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Abstract: Isoprenoids are all derived from two five-carbon building blocks called isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP), which are synthesized either by the mevalonate (MVA) pathway or
2-C-methyld-D-erythritol-4-phosphate (MEP) pathway. In this study, the MVA pathway genes were integrated into the
chromosome of LYC101, in which the expression of key genes in the MEP synthesis pathway and lycopene synthesis pathway
were optimized by artificial regulatory parts, to further improve the production of isoprenoids in Escherichia coli. The
plasmids pALV23 and pALV145 were screened from a plasmid library that constructed by using the RBS library to link the
genes of the MVA pathway, which greatly increased the production of B-carotene. The effects of plasmids pALV23 and
pALV145 on the lycopene production in low and high lycopene production strain, LYC001 and LYC101, were compared,
respectively. The production of lycopene was increased by plasmids pALV23 and pALV145 in both strains. In high lycopene
production strain LYC101, pALV23 produced more lycopene than pALV145. Then, the MVA gene together of promoter of
pALV23 was integrated into the chromosome of LYC101 at poxB site using method of homologous recombination helped by
CRISPR-Cas9 system, resulted in genetically stable strain, LYC102. The yield of lycopene of LYC102 was 40.9 mg/g DCW,
1.19-folds higher than that of LYC101, and 20% more than that of LYC101 with pALV23. Simultaneous expression of MVA
pathway and MEP pathway in recombinant E. coli can effectively increase the yield of terpenoids. In this study, a
plasmid-free, genetically stable, high-yielding lycopene strain was constructed, which could be used for industrialization.
Also, the platform strain can be used for the synthesis of other terpenoids.

Keywords: mevalonate pathway, isoprenoids, lycopene, CRISPR-Cas9 system, Escherichia coli
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Fig. 1 Construction of lycopene synthetic pathway in E. coli through MVA and MEP pathway. **%*

multi-steps reaction.
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HYEHER . AB EM SanPrep H:x PCR 7=
ot e, WHA TAY TR (HE) Kk
AR ] ook /) P 4 O R & B 35
Axygen /A F] ; Trans 2K Plus DNA Marker ,EasyTaq
PCR SuperMix DNA AR H bt &8k
T.#Awl; PrimeSTAR™ HS DNA % 4 il Al
DNase I (Recombinant DNase I , RNase-free, Cat,
No 2270 A) A H =AM TR (Ki&) ARAFA;
Gold View I AUA% IR 4% 2571 5 A6 3 R £ FHY
A MRAF ; Phusion™ #ERE DNA RA I H
NEB 2Aw); FHAZLEARmIE A 3EE Sigma 2 H]
(Cat. No. 75051); HAFI M 43 #r 4k .

x 1 AW ATH A E PRI B

Table 1 Strains and plasmids used in this study

1.2 XFE5KRE

S840 AT W43 o6 6 11, Shimadzu UV-2550
spectrophotometer (Shimadzu, Kyoto, Japan); PCR
¥ 1#44%, Eppendorf Mastercycler gradient; 4= H 3f]
Bt B 1% &R 4, Alphalmager HP ; H F% ¢
MicroPulser; {5253 2041, Eppendorf 5415D;
BB % E.CHL, Thermo Sorvall Evolution RC;
ER AR 53, Agilent Technologies Series 1200,
S E & PCR %, CFX connect™ Real-Time
system (Bio-Rad, Hercules, USA).
13 kSRR

AHIEFE i T B R A ORI 3R 1
14 F%
141 BFRBERIEFRFE

LB Higehk: 1L WAt 10 g BREEFIMR .

Strains

Description

Sources

LYC001
LYC101

LYCO001-pALV23
LYCO001-pALV145
LYC101-pALV23
LYC101-pALV145
LYC102

Plasmids

pRed_Cas9

pALV23
pALV145
pACYC184-gRNA
pPoxB-N20

pPoxB-ALV23

ATCC 8739, M1-37::dxs, M1-46::idi, M1-93::crtEIB

ATCC 8739, IdhA::trc::crtEIB, M1-37::dxs, M1-46::idi,
M1-46::sucAB, M1-46::sdhABCD, M1-46::talB, mRSL-4:: ispG,
mRSL-14:: ispH

LYC001 with plasmid of pALV23

LYCO001 with plasmid of pALV145
LYC101 with plasmid of pALV23
LYC101 with plasmid of pALV145
LYC101, poxB::ALV23

kan, derived from pKD46, exo, bet, gam, arabinose operon, Cas9
from, pCas9, temperature-conditional replicon
cat, plasmid from pACYC184-AL-mva

cat, plasmid from pACYC184-AL-mva
cat, derived from pACYC184-M, gRNA with N20

cat, derived from pACYC184-gRNA, gRNA with N20 and
homologous arms of poxB

cat; trac promoter followed by ALV23 amplified from pALV23
cloned into pPoxB-N20

(8]

Lab collection

This work
This work
This work
This work

This work

Lab collection

This work
This work
Lab collection

This work

This work
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5 g BEEHEEYIM 5 g Wb, ARHEEHER. &
R, R RIRE ZLWE 7N 100, 34,
50 pg/mL. LB [EAREFH S 1.5%0 305

LB+2%H i 350 1 L 853 35405 10 g JiE
B, 5 g BRI . 5 g AL 20 mL
JERTE
142 FHARLAREWE A

PRAEF-80 CHYBFI7E LB P-4 2k is 1k,
PRIBCA V& RN 3] 15 mmx100 mm R4S (7% 4 mL
LB £53: %) v, 37 °C . 250 r/min £53% 24 h, 1%
Ferp i3] 100 mL =)k (& 10 mL LB+2%
HimiEgRak) v, 37 °C. 250 r/min 1537 24 h, Ik
LW T EFMAR S BRI
S 3 AFATRE, SIS RELH 3 A AT
¥iMH.

I AL R 7 s, SEHC 500 pL f¢ I T
¥, F 13000 r/min &.0> 5 min, JCRIKEBEE,
M1 mL NERETFEDCIE, 7E 55 CRRmE &AM T2
B 15 min, SRJEEAESLTE 14 000 r/min T B
10 min, A FBAMLLEA - IE LI T E &
FLLZE = hE . FH iR SO €0 3500 R 76 7 21 2 i vk
BB KM S VWD Kl #S . Symmetry C18
%K (250 mmx4.6 mm, 5 pm), Vi A N B
N AW EE (21021 :8), Wik 1.0 mL/min,
i) 20 min, A 30 C, Kl 480 nm.
ANERIAE S 20 3 AFATHE, SEIREs RIE 34
SEATHIFRIME . A A Sigma 28 T ARLL R bR
SR HPLC FrifeMhZe. ST H (DCW)
il 1 ODgo=0.343 g T4l it e 4,

143 BEAPURAE

Fil Golden Gate Jr A ki 7281 35 5e k4
## pPoxB-N20 Jiikr, FHTHAMERE#E L cas9
8 B 7 47 A B 2H R A R D DA R R AR A il
(poxB) i, LA pACYC184-gRNA JFiki WAk
Bz, LA N20-B-F1/N20-B-R1 ¥ 34FkiE4e . LU
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Bl g N20 B Bii 48, H poxB-bsal-F1/poxB-
bsal-R1 ¥ ¥4 fp4& 4 X3k, # 3 1~ H B Golden
Gate Jy ki 7% 4%, 155 pPoxB-N20 ik, #4%#
WAEILE 2. Hi poxB-N20-B-F2 5[4 |- % cas9
WU poxB LK 1 — Bt 5 GCC AHAR 1Y 20 ~Hf L
(CGCCGACACGTTAGTGCTACT), jiiit PCR #f
X 20 MEEIEEEF] gRNA |, TR Hir
DNA, JEXTE#ATIIH,

SRIGFIEE ] FEAM pPoxB-ALV23 JFiki .
FH poxB-bsal-F2/poxB-bsal-R2 X} pPoxB-N20 Jii #i.
PEAT Y1, #5315 8] VR 41 (4 poxB [F] Il cas9
PN N20 1 H Bt F MVA-bsal-F/MVA-
bsal-R 43 pALV23 ki, 5% pALV23 ki I
MVA i 12 JLA R SRR 8l 1, 4 5 e B
Golden Gate J5 %1714 4%, 147 pPoxB-ALV23,
FHFAE LYCL101 Hriff A7 W I s 4 . A4 B p ik S i
BRI LR 1o A58 B 5 19791 L3R 2.
1.44 CRISPR-Cas9 REMEIERNBE

M4 Zhao % cmkdiiE!™™, Al CRISPR-Cas9
RGBS MVA B3, 78 LYC101 PR
4k, pRed_Cas9 il pPoxB-ALV23 ik, R)5
FHBTHLA A S cas9 ik , X YL ({4 poxB 1) N20
X T %], pPoxB-ALV23 $i4it poxB [&] Ik
M MVA B2 5L MR s F i s G 855
mvaE-430-r/poxB-yz-up 51¥#EATIIE, A W
Uy WP IER bR 48 LYCL02, Beiks5 |4 W
* 2,

2 BRSS9
21 FRRFRIEMVA REERAMEMLETS
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HTIEEE MVA 42 a) =4 B R X4 i A
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sal Zmess wareEREsEnaEcs (QLUD

s poxB
- —
Pta-bsal-F1 Pta-bsal-R 1
N203r1( ,\ "NzoBRl
N20-B-R2 \\
0- h N20-B-F2 Gal-gadA-F Ga8-R1-SpmvaK2-R
[]“‘))‘M\J{\!M"' " ml:m nm
Wi PCR B V7
bsal
Pox-bsal-F1 (1 . u; Ligate i
Pox-bsal-R2 (715 .. 737)
Gal-gadA-F (738 63)

pPoxB-N20 .

5651 bp 83 :xll]g_itf Pox-bsal-R1 pPoxB-ALV23

. 11 057 bp
. 5_00036 /. Pox-bsal-F2
J5 00037
llp415037 / (7396 .. 7414) Pox-bsal-F2
.”.4' S (7372 395) Ga8-R1-SpmvaK2-R
(2952 ..2987) Pox-bsal-R1 =<
2 RRHMERREE

Fig. 2 Construction of plasmid.

x2 AHRATARSIY

Table 2  Primers used in this work

Primers Sequences (5'—3’)
N20-B-F1: CCAGGTCTCAGTGCGCCATGAGAACGAACCATTG
N20-B-R1: CCAGGTCTCAGCTAAGATCTGACTCCATAACAGAGTACTCGC
poxB-N20-B-F2: CCAGGTCTCATAGCCGCCGACACGTTAGTGCTACTGTTTTAGAGCTAGAAATAGCAAGTT

AAAATAAGGC

N20-B-R2: CCAGGTCTCAACCGCTGGCTAAATACGGAAGGATCT
Pox-bsal-F1 CCAGGTCTCACGGT GCTGACGCGCGATGTAAAACGCGGTGATTA
Pox-bsal-R1 CCAGGTCTCAGCACCGAAATGGATATCGTCGGGTTTGATTTTCATCGCCA
Pox-bsal-F2 CCAGGTCTCA CCAG TGGTACGCCAACGGTGTGG
Pox-bsal-R2 CCAGGTCTCA GAGC ATCATCGGGCATAAGGCGATTAT
Gal-gadA-F CCAGGTCTCA GCTCGGGCGATTTTTATTACGATAATAAAG
Ga8-R1-SpmvaK2-R CCAGGTCTCA CTGGTTACGATTTGTCGTCATGTCCTAT
P15A-YZ-Up TTTATCTCTTCAAATGTAGCACCT
mvaE-430-r AGGCATCCGTTAACCCATC
poxB-yz-up ATATCGCGCCGGGCAATAT

RBS CJF, #KIE FZMEKE Enterococcus
faecalis CGMCC No.1.2135 i) Z. BtAfifi A Z Bt
i/ HMG-CoA IR IEN (mvaE) Fl mvaS Jt
B, DL RCRIR F il R 55 BR i Streptococcus
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pneumoniae CGMCC No.1.8722 i Ff ¥2 1 R 1 i
FE (mvaKl). B R GRR LN (mvaK?2)
TR RS IR 5-FE MR iR M BE Y (mvaD) FHAN W]
RBS ZEHEF[F]— Bk b, 132 MVA &2 0
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Fik. T B-H1E SRR — 25 Tk,
Herp pALV23 I pALV145 fifi B-#185 27" it s,
K TR MVA 42 5L R AE B A R AT i v 2 it
LR RN, ASBFTOR X A BB (03 W ik
PR AL R L A AT B LY C001 Al LYC101 Ay
9% . LYCO01 J&7E% Ak A MMz # Pantoea
agglomerans Y crtEIB JEE F LAl -, 4351H M1-37
F1 M1-46 J5 )75t MEP 3&4214 idi F1 dxs #4745
AIBERR, T LYCL01 J27E LYCO001 Jefi b Xif st
IEARFEDIFN MEP 342 CHEBE A ispG Fl ispH iE—20
TS, LYC101 /) &4l &)™ g ic & T
LYCOO0L (4K 20, I PIbk o th & bk, BF5emi
AR IR B A LT R P N, R
RiAE e AR TRV E 2 AR

ZERANE 3 Frs, LYC101 H MEP &2 bR
Fik, MBI HMBPP 1 251 1 40 i 1
A A K Mg A T LYC001, 4 fifl ODgoo H LYCO01
15 16.5%, M ALl &7 f & LYCO001 iy 3.75 £ .
# pALV23 Fl pALV145 #44k LYCO001 A1 LYC101
WRSE , XA R BA KR (8 3A). #

A B
18 oWithout plasmid
mWith pALV023
161 mWith pALV145
s
14 1
T
12+
210}
Q
S 4l
6 L
41
2 L
0
LYCO001 LYCI01

3 MVA B fEFE L R E AR EIE

Lycopene yield (mg/g DCW)

PALV23 Fl pALV145 #44k LYCO0L Ji5, ALl ™
AR T 1.98 51 2.9 %, 415k 14.87 mglg
DCW 71 19.45 mg/g DCW, PN TR R AL K 72
HIEEY Ye ST B-IE DR RS AR —
., pALV145 FORiR SIS b R mACRIET
PALV23 [Fikr K pALV23 il pALV145 §£4k LYC101
&, TR R T 83%F1 37%, J33lh
34.12 mg/g DCW 7 25.66 mg/g DCW., pALV23 Ji
PR R AL R BSCRILT pALV145 ik,
i LYC101 Fah4l & &tfm T LYC001, #EMITEZR
NSRRI N R
HHER MVA B 5L R R IR LA AR,
DITEAR P20 N R wtk T, pALV145 Bokifi T
PALV23, TAERm IS N RWERT, 45540
2, ATREFIAIER A AR A G
22 MVA gEEEESRNEE

PR Sy B Gk e RN, ARAT R BORE AN AR
T ORI 08, A s T RE i H AR = 1 i
PP Tl MVA SRR E R IL, AR
2K MVA iR 72 56 #2451 LYCL101 [ poxB 37 1, o

40
350 O Without plasmid
@ With pALV023 Ew

30| B With pALV 145

25 F

o 1

15 |

10 +

L

0

LYCO001 LYC101

Fig. 3 Lycopene production and cell growth of strains with pALV23 and pALV145. (A) Cell growth. (B) Lycopene

yield.
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A3 4T 4E A EE poxB-N20 UKL 3 NS5
Z5RANE AA R, SRR 2.2 kb BEEE 1A
400 bp AHZE 2, L& 2.9 kb [¥) poxB FE K F B,
# 3 4~ A B Golden Gate )y ki £ ) , BUSH M 78
W& Al P15A-YZ-Up/Pox-bsal-R2 #| ¥y it 17 1 7%
PCR, 56 UF A4 7 A S JB0kE , 45 S Unf&l 4B fif/R , PCR
53 1.25 kb 45747, 741 IE 8 19 5Ok A poxB-N20,

PCR iy 1 pALV23 Jfiki F MVA &% JL
NN N HE 75 H PCR iky &
poxB-N20 Jii ki, £33 7% poxB [A] Y5 Fil poxB Kk K
i) — Bt gRNA RT3 N20 Fr B, 4 R Bt

A M 1 2 3

5000
2000
1 000

0

bp

5000
2 000

1 000

4 MERNEIEREHRIE

JH Golden Gate Jy kA7 i% e . 4 PH M v
P15A-YZ-Up/ mvaE-430-r #£17 PCR B E, 455 4n
K 4C s, 25 1.85 kb &4 MIEH ke, 155
pPoxB- ALV23, HIT#4 MVA 125 A,

2.3 CRISPR-Cas9 AT S MVAIRREE
Higs p-#AE MRFE

CRISPR-Cas9 F 4t s — Ffi i 5E DK 2H i 45
T H R AR SR A9 RNA (Guide RNA,gRNA)
¥ Cas9 1% 2 s 1) 3 PRI 4 b i) HLAARHE o5, DT X
A FERNL AT H . AR Zhao 45 SCHER
i# , Fil CRISPR-Cas9 Z 4t fili i A s £ 5 119

5000
2000

1 000

bp

5000
2 000
1 000

Fig. 4 Certify the correct plasmid and stain after MVVA genes integrated. (A) PCR of backbone 1, backbone 2 and poxB
gene for pPoxB-N20. (B) PCR verification of pPoxB-N20. (C) PCR verification of pPoxB- ALV23. (D) PCR

verification of the recombination.
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£ LYC101 Btk 41k pRed_Cas9 #1 pPoxB-
ALV23 Jikr, SRJ5 FHBTHIANES S cas9 ik, X}
e e poxB [ N20 X IR #E1TP)%], pPoxB-ALV23
P2 poxB [F] VR Fl MVA & 12 5L 8 K 5 8 1k 1 7
G HIE RS IR RER & BB
HE., MR FIREZR ¥, H mvaE-430-r/poxB-
yz-up I AR B TR SEA T IR, A5 AR A
4D fir/R, PCR B HEf3 5 1.5 kb 14535, il 4
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Fig. 5 Lycopene production and cell growth after
integrating MVA genes.
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