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Microbial utilization of carbon dioxide to synthesize fuels and chemicals

——third-generation biorefineries
WANG Kai, LIU Zihe, CHEN Bigiang, WANG Meng, ZHANG Yang, BI Haoran, ZHOU Yali, HUO Yiying,
TAN Tianwei
(Berjing University of Chemical Technology, College of Life Science and Technology, Beljing 100029, China)

Abstract: Concerns about oil depletion and global climate change caused by greenhouse gas emissions have
stimulated interests in renewable alternatives to fossil fuels. Extensive research and exploration have been conducted to
convert renewable feedstock and atmospheric carbon dioxide into fuels and chemicals using microbial cell factories. In
this article, we discuss the latest developments in the use of synthetic biology technologies to promote microbial
utilization of carbon dioxide to synthesize fuels and chemicals (third-generation biorefineries). After summarizing the
key enzymes and energy utilization profiles of the six carbon dioxide fixation pathways that have been found in nature,

we review the application of carbon dioxide as a raw material for microbes (including microorganisms and
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photoelectric coupled microbes). Then, we discuss the major opportunities and barriers in carbon dioxide fixation and

energy capture. Finally, we summarize the factors that should be considered for the selection of ideal microorganisms

and the currently attractive host microorganisms for carbon dioxide utilization.

Key words: third-generation biorefineries; greenhouse gases; carbon dioxide; biofuels; energy capture; synthetic

biology technology; microbial utilization
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Fig. 1 Overview of three generations of biorefineries
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[Light green part (left): the first-generation biorefineries, the main raw material is vegetable oil, waste edible oil, efc. to synthesize biofuels;
Blue part (middle): the second-generation biorefineries, the raw material is mainly non-food biomass, including grain straw, bagasse, efc.;
Green part (right): the third-generation biorefineries, microbes use CO, as raw material to produce fuels and chemicals]

1 RO AR 2R R 0 b g

Tab. 1 Comparison of natural carbon dioxide fixation pathways!?'?"!
HL i 710
w1t ELTRIEES PRl % Elﬁ.ﬁ : | ATP g & FE
/umol-(min-mg)™!
S EEN Co, RuBisCO 304.3022 3-WHER H 9
W-L &4 Co, FH % i 2l 43923 LA A <1®
CO it %K 14 0004
DC/HB i % CO,/HCO," A-FRHET R A B K G — LB S A
HP/HB &3 HCO, A-FRIE T BRI A B K G — LA A
3-HP Wi HCO, I BEHEG A I 80231 ]Gl
PB4 A 5 i 2204
W& JE M TCA &3 Co, 2- 1 R A il 35207 LT A
ATP I IR 245 Bl 26.7

© B I ¥ LU 0 i #5 2 I BRENDA 4 PR of T3 3R 0 3 HLIL 7 (1 2 B P2 b e K IR g L Vs ) o
@ TE W-Lg & HiEFED T 190 TR ATP 431, PRy —Se Rl DUBEREA 22 (4 % CUH T ATP F2E 7~
VE: 2% H Papoutsakis E. T..



%1% www.synbioj.com 063

WA K, FUiZEGE CBBEH BB H b a5 —
SEMAER ™ fil, —AN5E%H CBBEM # 91 A
FIRKATFEH, LA ER (] LU A 2E Ty
Xl COE IR fE T, MImsZEl T
KIGAT i 5645 t CO, it Re it mi ¥y B 7= A= K s =X s

Wood-Ljungdahl i& 12 (W-L & &, WML R
PE 2T A B A R BYORE R H "R g R
& B WA COMBGE. XPMIEER RN
Ew AL B, 74K CO, ik JF I & 2 C, %k
b, )G FME S S —A CO, T ERLAE L C,
& ¥ . Wood-Ljungdahl i& 15 H (1] ¢ £ | /2 CO
Jit B 5 R W RS . Wood-Ljungdahl i& 12 7
ZMAEDR EAENE, BREEEATE. FF R
iR 2k L B, B, Papoutsakis #4% [] BATE 1A B
TR W RIE T K Clostridium ljungdahlii 1]
Wood-Ljungdahl 3& 12 f] 11 M &0 HE K, JF4RiE T
P CO, 8] 5E 73 3 #AE TR B T B4R 1 Pk AR o
B2, ZEWNA XMk FEEE— DR
B A S — T T, BTN AR I8 TR
HEREEH R REHICE AR MEE
B, 3 JE A H SRR AR B R R AT I
A 2 A g R . it Figueroa [#] PA
T 9T 3 7~ 76 1 R £k S804k 4 T AR 22 8% ) IR S8 v )
REAFTERARNIE R H AR IsE, HENRTE
X % B R AT MR (0 A AL A T, DU 52 3 1 11
HERERL LT ARFELEI T IXHFAEFRAE
B T AR 7 G A S R AN 22 SR 1 I SR A
RIREFMFIRRIECTERKGFFE = > FIERE
Fig B BT R A BE S

TRR/4A-2IE TR (DC/HB) fE3 BV, 3-8
N R/A-ZEE TR (HPHB) fE3F . 3-3H
fR (3-HP) XUAE A 2 ) FIfL J5 P4 TCA 7§ 38 Y 2
Bl 2 D01 Hp TR AL T SR I . B, X SRR AR
3700 FH R P 8 s 1) AU 7 420 30 2 Tk 6 T A R 2 TG
WEEA, HHEMEHRSZAF S —MEFR LR
ZAN L HRE [ E AR FP 2, X 4N AR —
AN RE Y

(1> DC/ HB i ¥ i8 it 14 B B2 & B [ & 1mol
CO,, i % i% 4% B 79 B iR (PEP) 2 1k g [#] &
Imol B IR A k. DC / HB i ¥4 o 1) S 4k i 2 4-F2 5k
TR A BLUKEE . X PR S FAD B S H — A

SRR R O, (HEAE R A
5 NIk, CEEREART R 7T IXFES, A
AR IR TE LGB IR R IA, KB T E S MR
B 2 1 AR B B

(2) HP/HB E¥E " A1 3-HP XU{E FF 25 ) 38 i
LRI A/ TN R4 T A R AL B R U 2mol Bk IR S 2
XGRS B A E SR E Tk, Jf Hixds
6 A e % 38 1 3E A% 1T B8 A7 T ok (0 Ji R T g 2 B T
BT DU 52 S8 A E M R A AR (i A a2 =4
B o R SR IR SR 2 A R, BR D 40 B P ik
SRR E AT LA A Y CO, MK =i /3 % . HP/
HB 7535 () G il 2 4-F2 0L T Wbt A i K Bl 2,
FH AT E, ZIEAAE A S A B R R I
BT, Keller AI\TERIRFE P RIA T RAFKER
/NEREET 5 S HP/HB J& BAZE R, 5 B D) i A H, Fi
CO, T4 T 3- 2L ™. 5—J51i, 3-HP WG
T 1 DR g 0,455 D T A Tl A DR R R R I
B A AR . Bk, Way 28K 3-HP XUEH 3N 44>
WH, HERGIE T HRIEEAN], XRHME
WA AT AR 7o AE ERAR, (HA&, A 3-HP WUEIR
B R KRB AR EITARAERK Y. N
SEIL 3-HP SUEIR ) B FRA K, AT RETR ZEok g %
B IR AR = A AR K A R, AT LA
A BSCEEIE JE T ks, R S AR

(3) I8 J5 1 TCA 1 ¥ 18 i 10 % 48 AL TCA JF ¥F
MM 2 1 2mol CO,o I JF P TCA FEFR H 1) Sk
15 ATP A A5 FR 24 A B AN 2- 2 — R A g 2 . K14
PR, MBNAFTGE IR G R T L5 A fEE
T CRRA Y TR . Rk, AT BFRAK,
WA ATP IR G TR BT B IR A A A 7 5
PR A LA R Y BB AR . ST
AR, 7ECRBImATES ™, ROBFrERE
By ] DAL IE Rl R S ) JOBE, R, X SE kTR IR £h
AR R AL E AR A K NG 2
CL 28 7 S 41 B A 7K 2 48 B Pk e 5 1% TCA 7§
B, Lin 28638 R 1 TCA 53R 3 & 31 K AT B 1)
J B, AR SRR R T — A B

1.2 “SREEEFEHEI

EIA 1) CO, [l 2 i 124k, WEFEN it — s



064 GRENE 15

M EBOREMET T —ENRE. T2 HEE
A B R o BT SR, BER AR, G v R Ik
FRIR AN ARG, A B A AT S 5118 CO, [# &
BRI RN Y, X R AT AR A oA v AR K e

1 FRIEAR . TAER CO, [ AR I 4 E 5 EEX 5
LAY AT REANF, U elT et e e

HIP CO, [ iR, FEATEA M At o dr, AR5
HERIRAE A Y IB E R 45

FAh, BERN GG T 25 T e Ak
WEE R E . Flin, CAPH LS 3-HP WG
PRFN DC/HB 1 1 w1 5 B A5 B8 T 7 s 1) — Fof 385 (1)
Tk 8 5 i 4%, Honl i@ i 7 B 2 & B 1 2 1mol CO,
[6] I 25 1 PEP BRAL I [ 7€ 1mol IR R A &, & it
6 ML RRIAE L 2B ). Bar-Even 4% [ B\ fi
F B 74540 01 7 5000 B AR U A, I MR 90 46
ATP U Z | B 35 AT 5 AT AR R T T RE )
k2R a ™. Tk, A 7w
CoA-Hifit £.TR- L. (MOG) i&4%, @il PEP
B2 AL [ 52 2mol AR R & 2k AR K 4 BE R R . MOG
BARMEH T CAED AR, R
Je i PEP SR AG TG [ 58 DLAE IR 1R, SR )5 AR
SRR, F T K ST SR R Y B A R DL S T
. (HEMOG & FH, FEAH CO, i PEP AL I
R, A& H RuBisCO i ], A% 7E C, 1B 3
—F. BANWH, RN RE. S %M
ATP RIS, MOG &AM TR /R ST B

Bz, R S I R ER B
B SR A T R AL B ER 7T, XTI BT I CO, [
SERATALE — E MR HER .

2 CO, Il @ e i R By i P =%

R T E COL I 5 e v 45 i e e 528
YRR, TSR AL L, g
ferb RO PE . BERLTROR B B SR AL
il

2.1 @Bkt

A RA A SAFE MBI R jj X7} CO,
EREK - NEEME K. CO,[E éEPEl’J%k

|

HUKE LR CO A B/ B4R A G . NERIR &
Wi BRI EE O 2- W T R Al A — e
i A A e R ot Sl

JH% , Wood-Ljungdahl i& 12 H B8 7E 245 11 R 4
M NisAT, BUONEER TS B B AR R
TR CO I S B/ O T4 A 51 . DC/HB 1/
PRAE JF M TCA G 0 BA X A BUR B i, H 7] A
TEREAM TR A KM TiBiT. MHELZ T, RRX
a3 5 H & R I& & . 3-HP WUE ¥A F1 HP/HB 7§
WA LAE e A A & Figqr B B2, A
IR EAE S Fg B A A 2 WA R KA FE,
T ASE 2 6 of 40 50K 1) Bl R AR E A SR 1 TP R
A LR FEMEAGAE R o Bilin, CAEYH IR 2R SCHE
WHRAMm AN, H2, RuBisCO 7] fE 258 9+ 4 Hh
FAL L, 5- TR AZ I, TG A AR R 20%
~50% ",

HEHFRAEKTT LS 2 R & A6 B
R, WA 2B R AT B8 v SR b S T AR W I A e
R R AE O, MW v 75 B & Ik J5 ) 4 e = 2k ATP;
H—Ji, PRAEFRAEYEE A KEEK, A
WAL, B EATA BN ATP & 8 K/ ok 7=
ARREEFEM M B R, FAA AR ZSE
MRA A B A A= EE S TR
()35 5 R0 A = e B3

22 HEEBR

ik i & (TR & A&k
E i i RS EFTA CO, [ 5E 1% T
B AHTE, T ATP FIZSRE AR K ESR, ATPAL
k78 Bl AN T 1mol 2 9mol. X 6K [F] f) ATP 75 5K
A LA =N R AR R . OF | EUR AR, @
W, IEA RS T IR BRI AR U O R A R R
(R AEE 2 10 ATP, I H USRI o] DL it
KERATP; QiBJEM¥ERETAIE, B, 25
BEA (E'=—430mV) AR LK) 71 L NAD
(P)H (=320mV) 5 Kk, HPFPEEAEGE A B
NAD(P)H 1] # 11k #J 20kJ/mol [¥] % 41 G & Ik ) B,
@A, BT H,S B (AH,= 519 kJ / moD)
T R B (293kI/mol) =, RIIZHE T45
1A /5% A4 % T B3t 226k I/mol [ S RE B (DL 25



%1% www.synbioj.com 065

PRIZ AKX H,0/0, 8 Z L) 7,

2.3 REVFRSEFEENF

1E CO, M A MR J7 1, F A FH AP b 3=
AL CO, MR A 2k . CO,fE 54K (pH 7.4,
20°C ) P i B, AR K RO R IR AR
0.012mmol/L *,  FH 129 B vy 4 i T3 5 Fn
FE BV, 3 K2 HUE YIRS m i A £ R U,
RN ZME. Fo4h, 52K (pH 74,
20°C) “PHEFI IR S 3L E N 0.26mmol/L . %
B EFER R T A1 COKE M pH (pK, [HCO*/
CO,1=6.3), fEHE/K (pH7.8~82) FHEH .
DRI I, A8 FH o PR 2 5 1 e [ S B T R Bl A Y —
ST PR e [ 7 e I8 BE A 8

JE AR T 386 0 R DA e B g 2 RN A A0 2
R, DA BRI 1 ) e B kA . T DL i A T
RE 1 [ CO, i SRAL G SR AR AL CO, I B, ALda Al A
CO,RZEHLH] (CCM) . BEIRRKIRA R . Kig&k
DR Rt T T AR R A Tl s O [k A A
(HEE

3 CO, Iz rE=M A

M CO, (CAME+D F LR Ak
2500 WEKERE, BELEVERRKREIXS
BRI PR 2%, IL7E o A2 4 s i DA e R B
R SR R R E UL R A K 54, HRK
ANTHEE RS (K2). 457, #EY Co,mF]
FHAE B R FH 28026 5 T 9% & T 7% 40 1) Fiobs 5 7S ik
MR AR . hif, HeaeRERackisim, 4
wr, TETLhRME S S ERBE AR A, KB RE RN AEY)
JOR 3 7= i )R e B A R R AN U 2 0.2% Y,
T 408 $  B H % AR W0 1) K BH B8 2 7= i IR AR N
1%~3% ", {hhg B R WA A b 20 Cin e
MIRCRLINT% Y, H 5 H A A (1 K BH g 21
7 i PR 2B KR AT R IE 9%~ 10%

3.1 SEEEFIA: XEBF

Jefr B IRAM DL T M RERRE CO,Fe b N HLAL

a0 EEWA BN EOL A AN (Y
WA WAED) LA EOLE A (NSl
W) o PRI E Y EEAM A CBBAEI, 1A A
Je & A SR AR &R, 1 CBBIEM 5
B JEAME TCADEIE = el AT FE 3R W Ik B A AL
AL UL R GERRIAT B " A5 Dol g Kk
BATE— R ABE R Y A DE A T AT 4
A, O TR bR D6 & B R A
FTIEM . HiE, RENEEMRLERGLT
TEAR IR, H At B e 60 35 44 R} 10 A= 0 AR 2 1
DA e Bk 5 DL AR W AR AR W ROy ) T g%
IR 55 5 T ) i B HEAT AW U SRR . L
MR R EAR BN & VIR L R G T, BT
BRI

3.2 HEEEFIA: BEEESHNEYSH

LA & A& R M T, iz ]
DU 2 Al AR SRR (CBFEG. R @I . K
JIFEO 72, CO A N R G b R
AL 2 5t . H T, CBB i ¥ " 5 Wood-
Ljungdahli& 1% 7 AL AL A AE R R b k4T 1
—E I .

MR BE B IL BN, HRRMEMME RS
TN BT R RGN BE R B AA R RS,
AP RE T L E AR SOX L e B R CO, ek A Lk
a0, BT DU A RE B R FE 78 2R GUR AT MR
FIRLRE, MTREAT CO, MG SR . —J5 i,
ShAE R R, AR T AR R IR, T TR K
B LR LR AT RS R G, I AR I MURR T 2K
MIML, (2t H T A5 20 i B AN 3 SR T 2 TA) B
e ST, fERERBAERE ARGt KK
R TR RE E AR, Pl R R, A
—RAAER. R, BkE. &, B ARk
DA REA AR 7 H,y CO ORI IR & R &M T
B IR A R A S I RE R A, ERET
H, M CO & Zy R, I A A A R A T
BHAERTHRETREII K ZeRE. Bk,
AT N HR A2 H R T A ReAUREA A
FrBE R EAR, DRO9 R #h A i v AN R AL
AL, EAF BRI T2, AR



066 GRENE 15

oH Co,

CO+H,0

(a) HAEMHRERARG

oA e et 5 v R L o e e o (T v R, R 2fs

HLARRE A 9L 2 AT DL R FA R AL ]

(a) Microbial electrosynthesis system

[Microbes use electricity through direct or indirect contact
with electrodes, and ultimately convert electricity into chemi-

cal energy (electricity can be provided by solar energy)]
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(b) Artificial photosynthesis system

(Semiconductors convert light energy into electrical energy,

which is eventually converted into chemical energy through

an enzyme-catalyzed reaction in the cell)
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Fig. 2 Artificial carbon fixation system
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