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1  

 

1  

 

 (pressure) 

 (hydrostatic pressure) 

1

atmosphere 1 atm

1 =1,013 hPa 0.1 MPa 1 Pa ( ) 1 N/m2

10 m 1 0.1 MPa

1 10,911 m 1,100

110 MPa  
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1  

( , , 2009)

( , 1991)

( , , 2009)
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2  

(ZoBell and Cobet, 1964; 

Iwahashi et al., 1991; Tamura et al., 1992; Abe and Kato, 1999; Vogel et al., 2005; 

Kawarai et al., 2006)

Saccharomyces cervisiae 150 MPa

(Nomura et al., 2014) 40 MPa

4°C 25°C

(Iwahashi et al., 2003) Hashizume (1995) 120~300 MPa -20~50°C 2~40 

min 180 MPa

0~40°C

-10°C 50°C

-20°C

(Chong et al., 1985)



4 
 

(Freitas et 

al., 2012)  

Escherichia coli

(PBS) 25°C 1 week

(Koseki and Yamamoto, 2006)

PBS Ohshima (2013)

PBS

4°C

25°C

50%
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3  

17

Galilei Torricelli 1644

Torricelli

76 cm

; Torr

Torriceli 4 1648 Pascal

(Pascal, 1653)

Pascal

(pressure) (press)  

( , 2008)

; Pa  

1905

Haber 200-500°C

20-100 MPa

( , 2013) Bosch
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1 8,700

(Galloway et al., 2008)

Haber

1918

1931 Bosch

( , 2013)  

19 Regnard

300 MPa 1884

6,000 m ( 60 MPa)

(Regnard, 1884)

Buchner Buchner 1897
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40-50 MPa

( )

1907

(Jaenicke, 2007)  

Roger 1892 2

(Roger, 1892; Roger, 1895) 1

Staphylococcus aureus

300 MPa Streptococcus

30% 2

Bacillus anthracis
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4  

Hite (1899 )

463 MPa 1 h 24 h

 

(50~80°C) (Hite et al., 1914)  

Bridgman 10

1912

(Bridgman, 1912) 1914 500~700 MPa 30~60 min

(Bridgman, 1914)

Bridgman

1946  

Hite Bridgman
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( , 2013)  

1968

Alvin (Pope, 1973) Alvin Woods Hole Oceanographic 

Institution (WHOI) 1968 Alvin

1,543 m

Alvin 10

4°C

Alvin

( 0.1 MPa) 100 15 MPa

 

Alvin

1987  (Hayashi et al., 1987)
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C

( , 1991)

 

( , 1993)

(Kasuga, 1998)

1 1989

 (

)

(1991)

2003

2007
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2008  (JST) 2007

(2011)  

1988

1 2013 18

2015 20

International Conference on 

High Pressure Bioscience and Biotechnology (HPBB) 2000 2

(Nomura and Iwahashi, 2014) 2014 8

2016 9
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2  

 

(Yeast) 5~10 m

( , , 

2013)

20

(Egilmez and Jazwinski, 1989)

(Bravim, 2012)  
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1  

Saccharomyces cerevisiae

(Haney et al., 2001; Matsuoka et al., 2005; Iwahashi et al., 

2007; Yasokawa and Iwahahsi, 2010)  

1996 S. cerevisiae

(Goffeau et al.,1996) 6000

80%

31%

50%

(Hartwell, 

2004)

(Haney et al., 2001; Hohmann, 2002, Iwahashi et al., 2003; Iwahashi et al., 2005)
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DNA

( , 2002)

 

 ( , 1986)  

1

(Liti et al., 2009)
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2  

(Okada et al., 1992)

(Adegoke and Babalola, 1988) (Oyewole and Odunfa, 1988)

(Mohammed et al., 1991)

(Mitsuoka et al., 2002) (Ishii, 2002)

S. cerevisiae

(Nomura and Iwahashi, 2014)

(Yang et al., 

2010) 

(Basak et al., 2002; Lee et al., 2003; 

Patrignani et al., 2009)  
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3  

 

 MPa

1987  

 ( )

 

 

1  

C

 ( , 1991)

( , , 2000)

( , , 1990; , , 1990)

(Murokoshi, 2004)

300 MPa
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2 Pressure Regulated Fermentation 

(Pressure Regulated Fermentation; PReF)

(Nomura and Iwahashi, 2014)

PReF

C

PReF

PReF

100~200 MPa

PReF  MPa
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(sterilization)

(pasteurization)

pH

PReF

PReF

 

 

3  

S. cerevisiae KA31a

a924E1

(Shigematsu et al., 2010a) a924E1

KA31a

(Shigematsu et al., 2010b)

PReF

a924E1
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4  

 

100 200 MPa

S. cerevisiae PReF

PReF

PReF

 

a924E1

DNA
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2 DNA  

 

1  

 

1 DNA  

DNA (DNA ) 1  cm2 (2.5 

cm×8.5 cm) DNA

( , 2002) DNA( )

DNA

DNA DNA

DNA

DNA DNA

 

DNA mRNA

DNA
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2 DNA  

DNA

(Momose and Iwahashi, 2001)

(Kurita et al., 2002) (Odani et al., 2003) DMSO (Murata et al., 2003)

(Sirisattha et al., 2004) (Iwahashi et al., 2008) (Yasokawa 

et al., 2008) (Yasokawa et al., 2010)

Fernandes (2004) 200 MPa 30 min

mRNA

(Yayanos and Pollard, 1969)

mRNA 200 MPa 

(Kobori et al., 1995) DNA

Iwahashi (2003) 4 C 180 MPa 40 MPa

16 h 1 h RNA



22 
 

30 MPa 25°C

(Iwahashi et al., 2005)

DNA

 

 

3 DNA  

DNA

( ) ( , 2002)

(Iwahashi et al., 2007)

DNA



23 
 

DNA

1

PCR (RT-PCR)  

 

4  

a924E1 KA31a

DNA

DNA
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2  

 

1  

S. cerevisiae KA31a

a924E1 ( 1) a924E1

(Shigematsu et al., 2010a)

    

 

2  

YPD (2.0% peptone 1.0% yeast extract; Becton Dickinson and Co., NJ, USA

2.0% glucose; , , ) 30°C 48 h

Hasegawa (2012)

Bio Microplate Reader HiTSTM (Scinics, , ) 30°C 120 h

 

 

3 RNA  

YPD 15,000 rpm 4°C 1 min (MX-

301; Tomy Seiko, , ) Total RNA Fast RNA® Pro Red 
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Kit (MP Biomedicals, CA, USA) -

Multi-Beads Shocker® ( , , ) 10 min

2 RNA

260 nm Agilent 2100 BioanalyzerTM (Agilent 

Technologies, CA, USA)  

 

4 DNA  

DNA Yeast Oligo Microarray 

Kit (V2)TM (Agilent Technologies) S. 

cerevisiae S288c 6,256 DNA

1 cDNA Quick Amp Labeling KitTM (Agilent 

Technologies) total RNA cRNA Cy5 T7 

RNA polymerase (Agilent Technologies) cDNA cRNA

Cy5 Ecogenomics (

, )  
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5  

ORF(Open Reading Frame)

KA31a 2

a924E1

t (p < 0.05) MIPS GenRE 

CYGD database (http://mips.helmholtz-muenchen.de/genre/proj/yeast/)

DNA MIAME

Gene Expression Omnibus (GEO) database (GSE55120)  

 

6 quantitative PCR  

total RNA ReverTra AceR qPCR RT 

Master Mix (TOYOBO, Osaka, Japan) 37°C 15 min

DNA

( 2) Power SYBR® Green Master Mix 

(Applied Biosystems, CA, USA) StepOnePlusTM rial-time PCR System 

(Applied Biosystems) (95°C for 10 min, and 40 cycles: denaturation at 

95°C for 15 s, annealing and extension at 60°C for 2 min) Ct
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CDC48

a924E1 KA31a
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3  

 

1  

DNA a924E1

Total RNA a924E1 KA31a

4 RNA 1.2 μg/μL

RNA DNA RT-PCR  

DNA

5,821 8

a924E1 498 KA31a

(p < 0.05) 649 (p < 0.05)  

 

2  

a924E1 498 MIPS GenRE 

CYGD database

p “Energy” ( 3) “Energy”

367 c ATP coenzyme 

Q (COX1 AI1 COX17 COX18
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CYC7 PET191 SHY1 NCA2 COQ8 )

45 (MRPL1 MRPS35

MBA1 )  

“Biogenesis of cellular components”

2 ( 3) 862 88

“Mitochondrion” 171 32

21

(MRP51 MRPL1 MRPS35 RSM25 VAR1 )  

( 4)

“Mitochondria”

p (p < 0.01)

a924E1
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3  

a924E1 649

( 5) MIPS GenRE CYGD database “Protein 

synthesis” “Transcription” “Binding protein” 3

p

( 5) “Protein synthesis” 155

“Transcription” 1,077 155

“Binding protein” 1,049 148

RPS3 RPS5 RPS31 RPL10 RPL30

rRNA

“Cytoplasm” “Nucleus” ( 6)
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4 quantitative PCR  

( 2) quantitative PCR

a924E1 KA31a ( 7) a924E1

KA31a

2 a924E1

KA31a DNA

DNA

a924E1 COX1

COX1

( 7)  
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4  

 

DNA

a924E1

KA31a a924E1 1,000

(p < 0.05)

( 3)

( 5)

DNA

DNA

a924E1
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a924E1

 

RT-PCR a924E1

KA31a 2

( 7) DNA

c

COX1 ( 7)  

DNA DNA

PCR DNA

COX1 DNA

DNA

(Iwahashi et 

al., 2007) DNA COX1
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COX1 40-60 bp 5-

-1-α- PRS2

COX1

quantitative PCR ( 7)

a924E1 COX1

 

a924E1

3 DNA

a924E1
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3

1  

 

1  

DNA( DNA)

DNA 76 kbp

16.5 kbp ( , 1986)

DNA

DNA

 

DNA Ephrussi (1955)

DNA rho rho0
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 ( , 1986)  

 

2  

2 DNA a924E1
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2  

 

1  

S. cerevisiae KA31a

a924E1 ( 1)  

  3

( 1)  

 

2  

YPD (2.0% peptone 1.0% yeast extract 2.0% glucose) 30°C 48 

h Hasegawa

(2012) Bio Microplate Reader HiTSTM 30°C 120 h

 

 

3  

a924E1 (a )

KA31α (α ) 300 μL

YPD 2.4 mL 30°C 24 h
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YPD

a924E1 KA31α

FACS CaliburTM flow 

cytometer (Becton Dickinson and Co., NJ, ) DNA

 

 

4  

2,3,5-triphenyl-2H-tetrazolium chloride (TTC; Wako Pure 

Chemical Industries) Nagai(1959)

 

 

5 DNA  

DNA PCR Total DNA Dr. 

GenTLE® (from Yeast) High Recovery ( )

DNA TE 50 μL 20°C

DNA 260 nm DNA

Saccharomyces Genome Database (SGD, http://www.yeastgenome.org/) 
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Primer3Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/)

15S rRNA 21S rRNA COX1 COX3 COB

( 2) CDC48

 

 

6  

Shigematsu (2010a) 200 MPa 20°C 0-360 s
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3  

 

1  

DNA a924E1

TTC a924E1

KA31a

TTC 20 min 100 min

( 1) a924E1 100 min

( 1) a924E1

 

 

2 DNA  

DNA

a924E1

DNA PCR

DNA 15S rRNA 21S rRNA COX1 COX3
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COB ( 2) CDC48

a924E1 15S rRNA 21S rRNA COX3

COB COX1

( 5)  

 

3  

COX1 a

a924E1 α KA31α 5

DNA

( 2) DNA (G1 2C G2 4C)

(G1 1C G2 2C) 2 G2 (DNA

4C) G1 (2C) 2

G2 (DNA 2C) G1 (1C) 2

3  
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4  

a924E1 KA31a 200 MPa 20°C 0-360 s

YPD

120 s 240 s 360 s 0 s

( 4) KA31a a924E1

KA31a

a924E1  

 

5  

a924E1

TTC TTC

( ) TTC ( ) 2

( 1) TTC KA31a

TTC a924E1
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TTC COX1

TTC PCR (

5)
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4  

 

DNA

TTC

a924E1

( 1) DNA PCR COX1

( 5) COX1 DNA

( 5) a924E1

COX1

DNA

a924E1 COX1

 

COX1

( 1) COX1

COX1

a924E1 (
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4) COX1 a924E1

 

ATP NADH

a924E1

COX1

 

DNA

a924E1 COX1

KA31a



46 
 

(Shigematsu et al., 2010a) ( 3) Brauer

(2005) 0.5% S. 

cerevisiae

a924E1 KA31a

COX1

PReF

 

a924E1

a924E1
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4

1  

 

1  

( , 2013)

DNA RNA

( , , 2013)  
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2  

(GC/MS) (LC/MS)

(CE/MS) ( , 

2013)  

Tanaka (2007)

(CE/MS)

( , 2013)

 

 

3  

1 (Hamada and Shirali, 2007)



49 
 

(Tsumoto et 

al., 2004; Lyutoya et al., 2007)

(Morita et al., 2002; 

Nishimura et al., 2010)

 

 

4  

2 3 a924E1 COX1
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2  

 

1  

S. cerevisiae KA31a

a924E1 ( 1) a924E1

(Shigematsu et al., 2010a)

    

 

2  

YPD (2.0% peptone 1.0% yeast extract; Becton Dickinson and Co., NJ, USA

2.0% glucose; , , ) 30°C 48 h

Hasegawa (2012)

Bio Microplate Reader HiTSTM (Scinics, , ) 30°C 120 h

 

 

3  

Human Metabolomics Technologies (HMT; , )

CE/MS HMT a924E1



51 
 

KA31a 2

t KA31a

KEGG (http://www.genome.jp/kegg/pathway.html)

 

 

4  

total RNA Fast RNA ® Pro Red Kit (MP Biomedicals, CA, USA)

RNeasy ® Mini Kit (Qiagen, Hilden, Germany) cDNA

RNA ReverTra Ace® qPCR RT Master Mix (Toyobo, , )

4

( 2) 3 DNA

(ARG3 ARG1 ARG4 ) ARG8

PCR GoTaq Green 

Master Mix (Promega, WI, USA)  
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5  

(10-500 mM) 200 MPa 0-4°C 360 s

HP-500 (Syn Corporation, 

, ) Shigematsu (2010a)

10-100 5 μL YPD

30°C  
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3  

 

1  

CE/MS 250 ( 8) a924E1

KA31a

48 KA31a (p < 

0.05) CoA TCA

59 a924E1

α- a924E1 KA31a

a924E1 TCA

a924E1

( 8)  

 

2  

9
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ARG8 ARG3 ARG1 ARG4 RT-PCR

ACT1

4 KA31a a924E1

( 6)  

 

3  

a924E1

KA31a

a924E1 a924E1

10 mM

KA31a

( 8)  
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4  

8 a924E1 TCA

( 9)

TCA CoA

( 8) II

a924E1

DNA a924E1 TCA

31 8 (CIT2 CIT3 GDH1

GDH3 IDP2 SDH1 SDH2 SHH3 )

II ( )

(SDH1 SDH2 SHH3 ) COX1

TCA

TTC

( 1)  

8 a924E1



56 
 

(GDH1 GDH3 )

TCA

a924E1

DNA

21 8

(ARG1 ARG3 ARG4 ARG7 CPA1 MAK31 PUT1 VBA1

) DNA

RT-PCR a924E1

( 6)

TCA

( 7)  

KA31a a924E1

Shigematsu (2010a)
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a924E1 KA31a

a924E1 KA31a ( 8)

 

a924E1

( 7)

PReF  
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5  
 

1987

300 MPa

(sterilization) 100~200 MP

(pasteurization)

(Pressure Regulated Fermentation; PReF)

(Nomura and Iwahahsi, 2014) PReF

 

S. cerevisiae KA31a

KA31a

a924E1 a924E1 KA31a

PReF
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a924E1

a924E1

2 3 DNA

PCR

4

COX1

 

 

2 a924E1

DNA KA31a

( 3-6) 5,821

a924E1 498 KA31a

(p < 0.05) 649 (p < 

0.05) a924E1 “Energy”

“Mitochondria”

(p < 0.05) COX1
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AI1 COX17 COX18 CYC7 PET191 SHY1 NCA2 COQ8 MRPL1 MRPS35

MBA1

RPS3 RPS5 RPS31

RPL10 RPL30 Protein synthesis”

(p < 0.05)

Quantitative PCR DNA

a924E1

KA31a 2 a924E1

KA31a

( 7)

a924E1

COX1 ( 7) COX1

quantitative PCR

COX1 PRS2

a924E1 COX1
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3 a924E1

TTC

a924E1

( 1) DNA

DNA PCR

COX1 ( 5) COX1

a924E1

COX1

DNA

a924E1 COX1

COX1 a924E1 (a ) COX1

KA31α (α )

COX1

( 1, 5) COX1 COX1

a924E1
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( 4) DNA COX1

 

 

4 COX1

( 8) CE/MS

250 a924E1 48

KA31a (p < 0.05) 59

a924E1 α- a924E1

KA31a

a924E1 TCA

( 9, 7) DNA

a924E1

(CIT2 CIT3 GDH1 GDH3 IDP2 SDH1 SDH2 SHH3

ARG1 ARG3 ARG4 ARG7 CPA1 MAK31 PUT1 VBA1 )

ARG8 ARG3

ARG1 ARG4 RT-PCR a924E1

( 6)
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KA31a a924E1

( 8) a924E1 KA31a

(Shigematsu et 

al., 2010a) 10 mM a924E1

( 8)

 

 

DNA COX1

a924E1 COX1

TCA

( 7)

COX1

PReF  
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6  

 

   

 

   

 

   

 

     S. 

cerevisiae KA31a a924E1
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DNA
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8  

 

Table 1. Saccharomyces cerevisiae strains used in this study. rho+; normal respiration 

strain, rho-; respiration-deficient strain. 

 

Strain Genotype  

Saccharomyces cerevisiae KA31a MATa his3 leu2 trp1 ura3 
Parent 
rho+ type haploid 

Saccharomyces cerevisiae a924E1 MATa his3 leu2 trp1 ura3 
Barosensitive mutant 
rho  type haploid 

Saccharomyces cerevisiae KA31α MATα his3 leu2 trp1 ura3 
Wild type 
rho+ type haploid 

Saccharomyces cerevisiae C208 MATa/α his3 leu2 trp1 ura3 rho  type diploid 

Saccharomyces cerevisiae E201 MATa/α his3 leu2 trp1 ura3 rho+ type diploid 

Saccharomyces cerevisiae E208 MATa/α his3 leu2 trp1 ura3 rho  type diploid 

Saccharomyces cerevisiae F102 MATa/α his3 leu2 trp1 ura3 rho  type diploid 

Saccharomyces cerevisiae F108 MATa/α his3 leu2 trp1 ura3 rho+ type diploid 
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Table 3. Functional categories of upregulated genes in the mutant strain a924E1. p-values 

indicate the statistical significance of the observed upregulation of genes in each category. 

 

Functional Category 
Number of 

Total genes 

Number of 

Altered genes 

Percentage of 

 Altered genes 
P value 

Energy 367 45 12.3% 0.003 

Biogenesis of cellular components 862 88 10.2% 0.012 

Unclassified proteins 1393 128 9.2% 0.042 

Metabolism 1514 137 9.0% 0.085 

Protein synthesis 480 42 8.8% 0.341 

Cell fate 273 22 8.1% 1.000 

Interaction with the environment 463 37 8.0% 1.000 

Protein fate 1154 91 7.9% 1.000 

Cellular transport 1038 76 7.3% 1.000 

Cell type differentiation 452 33 7.3% 1.000 

Cell cycle and DNA processing 1012 73 7.2% 1.000 

Regulation of metabolism 253 17 6.7% 1.000 

Binding proteins 1049 66 6.3% 1.000 

Cell rescue, defense and virulence 554 34 6.1% 1.000 

Signal transduction mechanism 234 13 5.6% 1.000 

Transcription 1077 57 5.3% 1.000 

Development 69 3 4.3% 1.000 

Transposable elements 120 3 2.5% 1.000 
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Table 4. Locational categories of upregulated genes in the mutant strain a924E1. p-values 

indicate the statistical significance of the observed upregulation of genes in each category. 

 

Locational  Category 
Number of 

Total genes 

Number of 

Altered genes 

Percentage of 

 Altered genes 
P value 

Mitochondria 1047 124 11.8% 0.001>  

Cell wall 44 10 22.7% 0.002 

Extracellular 54 11 20.4% 0.004 

Bud 150 17 11.3% 0.104 

Cell periphery 216 23 10.6% 0.113 

Endosome 58 7 12.1% 0.192 

Cytoskeleton 204 20 9.8% 0.226 

Microsomes 5 1 20.0% 0.347 

Ambiguous 237 21 8.9% 0.381 

Integral membrane / 
endomembranes 

172 15 8.7% 0.436 

Plasma membrane 186 15 8.1% 0.454 

Transport vesicles 141 11 7.8% 1.000 

ER 552 40 7.2% 1.000 

Punctate composite 140 10 7.1% 1.000 

Cytoplasm 2844 190 6.7% 1.000 

Vacuole 284 19 6.7% 1.000 

Golgi 158 10 6.3% 1.000 

Nucleus 2136 131 6.1% 1.000 

Peroxisome 52 2 3.8% 1.000 

Lipid particles 27 1 3.7% 1.000 
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Table 5. Functional categories of downregulated genes in the mutant strain a924E1. p-values 

indicate the statistical significance of the observed downregulation of genes in each category. 

 

Functional Category 
Number of 

Total genes 

Number of 

Altered genes 

Percentage of 

 Altered genes 
P value 

Protein synthesis 480 155 32.3% 0.001>  

Transcription 1077 155 14.4% 0.001>  

Binding proteins 1049 148 14.1% 0.001>  

Energy 367 48 13.1% 0.071 

Metabolism 1514 174 11.5% 0.111 

Development 69 8 11.6% 0.453 

Cell rescue, defense and virulence 554 57 10.3% 1.000 

Cell fate 273 24 8.8% 1.000 

Cellular transport 1038 90 8.7% 1.000 

Cell cycle and DNA processing 1012 83 8.2% 1.000 

Protein fate 1154 85 7.4% 1.000 

Cell type differentiation 452 30 6.6% 1.000 

Regulation of metabolism 253 16 6.3% 1.000 

Biogenesis of cellular components 862 52 6.0% 1.000 

Interaction with the environment 463 27 5.8% 1.000 

Signal transduction mechanism 234 13 5.6% 1.000 

Unclassified proteins 1393 74 5.3% 1.000 

Transposable elements 120 5 4.2% 1.000 
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Table 6. Locational categories of downregulated genes in the mutant strain a924E1. p-values 

indicate the statistical significance of the observed downregulation of genes in each category. 

 

Locational  Category 
Number of 

Total genes 

Number of 

Altered genes 

Percentage of 

 Altered genes 
P value 

Cytoplasm 2844 386 13.6% 0.001>  

Nucleus 2136 270 12.6% 0.001>  

Peroxisome 52 7 13.5% 0.313 

Microsomes 5 1 20.0% 0.430 

Plasma membrane 186 16 8.6% 1.000 

Vacuole 284 24 8.5% 1.000 

ER 552 46 8.3% 1.000 

Mitochondria 1047 86 8.2% 1.000 

Cell periphery 216 17 7.9% 1.000 

Lipid particles 27 2 7.4% 1.000 

Integral membrane / 
 endomembranes 

172 11 6.4% 1.000 

Golgi 158 8 5.1% 1.000 

Cell wall 44 2 4.5% 1.000 

Bud 150 6 4.0% 1.000 

Ambiguous 237 9 3.8% 1.000 

Extracellular 54 2 3.7% 1.000 

Punctate composite 140 5 3.6% 1.000 

Cytoskeleton 204 7 3.4% 1.000 

Transport vesicles 141 4 2.8% 1.000 
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Table 7. Confirmation of DNA microarray analysis results.  

ALD3, CAR1, and MRP51 genes of the mutant strain were upregulated compared to those of 

the parent strain, and FBP1, ICL1, and SFC1 genes were downregulated. Relative expression 

level of the upregulated genes of the mutant strain was higher than that of the parent strain, 

and relative expression level of the downregulated genes was lower. Relative expression level 

of the COX1 gene was very low or it could not be detected. The CDC48 gene was amplified 

as a control. Reproducibility was confirmed by performing at least 3 independent 

experiments. N.D.; not detected. *; p < 0.05, **; p < 0.01. 

 

Gene 
name 

Relative expression level  

KA31a a924E1  

ALD3 1.00 4.82 ± 1.09 * Upregulated gene 

CAR1 1.00 2.70 ± 0.59 * Upregulated gene 

MRP51 1.00 2.57 ± 0.62 * Upregulated gene 

FBP1 1.00 0.03 ± 0.03 ** Downregulated gene 

ICL1 1.00 0.12 ± 0.13 ** Downregulated gene 

SFC1 1.00 0.02 ± 0.02 ** Downregulated gene 

COX1 1.00 < 0.01 ** COX1 gene 1 

COX1 1.00 N.D. COX1 gene 2 

CDC48 1.00 1.12 ± 0.53 Control 
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Table 8. Total detected metabolites. Metabolomics was carried out with three independent 

experiments (*; p < 0.05, **; p < 0.01, ***; p < 0.001). N.A.; Not Available. 

 

Compound name Fold P-value Compound name Fold P-value 

ATP 0.01 0.109  Sarcosine 0.19 N.A.  

Gln 0.02 0.009 ** Mevalolactone 0.19 0.013 * 

Guanidoacetic acid 0.02 0.012 * p-Aminobenzoic acid 0.19 0.010 ** 

GDP-glucose 0.03 0.037 * Imidazolelactic acid 0.20 0.001> *** 

UDP-N-acetylglucosamine 0.06 0.061  2-Hydroxyvaleric acid 0.20 0.069  

N-Acetylleucine 0.06 0.015 * N-Acetylornithine 0.20 0.001> *** 

Butyric acid 0.07 0.090  3-Hydroxypropionic acid 0.20 0.001> *** 

Citric acid 0.07 0.051  Isovaleric acid 0.21 0.096  

3-Hydroxy-3-methylglutaric acid 0.07 0.076  Thiamine diphosphate 0.21 0.054  

Mevalonic acid 0.07 0.071  Tyr 0.21 0.008 ** 

Creatinine 0.08 0.007 ** CMP-N-acetylneuraminate 0.21 0.066  

Anthranilic acid 0.09 0.013 * Acetoacetamide 0.21 0.006 ** 

2-Isopropylmalic acid 0.09 0.074  3-Methylhistidine 0.21 0.006 ** 

Asp 0.09 0.012 * Glutathione (GSSG)_divalent 0.22 0.028 * 

Uridine 0.11 0.013 * Glu 0.22 0.005 ** 

Fructose 6-phosphate 0.11 0.051  Phosphoenolpyruvic acid 0.22 0.007 ** 

Sucrose 6'-phosphate 0.11 0.012 * Hydroxyproline 0.24 0.013 * 

Pro 0.11 0.010 ** O-Acetylcarnitine 0.25 0.009 ** 

Leu 0.12 0.005 ** N-Acetylasparagine 0.26 0.018 * 

Argininosuccinic acid 0.13 0.016 * Carnosine 0.26 0.011 * 

Betaine 0.13 0.002 ** 2-Methylserine 0.28 0.004 ** 

Phosphorylcholine 0.14 0.019 * Val 0.28 0.006 ** 

Ophthalmic acid 0.14 0.055  N6-Acetyllysine 0.28 0.022 * 

2-Hydroxy-4-methylvaleric acid 0.15 0.043 * N-Acetylhistidine 0.30 0.044 * 

2-Aminoisobutyric acid 0.15 0.002 ** Cystine 0.33 0.066  

3-Hydroxybutyric acid 0.15 0.012 * N-Acetyllysine 0.33 0.150  

Malic acid 0.15 0.059  Cysteine glutathione disulfide 0.33 0.074  

1-Methyladenosine 0.15 0.014 * 2-Aminoadipic acid 0.33 0.105  

Adenine 0.16 0.021 * Carboxymethyllysine 0.33 0.049 * 

cis-4-Hydroxyproline 0.16 0.006 ** N-Ethylglycine 0.33 0.001> *** 

Isobutyrylcarnitine 0.16 0.042 * His 0.36 0.001> *** 

Ile 0.17 0.001> *** Ornithine 0.37 0.030 * 

N-Acetylglutamic acid 0.18 0.067  Octanoic acid 0.37 N.A.  
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Compound name Fold P-value Compound name Fold P-value 

Isovalerylcarnitine 0.37 0.013 * SDMA 0.66 0.136  

Nicotinamide 0.38 0.045 * Heptanoic acid 0.67 0.166  

S-Methylcysteine 0.39 0.003 ** Citrulline 0.67 0.114  

N-Acetylglycine 0.40 0.023 * Thiamine 0.67 0.017 * 

Gluconic acid 0.40 0.022 * S-Adenosylmethionine 0.69 0.080  

Creatine 0.40 0.003 ** FAD_divalent 0.72 0.398  

5'-Deoxy-5'-methylthioadenosine 0.40 0.006 ** Lys 0.73 0.016 * 

4-Guanidinobutyric acid 0.41 0.054  Trp 0.73 0.063  

N-Methylalanine 0.42 N.A.  Carbachol 0.74 0.539  

Isoniazid 0.43 N.A.  Thr 0.75 0.082  

Glycerophosphocholine 0.43 0.001> *** Thiamine phosphate 0.76 0.549  

Arg 0.44 0.001> *** Ala 0.77 0.085  

Trimethylamine 0.45 N.A.  Glyceric acid 0.78 0.254  

Pyridoxamine 0.47 0.205  p-Toluic acid 0.78 0.441  

Dyphylline 0.47 0.009 ** Pelargonic acid 0.78 0.204  

Glutathione (GSH) 0.48 0.615  Pyridoxamine 5'-phosphate 0.79 0.158  

O-Acetylhomoserine 0.48 N.A.  γ-Butyrobetaine 0.81 0.008 ** 

NAD+ 0.48 0.057  4-Methyl-5-thiazoleethanol 0.84 0.270  

β-Ala-Lys 0.48 0.124  NMN 0.84 0.096  

N6-Methyllysine 0.49 0.001> *** Cys 0.87 0.844  

Asn 0.49 0.019 * 5-Hydroxylysine 0.90 0.298  

γ-Glu-2-aminobutyric acid 0.50 N.A.  FMN 0.92 0.733  

Theobromine 0.50 0.089  5-Oxohexanoic acid 0.93 0.737  

S-Lactoylglutathione 0.51 0.011 * Homoserinelactone 0.95 0.753  

Ser 0.52 0.109  Imidazole-4-acetic acid 0.96 0.601  

Thiaproline 0.53 0.253  N-Acetylputrescine 0.98 0.853  

ADMA 0.54 0.007 ** GDP 0.98 0.951  

Xanthine 0.56 0.064  Lauric acid 0.99 0.955  

N6,N6,N6-Trimethyllysine 0.58 0.007 ** Urea 1.0 0.999  

5-Aminovaleric acid 0.58 0.003 ** 11-Aminoundecanoic acid 1.0 0.916  

1-Aminocyclopropane-1-carboxylic acid 0.58 0.398  Morpholine 1.0 0.930  

Nω-Methylarginine 0.58 0.035 * 3-Aminopropane-1,2-diol 1.0 0.289  

Hexanoic acid 0.59 0.223  N8-Acetylspermidine 1.1 0.798  

NADP+ 0.60 0.271  NADH 1.1 0.713  

Phe 0.60 0.004 ** N-Acetylglucosamine 6-phosphate 1.1 0.782  

S-Methylglutathione 0.63 0.050 * Cyclohexylamine 1.2 0.694  

2-Amino-2-(hydroxymethyl)-1,3-propanediol 0.64 0.439  UDP 1.2 0.611  
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Compound name Fold P-value Compound name Fold P-value 

ADP 1.2 0.585  5-Amino-4-oxovaleric acid 7.0 0.014 * 

Choline 1.2 0.117  Orotic acid 7.4 0.004 ** 

Pantothenic acid 1.2 0.281  UMP 11.1 0.011 * 

Decanoic acid 1.2 0.709  GMP 15.6 0.005 ** 

3-Amino-2-piperidone 1.2 0.083  AMP 22.7 0.002 ** 

Threonic acid 1.2 0.383  S-Adenosylhomocysteine 32.2 0.011 * 

Glycerol 1.4 0.127  Pipecolic acid 43.9 0.001> *** 

Taurocholic acid 1.4 0.536  1-Pyrroline 5-carboxylic acid 1> N.A.  

Trimethylamine N-oxide 1.4 0.059  2-Hydroxyglutaric acid 1> N.A.  

Spermidine 1.5 0.388  2-Oxoisovaleric acid 1> N.A.  

Ala-Ala 1.5 0.050  2-Phosphoglyceric acid 1> N.A.  

Urocanic acid 1.7 0.269  3-Hydroxykynurenine 1> N.A.  

Lactic acid 1.8 0.104  3-Methyladenine 1> N.A.  

Triethanolamine 1.8 0.275  3-Phosphoglyceric acid 1> N.A.  

Cystathionine 1.8 0.009 ** 4-Acetamidobutanoic acid 1> N.A.  

Gly 1.9 0.002 ** 
4-Methyl-2-oxovaleric acid 

3-Methyl-2-oxovaleric acid 
1> N.A.  

Nicotinic acid 1.9 0.008 ** 5-Oxo-2-tetrahydrofurancarboxylic acid 1> N.A.  

Met 2.2 0.003 ** 6-Aminohexanoic acid 1> N.A.  

Hypoxanthine 2.3 0.033 * Acetyl CoA_divalent 1> N.A.  

Carnitine 2.5 0.001> *** Acetylcholine 1> N.A.  

Diethanolamine 2.6 0.001> *** Arg-Glu 1> N.A.  

5-Oxoproline 2.6 0.003 ** Benzoic acid 1> N.A.  

myo-Inositol 1-phosphate 

myo-Inositol 3-phosphate 
2.7 N.A.  Butyrylcarnitine 1> N.A.  

Ethanolamine 2.8 0.001 ** CDP 1> N.A.  

Tyramine 3.0 0.010 * cis-Aconitic acid 1> N.A.  

Methionine sulfoxide 3.0 0.039 * CoA_divalent 1> N.A.  

γ-Glu-Cys 3.0 0.197  CTP 1> N.A.  

CDP-choline 3.4 0.003 ** Cytidine 1> N.A.  

Saccharopine 3.6 0.004 ** Ectoine 1> N.A.  

CMP 4.3 0.006 ** Fructose 1,6-diphosphate 1> N.A.  

Adenosine 5.4 0.005 ** Fumaric acid 1> N.A.  

Cholic acid 5.9 0.005 ** Glucose 1-phosphate 1> N.A.  

Putrescine 6.0 0.083  Glucose 6-phosphate 1> N.A.  

GABA 6.5 0.001> *** Gly-Asp 1> N.A.  

Succinic acid 6.5 0.001> *** Glycerol 3-phosphate 1> N.A.  
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Compound name Fold P-value Compound name Fold P-value 

Gly-Gly 1> N.A.  Propionic acid 1> N.A.  

GTP 1> N.A.  Propionyl CoA_divalent 1> N.A.  

Guanosine 1> N.A.  PRPP 1> N.A.  

His-Glu 1> N.A.  Pyridoxal 1> N.A.  

HMG CoA_divalent 1> N.A.  Pyridoxine 1> N.A.  

Hypotaurine 1> N.A.  Ribose 5-phosphate 1> N.A.  

Indole-3-ethanol 1> N.A.  Sedoheptulose 7-phosphate 1> N.A.  

Inosine 1> N.A.  Trehalose 6-phosphate 1> N.A.  

Isobutyryl CoA_divalent 1> N.A.  
UDP-glucose 

UDP-galactose 
1> N.A.  

Isocitric acid 1> N.A.  Uracil 1> N.A.  

Kynurenine 1> N.A.  UTP 1> N.A.  

Metronidazole 1> N.A.  
2'-Deoxyadenosine 

5'-Deoxyadenosine 
>1 N.A.  

N-Acetylglutamine 1> N.A.  Aminoacetone >1 N.A.  

N-Acetylphenylalanine 1> N.A.  
Ethanolamine 

phosphate 
>1 N.A.  

N-Acetylserine 1> N.A.  Histidinol >1 N.A.  

N-Acetyl-β-alanine 1> N.A.  Homoserine >1 N.A.  

NADPH_divalent 1> N.A.  IMP >1 N.A.  

N-Methylglutamic acid 1> N.A.  N2-Succinylornithine >1 N.A.  

N-Methylproline 1> N.A.  N-Acetylalanine >1 N.A.  

Orotidine 5'-monophosphate 1> N.A.  γ-Glu-Val-Gly >1 N.A.  
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Table 9. Relatively decreased metabolites observed in the barosensitive mutant. Metabolites 

were selected by a Welch’s t-test (p < 0.05) and by a two-fold cutoff in relative values compared 

with the parent strain. ; metabolites not detected in the mutant strain but present in the parent 

strain. ×; metabolite not detected in either strain. 

 

Relatively decreased 
 Compound name  Fold 

Glutamine 0.02 

Aspartate 0.09 

Argininosuccinic acid 0.13 

Glutamate 0.22 

Ornithine 0.37 

Arginine 0.44 

Succinic acid 6.48 

cis-Aconitic acid ● 

Isocitric acid ● 

Acetyl CoA divalent ● 

Fumaric acid ● 

2-Oxoglutaric acid × 
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Fig. 1. Respiratory function of the mutant strains.  

TTC staining of the parent strain (A and B), the mutant strain (C and D), the diploid strain 

group with normal respiration (E and F), and the respiration-deficient diploid strain group (G 

and H). Before staining, colonies were white (A, C, E, and G). The parent strain and the diploid 

strain group with normal respiration turned red at least 100 min after staining (B and F), while 

the mutant strain and the respiration-deficient diploid strain group became faintly pink within 

the same time frame (D and H). Reproducibility was confirmed in at least 3 independent 

experiments. 
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Fig. 2. DNA contents and cell sizes of the diploid strains.  

DNA contents and cell sizes observed in a mixture of the diploid strains and the haploid strains. 

DNA contents of the diploid strains (G1 phase: 2C, G2 phase: 4C) were approximately 2-fold 

compared to those of the haploid strains (G1 phase: 1C, G2 phase: 2C), and cell sizes were also 

similar. Reproducibility was confirmed in at least three independent experiments. 

 

 

 

  



94 
 

Fig. 3. Growth ability of the mutant strains.  

Growth rates of the parent strain (open triangles), the mutant strain (open diamonds), the TTC-

positive diploid strain group (shaded triangles), and the TTC-negative diploid strain group 

(shaded diamonds) were shown. Cell concentrations were measured by A660. 
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Fig. 4. Barosensitivity of the diploid strains.  

Barosensitivity of the parent strain (open triangles), the mutant strain (open diamonds), the 

TTC-positive diploid strain group (shaded triangles), and the TTC-negative diploid strain 

group (shaded diamonds) after pressurized treatment at 200 MPa for 0–360 s. Means and 

standard deviations are shown from at least 4 independent experiments. 
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Fig. 5. Confirmation of gene deletion of the COX1 gene.  

K, KA31a (parent strain); E, a924E1 (mutant strain); P, TTC-positive diploid strain group; N, 

TTC-negative diploid strain group. Amplifications proceeded for 25 cycles. Amplification of 

the CDC48 gene was used as a positive control. The results shown are representative of at least 

3 independent experiments. 
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Fig. 6. Gene expression involved in arginine biosynthesis.  

S; Molecular weight marker, W; the parent strain, M; the mutant strain. 
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Fig. 7. Arginine biosynthesis pathway.  

The vertical axis represents the relative values of each metabolite in the bar graphs. The dotted 

squares indicate genes for which mRNAs were decreased in the mutant strain. ; relatively 

increased compound, ; compounds not detected in the mutant strain but present in the parent 

strain, x; compound not detected in either strain. Metabolomics were carried out with three 

independent experiments (*; p < 0.05, **; p < 0.01). 
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Fig. 8. Growth ability after treatment with or without arginine.  

Treated cells were serially diluted from 10-1 to 10-2 and 5 μL of undiluted solutions and diluted 

solutions were spotted onto plates (from left to right). 

 

 

 

 


