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Abstract:  Strong promoters might not be optimal to obtain maximum metabolic flux towards desired products, whereas

modulating gene expression with multiple regulatory parts is an option to obtain optimal expression strength. Therefore, we

assessed the difference of impact on B-carotene production between modulating isoprenoid gene expression with multiple

regulatory parts and strong promoter, to improve B-carotene production through combined modulation of essential

isoprenoid genes. Eight isoprenoid genes were modulated with six artificial regulatory parts having a wide range of

strengths to assess their effects on B-carotene production. Optimal strength for each isoprenoid gene expression was

identified, leading to 1.2 to 3.5-fold increase in B-carotene production. In contrast to previous reports, our work suggests

that modulating dxr, ispG and ispH genes with appropriate strengths increase B-carotene production. B-carotene yield

reached 17.59 mg/g after combined modulation of dxs and idi genes, 8-fold higher than that of the parent strain. Modulating

gene expression with multiple regulatory parts was better than strong promoter, providing a new gene modulation strategy

for targeted biosynthesis.
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Fig. 1 MEP pathway for isoprenoid biosynthesis in
E. coli and heterologous B-carotene synthetic pathway.
Abbreviation: G-3-P: glyceraldehyde-3-phosphate; DXP:
1-deoxy-D-xylulose-50phosphate; MEP: 2C-methyl-
D-erythritol-4-phosphate; CDP-ME: 4-diphosphocytidyl-
2C-methyl-D-erythritol; CDP-MEP: 4-diphosphocytidyl-
2C-methyl-D-erythritol-2-phosphate; MEC: 2C-methyl-
D-erythritol 2,4-cyclodiphosphate; HMBPP: 1-hydroxy-
2-methyl-2-(E)-butenyl-4-diphosphate; IPP: Isopentenyl
diphosphate; DMAPP: dimethylallyl diphosphate; GPP:
geranyl diphosphate; FPP: farnesyl diphosphate; GGPP:
geranylgeranyl diphosphate.
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Table 1 Escherichia coli strains used in this work

Strains Relative characteristics Sources

E. coli K-12 MG1655 Wild type Lab collection
MI1-12 ATCC 8739, FRT-Km-FRT::M1-12::lacZ [15]
MI1-64 ATCC 8739, FRT-Km-FRT::M1-64::lacZ [15]
MI1-30 ATCC 8739, FRT-Km-FRT::M1-30::/lacZ [15]
M1-46 ATCC 8739, FRT-Km-FRT::M1-46::lacZ [15]
M1-37 ATCC 8739, FRT-Km-FRT::M1-37::lacZ [15]
M1-93 ATCC 8739, FRT-Km-FRT::M1-93::lacZ [15]
dxs-M1-12-FKF MG1655, FRT-Km-FRT::M1-12::dxs This work
dxs-M1-64-FKF MG1655, FRT-Km-FRT::M1-64::dxs This work
dxs-M1-30-FKF MG1655, FRT-Km-FRT::M1-30::dxs This work
dxs-M1-46-FKF MG1655, FRT-Km-FRT::M1-46::dxs This work
dxs-M1-37-FKF MG1655, FRT-Km-FRT::M1-37::dxr This work
dxs-M1-93-FKF MG1655, FRT-Km-FRT::M1-93::dxr This work
dxr-M1-12-FKF MG1655, FRT-Km-FRT::M1-12::dxr This work
dxr-M1-64-FKF MG1655, FRT-Km-FRT::M1-64::dxr This work
dxr-M1-30-FKF MG1655, FRT-Km-FRT::M1-30::dxr This work
dxr-M1-46-FKF MG1655, FRT-Km-FRT::M1-46::dxr This work
dxr-M1-37-FKF MG1655, FRT-Km-FRT::M1-37::dxr This work
dxr-M1-93-FKF MG1655, FRT-Km-FRT::M1-93::dxr This work
ispD-M1-12-FKF MG1655, FRT-Km-FRT::M1-12:: ispD This work
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ispD-M1-64-FKF MG1655, FRT-Km-FRT::M1-64:: ispD This work
ispD -M1-30-FKF MG1655, FRT-Km-FRT::M1-30:: ispD This work
ispD -M1-46-FKF MG1655, FRT-Km-FRT::M1-46:: ispD This work
ispD -M1-37-FKF MG1655, FRT-Km-FRT::M1-37:: ispD This work
ispD -M1-93-FKF MG1655, FRT-Km-FRT::M1-93:: ispD This work
ispE-M1-12-FKF MG1655, FRT-Km-FRT::M1-12:: ispE This work
ispE-M1-64-FKF MG1655, FRT-Km-FRT::M1-64:: ispE This work
ispE -M1-30-FKF MG1655, FRT-Km-FRT::M1-30:: ispE This work
ispE -M1-46-FKF MG1655, FRT-Km-FRT::M1-46:: ispE This work
ispE -M1-37-FKF MG1655, FRT-Km-FRT::M1-37:: ispE This work
ispE -M1-93-FKF MG1655, FRT-Km-FRT::M1-93:: ispE This work
ispG-M1-12-FKF MG1655, FRT-Km-FRT::M1-12:: ispG This work
ispG-M1-64-FKF MG1655, FRT-Km-FRT::M1-64:: ispG This work
ispG -M1-30-FKF MG1655, FRT-Km-FRT::M1-30:: ispG This work
ispG -M1-46-FKF MG1655, FRT-Km-FRT::M1-46:: ispG This work
ispG -M1-37-FKF MG1655, FRT-Km-FRT::M1-37:: ispG This work
ispG -M1-93-FKF MG1655, FRT-Km-FRT::M1-93:: ispG This work
ispH-M1-12-FKF MG1655, FRT-Km-FRT::M1-12:: ispH This work
ispH-M1-64-FKF MG1655, FRT-Km-FRT::M1-64:: ispH This work
ispH-M1-30-FKF MG1655, FRT-Km-FRT::M1-30:: ispH This work
ispH -M1-46-FKF MG1655, FRT-Km-FRT::M1-46:: ispH This work
ispH-M1-37-FKF MG1655, FRT-Km-FRT::M1-37:: ispH This work
ispH -M1-93-FKF MG1655, FRT-Km-FRT::M1-93:: ispH This work
idi-M1-12-FKF MG1655, FRT-Km-FRT::M1-12:: idi This work
idi-M1-64-FKF MG1655, FRT-Km-FRT::M1-64:: idi This work
idi -M1-30-FKF MG1655, FRT-Km-FRT::M1-30:: idi This work
idi -M1-46-FKF MG1655, FRT-Km-FRT::M1-46:: idi This work
idi -M1-37-FKF MG1655, FRT-Km-FRT::M1-37:: idi This work
idi -M1-93-FKF MG1655, FRT-Km-FRT::M1-93:: idi This work
ispA-M1-12-FKF MG1655, FRT-Km-FRT::M1-12:: ispA This work
ispA-M1-64-FKF MG1655, FRT-Km-FRT::M1-64:: ispA This work
ispA -M1-30-FKF MG1655, FRT-Km-FRT::M1-30:: ispA This work
ispA-M1-46-FKF MG1655, FRT-Km-FRT::M1-46:: ispA This work
ispA -M1-37-FKF MG1655, FRT-Km-FRT::M1-37:: ispA This work
ispA -M1-93-FKF MG1655, FRT-Km-FRT::M1-93:: ispA This work
idi -M1-37-dxs-M1-64-FKF MG1655, FRT::M1-37:: idi, FRT-Km-FRT::M1-64:: dxs This work
idi -M1-37-dxs-M1-37-FKF MG1655, FRT::M1-37:: idi, FRT-Km-FRT::M1-37:: dxs This work
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Fig. 2 Construction of plasmids containing carotenogenic genes for B-carotene production.
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EcoR 1 I Sal 1 XUH§Y), 1£ T4 DNA JZEHHE )
fEHF 16 Cifdz, 152|Bk pTrc99A-M-crt,
[FIRER T, Wi R Bt X pACYC184-M Jii ki FH
Pac | f§Y), #ifkInlic, 7€ T4 DNA #HEEGH
EHT 16 Ci&Edz, 153 Bk pACYC184-M-crt
(A 2),
1.2.4 FAARMRAETTHERETE LR
I EE R B R BEA T TR

FH 6 MATRIFEEE (M1-12, M1-64, M1-30,
M1-46, M1-37 and M1-93) N T 5 sh T iM% I0
X KIAFF B MEP i 421 7 N (B4 dxs,
dxr, ispDF, ispE, ispG, ispH, idi Fl ispA) Fl
ispA SERIE YL AR KOT B AT o A T K%
MR HERE lacZ JH31F, WEICH R
M1-12, M1-64, M1-30, M1-46, M1-37 il M1-93
AT 0.1, 0.4, 0.8, 1.7, 2.5 F1 5 451,
TR Lu SFAR ik, il —xb@E s, #
FHAR )8 BE (e S s B A S R AT (1T 3).
51 gene-up-FRT, 4045 45 3 A 5 ki i 4%
XIRAME) 50 B IEANS FRT 551 [R5 20 /0

x2 KHRETARSY

Table 2 Primers used in this work

3. RIS 9N gene-RBS-down, L5 KIAFT
W lacZ FER B MEARSS & A0 s AR By 15 B2
FIRR 4 i PR R UG 2305 I 1) 50 A3t (1A 3,
22 2)o XF dxs FE, f#H dxs-up-FRT/dxs-RBS-
down 5 (% 2), LMEME RNA FE X% 1
(M-Lib1) H [ #H R 520 BRI SE R 2 DNA 374
DNA A B, 6 BBl A5 A pKD46 HI K
FFE MG1655 IRz 400t , 7£54 50 pg/mL
RIREZE N LB AR P i i35, PRk s,

F514) dxs-up-FRT/dxs-381-down #£47 PCR HiiF
(3 2). WUFIERAY se b, K HAm 440 dxs-M1-12-
FKF . dxs-M1-64-FKF . dxs-M1-30-FKF . dxs-M1-
46-FKF . dxs-M1-37-FKF L) }% dxs-M1-93-FKF

R FIRIRE B 7 vk i A ), B 5 19059 7
2 BN R T AR R — E A KT B R TR
% MEP B2 24~ EEFE, #R4 Datsenko
R U idi-M1-37-FKF (%) FRT-Km-
FRT, 133 idi-M1-37, SRJ54 8 Fik—5 0407
A M1-64 Fll M1-37 JE 8 FIR#% idi-M1-37 [
dxs FEIN . ¥ Bkl pACYC184-M-crt 54 A T4 i
PR EA R, TR -5 b

Primers Sequences (5'—3")
dxs FRT ACTACATCATCCAGCGTAATAAATAAACAATAAGTATTAATAGGCCCCTGGTGTAGG
Xs-up- CTGGAGCTGCTTC
GTGGAGTCGACCAGTGCCAGGGTCGGGTATTTGGCAATATCAAAACTCATAGCTGT
dxs-RBS-down
TTCCTGGTT
dxs -381-down GATGGAGGTTGATGAATGC

ATCGGCTGGCGGCGTTTTGCTTTTTATTCTGTCTCAACTCTGGATGTTTCGTGTAGGC

dxr-up-FRT TGGAGCTGCTTC

GTGCTGCAACCAATCGAGCCGGTCGAGCCCAGAATGGTGAGTTGCTTCAT

bR AGCTGTTTCCTGGTT

http://journals.im.ac.cn/cjben
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k2

dxr-320-down

ispD-up-FRT

ispD-RBS-down
IspD-251- down

ispE-up-FRT

ispE-RBS-down
IspE-369-down

ispG-up-FRT

ispG-RBS-down
ispG-305-down

ispH-up-FRT

ispH-RBS-down
ispH-395-down

idi-up-FRT

idi-RBS-down
1di-483-down

ispA-up-FRT

ispA-RBS-down

IspA-282-down
99A-F1-Pac 1-Spe I-Nde 1
99A-R1-Pac 1

99A-F2

99A-R2

184-F2

184-R2

crt-cluster-f

crt-cluster-r

CAAGCGTAGGTAACAGCCC

TGCCTGACGCGTCGAAGCGCGCACAGTCTGCGGGGCAAAACAATCGATAAGTGTA
GGCTGGAGCTGCTTC

AATCCGGCCGCCGGAACCACGGCGCAAACATCCAAATGAGTGGTTGCCATAGCTGT
TTCCTGGTT

TCATCACCGCCATCTACA

ACGGTGGTCAACGCATCAAGTTAAAAATGGATAACTGGATAGTGAAATAA
GTGTAGGCTGGAGCTGCTTC

ATGTATAAAAACAGATTAAGTTTTGCCGGAGAGGGCCACTGTGTCCGCAT
AGCTGTTTCCTGGTT

TGATTTAATGCCACCAGGAC

GCCGAACAATCACCGGCGCAGTAACAGACGGGTAACGCGGGAGATTTTTCGTGTA
GGCTGGAGCTGCTTC

ACGTAAATACGTGTTGATTTTCTACGTTGAATTGGAGCCTGGTTATGCAT
AGCTGTTTCCTGGTT

ACGCCGTATTCCGCTACT

TCATTTTGATATTGAAGTGCTGGAAATCGATCCGGCACTGGAGGCGTAAC
GTGTAGGCTGGAGCTGCTTC

CGGTCTACCCCGGCACAAAAACCACGCGGGTTGGCCAACAGGATCTGCAT
AGCTGTTTCCTGGTT

CCCATTGTCCCTTCCACT

TCACTTGGTTAATCATTTCACTCTTCAATTATCTATAATGATGAGTGATCGTGTAGGC
TGGAGCTGCTTC

CCCGTGGGAACTCCCTGTGCATTCAATAAAATGACGTGTTCCGTTTGCATAGCTGTT
TCCTGGTT

CGTGGCATCAATACCGTGTA

CTGACAATGAAGACGCCTCTCTAACCCCTTTTACACCGGACAATGAGTAA
GTGTAGGCTGGAGCTGCTTC

GCCTGGTTGGCCTGCTTAACGCAGGCTTCGAGTTGCTGCGGAAAGTCCATAGCTGT
TTCCTGGTT

CAGATCGTCATCATCCATTG
TTAATTAACTAGTCATATGGGCATGCATTTACGTTGACA
TTAATTAA AGAAACGCAAAAAGGCCATC
CATTCAAATATGTATCCGCTCA

CGCAGGAAAGAACATGTGAG

GGGAGAGCCTGAGCAAACT

CGATGATAAGCTGTCAAACATGA
CTGTGAATTCAAGGAGATATACCATGATGACGGTCTGTGCAGAA
TTGCAGTCGACGCTGCGAGAACGTCA
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Fig. 3 Modulation of dxs gene expression with six artificial regulatory parts.

2 HRGH

2.1 FRikFARIME

H T HMIGEIMEIL R, ARG PCR
(77 %, R T AR EUA pTre99A-M Fil
pACYC184-M, XM~k EA A [R5 2+ il
Z N, BAARFEE SR GEOS Prikdt
DRI FIAS ) Fég 4 D%, 1) FH 3k 7 A4 SOk AT AT AL L
BAHR 2T, AR IRIEE DA MR G E bR
YIsZm i BRIEL 2 Bt A ok

Rk fE, BRI NI Pac 1 535
B OIS BORL, B UE RS IR I . A5
Kl 4 fir7R, pTre99A-M 28 Pac | BV 5 153 2K/
51 771 bp FI 1 978 bp &4 (K 4A),
pACYC184-M Z[R i ENVIEE Pac 1 BEYVIHIK
/IR 1978 bp Fl 2 204 bp (5 (K 4 B), 4
SR —3k, UL BRI HE T

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

bp bp
5000 5000

2000
2 000

750
750

500
500 250

250

4 ELHRAL pTre99A-M F1 pACYC184-M HyfiE1]]
BE

Fig. 4 Identification  of  pTrc99A-M  and
pACYC184-M by restriction endonuclease digestion.
(A) M: DNA marker trans2K; 1: pTrc99A-M; 2:
pTrc99A-M digested with Pac 1. (B) M: DNA marker
trans2K; 1: pACYC184-M; 2: pACYC184-M digested
with Pac 1.



RIS S/EMBRTHREEES R RERAER - RN

22 SMNEE NREEFRERNAEE
KIGF A BB G- MR AYRE
AZBIA ertEBIY 3£ 5, KIAFF AT LA =
B-iA % NI, MK 2 FiR, TEBERANZ HE
CGMCC No. 1.2244 11y B-FHE b R G U KR
T, M pTrc99A-M-crt Fll pACYC184-M-crt J5i

ki, HTHA™ B-IE P&

TR pTrc99A-M-crt W IIE, 2R
HIPEPI VIR EcoR 1 #1 Sal 1 BEYIHAE, 153K/
43512 5 804 bp A1 3 716 bp AT (B 5A), H.
¥ TER ; EZH TR pACY C184-M-crt 5B 1
WG Pac | fEVIRIR/INR 7 749 bp Fi1 2 204 bp
25T (K 5B). S5 R S —3, JFITFIE,
i W JBORLAL 2 R )

2.3 REIRKX B-tAE MNEREERE
A pTre99A-M-crt Al pACYC184-M-crt 45

bp bp

5000
5000 2000
2000 750
750 500
500 250
250

Bl 5 FELHFRHK pTrc99A-M-crt 1 pACYC184-M-crt
HIBETI & E

Fig. 5 Identification of pTrc99A-M-crt and
PACYC184-M-crt by restriction endonuclease digestion.
(A) M: DNA marker trans2K; 1: pTrc99A-M-crt
digested with EcoR I and Sa/ I; 2: pTrc99A-M-crt. (B)
M: DNA marker trans2K; 1: pACYC184-M-crt digested
with Pac I; 2: pACYC184-M-crt.
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Fig. 6 Comparison of f-carotene production by
MG1655 transformed with pACYC184-M-crt and
pTrc99A-M-crt.
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2.1 f123 1% (36 3). A% dxr. ispDF . ispE . ispG
M ispH BEPJE, B-TAE MR 8 B A R
1.2 3] 1.4 %, AT A HPLC &0 T B-51% b
R EE (%58 pACYC184-M-crt ik
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SRR PRGN 7.8 mg/g T
A

Table 3 Relative B-carotene production of engineered E. coli after modulating isoprenoid gene expression

Strain® OD53/0ODgq Relative B-carotene production
E. coli K-12 MG1655 0.09+0.01 1.0
dxs-M1-37-FKF° 0.32+0.11 3.5
dxr-M1-12-FKF® 0.13+0.00 1.4
ispD-M1-93-FKF " 0.12+0.03 1.4
ispE-M1-30-FKEF ° 0.1320.01 1.4
ispG-M1-37-FKF ® 0.100.05 1.2
ispH-M1-64-FKF ° 0.1120.02 1.2
idi-M1-37-FKF° 0.20+0.00 2.1
ispA-M1-30-FKF 0.21+0.07 2.3
idi -M1-37-dxs-M1-64-FKF 0.49+0.004 5.4
idi -M1-37-dxs-M1-37-FKF 0.71+0.033 8.0

* All strains were transformed with pACYC184-M-crt.

> OD,53/0Dygoo value was for the highest one among the 6 engineered strains modulated with varied strength.

Yuan %[2]5@5ﬁ§§?§% , HEREER TS B 3h
TH# MEP #4210 dxs . ispDF ., ispE Fl idi 1% 4
AFERES, B-EAE MR RS E T 100% |
40% . 20% 1 40% ; HFHESRER T5 )5 sh 1
¥ dxr, ispG M ispH FEHET, B-HE N2 =8
M FRET o AR T 6 NHAARFRERA

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

T TTAERT MEP 3842 13X 7 N JE I E Tl 4
R B 5 B (AR TC XY doery ispG L ispH
FER TS, WREE LR B N R R
IR T 40% . 20%F1 20%). 5351, F&fi1iH
1% dxs., ispDF ., ispE Fl idi iX 4 3EH, B-H %
NER AR S IR B LU TS MR, A3l
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Fig. 7 Relative B-carotene production after modulating isoprenoid gene expression, which was compared with the wild
type E. coli MG1655. All strains were transformed with pACYC184-M-crt.
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Fig. 8 Relative B-carotene production after combined modulation of dxs and idi gene expression, which was compared
with the wild type E. coli MG1655. All strains were transformed with pACYC184-M-crt.
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