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Abstract: The aim of this study was to evaluate the bioremoval mechanism of anthracycline antibiotics
by the white-rot fungus B. adusta CCBAS 930. The activity of oxidoreductases and levels of phenolic
compounds and free radicals were determined during the biotransformation of anthraquinone
antibiotics: daunomycin (DNR) and doxorubicin (DOX) by B. adusta strain CCBAS 930. Moreover,
phytotoxicity (Lepidium sativum L.), ecotoxicity (Vibrio fischeri), genotoxicity and cytotoxicity of
anthraquinone dyes were evaluated before and after biological treatment. More than 80% and 90% of
DNR and DOX were removed by biodegradation (decolorization). Initial solutions of DNR and DOX
were characterized by eco-, phyto-, geno- and cytotoxicity. Despite efficient decolorization, secondary
metabolites, toxic to bacteria, formed during biotransformation of anthracycline antibiotics in B.
adusta CCBAS 930 cultures. DNR and DOX metabolites did not increase reactive oxygen species
(ROS) production in human fibroblasts and resazurin reduction. DNR metabolites did not change
caspase-3 activity.

Keywords: daunomycin; doxorubicin; versatile peroxidases; genotoxicity; biotoxicity; cytotoxicity

1. Introduction

The development of civilization and accelerated pace of life have led to a global in-
crease in the incidence of cancer in the last decade [1]. Moreover, the increase in the survival
age average has increased the occurrence of cancer. This resulted in a more than two-fold
increase in the production of anti-tumor drugs [2]. One of the main groups of drugs
used to treat cancer are DNA intercalators (cytostatic drugs), which include anthracycline
antibiotics (AQA), mainly daunomycin (DNR) and doxorubicin (DOX) [3]. Daunomycin
(DNR), also known as daunorubicin, is a chemotherapeutic used to treat cancer, especially
acute myeloid and lymphocytic leukemias, chronic myelogenous leukemia and Kaposi’s
sarcoma. Doxorubicin (DOX) is used to treat the same cancer as DNR, but additionally,
DOX is administered in breast cancer. Currently, China and India (50%), the United States
(28%), Europe (15%) and Japan (12%) are the main producers of cytostatic drugs [3].

In recent years, the amount of pharmaceuticals and their metabolites in wastewater,
particularly anti-tumor drugs have increased [4]. Depending on the country, the level
of anthracycline antibiotics in hospital wastewater and surface water ranges from ng/L
to µg/L [4–9]. The presence of cytostatic drugs in wastewater and surface water poses
a serious threat to the aquatic environment due to their carcinogenic, mutagenic and
teratogenic properties [3,10–12]. Moreover, modern anthracycline antibiotics are highly
resistant to environmental factors. The increased stability of pharmaceuticals impedes
their complete degradation during wastewater treatment and allows them to accumulate
in the environment. Residues of these drugs can enter surface water and groundwater,
endangering both aquatic organisms and human health [13].
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Currently, wastewater containing pharmaceuticals is treated using physicochemical
methods such as ozonation, adsorption, membrane filtration and electrolysis [3,14]. In
recent years, biological methods using fungi to remove pharmaceutical residues in effluents
have gained in importance, supplementing or presenting an alternative to conventional
methods. Biodegradation is the most frequently discussed biological mechanism of con-
taminant removal by fungi, and involves exploitation of their natural ability to synthesize
extracellular ligninolytic enzymes. Owing to the low substrate specificity of these enzymes,
they can be used for biodegradation of anthraquinone derivatives [15–20]. The literature
lacks information on the degradation mechanism of anthracycline antibiotics by microor-
ganisms. Moreover, we found no information regarding detoxification of anthracycline
antibiotics in the aquatic environment by microorganisms. Our previous study has shown
that strain CCBAS 930 of Bjerkandera adusta is a promising agent in athraquinone deriva-
tive biodegradation e.g., anthraquinone dyes, alizarin and anticancer anthracyclines like
DNR [19]

Therefore, the aim of this study was to evaluate the mechanism of anthracycline
antibiotic bioremoval and detoxification by the white-rot fungus B. adusta CCBAS 930. In
this study, we characterized the activity of oxidoreductases (i.e., peroxidases, dioxygenases,
superoxide dismutase, catalase, glucose oxidase and laccase), levels of free radicals and
phenolic compounds during the biotransformation of DNR and DOX. Moreover, bio-,
phyto-, geno- and cytoxicity assays were performed to determine the toxicity of its bio-
transformation products. Considering that anhracyclines are characterized by a strong
pro-oxidant capacity, antioxidant properties during their treatment by B. adusta CCBAS 930
were assessed.

2. Results
2.1. AQA Bioremoval by B. adusta CCBAS 930

We observed decolorization and biosorption of AQAs during treatment with B. adusta
CCBAS 930. The highest degree of color removal was observed in the first two weeks. At the
end of the second week of B. adusta CCBAS cultures with the addition of 10 µg/mL of DNR
and DOX, their decolorization ranged from 17.30 to 66.16% and 22.91 to 72.50%, respectively.
In 20-day-old cultures, B. adusta strain CCBAS 930 removed more than 90% of AQAs.
Spectral analysis (200–800 nm) showed that B. adusta CCBAS 930 removed anthracyclines
and broke down chromophores, but produced colorless secondary products with maximum
absorbance at 216 nm, 271 nm and 364 nm (Figure 1). The degree of DNR and DOX
biosorption after B. adusta CCBSA 930 cultures was 13.48% and 7.31%, respectively.

2.2. Extracellular Oxidoreductase Activities during AQA Biotransformation in B. adusta CCBAS
930 Cultures

The activity of HRP-like, MnP and LiP peroxidases, VP, 2,3 and 1,3 dioxygenases as
well as SOD, GOD and CAT was observed in B. adusta CCBAS 930 cultures with DNR and
DOX; laccase activity was not detected. In case of peroxidases, the highest activity was
recorded for VP followed by HRP-like, MnP and LiP. MnP and LiP activities were detected
already on the third day in B. adusta CCBAS 930 cultures with anthracyclines and they were
much lower compared to VP and HRP-like (from 0.10 to 0.90 and from 0.20 to 1.10 U/mg
protein, respectively). VP activity, especially measured at pH = 4.5, with and without Mn+2,
appeared from the first days of B. adusta CCBAS 930 cultures with both anthracyclines.
VP activities measured at pH = 4.5, without or with Mn+2 increased gradually, reaching
a maximum of 61–101 and 103–280 U/mg protein on day 20, respectively (Figure A1).
In the presence of DOX, the maximum activity of HRP-like, LiP and MnP in B. adusta
CCBAS 930 cultures was observed at the end of the second week and it was 13.20, 0.94 and
0.92 U/mg protein, respectively.

The activity of GOX, CAT, SOD, 1,2-DO and 2,3-DO was also detected in B. adusta
CCBAS cultures with anthracyclines. During biotransformation of AQAs by B. adusta
CCBAS 930, we reported maximum GOX and CAT activities on day 7 (2.56–2.64 U/mg
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protein) and day 10 (5.44–6.44 U/mg protein), respectively. SOD activity in B. adusta
CCBAS 930 cultures with DNR and DOX was the highest in the first week (260.56 ± 12.05
and 256.20 ± 10.95 U/mg protein, respectively). Dioxygenase activities were at a lower
level compared to other oxidoreductases. In the presence of DNR and DOX, the maximum
2,3-DO and 1,2-DO activities were recorded at the end of the second week of cultures
(0.24–0.30 and 0.73–2.50 U/mg protein, respectively) (Figure A1).
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Figure 1. UV-visible spectra (1) and decolorization degree (2) of DNR (A) and DOX (B) before and during cultures of B. 
adusta CCBAS 930. 
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Figure 1. UV-visible spectra (1) and decolorization degree (2) of DNR (A) and DOX (B) before and during cultures of B.
adusta CCBAS 930.

2.3. Changes of pH during AQA Biotransformation in B. adusta CCBAS 930 Cultures

The pH decreased during the 20-day culture of B. adusta strain CCBAS on medium
with the addition of DNR and DOX at a concentration of 10 µg/mL. We observed that pH
decreased during B. adusta CCBAS 930 cultures in the presence of DNR and DOX from
pH = 6.0 to 4.09 and 3.90, respectively.

2.4. PhC and SOR Contents during AQA Biotransformation in B. adusta CCBAS 930 Cultures

During the first 10 days of B. adusta CCBAS 930 cultures with DNR and DOX, a
systematic increase in the content of phenolic compounds and free radicals was observed. In
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the third week, the content of phenolic compounds in B. adusta CCBAS 930 cultures with the
addition of DNR and DOX decreased to the value characteristic for the initial AQA solutions
(Figure 2A1,B1). We did not observe a reduction in phenolic compound concentrations
compared to AQA control solutions before B. adusta CCBAS 930 treatment. However, a
systematic decrease in the content of free radicals was observed in B. adusta CCBAS 930
cultures with the addition of DNR and DOX (90.30% and 90.70%) (Figure 2A1,B1).
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Figure 2. The content of phenols (µg/mL of protocatechuic acid), level of free radicals (A560nm) (1) 
and antioxidants properties (2) during treatment of DNR (A) or DOX (B) by B. adusta CCBAS 930 
*** p < 0.001. 

2.5. Evaluation of Antioxidative Activity of AQAs during Biological Treatment 
We observed that initial compounds and their biotransformation products were 

characterized by different anti-/prooxidative properties during B. adusta CCBAS 930 
cultures with DNR and DOX. Initial DNR and DOX solutions (10 µg/mL) in the DPPH 
scavenging assay did not show any antioxidant activity; on the contrary, they showed 
strong oxidative properties towards trolox (data not shown). Antioxidant activity of 
post-liquid cultures systematically increased during B. adusta CCBAS 930 cultures with 
maximum DPPH scavenging activity to the 2nd week (20–46%). After that time, a de-
crease in their antioxidant activity was recorded (Figure 2A2,B2). 
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3A). Significant differences (p < 0.05) were found in the inhibition of L. sativum seed 
germination between post-culture fluids after DNR and DOX treatments (GI = 49.55 ± 
9.05 and 30.70 ± 1.80, respectively). Decolorized post-culture fluids with DNR or DOX 
were characterized by slightly higher, but not statistically significantly different, germi-
nation index (GI) than the initial 10 µg/mL DNR and DOX solutions (GI = 35.85 ± 3.33 and 
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Figure 2. The content of phenols (µg/mL of protocatechuic acid), level of free radicals (A560nm) (1) and antioxidants
properties (2) during treatment of DNR (A) or DOX (B) by B. adusta CCBAS 930 *** p < 0.001.

2.5. Evaluation of Antioxidative Activity of AQAs during Biological Treatment

We observed that initial compounds and their biotransformation products were char-
acterized by different anti-/prooxidative properties during B. adusta CCBAS 930 cultures
with DNR and DOX. Initial DNR and DOX solutions (10 µg/mL) in the DPPH scavenging
assay did not show any antioxidant activity; on the contrary, they showed strong oxidative
properties towards trolox (data not shown). Antioxidant activity of post-liquid cultures
systematically increased during B. adusta CCBAS 930 cultures with maximum DPPH scav-
enging activity to the 2nd week (20–46%). After that time, a decrease in their antioxidant
activity was recorded (Figure 2A2,B2).

2.6. Comparative Evaluation of AQA Toxicity before and after B. adusta CCBAS 930 Treatment
2.6.1. Phytotoxicity

Root growth inhibition (RGI) was at a comparable level (62–69%) for anthracyclines
before and after B. adusta CCBAS 930 treatment, with no apparent differences (Figure
3A). Significant differences (p < 0.05) were found in the inhibition of L. sativum seed
germination between post-culture fluids after DNR and DOX treatments (GI = 49.55 ± 9.05
and 30.70 ± 1.80, respectively). Decolorized post-culture fluids with DNR or DOX were
characterized by slightly higher, but not statistically significantly different, germination
index (GI) than the initial 10 µg/mL DNR and DOX solutions (GI = 35.85 ± 3.33 and 29.88
and 22.06 ± 5.94) (Figure 3B).
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2.6.2. Ecotoxicity

The ecotoxicity assay with V. fischeri bacteria (Microtox) showed that initial media
with the addition of DNR and DOX at a concentration of 10 µg/mL were characterized
by acute toxicity (TU = 1.79 ± 0.09 and TU = 1.90 ± 0.13, respectively). Surprisingly,
we found significant differences in the toxicity of decolorized post-culture fluids with
anthracycline antibiotics. Post-culture fluid with DNR had a similar level of toxicity as the
initial 10 µg/mL DNR solution, but in the case of post-culture fluids with DOX, we observed
several times higher toxicity (high acute toxicity) against V. fischeri compared to the initial
media with the addition of 10 µg/mL DOX (TU = 2.67 ± 0.13 and TU = 31.22 ± 1.53,
respectively) (Figure 3C).
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Figure 3. Phyto- (A,B) and biotoxicity (C) initial solutions of DNR and DOX (10 µg/mL) and decolorized post-culture
liquids of B. adusta CCBAS 930 (RGI—root growth inhibition, GI—germination index, TU- Toxicity Units: *** p < 0.001
versus the control anthracycline antibiotics: DNR and DOX, ### p < 0.001; # p < 0.05 between post-cultured fluids B. adusta
CCBAS 930.

2.6.3. Genotoxicity

Genotoxicity of anthracyclines before and after treatment by B. adusta CCBAS 930 was
also investigated. Our results clearly showed genotoxicity of the initial 10 µg/mL DNR and
DOX solutions. The effects were dose-dependent and decreased with increasing sample
dilutions. The highest values of CIF factor was noted for DNR and DOX initial solutions at
a concentration of 10 µg/mL (CIF = 13.42 and 9.58, respectively) (Table A1). After biological
treatment of DNR and DOX by B. adusta CCBAS 930, genotoxicity of 20-day post-liquid
cultures was on average 95% and 90% lower, respectively. For all tested samples, we did
not observe any genotoxicity with metabolic activation (with S9 fraction; data not shown).
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2.6.4. Cytotoxicity

BJ cell exposure to initial DOX and DNR solutions in medium cause a decrease in
resazurin reduction by 50.36 and 48.49% after 24 h, respectively, and 40.36 and 48.40% after
48 h, respectively, compared to Control 1. Conditioned media containing DOX and DNR
metabolite did not affect BJ cell metabolism after 24 h compared to Control 1. Only media
containing DOX metabolite did not affect BJ cell metabolism after 48 h, as measured by the
resazurin reduction assay compared to Control 1 (Figure A2).

After 24- and 48-h exposure of BJ cells to the medium containing initial DOX and DNR
solutions, ROS production was induced by 680.22 and 625.72%, respectively, after 24 h and
457.34 and 372.97%, respectively, after 48 h compared to Control 1. Interestingly, Control 2
fungal medium showed an increase in ROS production by 306.48 and 302.67%, respectively,
compared to Control 1 at both tested time intervals. After 24 and 48 h of BJ cell exposure to
conditioned medium containing DOX metabolite and DNR metabolite, ROS production
decreased compared to the medium containing DOX and DNR (a decrease by 642.77 and
434.05% after 24 h, respectively, and 457.21 and 273.36% after 48 h, respectively) (Figure 4).
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Figure 4. The effect of conditioned media on the ROS production after 24 h (A), and 48 h (B) in BJ
fibroblasts: *** p < 0.001 versus the control 1 cultures. ### p < 0.001 versus the cell espoused to medium
before conditioning. Control 1—cell culture medium with PBS, Control 2—cell culture medium
with Park Robinson medium for fungi culture, DOX—cell culture medium with doxorubicin, DOX
metabolite—cell culture medium with doxorubicin after fungi culture, DNR—cell culture medium
with daunomycin, DNR metabolite—cell culture medium with daunomycin after fungi culture.

Caspase-3 activity was not affected after 24 h of BJ cell exposure to the medium
containing initial DOX and DNR solutions. Interestingly, caspase-3 activity increased
by 34.00 and 56.00%, respectively, at both studied time intervals (24 and 48 h) in the
group containing 10% fungal mineral Park Robinson medium (Control 2) compared to
Control 1 cells containing 10% PBS. After 48 h, DOX metabolite increased caspase-3 activity
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compared to Control 1 and DOX-containing group (by 60.54% compared to Control 1)
(Figure 5).

Viable cells in this assay had a light green fluorescent cytoplasm. Healthy cells with
green fluorescent cytoplasm were predominant in the control cultures. After 24 and 48 h,
we observed a decrease in cell number in the group treated with DOX and DNR compared
to Control 1. We observed an increase in BJ cell number at both time intervals in the cell
group exposed to DOX metabolite and DNR metabolite compared to cells exposed to DOX
and DNR (Figure A3).
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fibroblasts: *** p < 0.001 versus the control 1 cultures. ### p < 0.001 versus the cell espoused to medium
before conditioning. Control 1—cell culture medium with PBS, Control 2—cell culture medium with
with Park Robinson medium for fungi culture, DOX—cell culture medium with doxorubicin, DOX
metabolite—cell culture medium with doxorubicin after fungi culture, DNR—cell culture medium
with daunomycin, DNR metabolite—cell culture medium with daunomycin after fungi culture.

2.7. Determination of Main Principal Components (PC) during AQA Biotransformation in B.
adusta CCBAS 930 Cultures

Two principal components, PC1 and PC2, were found to be associated with DNR and
DOX decolorization by B. adusta CCBAS 930 and they explained 79.98–81.53% of data vari-
ability. PC1 explained 54.99 and 55.22% of data variability in B. adusta CCBAS 930 cultures
with DNR and DOX, respectively. In both cases, PC1 was mainly associated with nega-
tively correlated (p < 0.05) SOR (74.50–87.72%) and GOX (92.76–90.33%) activities and pH
(77.06–79.58%) and positively correlated with VP peroxidase activity, measured at pH = 3.0
and pH = 4.5 (with/without Mn+2) (88.22–95.78%). In B. adusta CCBAS 930 cultures with
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DOX, PC1 was strongly associated with HRP-like (90.30%) and 2,3-DO activity (90.60%).
In B. adusta CCBAS 930 cultures with DNR and DOX, PC2 factor explained 24.99% and
26.30% of anthracycline biotransformations, respectively. In B. adusta CCBAS930 cultures
with AQAs, PC2 was strongly associated with a higher content of phenolic compounds
(73.38–97.48%) and antioxidant properties (83.50–95.80%) for DNR and LiP (74.72%) and
MnP (94.61%) activity for DOX. PC2 for DOX treatment in B. adusta CCBAS 930 cultures
was associated with higher activities of CAT (86.60%), SOD (72.23%) and 2.3-DO (81.26%)
(Figure A4).

3. Discussion

Due to the increase in cancer incidence, cytostatics are one of the main environmen-
tal problems. Their main sources are hospitals, municipal and industrial wastewater
containing non-metabolized or partially metabolized cytostatics and effluents from their
production. Since these compounds are not efficiently removed during wastewater treat-
ment, they are found in ground, surface and even drinking water. There is no information
in the literature on the biotransformation of anthracycline antibiotics by fungi. Our team
was the first to suggest the possibility of using the B. adusta strain CCBAS 930 to remove
these pharmaceuticals from the aquatic environment [19]. Biotransformation through
enzymatic decolorization and biosorption was observed during biological treatment of
anthracycline antibiotics with B. adusta CCBAS 930. However, the main mechanism of
DNR and DOX removal (more than 80 and 90%, respectively) was associated with color
removal through enzymatic oxidation. Previous data indicated the connection between
color removal (UV-VIS spectrum analysis) and biodegradation of color compounds, e.g.,
synthetic dyes. Color removal of these compounds was visible when the chromophoric
center of the dye was cleaved [20,21]. During B. adusta CCBAS 930 cultures with AQAs,
we observed a systematic color decrease at an absorbance of 480 nm, but it was slightly
increased when oxidized products were formed. Reszka et al. (2003) [22] showed increased
absorbance at 216 nm, 271 nm and 364 nm during DNR oxidation by peroxidases, implying
that the observed spectral changes were connected with DNR chromophore conversion
into its non-colored oxidation products.

During biotransformation of DNR and DOX, B. adusta CCBAS 930 synthesized the
following peroxidases: HRP-like, MnP, LiP and VP, but no laccase. Previous data demon-
strated that the main oxidoreductases responsible for decolorization and biodegradation
of anthraquinone derivatives, e.g., anthraquinone dyes in Bjerkandera sp. were perox-
idases [16,17,23]. Our study indicated that the removal of AQAs in B. adusta CCBAS
cultures was related to their biodegradation by extracellular peroxidases, especially VP.
Reszka et al. (2003, 2005) [22,24] described oxidation mechanism of anthracyclines based
on peroxidases. The latter authors suggested that one possible mechanism of anthracycline
oxidization could be via a reaction catalyzed by peroxidases in the presents of H2O2 [24].
We reported Mn-dependent peroxidase oxidization of phenolic compounds, but also their
oxidization to Mn(III) at the Mn(II) binding site, which indicated that VP peroxidase syn-
thesis had a wide substrate range. Our previous study indicated that VP oxidized not only
phenolic compounds but also high-redox potential substrates e.g., anthraquinone dyes
Alizarin Blu Black B and Acid Blue 129 [23]. Moreover, VP had a high application value
due to the effective degradation of PHAs [25], pharmaceuticals and hormones [26] as well
as endocrine disrupting compounds, e.g., Bisphenol A and Triclosan [27,28]. An important
parameter that affects not only enzyme’s activity but also its affinity to the substrate is
pH. During biotransformation of AQAs by B. adusta CCBAS, we observed pH decrease,
which was strongly correlated (p < 0.05) with increased activities of VP peroxidases. The
connection between VP activity, Mn+2 oxidation and guaiacol without and in the presence
of Mn+2 and medium pH has been confirmed previously [29].

We observed high phenolic compound production during B. adusta CCBAS 930 cul-
tures with anthracycline antibiotics. However, our results indicated that this phenolic
compounds showed antioxidant activity, e.g., scavenging activity towards DPPH• radicals.
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Earlier study indicated that phenolic compounds could be produced during the growth
of different white-rot fungi or during xenobiotic biotransformations, e.g., anthraquinone
derivatives through the activity of fungal oxidoreductases [23]. We also showed phenolic
compounds in the control culture of B. adusta CCBAS 930 without the addition of anthra-
cycline antibiotics (data not shown). Moreover, previous data have demonstrated that
phenols are substrates for dioxygenases that catalyze the cleavage of aromatic rings [30,31].
It is consistent with our data, which showed a correlation (p < 0.05) between an increase
in hydroxyphenol concentrations and 2,3-DO activity during AQA biotransformation.
We observed SOR production during AQA treatment by B. adusta CCBAS 930, but also
in control cultures without AQAs (data not shown). This indicated that partial oxygen
reduction, with the release of H2O2 molecule was the main source of O•- in fungal cells
during the biotransformation of AQAs. It is worth mentioning that free radicals are formed
not only due to oxidative stress, but also physiological changes. Even high ROS levels do
not adversely affect the growth and development of these fungi as they have an enzymatic
mechanism that neutralizes ROS such as SOD, CAT and peroxidase [32]. Biosynthesis
mechanism of extracellular peroxidases in white-rot fungal cultures is related to glucose
metabolism, resulting in ROS formation [32]. This was confirmed by the correlation (p <
0.05) between the increase in the level of free radicals during the cultivation of B. adusta
CCBAS 930 and higher glucose oxidase activity. H2O2 is then broken down to O2 and H2O
by catalase or participates in peroxidase-catalyzed reactions as a co-substrate. Reszka et al.
(2005) [24] showed that HRP peroxidase could oxidize hydroquinone in an anthracycline
molecule, thereby generating free radicals (phenoxyl radical) and causing its degrada-
tion. On the other hand, SOD is a key enzyme responsible for O•- removal during the
degradation of high redox potential compounds, e.g., ligninocelulose and anthraquinone
derivatives [23,33].

However, xenobiotics such as pharmaceuticals in the environment may contribute to
the formation of free radicals. Anthracycline antibiotics readily undergo single-electron
reduction, generating semiquinone radicals and superoxide anion radicals. This initiates
a cascade of free radical reactions whose products are highly toxic hydrogen peroxide
and hydroxyl radical. Due to the universal character of free-radical mechanism of ac-
tion of anthracyclines, all cells are exposed to harmful effects of radicals generated [13].
In light of this information, it can be assumed that not only oxydoreductases, but also
phenolic compounds, formed during the biotransformation of anthraquinone derivatives,
are responsible for the detoxification of these compounds by free radical neutralization,
especially since we also showed a decrease in free radicals during removal of AQAs in B.
adusta CCBAS930 cultures.

In addition to decolorization degree and activity of oxidoreductases, we also assessed
bio-, phyto-, cyto- and genotoxicity of DNR and DOX before and after B. adusta CCBAS
930 treatment. Using an ecotoxicology assay with Vibrio fischeri, we did not show a re-
duced toxicity of post-culture liquids obtained after treating 10 µg mL−1 DNR and DOX
with B. adusta CCBAS 930. Post-liquid cultures were characterized by a higher toxicity
after treatment with B. adusta CCBAS 930. In recent years, various information has been
published on the possibility of detoxification of anthraquinone derivatives, e.g., textile
dyes by oxidoreductases synthesized by white-rot fungi [23,34,35]. However, the authors’
opinions are ambiguous, as some publications showed an increase in the toxicity of post-
culture fluids after biotransformation [36,37]. Based on our results, we suggested that high
biotoxicity level after anthracycline treatments with B. adusta CCBAS 930 was probably
connected with a high concentration of phenolic compounds. On the other hand, we ob-
served that the modification of B. adusta CCBAS 930 culture could significantly reduce the
biotoxicity of anthracyclines (data not shown). Previous study indicated that phenolic com-
pounds produced by white-rot fungi exhibited antibacterial activity [38,39]. Culture fluids
of white-rot fungi such as Lentinula edodes and Pleurotus ostreatus were characterized by
antibacterial activity towards Gram-positive and Gram-negative bacteria [38,39]. Moreover,
anthraquinone derivatives, e.g., natural dyes and those used in the textile industry have
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antibacterial properties. The mechanism of their antibacterial activity is primarily based on
blocking cell wall biosynthesis, disrupting transport through the cytoplasmic membrane
and inhibiting the synthesis of nucleic acids. In addition, exposing bacteria for a long
period of time to anthraquinones caused that this compounds entered and accumulated in
the cells, which resulted in their higher toxicity [40]. In view of recent studies, the use of V.
fischeri (Microtox) as the main assay to determine the ecotoxicity potential of anthraquinone
derivatives in culture fluids after treatment with microfungi cannot be considered as one
of the most important toxicological tests.

Phytotoxicity of post-culture fluids of B. adusta CCBAS 930 was determined based on
the inhibition of seed germination and root elongation. Seed germination and root growth
inhibition of L. sativum L. in the presence of initial DNR and DOX solutions or post-culture
liquids were at the same levels. There is some information in the literature, on the use
of the phytotoxicity assay to determine the detoxification of anthraquinone derivatives
by fungi [20,23]. However, the authors reported an increase of anthraquinone derivatives
e.g., textile dyes after fungal treatment [20] and a decrease of their phytotoxicity [23]. Our
study showed no increase in phytotoxicity after AQA treatment by B. adusta CCBAS 930.
Due to the fact that the deficit of drinking water increases with climate change, work
is still ongoing on effective methods of municipal and industrial wastewater recycling
that will allow for their re-use, e.g., for agricultural irrigation [41]. Our results are very
important from the point of view of the potential application of the fungus B. adusta CCBAS
930 for removal of these cytostatic drugs and re-use of the post-culture fluids, e.g., for
agricultural irrigation.

Genotoxicity is also a very important issue in the effective removal of pollutants using
biological methods. Genotoxicity and potential promutagenic effects of xenobiotics, e.g.,
cytostatic drugs, have serious consequences in the future. Previous data indicated that
certain amounts of cytostatic drugs pass unmetabolized through the patient. Moreover,
cytostatic agents and their metabolites are continuously disposed of not only in hospitals,
but also municipal wastewater and end up in the wastewater system [4,42]. Zhang et al.
(2013) [3] reported that metabolic products of anthracycline antibiotics excreted with urine
still exhibited carcinogenic properties. Our study indicated high genotoxicity of initial
DNR and DOX solutions. After B. adusta CCBAS 930 treatment both AQAs showed no
genotoxicity effect in the SOS Chromotest assay, without and with metabolic activation.
A study by Zounková et al. (2007) [43] showed that doxorubicin exhibited genotoxic
properties, as measured by the SOS Chromotest, without and with metabolic activation,
at a concentration of 0.074 and 0.098 mg/L, respectively. Our study did not show any
genotoxic effects, thus it can be assumed that the biological method of AQA removal from
wastewater using B. adusta strain CCBAS 930 may be an alternative or supplement to
conventional pharmaceutical wastewater treatment methods.

Additionally, the cytotoxicity assay was carried out before and after fungal treatment.
Initial DNR and DOX solutions were also toxic to the BJ skin fibroblast cell line. Control
media did not increase ROS production, while media with DNR and DOX strongly en-
hanced ROS production in BJ skin fibroblasts. The obtained data suggested that both DNR
and DNR media caused apoptosis with increasing ROS production, but DNR and DOX
metabolites were characterized by low ROS levels and did not activate apoptosis. Previous
data demonstrated that high ROS production could lead to the activation of apoptotic
processes through the mitochondrial pathway [44]. Low ROS concentration is essential to
maintain redox balance and stimulate cell proliferation, but a high level of accumulated
ROS may cause cell damage by oxidation of proteins, lipids and DNA, and is indicative
of apoptosis [45]. Recent study demonstrated that organic compounds and polyphenols
were responsible for ROS generation in cancer cells, but in normal cells they scavenged
ROS [45]. Jabłońska-Trypuć et al. (2018) [45] indicated that ROS level in fibroblast cells
pretreated with cichoric acid before DOX addition was significantly lower than without
cichoric acid treatment. This was in line with our research, which showed that increasing
concentrations of hydroxyphenols in culture medium were correlated with their high
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antioxidant activity. Our study found that the activity of general apoptotic marker such as
caspase-3 remained unchanged in post liquid cultures after B. adusta CCBAS 930 treatment
in group contained DNR. Our results are comparable to a similar assay involving fungal
treatment of anthraquinone derivatives, e.g., textile dyes [23,35]. No cytotoxicity effect was
observed in fibroblast BJ cells after Alizarine Blue Black B and Acid Blue 29 treatment with
B. adusta CCBAS 930 [23]. Vanhulle et al. (2008) [35] demonstrated in a cytotoxicity assay
with the Caco-2 cell line that the fungus P. sanguineus did not produce toxic metabolites
during dye-containing wastewater treatments. Moreover, our study indicated that the
high antioxidant activity was correlated with decrease in SOR levels. This suggested that
biotransformation products such as phenols can protect fibroblast cells by ROS during the
biological treatment of anthracyclines in B. adusta CCBAS 930 cultures.

4. Materials and Methods
4.1. Chemicals

Daunomycin hydrochlorine (≥90%), doxorubicin hydrochlorine (≥98%), streptomycin
(≥98%), phosphate-buffered saline (PBS) without Ca2+ and Mg2+, fetal bovine serum (FBS),
resazurin, MEM medium without phenol red (≥98%), o-dianisidine (≥95%), veratryl
alcohol (96%), 2,6-dimethoxyphenol (99%), ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (≥98%), DPPH• (2,2-diphenyl-1-picrylhydrazyl), trolox (97%), peroxidase,
type II from horseradish (200 KU) and catechol (≥99%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All other chemicals and reagents were of analytical grade.

4.2. Cultures of Bjerkandera adusta CCBAS 930

The anamorphic B. adusta strain CCBAS 930 was isolated from black earth soil
(Pheozems, FAO) from a field near Lublin in south-eastern Poland [16]. The experiments
were conducted in 100 mL of liquid mineral medium supplemented with DNR or DOX at a
concentration of 10 µg/mL according to the method described by Rybczyńska-Tkaczyk et al.
(2020) [23]. Control treatment consisted of cultures without the addition of anthracyclines
and non-inoculated medium.

4.3. Bioremoval of Anthracyclines by B. adusta CCBAS 930

To explain the bioremoval mechanism of anthracycline antibiotics we applied two
parameters: decolorization and biosorption degree. Decolorization was estimated by
periodic absorbance (A480nm) measurements of clear post-culturing liquids with DNR and
DOX [16]. Moreover, a visible spectrum in the wavelength range from 200 nm to 800 nm
was measured during treatment of anthracyclines in B. adusta CCBAS 930 cultures. The
biosorption assay was performed on 20-day B. adusta CCBAS 930 cultures according to
Rybczyńska-Tkaczyk and Korniłowicz-Kowalska (2016) [46]. After cultures (21 days), the
mycelia were separated from the media, rinsed 3 times in sterile water and transferred to
50 cm3 of 70% ethanol to determine the sorption capacity of the biomass and agitated for
24 h (130 rpm, 28 ◦C). The sorption capacity was estimated according to the equation:

Qe =
(Ci− C f )V

m
(1)

where Qe—biosorption capacity (mg g−1), Ci and Cf —initial and final concentration
(mg L−1), m—adsorbent dose (g), V—volume of solution (l).

4.4. Evaluation of Oxidoreductase Activities

The activities of the following extracellular oxidoreductases: horseradish-type per-
oxidase (HRP-like), manganese-dependent peroxidase (MnP), lignin peroxidase (LiP),
versatile peroxidase (VP) Mn-dependent and Mn-independent activity, laccase (Lac),
2,3-dioxygenase (2,3-DO), 2,3-dioxygenase (2,3-DO) and superoxide dismutase (SOD)
were evaluated using the microplate assay [23]. The activity of horseradish-type per-
oxidase (HRP-like) and laccase (Lac) was assayed using 255 µL of 0.01% o-dianisidine
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(ε460nm = 11,3 M−1 cm−1) in 0.1 M acetate buffer (pH 5.5) with 0.1 mM H2O2 and 0.5 mM
ABTS (ε420nm = 36,000 M−1 cm−1) as a substrate and 35 µL, respectively. The activity of
manganese-dependent peroxidase (MnP) was determined by oxidation of 15 µL of 1 mM
MnSO4 in 265 µL of sodium malonate (50 mM, pH 4.5) in the presence of 50 µL of the
supernatant and 10 µL of 6 mM H2O2, and subsequent determination of the Mn+3–malonic
acid complex (ε270nm = 11.590 M−1 cm−1). The activity of lignin peroxidase (LiP) was
assayed using 20 mM veratryl alcohol (ε310nm = 9.300 M−1 cm−1) in 40 mM tartrate buffer,
pH 3, in the presence of 10 µL of 8 mM H2O2. Versatile peroxidase (VP) activity was
determined by the oxidation of 20 mM 2,6-dimethoxyphenols (2,6-DMP). Mn-independent
activity of VP was estimated by the oxidation of 15 µL of 20 mM 2,6-DMP (ε468 = 49.6 M−1

cm−1) in 265 µL 50 mM sodium malonate buffer (pH 3.0 and 4.5) with 10 µL of 6 mM H2O2.
Mn-dependent activity of VP was assayed by oxidation of 15 µL 20 mM 2,6-DMP in 250 µL
50 mM sodium malonate buffer (pH 4.5) in the presence of 10 µL of 6 mM H2O2 and 15 µL
0.1 mM MnSO4. The activity of 1,2-dioxygenase (1,2-DO) was determined by oxidation of
catechol (220 µL, 50 mM) in phosphate buffer pH 7.5 (50 mM) with the presence of 20 µL of
Na2EDTA (20 mM) and 60 µL of supernatant. The activity of 2,3-dioxygenase (2,3-DO) was
estimated by oxidation of catechol (240 µL, 50 mM) in phosphate buffer, pH 7.5 (50 mM),
and 60 µL of the supernatant. The activities of catalase (CAT) and glucose oxidase (GOX)
were estimated according to Korniłłowicz-Kowalska and Rybczyńska (2015) [47]. Activity
of GOX was estimated in glycerol triphosphate buffer (pH 7.0) with o-dianisidine and
horseradish peroxidase (ε525nm = 1,86 M−1 cm−1). Activity of CAT was measurement in
the presence of 10mM H2O2 (ε240nm = 39,40 M−1 cm−1).

Protein concentration was determined according to the Bradford method (1976) [48]
using the Protein Assay Kit (BioRad). Medium inoculated with B. adusta CCBAS 930, but
without the addition of anthracyclines served as control in all enzymatic activity assays.

4.5. Determination of Phenolic Compounds (PhC) and Free Radical (SOR) Contents

The content of PhC was determined spectrophotometrically at A740nm according to
Singleton and Rossi (1965) [49] with a slight modification [50]. SOR levels were estimated
based on the detection of superoxide-induced formazan formation from nitrotetrazolium
blue (NBT) (A560nm) [51]. Untreated medium with DNR or DOX at a concentration of
10 µg/mL was used as control.

4.6. Determiantion of Antioxidative Activity of Initial Antracycline Solutions and Post-Culture
Fluids of B. adusta CCBAS 930

Antioxidant activity was measured using the DPPH• radical scavenging assay accord-
ing to Brand-Williams et al. (1995) [52]. Each 100 µL of post-culture fluids and initial DNR
and DOX (10 µg/mL) solutions were mixed with 100 µL of 25 mM DPPH• solution in
96% ethanol. Following 30 min incubation at room temperature, sample absorbance was
measured (A515nm) using 96% ethanol as a blank sample.

4.7. Determination of pH of Post-Culture Fluids

The pH of post-culture liquids was measured periodically using potentiometric methods.

4.8. Phytotoxicity Assay

Phytotoxkit (Tigret, Poland) was used to determine the direct effects of the untreated
and treated DNR and DOX on ermination index (GI) and root growth inhibition (RGI) of
seeds of Lepidium sativum in comparison to controls (distilled water) in a reference soil.

4.9. Ecotoxicity Assay

The Microtox® (Model 500 Analyzer, London, UK) toxicity assay was used to evaluate
the inhibition of luminescence of V. fischeri marine bacteria for untreated medium supple-
mented with DNR and DOX (10 µg/mL) and post-culture liquids of B. adusta CCBAS 930
according to the manufacturer’s protocol.
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4.10. Genotoxicity Assay

The genotoxicity assay was performed using SOS ChromoTest (distribution Tigret,
Poland) according to the manufacturer’s protocol. Moreover, the S9 fraction (lyophilized
rat liver) was used to estimate the promutagenic potential of tested compounds before and
after treatment with B. adusta CCBAS 930. Briefly, overnight bacteria cultures were grown
in fresh LB medium to an optical density (OD600nm) of 0.5–0.6, diluted 10-fold in double
strength LB medium (20 g tryptone/L, 10 g yeast extract/L, 20 g sodium chloride/L, pH
7.4) and mixed (v/v) with the tested compounds, e.g., potential mutagens (or promutagens)
and solvents. A negative control (distilled water) was always included in each assay. The
bacteria were exposed to different initial concentrations of DOX and DNR and post-liquid
cultures of B. adusta CCBAS 930 after anthracycline treatments and cultured for 1.5 h at 37
◦C. β-galactosidase (β-gal) and alkaline phosphatase (AP) were assayed in 96-well plates.
Significant genotoxic activity was defined as an adjusted induction factor (CIF) equal or
greater than 1.2.

4.11. Cell Culture with Conditioned Medium

The human skin fibroblasts cell line BJ (ATCC CRL-2522) was obtained from American
Type Culture Collection (ATCC, distributors: LGC Standards, Łomianki, Poland). BJ cells
were maintained in MEM medium without phenol red supplemented with 10% fetal bovine
serum (FBS). Cells were maintained at 37 ◦C in a humidified atmosphere with 5% CO2.
Cells were seeded in 96-well culture plates (Costar, St. Louis, MO, USA) at a density
of 5 × 103 per well and initially cultured before the experiment for 24 h. Subsequently,
the medium was changed to a fresh one with an equal amount of conditioned medium
(Control 1—cell culture medium with PBS, Control 2—cell culture medium with Park and
Robinson medium for B. adusta CCBAS 930 culture for fungi culture, DOX—cell culture
medium with doxorubicin, DOX metabolite—cell culture medium with doxorubicin after
fungi culture, DNR—cell culture medium with daunomycin, DNR metabolite—cell culture
medium with daunomycin after fungi culture) which was always 10% of the total cell
culture medium.

4.12. Resazurin Reduction Assay

The resazurin reduction cell viability and metabolism assay was performed according
to a previously described method [53]. On the day of analysis, a working solution of 60 µM
resazurin was prepared in medium containing 1% FBS. After 24 or 48 h of treatment, cells
with studied conditioned media, medium in the wells were replaced on a working solution
of resazurin (100 µL) and the plates were placed in 37 ◦C. Fluorescence was measured with
an excitation wavelength of 530 nm and emission 590 nm on a FilterMax F5 Multi-Mode
microplate reader (Molecular Devices, Corp., Sunnyvale, CA, USA) for 1 and 2 h after
dye addition.

4.13. Measurement Reactive Oxygen Species (ROS) Production

The ROS measurement was performed according to a previously described method [54].
To determine the ability conditioned medium (Control 1, Control 2, DOX, DOX metabolite,
DNR, DNR metabolite) to induce ROS production in the cells, 5 µM H2DCFDA was applied.
The cells were incubated in H2DCFDA in serum-free and phenol red-free medium for 45
min before conditioned medium treatment. After 24 and 48 h of incubation of the cells
with increasing concentrations of compounds (5% CO2 at 37 ◦C), the culture medium was
replaced with fresh medium to remove extracellular residual DCF and studied compounds
to reduce the fluorescence background. Cells treated with 0.3% hydrogen peroxide (H2O2)
were used as a positive control (result not shown). DCF fluorescence was measured using
a microplate reader (FilterMax F5) at maximum excitation and emission spectra of 485 nm
and 535 nm, respectively.
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4.14. Caspase-3 Activity

Caspase-3 activity was assessed according to previous described method Nicholson
et al. [55] After 24 or 48 h of treatment with studied media culture plates were frozen in−80
◦C and kept until assay. Cells were lysed using (frozen procedure) and lysis buffer (50 mM
HEPES, pH 7.4, 100 mM NaCl, 0.1% CHAPS, 1 mM EDTA, 10% glycerol, and 10 mM
DTT) at 10 ◦C for 10 min. The lysates were incubated with substrate Ac-DEVD-pNA for
caspase-3 at 37 ◦C. Cells treated with 1 µM staurosporine were used as a positive control
(results not shown). After 30 min, absorbance of the lysates at 405 nm was measured
using a microplate reader (FilterMax F5 Multi-Mode microplate reader). The amount of
colorimetric product was continuously monitored for 120 min. The data were analyzed
using Multi-Mode Analysis software (Molecular Devices, Corp., Sunnyvale, CA, USA).

4.15. Calcein AM Staining

Calcein AM staining was performed to measure intracellular esterase activity in
neocortical cell cultures 24 and 48 h after treatment with Control 1, Control 2, DOX, DOX
metabolite, DNR and DNR metabolite diluted in MEM medium containing 10% FBS using
a fluorescence microscope (LSM 700, ZEISS) [20].

4.16. Statistical Analysis

Data are presented as means ± standard deviation (SD) of three (biochemical anal-
ysis) and six (cell cultures and cytotoxicity assays) independent experiments. Data were
analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparison procedure and Principal Component Analysis (PCA) (normalized VARIMAX
and Kaiser criterion) [56] using STATISTICA v10.0 Software (StatSoft Poland)

5. Conclusions

In conclusion, it should be emphasized that the B. adusta strain CCBAS 930 exhibited
biotransformation activity towards anthracycline antibiotics such as DNR and DOX. This
activity was mainly related to the production of extracellular HRP-like and VP peroxidases.
Our study showed that DNR and DOX were toxic for Vibrio fischeri bacteria, L. sativum L.
seeds and BJ skin fibroblasts cell line before biotransformation. Our study suggested a
ROS-dependent cytotoxicity mechanism associated with caspase-3 activity. Biotransforma-
tion products, e.g., phenols can protect fibroblast cells by ROS during biological treatment
of anthracyclines in B. adusta CCBAS 930 cultures. Moreover, phenols formed during
anthracycline biotransformations showed antioxidant activity. It can be assumed that not
only oxidoreductases, but also phenolic compounds formed during biotransformation of
anthraquinone derivatives were responsible for the detoxification of these compounds.
Based on these results, further studies require the characterization of the main VP peroxi-
dase involved in anthracycline bioremoval. Since no phytotoxicity after AQA treatment
with B. adusta CCBAS 930 was recorded, it is also planned to conduct a pilot study on the
use of post-culture liquids for agricultural irrigation after anthracycline removal.
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Figure A1. Activities of oxidoreductases (U/mg) in cultures of B. adusta CCBAS 930 supplemented with daunomycin 
(DNR) (A1-3) and doxorubicin (DOX) (B1-3) (1,2-DO (1,2-dioxygenase), 2,3-DO-(2,3-dioxygenase), CAT (catalase), GOX 
(glucose oxidase), HRP-like (horsheradish-type peroxidase), LiP (lignin peroxidase), MnP (manganese-dependent pe-
roxidase), PhC (phenolic compounds), SOD (superoxide dismutase), SOR (superoxide radical levels), VP (versatile pe-
roxidases activity measurement without Mn+2 in pH = 3.0 and pH = 4.5 and with Mn+2 in pH = 4.5). 

Figure A1. Activities of oxidoreductases (U/mg) in cultures of B. adusta CCBAS 930 supplemented with daunomycin
(DNR) (A1–A3) and doxorubicin (DOX) (B1–B3) (1,2-DO (1,2-dioxygenase), 2,3-DO-(2,3-dioxygenase), CAT (catalase),
GOX (glucose oxidase), HRP-like (horsheradish-type peroxidase), LiP (lignin peroxidase), MnP (manganese-dependent
peroxidase), PhC (phenolic compounds), SOD (superoxide dismutase), SOR (superoxide radical levels), VP (versatile
peroxidases activity measurement without Mn+2 in pH = 3.0 and pH = 4.5 and with Mn+2 in pH = 4.5).
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BJ fibroblasts: *** p < 0.001 versus the control 1 cultures. ### p < 0.001 versus the cell espoused to 
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ture medium with daunomycin, DNR metabolite—cell culture medium with daunomycin after 
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fibroblasts: *** p < 0.001 versus the control 1 cultures. ### p < 0.001 versus the cell espoused to medium
before conditioning. Control 1—cell culture medium with PBS, Control 2—cell culture medium
with Park Robinson medium for fungi culture, DOX—cell culture medium with doxorubicin, DOX
metabolite—cell culture medium with doxorubicin after fungi culture, DNR—cell culture medium
with daunomycin, DNR metabolite—cell culture medium with daunomycin after fungi culture.
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Figure A3. The effect of conditioned media on the calcein AM after 24 h, and 48 h in BJ fibroblasts. 
Control 1—cell culture medium with PBS, Control 2—cell culture medium with Park Robinson 
medium for fungi culture, DOX—cell culture medium with doxorubicin, DOX metabolite—cell 
culture medium with doxorubicin after fungi culture, DNR—cell culture medium with daunomy-
cin, DNR metabolite—cell culture medium with daunomycin after fungi culture. Photomicro-
graphsare shown at 200× magnification. 

Figure A3. The effect of conditioned media on the calcein AM after 24 h, and 48 h in BJ fibroblasts.
Control 1—cell culture medium with PBS, Control 2—cell culture medium with Park Robinson
medium for fungi culture, DOX—cell culture medium with doxorubicin, DOX metabolite—cell
culture medium with doxorubicin after fungi culture, DNR—cell culture medium with daunomycin,
DNR metabolite—cell culture medium with daunomycin after fungi culture. Photomicrographsare
shown at 200×magnification.
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Figure A4. Plot of variables. Location of load vectors towards two principal components for cul-
tures of strain of B. adusta CCBAS 930 with DNR (A) and DOX (B); 1,2-DO (1,2-dioxygenase), 
2,3-DO—(2,3-dioxygenase), CAT (catalase), D—decolorization, GOX (glucose oxidase), HRP-like 
(horsheradish-type peroxidase), LiP (lignin peroxidase), MnP (manganese-dependent peroxidase),
PhC (phenolic compounds), SOD (superoxide dismutase), SOR (superoxide radical levels), VP
(versatile peroxidases activity measurement without Mn+2 in pH = 3.0 and pH = 4,5 and with Mn+2

in pH = 4.5). 
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Figure A4. Plot of variables. Location of load vectors towards two principal components for cultures
of strain of B. adusta CCBAS 930 with DNR (A) and DOX (B); 1,2-DO (1,2-dioxygenase), 2,3-DO—(2,3-
dioxygenase), CAT (catalase), D—decolorization, GOX (glucose oxidase), HRP-like (horsheradish-
type peroxidase), LiP (lignin peroxidase), MnP (manganese-dependent peroxidase), PhC (phenolic
compounds), SOD (superoxide dismutase), SOR (superoxide radical levels), VP (versatile peroxidases
activity measurement without Mn+2 in pH = 3.0 and pH = 4,5 and with Mn+2 in pH = 4.5).
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Table A1. Genotoxicity levels of DNR and DOX samples before and after treatment by B. adusta CCBAS in 20-days stationary
cultures.

Samples C V CIF SD

DNR before treatment (initial
solution 10 µg mL−1)

10

-

13.42 0.54
5 5.68 0.11

2.50 2.80 0.08
1.25 1.54 0.06
0.62 1.21 0.08
0.31 1.60 0.03
0.15 2.50 0.06

DOX before treatment (initial
solution 10 µg mL−1)

10

-

9.58 0.12
5 3.70 0.08

2.50 3.27 0.08
1.25 2.53 0.02
0.62 1.23 0.04
0.31 1.21 0.08
0.15 2.88 0.10

DNR after treatment by
B. adusta CCBAS 930

-

100 0.98 0.02
50 0.46 0.05
25 0.73 0.06

12.50 0.11 0.02
6.25 0.40 0.04
3.12 0.93 0.04
1.56 0.72 0.08

DOX after treatment by
B. adusta CCBAS 930

-

100 1.13 0.14
50 1.08 0.06
25 0.65 0.06

12.50 0.98 0.07
6.25 1.01 0.09
3.12 0.99 0.06
1.56 1.06 0.06

C—concentration in µg mL−1; V—in %, CIF—corrected induction factor, SD—standard deviation, genotoxic samples are indicated in bold.
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29. Rybczyńska-Tkaczyk, K.; Korniłłowicz-Kowalska, T. Activities of versatile peroxidase in cultures of Clonostachys rosea f. catenulata
and Clonostachys rosea f. rosea during biotransformation of alkali lignin. J. AOAC Int. 2018, 101, 1415–1421.

30. Hadibarata, T.; Tachibana, S.; Askari, M. Identification of metabolites from phenanthrene oxidation by phenolooxidases and
dioxygenases of Pyloporus sp. S133. J. Microbiol. Biotechnol. 2011, 21, 299–304. [CrossRef]

31. Hadibarata, T.; Rahim, A.; Yusoff, M.; Kristanti, R.A. Acceleration of anthraquinone-type dye removal by white-rot fungus under
optimized environmental conditions. Water Air Soil Poll. 2012, 223, 4669–4677. [CrossRef]

32. Belinky, P.A.; Flikshtein, N.; Lechenko, S.; Gepstein, S.; Dosoretz, C.G. Reactive oxygen species and induction of lignin peroxidase
in Phanerochaete chrysosporium. Appl. Environ. Microbiol. 2013, 69, 6500–6506. [CrossRef] [PubMed]

33. Bohacz, J. Lignocellulose-degrading enzymes, free-radical transformations during composting of lignocellulosic wasteand
biothermal phases in small-scale reactors. Sci. Total Environ. 2017, 580, 744–754. [CrossRef] [PubMed]

34. Anastasi, A.; Parato, B.; Spina, F.; Tigini, V.; Prigione, V.; Varese, G.C. Decolourisation and detixification in the fungal treatment of
textile wastewaters from dyeing processes. New Botechnol. 2011, 29. [CrossRef]

35. Vanhulle, S.; Trovaslet, M.; Enaud, E.; Lucas, M.; Sonveaux, M.; Decock, C.; Onderwater, R.; Shneider, Y.-J.; Corbisier, A.-M.
Cytotoxicity and genotoxicity evaluation during decolorization of dyes by White Rot Fungi. World J. Microbiol. Biotechnol. 2008,
24, 337–344. [CrossRef]

36. Anastasi, A.; Spina, F.; Prigione, V.; Tigini, V.; Giansanti, P. Scale-up of a bioprocess for textile wastewater treatment using
Bjerkandera adusta. Bioresour. Technol. 2010, 101, 3067–3075. [CrossRef]

37. Anastasi, A.; Spina, F.; Romagnolo, A.; Prigione, V.; Tigini, V.; Varese, G.C. Integrated fungal biomass and activated sludge
treatment for textile wastewaters bioremediation. Bioresour. Technol. 2012, 123, 106–111. [CrossRef]

38. Hatvani, N. Antibacterial effect of the culture fluid of Lentinus edodes mycelium grown in submerged liquid culture. Int. J.
Antimicrob. Agents. 2010, 17, 71–74. [CrossRef]

http://doi.org/10.1016/S0045-6535(01)00144-8
http://doi.org/10.1146/annurev-environ-052809-161223
http://doi.org/10.1124/pr.56.2.6
http://www.ncbi.nlm.nih.gov/pubmed/15169927
http://doi.org/10.1016/j.chemosphere.2008.11.086
http://www.ncbi.nlm.nih.gov/pubmed/19185900
http://doi.org/10.1007/s00253-005-1918-1
http://www.ncbi.nlm.nih.gov/pubmed/15711793
http://doi.org/10.1016/j.enzmictec.2005.10.009
http://doi.org/10.2478/s11535-012-0076-6
http://doi.org/10.1007/s11274-014-1595-2
http://doi.org/10.1007/s10123-019-00102-3
http://doi.org/10.1016/j.ecoenv.2017.09.037
http://doi.org/10.1186/2052-336X-12-49
http://www.ncbi.nlm.nih.gov/pubmed/24565535
http://doi.org/10.1016/S0891-5849(03)00238-7
http://doi.org/10.1016/j.ecoenv.2020.110203
http://www.ncbi.nlm.nih.gov/pubmed/31972453
http://doi.org/10.1016/j.ab.2005.04.017
http://www.ncbi.nlm.nih.gov/pubmed/15913534
http://doi.org/10.1016/j.enzmictec.2012.10.005
http://www.ncbi.nlm.nih.gov/pubmed/23199738
http://doi.org/10.1007/s10532-010-9426-0
http://doi.org/10.1016/j.nbt.2015.05.003
http://doi.org/10.1002/btpr.2116
http://doi.org/10.4014/jmb.1011.11009
http://doi.org/10.1007/s11270-012-1177-6
http://doi.org/10.1128/AEM.69.11.6500-6506.2003
http://www.ncbi.nlm.nih.gov/pubmed/14602606
http://doi.org/10.1016/j.scitotenv.2016.12.021
http://www.ncbi.nlm.nih.gov/pubmed/27986311
http://doi.org/10.1016/j.nbt2011.08.006
http://doi.org/10.1007/s11274-007-9475-7
http://doi.org/10.1016/j.biortech.2009.12.067
http://doi.org/10.1016/j.biortech.2012.07.026
http://doi.org/10.1016/S0924-8579(00)00311-3


Molecules 2021, 26, 462 20 of 20

39. Gerasimenya, V.P.; Efremenkova, O.V.; Kamzolkina, O.V.; Bogush, T.A.; Tolstych, I.V.; Zenkova, V.A. Antimicrobial and antitoxical
action of edible and medicinal mushroom Pleurotus ostreatus (Jacq.: Fr.) Kumm. extracts. Int. J. Med. Mushrooms 2020, 4, 6.
[CrossRef]

40. Novotny, C.; Dias, N.; Kapanen, A.; Malachova, K.; Vandrovcova, K.; Itavaara, M.; Lima, N. Comparative use of bacterial, algal
and protozoan tests to study toxicity of azo- and anthraquinone dyes. Chemosphere 2006, 63, 1436–1442. [CrossRef]

41. Iglesias, A.; Garrote, L. Adaptation strategies for agricultural water management under climate change in Europe. Agri. Water
Manage. 2015, 155, 113–124. [CrossRef]

42. Jureczko, A.; Kalka, J. Cytostatic pharmaceuticals as water contaminants. Eur. J. Pharmacol. 2020, 866. [CrossRef] [PubMed]
43. Zounková, R.; Odráška, P.; Doležalová, L.; Hilscherová, K.; Maršálek, B.; Bláha, L. Ecotoxicity and genotoxicity assessment of

cytostatic pharmaceuticals. Environ. Toxicol. Chem. 2007, 26, 2208. [CrossRef] [PubMed]
44. Redza-Dutordoir, M.; Averill-Bates, D.A. Activation of apoptosis signalling pathways by reactive oxygen species. BBA Mol. Cell

Res. 2016, 1863, 2977–2992. [CrossRef] [PubMed]
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