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ABSTRACT 

INTRODUCTION: Fungi are known to degrade recalcitrant compounds such as monocyclic aromatic 

hydrocarbons (MAHs) and polycyclic aromatic hydrocarbons (PAHs) in soils. These compounds are 

also main constituents of air pollution, mainly due to the burning of fossil fuels. Therefore, it is 

hypothesized that epiphytic fungi inhabiting the phyllosphere of contaminated areas can degrade 

these airborne pollutants.  

MATERIAL & METHODS: Fungi inhabiting the leaves of hornbeam trees growing in a crude-oil 

contaminated area in Bóbrka (Poland) and in the polluted city center of Warsaw were isolated and 

characterized for their potential role in air pollution mitigation. Total DNA from leaves was extracted 

from the polluted areas and a non-polluted area (Białowieża National Park) to compare epiphytic 

fungal communities. The isolated fungi were genotypically identified, tested for laccase and 

peroxidase enzyme production, hydroxyl radical production, tolerance to and degradation of 

naphthalene and benzene.  

RESULTS: Fungal communities inhabiting the phyllosphere of the non-polluted area were significantly 

different compared to the communities form the polluted city center of Warsaw. A difference in 

community structure was also seen between the epiphytic communities of Bóbrka and Białowieża, 

however this difference was less remarkable. Among the epiphytic fungi that were isolated from 

Bóbrka, Fusarium sporotrichiodes AT11, Phoma herbarum AT15 and Lophiostoma sp. AT37 produced 

laccase enzymes with activities of 1.24, 3.62 and 7.2 µU.L-1 respectively and peroxidase enzymes 

with activities of 3.46, 2.28 and 7.49 µU.L-1 respectively. Additionally, Fusarium sporotrichiodes AT11 

and Phoma herbarum AT15 seemed to tolerate exposure to the contaminants, however, growth was 

affected after 7 days. Lophiostoma sp. AT37 appeared more tolerant to exposure of these 

contaminants compared to the latter two.   

DISCUSSION & CONCLUSION: The results indicated that air pollution plays a role in shaping fungal 

epiphytic communities. Furthermore, Lophiostoma sp. AT37 seemed the best naphthalene degrader 

of all tested fungi, it had the relatively highest activities of the degradative enzymes and despite the 

reduced growth after exposure, the fungus seemed still able to metabolize the contaminants. 
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SAMENVATTING 

INTRODUCTIE: Eerder onderzoek heeft aangetoond dat schimmels verbindingen zoals monocyclische 

aromatische koolwaterstoffen (MAKs) en polycyclische aromatisch koolwaterstoffen (PAKs) kunnen 

afbreken in bodems. Deze verbindingen zijn ook belangrijke componenten van luchtvervuiling. Ze 

komen voornamelijk in de atmosfeer terecht door verbranding van fossiele brandstoffen. In deze 

thesis wordt verondersteld dat epifitische schimmels, die leven in de fyllosfeer (op de bladeren) van 

bomen, deze luchtvervuilende componenten kunnen afbreken.  

MATERIAAL EN METHODEN: Schimmels die leven op bladeren van haagbeuk bomen, welke groeien in 

een gebied vervuild met ruwe aardolie in de buurt van Bóbrka (Polen) en in de buurt van het 

vervuilde stads centrum van Warsaw, werden geisoleerd. De mogelijke rol van deze schimmels in 

het verminderen van luchtvervuiling door aromatische koolwaterstoffen werd bestudeerd. Het totale 

DNA van blad-wasstalen werd geextraheerd van de twee vervuilde gebieden en een niet-vervuild 

gebied (Nationaal Park van Białowieża) om de structuur van de schimmel poppultaties tussen de 

verschillende gebieden te vergelijken. Verder werden schimmels geisoleerd en opgekweekt uit de 

blad-wasstalen van de vervuilde gebieden en getest voor laccase en perodixase enzymproductie, 

hydroxylradicaal productie, tolerantie en degradatie van naftaleen en benzeen.  

RESULTATEN: Bovenstaand beschreven onderzoek toont een significant verschil aan tussen de 

schimmel populaties van het niet-vervuilde gebied en het centrum van Warsaw. Er werd ook een 

verschil gezien tussen de populaties in de fyllosfeer van Białowieża en Bóbrka, hoewel dit verschil 

kleiner was. De geisoleerde schimmels van Bóbrka: Fusarium sporotrichiodes, Phoma herbarum en 

Lophiostoma sp. produceerden laccase enzymen met activiteiten van 1.24, 3.62 and 7.2 µU.L-1 en 

peroxiase enzymen met activeiten van 3.46, 2.28 and 7.49 µU.L-1. Na blootstelling van deze 

schimmels aan de contaminanten, werd de groei van de schimmels Fusarium sporotrichiodes en 

Phoma herbarum het meest gereduceerd. Lophiostoma sp. bleek meer tolerant te zijn na 

blootstelling, in vergelijking met de andere twee.  

DISCUSSIE EN CONCLUSIE:De resultaten geven een indicatie dat luchtvervuiling een rol speelt en het 

vormen van de schimmel populaties. Bijkomend bleek Lophiostoma sp. de beste schimmel voor 

naftaleen afbraak van de geteste schimmels. Deze had de relatief hoogste enzym acitviteiten, en 

hoewel groei werd gereduceerd na blootstelling, was de schimmel nog steeds instaat om de 

contaminant te metaboliseren.  
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INTRODUCTION 

The atmosphere of Earth is the layer of gases, also known as air, that surrounds our planet and is 

retained by Earth's gravity. The atmosphere protects life on Earth by absorbing ultraviolet (UV) solar 

radiation, warming the surface through heat retention (greenhouse effect) and reducing temperature 

extremes between day and night (the diurnal temperature variation) (1). Besides gases (nitrogen, 

oxygen, carbon dioxide, argon and other trace gases) it also contains variable amounts of dust, 

smoke and particulate matter, many originating from anthropogenic sources which can have 

substantial impacts on human life (1,2). 

1.1 AIR POLLUTION AND THE CHALLENGE OF REMEDIATION  

Since its origins, the atmospheric gases have been subjected to changes in its chemical composition 

due to both natural (season, weather, time of day, longitude, elevation, geography) as well as 

anthropogenic processes. The growing world population and the increase of industrial, agricultural 

and household development has significantly affected air quality leading to a condition of air pollution 

(3).  

Air pollution constituting of gaseous, solids and liquid chemicals in harmful concentrations, has 

gathered great concern. Especially since the mid-twentieth century when the air pollution disasters 

of the Meuse Valley fog of December 1930 in Belgium and London’s ‘Great Smog’ in 1952 had taken 

many lives. Therefore, stringent regulations were established to improve air quality and in particular 

to limit the adverse effects of air pollution on the public health (4,5). As a result, the European 

Environment Agency reported an improvement in air quality over the last decades due to reduced 

emissions. Nevertheless, air pollution concentrations are still too high and European air quality 

standards and especially World Health Organization (WHO) Air Quality Guidelines (AQGs), which are 

more stringent, are still being exceeded, particularly in urban areas (6,7).  

Air pollution thus occurs when chemicals are present in concentrations that harm or discomfort many 

organisms. The air pollutants introduced into the atmosphere can occur in a gaseous phase or as 

particles such as solids and liquid aerosols, from natural or anthropogenic origins. A further 

distinction can be made between primary air pollutants, emitted directly into the atmosphere from 

their sources and secondary air pollutants, which are formed due to the reactions between primary 

pollutants and other elements in the air. Important gaseous air pollutants are ammonia (NH4), sulfur 

dioxide (SO2), nitrogen oxides (NOx), carbon monoxide (CO), persistent organic pollutants (POPs) 

and volatile organic compounds (VOCs) (7).  

Among VOCs, semi-volatile VOCs such as the monocyclic aromatic hydrocarbons (MAHs) and 

polycyclic aromatic hydrocarbons (PAHs) are catching the attention of the international scientific 

community because of their adverse effects on human health, as well as for their resistance towards 

degradation and persistence in the environment. MAHs and PAHs can originate from different 

sources, anthropogenic as well as natural (Figure 1). Though, they are mainly formed during 

thermal decomposition of organic material and their subsequent recombination, under hypoxic (low 
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oxygen) or anoxic conditions (8). The burning of fossil fuels (e.g. diesel fuel) is the main source we 

are all exposed to on a daily basis (9).  

Examples of MAHs include compounds such as benzene (Table 1), toluene, ethylbenzene and xylene 

(BTEX), all these structures have only one aromatic ring (10). Compounds with two or more fused 

aromatic rings are defined as PAHs. They are comprised of a very diverse group with physicochemical 

properties that differ for different PAHs (8,11). PAHs commonly found in urban areas include 

phenanthrene, naphthalene and fluorene (Table 1). My research focused on two compounds: 

benzene (MAH) and naphthalene (PAH). Globally these are two main components measured from 

the exhaust of cars which use diesel fuels (12). 

Table 1. Physicochemical properties of MAHs and PAHs. Molecular formula (M.F.), boiling point (B.Pt), 

melting point (M.Pt), vapor pressure (V.P.), aqueous solubility (Aq.Sol.) and International Agency for Research 

on Cancer classification (IARC). 

Compound M.F. B.Pt. (°C) M.Pt. (°C) V.P. (Pa at 25°C) Aq.Sol. (mg/l) IARC  

Naphthalene C10H8 218 80.2 11 20 2B 

Phenanthrene C14H10 340 100.5 2 × 10-2 1 – 2  3 

Fluorene C13H10 295 117 8 x 10-2 1.69 3 

Benzene C6H6 80 5.6 13 x 103 1.79 x 103 1 

 

Aromatic hydrocarbons (AHs) can be present in each compartment of the environment (Figure 1). 

However, the atmosphere receives the relatively largest amount of the AH environmental load (8). 

When AHs are released in the air they can occur in two phases, a vapor phase and a solid phase. In 

the solid phase, the AHs can be adsorbed onto particulate matter, depending on their molecular 

weight and vapor pressures. Naphthalene, phenanthrene, fluorene and benzene have low molecular 

weights (MW< 200) and are therefore almost exclusively found in the gas-phase (13,14).  

 

Figure 1. The environmental cycling of MAHs and PAHs, adapted from (15). 
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In the environment, AHs may be subjected to several processes: adsorption, volatilization, 

photolysis, chemical degradation, and microbial degradation (16). However, because of their 

physicochemical properties, low water solubility and highly stable ring structure, they do not degrade 

easily under natural conditions and have the tendency to persist in the environment (9).  

1.1.1 TOXICITY AND HEALTH EFFECTS 

Because of their recalcitrant nature and persistence in the environment, exposure to AHs is 

inevitable. Moreover, the general population is usually exposed to a mixture of these compounds, 

rather than one type of AHs (17). Many of these compounds can have adverse effects on human 

health. Studies on laboratory animals have shown that some AHs and especially their reactive 

metabolites can have mutagenic and/or carcinogenic activities. It is suggested by the National 

Toxicology Program, Department of Health and Human Services (18), that the mechanisms by which 

AHs exert their mutagenic activity is similar among the different AHs. Metabolic processes lead to 

more reactive forms of these compounds eventually forming DNA adducts which can ultimately result 

in mutations (18,19). Furthermore, evidence from epidemiological studies on occupational exposure 

indicate an increased risk on skin, lung, bladder and gastrointestinal cancers (20,21).  

Since AHs are ubiquitously present in the environment and because of the toxic effects they can 

exert, strategies for removing these airborne pollutants are necessary. Remedial measures to 

improve air quality are mainly based on sequestration of air pollutants by classical filters (e.g. 

smoke-filters in industry, cars, buses, tunnels…). In addition, prevention measures and institutional 

laws are important to reduce the levels of future emissions. (22). Despite this synergic approach, 

air pollution concentrations are still too high especially in urban areas, therefore, green, sustainable, 

and cheap methods are urgently required to remove current air pollutants and improve 

environmental air quality. It is believed that plants and their microbiome can assist in achieving this 

goal (23).  

1.2 THE PHYLLOSPHERE MICROBIOME OF PLANTS  

Plants are known to scavenge a substantial amount of fine dust and air pollutants. Especially plant 

leaves adsorb pollutants passively by physical precipitation and adsorption, uptake or chemical 

transformation (24). Because of the significant surface area they span on Earth, which is estimated 

as a global leaf area of 508,630,100 km2, leaves can have a substantial impact as a method for 

filtering air (25). Plant leaves are not only a passive surface area for air filtration, it is also the 

habitat for thousands microbial cells including fungi and bacteria (23).  

The phyllosphere can be defined as the aerial parts of living plants, which includes leaves, stems, 

buds, flowers, and fruits that provide a habitat for microorganisms (26). Studies on phyllosphere 

microbiology have been mainly focusing on leaves, which are the most dominant plant structures. 

The microbial communities on leaves are diverse and include many genera of bacteria, fungi, yeasts, 

algae and, less abundant, protozoa and nematodes. Though, the most dominant colonizers of the 

phyllosphere are bacteria with 106 to 107 cells.cm-2 of leaf.  For fungi, the number of cells are 

expected to be lower (26). Fungal communities on leaves are strongly dominated by members of 
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the Ascomycota and the most abundant taxonomic groups from this phylum are the saprotrophs, 

pathogens and lichenized fungi (27).  

Fungi colonizing the surface of leaves are known as epiphytes (Figure 2), whereas fungi that reside 

within the plant tissues are called endophytes. However, the distinction between these two groups 

is vague, since epiphytes can also penetrate the leaf surface of the plant (28). These Fungi living on 

leaves can either effect the plant negatively as pathogens (29), or can have a positive effect through 

protection against pathogenic infections and reducing herbivory by producing toxic metabolites (30). 

Studies by Jumpponen and Jones (27) also indicate that the development of pathogenic fungi is 

repressed by saprotrophic phyllosphere fungi.  

 

Figure 2. Epiphytic fungi on leaves. Scanning electron microscope (A) image of stomata on lower leaf surface, 

with fungal hyphae and fungal spores present and (B) fungal hyphae growing from a spore on the lower leaf 

surface (leaves from Malus domestica) (31). 

1.3 IMPACT OF AIR POLLUTION ON EPIPHYTIC MICROBIAL COMMUNITIES 

Phyllosphere microorganisms, since they are continuously in contact with air and consequently with 

the airborne AHs, can play an important role in degrading and filtering air pollutants and 

consequently improving air quality (32). Though, these microbial communities can be affected by 

several biotic and abiotic factors. They have adapted to a harsh life where nutrients and water are 

limited. In addition, in this environment there is competition for nutrients and space by other 

microorganisms and exposure to UV light, large temperature shifts, reactive oxygen species (ROS) 

and (air) pollutants (25,26).  

1.3.1 FUNGAL PHYLLOSPHERE MICROBIOME 

Studies by Kembel and Mueller (33) and Jumpponen and Jones (27), present evidence for a great 

diversity of fungal communities on the surface of leaves in different ecosystems. In tropical regions, 

a greater phyllospheric fungal diversity is found with an average of 424 fungal OTU richness 

compared to 50 – 120 fungal OTUs in temperate regions.  



 5 

However, these phyllospheric fungal communities are dynamic and can be influenced by several 

environmental factors, such as air pollution (34). For example, Kannangara and Sirisena presented 

evidence that fungal communities of ornamental plants on roadsides in Sri Lanka adapt to pollution 

conditions shaping a community that is able to degrade pollutants, and more specifically AHs (35). 

Other effects of air pollution on a wider diversity of plant and fungal species are largely unknown to 

date. 

1.3.2 BACTERIAL PHYLLOSPHERE MICROBIOME 

Bacterial communities are the most dominant colonizers of leaves. However, these communities can 

also be affected by air pollution and are even more susceptible for air pollutants than fungi according 

to Brighignal (34). More information concerning the bacterial phyllosphere microbiome has been 

described by Vorholt (25), Müller (32) and Weyens (23). 

1.4 PHYLLOREMEDIATION 

Phylloremediation is a green technology, which is based on the synergistic action of plants and their 

associated microorganisms to degrade airborne pollutants (Error! Reference source not found.). 

Engineers and plant scientists are focusing on harnessing the potential of plants and their associated 

microorganisms to mitigate air pollution (36). To date very little is known about the interactions of 

microorganisms on plant leaves. More specifically, which microbes are present and which 

mechanisms are used by these microbes to degrade airborne pollutants. This lack of knowledge is a 

main impediment to further investments and installations of urban green with the purpose for 

phylloremediation. For example, VOCs capture and degradation is very much dependent on plant 

type, height, size, biomass, and properties such as leaf surface area, needle-trees or evergreen 

plants. Other factors determining the capture or air pollutants are percentage porosity in plantings, 

and also the presence of air pollutant degrading microorganisms, which determine air pollutant 

degradation efficiency (23,37). 

 

Figure 3. Schematic overview of phylloremediation of air pollution, adapted from (23). 



 6 

Studying the contributions of the microorganisms to air pollutant mitigation is challenging because 

of the numerous complex interactions between microbes and with their host. Though advances in 

culture-independent techniques such as next generation sequencing techniques and advanced 

analytical methods in combination with improvements in culturing methods have enabled already a 

better understanding of the phyllosphere microbiology over the last years (32).  

1.5 ROLE OF EPIPHYTIC FUNGI IN ORGANIC AIRBORNE POLLUTANT DEGRADATION 

Knowledge on how epiphytic fungi degrade AHs has been based for many years on the information 

we have from plant-associated mycorrhizal fungi in soil and free-living saprotrophic white-rot fungi. 

We have little understanding about which enzymes are present in epiphytic phyllospheric fungi to 

degrade AHs, or which other mechanisms are used (for example radical production) (38). Below we 

discuss therefore the most important enzymes known to break down AHs in basidio- and 

ascomycetes.  

1.5.1 FUNGAL DEGRADATION PATHWAYS OF MAHS AND PAHS  

Fungi capable of degrading AHs can be divided into two groups based on the enzymes they produce: 

ligninolytic and non-ligninolytic fungi. Ligninolytic fungi are able to breakdown AHs by producing 

extracellular ligninolytic enzymes such as laccases, lignin- and manganese-peroxidases, whereas in 

non-ligninolytic fungi it is the cytochrome P-450 monooxygenases which plays an important role in 

the degradation of organic pollutants (39). 

In general, the degradation of AHs involves the breakdown of these organic compounds into less 

complex and therefore, less toxic metabolites through biotransformation, and further degradation 

into inorganic minerals such as H2O and CO2 (aerobic), or CH4 (anaerobic), through mineralization 

(9). Fungi can use several different mechanisms to degrade these pollutants indicated in Figure 4 

 

Figure 4. Two main pathways used by fungi to degrade AHs. Adapted from (40).  
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Ligninolytic fungi, also known as white-rot fungi, are basidiomycetes which are mostly found in soils 

and less in the phyllosphere. These fungi produce enzymes to degrade lignin, a component of wood 

or litter. Besides lignin degradation, these enzymes are also capable of degrading compounds, which 

are structurally similar to lignin such as many organic chemicals including AHs (Figure 4). Lignin as 

well as AHs contain stable aromatic rings in their structures. Due to the irregular structure of lignin, 

ligninolytic enzymes have a very low substrate specificity which makes them suitable for degrading 

various organic compounds (41). An example of a white-rot fungus that occurs in the phyllosphere, 

more specifically on stems of trees, is Ganoderma sp.. Torres et al. indicated that the Ganoderma 

sp. UH-M stain was able to degrade PAHs (42). 

Non-ligninolytic fungi, including ascomycetes, are also able to degrade various xenobiotic 

compounds (Figure 4). The enzymes used by these fungi are classified as phase I and phase II 

enzymes. These metabolic enzymes are common in all eukaryotes and catalyze xenobiotic 

biotransformation and detoxification reactions (43). Phase I reactions are catalyzed by cytochrome 

P450 monooxygenases and epoxide hydrolases. Important phase II enzymes are for instance 

glutathione S-transferases (GST), NAD(P)H quinone oxidoreductase and UDP-

glucuronosyltransferases (43,44). Besides the phase I and II enzymes, some ascomycetes can also 

produce laccases and peroxidase enzymes or hydroxyl radicals to induce extracellular oxidation of 

xenobiotics (45–47).  

1.6 SELECTION OF THE HOST PLANT FOR PHYLLOREMEDIATION: HORNBEAM 

Plants in urban areas are mainly chosen for aesthetics, low maintenance and not hindering human 

activities. An ornamental tree that is often used in cities and parks is the European or common 

hornbeam (Figure 5A). The European hornbeam (Carpinus betulus) is a tree species native of 

European countries and Turkey. It is a deciduous tree which is considered as a medium sized tree, 

reaching heights of 15 to 25 meters. Hornbeam is commonly planted as a street tree, because it is 

very densely-foliated, and its columnar or oval-shaped growth, this tree is also ideal for the use as 

a hedge, screen, or windbreak (48,49).  

 

Figure 5. Hornbeam (Carpinus betulus) (A) trees in a city center, (B) leaves of the hornbeam tree.  



 8 

The leaves of the hornbeam tree (Figure 5B) are elliptical, heavily textured with very impressed 

veins, in summer they have a dark green color and in autumn they turn yellow and orange. In winter 

when leaves turn brown they still remain for a long time attached on the trees (48,49). Because of 

the heavily ribbed structure, fine dust and air pollutants adhere to the leaf surface. 

1.7 INCREASING OUR KNOWLEDGE ON HORNBEAM EPIPHYTIC FUNGI AND THEIR DEGRADATION 

CAPACITIES  

Most of the research on AH degradation by fungi has been done in soils (9), not much is known 

about degradation of AHs in the phyllosphere. Therefore, it is interesting to investigate if the fungal 

communities inhabiting the phyllosphere have the capacity to degrade these pollutants.  

Phyllospheric fungi inhabiting the leaves of hornbeam trees (Carpinus betulus) in Bóbrka (Poland) 

have been selected for this project. In the forest near Bóbrka, the world's first oil field was 

established, with a regular oil output since 1854 (50). It might be that fungi growing on these leaves 

can tolerate and possibly degrade AHs. Chances to find a good degrader in the area of Bóbrka are 

high because of the 1000 years of crude oil drilling and AH VOCs permeating the air.  

Therefore, we believe that epiphytic fungi on leaves of hornbeam trees in a crude oil-contaminated 

area can degrade airborne AHs. It is not yet known what the impact is of air pollution on the fungal 

phyllosphere communities in the polluted areas of Bobrka and in other Polish locations like the city 

center of Warsaw. But it is expected that fungal phyllosphere communities in polluted areas are 

different from non-polluted areas and that pollution has shifted phyllosphere communities towards 

fungi that are more able to degrade pollutants. Also, if these fungi area able to degrade the 

pollutants, it is unclear by which mechanisms they perform the degradation. However, it is expected 

that the epiphytic fungi use similar mechanisms to degrade AHs as are used by fungi degrading AHs 

in soils.  

1.8 AIM AND OBJECTIVES 

The overall aim of this study is to increase our insights in the community structure and function of 

epiphytic fungi associated with common hornbeam. For this we specified the following objectives 

namely to, (I) genotypically characterize the fungal communities on leaves of hornbeam, (II) culture 

some representatives and identify them by sanger sequencing of the ITS and TEF region, (III) test 

them for laccase and peroxidase enzyme activity, (IV) perform in vitro test for air-borne pollutant 

degradation, and at last (V) test fungal plant pathogenicity. To reach these objectives, advanced 

technologies were used, such as Illumina Shotgun and Sanger sequencing, Automated Ribosomal 

Intergenic Spacer Analysis (ARISA) and Proton-transfer-reaction time-of-flight mass spectrometry 

(PTR-TOF-MS).  

This thesis provides for the first time insights on the fungi associated with hornbeam leaves and how 

some fungal species can assist the host in degrading naphthalene and benzene. If degraders are 

found, they might pave the way for future remediation applications. 
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MATERIALS AND METHODS 

1.9 SITE CHARACTERISTICS AND SAMPLING 

To investigate the fungal communities residing on leaves of hornbeam trees and to assess their 

potential for AH degradation, three sites in Poland were selected for sampling. These sites included 

Białowieża National Park which is Europe’s last temperate primeval forest and is considered as a 

non-polluted environment (52.7229° N, 23.6556° E) (51), Bóbrka Oil Industry Museum as a specific 

site where the environment naturally was in contact with crude oil since the last glacial period 

(52.8167° N, 23.9264° E) (50) and Warsaw city center (52.2297° N, 21.0122° E) with considerable 

air pollution originating from traffic, industry and other human activities (52).  

For each sampling site, five locations were sampled and at each location four trees and five leaves 

per tree were collected for microbiome analyses (4 x 5 = 20 biological replicates per site). Leaves 

were collected into sterile falcon tubes with 50 ml phosphate buffer (P-buffer) containing per liter: 

11.95 g NaH2PO4.2H2O, 16.5 g Na2HPO4.7H2O, 100 µl Tween 80. Samples were transported to the 

laboratory at 4°C until further processing. 

1.10 LEAF WASH SUSPENSIONS 

In order to isolate the epiphytic fungi, tubes containing the leaves in P-buffer were hand shaken for 

10 s, sonicated for 3 min at 160W using a Bransonic® ultrasonic cleaner 2510E-MT (Branson 

Ultrasonics Corp, Danbury, USA), vortexed for 1 min and lastly, shaken in an orbital shaker for 15 

min at 240 rpm. Leaves were removed from the tubes and the P-buffer was centrifuged (15 min, 

4000 g) to pellet the microbial cells. Supernatant was discarded and the final pellet was resuspended 

in the remaining 3 ml of P-buffer for culturing of fungi and DNA isolation. 

1.11 TOTAL DNA EXTRACTION 

One milliliter of the cell suspensions was transferred into sterile 2 ml tubes. Cells were pelleted by 

centrifugation (10 min; 10,000 g), supernatant was discarded and cells were lysed by 

homogenization into 180 µl of lysis buffer (1x Tris-EDTA buffer pH 8, 1.2 % Triton X-100 and 20 

mg.ml-1 lysozyme in Rnase free water) and incubation at 37°C for 30 min. Hereafter, 25 µl of 

proteinase K and 200 µl of AW buffer from the Qiagen Blood & Tissue kit (Qiagen, Netherlands) was 

added followed by an incubation at 56°C for 30 min. Further, the DNA isolation protocol of the 

Qiagen kit was followed. The DNA purity (260/280 nm and 260/230 nm) was checked with the 

NanoDrop ND-1000 spectrophotometer (Isogen Life Science, Netherlands), the DNA-concentration 

was quantified using the QuantiFluor® dsDNA System (Promega, Netherlands) and the integrity was 

assessed by running an aliquot of the DNA on a 1% agarose gel. At last the high quality DNA was 

stored at -20°C upon further analyses.  

1.12 ARISA FINGERPRINT ANALYSES 

Automated ribosomal intergenic spacer analysis (ARISA) was used for comparing phyllospheric 

fungal diversity and community structures of the crude oil contaminated area of Bóbrka, the 

conserved nature reserve of Białowieża and the city center of Warsaw. ARISA is a PCR-based method 
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that relies on the length heterogeneity of the internal transcribed spacer (ITS) regions to fingerprint 

microbial communities (53).  

The fungal intergenic spacer regions ITS1-5.8S-ITS2, i.e. the region between the fungal 18SrRNA 

gene and the 28SrRNA gene, was amplified using the primer pair 2234C (5’-

GTTTCCGTAGGTGAACCTGC-3’) and 3126T (5’-ATATGCTTAAGTTCAGCGGGT-3’). First, for the PCR 

amplification, a mastermix was made containing: 5 µl 10x hifi PCR buffer (Roche, Basel, 

Switzerland), 2 µl 50 mM MgSO4, 1 µl dNTP mix, 0.1 µl of each primer (0.1 mM), 38.8 µl RNase free 

water and 0.2 µl Platinum® Taq high fidelity (Invitrogen, California, USA) for a total of 50 µl reaction 

mixture. To each reaction, 1 µl of DNA sample (15 – 40 ng µl-1) from the leaf washes was added. 

PCR-conditions consisted of an initial denaturation at 95°C for 3 min, followed by 30 cycles of 95°C 

for 1 min, annealing at 57.5°C for 30 s and elongation at 72°C for 1 min and a final extension step 

at 72°C for 5 min. Second, the amplified reaction products were loaded onto DNA-1000-chips 

(Agilent Technologies, USA), prepared according to the manufacturer’s recommendations. The 

resulting DNA fragments, which vary in length from 150 to 1500 bp, were separated by means of 

an Agilent 2100 Bioanalyzer (Agilent Technologies, USA), based on capillary electrophoresis.  

The 2100 Expert Software (Agilent Technologies) was used to digitalize the ARISA fingerprints, 

resulting in electropherograms in ASCII formats which were processed using the StatFingerprints 

package in the 2.13.0 version of the R project (The R Foundation for Statistical Computing, Vienna, 

Austria). 

1.13 SHOTGUN DNA METAGENOME SEQUENCING 

The DNA samples were quality checked on agarose gel and quantified using the fluorescence method 

ds QuantiFluor® system (Promega, Netherlands). The Illumina Nextera XT kit was used for library 

preparation and the 100 bp PE sequencing kit was used. Samples were sequenced on the Illumina 

Hiseq 4000 to generate between 5 and 10 million PE reads per sample. 

Fastq sample files were quality filtered using the Fastq-mcf tool with the following settings, -l 50 -

q30 -w 4 -x 10 --max-ns 0. Quality filtered forward and reverse reads were submitted to the Kaiju 

web server for taxonomic assignments (54). For read classification, Kaiju finds maximum (in-)exact 

matches on the protein-level using the Burrows–Wheeler transform which reaches a higher 

sensitivity and similar precision compared with other k-mer-based classifiers. Sequences were also 

submitted to the MG RAST server for taxonomic and functional annotation (55). 

1.14 DILUTION PLATING AND FUNGI ISOLATION  

First, leaf wash suspensions were used undiluted or diluted 10-fold and spread onto two types of 

solid media for fungi (mainly molds) isolation including Malt Extract Agar (MEA) (56) and Czapek 

dox pH 5 (56). Second, fungi were purified from 869 rich media plates pH 7 (57), 1/10 rich LB plates 

pH 7 (58) and from minimal medium YMAb284 plates pH 7 (adapted from (59), (60,61)). Third, 

enrichment cultures were set-up in which 1 ml of leaf wash suspensions of Bóbrka were added to 

250 ml Erlenmeyers with 100 ml of Bushnell-Haas medium pH 7 (62) containing 0.1 % (w/v) diesel-

related aromatic pollutants as sole C-source including: diesel, BTEX (mix of Benzene, Toluene, 
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Ethylbenzene, o-Xylene, m-Xylene and p-Xylene), PAH (Naphthalene, Fluorene and Phenanthrene), 

phenol and n-Hexadecane. Pollutants were spiked into the medium or added in Eppendorf tubes 

taped into the Erlenmeyer flask for gas phase exposure. Cultures were diluted each three weeks 

(1:50) and after four transfers, aliquots were spread onto MEA and Czapek dox agar. All plates were 

incubated at 23°C for two to four weeks. 

Fungi picked up from the plates were grown on MEA, Czapek dox agar, Ingestad medium (63) and 

a specific Guaiacol lignin medium (64). MEA and Czapek dox are rich media, while Ingestad is a 

minimal medium containing only macro- and micro-nutrients and to which diesel was added up to 

0.0025% as the sole carbon source. The Guaiacol lignin medium (64) was used to facilitate the 

selection of fungi that produce enzymes such as laccases and peroxidases. The guaiacol added to 

the medium acts as a colorimetric indicator with a red halo around the fungus indicating the action 

of laccase-like enzymes that are produced. 

1.15 DNA EXTRACTION OF FUNGAL ISOLATES AND GENOTYPIC IDENTIFICATION  

The fungal isolates were cultivated in liquid MEA medium (pH 5) in 12-well plates for one week prior 

to DNA extraction. Next, DNA was extracted using the PowerSoil® DNA Isolation Kit (Mo Bio 

Laboratories Inc., California, USA) and the E.Z.N.A.® Fungal DNA Mini Kit (Omega Bio-Tek, Inc., 

Norcross, Georgia, USA), according the manufacturer’s recommendations. Subsequently, a PCR 

reaction was performed using the primer pair ITS1F (5’-CTT GGT CAT TTA GAG GTA A-3’) and ITS4R 

(5’- TCC TCC GCT TAT TGA TAT GC - 3’) to span the entire ITS1-5.8S-ITS2 region in the genome of 

the fungi. Additionally, the primer pair TEF1-108F (5’- GAY TTC ATC AAG AAC ATG AT-3’) and TEF1-

1620R (5’- GAC GTT GAA DCC RAC RTT GTC-3’) was used to allow finer-level taxonomic resolution 

of the clades Fusarium and Penicillium. 

To perform the PCR amplification, a mastermix was made for each primer pair containing 5.5 µl 

FastStart 10x reaction Buffer with MgCl2, 1 µl dNTP mix, 2 µl of each Forward and Reverse Primer 

(0.1 mM), 0.25 µl FastStart HiFi polymerase (Roche Applied Science, Mannheim, Germany), 38.25 

µl RNAse free water and 1 µl of 10-1 diluted template DNA (2 – 60 ng µl-1). The PCR conditions 

included an initial denaturation step of 2 min at 95°C, followed by 40 cycles of denaturation at 95°C 

for 30 s, annealing at 55°C for ITS/ 50°C for TEF1 primer, extension of the amplicon at 72°C for 1 

min and a final extension of 10 min at 72°C (Biorad T100, Bio-Rad Laboratories N.V., Temse, 

Belgium). The length of the amplicons was checked by gel electrophoresis before sending them for 

sequencing to Macrogen (Amsterdam, Netherlands).   

1.16 ENZYME ASSAYS  

Because it was expected that fungi in the phyllosphere could use similar mechanisms to degrade 

airborne AHs as fungi in soils, enzyme activities for laccase and peroxidase enzymes were 

determined. 

To test laccase and total peroxidase enzyme activities of the epiphytic fungi of Bóbrka and Warsaw, 

the fungi were first grown in liquid Kimura medium (pH 5). One plug of the fungi was added in a 

100 ml Erlenmeyer containing 20 ml Kimura medium and incubated at 23°C for two weeks static. 
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After this period of growth, the enzyme activities were measured each 48 hours using a FLUOstar® 

Omega Plate reader (BMG LABTECH Inc., Ortenberg, Germany). The fungi Clitocybe dealbata, 

Clitocybe nebularis and Ganoderma sp. (42) which are all basidiomycetes and known to produce 

laccase and peroxidase enzymes were included as positive controls. The laccase enzyme activity was 

determined spectrophotometrically by monitoring the oxidation of 1 mmol.L-1 2,6-dimethoxyphenol 

(DMP) to 2,2’,6,6’-dimethoxydiphenoquinone in 100 mM sodium acetate buffer, pH 5. For a final 

reaction sample of 200 µl, 10 µl of the culture supernatant was added to 186 µl of the sodium acetate 

buffer and lastly 4 µl of a 50 mM DMP was added, hereafter the activity was directly measured during 

1 min, using a FLUOstar® Omega Plate reader set to a wavelength of 468 nm. Laccase enzyme 

activities were expressed in µU.L-1 (ε468 nm: 49 600 M−1.L.cm−1) (65).  

The total peroxidase enzyme activity was determined using 0.5 mM o-dianisidine as a substrate for 

oxidation in the presence of 4 mM H2O2. The activity was determined in a final reaction sample of 

200 µl containing 100 µl acetate buffer (100 mM, pH 5), 39 µl H2O, 26 µl of 4 mM H2O2, 10 µl of the 

culture supernatant and lastly added, 25 µl of a 4 mM o-dianisidine stock (dissolved in absolute 

ethanol). After adding the o-dianisidine, absorbance was directly measured for 1 min at 445 nm. 

The peroxidase enzyme activities were expressed in micro units per liter medium (µU.L-1) (ε445 nm: 

47 665 M−1.L.cm−1) (66).  

1.17 FUNGAL HYDROXYL RADICAL PRODUCTION ASSAY 

Fungal hydroxyl radical production was determined by measuring the oxidation of the substrate 

terephthalate to hydroxylterephthalate (67). Fungi isolated from the phyllosphere of Bóbrka and 

Warsaw and the three positive controls were cultivated in 100 ml Erlenmeyers with 20 ml liquid MEA 

medium, in triplicate, for one week at 23°C. After one week, the mycelia were washed with Ingestad, 

the old medium was pipetted out and the Ingestad medium was added and left for one hour. After 

one hour, the media was taken out and 5 ml of Ingestad with glucose (0.52 g.L-1) and 2.5 mM 

terephthalate was added to the Erlenmeyers. Form each Erlenmeyer 100 µl of the culture 

supernatant was pipetted in a 96-well plate to measure the absorbance using a FLUOstar® Omega 

Plate reader at 311 nm. Measurements were done after one hour and then each day for one week. 

Blanks were subtracted from the measurement data and results were expressed as area under the 

absorbance versus time curve (AAT). 

1.18 MAH & PAH TOLERANCE TESTS 

The four most promising epiphytic fungi selected after conducting the enzyme tests and the two 

fungi that were considered as positive controls (C. dealbata and C. nebularis) were used to conduct 

an AH exposure and tolerance experiment. To assess the tolerance of the fungi to the AHs, fungal 

growth was measured regularly after exposure to naphthalene and benzene. First, fungi were grown 

on plates with Ingestad medium containing 2.5 g.L-1 fructose and 2.5 g.L-1 glucose as carbon source. 

When the fungi reached a diameter of 2 cm they were exposed to gaseous naphthalene (10 ppmV) 

and benzene (9000 ppmV). For each fungus three replicates were used for the control group and 

three for the exposed group. The diameter of the fungi on the plates was measured the day of 

exposure and then each two days for up to 11 days. Calculations in Excel were used to determine 

the pollutant effect on the growth rate of the fungi.  
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1.19 NAPHTHALENE AND BENZENE AIRBORNE POLLUTANT DEGRADATION EXPERIMENTS 

To assess if the four fungi selected in the previous experiments could degrade aromatic pollutants, 

a static experiment in closed 500-ml Erlenmeyers with solid media was performed. First, the selected 

fungi were grown on solid media in two batches, one with Kimura medium (pH 5) and one with 

Ingestad medium containing 2.5 g.L-1 fructose and 2.5 g.L-1 glucose (pH 5) in Erlenmeyers with two 

necks and closed with mininert stoppers with sampling valves. Each batch was again divided based 

on the growth rate of the fungi in slow-growing and fast-growing. After two weeks of cultivation, 

when the fungi reached a diameter of approximately 5 to 8 cm, the fast-growing fungi were exposed 

to naphthalene (10 ppmV) and benzene (9000 ppmV) in the air-phase. After reaching the desired 

mycelium size (5 – 8 cm) the slow-growing fungi were also exposed to these contaminants.  

For each batch of Erlenmeyers, four only medium controls were included. Additionally, controls for 

the a-specific absorption of the contaminants were included to determine the amount of contaminant 

that was absorbed in the mycelium of the fungi. This was done by spraying a CuSO4 solution (300 

mM) on the fungi to make them metabolically inactive.  

After two weeks of exposure to the contaminants, the naphthalene and benzene concentrations and 

possible degradation products in the air-phase were measured using Proton-Transfer-Reaction Time-

Of-Flight mass spectrometry (PTR-TOF-MS).  

1.20 PTR-TOF-MS DATA ANALYSES 

VOCs were detected in real-time through proton transfer reactions occurring between the H3O+ ions 

produced within the ion source and the sample gas inserted into the drift tube (68). The drift tube 

is kept under controlled conditions of pressure (2.3 mbar), temperature (50 °C) and voltage (600 

V) resulting in a field density ratio (E/N) of ≈130 Td (E being the electric field strength and N the 

gas number density; 1 Td = 10−17 V cm2). After a performed proton transfer reaction, protonated 

ions are extracted from the drift tube and pulsed every 30 µs to the orthogonal time-of-flight region 

to be separated according to their m/z ratio in the time-of-flight before being detected in conjunction 

with a multi-channel-plate (MCP) and a time-to-digital converter (TDC) (Burle Industries Inc., 

Lancaster, PA, USA).  

Raw 10 Hz time series of high resolved full mass spectra ranging between 1 and 315 m/z were 

continuously acquired by the TofDaq software (Tofwerk AG, Switzerland) and stored in hdf5 file 

format in 6-min time periods (69). After acquisition, each file was post-processed by the routine 

programs of a software designated for PTR-TOF-MS data analysis (68). This allowed an accurate 

mass scale calibration and peak detection through peak shape analysis, iterative residual peak 

analysis to detect multiple isobaric peaks per unit m/z, and quantification of the fitted peak areas 

corresponding to ion signal intensities based on the 6-min sum spectra. In addition, this software 

performs post-analysis quality assurance checks of the whole outcome produced. 
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1.21 PTR-TOF-MS DETERMINATION OF VOC CONCENTRATIONS 

Theoretical absolute concentrations of VOCs were determined from PTR-TOF-MS measurements via 

the first order kinetic reaction (70) after applying the correction for sample humidity (71) and for 

the effect of the duty cycle as proposed by Cappellin et al. (72). 

 

The concentrations [VOC˙H+] and [H3O+] are signal ion rates corresponding to the protonated VOC-

ions and the primary ion, respectively; τ is the reaction time of [H3O+] in the drift tube; k is the 

reaction rate coefficient between VOC and H3O+ according to the tabulation provided by Cappellin et 

al. (72). When a k for a specific VOC was not available, a standard value of 2*10−9 cm3 s−1 was used 

(72). The [H3O16
+] concentration at m/z = 19.018 was calculated from the natural isotope [H3O18

+] 

measured at m/z = 21.022. 

The background signal of the PTR-TOF-MS was quantified via an automated system of switching 

valves that introduced VOC-free air, generated by a commercially available gas calibration unit 

(Ionicon, Innsbruck, Austria) for 6 min every 6 h and the resulting average value was subtracted 

from all the previously recorded data.  

1.22 GC-MS DATA ANALYSIS 

VOCs were also measured using Gas Chromatography Mass Spectrometry (GC-MS). For this we used 

a 30 meter capillary column DB5-MS, 0.25 mm internal diameter with a film thickness of 0.25 µm 

(Agilent Technologies). The GC MS parameters used were: 1 µl injection by the TriPlus RSH-

autosampler (Thermo Scientific), 30 s splitless mode at 280 °C and split flow at 50 ml min-1. The 

column temperature was initially 35°C for 1 min, then gradually increased to 245°C at 15°C.min-1. 

The MS conditions were a scan at 33-100 in 0.2 seconds for benzene and 33-150 in 0.3 seconds for 

naphthalene. The GC used was a Trace 1310 gas chromatograph (Thermo Scientific) and the MS 

was a ISQ LT Single Quadrupole Mass Spectrometer (Thermo Scientific). The mass spectra of 

individual total ion peaks were identified by comparison with the NIST mass spectra database. 

1.23 FDA ASSAY 

To examine the metabolic activity of the fungi after the AH degradation experiment, a fluorescein 

diacetate (FDA) hydrolysis analysis was conducted. Two plugs of fungi were added to 10 ml sodium 

phosphate (60 mM) buffer, 100 µl of FDA solution (2 mg.ml-1) was added and the mixture was 

incubated while shaking for one hour at 37°C (73). In order to stop the reaction, 400 µl of acetone 

was added. The mixtures were filtered and the absorbance of the filtrate was measured at 490 nm 

using a FLUOstar® Omega Plate reader.  
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1.24 FUNGAL PATHOGENICITY IN VIVO PLANT TEST  

To verify that the selected fungi did not incur pathogenic effects on plants (as they were isolated 

from healthy plants), common Ivy (Hedera helix) was inoculated with the fungi. For each of the four 

fungi, one ivy plant was used and six leaves per plant were inoculated with the fungi by gently 

pressing the leaves against the mycelia of the fungi on solid medium. After two weeks, plant health 

was assessed visually by scoring leaf morphology, color and turgor. 

1.25 STATISTICAL ANALYSIS 

All statistical analyses were performed using the 3.2.3 version of R (The R Foundation for Statistical 

Computing, Vienna, Austria) and the 2.13.0 version of R was used to edit ARISA fingerprints.  

For univariate datasets such as the enzyme tests, the tolerance test and the FDA assay, ANOVA and 

Student’s t test were used if the data were normally distributed and homoscedastic. Post hoc 

analyses for two by two comparisons were performed using Tukey’s honest significant differences 

tests. If the data was not normally distributed, log transformation of the data was done and normality 

was again checked using the Shapiro-Wilk test. Homoscedasticity of variances was checked using 

Bartlett’s test. If the data was still not normally distributed the nonparametric Kruskal-Wallis test 

was performed followed by a post hoc analysis using the Pairwise Wilcoxon Rank Sum Test.  

Multivariate statistical techniques were applied on the ARISA fingerprints. These were analyzed using 

non-metric multidimensional scaling (NMDS) with the Bray-Curtis distance metric. Analyses of 

similarity (ANOSIM) was performed to evaluate significant differences between groups with 

multivariate data. 
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RESULTS  

1.26 EPIPHYTIC FUNGAL COMMUNITY STRUCTURES 

Automated Ribosomal Intergenic Spacer Analyses was carried out to compare fungal communities 

inhabiting the phyllosphere of hornbeam leaves sampled in different polluted areas in Poland. 

Precisely, leaves were sampled from the crude-oil contaminated area of Bóbrka, the city center of 

Warsaw and the non-polluted National Park of Białowieża. NMDS-analysis with the Bray-Curtis 

distance metric was used to analyze the fingerprints obtained from ARISA analyses (Figure 6), with 

a probability ellipse (standard deviation, p = 0.68) for each different site.  

A significant difference was observed between the fungal communities inhabiting the phyllosphere 

of the hornbeam trees growing in the non-polluted Białowieża National Park and in the polluted city 

center of Warsaw (ANOSIM; R = 0.8, p = 0.001). Furthermore, the phyllospheric fungal communities 

of Białowieża and Bóbrka showed differences of their fungal communities (ANOSIM; R = 0.45, p = 

0.001). Although, the differences between these communities were less remarkable. A bigger inner 

variation was noticed in the fungal communities of the phyllosphere of Bóbrka in comparison to the 

other sampling areas. Fungal communities on each subsite within the Białowieża National Park 

appeared to differ less than for the other sites. Hence, in Białowieża the smallest between biological 

sample variation was seen. In addition, differences were visible for the phyllospheric fungi of Bóbrka 

and Warsaw, however the separation between these communities was less strong (ANOSIM; R = 

0.33, p = 0.001).  

 

Figure 6. NMDS-analysis of the fungal ARISA fingerprints with the Bray-Curtis distance metric (stress = 

0.17) of the Białowieża National Park, the crude-oil contaminated site of Bóbrka and the city center of Warsaw. 

Probability ellipses (standard deviation, p = 0.68) are shown for each site.  



 17 

1.27 TOTAL AND CULTIVABLE PHYLLOSPHERIC FUNGAL COMMUNITIES ASSOCIATED WITH 

HORNBEAM  

Illumina Shotgun Sequencing was performed to investigate the total epiphytic community 

composition of leaves sampled from the different sites. Metagenome data obtained from shotgun 

sequencing was processed using Kaiju, a fast and sensitive metagenome taxonomic classification 

program. For each site, more than half of the reads were classified (Table 2). From these classified 

reads, the highest relative abundance of fungi could be found in the phyllosphere of Bóbrka (3.09%), 

followed by Warsaw (1.41%) and last, Białowieża (0.81%). The annotated phyllosphere of each site 

was clearly dominated by bacteria.  

Table 2. Metagenome classification information for each of the three sampling sites. 

Site Classified reads (%) Fungi (%) Bacteria (%) 

Białowieża 69.01 0.81 98.43 

Bóbrka 58.40 3.09 95.87 

Warsaw 59.44 1.41 97.57 

 

Relative abundances of the fungal genera for each sampling site are presented in Figure 7A. A cut-

off value of 1.0% was set, all genera having a relative abundance greater than or equal to 1.0% are 

presented. The classified fungal genera, with a relative abundance ³0.1%, belonged to the classes: 

Dothideomycetes, Sordariomycetes, Leotiomycetes, Taphrinomycetes and Tremellomycetes. All 

these fungal classes belong to the phylum Ascomycota except for the latter one which belongs to 

the phylum Basidiomycota. Relative abundances (³0.1%) of the fungi belonging to the class 

Tremellomycetes (Kwoniella, Tremella and Xanthophyllomyces), were only detected in the 

phyllosphere of Bóbrka.   

Overall epiphytic fungal communities seemed more diverse in Białowieża and Bóbrka compared to 

phyllosphere communities of Warsaw. The phyllosphere of Warsaw was clearly dominated by 

members of the genus Aureobasidium, with a relative abundance of 44.17%. Fungi belonging to the 

genus Aureobasidium were also present, although to a lesser extent, in the phyllosphere of 

Białowieża (8.72%) and in Bóbrka (1.1%). Additionally, the genus Taphrina, also detected on all 

sites, had the highest relative abundance in Bóbrka (6.68%). Though, phyllospheric communities 

are more diverse in Białowieża and Bóbrka, the community composition and relative abundances of 

fungal genera also differ greatly when comparing the two sites.  

The relative abundances of the phyla Ascomycota and Basidiomycota (Figure 7B) present on the 

leaves of the hornbeam trees on each site differed greatly. Warsaw had the greatest relative 

abundance of Ascomycota (88%), followed by Białowieża (73%) and last, Bóbrka had the lowest 

relative abundance (57%). Bóbrka had the highest relative abundance of epiphytic basidiomycetes 

(43%) compared to the other sites. Remarkably, no basidiomycetes with a relative abundance ³0.1% 

could be detected in the phyllosphere of Białowieża and Warsaw. Even though the relative abundance 

of basidiomycetes in the phyllosphere of Bóbrka is high, the phyllospheric fungal communities on 

each site are still dominated by fungi belonging to the phylum Ascomycota.  



 18 

 

Figure 7. Total epiphytic fungal communities. (A) Relative abundances of classified fungal genera, with a 

cut-off value of ≥ 1.0%, (B) relative abundances for Ascomycota and Basidiomycota in the phyllosphere, for 

each site: the non-polluted National Park of Białowieża and the two polluted areas Bóbrka and Warsaw.  
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The cultivable phyllospheric fungi isolated from the phyllosphere of the crude oil-contaminated area 

of Bóbrka and the city center of Warsaw were all classified as Ascomycota. These belonged to the 

classes: Dothideomycetes, Eurotiomycetes, Sordariomycetes (Table 3). Fungi belonging to the 

genera Alternaria, Aureobasidium and Fusarium, detected in the phyllosphere after metagenome 

analysis, could also be cultivated. The genera Alternaria and Fusarium were detected in the 

metagenome of the phyllosphere of Bóbrka. Though, their relative abundances were lower than 

1.0%. The fungus Aureobasidium pullulans, detected with the highest relative abundance (44.17%) 

in Warsaw, could only be cultivated form leaf wash samples of Warsaw.  

Table 3. Overview cultivated epiphytic fungi from Bóbrka and Warsaw. 

Site Class Genus Species Strains 

Bóbrka Dothideomycetes Alternaria alternata AT7; AT13; AT14; AT28 

 Dothideomycetes Cladosporium sp. AT23; AT33 

 Sordariomycetes Fusarium lateritium AT6 

 Sordariomycetes Fusarium sporotrichiodes AT8; AT11; AT35 

 Sordariomycetes Fusarium avenaceum AT5; AT17; AT18; AT21 

 Sordariomycetes Fusarium proliferatum AT22 

 Sordariomycetes Fusarium graminearum AT30; AT31; AT36 

 Dothideomycetes Lophiostoma sp. AT37 

 Eurotiomycetes Penicillium citrinum AT12; AT14; AT26; AT27; AT32 

 Eurotiomycetes Penicillium sp. AT10 

 Dothideomycetes Phoma herbarum AT15; AT16 

 Sordariomycetes Sarocladium strictum AT4 

Warsaw Sordariomycetes Acremonium  frucatum AT3 

 Dothideomycetes Aureobasidium pullulans AT2; AT20; AT25 

 Dothideomycetes Cladosporium sp. AT1 
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1.28 ENZYME ASSAYS 

The cultured epiphytic fungi were investigated for laccase and peroxidase enzyme production since 

it was speculated that the epiphytic fungi might use these enzymes to degrade AHs. Three fungi 

were used as positive controls: Clitocybe dealbata, Clitocybe nebularis ST1 and Ganoderma sp. UH-

M, these are all basidiomycetes producing ligninolytic enzymes including laccase and peroxidase 

(42). 

 

Figure 8. Time course analysis of (A) laccase and (B) total peroxidase enzyme production by epiphytic 

fungi in Kimura medium. Epiphytic fungi are indicated with different colored lines, positive controls (C. 

dealbata, C. nebularis ST1, Ganoderma sp. UH-M) are indicated in gray. The means ± SD of the enzyme activities 

for each fungus are shown.  

Among all the selected epiphytic fungal strains, F. sporotrichiodes AT11, P. herbarum AT15 and 

Lophiostoma sp. AT37 were able to produce laccase and peroxidase enzymes in Kimura medium. 

The activities of both enzymes were determined starting from the seventh day of incubation. 

Lophiostoma sp. AT37 had the relatively highest enzyme activity for laccase and began producing 

the enzyme after 10 days, with an enzyme activity of 7.2 µU.L-1 at its peak. For 14 days, the enzyme 

activity of laccase was stable and after this period it declined. The fungi P. herbarum AT15 and F. 

sporotrichiodes AT11 began producing the laccase enzymes after 19 and 27 days respectively, with 

enzyme activities of 3.62 µU.L-1 and 1.24 µU.L-1 (Figure 8A). No statistical significant differences 

were observed comparing laccase enzyme production for each fungus. However, the Ascomycete 

Lophiostoma sp. AT37 together with the basidiomycetes used as positive controls had the relatively 

highest laccase enzyme activities.  

In general, the enzyme activities for the total peroxidase enzymes and laccase enzymes produced 

by the epiphytic fungi were comparable. Though, the fungus Lophiostoma sp. AT37 began producing 

peroxidase enzymes later (19 days) compared to the production of laccase enzymes (10 days). In 
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addition, the peroxidase enzyme activity was slightly higher (7.49 µU.L-1). Fusarium sporotrichiodes 

AT11 already produced these enzymes after 7 days (3.46 µU.L-1). However, after 10 days no 

enzyme activity was detected anymore, enzyme production started again after 19 days. Peroxidase 

enzyme activities for the epiphytic fungi P. herbarum AT15 were higher with a peak activity of 2.28 

µU.L-1, compared to the laccase enzyme activity. For the peroxidase activity as well as for the 

laccase activity, the epiphytic fungus Lophiostoma sp. AT37 had the relatively highest enzyme 

activities compared to the other epiphytic fungi. Concerning the positive controls of the experiment, 

Ganoderma sp. UH-M seemed to have the highest peroxidase enzyme activity.  

1.29 HYDROXYL RADICAL PRODUCTION 

Besides laccase and peroxidase enzyme activities, hydroxyl radical production was determined for 

the epiphytic fungi cultured from the phyllosphere of Bóbrka and Warsaw. The three fungi used 

earlier as positive controls (C. dealbata, C. nebularis ST1 and Ganoderma sp. UH-M) were also 

investigated. The hydroxyl radical production for F. sporotrichiodes AT11 and Lophiostoma sp. AT37 

was significantly higher than for P. citrinum AT26 and P. herbarum AT15. Ganoderma sp. UH-M had 

the significantly highest hydroxyl radical production, hydroxyl radical production for C. dealbata and 

C. nebularis ST1 were lower compared to the other strains. 

 

Figure 9. Fungal hydroxyl radical production presented as the area under the absorbance (311 nm) versus 

time curve. Production of hydroxyl radicals by the epiphytic fungi isolated from Bóbrka and Warsaw together 

with the three fungi used earlier as positive controls (C. dealbata, C. nebularis ST1 and Ganoderma sp. UH-M) 

was measured for five days. Statistically significant differences between hydroxyl radical production by the 

different fungi are indicated with letters above each column, columns with a different letter are significantly 

different (p < 0.05).  
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1.30 MAH & PAH TOLERANCE TEST 

To assess the tolerance of the epiphytic fungi to naphthalene (10 ppm) and benzene (9000 ppm) an 

exposure experiment was performed. The most promising epiphytic fungi, selected in previous 

experiments for their possible ability to degrade MAHs and PAHs, were exposed to naphthalene and 

benzene. The net growth rate for each fungus was determined (Figure 10A). Growth assessment 

was ended when the fungal mycelia reached the Petri dish edge. For F. sporotrichiodes AT11 and P. 

herbarum AT15 measurements ended after seven days. Net growth rate of these two fungi was 

significantly lower when exposing them to the contaminants compared to the control conditions (P 

≤ 0.01). After two days of exposure, net growth rate still increased but a decline in growth rate was 

seen after five days for both fungi. The net growth after seven days for F. sporotrichiodes AT11 and 

P. herbarum AT15 is indicated in Figure 10B. After this period, the net growth was significantly 

more reduced for F. sporotrichiodes AT11 (P. ≤ 0.001) then for P. herbarum AT15 (P ≤ 0.01) after 

exposure. The fungi Lophiostoma sp. AT37 and P. citrinum AT26 had a lower growth in general. 

Though, net growth, after 11 days (Figure 10B), was significantly lower for Lophiostoma sp. AT37 

when exposed to naphthalene and benzene compared to the control condition (P ≤ 0.01). 

Nevertheless, it seemed that the growth rate for this fungus (Figure 10A) was not as much reduced 

(P ≤ 0.05) as for F. sporotrichiodes AT11 and P. herbarum AT15. When comparing control and 

exposed conditions for P. citrinum, it appeared that not only the growth for the exposed condition 

was very low, but also for the control condition.  

 

Figure 10. Tolerance test of epiphytic fungi, exposed to naphthalene and benzene, over time. The four 

selected epiphytic fungi are represented (A) by the colored lines, mean of the net growth rate per time point ± 

SD for three replicates are presented. A solid line indicates the control condition and a dotted line indicates the 

exposed condition for each fungus. (B) Net growth, at the last day of the growth assessment, for each fungus. 

Statistically significant differences are indicated after performing Student’s t-tests by: * (P ≤ 0.05), ** (P ≤ 

0.01) and *** (P. ≤ 0.001).  
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Tolerance to naphthalene and benzene of the fungi C. dealbata and C. nebularis ST1, previously 

used as positive controls for the enzyme tests, was also assessed. When comparing control and 

exposed conditions for C. nebularis (Figure 11B), it appeared that the net fungal growth, after 11 

days, was significantly affected after exposure to the contaminants (P ≤ 0.05). After five days of 

exposure, net growth rate (Figure 11A) declined and at day seven, net growth was significantly 

lower after exposure (P ≤ 0.01). After day seven, net growth rate of the exposed fungus, was even 

more declining. In contrast, the growth of the fungus C. dealbata appeared to be less affected by 

exposure to naphthalene and benzene compared to the control condition (Figure 11A and B).  

 

Figure 11. Tolerance test of C. nebularis ST1 and C. dealbata exposed to naphthalene and benzene. 

(A) Control conditions are indicated by solid lines and exposed conditions by dotted lines, mean of the net growth 

rate ± SD for three replicates are presented. (B) Net growth, at the last day of the growth assessment, for each 

fungus. Statistically significant differences are indicated after performing Student’s t-tests by: * (P ≤ 0.05) and 

** (P ≤ 0.01). 
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Remarkable was that the pigment production of the fungi F. sporotrichiodes AT11 and P. herbarum 

AT15 was altered after exposure to naphthalene and benzene (Figure 12). Fusarium sporotrichiodes 

AT11 produced dark pink to red pigments in the control condition on the Ingestad medium containing 

2.5 g.L-1 fructose and 2.5 g.L-1 glucose. However, when exposed to the contaminants the production 

of the red pigments stopped. Also, a decreased pigmentation was observed for the fungus P. 

herbarum AT15.  

Figure 12. Epiphytic fungi exposed to 

naphthalene and benzene in the tolerance test. 

Fungi were grown on Ingestad medium with 2.5 g.L-

1 fructose and 2.5 g.L-1 glucose, (A) the fungi F. 

sporotrichiodes AT11 and (B) P. herbarum AT15 for 

both the exposed (top) and control (bottom) 

conditions are shown.  

 

 

 

 

 

 

 

 

1.31 PTR-TOF EXPERIMENTS 

The isolated epiphytic fungi which produced the laccase and peroxidase enzymes and/or the hydroxyl 

radicals, were selected to assess their naphthalene and benzene degradation potential. Four 

replicates per fungi were grown static in closed 500 ml Erlenmeyers with solid medium in two 

batches: one with Kimura medium and one with Ingestad medium containing 2.5 g.L-1 fructose and 

2.5 g.L-1 glucose, including four only medium controls per batch. To determine the a-specific 

absorption of the contaminants in the mycelia of the fungi, two replicates for each fungus were 

submerged with a CuSO4 solution. After reaching the desired size (5 – 8 cm), fungi were exposed to 

naphthalene (10 ppmV) and benzene (9000 ppmV). Concentrations of naphthalene and benzene 

and their possible degradation products were measured using PTR-TOF-MS after two weeks.  

When comparing naphthalene concentrations for the fast-growing epiphytic fungi with the no fungus 

media controls no significant differences were observed (Figure 13A and C). A lower trend in 

naphthalene concentration was observed for the epiphytic fungus Lophiostoma sp. AT37, submerged 

in CuSO4 solution growing on solid Kimura medium (Figure 13B) compared to the no fungus media-

control. Benzene degradation by the selected fungi could not be determined because the spiked 

benzene concentrations were too high and could not be reliably measured by the PTR-TOF-MS.  
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Figure 13. Naphthalene degradation by epiphytic fungi. The naphthalene concentration (ppmV) measured 

using PTR-TOF-MS is shown for (A) the fast-growing epiphytic fungi and (B) the slow-growing fungi in the 

Erlenmeyers growing on Kimura medium and (C) the fast-growing fungi in the Erlenmeyers with Ingestad 

medium containing 2.5 g.L-1 fructose and 2.5 g.L-1 glucose. No fungus media-controls are indicated in gray. 

1.32 FDA ASSAY  

To assess the metabolic activity of the fungi, tested for naphthalene degradation, a FDA assay was 

performed. More specifically, to assess if the fungi, submerged with the CuSO4 solution, were indeed 

metabolically inactive. Metabolic activity (Figure 14) was indeed significantly lower, after adding the 

CuSO4 solution, for each of the fungi compared to the control condition. However, a low level of 

metabolic activity could still be detected.  

 

 

 

 

 

 

Figure 14. Fluorescein diacetate hydrolysis 

assay performed with the fungi F. sporotrichiodes, 

P. herbarum and P. citrinum. Statistically significant 

differences between control and CuSO4 conditions 

per fungus are indicated after performing Student’s 

t-test by ** (p ≤ 0.01).   
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1.33 GAS CHROMATOGRAPHY – MASS SPECTROMETRY 

Naphthalene concentrations were determined, using GC-MS, two weeks after performing the PTR-

TOF-MS measurements. The slow-growing fungi of the first batch, growing on Kimura medium and 

the fast-growing fungi of the second batch, growing on Ingestad medium were selected. It appeared 

that the naphthalene concentration for the epiphytic fungus Lophiostoma sp. AT37 (Figure 15A) 

exposed to the CuSO4 solution was significantly lower than the control condition (P ≤ 0.05). This 

significant reduction in naphthalene concentration was also seen for the basidiomycete C. nebularis 

ST1. No significantly differences in naphthalene concentration were observed for the fungi F. 

sporotrichiodes AT11 and P. herbarum AT15. Though, a lower trend in naphthalene concentration is 

visible for P. herbarum AT15, especially for the CuSO4 exposed condition. 

 

Figure 15. Gas Chromatography–Mass Spectrometry (GC-MS) measurement of naphthalene 

degradation by (A) the epiphytic fungus Lophiostoma sp. AT37 and the two fungi previously used as positive 

controls: C. nebularis and C. dealbata, growing on Kimura medium and (B) the epiphytic fungi F. sporotrichiodes 

AT11 and P. herbarum AT15, growing on Ingestad medium containing 2.5 g.L-1 fructose and 2.5 g.L-1 glucose, 

with shaded bars indicating the CuSO4 exposed condition. No fungus media-controls are indicated in gray. 

Statistically significant differences are indicated after performing one-way ANOVA by: * (P ≤ 0.05). 
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1.34 PATHOGENICITY 

Ivy plants were used to test pathogenicity of the most promising isolated epiphytic fungi. The fungi 

F. sporotrichiodes AT11, P. herbarum AT15, P. citrinum AT26 and Lophiostoma sp. AT37 were used 

to inoculate non-sterilized ivy plant leaves. Plants were hosted in a green house and watered 

regularly. Two weeks after inoculation with the fungi, ivy leaves were still looking healthy (Figure 

16) in comparison to the not inoculated. No evidences of pathogenicity by the fungi could be detected 

after two weeks. The ivy plants in pots, one of them used for each different fungus, were still looking 

healthy and were growing.  

 

Figure 16. Plant pathogenicity test of epiphytic fungi. The state of the ivy leaves at the beginning of 

inoculation (1) and after two weeks (2) are shown for (A) F. sporotrichiodes AT11, (B) P. herbarum AT15, (C) P. 

citrinum AT26 and (D) Lophiostoma sp. AT37.   
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DISCUSSION 

Naphthalene (PAH) and benzene (MAH) are pollutants mainly present in the exhaust of diesel fueled 

cars and are therefore principal urban air pollutants. Exposure to these compounds is inevitable 

because of their ubiquitous presence, recalcitrant nature and persistence in the environment. 

Aromatic hydrocarbons pose a threat for human health and therefore, strategies to reduce these air 

pollutants and improve air quality are necessary. Plants and their microbiome may offer a cheap, 

sustainable and green alternative to traditional chemical and physical remediation approaches (23). 

Our study hypothesized that the epiphytic fungi on leaves of hornbeam trees in a crude oil-

contaminated area could degrade airborne AHs. We used Illumina Shotgun sequencing, Sanger 

sequencing, Automated Ribosomal Intergenic Spacer Analysis (ARISA) and Proton-transfer-reaction 

time-of-flight mass spectrometry (PTR-TOF-MS) to explore the taxonomical diversity and the AH 

degradation abilities of epiphytic fungal communities.  

First, we taxonomically characterized the fungal communities living on the leaves of hornbeam trees. 

Second, we screened some representatives of the fungal community for their ability to degrade air-

borne pollutants and production of catabolic enzymes involved in the degradation processes. Third, 

we tested the potential fungal pathogenicity on model ivy plants. This study presents for the first 

time insights about the fungi associated with hornbeam leaves and if and how some fungal species 

can assist the host in degrading naphthalene and benzene. Characterization of good degraders might 

pave the way for future effective bioremediation applications.  

1.35 TOTAL AND CULTIVABLE EPIPHYTIC FUNGAL COMMUNITIES 

Air pollution might play a role in shaping epiphytic fungal communities on hornbeam leaves. Our 

study shows how air pollution seems to significantly change the fungal community composition. We 

had significant evidence of the variability comparing fungal communities, living on leaves of 

hornbeam trees in two differently polluted areas: the crude oil-contaminated area of Bóbrka and the 

city center of Warsaw and the non-polluted Białowieża National Park.  

ARISA DNA fingerprinting analysis showed that epiphytic fungal communities from Białowieża 

differed the most form the fungal communities in the phyllosphere of Warsaw and differed less from 

those in Bóbrka. In fact, fungi in the phyllosphere of Bóbrka could already have adapted to the 

polluted condition, more than the phyllospheric fungi in Warsaw. In Bóbrka, a massive crude oil 

contamination has already been present since the last glacial period (50). Another factor that might 

explain the community diversity among sites is that the petroleum site of Bóbrka is situated in a 

forest where there is a larger and more diverse community of trees, whereas in the city center of 

Warsaw, hornbeam trees are planted in parks and along roadsides. According to Jumpponen and 

Jones (27) reasons that might explain of the observed differences in fungal community structure 

include: genetic variation of the hosts, stand structure and size (single or clustered trees, rows, 

hedges…) properties of the soil and nutrient availability, differences in management. However, little 

is known about these factors influencing microbial communities and investigations are still ongoing. 

Although, Bobrka and Bialowieza are differently polluted areas they are still basically two forest-like 
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ecosystems and with some traits more similar in comparison to a city-center ecosystem. This might 

be a reason why fungal communities in Bialowieza and Bobrka are less different then when 

comparing Warsaw and Bialowieza. Even though, Bobrka is highly contaminated by hydrocarbons 

(more in the solid than in the air phase).  

Characterization of total epiphytic fungal communities, using Illumina Shotgun sequencing, 

showed also an interesting trend of diversity in community composition among the different sites. 

Metagenome analysis and taxonomic identification of the phyllosphere fungal communities was 

performed using Kaiju, classified fungal genera with a relative abundance higher than or equal to 

1.0% were investigated. The fungal phyllosphere communities of Białowieża and Bóbrka seemed 

more diverse than Warsaw ones when comparing relative abundances of classified fungal genera (≥ 

1.0%). The phyllosphere of Warsaw was mainly dominated by the fungal genus Aureobasidium. This 

genus was also present in the phyllosphere of the other two sites, but to a lesser extent. Fungi 

belonging to the genus Taphrina were found in all three sites and the genus Alternaria in two sites: 

Białowieża and Warsaw. A study by Jumpponen and Jones (27) on the fungal phyllosphere 

communities in temperate regions indicated these three fungal genera as frequently present on 

leaves.  

Most dominant colonizers of the hornbeam phyllosphere are bacteria. However, when the 

environment is contaminated by hydrocarbons, fungi seem to be more abundant in the polluted 

areas compared to the non-polluted area. The relative abundance of bacteria seemed lower in the 

polluted areas which might indicate that bacteria are more sensitive to air pollution. A study by 

Brighignal (34) also indicated that fungi are less affected or less sensitive to air pollution than 

bacteria. This might explain the trend of a higher relative abundance of fungi in the phyllosphere of 

the polluted areas compared to a lower abundance on leaves from the National Park of Białowieża.  

Fungi were isolated and cultivated from leaf wash samples originating from the crude oil-

contaminated area of Bóbrka and locations near the city center of Warsaw. The polluted areas were 

selected for isolation of fungi, because it was expected that these sites might harbor more fungi 

capable of degrading airborne pollutants (35). We mainly focused on the phyllosphere of the 

petroleum site of Bóbrka, because it was expected that on this site the chance of finding a fungus 

that could degrade AHs was high, due to the thousands of years of crude oil permeation through the 

soil. Even when sampling on this site the scent of the pollutants, volatile and semi-volatile organic 

compounds, was noticed in the air.  

Metagenome analysis suggested that fungal communities, from all sampling sites, were dominated 

by fungi belonging to the phylum Ascomycota. Jumpponen and Jones (27) also observed a 

dominance of Ascomycetes in the phyllosphere of temperate regions. Remarkably, all fungi isolated 

and cultivated from leaf wash samples, belonged to the phylum Ascomycota, no basidiomycetes had 

been cultivated. Even no basidiomycetes were cultivated from the leaf wash samples from the site 

of Bóbrka, which had the highest relative abundance of basidiomycetes (43%) compared to the 

other sites. However, this might depend on the isolation and culturing methods used. Common 

media (MEA, Czapek dox) were used for cultivation, to obtain a fungal population as large as possible 
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for further experiments. According to Thorn (64), basidiomycetes are challenging to be isolated 

because ascomycetes can produce large numbers of spores which can outgrow basidiomycetes on 

traditional culture media.  

Among the commonly present phyllospheric fungal genera, fungi belonging to the genera Alternaria, 

Aureobasidium and Cladosporium (27), were cultivated from leaf wash samples. Besides these, fungi 

of the genera Fusarium, Lophiostoma, Penicillium, Phoma, Acremonium and Sarocladium were also 

cultured.  

Isolated epiphytic fungi were further investigated if they possessed the mechanisms expected to be 

used in the degradation of AHs and if they could indeed degrade these airborne pollutants. The fungi 

Alternaria, Cladosporium and Sarocladium were not selected for further experiments, after 

consulting with prof. dr. François Rineau, because of the pathogenic properties they can exert on 

plants and the adverse effects the can have on human health (74–76).  

1.36 AH DEGRADATIVE ENZYMES AND METABOLITES. 

We still have little understanding about which enzymes are present in epiphytic phyllospheric fungi 

to degrade aromatic hydrocarbons, or which other mechanisms are used (for example radical 

production). Therefore, the most important enzymes known to break down AHs in basidio- and 

ascomycetes, including laccase and peroxidase enzymes, were investigated. Laccase and peroxidase 

enzymes are excreted by fungal cells into the environment and have a low substrate specificity, 

which makes them suitable for degrading various organic pollutants including AHs (77).  

Laccase enzymes, which are also called multicopper oxidases, catalyze a four-electron-reduction 

of molecular oxygen to water and simultaneously oxidize a substrate. By using this mechanism they 

are able to oxidize various substrates including AHs (78). Peroxidases including lignin peroxidases 

which contains an iron protoporphyrin IX in their catalytic center and manganese peroxidases. Are 

enzymes requiring hydrogen peroxide (H2O2) as electron accepting co-substrate to catalyze 

oxidation reactions. Lignin and Manganese peroxidases are the two main ligninolytic enzymes used 

by white-rot fungi known to degrade various organic compounds (77). Several ascomycetes are 

known to produces some of these peroxidases, however, these enzymes are only little studied in 

ascomycetes (79).  

The epiphytic fungi Lophiostoma sp. appeared to have the highest enzyme activities for both laccase 

and peroxidase enzymes compared to the other isolated epiphytic fungi. Enzyme activities of 7.2 

µU/L for laccase and a peroxidase enzyme activity of 7.49 µU/L were detected. The fungi F. 

sporotrichiodes AT11 and P. herbarum AT15 were also able to produce these enzymes. However, 

enzyme activities for these two fungi were lower.  

The fungi C. nebularis, C. dealbata and Ganoderma sp. were used in the enzyme tests as positive 

controls. C. dealbata had a peak enzyme activity of 28.8 µU/L, which was comparable to the enzyme 

activity of C. nebularis with a peak activity of 26.4 µU/L. Ganoderma sp. had a laccase enzyme 

activity of 11.8 µU/L. A study by Torres presented evidence of laccase enzyme production by 
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Ganoderma sp. with enzyme activities of between 42.2 and 424.3 U/L. Laccase Enzyme activities 

tested here for Ganoderma sp. were lower.  

Lower enzyme activities might be explained by the type of medium used to culture the fungi. Torres 

used the SB-U medium with sugarcane molasses as carbon source which induces ligninolytic enzyme 

production (80). Sugarcane molasses is a byproduct of sugar production, it contains nutrients 

necessary for fungal growth. Additionally, it contains phenolic acids and aromatic compounds derived 

from lignin that stimulate production of ligninolytic enzymes (42). The medium that was used in our 

experiments was the Kimura medium (20 g/L glucose, 5g/L peptone, 2 g/L yeast extract, 1 g/L 

KH2PO4 and 0.5 g/L MgSO4.7H2O). Enzyme production might have been higher if aromatic 

compounds were added to the medium as in the SB-U medium.  

Besides the ligninolytic enzymes, production of hydroxyl radicals by fungi is a possible mechanism 

to degrade organic pollutants. Hydroxyl radicals are produced extracellularly by Fenton chemistry 

and redox cycling of quinones and are extremely powerful oxidants (81,82). Fungal hydroxyl radical 

production of the cultured epiphytic fungi was determined by spectrophotometrically measuring the 

oxidation of the substrate terephthalate to hydroxylterephthalate. The epiphytic fungi F. 

sporotrichiodes AT11 and Lophiostoma sp. AT37 produced significantly more hydroxyl radical 

compared to P. citrinum and P. herbarum. The basidiomycete Ganoderma sp. produced the highest 

amount of hydroxyl radicals. This might be explained by the fact that Ganoderma sp. lives on the 

bark of trees and uses these hydroxyl radicals to degrade lignin, which is a component of wood. 

However, if the phyllospheric fungi produce the hydroxyl radicals on leaves, concentration cannot 

be too high otherwise the plant tissue might be damaged because of oxidative stress. Though, plants 

and their microbiome have evolved in such a way that they are able to cope with oxidative stress 

(23,83).  

1.37 TOLERANCE TO MAHS AND PAHS  

Our results indicate that the fungus Lophiostoma sp. was affected by exposing it to naphthalene and 

benzene. After 11 days, net growth was reduced when exposed to the contaminants. Tough, it 

seemed more tolerant than the other epiphytic fungi that were tested. F. sporotrichiodes AT11 and 

P. herbarum AT15 were significantly more affected when exposed to naphthalene and benzene. Net 

growth of the fungi F. sporotrichiodes AT11 and P. herbarum AT15 after two days of exposure was 

remarkably increased but after five days the growth was affected and a decline in net growth rate 

was recorded. It seems that in the beginning the fungus could cope better with the hydrocarbon 

contamination but when pollution persists the growth decreased. Nevertheless, the fungi were still 

able to grow in the polluted environment, the growth was only slowed down.  

Tolerance of P. citrinum to naphthalene and benzene could not be determined because there was 

not much fungal growth in both the exposed as well as the control condition. It seemed that the 

type of medium selected to conduct the experiment was not suitable to sustain growth of the fungus 

P. citrinum. The medium used to perform the tolerance test was solid Ingestad medium containing 

2.5 g.L-1 fructose and 2.5 g.L-1 glucose. Which is a rather poor medium and represented better the 

environment on plant leaves (32).  
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The pigmentation of the fungi F. sporotrichiodes AT11 and P. herbarum AT15 was also altered 

after exposing them to naphthalene and benzene. Fusarium sporotrichiodes AT11 which produced 

bright pink to red pigments on the Ingestad medium with 2.5 g.L-1 fructose and 2.5 g.L-1 glucose, 

stopped producing these pigments after exposure to the contaminants. Pigmentation of the fungus 

P. herbarum AT15 was also reduced after exposure. The MAH and PAH tolerance test was performed 

using a rather nutrient poor medium and under natural day-night cycle to simulate better the 

environment these fungi live in. When this fungus was growing on nutrient rich MEA medium and 

not directly exposed to sunlight, F. sporotrichiodes AT11 did not produce these red pigments as 

much as on the rather nutrient poor Ingestad medium with 2.5 g.L-1 fructose and 2.5 g.L-1 glucose.  

Pigments such as melanins (dark- brown pigments), carotenoids (orange red), lycopene (dark red) 

are usually produced by fungi as a protection mechanisms against environmental stress including: 

UV light, ionizing radiation, drought or oxidative stress (84,85). According to Pagano and Dhar (84), 

pigments can also be produced when less nutrients are available. The exposure of the fungus F. 

sporotrichiodes AT11 to sunlight and the limited nutrients might explain the bright red pigmentation. 

However, when stress conditions are too high, it might be that the fungal metabolism and 

consequently the secondary metabolites production including pigment production can be disrupted. 

Tis might explain the lack or reduction of pigmentation after exposure to naphthalene and benzene.  

1.38 NAPHTHALENE DEGRADATION 

The epiphytic fungi F. sporotrichiodes, P. herbarum, P. citrinum and Lophiostoma sp. were selected 

for the AH degradation experiment. These fungi were chosen because they seem to possess one or 

more of the mechanisms needed to degrade AHs, including: laccase and/or peroxidase enzymes 

and/or hydroxyl radical production.  

It appears that for the epiphytic fungus Lophiostoma sp., when CuSO4 solution was added, a lower 

trend in naphthalene concentration was measured compared to the control condition. The results 

from the GC-MS measurements, which were performed two weeks after the PTR-TOF-MS analysis, 

indicated a significantly lower naphthalene concentration compared to the control condition. Tis 

might indicate that more time is required for the fungus to degrade the pollutants. Only naphthalene 

concentrations could be measured using the PTR-TOF-MS, because benzene concentrations were too 

high.  

We assessed the a-specific absorption of the contaminants in the mycelia of the fungi using a 

metabolically inactive replicate of the fungus. To make the fungi metabolically inactive, two of the 

four replicates were submerged with a CuSO4 solution (300 mM). Copper is an essential element for 

growth and survival of the fungus. However, high copper concentrations are toxic. Copper can 

interact with nucleic acids, alter active sites of enzymes and oxidize components of the membrane 

(86). We chose for this fungicide above others because this compound is an inorganic compound 

and expected not to interfere with the measurements of the air samples using the PTR-TOF-MS and 

GC-MS.  
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After adding the CuSO4 solution, we expected a higher concentration of the contaminants when 

measuring air samples taken from the closed Erlenmeyers. However, no such clear trend was 

observed. For some fungi, even lower naphthalene concentrations were measured after adding the 

CuSO4 solution. Therefore, metabolic activity of the fungi was assessed by performing a FDA assay. 

The fast-growing fungi form the first batch, growing on the Kimura medium, were used to perform 

the assay. It appeared that metabolic activity was indeed significantly reduces but not completely. 

Therefore, in the future other techniques or compounds should be used to ensure metabolic inactivity 

such as high temperatures together with high pressure or exposure to UV radiation (86). 

1.39 PLANT PATHOGENICITY TEST  

No pathogenicity by the epiphytic fungi was seen after two weeks of inoculation on common ivy 

plants (Hedera helix). The most promising epiphytic fungi: Lophiostoma sp. AT37, F. sporotrichiodes 

AT11, P. herbarum AT15, P. citrinum AT26 were inoculated on the leaves of ivy plants. After two 

weeks, all leaves still looked healthy and no major differences were found among control ivy leaves 

and inoculated ones.  

To further test possible pathogenicity of the fungi on the plants, the state and color of the leaves 

should be investigated over a longer period of time. Presence of fungal spores and invasiveness of 

the fungal hyphae into the plant surface and possibly into the plant cells could be assessed using 

general microscopic techniques and Scanning Electron Microscopy. Pathogenicity at a molecular level 

could also be verified by investigating the presence of pathogenicity genes in the genome of the 

fungi and the expression of these genes by reverse transcription Real Time PCR.  

Further field experiments will be performed to assess AH degradation by fungi inoculated on plant 

leaves. The most promising epiphytic fungi will again be inoculated on ivy plant leaves. The leaves 

will be enclosed in Teflon bags and naphthalene and benzene will be spiked into the bags. After 

around three weeks, air samples from these bags will be taken and measured using PTR-TOF-MS. 

Concentrations of the spiked pollutants and their possible degradation products will be determined.   
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CONCLUSION 

In our study, we have shed light on and increased the knowledge of the epiphytic fungal microbiome 

on hornbeam leaves. We compared epiphytic fungal communities from three differently polluted 

locations: the crude oil-contaminated area of Bóbrka, the city center of Warsaw and the National 

Park of Białowieża. Data obtained in this thesis suggests that air pollution plays a role in shaping 

the fungal communities inhabiting the phyllosphere of hornbeam leaves.  

The cultivated epiphytic fungus Lophiostoma sp. was the most promising fungus, isolated from the 

phyllosphere of Bóbrka, to degrade airborne AHs. This fungus had the highest laccase and peroxidase 

enzyme activities and produced also hydroxyl radicals.  

A possible AH degrader was characterized. In fact, Lophiostoma sp. AT37 showed interesting values 

of naphthalene degradation, measured using PTR-TOF-MS and GC-MS. These first results will be 

further verified and additional in vitro degradation tests as well as in vivo AH degradation tests in 

the field will be carried out. Though, this research is at its very beginning, this innovative seven-

months investigation on phyllosphere fungi can be considered as a first step towards the developing 

of new bioremediation approaches for cleaner air.  
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