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Abstract: The current linear economy model relies on fossil energy and increases CO;
emissions, which contributes to global warming and environmental pollution. Therefore, there is
an urgent need to develop and deploy technologies for carbon capture and utilization to establish
a circular economy. The use of acetogens for Cl-gas (CO and CO,) conversion is a promising
technology due to high metabolic flexibility, product selectivity, and diversity of the products
including chemicals and fuels. This review focuses on the physiological and metabolic
mechanisms, genetic and metabolic engineering modifications, fermentation process
optimization, and carbon atom economy in the process of C1-gas conversion by acetogens, with
the aim to facilitate the industrial scale-up and carbon negative production through acetogen gas

fermentation.
Keywords: acetogens;
fermentation process
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Figure 2 Summary of Wood-Ljungdahl pathway and energy conservation pattern (using the example of
Clostridium ljungdahlii). THF: Tetrahydrofolate; FDH: Formate dehydrogenase; FHS: Formyl-tetrahydrofolate
synthase; FCH: Formyl-cyclohydrolase; MDH: Methylene-tetrahydrofolate dehydrogenase; MTHFR:
Methylene- tetrahydrofolate reductase; MT: Methyltransferase; CoFeSP: Corrinoid iron-sulfur protein, CODH:

CO dehydrogenase; ACS: Acetyl-CoA synthase; PTA: Phosphotransacetylase; ACK: Acetate kinase; Fdx:
Oxidized ferredoxin; Fd..q: Reduced ferredoxin; P;: Inorganic phosphate.
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Figure 3 Summary of strategies to improve the efficiency of C1-gas bioconversion in acetogens. A: Genetic
engineering. B: Fermentation process. C: CO; electroreduction.
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TR ARRER IS, B —E AR B BE
FIAARAAET TR, TREMCE, XEEHH
WA B R M RE R B, S s AR R

J ISR SR ISR K BEYERE, R R
SRPEWI P AR, PR R EEIRY) . Kk
25 1 L B i WL R b A T it AL s A, P98
A58 3o AT 7 O BR TR AR Bk — AR e e i A v 1Y)
PR AL L SRR LA T A R B IS A
TTHLH L SR IBCRH L 14 353 4% 52 11E S s e A T
RE(KI3). Blan, il [ = Bt o ) 55 B s A gk
(. WEFLIR R W . FLIR B A Bl F12,3- T %
it St ) P 2 2= 1 V70 GR R IR
TEHH OB I AN O B At #2 v, fE7EAOR
FIADhEW S5 ifsfe,  HIE R 21 G bt 21> P K 40
A AR U AORTFTAOR2 DA F2 24~ AW T RE
T I S AJhE L FIAJhE2 . 16 H 32 41 F
AORIERIE L BEG U R, B FRaor2
A fifi 2 WA AR 1 70%, T R bR adhE 188 adhE2
Al [ IR T SR B R = 80%
LiuZEU2 5% & B, AORFIAhE®R A AL LA
W IR LR A L, 0] LA LA i 2R o
OB B IR A TR EO , AR e AR K,
AOR2HIAdhEI x5 5 Ak, AR,
DL T A A2 WAL TR A i B 2 1 £
Pt 1

B Sk T BirA— 5 Tl & — A~ 2 80 5
T, WU ZRERE; B—rm A A
Y & H i% £ (biotin protein ligase, BPL){f
P, REUSIEAT TR A TEPETY S FEAGR R R R
H PR BirA NImDNAZE A 3 BH W L D 6e
I 2 Fe 3k B DNA S G T 8 19 28 A8 {4 ik Ak H:
BPLiE M, [AlE i 323k th A 2= Ay T i ek
1 £ B 4 1§ A 2 1L i (acetyl-CoA carboxylase,
ACCO), "B EREEHEMMNERER | 41
WIEM IR 2 T, Beah, F9E U
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IR IR h EE W W/ 2 e R S
(acetylation/deacetylation system) 5 #% 5% K
Rex (redox-sensing protein)J& i 3¢ SR 15 HL il
P B AU I A A, A R 25 & Ak il 1A
(deacetylase, dat 1)) FEA I, i I8 LR AL
Ji 25 [ ¥} (aldehyde ferredoxin oxidoreductase,
aor2), It HRBOCHM 2 B2 =l L &
I Ak 19 5 W ok 2% 38 B 1 I & B (acetaldehyde/
alcohol dehydrogenase, adhEl), B &5 T L1
7= AL 2

EAF I SR, LD Y R SR A1 S 3L
40 g 5E 7=, CRISPR %k [A 2 ik 410 #il (CRISPR
interference, CRISPRi)Z 4t 1] 1 17 14 b [ 1K ¥
FE R IBIF 7 1L BE R T RE I 58 42k, AT ]
TV LR AR I v i Bk A A 43
Bo, WF5EE O F HJE T Cas9FCasl2a R 40
FUCRISPRIFEA, $i Hbn " MI(L B, THRSF)
(7= B AN ELA], RS 1) 2 R 1) T s 22
2.3 SIANIERAFYRIEEBE

H N E W8 8™ C IR T Y 15t A% el LI
H Bl i s AL B VE 1 B SRR AR 1E 7= O 1R
RS R RBEAER], 7 CRE C L RES
FI R — A7 e Z R0 0 Tl Ak 2= 5, A4
TR, T R N, SN, FLER . BREIRR .
PR TSR IS mlns ] Ak BN
fild T B2 B (Clostridium - acetobutylicum) HY) P i
A B AR AE AR R B TR G S B AT B U
SEIH A A A

oI R LR R AT AL A B — A, W
SR — 25 R Wk BRI A 7 M RE (E3) .
7 CBRE Y, AERRT WA T 5 A S
A It A 3Rk, & il ny 48 K 2 50N
R BIEET B RIE RS, A5 3 sk
BB AL T E PER R, [l 75 ST A R 4R F
AT 386 T 240 A fy R 7 PE 00 oy 2 R 1
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] SR B g A A2 R A iR A T 2 X
e A AL H A, i, dEad
A 22 S TR A8 G Tl S K i B IR R G 8 (R 4
ARk LB R R B A TR FIH
Himar 1 5% JA£ B4 S 05 D9 B A2 ) 6 G 12 i 2 5
) 7K 1 JR 0 T i PR 2 A 5 s B R 2R =
Gk, FETFRNAG| S FCRISPR & 45t Al Ji T2 A
YUAEA™, A FRAET" 2 BRI UE— 2 T
o &eile, WF5EE R JCH ML R 3R 3k RS 25
CER IR QR Ul RV W X AW B O e |
B, AuhE s L T2,
H 7 WAL o TE i R R P 5 B0 22 ke
FEER AP, AR RCRIA I3 g/(L-h) L,
PR EI90%Y, Ry R RAE FDl AU 54k
fie—ARA T AE R IR 2 S B T AR AP A

3 KBIZ MK

3.1 RNHFEITSIZMHKREE

T COMIH, 7E 7K H i 5 i FE AR AR (37 °C,
100 kPa, COFIH,7E 7K Hr (1 161 F1 ¥k BE 43 51 hy
8.2x107* mol/LF17.1x107* mol/L), I A1
BB ) S BRI AL B2 BR . PR, i
T4 v A 1 SO i ) ASOBA% B R A iU
R i ) J(&13) . AL s 387
RO, $2 mAARBUEL 5t R Bk afE AL IR 3 )
(P —PO)AT LI RS SRR Y A% T kafd
VERVEN BN # f5 R Re I M B 248 bn, 5 R
ar BT R RRA BB IR (Bl4). o,
3 2 380 A TR AR A 43 AT SR BT K B
WALEOEG =0

dNSG ka ¢ 1

%:F(Ps -F) (D

K, Ny ST AR EREL, mol;
VIRBARIER, L kaWIEBUER RS, h's
HRZFERE S, Latm/mol; P AHSUKIEY
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TESAHT B 5 %,
sy, atm,

Har, fidkss 2L 5 #s (stirred tank reactor,
STR)J& M R | 2 MR R AW S i 2%, AT
AR 18] BB 3% 25 20T Btz 47 8305 AN W) e b
TR AU i $E  STRI 46 A B £1 45
B ARBEE , eIl N AR B A AR,
T4 3 S TRAL % . Klasson%E UM fiif £ 5% ok
300 r/min$g & £700 r/min, ka (CORE T
138%. JE TR E i HR L S AT s AG ir, (BAE T
WAk e, g B SRR SR
FEREARTO DR A BF 5T 3 R i R LA
PETHE FACRE T SRS W ALY B K
W, A RO S A A R, Lee ™Y
¥ STR 5 A& vh 25 2F 4 B 4™ # #% AH 45 A i 15
kya (COYATIXFI385/h, BLAh, i AT 5E i 1Y A
B . OC AR A e R A v A A T ok el %
Jo s SR80

B 03 v 7% (bubble column reactor, BCR)
I ILEE M T B, B T ANgEdr AR . BB
HIAR B RSCRSEA A, 7 Tl ARBEAS 24k ) A
Mo R AR RRY, BNRmmAg, K
i W N K el R N ) PR WL ¥ £ A B
o 5 R TS A R BB FEAE ST TR
WSRO, HAUATE WA A 152 88 Bsf ) 4
HBCREA 47 (14 AR - Chang % PR GE 77
BCRWk,a (CO)AJi5%72/h, MunasingheZ: !
FBCR S AN [A] R AU AR B A 45 & LB R
B, AR B (FLA20.5-1.0 mm) FIRTE P Blae
(FL4£0.5 mm)#ka (CO)Z)H45/h, HALFRE
B B AR T LA 20 pm B ERIE UMY HLES [kLa
(CO)=79/h]. Myt fEBCR i I 4l ] 1R 5 A0
RMRIFEAH TAL B S, P 7EBCRAYAE
fitlh B A S i R e Sy ST R D A (gas Lift
reactor, GLR), Munasinghe%s "\ 1 7E GLRE #

atm;  PL KR E A
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Figure 4 Typical reactor conﬁguration for anaerobic fermentation. A: Continuous stirred tank bioreactor. B:

Trickle bed reactor. C: Bubble column reactor.

e 20 pm LR BB RS Hds (%00
# ) kpa (COYierm AT IAH 129.6/h., {HEH T 7Kg
SYI iR, A A A7 B BRI

TETR T R 2 5 2% (trickle bed reactor, TBR)
eh, BRI Y A R T T BN PN B 1 P
BEE L AR DA s i AT I SR ) .
T WA U R A 205 AR A, AT/ )y
TR BHL 7 32 5 4% R P, Devarapalli %502
fRIETE 1 L TBR H, kra (CO)F] =ik 664/h,
WAk, HAh 5 A [ R Ak BE ) B B AR )
N g A B T ARAR R BE L, b A e
i JI55 )7 )/ %% (hollow fiber membrane bioreactor,
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HFMBR)PY | B | 4 W) i 2 IV #% (monolithic
biofilm reactor, MBR)YHIZK - fighh DRI A B 4
Wy )2 )i #% (horizontal rotating packed bed biofilm
reactor)®™ . FE R AR ) K2 g b, R VA O
A LA R AL AR, %ﬁ%ﬁ%ﬂ@%fﬁ -aia
(Y BAR S By o (BRI 1T 2 5, 257 AR ARk
AR RS SOV AR IR, ”ﬂﬁﬁﬁﬁAwﬂ
3.2 AERNSEIZHITICEKEE

PHE RS AL W ELEN R, &
M) ol 2 ) 1 2 SR ) A L (I813) 0 KR 43
7 2 TR T I fiE pH O 5.0-8.3 2 A7 i 5 &
B, FEXF A W pH 5.0-6.547 FIl F i Mk A K A4
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MLER ARG, MpHRF £ 4.5-5.00F, WA BT
BERIEE . AGBRREEARKRLREY, HT L
MR 2 S8 pH TR, UM A 2 R
VRIS BT A BIE R, 240 b = R B B
BEAR N PERERY B, AR 2 AN A JEE
L AR X — 4, RichterZEU LUK Gk IR #2
W B THIGES R T2 —1
INF g oA 3% S A FE 42 25 A% (continuous  stirred-
tank reactor, CSTR)JFIX BpHN5.7, TididK
WrBE; 56 RV #s NBCRIFi% EpH 4.8, 1
T ORER B, A LR 207 g/l X
Tl 25 3% 2 R WA X AE 1 — SR A B M2 TR R A 7
T UE R P,

2 T X A A 0 1 A R R 2
. K Z 8™ R I Bl AR KR E TR
30-37 °CYEFEIMN, XA F 6 PLER 1 = A A
B, X R AR N A BT RR . #E37 °C, B —
AALRR IR B PTALAEAE B 1.56 mmol/LAY 2. i, {H
MR BERE 25 °C, BRMSALIE L AT A A
A, WeBEAy 5 K321 F114.5 mmol/L, e 4h,
ShenZ 5T LB, HLIR3T CHRIFA R T E—
AR EPTRI P A K, (A S EANin R 45,
T 2o AP B R 7 O (D637 °CJR 25 °C)MNLRE
/AR S, I T LU SR R R P
UEAh, Kundiyana 5% B 1R R 42 B 7E
32 °CHAFT, FTLURASHR 5 1 2 1 = i 9 FLRE
% 245 i PR 7 TR A 3 I 1 A B B U

H1 TCO. Ho Ui BEAIR , 45 A% BTS2 B
BRI A AR T B R T s AR,
P S T S —F A SR 7 . Devarapalli
ORI R, YRR H12.3 mL/mind 0
%4.6 mL/min, $iA% B IR ¥ R X CORIH, A F
A E80% LA I, M= Em i BitE. i
KIRBR T LLCO R MR, 24 A it 3
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5 mL/minf2 5 £ 10 mL/min, LM LR 2
UG Fr g . AR BE SR i — 4 s =
15 mL/minf}, COFALAHT5% T FE%55%, Jf
H B EER ARG, ShenSEPI0F 58 TR
) SR T B — S AR AR T P7 L CORTHL A
KSR B R TR RE & B SR A
50-300 mL/minf, ZBEH R 1) 7 Z8 23 il U
e, Ha4ks i &R E £ 500 mL/min,
PR 1 o D 2 AR AT B

AR EZERHACO, HfICO, = FA A4l
B, AHA BACRIEAS ) 5 3O = 5 1 e il A
JIEASTRI MO, 77 2R B AT K COAE b 2 i 2 72 e
T BRI A EE IR, 4 F FHCOL MR IR I, )75 22
AN HEE COR LRIk AR it . AR R,
FKARIRAR T FHCOFNH A T A TR , Ho/CO H )
S R B H B, B T HLWR A R LRI
TR, MR RCOWEE, WAAFT LFEM2,3-T
TR AU A — g YR N INC O 4
i $& = 7k 35 IR 1R TR Al I R M2 T (Clostridium
aceticum) Wi FI £ e g OO RS B
COWRJER FIFEER = A4, B AR Y T 5
COMART I BUR10%HT T2 X F7 4% i X /R 1R
AT RSP TG 7 A A 0

4 BUETEHRTFAEFERN
K-

HHT, KRZEBEBHFIE 2 0 1 AR 7 58 AR
WALAGEIR, Al . RN e, X seff
Sy A o RO = AR B JeRsg, R
o BT R PRI A0 1A B IR A Ak 2 i A 7 i
3, FRARA: 7= F2 H A9 R = A4 (greenhouse gas,
GHG) HF i & & , B K < ix 2 3 ~(carbon
footprint), F&E - PU F A A IR 5 SR
BUHT R W] ) SR T A AR i B R
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T AR A B R RE A 78 IR ik It ifF A\ RS2 B
ZHE, KA TR SR, S B
T RE I 255 A sas e 2 —1 ) REF= 2
HHA LT AR RS T, HE 25880 Tk
PR K i 7 PSR AR S, 58
FHPERLEL 2N 7 (LanzaTech)fE fc B (UBT S, 18
i 4 i R 43 B (life-cycle analysis, LCA)!7,
TESNZE ZR GE30 G By b oub 2B 77 i 7R v il 1Y
REVRANATRLEAT ST, 3 A A A i & U HE
AR P R R PR A5, R B A 7 ik AR
P e A2 38 Sy 17

I8/ Bl HE R A 5 — 22 B2 i 1) << Ji 5
Z23VE” (atom economy)!'™, B4R E AR R R
rh R B S AT SR R L, XA E]
AFE AR, B ks et BT &,
FBHIF GRS R B R 40 5 r Ak 2= i ik
R GG A P S R S (microbial
electrosynthesis system, MES)!"'% | 7 X >3 &
rh A= ) 20 R o DA I R A5 A COLB% AL
HE A LN Al 2 R COL IR R Y BE A
A, (HMES R GRS 52 31 3R 5L 4
pHIE . Fowgsieit . AUARWEE . bt el
FEES R A, FErE R B A
CO&E " LRyt B rhr, COH L i i A g IR
FIALE M {4, 6 mol COR A1 mol 4, [F]Af
K7 4 mol COLMAE L, A =73 2 — [T 4 [
E, IR EUEZE, Y R B X — U
R, ANBESE m Bk py e 2, TR SRS HA A
b5 AU H A2 RO PR COL A i A CO HL
W SEAF IR AN, AT 25 A 4 AR IR B
Aede OV SRR RERENR, B S S U
KRBT A4 VCHL, 77 A 9 COTE ok 1 8 F- U
A7 SR AR R, T4 = e b # rp
HmR A R (KE3), BT, BHed Itk itae
%38 )L COL Y FLIR JELHEAL ), BT, Zn-N3£42
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&1 S5 M (Zn-N-G) i b ), HAT B H
Zn-NJEPENT , T DML LR L CO,, F=#ICOE
PLEE AR IR A 5191%, i HAA0.39 Vs 1
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