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A white rot fungus Phlebia tremellosa produced lignin degrading enzymes, which showed degrading activity
against various recalcitrant compounds. However, manganese peroxidase (MnP) activity, one of lignin degra-
ding enzymes, was very low in this fungus under various culture conditions. An expression vector that carried
both the laccase and MnP genes was constructed using laccase genomic DNA of P. tremellosa and MnP
cDNA from Polyporus brumalis. P. tremellosa was genetically transformed using the expression vector to
obtain fungal transformants showing increased laccase and MnP activity. Many transformants showed highly
increased laccase and MnP activity at the same time in liquid medium, and three of them were used to
degrade endocrine disrupting chemicals. The transformant not only degraded bisphenol A and nonylphenol
more rapidly but also removed the estrogenic activities of the chemicals faster than the wild type strain.
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Our environment is becoming increasingly polluted by various
man-made chemicals including agricultural chemicals, paints
and plastics. Many of them have been known to affect human
reproductive systems, and the compounds mimicking or inter-
fering with the action of endogenous gonadal steroid hor-
mones have been called endocrine disrupting chemicals (EDCs)
(Colborn et al., 1996). Various EDCs are used in the plastic
synthesis industry, and are also generated during the treat-
ment of plastic wastes. Bisphenol A is widely used as a material
for the production of epoxy and phenol resins, and lacquer
coatings of food cans (Staples et al., 1998). Nonylphenol, a non-
ionic surfactant is widely used in the generation of emulsifying
agents and cleaning product. Even at very low concentrations,
EDC:s interfere with the animal reproductive system (Schon-
felder et al., 2002). Since physical and chemical treatments
for these EDCs can generate secondary pollutants, biological
treatments can be useful because there is almost no need to
use other chemicals to remove recalcitrant EDCs, even with
a slow removal rate.

White rot fungi have lignin degrading enzymes, such as lac-
case, lignin peroxidase and manganese peroxidase (MnP).
These enzymes are also involved in the degradation of many
recalcitrant chemicals such as dyes (Champagne and Ramsay,
2005), EDCs (Cabana et al., 2007; Tamagawa et al., 2007),
explosives (Cheong et al., 2006) and pesticides (Rezenda et
al., 2005; Maruyama et al., 2006). A white rot fungus Phlebia
tremellosa has been used in the degradation of EDCs (Yeo
et al., 2008a), and its purified laccase was reported to have
this degrading activity (Kim et al., 2008). We have synthesized
a laccase cDNA of this fungus, and constructed an expression
vector. A genetic transformant using the laccase expression
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vector showed about 2-fold increase in laccase activity, and
also showed 10-600% faster degradation of 4 different EDCs
(Yeo et al., 2008b). Another two genetic transformants with
the MnP expression vector also showed increased enzyme ac-
tivity and higher degrading ability to 3 different EDCs (Kum
et al., 2009). In order to obtain fungal strains with increased
degrading abilities, we attempted to construct a recombinant
expression vector for two lignin degrading enzymes, laccase
and manganese peroxidase. We used laccase genomic DNA
from P tremellosa (Kum et al., 2009) and MnP ¢cDNA from
Polyporus brumalis for the construction of the expression
vector. We then generated transformants to get fungal strains
showing increased degrading ability against two EDCs.

Materials and Methods

Construction of an expression vector carrying both laccase
and MnP genes

A laccase genomic DNA used previously in the generation of a trans-
formant of Irpex lacteus (Kum et al., 2009) was used in this study.
MnP cDNA was isolated from P brumalis by RACE (rapid amplifica-
tion of cDNA ends)-PCR. pPBARGPEI vector was double digested
with Smal and EcoRI, and then ligated with the MnP ¢cDNA which
had each enzyme linker at the 5'- and 3'-end respectively. The final
both enzyme expression vector was generated by inserting the laccase
genomic gene at the Xhol site, designated as pMnP-gLac (Fig. 1).
Introduction of pMnP-gLac to P tremellosa was carried out by following
the REMI method reported previously (Leem et al., 1999). Protoplasts
(5x107/ml) were mixed with 10 pg of pMnP-gLac plus NorI (30 U),
and transformants were selected using the selectable marker, phos-
phinothricin resistance. Genomic DNAs from the transformants and
the recipient strain were isolated using the CTAB method (Leem
et al., 1999). PCR with specific primers at the trpC promoter-bar
gene (forward primer; 5-GTCGACAGAAGATGATATTG-3' and re-
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Fig. 1. Schematic drawing of the construction of the dual gene ex-
pression vector (pMnP-gLac) by inserting MnP cDNA from Polyporus
brumalis and genomic laccase from Phlebia tremellosa to pBARGPEI.
MCS, multiple cloning site. Open arrow, MnP ¢cDNA located at Smal-
EcoRlI site; grey arrow, laccase genomic gene at Xhol site in MCS.

verse primer; 5-AGTTAGACAACCTGAAGTCT-3') was run with ge-
nomic DNAs as the template to confirm the stable integration of
pMnP-glac in the transformant chromosomes.

Degradation of EDCs and determination of estrogenic activity
Four different strains were grown on PDA medium for 5 days to
obtain a mycelial lawn. They were grown in the liquid minimal me-
dium (Yeo et al., 2008a; 50 ml in 250 ml flask) in a shaking incubator
at 30°C by inoculating 20 pieces of fungal mycelia cut with a No.
1 cork borer (diameter 4 mm). Whole fungal cultures were ground
in a Waring blender and the homogenates (20 ml) were transferred
to fresh liquid minimal medium (100 ml in 500 ml flask). EDCs such
as bisphenol A (BPA, 100 mg/L) and nonylphenol (20 mg/L) were
added in the minimal medium, and the culture was grown with shaking
(160 rpm) at 30°C. The residual concentrations of EDCs were deter-
mined as reported previously (Kum et al., 2009). The determination
of estrogenic activity was performed using yeast two-hybrid system
which had been reported by Tsutsumi et al. (2001).

Determination of involvement of laccase and MnP during the
degradations of EDCs

Laccase activity was measured by spectrophotometry using o-tolidine
as the chromogenic enzyme substrate (Ko et al., 2001). Manganese
peroxidase activity was determined using 3-amino-9-ethyl-carbazole
as the chromogenic substrate (Yeo et al., 2007). Total RNAs were
isolated from 3 day old fungal strains using Trizol extraction buffer
(Invitrogen, USA), and were used as the template in the MnP gene-
specific RT-PCR. MnP gene-specific primers were as follows: forward
primer 5-GTCTAGAAGCTCTCTTCCTC-3' and reverse primer 5'-C
ACAACCTCACCGCCGA-3'. Both primers were used in the reverse
transcriptase PCR (RT-PCR) for the determination of laccase and
MnP expression. The actin gene was used as a control in RT-PCR. The
amplified products were separated using agarose gel electrophoresis.
All experiments for enzyme activity and estrogenic activity were run
in triplicates.
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Fig. 2. Comparison of extracellular laccase and MnP activities of
the recipient and three transformant strains on day 2 and day 5.
White bar, laccase activity on day 2; grey bar, laccase activity on day
S; white arrow, MnP activity on day 2; grey arrow, MnP activity on
day 5.

Results and Discussion

The two gene expression vector was used for the genetic
transformation of P tremellosa by REMI transformation using
the protoplast-CaCl, procedure. Three transformants that
showed higher laccase and MnP activities were selected for
further experiments (Fig. 2). These transformants secreted a
high amount of MnP under non-inducing conditions (Fig. 2)
because the promoter of glyceraldehydes-3-phosphate dehy-
drogenase gene was used in the expression vector (Fig. 1).
However, laccase activity appeared at a later stage, on day 5
(Fig. 2). The stable integration of pMnP-glLac was confirmed
by trpClbar-specific PCR, and the expected amplified band

Fig. 3. Confirmation of integration of the expression vector (pMnP-
glac) in three transformants by PCR using vector-specific primers.
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appeared only in each transformant (TF1 to TF3) (Fig. 3).
These transformants were genetically stable since they showed
antibiotic resistance after 10 consecutive transfers on non-se-
lective medium.
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Fig. 4. Determination of residual EDCs from the cultures of wild
type and three transformant strains on day 2 (white) and day 5 (grey).
Bar, BPA; arrow, NP. (B) Determination of estrogenic activity on
the culture supernatant of the wild type and transformants on day 5.
Bar, cultures with BBP; arrow, cultures with NP. (C) Determination
of MnP expression on day 2 cultures by RT-PCR using the MnP-spe-
cific primers.

One transformant strain (TF1) was able to remove more
than 60% of BPA (100 mg/L) during 48 h incubation when
analyzed with HPLC, and two other transformant strains
(TF2 and TF3) removed the original compound better than
the recipient strain (Fig. 4a). The removal rate by TF1 was
better than that of Irpex lacteus transformant strains (T7 and
T8) which showed 40-50% removal during 3 day incubation
(Kum et al., 2009). When TF1 was compared with the laccase
cDNA transformant of P tremellosa (Yeo et al., 2008b) in BPA
degradation, it had nearly the same removal rate. However,
T1 had a better removal rate (ca. 70%) for NP, while P. trem-
ellosa laccase cDNA transformant had only a 20% removal
rate during 3 day incubation (Fig. 4a). The three transformants
removed the estrogenic activity approximately two-times faster
than the recipient strain on day 2 (Fig. 4b). It has been re-
ported that the removal rate of estrogenic activities generated
by EDCs in previous reports was slower than that of the original
compound (Yeo et al., 2008b; Kum et al., 2009). The removal
rate of the original EDCs by each strain was nearly the same
as the removal rate of estrogenic activity in all transformant
strains. This result implied that catabolic intermediates of
EDCs that showed estrogenic activities were rapidly degraded,
and both laccase and MnP enzymes positively enhanced the
degradation of these intermediates in the transformants. The
white rot fungus, Coriolopsis polyzona removed 5 mg/L of BPA
completely after 4 h treatment (Cabana et al., 2007). It took
7 to 14 days to achieve 99% degradation of BPA (100 mg/L)
by two different white rot fungi, Stereum hirsutum and Hetero-
basidium insulare (Lee et al., 2005).

When EDCs were added in the liquid medium, the increase
of MnP expression was more than three times that observed
in each transformant (Fig. 4c). Since the introduced MnP gene
was regulated by a promoter of a constitutively expressed en-
zyme (glyceraldehydes-3-phosphate dehydrogenase), MnP was
expressed during the early growth phase. Laccase gene ex-
pression also increased in all fungal strains (data not shown),
because this gene was induced by the addition of many EDCs
(Yeo et al., 2008a; Kum et al., 2009).

There are many reports that lignin degrading enzymes are
involved in the degradations of various recalcitrant compounds.
Phthalates, which are also components of EDCs, have in-
duced laccase expression in P tremellosa (Yeo et al., 2008a).
Trametes versicolor showed enhanced laccase activity and its
expression during the degradation of explosives (Cheong et
al., 2006), and the addition of nonylphenol or aniline greatly
enhanced the enzyme activity in the same fungus (Mougin
et al., 2002). Manganese peroxidases were also reported to be
involved in aflatoxin B degradation (Wang et al., 2011) and
olive mill waste decolorization (Goudopoulou et al., 2010).
In conclusion, genetic transformants with dual gene expression
vectors showed enhanced laccase and MnP activities, which
more efficient for the degradation of EDCs and gave better
removal rates of estrogenic activity.
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