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higher alcohols in alcoholic beverages easily causes headache, thirst and other symptoms after drinking. It is also the main
reason for chronic drunkenness and difficulty in sobering up after intoxication. The main objective of this review is to present
an overview of the flavor characteristics and metabolic pathways of higher alcohols as well as the application of mutagenesis
breeding techniques in the regulation of higher alcohol metabolism in S. cerevisiae. In particular, we review the application of
metabolic engineering technology in genetic modification of amino transferase, a-keto acid metabolism, acetate metabolism
and carbon-nitrogen metabolism. Moreover, key challenges and future perspectives of realizing optimization of higher
alcohols metabolism are discussed. This review is intended to provide a comprehensive understanding of metabolic regulation
system of higher alcohols in S. cerevisiae and to provide insights into the rational development of the excellent industrial S.

cerevisiae strains producing higher alcohols.

Keywords:

TERHP RS A rh, BRIET L) Saccharomyces
cerevisiae [R)7 2k FEACH W L BEAL, 7R
WP BRI B WIS, MRS M TSR
wRARs N o, mgmE, eRRZsER, R
A 2 UL E SR — M AR SR, BN
B STRE, SR, 2-HIE-1-TRE (R
- R T (B 1) R e RE = A 1 3 e
PP & e R T AT 1 B
BRAFIES (% 1), LEYORRT T ) 5 LR A
Eb A7 7 I3 (R 1 T 145 2 AU A R (8 ARG

T 1) 2 R T BRI = i sk, 22
YRR (R E Ry, ) AR Y
KSR, KRS A8 . SRR, XA
PR A B RIVE R, ASFF IR & B R g
RO o AE Y R, 5 AR
BOAR TR AR, B A e R ek
T T A DU JE IO T SRR I3, 24 2, 3 1
flmt, AR, AEE, wmRERE

BEAHAARR 2 PAX, X 32 2 AL e 22
SR . LR, v S A4 R A 2L

5T L5 A5 SRR I 1, WA 8.5,
S TRy 8, FIEER 19; A, AR &%

x1 ETESRERENIKREFE
Table 1 The characteristics of higher alcohols
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2-phenylethanol

1 ERE AP, 5TE 8. 5K (Cc).
2-FE-1-TH (D). 2-%Z8 (E®) mEHk

Fig. 1 The chemical structures of n-propanol (AP,
isobutanol (B[, isoamyl alcohol (C'), 2-methyl-1-
butanol (D™, 2-phenylethanol (E™).

W 1) P A, S B N e G e A A R
] A5 R B ok s R 2% 2 S 8 A e o

1 B ORHIPG B, BT 58 H TR i s XA TG 1) 32 2
J PR H AR TR s g 2 ) T
ARG — b, KEFEEREN, T
T A2 PR A v v 0 i BT L /T 100 mg/L, £
JMEAIGF 50 mg/L; 2 s R & AN
B 300 mg/L. #HHA 80-540 mg/L, /MHR
AR TN 600-2 500 mo/L, [ 75 & BE (i
“k 500-1 800 mg/L, F4 % i+ >4 1 000-2 000 mg/L,

Higher alcohols

Flavor characteristics

n-propanol
Isobutanol

Isoamyl alcohol
2-methyl-1-butanol

2-phenylalcohol Floral odor of roses

Resembles that of ethanol, but relatively dense, seems to have ether odour
Stronger ethanol or higher alcohol odor, also have fat incense

Typical higher alcohol aroma with an unpleasant odor

Higher alcohol odor, slightly floral
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Fig. 2 Biosynthetic pathways for higher alcohols formation in S. cerevisiae!*”). Black solid lines represent that the
higher alcohols are derived from the Ehrlich pathway. Gray solid lines represent the synthesis of corresponding amino
acid. Black dotted lines represent the synthesis of corresponding carboxylic acids.
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Fig. 3 Isoleucine-leucine-valine biosynthesis pathway
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Fig. 4 Phenylpyruvate synthesis pathways!®.
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Fig. 5 Threonine biosynthesis pathway!®.
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Table 2 Overview of higher alcohol production by mutation breeding in S. cerevisiae strains

Strains  Alcoholic beverages Mutation breeding Change in total higher alcohol ~ References
EC1118  Wine Ethyl methanesulfonate and protoplast fusion 237.4 mg/L, decreased by 14.1% [21]
CF4 Chinese Baijiu Atmospheric and room temperature plasma 66.4 mg/L, decreased by 20.0% [23]

(ARTP)
SC-2 Lager beer uv 94.5 mg/L, decreased by 25.5% [24]
AY-15 Chinese Baijiu lon implantation 482.6 mg/L, decreased by 33.6% [25]
JS-10 Sake uv 90.7 mg/L, decreased by 32.7% [26]
BR20 and Chinese Huangjiu Ethanol domestication, ultraviolet radiation ~ 51.85 mg/L, increased by [27]
BR30 (UV) and protoplast fusion 13.4%-24.9%
ETO008 Greengage fruit wine  ARTP, high-throughput screening (HTS), and 3.1 mg/L, increased by 38.2% [28]
adaptive laboratory evolution (ALE)
YDZ Lager beer uv 67.9 mg/L, decreased by 28.7% [29]
HF2.3 Lager beer UV and diethyl sulfate 70.7 mg/L, decreased by 24.3% [30]

http://journals.im.ac.cn/cjbcn
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Table 3 Overview of higher alcohol production by modulating BAT gene expression in S. cerevisiae strains

Strategy Strains Medium Change in total higher alcohol ~ References
Deletion of S6 Wort (18 °P) 166.0 mg/L, decreased by 5.5% [17]
BAT1 MD101  YPD (4% Glu) Decreased by 20.0%-30.0% [31]

BY4742  SCD5 (5% Glu) 77.2 mg/L, decreased by 62.1% [32]
BY4742  SCD5+++ (5% Glu, 150 mg/L each BCAAs) 185.3 mg/L, decreased by 24.3% [32]
Overexpression BY4742 SCD5 (5% Glu) 140.2 mg/L, decreased by 31.1% [32]
of BAT1 BY4742  SCD5+++ (5% Glu, 150 mg/L each BCAAs) 248.7 mg/L, hardly improved [32]
VIN13 Colombard grape juice 223.1 mg/L, increased by 20.1% [33]
VIN13 Synthetic must MS300 Increased by 50.0%-60.0% [34]
Deletion of S6 Wort (18 °P) 159.5 mg/L, decreased by 9.2% [17]
BAT2 MD101  YPD (4% Glu) Decreased by 60.0%-70.0% [31]
BY4742 SCD5 (5% Glu) 99.1 mg/L, decreased by 51.3% [32]
BY4742  SCD5+++ (5% Glu, 150 mg/L each BCAAs) 145.9 mg/L, decreased by 40.4% [32]
TD4 YPD (10% Glu) 154.3 mg/L, decreased by 43.8% [35]
AY15 Corn hydrolysate 235.3 mg/L, decreased by 30.5% [36]
RY1 Rice mash Decreased by 10.0%-20.0% [37]
Overexpression BY4742 SCD5 (5% Glu) 254.2 mg/L, increased by 51.3% [32]
of BAT2 BY4742  SCD5+++ (5% Glu, 150 mg/L each BCAAs) 474.3 mg/L, increased by 93.8% [32]
VIN13 Colombard grape juice 254.8 mg/L, increased by 37.2% [33]
TD4 YPD (10% Glu) 410.5 mg/L, increased by 49.6% [35]
Deletion of S6 Wort (18 °P) 142.1 mg/L, decreased by 19.1% [17]
BAT1 and BAT2 MD101  PD (4% Glu) Increased by 30.0%-40.0% [31]
RY1-al Rice mash Decreased by 31.2% [37]
RY1-03  Rice mash Decreased by 28.3% [37]
Deletion of BAT2and  AY15-a5 Corn mash Decreased by 20.0%-30.0% [38]

overexpression of BAT1 vyz22

Cabernet Sauvignon grape juice

292.8 mg/L, decreased by 36.9% [39]

AR TR PRI 8 B v R ) 45 JKOF, B 3Rk
BAT2 5 R R % A 230 $h v TR 1o B oo G e 5 JK
V- Eden 25 LATREER R - 26 MR- #2595 (Yeast extract
peptone dextrose, YPD) 1355 g3 F2 3L, A5
BATL il BAT2 H [A] ) i 5 X BRIPE ¥ £ S. cerevisiae
MD101 /= B A SZ B & B, B R bR BATL
T BAT2 3 DX 35 REAS AT R o S B g 2B i i B
AR ZH S UE S B AR IR R S, cerevisiae
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Table 4 Overview of 2-phenylethanol production by modulating ARO8 and ARO9 gene expression in S. cerevisiae

strains
Strategy Strains Medium Change in 2-phenylethanol References
Deletion of CEN.PK113-7D Glu SM (2.0% Glu, ammonium as sole nitrogen Detectable, about 60.0-70.0 mg/L [42]
ARO8 source)
BY4741 SD minimal medium (2.0% Glu) Increased by 1.2-1.3 fold [43]
Overexpression S288c Fermentation media I (8.0% Glu, 0.7% of Increased by 9.3% [44]
of ARO8 L-phenylalanine as the sole nitrogen source)
Overexpression W303-1B SC (2.0% Glu, without leucine and uracil) Increased by 160.0%-170.0% [45]
of ARO9
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Table 5 Overview of higher alcohol production by modulating a-keto acid anabolism in S. cerevisiae strains

Strains Medium Strain breeding Change in total higher alcohol References
JAy1 Minimal medium (10.0% Overexpression of ILV2, 183.0 mg/L, increased by 2.3 fold, [52]
Glu, 1xYNB) ILV3 and ILV5 isobutanol, 136.0 mg/L, increased by
3.9 fold
CEN.PK 2-1C Minimal medium (4.0%  Overexpression of ILV2, Isobutanol, increased by 5.0 fold [53]
glucose and 0.01% uracil) 1LV3 and ILV5
CEN.PK 2-1C Minimal medium (4.0%  Overexpression of ILV2, Isobutanol, increased by 2.0 fold [53]
glucose and 0.01% uracil) ILV3, ILV5 and ILV6
D452-2 with kivd YPD medium (4.0% Glu) Overexpression of ILV2, Isobutanol, 151.0 mg/L, increased by [54]
over-expressed ILV3 and ILV5 62.4%
CEN.PK 2-1C with SC-His-Trp-Ura medium  Overexpression of ILV2, Isobutanol, 72.1 mg/L, increased by [55]
BAT1 and ALD6 (2% Glu) ILV3 and ILV5, deletion  17.8%
deleted of BAT1 and ALD6
AY15 YEPD (16.0% Glu) Deletion of LEU1 Isoamy!| alcohol, decreased by 33.7%, [51]
isobutanol, increased by 41.7%
AY15-a8 High-concentration Deletion of LEU1 n-propanol, 61.8 mg/L, increased by [56]
corn mash 47.0%, isobutanol, 206.6 mg/L,
increased by 158.0%, isoamy! alcohol,
97.8 mg/L, decreased by 51.0%
AY15 YEPD (16.0% Glu) Deletion of LEU2 Isoamyl alcohol, decreased by 28.7%, [51]
isobutanol, increased by 52.2%
S-6 Wort (10°P) Deletion of LEU2 71.9 mg/L, decreased by 10.0%, iscamyl  [57]
alcohol, 58.3 mg/L, decreased by 11.8%
N85-Na Chinese Huangjiu Deletion of LEU2 Isoamyl alcohol, decreased by 16.2%, [58]
isobutanol, almost invariable
BY4741 with ARO10  SC (3.6% Gal, 0.4% Glu, Overexpression of ILV2, 1 088.1 mg/L, increased by 500.0 fold [59]
and ADH7 additional valine, leucine, ILV5, ILV3, LEU9, LEU1

isoleucine, and uracil and LEU2

dropped out)

over-expressed

BY4741 with ARO10,
ADHY7, ILV2, ILV5,
ILV3, LEUY, LEU1 and leucine, isoleucine, and
LEU2 over-expressed  uracil dropped out)
CEN.PK113-7D Glu SM (2.0% Glu,
ammonium as sole
nitrogen source)

SC (3.6% Gal, 0.4% Glu, Expression of the
additional histidine, valine, LEU9c-ILV3c
fusion protein

Isoamyl alcohol, 522.8 mg/L, increased [60]
by 89.5%, isobutanol, 540.3 mg/L,
decreased by 27.3%

Deletion of ARO3, ARO8 2-phenylethanol, detectable [47]
and TYR1, ARO4 replaced
by ARO4¥?#L ARO7

replaced by ARO76M41S

AY15-a5 Corn mash

Deletion of THR4

n-propanol, increased by 2.6 fold [61]
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Table 6 Overview of higher alcohol production by modulating a-keto acid catabolism in S. cerevisiae strains

Strains Medium Strain breeding Change in total higher alcohol  References
BY4742 SCD5 (5.0% Glu) Deletion of HOM2 Decreased by 62.5% [32]
BY4742 SCD5+++ (5.0% Glu, Deletion of HOM2 Decreased by 49.7% [32]
150 mg/L each BCAAS)

BY4742 SCDS5 (5.0% Glu) Deletion of PAD1 Decreased by 57.3% [32]

BY4742 SCD5+++ (5.0% Glu, Deletion of PAD1 Decreased by 26.3% [32]
150 mg/L each BCAAS)

BY4742 SCD5 (5.0% Glu) Deletion of QCR2 Decreased by 52.9% [32]

BY4742 SCD5+++ (5.0% Glu, Deletion of QCR2 Decreased by 32.4% [32]
150 mg/L each BCAAS)

BY4742 SCD5 (5.0% Glu) Deletion of SPE1 Decreased by 52.9% [32]

BY4742 SCD5+++ (5.0% Glu, Deletion of SPE1 Decreased by 26.0% [32]
150 mg/L each BCAAS)

VIN13 Synthetic must MS300 Overexpression of AAD10 Increased by 85.0%-95.0% [34]

VIN13 Synthetic must MS300 Overexpression of AAD14 Increased by 40.0%-50.0% [34]

BY4741 SD selective medium  Overexpression of ARO10 2-phenylethanol, increased by [48]
(2.0% Glu) 6.0 fold

W303-1B with ARQ9, SC (2.0% Glu, without Deletion of ALD3 2-phenylethanol, increased by [50]

ARO10 and ARO80 leucine, tryptophan and 40.0%

over-expressed uracil)

JAy1 with ILV2, Minimal medium Overexpression of ARO10 and Increased by 5.0 fold [52]

ILV3 and ILV5 (10.0% Glu, 1xYNB)  adhARE* (Lactococcus lactis)

over-expressed

D452-2 YPD medium Overexpression of kivd Isobutanol, 93.0 mg/L, [54]
(4.0% Glu) (Lactococcus lactis) increased by 3.2 fold

N85-Na Rice mash Deletion of THI3 Almost invariable [58]

BY4742 SCDS5 (5.0% Glu) Deletion of HOM2, PRO2 and Isoamyl alcohol, decreased [62]

AAD6 by 65.0%
BY4742 SCD5 (5.0% Glu) Deletion of BAT2, THI3 and AAD6 Isobutanol, decreased by 75.0% [62]
AY-15(a-8 and a-22) Corn hydrolysate Deletion of THI3 Almost invariable [63]

(HAR SRS, arBRER /AR 4 Hh A LA
TE VR4 i G AR I e R T R i A
AR EN:; 22 1S/ B L S. cerevisiae N85
iR 1 WE S R PR TR AR Na bR THI3 L[
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o TR B AR & W BE X i A KA ()5
W Ry, AR 1 [RIAE a2 SR 0%
2.2.4  ZERFERAUHEEE B E M B

(EYCRHB R i L FR b, R FOY LA
Jei, A8 RER S LA R R T XA 7E T ORI
AER A AT LA Z TR T A S AR R I ) 2 R TR
KAbEWr, ATFL, ATF2., Lg-ATF1 3[R 4 it it i
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Table 7 Overview of higher alcohols and acetates production by modulating acetate metabolism in S. cerevisiae
strains

Strains Medium Strain breeding Change in higher alcohols and acetates References
TD4 with YPD Overexpression of ATF1  Isobutanol, 17.7 mg/L, decreased by 74.5%, isoamy| [32]
BAT2 (10.0% Glu) alcohol, 82.2 mg/L, decreased by 52.5%, isoamy| acetate,
deleted 20.1 mg/L, increased by 3.7 fold, ethyl acetate,

112.4 mg/L, increased by 3.4 fold
VIN13 Colombard Overexpression of ATF1  121.9 mg/L, decreased by 34.4%, ethyl acetate, 533.0 mg/L, [64]
grape juice increased by 4.6 fold, isoamy| acetate, 44.6 mg/L,
increased by 3.5 fold
VIN13 Colombard Overexpression of ATF2  170.2 mg/L, decreased by 8.4%, ethyl acetate, 92.5 mg/L, [64]
grape juice almost invariable, isoamy| acetate, 12.7 mg/L, increased
by 27.0%
VIN13 Colombard Overexpression of IAH1  184.5 mg/L, almost invariable, ethyl acetate, 52.8 mg/L, [64]
grape juice decreased by 44.7%, isoamy| acetate, 0.64 mg/L,
decreased by 93.6%
RY1 Rice mash Overexpression of ATF1, Isoamyl alcohol, 156.4 mg/L, decreased by 49.0%, ethyl [65]
deletion of IAH1 acetate, 468.9 mg/L, increased by 20.9 fold, isoamyl
acetate, 99.9 mg/L, detectable
RY1 Rice mash Overexpression of ATF2, Isoamyl alcohol, 257.4 mg/L, decreased by 15.6%, ethyl [66]
deletion of IAH1 acetate, 137.8 mg/L, increased by 3.9 fold, isoamy!l
acetate, 26.7 mg/L, detectable
RY1 Rice mash Overexpression of Isoamyl alcohol, 281.5 mg/L, decreased by 7.7%, ethyl [67]
Lg-ATF1, deletion of acetate, 70.9 mg/L, increased by 1.5 fold, isoamyl acetate,
1AH1 8.7 mg/L, detectable
CLX14  Corn hydrolysate Overexpression of ATF1 Ethyl acetate, 78.8 mg/L, increased by 2.1 fold [68]
S5 Wort (10 °P) Overexpression of ATF1, Isoamyl alcohol, 41.3 mg/L, decreased by 49.0%, ethyl [69]
deletion of BAT2 acetate, 117.4 mg/L, increased by 10.5 fold, isoamyl
acetate, 9.3 mg/L, detectable
BY4742  YPGluc Deletion of ATF1 162.0 mg/L, almost invariable, isoamyl acetate, 0.22 mg/L, [70]
(8.0% Glu) decreased by 83.9%, ethyl acetate, 13.0 mg/L, decreased
by 37.5%
BY4742  YPGluc Deletion of ATF2 154.8 mg/L, almost invariable, isoamy| acetate, 1.1 mg/L, [70]
(8.0% Glu) decreased by 17.5%, ethyl acetate, 18.2 mg/L, decreased
by 12.5%
AY15-05 Corn mash Deletion of IAH1 Almost invariable [71]
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Table 8 Overview of higher alcohol production by modulating carbon and nitrogen metabolism in S. cerevisiae strains

Strains Medium Strain breeding Change in total higher alcohol ~ References

VIN13 Synthetic must MS300 Overexpression of ACS1 Increased by 10.0%—-20.0% [34]
CEN.PK2-1C with the  SCD medium Deletion of GPD1, GPD2, n-butanol, increased by more than [72]
resultant n-butanol ADH1, ADH4 and MLS1 3.0 fold

pathway

CEN.PK2-1C SC-His medium Deletion of BAT1, ALD6 and Isobutanol, 112.6 mg/L, increased [73]

(0.083 g/L His) LPD1 by 6.1 fold
CEN.PK2-1C SC-His medium Deletion of BAT1, ALD6 and Isobutanol, 330.9 mg/L, increased [73]

(0.083 g/L His)

LPD1, overexpression of LEU3, by 21.0 fold

ILV2, ILV5, ILV3, ARO10,
ADH2, MPC1 and MPC3

W303-1A with BAT2,  SC medium

Overexpression of ZWF1

Isobutanol, 283.0 mg/L, increased [74]

ILV2 and ILV3 over- by 82.6%
expressed, PDC6 deleted
YS58 Phe medium (3.0% Glu, Overexpression of CATS, 2-phenylethanol, 3.6 g/L, [75]
0.55% g of L-Phe) deletion of MIG1 increased by 55.0%
YPH499 YPD (0.2% Leu) Site-directed mutation of Rsp5  Isoamyl alcohol, increased by [76]
ubiquitin ligase 2.0to 3.0 fold
S17 Wheat wort (12 °P) Deletion of GAP1 210.6 mg/L, decreased by 22.0% [77]

http://journals.im.ac.cn/cjbcn
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