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The effect of different substrates and various developmental stages (mycelium growth, primordium appear-
ance, and fruiting-body formation) on laccase production in the edible mushroom Lentinula edodes was studied.
The cap of the mature mushroom showed the highest laccase activity, and laccase activity was not stimulated
by some well-known laccase inducers or sawdust. For our molecular studies, two genomic DNA sequences,
representing allelic variants of the L. edodes lacl gene, were isolated, and DNA sequence analysis demonstrated
that lacl encodes a putative polypeptide of 526 amino acids which is interrupted by 13 introns. The two allelic
genes differ at 95 nucleotides, which results in seven amino acid differences in the encoded protein. The copper-
binding domains found in other laccase enzymes are conserved in the L. edodes Lacl proteins. A fragment of
a second laccase gene (lac2) was also isolated, and competitive PCR showed that expression of lacl and lac2
genes was different under various conditions. Our results suggest that laccases may play a role in the mor-
phogenesis of the mushroom. To our knowledge, this is the first report on the cloning of genes involved
in lignocellulose degradation in this economically important edible fungus.

Lentinula edodes (Berk.) Pegler. is the second most widely
cultivated mushroom in the world, with a worldwide produc-
tion in 1995 of 1.7 million tons (9). The cultivation of this
mushroom uses a significant amount of lignocellulosic sub-
strates and is the largest wood-utilizing bioconversion process
(33). Utilization of lignocellulose by L. edodes is dependent on
its ability to synthesize hydrolytic and oxidative enzymes which
convert the individual components of lignocellulose into low-
molecular-weight compounds that can be absorbed and assim-
ilated for nutrition (32, 33). Laccases are one group of enzymes
that are believed to be important in the degradation of ligno-
cellulose by the fungus (14, 21, 26, 29).

Laccases are members of the blue copper oxidase enzyme
family characterized by having four cupric ions coordinated
such that each of the known magnetic species is associated with
a single polypeptide chain (26, 46). The copper-binding do-
mains are highly conserved in the blue copper oxidases (39,
46). The crystal structure of the Cu-depleted laccase from
Coprinus cinereus has provided a useful model for the structure
of the laccase active site (18). In contrast to our understanding
of the electron transfer reactions that occur in laccases, few
studies have addressed the physiological functions of these
enzymes (19, 46). Laccases have been implicated in pigmenta-
tion (11, 33), fruiting-body formation (16, 51), pathogenicity
(31, 49, 50), and lignin degradation (1, 4, 8, 26). However, only
a few of these functions have been experimentally proven (20).

There have been a few studies on laccase production in
L. edodes (7, 32, 33). Leatham and Stahmann (32) found that
the highest laccase activity is in the pigmented rind of the
pileus and in the stipe. Increased laccase activity was found to
be associated with rapid growth of nonpigmented aerial myce-
lium and formation of pigmented primodia and fruiting bodies
(32, 33). Although these studies have provided valuable infor-
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mation on mushroom laccase physiology, molecular studies on
this enzyme have not been widely investigated, and only a
single study on the isolation and characterization of two lac-
case gene fragments has been reported (17). As such, we aimed
to address this issue by cloning and characterizing two allelic
variants of the L. edodes lacl gene. Also, we aimed to compare
the kinetics of laccase activity and gene expression (lac! and
lac2) in L. edodes 1.54 when grown on different substrates
(glucose, crystalline cellulose, potato extracts [PE], sawdust,
guaiacol, tannic acid, etc.) and in various developmental stages
(mycelium growth, primordium appearance, and fruiting-body
formation).

MATERIALS AND METHODS

Organisms and culture conditions. L. edodes 1.54-A (monokaryon), L54-B
(monokaryon), and their mated product L54 (dikaryon) were used in the study,
and a defined medium with a high nitrogen level (HN medium) was used to
produce laccases (56, 57). The concentrations of nitrogen and copper (CuSO,) in
HN medium were 26 and 40 mM, respectively. For solid medium, agar was added
to a final concentration of 15 g/liter, and 20 ml of sterilized solid medium was
added per 90-mm petri dish. Culture conditions were described previously (55,
57). In liquid medium, stationary cultures were incubated in 500-ml flasks con-
taining 50 ml of liquid medium. To study the effect of various carbon sources, 1%
(wt/vol) glucose was replaced by different substrates, i.e., were 1% (wt/vol) crystal
cellulose (Sigma), 1% (wt/vol) PE (Difco), and 5% (wt/vol) sawdust. Four well-
known laccase inducers, guaiacol, tannic acid, 2,4-xylidine, and veratryl alcohol
(all purchased from Sigma), were added at various concentrations to the medium
to determine whether they could induce the production of laccases (11, 13, 46).
Fruiting-body primodia and mature mushrooms were obtained during a 6-week
inoculation. Mycelium block, pregrown for 14 days as colonies on solid HN-PE
agar medium supplemented with 0.1% (wt/vol) yeast extract, was used as inoc-
ulum for cultures to grow on the fruiting medium. The fruiting process was
carried out in HN medium supplemented with 1% (wt/vol) PE and 5% (wt/vol)
sawdust. Cultures were incubated at 25°C and 80% relative humidity on a 12-h
light and dark cycle. Primordia and mushrooms were harvested from the first
appearance of fruiting bodies (5 to 7 days after fruiting-body initiation) to the
harvest stage (10 to 12 days after fruiting-body initiation).

Enzyme assays. To determine extracellular enzyme activity in agar medium,
plugs containing mycelia from the center of the fungal colony were added to the
reaction buffer (at a ratio of 50 mg of plug per ml of reaction buffer). Boiled agar
plugs (10 min) served as controls. To detect activity in submerged cultures,
culture supernatant was used in the reaction mixtures. Blocks of fresh fruiting
bodies from various developmental stages were used for the measurement of
enzyme activity. Laccase activity was determined by using 2,2'-azinobis-3-ethyl-
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TABLE 1. Effect of different media and conditions on the production of enzymes and transcript levels of laccase genes

cDNA concn” (mol/pg of total RNA) for:

. o Laccase activity in Ratio
Medium and conditions L54 (U /g)“y el w2 (lacl/lac2)

L54 mycelium
HN-1% glucose 0.081 = 0.005 (20) (72 £ 0.8) X 10~ (27 +£03)x 107* 26.7
HN-1% cellulose 0.105 £ 0.004 (24) (5.8 = 0.6) x 107 (53+05)x 107 1.1
HN-1% glucose—2 mM guaiacol 0.076 * 0.005 (24) (3.0 = 0.4) x 1072 (5.0 £ 0.4) x 1072 0.06
HN-1% glucose-1% PE 0.307 = 0.014 (20) (14 =03)x 107" (53+0.8)x 107 2.6
HN-1% glucose-1% PE-5% sawdust 0.300 = 0.018 (24) (72 £0.9) x 107" (2.7 x0.8) x 107" 2.7
L54 fruiting body

Primordia 0.083 = 0.005 (3.6 =0.7)x 107 (27=04)x 10718 1.3

Fruiting body (cap) 1.113 = 0.034 (5.0 £ 0.4) x 107" (3.0=03)x 107" 1.7

Fruiting body (stipe) 0.033 £ 0.002 (3.6 =0.8) x 1078 (1.7+02) x 1078 2.1

“ Mean

+
> Mean +

standard deviation from triplicate cultures.

benthiazoline-6-sulfonate (ABTS) as previously described (57). Oxidation of
ABTS was measured by determining the increase in absorbance at 420 nm with
an extinction coefficient of 36 mM ™! em ™. One unit of enzyme activity is defined
as the amount of enzyme required to oxidize 1 wmol of ABTS per min. Lignin
peroxidase, manganese-dependent peroxidases and tyrosinase activities were
determined as previously described (28, 35, 36). All the reactions were per-
formed at 30°C. Enzyme activity was expressed as units per gram of medium or
fresh fruiting body. Protein concentrations were estimated as described previ-
ously (56).

Preparation of high-molecular-mass DNA and total RNA. High-molecular-
mass genomic DNA (50 to 100 kb) was prepared as previously described (55, 58).
Total RNA was prepared by using TRIREAGENT (MEC). Only mycelium or
fruiting bodies which showed the highest laccase activity were used in RNA
extraction. The RNA concentrations in samples were determined spectrophoto-
metrically (43).

Preparation of genomic libraries. L. edodes genomic DNA was partially di-
gested with Sau3A and separated on a 0.8% (wt/vol) agarose gel (43). After
digestion, the DNA was ligated with DASHII arms (Stratagene) as described by
the supplier. The ligation was packaged in vitro with a Gigapack II kit (Strat-
agene). The titer of the library was determined, and the library was amplified
with Escherichia coli K2 cells. The unamplified library was estimated to contain
20,000 independent recombinants, which was calculated to cover at least 99% of
the L. edodes (L54) genome (43).

Library screening and product cloning. Approximately 200 ng of genomic
DNA or 50 ng of cDNA was added to a PCR mix containing 2.0 U of Tagq
polymerase (Promega), 1X buffer (Promega), 2.5 mM MgCl,, 100 pM (each)
deoxynucleoside triphosphates, and 1.0 .M concentrations (each) of two prim-
ers. Four primers in four combinations were used for library screening: LelacU1
(5'-CACTGGCATGGCCTCTTCCA-3") (17), LelacL1 (5'-ATGGCTATGGTA
CCAGAAAGTG-3') (17), T3 (5'-AATTAACCCTCACTAAAGGG-3'), and T7
(5'-GTAATACGACTCACTATAGGGC-3"). The following PCR cycle param-
eters were used: 4 min at 94°C for one cycle; 1 min at 94°C, 1 min at 58°C, and
5 min at 72°C for 35 cycles; and 10 min at 72°C for one cycle. PCR products were
cloned into PCRscript SK (Stratagene) or sequenced directly (see below).

First-strand ¢cDNA synthesis. Total RNA (5.0 pg) was used to synthesize
cDNA. Reverse transcriptions were carried out in 20-pl reaction mixtures con-
taining 50 U of Moloney murine leukemia virus reverse transcriptase (GIBCO),
15 pmol of oligo(dT);s, and 20 U of RNasin (Promega). Reactions were per-
formed at 25°C for 10 min, at 45°C for 45 min, and at 75°C for 5 min.

Competitive PCR. Relative transcript levels of L. edodes laccase genes were
determined by competitive PCR (5, 6, 14). Included in the PCR mixes was a
competitive template in the form of genomic DNA. The competitor was diluted
to known concentrations. Introns within the competitive template allowed the
target cDNA and genomic product to be size fractionated on agarose gels. PCRs
were performed with various dilutions of genomic template. To examine the
expression of laccase genes in L54, we designed PCR primers based on the
sequence reported here (lacl sequence) and sequences published in the litera-
ture (lac2) (17). Primers Lelac1U1523 (5'-GGTGTAGCATTTGTTTCTCA-3")
and Lelac1L2129 (5'-ATGACCGCGAGAGGAACAGC-3') were used to am-
plify lac1. The lengths of the PCR products were 626 and 394 bp for lac] genomic
DNA and cDNA, respectively. Primers Lelac2U1 (5'-CATTGGCATGGTCTC
TTCCA-3") and Lelac2L710 (5'-CGATGATGGTGAGGTTGT-3") were used
to amplify lac2. The lengths of the PCR products were 730 and 450 bp for lac2
genomic DNA and cDNA, respectively. A pair of primers specific for amplifi-
cation of the constitutively expressed ribosome protein gene was used as the
control (55).

The competitive templates consisted of full-length genomic copies of the genes
which had been PCR amplified, and the concentrations of templates were esti-

standard deviation from triplicate cultures. Numbers in parentheses indicate the time required for maximum activity (in days).

mated by gel electrophoresis. To determine the concentration of cDNA, a serial
titration test including 20 to 40 cycles was performed. The optimal competitive
PCR conditions were (in a final volume of 20 pl) 0.2 U of Taq polymerase, 1X
buffer (Promega), 2.5 mM MgCl,, 100 pM (each) deoxynucleoside triphos-
phates, and 1.0 pM concentrations (each) of the primers. The following com-
petitive PCR parameters were used: 4 min at 94°C for one cycle; 1 min at 94°C,
1 min at 58°C, and 1 min at 72°C for 30 cycles; and 10 min at 72°C for one cycle.
The PCR products were size fractionated in 2% agarose, ethidium bromide
stained, and analyzed by using Molecular Analyst Software 1.5 (Bio-Rad).

DNA sequencing. The nucleotide sequences of PCR products were determined
by using Tag polymerase cycle sequencing and an automated DNA sequencer
(ABI 310; Perkin-Elmer Corp.). All DNAs were sequenced on both strands, and
the encoded amino acid sequences were predicted by using Gene Jockey (Bio-
soft). Sequences were aligned by using SeqEd 2.0 software (Applied Biosystems).

Nucleotide seq e accessi bers. The nucleotide sequences of the
L. edodes laclA and lacIB genes have been deposited in the GenBank database
under accession no. AF153610 and AF153611, respectively.

RESULTS

Effect of different media on the production of laccases. The
effect of glucose, cellulose, sawdust, and PE on the production
of laccases was studied (Table 1). In strain L54, peak laccase
activity (0.081 U/g) in the HN-glucose medium was detected
after 20 days. The presence of 1% PE stimulated laccase pro-
duction 2.8-fold (Table 1). The presence of 5% sawdust in agar
medium did not increase laccase activity, and 1% cellulose
slightly increased the peak level of laccase for this strain (Table
1). Monokaryotic strains L54-A and L54-B showed a similar
pattern of laccase production in agar medium, and L54-A
produced more laccase than did L54-B in all the media tested.
Both monokaryotic strains showed less laccase activities than
did their mated dikaryotic strain L54 (data not shown).

Addition of 2 mM guaiacol did not stimulate the production
of laccase in agar medium significantly, whereas 5 mM tannic
acid decreased the peak activity of laccases (data not shown).
Both guaiacol and tannic acid decreased the growth of the
monokaryotic and dikaryotic strains but had less effect on the
latter. Tannic acid (5 mM) fully inhibited the growth of L.54-B.
Veratryl alcohol and xylidine neither increased the peak activ-
ity of laccases nor affected the growth of the strains tested
(data not shown).

The production of laccase in various developmental stages
was also studied. Interestingly, the laccase activity in the mush-
room cap was 1.113 U/g, which was 34-fold higher than that in
the stalk (0.033 U/g) and 13-fold higher than that in the pri-
mordia (0.083 U/g). No tyrosinase, MnP and LiP activities
were detected in various fruiting stages.

Isolation and analysis of the laccase genomic sequence. By
using a PCR-walking method, which involved gene-specific
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primers and internal primers (T3 and T7) (55), we obtained
four PCR products which showed strong homology to known
basidiomycete laccase genes. Based on the sequence overlap
analysis, we found that the four fragments formed two laccase
genes. By comparing both laccase sequences with the se-
quences of the corresponding PCR products from monokary-
otic parental strains L.54-A and L54-B, we were able to dem-
onstrate that the two genes were alleles (Fig. 1); therefore, the
laccase genes were designated laclA and lacIB for strains
L54-A and L54-B, respectively.

lacl sequence analysis. The nucleotide sequence of lacl was
found to contain an open reading frame (ORF) of 1,578 bp
capable of coding for a protein of 526 amino acid residues
(Fig. 1). It was estimated that LaclA has a molecular mass of
57,111 Da. The extreme N-terminal portion of this putative
protein sequence is positively charged and is separated from
the rest of the molecule by a stretch of predominantly hydro-
phobic residues, features typical of a signal peptide (11, 19, 46).
Comparison of the genomic and cDNA sequences of lac! in-
dicated the presence of 13 introns varying in size from 50 to 65
bp. All of the intron splice junctions correspond to the
GT----AG rule. Comparison between lac1A and lac1B revealed
that there were 45 nucleotide differences in the ORF and 50
nucleotide differences in all introns except one (data not
shown). Seven of the nucleotide changes in the ORF result in
amino acid changes, and the remaining 38 nucleotide differ-
ences are silent changes. The copper-binding domain structure
found in other laccase genes is conserved in the L. edodes Lacl
protein (12, 20). The similarity between the lacl product and
other basidiomycetous laccases is from 65% to 75%, with the
region of highest conservation being found in the copper-
binding domains (Fig. 1).

Competitive PCR analysis of laccase gene expression. The
results of the discriminatory lacl/lac2 competitive PCR from
various substrates and different developmental stages are
shown in Fig. 2 and Table 1. The highest and lowest levels
obtained for lac mRNA were 5.0 X 10~ ' mol per pg of total
RNA in the cap and 3.0 X 10~2! mol per pg of total RNA in
HN-glucose-guaiacol medium. Similar results were obtained
for lac2. The highest and lowest levels obtained for lac2 mRNA
were 3.0 X 10717 and 2.7 X 10~%* mol, respectively. The use of
1% cellulose as a carbon source increased the levels of lacl and
lac2 mRNA. HN-glucose-PE medium increased the produc-
tion of both mRNAs, but 5% sawdust did not increase the
accumulated mRNA level further (Table 1). The addition of
2 mM guaiacol increased the production of lac2 but not of lac1.
The cap of the mushroom showed the highest levels of lac and
lac2, whereas the stipe and primodia showed lower levels of
both mRNAs (Table 1).

In HN-glucose medium, levels of lacl mRNA were 27 times
higher than those of lac2 mRNA. In the HN-cellulose medium,
HN-glucose-PE medium, and HN-glucose-PE-5% sawdust me-
dium, levels of lacl mRNA were similar to those of lac2
mRNA. Similar levels were also observed in the primordium
and fruiting-body stage. However, the levels of lac2 mRNA
were 17 times higher than those of lac/ mRNA in the HN-
glucose medium supplemented with 2 mM guaiacol (Table 1).

DISCUSSION

Although laccase production in white rot fungi is known to
be influenced by a number of factors, little work has been done
to study the regulation of laccase gene expression at the mo-
lecular level (27, 46). Eggert et al. (19) have shown that laccase
activities in culture fluids of Pycnoporus cinnabarinus are de-
pendent on the nitrogen concentration and Collins and Dob-
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son (13) have found that the expression of laccase in Trametes
versicolor was regulated at the level of gene transcription by
copper and nitrogen. As the concentration of copper or nitro-
gen in fungal cultures was increased, an increase in laccase
activity corresponding to increased laccase gene transcription
was observed. Based on these previous reports, we used HN
medium supplemented with copper to study the effects of phys-
iological parameters on laccase expression in L. edodes. There
have been few reports on the comparison between induced
laccases and constitutive laccases (23, 38, 48). Mansur et al.
(38) compared transcript levels of three laccase genes from the
basidiomycete I-62 under various culture conditions and dem-
onstrated that /cc/ was inducible by veratryl alcohol and lcc3
was not. In our studies, we used a number of substrates to study
laccase activity but did not observe any inducing effects, which
is consistent with previous reports for L. edodes (32, 33). Lac-
cases in L.54 appear to be constitutive, since the enzyme levels
did not increase after the use of different inducers or sawdust.
However, we cannot conclude from this study that all isozymes
of laccase are constitutive. In fact, our results indicated that the
level of lac2 mRNA was increased during growth in the me-
dium with 2 mM guaiacol, although the difference was small.

Differential expression of laccase gene families has been
reported for a few fungi (38, 40, 47). In the basidiomycete
Trametes villosa, lccl mRNA was induced approximately 17-
fold by the addition of 2,5-xylidine to the culture. The increase
in the mRNA level corresponded to a 20-fold increase in en-
zyme activity. However, lcc2 mRNA is not induced and is
present at a constitutive level approximately half that of the
uninduced lccI mRNA (53, 54). In the basidiomycete Agaricus
bisporus, the level of lcc2 mRNA is 300-fold higher than that of
lccl mRNA in malt extract liquid cultures (41, 44). The tran-
scriptional analysis data from our study agree with the laccase
enzyme activity measured with various substrates and under
various conditions. However, it must be emphasized that there
could be laccase genes besides the ones described in this study
or that are posttranslationally modified to become enzymati-
cally active. At present we cannot assign the laccase activity
detected to either of these two laccase genes.

An effect of carbon sources on the production of laccases has
been demonstrated for the white rot fungus Phanerochaete
chrysosporium (1, 17). In addition, malt extract increases the
production of laccases in Agaricus bisporus (51, 52). In our
study, PE medium increased the peak levels of laccases. How-
ever, it should be noted that the increase was not strictly
inductive, because it appeared only in the idiophase (46). In-
terestingly, we found that PE medium was a good substrate for
fruiting, which may correlate with the accumulation of laccases
in the idiophase. It remains undetermined which compounds in
PE medium play important roles in the accumulation of lac-
cases in the fungus.

During recent years, laccase genes have been isolated from
several basidiomycetes (3, 25, 30, 42). The sequences of these
genes display a common pattern in that they encode polypep-
tides of approximately 520 to 550 amino acid residues includ-
ing an N-terminal signal peptide (12, 20, 25). In addition, the
single cysteine residue and 10 histidine residues involved in
binding the four catalytic cupric ions found in each laccase
molecule are conserved, together with a small amount of se-
quence around the four regions in which the copper ligands are
clustered (20, 46). It is in the copper-binding amino acid res-
idues and their general distribution in the polypeptide chain
that the laccases are all similar (12, 20, 25). Alignment of the
polypeptide sequence derived from lacl with the sequences
derived from other basidiomycete laccase genes shows that the
domain structure of Lacl protein is conserved. Lacl showed
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L edodes LaclA 1 MLP:@LLAAEL—VCLVYG—AEVI—RDTTTYGQTVSE—NLFIVNKQLAPDGFQRSTVLAGL———T—PS——TGSFPGPLIS
L. edodes LaclB 1 MLPFVELLAAEL-VCLVYG-AEVI-RDTTTYGQTVSE-NLFIVNKQLAPDGFQRSTVLAGL~—--T-PS--TGSFPGPLIS
T versicolor Lac2 1  MGKFHSFV--NV-VAL-SLSL-SG-RVFGAIG-PV-T-DLTISNADVTPDGITRAAVLAG-———mmmm——m GVFPGPLIT
CECT Lacl 1  MSRFHSLL--TFIVA--SL-A-S-S-ALASIG-PV-A-DMTISNAEVSPDGFARQAVVVN-——mm———mm— GVTPGPLVK
P. ostreatus Lac2 1 MFPGARIL-ATLTLAL-HL-L-HG--AHAAIG-P--AGNMYIVNEDVSPDGFARSAVVARSVPATDPTPATASIPGVLVQ
P.cinnabarinus Lcc3 1  MSRFQSLIL--SF-V-LVSL—-AAV---ANAAIG-PV-A-DLTLTNAAVSPDGFSREAVVVN——————————— GITPAPLIA
Consensus sequence M F LL VL L IG PV IN V PDGF R AV G PGPL
L. edodes LaclA 71  GNRGVRFNLNVIDQLTDPSMVRSTTV TTNYADGVAFVSQCPIAANHSFLYDFQVPDQAG

L. edodes LaclB 71  GNRGVRFNLNVIDQLTDPSMVRSTTV TTNYADGVAFVSQCPIAANHSFLYDFQVPDQAG

T. versicolor Lac2 61 GNRGDEFQINVIDNLTNETMLKSTT- GTNWADGAAFVNQCPIATGNSFLYDFTVPDQAG

CECT Lacl 59 GNMGDRFQLNVIDNLTNHTMLKST-S GTNWADGPAFVNQCPVSAGHSFLYDFQVPGQAG

P. ostreatus Lac2 72  GNRGDNFQLNVVNQLSDTTMLK-TTS GSSWADGPAFVTQCPVASGDSFLYNFNVPDQAG

P.cinnabarinus Lcc3 59  GORGDRFQLNVIDNLTNHTMLK-TTS GTNWADGVSFVNQCPIASGHSFLYDFQVPDQAG!

Consensus sequence GQKGD FQLNV DQLT TMLK TT IHWHG FQ GTNWADG FVNQCP A G SFLYDF VPDQAGTFWYHSHLSTQY
L. edodes LaclA 150 CDGLRGPLVIYDPQDPOAYLYDVDDETTVLTIADWTELIAAAVAP——:E—ADATLINGKGR—Y——LGGPAVPLAVINVQQ
L. edodes LaclB 150 CDGLRGPLVIYDPQDPQAYLYDVDDETTVLTIADWTELIAAAVAP---J5-ADATLINGKGR-Y--LGGPAVPLAVINVQQ
T. versicolor Lac2 140  CDGLRGPLVVYDPDDPNASLYDVDDDTTVITLADW-YHTAAKLGPAFPAGPDSVLINGLGRFSGDGGGATN-LTVITVTQ
CECT Lacl 138 CDGLRGPLVVYDPHDPHKSRYDVDNDDTVITLADW-YHVAAKRRSAFPLGADATLINGLGR-S--PTTPSADLAVINVTQ
P. ostreatus Lac2 151 CDGLRGPFVVYDPSDPHLSLYDIDNADTVITLEDW-YHIVAPONAAIPT-PDSTLINGKGR-Y--AGGPTSPLAIINVES
P.cinnabarinus Lee3 138 CDGLRGPFVVYDPNDPQASLYDIDNDDTVITLADW- YHVAAKLGPRFPLGADATLINGLGR-S—--PGTTTADLAVIKVTQ
Consensus sequence CDGLRGP VVYDP DP SLYD DD TVITL DW YH AA P D TLING GR G LAVI V Q
L. edodes LaclA 223 GKRYRFRMISIACDANHNFSIDGHRLTVIEVDGENHEPATVDNIQIFPGORYSFVLBATOPVDNYWVRALSSSGVRISGF
L. edodes LaclB 223  GKRYRFRMISIACDAMHNFSIDGHRLTVIEVDGENHEPATVDNIQIFPGORYS ATQPVDNYWVRALSSSGVQ§SGF
T. versicolor Lac2 218 GKRYRFRLVSISCDPNFTFSIDGHNMTIIEVDGVNHEALDVDSIQIFAGQRYSFILNANQSIDNYWIRA--IPNTGTTDT
CECT Lacl 214 GRRYRFRLVSLSCDPNHTFSIDGHNMTIIEVDSVNSQPLVVDSIQIFAAQRYSFVLNANQAVDNYWVRA--NPSFGNVGF
P. ostreatus Lac2 226 NKRYRFRLVSMSCDPNFTFSIDGHSLLVIEADAVNIVPITVDSIQIFAGQRYSFVLTANQAVDNYWIRA--NPNLGSTGF
P.cinnabarinus Lee3 214 GRRYRFRLVSLSCDPNHTFSIDGHTMTVIEADSVNTQPLEVDSIQIFAAQRYSFVLDASQPVDNYWIRA--NPAFGNVGEF
Consensus sequence GKRYRFRLVS SCDPN TFSIDGH T IE D VN PL VDSIQIFA QRYSF L A Q DNYW RA G GF
L. edodes LaclA 303 WGGLNSGILRYQGAPDADPTTTNSTGVV-LTESMLHPLENPGA-PGLPFPGGADEVLNLTLGFNLPATFF-~MNDTQYTIP
L. edodes LaclB 303 WGGLNSGILRYQGAPDADPTTTNSTGVV-LTESMLHPLENPGA-PGL.PFPGGADEVINLTLGFNLPATFF—~MNDTQYIP
T. versicolor Lac2 296 TGGVNSAILRYDTAEDIEPTTNATTSVIPLTETDLVPLDNPAA-PGDPQVGGVDLAMSLDFSF-NGSNFF--INNETFVP
CECT Lacl 292 SGGINSAILRYAGAPAIEPTTNQTTSVIPLNEVNLHPL-APTPVPGKAVAGGVDTPINMAFSF-NGTNFF--INGASFVP
P. ostreatus Lac2 304 VGGINSAILRYAGATEDDPTTTSSTST-PLLETNLVPLENPGA-PGPPVPGGADININLAMAF-DFTTFELTINGVPFLP
P.cinnabarinus Lee3 292 AGGINSAILRYDGAPEVEPTTTQTTSTKPLNEADLHPL-TPMPVPGRPEAGGVDKPLNMVENF-NGTNFF--INNHSFVP
Consensus sequence GG NS ILRY A PITT TS PLE LPL P PGP GED S F TFF IN F P

L. edodes LaclA 379 PTVPVLLQILSGAQS-PQODLLPPGSVYTLPINKTIEINFF--GN-—A-T-PGGP NTT
L. edodes Lac1B 379  PTVPVLLQILSGAQS-PQDLLPPGSVYTLPINKTIEINFF--GN--A-T-PGGP HSFDVVRSADNTT
T. versicolor Lac2 372 PTVPVLLQILSGAQD-AASLLPNGSVYTLPSNS-IEISFPIITTDGALNAP HTFSVVRSAGSSTFNYANP
CECT Lacl 368 PTVPVLLQILSGAQS-AQDLIPSGSVYVLPSNASIEISFP-—AT--A-AAP HTFAVVRSAGSTEYNYDNP
P. ostreatus Lac2 381 PTAPVLLQILSGA-STAASLLPSGSIYELEANKVVEISMP AL-AVGGP HTFDVIRSAGSTTYNFDTP

P.cinnabarinus Lee3 368 pSVPVLIQILSGAQA-AQDLVPDGSVYVLPSNSSIEISFP——AT-—-A-NAPGTP HTFAVVRSAGSSEYNYDNP
Consensus sequence PTVPVLLQILSGAQ A LLP GSVY LP N IEIS P A PG PHPFHLHGHTF VVRSA S NY NP
L. edodes LaclA 452  VSCTYVVHP-RQ--T---TIRFVIDNPGP ELGLAVVMAEAPSLVK-ATDVTTAAWDELCPIYDSLTPAQ
L. edodes LaclB 452  VSCTYVVHP-KQ--T---TIRFVIDNPGP ELGLAVVMAEAPSLVK-ATDVTTAAWDELCPIYDSLTPAQ
T. versicolor Lac2 450 _VRRDTVSTGNS--GDNVTIRFTTDNPGPWF: DAGFAIVFAEDTADTASA-NPVPTAWSDLCPTYDALDSSD
CECT Lacl 442 _IFRDVVSTGTPAAGDNVTIRFQTNNPGPWFL] EAGFAVVMAEDTPDVK-AVNPVPQSWSDLCPIYDALDASD
P. ostreatus Lac2 453  _ARRDVVNTGT-GANDNVTIRFVTDNPGPWF" LEIGLAVVFAEDVTSI-SA~-P-PAAWDDLCPIYNALSDND
P.cinnabarinus Lce3 442 _TIFRDVVSTGQP--GDNVTIRFQTNNPGPWFL] LEAGFAVVLAEDTPDTA-AVNPVPQSWSDLCPIYDALDPSD
Consensus sequence RDVV TG N TIRF TDNPGPWFLHCHID HLE G AVV AED A PP WDLCPIYDAL D
L. edodes LaclA 525 L———-p-
L. edodes LaclB 525 L———-pP-
T. versicolor Lac2 526 T—————
CECT Lacl 520 Q-————
P. ostreatus Lac2 527 RGGIVPS

P.cinnabarinus Leed 518 Lmeeee o
Consensus sequence

FIG. 1. Alignment of the deduced LaclA and LaclB amino acid sequences with other basidiomyceteous laccase sequences. The different amino acid sequences
between LaclA and LaclB are indicated by solid boxes. Four pontential copper-binding domains are shaded. Nine possible N-glycosylation sites are underlined.
Accession numbers of sequences are as follows: 7. versicolor Lac2, D84235 (13); CECT Lacl, U65400 (37); P. ostreatus Lac2, Q12739 (25); P. cinnabarinus Lcc3,
AF025481 (20). Gaps have been introduced for optimal alignment and are indicated by dashes. The consensus sequence is composed of residues shared by at least five
of the mature proteins. Alignment was done with SeqEd 2.0 software.
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626bp—

394bp--

626bp--

394bp--

626bp—

394bp--

626bp—-

394bp—

626bp—

394bp—-

730bp—

450bp-—-

730bp-—-

450bp—

730bp—

450bp—-

FIG. 2. Competitive PCRs of lacI (A to E) and lac2 (F to H) transcripts. The
amounts of the competitive templates are indicated above the gels in dilution
factors. The levels of transcripts in samples were based on estimated equivalence
points between competitive product and target cDNAs. The sizes of the PCR
products in base pairs are indicated on the left. lacl: HN-1% glucose—guaiacol
(A); HN-1% glucose—cellulose (B); HN+1% glucose-PE (C); stipe of fruiting
body (D); cap of fruiting body (E). lac2: HN-1% glucose-guaiacol (F); stipe of
fruiting body (G); cap of fruiting body (H).

the conserved sequences in the single cysteine residue and 10
histidine residues. The N-terminal lac! sequence is separated
from the C-terminal catalytic domain by a hinge region (46).
The latter appears to be duplicated but is typically rich in
serine residues. Our data showed that there are seven amino
acid differences between two allelic proteins, which was un-
usual in the filamentous fungi (24, 34). In the white rot fungus
P. chrysosporium, although there was 97% similarity between
two cellobiose dehydrogenase alleles, their translation prod-
ucts have identical amino acid sequences (34). It remains un-
known whether the differences in LaclB amino acid sequence
result in the low level of laccase production in the L54-B strain.

Laccases play a role in the lignification in loblolly pine xylem
(2). Ander and Eriksson (1) showed a reduced ability to de-
grade lignin in laccase-minus mutant Sporotrichum pulverulen-
tum and recovered lignolytic ability in revertants. In an in vitro
system involving pure laccases, it was demonstrated that the
laccase mediator system can degrade radiolabelled lignin (8).
Bourbonnais et al. (4) have shown that the laccase from T.
versicolor can degrade kraft lignin in the presence of ABTS.
However, other reports have suggested that there is little cor-
relation between laccase activity and ligninolysis. For example,
Evans (22) showed that lignin degradation in Coriolus versi-
color remained the same after laccase activity was inhibited by
a specific antibody. Our results indicated that there were no

APPL. ENVIRON. MICROBIOL.

increases of laccase production in L. edodes strains grown in
media supplemented with various phenolic compounds or saw-
dust. Taken together, these data suggest that laccase can de-
grade a significant proportion of the components found in
lignin, but the role of this enzyme in ligninolysis remains un-
resolved. All the enzymes possibly involved in lignin degrada-
tion produce some highly toxic species from which the fungal
mycelium must be protected. It is possible that one of the
major functions of L. edodes laccases is to scavenge these
compounds by promoting polymerization before they enter the
hypha, as previously suggested (10, 32).

In some fungi, laccase has a well-understood function that is
unrelated to ligninolysis (46). It was reported that low-laccase-
yielding mutants of Pleurotus florida had poor mycelial growth
and could not form fruiting bodies whereas the revertants from
the same mutants were similar to the parent in mycelial growth
and fruiting-body formation (15). In Schizophyllum commune,
the dikaryotic strains that are able to form fruiting bodies can
secrete high levels of laccases but the monokaryotic strains
cannot (16). In A. bisporus, laccase activity is strongly regulated
during growth and declines rapidly after fruiting bodies de-
velop (51, 52). Interestingly, like L. edodes, no inducible lac-
cases were found in A. bisporus (51) and S. commune (16).
Fruiting-body formation may involve phenol oxidase-catalyzed
formation of extracellular pigments coupled to oxidative poly-
merization of cell wall components strengthening cell-to-cell
adhesion (32, 46). Our results demonstrated a strong laccase
activity in the fruiting stage and indicated that laccases may
catalyze the formation of extracellular pigments by oxidative
polymerization and therefore may play an important role in the
morphogenesis of the fungus.
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