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Does the lack of microbial competition significantly enhance boreal white-rot 
fungi’s capacity to degrade organic pollutants and uptake toxic elements?
Burcu Hacıoğlu, Gabriel Dupaul, Gabriela Paladino, Mattias Edman and Erik Hedenström 

Department of Natural Sciences, Design and Sustainable Development, Mid Sweden University, Sundsvall, Sweden

ABSTRACT  
Mycoremediation, the application of fungi for pollutant degradation, offers a sustainable solution 
for bioremediating contaminated environments. In mixed microbial settings, microbial 
competition can influence the efficiency of fungi by modulating pollutant degradation and 
nutrient availability. We investigated the bioremediation potential of boreal white-rot fungi 
(WRF) in fiberbank sediments, targeting organic pollutants such as polycyclic aromatic 
hydrocarbons (PAHs) and potentially toxic elements (PTEs). Previously isolated and identified 
thirteen WRF species were screened in sterilized and unsterilized substrates to evaluate the 
effects of microbial interactions on pollutant degradation and metal uptake. Key findings 
revealed that unsterilized fiberbank material supported superior PAH degradation, with 
Trametes hirsuta achieving up to 94% removal, suggesting synergistic interactions between WRF 
and native microbial communities. Conversely, sterilized substrates enhanced PTE uptake, with 
Phlebia tremellosa demonstrating significant accumulation of cadmium, bioconcentration factor 
(BCF) of 5.56 in sterile conditions and 0.85 in unsterile conditions, and lead, BCF of 1.65 under 
sterile conditions, and 0.38 for unsterile conditions, this enhanced accumulation might be due 
to reduced microbial competition. Statistical analyses confirmed significant differences (p <  
0.001) in pollutant removal and metal uptake between the two substrate conditions. These 
results underline the importance of tailoring bioremediation strategies to substrate conditions. 
A dual approach, employing unsterilized substrates for organic pollutant degradation and 
sterilized substrates for metal accumulation, emerges as a promising framework. Future 
applications could focus on large-scale implementation of these strategies to rehabilitate 
industrially contaminated sites like fiberbanks, balancing ecological sustainability with 
remediation efficacy.
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1. Introduction

Mycoremediation, the use of fungi to degrade or seques
ter environmental pollutants, is a promising strategy for 
addressing contaminated environments. White rot fungi 
(WRF) are a group of powerful lignocellulose-degrading 
fungi found in nature, named for their ability to cause 
white rot in wood. They have been widely studied for 
their potential in environmental remediation [1,2]. WRF 

have drawn significant attention due to their robust 
enzymatic system, which includes lignin peroxidases, 
manganese peroxidases, and laccases, enabling them 
to degrade complex organic pollutants. WRF can metab
olize pollutants such as polycyclic aromatic 
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), 
and other persistent organic compounds [3–6]. Com
pared to traditional chemical or physical remediation 
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approaches, mycoremediation is more cost-effective, 
environmentally friendly, and sustainable [7,8].

Fiberbanks are anthropogenic sediment deposits 
resulting from the paper and pulp industry, representing 
a significant environmental concern due to contami
nation by organic pollutants and potentially toxic 
elements (PTEs). Typically located near paper mill facili
ties, these sediments predominantly contain cellulose 
and lignin fibres, mixed with industrial contaminants 
such as heavy metals (e.g. arsenic, cadmium, and lead), 
polycyclic aromatic hydrocarbons (PAHs), polychlori
nated biphenyls (PCBs), and synthetic dyes [9,10]. 
Deposited mainly in aquatic ecosystems, fiberbanks 
can pose significant long-term ecological and human 
health risks due to their toxic components and persist
ent nature. Their considerable accumulation, which can 
extend several metres deep and display heterogeneous 
compositions, aggravates these environmental hazards 
[9,11].

Moreover, fiberbanks are susceptible to erosion, dis
persion, and redistribution of contaminants into adja
cent aquatic and terrestrial ecosystems, further 
exacerbating their ecological threat. Moreover, due to 
their susceptibility to erosion and dispersion, fiberbanks 
can redistribute contaminants into adjacent aquatic and 
terrestrial ecosystems, thereby amplifying their ecologi
cal impact [12]. Despite these challenges, their high 
content of cellulose and lignin offers an opportunity 
for biotechnological solutions including bioremediation 
and bio-product generation.

One key challenge in remediating fiberbanks is select
ing the appropriate substrate treatment, specifically, 
deciding between sterilized and unsterilized material. 
Sterilization, typically achieved through methods such 
as autoclaving or irradiation, removes competing micro
organisms and creates a controlled environment favour
able for fungal colonization and enzymatic activity 
[8,13]. Despite these advantages, sterilization is 
resource-intensive and may alter the substrate’s physico
chemical properties, potentially restricting its practicality 
for large-scale applications [14].

In contrast, utilizing unsterilized substrates harnesses 
the inherent competitive strength of WRF, enabling 
them to coexist and interact positively with native 
microbial communities. This strategy is more sustainable 
since it eliminates the need for substrate pre-treatment, 
significantly reducing energy consumption and costs. 
Furthermore, it leverages synergistic interactions 
between fungi and indigenous microbes, which can 
enhance bioremediation efficiency [8,15]. For example, 
native microbiota in combination with WRF can 
enhance pollutant degradation by producing beneficial 
co-metabolites or modifying the bioavailability of 

pollutants. Such interactions can notably improve the 
remediation of organic contaminants like PAHs [14,16].

The goal of this study is to assess how diverse 
microbial communities impact the performance of 
different WRF species in degrading organic pollutants 
and in uptaking PTEs within fiberbank sediments. 
Through this investigation, we aim to identify optimal 
mycoremediation approaches that balance efficiency, 
ecological sustainability, and cost-effectiveness.

2. Materials and methods

2.1. Fiberbank collection and characterization

The fiberbank material used in this study was sourced 
from Sundsvall’s Bay in the central Baltic Sea, Sweden, 
an area impacted by industrial discharge. Sampling, 
dewatering, and storage procedures, as well as the 
chemical analyses of contaminants, were performed as 
previously described at Hacıoğlu et al. [6]. Detailed 
results for pre- and post-autoclaved samples are pro
vided in the supplementary materials.

2.2. Fungi collection and inoculation

The fungal strains utilized in this study were sourced from 
WRF fruiting bodies collected from various wood sub
strates in the boreal forests of northern Sweden. A total 
of 13 species namely as Bjerkandera adusta, Diplomitoporus 
crustulinus (GenBank AF343320), Ganoderma applanatum, 
Heterobasidion annosum (GenBank X70027), Hymeno
chaete tabacina, Phellinus ferrugineofuscus (GenBank 
JQ518285), Phellinus punctatus, Phlebia tremellosa, Phle
biopsis gigantea (GenBank DQ320133), Skeletocutis odora, 
Stereum sanguinolentum, Trametes hirsuta (GenBank 
AB158313), and Trametes ochracea were included in the 
experiment. DNA sequencing was employed to identify 
five of the species, while the remaining species were ident
ified using morphological features. The identification 
process focused on the colour and texture of the aerial 
mycelium, with some requiring microscopic analysis fol
lowing the methods of Stalpers [17]. These unique myce
lial traits facilitated accurate species identification.

Thirteen fungal species were cultured on Hagem agar 
medium for two weeks at ∼21 °C. This medium consisted 
of 20 g agar, 5 g glucose, 5 g malt extract, 0.5 g NH4NO3, 
0.5 g MgSO4·7H2O, and 0.5 g KH2PO4 per litre [6].

2.3. Fungi incubation and growth in fiberbank 
material

In a sterile laminar flow cabinet, a Hagem agar disc with a 
5 cm radius was placed at the centre of a 16 cm petri dish. 
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Around the disc, sterilized (autoclaved at 121°C for 
20 min) and unsterilized fiberbank material was evenly 
distributed, extending to a 15 cm radius. Fungal speci
mens were aseptically introduced onto the centre of the 
agar disc (Figure 1(b)). For each fungal species, three repli
cates were prepared for both sterilized and unsterilized 
fiberbank material, separately. In the control setup, 
perlite, sterilized under the same conditions, was used 
in place of the fiberbank material, distributed around 
the agar disc to form a 15 cm diameter (Figure 1(a)). 
One replicate was used as a control for each species.

Following inoculation, the plates were sealed with 
parafilm and incubated at approximately 21 °C under 
natural daylight for two months. After the two- 
month incubation, the mycelium above the Hagem 
agar disc was collected with a sterile loop and 
freeze-dried for 24 h for subsequent elemental extrac
tion. Additionally, the fiberbank substrate surrounding 
the agar disc was collected, freeze-dried for 48 h, and 
homogenized using a Precellys Evolution homogen
izer. Each sample was divided into three aliquots for 
organic pollutant extraction and stored at 4 °C until 
analysis [6].

2.4. Elemental extraction and analysis

Freeze-dried fungal mycelium samples underwent acid 
digestion using a Milestone-ETHOS EASY microwave 
digestion system, following a two-phase process at 
210 °C with concentrated nitric (HNO3, 65%) and hydro
chloric acid (HCl, 30%). Quality control included blanks 
and certified reference materials (Rye Grass-ERM- 
CD281 for fungal samples and Sewage Sludge-BCR- 
145R for fiberbank substrate). The digestion adhered to 

USEPA-SW846 methods 3051A, 3052, and 6020b to pre
serve mercury and ensure full metal solubilization. Post- 
digestion, samples were diluted, and a mercury preser
vative solution containing gold (Au) was added.

Elemental analysis for vanadium, chromium, cobalt, 
nickel, copper, zinc, arsenic, cadmium, mercury, and 
lead was conducted using ICP-MS on an Agilent 7700 
series instrument. External calibration was established 
using multielement standard solutions prepared in a 
2% nitric acid/hydrochloric acid (3:1) matrix. All reagents 
were of trace metal analytical grade [6].

2.5. Organic pollutants analysis

Organic pollutants were extracted from 2 g of freeze- 
dried fiberbank substrate and perlite samples, both pre- 
and post-fungal growth, using an accelerated solvent 
extraction (ASE) system (ASE 350, Dionex). Two solvent 
mixtures were employed: dichloromethane-n-hexane 
(1:1 v/v) for the first cycle (10 min) and n-hexane- 
acetone (1:1 v/v) for the second (5 min) at 100 °C.

The extracts were then concentrated and spiked with 
10 µg of 2-fluorobiphenyl and 1-chlorooctadecane, sur
rogates for PAH and aliphatic hydrocarbon quantifi
cation, following USEPA Methods 8100 and 8081b. 
Purification was carried out using pre-conditioned 1 g 
silica gel cartridges (Strata® SI-1 Silica), eluted with 
12 mL of dichloromethane-n-hexane (1:1 v/v). To 
remove sulfur, activated copper beads were added, 
and the extracts were concentrated and subjected to a 
solvent exchange to n-hexane, with a final volume of 
2 mL.

Analysis included sixteen PAHs and ten aliphatic 
hydrocarbons: 

Figure 1. The experimental setup is illustrated through two distinct configurations as depicted in the accompanying images. Image (a) 
highlights the control samples, which consist of a layer of perlite surrounding a central section of Hagem agar. A disc of fungal 
mycelium is centrally positioned on top of the agar. In contrast, image (b) presents the treatment setup where the perlite is replaced 
by fiberbank material while retaining the same configuration: a central section of Hagem agar with a fungal mycelium disc placed at 
the centre and on top of the agar.
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. PAHs 2–3 rings (Low molecular weight (LMW)): 
Naphthalene, Acenaphthylene, Acenaphthene, Fluor
ene, Phenanthrene, Anthracene

. PAHs 4–6 rings (High molecular weight (HMW)): 
Fluoranthene, Pyrene, Benz[a]anthracene, Chrysene, 
Benzo[o]fluoranthene, Benzo[k]fluoranthene, Benz(a)
pyrene, Indeno[1,2,3-cd]pyrene, Dibenz[a,h]anthra
cene, Benzo[ghi]perylene

. Aliphatic hydrocarbons with 10–16 carbons: Decane, 
Undecane, Dodecane, Tridecane, Tetradecane, Penta
decane, Hexadecane

. Aliphatic hydrocarbons with 18–24 carbons: Octade
cane, Nonadecane, Eicosane, Heneicosane, Docosane, 
Tricosane, Tetracosane

The samples were analyzed using gas chromato
graphy-mass spectrometry (GC-MS) on an Agilent Tech
nologies GC 6890N system in Selective Ion Monitoring 
(SIM) mode, with decachlorobiphenyl as the internal 
standard. Separation was performed using a Varian 
VF5 ms capillary column (30 m × 0.25 mm, 0.25 µm film 
thickness). The injection was done in splitless mode at 
300 °C. The oven temperature was initially set at 50 °C 
for 0.5 min, then increased by 25 °C/min to 290 °C, fol
lowed by a slower ramp of 5 °C/min to 320 °C, where 
it was held for 5 min.

Quality assurance included duplicate analyses, cali
bration verification, matrix-spiked samples, and oper
ational blanks for every batch of ten samples. Mean 
recovery rates were 85 ± 20% for polycyclic aromatic 
hydrocarbons (PAHs) and 114 ± 39% for aliphatic hydro
carbons. Organic solvents were SupraSolv® Grade (Merck 
KGaA, Darmstadt, Germany), and standards and surro
gate solutions were obtained from Sigma-Aldrich.

2.6. Statistics and data analysis

Firstly, to compare the concentrations of organic pollu
tants in fiberbank substrates before and after the 
growth of each fungal species, a paired samples Stu
dent’s t-test at a 95% confidence level was performed. 
This analysis assessed whether there was significant 
removal or degradation of the targeted organic pollu
tants. Then, to compare the removal percentage of 
organic pollutants in sterilized and unsterilized 
fiberbank substrate, another paired samples Student’s 
t-test at a confidence level at 95% was performed. This 
analysis assessed whether there was a significant 
removal percentage difference between the sterilization 
method. Subsequently, a one-way ANOVA was used to 
evaluate the variations in pollutant removal percentages 
across different fungal species. Post-hoc pairwise com
parisons were conducted using the LSD Test, also at a 

95% confidence level. Before performing these analyses, 
assumptions of normality, error independence, and 
equal variances were verified. All statistical procedures 
were carried out using RStudio software, specifically 
version 4.2.3 of the R package.

To compare the biosorption capabilities of different 
WRF, the bioconcentration factor (BF) was determined. 
The BF was calculated using the following formula:

BF =
SCf

C fb 

In this equation, BF represents the bioconcentration 
factor, Cf is the concentration of the substance within 
the fungal tissue, and Cfb is the concentration of the sub
stance in the fiberbank material.

The heatmaps illustrating the BCF values for V, Cr, Co, 
Cu, Pb, Ni, As, Zn, and Cd were generated using the 
RStudio environment by hierarchical clustering, provid
ing a more comprehensive visualization of patterns 
and relationships within the data.

3. Results and discussion

3.1. The effect of sterilization of fiberbank 
material on organic pollutants and PTEs

Table 1 presents the concentration of organic pollutants 
for sterile and unsterile fiberbank material before fungi 
inoculation (h = 0). The data indicate that PAHs decrease 
in concentration following sterilization (121°C for 
20 min), whereas aliphatic hydrocarbons show no 
results as the analysis came as below limit of quantifi
cation (LOQ).

For LMW PAHs, no statistically significant difference 
was observed between the sterilization conditions (p >  
0.1). However, a slight reduction in LMW PAHs concen
tration post-sterilization is still evident. Similarly, for 
HMW PAHs, a notable decrease was observed, with a 
statistically significant (p < 0.001) difference between 
the sterilized and unsterilized conditions.

Table 2 presents the concentrations of PTEs in unster
ilized and sterilized fiberbank materials before fungi 
inoculation (h = 0).

Table 1. The concentrations (mg/kg) of 2–3 rings PAHs, 4–6 
rings PAHs, aliphatic hydrocarbons (C10–16), and aliphatic 
hydrocarbons (C18–24) in sterilized fiberbank material (n = 3) 
and unsterilized fiberbank material (n = 3).

PAH 2–3 
rings (%)

PAH 4–6 
rings (%)

Aliphatics 
(%) (C10– 

16)

Aliphatics 
(%) (C18– 

24)

Unsterilized 
fiberbank

40.18 ± 1.63 1.94 ± 0.15 <LOQ <LOQ

Sterilized 
fiberbank

36.09 ± 2.60 1.49 ± 0.15 <LOQ <LOQ
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In general, PTEs concentration doesn’t change with 
autoclave. The most dramatic change is seen in 
mercury levels, which dropped from 9.9 in the unsteri
lized sample to 1.7 after autoclaving. Mercury is in 
some forms highly volatile, and the high temperature 
of autoclaving likely leads to significant loss through 
volatilization.

While autoclaving might affect [18,19] the fiberbank 
matrix, it’s important to consider the material’s hetero
geneity, especially when interpreting smaller changes. 
Variability in the composition and distribution of con
taminants within the fiberbank could contribute to 
these minor differences, making it essential to account 
for this natural inconsistency when evaluating the 
impact of autoclaving.

3.2. Removal percentage of PAHs by WRF

Figure 2 presents the removal percentage of 2–3 rings 
PAHs by WRF from sterilized and unsterilized fiberbank 
substrate. Overall, PAH removal efficiency tends to be 
significantly higher in unsterilized materials compared 

to sterilized ones across most species (p < 0.001). 
G. applanatum (p < 0.05), H. tabacina (p < 0.05), 
P. punctatus (p < 0.05), P. tremellosa (p < 0.05), S. odora 
(p < 0.05), T. hirsuta (p < 0.05), and T. ochracea (p <  
0.05) showed significant difference between sterile and 
unsterile conditions. For instance, T. hirsuta achieved 
an average removal of 94.41% in unsterilized material 
but only 18.15% in sterilized material. A similar trend is 
seen with G. applanatum, showing 94.06% in unsterilized 
versus 36.57% in sterilized material. This disparity indi
cates that native microbial communities in unsterilized 
material may play a synergistic role with the fungi, 
enhancing pollutant breakdown. Alternatively, steriliza
tion may alter the substrate properties or create con
ditions less favourable for fungal enzymatic activity [20].

Trametes hirsuta and G. applanatum emerged as the 
most effective fungi in unsterilized conditions, achieving 
mean PAH removal percentages exceeding 94%. This 
aligns with findings from Liu et al. [3], who reported 
that species within the Trametes genus demonstrate 
superior enzymatic activity in sterile conditions for 
degrading PAHs due to high laccase production. Simi
larly, P. punctatus also exhibited high efficacy, achieving 
91.51% PAHs 2–3 rings removal in unsterilized material 
and maintaining relatively high performance in sterilized 
conditions (71.27%). This indicates that P. punctatus 
retains notable remediation potential even in the 
absence of microbial synergy.

Species like D. crustulinus and H. annosum exhibited 
lower removal percentages in both conditions, indicat
ing they may be less suitable for PAHs bioremediation 
in fiberbank sediments. This variability in fungal per
formance is consistent with findings from Bharti et al. 
[8], who emphasized the influence of fungal enzyme 

Table 2. The concentration (mg/kg) of As, Pb, Cd, Co, Cu, Cr, Ni, 
V, Zn, and Hg in sterilized and unsterilized fiberbank material.

Unsterilized fiberbank (mg/kg) Sterilized fiberbank (mg/kg)

As 1.4 1.3
Pb 6.8 5.6
Cd 0.4 0.4
Co 0.7 0.6
Cu 27.6 24.9
Cr 17.2 11
Ni 8.3 5.9
V 4.9 4.5
Zn 85.2 76.2
Hg 9.9 1.7

Figure 2. Removal percentages of 2–3 ring PAHs by white rot fungi after two months of growth on unsterilized (red) and sterilized 
(green) fiberbank material. *Only WRF species showing a significant difference in the concentration of PAHs (2–3 rings) in fiberbank 
material before and after fungal treatment are presented in the figure.
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specificity and substrate variability on pollutant degra
dation outcomes.

Figure 3 presents the removal percentages of HMW 
PAHs in unsterilized and sterilized fiberbank material. 
For species like H. tabacina, the stark drop in PAH 
removal from 86.60% in unsterilized conditions to just 
1.00% in sterilized conditions suggests that microbial 
interactions could play a role in enhancing remediation 
efficiency. While it is possible that native microbial com
munities produce co-metabolites or modify pollutant 
bioavailability in ways that synergize with fungal enzy
matic activity, this remains speculative and requires 
further investigation [15]. Similarly, species such as 
P. tremellosa and S. sanguinolentum showed much 
lower PAH removal efficiencies in sterilized conditions, 
further supporting the idea that unsterilized substrates 
may create a more conducive environment for pollutant 
degradation. However, other factors, such as the phys
icochemical changes in the substrate post-sterilization, 
may also contribute to these differences.

For HMW PAHs, T. hirsuta, S. sanguinolentum, and 
H. tabacina achieved the highest removal rates in unster
ilized substrates, with T. hirsuta reaching over 73% mean 
removal. These findings are in line with Kaewlaoyoong 
et al. [14], who reported that mixed microbial environ
ments can enhance the breakdown of recalcitrant pollu
tants, potentially through cooperative interactions. In 
sterilized conditions, species like D. crustulinus and 
P. punctatus still demonstrated moderate remediation 
potential, achieving removal percentages of 44.09% 
and 47.24%, respectively. This aligns with observations 
by Chen et al. [7], who noted that some fungi can com
pensate for the absence of microbial competition by 
upregulating their enzymatic activity.

WRF are equipped with powerful ligninolytic 
enzymes that can attack the stable aromatic rings of 
PAHs. Key enzymes include laccases, manganese peroxi
dase (MnP), lignin peroxidase (LiP), and versatile peroxi
dases, all of which have low substrate specificity and can 
oxidize a range of aromatic pollutants. These enzymes 
generate radical or quinone intermediates from PAHs 
(e.g. converting anthracene to anthraquinone, phenan
threne to phenanthrene quinones), which then 
undergo ring fission and further metabolism. For 
example, Bjerkandera adusta, Phanerochaete chrysospor
ium, and Pleurotus ostreatus have all been shown to 
degrade PAHs via such enzymatic pathways [21]. 
Under low-nutrient or ligninolytic conditions, WRF 
often increases enzyme production, enhancing PAH oxi
dation, e.g. nitrogen limitation can induce higher LiP/ 
MnP activity leading to faster PAH oxidation. Overall, 
the extracellular oxidative enzymes of WRF initiate PAH 
breakdown (often yielding less toxic oxidized metab
olites like PAH-quinones and dihydrodiols), and fungal 
cytochrome P450 monooxygenases further metabolize 
PAHs intracellularly. This broad enzymatic capability 
enables WRF to attack both low- and high-molecular- 
weight PAHs that many bacteria cannot easily degrade 
[21,22].

In natural (unsterilized) soil or sediment, WRF often 
degrade PAHs more effectively than in sterile setups 
due to synergistic interactions with indigenous 
microbes. Native bacteria and fungi can complement 
WRF by co-metabolizing PAH by-products or consuming 
other carbon sources, thereby stimulating fungal 
activity. Studies show that indigenous soil microflora 
readily consume simpler 2–3 ring PAHs, while WRF 
specialize in attacking the more recalcitrant 4–6 ring 

Figure 3. Removal percentages of 4–6 ring PAHs by white rot fungi after two months of growth on unsterilized (red) and sterilized 
(green) fiberbank material. *Only WRF species showing a significant difference in the concentration of PAHs (2–3 rings) in fiberbank 
material before and after fungal treatment are presented in the figure.
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PAHs. For instance, in PAH-contaminated soil, adding 
WRF achieved removal of 70–86% of high-ring PAHs 
(benz[a]anthracene, benzo[a]pyrene, etc.) in 30 days, 
whereas the indigenous microbes alone removed only 
26–43% [21]. The white-rot fungi (notably Stropharia 
rugosoannulata and S. coronilla in Pozdnyakova’s study, 
[21]) produced ligninolytic enzymes that broke down 
the high-ring compounds, while the native bacteria 
mineralized many low-ring PAHs. In another experiment, 
fungal inoculation greatly boosted pyrene mineraliz
ation, in sterile soil Kuehneromyces mutabilis mineralized 
only ∼5% of pyrene to CO2, but in non-sterile soil (with 
native microbes present) it mineralized ∼48% [21]. This 
shows that co-metabolism between WRF and other 
microbes can significantly increase PAH degradation. 
The fungi’s enzymes open up the PAH structure, yielding 
products that bacteria can fully metabolize, and bacteria 
may supply growth factors or remove toxic metabolites, 
creating a positive feedback for PAH breakdown [21]. 
Moreover, the mere presence of other microorganisms 
can induce stress or competition that sometimes stimu
lates WRF to produce more enzymes. There is evidence 
that certain soil bacteria produce compounds (e.g. pep
tidic signals or peroxide) that upregulate fungal lignino
lytic genes, although this depends on the specific 
partners. However, not all interactions are beneficial: if 
the indigenous microbes out-compete the fungus for 
nutrients or inactivate its enzymes, PAH degradation 
can suffer. For example, co-culturing Trametes versicolor 
with Pseudomonas aeruginosa and Rhodococcus erythro
polis led to a decrease in PAH removal, apparently 
because bacterial competition suppressed the fungus’s 
laccase production [23]. Thus, microbial interactions 
can be a double-edged sword, in many cases WRF and 
bacteria together enhance breakdown of PAHs 
(especially the more complex ones), but careful pairing 
is needed to avoid resistance [21,23]. Overall, field and 
microcosm studies agree that unsterile conditions 
(with mixed microbial communities) often yield faster 
or more complete PAH degradation than sterile fungal 
cultures alone, thanks to complementary metabolism, 
WRF initiate attack on large PAH molecules and indigen
ous microbes further metabolize and mineralize the 
breakdown products [21].

The higher PAH removal percentages observed in 
unsterilized materials (p < 0.001) across most fungal 
species suggest that retaining the native microbial eco
system could improve remediation efficacy. However, 
this hypothesis requires further validation. Species like 
H. tabacina (p < 0.05), P. ferrugineofuscus (p < 0.05), 
S. odora (p < 0.05), and T. hirsuta (p < 0.05) showed sig
nificant differences in performance between sterilized 
and unsterilized conditions, indicating that microbial 

interactions might be beneficial under specific scenarios. 
Nevertheless, for practical applications where steriliza
tion may be unavoidable, species like D. crustulinus 
and P. punctatus could still provide reasonable remedia
tion potential.

Finally, the presence of negative removal percentages 
for H. tabacina, S. odora and T. hirsuta, particularly in ster
ilized conditions, highlights the challenges associated 
with the heterogeneity of fiberbanks. This variability, as 
noted by Dahlberg et al. [9], could result from uneven 
distribution of PAHs or analytical challenges when 
working with low pollutant concentrations. These 
findings underscore the need for further studies to dis
entangle the roles of microbial competition, substrate 
properties, and fungal enzymatic mechanisms in 
driving remediation outcomes.

3.3. Bioaccumulation of PTEs

Figure 4 illustrates the accumulation of various PTEs – 
including vanadium, copper, zinc, arsenic, nickel, lead, 
cadmium, cobalt, and chromium – in fungal tissues 
across different species under sterilized and unsterilized 
treatments. The data suggest that sterilization may 
enhance PTE uptake in fungi by removing competing 
microbial populations and altering substrate properties 
[8,20].

Under sterilized conditions, all fungal species dis
played higher vanadium concentrations, with 
P. tremellosa showing the highest accumulation. Simi
larly, copper uptake increased, particularly in 
P. tremellosa and P. gigantea. Zinc accumulation was 
also elevated in sterilized treatments, notably in 
S. sanguinolentum and P. tremellosa, suggesting that 
the absence of microbial competition might facilitate 
uptake. Arsenic followed a similar trend, with 
H. tabacina and S. sanguinolentum exhibiting signifi
cantly higher concentrations under sterilized conditions. 
Nickel uptake was particularly pronounced in H. tabacina 
and S. sanguinolentum. Lead and cadmium concen
trations were also higher in sterilized treatments, with 
S. sanguinolentum, P. tremellosa, and P. gigantea 
showing notable accumulation. Cobalt and chromium 
followed a comparable pattern, with S. sanguinolentum 
and P. tremellosa demonstrating the highest levels. 
These observations align with findings from Krauße 
et al. [20], who reported decreased in metal (Cd, Co, 
Cr, Cu, Ni, Pb, U) concentrations (lower bioavailability) 
after autoclaving.

The heatmap (Figure 5) illustrates the BCF of 
vanadium, chromium, cobalt, nickel, copper, zinc, 
arsenic, cadmium, and lead across fungal species 
under sterilized and unsterilized conditions. The 
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heatmap shows that sterilized substrates generally 
support stronger PTE bioconcentration. For example, 
P. tremellosa and P. punctatus exhibited significant 

bioconcentration of cadmium and arsenic, with 
P. punctatus achieving the highest BCF values. These 
species also demonstrated elevated accumulation of 

Figure 4. The concentrations (mg/kg) of (a) Vanadium, (b) Copper, (c) Zinc, (d) Arsenic, (e) Nickel, (f) Lead, (g) Cadmium, (h) Cobalt, (i) 
Chromium in fungal tissue (n = 3). Red colour represents unsterilized condition, and green colour represents sterilized fiberbank 
material.
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zinc and lead, highlighting their potential for bioreme
diation in controlled, sterilized environments. Moderate 
BCF levels for copper and arsenic were observed in 
P. ferrugineofuscus, indicating this species may also 
have remediation potential under sterilized conditions. 

Similarly, H. tabacina showed moderate accumulation 
of lead, zinc, and arsenic in sterilized substrates, further 
supporting this trend.

In unsterilized conditions, PTE bioconcentration was 
markedly lower across all fungal species, with only 

Figure 4 Continued 
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slight accumulation observed for some elements. The 
lack of pronounced BCF values in the heatmap suggests 
that native microbial communities or environmental 
variability may inhibit fungal uptake of PTEs in unsteri
lized settings. However, alternative explanations, such 

as changes in element speciation or bioavailability, 
may also contribute to this observed pattern [14,15].

Autoclaving (steam sterilization at high pressure) can 
significantly alter fiberbank sediment properties. Fiber
bank sediments from pulp industries are rich in 

Figure 4 Continued 
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organic matter (wood fibres, lignin) and contain heavy 
metals (e.g. Pb, Cd) and other pollutants [6]. Autoclaving 
breaks down complex organic matter and can partially 
oxidize or solubilize organic components, leading to 
changes in pH and redox state. For instance, steam- 
heating soil tends to increase pH (especially if alkaline 
additives are present) and can degrade some organic 
ligands [24]. In fiberbank material, autoclaving likely dis
rupts the structure of organic fibres, producing simpler 
compounds and possibly releasing bound metals. 
Studies on soil sterilization show that killing the native 
biomass can free up previously immobilized nutrients 
and metals. Autoclave or fumigation treatments can dis
solve metal-bearing minerals (e.g. Mn oxides) and break 
organo-metal complexes, thereby increasing metal solu
bility [25]. Suda et al. [25] observed that sterilization 
shifted heavy metals into more labile forms, for 
example, exchangeable Mn rose due to solubilization 
of Mn-oxides. Similarly, autoclaving may oxidize sulfide 
minerals (common in anoxic fibre sediments) into sul
fates, releasing metals that were locked as insoluble 
sulfides. The net effect is an increase in metal bioavail
ability after autoclaving [25]. Even though one-time ster
ilization may not dramatically raise soluble metal 
concentrations in all cases, it does alter the binding equi
libria, heat-driven decomposition of organic matter 
reduces the quantity of strong binding sites and 
changes surface adsorption characteristics [24].

In unsterilized fiberbank sediments, a diverse native 
microbial community (bacteria, filamentous fungi, etc.) is 
present. These indigenous microbes actively interact with 
metals and might immobilize them, thereby reducing 
the fraction of metals freely available. For example, bacteria 
commonly produce extracellular polymeric substances 
(EPS) that have abundant functional groups (hydroxyl, 

carboxyl, amine) which bind metal ions tightly. This bio
sorption by bacterial EPS effectively locks up metals on 
cell surfaces or in biofilm matrices, preventing those 
metal ions from remaining in the environment. Microbial 
cell walls themselves also adsorb metals; the cell surface 
acts as a barrier that traps metal ions externally. Exper
iments have shown that microorganisms can accumulate 
substantial metal amounts on/in their biomass, competing 
with other organisms for these PTEs [26].

When WRF are introduced into non-sterile sediment, 
they face competition from the native microbiota. Indi
genous bacteria and fungi may compete for nutrients, 
colonization space, and even for the metals themselves. 
This competition can limit the growth and metabolic 
activity of the introduced WRF. If native microbes are 
rapidly colonizing available organic matter, the WRF 
might not proliferate as effectively, resulting in less 
biomass to uptake metals. By contrast, in sterilized sedi
ment, these competitors are absent, giving the WRF an 
open area to exploit all resources [27,28]. The absence 
of bacterial competition means no other organism is 
actively binding or consuming the metals, so the 
fungus can acquire a larger share.

These findings emphasize the profound impact of 
sterilization on the PTE accumulation abilities of fungi, 
particularly for toxic elements like cadmium, arsenic, 
and lead. Species such as P. tremellosa, P. punctatus, 
and P. ferrugineofuscus demonstrated strong accumu
lation under sterilized conditions, suggesting significant 
potential for bioremediation applications in controlled 
environments. However, their weaker accumulation in 
unsterilized conditions indicates that these species 
may be less effective in natural settings, where microbial 
interactions and environmental heterogeneity could 
influence PTE uptake. Bharti et al. [8] and Krauße et al. 

Figure 5. Heatmap of BCF value of V, Cr, Co, Ni, Cu, Zn, As, Cd, and Pb in sterilized and unsterilized fiberbank material.
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[20] similarly observed that sterilized environments 
enhance fungal bioremediation potential by eliminating 
competition and stabilizing conditions, but these 
benefits must be balanced against the ecological and 
economic costs of sterilization.

4. Conclusion

This study highlights the potential of boreal WRF for 
bioremediating fiberbank sediments contaminated 
with organic pollutants and PTEs. Results demonstrate 
distinct advantages of both sterilized and unsterilized 
substrates. Unsterilized substrates supported enhanced 
PAH degradation, likely due to synergistic interactions 
between fungi and native microbial communities, with 
species like T. hirsuta achieving removal rates up to 
94%. Conversely, sterilized substrates were more 
effective for PTE uptake, with fungi like P. tremellosa 
showing significant cadmium and lead accumulation 
due to reduced microbial competition.

These findings underscore the importance of tailor
ing substrate conditions to the target contaminant. A 
dual-strategy approach – using unsterilized substrates 
for organic pollutant degradation and sterilized 
substrates for metal remediation – emerges as an 
efficient and sustainable solution for complex contami
nated sites like fiberbanks. This strategy could reduce 
reliance on chemical treatments and energy-intensive 
cleanup methods.

Further research is needed to validate these findings at 
larger scales and to better understand the microbial 
dynamics influencing WRF performance. Exploring 
fungal metabolic pathways and optimizing sterilization 
protocols could enhance the efficiency and feasibility of 
these approaches. Overall, this study provides a foun
dation for developing targeted fungi-based bioremedia
tion strategies to manage environmental contamination.
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