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A B S T R A C T   

Organic aromatic compounds used for dyeing and coloring in the textile industry are persistent and hazardous 
pollutants that must be treated before they are discharged into rivers and surface waters. Therefore, we inves-
tigated the potential of the white rot fungus Phanerochaete velutina to decolorize commonly used reactive dyes. 
The fungus decolorized in average 55% of Reactive Orange 16 (RO-16) after 14 days at a maximum rate of 0.09 
d− 1 and a half-life of 8 days. Furthermore, we determined the inhibitory effects of co-present inorganic con-
taminants Nickel (Ni) and Cobalt (Co) salts on the decolorization potential and determined IC50 values of 5.55 
mg l− 1 for Co and a weaker inhibition by Ni starting from a concentration of 20 mg l− 1. In the decolorization 
assay for Remazol Brilliant Blue R (RBBR) we observed the interference of a metabolite of P. velutina, which did 
not allow us to investigate the kinetics of the reaction. The formation of the metabolite, however, could be used 
to obtain IC50 values of 3.37 mg l− 1 for Co and 7.58 mg l− 1 for Ni. Our results show that living white rot fungi, 
such as P. velutina, can be used for remediation of dye polluted wastewater, alternatively to enzyme mixtures, 
even in the co-presence of heavy metals.   

1. Introduction 

Large quantities of reactive dyes, which are widely used in the textile 
industry, must be disposed of properly. The dyes are water-soluble, 
persistent, and can reach concentrations of 10–7000 mg l− 1 in the 
effluent wastewater (Saini, 2017; Yaseen and Scholz, 2019). Hazards 
arise, on the one hand, from mutagenic, carcinogenic, and toxic prop-
erties of the dyes (Bayramoglu et al., 2019; Chung, 2016; Leme et al., 
2015), and, on the other hand, from their light-absorbing properties that 
inhibit photosynthesis of plants and lower the level of dissolved oxygen. 
This lack of oxygen is particularly problematic in textile wastewater 
effluents that have a large biological oxygen demand (BOD) and a large 
chemical oxygen demand (COD) (Yaseen and Scholz, 2016). Therefore, 
the main strategy for treating dye polluted effluent wastewater is the 
decolorization of the textile dyes. Different techniques based on phys-
ical, chemical, and biological approaches have been applied for waste-
water treatment of the textile industry, leading to the conclusion that 

only the combination of different wastewater treatment processes leads 
to the decomposition and decolorization of commonly used dyes (Has-
san and Carr, 2018; Peralta-Zamora et al., 2003). Advancements in the 
field of biological treatments have been made by exploring fungi species 
that are known to excrete enzymes capable to degrade highly persistent 
materials, such as lignin, a class of natural polymers that are also 
composed of aromatic structures in form of cross-linked phenolic 
structures (Ponnusamy et al., 2019; Quintella et al., 2019; Singh and 
Dwivedi, 2020). Potent organisms excrete azoreductases, laccases, 
lignin peroxidase, and manganese peroxidase (Dauda and Erkurt, 2020; 
Imran et al., 2014). Basidiomycetous represents such an organism that is 
known to produce nonspecific extracellular oxidoreductive enzymes, 
which can degrade lignin and xenobiotic compounds (Hatakka et al., 
2011). 

However, the potential of microorganisms to depollute contaminated 
wastewater and soils (Sigh et al., 2018; Yin et al., 2019, 2016) is often 
diminished by co-pollutions of heavy metal ions, such as co-pollutants 
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are Nickel (Cempel and Nikel, 2006) and Cobalt (Farjana et al., 2019) 
ions. In cases of fungi, metal ions inhibited the mycelial growth (Falih, 
1997; Hatvani and Mecs, 2003; Liaquat et al., 2020; Sanglimsuwan 
et al., 1993) or inhibit the activity of enzymes excreted by fungi, such as 
laccases (Ben Younes et al., 2007; Hatvani and Mecs, 2003; Jeon and 
Lim, 2017; Sadhasivam et al., 2008; Wang et al., 2010) and manganese 
peroxidase (Hatvani and Mecs, 2003; Zhang et al., 2016). Investigations 
on decolorization of reactive dyes mainly focused on biotechnological 
produced laccases from fungi and yielded fast rates (Çifçi et al., 2019; 
Kües, 2015; Murugesan et al., 2009; Noman et al., 2019). Although such 
approaches may be highly efficient due to high enzymatic activities, 
enzymes that are deactivated by metal ions cannot be recovered 
anymore and are lost which makes such approaches expensive (Ghola-
mi-Borujeni et al., 2011; Mugdha and Usha, 2012; Mukherjee et al., 
2013). Alternatively, approaches using living organisms proved also to 
efficiently degrade reactive dyes (Wang et al., 2017; Yin et al., 2019). 

Based on the potential to use fungi to depollute contaminated 
wastewater, we investigated the fungus P. velutina for its ability to sus-
tain its viability and biodegradation potential in the presence of heavy 
metals. We introduced a miniaturized, high-throughput assay to inves-
tigate the performance of white rot fungi cultures to decolorize textile 
dyes in contaminated wastewater and soils. 

2. Materials and methods 

2.1. Cultivation of Phanerochaete velutina 

The fungus P. velutina (FBCC 941, old number 244i) was obtained 
from the Fungal Biotechnology Culture Collection (FBCC) of the 
Department of Microbiology of the University of Helsinki in Finland. 
P. velutina is commonly known as basidiomycetous white rot fungus. The 
fungus was pre-grown on malt extract-agar (MEA) plates for seven days 
at 28 ◦C. Five plugs (4 mm diameter each) of inoculated MEA were 
thereafter dissolved in 75 ml of sterilized LN-AS liquid medium (pH =
4.5) with 0.5% (wt./ vol) glucose as a carbon source in two flasks (250 
ml each) and shaken at 28 ◦C for seven days. After this pre-growth phase, 
both flasks contained well-grown P. velutina biomass, which was well 
observed as a dense biomass in the solution. Both pre-growth phase 
flasks were combined and mixed with a sterile stirrer. The resulting 
mixture was well distributed, as observed from the density of the fungus, 
and was added to the test plates as 20 µl aliquots. 

2.2. Decolorization assay 

NiCl2 ∙ 6 H2O (Sigma-Aldrich, Germany), CoCl2 ∙ 6 H2O (Sigma- 
Aldrich, Germany), and NaCl (Merck, Germany) were dissolved in stocks 
of low nitrogen-asparagine-succinate (LN-AS solutions, pH = 4.5 
(Hatakka and Uusi-Rauva, 1983; Moilanen et al., 1996), with 0.5% (wt./ 
vol) glucose as carbon source. The sterile stock solutions containing 
either NiCl2 ∙ 6 H2O (Sigma-Aldrich, Germany), CoCl2 ∙ 6 H2O (Sig-
ma-Aldrich, Germany), or NaCl (Merck, Germany) were added to the 
wells of a 48-wells microtiter plate to yield final concentrations of 0, 50, 
100, 500, 1000, 2500, 5000, 7500, 10,000 and 20,000 µg l− 1 of NiCl2, 
CoCl2 or NaCl. To these media, 20 µl of autoclaved dye solution, either 
Reactive Orange 16 (Sigma-Aldrich, Germany, CAS no. 12225-83-1) 
referred to as ‘RO-16′ and Remazol Brilliant Blue R (Sigma-Aldrich, 
Germany, CAS no. 2580-78-1) referred to as ‘RBBR’, was added to reach 
a final concentration of 100 mg l− 1. A dye concentration of 100 mg l− 1 

was chosen because it represents a realistic concentration of textile dyes 
found in wastewater from the textile industry (Imran et al., 2014) and 
exhibited optimal absorbance properties that were useful for the plate 
reader. Finally, 20 µl of P. velutina liquid culture were added to the wells 
to a final volume of 500 µl per well. Comparative samples were prepared 
in the wells without the fungus and/or the dye, whereby the corre-
sponding amount of ultrapure water (20 µl or 40 µl, respectively) was 
added to reach the final volume. All experiments were performed in 

quadruplicates. In total, six 48 well plates were prepared, using three 
different salt solutions i.e. NaCl, CoCl2, and NiCl2, and two dyes. A 
general plate layout displaying the experimental setup is shown in 
Supplemental Fig. S1. The plates were incubated at 20 ◦C during the 
observation period of 14 days. The plates were covered with a lid to 
avoid contaminations and to keep them sterile. The decolorization ef-
ficiency of the fungus was measured as a change of the absorbance in 
each well using a Tecan Infinite 200 plate reader (Tecan, Austria), which 
was adjusted to an optimized wavelength for each dye. The absorbance 
of RO-16 was measured at 504 nm and that of RBBR at 492 nm. The 
absorbance was measured immediately after the plate was prepared 
(day 0), as well as at days 3, 6, and 14 (Supplemental Fig. S1). The 
obtained results were compared to the samples without fungi, where a 
decay of absorbance at the characteristic wavelengths of the respective 
dye would indicate oxidative degradation effects. The rate constant k 
(Supplemental Equation 1) and half-life τ1/2 (Supplemental Equation 2) 
were determined from transient absorption data using integrated rate 
laws for first-order reactions. 

2.3. Statistical analysis 

The analysis for the determination of the statistical significance of 
the data was performed in Sigma Plot 14.0.3 (Systat Software GmbH, 
Germany) using two-way ANOVA with post-hoc Bonferroni test. A level 
of p < 0.05 was regarded as significant. Dose-response plots for the 
determination of IC50 values were fitted by four parametric logistic 
curves (Equation 1), also in Sigma Plot. 

A = Amin +
Amax − Amin

1 + 10log(EC50 − c)kHill
(1)  

Eq. (1). Hill’s type four parametric logistic curve with absorption (A), 
minimum absorption (Amin), maximum absorption (Amax), the IC50 value 
(EC50), the concentration of the metal salt (c), and the Hillslope (kHill). 

3. Results and discussion 

3.1. Oxidative and enzymatic degradation of RO-16 

The ability and performance of the white rot fungus P. velutina to 
decolorize the reactive dyes RO-16 and RBBR were investigated for 
different NaCl concentrations. NaCl was used as the reference substance 
because it is known to be non-toxic in the concentration range used in 
this study. This approach enabled to obtain the decolorization rates of 
the dyes in the absence of inhibitory effects. Fig. 1A shows the time- 
dependent degradation and decolorization of the dye RO-16 by 
P. velutina where we observed a clear decay of the absorbance signals of 
the dye in all samples after an incubation of 6 days. This decay became 
significant for all concentrations after 14 days. The control experiment 
shown in Fig. 1B, which contained the dye in the buffer solution without 
P. velutina, showed only a small signal decay over all regarded time 
points in comparison to the situation when the fungus was present 
(Fig. 1A). This comparison indicated an enzymatic degradation of the 
dye by the fungus as a function of time, as no significant differences 
could be observed in the case of the control experiments (Fig. 1B). When 
comparing all P. velutina containing samples (Fig. 1A) it becomes 
apparent that the degree of decolorization was independent of the 
concentration of NaCl, which was also statistically confirmed by an 
ANOVA with post-hoc Bonferroni test. The ANOVA reveals that the re-
lations of incubation time, as well as the concentration, were significant, 
but not the interaction between these parameters, which indicates, that 
the degradation was independent at a given time point for a concen-
tration and vice versa (Supplemental Table S1). The post-hoc test reveals 
that for a given time point the concentrations differed significantly in 
comparison to the control without P. velutina and that at a given con-
centration all combinations of the time points differed among each 
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other, with exception of day 3 versus 0. Therefore, the results showed 
that the degradation of RO-16 by P. velutina was neither inhibited nor 
stimulated by any applied concentration within 50–20,000 µg l− 1 of 
NaCl and confirms the initial hypothesis that NaCl can be used as a 
reference substance in this experimental setup. The control experiment 
(Fig. 1B) shows that also in the absence of the fungus, small amounts of 
RO-16 were degraded with time at almost all concentrations of NaCl, 
which suggested that the dye was oxidized. A similar ANOVA, as con-
ducted for the experiment containing P. velutina, revealed that some 
signal decays were statistically significant, particularly towards day 14, 
but only for the highest concentration (20,000 µg l− 1), suggesting that 
the oxidation of RO-16 is favored at higher salinity (Supplemental 
Table S1). However, the extent of oxidation processes was lower than 
that of the enzymatic degradation, which was also evaluated by ANOVA, 

comparing the absorbance data for each day and each concentration, 
that confirmed a significant higher degradation in the presence of 
P. velutina for almost all concentrations at all time points (Supplemental 
Table S4). 

The extent of the enzymatic degradation compared to the oxidation 
of RO-16 is shown in Fig. 2A in form of relative values (given as AOx / 
AEn − 1). This representation plots the extent of the enzymatic degra-
dation as positive values, while negative values indicate dominant 
oxidation of the dye. The results for NaCl show that the enzymatic 
degradation led first to increased RO-16 degradation of 11–26% on day 
0 compared to the pure oxidation. Until day 3 the enzymatic activity 
decreased to 5–24% and increased again to 25–55% on day 6 and 
43–80% on day 14. Thus, the initial assumption that NaCl is not 
inhibitory at the concentrations used was confirmed. 

Fig. 1. The decolorization assays show the concentration-dependent absorbance signals at 504 nm of RO-16 dye incubated with P. velutina at different concentrations 
of NaCl (A), CoCl2 (C), and NiCl2 (E). The control experiments of RO-16 without the fungus are shown in B) for NaCl, D) for CoCl2, and F) for NiCl2. The concentration 
‘0’ in A, C, and E contained P. velutina and no additional salts, while the concentration ‘0’ in B, D, and F did not contain P. velutina. The error bars represent the 
standard deviation of quadruplicate samples. The significance was tested by two-way ANOVA with post-hoc Bonferroni pairwise test using the parameters time point 
and concentration. The significance is only indicated for day 3, 6, and 14 compared to day 0 with: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001. 
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When CoCl2 was co-exposed with RO-16 and P. velutina (Fig. 1C) we 
observed also decays of the absorbance, but also the formation of a 
minimum that is most pronounced at a concentration of 500 µg l− 1 on 
day 14. This minimum indicated the maximal degradation of RO-16. We 
find significant differences in the signal decrease on day 14 for con-
centration < 7500 µg l− 1, which means concentrations > 5000 µg l− 1 of 
CoCl2 acted inhibitory on the degradation of RO-16 (Supplemental 
Table S2). However, the same analysis showed that these differences 
became only significant for day 14. The control experiment without 
P. velutina (Fig. 1D) showed no apparent features, except for small and 
significant decays on day 14 at 0 and 20,000 µg l− 1 of CoCl2 (Supple-
mental Table S2). This finding indicates that the oxidation of RO-16 was 
inhibited when CoCl2 was added in a range of 50–10,000 µg l− 1. When 
we compared the samples with and without the fungus for each time 
point (Fig. 1C and D), we found that the absorbance was significantly 
lower when no CoCl2 was present and decays became significant to-
wards day 14 for concentrations up to 5000 µg l− 1 (Supplemental 
Table S2). Interestingly, we found significant differences at most con-
centrations on day 0 (except for 50, 500 and 10,000 µg l− 1) that van-
ished on day 3 and became significant towards day 6 and 14 (Fig. 2B). 
Moreover, the results showed that the enzymatic degradation was 
dominating, particularly on day 14 and for concentrations up to 
5000 µg l− 1, while at higher concentrations of CoCl2 no differences to 
the oxidation reaction were observed. 

The influence of NiCl2 on the degradation of RO-16 by P. velutina is 
shown in Fig. 1E, where we found significant degradations on day 14 for 
all concentrations except of 20,000 µg l− 1 (Supplemental Table S3). In 
the absence of the fungus (Fig. 1F), we found differences only for 0 and 
20,000 µg l− 1 on day 14, which indicated a weak oxidation. In com-
parison to the oxidation, the enzymatic degradation was most pro-
nounced by up to 70%, on day 14 at 7500 µg l− 1. Overall, NiCl2 showed 

inhibiting effects on day 6 for concentrations > 5000 and on day 14 for 
concentrations > 7500 µg l− 1 (Fig. 2C). This finding suggested that 
P. velutina was inhibited in its enzymatic activity and recovered after day 
6. 

For a comparison of oxidative and enzymatic degradation we 
calculated rate constants assuming first order kinetics based on the 
absorbance data (Fig. 2). The calculations showed that in case of NaCl 
the rate of degradation was increasing with increasing salt concentration 
and became constant at ca. 0.065 d− 1 for concentrations ≥ 2500 µg l− 1 

(Supplemental Tables S7 and S8). For CoCl2 we found a maximum of the 
rate at 500 µg l− 1 (0.09 d− 1) that declined to a minimum of ca. 0.01 d− 1 

for concentrations ≥ 7500 µg l− 1. NiCl2 exhibited a maximum rate of 
0.081 d− 1 at 7500 µg l− 1 and decreased later to 0.01 d− 1 for the highest 
concentration. These observations were similar to those of Murugesan 
et al. (2009), who also showed that during decolorization by fungal 
enzymes, the inhibitory effect of co-exposed Ni salts was weaker than 
that of Co at concentrations > 5 mM. Without P. velutina, when only 
oxidative degradation was possible, we found decreasing degradation 
rates in all cases (Fig. 2E) that remained at ca. 0.01 d− 1 for Na and Ni in a 
range of 50–10,000 µg l− 1, while we found a characteristic minimum 
with a 10-fold lower rate in between 500 and 5000 µg l− 1 in case of Co. 
This finding suggested that Co inhibited the oxidation stronger than Na 
and Ni in the same range of concentrations. Interestingly, for concen-
trations of 10,000 and 20,000 µg l− 1, the individual difference of the 
metals vanished and yielded similar rates. 

3.2. Oxidative and enzymatic degradation of RBBR 

The degradation of RBBR was remarkably different from our findings 
found for RO-16. For NaCl (Fig. 3A) we found no significant decrease in 
absorbance and thus it appeared that RBBR was not enzymatically 

Fig. 2. The barcharts show the relative extents of the degradation of RO-16 from absorbance data with P. velutina (AEn) indicating an enzymatic degradation and 
without the fungus (AOx) indicating the oxidation. Positive values indicate a dominant enzymatic reaction and negative values a dominant oxidation reaction. A) for 
NaCl, B) for CoCl2, and C) for NiCl2. Rate constants that were based on first order kinetics are shown in D) for fungus containing samples (enzymatic degradation) and 
E) for samples without P. velutina (oxidation). Significances in A, B, and C were obtained from two-way ANOVA comparing data with and without P. velutina for 
different concentrations and on different days, with * for p < 0.05. 
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degraded at any concentration. Moreover, an increase of absorbance 
compared to the initial level on day 0 was found on day 14 for all 
concentrations, with exception of 7500–20,000 µg l− 1. The absorption 
exhibited strong variations that were statistically significant only at 
concentrations of 500–5000 µg l− 1 (Supplement Table S9 and S12). The 
control experiment without the fungus (Fig. 3B) showed stable signals 
and a lack of significant oxidative degradation, with exception of con-
centrations 0 and 20,000 µg l− 1 on day 14. The surprising increase in 
absorbance in the presence of P. velutina, whereas no increase was 
detected in the absence of the fungus, indicated that the increasing 
absorbance originated from a metabolite that interferes at the same 
wavelength as RBBR (492 nm). 

When CoCl2 was exposed to P. velutina, we found an increase of 
absorbance up to a concentration of 2500 µg l− 1 (Fig. 3C), while all 

concentrations above 2500 µg l− 1 showed decreasing absorptions over 
time, which suggests that RBBR was decolorized (statistical data are 
given in Supplement Table S10 and S13). At the threshold concentration 
of 2500 µg l− 1 of CoCl2, we found also the inhibition of the RO-16 
degradation (cf. Fig. 1C), which suggested that this threshold would 
also apply for RBBR. These findings, in turn, confirm that an increase of 
absorbance reflected the non-inhibited enzymatic activity of P. velutina. 
The oxidative degradation of RBBR in the presence of CoCl2 was mini-
mal and not significant. (Fig. 3D). 

In the case of NiCl2 (Fig. 3E), we found also increasing absorbance 
signals towards day 14, but with a higher concentration onset at 
≥ 10,000 µg l− 1 than in the case of CoCl2. The onset of the signal 
decrease matched well the highest concentration that still showed sig-
nificant degradation of RO-16 (cf. Fig. 1E). Therefore, also our findings 

Fig. 3. The decolorization assays show the concentration-dependent absorbance signals at 492 nm of RO-16 dye incubated with P. velutina at different concentrations 
of NaCl (A), CoCl2 (C), and NiCl2 (E). The control experiments of RO-16 without the fungus are shown in B) for NaCl, D) for CoCl2, and F) for NiCl2. The concentration 
‘0’ in A, C, and E contained P. velutina and no additional salts, while the concentration ‘0’ in B, D, and F did not contain P. velutina. The error bars represent the 
standard deviation of quadruplicate samples. The significance was tested by two-way ANOVA with post-hoc Bonferroni pairwise test using the parameters time point 
and concentration. The significance is only indicated for day 3, 6, and 14 compared to day 0 with: * for p < 0.05, ** for p < 0.01, and *** for p < 0.001. 
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for NiCl2 confirmed that the increasing adsorption of the unknown 
compound was connected to the metabolism of P. velutina (statistical 
data are given in the Supplement table S11 and S14). The oxidation of 
RBBR was also low in the presence of NiCl2 with exceptions at 0 and 
20,000 µg l− 1 (Fig. 3F). 

For all investigated salts, RBBR showed increasing absorbance sig-
nals in the presence of P. velutina (Fig. 3A, C, and E) at 492 nm, from day 
6–14, for the same concentrations that were found to be not inhibitory 
for the fungus when degrading RO-16, which suggested that this in-
crease in absorbance was caused by a metabolite of the fungus. Also, the 
trend of the absorbance data from day 0–6 indicated a reduced absor-
bance for non-inhibitory concentration in experiments with P. velutina 
and RO-16, which suggested that RBBR was degraded at these early time 
points. However, based on the available data it remains elusive if the 
metabolite, putatively responsible for the later increasing absorbance, 
was associated with a metabolite of RBBR, or P. velutina formed the 
compound independently of the dye. We consider the formation of an 
RBBR independent metabolite as the most reasonable case, based on the 
finding that the absorbance was initially decreasing and that the 
absorbance on day 14 was exceeding the initial absorbance. This 
exceeding absorbance suggested that the newly formed metabolite 
exhibited an absorptivity larger than RBBR at 492 nm. The reason for 
not observing the metabolite in the experiments with RO-16 might have 
originated from its weak absorptivity at 504 nm. 

Like RO-16, we calculated relative absorbance data with and without 
P. velutina to understand which reaction, enzymatic or oxidative, was 
dominant and to what extent compared to the other (Fig. 4). In contrast 
to the data that we obtained for RO-16, we found almost exclusive 
negative values for day 14 in NaCl, which were not caused by an 
oxidative reaction, but by the already described increase in absorption 
caused by the unknown metabolite. Therefore, these data represent a 

sum parameter of the oxidative degradation and the formation of the 
unknown metabolite. This increase in absorption was up to 50% 
compared to the samples without P. velutina (Fig. 4A). 

For CoCl2 we found that the enzymatic degradation of RBBR was 
dominating at all concentrations with exception of concentrations from 
0 at 2500 µg l− 1 for day 14, which was caused again by the absorbance 
increase of the unknown metabolite (Fig. 4B). Interestingly, the ratio 
(AOx / AEn − 1) shows that the onset of the metabolite generation on day 
14 was inhibited linearly in a concentration range from 0 to 2500 µg l− 1 

CoCl2, that changed to a steep inhibition in between 2500 and 
5000 µg l− 1, where the enzymatic degradation was dominating and 
raised from ca. 0–150% (Fig. 4B, black bars). For days 0–6, we found 
exclusively enzymatic degradation. 

For NiCl2 we found a similar behavior as for CoCl2, indicated by a 
shift of the enzymatic degradation for concentration > 7500 µg l− 1 on 
day 14 (Fig. 4C). From day 0–6 the only the enzymatic degradation was 
dominant. The unknown metabolite interfered also with our calculation 
of rate constants which was made for RBBR based on the same kinetic 
model as for RO-16. As expected from the data the increasing absor-
bance resulted in negative rate constants (Fig. 4D). This was the case for 
NaCl with exception of a concentration of 20,000 µg l− 1, which had a 
low coefficient of determination R2 (Supplement Table S14). For CoCl2 
we obtained reasonable rates, according to R2, for concentrations 
≥ 7500 µg l− 1 ranging from 0.07 to 0.053 d− 1, which corresponds to a 
half-life of 10–13 days. In the case of NiCl2, only the highest concen-
tration was reasonable and resulted in a rate constant of 0.068 d− 1 at a 
concentration of 20,000 µg l− 1 and a half-life of 10.2 days. For the 
oxidative degradation (Fig. 4E), we obtained in almost all cases and 
concentrations used reasonable R2 values (Supplement Table S15). Like 
RO-16 (cf. Fig. 4E), the oxidative degradation of RBBR exhibited the 
highest rates at the lowest and the highest concentration of 0 and 

Fig. 4. The bar charts show the relative extent of the degradation of RO-16 from absorbance data with P. velutina (AEn) indicating an enzymatic degradation and 
without the fungus (AOx) indicating the oxidation. Positive values indicate a dominant enzymatic reaction and negative values a dominant oxidation reaction. A) for 
NaCl, B) for CoCl2, and C) for NiCl2. Rate constants that were based on first-order kinetics are shown in D) for fungus containing samples (enzymatic degradation) and 
E) for samples without P. velutina (oxidation). Significances in A, B, and C were obtained from two-way ANOVA comparing data with and without P. velutina for 
different concentrations and on different days, with * for p < 0.05. 
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20,000 µg l− 1. The rates for the oxidative oxidation ranged from 0.014 
to 0.027 d− 1 with half-lives of 25–50 d. 

3.3. Metal dose-response on decolorization 

Dose-response curves for the degradation were calculated by 4 
parametric logistic curves based on Hill’s equation and considering 
quadruplicate measurements for all days. For the early time points (0, 3, 
and 6 days), we could not find reasonable sigmoidal fits for both dyes 
(Supplement Fig. S2 and S3 with data on fits in Table S17–S22). In the 
case of RO-16, a reasonable sigmoidal fit with an inhibitory concen-
tration (IC50) of 5.55 mg l− 1 (Fig. 5B, Table 1) could only be determined 
for CoCl2, which was already expectable from the absorbance data, since 
only on day 14 a concentration dependency could be observed (c.f. 
Fig. 1). In the case of NiCl2, only the highest concentration was inhibi-
tory on day 14 (Fig. 5C), which was too less to fit a dose-response curve, 
while NaCl did not inhibit the decolorization in the applied concentra-
tion range and return a flat dose-response curve (Fig. 5A). 

Sigmoidal type curves were also obtained for RBBR on day 14 for 
CoCl2 and NiCl2 (Fig. 5E and F), however, the shape of these curves was 
inverse to the case of RO-16. This inverse shape of the curves was 
attributed to the formation of the unknown metabolite and its inhibition 
at higher concentrations of CoCl2 and NiCl2 described earlier in this 
work. IC50 calculations yielded 3.37 mg l− 1 for CoCl2 and 7.58 mg l− 1 

for NiCl2 (Table 1), which suggested that CoCl2 had a stronger inhibitory 
effect on the metabolism of the P. velutina than NiCl2. This finding was 
similar to the behavior found for the fungus Ganoderma lucidum 
described in the literature (Zhang et al., 2016). 

A comparison of the IC50 data from our study with toxicity data from 
the literature for 21 fungi species shows that decolorization is more 
sensitive than the minimal inhibitory concentration (MIC) by cell 
counting (Sanglimsuwan et al., 1993). The MIC was obtained after 7 
days of incubation and yielded 1–5 mM for Co and 0.7–7 mM for Ni, 
while we obtained 0.014 and 0.023 mM (3.37 and 5.55 mg l− 1) for Co 
and 0.032 mM (7.58 mg l− 1) for Ni after 14 days. This comparison also 

suggested that the inhibitory effects found in our study originate from an 
extracellular deactivation of the excreted enzymes responsible for 
decolorization of the dyes, rather than a toxic effect on the fungi. In turn, 
the IC50 of Ni and Co for P. velutina is much higher than concentrations 
typically found in wastewaters from the textile industry ranging from 
0.070–1.56 mg l− 1 for Ni and 0.02–0.06 mg l− 1 for Co (Hussein, 2013; 
Imtiazuddin et al., 2012; Joshi and Santani, 2012; Manekar et al., 2014). 
This comparison indicated that P. velutina – and possibly other related 
white rot fungi species – is resilient to inhibition and toxic effects in 
wastewater effluents from the textile industry and is thus a suitable 
candidate for decolorization and remediation purposes. 

4. Conclusions 

The present study shows that a search of potent organisms for 
bioremediation of textile dye polluted wastewater can be made by 
miniaturized high-throughput decolorization assays. This approach en-
ables the assessment of the performance of microorganisms to decolorize 
textile dyes and the resilience towards co-pollutants, such as heavy 
metals at realistic concentrations. However, metabolites formed by the 
microorganisms can interfere with the optical properties of the dyes, 
which restrict the usability of such assays. For our model organism, the 
white rot fungus P. velutina, we found a clear ability to decolorize known 
persistent reactive dyes RO-16. The fungus proved to be resilient to Ni 
and Co at concentrations typical for wastewaters from the textile in-
dustry, which qualifies this organism for bioremediatory applications. 
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Fig. 5. Upper panels: Dose-response curves fitted by 4 parametric logistic curves based on Hill equation for RO-16 on day 14 spiked with NaCl (A), CoCl2 (B), and 
NiCl2. (C). Lower panels: Dose-response curves for RBBR spiked with NaCl (D), CoCl2 (E), and NiCl2 (F). Absorbance was normalized by the corresponding control “0” 
sample without dyes. The reference absorbance A0 is the mean value of concentration 0 at the respective time point. 
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