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High quality draft genome sequence analysis of the edible mush-
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Abstract

The edible mushroom Grifola frondosa (Maitake mushroom) is mass-produced by artificial cultivation. However,
the mechanisms of fruiting body differentiation are not well understood. To understand this mechanism by mo-
lecular biological approaches, we present a high quality draft sequence of the G. frondosa genome obtained using
Roche 454 GS FLX Titanium and Illumina Genome Analyzer IIx technologies. A total of 280 scaffolds were as-
sembled in the 33.8 Mb genome sequence using optimal assembly approaches combining 454 and Illumina data.
The 16,097 gene models were predicted within the genome. Using ESTs from 13 different developmental stages,
the number of genes predicted increased to approximately 1.5-fold that of the ab initio program that uses only
the query genomic sequence as input data. Functional annotation of these models revealed an extensive set of
wood- and other polysaccharide-degrading enzymes. Understanding this lignocellulolytic enzyme system will help
improve utilization of woody sawdust as a substrate in the cultivation medium. Our study demonstrates that
combining 454 and Illumina data substantially improves de novo genome assembly, and that EST-based gene pre-

diction represents an effective approach for improving sequence accuracy.
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(1) Introduction ing body differentiation is induced by controlling
Grifola frondosa (Maitake mushroom) is a well- various environmental factors, such as temperature,
known edible basidiomycete mushroom that is com- light, humidity, and other physical stimuli. The com-
mercially produced by artificial cultivation. It has bination of these factors induces genes required for
also been reported to possess various potential the initiation of fruiting body differentiation, al-
bioactive properties such as anti-tumor, anti-viral, though the exact mechanisms involved are not clear.
anti-diabetic, anti-oxidant, and immune system- The morphological changes that occur during cultiva-
enhancing effects ™. G. frondosa has been investi- tion probably involve complicated networks of
gated primarily for its pharmacological components; transcriptional regulation. Therefore, molecular bio-
however, other molecular biological research on this logical information is necessary to enhance our
species has not been extensively reported. The culti- knowledge of the mechanisms of fruiting body differ-
vation process for G. frondosa occurs in three stages: entiation, mating pheromones, and signal transduc-
spawn run, primordia development and fruiting body tion.
differentiation. During mushroom cultivation, fruit- In previous studies, we identified genes associated
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with each phase of G. frondosa -cultivation by
transcriptome analysisw. The genes related to culti-
vation were assigned expected roles; however, their
exact functions remain unclear. To clarify the roles
of these genes of unknown function, functional
analysis such as gene targeting is necessary in G.
frondosa. Genome information will be necessary to
achieve this purpose, but until now, no genome se-
quences of G. frondosa have been available.

Initial drafts of most eukaryotic genome se-
quences have been obtained using Sanger sequencing
technology. During the last few years, next-
generation sequencing techniques have superseded
Sanger sequencing for large-scale sequencing projects
because of significant improvement in throughput
and cost—efficiency”. Consequently, the number of
fungal genome-sequencing projects has dramatically
increased over the last few years. The genomes of
several basidiomycetes species have been released by
the Fungal Genomics Program at the Joint Genome
Institute 8), including those for wood-decaying fungi
(Phanerochaete chrysosporium ! >, Trametes versi-
colorm), Dichomitus squalensw), Serpula lacrymansu),
and Postia placentam), inedible mushroom-forming
(Coprinopsts cineream), Schizophyllum

fungi com-

)

14 . . 15 .
mune ~, and Laccaria bicolor >), and cultivated

mushroom-forming fungi (Agaricus bisporus and
Pleurotus ostreatus). The availability of these genome
sequences not only provides baseline genomic infor-
mation, but can also be utilized to understand the
genomic potential of other species through compara-
tive studies of genome structure, gene evolution, and
metabolic and regulatory pathways. The expansion of
genome sequence information motivated us to se-
quence the genome of G. frondosa.

Here, we present the whole-genome de novo se-
quence of G. frondosa sequenced using Roche 454 and
Illumina platforms. Roche 454 sequencing has been
the most widely used platform for de novo genome
sequencing mainly because of it can produce read
lengths comparable to or exceeding those obtained
with Sanger sequencing. Illumina sequencing plat-
forms, on the other hand, have been used in
resequencing applications because numerous short
reads can be generated at relatively low cost. We de-
termined optimal assembly methods using 454 and

Illumina read data to improve accuracy and cost-

(18)

prediction was performed using
6)

efficiency. Gene
transcriptome data obtained from a previous study
to improve the accuracy of gene prediction. To evalu-
ate the genome sequence data of G. frondosa, func-
tional annotation of predicted gene models was
performed to target the lignocellulose degradation
enzymes involved in the spawn run stage that is an
This

genomic information helps elucidate the molecular

important step in mushroom production.

mechanisms of mushroom development, including
systems for extracellular digestion of complex poly-
mers in natural substrates and fruiting body differ-

entiation.

(2)Materials and Methods

Strain and culture conditions

G. frondosa Gf-M1, a monokaryotic strain iso-
lated from dikaryotic strain M 51, was used as DNA
donor for sequencing. The strain was routinely main-
tained in potato dextrose agar (Difco) in darkness at
25°C. For extraction of genomic DNA, mycelia were
cultured in GPY liquid medium containing 2% glu-
0.2% 0.2%
(Difco), 0.05% magnesium sulfate, and 0.05% potas-

cose, polypeptone, Bacto yeast extract
sium dihydrogenphosphate at 25°C, stationary for 2

weeks in the dark.

Preparation of genomic DNA for sequencing

Vegetative mycelium was harvested and then
ground to a fine powder under liquid nitrogen using
a mortar. For genomic DNA isolation, homogenized
mycelial powder was extracted with ISOPLANT II
(NIPPON GENE, Tokyo, dJapan), according to the
manufacturer's instructions. Quantity and quality of
genomic DNA was analyzed using PicoGreen assay
(Molecular Probes, Eugene, OR) and NanoDrop spec-
trophotometer (Thermo Fisher Scientific, Wilmington,
DE).

Genome sequencing and assembly

De novo genome sequencing of G. frondosa was
performed using the Roche 454 GS FLX Titanium
platform and the Illumina Genome Analyzer IIx
(GAIIx) platform. All library preparations and se-
quencing followed the manufacturer's instructions.
For 454 sequencing, a fragment library and a mate-

pair library with an insert size of ~3 kb were
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prepared, from which a total of 2.6 million reads
were obtained. For Illumina sequencing, a paired-end
library with a fragment size of ~500 bp was pre-
pared. The sequences obtained were 76 bases long and
117 million reads passed the filtering process.
Illumina reads were then subjected to a custom algo-
rithm to further refine the data quality. Briefly,
trimming and filtering was carried out in such a
way that low quality stretches on the 3' ends were
trimmed off, and those read pairs with an average
Phred score lower than 15 or length shorter than 35
bp were fully discarded.

Combining 454 and Illumina reads, assembly was

carried out in the following multiple ways: a) assem-

bly of 454 reads alone using Newbler v2.5.3 and
Velveth); b) hybrid assembly of 454 and Illumina
reads using Celera assemblerm, Velvet, and Newbler
v.2.6; ¢) assembly of 454 reads by Newbler v2.5.3 and
Illumina reads by Velvet independently, followed by

1
8 and

assembling the resulting contigs using AMOS
Velvet; and d) assembling 454 reads, followed by re-
finement of the resulting scaffolds using Illumina
reads (custom approach). The custom assembly ap-
proach is depicted in Figure 1. Briefly, Illumina reads
19) to

detect and correct consensus base-call errors, then

were mapped against the scaffolds using BWA

subsequently to close intra-scaffold gaps.

Error Correction
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Fig. 1 Custom assembly approach (d) overview.

Illumina paired-end (PE) reads were mapped against the 454 scaffold sequences using BWA to detect and correct consensus

base-call errors and to subsequently close intra-scaffold gaps.

(19)
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Gene prediction

Gene models in the genome of G. frondosa were
predicted using AUGUSTUS™. For gene prediction
using AUGUSTUS, pre-trained parameter sets for L.
bicolor bundled in the software distribution were ap-
plied to the draft genome sequence of G. frondosa
without providing any hints for gene prediction. To
accomplish more accurate gene prediction, 534,290
EST sequences obtained from 13 different develop-
mental stagesG)of G. frondosa were then utilized as
hints for gene prediction by AUGUSTUS.

Functional annotation

All predicted gene models were annotated using
the annotation pipeline shown in Figure 2. First,
automatic basic annotation was carried out using
BLAST searches (NCBI, NIH, Bethesda, MD), GO
mapping (Institution, Location), Enzyme Commission
(EC) (Institution, Location) number mapping, and
(EMBL, Heidelberg, Germany)
Blast2GO V.2.5.1. BLAST search parameters in-

cluded an e-value <1 X 10 and a bit score > 40

InterProScan using

against the NCBI non-redundant protein sequence da-
tabase. Then, all annotated genes were assigned with
CAZym and FOLyZS) clan number using automati-

cally annotation results as hints.

Predicted genes
Automatic annotation External resource
Blast2GO
( ) BLAST NCBI BLAST server
4
GO mapping GO database

Manual annotation v

‘ CAZy classification ‘ CAZy database
A4

FOLy classification FOLy database

Fig. 2 The annotation pipeline.

Phylogenetic analysis
The 15 putative peroxidase sequences from G.
frondosa and 66 complete peroxidase sequences that

were present in the NCBI database or the Joint

(20)

Genome Institute comprised the dataset. Phylogenetic

24), and the evolu-

analyses were conducted in MEGA 5
tionary history of each gene was inferred using the
UPGMA method”. The tree is drawn to scale, with
branch lengths in the same units as those of the evo-
lutionary distances used to infer the phylogenetic
tree. Evolutionary distances were computed using the
Poisson correction method™ and are expressed as the
number of amino acid substitutions per site. All posi-

tions containing gaps and missing data were elimi-

nated.
(8)Results
Genome sequencing and assembly
We sequenced the genome of G. frondosa

monokaryotic strain Gf-M 1 using a combination of
Roche 454 GS FLX Titanium and Illumina GAIIx.
The 454 platform generated fragment reads of 458
mega-base-pair (Mbp) of sequence data (14 X cover-
age) and mate-pair reads of 336 Mbp of sequence
data (10X coverage). The Illumina paired-end reads of
7 Gbp (78.3%) of sequence data (205X coverage) sur-
the (data not

shown). In total 7.8 billion bases were used for down-

vived trimming/filtering process
stream analysis, giving a total coverage of about 230
genome equivalents. Combining 454 and Illumina data
in de novo assembly is a promising approach because
both technologies can complement platform-dependent
systematic errors or coverage bias. However, there
has been no bioinformatics pipeline established to
date for assembling combined 454 and Illumina de
novo sequence data. In this study, various strategies
for whole-genome assembly were tested using 454
and Illumina data. Initially, we assembled genome se-
quence using only 454 or only Illumina data, respec-
tively (Table 1 a). The assembly generated from 454
data alone yielded a total contig number of 1,884. In
contrast, the assembly generated from Illumina data
alone yielded a total contig number of 5,533. The re-
sults suggest that the longer read lengths from the
454 approach can facilitate the assembly of genomes
in the absence of a reference genome, when compared
with the Illumina short reads. Subsequently, we ex-
amined assembly methods including a hybrid reads
approach using both 454 and Illumina reads, and a
hybrid contigs approach using the contigs assembled

from 454 and Illumina reads separately (Table 1 b, c).
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Table 1 Basic statistics of each assembly strategy and assembler combination

Assembly strategy (a) (b) (c) (d)

1 I 111 v \% VI VII VIII
Sequence data 454 ilumina ~ 454+Ilumina  454+Ilumina  454+Tllumina I+11 I+11 454+Tllumina
Assembler Newbler v2.5 Velvet Celera Velvet Newbler v2.6 AMOS Velvet custom
Contig* total 1,884 5,533 N/A 5,228 2,215 6,665 11,104 1,186
Scaffold total 280 N/A 482 NA 358 N/A N/A 280
N50 scaffold length (bp) 311,974 94,007 220,935 157,841 230,810 173,887 32,605 312,243
Sum. gap length (bp) 647,199 171,790 8,373 1,659,751 743,542 310,229 0 393,664

* Contigs in this table refer to all scaffolds and non-scaffolded contigs combined.
Assembly (a) was generated from only 454 or only Illumina data, respectively (Basic Approach). Assembly (b) was generated from combining 454 and [llumina
reads (Hybrid Reads Approach). Assembly (c) was generated from the contigs assembled 454 and Illumina reads separately (Hybrid Contigs Approach).
Assembly (d) was generated from assembly of 454 data processed using Illumina data for both error-correction and gap-closure (Custom Approach).

However, no remarkable advantages were observed
with these methods, when compared with assembly of
454 data alone. Instead, we then examined a custom
approach that used Illumina data for both error cor-
rection and gap closure against assembled 454 data
(Table 1 d, Fig. 1). The resulting custom approach
improved the assembly, decreasing the number of
contigs and the sum of gap length. In conclusion, we
were able to obtain the best result using the custom
approach, whereby 280 scaffolds (N50 = ~312 kb)
were assembled in the total genome length of ap-
proximately 33.8 Mb. Genome statistics are presented
in Table 2.

Gene prediction

Gene model prediction for G. frondosa genome
was generated by AUGUSTUS. AUGUSTUS can be
used as an ab initio program, that is, as a program
that uses only one single genomic sequence as input
information. Furthermore, it is able to combine in-
formation from the genomic sequence under study
with external hints from various sources of informa-
tion. Initially, gene prediction was performed by an
ab initio method using a program based on full
gene models from L. bicolor, resulting in a total of
10,505 genes predicted in the G. frondosa genome.
Subsequently, we carried out gene predictions using a
collection of G. frondosa ESTs from 13 different de-

velopmental stagesa)as hints. This approach gener-

Table 2 Genome characteristics of G. frondosa and other basidiomycetes

G. frondosa S. commune'? A. bisporus 9 P. ostreatus® L. bicolor™
Genome statistics
Sequence technology 454+Tllumina Sanger Sanger 454+Sanger Sanger
Genome size (Mb) 33.8 38.5 30 35.6 64.9
Scaffold total 280 36 29 572 665
Contig total 1,186 352 254 3,272 4,398
Estimated depth %229 x8.29 x8.5 x21.14 x25
Gene statistics
Total gene models 16,097 13,210 10,438 12,206 23,132
Average gene length (bp) 1,453 1,795 1,764 1,692 1,549
Average protein length (aa) 377 447.8 425.89 413 356
Exons per gene 5.07 5.7 6.05 6.1 5.28
Exon length (bp) 224.1 249.3 234.22 215 220
Intron length (bp) 77.1 79 70.96 77 92

(21)
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Table 3 Comparision of Gene prediction accuracy

Prediction program Hints Predicted gene number Avg. mRNA length (bp) Gene hit numbers in public data
AUGUSTUS 2.5.5 No Hints 10,505 2207.6 5,813
AUGUSTUS 2.5.5 EST data 16,097 1195.9 6,310

The first line shows results using the ab initio program of AUGUSTUS. The second line shows results from a collection of G. frondosa

ESTs from 13 developmental stages as hints.

ated a set of 16,097 predicted genes, approximately
1.5-fold that of the ab initio method (Table 3). These
results suggest that the use of EST data as an addi-
tional source of information dramatically improved

the accuracy of gene model prediction.

Annotation

The result of the Blast2GO analysis of 16,097
total predicted gene models showed that 10,942 genes
(68%) had BLAST hits. The greatest number of top
BLAST hits were against 7. versicolor (4,757 top hits)
and D. squalens (3,084 top hits) (Fig. 3).
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Fig. 3 Top-Hits species distribution.

Carbohydrate-active enzyme

Several recent studies have demonstrated a

strong relationship between the repertoire of carbo-
hydrate-active enzymes (CAZymes) in fungal genomes
and their saprophytic lifestyle. A total of 324 G.
frondosa genes were functionally annotated as be-
longing to CAZymes families defined by the CAZy

database®™.

These putative CAZy genes contain 211
69 candidate

glycosyltransferases (GT), 25 candidate carbohydrate

candidate glycoside hydrolases (GH),

esterases (CE), and 8 candidate polysaccharide lyases
(PL). Comparison of the number of GH families re-

lated to the degradation of plant cell wall

(22)

polysaccharides (cellulose, hemicellulose, xyloglucan,
and pectin) are listed in Table 4. The number of GH
families in G. frondosa is close to that in other
white-rot species, especially in T. wversicolor and D.
squalens. The families GH5 with CBM1, GH6, and
GHY7, which include cellulose and cellobiohydrolases
involved in cellulose degradation, had similar pat-
terns to the number of homologs in the white-rot
species, but S. lacrymans, P. placenta, A. bisporus,
G.
Jfrondosa had the lack of family GH11 and numerous
GH 28

versicolor, D. squalens, and the brown-rot species. In

and L. bicolor lacked some or all homologs.

members of family in common with 7.
addition, G. frondosa had similar pattern for the
number of members of GH61, which are of unknown
function, but were recently found to influence the ac-
tivity of cellulases on lignocellulosem in white-rot

species.

Fungal oxidative lignin enzymes

White-rot fungi, like G. frondosa, are known to
degrade lignin, which is a complex aromatic polymer
that comprises wood and the lignified elements of
plants. White-rot fungi catalyze the initial depoly-
merization of lignin by secreting an array of
oxidases and peroxidases that generate highly reac-
tive and nonspecific free radicals, which in turn un-
dergo a complex series of spontaneous -cleavage
reactions. The fungal enzymes involved in lignin deg-
radation are classified as FOLymesZS). FOLymes are
divided into two categories: lignin oxidases (LO fami-
lies) and lignin-degrading auxiliary enzymes that
generate H,O, for peroxidases (LDA families). Anno-
tation of the gene model in G. frondosa genome
showed 48 candidate FOLyme genes, including nine
laccase genes (LO1), 17 peroxidase genes (LO2), two
(LO3),

alcohol oxidase genes (LDA1), nine glyoxal oxidase

cellobiose dehydrogenase genes five aryl-

genes (LDA3), a glucose oxidase gene (LDAG6), a
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Fig.4 Evolutionary relationships and structural-functional classification of basidiomy-cete peroxidases.

The evolutionary analysis was performed with MEGA 5 using Poisson-corrected evolutionary distances and the UPGMA clus-
tering method. The structure/function classification was based on the presence in the protein sequence or molecular structure
of the sequence or structural motifs characteristic of the above peroxidases. The Mn(II)-binding site is composed of three
acidic residues (circles) and exposed catalytic tryptophan residue (squares). As a result of the structural analysis, seven puta-
tive MnP, two putative VP, two putative atypical VP, and three putative GP were identified in G. frondosa. Species abbrevia-
tions: AB, A. bisporus; CC, C. cinerea; DS, D. squalens; GF, G. frondosa; PC, P. chrysosporium; PO, P. ostreatus; and TV,
T. versicolor. Protein sequence entries: AB-MnP; CAG 27835, CC-CIP; CAA 50060, PC-LiPA; AAA53109, PC-LiPB; AAA 33741,
PC-LiPC; AAA 33739, PC-LiPD; CAA 33621, PC-LiPE; AAA 33738, PC-LiPF; AAA 33736, PC-LiPG; ABT 17199, PC-LiPH; AAA
56852, PC-LiPJ; AAD46494, PC-MnP1; AAA 33744, PC-MnP 2; AAA 33745, PC-MnP 3; AAB39652, PC-NOPA; AAU 82081, PO-
MnP1; AAA84396, PO-MnP 2; CAB51617, PO-MnP 3; BAA 33449.

(24)
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benzoquinone reductase gene (LDA7), and three alco-
hol oxidase genes (LDAS8) (Table 5). The FOLyme
component of G. frondosa is apparently different
from that of the which lack
peroxidase genes belonging to the LO2 family. These

brown-rot species,

components of G. frondosa also differed from those
of white-rot fungi such as P. chrysosporium and S.
commune, which lack LO1 and LO?2, respectively. In
G.
peroxidase genes and glyoxal oxidase genes belonging
to the LO2 and LDA3 families, respectively. The

FOLyme repertoires of G. frondosa are similar to

particular, frondosa has a large number of

those of T. versicolor and D. squalens. Because perox-
ide and free radicals generated by peroxidases are
considered key components of ligninolysis, we have
focused on LO2 family. These peroxidases are classi-
fied into four groups based on structure/function
considerations. Lignin peroxidase proteins (LiP) are
defined
tryptophan residue homologous to the Trp™ residue
in P. .

Manganese peroxidase proteins (MnP) are defined as

as possessing an exposed redox-active

chrysosporium LiP-H8 (encoded by lipA

possessing a Mn(II)-binding site composed of three
residues homologous to the Glu*, Glu*, and Asp™
of P 29)
peroxidase proteins (VP) are defined as possessing
both the Trp™ homolog and Mn(Il)-binding resi-

30
dues™.

residues chrysosporium MnP 1 Versatile

There are also low redox-potential peroxid-
ases that lack both of the two catalytic sites men-
tioned above that are defined as generic peroxidases
GPP".

To

among G. frondosa peroxidases, their deduced protein

establish the evolutionary relationships
sequences were compared with those of the other
peroxidases from basidiomycetes. This evolutionary
analysis was performed by MEGA 52 using Poisson-
corrected evolutionary distances and the UPGMA
clustering method. The structure/function-based clas-
sification was based on the presence of sequence or
structural motifs characteristic of the peroxidase
groups above in the protein sequence or molecular
structure. The dendrogram showed a well-defined
cluster corresponding to a typical MnP (from P.
chrysosporium and D. squalens) and a typical LiP
(from P. chrysosporium and T. versicolor). Most can-
didate peroxidases from G. frondosa were located in

a heterogenous cluster containing MnP and typical

(25)

VP from P. ostreatus, T. versicolor, and D. squalens
(Fig. 4). The seven G. frondosa peroxidases possessing
only the Mn(Il)-binding site were classified as puta-
tive MnP. The two peroxidases possessing both types
of catalytic sites were classified as putative VP,
whereas two gene models were classified as atypical
VP that lacked 1 or 2 acidic residues at the Mn(II)-
binding site. Three models lacking both catalytic
sites were classified as putative GP. The model of the
remaining (gfr03 gs18811240) was not grouped as
well as CIPSZ) and NOPABS), respectively, from C.
cinerea and P. chrysosporium. On the other hand, LiP
identified in both P.

versicolor were not found in the G. frondosa genome.

genes chrysosporium and T.

(4) Discussion

G. frondosa is a well-known edible basidiomycete
mushroom that can be commercially produced by ar-
tificial cultivation systems and that possesses various
potential biological activities including anti-tumor
and other therapeutic properties. However, our un-
derstanding of the molecular biological characteristics
of G. frondosa is still very limited. Here, we present
a high-quality draft genome sequence for G. frondosa

generated solely by next-generation sequencing com-

bining Roche 454 GS FLX Titanium and Illumina
GAIIx platforms. Further, we showed that combining
454 and Illumina data in de novo assemblies is useful
for improving accuracy and cost-efficiency.

To determine the best way to assemble a fungal
genome de novo using only next generation sequenc-
ing data, we tested various assembly strategies and
different assembly software combinations using 454
and Illumina data. We were able to obtain the best
results with the custom approach using Illumina data
for both error-correction and gap-closure against as-
sembled 454 data. The custom approach resulted in a
drastic reduction in the number of contigs and the
sum of gap length compared to assemblies developed
from a single type of data set. The 454 and Illumina
sequencing methods both have shortcomings which
make it difficult to perform de novo assembling
alone. The 454 sequencing system offers superior read
lengths and mate-pair information that is useful for
generating assemblies with longer contigs and larger
scaffolds. However, 454 reads are prone to yielding

indel error accumulation in homopolymers, which is
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considered a major technical problem of 454 pyro-
W3 On the other hand, with

Illumina sequencing, these errors due to homopoly-

sequencing technology

meric regions is rare” and provide notably accurate
consensus sequence generation. Illumina sequencing
also generates a huge number of short reads that are
sufficient for covering the entire region of the
genome, whereas assemblies of Illumina reads are
more fragmented than those of 454 reads. Therefore,
this study suggests that our custom approach has
led to good results by taking advantage of the
strengths of other sequencing technologies and that
it outperforms other typically used methods.

G. frondosa
genome was performed using AUGUSTUS, because it

Gene model prediction for the
can be used not only as an ab initio program using
only one single genomic sequence as input informa-
tion, but can also combine information from the
genomic sequence under study with external hints
from various sources of information. To determine
the best parameters for gene prediction in the G.
frondosa genome, we tested both an ab initio pro-
gram and also the addition of extrinsic gene expres-
sion data for G. frondosaG). As a result, the number
of genes predicted increased to approximately 1.5-fold
that of the ab initio method, when ESTs of G.
frondosa were included as external hints (Table 3).
Gene prediction in eukaryotic organisms is more dif-
ficult than in prokaryotic genomes, because of low
gene density due to the presence of introns in coding
regions. In particular, genes in fungi exhibit signifi-
cant variation in exon-intron structure’”. Further-
more, programs designed for recognizing intron/exon
boundaries for a particular organism or group of or-
ganisms may not recognize all intron/exon bounda-
ries. Thus, EST-based gene prediction is an effective
approach for de novo whole-genome sequencing, be-
cause the performance of ab initio gene-finding algo-
rithms depends greatly on which species were used to
generate gene modeling parameters.

White-rot fungi are known to degrade all woody
cell wall components. In contrast, brown-rot fungi ef-
ficiently degrade cellulose but only modify lignin,
leaving a polymeric residue. G. frondosa is white-rot
fungus, and analysis of its genome sequence revealed
a large assortment of genes potentially involved in

degradation of wood and other plant cell-wall

(26)

polysaccharides. In general, these fungi can degrade
wood and forest litter, and fully mineralize all cell-
of

hemicellulose, and pectin. For efficient degradation of

wall  polysaccharides = composed cellulose,
these polysaccharides, these fungi produce an exten-
sive set of carbohydrate-active enzymes (CAZymes).
Initially, we focused in particular on those CAZymes
involved in plant cell-wall polysaccharide degradation.
The genome of G. frondosa encodes at least one gene
from each gene family involved in the degradation of
cellulose, hemicellulose, xyloglucan, and pectin. G.
to T.

versicolor and D. squalens in the number and type of

frondosa also showed many similarities
putative genes. These results suggest a correlation
between the habitat of each species and the number
of CAZymes encoded by their genomes. In recent
studies, G. frondosa utilized oak sawdust plus corn
bran as a substrate for growth and fruiting body de-
velopment, producing enzymes associated with degra-
dation of these materials, including endoglucanase
(probably including members of the GH5 and GH7
families), exoglucanase (probably including members
of the GH6 and GHT7 families), /-glucosidase (proba-
bly including members of the GH1 and GH3 fami-
lies), and endoxylanase (probably including members
of the GH10 and GHI11 families)%). In particular,
these enzyme activities increased during the coloniza-
tion phase, reaching a peak when the substrate was
fully colonized at early spawn run (20-30 d after in-
Thus,

CAZymes annotated from the G. frondosa genome

oculation). information about candidate
could improve our understanding of the parameters
affecting growth and fruiting and help to improve
culture conditions for commercial cultivation. In addi-
tion, the G. frondosa genome is rich in members of
the glycosyl hydrolase family GH 28. The GH 28 fam-
ily enzymes include endo- and exo-polygalacturonase
that catalyze the hydrolysis of pectin, a complex car-
bohydrate present in the cell walls and middle la-
mella of plants&g). G. frondosa possesses a large
number of genes associated GH 28 family, suggesting
the possibility that G. frondosa can utilize a variety
of plant tissues as substrates for vegetative mycelium
growth. In general, mushroom production has fo-
cused on developing more efficient substrate formulas
to improve yield and quality, and shorten cultivation

period. The information discovered here will provide
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a useful starting point for exploration of more suit-
able and cost-effective mushroom culture substrates.
Fungal polygalacturonase enzymes are also utilized
in industrial food processes, such as fruit juice clari-
fication and baby food preparation4m. Thus, candidate
enzymes from the GH28 family in G. frondosa may
have potential for biotechnological applications, al-
though much more work needs to be done to under-
stand the characteristics of these enzymes.

Unlike the digestion of polysaccharides, lignin
degradation results from the concerted action of sev-
eral oxidoreductases such as laccases, ligninolytic
peroxidases, and peroxide-generating oxidases'. G.
frondosa possesses at least one gene in each FOL
the of

Compared with model white-rot fungi, such as P.

family involved in degradation lignin.
chrysosporium and S. commune, G. frondosa possesses
a complete set of ligninolytic peroxidases including
those from the LO1, LO2, and LO3 families. In par-
ticular, G. frondosa has a large number of peroxidase
genes and glyoxal oxidase genes belonging, respec-
tively, to the LO2 and LDA3 families. Enzymatic
of P.
physiological connections between peroxidases in the

LO2 family and glyoxal oxidase from the LDA3J3
42)

studies chrysosporium have demonstrated

family Thus, the presence of genes coding for

these enzymes in its genome suggests that G.
frondosa probably degrades lignin using highly reac-
generated by

tive and nonspecific free radicals

peroxidases and extracellular H, O, generated by
glyoxal oxidase. Because members of the LO2 family
are considered key components of ligninolysis in G.
frondosa, we performed structure/function classifica-
tion based upon the presence of structural motifs
characteristic of peroxidases. As a result, 15 candi-
date peroxidase genes were classified as seven puta-
tive MnP, two putative VP, two putative atypical
VP, three putative GP, and several that remained un-
classified. In our previous study, microarray experi-
G.

frondosa cultivation process showed that putative

ments performed for all eight stages of the

MnP were specifically expressed during spawn run,
whereas atypical VP and GP exhibited no significant
changes in expression level throughout the cultiva-
tion process6>. These results suggest that MnP may
play a key role in lignin digestion in G. frondosa. On
the other hand, LiP genes identified in both P.

27)

chrysosporium and T. versicolor were not found in
the G. frondosa genome. Montoya et al. reported
that qualitative assays for LiP revealed no activity
during solid state fermentation in G. frondosa37), a
result consistent with the absence of LiP genes in the
present study.

the of G

frondosa constitutes a notable contribution to our

In conclusion, genome sequence
knowledge base of the molecular mechanisms of

mushroom development, including systems for
extracellular digestion of natural substrates and
fruiting body differentiation. The discovery of nu-
merous lignocellulose degradation enzymes will not
only help to improve culture conditions but also con-
tribute to the

development of technologies for

biomass conversion to reduce carbon emissions. In
the future, functional analyses using RNA interfer-
ence (RNAIi), sequence-specific knockdown methods,
and heterologously expressed proteins will further
characterize candidate genes identified in this study

to elucidate mushroom developmental mechanisms.
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