoncentrovana zhruba 10x a rozdélena na dva podily. Jeden podil
byl testovdn na degradacni schopnost lakdzy a druhy podil byl testovdan na degradacni

schopnost lakazy a peroxidaz po pridavku Mn** iontd a H,0, potiebnych pro katalyticky cyklus
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mangandz. Hodnoty aktivit jednotlivych extracelularnich enzyma v inkubacnich smésich jsou
uvedeny v tabulce 7.

Nejvyssich hodnot aktivity lakazy bylo dosazeno u kmen0 P. ostreatus a D. squalens a
(61-67 mU/ml), ackoliv signifikantni degradace prostfednictvim této frakce (t-test, p<0,05) byla
zaznamendna pouze u kmene D. squalens a ddle u kmene P. tigrinus. Analyza rezidudlni
estrogenni aktivity (EA) vzork( ukazala v pripadé P. tigrinus 72% a v pfipadé D. squalens 46%
aktivitu, coZz nekoresponduje s Ubytkem EE2. Dle PCA analyzy (graf 1) in vitro experiment( bylo
prokdzano, Ze pokles estrogenni aktivity pfi degradaci EE2 lakdzovou frakci nekoreluje
s mnoZstvim enzymu ani s degradaci. Tento jev mlzZe byt dan produkci metabolitd s vlastni

estrogenni aktivitou.
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Graf 1 PCA analyza degradace EE2 (mycelium D, lakaza D, MnP D), activity ligninolytickych enzymi
(mycelium vaz. enzymy E, lakaza E, MnP E) a inhibice estrogenni aktivity (mycelium EA, lakaza EA, MnP
EA). Prvni komponenta predstavuje 35 % celkové variability dat, druha komponenta predstavuje 25 %
celkové variability dat.

Aktivita MnP byla detekovana u kmen I. lacteus, D. squalens, P. tigrinus a T. versicolor
a pohybovala se od 5-10 mU/ml. Oproti frakcim s lakdzovou aktivitou byla u vSech kmen(
s detekovanou MnP zaznamendna degradace EE2. Uplnd degradace EE2 v pribéhu 24 h
pokusu byla zaznamenana u kmen( /. lacteus a B. adusta, ackoliv utohoto kmenu nebyla
hodnota aktivity MnP ani MiP po zkoncentrovani extraceluldrni tekutiny detekovana. Pokles
EE2 ve frakcich s MnP aktivitou v prlibéhu inkubace byl zaznamenan také u D. squalens,

P. tigrinus a T. versicolor. Dle PCA analyzy (graf 1) spolu Uzce koreluji pokles estrogenni aktivity
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a degradace EE2 ve frakci s detekovanou MnP, avsak hodnota aktivity MnP s témito dvéma
jevy nekoreluje. To by mohlo byt dano pfitomnosti daldich enzym zavislych na Mn**, H,0,
popt. obojim, jejichZ aktivita ale neni stanovovana v ramci pouZzitych testd.

Aktivita ABTS-oxidujicich enzym( navazanych na mycelium byla detekovana u vsech
kmenU s vyjimkou B. adusta a P. magnoliae. Nizkd hodnota aktivity byla detekovana také
ukmenu D. squalens (viz tabulka 7). Totalni degradace v pfitomnosti homogenizovaného
mycelia v suspenzi s octan amonnym pufrem byla detekovdna u P. ostreatus a I. lacteus, tedy
u kmen0 s nejvyssi detekovanou aktivitou (16 a 12 mU). Vice nez 80% degradace byla také
zaznamendana u kmen0 D. squalens a B. adusta, ackoliv oba kmeny mély velmi nizkou nebo
nulovou aktivitu enzymu. T. versicolor degradoval EE2 mycelialni frakci z 20 %. Dle PCA analyzy
(graf 1) je patrna uzka souvislost mezi degradaci EE2 mycelialni frakci a poklesem estrogenni
aktivity a zaroven s témito jevy souvisi i aktivita mycelidlnich enzym(. Presto vSak v Zadném
pfipadé nedoslo k poklesu rezidualni estrogenni aktivity na nulovou hodnotu, coZ naznacuje
moznou tvorbu meziprodukt( s estrogenni aktivitou. Nejvyraznéji je tento jev patrny u kmenu
B. adusta, kde doSlo k 80% degradaci EE2, ale ve vzorku byla detekovdna 136% estrogenni
aktivita oproti tepelné inaktivované kontrole. Je pravdépodobné, Ze se na degradaci vedle
ABTS-oxidujicich enzym podili i intracelularni mechanismy.

U kmenU P. chrysosporium a P. cinnabarinus nebyla zaznamenana degradace v zadné
z testovanych smési. U kmene P. chrysosporium jsou ziskana data ve shodé s publikaci 3, kde
za podminek in vivo taktéz P. chrysosporium EE2 v pribéhu 14 denni kultivace nedegradoval.
U kmenu P. cinnabarinus vsak doslo v pribéhu 3 dna in vivo kultivace k Gplnému odstranéni
EE2. Rozdil v dosaZzené degradaci in vivo a in vitro by mohl byt dan kooperaci intracelularnich a
extracelularnich degradacnich mechanism.

Obdobné T. versicolor prokazal béhem in vivo experimentu vysokou degradacni
ucinnost vaci EE2 a béhem in vivo degradace pouze Castecné (65 %) degradoval EE2 pomoci
MnP frakce. Slavikova-Amemmori'® ve své diplomové praci pfisuzuje degradaci smési ED
v extraceluldrni tekutiné z kultivace T. versicolor na slamovych peletach hlavné lakaze, kdezto
na tekutém médiu byl hlavnim degradujicim enzymem spiSe MnP. Taktéz Suzuki a kol. prokazal
dobrou degradacni schopnost lakazy izolované z T. versicolor vici E2 a EE2 pfi in vitro

podminkach®*

. Ve stejné studii byla prokdzana i degradacni schopnost MnP P. chrysosporium.
Naopak u kmenu P. tigrinus Slavikova-Amemori sice poukazuje na degradacni vlastnost MnP,
kdezto vtomto experimentu byla nejucinnéjsi frakce s lakdzovou aktivitou. Experimenty se
velmi lisi podminkami kultivace hub (pevné a tekuté substraty), pritomnosti EE2 v pribéhu

kultivace a provedenim degradacnich experiment(. Tyto faktory maji zfejmé zasadni vliv
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na produkci jednotlivych izoforem enzymu s rdznou degradacni schopnosti. Tento fakt byl také
ovéren degradacnim experimentem s izolovanou lakdzou produkovanou za rliznych podminek
(viz kapitola 5.6).

Vysledné vysoké rezidudlni estrogenni aktivity v degradacnich vzorcich ve srovnani
s in vivo pokusem (publikace 3) poukazuji na vhodnost pouZiti celych mikroorganismd pfi

degradaci EE2.

5.5 Degradace ED lakazou P. ostreatus (nepublikovano)

Degradacni experimenty s ¢astecné purifikovanou lakazou izolovanou z kultur kmenu
P. ostreatus, kultivovaného za rlznych podminek (bez/s pridavkem induktoru CuSO,,
s pridavkem EE2), byly pouZity pro objasnéni uUlohy lakdzy P. ostreatus v degradacnich
procesech ED (10 pg/ml; EE2, BPA, IRG a NP). Kvali nizké hladiné aktivity, byla lakaza izolovana
z kultur rostoucich v prostfedi EE2 pouZita pouze pro degradace EE2. K ¢asti vzorkd byl pridan
mediator hydroxybenzoova kyselina (1 M). Po inkubaci trvajici 24 h (28 °C, tma, 100 rpm) byly

stanoveny hodnoty rezidualni koncentrace ED a estrogenni aktivity.

5.5.1 Purifikace lakazy
Lakazové frakce byly Uspésné izolovany z kultivace P. ostreatus na MEG médiu,
z kultivace houby na MEG médiu s pfidavkem induktoru CuSO, a také z kultivace na MEG
médiu s pfidavkem EE2 na pocatku rlstu houby. Kultivace byly zastaveny ve 12. den a nasledné
byla pomoci iontové-vyménné chromatografie provedena izolace enzymu. Ziskané aktivity
lakdzy jednotlivych frakci byly: 478,3 U/l pro indukovanou kulturu; 169,5 U/l pro

neindukovanou kulturu a 51,7 U/I pro kulturu s pfidavkem EE2.

5.5.2 Invitro inkubace EE2 s purifikovanou lakazou
Lakazové frakce izolované zkultur P. ostreatus (mimo frakce izolované z kultur
indukovanych EE2) prokazaly vice jak 90% ucinnost pfi degradaci EE2 v pribéhu 24 h inkubace
(viz graf 2). Degradace EE2 ve vétsiné pripadd vysoce korelovala s Ubytkem estrogenni aktivity
(korelac¢ni koeficient 0,98) a mezi lakdzou z kultury bez a s pfidavkem induktoru CuSO, nebyl
detekovan signifikantni rozdil v degradaéni ucinnosti (t-test, p<0,05). Degradacni potencial
lakazy P. ostreatus byl jiz dfive popsan napf. v experimentu degradace EE2 absorbovaném na

piskové matrici®®. Pfidavek redoxniho mediatoru lakazy (HBA) degradaci neovlivnil (viz graf 2).
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Suzuki a kol. posal ucinnou degradaci EE2 v pfitomnosti mediatoru HBA lakazou izolovanou

z kmene T. versicolor*®, kultivovaném na médiu bez pridavku EE2.
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Graf 2 In vitro degradace EE2 v pfitomnosti castecné purifikované lakazy izolované z kmene
P. ostreatus kultivovaného za rGznych podminek vztaZiena k abiotické kontrole. HKC - teplem
inaktivovana kontrola; EA - estrogenni aktivita; lakaza + HBA - systém s pridavkem redox
mediatoru lakazy.

Nejslabsi degradacni potencial byl zaznamenan u inkubace EE2 s lakazou, izolovanou
z kultur kultivovanych na médiu obsahujici EE2 (viz graf 2). Proteiny v lakazovych frakcich
z rliznych kultur P. ostreatus mély odlisné elektroforetické chovani pfi elektroforéze v SDS-gelu

(data neuvedena), takZe se pravdépodobné jedna o rGzné izoformy lakazy.

5.5.3 Invitro inkubace ED s purifikovanou lakazou
Pti degradaci NP a BPA frakcemi z indukovanych i neindukovanych kultur P. ostreatus
nekorespondoval pokles rezidudlni koncentrace ED s poklesem estrogenni aktivity, kterd
zGstavala na vysokych hladinach (viz graf 3). Obdobné jako u degradace EE2 (kapitola 5.5.2),
nebyl detekovan vyznamny rozdil v degradacni Gclinnosti mezi jednotlivymi lakdzovymi

formami. Pozitivni vliv pfidavku mediatoru HBA na degradaci BPA a NP byl zaznamenan pouze

lakdzy indukované pridavkem CuSO, (viz graf 3), kde pridavek HBA navic vyznamné ovlivnil
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snizeni estrogenni aktivity BPA. U NP zlstala EA na vysoké hladiné ve vSech testovanych
smésich. V ptipadé IRG doslo po pfidavku HBA ke snizeni degradacni ucinnosti (graf 3).

V literatufe je zpravidla popisovdn pozitivni vliv pfidavku mediatoru HBA na degradaci

IRG**?°'! 7a vysokou rezidudlni aktivitu by mohla byt zodpovédna tvorba biologicky aktivnich

polymer( ¢i metabolitd.

Cabana a kol. popisuje tvorbu polymerd IRG, BPA a NP v pfitomnosti lakazy C. polyzona

209

a nizkou korelaci odstranéni ED a estrogenni aktivity” . Rozdilné typy metabolitd v zavislosti

pritomnosti mediator(i p¥i degradaci IRG popisuje také Murugesan a kol. (cit.**°

). V ptipadé
pfidavku medidtor( byl zaznamenan pokles toxicity vzorkl a byly detekované sStépné

metabolity, zatimco v pfipadé vzorku bez mediatoru byly detekovany toxické dimery IRG.
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Graf 3 In vitro degradace jednotlivych ED pomoci lakazovych frakci kultur P. ostreatus kultivovanych bez
pfitomnosti a v pfitomnosti induktoru CuSO, vztazenych k abiotické kontrole. EA - % estrogenni aktivity
vi€i AC; HKC - teplem inaktivovana kontrola; lakaza + HBA - systém s pfidavkem redox mediatoru lakazy.

Degradace NP a BPA lakazou izolovanou z kmene P. tremellosa byla doprovazena
poklesem estrogenni aktivity z 60 % u BPA a z 75% u NP, avsak detekovana reziduaini
koncentrace obou ED odpovidala v obou pfipadech 10 % plvodniho mnozstvi’**. NP a BPA byly
ze 100 % degradovany lakazou P. ostreatus v systému absorpce na piskovou matrici v pribéhu

3 hodin. RezidudIni estrogenni aktivita nebyla vtéto praci studovana®®. Vliv p¥itomnosti
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mediatoru ABTS na degradaci IRG lakdzou T. versicolor popsal Kim a kol. (cit.**!). A¢koliv
pritomnosti ABTS bylo dosaZzeno vyssi degradace, toxicita vzorkl vzrostla ve srovnani se vzorky
bez pridavku mediatoru.

Ze srovnani poklesu estrogennich aktivit v kulturach in vivo (viz publikace 3) a in vitro
(viz kapitola 5.4) je patrné, Ze degradace izolovanymi enzymy nevede vidy kZadoucimu

odbourani estrogenni aktivity, coZ je patrné dano tvorbou meziprodukt( s estrogenni aktivitou.

5.6 Degradace EE2 kmenem P. ostreatus: mechanisticka studie (publikace 4)

Prace byla zamérenda na lokalizaci degradacniho aparadtu P. ostreatus v pripadé
degradace EE2 pfi in vivo a in vitro podminkach. Pro izolaci enzymatickych aparatd byla pouzita
kultura P. ostreatus rostouci na komplexnim médiu bez pfidavku EE2. Byla provedena sada
testll s izolovanou lakazou, zakoncentrovanou extracelularni tekutinou s lakdzovou a MnP
aktivitou, myceliem a také purifikovanou mikrosomalni frakci. Lakdza degradovala EE2 pfi
in vitro inkubaci (24 h) z 90 %. Degradace se zkoncentrovanou extracelularni tekutinou byla
zhruba 50%, ale v pfipadé pridavku H,0, a MnSQ,, dilezitych pro katalyticky cyklus MnP,
stoupla degradace na 100 %. Velmi ucinné odstranfiovaly EE2 také mycelidlni frakce, kdy bylo
dosazeno 80% degradace pfi in vitro inkubaci s myceliem a 100% degradace v pfipadé
homogenizovaného mycelia (zpfistupnéni intraceluldrnich enzymovych frakci). 80% degradace
bylo dosaZzeno také pfi degradaci mikrosomalni frakci. Degradace EE2 mycelidlnimi frakcemi
(i mikrosomalni) a redukce estrogenni aktivity byly vyrazné negativné ovlivnény pfidavkem
piperonylbutoxidu — specifického inhibitoru cytochromu P450, coZ naznacuje zapojeni tohoto
systému do degradace EE2.

V préci bylo popsano 6 metabolitl, z nichz Zadny nebyl dosud popsan u ligninolytickych
hub a 3 nebyly dosud vibec detekovany. Byl taktéZ sledovan pokles rezidualni estrogenni
aktivity v pribéhu degradace a bylo zjisténo, Ze v pfipadé degradace EE2 pomoci

extracelularnich frakci je mezi poklesem EE2 a poklesem estrogenni aktivity patrna souvislost.

5.7 Degradace ED na slamovych peletach v prostiedi odpadnich vod
(nepublikovano)

Studium degradace ED (BPA, E1, E2, E3, EE2, IRG a NP) na sldmovych peletach bylo
zaméreno na objasnéni schopnosti hub degradovat ED v prosttedi redlnych odpadnich vod a
dale na objasnéni enzymatickych procest v pribéhu kultivace hub a degradace. Experiment

slouZi jako pilotni model vsadkovych bioreaktord.
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5.7.1 Prortstani hub substratem a fungalni toxicita odpadnich vod
Pfed zaloZenim degradacniho experimentu byly houby ponechdny 7 dni pfi teploté 28
°C a tmé. Za tuto dobu doslo u vSech kmen( k dobré kolonizaci sldmovych pelet (dle vizualni
charakteristiky). Nejrychleji substrat kolonizoval kmen T. versicolor. Dobrou kolonizaci
sldmovych pelet za stejnych podminek popisuje ve své diplomové praci i Slavikova-Amemori*®>.
Toxicita odpadni vody v0ci kulturam ligninolytickych hub byla ovéfena pilotnim
pokusem kultivace kmenl s pfidavkem 40 ml odpadni a kohoutové sterilni vody. Vizualnim
testem a srovnanim enzymovych aktivit (data neuvedena) bylo prokazano, Ze v pribéhu
kultivace nedochazi vlivem pritomnosti odpadnich vod k vyraznému negativnimu ovlivnéni

rastu houbovych kultur.

5.7.2 Stanoveni enzyml v priibéhu degradace

V pribéhu degradacniho experimentu byly pomoci spektrofotometrickych metod
stanoveny hladiny ligninolytickych enzymu. Aktivita enzymu LiP nebyla stanovena u Zadného
kmenu v pribéhu 9 denni kultivace. Aktivita MiP byla v malém mnozZstvi (jednotky muU/g
substratu) stanovena od 5. do 9. dne u biologické kontroly kmene /. lacteus.

Nejvyssich detekovanych hodnot u vsech kmen( mimo I. lacteus dosahovala lakaza
(10°-10" mU/g substratu). U kmenu /. lacteus nebyla lakaza detekovana a taktéz hodnoty MnP
dosahovaly pouze nizkych koncentraci (jednotky mU), coz je ve shodé s diplomovou praci
Slavikové-Amemori'®. Nizké hodnoty lakazy byly detekované i pfi degradaci EE2 in vivo
(publikace 2).

U kmenu P. ostreatus se hodnota aktivity lakdzy zvySovala s postupujici kultivaci pfi
pridavku vsech typl vod s vyjimkou biotické kontroly (sterilni pitna voda), kde se hodnoty 7. a
9. dne nelisily (viz graf 4). U 1. a 9. dne kultivace je patrny indukéni vliv pfitomnosti vysoké
koncentrace ED (celkem 700 pg na barku) v odpadni vodé na aktivitu lakazy (2,7x a 1,8x vyssi
aktivita oproti BK). Tento trend vSak neni patrny u pfidavku ED do pitné vody. U T. versicolor
byl trend enzymovych aktivit mezi jednotlivymi systémy podobny, ackoliv v pfipadé odpadni
vody s umélou kontaminaci ED doslo k inhibici enzymovych aktivit zhruba 4x ve srovnani s BK.
Nejvyssi hodnoty byly detekovany 3. den od pridavku vod do systému, nasledné poklesly a
zacaly znovu stoupat ke konci kultivace. Pouze u OV ED se hodnoty aktivity lakdzy 7. a 9. dne

signifikantné nelisi (t-test, p<0,05).
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Graf 4 Aktivita lakazy v pribéhu kultivace u jednotlivych kment hub. BK — biologicka kontrola se sterilni
kohoutkovou vodou, KV ED — kohoutkovad voda s umélou kontaminaci ED (700 pg na bariku), OV -
odpadni voda, OV ED — odpadni voda s umélou kontaminaci ED (700 pg na bariku).

U kultivace kmenu P. tigrinus byla lakazova aktivita na velmi nizké drovni s v porovnani
s P. ostreatus a T. versicolor. Okolo 3. a 9. dne je patrny pokles enzymové aktivity ve vsech
systémech mimo BK v 3. dnu.

MnP byla detekovadna ve vyznamnéjsi mife pouze u P. ostreatus a T. versicolor, ale
detekované aktivity (max. 140 mU/g) nedosahovaly hodnot detekovanych v praci Slavikové-
Amemori (0,1-1,2 U/g)*. Nizkd aktivita MnP byla detekovana u I. lacteus 5. a 9. den (1-12
mU/g) a taktéZ 1. a 7. den u P. tigrinus (0,3-2 mU/g).

Mimo nizkych hodnot ve dvou ptipadech, byly aktivity MnP detekované az od 3. dne
po pridavku vod do systému. Z grafu 5 je patrné, Ze pridavek ED v systému s odpadni vodou
mél slabé indukéni vliv na aktivitu MnP P. ostreatus. K vyrazné indukci aktivity doslo v 7. a 9.
dnu kultivace (zhruba 4x oproti BK), naopak v5. dnu nebyla aktivita MnP oproti BK
detekovana. Pozdéjsi narlst aktivity MnP muzZe byt dan negativnim vlivem kombinace vysoké
koncentrace ED aodpadni vody, ackoliv u aktivit lakdzy nebyl tento trend pozorovan.
U samotného pridavku ED a samotné odpadni vody byl pozorovan nizsi indukéni vliv na aktivitu

MnP.
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Graf 5 Aktivita manganové peroxidazy v prubéhu kultivace. BK — biologicka kontrola se sterilni kohoutkovou
vodou, KV ED — kohoutkova voda s umélou kontaminaci ED (700 pg na bariku), OV — odpadni voda, OV
ED - odpadni voda s umélou kontaminaci ED (700 pg na bariku).

U kmenu T. versicolor jsou patrné rozdily v detekovanych aktivitdch enzymu v zavislosti
na pouZité tekutiné. Mezi sterilni kohoutkovou vodou a uméle kontaminovanou pitnou vodou
nebyl detekovan vyznamnéjsi rozdil v aktivitaich MnP (s vyjimkou 3. dne). Aktivita v odpadni
vodé byly nejvyssi 5. den a nasledné klesala, zatimco aktivita v uméle kontaminované vodé
dosdahla stejnych hodnot 3. a 9. den, ostatni dny nebyla detekovdna nebo se pohybovala okolo

nulové hodnoty.

5.7.3 Degradace ED

U kmenu T. versicolor byla srovnana degradacni ucinnost za statickych a trepanych
podminek (viz tabulka 8). ProtoZe vsak v degradacni ucinnosti nebyly detekovany Zadné
signifikantni rozdily (t-test, p<0,05), byla pro dalsi experimenty zvolena pouze staticka
kultivace, ktera vice odpovida modelovym poZadavkim bioreaktor(i a taktéz podminkam pfi
redlné aplikaci ligninolytickych hub pro degradaci endokrinnich disruptort v odpadnich vodach.

Koncentrace jednotlivych ED v odpadni vodé byly: NP 50 ng/l, BPA 151 ng/l, IRG
251 ng/l, E1 16 ng/l, E3 ng/l. EE2 a E2 byly pod limitem kvantifikace (1 ng/l). Z analyzy je
patrné, Ze mnozstvi ED je zanedbatelné oproti mnozZstvi, které bylo do systému uméle pfidano
(2500 pg/l). Do kazdé ze tfi paralel bylo pfidano 40 ml vody a 250 pl zdsobniho roztoku ED,

takZe vysledné mnozstvi ED v systému bylo 100 pg.
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Tabulka 8 Suma rezidualnich ED (ug) detekovanych po 9. dnu kultivace na pevnych substratech. % k AC
vyjadfuji mnoistvi rezidualnich ED vztaZznych k abiotické kontrole. Estrogenni aktivita (EA) je vztaZzena
k abiotické kontrole.

Kmen KV ED OV ED HKC AC
I. lacteus suma ED (ug) 85,5+12,8 167,7+23,5 472,4+37,4  619,0+86,3
ED (% k AC) 13,8 27,1 76,3
EA (% k AC) 2,5 0,01 86,3
P. ostreatus suma ED (ug) 50,817,6 42,416,4 449,7+72,0 645,0+£96,8
ED (% k AC) 7,9 6,6 69,7
EA (% k AC) 0,2 9,3 84,7
P. tigrinus suma ED (ug) 78,7+1268 225,9+20,3 470,6+80,0 650497,5
ED (% k AC) 12,1 34,7 72,4
EA (% k AC) 0,1 9,3 75,6
T. versicolor - statické suma ED (ug) 31,1+7,4 6,7+1,1 407,1+73,3 631,0%63,1
kultury ED (% k AC) 6,2 1,0 58,2
EA (% k AC) 0,2 0,6 75,0
T. versicolor - tfepané suma ED (ug) 29,615,6 16,7+2,7 365,0+40,0 568,0+86,0
kultury ED (% k AC) 5,2 2,9 64,3
EA (% k AC) 0,0 0,1 85,1

Vysledky degradacniho experimentu zobrazené v tabulce 8 jsou uvedeny jako celkova
suma detekovanych ED ve formé procentualniho zastoupeni vici abiotické kontrole. Stejnym
zplUsobem je vyjadrenad i rezidudlni estrogenni aktivita. Zastoupeni jednotlivych ED je uvedeno
v tabulce 10 v pfiloze B. VSechny kmeny vykazaly dobry degradacéni potenciadl vici vysoké
koncentraci ED v systému s uméle kontaminovanou pitnou i odpadni vodou. Nejlépe ze vSech
testovanych kmen( degradoval T. versicolor, u néjz bylo v odpadni vodé detekovano pouze
stopové mnozstvi E2, NP a IRG odpovidajici 1 % plvodni koncentrace celkové sumy ED (viz
tabulka 8). Pfidegradacnim experimentu sumeéle kontaminovanou pitnou vodou byly
u T. versicolor detekovany vSechny ED mimo E3, ale hodnota zddného nepfesahla 10 % vychozi
koncentrace (jejich suma odpovidala zhruba 6 % pavodni koncentrace; viz tabulka 8).
Obdobnou degradacni Ucinnost prokazal i P. ostreatus, ktery degradoval vSechny ED minimalné
z 86 %. V prepoctu na celkové mnozstvi ED degradoval P. ostreatus 92 % ED v pitné vodé a
94 % ED v odpadni vodeé. P. tigrinus i I. lacteus |épe degradovali ED v prosttedi pitné vody (viz
tabulka 8). V prabéhu kultivace nebyly detekované vyznamné rozdily enzymatickych aktivit
u P. tigrinus ani u I. lacteus mezi odpadni a kohoutkovou vodou (viz graf 4). Tento jev by mohl
byt dany pfitomnosti vyssi koncentrace organickych latek, jako jsou napf. huminové kyseliny,
které mohou byt dalsimi substraty pro oxidaci ligninolytickymi enzymy.

P. tigrinus nejh(ife degradoval NP a v prostiedi odpadnich vod také IRG a EE2. NP a IRG

byly kmenem I. lacteus obtizné degradovatelné také v prostredi pitnych i odpadnich vod (viz
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tabulka 10). Vyssi detekované koncentrace IRG a NP jsou ve shodé s praci Slavikové-Amemori,
kde byl IRG popsan jako nejvice perzistentni ED (ze smési EE2, NP, IRG a BPA) vUci degradaci
extracelularni tekutinou ligninolytickych hub kultivovanych na sldmovém substratu. NP byl po
IRG druhy nejhlfe degradovatelny ED. Slavikova-Amemori ve své praci vyuZivala pouze
extracelularnich mechanisml degradace a u kmenu I lacteus nebylo zvolenou metodou

% pribéhu in vivo degradace bylo dosaieno vysoké

dosazeno signifikantni degradace ED
stupné degradace (»70 %). Patrny rozdil by mohl byt dan participaci intracelularnich a/nebo
mycelium-vazanych extracelularnich degradacnich pochodl ED u kmenu /. lacteus.

Degradace celkového mnoZstvi ED v HKC byla 33-40 % (viz tabulka 8) a celkové nizsi
vytéZznost metoda poskytovala pro pfirozené estrogeny E2 a E3 (viz priloha A, tabulka 10).

173,256 v
“>°, takze

Z odpadnich vod bylo izolovano nékolik druhl bakterii schopnych degradovat ED
pokles ED v pritomnosti tepelné inaktivovaného mycelia by mohl byt dan plsobenim téchto
bakterii. V abiotickych kontrolach s uméle kontaminovanou vodou vsak degradace ED nebyla
pozorovana. Tento fakt by mohl byt dan nevhodnym prostifedim slamového substratu pro
odpadni bakterie. V pribéhu kultivace ligninolytickych hub dochazi ke $tépeni a utilizaci sloZek
substratu, ¢imz se prostfedi mlZe stat pro bakterie pfiznivéjsi. Tento jev byl potvrzen i vizualné
detekovatelnou pritomnosti bakteridlnich kolonii u HKC a jejich absenci u AC. Sorpce ED na
mycelium byla testovana s tepelné inaktivovanym myceliem T. versicolor v ptitomnosti uméle

kontaminované odpadni, pitné a sterilni MQ vody. Sorpce odpovida zhruba 11-15 % poklesu

sumy ED a byla nejvyssi u NP a IRG.

5.7.4 Stanoveni estrogennich aktivit

Na zakladé testu s rekombinantni kvasinkou s vlozenym genem pro lidsky estrogenni
receptor byla uréena estrogenni aktivita degradacnich vzorkd. Vysledky vztazené k pfislusnym
abiotickym kontroldm jsou uvedeny v tabulce 8. Hodnoty estrogenni aktivity se po naredéni
pohybovaly v rozmezi 0,0-1,7 jednotek EEQ.

U vSech kmenl byl pozorovan pokles estrogennich aktivit s pokrocilou degradaci.
U kmenu P. tigrinus nebyla u uméle kontaminované odpadni vody detekovdna zadna rezidualni
estrogenni aktivita, ackoliv suma ED detekovana po 9. dnech kultivace byla 226 pg (viz
tabulka 8). Z této sumy bylo 58 pg EE2, 70 ug NP a 65 pg IRG (viz pfiloha A, tabulka 10).
Koncentrace ostatnich ED byla <10 pg. Z uvedenych detekovanych sloucenin ma pouze EE2
vyznamnou estrogenni aktivitu (2,2x vyssi nez E2) a tudiz se vyznamné podili na estrogenité
celého vzorku. Estrogenni aktivita NP je 1000x nizsi nez E2 a u IRG byla detekovana aktivita

thyroidni. Analogicky u kmene I. lacteus, kde byla po 9 dnech detekovana rezidudlni
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koncentrace ED 168 pg (viz tabulka 8), nebyla estrogenni aktivita témér detekovana.
Z detekovaného mnoiZstvi ED tvofil nejvétsi podil IRG (64 pg) a NP (63 ug) (viz priloha A,
tabulka 10,).

5.8 Biodegradace polychlorovanych bifenyli pomoci ligninolytickych hub a
detekce degradacnich metabolitt (publikace 5)

Cilem této studie bylo porovnat degradacni schopnosti osmi ligninolytickych houbovych
kmend viéi technické smési polychlorovanych bifenyld (Delor 103). Houbové kultury byly
kultivovany pfi dvou rozdilnych fyziologickych podminkdch — na komplexnich a N-limitovanych
médiich s technickou smési PCB. VSechny studované kmeny byly po 6 tydnech inkubace
schopny vyznamné degradovat PCB v obou typech médii. Vynikajicich vysledkd bylo dosazeno
v pfipadé kmenu P. ostreatus, ktery odstranil 98% a 99% smési PCB v komplexnim a
minerdlnim médiu. Tento kmen byl jako jediny schopen caste¢né degradovat penta- a
hexachlorované bifenyly (komplexni médium).

Ekotoxikologické testy provedené s luminiscencni bakterii Vibrio fischeri prokazaly, Ze
vsichni zastupci hub byli schopni odstranit toxicitu pouze docasné, zatimco P. ostreatus byl
schopen potlaceni toxicity spojené s PCB v priibéhu celé kultivace na obou typech médii.

Metabolity PCB: hydroxy- a methoxy-bifenyly a monoaromatické struktury,
tj. chlorobenzoové kyseliny, chlorobenzaldehydy a chlorobenzyl alkoholy byly detekovany
pomoci GC/MS. Detekované metabolity ukazuji, Ze do degradace PCB by mohly byt zapojeny
intracelularni (cytochrom P-450 monooxigendza, arylalkohol dehydrogendzy a arylaldehyd
dehydrogendza) a extracelularni (ligninolytické enzymy) enzymatické systémy. Vysledky také
dokumentuji schopnost ligninolytickych hub degradovat metabolity PCB (tj. chlorobenzoové

kyseliny) v pfitomnosti vysokych koncentraci PCB.

5.9 Biodegradace chlorbenzoovych kyselin pomaoci ligninolytickych hub
(publikace 6)

Cilem této prace bylo otestovat degradacni schopnosti nékolika zastupcl
ligninolytickych hub vici smési 12 mono-, di- a trichlorobenzoovych kyselin (CBA) pfi kultivaci
na tekutém médiu a v kontaminované pudé. V pribéhu degradace byly sledovany zmény

v toxicité pomoci testu s V. fischeri.
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Vysledky ukazaly, Ze témér vSechny kmeny byly schopny ucéinné degradovat CBA
v kapalnych médiich, pficemz [I. lacteus, P. cinnabarinus a D. squalens byly nejucinnéjsi
v hodnoceni hlavnich faktor(, kterymi byly degradace a odstranéni toxicity.

Analyzou metabolitd byly detekovany prevainé methoxylované a hydroxylované
derivaty plvodnich kyselin. To naznacuje, Ze do degradace CBA je pravdépodobné zapojeno
vice mechanism(. Obecné plati, Ze testované houbové kmeny byly schopny degradovat CBA
v plidé z 85-99% v prabéhu do 60 dnl. Analyza ergosterolu ukazala, Ze aktivni kolonizace je
dalezitym faktorem pro degradaci CBA. Nejucinnéjsi kmeny z hlediska degradace v pidé byly
I. lacteus, P. ostreatus, B. adusta, které byly rovnéz schopny aktivné kolonizovat pUdu.
Nicméné, na rozdil od P. ostreatus, nebyly kmeny I. lacteus a B. adusta schopny vyrazné snizit

toxicitu.

5.10 Analyza polychlorovanych bifenylti pomoci kolony s reverzni fazi
se sub-2-mikronovymi ¢asticemi (publikace 7)

Prace byla zaméfena na vyvinuti nové metody ultra G¢inné kapalinové chromatografie
(UPLC) s UV detekci pro separaci a detekci smési polychlorovanych bifenyl(. Prace zahrnovala
optimalizaci separacnich podminek pro dvé modelové smési obsahujici sedm a patnact
nejdalezitéjsich kongenerl PCB, srovnani tii typU reverznich fazi se sub-2-mikronovymi
Casticemi a validaci metody. Kalibraéni kfivky byly stanoveny v rozmezi 0,5-50,0 pug/ml a jejich
korelacni koeficienty byly v rozmezi 0,997-0,999. Mez detekce se pro jednotlivé kongenery
pohybovala od 0,1-0,5 ug/ml.

Pro UPLC separace byla nejucinnéjsi kolona Grace C18 (naplnéna 1,5 um casticemi),
kterd byla nasledné pouZita na separaci kongenerll ze smési Delor 103. Eluc¢ni poradi
jednotlivych kongenerl bylo potvrzeno GC/MS off-line analyzou. Separovano bylo
13 individualnich kongenerll a nékteré zdalSich koeluujicich kongenerl by mohly byt
separovany pouZitim dalsiho separacniho rozméru (napf. s hmotnostné spektrometrickym
detektorem). Vyvinutd metoda muizZe byt pfimo aplikovana pro separaci méné sloZitych smési
kongener(i PCB ve vodnych matricich, které jsou obecné pouzivany pro studium enzymatickych

degradaci.
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5.11 Analyza 15 zastupcti chlorbenzoovych kyselin v pudni matrici pomoci
urychlené extrakce rozpoustédlem ve spojeni s kapalinovou chromatografii
(publikace 8)

Studie byla zamérena na vypracovani rychlé, jednoduché a efektivni metody stanoveni
15 izomerQ chlorbenzoovych kyselin v padni matrici pomoci HPLC ve spojeni s UV detekci a
extrakce metodou urychlené extrakce rozpoustédlem.

Uméle kontaminované puadni vzorky byly extrahovany pomoci urychlené extrakce
rozpoustédlem (ASE; zangl. ,accelerated solvent extraction”) sextrakénim Ccinidlem: 1%
kyselina octova ve smési hexanu a acetonu (1:1, V/V) pfi tlaku 10.34 MPa a teploté 150 °C.
Vytéznost ASE metody byla 82 %. Extrakty byly nasledné zkoncentrovdny za pouZiti malého
objemu DMSO, aby se zabranilo odparovani tékavych CBA. Finalni analyzy byly provedeny na
HPLC pfistroji vybaveném kolonou C18 XBridge a mobilni mobilni fazi zahrnujici acetonitril a
0,1% trifluoroctovou kyselinu ve vodé. Vyvinuta gradientova HPLC metoda byla validovana.
Linearni rozsah kalibracnich kfivek byl pro 2 CBA; 2,6 CBA; 3CBA; 4CBA; 2,3 CBA; 2,3,6 CBA; 2,5
CBA; a 2,4 CBA od 5 do 120 pg/ml s limitem kvantifikace (LOQ) 5 pg/ml a presnosti 82 + 2 az
103 * 3%. Linedarni rozsah metody pro 2,4,6 CBA; 3,4 CBA; 2,3,5,6 CBA; 3,5 CBA; 2,3,5 CBA;
2,3,4,5,6 CBA a 2,3,4,5 CBA byl 10-120 pg/ml s LOQ 10 pg/ml s pfesnosti 94 + 1 az 114 + 1%.

Optimalizovany analyticky postup byl vyuZit pro stanoveni CBA na dvou pldach,
historicky kontaminovanych PCB. Ve vzorcich bylo pouZitou metodou kvantifikovano 9 CBA.

Nejvys$si koncentrace (0,6 pg/g) byla detekovana pro 2,4-CBA derivat.
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6

ZAVER

Prace byla zamérfenda na degradaci latek sendokrinné disruptivni aktivitou pomoci

ligninolytickych kmen( hub pfi in vivo a in vitro podminkach. V ramci prace byla provedena rada

kultivacnich experimentl a izolacnich postupl vyuZivajici hubové kmeny ¢i jejich enzymatické

aparaty kdegradaci ED za rlGznych podminek. Déle byla vypracovana rada extrakcénich a

analytickych metod umoznujicich selektivni a citlivou kvantifikaci ED v rlznych matricich a také

detekci jejich metabolitd.

1)

2)

3)

4)

Specifické cile uvedené v kapitole 4 byly vypracovany takto:

Byly publikovany dva souhrnné clanky, tykajici se tématiky mikrobialni degradace ED. Tyto
latky jsou nedostatecné odbouravany v Cisticich procesech v Cistirnach odpadnich vod a jejich
stopova mnoizstvi jsou nalézana v Zivotnim prostfedi na celém svété.

Byl vypracovan screening ligninolytickych kmen( hub s ohledem na degradaéni Ucinnost vici
vybranym zastupclm endokrinnich disruptord (BPA, NP, IRG a EE2) v pribéhu kultivace
kmenld hub na tekutém komplexnim médiu. Vramci testu byla prostfednictvim testu
s rekombinantni kvasinkou hodnocena inhibice estrogennich aktivit a prostfednictvim
spektrofotometrickych metod produkce ligninolytickych enzym(. Nejlépe degradujicimi
kmeny byly P. ostreatus a I. lacteus, které degradovaly jednotlivé zastupce ED uzZ v pribéhu
3 dnl kultivace zvice nez 80 %, ackoliv u EE2 nedosSlo ani v prlibéhu 14 denni kultivace
k dplnému odstranéni rezidualni estrogenni aktivity. Nejhlre degradujicim kmenem byl
P. chrysosporium, ktery nedegradoval BPA a EE2 v prlibéhu 14 dn0 kultivace. Pfima souvislost
mezi enzymatickymi aktivitami a degradacni ucinnosti nebyla prokazana.

Ze série test( s enzymatickymi frakcemi 8 kmenu ligninolytickych hub vyplynulo, Ze enzymy
produkované jednotlivymi kmeny se ve své degradacni Ucinnosti vici EE2 lisi, a Ze i kmeny se
od sebe lisi degradacni strategii. Obecné Ize fict, Ze pfi degradaci EE2 se pravdépodobné jedna
o kooperaci vice mechanisml a Ze tato degradace nemusi mit vidy pfimou souvislost
s hladinou enzymovych aktivit.

Pfi testovani degradacniho potencidlu lakdzy izolované z indukovanych (CuSO,) a
neindukovanych kultur P. ostreatus vic¢i BPA, NP a IRG byla prokazana vysoka degradacni
ucinnost pro vSechny ED (»75 %). Pti degradaci s lakdzou izolovanou z kultur s pfidavkem
induktoru byl detekovan pozitivni vliv mediatoru HBA na pribéh degradace BPA a NP a také

na snizeni estrogenni aktivity BPA. Byl pozorovan silny inhibi¢ni vliv na produkci lakazy
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5)

6)

7)

8)

u kmene P. ostreatus pridavkem EE2 do kultivacniho média (pokles aktivity na zhruba 50 %) a
takto produkovana lakaza prokazala rovnéz nejnizsi degradacni potencial vici EE2 pfi in vitro
degradaci.

Vysledky souboru in vivo a in vitro testl s kmenem P. ostreatus a jeho frakcemi prokazaly, Ze
do degradace EE2 a odstranéni jeho estrogenni aktivity je zapojeno nékolik enzymatickych
mechanismU, mezi které patfi intracelularni degradace prostfednictvim mikrosomalnich
enzyml, degradace enzymy vazanymi na mycelium a extraceluldrni degradace
prostfednictvim lakdzy a MnP. Bylo identifikovano 6 metabolitll EE2 a také byla potvrzena
uloha eukaryotického cytochromu P450 v biodegradaci EE2.

Kmeny P. ostreatus, I. lacteus, T. versicolor a P. tigrinus, vybrané na zakladé predchozich
experiment(, prokazaly dobrou degradacni Uc¢innost vici vysoké koncentraci (700 pg/bariku)
smési ED (E1, E2, E3, EE2, BPA, NP, IRG) pfi kultivaci na sldmovém substratu v pritomnosti
pitné i redlné odpadni vody. Nejlépe degradujicimi kmeny byly T. versicolor a P. ostreatus
u kterych bylo po 9 dnech detekovdno méné nez 10 % oproti plvodnimu celkovému mnozstvi
ED a estrogenni aktivity. Tyto kmeny jsou slibnymi kandidaty pro pritokové bioreaktory se
sypanym loZzem tvorenym sldmovym substratem s inokulem hub.

Vramci degradace perzistentnich aromatickych organopolutantl sendokrinné disruptivni
aktivitou bylo prokazano, Ze ligninolytické houby jsou schopny odstrafiovat a sniZovat toxicitu
PCB a jejich bakteridlnich toxickych metabolitli CBA. Degradace probihala v tekutych médiich
a v pripadé CBA taktéz v kontaminované zeminé. Toxicita byla hodnocena testem s V. fischeri.
Pti degradaci PCB se z hlediska degradace a odstranéni toxicity ukazal jako nejucinnéjsi kmen
P. ostreatus, pri degradaci CBA v tekutych médiich byly nejucinnéjsi kmeny 1. lacteus a
P. cinnabarinus a v padé P. ostreatus a . lacteus.

Pro zhodnoceni degradacnich experimentli CBA v pldé byla vytvorena extrakéni metoda
vyuzivajici principu urychlené extrakce rozpoustédlem za vysokého tlaku a teploty extrakéniho
rozpoustédla. Pro analyzu 15 zastupcd CBA v pldnich extraktech byla validovdna metoda
HPLC s UV detekci s kolonou s ¢asticemi 3,5 um na hybridnim zakladu. Pro analyzu PCB
z vodnych matric degradacnich experimentl byla vytvorena a validovana metoda vyuZivajici

UPLC techniky s kolonou naplnénou ¢asticemi 1,5 um.

Z uvedenych vysledkll vyplyvd vyhoda vyuZiti celych houbovych kultur pro degradace

organopolutantl in vivo. Z testovanych kmen0 ligninolytickych hub s ohledem na rdzné typy

kultivace, kultivaéni substraty a strukturni heterogenitu organopolutant( predstavuje P. ostreatus

kmen s nejvyssim bioremediacnim potencidlem.
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PRiLOHA A

Ptiloha A obsahuje dopliujici informace ke kapitole 5.4.1 a 5.7.3.

Tabulka 9 Aktivity ligninolytickych enzym( studovanych kment kultivovanych na tekutém komplexnim médiu

bez pfidavku (BK) a s pfidavkem EE2. Hodnoty jsou uvedeny ve formé primeéru z 3 paralel £+ smérodatna

odchylka. ND — nedetekovdno, NM - nestanoveno

den kultivace - BK

den kultivace — EE2

2 4 6 8 2 4 6 8

Kmen mU/ml mU/ml mU/ml mU/ml mU/ml mU/ml mU/ml mU/ml
P. ostreatus Lakaza 75,7+4,3 75,7+4,3 75,0%6,2 46,9+2,2 45,5$2,1 45,542,1 44,948,2 22,4%8,2
MnP 0,4+0,2 0,4+0,2 31,77,6 9,6+2,4 1,740,7 1,740,7 20,0%4,1 10,245,2

MiP 8,3%2,6 8,3%2,6 7,9%2,5 1,2%0,2 7,01,2 7,01,2 1,9+0,4 1,2+1,2

T. versicolor Lakaza 1,04+0,1 17,3+2,3 10,7+2,9 NM 45,5%2,1 45,5+2,1 44,918,2 22,418,2
MnP 2,7+1,0 2,120,5 8,7+1,6 NM 0,4+0,1 4,4+1,1 1,6+0,7 10,245,2

MiP 0,1+0,0 1,8+0,7 0,1+0,0 NM 0,4+0,0 ND ND 1,240,0

D. squalens Lakaza 4,8+0,8 14,116,1 21,1+4,6 NM 0,8+0,2 8,6%2,3 5,620,1 11,5+1,4
MnP ND 0,9+0,0 ND NM ND ND 0,6+0,0 ND

MiP ND ND ND NM ND ND ND ND

P. cinnabarinus Lakaza 6,212,3 8,9+1,2 6,412,1 9,943,2 ND ND 11,5+3,1 7,5+1,0
MnP ND ND 1,4+0,5 3,0%0,2 ND 1,1+0,1 1,0+0,3 ND

MiP ND ND ND ND ND 0,1+0,0 0,4+0,0 ND

B. adusta Lakaza ND ND ND 0,3%0,1 ND ND ND 3,4%1,0
MnP 13,442,3 13,413,2 2,90,9 0,2+0,0 14,0+4,1 3,6%1,2 ND ND

MiP 16,0+4,6 6,62,0 0,3+0,1 ND 16,2+2,6 5,5%2,7 ND ND

I. lacteus Lakaza ND ND ND ND ND ND ND ND
MnP 6,3%1,0 0,5+0,2 10,7+2,1 ND 6,1+0,3 0,9+0,6 9,7+0,2 ND

MiP 1,510,3 4,6+1,5 1,641,1 ND 3,4+0,7 4,2+2,3 2,00,1 ND

P. tigrinus Lakaza 31,3%1,5 28,2+2,6 16,5%1,3 18,5+8,5 38,8+2,8 41,3+4,3 27,6%2,6 26,3+2,3
MnP ND ND ND ND ND ND ND ND

MiP ND ND ND ND ND ND ND ND

87




Tabulka 10 Rezidualni mnoZstvi ED (pg/systém) po 9 denni kultivaci kmend hub na slamovych substratech v
prostiedi uméle kontaminované pitné (KV) a realné odpadni (OV) vody. Hodnoty jsou priimérem ze 3

paralel.
I. lacteus P. ostreatus P. tigrinus T. versicolor
KV ED OV ED HKC KVED OVED HKC KVED OVED HKC KV ED OV ED HKC

ug/systém ug/systém ug/systém ug/systém
El 11,27 13,43 83,50 5,33 5,00 76,39 4,29 13,81 82,34 8,42 0,00 75,30
std 1,13 0,96 3,60 1,50 2,00 7,64 1,40 1,38 8,23 0,84 0,00 7,53
E2 5,44 15,79 56,63 7,53 8,08 55,30 4,66 6,87 53,56 4,76 1,22 45,60
std 0,71 2,05 7,36 2,60 1,05 12,50 0,61 0,89 5,60 0,62 0,16 5,93
E3 18,28 10,00 64,50 6,07 6,50 61,30 10,28 8,95 52,30 0,00 0,00 42,69
std 2,74 1,50 9,68 0,91 0,98 9,20 1,90 1,34 9,80 0,00 0,00 6,40
EE2 0,96 22,72 61,67 4,94 0,00 59,84 0,00 58,25 57,32 6,55 0,00 75,57
std 0,21 5,00 16,50 1,09 0,00 13,16 0,00 4,20 12,61 2,30 0,00 10,50
NP 37,33 32,65 58,76 6,56 4,90 56,54 47,53 69,97 79,00 2,67 1,47 66,30
std 3,36 2,94 5,29 0,48 0,44 5,09 4,28 7,60 7,11 0,24 0,13 5,97
BPA 2,40 8,84 80,20 7,66 8,60 70,92 2,38 2,65 73,53 1,96 0,00 49,57
std 0,31 1,15 10,43 2,60 1,12 9,22 0,31 0,34 9,56 0,25 0,00 6,44
IRG 9,77 64,30 67,15 12,74 9,36 69,40 9,59 65,36 72,50 9,70 3,99 65,30
std 0,98 6,43 6,71 1,27 0,94 6,94 0,96 6,54 7,25 1,47 0,40 6,53
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1. Uvod

V poslednich 40 letech se objevuji cetné¢ dikazy
o vyskytu latek v zivotnim prostfedi, schopnych negativné
ovlivitovat hormonalni systém zivocicha ilidi. Po celém
svété jsou nalézana ve vodé stopova mnozstvi lidskych
hormont, 1éCiv a latek napodobujicich aktivitu hormont,
coz je v piimé souvislosti s nedostatecnym zpracovanim
odpadnich vod'™. Rada studii ptitomnosti farmak a lid-
skych hormond v zivotnim prostiedi byla provadéna bé-
hem 70.—80. let’’, aviak tehdy detegovana stopova mnoz-
stvi vzbuzovala malou pozornost, az do doby zjisténi spo-
jitosti mezi syntetickou antikoncepci 17a-ethynyl-
estradiolem a vlivem na ryby* ..

Americkd organizace pro ochranu zivotniho prostfedi
(US Environmental Protection Agency — Utad pro ochranu
zivotného prostiedi) =zfidila tvz. Endocrine Disruptor
Screening Program (EDSP) k vytvofeni screeningovych
metod a strategie testl toxicity pro vymezeni endokrinné
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disruptivnich latek (ED). Tento proces v soucasnosti neni
jesté zcela dokoncen a dosud neexistuje konsenzus pro
specifikaci této skupiny latek. Endokrinni disruptory jsou
velkou skupinou latek pGvodu antropogenniho (néktera
farmaka, pesticidy, primyslové chemikalie, produkty spa-
lovani) i ptirodniho (fytoestrogeny, hormony). Pfedmétem
soucasnych studii neni pouze vliv ED na Zivocichy a zne-
¢isténi zivotniho prostiedi, ale také jejich degradace a de-
toxikace chemickymi, mikrobiologickymi a enzymaticky-
mi metodami'> ™",

Tato prace je zaméfena na mozné odstranéni fenolic-
kych endokrinné disruptivnich chemikalii z kontaminova-
ného prostiedi s dirazem na basidiomycétni druhy hub
produkujici enzymy degradujici lignin.

2. Zastupci endokrinné aktivnich latek a jejich
vlastnosti

Dulezitou vlastnosti ED je, Ze mohou ovliviiovat hor-
monalni systém organismu dlouho po uvolnéni do Zivotni-
ho prostiedi. Endokrinné disruptivni u€inky byly potvrze-
ny napt. u alkylfenoli, bisfenolu A a esterd kyseliny ftalo-
va!s17,

Béhem poslednich let je vénovana zna¢na pozornost
prirodnim (estron a 17(3-estradiol) a syntetickym antikon-
cepénim steroidim (17a-ethynylestradiol), pfedev§im diky
jejich vyskytu v povrchovych vodéach po prichodu béznym
procesem v Cistirnach odpadnich vod, a to pro jejich po-
tencionalni negativni efekt na vyvoj a reprodukci ryb, zvi-
fat a 1idi'"*?'. Syntetické estrogeny, uzivané jako oréalni
antikoncepce, jsou v téle metabolizovany na jejich konju-
gaty s kyselinou glukuronovou a vylou¢eny moci. Tyto
konjugaty jsou nasledné, pfi zpracovani splaskové vody
aktivovanym kalem, hydrolyzovany glukoronidasou, produ-
kovanou mikroorganismy (napt. Escherichia coli), zpét na
formy syntetickych estrogenii a kyselinu glukuronovou®*.
Ternes a spol.” prokézali, 7e estron a 17a-ethynylestradiol
jsou Casto detegovany ve vypustich brazilskych, némeckych
a kanadskych Cisticek méstskych odpadnich vod.

Dalsi endokrinné aktivni latky — alkylfenoly, jako je
napf. nonylfenol a oktylfenol, se pouzivaji k primyslové
vyrob¢ alkylfenol-polyethoxylati slouzicich jako neionto-
vé detergenty a jako antioxidanty. Ackoliv samotné deter-
genty nejsou estrogenni, zpracovani jimi kontaminované
vody v Cistirnach odpadnich vod rozkladem aktivovanym
kalem vede ke vzniku perzistentnich hydrofobnich meta-
bolitd s estrogenni aktivitou®*?> kumulujicich se v &istiren-
ském kalu***’. Nejproblematiété&jsi z alkylfenold nonylfe-
nol napodobuje ptirozeny hormon 17B-estradiol a je spojo-
van s feminizaci vodnich organismi, poklesem rybi plod-
nosti a snizenim mnozstvi ptrezivajicich juvenilnich jedin-
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¢t?*7°. Nonylfenol je za aerobnich podminek v &istickach
odpadnich vod (COV) jen obtizné degradovatelny®'~*.

Silné hydrofilni bisfenol A [2,2-bis(4-hydroxyfenyl)
propan] je dalii z fady endokrinnich disruptort® >, Tvoii
hlavni surovinu uzivanou pfi chemickych syntézach pru-
myslovych polymeri, jako jsou polykarbonaty, epoxydové
pryskyfice, fenolové pryskytice, polyestery a polyakrylaty.
Bisfenol A se muize uvoliiovat z konzerv s vnitinim naté-
rem epoxydovych pryskyfic*® a z polykarbonatovych plas-
tovych obalt’” a kontaminovat tak potraviny. Miize se také
uvolnit z materialti pouzivanych ve stomatologii (pryskyfice,
plomby)*. Vzhledem k témto expoziénim cestim predstavu-
je bisfenol A v soucasné dobé nejvyznamnéjsi endokrinné
disruptivni kontaminaci pro ¢lovéka.

Dalsimi identifikovanymi ED jsou chemikalie uziva-
né ve velkych objemech v primyslu jako plasticizéry
(benzylbutylftalat, dibutylftalat), aditivum kaucuku
p-fenylfenol, desinfekce o-fenylfenol, antioxidant bu-
tylhydroxyanisol atd.

3. Mechanismus piisobeni endokrinné
disruptivnich latek a testovani jejich aktivity

Obecné je problematika endokrinniho a reprodukéni-
ho efektu ED latek vztahovana k né€kolika Grovnim jejich
plsobeni na hormondlni systém organismu: napodobovani
ucinkd endogennich hormond, pdsobeni proti uc¢inkdm
endogennich hormont, naruSovani transportu, syntézy
a metabolismu endogennich hormonti, a narusovani synté-
zy a metabolismu hormonalnich receptori'®.

Estrogenni receptory regulujici transkripci cilovych
genl po vazbé s estrogenem (17B-estradiol a estron) jsou
tvofeny doménou vazici se na DNA, doménou vazici li-
gand (hormon) a né&kolika trans-aktivaénimi doménami®’.
Lidské, stejné jako napf. mysi estrogenni receptory, existu-
ji ve dvou subtypech a a B***'. Srovnani specifickych
vazeb ligandl a analyza trojrozmérné struktury ukazaly, ze
oba estrogenni receptory o i [ maji shodnou selektivitu
k ligandim™®. Estrogenni receptor vaze 17p-estradiol feno-
lickou ¢asti, vazebné misto receptoru je vSak dvakrat vétsi
nez hydrofobni &ast 17B-estradiolu® a tato velka hydro-
fobni prohluben umoznuje alkylfenolim a bisfenolu A
vazbu na receptor a vyvolani nespravnych hormonélnich
signald.

Pro ziskdni nastroje stanoveni estrogenni aktivity
latek vlozili Routledge a Sumter* sekvence DNA kédujici
lidsky estrogenni receptor (o) do genomu kvasinek, které
obsahovaly také prepisovatelny plasmid se sekvenci kont-
rolovanou estrogennim receptorem a odpovédnou za pie-
pis reportérového genu Lac-Z (koduje enzym p-galakto-
sidasu) umisténého taktéZ na daném plasmidu. Kvasinky
tedy byly schopny syntetizovat $-galaktosidasu jako odpo-
véd’ na pfitomnost estrogentl. Pomoci tohoto testu bylo
zjisténo, ze alkylfenoly, obsahujici 6-9 uhlikd
v alkylovych skupinach, maji 10~ az 10> méné estrogenni
aktivity ve srovnani s 17B-estradiolem™**. Nishikawa
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a spol.*® vyvinul tvz. dvojhybridni kvasinkovy test, vyuZi-
vajici na ligandu zavislé interakce s estrogennim recepto-
rem, umoznujici meéfit estrogenni aktivitu nonylfenolu
a bisfenolu A. Pfi monitoringu ED vypousténych do vod-
niho prostiedi je pouzivan jako bioindikator vitellogenin’,
bilkovinny prekurzor vaje¢ného zloutku, jehoZ produkce je
v jatrech vejcorodych obratlovet regulovéana estrogeny.

4. Odbouravani endokrinnich disruptoru

4.1. Fyzikélni a chemické odstranovani
endokrinnich disruptori

Nonylfenol a bisfenol A 1ze rozkladat elektrochemic-
ky vyuzitim platinou pokryté titanové elektrody. Latky
o pocatecni koncentraci 1,0 mM byly rozloZeny za 100 az
200 min (cit.**). Bisfenol A byl fotokatalyticky za pomoci
TiO, pod UV zéifenim pfi pocatecni koncentraci 175 uM
ve vod¢ zcela degradovan na oxid uhli¢ity béhem 20 h
(cit.*?). Chen a spol.” publikovali degradaci bisfenolu A pi-
sobenim UV v kombinaci s H,O,, pfi niz doslo k odstranéni
estrogenni aktivity bez vzniku meziproduktll s akutni toxici-
tou. Moznost degradace bisfenolu A, 17o-ethynylestradiolu
a estradiolu pomoci UV v kombinaci s H,O, publikovali
i Rosenfeldt a Linden".

Pozornost je také vénovana moznosti vyuziti aktivni-
ho uhli pfi odstranéni ED. Chang a spol.” popsal odstrang-
ni estronu pomoci adsorpce na praskové aktivni uhli. Od-
stranovaci kapacita aktivniho uhli je vSak limitovana kon-
taktnim casem, konkurenci s pfirodnim organickym mate-
rialem, rozpustnosti kontaminantu a také pouzitym typem
aktivniho uhli****. Cetné studie z posledni doby zkouseji
odstranéni mikropolutantii, jako jsou ED, za pomoci riz-

nych typti membran a filtraénich systémi®> >’

4.2. Degradace v Cistirnach odpadnich vod

Procesy pouzivané bézné ve vodarenské upravé, jako
je koagulace, flokulace a precipitace se ukdzaly neucinny-
mi pro odstranéni rozpusténych organickych kontaminanti
véetné ED latek™®. Utinnost pouzivanych oxidativnich
procest, jako chlorace a ozonizace, zavisi na struktufe
kontaminantu a davce oxidantu™®. Naopak biologické
procesy pouzivané v COV, jako je aktivace, biofiltrace
a pudni filtrace (soilaquifer), prokazaly schopnost znacné
redukce koncentrace ED. Studie uvadi odstranéni vice nez
90 % bisfenolu A v COV, pii srovnani jeho koncentrace
v ptitoku a odtoku®"®2. RovnéZ je popsana schopnost akti-
vovaného kalu odstranit nonylfenol®®*. Pokles jeho kon-
centrace pii prichodu COV je vztahovan, vzhledem k jeho
hydrofobicité, pfedev§im k mechanismu sorpce na aktivo-
vany kal®. Dochazi tedy pouze k piemisténi do dalsi envi-
ronmentalni matrice. K dalsi eliminaci nonylfenolu
z vodniho prostfedi muze dochazet sorpci na Castecky,
sedimenty a akumulaci v tkanich vodnich organismi®®®.

Rada autorii popsala mechanismus degradace neionto-
vych detergentt alkylfenol-polyethoxylati pii zpracovani
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odpadni vody***>%¢°_ TInicialni zkraceni ethoxylatového
fetézce téchto molekul vede k tvorbé intermediatt jako je
mono- adi-ethoxylat, alkylfenol a mono- a di-
karboxylované alkylfenoly. Vzhledem k limitované rozpust-
nosti ve vod¢ a tim snizené biodostupnosti nastava konecna
biodegradace téchto metabolitl mnohem pomaleji.

Znacny zajem vyvolavaji ve vodnich tocich zjisténé
estrogenni hormony (napf. cit.*) 17B-estradiol a 17a-ethy-
nylestradiol, které byly detegovany vSudypfitomné ve vy-
pustich z COV a je jim ptisuzovana odpovédnost za vétsi-
nu estrogennich efekti”’®. Prestoze nékteré publikace tvr-
di, ze odstranéni 17fB-estradiolu aktivovanym kalem je
predevsim diky sorpci, nebo dalsim faktorim nesouviseji-
cim s mikrobialni degradaci’’, byla publikovana oxidace
17B-estradiolu ziedénym aktivovanym kalem z COV na
estron s dali eliminaci za aerobnich podminek’. Fujii
aspol.” popsali degradaci 17p-estradiolu gramnegativni
aerobni bakterii Novosphingobium sp. izolovanou z COV.
O biodegradaci umélého hormonu 17a-ethynylestradiolu
je zatim zndmo velmi malo’".

4.3. Bakterialni zpracovani endokrinnich disruptorti

Nekolik bakterialnich druht, Sphingomonas xenopha-
ga, Sphingomonas cloacae a Sphingobium amiense bylo
izolovano a popsano, jako mikroorganismy odpovédné za
degradaci nonylfenolu™ %, Tyto bakterie metabolizovaly
aromatickou ¢ast nonylfenolu na odpovidajici C9 alkoholy.

OH

e
HO !
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Rada bakterii schopnych biodegradace bisfenolu A
byla nalezena v pid¢, fi¢ni vodé nebo aktivovaném ka-
lu COV”*. Patti sem Sphingomonas sp. AO1, Pseudo-
manas paucimobilis FJ-4, druhy rodu Pseudomonas sp.
a Streptomyces sp. a nékolik neidentifikovanych gramne-
gativnich bakterii zahrnujicich izolaty z aktivovaného kalu
a ficnich sedimentti. Obecné je popsana metabolicka ces-
ta degradace bisfenolu A n&kterymi druhy bakterii za
aerobnich podminek na 4-hydroxybenzoovou kyselinu
a 4-hydroxyacetofenon’*®' Gramnegativni aerobni bak-
terie, kmen MV1 (NRRL-B-18737), byly schopny oxidace
alifatické methylové skupiny bisfenolu A (BPA) za vzniku
a 1,2-bis(4-hydroxyfenyl)propan-2-olu (/; viz obr. 1) a 2,2-
-bis(4-hydroxyfenyl)propan-1-olu (ZZI). Oba meziprodukty
jsou dale degradovany pomoci oxidace, dehydratyce
a Stépeni az na vysledné produkty 4-hydroxybenzoovou
kyselinu (HBA), 2-hydroxy-1-(4’-hydroxyfenyl)ethanon
(V) a 2,2-bis(hydroxyfenyl)propanovou kyselinu (V)"

Bakterie izolované z aktivovaného kalu a fi¢niho
ekosystému (Arthrobacter, Pseudomonas,a zastupci En-
therobacteriaceae) byly schopny metabolizovat bisfenol A
cestou podobnou jako vyse zmin&ny izolat MV17®. Zhang
a spol.® studovali degradaci bisfenolu A bakterii Achro-
mobacter xylosoxidans izolovanou z méstského odpadu
zpracovavaného kompostovanim. Degradacni produkty byly
identifikovany jako p-hydroxybenzaldehyd, p-hydroxy-
benzoova kyselina a p-hydrochinon. V ptipadé Sphingomo-

nas sp. AO1 Sasaki a spol.”” potvrdil uéast cytochro-
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HO OH
HO OH
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Obr. 1. Metabolicka draha degradace bisfenolu A gramnegativni aerobni bakterie: kmen MV1 (NRRL-B-18737); BPA bisfenol A;
1 1,2-bis(4-hydroxyfenyl)propan-2-ol; /I 4,4’-dihydroxy-o-metylstilben; I/ 2,2-bis(4-hydroxyfenyl)propan-1-ol; IV 2,3-bis(4-hydroxy-
fenyl)propan-1,2-diol; V' 2-hydroxy-1-(4’-hydroxyfenyl)ethanon; VI 2,2-bis(4-hydroxyfenyl) propanova kyselina; HBAL 4-hydroxy-
benzaldehyd; HAP 4-hydroxyacetonfenon; HBA 4-hydroxybenzoova kyselina
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mu P450 pfi tomto degradadnim procesu. Ike a spol.* se
ve své praci zabyval zménou estrogenni aktivity degradac-
nich produktd bisfenolu A, znichz pouze 4-hydroxy-
acetofenon vykazoval slabou estrogenni aktivitu ve srov-
nani s bisfenolem A.

V anaerobnich podminkach probihd degradace bisfe-
nolu A velmi obtizn&*’. Ronen a Abeliovich® prokazali, ze
bisfenol A v anaerobnich podminkach kalu nebyl degrado-
van ani po tfech mésicich inkubace.

4.4. Plankton a degradace endokrinnich disruptort

Schopnost odstrafiovat rtizné polutanty je znama
i u nékterych fas. Hirooka a spol.* popsali degradaci bis-
fenolu A a odstranéni jeho estrogenni aktivity zelenou
tfasou Clorella fusca var. vacuolata. Jako meziprodukt
biodegradace byl identifikovan monohydroxybisfenol A
(cit.*"). Ishihara a Nakajima® publikovali ¢asteéné odstra-
néni bisfenolu A pomoci fytoplanktonich motskych jedno-
bun&énych fas. Sethunathan a spol.* popsal vliv vysoké
inokulaéni hustoty a biosorbce na degradaci alfa-
endosulfanu (cyclodien insekticid) a jeho oxida¢niho pro-
duktu endosulfan sulfatu u fas Chlorococcum sp. a Scene-
desmus sp.

4.5. Degradace pomoci hub

Rada druh@ hub je schopna degradace ED, aviak jen
nekteré maji dostateCné vysoky degradacni potenciél90.
Mezi zvlasteé degradacné aktivni patii zastupci tvz. hub
bilé hniloby, produkujici nespecifické extracelularni ligni-
nolytické enzymy: mangan peroxidasy (MnP), lignin pero-
xidasy (LiP) a lakasy (Lac). Diky t&émto enzym{m degra-
duji lignin stejné dobie jako mnoho perzistentnich envi-
ronmentélnich polutantii véetné ED latek jako napf. nonyl-
fenol’’~**. Mnoho studii zabyvajicich se biodegradaci ED
pomoci téchto hub je zaméfeno pfedev§sim na aplikaci
purifikovanych enzymi’ ™.

Soares a spol.”' studoval degradaci nonylfenolu Gtyi-
mi zastupci ligninolytickych hub (Bjerkandera sp., Phane-
rochaete chrysosporium, Pleurotus ostreatus, a Trametes
versicolor). Z  pocateCni koncentrace nonylfenolu
100 ppm, za pfitomnosti glukosy jako kosubstratu a static-
ké kultivace, kultury Bjerkandera sp. a T. versicolor od-
stranily pfiblizn€¢ 96 % nonylfenolu béhem 15 dnt, kdezto
ubytek nonylfenolu u kultur P. ostreatus a P. chrysospori-
um se pohyboval od 37 do 70 % a od 30 do 50 %. Ve stu-
dii zamétené na vliv kultiva¢nich podminek béhem degra-
dace bylo zjisténo, ze Bjerkandera sp. BOL 13 odstrani
v podminkach tfepané kultivace nonylfenol o koncentraci
50 ppm z 95 % beéhem 5 dnti, zatimco pfi statické kultivaci
jeji degradagni rychlost dvaapulkrat poklesne®®. Naopak
T. versicolor za ttepané kultivace neni schopen nonylfenol
degradovat™.

Lee a spol.” publikovali 99% degradaci styrenu bé-
hem 24h ligninolytickym houbami P.chrysosporium,
T.versicolor a Daldinia concentrica. Hlavnimi metabolity
po degradaci P. chrysosporium byly 2-fenylethanol, kyse-
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lina benzoova, cyclohexadien-1,4-dion, butanol a kyselina
jantarova. Tyto metabolity jiz nevykazovaly estrogenni
efekt. Houba Stereum hirsutum byla pouzita pii degradaci
latky methoxychlor [2,2,2-trichloro-1,1-bis(4-methoxy-
fenyl)ethan]'®. P¥i otestovani bylo zji§téno vyrazné snize-
ni estrogenni aktivity degrada¢nich produktt identifikova-
nych jako mono- a dichloro derivaty 4-methoxy-
fenylethanu a 4-methoxyfenylethylenu. Majoritnim pro-
duktem biodegradace bisfenolu A za pomoci basidio-
mycetd S. hirsutum a Heterobasidium insulare'®” byla
2-hydroxy-3-fenylpropanova kyselina. Ob&é houby degra-
dovaly bisfenol A o pocatecni koncentraci 100 ppm
z 99 % v pribéhu 7-14 dnt.

Dalsi houby s kapacitou degradovat ED patii mezi
zygomycety. Chai a spol.'” izoloval 4 druhy, Fusarium
moniliforme 2-2, Fusarium sporotrichioides NFRI-1012,
Aspergillus terreus MT-13 a Emericella nidulans MT-98,
schopné vysoce efektivni degradace bisfenolu A. DalSimi
studovanymi houbovymi mikroorganismy jsou mikroizo-
laty z povrchovych vod, jako napt. Clavariopsis aquatica
patfici mezi askomycety rodu Massarina a neidentifiko-
vany mitosporicky houbovy izolat oznaceny jako UHH
1-6-18-4 (cit."®®). Tyto organismy byly schopny degradovat
technickou smés nonylfenolt stejné dobie jako 4-nonylfenol
(4nNP).

Degradace nonylfenolu byla publikovana i u kvasin-
kového izolatu druhu Candida aquaetextoris pivodné
izolovaného z kalu odpadni vody tovarny textilniho pru-
myslu. U tohoto mikroorganismu byl publikovan dosud
ojedinéle rast na 4nNP o pocatecni koncentraci 100 ppm
za podminek absence dalSiho zdroje uhliku'®. 4nNP byl
kompletné degradovan béhem 14 dnt, coz bylo doprova-

zeno vznikem 4-acetylfenolu a riistem mikroorganismu'®.

4.6. Zpracovani fenolickych endokrinnich
disruptorti enzymy degradujicimi lignin

Mezi nejlépe znamé a nejcastéji produkované oxida-
tivni enzymy ligninolytickych hub spojované s degradaci
polutantii patfi dva typy peroxidas: lignin peroxidasa
(diarylpropan:hydrogen-peroxid  oxidoreduktasa, = EC
1.11.1.14) a mangan dependentni peroxidasa (MnP, Mn
(II):hydrogen-peroxid oxidoreduktasa, EC 1.11.1.13). Tyto
glykosylované hemové enzymy Kkatalyzuji  jedno-
elektronovou oxidaci nefenolickych aromatickych latek za
vyuziti peroxidu vodiku jako oxidantu'®. Dalsim typem
oxidativnich enzymt hub je lakasa (benzenediol:oxygen
oxidoreduktasa, EC 1.10.3.2), ktera nalezi do rodiny poly-
fenol oxidas'*. Vyhodou lakasy oproti peroxidasam v jeji
aplikaci pfi biodegradacich je schopnost oxidovat bez po-
tfeby peroxidu vodiku ¢i vysoké koncentrace iontli manga-
nu'®. Produkce téchto enzymi i jejich katalytické vlast-
nosti byly jiz predmétem mnoha piehlednych &lanka'®’''°
a jejich pouziti k detoxikaci endokrinné disruptivnich che-
mikalii je zajmem mnoha studii poslednich let’'!'™'13,

Hirano a spol.'"" prokézali, Ze bisfenol A je degrado-
van kulturou houby P. ostreatus a jeji mangan peroxidasou
na fenol, 4-isopropenylfenol, 4-isopropylfenol a hexestrol.
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Degradace bisfenolu A mangan peroxidasou je iniciovana
odnétim jednoho elektronu ze substratu a vysledny radikal
projde dale nahodnym S§tépenim na aromatickém kruhu
a C-C vazbach do formy smési fenolickych vysSe popsa-
nych latek. Mangan peroxidasa kultury P. chrysosporium
je schopnd degradovat nonylfenol a bisfenol A (cit.”").
Estrogenni aktivita pfislusnych vzorkt, vyhodnocena
dvou-hybridnim kvasinkovym testem, byla pouZitou man-
gan peroxidasou odstranéna, ackoli této aktivity stale zby-
lo 40 % v case, kdy bisfenol A zcela zmizel. Studovéna
byla také oxidace nonylfenolu a bisfenolu A lakasou kultu-
ry T. versicolor s pouzitim redox medidtoru, 1-hydroxy-
benzotriazolu (HBT). 80 % estrogenni aktivity 17pB-
estradiolu a 17a-ethynylestradiolu bylo odstranéno béhem
hodinového zpracovani pomoci jak houbové MnP, tak
lakasy'"?.

Degradace bisfenolu A lakasou kultury 7. villosa
probih4 oxidativni reakci na dva produkty®?, u nichz hlav-
nim je vysokomolekularni dimer bisfenolu A (5,5’-bis-[1-
-(4-hydroxyfenyl)-1-methyl-ethyl]-bifenyl-2,2’-diol). B¢-
hem oxidace bisfenolu A pomoci lakasy mohou byt také
formovany oligomery obsahujici az 3—6 jednotek bisfeno-
Iu a 0-3 jednotky fenolu. Polymerizace bisfenolu A pokra-
Cuje bud’ ptipojenim fenylovych zbytkd nebo transformaci
oligomeru za uvolnéni 4-isopropenylfenolu®'**.

Pro zvySeni u¢innosti bioremediacnich procest vyuZzi-
vajici purifikovanych enzymut byl vyvinut rotacni reaktor
na kontaminovanou pudu’. Lakasa kultury Trametes sp.
byla takto pouzita pro degradaci nonylfenolu, oktylfenolu,
bisfenolu A, a 17a-ethynylestradiolu o pocatecni koncent-
raci 60 uM (cit.**). Dalsim moznym fesenim zvyseni Géin-
nosti téchto procesti by mohla byt fixace enzymu na nosic.
Okazaki a spol.'"® a Michizoe a spol.''® publikovali oxida-
ce bisfenolu A lakasou zachycenou v reverznich micelach
z bis(2-ethylhexyl)sulfosukcinat sodné soli.

5. Zavér

Endokrinni disruptory, latky sriznou strukturou
aschopnosti ovliviiovat hormonalni systém, se di-
ky nedostatecnym ¢isticim mechanismim bézné vyskytuji
v zivotnim prostiedi. K ¢astecnym mikrobialnim degrada-
cim endokrinnich disruptori mtze dochazet jak
v aktivovaném kalu COV, tak piisobenim nékterych bakte-
rii, fas a hub. Z hlediska Sirokého spektra plisobeni se jako
perspektivni nastroj pfi dekontaminacich znecisténych
oblasti ukazuji houby bilé hniloby, produkujici velké
mnozstvi extracelularnich enzymi schopnych tucastnit se
biodegradacnich procesti endokrinné aktivnich latek.
V tomto ¢lanku jsou popsany metody vyuZzivajici purifiko-
vanych enzymi a metody, které vzhledem ke schopnosti
téchto hub tolerovat i vét§i mnozstvi toxickych latek, vyu-
zivajici celé houbové kultury.
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Z. Kfresinova, K. Svobodova, and T. Cajthaml

(Institute of Microbiology, Academy of Sciences of the
Czech Republic, Prague): Microbial Degradation of En-
docrine Disruptors

Recently, alkylphenols, bisphenols and several syn-

thetic estrogens have been recognized as endocrine disrup-
tors (ED). They can interfere with hormones and thus dis-

rupt

development of animals. Investigation of environ-

mental pollution by these chemicals, studies of their toxic-
ity and the ability of various microorganisms to decom-
pose such compounds are now in progress. This work
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summarizes findings on microbial degradation of ED in ing and costly. On the other hand, the ED degradation with
the last three decades with a special respect to the promis- fungal cultures are also feasible. The work is aimed at
ing bioremediation agents — white rot fungi and degrada- identification of intermediates from ED degradation and
tion capacity of their ligninolytic enzymes. Most of the their endocrine activities, which is important for better
studies are focused on the degradation of ED by purified understanding of microbial degradation.

enzymes although these methods are technically demand-
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Natural estrogens such as estrone, 17f-estradiol, estriol, and the particularly recalcitrant synthetic
estrogen 17co-ethinylestradiol used as oral contraceptive, accumulate in the environment and may give
rise to health problems. The processes participating in their removal from soil, wastewater, water-
sediments, groundwater-aquifer material, and wastewater or sewage treatment plant effluents may
involve the action of bacterial and microbial consortia, and in some cases fungi and algae. This review
discusses the different efficiencies of bacterial degradation of 17a-ethinylestradiol under aerobic and
anaerobic conditions, the role of sulfate-, nitrate-, and iron-reducing conditions in anaerobic degradation,
and the role of sorption. The participation of autotrophic ammonia oxidizing bacteria and heterotrophic
bacteria in cometabolic degradation of estrogens, the estrogen-degrading action of ligninolytic fungi and
their extracellular enzymes (lignin peroxidase, manganese-dependent peroxidase, versatile peroxidase,

Endocrine disrupters

laccase), and of algae are discussed in detail.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Synthetic and natural estrogens are a group of environmental
pollutants known for their negative influence, particularly on
aquatic organisms. Due to the widespread presence in the envi-
ronment and endocrine activity even at low concentrations e.g. as
low as 0.1 ng L™! of 17a-ethinylestradiol (EE2) that induces vitel-
logenesis in male rainbow trout (Purdom et al., 1994; Aerni et al.,
2004), these endocrine disrupters have received increased atten-
tion in water quality management and health care (Colborn et al.,
1993). Many studies demonstrated that certain chemicals called
endocrine disrupting compounds (EDCs) are able to mimic
hormones or interfere with the action of endogenous hormones.
The natural estrogens estrone (E1), 17p-estradiol (E2), estriol (E3),
and particularly the synthetic estrogen EE2; which is hugely used
as an oral contraceptive, bind to the estrogen receptor and can
misregulate or interfere with normal biological responses. By
mimicking natural hormones or disrupting signal pathways as
endocrine disrupters, estrogens can stimulate the growth of human
breast cancer cells (Soto et al., 1991), or induce the expression of

List of abbreviations: EE2, 17a-ethinylestradiol; EDCs, endocrine disrupting
compounds; E1, estrone; E2, 17p-estradiol; E3, estriol; AOB, ammonia oxidizing
bacteria; LiP, lignin peroxidase; MnP, manganese-dependent peroxidase; VP,
versatile peroxidase; Lac, laccase; HRP, horseradish peroxidase; PPCPs, pharma-
ceuticals and personal care products; WWTPs, wastewater treatment plants; SRT,
sludge retention time; MBR, membrane bioreactor.

* Corresponding author. Tel.: +420 241062498; fax: +420 241062384.

E-mail address: cajthaml@biomed.cas.cz (T. Cajthaml).

0269-7491/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.envpol.2009.06.027

101

vitellogenin in fish (Kwak et al., 2001); both mechanisms are used
to prove estrogen activity in bioassays. Non-metabolized EE2 and
its conjugates are excreted into wastewater. During sewage treat-
ment, EE2 is released from the corresponding conjugates by
hydrolysis and reaches the environment via the effluents of
wastewater treatment plants (Tyler and Routledge, 1998). Due to
incomplete removal during the waste treatment process, synthetic
and natural estrogens are considered to be major contributors to
the estrogenic activity associated with wastewater treatment plant
effluents (Gutendorf and Westendorf, 2001; Pauwels et al., 2008a,
reviewed in Clouzot et al., 2008).

This increasing environmental and public health risk requires
the development of novel approaches to eliminate these
compounds from the environment. However, due to certain
persistency, particularly of EE2 towards microbial transformation, it
is necessary to carefully identify microorganisms that are able to
transform this compound and to clarify metabolic processes that
can lead to the loss of estrogenic activity.

The aim of this article is to summarize current knowledge about
microbial transformation of mainly EE2 by bacteria, fungi, algae and
consortia of microbes during wastewater treatment processes that
have been studied from this aspect.

2. Bacterial transformation

Table 1 reports the summary of degradation processes of EE2
and other EDCs; the type of treatment, the matrix in which the
treatment was performed, and the removal rates are specified.
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Table 1

Transformation of EE2 and other EDCs with various treatments.

Type of degradation EDCs studied EE2 degradation Degradation conditions Notes References
Cultures established from EE2, and E2 no anaerobic degradation of EE2 methanogenic, sulphate-, iron-, E2 transformed to estrone Czajka and

lake water and
sediments

Water-sediments,
groundwater-aquifer
material

Water-sediments,
groundwater-aquifer
material

Groundwater-aquifer
material

Nitrosomonas europaea
from nitrifying
activated sludge

Nitrosomonas europaea
and Nitrosospira
multiformis from
nitrifying activated
sludge

Ammonium
monooxygenase
containing culture
extract

Nitrifying activated
sludge

Nitrifying activated
sludge

Acinetobacter, Agromyces,
and Sphingomonas

Rhodococcus zopfii and R.
equi

Sphingobacterium sp. JCR5

Laccase from Trametes sp.
and Pycnoporus
coccineus

Manganese peroxidase
and the laccase from P.
chrysosporium and
from T. versicolor
cultures

Horseradish peroxidase

Laccase

Trametes versicolor
laccase and HRP

EE2, E2, bisphenol
A, and 4-n-
nonylphenol

EE2, E2, bisphenol
A, 4-tert-octyl
phenol, 4-n-
nonylphenol

E2, EE2, bisphenol
A, 4-t-octylphenol
and 4-n-
nonylphenol

E1, E2, E3, and EE2

EE2

EE2

E1, E2, and EE2

EE2

E1, E2, E3, and EE2

E1, E2, E3 and EE2

E1, E2, E3, EE2 and
mestranol

EE2 adsorbed on
sea sand

E2, and EE2

E1, E2, E3, and EE2

Steroid estrogens

E1, E2, E3, and EE2

(initial concentration 5 mg L")
over long incubation period (over
three years)

rapid degradation of all EDCs in
both media with >90% of them
within the first 2-4 d under both
conditions

no degradation of EDCs under
anaerobic condition, under
aerobic condition EE2
concentration decreased within
70 d from 1 to 0.62 pg g~ in the
aquifer material

under aerobic conditions rapid
degradation of EDCs except EE2
(initial conc. 5 mg L~ '), the EE2
half-lifes about 26d in
groundwater and 15d in the
effluent microcosm

first order reaction kinetics
0,035h~"! for EE2, 0.030 h™! for
E3, 0.056 h~! for E1, and 1.3 h~!
for E2 (initial conc. 0.4 mg L)
EE2 (initial concentration

300 mg L~!) removal via nitration

biotransformation via EE2-
hydroxylation on an A ring

high biological stability of EE2
compared to with E1

biodegradation of EE2 more
important than biosorption under
the condition of the high initial
ammonia concentration

(>48 mg L)

under aerobic conditions,
degradation rates of estrogens
increased with the initial
c?ncentration (range 50-200 pg L
)

R. zopfii removed completely

100 mg L~ of EE2 within 24 h

removal of 87% of the substrate
added (30 mg L~!) within 10 days

removed EE2 within 48 h in the
test tube to the extent of 90%

E2 and EE were completely
transformed within 1 h,
estrogenic activity disappeared
within 1h also

at pH 8 removed 96-100% of E2,
E3, and EE2 within 1 h

laccase was able to achieve
complete removal

estrogens (100 ng L~!) were
completely oxidized with both
the enzymes in the wastewater
reaction mixtures after a 1Th
treatment

and nitrate-reducing anaerobic
conditions

aerobic conditions and sulfate-,
nitrate-, and iron-reducing
anaerobic conditions

aerobic and anaerobic
conditions, sorption test at
room temperature

microcosm with aquifer
material and groundwater
mixture or effluent mixture in
the presence of glucose under
both aerobic and anoxic
conditions

batch experiment using
nitrifying activated sludge from
Tokio and using isolated strain
N. europaea

batch tests with NH4-N
addition (200-500 mg L)

nitrifying bioreactor with
sludge recycle operated at HRT
of 0.75d and SRT of 20d

activated sludge from
sequencing batch reactor
(stored max. three weeks at
5-8°C)

sorption and biodegradation in
laboratory scale bioreactors

aerobic and anoxic conditions
in microcosm constructed with
marine sand and ultra filtered
secondary effluent

cultivation under aerobic
conditions in test tubes at 25 °C
for 24 h

bacterial strain isolated from
STW of an oral contraceptives
producing factory in China

in a test tube and a rotating
reactor

mediator system with 1-
hydroxybenzotriazole

effect of temperature and pH on
enzymatic kinetics

synthetic water and municipal
wastewater

batch reaction at 25 °C with the
buffered (pH 7) reaction
mixture or wastewater
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90% dissipation time under
anaerobic conditions >1000 d
(EE2)

highest sorption to the
aquifer material had 4-n-Nph,
E2 and EE2 had modest
sorption

under anoxic conditions
biodegradation only of E2 in
either water type

addition of allylthiourea
reduced the estrogen-
degrading activity

nitrated degradation
products, at high NH4-N
concentration degradation by
AOB, or to abiotic nitration, at
low concentration due to
heterothropic bacteria
relationship between
nitrification and EE2 removal
in enriched nitrifying cultures

involvement of ammonia
monooxygenase in
biotransformation of EE2 into
EE2-OH

relationship between
biomass particle size,
hydrophobicity, and sorption
capacity

EE2 remained stable during
cultivation with all the three
isolates

enrichment culture of
activated sludge from
Japanese STWs

metabolic pathway for EE2
degradation

laccase activity of 0.8 U mL~"

MnP activity of 10 nkat mL~’,
monitored also the course of
estrogenic activities

HRP activity of 0.017 U mL~!

laccase (20 U mL™ 1), 1-
hydroxy-benzotriazole -
mediator, improved laccase-
catalyzed system efficiency
laccase activity of 20 U mL~"
HRP activity of 8-10 U mL™"

Londry, 2006

Sarmah and
Northcott, 2008

Ying et al., 2003

Ying et al.,
2008a

Shi et al., 2004

Gaulke et al.,
2008

Yi and Harper,
2007

Ren et al.,
2007b

Yi et al., 2006

Ke et al., 2007

Yoshimoto
et al.,, 2004

Ren et al.,
2007a

Tanaka et al.,
2001

Suzuki et al.,
2003

Auriol et al.,
2006

Auriol et al.,
2007a

Auriol et al.,
2008
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Type of degradation

EDCs studied

EE2 degradation

Degradation conditions

Notes

References

T. versicolor

Irpex lacteus, Bjerkandera
adusta, Phanerochaete
chrysosporium,
Phanerochaete
magnoliae, Pleurotus
ostreatus 3004,
Trametes versicolor,
Pycnoporus
cinnabarinus,
Dichomitus squalens

Cephalosporium
aphidicola
Cunninghamella
elegans

pathogenic ascomycete
Fusarium proliferatum
strain HNS-1

17 different natural soils

Agricultural land

Agricultural land

Four various soils

WWTP and activated
sludge

WWTPs

WWTP

WWTP and receiving
water

WWTP

Activated and inactivated
sludge

Municipal WWTPs

EE2, and E2

EE2, bisphenol A,
irgasan, 4-n-
nonylphenol, and
4-nonylphenol

EE2, and
norethisterone

EE2)

E1, E2, and EE2
(unlabeled and '#C-
labelled)

E1, E2, and EE2 (E1,
E2 were '4C
labelled
compounds)

E1, E2, EE2, and
4-nonylphenol

E1, E2, E3, EE2 and
other EDs

E1, E2, E3, EE2, and
nonylphenol

E1, E2, E3, and EE2

E1, E2, E3, EE2, and
nonylphenols

E1, E2, and EE2

E1, E2, E3, EE2 and
their conjugates
form

biphenol A, E2, and
EE2

E1, and EE2

EE2 removal in the batch

0.44 mg L~! h~"! (initial conc.
7.3 mg L) in the bioreactor
0.09 mg L~! h™! (initial conc.
10mgL)

I lacteus and P. ostreatus totally
degraded EE2 within 3 days
(initial concentration 10 mg L™ ')

EE2 initial concentration
0.2 mg mL~! media

97% of the EE2 removed from the
culture after 15 days (initial
concentration 25 mg L~1)

E2 and E1 degraded with much
greater degree than EE2 (initial
concentrations 120, 60, 12, 6 and
1.2 ug g~ ') in all tested soils

E2 and EE2 were rapidly removed
in soil conditions typical of

a temperate growing season
(initial concentrations from 0.1 to
10 mg kg ')

half-lives ranging from a few
hours to a few days

under aerobic conditions
degradation within 7 d, under
anaerobic no degradation of the
chemicals except for E2

the highest estrogen removal in
the STW which only used primary
treatment

E1 and EE2 were more persistent
during the treatment than the
other estrogens

EE2 removal only 3% (24 h),
during the 7 day treatment period
removal increased only up to
5.6%.

higher estrogens removal linked
to higher biomass concentration

>90% removal estrogen
concentration and estrogenicity
during biological treatment, E1,
E2 and EE2 persisted in the treat
water below 10 ng L™!

high adsorption affinity of the
compounds to the adsorbent
(initial concentration 2.50 x 10~
to 50 mg L)

the efficiency (>90%) of E1 and
EE2 removal
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experiments in the batch, and
the bioreactor

static cultures incubated with
EDCs and harvested after 3, 7
and 14 days

experiment in a liquid medium

batch experiment

laboratory microcosm
incubations with addition of
ammonium nitrate, alanine,
glucose, catechol or
streptomycin

three soils varying widely in
texture and properties, a sandy
loam, and silt loam were used in
laboratory microcosm
incubations

soil microcosms in laboratory
incubation with the C'* or H?
labelled compounds

sorption test using a batch
equilibrium method,
biodegradation experiments
under aerobic and anaerobic
conditions

estrogens in the effluent of 17
STW included primary chemical
treatment only, submerged
aerated filter, oxidation ditch,
activated sludge, and trickling
filter combined with activated
sludge

four South Australian STWs
with different technologies

nitrifying activated sludge plant
in England

relationship between the
equivalent biomass
concentration and estrogens
degradation rate constant in
various environments

estrogens inlet concentration
200-500 ng L', estrogenic
activity between 25 and

130 ng L~ ! of E2 equivalents

inactivation of the sludge with

0.5 ml L~ mercury(Il)sulphate

various redox conditions in
batch experiment

the technical feasibility of
fungal treatment (estrogens)
using continuous bioreactor
with suspended fungal
biomass

determination of estrogenic
activity using a recombinant
yeast assay

work focused on identifying
metabolites of EE2 and
norethisterone

isolating EE2 degrading
microorganism

two grassland soils, two
forest and 14 agricultural
soils

EE2 stability was evaluated in
the absence of oxygen

estrogens were rapidly
removed from aerated soils
under temperate growing
conditions

estrogens were adsorbed on
soils in the order EE2, E2, E1,
E3

EE2 was detected only in
effluents of two STWs

the least efficient STWs was
consisted of a series of
anaerobic and aerobic
lagoons

excellent removal for other
estrogens and nonylphenols
(97-99%) and 98% removal of
estrogenic activity

The EE2 correlation R2 = 0.73
between the logarithm of the
rate constant and the
corresponding logarithm
equivalent biomass
concentration

small fraction sorbed to the
sludge, the main vehicle of
estrogen elimination was
biodegradation

the adsorption was found to
depend on pH

the importance of aerobic
conditions for the removal of
all estrogens

Blanquez and
Guieysse, 2008

Cajthaml et al.,
2009

Choudhary
et al.,, 2004

Shi et al., 2002

Stumpe and
Marschner,
2009

Colucci and
Topp, 2001a,b

Lorenzen et al.,
2006

Ying and
Kookana, 2003

Johnson et al.,
2005

Ying et al.,
2008b

Kanda and
Churchley,
2008

Cao et al., 2008

Muller et al.,
2008

Clara et al.,
2004

Joss et al., 2004

(continued on next page)
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Type of degradation EDCs studied EE2 degradation Degradation conditions Notes References
Municipal WWTP and 14C_labelled the mineralization of EE2 in MTP  biosolids from four municipal the mineralization of Layton et al.,
industrial WWTP estrogenic during 24 h, with only 40% treatment plants and one estrogens in MTP 70-80% 2000
compounds mineralized to '#C0O, (25-75 fold  industrial plant during the 24 h, in ITP only 4%

less than that of E2)
no significant loss of the sum of
estrogens

Activated sludge E1, E2, and EE2

Activated sludge biomass  EE2 spontaneous sorption EE2 to
activated sludge (initial
concentration 100-500 pg L)
primary due to physisorption and
low-level chemisorption

under aerobic conditions 22%
removal, under anoxic conditions

EE2 persistent

Activated sludge EE2

Nitrite-accumulating E1, E2, and EE2
sequencing batch

reactors

EE2 removal adversely affected
with SRT shorter than 5.7 days
and significantly lower when SRT
longer than 7.5 days

Aerated nitrifying E2, and EE2
submerged fixed bed

bioreactors

complete EE2 removal from the
synthetic STWs at loading rates
11 pg L' d~! (initial
concentration from 11 to 143),
90% removal of EE2 (80 pg L~!) in
reactor within 12 days
radioactivity mainly remained
sorbed in the reactor (removal of
80%), the real mineralization <1%,
EE2 conc. 8 g L}

Selenastrum capricornutum,
Scenedesmus quadricauda,

S. vacuolatus and Ankistrodesmus
braunii were able to biotransform
the substrate

Membrane bioreactor two differently
labelled radioactive
forms of EE2

11 microalgae strains EE2

under strictly anaerobic
conditions

experiments with biomass from
membrane bioreactor and
sequencing batch over a range
of temperatures in short time
frame (0-25 min)

relationship between
availability of oxygen,
nitrification rate, and estrogen
removal

two nitrite-accumulating
sequencing batch reactors with
different sludge ages operating
under aerobic conditions and
anoxic/anaerobic/aerobic
conditions

lab-scale reactors (volume 1.4 1)
with a flow velocity 1 m h~!
and continues aeration and the
batch reactors

a membrane bioreactor (MBR)
operating with 25 days SRT
during the whole experimental
period (35 days)

10 mg of EE2 to 50 mL of axenic
algal cultures with an initial

adsorption to sludge
accounted for a 32-35% loss
from the liquid phase

to prevent biodegradation
sodium azide addition

the higher removal of
estrogens associated with
higher nitrification rate

cause of nitrite toxicity and
the inhibition of the
monooxygenase (AMO) and
the microbial population

in the batch test, no or little
removal of EE2 in heat-
treated effluent, EE2 removal
by AOB continued also after
several months of starvation

elimination pathway does not
involve the removal of the
ethinyl group from EE2
molecule

identified several
transformation products

Mes et al., 2008

Xu et al., 2008

Dytczak et al.,

2008

Pholchan et al.,

2008

Forrez et al.,
2009a

Cirja et al., 2007

Della Greca
et al.,, 2008

concentration of 160 mg L~
dry weight

To assess the role of bacterial degradation in the fate of estro-
genic steroids in the environment, the transformation of estrogens
was studied under both aerobic and anaerobic conditions. Czajka
and Londry (2006) investigated the potential for anaerobic
biodegradation of EE2 and E2 using cultures established from lake
water and sediments. No anaerobic degradation of EE2 (5 mg L™1)
was observed in their experiments. Although E2 could be trans-
formed to estrone, the complete degradation of estrogens was
minimal, suggesting that they accumulate in anoxic environments.
On the contrary, a rapid degradation of four estrogens, including
EE2, was observed in river water-sediments and groundwater-
aquifer material under aerobic conditions (Sarmah and Northcott,
2008). The 90% dissipation time values for all compounds ranged
from 0.9 to 2.8 days under both conditions. Under anaerobic
conditions, however, the 90% dissipation time values for EE2
exceeded 1000 days. Anaerobic degradation of estrogenic
compounds in this study was attributed to the sulfate-, nitrate-, and
iron-reducing conditions. It was also postulated that overall
degradation of the compounds was influenced by abiotic factors
accounting for up to 40% degradation. The authors suggested that
these abiotic factors could include hydrolysis, chemical reduction,
photolysis, irreversible sorption or volatilization. Furthermore, they
stated that E2, EE2 can also undergo surfaced-induced abiotic
transformation due to the catalytic effect of various clay minerals.

Similarly, Ying et al. (2003) reported an aerobic degradation of
E2 and 4-n-nonylphenol in the aquifer material with a half-life of
the chemicals equal to 2 and 7 days. EE2 was degraded slowly with
an estimated half-life of 81 days, with little or no degradation of
estrogens observed within 70 days under anaerobic conditions in
native groundwater. In another experiment Ying et al. (2008a)

described faster degradation of EE2 under aerobic conditions in
effluent supplemented or unsupplemented aquifer material. EE2
had a half-life of 15 days compared with 26 days in the aquifer
material and groundwater microcosm. Biodegradation was not
significant under anoxic conditions. Higher resistance of EE2 to
biodegradation, when compared to E2, was proven also with
microorganisms from water samples of English and Japanese rivers
(Jurgens et al., 2002; Matsuoka et al., 2005). Aerobic degradation of
five endocrine disrupting compounds - bisphenol A, E2, EE2, 4-
tert-octyl phenol, and 4-n-nonylphenol - in seawater collected
from the coastal area of South Australia demonstrated that the
chemicals could be degraded by aerobes in seawater once the
microbes in water became acclimated to the chemicals (Ying and
Kookana, 2003). The study showed that EE2 (together with
bisphenol A and E2) was degraded in water within 56 days with
a lag phase preceding its fastest degradation. EE2 was also found to
be degraded in the marine sediment under aerobic conditions
(t1/2 > 20 d) while under anaerobic conditions no degradation was
noted.

In comparison with aquifer and marine environments, relatively
fast EE2 degradation was reported in agricultural soils and nitri-
fying activated sludge (Vader et al., 2000; Colucci and Topp,
2001a,b). Shi et al. (2004) demonstrated the link between the
ammonia oxidizing bacteria (AOB) from nitrifying activated sludge
and biodegradability of natural and synthetic estrogens, including
EE2. The addition of allylthiourea, an ammonia oxidation inhibitor,
significantly reduced the estrogen-degrading activity of activated
sludge and inhibited the growth of AOB. These results suggested
that other microorganisms apart from AOB are also involved in
estrogen degradation by nitrifying activated sludge. The estrogen
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degradation potential of AOB was further demonstrated with an
isolated strain of Nitrosomonas europaea when the strain was able
to decompose 1 mg L' of EE2 within 96 h during a batch experi-
ment. Its ability of estrogen degradation was also inhibited by
allylthiourea (Shi et al., 2004). Later tests in a stirred tank bioreactor
showed a linear relationship between nitrification and EE2 removal
by enriched cultures of autotrophic ammonia-oxidizers; this
implied cometabolic transformation of EE2 by the organisms (Yi
and Harper, 2007). The cometabolism of AOB dominated also the
degradation of estrone and estradiol in nitrifying activated sludge
(Ren et al., 2007b). The appearance of EE2-OH as a metabolite then
provided evidence for an involvement of ammonia monooxygenase
in AOB EE2 transformation. The role of the enzyme in the process
was proven under in vitro conditions when EE2 was degraded in
the presence of an ammonium monooxygenase-containing culture
extract (Yi and Harper, 2007). Gaulke et al. (2008) isolated two
ammonia oxidizing bacterial strains, N. europaea and Nitrosospira
multiformis, and described EE2 removal under NH4 supplemented
conditions. On the basis of their results they suggested that EE2
removal at low nitrogen (NO,) concentration, usually found in
municipal treatment activated sludge systems, is most likely due to
organotrophic bacteria rather than the ammonia oxidizing bacteria.
In experiments testing EE2 sorption to nitrifying activated sludge,
biosorption of EE2 by the biomass was shown to be affected by the
initial ammonia concentration (Yi et al., 2006). At higher initial
ammonia concentrations the role of biodegradation became more
important in EE2 removal than its biosorption.

Recently, several studies characterized the estrogen degradation
potential of various isolated bacterial strains. The first E2 degrading
bacterium Novosphingobium tardaugens was isolated from activated
sludge (Fujii et al., 2002). However, not all estrogen-degrading
bacteria were shown to degrade recalcitrant EE2. Ke et al. (2007)
isolated three strains that belonged to genera Acinetobacter, Agro-
myces, and Sphingomonas, and were able to degrade E1, E2, and E3
under both aerobic and anoxic conditions. Nevertheless, EE2
remained stable during cultivation with all the three isolates. On
the other hand, Rhodococcus zopfii and Rhodococcus equi isolated
from activated sludge of Japanese wastewater treatment plants
were shown to degrade all the four principal estrogens (E1, E2, E3
and EE2) (Yoshimoto et al., 2004). R. zopfii Y50158 showing the
strongest degradation activities removed completely 100 mg L~ of
EE2 within 24 h in this study. Another EE2-degrading bacterium,
isolated from activated sludge of a wastewater treatment plant in
China, was identified as Sphingobacterium sp. JCR5 (Ren et al,,
2007a). It grew on EE2 as the sole source of carbon and energy and
metabolized up to 87% of the substrate added (30 mg L~!) within
10 d. In addition to EE2, the strain could be cultivated on other
estrogens such as E1, E2, E3, and mestranol. Analysis of EE2
degradation showed that in the first step it was oxidized to E1 with
a subsequent ring cleavage to 2-hydroxy-2,4-dienevaleric acid and
2-hydroxy-2,4-diene-1,6-dioic acid, which were the main catabolic
intermediates (Ren et al., 2007a). The metabolic pathway for EE2
degradation by Sphingobacterium sp. JCR5 suggested in that work
shared a certain analogy with previously reported testosterone
degradation by Comamonas testosteroni (Horinouchi et al., 2003). In
the latest study, six strains of Proteobacteria were added to the list
of strains capable of EE2 transformation (Pauwels et al., 2008b).
Bacterial strains isolated from compost cometabolized EE2 at low
ngL~! levels when metabolizing E1, E2, or E3. No other metabolites
beside E1, E2, E3 and EE2 were detected, suggesting that total
degradation and fission of aromatic rings occurred.

Generally it can be summarized that bacterial EE2 trans-
formation is significantly effected by oxygen with higher degrada-
tion efficiency under aerobic conditions. Relatively fast bacterial
degradation was recorded in agriculture soils and nitrifying
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activated sludge. In this case, the key role in transformation process
could be attributed to AOB showing highest removal at high initial
ammonia concentrations. Even higher degradation efficiencies
(tens mg L~! of EE2) were recorded with Rhodococcus and Sphin-
gobacterium sp. isolated from activated sludges.

3. Ligninolytic fungi, ligninolytic enzymes
and other peroxidases

Ligninolytic fungi produce extracellular enzymes with low
substrate specificity, which makes them suitable for degradation of
various aromatic compounds, even those with low water solubility.
The ligninolytic system consists of four major enzymes: lignin
peroxidase (LiP, E.C. 1.11.1.14), manganese-dependent peroxidase
(MnP, E.C. 1.11.1.13), versatile peroxidase (VP, E.C. 1.11.1.16) and lac-
case (Lac, E.C. 1.10.3.2). The physiology of the production of the
enzymes together with their application for transformation of
estrogenic compounds has been studied in the recent years.

In an early study from 1973, Lugaro et al. (1973) demonstrated
the ability of laccase from Polyporus versicolor in a biphasic system
to oxidise E1, E2, and E3. These authors detected several trans-
formation products of E1 and E3 but their structures were not
elucidated. Laccases from Trametes sp. and Pycnoporus coccineus
(0.8 U mL™!) were tested for transformation of EE2 (2 mol kg~! of
sand) adsorbed on sea sand in a test tube and a rotating reactor
(Tanaka et al., 2001). The enzyme from Trametes sp. and P. coccineus
removed EE2 within 48 h in the test tube to the extent of 90% and
80% respectively. The laccase from Trametes sp. was then tested in
the rotating reactor, reaching 80% degradation efficiency within 8 h.
Tanaka et al. (2001) studied biodegradation of E1 and E3 (3 mol g~ 1)
with laccases purified from P. coccineus (0.8 U mL™!) on a model
sediment in a rotating reactor. EE2 and E1 were degraded in the
system within 48 h to 80% and 60%, respectively.

Suzuki and co-authors (2003) investigated the removal of the
steroidal hormones E2 and EE2 with manganese peroxidase (MnP)
(10 nkat mL™1), by the laccase-mediator system with 1-hydroxy
benzotriazole prepared from Phanerochaete chrysosporium ME-446
and Trametes versicolor IFO-6482 cultures in organic solvent and
under biphasic conditions. They also monitored the course of
estrogenic activities. The authors found that 10> M E2 and EE2
were completely transformed within 1 h when estrogenic activity
dropped to approx 10% of the original values and the activity dis-
appeared in 8 h. This residual activity could be caused by the
presence of active transformation products, however, the authors
did not succeeded in detecting them using HPLC technique. Lac-
cases from a species of the imperfect fungus Myceliophthora
(27.5 U mL™!) and from the ligninolytic strain Trametes pubescens,
both adsorbed on glass beads, were used for the transformation of
natural estrogen E2 (5 g L~!) (Nicotra et al., 2004). The reaction
products were tentatively identified as C-C dimeric products with
coupling between either 4’- 4, or 2’- 2, and C-0 (phenolic ring) at
4’or 2’ positions and the structures are shown in Fig. 1. Tamagawa
et al. (2006) tested degradation of the natural hormone E1 (1074 M)
by the ligninolytic fungus Phanerochaete sordida under ligninolytic
conditions in low-nitrogen and high-carbon culture medium. They
recorded 95% transformation within 5 days of incubation. The
authors treated E1 (10~ M) also with MnP and laccase from the
same fungus and found a complete disappearance of E1 after 1 h.
Complete removal of the estrogenic activity of E1 after 2 h was
confirmed using the yeast two-hybrid assay system. Also in this
case the remaining activity (1-3%) after 1 h treatment could be
caused by formation of active transformation products or by
residual concentration of original compounds that were already
below the detection limit of the used HPLC method.
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Fig. 1. Fungal laccase-mediated oxidation products

Auriol and co-workers (2006) tested the feasibility of applica-
tion of another peroxidase from horseradish (HRP) for biodegra-
dation of E1, E2, E3, and EE2 (400 nM). They investigated the effect
of temperature and pH on enzyme kinetics. With an HRP activity of
0.017 U mL~! at pH 7 and 25 °C they found that the enzyme was
able to transform 92-100% of the compounds within 1 h. They also
conducted other degradation experiments in pure and filtered
wastewater from activated sludge, assessing the impact of waste-
water constituents on estrogen removal during enzymatic oxida-
tion. These results showed that HRP (0.068 U mL™!) at pH 8
removed 96-100% of E2, E3, and EE2 within 1 h, whereas the E1
removal was only 73%. Moreover, they demonstrated that the
fastest degradation was in the case of EE2. For wastewater samples
lower removals were achieved for E1, E2, E3, and EE2, specifically
29%, 19%, 28%, and 37%, respectively. The same authors performed
a similar study with laccase-catalyzed conversion (T. versicolor) of
these estrogens (Auriol et al., 2007a). The optimal pH for each
studied steroid estrogen oxidation was approximately 6 in
synthetic water. This research also focused on the wastewater
matrix effect on developed enzymatic treatment. At pH 7.0 and
25 °C, the experiments showed that the laccase-catalyzed system
for the removal of steroid estrogens was not significantly affected
by the municipal wastewater matrix. The authors tested several
laccase initial activities, and 20 U mL~! was sufficient to achieve
a complete removal of studied steroid estrogens in both synthetic
water and municipal wastewater. Moreover, 1-hydroxy-benzo-
triazole, when used as a mediator, improved laccase-catalyzed
system efficiency. The same group of authors optimized HRP
enzyme-catalyzed process in a real wastewater matrix from
a municipal wastewater treatment plant (Auriol et al., 2007b). The
impacts of the reaction conditions, mainly including enzyme and
H,0, doses were investigated. The optimum molar H,0,/estrogens
ratio in both synthetic water and actual wastewater was approxi-
mately equal to the theoretical ratio of 0.5. A kinetic study showed
that the oxidative conversion of steroid estrogens catalyzed by HRP
followed Michaelis-Menten kinetics in the substrate concentration
range studied. The determination of Ky for each estrogen showed
that HRP had an increasing affinity for E1, E3, E2, and EE2
(Km = 7.47; 5.25; 1.44; 1.32 pM in the same order) under the
experimental conditions. In real activated sludge process effluent,
an HRP dose of 8-10 U mL~" was required to completely remove all
of the studied estrogens, while only 0.032 U mL™! of HRP was
necessary to treat synthetic water containing the same estrogen
concentrations (from 1.1 to 17.8 ng L™'). Removal of estrogenic
activity and transformation with T. versicolor laccase (20 U mL™!)
and HRP (8-10 U mL™!) of E1, E2, E3, and EE2 in a municipal
wastewater were studied by Auriol et al. (2008). The authors found
that these steroid estrogens were completely oxidized with both
the enzymes in the wastewater reaction mixtures after a 1 h
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of E2 in organic solvent (Nicotra et al., 2004).

treatment. Ky, values were determined also for laccase at pH 7 and
25 °C: E1 3.40, E2 3.99, E3 2.65, and EE2 3.78 pM. It was also
demonstrated that the enzymatic treatments were very efficient in
removing the estrogenic activity of the steroid estrogens using the
recombinant yeast assay.

T. versicolor was also demonstrated to be able to remove EE2 in
batch and continuous cultures (Blanquez and Guieysse, 2008). In
batch, E2 and EE2 initially supplied at 10 mg L~! were removed
from more than 97% in 24 h, which corresponded to removal rates
of 0.43 and 0.44 mg L~! h™', respectively. A bioreactor inoculated
with T. versicolor pellets was then continuously operated during 26
days at a hydraulic retention time of 120 h. E2 and EE2 were
completely removed at removal rates of 0.16 and 0.09 mg L~' h™,
respectively, when fed at 18.8 and 7.3 mg L™, respectively. The
authors attributed the degradation mainly to laccase activity of T.
versicolor. Removal of several compounds with endocrine disrupt-
ing activity including EE2 in static cultures using T. versicolor, and
other seven white rot fungi strains were described (Cajthaml et al.,
2009). The most efficient degraders were found to be Irpex lacteus,
Pleurotus ostreatus, and Pycnoporus cinnabarinus, which were able
to completely remove EE2 from the initial concentration 10 mg L~}
within the first 3 days of incubation. Estrogenic activity generally
decreased with the progress of degradation; however, in some
cases during the metabolism of EE2 the results showed a residual
(I lacteus, P. ostreatus and P. cinnabarinus) or increased (Phaner-
ochaete magnoliae) estrogenic activity, suggesting the production of
metabolic intermediates with estrogenic activity.

4. Other fungi

Choudhary et al. (2004) performed a metabolic study on
transformation of norethisterone by Cephalosporium aphidicola and
subsequently of EE2 by the zygomycete Cunninghamella elegans in
a liquid medium. The authors identified several metabolites of EE2
by C. elegans (Fig. 2). The transformation reactions included several
hydroxylations of EE2 and in one case a subsequent methoxylation
of the hydroxyl derivative. The pathogenic ascomycete Fusarium
proliferatum was selected from sediments via a set of enrichment
experiments with EE2 as the sole source of carbon (Shi et al., 2002).
In a subsequent batch experiment, the fungus was proved to be able
to utilize EE2 (25 mg L™!) and 97% of the compound was removed
from t1he culture after 15 days with a first-order rate constant
06d .

5. Transformation in soil
Colucci and Topp (2001a,b) evaluated the persistence and

pathways of dissipation of E1, E2, and EE2 in soil by means of
laboratory microcosm incubations. In the case of E1 and E2 they
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Fig. 2. Transformation products of EE2 by C. elegans (Choudhary et al., 2004).

used 'C labelled compounds. The dissipation and mineralization
rates were determined in a range of temperatures and moistures.
E2 and EE2 were rapidly removed in soil conditions typical of
a temperate growing season. E2 compound was oxidized to estrone
in both autoclaved and nonsterile loam, silt loam, and sandy loam
soils, suggesting an abiological transformation. In contrast, E1 was
stable in autoclaved soil, suggesting that its removal was micro-
bially mediated. Both E2 and E1 formed non-extractable residues,
and soil-bound residues were only slowly mineralized, suggesting
that their bioavailability was low. This was proved by the loss of
estrogenic activity. EE2 stability was also evaluated in the absence
of oxygen, and the response of dissipation kinetics to variation in
temperature and moisture suggested that the removal was micro-
bially mediated.

In a recent study from 2009, Stumpe and Marschner (2009)
characterized mineralization of radiolabelled estrogens in 17
different soils under various conditions. Although sorption
parameters in this study varied greatly for E2 (K = 21.9-
317.5 mL~1), for E1 (K¢ = 46.0-517.5 mL~!) and for EE2 (K¢ = 29.9-
326.1 mL™!) this apparently did not control estrogen bioavailability
since it showed no effects on hormone mineralization. Soil
supplementation with glucose, ammonium nitrate, streptomycin
etc. had a stimulating or inhibiting effect on estrogen mineraliza-
tion depending on the type of the soil. On the basis of these
experiments with various added substrates it is clear that white rot
fungi were responsible for EE2 degradation while bacteria were
responsible for E2 degradation.

A study was undertaken by Lorenzen et al. (2006) to assess the
persistence of estrogenic substances in soil that could reach agri-
cultural land via fertilization with organic amendments containing
E1, E2, and EE2. The compounds rapidly dissipated in soils with
half-lives ranging from a few hours to a few days. The authors
concluded that the risk of these chemicals to water was low. The
compounds were rapidly removed from aerated soils under
temperate growing conditions; this indicates that application
methods that minimize preferential flow, or runoff, of animal or
human wastes should protect adjacent water from contamination.

Ying and Kookana (2003) tested sorption behaviour of several
endocrine disrupting compounds including E1, E2, E3, and EE2 on
four various soils. They characterized the biotransformation of E2-
E1 in the loam soil under aerobic and anaerobic conditions. Sorp-
tion test using a batch equilibrium method demonstrated that
estrogens were adsorbed onto soils in the order EE2, E2, E1, and E3.
This laboratory study showed that the compounds were degraded
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rapidly in the soil within 7 days under aerobic conditions. However,
during the 70-day study under anaerobic conditions in the soil,
little or no degradation of the chemicals was recorded except for E2.
The calculated half-lives for E2, which was found to be bio-trans-
formed to E1 under both aerobic and anaerobic conditions, were
24 d in the soil.

6. Wastewater treatment plants and sludge degradation

Most recently, Miége et al. (2009, see references therein)
summarized the data about the fate of pharmaceuticals and
personal care products (PPCPs) in wastewater treatment plants
(WWTPs). The authors took into account the dissolved aqueous
phase without batch experiments, and created a database in order
to quantitatively assess the occurrence and removal efficiency of
PPCPs including natural hormones and EE2 in WWTPs. Various
WWTP processes were evaluated and it was found that EE2 was
highly removed (70%) in the dissolved aqueous phase by a fixed
biomass reactor with high sludge retention time and waste stabi-
lisation ponds. The processes using activated sludge with nitrogen
treatment were substantially more efficient than treatments. They
also found a tendency between higher EE2 influent concentrations
and removal extents.

Earlier, Johnson et al. (2005) compared 17 WWTPs in Europe
based on the concentrations of nonylphenol and steroid estrogens
in effluents. Treatment processes included primary chemical
treatment only, submerged aerated filter, oxidation ditch, activated
sludge, and trickling filter combined with activated sludge. The
lowest estrogen removal was observed in the WWTP which only
used primary treatment. In this study EE2 was detected only in
effluents of two WWTPs.

Similarly, Ying et al. (2008b) described the degradation of EE2
and other estrogens in four South Australian WWTPs with different
technologies. The removal rates for the estrogens were variable but
consistent with the plant performance parameters such as
biochemical oxygen demand, suspended solids and ammonia, and
the least efficient WWTP was that which consisted of a series of
anaerobic and aerobic lagoons. The study showed that E1 and EE2
were more persistent during the treatment than the other estro-
gens. A poor EE2 removal was also detected in a WWTP with
nitrifying activated sludge system situated in England (Kanda and
Churchley, 2008). The results of a 24-h treatment experiment
showed excellent removal for other estrogens and nonylphenols
(97-99%), and a 98% removal of estrogenicity. However, the
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removal of EE2 was only 3% which during the 7-day treatment
period only increased to a mere 5.6%.

Braga et al. (2005a) reported a poor removal in an enhanced
primary WWTP compared to an advanced WWTP in Australia. The
difference between those two plants was primarily linked to plant
performance, but the extent to which the removal of steroid
estrogens was due to bacterial metabolism rather than adsorption
to the bacterial biomass remained unclear. EE2 was not detected
during the study period in the influent or effluent of either WWTP.
Concentrations at ng g~ ! levels of EE2 were detected in the waste
activated sludge of the two WWTPs (Braga et al., 2005b), but not in
the raw sewage, suggesting that EE2 is resistant to biological
treatment and is primarily removed due to sorption to sludge
biomass. This agreed with previously reviewed data (Johnson and
Sumpter, 2001). Muller et al. (2008) surveyed E1, E2, EE2 and their
conjugated forms throughout an advanced WWTP. The authors
quantified estrogen concentrations in water and sludge samples
and investigated also the estrogenic activity using estrogen-
responsive reporter cell lines. Estrogen concentrations and estro-
genicity measured in the inlet and in primary treated sewage
showed a weak impact of primary treatment; however they
observed a decrease of both estrogen concentration and estro-
genicity during biological treatment. The removal was >90% of
original concentration ranging between 200 and 500 ng/L. On the
base of analysis of estrogens sorbed into the sludge they suggested
that biodegradation was the main vehicle for estrogen elimination.

In spite of the application of very high initial concentrations
(2.5 x 107> to 50 mg L), experiments using bisphenol A, E2, and
EE2, as well as activated and inactivated sludge, showed a high
adsorption affinity of the compounds to the adsorbent (Clara et al.,
2004). The adsorption in this work was also found to depend on pH,
where the authors observed increasing solubility of adsorbed EE2
with elevated pH from 7 to 12. Correlation of EE2 sorption to activated
sludge biomass and temperature was described (Xu et al., 2008).

The efficiency (>90%) of E1 and EE2 removal studied in
municipal WWTPs under various redox conditions, demonstrated
the importance of aerobic conditions for the removal of all estro-
gens (Joss et al., 2004). The importance of adaptation of microbial
populations for the removal of estrogens (mainly E2), was shown
by dramatic differences in mineralization of “C-labelled estrogenic
compounds when working with biosolids from four municipal
treatment plants and one industrial plant (Layton et al., 2000); in
the municipal WWTP the mineralization was 70-80% during the
24 h, while in the industrial WWTP it reached only 4%. The
mineralization of EE2 was 25-75-fold less than that of E2 and, in
addition, it did not reach completion in 24 h, with only 40%
mineralized to CO,. Changes in temperature during the process
significantly affected mineralization of E2 but had no effect on the
rate of EE2 metabolism (Layton et al., 2000).

Several years of research have been focused on factors involved
in the removal of estrogenic compounds from WWTPs, where the
efficiency of the biological processes involved is highly dependent
on operating parameters such as sludge retention time, redox
potential, etc. - reviewed in Koh et al. (2008). Cao et al. (2008)
reported a relationship between the equivalent biomass concen-
tration and the estrogen degradation in WWTPs.

Under anaerobic conditions E1 was reduced to E2 but the extent
of this reduction depended on the type of inocula (Mes et al., 2008).
No significant loss of the sum of E1 and E2, or of EE2 was observed
in activated sludge during the experiment under strictly anaerobic
conditions. In the effluent, however, there was still a large fraction
of E1 and E2 (adsorption to sludge accounted for a 32-35% loss from
the liquid phase) but no EE2.

A work focused on potential relationship between the avail-
ability of oxygen, nitrification rate, and estrogen removal

demonstrated that EE2 was persistent under anoxic conditions in
activated sludge (Dytczak et al., 2008). Under aerobic conditions,
the observed level of EE2 removal was 22% within 7 h. The higher
removal of estrogens was associated with higher nitrification rate,
thus nitrifying biomass could be responsible for their removal. The
fate of E1, E2, and EE2 under different redox settings was also
investigated in two nitrite-accumulating sequencing batch reac-
tors, with different sludge ages operating under aerobic conditions
and anoxic/anaerobic/aerobic conditions (Pholchan et al., 2008).
The removal of EE2 under anaerobic conditions was considered to
be mainly the result of sorption; however, the binding of estrogens
to the sludge was apparently not as strong as the binding observed
in the sludge under strictly aerobic conditions. Probably because of
nitrite toxicity and the inhibition of the monooxygenase (AMO) and
the microbial population generally, EE2 removal was adversely
affected when the reactor operated with sludge retention time
(SRT) shorter than 5.7 days and it was significantly lower when SRT
was longer than 7.5 days. In contrast, during anaerobic digestion of
estrogens by sewage sludge, no influence of temperature or SRT on
the process was observed (Carballa et al., 2007).

Distribution coefficients (Kg) between water and activated
sludge particles were used to estimate the fraction of the total
estrogen concentration which is expected to be sorbed in the
activated sludge under aerobic conditions (Andersen et al., 2005).
Estimations based on the measured sorption constants predict that
about 50-75% of steroid estrogens will be sorbed to activated
sludge during activated sludge treatment in a WWTP.

Taking into account also the results of previous studies, the
scenario of EE2 removal under aerobic conditions could be more
mixed. Ternes et al. (1999) showed that E2 was oxidized and further
eliminated by activated sludge from WWTP in Germany, while EE2
was principally persistent under selected conditions. Similarly,
Weber et al. (2005) reported persistency of EE2 in batch experi-
ments with activated sludge from two different types of WWTP.
Further culture enrichment and isolation led to a defined mixed
culture consisting of two strains, which were identified as Achro-
mobacter xylosoxidans and Ralstonia sp. The culture used E1 and E2
as growth substrates, but not the EE2. In contrast, Forrez et al.
(2009a) recorded 90% EE2 removal in an aerated nitrifying batch
reactor and a complete biological EE2 removal from the synthetic
effluent in a fixed bed reactor. They also demonstrated that once
established nitrifiers could maintain the EE2 degradative activity,
even without further addition of ammonium (Forrez et al,
2009a,b).

Cirja et al. (2007) studied the metabolism of two differently
labelled radioactive forms of EE2 (concentration 8 g L™!) in
a membrane bioreactor (MBR), operating with 25 days SRT during
the whole experimental period (35 days). Balancing of radioactivity
demonstrated that the real mineralization was <1%, while radio-
activity mainly remained sorbed in the reactor, resulting in
a removal of approximately 80%. The result showed that the elim-
ination pathway does not involve the removal of the ethinyl group
from EE2 molecule. Despite its efficiency in bisphenol A removal,
the additional disinfection of MBR effluent provided no further
significant removal of E1, EE2, or E2 (Spring et al., 2007).

7. Algae

Only one publication is available dealing with biotransformation
of EE2 by algae. Della Greca and co-workers (Della Greca et al,,
2008) tested the biotransformation capability of 11 microalgae
strains on EE2. Out of the tested strains, Selenastrum capricornutum,
Scenedesmus quadricauda, Scenedesmus vacuolatus, and Ankis-
trodesmus braunii were able to biotransform the substrate. Several
transformation products were identified (Fig. 3). These results are
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A. braunii

Fig. 3. Transformation products of EE2 by microalgae (Della Greca et al., 2008).

in agreement with previous studies on sterols and phenols that
were degraded by S. quadricauda indicating the ability of the strain
to perform regio- and stereo-selective hydroxylation of steroidic
substrates (Della Greca et al., 1996, 1997). Whereas A. braunii
showed another strategy during bioconversion of sinapic acid to
3,6-dihydroxy-2,4-dimethoxy-7H-benzocyclohepten-7-one via tho-
masidioic acid (Della Greca et al., 2003).

8. Conclusions

EDCs tend to accumulate in aquatic organisms and to be
adsorbed on sediments and on particles in the aquatic environ-
ment. Due to their high bioactivity, ubiquitous nature, toxicity and
persistence, it is of extreme importance to investigate and study
organisms that have the ability to reduce these substances in the
environment.

EE2 was found to be slowly decomposed by bacteria under
anaerobic conditions. The dissipation time can exceed 1000 days
and the degradation is attributed to sulfate-, nitrate-, and iron-
reducing conditions. However, abiotic factors can also play an
important role in the removal. Faster degradation can be recorded
for dissolved EE2 by bacteria under aerobic conditions and also
seawater microbes were found to degrade EE2 after acclimation.
More rapid degradation of EE2 was also linked to the presence of
AOM bacteria from activated sludge. EE2 was found to be more
resistant to bacterial biodegradation than natural estrogens, but its
highly hydrophobic nature makes sorption a significant removal
factor in WWTPs. Using also batch experiments, it was found that
WWTP processes based on activated sludge are more effective in
the EE2 removal; however, the results are strongly dependent on
the operating parameters (e.g. temperature, SRT, redox potential
etc.) and only few authors have so far evaluated changes in estro-
genic activity in the WWTP process.

Another promising alternative for EE2 decomposition could be
an application of ligninolytic fungi. A number of fungal strains were
shown to degrade efficiently EE2 and other estrogens, and also
a direct application of ligninolytic enzymes was proved to be
successful in the EE2 degradation within a relatively short time.
These systems were also able to remove estrogenic activities of the
samples.

Recently, several studies have been performed to evaluate the
persistency of EE2 in soil. Although some of the works showed
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apart from sorption also possible microbial degradation, the fate of
EE2 in soil remains unclear.

As yet, the mechanisms of these degradations have not been
elucidated and only several authors detected EE2 transformation
products from fungi, bacteria and microalgae. The conclusions of
this review therefore emphasize the need for further research and
the future tasks that emerge from the data gatherered here can be
summarized as follows:

1. Search for microbial (bacteria, white rot fungi) species and
strains with high (either compound-specific or general)
estrogen-degrading activity and their use in wastewater
treatment in a way that would allow a flexible and efficient
degradation;

2. Study of degradative reactions and pathways that do not yield
metabolites with estrogenic activity;

3. Investigations of material matrices and conditions ensuring
efficient abiotic removal of estrogens (hydrolysis, chemical
reduction, photolysis, sorption or volatilization);

4. Optimization of the application of enzymes in degredative
processes;

5. Designing WWTP systems that would integrate all the above
factors.
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Endocrine-disrupting compounds (EDCs) represent a large group of substances of natural and anthropo-
genic origin. They are widely distributed in the environment and can pose serious risks to aquatic organ-
isms and to public health. In this study, 4-n-nonylphenol, technical 4-nonylphenol, bisphenol A,
17a-ethinylestradiol, and triclosan were biodegraded by eight ligninolytic fungal strains (Irpex lacteus
617/93, Bjerkandera adusta 606/93, Phanerochaete chrysosporium ME 446, Phanerochaete magnoliae CCBAS
134/1, Pleurotus ostreatus 3004 CCBAS 278, Trametes versicolor 167/93, Pycnoporus cinnabarinus CCBAS
595, Dichomitus squalens CCBAS 750). The results show that under the used conditions the fungi were able
to degrade the EDCs within 14 d of cultivation with exception of B. adusta and P. chrysosporium in the case
of triclosane and bisphenol A, respectively. I. lacteus and P. ostreatus were found to be most efficient EDC
degraders with their degradation efficiency exceeding 90% or 80%, respectively, in 7 d. Both fungi
degraded technical 4-nonylphenol, bisphenol-A, and 17o-ethinylestradiol below the detection limit
within first 3 d of cultivation. In general, estrogenic activities assayed with a recombinant yeast test
decreased with advanced degradation. However, in case of I lacteus, P. ostreatus, and P. chrysosporium
the yeast assay showed a residual estrogenic activity (28-85% of initial) in 17a-ethinylestradiol cultures.
Estrogenic activity in B. adusta cultures temporally increased during degradation of technical 4-nonyl-
phenol, suggesting a production of endocrine-active intermediates. Attention was paid also to the effects
of EDCs on the ligninolytic enzyme activities of the different fungi strains to evaluate their possible stim-
ulation or suppression of activities during the biodegradation processes.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

nonylphenolpolyethoxylates, which are used widely as non-ionic
surfactants in many industrial applications. Due to their hydropho-

Endocrine-disrupting compounds (EDCs) are a group of envi-
ronmental pollutants known for their negative influence, particu-
larly on aquatic organisms. Several studies demonstrated that
these chemicals mimic hormones or interfere with the action of
endogenous hormones (White et al., 1994; Ishibashi et al., 2004).
Due to their widespread presence in the environment and toxic
activity even at low concentrations, EDCs have received increased
attention in water quality management and health care.

Typical EDCs of anthropogenic origin with estrogen-like action
include 4-nonylphenols (NPs), bisphenol A (BPA), and 17a-ethiny-
lestradiol (EE2). Mimicking natural hormones or disruption of bio-
signal pathways by these chemicals can stimulate the growth of
human breast cancer cells (Soto et al., 1991) or induce the expres-
sion of vitellogenin in fish (Kwak et al., 2001). As a consequence,
both mechanisms are used to prove estrogen activity by bioassays.
NPs mainly occur in the environment as degradation products of

* Corresponding author. Tel.: +420 241062498; fax: +420 241062384.
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bic properties, these compounds are considered to be slowly biode-
graded under aerobic conditions (Ying et al., 2002). BPA is a raw
material of some polycarbonates and epoxy resins and it is wide-
spread used as food packaging material (Biles et al., 1997). More-
over, the compound leaches also from dental materials and it
was also found in waste landfill leachates (Yamamoto et al., 2001).

Synthetic estrogens, such as EE2, are used as oral contracep-
tives. Non-metabolized EE2 and its conjugates are excreted into
wastewater. During sewage treatment, EE2 is then released from
the corresponding conjugates by hydrolysis and reaches the envi-
ronment via the effluents of wastewater treatment plants (Tyler
and Routledge, 1998). Due to their incomplete removal during
the waste treatment process, synthetic and natural estrogens are
considered as major contributors to the estrogenic activity associ-
ated with waste water treatment plant effluents (Gutendorf and
Westendorf, 2001).

Among the EDCs present in the environment, increasing interest
is being given to antibiotics suspected of creating multiresistant
germs. Triclosan (TRC) is an established bacteriostatic compound
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and widely used as fungicide in topical and dental preparations. It
is known to be absorbed in the gastrointestinal tract and through
the skin (Dayan, 2006).

EDCs tend to accumulate in aquatic organisms and to be ad-
sorbed by sediments and on particles in the aquatic environment
(Adolfsson-Erici et al., 2002). The role that the mixture of bacterio-
cides and EDCs plays in the environment is currently not well
understood. Due to their high bioactivity, ubiquitous nature, toxic-
ity and persistence, it is of extreme importance to investigate and
study organisms that have the ability to reduce these substances in
the environment. A promising way to do so is the application of lig-
ninolytic fungi or isolated fungal enzymes for the biodegradation
of these compounds.

Ligninolytic fungi produce extracellular enzymes with low sub-
strate specificity, which makes them suitable for degradation of
various aromatic compounds, even with low water solubility. Their
advantage in many cases over bacteria is attributed to the extracel-
lular nature of the ligninolytic enzymes. In addition, they secrete
low molecular weight mediators that enlarge the spectrum of com-
pounds they are able to oxidize (Pointing, 2001). The ligninolytic
system consists of four major enzymes: lignin peroxidase (LiP,
E.C. 1.11.1.14), manganese-dependent peroxidases (MnP, E.C.
1.11.1.13), versatile peroxidases (VP, E.C. 1.11.1.16) and laccases
(Lac, E.C. 1.10.3.2). In vivo and in vitro experiments with purified
enzymes proved that ligninolytic enzymes were able to extensively
degrade EDCs (Tanaka and Taniguchi, 2003; Keum and Li, 2004;
Corvini et al., 2006; Cabana et al., 2007a,b; Shin et al., 2007). On
the other hand, there are not many studies comparing degradation
abilities of different strains of ligninolytic fungi on EDCs. It was
also shown that presence of aromatic pollutants can influence pro-
duction of the enzyme activities in fungal cultures (Cajthaml et al.,
2008). Moreover, only a few authors monitored changes in the
endocrine-disrupting activity during the fungal biodegradation
(Cabana et al., 2007b).

The aim of this paper is to investigate abilities of whole cultures
of eight ligninolytic fungal strains to degrade several typical repre-
sentatives of EDCs and to evaluate changes in the estrogenic activ-
ity of the samples. Attention was also paid to the effect of EDCs on
ligninolytic enzyme activities in order to evaluate a possible stim-
ulation or suppression of the activities.

2. Materials and methods
2.1. Chemicals

Technical nonylphenol mixture (ring and chain isomers) and 4-
n-nonylphenol (4-n-NP, >98%), BPA ( >99%), EE2 (>98%), and TRC
(=>97.0%) were used as substrates for degradation experiments and
were purchased from Aldrich, Germany. Other chemicals (pure or
of higher purity) used as standards were supplied by Fluka, Aldrich
or Merck-Schuchardt. All solvents of trace analysis quality or gra-
dient grade were purchased from Chromservis (Czech Republic).

2.2. Organisms and cultivation

The ligninolytic fungal strains Irpex lacteus 617/93, Bjerkandera
adusta 606/93, Phanerochaete chrysosporium ME 446, Phanerochaete
magnoliae CCBAS 134/1, Pleurotus ostreatus 3004 CCBAS 278, Tra-
metes versicolor 167/93, Pycnoporus cinnabarinus CCBAS 595,
Dichomitus squalens CCBAS 750 were obtained from the Culture
Collection of Basidiomycetes of the Academy of Science, Prague.

Static cultures of the tested fungi were incubated in 250 mL
Erlenmeyer flasks in five parallels at 28 °C. Twenty millilitre of
malt extract-glucose medium (5 g malt extract, 10 g glucose, pH
4.5) was inoculated with 5% suspension of homogenized mycelia,

grown for 1 wk. Fungal inoculum corresponded to initial fungal
dry weight of 2-3 mg for T. versicolor, B. adusta, and P. cinnabarinus,
and 4-5 mg for the remaining strains. The samples for biodegrada-
tion experiments were spiked with 100 pL of N,N-dimethylform-
amide (DMF, final concentration 0.5 %, v/v) containing individual
representatives of EDCs at the time of inoculation. Biotic controls
were spiked with 100 pL of DMF only. The influence of DMF (ap-
plied to dissolve the reference compounds) on the enzyme activi-
ties was found to be negligible (data not shown). The abiotic
controls were realized with mycelia grown for one week and killed
in an autoclave.

Final concentrations of EDCs in the flasks were 10 mgL™! of
BPA, 10 mg L' of EE2, 3 mg L' of NPs, 2.5 mgL~! of 4-n-NP and
TRC. The concentrations of NPs, 4-n-NP and TRC were lower com-
pared to BPA and EE2 due to the significant toxic effect on the fun-
gal cultures at higher concentrations. The biodegradation samples
were harvested after 3, 7 and 14 d.

2.3. Enzyme activities

LiP was assayed with veratryl alcohol as the substrate (Tien and
Kirk, 1988) and MnP was determined with 3-dimethylaminoben-
zoic acid and 3-methyl-2-benzothiazoline hydrazone as the chro-
mogen (Vyas et al., 1994). Manganese-independent peroxidase
activity (MiP) was calculated from the peroxidase activity of MnP
assay detected in the absence of Mn?" ions (Vyas et al., 1994).
Lac was estimated with 2,2-azinobis-3-ethylbenzo-thiazoline-6-
sulfonic acid as the substrate (Niku-Paavola et al., 1988). One unit
of enzyme produced 1 pmol of the reaction product per min under
the assay conditions at room temperature.

2.4. Chemical analysis

The whole content (mycelium with medium) of each culture
was homogenized with Ultraturrax and acidified to approximately
pH 2. It was then extracted with five 10 mL portions of ethyl ace-
tate. Afterwards, the extracts were dried with sodium sulphate
and concentrated using a rotary evaporator to a final volume of
10 mL. The extraction recoveries of all pollutants were about or
better than 75% except for NPs that reached 60%. To enable HPLC
analysis, an aliquot of the ethyl acetate extract was mixed with
acetonitrile at a ratio of 1:10 (v/v), and the mixture was used for
injection (Cajthaml et al., 2006).

The samples containing BPA, NPs, 4-n-NP and EE2 were ana-
lyzed using an HPLC-UV system (Waters 2695 Separations Module)
equipped with a diode-array detector (Waters 2996). Isocratic pro-
grams were applied for all analyzed compounds. NP was analyzed
at 35 °C, using 85% of methanol and 15% of water (v/v) with detec-
tion at 224 nm and 4-n-NP with 90% of methanol. BPA and EE2
were separated with 48% of acetonitrile at 38 °C. An isocratic pro-
gram was used with 65% of acetonitrile and 35% of formic acid
(0.1% in water). The compounds were separated on a LichroCart
column filled with LichroSphere RP-18e (250 mm x 5 mm, particle
diameter 5 pum), provided by Merck (Germany), with a flow rate of
1 mL min~'. Due to UV interference with an unknown compound
in the extract, TRC was analyzed using HPLC-MS (LCQ Advantage,
Thermo) with the same HPLC conditions. The mass spectrometer
was operated in negative mode electrospray ionization. The dis-
charge voltage was set 3 kV, capillary voltage maintained at
—12.5V and the capillary temperature was 300 °C. The sheath
and sweep gas were supplied with nitrogen. The sheath and sweep
gases were adjusted to 52 and 3 arbitrary units, respectively. The
data were collected in SIM mode when ion 287 amu was moni-
tored. The detection limits for BPA, EE2, NPs, 4-n-NP and TRC were
0.23, 0.44, 0.21, 0.20 and 0.1 mg L, respectively.

114



T. Cajthaml et al./ Chemosphere 75 (2009) 745-750

2.5. Determination of estrogenic activity

Estrogenic activity of ethyl acetate extracts was assessed using
a recombinant yeast screen according to Routledge and Sumpter
(1996). The assay uses Saccharomyces cerevisiae with the inte-
grated human estrogen receptor into the DNA sequence of the
yeast genome, which also contained expression plasmids carrying
estrogen-responsive sequences controlling the expression of the
reporter gene lacZ (encoding the enzyme beta-galactosidase),
Thus, in the presence of estrogens, p-galactosidase is synthesized
and secreted into the medium, where it causes a color change
from yellow to red. For assaying EE2 samples, the ethylacetate ex-
tracts were diluted 2000 times in methanol and 5 pL were used
for the test. In cases of other EDCs, 20 pL of the extracts were ap-
plied directly for the assay. The concentrations were then fitting
to the linear part of respective calibration curves when regression
coefficient were better than 0.93 for all the compounds. Concur-
rently, EDC representatives (same amounts as added to the cul-
tures) were tested using the same dilution and their endocrine
activity was compared to that of 17p-estradiol (E2). Estrogenic
activity of the samples was then expressed as a percentage of
the estrogenic activity of the original EDCs. Biotic controls culti-
vated without EDCs showed no estrogenic activity (data not
shown).

Concentration (mg.L™")
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2.6. Data analysis

The data were tested with Student’s t-test. Means were consid-
ered to be significantly different when the P value was <0.01.

3. Results and discussion

As mentioned above, the applied concentrations of the tested
EDCs varied in some cases due to their significant toxic effects.
Especially NPs suppressed the growth of the fungi already at con-
centrations of about 5mgL~! and TRC at 3mgL ! (data not
shown). The comparison of EDC estrogenic activity showed that
EE2 was 1.5-fold more potent then E2. That corresponds to results
of Anderson et al. (1999). All the other compounds were of approx-
imately equal potency with 10° lower activity than E2.

The course of the biodegradation of individual EDCs with the
studied fungi is shown in Fig. 1. Except B. adusta, all the tested fun-
gi strains were able to remove the antimicrobial compound TRC
efficiently under the conditions chosen (Fig. 1a). After 14d of
cultivation, most of the fungal cultures reduced this pollutant to
1-12% of the initial concentration despite the different ratios and
levels of ligninolytic enzymes activities measured (Table 2). The
data are in accordance with results of Hundt et al. (2000), who re-
ported the ability of ligninolytic fungal strains T. versicolor and P.

m 3 days
@7 days
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Fig. 1. Detection of EDCs ((a) triclosan, (b) 4-nonylphenol, (c) nonylphenols, (d) bisphenol A, (e) 17a-ethinylestradiol) after biodegradation with the studied fungal strains.
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cinnabarinus to metabolize TRC efficiently. They identified mono-
saccharide conjugates after transformation and determined a re-
duced toxicity of the samples. In our work, we used a
recombinant yeast assay to detect estrogenic activity and the re-
sults are shown in Table 1. Currently, TRC is considered not to be
estrogen-active (Forana et al., 2000). Only metabolites found in fish
were confirmed to be weak estrogens (Ishibashi et al., 2004). In our
study, using the yeast bioassay, an estrogenic activity of TRC sim-
ilar to those of the NPs was measured. The test assay indicated a
relevant decrease of the activity which corresponded with the re-
moval of TRC during the biodegradation.

In the case of fungi with detectable Lac activity, a decrease of
the activity was observed for all the tested strains in the presence
of TRC. The activity of LiP was suppressed by TRC in the culture in
T. versicolor and an increase was detected for MnP in the same cul-
ture. TRC has a stimulating effect on the activity of MnP and MiP of
L lacteus.

NPs were degraded by all fungi studied (Fig. 1b). Degradation of
NPs or 4-n-NP has already been reported for cultures of P. chrysos-
porium, Bjercandera sp., T. versicolor and P. ostreatus (Soares et al.,
2005, 2006; Dubroca, 2005) and several papers deal with isolated

Table 1
Detection of estrogenic activity during biodegradation of EDCs using recombinant
yeast assay.

ED Fungus Estrogenic activity recovery?® % + SD
3d 7d 14d
Triclosan P. ostreatus 78 £11 287 201
T. versicolor 326 147 211
D. squalens 28+10 6.4+4 271
P. cinnabarinus 15+8 30+5 1.6+0
P. magnoliae 82+7 25+7 211
B. adusta 80+6 84+12 78+5
P. chrysosporium 74+9 20+6 25+1
L. lacteus 28+1 99+7 221
4-n-Nonylphenol P. ostreatus 05+0 771 6.8+0
T. versicolor 05+0 8.1+2 6.7+0
D. squalens 7.0+1 64+0 58+1
P. cinnabarinus 6.1+0 6.9+0 710
P. magnoliae 6.0+0 781 75%1
B. adusta 74+1 6.7x1 59+0
P. chrysosporium 6.0+0 730 6.6+0
I lacteus 9.0+3 6.9+0 6.5+0
4-Nonylphenols P. ostreatus 1.2+0 6.5+5 27 £12
T. versicolor 50 +24 32+14 0.0+£0
D. squalens 59+4 2912 2412
P. cinnabarinus 3.0%1 1.0£1 -0.8+1
P. magnoliae 09+1 13%1 1.9+1
B. adusta 55+17 106 £+ 11 165
P. chrysosporium 79 +23 63 +24 3617
L. lacteus 83+18 61+18 21+8
17o-Ethinylestradiol ~ P. ostreatus 14+6 117 38+11
T. versicolor 81+10 20+20 6.0%3
D. squalens 107 £2 41 25 22+11
P. cinnabarinus 3620 174 14£6
P. magnoliae 109 6 104+ 4 10119
B. adusta 82+12 86+7 38+13
P. chrysosporium 83+5 70 £20 85+6
L. lacteus 14+4 7.5%2 28+16
Bisphenol A P. ostreatus 72+6 1.6+10 —24+2
T. versicolor 13+10 22+0 -07+4
D. squalens 13+1 14+1 14+1
P. cinnabarinus 15+1 14+1 15+2
P. magnoliae 15+1 14+1 152
B. adusta 63+4 791 10+9
P. chrysosporium 68 +15 67 6 58 +27
L. lacteus 404 6.8+4 21%2

¢ Estrogenic activity is expressed as percentage of activity detected in relevant
controls.

enzyme degradation (see Cabana et al., 2007b). However, com-
pared with the studied and described strains, the cultures of I. lac-
teus and P. ostreatus in our experiments were able to remove a
technical mixture of NPs to below the detection limit, even within
the first 3 d. On the other hand, the results from the yeast bioassay
showed a residual (I. lacteus, P. ostreatus, P. chrysosporium) or tem-
porally increased (B. adusta) estrogenic activity over the time
course of NP degradation. Such results can be explained by the pro-
duction of degradation intermediates that also show estrogenic
activity. Several authors published fungal Lac transformations of
NP that led to the formation of products with higher molecular
masses than that of the parent compound, without decomposition
of phenol ring (Junghanns et al., 2005; Cabana et al., 2007a).

The addition of 4-n-NP decreased the Lac activity in the cultures
of T. versicolor, P. ostreatus, I. lacteus, and P. cinnabarinus signifi-
cantly. The same compound also caused a drop in the level of L. lac-
teus MnP activity and an increase in MiP production in L lacteus
and B. adusta cultures. In contrast, the technical mixture of NPs,
as well as 4-n-NP, induced significant Lac activity in the T. versi-
color and P. ostreatus cultures. A considerably higher amount of
MiP was detected in B. adusta when NPs were added to the cul-
tures. Soares et al. (2006) detected an increased activity of T. versi-
color LiP and B. adusta MnP in a complex liquid medium under the
presence of technical NP, however, only in agitated cultures. In
contrast, Lac activity of T. versicolor was stimulated (Soares et al.,
2006) in static cultures.

P. chrysosporium is the only fungus out of the tested strains
that was not able to degrade BPA significantly under the condi-
tions used. However, previous reports indicate the abilities of
free MnP and LiP from this fungus to degrade BPA (Tsutsumi
et al,, 2001; Kimura et al.,, 2004). All the other tested fungi re-
moved BPA completely from the solution, except B. adusta. The
degradation rates showed in this work are in accordance with
the result published by Shin et al. (2007). The authors showed
L. lacteus and P. ostreatus to be the most efficient BPA degraders
among other tested ligninolytic strains. Lee et al. (2005) de-
scribed the degradation of BPA by Stereum hirsutum and Hetero-
basidium insulare together with the elimination of estrogenic
activity as well.

The presence of BPA in the cultures influenced the enzymatic
activities of Lac and Lip of D. squalence slightly. The estrogenic
activities detected in the BPA treated cultures of T. versicolor, D.
squalens, P. cinnabarinus, and P. magnoliae were similar to the val-
ues obtained from B. adusta cultures. It is very likely that estro-
genic active intermediates were formed during biodegradation.
Degradation results of EE2 are shown in Fig. 1d. In these experi-
ments, I lacteus, P. ostreatus and P. cinnabarinus were the most
efficient degraders since these strains removed EE2 to below
the detection limit within the first 3 d of incubation. P. chrysospo-
rium was not able to degrade EE2 significantly. The EE2 degrada-
tion was accompanied by a decrease in the estrogenic activity of
the solution, except in the case of P. magnoliae. Although this
strain was able to degrade about 60% of the compound, the estro-
genic activity was still about 100% of the original value. It is as-
sumed that a highly estrogen-active metabolite was formed
during the transformation.

EE2 caused an induction of laccase and MnP activity in T. versi-
color cultures.

Several authors have reported biodegradation of EE2 in soil or
liquid media with only isolated enzymes from ligninolytic fungal
strains, including P. chrysosporium MnP (Suzuki et al., 2003), Pyc-
noporus coccineus Lac (Tanaka et al., 2000), Trametes sp. Lac (Tanaka
et al., 2001) and T. versicolor Lac (Suzuki et al., 2003). Suzuki et al.
(2003) evaluated estrogenic activity with the yeast two hybrid as-
say system. They also recorded a very efficient degradation with a
proportional decrease of the activity.
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Table 2
Maximal activities of ligninolytic enzymes of the studied fungi in liquid nutrient media and in the presence of EDC.
Fungus EDC Lac MiP MnP Lip
Max (UL™1) Day Max (UL™) Day Max (UL ™) Day Max (UL™1) Day
T. versicolor Control® 41-47 3-5 ND 6 5 13 3
Nonylphenol 87-79 3-5 ND 7-15 3-5 5-7 7-10
4-n-Nonylphenol 6-7 6-14 ND 7 10 4 3
Bisphenol A 62-49 3-5 ND 3-1.7 3-5 17 3
170~ Ethinylestradiol 102-50 3-5 ND 4 5 81 3
Triclosan 3-34 7-9 ND 12-20 7-11 1-6 4-11
P. ostreatus Control 237-153 3-5 ND 5 5 ND
Nonylphenol 320-138 5-7 ND 3 5-7 ND
4-n-Nonylphenol 9-10 10-14 ND 2 14 ND
Bisphenol A 240-232 3-5 ND 4 5 ND
170~ Ethinylestradiol 162 3-5 ND 3 5-7 ND
Triclosan 39-44 4-11 ND 2 4 ND
B. adusta Control 3 5 0 7 1 3 9-8 10-12
Nonylphenol 3 10-12 2 7 1 3 10-9 10-12
4-n-Nonylphenol ND 14 8 3 6 7-9 10-14
Bisphenol A 2-3 10-12 3 5 2 12 9-11 12-14
170~ Ethinylestradiol 2 7 3 5 1 7 8 3
Triclosan ND ND 3 11 8-6 4-7
L lacteus Control 10-8 7-10 6-5 12-14 23-27 5-14 ND
Nonylphenol 10-11 7-10 7-5 12-14 20-33 5-14 ND
4-n-Nonylphenol 2 7 6-18 10-14 2 6 ND
Bisphenol A 9-10 7-10 5 12-14 21-35 10-12 ND
170~ Ethinylestradiol 9 7-10 7 12-14 27 12 ND
Triclosan 2 7 14-11 4-9 54-74 9-14 ND
P. chrysosporium Control ND ND 1 3-5 6 8-10
Nonylphenol ND ND 2 3-5 5 7-11
4-n-Nonylphenol ND ND 1 3-6 4 8-10
Bisphenol A ND ND 1 3-6 5 8-10
170~ Ethinylestradiol ND ND 2 3-5 7 8-11
Triclosan ND ND 1 3-5 6 7-11
D. squalens Control 12-17 6-10 ND 18-11 8-10 ND
Nonylphenol 13 6 ND 6 6 ND
4-n-Nonylphenol 15-11 6-8 ND 7 6 ND
Bisphenol A 6-4 3-8 ND 4 3 ND
170~ Ethinylestradiol 11-5 3-10 ND 5 3-6 ND
Triclosan 5.5-5 4-11 ND 1 4 ND
P. cinnabarinus Control 11-18 8-14 ND 3 10-14 ND
Nonylphenol 36-46 3-14 ND 10 8 ND
4-n-Nonylphenol 8-9 8-14 ND 1 8 ND
Bisphenol A 13-10 8-14 ND ND ND
170~ Ethinylestradiol 10 8-14 ND 6 14 ND
Triclosan ND ND ND ND
P. magnolia Control ND ND 3 8 5-3 6-14
Nonylphenol ND ND 2 8 2 10
4-n-Nonylphenol ND ND 4 6-8 1 10-14
Bisphenol A ND ND 2 3 1 6-10
170~ Ethinylestradiol ND ND 6 6 6 6
Triclosan ND ND ND 5-3 4-14

@ Cultivation without EDCs.

4. Conclusions

In this study, we investigated the abilities of eight ligninolytic
fungal strains to degrade several typical representatives of EDCs
and a bacteriocide, Trc. Attention was also paid to the effect of
EDCs on ligninolytic enzyme activities, and changes in estrogenic
activity of the samples during biodegradation were also evaluated.
The results discussed above show that almost all the fungi were
able to degrade the tested EDCs under the used conditions. I .lac-
teus and P. ostreatus in particular were found to be the most effi-
cient EDC degraders. However, we did not find any clear link
between enzyme activities and the degradation rate. Especially in
the cases of T. versicolor, P. ostreatus P. cinnabarinus, Lac was de-
tected and an induction of activity was found in presence of NPs
while, in general, enzyme activities were inhibited when 4-n-NP
and TRC were added to the cultures.

1

17

Estrogenic activities generally decreased with the progress of
degradation. However, in some cases the results from the yeast
bioassay showed a residual (I. lacteus, P. ostreatus, P. chrysosporium
- EE2) or temporally increased (B. adusta — NPs) estrogenic activity
over the course of degradation, suggesting the production of degra-
dation intermediates with estrogenic activity.

The results from this study emphasize the need for further re-
search, especially to identify metabolites, intermediates, and deg-
radation products, in order to improve the understanding of the
degradation mechanisms and to assess the toxicological risks re-
lated to the degradation processes of EDC.
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The aim of the present study was to compare the degrading capabilities of eight ligninolytic fungal rep-
resentatives towards a technical mixture of polychlorinated biphenyls (Delor 103). Axenic cultures of the
fungi, either in complex or N-limited liquid media, were spiked with the technical mixture of Delor 103.
All of the fungal strains were able to degrade the pollutant significantly after 6 weeks of incubation in
both media. Outstanding results were achieved by the treatment with Pleurotus ostreatus, which removed
98.4% and 99.6% of the PCB mixture in complex and mineral media, respectively. This fungus was the only
one capable of breaking down penta- and hexachlorinated biphenyls in the complex medium. Ecotoxico-
logical assays performed with the luminescent bacterium Vibrio fischeri demonstrated that all of the fun-
gal strains employed in this study were able to remove the toxicity only temporarily (e.g., after 28 d of
incubation), while P. ostreatus was capable of suppressing the toxicity associated to PCBs along the whole
incubation period in both media. We also performed an extensive set of qualitative GC/MS analyses and
chlorinated derivatives of hydroxy- and methoxy-biphenyls were detected along with monoaromatic
structures, i.e. chlorobenzoic acids, chlorobenzaldehydes and chlorobenzyl alcohols. This results indicate
that both intracellular (cytochrome P-450 monooxigenase, aryl-alcohol dehydrogenase and aryl-alde-
hyde dehydrogenase) and extracellular (ligninolytic enzymes) enzymatic systems could be involved in
the biotransformation of PCB by ligninolytic fungi. The data from this work also document that the fungi
are able to degrade further the main metabolites on the PCB pathway (i.e. chlorobenzoic acids) simulta-
neously with PCBs.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

products, since PCB-degrading bacteria are usually not able to
grow on these substrates (Kobayashi et al., 1996). The build up of

Polychlorinated biphenyls belong amongst persistent organic
pollutants because of their environmental recalcitrance and
ecotoxicity. Although their production was prohibited a long time
ago, they still persist in the environment and represent a serious
environmental problem. One of the few available techniques to
decontaminate PCB-polluted matrices consists in thermal phys-
ico-chemical methods that represent technically and financially
demanding approaches. Alternatively, bioremediation has
attracted greater public interest as an effective and economically
feasible strategy for the removal of various pollutants. PCBs can
be degraded by aerobic bacteria via several pathways, the most
important and widely studied of which is a co-metabolic process
performed by biphenyl catabolic enzymes encoded by the bph gene
cluster (Field and Sierra-Alvarez, 2008; Furukawa and Fujihara,
2008). Unfortunately, this pathway leads to the formation of chlo-
robenzoic acids (CBAs), which tend to accumulate as dead-end
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CBAs in the growth medium, in fact, may result in feed-back inhi-
bition and impede or slow down PCB biotransformation (Adebu-
soye et al., 2008). Rieske-type biphenyl dioxygenases encoded by
bph operone are enzymes with high substrate specificity and only
a fraction of PCB congeners can be transformed by these enzymes.
Another great limitation of organopollutant degradation by pro-
karyotes is the fact that bacterial degrading enzymes are usually
intracellular and intake represents an important rate-limiting step.
Therefore, it is worth looking for other microorganisms that are
able to degrade PCBs.

Ligninolytic fungi (LF), with their extracellular, low-substrate-
specificity enzymes, represent a promising alternative for the bio-
degradation of various aromatic pollutants (Cajthaml and Svobo-
dova, 2011). The ligninolytic system consists of three major
peroxidases: lignin peroxidase (LiP), manganese peroxidase
(MnP), versatile peroxidases (VP) and laccase, which belongs to
phenol oxidases. LF can effectively degrade various recalcitrant
organopollutants, e.g., chlorophenols, polycyclic aromatic hydro-
carbons, dioxins, furans, endocrine disrupters (Kamei et al.,
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2006a; Field and Sierra-Alvarez, 2008; Cajthaml et al., 2009; Kasai
et al., 2010). LF were also shown to be capable of degrading PCBs,
see Field and Sierra-Alvarez (2008) and references therein. More-
over, fungi were shown to be capable of splitting the aromatic ring
of various persistent aromatic pollutants (Cajthaml et al., 2006;
Pinedo-Rivilla et al., 2009) and, to some extent, of mineralizing
PCBs (Thomas et al., 1992; Beaudette et al.,, 1998). In addition, a
few works documenting the in vitro degradation of PCBs using iso-
lated ligninolytic enzymes can be found in the literature (Krémar
et al., 1999; Takagi et al., 2007), although their exact role in the
general degradation process has not yet been fully elucidated
(Field and Sierra-Alvarez, 2008). Little is known about PCB degra-
dation products after treatment with either LF or their extracellular
enzymes, or about their possible eco-toxicity. In this respect, Ka-
mei et al. (2006b) reported the formation of methoxy metabolites
of several toxic PCB congeners by Phlebia brevispora. In another
work (Kamei et al., 2006a) dealing with one single PCB (4,4’-dichlo-
robiphenyl), ring fission of the PCB was observed, while several
other metabolites were characterized.

In contrast to a large number of articles dealing with bacterial
degradation of PCB, only a few papers have been published
describing the degradation potential of fungi towards these com-
pounds. The mechanisms, transformation products of the degrada-
tion and main limiting factors for possible bioremediation
applications remain unclear.

The aim of this work was to compare several promising lignin-
olytic fungal strains for degradation of a technical mixture of PCBs
in two different liquid media. The mixture of pollutants employed
in this study, i.e. Delor 103, includes compounds with various de-
gree of chlorination and, therefore, a detailed congener specific
analysis was performed in order to monitor the degradation pro-
cess. The detection of PCB transformation products was also con-
sidered and they were mainly analyzed using GC-MS and related
techniques. Since the degradation of hazardous pollutants might
be accompanied by either a decrease or an increase in toxicity
and numerous polar metabolites have been found, this work was
also concerned with determining the eco-toxicity of samples after
incubation with the above-mentioned fungi.

2. Materials and methods
2.1. Materials

The investigation was performed using the PCB commercial
mixture Delor 103 with an average of 3 chlorosubstituents, ob-
tained from a former Czechoslovak producer (Chemko Strazské,
Slovakia). The analytical standards of individual PCB congeners
were obtained from Dr. Ehrenstorfer GmbH (Augsburg, Germany).
Sigma Aldrich (Steinheim, Germany). All the solvents were pur-
chased from Merck, Germany or Chromservis (Prague, Czech
Republic) and were of p.a. quality, trace analysis quality or gradient
grade. All the chemicals used for the biochemical studies were ob-
tained from Sigma Aldrich (Steinheim, Germany).

2.2. Microorganisms, inocula preparation and measurement of enzyme
activities

All of the ligninolytic fungal strains used in this study (Irpex lac-
teus 617/93, Bjerkandera adusta 606/93, Phanerochaete chrysospori-
um ME 446, Phanerochaete magnoliae CCBAS 134/l, Pleurotus
ostreatus 3004 CCBAS 278, Trametes versicolor 167/93, Pycnoporus
cinnabarinus CCBAS 595 and Dichomitus squalens CCBAS 750) were
obtained from the Culture Collection of Basidiomycetes of the
Academy of Science, Prague. Fungal inocula were grown under
stationary conditions for 7d at 28 °C either in complex malt

extract-glucose medium (MEG) or in low-nitrogen mineral med-
ium (LNMM), as described elsewhere (Cajthaml et al., 2008). The
cultures were then homogenized with Ultraturrax-T25 (IKA-Labor-
technik, Staufen, Germany) and this suspension was used for inoc-
ulation in the degradation experiments.

LiP (E.C. 1.11.1.14) was assayed with veratryl alcohol as the sub-
strate (Dejong et al., 1994) and MnP (E.C. 1.11.1.13) was deter-
mined with 2,6-dimethoxyphenol (Matsumura et al., 1986).
Laccase (Lac, E.C. 1.10.3.2) was estimated with 2,2-azinobis-3-eth-
ylbenzo-thiazoline-6-sulfonic acid as the substrate (Covino et al.,
2010). Manganese-independent peroxidase (MIP) was calculated
from the peroxidase activity of the MnP assay detected in the ab-
sence of Mn?* ions.

2.3. Degradation of PCB in liquid media

The liquid media degradation experiments were performed as
static cultures, incubated in 250 mL Erlenmeyer flasks in five par-
allel experiments at 28 °C. The details can found in Cajthaml
et al. (2009). Briefly, the cultures containing 20 mL of media were
spiked with a solution of the PCBs (Delor 103) in dimethyl formam-
ide (DMF, 100 pL) reaching 200 pg of Delor 103 per flask. In an
additional experiment with P. ostreatus, we applied larger amounts
of PCBs reaching 1000 and 2000 pg of Delor 103 per flask. The
heat-killed controls were performed with 1-week growth of fungal
cultures, which were killed in an autoclave before addition of the
PCB solution. All of the cultures were incubated in the darkness
at 28 °C in five replicates and harvested after 28 and 42 d.

2.4. Extraction and quantitative analyses of PCBs

The extraction of liquid cultures was performed according to
Cajthaml et al. (2006). Briefly, the whole content of each liquid cul-
ture was homogenized and acidified to pH 2. It was then extracted
with five 10 mL portions of ethyl acetate and the extracts were
dried with sodium sulfate. Then the extracts were concentrated
with a rotary evaporator to a final volume of 10 mL. This solution
was used directly for quantitative GC-MS analyses or derivatized
in order to perform qualitative analysis of PCB metabolites.

Quantitative analyses of PCBs were performed with gas chro-
matography-mass spectrometry (GC-MS; 450-GC, 240-MS ion
trap detector, Varian, Walnut Creek, CA). The GC instrument was
equipped with a split/splitless injector maintained at 240 °C. A
DB-5MS column (Agilent, Prague, Czech Republic) was used for
the separations (30 m, 0.25 mm LD., 0.25 mm film thickness). The
temperature program started at 60 °C and was held for 1 min in
the splitless mode. Then the splitter was opened with ratio 1:50.
The oven was heated to 115 °C at a rate of 25 °C min~! with a sub-
sequent temperature ramp up to 240 °C at a rate of 1.5 °C min~!,
where this temperature was maintained for 20 min. The solvent
delay time was set at 5 min and the transfer line temperature
was set at 240 °C. The mass spectra were recorded at 3 scans s~
under electron impact at 70 eV and mass range 50-450 amu.

2.5. Qualitative analyses of PCB transformation products

Qualitative analysis of the PCB degradation products was
performed from liquid cultures in that the degradation intermedi-
ates were separated and characterized or identified by the same
GC-MS instrumentation with the same temperature program. The
ethyl acetate extracts were injected both directly without any deriv-
atization and also after trimethylsilylation with N,O-bis(trimethyl-
silyltrifluoroacetamide (BSTFA, Merck, Germany) and methylation
with diazomethane (Cajthaml et al., 2006). MS/MS experiments
and chemical ionization (CI) were employed for better elucidation
of the metabolite structures. The excitation potential for the MS/
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MS product ion mode employed was 0.2 V and was increased to
0.8 V for more stable ions. Acetonitrile was used as the medium
for CI, where the ionization maximum time was 2000 and 40 ps
for the reaction.

2.6. Toxicity assay

The ecotoxicity test of samples after degradation in liquid med-
ia was performed with the luminescent bacteria Vibrio fischeri
(strain NRRL-B-11177) according to the standard procedure ISO
2007 (ISO 11348-3: 2007). Aliquots of the ethyl acetate extracts
(0.5 mL) were evaporated to dryness and dissolved again in di-
methyl sulfoxide, which was directly applied to the test (2% of
DMSO in the reaction mixture). The luminescence readings were
obtained with a Lumino M90a luminometer (ZD Dolni Ujezd, Czech
Republic) at a temperature of 15 + 0.2 °C. The inhibition of biolumi-
nescence was recorded after 15-min exposure.

3. Results and discussion
3.1. Degradation of PCBs

As mentioned above, the fungal strains being studied were
incubated in liquid media together with the commercial mixture
Delor 103, which is similar to Aroclor 1242. As the PCB mixture
was added to the cultures at the time of inoculation, mycelia were
exposed to the toxic influence of both PCBs and their metabolites
for the whole incubation period. We tried to estimate this toxic ef-
fect by weighing the fungal biomass produced either in the pres-
ence or in the absence of the pollutants. However, we did not
observe any significant differences (t-test, P < 0.05) between sam-
ples spiked with PCBs and their respective biotic controls, i.e. cul-
tures spiked with pure DMF (data not shown). This result indicates
that, under our experimental conditions, the mixture of PCBs dis-
played low acute toxicity toward the fungi. The two nutrient media
were selected according to our experience as model examples of
two different physiological conditions, i.e. low nitrogen mineral
and complex rich media (Cajthaml et al., 2009). Under these
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cultivation conditions, it is possible to demonstrate the influence
of nutrient availability on PCB degradation abilities. This is impor-
tant especially in the case of some LF, the ligninolytic system of
which is affected by the nitrogen and carbon concentrations
(Pointing, 2001). The efficiency of PCB degradation (0.2 mg of Delor
103) by the tested fungi is shown in Fig. 1. The results are displayed
as the sums of 25 dominant congeners of Delor 103 compared with
heat-killed controls. All of the strains were able to decompose at
least some of the congeners; however, P. ostreatus was found to
be much more effective that the other strains. This strain was able
to decompose 98.4% and 99.6% of PCBs in MEG and LNNM media,
respectively. The data are in accordance with the literature where
this strain has already been repeatedly shown to be effective in PCB
degradation (Moeder et al., 2005; Field and Sierra-Alvarez, 2008).
In addition, we performed congener-specific analyses of the PCB
mixture and found that, in the LNNM medium, all of the strains
being studied were able to significantly degrade PCBs from tri- to
hexachlorinated representatives (data not shown). In contrast, in
MEG medium, P. ostreatus was the only fungus capable of breaking
down penta- and hexachlorinated congeners (Fig. 2, Electronic
Supplementary Material). These degradation experiments were
performed with 0.2, 1.0 and 2.0 mg of PCB mixture per flask, theo-
retically representing concentrations of 10, 100 and 200 ppm of
Delor 103, respectively. The results show that the capacity of P.
ostreatus to remove PCBs is somehow limited and, with larger
amounts of PCBs, we were not able to detect any significant
removal of several tetra-, penta- and hexachlorinated biphenyls
(t-test, P<0.05). These results document that the efficiency of
the PCB congener degradation by the fungus is selective, which
was discussed in the review by Field and Sierra-Alvarez (2008).
Because it is thought that the ligninolytic system could be in-
volved in the degradation of PCBs by these fungi (Koller et al.,
2000), we monitored the extracellular enzyme activity during the
whole incubation period. However, we found out that there was
absolutely no correlation between the activities of Lac, MnP, Lip
and MiP and the degradation effectiveness (data not shown) (Hari-
tash and Kaushik, 2009; Covino et al., 2010). During the monitor-
ing, we observed only a certain influence of PCB addition on the
time course of the Lac activity during the cultivation. In this regard,
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Fig. 1. Recovery of the sum of PCBs (25 congeners) after biodegradation with the studied fungal strains. The values are the means of five replicates and the error bars
represent the standard deviations and the extraction recoveries where the controls were better than 86% for each congener.
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Fig. 2. Recovery of particular groups of PCBs after initial spiking of 0.2, 1.0 and 2.0 mg of Delor 103 and 42 d incubation with P. ostreatus in MEG.

the addition of Delor 103 promoted an increase in the Lac activity
of P. cinnabarinus and T. versicolor in LNNM (from 10 to 118 and
from 4 to 183 U L™, respectively). In both cases, however, activity
peaks were reached after 28 d of cultivation. The mentioned in-
crease in the Lac activity of T. versicolor has already been observed
in our previous work. The activity was enhanced by the presence of
CBAs (Muzikaf et al., 2011), which appeared to be important fungal
metabolites of PCBs (see below). The same effect was observed for
D. squalens in MEG medium, whose Lac activity increased from 11
to 82 U L™!; however, the maxima was attained after 10 d of incu-
bation in the presence of PCBs compared to the relative biotic con-
trol (24 d). Another situation was observed in the case of P.
ostreatus. The only activity of the fungus in MEG medium that
we detected was Lac and this reached 103 U L~! (10 d). This activ-
ity was completely suppressed by the addition of Delor 103. It
should be noted that some influence on ligninolytic enzyme activ-
ities has been repeatedly observed with other pollutants when,
e.g., polycyclic aromatic hydrocarbons and probably their transfor-
mation products were demonstrated to act as inducers or inhibi-
tors of the ligninolytic system (Kollmann et al., 2005; Canas
et al.,, 2007; Cajthaml et al., 2008; Covino et al., 2010).

100,0

3.2. Acute toxicity detection

In order to evaluate the real efficiency of microorganisms in bio-
degrading organic pollutants, it is necessary to monitor the biodeg-
radation process from other perspectives than only determination
of the original compounds (Brassington et al., 2007). The quantifi-
cation of PCBs enables only observation of the first transformation
step; however, it provides no information about the possible pro-
duction of other toxic compounds. This is especially true for lipo-
philic compounds, which often have very low acute toxicity.
Therefore, we performed a toxicity test employing luminescent
bacterium V. fischeri. The results of the test are shown in Fig. 3.
The samples were diluted (see above) in such a way that inhibi-
tions of heat-killed controls reached values between 35% and 50%
to enable monitoring of a possible increase in the toxicity. The re-
sults revealed that P. ostreatus was the only fungus that was able to
decrease the toxicity significantly (t-test, P < 0.05). Other fungi that
temporarily reduced the toxicity in LNNM after 28 d were B. adusta,
I lacteus and D. squalens; however, the toxicity increased again
during the second period of the cultivation. Surprisingly, we de-
tected an increase in inhibition even in samples with B. adusta in
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Fig. 3. Luminescence inhibition in heat-killed controls and after incubation of the tested fungal strains in LNNM and MEG media after 28 and 42 d of incubation with 0.2 mg
of Delor 103. The results are the means of the replicates and the error bars represent the standard deviations.
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MEG medium despite the fact that this fungus substantially re-
duced the original concentration of PCBs. Analyzing the data from
this experiment led to the suggestion that fungal treatment of PCBs
could potentially lead to the formation of toxic metabolites by the
fungi; therefore we performed an extensive set of qualitative anal-
yses to detect these, so far not intensely studied, compounds. As al-
ready mentioned above, CBAs can play an important role in the
acute toxicity level, since these compounds were documented to
be highly toxic compounds toward V. fischeri and ligninolytic fungi
(Muzikar et al., 2011).

3.3. Detection of PCB degradation products

The PCB metabolites were analyzed with GC-MS and their
structures were suggested by comparing the mass spectra with
the data in the NIST 08 library and independently by interpreting
the fragmentation pattern. Additionally, unknown structures of
metabolites were explored using MS/MS (product ion scan) to clar-
ify the fragmentation sequence. The mass spectral characteristics
of the detected PCB degradation products are listed in Table 1.
All of these structures were detected after spiking of the fungal cul-
tures with PCBs namely the commercial mixture Delor 103. Some
of the metabolites were detected after trimethylsilylation (e.g.,
chlorobenzyl alcohols) and several of them were confirmed by
comparison with the available chemical standards (labeled with
an asterisk). All of the detected intermediates were found at only
trace levels, suggesting that none of them were substantially accu-
mulated during degradation. Forty-one PCB degradation products
have been found in various fungal cultures and in both media.
Among them, 16 metabolites represent derivatives of the biphenyl
structure while the others are compounds resulting from ring-fis-
sion of one of the benzene rings. Additional details are given in
the Electronic Supplementary Material. The individual groups of
detected intermediates include dichlorinated, trichlorinated and
terachlorinated derivatives of hydroxy and methoxy biphenyls.
Further PCB transformation products that we detected were CBAs,
chlorinated benzaldehydes and chlorinated alcohols. Several
hydroxylated derivatives of these monoaromatic structures were
also observed. The presence of hydroxylated compounds suggests
the possible involvement of the monooxigenase system of cyto-
chrome P-450 in the degradation, as was already suggested by
other authors (Matsuzaki and Wariishi, 2005; Kamei et al.,
2006b). Kamei et al. (2006b) detected several methoxylated
metabolites from two pentachlorinated biphenyls degraded by P.
brevispora; however, they did not find any hydroxylated com-
pounds, which they expected to be present. In another work,
Kamei et al. (2006a) performed a degradation experiment with
two strains of Phanerochaete, which degraded 4,4'-dichloro biphe-
nyl. In this case, the authors detected methoxy and hydroxy
derivatives and further transformation to 4-chlorobenzoic acid. Ka-
mei and collaborators suggested its further transformation via a
reductive pathway. The possible formation of 4-chlorobenzoic acid
had already been suggested by Dietrich et al. (1995). These findings
are in agreement with the results presented in this paper and the
results in our previous work Muzikar et al. (2011). In that paper,
the transformation of 12 representatives of CBAs is described in de-
tail, showing that CBAs were degraded by the same set of lignino-
lytic fungi as in this manuscript. The degradation products that
were identified were mainly methoxy and hydroxy derivatives
produced together with the reduced forms of the original acids.
These results showed that the fungi were probably able to trans-
form CBAs via several pathways with significant reduction of tox-
icity during the process. Several of the CBA metabolites found in
that paper (Muzikar et al., 2011) are identical to the metabolites
detected after the degradation of PCBs from the current work listed
in Table 1. Finally, if we take into consideration the data from the
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Fig. 4. Proposed pathway of PCB degradation by ligninolytic fungi. All of the
structures labeled with asterisk have been detected after LF degradation of PCBs
within this work (see Table 1). The hydroxylated and methoxylated PCBs were also
detected in few cases by Kamei et al. (2006a,b). All of the CBA transformation
products were previously detected during CBA degradation by Muzikar et al. (2011).
Hydroxylated chlorobenzaldehyde has not been detected and it is just
hypothesized.

above-mentioned works and the current paper, we can suggest a
possible degradation scheme of PCBs by ligninolytic fungi
(Fig. 4). In fact, this scheme is an enlargement of the CBA fungal
degradation pathway (Muzikaf et al., 2011). The pathway indicates
that there are several mechanisms that probably participate in the
degradation. An involvement of cytochrome P-450 has already
been repeatedly suggested in the degradation of aromatic organo-
pollutants (Bezalel et al., 1996, Matsuzaki and Wariishi, 2005; Caj-
thaml et al., 2008; Covino et al., 2010) and it can be hypothesized
that P-450 brings about the first hydroxylation attack on the PCB
molecule. Once the initial oxidation of the aromatic structure has
occurred, another enzymatic system (e.g., ligninolytic) is assumed
to perform the cleavage of the aromatic structure (Baborova et al.,
2006; Cajthaml et al., 2006). Moreover, alcohol-dehydrogenase,
aryl-aldehyde dehydrogenase and also cytochrome P-450 could
be responsible for the transformation (reduction) of the carboxylic
group of CBAs (Sono et al., 1996; Matsuzaki et al., 2008; Muzikar et
al,, 2011).

4. Conclusion

In this work, we demonstrated and proved that ligninolytic fun-
gi are efficient degraders of PCBs and performed a comparison of
degradation performance of the most studied species under model
liquid conditions. P. ostreatus appeared to be the most efficient un-
der both types of experimental conditions. This strain was the only
one that was able to suppress acute toxicity during the degradation
process, observed using the luminescent bacteria toxicity assay.
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Using detailed analysis, we found that all the fungi degraded PCB
congeners specifically. Attention was also paid to characterization
of the degradation products and this study revealed that the fungi
probably transform PCBs via hydroxylated and methoxylated
derivatives to CBAs that are further transformed via a reductive
pathway. This was also demonstrated for variously chlorinated
biphenyls. CBAs represent crucial recalcitrant bacterial PCB metab-
olites; however, as opposed to bacteria, the fungi can efficiently
perform the transformation further to form less toxic products.
The data from this work prove the ability of the fungi to degrade
PCBs with different level of chlorination, from mono to hexachlori-
nated congeners via the mentioned pathways. Moreover, the fungi
have been documented to degrade further the main metabolites on
the pathway (i.e. CBAs) simultaneously with PCBs. The promising
degradation results in this study emphasize the need for further re-
search, especially to identify the participation of different enzy-
matic mechanisms, which still remains unclear, in order to
improve the understanding of the whole degradation process.
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We investigated the abilities of several perspective ligninolytic fungal strains to degrade 12 mono-, di-
and trichloro representatives of chlorobenzoic acids (CBAs) under model liquid conditions and in con-
taminated soil. Attention was also paid to toxicity changes during the degradation, estimated using two
luminescent assay variations with Vibrio fischeri. The results show that almost all the fungi were able
to efficiently degrade CBAs in liquid media, where Irpex lacteus, Pycnoporus cinnabarinus and Dichomitus
squalens appeared to be the most effective in the main factors: degradation and toxicity removal. Analy-
sis of the degradation products revealed that methoxy and hydroxy derivatives were produced together
with reduced forms of the original acids. The findings suggest that probably more than one mechanism
is involved in the process. Generally, the tested fungal strains were able to degrade CBAs in soil in the
85-99% range within 60 days. Analysis of ergosterol showed that active colonization is an important
factor for degradation of CBAs by fungi. The most efficient strains in terms of degradation were I. lacteus,
Pleurotus ostreatus, Bjerkandera adusta in soil, which were also able to actively colonize the soil. How-
ever, in contrast to P. ostreatus and I. lacteus, B. adusta was not able to significantly reduce the measured
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1. Introduction

Chlorinated organic pollutants are a class of serious environ-
mental contaminants because of their environmental persistence
and ecotoxicity. Chlorinated benzoic acids (CBAs) are widespread
environmental pollutants resulting primarily from microbial
biodegradation of polychlorinated biphenyls (PCBs), reviewed, e.g.,
in Field and Alvarez [1], and some herbicides [2]. CBAs are signifi-
cantly more soluble than their parent compounds and can therefore
enter into the aqueous phase from the contaminated soil of pol-
luted sites. Some mono-, di-, and tri-CBAs have been shown to
cause genomic damage to tobacco plants [3], and to be toxic to
aquatic organisms such as ciliate, Daphnia, algae and fish [4-6].
Several mono, di and trichlorinated isomers were also found to
possess estrogenic-disrupting activity [7]. CBAs represent crucial
recalcitrant metabolites on the biphenyl pathway during bacterial
PCB transformation. Although it was found that CBAs are not very
toxic toward bacteria, substantial negative effects of their pres-
ence on the bacterial transformation of PCBs have been reported

* Corresponding author. Tel.: +420 241062498; fax: +420 241062384.
E-mail address: cajthaml@biomed.cas.cz (T. Cajthaml).

0304-3894/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j,jhazmat.2011.09.041

[8,9]. Moreover, soil bacteria that co-metabolize PCBs via the main
biphenyl upper pathway tend to accumulate CBAs as dead-end
products because they are generally unable to further transform
these substrates [10]. Another great limitation of organopollu-
tant bacterial biodegradation is the fact that bacterial degrading
enzymes are usually intracellular and the transfer of the pollutant
into the bacterial cell represents an important limiting step.

On the other hand, ligninolytic fungi, with their extracellular
low-substrate-specificity enzymes, represent a promising alterna-
tive for biodegradation of various aromatic pollutants [11]. The
ligninolytic system consists of three major peroxidases: lignin
peroxidase (LiP), manganese peroxidase (MnP), versatile perox-
idases and laccase, which belong among phenoloxidases. Their
degradative abilities have been documented e.g., for chlorophenols,
polycyclic aromatic hydrocarbons, PCBs, dioxins, furans, endocrine
disrupters and others [12-15]. Moreover, the fungi were shown
to be capable of splitting the aromatic rings of various persis-
tent pollutants [14,16]. In contrast to a number of articles dealing
with bacterial CBA degradation, only few papers have been pub-
lished describing potential degradation of these compounds by
fungi. Kamei et al. identified 4-CBA acid after degradation of 4,4'-
dichlorobiphenyl by Phanerochaete sp. MZ 142 and suggested its
further transformation via a reductive pathway [14]. Other authors
showed that ortho and meta mono-CBAs and benzoic acid (BA)
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significantly induced the activities of cytochrom P-450 from Phane-
rochaete chrysosporium [17]. BA was then proven to be transformed
by microsomes containing P-450 from the same fungus. The role of
the monooxygenases of P-450 was clarified earlier by other authors,
when the enzyme was heterologically expressed and hydroxyl ben-
zoate and protocatechuic acid were detected as the degradation
products of benzoate [18]. Generally, the data published in the
literature document was efficiency of fungi to degrade PCBs and
suggest possible transformation of PCBs to CBAs. CBAs are critical
metabolites on the bacterial degradation pathway mainly, due to
high specificity of individual bacterial enzymes. Therefore it is rea-
sonable to investigate also CBA degradation abilities of ligninolytic
fungi, especially when these organisms represent a promising alter-
native to bacterial PCB degradation applications.

The aim of this work was to investigate the abilities of several
promising ligninolytic fungal strains to transform 12 represen-
tatives of CBAs with various degree of chlorination (mono-, di-,
tri-CBAs). The degradation performance was tested in model liquid
nutrient media, where the production of CBA degradation products,
the activities of ligninolytic enzymes and changes in the acute tox-
icity were also monitored. Moreover, the applicability of the fungi
was also tested in an artificially contaminated soil, where toxicity
was also monitored.

2. Materials and methods
2.1. Materials

Standards and chemicals. 2-CBA; 2,3-CBA; 3,4-CBA; 3,5-
CBA; 2,3,5-CBA; 2,4,6-CBA and HPLC internal standard 2,3-
dichlorophenol were obtained from Sigma-Aldrich (Steinheim,
Germany). 3-CBA; 4-CBA; 2,4-CBA; 2,5-CBA and 2,6-CBA were
from Merck (Darmstadt, Germany). 2,3,6-CBA was purchased from
Supelco (Steinheim, Germany). All the compounds were employed
without further purification to prepare stock solutions in dimethyl
formamide as described below. All the solvents were purchased
from Merck, Germany or Chromservis (Prague, Czech Republic)
and were of p.a. quality, trace analysis quality or gradient grade.
All the chemicals used for the biochemical studies were from
Sigma-Aldrich (Steinheim, Germany).

2.2. Microorganisms, inocula preparation and enzyme activities
measurement

Fungal cultures, inocula preparation and degradation experiments.
All of the ligninolytic fungal strains used in this study (Irpex lacteus
617/93, Bjerkandera adusta 606/93, Phanerochaete chrysosporium
ME 446, Phanerochaete magnoliae CCBAS 134/], Pleurotus ostreatus
3004 CCBAS 278, Trametes versicolor 167/93, Pycnoporus cinnabar-
inus CCBAS 595, Dichomitus squalens CCBAS 750) were obtained
from the Culture Collection of Basidiomycetes of the Academy of
Science, Prague. Fungal inocula were grown under stationary con-
ditions for 7 d at 28°C in 250 mL Erlenmeyer flasks containing
20 mL of either complex malt extract-glucose (MEG) medium or
low-nitrogen mineral medium (LNMM). MEG medium (pH 5.5)
contained 5 g malt extract broth (Oxoid, UK) and 10 g glucose per
liter of distillated water and LNMM contained 2.4 mM diammo-
nium tartrate [19]. The cultures were then homogenized with
the Ultraturrax-T25 (IKA-Labortechnik, Staufen, Germany) and this
suspension was used for inoculation in the degradation experi-
ments.

Enzyme determination. LiP (E.C. 1.11.1.14) was assayed
with veratryl alcohol as the substrate [20] and MnP (E.C.
1.11.1.13) was determined with 2,6-dimethoxyphenol
[21]. Laccase (Lac, E.C. 1.10.3.2) was estimated with
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2,2-azinobis-3-ethylbenzo-thiazoline-6-sulfonic acid as the
substrate [22]. Manganese-independent peroxidase (MIP) was
calculated from the peroxidase activity of MnP assay detected in
the absence of Mn?* ions. One unit of enzyme produced 1 pmol
of the reaction product per minute under the assay conditions at
room temperature.

2.3. Degradation of CBAs in liquid media

The degradation experiments in the liquid media were per-
formed as static cultures, incubated in 250 mL Erlenmeyer flasks in
five parallel experiments at 28 °C. Twenty milliliters of the respec-
tive medium (MEG or LNMM) was inoculated with a 5% suspension
of homogenized pre-inocula (1 mL) of the respective fungal strain.
The cultures were immediately spiked with a solution of the CBAs
in dimethyl formamide (100 L). The final amount of each CBA was
200 g per flask. The heat-killed controls were performed with one-
week growth of fungal cultures, which were killed in an autoclave
before addition of the CBA solution. All of the cultures were incu-
bated in the darkness at 28°C and harvested after 7, 14 and 21
days.

2.4. Fungal treatment of contaminated soil

For preparation of the soil degradation experiment, 1.0 mL
aliquots of a mycelia suspension of each fungal strain were added
to 16 cm x 3.5 cm test-tubes containing 10 g of commercial straw
pellets (ATEA Praha, Prague, Czech Republic), the moisture con-
tents of which had been previously adjusted to 70% (w/w) and
subsequently sterilized by autoclaving (121 °C, 45 min). After inoc-
ulation, the cultures were closed with cotton-wool stoppers and
then grown for 14 d at 28°C [23] The colonized substrate was
then covered with a layer of soil (20 g), which had been previously
artificially spiked with a mixture of CBAs in acetone. The relevant
controls were prepared in the same way, however, without fungal
inoculation. Main properties of the used sandy-loamy soil were
as follows: total organic carbon 0.8%, total organics 1.4%, pH 5.3,
water-holding capacity 31% and the granulometric composition
was: sand 50.9%, fine sand 31.2%, silt 10.8%, clay 7.1%. The soil was
air-dried and sieved through a 2-mm mesh before contamination
and the final concentration of each CBA in the soil after contami-
nation was 10 p.g/g. The soil samples were then moistened to 15%
humidity. The tubes were incubated at 28 °C and the samples were
harvested after 30 and 60 d. All the respective controls and samples
were performed in five replicates.

2.5. Extraction and quantitative analyses of CBAs

The whole content of each liquid culture was homogenized
with Ultraturrax and acidified to approximately pH 2. It was then
extracted with five 10 mL portions of ethyl acetate, the extracts
were dried with sodium sulfate and concentrated using a rotary
evaporator to a final volume of 10 mL. The extraction recoveries
of all the CBAs were better than 95%. To enable HPLC analysis, an
aliquot of the ethyl acetate extract was mixed with acetonitrile in
aratio of 1:10 (v/v), and the mixture was used for injection [16].

The soil samples were submitted to extraction using a Dionex
200 ASE extractor (Palaiseau, France). The soil samples (3 g) were
mixed with sodium sulfate before extraction (v/v) and the extrac-
tion conditions were: 3 cycles; 150°C; 10.34 MPa; solvent system
hexane-acetone, 1% acetic acid [24]. To avoid CBA volatilization,
500 pL of DMSO was added to the extracts as a solvent stopper
and the extracts were concentrated using a vacuum rotary evap-
orator (60kPa, 40°C) to approximately 1.5mL. 50 L of internal
standard (IS, 2,3-dichlorophenol 0.9 mg/mL in ACN) was added to
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each sample and the IS was used to calculate the volume extracts.
The mixture was then directly injected into the HPLC.

The quantitative analyses were performed using the Alliance
Waters system (Prague, Czech Republic) equipped with a PDA
detector and Empower software was used for data processing. Sep-
aration of the CBA mixture was performed on an XBridge C18
column (250 mm x 4.6 mm LD., particle size 3.5 wm) from Waters
(Prague, Czech Republic). The separation was carried out with a
gradient (v/v) of acetonitrile (B) and water solution (A) of 0.1% TFA.
The gradient program was as follows (min/%B): 0/17; 30/17; 60/34;
70/50. The applied flow rate was 0.8 mLmin~! and temperature
was 35°C [24].

2.6. Qualitative analyses of CBA degradation products

Qualitative analysis of the CBA degradation products was per-
formed in that the degradation intermediates were separated and
characterized or identified by gas chromatography-mass spec-
trometry (GC-MS; 450-GC, 240-MS ion trap detector, Varian,
Walnut Creek, CA). The ethyl acetate extracts were injected both
directly without any derivatization and also after trimethylsilyla-
tion with N,0-bis(trimethylsilyl)trifluoroacetamide (BSTFA, Merck,
Germany) and methylation with diazomethane [25]. The GCinstru-
ment was equipped with a split/splitless injector maintained at
240°C. DB-5MS column (Agilent, Prague, Czech Republic) was used
for the separations (30 m, 0.25 mm LD., 0.25 mm film thickness).
The temperature program was started at 60°C and was held for
1 min in the splitless mode. Then the splitter was opened with ratio
1:50. The oven was heated to 120°C at a rate of 25°C/min with a
subsequent temperature ramp up to 240°C at a rate of 2.5 °C/min,
where this temperature was maintained for 20 min. The solvent
delay time was set at 5 min and the transfer line temperature was
set at 240 °C. The mass spectra were recorded at 3 scanss~! under
electron impact at 70eV and mass range 50-450 amu. The exci-
tation potential for the MS/MS product ion mode employed was
0.2V and was increased to 0.8V for more stable ions. Acetonitrile
was used as the medium for chemical ionization (CI), where the
ionization maximum time was 2000 and 40 s for the reaction.

2.7. Analyses of ergosterol

The total ergosterol was extracted and analyzed as described
previously [23]. Briefly, samples (0.5 g) were sonicated with 3 mL
of 10% KOH in methanol at 70 °C for 90 min. Distilled water (1 mL)
was added and the samples were extracted three times with 2 mL of
cyclohexane, evaporated under nitrogen, redissolved in methanol
and analyzed isocratically using a Waters Alliance HPLC system
(Waters Milford, MA) equipped with a LiChroCart column filled
with LiChrosphere® 100 RP-18e (250 x 4.0 mm; particle size 5 wm;
pore size 100A) equilibrated with 100% methanol at a flow rate
of 1mLmin~!. Ergosterol was detected at 282 nm and quantified
with a 5-point calibration curve over a linear range from 0.5 to
50.0 pg/mL.

2.8. Toxicity assay

The luminescent bacteria Vibrio fischeri (strain NRRL-B-11177),
which was used for all the toxicity tests, were purchased
freeze-dried from the supplier Ing. Musial (Czech Republic). The
freeze-dried bacteria were rehydrated and stabilized in 2% (w/v)
NacCl solution at 15 °C for 1 h according to the standard procedure
ISO 2007 [26]. An acute toxicity test of samples after degrada-
tion in liquid media was performed using the corresponding ethyl
acetate extracts. Aliquots of the extracts (0.5 mL) were evaporated
to dryness and dissolved again in dimethyl sulfoxide, which was
directly applied to the test (2% of DMSO in the reaction mixture).

The amount of dimethyl sulfoxide varied between media, due to dif-
ferent sensitivities of the test toward the media matrix (see below).
Three replicates for each sample were used to carry out the ecotox-
icity test. The luminescence readings were obtained with a Lumino
M90a luminometer (ZD Dolni Ujezd, Czech Republic) at a tempera-
ture of 154 0.2 °C. The inhibition of bioluminescence was recorded
after 15-min exposure.

The toxicity of soil samples was measured by a kinetic Flash
assay using the luminescent bacterium [27,28]. The samples were
prepared by weighing 1.5 g dried soil and 6 mL 2% (w/v) NaCl solu-
tion. The sample suspension was mixed continuously and 0.5 mL
was placed into the measuring cuvette. The contents of the mea-
suring cuvette were mixed continuously by adapted luminometer
LUMINO M90a and 0.5 mL of the bacterial solution was dispensed
into the sample. The signal was recorded permanently for 60 s. The
light inhibition was calculated as the difference between the height
ofthe peak that was observed immediately after addition of the bac-
teria to the sample and the luminescence intensity after a contact
time of 60s.

3. Results and discussion
3.1. Degradation of CBAs in liquid cultures

The representatives of mono, di and tri-CBAs that were tested
in this study were employed at a relatively high concentration
of 10 wg/mL. The fact that the compounds are partially soluble
in water and their acute toxic properties were confirmed by the
observation of fungal biomass development. Generally, the fungal
strains were partly affected by CBAs and their biomass reached
about 50-70% compared to non toxic controls (data not shown).
This finding is in agreement with the observation of Dittmann et al.
who tested the development of the mycelia of fungal strains in two
liquid nutrient media after the addition of various concentrations of
3-CBA [29]. In contrast to this observation, the fungal strains in our
study were very efficientin degradation of CBAs in the liquid media.
The time course of the individual CBA degradation in both media
is presented in Tables 1 and 2. The results clearly demonstrate that
all of the tested strains were at least partially able to transform
CBAs. 1. lacteus, P. cinnabarinus and D. squalens were found to be the
most efficient degraders in complex MEG media. P. cinnabarinus
and D. squalens were able to degrade about 78% and 73% of total
CBA, respectively, while I. lacteus degraded 92% of total CBAs in
complex media compared to the heat-killed controls. Particularly
L. lacteus removed all of the CBAs from the media except 2,6-CBA
and 2,3,6-CBA, which were degraded to approximately 50% of orig-
inal amount, while P. cinnabarinus did not significantly transform
2,6-CBA, 2,3,6-CBA, 2,4,6-CBA and D. squalens did not significantly
degrade 2,3,6-CBA (ANOVA, P=0.05). B. adusta exhibited the poor-
est degradation ability in both the liquid media. The most efficient
strains in the LNNM media were once again found to be I. lacteus, P.
cinnabarinus and D. squalens. All of the three most efficient strains
were able to transform CBAs with percent removals ranging from
76% to 77%. 2,6-CBA, 2,3,6-CBA and 2,4,6-CBA again appeared to be
the most recalcitrant compounds where D. squalens did not signif-
icantly degrade 2,6-CBA and 2,4,6-CBA; P. cinnabarinus - 2,6-CBA,
2,3,6-CBA and 2,4,6-CBA; I. lacteus - 2,6-CBA and 2,3,6-CBA. These
results suggest a possible connection between the substituted ortho
and para positions and persistency toward the fungal degradation
mechanism. Only a few publications in journals deal with transfor-
mation of CBAs by fungi. The above-mentioned work of Dittmann
et al. also included the degradation of 3-CBA by P. chrysosporium, P.
ostreatus, Heterobasidion annosum and two other ectomycorrhizal
fungi [29]. However, in contrast to our results, the authors observed
only limited degradation of the compound in the range of several
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Table 1

Residual CBA amounts in heat-killed controls and after incubation of the tested fungal strains in LNNM media (ND: not detected).
Amount of CBA 2-CBA 3-CBA 4-CBA 2,3-CBA 2,4-CBA 2,5-CBA 2,6-CBA  3,4-CBA 3,5-CBA 2,3,5-CBA  2,3,6-CBA  2.4.6-CBA
(g per flask)
LNNM - 7 days
Control 196 +4 207 +4 20742 195+3 207 +£2 193+£3 20542 182+8 196 £1 165+2 199+1 185+0
B. adusta 156 +£5 53+12 41434 174 +5 156+£31 141+11 19748 64+19 77 +£28 161+2 185+7 176 £8
D. squalens ND 33+4 ND ND ND ND 211415 ND ND ND ND 207 +6
I lacteus ND 19+6 ND 45+7 66+2 85+5 179+£18 ND ND 153+£2 176 £21 128 £11
P. chrysosporium ~ ND ND ND 94+ 14 ND 92+15 196 +£5 ND ND 136+ 10 177 +£7 171+6
P. magnoliae 2742 ND ND 133+2 74+4 126+6 18943 ND 165+2 ND 184+8 180+4
P. ostreatus 156 +9 28+3 ND 162+8 105+17 167+8 195+5 87+60 55+1 124 +46 172+14 163+13
P. cinnabarinus ND ND ND ND ND ND 190+8 ND ND ND 176 £12 173 +£7
T. versicolor 73+39 25+1 ND 25+3 104+8 46+3 242+11 ND ND ND 206+ 14 140+4
LNNM - 14 days
Control 170£15 173+14 184+21 168+19 208+17 167+18 181+16 156+17 165+19 138+19 169+17 159 +£21
B. adusta 124+5 45+2 ND 157 £22 85+5 114+7 198 £ 14 46+0 ND 145+5 187+7 179+10
D. squalens ND 56+4 ND 126 +8 ND ND 189+11 ND ND ND ND 175+11
I lacteus ND ND ND 13+2 ND ND 173+£7 ND ND 103+3 171+9 95+4
P. chrysosporium ~ ND ND ND 25+1 ND 4041 188+12 ND ND 9240 175+£12 165+8
P. magnoliae ND ND ND 100+11 60+19 77+13 182+15 ND 136+23 ND 153+32 151+27
P. ostreatus 105+1 ND ND 132+1 15+2 159+3 193+£11 ND ND 114+6 188 +5 161+13
P. cinnabarinus ND ND ND ND ND ND 184+6 ND ND ND 163+8 136 £41
T. versicolor 66+13 47 +4 ND ND ND ND 186 +34 ND ND ND 183+3 136+3
LNNM - 21 days
Control 196 £5 195+9 20448 189+3 208 +6 191+£5 203+ 6 180+£15 188+5 170+7 195+7 183+7
B. adusta 112+10 54+5 ND 167 +£8 89+2 106 +5 201+14 ND ND 130+8 190+13 182+12
D. squalens ND 71+1 ND 105+3 ND ND 186 +5 ND ND ND ND 191+4
I lacteus ND ND ND 19+2 2240 ND 170+1 ND ND 67+7 183+1 71+6
P. chrysosporium ~ ND ND ND 20+2 ND 40+6 185+24 ND ND 98+4 180+18 168 +13
P. magnoliae ND ND ND 24+5 35+£5 2042 176 +£9 ND ND 129+7 152+12 153+11
P. ostreatus 70+13 ND ND 101+£19 ND 130+25 182+36 ND ND 105+18 179+39 157 +30
P. cinnabarinus ND ND ND ND ND ND 196 +£7 ND ND ND 175+9 176 £8
T. versicolor 76 +5 32+15 ND ND ND ND 195+13 ND ND ND 194+8 134+11

percent, even though, in one case, the authors employed a similar

concentration (15.6 mg/L) to that used in our study (20 mg/L).

In order to employ the toxicity test, we diluted the samples from
the two media in different ways. The theoretical (original) concen-
trations of the individual CBAs in the reaction mixture for MEG and

LNNM media samples were 0.5 and 0.25 g/mL, respectively. Since

we detected only a decrease in the toxicity in preliminary tests, the

dilution of the samples was set to reach about 90% inhibition for
the controls. The evaluation of the acute toxicity test with V. fis-
cheri was performed by comparison of the inhibition of the sample

Table 2

Residual CBA amounts in heat-killed controls and after incubation of the tested fungal strains in MEG media (ND: not detected).
Amount of CBA 2-CBA 3-CBA 4-CBA 2,3-CBA 2,4-CBA 2,5-CBA  2,6-CBA 3,4-CBA 35-CBA  23,5-CBA 2,36-CBA 24,6-CBA
(g per flask)
MEG - 7 days
Control 211+4 195+4 209+2 197 +£2 207+6 195+6 206+4 195+5 199+4 175+2 172+6 193+5
B. adusta 201+20 138+64 162+69 200+8 192+25 189+17 200+9 154+39 175+£32 166+13 177 +£8 193+7
D. squalens ND 97+6 ND ND 131+£11 ND 205+20 ND ND ND 151+1 160+£13
I. lacteus ND ND ND ND 46 +2 70+27 204+4 ND ND 86+5 151+4 114+11
P. chrysosporium ~ ND ND ND 52+5 ND ND 209+7 ND ND ND 167+8 185+6
P. magnoliae ND 4444 ND 56+7 ND 47+10 213+7 ND ND 76 +£6 172 +£7 188 +5
P. ostreatus 71+9 ND ND 127+7 66+5 145+9 214+14 ND ND 132+10 156+11 150+ 14
P. cinnabarinus ND ND ND ND ND ND 201+12 ND ND ND 167+18 190+15
T. versicolor 90+22 ND ND 4242 89+2 39+1 202+7 ND ND ND 154+2 174+3
MEG - 14 days
Control 210430 186432 1974+24 199427 206+26 195+21 212+25 176+26 181+25 164428 178 +£26 193+24
B. adusta 208+3 191+£2 211+1 162+51 203+7 194+1 202+12 17543 186+1 151+£10 148 +£28 192 +1
D. squalens ND ND 213+3 101+6 124+6 ND ND ND ND ND 145+3 166 +£1
I. lacteus ND ND ND ND ND ND 98+10 ND ND ND 107 +£12 ND
P. chrysosporium ~ ND ND ND ND ND ND 226+4 ND ND ND 161+5 181+2
P. magnoliae ND 3441 ND 40+8 39+5 60+15 22142 ND ND 86+17 162 +4 189+11
P. ostreatus 37+9 ND ND 91+19 58+3 117+19 231+11 ND ND 115+15 170+7 150+4
P. cinnabarinus ND ND ND ND ND ND 188+17 ND ND ND 151+£25 170+23
T. versicolor 84+16 ND ND ND ND ND 197 £5 ND ND ND 150+7 169+6
MEG - 21 days
Control 209+15 175417 188+11 186+13 193+9 182+8 213+9 172+10 17749 157 +6 166 +12 181+8
B. adusta 140+£53 4742 4249 173+£26 133+46 138+54 20046 80+13 105+£10 137+15 170+4 183+7
D. squalens ND ND 197 £5 ND 74+14 54+9 ND ND ND ND 140 £2 151+14
I. lacteus ND ND ND ND ND ND 88+20 ND ND ND 96+9 ND
P. chrysosporium ~ ND ND 93+19 ND ND ND 194+23 5945 75+4 ND 142 +£19 167 +14
P. magnoliae ND ND 29+8 55+9 46+1 52+3 23643 56+0 ND 82+1 174+3 195+2
P. ostreatus 2241 ND ND 86+6 61+4 126+ 14 200+13 ND ND 119+12 187+23 171+18=
P. cinnabarinus ND ND ND ND ND ND 187+27 ND ND ND 150+25 162+34
T. versicolor 121+£30 ND 136+£22 ND ND ND 206+11 ND ND ND 160+5 172 +6

140



390 M. Muzikdr et al. / Journal of Hazardous Materials 196 (2011) 386-394

Table 3
Luminescence inhibition in heat-killed controls and after incubation of the tested
fungal strains in MEG and LNNM media after 21 days of incubation.

Luminescence inhibition (%) LNMM MEG
Control 89.4 + 8.2 945 + 1.0
B. adusta 721 +43 85.9 + 12.5
D. squalens 119 £ 8.5 35.0 +94
I lacteus 272 £ 139 74 +3.0
P. chrysosporium 449 £ 154 38.2 £ 30.7
P. magnoliae 41.9 £ 10.1 52.8 £17.7
P. ostreatus 275+ 83 348 +£28
P. cinnabarinus 113 £ 27 20.8 +£5.6
T. versicolor 14.5 + 4.0 363 £ 7.5

luminescence with their respective controls (Table 3). As men-
tioned above, the toxicity test revealed that the tested fungi were
generally able to decrease the measured acute toxicity, suggesting
that the degradation products of CBAs were either not accumulated
or they were less toxic than the original CBAs.

3.2. Detection of CBA degradation products

The CBA metabolites were analyzed with GC-MS and their
structures were suggested by comparing the mass spectra with
the data in the NIST 08 library and independently by interpret-
ing the fragmentation pattern. Additionally, unknown structures
of metabolites were explored using MS/MS (product ion scan) to
clarify the fragmentation sequence. The mass spectral characteris-
tics of the detected CBA degradation products are listed in Table 4.
Some of the metabolites were detected after trimethylsilylation
(e.g., chlorobenzyl alcohols) and several of them were confirmed by
comparison with the available chemical standards. All of the inter-
mediates were detected at only trace levels, suggesting that none
of them were accumulated during degradation. The group of the
detected intermediates includes chlorobenzaldehydes, chloroben-
zyl alcohols, chlorobenzoic acid methyl esters and the methoxy
or hydroxy derivatives of these structures. The metabolites were
found in various fungal strain cultures when representatives of
monochloro and dichloro benzaldehydes and alcohols were found
in all cultures, as well as methyl esters of di-CBA. Methyl ester
representative of tri-CBA was detected only in the culture of I. lac-
teus, however, methoxy derivatives of tri-CBA and di-CBA methyl
esters were found in all fungi. Trichlorinated hydroxybenzyl alco-
hols were detected in all fungal cultures too. A possible scheme
of CBA fungal degradation pathway constructed of the detected
metabolites is shown in Fig. 1. The results generally correspond
to the results of Kamei et al. [14], who studied the transformation
of 4,4’-dichlorobiphenyl by Phanerochaete sp. MZ 142, where these
authors detected the formation of 4-CBA, the methyl ester of 4-CBA
and further reduced transformation products: 4-chlorobenzyl alco-
hol and 4-chlorobenzaldehyde. Such a reduction mechanism could
be explained by the action of an intracellular aryl alcohol oxidase
system [30]. Matsuzaki et al. showed that the enzymes that are
probably involved in the transformation, i.e. aryl alcohol dehydro-
genase, aryl aldehyde dehydrogenase and also cytochrome P-450
of P. chrysosporium were up-regulated after the addition of BA to
the fungal culture [31].

The other types of transformation products, i.e. hydroxyl
and methoxy derivatives, which were found in our study, have
already been described by Matsuzaki and Wariishi following
transformation of BA by P. chrysosporium [18]. The detected
metabolites include 4-hydroxy, 2-hydroxy and 4-hydroxy-2-
methoxy derivatives. In another work, the authors demonstrated
that heterologously expressed P-450 cytochromes from the CYP53
family of P. chrysosporium, Aspergilus niger and Rhodotorula minuta
were able to hydroxylate BA at the 4-position [32]. P-450-mediated
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Fig. 1. Proposed pathway of CBA degradation by ligninolytic fungi.

hydroxylation of BA at other positions in fungi has not been
reported to date. Moreover, the authors employed quantitative PCR
to demonstrate that the expression of the cytochrome is regulated
by the presence of BA at the transcription level. The induction of
cytochrome P-450 by BA and also by 3 and 4-CBA has been pub-
lished elsewhere [17].

The measurement of fungal extracellular ligninolytic activi-
ties in this study demonstrated that most of the activities were
suppressed or the maxima activity peaks were delayed during cul-
tivation by the presence of CBAs. Only rare cases when the situation
was different were recorded for the activities of MnP and laccase of
T. versicolor, which were significantly induced in MEG and LNNM
media, respectively. Particularly the laccase activity increased from
20U/Lto 230U/L. These findings indirectly confirm that ligninolytic
enzymes need not play a key role in the degradation of CBAs.

3.3. Degradation of CBAs in soil

The soil degradation experiment was monitored after 30 and
60 days and the residual concentrations after the application of the
fungal strains are depicted in Fig. 2. The results show that, except for
strains P. cinnabarinus and T. versicolor, which degraded only 30%
and 39% of the total CBA, respectively, within 60 days of incubation,
all the other strains under study were able to substantially remove
CBAs from soil in the range of 85-99% of total CBA. The results are
partially contrary to the experiments in liquid cultures, because P.
cinnabarinus belonged among the most degrading strains in both
the liquid media. On the other hand, B. adusta appeared to be effec-
tive in soil while this strain belonged among the less degrading
in the liquid media. L. lacteus was found to be the most efficient
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Fig. 2. Residual concentrations of CBAs in contaminated soil after incubation with the tested fungal strains: A - 30 days; B - 60 days.

strain in soil, where this fungus had already depleted 98% of the
CBA within 30 days. One probable explanation for the discrepancy
between these results and model conditions in the liquid media
and the soil degradation experiment lies in the different abilities
of fungi to penetrate into contaminated soil [33]. Therefore, we
tried to estimate the relative amount of fungal biomass using the
analysis of ergosterol in soil samples with CBAs and also without
the addition of pollutants (Fig. 3). Despite the high variability of
the data, the results indicate that the fungi that showed the high-
est CBA depletion (I lacteus, P. ostreatus, and B. adusta), were also
the strains that were able to significantly colonize the contami-
nated soil. The only exception was P. magnolia, where we detected a

significantly lower amount of ergosterol despite the high removal
of CBAs (99% within 60 days).

The parameters of kinetic Flash toxicity assay were adjusted to
also include recording of a possible increase in toxicity. The data
obtained from this test are depicted in Fig. 4. The best results, in
terms of inhibition reduction, were obtained with strains I. lacteus
and P. ostreatus, corresponding to their CBA degradation efficien-
cies. On the other hand, unexpected results were observed with
strains B. adusta and P. magnolia where, in spite of their high degra-
dation rate, the detected residual toxicity was not significantly
different from the controls (t-test, P<0.05). These results of Flash
assay are in agreement with the results from toxicity estimation in
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Fig. 3. Ergosterol concentrations in non-contaminated soil and in soil contaminated by CBAs after 30 and 60 days of incubation.
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Fig. 4. Luminescence inhibition of the Flash assay in contaminated soil (control) and in soil with the tested fungal strains after 60 days of incubation.

the liquid cultures, where a residual toxicity in these fungal cul-
tures was also detected. This could possibly be explained by the
formation and accumulation of toxic metabolites and, probably for
the same reason, significantly elevated toxicity was observed for
T. versicolor.

4. Conclusion

To the best of our knowledge, this is the first paper provid-
ing a general description of the ability of ligninolytic fungi to
biodegrade CBAs that represent crucial toxic and highly persistent
metabolites on bacterial biodegradation pathways of polychlori-
nated biphenyls. The ability of the fungi has been examined under
liquid conditions and also verified in contaminated soil. The tested
fungal strains were able to degrade CBAs in soil in the 85-99%
range within 60 days when I lacteus was found to be the most
efficient degrading strain under both of the tested conditions. Sev-
eral new degradation products have been identified when mainly
methoxy and hydroxy derivatives were produced together with
reduced forms of the original acids. The results show that the fungi
are probably able to transform CBAs via several pathways with sig-
nificant reduction of toxicity during the process. The promising
degradation results from this study emphasize the need for fur-
ther research, especially to identify the participation of different
enzymatic machineries, in order to improve the understanding of
the degradation mechanisms. The results for the liquid media and
from the consequent soil experiment show that the presence of
a bioremediative organism is of key importance; however, in soil,
i.e. under conditions with limited pollutant bioavailability, active
colonization of the soil is of equal importance.
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A new ultra high-performance liquid chromatography method with UV detection was examined for
detection and separation of polychlorinated biphenyls. This included optimization of separation condi-
tions for two model mixtures containing seven and fifteen most relevant congeners, comparison of three
types of reversed phase sub-2-micron particle sized columns and assessment of system suitability under
the optimized conditions. Calibration curves determined in the range from 0.5 to 50.0 wg/mL exhibited
correlation coefficients ranging from 0.997 to 0.999. Lower limits of detection ranged from 0.1 to 0.5 ppm.

Keywor.ds: L The most efficient Grace C18 column filled with 1.5 wm particles was then tested to separate the com-
Ultra high-performance liquid N . X [
chromatography plex commercial mixture Delor 103, where the elution order was confirmed by GC-MS. 13 individual

PCB congeners were separated and some of the other co-eluting congeners could be resolved using another
separation dimension performed with a mass spectrometry detector. The developed method could be
directly applied to the separation of less complex mixtures in aqueous sample matrixes, which are used

Congener analysis
GC-MS

in general for enzyme degradation studies.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Although the industrial use and production of polychlorinated
biphenyls (PCBs) has long been banned, the persistency of these
compounds means they still represent a serious environmental
problem. It has been widely reported that determination of PCBs
in environmental samples is a difficult task [1,2].

The complexity of the chromatographic separation of PCBs
consists in the number of possible congeners (209) and their
physico-chemical similarities, together with the complexity of
environmental matrices harboring the PCBs. For this reason, gas
chromatography (GC) has always been the method of choice
for determination of these compounds [3,4], since it allows the
congener-specific analysis of PCBs and the routinely used detectors,
ECD, MS and HRMS, to exhibit high sensitivity.

Two-dimensional gas chromatography [5,6] has been investi-
gated by anumber of researchers in order to solve certain co-elution
problems inherent in single-column analysis. A number of GC col-
umn combinations have been used to resolve the co-elution of PCBs
[7]. Several authors used two-dimensional chromatography with
HPLC as the first separation dimension for fractionation. PCB atropi-
somers were partially separated using chiral stationary phases
(beta-cyclodextrin derivatized silica) [8] and dioxin-like PCBs were

* Corresponding author. Tel.: +420 241062498; fax: +420 241062384.
E-mail address: cajthaml@biomed.cas.cz (T. Cajthaml).

0039-9140/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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fractionated on an activated carbon-based column [9,10], porous
graphitic carbon [11], or (2-(1-pyrenyl)ethyl)dimethylsilylated sil-
ica [12]. Other applications of column liquid chromatography
described in the literature include the use of various systems for
PCB separations from the matrix or other compounds [13,14]. A
limited number of publications are available on application of the
HPLC technique for determination of PCBs. Andersson and Kaiser
[15] tested several modified stationary phases including octade-
cylsilica for separation of commercial mixture Aroclor. A partial
improvement of separation was observed with phenyl butano sul-
fide stationary phase [15].

Another new technique, ultra high-performance liquid chro-
matography (UHPLC), which has been introduced into practice,
is based on the HPLC principle but provides separation efficiency
attaining GC parameters. According to the Van Deemter equation,
when the particle size of the chromatographic sorbent is decreased,
the efficiency of the separation process increases and the efficiency
does not diminish at higher flow rates or linear velocities [16]. The
separation speed, resolution, sensitivity and peak capacity can be
improved by using smaller particles. UHPLC technique offers both
a high throughput of the analyzed samples and separation of com-
plex mixtures like PCBs. The latter feature is caused by the large
peak capacity mentioned above. Another advantage over common
HPLC consists in the reduced time of analysis and solvent consump-
tion. Sub-2-micron particle columns provide maximum efficiency,
leading to back-pressures of more than 60 MPa, which cannot be
achieved by using conventional liquid chromatographic systems or
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columns [17]. UHPLC systems can work at extreme pressures up to
100 MPa [18] due to hardware adjustments. While the separation
of PCB derivatives using HPLC is probably not sufficient, the UHPLC
application on special columns with sub-2-micron particle could
lead to better separation. A number of producers currently offer
reversed phase columns with sub-2-micron particle size sorbents
with different properties that are suitable for UHPLC applications.
In addition to the original columns provided by Waters that use
octadecyl silica Bridged Ethyl Hybrid (BEH) particles with diame-
ter of 1.7 wm, several other producers manufacture UHPLC columns
e.g. Zorbax Rapid Resolution High Throughput 1.8 pm from Agilent
or C18 Grace 1.5 pum from Alltech.

The aim of this study was to test the ability of liquid chromatog-
raphy on reversed phase sub-2-micron particle columns, viz. BEH
C18 (1.7 wm), Waters; BEH Phenyl (1.7 wm), Waters; Vision HT
C18 Grace (1.5 pm), Alltech, for the separation of the most often
monitored PCB congeners in two premixed mixtures and for the
separation of the commercial mixture Delor 103.

2. Experimental
2.1. PCB model mixtures and other chemicals

Two model mixtures of PCBs were used to test the retention
behavior and for a quantitative study. Mix A consisted of PCBs 18,
28,52,101, 153, 138, 180 (Dr. Ehrenstorfer GmbH, Augsburg, Ger-
many). Mix B included the most toxic PCB congeners supplemented
with several other congeners with three, four and five mainly ortho-
chlorine substituents: 18, 28, 37, 45, 77, 81,91, 101, 105, 114, 118,
123, 126, 156 and 169. The individual PCB congeners used for the
preparation of this mixture were also obtained from Dr. Ehrenstor-
fer GmbH (Augsburg, Germany). Both of the mixtures contain the
most relevant congeners that are commonly monitored [19,20]. The
PCB commercial mixture used for the investigation, Delor 103, with
an average of 3 chloro substituents, was obtained from a former
Czechoslovak producer (Chemko Strazské, Slovakia). The congener
composition of Delor 103 has been described in detail in previ-
ousinvestigations[21]. Acetonitrile (Biosolve) and water (Biosolve)
used for UHPLC mobile phase preparation were of UHPLC-MS grade
and were purchased from Chromservis (Prague, Czech Republic).

2.2. UHPLC analysis conditions

An Acquity UHPLC system (Waters, Milford, MA, USA), equipped
with a 2996 photodiode-array detection (DAD) system detector
operating at 202 nm, was used for PCB analysis. The data were
processed with Empower 2 software (Waters). For elucidation of
the UHPLC elution order and identification of the PCB congeners,
the mobile phase of the best chromatographic run was collected
(4 times per minute) using an automated fraction collector (Labio,
Prague, Czech Republic). These fractions were subsequently ana-
lyzed using GC-MS to confirm the structures of the individual
congeners.

For simplicity, PCBs were monitored at the same wavelength of
202 nm, where all of them display significant absorbance.

Three sub-2micron particle UHPLC analytical columns were
compared for their efficiency in PCB separation: BEH C18
(50mm x 2.1 mm LD., particle size 1.7 pm), Waters; BEH Phenyl
(50mm x 2.1 mm L.D., particle size 1.7 wm), Waters; Vision HT C18
Grace (50 mm x 2.0 mm L.D., particle size 1.5 wm), Alltech.

The binary mobile phase consisted of solvent A, 100% acetoni-
trile, and solvent B, 10% acetonitrile in water was employed under
the following linear gradient program (min/%A) 0/15, 6/40, 14/40,
20/45,30/95,35/95. This program was used for column comparison
and later also for separation of Delor 103.

Each analysis was followed by a column equilibration step
(5min). The column temperature was maintained at 35°C, and
the flow rate was set at 0.4 mL/min. Sample volumes of 5 pL were
injected. The total analysis time was 30 min, the data were collected
at 20 Hz sample rate and the filter constant was set at 0.5.

2.3. UHPLC partial validation (calibration curves, LLOQ, LOD)

Calibration curves obtained with UHPLC technique were deter-
mined over a linear range from 0.5 to 50.0 pg/mL for the selected
PCBs (Nos. 18, 28, 37, 45, 52, 77, 81, 91, 101, 105, 114, 118, 123,
126, 138, 153, 156, 169 and 180). Accurately weighted portions
of each solid congener were dissolved in acetonitrile to prepare
50 wg/mL stock solutions. Then each stock solution was diluted
stepwise with acetonitrile to prepare a series of standard solutions,
with concentrations of 50.0, 25.0, 10.0, 5.0, 1.0, 0.5 and 0.1 p.g/mL.

The lower limit of quantification (LLOQ) was determined as the
lowest concentrations of PCBs quantified with precision (RSD) and
accuracy lower than 20% [22]. For quality control (QC), six repli-
cates of all the quantified PCB standards with the concentration
0.5 wg/mL (0.1 pg/mL in the case of PCB 101) were measured. At
this concentration level, the signal-to-noise ratio was found to be
greater than 10.

The limit of detection (LOD) was calculated as follows:
LOD =LLOQ/0.33.

2.4. UHPLC system suitability

Both model mixtures (Mix A and Mix B) were injected 6 times
intoa UHPLC system under optimized conditions (Grace column, for
chromatographic conditions see Section 2.2, UHPLC analysis condi-
tions). The mean values and RSD (%) of the peak retention times and
peak areas of the monitored congeners were calculated to obtain
the repeatability. The other parameters to be determined included
the peak symmetry, resolution and EP plate count.

2.5. GC-MS analysis conditions

The GC-MS system 450-GC with an ion trap 240-MS (Varian,
Walnut Creek, CA, USA) was used for a qualitative PCB analysis. The
Varian MS workstation 6.9.1. was used as data processing software.

The column used was a 30m DB-5MS capillary column of
0.25mm LD. and 0.25 pm film thickness (C&W). One microliter
of each sample was splitless injected at 240°C. Helium was used
as a carrier gas with a constant flow rate of 1 mL/min. The GC
oven temperature program started at 60 °C, was held for 1 min and
then increased at 25 °C/min to 120°C. Further heating followed at
2.5°C/min to 240°C, which was finally maintained for 19 min. The
transfer line, manifold and ion chamber temperatures were set at
240, 220 and 240°C, respectively. The mass spectrometer operated
under an external ionization mode and mass spectra were recorded
under electron impact at 70 eV.

2.6. HPLC analysis conditions

In order to compare the efficiency of the HPLC technique an HPLC
system was used for separation of D103, as well. Separation was
tested on two conventional reversed phase columns: Xbridge C18
(250 mm x 4.6 mm L.D., particle size 3.5 wm), Waters and Synergy
Polar RP (250 mm x 4.6 mm L.D., particle size 4 wm), Phenomenex.
The HPLC system consisted of binary gradient pump 522, autosam-
pler 465, and diode-array detector 540+, (Bio-tek Instruments,
Italy). The binary mobile phase consisted of solvent A, 100% acetoni-
trile, and solvent B, 10% acetonitrile in water, was employed under
the following linear gradient programs: Xbridge column (min/%A)
0/65; 30/100; 50/100 and Synergi column 0/65; 60/100; 70/100
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Fig. 1. Comparison of Mix A (4 ng/mL of each congener) separation with three various columns: Vision HT C18 Grace column (a), BEH C18 column (b), BEH Phenyl column
(c). Chromatographic conditions: solvent A, 100% acetonitrile, solvent B, 10% acetonitrile, gradient program (min/%A) 0/15; 6/40; 14/40; 20/45; 30/95; 35/95, equilibration
step (5min), column temperature 35 °C, flow rate 0.4 mL/min, sample volume 5 L.

Table 1
Verified values of LLOQ and LOD of the tested PCB congeners separated on the C18 Grace column.

PCB No. LLOQ (png/mL) Accuracy (%) RSD (%) LOD (pg/mL) Regression equations R?

18 0.5 104.1 £ 0.3 0.3 0.15 y=1.40x 10°x—7.26 x 10° 0.999
28 0.5 1134 £ 24 2.1 0.15 y=1.11x10°x—1.33 x 10* 0.999
37 0.5 1143 £ 0.4 0.3 0.15 y=7.74 x10%x - 2.36 x 10° 0.999
45 0.5 108.0 + 1.0 1.0 0.15 y=8.69 x 10*x —8.90 x 102 0.999
52 0.5 106.3 £ 2.9 2.8 0.15 y=1.24x10°x+2.47 x 102 0.998
77 0.5 1159 £ 4.2 3.6 0.15 ¥=5.65 x 10%x — 2.06 x 10° 0.997
81 0.5 117.9 +£ 1.7 1.4 0.15 y=6.53 x 10*x — 2.65 x 10° 0.998
91 0.5 109.7 +£ 3.3 3.1 0.15 y=1.08 x 10°x —5.09 x 10° 0.998
101 0.1 1073 £ 2.1 1.9 0.03 y=1.06 x 10°x — 5.23 x 10° 0.999
105 0.5 1142 +£ 1.7 1.5 0.15 y=7.51x10%*x —1.06 x 10* 0.999
114 0.5 92.0+ 1.6 1.7 0.15 y=5.57 x 10*x+4.18 x 103 0.999
118 0.5 110.0 £ 2.9 2.6 0.15 y=6.34x10*x —9.48 x 10° 0.999
123 0.5 114.0 £ 4.5 4.0 0.15 y=8.18 x 10°x —6.75 x 10° 0.999
126 0.5 102.6 + 5.3 5.1 0.15 y=4.19 x 10*x — 5.55 x 10? 0.999
138 0.5 914 +33 3.6 0.15 y=1.04 x 10°x+9.15 x 103 0.999
153 0.5 101.6 £ 3.3 34 0.15 y=1.01x10°x+3.44 x 10° 0.999
156 0.5 109.5 £ 6.2 5.7 0.15 ¥=525x10%—3.31x 10° 0.999
169 0.5 1164 + 4.0 2.9 0.15 ¥=3.12 x 10*x —9.20 x 10? 0.997
180 0.5 105.7 £ 1.1 1.0 0.15 y=7.23 x 10°x+3.76 x 10° 0.999
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Fig. 2. Comparison of Mix B (2.5 pwg/mL of each congener) separation with three different columns: Vision HT C18 Grace column (a), BEH C18 column (b), BEH Phenyl column
(c). For chromatographic conditions see Fig. 1.

Table 2
System suitability data for congeners in Mixture A and Mixture B separated on the C18 Grace column.
PCB No. RT (min) Resolution EP plate count Symmetry factor RT repeatability (RSD %) Area repeatability (RSD %)
Mix A
18 9.90 15900 1.16 0.0 2.6
28 12.89 7.70 12431 1.13 0.1 24
52 13.73 1.77 12239 1.11 0.1 34
101 19.30 10.09 21791 1.15 0.0 4.8
138 22.34 7.74 113887 1.18 0.0 3.6
153 22.84 2.03 156303 1.09 0.0 4.2
180 24.18 6.62 305328 1.19 0.0 1.1
Mix B
18 9.90 6209 1.15 0.0 25
45 10.96 3.18 14778 1.14 0.0 1.1
28 12.88 4.67 12452 1.12 0.1 23
37 13.47 1.22 11245 1.11 0.0 04
91 16.56 5.97 15757 1.12 0.1 4.0
77 18.00 2.69 17259 1.10 0.0 4.5
81 18.69 1.25 17994 1.10 0.1 43
101 19.29 1.11 20992 1.11 0.0 4.4
105 20.63 2.61 27363 1.09 0.1 33
123 21.30 1.72 100293 0.85 0.1 49
114 21.54 0.97 90381 1.23 0.0 5.0
118 21.99 1.65 145100 0.89 0.0 4.8
126 22.22 1.06 133244 1.27 0.0 49
156 23.29 4.06 201826 1.13 0.0 3.2
169 24.06 3.97 274867 1.15 0.0 3.7
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Fig. 3. Chromatogram of Delor 103 (100 pg/mL) UHPLC separation with the C18 Grace column. For peak identification see Table 3, for chromatographic conditions see Fig. 1.

(min/%A). The column temperature was maintained at 35°C, and
the flow rate was set at 1 mL/min. Sample volumes of 5 uL were
injected and PCBs were monitored at the wavelength of 202 nm.

3. Results and discussion

3.1. UHPLC

Several gradient programs (approximately 20 for each column,
data not shown) based on a multiple, stepwise increase of the ace-
tonitrile ratio were applied to all of the three tested sub-2-micron
particle columns in order to obtain the separation of the congeners
in the premixed mixtures. All of the three columns yielded suffi-
cient separation of Mixture A (Fig. 1). However, only the C18 Grace
column exhibited the ability to separate more complex Mixture
B (Fig. 2), while some congeners showed poor or no tendency to
separate on columns BEH C18 (1.7 wm), and BEH Phenyl (1.7 wm)
(Waters). The optimized gradient program (see Section 2.2) for the
C18 Grace column was therefore used with the other columns to
demonstrate their selectivity for the PCB congeners in the mixtures.
The chromatograms presented in Figs. 1 and 2 show that, under
these conditions, the Phenyl BEH column appeared to be almost as
efficient in the separation of Mix A as the C18 Grace column while,
in Mixture B, it was not able to separate the congeners 28 from 37,
91 from 77 and especially the later-eluting congeners (Nos. 114,
118, 123, 126) (see Fig. 1c). The C18 BEH column, which was the
first one routinely used for UHPLC separations [23,24], yielded good
separation of most of the peaks in the mixtures (Fig. 1b). However,
it was necessary to substantially extend the chromatographic run
to attain sufficient separation of congeners Nos. 123, 114, 118 and
126. Also in this case, the early eluting congeners Nos. 28 and 37
were not separated under any of the tested conditions.

The results in Fig. 1 also suggest that, in addition to different
analyte-sorbent interactions among phenyl and the octadecylsil-
ica columns, the size of the particles can probably play an important
role in the efficacy of the separation [16]. Another explanation for
the different selectivity of both C18 columns could be the silica end-
capping technology used. Residual silica hydroxyl groups in the
Grace column might probably cause higher specificity of this sta-
tionary phase for PCB congeners due to a different solute-sorbent
interaction.
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3.2. Calibration curves

The PCB (except for the congener No. 101) calibration curves
were prepared over a linear range from 0.5 to 50.0 p.g/mL at six
concentration levels, 0.5, 1.0, 5.0, 10.0, 25.0, 50.0 with the C18 Grace
column. The calibration curve of congener No. 101 was prepared in
the range from 0.1 to 50.0 pwg/mL at seven concentration levels, 0.1,
0.5, 1.0, 5.0, 10.0, 25.0, and 50.0. The relevant regression equations
and determination coefficients RZ, which range from 0.997 to 0.999,
are given in Table 1.

3.3. LOD, LLOQ

The LLOQ of the quantified congeners, except for congener No.
101, was 0.5 pg/mL with a precision (RSD) ranging from 0.3 to 5.7%
and accuracy from 91.4+3.3 to 117.94+1.7% (n=6). The LOD for
these congeners were 0.15 pg/mL. The LLOQ of congener No. 101
was determined as 0.1 pg/mL with a precision (RSD) of 1.9% and
accuracy of 107.3 +2.1%. The calculated LOD of congener No. 101
was 0.03 pg/mL.

3.4. System suitability

System suitability data are listed in Table 2. The retention time
repeatability (RSD) is excellent (maximum of 0.01%). The peak area
repeatability ranges from 0.4 to 5.0%. The maximal RSD values were
observed for peaks that were not sufficiently separated. Part of this
error can be attributed to use of the partial loop injection mode,
which was discussed by other authors [25].

The peak symmetry, resolution and EP plate count were calcu-
lated for sufficiently separated peaks. Since the mixtures contain
PCB congeners without any significant interferences, the resolu-
tions were calculated only between the nearest congeners. The
column efficiency expressed as the EP plate counts increases for
compounds with higher retention times. This fact corresponds with
the band broadening theory. As the content of acetonitrile is higher
during the gradient, the later-eluting peaks are sharper since they
are focused in a narrower zone. This phenomenon is also visible in
the chromatograms depicted in Fig. 1. All the peaks had symmetri-
cal shape with a symmetry factor ranging from 1.09 to 1.18.
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Table 3
Delor 103 peak identification after separation on the C18 Grace column.

Peak No. Retention time (min) Congener No. Peak No. Retention time (min) Congener No.
1 7.6 4 17 14.8 47,49, 84, 89, 92
2 8.2 19 18 15.6 48
3 8.6 5+8 19 16.0 56
4 9.2 Unknown 20 16.5 55, 60, 91
5 9.4 32 21 16.8 70
6 10.0 18, 24,27 22 171 63, 66, 67, 82
7 10.6 17,16 23 17.7 74,76, 83, 148
8 10.8 46 24 18.3 77,87,110
9 11.2 45 25 18.4 97,111

10 11.5 53 26 19.0 101

11 11.8 22 27 19.6 99,113

12 12.1 33,40 28 20.8 105

13 12.7 25,26 29 213 123

14 13.1 28,31,44 30 21.7 118

15 13.8 37,42 31 22.47 138,163

16 141 52,71,64,41,72

3.5. Comparison of HPLC and UHPLC for the separation of Delor
103

The UHPLC C18 Grace column was subsequently tested for the
separation of PCB congeners in the commercial mixture Delor 103.
The chromatogram is depicted in Fig. 3 and the peak identification
is given in Table 3. The results show that the UHPLC method was
able to separate 13 individual congeners in the D103 mixture. Other
compounds were co-eluted in clusters, but some of these co-eluting
congeners could be resolved using another separation dimension
performed with a mass spectrometry detector e.g. Nos. 37-42, 41,
91, 83, 148. Generally, the elution order of UHPLC is comparable
with that of GC, suggesting participation of a similar hydrophobic
retention mechanism.
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Fig. 4. Chromatogram of Delor 103 (100 wg/mL) HPLC separation with the C18
Xbridge (A) and Synergi (B) columns. For chromatographic conditions see Section
2.6.

In order to show the reasonability of this study of the UHPLC
application we also briefly tested two conventional HPLC packed
with 3.5 and 4.0 wm particles, respectively. Several various gra-
dients were also applied in this case and the selected ones (see
Section 2.6) were applied to separation of D103 mixture. The chro-
matograms are shown in Fig. 4. The figure documents substantially
lower separation efficiency of the HPLC stationary phases compar-
ing to sub-2-micron particle columns. This is mainly evident for
the dominant trichloro congeners. The later-eluting tetra chlori-
nated representatives that are only partially separated from the
main peak cluster.

The outcomes of this study imply that UHPLC separation of PCB
mixtures cannot be for the meantime a real alternative to the classi-
cal GCdetermination. However, the results show that the technique
could be used for specific experiments like biodegradation stud-
ies that are carried out with less complex mixtures of PCBs [26].
Another aspect to be pointed out is that the study was performed
with commercial UHPLC columns and development of taylor made
stationary phases for the separation of chlorinated aromatics could
lead to further improvement of PCB separation.

4. Conclusion

In this article, three columns were compared under chromato-
graphic conditions optimal for the most efficient column. Two
premixed mixtures of PCBs often monitored for their abundance
or high toxicity were successfully separated with the Grace C18
column filled with 1.5 wm particles. The fact that the best column
was filled with the smallest particles indicates the importance of
the sorbent particle size. The newly developed UHPLC method was
partially validated and exhibited a linear range of detector response
for quantification of PCBs with acceptable correlation coefficients.
LLOQ was determined and verified at sub pg/mL concentrations.
An attempt was made to separate the commercial PCB mixture
Delor 103 under the selected conditions and the mixture was sepa-
rated with some success. Individual PCB congeners were identified
using comparison with standard retentions and also using GC-MS
of collected UHPLC fractions.

To our knowledge, this is the first article dealing with UHPLC
reversed phase separation of complex PCB mixtures suggesting a
new potential direction in UHPLC applications. The combination
of high throughput and efficiency of the UHPLC technique with
the selectivity and sensitivity of mass spectrometry would be a
promising way to enlarge the number of UHPLC applications in the
environmental analysis.

The advantage of PCB determination with the liquid chromatog-
raphy alternative to GC should be not only an enlargement of
applications for UHPLC, but also it could be useful for specific sit-
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uations such as performing PCB biodegradation experiments. For
example enzymatic studies are carried out in liquid water sys-
tems and direct analyses of such samples allow to measure kinetics
directly from one experimental sample avoiding extraction and
purification steps that are necessary for GC and lead to termination
of the particular sample [26].
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A study was conducted to elaborate a fast, simple and efficient method for determination of 15 isomers
chlorobenzoic acids (CBAs) in soil using HPLC-UV. Artificially contaminated soil samples were extracted
using accelerated solvent extraction (ASE) with 1% acetic acid in a mixture of hexane and acetone (1:1,
V/V)under a pressure of 10.34 MPa and temperature of 150 °C. The recovery of the ASE method was above
82%. The extracts were concentrated; dimethyl sulfoxide was used to prevent CBA volatilization and the
final analysis was performed with a C18 XBridge HPLC column employing a mobile phase consisting
of acetonitrile and 0.1% trifluoracetic acid in water. A HPLC procedure with gradient elution and UV
detection was developed and validated. The method exhibited a linear range for 2-CBA; 2,6-CBA; 3-CBA;
Accelerated solvent extraction 4-CBA; 2,3-CBA; 2,3,6-CBA; 2,5-CBA; and 2,4-CBA from 5 to 120 pg/mL with a limit of quantification
Polychlorinated biphenyls (LOQ) of 5 ug/mL, RSD from 2.42 to 9.42% and accuracy from 82 +2 to 103 & 3%. The linear range of
PCB determination of 2,4,6-CBA, 3,4-CBA, 2,3,5,6-CBA, 3,5-CBA, 2,3,5-CBA, 2,3,4,5,6-CBA and 2,3,4,5-CBA was
Biodegradation 10-120 pg/mL with LOQ 10 pg/mL, RSD from 0.74 to 5.84% and accuracy from 94+1 to 114+ 1%. The
optimized analytical procedure was finally applied on two historically PCB contaminated soils and 9 CBAs
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were quantified in the samples.
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1. Introduction

Chlorinated organic compounds are a class of serious environ-
mental pollutants due to their ecotoxicity and environmental per-
sistence. Chlorinated benzoic acids are widespread environmental
pollutants resulting primarily from microbial biodegradation of
polychlorinated biphenyls (PCB), reviewed e.g. in Field and Alvarez
[1] and some herbicides [2]. CBAs are significantly more soluble
than their parent compounds and therefore can enter into the
aqueous phase from the contaminated soil of polluted sites. Some
mono-, di-, and trichlorobenzoic acids (CBAs) have been shown to
cause genomic damage to tobacco plants [3], and to be toxic to
aquatic organisms such as ciliate [4], Daphnia [5], algae [6] and fish
[5]. Zhao et al. and Muccini et al. suggested that the dissociation
of CBAs is an important factor in their toxicity and the nonionized
forms of CBAs are usually less toxic than the ionized analogues [4,5].
2,3-CBA, 2,3,6-CBA, 2,4,6-CBA and monochlorinated isomers were
also found to possess estrogenic disrupting activity [7]. Although it
was found that CBAs are not very toxic toward bacteria, substan-
tial negative effects of their presence on the transformation of PCBs
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have been reported [8]. In this way, they can inhibit bioremedia-
tion processes and therefore understanding the fate of CBAs is of
environmental importance.

In order to determine the concentrations of analytes in environ-
mental matrices using chromatography, it is usually necessary to
include an extraction step. Liquid-liquid extraction methods have
been described for aqueous samples containing CBAs, using methyl
t-butyl ether [9] and ethyl acetate [10] as extraction solvents.

Several extraction methods have also been described for extrac-
tion of CBAs and other organochlorinated pollutants from solid
environmental samples. Gentry et al. described simple liquid
extraction of soil containing CBAs using detergent (not speci-
fied Zwittergent) with hexametaphosphate [11]. Other articles
have deal with comparisons of the efficiency, time and the
material cost of the various extraction methods, such as clas-
sical Soxhlet extraction, microwave extraction and accelerated
solvent extraction (ASE) for various organochlorinated pollu-
tants in soil matrices [12-14]. Traditional Soxhlet extraction
attains acceptable efficiency, but is time-consuming and requires
large amounts of solvents. Ultrasound extraction is an alterna-
tive method to Soxhlet. Advanced extraction methods, such as
supercritical fluid extraction, microwave-assisted extraction and
accelerated solvent extraction (ASE), are less time-consuming
and usually require smaller amounts of solvents.HPLC connected
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with UV or MS detection and gas chromatography (GC) belong
among classical methods for determination of organic acids,
including CBAs. To determine CBAs by GG, it is necessary to deriva-
tize their carboxylic group, usually using diazomethane [15] or
bis(trimethylsilyl)trifluoracetamide [16]. In the HPLC mode, CBAs
were separated on a C18 reverse phase [9,17] or ODS-AQ column
[18]. The low pKj, of these organic acids usually requires acidifica-
tion of the mobile phase used in the HPLC system [9,17,18].

Several chromatographic methods for determination of CBAs are
described in the literature. These methods are typically used for
quantification of several CBA isomers during degradation exper-
iments or for determination of their residual concentrations in
environmental matrices. However, none of the described methods
includes an analysis of a wider range of representatives simultane-
ously including mono-, di-, tri-, tetra- a pentachlorine CBA isomers.

The main objective of our work was to develop a robust and effi-
cient LC method for determination of 15 CBA isomers (mono-, di-,
tri-, tera-, and penta-CBA) and to evaluate different HPLC columns
and mobile phases. Another goal of this work was to develop and
validate a simple, rapid and efficient extraction method for CBAs
from soil samples using ASE. This method represents fast, low-
solvent consumption and a reproducible method suitable for soil
samples containing a complex matrix. ASE was then employed
to determine the presence of CBAs in artificially contaminated
soils.

2. Experimental
2.1. Standards and chemicals

2-CBA; 2,3-CBA; 3,4-CBA; 3,5-CBA; 2,3,5-CBA; 2,4,6-CBA;
2,3,5,6-CBA; 2,3,4,5,6-CBA were obtained from Sigma-Aldrich
(Steinheim, Germany). 3-CBA; 4-CBA; 2,4-CBA; 2,5-CBA and 2,6-
CBA were from Merck (Darmstadt, Germany). 2,3,6-CBA was
purchased from Supelco (Steinheim, Germany), 2,3,4,5- from TCI
Europe (Zwijndrecht, Belgium) and 2,3-dichlorophenol (internal
standard, IS) from Reidel-de Haén (Steinheim, Germany).

Acetone and n-hexane for residue and pesticide analysis were
provided by Chromservis (Prague, Czech Rep.). Methylene chloride
for organic trace analysis was obtained from Merck. Anhydrous
sodium sulfate (Na;SO,4) was obtained from Lachner (Prague, Czech
Republic). Glacial acetic acid and formic acid were obtained from
Reidel-de Haén.

Acetonitrile (ACN, gradient grade) was purchased from Fisher
Scientific (Leicestershire, UK), trifluoroacetic acid (TFA) from Fluka
(Steinheim, Germany) and methanol (Chromapur GG) from Chrom-
servis (Czech Republic). All the other chemicals were of analytical
grade and were obtained from Sigma-Aldrich.

2.2. Stock solutions

Standard solutions containing 2 mg/mL of each of the 15 benzoic
acid compounds were prepared in ACN and stored in a refrigerator.
The stock standard solutions with the appropriate concentrations
were prepared by mixing all 15 CBAs and diluting the stock solution
with ACN.

2.3. HPLC conditions

HPLC analyses were performed using the Alliance Waters sys-
tem (Prague, Czech Republic) equipped with a PDA detector and
Empower software was used for data processing. Separation of
the CBA mixture was tested on four reversed phase columns:
XBridge C18 (250 mm x 4.6 mm L.D,, particle size 3.5 wm), Waters;
SynergyPolar RP (250 mm x 4.6 mm LD., particle size 4 wm), Phe-
nomenex; LiChroCart - LiChroSphere RP-18e (250 mm x 4 mm L.D.,

particle size 5 um), Merck and LiChroCart — Superspher 100 RP-
18e (250 mm x 4 mm LD., particle size 4 um), Merck. The column
temperature was maintained at 35 °C, and the flow rate was tested
from 0.8 to 1 mL/min for all the columns. Sample volumes of 10 L
were injected. CBAs were detected at the wavelengths correspond-
ing to their absorption maxima: 212.2 nm for 2,3,4,5-CBA; 213.4 nm
for 2,3,4,5,6-CBA; 239.9 nm for 4-CBA and 209.9 nm for the other
CBAs.

Linear gradient programs using a mobile phase consisting of 10%
(V/V) ACN (A) and 100% ACN (B) or MeOH (B) were employed to
separate the CBAs. Several additives were used as pH modifiers in
order to suppress CBA dissociation: acetic acid (0.1%), formic acid
(0.1% and 0.2%), orthophosphoric acid (0.1%), and trifluoroacetic
acid (0.05% and 0.1%). Each analysis was followed by a column
equilibration step (8 min).

2.4. Soil sample preparation

The sandy-loamy soil collected from the garden of the Academy
of Sciences of the Czech Republic was used for extraction tests. Its
main properties were as follows: total organic carbon 0.8%, total
organics 1.4%, pH 5.3, water-holding capacity 31% and granulomet-
ric composition: sand 50.9%, fine sand 31.2%, silt 10.8%, and clay
7.1%.10 g of the homogenized soil was spiked 10 times with 100 pL
of acetone solutions of the CBAs (100 wg/mL of each CBA), resulting
in a final concentration 10 wg/mL of each CBA. The small volume
steps were employed in order to avoid any contact of the solvent
with the glassware and the soil was dried at laboratory temperature
and was homogenized with a spoon after each step.

Two real historically PCB contaminated soils were collected in
the Czech Republic for an application of the optimized analyti-
cal method. One of the soils was collected in central Bohemia in
a refused heap in the town Lhenice (Soil A) and the second was
from a former Soviet army military base Milovice from central
Bohemia (Soil B). The soils were provided kindly by AECOM CZ
s.r.o. and Dekonta a.s. companies. PCB concentration in the Soil A
was 82 mg/kg (sum of PCB congeners 28, 52, 101,118, 153, 138,
180 according to US EPA method 8082) and the Soil B contained
175 mg/kg of PCBs in dry soil.

2.5. Extraction procedure

The extractions were carried out using Dionex 200 ASE extrac-
tor (Palaiseau, France). ASE samples were prepared by weighing
3.5¢g of spiked soil, humidified with 350 pL H,0 and mixed with
3.5g of NaySO4 placed in the ASE cell (11 mL volume). In addi-
tion, the appropriate amount of washed sand was added at the
bottom and on the top of the sample to fill the dead volume in
the cell. Glassfiber filters were placed at the bottom and the top
of each cell. The extractions were performed at temperatures of
100°C and 150°C and pressures of 10.34 MPa and 13.79 MPa with
various solvent systems: methylene chloride, hexane/acetone (1:1,
V/V), 1% acetic acid in hexane/acetone (1:1,V/V)and 1% formic acid
in hexane/acetone (1:1, V/V). The details of the extraction condi-
tions are summarized in Table 1. All the extraction conditions were
performed in triplicate.

2.6. Pre-chromatographic sample adjustment

500 wL of DMSO was added to the collected organic extracts
(approximately 20 mLin each vial) to avoid volatilization of the CBA
analytes and the extracts were concentrated using a vacuum rotary
evaporator at 60 kPa and 40°C to approximately 1.5 mL. 50 p.L of
internal standard (IS, 2,3-dichlophenol 0.9 mg/mL in ACN) were
added to each sample and the IS was used to calculate the vol-
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Table 1
Description of the 3 ASE methods.
Method A Method B Method C

Temperature (°C) 150 100 100
Pressure (MPa) 10.34 13.79 10.34
Cell preheat (min) Off Off 1
Cell heat up (min) 5 5 5
Static time (min) 7 7 7
Flush volume (%) 60 60 60
Purge time (s) 60 60 60
Static cycles 3 3 3

ume extracts. 1 mL of each sample was then centrifuged (9000 rpm,
10 min) and analyzed by HPLC.

2.7. Method validation

Selectivity and matrix effect. The selectivity of the HPLC method
was determined by comparing the chromatograms of the CBA stan-
dards and a blank sample containing the soil matrix. This blank
sample was prepared by extraction of the uncontaminated soil
using ASE. The matrix effect was then evaluated by employing the
method of analyte additions to an extract of uncontaminated soil
at three different concentration levels, 5 (10), 40, and 80 pg/mL for
CBAs and at concentration levels of 9, 90, and 180 p.g/mL for the IS.
The chromatograms were then compared in order to evaluate any
possible interfering effect of the sample matrix with CBAs.

Calibration curve. The eight-point calibration curves over lin-
ear ranges were measured for all 15 CBAs from 5 pg/mL (2-CBA;
2,6-CBA; 3-CBA; 4-CBA; 2,3-CBA; 2,3,6-CBA; 2,5-CBA; 2,4-CBA;
2,4,6-CBA) and from 10 wg/mL (3,4-CBA; 2,3,5,6-CBA; 3,5-CBA;
2,3,5-CBA; 2,3,4,5,6-CBA; 2,3,4,5-CBA) to 120 p.g/mL The calibra-
tion curve of the IS ranged from 3 to 300 pwg/mL. Each point on the
calibration curve represents the arithmetic mean of six values.

Limit of quantification. LOQ was determined as the lowest cali-
bration standard level for each CBA and IS quantified with precision
(relative standard deviation, RSD) and accuracy lower than 20%. Six
replicates of CBAs (5 or 10 pg/mL) mixture and IS (9 pg/mL) were
measured.

Accuracy and precision. To evaluate the precision and accuracy,
quality control samples were prepared at concentrations of 5 (10),
20 and 80, 3, 90 and 180 pg/mL for 15 CBA mixtures and the IS,
respectively. RSD was taken as a measure of the precision, and
the percentage difference between the determined and spiked
amounts was considered a measure of the accuracy.

3. Results and discussion
3.1. Optimization of the HPLC conditions

In this paper, four chromatographic columns filled with differ-
ent sorbents from various providers (Synergy Polar RP, Xbridge C18
and LiChroSphere RP-18e and Superphere 100 RP-18e) were tested
for separation of the 15 CBA isomers. Methanol appeared to not
be a suitable component in the mobile phase due to its generally
low ability to separate CBAs and a substantial negative effect on
the peak shape of CBA that prevented complete separation of sev-
eral CBAs (data not shown). Therefore, a further optimization was
performed with ACN alone. The separation of the target compounds
was optimized under acidic pH conditions in order to suppress CBA
dissociation. The tested additives were employed at slightly differ-
ent concentrations due to the pH stability of the tested columns,
which was found to be crucial, especially for Lichrosphere and
Supersphere columns. Due to the lack of stability of these columns,
the data obtained from their application for the separation of CBAs,
even at pH above 2, were not reproducible and the separation effi-
ciency decreased rapidly after several chromatographic runs. The
modifiers were added to the organic phase (B), to the water phase
(A) or to both and the best resolution and peak shapes were gen-
erally achieved with 0.1% TFA in the aqueous phase, where other
compositions mostly had a negative effect on the peak shapes. The
order of suitability of the compounds was as follows: TFA > formic
acid > acetic acid >ammonium acetate > orthophosphoric acid. The
peak shapes were similar when TFA and formic acid were used;
however, formic acid significantly worsened the CBA separation
(data not shown). Further testing was performed with XBridge
C18 and Superspher 100 RP-18e columns, because of the satisfac-
tory peak shapes of the separated CBAs. Several gradient programs
(approximately 15 for the columns, data not shown), based on a
multiple, stepwise increase in the acetonitrile ratio, were applied
to the columns in order to obtain the separation of the individual
CBAs. The best separation was obtained with the XBridge column
when all the analytes were completely separated. A mixture of all
15 CBAs and IS were finally separated with 0.1% TFA in A using
the best tested gradient conditions (min/%B): 0/17; 30/17; 60/34;
70/50. The duration of the analysis was 70 min and the applied flow
rate was 0.8 mL/min. The results of the separation are displayed in
Table 2.

There are a limited number of papers in the literature deal-
ing with chromatographic determination of CBAs and those few
published articles described only the HPLC separation of several
mono- and dichlorinated derivatives. To our best knowledge, no
publication is available on the separation of a larger group of

Table 2
Analyte retention characteristics and HPLC method efficiency.
Analyte tr (min) tr repeatability Area repeatability Resolution Absorption LOQ (pg/mL)
(%RSD) (%RSD) maxima (nm)
2-CBA 12.96 0.15 4.49 - 210 5
2,6-CBA 14.81 0.13 6.64 3.06 210 5
3-CBA 24.00 0.17 4.68 11.42 210 5
4-CBA 25.77 0.11 6.23 2.29 240 5
2,3-CBA 27.70 0.24 6.69 2.64 210 5
2,3,6-CBA 28.89 0.18 7.08 1.45 210 5
2,5-CBA 30.27 0.06 6.60 1.63 210 5
2,4-CBA 37.72 0.19 6.60 8.70 210 5
2,4,6-CBA 39.70 0.25 6.50 2.24 210 10
IS 42.78 0.17 8.04 4.46 210 10
3,4-CBA 49.40 0.10 3.63 10.03 210 10
2,3,5,6-CBA 50.48 0.09 5.29 1.72 210 10
3,5-CBA 52.86 0.09 8.37 4.21 210 10
2,3,5-CBA 54.61 0.09 7.95 3.46 210 10
2,3,4,5,6-CBA 66.17 0.05 3.60 42.04 213 10
2,3,4,5-CBA 68.48 0.04 2.90 9.41 212 10
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Fig. 1. Comparison of various solvents and various ASE methods for the determination of 15 isomers of chlorobenzoic acid.

CBA isomers. One of the first HPLC methods was published by
Dietz et al. [9] where these authors elaborated an HPLC method
in order to determine the concentrations of 2-CBA, 3-CBA and
4-CBA together with benzoic acid and chlorendic acid in land-
fill leachate using a Waters Nova-Pak C18 column and mobile
phase of 0.2% acetic acid in water and acetonitrile. Another HPLC
method for determination of the PCB degradation products includ-
ing eleven CBAs (mono-tri chlorinated) using a Luna C18 column
and methanol-water-H3PO,4 mixture was also described by Mack-
ova et al. [17]. However, the authors analyzed CBAs only as single
compounds and only an isocratic mode was employed. Adebu-
soye et al. [18] studied the influence of the presence 2-CBA, 3-CBA,
4-CBA and 2,3-CBA on the growth and degradation potential of PCB-
degrading bacterial strains. The CBAs in this study were analyzed

in liquid culture medium using HPLC with YMC-Pack ODS-AQ col-
umn and phosphate buffer-methanol-acetonitrile mobile phase.
The results of our study showed that the tested classical parti-
cle sorbent columns were not able to separate the studied CBA
mixture, in contrast to the XBridge column, which uses octade-
cyl silica Bridged Ethyl Hybrid (BEH) sorbents. This column also
provided generally higher back pressure, which finally allowed
us to decrease the flow rate to 0.8 mL/min. This caused a cer-
tain extension of the chromatographic run, particularly, leading
to better separation without any negative influence on the peak
shapes, as was observed for the other columns. A possible expla-
nation could be the outstanding endcapping of the sorbent with
BEH technology, enabling successful separation of CBAs; however,
this was not found to be useful for other chlorinated pollutants, e.g.
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Fig. 2. Chromatogram of a spiked soil extract (A) and standard solution in acetonitrile (B) at the 35 pg/mL level. The chromatogram is displayed in the MAX Plot mode at its

maximal absorption wavelengths (for CBAs see Table 2).
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Table 3
Calibration curves, determination coefficients, accuracy and precision of 15 CBAs and IS in the HPLC method.
Analyte Calibration curve 12 g/mL Accuracy (%) %RSD
2-CBA y=4.13 x 10%x+2.48 x 10* 0.9996 5 954+ 7.8 8.17
40 99.1+14 1.42
80 985+ 1.5 1.54
2,6-CBA y=5.06 x 10%x+2.43 x 10* 0.9997 5 90.9 + 6.6 7.30
40 99.8 + 0.5 0.51
80 100.1 £ 0.9 0.93
3-CBA y=5.92 x 10%x+4.84 x 10* 0.9996 5 90.5 + 6.0 6.66
40 98.8 + 2.0 1.98
80 1013 £ 1.7 1.68
4-CBA y=6.96 x 10%x —7.39 x 10* 0.9991 5 95.2 + 8.1 8.53
40 101.0 £ 2.1 2.07
80 1024 £ 1.9 1.85
2,3-CBA ¥=9.34 x 10%x+3.33 x 104 0.9994 5 96.8 + 3.6 3.68
40 100.0 + 0.8 0.82
80 98.5 + 2.3 2.27
2,3,6-CBA y=5.62 x 10*x+6.93 x 103 0.9990 5 96.9 + 9.1 9.42
40 99.8 + 1.0 1.03
80 1004 + 1.1 1.12
2,5-CBA y=9.23 x 10*x+4.77 x 10* 0.9994 5 815+ 19 2.28
40 100.1 + 0.7 0.66
80 100.8 + 1.6 1.56
2,4-CBA y=1.00 x 10°x — 3.74 x 10° 0.9992 5 1025 +£ 2.5 2.42
40 1014 £ 1.3 1.28
80 98.6 + 2.8 2.78
2,4,6-CBA ¥=9.35x 10%x—5.33 x 10° 0.9990 10 108.6 + 2.3 5.84
40 101.1 £ 1.2 1.22
80 96.7 + 1.3 1.25
3,4-CBA y=8.69 x 10*x —7.30 x 10° 0.9989 10 1075 £ 24 2.20
40 1013+ 13 1.27
80 95.0 + 1.2 1.26
2,3,5,6-CBA y=9.68 x 10*x —1.03 x 106 0.9989 10 103.0 + 1.5 1.42
40 101.9+ 1.1 1.08
80 919+ 1.8 191
3,5-CBA y=7.95x 10*x — 1.08 x 106 0.9992 10 1142+ 1.4 1.22
40 101.7 £+ 14 141
80 91.9 + 4.0 434
2,3,5-CBA y=1.10x10°x — 1.26 x 108 0.9989 10 1143 +£ 0.8 0.74
40 101.8 £ 1.1 1.03
80 93.0 +£ 1.7 1.79
2,3,4,5,6-CBA y=1.06 x 10°x — 1.26 x 106 0.9993 10 1144 £ 14 1.20
40 101.7 £ 0.8 0.74
80 933 + 1.0 1.12
2,3,4,5-CBA y=8.47 x 10*x — 8.45 x 10° 0.9990 10 1122 £ 0.8 0.85
40 101.6 + 0.7 0.70
80 924+ 1.8 1.90
IS y=8.95x 10%x —3.32 x 10° 0.9999 10 944+ 1.0 1.10
40 93.0+ 1.2 1.25
80 90.9 + 0.3 0.34

polychlorinated biphenyls [19]. Another advantage of this column
is its pH stability, which was documented by other authors utilizing
XBridge (TM) HPLC columns for method development at extreme
pH values [20] and which we found to be crucial for successful CBA
separation.

3.2. Optimization of sample preparation

Sample preparation to ensure quantitative transfer of the ana-
lytes from the sample matrix represents another analytical step
that is of equal importance to effective chromatographic separa-
tion. The extraction recovery experiments were performed using
artificially spiked soil samples (at a level of 20 g of each CBA per
gram of soil).

159

For the development of the rapid and quantitative extraction
method, various solvent systems (methylene chloride, hex-
ane/acetone, 1% acetic acid in hexane/acetone and 1% formic acid
in hexane/acetone) and various conditions were employed (see
Table 1). It was found that the pressure had a negligible influ-
ence on the extraction recoveries in the tested range, in contrast to
the temperature, where significantly better results were obtained
at 150°C. However, the selection of the solvents for ASE had a
crucial influence on the recovery results. The results were com-
pared on the basis of percent amount yield (amount of CBA in
the extract/grams of sample). Fig. 1 shows an overview of the CBA
recovery results mainly for the ASE method A (150°C, 10.34 MPa)
and also a comparison of the best solvent system (hexane-acetone,
1% acetic acid) applied at other pressures and temperatures. From
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the results it is clear that much better recoveries were generally
achieved after acidification of the organic solvents and the best
conditions were obtained with hexane-acetone by adding 1% acetic
acid. Using methylene chloride led to incomplete extraction of CBAs
from the soil, even after addition of formic or acetic acid (data
not shown). Using semi-polar solvent mixtures consisting of hex-
ane and acetone led to an increase in the extraction efficiency, but
pentachlorobenzoic acid was still absent in the extract. Reducing
the extraction temperature during the ASE process had a signifi-
cant negative impact on the tetra- and pentachlorine substituted
benzoic acid recovery. Consistently with US EPA method for pres-
sured fluid extraction [21] it was found that a pressure increase
from 10.34 to 13.79 MPa in the extraction process had no or negli-
gible influence on the recovery of the chlorinated analytes. The best
results were then obtained at an extraction pressure of 10.34 MPa
and temperature of 150°C (method A). In this case, the recov-
eries were higher than 82% for all the tested CBAs. Carrying out
each determination in triplicate clearly illustrates the variability,
which was about 3-5%. The results also indicate that the selec-
tion of a pH modifier must be taken into consideration. The pH
must be set to as low value in order to suppress CBA dissociation
and to improve CBA solubility in the extraction solvent. However,
the results show, that a simple selection of a stronger acid (i.e.
formic acid), need not necessarily lead to higher recovery yields.
This could possibly be because lower pH conditions charge the soil
matrix, causing another interaction between the matrix and CBAs.
An alternative explanation of the recovery changes after the appli-
cations of different modifiers, could lie in the type of matrix—analyte
interactions and a possible competition of the modifiers with the
analytes for active sites of the soil matrix. Similar behavior of ana-
lytes (nitro polycyclic aromatic hydrocarbons) was observed using
ASE by other authors [22]. They observed an improvement in the
extraction recovery after addition of acetic acid to the extraction
solvent, suggesting possible competition between the acid and the
analytes for active sites of the matrix.

3.3. Method validation and real sample analyses

The method selectivity and the matrix effect study were per-
formed to verify the optimal conditions for quantification of 15
CBAs in the ASE soil extracts. Under the chromatographic con-
ditions described in this paper, all 15 CBAs (including IS) were
sufficiently separated (for resolution, see Table 2). On the basis
of visual comparison of the two chromatograms alone, it is evi-
dent from Fig. 2 that no detectable general matrix effect was
observed. Thus, no interfering components of the sample matrix
were detected by the UV detector under the chromatographic con-
ditions employed.

The calibrations curves were prepared over a linear range from
5 pg/mL for 2-CBA, 2,6-CBA, 3-CBA, 4-CBA 2,3-CBA, 2,3,6-CBA,
2,5-CBA, 2,4-CBA and 2,4,6-CBA and from 10 p.g/mL for 3,4-CBA,
2,3,5,6-CBA, 3,5-CBA, 2,3,5-CBA, 2,3,4,5,6-CBA, and 2,3,4,5-CBA at
eight (seven) concentration levels, 5, 10, 20, 30, 40, 60, 80 and
120 pg/mL. The IS calibration curve was prepared over a linear
range from 9 to 300 p.g/mL at six concentration levels, 9, 20, 40,
80, 150 and 300 p.g/mL. The representative regression equations
and determination coefficients are given in Table 3.

The accuracy and precision were determined by analyzing CBA
samples at three concentrations levels in six replicates and the
results are shown in Table 3. The lowest concentration also rep-
resents the LOQ.

The recovery of 15 CBAs in the matrix was tested at three con-
centration levels, LOQ (5 or 10 pg/mL), medium level (60 pg/mL)
and high level (120 pwg/mL) in six replications for each level.
The matrix recovery for LOQ ranged from 85+2 to 11640,
for the medium level from 88.0+1.1 to 116.0+0.4 and for the

Table 4
Results of CBA concentrations in real historically contaminated soils.
Soil A (n.g/g) Soil B (ng/g)

2-CBA n.g.? n.g.
2,6-CBA 0.09 0.08
3-CBA 0.13 0.05
4-CBA 0.29 0.09
2,3-CBA 0.52 0.02
2,3,6-CBA 0.40 0.12
2,5-CBA 0.07 n.g.
2,4-CBA 0.62 0.08
2,4,6-CBA 0.34 0.64
3,4-CBA n.g. n.g.
2,3,5,6-CBA n.q. 0.35
3,5-CBA ng. ng.
2,3,5-CBA ng. 0,19
2,3,4,5,6-CBA n.g. n.q.
2,3,4,5-CBA n.q. n.q.

The values were below the respective LOQ.
2 Not quantified.

high level from 86.9+0.6 to 108 +1. The recovery of the IS
was tested analogically to CBA at three concentrations levels (9,
90 and 180 wg/mL). The recovery in the sample matrix was for
LOQ 94+ 1, for the medium level 9341 and for the high level
91+0.

The two real historically contaminated soils were finally
extracted and analyzed with the optimized methods. Due to low
concentrations of CBA in the samples, we used a higher amount of
soil for extraction (30 g) when also the volume of the extraction sol-
vents was proportionally increased. The injection volume was also
increased to 50 L, resulting finally in 100 times concentrations of
the samples. The results are displayed in Table 4. The results indi-
cate that during the time of PCB contamination (decades of years)
certain amounts of PCBs were transformed into CBAs in the soils.
Such information could be taken into consideration when prop-
erties and e.g. self-treating potentials of a contaminated area are
evaluated.

4. Conclusion

In this article, four various HPLC columns were tested for sep-
aration of 15 chlorobenzoic acid isomers. The best separation was
obtained with the XBridge column when all the analytes were com-
pletely separated within 70 min, where the other tested columns
generally exhibited poorer separation efficiency or lower stability
for the optimized mobile phase. The optimized mobile phase con-
sisted of water-acetonitrile and 0.1 TFA, where the use of other
pH modifiers and methanol were found to have negative effects,
either on the CBA separation or on the peak shapes. The newly
developed HPLC method was partially validated and exhibited a
linear range of detector response for quantification of CBAs, with
acceptable correlation coefficients. The application of a UV detector
allowed us to determine and verify LOQ at concentrations of 5 or
10 wg/mL. The accelerated solvent extraction method was tested
with an artificially contaminated soil sample and its parameters
were also partially optimized. Finally it was found that the use of
hexane-acetone (V/V) as the extraction solvent with addition of
1% acetic acid at 10.34 MPa and 150 °C yielded an extraction recov-
ery of greater than 82%. The extraction method was also verified
and it was documented that no soil matrix compound interfered
with CBAs during HPLC analysis. Certain problems were found
with volatilization of CBAs during concentration of the samples
and these difficulties were resolved by adding a small amount
of DMSO to the extracts. To our knowledge, this is the first arti-
cle describing HPLC separation of a larger group of CBAs. The
optimized extraction and sample preparation process, together
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with the chromatographic determination, allow analysis of CBAs
in environmental soil samples, as demonstrated in the cases of two
real PCB historically contaminated soils. The method can be used
directly, especially by experts studying PCB biodegradation, where
the presence of CBAs as “dead-end metabolites” was identified as
a substantial problem because of their inhibiting effects on further
PCB transformation.
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