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Abstract: As a new beer fermentation technology, high temperature and high gravity fermentation has brought many
benefits to brewery industry, but there are also a series of problems such as the decrease of yeast flocculation ability at the end
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of fermentation and the high concentration of higher alcohols. To increase yeast flocculation ability and reduce the production
of higher alcohols in high temperature and high gravity fermentation of beer, BAT2 was replaced by the FLO5 expression
cassette to obtain the mutant strain S6-BF2. Real-time quantitative PCR showed that the relative transcriptional level of FLO5
in S6-BF2 improved 17.8 times compared with that in S6. The flocculation ability of mutant S6-BF2 heightened by 63%
compared to that of the original strain S6, and the concentration of higher alcohols decreased from 175.58 mg/L to
159.58 mg/L in high temperature and high gravity fermentation of beer. Moreover, the activity of mitochondrial
branched-chain amino acid transferase was repressed, resulting in the production of higher alcohols of 142.13 mg/L, reduced
by 18.4% compared to that of the original strain S6, meanwhile, the flocculation ability of mutant S6-BF2B1 kept unchanged
compared to the mutant S6-BF2. The determination result of flavor compounds showed that the higher alcohols/ester ratio in
beer was reasonable. This research has suggested an effective strategy for enhancing yeast flocculation ability and decreasing

production of higher alcohols in high-temperature and high-gravity brewing.

Keywords: high gravity fermentation, high temperature fermentation, Saccharomyces cerevisiae, flocculation ability, higher

alcohols
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Fig. 1 Biosynthetic pathways for higher alcohols formation in Saccharomyces cerevisiae. Black solid lines represent
that the higher alcohols are derived from the Ehrlich pathway. Gray solid lines represent that the higher alcohols are
derived from the Harris pathway. Black dotted lines represent the synthesis of corresponding carboxylic acids.
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Table 1 Strains and plasmids in this study

Name Description Source

Strains

E. coli DH50. @80 lacZAM15 AlacU169 recAl endAl hsdR17 supE44 thi-1 gyrA relAl Lab collection

S6 Industrial diploid brewer’s yeast; Saccharomyces pastorianus Lab collection

S6-BF S6 BAT2/Abat2::PGK1p-FLO5-PGK1t-loxP-KanMX-loxP This study

S6-BFK S6 BAT2/Abat2::PGK1p-FLO5-PGK1t-loxP This study

S6-BF2 S6 Abat2::PGK1p-FLO5-PGK1-loxP/Abat2::PGK1p-FLO5-PGK1-loxP- This study
KanMX-loxP

S6-BF2K S6 Abat2::PGK1p-FLO5-PGK1-loxP/Abat2::PGK1p-FLO5-PGK1-loxP This study

S6-BF2B1 S6Abat2::PGK1p-FLO5-PGK1-loxP/Abat2::PGK1p-FLO5-PGK1-loxP/ This study
BAT1/Abatl::loxP-KanMX-loxP

Plasmids

pUG6 Kan', containing loxP-KanMX-loxP disruption cassette Lab collection

pSH-Zeocin Zeo', Cre recombinant enzyme expression vector Lab collection

puUC19 Ap', cloning vector Invitrogen

Yep-PGK Ap', containing PGK1,-PGK1; expression cassette Lab collection

Yep352 URA3", Ampr ori control vector Invitrogen

Yp-AFKB Ap', Kan', containing the BA-PGK1p-FLO5-PGK1;-loxP-KanMX-loxP-BB gene  This study
expression cassette

Yp-A2FKB2 Ap", Kan', containing the BA2-PGK1p-FLO5-PGK1:-loxP-KanMX-loxP-BB2 gene  This study
expression cassette

pUC-A1KB1 Ap', Kan', containing the Al-loxP-KanMX-loxP-B1 gene expression cassette This study

AT AR B Ao TR 3R BGFR) £ R e F 1
DNA $2HBGAN G A K 5 A=Y A ] o iR R ikt
&R (G418), W NHFEHR . FIER . kS
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12 MELZEBEXL
1.21 BEME

W T g T R R R H2 2 YEPD A U
30 CIffbIEFE 2d.
122 —ZMFIER

WG AL S5 (0 R P A — 38, B2FP 2645 5 mL
12 °P ZZEit g sk ny g, 78 28 °C . 180 r/min
FAFTFHEFR 24 h,
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mAk)s . Mo In-fusion BEZEREEMMUIOAEOR.  fLJER) BA B, £ Sph I BEUIF#ERR 1L /Y BB
Yep-PGK i, BALRIEfGRUCK 248 BamH [ [i#D) R B, iR RIBEIK Yep-PGK FI A7 51 _EIF:
FHERRALS 1 KanMX FBE, 28 Sma | BV FmiEiR AT HALERiE, 32506 Yp-AFKB.

*2 HATERYEBRISIY
Table 2 Primers used for PCR
Primer name Primer sequence (5'-3")

For plasmid construction

FLO5-U TCCAGATCTCCTCGAGATGACAATTGCACACCACTGCATATT
FLO5-D TCGCAGATCCCTCGAGTTAAATAATTGCCAGCAATAAGGACG
BA-U TCCCCCGGGAAGAGACTGAGAAACCTACTCCCAA
BA-D TCCCCCGGGAAACTCGTGGAGATGCTTTCCCTTA
BB-U CATGCATGCAGTATCGCTATTGCTACGTAAAG
BB-D CATGCATGCAGTTAGCTGTTTGAAGATCGGTC
BA2-U TCCCCCGGGTAAGAACGATATGACCTTGG

BA2-D TCCCCCGGGTTCTGTAAGCCTTCATCC

BB2-U CATGCATGCTGGACCATTAGTGAACGC

BB2-D CATGCATGCCAGTAACAACCCTTGACCA

Al-U CGGAATTCACGGCAAGGAAAGGGTTT

Al-D CGGGATCCCATTTACGCTTTACAGTTCA

B1-U CGGGATCCATCATCGTGGCATACAGG

B1-D AACTGCAGCAATCGAAAGCATAGCAG

K-U CGGGATCCCAGCTGAAGCTTCGTACGCT

K-D CGGGATCCGCATAGGCCACTAGTGGATCTG

For PCR verification

B-U ATGTCGCCGCCGTCAATA

K-X CAAGACTGTCAAGGAGGGTA

K-D1 ACTAACGCCGCCATCCAG

P-U GTTCGGGTTCAGCGTATT

B-D TGACAAAGGGAGTAGCAT

Al-S ATGCTGAATCGTAGCGTCTT

Al-X ATCGCGTATTTCGTCTCG

B1-S TCAGTGGCAAATCCTAAC

B1-X CTCTAGCCCAAGAAGTGT

For real-time gPCR

ACT1-F GGTAACGAAAGATTCAGAGC

ACT1-R AGGTAGTCAAAGAAGCCAAG

FLO5-F TCAATCACGCTGAAACAC

FLO5-R AGGACGCAATGAAGACAC

BAT2-F GTCATTTGCTGCCCTGTG

BAT2-R GTTCCTTCTTGCCCGTTT

BAT1-F GCCGCTAGAATTTGTTTG

BAT1-R AAGGACCGACTGGAGAAG

The underlined characters indicated restriction sites for plasmid construction.
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Y, A SRR G R A B AR R L R R
ik, (HIRMREAA 7.3%, Hofh @ HEEA & MoK
B B AR L, R 4Lk S6-BF £ EERE
T3R5 R S OB T R (18] 3C).
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A B
bp M 1 2 bp M 1 2 3 4

5000 5000

3000 3000

2 000

1500 2900
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2 EYAE# S6-BF Ay PCR WiE

Fig. 2 The PCR verification of the mutant strain S6-BF.
M: DL5000 DNA marker. (A) Primers: K-U and K-D. 1:
S6; 2: S6-BF. (B) 1-2: primers: B-U and K-D1; 1: S6; 2:
S6-BF. 3—-4: primers: P-U and B-D; 3: S6; 4: S6-BF.
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Fig. 3 Transcriptional levels and characteristics of
S6-SB2, S6-SF5, S6-BF and parent S6. (A)
Transcriptional levels of FLO5, BAT2 genes in mutants
and the parental strain. (B) Flocculation ability of
mutants and the parental strain. The flocculation ability
was analyzed using the standard method. (C) The final
levels of higher alcohols in mutants and the parental
strain. Data are presented as the means of the results of
three independent experiments. Error bars indicate
standard deviations. Note: ** P<0.01, * P<0.05.
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AR S6-BF FLH A KanMX Hi it JE [
MIBEE) PCR K uELs R unE 4A Fin, K351 A9BH
PYEREAL Ffir 44N S6-BFK., % H 4 Htk S6-BFK
1) BAT2 JEEPRAE A AL, R EER S
172, RIS E S BA2 £ TR ¥ 5 BA T
W3, AR Y51 BB2 43 F [ JE T 41 BB 11 L i
Xk, HI[RJETF I 2 BB eE R X, S E
21 Bt BA2+KanMX+PGKp+FLO5+PGKt+BB2 4
AR EA R S6-BFK AYFEHLI . Xt7E G418

Table 3 The fermentation performances of mutants and parent S6

Strains Fermentation time (d) CO;release (g)  End extract (g/L) Ethanol (%, V/V)  Fermentation degree (%)
S6 10 9.43+0.058 9.3+0.08 6.64+0.07 70.42+1.21
S6-SB2 10 9.43+0.110 9.4+0.07 6.72+0.11 70.01+1.01
S6-SF5 10 9.40+0.058 9.3+0.06 6.68+0.10 69.85+0.88
S6-BF 10 9.33+0.058 9.4+0.11 6.50£0.12 69.81+1.54
S6-DB2 10 9.40+0.000 9.4+0.08 6.52+0.07 70.23+1.37
S6-DF5 10 9.43+0.058 9.3+0.07 6.60+0.08 70.65+1.21
S6-BF2 10 9.43+0.000 9.4+0.05 6.57+0.11 70.21+0.91
S6-SB1 10 9.33+0.058 9.3+0.05 6.67+0.07 70.55+1.41
S6-BF2B1 10 9.50+0.100 9.5+0.06 6.71+0.09 69.68+1.58

Data are presented as the means of the results of three independent experiments. ** P<0.01; * P<0.05.

C

Abp M12 Brom pp bp M2 P12M bp

4 ELHHEH S6-BF2 B9 PCR ik
Fig. 4 The PCR verification of the mutant strain
S6-BF2. M: DL5000 DNA marker. (A) Primers: K-U and

K-D. 1: S6-BF; 2: S6-BFK. (B) Primers: K-U and K-D. 1:

S6-BFK; 2: S6-BF2. (C) Primers: B-U and K-D1. 1:
S6-BFK; 2: S6-BF2. (D) Primers: P-U and B-D. 1:
S6-BFK; 2: S6-BF2.
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e >4 500 mg/L Y YEPD - A= K i 4k 1 3k
1T PCR BiE. #4fLF 1Y PCR KFL5 L], =
20 Fr B S 4 B W E S6 KL 20 FR ok B fR 6 A5
W15 2 i BRE e {1 45 7 S6-BF2 (&1 4B).
ISR TR S6 A BT kR, Wl BAT2
DR XL ik B 2H B Ak S6-DB2 . FLOS JE[A i vt ik
H K S6-DF5 LUK H A Ik S6-BF2 1) BAT2
SN Y FLOS JEPRHE K. ZBERETT . mE
A RLRE 1 T K e BE . FLOS 3 [H 7 B 41 I Bk
S6-BF2 H1 % sk AR 8 T i — 2 i $ e, B
R PE S6 $Em T 17.8 1%, S E 41k S6-DF5
FLOS JE[H K P o #2257 (B 5A); [HET,
HA Rk S6-BF2 2R BERE J) 5 B A Wtk S6-DF5
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MRERE A B ER, WKREHEE S6
P2 T 62.8%, ZUEEREJIILF] T 85.44% (IX 5B).
]IS 645 SR B BAT2 JE [N IhAE M Bk e
Xof B 21 AR 1) BB I A S RS . AEEE AT
Pk S6-DB2 il S6-BF2 H1 i A #a il £ BAT2 JEA 1Y
et (K 5A), £UIHEAFEM S6-DB2 il S6-BF2
SR B BAT2 JE[H B Bl e IR 0k IE %
ik ARtk S6-BF2 & il i K g ) A o 3
FEAR, o R memy & it TR 58
AR PR S6 AL, HAHTE R S6-BF2 5 A i 1)
REJIREAR T 9.15%, S5 A1tk S6-DB2 1 i 2 i
GBS PR — 3, Seun g R R W A Bk 2
AE 7 04 B8 15 T A 0T e B 1Y) G BURE T 7 AR S )
(¥l 5C). M3 3 AJHl, HEARPE S6-BF2 1k %
e SRR TR S6 MR B AL, XKW
FLOS 2 [H i 65 [ BAT2 JE IR o BE A9 Bl ok 35
AR Tl PP R S6 114 & BERE 17 AR s [R] A
1 22 B 7E BAT2 3[R Al FLOS 3k (R Y e i A v oA
FEAEA B PR EA BT 4, HAE BAT2
SRR TR S6 AR AT HE R

AR A DA R R G A BURE T T R R i
L S R B 0% H LK (12 °P)
S e PR ) e AT AR e T L BRI i R 1
o T R P R v R T TR P R D 2 v 7
45 BAT2 JERIAY [FIJE LR BATL, i BAT1 5&[K
JIT 4 B 114) £ 1 (R A B AT SR k1R B e 1 AR
o IE AR S6-BF2 Ay H & W kA BR BATL &
K, B8 BATL Jk[A A il 2 % 51 4H P bk o i &
BLRE T 52
2.3 EHFEK S6-BF2B1 BIME S REH 7

VI A F PR S6-BF2 A H & AR SE BT BATL
T BRI AR T B L KanMX i 3 ROk i 1k
PR, DRLIHGAE A T Pk =2 i S 5 2 T PR
S6-BF2 KL H iy KanMX itk R, 386y i
56 30F [R)  2H Ak S6-BFK py it 7, W5 AR
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Fig. 5 Transcriptional levels and characteristics of
S6-DB2, S6-DF5, S6-BF2 and parent S6. (A)
Transcriptional levels of FLO5, BAT2 genes in mutants
and the parental strain. (B) Flocculation ability of
mutants and the parental strain. The flocculation ability
was analyzed using the standard method. (C) The final
levels of higher alcohols in mutants and the parental
strain. Data are presented as the means of the results of
three independent experiments. Error bars indicate
standard deviations. Note: ** P<0.01; * P<0.05.
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KanMX HiPESEH ) EA E ka4 0 S6-BF2K.
PCR KiE &5 R inid 6A Frn. HEH A B
Al+KanMX+B1 {22 5 41 1R #k S6-BF2K & [H 41
HIfRUE T PCR IRIIE, [RIAFIIE BATL JE[H Ay 4% 5%
KL PHPERR LT K BATL JE [R]85t bk o 4 1 ik
S6-SB1 M & BETERE . 2R EERE 1 S A oK
-, FiAbF ) PCR KEZE SRR, EH R B
Al+KanMX+B1 £ 4% 4 3| H 24 i bk S6-BF2K A& K]
4 R R AL AN, AR B PR A A R
S6-BF2B1 (/& 6B).

LR SO B a5 3R, 55 R T bk S6
A, FZH Bk S6-BF2B1 (1 BATL Jit A 4% 57 /K -
TrRERE, RIFIAEE BATL JEHFE SRR
56.33%; 4]tk S6-BF2B1 ff FLO5, BAT2 3t
K % oK SR bR S6-BF2 FH LA & E
B R84k, HEAEK S6-SB1 f FLO5. BAT2
B WA SRRtk S6 A —3k, kM
BAT1 JL[A A B EBR A X FLO5, BAT2 J:[A
)55 SR K P38 AT (B 7A). BERE 2R BETE
SIS R R, B4R S6-BF2BL [ 2L

Agp M 1 28 by M1 2 34

5000 5000
i
2000 1 500
1 000

o %
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250
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100

Bl 6 ZE4AE#k S6-BF2B1 AY PCR HiE

Fig. 6 The PCR wverification of the mutant strain
S6-BF2B1. M: DL5000 DNA marker. (A) Primers: K-U
and K-D. 1: S6-BF2; 2: S6-BF2K. (B) 1-2: primers:
Al-S and A1-X. 1: S6-BF2K; 2: S6-BF2B1. 3—4: primers:
B1-S and B1-X. 3: S6-BF2K; 4: S6-BF2B1.
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PR F IR MR R BEE 1.62 1%, X— /K P H5EH
WPk S6-BF2 HYZLEERE JAH Y, [ BATL LK /Y
PR R T KT TR AR S6 1R BERE 1 P A s, A
BATL 3[R i) B i Bk & A5 52 W) TRT A 1Y) 28 05k B
(K1 7B). T4 HPk S6-SB1. S6-BF2B1 M 2 i
B K55G B AR AR E XA B AR, AL
Pk S6-BF2B1 5 i )5 UL AR 1 19.05%, Hy
JR AR E bR S6 B9 175.58 mg/L FF%&ZE 142.13 mg/L
(Kl 7C). ¥ E4L R S6-BF2BL =i = vk & e
Tl 50% 2 W ML (12 °P) B, wgiiisah
JRIR TR AR S6 7E 10 “C R BEA T 1 R JR A ik
FEAH T IR LS LRI, BATL JEIR S REAYHE
O3 B TR DL PRI R RE S6 A R EE S
BURE T, ELXEH A& TRAR Y A B PE RE A 7 AR B
B2 (3R 3); RIFMYEA W S6-BF2B1 R
TE 1o ik 1o TR P PR 3 SR T A B v TR T B 1 2
TG 1 () 48 5 R PR v R e ) A I

2.4 FEHFEH S6-BF2B1 R4 R BN E

TE 155 Tk 5 VR 8 R T A F T AT W K T S
5, fRRAEMAHIG, MEAWEK S6-BF2B1 KX
JRER TR AR S6 AR Az v 22 KUK T AT T
L, GERWE 4 PR,

H#E 4 /LA, S5EERE S6 Mk, &
kR S6-BF2BL 11 = i & g 71 K R ot
1A BP0 B 2 ARG, e Lo 9] el D T
Pk S6 (1) 3.42 - TFZ 4.08, 1kF|F7HE ML R 1)
BONE MR B (10 4-1:5); WOBAA
WA KR B E R A R R R
TR I L, T B R S IR 1Y i
WERAL; A, HEAR S6-BF2B1 G LR
CERRRE I W TRE, X &E S BAT A IhfE
MU A O, AT TS, T A
S T B T e IR S I M M e e, R
SE T I 3 K T B B S B B iR T IS AN
RCTRLIY T3, R0 T MG R 2 TR 11 5 A RS 1) 2
WGP ) 2ESK - (L LMt (B Ly 0.10-0.15 mg/L).
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Fig. 7 Transcriptional levels and characteristics of
S6-SB1, S6-BF2, S6-BF2B1 and parent S6. (A)

Transcriptional levels of FLO5, BAT2, BAT1 genes in
mutants and the parental strain. (B) Flocculation ability
of mutants and the parental strain. The flocculation
ability was analyzed using the standard method. (C) The
final levels of higher alcohols in mutants and the parental
strain. Data are presented as the means of the results of
three independent experiments. Error bars indicate
standard deviations. Note: ** P<0.01; * P<0.05.
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%k 4 EHFEF S6-BF2B1 REK4 BRI E
Table 4 The flavor component profiles of mutant
S6-BF2B1 and parent S6

Compound S6 (mg/L) S6-BF2B1 (mg/L)
n-Propanol 23.83+0.58 21.45+1.12*
Isobutanol 18.91+1.15 14.70+0.54*
Isoamyl alcohol  111.61+1.24 86.24+1.02**
2-Phenyethanol 21.23+0.90 19.74+0.89
Ethyl acetate 42.55+1.18 30.55+0.96**
Isoamy| acetate 8.71+0.52 4.25%£0.29**
Diacetyl 0.53+0.041 0.50+0.055

Data are presented as the means of the results of three
independent experiments. ** P<0.01; * P<0.05.
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