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ARTICLE INFO ABSTRACT

Keywords: Wood degrading fungi are often screened for their ability to degrade xenobiotics such as dyes. Dye decoloration
Basidiomycete by these fungi on solid media could until now only be assessed qualitatively. We here describe a fast quantitative
Bioremediation method to screen for dye decoloration on such media. Decoloration of crystal violet (CV), malachite green (MG),
FDzsgiesmloranon orange G (OG), rose bengal (RB) and remazol brilliant blue R (RBBR) by 124 isolates of the basidiomycete

Schizophyllum commune was quantified with a flatbed scanner and the CIE-L*a*b* model. Colour and intensity
changes were calculated with the Euclidean distance formula. More than 10 strains showed high MG decolor-
ation. Isolates 136, 140 and 213 showed superior CV decoloration, while OG was most effectively decolorized by
isolates 183, 216 and 227. Six strains showed high RB decoloration with isolate 216 being superior. The latter
strain was also highly active on RBBR together with isolates 177 and 227. Together, dye decoloration was highly
variable between the 124 isolates but strain 216 showed high activity on 3 out of 5 dyes. The fast screening

Schizophyllum commune
Xenobiotic degradation

method described in this paper enables identification of strains effectively decolorizing dyes.

1. Introduction

Fungi play an essential role in recycling of plant waste material in
nature (Singh and Passari, 2019). Wood-decaying basidiomycetes are
well known for their ability to degrade wood that is rich in lignin.
Typically, these basidiomycetes are classified as white or brown rot
fungi based on the ability to mineralize lignin, cellulose and hemicel-
lulose (Blanchette, 1995; Worrall et al., 1997). Alternatively, the clas-
sification of wood-decaying basidiomycetes is based on the presence of
genes encoding ligninolytic class II peroxidases (PODs) and carbohy-
drate active enzymes (CAZyme) (Levasseur et al., 2013; Ohm et al.,
2014). Lignin degradation by wood-degrading fungi (WDF) involves
non-specific oxidation. This mechanism can also be used to degrade
xenobiotics such as dyes, pharmaceuticals and herbicides (Barr and
Aust, 1994).

Degradation ability of lignin-like-structures is highly variable within
the WDF’s (Pointing, 2001; Spina et al., 2018), which may also reflect in
degradation of xenobiotics. A wide variety of WDF’s has been screened
for their ability to degrade the latter compounds. Most screens use the
decoloration of dyes, especially in liquid medium since this is easy to
monitor (Kaushik and Malik, 2009). However, enzyme secretion and
activity can be affected by growing in liquid instead of a solid medium
(Novotny et al., 2004; Barrios-Gonzalez, 2012). Therefore, WDF’s are
also screened on dye-containing plates but this can only be done in a

qualitative way by visual monitoring (Swamy and Ramsay, 1999; Jar-
osz-Wilkotazka et al., 2002). We here describe for the first time a
quantitative screening method for dye decoloration on agar plates based
on analysing colour and intensity changes with the CIE-L*a*b* model.
To this end, the acid dyes orange G (OG) and rose bengal (RB), the basic
dyes crystal violet (CV) and malachite green (MG), and the reactive dye
remazol brilliant blue R (RBBR) were used that find applications in the
textile and paper industry and in biomedical research (Hunger, 2003).
The mono-azo dye OG and the anthraquinone dye RBBR are classified as
azo dyes, while RB is a xanthene dye and CV and MG are triphenyl-
methane dyes.

2. Material and methods
2.1. Strains and culture conditions

The model dikaryotic S. commune strain H4-8 (Ohm et al., 2010a;
Ohm et al., 2010b) and 123 natural isolates of this basidiomycete from
the Utrecht University collection (Table S1) were pre-grown on minimal
medium with 1.5% agar (MMA) (Dons et al., 1979) at 25 °C for 7 days in
the dark. Pieces (4 mm thick and 0.5 mm in diameter) from the pe-
riphery of these pre-grown colonies were used to inoculate 24 well
plates (Greiner bio-one, Cellstar 662,102) containing MMA without dye
or with 10 pg mL™' CV, 10 ug mL~! MG, 30 ug mL™ 0G, 10 ug mL ! RB,
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or 100 pg mL~! RBBR (Sigma-Aldrich, www.sigmaaldrich.com). Cul-
tures were packed in aluminium foil and grown at 25 °C for 14 days.

2.2. Quantifying dye decoloration

Dye decoloration was measured using biological duplicates or trip-
licates. To this end, plates were scanned at day 7 and 14 of culturing
with an office scanner (Epson Perfection V370 Photo, www.epson.nl)
resulting in 1200 dpi colour images. For each well, an area of 159,068
pixels was measured for its lightness (L*), red-green value (a*), and blue-
yellow value (b*) (Schanda, 2007) by the Colour Transformer 2 plugin
in ImageJ (Fiji, www.imagej.net/software/fiji). The Euclidean distance
in the CIELAB model was used to calculate the dye decoloration AE (Eq.
(1).

AE = /(L0-Li)2 + (a0-ai)2 + (b0-bi)2 (¢))

Where Ly, ag, and by are L* a* b* values from the control plates
without dye and Ly, a;, and b; from the dye containing plates at day 7 or
day 14 of culturing. A low AE implies high decoloration of the dye.

2.3. Statistics

Statistics was done in R (RStudio Version 1.1.414, 2009-2018
RStudio, Inc.) using a p-value <0.05. A Kruskal-Wallis test with post hoc
Dunn-Bonferroni Test was done to compare decoloration of dyes be-
tween all S. commune strains. A t-test was used to compare decoloration
of dyes by isolates to that of strain H4.8 or the overall mean.

3. Results

Decoloration of the dyes CV, MG, OG, RB, and RBBR by 124
S. commune isolates was determined. The S. commune mycelium
impacted the colour of the dye-containing plate when its bottom side
was scanned (Fig. S1). Therefore, decoloration of dyes was determined
by using a colonized plate without dye of each of the strains as a control
(Fig. S2). A high variation in decoloration was observed between the
different S. commune isolates (Fig. S3-7 showing all strains and Fig. 1-5
showing selected strains). None of the isolates showed higher
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Fig. 1. Decoloration of CV by S. commune isolates at day 7. A AE below the blue
line indicates a higher decoloration than the overall mean of all isolates. Isolate
136, 140 and 213 are superior in CV decoloration. Error bars represent standard
deviation of 3 biological replica’s. Significant differences in CV decoloration of
the isolates compared to S. commune H4.8 are indicated with * (p < 0.05) and **
(p < 0.01). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 2. Decoloration of MG by S. commune isolates at day 7. A AE below the
blue line indicates a higher decoloration than the overall mean of all isolates.
None of the isolates were significant better in decoloration of MG compared to
S. commune H4.8. Error bars represent standard deviation of 3 biological rep-
lica’s. Significant differences in MG decoloration of the isolates compared to
strain H4.8 are indicated with * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Decoloration of OG by S. commune isolates at day 14. A AE below the
blue line indicates a higher decoloration than the overall mean of all isolates.
S. commune H4.8 showed the same decoloration as the overall mean of all
isolates, while isolates 183, 216 and 227 performed best. These three strains
produced a brown colour, indicative of the secretion of pigments. Error bars
represent standard deviation of a minimum of 2 biological replica’s. Significant
differences in OG decoloration of the isolates compared to strain H4.8 are
indicated with * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

decoloration of all the dyes when compared to model strain H4.8. This
strain had a higher CV and MG decoloration activity (i.e. a lower AE)
than the overall mean of all strains at day 7 (Fig. 1; Fig. 2; Fig. S3;
Fig. S4) and day 14 (data not shown). Yet, strain H4.8 showed a lower
CV decoloration activity when compared to isolates 136, 140 and 213
(Fig. 1; Fig. S3). Isolate 140 even showed a AE <10 of CV decoloration,
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Fig. 4. Decoloration of RB by S. commune isolates at day 14. A AE below the
blue line indicates a higher decoloration than the overall mean of all isolates.
S. commune H4.8 showed the same decoloration as the overall mean of all
isolates. Isolates 177, 209, 216, 265, 269 and 276 had a significant higher RB
decoloration activity than strain H4.8. Error bars represent standard deviation
of a minimum of 2 biological replica’s. Significant differences in RB decolor-
ation of the isolates compared to strain H4.8 are indicated with * (p < 0.05), **
(p < 0.01), and *** (p < 0.001). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Decoloration of RBBR by S. commune isolates at day 14. A AE below the
blue line indicates a higher decoloration than the overall mean of all isolates.
S. commune H4.8 showed the same decoloration as the overall mean of all
isolates. Isolates 177, 216, and 227 had the lowest AE. Isolate 177 turned the
plate brown, indicative of the secretion of pigments. Error bars represent
standard deviation of a minimum of 2 biological replica’s. Significant differ-
ences in RBBR decoloration of the isolates compared to strain H4.8 are indi-
cated with * (p < 0.05), ** (p < 0.01), and *** (p < 0.001). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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implying almost no CV was left. None of the isolates was significant
better in decoloration of MG compared to S. commune H4.8 at day 7
(Fig. 2; Fig. S4) and 14 (Data not shown), while 89 isolates showed lower
decoloration of this dye. The latter was often due to inhibition of growth.

S. commune H4.8 showed similar decoloration of OG, RB and RBBR
compared to the overall means of all isolates at day 14. A total of 16
isolates decolorized OG better than H4-8 with isolates 183, 216 and 227
being the best (Fig. 3; Fig. S5), while isolates 177, 209, 216, 265, 269
and 276 showed higher RB decolaration (Fig. 4; Fig. S6). Strain 216 was
not only superior in decolorizing RB but also showed the lowest RBBR
AE together with isolate 177 and 227 (Fig. 5; Fig. S7). Isolates 216 and
227 turned OG, RB and RBBR plates brown, indicative of the secretion of
pigments. The brown colour can interfere when screening a yellow or
orange dye because this colour is in the same region as orange in the
CIELAB model (Schanda, 2007).

4. Discussion

Here, we present for the first time a quantitative screening method
for dye decoloration on agar media based on the CIE-L*a*b* model. This
method was used to screen dye decoloration by 124 S. commune strains.
The model strain H4.8 showed better decoloration of the triphenyl-
methane dyes CV and MG than the average activity of all strains, but its
activity to decolorize the mono-azo dye OG, the xanthene dye RB and
the anthraquinone dye RBBR was similar to the average. This and the
fact that the decoloration of the different dyes between and within
strains was variable suggest that the breakdown of these xenobiotics is
not related to aspecific oxidation. Moreover, the fact that the different
dyes were most effectively decolorized by different strains indicates that
several isogenes and/or genes, coding for similar or different enzymes,
respectively, are involved in decoloration of these xenobiotics. In
addition, it may be that enzymes of the same family are produced with
different catalytic efficiencies or that genes responsible for decoloration
are differentially regulated between the isolates. Bulked segregant
analysis and/or genome wide association studies (Michelmore et al.,
1991; Visscher et al., 2017) may identify these genes in the future and
would allow targeted xenobiotic degradation in bioremediation.

Results show that intra-species screening can be as valuable as inter-
species screening, the latter being predominantly performed. The high
variation in activities between the different strains of S. commune is
probably explained by its high genetic diversity. Diversity at synony-
mous sites was 0.20 in 12 American strains of S. commune and 0.13 in 12
strains from European Russia, which is also reflected in the amino acid
diversity of protein-coding genes (Baranova et al., 2015). The mutation
rate in S. commune is estimated to be 2 10~ per nucleotide per gener-
ation, which would explain the high genetic diversity of this mushroom
forming fungus. Despite the variability in decoloration, strain 216
showed the highest activity on OG, RB and RBBR. The mono-azo dye OG
and the anthraquinone dye RBBR are both classified as azo dyes but the
xanthene dye RB is derived from a triphenylmethane (as CV and MG) by
introducing an oxygen bridge (Hunger, 2003). Therefore, strain 216
either secretes an aspecific oxidation enzyme or this strain produces
different enzymes that are active on different dyes.

Together, the fast screening method described in this paper enables
identification of strains effectively decolorizing dyes, which can be used
to identify genes involved in the degradation of xenobiotics.
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