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Advances in metabolic engineering of Yarrowia lipolytica to
synthesize plant-derived terpenoids
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of Education; Tianjin Key Laboratory of Industrial Microbiology; College of Biotechnology, Tianjin University of
Science and Technology, Tianjin 300457, China

Abstract: Terpenoids are an important class of plant natural products that exhibit a broad range of
biological activities. They have a wide range of applications in the food, pharmaceutical and chemical
industries, which lead to a huge increase in market demand for them. It is therefore of great importance to
develop alternative sources of these value-added products to supplement or even replace the scarce and
precious plant resources. At present, the well-known unconventional yeast Yarrowia lipolytica is fast
becoming a promising chassis for the production of biofuels and biochemicals. In recent years, metabolic
engineering of Y. lipolytica has provided a platform for effective production of valuable terpenoids. This
review reports and summarizes some of the most interesting and promising recent progress of heterologous
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microbial production of plant terpenoids in the engineered Y. lipolytica strains, by elucidating the host
strains, key enzymes, metabolic pathways, engineering strategies and product titers/yields. In addition, key
challenges and future perspectives in this field are discussed.

Keywords: metabolic engineering, Yarrowia lipolytica, plant natural products, terpenoids
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Figure 1 Overview of the biosynthetic pathway of terpenoids in the engineered Y. lipolytica

IF: ACOAATL: Z[it-CoAC-ZRtILEEHN 1; ACOAAT2: Zit-CoA C-ZIILEEHREE 11; HMGS: FRH LI —BE4iEE A &1 ;
HMGL: ¥ H 3% WEaiig A R |; MK: BRI ; PMK. BEERF 2 RRIKES; PMVADO: BifRFH X ERA #H; 1DI:
SRR SN ; FPPS: LRI G ; GGPPS: M ILAM ILAETER AN ; NDPSL: WAL AN 1; LS:
R GHE; ReLUS: PR EREGHE; CYP: A P450 S ILi; CPR: AL PASO JLJRAG; LIS: SREEGHE; oFS:
o7k e KA, CarRP: FMAEIMMUE NAFMAREGH; CarB: NAFIAEM AT 2005 K IR i & 72 g 0 e B
FRE ISR AT AL A AR A SO, R Sk a5 A S A i IS DG T B A IR 7 P A A SO,

Note: ACOAAT1: Acetyl-CoA C-acetyltransferase I; ACOAAT2: Acetyl-CoA C-acetyltransferase Il; HMGS: Hydroxymethylglutaryl-
CoA synthase; HMG1: Hydroxy methylglutaryl CoA reductase 1; MK: Mevalonate kinase; PMK: Phosphomevalonate kinase; PMVADO:
Diphosphate mevalonate decarboxylase; IDI: Isopentenyl-diphosphate isomerase; FPPS: Farnesyl pyrophosphate synthase; GGPPS:
Geranylgeranyl pyrophosphate synthase; NDPS1: Neryl diphosphate synthase 1; LS: LImonene synthase; RcLUS: Lupeol synthase; CYP:
Cytochrome P450 oxidation enzyme; CPR: Cytochrome P450 reductase; LIS: Linalool synthase; a-FS: a-farnesene synthase; CarRP:

Lycopene cyclase/phytoene synthase; CarB: Phytoene dehydrogenase. The red arrow indicates the biochemical reaction catalyzed by the
introduction of exogenous enzymes into Y. lipolytica, and the black arrow indicates the endogenous biochemical reaction of Y. lipolytica
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Table 1 Representative examples of terpenoid production in the engineered Y. lipolytica

RA AR RSN B3 THEENZ R4 S0
Parent Terpenoid Engineering strategy Fermentation  Substrate  Titer/Yield/ References
strain condition Productivity
Polf  d-f7i8k (1) S5k NDPSL Al dLS FE[H PRI T WM 23.56 mg/L [11]
d-limonene Heterologous expression of NDPS1 and dLS genes Shake flask Glucose  (1.36 mg/g-DCW)

(2) #Eik HMGL Al MK Z: [

Overexpression of HMG1 and MK genes
Polf  d-#/#H (1) E3ik INDPSL, tdLS, HMG1 Fil MK BE[H  AMRMt ARy Hl 165.3 mg/L [12]

d-limonene Overexpression of tNDPS1, tdLS, HMG1 and MK JZ i #s &  Glycerol

genes
(2) tdLS SEH [ 245 Il 23k
Multi-copy expression of tdLS gene

Polg  d-frlks. (1) SFUREES dLS A1 ILS A

KUT70A |-#7#5J%  Heterologous integration of dLS and ILS genes

d-limonene, (2) i3k HMGR &
I-limonene Overexpression of HMGR gene

Fed-batch
fermentation
PRI W

FFE d-FEER 2.514 mg/L; [13]

Shake flask i I-¥rH#0E 2.723 mg/L
Waste d-limonene 2.514 mg/L;
cooking oil I-limonene 2.723 mg/L

G
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(8% 1)
ATCC -3 N (1) FURIEA carS HEH R I HWENE  0.41 mg/g-DCW [14]
201249 p-carotene Heterologous integration of carS gene Shake flask Glucose
(2) B&i T pGPD-carS ORF-lip2t AL [N Fik &
The gene expression cassette of pGPD-carS
ORF-lip2t was designed
wt-C  B-8I% MR (1) 78 TEFL B o TifE T i Rk GGPPS St #EL Mt %% 6549/l [15]
B-carotene [H. CarB Z£[HF1 CarRP ZE[A i & Glucose (90 mg/g-DCW)
Overexpression of GGPPS gene, CarB gene and Fed-batch
CarRP gene under the control of TEF1 promoter fermentation
(2) GGS1 Jk[H | CarB LA CarRP Ik [H 1) 2+
U1E.SoS
Multi-copy expression of GGS1 gene, CarB gene
and CarRP gene
ATCC #AM (1) SUE#4 ReLUS LR AR HEA ) HAHE 48.58 mg/L [16]
201249 Betulinic Heterologous integration of RcLUS gene s X% Glucose
acid (2) 1k MFEL J£[K . HMG1 2E[H . ERGY  Fed-batch
LR . ERG1 JE[H . LICPR JE:[HF1 BPLO JEH fermentation
Overexpression of MFE1 gene, HMG1 gene,
ERGY gene, ERG1 gene, LICPR gene and BPLO
gene
H222 &4 E (1) & FIRIEER CarRP #il CarB B EAEY) FiAFE 16 mg/g-DCW [17]
(DSM  Lycopene Integrate the heterologous genes CarRP and CarB Jz Jvj #s & B%  Glucose
27185) (2) #EFRik HMG1 #1 GGPPS F:[H Fed-batch
Overexpression of HMG1 and GGPPS genes fermentation
() FilR POX1-POX6 HE[H Al GUT2 F:[H
Knock out the POX1-POX6 gene and GUT2 gene
Polf  FMLLR (1) WK T EFRGFEIER LEU2 F1 URA3 AL AY) #4450 21.1 mg/g-DCW [18]
Lycopene The auxotroph genes LEU2 and URA3 were s X% Glucose
restored Fed-batch
(2) 1EFEMAFE LAY HMGL JE[H . CarB JE[H fermentation
FNEAANHE DL CarRP JE[H . MK 2[5 . PMVADO
FEHFI GGPPS E[H
Overexpressing two copies of HMG1 gene, CarB
gene and a single copy of CarRP gene, MK gene,
PMVADO gene and GGPPS gene
CXY36 J5fafE (1) SIS LIS LR P 4 T HIZHE 6.96 mg/L [19]
Linalool  Heterologous integration of LIS gene Shake flask Glucose (939 pg/g-DCW)
(2) 1FiE LIS FEKN . HMGL FE [ F
ERGZOF88W—N119 %
Overexpression of LIS gene, HMG1 gene and
ERGZOF88W—N119 gene
Polf  o-BEJBMS (1) NHEJ Ji 5 1 5 R 21 2 4 SF s RV HEAEY) A 25.55 g/l [20]

a-farnesene NHEJ-mediated genome integration strategy
(2) HEPRI Rl 2R35O A
Construction of gene overexpression library
(3) ik MK £[H . PMK 2[5 . PMVADO
FE[H . GGPPS Z: Xl FSERG20 [
Overexpression of MK gene, PMK gene,
PMVADO gene, GGPPS gene and FSERG20 gene

SR & Glucose
Fed-batch
fermentation
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2016 4F, Cao MM 285550 TR ALY A T dLS
FEDR (Gt oAy il ) R 5 1) A0 i I E 3 B D
RER PR PoLf b, (RO R IR 17 A
M HE BT X2 T D TR P B NPP 2k, S T
ff D AR, AthAT] SOF 22t %5 L4k ) NDPS1
HE TR (G e 1 A JL AR R R & ) #6531 Polf TR B
o, 3k NDPSL JE KRN dLS J P[] B 2 ik e ¢
1337 BB AT A 7 d-Fr A I 14 A A BIS E B 1
FRDARE, X2 MR HB FC e RE b S 5 AR T A I 1)
T RHGE , 3 — SR A Ry 5 SR 53R A7 i
QIR P S S G i Al AR W B T A s o T 3F
— AR E AT R PR i, Cao & R Bl ik MVA
AR HMGL KL [H (Jnfth 2 F L8 — BEA i A
O T ) AT MK 35 BT (4 ) 8 00 T SR ) T AR
R B AR A 7 o, DRI 2 AR e
= M i IS T P B v A A IS B A v 178 DG B B 3k
FEESELR 5 AT TR B MR AG & B AR R LA R 45
R TEUIN 4 g/L INEABR . 8% 1 — ki YPD
K, d-FriE s e ik 21 i = (23.56 mgl/L .
1.36 mg/g-DCW)™H,

2019 4, Cheng 2512 1 MVA 72 B0 £
PR LR A AR AR T BB T AR IS E— 4
it Ji B . 2 B S AR P R AR B B ), S8 T AR
HEICwERE Polf TAidk AL [F] it 235 INDPS1 AL
(Gt RS LSRR IR G ) . tdLS JE[N (s
A AP AEE) . HMGL ZEH A MK 2L R 3
ARANE N tdLS FEH ¥ DR, IhdE e T d-FrisE
Wi B, 8 O A I G R B AR 7
A0 114 o 3 i Vs AN B R DAL, 2% BAE LA H iRy
s . AP AR M A BhARIR i 5 3 Sk, d-FrAsEi
(R B s e, A s R S h ik T
KBRS A I, A B ER CC I B TR AR IR A T
165.3 mg/L d-Frigdis, X Eis 50 IEFEMER IR I
BB T A T d-H AR G e s e i T

2019 4, Pang 25Shg 28 %R ALY dLS 3
DKl (4 A5 d-Fo G M 45 ) A ILS L [R] (Smti |- il

it ) 53 i G B AR HR G BE Polg KUT70A SEATE
PROZ B PR b 0 [ S A ROR B R e A |, A
TRl SEBE T d-FrAseds Al I-FPAsdas (6 A, X 50
— WK TE i R HR EQ Bk e SE TR |-Fr I
T e . B R ISR IS 3l hpdd 435X} Polg
KU70A bk MVA #1211 ACOAATL, ACOAAT?2
FE[H (45 L BE-CoA C-ZBiILE:FEE) . HMGS 2t
Pl (Gt 2 PP 5L 1 — bl i A 5 1) \HMIG L 5k BRI (%0
T ¥ P R 13 IR A SR D) . MIK R (i Y
FR IR ) . PMK J [A] (S B B 1R PP 2 IR )
PMVADO £ [X] (g — W2 FH IR I AR ) . 1D 5
D] (G B S LM S AR R R S A ) . FPPS JE K] (G i
W e R TEIR G ) FI GGPPS JiE [ (4 i 7 - L 75
M AERRRR A W) ET T T B RIA (E 1), R K
PAEIX 10 Mg R N ik ) TR MR, 1 3%
ik HMGL (B RE ™= A2 dI-Fredas i B fe s,
U B HMGL 7] RE R A8 & U AR Hh i E 22 A R
M, X5 Cao ZMygh FE—B ; 3% , Pang
S5 RN AT AGE I 7 A e 1Y) R R R 1Y) IR A
EEAT T AL, B T iRl 20 °C . f%
250 r/min, MgSO,7H,0 0.2% . pH 5.74 ., ¥ 32kl
150 mL. IETheisndt 10%. #14i ODeoo N
2.0 WA R BEARAT s TEM R LB T , UK
s A A AR — B IR T R, AR
B MR 4R T 2,514 mg/L By d-FrREkE Al
2.723 mg/L i 1k T8 S S ) o
P 1 S BITOR 2 e P I A AR B T i —— T
I, IZ A9 45 SRAL A A B IS C P B P e
T AR F 1 HIh A 7 & RO Tl I (E 1 7 it B
TR

8 SR iff B HIS FQ I B v 2B P A A M 1 7 o
FIGFF & AR ORI T DI 28 240 e S 5 AT A M
i i 1.29 o/l (B 5 KA B S
P, DA RE HB FQ I BEAE S IS S A, AR 3 2k
Y B Ul A A P A G A S i AR W e 4
PES 5 A, A A HIS TG BE RE G844 I 3 AR e A2
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AT B (B BORE R KR 1), DT S5 BRI 2400 50 1]
FNAR R 5 WO H Y, XA AT AL
PRI AR S LE R

22 BT MREVES

B-1 & | & (B-Carotene) & — Fi i 1 {4 JIg 74 M
MR G Y, SHEMLLE . AEER | MG RER
BT bR, EARF PR AT KRG
RZ—. p-E N EALEAHAA LR, i
HPEAF5E R p-H 8 b BB AEAER A A
JR P, IR I TR R — bt T Tl AL
VIFEAE Z R E b S BT S8 6 B4 i g HE
[CEEL O RAE R B-IAE bR E 2
F, AR FEH 2 B bR
M RIRAFTERI S & D RA .

2014 4, Grenfell-Lee 25k 1 56 1E A i HE K 5%
BEfr A -t bR Y BEEAE AT TR T Rk
BEPEDESY, SCIAE RUESE T i HE CQ e BE ™ A 1Y)
B-HE b H L BRI I AWM, B A
FLAT DA R b R AR S B0, [, Wang 4%
T 30T g iR A R Bk 4 Jmy e s PRl - i A T 42, Je 2%
WG T B-BAE b &R sk R A 554k R TR
PR, XN S SR P AR A HIS PR B = A% 7 B
BN R ECE HA SSRGS B A AR T — A
B SR,

2017 £, Gao SFIEHOR A TR 2L v 1H
MZIRei S N ZARIEE carS, FHTFMAIRERIK
FEEE SR B BB 2 D R IBFFE (A 1), 35
i TR DNA 454 carS EFEMRIE S
(GPD Ji &) F--carS FF it R R HE -lip2 28 11 F) 2 2% 51
A RIS R EE R Qe e i rh s [RIEE, GE R
A i S 1 B 7 A [R) U5 R i % 2 ML (NHE D) 2
FIE T HW R BOESEA R, EaiZr gk
RS TR AR R A S kB E T
0.41 mg/g-DCW £ p-1% b 204, 5@ b ik
TG — SR XA Z IR b R A RIS
Ph, BEHSEBL T B-EE b e A

2018 4E, Larroude 2575 g HE R BERE Y
# T —At PGM Ja gl r# il ny GGPPS KK . H
GAPDH J3 3 719 CarB 3L (A B AL R M
ZMF) .t TEFL 5 shF4# i CarRP L[ (FhLL
REIMEEO\NE R ALLR A W)X 3 R FRIAHEL]
B B-EARY DR BGEE, RIISET - b
ZHSFEREY A R(E 1); TR R
HEpr, MAEANR TEF JRsh Pl Fid ik T
BRIRA Y HMG1 £ (tHMG), AT A S8 i 1
B-HHE MR, MR IRR T a s iR As b
Xt B N RN, BT #H Golden Gate
TR ST AT R B T R R B
NEIIRER S T4 car’™, HIX4 GGPPS, CarB
Fl CarRP X 3 PMEERIALT TEFL J5 8+ ry 4 il
B, 208 B4R T DR R B b3 s AR SRR
SRR, TGN T 25 h E =y e i, 27
B-HHE MR mALBEZ N R)G, BRI Uk
3R ERIA G IS T 1A%, B-E MR
715 DA — 4w s B, ATt 7 —F
B2 55 R IUY AR 1 BB R (A 44 h
Y20P40D), Jf H.LAHI A AR bRk o4t iRk A
£ 122 h 5, TREMD B-81% bR ik
T 6.5 g/L (90 mg/g-DCW), X o J&12 4y 1 fif g BB
BRI AL B-HA % N = L %t
FEUESE T 3G 1 5 R 95 DL A K R e A3 R i
Ja BT AR R 2 S R 1) 2Rk AT B TR 0 H AR
FEDR G 55, DN S BT A4 o A48 17 A 484
e AR AT B BB R BE G 1 B-#H 8 b R Rk
7t =

M2, TER R Re ARG A 7 B-H S MR
(RIRIFSE R, B SE 3R A5 GE A AR TR SR 58 3 1Y)
B A T AN R I EE L IR S b 64T T 45
G, A B Ly e e W] 8 T KA
ARG e S8 b Bl A 0 , 30K {60453 A B IS F T 1
HTHE ARSI B SR MAEYA
R CE
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2.3 HEKRBRHIHEF=

HEAR R (Betulinic Acid) X R H FIHENR IR, &
—f*ﬂi%mﬁ’ﬂjﬁﬁ, éj\¥itﬂ‘7 C30H4303, /E\:r
CATAET Z R LA 41 AR S e
M, EAE MR R R S e 2 hg
FW, MR BA Z R 253G, B ons #e5k
(GEEE HIV 58P b . ik, Humssd:
R G RV AR R R R B AT 1 £ 2
PEIEPE, DR B 2 n AR S, X 5 | B 5
HNIL 2y 2 R A e e A 75 Ao

Jin 21078 2019 4R 7E TEFin 13 THHTF
(ML RCLUS (2Pl bel o B 5 Tl ) 4% 4 31 it
N BB FC B G o AR 1Y) Ku70 JEREE |, 5280 T 9 b
T P A E G IS v A 2T YR A B o FH TR IR G
P FE A B IFANAFAE REDS AL P el G 1k M e R
FIR PR R SR AN 2,25 PAS0 i, FIF AT 7% 38 1 07 ok
AEEIE A4 2 PA50 A ALEF(CYP)FI4H il f2,
£ P450 i JFERFCPR)EATH A, WA T
KA AR CYP 4ifddtF BPLO 52k AL
CPR i B[R LjCPR sk A 46 E & 1Y CPR 4aifidh
FH MTR UEA 7414 B AT DL AR A 58 i A i HE A R
(B 1); AT iE—BAR m AR ER =5, Jin 45 Joik
H T HA L ERGL (45 %07 S0 4 1) |
ERGY (Zmidf& A m)fl HMGL R4
A, I A G B NG IR EE R YL (A rDNA i 45
W SRJE, PSR B A i Gk L WEATEE A R
BRARIEIN | R B-AA fhak AR AR R A I 1 R
ETE, 2R E T B e R il ix st
R TR G RIS A A, =59 (h
65.44%HEAR 2L | 23.71%HMEARFRFI 10.85%HEA T 21
BO)FEFER SR T 0 e = =ik E] T 204.89 mg/L, X
LR TE TR B v 41 T 2o B M A IR 1 e s O
I TAES, 2R G R TR
(058 F A SO A D T F AR A DS I SE R RN 5 | A 5
TR 5 AR A Ut AN . RIS A2 S0
B, NI T =GR A PIREAR TR I 5t HAR
5 PR R AR L, AR HIS EG IR S U A AR

B2 1) 5 = T A W A, (HR G TR
B AR i A A i R HIS EC R RS 4 A5 2 R A
F, R 25 8 A I EG 1 BF IS 485 5L 40 i I e g
VS VI
24 EIMOEMEF

F 41 % (Lycopene) J& T DU il 2 A 2580 2 B
%, SRR C40 S FIEEMAMZ —. FALL
HZOLITEF 2 R 3 (0 B Z AR S &
IR A DN N S TEARE SRk N 4L
80%), JTLLAE, Bl AMTXTRER S FRIE, A
MIFF AR IO AR SR —FPaT AR (4 (e Rl 2
PETRARLL R M D5z 3 7 #ok £ i 563 . He an
2015 EFALL RO BA S NF-B BTGk
BEL Lk 7L B . 7 27 B 0 7 DA S A4 e A K 7
PEBT 2017 4F Costa-Rodrigues Z53F 52 T H LT %
B 20y 0 JUR 0 M4 S RE S5 e 25 b B8 PR bl r
FAE BT R B S 2 R RS, LA
F 5% 35 A1 1Bk o B A0 R P A ) ke B A T iz &
Py

2013 4, Matthaus 25 7E fNg B [ % BE b iy
N T AT E: Zeta JEAN s T4 rIRNA ZatidSE A
(L R PR DL A, TERXI T AR, iR
SR T — e AT Not | R B 07 A5 10
F11 IntB F IntF AF M e e 2L b LA 6,
WF9E 25 S R BV 6 i (R AT S B0 H bR 3k PR sk
TR, HPE D AR S RN FIHIZES,
TEfRNSER G B RE 1 TEFL R 8h FROFEHRI R, Sem T
FALL R A Mg R Z 1 REFEH CarRP il CarB A%
IR IEFBEE 1); MG RARE R HMGL
1 GGPPS J&, WA A TR, (HEAF]
FRMLLR MR T ALL R G T2 A A A
B FC IR B AR ST AAR P, 9T AR SRR 5 Hp 222 300F
POX1-POX6 J& A (4 il A1 il i S8 AL it ) Fll GUT2 S
DRl (G A 2R A H il 3~ R I ) EA 7 T b, i
KERT B-ASLVEHIFN 3-BRER H b, &5
B SR 3EN T RE PR AT B, ST 0 T AR K
P, AR LRGSR, LR AR T
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16 mg/g-DCWIM, FEIZIRFSEh, Hal i s gt
DA A5 5 HA AT 55 A [ At i 0 B P T Ak — ke
it FEE SO RAR P8 ARG 5 list, B 42 ol
MR B3 A G iE—2 8 m T FRE A
W T AR BT TAERCR, (8 Iz N T
it I HS EG T A R IR e AR 5 T AR

2017 4, Schwartz 58 1 W50 £ Al
IR MR HEBI-LU HAFFE R URA3 (JRIERE)F
LEU2 (GE2BR)E I BLFE xS T hhLr 2 i R,
i ad X URA3 Fll LEU2 JER I REIR K, 4558 A B
B R EIRTE T 245 0 T iE— R &
IR, SRR TERE 2 MENE HMGL,
CarB FIHAN$% D1 f#) CarRP .MK .PMVADO .GGPPS
JER, TEANEVM LR TE 10 d JE, TREE T &S
LIE WL RIBFE] T 21.1 mglg-DCWI %I
LA BT AR I 5 T R IR bl A
i Ak A= R v A SR IR, R A I AR rE AR G
W HRAE T T LS .

B R A N I ER B e A 21 2 1 7= A I
FH A E AR R, H AR SRR E AN
P A =T ARLT R R A T IR T
PEFPTT IR, i L3 G TR A 5T R i A HIS EG PR B
JEFL R FAL R A MA N R, FRAE e al -
AL R A RGR AT — e, BEBT
MR — e,

25 FIEMFHIEFE

J5 FEIE (Linalool) AR A LA EE . (NE AREE
BIAREESE, Hr130h CioHig0, J& FHERbE
MBS, A o fl B 2 PSR, —Mhad L&k,
PR — T A EIE AN ES, S— A
BYURAEYEYE . PURBEETE . B TR SRR
P, DR R 25 DR il 00 R Re Ly = — 10,
UEAh, 5 RR A R S LA B R M i )iz g A
H e Z A7 5 b &0 B A AR T
T2 KA AR W) B R A 72 05 RS RE I ATF 5T 2 2L v
T TR TP P B X — R A RS 4, e 2015 4§

Amiri ZRER L LIS IR (g 55 R A i) 5 A
R T G 45 P R I S T I AR I ) S R A
A, PR MET3 H i FREELRRH ST
PLR R 9 5 05 O B ERGO LN (e ik,
B T 05 RE ) P (78 pg/L); ARG Mad R
BT tHMGL JE [ (# 1) HMGL JE[R]), 287 4
B E) T 95 pg/LM; 2016 4, Deng 25 I3 o 4
FPPS I LIS filt & 8 11 19 J7 X s R il 1 7=
RERE R & 240.64 pg/LY, 50 T 1 49 -
0 M 7E A HIS EC B S 48 v A p= DS AR B AL T
SHMENS%

2017 4, Cao 45 10 1Bt 28 B H AL Y LIS
FHEA B AR ISR R I A, R
SEPRLT Y A T TE S i HIS R PR IS 45 40 1 Bk
(B 1), R T HEMISRERER = ht, B RIR T
HMG1 JFEH AN IDI FER . SR 5 SO0 T RE R AR B &
B2 EA T THAE, 25 R & BUTE AR R R 3 h i
VR . DR R A SR b 7 B U s TT A A A R R Y
FEBE 5 AR 5 BRI 1 X RS B ERG20 &[]
SR ERG20p il (158 SE AR BEIR A W) A T 1 1E
B T 7 A (R 2 AR A GPP () 35 Fl 1 5 T FPP,
XFEEAFF GPP WA, dFmssik T GPP |
FPP 4 (B 1), ™5 | BRip e b5y
m A A Fe R R, BT ET F2E
WX} g N HP Gl Bk R ) ERG20 JE[F (B FPPS
SR WAEAT T84, fivg o ERG20PPWNIOW gt
s SR, TEfRNEHB G EE L) b R it %235 HMG1
L . IDI AT ERG20PEOWNIOW Sk by o e
Pk F)] 6.96 mg/L (939 pg/g-DCW), X% H
RIS D e 7 R ) e e o R 0
TZAIE T B S B A B O A Mg IS QB 1
ERG20 JE K HEA 7 1 or S A0 - s D3 1 R Ay
Jii GPP PN H , 32 A A1) FF A i I E e B v
B B A A W i A 2 45 rh o B R T A
THAE W I S AL T 22 ), S H T R 1 i
1,
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26 o ERHBRIEF

5 JE s (Farnesene) YRR 46 W ks, J&—
a2tk 59, 473 CisHu, TEEZS . fBlk
At EMIRETRAE 2S5 p A AN (L. 4
w, R R AR R BLP AR
e AW 2 NS 1 /N bt W N O R
FRIRRHT DR R S & T 4 222 R R 4
X HAA T 5 B

2019 4£, Liu ZPN J55d@ 58 NHEI A0 )5
Dol Te U2 Ak I BEAILEE A 21 A g HI S 1z B
PISER AL, DAR E 5 R i Rk SO IR 15 81 T
977 FPP (W TRERIAR s 1M J5 M EIZ TR bk b
AT G B AL oFS JER (it o-v: e 4
G, LM T adRIEIA (A 1); BEA,
# MVA iz 1) MK 2EH | PMK JE£A . PMVADO
JH . GGPPS H:[H Al FSERG20 F:[H (fh ERG20
BN oFS B @GR )T T I Rk, 45 R
o-VE R R RIRE T 13 5 (4IRS aFS R
OB R EL), 53] 1.70 g/L; e X TR RRAY
REEFRAFIEAT T4k, 45584 pH 5.5, =&
1.5 vwm, R E 500 r/min 4T, o R K
FEEAFI T 2555 g/LPO, FEIZBESE T, NHE) A &
SRR G | RN RBSOENE . 218
SEPR Y SRl ok e 2k i 3 T AR e AR
T, T AA) S 2 1A 00 9k T TR s TR 4 e il
1 N 2] G I A L B 2
JLE, N4 = T W A A AL AR, IS m] R 2 530
H B3R 7= 5 K- 1A DG B R 26 Xt A % H Al
TE Ak B HIS P e B rh i 38 30 1 S5 U 240 5 W0 65
M =i, BAR BT o7k e 7 g I G Bk
JEC A A0 A r 9 7= AT ORI T ORI A T R R P
(EJEFRA TN Ryl i R TR A A 2 %%
FiARAREE G B R A S fff N B ER e B S .40
JfL R o5 Je s 1 LTS RN B L v e R R R
ARSI, KA B TR ok eI iR

I g o

3 ZERE

H Tl B AR KR AR 2 i ¥ Ho
BRI IF R RS, XA R R H 2R
Sk J IS ERG TR — T B 4 1 Bl A i A At [
& — R e RE, RN & R R E W
LR AP, DN 2B A IE LR AR NS H G
Bk 2 MVA 124 %, GPP. FPP Fll GGPP 5 (iffi
G WE B BRI ERY (A 1), W
A AR T AR AR R NR R FCERE Y MVA 3%
TR AT AT R i A B A B R
NEEEZIRY); FE, AR KRR RE
R Z BN BRI AT A K B0, X0 F%
KA B I A 7 A B R S, B,
ik Jg IS QTR B B Ry 1 S R A5 B Ak A5 0 Vs e
TEMRE A T

BR E TR A T AR AR B b 2 4 A B
FCBEREANM T CS2BL T LRl 2k & Wi
WAL, AR B [ A ) — S th 7 — o
JE BRI TSR A Y, PR KR Tl
RA PR ZE . NIk, RSBk &9
T fift i IS E T B G A A0 B b g i — 2B 3 =,
N T b Xt JE A A O AL A S B AR R A TR
IRR MBI . BATA NG JUA A R FF 580,
ISRV

(1) f#AGHR B REA B I A & Al [ 32 52
(U B TR, DRI AT DR 4 i o A A
B N T BUTORLAE Rk P A, R
B, TAERR.

(2) I [R5 A St 2 15 (NHEJ) J2: 7% g HIS [ 1 £
S, DNA WEEWi2ME 5 1) F 2080, iz RE
B B P 4 AR () V5 B 20 AR oo (5 T T R R B
AR, SPECHEIN A2 AR A0 e A BB 3 TR X
VARSI AIFFE & B CRISPR-Cas9 /) S KL K e &
2 A W it i B e v ) 058 ) ol B o3 4 v )
T 50%-70%, R T AT R (A,
A ARALATI A 52 4 A DR fife Bl B FC e B B f ) - i
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A AR [a] 5 21 ) e

(3) ik i HIS R e B i ™ A% i R 10 AR K I
B, HA TR TIE R A RE S B AR A AR AR DL
X AT RIS A Ml A e A 7= il AL S W ad A rh T
DL SIS ENS

(4) A4 v i i IS EC e BR5 BOns AL 5 1
7 i 14 5 AT AR R IR T A 1 o A G B
B R g ek ORI AT A B R R . S5
TR RIS P B A B, T A4 QT SR A5
A WS BRI OR A i i BB E I B R AR DL 2 W
A, XA BT AT A B 2 5E T A i R
PR B BT T H AR
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