
517 

Mycoscience 40:517-523, 1999 

Cloning and sequence analysis of the glyceraldehyde-3- 
phosphate dehydrogenase gene from the ectomycorrhizal 
basidiomycete L yophyllum shimeji 

Takeshi Saito and Norio Tanaka 

The Mushroom Research Institute of Japan, 8-1 Hirai-cho, Kiryu, Gunma 376-0051, Japan 

Accepted for publication 24 September 1999 

The GPD gene encoding glyceraldehyde-3-phosphate dehydrogenase was isolated and characterized from the ecto- 
mycorrhizal basidiomycete Lyephyllum shimeji. This gene was a single copy and had a coding capacity of 337 amino 
acids interrupted by nine introns. The deduced amino-acid sequence of the protein encoded by this gene was highly 
homologous to those of the GPD genes from the saprophytic fungi Schizophyllum commune, Phanerochaete chryso- 
sporium, and Agaricus bisporus, and the ectomycorrhizal fungi Amanita muscaria, Boletus edulis, and Lactarius deterri- 
mus. The promoter region of L. shimeji GPD gene contained a CCAAT box, a TATAAAA box, and a CT-stretch. The 
major transcriptional initiation site was located 31 nucleotides downstream from the TATAAAA box and in the CT- 
stretch. 
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Glyceraldehyde-3-phosphate dehydrogenase (GPD or 
GAPDH, E.C. 1.2.1.12) is a key enzyme in glycolysis. In 
expectation of high and constitutive expression, the 
genes of this enzyme were cloned from Schizophyllum 
commune Fr.: Fr., Phanerochaete chrysosporium Burds, 
and Agaricus bisporus (J. Lange) Imbach var. albidus (J. 
Lange) Sing. to get a strong promoter of transformation 
vector for basidiomycetes (Harmsen et al., 1992). Be- 
sides these saprophytic fungi, PCR amplification of GPD 
genes was tried for ectomycorrhizal basidiomycetes, 
Amanita muscaria (L.: Fr.) Hooker, Boletus edulis Bull.: 
Fr., and Lactarius deterrimus Gr~ger (Kreuzinger et al., 
1996), but the amplified DNA products had partial se- 
quences for the genes. 

Though Lyophyllum shimeji (Kawamura) Hongo is an 
ectomycorrhizal fungus, Ohta (1994) reported mature 
fruit-body formation with an artificial medium and 
without a host plant. This reveals that L. shimeji has 
both symbiotic and saprophytic characters. From these 
points of view, it is expected that the transcriptional con- 
trol regions (promoter and terminator) of the L. shimeji 
GPD gene can work in cells of both ectomycorrhizal and 
saprophytic basidiomycetes. The gene was cloned and 
sequenced with a view to constructing an excellent 
transformation vector. 

Materials and methods 

PCR amplification of the GPD gene and subcloning 
Lyophy//um sh/mej/MRI 6532 was isolated from a wild 
mushroom in Gunma prefecture and used throughout this 
work, The organism was cultured and maintained in 
GMY liquid medium (1~ (w/v) glucose, 1~ (w/v) malt 

extract, 0.4% (w/v) yeast extract). Genomic DNA was 
prepared from freeze-dried mycelium by extraction and 
purification using the method of Murray and Thompson 
(1980) with minor modification. 

Primer-U ( 5'-GGAAGCTTGGTCTACATG'I-I-CAAGTACGAC- 
3': AAGCTT is the Hindlll linker) and primer-D (5'- 
GGGGTACCTAGCCCCACTCGTTGTCGTCC-3": GGTACC 
is the Kpnl linker), whose corresponding amino-acid se- 
quences were VYMFKYD and WYDNEWGY, respective- 
ly, were designed to amplify a part of the GPD gene. 
The reaction mixture for PCR amplification was prepared 
according to the guide of TaKaRa Ex Taq TM (Takara 
Shuzo, Osaka, Japan). The thermal cycle controller, 
Program Temp. Control System PC-700 (Astec, Fuku- 
oka, Japan), was set as follows: a single cycle of denatu- 
ration for 5 min at 94~ followed by 35 cycles of 1 min 
at 94~ 1 min at 55~ and 1 min at 72~ and finally a 
single cycle of 5 min at 72~ The holding temperature 
was 4~ 

The amplified DNA fragment was digested with two 
restriction enzymes, Hindlll and Kpnl. The digested frag- 
ment was inserted into dephosphorylated Hindlll- and 
Kpnl-digested pUC18 plasmid vector, followed by trans- 
formation of E. coliJM 109 (Yanisch-Perron et al., 1985). 
The subcloned fragments were sequenced by a Circum 
Vent TM Thermal Cycle Sequencing Kit (New England 
Biolabs, Beverly, USA). 
Southern blot analysis to detect the complete GPD gene 
Lyophy//um shimej/genomic DNAs were digested with 
one of several restriction enzymes, H/ndlll, EcoRI, Pstl, 
Xbal, or 8amHI, and electrophoresed in 1 ~ (w/v) agarose 
gel (Agarose L 03: Takara Shuzo, Osaka, Japan), then 
transferred onto nylon membrane (HybondTM-N: Amer- 
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sham Pharmacia Biotech UK, Bucks., UK). 
Hybridization was done with a biotin-labeled probe 

(prepared by NEBIot Phototope Kit: New England Biolabs, 
Beverly, USA) of the subcloned GPD partial sequence in a 
solution of 6 • SSC (1 x SSC: O. 15 M NaCI, 0.01 5 M Na3- 
citrate, pH 7.0), 0.5% (w/v) SDS, 10• Denhardt's solu- 
tion (50x  Denhardt's solution: 1% (w/v) Ficoll, 1~ (w/v) 
polyvinylpyrolidone, 1%o (w/v) bovine serum albumin), 
and 0.2 mg/ml denatured salmon sperm DNA at 68~ 
overnight. The membrane was washed with 2 x S S C  
twice at room temperature, 0.1 x SSC containing 0.1 ~ 
(w/v) SDS at 68~ for 1 h, and 2xSSC once at room 
temperature. The hybridization signals were detected 
by chemiluminescence wi th  a PhototopeTM-Star Detec- 
tion Kit (New England Biolabs, Beverly, USA). 
Isolation of the GPD gene from genomic DNA libraries 
Lyophy//um shimej/ genomic DNA was digested wi th 
Hindlll, and DNA fragments of 3 to 4 kb and 1.5 to 2 kb 
were recovered. The two sets of purified genomic DNA 
fragments were inserted into dephosphorylated Hindlil- 
digested pUC18 plasmid vectors, fol lowed by transfor- 
mation of E. co / i JM l09  to construct two genomic DNA 
libraries. 

The libraries were screened for the GPD gene se- 
quences by colony hybridization (Grunstein and Hogness, 
1975) wi th a biotin-labeled probe of the subcloned GPD 
partial sequence. Hybridization and washing of mem- 
branes were done by the same method as in the Southern 
blot analysis. 
Restriction map, sequencing and primer extension analy- 
sis The positive clones isolated from the two libraries 
were digested with one of several restriction enzymes, 
Hindlll, Bg~l, Ncol, Pstl, Xhol, or Hincll. The digestion 
patterns and the restriction sites of each clone were exa- 
mined by 1% (w/v) agarose ge~ (Agarose L 03) electro- 
phoresis. The nucleotide sequence of each cloned DNA 
fragment was determined by use of a Circum Vent TM 

Thermal Cycle Sequencing Kit. Promoter and terminator 
regions were confirmed by Southern blot analysis of the 
digest and sequencing of each cloned DNA fragment. 

A transformation vector was constructed wi th a 
HinclI-Ncol fragment containing the promoter region of 
the GPD gene (see Fig. 1), the hygromycin B phospho- 
transferase gene (hph gene) of E. coil (Gritz and Davies, 
1983), and an XhoI-Hincll fragment containing the termi- 
nator region of the GPD gene (see Fig. 1). Protoplasts of 
Lentinula edodes (Berk.) Pegler were transformed by 
electroporation using Gene Pulser TM (Bio-Rad laborato- 
ries, Richmond, CA, USA), and transformants were 
selected on 0.6 M SMY agar plates (0.6 M sucrose, 1% 
(w/v) malt extract, 0.4% (w/v) yeast extract, 1.5% (w/v) 
agar) containing 50/~g/ml hygromycin B (Wako Pure 
Chemical Industries, Osaka, Japan). The details of the 
transformation techniques wil l  be reported elsewhere. 

Total RNA was extracted from mycelium of one trans- 
formant by the guanidinium-thiocyanate method (Mania- 
tis et al., 1989), and mRNA was purified from the total 
RNA with Oligotex-dT 30 <Super> (Takara Shuzo, Osaka, 
Japan). The poly(A) + RNA (4/~g) was incubated with 
50 pmol of a synthetic 27 mer biotin-labeled oligonucleo- 

tide (5"biotin-CTCGACACACGTCG CGGTGAGTTCAGG- 
3') complementary to the inner sequence of the hph gene 
at 37~ for 15 min in reverse transcription buffer (50 mM 
Tris-HCI (pH 8.0), 75 mM KCI, 3 mM MgCI2, 10 mM DTT, 
0.5 mM each deoxyribonucleotide triphosphate). Then 
200 units of Super Script TM reverse transcriptase (Gibco 
BRL, Life Technologies, Rockville, MD, USA) and 0.4 mM 
biotin-14-dATP (Amersham Pharmacia Biotech UK, 
Bucks., UK) were added to the mixture and further incu- 
bated at 37~ for 45 min. To determine the transcrip- 
tional initiation sites, the 5"flanking region of the hph 
gene (promoter region of L. shimeji GPD gene) was se- 
quenced with the same biotin-labeled oligonucleotide as 
the sequencing primer. The primer extension reaction 
mixture and sequence reaction mixture were electro- 
phoresed together in 6% (w/v) polyacrylamide gel wi th 
7 M urea. The primer extension products and the se- 
quence ladders were detected by chemiluminescence 
with a PhototopemM-Star Detection Kit. 
Computer analyses The nucleotide and derived amino- 
acid sequences were analyzed with the programs for 
gene analysis, GENETYX-WlN Ver. 3 (Software Develop- 
ment, Tokyo, Japan). The amino-acid sequence and the 
positions of introns were determined by comparison with 
some known GPD amino-acid sequences and intron con- 
sensus sequences (Harmsen et al., 1992 and Kreuzinger 
et al., 1996). Multiple sequence alignment was done 
with multiple alignment programs (Barton and Sternbert, 
1987) of GENETYX-WlN Ver. 3. Some sequence data of 
the GPD genes were obtained from the database of 
DDBJ. 
Nucleotide sequence accession numbers The nucleo- 
tide sequence data of the L. shirneji GPD gene and its 5'- 
flanking region reported in this paper have been assigned 
DDBJ accession numbers D88426 and AB028458,  
respectively. 

Results 

Restriction map and sequence analysis of L. shimeji  GPD 
gene Two signals corresponding to DNA fragments of 
about 3.7 and 1.7 kb were detected by the Southern blot 
analysis for Hindlll-digested genomic DNA using a biotin- 
labeled probe of the subcloned GPD partial sequence. 
To clone them, two genomic DNA libraries containing 
DNA fragments of 3 to 4kb and 1.5 to 2kb were con- 
structed and screened for the GPD gene sequences by 

Nco I 
Hincll Bi/H iHinoT! HindM Hincll Xho I Pst I /-linch 

I I  I I S I  
II I I 1 | 1 1 / /  

AT6 TA6 

Fig. 1. Restriction map of the DNA fragment containing the 
coding regions and the transcriptional control regions of 
Lyophyllum shimeji GPD gene. 
Exons are indicated under the map by black boxes and gaps 
between exons are introns. 
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1 50 
ATGgtcagtg t tcct tatct  tctatagtat agttcccaag actgacagcc tctcagGTrA ACG]-rGGTAT CAACGGgtac 
H V N V G I N G 

100 150 
gtaccttagt ctccctcctg gcgattttat aatcagacgg gattgggtct ccctcagA]-[ CGgtgagtga cctgctagcc 

F 
200 

tctacgagac tcaaagagct gactatgcac agGTCGTATC GGCCGTATCG TCTrCCGC~ TGCCCTCCTC AACCCCAAAA 
G R I G R I V F R N A L L N P K 

250 300 
TCCAGGTCGT AGCCATCAAC GAgtaagtgg aaagttcgat gtggagttgt gccccccaaa tgtctcaacc tgtttcatag 
I Q V V A I N D 

350 400 
CCCAT[CATC AACCT[GAAT ACATGgttcg ttgccataga tcgtaaatag tcgtctgtgg atgctcaaac gcgtttatgc 

P F I N L E Y H 
450 

agGTCTACAT GTrCAAGTAC GACTCCGTTC ACGGTCGCI~ CAAGGG/LACC GTCGAGGCAA AAGATGGCAA Gc]-rTGGATT 
V Y H F K Y D S V H G R F K G T V E A K D G K L W ] 

500 550 
CAGGGCAAGC CCGTCATCGT CTACGGCGAG kAGAATCCCT CTGACATC/~ ATGGGGCGCC GCCGGCCGTG ACTACGT)'GT 
Q G K P V I V Y G E K N P S D I K ~/ G A A G R D Y V V 

600 
CGAATCCACG gtatgcttt t  ccgctcattc ttcaccgtga c c ~ _ ~ t g  accattgaga ccctgtcatc agGGTGTTFT 

E S T G V F 
650 700 

CACAACAGTC GAAAAgtaag cgtaccgaag tcccgtcgca ctgcct t t t t  aatatagaat gtgaatcgta gGGCTGAAGG 
T T V E K A E G 

750 8O0 
ACAC]-rGAAG GGCGGTGCCA AGAJU~GTCAT CATCTCTGCT CCTTCGGCCG ACGCGCCAAT GTrCGTTATG GGTTGCAATC 

H l K G G A K K V I 1 S  A P S A D A P M F V H G C N 
850 

TCGACCAGTA CGATCCCAAG TACACCGTC9 tacgcatcgt ttccttatcg cttaccttac tgtgcctgat cgttgtcttc 
L D Q Y D P K Y T V 

900 950 
gtctttactc tcgcacctgt attctgatcc agATITCGAA CGCTTCATGC ACGACCAACT GCCTTGCGCC CCTCACCAAG 

I S N A S C T T N C L k P L T K 
1000 

GTCATCCACG ACAAGTATGG CATCATTGAG GGCTTGATGA GCACCATTCA TGCCACCACC GCCACCCAJU~ AGACCGTGGA 
V I H D K Y G I I E G L H S T I H A T T k T Q K T V D 

1050 1100 

CGGTCCCTCC AACAAGGACT GGCGCGGTGG ACGCGCCGTC GTFAACAACA TCATCCCTTC GTCCACCGGT GCCGCTAAGG 
G P S N K D W R G G R A V V N N I I P S S T Q A k K 

1150 1200 
CTGTrGGA/Ut GGTCATCCCT TCGCTC/L~CG GCAAGCTCAC gtaagttatc gcgcattcat tggtgcctca tcatactaac 
A V G K V I P S L N G K L T 

1250 
ctttcctagT GGCCTCTCCT TCCGTGTGCC CACCATCGAC GTCTCCGTGA TCGACC]XGT CGTCCGCCTC GAGAAGCCCG 

G L S F R V P T I D V S V I D L V V R L E K P 
1300 1350 

CAAGCTACGA GGATATCAAG AAAACTGTCA AGGAGGCTTC AGAGGGTGCC TACkAAGGCA TCATCGAGTA CACCGkGGAA 
A S T E D I K K T V K E A S E G A Y K G I I E Y T E E 

1400 
CAGGTCGTCT CCGCCGAC1T CATCGGCCAC CACGCCTCCT CGATCITCC~ CGCACAAGCT GGCATCCAGC TCAACCCCAA 
O V V S A D F I G H H A S S I F D k O A G I 0 L N P N 

1450 1500 
cTrCGTCAAG CTCATCGTTT GGTACGACAA CGAGTGGGGC TACTCCGCCC GCGTGTGCGA CCTCCTCGTC TrCGCCGCCG 

F V K L I V W Y D N E W G Y S A R V C D l L V F A A 

AGCAGGACGC CAAGC~CAG TAG 
E Q D A K Q Q 

Fig. 2. Nucleotide sequence and deduced amino-acid sequence of Lyophyllum shimeji GPD gene. 
Exon sequences are capitalized and intron sequences are indicated by small letters. Size of the gene was 1543 bp and the putative 
protein consisted of 337 amino acids, 
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the colony hybridization method. Two  and four posit ive 
clones were isolated from the two  libraries, respectively. 
Examination of the digestion pattern and restriction sites 
of each clone showed that both of the former clones had 
the same insertions of about 3.0 kb DNA fragments and 
all of the latter clones contained the same insertions of 
about 1.7 kb DNA fragments. The Southern blot analy- 
sis and sequencing revealed that the 3.0 kb DNA frag- 
ment contained the promoter region and the 5"-terminal 
sequence of the GPD gene wi th  the deduced transla- 
t ional start codon, ATG. On the other hand, the 1.7 kb 
DNA fragment had the terminator region and the 3'-termi- 
nal sequence of the GPD gene wi th the deduced transla- 

t ional stop codon, TAG. 
The restriction map is shown in Fig. 1. The nucleo- 

t ide sequence of the GPD structure gene was 1543 bp, 
and the coding region of a putat ive protein consisting of 
337 amino acids was interrupted by nine introns (Fig. 2). 
Nucleotide sequence of the promoter region and determi- 
nation of the transcriptional initiation sites The se- 
quence of 418 nucleotides preceding the predicted trans- 
lational start codon is shown in Fig. 3a, This region con- 
tained a T A T A A A A  box, a CCAAT box (Breathnach and 
Chambon, 1981), and a CT-rich stretch (Gurr et al., 
1988). A t ransformat ion vector using transcript ional 
control regions (promoter and terminator) of the L, shimeji 

a 
-400 

ATATCTCTTC GGACCAGGAG TGCGGGAGCG CACGCTCCTT 

- 3 ~  
CCGCCATTGG TGCGCGTATT ATAGGCACGT TCCTTGGCTA 

-300 
GGCCACTGCC GACTGCCACC TATACACGCG GATGTCCGTT 

CTACTGCCGA AATCGAGGGA GATAGCGGTG AAAACCTCAC 

-250 
GGTAGCAGAC ACGGTCTGGT CTAGTCTGGT CTAGTATCAT 

- 2 ~  
TAGAAGTTGT AGTGATTGTT TTTAGCTGAA GACAAAGATC 

-150 
TGAGGCCTAG GGGGCTCACA GGAGTGAATG CAGTCCCGTT 

GTGATATTCG TGAAAGT~TTGGATG ATGACGACAT 

AATCGATCTC CGATGGATTG ATTATCTACT CAGCCATi~ 

~CCGCC TGGTCGCAGC ACATCCCAAA CTCCCCCCTC 

vv -1 +1 
ACACACTTTT TTATCACCAT GGTCAGTGTT 

Fig. 3. Structure of the promoter region and determination of the transcriptional initiation sites of Lyophyllum shimeji GPD gene. 
a. The nucleotide sequence (418 bp) of the 5'-flanking region of the GPD structure gene. TATAAAA box is indicated by inverted 
letters and CCAAT box is surrounded. CT-stretch is underlined. One major and four alternative transcriptional initiation sites, 
which were determined by primer extension method, are indicated by filled and open triangles, respectively. The numbers above 
the nucleotide sequence indicate the positions of nucleotides relative to the start codon. 
b. Determination of the transcriptional initiation sites of the GPD gene by primer extension method. The stop positions of the 
primer extension reaction were determined from the sequencing ladders (indicated by T, G, C, A), which were derived from a trans- 
formation vector with the 5'-flanking region of the GPD gene and hph gene, by dideoxy chain-termination method using a 27 base 
primer as the sequencing primer. One filled and four open triangles indicate the primer extension products (indicated by P) corre- 
sponding to major and alternative transcriptional initiation sites, respectively. 
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GPD gene and the hph gene of E. coli, which has no 
introns, was constructed in order to analyze the tran- 
scriptional initiation sites by the primer extension method 
(McKnight and Kingsbury, 1982) .  Lent/nu/a edodes was 
transformed with this vector (data not shown), and 
primer extension analysis was done with poly(A) + RNA 
purified from mycelium of a transformant. As shown in 
Fig. 3b, one strong and four weak bands were observed 
at the positions corresponding to nucleotide --24 (C-resi- 
due) and nucleotides -- 31 (A-residue), -- 21 (C-residue), 
--16 (A-residue), and --15 (C-residue), respectively. 
The major transcriptional initiation site was located 31 
nucleotides downstream from the TATAAAA box, just in 
the CT-rich sequence (see Fig. 3a). 
Amino-acid sequence of L. shime]iGPD protein Aligned 
amino-acid sequences of the GPD proteins from the 

nucleotide sequence data are shown in Fig. 4. The L. 
shirneji GPD protein was compared with those of three 
saprophytic fungi (S. commune, P. chrysosporium and A. 
bisporus) and three ectomycorrhiza; fungi IA. muscarJa, 
L. deterrimus and B. edulis). The amino-acid sequence 
data of saprophytic fungi were complete, but those of 
ectomycorrhizal fungi were partial. The amino-acid se- 
quence of L. shirneji showed about 74 to 76~ homology 
with those of the three saprophytic fungi, other than A. 
bisporus-1, which could be the product of a pseudogene 
(Harmsen et al., 1992). The L. shimefi GPD protein was 
also about 74 to 77% homologous to those of three ecto- 
mycorrhizal fungi. The amino-acid sequences of the 
GPD protains were highly conserved among these fungi. 

S. commune 1 :~A~KV[O~ttg~c~:~,elOI~L~QLGN~FAAT%'~I~T/)7~q; D~4~Ltj4~i~;',~.4,jTtlh~,(_t@Oy[~T~~W 70 

a. bisporus.1 1 :~-~Ngltgr E ~ ~ K ~ T ~ I ]  69 
A. bisporus-2 1 "[~-[~KV[t~,~[tg~tgz~(eI~|I~L~QFQD~~ ~ SFW NQ 48 
A. muscaria 1: . . . . .  -- . . . . . . . . . . . . . . .  ~ E - T D L D ~ I ~  
B. edulis 1: . . . . . . . . . . . . . . . . . . . . .  ~ E N P E ~ N I ~  ~ 49 
L. deterrimus 1 : . . . . . . . . . . . . . . . . . . . . .  ~LDPRVK~L~SIO'J~O~ 3~'~tW~I~$'r162 49 

L. shimeji 70 - K~ VI[~YC~KN~SD~K~A~RI3~ [ ~ ~  GD ~ _ ~ ~  ~ I  139 

P. chrysosporium 7 ] :K~, 140 
A. bisporus-1 7 o .. HI< 139 
A. bisporus-2 70 t R~ 139 

B. edulix 50 : KA ~ I ~ } ' ~ I ~ , ~ ( t f O : ~ . ' r  119 
L. deterrimus 50,  H~ v ~ d ~ ~ ~ i [ & - L . I . J : l : l , l : l ' J ~ | ~ t , ~ w t t , i o , ,  119 

S. commune 141 : ~ Y N ~ g : t ~ t : ~ - ' l , ~ W W [ ~ : l ~ t ~ : K ~ H ~ y ~ w ~ i O m ~ , ~ [ t i ~ : ~ $ ~ , t , i ~ ~ S  N~i~'J-'I-'9~ 210 

S c o m m u n e  

276 
a.  bisporus-2 , ~ ~. - Y-~ I 272 

B. edulis 190:  . . . .  ,~, - , .  ~ p - - T ~ r ~ - ~ T A F ~ - ~ - ~ - S - S E - L  ! 253 
L. deterrimus 190:  ~ , :  , .  �9 , - .  N g ~ r A ~ ' ~ 1 f f ~ E ~ i ~ - ~ r m v ~ - - ~ - ~ P - - - [ ~  252 

L. shimeji 273 :E~ ~ Q ~ I ~ H ~ ~ Q  i p ~ S ~ a ~ D L L V F ~ E Q D A K Q Q -  337 
S. commune 274 tG~ ~ ~ ~ S  ,S . KS~SR~V~DLLVYA~KNDGAL-- 337 
P. chrysosporium 274 :G ND R ' [ K T ~ ' ~  ~ ~ S K ~ C ~ D L L G Y A ~ K V D G A L - -  337 
a. bisporus-I 277:D SN iS R~M~k~:~ t'r ,)~ ~i 9[t%.~'a~ D E VV YV~K K N ..... 337 

A. muscaria 2 5 2 : E  - - ~ ~  " ' "  -*~ - -  - " ~ ~ I ~ H T A ~ L ~ Q  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . .  289 
B. edulis 254 : A ED~I~H~, TG~t4 ~uo~ml.~ ............................ 291 
L~ deterrimus 253 :E DDIPl~/r ~K~S ............................ 290 

Fig. 4. Aligned amino-acid sequences of the GPD proteins from Lyophyllum shimeji, Schizophyllum commune, Phanerochaete 
chrysosporium, Agaricus bisporus (1 and 2), Amanita muscaria, Boletus edulis, and Lactarius deterrimus. 
Identical residues in more than four of eight sequences are represented in inverted letters. The sequences from A. muscaria, B. 
edulis, and L. deterrimus are partial. 
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Discussion 

Structure of the promoter region The promoter is the 
most important region in the construct ion of a transfor- 
mation vector. In expectat ion of high and const i tut ive 
expression, the promoters of GPD genes have been used 
in several t ransformat ion vectors of fungi, e.g., Asper- 
gillus nidulans (Eidam) Winter (Punt et al., 1987), 
Podospora anserina (Ces.) Niessl (Ridder et al., 1992), S. 
commune (Schuren et al., 1993; Schuren and Wessels, 
1994), and A. bisporus (Rhee et al., 1996). S. commune 
GPD gene has a consensus TATA box, TATAAAA,  but 
does not have a CCAAT box in its promoter. GPD genes 
of P. chrysosporium, A. bisporus-1, and A. bisporus-2 (A. 
bisporus has two  GPD genes) contain untypical TATA 
boxes, TTAAAT,  TACAAA and TACAAAAA,  respective- 
ly. All of  them have a CCAAT or CAAT box (Harmsen et 
al., 1992). The promoter of L. shimeji GPD gene con- 
tains a typical TATA box (TATAAAA) and a CCAAT box. 
Though GPD promoters have various structures in these 
fungi, major transcriptional init iat ion sites are located the 
est imated posit ions of 24 to 32 nucleotides downst ream 
from TATA box. 

CT-stretches are located downst ream from the 
TATA boxes in all the promoter regions. Schizophyllum 
commune and P. chrysosporium have t w o  CT-stretches, 
but A. bisporus and L. shimeji have only one, and that of 
L. shimeji is especial ly short ( lObp :  see Fig. 3a). It 
remains to be studied how the number and length of CT- 
stretches influence the promoter act ivi ty, especially the 
strength of expession. 
Exon-intron patterns As all introns are of almost con- 
stant size (about 50 to 80 bp), the appearances of GPD 

L. shimeji I I I I I I I I / /  
S. c o m m u n e  I l l I l /  

I Ill I / 
A. bisporus-1 llllllllII 

I I I I I l l n / I  
A. muscaria ......... !1 Ill I I} .... 

, - - "  ......... i i i  I / 

. . . . .  ]l m n In  m) . . . .  

Fig. 5. Comparison of exon-intron patterns in GPD genes. 
Black boxes represent the positions and sizes of exons and 
gaps between the black boxes indicate introns. 

structure genes can be represented by exon posit ions 
and sizes (exon-intron patterns: Fig. 5). In the figure, L. 
shimeji, S. commune, P. chrysosporium, A. bisporus (1 
and 2), A. muscaria, B. edulis, and L. deterrimus are com- 
pared. Nucleotide sequence data of L. shimeji and 
saprophyt ic fungi (S. commune, P. chrysosporium and A. 
bisporus) are complete, but those of ectomycorrhizal  
fungi (A. muscaria, B. edulis and L. deterrimus) are par- 
tial. The pattern of L. shimeji GPD gene is quite similar 
to those of A. bisporus-1 and A. bisporus-2. 

Kreuzinger et al. (1996) reported that the intron pat- 
tern of L. deterrimus was similar to that of A. bisporus, 
but they are appreciably dif ferent in our exon-intron pat- 
terns. Amanita muscaria is more closely related to A. 
bisporus than is L. deterrimus in the exon-intron patterns. 
The relationship of fungi is sometimes discussed by com- 
parison of intron posit ions (intron patterns) in GPD genes, 
and it has been suggested that the intron pattern might 
be a potential  taxonomic  marker (Harmsen et al., 1992; 
Kreuzinger et al., 1996). We use the exon-intron pattern 
indicated by exon posit ions and sizes, since it gives more 
accurate data than intron pattern as a taxonomic  marker. 

The complete GPD gene of L. shimejiwas cloned and 
its sequence was analyzed. The gene was 1 543 bp and 
encoded a protein consisting of 337 amino acids, whose 
amino-acid sequence was highly homologous to those of 
several basidiomycetes. To determine the transcript ion- 
al init iat ion sites by the primer extension method, we 
constructed a t ransformat ion vector  wi th  transcriptional 
control regions of the GPD gene. This vector  might be 
expected to work  wel l  in cells of both ectomycorrhizal  
and saprophyt ic basidiomycetes. We are planning to try 
it in t ransformat ions of several mushrooms and their 
applications. 
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