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Abstract White-rot fungus Coriolus versicolor, a ligninolytic 
basidiomycete, has been studied because of its ability to degrade 
hazardous chemicals. In this study, we searched for genes that 
are induced by a hazardous chemical using the mRNA 
differential-display technique and C. versicolor IFO30340 that 
has been exposed to pentachlorophenol (PCP). Five cDNA 
fragments were cloned and the DNA sequences of two fragments 
were analyzed in further detail. The clones corresponded to novel 
genes that have not previously been identified in C. versicolor. 
One of the cDNAs exhibited strong sequence homology to the 
gene for an enolase and the other exhibited homology to a heat 
shock protein. The expression of the two genes was up-regulated 
in PCP-treated C. versicolor. 
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1. Introduction 

White-rot fungi, Phanerochaete chrysosporium and Coriolus 
versicolor, are typical lignin-degrading microorganisms. The 
lignin-degradation system of the fungi consists of non-specific 
oxidative reactions that are catalyzed by multiple isozymes of 
phenoloxidase [1-7]. Since white-rot fungi have a system for 
the degradation of lignin, it has been proposed that these 
fungi shown be useful for bioremediation [8,9]. Indeed, the 
ligninolytic systems of these fungi can degrade a wide variety 
of aromatic pollutants [10-12]. 

The cloning, and characterization of the genes that encode 
the various ligninolytic enzymes have been reported [13-17], 
and the regulation of the genes has been examined in detail 
[18-21]. Expression of one of the ligninolytic enzymes, man-
ganese peroxidase of P. chrysosporium, is regulated at the 
transcriptional level by nutrients, manganous ions, oxidative 
stress, and chemical stress [22]. Lignin peroxidase genes and 
manganese peroxidase gene have been also cloned from Tra-
metes {Coriolus) versicolor [23,24]. The promoter regions of 
these genes contain putative heat shock elements and metal 
response elements similarly to those of P. chrysosporium. It 
can therefore be presumed that these peroxidases of T. versi-
color are regulated by chemical stress, by analogy to the ob-
servation in P. chrysosporium. Understanding hazardous 
chemicals-degradation by the white-rot fungi at a molecular 
level might be useful for future applications of the organisms 
to bioremediation. However, more information about the de-
gradative mechanism, as well as details of the physiological 
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and enzymatic regulation of the degradation, is needed for full 
realization of the potential utility of these organisms to bio-
remediation. 

In order to understand the responses of fungi to environ-
mental stress and to identify changes in gene expression, we 
used the differential-display technique [25] to identify genes 
that are differentially expressed in chemically stressed C. versi-
color. 

2. Materials and methods 

The fungal strain used in this study was Coriolus versicolor 
IFO30340. This fungus was grown at 28°C in nitrogen-limited liquid 
culture (LN) [26]. Pentachlorophenol (PCP), dissolved in dimethyl 
formamide (DMF), was used at a final concentration of 100 uM. 

Six-day-old, nitrogen-limited liquid cultures were incubated with or 
without PCP. In each case, the vehicle (DMF) was present at 0.5% 
(v/v). The cells were harvested after 4 h, and mRNA was extracted 
with a QuickPrep Micro mRNA Purification Kit (Pharmacia Bio-
tech). cDNA was synthesized from mRNA with a RTG You-Primed 
First-Strand Kit (Pharmacia Biotech). The three anchored primers 
used were 5'-GTisA-3', 5'-GTisC-3', and 5'-GTisG-3', (abbreviated 
as GT15V). The samples were diluted 5-fold. 

Subsequent amplification by PCR of cDNAs was performed with 
the appropriate GT15V in combination with different 18-base arbi-
trary primers obtained from Stratagene. The conditions for PCR, 
that were based on Ito et al. [27] with some modification, were as 
follows: 1.0 U of GeneTaq polymerase (Nippon Gene), 0.22 |ig of 
TaqStart Antibody (Clontech), 1 X GeneTaq buffer (Nippon Gene), 
0.5 uM arbitrary primer, 0.5 uM anchored primer, 200 uM dNTPs, 
and 1 uL of the solution of diluted cDN A in a final volume of 20 uL. 
The temperature profile was as follows: one set of incubations at 94°C 
for 5 min, at 36°C for 5 min, and at 72°C for 5 min, which was 
followed by 30 high-stringency cycles at 94°C for 30 s, 55°C for 
1 min, and 72°C for 1 min. All amplifications by PCR were performed 
in a DNA Thermal Cycler 2400 (Perkin-Elmer). The amplified prod-
ucts were then separated electrophoretically on an ExelGel (Pharma-
cia Biotech). For detection of bands of cDNAs, the gel was stained 
with a DNA Silver-Staining Kit (Pharmacia Biotech). 

Differentially amplified fragments were excised from the gel and 
redissolved in sterile water. Reamplification by PCR was performed 
with the appropriate pair of primers. Fragments were cloned into the 
TA site of pCR2.1 (Invitrogen) and were sequenced with an auto-
mated DNA Sequencer (ALFredll; Pharmacia Biotech) using Thermo 
Sequenase (Amersham). DNA sequences were analyzed by the FAS-
TA or BLAST search programs. A full-length cDNA for the DD123 
gene and a partial cDNA for the DD13 gene were obtained by the 
rapid amplification of cDNA ends (RACE) method [28] with a Mara-
thon cDNA Amplification Kit (Clontech). The sequence of the 
FDD 123 gene of Coriolus versicolor reported in this paper has been 
assigned DDBJ accession number AB003518. 

Total RNA was also extracted from C. versicolor that has been 
exposed to PCP with an RNeasy Plant Total RNA Kit (Qiagen) for 
analysis by reverse transcription-PCR (RT-PCR). cDNA was synthe-
sized from total RNA with an RTG T-Primed First-Strand Kit (Phar-
macia Biotech). The resultant cDNA was subjected to 20 cycles of 
amplification by PCR. The amplification mixture contained (in a final 
volume of 20 ul) 1.0 U of LA Taq polymerase (Takara Biomedicals), 
0.22 ng TaqStart Antibody (Clontech), 1 X LA Taq buffer (MgCl2 

plus), 200 u,M dNTPs, and 1.0 uM each primer. Oligonucleotides used 
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as primers for PCR were 5'-GTTACAATCTATGAGCACAG-
CGAC-3' and 5'-ACCAGATCGGTACCATCTCGGAG-3' for 
DD135, and 5'-GACCTCAACCCTCCCAACGCTA-3' and 5'-CA-
GCCAGGATGTAGCCGCGAC-3' for FDD123, respectively. The 
temperature profile for PCR was as follows: 20 cycles at 94°C for 
30 s, 55°C for 1 min, and 72°C for 1 min. The amplified products were 
separated on a 2% agarose gel. The gel was stained with SYBR Green 
I (Molecular Probes) and visualized with Fluorlmager 595 (Molecular 
Dynamics). The intensities of bands were determined with Image-
Quant software (Molecular Dynamics). 

3. Results and discussion 

C. versicolor was treated with pentachlorophenol (PCP) and 
cDNAs were isolated by the differential display method. Dif-
ferential display patterns from control and PCP-stressed C. 
versicolor indicated that many bands were common to both 
samples and the remainder were specific either to the control 
or to the PCP-treated sample (Fig. 1). The reproducibihty of 
the fingerprint pattern was satisfaction. Three specific cDNA 
fragments (DD711, DD456, and DD9) derived from tran-
scribed mRNA were identified, and the intensities of signals 
due to two fragments (DD123, and DD13) were increased by 
exposure of the fungus to PCP (indicated by arrows). These 
fragments were excised from the gel and reamplified with 5'-
AATCTAGAGCTCCTCCTC-3' as the 5' primer and GT15G 
as the 3' primer. The products were inserted into the TA 
vector. Clones bearing inserts comigrating precisely with the 
band of interest were subjected to DNA sequencing. Out of 
five cDNA fragments sequenced, three cDNAs exhibited no 
significant homology to any sequence in the gene databases 
(data not shown). However, the homology search revealed 
that the clone designated DD13 exhibited significant homol-
ogy to a cDNA for enolase (ENO) while DD123 exhibited 
homology to a cDNA for heat shock protein 30 of Saccha-
romyces cerevisiae (HSP30). The clones represented genes that 
had not previously been identified in C. versicolor. We used 
the RACE method to generate full-length cDNAs for DD123 
and DD13. 

The nucleotide sequence of the cloned full-length cDNA 
(FDD123) derived from DD123, as well as the deduced amino 
acid sequence, is shown in Fig. 2. The sequence is 1207 nu-
cleotides long and contains an open reading frame that starts 
with an ATG codon at position 63 and extends as far as the 
TAA triplet at nucleotide 912. The open reading frame en-
codes a protein of 283 amino acids with a predicted molecular 
weight of 30,991 Da. This gene has a high G+C content 
(60.1%) and the frequency of occurrence of G or C at the 
third position of each codon is 65%. The amino acid sequence 
is that of a very hydrophobic protein (Fig. 2), resembling the 

Fig. 1. Differential display of mRNAs isolated from C. versicolor 
cells that had been incubated with or without pentachlorophenol 
(PCP). Cells in six-day-old, nitrogen-limited cultures were incubated 
with or without PCP. Cells were harvested after 4 h and mRNA 
was extracted. cDNA was synthesized from the mRNA. The an-
chored primer used was 5'-GTTTTTTTTTTTTTTTG-3' (GT15G). 
Subsequent amplification of cDNAs by PCR was performed with 
the GT15G in combination with an 18-base arbitrary primer (5'-
AATCTAGAGCTCCTCCTC-3'). Lane M was loaded with the 100 
bp ladder of DNA (Pharmacia Biotech) for molecular weight 
marker. 
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ATCCAACCTTAACCGAACCACCCCCCACCACTACTTTCTCTCTCTAATCACCAACCTCCA 6 0 

CAATGGGCAACTCAGCGCTCGACCTCAACCCTCCCAACGCTACCTTCCACCTTTCGACCC 12 0 
MetGlyAsnSerAlaLeuAspLeuAsnProProAsnAlaThrPheHisLeuSerThrH 2 0 

ATGGGTCCGACTGGTTGTGGGCAGCCTTCTCGGTCTTCGGCGTATCCCTACTTACCGTGG 180 
isGlySerAspJTrpLeuTrpAlaAlaPheSerValPheGlyValSerLeuLeuThrVaTv 40 

TCGCATGGACGTTCACTCGGCCACGGGGCGCACGCCTGTTCCACCAGATAGCCATAGTGG 240 
alAlaTrp]rhrPheThrArgProArgGlyAlaArg[LeuPheHisGlnIleAlaIleValV 60 

TCCTTACGACCGGCTCCCTTGCCTACTTCTCCATGGCTTCCGACCTCGGTGCGACCCCGG 3 00 
alLeuThrThrGlySerLeuAlaTyrPheSerMetAla|SerAspLeuGlyAlaThrProV 80 

TCCCTGTCGAGTTCAGAGGCGAGGGAACCCGTCAGATTTGGTTCGTGCGTTACATTCAGT 3 60 
alProValGluPheArgGlyGluGlyThrArgGlnlleTrpPheValArgTyrllefclnT 100 

GGTTCATCACGTTCCCGCTCTTGCTCCTTGAGCTCCTCCTCGCTACCGGTCTATCGTTGT 42 0 
rpPheIleThrPheProLeuLeuLeuLeuGluLeuLeuLeuAlaThrGlyLeuSerLeu|S 12 0 

CCGACATCTTCACGACACTCTTCATGAGCATCGTCCTCGTCATCACCGGTCTCGTTGCTG 480 
erAspIlePheThrThr|LeuPheMetSerIleValLeuValIleThrGlyLeuValAlaA 140 

CCCTTGTGCCGAGCACCTACAAGTGGGGTTACTACACGTTTGGCGTATCTGCGCTGTTCT 540 
laLeuValProSerThrTyrJLy^TrpGlyTyrTyrThrPheGlyValSerAlaLeuPheT 160 

ACATCTGGTACGTTCTCCTCTGGCACGGTCCCCACACGACCTTCGCCGCGGGAGGCGTGC 600 
yrIleTrpTyrValLeuLeuTrp|HisGlyProHisThrThrPheAlaAlaGlyGlyValL 180 

TCCGTCGCGGCTACATCCTGGCTGCCGGATACCTGTCCTTCCTCCTCCTGCTCTACCCTA 660 
euArgArgJGlyTyrlleLeuAlaAlaGlyTyrLeuSerPheLeuLeuLeuLeuTyrPro! 2 00 

TCGCCTGGGCGTGCGCCGAGGGCGGTAACGTCATCTCAGTCACCTCCGAGATGATCTGGT 720 
leAlaTrpAlaCysAlaJGluGlyGlyAsnyallleSerValThrSerGluMetflleTrpT 220 

ACGGTATCCTCGATATCTTCGCCGGCCCCATCTTCCTGTTCTTCTTCCTTTGGGAGTTGC 7 80 
yrGlylleLeuAspIlePheAlaGlyProIlePheLeuPhePhePheLeufrrpGluLeuA 240 

GCGGCGTCGACTACGCGACCTTTGGTCTCCACTCCGGCAAGTACACGGACAAGTCGGCGT 840 
rgGlyValAspTyrAlaThrPheGlyLeuHisSerGlyLysTyrThrAspLysSerAlaT 260 

ATGCGCCCAATACCGCCCAGGCTGCCGGAACTGTCCCCGCCACCACCTCCACTGGCGCCG 900 
yrAlaProAsnThrAlaGlnAlaAlaGlyThrValProAlaThrThrSerThrGlyAlaA 280 

CCGGTAACGTCTAACCAACTTCTCATCTCCGCGACCTCCTCGCTTCTACGACCTGGCCAT 960 
laGlyAsnValEND 

GAAAAACCAACGACCGCCGCTTCACGATCGCAACCATGCCTATCACGCCCTATGTTCTGT 102 0 
ATCCCCCCAACTTTTAATGACGCCTAATCTTGTAGTCTTTCCTTTGTTGTACCACCACCT 1080 
CGCTTACCGCTTCATCCCACCTCTACTTCCTTATAAAGTTGTAATTTACGCGTGTAATTC 1140 
ATACTGACAACTGTCACCAACTCAATCGCATATCGCTTGGGGTCGTCTACGAAAAAAAAA 1200 
AAAAAAC 1207 

Fig. 2. Nucleotide and deduced amino acid sequences of FDD123. A full-length cDNA for the DD123 gene was obtained by the RACE meth-
od. Solid lines indicate the primers for analysis by RT-PCR. Boxes indicate potential transmembrane regions. 

sequence of HSP30 in this regard, and the protein is predicted 
to be localized in membranes. 

The amino acid sequence deduced from the nucleotide se-
quence of FDD 123 was similar to that of HSP30 (31.7% iden-
tity for the entire amino acid sequence) [29], and to that of 
YR02 of S. cerevisiae (34.1% identity) [30]. Alignment of the 
predicted amino acid sequence of FDD 123 with those of 
HSP30 and YR02 revealed strong conservation of domains 
that are conserved among the small HSPs from S. cerevisiae 
(Fig. 3). By contrast, no significant identity scores were ob-
tained when FDD 123 was compared with the small HSPs 
from Neurospora crassa [31], Aspergillus nidulans [32], and 
Drosophila melanogaster [33], respectively. It seems that small 
HSPs form a heterogeneous group. Sequence analysis of the 
longest clone, DD135, derived from DD13 revealed that the 
deduced amino acid sequence was similar to that of the car-
boxy-terminal half of the ENO protein from Xenopus laevis 
[34] (92% similarity). It is likely that DD135 was actually a 

truncated cDNA for ENO that lacked the 5'-terminal region 
(data not shown). 

Analysis by RT-PCR of total RNA from C. versicolor cells 
that has been grown in LN medium plus 0.5% DMF (control) 
or that has been exposed to 100 uM PCP plus DMF was 
performed with primers specific for the FDD 123 and 
DD135 cDNA sequences. The level of FDD123 mRNA ap-
peared to increase approximately 9.7-fold at 4 h after the start 
of treatment with PCP (Fig. 4). Considering the level of 
FDD 123 mRNA detected under control conditions, we can 
surmise that the gene is expressed at a very low constitutive 
level or the DMF in control cultures acted as a weak chemical 
stress. Constitutive expression has been recognized for the 
genes of many major heat shock proteins, and such stress 
proteins are often essential for cell growth [35,36]. Although 
DD135 was expressed constitutively in control cultures, the 
level of the mRNA increased 1.7-fold in the presence of 
PCP after 4 h. 
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Fig. 3. Alignment of the amino acid sequence encoded by FDD123 (DD123) cDNA derived from C. versicolor and the sequences of HSP30 
from S. cerevisiae, and YR02 protein from S. cerevisiae. The sequences were aligned with the Clustal program. Amino acids identical to those 
encoded by FDD123 of C. versicolor are shown in shaded areas. Similar amino acids are shown in boxes. 

Our findings suggest that the FDD 123 gene is a member of 
the family of genes for HSPs. The general function of HSPs in 
cells is that of molecular chaperones [37,38]. Mammalian 
HSP27 has been identified as a molecular chaperone and an 
inhibitor of the polymerization of actin [39]. Its localization in 
cell membranes, as predicted from its amino acid sequence, 
suggests that FDD 123 might be involved in an adaptive re-
sponse that allows the maintenance of membrane integrity. 
The gene for enolase (DD135) was expressed constitutively 
in C. versicolor, and the mRNA accumulated at only a slightly 
increased level in PCP-stressed cells. Enolase, which is a gly-
colytic enzyme, might have an isoform-specific role in the 
stress response of C. versicolor, by analogy to observation in 
S. cerevisiae [40] and in mammalian cells[41]. We are now 
isolating a full-length cDNA for ENO and genomic clones 
for HSP, as well as for ENO. Such efforts should help us to 

clarify the physiological roles and the mechanisms for the 
chemical stress-induced expression of these gene. 
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