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Saccharomyces 22% Saccharomyces
cerevisiae bayanus

52% 2%

Saccharomyces
pastorianus

Fig. 2 DNA relatedness among Saccharomyces sensu stricto.

The extent of DNA reassociation was determined
spectrophotometrically (Martini and Martini 1987).
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S. cerevisiae S. bayanus

v
X1 e— 15
14
XV [T 13
Vil e—— 12
XV 1 — 11
11| —— 10
|\ LA 9
XY — E(E,b)
X T——— —
T e——— ? 6
v _/ R
VI | | s TN
X —— T——
11— 3
V| — es— 2
I e —— P——————

Fig.4 Chromosomal structures of S. cerevisiae and §.
bayanus.

Bars and boxes indicate chromosomes. Rearrangement of S.
cerevisiae chromosomes to S. bayanus chromosomes are

indicated by arrows.
(Ryu et al. 1996)
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Table 1 Yeast strains

strains species Source and remarks

X2180-1A  S. cerevisiae from the Yeast Genetic Stock Center

TF1 S. cerevisiae Top fermenting yeast from our own stock

BF1 S. pastorianus  Bottom fermenting yeast from our own stock

BF2 S. pastorianus  Bottom fermenting yeast from our own stock

CBS 1513 8. carilsbergensis Type strain of S. carlsbergensis,
Carlsbergensis bottom fermenting yeast No.1

NBRC 2003 S. pastorianus Bottom fermenting yeast, used in Miinchen
brewery

CBS 1538  S. pastorianus  Type strain of S. pastorianus

CBS 1503  S. monacensis  Type strain of S. monacensis

Sb-5 S. bayanus Spore clone isolated from S. bayanus CBS

380, type strain of S. bayanus
(Kaneko and Banno 1991)
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Table 2 DNA probe

S. cerevisiae S. bayanus

Gene Sequences of the primers for PCR chromosome chromosome*
PKC1I ATGAGTTTTCACAATTGGA II 14
TCATAAATCCAAATCATCTG
HIR1  ATGAAAGTGGTAAAGTTTCC II 14
TTATTTATATAACGACCAAC
PDC2 ATGCTTTCCATTCAGCAAAG v 14
CTAAAAAAAGCCTGTGTTAC
KAD9 ATGTCAGGCCAGTTAGTTCA v 14
TCATCTAACCTCAGAAATAG
PDX3 ATGAGCGGTGAATTAGCAAA II 12
TCATGGGGCTAGTCTAACGA
CDC28 ATGAGCGGTGAATTAGCAAA IT 12
TTATGATTCTTGGAAGTAGG
STE7 ATGTTTCAACGAAAGACTTT v 12
TCAATGGGTTGATCTTTCCG
THI3 ATGAATTCTAGCTATACACA v 12
TCAGTATCCAACTTGATTTT
GCD1  ATGTCAATTCAGGCTTTTGT XV 9
TTAACGCTCAAATAATCCGT
IRA2  ATGTCCCAGCCCACTAAGAA XV 8
CTAAGCAGAACATGACATCC
GUT1 ATGTTTCCCTCTCTCTTCCG VIII 9
TTATTGGAAGTTTTCTAGAA
ARG4 ATGTCAGACGGCACTCAAAA VIII 8
CTAATTTAATTGGGATTTCA
CEN12 TTGCATAATTCATCTCATTTTTGATCTTACTTC XII
GATCAAAAGGGCGGTCGCAGTGTCAGTACCTC
CDC5 ATGTCGTTGGGTCCTCTTAA XIII
TTAATCTACGGTAACAATTG
GAL4 ATGAAGCTACTGTCTTCTAT XVI
TTACTCTTTTTTTGGGTTTG
URA1 ATGACAGCCAGTTTAACTAC X1
AAATGCTGTTCAACTTCC
CAP2 ATGTCTGATGCTCAATTCA IX
CTATAAAGACTGTAAACCTC

*The location of S. bayanus homologous genes are deduced from Ryu et al.'s report (Ryu et a/. 1996) and
our observations.
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a. PDC2 RADY PKC1 HIR1 PDC2 RADY

[ - 1 1

(Ryu et al 1996)
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Fig.5 Chromosomal assignment of bottom-fermenting brewer's yeasts with
four genes located on S. cerevisiae chromosomes |l and 1V, and their
homologous genes located on S. bayanus chromosome 14,

a. Chromosomal structures of S. cerevisiae chromosomes Il and IV, and S. bayanus
chromosome 14.

Southern hybridization was performed using S. cerevisiae PKC1 gene (b), HIRI gene
(c), PDC2 gene (d), RAD9 gene (e) as the probe. Lane 1, S. cerevisiae X2180-1A;
lane 2, Brewing Yeast TF1; lane 3, Brewing Yeast BF1; lane 4, Brewing Yeast BF2;
lane 5, S. carlsbergensis CBS 1513; lane 6, S. pastorianus NBRC 2003; lane 7, S.
bayanus Sb-5; lane 8, S. monacensis CBS 1503.
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Fig. 6 Chromosomal assignment of bottom-fermenting brewer's yeasts with
four genes located on 8. cerevisiae chromosomes || and IV, and their
homologous genes located on S. bayanus chromosome 12,

a. Chromosomal structures of S. cerevisiae chromosomes Il and 1V, and S. bayanus
chromosome 12.

Southern hybridization was performed using S. cerevisiae CDC28 gene (b), PDX3
gene (c), STE7 gene (d), THI3 gene (e) as the probe. Lane 1, S. cerevisiae X2180-1A;
lane 2, Brewing Yeast TF1; lane 3, Brewing Yeast BF1; lane 4, Brewing Yeast BF2; lane
5, S. carlsbergensis CBS 1513; lane 6, S. pastorianus NBRC 2003; lane 7, S. bayanus
Sb-5; lane 8, S. monacensis CBS 1503.
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Fig. 7 Chromosomal assignment of bottom-fermenting brewer's yeasts with
four genes located on S. cerevisiae chromosomes XV and V111, and their
homologous genes located on S. bayanus chromosome 8 and 9.

a. Chromosomal structures of S. cerevisiae chromosomes XV and VIII, and S.
bayanus chromosome 8 and 9.

Southern hybridization was performed using S. cerevisiae GCD1 gene (b), IRA2 gene
(c), ARG4 gene (d), GUTI gene (e) as the probe. Lane 1, S. cerevisiae X2180-1A;
lane 2, Brewing Yeast TF1; lane 3, Brewing Yeast BF1; lane 4, Brewing Yeast BF2; lane
5, S. carlsbergensis CBS 1513; lane 6, S. pastorianus NBRC 2003; lane 7, S. bayanus
Sb-5; lane 8, S. monacensis CBS 1503.
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[

Fig. 8 Chromosomal assignment of bottom-fermenting brewer's

yeasts BF1.
Electoric karyotype (lane 1) and hybridization patterns with CEN12 (lane 2),

THI3 (lane 3), IRA2 (lane 4), TRPS5 (lane 5), CDC)5 (lane 6), GAL4 (lane 7),
PKCI (lane 8), URAI (lane 9), GUTI (lane 10) and CAP2 (lane 11), as

probes.
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Table 3

Yeast strains

strains

species

Source and remarks

NBRC 2003

NBRC 2003-H1 to H7

NBRC 2003-L1 to L6

BF1

BF1-H1 to H7

BF1-L1

BF2

BF2-H1 to H7

BF2-L1

S. pastorianus
S. pastorianus
S. pastorianus
S. pastorianus
S. pastorianus
S. pastorianus
S. pastorianus
S. pastorianus

S. pastorianus

Bottom fermenting yeast, used in Miinchen brewery
High-temperature-resistant variants from NBRC 2003
Control strains from NBRC 2003

Bottom fermenting yeast from our own stock
High-temperature-resistant variants from BF1
Control strain from BF1

Bottom fermenting yeast from our own stock
High-temperature-resistant variants from BF2

Control strain from BF2
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Fig. 9 Fermentation profile of NBRC 2003 variants,

The yeast cells were inoculated into wort to make 1x 10’cells/ml.
© : strain NBRC 2003-L2, [1: strain NBRC 2003-L3,
@ : strain NBRC 2003-H1, m : strain NBRC 2003-H2
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Fig. 10 Colony forming ability of NBRC 2003 variants.

The yeast cells were spread on YPD at 200 cells/plate, incubated at
25 ,32 ,33 ,34 ,and 35 for 3 days. To examine
temperature-sensitive phenotype with relatively narrow range of the
temperature, we always sunk a sealed polyethylene bag (150 mm %250
mm) with two YPD agar plates in it into a temperature-controled water
bath. The colony forming ability was calculated as colony counts
mcubated at 25  was 100 %.
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Fig. 11 Growth phenotypes of NBRC 2003 variants.
The yeast cells were inoculated into YPD to make 1% 10° cells/ml ,

mcubated at 25
was measured .

(a),33 (b)and 34 (c) with shaking, and ODeso

©: stram NBRC 2003-L2,
@ : strain NBRC 2003-H1,

[1: strain NBRC 2003-L3
M strain NBRC 2003-H2
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Fig. 12 Growth ability of NBRC 2003 variants at 25
The yeast cells were grown in YPM and then inoculated in 10 ml

YPM 6 to make 1x10° cells/ml, imcubated at 25  for 20 h, and ODeeo
was measured.
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Fig. 13 Growth phenotypes of NBRC 2003 variants at 25
The yeast cells were streaked onto a YPD plate and incubated at
25 . 1,NBRC 2003-L2,2 8, NBRC 2003-H1 NBRC 2003-H7
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Fig. 14 Colony forming ability of bottom-fer menting brewer's
yeast.

Yeast cells were spread on YPM at a density of 200 cells / plate
and incubated at 25 for 3 days. They were also spread on YPM at a
density of 200 or 2,000cells/plate, and incubated at 33 , 34 , 35
for 1 week; the colonies were then counted. The colony count at 25
was considered to be 100%.

40



0.5
0.4
£0.3
502
0.1

5

10

15

20

| ncubation time (hours)

b. 34

25

10

20

30

40

I ncubation time (hours)

—e—BF1-L1
—e—BFI1-H1
—A— BF1-H2
—=— BF1-H3
—e—BF1-H4
—O—BF1-H5
—A—BF1-H6
—— BF1-H7

—e—BF1-L1
—e—BF1-H1
—A—BF1-H2
—=—BF1-H3
—e—BF1-H4
—O—BF1-H5
—A—BF1-H6
——BF1-H7

Fig. 15 Growth phenotype of BF1 variantsat 25 (a) and 34

().

Yeast cells were inoculated into YPM at a density of 2x 10°cells/ml
and incubated at 25°C with shaking; the ODsso was then measured (a).

Yeast cells were inoculated into YPM at a density of 5x 10°cells/ml
and incubated at 34°C with shaking; the ODsso was then measured (b).
Black symbol, BF1-L1; Red symbols, BF1-H1
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Fig. 16  Growth phenotypes of BF1 variants at 25

The yeast cells were streaked onto a YPD plate and incubated at
25 .1,BFI-L1,2 8, BFI-H1 BFI1-H7
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Fig. 17 Fermentation profiles of BF1 variants.

Yeast cells were inoculated into wort at a density of 2>< 10’ cells/ml,
and apparent extract was measured. ©, BFI-L1; @, BF1-HI1; =
BF1-H2.
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Fig. 18 Effects of cultivation temperature on appearance of
the variants.

The yeast cells were inoculated in 10 ml of YPD. After cultivation
at the various temperatures, the yeast cells were spread on YPD to
make 200 cells / plate, incubated at 33 , and the temperature-
resistant variants were counted.
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Table 4 Yeast strains and plasmid

strains

Source and remarks

YPH 500

YPH 500-H1 to H10

W 303

NKY 899

BY 4741

BY 4741-A kex2

pRS 316

S. cerevisiae laboratory strain,
MATa ade2 lys2 leu?2 trp1 ura3 his3

High-temperature-resistant variants from YPH
500

S. cerevisiae laboratory strain,
MATa ade2 leu2 trpl ura3 his3 canl

S. cerevisiae laboratory strain,
MATa ho--hisG lys2 leu2:-hisG ura3 ade2:-LK

S. cerevisiae laboratory strain,
MATa his3 leu2 met15 ura3

KEX2 disruptant of European Saccharomyces
cerevisiae Archive for Functional Analysis
(EUROASARF)

Sikorski and Hieter 1989
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Table 5 Primers

Primers Sequence

A TTTTTGGCCTCGTCACATAATTATAAACTACTAACCCATTATC
AGTCGAGGTCGACGGTATC

B AAAAAAATGCTATTTTGTAATTTGAAGCTTTCTGTACATATC
GAACGCTCTAGAACTAGTGGATC

C AGGGGTCGTGGCTGCCATTGT

D CTAGGAG AGGAAAGTTTTTTA

E TCGAGGTCGACGGTATC

F CGCTCTAGAACTAGTGGATC
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CalMorph

CalMorph is a program that outputs a large amount of data on cell cycle phase, cell
forms, etc., for individual cells, from a set of pictures of cell walls, cell nuclei, and
actins.

ConA Actin DAPI

Fig. 19 Outline of CalMorph (http://scmd.gi.k.u-tokyo.ac.jp)
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Fig. 20 Colony forming ability of S. cerevisiae Strains.

Yeast cells were spread on YPD at a density of 200 cells / plate and
incubated at 25  for 3 days. They were also spread on YPD at a
density of 200 or 2,000 cells / plate and incubated at 38 , 39
40 and 41 for 1 week; the colonies were then counted. The
colony count at 25  was considered to be 100%.
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Fig. 21 Growth phenotype of YPH 500 and its temper ature-

resistant variantsat 25 (a)and 38 (b).

Yeast cells were inoculated into YPD at a density of 1x 10° cells / ml

and incubated at 25°C with shaking; the ODseo was then measured (a).

Yeast cells were inoculated into YPD at a density of 5% 10° cells / ml

and incubated at 38°C with shaking; the ODseo was then measured (b).

Black symbol, YPH 500; Red symbols, YPH 500-H1 YPH 500-

H10.
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Fig. 22 Mating ability.

YPH 500 temperature-resistant strains were streaked onto a YPD
plate and crossed with BY4741 (MATa ). The crossed cells were
transferred to a selection plate on which only yeast with mating ability
could grow, and were incubated at25 .1 10, YPH 500-H1 YPH
500-H10.
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a. 1 2 3 4 5 6 7

= 2.5kb
W 1.9Kb
1.8kb
b. primer C primer D
—> -
e} KEX2 ORF = YPH500 Chr.XIV
primer C primer D
-— -
— C grabrata [FU2 e YPH500-AkexZ2 ChrXIV
- -

primer E primer F

Fig. 23 PCR of YPH 500 and YPH 500-A kex2 (a) and
positions of primers (b).

Lane 1, A-Hin dIII; lanes 2, 4, and 6, YPH 500; lanes 3, 5 and 7,
YPH 500-dkex2 . Lanes 2 and 3, PCR using primers C and D; lanes 4
and 5, PCR using primers C and F; lanes 6 and 7, PCR using primers
E and D.
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Fig. 24 Growth phenotypeat 25 (a)and38 (b)on YPD,
and mating ability on a selection plate (c).
1, YPH 500; 2, YPH 500-HS5; 3—-6, YPH 500-A kex?2 .
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KEX2 (SGDXIV_201898-204873)

Fig. 25 MAP of Plasmid pRS316-KEX?2
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Table 6 Mating abilities and growth phenotypes of YPH 500
temperature-resistant variants transformed with pRS 316-KEX2.

Strains Mating ability Growth phenotype at 38°C

With pRS316  With pRS316-KEX2  With pRS316  With pRS 316-KEX2

YPH 500-H1 + + ++

YPH 500-H2 + + ++ +

YPH 500-H3 + + ++

YPH 500-H4 + + ++ —

YPH 500-H5 _ + ++ _

YPH 500-H6 + + ++ —

YPH 500-H7 + + ++ ++
YPH 500-H8 + + ++ —

YPH 500-H9 + + ++ ++
YPH 500-H10 _ + ++ _
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Fig. 26 Comparison of morphology
a. cell size, b. cell axis ratio, c¢. actin ratio
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Table 7 Quantitative comparison of morphology.

Morphology Parameter Direction® p-valueb g-value® Description
identifier
Cell size Cl1-1_A + 0.0079 0.0056 Whole cell size
C11-1_A1B + 0.0079 0.0056 Mother cell size
C101_A1B + 0.0079 0.0056 Whole cell size
C11-1.C + 0.0079 0.0056 Mother cell size
C101_C + 0.0079 0.0056 Whole cell size
Cell shape Cl115_A - 0.0079 0.0056 Whole cell axis ratio
C114_A1B - 0.0079 0.0056 Bud axis ratio
C115_A1B - 0.0079 0.0056 Mother axis ratio
C114. C - 0.0079 0.0056 Bud axis ratio
C115_C - 0.0079 0.0056 Mother axis ratio
Size of actin region A7-1_A + 0.0079 0.0056 Size of actin region
A101_A + 0.0079 0.0056 Actin region ratio in whole cell
A7T-1_A1B + 0.0079 0.0056 Size of actin region in mother
A7-1_C + 0.0079 0.0056 Size of actin region in mother
Actin ratio Al105_A + 0.0079 0.0056 Actin a ratio
A106_A - 0.0079 0.0056 Actin b ratio
A106 - 0.0079 0.0056  Actin b ratio
All4 + 0.0079 0.0056 Actin a ratio to no bud cells
Al15 - 0.0079 0.0056 Actin b ratio to no bud cells

a) Symbols “+” and “—“ indicate the increase and the decrease of parameter values by kex2 gene
deletion, respectively.

b) Values were estimated by the null distribution of the rank sum of the U test (n = 5).
¢) Values were estimated by the QVALUE of the R package (see Materials and Methods).
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Yeast V-type ATPase

Mr (kDa) Gene
Vi 69 vmar
60 vmaz2
54 VMA13
42 VMAS
az VMASR
27 VMA4q
Vo-V: 36 VMAS
14 VMA7
Vo 100 VPH1
13 VMATO
17 VMAZ VMAT1
23 VMATE

Fig. 27 Molecular model of V-AT Pase (Anraku 1996)
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4. OJO0O0OO0ODOOO
YPMOUOODOO 20000000000 1omlYPMODOOOODODODOO

00000000000 (ODes)DOOODOO

5. Uo0oODbO0O0OO0

O00ODO0O0OO0OD0OODOO0ODOO0OO0DODOD Kaiser et al. 2000007

6. Jooooooao
000000000 One Shot INVaF’ competent cellsd Invitrogen, USAO O

oooooooooobbboboboDbDn
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7. 00O00O0OOOOOOO DNAOOO
0000000000 DNA OOOO BIO101 Yeast Plasmid Isolation Kit

(BIO101, USA) DO D OOOOO

8. U0ODODDODODO DNAODOD
O0D00O0OO0DO DNADOOOO 10-min DNA preparation methodd Kaiser et

al 20000 0000O0CO0

9. 000DOODODODOODO DNADOD
O0DO000OO0D0000O DNADODO OO OQiagen Plasmid Mini Kit [0 0 Qiagen

Plasmid Midi Kit (Qiagen Science, USA) DO OO0 OO OO

10. PCRO Polymerase Chain Reaction[d

PCR O Gene Amp PCR System 2400 (Perkin-Elmer Norwalk, CT, USA)O O
Oo00O0 pPCROOODOOOODODO

stepld 940 2 min, step21920 1 min, step3d1500 1 min, step41720 2 min,

step5l step 2-4 29 cycles, step60 750 10 min, step70 maintain at 40

11. 0000000

0000000000 CEQ2000 DNA analysis system(Beckman Coulter,
USA)DOO0OO0O0000Sh-KEX2000000008. bayanusO0 0000000
O O GenBank accession numbers AL400950 0 0O AACG010016120 0000 O

OO0O0obOOooGoOOHODODOO

12. 0000000000 Se-KEX2000000
0000000000 Se-KEX2 DO 00O Se-KEX2 000 open reading

frame (ORF)OO OO hygromycin BOOOODO Aph0 00000000000
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O0O0O0000ads. cerevisiae XIV O 0O 00O Saccharomyces Genome Databasell
O000D0 202948-204426 O Aph 00 DO OO0DOO0O 580-19960 GenBank
accession numbers DQ4079190 0 0 0000 DNAOOODODODODODOOO Aph
0o0dodogd Se-eKEX2000D0D00000I0O0JooOoooooooooooOoO
O0O0O0oDoODOOD0OD0O BF1-L1 O0ODOO0O YPM-hygromycin OO0 OO0O0OO
Sec-KEX2 00000000000 OK-NODODO PCROODOODODDOODO

Sec-KEX20 00O PCROOOOODOOOODO POODOODO

13. 0JO0O0O0DO0OO0OO0OO0OO Sh-KEX2000000

0000000000 Sh-KEX2 DO ODOOSh-KEX2 000 open reading
frame(ORF)O 0 O O Aureobasidin AD 0000 AURI-COOO0O0OO0OOOOOO
0000000008 bayanusd OO O 509-8530 GenBank accession numbers
AB4446090 0 AURI-C 000 0O 0O O O O O GenBank accession numbers
AB0122840 000000 DNAOODODDODDODDODDODDDODDODAURI-COODODODOAO
Sh-KEX2O0O0O0OO0OOO0OO0OD0DQOO ROOOODDODDODDODDODDODDDODDODOOOOOOOd
OO0 BF1-L1ODOOO0O YPM-Aureobasidin 00O OO0 0O0OOSh-KEX20O O
dddddo0oddoGOo Ssoopoo pCROODDODDOOODOODOSHh-KEX2O

OO0 pCROODOODOOTOO UOODOOO
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Table 8 Yeast strains

Strains Source and remarks

BF1-L1 S. pastorianus,
Control strain from BF1, Bottom-fermenting
brewer's yeast

YPH 500 S. cerevisiae laboratoly strain,
MATa ade2 Iys2 leu2 trpl ura3 his3
NBRC 1127 Type strain of S. bayanus
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Table 9 Primers

Primers

Sequences

CH RN HODPWOZEErHRou—-TIOo

AGTATCATCCATGCCCATATC
TGGGTGCTTTGGCCAAATAAC
ACCCAATGGGTGCTTTGGCC
AGGCACGTCACCACGGATGG
GAATTGCCAAAAGAGCTGGC
CACAAGTGCATTGTAAGAGG
GATCTGTTTAGCTTGCCTTG
TTATTCCTTTGCCCTCGGAC
AACATCCGCTCTTGTATCAT
ATGTAGAAGTAGCGCTGATG
ACGCAAAAAACTGGAATTTGA
TCATGGCTGTCCAGAAGCCGG
ATGGCAAACCCTTTTTCGAGA
GACCACACAACACGACAATAT
TGTTTGGGTCTGAATCGGGGT
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030 OO

1. 000000D0D0DO0O S cerevisiaectyperKEX2 00O OOODO0O S
bayanus-type-KEX20 OO DOOODODODO

00000000000 oonO Se-KEX2 00O Sh-KEX2000000000
0000000000 Sh-KEX20000000000000000Se-KEX2O
Sh-KEX20O DNAODDDOOO Fig. 280 00000000000 Fig.2900
00000 DNAOOODDOOO 79% 000000000000 73%00000
Sc-KEX20RFUODOOO ApAOOOOhygromycin BO OO DOOOOODOOO
0000000 Se-KEX2000000000000S8Sh-KEX20RFODOD
AURI-CO 0O M Aureobasidin ADDDODDOOMIOOOOOOOOOOOSh-KEXZ2
Oo0D0D000ooO0o0oooDOO0 pPCROOOOOOOODODOOOBF1I-L1OOO
0000000000000 0000000000D Fig.30a,dd 0000
Se-KEX2O00O0D0D0D0ODO0ODO0OO0OO0OO0OOOO Se-KEX200DODOOO0O0O0O0Od Fig.
30bMSH-KEX2O0 OO DODDODODOODOOOOO Sh-KEX20 DO O0000OO0O0O0OOd
O0Fig. 30e 0000D000O0O0O BF1O 400000000000 Se-KEXZ2
0o0odogsSh-KEX200000010000000O0O00DODDODO0000 100000

uogoooooooooooo

2. 000000000 S cerevisiaetype-rKEX2 0 OO 0O0O0O0OO S
bayanus-type-KEX20 OO DODODODODDOOO

OO0 OBF1-L1OSe-KEX20 D000 Sh-KEX2O00O000 YPMOODOODOOO
025000 340000000000 Fig. 3100 Se-KEX20000 25000
BF1-L1OO0OOODOO0ODO0OO0OO0OO0OOO0O00O84000 BF1-L1ioooooooooan
00o0oooogsSh-KEX20000 25000 BF1-L1OOOOooOooooooO0OaO
34000 BF1-L1OOOOODODOOO0ODODODOOODODODOOOOOOOdSh-KEX2
0000000000000 00DO00DoDOooDoooOo

OO0ODO0O00O BF1-L100 BF1-L1-4 Sh-kex20 00 OD0O0OODOOO
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OO0obO0ooOO0oO0O0obO0O0oO0oo0bOoOobOoOoUooObOoDbDOob0ObOO Fig. 3200
ooobooooo0oobOooooboOobOooUb0Db Fig.33000000ODOO
O S. cerevisiae0 0000 BY4741 00 00mMO0O00 BF1OOOOOOOO
BF1-L1-4 Sbh-kex20 0 Sc-KEX20 0O Sh-KEX2O000O0O0ODOODODOOOODOODO

doooouoguouooooooooobbbn
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SbKEXZ:

SCKEXZ:

SbKEXZ:

SCKEXZ:

SbKEXZ:

SCKEXZ:

SbKEXZ:

SCKEXZ:

SbKEXZ:

SCKEXZ:

SbKEX2:

SCKEXZ:

SbKEXZ:

SCKEXZ:

SbKEX2:

SCKEXZ:

SbKEX2:

SCKEXZ:

SbKEXZ:

SCKEXZ:

SbKEXZ:

SCKEXZ:

1 ATGAAAGTGAGGAAATCA-ATCATCTT-ATGCCTCTGGTGGGTCCTCT-CGG-AGCCCCTCATTGTACT-ATCGCAGCATATTCC

FEEEEREEEReee e e e o et voeeeere e v v 0 e ok peeee e e e it
1 ATGAAAGTGAGGAAAT-ATATTA-CTTTATGCTTTTGGTGGG-CCTTTTCAACATCCGCTC-TTGTA-TCATCACAACAAATTCC

81 ATTGAAAGACCACACAACACGACAATATTTTGCCATAGAGAGTAACGAAACACTGTCTCGCTTGGGGGAAATACATCCCAACTGG

FEEEEE TREEE Tr eeeeel peeeeeer veek e ve eeeeee 0 0e eeeeer teeeer ieeer 1 1
81 ATTGAAGGACCATACGTCACGACAGTATTTTGCTGTAGAAAGCAATGAAACATTATCCCGCTTGGAGGAAATGCATCCAAATTGG

166 CAATATGAACACGACGTTCGTGGGCTACTCAA-CCACTATGTTTTTTCCAAAGAGGTATTAAGTCTGGGTAAAAGATCGTCATTG

FEREEEERE 10 FEREE TREREer ok vee teeeeene et ettt vt 0eee Peeeeeen i
166 AAATATGAACATGATGTTCGAGGGCTAC-CAAACCATTATGTTTTTTCAAAAGAGTTGCTAAAATTGGGCAAAAGATCATCATTA

250 GTAGAGCTT-CAAG---AAAACAACGATGACCACATATTATCAGTTCACGATCTATCTCC-GCGTAATGACTTATTCAAGAGACT

P e ettt en e e ve e voee iee vee feene e e veee Hee
250 GAAGAG-TTACAGGGGGATAACAAC---GACCACATATTATCTGTCCATGATTTAT-TCCCGCGTAACGACCTATTTAAGAGACT

330 GCCTATCCCTGCCCCCCCAGTGGATTCAAGCTTGTTACCAATAAAGGAAGCCGAAGATAAACTTAGCATCAACGATCCACTTTTC

IF T Hee te oee veee eeene e ree e vene eeeer 08 Penee e ey ekt 1e eeeer i
330 ACCGGTGCCTGCTCCACCAATGGACTCAAGCTTGTTACCGGTAAAAGAAGCTGAGGATAAACTCAGCATAAATGATCCGCTTTTT

415 GAAAGACAGTGGCATTTAATCAACCCAAGATTCCCCGGGAGCGATATAAACGTCGTGGATTTATGGTACAACAATATCACAGGCG

IE T L oe e teeer 0 e 0k 0 veeeeeee oe 0 ek 0 ienne ey veeer P
415 GAGAGGCAGTGGCACTTGGTCAATCCAAGTTTTCCTGGCAGTGATATAAATGTTCTTGATCTGTGGTACAATAATATTACAGGCG

500 CCGGCGTTGTGGCTGCCATCGTAGATGATGGCCTTGGCTACGAAAACGAGGACTTGAAAGATAACTTCTGTGCCGAAGGCTCGTG

F I 00 TERERe e oe eReeen e et e Ceeeere e e veeeeeer ieeer ve 0e 1 it e
500 CAGGGGTCGTGGCTGCCATTGTTGATGATGGCCTTGACTACGAAAATGAAGACTTGAAGGATAATTTTTGCGCTGAAGGTTCTTG

585 GGATTTCAACGATAACACCAATTTGCCAAAGCCAAGACTGGCTGATGACTATCATGGCACAAGATGTGCTGGTGAGATTGCTGCC

FEEEEEREEEEE TE Feeeee e e vk eeeene 0 innn e e er eeeer oe eeenneed v 1 vt
585 GGATTTCAACGACAATACCAATTTACCTAAACCAAGATTATCTGATGACTACCATGGTACGAGATGTGCAGGTGAAATAGCTGCC

670 AAGAAAGGTAATGATTTCTGTGGTGTCGGAGTAGGTTACAATGCCAAAATTTCAGGTATAAGAATATTATCCGGTGAAATTACTA

IE TR veee o veeeeeer Peeeene e et ve eeeer eeeer teeeeeer eeeeene e 1 il
670 AAAAAAGGTAACAATTTTTGCGGTGTCGGGGTAGGTTACAACGCTAAAATCTCAGGCATAAGAATCTTATCCGGTGATATCACTA

755 CAGAAGACGAAGCTGCTTCATTGATATATGGCT-TGGACACTAAT-GACATATATTCCTGCTCATGGGGTCCCGCGGATGATGGA

F R TEEeee e o veeee veeee e e o e 0 teeeeeet i e e e ey et 1
755 CGGAAGATGAAGCTGCGTCCTTGATTTATGG-TCTAGAC-GTAAACGATATATATTCATGCTCATGGGGTCCCGCTGATGACGGA

838 AGACATTTGCAAGGCCCTAGCGACTTGGTAAAGAAGGCATTGGTGAAAGGCGTAACAGAGGGAAGAGGCTCCAAGGGGGCTATTT

FEEEEEE FERREEEeer vek ieer 0 venee 0 0e eeeee 0e e teeeeeene e ieeey 0e 1 1l
838 AGACATTTACAAGGCCCTAGTGACCTGGTGAAAAAGGCTTTAGTAAAAGGTGTTACTGAGGGAAGAGATTCCAAAGGAGCGATTT

Fig. 28 Sequence comparison of Sc-KEX2 and Sh-KEX?2
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SbKEX2: 923
SCKEX2: 923
SbKEX2:1008
SCKEX2:1008
SbKEX2:1092
SCKEX2:1092
SbKEX2:1176
SCKEX2:1176
SbKEX2:1261
SCKEX2:1261
SbKEX2:1345
SCKEX2:1345
SbKEX2:1430
SCKEX2:1430
SbKEX2:1514
SCKEX2:1514
SbKEX2:1598
SCKEX2:1598
SbKEX2:1683
SCKEX2:1683
SbKEX2:1768

SCKEX2:1768

Fig.

ATGTTTTTGCAAGTGGGAATGGTGGTGCTCGGGGTGATAATTGTAATTACGACGGTTATACTAATTCCATATATTCCATTACTAT

FEREEEEE e eeeeee et e teenn e e eer e e e e et tene e e e e e e e e e ey venne
ACGTTTTTGCCAGTGGAAATGGTGGAACTCGTGGTGATAATTGCAATTACGACGGCTATACTAATTCCATATATTCTATTACTAT

TGGGGCTATTGACCACAAAGATCTGCACCCTCCTTATTCGGAGAG-TTGTTCTGCCGTTATGGCTGTCACGTATTCATCAGGATC

FEECCEERRERE TEEREee e e e ene e v ve veeeee veeer eeeer eeeeerne e e
TGGGGCTATTGATCACAAAGATCTACATCCTCCTTATTCCGA-AGGTTGTTCCGCCGTCATGGCAGTCACGTATTCTTCAGGTTC

AGGTGAGTATATCCATTCAAGCGATATCAATGGGAAG-TGTAGTGATAGCCATGGTGGAACTTCTGCGGCCGCCCCCTTAGCAGC

TR TE TRERE TEeee ve eeeeeeer e vk e one eeeeere Peeenee e eeneneer e i et
AGGCGAATATATTCATTCGAGTGATATCAA-CGGCAGATGCAGTAATAGCCACGGTGGAACGTCTGCGGCTGCTCCATTAGCTGC

CGGTGTTTACACTTTGTTGCTAGAGGCGAATCCGAGTCTAAGTTGGAGAGATGTACAATACTTATCCATCTTATCTGCTGTGGGA

FEECEERREREEn e veeee ve ve ve v ieer ieeeeennr veeer oe veeee veeer eeeee e
CGGTGTTTACACTTTGTTACTAGAAGCCAACCCAAACCTAACTTGGAGAGACGTACAGTATTTATCAATCTTGTCTGCGGTAGGG

CTAGAAAAAAATTCCGACGGAGATTGGCA-AGACAGCGCTATGGGGAAAAAATATTCTCATCGTTATGGTTTTGGTAAGATTGAT

FEEEEE i 0 PEREr e e e v eee toned Pennee et toee e eeneeeet oeeer veeeeeer e i
TTAGAAAAGAACGCTGACGGAGATTGG-AGAGATAGCGCCATGGGGAAGAAATACTCTCATCGCTATGGCTTTGGTAAAATCGAT

GCCTATAAGTTGGTCGAAATGGCCAAGACCTGGGTTAATGTAAACCCCCAAACATGGTATTACTTGCCGACACTATACGTTTCCA

R R R I I I I
GCCCATAAGTTAATTGAAATGTCCAAGACCTGGGAGAATGTTAACGCACAAACCTGGTTTTACCTGCCAACATTGTATGTTTCCC

AATCAACAAACTCTACAGAGGAGACCTTAGAATCTGCGATAAATATATCGCAAGAGAGCCTCAAAGAGGGC-AATTTTAAGAGAA

R TN I R e e I I LI T T
AGTCCACAAACTCCACGGAAGAGACATTAGAATCCGTCATAACCATATCAGAAAAAAGTCTTCAAGA-TGCTAACTTCAAGAGAA

CTGAGCATGTCACGGTCACCGTAGATATAGATACGGATTTCAGAGGGACC-ACAACTGTTGATTTAATATCACCAGCGGGAATAG

FEEEEE TRRERERE O POeeeeer veeee e 0 e veee 0 ne eeeer PReeet e e e e e ey i
TTGAGCACGTCACGGTAACTGTAGATATTGATACAGAAATTAG-GGGAACTACGACTGTCGATTTAATATCACCAGCGGGGATAA

TTTCAAAACTTGGTGTTGTGAGATCAAGAGACGACTCGTCAGGCGGATTCAAAGGTTGGACATTTATGTCTGTTGCACACTGGGG

FEEEEEE TEREE TEEer nee eeeeee - ne teee feeeeenee s teneeeer Peeeeeny eeeee it
TTTCAAACCTTGGCGTTGTAAGACCAAGAGATGT TTCATCAGAGGGATTCAAAGACTGGACATTCATGTCTGTAGCACATTGGGG

TGAAAGTGGTGCGGGTGAATGGAAAATCAAAGTCAAGACTACAGTAAATGGTCATAAGATTAATTTCCACAGTTGGAGATTAAAG
L R L R R A R I LI e
TGAGAACGGCGTAGGTGATTGGAAAATCAAGGTTAAGACAACAGAAAATGGACACAGGATTGACTTCCACAGTTGGAGGCTGAAG
CTTTTTGGTGAATCCATCGACCCATCAAAAACAGAAACGTTT-GTTTTTGGAAATGACAAAGAGGAAGTGGAGCCTGCTACCACA

IE TR Feeeeeer e 0eee tenee e en e eee ve eeeeneed vr eeeeen o e e e 1A
CTCTTTGGGGAATCCATTGATTCATCTAAAACAGAAAC-TTTCGTCTTTGGAAACGATAAAGAGGAGGTTGAACCAGCTGCTACA
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SbKEX2:1852

SCKEX2:1852

SbKEX2:1935

SCKEX2:1902

SbKEX2:2017

SCKEX2:1966

SbKEX2:2101

SCKEX2:2051

SbKEX2:2186

SCKEX2:2136

SbKEX2:2271

SCKEX2:2221

SbKEX2:2355

SCKEX2:2305

SbKEX2:2439

SCKEX2:2389

GAAGGGT-CTATATCTGCA-TCCTCTACCGGCACAGGCTCAACATCCTCCACCGGCACAGGTTTCACAGCCACTACCGACACAGG

e e i e i 11 i1 i
GAA-AGTACCGTATC-ACAATATTCT----GC-CA-GTTCAAC-T--TCTA=-------—- TTT---=-CCA-T---=-—- CAG-

TTCCACGGCCACTACTGGCACAGGTTCCATGGCCACTACCTCGCTCGGTGTAGAATCTTCAGCCGCTGCT---ACTAGTATAACT

I B I 1 L 1 1 I O B
----- C-GCTACTTCT---ACA---TC--T----TCTATCTCAATTGGTGTGGAAACGTCGGCCATTCCCCAAACGACT -~ -ACT

GCCATCACAGACCCCGATTCAGACCCAAACACTCCCAAAAA-CTCTCCTCTCCAAATCAAGCCATGCATTACTTTTTGACCATAT

I 0 re teeee ve Peere e et ieeer v veeeeeee t teee e e n e ey veeee 1 i
GCGAGTACCGATCCTGATTCTGATCCAAACACTCCTAAAAAACTTTCCTCTCCTAGGCAAGCCATGCATTATTTTTTAACAATAT

TTTTGATCGGTGCTATATTTATGGTATTATACTTTATGTTTTTCATGAAATCAAGAAGGAGAATCAGAAGGTCAAGAGCGGAAAC

FEEEEEE T 00 F e Teee rene et oeeeeeer e ere et e ok teen e e e e e e e e e e e
TTTTGATTGGCGCCACATTTTTGGTGTTATACTTCATGTTTTTTATGAAATCAAGGAGAAGGATCAGAAGGTCAAGAGCGGAAAC

TTATGAATTTGACATCATTGACACGGACTCCGAATACGATTCCACCTTAGATAACGGTGCTTCCGGAATTATTGAGCCTGGGGAA

FEEEEEEE TF TRReeeer oe eeeer 0 peeneeer v 0e e v i 0eeeeetn e eer et 1 1l
GTATGAATTCGATATCATTGATACAGACTCTGAGTACGATTCTACTTTGGACAATGGAACTTCCGGAAT TACTGAGCCCGAAGAG

GCGGAAGACTTTGATTTCGATCTT-TCCGATGAAGACCACCTTGCAAGCTTGTCTTCATCTGAAAACGGCGATGCTGAACATACA

I TR Teeer e 0n peen e e e e ene e eenn e et vene e re e eeenn et P e
GTTGAGGACTTCGATTTTGAT-TTGTCCGATGAAGACCATCTTGCAAGTTTGTCTTCATCAGAAAACGGTGATGCTGAACATACA

ATCGATAGCGTGCTGACAAACGAAAATCCATTCAGCGACCCTACAACGCAAGATCCCCCAAAAGACAGT-AGTGAGGAAACAGAT

IR RN R A I R e L T I e IV
ATTGATAGTGTACTAACAAACGAAAATCCATTTAGTGACCCTATAAAGCAAAAGT TCCCAAATGAC-GCCAACGCAGAATCTGCT

TCTAATGGCTTACAAGGACCGTAGTCAAA-T-ATGT--CTCCGGCTTCTGGACAGC-CATGA 2495

I NN RN e I e NI T T I
TCCAATAAATTACAAGAA--TTA--CAGCCTGATGTTCCTCCATCTTCCGGAC-GATCGTGA 2445

Fig. 28 Sequence comparison of Sc-KEX2 and Sb-KEX?2
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SOKEX2 a.a.:

[N

MKVRKS I ILCLWWWLSEPL IVLSQHIPLKDHTTRQYFATESNETLSRLGE IHPNWQYEHDVRGLLNHYVFSKEVLSLGKR 80

SCKEX2 a.a.: MKVRKY I TLCFWWAFSTSALVSSQQ IPLKDHTSRQYFAVESNETLSRLEEMHPNWKYEHDVRGLPNHYVFSKELLKLGKR 80

=

SBKEX2 a.a.: 81 SSLVELQENNDDHILSVHDLSPRNDLFKRLP IPAPPVDSSLLPIKEAEDKLSINDPLFERQWHL INPRFPGSDINVVDLW 160

HE e F I teeeeeen e eeer eeeeer oeeee e e e e e e r e e ey ve eeeeeeer i
SPKEXZ @a.a.: 81 SSLEELQGDNNDHILSVHDLFPRNDLFKRLPVPAPPMDSSLLPVKEAEDKLS INDPLFERQWHLYNPSFPGSDINVLDLW 160

SbKEXZ a.a.:161 YNNITGAGVVAAIVDDGLGYENEDLKDNFCAEGSWDFNDNTNLPKPRLADDYHGTRCAGE I AAKKGNDFCGVGVGYNAKI 240

TEEEEEEEEEE e e veee e e e e e e e e e e e e e e e et teee e e e e e e eeeee e
SPKEXZ @a.a.:161 YNNITGAGVVAAIVDDGLDYENEDLKDNFCAEGSWDFNDNTNLPKPRLSDDYHGTRCAGE IAAKKGNNFCGVGVGYNAKI 240

SbKEXZ a.a.:241 SGIRILSGEITTEDEAASLIYGLDTNDIYSCSWGPADDGRHLQGPSDLVKKALVKGVTEGRGSKGAIYVFASGNGGARGD 320

T FEEEE e e eeer e e e e e e e e e e e e e e e e e e e e e r e e Fenn e e e 1
SDKEXZ @a.a.:241 SGIRILSGDITTEDEAASLIYGLDVNDIYSCSWGPADDGRHLQGPSDLVKKALVKGYTEGRDSKGAI YVFASGNGGTRGD 320

SBKEX2 a.a.:321 NCNYDGYTNSIYSITIGAIDHKDLHPPYSESCSAVMAVTYSSGSGEY IHSSDINGKCSDSHGGTSAAAPLAAGVYTLLLE 400

TR e e e e e e r e Ceee e e e e e e e e e e e e e e v e r e e e e e e e
SDKEXZ @a.a.:321 NCNYDGYTNSIYSITIGAIDHKDLHPPYSEGCSAVMAVTYSSGSGEY IHSSDINGRCSNSHGGTSAAAPLAAGVYTLLLE 400

SBKEX2 a.a.:401 ANPSLSWRDVQYLSILSAVGLEKNSDGDWQDSAMGKKYSHRYGFGK IDAYKLVEMAKTWVNVNPQTWYYLPTLYVSKSTN 480

HE T T e e e eeer eeeeer e e e e e e ey ve oe vee 0ee vee eeeeees i
SDKEX2 a.a.:401 ANPNLTWRDVQYLSILSAVGLEKNADGDWRDSAMGKKYSHRYGFGK I DAHKL IEMSKTWENVNAQTWFYLPTLYVSQSTN 480

SBKEX2 a.a.:481 STEETLESAINISQESLKEGNFKRTEHVTVTVDIDTDFRGTTTVDLISPAGIVSKLGVVRSRDDSSGGFKGWTFMSVAHW 560

LR L e N RN RN R I I T
SDKEX2 a.a.:481 STEETLESVITISEKSLQDANFKRIEHVTVTVDIDTEIRGTTTVDLISPAGI ISNLGVVRPRDVSSEGFKDWTFMSVAHW 560

SBKEX2 a.a.:561 GESGAGEWKIKVKTTVNGHKINFHSWRLKLFGESIDPSKTETFVFGNDKEEVEPATTEGS ISASSTGTGSTSSTGTGFTA 640

I T v v eeeeer e e e e (e e e e e e 1 (I I
SPKEXZ @a.a.:561 GENGVGDWKIKVKTTENGHRIDFHSWRLKLFGES IDSSKTETFVFGNDKEEVEPAATESTVSQY-----SASSTSISISA 635

SBKEX2 a.a.:641 TTDTGSTATTGTGSMATTSLGVESSAAATSITAITDPDSDPNTPK--NSPLQ-IKPCIT-F*--PYF*SVLYLWYYTLCF 714

| N T IR RLILR RN T i Il 11
SPKEXZ @.a.:636 TS--------- TSS1---SIGVETSAIPQTTTASTDPDSDPNTPKKLSSPRQAMHYFLT IFLIGATF-LVLYFMFFMKSR 702

SPKEX2 a.a.:715 S*NQEGESEGQERKLMNLTS-LTRT-PNTIPP*ITVLPELLS-----LGKRKTLISIFPMKTTLQACLHLKTAMLNIQSI 787

I I i1 I I I I B
SPKEXZ @a.a.:703 RRIRRSRAETYEFDI IDTDSEYDSTLONGTSG- I T-EPEEVEDFDFDLSDEDHLASLSSSENG-DA-EH--T----1DSV 772
SPKEXZ @a.a.:788 AC*QTKIHSATLQRKIP 804

I Il
SPKEXZ a.a.:773 LTNENPF-SDPIKQKFP 788

Fig. 29 Amino acids sequence comparison of Sc-KEX2 and Sb-KEX2
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c primer O primer P
' - e

ScKEX2 ORE | ] BF1ScXIV
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- -
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1.9kb ¢
primer S prlmer G
—
SOKEX. AURI-C SbXIV- ASb-kex2

Fig. 30 Confirmation of disruption of ScKEX2 and ShKEX2

a. Confirmation of disruption of ScKEX2 using primers M and L (lanes 2
and 3), and using primers K and N (lanes 4 and 5). Lane 1, A-Hin dIII; lanes
2 and 4, strain BF1-L1; lanes 3 and 5, strain BF1-L1-A4Sckex2 .

b. Specific PCR of ScKEX2 using primers O and P. Lane 1, A-Hin dIII;
lane 2, BF1-L1; lane 3, YPH 500; lane 4, NBRC 1127; lane5, strain BF1-L1-
ASckex?2 .

c. Positions of primers K-P.

d. Confirmation of disruption of SbKEX2 by PCR using primers S and G.
Lane 1, A-Hin dIII; lane 2 BF1-L1; lane 3, strain BF1-L1-4Sbkex?2 .

e. Specific PCR of SODKEX2 using primers T and U. Lane 1, A-Hin dIII;
lane 2, BF1-L1; lane 3, YPH 500; lane 4, NBRC 1127; lane 5, strain BF1-
L1-4Sbkex?2 .

f. Positions of primers G, S-U.
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Fig. 31 Growth phenotypes of BF1-L1, its ScKEX2 and its
ShKEX?2 disruptant at 25°C (a) and 34°C (b).

Cells were inoculated into YPM at 2 x 10 cells/ml and incubated at
25°C with shaking; the ODggo was then measured (a). Cells were

inoculated into YPM at 5 x 10° cells/ml and incubated at 34°C with
shaking; the ODssp was then measured (b). Open circles, strain
BF1-L1; gray circles, strain BF1-4Sckex?2 ; brack circles, strain
BF1-4Sbkex2 .
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Fig. 32 Cell morphology
Cells was stained with FITC-ConA (a and d), rthodamine phalloidine (b and
¢) and DAPI (c and f). BF1 : a-c, BF1-A Shkex2 : d-f
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