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Advances in the 2-phenylethanol tolerance of yeast

LIU Zixiong, WANG Wenxin, SHANGGUAN Lingling, CHEN Xiong, DAI J un’

Key Laboratory of Fermentation Engineering (Ministry of Education), Cooperative Innovation Center of Industrial
Fermentation (Ministry of Education & Hubei Province), School of Bioengineering and Food Science, Hubei
University of Technology, Wuhan 430068, Hubei, China

Abstract: 2-phenylethanol (2-PE) is a rose-scented aromatic alcohol commonly used in the
food, cosmetic, and pharmaceutical industries. The physical and chemical production methods
of 2-PE are not suitable for industrial application due to the low yields. As a single-celled
eukaryotic microorganism, yeast has the potential to efficiently synthesize natural 2-PE.
Therefore, the strategy of using yeast as a chassis microorganism to synthesize 2-PE is favored
by researchers. However, during the fermentation for 2-PE production, the yeast is inevitably
affected by the toxic effects of 2-PE. Therefore, there is an urgent need to investigate the
mechanisms of yeast tolerance to 2-PE, which will provide a theoretical basis for production
practice and help to select yeast strains with high tolerance to 2-PE. In this paper, we review
the research advances in 2-PE tolerance of yeast from the synthetic pathways of 2-PE and yeast
tolerance mechanisms and introduce the methods for improving the 2-PE tolerance of yeast.
Deciphering the mechanism of yeast tolerance to 2-PE for improving the yield and conversion
efficiency of 2-PE in yeast is a top priority for the future research.

Keywords: 2-phenylethanol; tolerance; yeast; fermentation
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Figure 1 The yeast synthesis pathway for 2-PE. Metabolites, Glc: Glucose; G6P: Glucose-6-phosphate; FBP:
Fructose-1,6-diphosphate; PEP: Phosphoenolpyruvate; Ru5P: Ribulose-5-phosphate; E4P:
Erythrosis-4-phosphate; F6P: Fructose-6-phosphate; DAHP: 3-deoxy-D-arabinoheptulose-7-phosphate; DHQ:
3-dehydroquinic acid; DHS: 3-dehydroshikimate; SHIK: Shikimate; S3P: Shikimate-3-phosphate; EPSP:
5-enolpyruvylshikimate-3-phosphate; CHA: Chorismic acid; PPA: Prephenic acid; PPY: Phenylpyruvate; PAC:
Phenylacetaldehyde; 2-PE:  2-phenylethanol; L-Phe: L-phenylalanine; L-Tyr: L-tyrosine; HPP:
3-(4-hydroxyphenyl) propionic acid. Enzymes, Arol: Pentafunctional arom protein; Aro2: Chorismate synthase;
Aro3 and Aro4: 3-deoxy-D-arabinoheptulose-7-phosphate synthase; Aro7: Chorismate mutase; Aro8: Aromatic
amino acid aminotransferase I; Aro9: Aromatic amino acid amino transferase II; Arol0: Phenylpyruvate
decarboxylase; Pha2: Prephenate dehydratase; Tyrl: Prephenate dehydrogenase; Adhl: Alcohol dehydrogenase.
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Figure 2 Relationship between 2-PE tolerance and corresponding signaling pathways in yeast cells.
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R I¥fdE 2-PE P51k 5.0 g/L.

XA IR BE SR AR v AR
ALHTG G 2-PE PRB(GR 1), T8 h i s
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B TR FTE A S A R OO R SR B B U
é&ifc%% . IBREEE SR S R AR A
Zr b, B AR A BT T BRI 52 S i
2-PE 2 CH %, WEREFRM AR IE G 2-PE A
AR R, TR A Rk T Ak
C. glycerinogenes WL2002-5 7 7= 5.0 g/L 2-PE H.
M52 4.0 g/L 2-PE, BB H il al 65 2-PE fif 24
WYIMOC, B A TR B s SR R rh s
I LAYE SR L] 2-PE B 52 P
3.2 MEAEBERERHSIAFR
TER TR, P25 0 JICYvR BB s, TR

#+1 7 2-PE BEEHKEFERSRK
Table 1

M bk AR R 2-PE P EAUE R, (HR Pk R
—E W RS = R EGR B B N T IR

BETE 8 A BRE BN 32 T, 2000 s/ N 7
BB E ., BRI —H 0, REAE & i
PR SO s A AL

TERERE R BEPS 2-PE (UG FErR, BRK 2-PE
X I REA L B R — B S R %IEP
2-PE WSO OCHHE . WR-MRAEH . B /KGR . 5]
[ AL T HLB B IR AL S T 2R A 35 Ff%&;
i 2-PE, FARECIEER 2-PE X TR A KACHTAY
S (3 2),

Overview of optimization of medium components for producing 2-PE yeast strains

Strains Methods 2-PE production References
Control ~ Optimization

K. marxianus CBS 600 Genetic algorithm (medium composition, temperature) 0.9 g/L 5.6 g/L [34]

S. cerevisae CWY 132 Single factor design (medium composition, inoculation 1.4 g/l  3.5g/L [36]
amount)

S cerevisiae Single factor, orthogonal design, Box-Behnken 1.9g/L  48¢g/L [37]
Central composite design and response surface method
(medium composition)

K. phaffii Carbon source selection (methanol as carbon source) 40.0 mg/L 734.8 mg/L  [38]

C. glycerinogenes WL2002-5 Single factor design (medium composition, temperature) 0.1 g/L

S cerevisiae BY4741

Single factor design (medium composition)

50g/L [41]

13gL  49gL [18]

The maximum amount or concentration of 2-PE was used to evaluate the tolerance of yeast to 2-PE stress.

*®2 77 2-PEBEERABRMEFHRARMML

Table 2 Overview of optimization of fermentation operation conditions or methods of 2-PE producing yeast strains

Strains Methods 2-PE production (g/L) References
Control Optimization
S cerevisiae Oleic acid as extractant 2.1 12.6 [42]
K. marxianus CBS 600  Oleyl alcohol as extractant 0.9 3.0 [34]
S cerevisiae PPG1500 as extractant 4.8 7.5 [43]
S cerevisiae JHY 317 PPG1200 as extractant 4.8 6.1 [44]
K. marxianus CBS 600  PPG1200 as extractant 0.9 10.2 [45]
S cerevisiae BD D101 as adsorbent 4.7 6.2 [46]
S cerevisiae P-3 HZ818 as adsorbent 4.0 6.6 [47]
S cerevisiae R-UV3 Macroporous resin FD0816 as adsorbent 2.2 13.7 [48]
S cerevisiae GIV2009 Dibutyl sebacate in alginate microcapsule 3.8 5.6 [49]
K. marxianus CBS 600  POMS with PP or PEI as organic matters 0.9 22and 1.3 [35]

The maximum amount or concentration of 2-PE was used to evaluate the tolerance of yeast to 2-PE stress.
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DI AL TR 2 BGR] , DA 35 56 v 5 5N
HAEHU 2-PE LA A PT 32 1 28 AR FH R -
WAHG, & BT R M R4 | B AR
Tz — o Yl ANMERAE R 2 ORI, BRI
KW 2-PE Jo Ak 12.6 g/L, JEAMH FHEEHGY
A= 2-PE 1Y 3.15 £, FIMEEAE R A B,
K. marxianus CBS 600 % B 2-PE ;=i , J& A K
FI-BAE B AR =1 4 7559, BRibz b, i
Z AW 5T FAE YT -1 2 B T I B 4
KW 2-PE A EZ R R ENEN. HmR
N ¥ (polypropylene glycol, PPG) 1500 Fl1 PPG
1200 S GWRILRAFE) 2-PE 434
P, CT 2N F 2-PE ElEfrkbd . fEL
PPG1500 S 2 BURI ARt A e, B SR dikr
f) 2-PE BHEREIRF] T 7.5 g/L™), Kim "I
PPG1200 JyZ MU, R S cerevisiae JHY 317
PEATPIAH R I, 2- R SRR 5N 6.1 g/Lo IeAh,
Etschmann 25121 PPG1200 HZEBGAIN, H5355L
HRY 2-PE SUTTREAR BRI B AR 10.5 g/L,
AR T LIHBRAE 2 BGRI 1Y 2-PE 7 i, BARFIH
AP HURE W 42 T 2-PE 1™, (H Rt
BKMA VIS RIMELIZE & . TEARBU 25 BLFLAR
WOMEST S, Fe B LA LR 2R A0S 1
DRI, e 50 9 FH TR -T2 B A AL 5
PR 2-PE S5 A GRS 473 B G

JEA W BfE 4% R (in situ product abstraction,
ISPA)J&—F i L 1 [ 37 43 B B R (in situ product
recovery, ISPR), 3= fi AR B >k S ik
B A 6 IR R AR AR A A AR T, o
$2Ft 2-PE iy — M A RO 20 S cerevisiae BD
162 g/L KEHNIE D101 B RBESAE TS, Al 4k
6.2 g/L ) 2-PE*1, S cerevisiae P-3 7525 7% 8k
R LIEHEE HZ818 M54 T A lnt, LA 12.0 g/L
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) L-Phe MY SC GRS, AIAE™ 6.6 g/L
ff) 2-PE, mXFREAY 165 £597 . LLRFLI G
FDO816 {E WL I , B8 2-PE fRIEER 7 5 ik
£ 0.90 Ay 1, H, ZHXS 2-PE IRt
(RS T4, T & TR MR R 2 AR K, i L
TEWR 3k R e 2 T3 2 Xot A B £140 K2 R B 7 1 ok
S

W E R LR CIGRE Y T,
PAZS R T BRAE Y, B S AT AL
FsE A AR, SEELT ISPA FIiA B2 BB A
MG, BRATR Ik R A sk EH,, e
REY RN g R BR 2-PE. abK % TR T
B A B SR SR U e i, T b 45 45 5 59 [
SEALFE B H A, #H] S cerevisiae GIV2009
PEAT 2-PE K%, 2 2-PE W2 E 3 5.6 g/L,
JEAH A ARRTY 1.47 £5, BLAR VA 2 ALY
CEATERBIL T - 2 B R, (2 T [ Ak
(I e SIS B A, i 2-PE A9 7= Hal fR A2
7tk

AHLB B IR P B A, R
AR R — 2 ORI O LB R R R S P
AN B E MR 2-PE NSHI PR BE sk, M
M/ DAl 32 14 2-PE 83 . EAHLB SR
BOE A R W I R S L (polyoctyl
methylsiloxane, POMS)JIR, B¢ £/ HE RS TR AR5
T 2.2 g/L Al 1.3 g/L R 2-PE M DS kT,
XL TC LA S 2y 2 B IN A A B 5 3, R
W N AT RIS /Y, BE 47 ok
2-PE MSAH 23 5 S iR BEAA 6
33 ERAEMEBEEEKEERR

WL NI . AR E R L A AR
BE PN H A SF TR R E 7 HOR AT SR THBEREXT 2-PE 1)
i 52 P (% 3).
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Table 3 Overview of selection of breeding methods for yeast strains producing 2-PE
Breeding methods Strains Strategies 2-PE production References
Manual screening S cerevisiae 2-PE tolerance screening 4.5 g/L [48]
Y. lipolytica NCYC3825 Screening capacity of 2-PE 2.0 g/L [50]
production
S cerevisiae CEN.PK113-7D  ARTP and 2-PE screening plate 4.9 g/L [31]
M. guilliermondii YLG18 Isolation and tolerance screening 32¢g/L [51]
with ISPR
W. anomalus Isolation and screening the strain 4.7 g/L [52]
with the capacity of 2-PE
production
Z. rouxii M2013310 Isolation and screening the strain 3.6 g/L [17]
with the capacity of 2-PE
production
Mutagenesis breeding S cerevisae CWY132-10 Ultraviolet mutagenesis 3.6 g/L [9]
S cerevisiae BD-25-39 Ultraviolet mutagenesis 5.4 g/l [37,39]
S cerevisiae AS2.516 Ultraviolet mutagenesis 3.6 g/L [53]
K. marxianus BY25569 Chemical mutagenesis 1.3 g/L [54]
Protoplast fusion S cerevisiae R-UV3 Mutagenesis and protoplast fusion 2.5 g/L [55]
S cerevisae RH2-16 Genetic engineering and protoplast 4.5 g/L [56]
fusion
Gene recombination S cerevisiae Introduction of heterologous way  680.0 mg/L [57]
technique PAL2-FDC1-SMO-0lI,
overexpression of ARO10, ADH7,
GAP1 and TAT2
S cerevisiae S288C Overexpression of ARO10 and 2.6 g/L [58]
ADH7
S cerevisiae Overexpression of GAP1 from 3.1¢g/L [59]
industrial yeast MT2
S. cerevisiae YS58 Overexpression of ARO8, ADH2, 6.3 g/L [60]
(G1-A8-A10-A2)-GDH GDH2, GAP1 and ARO10
Y. lipolytica Overexpression of EcoacnA, 2 669.5 mg/L [61]
YIODC, GapY3, YLARO10,
YLPAR4, YLIDP2, and knock out
DGAL, DGA2, yIPHA2, ylIALD2,3
S cerevisiae W303-1B Overexpression of ARO80, ARO9, 6.1 g/L [44]
ARO10, and knock out ALD3
S cerevisiae YPH499 Overexpression of ARO10, and 96.0 mg/L [62]
knock out ADH1
S cerevisiae Expression of PYK1P¥™N, BbXfpk, 13.0 mmol/L [63]
and knock out PFK1 and PFK2
Y. lipolytica YL35 Overexpression of yIPAR4, 2.4 g/L [64]

ylIARO10, yIARO7, yIPHA2 and
SCARQ7%141S

The maximum amount or concentration of 2-PE was used to evaluate the tolerance of yeast to 2-PE stress.
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TR, N0 S N R I 240 i 2
TAFEVREER) 2-PE BYIGFRIER, 1 US4 i
HERAEBLIRBE . 2-PE i 321 5 4 B T R o
Eshkol %" & 1 HA7 2-PE b it 32 8 715258
PR P BE TR AR, FERRUR BESRIE T 2-PE S i
4.5 g/Lo eAh, AT LA EE A 2-PE
RE ST IERE TPk . 2013 4F Celinska P55 —ik
i v& 2 2-PE fig J1 (9 f% A HE G B B
(Yarrowia lipolytica) NCYC3825, 3 HAE¥A L
ARG TR T & TR, 2-PE =ik 2.0 g/L.
Eshkol %" I7e HAg 28 K ditE 2 A e L 1A
PR, O3 H BE BB #4 UXF 2.5 /L VA I 2-PE ¥
BEA T2 P B T R S, cerevisiae Ye9-612, H:
2-PE JEAHE T IS IR TR T 1.6 i Xia %0
1 1 52 5 % 3E W Pk F 1k (adaptive laboratory
evolution, ALE), LA S cerevisiae CEN.PK113-7D
IR EWK, B EERSE FIHAE
(atmospheric and room temperature plasma,
ARTP)ZS G RIVE 2-PE Vi, dRciiik
T REMM 32 3.5 g/L 2-PE HY S cerevisiae 19-2., IIt;
Ab, A B RN A A 2-PE 5 EE
MITERE. 2020 4F, Yan ZEPUp R 4yES H RETT 2
W BE 2-PE 1Y 2= A 58 B2 R ¥ B (Meyerozyma
guilliermondii) YLG18, H:4: ISPR J& s 2] =4
3.2 g/L 2-PE, 2023 4F Tian 2525 Y JOK T Fp i
e BE M 52 2-PE 1Y S W L e I 4 1 BE
(Wi ckerhamomyces anomalus)# £, F 2-PE &%
5 4.7 g/Lo Dai 51 ABRGE T e ) T H
A 2-PE & BUEE 1 0 & RIS B
(Zygosaccharomyces rouxii) M2013310, F:gEF]
L-Phe &% 3.6 g/L # 2-PE. 7] WW7E Bk HEAk,
W. anomalus F# % K A HA 5 2-PE G HE ST 5
ZidE NS, BRI EERERE RIS S Y 2-PE
i 52 M

AN MRS W RE RN, B REREIAI2H 1Y
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IR 2 K A BEHLIEAE | LR T A B3 0] 5 45
GEAR BB S R A TR , Wk S AN B A
FiA . 2008 45, 4 A0 AED R S A1 AR 45 R Xt
BRI R HEA TR F M, K15 T S cerevisiae
CWY132-10 ##k, F 2-PE Tt 52 Pk BE#L 5404 1H bk
BT 50% . i KUAECT 1 xof 28 AMAAE 4 A 2-PE
A7 4 s P TR e B, SRS BB AE 7 AL R iA 5.4 g/L
i) 2-PE M RAL itk S cerevisiae BD-25-39, 4
U4 S 03 1ok S AMA AR T R AS2.516, 3RS
2-PE it sz VEFNG BCRE ST B8R A bR, 3 2-PE
HRGETTIE 3.6 g/L. BRILZALN, fLFiAA IR
— P RS ROR W T AR R R AR (0
HRAG A 2-PE A BE T B AL A A8 770 R 5 o
RNAR . Kim ZPE T —bk D v B e a4
PR PO SR N R PUPE 58 AR A, fE R R Ik
JG L-Phe MIIELL T , 1584 R TT 5L 20 g/L %)
W74z 1.3 g/L 19 2-PE.

Ji A o ARl G AR ) SRR, DL BN
SR T AR AE S T Rl A A R 2
i, &5 A AR A B A TR A1, DR
O AR IO i e Al & 7o TSI & 3L,
X AR FDO419 5477548 F1 R A Al &
A i e 35 A5 2-PE F= ik 2.5 g/L I Pk R-UV3.
AR RSO o A B, R BT R LSC-1,
NGER F1 S.C-1 J&i A ik m &, IF Fl H
CRISPR/Cas9 ¥ fili 5 Pk RH2-16 Y CDC25
278, mIifi45 2-PE P2 &ik 4.5 g/L (I #k. 1l
UL TR A 5 A R R & B R A LA &
Al 2-PE 7 6 i E 42T

SR E A ] T TR R 2-PE 77
W, MR AE 2-PE (1 f i R L S e T R
Xt 2-PE (Wit 320 . T3 RsRmE/ N, e
WML, ZREZBREMER . BHEPE
[ T S S BN VA - i A S g
(PAL2-FDC1-SMO-S01), fifi i 5 3 [k 4e 3t
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ik, MEEF 2-PE i ATk 233.0 mg/L; TS, 78
IE IR F3E5E L-Phe $%i2, fJn 2-PE PR EA
680.0 mg/L. S cerevisiae S288C 7rif 5 AROS
Ml ARO10 )5, A 2-PE M Ki-wmik
2.6 g/L, RIFIAHERA 1.4 4558, Chen %M
I8 Tl EERE MT2 SR GAPL BEH S, JF
Fr iR AR M 5 iz A B B R T, X8l T
FER M B K 2-PE 7 i i 2548 Tk JUAA PR AR 1Y)
1.3 £, ERERBERMET, N TSN EHk
S cerevisiae YS58 (G1-A8-A10-A2)-GDH 7E 5 L
KIEHE Y 2-PE & U7 ik F) 6.3 g/L, % T2
RS T RN RR R B Arol0. %24l Aro8.
L-Phe %121k Gapl . AR A M Gdh2 I
Al Adh2 %I 2-PE PSR EE IO,

H L-Phe #ALEFH L 95%1, Kim %978
S cerevisiae W303-1B H i & [A] ARO80, ARO9
M ARO10 m ik [A] B BB £ I A 0l ik [
ALD3, MFh kS TR AE SC KigR3t 2-PE
E R ESEEN 6 5. Gu £ V.
lipolytica Hd # ik EcoacnA, YIODC. GapY3,

YLARO10. YLPAR4 Fil YLIDP2, ikl DGAL,
DGA2. yIPHA2 Fl yIALD2,3, f%4ffi 2-PE /" H:
SR TF X RN 4.2 5. FRBFSE £,

i Y SN L-Phe KI8T L-Phe B4 A B 5%
B, AT DA RO o Rk R R SE R 1R AR
2-PE MR AL, BERER I ZF R iR 1 42 2-PE
WA B KPS . Shen 2R3, KR
£k YPH499 HE4T ARO10 = 2535 il 4 ADH1,
AT TR i 2 RIS A A T A K 96.0 mg/L
(%) 2-PE. Hassing 5“4 T —MkAE R ™ 2-PE
(R SR B T R I B TR AR . L 2-PE SR
AJ3A 13.0 mmol/L, X2 H iR I A 7 B R ik
R R, Gu ZC%E Y. lipolytica YL35 fY
F:[N yIPAR4 . yIARO10. ylARO7 . yIPHA2 i
SCARO7S"™SHEf it ik, FHREBR YIPYK, Frfs T

P AT LA 0 A 6 s ik 2.4 gL 1Y
2-PE, i HHTREERHZE R RRIZAS 5 L 2-PE 1Y
R 1 7o o FE AR ) B R e SR I SR DR B 2
AR RIS § TR T RS WARE T TR+
AT FE Fp &L, ek B Fh ek R AT 18R
T TR 1

R TUAN B A BAR 43 0 R AR K48 T I Bk
FVk 2-PE it 214, i 2-PE & R kAL, 1H4)
SRATAE R PR , AN L PR TRE B il B e A
SR AR TIRE , A RBHEA T ) S G AT
i Ve L K N 1) 155K 5 A8 B Fh B )
e T REALE: 5 D A AR Rl 15 2 T TR AR 281 A 7 5
BREERL AR LI | AR E R AR A
AlA LR TR B AR LR PLES Al ok, B
Kb, A T REIRIG M 32 B =ik B 2-PE JF H.
2-PE i BT s O BE B R, 340 e il ok T
VEVERETMT 52 2-PE MEREECATF MM RETA R, 15 Xt
HATIH TR/, ks &)™ 2-PE IFREMN 52 5
WEE 2-PE MOTREERETR AR, — 2D X HEA 7 2 ek
WS 2-PE iR, &5 50— 2-PE
T} 52 1k I %) S0 o 28 e B DR R R A 7 i A B AR R
1334 2-PE (=) 5 St 32 1 Be T — S i me L%
BETR PR

4 HZR5RE

WE AT, BEEE 2-PE fif 2 M7 m s A
Rz, HRZEWIFHEEIRTIHOTIE, HlanA
AR TR AT BUL R I By LA R A A P vk
7T BUE IR R REI 52 2-PE BRE 115 BRI
$eTt, (e B RA T AL a1, B
WEh): 2-PE M 32 PEAZ OALIAT AR AR . T R4 i
(] 2-PE TR 32452 Z2 FhBE I O AH LA HTRE R, T
AN Z AL AR R RE AT B SR A 2R IR AL, X
AU AN TSR IR 35 45 /s T EE IR T 52 2-PE
73 FAL X — B R AR
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HAT, BERIZ = | e B 2e LR A Ay
TR IR AL DI 0 25 A Sk e Hp g
TARGE X T HE TR RS AL 2-PE AR YT, $REEE
2-PE M3z PEER oG 28, fildn, W58l LA
A 3o I R TR T B AR S S A B S W5 P i 3
B3 R TR G 5 A 3 R 11 M T AR S 1
s WL TR T BT RIS 5 18 AT LR A
AT B TR0 A . BeAk, Bl2ERie
FEE RS 32 B F el 2-PE ARk
, SR i RF 40 i 2-PE 1} 32 % & 2-PE & B AE
IS B A5 2-PE BERF AR . MIEBFSEE
MTRE A 45 X e 5 TF B i B R AE T, AT R A5
W2 AT YMER 2-PE it 528 LR E B

BB EF 2-PE it 32 P2 FHLERAS SR S B4
WFoEmERE 2-PE M52 P 0 A s ARG, 7ERFoT A
AL 1T, Bk 2-PE 32 194> T-HLHLZ
AR, KR ARG 52 B S U 2-PE
Ml 2-PE 7 i W = I RE R VR . WSS EERE 2-PE
Tiif 37 fre 2¢ 114 2 552 B0 I B A 1) A 0 e AR AR 1)
Tt MEAEAARNER, BEEE 2-PE (N2 1L
PRI ORI ], $ETHIEEE 2-PE A2 M 1 vk
TR A

(EARER A, 76 Tolk A =i At rp i B AN ]
e L2 B —Fpihia, BR T 2Z2%| 2-PE HhASk, 8
S B HABM A P, Gl =l mE
AT, AT Z S —E IR . B,
FEWESE 2-PE JBihaf Bt 75 B OC i HAth P 38 52
B — e K HAE OB B9 R Bh T R
PEERE Tolb A = v i 2 4, S B Tl A = v
Xof 22 30 R R 7 AR R A7 M 1 O TR R 4
T R
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