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Studies on the Sporulation of Sake Yeast —Monograph—

TersuvosH! Suizu (Gekkeikan Research Institute, Gekkeikan Sake Co., Lid., Fushimi, Kyoto 612) Seibutsu-
kogaku 74: 115-123, 1996.

Defective sporulation of industrially used sake yeasts (Saccharomyces cerevisiae) such as Kyokai no.
7 and no. 9 is one of the most troublesome problems inhibiting the breeding—by hybridization and/or
genetic analysis—of yeast strains with improved characteristics for sake making. In order to clarify
the cause of defective sporulation in industrially used sake yeasts, and thereby facilitate their
molecular breeding, the sporulation-defective properties of Kyokai no. 7 were analyzed in nutrition-
controlled media and compared with a wild-type diploid yeast (strain 4011) as a control. An analysis
of the sporulation process of strain 4011 in a nutrient-starved medium indicated that Ca’*,
glutathione (GSH) and some other biomolecules were able to enhance sporulation. Of these, Ca?*
and GSH were prerequisites for sporulation. The basic amino acid p-, L-lysine was found to induce
sporulation in cells growing in a nutrient-rich medium. An analysis of the sporulation of strain 4011
and Kyokai no. 7 in a lysine-dependent system showed no significant increase in JMEJ transcript and
a decrease in cAMP levels throughout the sporulation, thus suggesting that at least a decreased level
of cAMP is not required for entry into meiosis. Although the formation of 4-spored asci and spore
viability were low, the addition of GSH, its analogues, and other biomolecules to the nutrition-
starved medium apparently improved the sporulation of Kyokai no. 7. This result indicated that the
defective sporulation of Kyokai no. 7 was mainly due to metabolic imbalance, and not to any serious
genetic disorder upstream of the signal transduction pathway. The effects on sporulation of meta-
bolic properties such as ethionine-resistance, inability to utilize S-alanine at 35°C, and loss of acid
phosphatase activity, all of which are inherent characteristics of Kyokai no. 7, were thus investigated.
The elimination of any one of these properties was found to restore the sporulation of Kyokai no. 7.
For example, 2 mutation with ethionine-sensitivity showed a marked increase in the formation of 4-
spored asci (80%) and in the viability of the spores (over 25%5). These findings were applicable to
other Kyokai strains apart from no. 7, and will be utilized as a general method for the molecular
breeding and genetic analysis of industrially important brewery yeasts.

[Key words: sake yeast, sporulation, L-lysine, calcium, glutathione, ethionine, f-alanine,
S-adenosylmethionine, acid phosphatase]
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1. SREEHEHb(C&H (T BT
— IR EBRFERROBR—

FMCRRBEOBEEROE,L L LBIT,
BABARE LAY A\ 5 I F IR RR R oL
THENT 5. Saccharomyces cerevisiae D = §% 4% 3 36 11 B
i, BERRY Y v Ak B URBNMRI TR TS LR
BOBERMEMB LRTYRTS. © Ofshisgo
BESHCRTFHBAR BT T30 X AVvbh
TW255, MY REE M O HUERIEH~ & BT
BUHETHY, COBBREG5EBEEDOAMET
1L, BELHCHTFERCERN LD 20 5T,
SEZERA M VAR IDZE Y VRS 2B

EBBRIhS. ¥, SRS 2RFBREB
BT 2MROBERKIEL, 105 cells/ml LI F DBCIT
RFIEH IR EXEE) SR TEY, TOFE
BROERNBERIAN D7 7 7 2 — 10 & > THHE
SNBZEREIRT VLS.

ThiIZ LT, SR FES S ELE T
WTHRFERTHZ ERBREIR TR, EE
Hdb, KEEHIC) CVvERMTAZ L0 bk
Dala RVPRFERT D EBE LIS $egfmx
AV 2R, F—ORH CHERMRE & RED
M RFURDEBHTE B0, BROSMELT 212
BRI T5 2 LR TH D, Fhiho
STeRTHRBE L MRBECKET 2B DL
iz,

FEELDORBR L REOFENBE A AV B HiE
EDBCTEELAL, KBY Y v A SR8
B TRRTFERERC ST, 5o pH 1550
THHEINEERTIHKTHS (Tablel). & OEHh
REFROERACRB SHRBR T 4 v P REEKEA A
VEBERDLDILDLBRIN T2, BRI
PH8 LI ETCIRIRBEHECTXIN-OT, = DEH TR
BRBGLT7 VA FHEBRIRO DD H B\ T
PH OB DO ¥RT5 LT,
T, VR EUREEMY BB E (Fig. 1(b) 12
DX 5 IcB pHELIIBE I h T, BRIAS
FIEEI A B pH TRTFRT 5.

PH7.0 X BWTHREEMDPDO) o VBESY 0mM
225 300mM ¥ CEIRD L, Vo VIREN 100
mM DRFICIRFHERRIEX LD, ZOBEMICk
THRFEBILY © vBRECESIKE L. 1,
ZORYACTRE Lic:Z 5, BTFHEERIAS
BIIZ 35\ T IME] REEF OEERD P cAMP
VALY RIZBRERELIED SR, BRESBOH

Table 1. Effect of potassium acetate and L-lysine on induction of sporulation.

Constituentsin ~ Final  Sporulation Type of ascus (%)

ND medium pH (%) 1-spored 2-spored 3-spored 4-spored
None 6.55 0 — — — —
AcK 9.14 82.6 0 0 5.4 94.5
L-Lysine 7.27 0 — — — —
AcK+1-Lysine 8.01 18.6 0 0 10.4 89.6

Cells were incubated at 30°C for 5d in nutrient-deprived ND medium (pH 7.0) supplemented with
potassium acetate (AcK, 1.5%) and/or L-lysine (0.1 M). The initial cell concentration was adjusted to
approximately 107 cells ml~!. Final pH, sporulation and types of ascus were determined.
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Fig. 1. Changes in cellular glutathione, L-lysine and cAMP level during sporulation in nutrient rich medium
with 0.1 M v-lysine. Cells of S. cerevisiae 4011 (a/a, wild type diploid) were incubated in nutrient rich
medium (1.0% glucose, 0.3% yeast nitrogen base w/o amino acids (Difco), 0.001 9% yeast extract and
100 mM PIPES. pH 7.0) with (b) and without (a) 0.1 M r-lysine. Growth (ODejo) (4), glucose (),
pH(+), sporulation ( ®) and intracellular concentration of glutathione (0), lysine (O) and cAMP ( ® ) were

determined periodically.
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Fig. 2. Transcript analysis of IMEI. Cells of S.
cerevisiae 4011 were grown in liquid medium as those
described in Fig. 1 in the absence (A) and presence
(B) of 0.1 M p-lysine. The cells were collected at
the mid-logarithmic (al, bl), early stationary (a2,
b2) and late stationary (a3, b3) phases. RNA was
extracted from the collected cells, fractionated by
electrophoresis, and transferred to nitrocellulose
membrane. The membranes were hybridized with
32P.]abelled DNA probes prepared from IMEI and
ACT1 DNA fragments.
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2, EELRITTRIDREEVT, VovEtRD
TR BATELLEHELLT2-T I/ TVE
VB RHEEDORX 7 VAF N, VAL ) v —-3-)
VEBEYRWELTWAEL, ¥k, 15KdDF v h
FHRFERRCHROCHFEIND LWL
LTEDY, 2hboBRB|HOPVWTENTAZ EXLD
EE TRV EEL T B,
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Table 2. Yeast sporulation on nutrient-deprived medium with various gelling
agent and calcium contents of agar- or agarose-extracts.

Gelling agent Sporulation (%)* Calcium content
828 4011 Kyokai no. 7 of extract®

Agar

First grade 49.7 8.3 2.4

Bacto agar 53.8 14.8 16.6

Agar noble 28.4 10.5 0.32
Agarose

SeaKem GTG agarose <0.1 <0.1 nd

Type II agarose <0.1 <0.1 nd

SeaPlaque agarose <0.1 <0.1 nd

3 Cells were incubated for 3 d on a nutrient-deprived medium (2% potassium acetate
and 2% agar or agarose) and percentage of sporulated cells in the total cell population was
calculated.

b For the preparation of agar- or agarose-extracts, 2 g of sample was suspended in
100 ml of distilled and deionized water and stirred for 15 min at room temperature. The
mixture was centrifuged at 15,000 rpm for 10 min and the resulting solution was passed
through a membrane filter with a pore size of 0.45 yum. Calcium content was determined
by HPLC using Sim-pack IC-C2 column and conductivity detector (CDD-6A, Shimadzu
Corporation). nd, Not detected.

BCEBLEAPEETR TV B ERZRVELL. T ERIZENDZ ESHEARI 579 (Table 3, Fig.
fti>d, Table2 KRT X 5 CRBRANMIBOZTIEE  3). :

DN L > TRFERRERILHZ L E, £0EH AN YT AR B\ TS OGRS
DEEHRD AN T AMEDBN I DD THB

1.2
LEDELDIDTHD.1?
BHFOEMEN LY AR EGTAR L o TH V- Z 10+
b B LTHRAM S h D2, O Y 4 ¢
2650M LU EFET 5 L RTHRLBEShD. ¥ "g 0.8 1
o, BEMIRD B L v T A3 AT BRI B E
S 0.6
Table 3. Effect of free calcium concentration on § ]
sporulation of yeast. E 0.4
=2
Free calcium concentration Sporulation (%) § 0.2 1
of medium* (nM) 4011 Kyokai no. 7
o ot
2.5x10° 6.1 <0.1
2.7 X 10¢ 6.7 <0.1 Time (d)
2.0 108 . 3.2 <0.1 Fig. 3. Changes in internal calcium concentration
65 4.5 <0.1 during sporulation. Cells of strain 4011 and Kyokai
4 <0.1 <0.1 no. 7 grown on YPD plates were incubated in
<1 1 ] nutrient-deprived medium for 6d. Periodically
<0 <01 collected cells were washed, lyophilized, and then
* Free calcium ion concentrations in nutrient-deprived ashed. The ashed materials were dissolved in IN
liquid medium (2% potassium acetate) were controlled HCI and calcium content in the HCI solution was
by adding CaCl; or ethylene glycol bis(f-amino- determined by atomic absorption (atomic absorp-
ethylether)-N,N,N',N’, -tetraacetic acid and were deter- tion/flame emission spectrophotometer AA470,
mined fluorescent-spectrophotometrically using fura-2. Shimadzu Co.). Symbols: &, 4011; &, K-7.

NI | -El ectronic Library Service



The Society for Bioscience and Bi oengi neering, Japan

19965 ££2%

REEERORTR 119

ELTWwB. Wl 2iZaryyail, preval
vERE LREAOSTICEREL TS L, BELL
FFET % Spindle pole body DL, HFLH L VY
ADBELTRY, ¥~ BBRYa7 57
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BREDAINC Y AT —ARHDHLEbLLT, B
POER DAL ERDATHBEVIEELDTF — %
X, TOAFFVORADERORTFHBIC EHT
BEEARREPRICTCLE2RBETHLD0EELLR
5.
TR L RO AT D S
Ny an, EOXSTEGRIEEES LT, BES
- RTUROBEY EFECETIRTLBEDOMED
WTRABTH D, SEORNERRThES
WS, AT ELESERO A vy A REYBECH
ETrz L, BREORVERYT I LDIFAXR
ThdHI EPRIhicLARE, BEERBORETS
AN MO DAZFRBIERCE Tz &
PREE I T,

3. MFEREITIINLIFF

EHEARIVTEH L OBEEYRICT 74 & 554 v
i, BERAA ARATERTEAFAZ) FFH— L
BEBTHZ LXHALNTWD. FERPREYED O
e Nedo 7t VY VBIIAFAT ) AFH -

VE—ERYX-T, BROEBYMETHE A FAL Y
dFRG—ABERTEN, TOTAFe Vs srs
AVEEFTC/IAFHS—X¥IRE-TSF2 ¢
ARNTAEFFVENWSTHE s ERD, B
AFHF-—FIR > THARNERBINS.
Shigematsu & (XEERF D RBHERS & fa FHREF O
MR EThs I I RBROBERLRELL. £
DRER, FER A RADHRRE - kAT 5 X — & -
T3/ BAF v — i EOBRBR TR
ROCHFEINBLEPALAR L. ThbOBER
B LRERNA ARAEBRT IR THD A F 1V
TVFFH ANV Vv E—HESVAFHT—¥ ] DF
HIBELL, ZhbOBRERVRFURICF 5D
BE# T ERBE I N

FIT, IRLEER AL R AOBEFHITOWT,
011 L BE T B HB LAER, 4011BRTiR 2+
TVIAFH—ASVE—XE SV AFYS X%
NI, S5ELESFHEIhIORAL, BE7
BETCRERLNR 3G, IERELAEIFEIATY
TR Z EMBE LML o R (Table 4). fih, S-5 7
PAITNEFA v ORBEES 7V A+ 5 -H]
BT, BET75, 40118k E bR LA LHY
Thich ot ThODRERMOLBERAL RO
hd#Ex2 5L, RFEROBIF4011IBRTIIRTL2H
BT 5L S-5 72 A7 F 4 vOERRE
FILERAS VAR - TWBZ LW BB IR S.
2T, TOBRBEETH /1 aF% v (GSHA
GSSG) DA FHBREFOEBICOWTHRNL = 5,
BROMBEN 7V 2 F+ vERIRTEROMMC A
VAL, FEPIIZIAEZFA LB EAEEER

Table 4. Enzyme activities in glycolytic bypass of vegetative cells and spores of the strain

4011 and Kyokai no. 7.

Activity (nmol/min/mg-protein)®

Enzyme Kyokai no. 7 4011
Vegetative cells Spores Vegetative cells Spores
Methylglyoxal synthase 480 1,700 984 16,700
Glyoxalase 1 365 421 720 3,640
Glyoxalase II 183 225 64.5 83.5
Methylglyoxal reductase 43.5 66.2 14.5 20.7
Methylglyoxal dehydrogenase  trace trace trace trace

2 Spores and vegetative cells were homogenized by treating on a Braun Homogenizer at 4°C for

1 min,
used for enzyme assay.

Homogenates were centrifuged at 25,000 g for 30 min and resulting supernatants were
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Fig. 4. Sporulation of Kyokai no. 7. YPD-grown cells of Kyokai no. 7 were incubated for 4 d on agar plates
of nutrient-deprived medium supplemented with (B) and without (A) 10 mM GSH.

TWiEWE &L eI ote. i, FMHMETH
R Til, BB TRLE) O v et is
WThRaFHRMMmC RN 7 2 F 4+ v E RO
ETFTABDLITS (Fig.1). DI/ AEF4 VR
PYORERILOWCTITBETHEN, 7V 2F+ vES
BRRERDOBBEH CHAR L7V 25+ v EROE
WERBHIEIC 7V 2 F 4 AR R L s
B (gshl/gsh]) DIAFHR T, OB YL 2 F 4 v
YEMTAZERID, ZhbokoRTFHRENE
TT2He0h, ZOFYRTF FHABROBRTFER
CRRTHY, FALIORMERLLTWBE L2
BT ERBbRS.

2T, B 7 BHBORTEURRACN LT/
BFAVOYREYMRIKER, Fig ¢ FTIo5CH
B RTFHEREOLANBD LhL. BRL-FED
BEAEDR2~3RTFTRFOAFRL IXBELE
ot SAEFFVORMTRTHELHESh
Tt iy, BE 7 EMBORTFURRRAEOEH
23, RFHROBMCEH 2 EALREARMC X 5
DTS, RMEOTRHMCHRT D = LHRB X
hi-.

4. IFA=BBUEREBFER

BE7BMB L4011 BT LItk b, BF
RO AL~y ADB DRABZEDE -2 H MO
XEOBUL LIRS T EHREN, Fhesrss

FVRMBROER, BL 7 SolRFREK RSV
S~AOMBTHDZ EBBALIER-TER. £ 2T,
BEAMBEHBITHEE TLLIRMIBEH 2 L 5 HUE
KOWTHELR. TORKR, B0 758 -
9% - 10BIIMV\S-7F/ A 2 F% = v (SAdo-
Met) EMBEX B L, D AFA=vD7Fr S ThHB=
FA=VvEREERL, BRBEOBE+AAT , 2 -
ERERILVC EABELLRE 5.0 ¥, BE
TEEEORBRBLELT, 35°CREVTE-TF=v
YFIATE LV Z L EXh T35, i, B
FHRBEOBIF 40118k OWTHRE L-ER, - ok
BEREOEBRB YV TFThIRE Ao & ¥ L.
WBERRN DX S B BBy B hic o
WTIREAL AR IR T, BaEREBRS O
BMtE+A7 7 £ —EHBRBNTAEETH D ED
BENR IR TED, D BEERBCALR S LROE
AL, MEBEVOIRLACBRECHICT 508
RERC L VBB LIERE» D L.
WEHBORFAVVEBBVETHL - Ly RIET S
feddic, BFERDBIF 4011 B =F L £ 2 VR
ARV EMS) XAV AEETImM =5+ = vic
it % 7" 3 R ¥k (Ethionine Resistant; ETR) % I8
L, RFER 0 RRBRYE-. 20,
4011 LB Lic =5+ = VIgEERB OB S,
B& 7B LB XU BTFRHRT s RE X
Hn, SHRLOFRKIIEIE L X 5 ki ENROE

NI | -El ectronic Library Service



The Society for Bioscience and Bi oengi neering, Japan

19965 2 &

W EMBORTFER 121
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i

4011-ETR

Fig. 5. Sporulation of strain 4011, Kyokai no. 7 and their mutants. YPD-grown yeast cells were incubated

for 4 d on agar plates of nutrient-deprived medium.

B (S-AdoMet EMEE, MREME SR T , 2 — ¥
BHERRE LU -7 5 = vEFIRE) 2T RTES
LT\ 7= (Fig. 5, Table 5). < oBR1BL 7 B
BULABRA KRR CEECREBI Rz ik
b, WEHRBORFIIMBEINLLDOTHS LD
FEREZREh, BRI, ZhbOBRLBTFERC
EBECBE LTS5 LR S i,

2T, WEHRI EE LAV RYARIes L
BTN, Kbhi-B4& 7 B0RFURELRET
2T THDLEL, EMS TERAE LLBLS 7B
BRE»5, 01lmM =5+ = vEETCEEF TR
=F A = VIR VEZ REK (Ethionine Sensitive; ETS) %
B Lic. TORKR, LD TESETIID 5L
ERDIRTFIRR - MRTHYRREL LEEC LR L
BRI &t (Fig. 5). & 0¥k (K7-ETS TREK)
D ORRB OV TR E 2 5, 4011ED=F 7
= VYREEROR L, IO S-AdoMet &
124011k EABE T TETL, B4 7 20oxBATH

SMBBOMME+ AT » 5 —CEMRR L 35°C 1L
W% p-75=vEFIBREY, “WThiksTw3z
& D3BR B YN TE - 72 (Table 5).

ZDLS5IE, =FFd=vickT RSN IERCT
HTiiclh, REANERERD)SRTHEEME L
BEREYB/IRT 2 LWL Lofcdt, ZOBERIT
FRCKIBRPI D S-AdoMet SR+ DD ERB I /r &
SHACEEERIET &\ 5 TR Bk 84
2T\ 5. Andreev Bl =v 5 w37 2 —DE{HE
HHITH B =5+ = V' Bacillus sphaericus DIFHE
EEMEXVThIBEET O L BEL, W 2 hb
DITBDOWREC D 5 REYMERICL 4 F 1L ZOER
DBLETEE LR ERL TS, LisaiaT, BRI
BUWTRWEIhcZD LS =54 = vtk BE
THIRBBOEILY, S-AdoMet D X 5 In kR DE
DFHRAFVEBE N LTRIERSLEOMOZER
avire—-ATr00hbLhlvL, BB\ h
CLORBAMYFIHMT 2L 5 br2BORETFOERM
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Table 5. Properties of each type of mutants derived from strain 4011 or Kyokai
no. 7.
Strains
Properties
4011 4011-ETR K-7 K7-ETS
Susceptibility to ethionine  sensitive resistant resistant sensitive
S-AdoMet content? 0.45 2.7 2.0 0.51
Acid phosphatase® + - - +
Growth on $-alanine (35°C)  Yes No No Yes
Sporulation (%) 75 29 8 35
Type of ascus (% )¢
2-spored 16 56 58 8
3-spored 25 54 42 15
4-spored 59 <0.1 <0.1 77
2 S-AdoMet content (mg/g-wet cells) was determined just before the incubation in SPO
medium.
b —, Negative; +, positive.

¢ Cells were incubated for 3 d and percentage of sporulated cells (2-, 3- and 4-spored
asci) in the total cell population was calculated.
4 Ratio of type of ascus in total population of sporulated cells. One-spored asci were

few in number and were not scored.

BETHZERTRETAO,E LAk, WFhicL
Th, BEERBORTHEEECOL-TL, ZhbE
RBDY v —COBRRY SHFMITT 5 LEM
»5.

Be 71 SERO=FF = VEREUNETREOBRTFOL
FRYAXD L, OOTHBELIBRTFOBYMRETT
BETHDZ EXALNC o, FHERE &1,
£E L —REERORARMIEHK O K7-ETS L 54
=L, =F4=vEBENTHME+AT7 , 2%
RBEL, S-AdoMet GBMAEL, FLTB-75= v
HIZ 35°C THB L. =54 = vREWTEKOE
BAY b o— S0 20 MBE T 5B HI OV TR
BTHBHH, DL HRBBPRTERYEETS
ZENRFOHFRLEBTICMNA TS D uJREMEHREE X
nic.

& H YU [

Be 7 SERT, BRAEARE T AMERRT
(R ; ERTEETEN) OWUELIZ Y Y EBOHE
L ODRES R, S0ER S-S TLERERKE LTEL
OEEA—H—TCHEHAIATBL, FreiolcE
BENEROBTEREDOZ N ORRYEKE L
TWBZ E&hbd, ZOBBOTIESL L IETFEAL
ThrEEZLNS.

FEONOBREYERMBE LEBHRL, &b

TERLZOEROREERYHELICL, BESS
WILIEROEARKROBRCRITHEHTH Y, B
REYAVSLVCOFETRS D, TOEMTEEYR
VAL ECTHRTFERERETE LI LRI ISEROME
EBERCEELIBLDLEL TS, LarLixss
R, RFERCEELCIORBHETREIEEL
ZB/ON, SHLRTHURORBE kT T\ 27
WEEZTWAD. EXTREIIL 5o, =F+=
YREMOMN S X D RTFURECERIIRES 7 Bic
ROENWEWSF—23BTED, MOEABEADE
AL LTV 5.
FHEOETIC, RIGFD 5 EB YR ¥ LARSAL LR
HERERONESERE, FEOBE LEHHYEE E LS

EEWAERAREEARB— K iin, {RARREOF « B
WL ET.

X R

) REERTREAR  XTHFBEEROHE,
p. 27-47 (1980).

) IWF—BF: BEXBELEARLHEES p. 144
(1994).

3) Freese, E.B., Chu, M.1., and Freese, E.: J
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