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Abstract Using a DNA-mediated transformation tech-
nique, a molecular breeding approach to isolate Pleurotus
ostreatus strains with enhanced productivity of its versatile
peroxidase MnP2 was conducted. A recombinant mnp2
construct under the control of P. ostreatus sdi1 expression
signals was introduced into the wild-type P. ostreatus strain
by cotransformation with a carboxin-resistant marker plas-
mid. A total of 32 transformants containing the recom-
binant mnp2 sequence were isolated in a screening with
specific amplification by PCR. Productivity of MnP2 in the
recombinants was evaluated by the decolorization ability
of Poly R-478 on agar plates in the absence of Mn2+.
Recombinant P. ostreatus strains with elevated manganese
peroxidase (MnP) productivity were successfully isolated.
One of the recombinants, TM2-10, was demonstrated to
secrete recombinant MnP2 predominantly on a synthetic
medium containing 15 mM ammonium oxalate, which was
confirmed by reverse transcription PCR (RT-PCR) and
isozyme profile analysis using anion-exchange chroma-
tography. The benzo[a]pyrene-removing activity by fungal
treatment was also analyzed using the isolated recombinant
strains.

Introduction

Despite its property as the most abundant aromatic polymer
on the earth, plant cell wall lignin is resistant to biological
attack by most microorganisms due to its heterogeneity and
bulky structure (Sarkanen 1971). It is noteworthy, however,
that white rot basidiomycetes degrade lignin and also
recalcitrant environmental pollutants to carbon dioxide and
water. Therefore, they have been a focus of research in-

terest in terms of effective utilization of plant biomass
resources and application to bioremediation of polluted
environments containing various hazardous compounds
(Kirk and Farrell 1987; Gold and Alic1993; Cullen 1997;
Duran and Esposito 2000).

Several Pleurotus and Bjerkandera species are known to
have distinct characteristic from other white rot basidio-
mycetes: they secrete peroxidases with an extraordinarily
wide range of substrate specificity (Mester and Field 1998;
Camarero et al. 1999a,b; Kamitsuji et al. 2005b). These
peroxidases are called versatile, or “hybrid,” peroxidases
because they have properties similar to those of the two
popular fungal peroxidase families, namely, lignin perox-
idases (LiPs) and manganese peroxidases (MnPs). The
versatile peroxidases (VPs) have an Mn2+-binding site and
efficiently oxidize Mn2+ to Mn3+, just like what typical
MnPs do. Also, like LiPs, they directly oxidize phenolic
and nonphenolic compounds including veratryl alcohol
(Camarero et al. 1999a,b; Ha et al. 2001). Among the VPs,
Pleurotus ostreatus MnP2 was demonstrated to be unique
since it can directly oxidize high-molecular-weight com-
pounds such as Poly R-478 and RNaseA (Kamitsuji et al.
2005b). We demonstrated that a tryptophan residue
conserved in all the VPs and LiPs was essential for the
oxidation of veratryl alcohol and Poly R-478, but not of
Mn2+, by MnP2, based on a chemical modification with N-
bromosuccimide (Kamitsuji et al. 2005b). It is of interest
to elucidate the molecular mechanism by which MnP2
oxidizes bulky substrates directly. MnP3, another major
extracellular peroxidase in P. ostreatus, has less reactivity
with Poly R-478, and it does not decolorize the dye in the
absence of Mn2+ (Kamitsuji et al. 2004). Anion-exchange
chromatography and reverse transcription PCR (RT-PCR)
analyses in liquid culture using synthetic media composed
of defined chemicals demonstrated that the expression of
MnP2 and MnP3 was differentially regulated (Kamitsuji
et al. 2005a, unpublished result), suggesting distinct phy-
siological functions of the two MnP isozymes with differ-
ent catalytic functions.

In the present study, a molecular breeding approach to
isolate P. ostreatus strains with elevated MnP2 productivity
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was carried out by introducing a recombinant mnp2 under
the control of homologous expression signals.

Materials and methods

Strains and plasmids

P. ostreatus dikaryotic strain #261 (ATCC 66376) was used
as the host strain throughout this study. It was grown on
3.9% potato dextrose agar (Nissui Co., Tokyo, Japan) for
maintenance and preculture. For liquid culture, four pieces
of mycelial mats (7 mm∅) grown on 3.9% potato dextrose
agar (Nissui Co.) plates for 6 days were cut off and
inoculated onto 30 ml of the synthetic medium in a 300-ml
Erlenmeyer flask. In all experiments, P. ostreatus strains
were grown at 28°C in darkness.

Escherichia coli JM109 (recA1 endA1 gyrA96 thi
hsdR17 supE44 relA1 Δ(lac-proAB)/F′ [traD36 proAB+

lacIq lacZΔM15]) was used as a host bacterium for
standard recombinant DNA constructions and was grown
on a Luria–Bertani medium. Plasmid pTM1, a pGEM-T-
based (Promega) plasmid containing a carboxin-resistant
marker gene (Honda et al. 2000), was used for the trans-
formation of P. ostreatus.

A recombinant plasmid to expressmnp2was constructed
as follows: a 1,906-bp mnp2 coding sequence was am-
plified from P. ostreatus genomic DNA, using primer
molecules, MnP2-NcoI (5′-TCACTGGCCATGGCTTTCG
CT-3′), which adapts a NcoI site at the start codon, and
MnP2-KpnI (5′-TAGGTACCGGGGCATTTACGAAGG-
3′), which adapts a KpnI site after the termination codon.
Amplification conditions were 98°C for 30 s, 52°C for
1 min, and 72°C for 1 min. This cycle was repeated 30
times. Then the amplified fragment was inserted onto an
expression plasmid pIpMc (Irie et al. 2001) with NcoI and
KpnI to produce the plasmid pIpM2g (Fig. 1). It contained

the coding sequence of mnp2 under the control of promoter
and terminator sequences from the P. ostreatus sdi1 gene.

Isolation of the P. ostreatus recombinants

The expression plasmid pIpM2g was introduced into the
wild-type P. ostreatus by cotransformation with pTM1 by
the PEG/CaCl2 method described previously (Irie et al.
2001), except for Novezyme234 that was substituted with a
protoplasting enzyme purchased from Mushroom Experi-
mental Station (Horst, The Netherlands). DNA-treated
protoplasts were screened for carboxin resistance on a
regenerating plate containing 2 μg/ml carboxin. Isolated
colonies were transferred onto fresh 3.9% potato dextrose
agar (Nissui Co.) plates containing the same concentration
of carboxin.

Incorporation of the recombinant mnp2 was checked
with specific amplification in a PCR experiment using
primers M13 (5′-GTTTTCCCAGTCACGAC-3′) and
MnP2R (5′-GGCGGTCCCTTGCAACATTGT-3′; Fig. 1),
and genomic DNA was extracted from the isolates as a
template. The amplification conditions were 98°C for
1 min, followed by 25 cycles at 98°C for 30 s, 57°C for
1 min, and 72°C for 1 min. After amplification, a 10-μl
aliquot of each PCR product was analyzed by agarose gel
electrophoresis. A 2,509-bp fragment was amplified from
the strains containing the recombinant mnp2 sequence.

Screening of recombinants with elevated
MnP2 activity

P. ostreatus MnP2 oxidizes and decolorizes Poly R-478 in
the absence of Mn2+ (Kamitsuji et al. 2005b). Elevated
Poly R-478 decolorizing activity should be observed when
the production of MnP2 is enhanced in recombinants. In
this context, to assess the production of the recombinant
MnP2 by each transformant, we compared decolorizing
activity on a specific GY medium: 1% glucose, 0.02%
yeast extract, 1% Kirk’s salts (without MnSO4; Tien and
Kirk 1988), 2% agar, and 20 mM Na–phthalate buffer (pH
4.5), in addition to 0.1% Poly R-478. One piece of mycelial
mat of each transformant (7 mm ∅) was inoculated at the
center of an agar plate and was incubated for 10 days. The
productivity of MnP2 in each transformant was evaluated
by a change in the color of Poly R-478.

MnP productivity of the selected strains was measured
in liquid culture conditions using a synthetic medium
containing 3% glucose, 1% Kirk’s salts (without MnSO4;
Tien and Kirk 1988), 270 mM MnSO4, and 20 mM Na–
phthalate buffer (pH 4.5), in addition to 1 mM ammonium
oxalate as a nitrogen source (Kamitsuji et al. 2005a). Three
replicate cultures for each strain were kept stationary for 19
days. Then, MnP activity in the culture filtrate was mea-
sured as Mn2+-dependent guaiacol-oxidizing activity by
the method described previously (Kofujita et al. 1991;
Kamitsuji et al. 2004).
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Fig. 1 Physical map of the MnP2 expression plasmid pIpM2g.
Shaded arrow represents the location and transcriptional direction of
the genomic sequence encoding MnP2. Closed arrows indicate the
promoter and terminator sequences from the P. ostreatus sdi1 gene.
Thin line and dotted area indicate the pGEM-T vector and its AmpR

marker sequence, respectively. The location of the primer molecules
used for detection of the recombinant mnp2 sequence are indicated
by thin arrows
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RT-PCR analyses of recombinant mnp2

Wild type and one of the recombinants, TM2-10, were
inoculated on a synthetic medium containing 3% glucose,
1% Kirk’s salts (without MnSO4; Tien and Kirk 1988),
270 mM MnSO4, and 20 mM Na–phthalate buffer (pH
4.5), in addition to 15 mM ammonium oxalate as a nitrogen
source (Kamitsuji et al. 2005a). Three replicate cultures for
each strain were kept stationary for 19 days. The MnP
activity in the culture filtrate was measured on days 9, 14,
and 19.

RT-PCR amplification of the recombinant and endoge-
nous mnp2 transcripts was performed using total RNA
from mycelia on day 12. Transcript abundance of the β-
tubulin gene was also monitored as a control. Extraction of
RNA and PCR conditions basically followed those de-
scribed previously (Kamitsuji et al. 2005a). The primers to
detect transcripts from each gene are described in Table 1.
The reverse transcription was conducted with 70 ng of total
RNA and 10 ng of oligo(dT)12–18 primer at 42°C for
30 min, followed by 95°C for 5 min to inactivate the re-
verse transcriptase. Then, 12.5 pmol of each specific prim-
er was added for the PCR. The amplification program was
as follows: 95°C for 5 min, followed by 30 cycles at 94°C
for 1 min, 55°C for 1 min, and 72°C for 1 min. After
amplification, a 10-μl aliquot of each PCR product was
analyzed by agarose gel electrophoresis.

Analysis of isozyme profiles of the extracellular MnP

The isozyme profile of MnP in the culture filtrate on day 14
using the synthetic medium containing 15 mM ammonium
oxalate was analyzed. The culture filtrate was separated
from mycelia by filtration with gauze. The culture filtrate
from five flasks, approximately 125 ml, was concentrated
to 300 μl by ultrafiltration using a Centriprep-30 micro-
concentrator (Millipore). Then, 100 μl of concentrate was
subjected to anion-exchange chromatography on a Mono-
Q (5/5) column (Amersham Biosciences). The isozymes
were eluted with a linear gradient from 70 to 175 mMNaCl
in 10 mM Na–succinate buffer (pH 5.0) over 120 min at a
flow rate of 0.5 ml/min. The elution of the protein was
monitored by measuring the absorbance at 407 nm specific
to the heme protein. The elution profile of each sample was
compared to that of standard MnP2 and MnP3 isozymes
purified from culture filtrates of the wild-type strain
(Kamitsuji et al. 2004).

Removal of benzo[a]pyrene by fungal treatment

The ability to remove benzo[a]pyrene from culture medi-
um in representative strains was monitored as follows.
Wild type and TM2-10, TM2-30, and TM2-31 were inoc-
ulated on a synthetic medium containing 1 mM ammonium
oxalate (described above). Three replicate cultures for each
strain were kept stationary for 16 days. Benzo[a]pyrene
(25 ppm) was added to 8-day-old cultures, and the con-
centration of the remaining benzo[a]pyrene on day 16 was
measured as follows. At first, 500 μl of the culture filtrate
was removed for the measurement of MnP activity in the
culture filtrate. Then, 30-ml tetrahydrofuran was added to
each flask, and the remaining benzo[a]pyrene was ex-
tracted by shaking at 140 rpm for 24 h. After filtration in a
glass filter, the filtrate was made up to 60 ml with fresh
tetrahydrofuran and subjected to ET 150/4 Nucleosil 100-5
C18 PAH column (Macherey-Nagel GmbH & Co. KG) in
buffer A (50% methanol/25% acetonitrile/25% water). The
compounds were eluted with a linear gradient from 0 to
100% of buffer B (93% acetonitrile/7% tetrahydrofuran)
over 15 min at a flow rate of 1 ml/min. The elution of the
compound was monitored by measuring the absorbance at
260 nm specific to the aromatic compounds. In a control
experiment using autoclaved mycelium, it was demonstrat-
ed that 96% of initial benzo[a]pyrene was recovered by the
extraction procedure described above.

Results

Isolation of genetically modified P. ostreatus

To obtain genetically modified P. ostreatus strains with
elevated MnP2 productivity, the expression plasmid
pIpM2g (Fig. 1) containing the coding sequence of mnp2
between the P. ostreatus sdi1 promoter and terminator
sequences was constructed. sdi1 encodes iron–sulfur pro-
tein subunit of succinate dehydrogenase in the respiratory
chain (Irie et al. 1998). In this context, its promoter is
supposed to direct the transcription of the resulting recom-
binant gene with lower background level of endogenous
ligninolytic enzymes compared to other homologous pro-
moter sequences from lacs (Palmieri et al. 2000) or mnps
(Cohen et al. 2001). Then, pIpM2g was introduced into the
wild-type P. ostreatus strain by cotransformation with a
carboxin-resistant marker plasmid pTM1 simultaneously.
Protoplasts (108) prepared from vegetative mycelia were

Table 1 Primers used for specific detection of genes in RT-PCR experiments

Gene Primer Sequence Expected amplicon size (bp) Reference

mnp2 MnP2-22U GACATTCAGTCAACTCACTGG 743 (Giardina et al. 2000)
MnP2R GGCGGTCCCTTGCAACATTGT (Cohen et al. 2001)

rmnp2 MnP2F ATCTTCAGTGACACCGAGCC 920 (Cohen et al. 2001)
sdi-primer-11 GTTGGCAGTGTCATCGGAGCATGC (Irie et al. 1998)

β-tub TubF2 GTGCGTAAGGAAGCTGAGGG 900 (Cohen et al. 2001)
TubR CGGAATTCYTGRTAYTGYTGRTAYTC (Cohen et al. 2001)
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treated with a mixture of 5-μg pIpM2g and 1-μg pTM1
DNA by the PEG/CaCl2 method (see “Materials and
methods”), and cells incorporating exogenous plasmids
were screened on a carboxin-containing agar plate. In four
repeated experiments, a total of 34 drug-resistant colonies
were isolated as transformants and were subjected to PCR
detection of the recombinant mnp2 sequence. PCR ampli-
fication was performed using the specific primers M13 and
mnp2R (Fig. 1), and the reaction mixture was subjected to
agarose gel electrophoresis (Fig. 2). Specific amplification
of the recombinant mnp2 was observed for the transfor-
mant TM2-10 (lane 1), whereas no bands were observed
for TM2-11 (lane 2) and the wild-type control (lane 3).
These results suggested that TM2-10 is a cotransformant
containing both the carboxin-resistant and recombinant
mnp2 sequences, whereas TM2-11 contains only the pTM1
sequence. In this way, it was concluded that 32 transfor-
mants, out of 34 carboxin-resistant transformants, con-
tained the recombinant mnp2 sequence.

Productivity of MnP2 in the recombinant strains

Unlike other typical MnPs, MnP2 decomposes and de-
colorizes the polymeric azo dye Poly R-478 directly in the
absence of Mn2+ (Kamitsuji et al. 2005b). It was expected
that the Mn2+-independent decolorizing activity for Poly
R-478 would be enhanced in recombinant strains with
elevated MnP2 productivity. We evaluated MnP2 produc-
tivity in all the 32 recombinants by monitoring Poly R-478
decolorizing activity on GYagar plates containing no Mn2+.
Typical results of the representatives are shown in Fig. 3. In
the wild-type strain, decolorization was observed only at a
region close to the center of the plate where the inoculum
had been placed. However, the decolorized area extended
to the surrounding region in some recombinants (TM2-10,
TM2-30, and TM2-31). Decolorizing activities as high as,
and even less than, those of the wild-type strain were

observed in TM2-16 and TM2-2, respectively. Among 32
recombinants, 13 were found to be elevated, 16 unchanged,
and 3 with less Poly R-478 decolorizing activity, compared
to the wild-type strain.

We measured the MnP activity in the culture filtrate of
the recombinants on a synthetic medium containing 1 mM
ammonium oxalate as a nitrogen source on day 19. As with
the case of the GY medium, we previously demonstrated
that endogenous MnP2 was predominantly produced by
the wild-type P. ostreatus on this medium (Kamitsuji et al.
2005a). MnP activities of the wild type and TM2-2, TM2-
10, TM2-16, TM2-30, and TM2-31 strains were 160, 80,
370, 110, 260, and 295 mU/ml, respectively. From these
results, it was demonstrated that the Poly R-478 decoloriz-
ing ability on the GY agar plate was consistent with the
MnP productivity of the analyzed strains in the liquid
culture. It was also suggested that MnP productivity was
enhanced in some of the recombinants by introducing the
recombinant mnp2 gene. The transformants varied in their
MnP productivity, as is often the case with recombinant
gene expression in basidiomycetous fungi, where integra-
tive transformation occurs, mostly, at multiple sites in the
chromosome (Mayfield et al. 1994; Irie et al. 2001; Kajita
et al. 2004).

Confirmation of recombinant MnP2 expression
in TM2-10

To prove that the elevated MnP and Poly R-478 decol-
orizing activities were caused by expression of the recom-
binant MnP2, we conducted a time course assay of MnP
activity on a synthetic liquid medium containing 15 mM
ammonium oxalate (Fig. 4). We previously demonstrated

Fig. 3 Poly R-478 decolorizing activity of the recombinants in the
absence of Mn2+. To assess the production of recombinant MnP2 by
the transformants, we compared their decolorizing activity on a
Mn2+-deficient GY agar plate containing 0.1% Poly R-478. The
mycelial mat of each transformant was inoculated at the center of
the plate and incubated for 10 days. The productivity of MnP2 in
each transformant was evaluated by a change in the color of Poly
R-478

Fig. 2 PCR detection of the recombinant mnp2 sequence in the
transformants. Incorporation of the recombinant mnp2 was checked
with specific amplification in a PCR experiment followed by 0.7%
agarose gel electrophoresis. The 2,509-bp fragment expected for
the recombinant mnp2 sequence is indicated by an arrow. Samples
are as follows: lane 1 TM2-10, lane 2 TM2-11, lane 3 wild-type
host strain, lane 4 pTM1, lane 5 pIpM2g as a positive control,
lane M EcoT14I-digested lambda DNA as a molecular standard.
TM2-10 and TM2-11 are the representatives of carboxin-resistant
transformants
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that the wild-type P. ostreatus produces a small amount of
MnP3 and no MnP2 in the above synthetic media con-
taining high concentration of nitrogen source (Kamitsuji
et al. 2005a). As shown in Fig. 4a, the wild-type strain
secreted a small amount of MnP in this condition, which
is consistent with the former results (Kamitsuji et al.
2005a). However, as the transformant TM2-10 produced
a significant amount of MnP activity in the culture filtrate,
it showed a 6.6-fold more MnP activity than the wild-type
control on day 19. Analysis of the isozyme profile of
the culture filtrate on day 14 was performed with anion-
exchange chromatography (Fig. 4b). A small amount of
MnP3 was detected for both the wild-type and recombinant
strains; however, the expression of MnP2 was observed
only for TM2-10. These results suggested that endogenous
mnp2 was not expressed in this condition, and that MnP2
was produced by the expression of recombinant mnp2 in
TM2-10.

To confirm that the recombinant, but no endogenous,
mnp2 was expressed in TM2-10, evaluation of transcripts
from mnp2 genes was conducted using RT-PCR techniques
(Fig. 4c). Specific primers corresponding to 5′ and 3′
untranslated region sequences (Table 1) were designed to
detect transcripts from endogenous and recombinant mnp2
separately. Significant amounts of the recombinant mnp2
transcript were observed in TM2-10, but not in the wild-
type strain. Moreover, transcript from endogenous mnp2
was not detected, whereas the levels of the β-tubulin
transcript were similar in both strains. These findings
clearly demonstrated that the elevated MnP productivity
was caused by the introduced recombinant mnp2 in the
transformant.

Removal of benzo[a]pyrene by fungal treatment

It was reported that polycyclic aromatic hydrocarbons
(PAHs) were degraded by a crude MnP fraction from
Nematoloma frowardii (Sack et al. 1997) and purified MnP
from a litter-decomposing basidiomycetes Stropharia
coronilla (Steffen et al. 2003). It was expected that the
degradation activity of PAHs would be enhanced in the P.
ostreatus recombinant strains. In this context, the removal

of benzo[a]pyrene by fungal treatment with the wild-type
and recombinant strains, TM2-10, TM2-30, and TM2-31,
was carried out in a liquid culture using a synthetic medium
containing 1 mM ammonium oxalate. Then, 25 ppm benzo
[a]pyrene was added to 8-day-old cultures, and the con-
centration of the remaining benzo[a]pyrene after incuba-
tion for 8 days was measured by high-performance liquid
chromatography. In each recombinant, more than twofold
benzo[a]pyrene was removed compared to the wild-type
strain (Fig. 5). It was also demonstrated that three recombi-
nants produced elevated MnP activity in the culture filtrate
compared with the wild-type strain. These results strongly
suggested that the recombinant strains are superior at re-
moving recalcitrant pollutants.

Discussion

To date, several expression systems for a versatile perox-
idase have been reported. Pleurotus eryngii VPL2 was
expressed in an expression system using E. coli (Pérez-
Boada et al.2002). Although the heterologously expressed

0

20

40

60

80

100

w
il
d

 t
y
p

e

T
M

2
-1

0

T
M

2
-3

0

T
M

2
-3

1

M
n

P
 a

c
ti

v
it

y
 (

m
U

/m
l)

0

5

10

15

20

25

30

R
e

m
o

v
a

l 
o

f 
B

a
P

 (
%

)

Fig. 5 Fungal treatment of benzo[a]pyrene and extracellular MnP
activity. Ability to remove benzo[a]pyrene was monitored after
fungal treatment with wild type and TM2-10, TM2-30, and TM2-31
strains for 8 days. Removal of benzo[a]pyrene and extracellu-
lar MnP activity are indicated by a shaded bar and diamond,
respectively

0

50

100

150

200

250

300

0 5 10 15 20

Incubation days

M
n

P
 a

ct
iv

it
y(

m
U

/m
l)

wild type

TM2-10

a

mnp2

c

β-tub

rmnp2

wild type TM2-10

Retention time (min)

A
b

so
rb

an
ce

 a
t 

40
7 

n
m

20 30 40 50 60

b

wild type

TM2-10

purified MnP2

purified MnP3

Fig. 4 Production of MnP2
on synthetic media containing
15 mM ammonium oxalate.
a Time course of extracellular
MnP activity. b Analysis of
MnP isozymes in the culture
filtrate on day 14 by anion-
exchange chromatography.
c RT-PCR analysis of transcript
levels for recombinant mnp2
(rmnp2), endogenous mnp2,
and β-tubulin (β-tub)
on day 12

118



VPL2 was reported to have kinetic properties similar to that
of the fungal enzyme, it was not glycosylated, and an
inefficient artificial folding process was required to achieve
enzyme activity. VPL2 was also expressed in Aspergillus
nidulans (Ruiz-Dueñas et al. 1999), but the yield was low.
A homologous expression system has advantages over a
heterologous one in terms of the production of an enzyme
of interest in the native and active forms. It also allows the
analysis of the physiological role of the gene product in
the host organism by overexpression. Moreover, not only
the expressed product, but also the recombinant strains
themselves can be efficient biocatalysts in various indus-
trial processes, including the decomposition of lignin and
recalcitrant environmental pollutants.

We report here the molecular breeding of P. ostreatus
transformants by introducing recombinant mnp2 constructs
under the control of sdi1 expression signals. Strains with
elevated MnP2 productivity were successfully isolated
through a plate assay of Poly R-478 decolorizing activity
in the absence of Mn2+. The expression of the recombinant
mnp2 was confirmed by the predominant accumulation of
the specific transcripts and also by the significant MnP2
productivity of the transformant TM2-10 in a high nitrogen
synthetic medium. The expression system of the recombi-
nant MnP2 will allow us to analyze the contribution of each
amino acid residue to the activity of the enzyme using in
vitro site-directed mutagenesis and elucidate the molecular
structures responsible for its catalytic functions.

PAHs are a series of widespread environmental pol-
lutants with condensed aromatic ring structures. PAHs,
especially those with more than four rings, are known to
be recalcitrant and resistant to microbial degradation
(Cerniglia 1992). It was also reported that higher-molec-
ular-weight PAHs were degraded by mycelial treatment
with various white rot fungi (Bumpus 1989; Hammel et al.
1991; Wolter et al. 1997; Pickard et al. 1999). PAHs were
degraded by a crude MnP fraction from N. frowardii (Sack
et al. 1997). It was also reported that benzo[a]pyrene was
oxidized by purified MnP from a litter-decomposing basid-
iomycetes S. coronilla (Steffen et al. 2003). Furthermore,
in Phanerochaete chrysosporium, the addition of Mn2+

was beneficial, but not prerequisite, for the oxidation of
PAHs (Zheng and Obbard 2002). On the other hand, the
oxidation of PAHs was also reported using purified LiP
from Ph. chrysosporium (Vazquez-Duhalt et al. 1994) and
laccase from Trametes species with appropriate mediators
(Collins et al. 1996; Johannes et al. 1996; Bohmer et al.
1998; Majcherczyk et al. 1998). Moreover, the contribution
of P450 monooxygenase to PAH degradation was sug-
gested by using specific inhibitors (Bezalel et al. 1996) and
purified enzymes (Maspahy et al. 1999). It seems that white
rot fungi have various pathways degrading PAHs, some of
which seem to be part of the polymer decomposition
system of the fungi. In this study, it was clearly demon-
strated that the transformants removed benzo[a]pyrene
more efficiently than the wild-type P. ostreatus (Fig. 5),
suggesting that the overexpression of MnP2 is one of the
effective ways to activate PAH degradation by the fungus.

Although further works are required to determine the op-
timal condition for mycelial treatment of benzo[a]pyrene, it
is expected that these recombinants would serve as an effi-
cient biocatalyst to transform other recalcitrant compounds.

Overexpression of MnP2 may increase the possibilities
of the enzyme to be utilized in various bioprocesses, e.g., as
an immobilized enzyme in bioreactors. The productivity of
the recombinant MnP2 in the present system was not high
enough to meet the requirements for industrial applications.
Development of a cultivation system for efficient produc-
tion of MnP2 by the recombinant strains is now in progress.
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