
Academic Editor: Sergio

Santana Viera

Received: 10 June 2025

Revised: 7 July 2025

Accepted: 14 July 2025

Published: 4 August 2025

Citation: Przystaś, W.
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Abstract

Dyes are widely used in various industries, but their removal from wastewater remains
a challenge due to their resistance to biodegradation. While substantial research exists
regarding the removal of individual dyes, there is much less about the removal of their
mixtures. The aim of the research was to determine the possibility of using the immobilised
mycelium of Pleurotus ostreatus strains to remove three-component mixtures of dyes from
different classes. Efficiency of the removal in the continuously aerated reactor was similar
to that obtained in a periodically aerated reactor and was over 90% at the end of each
cycle. Despite the addition of subsequent portions of dyes, no increase in the toxicity of
post-process samples was observed, and even a decrease in zootoxicity was noticed. The
results of the study therefore indicate that an immobilised biomass can be used to remove
the dyes, without the need to constantly inject air into the reactor.
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1. Introduction
Dyes are widely used in various industries (production of clothes, fabrics, leather,

paints, varnishes, cosmetics, pharmaceuticals, food, information duplication techniques,
laser techniques or medical diagnostics, and even in microelectronics). Decolourisation
studies are therefore of particular importance due to the prevalence of substances that
change the colour of water under the influence of anthropogenic pressure. Removal of
synthetic dyes is particularly difficult, as they are supposed to be non-biodegradable. The
textile industry has particularly high requirements in this regard; on the one hand, the
activity of microorganisms covering our skin cannot cause a change or loss in colour. On
the other hand, dyes should be resistant to physical factors and other chemicals so that they
do not lose colour during washing or drying [1].

Fungi are among the microorganisms capable of removing dyes. Different mechanisms
may be used for different groups of fungi. For example, in yeast, decolourisation mecha-
nisms include sorption, enzymatic degradation—i.e., biodegradation or biotransformation—
as well as a combination of both processes [2]. The most frequently studied yeasts, which
are attributed to sorption as the main mechanism, include Candida utilis, Kluyveromyces marx-
inus, Candida tropicalis, Debaryomyces polymorphus [2], Candida pseudoglabeosa, and Yarrowia
lipolytica [3]. The enzymes responsible for the enzymatic degradation of dyes are produced
by the following: Galactomyces sp., Geotrichum sp., and Debaryomyces polymorphus [2]. A
combination of processes has been observed for Trichosporon akiyoshidainum [2] and Candida
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parapsilosis [3]. When it comes to biological degradation, it can occur, for example, in
anaerobic conditions, as observed in Candida rugopelliculosa, or in aerobic conditions, as
found for either Paraconiothyrium variabile or Candida tropicalis [2].

However, the main interest of researchers is focused on filamentous fungi, among
which the best predisposition to decolourisation is attributed to white rot fungi [4–7].

To date, the ability to decolourise a large number of strains from this group has been
tested. The best characterised species include Bjerkandera adusta, Phanerochaete chrysosporium,
Trametes versicolor, Pleurotus ostreatus and Funalia trogii [4–6,8–11]. As mentioned by many
researchers, the ability to remove dyes depends mainly on the type of enzymes produced
by them, and in this case the so-called ligninolytic enzymes, which as low specificity
exoenzymes are capable of transforming dyes of various structures. The most important
and most frequently studied are lignin peroxidase (LiP), Mn-dependent peroxidase (MnP),
laccase and versatile peroxidases (VPs) [5,6,9]. Of course, we cannot forget about the
phenomenon of biosorption. According to the researchers, even 50% of the dye can be
absorbed in the first few minutes, and a balance is established after about 10 h. Of course, the
structure and concentration of the dye mainly determine the possibility and effectiveness
of sorption, but one cannot forget about the reaction [2,12–14]. Most often, however, we
deal with a combination of both processes [5].

There is a lot of information regarding the removal of individual coloured substances,
but the situation is completely different when we consider mixtures of dyes. Particularly
little is known about the decolourisation of mixtures of dyes from different groups and even
less about the impact of the process on ecotoxicity. The aim of the research was to determine
the possibility of removing three-component mixtures of dyes by the use of immobilised
mycelium from two strains belonging to the Pleurotus ostreatus species. Zootoxicity and
phytotoxicity of post-process samples were evaluated to check the influence of the process
on the environment. The focus was on two different strains of one species to compare not
only the efficiency of the process, but also the effect in the form of toxic or non-toxic impact
on the environment because it is difficult to find such a comparison. Although there are
many studies on different species of fungi in the process of removing dyes, it is mainly said
that a given species removes and another does not remove contaminants. However, little
is known about the potential to remove different xenobiotics of individual strains within
one species. Therefore, based on previous experiences that showed that the efficiency of
removing contaminants may be different for strains from the same species, and having
strains isolated from different places, it was decided to make this type of comparison for
Pleurotus ostreatus.

2. Materials and Methods
Decolourisation studies of the dye mixture were carried out in bioreactors with immo-

bilised mycelium of K4 and BWPH strains belonging to the Pleurotus ostreatus species. Both
strains came from the collection of the Department of Environmental Biotechnology of the
Silesian University of Technology [13,15]. The BWPH strain was isolated with the tissue
method from fruit bodies taken from a forest near Gliwice, and the K4 strain was isolated
by the spore method (fruits collected in Ruda Śląska) [16].

2.1. Bioreactors

A polypropylene washer in the form of a disc was used as a biomass carrier. As
was shown by the previous tests, the mycelium develops intensively throughout its space,
allowing high efficiency of the decolourisation process [17,18]. The reactors contained 0.5 L
of culture medium with the following components: 10 g/L of glucose, 1 g/L of peptone,
0.5 g/L of MgSO4·7H2O and 1 g/L of KH2PO4. The reactors were equipped with a probe
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for sampling and supplying successive portions of the medium and dyes, and with an
aeration system. Both pipes were protected with a filter with a pore size of 0.45 µm in
order to eliminate contamination of the bioreactors. Before introducing the mycelium into
the bioreactors, they were autoclaved at 121 ◦C for 30 min. Then, mycelium grown on the
same medium and homogenised (using a BagMixer® 400 P (stomacher)) was introduced
(2 mL of suspension). Reactors prepared in this way were incubated for 7 days on a shaker
(150 rpm, room temperature 22 ◦C), which allowed mycelium to develop on the surface of
the carrier. Only after this were additional portions of the dye mixture and medium added
to replenish nutrients. The dye mixture consisted of the following: Congo red (azo dye, CR),
brilliant green (triphenylmethane dye, BG) and remazol brilliant blue R (anthraquinone dye,
RBBR) mixed together in a weight ratio of 1:1:1. Two reactor modifications were prepared
for each strain as follows: The first, a continuously aerated reactor, and second, a reactor
which was aerated periodically (1000 mL of air was injected once a day. Air was supplied
gently by syringe through a probe equipped with a syringe filter to reduce the possibility of
contamination of the bioreactor). The autoclaved mixture of dyes was added in a sufficient
amount to provide an initial concentration of 0.3 g/L in the first cycle. In subsequent cycles,
due to the initial strong colour of the biomass, the decision was made to reduce the dose
by half, i.e., to the level of 0.15 g/L. Decolourisation tests were carried out for 5 cycles of
7 days each. The studies were conducted using two parallel bioreactors for each mod-
ification in order to limit the possibility of the influence of factors such as temperature
fluctuations, differences in the concentration of biomass introduced into the reactor, ex-
posure to light, etc. Samples (2 mL) were taken every 24 h after adding the dye and an
additional 4 h after adding the dye mixture. Absorbance measurements were made at
wavelengths for which the maximum absorption of the dye was observed: 585 nm (RBBR),
617 nm (Congo Red), 622 nm (mixture of three dyes) and 624 nm (brilliant green). The
analysis was carried out using a HITACHI U-1900 spectrophotometer (Panalytica sp. z o.o.,
Warsaw, Poland.).

2.2. Toxicity Assessment

At the end of each cycle, 50 mL samples were taken for zootoxicity and phytotoxic-
ity tests. A zootoxicity test was performed with Daphnia magna (according to the OECD
202) and the lack of movement of the test organism was considered to be a toxic effect.
The phytotoxicity evaluation was performed according to the OECD Lemna sp. growth
inhibition test No. 221. EC50 value (effective concentration of a wastewater sample that
causes 50% inhibition in tested organisms) was estimated and based on the acute toxic-
ity unit (TUa) that was calculated (Tua = 100/EC50). All tests were conducted for each
reactor separately. Samples were classified according to ACE89/BE2/D3 Final Report Com-
mission EC (I class, TUa < 0.4—nontoxic; II class, 0.4 ≤ TUa < 1.0—low toxicity; III class,
1.0 ≤ TUa < 10—toxic; IV class, 10 ≤ TUa ≤ 100—high toxicity; and V class,
TUa > 100—extremely toxic).

3. Results and Discussion
3.1. Removal of Dye Mixture in Bioreactor

The results of the tests on the effectiveness of decolourisation of the dye mixture are
presented in Figure 1 in the form of the concentration recorded in the reactors during the
tests. These results refer to tests for the wavelength of 622 nm, but it should be noted that
the trends obtained for the other tested wavelengths (waves of maximum absorbance for
each of the dyes) were very similar and they are shown in the Supplementary Materials
(Figures S1–S3).



Water 2025, 17, 2314 4 of 9

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

D
ye

 m
ix

tu
re

 c
on

ce
nt

ra
tio

n 
[g

/L
]

Days of experiment 

BWPH P BWPH C K4 P K4 C

Figure 1. Concentration of dye mixture (for wavelength λ = 622 nm) in bioreactors with immobilised
biomass of strains BWPH and K4 (BWPH P—bioreactor periodically aerated with strain BWPH,
BWPH C—bioreactor continuously aerated with strain BWPH, K4 P—bioreactor periodically aerated
with strain K4, K4 C—bioreactor continuously aerated with strain K4.

On the first day of the experiment, immediately after the addition of dyes, high
concentrations of the dye mixture (between 0.117 and 0.297 mg/L) were observed, accom-
panied by a strong colouration of the biomass in all reactors. Such results, when taking
into account the fact that a dose of dyes of 0.3 g/L was added, suggest that in almost all
reactors (reactor with biomass BWPH C and in both reactors with biomass of the K4 strain)
intense sorption of dyes onto the mycelium occurred (dye mixture concentration was below
0.16 g/L). After 24 h from the addition of the dye (day 2), an intense decrease in colour
was observed in almost all reactors (up to the level of 0.054 g/L). In the case of the BWPH
P reactor, however, there was an increase in colour (up to 0.35 g/L). Such a phenomenon
could be related to the desorption of dyes from biomass. It is necessary to mention that
such a phenomenon (increase in colour, not a decrease) was noticed in previous studies
for different strains including strains from Pleurotus ostreatus species [13,15]. As has been
emphasised many times, it is believed that the first stage of dye decolourisation is sorption.
It may be the only mechanism of dye removal, but is also one of the steps followed by
biochemical changes [11–14].

During the first cycle of work of the reactors, it was evident that those with the BWPH
strain worked much less effectively than those with the K4 strain. After 48h, regardless
of the aeration system in both reactors with the K4 strain, the colour removal was almost
complete (to the level of 0.008 g/L in the periodically aerated reactor and 0.002 g/L in the
continuously aerated reactor). In the case of reactors with the BWPH strain, decolourisation
was lower but the tendency was similar; a better decolourisation efficiency was obtained
for the continuously aerated reactor (mixture concentration 0.037 and 0.14 g/L, respectively,
for the continuously and periodically aerated reactor).

In the second reactor cycle (days 7 to 14), the addition of half the dose resulted in
an increase in the colour of the medium, but not to the expected values of 0.15 g/L. Only
in the case of the BWPH P reactor, the concentration of dyes was almost 0.2 g/L, which
is close to the expected result. The aim of reducing the concentration of dyes was to
preserve active fungal biomass. Very strong mycelium staining was still observed, and
the addition of another, similarly large portion could cause the death of the biomass. In
regard to the studied fungi, it is known that dyes are toxic and their tolerance depends on
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the concentration and type of dye [10,15,19,20]. It is worth emphasising that in the second
cycle the reactors worked more stably, and on day 14 of the tests the concentration of the
mixture was only 0.007 g/L in the BWPH C and K4 C reactors, and 0.016 and 0.036 g/L in
the K4 P and BWPH P reactors. The total portion of dyes added to the reactors (calculated
for both cycles) was already 0.45 g/L; it can therefore be assumed that such a high colour
removal is related not only to sorption, but also to the phenomenon of the biochemical
transformation of dyes. However, it is difficult to estimate the amount of both phenomena
in the decolourisation process.

The participation of the sorption process in colour removal seems to be confirmed by
the results obtained for the K4 strain in the 3rd test cycle and in subsequent ones. In the
3rd cycle of reactor operation, day 16 shows there was a significant increase in the colour
of the medium, especially in the K4 P reactor (to levels > 0.2 g/L), followed by a further
decrease in colour. This phenomenon was not observed in bioreactors with the biomass
of BWPH strain. An increase in colour was noticed after decolourisation in the reactor
with strain K4 continuously aerated. For both reactors with the K4 strain, the removal
process slowed down significantly, and finally the dye mixture was removed to the level
of 0.5 g/L. At the same time, in reactors with BWPH strain the concentration of dyes was
reduced to the level of ~0.019 g/L. This indicates that in reactors with the BWPH strain, the
process is based on the biochemical transformation, which also makes the process more
stable. In the case of the K4 strain, the process can be mostly based on sorption, which
causes its low stability. The last, fifth reactor cycle confirmed these observations. The
reactors with the K4 strain worked less effectively than those with the BWPH strain. A
significant increase in the colour of the substrate was observed after adding the fifth dose
of the mixture of dyes, indicating the approaching exhaustion of the sorption capacity
of the biomass of the K4 strain. The day 30 colour variations observed for these reactors
seem to support this statement. The above-mentioned fluctuations in the concentration of
dyes in the reactors confirm the sorption and desorption phenomena. Particularly large
fluctuations in the concentration of dyes confirming the participation of sorption in the
case of decolourisation with the participation of strain K4 confirm the changes observed in
the graph for the wavelength of 585 corresponding to the Congo Red dye (Supplementary
Materials Figure S1). For the BWPH strain, the decolourisation process is more stable over
time, even if the biomass absorbs dyes.

In the case of bioreactors with BWPH mycelium, the process was stable in the pe-
riodically aerated bioreactor, allowing for the removal of dyes to the level of 0.009g/L.
In the reactor with constant aeration, the final concentration of mixture was 0.10 g/L.
High efficiency of the dye removal process was also obtained in the studies of Gonzalez
and Gonzales-Martinez. They found that reducing oxygenation and thus reducing the
concentration of dissolved oxygen in samples containing Direct Blue 2 resulted in better
dye removal results [21].

As in the case of the presented research results, Kasinath et al. [22] also obtained
high efficiency in removing the colour of industrial wastewater using Irpex lacteus. At
the same time, it should be emphasised that the results of colour removal obtained using
the BWPH and K4 strains are even better than those presented by several other authors.
Mielgo et al. [23] used a bioreactor with a Phanerochaete chrysosporium strain immobilised
on polyurethane foam to degrade poly R-478 in a nutrient-fed system with a pulsed air
supply. It was possible to create a bioreactor that removed this dye with an efficiency
of 80% even after 90 days of operation. The same species was used in a reactor tested
by Pakshirajan and Kheria [24] to decolourise dilute industrial wastewater. Researchers
reported that the efficiency of the process depended on the concentration of nutrients, but it
was possible to obtain up to 83% colour reduction [24], which is a more unfavourable result
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than in the case of both tested strains of the Pleurotus ostreatus. In addition to the structure
of the substances themselves, the source of carbon and nitrogen, their concentration and
oxygenation conditions are always mentioned as some of the basic factors determining the
effectiveness of the decolourisation process [25].

3.2. Ecotoxicity of Post-Process Samples

The results of ecotoxicity tests do not correlate with the efficiency of dye removal
(Table 1). The high efficiency of decolourisation did not translate into a reduction in toxicity
of test organisms. In the case of the first cycle of operations of the reactor with the mycelia
of the BWHP strain, despite poor removal compared to reactors with the K4 strain, the
post-process samples were classified as toxic (toxicity class III) in the tests with Daphnia
magna and highly toxic (toxicity class IV) in the tests with Lemna minor. In the case of the
K4 strain, which removed the mixture of dyes much more effectively than the BWPH strain,
the post-process samples were classified as highly toxic to the animal organism (toxicity
class IV) and toxic to the plant organism (toxicity class III). For samples from reactors with
mycelium of the BWHP strain, and also in subsequent cycles, despite better efficiency
of colour removal, no change in toxicity towards both test organisms was observed. All
samples were classified as toxic in zootoxicity tests and very toxic in phytotoxicity tests.

Table 1. Ecotoxicity evaluation of post-process samples of each bioreactor after 7 days from the
addition of dyes.

Zootoxicity Phytotoxicity

Strain Bioreactor
Type Cycle EC50 TUa (Class) EC50 TUa (Class)

BWPH
Periodically
aerated (P)

1 21.3 4.7 (III) 3.7 27.0 (IV)
2 18.4 5.4 (III) 3.7 27.0 (IV)
3 30.8 3.2 (III) 1.7 58.8 (IV)
4 22.8 4.4 (III) 1.8 55.6 (IV)
5 28.8 3.5 (III) 1.8 55.6 (IV)

Continuously
aerated (C)

1 26.3 3.8 (III) 3.7 27.0 (IV)
2 25.0 4.0 (III) 2.3 43.5 (IV)
3 28.8 3.5 (III) 1.7 58.8 (IV)
4 47.2 2.1 (III) 2.7 37.0 (IV)
5 31.6 3.2 (III) 2.3 43.5 (IV)

K4
Periodically
aerated (P)

1 1.2 83.3 (IV) 3.6 27.8 (IV)
2 1.4 71.4 (IV) 2.3 43.5 (IV)
3 2.3 43.5 (IV) 7.3 13.7 (IV)
4 2.6 38.5 (IV) 2.3 43.5 (IV)
5 2.6 38.5 (IV) 2.3 43.5 (IV)

Continuously
aerated (C)

1 1.8 55.6 (IV) 44.7 2.2 (III)
2 2.6 38.5 (IV) 11.6 8.6 (III)
3 3.4 29.4 (IV) 3.7 27.0 (IV)
4 3.2 31.3 (IV) 4.3 23.3 (IV)
5 3.2 31.3 (IV) 4.3 23.3 (IV)

The method of aeration also had no significant effect on toxicity. As is evident in
the fifth cycle where samples from the continuously aerated reactor (BWPH C), in spite
of a lower removal of dyes, were classified to the same toxicity classes as samples from
the reactor operating better and more stably (periodically aerated reactor—BWPH P). It
seems, however, that the mechanism of colour removal could be important for ecotoxicity,
although no definite trends were observed. Only by comparing the results for both strains
(BWPH and K4) can it be assumed that the high share of biotransformation in the processes
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of the elimination of dyes in the mixture contributed to the fact that the zootoxicity did not
increase with subsequent cycles, and was lower for samples from reactors with mycelium
of the BWPH strain (always third toxicity class) than in the case of reactors with K4
mycelium (always fourth toxicity class). However, the process with the BWPH strain
yielded wastewater with lower zootoxicity than the process with the K4 strain.

In the case of phytotoxicity, no significant differences were noted. The lack of cor-
relation between the efficiency of dye removal and changes in ecotoxicity has already
been found in studies using the BWPH strain [12,13,15]. However, unlike in the aforemen-
tioned studies, in the case of the bioreactors discussed above, lower phytotoxicity and
higher zootoxicity of post-process samples were noted. As the research results show, the
mechanism of removal of the analysed mixture of dyes should be carefully assessed.

4. Conclusions
The research indicates significant differences in the efficiency of the process carried

out by both tested strains, which confirms the need for the appropriate selection of the
strain used. It was found that the main mechanisms (sorption/biotransformation) used by
both strains are different, which determines the stability of decolourisation. Undoubtedly,
the BWPH strain removed dyes better than the K4 strain. In bioreactors, regardless of the
strain or aeration method used, the mixture of dyes was eliminated by more than 90%.
Despite the initially poor efficiency of decolourisation in periodically aerated reactors in
subsequent test cycles, good results of colour reduction were obtained, and this allowed
for a reduction in the cost of the process. The obtained research results are extremely
promising, indicating the possibility of using a similar system during the initial treatment
of wastewater containing dyes, but focusing only on the BWPH strain under periodic
aeration conditions. This type of research should be continued and focused, among others,
on the optimisation of the process, especially in terms of reducing the toxic impact on
aquatic ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w17152314/s1, Figure S1: Concentration of dye mixture (for
wavelength λ= 585 nm) in bioreactors with immobilised biomass of strains BWPH and K4 (BWPH P—
bioreactor periodically aerated with strain BWPH, BWPH C—bioreactor continuously aerated with
strain BWPH, K4 P—bioreactor periodically aerated with strain K4, K4 C—bioreactor continuously
aerated with strain K4; Figure S2: Concentration of dye mixture (for wavelength λ= 617 nm) in
bioreactors with immobilised biomass of strains BWPH and K4 (BWPH P – bioreactor periodically
aerated with strain BWPH, BWPH C—bioreactor continuously aerated with strain BWPH, K4 P—
bioreactor periodically aerated with strain K4, K4 C—bioreactor continuously aerated with strain K4;
Figure S3: Concentration of dye mixture (for wavelength λ= 624 nm) in bioreactors with immobilised
biomass of strains BWPH and K4 (BWPH P—bioreactor periodically aerated with strain BWPH,
BWPH C—bioreactor continuously aerated with strain BWPH, K4 P—bioreactor periodically aerated
with strain K4, K4 C—bioreactor continuously aerated with strain K4.
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Abbreviations
The following abbreviations are used in this manuscript:

BG brilliant green dye
BWPH strain of Pleurotus ostreatus
BWPH P, bioreactor periodically aerated with strain BWPH
BWPH C bioreactor continuously aerated with strain BWPH
CR Congo red dye
EC50 half-maximal effective concentration
K4 – strain of Pleurotus ostreatus
K4 P bioreactor periodically aerated with strain K4
K4 C bioreactor continuously aerated with strain K4
RBBR remazol brilliant blue R dye
TUa acute toxicity unit
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