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H.) Pilsner ¥ #f IDP1 #= IDP2 Jk B #t 4T 7 s 30 fn it £ 3K, 45 R A I IDPL A B 69 20T A6 4R &5 B2 HF 4
WEEEES, AE96h I HIEIEE A 840, IWRMLERST 1.542. IDP1 AR ¢4k 3R 5L R A
3 B%11 (nicotinamide adenine dinucleotide phosphate, NADPH)#j 4% 5, NADPH/NADP'#) tb /i A
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Manipulation of isocitrate dehydrogenase genes affects the
anti-autolytic ability of lager yeast

YE Kejia'?, WU Haobo'?, LIU Chunfeng'?, NIU Chengtuo'?, ZHENG Feiyun'?, LI Qi"?,
WANG Jinjing"**
1 Key Laboratory of Industrial Biotechnology, Ministry of Education, School of Biotechnology, Jiangnan University,

Wuxi 214122, Jiangsu, China
2 Laboratory of Brewing Science and Technology, Jiangnan University, Wuxi 214122, Jiangsu, China

Abstract: Yeast autolysis affects the flavor and quality of beer. The regulation of yeast
autolysis is a need for industrial beer production. Previous studies on brewer’s yeast autolysis
showed that the citric acid cycle-related genes had a great influence on yeast autolysis. To
explore the contribution of isocitrate dehydrogenase genes in autolysis, the IDP1 and IDP2
genes were destroyed or overexpressed in typical lager yeast Pilsner. The destruction of IDP1
gene improved the anti-autolytic ability of yeast, and the anti-autolytic index after 96 h autolysis
was 8.40, 1.5 times higher than that of the original strain. The destruction of IDP1 gene
increased the supply of nicotinamide adenine dinucleotide phosphate (NADPH) and the
NADPH/NADP" ratio was 1.94. After fermentation, intracellular ATP level was 1.8 times
higher than that of the original strain, while reactive oxygen species (ROS) was reduced by
10%. The destruction of IDP2 gene resulted in rapid autolysis and a decrease in the supply of
NADPH. Anti-autolytic index after 96 h autolysis was 4.03 and the NADPH/NADP" ratio was
0.89. After fermentation, intracellular ATP level was reduced by 8% compared with original
strain, ROS was 1.3 times higher than that of the original strain. The results may help
understand the regulation mechanism of citric acid cycle-related genes on yeast autolysis and
provide a basis for the selection of excellent yeast with controllable anti-autolytic performance.
Keywords: lager yeast; anti-autolytic ability; citric acid cycle; NADPH
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Figure 1 Pressure changes of lager yeast during
fermentation process.

1. NADPH A i B 5 7 &5 1R B & Bl 1
MDH2, CIT3, IRC15 fil IDP2 %3 [H & A i %%
T, & )5 A4 B$ 11 (nicotinamide adenine
dinucleotide phosphate, NADPH)& % 55 A i} &
IR, MRSy, e T 4n A
3% AR R, S A R M S I A5 R
TEFR B CHEFR S, IDHL FI IDH2 J K 4 i
NADH i B S Ar i iR i A, = S5 aifin A
ANF, I ELRE R ; IDP1 A1 IDP2 S
4 fih NADPH i B 2 Ar i IR I A, 5 ZWFL
LRSS0 NADPH A9 . 1DP2 5 [ 14 ke
AR AN B NADPH/NADP 9 LGl , 18055
AW RR . i R 8 TSP R L RIS

PEREAE O IR B O TR M PR A K A2 B, 4fi g
Fande e, PRI RbiE ZRE S FIES. IDP2
SR A 2B KR o-f % R . B E RS S
WALA I G, XL E RS YA R 5%
M) P 14 A K A T A A BEMERETY . T IIFSE &
B, hrA% MU EERETE A% fE e, IDPL. IDP2
SRR TR AT IR A B A AT
SRR A Z A S P EE B R BT o
KR, R e iR AL K NADPH, A4 a4
BER B Y Al E, Tl MR AR e rp AR [
WS R P 2 SR M e B B B IS 7, SR
TR IR i A A LG T v B P SRR T P A

&: 010-64807509

(reactive oxygen species, ROS)4 /D (£ 4% k& %
b AR R A i R A A A AR X P R
AR R BE 0 R 7 A, R e A
Y, LN ATP Al ROS, 5 EEERY #34 |
T M EFPURIL R G P ACOL JEIH 4
15 3k BRI 5 5 £RRLIK DNA ) 60255 Fin gt
ACHLJE 5 2 B A B 76 A1 pH T BT 32 4 F0 40
ML A3 AT PR T, s s I R A PR B R R T IR
)32 A AR

A ST DAL T RT A% NGO 2 BE Pilsner A X
%, L IDPL AN IDP2 JEN Ay KA, 18
JHE DR IR P R AR ) R PR RE . AEFE ). PEA
VSR IS, 43 AT S A TR S i A PR 1 3
XL B ERR s AL, i — Lk E
H ¥ B Al 5 0 0 R I B S R R BE Al

R

1.1 RN
1.1.1 EHRFMERE

iz A% 1 LG [ £ (Saccharomyces pastorianus
H.) Pilsner (=A%, 1Y), KIp#F 5 (Escherichia
coli C.) IM109: 256 % {5 ; ve P 4K YEp352,
JRL pUG6: SZH6 % PR -

YPD i#EH(g/L): MM 20, MR R
20, FEREMY 10, [EMARREFRFLS MBAE #Y 20 g/L;
eI, BUPETR RS RSN G418 =
L A 200 mg/L.

LB #5555 (g/L): BREEFIIF 10, BEREM S,
AAbEN 10, [EASEFRIEAINBE#Y 15 g/L;
WAL I, PUEEmiE s RN AT FH R
FELUSE N 100 mg/L.

12 °P 22 R WERG AR 55 225 S0k [12]
BTk
1.1.2 KI5

HiaghE . Rk . SAbEh . EEER . AT
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BN . — KA . oKW, BER S
BERR A 4 . A . BRI N  F E
iR P bR AR BEAK . REA
i | TR A9 2545500 S e BF . RNA il 4 4l 1k 5]
W T A T A TR R ) B BRA ]
PrimeSTAR® Max DNA R4, T4 DNA %4
fify . BRI 4 N YI E§ Xho 1. Nhe 1, PrimeScript” RT
& . TB Green Premix Ex Taq IT 57| & 4 F
FHBEAYEAACE)A R A A . NADPY/
NADPH el 3257 & 1 24 S kil i8] 4 734
= REYHARABRAF . ATP K &l T
Promega /) .

FEIE IR AL 27 ph il (B HIA ) : ¥ 7.35 ¢
FERERR NN 5.25 ¢ —IKEFFEERRIAET 400 mL
Ak, A 1 mol/L #7 MRV 75 pH ik
F 4.0, AR RMEET 500 mL, 155k
J& 4 0.05 mol/L ARG R 5 2% vh i

PBS ZE P : KF 0.24 g BEIR A M. 1.44 g
BEIR A 4 .8 g EALN 0.2 g EALERYET 800 mL
HaiKh, IMAWREEER I pH £ 7.4, HAH
FHMERT 1L,

1.2 (/MR E

T100 Thermal Cycler PCR {¥ . CFX Connect
Real-Time PCR ¥ . A8 VLS BE Ik . Gene
Pulser Xcell B, 25 fL4%, 3 B 1A 5k (Bio-Rad) /A 7l ;
SW-CJ-1Cp AN LT L TAE S, W B IR
AR A E . QYC2012 fHIRFEIR, WA K
GRS A A ; SPX-250 A= fk
FAf, WA LRI S A IR A E . S
BEWEAL, WA H Sonics 28] fb2E K IGHEFRL,
W A i NS A R A BRZA F] 5 Bio-Tek 23]
REMFPRAX, W AT FR/A |l ; NanoDrop
SRS, WA SRR R R B A BR A F
4 H SR A3 BT A, W 2 AR A () R R A PR

7S
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1.3 SLWHE
1.3.1 EHEHREE
HRH NCBI %itd ¢ P BT %3 (Saccharomyces

cerevisiae) S288c WISLNABEIFIMIEE 1), L
pUG6 Fihi AR, fii H 5|4 % IDP1-KOF/
IDP1-KOR, IDP2-KOF/ IDP2-KOR #"1¥% IDP1
F1 1DP2 JE K (i b &, i SE R iR & % G418
PMESEFE DL K IDPL A1 IDP2 | it [ Y5 i it
. PCR ¥4l UK E S 2lifb )5, i
T AL PR SE R B bR R B A MU 2 RE Pilsner
W, ESA 200 mg/L G418 1Y YPD “F#R b 1% 3%
2.d, ik BSR4 T PCR B0k, %
A EE Pil-idpdA F Pil-idp2A J5 R IR 7 bk

DA Pilsner WAk JE R 20 A, i FH 5 [ 9 %)
IDP1-BF/IDP1-BR, IDP2-BF/IDP2-BR #1475
F| s A Nhe I A1 Xho I VI 25 1 IDP1 Fl
IDP2 B[ Br . safE#iiA YEp352 %5 AmpR
1 KanMX 2 H R B, &4A YEp352 MK
HAEZNERRM, %8 YEp352 it HA
G418 ¥itk. HmRF Bgdifk)s, 1/ Nhe 11
Xho TRR il 4 PN VIS v B 28044 YEp352 11 1DP1,
IDP2 JE[N 5 Brift A7 W Y] . BEU1 =M T4
DNA 3% BB e (L R AT R IM109 8437 38
R, 7SR B R PR i e B R A
TFo BRI kR AR EL A Pilsner 57
AL, 754 200 mg/L G418 BIFLIE b |54
7% 2 d, GRS LT 2E T PCR B0 UF . %
05 YA EE Pil-idpl 1 Pil-idp2 i FE KBk
1.3.2 EEFREEHNE

WERERETATE YPD 3R B rh 15 5% 24 h, e
WEREAH MU E 1T RNA $2EBUF S % 5% cDNA,
2% TB Green Premix Ex Taq II i & Ui B4, DX
WEREAH ML cDNA AR, LA ACTL A S AL,
AT qQRT-PCR 5256 . iR 2 A (il e T
PRI L R e ik &
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Table 1  Primers used in this study

Primer name  Sequence (5'—3) Size (bp)

IDP1-KOF CGGGTCACGCGCGGATTTTGACTCACATAATTCCACTTGCCCATATAAAGAGGGACTCATATG 86
ATCGTACGCTGCAGGTCGACAAC

IDP1-KOR GTTGTTACCGCAAGCCAAAGCCAAGTCCTTCGTCATGATACCGTCTTGCTGAACTGTGTTCA 84
AAGGCCGCATAGGCCACTAGTG

IDP2-KOF CTACACTCTTGACTTGTCGACTACAGTCGCTGCTCAGGCACGAGAATAGGAGGTAAGAAGG 81
GTACGCTGCAGGTCGACAAC

IDP2-KOR GCGTCAATGAACTCCTCGGTAGTGACATAAGCGGATCTTTCAGACTTACCGAGAATGAGCGC 82
CGCCGCATAGGCCACTAGTG

IDP1-F GGACTCTGCTAAAGACCATAACAAGG 26

IDP1-R GAATTAGAACAGCTTGGTGATAGCCC 26

IDP2-F GATACCTTTCAGGGCTAGGAATAGTG 26

IDP2-R GTAGGTTGTAACGAACTCCAGATG 24

IDP1-BF CTAGCTAGCATGAGTATGTTATCTAGAAGATTATTTTCC 39

IDP1-BR CCGCTCGAGGTAGATTGGGCTACGTAAATTCGATTA 36

IDP2-BF CTAGCTAGCATGACAAAGATTAAGGTAGCTAACCC 35

IDP2-BR CCGCTCGAGTTACAATGCAGCTGCCTCGAAC 30

KANMX-F CCTCACAGACGCGTTGAATTG 20

KANMX-R GTTCAACAGGCCAGCCATTAC 20

1.3.3 MIB% B 1.3.5 MEE A NADPH, NADP', ROS

AR FE T B L A I S e A A HE TR R P
AT BRI GG Y KRR G, D
1.2x107 CFU/mL (#JE /M 244 150 mL
12 °P Z 111 250 mL #EIE i, 76 11 °C P #RE
RWE . B HETE TR F0 b 5 ) HE SR I JC
KEE, DIHEEIR AR A W e . il sk H 1Y)
TAARBRHECRE LR AR, 2 24 h INAYR
/T 0.15 g B AR EESS o fi 4 F 2l Ul 4
BT ASCIN 2 2 T TR ) A T R A
1.3.4 HBHBHAXE

RIS R AR R , TG RIK BRI 11Kk,
7E 100 mL AATEE IR 45 22 vl (BEL B 5 380 Hom
A1 g BEREDR, BB T 28 CCHUBS IR L A
%5 96 h, BERE 24 h P EEEEIFETR | Ao Fil
Aoso IIWOGAE, MU EEEERY BT A 8 B0 THHE
/fjﬂTE Q ?ﬁ*gﬁ:(A%O/AZSO)/ﬁEt%[I3]o

&: 010-64807509

K ATP 2 EME

RS S WA BERE A, ] PBS 22 0Pl
VR 2N R B R #5 . ODgoo=1. M S
Tl RS R AN L (R 8 3 s, [BIFR 10 s, 30 M
W, R R OR R UK ) o A MR RE S, ]
NADP'/NADPH & il i 71 £ Il &2 NADP" FlI
NADPH &, 31145 NADPH/NADP /1 FUAi .

BB BE A B BE 4 i 8 000xg 5.0 5 min, 7E
96 FLA H A 100 pL &R AT 100 pL ATP 4
DU, YRS J (5 P Il A A SCAGE I 5 by Y 1 A2
P IER

Bl mL BEREEWE, fIA 1 mL 10 pmol/L
1y 2,7'- AP W L R (DCFH-DA), 28 °C
I 7 30 min, PG 3-5 min BIENES), HERER
TR FE 542 o S48 R 5 PBS 22 P k4%
MR EREE A ERET, (1] Bio-Tek ZY)REMNY
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PRI GHR ), lex=488 nm, lem=525 nm,
%M 80,

2 EREM

2.1 FiTiEBREEMEEEARKNAE
PLRiAS MU R Pilsner 5k K 2H A8 , ¥4 2t
IDP1 #1 IDP2 JE K E A B bk M pUG6 Jitkr 4™
14 |DP1 #1 IDP2 JEHEBR &, K/NR 1 734 bp
F1 1727 bp, #4555 £ ML % A Pilsner 3%
AU, kRS2 PCR UE. 40
Bl 2 fon, 2084800 H 5L E R Bobl
G418 PPEIEH F B . 5 9% IDP1-F/
IDP1-R ¥ ¥ Pil-idplA JE[R4H, k45 2 -4,
KEER 2 282 bp M5 A G418 Btk 5L A,
KR 1836 bp A & A IDPL JEH L i 5|
Y%t IDP2-F/IDP2-R 41 Pil-idp2A R4, #k
15 2550, KR 2157 bp W& T G418

bp M, 1 2 3 4 bp

5000

3 000

2000

2000 1 500
1000

1 000 750
i
250

250

& 2

PbEEEN, KEER 1 752 bp RIS &4 IDP2
RN 458 —3R4> IDPL F IDP2 8 B2 &
BT IR, K IR IR R MR 444 Pil-idplA
Al Pil-idp2A . M Pilsner FE[R 4] F 9 Ha4R75 H 1)
B, SRk YEp3S2 EHEMARIHD
FER Bk R IRFORL . $ BRI FL B A Pilsner 852
AU, TRiE R LT, JEfT PCR BIE. 40
K 2 Fizs, IDPL Al IDP2 %[ 4 52 2 35 JFURL Al
I ABEREA AL, #5 5 R 3K T kA 45 4 Pil-idpl
1 Pil-idp2.
22 BEHRMNERERREFER

IDP1 1 IDP2 A 4ifi% Y /& NADPH K
R EREN, 252/ BN G,
XFIX 2 A 35 D] A R 48 2 5 e A A R A0 A ) L
LR, ffiF qQRT-PCR il 2 2 40 i bk A 6
LR FRIAE, 4505 2 Ur7n. DA Pilsner 3
PRI 41 M FEiE, Pil-idplA H IDPL JE A ) 35 &

M, 5 6 bp M, 7 8

2000

1 000
750
500
250

EE W IRE FE Pil-idplA F1 Pil-idp2A F1E FE T FRIEF#% Pil-idpl 1 Pil-idp2 #9538 1E

Figure 2 Verification of the mutant Pil-idplA, Pil-idp2A and mutant Pil-idpl, Pil-idp2. Lane M;: DNA
marker DL2000; Lane 1: Primer pair IDP1-F/KANMX-R, 1 162 bp; Lane 2: Primer pair KANMX-F/IDP1-R,
1 732 bp; Lane 3: Primer pair IDP2-F/KANMX-R, 1 164 bp; Lane 4: Primer pair KANMX-F/IDP2-R, 1 687 bp.
Lane M;: DNA marker DL5000; Lane 5: Primer pair IDP1-F/IDP1-R, 2 282 bp including KanMX, 1 836 bp
including IDP1; Lane 6: Primer pair IDP2-F/IDP2-R, 2 157 bp including KanMX; 1 752 bp including IDP2.
Lane Mj;: DNA marker DL2000; Lane 7: Primer pair KANMX-F/KANMX-R (Pil-idpl), 673 bp; Lane 8:

Primer pair KANMX-F/KANMX-R (Pil-idp2), 673 bp.
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Table 2 Expression of citric acid cycle-related genes of recombinant strains

Gene Pilsner Pil-idp1A vs. Pilsner Pil-idp2A vs. Pilsner Pil-idpl vs. Pilsner Pil-idp2 vs. Pilsner Description

@"% @™ @ @ @™
IDP1 0.120+0.001 0.121+0.004 4.840+1.010 3.329+0.456 0.826+0.058 Isocitrate dehydrogenase
IDP2 2.397+0.011 1.970+0.167 0.052+0.002 1.133+0.325 5.516+0.619 (NADPH dependent form)
IDH1 0.407+0.014 5.327+0.021 2.467+0.355 0.762+0.123 1.37120.042 Isocitrate dehydrogenase
IDH2 1.794+0.093 4.550+0.592 0.72240.062 2.854+0.368 3.453+0.395 (NADH dependent form)
ACO1 0.068+0.006 1.249+0.136 3.304+0.184 2.206+0.257 2.225+0.098 Aconitase
ICL1 0.059+0.005 2.614+0.171 0.214+0.036 0.870+0.023 0.519+0.072 Isocitratlyase

Results are shown as mean of three parallel cultures (n=3). 2722%>1 represents overexpression, and 2722<1 represents

knockdown.

0.121, Pil-idpl Ff IDP1 JE K i) F ik &l 3.329,
Pil-idp2A ' IDP2 J:[H ) &k & 0.052,
Pil-idp2 H* IDP2 JL R BRIk 50 5.516,

IDP1 & A A9 3R 5 2 IDP2 . IDH1 il IDH2
FEN Py Lk . IDPL A IDP2 £E K 4w i1
SEATAGE R M S 4 S A7 T 2 R A A 4 i B P
IDP1 Bt A B SRR T 40 M T S A A R I =
B AT, SAT AR RR B e 1 B 2ok iR Sk 1 DP2
Gt Tl O, e SR AT IR L R A, IDPL
FEDAE AR Kk 5 5 IDHL I IDH2 3 A 6] i ¢
15, IDHL F1 I1DH2 5 [F ¢ 55 5 1) 2 i ff 2ok 1k
R BR G RO Z2 BB 1, R 41 i i X B
B TR 45

IDP2 JE M A il I8 780 IDPL JE R () ik &
PR o I 4B BT AT IR 1Y — 2P ) R
Ik T, ST B R A iz 240
Farf, MRTELARAR AR ol — 2. 2
JRL3E AT oA P56 R A AL A R 240 B 5T TP oA B
By, AERRORIERCVT . T AR S AT R
e D, DLS AT RR AR ik IR Y £ TR v AR
RN, G e A7 A R AL 1Y I CLL PR 3%
KW
23 EHEEMIABEERE NS

SR Ak 5 S5 DR 4 X6 MALTY R TR RE )5 )
KW REKRMEAEKET 12 °P it E

&: 010-64807509

11 CCH N AT M e B S0 . Y H R/
T 0.15 g BPES A EE, 43 Je T Hh il 6 B A
RIS, S5RWE 3 Fin. WEFRRTLUE B,
Jir A TR 2H TR AR T RS BE N K T T 5 O TR AR
Pilsner AH LA % 2% 5%, IDP1 F1 IDP2 i
WA B R R R B RE T AR R
SEEYBLAL A R A ORI T .
24 EBHEREMMBIBERSH

WAL I I 100, LTS R TG IS pHLL 55
LR R IA . Y RRME Y RE =
G RWIE ET) o K TS 5 WA
T B AR A VR, AR R A, 18
BT A AR BV R R R B R B B
RE M ES . 5T B8 E=(Ass0/Aogo) FET- K,
X — R EU RO RAL BB A W RE T AR IR, L
B E L, RERBEEERE, A
VSBE B 2% . FET- R R B: A M 2R
Pr, 7696 h FUBLH A scih, S RbkaysLt:
FAMEINE 4A R FTA TR AL T 2l
[ 4K, 96 h Ji Pilsner FYSET-FKikF] 30%,
Pil-idplA — EARFFEARMIFIET- %, 96 h J5IET:
RAVE 19%, 1M Pil-idp2A IFET- % Ky 44%.,IDP1
R IR R T B RE O E T %, 1T IDP2 fY il SR
PERE AT . 2 IR A R IR FE TR
A KIS, 96 h JGid RIXEHRAIIET R 5
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277 Attenuation

701 [+ Ethanol degree 170
651 6.5
60 16.0
st 7 7 15.5
501 : 1 5.0 g
< 45+ . 14.5 i
< dop 140 5
2 35¢ 135 5
5 30f 130 =
=2 / / / 125
20r 120 E
15t / _ 1is
10 . 1 1.0
st 105
0 / / / / / 0.0
Pilsner Pil-idplA  Pil-idp2A Pil-icp1 Pil-idp2
3 HAEHRSEEEROLEENSN
Figure 3 Fermentation performance of original strain and recombinant strains.
A 60T o pilsner ! T prsner
sol o Pikidpia 16¢ O Filddh A
—A— Pil-idp2A 14 \ ~4 Pil-idp2A
£ 4ol v Pilidp! 5 % Y Eikig!
< o piLi 2 12} —— Pil-idp2
2 il-idp2 5 ]Oﬁ S \O
- = o T —
) % \ 7 ‘\5
= 2 g} = Q
E E A O
< 4.":' 61 = i
= = A
< 4 L -‘\\_‘ﬁ
2 -
O 1 1
2

Autolysis time (h)

& 4

4 48 72 96
Autolysis time (h)

HAEHRSEHRERNETEA)MTBRERGB)RILLIR

Figure 4 Mortality rate (A) and anti-autolytic index (B) of original strain and recombinant strains.

KRR, S HERNPLH RN E 4B fr
TN, RIBSSHET, S WRAP AR5 i & B
Pil-idp1A>Pilsner>Pil-idp2>Pil-idp1>Pil-idp2A., 7]
i, Pil-idplA FIHT A e S E T R T B8

H# 96 h )& Pil-idplA M9PL A% 50K 8.40, &
H LT Pilsner (Y 1.5 £ Pil-idp2A FIHT AR EL
FREPGE, 96 h 5 T REZE 4.03, & H A HK 70%.
FE R Rk AR TE AR A I RIS R
¥ Pilsner 25101, $it A5 E T, k&8
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LI IDP1 WRESRREAE B AR P A S RE ), AR
IDP2 RS R BT A A BE T B35 T %
25 RITERESEERBEEEZWESE
AN
251 MRBHEFEEHH

2 s N 1Y S AR P15 FH NADH 1 NADPH
P, Hoh NADPH £Z 2545 MR, 45
A B HR R B A R - 7R K s SRR I
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Figure 5 NADPH/NADP" ratio of original strain
and recombinant strains at the end of fermentation.
Statistical significance was determined by SPSS; **:
P<0.01.
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Figure 6 Intracellular ROS content of original
strain and recombinant strains at the end of
fermentation. Statistical significance was
determined by SPSS; *: P<0.05.
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Figure 7 Intracellular ATP level of original strain
and recombinant strains at the end of fermentation.
Statistical significance was determined by SPSS; *:
P<0.05; ***: P<0.001.
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