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Abstract: 2-Phenylethanol (2-PE), an important flavor and fragrance compound with a rose-like smell has been
widely used in the cosmetics, perfume, and food industries. Furthermore, it is also an important raw material for the
derivatives synthesis for the synthesis of other flavors or pharmaceutical compounds, such as 2-phenylethylacetate
(2-PEAc) and phenylacetaldehyde (PA). Conventional production of 2-PE is mainly through the extraction from plant

materials, such as hyacinths, jasmine and lilies. However, the extraction process is very complicated and the harvest of
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flowers is greatly influenced by the weather, plant diseases, and trade restrictions, which hinders its further application.

On the other hand, 2-PE can also be chemically synthesized through ethylene oxidation of benzene or reduction of

styrene oxide. Chemical synthesis processes are generally operated under harsh conditions, such as high temperature,

high pressure, and strong acid or alkali environments, producing many undesirable by-products, such as ethylbenzene

and styrene. This not only increases the downstream costs, but also seriously debases the grade of 2-PE. The increasing

demand for environmental friendly processes and the preference for “natural” products from consumers have

considerably stimulated the development of biological production of flavors and fragrances. Biological synthesis of

2-PE has attracted extensive attention because it meets the requirements of environmental friendliness and also satisfies

the definition of “natural” products. However, the toxicity of 2-PE to cells is a critical limiting factor for the

biosynthesis of 2-PE. In this review, we have comprehensively summarized the current status and perspectives for

biological 2-PE production in terms of its advantages over classical chemical synthesis and extraction from natural

plants. A comprehensive description of 2-PE synthetic pathways and global regulation mechanisms, strategies to

increase 2-PE production, and the utilization of agro-industrial wastes as feedstocks has been systematically discussed.

Furthermore, the application of in situ product removal techniques in 2-PE biosynthesis has also been highlighted.
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Fig. 1 2-PE synthetic pathways

EMP—glycolytic pathway; HMP—pentose phosphate pathway; AT—transaminase; PDC—phenylpyruvate decarboxylases;

ADH—alcohol dehydrogenases; AAAD—aromatic amino acid decarboxylase; MAO—monoamine oxidase; PAAS—phenylacetaldehyde synthase
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(Gap1/Wap1/Agp1/Bap2/Bap3/Tat2—amino acid permease; ARO9/AROS8/Bat

1/Twt1/Bat2/TwT2—transaminase; ARO10/PDC1/PDC5/PDC6/THI3—

phenylpyruvate decarboxylases; Adh1/2/3/4/5—alcohol dehydrogenases; Sfal—formaldehyde dehydrogenase)
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FED R == AR 1 KRR i S S
AROS Il ARO9 & B 4 _F I /1, 1 ARO10 N J2& #H
SO R Y Rk, 7 EER A T 0 pH R
A LRI E. b, pH 2 S8 50 16 55 1
ARZS, S B 57 % 2-PE AW B 28 & 1. 7E DA
B N ME— B UE B E M2 IR A S &, &
B F BN RIR . SR, EREEKMET,
AR ILT R B R ORI B
)3 A 35 7R 2 HF B DI 96 . BE T 0k, Tian %5 Y
TEREER FRFE RN T — S P IR iR LI = R 4t
IE SR K, FEE = . ERX R AR
gi v AR P2 1) 2-PE 545 E 2-PE FE R I H S R 1)
B AR

BRBF IR A& AMRAN, KRBT S 2-PE P R A
W o 4 SCERICEK, 2-PE (14 i 72 5 40 i Ak K %
PIAH OG0, 2% & W B ol — s KPR, 7B
AXKMTEFERECE. LR 2-PEH

PR AR KB FEASIE R B ST Bk
TR AL 1 g/L @i 4, Rong 55 7 R HE T
Mg bR 72 2-PE. fEZAR R D, BEEEREME 1 DA
)5 J1NADH, 547 LLFH 8 g/L 1) L-Phe & %
7.6 g/L ¥ 2-PE.

3.4 #itxiigit

ST R IR R A RN B 7 SR A T 2-PE AR PR I R
Wiy, R S4TGB RALET 5T . ARk, Gt
6 B R R KA AL . 4L 5% . Box-Behnken
LA TR WA ORI (R D,
Etschmann 5 " ) B 8 4% SR AL T 13 Flids 77 2k
ROy A3 FR IR, %, M K. marxianus CBS
600 ¥ 2-PE [ 7 B4 5 1 87%. Mei 55 " K]
K&, IEAZ1% 1. Box-Behnken F:0a 2 & 5 11 A7
JSLTHT 2 06 15 77 5 i o AT AR AL, RIS, cerevisiae
BD ¥ 2-PE (/- & 1 1.19 g/L R = #1418 g/L. 4t
TIERI R A T TAER, W HRE T2 A
SZH B A EAER, REal R R 5 i r™
TR J5 i . %40, 24 Plackett-Burman % it -
steepest ascent % 11 Al Box-Behnken 15 1145 A 2 KA
AT e W B TR ) B TR R RSy R R FE AN A T I
[BIIf, 2-PE = &4 1 3.3/ 7.

A I AR AT IR A 0 17 )l 2- 7K
4
ARl T PN S A ST A R A B

EAR . RS IE TRV AR E T R
SE IR W L A O S B i, 0 2-PE, AUATRA

R1 ET GO 2-PE KB L2004

Tab. 1 Statistics-based optimized fermentation processes for 2-PE production

LS Tk AR 2-PE=&/(g/L) RIEAHF S35 ik
FEH R B 5§ WL2002-5 BRI Ry R 5.0 3L [51]
5 w4k BE CBS600 WAL ER B RSy IR 5.6 50 mL [11]
BRI R CWY 132 BRI Rr RS A R 3.52 2L [56]
LT P B R VIEAL % 1T Box-Behnken S e % 4.82 30 mL [61]
ARV SRR g ) VAT AP
I SR o A 1 R HOL S A A R TE ET v L-2R 2 BRI 2 pHL I 0.47 50 mL [71]
AR 7 P R Plackett-Burman 1 11, steepest ascent R FRIE R AY SpH - R B 8] 1.55 50 mL [72]

1%t 11 5 Box-Behnken i 11
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B 1E % P Ak B 3 RSP PR RS Y, 3 W) DAY N 22 0%
W, filn, & SAEERNRY, OfFEE. A
MR MyRtbaw . |mEb. 445 5%, S
B AE B R OF 4t B 5 g/L L-Phe B, | ] K.
marxianus CBS 6556 7] LA 1% 0.77 g/L 2-PE 7, ¥
B PR A TR R, B SR A PR R
TCER . fH Al SR S AR A BRIE I N 7 g/L L-Phe
i, FIH K. marxianus CBS 600 7] LA £ 1% 0.89 g/L
2-PE ", fEAdi H K. marxianus ATCC 10022 3k47 [
AREERS, DL L-Phe J T8 1 [ & H 1 v R S50k AT
AR 2-PE 10.2 mg/g "o 475 H R B R K R RN
6 g/L L-Phe B, {f FH fl 2 0 TR & K5 752 0 T 3K 15
0.99 g/L 2-PE ", 54k, ZEHSEHERIERE, KIFHR
I T R RIS P Rk S5 S ET LA R Y 7L s R Ak i oy
R mE 77 A K 1.17~3.28 /L 2-PE 7, MR BE &
Bl —FA i B A AR B, BB SR F
B SEHELEY, REREREBERE. £
ANV AT ART L-Phe (115 190 T 4 FH R 32 % BF AT DA
39.28 g/L MHELPRRLAN 10 o/L % % Kb 77 4 1.55 g/L
2-PEM, BbAh, RZRRIK. Fhhi BHE S B4R
EHFEE MK G RE RV, N2-PERA
FERRAE T AT B AR R T SR, ROZ AR
&, T IR LR H T R Ry B 4 HoR S
2-PE {7 EANSMRAK E AT E -

5 2-FWOWENL Wy AR

FRVEF I 2 — & BT KRRl
75 g o B8 25 K RO AL S 45 6 1 E b, 3 B0 R
FEBI AL, AT 2 e 40 B 7 B0 AR TE )
P R SRR R N s N =0 0 N O 7]
un, 2.0 g/LAMJE 2-PE 7] PA 58 4 0 il B o S8 o 45 4
Fi B A2 B T ROV R ) AT DA A2 R A
4 g/L 1 2-PE "o T Uk A% 41 M 55 14 5 I 2-PE 1)
FEE, ANUEFIREE. BRI A HLBERA
WHIKE (CDs) %% & Fi I 5 CO, 2 B 55 ISPR #
RO Z T R BRI 1) 2-PE. 3R 2 51| 2%
T ERELERA KT IR B (ISPR) Hi AR
7 2-PE A= [ N H o

5.1 &R-KZEE

- AL (LLE) XA NLEFIANE I
HOE SRS RGEL K Y, IR BRI ST
SRR TR N T AR A i, G A
PV R EUF I, A FH R 9 B v] DASRAS 12.6 g/L
2-PE, S5 AMHENEARMEL, 2-PERNE &
Hm T 8.6 /L™ . HmEEAE NEHK, K
marxianus CBS 600 [F1 2-PE = =425 7 3% 7.
A, T B 1500 F1 1200 (PPG 1500 il PPG
1200) %5 /& 4 T 2 HUFILE 2-PE 43 85 0 R FE R B
KU 2EEUERE . 76 LA PPG 1500 Jy 25 B 1) bRk
St B, AR R 2-PE K FE I 22 ¢/L,
MR EIEF 7.5 gL ™, 24 LLPPG 1200 A A HL 5
i, A HULAH A 2-PE 5 & N 26.5 g/lL, 2-PEAc & &
6.1 g/L, 2-PE S FTEKELF]10.5 g/L.

TEW -, R SR N3 3 B D%
s 2-PE [ B 3Ca)]. 2-PEA:77 AT LIS 21 52 24
B, BANAIE—SEBIG. BHe, APLE RS
G IR P O I # . RIk, ERARREE
T S ELAT R 19 26 A A 25 P R 28 v 1) 0 T R B
FoR, FLORE I T R 52 e A I 7R A B 4y
B RE, BREREEN L, W-BOERS
AR B HLIE ), RN B B A ML
R ME 75 R T 23 BR 2-PE, Bk B3 (1) 7 5771 2 ™ 55 52
2-PER & ™Y Rk, F3RAE KA LIS A -
W Bm AR Gk . %8R 2-PE R RV, 1M
— LG5 7 B T A D 2E BRI T A — P 2-PE B
(7595 o SEKF I B S B E 52 7T LUK 2-PE (1) % R ik
FERR S 2.7 4% B0 thAh, K S SR 4R RT DA
SRBHAAHE A A T P A WLV ), T a8 S LR
TERR ™ (HFEEERMZ, ZHE S 25 Y.

AR, AMEEE A (LS) [FIH 0] Z 6
(280« S AT R 1 R v AR R T R 4
ESR IS E e S AP E S :: U O )
TR AN, LR (KD MR
Meia %8, RIIFET INTR] 1S PR AR
ARAMIER2PEFENHE L. FHET
[NTR2] M ILS ™", W% F| 2-PE S == 34 0 7
3.5f%. wAh, [NTR2]. [TCMI A [TCB] & T
AT LA % KA H [R1YS 2-PE B4



%2% www.synbioj.com 1039

F2 AT 2-PEAEHIAFRKERAL™ )70 5 (ISPR) HAR
Tab. 2 Different in situ product removal (ISPR) techniques for 2-PE production

ESN R £ Rk 2-PE# H EEPE N
il S+ CO,ZENL e SRR, R il o — AR Al LS H 90% LA ) 2-PE [100]
R4t
T-RZEEL {957 N A R TR HN B 1500 3£7.5 /L, HHIAH22 g/L [82]
ORI PRI DA ZE A FH —EE 1200 3£10.2 /L, FTHLAH 26.5 g/L [101]
bR R 3£12.6 g/L, A HLHI 24 g/L [69]
A 3.0 /L [74]
SERF I 3£9.79 ¢/L, AHLAH 18.5 g/L [84]
OMA[Tf2N], BMIM X411 g/L,OMA[Tf2N] 3 g/L, [87]
[Tf2N]#1 MPPyr[Tf2N] BMIM[T2N] 5 g/L, MPPyr{Tf2N] 3 g/L
- A HY TCFVIRIR , T8 5, WA TAE R, = WS R T alE T FL12.8 /L, AHIA20.5 g/L [83]
AL BRAS AN By IBUR R OIHRA I
W5 R T R 5.6 gL, BHIAH47.2 gL [102]
T R R K B
B KR Bt e P, AR S B 25 E A Gk RALW NI IKAH 2.7 o/, 5 v KA B [93]
(LI SN Z W BRRA AL ¥ 84 mg 2-PE
B ARARA T A P A R AL B FKAHAR 3.15 g/L, 4 5 At fiE D101 [65]
D101 % 45.3 mg 2-PE
P AR HZ818 JKAA 1.6 g/L, 3£ 6.6 g/L [92]
HytrelV*8206 JKAH 1.4 g/L, AW 97 g/L, [81]
162 mg/g 2-PE
R B T R TR KA 1.65 /L, REMIMANS.4 /L [103]
(PMMA )i ER
A 1 4550 W% B 571 182.06 mg 2-PE [104]
BHBERAN e P R IF RS RE I T B F R AU 523 g/L [60]
N (POMS)JiE

5.2 &R-EZE

N TSR R AERUCR, BT T R 2
ARG (LSBE). fEXANRGH, HHLEFIY AT
REWET A, XAURERT WAED SR FURE
e, i e w7 R IR (B3],
¥R R TERAEER BN REMER Y G,
AT EFVRIE, 2-PE P il 1 145 ™
I 2 R T B RN B R R R B, &
T —%BLSER RS T EME AN L2, £
TR AT, AR AIRW, HH S cerevisiae
GIV2009, % 2-PEIREIEEF]5.6 g/L, LAl H®
AR E T 1.8 /L™, BARLSE EREME T LLE,
EVE R e e B plAs, (AP~ i R b

5.3  HRIKIKHH

JE AL =)W Bt (ISPAD & —Ff s UL ) ISPR 45

AR, B R B Atk IR B A 5 A e R A B
W dmdl [E3Ce)]. ISPA BRI HAR/EMRT A 8. 5
R XA B RABR . 5T AR A
Yoz N AR . T Ek 2-PE,
NATOEFE T &P g o AR A% 1 K FL B AE D101 X
2-PE (1) P B8 18058, %F L-Phe 19 9% B B8 J1 84K -
fE W 2 g/L K & B g D101 /) % 1 &, S
cerevisiae BD W[ 3k18 6.17 g/L 2-PE =& ", 4ffi
7% (FHE) FIAZBERROIEW G HZ818 1, H S
cerevisiae P-3 M\ 12 g/L L-Phe 75 % 6.6 g/L 2-PE,
FEIRFEE N 0.744, XTI 3 T 66.2%. K
FLA E FD 0816 1F 4y 3% 22 4= W) % 44 & Gt 1) W B 771
B, BEEORPEREm, N0.90Y . SR, W g Xt
2-PE W Bt 25 S ARAR, T L VR B ol 2 52 e T AR 11
SR K P40 1% SO0 LR B A W B R AT T
W, DA E B B m ke S i B R . fldn .
Hytrel“8206 )3 FH T~ [ -V P AH 43 B A1) [ B 2% R 4R
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H=
HA <1 TT
N 4L [C, O] i1
— e -PE i N [ 5 4b. 35 771
oOSTO XSO T eesss
4-—@—— ® 00 O
€A Q1 : 0% "o
e —> spp iU - KA C:-l‘r-'Aqu < -~ ... .. °®
R s E e WEGE A filife ke B
(a) H-RAEHY (b) ¥ [ s L 2EHL
(a) LLE (b) solvent immobilization extraction
HA - <€
T ] 4
it
- D) i
A
S -t L “‘@"
podiid M, B 26
(c) R AL =4 b
(¢) in situ product adsorption
B3 BT 2-PEAEM~H I ISPR A

Fig.3 ISPR techniques for 2-PE production

£ 3 L R AR A N AT 5k 453 13.7 g/L 2-PE. 4K H
LG N R AE R INE, 2-PE B IR 9 20.4 g/L,
KA 14 gL, BEVH AT g/L W,

5.4 HftBEA

HIE A
BRI E R, (R B AR
W, — 2 BRI TG LR VA VRN S R
Hok. A Rpi AR (POMS) BEHH
MUBERAEE T, iR RFE T 22 gL M
1.3 /L IR 2-PE W 1, SR, X UERIR 2 5
Weis g, VISR TE EEAR R A IE MR P
542 LIZR#HE(CDs) %4

CDs J& B A B 7K P9 55 M55 7K A0 3B 188 4> 1 E A4k
E. BT, CDs RIEATEM S L HHL
G REEY . EREZXMT, B-CDXF2-PEM
ZEHZ N 1 mol/mol ®*.

543 #IERCO,FI

ARG AR AR (SCFs) HARWHAE L. &Y

B R BRI S S A, W 2 N TN

54.1

IKANPTVE ) Th R HCE LTS 3 =7 TE R AN A A
1 ARk (CO,) & H AT Tk b A8 1 e 47 A
I {68 R 7R I R IR AR RE M R i R I 5 CO,
AE BUBR R Bk - 4 5 il (0 4 O A2 T R B A S
PERE . SR, ELEAH R IR 5 CO, R A AT
BER, AN CO, X A G 1A AR KIS . (R,
FEARIN ) 2 BT EAT 40 L 53 B 2 L

6 /hEiHRE
H A B2 A SRy BR A ATAL 22 5 i T2 ik
W, A=WE K 2-PE Z BIMORBL 19507 . BARAE
AL EE AR MR & 2-PE R4 75 D HCAS TR KRR
g, ARLELTE B A TR AT k.
TR SR = U SCR F A O T R, R A A
TR At FE AR AL A ISPR B AR B 12 18] 1 1% 5
ERER BT R A EE o
fEERTH, 2 HE A LE A W 2-PE,
B A RARAG . A CAEX T 243 2-PE (2R 7~
BREE, wA LIRS, R TR s,
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e OB EME, JET IR . E i X
2-PE & A& 42 1 B0 5051 NI A2 R, IR R 2
PEUF . 77 2-PE f8 77 50 19 B4 PR AT RE 2 3R 19 B 1
2-PE A 77 {36 B bR O ME — 4% . kA, H AT
2-PE & B AL GE WA AT IR IR E . 5
U b 3 AR S RO AR /3E F R 2 W AL,
R0 2 Wl B AR, R ds F it — P st & 1
13t

B 7k 2H AN 85 7% 25 AF X 2-PE I A2 7R A AR K
M. N TEI RS, Y AE 7 i A
AP R I b S R e B AR, BRI K
I3 1 B0 6 56 4 386 0 A= ) 4 Ak 7% & B 2-PE I AR 7R
WA, AR T iZ AR TN . Fi, #—
A HE SR FH AR b B Tk R o 32 R R, ]
B TML = S, ATRA A ROR, ART
ZL A TR . H RTRIE B A F R 5 AL =4
Iy BRI 2-PE S m A e R H A 0.12 g/(L-h) B,
N U Hb S 2-PE R AL AE PR, B £ I S N
ZAETE2-PE A7 |,

ISPRHFEZ AR 2 M T 2-PEA =, JLHE
LLE F1ISPA. #R1fj, LLE %% 5% &G HLIE 71
FERMAMERR S T HNH . 5LLEAIL, ISPA B
BRI T BORHE I fESEFRAEF=, ISPREIA
VB S S INAE PR IS R B B A R A, Rk, AT
it — DRI R 2 m A B WA R E T
SEREGH ML AL R B ER, WA A
B A2 ) e AR FR 5 R AR R R, SR e ik
R BT 30, ks A [ 1R 2R A Rk IR 21 A )
KRR, BrH A A AT LA S R 43 5 2-PE
(T B I B2 55, A 454 ISPR A, f# FH AL
ERk, Bk bR 2-PE AR P RCR . bAh, Xt
CRIRT BRLH w KSRGS R Ak G
J§% 2-PE [ P A 565
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