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Improvement of acetic acid tolerance and fermentation
performance of industrial Saccharomyces cerevisiae by
overexpression of flocculent gene FLO1 and FLO1c

Zhaoli Du*?, Yanfei Cheng®, Hui Zhu'?, Xiuping He', and Borun Zhang*

1 CAS Key Laboratory of Microbial Physiological and Metabolic Engineering, Institute of Microbiology, Chinese Academy of
Sciences, Beijing 100101, China
2 University of Chinese Academy of Sciences, Beijing 100049, China

Abstract:  Flocculent gene FLO! and its truncated form FLOIc with complete deletion of repeat unit C were expressed in
a non-flocculent industrial strain Saccharomyces cerevisiae CE6 to generate recombinant flocculent strains 6-AF1 and
6-AF1c respectively. Both strains of 6-AF1 and 6-AFlc displayed strong flocculation and better cell growth than the
control strain CE6-V carrying the empty vector under acetic acid stress. Moreover, the flocculent strains converted glucose
to ethanol at much higher rates than the control strain CE6-V under acetic acid stress. In the presence of 0.6% (V/V) acetic
acid, the average ethanol production rates of 6-AF1 and 6-AF1c were 1.56 and 1.62 times of that of strain CE6-V, while the
ethanol production rates of 6-AF1 and 6-AF1lc were 1.21 and 1.78 times of that of strain CE6-V under 1.0% acetic acid
stress. Results in this study indicate that acetic acid tolerance and fermentation performance of industrial S. cerevisiae
under acetic acid stress can be improved largely by flocculation endowed by expression of flocculent genes, especially

FLOIc.

Keywords: industrial Saccharomyces cerevisiae, flocculen gene FLOIc, acetic acid tolerance, fermentation performance
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Table 1 Strains and plasmids used in this study

Plasmids/strains Description Source or reference
Plasmids
YCps0 Escherichia coli-Saccharomyces cerevisiae shuttle vector, Amp’, URA3, This laboratory

pFA6a-KanMX6
pYCF1

CEN4
Amplify G418 resistant gene KanMX6

Amplify the coding sequence and terminator of FLO]

pYCFlc Amplify the coding sequence and terminator of FLOIc
pYCPG Insert KanMX6 in YCp50 at Sal I and Apa [ sites
pYCPGA1 Insert the promoter of ADHI in pYCPG at EcoR | and BamH 1 sites
Insert the coding sequence and terminator of FLO! in pYCPGAI at BamH |
pYGAF1 .
and Sal [ sites
Insert the coding sequence and terminator of FLO/Ic¢ in pYCPGA1 at BamH [
pYGAFIlc .
and Sal | sites
Strains
. supE44 AlacU169 (¢80lacZAM15) hsdR17 recAl
E. coli DH5a .
endAl gyrA96 thi-1 relAl
Saccharomyces
cerevisiae
YS59 MATo FLOI leu2-3,112 his4-519 trp1-719 ura3-52
CE6 Non-flocculent industrial S. cerevisiae
CE6-V CE6 with vector pYCPGA1
6-AF1 CE6 with plasmid pYGAF1
6-AFlc CE6 with plasmid pYGAFIc

This laboratory
[17]

[17]

This work

This work

This work

This work

This laboratory

This laboratory
This laboratory
This work
This work
This work
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KIGHFFHARAE ARG 37 A LB #5530 0 ik
KIGFFHEEEAL T H & 100 pg/mL B R EFHERM
LB 55735 s MR B 3 LG 37 ) YPD 1537300,
i PRI B RE R AL F S 500 pg/mL G418 (1)
YPD K53k, HOAA A Z R Mk B N 40 i A K mt
¥ YPD 55353k pH 0 E] 4.5; K BER 555 EFM
KR (100 g/L #Z0E, 6 o/L BEERERY, 10 /L
HEEM, 5gLIKR, 1g/LBER _H, 15g/L
WREREE, 0.55 g/L LK EALES),

1.2 FERFIFMILERES

E R E DNA 40 KOD K =i i A%
TFRRIEAY) (AINTPs) I4H TOYOBO AH], T4
DNA 3% $2 i F1 B i v 9 D) W | TaKaRa A A,
DNA marker I H 23420 A, DNA B[R] 5]
£ H PCR =4 ISR &0 H Axygen A ],
P B o TR R O &8 A Bio-tek A F], 2R
AR AR 2 A RA R, G418 W H
ATAY TR (i) BOHARAE, HAhs)
B9 [ 43 b 4l

1.3 DNA #{EFFFI 52

PN /R R W R U R N < S i A
DNA [HJ$HUS B SCHR[19]0E T, TR KL 41
DNA 2B 5¢ 4% 20 i 5% A6 2 B SCHR (20132017 -
ffiFl OMEGA [ 5] 5 ki 42 U f & (Bio-tek,
) P EE R TR o 2 BE L IR 2 2k K b
Z WSR2 47 . 51 & . P51
Invitrogen 2 ] 5¢ i
1.4 BHFRIERRAGE

ARG BN 2, LIBTRL pFA6a-
KanMX6 MR, Fl 514 Kan-F 1 Kan-R i
T PCR §'34, K154y 1.5 kb 1) KanMX6, %4
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Sal T fl Apa 1 BV G 09 KanMX6 i A %) 254K
YCp50 |, RS HHAKIETR pYCPG, DAPRI
fe bk YS59 MR it , #5114 ADH-F
F1 ADH-R 3if% ADHI J38hF ¥4, 4 EcoR 1
1 BamH 1 V15, 1 A2 FUR pYCPG 3R15
4 i ki pYCPGAL . 435l LAT K pYCF1 #il
pYCFlc WA, FAHSI4 FLOI-F fil FLO1-R
e RISERE FLOI KHATAFLN FLOIc Y
e RS RISV S e il | I L A S S U S R VN
pYCPGAL ] BamH 1 Fl Sal 1 BV s 2 [H],

A3 RARAS B4 KR pYGAF1 Ml pYGAFIc.

*2 AXHHGI

Table 2 Primers used in this study

Primers Sequence (5'-3")*
CGCGTCGACAGGCGCGCCAGATCTGTT

Kan-F
TAGC

Kan-R GACGGGCCCGCGCCGTTAGTATCGAAT
CGGAC

ADH-F GACGAATTCCATAACCGCT
AGAGTACTTTGAAGA

ADH-R GACGGATCCTGTATATGAGATAGTTGAT
TGTATG

FLOI-F GACGGATCCATGACAATGCCTCATCGCT
ATATGT

FLOI-R GACGTCGA

CGCATTTTTCCTCGTTAATAATAAGT

*Restriction sites are underlined.

1.5 BEREWZEREHNNE

ZBERE T H HLIN 2 S BOSCR (17136 T, BT
FHAE 2 8E 52 v 9 50 mmol/L ZTR24H (pH 4.5),
LB MW N & 6.8 mmol/L A Ak 45 1Y
50 mmol/L Z.FR4H (pH 4.5). I E Z R X IR 14 £
EERZET, 7EREIR A B IS R B 1R
1.6 EEEHERZ 4D

LG L B 2R T 2 mL YPD $5 33
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H1, 30 “C. 200 r/min J53% 16 h, B.OUCEEA,
LR AKERMIRE , EEET 2 mL K
W, JFUEITARERR RS, IR FERE 2 ho B S uL
BN 50 10722107 Y R BHER T & AW
WRECTR . CRESUHERERY YPD Pl |, 30 C
FiFE2d, RS ERARKE N

2 BESCHR [22] 3 B LU A8 45 TR AR 78 VR4 355 57
LR R I AE A2 P KT R I TR R R
FlF 50 mL YPD #5523, 30 'C. 200 r/min
Fid% 18 h, DIWIIRHEFRN ODgoo M 0.15 (4 F0 i
G3 VEE4EF) 50 mL & A AR EE SRR YPD K
FiH (pH 4.5) ", 30 C. 200 r/min 3%, &
B ORI A M T o, e AE R Ze . 43l
XTECRA L RS B0 SR AT A B, DA
(AM/AW)/(BM/BW) 1) LA 26 7R AN [R] B #R 1) £
MR la i sz, Hih AM 2 T4 AR TE 2 TR
ST BN T 8, AW 25 BETE AR LE Z TR I
AT M T &, BM 2 REAHEKRE LR
a4 T =, M BW X B AR G 2
T Jolp 300 FsF ) 440 T
1.7 BSOS EABMEESH

PSR S IR R T 50 mL YPD 3557
e, 30 °C. 200 r/min 5555 18 h, LAWIGA R
ODgoo h 1.0 (4 Fh 243 5 H:5) 100 mL &4
0, 0.6%, 0.8%% 1.0% (V/V) Z BRI EFM £ 3%
B (pH 4.5) b WINZ MR, Kigdk pH Wi
REAR, HAK K 3.70 (0.6%Z12) . 3.61 (0.8%Z FR)
#13.56 (1.0%Z1R). 30 ‘C. 150 r/min }55% 6 h
Jo, AR, e B OREAS I 45 100 & J
AefEtr. LWEL 3 WK, BRENFMFE 3 A
HA ., MY R KRR TP AR RS
e S ISR (23] 7 -

2 BRI

2.1 ZHRERAILIERBEESPRIRIE

I3 A 3K pYCPG ., A S8 3 LR BRI R
FLOI FELZJFHHIT C BRTA5ER FLOICc
H 1 2H 26 3K kL pY GAF 1 Fll pYGAF e 4k Tl
BRI % EF CE6, 76 & 500 pg/mL G418 f YPD 5%
I Ik Lk o XL T T G418 HitE L
B, ZRBEREST B . B TR BB EE IR PCR 43
B, DASCEEERE IR R IR A4, 3R15 HA A
] G418 Ptk M EESLIN FLOI. FLOIc FikK
- E L R BR 6-AF1 Fl 6-AF1c 4% 6 ¥k, LIK 3
PRAT A 28 BAR B X BR Bk CE6-V

ZBERE S I A R R W], 18 F W CE6 M=
WKL PR CE6-V I3 A KB ek
Ml B2 B bk 6-AF1 Fl 6-AF 1¢ ¥ Bl H I i A &2
BEREYE, ZRBERE T A BERERIPR YS59 1Y 1.5 %
(1), Ky 6 ¥k 6-AF1 2 8] 2 8EfE J1 %A B

80

~
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-
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Flocculation ability (%)
H

I T/ A = |/
CE6 CE6-V  YS59
Strains

6-AF1 6-AFlc

1 FFEEERRRLEDN R
Fig. 1
The flocculation ability was analyzed using the
standard method. Data are presented as the means of
the results of three independent experiments. Error bars

Flocculation ability of different yeast strains.

indicate standard deviations.
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BES, 61k 6-AFlc Z AL ERE Tt A B
25, B FLOI WEE)JFHIHEIC C B4
B AT AE LR FLOLe W) Tl BRI 5 6-AF 1c
M ZEERE T R RIBC R RBEE FLOI Tk
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5 H R Mk 6-AF1 1 6-AF ¢ 22 [a] A7 26 B B
WA 2E R, HRIK SRR R Y T R 15
BETE R W38 4511 1 40 it 25 K B S A0 o B
Rk (B 2). BT A 6-AF1 1 6-AF e bk

1021010107

CE6-V
6-AF1
6-AFlc

10210310*10°°

0 0.06% furfural

10210°10*10°°

CE6-V
6-AF1
6-AFlc

0 0.3% acetic acid

12% ethanol
10210310*10° 102102310410 10210°10*10°

10210°10*10°°

IR X TR W0 i 2 1 . RSB
[ R Tl FRTE B £} CE6 Y 2 BEFVRERE et
i 52 M WA B S s, (R R TR R N X 2
PR JEfr 3 A TS 5242k

PE— TS AN FIVR E IR 1Y) YPD i MA 8% 77
Ferp OO R BERE TR AR 0 A2 KO0 . 45 5R L 81
e 0.6%-1.0% (V/V) LM, 416k
6-AF1 #l 6-AF1c [ LR 38 TR 5214 43 5] 5 %of B
BRRA 1.3-2.5 %M1 1.5-2.9 1% (K 3), $iWl
1o 3 I8 BRI DR R T R Y R 2 e T
DA B S 5 R I B TR N X 2L TR W3 A A2 1 T
HEBERFNERZ T HIHIC C BRI Tl FiE
P 3 L0 O 1 1) SR W 3 TS S22k
2.3 CZERBMETBIAEEMERELLER

CFRER BSR4 RV, TETC MR8 %

1021010107 10210°10*10~° 10210210107

& ¢

14% ethanol 16% ethanol

0.07% furfural

0.08% furfural

10210310*107° 10210310107

0.4% acetic acid  0.5% acetic acid

B2 =HAFEUEK CEC-V REHEEAEGE 6-AFL 7 6-AFlc TR MBFH4H THEKIFR

Fig. 2 Growth of yeast cells under various stress conditions. Mid-exponential cultures (ODggo of 1.0) of yeast strains
CE6-V, 6-AF1 and 6-AFlc were diluted serially. 5 pL of each dilution (10 °~10"°) was spotted onto YPD plates or YPD
plates containing different concentrations of ethanol, furfural or acetic acid and incubated at 30 ‘C for 48 h.
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Fig. 3 Relative growth of different yeast strains under
acetic acid stress in liquid cultures. (A) 0.6% acetic acid.
(B) 0.8% acetic acid. (C) 1.0% acetic acid. Data at three
time points were analyzed for each strain under different

acetic acid stress, 1: early logarithmic phase; 2: middle
logarithmic phase; 3: late logarithmic phase. Data are
presented as the means of the results of three independent
experiments. Error bars indicate standard deviations.
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Fig. 4 Fermentation performances of different yeast strains under acetic acid stress. (A) Fermentation without acetic
acid. (B) Fermentation with 0.6% (V/V) acetic acid. (C) Fermentation with 0.8% (V/V) acetic acid. (D) Fermentation
with 1.0% (V/V) acetic acid. CE6-V: residual glucose (m), ethanol (0); 6-AF1: residual glucose (®), ethanol(o);
6-AF1c: residual glucose (A), ethanol (A). Data are presented as the means of the results of three independent
experiments. Error bars indicate standard deviations (P<0.05).
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Fig. 5 Flocculation ability of different strains at the
end of fermentation. Data are presented as the means of
the results of three independent experiments. Error bars
indicate standard deviations.
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