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25 JEORE, I Hoih T H B ORI S B
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3 TR S I JE T 5 S S (P21 1) o TR P 3 PN 5
3% JE B RAEWERR G A VE T T B FPP JEBERR AL 1M
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HILJEREY, BR T DPP1 I LPP1, BEEErhAEfeS)
AN R G WS R ¥ APP1 (actin patch protein 1)
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APP1 & f T K it L3N 2 F1 7 (cortical actin patch)
b, PAH1 GENLTANMME b, AT LAZE 5T 5 37
AL B BE P APPL I PAHT 77
JEBES B BV H TS ATEAE o 55 IR I e £F
L ERE R B IR I 35 A R R, Y ke
e HH s Je B Wi L FPP A= (K 2), HTHIR
8T Oryza sativa L.WJ G OsTPS13 FUEE T

actamicro@im.ac.cn

Phyllostachys edulis 14T MoTPS2 # %8¢ Hi B
ARSNGB e B RE U e R LA
B, AR v TR 1 B o 1 SR B A T — 2
YRR TR 1). Asadollahi 251 )i ] 7 42 B D

Acetyl-CoA

l

HMG-CoA
| tHMGRI
Mevalonate

l

IPP e DMAPP

ERG20 I

ERGZOGIIDP DPP1/LPP1/APP1/
PAH1/Pho8A62

n OsTPS13/MoTPS2

ERGY P
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E1. AXEREESPRSZEE”ENRETEE
Figure 1. Schematic illustration of strategies used in this
study to increase farnesol production in Saccharomyces
cerevisiae. The strategies includes overexpressing two
key enzymes in the MVA pathway, the truncated
HMG-CoA reductase (tHMGR1) and the FPP synthase
ERG20, replacing the native ERG9 promoter with the
HXTI promoter, and overexpressing the endogenous
phosphatases DPP1/LPP1/APP1/PAH1/Pho8A62 and
heterologous farnesol synthases OsTPS13/MoTPS2,
respectively, for screening the enzyme with best
HMG-CoA:
coenzyme A; IPP:
isopentenyl pyrophosphate; DMAPP: dimethylallyl
diphosphate; FPP: (E,E)-farnesyl diphosphate; FOH:
(E,E)-farnesol; tHMGR1: truncated HMG-CoA reductase
1; ERG20: FPP synthase; ERG9: squalene synthase 9;
DPPI1: diacylglycerol pyrophosphate phosphatase 1;
LPP1: lipid phosphate phosphatase 1; APP1: actin patch
protein 1; PAH1: phosphatidic acid phosphohydrolase 1;

performance in farnesol production.

3-hydroxy-3-methylglutaryl

Pho8A62: repressible vacuolar alkaline phosphatase;
OsTPS13: terpene synthase of Oryza sativa L.; MoTPS2:
terpene synthase of Phyllostachys edulis.
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Sesquiterpene PPi
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Figure 2. Reaction mechanisms of FOH synthesis mediated by phosphatase and synthase with FPP as
substrate’®!. A: FOH is either generated from hydrolysis of FPP by phosphatases; B: FOH is either generated from
addition of a hydroxyl group to FPP carbocation intermediate mediated by sesquiterpene synthases. FPP
phosphoester bond is indicated in red. FMP: farnesyl monophosphate; FOH: farnesol; FPP: farnesyl diphosphate;
M?*": bivalent metalion; Pi: monophosphate; PPi: diphosphate.

*1. RBEBGREFZREMNMRER

Table 1. Summary of progress in farnesol production in S. cerevisiae

Host strains Approaches FOH titer/(mg/L) References

CEN.PK113-5D Replacing the native ERGY promoter with the MET3 promoter ~ 20.2 (5 liter batch fermenter) [13]

ATCC 64031°* Supplementing oils and detergents to the culture 28.0 [14]

ATCC 64031* Optimization of culture condition including adjusting pH to ~ 102.8 (10 liter jar fermenter [15]
neutral value for 133 h)

AURGG101° Overexpressing the truncated HMG-CoA reductase 145.7 (5 liter bench-scale jar  [16]
encoding gene (tHMGRI) fermenter for 7 d)

CEN.PK2-1D Overexpressing the truncated HMG-CoA reductase 319.1 (20 mL shake flask for  This study

encoding gene (tHMGRI) and farnesyl diphosphate synthase 72 h)

encoding gene (ERG20), replacing the native ERG9

promoter with the HXT'1 promoter, and overexpressing the

yeast endogenous phosphatase PAH1
SATCC 64031: a squalene synthetase-deficient mutant S. cerevisiae; "PAURGG101: an ATCC 200589 recombinant strain carrying
AURI-C instead of AURI for resistance to aureobasidin!'®!.

HilvE MET3 Jash FRHCE G S IEmAS I ERGY WIS B0 500 0 =X, J00 22 £ B
A3, PR AR S A A RS BGRR, RINTER IR B S AT, A
RIGRIE RGN, RATEAEY OGRS T AR IR R el ik 28.0 mg/L; HfiE— 2P
20.2 mg/L #Y¥EJe B, Muramatsu ZE1 1005 ok Ah R TEHPESME T (pH 7.0)85 55 B LRG0 A , B 3% e i ™=

http://journals.im.ac.cn/actamicrocn
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143 102.8 mg/L. 2009 4, Ohto 2% 3Rk
Fek MVA 345 H i BIR il 5L -3- R I3 — et i ity
A (3-hydroxy-3-methylglutaryl-CoA, HMG-CoA)F]
Ji, Ak FPP AiIRMLN., it 7 d Mot ke
AT R 145.7 mg/L ke, M FibgE R
FRAT, BRI T8 A TR TS T B v o L P IR
AR EA R R ATAR TE i 2 Tl
AT, I, FEE 2R A0
PR,

Ry it BT BRI R R vk JE B R, AE
AT, AT LR AL MVA 348 B i ) %
TR KT 55 Ak 22 AR ] R 43 S AR LA ik Je i
A AR FPP AL, A R 0 26 vy R P VAl
PR RIS VR TR 92 SR A A SR (P 1), fof
Rk e e/ MARR R P /A ) 393.13 mg/L,
X2 H AT A TR R A Bk e B Y A
e

1 ARR®

1.1 FERF 5

F X F) . PrimeSTAR HS DNA R4 iy H
FAEY) T REAT BRZS 7] s DNA Marker D15000+2000
W B b st RARA YA IR W 5 JosE v bR &
T A A U A W H R A FRAA v 5 LT BE P 21 4
B &L s 4 Bl & L e mHisoRR &
Omega Bio-Tech A w]; 1ET —hilg A L 5
MRAACRH A BRA 5 PR JE M | A 8 b i o 1
H Sigma-Aldrich A vl; 2 ' NERRMWH LA
AR AR BR A W) o & Rl Ak A7 10 2428 40 B 46
PR

FEALER R KB (1 i R T R b
J7). PCR ¥ 14 {Y(BIOER) . @& ¥ % 5.0 Hl
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(Eppendorf 5804R) . Minispin .0>#L(Eppendorf)
HL K { (Jun Yi JY300C) ., F#R{¢(Tecan), fHEES
A8 . KIEL . T K (Sartorius) . pH FREETT
(Sartorius) . PREAZ IR [ (Eppendorf) . 41415
I #(Herein) LA S SAH (35 (GC2010, Shimadu)3 .
1.2 kRS BR

ARSI F AR S SR AN 3R 2 BT .
1.3 BEFRERER AN

LB }iFi ik (g/L): BEEE MM 105 BEEHEEWY
5, @ALEA 5, ZEWKES R 1 L, BlAEEREY
Wh 1.5%BUE8 . IEFRLMAL TEER 2L
W 100 ug/mL.

YPDG }iF7 3 (g/L): Bk 20, BEEHREUY
10, AR T B I ACKE L P B 5 o 7 280 R R 2L
AITCRE 20%BR, B KBRS I 2240k B 43
M 0.2%H 2%, [EAREFRIETT SN 2% 058 o

SD KiF# % (g/L): (NH4),S0, 5, Yeast Nitrogen
Base (YNB) 1.7, #iZiHh 20, R4 T ZEHER
gt 4% B &K (Geneticin, G418), &R . 44&
M. IR . IREIESS, G418 7ER; 7 A h 4k
JEh 40 png/mL, FAMR . AR . AER. R
W E 2R BE R 50 pg/mL . R BS 352 LU 2%
BHEH o

FIAA R 3R 322 115 °C K # AL H 30 min,

KRIGHFHAE LB A FAERKTIRER 37 °C
(IS R A P E B 9% 12-14 h, 7F LB WRMAE; J7 56
HFRLEE SR 37 °C L % 3R 200 r/min (95 FR4R
g% 12-14 ho BRIGEEEETE SD PAR B TIRE N
30 °C IR FRAE TP E R 3 d, TEAHRDBRIARRE 3R
FerpFREE R 30 °C L 5 HN 200 r/min 15 IR 46
HIESR 12-24 he 5 SRR FE Y A BRI 2R SD 8%
Ak, B IRRM YPDG 5575
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Table 2. Plasmids and strains used in this study
Plasmids and strains Description Sources
pRS306 ura3, Amp" Laboratory stock
pRS306-tHMGR1 ura3, pRS306-Prp;;-tHMGRI-Tcyc; This study
pRS304 trpl, Amp” Laboratory stock
PRS304-ERG20 trpl, pRS304-P4py-ERG20-T 4py; This study
pRS425 2uori, leu2, Amp” Laboratory stock
PRS425-Pg 41 1-Tapu: 2p ori, leu2, pRS425-Pg 411~ Tapmi Laboratory stock
pRS425-DPP1 2p ori, leu2, pRS425-Pg 1 ;-DPPI-T 1pu; This study
pRS425-LPPI 2p ori, leu2, pRS425-Pg 1 ;-LPPI1-T spy; This study
pRS425-4PP1 2u ori, leu2, pRS425-Pgy1;-APPI-T 1py; This study
pRS425-PAHI 2u ori, leu2, pPRS425-Pgyr -PAHI-T 4py; This study
pRS425-Pho8A62 2p ori, leu2, pPRS425-Pgy1 ;-Pho8A62-T 4pp; This study
pRS425-MoTPS2 2p ori, leu2, pPRS425-Pgy1 ;-MoTPS2-T 4py; This study
pRS425-OsTPS13 2u ori, leu2, pPRS425-Pg1;-OsTPS13-T 4py; This study
Saccharomyces cerevisiae MATa; leu2-3, 1125 ura3-52; his3-A1; trp1-289; Laboratory stock
CEN.PK2-1D MAL2-8; SUC2
S1 CEN.PK2-1D, pRS306-Pp;;-tHMGRI-T cyc; Laboratory stock
S2 S1, pRS304-Ppy;-ERG20-T 4pp; This study
S3 S2, Prrgo: :loxP-Pyyr; This study
S4 S3, pRS425-Pr-Tapus This study
S5 S3, pRS425-P1 ;-DPPI-T 4pu; This study
S6 S3, pRS425-Pgy ;-LPPI-T spp; This study
S7 S3, pRS425-Py; ;-APPI-T 4pu; This study
S8 S3, pRS425-Pgy;-PAHI-T 41py; This study
S9 S3, pRS425-P g1 ;-Pho8A62-T 4pp; This study
S10 S3, pRS425-P g1 -MoTPS2-T 4py; This study
S11 S3, pRS425-P . ;-OsTPS13-T 1py; This study

1.4 REBHEMBIHFEREWHE

DL FRPS % R CEN.PK2-1D JEPR2H M asidi, §7
BN dfE 529 NEIER R tHMGR1 ) gmit
KB, o4 sk G A& H TPIL i
BFH CYCI % k¥ pRS306 #hik, 2k
HIE#AAYZR IR TR pRS306-tHMGRI [RIFEY 34 H
ERG20 EEH Fr B, FI o488 sl & 5 Sma 1
LMEALI pRS304-Pypp-Tapw AR T I, I
AL E AN KRBT DHSo %2 S 40, 20k
WEBRAT IR A 1) 23K TR, pRS304-ERG20,

[ FE DL R 8% £ CEN.PK2-1D 5 [H 20

A3y HG 5 FPERRE DPP1.LPP1 .APP1 . PAHI1
1 Pho8A62 (LA F Be, i 4EHEAN Sma 1 ZethAb
) pRS425-Piari-Taprs BME L, ARAFE AL TR
pRS425-DPPI . pRS425-LPPI. pRS425-APPI .

pRS425-PAHI 1 pRS425-Pho8A62. VLM ()5
B, BRSO B PR P R DR A A 5 il
BB MoTPS2 (GenBank No.: KP097716.1)
F1 OsTPS13 (GenBank No.: DQ872159.1)43 7| 3% 4%
A pRS425-PGari-Tapui WAREEE, RIS TR
ki pRS425-MoTPS2 F1 pRS425-OsTPS13. %4
969 bp W) HXTI JAsh¥ FBt, A EcoR V Y]

http://journals.im.ac.cn/actamicrocn
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R G418 BLiEAY pUG6 ZhikE28, FA AN
A ERGY Wil R P58 i X519, & 2 kP11
2 8 T & ERG9up-G418-Pyxr-ERGY0rf,
1.5 EHAREE R

SR Tt T A 2 2 A vk U0 5 400 Bk s
Bril NERP T, vp W 5 Bk pRS306-tHMGRI
# AN CEN.PK2-1D J5 3K 715 5 20 Wtk S1; B
pRS304-ERG20 #64LF| S1 AR5 EAH F Pk S2;
W ERGY FERS 31 HXTI J5 8hF & Akt
A S2 H, FIHARIGEAFE R S35 K pRS425-
Piai-Tapui», PRS425-DPPI . pRS425-LPPI ,pRS425-
APPI . pRS425-PAHI . pRS425-Pho8A62, pRS425-
MoTPS2 1 pRS425-OsTPS13 7y Ak ik A S3,
AT AL BRR S4-S11 . A% SR A4 JSRE 1T TR A DL
= 2,
1.6 KEESRSR Ryl ot

PRECF I ARG 3-5 A HABEVE 40 315 5 mL
YNB W ARSI, 5538 BRI DL 1%
FIE RS R 5 20 mL YPDG 15 55 3 (R 2
FREFURE R 2RS35 0.2%F1 2%)HY 100 mL
HEIE R, W1 ODgoo M 0.2 245, FEIINA 10% (V/V)
PRAR Y+ e (B 1k 35 3Rl R vh HAR W45 K%)
F4 3 4 200 r/min f 30 °C FE K P E 3R 72 he

B 20 mL FERE T 100 mL .08, T
10000 r/min &5.0> 10 min, /NOWEEC 2+ —he ik
i, F-20°C {47, 44 Shimadzu GC-FID <,
MIETE R Gk e i, i RTX-1701
3% FE (30 m*0.25 mmx0.25 pm), T TR S
e PILREEE 40 °C, 4EFF 1 min, LA 25 °C/min
R T 2 180 °C, 4E+F 5 min, FFLA 15 °C/min
AR THELE 250 °C, 4EFF 3 min, JE5HTET[E]
19.27 min; #EFE R EE 250 °C . A I &% 6
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270 °C; HA(AR)WHE N 2.34 mL/min; JEFEA
BB 1 uL, 43l 10,

PLIE A+ 2B s nl e — o e B0 B2 1Y 1
JEBEARUE S W, AT SO 35 20 B IR s AR
P, DA RO RE AR, ¥R IR EE AR,
AR IR 2R o SEIATE i Y12 2 I 8 AR A1 s
i 2t B AR R

2 HERAPAT

2.1 GBALFEIE MVA B2 X EE

B w25 2 — R B A0 A i H
PRI 96 i E HE s . HMG-CoA 18 5 il (HMGR,,
HMG 1 i) 25 5 1% T4 B 42 v i R ok g
Ak HMG-CoA JE B H #2032 21 K iy
P AE AR R BT, AN T e % Y HMGR,
B N sRIEEE S HMGR1 (tHMGR 1) ] f# 4
PRI R R, AT i T, FPP A
(FPPS, ERG20 itV A AL 25 52 1 i 3 2y
REME, Al fEfL IPP 5 H 544K DMAPP 25418 i
GPP, Jfit—1k GPP 454 IPP JE i FPP, 1E
MVA Rt ig e v & FE S E R BY . ik, %Kik
# I A9 HMGR1 F142 5 ERG20 357K AT LA
ARG ST A 5> T IPP, DMAPP il FPP (1)
PSR4 AL 7 e 22,

TR EE R R R, TSR T X A
A FF SR, DATRIE e £F CENLPK2-1D iS4 40 i,
i FT2H % RS 8 1 TPIT Rk #0859 HMGR1
Mt ARAFE AR ST, JFIERmIPR ST AYEE
fik b, L) 3 F ADHI %35 FPP 4 i g
LA ERG20, HFAFTEAFEHE S2 (£ 2). ¥ ik
PRI AR WS IR 72 h, 28 ORI & I v 12 e 1t
P Wi 3 i, R7E CEN.PK2-1D F AR &
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P R 309 Je e, U P R I T A
BRI R 0.1 mg/L; b 3Rik tHMGR1 BRI BE
S1 HhikJe = &k E] 1.87 mg/L, SEFLMN“IC %
“HTRYERAS ; TR itk ERG20 AR S2
gk el it — D4R THH 5.08 mg/L, 2y Hitk
S1 Hny 2.7 £, R K #tk CEN.PK2-1D [
50.8 1. IXELLIGLEL R, sk FRIX MVA iE12
HR O , IR TE AR s e B
2.2 BHEMAERS XER
TEERFERERE T, FPP 25 i A g fe
A CBRETT R, I I 2 A [ P PR o A JE
N % o FPP ££ %} 5 i (Squalene synthase, ERGY
gt )AL I U B0, PR — RO e 4
B U2 R AR 1 T2 4y 27 R T . PR T A
AR R HEER], XARBEHGET
P, NBETEAIEER, Hit, WERASEI T
T JE 3 TR B N VR ERGY JE 8T LI RN
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Figure 3.
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FPP it ) o ARHE O A BFFE B, Bk P U6 4 4
Wi s B A LN HXTI B 3h 158 B AR T
HEMEA L, 7 W RS A AR T BRI,
T AEAICHE B2 W 25 A B NI RIE, KRBk
FLT ERGY Jash 7Y, &8 HRE R sh 1
TAVESE R LA MR RS H
0.2% M &GN 2% FLBECT I 2.3 &4 ffi ]
GALI J& 3l BK S R i 5505 W22 0K 1 55 357
PP BF 20 RE 8 DR O AE R A0 L Tl AL W) A6 TR AR Y
R EHARFES, AL, B3+
el HXT1 Jash T ERGY f#i%%E 5ERik KA 5L
REAICY, RBAS 0 55 M R A BGR R, MEFTIA
FPP B 2 by ] % Je B i %, dkmiA A H
PRk JEmE & il 5 PR 2, R R
S2 JLAill & ERGY JA 3 TGP S3 1,
LR IR & 239.17 meg/L, NEKK S2 U
) 47.1 5 (&l 3),

250 -
240
230
220 - 47.1-fold
2101

6 —

2.7-fold

4L

Sk 18.7-fold -

0

CEN.PK2-1D SI S2 S3
Strains

L MVA BEXEBHREMTEEABRES XRESHMNEREFEMNFM
The effect of up-regulating the expression of key enzymes in the MVA pathway and down-regulating

the ergosterol synthesis on farnesol production of S. cerevisiae. S1: yeast cells overexpressing truncated
HMGRI1(tHMGR1); S2: yeast cells overexpressing tHMGR1 and ERG20; S3: yeast cells overexpressing
tHMGR1 and ERG20 and carrying the ERGY gene promoter replaced with the HX7/ promoter. Error bars
represent the standard deviation of three independent experiments with at least three independent transformants.
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Figure 4.
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3 RIAEEE N IR BRI S EYRIFERES

I TN A R R Rtk S3 f, R15
FAFEE S5-S11; [RIFFH s pRS425 4448
BN S3, AN IR Bk S4 (K] 4-A, £ 2). KX
SE T A R ARAE AT 0.2% 0 A9 A 2% FUBE 4 ik
R RE SR 72 h, IR SR @RI e
BEM 5. SrPT R, RIBZS TR R S4
HRFIR A BRI B PE S3 B9k JE B AR R
LL S4 TRARVE AT BB AR, i — 250 i R L 4
AR S5-S11 Wik e B A prie s, Hi R
WA PAHI (OB RE S8 3k JE B = i 5 , ik
#)393.13 mg/L; FiLBEMRE DPP1 MBI L S5 K
Z, iK% 366.78 mg/L (&l 4-B), XELLEILFKH,
TE SR AR T A G SH R0 T 38 4 iR AR 0 S |, fel
FH 2B 2UBE 7 2 AL 301 40 1) 28 36 DY U5 1l 1R il
SURLJEBEA B, X B A B B AR A
R, UEPEBERRG PAH 458 1k 26 1 0T 1 J8 i ™
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heterologous synthases on farnesol production in S. cerevisiae. A: schematic illustration of yeast strains S4-S11;

B: production of farnesol in yeast strains S4-S11.

Error bars represent the standard deviation of three

independent experiments with at least three independent transformants.

actamicro@im.ac.cn



FRBLE | MEWF, 2021, 61(5)

1265

3 i

AT DA B2 CEN.PK2-1D Btk N i 20
ffL, DASTHAR A SR IR 28 S T G g AR
BICEEG BURE, A FE R AL A I TR TR
B TR, (6 LG iosierp, sgfbRBH %
R BR v A2 R A G FE B tHMGR1 I ERG20, DL3R
F R BT FPP B4 5 78 T i S Bspi e, A
o 7 8 W e AR AR () HXTT I s F sh 28
AT IEIN ERGY Wik, W B0 -
0 [ B B BR AT FPP Y554 5 (67784 U
Perefr, U3 = 200 P TR B IR I Bl S R T e B
fitg, i —3sR T HERWE e IS BB R TE
FPP 15 s Ab ) 5e 5 ) AERR G IR 72 h IS0 T,
Y1 A AR AR AT B I TR TR R 1 3 8 B 7 o e
5% 393.13 mg/L, & Ohto Z5H 1B 75 /N %
i 0 T b 5 TR 1 R 7 d T AR A5 I 1 B B R 1Y
2.7 1%

12 € W2 T Wi TR Nl R 0 5 Tl O HE AL T
¥ FPP ABEMRALTE LAY o ASWFSEEILY 5 B £F
WIRBERREE, Hrh DPP1 F1 LPP1 #B2 HA 6 4
PSR XS B S R T, iR S AR B R AR )
N FPP & A W75 Pho8 S 5 T 6 Fa B Ik
WERRTE , N i 8 K I R 0 7 LT PN B o s s A
f& FPPY); iRk 3 FhEES T LAUT K % FPP
FMP FF7EK fift el f Bl 2 AR, kst
WENRIERE LG APPL EQ TR NS E A A I,
e N J5 AR S V- 48 R0 A0 i A B )y T e Y YT
TP, BN BEmsRRES PAHIL H 4 85 R 1Y /K -
SEAN, T IE A A S R E 28 vh LSS B A 2 AN A /
PSR 1O ESR 2 RTR UL APPL Al PAHI
e RS P A E R GE , ERATEE R

/N, i1k APP1 fil PAHI HfE—E R L5
e RER T, Had 358 PAHL WXt = 3 FHE
PR . WEEENE, BT N umia e m
Pho8, X4t PN s i MR B4 4l R [, A SCrp i
SR FH A 75 3 5 i ol R TR P R A R s R
WA, AT EIRE A GE R E NS )
T, Dhitb— 248 e A A 26 5 T OsTPS 13
1 MoTPS2 Xf FPP J& 4 5P (1) HLAE A I fiff 1] 5 8%
MRl AR B HLE, B AR SRS R A7 A
AR, 8 Y B OE B bRl A Ok g sl ik )
BE, 764 IR B TA71E T FPP L B T8 i Je 2L
BT, SRR ER Y S BRAUK B LG e
BECY, o OSTPS13 B WA dlh 84.2% 7% JE B
F9.7%35 J& BELE #) SR A 458 SCik i e Ui T
Ginkgo biloba F4 T GbTPS1 1 H. &4 fk FPP &%,
FOH MIREJr, HEATIUA ik e iy & —H>,
H G 2 L BBA m A A & — 1
L JeRE G I, Dk ik e i . Ik
Hb, XF IR TR A G B T HES 2 A ok Rk
Al RB S RAT I SR B i — S AR T TR R AR

A O W] AR SRR Bl 2 S ) B
55 E RN 224 DL R Ak 1y R B Y Rk i
PE— sk H R R R AR AR A I POy T
A R PR AR AR 5 | SN IR Y
TR, RSk 1 5 S I RS A RO AER T
i AT 3o 5 F R R Y A Y R A R e sk A
T UPC2 s HRAMK UPC2-1, WHE /K5 Ak
MVA 458 25 AN ) e 1k K, 4 s 4 AR
g AR A Y o T DL I X i AR S AR
P 2 AWk Sh A R A U s AR
ASCANE R A A0 SR8 0 sh T HXTT A2

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



1266

Junqi Guo et al. | Acta Microbiologica Sinica, 2021, 61(5)

WS SRR 8 F GALL AT E, 77 i
— 25 WIS A TR T 1 B A R A B B o Tl A i
PR RN G OR e A L B B R Rk,
S R A A B R R R .

4h,
IF,

R BN SR X B SRR o) . VA AR pH S

A 5E O L S B AT (0 28 e T
JIt PR T B R 2 LA R B, A i 9T A 9F S

REEFATRIILAL, LhRad s bk 32 2 i 2 Fh o
PP E A AR, DUEE— 28I A AR =)
EREER R, fR e LR R REE S ERE, N
BTl A A 7 B E SR

2 % W

(1]

(2]

(3]

[4]

(3]

(7]

Belcher MS, Mahinthakumar J, Keasling JD. New frontiers:
harnessing pivotal advances in microbial engineering for the
biosynthesis of plant-derived terpenoids. Current Opinion in
Biotechnology, 2020, 65: 88-93.

Bakkali F, Averbeck S, Averbeck D, Idaomar M. Biological
effects of essential oils—A review. Food and Chemical
Toxicology, 2008, 46(2): 446-475.

Wang CL, Kim JY, Choi ES, Kim SW. Microbial production
of farnesol (FOH): current states and beyond. Process
Biochemistry, 2011, 46(6): 1221-1229.

Tippmann S, Chen Y, Siewers V, Nielsen J. From flavors and
pharmaceuticals to advanced biofuels: production of
isoprenoids in Saccharomyces cerevisiae. Biotechnology
Journal, 2013, 8(12): 1435-1444.

Niu FX, Lu Q, Bu YF, Liu JZ. Metabolic engineering for the
microbial production of isoprenoids: carotenoids and
isoprenoid-based biofuels. Synthetic and Systems Biotechnology,
2017, 2(3): 167-175.

Misawa N. Pathway engineering for functional isoprenoids.
Current Opinion in Biotechnology, 2011, 22(5): 627-633.
Faulkner A, Chen X, Rush J, Horazdovsky B, Waechter CJ,
Carman GM, Sternweis PC. The LPPI/ and DPPI gene

products account for most of the isoprenoid phosphate

phosphatase activities in Saccharomyces cerevisiae. The

actamicro@im.ac.cn

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Journal of Biological Chemistry, 1999, 274(21): 14831-14837.
Song LS. A soluble form of phosphatase in Saccharomyces
cerevisiae capable of converting farnesyl diphosphate into
E.E-farnesol. Applied Biochemistry and Biotechnology, 2006,
128(2): 149-157.

Chae M, Han GS, Carman GM. The Saccharomyces
cerevisiae actin patch protein Applp is a phosphatidate
phosphatase enzyme. The Journal of Biological Chemistry,
2012, 287(48): 40186—40196.

Karanasios E, Han GS, Xu Z, Carman GM, Siniossoglou S.
A phosphorylation-regulated amphipathic helix controls the
membrane translocation and function of the yeast
phosphatidate phosphatase. Proceedings of the National
Academy of Sciences of the United States of America, 2010,
107(41): 17539-17544.

Karanasios E, Barbosa AD, Sembongi H, Mari M, Han GS,
Reggiori F, Carman GM, Siniossoglou S. Regulation of lipid
droplet and membrane biogenesis by the acidic tail of the
phosphatidate phosphatase Pahlp. Molecular Biology of the
Cell, 2013, 24(13): 2124-2133.

Cheng AX, Xiang CY, Li JX, Yang CQ, Hu WL, Wang LJ,
Lou YG, Chen XY. The rice (E)-B-caryophyllene synthase
(OsTPS3) accounts for the major inducible volatile
sesquiterpenes. Phytochemistry, 2007, 68(12): 1632—1641.
Chen X, Wang YW, Sun J, Wang J, Xun H, Tang F. Cloning,
functional characterization of two

expression and

sesquiterpene synthase genes from moso

bamboo(Phyllostachys edulis).
Purification, 2016, 120: 1-6.

Protein Expression and

Asadollahi MA, Maury J, Meller K, Nielsen KF, Schalk M,
Clark A, Nielsen J. Production of plant sesquiterpenes in
Saccharomyces cerevisiae: effect of ERG9 repression on
sesquiterpene biosynthesis. Biotechnology and Bioengineering,
2008, 99(3): 666—677.

Muramatsu M, Ohto C, Obata S, Sakuradani E, Shimizu S.
Various oils and detergents enhance the microbial
production of farnesol and related prenyl alcohols. Journal
of Bioscience and Bioengineering, 2008, 106(3): 263-267.
Muramatsu M, Ohto C, Obata S, Sakuradani E, Shimizu S.
Alkaline enhances  farnesol

pH production by



FRBLE | MEWF, 2021, 61(5)

1267

[17]

(18]

[19]

[20]

[21]

[22]

[23]

Saccharomyces cerevisiae. Journal of Bioscience and
Bioengineering, 2009, 108(1): 52-55.

Ohto C, Muramatsu M, Obata S, Sakuradani E, Shimizu S.
Overexpression of the gene encoding HMG-CoA reductase
in Saccharomyces cerevisiae for production of prenyl
alcohols. Applied Microbiology and Biotechnology, 2009,
82(5): 837-845.

Hashida-Okado T, Ogawa A, Kato I, Takesako K.
Transformation system for prototrophic industrial yeasts
using the AURI gene as a dominant selection marker. FEBS
Letters, 1998, 425(1): 117-122.

Gietz RD, Schiestl RH. Large-scale high-efficiency yeast
transformation using the LiAc/SS carrier DNA/PEG method.
Nature Protocols, 2007, 2(1): 31-34.

Rodriguez S, Kirby J, Denby CM, Keasling JD. Production
and quantification of sesquiterpenes in Saccharomyces
cerevisiae, including extraction, detection and quantification
of terpene products and key related metabolites. Nature
Protocols, 2014, 9(8): 1980-1996.

Fischer MJC, Meyer S, Claudel P, Bergdoll M, Karst F.
Metabolic engineering of monoterpene synthesis in yeast.
Biotechnology and Bioengineering, 2011, 108(8): 1883—-1892.
Jiang GZ, Yao MD, Wang Y, Zhou L, Song TQ, Liu H, Xiao
WH, Yuan YJ. Manipulation of GES and ERG20 for geraniol
overproduction in Saccharomyces cerevisiae. Metabolic
Engineering, 2017, 41: 57-66.

Westfall PJ, Pitera DJ, Lenihan JR, Eng D, Woolard FX,
Regentin R, Horning T, Tsuruta H, Melis DJ, Owens A,
Fickes S, Diola D, Benjamin KR, Keasling JD, Leavell MD,
McPhee DJ, Renninger NS, Newman JD, Paddon CJ.
Production of amorphadiene in yeast, and its conversion to

dihydroartemisinic acid, precursor to the antimalarial agent

[24]

[25]

[26]

(27]

(28]

[29]

artemisinin. Proceedings of the National Academy of
Sciences of the United States of America, 2012, 109(3):
E111-E118.

Scalcinati G, Knuf C, Partow S, Chen Y, Maury J, Schalk M,
Daviet L, Nielsen J, Siewers V. Dynamic control of gene
expression in Saccharomyces cerevisiae engineered for the
production of plant sesquitepene a-santalene in a fed-batch
mode. Metabolic Engineering, 2012, 14(2): 91-103.

Parveen 1, Wang M, Zhao JP, Chittiboyina AG, Tabanca N,
Ali A, Baerson SR, Techen N, Chappell J, Khan 1A, Pan ZQ.
Investigating sesquiterpene biosynthesis in Ginkgo biloba:
molecular cloning and functional characterization of
(E,E)-farnesol and a-bisabolene synthases. Plant Molecular
Biology, 2015, 89(4/5): 451-462.

Guo R, Ding MZ, Yuan YJ. Construction of artificial yeast
cell for producing amorphadiene, and optimization of
fermentation. CIESC Journal, 2015, 66(1): 378-385. (in
Chinese)

Guo R, Ding MZ, Yuan YJ. Construction of artificial yeast cell
for producing amorphadiene, and optimization of fermentation.
CIESC Journal, 2015, 66(1): 378-385. (in Chinese)

SRAE, THIER, JUIEHE. 7 A AN TR AN A A
R RN, 1T 24, 2015, 66(1): 378-385.

Chen Y, Daviet L, Schalk M, Siewers V, Nielsen J.
Establishing a platform cell factory through engineering of
yeast acetyl-CoA metabolism. Metabolic Engineering, 2013,
15: 48-54.

Ro DK, Paradise EM, Ouellet M, Fisher KJ, Newman KL,
Ndungu JM, Ho KA, Eachus RA, Ham TS, Kirby J, Chang
MCY, Withers ST, Shiba Y, Sarpong R, Keasling JD.
Production of the antimalarial drug precursor artemisinic

acid in engineered yeast. Nature, 2006, 440(7086): 940-943.

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



1268 Junqi Guo et al. | Acta Microbiologica Sinica, 2021, 61(5)

Metabolic engineering of Saccharomyces cerevisiae to improve
farnesol production

Junqgi Guo, Zheng Wang, Weixin Zhang , Weifeng Liu
State Key Laboratory of Microbial Technology, Shandong University, Qingdao 266200, Shandong Province, China

Abstract: [Objective] Farnesol (FOH, C;sH,¢0) is a natural acyclic sesquiterpene alcohol with an aromatic odor. It
is widely used in the industrial production of cosmetics and pharmaceuticals and also considered as an aviation
jet-fuel substitute. Although food-grade S. cerevisiae can synthesize endogenous FOH, the yield is too low to meet
the requirements for industrial production. Therefore, in this work, the FOH synthesis pathway in S. cerevisiae was
metabolically engineered to overproduce FOH. [Methods] To improve the intracellular level of farnesyl
pyrophosphate (FPP), the direct precursor for FOH synthesis, the mevalonate pathway in S. cerevisiae
CEN.PK2-1D was enhanced via constitutive overexpression of genes encoding the two key enzymes whereas the
ergosterol pathway was weakened by replacing the EGRY promoter with the HXT1 promoter. In addition, five genes
encoding endogenous phosphatases and two heterologous synthases that could catalyze FOH synthesis, were
individually overexpressed to determine the enzyme with optimum performance. [Results] Shake flask culture
experiments showed that constitutive overexpression of genes encoding the truncated HMG-CoA reductase
(tHMGR1) and the FPP synthase ERG20 in S. cerevisiae CEN.PK2-1D increased the production of FOH by
50.8 fold to reach 5.08 mg/L. Down-regulation of the squalene synthase encoding gene ERGY, by replacing its
promoter with the HXT1 promoter, further increased the FOH titer to 239.17 mg/L. On this basis, a maximum yield
of FOH (393.13 mg/L) was obtained when the endogenous phosphatase PAH1 was overexpressed. [Conclusion] In
this study, metabolic engineering of S. cerevisiae was used to increase the production titer of FOH to 393.13 mg/L.
This is the highest reported yield of FOH from S. cerevisiae under shake flask culture conditions.

Keywords: farnesol, Saccharomyces cerevisiae, mevalonate pathway, phosphatase, farnesol synthase
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