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Abstract Biodegradation of endocrine-disrupting bisphenol
A was investigated with several white rot fungi (Irpex lacteus,
Trametes versicolor, Ganoderma lucidum, Polyporellus brumalis,
Pleurotus eryngit, Schizophyllum commune) isolated in Korea
and two transformants of 7. versicolor (strains MrP 1 and
MrP 13). I lacteus degraded 99.4% of 50 mg/l bisphenol A
in 3 h incubation and 100% in 12 h incubation. which was
the highest degradation rate among the fungal strains tested.
T. versicolor degraded 98.2% of 50 mg/l bisphenol A in 12 h
incubation. Unexpectedly, the transformant of the Mn-repressed
peroxidase gene of T versicolor, strain MrP 1, degraded
76.5% of 50 mg/1 bisphenol A in 12 h incubation, which was
a lower degradation rate than wild-type 7. versicolor. The
removal of bisphenol A by I lacteus occurred mainly by
biodegradation rather than adsorption. Optimum carbon
sources for biodegradation of bisphenol A by I lacteus were
glucose and starch, and optimum nitrogen sources were yeast
extract and tryptone in a minimal salts medium; however,
bisphenol A degradation was higher in nutrient-rich YMG
medium than that in a minimal salts medium. The initial
degradation of endocrine disruptors was accompanied by the
activities of manganese peroxidase and laccase in the culture
of I lacteus.
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Since the late 20th century, certain chemicals have been
known to affect the reproductive systems of various animals
including human beings, and the compounds mimicking or
interfering with the action of endogenous gonadal steroid
hormones have been named endocrine-disrupting chemicals
(EDCs) [3]. Their harmful effects are reported to expand to
chromosomal abnormalities [23] and eatlier onset of diseases
such as mammary and prostate cancers [16]. Among 67
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chemicals registered as EDCs by the Ministry of Environment,
Korea, bisphenol A [2,2-bis(4-hydroxyphenyl)propane] is
widely used as a material for the production of epoxy and
phenol resins, polycarbonates, polyester, and lacquer coatings
on food cans, and released to environments from bisphenol-
A-producing factories, leaching of plastic wastes, and
landfill sites [22].

Because of the potential adverse health and ecological
effects, the removal of EDCs including bisphenol A is very
important and has been extensively studied [3, 9]. There are
increasing concerns about the degradation of EDCs by white
rot fungi. There are several reasons for the attractiveness of
white rot fungi in the degradation of environmentat pollutants,
such as the mineralizing capability of a wide variety of
toxic xenobiotics, potential to oxidize substrates with low
water solubility, the constitutive nature of the key enzymes
(ligninolytic enzymes) involved in degradation, and the
inexpensive growth substrates [18]. Recently, the degradation
of EDCs by lignin-degrading enzymes has attracted the
attention of many researchers [6, 14, 17, 20]. However, fungi
with high bisphenol A degradability are also limited [1],
and the fungal strains having a high degradability are critical
to the application of white rot fungi or their ligninolytic
enzymes to elimination of EDCs including bisphenol A. In
this study, several white rot fungi isolated in Korea, which were
active in degrading polycyclic hydrocarbons and trinitrotoluene
[5, 11], were tested for their removal of bisphenol A.

MATERIALS AND METHODS

Chemicals and Fungal Strains

Bisphenol A and HPLC-grade organic solvents were
purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO, U.S.A.) and Fisher Scientific Co. (Pittsburg, PA,
U.S.A.), respectively. The fungal strains tested were Irpex
lacteus, Trametes versicolor, Fomitella fraxinea, Merulis
tremellosus, Ganoderma lucidum, Polyporellus brumalis,
Pleurotus ostreatus, and Schizophyllum commune, which
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were all isolated in Korea, and T versicolor MrP 1 and
MrP 13 (transformants of the Mn-repressed peroxidase gene).
Fungi were cultivated on YMG medium (yeast extract 4 g,
malt extract 10 g, and glucose 4'g in 11 H,0) solidified
with 2% agar at 30°C with different incubation periods.

Fungal Degradation of Bisphenol A

Five agar plugs (5x5 mm) of active mycelium of each
fungal strain were grown in YMG broth on a rotary shaker
(130 rpm) for 5 days at 30°C, and the fungal culture was
blended with a homogenizer. Culture flasks containing
20 ml of YMG medium or Kirk’s basal salts medium [24]
were inoculated with 0.5 ml of the blended fungal inoculum.
Bisphenol A dissolved in methanol (5,000 mg/l) was added
at the beginning or after 5 days of incubation. During the
incubation of the fungi at 30°C (130 rpm), the residual
bisphenol A was analyzed at certain time intervals. The
whole fungal culture was mixed with an equal volume of
HPLC-grade dichloromethane in a separatory funnel, shaken
for 10 min at 250 rpm on a reciprocal extraction shaker (Jeio
Tech., Korea), and the dichloromethane phase containing
residual bisphenol A was separated. This process was
repeated three times and the dichloromethane was combined.
Afier removal of water in extracts with anhydrous sodium
sulfate, dichloromethane was concentrated with a rotary vacuum
evaporator and the restdual bisphenol A was measured.

For investigation of the removal mechanism of bisphenol A,
the fungal culture was separated into supernatant and mycelium
by centrifugation (6,140 xg, 30 min), and the mycelium
was homogenized and extracted with dichloromethane.
The residual bisphenol A in whole fungal culture and
associated mycelium were quantified and compared.

Effects of the addition of different carbon sources (5 g/l
each of glucose, sucrose, fructose, glycerol, lactose, and
starch) and nitrogen sources (0.22 g/l each of peptone,
tryptone, yeast extract, asparagine, ammonium tartrate,
ammonium nitrate, ammonium sulfate, and sodium nitrate)
in Kirk’s basal salts medium on bisphenol A degradation
were investigated. The effect of preincubation on bisphenol
A degradation was also examined. All the procedures
utilized were the same as described above.

Analytical Methods
Bisphenol A was analyzed by HPLC (Waters, U.S.A.)
using a Gemini C6-phenyl column (5 um, 150%4.6 mm,
Phenomenex, U.S.A.). The sample was eluted by a linear
gradient from 50% acetonitrile in water to 100% acetonitrile
(0-15 min), 100% acetonitrile (15-20 min), a linear
gradient from 100 to 50% acetonitrile (20-25 min), and
50% acetonitrile (25-30 min) at a flow rate of 1.0 ml/min.
The residual bisphenol A was quantified by a UV detector
at 280 nm.

During the degradation of bisphenol A, the activities of
ligninolytic enzymes were measured from replicate cultures.

After centrifugation of the fungal culture, the supernatant
was removed and the activities of lignin peroxidase and
manganese-dependent peroxidase were detected by the
methods of Tien and Kirk [24] and laccase activity was
measured by a method of Ross [19].

All experiments were carried out in triplicate, and the
mean values are presented.

RESULTS AND DISCUSSION

Fungal Degradation of Bisphenol A

During 12 h of incubation with 50 mg/l bisphenol A in
YMG medium, /rpex lacteus could remove 100% of
bisphenol A, which was the highest degradation rate among
the fungal strains tested (Table 1). Most of the bisphenol A
was removed during a further 12-h incubation by Trametes
versicolor and T. versicolor MrP 1, and the other fungi
showed somewhat lower degradation rates of bisphenol A,
which was likely due to toxicity of bisphenol A [9]. The
growth of 1. lacteus was inhibited by addition of bisphenol
A, and 21.7, 56.0, and 73.6% of dry weight of mycelium
decreased during 48 h of incubation in YMG medium
containing 10, 50, and 100 mg/l bisphenol A, respectively.
However, the degradation rate of bisphenol A was highest
at 50 mg/1 (date not shown), and all the experiments were
carried out with 50 mg/l bisphenol A. When the incubation
time was shortened, I lacteus could degrade 99.4% of
50 mg 1! bisphenol A within 3 h. Removal of bisphenol A
by I lacteus and T. versicolor was much faster than 26 strains
of various fungal groups, all of which did not belong to white
rot fungi [1]. Among 26 strains, 4 strains could remove
100% of 40 ppm bisphenol A effectively after several days
of incubation. A white rot fungus, Pleurotus ostreatus, also
degraded only 80% of 0.4 mM bisphenol A in 12 days [6].
Compared with these fungi, /. lacteus and T. versicolor are
certainly effective degraders of bisphenol A, and their
removal rates were also higher than those of bisphenol-A-
degrading bacteria isolated from rivers [7, 8]. L lacteus and
T versicolor could also efficiently degrade polycyclic aromatic

Table 1. Degradation of 50 mg/l bisphenol A by several white
rot fungi in YMG medium.

Bisphenol A removal (%)

Fungal strain

12 h 24 h
Irpex lacteus 100.0+0.0 100=0
Trametes versicolor 98.2+0.2 98.6+0.2
Trametes versicolor MrP 1 76.5+0.7 98.1+0.1
Trametes versicolor MrP 13 27.5+10.6 35.5+2.1
Ganoderma lucidum 7.4+3.1 38.5+0.1
Polyporellus brumalis 2.5£3.5 24.0£7.0
Pleurotus eryngii 2.9+4.0 11.8+£3.3

Schizophyllum commune Not detected ~ 45.5+0.7




Table 2. Comparison of the removal mechanisms of bisphenol
A by Irpex lacteus in 3 h of incubation.

Mechanism Bisphenol A removal (%)
Biodegradation 98.2+0.5
Biosorption 1.2=0.1
Total removal 99.4+0.6

hydrocarbons and trinitrotoluene [10, 21]. Unexpectedly,
the degradation rates of T versicolor MrP strains, especially
MrP 13, were not higher than that of wild-type 7. versicolor.
T versicolor MrP strains were constructed by overexpression
of a manganese-repressed peroxidase gene (mrp), and they
showed a higher degradation rate of remazol brilliant blue
R and dinitrotoluene [12]. Further study on the biodegrading
capability of these transformants is necessary. Since the
removal rates of other EDCs such as alkylphenols and
phthalates by some fungi showing lower degradation rates
of bisphenol A were as high as /. lacteus and T. versicolor
(data not shown), the optimal conditions for bisphenol A
degradation by these fungal strains should be also investigated.
Considering the high degradation rate of bisphenol A by
I lacteus, its removal mechanism was examined. /. lacteus
degraded a total of 99.4% of bisphenol A from the culture
within 3 h. When the fungal mycelium was separated by
centrifugation, the residual bisphenol A adsorbed on mycelium
was only 1.2% (Table 2). Therefore, most of bisphenol A
was removed by fungal metabolism, and this phenomenon
was quite similar to the trinitrotoluene degradation by the
same fungus [10]. The removal seemed to take place by
the action of extracellular degrading enzymes, especially
ligninolytic enzymes. Purified laccase from a fungus of
family Chaetomiaceae could oxidize 99.2 and 100% of
5 mM bisphenol A, within 3 and 6 h of reaction, respectively
[20]. This oxidizing rate of bisphenol A by purified laccase
was similar to the removal rate in the culture of . lacteus, in
spite of the higher bisphenol A concentration in this study.

Degradation of Bisphenol A by Irpex lacteus in Different
Conditions

The effects of several environmental conditions on bisphenol
A degradation were examined, with /. lacteus showing the
highest degradation rate. When bisphenol A was added
into YMG medium simultaneously with the fungal inoculum,
over 99% of bisphenol A was removed within 6 h and
100% was degraded within 24 h (Fig. 1). In contrast, when
bisphenol A was added into 5-day preincubated fungal
culture, 85 and 98% of bisphenol A disappeared at 6 and
24 h of further incubation, respectively. This difference
may be due to the exhaustion of growth substrate in the
5-day preincubated culture. When the growth substrate
was additionally provided, increase of mineralization of
trinitrotoluene occurred in the culture of the same fungus [11].
Removals of 50 mg/l bisphenol A by /1. lacteus in nutrient-
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Fig. 1. Effect of preincubation on the biodegradation of 50 mg/1
bisphenol A by Irpex lacteus.

Symbols: uninoculated control (M), 5-day preincubated culture (@),
culture without preincubation (O).

rich YMG medium and minimal salts medium were compared.
In YMG medium, over 99% of bisphenol A was removed
within 3 h, which was higher than the 73% removal in the
minimal medium. Fungal growth was also better in YMG
medium than in minimal salts medium (data not shown).
A similar pattern of degradation was also observed in
trinnitrotoluene degradation by the same fungus [10]). Kang
and Kondo [7] reported higher bisphenol A degradation
with higher bacterial counts. Therefore, continuous addition
of growth substrate may promote sustaining degradation of
bisphenol A by fungi in a continuous treatment process.

For the investigation of effects of carbon and nitrogen
sources on bisphenol A degradation, several different carbon
substrates and nitrogen compounds were added to minimal
salts medium, and bisphenol A degradations were examined.
Addition of starch and glucose showed the highest removal
of 50 mg/1 bisphenol A, 73 and 70%, respectively, within
3 h (Fig. 2A). The culture of [ lacreus on other carbon
substrates exhibited less than 50% removal. Among nitrogen
sources, yeast extract and tryptone showed 71.9 and 70.1%
removal, respectively (Fig. 2B). Since the maximal activity
of ligninolytic enzymes of different fungi may occur with
different carbon and nitrogen sources and environmental
conditions [15, 25], more carbon and nitrogen sources and
different concentrations of each compound should be
tested in bisphenol A removal for the application of fungal
degradation to treatment of bisphenol-A-containing
wastewater.

Activities of Ligninolytic Enzymes During Bisphenol A
Degradation

Extracellular ligninolytic enzymes are known to be involved
in various recalcitrant compounds including bisphenol A
[18, 20]. During bisphenol A degradation by /. lacteus in
YMG medium, activities of typical ligninolytic enzymes,
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Fig. 2. Degradation of 50 mg/l bisphenol A in 3-h incubation by
Irpex lacteus with various carbon sources (A) (A, glucose; B,
sucrose; C, fructose; D, glycerol; E, lactose; F, starch) and
nitrogen sources (B) (A, yeast extract; B, NaNO;; C, peptone; D,
asparagine; E, ammonium tartrate; F, tryptone; G, ammonium
nitrate; H, ammonium sulfate).

lignin peroxidase (LiP), manganese peroxidase (MnP), and
laccase, were measured. MnP showed rapid increase of
activity within 3 h of incubation and maintained a stable
level until 24 h (Fig. 3). Although the activity level was
somewhat low, laccase also showed a similar pattern of
activity. In contrast, LiP did not exhibit activity until 3 h, in
which most bisphenol A was oxidized, and showed activity
peaks at 6 and 21 h. Therefore, MnP and laccase might be
involved in bisphenol A degradation by /. /acteus. Those
two enzymes have also been reported to oxidize bisphenol
A in different fungi [6, 20]. Furthermore, purified laccase
or MnP could also rapidly oxidize bisphenol A [6].
Optimization of production of laccase and MnP in the
culture of I lacteus or T. versicolor is necessary for
efficient bisphenol A removal [4]. Since bisphenol A
oxidation by laccase or MnP can be increased by addition
of mediators [9] or addition of some additives such as
polyethylene glycol to maintain enzyme stability [14] or
substrate analogs [2], and immobilized biomass or enzymes
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Fig. 3. Activities of ligninolytic enzymes, lignin peroxidase
(A), manganese peroxidase (B) and laccase (C), of Irpex lacteus
during degradation of 50 mg/! bisphenol A in YMG medium.

can be used in oxidizing reactions [13], these applications
should be tested for the better enzymatic transformations
of bisphenol A by the /. lacteus or T. verscolor used in this
study.
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