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Abstract: Succinic acid is an important C4 platform chemical that is widely used in food,
chemical, medicine sectors. The bottleneck of fermentative production of succinic acid by
engineered Escherichia coli is the imbalance of intracellular cofactors, which often leads to
accumulation of by-products, lower yield and low productivity. Stoichiometric analysis
indicated that an efficient production of succinic acid by E. coli FMME-N-26 under
micro-aeration conditions might be achieved when the TCA cycle provides enough ATP and
NADH for the r-TCA pathway. In order to promote succinic acid production, a serial of
metabolic engineering strategies include reducing ATP consumption, strengthening ATP
synthesis, blocking NADH competitive pathway and constructing NADH complementary
pathway were developed. As result, an engineered E. coli FW-17 capable of producing 139.52 g/L
succinic acid and 1.40 g/L acetic acid in 5 L fermenter, which were 17.81% higher and 67.59%
lower than that of the control strain, was developed. Further scale-up experiments were carried
out in a 1 000 L fermenter, and the titer of succinic acid and acetic acid were 140.2 g/L and 1.38 g/L,
respectively.
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fili b, A B A TR S g 41 5 )54 ATP 5 NADH
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IPTG), M A4 T A4 TR EH) B A R
Al AL R AR BOR & L W B RARAE LR
FALROAERAR; R . FLR . 4R . F ik,
Sigma /A #]; PCR 519yt J8 kAR (i)
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ARAFG G HAREG I A E Rl 9, 10 g/L R K.

FIARAT KBRS AL 40 /L #i%HE, 5 g/L FAHK,
1.1.3 ExRE 3.3 g/L (NH,),SO4, 0.6 g/L KH,PO,, 1.4 g/L

LB 555 10 g/L NaCl, 5 g/L BERHEEL K,HPO,-3H,0, 0.4 g/L MgSO,4-7H,0.

x1 AMARFAERBEM
Table 1  Strains used in this study

Strains Description Source

E. coli IM109 General cloning host TaKaRa Bio.
FMME-N Wild type screened from rumen of camel (preservation number, CCTCCM2018568) Lab stock
FMME-N-1 After ARTP mutagenesis breeding from FMME-N Lab stock
FMME-N-2 After **Co-y irradiation mutagenesis breeding from FMME-N-1 Lab stock
FMME-N-26 FMME-N-2 ApfIB-focAAldhAAptaAtdcDAtdcE Lab stock
FW-1 FMME-N-26-PJ01-Zmglf This study
FW-2 FMME-N-26-PJO1-pgm This study
FW-3 FMME-N-26-PJ01-Aspck This study
FW-4 FMME-N-26-ApoxB-Aspck This study
FW-5 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-H-Zmgl f This study
FW-6 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-M-Zmglf This study
FW-7 FMME-N-26-ApoxB-Aspck-PJO1-H-pgm-L-Zmglf This study
FW-8 FMME-N-26-ApoxB-Aspck-PJ01-M-pgm-H-Zmg|f This study
FW-9 FMME-N-26-ApoxB-Aspck-PJ0 1-M-pgm-M-Zmgl f This study
FW-10 FMME-N-26-ApoxB-Aspck-PJ01-M-pgm-L-Zmg|f This study
FW-11 FMME-N-26-ApoxB-Aspck-PJ01-L-pgm-H-Zmglf This study
FW-12 FMME-N-26-ApoxB-Aspck-PJ01-L-pgm-M-Zmglf This study
FW-13 FMME-N-26-ApoxB-Aspck-PJO1-L-pgm-L-Zmglf This study
FW-14 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-M-Zmglf-AadhE This study
FW-15 FMME-N-26-ApoxB-Aspck-PJO1-H-pgm-M -Zmglf-pCDR-gapA This study
FW-16 FMME-N-26-ApoxB-Aspck-PJO1-H-pgm-M -Zmglf-pCDR-pncB This study
FW-17 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-M-Zmglf-AadhE-pCDR-H-gapA-H-pncB This study
FW-18 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-M-Zmglf-AadhE-pCDR-H-gapA-M-pncB This study
FW-19 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-M-Zmglf-AadhE-pCDR- H-gapA-L-pncB This study
FW-20 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-M-Zmglf-AadhE-pCDR-M-gapA-H-pncB This study
FW-21 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-M-Zmglf-AadhE-pCDR-M-gapA-M-pncB This study
FW-22 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-M-Zmglf-AadhE-pCDR-M-gapA-M-pncB This study
FW-23 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-M-Zmglf-AadhE-pCDR-L-gapA-H-pncB This study
FW-24 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-M-Zmglf-AadhE-pCDR-L-gapA-M-pncB This study
FW-25 FMME-N-26-ApoxB-Aspck-PJ01-H-pgm-M-Zmglf-AadhE-pCDR-L-gapA-L-pncB This study
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&2 ARWRFRIERARRAL
Table 2 Plasmids used in this study

Plasmids Characteristics References
pCas pMBI ori, Kan, P.,s-cas9, P,,5-Red, P .-sgRNA Lab stock
pTargetF pMBI1 ori, SpeR, Pj23110 promoter Lab stock
pJo1 PMBI ori, Amp®, Pj,3119 promoter [17]
pQE-Aspck pMBI ori, Kan®, T5 promoter [18]
pJ01-119-Glf-k-AroG-tktA pMBI1 ori, AmpR, Pjy23119 promoter Lab stock
pCDR-A pBR322 ori, Amp~, P, promoter Lab stock
pJ01-Zmglf pMBI ori, Amp®, Pja319, Zmglf This study
pJO1-pgm pMBI1 ori, AmpR, Py3119, POM This study
pJO1-Aspck PMBI ori, Amp®, Pj3110, Aspck This study
pJ01-RBS0034(H)-pgm-RBS0034(H)-Zmglf  pMBI1 ori, Amp®, Pj»3119, pgm, Zmglf, RBS0034, RBS0034 This study
pJO1-RBS0034(H)-pgm-RBS0031(M)-Zmglf pMB1 ori, Amp®, Pja3116, pgm, Zmglf, RBS0034, RBS0031 This study
pJO1-RBS0034(H)-pgm-RBS0011(L)-Zmglf  pMB1 ori, Amp~, Pjy3116, pgm, Zmglf, RBS0034, RBS0011 This study
pJO1-M-pgm-H-Zmglf pMBI ori, Amp®, Pj53110, pgm, Zmglf, RBS0031, RBS0034 This study
pJO1-M-pgm-M-Zmglf pPMBI ori, Amp®, Pj3110, pgm, Zmglf, RBS0031, RBS0031 This study
pJO1-M-pgm-L-Zmglf pMBI ori, Amp®, Pj53110, pgm, Zmglf, RBS0031, RBS0011 This study
pJO1-L-pgm-H-Zmglf pPMBI ori, Amp®, P31, pgm, Zmglf, RBS0011, RBS0034 This study
pJO1-L-pgm-M-Zmglf PMBI ori, Amp®, Pjr3110, pgm, Zmglf, RBS0011, RBS0031 This study
pJO1-L-pgm-L-Zmglf pMBI ori, Amp®, Pj53110, pgm, Zmglf, RBS0011, RBS0011 This study
pCDR-A-gapA CloDF13 ori, Spe®, Pj3110, gapA This study
pCDR-A-pncB CloDF13 ori, Spe®, Pj3119, pncB This study
pCDR-A-H-gapA-H-pncB CloDF13 ori, Amp~, Pj3110, gapA, pncB, RBS0034, RBS0034 This study
pCDR-A-H-gapA-M-pncB CloDF13 ori, AmpR, Pja3119, gapA, pncB, RBS0034, RBS0031 This study
pCDR-A-H-gapA-L-pncB CloDF13 ori, AmpR, Py3119, gAPA, pncB, RBS0034, RBS0011 This study
pCDR-A-M-gapA-H-pncB CloDF13 ori, Amp~, Pj3110, gapA, pncB, RBS0031, RBS0034 This study
pCDR-A-M-gapA-M-pncB CloDF13 ori, AmpR, Pja3119, gapA, pncB, RBS0031, RBS0031 This study
pCDR-A-M-gapA-L-pncB CloDF13 ori, AmpR, Py3119, gAPA, pncB, RBS0031, RBS0011 This study
pCDR-A-L-gapA-H-pncB CloDF13 ori, Amp®, Pj3119, gapA, pncB, RBS0011, RBS0034 This study
pCDR-A-L-gapA-M-pncB CloDF13 ori, AmpR, Pjs3119, gapA, pncB, RBS0011, RBS0031 This study
pCDR-A-L-gapA-L-pncB CloDF13 ori, AmpR, Py3119, gAPA, pncB, RBS0011, RBS0011 This study
pTargetF-poxB pMBI ori, Spe®, Pj53119, POXB-N20 This study

x3 AMRAERBSIY
Table 3  Primer used in this study

Primer name Primer sequence (5'—3’) Size (bp)
poxB-500-up-F GCGGCCCGGCTCCGTATATG 20
poxB-500-up-R CCTCTTTACTAGTATTATACCTAGGACTGAGCTAGCTGTCAAGGTTCTCCATCTCCTGAATG 64
TG
Aspck-Mid-F CTCAGTCCTAGGTATAATACTAGTAAAGAGGAGAAAAAGCTTATGACTGACTTAAACAAAC 64
TCG
Aspck-Mid-R GACGGGAAATGCCACCCTTTTTATGCTTTTGGACCGGCGC 40
poxB-500-down-F  GCGCCGGTCCAAAAGCATAAAAAGGGTGGCATTTCCCGTC 40
poxB-500-down-R ~ AATTCCCATGCTTCTTTCAGGTATT 25
poxB-JP-check-F  ACAATATTGCGTGATCTCTTTCAGT 25
(#54%)
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(B3 3)

Primer name

Primer sequence (5'—3)

Size (bp)

poxB-JP-check-R
poxB-N20-F
poxB-N20-R
YZ-S-Ptarget
adhE-500-up-F
adhE-500-up-R
adhE-500-down-F
adhE-500-down-R
adhE-JP-check-F
adhE-JP-check-R
adhE-N20-F
adhE-N20-R
AspckA-dao-F
AspckA-dao-R
pgm-dao-F
pgm-dao-R
Zmglf-dao-F
Zmgllf-dao-R
YZ-PJO1-F
YZ-PJO1-R
gapA-dao-F
gapA-dao-R
pncB-dao-F
pncB-dao-R
YZ-pCDR-F
YZ-pCDR-R
pgm-dao-F-0031
pgm-dao-F-0011
pgm-glf-fp-R
pgm-glf-fp-F
pgm-glf-dao-F-0034
pgm-glf-dao-F-0031
pgm-glf-dao-F-0011
pgm-glf-dao-R-0034
pgm-glf-dao-R-0031
pgm-glf-dao-R-0011
pCDR-pncB-F-0034
pCDR-pncB-F-0031
pCDR-pncB-F-0011
pCDR-pncB-xhol-R

pCDR-gapA-F-0031
pCDR-gapA-F-0011
gapA-bglii-R

GTGGCAGAAAATAACGTTACCGAAG
TGTCGTGTTACCAGGCGACGGTTTTAGAGCTAGAAATAGCAAGTT
CGTCGCCTGGTAACACGACAACTAGTATTATACCTAGGACTGAGC
ACGCGGCCTTTTTACGGTTCCTGGCCTTTT
TGCAGGCCGTGCCAGTCATCCTTCA
AGTTTAACATTATCAGGAGAGCATTTCAGTAGCGCTGTCTGGCAACATAA
TTATGTTGCCAGACAGCGCTACTGAAATGCTCTCCTGATAATGTTAAACT
AAAATCAAAAAAGGTCTGAATCACG

GGCGTTCTGCCGCTTAGTGG

CTGCCGCTGTCTGATAACTG
GGACGCCGCGAAGATCATGTGTTTTAGAGCTAGAAATAGCAAGTT
ACATGATCTTCGCGGCGTCCACTAGTATTATACCTAGGACTGAGC
GTAAAGAGGAGAAAAAGCTTATGACTGACTTAAACAAACTCGTTAAAGAA
AATGATGATGATGATGATGGTCGACTTATGCTTTTGGACCGGCGC
GTAAAGAGGAGAAAAAGCTTATGGCAATCCACAATCGTGC
AATGATGATGATGATGATGGTCGACTTACGCGTTTTTCAGAACTTCGCTA
GTAAAGAGGAGAAAAAGCTTATGAGTTCTGAAAGTAGTCAGGGTC
AATGATGATGATGATGATGGTCGACCTACTTCTGGGAGCGCCACA
AAAATAGGCGTATCACGAGGCA

AGGCCCACCCGAAGGT
GTAAAGAGGAGAAAAAGCTTATGACTATCAAAGTAGGTATCAACGGTTTT
TGATGATGATGATGGTCGACTTATTTGGAGATGTGAGCGATCAGG
GTAAAGAGGAGAAAAAGCTTATGACACAATTCGCTTCTCCTGTTC
TGATGATGATGATGGTCGACTTAACTGGCTTTTTTAATATGCGGAAGGTC
TCATGAGCCCGAAGTGGCGA

CCAAGGTAGTCGGCAAATAA
GTTCACACAGGAAACCAAGCTTATGGCAATCCACAATCGTGC
AGTAGGGACAGGATAAGCTTATGGCAATCCACAATCGTGC
TTTTTCTCCTCTTTACTAGTTTACGCGTTTTTCAGAACTTCGCTA
CGCTCCCAGAAGTAGGTCGACCATCATCATCATCATCATT
AACTAGTAAAGAGGAGAAAAAGCTTATGAGTTCTGAAAGTAGTCAGGGTC
CTAGTTCACACAGGAAACCAAGCTTATGAGTTCTGAAAGTAGTCAGGGTC
AAACTAGTAGGGACAGGATAAGCTTATGAGTTCTGAAAGTAGTCAGGGTC
TGATGATGATGATGGTCGACCTACTTCTGGGAGCGCCACA
GGTTTCCTGTGTGAACTAGTTTACGCGTTTTTCAGAACTTCGCTA
CTTATCCTGTCCCTACTAGTTTACGCGTTTTTCAGAACTTCGCTA
CCACGCGATCGCTGACGTCGGTACCAAAGAGGAGAAACACGCGATGACAC
CCACGCGATCGCTGACGTCGGTACCTCACACAGGAAACCCACGCGATGAC
CCACGCGATCGCTGACGTCGGTACCAGGGACAGGATCACGCGATGACACA

CGCAGCAGCGGTTTCTTTACCAGACTCGAGTTAACTGGCTTTTTTAATATGCGGAA
pCDR-gapA-F-0034 CCAATTAAGCTTAAAGAGGAGAAAGAATTCATGACTATCAAAGTAGGTATCAACGGTT

CCAATTAAGCTTTCACACAGGAAACCGAATTCATGACTATCAAAGTAGGT
CCAATTAAGCTTAGGGACAGGATGAATTCATGACTATCAAAGTAGGTATC

GCGTGGCCGGCCGATATCCAATTGAGATCTTTATTTGGAGATGTGAGCGATCAGG

25
45
45
30
25
50
50
25
20
20
45
45
50
45
40
50
45
45
22
16
50
45
45
50
20
20
42
40
40
40
50
50
50
40
45
45
50
50
50
56
58
50
50
55
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1.2 753
1.2.1 #F CRISPR-Cas9 R %1 E E e

FEIR 20 #4 FE 2R H CRISPR-Cas9 24517,
122 DhEeRkBIME

BB A 2Tk pogm 2L L Ok Bz s iR
JItL 7 (Zymomonas mobilis)ft) Zmglf JELH, Sk H
A. succinogenes ) Aspck J& [X (1 35 2 /A& PJO1 .
BophEi 242535 pneB. gapA JEPA s E A
pCDR-A . & A zZmglf 3 K K % ik 8K
pJ01-119-Glf-k-AroG-tktA . & A Aspck LAY
FIRHUAR pQE-Aspek WA SR % (A7, HEKIE
# A& PJO1. pCDR-A Ny 4H i F A5 14

W BT BN S AR R A e X
¥ (polymerase chain reaction, PCR)M pJO1-119-
Glf-k-AroG-tktA KIKF A& 14 Zmolf BH A
B, M\ pQE-Aspck Rk 471G Aspek H [
B, MK J%#T T (Escherichia coli) MG1655 £E A
HEY 1 pogm B 7 B, o [R]E E 2 2 3
& PJO1 Y Hind IIUFD Sal 1457 /522 a] , 43 5 2
KK pJ01-Zmglf, pJO1-Aspck. pJO1-pgm.
[EAE, @it EFSIY0K RBS0034, RBS0031,
RBS0011 5| A pgm J& A _F i IF6 L [R5 F 4] 2
& PJO1 () Hind TIAT Sal Iy s 2 (8], e X
A G- AR E A7 B 1] PCR 45 210 107 R 2R v 3
&, @t EIESI90% RBS0034 . RBS0031 .
RBS0011 5| A zZmglf K& i, FE435 R &
HT 3 MR A EA AR RBS SRE R
pgm. Zmglf JE R4 G Rk H Ak

R IE_E RS R PCR KT
W MG1655 JEH4] Ey3E pneB. gapA LK F
B, B H A5 HE 2H 2 3k pCDR-A 1) Kpn 1 F
Xho I fi s 2 0], #a Rk 4k pCDR-A-gapA.
pCDR-A-pncB, [A#F:, ik EiES 974 RBS0034
RBS0031. RBS0011 5| A pncB KA b iR
)5 B 4 = % 1& pCDR-A 1 Kpn 1 1 Xho I {37 4
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Z ], RS B 1% RBS0034 . RBS0031 .
RBS0011 5] A gapA FEA F i, 343 51 [5] Y5 8 40
F 3 Fh#RARAY EcoR 1. Bgl I [a)#4 % H A
RBS 58 & 1) gapA. pncB LA 4 & FKik a4
123 EFEH

AL SR BURAE T80 °CHeA 1 H
ME, =XKILT LB BAR IR, R
Frh 37 °CEIE 5535 16 h, 153 K/NHSI B
7%

PP e — R FI53R, BREBCEAR
RN BEV R TR 25 mL Wi
LB 3= 21 100 mL #EJEIEH, 37 °C.220 r/min
IR 9 hy TR SR, MR
100 pL 244 50 mL 1A LB K537 1) 250 mL
HEEMH, 37 °C. 220 r/min B335 8 h.,

PR B R I+ 4208 1% (IRFH A 500 i 42
Tl ERs — R T B SR R A TG 80 mL A8
FE IR 500 mL HEJE IR H, K ESR1Fh 38 °C.
220 r/min, £53% 12 h, #EFE A 100 mL Jo & K
UM, [RIBHINA 4 g MgCO; F T4l pH, &
1% 554 38 °C. 200 r/min, 3535 60 h, 7EIR4E
BrBe & et # R, AERR 12 h 00 800 g/L A
WL R R R R B R FEAE 5 g/L, RIS
T R S 4k 4 R WA pH 7E 6.2 LA |

BEKRTERE R R 5 L KFEREHATA
AT R . R IEREWI IR iy 3 Lo )
Pl B AR TR 10% (AR 4380 i #2242
BREEGE AT, A AR, RIEERER
38 °C, ¥IIR%EH Ky 500 r/min, WA 100%JCH
g AT A E R, A= 0.7 vvm (vvm
PR B 43 o A AR S BB AR AR Y L
B, SG3E A I8 e UK 75 4 (dissolved oxygen,
DO)4ERFTE 20% LA |, Fri%# F+ 2 800 r/min J&
A R Ol SR R DOl I N 4l =K
pH Z4EFE R 7.0, H:3% 8 h A4, V% DO L7,
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40 /L M) G M M AESE 4, Bl 8 2k Jm
800 g/L 2 M, L A S HIAS [F] s 1] B i &b
PR PR A By 1 /L, Mg A
MgCO; ¥l pH, K BEZE 72 h 4%

IRAEUR PERE R I - >R FH S L R FEREIEA TR 4R
SIHEERE . RIEREWIIG RN 3 Lo K
Pl P 4 AR B 10% (AR 20 550) B4 2 b o 2
P R WG IR e, RWEREE Jy 38 °C, %hid
200 r/min, A 100%JCH i€ CO, HEFTIR
AT, AN 0.1 vem, il N4l 2 KR
pH Z4E¥E R 7.0, 553 8 h A4, pH LFF, 40 g/L
R R M FE S 4, M S AL I i 800 g/L
IS, L B SRS R R B A R
AEFFR AR E N 1 g/L, WA MgCOs 5
il pH, KR 72 h 45

PRI B A ERE 2 T - SR FH 5 L K W -4 T
B Bt b oAt A e . R T ERI AR 3 Lo
W R IR SR 10% (RFLA 00 B $E
WP R R BRI, IR REE . AR
REERPE 38 °C, ¥IiREEH R 500 r/min, #A
100% oS82 <, WM 0.7 vwm, KL
TPl NS KoK pH 4E65 8 7.0; B532 8 h
i, R DO ETF, 40 g/L BRI IR A0 M AE
SE4, BEJE I AMIN 800 g/L 2 4 4k 45 4 2 b
W R 1 gL, 485h, F1HESR, MEEEE
200 r/min, KB 38 °C, #53# 200 r/min,
Bl SN 800 g/L #ii%g 4 , ik B s AN ]
i [] Be ) MR SR A A m A R B Ry 5 /L, JE
HMA MgCO; Fl T4l pH, K2 72 h 4531,
1.2.4 SN 7%

20 e B0 S - BB PR RCHEA T S AR R
SN B THE S 600 nm HYSR1FTF
W 7E ODgooo KM HT T 4H T (dry cell weight,
DCW)=0.41xW A xn (n S RE 5L RS FAS50)
B TR AR A R i
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AR BRI E . UK 12 000 r/min
20 8 min, WU R TE SR, T
M- 100 AE 1) 1 I 25 I 7 2 AR R 32 (VA T 251
Fil 02 g/L).

KT (ATP. NAD'Hl NADH i )il 22
WA [ B ] /) & B, pH oM 7.4 19 0.01 mol/L
PBS IR UES 3 IR, ik 2 ODgoo=1.0, fiiJ]
ATP K357 £ S0027 LA K NADH #3571 £
(WST-8 75)E4 1IN 8 (1638 = KA YR A B
NEGIDE

AR EE M E . BUL B 12 000 r/min
B0 8min, WAE BIEW, mAURAH 63 (high
performance liquid chromatography, HPLC)ill| &
BR . IR . WM B &R, HPLC ¥
W &R, Bi% 45 848 Aminex HPX-87H
(300 mmx7.8 mm), J NN 5 mmol/L Fifilz ,
FEIR 52 °C, ZEAMGIPE Ky 210 nm, FHEE
210 pL, ¥ 0.6 mL/min,

2 BER54

21 KB EABEBYEFHRBRACEITE
F oM

£ 5 L kKEEEWIE TARRASKFMNT
E. coli FMME-N-26 4= = 38 FHRR (5 00, 45 R
Bl 1R AR RRERERBEAIET, ML ATP
5 NADH & &%/ 4.52 umol/(L-g DCW)#l
27.53 umol/(L-g DCW), ZFRWE K 1.19 g/L,
PR ILF AR . IREUE BEWE R BT,
ATP 5 NADH % #4354 0.24 pmol/(L-g DCW)
1 0.58 umol/(L-g DCW), NADH/NAD' [ N
0.22, BEIAMRFEHEN 59.25 ¢/L, RIF=H LFRHK
JER 16.62 g/L, HARLMHRRT 129.66%,
AIEE S MIPY ATP & A A S0 FE B B K 1
WERBEAAF T, M ATP 5 NADH & it4r51k
1.21 pmol/(L-g DCW)H1 17.08 umol/(L-g DCW),

B<: cjb@im.ac.cn
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NADH/NAD' FLAE A 0.48, 435 LR AR S48 T
404.17%. 2 844.83%. 118.18%, ILHIIEIAMR &

4 101.70 g/L,

A

Succinic acid (g/L)

&1

120

90

60

30

ATP (umol/(L-g))

NEE:

MR ERE R 5.74 g/, Liksh

—B— Aerobic to anaerobic
Anaerobic
A~ Aerobic

0 12 24 36 48 60 72

| —A— Aerobic

Time (h)

[ —#— Aerobic to anaerobic

Anaerobic
R
i s

.

1 1 1 I I 1

0 12 24 36 48 60 72

WL | HiRk E. coli FMME-N-26 &4 F=BE iR
FISIHERUR A, HAEA =i h 2 fgh TCA

PEFRA r-TCA BRI —

B 20 i i
- Aerobic to anaerobic

Anaerobic
16  —#— Aerobic

=)

& 12r

&

=

8 8r

<

Time (h)

o

50 —=— Acrobic to anaerobie (NADH)
Anaerobic (NADH)
A— Aerobie (NADH)
40 | =0— Aerobic to anaerobic (NADH/NAD®)
Anaerobic (NADH/NAD")
0 - Aerobic (NADH/NAD")

NADH (pmol/(L-g))

Time (h)

0,
1mm TCA =28.6%

I
rTCA : Succu:u

Time (h)
E X —
Fractional contribution (FC)
FCiomerca=71.4%
SEGTERIBERSHEFKE

E 1 NADH 1 ATP.,

10

NADH/NAD'

TEAT R . R BRI B B K B 3 TSR] 25 1F T

BRI L (A) . CPRUEZ(B). ATP i (C)F NADH ¥ (DYBILli k. B: KWATHE A %0 A4
BRHIMR 15
Figure 1

B BEAR 5 R AR TR il R

Acid production and cofactor levels under different oxygen conditions. Profile of succinic acid (A),
acetate (B), ATP (C), and NADH (D) concentrations under three different conditions: Aerobic fermentation,
anaerobic fermentation and two-stage fermentation. E: Carbon flux diagram of E. coli showing the ideal
maximum yield of succinic acid on glucose.
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T WFSE LN NADH 1 ATP 55 2 U0 {a] 5% 0 B Bk
E. coli FMME-N-26 4=/~ 88#1fR, t (1)1
B I AT BT P 4 25 W 2 Ao T A A 2 L TR
S =X P A 2 (PEP) (1 20 72 AT A A% 2 mol NADH.,
e AR+ AXEG), KAAAKMET
1 mol &2 M) 4 i 1 mol BEFAMR, F”4: 5 mol
NADH 1 2 mol ATP; Z54& /A0 (1)+4)EBA
(5), RIIREFMT, KiGtFE+ PEP v] {4
r-TCA TEFFAE BEHIRR , LRI 1 mol 7 AT A
AL 2 mol BEHIMR, (HFFEAM5E 2 mol NADH, H
JC ATP AE . LT RGH A PP i&te S5bE
PRE ik 3% 42 1) i 3 o B KOS 2 T TR 10 A 6 15
T1.4%BIR5 ] -TCA 4%, 28.6%fkiil TCA
TEFR, T3S K7 % 1.714 mol/mol 2%
(& 1E). 1#3d(3)%0.286+(5)x0.714 15/, (6),
AT A5 1) 4 25 00 e b R 3% B R N 5 EEAAM Y
NADH, FA %15 ATP Az ik 2 35 4 A 38,
WA PR R FARR L FE Y NADH 5 ATP AR 2 ) )
W, B AT BRI 1] TCA &R LA i B 5 5 %6
7, AT 2% i DXL fiE k5 0l TR 7 AN 2 - 3
r-TCA & BUIEFIRR AR )1 T B A

Hi % BE+2NAD +2Pi—2PEP+2NADH+2H" (1)
2PEP+2ADP+3NAD"+2H,0—2ATP+3NADH+

3H"+2CO,+ B HIR ()
i HE+5SNAD +2ADP+2Pi+2H,0—2ATP+
SNADH+5H +2CO,+3% 311 (3)
2PEP+4NADH+4H'"+2C0O,—4NAD+2Pi+

2 BEHIR+2H,0 4)
i E PE+2NADH+2H +2C0,—2NAD '+

2 BEFAER+2H,0 (5)
#5715+0.57 ADP+0.57Pi+0.86CO,—0.86H,O+
0.86ATP+1.71 JEIAIR (6)
2.2 REHEA ATP KR HIEIAEL S
am

P M ATP 5 A4 il A St A 455 Dok

&: 010-64807509

/> ATP IHFEFITRAL ATP &AL, 9 T 8/ ATP i
#&, 7 E. coli FMME-N-26 Bk b 5 8 15 R U5
F12 B B MU 7 (Zymomonas  mobi lis) ) 7 25 B
P 1L R (Zmglf) , 32 05 DR 22508 A 28 20 i 1
2 F(glucose facilitated diffusion protein, GLF)fE
BHUT M5 K AT TR ) 48] % B B (glucokinase,
GIK)BC G, 75 i 7 26 0 ) FH 2803 1 [ e 4 ey
BEHIRR AR, W T A= BRI b ATP
(AN Sl ik zmglf, tg T35
BRI 7 7 E. coli FMME-N-26 H1 3 Ay
A Zmglf 5L B 2 B BkE pJO1, 45 31 58 A8 b
E. coli FW-1, TEWIFr LI &, ATP &%
i BRI B8 0.92 umol/(L-g DCW)
69.43 g/L, [ R FHk E. coli FMME-N-26 43 51|
BET 17.9%. 9.3%, RN, LERKRERALT
23.4% (K 2A. 2B). A Ttk ATP &%, TEH
¥k E. coli FMME-N-26 Hid i 41 i 28 Ji i PIO1
1 R BEIR HIM R AR g LR pgm F1 ™ 57 FATR
TR AT 14Tl T s e =X A T 2 934 il 5 PR Aspek.
TR IR H Y R 78 o7 B (PGM) S Wi R H b BRIt 1 T
[ —FPoCHE ARG, 1368 PGM #2m 3-0f
M MR R 1,3- Z8IR Hh R ny o &, M4
B ATP F4 ;A succinogenes Fé i R 4 s =X,
TN I 2 184 ¥ (phosphoenolpyruvate kinase, PCK)
A LA e b Bt T s st 2K P T 8 £ ol Tk 2 TR 1
[ B I WAL 1 mol CO, A1 1 mol ATPM®!, Y K AT
B SR SR TR R A I ) Aspek JiE PR AT LAAIE EBE
HRRA A, R B R R, 5 R Rk
Hedss, bk pgm B HME E. coli FW-2 g
ATP FEAER T 100% [1.56 umol/(L-g DCW)],

BRI B 220, HOMRKERMT
16.7% (8.22 g/L). it ik Aspck Y% 728 I Pk
E. coli FW-3 iy ATP 5 1 FIBE FAHR 7™ 1 43 1]
M 1.15 pmol/(L-g DCW) ., 67.71 g/L, HHEH
PR BT T 47.4%F 6.5%, B, ZBRUE
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A Hl Succinate B € 000 |
80 [ Lactate = 16¢ .
3 Acetate = 1600
o ——
& 9T ' ' 2 12}
9 &n g
S = o [ E 1200
< 20 = 08} S
] g = 800
= E 2
10 = 04F 400
0 = 0.0 0
FMME-N-26 FW-1 FW-2 FW-3 FW-4 FMME-N-26 FW-1 FW-2 FW-3 FW-4 RBS0011 RBS0031 RBS0034
FMME-N-26
- — 23119 FMME-N-26
elative - —w
Sequence i 23119 FW-5
strength Fw-6 — L enmea-

23119 : FW-6
RBS0034 AGGGACAGGAT | FW.7 —Lemy-amray- -
23 119, -
RBS0031 TCACACAGGAAACC 091 FW-§ — ey FWog

RBS0011 AAAGAGGAGAAA 021 FW_9—9Emm' FW-9

2311
FW-10 im”w»- FW-10

FW- 11—l e FW-11

23 119
FW-12 —L e ez~ P12

2311 FW-1
FW-13 WL
G H
= 2.5¢ [ Lactate
; 10} Il Acetate
o 20t
a 8t
DD —~~
: &
= o 6
2 5
E =4
=
= Zr
A = [~ " a .0 .0 A o T, 0 i [ [~ " Q o TR, S, ¢ A N

2 Y ATP FEMBEMHWESITME  Fik E coli FMME-N-26. FW-1, FW-2, FW-3, FW-4 % i
PAIRTEUL(A)FI ATP 5 4(B). C: 3 FlUR[A] RBS HYSRE. D: 3 FlUR[A RBS MFSIMEBL S ARXT IR E. E: A
[ ¢35 /K- (9 pgm Al Zmglf F K414 pgm Al Zmglf A [ ik 414 I BE IR 77 5 (F) . ATP & 8£(G). 2
PR LR U (H)

Figure 2 Construction and evaluation of strains regulating ATP balance. Acid production (A) and ATP
content (B) of E. coli FMME-N-26, FW-1, FW-2, FW-3, FW-4. C: The strength of three different RBS. D:
Sequence and relative strength of three different RBS. E: A series of expression combinations of pgm and

Zmglf with different expression levels. The titer of succinate (F), ATP (G), acetate and lactate (H) in different
expression combinations of pgm and Zmglf.
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WAL T 33.7% (6.54 g/L)., #E—4% Aspck 3L
A FF R E. coli FMME-N-26 %& R 2H 4 i 74
Fili R i &L B poxB Ak, FEERARFE KR E. coli
FW-4, TEW [ Bebe il L e, ATP & FE
R 5= & 4354 1.33 umol/(L-g DCW).69.40 g/L,
S ARFEMALL, 53035 T 57.0%F 9.2%. N
Tt RS IR, ERAZREE E coli
FW-4 [{3Lhtk |, %8y RBS0034, RBS0031,
RBS0011, i PJO1 JERK: pgm Al Zmglf 3
R 2 8 A e /5 (H) . M) fiR(L) 3 4>
24 ( 2C.2D), K15 T 9 ¥k 548 Btk (B 2E),
Hrp X4 pgm Al Zmglf 5E & 43 51 4k F 55 K - Fil e
K- IART, RAE M E. coli FW-6 16 [ Bt
P A B ATP & & FIIRE FIIR )™ &t 43 1l 0
1.35 umol/(L-g DCW)., 71.66 g/L, HH & Htk
E. coli FMME-N-26 435l #&5 T 73.1%H1 11.6%.
AN TR FEFRAR 2 5.3 g/L (K] 2F—2H)., Fik
SRR, IRE MY ATP & e Rl A &)
FEW OGRS, PR R R e
2.3 75 NADH KR HIEIABL AU S & B
= M N NADH 5 £ 9 AR 18 55 s, 335 BH
NADH %4 ik 42 Fife i NADH [FI#Mig4E . £
JIit S i (ADHE) b £ Bt 4 A JH#E NADH i&
5o 2B, TEHIBE E. coli FW-6 F B & 4 5 2 1
il S L R adhE, 33| RAFE#E E. coli
FW-14 (K 3A. 3B), HIEHIR) " &t . NADH ¥
£ F1 NADH/NAD' [t {8 43 %Il Lb B Bk E. coli
FMME-N-26 #2751 18.91% (75.57 g/L). 8.0%
[19.76 pmol/(L-g DCW)]HI 21.4% (0.51), {H}H
RRFEMIR T 10.5% (KA 1), gapA K gt i)
A R T oty B M Sl 2 W I A v AR . NADH 1Y
FEORVE, FIB AL TS N 1 LN NADH &
0 1 [ e o B8 i T R AR R R R Y HE B bR
E. coli FW-6 H1i: 323k gapA LA, 15 2Pk E. coli
FW-15, HB8 R/ = 8l NADH % il & T

&: 010-64807509

21.0% (76.87 g/L). 14.0% [20.12 pmol/(L-g DCW)],
{3 NADH/NAD' HLAE A & 448 4K.(0.42) . pncB
I R g 155G R R B TR AZ BE KL B% 1§ (niacin
phosphoribosyltransferase, NAPRTase) & — Ffi
NAD(H) & B 72 H i BRI i, & %35 pneB
LR AT DU R NAD(H)HRJE , 75 5 14 & Fn g%
HIBR = e IR A4 T B mm U, 78 Bk
E. coli FW-6 Hid 31k pncB JE[H, 153 RA8
Pk E. coli FW-16, H5 IR " 1 . NADH ¥ £ il
NADH/NAD" FU{E 4 l# T 22.35% (77.75 g/L).
22.7% [22.46 pmol/(L-g DCW)]. 13.0% (0.55).
Rt — R SRR i, TEE AR E. coli FW-6
Hi & F] RBS0034. RBS0031. RBS0011 4 gapA
M pncB FikACFERITERH). (M), (L)
3K, MEET 9 MRILEE TR (K 3C). M
H12Y4 gapA. pncB 5 K # = K - R A R, AR
Pk E. coli FW-17 BEIARR ™ & . MIN ATP ¥MREE
NADH ¥ Jif NADH/NAD' {43514 85.67 g/L .
2.10 pmol/(L-g DCW). 28.75 pmol/(L-g DCW)
1 0.65, HXFBEE K E. coli FMME-N-26 434l
T 34.8%. 169.23%. 28.75%7%1 54.76%,
[F] I SRR ANFLER 930 N FE T 72.92%F1 41.47%
(& 3D-3F),
24 ABEZFHMURESIERERNTE
AR5 H#R E. coli FW-17 78 5 L & T
W, Y Bk R R I A T R FA R 1 o R i £k
WK 4A Fion. KBE72 hn, BEFIBR Ak
FEEREE N 118.52 g/L. 1.73 g/(L-h), M & Fkk
E. coli FMME-N-26 435|425 1 16.88%71 9.49%,
R R FEREAR R 4.32 g/L (K] 4A, 3K 4).
NI 4B & BRAE K I J5 491 (48 h Je ) RER TR T
13.3%, X —Z5 R EHRACHBE T TR, X
S N T S WA BRI e A R R R A
R K e T sk AR SR MR B 4 A TR AE 0.0,
1.0, 5.0 g/L, S5RFEIIHEFRIEE I 1.0 g/L
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A B Succinate CJ Lactate 3 Acetate B 55 EE NADH [CINADH/NAD® _
80 . :
~ =
= 20r ,
:@ 701 8 %
- S0 i
2 60 . 2 15 z
R = = =)
g 20 £ 10K <
g = i
I 2=
“ 0 5 5H
<
0 “ 9
FMME-N-26 FW-14 FW-15 FW-16 FMME-N-26 FW-14 FW-15 FW-16
C D Succinic acid (g/L)
0 20 40 60 80
FMME-N-26 | ; | .
23119 “N-
— FMME-N-26
23119 FW-17
FW-18
23119 FW-18
FW-19
23119 FW-19
FW-20 —Emm-
23 119 FW-20
FW-21 —Emm— —
23 119
FW-22 —Elm»m FW-22
23119
FW-23 —fmzmm— FW-23
23 119
FW-24 —Ecmm— FW-24
23119
FW-25 —w— FW-25
fa)
E F 2 -
10F Bl [ actate Z 32+ . s NATP -
Bl Acetate = CJATP =
gl 3 . B NATP/NAD'| 54 ©
Z 24+ n ?ﬂ
2 6f = ] . * ., " )
5 K L6t 116 3
2 a - g
= 4r &0 2
2 ey
< 08 18 B
2 =] <«
5 z
00

3 A% NADH EEMEHMESITM Wk E coli FMME-N-26, FW-14, FW-15, FW-16 %X %
FPRRIEL(A). NADH 2 it 5 NADH/NAD WAH(B). C: M@ T — RIIAIR KB K1) gapA Fil pneB &
iKZH 4. gapA Fll pneB A [R] R A 4G I BRFARR = 5 (D). LIRFIFLERMK L (E). ATP % . NADH % & fll
NADH/NAD . (F)

Figure 3 Construction and evaluation of strains in which the NADH balance is regulated. Acid production
(A), NADH content and NADH/NAD" ratio (B) of E. coli FMME-N-26, FW-14, FW-15 and FW-16. C: A
series of expression combinations of gapA and pncB with different expression levels were constructed. The
titer of succinic acid (D), concentrations of acetate and lactate (E), ATP content, NADH content and
NADH/NAD ratio (F) in different expression combinations of gapA and pncB.
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& 2 < Anasriiie N B Time 0-48h 48-72h
%ot B ' —-—Sicdinicacid 132 Intercept term —0.035 66:0.779 61 10.312 98£3.012
g E : —e— 0D, Slope 1.148 57+0.017 | 1.007 72+0.032 2
Q o0} 1 —* Acetate = R 0.998 67 0.996 93
g 1 —®— Lactate 124 2 150
= ! —»— Formate il
290 : » -
= 1 S o 120
= ! 116 = =
& 60+ ; B % 90
2 | g £
3 ' 18 & 5 60
% 30t L=J
2 w30
0 50 0
0 12 24 36 48 60 72
1501 =9 g/L glucose 10.0F o 0 /L glucose g 2 €———Anaerobic——»
& ~ 1 g/L glucose - 1oL 5l 2 150+2 " —=— Succinic acid 132
w1205 55/l _a gL gIucose S S = 0Dy, 5
= glucose * 2 3 7.5F = 5¢g/L glucose 3120 —+ Acelate 5
= 90 e E) 1 —* Lactate 124 =
S % sol N < 90f - Formate §
2 6ot £ T i 2 1 116 s
£ g o o5 60F ! g
S < 25 A YL £ 18 2
o 30F p 2 w,‘!\* g 30 m
Z 4
0l 4 . . L L 1 () e i i i i i Cg ffffffffffffff 10
0 12 24 36 48 60 72 0 12 24 36 48 60 72 0 12 24 36 48 60 72
Time (h) Time (h) Time (h)
4 %k Escherichia coli FW-17 X458 A: E. coli FW-17 (72 . ODgoo 5 il 2 4 1 1 75 1 i

2. B: K E. coli FW-17 76 & B B h BRI R 5 8 A0 ¢ R . C: AR B 2508 T 350 8R 19 A6 7 1%
M.D: LW EEN. E: BbE E. coli FW-17 7£ 1 000 L #1771 . ODeoo 5 1 25 ik i 725 1k il 2%

Figure 4 Fermentation profile of Escherichia coli FW-17. A: Time-course of acid production, ODggo and
glucose of E. coli FW-17. B: Relationship between succinate and glucose in the fermentation process of

E. coli FW-17. C: Production of succinate under different sugar concentrations. D: Acetate accumulation
under different sugar concentrations. E: Curves of acid production and ODggo and glucose of E. coli FW-17 in

1 000 L fermenter.

x4 TRFHTEAESHELS

Table 4 Summary of fermentation parameters under different conditions

Condition Organic acid concentration (g/L) Productivity (g/(L-h))
Succinate Acetate Lactate Formate
E. coli FMME-N-26 101.40 5.50 - - 1.58
E. coli FW-17 118.52 4.32 - - 1.73
0 g/L glucose 105.70 1.44 - - 1.47
1 g/L glucose 139.52 1.40 - - 1.94
5 g/L glucose 118.53 4.32 - - 1.65
1 000 L scale-up 140.20 1.38 - - 1.95

— means undetected.
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I B FA R vk 3 42 5 21 139.63 g/L, AL R 2
m T 17.81%, RIZW CRRWEREIR T 67.59%
(1.40 g/L), [FIWFAIR, &Y B2 ik BE 23 bl
TR B 1 T = i 2 T R (8] 4C . 4D); K
BV P AR L, pH FTF. ZE BRRR,
PR AME R, AT LAAESR & E. coli FW-17 B35
R AR 77 R T B[R], BEATR A R HH ) SRR 2R

HE—E ¥ #R E. coli FW-17 F 1 000 L &
W E P JEAT IO Sy, 25 AN Rl 4E P o 1R
A BE 25 T (BRBEETIAE 1.0 g/L WM B Bk
WEHE R W), TERTE 72 h JREEMIRI =&k
140.2 g/L, A= /=5@ R 1.95 g/(L-h), UL 4E.
1, HETELR R P E. coli FMME-N-26 435I
PR T 38.26%F11 23.42%, ZFRHEE My 1.38 g/L,
MR T 74.91%, %5 5 L BERBEKEAY, Ui
B Tz bk 5 kB T2 HA Tk A ™.

3 W54

WA R AT, A BT LA
ZOHTBREARR A A, FREHR BRI i
o 6 R TR 7= 2ok A rpowfe f 2 H B0 o 4
FHRXER G, 2R Rl . Rr RSk ik
GO ATER A T, KRB, i,
Lin™ ¥ & T IF S B 1B AL 7" R A RE W AE 1T 4R
54T 52 1.0 mol/mol # Z5 B Y B R FIS BE A
iR e Li FEPOCR A IE SR B, LR KR
BRI Ry i M AN U8, 1 B IR
PAFYEE R B B9 % 530.29 pg/g DCW., H
T T 2= TR 2R BT EA T LR B B AR
T IR BB AF P RORT S RS R T 4
RGO, A S SEPRB . ARV,
N T FE R E. coli FMME-N-26 B8¥AFREE 11
FRERDRST, T 3 FORFEEBEAE T R R
RV B caa i TN = Sa VA LB v
W NADH 5 ATP /K- LAk — 204 5y B8 FH R 7
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BRI T AR SR

JL PN A R AN R S BRFA IR 5 B, FRAIR
BRI B TEIRIARRLE 7 vh i S ny A R
%N ATP 5 NADH, #&Jg/N ATP 5 NADH
T BN A A K ATP 5 NADH A%
B AR ATP 5 NADH J4FEAHCHY LN,
T 2 VS 3o 3 2K T R B R Tl o A I e RS Tl
(NAPRTase, pncB)Fil B FLE2%EEK T (Lactococcus
lactis)i) pyc K:[N, ffi NADH WM EIRE T
0.8 %, JEFHMR ) 4t = 1 8.0k, 153 14.1 g/L,
Kim Z5E1IE PPC 28728 B TR AR Hh 263k 77 3% AR L
LLHFFERY PCK T, ¥ PEP ¥4k 5 ATP A= i kA%E
G, BRI A R AR S T 6.5 f5. B
R RIRFEN G, B G MN EAE R, ok
&7 1dhA Fil pflB BRI K IAT, BF oIk
A NAD', AR KA, ToikfEIRA S
PER A FARARE 2 A TR — e, 7
B RN AR Al . TEABHSR S, AT
Bk E. coli FMME-N-26 i ATP 5
NADH & & A2, 15 & W 1A 7 9 B BRI
X[, DR BRI, AR
ik Aspck, pgm il Zmglf JE F 42 = L N ATP
&, #iK gapA 1 pneB K I F % NADH
THAER) adhE KA 42 = M NADH & & ; Fi 5
W3 24 U E pgm. Zmglf. gapA Fl pncB i1
#ik, 7425 ATP 5 NADH & &1y [EEf, 4
Fi LN B AR T, BRI P S R
118.52 g/L.

W RS, BRI
. 2481 000 L R EEHER AR, BAUTR bR
FW-17 A= P2 BRI 140.2 g/L, Azj7 ik J
4 1.95 g/(L-h)o AWFFEUERH T KA A 58
IR Talb Ak F1 . BbAk, ASCE N ARG
WA Tl A P B A 2 A T AR Ok R R
AT IR S 5
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