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Abstract 

Polychlorinated biphenyls (PCBs) are chlorinated organic compounds, 

which belong to persistent organic pollutants and exhibit various modes of 

toxic action, including mutagenicity, carcinogenicity, and endocrine 

disruption. PCBs were manufactured during the 20th century in many 

countries and extensively used due to their advantageous physicochemical 

properties. PCBs mostly served as insulating liquids in electrical equipment; 

however, they were also utilized in many open applications. Despite the 

worldwide ban on PCB manufacture imposed at the end of the 20th century, 

the contamination of the environment persists to this day as a result of their 

recalcitrance. Moreover, PCBs are still being inadvertently produced during 

many industrial activities. 

Because of their stability, the breakdown of PCBs in nature is extremely 

slow. This dissertation thesis focuses on the study of PCB biodegradation by 

ligninolytic fungi. This group of microorganisms belongs to the most 

promising, especially in regard to the degradation of organic pollutants. The 

biodegradation mechanism of PCBs was studied in vitro, including the 

identification of degradation intermediates. Laccase, an enzyme expressed by 

the oyster mushroom (strain Pleurotus ostreatus 3004), was able to degrade 

hydroxylated PCBs. In addition, chlorinated benzylalcohols were 

transformed to corresponding chlorobenzaldehydes by the extracellular 

enzymes produced by this fungal strain. The chlorobenzaldehydes were 

transformed further by extracellular peroxidases produced by the strain Irpex 

lacteus 617/93. Furthermore, a part of the dissertation thesis involves the 

evaluation of the potential of utilizing spent oyster mushroom substrate to 

remove PCBs from historically contaminated groundwater. This waste 

material is produced and disposed of by commercial mushroom farms, but it 

can be repurposed as inoculum for bioremediation applications. In a pilot-

scale setup, the spent substrate was able to remove 82, 80, 65, and 30–50% 

of di-, tri-, tetra-, and pentachlorinated PCBs, respectively, from groundwater 

(4000 liters). Chlorobenzoic acids were detected as intermediates. Acute 

toxicity was evaluated using the bioluminescence inhibition test with 

Aliivibrio fischeri.  
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1. Introduction 

The production and extensive and intensive use of large quantities of 

synthetic compounds leads to the contamination of the environment. A large 

proportion of these substances exhibit toxicity and induce detrimental effects 

on human health and wildlife. Polychlorinated biphenyls (PCBs) are a group 

of 209 anthropogenic compounds belonging to the most studied and harmful 

environmental pollutants. PCB production was banned in the 1970s due to 

their persistence, bioaccumulative tendencies, and various mechanisms of 

toxic action. PCBs are also listed as persistent organic pollutants and follow 

restrictions imposed by the Stockholm Convention. Nevertheless, because of 

their recalcitrance, the worldwide contamination still lingers in the 

environment [1,2]. Moreover, PCBs are still being inadvertently produced as 

the byproducts of various industrial activities [3]. 

Despite the decades of intensive PCB research, the specific mechanisms 

of their toxicity and ecotoxicity as well as the relevant (bio)degradation 

mechanisms have not been completely elucidated. In addition, the 

development and optimization of technologies of PCB removal from 

contaminated matrices are still being carried out, including the search for 

alternatives to the standard methods of PCB destruction represented mostly 

by incineration [4]. Bioremediation, which employs organisms to degrade 

xenobiotics, offers an environmentally friendly and cost-effective approach. 

Ligninolytic fungi are one of the most promising organisms regarding the 

degradation of chlorinated organic pollutants [5]. The broad substrate 

specificity of ligninolytic enzymes enables these fungi to degrade a plethora 

of structurally diverse compounds. Therefore, the biotechnological and 

bioremediation potential of ligninolytic fungi is the objective of numerous 

studies.  

From this group of fungi, the oyster mushroom (Pleurotus ostreatus) 

stands out not only because of its remarkable ability to degrade PCBs, but 

also because it belongs among the most commercially produced fungal 

species. After fructification, commercial mushroom farms dispose of its 

growth substrate (the so-called spent substrate) as waste, alternatively, it can 

be repurposed for the remediation of contaminated matrices [6,7]. The 

degradation capability of P. ostreatus has already been proven in the 

literature [8]; however, the degradation mechanism in not yet fully 
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elucidated. Detailed information about the degradation pathways is necessary 

to predict possible limiting steps, e.g., the accumulation of dead-end products, 

and to adequately evaluate the efficiency and applicability of the 

bioremediation technique. The employment of the spent oyster mushroom 

substrate requires optimization at both the laboratory and pilot scale.  
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2. Aims of the study 

 

This dissertation thesis focuses on the study of PCB biodegradation by 

ligninolytic fungi. 

 

The objectives of the thesis were: 

 

1. the study of the mechanism of biodegradation of PCBs by incubating 

extracellular enzymes of the ligninolytic fungi P. ostreatus and Irpex 

lacteus with selected degradation products of PCBs, namely 

hydroxylated PCBs (OH-PCBs), chlorobenzyl alcohols, and 

chlorobenzaldehydes 

 

2. optimization of PCB removal from water matrices at the laboratory scale 

and evaluation of the degradation potential of spent oyster mushroom 

substrate in a pilot-scale trickle-bed bioreactor for the treatment of 

PCB-contaminated groundwater 

 

3. summarization of the work with spent oyster mushroom substrate in 

a step-by-step protocol 

 

4. creating a literary review about recent advances in physicochemical and 

biological remediation approaches for the treatment of matrices 

historically contaminated by PCBs 
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3. Material and methods 

The following is a brief overview of the materials and methods employed 

during this dissertation thesis. 

Compounds of interest 

 PCBs (congener-specific analysis) 

 PCB metabolites: OH-PCBs, chlorobenzyl alcohols, 

chlorobenzaldehydes, chlorobenzoic acids 

Fungal strains 

 in vitro experiments: P. ostreatus 3004 CCBAS 278 and I. lacteus 

617/93 cultivated in liquid malt extract–glucose medium 

 bioreactor experiments: spent straw substrate colonized by the oyster 

mushroom (P. ostreatus KRYOS) from a commercial mushroom farm 

Enzyme activity 

 increase in absorbance was determined spectrophotometrically in 

96-well microplates 

 laccase: oxidation of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) as the substrate [9] 

 manganese-dependent and independent peroxidases: oxidative coupling 

of 3-methyl-2-benzothiazolinone hydrazone and 

3-(dimethylamino)benzoic acid [10,11] 

 lignin peroxidase: oxidation of 3,4-dimethoxybenzyl alcohol as the 

substrate [12] 

In vitro degradation experiments 

 extracellular enzyme-containing liquid filtration and concentration using 

ultrafiltration (10 kDa cut-off) 

 in vitro setup: reaction mixtures (0.5 mL) in glass vials containing the 

crude extracellular liquids and the analytes (OH-PCBs, chlorobenzyl 

alcohols, or chlorobenzaldehydes) 

 conditions favoring either laccase or manganese-dependent and 

independent peroxidases (sodium acetate/sodium malonate buffer, 

glucose with glucose oxidase as a source of H2O2, Mn2+ ions) 

 mediators: syringaldehyde, 1-hydroxybenzotriazole, glutathione 
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 heat-killed, abiotic, and biotic controls 

 incubation at 28 °C for 0, 1, 6, 24, 72, and 168 h 

Trickle-bed bioreactors 

 reactor substrate: spent substrate : fresh wheat straw (1:1, V:V) 

 laboratory optimization in glass cylindrical reactors (working volume 

1 liter) using tap water artificially contaminated with Delor 103 

(commercial PCB mixture) 

 treatment of PCB-contaminated groundwater from a former asphalt 

concrete producing plant (0.1–1 µg/L, 4000 L in total, flow rate 

approximately 20 L/h) in a pilot-scale trickle-bed bioreactor (working 

volume of 500 L, 157 kg of substrate) 

Sample preparation 

 extraction techniques: liquid-liquid extraction with ethylacetate or 

solid-phase extraction (aqueous samples); accelerated solvent extraction 

(solid samples) 

 sample cleanup: silica gel with H2SO4 (PCBs), gel permeation 

chromatography (chlorobenzoic acids) 

 analyte derivatization: propylation (OH-PCBs and chlorobenzoic acids), 

trimethylsilylation (chlorobenzyl alcohols) 

Analyte determination 

 gas chromatography – mass spectrometry 

Microbial analyses 

 phospholipid fatty acid analysis 

 next-generation sequencing 

Acute toxicity determination 

 Aliivibrio fischeri bioluminescence inhibition test 

Software 

 OriginPro 8.5 (figure plotting) 

 R (statistical analyses) 
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4. Results and discussion 

1. In vitro degradation of OH-PCBs, chlorinated benzylalcohols, and 

chlorobenzaldehydes by extracellular enzymes of ligninolytic fungi was 

tested (Publication 1). 

 

The extracellular liquid of the strain P. ostreatus 3004 containing mainly 

laccase and a low activity of manganese-dependent peroxidase was able 

to degrade OH-PCBs; the degradation efficiency was dependent on the 

number and positions of the chlorine substituents. The removal of some 

congeners was substantially improved when laccase mediators 

(syringaldehyde and 1-hydroxybenzotriazole) were added. 

Monochlorinated dibenzofuran and monochlorobenzoic acid were 

identified as metabolites. 

 

Chlorinated benzylalcohols were transformed into corresponding 

chlorobenzaldehydes in the presence of the extracellular liquid of 

P. ostreatus 3004. The chlorobenzaldehydes predominantly 

accumulated in the reaction mixture. The efficacy of the conversion was 

dependent on the position of the substituents. This conversion is most 

probably not catalyzed by the main ligninolytic enzymes. 

 

Chlorobenzaldehydes were further degraded by the extracellular liquid 

of I. lacteus 617/93 containing manganese-dependent and independent 

peroxidases. The reaction was substantially enhanced in the presence of 

glutathione as the mediator. Monochlorinated and dichlorinated 

acetophenones were detected at trace levels as transformation 

intermediates. 

 

2. The removal of PCBs from contaminated water using spent oyster 

mushroom substrate was optimized (publication 2). The PCBs are 

retained by the substrate and subsequently degraded by the oyster 

mushroom as well as other present microorganisms. 

 

The degradation was tested at the laboratory scale. The highest efficiency 

(87%) was reached with a low continuous flow rate.  
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The optimized setup was scaled up and tested to treat PCB-contaminated 

groundwater. The total removal of 82, 80, 65, and 30–50% was reached 

for di-, tri-, tetra-, and pentachlorinated PCBs, respectively. No 

degradation was detected for hexa- and heptachlorinated congeners. 

Chlorobenzoic acids were identified as degradation products, mainly in 

the reactor effluent. Acute toxicity was evaluated using the 

bioluminescence inhibition test with A. fischeri. Slight toxicity (15% 

luminescence inhibition) was recorded with the first sampling of the 

reactor effluent. Additional tests suggested that the toxicity was most 

likely associated with the concentrated extract of the reactor substrate, 

not the degradation products. 

 

3. A step-by-step protocol of using spent oyster mushroom substrate to 

degrade PCBs from water matrices was elaborated (publication 3). 

 

4. An overview of recent publications concerning the development of 

technologies to treat matrices historically contaminated by PCBs was 

created (publication 4). The treatment of such matrices is often 

problematic due to the sequestration of PCBs, the decrease of their 

availability over time, and the shifts of congener composition in favor of 

more recalcitrant compounds. These factors can result in a lower removal 

efficiency in aged matrices in comparison with laboratory tests using 

PCB standards or artificially contaminated materials. It was concluded 

that the combination of different approaches, e.g., the combination of 

thermal treatment with nanoremediation or bioremediation, is a very 

promising strategy. Nevertheless, the complex evaluation of toxicity, 

identification of reaction products and/or the exact description of the 

degradation mechanism are lacking in many studies.  
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5. Conclusions 

According to the literature, the presence of the whole fungal culture is 

necessary for the complete degradation of PCBs. The results of Publication 1 

also indicate that employing multiple species producing different enzymes 

could improve the removal of both PCBs and the large number of their 

transformation products. OH-PCBs, chlorobenzyl alcohols, and 

chlorobenzaldehydes were all transformed in vitro with certain constraints, 

such as the necessity for the presence of mediators or recalcitrance of some 

compounds. The dependency of some conversions on the presence of 

mediators is a significant limitation. Nevertheless, some mediators can be 

present in natural lignocellulose materials. The transformation of various 

dichlorinated isomers of chlorobenzyl alcohols and chlorobenzaldehydes was 

described for the first time. In addition, this is also the first report of 

a monoaromatic compound (chlorobenzoic acid) detected in vitro as 

a metabolite during the degradation of OH-PCBs by ligninolytic enzymes. 

Because of the dominance of laccase in this extracellular liquid, this 

oxidoreductase is presumably responsible for the ring cleavage in OH-PCBs. 

Spent oyster mushroom substrate is an advantageous material for 

bioremediation applications because of its world-wide production and 

cost-effectiveness. The results of Publication 2 document that the spent 

substrate (containing the strain P. ostreatus KRYOS) can be employed to 

treat aqueous matrices contaminated by PCBs using a trickle-bed bioreactor. 

PCB degradation was dependent on the chlorination level of the congeners; 

generally, PCBs up to 4 chlorine substituents can be effectively removed. 

P. ostreatus KRYOS was able to degrade PCBs in the presence of an 

abundance of other fungal species as well as aerobic and anaerobic bacteria. 
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