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Abstract: Metabolites of polychlorinated biphenyls (PCBs)—hydroxylated PCBs (OH-PCBs), chlo-
robenzyl alcohols (CB-OHs), and chlorobenzaldehydes (CB-CHOs)—were incubated in vitro with
the extracellular liquid of Pleurotus ostreatus, which contains mainly laccase and low manganese-
dependent peroxidase (MnP) activity. The enzymes were able to decrease the amount of most of the
tested OH-PCBs by > 80% within 1 h; the removal of more recalcitrant OH-PCBs was greatly en-
hanced by the addition of the laccase mediator syringaldehyde. Conversely, glutathione substan-
tially hindered the reaction, suggesting that it acted as a laccase inhibitor. Hydroxylated dibenzofu-
ran and chlorobenzoic acid were identified as transformation products of OH-PCBs. The extracel-
lular enzymes also oxidized the CB-OHs to the corresponding CB-CHOs on the order of hours to
days; however, the mediated and nonmediated setups exhibited only slight differences, and the
participating enzymes could not be determined. When CB-CHOs were used as the substrates, only
partial transformation was observed. In an additional experiment, the extracellular liquid of Irpex
lacteus, which contains predominantly MnP, was able to efficiently transform CB-CHOs with the
aid of glutathione; mono- and di-chloroacetophenones were detected as transformation products.
These results demonstrate that extracellular enzymes of ligninolytic fungi can act on a wide range
of PCB metabolites, emphasizing their potential for bioremediation.

Keywords: hydroxylated PCBs; chlorobenzyl alcohols; chlorobenzaldehydes; biodegradation;
Pleurotus ostreatus; Irpex lacteus

1. Introduction

Ligninolytic (white-rot) fungi produce extracellular enzymes, such as lignin peroxi-
dase (LiP; EC 1.11.1.14), manganese-dependent peroxidase (MnP; EC 1.11.1.13), versatile
peroxidase (EC 1.11.1.16), and laccase (an oxidase; EC 1.10.3.2), which are pivotal for the
natural decomposition of wood because they can break down the complex polymers of
lignin. Because of the low substrate specificity of extracellular enzymes, ligninolytic fungi
have also been extensively studied for their capacity to break down numerous environ-
mental pollutants, including polychlorinated biphenyls (PCBs)—recalcitrant anthropo-
genic compounds with well-known adverse effects [1,2]. Ligninolytic fungi are also able
to degrade or transform some of the degradation products of PCBs, namely, hydroxylated
PCBs (OH-PCBs), chlorobenzoic acids (CBAs), chlorobenzyl alcohols (CB-OHs), and chlo-
robenzaldehydes (CB-CHOs) [1-4].

OH-PCBs are considered environmental pollutants and have been detected in plant,
animal and human tissues, surface water, precipitation, and sediments [5-11]. The main
source of OH-PCBs seems to be hydroxylation of legacy PCBs by organisms in the
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environment; nevertheless, some amount can also be formed abiotically, e.g., by reaction
with ubiquitous hydroxyl radicals [12]. Recently, OH-PCBs were detected in sewage
sludge, which can also constitute their source [13]. Aerobic bacteria can transform
lower-chlorinated PCBs into their dihydroxylated metabolites by enzymes of the upper
biphenyl pathway, while eukaryotic organisms usually employ cytochromes P450 to ini-
tially form monohydroxylated derivatives [14]. Despite the presence of the additional hy-
droxyl group, OH-PCBs are lipophilic compounds with partition coefficients that are com-
parable to their parent PCB congeners [15]. OH-PCBs have been identified as endocrine
disruptors with various modes of action. For instance, due to structural similarities with
thyroxine, they can bind to the transport protein transthyretin [16]. OH-PCBs can exhibit
higher toxicity than the parent PCBs. In this regard, Kamata et al. [17] found higher affin-
ities for the aryl hydrocarbon receptor of 26 out of 49 tested OH-PCBs when compared to
those of the corresponding PCBs.

The transformation of OH-PCBs by ligninolytic fungi is catalysed by laccase; some
isomers have been found to be oxidized only by a laccase -mediator system [3]. Schultz et
al. [18] were the first to describe the transformation of OH-PCBs by laccase of the lignino-
lytic fungus Pycnoporus cinnabarinus. Depending on the position of the substituents, di-
mers were formed either with or without simultaneous dechlorination. Dimer formation
was reported even with pentachlorinated OH-PCBs with laccase isoforms from Trametes
versicolor [19]. In addition, Kordon et al. [20] detected dihydroxylated and quinone trans-
formation products with laccases from P. cinnabarinus and Myceliophthora thermophila.

Unlike OH-PCBs, the first step in the transformation of CBAs by ligninolytic fungi is
not provided by extracellular enzymes but by fungal cytochrome P450, resulting in the
formation of a monohydroxylated metabolite [21]. Analogously to PCBs, during in vivo
degradation of CBAs and OH-PCBs, the identified products included CB-OHs and
CB-CHOs [2,4]. The study by Kamei et al. [2] is the only one where strains of ligninolytic
fungi (Phanerochaete spp.) were incubated with these individual metabolites in vivo. How-
ever, very limited information is currently available on CB-OHs and CB-CHOs, and no in
vitro studies exist that have addressed the structural limitations of their conversions.

The aim of this work was to assess the capabilities of the extracellular enzymes of
Pleurotus ostreatus to biotransform selected PCB metabolites with additional analysis of
the reaction products. P. ostreatus 3004 was selected as a representative of ligninolytic
fungi, because this strain had been previously identified as an effective degrader of PCBs
capable of lowering the concentration of even penta- and hexa-chlorinated congeners and
suppressing acute toxicity during the process [1,22]. Extracellular enzymes exuded by this
fungus in liquid medium were concentrated and used for in vitro biotransformation ex-
periments with OH-PCBs, CB-CHOs, and CB-OHs with metabolite detection by GC-MS.
Additional experiments were also performed with the extracellular enzymes of another
ligninolytic fungus, Irpex lacteus. The employment of various mono- to tri-chlorinated
compounds and the addition of enzyme mediators enabled us to assess the capability of
the enzymes and susceptibility of different isomers for the transformation.

2. Materials and Methods
2.1. Materials and Chemicals

P. ostreatus 3004 CCBAS 278 and I. lacteus 617/93 were obtained from the Culture Col-
lection of Basidiomycetes of the Czech Academy of Sciences.

Standards of 4-hydroxy-3,5-dichlorobiphenyl (4-OH-3,5-PCB; 100.0%); 4-hydroxy-
2,2’,5’-trichlorobiphenyl (4-OH-2,2,5-PCB; 99.8%); and 4-hydroxy-2’,4’,6’-trichlorobi-
phenyl (4-OH-2’,4’,6’-PCB; 100.0%) were obtained from AccuStandard (New Haven, CT,
USA). Standards of 2-hydroxy-5-chlorobiphenyl (2-OH-5-PCB); 4-hydroxy-2-chlorobi-
phenyl (4-OH-2-PCB); 4-hydroxy-3-chlorobiphenyl (4-OH-3-PCB); 4-hydroxy-4’-chlorobi-
phenyl (4-OH-4’-PCB); 2-hydroxy-3,5-dichlorobiphenyl (2-OH-3,5-PCB); 3-hydroxy-
2’,5’-dichlorobiphenyl =~ (3-OH-2",5'-PCB); and  4-hydroxy-2’,5’-dichlorobiphenyl
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(4-OH-2',5’-PCB) were kindly provided by Assoc. Prof. Ondfej Uhlik (University of
Chemistry and Technology, Prague, Czech Republic).

Standards of 2-chlorobenzyl alcohol (2-CB-OH; 99%); 3-chlorobenzyl alcohol
(3-CB-OH; 98%); 2,3-dichlorobenzyl alcohol (2,3-CB-OH; 97%); 2,6-dichlorobenzyl alcohol
(2,6-CB-OH; 99%); 3,4-dichlorobenzyl alcohol (3,4-CB-OH; > 98%); and 2,4,6-trichloroben-
zyl alcohol (2,4,6-CB-OH; 97%) were purchased from Merck (Darmstadt, Germany).
Standards of 4-chlorobenzyl alcohol (4-CB-OH; = 99%); 2,4-dichlorobenzyl alcohol
(2,4-CB-OH; 2 99%); 2,5-dichlorobenzyl alcohol (2,5-CB-OH; > 99%); and 3,5-dichloroben-
zyl alcohol (3,5-CB-OH; = 98%) were purchased from Alfa Aesar (Ward Hill, MA, USA).

Standards of 2-chlorobenzaldehyde (2-CB-CHO; 99%); 3-chlorobenzaldehyde
(3-CB-CHO; 97%); 4-chlorobenzaldehyde (4-CB-CHO; 97%); 2,3-dichlorobenzaldehyde
(2,3-CB-CHO; 99%); 2,4-dichlorobenzaldehyde (2,4-CB-CHO; 99%); 2,5-dichlorobenzalde-
hyde (2,5-CB-CHO; 96%); 2,6-dichlorobenzaldehyde (2,6-CB-CHO; 99%); 3,4-dichloroben-
zaldehyde (3,4-CB-CHO; 95%); 3,5-dichlorobenzaldehyde (3,5-CB-CHO; 97%); and
2,3,6-trichlorobenzaldehyde (2,3,6-CB-CHO; 97%) were purchased from Merck.

Syringaldehyde (SA; 98%); 1-hydroxybenzotriazole hydrate (HBT; 98%); 2-chloro-
benzoic acid (98%), 3-chlorobenzoic acid (= 99%), 4-chlorobenzoic acid (PESTANAL®),
glucose oxidase from Aspergillus niger (type X-S); dimethyl sulfoxide (DMSO; > 99.5%);
N,N-dimethylformamide (= 99.9%); L-glutathione reduced (= 98.0%); and 1-iodopropane
(99%) were obtained from Merck. Ethylacetate (EtOAc; 2 99.8%), and acetone (= 99.8%)
were purchased from VWR (Stfibrna Skalice, Czech Republic). All the other chemicals
were of analytical grade or higher.

2.2. Extracellular Liquid Harvest

Malt-extract—glucose medium (MEG) contained 10 g L of glucose and 5 g L of malt
extract broth (Oxoid, Basingstoke, UK). P. ostreatus culture was maintained at 4 °C on agar
plates with MEG and 2% agar—agar Kobe I (Carl-Roth, Karlsruhe, Germany). The inocu-
lum was prepared by placing three agar plugs of the culture (d =1 cm) into 20 mL of MEG
in 250-mL Erlenmeyer flasks. After cultivation (static, 7 days, 28 °C), the inoculum was
homogenized by Ultra-Turrax T 25 (IKA, Staufen im Breisgau, Germany), and 5 mL of the
homogenate was added to 45 mL of MEG in 500-mL Erlenmeyer flasks. After an addi-
tional 7 days of cultivation, the extracellular liquid was separated from the mycelium by
a nylon mesh. The liquid was then gradually filtered through a series of glass fibre filters
(1.4 and 0.5 pm; Macherey-Nagel, Diiren, Germany) and cellulose nitrate membrane fil-
ters (0.45 and 0.2 um; Whatman, GE Healthcare, Chicago, IL, USA) and concentrated ap-
proximately 250-fold using ultrafiltration discs (regenerated cellulose, molecular weight
cut-off 10 kDa; Merck). The concentrated extracellular enzymes were stored at 20 °C and
filtered through a 0.22-um nylon syringe filter (Membrane Solutions, Auburn, WA, USA)
before immediate use.

2.3. Enzyme Activity

The activities of laccase, MnP, manganese-independent peroxidase (MIP), and LiP in
the extracellular liquids of P. ostreatus and I. lacteus and during the in vitro experiments
were determined spectrophotometrically (Infinite M200 PRO microplate reader; Tecan,
Mannedorf, Switzerland). The in vitro samples in which enzyme activity was determined
were set up as biotic controls (see Section 2.4.) and contained no mediators. Laccase was
determined with 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS; = 98%;
Merck) as the substrate at 420 nm [23]. MnP and MIP activities were assessed from the
oxidative coupling of 3-methyl-2-benzothiazolinone hydrazone (98%; Acros Organics,
Geel, Belgium) and 3-(dimethylamino)benzoic acid (98%; Alfa Aesar) at 595 nm [24,25].
LiP was assessed with 3,4-dimethoxybenzyl alcohol (96%, Merck) as the substrate at 310
nm [26]. One enzyme unit (U) was defined as the amount of enzyme that converts 1 pmol
of its respective substrate per minute.
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2.4. In Vitro Biotransformation Experiment with Pleurotus ostreatus

The in vitro experiment was performed in glass vials; the total volume of the reaction
mixture was 0.5 mL. All mixtures contained the extracellular liquid (for enzyme activities,
see Section 3.1.), 2 ug mL of each of the 10 compounds from their respective groups
(OH-PCBs, CB-OHs, or CB-CHOs), and 4% DMSO. The setup to favour laccase activity
was carried out in 0.1 M sodium acetate buffer (pH 4.5) with either 1 mM SA, 1 mM HBT,
or with no mediator. The setup favouring MnP activity was performed in 0.5 M sodium
malonate buffer (pH 4.5) and contained 30 mM glucose with 0.06 U mL- of glucose oxi-
dase (source of H202), 10 mM MnSOs, and either 5 mM glutathione or no mediator [27].
All sample setups were conducted in triplicate. Biotic controls were prepared analogously
but contained no analytes. Heat-deactivated controls contained the same enzymes dena-
tured by heat (1 h, 100 °C). Abiotic (buffer) controls were prepared with distilled water
instead of the extracellular liquid. The samples were incubated on an orbital shaker
(160 rpm, OS 5 basic, IKA) at 28 °C for 0, 1, 6, 24, 72, and 168 h. The reactions were stopped
by the addition of 0.34 M NaCl, 1 mM H2504, and 2 mL of EtOAc.

2.5. In Vitro Biotransformation Experiment with Irpex lacteus and Chlorobenzaldehydes

An additional experiment was performed with the extracellular liquid of I. lacteus to
assess whether a higher activity of MnP can transform CB-CHOs (P. ostreatus produces
mainly laccase). The cultivation of I. lacteus and the concentration of the extracellular lig-
uid were performed according to Linhartova et al. [28]. The reaction mixture (0.5 mL)
contained the extracellular liquid (for enzyme activities, see Section 3.1.), 2 ug mL- of each
CB-CHO, 0.5 M sodium malonate buffer (pH 4.5), 30 mM glucose with 0.06 U mL" glucose
oxidase (source of H202), 10 mM MnSOs, and either 5 mM glutathione or no mediator
(conditions identical to the MnP-favouring setup with P. ostreatus in 2.4.). The samples
were incubated at 28 °C for 1, 24, and 72 h.

2.6. Sample Extraction and Derivatization

All samples were extracted 5x with 2 mL of EtOAc on a reciprocal shaker (20 min;
sulphate. Aliquots of the extracts were taken for derivatization and analyte determination
by GC-MS. CB-CHOs were analysed without derivatization. OH-PCBs were propylated
by 1-iodopropane: the aliquot was evaporated to dryness under a stream of N2 and recon-
stituted in 150 uL of acetone, after which approximately 30 mg of anhydrous K2COs and
50 uL of 1-iodopropane were added [29]. After derivatization (100 °C, 30 min), the sample
was evaporated to dryness and reconstituted in EtOAc. CB-OHs were trimethylsilylated:
the aliquots were added with 100 uL of N,N-dimethylformamide and evaporated to
100 pL. After the addition of 200 uL of a mixture of N,O-bis(trimethylsilyl)trifluoroa-
cetamide and trimethylchlorosilane (99:1; Merck), the samples were derivatized for 30 min
at 70 °C. The derivatization reagent was removed by evaporation under N2 before GC-
MS analysis.

2.7. GC-MS Analysis

The analytes were determined using the SCION SQ (Bruker, Billerica, MA, USA)
equipped with the CP8400 autosampler (Agilent Technologies, Santa Clara, CA, USA) and
a DB-5MS column (30 m, 0.25 mm ID, 0.25 um; Agilent Technologies). The basic condi-
tions were identical for all analysed compounds. The sample (1 uL) was injected at 240 °C,
the split ratio was 1:50, and the column flow was 1.4 mL min™ (99.999% helium; Linde,
Prague, Czech Republic). The transfer line and ion source temperatures were 280 and
250 °C, respectively.

The GC oven programme for OH-PCBs was as follows: 60 °C (1 min hold), 60-160 °C
at 30 °C min, and 160-240 °C at 4 °C min! (10 min hold). Two monochlorinated OH-PCBs
(4-OH-2-PCB and 4-OH-3-PCB) shared the same retention time under the given
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conditions; therefore, the data were processed and presented as a single compound. The
GC oven programme for CB-OHs was as follows: 60 °C (1 min hold), 60-80 °C at 20 °C
min?, 80-140 °C at 3 °C min, and 80-240 °C at 25 °C min (10 min hold). The GC oven
programme for CB-CHOs was as follows: 40 °C (1 min hold), 40-100 °C at 8 °C min, 100-
120 °C at 2 °C min?, 120-130 °C at 5 °C min?, and 130-240 °C at 25 °C min (10 min hold).

The analytes were identified by comparison to their corresponding standards; se-
lected ion monitoring was used for quantification. The chromatograms of the derivatized
and nonderivatized samples were also inspected for the presence of metabolites. Addi-
tional metabolite identifications were performed from the total ion current by referencing
with the NIST/EPA/NIH Mass Spectral Library (NIST 14; National Institute of Standards
and Technology, Gaithersburg, MD, USA), available standard compounds, and/or by in-
dividual interpretation of mass fragmentations (electron ionization, 70 eV).

2.8. Data Analysis

Figures were plotted using the OriginPro 8.5 software (OriginLab Corporation,
Northampton, MA, USA). Statistical analysis was processed in the software R (version
3.5.1; R Core Team, 2018, Vienna, Austria).

3. Results
3.1. Enzyme Activity

The concentrated extracellular liquid of P. ostreatus contained predominantly laccase
and a lower activity of MnP. No MIP or LiP was detected. At the start of the experiment,
the in vitro mixtures were set up to contain 450 + 9 U L' of laccase, and the activity of
MnP was 30 + 2 U L1 During the in vitro experiment, enzyme activity was measured in
samples set up as biotic controls with no mediators to assess enzyme stability. The activity
of laccase in the laccase-favouring setup steadily decreased to 131 + 3 U L after 168 h.
The activity of MnP in the MnP-favouring setup was only 1.2 + 0.2 U L after 72 h and
was not detected at 168 h.

The concentrated extracellular liquid of I. lacteus contained only MnP and MIP. No
laccase or LiP was detected. The in vitro experiment was set up to contain 706 +4 U L' of
MnP and 114 + 1 U L of MIP. At the end of the experiment (72 h), the activities of MnP
and MIP were 290 + 20 U L' and 85.6 + 0.4 U L, respectively.

3.2. Biotransformation of Hydroxylated Polychlorinated Biphenyls

Different conditions were applied to aid the transformation capabilities of the two
detected enzymes of P. ostreatus. The laccase setup was performed with or without the
addition of mediators—SA (compound widely present in nature) or HBT (synthetic me-
diator). The MnP setup was supplemented by an H2O2-generating system, Mn?* ions, and
glutathione or no mediator.

As shown in Figure 1, the extracellular liquid of P. ostreatus was able to transform
most of the tested OH-PCB congeners; the addition of HBT, and especially SA, greatly
enhanced the removal of some of them. In general, the rate and extent of the removal
negatively correlated with the level of chlorination and was dependent on the position of
the chlorine substituents. In this regard, all monochlorinated congeners (4-OH-2-PCB +
4-OH-3-PCB, 2-OH-5-PCB, and 4-OH-4’"-PCB; Figure 1a,b,c) as well as 2-OH-3,5-PCB
(Figure 1d) and 4-OH-3,5-PCB (Figure 1g), which have both chlorine substituents and the
hydroxyl group on the same aromatic ring, were completely or nearly completely re-
moved within the 7 day incubation, most of them within the first hour, particularly in the
presence of SA. Interestingly, the removal of 2-OH-3,5-PCB and 4-OH-3,5-PCB without a
mediator was better than the removal of monochlorinated 2-OH-5-PCB and 4-OH-4"-PCB.
In contrast, 3-OH-2",5'-PCB (Figure 1le) and 4-OH-2,5-PCB (Figure 1f) were only trans-
formed in the presence of mediators in the laccase setup; SA performed substantially bet-
ter than HBT. Regarding the two tested trichlorinated OH-PCBs, 4-OH-2",4",6"-PCB
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(Figure 1i) was susceptible to transformation (residual amount of only approximately 30%
with the aid of SA after 7 days), while no apparent depletion trend was observed for
4-OH-2,2’,5"-PCB (Figure 1h).
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Figure 1. Residual amounts (related to corresponding heat-deactivated controls) of hydroxylated polychlorinated biphen-
yls (OH-PCBs) obtained during the in vitro experiment with the extracellular liquid of Pleurotus ostreatus: (a) 4-hydroxy-
2-chlorobiphenyl and 4-hydroxy-3-chlorobiphenyl; (b) 2-hydroxy-5-chlorobiphenyl; (c) 4-hydroxy-4’-chlorobiphenyl; (d)
2-hydroxy-3,5-dichlorobiphenyl; (e) 3-hydroxy-2’,5’-dichlorobiphenyl; (f) 4-hydroxy-2’,5’-dichlorobiphenyl; (g) 4-hy-
droxy-3,5-dichlorobiphenyl; (h) 4-hydroxy-2,2’,5-trichlorobiphenyl; and (i) 4-hydroxy-2’,4’,6’-trichlorobiphenyl. The
OH-PCBs were incubated in a mixture; the initial concentration was 2 pg mL-! for each. The initial enzyme activities were
450 U L of laccase and 30 U L of manganese-dependent peroxidase (MnP). The laccase-favouring setup (Lac) contained
no mediator (M), syringaldehyde (SA; X), or 1-hydroxybenzotriazole (HBT; O); the MnP-favouring setup contained no

mediator (A) or glutathione (GSH; #).

The results of the nonmediated reactions containing glucose, glucose oxidase, and
MnSOs (the MnP setup) were comparable for some congeners to the results of the lac-
case-favouring setups. Noticeably, the removal of 4-OH-2’,5"-PCB was even better in the
nonmediated MnP setup than in the HBT-mediated laccase setup. Nevertheless, the addi-
tion of glutathione completely or nearly completely hindered the biotransformation of all
OH-PCB congeners, suggesting that glutathione acted as a laccase inhibitor and confirm-
ing that the main enzyme involved in the transformation of OH-PCBs was indeed laccase.
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In samples derivatized by 1-iodopropane, GC-MS analysis revealed a metabolite
with an m/z of 156, which was present in trace amounts after 24 and 72 h of incubation in
the laccase-favouring setup with no mediator, SA, and HBT and in the MnP setup with
no mediator. The compound was identified according to the mass spectrum as monochlo-
rinated CBA (Figure S1). The molecular ion (m/z 198 belonging to the propylated CBA)
was missing from the spectrum; this was also the case with standards of the three possible
isomers of monochlorinated CBAs, which were used for comparison of the mass fragmen-
tation and retention times.

Another monochlorinated metabolite with an m/z of 260 was detected in samples
derivatized by 1-iodopropane that was not present in nonderivatized samples
(Figure S2). This compound was found in trace amounts in samples with active laccase
(laccase setup with no mediator, SA, and HBT, and the MnP setup with no mediator) but
in none of the controls (heat-deactivated, abiotic, or biotic). It was also absent in the MnP
setup supplemented with glutathione in which laccase was inhibited. The compound was
most abundant after 1 h of incubation; at 24 h and thereafter, it was not present. It exhib-
ited an initial loss of —42 (propyl, indicating the presence of at least one hydroxyl group)
and additional losses of —29, =63, and -92, which are typical for hydroxylated polychlo-
rinated dibenzofurans [30]. From the fragmentation pattern, this compound was therefore
identified as a propylated derivative of a monochlorinated dibenzofuran with one hy-
droxyl group.

3.3. Biotransformation of Chlorobenzyl Alcohols

As shown in Figure 2, the extent of transformation by the extracellular liquid of P. os-
treatus vastly varied among the CB-OHs. Unlike the biotransformation of OH-PCBs, the
differences between different setups and mediated/nonmediated reaction mixtures were
slight. The best removal was observed with 3,5-CB-OH (Figure 2i) and 3,4-CB-OH
(Figure 2h). The transformation of 3-CB-OH (Figure 2b) and 4-CB-OH (Figure 2c) —albeit
slower —was complete by the 7th day. Noticeably, the transformation of 2-CB-OH
(Figure 2a) was minimal, suggesting that chlorine substituents in the ortho- position with
respect to the functional group hinder the reaction. Indeed, incomplete transformation
was found for 2,3-CB-OH (Figure 2d); 2,4-CB-OH (Figure 2e); and 2,5-CB-OH (Figure 2f).
Moreover, no decrease in concentration was found for 2,6-CB-OH (Figure 2g) and
2,4,6-CB-OH (Figure 2j) with both ortho- positions bearing chlorine substituents.

For those CB-OHs that exhibited an apparent decrease in concentration (all except
2,6-CB-OH and 2,4,6-CB-OH; see Figure 2), corresponding CB-CHOs were detected
(Figure S3). In accordance with the removal of CB-OHs, the differences in the formation
of CB-CHOs between the setups were small; however, slightly lower amounts were found
in the MnP-favouring setups than in the laccase-favouring setups. The fastest increase in
concentration was observed for 3,4-CB-CHO (Figure S3g) and 3,5-CB-CHO (Figure S3h).
Their maximal concentration (approximately equivalent to complete transformation of the
CB-OHs) started to decrease after 24 h, which suggested further transformations of these
isomers. In addition, the complete transformation of 3-CB-OH and 4-CB-OH after 7 days
was confirmed by the detected amounts of 3-CB-CHO (Figure S3b) and 4-CB-CHO
(Figure S3c), respectively.
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Figure 2. Residual amounts (related to corresponding heat-deactivated controls) of chlorobenzyl alcohols (CB-OHs) ob-
tained during the in vitro experiment with the extracellular liquid of Pleurotus ostreatus: (a) 2-chlorobenzyl alcohol; (b)
3-chlorobenzyl alcohol; (c) 4-chlorobenzyl alcohol; (d) 2,3-dichlorobenzyl alcohol; (e) 2,4-dichlorobenzyl alcohol; (f) 2,5-di-
chlorobenzyl alcohol; (g) 2,6-dichlorobenzyl alcohol; (h) 3,4-dichlorobenzyl alcohol; (i) 3,5-dichlorobenzyl alcohol; and (j)
2,4,6-trichlorobenzyl alcohol. The CB-OHs were incubated in a mixture; the initial concentration was 2 pg mL for each.
The initial enzyme activities were 450 U L' of laccase and 30 U L' of manganese-dependent peroxidase (MnP). The lac-
case-favouring setup (Lac) contained no mediator (M), syringaldehyde (SA; X), or 1-hydroxybenzotriazole (HBT; O); the
MnP-favouring setup contained no mediator (A) or glutathione (GSH; #).

3.4. Biotransformation of Chlorobenzaldehydes

In the primary in vitro experiment with CB-CHOs and the extracellular liquid of P.
ostreatus containing mostly laccase, partial removal was found for some CB-CHOs only
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with the laccase setups, most noticeably for 3,4-CB-CHO and 3,5-CB-CHO (Figure S4). No
differences between the mediated and nonmediated laccase-favouring reaction mixtures
were found. No discernible decrease in concentration was found with the MnP-favouring
setup.

To assess whether a higher activity of peroxidases can transform CB-CHOs to a fur-
ther extent, an additional in vitro experiment was carried out with the extracellular liquid
of I. lacteus, where the activity of MnP was approximately 20-fold higher than with P.
ostreatus, but no laccase activity was detected. With no mediator, only a slight decrease in
concentration was observed for some CB-CHOs after 72 h (3-CB-CHO; 4-CB-CHO; 2,6-
CB-CHO; 3,4-CB-CHO; and 3,5-CB-CHO; Figure 3). However, MnP and/or MIP were able
to transform all of the CB-CHO congeners with the addition of glutathione. The highest
removals were observed for 2,3-CB-CHO; 2,4-CB-CHO; 2,5-CB-CHO; and 3,5-CB-CHO. In
contrast to the transformation of CB-OHs with the extracellular enzymes of P. ostreatus
(Figure 2), the suppressive effect of the chlorine substituents in the ortho- position (in re-
lation to the functional group) could not be clearly distinguished with CB-CHOs.
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Figure 3. Residual amounts (related to corresponding heat-deactivated controls) of chlorobenzaldehydes (CB-CHOs) de-
tected after incubation with the extracellular liquid of Irpex lacteus with no mediator (no med) or reduced glutathione
(GSH): 2-chlorobenzaldehyde (2-CB-CHO); 3-chlorobenzaldehyde (3-CB-CHO); 4-chlorobenzaldehyde (4-CB-CHO);
2,3-dichlorobenzaldehyde  (2,3-CB-CHO);  24-dichlorobenzaldehyde (2,4-CB-CHO); 2,5-dichlorobenzaldehyde
(2,5-CB-CHO); 2,6-dichlorobenzaldehyde (2,6-CB-CHO); 3,4-dichlorobenzaldehyde (3,4-CB-CHO); 3,5-dichlorobenzalde-
hyde (3,5-CB-CHO); and 2,3,6-trichlorobenzaldehyde (2,3,6-CB-CHO). The CB-CHOs were incubated in a mixture; the
initial concentration was 2 ug mL™ for each. The initial enzyme activities were 706 U L™ of manganese-dependent perox-
idase and 114 U L™! of manganese-independent peroxidase. The asterisks denote where significant (p-value < 0.05) differ-
ences were found between 1 h and 24 h or between 1 h and 72 h (ANOVA and Tukey’s range test).

In the nonderivatized samples after incubation of CB-CHOs with the extracellular
liquid of I. lacteus, four peaks were detected with an m/z of 188 that exhibited an identical
fragmentation pattern with initial losses of —15 (CHs) and -28 (CO) (Figure S5). These
spectra were interpreted as different isomers of dichlorinated acetophenone. These com-
pounds were found in trace amounts after 24 and 72 h of incubation, only in samples that
contained active enzymes and added glutathione. Additionally, in the same set of sam-
ples, three peaks were found with similar fragmentation and an m/z of 154 belonging to
monochlorinated acetophenones (Figure S6).
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The biotransformation pathway of PCBs and their metabolites investigated in this
and previous in vivo and in vitro studies is depicted in Figure 4. It is important to note
that different fungal strains may employ/favour different pathways. Moreover, other in-
termediates are expected to be generated as a result of radical formation.

laccase

laccase OH / \ \
* / o = \_Jo,

———

/ /
CIy/_ \ e, CIy/ 7o, 7\ =\ OCH;  HO 4 \ ==\ OCHj,
laccase o = 7 cl, o = 7~cl,
COOH CHO CH,OH

coocH; || | = |
P P AAO Py
N+« Yo cl Cly

X

MnP
l \¢ cytochrome COCH3,
/ Z Cl, P450 *

X
COOCH,4 |
COOH CHO X CH,OH
N Cly
| N X N
A2 | J— | — |
HO Cly /\? /X /\7/
\ COOCH; HO ~ Cly HO Q& CHO HO Clx\ CH,OH
/X ALK AX
HyCO  Cly HsCO  Cly HyCO  Cly

Figure 4. Pathways of the biotransformation of PCBs and their metabolites by ligninolytic fungi as proposed in the in vivo
and in vitro studies by Cvandarova et al., Kamei et al., Muzika¥ et al., Schultz et al., Fujihiro et al., Kordon et al., Stella et
al., and Ferreira et al. [1,2,4,18-21,31] and in this work. Where possible, enzyme involvement is stated. The asterisks denote
compounds under study in the present work and the detected metabolites. MnP = manganese-dependent peroxidase;
AAO = aryl-alcohol oxidase.

4. Discussion
4.1. Biotransformation of Hydroxylated Polychlorinated Biphenyls

There is evidence that some fungal laccases are able to transform PCBs with the ad-
dition of mediators such as ABTS [32]. Nevertheless, because of their phenolic nature,
OH-PCBs are more suitable substrates for laccases [33]. However, as shown by the results
(Figure 1), some OH-PCB congeners required the presence of mediators to be oxidized.
Enzyme mediators are small compounds that facilitate electron transfer between an en-
zyme and a substrate that cannot be transformed by the enzyme itself, thereby substan-
tially broadening its substrate range. In all instances, the addition of SA resulted in the
fastest and most complete removal. As opposed to synthetic mediators, such as HBT or
ABTS, SA is a compound widely present in the environment and can be obtained from
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lignin [34]. This may be of importance for applications of ligninolytic fungi or their en-
zymes in the remediation of PCBs and/or their transformation products. Nevertheless, the
possible increase in toxicity caused by radicals generated from the oxidation of SA by lac-
case needs to be taken into account during potential bioremediation [35].

As expected, the removal of OH-PCBs was generally better for congeners with fewer
chlorine substituents, which is in agreement with the literature [3,19]. As observed by
Schultz et al. [18], the position of the hydroxyl group with respect to the chlorine substit-
uents also plays a role in OH-PCB biotransformation and the formation of coupling prod-
ucts. In the present study, some differences were observed in the removal rates of
3-OH-2',5’-PCB (Figure le) and 4-OH-2’,5’-PCB (Figure 1f), which differ only in the posi-
tion of the hydroxyl group. In contrast, 2-OH-3,5-PCB (Figure 1d) exhibited identical be-
haviour to 4-OH-3,5-PCB (Figure 1g). Nevertheless, these isomers were nearly completely
removed by the first sampling point (1 h), and any potential differences could have man-
ifested at an earlier stage that was not monitored.

The rates of OH-PCB transformation are influenced by the structural molecular char-
acteristics of individual congeners, which can be described with quantum chemical de-
scriptors such as ionization energy (IE) or electronegativity [36]. This has already been
demonstrated for OH-PCBs experimentally when a negative correlation was found be-
tween the IE of OH-PCBs and their removal rates by laccases of P. ostreatus and T. versicolor
by Keum and Li [3]. The results of the removal of dichlorinated OH-PCBs that decreased
in the order of 4-OH-3,5-PCB (IE = 8.812 eV) > 4-OH-2",5-PCB (IE = 8.872 eV) >
3-OH-2,5-PCB (IE = 8.902 eV) greatly correspond with this observation. Nevertheless,
contrary to Keum and Li [3], 3-OH-2’,5’-PCB and 4-OH-2’,5’-PCB were not transformed at
all without a mediator in the laccase setup. Additionally, the authors also suggested that
chlorine atoms surrounding the hydroxyl group could cause steric hindrance and explain
the lower rate constants of 4-OH-3,5-PCB that they observed; this is not supported by our
results (Figure 1g). In fact, the removal of 4-OH-3,5-PCB without a mediator was better
than that of some monochlorinated congeners (Figure 1b,c). One possible explanation is
that laccase isoforms can differ in their substrate specificity and have higher affinities to-
wards different OH-PCB isomers [19].

The transformation of OH-PCBs by the extracellular enzymes of P. ostreatus was sub-
stantially lower in the presence of reduced glutathione, which suggests that it acted as a
laccase inhibitor. The activity of laccases produced by Sinorhizobium meliloti CE52G
(Gram-negative bacterium) and the white-rot fungus Daedalea quercina have been previ-
ously found to be inhibited by reduced glutathione [37,38]. Glutathione was added with
the intent of enhancing the reactions catalysed by MnP also present in the extracellular
liquid. The fact that the same compound can serve as a mediator of one enzyme and an
inhibitor of another also needs to be taken into consideration before any bioremediation
applications. Noticeably, OH-PCBs were removed similarly or even better in the MnP-fa-
vouring setup with no mediator than in the laccase-favouring setup with no mediator.
Combined, these results could signify either that laccase actually performed better in the
MnP-favouring setup containing H202 and Mn?* ions or that MnP was able to transform
the OH-PCBs into intermediates more susceptible to subsequent laccase transformation.
Moreover, MnP can generate radicals in the presence of malonate and Mn?, which could
have contributed to the removal of OH-PCBs [39-41].

During the biotransformation of OH-PCBs by laccase, dimer products, dechlorinated
products, and quinones were detected as transformation products in previous studies
[18-20]. Kamei et al. [2] also detected methoxylated PCBs from the in vivo degradation of
OH-PCBs by Phanerochaete spp.; the production of metabolites was dependent on the par-
ticular strain as well as the type of cultivation medium (potato dextrose broth medium or
low-nitrogen medium). In our case, only mono- to tri-chlorinated OH-PCBs were tested.
Laccases have been shown to transform even higher chlorinated congeners, but this can
only be associated with the formation of dimers [19]. Because the formation of dimeric
products of OH-PCBs by laccase has already been well documented, we did not focus on
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these types of transformation products. During the degradation of OH-PCBs by the extra-
cellular enzymes of P. ostreatus, a metabolite identified as a chlorinated hydroxydibenzo-
furan was found (Figure S2). A very similar mass spectrum was previously ascribed to
4-chloro-2-hydroxydibenzofuran, resulting from the degradation of 2-OH-3,5-CB by the
laccase of P. cinnabarinus (Basidiomycota) but not by the laccase of M. thermophila (Asco-
mycota) [20]. In the present study, a mixture of 10 compounds was incubated with the
extracellular enzymes; therefore, metabolite formation could not be assigned to a particu-
lar OH-PCB. The fact that this product could not be detected after 24 h of incubation sug-
gests that it is transformed further and is not accumulated as a dead-end product. More-
over, apart from the dimerization of OH-PCBs, laccase is also probably able to degrade
them into monoaromatic compounds, as evidenced by the identification of the monochlo-
rinated CBA metabolite (Figure S1).

4.2. Biotransformation of Chlorobenzyl Alcohols

There is substantially less information about the transformation of CB-OHs and
CB-CHOs, which have also been detected as intermediates of PCB degradation by lignino-
lytic fungi in a few studies [1,2,22]. In a previous study, evidence was found that MnP
isoforms of I. lacteus can oxidize veratryl alcohol (3,4-dimethoxybenzyl alcohol) to vera-
traldehyde in the presence of Mn?* ions and malonate or oxalate [39]. However, we did
not observe any dependency of the transformation of CB-OHs on the presence of Mn?*
ions or H20;, thereby excluding peroxidases in general. Moreover, only slight (if any) in-
hibition of the transformation by glutathione was observed for CB-OHs, and no improve-
ment was found with the addition of laccase mediators, which also indicates that laccase
was not responsible for the removal of CB-OHs. Therefore, because we used crude extra-
cellular liquid, other extracellular enzymes of P. ostreatus that were not detected with the
enzyme assays that we employed may have been involved. The suppressive effect of the
chlorine substituents next to the functional group indicates that CB-OHs were direct sub-
strates of the enzyme (as opposed to the reaction being mediated). In this respect, aryl-al-
cohol oxidases could be a possible explanation. These flavoproteins are produced by lig-
ninolytic fungi, including P. ostreatus, and serve as one of the sources of H20: for peroxi-
dases. Ferreira et al. [31] described a recombinant aryl-alcohol oxidase from Pleurotus eryn-
gii that is capable of oxidizing 3-CB-OH and 4-CB-OH. Nevertheless, some aryl-alcohol
oxidase assays detect the same conversion of veratryl alcohol to veratraldehyde [31,42]
that was employed in this work to assess LiP, and no such activity was found.

4.3. Biotransformation of Chlorobenzaldehydes

Because of the accumulation of CB-CHOs that resulted from the transformation of
CB-OHys, it was presumed that the predominant enzyme of P. ostreatus, laccase, is not able
to oxidize these metabolites efficiently. Indeed, when CB-CHOs were used as substrates,
a decrease in concentration was apparent only with 3,4-CB-CHO and 3,5-CB-CHO after 3
days of incubation in the laccase-favouring setups (Figure S4). Because the activity of MnP
in the extracellular liquid of P. ostreatus was very low, to assess the true capability of pe-
roxidases to transform CB-CHOs, an additional experiment was carried out with the ex-
tracellular liquid of I. lacteus containing MnP and MIP. Here, the removal was well im-
proved by the addition of glutathione, which is a known MnP mediator that enables non-
phenolic substrates to be oxidized by MnP, as has been shown, e.g., with the degradation
of polycyclic aromatic hydrocarbons [27,43]. MnP is able to produce thiyl radicals from
glutathione that participate in substrate conversions [44]. The fact that the hindering effect
of the position of the chlorine substituents was not observed with CB-CHOs (compared
to CB-OHbs) is an additional indicator that the transformation occurred via the mediator.
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5. Conclusions

It is expected that worldwide contamination by PCBs will over time result in their
transformation into products, such as OH-PCBs, methoxylated PCBs, and other metabo-
lites. Because these compounds can exhibit toxicity comparable to or higher than the cor-
responding PCBs, it is important to address this issue and gain information about further
reactions of the daughter products. Ligninolytic fungi have many mechanisms by which
they transform and degrade natural compounds as well as many recalcitrant pollutants.
As has been shown with PCBs, the presence of the whole fungus with both extracellular
and intracellular enzymatic apparatuses is needed to complete the degradation pathways.
Nevertheless, in vitro experiments are invaluable for determining the responsible en-
zymes and assessing their potential and affinity for different isomers. A better description
of the pathways can also help to avoid the accumulation of toxic metabolites during bio-
degradation applications. This work attempted to elucidate some of the missing steps in
the biotransformation of metabolites of PCBs by ligninolytic enzymes. OH-PCBs, CB-OHs,
and CB-CHOs were all transformed with certain limitations, such as the necessity for the
presence of mediators or recalcitrance of some compounds. The transformation of various
dichlorinated CB-OH and CB-CHO isomers is described here for the first time. In addi-
tion, this is also the first report of a monoaromatic compound (chlorobenzoic acid) de-
tected in vitro as a metabolite in the degradation of OH-PCBs by ligninolytic enzymes.

Supplementary Materials: The following are available online at www.mdpi.com/2305-
6304/9/4/81/s1, Figure S1: Mass spectrum of a monochlorobenzoic acid detected after biotransfor-
mation of hydroxylated polychlorinated biphenyls by extracellular enzymes of Pleurotus ostreatus.,
Figure S2: Mass spectrum of a hydroxylated monochlorodibenzofuran detected after biotransfor-
mation of hydroxylated polychlorinated biphenyls by extracellular enzymes of Pleurotus ostreatus.,
Figure S3: Concentration of chlorobenzaldehydes detected during the biotransformation of chloro-
benzyl alcohols (CB-OHs) by the extracellular liquid of Pleurotus ostreatus., Figure S4: Residual
amounts (related to corresponding heat-deactivated controls) of chlorobenzaldehydes (CB-CHOs)
obtained during the biotransformation experiment with the extracellular liquid of Pleurotus os-
treatus., Figure S5: Mass spectrum of a dichlorinated acetophenone detected after biotransformation
of chlorobenzaldehydes by extracellular enzymes of Irpex lacteus, and Figure S6: Mass spectrum of
a monochlorinated acetophenone detected after biotransformation of chlorobenzaldehydes by ex-
tracellular enzymes of Irpex lacteus.

Author Contributions: Conceptualization, T.C.; methodology, K.S. (Kamila Srédlova), K.S.
(Katefina Sirova), and T.S.; investigation, K.3. (Kamila Srédlovd), K.S. (Katefina Sirova), and T.S.;
data curation, K.S. (Kamila Srédlové) and K.S. (Katefina Sirové); writing —original draft prepara-
tion, K.S. (Kamila grédlové); writing —review and editing, K.S. (Kamila Srédlova), K.S. (Katefina
él’rové), T.S., and T.C.; supervision, T.C.; funding acquisition, T.C. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by the Technology Agency of the Czech Republic, grant number
5502030008, programme: Prostfedi pro zivot. We also acknowledge the institutional financial sup-
port provided by the Center for Geosphere Dynamics (UNCE/SCI/006).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are contained within the article and
Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest.

1. Cvandarova, M.; Kfesinova, Z.; Filipova, A.; Covino, S.; Cajthaml, T. Biodegradation of PCBs by ligninolytic fungi and
characterization of the degradation products. Chemosphere 2012, 88, 1317-1323, doi:10.1016/j.chemosphere.2012.03.107.

2. Kamei, I; Kogura, R.; Kondo, R. Metabolism of 4,4'-dichlorobiphenyl by white-rot fungi Phanerochaete chrysosporium and
Phanerochaete sp. MZ142. Appl. Microbiol. Biotechnol. 2006, 72, 566-575, d0i:10.1007/s00253-005-0303-4.



Toxics 2021, 9, 81 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Keum, Y.S.; Li, Q.X. Fungal laccase-catalyzed degradation of hydroxy polychlorinated biphenyls. Chemosphere 2004, 56, 23-30,
doi:10.1016/j.chemosphere.2004.02.028.

Muzikat, M.; Kiesinova, Z.; Svobodova, K.; Filipova, A.; Cvandarovd, M.; Cajthamlova, K.; Cajthaml, T. Biodegradation of
chlorobenzoic acids by ligninolytic fungi. |. Hazard. Mater. 2011, 196, 386-394, d0i:10.1016/j.jhazmat.2011.09.041.

Marek, R.F.; Martinez, A.; Hornbuckle, K.C. Discovery of hydroxylated polychlorinated biphenyls (OH-PCBs) in sediment from
a Lake Michigan waterway and original commercial Aroclors. Environ. Sci. Technol. 2013, 47, 8204-8210, doi:10.1021/es402323c.
Ueno, D.; Darling, C.; Alaee, M.; Campbell, L.; Pacepavicius, G.; Teixeira, C.; Muir, D. Detection of hydroxylated polychlorinated
biphenyls (OH-PCBs) in the abiotic environment: Surface water and precipitation from Ontario, Canada. Environ. Sci. Technol.
2007, 41, 1841-1848, d0i:10.1021/es0615391.

Bytingsvik, J.; Lie, E.; Aars, J.; Derocher, A.E.; Wiig, @.; Jenssen, B.M. PCBs and OH-PCBs in polar bear mother—cub pairs: A
comparative study based on plasma levels in 1998 and 2008. Sci. Total Environ. 2012, 417-418, 117-128,
doi:10.1016/j.scitotenv.2011.12.033.

Park, J.S.; Linderholm, L.; Charles, M.].; Athanasiadou, M.; Petrik, J.; Kocan, A.; Drobna, B.; Trnovec, T.; Bergman, A.; Hertz-
Picciotto, I. Polychlorinated biphenyls and their hydroxylated metabolites (OH-PCBs) in pregnant women from eastern
Slovakia. Environ. Health Perspect. 2007, 115, 20-27, d0i:10.1289/ehp.8913.

Nomiyama, K.; Tsujisawa, Y.; Ashida, E.; Yachimori, S.; Eguchi, A.; Iwata, H.; Tanabe, S. Mother to Fetus Transfer of
Hydroxylated Polychlorinated Biphenyl Congeners (OH-PCBs) in the Japanese Macaque (Macaca fuscata): Extrapolation of
Exposure Scenarios to Humans. Environ. Sci. Technol. 2020, 54, 1138611395, doi:10.1021/acs.est.0c01805.

Kunisue, T.; Tanabe, S. Hydroxylated polychlorinated biphenyls (OH-PCBs) in the blood of mammals and birds from Japan:
Lower chlorinated OH-PCBs and profiles. Chemosphere 2009, 74, 950-961, doi:10.1016/j.chemosphere.2008.10.038.

Liu, J.; Hu, D.; Jiang, G.; Schnoor, ]J.L. In vivo biotransformation of 3,3',4,4"-tetrachlorobiphenyl by whole plants—poplars and
switchgrass. Environ. Sci. Technol. 2009, 43, 7503-7509, doi:10.1021/es901244h.

Liao, Z.; Zeng, M.; Wang, L. Atmospheric oxidation mechansim of polychlorinated biphenyls (PCBs) initiated by OH radicals.
Chemosphere 2020, 240, 124756, doi:10.1016/j.chemosphere.2019.124756.

Sun, J.; Zhu, L.; Pan, L; Wei, Z; Song, Y.; Zhang, Y.; Qu, L.; Zhan, Y. Detection of methoxylated and hydroxylated
polychlorinated biphenyls in sewage sludge in China with evidence for their microbial transformation. Sci. Rep. 2016, 6, 29782,
doi:10.1038/srep29782.

Tehrani, R.; Van Aken, B. Hydroxylated polychlorinated biphenyls in the environment: Sources, fate, and toxicities. Environ.
Sci. Pollut. Res. 2014, 21, 6334-6345, doi:10.1007/s11356-013-1742-6.

Dhakal, K.; Gadupudi, G.S.; Lehmler, H.J.; Ludewig, G.; Duffel, M.W.; Robertson, L.W. Sources and toxicities of phenolic
polychlorinated biphenyls (OH-PCBs). Environ. Sci. Pollut. Res. 2018, 25, 16277-16290, d0i:10.1007/s11356-017-9694-x.

Lans, M.C,; Klasson-Wehler, E.; Willemsen, M.; Meussen, E.; Safe, S.; Brouwer, A. Structure-dependent, competitive interaction
of hydroxy-polychlorobiphenyls, -dibenzo-p-dioxins and -dibenzofurans with human transthyretin. Chem. Biol. Interact. 1993,
88, 7-21, doi:10.1016/0009-2797(93)90081-9.

Kamata, R.; Shiraishi, F.; Nakajima, D.; Takigami, H.; Shiraishi, H. Mono-hydroxylated polychlorinated biphenyls are potent
aryl hydrocarbon receptor ligands in recombinant yeast cells. Toxicol. Vitr. 2009, 23, 736—743, d0i:10.1016/.tiv.2009.03.004.
Schultz, A.; Jonas, U.; Hammer, E.; Schauer, F. Dehalogenation of Chlorinated Hydroxybiphenyls by Fungal Laccase. Appl.
Environ. Microbiol. 2001, 67, 4377-4381, doi:10.1128/ AEM.67.9.4377-4381.2001.

Fujihiro, S.; Higuchi, R.; Hisamatsu, S.; Sonoki, S. Metabolism of hydroxylated PCB congeners by cloned laccase isoforms. Appl.
Microbiol. Biotechnol. 2009, 82, 853-860, doi:10.1007/s00253-008-1798-2.

Kordon, K.; Mikolasch, A.; Schauer, F. Oxidative dehalogenation of chlorinated hydroxybiphenyls by laccases of white-rot
fungi. Int. Biodeterior. Biodegrad. 2010, 64, 203-209, doi:10.1016/j.ibiod.2009.10.010.

Stella, T.; Covino, S.; Kfesinovd, Z.; D’Annibale, A.; Petruccioli, M.; Cvanfarova, M.; Cajthaml, T. Chlorobenzoic acid
degradation by Lentinus (Panus) tigrinus: In vivo and in vitro mechanistic study-evidence for P-450 involvement in the
transformation. |. Hazard. Mater. 2013, 260, 975-983, doi:10.1016/j.jhazmat.2013.07.004.

Stella, T.; Covino, S.; Cvandarovd, M.; Filipova, A.; Petruccioli, M.; D’ Annibale, A.; Cajthaml, T. Bioremediation of long-term
PCB-contaminated soil by white-rot fungi. J. Hazard. Mater. 2017, 324, 701-710, d0i:10.1016/j.jhazmat.2016.11.044.

Matsumura, E.; Yamamoto, E.; Numata, A.; Kawano, T.; Shin, T.; Murao, S. Structures of the Laccase-Catalyzed Oxidation
Products of Hydroxy-Benzoic Acids in the Presence of ABTS [2,2"-Azino-di-(3-ethylbenzothiazoline-6-sulfonic Acid)]. Agric.
Biol. Chem. 1986, 50, 1355-1357, d0i:10.1080/00021369.1986.10867576.

Ngo, T.T.; Lenhoff, H.M. A sensitive and versatile chromogenic assay for peroxidase and peroxidase-coupled reactions. Anal.
Biochem. 1980, 105, 389-397, d0i:10.1016/0003-2697(80)90475-3.

énaj dr, J.; Valaskova, V.; Merhautovd, V.; Cajthaml, T.; Baldrian, P. Activity and spatial distribution of lignocellulose-degrading
enzymes during forest soil colonization by saprotrophic basidiomycetes. Enzyme Microb. Technol. 2008, 43, 186-192,
doi:10.1016/j.enzmictec.2007.11.008.

Tien, M.; Kirk, T.K. Lignin-degrading enzyme from Phanerochaete chrysosporium: Purification, characterization, and catalytic
properties of a unique H202-requiring oxygenase. Proc. Natl. Acad. Sci. USA 1984, 81, 2280-2284, d0i:10.1073/pnas.81.8.2280.
Covino, S.; Svobodovd, K.; K¥esinové, Z.; Petruccioli, M.; Federici, F.; D’ Annibale, A.; Cvandarova, M.; Cajthaml, T. In vivo and
in vitro polycyclic aromatic hydrocarbons degradation by Lentinus (Panus) tigrinus CBS 577.79. Bioresour. Technol. 2010, 101,
3004-3012, doi:10.1016/j.biortech.2009.12.020.



Toxics 2021, 9, 81 15 of 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Linhartov4, L.; Michalikov4, K.; Srédlov4, K.; Cajthaml, T. Biodegradability of Dental Care Antimicrobial Agents Chlorhexidine
and Octenidine by Ligninolytic Fungi. Molecules 2020, 25, 400, doi:10.3390/molecules25020400.

Hong, J.E.; Pyo, H.; Park, S.J.; Lee, W. Determination of hydroxy-PCBs in urine by gas chromatography/mass spectrometry with
solid-phase extraction and derivatization. Anal. Chim. Acta 2005, 531, 249-256, doi:10.1016/j.aca.2004.10.030.

Kuroki, H.; Hattori, R.; Haraguchi, K.; Masuda, Y. Synthesis and mass spectral properties of polychlorinated dibenzofuran
(PCDF) metabolites. Chemosphere 1987, 16, 1641-1647, doi:10.1016/0045-6535(87)90142-1.

Ferreira, P.; Medina, M.; Guillén, F.; Martinez, M.].; Van Berkel, W.J.H.; Martinez, AT. Spectral and catalytic properties of aryl-
alcohol oxidase, a fungal flavoenzyme acting on polyunsaturated alcohols. Biochem. J]. 2005, 389, 731-738,
doi:10.1042/BJ20041903.

Nikolaivits, E.; Siaperas, R.; Agrafiotis, A.; Ouazzani, J.; Magoulas, A.; Gioti, A.; Topakas, E. Functional and transcriptomic
investigation of laccase activity in the presence of PCB29 identifies two novel enzymes and the multicopper oxidase repertoire
of a marine-derived fungus. Sci. Total Environ. 2021, 775, 145818, d0i:10.1016/j.scitotenv.2021.145818.

Takagi, S.; Shirota, C.; Sakaguchi, K.; Suzuki, J.; Sue, T.; Nagasaka, H.; Hisamatsu, S.; Sonoki, S. Exoenzymes of Trametes
versicolor can metabolize coplanar PCB congeners and hydroxy PCB. Chemosphere 2007, 67, S54-S57,
doi:10.1016/j.chemosphere.2006.05.090.

Mota, M.LF.; Rodrigues Pinto, P.C.; Loureiro, ].M.; Rodrigues, A.E. Recovery of Vanillin and Syringaldehyde from Lignin
Oxidation: A Review of Separation and Purification Processes. Sep. Purif. Rev. 2016, 45, 227-259,
doi:10.1080/15422119.2015.1070178.

Nguyen, L.N.; van de Merwe, ]J.P.; Hai, F.I; Leusch, F.D.L.; Kang, ].; Price, W.E.; Roddick, F.; Magram, S.F.; Nghiem, L.D.
Laccase-syringaldehyde-mediated degradation of trace organic contaminants in an enzymatic membrane reactor: Removal
efficiency and effluent toxicity. Bioresour. Technol. 2016, 200, 477—484, doi:10.1016/j.biortech.2015.10.054.

Jiang, G.X,; Niu, J.F,; Zhang, S.P.; Zhang, Z.Y.; Xie, B. Prediction of biodegradation rate constants of hydroxylated
polychlorinated biphenyls by fungal laccases from Trametes versicolor and Pleurotus ostreatus. Bull. Environ. Contam. Toxicol. 2008,
81, 1-6, doi:10.1007/s00128-008-9433-6.

Baldrian, P. Increase of laccase activity during interspecific interactions of white-rot fungi. FEMS Microbiol. Ecol. 2004, 50, 245—
253, doi:10.1016/j.femsec.2004.07.005.

Pawlik, A.; Wojcik, M.; Rutka, K.; Motyl-Gorzel, K.; Osinska-Jaroszuk, M.; Wielbo, J.; Marek-Kozaczuk, M.; Skorupska, A.;
Rogalski, J.; Janusz, G. Purification and characterization of laccase from Sinorhizobium meliloti and analysis of the lacc gene. Int.
J. Biol. Macromol. 2016, 92, 138-147, d0i:10.1016/j.ijbiomac.2016.07.012.

Qin, X.; Sun, X.; Huang, H.; Bai, Y.; Wang, Y.; Luo, H.; Yao, B.; Zhang, X.; Su, X. Oxidation of a non-phenolic lignin model
compound by two Irpex lacteus manganese peroxidases: Evidence for implication of carboxylate and radicals. Biotechnol. Biofuels
2017, 10, 103, doi:10.1186/s13068-017-0787-z.

Wang, X.; Qin, X,; Hao, Z.; Luo, H.; Yao, B.; Su, X. Degradation of Four Major Mycotoxins by Eight Manganese Peroxidases in
Presence of a Dicarboxylic Acid. Toxins 2019, 11, 566, doi:10.3390/toxins11100566.

Hofrichter, M.; Ziegenhagen, D.; Vares, T.; Friedrich, M.; Jager, M.G; Fritsche, W.; Hatakka, A. Oxidative decomposition of
malonic acid as basis for the action of manganese peroxidase in the absence of hydrogen peroxide. FEBS Lett. 1998, 434, 362—
366, doi:10.1016/S0014-5793(98)01023-0.

Rodriguez, E.; Nuero, O.; Guillén, F.; Martinez, A.T.; Martinez, M.]. Degradation of phenolic and non-phenolic aromatic
pollutants by four Pleurotus species: The role of laccase and versatile peroxidase. Soil Biol. Biochem. 2004, 36, 909-916,
doi:10.1016/j.s0ilbio.2004.02.005.

Sack, U.; Hofrichter, M.; Fritsche, W. Degradation of polycyclic aromatic hydrocarbons by manganese peroxidase of Nematoloma
frowardii. FEMS Microbiol. Lett. 1997, 152, 227-234, doi:10.1111/.1574-6968.1997.tb10432.x.

Van Aken, B.; Cameron, M.D.; Stahl, J.D.; Plumat, A.; Naveau, H.; Aust, S.D.; Agathos, S.N. Glutathione-mediated
mineralization of “C-labeled 2-amino-4,6-dinitrotoluene by manganese-dependent peroxidase H5 from the white-rot fungus
Phanerochaete chrysosporium. Appl. Microbiol. Biotechnol. 2000, 54, 659-664, doi:10.1007/s002530000436.


https://www.researchgate.net/publication/350753968

