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Abstract
Stenholm, Å. 2023. Investigation of degradation of toxic substances in fungal cultures by
mass spectrometric techniques. Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Pharmacy 332. 53 pp. Uppsala: Acta Universitatis Upsaliensis.
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Micropollutants in water are biological or chemical contaminants that are present in ground
and surface waters in trace quantities. They are a result of human activity and include
pharmaceutically active compounds (PhACs) and endocrine disrupting compounds (EDCs).
They are eluted to urban wastewater treatment plants (UWWTPs) from households, industries
and hospitals. Some of the compounds are recalcitrant (persistent) which means that they
enter the aquatic environments in intact forms. In this thesis, some selected micropollutants in
water of environmental concern have been chosen to be investigated whether they are suited
for biodegradation using filamentous fungi in non-sterile environments. The compounds of
key interest were the non-steroidal anti-inflammatory drug (NSAID) diclofenac, nonylphenol
polyethoxylates (NPEOs) and finally the aminoglycoside antibiotic neomycin.

The white rot fungus (WRF) Trametes versicolor was chosen as the main fungal species
candidate in the project. It was used in batchwise and in small scale bioreactor experiments.
Mycelia of the species were immobilized on polyurethane foam (PUF) and it was shown that
PUF could be used as adsorbent for diclofenac and NPEOs. Furthermore, the species could
biodegrade both compounds under co-metabolic conditions (presence of external nutrients).
Using UHPLC-Q-TOF MS, with reversed phase chromatography, it was possible to measure
the concentration levels of these two target compounds and to tentatively identify previously
known and unknown biodegradation products.

A screening of 42 fungal species was performed to investigate their ability to survive and
grow in a matrix containing toxic nitrogen containing industrial chemicals. Based on this
investigation, it was concluded that there are species that are compatible with these harsh
conditions which also contained high salt levels. From this study, the mycorrhizal fungal species
Rhizoscyphus ericae was selected to be further investigated whether it can biodegrade neomycin.

It was concluded that PUF immobilized Trametes versicolor is able to remove a majority
of neomycin in co-metabolically performed experiments. In vitro experiments (excluding
mycelia), were also performed including a laccase redox mediator system. It was feasible to
tentatively determine biodegradation mechanisms that was plausible for both these experimental
designs. By varying the levels of nutrients and neomycin and introducing Rhizoscyphus ericae,
it was shown that this fungal species is able to use neomycin as nutrient in contrary to Trametes
versicolor which only biodegrades neomycin under co-metabolic conditions.
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Abbreviations 

AOP Advanced oxidation procedures  
EDC Endocrine disrupting compound 
ESI  Electrospray ionization 
ETP Effluent Treatment Plant 
HILIC Hydrophilic interaction liquid chromatography 
HRMS High resolution mass spectrometry 
MBBR Moving bed biofilm reactor 
MBR Membrane bioreactor 
MS Mass spectrometry 
m/z Mass-to-charge ratio 
NPEOs Nonylphenol polyethoxylates 
NS Nutrient solution  
PhAC Pharmaceutically active compound 
PUF Polyurethane foam 
Q-TOF Quadrupole time of flight 
ROS Reactive oxygen species 
SPE Solid phase extraction  
TIC Total ion chromatogram 
UHPLC Ultra high performance liquid chromatography 
WRF White rot fungi 
WWTP Wastewater treatment plant 
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Introduction 

Wastewater treatment 
Municipal wastewater contains effluents mainly from households, industries 
and hospitals and to some extent storm water [1,2]. Storm water can simply be 
described as rain water and all that the rain can carry along with it. The streams 
lead to urban wastewater treatment plants (UWWTPs).   In the schematic 
drawing in Figure 1, the main constituents in the effluents are shown including 
flow paths, alternative effluent treatment plants (ETPs), UWWTP, sludge 
treatment and recipient where the treated water ends.  

 

 
Figure 1. Wastewater sources, constituents and treatments.  

PFAS is the abbreviation of perfluoroalkyl and polyfluoroalkyl substances 
which are used in multiple industrial applications  not at least as surface ten-
sion lowering agents in firefighting foam [3].  ETPs are introduced to remove 
contaminants from industrial wastewaters and hospitals to enforce pre-treat-
ment requirements where discharges exceed established limits according to 
local Environmental Protection Agencies. Effluents from ETPs can be di-
rected to the recipient if they are considered safe to the environment [4]. In 
Europe, the REACH regulation plays an important role to limit these dis-
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charges. REACH is the abbreviation of Registration, Evaluation, Authoriza-
tion and Restriction of Chemicals and was initiated by ECHA (European 
Chemicals Agency) [5].   
 
There is a continuous discharge of slowly biodegradable and non-biodegrada-
ble (recalcitrant) substances into the environment [6]. Pharmaceuticals  and en-
docrine disrupting compounds (EDCs) are  two compound classes that 
strongly contribute to this pollution.  Antibiotics and non-steroidal anti-in-
flammatory drugs (NSAIDs) are often detected in sewage, surface and in 
ground water samples [7].   

 
Conventional biological wastewater treatment plants are not designed to re-
move these compounds using biological processes including bacteria. Alter-
native strategies are therefore necessary.  One of these strategies is to use   
constructed wetlands   for treating wastewater effluents. The removal of or-
ganic contaminants is facilitated by biosorption, biotransformation and sun-
light photolysis. The biotransformation product compositions are dependent 
on the type of wetland  [8].  
 
There are various technologies that can be used to remove recalcitrant com-
pounds. It is more favourable to use these technologies in an effluent treatment 
plant (ETP) than in a UWWTP   since the matrix is less complicated.    Among 
used complementary technologies, advanced oxidation and reduction pro-
cesses (AOP/ARP) can be mentioned.  AOP includes photolysis without or in 
combination with H2O2 [9,10], ozonation [11,12], Fenton oxidation [10,13] and het-
erogeneous photo catalysis [14]. The hydroxyl radical HO•, is the main oxidiz-
ing agent although other reactive oxygen species (ROS) like superoxide radi-
cal anions, hydroperoxyl radicals, singlet and triplet oxygen are formed. One 
limitation of AOP and also ARP is that harmful by-products can be formed 
and the treated water may be toxic, despite a decline or removal of the target 
toxic analyte(s) [9].  AOP is characterized by a minor selectivity of attack 
which is beneficial in wastewater treatment. One advantage with AOP is that 
there are different ways to create hydroxyl radicals [15,16].  However, the use of 
expensive oxidation agents  like H2O2 and/or O3 must be considered and AOP 
should never replace the more economic treatments such as biological degra-
dation [16].  

Adsorption processes can be considered in terms of simplicity and design of 
operation [17]. However, most adsorbents are expensive and difficult to regen-
erate.  
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Another technology that is used in wastewater treatment applications is re-
versed osmosis (RO). In RO,  pressure is applied on a semi permeable mem-
brane to push water through it while the contaminants remain on the other 
side. The draw backs are membrane fouling and energy costs [18,19].   

Biodegradation mechanisms 
Biodegradation can be defined as the chemical modification of materials by 
the action of living organisms including bacteria and fungi. Fungi (eukaryotes) 
are more differentiated than bacteria (prokaryotes) and are more capable of 
degrading toxic chemicals [20]. Bacteria can be good degraders of a single or a 
limited subset of similar substances but have difficulties when removing mix-
tures of contaminants [21].     
 
There is an interesting example of a large scale industrial WWTP where reac-
tors containing immobilized microfungal species are used in series with reac-
tors in which biofilms containing bacteria are present. Microfungi comprise 
organisms like molds, mildews and rust [22]. The combination allows for the 
degradation of complex organic substances that cannot be biodegraded solely 
by the bacterial biomass. The two fungal reactors which contain randomly oc-
curring microfungal immobilized species are kept at pH 4.0 to suppress bac-
terial growth and the 3 bacteria containing reactors are run at pH 7.0 [23]. The 
fungal reactors contain plastic carriers made of polyethylene (PE) that are 
moved by aeration and provide surface to microfungi for attached growth. The 
reactor type is defined as a Moving Bed Biofilm Reactor (MBBR) which was 
invented by Halvar Ødegaard [24]. Besides the reactors, powdered activated 
carbon (PAC), flotation using ferric sulphate and finally sand filter ensures 
that the effluents can be directly eluted into the recipient.    
 
The benefit by choosing single fungal species in the treatment of wastewaters 
is that more reproducible results can be achieved compared with the use of 
complex fungal communities. A mix of fungal species can be motivated if 
there are more than one toxic compound class present in the wastewater [25]. 
However, in that case, the competition between the species must be consid-
ered. Bearing the definition in mind, bioaccumulation and biosorption are not 
examples of biodegradation, since the substances are not modified.   
 
Fungal mediated biodegradation of pharmaceutically active compounds 
(PhACs) and endocrine disrupting compounds (EDCs) has mainly been per-
formed in lab-scale investigations, using preferably saprotrophic white rot 
fungi (WRF) belonging to the phylum Basidiomycota [26-29]. The reason is that 
these fungi secrete ligninolytic extracellular enzymes that are non-specific and 
allow them to degrade structurally diverse xenobiotic compounds [30]. Lignin 
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peroxidase (LiP) and manganese peroxidase (MnP) are two of these enzymes. 
LiP and MnP require hydrogen peroxide as oxidant. Laccase is a copper con-
taining oxidase which uses oxygen as oxidant and oxidizes phenolic com-
pounds to phenoxy radicals [31]. It has also the capacity to oxidize non-phenolic 
compounds in the presence of certain redox mediators [32,33]. In Figure 2, a 
schematic drawing of a laccase redox mediator system is shown. There are 
also substances that can act as redox mediators for LiP and MnP [30,34]. 

 
Figure 2. Laccase redox mediator system 

Often the fungus is immobilized on a carrier (support) consisting of a material 
to which mycelia can penetrate. Most fungal species are filamentous and con-
tain hyphae that are organized in bundles (mycelia). The reason for using car-
riers is that the removal rate can be enhanced due to a higher ability of enzyme 
secretion [35,36]. Another advantage with the immobilization is that the broths 
will contain less remains of mycelia (see Figure 3).  There are several materi-
als that have been used in WRF biodegradation studies. Of these, wood chips 
[34], PE and polyurethane foam (PUF) [37] and alginate beads [38] can be men-
tioned.  

 
The fungal biodegradation mechanisms are of interest since they determine 
whether in vitro or in vivo strategies should be implemented. In in vitro bio-
degradation, enzymes or immobilized enzymes are used [39-41], while in vivo 
biodegradation includes whole fungal cells. If the degradation solely can be 
explained by extracellular catabolism, then the in vitro concept can be of in-
terest. However, it has been shown that fungal biodegradation mechanisms are 
complex and that whole in vivo fungal cells can be necessary to achieve higher 
removal degrees of the substances of choice. In these mechanisms, intracellu-
lar enzymes like cytochrome P450 play a role [42]. Furthermore, for fungal 
species belonging to the brown and white-rot fungi classes, reactive oxygen 
species (ROS), can contribute to the biodegradation [43].  

 
It is also important to consider whether the in vivo biodegradation is conducted 
under co-metabolic conditions, that is the simultaneous degradation of two 
substances, in which the degradation of the second compound (recalcitrant 
compound) depends on the presence of the first compound which is used by 
the fungus as growth substrate. In a wastewater treatment perspective, it can 
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be beneficial if the chosen fungal species can use the contaminants as nutrient 
sources and thereby limit the need of externally supplied nutrients. It is rele-
vant when the contaminants are present in a sufficiently high concentration, 
as in an ETP (see Figure 1) [21]. Concerning WRF, it is claimed that these spe-
cies transform pollutants co-metabolically, using extracellular catabolism but 
it cannot be excluded that at least partly, these fungi can metabolize them [44, 

45].  
The choice of biodegradation reactor type is important since a wrong decision 
can lead to low yields and slow processes.   

Fungal reactor types 
Fungal systems for wastewater treatment are not commonly applied for indus-
trial scale applications [21]. Large scale use provides that the water is non-ster-
ile. The selected fungi must thus compete both with invading bacteria and 
other fungal species [46]. Both agitation speed and aeration conditions can af-
fect the degradation yield [47,48]. The growth of filamentous fungi in a bioreac-
tor has effects on mass transfer, metabolic rate and enzyme secretion. Further-
more, this growth can lead to instrumental issues such as blocked impellers 
and increases of broth viscosity [49].  

 
One simple form of a batchwise lab bioreactor is shown in Figure 3. It consists 
of a borosilicate Duran™ baffled cell culture flask with air-permeable mem-
brane in the lid. By placing the flask on a shaking/rotating table, the solution 
is broken and air is introduced into the solution. This type of batchwise lab 
reactor, can be used both for biodegradation studies using (A) non immobi-
lized and (B) immobilized fungi. See Figure 3 B in which carriers are used for 
immobilization purposes which results in a cleaner broth and can also slow 
down the growth of microorganisms [50]. 
 

                            
 

 

Figure 3. Schematic picture of a biodegradation experiment using a Duran™ baffled 
cell culture flask including non-immobilized (A) and immobilized fungal mycelia (B).  

A B 
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The rotating Erlenmeyer flask, containing immobilized carriers is an example 
of a simplified moving bed biofilm reactor (MBBR) in which the biofilm con-
sists of immobilized fungal mycelia. Large scale MBBR reactors are run in a 
continuous mode (see Figure 4A). Although, the mycelial growth is prohibited 
by the constantly moving carriers, accumulation of dead biomass and sludge 
will however always occur. The membrane bioreactor (MBR) which also is 
run in continuous mode is an innovative wastewater technology by which 
solid and liquid separation is done through a membrane [50] (see Figure 4B).  
 

 

 
 

Figure 4. Schematic picture of a MBBR reactor (A) including immobilized fungal 
mycelia and a MBR reactor (B) excluding immobilization (free mycelia).   

This reactor type has been used in fungal biodegradation studies of bisphenol 
A and diclofenac [26] and textile dyes [51]. In both these studies, the fungal spe-
cies of choice was the WRF Trametes versicolor (T. versicolor).  This reactor 
type also allows the use of filamentous fungi that are difficult to immobilize 
on carriers. One drawback  is the membrane fouling issue which leads to mem-
brane clogging  [52-54]. The MBR and MBBR reactor types can be combined in 
a moving bed biofilm membrane reactor (MBBMR). This hybride reactor type 
facilitates a growth rate decrease of microorganisms. It leads  to less sludge 
formation and diminishes the issues with fouling  [50,55].  
 
Other reactor types have been used with emphasis on biodegradation studies 
using WRF under non-sterile conditions. Among these can be mentioned the 
air-pulsed fluidized bed, and    the air-lift bioreactors [46]. A most critical pa-
rameter when using a continuous bioreactor is the hydraulic retention time 

A 

B 
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(HRT) which determines the time a soluble compound remains in the biore-
actor. It is calculated by dividing the volume with the flow rate   of the reactor. 
A too short HRT can influence the removal capacity [56].  
 
Interestingly,  the MBBR reactor type has also been used to remove organic 
micropollutants  by adsorption using powdered activated carbon (PAC) as ad-
sorbent [57].    

Adsorption 
Recalcitrant substances can be removed by adsorption. The most used adsor-
bents are activated carbons, minerals and clays [17]. Activated carbon is often 
efficient in the removal of EDCs and PhACs. However, hydrophilic com-
pounds adsorb less [58]. Used carbon can be recycled thermally although the 
waste majority is incinerated. As an alternative, PUF can be used as adsorbent 
[59-61].  Positively charged antibiotics can be adsorbed to zeolites. Both zeolites 
and PUF can be recycled and the adsorbed compounds can be resorbed and 
removed by techniques like AOP [62]. Compounds can also be adsorbed to re-
actor surfaces and containers which are used for storage, provided that their 
molecular structures, charges and matrix creates the right adsorption condi-
tions.   

 
The removal of recalcitrant compounds can thus be gained by adsorbents, not 
at least when they are used to immobilize fungal mycelia.  
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Aims 

The overall aim of this PhD project was to investigate whether it is possible 
to biodegrade recalcitrant toxic substances by selected fungi and to investigate 
biodegradation mechanisms and products using UHPLC and mass spectro-
metric techniques.  
 
The aims for the papers were:  

 
 To remove the NSAID diclofenac from non-sterile aquatic systems 

using immobilized Trametes versicolor in batch and in semi-con-
tinuous bioreactor experiments and to tentatively identify biodeg-
radation products (Paper I). 

 
 To determine whether it is possible to use immobilized Trametes 

versicolor to biodegrade nonylphenol polyethoxylates (NPEOs) in 
a continuous reactor lab experiment and to suggest biodegradation 
mechanisms and products (Paper II). 

 
 To investigate part of the large fungal species diversity in Northern 

European Forests   to survive and grow on xenobiotic nitrogen con-
taining compounds (Paper III).    

 
 To use in vitro and in vivo models to investigate the role of the  

laccase redox mediator 4-hydroxy benzoic acid in the biodegrada-
tion of  the antibiotic neomycin using Trametes versicolor and to 
suggest biodegradation mechanisms (Paper IV). 

 
 To investigate whether the in vivo biodegradation of neomycin us-

ing Rhizoscyphus ericae and Trametes versicolor can be charac-
terized by co-metabolism and to suggest biodegradation mecha-
nisms (Paper V). 
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Methodology and findings 

Choice of fungal species 
The white rot fungus Trametes versicolor which belongs to the phylum Ba-
sidiomycota was chosen for biodegradation studies in Papers I, II, IV and V. 
The application areas in Papers II, IV and V are novel. A key advantage of 
this species is its non-specific extracellular ligninolytic enzyme system which 
allows degradation of a wide variety of pollutants [27]. The degradation is fa-
cilitated by direct or indirect oxidation or by reduction processes [30].  

In paper III, a thorough investigation was made by which 42 species be-
longing to different phyla in Northern European forests were screened by their 
ability to grow on selected recalcitrant nitrogen containing compounds. In this 
study, three species showed promising results and were further evaluated by 
letting them grow on a simulated process water containing 1.9% (w/v) 2-di-
ethylaminoethanol and 0.8% (w/v) N3-trimethyl (2-oxiranyl) methanaminium 
chloride. These species were Laccaria laccata (phylum Basidiomycota), Hy-
grophorus camarophyllus (phylum Basidiomycota) and Rhizoscyphus ericae 
(phylum Ascomycota). The latter ericoid mycorrhizal species was then used 
in Paper V to investigate whether it is possible to use it to biodegrade the 
aminoglycoside neomycin.            

Chromatographic and mass spectrometric considerations  
In four of the performed studies (Papers I, II, IV and V) three different sta-
tionary phases were used. The choices of these phases were guided by the 
chemical structures of the investigated compounds. For diclofenac which was 
investigated in Paper I, reversed phase (RP)-18 was chosen. The reason for 
this choice was (i) the hydrophobic character of the molecule which enables 
retention on this type of stationary phase and (ii) its solubility in the used   mo-
bile phases. The chosen gradient mobile phases consisted of (A) water includ-
ing 2.0 mM ammoniumacetate and (B) acetonitrile. The initial water concen-
tration in the gradient method was 90% which was decreased to 10%.  The pH 
of the mobile phase A was 7.0.  

 
Nonylphenol polyethoxylates (NPEOs) that were investigated in Paper II, 

were analyzed using a phenyl stationary phase. The reason for this choice was 
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its long-time use at Cytiva AB, Uppsala, Sweden to analyze NPEOs, di-
nonylphenol polyethoxylates (DNPEOs) and their phosphate esters (present 
in emulsifiers) [63,64]. Using this stationary phase, it is possible to resolve regio 
(structural)-isomers of NPEOs and DNPEOs, The aromatic structure of 
NPEOs thus enables a sufficient retardation on the chosen stationary phase. 
The mobile phases that were used in the Paper I studies, were also used in the 
Paper II investigations although the gradient method was optimized for anal-
ysis of the polyethoxylates.  The initial water concentration in the Paper II 
studies  was 60% which was decreased to 3% at the end. 

 
Finally, the antibiotic neomycin was analyzed using a zwitterionic HILIC 
phase (Papers IV and V). The pKa of the  corresponding acid is approxi-
mately 13. Therefore, it exists in its cationic form at neutral to acidic condi-
tions. RP-phases may thus be difficult to use. Therefore it was decided to use 
the zwitterionic phase. In the initial method development, a HILIC column 
with a cationic exchange mode (ACE® HILIC-A) was tested, but the peak 
shapes were less satisfying compared with the finally chosen zwitterionic 
phase (SeQuant® ZIC®-cHILIC). The gradient mobile phases, like in Paper I 
and Paper II studies, consisted of water and acetonitrile. The initial acetoni-
trile concentration was 100% which was then reestablished at the end of the 
run to equilibrate the HILIC column.  Instead of using ammoniumacetate to 
control the pH in the water phase, formic acid at a concentration of 0.1% was 
used. The pH of 0.1% formic acid is 2.8. For neomycin quantifications, the 
addition of 0.1% formic acid in the mobile phases was optimal with respect to 
the combined consideration of peak shape, response and instrumental compat-
ibility. By using higher concentrations of formic acid, more narrow neomycin 
peak shapes were obtained, but the observed white deposit   on the elec-
trospray ionization (ESI) steel surfaces   was not acceptable.  
 

 
       

 

                                        

n

O
OH

C9H19  
                                                 
 

 
 

Figure 5. Chemical structures of diclofenac (A), NPEOs (B) and neomycin (C).    
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In the Agilent 6550 UHPLC-Q-TOF system used, electrospray ionization in 
positive mode was performed on all three substances, and the quantitative de-
terminations were made in MS full scan mode. In Paper I, diclofenac d-4 was 
used as internal standard.    The quantifications of NPEOs (Paper II) and 
neomycin (Paper IV and V) were conducted using external standards since 
internal standards were not available. The ions that were used in the quantifi-
cations were [M + H]+ ions (diclofenac and neomycin) and [M + NH4]+ ions 
(NPEOs).    

 
Qualitative analyses of degradation products were performed with the purpose 
to tentatively identify these compounds. Two approaches were generally used 
to identify unknowns. The molecular formulas of previously reported or not 
previously reported degradation products (Paper I, II, IV and V) were added 
to substance specific databases in the used Agilent MassHunter software (FBF 
databases) [65]. After finalized runs, the databases were searched and com-
pounds were preliminarily identified, based on the mass errors, isotopic abun-
dances, and spacings. Ions with mass errors and scores of < 2.5 ppm and 
>80%, respectively, were considered. The complex matrix compositions in 
combination with the low concentrations of the degradation products made it 
difficult to use MS/MS. 

 
In the other approach, the TIC chromatograms were searched for ions that 
were missing in the blanks. The Agilent “Generate Formula From Peak Spec-
tra” algorithm was then used and the ions with mass errors and scores of < 2.5 
ppm and >80%, respectively, were further evaluated using the software 
Chemspider [65,66].    

Choosing suitable fungal biodegradation conditions 
In Figure 6, a schematic drawing is shown in which different degradation prin-
ciples are present using externally supplied nutrients (co-metabolism)   (Paper 
V).  
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Figure 6. Co-metabolism in which the fungal cell is supplied with nutrients (1) and 
recalcitrant compounds which either are transported through the fungal cell walls and 
plasma membranes and used in the metabolism of the fungus (2) or in their extracel-
lularly catabolized biodegraded forms (3). Biodegraded substances not used in the 
fungal metabolism are denoted by (4).   

The majority of studies that are conducted using whole fungal cells (in vivo) 
include co-metabolic conditions. That is, “the transformation of a non-growth 
substrate in the obligate presence of a growth substrate or another transform-
able compound” [67]. In the choice of growth substrates (nutrients), and other 
experimental conditions, it is necessary to consider the C:N ratio of the nutri-
ents, the possibility to immobilize mycelia of the selected fungus and the pH 
by which the experiments are going to be performed. The C:N ratio of sub-
strates is of interest since it is known that fungi use carbon more efficiently 
than bacteria and thus require less nitrogen. A high C:N-ratio can be used to 
out-compete bacteria. Thus, fungi can survive in soils with higher C:N ratios.  

 
In a study performed by Pedroza-Rodriguez and Rodriguez-Vázguez, the de-
colorization of bleached kraft mill pulp containing quinones, benzoquinones, 
catechols, chalcones and stilbenes was optimized at a C:N-ratio (w/w) of 169 
using PUF-immobilized Trametes versicolor  [68]. A decline in nitrogen has 
also shown an increase in biomass of Pinus sylvestris L [69]. On the other hand, 
there are studies that show positive correlations between nitrogen addition and 
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fungal growth [70].  The pH plays a vital role since fungi generally prefer more 
acidic conditions than bacteria [71].  

 
In Papers I, II, IV, and partly in Paper V, the conditions were co-metabolic, 
using a glucose ammonium tartrate nutrient solution with a C:N ratio of 6.5. 
In paper III, the experiments (excluding the inoculation procedure) were con-
ducted without external nutrients.  Non co-metabolic conditions were also 
partly applied in Paper V, since in those experiments, solely neomycin at dif-
ferent concentrations was present.  

 
The white rot fungus species T. versicolor is easily immobilized in PUF. In 
papers I, II, IV and V, this procedure was used. The mycelia, easily penetrated 
the PUF-pores and the broths were free from residual mycelias (see Figure 
7A). However, the ericoid mycorrhizal fungus species Rhizoscyphus ericae 
(R. ericae) which was investigated in Papers III and V, did not immobilize 
in PUF. Thus, the biodegradation of neomycin (Paper V) using this fungal 
species was conducted with free mycelia (see Figure 7B). In Paper I, the pos-
sibility to immobilize T. versicolor on polyethylene carriers (PE) was also in-
vestigated. 

 

                             
 

Figure 7. PUF-immobilized mycelia of Trametes versicolor (A) and non-immobilized 
mycelia of Rhizoscyphus ericae (B). Batchwise experiments performed in Erlenmeyer 
flasks.   

In Paper I and in Paper II, semi-continuous and continuous reactor lab-scale 
experiments were performed respectively. The semi-continuous experiments 
in Paper I were facilitated by the use of a thermostated 2 liter Biostat®B bio-
reactor (see Figure 8) [72]. This reactor can be classified as a MBBR reactor 
since the PUF-pieces are moving by aids of a magnet. Air is supplied from 
top.   

 

A B 
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Figure 8. Schematic illustration of the Biostat®B bioreactor used in the biodegrada-
tion experiments. 1: harvesting pipe with filter connected to peristaltic pump, 2: sul-
furic acid filling port, 3: sodium hydroxide filling port, 4: liquid-level sensor, 5: elec-
trode for the automatic pH control device (pH 4.0), 6: substrate supply, 7: teflon flea, 
8: T. versicolor mycelia immobilized in PUF-cubes, 9: magnetic stirrer.   

In Papers I, III, IV and V, biodegradations, performed in batchwise opera-
tions are described.  

Adsorption to PUF 
Initially, different materials were preliminary evaluated for their use as carri-
ers of T. versicolor mycelia including PUF, PE and ceramics. PUF was con-
sidered superior since this was the material in which mycelia most efficiently 
were immobilized. It was noticed that PUF can contribute to the removal of 
diclofenac and NPEOs. The results indicate that PUF can be used alone ex-
cluding immobilized fungal mycelia to remove these compounds. In Papers I 
and II, the adsorption of diclofenac (Paper I) and NPEOs (Paper II) to PUF 
is described. In batchwise and in a semi-continuous experiments in Paper I, 
it was investigated that the measured adsorption of diclofenac to PUF was 0.3 
and 2.9 mg diclofenac g-1 respectively. The corresponding adsorption removal 
degree of diclofenac (including adsorption to glass surfaces) in these experi-
ments was 99.4 and 93% respectively. In Paper II, in a continuous experi-
ment, the maximum adsorption of NPEOs to PUF was calculated to approxi-
mately 100 mg g-1 PUF. These results show that PUF is an excellent adsorbent 
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to diclofenac and NPEOs. The reason behind this is most likely the aromatic 
structures of the compounds.  

Removal characteristics  
The removal of the investigated substances in Papers I , II, IV and  V was 
guided by the wish to determine whether a decline could be explained by ad-
sorption to the PUF carrier (carrier control (CC)), glass surfaces, dead biomass 
(heat killed controls (HKC)) or by biodegradation. Therefore, controls were 
used throughout the studies. The removal of diclofenac in Paper I was inves-
tigated both in batchwise and in semi-continuous experiments (bioreactor) us-
ing immobilized T, versicolor (see Figure 8). In Figure 9A and 9B, the re-
moval graphs are shown. The initial diclofenac concentration was in both ex-
periments 10 mg L-1. Rapid diclofenac declines originating from its adsorption 
to PUF could be seen. The first samples were collected after approximately 30 
minutes. The laccase activities were measured in both experiments to deter-
mine the ability of the mycelia to secrete the enzyme at given experimental 
conditions and to determine whether the flow rate in the bioreactor experiment 
was sufficiently low to maintain a necessary enzyme  concentration.  

 
 

Figure 9. (A)  Degradation of diclofenac by T. versicolor in Erlenmeyer flasks con-
taining PUF-carriers. Diclofenac added at 10 mg L-1. (B)  Degradation of diclofenac 
by T. versicolor in a bioreactor containing PUF-carriers. Diclofenac was added semi-
continuously at 10 mg L-1. Symbols:  Experimental culture, EC (+), HKC (▲), CC 
(◊) and laccase activity (♦). 

The experimental culture bioreactor experiment (B) was performed using a 
hydraulic retention time (HRT) of 33 hours.  Using this turnover time, the lac-
case production could not be maintained at a sufficient level. This is shown 
by a decline in laccase concentration in Figure 9B,  On the other hand, the 
laccase production increased in the experimental culture experiment that was 
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performed in batchwise mode (A). The steep initial decline of diclofenac in 
Figure 9B is explained by enzymatic degradation. In both experiments, it was 
proven by including the  HKC and CC procedures that T.versicolor was able 
to biodegrade diclofenac. In the batchwise experiment, 99.9% diclofenac was 
removed after four hours. Enzymatic reactions contributed only for approxi-
mately 0.5% of this decrease. In the bioreactor experiment, an initial 100% 
removal was achieved with biodegradation contributing approximately 7%.  
Some degradation products were tentatively identified. See Table 1.   

 
In Paper II, the removal of nonylphenol polyethoxylates (NPEOs) was inves-
tigated by continuous reactor lab-scale experiments in which PUF-immobi-
lized T.versicolor was used. The reactor of choice was an XK 26/20 column 
from Cytiva, Uppsala, Sweden. In this investigation, two enzyme assays were 
included; a laccase and a manganese peroxidase (MnP) assay. These assays 
were chosen (i) since laccase and MnP can influence the biodegradation of 
nonylphenol (NP) and (ii) since it was necessary to control whether the flow 
rate was sufficiently low to keep up the enzyme concentration levels. In the 
reactor, it was possible to maintain a biodegradation dependent removal of 
90% during a 440 h time course. See Figure 10. The design of the experiment 
was performed in such a manner that the PUF in which T. versicolor was im-
mobilized, was saturated with NPEOs before the start of the experiments. The 
HRT was sufficient to maintain the secretion of laccase and Mn-peroxidase 
throughout the whole time course.  

 

 
Figure 10. Analysis over an 18-day period (440 h). Mean concentration of NPEOs in 
EC-effluents (■) and CC-effluents (◊) from a XK 26/20-column. On each day (ex-
cluding days 5, 6, 11–13, 15, and 17), measurements were performed on three occa-
sions (morning, mid-day and late afternoon). EC: experimental culture, CC: carrier 
control.     
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In Papers IV and V, the possibility to biodegrade the antibiotic neomycin 
was investigated. In Paper IV, in vitro and in vivo experiments were per-
formed using T.versicolor. The in vitro experiments were conducted by de-
canting the broth from the PUF pieces after inoculation and immobilization 
while the in vivo experiments included immobilized PUF pieces. In this study, 
the influence of the laccase redox mediator  4-hydroxy benzoic acid (4-HBA) 
was investigated both in vitro and in vivo. In Figure 11, the removal of neo-
mycin is shown in the different experimental designs.  

 

 
Figure 11. Time course decline of neomycin. Neomycin added at 10 mg L-1. Symbols: 
in vivo experimental culture without mediator (EC1) (■), Heat killed control (HKC) 
(◊), in vivo experimental culture with mediator (ECM1) (○), in vitro experimental 
culture without mediator (EC2) (▲), in vitro experimental culture with mediator 
(ECM2) (Х), carrier control (CC) (+).   

The results show that the presence of the laccase mediator in the in vitro ex-
periment resulted in a neomycin removal of 34%. The highest removal (ap-
proximately 80%) was achieved in the in vivo experimental culture which ex-
cluded the mediator. This biodegradation can be explained by extracellular/in-
tracellular or ROS activities.  

 
In Paper V, the role of co-metabolism in the biodegradation of neomycin was 
investigated. The experimental design included two fungal species (T. versi-
color and R. ericae) and solutions of different compositions including the nu-
trient solution that was used in Papers I, II and IV, but also pure neomycin 
solutions at different concentrations. The choice of the latter species was mo-
tivated by its ability to survive and grow on nitrogen containing compounds 
(Paper III). 

 

0,0

2,0

4,0

6,0

8,0

10,0

0 50 100 150 200

m
g 

n
eo

m
yc

in
 L

-1

Time (hours)



26 

The main conclusion from these experiments was that it is possible to bio-
degrade neomycin using R. ericae excluding other nutrients. That is, this spe-
cies can use the antibiotic as nutrient. On the other hand, the biodegradation 
of neomycin by T.versicolor is only facilitated by co-metabolism. Further-
more, it was shown that this co-metabolic biodegradation is influenced by the 
concentration of the supplied nutrients glucose and ammonium tartrate.  

 
Not only the presence and concentrations of external nutrients, but also choice 
of fungal species showed to be important parameters with respect to biodeg-
radation mechanisms and reaction products.  

Biodegradation mechanisms and products  
In Paper I, some biodegradation products of diclofenac were tentatively iden-
tified. In the investigations, both PE and PUF carriers were used. Since the 
immobilization of T. versicolor in the PE carriers was neglectable, the mycelia 
in these experiments can be considered as “non immobilized”.  

Table 1.  Summary of accurate mass measurements of proposed diclofenac biodegra-
dation products as determined by UHPLC-Q-TOF MS.  

Id Elemental Accurate   Exact Measured ion Mass error Isotopic abundace
a

t R, min

composition mass, m/z mass   mDa     ppm    M/(M + 2)

D1 C14H11O2NCl2 296.0244 296.0239 [M + H]
+

 -0.4       -1.7 1.6 2.9

D2 C13H9O2NCl2 282.0076 282.0082 [M + H]
+

 0.7         2.1 1.6   3.2
b,c

    4.1
b,c

D3 C14H11O2N 243.1125 243.1128 [M + NH4]
+

 0.3         1.3 25.3 2.6
c
      4.2

b

D4 C8H9O2N 134.0598 134.0600 [M + H - H2O]
+

 0.2         1.6 approx. 70 1.4

D5 C14H9O3NCl2 310.0032 310.0032 [M + H]
+

 0.0         0.0 1.5 2.2

D6 C14H11O4NCl2 310.0032 310.0032 [M + H - H2O]
+

 0.0         0.0 1.5 2.2

D7 C14H10O2NCl 260.0471 260.0473 [M + H]
+

 0.2         0.8 3.2 2.9

a
Identification of molecules containing two chlorine atoms: 3:2 ratio. 

 For molecules containing a single chlorine: 3:1 ratio.
b
Identified in Erlenmayer flask experiments containing polyethylene carriers.

c
Identified in Erlenmayer flask experiments containing PUF carriers.

D1 D2 D3 D4

D5

Diclofenac

D7D6
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The biodegradation products in Table 1, were present at low µg L-1 concen-
tration levels.  They are expected to have the same ESI responses as the pre-
cursor.  

In Paper II, the biodegradation products of NPEOs were tentatively deter-
mined using UHPLC-Q-TOF MS. See Figure 12. 

 
 

 
 
 
 

 
Figure 12. Biodegradation products of NPEOs. (A) 4-NP1EO, (B) 4-NP2EO, (C) 4-
NP and (D) 4-NPECs. EO = ethoxylate, NPEC = nonylphenol ether carboxylates.  

In the study, a combined Mn-peroxidase and laccase assay was used to deter-
mine the enzymatic activities over the experimental course of time. The deter-
mined Mn-peroxidase activities supported the hypothesis that the decline of 
NPEOs was caused by ROS which are formed from H2O2 which can be   pro-
duced by white rot fungi   [35,37].  

 
In Papers IV and V, the biodegradation products of neomycin were tenta-
tively determined. In Paper IV, which included in vitro and in vivo experi-
ments and the redox mediator 4-hydroxy benzoic acid, a suggested biodegra-
dation mechanism of neomycin using PUF immobilized T. versicolor is 
shown. In this experiment, the concentration levels of the biodegradation 
products with m/z 157.0613 and 175.0716 increased at the end of the time 
course of 168 h. See Figure 13. 

 
 
 

A B 

C D 
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Figure 13. Proposed biodegradation pattern of neomycin, where (B) – (E) show pos-
sible structural isomers of oxidation products of neosamine C (A). The tentative iden-
tities of the oxidation products (excluding isomer elucidation) could be verified by 
UHPLC-Q-TOF MS analyses. The *-sign indicates possible additional open-chain 
structures. Extracted ion chromatograms, 144 h) at m/z 157.0613 (C and D) and at m/z 
175.0716 (E). 

Interestingly, the biodegradation of neomycin using non-immobilized R.eri-
cae showed a different mechanism (including the primary oxidation product 
D-Ribose) compared with the pattern described in Figure 13. See Figure 14.  

 

Neomycin 
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Figure 14. Proposed biodegradation pattern of neomycin using R. ericae, where (B) 
– (D) show possible structural isomers of oxidation products of D-Ribose (A). The 
tentative identities of the oxidation products were verified by UHPLC-Q-TOF MS 
analyses. Extracted ion chromatograms (Neo1Re, 168 h) at m/z 133.0498 (A), 
148.0608 (B), 129.0185 (C) and 147.0291 (D).   

Toxicity after fungal treatment 
It is most essential that the treatment ends up in an effluent which is less toxic 
than the influent. It is also important to consider that not only the degradation 
products and remains of the pollutant, but also used chemicals and carrier ma-
terials contribute. Interestingly, the high quality PUF material that was se-
lected as carrier in Papers I, II, IV and V contained trace levels of carcino-
genic 2,4-toluene diamine (TDA) monomers that were initially identified in  
nutrient solutions containing PUF pieces by UHPLC-Q-TOF MS and MS/MS.  
While investigating the biodegradation of diclofenac in Paper I, it was dis-
covered that after the 168 h time course, no TDA could be detected [45]. There 
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were four plausible explanations; biosorption, bioaccumulation and endo- or 
exo-enzymatic catabolism.       

 
It was considered important to evaluate whether the fungal treated samples in 
Papers I, II, IV and V were toxic or not since it has been previously reported 
that WRF-mediated biodegradation products of the NSAID ibuprofen were 
more toxic than the initial feed [73]. Traditionally, toxicological evaluations are 
performed using water living organisms like Daphnia magma (water flea) and 
Vibrio fischeri (bioluminescent bacteria) in bioassay tests.  The use of these 
tests in the T. versicolor mediated biodegradation of sewage sludge containing 
pharmaceuticals is previously reported [74]. In that particular study, these tests 
showed a reduction in sludge toxicity after treatment. The tests did not include 
replicates.  

 
The suitability of the Vibrio fischeri test (Microtox®) was tested on diclofenac 
dissolved in MilliQ-water to a concentration of 10 mg L-1. The test was per-
formed in triplicate at 5, 15 and 30 minutes exposure time and showed unac-
ceptable variabilities in the results that were expressed as inhibition (%). At 
each exposure time, the coefficient of variation for the three triplicate analyses 
were 70, 65 and 23% RSD respectively. The conclusion was that the test was 
not suitable for its intended purpose.  

 
It was decided to test the cytotoxicity and bioactivity of fungal treated diclo-
fenac, NPEOs and neomycin solutions on breast cancer cell lines (in vitro bi-
oassays). These established methods are of relevance for risk evaluations of 
environmental pollutants both for human and animal health. They allow as-
sessment of the total toxicity of all pollutants in a sample (effect-directed anal-
ysis) [75]. However, the ecotoxicological relevance of the determined results 
must always be considered [76].  

First, pure solutions were tested to determine whether the variability in the 
chosen cytotoxicity assay was acceptable. One mL of solutions containing (i) 
diclofenac sodium salt and NPEO respectively, dissolved in ethanol and (ii) 
neomycin trisulfate hydrate dissolved in Milli-Q water were delivered to Bi-
oCell Analytica Uppsala AB who performed the effect-directed cytotoxicity 
analyses using the CellTiter 96® Aqueous One Solution Cell Proliferation As-
say [77]. The concentrations were 1000 mg L-1. The qualities and origin of the 
three investigated chemicals are described in Papers I, II and IV. In the anal-
yses, the AREc32, AR-Eco Screen and T47D ER breast cancer cell lines were 
utilized.  

AREc32 is used for analysis of oxidative stress/Nrf2 activity. Nrf2 is an 
emerging regulator of cellular resistance to oxidants. AR-Eco Screen is used 
for analysis of activation or blocking of the androgen receptor (AR). The cell 
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line T47D ER is used for the analysis of the activation or blocking of the  es-
trogen receptor (ER). All these three effect-based tests are relevant since the 
investigated compounds have been reported to at least partly influence the ex-
pression of Nrf2 [78-80], AR and ER [81].  

 
In the cytotoxicity tests, each sample was analyzed in eight concentrations. 

The highest concentrations were 1% (v/v) of the original sample concentra-
tions. In every step in the dilution series, the concentration was halved.  

In these tests, the three cell lines were exposed to the samples in 24 hours. 
Thereafter, the cell viabilities were measured. If this viability was less than 
80% of the vehicle (solvent) control, the sample was considered as cytotoxic. 
The tests included quadruplicate determinations. Interestingly, NPEO at con-
centrations of 0.6 - 10.0 mg L-1 was found to be cytotoxic in the T47D ER cell 
line.   Using this cell line, diclofenac and neomycin were cytotoxic at the high-
est concentration level (10.0 mg L-1). In the cell lines AREc32 and AR-Eco 
Screen, none of the investigated compounds showed any cytotoxicity. The 
spread in the results were considered acceptable with a RSD < 10%. See Fig-
ure 15 [82].  

 

              
  

Figure 15. Cytotoxicity tests of neomycin, NPEO and diclofenac using cell lines 
AREc32 (A), AR-EcoScreen (B) and T47D ER (C) (n=4). A cell viability < 80% (red 
line) is defined as cytotoxicity.  

The next step was to investigate whether samples that were subjected to fungal 
biodegradation showed any cytotoxicity or bioactivity. Diclofenac, NPEO and 
neomycin were biodegraded at an initial concentration of 10 mg L-1 using PUF 
immobilized T. versicolor. The biodegradations were performed batchwise in-
cluding the procedures that are described in Papers I and IV at co-metabolic 
conditions using a nutrient solution containing 6.0 g glucose and 3.3 g ammo-
nium tartrate L-1. After 168 hours, one mL of each sample was delivered to 
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BioCell Analytica Uppsala AB without any SPE workup procedures. Further-
more, neomycin was biodegraded using R. ericae excluding PUF since it was 
impossible to immobilize the fungus using this medium. The biodegradation 
was performed according to the procedure that is outlined in Paper V at co-
metabolic conditions using the nutrient solution consisting of glucose and am-
monium tartrate.  In Table 2, the investigated samples are specified. As for the 
pure substances, the three cell lines were exposed to the samples 24 hours 
followed by measurements of the cell viabilities to determine the cytotoxicity. 
Thereafter, the bioactivities for each effect parameter were determined.  See 
Figure 16 [83]. The assay concentrations ranged from 0.01 to 1.0 v/v % of the 
final biodegraded samples concentrations. At the start of the biodegradation 
experiments, the target compound concentrations were 10 mg L-1. However, 
during the biodegradation experiments, the majority of these compounds were 
either adsorbed or biodegraded into other compounds that are described in 
Papers I, II, IV and V.    

 

Table 2. Samples that were tested for cytotoxicity and bioactivity. 

Sample Code in Figure 16
T. versicolor  + diclofenac TvDiclofenac
T.versicolor  + NPEO TvNPEO
T.versicolor  + neomycin TvNeomycin
T.versicolor  + NS (nutrient solution) TvNS
NS NS
R.ericae  + neomycin ERNeomycin
R.ericae  + NS ErNS  

None of the samples (including four dilution levels each) exhibited cytotoxi-
city [82].  The forthcoming bioactivity determinations were thus not affected.   
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Figure 16. Bioactivity tests of neomycin, NPEO and diclofenac using cell lines 
AREc32(Nrf2 activity) (A), AR-EcoScreen (AR antagonistic activity) (B) and T47D 
ER (ER activity) (C) (n=4). Cut-off for bioactivity is marked with a dotted line. For 
AR activity, effects under the cut-off value are classified as bioactive. For the two 
other effect parameters, effects over the cut-off value are classified as bioactive.  

Conclusion from the bioactivity tests: The fungal treated samples are not cy-
totoxic at the investigated concentration levels. None of the samples activate 
Nrf2 or cause AR-antagonistic activity. Several of the investigated samples at 
higher concentration levels activate ER. However, this effect is also seen in 
the NS-sample which includes solely nutrient solution.  

(A) 

(B) 

(C) 
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Conclusions 

In Paper I, the biodegradation of the NSAID drug diclofenac was studied and 
it was confirmed that excluding the adsorption to PUF, T.versicolor has the 
ability to biodegrade the compound using the chosen experimental design. It 
was possible to tentatively identify biodegradation products with UHPLC-Q-
TOF MS.  The semi-continuous bioreactor experiment showed that it is ex-
tremely important to limit the flow rate to maintain the enzyme concentration.   
In this particular experiment, it was also concluded (not mentioned in Paper 
I), that the PUF-immobilized T.versicolor mycelia are sensitive to high agita-
tion levels. Therefore, air was not supplied from the bottom in the reactor via 
diffusers, but from the top. The circulation was maintained by use of a teflon 
flea at low speed. The results in Paper I also showed that PUF is better suited 
as T. versicolor immobilizer than commonly used MBBR carriers made of PE 
(Model K5 from AnoxKaldnes AB).   
 
The flow rate issue was taken into consideration in the Paper II study (bio-
degradation of NPEOs), where the bioreactor flow rate was optimized to main-
tain a high enzyme concentration level.  Paper II confirmed the ability of PUF 
to adsorb aromatic compounds and to strongly contribute to the removal of 
these substances.  
  
In Paper II, it was proven that T.versicolor has the ability to biodegrade 
NPEOs. In Paper IV, it was shown that this species also can biodegrade the 
antibiotic neomycin, given that the experiments preferably are conducted un-
der co-metabolic in vivo conditions.    
 
In Paper V, it was shown that R. ericae can biodegrade neomycin excluding 
co-metabolism. It means that this species can utilize this compound for its own 
growth. This is an optimal condition in industrial biodegradation applications, 
since supplemental addition of external nutrients can be excluded.  
 
The screening of 42 different fungal species in Paper III showed that there 
are species that can survive and grow on solely amine, amide and ammonium 
containing media and have the potential to be used in effluent treatment plants 
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prior to UWWTPs. However, first the biodegradation conditions must be op-
timized with respect to critical process parameters like choice of reactor type, 
nutrients and biomass:substrate ratios.  
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Future perspectives 

Papers I, II, IV and V show the ability of T.versicolor to biodegrade three 
toxic compounds under co-metabolic conditions at initial concentration levels 
that exceed those levels that are present in UWWTPs (10-34 mg L-1). The 
results are thus applicable in upstream non-sterile UWWTP applications (ETP 
plants). In those applications, the use of co-metabolic conditions can be toler-
able. Interestingly, in Paper V it was shown that R. Ericae could use neomy-
cin at an initial 34 mg L-1 concentration level as sole nutrient.  
 
It is an advantage to remove toxic compounds before UWWTPs in ETP plants 
since the biologic treatments in UWWTPs are limited with respect to their 
abilities to biodegrade recalcitrant compounds. Most UWWTPs rely on con-
ventional biological treatment systems, such as activated sludge processes in 
which bacteria, microfungi and other organisms are present. Furthermore, the 
complex matrix in UWWTP-waters obstructs the implementation of fungal 
biodegradation techniques in those systems, even if fungi with non-selective 
enzymatic systems like WRF are used.  

 
In an ETP plant, aimed for fungal biodegradation, certain parameters must be 
considered:     

 
  
 The pH must be adjusted, to a level that is beneficial for the fungal 

species of choice.  
 
 Is the species easily immobilized or not ? It determines the choice of 

reactor type (MBBR or MBR). 
 

 If immobilization is possible, the carrier material   must be evaluated. 
If the material can serve as adsorbent, it can be beneficial since the 
contaminants then are in close contact with the immobilized mycelia 
[61].   

 
 Agitation and HRT must be optimized.  

 
 



 

37 

Besides the use of fungi, the sole use of adsorbents (excluding fungi) can be a 
realistic alternative in an ETP plant where the matrix is less complicated than 
in a UWWTP.  Not at least if other adsorbents than commonly used activated 
carbon (AC) are considered. AC has a major drawback. Polar compounds are 
less adsorbed [84].   

In an ETP plant, aimed for adsorption, there are less critical parameters since 
the issues with biomass growth, waste, external nutrition and immobilization 
can be excluded. Two parameters that must be considered are though;   
 

 Following the selection of a suitable adsorbent material, the pH must 
be adjusted to a level at which the micropollutants are most favoura-
bly adsorbed (anionic, neutral or cationic). 

 
 Is it possible to regenerate the adsorbent ? 

 
Today, the focus of biodegradation studies using fungi is on WRF belonging 
to the phylum Basidiomycota. The catabolism of toxic substances using their 
lignolytic enzymes is generally restricted to certain compound classes like 
phenols, dyes and chlorinated aromates like diclofenac in which the redox po-
tentials are sufficiently low to allow their oxidation.  The screening that was 
performed in Paper III shows that this strategy can be valuable in the future 
to select fungal species that are capable to biodegrade recalcitrant compounds.  
          
 In the future, it would be of interest to perform high throughput screening 
(HTS) on fungi, to be able to select species that are relevant for biodegradation 
purposes.  In a study performed by Beneyton et al., 2016, HTS was performed 
on filamentous fungi using nanoliter droplet-based microfluidics [85]. In this 
study, the fungi were screened for α-amylase activity, but as the authors con-
clude; Fungi can be screened for the production of other enzymes.  

This screening can be valuable if there is a hypothesis which enzymes are 
essential to biodegrade a certain compound. By performing a HTS screening 
using the relevant conditions, including pH, and matrix composition, a selec-
tion of the best suited species to biodegrade a certain compound can be facil-
itated.  
 
The results from such HTS studies can be combined with gene sequencing 
data to understand why some species have the ability to biodegrade certain 
compounds. To date, there are still fungal species whose genomes are not de-
coded. However, many genomes are sequenced. Interestingly, analyses of 
these genomes can deny previously accepted paradigms to which degrading 
apparatus a species belong [86]. 
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Summary in Swedish/Populärvetenskaplig 
sammanfattning 

Denna avhandling handlar om att undersöka utvalda svamparters förmåga att   
bryta ner toxiska ämnen som bidrar till  föroreningen av våra vattendrag. Om-
rådet är av intresse eftersom reningsverken har en begränsad förmåga att re-
ducera halterna av många av de föroreningar som de måste ta hand om, bl.a. 
läkemedelsrester.  Dessa svårnedbrytbara (persistenta) ämnen ansamlas därför 
i våra vattendrag som mikroföroreningar och påverkar vattenlevande organ-
ismer negativt. Vi själva påverkas också, inte minst genom uppkomsten av 
antibiotika-resistenta bakterier.  
 
Svampar är eukaryota och heterotrofa. Det betyder  att de har en cellkärna som 
är avgränsad av ett cellmembran (eukaryota) till skillnad från bakterier som 
saknar cellkärna (prokaryota), samt att de behöver extern tillförd näring 
(heterotrofa) till skillnad från de flesta gröna växter som skapar sin egen nä-
ring (autotrofa) genom fotosyntes.  

 
De svamparter som undersökts i avhandlingen är filamentösa. Dessa svampar 
utvecklar ett rotsystem (mycel) som består av samlingar av enskilda rottrådar 
(hyfer). En hyf är en trådliknande bildning av långsmala celler.  Till cellerna 
i hyferna sker ett inflöde av kol och kväve-innehållande näringsämnen som 
svampen behöver för sin överlevnad. Från hyferna utsöndras enzymer och 
restprodukter. De undersökta filamentösa arterna tillhör de två kategorierna 
saprotrofiska och mutualistiska (mykorrhiza) svampar. Saprotrofiska svampar 
är ekosystemets återvinnare och bryter ner dött material från växter och djur. 
Till denna kategori tillhör vitrötesvampar (WRF) som har den unika förmågan 
att bryta ner samtliga vedkomponenter i nedfallna trän till koldioxid och vatten 
med hjälp av extracellulära enzymer. Till dessa hör enzymen lackas, lignin-
peroxidas och manganperoxidas.  Mykorrhiza-svampar lever i symbios med 
en värdväxt. Växten får mineraler, kväve och fosfor från svampens mycel som 
i utbyte får kol från växten via dess fotosyntes. I Figur 1 visas  bilder tagna 
med svepelektronsmikroskop (SEM) på mycel från den saprotrofiska arten 
Trametes versicolor och från mykorrhiza-arten Rhizoscyphus ericae.    
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Figur 1. Mycel från Trametes versicolor (A), 1000 ggr. förstoring och mycel från 
Rhizoscyphus ericae (B), 2100 ggr. förstoring. 

I alla fem delarbeten har vattenlösningar av de undersökta substanserna varit 
i kontakt med mycel från de utvalda svamparna under en bestämd tid. Mycel 
en har alltså varit omslutna av lösningarna som i de flesta fall också innehållit 
näringsämnen som i många fall är nödvändiga för de olika arternas  överlev-
nad. Om en extracellulär enzymatisk nedbrytning av en substans är beroende 
av denna externa näringstillförsel så kallas detta kometabolism. Nedbryt-
ningen av toxiska substanser kan antingen ske extracellulärt eller intracellu-
lärt. I båda fall är nedbrytningen katalyserad av enzymer. Ytterligare en ned-
brytningsvariant är när radikaler (kortlivade reaktiva föreningar) deltar. Dessa 
bildas under vissa förhållanden i den vattenlösning där mycelen och de toxiska 
föreningarna befinner sig. Två enzymatiska analysmetoder har utvecklats för 
att följa utsöndringen av de extracellulära enzymen lackas och manganperox-
idas. Med hjälp av resultat från dessa analyser har det varit möjligt att (1) be-
kräfta att svampmycelen lever och (2) att dra slutsatser om hur nedbrytningen 
går till.  
 
Den centrala analysteknik som genomgående använts i undersökningarna (un-
dantaget delarbete III) har varit vätskekromatografi i kombination med 
högupplösande masspektrometri (UHPLC-Q-TOF MS).  Både haltbestäm-
ningar av huvudkomponenterna samt   identifering av nedbrytningsprodukter 
har gjorts med denna teknik. Vätskekromatografi har använts för att initialt 
separera de komponenter (molekyler) som funnits i vattenlösningarna. Väts-
kekromatografi är speciellt lämpat för de substanser som har en högre mole-
kylvikt jämför med flyktiga ämnen (ämnen som avdunstar vid låg temperatur). 
I masspektrometern omvandlas de separerade molekylerna till joner som an-
tingen kan vara positivt eller negativt laddade. Sedan separeras jonerna i sin 
tur efter deras massa/laddningsförhållande (m/z). Intensiteten för varje jon 
med sitt specifika m/z-värde bestäms och detta gör det möjligt att göra haltbe-
stämningar.   En stor fördel med högupplösande masspektrometri är att  mo-
lekyler med ytterst små skillnader i formelmassa kan särskiljas. Detta under-
lättar identifieringsarbetet.  

(A) (B) 
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Avhandlingen omfattar en screening studie (delarbete III) och fyra studier 
som beskriver nedbrytning av specifika toxiska föreningar (delarbetena I, II, 
IV och V).   
 
Delarbete III innehåller en screening av 42 saprotrofiska och mykorrhiza-
svamparter som gjorts för att se om det finns arter vars mycel kan överleva 
och växa i en icke-steril miljö som består av kväveinnehållande industrikemi-
kalier. De tre mest lovande kandidaterna testades sedan vidare i en miljö som 
också innehöll höga halter av salt i syfte att simulera ett specifikt processvat-
ten. De två arter som visade bäst tillväxt i denna miljö var Rhizoscyphus ericae 
och Laccaria laccata (laxskivling). Båda dessa arter tillhör kategorin mycorr-
hiza-svampar. Eftersom en majoritet av svampar till skillnad från bakterier 
föredrar en sur miljö så ställdes pH i dessa försök till 4.5. På detta sätt skapas 
också förutsättningar för att undvika en bakteriekontamination som kan leda 
till missvisande resultat. Försöken utvärderades gravimetriskt genom att väga 
mycel före, under och efter experimenten. Denna del av avhandlingen som 
omfattar delarbete III, beskriver alltså olika arters överlevnadsförmåga i en 
processvattenmiljö innehållande utvalda persistenta kväveföreningar. Slutsat-
serna från denna studie kan användas som grund i fortsatta undersökningar om 
det går att använda någon av de utvalda arterna i en framtida industriell förbe-
handlingsanläggning.   
 
I delarbetena I, II, IV och V utvecklades metodik för att bryta ner tre kända 
persistenta föreningar med hjälp av utvalda svampar. Den svampart som var 
prioriterad var vitrötesvampen Trametes versicolor (T. versicolor) som har 
använts i många labstudier. I delarbete V användes också Rhizoscyphus er-
icae (R. ericae). De föreningar som undersöktes var (1) diklofenak som är den 
aktiva substansen i Voltaren®, (2) nonylfenolpolyetoxilat (NPEOs) som är en 
industriellt använd emulgator samt (3) neomycin som är ett antibiotikum (se 
Figur 2). 
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Figur 2. Kemiska strukturer av diklofenak (A), NPEOs (B) och neomycin (C).    
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Diklofenak och neomycin är exempel på läkemedel som förekommer i upp-
mätbara halter i reningsverk och i vattendrag. Diklofenak är giftigt för vatten-
levande organismer och har visat sig vara en substans som är mycket svår att 
bryta ner i reningsverken. Rester av antibiotika som neomycin i våra vatten-
drag och reningsverk är problematiska eftersom de bidrar till antibiotikare-
sistens vilket innebär att bakterier utvecklar motståndskraft mot läkemedlen 
och gör det svårare att behandla vanliga infektioner. Rester av NPEOs i våra 
vatten leder till hormonrubbningar och sterilitet hos vattenlevande organ-
ismer. NPEOs tillhör en grupp av ämnen som kallas endokrinstörande sub-
stanser (EDC).  
 
Experimenten har utförts med hjälp av mycel som först kultiverats på maltagar 
för att sedan föras över (inokuleras) till en steriliserad näringslösning bestå-
ende av glukos och ammoniumtartrat för att få tillfälle att acklimatisera sig. I 
samband med inokuleringen har mycel från T.versicolor fästs (immobilise-
rats) på små bitar av polyuretanskum (PUF). Syftet med detta är att öka my-
celens enzymproduktion, skapa en renare omgivning samt att undertrycka 
bakterietillväxt. I de olika delarbetena har de toxiska substanserna tillförts på 
olika sätt.   På samma sätt som i delarbete III har experimenten utförts i sur 
miljö (pH 4.0). Samtliga försök utfördes i mörker för att utesluta att nedbryt-
ningen skett genom ljuspåverkan (fotolys). Värt att notera är att mycel från R. 
ericae inte gick att immobilisera på PUF.  

 
I delarbete I gjordes nedbrytningsförsök av diklofenak. Experimenten utför-
des både batchvis och i en bioreaktor med  ett bestämt flöde.  Förutom immo-
bilisering av mycel från T. versicolor på PUF, gjordes också ett batchvis för-
sök att immobilisera mycelen på kommersiellt tillgängliga polyeten (PE) bä-
rare (carriers). I samband med dessa försök upptäcktes att mycelen från T. 
versicolor är känsliga för yttre mekanisk påverkan. En analys av enzymakti-
viteten för enzymet lackas gjordes i provlösningarna för de två försöksupp-
ställningarna.  De slutsatser som drogs från delarbete I var att PUF är en bättre 
adsorbent för diklofenak än PE och att T.versicolor har förmåga att bryta ner 
diklofenak. I det batchvisa försöket där immobiliserad PUF användes avlägs-
nades 99.9% av diklofenak efter 4 timmar, företrädesvis genom adsorption av 
diklofenak till PUF och glasytor.   

 
I delarbete II utfördes experimenten i en lab-reaktor bestående av en kom-
mersiellt tillgänglig separationskolonn för proteiner från Cytiva AB.  PUF im-
mobiliserad med mycel från T. versicolor placerades i kolonnen och en lös-
ning innehållande NPEOs och näring pumpades genom kolonnen med ett lågt 
flöde. Under drifttiden utsöndrade mycelen kontinuerligt enzymen lackas och 
manganperoxidas vilket visade  att flödesförhållandena i reaktorn var tillfreds-
ställande.  En bestämning av hur mycket av NPEOs som maximalt kan adsor-
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beras gjordes under dessa förhållanden och det visade sig att PUF är en ut-
märkt adsorbent för NPEOs med en dynamiskt bestämd adsorptionskapacitet 
på 100 mg g-1. Genom att först ”mätta” PUF med NPEOs var det möjligt att 
fastställa att under en drifttid på 18 dygn, kan 90% av NPEOs elimineras ge-
nom  biologisk nedbrytning. Med hjälp av UHPLC-Q-TOF MS identifierades 
tentativt ett antal tidigare kända nedbrytningsprodukter.  

 
Antibiotika av klassen aminoglykosider till vilka neomycin hör är problema-
tiska att analysera med hjälp av vätskekromatografi. Detta beror på att mole-
kylen är positivt laddad i en stor del av pH intervallet. Genom att använda en 
speciell typ av kolonn (HILIC) i delarbete IV och V, visade det sig möjligt 
att både kunna haltbestämma neomycin och att tentativt kunna bestämma 
några av dess nedbrytningsprodukter med UHPLC-Q-TOF MS. I delarbete 
IV som utfördes batchvis användes en speciell metodik för att ta reda på hur 
man kan bryta ner neomycin (1) enbart med hjälp av extracellulära enzym från 
T. versicolor (in vitro) och (2) med hjälp av intakta PUF immobiliserade my-
cel (in vivo). I studien undersöktes också en eventuell inverkan på nedbryt-
ningen av neomycin  med hjälp av en sk redoxmediator. I Figur 3, visas sche-
matiskt designen i försöken där en dekantering av de immobiliserade PUF bi-
tarna gjordes så att lösningar innehållande enbart enzym och näringslösning 
erhölls. När dekanteringen var gjord tillsattes neomycin till icke-dekanterade 
och dekanterade lösningar. I ett av in vitro repektive in vivo försöken tillsattes 
redoxmediator.   

                    
Figur 3. Dekantering av lösning innehållande PUF bitar immobiliserade med T-versi-
color mycel    

 
Resultaten från delarbete IV visade att det var möjligt att minska halten ne-
omycin in vivo med ca. 80% utan tillsats av redoxmediator och in vitro med 
34% med tillsats. 
 
I delarbete V gjordes fortsatta batchvisa nedbrytningsförsök av neomycin 
med användande av dekanteringstekniken (se Figur 3). Denna gång användes 
tekniken inte för att göra in vitro försök utan för att kunna tillsätta lösningar 
med olika halt av neomycin och näringsämnen efter dekanteringarna. I dessa 
försök inkluderades förutom T.versicolor också R. ericae eftersom denna 
mykorrhizasvamp hade visat lovande resultat i delarbete III när det gäller 
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överlevnadsförmåga i komplicerade miljöer.  Denna art gick ej att immobili-
sera på PUF. Mycelen sjönk till botten.  Syftet med dessa försök var att se hur 
nedbrytningen av neomycin påverkas av koncentrationsskillnader både med 
avseende på neomycin och näringsämnen.  Det var speciellt intressant att se 
om en nedbrytning kan ske utan tillsats av extern näring. Med andra ord, kan 
någon av arterna använda neomycin för sin egen överlevnad ?  
 
Resultaten från delarbete V visade att mycel från R. ericae har förmåga att 
växa i en lösning enbart innehållande neomycin. Nedbrytningsförmågan vari-
erade beroende på den tillsatta mängden neomycin. Vid mest gynnsamma ex-
perimentella betingelser utan extern tillsats av näringsämnen kunde R. ericae 
bryta ner 60% av neomycin.    Däremot så visade det sig att T.versicolor är 
beroende av en extern näringstillsats för att kunna bryta ner läkemedlet.  

 
Sammanfattningsvis kan sägas att just detta är en viktig information inför 
framtiden eftersom det är fördelaktigt att slippa tillsätta extra näringsämnen i 
en större reningsprocess (kostnad).   

 
Tillsammans bidrar denna avhandling till ökad kunskap om hur man med hjälp 
av utvalda svamparter kan bryta ner persistenta föreningar som de kommunala 
reningsverken har problem med. Dessutom visade det sig att PUF är en ut-
märkt adsorbent som kan användas separat eller som kombinerad immobilisa-
tor för svampmycel och adsorbent.  
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