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Metabolic Engineering of Escherichia coli for Borneol Production Using an
Artificial Pathway
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Abstract: [Objective] This study aims to construct an artificial concise isopentenol utilization pathway (IUP)
with isoprenol as the substrate, thus addressing the limitations (such as excessive pathway length and high
cofactor demand) of the conventional MEP/MVA pathways and enhancing the biosynthesis efficiency of borneol.
[Method] A two-step enzymatic catalysis pathway with isoprenol as the substrate was designed for the synthesis
of precursor IPP/DMAPP in Escherichia coli (E. coli) BL21 to synthesize borneol. Subsequently, metabolic
engineering strategies were employed to further improve the synthesis of borneol, such as improving the soluble
expression level of the bornyl diphosphate synthase ChTPS1, screening different sources of prenyltransferases to
enhance the metabolic flux of IPP/DMAPP to GPP, optimizing the expression levels of key enzymes in the
borneol biosynthesis pathway, and screening highly active phosphatases. Finally, the effects of different metal
ions on the biosynthesis of bornol were explored. [Result] The artificial IUP increased the borneol production
efficiency by 12.70% compared with the MEP pathway. Through enzyme and pathway engineering, the titer of
borneol reached 2 642.8 ug/L. Further supplementation with Mg”" increased the borneol titer to 5 912.4 pg/L.
[Conclusion] The biosynthesis of borneol was achieved via the artificial IUP, which can provide theoretical and

methodological references for the biosynthesis of other terpenoids.
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Table 1  Strains used in this study
LZ3 T PR AR5 AE KR
E. coli BL21 (DE3) Wild-type E. coli strain 3 BT AE S 56 = AR A7
E. coli TG1 Wild-type E. coli strain 3 BT AE 52 56 2 AR AT
Bn01 E. coli BL21 (DE3) harboring pET-21b-1 EN I
TBO1 E. coli BL21 (DE3) harboring pET-21b-2 ENI
TB02 E. coli BL21 (DE3) harboring pET-21b-3 NI
Bn02 Bn01 harboring pRSF-1 AHE T
Bn03 E. coli BL21 (DE3) harboring pET-21b-2 and pRSFDuet-a EN I
Bn04 E. coli BL21 (DE3) harboring pET-21b-3 and pRSFDuet-a ENI
Bn05 E. coli BL21 (DE3) harboring pETDuet-a and pRSFDuet-a VNI
Bn06 E. coli BL21 (DE3) harboring pETDuet-b and pRSFDuet-a EN I
Bn07 E. coli BL21 (DE3) harboring pETDuet-c and pRSFDuet-a AHF 5T
Bn08 E. coli BL21 (DE3) harboring pETDuet-d and pRSFDuet-a VNI
Bn09 E. coli BL21 (DE3) harboring pETDuet-¢ and pRSFDuet-b ENI
Bnl0 E. coli BL21 (DE3) harboring pACY CDuet-a and pRSFDuet-a AHF 5T
Bnll E. coli BL21 (DE3) harboring pACYCDuet-b and pRSFDuet-b VNI
Bnl2 E. coli BL21 (DE3) harboring pRSFDuet-a and pCDFDuet-a AHE T
Bnl3 E. coli BL21 (DE3) harboring pCDFDuet-b and pRSFCDuet-b E NG
Bnl4 E. coli BL21 (DE3) harboring pETDuet-¢ and pACY CDuet-a VNI
Bnl5 E. coli BL21 (DE3) harboring pETDuet-b and pACY CDuet-b EN I
Bnlé6 E. coli BL21 (DE3) harboring pETDuet-¢ and pCDFDuet-a E NG
Bnl7 E. coli BL21 (DE3) harboring pCDFDuet-b and pETDuet-b EN T
Bnl8 E. coli BL21 (DE3) harboring pACY CDuet-b and pcdFDuet-a EN I
Bnl19 E. coli BL21 (DE3) harboring pCDFDuet-b and pACY CDuet-a NI
Bn20 E. coli BL21 (DE3) harboring pETDuet-¢ and pACY CDuet-c A
Bn2l E. coli BL21 (DE3) harboring pETDuet-¢ and pACY CDuet-d AHEF
Bn22 E. coli BL21 (DE3) harboring pETDuet-¢ and pACY CDuet-e ENGIA
Bn23 E. coli BL21 (DE3) harboring pETDuet-e and pACY CDuet-f AT
Bn24 E. coli BL21 (DE3) harboring pETDuet-e and pACYCDuet-g AHE T

Flash Master Mix: F§ 50 U# ME %% 22 9 B B I A TR
Iy Al s TG 4% 5 ik 71 Multif Seamless Assembly
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99.999%) AL A LB FEHIUFHCA R A A 7
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(AAA34499.1) .3 K GPP2 (CP026299.1) 3k ¥ T
S. cerevisiae BY4742. it 1 % ik # 14 1] Sanger Il
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A IspA ) PCR 7 18 LA K i #F 18 D i, il 5
Yt WTTO4/WTTOS5 ¥ 3 , B [K] ChTPS1 LA J2 #i 44
) Bt pETDuet PL X B 5T RL A 5 4 3k AT 97 3 , 15 2
IE B B B S TETUSC PCR 7= 4, 9 FH G 44 e B A 7
Multif Seamless Assembly Mix & 2 Fr Bt 5 # & 3k
73 H 41 i b pETDuet-a. [8] L, LA [F] () 77 44 2
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Table 2 Plasmids used in this study
g JoRL A AIE RV
pET-21b-1 pET-21b derivative with ChTPS1 ENTI
pRSFDuet-a pRSFDuet derivative with CKIPK .idi KN
pET-21b-2 pET-21b derivative with 32t-ChTPS1" ENTF
pET-21b-3 pET-21b derivative with 37t-ChTPS1 AW A
pETDuet-a pETDuet derivative with 32t-ChTPS1" and IspA EN I
pETDuet-b pETDuet derivative with 32t-ChTPS1" and IspA(S80F) KN
pETDuet-c pETDuet derivative with 32t-CATPS1" and ERG20CFI6WNI27W) ENTIF
pETDuet-d pETDuet derivative with 32t-CoTPS1" and tNPP ENGI
pRSFDuet-b pRSFDuet derivative with 32t-ChTPSI" and IspA(SSOF) EN
pETDuet-¢ pETDuet derivative with CK.IPK .idi AW A
pCDFDuet-a pCDFDuet derivative with 32t-ChTPSI” and IspA(SSOF) EN i
pCDFDuet-b pCDFDuet derivative with CK.IPK .idi NI
pACYCDuet-a pACYCDuet derivative with 32t-ChTPSI" and IspA(S80F) ENTIF
pACY CDuet-b pACY CDuet derivative with CK \IPK .idi AWFIE
pACY CDuet-c pACY CDuet derivative with 32t-ChTPS1"«nudJ and IspA(SSOF) NI
pACYCDuet-d pACYCDuet derivative with 32t-ChTPSI " nudF and IspA(S80F) AWt A
pACYCDuet-e pACY CDuet derivative with 32t-CbTPSI"\nudC and IspA(S80F) AW
pACY CDuet-f pACYCDuet derivative with 32t-ChTPS 1" BsnudF and IspA(SSOF) N
pACYCDuet-g pACYCDuet derivative with 32t-ChTPSI"GPP2 and IspA(SS8OF) ENTIF
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WP, AR T DL R A IO R A K A T B
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I 72 h BB, H bk Bn02 A UK AR EE PR RN
391.0 pg/L (4% ODgo =1 fr #E1L ) , 510 5 P P 1
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Table 3  Primers for plasmid construction

514 S (5—3")
WTTO1 CATGGTATATCTCCTTATTAAAGTTAAACAAAATTATTTCTACAGG
WTTO02 TGCTTAAGTCGAACAGAAAGTAATCGTATTG
WTTO03 CATATGTATATCTCCTTCTTATACTTAACTAATATACTAAGATGGG
WTTO04 TAATTAACCTAGGCTGCTGCCACC
WTTO5 ACTTTAATAAGGAGATATACCATGGACTTTCCGCAGCAAC
WTTO06 TTCTGTTCGACTTAAGCATCATTTATTACGCTGGATGATGTAGTCCG
WTTO07 GAAGGAGATATACATATGGCCTTACAGATGACAGTTCCATTTTTAAGTTC
WTTO8 AGCAGCCTAGGTTAATTATGCATAGCCACCATCAACGC
WTTO09 ATAAGGAGATATACCATGGTACAAGAATCACGTCCAGGGAG
WTT10 ATATCTCCTTCTTAAAGTTcACAAATAACTAGTATCGAGGAACTTGAAAGAGC
WTTI11 TAAGAAGGAGATATACATATGCAAACGGAACACGTCATTTTATTGA
WTTI12 TTCTGTTCGACTTAAGCATTATTTAAGCTGGGTAAATGCAGATAATCGTTTTCT
WTT13 CTTTAAGAAGGAGATATACATATGGAGTTGAATATCTCAGAATCTCGCTCACG
WTT14 GGCAGCAGCCTAGGTTAATTATTTCGAGAAGCGAATGATGGTACCTAAC
WTTI15 TAAGAAGGAGATATACATATGTGTTCTACAACCACGCCCACC
WTT17 TAAGAAGGAGATATACATATGTCTAAGCACATTAGTTGTTCTACAACCACG
WTTI18 ATCATGAATTAAAAAGTAAGCGTGGATACACTCTACGGC
WTT19 GCTTACTTTTTAATTCATGATGATTTACCGGCGATGGAT
WTT20 ATAAGGAGATATACCATGGCTTCAGAAAAAGAAATTAGGAGAGAGAGATTCT
WTT21 TTTCTGTTCGACTTAAGCACTATTTGCTTCTCTTGTAAACTTTGTTCAAGAACG
WTT22 GACCAACCAGTAAGCCTGCAACAACTCAATGCA
WTT23 CAGGCTTACTGGTTGGTCGCCGATGATATGATGGAC
WTT24 TTGCCATCTGGGACGCATTCATGTTAGAGGCTGC
WTT25 ATGCGTCCCAGATGGCAATTTCCCCAACTTCAGG
WTT26 AACTTTAAGAAGGAGATATACATGAGCGCGCGCGG
WTT27 ACTTTCTGTTCGACTTAAGCATTAATAGGTATGGCCGCCAAAGCG
WTT28 ATATCTCCTTCTTAAAGTTCATTTATTACGCTGGATGATGTAGTCCG
WTT29 ACTTTAAGAAGGAGATATACATATGTTTAAACCGCACGTTACCGT
WTT30 TTCTGTTCGACTTAAGCATTAGATGACACCCTTTGTAAAAGGCCAG
WTT31 ACTTTAAGAAGGAGATATACATATGCTTAAGCCAGACAACCTGC
WTT32 CTTTCTGTTCGACTTAAGCATTATGCCCACTCATTTTTTAACGCTTG
WTT33 ACTTTAAGAAGGAGATATACATATGGATCGTATAATTGAAAAATTAGATCACGG
WTT34 TTCTGTTCGACTTAAGCATCACTCATACTCTGCCCGACACAT
WTT35 ACTTTAAGAAGGAGATATACATATGGGATTGACTACTAAACCTCTATCTTTGAAAG
WTT36 CTTTCTGTTCGACTTAAGCATTACCATTTCAACAGATCGTCCTTAGCATATAAGTA
WTT37 ACTTTAAGAAGGAGATATACATATGAAATCATTAGAAGAAAAAACAATTGCCAAAGAAC
WTT38 TTCTGTTCGACTTAAGCATCATTTTTGTGCTTGGAGCGCT
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Fig.2 Effects of ChTPSI expressed with different truncation strategies on synthesis of borneol

37



38

Journal of Food Science and Biotechnology

23 BIRGPPERBEMMRIL

N T $7 HE Ak Bn03 1 TUP KI5 [ IPP/DMAPP
AN GPP 1 & Bl B L E# RIE T LM O & B
HH ¥ 57 1 0 B e R i A L R AR, I IspACK
Ji AT ok P D K& 58 A% 4K IspA (S80F) - ERG20
(F96W-N127W , Jig 75 % BF >k 5 ) . tNPP ( & Jiii ok
Y5O, B 70X LS g UK AR A B R R . 3
IspA IspA (S80F) \ERG20(F96W-N127W ) .tINPP %
5% 5 ¥ 2 7 pETDuet-32t-ChTPS1 Jii ki _E , 3K 15
HH L R 26 325 JBRORE C L2820 o 5 3 48 5 RL 20 591 5 45
# #k Bn03 ' () pETDuet-32t-ChTPS1 Jii Ki , 35 15 14
Fk Bn05.Bn06.Bn07.Bn08. |- iA T. 7% &tk 5 %f
T ¥R BnO3 F A 15 100 DL 1 3, L b A 3R Ik K
Ji7 FF 1 P9 YR IspA (SSOF) ) B ¥k BnO06 1 UK F 7= &
BRI, A F 1 4419 pg/L, % Bn03 1 H T
2.35%. 1M 2 3 F At Sk VR 1) S R 0 R R S I 1
B AR UK PR A BT RE AR, AT RE R T A R
GPP i 7 7 At AR U 38 #% , 49 W & Bk FPP, i3k M0 &
P FZ F T A
24 KRERERXBEEENRIEKEMK

B B AR R I TR 3R 0 7K P 1) 3 P ARG AL 6
FETH R A B R B O E BN i, 8
DXP & il ik PR 1) 2 3 24 M v 3% DL S0 R 4% 46 3]

Bn06 pRSFDue!l ; CK g IDI I; IPK_ PETDuct I ; IspA(SSOF) ' ; 32t-CbTPSI
Bn09 1pK_PRSFDuct I ; IspA(SSOF) I ; 320-ChIPSI
Bnl0 pRSFDuell ; CK @ IDI I; IPK pACYCDueII ; IspA(SS0F) I ; 321-CbIPSI
Bnll PACYCDHC‘I ; CK g IDI I; IPK_PRSFDuet I ;IsgA@on I ; 320-ChTPSI
Bnl2 pRSFDuell ; CK g IDI I; IPK. pCDFDuetI ; IspA(SSOF) I ; 326-ChTPSI
Bnl3 pCDFDuetl ; CK g» IDI I; IPK. pRSFDuctI ; IspA(SSOF) I ; 320-CHIPSI
Bnl4  pETDuct l ; CK g IDI I; IPK pACYCDuctI ; IspA(SSOF) I ; 320-ChTPSI
Bnl5 pACYCDuetI ; CK g IDI I; IPK_ PETDuet I ;IsgAgoﬁg I ; 320-ChIPSI
Bnl6 PETD"“' ; CK gm IDI I; IPK. pCDFDuctI ; IspA(SS80E) I ; 326-ChTPSI
Bnl7 PCDFD"ﬂ| ; CK g IDI I; IPK_ PETDuet I ; IspA(SSOF) I ; 326-ChTPSI
Bnlg8 pACYCDue‘I ; CK gm DI I; IPK pCDFDue‘I ;IsgA@oFg I ; 321-CbIPSI
Bnl19 PCDFDuell ; CK g IDI I; IPK PACYC“"='| ;IsgA@l}Fz I ; 32-CHTPSI
LG G s WiSk—T7R 3T
(a) TRERRR AL 2

PETDuet CK IDI

BE301 82025 F 4B | RREEVEARER

2000 110

WK EOD,, (i

1500

a
1000 15 &
o

VKPP (ug/L)

500

Bn03

Bn05 Bn06 Bn07 Bn08

B3 ARRRFRIGEFSE LN LD E R

Fig. 3 Effects of prenyltransferases from different sources on

the synthesis of borneol

K48 DU KL, T 4L R = R T 2~3 £
ik — 0 5 m UK IS RO R AN [E) # DE
ff) %% i& R ki pETDuet-1. pRSFDuet. pCDFDuet.
pACY CDuet X} B & Bn06 1 ¥k F & i 12 % B 5
CK.IPK .IDI. IspA (S80F) . 32t-ChTPS1 it 47 R
A5 RIE RS 120 TREw AR, R 4, Xfix s
TR T PR BEAT 8 R % K3 R PR Bl & UK Ry
[ 7= B ik 2 1 584.9 ug/L, % Bn06 #2 & 1 9.91%.

2000 - 110
I K 7 I OD, fE
49
48
1500}
47
=) —46
~ &
I 1 000 [ 45 &
iy g
- 1
43
500
42
41
Obqu\m%usb'\%qo
N e o o o o o o o o o o
[Ef3
(b) TR AIVK R

B4 KhALEREEXBEABDERARFGRAIT KR FZEH 00

Fig. 4 Effects of optimization of the expression levels of key genes in the borneol synthesis pathway on borneol titer



Vol. 44 No. 4

H 2, R T 4 SR Al 0 7R I G B KR R 1) L Ah 4 &
KETTRFEOKA T EA . #E—PUHE
I A5 DR R 5 TR 3R 08 UK 1) 38 T A G A T 2 T
WA K r= & B
2.5 A EBEREET RIAT K FEMERRIE M

UK AR A ORI i JE — 8 R UK R
TE 1 1% W 16 VR R o Bl R A vk . R KB T
BRI A LE VI 22 R 0 1 P U 9 TR il W LUK UK —
T 1R AT 25 R R Ak, (E R R M S LI . Sy Tk
— PR UK P AR R R AT B A VR
Nudix Z & % B 8 nudF . nudC.nudJ, DA & [ V7 Ji#
BE Sk U5 (1) GPP2 Al A % 2F 46 AT B 5K Ui (1) BsnudF,
PR 2 AN [F) SR 8 10 1 I X K = R RE . g
K nudJnudF nudC BsnudF 1 GPP2 4y | ££ 1 £
Bnl4 v id £ ik, 3£ 154 7 W #k Bn20.Bn21.Bn22,
Bn23.Bn24. X bk TR B AR A6 B8 1R A% Bnl14 ik
TR R, &5 LB 5. AR % T 0 I8 B 7k Bnl14,
i & E A nud] 8RB 1Y B bk Bn20 & UK 7 )
BRI, AR 26428 pe/L, & T 66.70%.
CAHMARE, L REGHEREG TR mERLEY
B A B o A5, 3k 3 0K BRI B BF SR U5 1) GPP2
T 2 i w1 DAL RUOK A 1 A& GPP, 32 /i B il 2k &
W a- 9% 0 1) 77 &N, BsnudF W R B H A K iR
DMAPP F1 IPP i 2 % [ 1 3% $£°2", [A) B Nudix
K T R Iy A1 A 0% A K R S S0 0 B O TR BT A
A R w0

30001 vk )y e WEIOD,, fi 10

2500

~2000

E 6

) 1

% %
) 1500 - 15 &
‘ o
i

%

1000 -

TBnl4 Bn20 Bn2l Bn22 Bn23 Bn2d4
itk

5 R B R KRR £ E R AR R

Fig. 5 Effects of overexpression of different phosphatases on

1
w

1
S}

50

O
1

the synthesis of borneol

REEE: ETRHEIRUEXBFENALEEERARHR

26 ERBFEHKRE KRB

&8 BT A AR KA R B T,
Blin 48 s T EEERmRK, ANEREE T
S W3 PR 0 I RS A, B 1 & R AR A
M EBRHEN S SR Y. EERRTAR
&8 BT X UK R AR A B RS A i R TR B R A
FABMMANREIRERNOI LIRS T K .
Mn* . Zn* \Fe’ . Ca” . Mg™, & B WK 6. ¥
Mg e @ T UK /=&, i85 3] 5 912.4 pg/L, M
TR Mg 1 £ 72 B 5E 1 123.70%. X 1]
A& 5 Mg 5% I BLRE A OB IR A Ok . BE AR
B, 76 55 7 rpois i Mg® Rl DUAR A I TS PG % B

B BT B P DL R R R R A R 9T A
i e Bt
7000 - 110
Bk EEOD,,
Jo
6000 |-
s
5000 | -
=
24000} 1° =
8] 15 &
= 3000} g
ic 44
=
2000 F 13
42
1000 |
41

0
W Mg K Ca¥* Mn* Fe*  Zn*
e

B6 RB4&EHB Tk EMERNF R
Fig. 6 Effects of different metal ions on the synthesis of

borneol
3 gk

VLR AT E. coli BL21 Jy 4% B bk, 18 1 %
TH UL I 0 B R S A0 1 7 A8 B AR A A v S Hh A TR
F1ON B e RO R R K R R 0 B AR A
IPP/DMAPP; [ifi 5 ik VK v — 8§ IR A l§ ChTPS1,
AL GPP ML A B oK Fr s i 4 17 A N L& 42 TUP
A RUK R AR B, & B TUP £ 0K Fr B9 4 i T B
B, Al Bk RS
CbTPS1 ) A ¥ 11 R 1k K~ AL AL HT & GPP & B AR
B RA K A s A5 0 Bl 2k DR 11 3 G PR R A L O
1% AN [F] R YR % TR A0 B DL S IR R & B R TR AR AR

39



40

Journal of Food Science and Biotechnology

K5 =16 B 52 e 45 5 2 A58 B AR DL SR 0 0
IR, & BOK A 7= &k 3 5 912.4 pg/L, 8L
£ MEP & /2 5 fih | 3R 0k — W B2 & B ChTPS1 4]
A ARPE R T 3.456% . MR A N T TUP s2
T UK A G R N R SR A S YR AR A 5
SE— G R 5 B AR LA

B IR AE 3 060 R i A B AT A TR el PA &%
RS R A, SEIL T BT N T IUP UK A9
GRGHEHERMBIKAFHE5#U0RKAE D
e T8 ) SCER AN B AR A AFAE ZEBE, BB A R IR
KA BEAT 4 2% : DX EEEE CPTPST VG EAR 2. A
W e A A E T AR N i {5 5 Ik 3% T ChTPST 1Y
ALV MR IB KT AR E 1 O AN JE BT A
T 0 ChTPS1 HEAT B 73 1 PR B v 203 0 128 =
WM R TR . 2D B Z 6 UK R A R SE AR
Ik o S BT K & SCHR 3R B AT A& GPP AT LA N IR
YE IspA ¥ A0 28 FPP, 1T & B 32 1 [ B 56 00 I 5 3
5 TUP SR 5 1 7 442 TPP 3 725 & R & UK By TR Bt
S AL B UK R R SE ARG i A G e
AT RIEK P IEE. HDEBEIEAR. SF
FoF LA AR I R B R 3T T Rauthitb, %
FAANEL > R B2 SRS, JR 828 T BB UK & B, 7
B0 A 5T 3R A5 1 TR B Bn20 (1 R B R gk
ITRGAA . DO VKR W& BT 78 R v
ANTERE . JE ST AT LLIE I 20 2 R 6 oK R A
PR 3R AT 20 A, 42 9 OB 00 o500 A e B BRI
AR = RE .

& CHk
(1] B, D& Ui, %, RV BEG e elI]. &
B 2 4 5,2021,46(1):57-61.
MA Q,MA R,JIN B L,et al. Research progress of natural
borneol resources[J]. China Journal of Chinese Materia
Medica,2021,46(1):57-61.(in Chinese)
[2]MEI Y Q, LI L N, FAN L H, et al. The history,
stereochemistry , ethnopharmacology and quality assessment
of borneol [J] .
115697.

[3] WANG S, ZHANG D, HU J S, et al.

Journal of Ethnopharmacology, 2023, 300:

A clinical and
mechanistic study of topical borneol-induced analgesia[ J].
EMBO Molecular Medicine,2017,9(6):802-815.

[4] YANG M Y,KHINE A A,LIU J W, et al. Resolution of

BE 30182025 F 4 B | ERE5EMBEARFER

isoborneol and its isomers by GC/MS to identify
“synthetic” and “semi-synthetic” borneol products [J] .
Chirality,2018,30(11):1233-1239.
[S]LI M J, HOU F F, WU T, et al. Recent advances of

metabolic engineering strategies in natural isoprenoid
production using cell factories[ J]. Natural Product Reports,
2020,37(1):80-99.

[6] NAGEGOWDA D A, GUPTA P. Advances in

biosynthesis, regulation, and metabolic engineering of plant

specialized terpenoids [J] . Plant Science, 2020, 294:
110457.

[7] MA R, SU P, MA Q, et al. Identification of ( —) -bornyl
diphosphate synthase from Blumea balsamifera and its
application for (=) -borneol biosynthesis in Saccharomyces
cerevisiae [J] . Synthetic and Systems Biotechnology,
2021,7(1):490-497.

[8] MA R, SU P, GUO J, et al. Bornyl diphosphate synthase
from Cinnamomum burmanni and its application for

( + ) -borneol biosynthesis in yeast [J] . Frontiers in
Bioengineering and Biotechnology,2021,9:631863.

[9JLEID W,QIU Z T,WU J H,et al. Combining metabolic
and monoterpene synthase engineering for de novo
production of monoterpene alcohols in Escherichia colil J].
ACS Synthetic Biology,2021,10(6):1531-1544.

[10] LUO Z S, LIU N, LAZAR Z, et al. Enhancing isoprenoid

synthesis in  Yarrowia lipolytica by expressing the
isopentenol utilization pathway and modulating intracellular

hydrophobicity [J] .

344-351.

[11] CHATZIVASILEIOU A O, WARD V,EDGAR S M, et al.

Metabolic Engineering, 2020, 61:

Two-step pathway for isoprenoid synthesis [J]
Proceedings of the National Academy of Sciences of the
United States of America,2019,116(2):506-511.

[12] PAN Q C, MA X Q, LIANG H, et al. Biosynthesis of

geranate via isopentenol utilization pathway in
Escherichia coli[J]. Biotechnology and Bioengineering,
2023,12001):230-238.

[13] ZHANG Y Y, CAO X S, WANG J, et al. Enhancement

of linalool production in Saccharomyces cerevisiae by

utilizing isopentenol utilization pathway[J]. Microbial
Cell Factories,2022,21(1):212.
[14] ZHAO M L, CAI W S, ZHENG S Q, et al. Metabolic

engineering of the isopentenol utilization pathway
enhanced the production of terpenoids in Chlamydomonas
reinhardtiil J1. Marine Drugs,2022,20(9):577.

[15] ok 57, K 22 BRSCHE . R AT B 8 A 2 20 b L3 R 3



Vol. 44 No. 4

HAE A WRIEFFHRELI]. BHEEMEARER,
2012,31(6):561-569.
HE B F, MI L, CHEN W H. Research advances in
mechanisms of protein secretion and secretory expression
of recombinant protein in E. coli[J].
Science and Biotechnology, 2012, 31 (6) : 561-569. (in
Chinese)

[16] MENDEZ-PEREZ D, ALONSO-GUTIERREZ J,HU Q J,

Journal of Food

et al. Production of jet fuel precursor monoterpenoids
from engineered Escherichia colil J]. Biotechnology and
Bioengineering,2017,114(8):1703-1712.

[17]) 90 i, Rt 25 B Resc. AR DR B50is K i AT B 1 7=

BemE[1]. i 5 R BT, 2021,47(22):8-15.
ZENG JJ,YU S Q,ZHOU J W. Metabolic engineering
of Escherichia coli for improving tyrosol production[J] .
Food and Fermentation Industries, 2021, 47 (22) : 8-15.
(in Chinese)

[18] JONES K L, KIM S W, KEASLING J D. Low-copy
plasmids can perform as well as or better than high-copy
plasmids for metabolic engineering of bacteria [J] .
Metabolic Engineering,2000,2(4):328-338.

[19]MA T F, ZONG H, LU X Y, et al. Candida

glycerinogenes-promoted a-pinene and squalene co-

production strategy based on a-pinene stress[J]. Journal

of Agricultural and Food Chemistry,2023,71(13) :5250-

5260.

[20] ZHENG Y N, LIU Q, LI L L, et al. Metabolic

REFEE: ETRPLENEABTENALERERKFHAR

engineering of Escherichia coli for high-specificity
production of isoprenol and prenol as next generation
of biofuels[ J]. Biotechnology for Biofuels,2013,6:57.
[21] GEORGE K W, THOMPSON M G, KANG A, et al.
Metabolic engineering for the high-yield production of

isoprenoid-based C; alcohols in E. coli[J]. Scientific
Reports,2015,5:11128.
[22] ZADA B, WANG C L, PARK J B, et al. Metabolic

engineering of Escherichia coli for production of mixed

isoprenoid alcohols and their derivatives [J]
Biotechnology for Biofuels,2018,11:210.
[23] CHOU H H, KEASLING J D. Synthetic pathway for

production of five-carbon alcohols from isopentenyl
diphosphate[ J]. Applied and Environmental Microbiology ,
2012,78(22):7849-7855.

[24] @, XA, BHER,%. &BE T2 Gluconobacter
oxydans 15 A B 2B FE-L- RRLI]. &S AEYHE
AR24K,2010,29(1):139-144
JI K, LIU J, QIN S D, et al. Enhancement of 2-keto-L-

gulonic production in Gluconobacter oxydans through

feeding metalions [J] . Journal of Food Science and
Biotechnology,2010,29(1):139-144.(in Chinese)

[25] PANG Y R, ZHAO Y K, LI S L, et al. Engineering the

oleaginous yeast Yarrowia lipolytica to produce limonene

from waste cooking oil[J]. Biotechnology for Biofuels,

2019,12:241.

DT G 8 < S AR A

41



