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Abstract

The edible white rot fungus Lentinula edodes possesses a variety of lignin degrading enzymes such as manganese
peroxidases and laccases. Laccases belong to the multicopper oxidases, which have a wide range of catalytic activi-
ties including polyphenol degradation and synthesis, lignin degradation, and melanin formation. The exact number
of laccases in L. edodes is unknown, as are their complete properties and biological functions. We analyzed the draft
genome sequence of L. edodes D703PP-9 and identified 13 multicopper oxidase-encoding genes; 11 laccases in sensu
stricto, of which three are new, and two ferroxidases. lcc8, a laccase previously reported in L. edodes, was not identified
in D703PP-9 genome. Phylogenetic analysis showed that the 13 multicopper oxidases can be classified into laccase
sensu stricto subfamily 1, laccase sensu stricto subfamily 2 and ferroxidases. From sequence similarities and expression
patterns, laccase sensu stricto subfamily 1 can be divided into two subgroups. Laccase sensu stricto subfamily 1 group
A members are mainly secreted from mycelia, while laccase sensu stricto subfamily 1 group B members are expressed
mainly in fruiting bodies during growth or after harvesting but are lowly expressed in mycelia. Laccase sensu stricto
subfamily 2 members are mainly expressed in mycelia, and two ferroxidases are mainly expressed in the fruiting body
during growth or after harvesting, and are expressed at very low levels in mycelium. Our data suggests that L. edodes

laccases in same group share expression patterns and would have common biological functions.
Keywords: Fruiting body, Laccase, Lentinula edodes, Lignin degradation, Multicopper oxidase

Introduction
White-rot fungi produce a variety of extracellular lignin
degrading enzymes, including lignin peroxidases, manga-
nese peroxidases, and laccases. These enzymes have been
receiving widespread attention because of their ability to
degrade environmentally persistent xenobiotics as well as
endocrine-disrupting chemicals like pentachlorophenol,
polychlorinated biphenyls, and dioxins (Jeon et al. 2008;
Fujihiro et al. 2009; Ullah et al. 2000).

Laccases (EC 1.10.3.2) belong to a group of polyphe-
nol oxidases that contain copper atoms in their cata-
lytic center and are therefore typically referred to as
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and indicate if changes were made.

multicopper oxidases. They catalyze single-electron
oxidation of phenolic substrates or aromatic amines,
resulting in numerous products (Leonowicz et al. 2001).
While plant laccases are mainly involved in formation of
lignin polymers in a radical-based mechanism (Hoopes
and Dean 2004; Ranocha et al. 2002; Sterjiades et al.
1992), fungal laccases have been reported to play roles
in lignin degradation (Baldrian 2006; Thurston 1994),
cell wall formation (Nakade et al. 2011), pathogenic-
ity (Nosanchuk and Casadevall 2003) and fruiting body
coloration (Nagai et al. 2003). The number of reports on
the purification and characterization of laccases from
white-rot fungi is becoming extensive (Baldrian 2006;
Kumar et al. 2003); and includes reports on Trametes
versicolor (Galhaup et al. 2002; Jonsson et al. 1997),
Pleurotus ostreatus (Palmieri et al. 2000), and Lentinula
edodes (Nagai et al. 2002, 2003). Sequence comparison
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and transcription analysis has been carried out in sev-
eral basidiomycetous fungi as well, such as Coprinop-
sis cinerea (Kilaru et al. 2006), P. ostreatus (Castanera
et al. 2012; Pezzella et al. 2013), Flammulina velutipes
(Wang et al. 2015) and Laccaria bicolor (Courty et al.
2009) and Schizophyllum commune (Madhavan et al.
2014). Recently, it was revealed that most basidiomycet-
eous fungi have more than 10 genes that encode differ-
ent laccases in their genome (Floudas et al. 2012). Most
laccases have been purified as secreted enzymes from
fungal mycelia or as expressed recombinant enzymes,
though some have been extracted from fruiting bod-
ies (Lettera et al. 2010; Nagai et al. 2003). While these
reports have generated detailed insights on sequence,
structure, function and expression of specific laccases,
an overall understanding of the relationship among bio-
logical spectrum, sequence similarity and expression
pattern is still limited.

Lentinula edodes (Marasmiaceae), or shiitake as
the mushroom is more popularly known, is one of
the most important cultivated edible mushrooms
as well as a white-rot fungus that degrades lignin in
wood. Two laccases, Lccl (Nagai et al. 2002; Zhao
and Kwan 1999) and Lcc4 (previously designated
Lcc2; Nagai et al. 2003), have been purified from
L. edodes and the corresponding genes have been
cloned (Sakamoto et al. 2008, 2009). Nagai et al.
(2009) purified another L. edodes laccase, Lcc6.
Additional laccase encoding genes (lcc7-11) were
reported in L. edodes strain L45A, and Lccl, Lcc4,
Lecce5, and Lec7 were expressed in Pichia pastoris for
characterization (Wong et al. 2013). More recently,
genome sequence data in several species in the Mar-
asmiaceae, to which L. edodes belongs, have become
available in public databases for Omphalotus olear-
ius, Dendrothele bispora, Moniliophthora perniciosa,
and Gymmnopus luxurians, allowing comparison of
laccases among closely related species. In this report,
we analyzed the draft genome sequence of L. edodes
strain D703PP-9 and identified a total of 13 multi-
copper oxidases, including 3 novel laccase encod-
ing genes (lcc12—-14), and 2 genes (lcc10 and lccll in
Wong et al. 2013) that were later excluded from lac-
case sensu stricto subfamilies. Subsequent analysis of
transcription patterns and phylogenetic relationships
revealed that multicopper oxidases in L. edodes can
be classified into 7 members of laccase sensu stricto
subfamily 1 (and can be divided into two subgroups),
4 members of laccase sensu stricto subfamily 2, and
two ferroxidases (lcc10 and lccl1). The relationship
between their sequence similarities and biological
functions is discussed.
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Materials and methods

Strains and culture conditions

Lentinula edodes monokaryotic strain D703PP-9
(Miyazaki et al. 2008; ICMP No. 20921) was used for
genome sequence analysis. L. edodes D703PP-9 and
monokaryotic strain G408PP-4 (Miyazaki et al. 2008;
NBRC No. 111202) were used for linkage mapping. A
dikaryotic, commercially cultivated strain, L. edodes
H600 (obtained from Hokken Co., Ltd, Tochigi, Japan:
Sakamoto et al. 2008, 2009), was used for isolating RNA
of multicopper oxidase-encoding genes. Mycelial cul-
tures on sawdust media were prepared as described in
Sakamoto et al. (2005). Growing fruiting bodies were
prepared as described in Sakamoto et al. (2005), and for
post-harvest analysis, harvested mature fruiting bodies
were immediately transferred to a desiccator at 25 °C
(Sakamoto et al. 2005) and sampled daily from day 0
(fresh) to day 4. Upon sampling, mushrooms were sepa-
rated into pileus, gill and stipe, and immediately frozen
in liquid nitrogen.

RNA and cDNA preparation

For RNA extraction, mycelia were cultured in MYPG liq-
uid medium at 25 °C while shaking as described previ-
ously (Sakamoto et al. 2005). To extract RNA from mycelia
grown on sawdust medium, a filter membrane (Isopore™
Membrane Filter; Millipore, MA, USA) was placed on
the sawdust and covered with 1.5 % agar. Mycelia from
sawdust cultures were harvested 2 weeks after inocula-
tion from the surface of the filter membrane. To extract
RNA from fruiting bodies, primordia and fruiting bodies
were prepared as described previously (Hirano et al. 1999;
Nagai et al. 2003). cDNA was synthesized with a Quanti-
Tect Reverse Transcription Kit (QIAGEN GmbH, Ger-
many) following the manufacturer’s instructions.

Genome sequencing of L. edodes D703PP-9

Genomic DNA was extracted from 2-week-old liquid
cultures after crushing the mycelia in liquid nitrogen and
using a MasterPure Yeast DNA Extraction Kit (Epicentre
Biotechnologies, W1, USA) following the manufacturer’s
instructions. Libraries for genome sequencing were pre-
pared using a TruSeq DNA Sample Prep Kit v2 (Illumina,
CA, USA) and 76 bp paired-end sequencing was per-
formed with an Illumina Genome Analyzer IIx system.
De novo sequences were assembled using Velvet assem-
bler version 0.7.34 (2) (http://www.ebi.ac.uk/~zerbino/
velvet/) by varying several parameters. We chose a set
of contigs created under the conditions generating the
longest N50 for further analyses. The blastx algorithm
(ftp://ncbi.nlm.nih.gov/blast/executables/blast+/LAT-
EST/) was used for identification of laccases. To predict
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transcripts for laccase encoding genes, the WISE2 algo-
rithm was used (http://www.ebi.ac.uk/Tools/psa/
genewise/).

Cloning and sequencing of multicopper oxidase-encoding
genes

Sequence data of lcc1 through lcc6 has been deposited
in DDBJ (accession numbers Lccl: AB822542; Lcc2:
AB822543; Lcc3: AB822544; Lccd: AB822545; Lcch:
AB822546; Lcc6: AB822547), and lccl and lcc4 have
been previously reported (Sakamoto et al. 2008, 2009).
For cloning of lcc7 through lcc14 (Lcc7: AB822548; Lec9:
AB822552; Lccl2: AB822549; Lccl3: AB822550; Leclé:
AB822551), we amplified the genes from cDNA synthe-
sized from L. edodes H600 RNA extracted from myce-
lia or fruiting bodies. Open reading frames of lcc7, lcc9,
and lcc12 through lcc14 were amplified using primer sets
listed in Additional file 1: Table S1 and Ex Taq polymer-
ase (TaKaRa, Bio. Inc., Kyoto, Japan), then sequenced
using an AB3130XI sequencer (Applied Biosystems, CA,
USA). Signal peptides of each laccase were predicted
using SignalP (http://www.cbs.dtu.dk/services/SignalP/)
algorithm.

Phylogenetic analysis

Multicopper oxidase-encoding genes were analyzed
phylogenetically by alignment of the respective amino
acid sequences (data set Additional file 1: Table S2)
using ClustalW software (http://www.ddbj.nig.ac.jp/
search/clustalw-j.html). The phylogram was con-
structed using the neighbor-joining method, and trees
were drawn using FigTree (http://tree.bio.ed.ac.uk/soft-
ware/figtree/). Bootstrapping was carried out with 1000
replications.

Protein detection and purification

Anti-sera for Lecl and Leed were respectively described
in Sakamoto et al. (2008) and Yano et al. (2009). The pep-
tides used in the immunization (custom service of TakaRa
Bio. Inc., Kyoto, Japan) were designed using the Epitope
Adviser 2.1 program (FQS, Fukuoka, Japan) to identify
putative Lcc2 epitopes (NVQQGKRYRFRMISIACDA,
TGGLNSGILRYQGAPDADP and RSADNTTYNYK-
NPVRRD), Lcc3 epitopes (GAPEEEPQTSQPLSSN,
TSDSSEYNFKNPVRRD, EDTRDTKKDDMIPAD), and
Lecc5 epitopes (CSEPGTPEVTSVLALNE, CQLVPLEN-
PGAPGEPE, and EDVADWNTTQTPSTAWDDC).
Western blot analysis was carried out following the pro-
cedure described in Sakamoto et al. (2008). Purification
steps for Lcc2, Leed, Lecs and Lecl3 are summarized
in Additional file 1: Table S3, and amino acid sequences
were determined using an ABI Procise 491HT Protein
Sequencing System (Applied Biosystems, CA, USA).
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Laccase activity was measured following the methods
described in Nagai et al. (2002).

Linkage mapping of multicopper oxidase-encoding genes
For single-strand conformation polymorphism analysis,
biotin-labeled PCR products were diluted 50- to 100-fold
in 1x TBE buffer (89 mM Tris—HCI, pH 8.0, 89 mM boric
acid, 2 mM EDTA), 6 % (w/v) sucrose, and 0.33 % tartra-
zine. DNA in the diluted solution was denatured at 96 °C
for 5 min, cooled on ice and loaded on a 15 x 40 cm ver-
tical 5 % HydroLink Long Ranger polyacrylamide gel (AT
Biochem Malvern, PA, USA) in 1x TBE buffer, then elec-
trophoresed at 14 °C for 90 min at 30 W. DNA was trans-
ferred to MSI nylon membranes (MSI, MA, USA) and
visualized using a Phototope-Star Detection Kit (New
England Biolabs, MA, USA).

Allele-specific PCR was performed in 20 mM Tris—
HCI (pH 8.5), 50 mM KCl, 2.5 mM MgCl,, 0.16 mM each
dNTP, 0.08 uM each primer, 5 ng genomic DNA, and
0.25 units Platinum Taq DNA polymerase (Invitrogen,
CA, USA) in a total volume of 12.5 pL overlaid with min-
eral oil. The thermal cycling program (performed on a
PE480 instrument, PerkinElmer (PerkinElmer, MA, USA)
consisted of denaturation for 1 min at 95 °C, 35 cycles of
95 °C for 30 s, 55 °C for 90°s, 72 °C for 30 s, and a 10 min
final incubation at 72 °C with subsequent cooling to 4 °C.
The sequences of the primers used are shown in Addi-
tional file 1: Table S4.

Only the data for segregation in a 2:2 ratio in each
tetrad was used for linkage analysis. The linkage of the
markers was tested based on the LOD score (the thresh-
old of the LOD score was 3.0, and the maximum dis-
tance was 25 cM). The MapMaker version 3.0 computer
program was used for linkage analysis. In this program,
an efficient algorithm that allowed a simultaneous mul-
tipoint analysis of any number of loci (Lander et al. 1987)
was used. The loci were grouped using the “GROUP”
(two-point analysis) and “COMPARE” commands. The
Kosambi mapping function (Kosambi 1943) was applied
to determine the distance between two loci.

Analysis of expression of multicopper oxidase-encoding
genes by real-time PCR

The expression of lccl in mycelia, young fruiting bodies
during development, and fruiting bodies after harvest
was analyzed by real-time PCR. Total RNA was isolated
using the MasterPure Yeast RNA Extraction Kit (Epicen-
tre Biotechnologies, WI, USA) and reverse transcribed
using a QuantiTect kit (QIAGEN GmbH, Germany)
according to the manufacturer’s instructions. Real-time
PCR was performed using SYBR Premix Ex Taq reac-
tion solution (TaKaRa, Bio. Inc., Kyoto, Japan) and a Ste-
pOne Plus real-time PCR system (Applied Biosystems,
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CA, USA). To analyze the level of transcription of lccl
through 14 (except for lcc8: Wong et al. 2013), we used
the primer sets listed in Additional file 1: Table S5. We
also analyzed the expression of gpd (Hirano et al. 1999)
as an internal control using the primers gpd-rtU and
gpd-rtL (Sakamoto et al. 2008). To standardize the
results, mRNA levels of multicopper oxidase-encoding
genes were determined based on the ratio between the
transcript levels of these multicopper oxidase-encoding
genes and gpd. The expression patterns were analyzed by
AACT method (Livak and Schmittgen 2001) with three
replicates, and the expression level of mycelia cultivated
in liquid medium was used as a calibrator.

Results

Prediction of multicopper oxidases from the draft
sequence of L. edodes

In order to identify multicopper oxidases including lac-
cases in L. edodes D703PP-9 (Miyazaki et al. 2008), we
obtained a draft genome sequence based on de novo
assembly of short read sequences from an Illumina
genome analyzer (GAIIx). The total length of the result-
ing contigs was approximately 35.5 Mbp (Table 1), which
is roughly similar to the genome size of the basidiomycet-
ous mushroom fungi C. cinerea (37.5 Mbp, Stajich et al.
2010), S. commune (38.5 Mbp, Ohm et al. 2010), and Aga-
ricus bisporus (30.0 Mbp, Morin et al. 2012), yet smaller
than that of L. bicolor (60.7 Mbp, Martin et al. 2008).
The quality of the draft genome (assembled contigs) was
assessed through blastx searches against known L. edodes
genes available in protein databases (336 proteins). Of
these proteins, 99.5 % (321/336) were represented in the
draft genome, indicating sufficient quality for gene iden-
tification in L. edodes. Next, we predicted multicopper
oxidase-encoding genes based on sequence similarities,
and full-length multicopper oxidase-encoding genes were
curated using the GeneWise algorithm. From the pre-
dicted multicopper oxidase-encoding genes of D703PP-9,
we found lccl through 11 except for lcc8 (Additional
file 1: Table S6, Wong et al. 2013), and 3 new laccase
encoding genes (lcc12 through lcc14). These genes (lccl
through 14, except for Ilcc8) were deposited in DDBJ
(accession numbers Lccl: AB822542; Lcc2: AB822543;
Lce3: AB822544; Lccd: AB822545; Lcc5:AB822546;
Lcc6:AB822547; Lec7:AB822548; Lec9: AB822552; Lecl0:
LCO018712; Lccll: LCO18713; Lccl2: AB822549; Lcecl3:
AB822550; Lccl4: AB822551). To validate the gene
models for the newly identified laccases (lccI2 through
lcc14), we cloned the respective encoding genes (acces-
sion numbers: Lcc7: AB821483; Lec9: AB821487; Lecl2:
AB821484; Lccl3: AB821485; Lecl4: AB821486) newly
from L. edodes strain H600 and sequenced the cDNA of
each gene to confirm its open reading frame, the number
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Table 1 Summary of draft genome sequence of L. edodes
strain D703P-9

Analysis Results

No of contigs 35,534
Sum of bps (bp) 35,696,002
Max length (bp) 219,501
Min length (bp) 69
n50 (bp) 23,581
Putative ORF 8271

of introns and the promoter region (Additional file 1:
Table S7). Sequence similarities among the putative
amino acid sequences of the cDNAs of these multicop-
per oxidase-encoding genes are summarized in Table 2,
which shows that several multicopper oxidases shared
higher sequence similarity and can be clustered. Lccl
and Lcc6 had the highest similarity (81.4 %), and Lcc5
had higher similarity to Lecl (67.1 %) and lcc6 (65.6 %)
compared with other multicopper oxidases. Lcc2, Lec3,
Lcc4 and Lec7 shared higher similarity with each other
(62—69 %). Lce9, Leel3 and Lecel4 also shared the high-
est similarity with each other (84.5-87 %). On the other
hand, Lccl0, Lecll and Lecl2 had lower sequence simi-
larity to all other multicopper oxidases in L. edodes (25—
30 % in Lccl0 and Lecll, and 27-47 % in Lecl2; Table 2).
Phylogenetic analysis (Fig. 1) revealed that multicopper
oxidases in L. edodes could be categorized into laccase
sensu stricto subfamily 1 (Lccl, Lec5, Lee6, Lee2, Lec3,
Lce4 and Lec?7), laccase sensu stricto subfamily 2 (Lcc9,
Lcel2 Lecl3 and Lecl4) and ferroxidases (LcclO and
Lccl1) following the previous classification of multicop-
per oxidases (Kiies and Riihl 2011; Hoegger et al. 2006).

Structure of multicopper oxidase-encoding genes in L.
edodes

Analysis of alignments of multicopper oxidases-encod-
ing genes suggested that all laccase encoding genes (lac-
case sensu stricto subfamily 1 and subfamily 2) had the
4 signature sequences (Fig. 2) defined by Kumar et al.
(2003) and Kilaru et al. (2006). Two ferroxidases (Lccl0
and Lccll) had low similarity to laccases sensu stricto
(Table 2), but also had the 4 signature sequences (Fig. 2).
Lower similarity was observed in multicopper oxidases
in laccase sensu stricto subfamily 2, except for Lccl2,
in signature 1 (L1). In Lcc9, Leel3 and Lecl4 in laccase
sensu stricto subfamily 2, the conserved histidines and
the intermediate tryptophan (His-Trp-His) in the N-ter-
minal copper binding element L1 were missing (indi-
cated as triangles), and the conserved His in L2 has been
changed to Gln, and the His in L3 to Asn in Lcc9, 13, and



Page 5 of 14

Sakamoto et al. AMB Expr (2015) 5:63

Swoudb 6-dd€0/d Ul PYIIUSPI JOU SBM 81D 3SNEIAQ PIPN|IX SeM (€107 ‘[ 32 Buop) 8207

09¢c 06'2C 0¥'9¢ 08'L¢ 0€9¢ (24 02£9¢ 09v¢ 0cLe 09's¢ 00'2¢ 08's¢ L1997
olse 09'6¢ 059¢ 00'8¢ 0gL¢ 08/¢ 0€9¢ 0€9¢ 06'LC 0c9c 00'8¢ 019317
0Cy8 00/8 0Csy 0s'ey 00ey ocey 0L¢y or'or 06'0% 0cey 6971

0S8 08¢y 08'ly 0£0v 08'Ly 06'0v oLge 0€8¢e 0901 71937

or'vy 0L'ey oley 00€y or'ey 0€0r 0Ly olLey €197

0L'Ly 0C0s 0L8y 0/8¥ or'8y 06’6 06’6 [qea)

0Le9 069 0€99 0C9s 0l'ss 06'LS 1371

0r'e9 0S'¢9 0665 0195 0¢'19 122

0£99 06'SS 0LvS 0lL'6s €971

009 08'85 09'19 (@2

0959 0¥'18 9271

0l/9 G771

1977

(%) L1327

(%) 01377 (%) 6221 (%) ¥1907 (%) €1907 (%) T1>7 (%) £577 (%) 21 (%) €371 (%) T (%) 997 (%) 377 (%) 1377

sapopa pjnuijua7 ul sasepixo 13ddod i3jnw jo saduanbas pde oujwe aaneynd Huowe sapUe(IWIS T dqeL



Sakamoto et al. AMB Expr (2015) 5:63

Page 6 of 14

scai

0

znj_p

B ac§7710

98

2,

&snﬂﬂ"'i 3498

OO,

ik i
100 gmmmnl o e Mcﬁggg

o= B
L MC tayae(e _CrS0S poril

100F
1

olér

-Asco

100

100,

3]
100]

47
L*—I:;‘W_E %gﬁéﬁmm_m

Ab ')

— Leﬁ.cc

97,

00

-\:&b

6 700
.m:_i—:_m {r% 5304
10C,

l%SSWB

group B

,t_

onpe _'I 84632

C&Lf“{

Denl v

CeleeT

ccé
Celees

S

57

i

- Folace f
D,

Ry S— Cc[c
cetets
ac

ameko
ana Zaeruginosa
2

ccd

4472734

=5 on?f|

o

5% 506

Vol
vg._
Slar,

i %5%4 s

oar‘i 88476

us _Tigrinus
L

Polar! 524827

Ompol1_4737

B 308 Yo

<+

96

group A

gfifola_lcc

group A

e oclcc'l'\

0.07

0269 488

ascorbate oiidase

atus. ment
A @"ﬁ e

nt

L
Shano e r5porum
STEZE e creos orium

| ascorbate oxidase

S 29898995% | pigment MCO

fungal ferroxidase/Fet3 type

| ferroxidase/laccase

| Ascomycete laccase

laccase sensu stricto subfamily2

laccase sensu stricto subfamilyl

Fig. 1 Phylogenetic analysis of laccases in L. edodes. Accession numbers of each multicopper oxidase gene are summarized in Additional file 1:
Table S2. The phylogram was constructed using the neighbor-joining method. The scale bar indicates a distance of 0.07, and the numbers on
branches indicate percentage bootstrap support values (based on 1000 replications). Multicopper oxidases in L. edodes are indicated with arrows




Sakamoto et al. AMB Expr (2015) 5:63

Page 7 of 14

| L1 g |
LeLcc2 EHWHGLFQ-KTTNYAD AFVSQEPI : @TFY HISV{)YCMGLRGPL ' [@PTFL
Lelcc3 EHWHGLFQ-KTTNYAD AFVSQUPT : [@TFIYERHL SVOYGGLRGPI 1 qPlIFL
LeLcc4 HWHGLFQ-EHTNWAD[EPSFVTQIEPT : [@TYYENHL GV{O)YCDGLRGPF [&P{lF L
LeLcc? HWHGLFQ-KTTNYADEVSFVSQEPT : [@TFYERHL SVOYCGLRGPI  [@PIFL
LeLccl HWHGLFQ-KTTNWADEPAFVNQEPT : [ETFUYERHLSTOYCHGLRGPL ' [@PLFL
LeLcc5 {HWHGIFQ-EGTNWAD[EPAFINQEPT : @TFYENHLSTOYCDGLRGAL ' [@PLIFL
LeLcc6 HWHGLFQ-EGTNWADEPAFINQEPT : [@TFYENHLATOYCNGLRGPL 1 @PIFL
LeLccl2 iHWHGFFQ-ARTSYADEPSFVNQIEPT : @S Y{YGRRHLSTOYCGLRGAF : FL
LeLccl13 iFDGIFVN-TPNSFDESSFVTT[EPV : [@TFl]Y LSVEYVBGLRGAL ' [@PLIFF
LelLcc14 {FDGLFVN-TPDSFNE@SSFVTTEPV : [@TFY ' [@PLFF
LeLcc9 FDGILVD-TGNSFDEMESSFVTTEPI :([@TF LSVEYVBIGLRGAL 1 [@PlUFF
LeLcc1@ :HHHGMFF-NKSSFMDEAVGVSE[EGT : [@TY HAGG{O)YVGLRAPL : Eilf
LeLccll :HWHGIRHPAGNNSQDEAAGVTQEPT : [@TF HQSTIL SPIGL FGAL : LE

AAA I A I 4
Fig. 2 Signature sequences of laccases in L. edodes. Black boxes indicate perfectly conserved amino acids, and gray boxes indicate partially con-
served amino acids. Triangles indicate characteristic differences among groups of multicopper oxidases in L. edodes

14 (Fig. 2, indicated as triangles). Copper ion sites in lac-
cases are classified into two types: type I (T1), where the
electrons from the reducing substrates are accepted, and
a type I/type III pair (T2/T3), which is assembled in a
T2/T3 trinuclear cluster where electrons are transferred
to perform the reduction of O, to H,O (Ferraroni et al.
2007; Piontek et al. 2002). Lcc9, Leecl3 and Lecl4 each
have the conserved histidines for T1 copper binding, but
lack several T2/T3 copper binding histidines, suggesting
different affinity to T2/T3 copper ions than laccase sensu
stricto subfamily 1. We found a difference in amino acid
sequence in two groups (group A: Leccl, Lec5 and Lec6:
group B: Lcc2, Lee3, Lecd and Lec7) in laccase sensu
stricto subfamily 1, a tryptophan neighboring the copper
binding conserved histidine in L4 (Fig. 2, indicated as a
triangle). This presumably is involved in different sub-
strate specificities of laccases in group A and group B in
laccase sensu stricto subfamily 1.

Signal peptide analysis of multicopper oxidases
showed that except for Lccll in L. edodes, these pro-
teins have a putative signal peptide (D-cutoff = 0.450),
and Lccl, Lee2, Lee3, Leed, Lee5, Lee6 and LeclO have
higher D-values than the other laccases (Additional
file 1: Figure S1). Leccl, Lec2, Lee3, Lec4, Lec5 and
Lcc6 have been purified and their N-terminal amino
acid sequences analyzed (Lccl: Nagai et al. 2002; Lccé:
Nagai et al. 2009; Lcc2, Lece4, Lee5 and Lecl3: this study,
Additional file 1: Table S3; Figure S2). The N-termini of
Lecl, Lec5, Lee6, and Lecl3 were identical to the puta-
tive N-terminal sequences indicated by SignalP; there-
fore, the Leccl, Lec5, Lee6, and Lecl3 signal peptides will
likely be recognized and mediate secretion. The N-ter-
mini of Lce2 and Lecd could not be analyzed, as they
were blocked (Additional file 1: Table S3), suggesting

that N-termini of these laccases would not be digested
as signal peptides.

To analyze the distribution of laccase genes in the L.
edodes genome, localization was carried out using a pre-
viously constructed linkage map of L. edodes (Miyazaki
et al. 2008). The 13 multicopper oxidase-encoding genes
were spread over 7 linkage groups. Comparably, in P
ostreatus, 12 laccases are located in 5 linkage groups
(Castanera et al. 2012). No L. edodes laccases were
located close together except for lcc9 and lcci4 (Fig. 3),
in contrast to C. cinerea, in which four sets of laccases are
located in tandem (Kilaru et al. 2006), or P. ostreatus, in
which 7 laccase encoding genes are located on chromo-
some VI (Castanera et al. 2012).

Transcription patterns of L. edodes multicopper oxidases
Except for lccl (Nagai et al. 2002; Sakamoto et al. 2008)
and lcc4 (Nagai et al. 2003; Sakamoto et al. 2009; Yano
et al. 2009), the expression patterns of multicopper oxi-
dase-encoding genes in L. edodes have not been well
characterized. Using real-time PCR (Fig. 4) and calcula-
tion of expression as the ratio relative to expression in
mycelia grown in liquid culture, we compared expression
patterns of individual multicopper oxidases in L. edodes.
In laccase sensu stricto subfamily 1, lccI was more
highly transcibed in mycelia than in fruiting bodies
(Fig. 4), in agreement with previous reports (Sakamoto
et al. 2008), The corresponding protein Lccl was secreted
into liquid culture (Nagai et al. 2002) and sawdust media
(Additional file 1: Figure S3). lcc6 was transcribed in
mycelia grown on sawdust media (Fig. 4, Additional file 1:
Figure S3 and as shown in Nagai et al. 2009), and also
transcribed in fruiting bodies (Fig. 4). lcc5 was expressed
in fruiting bodies after harvest, but was transcribed at



Sakamoto et al. AMB Expr (2015) 5:63 Page 8 of 14
LG7
i i LG3 LG4 LG6 LG8
™M ™M oM
cON(I?I M M ™M 0.0+ 0.0 0.0+
224 0.0 0.0 = 0.0 6.6
2.3 - .6 9.9,
6.6+ 23T lecl0 - lcc2 ol lo7qr 1:.302}: 3
md lecl3 l?,g. — lccd 88 1324+ ]g-“s*_ d .
175 14,0+ 1323 132 198 19.94+
.5 ] e 204- 2430
2 Eiy 4 B .
i 1. lee3 2644 27l
242 28
24091 - EEguIn
320 4 24 3534k aedl
s e
e 44,04 4444
= 36 624 1664
1634 431 435,
:x;.z- . 4533k 4‘314,.’2& 455 S8 s ssadl
94 T : 484 6= -
ZCCS 45'56()()...- 50.6 59.44+ 622 59.84H
’ 6334
SLIAE 4 63— 648
58.6 o Letyr 0 6.8
60.9 = 617 777g,3- -
1364
7514+ Lk [ 747
1734 70.5
2297 ’713:6':: 7.1 88.0H=
76. e
%054+ 83.9 o= 837
88.6H
99344 1
1015 S 93.0 = 81.9 925
105.9 H- 97.3 == 93.8 =+
96.7 == LGI10
89H— Jcc6 LG9 LG11
103.3 == M
12074+ 1107 H- U S oo o™
115.1 M= lcc7 o9
: 6.6 g+
130.4 e 12isdk y
! 1.0+ 109
137.0 4= 13.2+9 14.0 = 13.1
’ 194 1| 164 lecl2
205 197
2434 2Z=r 241
15—
33.14 ég;. — lccl
157.1 H- 33:1 hin
419 e Ilccll
463
185
507
529
sag= lcc9, lecl4

The names of the markers are shown on the right side

Fig. 3 Linkage mapping of laccases in L. edodes. The genetic map was based on the linkage map constructed by Miyazaki et al. (2008) using an
outbred line obtained by crossing a New Zealand strain (D703PP-9) and a Japanese strain (G408PP-4). The linkage group numbers, length of each
linkage group and number of loci mapped on the linkage group are indicated on top. Distances (cM) between markers are shown on the /eft side.

low levels in liquid culture medium and in mycelia cul-
tured on sawdust media as a colony. However, Lcc5 was
found to be secreted in the outer edges of the colonies
(Additional file 1: Figure S3; Nagai et al. 2009).
Transcription of lcc2, lcc3, lcc4 and lcc7 (laccase sensu
stricto subfamily 1) was low in mycelia grown in liquid
medium or on sawdust medium (Fig. 4). Genes lcc2 and
lcc3 were transcribed in the fruiting body, transcription
increased during growth of the fruiting body, and tran-
scription was higher in the pileus than in the stipe. Tran-
scription of lcc2 also increased in the gills immediately
after harvesting of the fruiting body (Fig. 4, Additional
file 1: Figure S5). However, transcription of lcc3 in gills
was very low during post-harvest preservation. West-
ern blotting confirmed the presence of Lcc2 and Lec3
in fruiting bodies, especially in the pileus (Additional
file 1: Figure S4). Gene lcc4 was specifically transcribed

in gills after harvesting of the fruiting body (Fig. 4, Addi-
tional file 1: Figure S5) at days 3 and 4 after harvest, and
was transcribed more slowly than Jcc2 (in case of lec2,
transcribed from day2 after harvest). Gene lcc7 was
expressed specifically in fruiting bodies, but transcrip-
tion was lower after harvest than in fresh fruiting bod-
ies. These observations suggest that members of laccase
sensu stricto subfamily 1 group B are mainly transcribed
in fruiting bodies.

The laccases in sensu stricto subfamily 2, lcc9, lcci2,
lcc13, and lcc14, showed varying transcription in myce-
lia and fruiting bodies. Genes lcc12, lcc13 and lcc14 were
transcribed in mycelia grown on sawdust medium while
lcc9 was not or was transcribed at low levels. Transcrip-
tion of lcc14 was also elevated in fruiting bodies after
harvest. Gene lcc9 was mainly expressed in fruiting bod-
ies after harvest.
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(See figure on previous page.)

Fig. 4 Transcription pattern of laccase encoding genes in L. edodes. Transcription levels of lcc1 through lcc7, Icc9 through lccT4. Y-axis means relative
expression levels compared with expression levels of mycelia from liquid culture (7). All data points are mean = SD (n = 3). T Mycelia from liquid
culture. 2 Mycelia grown on sawdust medium. 3 Young fruiting bodies under 1 cm long. 4 Young fruiting bodies, 1-2 cm. 5 Stipe of young fruiting
bodies, 2-3 cm. 6 Pileus of young fruiting bodies, 2-3 cm. 7 Stipe of young fruiting bodies, 3-5 cm. 8 Pileus of young fruiting bodies, 3-5 cm. 9 Gills
of mature fruiting body; 70 gills of fruiting body 1 day after harvest; 11 gills of fruiting body 2 days after harvest; 12 gills of fruiting body 3 days after
harvest; 13 gills of fruiting body 4 days after harvest. Black Bar indicates transcription in mycelia, white bar indicates transcription in growing fruiting
body and gray bar indicates transcription in gills of fruiting body after harvest

The ferroxidases, lccl0 and lccll, were expressed
specifically in fruiting bodies (Fig. 4). Gene lccI0 was
expressed most strongly in fresh fruiting bodies, while
lcc11 was expressed in fresh fruiting bodies but showed
an increase in expression after harvest. The two genes
were not transcribed in mycelia, suggesting that these
two genes are fruiting body specific.

Discussion

Previously, 11 laccase encoding genes (lccl through lcc11)
were reported for L. edodes (Additional file 1: Table S6,
Wong et al. 2013). In this paper, we identified three new
laccase genes in L. edodes D703PP-9 (lcc12—14). Subse-
quent analysis showed that products of genes lcc10 and
lccll (Wong et al. 2013) are actually not laccases sensu
stricto but are ferroxidases instead, bringing the total to
11 laccases sensu stricto in D703PP-9. Phylogenetic map-
ping of the 13 multicopper oxidases in L. edodes showed
that they can be classified into laccase sensu stricto sub-
family 1, sensu stricto subfamily 2, and ferroxidases
(Fig. 1; Table 2). On the other hand, we could not identify
lcc8 (Wong et al. 2013) in D703PP-9. This would depend
on far genetic distance of D703PP-9 from Asian L.
edodes strains (Miyazaki and Neda 2004). We also could
not amplify lcc8 from H600 cDNAs (data not shown).
Therefore, further genomic comparison among several
L. edodes strains is needed to reveal the exact number of
multicopper oxidases in L. edodes genome.

We investigated expression patterns of multicopper
oxidases in three stages of the L. edodes life cycle, myce-
lia, growing fruiting bodies, and fruiting bodies after
harvest (Fig. 4). We found that lccl, lcc6, lcc5 (laccase
sensu stricto subfamily 1 group A), and lcc12, lcc13, and
lcc14 (laccase sensu stricto subfamily 2) were expressed
in mycelia (Fig. 4), and Lccl, Lecc6, Lec5 and Lecl3 are
found to be secreted into sawdust medium (Additional
file 1: Figure S2; Table S3, Nagai et al. 2002, 2009). In
contrast to multicopper oxidases expressed in myce-
lia, almost all multicopper oxidases are expressed in L.
edodes fruiting bodies. Multicopper oxidases in laccase
sensu stricto subfamily 1 group B (lcc2, lec 3, lcc 4 and
lcc 7) and ferroxidases (lcc10 and lcclI) were expressed
mainly in fruiting bodies but transcribed at low levels or
not at all in mycelia (Fig. 4). These observation suggest

that laccases in same group in L. edodes share expression
patters. On the other hand, we earlier revealed that many
genes involved in senescence of fruiting bodies of L.
edodes are expressed after harvest (Sakamoto et al. 2009,
2012). Some multicopper oxidases transcribed after har-
vest must be involved in browning of fruiting bodies after
harvest coordinately with tyrosinase (Nagai et al. 2003;
Sakamoto et al. 2009, 2012; Sato et al. 2009). Many mul-
ticopper oxidases of all groups, lcc2, lcc3, lcc4, lecS, lecY,
lcc11, and lcc14, were transcribed in fruiting bodies after
harvest. This observation suggests that global transcrip-
tion changes for multicopper oxidase-encoding genes
occur at the stage of senescence.

Some of the laccases that share sequence similarities
possibly have similar biological functions. We found that
L. edodes laccases in sensu stricto subfamily 1 can be
divided into two major groups by sequence similarities
and expression patterns, one is group of laccases secreted
from mycelia (lccl, lccS, lcc6: group A) and the other is
a group of laccases mainly expressed in fruiting body
(lee2, lee3, lec4 and lcc7: group B). In laccase sensu stricto
subfamily 1 group A, Lccl and Lcc6 are closely related
(Fig. 1). Both of the two laccases are expressed in culti-
vated mycelia and are secreted (Fig. 4, Additional file 1:
Figure S3). We compared multicopper oxidases in Mar-
asmiaceae species [L. edodes, O. olearius (Wawrzyn et al.
2012), D. bispora: http://genome.jgi.doe.gov/Denbil/
Denbil.home.html, M. perniciosa (Mondego et al. 2008)
and G. luxurians (Kohler et al. 2015)], for which pub-
lic genome sequences are available, and only G. luxu-
rians has multiple laccases closely related to Lccl and
Lcc6. On the other hand, Lcc5, which has higher simi-
larity to Lccl and Lec6, is clustered in a different clade
in the phylogenetic tree (Fig. 1), but clusters with lac-
cases in all Marasmiaceae species tested, except for the
pathogenic fungus M. perniciosa. Lcc5 is expressed and
secreted into sawdust media similarly to lcc6, suggesting
that Lec5 and Lec6 may have a similar biological func-
tion in hyphal growth in sawdust media. Laccases are
presumably involved in lignin degradation by white-rot
fungi (Baldrian 2006; Eggert et al. 1997; Rivera-Hoyos
et al. 2013; Thurston 1994); therefore, laccase secreted
from mycelia grown on sawdust medium in laccase sensu
stricto subfamily 1 group A (lccl, lcc5 and lcc6) may be
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involved in lignin degradation as well. Only the patho-
genic fungus M. perniciosa does not have these laccases,
suggesting that M. perniciosa, which does not rely on
rotting wood for growth, might not need this type of lac-
case. On the other hand, Lccl is involved in hyphal mor-
phogenesis and cell wall synthesis in L. edodes (Nakade
et al. 2011). Furthermore, several research groups have
reported that laccase activity is high in colonized myce-
lium and decreases during fruiting body development
(Elisashvili et al. 2008; Ohga et al. 1998, 2000; Ohga and
Royse 2001; Kiies and Liu 2000). It has also been reported
that phenoloxidase (including laccase) activity correlates
with fruiting body formation in mushrooms (Leonard
and Phillips 1973; Suguimoto et al. 2001; Vnenchak and
Schwalb 1989). Furthermore, Magae et al. (2005) sug-
gested that Bromophenol Blue decolorization ability
correlates with fruiting body formation, and Lccl in L.
edodes has this ability. More recently, overexpression of
laccase in Hypsizygus marmoreus enhances fruiting body
production (Zhang et al. 2015). These observations col-
lectively suggest that Lecl in L. edodes may be correlated
with fruiting body formation (Nakade et al. 2011). There-
fore, further studies are needed to reveal the relationship
between these secreted types of laccases in sensu stricto
subfamily 1 group A and hyphal development or fruiting
body formation.

Laccases in another group of laccase sensu stricto
subfamily 1, groupB: lcc2, lcc3, lcc4 and lcc7, are mainly
expressed in fruiting bodies. All Marasmiaceae species
tested have this type of laccase (Fig. 1). This suggests that
laccases in sensu stricto subfamily 1 group B could have
common biological roles in Marasmiaceae species. lcc2,
lce3 and lcc7 are transcribed in fresh fruiting bodies, and
lee2, lee3 and lcc4 are transcribed in fruiting bodies after
harvest (Fig. 4, Additional file 1: Figures S4, S5). This sug-
gests that these laccases are performing their main role
in fruiting bodies. This is supported by other findings; for
example, Lccd can catalyze the oxidization of L-DOPA,
and is involved in melanin synthesis (gill browning), but
Lecl and Lee6 cannot (Nagai et al. 2003, 2009) or are
weak catalysts compared to Lcc4 (Nagai et al. 2003; Saka-
moto et al. 2012; Wong et al. 2013). To clarify the clas-
sification and biological functions of the laccase sensu
stricto subfamily 1 group B in Marasmiaceae species,
further enzymatic investigations in other laccases of this
subfamily are needed.

Marasmiaceae species also have two different types
of laccases in sensu stricto subfamily 2. One is a group
including Lccl2 and the other is a group including
Lce9, Lecl3 and Lcecl4. Interestingly, laccase sensu
stricto subfamily 2 is generally conserved in limited spe-
cies of the Agaricales, such as L. edodes, E velutipes, C.
cinerea, A. bisporus and P. ostreatus (Fig. 1). There is little
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information on laccase sensu stricto subfamily 2 in L.
edodes. Furthermore, enzymatic characteristics and bio-
logical functions of laccases in this subfamily have not
been well characterized. lcc13 is transcribed fairly abun-
dantly in sawdust medium (Fig. 4) and Lccl3 secreted
into the medium (Additional file 1: Figure S2). Three of
four laccases in sensu stricto subfamily 2 in L. edodes
are transcribed in mycelia and have a signal peptide for
secretion; therefore, laccases in sensu stricto subfamily 2
are likely to function as extracellular enzymes for lignin
degradation.

Wong et al. (2013) reported that Lccl0 and Lecll in L.
edodes can be classified as laccases, but our data suggests
that these two laccases could be categorized as ferroxi-
dases following the classification of multicopper oxidases
according to Hoegger et al. (2006) and Kiies and Riihl
(2011). Leccl0 is classified as a fungal ferroxidase (Fet3-
type) conserved in basidiomycetes (Fig. 1, Kiies and Riihl
2011). G. luxurians and O. olearius of the Marasmiaceae
tested have a similar type of multicopper oxidase. Lccll
is classified as a ferroxidase/laccase conserved in a wide
range of basidiomycetes and ascomycetes, but only G.
luxurians of the Marasmiaceae tested has a similar type
of multicopper oxidase. These ferroxidases are specifically
expressed in L. edodes fruiting bodies, but further studies
are needed to determine their biological functions.

In conclusion, we found 13 distinct multicopper oxi-
dases in the L. edodes D703PP-9 genome. These multi-
copper oxidases can be classified by sequence similarities
and differentiated functionally, like chitin synthase in
Yarrowia lipolytica (Sheng et al. 2013). The 1000 Fun-
gal Genomes Project provided large amounts of genome
data for basidiomycetous fungi, and wood decay mecha-
nisms are discussed based on plant cell wall degradation
related enzymes, such as lignin and cellulose degrada-
tion enzymes (Floudas et al. 2012, 2015; Riley et al. 2014).
Relationship between evolution of lignin peroxidases
and basidiomycetous fungi has been well discussed in
the papers. More laccases are found in basidiomycet-
ous fungal genomes compare with fungal peroxidases
(Floudas et al. 2012). Therefore, biological function of
laccase could be more diverse. Further enzymatic study
and functional analysis will provide insights into how this
multiplicity of laccases evolved and became functionally
differentiated for lignin degradation, fruiting body devel-
opment and fruiting body coloration.

Additional file

Additional file 1. Additional information of L. edodes multicopper oxi-
dases, such as signal peptide prediction, enzyme purificaition, expression
patterns, primer design, data set for phylogenetic analysis, and sequence
infromation.
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