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Advances in metabolic engineering of Saccharomyces
cerevisiae for terpenoids biosynthesis

Mingkai Chen, Lidan Ye, and Hongwei Yu

College of Chemical Engineering and Biological Engineering, Zhejiang University, Hangzhou 310027, Zhejiang, China

Abstract: Terpenoids are a group of structurally diverse compounds with good biological activities and versatile functions
such as anti-cancer and immunity-enhancing effects, and are widely used in food, healthcare and medical industries.
Facilitated by the increasing understandings on the natural biosynthetic pathways of terpenoids in recent years, Saccharomyces
cerevisiae has been engineered into high-yield strains for production of a variety of terpenoids, some of which have reached or
become close to the level required by industrial production. In this connection, synthetic biology driven biotechnological
production of terpenoids has become a promising alternative to chemical synthesis and traditional extraction approaches. This
article summarizes the recent process in engineering S. cerevisiae for terpenoids biosynthesis, highlighting the effect of

synthetic biology strategies by taking a couple of typical terpenoids as examples.
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Fig. 1 Synthetic pathway of terpenoids in S. cerevisiae.
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Fig. 2 Typical strategies for engineering Saccharomyces cerevisiae for terpenoids synthesis. (A) Engineering key
enzymes. (B) Strengthening precursor supply. (C) Dynamic regulation of genes involved in synthetic pathways. (D)

Modular pathway engineering.
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LR AR, XN N Y C T4 A SEFT TR A
WAE KRR TH 57 1% s iy = 4, iR 5 2.5 /L4
FEIXEE TAER LR I, Yao 20PN — 253 2 5
TN ZE AR FRAT TG PERE T 4 F5 1% 1SPS 28784, 45
S AN RN RS I R P
HIAY) IPP Fil DMAPP 94 it fb, 2k 7k
TR R RS F] 11.9 g/l
3.2 Hif

(1) Aot AFrmEE— A oI R, 7E
AR W D EE BB TIZ N, T
DUFIFE R ORI R o BRILZ AN, B iR ek
B RR Y . R R SRR, BOACh 2
— T RL A B0 2R AR 0T T I T A T 1 o
M6 s, 5 AT EES B (Geraniol
synthase, GES)#fLNEACEIY GPP RIAT4k45 .
HJE T GES 7RI i B rh R IATE AR . GPP
PR I AN DA R BRI 25 Ak 1 20 R B 1 S5 I AT
T I P RGP ek v — B D ST =BT s
ARG IL A Y B AN R, R R AN Kk
AR, I bS5 T A WG T
JEALHIEE , AR A P & AT T . Ak,
A I B 56 BRI S 2 E PR 8 B b i — 2 R
SEAL R FLARE S 0T, XA A B R AR AR
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WANEME, Ak, Zhao ZEPPNE fR OYE2 Fi
ATFL 3 /0 T A I I 1] 45 250 BE AN R G 1 4k, It
FIH HXTL 5 8h 7, A L e s b iy
FBi, shZSWYY ERG20 MUFIATREE, DIIGRE%E
GPP i fbp o, sl #ME A RESRAS T 1.69 g/L
7. Jiang %P d tHMGR Al IDIL 95t
BHESE T MVA 42, I s, &
SRR FN N S S, B T GES MTE M,
IO AN R B 1 1.68 g/L

(2) FriEds . AP R — R IR, Tz
NAHFEZ . FREER. e RAFSE. 5
AR, AP I A 2 L) GPP Uk,
PGS RS (Limonene synthase, LS) i1k
PAFEON RIREMD, A7 O A IR LA A AN M
R S G R SR 0 8 [ T, BB AE R I RE R 5 LA LS
HE R RS AR ARG . Cheng 50005 U e 1)
I E T T DL IPP Il DMAPP Sy B A 4 1F 58 %
7, BRGIAFTEES G AL . PP Erg20 S54L
ARSI BB T 55— A k4%, B NPP
AR CIts2, R GPP (NPP) & ifris
W I B AL SRR GPP & iR 12 HoA B i
Wi, 7E ERG20 M s T8 40 M55 1 Prxre
J&, PRk TR R AT LA E] 917.7 mg/L.,
33 50k

(1) TREER: TAEERE R,
I3 M T A KR S, R e — R
BRZYIRIR, BAPR . WAy sisE, &H
RIS Z 1 — R i e G . FERRIE IR,
SIASNER T & BE-A T (Patchoulol synthase,
PTS) RIAI 4k FPP &1l 72 & BE . Ma 25115 5]
KR4 #15 FPP A i Erg20 5 PTS LUE i JEY
IEROV A FPP A ZE, [RS8 ERGI LA
K wi¥x DPPL fil LPP1, Jii/b FPP [ fi &4 . ke
IGEETEAE, dE— B85 E REfL, & k™
Rl ik 466.8 mg/L, Mitsui 2P ye i e kg oh g |
A& R TREmOR L MVA B, X

% : 010-64807509

— b4 TR AL b 0 A R b E AR AR A i TR
SRR BN , T BENLA A HAT AR SRR R
W5 3 F FIEEE KR DNA SU%E. R, H
% DNA SCEERAMRERE, BRARAH G R e sk K
SR 4 TR AR Ak A AL A e SORE R
I FHAY (Gas Chromatography Mass Spectrometry,
GC-MS) ¥itiik, M MRk AR5 HA AR
KPR, TR A F 42.1 mo/L. Z4L
b5 % BTEM MVA B2 1 FPP flt45 5 5 PTS Jir
7 1) FPP ik B — N AP, SRR LR
U85 R FARES = AR SR 1L 158 i R i

(2) HFHEHR: FHRERBEAZOAITIERD
WISy, e 20 2l 80 AEAR, TR EIRREE
T WA 4RI T s R . (R h KRR
TE BT 8 2 BN, ME LW R T i sk,
Keasling PR 2 38 1: ) fa E 2 JR G 1 B TR AR B B
Him R MELERIRE SR, RGEES kR
TR, RIFERRET Al A 5HAE
i —FF, HERINE AL, FPPAENIRY), Sl
i SRFERE AR AR FPP R4k A SR R, FS
Ak B #AE RS 1) P450 iff CYP71AVL Fl P450 if Ji
fitt CPR1, 4 £0M i b A B &R, Ktk 3
58 FPP (LN & — Rt 1 2 A 8 AR it o Erg20
HMG & 5355 MVA iR G i RIB e A
R FPP IR, T ERGO 45 ia 4l R IEN
MR A % F-BE 2 — . Lenihan 21 i
¥ ERGO MYJE 3 F B 45K Pyvers, AT B ZRR T
V& ERGO, [F] A& v i i ST AR Y, IR RS
1, B L Bt m e 25 o/l HeRAE
W45 WA 55— MERSE: CYP71AVL Ml CPRL ik
SRR B 7 A I T AR 23 DR 4 S FF i . Paddon
2 OV AR IR 5 B 3 8 7 Perra B4 T Puigrs, [
fi8 7N H ERGY WYA, [FISGIA T BAEE KA
I 4 Bl 2, 25 (Cytochrome bs, Cyb5). ¥ & i
it ZU i (Alcohol dehydrogenase, Adhl) Fl s &
i = (Aldehyde dehydrogenase, Aldhl), fi#

. cjb@im.ac.cn
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T i IR BORAR G S naE s, e 1 A0S
TIFNEAL BRI A TR Ty, B R T i B e ]
T 25¢9/L,
34 ik

(1) FEIEE: F LB — R AT,
A FH T B 2 0 e T A AR B e T . B
BRI AE T R EE AN TR E R E R
RWOGRTG . FERRW BERE T, 20N EE R & L
GGPP NV RJKY), Tiia i 8- A Ly AL Mk
M2 & (Cistus creticus 8-hydroxy copalyl diphosphate
synthase, CcCLS) AL T4 i hia] =% 8-%%
He-fy AR, M R AR S NS
(Salvia sclarea sclareol synthase, SsSCLS) ik E
AT A e R Trikka 28R e 88 b
2 5 H L R mi ARy B, KRR
AT B S 2R A R R S R AR A QA DG A
Bl SR P RS BRI A T 2258, I HH RE AP e S
BRI R A, JEER IS b i
TTEE, FEMCERAL EF TR AEUR . 2RI,
AT R Z I G TR, H15E L0
e E T 12 f%, TEREMH ) EIAF] 750 mo/L.

(2 B4 EEGE8MELRENE
A Z —, FEmR—FA TR 2,
X Z b I ER AT B AR AP B TR, W TR
WK T 10, 54725 aRT . BT
B FEE WA R R, BINZL G Az g
ETAY, SRE A A R A, XA
D5k BRI T IR Rz th E AR U A2 e, (HAT K
W T 21 AL R R RS A A )
BB NE I, Lh GGPP NIRY, il EE A
M EAL AT B A2 IR 5 , 075 2 PAS0 B A 1)
ZEl, AREEIEA 8 MR ESEE. At
FRY, KRBAFEADURIEEREE ZE, &1
K WAL JE = BEAT LLGAE) 1 020 mg/LPY, (AL
KIGHTFRAFAENBER « Wk B AR s XU, DA R HE LA
ik PA50 il SN , XE LU — A E S D IR

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

DL RCSERE Tl AR 77 o R, PR B B 5 3 Y
JEELANME . BT BT SEAZ EEA)B BGE AR M AR
1558 AT, LR B 22 i 5 5 T 7 TR TG 15
TR A2 0 . Engels 4517 i A
HMG-CoA if i i LA K2 51 A it Ak it 127 > T8 1Y)
GGPP &, M58 T GGPP MyfitR;, If H4r &
KRR K s AR T i, g
W PR " Sk 8] 8.7 mg/L. Apel 2 E81%)
CRISPR-Cas9 £ R , # s I ik T — R 5 8+ .
R S O A AV R AR S R R R A
Ik, B IR RS E 20 mo/L.
Nowrouzi 2905 3 AN UL 9 2602 — 45 5 1
FEYe ik Fas ARk, IFH Y Erg20 #HfTa A%
B, AR S T EE IS AN ESKE, B
FEim TEZ TR, 58] 129 m/L.

35 =ik

(1) AR AZEHE-FMMIASEHE
Yrrbor & AR =, TR AATE T AS .
Z. =L, WSS EghREdh, ASEHR
A RIFAPUE . PLR . BUMIRESEADTEE, L
RS nAE . PR IIRE . AR T A4
rhEZG AR P RS, AR BRI R,
DAHEAT AT HF 2 KRR A 7™ Rl LA 2R 4k
SR AR 2 B U L X . B B
SR IE I AL S S AR . A SR R R R A
fem T AR HR &, (BRI E T,
MELIH A H a5 38K R oK o A BRI Rk 2R 7 A
Z BATAMURENS 17 24+ Hb S TR UR , 4 A K
HIER AT R TR M. AS BT R
KERERAT, Ll Rx v, Hf R R, x
FORETFEP A0 EIER . B A S B
Rh2 #h y HA W FA 7 I 8., NS R
1 Rh2 7E B0 B RE R Py 2200 o AR A S
% (Protopanaxadiol, PPD) 4 A& AT AY I
FARTE, PPD 2 LT i s e i N S BT
Sk I RTARYY, FEREREEE S, PPD BIS R IRR
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FEA NP, 1558 IPP 5 DMAPP 7 Erg20
Erg9 1 Ergl AYAL[REIAEILAE I B H 8] )
2,3-A LMk, SRIG 2,3- A bk e N 2 8 A K
W14 il PgDDS . CYP716A47 il PgCPR1 f3L [
YEFH T & % PPD. Wang 2575 5 35 635 MVA i&
BARCEF Atk P450 B, & T PPD $EIf™~
TN 529 mo/L (IS ELARAR , JF LA O BEA ,
% LA R (UDP-glycosyltransferase, UGT)
M2 kL i B UE s Tl S vk, kAR
T AZS R Rh2 &7 wbk, S ariss] 2.25 /L.

(2) fake: fEM & — Rt Z R =
WG, BT HEH A 6 MRikAE, H
A ATHRELL IR IR RE ST, R R B X 22 i i 2 i
BT IR TS AR T2 gl 3z I T R A AT
e A IR B ) 3 Bk U 2 DA R £ I
R AR WA PSR B, PR e e A
VYA T AR A L PRI R AT KRR A K
fsImIIae ), MBI (Erg9) ik FPP
AR, FEEN FE MVA B2 SR ETIARLL N
245 T BEOR AR 0 R B A B . Li 4P
IR MVA 858 LU 0 A S A L
FEG IR T 1 BT T 1Y HMG-CoA i 5 i
LA A 8 A il FE X NADPH 1 7 JEE 44 #i
e, ¥ MmEmER RIS 1.09 g/L; fEl
LRt b —2Pad R IRk B KRG SE I B 1) 2 B
2N ADH2 FI T i Ui ADA, 3858 | TR bk
I CBEA IR IRE T, e b Rl &
(4 £ B s P R RT iR 3 9.47 g/ Liu U495 % 4%
FEAN L PN B A RV A7 0 B AT T 4307, K Biad
S K 0 T A 2 T R 00 L N £ A AR R IR ) B S
JE , 5 3 S A T AR Sy 8 0 RS ST 24
X, F AR g m T 138 fif; TEMLAS F
308 o 200 S5 R o AR A AR T A A R R A
PR B A bR & B T R4 11 g/L 177 5.

(3) EMNRMEE: W HgFE 2 — i A 4 ok U 1Y)
HIA=MERAEY, R8I R a-FRIREM B-F&F

% : 010-64807509

WRRRE M A AL, PUEEREL A IR . BUMR . HL
ARSI TN AT R R B
=¥ (3S)-2,3- %A Ak s A A S Wi 4R 7 %% g
BEA EHEARAR R, SEfLME RS I By FPP J@E L Erg9.
Ergl P90 N AEAL RS o T A i B A 1 BT
1 119 = 22 ] R T A (A 10 A JE L R A R g P o) 240
T35 1 . Ni ZEUCIF ) CRISPR HiA, fERR
Wl N8 T ADH1, ADH4, ADH5, ADHS6,
CIT2, MLS1 il ERG7 & 7 A3k [N, i/ T B2y
TR AT A FIAEAL M IR I S eV AR, 2
Ak K e 25 1 LA B AN i HR 35 B- ST £ a2 B- 75 )
NREER ML AN iE , LIRS T 156.7 mg/L 1) B-%
PRSI, Liu 26075 3 5 Ak IR A 51 A SR 2 15
W A G RGER, FERIR T S WEREE A SRR [E]
A4 R T TR A R A B R R AR ¥ B-
T IEREN RIS E T 279 mo/L. Yu %U8E
BV TR O e, DA PR R, 45 A
FE R RAAGR] T o~ i G Y = R AR A
i o-F M IREL - IR E T 11 £, FEIbsERl Btk
ik DGAL LISESRANAEN a-F W AREEAI1AAERE T, 8
52 o- T REmERT AL B AR, RS T
1.107 g/L ¥ -7 #4 G 1

3.6 M7k

(1) TR T R —Fh EmE A2
wANE, HAPEML., iEE, HREEEM
AR L Y AT A4 2 0 AR P 3 AR T A
W4 ORI Ak 2 A5 B, T 33X T8 R )y 925 7 R 1 v
AR VIR B3 75 Y 45 02 7 i 20 38 A 7 o R A A O
f Tl RO AT B AR R R B AR R L
FPP SNJK#, il S AFM LM SRR A I
(CrtE) . NAF ML RAM (CrtB) F/NAFE
IR AN (Crtl) 3 NI EE ML R iR
o iR, CriE Rk FEABREAE ., Xie P54
DR SHERE A 1) A A AR BT O 2 A TSRS T B R T
i A F AL R AR, LT RMMLARNE
o ZAFRAML L T ARSI /NN A F ML E A

. cjb@im.ac.cn
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it ML A RRE T, IF HoW i R = A AR
TR BT AR B-FMEE (CrtYB) XML
REmEUEAT T2 mittl, RAG TALEA NEF
LR ATIRER AR IR, TR |, E—200E
1 MR CrE R eiksE, JE45H CrtE.
Crtl, tHMG1 JEHE Ayt ik, HAEMLLER " mEikF]
1.61 g/L. Shi 2N i ik crt R 52 N I 4%
PEULRL . oAk 2 LG A FI NADPH RO 25254
WETFB, BERAENER&E T 3.28 /L.

(2) B-SA% hE.: B-HE PREMTERTIZM
K d NRZ—, HIHLEAWPEEE . W R
TS A R 25 B PR FR T 22 3 ) 32 S e B8
BAEE L RURERT A S ATl R AR SR s in R A
eE G iy p-i 8 bR H T AR 90%., %
R A L B R AT REAF TR EY AR, K
SR B-IE DR STRAEE K. KR B-HE b
R AL G R B-8E M ER Y 3 45, H,
B-TAEE N R RAR G BT ik F2 A FE DA ) Bk i
R BRI LA B 213 % e B RN — Fe0 AT P [ 8 5 B
(g B2 fEmum R R, B N RS
AFBALL R NIEY), TEFMLARALE (CrtY)
AT s & A B-FRMETE . Yan B9 i
ik MVA %2 B3 il HMG-CoA iR J5ifi, I H
R R SR AT ) 7 A [ A, 1531 6.29 mgl/g 2
TR -5 2. Sun 25 B0E i s As B R i
R T MVA RRRRIREER, AT 4.94 mglg
AT ERY -9 b &, Xie U E k% GAL
TERG, i B-818 DR G HGRRRZ 2 1 Tk
FERE, e A ERGO W) 8 TRt
A ENEE S0 B F Prxr, SEBLT XS4 A A= K N
B-TAEE bR AW, B B bR
T 20.79 molg. B T oA ek £
B-HAE hEAM, Sun LR LI, fEmERERE 3
T AR e AMIE I AN SRR B Rt T DA AR v - B
NR M=, ARG IR AE B AR AT LR
HERRUR , ] IR MR I M EEOR IR, H X

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

A RE BA B e R RS N B S A N
AE 7 A — ol 3t 1 1 SR

(3) MFHFFR: IFE R P EEE SRR K
SR DR, FTLUA RO RR A H k. RS20
L2, ] AT B O 1 I % 0 L K B i 3R 58
PR A, TE B 2GR S ATl H AT B R A A
(70 27 B I B P 1 & BOR AR T AT N
PIANRY, B —EBA LA FPP IR, 7E2EAEE |
RO IR T A -0 MR, R
B B-BAE D3R A AL AR B Ak S 4R A5 I
R o L BT A p-E X LIS By 2 AR
(3 1 3BRAL) A1 2 ANEEE (4 FN 4BRAL), TESRB
SN E RAEAT, ke B N R
LG (Crtz) A1 B-#A% b XELEE (Crtw =i
BKT) ffl, WifELLi: R EERE Pz IR &R
A1 CrtS A4 (% P450 i 5 CRTR fi{b15
BB N, TR RS ORI d R 4y
NPT, AT B e FEEGE T EIE MVA
wiE . MR S G RS Y a e
T AT AL, X TR - DR AL
Vil AR B R 7 — B MR R B LA OB AP A
TEM I R, 2P -9 D R AR
Tt P18 Y5 A Rl S, A [ A 05l 1 42 i AR 20
JA Bl 1 B A AP D1 RS S5 Ty kS A R A
W FETB. Btz b, IFERHRSZR
T HE ) 0 IR 20U LA S R ASE A 7 1 B o 1R
FZ—. Zhou %P4 SE 1 BKT A5 ) 4L L
Je CrtZ Fl BKT 3k 1) AL SR, 56T 265 1
AR ARV PR S AR AR, I HA TR A R
SRWTE A GaldMO it J32 mw 17 2 0 25 A i 4
RGHATPIB BORIE, AUEHE T -2 bR m)
WG R IFE AL, 0 R0 4 40 M A= A ) PR
BB I, SEE T mE R, MME R R A
235 mg/L. Jiang 1% i 22 48 IR 5 IR B T
(Atmospheric and room temperature plasma, ARTP)
78 i AR AL LB Bl iy M A AR 25 5 0 1
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x1 IREREESMIEEL SRR

Table 1 Some examples of terpenoids synthesized by engineered Saccharomyces cerevisiae

Type of
terpenoids

Product

Engineering strategy

Production titer

. References
or yield

Semiterpenes

Monoterpenes

Sesquiterpenes

Diterpenes

Isoprene

Geraniol

Limonene

Patchoulol
alcohol

Artemisinic
acid

Sclareol

Miltiradiene

Push-Pull-Restrain strategy combining up-regulation of 37 mg/L [54]
precursor supply in acetyl-CoA synthesis and the MVA

pathway, increase of the isoprene forming flux, and

down-regulation of the competing pathways;

mitochondrial and cytoplasmic dual regulation of acetyl-CoA 2.527 g/L [40]

combining Gal4-mediated expression enhancement and 3.7g/L [28]
directed evolution of isoprene synthase;

saturation mutagenesis of ISPS followed by reconstruction of 11.7 g/L [55]
metabolic balance between strengthened precursor supply and

improved isoprene synthesis via adjusting copy numbers of

MVD1 and IDI1 in mitochondria/cytoplasm dual regulation

Deleting OYE2 and Atf1 to block the further conversion of 1.69 g/L [58]
geraniol, and dynamic control of ERG20 using the HXT1

promoter to redistribute the precursor GPP flux;

comparing geraniol synthases (GES) from different sources 293 mg/L [57]
and endogenous Erg20 variants, construction of Erg20-GES

fusion protein, and strengthening the MVVA pathway by

overexpressing IDI1, tHMG1 and UPC2-1;

enhancing MV A pathway, screening, N-terminus truncation 1.68 g/L [20]
and site-directed mutation of GES, and fusion expression of

GES and Erg20"" variant

Overexpression of Erg20 and Erg20"", and fusion expression ~ 23.7 mg/L [59]
of limonene synthase with a neryl diphosphate synthase;

dynamic regulation of ERG20 using Pyyxr1, and introduction 917.7 mg/L [60]
of orthogonal synthesis pathway composed of neryl

diphosphate synthase and limonene synthase

Fusion expression of Erg20 and patchoulol synthase (PTS), 466.8 mg/L [44]
enhancing the MVA pathway, down-regulation of ERG9 by

PuxT1, and knock-out of DPP1 and LPP1;

global metabolic engineering using the cocktail 42.1 mg/L [61]
delta-integration method to modulate the expression of the

nine genes involved in patchoulol synthesis

Down-regulation of ERG9 under Pmet upon methionine 259/l [45]
addition, and establishing a dissolved oxygen calculation

model to optimize fermentation conditions;

GALS8O deletion using CRISPR-Cas9, and optimization of 740 mg/L [90]
fermentation conditions;

down-regulation of ERG9 under Pcrr3 in response to copper, 25 g/L [46]
and additional introduction of CYB5, ADH1 and ALDH1

Identification of deletion mutants for higher sclareol 750 mg/L [65]
production by iterative carotenogenic screens, resulting in a

strain with six deletions (rox1, dos2, yer134c, vba5, ynr063w

and ygr259c) showing a 12-fold increase in sclareol titers

Modular pathway engineering, fusion expression of 365 mg/L [6]
labdadienyl/copalyl diphosphate synthase (SmCPS) and

kaurene synthase-like protein (SmKSL) as well as the fusion

of GGPP synthase and Erg20;

: 010-64807509

(5%8)
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(2 1)

Type of

. Product
terpenoids

Engineering strategy

Production titer

or yield

References

Taxadiene

Vitamin A

Triterpenes Ginsenoside

Squalene

B-amyrin

a-amyrin

Tetraterpenes  Lycopene

construction of a geranylgeraniol high producing strain,
screening different sources of miltiradiene synthase, construction
of chimeric miltiradine synthase and protein modification
Overexpression of tHmg1 and Upc2-1, changing the source of
GGPP synthase, and codon optimization of taxadiene synthase;
using a CRISPR-Cas9 based cloning-free toolkit to optimize
the expression of taxadiene synthase via screening promoters
and introducing different protein localization, stabilizing or
solubility tags;

multiple copies of taxadiene synthase fused with solubility
tags, and its fusion expression with Erg20

Introduction of B-carotene synthesis pathway and -carotene
oxygenase into xylose-fermenting S. cerevisiae, and
two-phase in situ extraction with dodecane as extractant
Semi-rational design of glycosyltransferase for improved
activity, preventing Rh2 degradation by
steryl-beta-glucosidase (EGH1) deletion and increasing the
supply of UDP-glucose precursor by overexpressing the
synthesizing genes;

modular engineering of the MV A pathway and optimization
of P450 expression levels to improve protopanaxadiol (PPD)
supply, increasing the copy number, engineering the promoter
and directed evolution of glucosyltransferase
Over-expression of the MVA pathway and squalene synthase,
introduction of HMG-CoA reductase from Silicibacter
pomeroyi and overexpression of ADH2 and ADA from
Dickeya zeae;

using peroxisomes as the subcellular compartment for
squalene synthesis, and dual modulation of cytoplasmic and
peroxisomal engineering

Down-regulating ADH1, ADH4, ADH5, ADH6, CIT2, MLS1
and ERG7 using CRISPRI to reduce the competitive
consumption of acetyl-CoA and oxidosqualene, and
increasing extracellular transportation by adding methyl
B-cyclodextrin;

strengthening acetyl-CoA supply by coupling endogenous
and several heterologous acetyl-CoA synthesis pathways to
B-amyrin production and disruption of acetyl-CoA competing
pathway

Engineering of a-amyrin synthase by semi-rational design
and site-directed mutation, and overexpression of DGA1 to
enhance the storage capacity of a-amyrin

Directed evolution of CrtYB and CrtE, and adjustment of Crt
gene copy numbers;

screening of the Crt genes and adjusting the copy numbers,
increasing the supply of acetyl-CoA, and balancing the
supply of NADPH;

overexpression of fatty acid synthesis genes to regulate
triacylglycerol synthesis;

3.5¢g/L

8.7 mg/L

20 mg/L

129 mg/L

3.335 g/L

~300 mg/L

2.25 g/L

9.47 g/L

11 g/L

156.7 mg/L

279 mg/L

1.107 g/L

1.61 g/L

3.28 g/L

2.37 g/L

[91]

[67]

[68]

[69]

[92]

[70]

[71]

[73]

[74]

[76]

[77]

[78]

[23]

[97]

http://journals.im.ac.cn/cjbcn
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(Z3k 1)
tetggr?oci)cfjs Product Engineering strategy Prodourc)t/lic;? dtlter References
down-regulating ERG9, knocking out DPP1, LPP1, ROX1, 41.8 mg/g DCW [93]
MOT3, directed evolution of CrtE and CrtB, overexpressing
OLE1 and STB5
B-carotene Overexpression of tHMG1, adding ketoconazole to inhibit the 6.29 mg/g DCW [84]

ergosterol pathway;

knocking out YPL062W, YJL064W, ROX1;
strengthening the endogenous synthesis (ERG19, ERG12 and

~2.1 mg/g DCW [94]
2.83 mg/g DCW [86]

ERG20 overexpression) and exogenous supplementation
(oleic acid and palmitoleic acid) of unsaturated fatty acids;

reducing the culture temperature (from 30 °C to 4 °C) and

4.94 mg/g DCW [85]

supplementation of triclosan as an inhibitor of fatty acid
synthesis to enhance the precursor supply for the MVA

pathway;

construction of glucose-responsive sequential control system

20.79 mglg DCW  [47]

for separation of cell growth and B-carotene synthesis

Astaxanthin

Co-directed evolution of CrtZ and CrtW, and two-stage

fermentation under control of the Gal4M9-based
temperature-responsive dynamic regulation system;

strengthening the MV A pathway and B-carotene synthesis

pathway, directed evolution of CrtW, and adjusting gene copy

numbers;

screening CrtZ of different sources, and ARTP-induced

mutagenesis, uncovering CSS1, YBR012W-R and DAN4 sites
as associated with biosynthesis astaxanthin;

ARTP-induced mutagenesis and H,0,-driven adaptive

evolution

235 mg/L [48]
47.18 mg/L [95]
219 mg/L [96]
404.78 mg/L [89]

3 T RENS NS R LR R AR5 L AR
T iAF 404.78 mo/L. VE# & B R R B bR
PN 3 P AR K SR B O H AR e K, AR R
FCY22 F1 YOR389W FEHHLARA IS, #2iHX
PR A3 DR AT BB T TE A A I et A s, Ry el
TP B S BN 38 DL S LAt 28 R AR 7= vy e 7
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