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Comprehensive analysis of the transcriptome of the P.
chrysosporium is a useful approach to improve our under-
standing of its special and unique enzyme system and fun-
gal evolution in molecular and industrial aspects. In order to
unveil the functional diversity of this white-rot fungus in
gene level and the expression patterns of its genes, in this
study we carried out sequencing and annotation of 4,917 P.
chrysosporium expressed sequence tags (ESTs). Through
our bioinformatic ESTs analysis, we elucidated that 1,751
genes were derived from the present dataset of 4,917 ESTs,
based on clustering and comparative genomic analyses of
the ESTs. Of the 1,751 unique ESTs, 1,006 (57.5%) had
homologues and orthologues in similarity searches. Our P.
chrysosporium ESTs showed many genes for encoding 23
secreted proteins, many proteins for the degradation of
cellulose and hemicelluloses, and heat shock proteins for
stress resistance, which explain the reason why P. chryso-
sporium is very important and unique white-rot fungus in
dealing with contaminated resources and in degrading lig-
nin and in applying this organism to several industrial as-
pects. In addition, comparative analysis has shed the fresh
light on the mystery about how its unique enzyme system
and stress resistance have been evolved differently from its
closest relatives.

INTORDUCTION

Biomass is materials derived from not only living organisms,
such as plants and animals, but also garden waste, manure
and crop residues. It is a renewable energy source that influ-
ences the carbon cycling. Thus, biomass energy and fuel are
becoming more and more indispensable materials for a sus-
tainable future. Among the materials, woody biomass of nu-
merous types of plants, including sorghum, comn, hemp, switch-
grass, poplar and willow, with appropriate development of har-
vest and storage strategies are standing out conspicuously for
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large-scale production of bioenergy.

Generally, woody lignocellulosic biomass is complex mixture
consisting of three polymers in close association: hemicellulose,
cellulose and lignin. These polymer substances constitute the
cell walls of wood and form strength and stiffness of the stem
(Chabannes et al., 2001). Unlike the most abundant natural
biopolymers hemicellulose and cellulose, lignin is highly resis-
tant towards biological and chemical degradation, and provides
mechanical resistance to wood. Because lignin is an integral
part of the secondary cell walls of plants and give strength to
wood, which consist principally of syringyl (S), guaiacyl (G) with
various ether bonds and condensed linkages (Boerjan et al.,
2003; Chabannes et al., 2001). That is, insoluble and amor-
phous aromatic material lacks stereoregularity and is not sus-
ceptible to hydrolytic attack in lignin (Boerjan Ralph et al., 2003).

To develop a practicable biological delignification process,
lignin-degrading microorganisms were coordinated (Kumar et
al., 2008). Basidiomycetes, called the “Higher Fungi” within the
Kingdom Fungi, are used as the most conspicuous wood rot-
ters due to their ability to modify or degrade lignin. Wood-rotting
basidiomycetes are generally classified as white-rot, brown-rot,
soft rot and staining fungi based mainly on different types of
wood decaying (Martinez et al., 2005). Among them, a white-rot
fungus (P. chrysosporium) was the most intensively studied
until now. Because it secretes lignin and manganese peroxi-
dases (LiP and MnP) which are extracellular enzymes in
charge of an initial attack on lignin for the biodegradation of
lignin (Kirk and Farrell, 1987; Gold and Alic, 1993; Gold et al.,
2000; Martinez et al., 2005). In addition, P. chrysosporium has
been widely known as model organism to study biochemistry,
physiology and diverse toxic environmental pollutants for new
industrial application (Decelle et al., 2004; Duranova et al.,
2009; Wesenberg et al., 2003). For this reason, the P. chryso-
sporium genome (approximately 30 million base pairs) has
been recently sequenced and assembled for studying efficient
degradation of all wood components and treatment of a variety
of chemical pollutants (Martinez et al., 2004). Moreover, current
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technological advances in genomics provided exciting opportu-
nities for exploring basically genetic, biological and biochemical
aspects of the P. chrysosporium. For example, long serial
analysis of gene expression (LongSAGE) of the model fungus,
P. chrysosporium has revealed some significant up or down
regulation of genes during monitoring gene expression (Minami
et al., 2007). The most recent paper described a novel method
to identify extracellular enzyme produced during growth on
woody biomass using 2D gel electrophoresis and liquid chro-
matography (LC)/MS/MS (Matsuzaki et al., 2008; Sato et al.,
2007).

However, available information about transcripts that are ex-
pressed in P. chrysosporium is still limited. Thus, to reveal the
genetic repertoire of P. chrysosporium, we sequenced and
analyzed 4,992 cDNA at first step toward clarifying the role of
individual gene. In the present study, we provide a first insight
into the transcriptome of the P. chrysosporium EST sequencing
and apply a newly established bioinformatics pipeline for the
clustering and comparative analyses of data set against a wide
range of organisms. The representative EST from this dataset
has been functionally annotated in protein level to assign its
putative function. Additionally, we constructed gene ontology,
pathway and secretome using this dataset.

MATERIALS AND METHODS

P. chrysosporium cultivation

The white-rotting fungus, P. chrysosporium strain 20741 (ATCC
24752), was obtained from Korean Forest Research Institute.
Fungal cultures were grown either in liquid or on solid sub-
strates, as previously described (Sato et al., 2007). Solid sub-
strate (wood) cultures were either grown in polypropylene bags
in which the water content was 50% or as ‘submerged’ cultures.
The submerged cultures included largely liquid medium, con-
taining a 1% carbon source of glucose, cellulose or wood. The
liquid stationary culture was grown at 37°C, and was flushed
with water-saturated O, on every 3 days. When grown on solid
substrate medium, P. chrysosporium inoculum was prepared
by growth in 250 ml Erlenmeyer flasks containing 20 g millet,
10 g wheat bran and 30 ml water at 30°C for 7 days. These
cultures were used to inoculate polypropylene growth bags
containing 850 g red oak sawdust, 100 g millet, 50 g wheat
bran and 1 L distilled water.

RNA isolation and cDNA library Construction

P. chrysosporium mycelia were submerged in liquid nitrogen in
a pre-chilled grinding jars and grinding ball on a bed of dry ice.
The P. chrysosporium put in pre-chilled grinding jars used pul-
verized Mixer Mill MM301 (Retsch GmbH, Germany). P. chry-
sosporium transferred 15-ml polypropylene tube filled with liquid
nitrogen and stored at -80°C. Total mMRNA extracted from frag-
mented frozen tissue using the TRI reagent (MRCgene, USA).
Total RNA was purified from total RNA (100 ug) using the abso-
lutely mRNA Purification Kit (Stratagene, USA) according to
manufacturer’s instruction.

To construct cDNA library, a directional A ZAP cDNA synthe-
sis/Gigapack Ill gold cloning kit (Stratagene, USA) was used.
Reverse transcriptase of mRNA for production of first stand
cDNA synthesis was primed from the poly-A tail using an oligo-
dT linker-primer containing an Xhol cloning site. Following sec-
ond strand synthesis, EcoRl linkers were ligated to the 5'-
termini. The Xhol digestion releases the EcoRIl adapter and
residual linker—primer from the 3’ end of the cDNA. These two
fragments are separated on a drip column containing Sepha-
rose® CL-2B gel filtration medium. The size fractionated cDNA

(above 500 bp) is then precipitated and ligated to the ZAP Ex-
press vector (pBK-CMV). The primary library produced by in
vitro packaging of the ligation product with a ZAP Express
cDNA Gigapack Ill Gold cloning Kit (Stratagene, USA).

Plasmid isolation and cDNA sequencing

The cDNAs were plated to LB-kanamycin plate (Rectangle,
23.5 cm x 23.5 cm) with X-gal/IPTG for blue/white selection.
White colonies were randomly manually picked and inoculated
into 15 384-well plate (Coming, USA) containing 40 ul TB/
kanamycin, then incubated for 16 h at 37°C with fixation culture.
Sequences of cDNAs inserts were determined from their 5’ end
of clones using a BigDye Terminator Sequencing Kit ver 3.1
(Applied Biosystems, USA) and a 3730XL DNA analyser (Ap-
plied Biosystems).

EST cleaning and clustering

The ESTs were initially analysed and annotated using PESTAS,
an automated EST analysis platform (unpublished, http:/pestas.
kribb.re.kr). In our study, the analysis pipeline is consisting of
three steps (Fig. 1). In STEP |, P. chrysosporium EST trace
data were base-called using the program Phred from trace
chromatogram data using Phred score of 13 (Ewing and Green,
1998; Ewing et al., 1998). The sequences were then processed
with the Cross_Match (http://www.phrap.org), RepeatMasker
(http://www.repeatmasker.org/) and SeqClean (http:/compbio.
dfci.harvard.edu/tgi/software/) to filter out the sequences com-
prising vectors, E-coli, repetitive elements and mitochondrial DNA.
Trimmed sequences over the 100 bp in length were clustered
and assembled into putative unique EST objects (uniESTs) by
TGICL (Pertea et al., 2003) and CAP3 (Huang and Madan,
1999), employing default options.

Functional categorization of ESTs

In STEP II, to assign a putative function to P. chrysosporium,
we took into account BLASTX bets-hit descriptions and subse-
quent alignments with an e-value below 1E-10, at least 30%
identity along 30 amino acid exactly matches, resulting from
sequence comparison against non-redundant protein database
(NR) at NCBI. And then, since a large portion of these ESTs
has not yet been annotated, we further characterized do-
main/family in uniESTs using InterPro database version 17
(HMMPfam, HMMSmart, HMMTigr, HMMPanther and Super-
Family) (flagged as true by InterProScan with E-value < 1e-2)
(Hunter et al., 2009). We also classified our uniESTs associ-
ated with Gene Ontology (GO) terms at the Protein-level anno-
tation using BLAST2GO (cut-off value < 1e-10) (Conesa et al.,
2005). In order to predict pathway in the P. chrysosporium, we
mined the enzyme information from the annotated results of
UniProtKB database (2008) that contained an EC number in
description with matching E-value <= 1e-10. To inferthe exist-
ing functional knowledge via homology, we use eggNOG data-
base (http://eggnog.embl.de/) (Jensen et al., 2008) that con-
tains more fine-purified groups for selected subsets of organ-
isms. To analysis differential gene expression, we implemented
the web version of IDEG6 software (Romualdi et al., 2003),
utilizing the Audic-Claverie approach with a significance thresh-
old of 0.01 (http://telethon.bio.unipd.it/bicinfo/IDEGE). The final
4,917 set of quality ESTs reported in this paper have been
deposited in DDBJ databases under accession numbers
FS233675-FS238591.

Comparison of P. chrysosporium ESTs to N. crassa,
S. cerevisiae and S. pombe
Protein database, N. crassa (28,090 ESTs), S. cerevisiae
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Fig. 1. Overall strategy of Bioinformatics analy-
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STEP III: Secretome analysis

(34,915 ESTs) and S. pombe (8,123 ESTs) from GenBank (20
November 2008), for comparative transcriptome were gener-
ated in-house for homologue search. A local search against the
new fungal database was made using TBLASTX algorithm. A
cut off score 50 was set as stringency threshold.

Secretome analysis

From the ORFs inferred from uniESTs, secreted proteins were
predicted using a combination of four programs [ORFpredictor
(Min et al., 2005), SingalP (Bendtsen et al., 2004), TMHMM
(Krogh et al., 2001) and PSORT Il (Nakai and Horton, 1999)],
to minimize the number of false positive predictions. Firstly, we
identified protein-coding regions ORFs in uniESTs with exactly
starting initiation codon encoding the amino acid methionine
(Met), employing ORFpredictor. Secondly, SingalP 3.0 was
used to predict the presence of secretory signal peptides and
signal anchor for each predicted uniEST proteins, using both
the neural network and Hidden Markov model. In order to ex-
clude the erroneous prediction of putative transmemberane
(TM) sequences as signal sequence, TMHMM, a membrane
topology prediction program, was the applied. We further vali-
dated the list of secreted proteins, using extracellular localiza-
tion using PROST II.

RESULTS AND DISSCUSION

Overview of P. chrysosporium EST analysis

Of 4,992 clones sequenced, a total of 4,917 high-quality ESTs
were obtained with achieving a 98.5% of sequencing success
rate (STEP |, Fig. 1). These pre-processed ESTs ranged from
105 to 846 bp, with a mean of 695 bp and a standard deviation
(S.D.) was 101 bp. After clustering, the mean length of the con-
tigs increased to 711 bp. The cluster analysis of the 4,917
ESTs from P. chrysosporium yielded 1,751 unique ESTs (uni-
ESTs) (882 contigs and 869 singleton sequences), 1,305 of
which were aligned against JGI predicted genes (Table 1).

Table 1. P. chrysosporium transcriptome features

Numbers
Total sequence reads 4,992
Total analyed reads (average size) 4,917 (695 bp)

Total number of assembled sequences
(average size)

1,751 (711 bp)

Contigs 882
Singlets 869
JGI predicted genes hit* 1,305
Total annotated genes 1,006
BLASTX 928
InterProScan 78

2, JGI predicted genes include 10,048 putative P. chrysosporium genes.

To assign putative functions to uniESTs, we combined each
uniEST’s closest homolog search using BLAST algorithm against
non-redundant (NR) protein database at NCBI, InterProScan
database (HMMPfam, HMMSmart, HMMTigr, HMMPanther and
SuperFamily) version 17 and Hidden Markov Model (HMM) do-
main/families search that are informative for a given putative
function (STEP II, Fig. 1) (Hunter et al., 2009). Firstly, each uni-
EST was given the functional annotation from the best match
identified after BLASTX search against NR protein database at
NCBI. Non-assigned uniESTs after BLASTX were annotated
using the results of InterProScan (see Supplementary Table 1).
Of the 1,751 uniESTs, 57.5% (1,006) have significant se-
quence similarity to NR protein database and/or conserved
protein domain at InterPro scanning. As shown at Supplemen-
tary Table 1, since a number of clusters had significant align-
ments to predicted hypothetical proteins according to the result
of BLASTX at NR protein database, we added extra annotation
description from BLAST2GO (Conesa et al., 2005), UniProtkB
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(2008) and eggNOG (Jensen et al., 2008) database to take into
account various function definitions with which each uniESTs
actually was annotated (STEP I, Fig. 1). The remaining 745
uniESTs after primary annotation, accounting for 42.5% of total
uniESTs, were classified as unknown ones. Among our data,
unknown genes have taken considerable portion of uniESTs.
However, this result is not surprising, because there are a lim-
ited number of annotated Basidiomycota nucleotide and protein
sequences currently deposited in the public databases.

Highly represented P. chrysosporium ESTs

EST copy number can be used to estimate gene expression
diversities in an organism, although there is an artificial collec-
tion of cloned cDNA fragments that might limit the estimation of
over-expression of certain transcripts. From a virtual expression
analysis of the P. chrysosporium, 882 clustered uniESTs from
4,048 high-quality ESTs were analysed. In our study, 47 most
abundant transcripts in the P. chrysosporium EST collection,
having eleven or more EST copies in each cluster, were identi-
fied based on their identity putatively assigned by BLASTX
analysis of the assembled contigs (Table 2). If there are a
number of uniESTs corresponding to the same accession
number, we chose one uniEST with the highest cluster number
of representative cluster ID. As a result, the majority of anno-
tated genes with integrated molecular functions were divided
into two class such as house-keeping genes (chaperone pro-
tein, ribosomal protein, transcription/elongation factor), and
enzymes (phosphatase, glycoside hydrolase, aryl-alcohol de-
hydrogenase, oxidoreductase and ubiquitin-conjugating en-
zyme). We also found 13 unknown uniESTs which have no any
sequence similarity in current databases based on our cut off
value (see “Materials and Methods”). Majority of these genes
have been identified in the coprinopsis cinerea okayama 7#130
fungus (an inky cap mushroom), requiring detailed molecular
characterisation to understand their functions in the P. chryso-
sporium.

As can be deduced from Table 2, P. chrysosporium ESTs
having a largest cluster number of 8 clusters containing 290
ESTs (5.9% of total EST sequences) are heat shock protein 30
(HSP30) genes, which help a living organisms in maintaining
homeostasis of life (Santoro, 2000) and in keeping a constant
thermotolerance (Plesofsky-Vig and Brambl, 1995). Except
HSP30, we identified three more uniESTs, which belong to
molecular chaperones family (EPMO05LAAA11C000322, EPM
005LAAA11C000358 and EPMO05LAAA11C000356). The heat
shock proteins (HSPs) are a subset within a larger group of
genes encoding for stress response proteins as molecular
chaperones and show dramatically increased expression when
physiological conditions are substantially stimulated by an ex-
tremely higher temperature than optimum value for living
(Vorob’eva, 2004). The results obtained in this study show that
many highly expressed uniESTs of the P. chrysosporium re-
spond to the thermal stress with the induction of HSPs, includ-
ing small heat shock proteins (HSP20, HSP30 and so on).
These proteins can be associated with the defence mecha-
nisms of thermal stress, being part of the physiological adapta-
tion and alteration of this organism in the environment with
extreme temperatures’ variations and other stress conditions.
Thus, these results explain the reason why P. chrysosporium
shows the greater capacity of adaptation to stress conditions,
especially temperature changes in the environment.

In addition, we found a lot of antioxidative proteins such as Mn-
superoxide dismutase, thioredoxin reductase, thioredoxin peroxi-
dase, glutathione S-transferase and catalase, even though low
expression. It suggested that these uniESTs seem to be up-

regulated as an antioxidative response against the severe envi-
ronmental change such as oxidative stress caused by hazardous
chemicals (limura and Tatsumi, 2002; Lee et al., 1998).

Abundance of conserved domains in P. chrysosporium ESTs
We analysed the most abundant conserved domain from the P.
chrysosporium using Pfam, and found that 34.7 (%) of the
1,751 uniESTs encoded proteins similar to members of 380
Pfam protein families (E-value < 1e-2). Pfam domain families
were ranked according to the number of the P. chrysosporium
uniESTs containing every Pfam domain, and the top 10 were
represented in Table 3. Among these Pfam families, “WD40
repeat” domain, known to regulate a complex cell differentiation
process (Poggeler and Kuck, 2004), was ranked in the top, and
followed by “RNA recognition motif, RNP-1”, “Serine/threonine
protein kinase-related” and “Ubiquitin”. Interestingly, we also
found that several kinds of heat shock proteins are encoded by
uniESTs (Tables 2 and 3). In addition, we had compared previ-
ously reported Pfam annotation results of P. chrysosporium
genome with our Pfam domain analysis results of P. chryso-
sporium unieSTs (Martinez et al., 2004). To identify the correla-
tion between genome data and transcriptome data, we used
IDEG6 online software (http://telethon.bio.unipd.itbiocinfo/IDEG6_
form/index. html). This comparison revealed that nine genes
were differently classified among the domain family categories,
such as “WD40 repeat’, “RNA recognition motif, RNP-1”, “Ubig-
uitin”, “Ankyrin”, “Heat shock protein Hsp20”, “Heat shock protein
70”7, “BRNA polymerase Il, heptapeptide repeat, eukaryotic”, “Heat
shock factor (HSF)-type, DNA-binding”, “FAD dependent oxi-
doreductase” and “UTP-glucose-1-phosphate uridylyltransferase”.
As a result, “WD40 repeat”, “BRNA recognition motif, RNP-1” and
“Serine/ threonine protein kinase-related” were highly ranked
between genome and transcriptome annotation data simultane-
ously, but “Ubiquitin”, “Ankyrin” and “Heat shock protein” domain
families are different in their rankings between them.

Degradation of cellulose and hemicellulose and lignin

P. chrysosporium is known to express genes encoding a wide
spectrum of enzymes for lignin degradation (Minami et al., 2007).
The genome harbours many putative carbohydrate-active en-
zymes including 166 glycoside hydrolases, 57 glycosyltrans-
ferases and 14 carbohydrate esterases, comprising 69 families
within its genome (Martinez et al., 2004). Our annotation results
also revealed 26 carbohydrate- and lignin-active enzymes such
as esterase, exo-1,3-B-glucanase, p-1,6-glucan synthetase and
o-1,2-mannosyltransferase (Table 4). Especially, we found that
17 glycoside hydrolase family (GH) members were expressed,
and they are divided into ten families (GH5, GH10, GH13, GH186,
GH18, GH37, GH61, GH63, GH71, GH72), most of which have
been implicated in the degradation of hemicelluloses or pectin.
These results show that P. chryso-sporium genome contains the
genetic information encoding a large group of glycoside hy-
drolases. Furthermore, some previous studies reported the ex-
pressions of genes encoding various enzymes including exogul-
canase and xylanase in protein level (Abbas et al., 2005; Wy-
melenberg et al., 2005). Taken together, these results suggest
that the transcriptome of P. chrysosporium contains many genes
encoding proteins that might play key roles in cellular process for
degradation of the major polymers of wood.

In addition, we have identified that our EST data included
several cytochrome P450 family members, which belong to the
up-regulated genes possibly related to lignin degradation (Sup-
plementary Table 1). Very interestingly, most of the above-
mentioned genes, which have been known to be involved in the
degradation of cellulose, hemicelluloses and lignin, have been
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Table 3. The 10 most frequently occurring Pfam domains in the P. chrysosporium uniESTs

Pfam accession

P. chrysosporium uniESTs

P. chrysosporium

Protein family genome®
number
Rank No. of uniESTs Rank  No. of genes
WD40 repeat’ PF00400 1 30 2 116
RNA recognition motif, RNP-1* PF00076 2 21 9 59
Serine/threonine protein kinase-related PF00069 3 17 1 120
Ubiquitin* PF00240 4 15 38 12
Ankyrin® PF00023 5 12 28 22
Mitochondrial substrate carrier PF00153 6 9 19 34
Heat shock protein Hsp20* PF00011 6 9 44 6
Heat shock protein 70* PF00012 7 8 43 7
Ras PF00071 7 8 23 28
Zinc finger, C2H2-type PF00096 7 8 12 52
Cyclin-like F-box PF00646 7 8 4 100
Peptidase A1 PF00026 8 7 11 53
Fungal transcriptional regulatory protein, N-terminal PF00172 8 7 18 35
RNA polymerase Il, heptapeptide repeat, eukaryotici PF05001 8 7 49 1
Ubiquitin-conjugating enzyme, E2 PF00179 9 6 30 20
Aldo/keto reductase PF00248 9 6 11 53
Heat shock factor (HSF)-type, DNA-binding* PF00447 9 6 46 4
Pyridoxal phosphate-dependent enzyme, beta subunit PF00291 9 6 40 10
Zinc finger, RING-type PF00097 9 6 24 26
Heat shock protein DnaJ, N-terminal PF00226 10 5 28 22
Histone core PF00125 10 5 34 16
FAD dependent oxidoreductase* PF01266 10 5 46 4
UTP--glucose-1-phosphate uridylyltransferase* PF01704 10 5 46 4
Calcium-binding EF-hand PF00036 10 5 26 24
¢, These data was extracted on the basis of previous report by Diego Martinez (Martinez et al., 2004).
, indicate that 9 genes were significantly expressed based on IDEGS6 online software analysis.
Table 4. Putative carbohydrate- and lignin-active enzymes identified in P. chrysosporium
Enzyme CAZy family  # of contigs Contig ID

Esterase CE1 1 EPMOO05LAAA11C000046

Carboxylesterase CE1 1 EPMOO05LAAA11C000569

N-acetylglucosamine-6-phosphate deacetylase CE9 1 EPMOO05LAAA11S000465

Exo-1,3-B-glucanase GH5 2 EPMO005LAAA11C000017, EPMOO5LAAA11S000585

Endo-1,4-B-xylanase GH10 1 EPMOO05LAAA11C000837

o-amylase GH13 1 EPMOO05LAAA11C000499

a-glucosidase GH13 1 EPMOO05LAAA11C000427

f3-1,6-glucan synthetase GH16 2 EPMO05LAAA11C000114, EPMOO5LAAA11S000101

Endo-1,3(4)-B-glucanase GH16 2 EPMOO05LAAA11C000323

Chitinase GH18 1 EPMOO05LAAA11C000066

Trehalase GH37 1 EPMOO05LAAA11C000100

Endo-1,4-B-glucanase GH61 1 EPMO05LAAA11C000562

Endoglucanase GH61 1 EPMOO05LAAA11C000879

Glucosidase GH63 1 EPMOO05LAAA11S000301

Endo-(1,3)-a-glucanase GH71 1 EPMOO05LAAA11S003097

1,3-B-glucanosyltransferase GH72 2 EPMO05LAAA11C000397, EPMOO5LAAA11S002847

Trehalose-phosphatase GT20 1 EPMO05LAAA11S004620

Trehalose synthase GT20 1 EPMO05LAAA11S001118

Trehalose 6-phosphateglycosyltransferase GT20 1 EPMOO05LAAA11S004620

o-1,2-mannosyltransferase GT4 1 EPMO05LAAA11C000385

Glycogenin GT8 1 EPMO05LAAA11C000612

UDP-N-acetylglucosamine pyrophosphorylase GT41 1 EPMO05LAAA11C000746
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Fig. 2. Gene Ontology mappings for P.
chrysosporium uniESTs by using BLA-
ST2GO. The genes were functionally
categorized according to the Gene On-
tology Consortium and level three of the
assignment results was charted here.
41% (718 of a total 1,751) uniESTs from
P. chrysosporium were classified by GO.
Note that since a gene product could be
assigned to more than one GO term, the
percentages in each main category
could be added up over 100%.
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Table 5. The biological process and molecular function GO terms with the highest 15 scores

S -
Level GO ID GO terms Representation % Reg;etcs);ear;tanon Score*
Biological 4 G0:0043581 Mycelium development 37 10.82% 37
process 7 G0:0044408 Growth or development of symbiont on or near host surface 24 7.02% 24
3  GO:0006950 Response to stress 34 9.94% 20
3 G0:0006810 Transport 70 20.47% 18
4 GO0:0015031 Protein transport 22 6.43% 16
7  GO:0006355 Regulation of transcription, DNA-dependent 20 5.85% 15
5 GO0:0006412 Translation 27 7.89% 13
4 G0:0006118 Electron transport 13 3.80% 13
7  GO:0006468 Protein amino acid phosphorylation 12 3.51% 12
6  GO:0007264 Small GTPase mediated signal transduction 11 3.22% 9
4 G0:0006811 lon transport 19 5.56% 8
7 GO0:0008380 RNA splicing 12 3.51% 8
7  GO:0006397 mRNA processing 12 3.51% 8
3 G0:0044237 Cellular metabolic process 202 59.06% 7
5 GO0:0006350 Transcription 33 9.65% 7
Molecular 7  GO:0005524 ATP binding 49 12.50% 49
function 3  GO:0005515 Protein binding 46 11.73% 27
3  GO:0000166 Nucleotide binding 89 22.70% 24
4 GO:0003677 DNA binding 29 7.40% 20
3  GO0:0016491 Oxidoreductase activity 54 13.78% 19
3  GO:0003676 Nucleic acid binding 67 17.09% 19
3 G0:0016787 Hydrolase activity 61 15.56% 17
7 GO:0005525 GTP binding 14 3.57% 14
4  GO:0046872 Metal ion binding 42 10.71% 13
4 GO:0003723 RNA binding 16 4.08% 13
3  GO:0016740 Transferase activity 57 14.54% 12
7  GO:0004674 Protein serine/threonine kinase activity 12 3.06% 10
3  GO:0003735 Structural constituent of ribosome 10 2.55% 10
3  GO:0003700 Transcription factor activity 8 2.04% 8
6  GO:0005216 lon channel activity 8 2.04% 7

Note that individual GO categories can have multiples mappings. The representation means that the number of uniESTs can be mapped to GO term.
The representation percentage is based on the total number of GO mappings in each of the three major ontologies (biological process: 342, molecular

function: 392).

* Score was calculated by BLAST2GO according to number of different sequences annotated at a child GO term and distance to node of the child GO

term (Refer to BLAST2GO).

up-regulated in response to their substrates in the media
(Vanden Wymelenberg et al., 2009).

Functional categorization of P. chrysosporium uniESTs

To determine whether there are distinctly functional groups
among P. chrysosporium uniESTs, we made putative functional
assignments to these uniESTs using biocinformatics information-
processing pipeline which has been designed by ourselves (Fig.
1). In our pipeline, gene ontology (GO) assignment for each uni-
EST is based upon the most significant match results obtained
from BLASTX search against NCBI non-redundant (NR) data-
base using BLAST2GO (Conesa et al., 2005), pathway mapping
using KEGG (Kyoto Encyclopedia of Genes and Genomes)
(Ogata et al., 1999), analyses of the P. chrysosporium secretome
using Orfpredictor (Min et al., 2005), SignalP (Bendtsen et al.,
2004), TMHMM (Krogh et al., 2001) and PSORTII (Nakai and
Horton, 1999). Results of these analyses are described in the
following three sections.

Gene ontology

The most widely used method to predict gene families and
functions among EST sequences is gene ontology (GO). GO
provides a dynamic controlled vocabulary and hierarchy that
consist of three major ontologies (biological processes, molecu-

lar functions and cellular components). To functionally catego-
rize 1,751 uniESTs using BLAST homology searches, we used
BLAST2GO program (Conesa et al., 2005). During functional
categorization of these uniESTs, 718 (41%) of 1,751 uniESTs
were assigned to three major ontologies, biological processes
(n = 342), molecular functions (n = 392) and cellular component
(n=241) (Fig. 2).

Table 5 shows descriptions to functional categories, which
have been classified during the assignments of GO two major
ontologies (biological processes and molecular functions) to our
P. chrysosporium uniESTs. In particular, uniESTs, which had
been classified into GO categories of mycelium development
(GO:0043581), Growth or development of symbiosis on or near
host surface (G0O:0044408) and Response to stress (GO:
0006950) in biological process and ATP binding (GO:0005524),
Protein binding (GO:0005515) and Nucleotide binding (GO:
0000166) in molecular function were significantly sufficient
among our P. chrysosporium uniESTs. Interestingly, these
results were very consistent with the above-mentioned annota-
tion data in Tables 2 and 3. A complete listing of GO mappings
assigned for uniESTs is provided in Supplementary Table 2.
Taken together, these results demonstrate that the high ex-
pression patterns of genes encoding heat shock proteins in
mycelium development and Response to stress (Table 5) were
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Table 6. The top 20 most abundant EC numbers in P. chrysosporium using UniProtKB

Number EC Domain ESTs sequence count  Unique enzymes
1 EC 1.14.11.-  With 2-oxoglutarate as one donor, and incorporation of one atom 27 1
each of oxygen into both donors

2 EC6.3.2.- Acid--D-amino-acid ligases (peptide synthases) 17 4
3 EC1.-.-- Oxidoreductases 16 7
4 EC 1.13.11.-  With incorporation of two atoms of oxygen 16 1

5 EC 6.3.2.19 Ubiquitin--protein ligase 15 4
6 EC4.2.1.11 Phosphopyruvate hydratase 12 2
7 EC2.71.- Phosphotransferases with an alcohol group as acceptor 11 8
8 EC3.1.1.3 Triacylglycerol lipase 11 2
9 EC 3.6.1.- In phosphorous-containing anhydrides 10 10
10 EC 1.14.13.1  Salicylate 1-monooxygenase 10 2

due to the adaptation for surviving dramatically changing and
fluctuating environmental conditions.

Pathway analysis using KEGG assignments

In order to figure out the phenotype of any living system, itis
essential to investigate not only molecular functions of its genes,
but also the specific metabolic pathway diversity of the organ-
ism of interest, ideally in comparison with other organisms. In
our study, biochemical pathways were predicted by assigning
Enzyme commission (EC) numbers from the results of Uni-
ProtkKB database with an E-value cut-off 1e-10 to pathways. A
total of 186 (10.62%) uniESTs were given assignments to
unique 120 EC numbers. The top 10 (highly represented) EC
numbers are shown in Table 6. Among the 186 identified pro-
teins and the sequences mapped to KEGG pathways, Oxi-
doreductases (EC 1.14.11.-) involved in catalyzing the hydroly-
sis of the glycosidic linkage in order to generate two smaller
sugars were also highly expressed (Table 6). In addition,
unique enzymes, phosphorus-containing anhydrides (EC 3.6.1.-)
and Phosphotransferases with an alcohol group as an acceptor
(EC 2.7.1.-) domain were very abundant.

Especially, we have carefully considered the pathways cata-
lysed by the 34 most highly represented carbohydrate metabo-
lism-associated enzymes in our P. chrysosporium EST data-
base using KEGG assignments (Supplementary Table 3). Dur-
ing the analysis, in our EST data we have identified the exis-
tence of the pathways mediated by plant cell wall-degrading
enzymes, cellulase and chitinase, whose activities are very
characteristic for the P. chrysosporium. In addition, many other
pathways, including glycolysis/gluconeogenesis, galactose me-
tabolism, starch and sucrose metabolism, amino sugar and
nucleotide sugar metabolism, TCA cycle, pentose and glucuro-
nate interconversions, fructose and mannose metabolism and
pyruvate metabolism, all of which are closely associated with
the carbohydrate metabolism, have been predicted during the
analysis using KEGG assignments. These results strongly
suggest that the energy-producing and carbohydrate metabo-
lisms, including catalytic reactions for degradation of cellulose,
starch, glycogen and chitin are being highly activated in the P.
chrysosporium.

Secretome analysis

Extracellular enzyme system utilized by the fungus, especially,
the P. chrysosporium, is generally believed to degrade all major
components of plant cell walls (1990). To profile ligninolytic
enzymes and to identify novel extracellular enzymes, we car-
ried out signalling peptide predictions of more than 20 amino

acids beginning from first methionine start codon within the N-
terminal region of ORFs, which have more than one trans-
membrane domains. In the present data set (1,751 uniESTs),
we identified 23 putatively secreted proteins, which are corre-
sponding to putative carbohydrate- and lignin-active enzymes,
such as “1,3-pB-Glucanosyltransferase”, “a-Amylase” “aspartic
peptidase a1” and “Chitinase”, recognized in the P. chrysospo-
rium genome (Table 7) (Martinez et al., 2004). Of them, four
unknown uniESTs were among the secretome subset. These
unknown uniESTs may encode extracellular enzymes, which
appeared to be unique to the P. chrysosporium.

Comparative analyses with EST data of Neurospora crassa,
Saccharomyces cerevisiae and Schizosaccharomyces
pombe

Comprehensive comparisons with expressed sequence tags
(EST) data from other fungus Neurospora crassa and yeasts
Saccharomyces cerevisiae and Schizosaccharomyces pombe
may well yield important clues about their origins and evolu-
tionary diversity compared with other organisms including the
gain, loss and development of orthologous genes in different
organisms. P. chrysosporium is a member of filamentous fun-
gus among basidimocycetes derived from the dikarya clade,
which includes the two phyla Ascomycota and Basidiomycota.
In order to survey evolutionarily conserved genes from P. chry-
sosporium, we queried uniESTs against three EST databases
entries of a filamentous fungi (N. crassa; 28,090 ESTs), two
yeasts (S. cerevisiae; 34,915 ESTs and S. pombe; 8,123
ESTs), because these organisms represent the best character-
ized fungus and yeasts in many respects, particularly in terms
of their genome sequences, biology, biochemistry and physiol-
ogy, as well as representatives of meiotic spores called asco-
spores, which are divided into three monophyletic subphyla:
Pezizomycotina (N. crassa), Saccharomycotina (S. cerevisiae)
and Taphrinomycotina (S. pombe) in the fungi phylogenetic
tree (James et al., 2006). Therefore, they provide a wide oppor-
tunity for studying the evolutionary divergence of individual
genes and gene families.

Using their EST databases as databases for BLAST search
against our P. chrysosporium ESTs makes it possible to do a
relatively comprehensive transcriptome analysis. Figure 3
summarizes the distribution of P. chrysosporium ESTs by
TBLASTX results (cut-off score of 50). During this comparison,
sequence similarity searches of the 1,751 uniESTSs resulted in
400 (22.84%) common homologues to these three organisms,
363 (20.73%) homologues to N. crassa, 310 (17.7%) homo-
logues to S. cerevisiae, 158 (9.02%) homologues to S. pombe,
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and 1,351 (77.16%) had no significant similarity to EST se-
quences of these organisms. In our study, the Venn diagram
(Fig. 3) shows that, based on the current database contents,
the 114 uniESTs sequences from P. chrysosporium are equally
conserved to these three organisms. Especially, these uniESTs
evolutionarily well conserved to other three organisms revealed
well-characterized housekeeping genes associated with vari-
ous biological processes, including ribosomal protein, heat
shock protein, ubiquitin and chromatin-related protein (see
Supplementary Table 4).

Moreover, we found that 65, 112 and 6 uniESTs had similar-
ity only with N. crassa, S. cerevisiae and S. pombe, respec-
tively. These uniESTs may represent the conserved group
during evolution after the divergence of Dikarya, or those that
were lost from the genome contexts (see Supplementary Table
4). Among these, it is possible to identify candidates that might
have contributed to the industrial and medical successes, in-
cluding those involved in functions of enzymes such as 2-
nitropropane dioxygenase (EPMOO5LAAA11C000012) (Ha et
al., 2006), Alpha-1,2-Mannosyltransferase (EPMO05LAAA11C
000385) (Hausler et al., 1992), Glycerol-3-Phosphate dehydro-
genase (EPMOO5LAAA11C000103) (DosSantos et al., 2003)
and Homoserine O-acetyltransferase (EPMO05LAAA11S00
4051) (Han et al., 2004). However, the fact that 1,351 uniESTs
have no significant similarities to these three EST databases
under our TBLASTX criteria (cut-off score 50), appeared to be
due to relatively small data contents. P. chrysosporium is one of
the most well studied white-rot fungi and its genome sequence
already had been released as the first complete genome of a
member of the Basidiomycota phylum. So far, the other fungal
transcriptomes had been published from the Ascomycota phy-
lum, such as N. crassa, S. cerevisiae and S. pombe. Taken
together, this study offers deeper insights of gene evolution into
the Basidomycota, which diverged from the Ascomycota 550
million years ago.

CONCLUSION

We sequenced 4,992 P. chrysosporium ESTs, putatively repre-
senting 1,751 uniESTs. Our data showed that 57.5% of the P.
chrysosporium ESTs had homologs and orthologs in the well-
studied model species and 47 genes, including genes encoding
the most highly expressed heat shock proteins, were highly
expressed. In addition, we profiled 26 putative carbohydrate-

Phanerochaete
chrysosporium

143

Fig. 3. A Venn diagram showing the distribution of P.
chrysosporium uniEST TBLASTX matches by data-
bases. The 1,751 translated P. chrysosporium non-
redundant ESTs were used as queries in homology
searches against N. crassa, S. cerevisiae and S.
pombe EST databases, respectively. The three cir-
cles and the intersected areas among them contain
the numbers of P. chrysosporium uniESTs that share
TBLASTX similarity with N. crassa, S. cerevisiae and
S. pombe ESTs.

and lignin-active enzymes and 23 secreted proteins. By com-
paring P. chrysosporium ESTs with publicly available ESTs
from the N. crassa, S. cerevisiae and S. pombe, we identified a
set of highly conserved 114 genes. Of these, the most part was
housekeeping genes for encoding heat shock protein, ribo-
somal proteins and transcription factors. In addition, we found
lineage-specific ESTs overlapped with uniESTs from P. chry-
sosporium. These genes appeared to be good candidates for
playing an important role in the evolution of the exceptional
diversity after deriving from the dikarya clade. Taken together,
our P. chrysosporium EST database provides novel molecular
insight into the unique abilities and characteristics of this organ-
ism in degrading lignin and contaminated resources, and in
surviving severe environmental changes and fluctuations, and
will serve as a valuable resource for researchers to study evolu-
tionary fungal genomics, particularly in the comparison with P.
chrysosporium genome sequence and the genomes of its clos-
est relatives.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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