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, 1982

Rhizopus

Aspergillus

, 1987

Aspergillus oryzae

A. oryzae

Tetragenococcus halophila

Zygosaccharomyces rouxii Candida versatilis

, 1987
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1960 UV

21 A. oryzae 

Aspergillus nidulans Aspergillus fumigatus

2005 Machida et al., 2005 A. oryzae

RIB40

Aspergillus niger Aspergillus flavus Aspergillus sojae Sato et al., 2011

Aspergillus

A. oryzae

20 126

Machida et al., 2005 Tominaga A. oryzae RIB40

 46 kb
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Tominaga et al., 2006

Aspergillus

5'

5�-IMP 5�-GMP Fig. I-1

85°C 15

Oike et al., 1984

Acid phosphatase Aph

5'

Fig. I-2 Oike et al., 1984
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Fig. I-2. A hypothetical primary pathway for degradation of 5�-IMP (5�-nucleotides) 

added to unheated miso.  

Fig. I-1. Chemical structures of (A) sodium phytate and (B) disodium 5�-nucleotides 

supplemented in miso products as umami flavor enhancers. The illustrations were quoted 

from Japan Chemical Substance Dictionary Web service. 

AA B 

5'-IMP 2Na 5'-GMP 2Na Sodium Phytate 
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A. oryzae

A. oryzae

DNA RNA

ATP ADP

A. oryzae

A. oryzae

Fujishima et al., 1964; Wang et al., 1980; Oike et al., 1984; Shimizu., 1993; Fujita et al., 

2003a, 2003b

PNPP Mitchell et al., 1997; Wyss 

et al., 1999b A. oryzae RIB40

Uchida et al., 2006

Aspergillus niger MacRae et al., 1988 Penicillium chrysogenum

Hass et al., 1992

A. 

oryzae
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5'

A. oryzae

A. oryzae KBN630

pyrG

Ku70 ku70

A. oryzae KBN630

A. oryzae KBN630 A. oryzae RIB40

aphA

A. oryzae aphA AphA

5' pH

5�-IMP

7 aph

aphC A. oryzae KBN630

5�-IMP

A. oryzae AphC

AphC 5'
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A. oryzae

A. oryzae

Yu et al., 2004

A. oryzae DNA

Table 1-1 pyrG

pyrG

Table 1-1.  Selective marker genes used for Aspergillus oryzae transformation 

Gene name Encoded protein Phenotype 

argB Ornithine carbamoyltransferase 
Complementation of arginine 

auxotrophy 

pyrG Orotidine-5'-phosphate decarboxylase Complementation of uracil auxotrophy

niaD Nitrate reductase Assimilation of nitrate 

amdS Acetamidase Assimilation of acetamide 

sC Sulfate adenylyltransferase (ATP) Assimilation of sulfate 

prtA Thiazole biosynthetic enzyme Resistance to pyrithiamine 

adeA 
Phosphoribosylaminoimidazole- 

succinocarboxamidesynthase 

Complementation of adenine 

auxotrophy 
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A. oryzae

A. oryzae KBN616

pyrG amyR

4.5% 200 9 Kitamoto et al., 

2006

A. oryzae RIB40 KBN616

Takahashi et al., 2006 b; Kitamoto and Yasuda, 2008;  

Mizutani et al., 2008

DNA

Kanaar et al., 1998 Fig.1-1 Saccharomyces cerevisiae

DNA

DNA

DNA

(DNAPkc) KU70-KU80 DNA LIG4-XRCC4

Walker et al., 2001; Critchlow and Jackson et al., 1998

Neurospora crassa ku70

100% Ninomiya et al., 2004 A. fumigatus ku80

80% Ferreina et al., 2004 A. oryzae

RIB40 ku70 60% Takahashi et 
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al., 2006b KBN616 ku70 80%

Kitamoto and Yasuda, 2008 ligD A. oryzae RIB40

100% Mizutani et al., 2008  A. oryzae

A. oryzae

A. oryzae KBN630

pyrG

A. oryzae KBN630 DNA pyrG

DNA

Ku70 ku70 pyrG

DNA

Fig. 1-1. Intergation machinery of exogenous DNA into chromosome. 
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A. oryzae KBN630 pyrG

ku70 DNA

Escherichia coli DH5 α DNA

A. oryzae KBN630 Czapek-Dox CD 3.0% 

glucose 0.3% NaNO3 0.1% K2HPO4 0.05% KCl 0.005% MgSO4
.7H2O 0.001% FeSO4

7H2O 1.5% Agar 0.25% 

Triton-X100 1.0% Trace element 0.014% CaCl2 0.0039% MnCl2
.4H2O 0.01% 

ZnSO4 0.0005% CuCl2
. 2H2O 0.00005% Na2MoO4

.2H2O 0.000015% CoCl2
.6H2O 0.01% 

FeCl3 0.0372% citric acid A. oryzae pyrG

0.1% 5-fluoroorotic acid 5-FOA 0.15% 

uridine 0.07% uracil A. oryzae

GP 2% glucose 1% polypeptone 0.5% KH2PO4

0.5% KCl 0.1% NaNO3 0.05% MgSO4
.7H2O

CD

A. oryzae 30°C 160 rpm

E.coli 2xYT 1.6% Bacto tryptone 1.0% Bacto yeast extract 0.5% NaCl

50μg/mL ampicillin sodium 1.5% 

Agar 37°C

A. oryzae
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A. oryzae MP 2.0% malt extract 0.1% Bacto peptone 2.0% glucose pH6.0

pyrG 0.25% uridine MPU 30°C 24

4 g 40 mL

0.38% Novozyme234 0.12% Cellulase “ONOZUKA” R-10 0.8 M NaCl

10 mM NaH2PO4 (pH 5.8) 30°C 2

0.8 M NaCl 2

0.8 M NaCl-50 mM CaCl2 1 0.8 M NaCl-50 

mM CaCl2 100μl

50 μl DNA 5μg 12.5 μl PEG 25% PEG6000 in 50 mM CaCl2, 

10 mM Tris-HCl pH 7.5 20 PEG

500μl 5 1 mL 0.8 M NaCl-50 mM CaCl2

10 mL 21.9 % 

Sorbitol, 1% Glucose, 0.6% NaNO3, 0.15% KH2PO4, 0.05% KCl, 0.05% MgSO4 7H2O, a 

trace of FeSO4 H2O, 2% Bacto agar pH 6.5 30°C

A. oryzae DNA PCR DNA

A. oryzae DNA GP 30°C 3 A. oryzae

-

Sambrook and Russell, 2001; Raeder and Bronda, 1985

PCR TaKaRa Ex Taq DNA Takara Bio, Otsu, Shiga

PfuUltra II Fusion HS DNA polymerase Stratagene, La Jolla, CA, USA

PCR GeneAmp9700 

Applied Biosystems, Foster City, CA, USA

Table 1-2
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model 4000LS DNA LI-COR, 

Lincoln, NE, USA GenomeLab GeXP Beckman Coulter, Brea, CA, USA

pyrG ku70

pyrG pDispyrG pyrG

GenBank/EMBL/DDBJ accession no. AB017705, NITE DOGAN ID: AO090011000868

5’- 1.6-kb A. oryzae DNA pyrG11/pyrG12

SacI XbaI pyrG 3’- 1.4-kb

A. oryzae DNA pyrG13/pyrG14 XbaI

HindIII pUC18 SacI-HindIII pyrG

pDispyrG

ku70 pDelku70-2 ku70

GenBank/EMBL/DDBJ Accession No. AB214649 5’- 3’-

1.0-kb A. oryzae DNA ku70-1/ku70-6 ku70-72/ku70-82

ku70 1.0-kb A. oryzae DNA

ku70-9/ku70-10 3 PCR

ku70-1/ku70-10

PCR PCR pUC18 SmaI

pDelku70-1 A. oryzae DNA pyrGN2/pyrGC2 

pyrG 1.8-kb StuI pDelku70-1 Aor51HI 

ku70 pDelku70-2

A. oryzae NITE

http://www.bio.nite.go.jp/dogan/top
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Table 1-2. Oligonucleotide primers used in Chapter 1 

Primer Sequence 

pyrG11 5'-GCGAGCTCTACATTGGCAAAGGAAT-3' 

pyrG12 5'-GGTCTAGAATATTTAATCAGCTACC-3' 

pyrG13 5'-TGTCTAGACACTAGCTATACCGCCC-3' 

pyrG14 5'-CTAAGCTTATCAGCTGCATATCTCT-3' 

pyrGN2 5'-CAAGGCCTGCTGGAATTGACATTATTATGG-3' 

pyrGC2 5'-AAAGGCCTGATCAATACCGTACGGGAGATT-3' 

ku70-1 5'-TGGAATTCGGACCATTTTCGGATAGG-3' 

ku70-6 5'-AGAAGCTTTCAGGTGTGTTTGAAAG-3' 

ku70-72 5'-TCAAACACACCTGAAAGCTTCTGCCAACTTCCTGCAC-3' 

ku70-82 5'-CTGCGTCCCATATAATAGCGCTTTCGTCCGTTTGGATATA-3'

ku70-9 5'-AAAGCGCTATTATATGGGACGCAGG-3' 

ku70-10 5'-CCGTCGACCATAGCCCCCAGAACAG-3' 

ku70-11 5'-AGCATGCATTTCTGGGATTAGACAGG-3' 

amyRN1 5'-TTGAATTCGATCCCTGACTAGAGTC-3' 

amyRC1 5'-TTGGATCCAATCCTTCGGTTTACTA-3' 
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pyrG

A. oryzae niaD Kitamoto et al., 1995 sC

Yamada et al., 1997 pyrG Kitamoto and Yoshino, 1999 argB

Gomi et al., 1987 adeA Jin et al., 2004

Table 1-1 -5′-

pyrG

5-fluoroorotic acid 5-FOA 5-FOA

5-FOA

COOHO

O

NH

HN

COOH
F

O

O

NH

HN
NH

O

O
HN

COOHO

O

N
HN

RP
O

O

N
HN

RP

CTP UTP UDP

UMP

Uracil

Orotic acid

5-FOA

PyrGPyrF

Fig. 1-2. Uracil biosynthesis pathway 
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Fig. 1-3. Construction scheme and confirmation of the pyrG deletion mutant. 

A. Scheme of the pyrG deletion is shown. PCR-amplified DNA fragments from a pyrG 

deletion vector, pDisPyrG, were transformed to A. oryzae KBN630, and 5-FOA resistant 

transformants were selected. A pyrG deletion mutant, A. oryzae KBN630-17, was 

obtained. Black and gray boxes indicate the 5’- and 3’-flanking regions of the pyrG gene, 

respectively, and the open arrow indicates the pyrG gene region. The direction of the 

arrow indicates the orientation of the pyrG gene. Small arrows indicate the position of 

oligonucleotide primers used.  

B. Agarose gel electrophoresis of amplified DNA fragments in the pyrG gene region of the 

5-FOA resistant transformants using primer pair pyrG11/pyrG14. Parental strain, A. 

oryzae KBN630 (Lane 1), the pyrG deletion mutant. A. oryzae KBN630-17 (Lane 2), and 

the pyrG undeleted mutant, A. oryzae KBN630-19 (Lane 3) are shown. 

KBN630-17
pyrG)

pDispyrG
(5.7 kb)

KBN630

(kb)
23.1
9.4
6.6
4.4

2.3
2.0

0.6

1 2 3M

A B

4.8 kb

pyrG

pyrG11 pyrG14

3.0 kb

pyrG11 pyrG14

Transformation 
5-FOA selection 
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A. oryzae KBN630 pyrG

pDispyrG pyrG11/pyrG14 PCR

DNA A. oryzae KBN630 Fig. 1-3 A

 CD 

5-FOA 5-FOA

CD 9 5-FOA

2 pyrG

pyrG11/pyrG14 PCR A. oryzae KBN630 DNA

4.8-kb Fig. 1-3 B, Lane 1 pyrG DNA

3.0-kb 2

A. oryzae KBN630-17 pyrG Fig. 1-3 B, Lane 2

A. oryzae KBN630-19 pyrG Fig. 1-3 B, Lane 3

A. oryzae KBN630-17 pyrG Kitamoto and Yoshino, 1999

A. oryzae KBN630 pyrG

pyrG, ku70

ku70 pDelku70-2 A. oryzae KBN630 pyrG,

ku70 Fig. 1-4 A ku70-1/ku70-10

pDelku70-2 PCR A. oryzae KBN630-17

ku70-1/ku70-11 PCR

DNA 100

8 6.3-kb Fig. 1-4 B, Lane 2 , 

3.6-kb Fig. 1-4 B, Lane 1 PCR ku70
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KBN630-17K3

23.1
9.4
6.6
4.4

2.3
2.0

0.6

(kb) 1 2 3M

A B

KBN630-17
Ku70-1 Ku70-11

ku70

3.6 kb

ku70 gene disruption

KBN630-17K ( ku70)

pyrG
Ku70-1 Ku70-11

6.3 kb

5-FOA selection 

Ku70-1 Ku70-11

2.1 kb

pyrG

pDelku70-2
(7.5 kb)

ku70

Fig. 1-4. Construction scheme and confirmation of the ku70 deletion mutant. 

A. Scheme of the ku70 deletion is shown. PCR-amplified DNA fragments from a ku70 

deletion vector, pDelku70-2, were transformed to A. oryzae KBN630-17, and ku70 disruption 

mutants were selected. A ku70 disruption mutant, A. oryzae KBN630-17K3, was obtained. 

Then, a ku70 deletion mutant was selected on 5-FOA treatment of A. oryzae KBN630-17K3. 

Black and gray boxes indicate the 5’- and 3’-flanking regions of the ku70 gene, respectively. 

The open and black arrows indicate the pyrG and ku70 genes, respectively. The direction of 

the arrow indicates the orientation of the ku70, pyrG genes. Small arrows indicate the position 

of oligonucleotide primers used.  B. Agarose gel electrophoresis of amplified DNA 

fragments in the ku70 gene region of the ku70 disruption and deletion strains using primer 

pair ku70-1/ku70-11. Parental strain, A. oryzae KBN630-17 (Lane 1), the ku70 disruption 

mutant, A. oryzae KBN630-17K (Lane 2), and the ku70 deletion mutant, A. oryzae

KBN630-17K3 (Lane 3) are shown. 
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ku70 ku70

A. oryzae KBN630-17K ku70

ku70 ku70 1.0-kb 

3′- pyrG ku70

5-FOA

pyrG ku70 pyrG ku70

A. oryzae KBN630-17K 5-FOA

CD 5-FOA

1  10-2 pyrG ku70

ku70-1/ku70-11 PCR DNA

A. oryzae KBN630-17K DNA 6.3-kb 

Fig. 1-4 B, Lane 2 5-FOA A. oryzae KBN630-17K3

DNA Fig. 1-4 B, Lane 3 KBN630-17

ku70

pyrG, ku70

ku70 A. 

oryzae KBN630-17K3 amyR pDisAmR100 Kitamoto et al., 

2006 EcoRI SalI pyrG+

 CD AmyR

Petersen et al., 1999 amyR+

KI-I2 

amyR 50

46 92% amyR

amyR
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pDisAmR100 amyR

amyRN1/amyRC1 PCR Fig. 1-5 A

A. oryzae KBN630-17K3 DNA 2.9-kb Fig. 

1-5 B, Lane 1 DNA 3.6-kb 

Fig. 1-5 B, Lane 2 A. oryzae KBN630-17K3

KBN630-17K3

pDisAmR100
(6.8 kb)

(kb)
23.1
9.4
6.6
4.4

2.3
2.0

0.6

1 2M

A B

amyR

2.9 kb

pyrG

amyRN1 amyRC1

amyR
pyrG

3.6 kb

amyRN1 amyRC1

amyR gene disruption

Fig. 1-5. Construction scheme and confirmation of the amyR disrupted strain. 

A. Scheme of the amyR disruption is shown. The amyR disruption vector pDisAmR100 

digested with EcoRI and SalI was transformed to A. oryzae KBN630-17K3, and the 

transformants with no amylase activity were selected. Black and white arrows indicate the 

amyR and pyrG genes, respectively, and the direction of the arrows indicates the orientation 

of the respective genes. Small arrows indicate the position of oligonucleotide primers used.  

B. Agarose gel electrophoresis of amplified DNA fragments in the amyR gene region of the 

transformants with no amylase activity using primer pair amyRN1/amyRC1. Parental strain, 

A. oryzae KBN630-17K3 (Lane 1), the amylase-negative transformant (Lane 2) are shown. 
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A. oryzae KBN616 ku70 82.3% Kitamoto and Yasuda, 

2008 A. oryzae RIB40 ku70 63.4% Takahashi et al., 2006b

A. oryzae

Takahashi et al., 

2006b

Takahashi et al., 2006a; Takahashi et al., 2006b ku70

ku70 5-FOA pyrG

Takahashi et al., 2008 pyrG, ku70

A. oryzae KBN630-17K3 A. oryzae KBN630

Aspergillus oryzae KBN630 pyrG - 5’ -

pyrG

A. oryzae KBN630 pyrG

DNA Ku70

ku70 pyrG, ku70

amyR 90% amyR

A. oryzae KBN630
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A aphA AphA

 5' 5' IMP 5'

5' GMP 5'-

5'-

A. oryzae

A. oryzae

5'

Fujishima et al., 1964, Wang et al., 1980, Oike et al., 

1984, Shimizu., 1993, Fujita et al., 2003a, 2003b

Acid phosphatase Aph

PNPP

Mitchell et al. 1997, Wyss et al. 1999b A. oryzae RIB40

cDNA

GenBank/EMBL/DDBJ accession no. AB042805

Uchida et al., 2006

PNPP

A aphA
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A. oryzae KBN630

aphA

TEF1

Kitamoto et al., 1998 aphA AphA

AphA

A. oryzae KBN630 DNA 1 A. 

oryzae KBN630 pyrG, ku70 A. oryzae

KBN630-17K3 KBN616 alp, pyrG

A. oryzae PDE1 A. oryzae PDE1

alp

Murakami et al., 1991

E. coli DH5 α DNA

A. oryzae RS 3% rice starch 1% polypeptone

1% NaNO3 0.2% KCl 0.1% KH2PO4 0.05% MgSO4
.7H2O 30°C 160 rpm

30°C 43

2 35

10 mm 15 ~ 20 mm

E.coli 2xYT 1.6% Bacto tryptone 1.0% Bacto yeast extract 0.5% NaCl
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50μg/mL ampicillin sodium 1.5% 

Agar 37°C

A. oryzae

A. oryzae pyrG MPU 2.0% malt extract 0.1% Bacto peptone 2.0% glucose

0.25% uridine pH6.5 30 24

Novozyme234 Cellulase “ONOZUKA” R-10

PEG DNA

30°C

A. oryzae DNA PCR DNA

A. oryzae DNA GP 30°C 3 A. oryzae

-

Sambrook and Russell, 2001; Raeder and Bronda, 1985

PCR TaKaRa Ex Taq DNA Takara Bio, Otsu, Shiga

PfuUltra II Fusion HS DNA polymerase Stratagene, La Jolla, CA, USA

PCR GeneAmp9700 

Applied Biosystems, Foster City, CA, USA

Table 2-1

model 4000LS DNA LI-COR, Lincoln, 

NE, USA GenomeLab GeXP Beckman Coulter, Brea, CA, USA

aphA

aphA pDisAphA aphA
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Table 2-1. Oligonucleotide primers used in this study 

Primer Sequence 

phyA1 5'-TCGAGCTCGGTACCCCTGTTCATTTTGGTTGAGAA-3' 

phyA2 5'-CAGCGGCTTGATCAACTCGTACAAGGCGAC-3' 

phyA3 5'-TTGATCAAGCCGCTGCTGGAATTGACATTA-3' 

phyA4 5'-GTGACGGGAGATTGTACGAACAGATGGCCC-3' 

phyA5 5'-ACAATCTCCCGTCACGGTGCACGGTATCCA-3' 

phyA6 5'-CTCTAGAGGATCCCCAGTTTCCACCCGATGTAACG-3' 

fupyrGN 5'-CGGTACCCGGGGATCCAAGCCGCTGCTGGAATTGACA-3' 

pyrGC2 5'-AAAGGCCTGATCAATACCGTACGGGAGATT-3' 

pyrGtef 5'-ATTGATCAGGCCTTTCACTGTGGACCAGACAGGC-3' 

tefPrev 5'-CATTTTGAAGGTGGTGCGAACTTTG-3' 

tefaphA 5'-ACCACCTTCAAAATGGCGGTCCTTAGCGTGCTCCTTC-3' 

aphASal 5'-ATGCCTGCAGGTCGACTGAGGAGAGGAAGGATGGG-3' 

5’- 1.0-kb 3’- 1.1-kb A. oryzae DNA

phyA1/phyA2  phyA5/phyA6 PCR pyrG

1.8-kb A. oryzae DNA phyA3/phyA4 PCR

3 PCR SmaI pUC18 4

In-Fusion Advantage PCR Cloning Kit Takara Bio In-Fusion

aphA 5’- 3’-

pyrG pDisAphA

aphA

aphA A. oryzae TEF1
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pTFAphA pyrG 1.8-kb A. 

oryzae DNA fupyrGN/pyrGC2 PCR A. 

oryzae TEF1  0.8-kb A. oryzae DNA

pyrGtef/tefPrev aphA 2.0-kb A. oryzae

DNA tefaphA/aphASal 3 PCR

BamHI/SalI pUC18 4 In-Fusion 

Advantage PCR Cloning Kit In-Fusion

TEF1 aphA

pDisAphA

A. oryzae AphA

A. oryzae  APA4 RS 5

150 ml 80% 

10 mM Tris-HCl buffer pH 7.0

HR16/20 Fast Flow Q-Sepharose 

GE Healthcare, Buckinghamshire, UK 0.0 M 0.3 M 

NaCl AphA

HR16/20 Fast Flow Q-Sepharose 

0.0 M 0.3 M NaCl

N ProSorb Applied Biosystems

PVDF Applied Biosystems Procise 491 

Applied Biosystems

endoglycosidase H Glyko, Novato, CA, USA

endoglycosidase H
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Oike et al., 1984

100 mM pH 4.0 1 mM p-

PNPP  40°C 10 10% 

 2 M 

p- PNP 405 nm

1 1 mol PNP

 40°C 10 37°C 20 

 pH  pH 3.0 to 7.0 100 mM pH 4.0

40°C  10 100 mM 

25°C to 65°C 10

pH 25°C to 65°C 30

pH 3.0 to 7.0 30°C 1

100 mM 

pH 4.0 2 mM 40°C 30

Phosphor C Test Kit Wako Pure Chemical, Osaka, Japan

Nishiya 1993

Nishiya 1993 McIlvaine 

buffer pH 3.0 McIlvaine buffer pH 6.0

aphA in silico

A. oryzae Aph

N Fujita et al., 2003a,  
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2003b A. oryzae

A. oryzae

BLAST 5

8

A

KBN630-17K3

aphA

2.6 kb

phyA1 phyA6

aphA gene disruption

pyrG

3.9 kb

pyrG aphA

phyA1 phyA6

aphA

B

(kb)
23.0
9.4
6.6
4.4

2.3
2.0

0.56

1 2 3 4 5 6 7 8

Fig. 2-1. Construction scheme and confirmation of the aphA disrupted strain. 

A. Scheme of the aphA disruption is shown. PCR-amplified DNA fragments from a aphA 

disruption vector, pDisAphA, were transformed into A. oryzae KBN630-17K3. Gray and 

black boxes indicate the 5’-flanking region and a part of the coding region of the aphA gene, 

respectively, and the closed and open arrows indicate the aphA gene and pyrG gene regions, 

respectively. The direction of the arrow indicates the orientation of the aphA and pyrG genes. 

Small arrows indicate the position of oligonucleotide primers used.  

B. Agarose gel electrophoresis of amplified DNA fragments in the aphA gene region of the 

transformants using primer pair phyA1/phyA6. 
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Aspergillus niger

MacRae et al., 1988 Penicillium chrysogenum Hass et al., 1992

A. niger phyA van Hartingsveldt et al., 1993

NITE DOGAN ID: AO090023000692

A. oryzae RIB40 GenBank/EMBL/ 

DDBJ accession no. AB042805 Uchida et al., 2006 aphA

AphA 5'-

aphA  pDisAphA 

phyA1/phyA6 PCR DNA

A. oryzae KBN630-17K3 Fig. 2-1 A

phyA1/phyA6 PCR

DNA 8 6 3.9-kb 

Fig. 2-1 B, lane 2 7 2 3.9-kb 

2.6-kb Fig. 2-1 B, lanes 1  8

6 aphA aphA

3

aphA

aphA 3 aphA

aphA

Table 2-2

aphA 20% 

10% 

aphA
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Table 2-2. Effect of aphA gene disruption on enzyme production 

Strain  
-Amylase  

(% of control)

Neutral protease 

(% of control) 

Acid phosphatase 

(% of control) 

aphA-1 778 ± 54.4 (122) 31,883 ± 1460.2 (110) 324 ± 30.5 ( 84) 

aphA-2 721 ± 43.1 (113) 30,061 ± 1803.8 (104) 304 ± 32.7 ( 79) 

aphA-3 695 ± 68.6 (109) 30,547 ± 601.0 (105) 309 ± 13.1 ( 80) 

A. oryzae KBN630 636 ± 14.8 (100) 29,028 ± 338.0 (100) 387 ± 22.3 (100) 

The enzyme activity is shown as U/g koji. 

The activity of two independent experiments is presented as the average ± standard 

deviation. 

aphA

aphA

aphA

AphA

aphA aphA A. oryzae 

TEF1 TEF1 A. 

oryzae A. oryzae TEF1

aphA pTFAphA 

A. oryzae KBN630 aphA Fig. 2-2 68 bp

1 1,469 bp A. oryzae RIB40 

GenBank/EMBL/DDBJ accession no. AB042805 aphA
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Fig. 2-2. Nucleotide and deduced amino acid sequences of the aphA gene from A. oryzae 

KBN630.  

Numbers on the right refer to nucleotide sequence and amino acid sequence. Intron 

sequence is in lower-case letters. An asterisk (*) marks the translation stop codon. The 

N-terminal amino acid sequence analyzed chemically is thick-underlined. Potential 

N-glycosylation sites are fine-underlined.

ATGGCGGTCCTTAGCGTGCTCCTTCCCATTACCTTCCTTCTCTCGAGgtaagctcacccatagatgctgccctatagtggatgccctaat   90
M  A  V  L  S  V  L  L P  I  T  F  L  L S  S 16  

ctaacagcggctgatcttcattcagTGTTACCGGCACTCCGGTGACCAGCCCGAGACAACAGTCGTGCAATACCGTTGACGAAGGCTACC  180
V  T  G  T  P  V  T  S  P  R  Q  Q S  C  N  T  V  D  E  G  Y  Q 38

AGTGCTTCTCCGGGGTCTCTCACTTGTGGGGCCAGTATTCGCCTTACTTCTCGGTCGACGACGAGTCTTCCTTGTCCGAAGACGTTCCGG  270
C  F  S  G  V  S  H  L  W  G  Q  Y  S  P  Y  F  S  V  D  D E  S  S L  S  E  D  V  P  D   68

ACCACTGCCAGGTTACCTTTGCCCAAGTGCTCTCCCGTCACGGTGCACGGTATCCAACGAAGAGCAAGTCTGAGAAGTACGCCAAGCTCA  360
H  C  Q  V  T  F  A  Q  V  L  S  R  H  G  A  R  Y  P  T  K  S  K  S  E  K  Y  A  K  L  I   98

TCAAGGCCGTCCAGCATAATGCTACCTCGTTCTCCGGGAAGTATGCGTTCCTGAAATCTTACAACTACTCCCTCGGCGCCGATGACCTTA  450
K  A  V  Q  H  N A  T  S  F  S  G  K  Y  A  F  L  K  S  Y  N Y  S  L  G  A  D  D L  T  128

CGCCTTTTGGAGAGAACCAGTTGGTGGATTCGGGGATCAAGTTCTACCAGCGCTATGAGGAGCTCGCCAAGAACGTCGTTCCTTTCATTA  540
P  F  G  E  N  Q  L  V  D  S  G  I  K  F  Y  Q  R  Y  E  E L  A  K  N  V  V P  F  I  R  158

GGGCATCGGGTTCGGATCGGGTAATCGCATCCGGCGAGAAATTCATCGAGGGCTTCCAGAAGGCAAAGCTTGGTGACTCTAAGTCTAAGC  630
A  S  G  S  D  R  V  I  A  S  G  E  K  F  I  E  G  F  Q  K  A  K  L  G  D  S  K  S  K  R  188

GGGGCCAGCCTGCTCCTATTGTCAACGTAGTTATTACTGAGACCGAGGGTTTCAACAACACGTTGGACCACAGTCTCTGCACGGCCTTTG  720
G  Q  P  A  P  I  V  N V  V I  T  E  T  E  G  F  N  N T  L  D  H  S  L  C  T  A  F  E  218

AGAACAGCACAACAGGGGATGACGCAGAGGACAAGTTCACCGCTGTTTTTACGCCCTCGATTGTTGAGCGTCTGGAGAAGGACCTCCCAG  810
N S  T  T G  D  D A  E  D  K  F  T  A  V  F  T  P  S  I  V  E  R  L  E  K  D  L  P  G  248

GAACCACGCTCTCCAGCAAAGAGGTGGTTTATCTGATGGACATGTGCTCATTCGACACCATCGCCTTGACCCGTGACGGCAGTCGGCTAT  900
T  T L  S  S K  E  V  V Y  L  M  D  M  C  S  F  D  T  I  A  L  T  R  D  G  S  R  L  S  278

CCCCCTTCTGCGCTTTGTTCACCCAGGAAGAATGGGCACAATATGACTACCTGCAGTCAGTCTCTAAGTACTACGGCTACGGTGGAGGAA  990
P  F  C  A  L  F  T  Q  E  E W  A  Q  Y  D  Y  L  Q  S  V  S  K  Y  Y G  Y  G  G G N  308

ACCCTCTCGGACCTGCGCAGGGCATCGGCTTCGCTAACGAGCTGATCGCTCGCCTGACCAAGTCTCCGGTTAAGGATCACACCACCACCA 1080
P  L  G  P  A  Q  G  I  G  F  A  N  E  L  I  A  R  L  T  K  S  P  V  K  D  H  T  T T N 338

ATACCACGCTGGACTCAAATCCCGCCACCTTCCCGCTGAATGCTACGCTCTATGCGGACTTCTCGCACGATAACACGATGACCTCCGTTT 1170
T  T L  D  S  N  P  A  T  F  P  L  N A  T  L  Y  A  D  F  S  H  D  N  T  M  T  S  V  F  368

TCTTCGCGCTTGGTCTGTATAATACGACCGAGCCCCTCTCTCAGACTTCGGTGCAGTCCACTGAGGAGACGAACGGATATTCATCCGCCC 1260
F  A  L  G  L  Y  N T  T E  P  L  S  Q  T  S  V  Q  S  T  E  E T  N  G  Y  S  S A  R  398

GGACCGTTCCATTCGGGGCCAGAGCCTACGTCGAGATGATGCAGTGCACGGATGAGAAGGAGCCTCTCGTCCGCGTACTGGTCAACGACC 1350
T  V  P  F  G  A  R  A  Y  V  E  M  M Q  C  T  D  E  K  E  P  L  V  R  V  L  V  N  D  R  428

GGGTCATTCCGCTGCAAGGCTGTGATGCTGATGAGTATGGCCGGTGTAAACGGGACGATTTCGTCGAAGGACTGAGCTTCGTTACATCGG 1440
V  I  P  L  Q  G  C  D  A  D  E  Y  G  R  C  K  R  D  D F  V  E  G  L  S  F  V  T  S  G  458

GTGGAAACTGGGGAGAGTGCTTTGCTTAA 1470
G  N  W  G  E  C  F  A  *    466
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pTFAphA A. oryzae PDE1

RS Aph AphA

30 2.3 ~ 12.1 U/ml 21 ~ 112 mg/l

pyrG A. oryzae PDE1

AphA APA4

AphA Table 2-3 AphA

4.3 21.4% AphA

108.4 U/mg AphA SDS-PAGE 58.0 65.0 kDa Fig. 2-3, lane 

2

47,581 Da 10.0 ~ 17.0 kDa

AphA

AphA Asn-X-Ser / Thr

N 7 Fig. 2-2 Asn-104,  

Table 2-3. Summary of purification of AphA from A. oryzae APA4 

Purification step 
Total 

activity (U)

Total 

protein (mg)

Specific 

Activity 

(U/mg) 

Recovery

(%) 

Purification

(fold) 

Culture filtrate 1,414 56.4 25.1 100.0 1.0  

Ammonium sulfate 

precipitation 
485 18.4 26.4 34.3 1.1  

Q-Sepharose HP (1st) 361 3.9 92.5 25.5 3.7  

Q-Sepharose HP (2nd) 303 2.8 108.4 21.4 4.3  
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Fig. 2-3. SDS-polyacrylamide gel electrophoresis of AphA purified from an A. oryzae

transformant, APA4. 

AphA was purified as described in the Materials and Methods. The gel was stained with 

Coomassie Brilliant Blue. The protein band corresponding to the endoglycosidase H is 

indicated by the arrow. Lane 1, molecular-mass markers: [rabbit muscle phosphorylase b 

(97.4 kDa), bovine serum albumin (66.3 kDa), rabbit muscle aldolase (42.4 kDa), bovine 

carbonic anhydrase (30.0 kDa), soybean trypsin inhibitor (20.1 kDa), and egg white 

lysozyme (14.4 kDa)]; lane 2, purified AphA; lane 3, endogylcosidase H treated AphA. 
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Asn-119, Asn-206, Asn-219, Asn-338, Asn-351, Asn-375

H AphA Fig. 2-3, lane 3 48.0 kDa 

AphA

A. oryzae Uchida et al., 2006

A. niger

A. fumigatus

Wyss et al., 1999b

AphA N Gln-Ser-X-Asn-Thr-Val-Asp-Glu-Gly-Tyr-Gln X

Fig. 2-2

Cys-30 Gln-28  Gln-38

SignalP 3.0 AphA N 19

AphA 20 

27 Wyss et al., 1999a, Lassen et al. 

2001 AphA N A. oryzae

RIB128 2 Aph 2

AphA A. oryzae RIB128

AphA

AphA pH pH

Fig. 2-4 Fig. 2-5 AphA pH 4.0

40°C  AphA pH3.0 pH 7.0 pH

AphA 35°C 35°C
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Fig. 2-4. Effects of pH on enzyme activity and stability of AphA. 

The effects of pH on enzyme activity were investigated by measurement at 40°C in 

various pH acetate buffers.  

Symbols: , activity; , stability. 
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Fig. 2-5. Effects of temperature on enzyme activity and stability of AphA. 

The effects of temperature on enzyme activity were investigated by 

measurement in pH4.0 at various temperatures. For the temperature stability, 

residual activity was measured at 40°C after incubation in acetate buffer (pH4.0) 

at various tempereatures. 

Symbols: , activity; , stability. 
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Table 2-4. Comparison of the properties of AphA with those of other acid phosphatases from 

A. oryzae

 AphA ACP-Ia ACP-IIa ACP-IIIa AphK1b

Molecular mass (kDa) 58.0 to 65.0 110 58 56 70 

pH optimum 4.0  4.5 5.0 5.5 5.5 

pH stability 3.0 to 7.0 4.3 to 5.5 4.8 to 6.5 5.0 to 5.5 2.0 to 7.0

Optimum temperature (°C) 40 60 40 45 60 

Thermal stability (°C)  <35 <45 <35 <40 NDc

aThe results of ACP-I, ACP-II and ACP-III were taken from the report by Fujita et al. (Fujita 

et al. 2003a). 

bThe results of AphK1 were taken from the report by Shimizu (Shimizu 1993). 

cND, not determined. 

AphA Table 2-5 p-

PNPP phytate α-

glycerophosphate pyrophosphate 6

D-glucose-6-phosphate 5' 5’-GMP  5' 5’-IMP

AphA PNPP 

phytate α- glycerophosphate 6

D-glucose-6-phosphate 2 1 AphA 

AphA 5’-GMP 5’-IMP

7-8% AphA 5'-

AphA A. oryzae

N
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Table 2-5. Comparison of AphA substrate specificity with those of other acid phosphatases 

from A. oryzae

Substrate  
Relative activitya (%) 

AphA ACP-Ib ACP-IIb ACP-IIIb AphK1c

Sodium p-nitrophenylphosphate 100 100 100 100 100 

Sodium phytate 54.0  14 255 23 3.3 

Sodium glycerophosphate 49.2 10 0 81 93.3 

Sodium pyrophosphate 33.3 NDd ND ND 183.3 

D-Glucose-6-phosphate 43.4 52 0 45 ND 

5’-GMP 8.1 ND ND ND ND 

5’-IMP 6.9 ND ND ND ND 

aHydrolysis rate of p-nitrophenylphosphate was taken as 100%.  

bThe results of ACP-I, ACP-II and ACP-III were taken from the report by Fujita et al. (Fujita 

et al. 2003a). 

cThe results of AphK1 were taken from the report by Shimizu (Shimizu 1993). 

dND, not determined. 

AphA Fujita et al Fujita et al., 2003a, 2003b Shimizu Shimizu, 1993

A. oryzae

5’-GMP 5’-IMP

Aspergillus oryzae KBN630 A. 

oryzae KBN630 A aphA
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aphA

A. oryzae KBN630 20% TEF1

aphA AphA

AphA 58.0 65.0 kDa pH

4.0 40°C AphA 5’-GMP 5’-IMP
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C aphC AphC

A. niger phyA A. oryzae KBN630 aphA

GenBank accession number AB042805 / AP007157

aphA

AphA 5’-IMP  5’-GMP

aphA

20% A. oryzae

5’-IMP

A. niger phyA 7 aph

aphC

5’-IMP

A. oryzae 

taaG2 aphC

AphC

A. oryzae KBN630 DNA A. 

oryzae KBN630 pyrG, ku70 A. oryzae KBN630- 

17K3 KBN616 alp, pyrG

A. oryzae PDE1 A. oryzae PDE1
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alp

Murakami et al., 1991

A. oryzae aphA aphA

E. coli DH5 α DNA

A. oryzae RS 3% rice starch 1% polypeptone

1% NaNO3 0.2% KCl 0.1% KH2PO4 0.05% MgSO4
.7H2O 30°C 160 rpm

30°C 43

2 35

10 mm 15 ~ 20 mm

E.coli 2xYT 1.6% Bacto tryptone 1.0% Bacto yeast extract 0.5% NaCl

50μg/mL ampicillin sodium 1.5% 

Agar 37°C

A. oryzae

A. oryzae pyrG MPU 2.0% malt extract 0.1% Bacto peptone 2.0% glucose

0.25% uridine pH6.5 30 24

Novozyme234 Cellulase “ONOZUKA” R-10

PEG DNA

30°C

A. oryzae DNA PCR DNA
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A. oryzae DNA GP 30°C 3 A. oryzae

-

Sambrook and Russell, 2001; Raeder and Bronda, 1985

PCR TaKaRa Ex Taq DNA Takara Bio, Otsu, Shiga

PfuUltra II Fusion HS DNA polymerase Stratagene, La Jolla, CA, USA

PCR GeneAmp9700 

Applied Biosystems, Foster City, CA, USA

Table 3-1

model 4000LS DNA LI-COR, Lincoln, 

NE, USA GenomeLab GeXP Beckman Coulter, Brea, CA, USA

aph

aphB pDisAphB aphB

5’- 1.0-kb 3’- 1.0-kb A. oryzae DNA

phyB1/phyB2 phyB3/phyB4 PCR pyrG

1.8-kb A. oryzae DNA pyrGN2/ pyrGC2 Table 1-1

PCR 3 PCR SmaI pUC18 

4 In-Fusion Advantage PCR Cloning Kit Takara Bio

In-Fusion aphB 5’- 3’-

pyrG pDisAphB

pDisAphB phyB1/phyB4 PCR

aphB DNA A. oryzae KBN630-17K3 

aphB DNA

phyB1/phyB4 PCR Table 1
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Table 3-1. Oligonucleotide primers used in Chapter 3 

Name Sequence (5’ to 3’) Direction

Primers for gene disruption   

The aphB gene   

phyB1 CGGTACCCGGGGATCCCAACCGTACTCCTAGGAGTGG Forward

phyB2 TTCCAGCAGGCCTTGAAAGCATGGCGCACTATCGCGG Reverse

phyB3 ATTGATCAGGCCTTTCGACCAGCTAACCAAGACTAGT Forward

phyB4 ATGCCTGCAGGTCGACATGATCAACGAATTCCTTCAACG Reverse

The aphC gene   

phyC1 CGGTACCCGGGGATCCTATGCCGGGATACTAACACAAT Forward

phyC2 TTCCAGCAGGCCTTGCTATTAGTGGGTAATGCATAGTG Reverse

phyC3 ATTGATCAGGCCTTTGAATGAGTGGGAGTATGTGCTC Forward

phyC4 ATGCCTGCAGGTCGACAAGTCCAGATCTCGGAAATCAG Reverse

The aphD gene 

phyD1 CGGTACCCGGGGATCCATCCTTAACAGTAGACTACTTGG Forward

phyD2 TTCCAGCAGGCCTTGCAGACTAACACTTCTAGACTAAG Reverse

phyD3 ATTGATCAGGCCTTTAACTTCCGAACCCGCTATGCTAG Forward

phyD4 ATGCCTGCAGGTCGACAACTTGACTCTCGTTCTTCGGTG Reverse

The aphE gene   

phyE1 CGGTACCCGGGGATCCCTGTGATCACTTTGAATAACACC Forward

phyE2 TTCCAGCAGGCCTTGCAACATAACTTACTTGAAGACCAG Reverse

phyE3 ATTGATCAGGCCTTTGGTCGTGATATTTTGCTTGCCAC Forward

phyE4 ATGCCTGCAGGTCGACAGGTCCAGATTTCGGAGATTAG Reverse
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The aphF gene 

phyF1 CGGTACCCGGGGATCCAGAATACAACATGCTGACTATGG Forward

phyF2 TTCCAGCAGGCCTTGATGCGATACTAAGCAAAGCAATC Reverse

phyF3 ATTGATCAGGCCTTTGCTCAAAGGGTCACTTGATCGCC Forward

phyF4 ATGCCTGCAGGTCGACATACTAGATGGAACCGGAAAGG Reverse

The aphG gene   

phyG1 CGGTACCCGGGGATCCTTTAGACAATTTCAGTCCCGCTC Forward

phyG2 TTCCAGCAGGCCTTGAAATGCAGCAGGTACGTTCTC Reverse

phyG3 ATTGATCAGGCCTTTGGATCAAATACGGCAGGCTG Forward

phyG4 ATGCCTGCAGGTCGACATAGAGGATCGGATCCAAAGAG Reverse

The aphH gene   

phyH1 CGGTACCCGGGGATCCACACAGAACAAACAAAAGATCTG Forward

phyH2 TTCCAGCAGGCCTTGGTGAAGTTCTCTAGACTCTAGG Reverse

phyH3 ATTGATCAGGCCTTTCCTTAATGACTGGAGCTATGGGC Forward

phyH4 ATGCCTGCAGGTCGACCTTCATGAACGTGTCAAGCTCAC Reverse

Primers for aphC expression vector   

fupyrGN CGGTACCCGGGGATCCAAGCCGCTGCTGGAATTGACA Forward

pyrGC3 TCAGAAGAAAAGGATGATCAATACC Reverse

pyrGtaa ATCCTTTTCTTCTGAATTCATGGTGTTTTGATCATTTT Forward

taaPrev CATAAATGCCTTCTGTGGGGTTTATTGTT Reverse

taaaphC CAGAAGGCATTTATGCAGCAATTATTGCAATCAACGG Forward

aphCSal ATGCCTGCAGGTCGACGGGTTGATAGAGCTTGTTCTGGTGATC Reverse
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6 aph pDisAphC 

pDisAphH pDisAphB 6 aph DNA

aphB A. oryzae KBN630-17K3

DNA

aph aphC

phyC1/phyC4 aphD phyD1/phyD4 aphE

phyE1/phyE4 aphF phyF1/phyF4 aphG

phyG1/phyG4 aphH phyH1/phyH PCR

A. oryzae taaG2 aphC

aphC A. oryzae taaG2 Tsukagoshi et al., 1989

aphC pTAAphC

pyrG 1.8-kb A. oryzae KBN630 DNA

fupyrGN/pyrGC3 PCR A. oryzae taaG2

0.6-kb A. oryzae DNA pyrGtaa/taaPrev

aphC 2.0-kb A. oryzae DNA

taaaphC/aphCSal 3 PCR BamHI/SalI

pUC18 4 In-Fusion Advantage PCR Cloning Kit

In-Fusion taaG2

aphC pTAAphC

pTAAphC A. oryzae PDE1

aphC High Fidelity RNA PCR Kit Takara Bio

AphC RNA RT-PCR

cDNA Adaptor Primer FB taaaphC 
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HincII pUC118

A. oryzae AphC

 A. oryzae APC15 RS 5

50 ml 10 mM Tris-HCl buffer pH 7.0

HR16/20 Fast Flow Q-Sepharose 

0.0 M 0.25 M NaCl AphC

HR16/20 Fast Flow Q-Sepharose 

 AphC

40% 40% 

HiLoad 26/10 Phenyl Sepharose HP GE Healthcare

40%  0% 

AphC 10 mM Tris-HCl buffer pH 7.0

SDS-PAGE N

ProSorb Applied Biosystems PVDF

Applied Biosystems Procise 491 Applied Biosystems

endoglycosidase H Glyko, Novato, 

CA, USA endoglycosidase H

Oike et al., 1984

100 mM pH 4.0 1 mM p-

PNPP  40°C 10 10% 
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2 M 

p- PNP 405 nm

1 1 mol PNP

 40°C 10 37°C 20 

 pH  pH 3.0 to 7.0 100 mM pH 4.0

40°C 10 100 mM 

25°C to 65°C 10

pH 25°C to 65°C 30

pH 3.0 to 7.0 30°C 1

100 mM 

pH 4.0 2 mM 40°C 30 

Phosphor C Test Kit Wako Pure Chemical, Osaka, Japan

Nishiya, 1993

Nishiya 1993 McIlvaine 

buffer pH 3.0 McIlvaine buffer pH 6.0

5’-IMP 1 mL 20 mM IMP 0.2 mL

200 mM pH 4.0 0.1 mL 

37°C  20  0.1 mL 1 N NaOH 

0.1 mL 1 N HCl Pi ColorLock ALS 

Innova Biosciences Ltd., Cambridge, UK

1 1 μmol 1

aph NITE the 
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Database of the Genomes Analyzed at NITE DOGAN http://www.bio.nite.go.jp/dogan/top

BLAST

 SignalP 4.0 http://www.cbs.dtu.dk/services/SignalP/

O-  NetOGlyc 3.1 

http://www.cbs.dtu.dk/services/NetOGlyc/ N-

NetNGlyc 1.0 http://www.cbs.dtu.dk/services/NetNGlyc/

aph

A. niger phyA van 

Hartingsveldt et al., 1993 aph BLAST A. 

oryzae 8 Table 3-2

Table 3-2. Acid phosphatase genes in A. oryzae studied during Chapter 3 

Gene Gene ID GenBank accession number 

aphA AO090023000692 AP007157 / AB042805 

aphB AO090120000167 AP007166 

aphC AO090010000202 AP007175 / AB775132 

aphD AO090011000174 AP007171 

aphE AO090023000448 AP007157 

aphF AO090023000481 AP007157 

aphG AO090124000063 AP007165 

aphH AO090005000912 AP007151 
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A B 

Fig. 3-1. Construction scheme for aphB disruption (A) and confirmation of aphA-H

single disruptants (B). 

A. Scheme for aphB gene disruption is shown. PCR-amplified DNA fragments from the 

aphB gene disruption vector, pDisAphB, were transformed into A. oryzae

KBN630-17K3. Gray and black boxes indicate the 5’-flanking region and a part of the 

coding region of the aphB gene, respectively, and closed and open arrows indicate the 

aphB gene and pyrG gene regions, respectively. The direction of the arrow indicates the 

orientation of the aphB and pyrG genes. Small arrows indicate the positions of the 

oligonucleotide primers used.  

B. Agarose gel electrophoresis of amplified DNA fragments in the aphA-H gene regions 

of the eight aph disruption strains using primer pairs phyB1/phyB4 to phyH1/phyH4 

listed in Table 3-1, and phyA1/phyA6 from Chapter 2. 
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aphA

Aph

IMP Aph

aphA 7 aph

aphB Fig. 3-1 A 

8 DNA phyB1/phyB4 PCR

5 3.8-kb 

aphB aph 

aphB aph 

aphB 62.5% aphC 100% aphD 87.5%

aphE 100% aphF 62.5% aphG 87.5% aphH 

100% Fig. 3-1 B aph 

aph 

aphA-H 

A. oryzae KBN630 aphA-H 

aphA-H 

Table 3-3 aphA aphC aphE

A. oryzae KBN630

5’-IMP

3 aphC

5’-IMP 3 % 6 %

AphC Aph 5’-IMP
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Table 3-3. Effects of aphA-H gene disruption on enzyme production in soybean-koji culture 

Strain 

Enzyme activity (units/g koji culture) (% of control) 

Acid phosphatase 
5’-IMP  

dephosphorylation 
α-Amylase Neutral protease 

ΔaphA 394 ± 39.4 (80) 547 ± 57.9 (89) 959 ± 50.0 (130) 20,800 ± 461 (106) 

ΔaphB 482 ± 52.3 (98) 692 ± 18.7 (112) 894 ± 7.8 (121) 20,200 ± 385 (102) 

ΔaphC 13 ± 0.6 (3) 36 ± 10.3 (6) 899 ± 15.6 (122) 20,800 ± 307 (106) 

ΔaphD 478 ± 27.2 (97) 632 ± 16.5 (103) 853 ± 4.2 (116) 20,400 ± 461 (104) 

ΔaphE 378 ± 14.1 (76) 481 ± 1.0 (78) 869 ± 2.8 (118) 18,500 ± 461 (94) 

ΔaphF 528 ± 4.4 (107) 667 ± 39.2 (108) 881 ± 7.1 (120) 22,000 ± 537 (112) 

ΔaphG 496 ± 64.2 (100) 661 ± 75.7 (107) 924 ± 40.3 (125) 21,400 ± 615 (109) 

ΔaphH 452 ± 20.7 (91) 590 ± 30.0 (96) 822 ± 24.0 (112) 21,000 ± 93 (107) 

KBN630 494 ± 28.3 (100) 615 ± 21.2 (100) 736 ± 42.4 (100) 19,700 ± 707 (100) 

Activity of two independent experiments is presented as average ± standard deviation. 
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A. oryzae KBN630 A. oryzae KBN 8048

aph aph

R S

Marui et al., 2012 S aphC

Aph 5’-IMP R

aphA aph

PHO Oshima, 1997 pH

aphA-H 12 % 

30 % aphE 2% 9 % 

aphA-H 

aphA-H 

A. oryzae aph

AphC

aphC A. oryzae KNB630 aphC

GenBank accession number AB775132 A. oryzae 

taaG2

Fig. 3-2

A. oryzae KBN630 aphC 47 bp 2 1,678 bp

527 ORF Fig. 3-3

cDNA
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aphC

PtaaG2

pyrG

pUC18
In-Fusion reaction

pyrG PtaaG2 aphC

pTAAphC

pyrGtaa

fupyrGN taaaphC

aphCSal

taaPrev

pyrGC

SalI endBamHI end

Fig. 3-2. Construction of an A.oryzae aphC gene expression vector. 

Small arrows indicate the oligonucleotide primers used for PCR amplification of each 

fragment. The three PCR-products and the BamHI/SalI-digested pUC18 were joined in a 

four-piece In-Fusion reaction using an In-Fusion Advantage PCR Cloning Kit. The 

resultant plasmid was designated as pTAAphC, in which the A. oryzae taaG2 gene 

promoter was positioned precisely next to the aphC gene coding region, carrying pyrG

gene as a selective marker.  
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Fig. 3-3. Nucleotide and deduced amino acid sequences of the aphC gene from A. 

oryzae KBN630 (GenBank/EMBL/DDBJ accession no. AB775132).  

Numbers on the right refer to nucleotide sequence and amino acid sequence. Intron 

sequences are in lower-case letters. An asterisk (*) marks the translation stop codon. The 

N-terminal amino acid sequence analyzed chemically is thick-underlined. Potential 

N-glycosylation and O-glycosylation sites are fine-underlined. 

ATGCAGCAATTATTGCAATCAACGGCAGCCCTGCTCGCCTTTCAGGCAGTTGTAGGCGATGCAGCTCCCACCTCAAGCTCATCAGCCGCG   90
M  Q  Q L  L Q  S  T  A  A L  L A  F  Q  A  V  V G  D  A  A P  T  S  S S S A  A 30 

GCATCTGGTCCGACTGGGGCCAGCTACCCGTCTGGATTTGACATGTCCACCAGCTGGGGCAACCTTAGCCCTTATAAGGACCAGCCTGGG  180
A S G  P  T G  A  S  Y  P  S  G  F  D  M  S  T  S  W  G  N  L  S  P  Y  K  D  Q  P  G     60 

TTCGAGGTGCCGAACGGTGTCCCAAGGGGTTGTGAGCTCTCCCAGGTCCATGTCCTCCACAGACACGCACAGCGCTATCCTACGTCGTGG  270
F  E  V  P  N  G  V  P  R  G  C  E  L  S  Q  V  H  V  L  H  R  H  A  Q  R  Y  P  T  S  W     90 

AAACTAGACGGTGGCGTAATAGAAGATTTTGCCCAGAAGCTCAAGAATTACACCAAGCGCCATGACAACGCGACAGTCGGTAAAGGAGCT  360
K  L  D  G  G V  I  E  D  F  A  Q  K  L  K  N Y  T  K  R  H  D  N A  T  V  G  K  G  A    120 

TTGTCGTTTTTGAATGAGTGGGAGTATGTGCTCGGAGAGGACCTTCTGCTCGTATCTGGTGCTGCGACGGAGGCGACGTCCGGTGCAAAT  450
L  S  F  L  N  E  W  E  Y  V  L  G  E  D  L  L L V  S  G  A  A T  E  A  T  S  G  A  N    150

GTTTGGTCTAAGTATGGACGCGCACTTTATCATGCCCCTGTCGGCGTCGCGTCTTACGATTCTTCGTTGAACGTCTATCCCAATGGGACC  540
V  W  S  K  Y  G  R  A  L  Y  H  A  P  V  G  V  A  S  Y  D  S  S L  N  V  Y  P  N G  T    180

GAGCGACCGAAACCAATCTTCAGGACAACAGATCAGGCCAGAATATTGGAGAGCGCCCGCTGGTGGTTGAgtacgttcgccattaaccag  630
E  R  P  K  P  I  F  R  T  T D  Q  A  R  I  L  E  S  A  R  W  W L  S                      204 

tgtaactgggtcgtgctgacttgttagGCGGCTTCTTTGGCAATACCGGCGCTAATAGCTCCTATTCCGAGTATGACCTTGTTATAACAC  720
G  F  F G  N  T  G  A  N S  S Y  S  E  Y  D  L  V  I  T  H  225

ACGAGGGCACTGGGTTCAACAACACCCTGGCGTCCGACGGTTCCTGCCCCGGAGACTTAGAAGAAGGgtaagccctgactttgtgtttcg  810
E  G  T  G  F  N  N T  L  A  S  D  G  S  C  P  G  D  L  E  E G                          247

catactatgtgctgaccgtctcagCGATGATTCGGGAGAAAAGTTCATCCCAAATCTTACTAAGGATGCCCTGAAGAGGCTGTCCCATTT  900
D  D S  G  E  K  F  I  P  N L  T  K  D  A  L  K  R  L  S  H  F   269

CCTTCCCTCTGATTTCAACCTCACGGCCAACGATGTGGTGGGCATGTTCAGTCTTTGCCCATACGAAACTGCGGCGCTAGGCAGCTCATC  990
L  P  S  D  F  N L  T  A  N  D  V  V G  M  F  S  L  C  P  Y  E  T  A  A L  G  S  S S 299

GTTTTGCTCATTATTCACGGAGCAGGAATGGCGCGATTTCGAGTACTTCGTTGACCTTCAGTTTTATGGTAACTATGGATTCGGCGCCCC 1080
F  C  S  L  F  T  E  Q  E  W R  D  F  E  Y  F  V  D  L  Q  F  Y  G  N  Y  G  F  G  A  P   329

CACTGGCCGCGCTCAGGGCATTGGATATGTTCTCGAGCTGGCAGCCAGATTAGAGGGCAAGCGGATTGAGACCAGCGATACGAGTATCAA 1170
T  G  R  A  Q  G  I  G  Y  V  L  E  L  A  A R  L  E  G  K  R  I  E  T  S  D  T  S  I  N   359 

CGCTACTGTCGACTCCAAGCCTGCCACATTCCCTCTTAACCAGCCATTGTATATGGACATGTCCCACGATGATGTGATTGTCGGGGTCCT 1260
A  T  V  D  S  K  P  A  T  F  P  L  N  Q  P L  Y  M  D  M  S  H  D  D V  I  V  G  V  L   389 

GGCCGCTCTGGGTCTCAAGTACTTCAACTATGGATCAAAGGGCTTGCCTGACGATGTGGCTCATGCTGTCCCCCGTAACTTCAAGCTCAA 1350
A  A L  G  L  K  Y  F  N  Y  G  S  K  G  L  P  D  D V  A  H  A  V  P  R  N  F  K  L  N   419 

TGAGGTTACACCTTTCGGAGCACATCTGATTTCCGAGATCTGGACTTGTCCTGAAAAGACTAACTTCCACGAACTGGATGGCGCGCTGTA 1440
E  V  T  P  F  G  A  H  L  I  S  E  I  W  T  C  P  E  K  T  N  F  H  E  L  D  G  A  L  Y   449

CAAGAACCCGGATCTTTCCTCGACATCAGACACCACAGATGTTATTCGGTTCGTGCTTAACGGTTCTCCGGTGTCGCAGGAAGGCCTAGA 1530
K  N  P  D  L  S  S T  S  D  T  T D  V  I  R  F  V  L  N  G  S  P  V  S  Q  E  G  L  D   479

TGGATGCGAGACCTCTATCAATGGCTTCTGTAGTGTCGAGGACTTCCTGAAAGGTGTTCCCAAGCTGAAGGTAAAGGCCGAGTACCAGTA 1620
G  C  E  T  S  I  N  G  F  C  S  V  E  D  F  L  K  G  V  P  K  L  K  V  K  A  E  Y  Q  Y   509

TGCTTGTTTTGGGAACTACACGGCCGGTCACCAGGTTGGTGATGGACGCCCTGAGTGA 1678
A  C  F  G  N  Y  T  A  G  H  Q  V  G  D  G  R  P  E  *    527
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A. oryzae KBN630 aphC A. oryzae RIB40 aphC GenBank 

accession number AP007157 25 

A. oryzae RIB40 Asn-279 A. oryzae KBN630 Tyr 

Ala-344  Ser 2

aphC pTAAphC A. oryzae PDE1

7 RS AphC

Table 3-4 7

 203 ~ 490 U/ml 0.14 ~ 0.34 mg/l pyrG

A. oryzae PDE1 Fig. 3-4

Aph APC15 lane 3 pyrG

A. oryzae PDE1 lane 2 SDS-PAGE

Table 3-4.  Acid phosphatase productivities of the seven A. 

oryzae strains carrying the aphC expression plasmid, pTAAphC  

Strain Phosphatase activity (U/ml) 

APC4 203 

APC15 490 

APC16 250 

APC19 278 

APC25 282 

APC27 178 

APC35 215 

Control*    0.2 

*A. oryzae PDE1 carrying pyrG gene 
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Fig. 3-4. SDS-polyacrylamide gel electrophoresis of the culture supernatant of the 

highest AphC producing strain, A. oryzae APC15. 

Each 10 μl of the culture supernatant of the strains, Control (A. oryzae PDE1 carrying 

pyrG gene) and APC15, was applied to the SDS-polyacrylamide gel electrophoresis. The 

gel was stained with Coomassie Brilliant Blue. Lane 1, molecular-mass markers [E. coli

β-galactosidase (116.0 kDa), rabbit muscle phosphorylase b (97.4 kDa), bovine serum 

albumin (69.0 kDa), glutamate dehydrogenase (55.0 kDa), porcine muscle lactate 

dehydrogenase (36.5 kDa), bovine liver carbonate anhydrase (29.0 kDa), soybean trypsin 

inhibitor (20.1 kDa), and egg white lysozyme (14.4 kDa)]; lane 2, Control; lane 3, 

APC15. 
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Table 3-5 APC15 2

1 AphC AphC

2.1 49.4% pNPP AphC

1,459 U/mg AphA 13

AphC SDS-PAGE 69.0 kDa Fig. 3-5, lane 2

AphC N Ala-Pro-X-X-X-X-X-Ala-Ala-Ala X

aphC Ala-22 

~ Ala-31 Fig. 3-3 Thr-24 ~ Ser-28

5  Thr-24 NetOGlyc 3.1 O

Thr-24 ~ Ser-28

SignalP 4.0 AphC 21

N

AphC 506 55,105 Da

AphC SDS-PAGE AphC Fig. 3-5, 

lane 2 14.0 kDa

Table 3-5. Summary of purification of AphC from A. oryzae APC15 

Purification step 
Total 

activity (U)

Total 

protein (mg)

Specific 

Activity 

(U/mg) 

Recovery

(%) 

Purification

(fold) 

Culture filtrate 20,396  29.9    682    100.0 1.0   

Q-Sepharose HP (1st) 13,238  9.4    1,408    63.8 2.1   

Q-Sepharose HP (2nd) 10,734  7.8    1,376    52.6 2.0   

Phenyl-Sepharose HP 9,919  6.8    1,459    49.4 2.1   
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Fig. 3-5. SDS-polyacrylamide gel electrophoresis of AphC purified from A. oryzae 

transformant APC15. 

AphC was purified as described in the Materials and Methods. The gel was stained 

with Coomassie Brilliant Blue. Lane 1, molecular-mass markers [E. coli

β-galactosidase (116.0 kDa), rabbit muscle phosphorylase b (97.4 kDa), bovine serum 

albumin (69.0 kDa), glutamate dehydrogenase (55.0 kDa), porcine muscle lactate 

dehydrogenase (36.5 kDa), bovine liver carbonate anhydrase (29.0 kDa), soybean 

trypsin inhibitor (20.1 kDa), and egg white lysozyme (14.4 kDa)]; lane 2, purified 

AphC; lane 3, endogylcosidase H treated AphC. 
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AphC N O

NetNGlyc 1.0 NetOGlyc 3.1

6 N Asn-106, Asn-113, 

Asn-178, Asn-213, Asn-257, Asn-275 3 O Thr-24, Ser-32, 

Thr-35 Fig. 3-3 N

H AphC Fig. 3-5, 

lane 3 58.0 kDa 55.1 kDa

2.9 kDa O

AphC

AphC pH pH

Fig. 3-6 Fig. 3-7 Table 3-6 AphC pH 4.5

50°C AphC pH3.5 pH 6.5

AphC 30°C 30°C

50°C AphC

AphC Table 3-7 AphA

p- PNPP phytate

α- glycerophosphate pyrophosphate 6

D-glucose-6-phosphate 5' 5’-GMP  5' 5’-IMP

AphC 

5’-GMP 19.2% 5’-IMP 37.3%

Table 3-6 Table 3-7 AphC

A. oryzae AphA ACP-I ACP-II
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Fig. 3-6. Effects of pH on enzyme activity and stability of AphC. 

The effects of pH on enzyme activity were investigated by measurement at 40°C in 

various pH acetate buffers.  

Symbols: , activity; , stability. 
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Fig. 3-7. Effects of temperature on enzyme activity and stability of AphC. 

The effects of temperature on enzyme activity were investigated by measurement in 

pH4.0 at various temperatures. For the temperature stability, residual activity was 

measured at 40°C after incubation in acetate buffer (pH4.0) at various tempereatures. 

Symbols: , activity; , stability. 
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Table 3-6. Comparison of the properties of AphC with those of other acid phosphatases 

from A. oryzae

 AphC AphAa ACP-Ib ACP-IIb ACP-IIIb AphK1c

Molecular mass 

(kDa) 
69.0 58.0 to 65.0 110 58 56 70 

pH optimum 4.5 4.0 4.5 5.0 5.5 5.5 

pH stability 3.5 to 6.5 3.0 to 7.0 4.3 to 5.5 4.8 to 6.5 5.0 to 5.5 2.0 to 7.0

Optimum 

temperature (°C) 
50 40 60 40 45 60 

Thermal stability 

(°C)  
<25 <35 <45 <35 <40 NDd

aThe results of AphA were taken from Chapter 2. 

bThe results of ACP-I, ACP-II and ACP-III were taken from the report by Fujita et al.

(Fujita et al. 2003a). 

cThe results of AphK1 were taken from the report by Shimizu (Shimizu 1993). 

dND, not determined. 
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Table 3-7. Comparison of AphC substrate specificity with those of other acid phosphatases 

from A. oryzae

Substrate  
Relative activitya (%) 

AphC AphAb ACP-Ic ACP-IIc ACP-IIIc AphK1d

Sodium p-nitrophenylphosphate 100 100 100 100 100 100 

Sodium phytate 0.04 54.0 14 255 23 3.3 

Sodium glycerophosphate 12.1 49.2 10 0 81 93.3 

Sodium pyrophosphate 16.2 33.3 NDe ND ND 183.3 

D-Glucose-6-phosphate 6.5 43.4 52 0 45 ND 

5’-GMP 19.2    8.1 ND ND ND ND 

5’-IMP 37.3    6.9 ND ND ND ND 

aHydrolysis rate of p-nitrophenylphosphate was taken as 100%.  

bThe results of AphA were taken from Chapter 2. 

cThe results of ACP-I, ACP-II and ACP-III were taken from the report by Fujita et al. (Fujita et 

al. 2003a). 

dThe results of AphK1 were taken from the report by Shimizu (Shimizu 1993). 

eND, not determined.

ACP-III  AphKI AphC AphA PNP

1,459 U/mg 108 U/mg AphC 5’-GMP

5’-IMP AphA 30 70

AphC A. oryzae 5'-

aphC

5'-
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Table 3-3 A. oryzae KBN630

aphC

aphC

5’-IMP 5’-GMP 5'-

aphC

A. oryzae KBN630 aphA aphC aphE

A. oryzae KBN630 7 (aphB-H)

aphC

aphB-H A. oryzae KBN630

aphC 5’-IMP

95% A. oryzae taaG2

A. oryzae aphC AphC

AphC 69.0 kDa pH

4.5 50 AphC 5’-IMP 5’-GMP

AphC 5’-
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A. oryzae KBN630

5'

5'

85°C 15

A. oryzae

Aspergillus oryzae KBN630 pyrG

A. oryzae KBN630 pyrG

DNA

Ku70 ku70 pyrG, ku70 2

amyR 90% amyR

A. oryzae KBN630

A. oryzae KBN630

A aphA aphA

A. oryzae

KBN630 20% TEF1

aphA AphA

AphA 58.0 65.0 kDa pH 4.0

40°C AphA 5’-GMP 5’-IMP
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5’-GMP

5’-IMP

A. oryzae KBN630 7

aphB-H

aphC

aphB-H A. oryzae KBN630

aphC

5’-IMP 95% A. oryzae 

taaG2 AphC

AphC 69.0 kDa pH 4.5 50°C

AphC 5’-IMP 5’-GMP

AphC aphC 5’-IMP

AphC A. oryzae

KBN630 5'

aphC

5'

 aphC

5'

Aspergillus Neurospora Fusarium

, 2011
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Neurospora crassa A. nidulans

2011

Ogawa et al., 2010; Ogawa et al., 

2012
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