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Abstract: In biomanufacturing and green chemical engineering, the conversion of industrial off-gases rich in one-
carbon (C,) components such as CO, into high-value bioproducts using microbial cell factories has emerged as a

frontier strategy to simultaneously achieve carbon emission reduction and resource circularity. Chemolithoautotrophic
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microorganisms represented by gas-fermenting acetogenic Clostridia exhibit intrinsic technological advantages and
industrial potentials owing to their efficient C, gas assimilation capability and the unique Wood-Ljungdahl carbon
fixation pathway. Among them, Clostridium autoethanogenum and Clostridium ljungdahlii have become the core
chassis strains for gas fermentation research and industrial deployment, attributed to their high carbon fixation
efficiency, metabolic plasticity, and broad substrate adaptability. Gas fermentation platform technologies built upon
these acetogenic strains provide an efficient, green, and sustainable route for the resource utilization of CO- and CO,-
containing industrial waste gases emitted from steelmaking, chemical, and related industries, and thus hold significant
promise for advancing the “dual-carbon” strategic goals of China (carbon peaking by 2030 and carbon neutrality by
2060), with considerable commercial prospects. This review compares chemolithoautotrophic chassis organisms for
one-carbon gas bioconversion, with a focus on gas-fermenting acetogenic Clostridia for industrial off-gas valorization.
Their discovery and development, species and characteristics, as well as physiological and metabolic features are
summarized. Recent advances in strain engineering strategies, together with emerging applications of artificial
intelligence in strain design and optimization, are also discussed. The current status of industrial gas fermentation
involving acetogenic Clostridia and some other chemolithoautotrophs is outlined. Finally, perspectives are provided on
strain engineering and process development, with emphasis on key challenges in strain performance, process
intensification, cost reduction, and regulatory constraints for industrial deployment aiming to provide references for the
rational design of carbon-fixing microorganisms, process optimization, and the engineering-scale deployment of C, gas

bioconversion technologies.
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Table 1 Compositions of typical industrial off-gases (by volume)

PR

CO/% H/% CO,/%
Waste gas type

Fofth 2 Sy

Other components

SRR

Typical sources

Syngas 20~60 15~60 5~30
Blast furnace gas (BFG) 20~25 1~5 18~22
Coke oven gas (COG) 5~8 55~65 1~3

CH, (0%~10%), N, (variable)
N, (50%~60%), CH, (trace)
CH, (20%~~30%), hydrocarbons,

Coal/biomass gasification, natural gas reforming
Tronmaking blast furnace

Coking process

H,S (trace)

Cement kiln exhaust gas  <1~3 trace 20~33

N, (60%~70%), NO,, SO,, dust

Limestone calcination

e AR B R TZ AR DL R D BRI R T AR 25 22 5

Note: Gas compositions vary significantly depending on feedstocks, process conditions, and gas purification steps.
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Table 2 Comparison of representative microbial platforms for C, gas bioconversion

BT A WlE REdA I i A% ATP/RERT SR TAMERE  THRAK FERE BoRsE
. . Carbon Energy  Carbon fixation ATP / Energy Industrial gas Engineering FEY) Technology
Microbial platform o . . .
source source pathway demand (approx.) compatibility constraints  Main products readiness
Acetogens CO/ CO/ Wood-Ljungdahl Very low (about High (syngas, Strict Acetate, Commercialized
(especially gas- CO, H, (WL) pathway 1 ATP per CO,) BFG, COG)  anaerobic; no ethanol,
fermenting explosion risk  biomass
Clostridium spp.)
Methanotrophs CH, CH, Ribulose Moderate (energy- Low (not Requires O,;  Biomass, Commercial
monophosphate intensive substrate  compatible with explosion risk  methanol (niche
pathway (RuMP) / activation, O, CO-rich gases) applications)
Serine pathway dependent)
Hydrogen- CO, H, Calvin-Benson- High (=3 ATP per Medium H,/0, PHA, Early-stage
oxidizing bacteria Bassham (CBB) cycle CO,, strong ATP +  (requires high H, explosion risk; ~ biomass commercialization
NADPH demand) supply) gas transfer
limitation
Cyanobacteria CO, Light Calvin-Benson- Very high (ATP + Low (limited Light Biomass, Lab to pilot stage

Bassham (CBB) cycle photon conversion limitation; low metabolites

inefficiency + CCM

cost) gases)

e AEASRE RS T2 3 R AR EHT SO PRV R s ATP 75 SR 928 T SRR R A2 1 M S48, T AN AR

P Z IR AR LU R EE U R2, WL B2 A CBBJEH il 7 — & 21 _E#E4T ATP/CO, I AT B 5. Mt 5 WA N E T R 45

e EAUE R, HAEFWHAAORBREE ALY, EEHRWELSRE. B L@ s T BRIk HLH] (carbon concentrating

mechanism, CCM) Z5Z/MEAREERIL, Kb LU $— ATP/CO, #HT S — Ak, UEH T Ekbi. T REER ST 56 M
(syngas). B (BFG) RAEFHES (COG) 45 A4 R UL IC AR BE HEAT 5E PEDPAL

Note: Gas compositions and process conditions can significantly influence microbial metabolism and process performance. ATP requirements

compatibility
with industrial volumetric

productivity

are assessed approximately based on representative metabolic pathways for relative comparison. It should be noted that only the WL pathway and the
CBB cycle allow relatively defined ATP/CO, stoichiometric estimation. In contrast, methanotrophs and cyanobacteria function as the system-level en-
ergy platforms, where energy demand includes not only carbon fixation but also substrate activation, electron transport, and carbon concentration
mechanisms (CCM). Therefore, their energy requirements cannot be accurately represented by a single ATP/CO, value and are described qualitative-
ly. Industrial gas compatibility is qualitatively evaluated based on the suitability for typical off-gases such as syngas, blast furnace gas (BFG), and

coke oven gas (COQ).
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BAME (gas-fermenting acetogenic Clostridia)
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Table 3 Species and characteristics of gas-fermenting acetogenic Clostridia
[ Wt G
1 ; o UEEE ﬁ’é{"ﬂi’? Tl R TH® RIRAHH4 s Z%
T AR A4 R FeV5 FEARE" FlpH® . . ST o
.. @ Gas Industrial Genetic Natural SR
Name Source Characteristics T . and L . . Heterologous products
substrates 5 application engineering products References
ont tools?
C. autoetha- Rabbit feces G', rod H,/CO,/ 37°C, Yes Homologous Acetate, Butanol, hexanol, [40-53]
nogenum CO 5.8~6.0 LanzaTech recombination ethanol, 2,3- acetone, isopropanol, 3-
H,/CO, Transposon butanediol, hydroxybutyrate,
Co,/Cco CRISPR/Cas lactate polyhydroxybutyrate, 3-
CcO ClosTron hydroxypropionate, 1,3-
propanediol, butyl-
acetate, phenylethanol
C. ljungda- Chicken G', rod H,/CO,/ 37°C, Yes Homologous Acetate, Butanol, hexanol, [54-66]
hlii waste CO 5.8~6.0 Jupengbio recombination ethanol, 2,3- butyrate, acetone,
H,/CO, (INEOS Transposon butanediol, isopropanol, 3-
Co,/Cco Bio) Integration lactate hydroxybutyrate,
cO CRISPR/Cas polyhydroxybutyrate,
ClosTron mevalonate, isoprene
C. carbox- Lagoon G, rod H,/CO,/  38°C, Yes None Acetate, None [67-70]
idivorans sediment CcO 5.0~7.0  Synata ethanol,
(Coskata) butyrate,
Gasgene butanol,
caproate,
hexanol
C. ragsdalei Duck pond G', rod H,/CO,/ 37°C,6.3 Yes None Acetate, None [40,67,
sediment CcO Synata ethanol, 2,3- 71]
(Coskata) butanediol,
lactate, acetoin
C. coskatii Estuary G', rod H,/CO,/ 37°C, Yes None Acetate, ethanol ~ 3-hydroxybutyrate, [40,62,
sediment CcO 5.8~6.5  Synata polyhydroxybutyrate ~ 67,72-
(Coskata) 73]
C. difficile Rumen G', rod H,/CO,/ 35~40°C, No Homologous Acetate, None [74-81]
CcO 6.5~7.0 recombination ethanol,
Transposon butyrate
CRISPR/Cas
ClosTron
C. thermo- Horse G', rod H,/CO,/ 55~60°C, No Homologous Acetate, ethanol Lactate, acetone, [16,82-
aceticum  manure/soils CcO 6.5~7.0 recombination isopropanol, acetoin 87]
H,/CO, ClosTron
Co,/CO
CcO
C. aceticum Soil G, rod H,/CO,/ 30°C,8.3 No None Acetate Acetone [32,88-
co 94]
C. drakei ~ Coal mine G, rod H,/CO,/ 30~37°C, No None Acetate, None [70,95]
pond CO 5.5~75 ethanol,
sediment butyrate
C. formico- Sewage G, rod CcO 37°C, 8.1 No None Acetate, formate None [96-98]
aceticum
C. glycoli- Sewage/Sea- G, rod H,/CO, 37~40°C, No None Acetate None [99-101]
cum grass roots 7.0~7.5
C. magnum Freshwater G, rod H,/CO, 30~32°C, No None Acetate None [102-
sediment 7.2 104]
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substrates 5  application engineering products References
opt tools?
C. mayombei Soil-feeding G, rod H,/CO, 33°C,73 No None Acetate None [105]
termite, gut
C. methoxy-  Olive oil G', rod H,/CO, 37°C,7.4 No None Acetate, formate None [106-
benzovorans mill 107]
wastewater
C. scatolo-  Soil, coal G', rod H,/CO,/ 37~40°C, No None Acetate, None [70,95,
genes mine pond CcO 5.4~7.0 ethanol, 108-110]
sediment butyrate
C. bovifaeci Cow manure G', rod H,/CO, 30°C,7.0 No None Acetate None [111]
H,/CO,/
CcoO
C. thailand- Peatland soil G', rod H,/CO, 30°C,7.0 No None Acetate None [112]
ense PL3  enrichments
Clostridium Wetland G, rod H,/CO,/  37°C, No CRISPR/Cas Acetate, None [113-
sp. AWRP (¢[0) 6.0~6.5 ethanol, 2,3- 114]
butanediol
C. muelleri Old hay G", rod H,/CO,/ 38°C,6.5 No None Acetate, None [115]
sp. P21T CO butyrate,
H,/CO, caproate,
Co,/COo ethanol, hexanol
Clostridium Environmental G', rod CO,/CO 30°C,5.8 No None Acetate, None [116]
sp. JS66 sources butyrate,
caproate,
ethanol,

butanol, hexanol

O G—HE L RPIMER; G —H 2 KIATER

@ 1, — & E KR pH, —#uiE pH.

@ SN TR A T4 N4 DNA T B, ANUFEET bR R AR R
i ARMA C. thermoaceticum J& ¥WTE 73 227 H 4 88 1E N Moorella thermoacetica, A& TR W&, SRMHF 7 E TG AT ESRE

HRa TR
OG — Gram-negative; G° — Gram-positive.
@T, o, Optimum temperature; pH , — Optimum pH.

®) Genetic engineering refers to tools for editing the genome DNA, excluding plasmid-based gene expression.

Note: C. thermoaceticum was later taxonomically reclassified as Moorella thermoacetica and no longer belongs to the genus Clostridium.

However, since it is still commonly regarded by researchers as an acetogenic gas-utilizing Clostridium, it is thus included in this table.

VR — i B R P 2 X053 ST Bk 22 48, Wood-
Ljungdahl i 42 18 i H' 3£ 4> 3 (methyl branch) 5
F 5L 4> 3% (carbonyl branch) [ [FIAE R, #% 2 4
F CO, ik i oA 3E (CHY) fERIE (C=0),
R BE M OB A (1A ERE O
Frs) e Ho, WS SCI AU 4G T FF R it &1
(FDH, EC 1.17.1.10, EC 1.17.98.4) fi{k CO,it
JRA IR, BEfE, HERAE ATP AR H Bt DY &

M2 & g (FHS, EC 6.3.43) {EH T 5&A M
g (tetrahydrofolate, THF) &5& Ak H lE-THF
Z R 2 A KRB (FCH, EC 3.5.4.9) Jii
KA T H E-THF i 8 (MDH, EC 1.5.1.5)
N JE i (MTHFR, EC 1.5.1.54) &5 E,
AP L -THEF: &5, WERBE (MT,
EC 2.1.1.258) ¥ W % & & & 2% m & A
(CoFeSP), JfH 4 THF; SHUL[FIKS, i3k 5 2
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Hi CO Jii AU B/ £ Tt 4 B A 77 (CODH/ACS, EC
2.1.1.245) 1 aB, VURAEAEA CO,E 5 N CO, BiJE
H ACS W AEH4 CO. CoFeSP 7 45 7 1y F 2k LA K2 4
By A L3500 RS g A T FEBGE FE R, CO R
S/ TGRS A &1 (CODH/ACS) 1 ¥ Wood-
Ljungdahl £ A% 0o Bl , 308 Tk i 490 308 30 250180 A sy
R FAL I, ST CO,IEJR Y LMt A & A
]

FEF= W& T, R B — AR R
18 1k Wood-Ljungdahl i& 12 # 46 o Z BE 4 B A J5
AT P AR X 4% B ST N AN A, AR
— R Z WA EY CnE 1R EFR G HTR) .
C. autoethanogenum- C. ljungdahlii. C. ragsdalei
LURREME KRN R, o/, 2,3-T ZF.
FUIR & B HE B A 1R
difficile. C. drakei. C. scatologenes. C. muelleri
sp. P2ITZ R B 4R LA REFs, ER%
TRRIE RS T T L S R bR A
SREFFT R, CEROR" FL2mUEEY.
N TR AR E R, Dl
AR BT RO AISE, CERIMET £
MANTHMT, #—BhET WL, R
TRAREAE N B IR R Y R S — B AAR A
RERICC U IEPN VAR A

C. carboxidivorans~ C.

2.2 BSHRERIESMRSE

BT, AR B )@ i Wood-Ljungdahl
WAL A TR B . SR, AR B A A
B AR, TR — AN AR ATP AL 5 7 1)
AR (B A B A ). RETE
TR =Y R E BOE R, gifR i o
MRS (Ack) FIBEIRE: L WiRE (Pta) RIS 1
4y ¥ ATP, {HiX 5 Wood-Ljungdahl & 4% [& B JT
FENI 150 7 ATP AHELHEIE W, SRR MRTE B 77 5%
PE S T I KT BE R AL SE B4 e B4 2

5 55 S B E O =R IR (tricarboxylic
acid cycle, TCAEIA) A AL B BL AL PR W BE RS &
e AR Y, AR R EAH KRG A
AREBRHRME. Bk, BT HIEERH G K Z F
TCATEHM KNG, BSREIFA R &N TCA

AR R, AR IR, R E AR T
B RES TN R TR, B
FAAE LA O, 2 2R Uity B 1 52 1 (1 8010 T IR A WeF R i
BT Bk RS, BRREAE B TR TR T M
5 14 7 Bg ML i1l —— £E F| H Wood-Ljungdahl i 1% [i]
B E N, @ Ref & &4 AMIE R SRAILE A
(Fd,,) VAEESZFSIE RS THRRE, M AR 3) ATP &
P4 ATP,

WFARERE, EHREKEZNT, B5REMN
A B B 32 AR AL T A B L 1) Rnf B &2 & 14k
%5 & 14 B RafCDGEAB AN HE 4 /%, BLFd N
HF i, NAD % T 524k, @it e 1
i@ TERIA R, ER PSS, Rof
B AR F, B AL R Fd,, B T IR 3
NAD' it 5y NADH, [A] i ££ 5 Na'" 5 H' /) 5 i 4
e, AT 7E 20 M B I g L R Ak 2 R TR
(Al o VBT 16 BE B 5 8 I i 45 & AL ATP & A%
iy (ATPase) MU [ #%3819 LR, 4 B8 1 K
FE 6 FE RIS, ATPase ¥4 55 1 35 g % A0 N ML iE
RE, YUK ADP BERR {4 B ATP. Ak, Rnf
5T Ml I b AR S RS B S ATP & B T R RE
ARG, SEIA LI JE 8 ) ATP (1) 2 W)
Bl T

AL T — P UESE T Rof RGAE H IRt &
B HER . 4 Rof N PR, sl T4
(Al F RseC 2 T 5 Rf R IA SZ BB, TR H 77
AKBEEE T, ATP & R R 7 3h 3 i S ™
HAZ A, R R A AR R R 3R AR K TR A2 B D
fil e SR E, Rof REHE T sk
SR ARSI v N i A AR 7 [ E I S I 1
C. aceticum ## Na B Rnf & & 1& 5 Na'-ATPase 1/}
[F] %32 Na ', i C. ljungdahlii W)X Ffl H' 7 Rnf &
A1k 5 H'-ATPase /v H'JE 3 ™, ZERRIT
AN TR0 bt 458 B8 2 R P A 3 O SR S o

EESRENELIEFEARH M+, RofiEE
HARE N BEE T IEZ DX AL, AL 3 L
SRR m AR . % E AV B
Fd 72— K% [4Fe-4S] I/ g1 W FaudEk, o]
T R A R B AT 3 AR AL TR G AR T AR R
Rnf & &R R4S & W3, k4, Fd, 5 NADMPH
FE R M R AN M Y B A0 TR I, RIS
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gt CODH/ACS 5 &%
/ S O, co 50, IH\_“ 8
£t JLHJﬂFDH Fde  Fd,, el Aceioln 2300 T GalkD
L}
P (:n:«l’ ) 1
Formate Formate Pyruvate 20 Lactat -—--____-—'H. Lactate
— Feémate N | s Pyruvate —————— . Tactate
3 < ! !
. : .\||«:IFH5 H) i
H 2 ;
I lechyde b Ethanol r—— Ethanol
I Formyl-THF Fd I
L | %o Ethyl-acetate ——p—— Ethyl-acetate
! ]FL.H Fd,, Aceiyl{CoA !
| Acetate
[ Methenyl-THF [CO] S et i e
i ATP 1
it _‘|Hawlxm|[ et || e !
[ i ) 2[H} ' !
it Methylene-THF CODH/ACS Q“"l'("”‘ = A ECoA A e 3HB —C3* | 3.HB
- C0; : i
i oI~ MTirr  THE 5TH \i 2[Hl, L
I 2[H] = Acelone PA ™ IPA
35 E Methyl-CoFeSP %
: : MELYCTHE MT R 3-Ketohexanoyl-CoA 3-Hydroxybutyryl-CoA : 1 T
[ AT 2[H] L
5 -2[H] HMG-CoA ——=+ MVA ——&=2+{ MVA
. NAD IATP=~g I
o " @ AT 3 Hydroxyhexanoyl-CoA = Crotonyl-CoA 4 i
H'/Na Yo TG —~NADH PHB Isoprene —f—i—- Isoprene
1
2[H ML MNH I
INADP* 2NADPH s 20 T, _'H\. = R o
yde T
Trans-2-hexanoyl-CoA Butyryl-CoA {
2 Butyrylphosphate —=— Butyrate —::}- Butyrate
| —2[H) Pi ATP I
H*/Na* -

Hexaldehyde —f,—.ﬂcxaml Hexanol
Hexanoyl-CoA 2[H] 2[H] ik
1
!
H yl-phosph ~~ Capmatc—,z‘—- Caproate
ATP Y -
=
- -

B UREAN T RE K& e A BL R U SR IR )

(CO,— & MLHl; CO——% bt H,—&/<; THF—VUSMIR; FDH— AN ; FHS—F BEPUSM /e & il FCH— F BE3F /K Rl 5
MDH— . F 3 U S0 2 fit 208 : MTHFR— V. Y DU S0 RO R ;. MT—FJE#E ROl CoFeSP— KMk & 1; CODH/ACS——%fk
BRI LB A S 8E; Pi—BERRIRE T ATP—IRIEMe M = BHIR; ADP—IRIEMHLH “BERR; ATPase—ATP & /fiAE; CoA—HfiliEA;
Acetyl-CoA— Z4#HF A; HMG-CoA—3-F24E-3-H % R Mt Al A; 2, 3-BDO—2, 3-T f%; 3-HB—3- 2T H; PHB—XR3-BET
f2: IPA—5AIE; MVA—H 2GRS NAD N IR e B H L NADP — MMt iz IRV v — B MR WL . NADH—IE J5 245 JH 5t i iR
WENS TR R . NADPH—I4 S 4 MRk e I 08 — i B IR IR s Nifn— 8k S0 B (U AROBUT H F BUAL BE A . Rnf—OBE I8 Bk UiE B LR
NAD" UL R 1k Fd_ —iE A KB E E Fd, — AR BAAEE, [H] AREHNAD (P) HIRMH LA T of 14
AT BAFRAREZ PN, RE AR Wood-Ljungdahl i 12, K EHIAAR NIRRT LI, B @R EAS
YRS, o, B TEE A LR E s, AR E B RSB, o T RAEME-RIETR
T 1 9D
Fig.1 Carbon fixation pathways, energy metabolism, and some endogenous and heterologous metabolites with the gas-fermenting
acetogenic Clostridia cell factories
(CO, — Carbon dioxide; CO — Carbon monoxide; H, — Hydrogen; 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/ACS — CO dehydrogenase/acetyl-CoA
synthase; Pi — Inorganic phosphate; ATP — Adenosine-triphosphate; ADP — Adenosine diphosphate; ATPase — ATP synthase; CoA — Coenzyme
A; Acetyl-CoA — Acetyl-coenzyme A; HMG-CoA — 3-Hydroxy-3-methylglutaryl-coenzyme A; 2,3-BDO — 2,3-Butanediol; 3-HB — 3-
Hydroxybutyrate; PHB — Poly-3-hydroxybutyrate; IPA — Isopropanol; MVA — Mevalonate; NAD® — Nicotinamide adenine dinucleotide;
NADP" — Nicotinamide adenine dinucleotide phosphate; NADH — Reduced nicotinamide adenine dinucleotide; NADPH — Reduced nicotinamide
adenine dinucleotide phosphate; Nfn — Electron-bifurcating and ferredoxin-dependent transhydrogenase; Rnf — Reduced ferredoxin: NAD'
oxidoreductase complex; Fd_, — Reduced ferredoxin; Fd — Oxidized ferredoxin; [H] represents one electron (¢7) and one hydrogen proton
provided by NAD(P)H. The dashed arrows indicate multi-step reactions. The light purple shading represents the Wood-Ljungdahl pathway, the gray
shading represents endogenous natural products and their pathways, and the pink shading represents exogenous metabolites and their pathways.
Among these, salt ions are transported to the extracellular through channel proteins in the cell membrane, while organic alcohols and other substances
are transported to the extracellular via diffusion; High molecular weight polymers such as polyhydroxybutyrate are in the bacterial cell.)
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ST ATP & B3 M 38 J5 1R S I 4E 55 A
AR S Fd, 1038 7 AR 32 22 il — S A A i
% M (carbon monoxide dehydrogenase, CODH)
A AL B (hydrogenase) 2K CHEE R/ F .
CODH i id fi 4k CO %Ak S N = A= Fd,, T A AT
T3 3 H A8 SR K L R B A S BRI R
H (Fd), [FRIFEAERLFd, . LA C. ljungdahlii A7
PR BT, 24 LA CO TE M — B U5 RN RE PRI
CODH/ACS & & & A {3 ) Wood-Ljungdahl & 1%
SER CO, ] 58 , 34038 3 2 16 A0 S I 5 48 A i e AR
JEFd,,, NG EEIEE S . mfELL CO, M H,
a3 AR RIS AN B IR B 2 E R, A AR AR T 4%
B RAERZERR, BT E S (electron-
bifurcating hydrogenase) i i ¥ [A] ff 1k H, A b &
N, [FIAE R, 5 NAD(PYH, JERE “XUHL 14
7 ek &, Hrh, Fd %4 Rof & &N S5
MBS RO LB FRRL, N ATP & B2t B 4%
Wh 1, 1 NAD(PYH M £ % 2 5 fg i i i %
N B, C.oaceticum 1E H AR W I FE A 8 il
o SAEEA B Fd,,, IF4 Na B Rnf &2 & 14 IR 5 44
BT RIE, 5 ATP A Bk (A R 2 DA Na B 5 IK
B ATP & R R 0 7,

BEARERRN R, ARSEEDTE S RARESE
15 22 7 ) R AR U R B e e i B vk
s PRI A W BoR,  C. ljungdahlii 1%
CO 611 N1 ATP & i #2458 Hy/CO, 55 A 2 & 5 5
41.6%, HHFZE&m=YNEREY (LM
2,3-T /), TMifEH,/CO, KEEZAF T N UL Z 1R 35
R Hay FHEREAE T CO KR, — A
Wi A B CODH (CLJU c09110) Fls gk i48 & A
AR JFEE (AOR, CLJU ¢20210) &% L -
I 35 1 5 L A% 08 AR R R 3 ATP & R 5 & U
Hezh OB W GREM B AL, B “BRIEIAH” SRR
B ORI JE R =y e R . A, 7R H
CO, AN, L A S A B A AE B P, 1 [ ) A
74 NAD(P)H, 1ff NAD(P)H ik EH %2 5 Rof
N SMeeETELRE, S LR U E T
TG A7, AT (215 240 e o 2 18 A Rk A% 4 ¢
AR S T

1E IR EALE RN 2 Hh, RS B KA
H T B b % A B Nfn  Celectron-bifurcating and

ferredoxin-dependent transhydrogenase) i 57 ¥
NADH A Fd,, [ i& J§ 77 ¥ # % NADP', 4 i
NADPH, 7[5 [t NAD", J& ¥ ¥ fa 3 A Ak i
JR-FHT R SR N . EE DR AR E R, C
autoethanogenum " nfin & R i < ¥ 5 505 bk AE HY/
CO,HFR kM T kA KR ), KUY N 24
FFE FRACU X 26 £ 08 PR AN R AU AR 1 4 7R
T R, BREUE BE B T I HTA 2
55 i P R 4% R G AL R A T RO iR R T
e A ) e AR OB

3 BARERBEHINGE

NTWRANEFANBOE &SRB, BN G DE
MRS T E SR E IR T AL Tt
M DNA B0 T5 1% fERLIEA 1, 2 Fh 7 1 it £
fELH (4% CRISPR A IR R 4 B R D 1 At
VRSN, 466 A MRS TR,
W RTE T BRI [ R R AN H BRI
JRAE ST, Bt DR T L TR AE T B4,
BEALE AL . SEUG = I kAL DL 22 4 i 3 8 R
AR 22 25 SRR SR A 45 B FH T B R B AL AR ATt
7O, JFEUR —ERACR . BEE AN L REROR K PR
K, Hlas 215 KB A5 U5 ik B B i 5
N BSRE BT FL U, T A A R 2% T
R R R B R (& 2D,

31 SFIBERK

BERREAABEBF A — RSB FREK,
JETTAE 5 37 500 OB SRR . OKRE L AR
L PREIRA) B IR R TR MR R TN
OATARYE Se 58 H bR, AE B IR S R AR AR R R
WU D R R R R TR

R FRR RIE DB, FRANRR
GRS ETENTEAREN — RIS FIC
7, SREPERTERD. ZH 7. BRgil .
HRME T RFFR B &R o™ J@l
XX LT Re o AT AL S, IR E T
# %2 pMTL-80000 48 1#- K 7 1 B ZF R iU kL . 1% &R
HI BRAR GE 5 2 2 FEAL 0 55 [ R IA 5 AL B 4E TS
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Fig.2 Genetic modification techniques and performance optimization strategies of the gas-fermenting acetogenic Clostridia

3K, HET RO IR AR BT TT R B
WRGE 2 —, iz T A TR oo Fn 5 K 1) fe
figtir el

HAr, KREHEIRWEK SRR S
¥ (conjugation) B{HLZEfL (electroporation) [f]
HMIE TR DNA B4k 772 B 1, JRTE b SR Al b ar
T 2R B RAE R IA R, B4 ClosTron 4fi A R
ARG FET RFEREEKWAZHHLA . CRISPR/
Cas /> 3 11 3 [ 4 # 5 K . CRISPRi # s 4 iH] 5
o, PRI . R TR REFEE S A S
K Bt DNA B[R 2H B A R &5 D7ss: o560 7t el
X T H AR08 2 FE K 2 DNA I8 s B A
KF BEDNA B G Ul IE T8 LA S RNA 7K1 3 3%

W2 EHEETR K. Hd, CRISPR-Cas9 Al
CRISPR-Cas12a /3 [ g B R BT K R NS
MEE > TRUuE M Em TR, HERESRENH
BRPRIF) 22 53 3, I P35 Tk 2006 ~~99% [ % 1o 1903
MAEEFFEY Cas EATEE T MIER M. Rix
Bfaf LA AR R )55 R A OC . [RIG,  Jd I G 4
W% Cas B H R IA DB R A M5 1 . e =i
MFE, RN ARKARTE CRISPR-Cas RS 7E SR
B I FH M 1) R AR A T )

FE5r FIRE AT, BRI RS R A
Bl 155 ] 5 ik oo A B % ST S VR R TR K B T S
FIBEMNAE, EZME F A IR R E S
BT HEARERS. R ACESSREA
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IR T ISR RE S8 E 30T P, ! FIFLRE S 5 A
BT P, MHESFUEAREEE L
HRIE R A 2, FSEBR R 2 3 — s R . ik
ok, A R E] BN &SRR B 12 8 O 4 e
TZ2MNEEFENT, HH P P, L7
ZHEAEAN 1,2-H & (1,2-PD) H S %, MR
%S A )G 30T P, W3l Cas9 RIEK, C
ljungdahlii *F 3& T CRISPR-Cas9 [ 3 [A] i [ 50% 2
THE 100% ", phah, KBS T P S
CasO iR B S R PARG, TR F ML T
0.6 kb 1 i iR Mt 2 g 52 K] pdce DL % 2.5 kb 1) 3-55 4%
T]REREERIERAGN, LS RS HE
F100% A1 50% 1,

mEBHNE, AR T LEESREERR
WS M BN R A EREER, KR
PRI DNA #4805 . RIS 5 Goid 1k LA S A
RSN EAG K. B, C lungdahlii T HAH X
B R AR RN 55 ) PR W AE M BE R, RN
CRISPR-Cas 4T &K 504G 3= E Bk, H AR
o R AE AL S HF R AT IS B K T C
autoethanogenum <5 T# P W) % 3k 22 It F A 19 41 5
DNA T A &% 2 J 5558 (9 15 F B L), 5 5
CRISPR % Gt t6) G M 45 i Ym0 R P B B Ko
ERAART HiES 7, ClosTron £ 48 R H 54 a5
B fE EARE UG, & TR R D R E
EHAAANREBAG AT, R 745
FEWIE I N 5 5 [R5 B A0 (9 BUAS A R BT
SR E g B, (H AR BRI H AR B R
CRISPR-Cas9/Cas12a % %t W 75 5 1L 5 250 3 K] 4 4
TR BB, (R IR A A R gH R
FIAE 3B 43 W Pk b A 7 L 5 5 R IR BLR Ge A Ak
PLZEfR . Bk4h, CRISPRI & 40K 7 i il DNA
BEWTERL, BEIE 06 T R A T Ak R 2 S AR
EIEARNT . R, &S0 B I 2 R 4 4R O s
TARYE AR AR S TR bRt AT s B e %
XTI AR T SBUE . A RCRECR AR, T
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Tl B AR B A R R B B R R AR, MR A
Bk RN, FEREREE LEREmETH,
LS I AR 8 1T 5 0 2 R TR 50

BART S, R T H S5 RIA o m
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R 2 A Il S LIS G (PAIAB) R 3L R i &I
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ik — A AR, A B> WL A2 R
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MR IR, W ELE C. autoethanogenum F1idt F 1A
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P, EEARETRBEREZEOERN “O TR
7 o 2% RS S 35 1 A TSR 2 VRO 1R oA 3 A
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FENRR, LR RIEFERIN 31765 . ik
(R AR, I e bR T S B [FeFe - AL ,
R AR C. ljungdahlii MO N FE TR F1 0 S, M
M358 7 H, 3K 3h 1) CO, [ € 2%, Jitm 1 Ol
FeE, R EARE S BT RN T
AR AL Wood-Ljungdahl i& 42 F i i A FH 2508 1,

bt ag Rk R X4, REE R
(mixotrophy) 378 B WA RE PE I NH,
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F R — ol LB P A A R AR . 12 R A B PR
Re % [F] 50 ) FH A HLBIR Can B A0 T8 AL Bk Ui
(CO,/CO), FF&5i& H, B A AN SRR T, T
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WL % COHE ™. mBMMALRET C
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WIRJE B, XN 5 RN IERE 15
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KXt C. ljungdahlii 75 [H) pH 24+ F #47 CO
REERIRE R, BALpH MUE A4 K, W
CERT T OB R HACE G R, R
B2k AR X e B S B ia o Fo BA B g 1

B 2 T R B B A AR S S AR TR R
W A0, A ER M OE G BEAL S AR L S = 0E N PR gk
1t (adaptive laboratory evolution, ALE) M &% $t
BRI, W)z TR OB B AR
Ao b, ALERIR &N 2 . #iln,
Ingelman 55 " J8 3 3& B 3k 46 C. autoethanogenum
RGHE R “LAbrini”, HEKHARKER, U6
FCRE ) S AR B PR 545 B 2 2 52 FE o Patankar
S DU g A ALE 5 H R R AR AVRAMEAR, &
FHe T C oragsdalei X L FER B W 52 vk,
BRI KB G EWMREA TE. A, TR
FLBE IR AR Z A ¥ e Wk A 7 P U7 T8 e B
MRS . HEFURIL, MLV H/CO, NI & —
A 7= FL R 1 L RE B Mk Acetobacterium woodii, I
B H 5% 4R Clostridium drakei 353555, PR B Bk
Z (BRI TE OHE B AR A BB A5, C. drakei V]IS
WA= B AR N TR, HIRE
RE IR R IR A R 2 i T R R T

SR E, BRI AR P s SRS A A
[ JZ= T 5 T 7 R AR R P 2 R ] e
PERE. SR, =4 AT R i i B R Bk — 25 1R T I
ST AE T AR 5 WA T8 A% B AR 2, AR
5 D80G SR T RE Y OR IO SR THIR EE A PR s[RI, A%
48542 5 9 Ak SR A TR G b T I R AR R R
A~ SRR A A DUORS YHE AR AT S5 1) R, X LBk AT
ARFEE 2 R, RGETERITFERE— D R

3.3 RIS

FEM R B SRE W R 2K T7 T, TR
KEA TS SR AN T L& ).
B, R ELE C. autoethanogenum "+ 55 15 K
H Cupriavidus necator ] phaA-phaB-phaC %% [X 1% ,
B D) A% e G B A ) RT R A TR ORL IR 3-F2 AR T R iR
(poly- B -hydroxybutyrate, PHB) “', [t 4h, C.
coskatii~ C. ljungdahlii % TR EUE S, TR & R
PHB J H AR 3-52 35 T2 (3-hydroxybutyrate, 3-
HB) 1 18 Diner £ ') @ i ik R 18 R JEH T
Enterococcus faecalis ] W & & B & & .
Saccharomyces cerevisiae W) 7 X — i £ 5 1R = 44
HH idi Jo Populus alba [P 5% % & B2 K] isps 55
FII A C. ljungdahlii & R ¥4 588 0 58 57 G — 4 i
k. HTT, C. liungdahlii M1 C. autoethanogenum J&&
B ORI SR A EE Mo oL IR P AR SR A
IR G . (EIFHEENZ, Liew ERFFE " 8
& TH i 3 BN e i R G Ak oK
W&, 1t C. autoethanogenum 15 7 1¥) P B/ 7+ A BE &
BRI T A A . 72T RS R T T
Kopke 1 BA 5 B JLE X C. ljungdahlii 3k 47 3 K 41
My YRR TRE G BiJS, Lauer HIBA ™
5] N C. kluyveri F1 C. acetobutylicum ] 13 > 5
PEE, DISEIL 7 T RS CRER N E S . AR
HHLR ¥ 43, Ueki Il Huang 254/ 703 & ) 43
1% 1) 95 25 41 f dCD27 Att/Int W 36 14 4 & il &
g, KT RGN ER S & C. ljungdahlii 55
H, FHAERTRK. T8, WF70E @R
AE M FRIK S, cerevisiae K5 I EE 2 Ik B 56 75 1
1E C. autoethanogenum & 3 1 5 Th & W 4 R &
fig % SHLERMIE, C autoethanogenum H 7
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LR A R Ol 3-FR BRI 1,3-TH i 4%
mAE A &P R RN B OBF R C
ljungdahlii TSI R R EE . 3-F22E T FR A0 20 1) Ty
[FAE /=, JFilid B A ie 25 58 w1 B AR iR A
R s I W ) — WUt L0 38 IS 7E C. ljungdahlii
gtk BRSO DI RE RN, M 1 AL PR AR
faE HAem A i 3-HB 1) TREBE PR, 1SS
(R R % 5 AF T S G 5 10.3 g/L 19 3-HB 1,

R SR E =Y R, 32 & H bs e
W77 Bt S L T B R OGBS B U E
e 55 A0 55 Br ], BT COK R 2 RS 4E 4k
AR TRESENS . B, A7 HF 7 A CRISPRi-dCas9
FER R R T IE AR T W LR G RE 12 1) ¢ B 5
(pta M aor2), XA T LERE] =PI L,
F¥s I 2 15 3 2= HAR =4 3-HB & . %K
W& AE C. ljungdahlii 7€ 5 7% 561 I SR 2 FFAK 4
75%, [F]IN K 3-HB ) fi i 7™ & 42 T £ 21 mmol/L,
IE B R AR 2.3 5 1. k4h, 2T CRISPR-
Cas12a 5 4t F4 g i) F DR g 53 A0 35 D] 400 1] 2 5. 7R
R Ih R, Hohi@E i CRISPRi-ddCas12a 411l 55 B4
W adhE] %L, BT & BSUR AR il
BEMEW S, JEE— PR T T RN G R
Jy el gt Ah, I 5 Ak OB I 1) 2R 7 AT IR 3
2 AR E. B, £ C. carboxidivorans H
RIEKIET C. acetobutylicum ] adhe2 F£ 1K, 7] fif
BRI R A N B CBRE B =4 50%; i —
W RIK adhe2 58K H I & H-NAD Ik 5 B 2 K] fior
Ja, TEEFERTTZ18%, RN LB EiRIT4
22% 7,

A A P 2 SN U5 T, Antonicelli 55 B C.
carboxidivorans P7 (DSM 15243) N KBk, 7E
CO,/MH, & ¥ % 77 i & g R Rl AT L e =
NP, RAAMERE R E N R I EKC
carboxidivorans_hex21, 1% Y1k & 1) 5 K ODsool&
1.7, BUEFAE B HR m 112%, bR KOE R 4R T
L1445 R HACHI B AR A B3 e, F 2™
YIH OB OB i — 21 GC-MS 73 #r itk
MELER . KB BREEE. FEEZMP K™Y,
F WAk 1 FL & R TR Hh A B BE AR A g ) DY

I AL, TR T 3L 5 7 WS AE E A AR R 2% 5 4
F&r= W) 2 R 7 T R B S . TR E R,

TEHRMEL RN, C. autoethanogenum H1 %) 96% [P
TR LR A MES C kluyveri 1557 5, H
AU B M B & i, OBE P B KRS T .
ML G RPHINCRE, TR FRILTP
SR AR, [FR TR KRN 27T
292.6 5 1. KB, TESEERIE C. beijerinckii 24 h
JGH: N\ C. carboxidivorans P7, FfPBEALILE; 7K R
P E, TEEPZREAIA 1.9 g/L, NHE—FKRK
(1134 4% ele thAh, AR T2 AR A A g IE S
ReA MO =) & e /1. B, 1€ C. ragsdalei
)G A KBS AR TP I IE = IR 2h, T B ik
AR AR 20%~50%, IR TR 2, 3-
T EER R U eAh, AN N A YRR T AR
TE AW 15 C. ragsdalei ) L BE P 5, " HESH
T 38 18 5 S A B R A o P

BAEME, XRERKEAFRZH LR TR
AR T IR RARBR 1), SEIW 1 & BURE I
TEERT, BHTWAR NS R T
5k T EREMSG, VLA &5 v 17 5 0 #2
FaE 1k o

3.4 UEHERF AR

BEE G B S E AW R R E K R
HE T SORR 2 R A R 1 A U B Y 20 T I
AWi5E ¥ . 2013 4F, Nagarajan 25 U % 42 44
Vs B SARMEAWMERTE, WETEADC
ljungdahlii ()55 R 20 ROBEAR UL Y iHN637, SEHL T
YL A IS R KR IR R TN . BT
F) H 8 & 65 2 #1 (flux balance analysis, FBA)
BELAS | 35 758 2640 N W AR ARAT A, IR
155 RY TN 5 S50 H i AT IR (i e R AR KO
HIMAE 0.077 b 5 SLNA{E 0.072 b, BaE 1B
AT EENE, AR AR E B R B L5 T
JEAl. 20224, Valgepea 55 M MG A E SR ET
SR KRBT C. autoethanogenum 55 H 5 8T )R
Sy W IR R, AR R A T T ) 0] B 8
TR, Jra R RE ARG ICLAUT86,
ot rEARASE SREEEREE, KU
N 21 1/3 [ 8 A BB IR AT T CO,/CO [ €, Hoth
Wood-Ljungdahl 4% 5 48 3 AL . 3F— B 4%
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SRR, 2990% A U I AR Ak B O 1 AR AL
Wz, MAEE A RKERL. WA, R
ENNEE S AT N Pl T 0N NGRS R U RS
fE— AL Al (CODH, CooSD) [H=HJF ¥
T W) i CODH/ACS H &4, LA R 4/ AL IE
J5ilE (AORD) SEEiZ N (ADH4) f£ LAk
AR E AR, Dt e RO O I A
)R 1 ) g R

2023 4, Caivano 25 """ £ C. ljungdahlii ) i
29 A Y B 5 b 5] NTR B 2 o) 5 DL A4k
HEMg, BT A TN A AER Y . AR FeaE
IRIE 5 SRR DLK cat 25 & WMtk A2z fi 1
B2 715 Z RO B R B ), A5 2R T 3% 22
FEAR L 74%. BT T 1 £ E 53 WA ) Il 7 CO
PBUE LR X A [20~30 mmol/(gCDW-h) ], 5525
HhORL I 2 B ARG LI R R R,
RIRSE B QMR 'E LW 0 7 1 T8 7 2 R i Bk 58 5
(Wl ackR. Idh), FFE7R T AERKERG =D 6 K2
AR S &R DR — PRI, REEFREK
TN AT Bl T 52 T B AR B [ 58 RR 5 7  RE
SR, AR AE — s R A HO T B e 3) 7
AR PR e A, ShA TR 1A Rl g 2 4
FEAE R DA IR T . 2024 4, BEALHE
XF 7 CTR T N TR e 5 ML &S 5 ) 7 VR I S gk
7T RGHERZR ", Rl 7 A3 )
22 (neural-embedded Bayesian kinetic model) ,
DAt M 28 B ARG e BE R as, &R T AR
BN AR T SRR RN TR T DU
b 2 2 % ML Sy 4 i J7 15 (Bayesian sparse
multi-omics ICA), JFfill it 5 /R 7] K BE 5 HFF R K
FE AR AT 3% s L 8088 o b Ah, W SR8 51 N VIT
(vision transformer) 5 %Y X} 24 B J& (K 41 3 47 Tid 1)
Zx, NFIERFDIRETUMRAE 7R AR . SGE &
B, B MMM 1 4> % (flavin-based electron
bifurcation) &7 Z 1R B e &AW B % O ALE], H
CEEENE (AdhE) 5 ZM 4G A LIRS (AOR)
P RRSUB S TUAR R G5 AdhE/E @R 7461 F
H,78/2) HES, i AORTE CO Wit 414 T bl
o HE— ML, 1E& %% T 33 MRS I B i 2
By, Jfilid FBA #8& L& 5% > T ackd 5 F i
B A B e AR T 4 20%, fH 7 4EFE ATP AR

SPAET o [ H 8 i 45 HL/CO Bl sl 2,3- T
€ ) & B “ARBIIT R 7 G, A A
PR BT AL TR HEE

gi b, RS ATEARTE " 4R B0 70
CHF iR, (38 m AU Pl v v . AT
KA 5 LG ST R BRI ). AR
M, AR — 2 F2 R B AR s 24 2 1)
TR NERIERE (WIEHS WS 1£
JE BRI S sh A A MZIEA BAE . [N, A
T B T IEAE B SRR B TR S e AL TR AP B B
FH O 70 B0 5 A BN PR . AR SR BF 5 i
Wt — SR 2 HPHIR N RS, A
MshAE MG 5EEM, FREEMER. &
B ALSE, DA A AR R R s 4 . i
R 1 55 H AR AT ORI PR AR . S oh, AT AL
s B AMAEY (K EAEEED i
I Al , KR T 2 4 2 00 DK 3 1 D% S AR i
AR SR, T A B AT B o BL S R S
BRI S B )T A RO SRR B, A ERNAR
FEAU LY 5 L3 % 2] Hk, A B @1 m) R
PRI HE R o o SR S AR AL A S, SRR pE i ik S
HAEWITW R . tesh, BT8R otk
e R P 5 AR HE 5 R R R B A, A D)
— g S A B A ) A SRR R MR e, T K
BIXT CON H, 25 AR AR AL 1 3) A8 1B A0 5 s it 1A
. EREEREZN, ¥ AUFESELIS SR
ORI . WM SRR E A pH &) M4 &,
A BRI B 1) I SR A SR, AT B T
A kBEERENRE S AR, TEREMN
2, ERHRITTmBEAERSRERRTH RS
PEBE AN 8 2 B, AHAH 9C 7 v ©AE HoAth Tl i Ak
Y43 B WP IR, RORAE BAE — Ik AL i 1k
Bz hEENH .

4 BERE SRR B AR

ETEARBENAEKERARCEILI T
AU A D e B INAE ZE W R 2R AR ) G
(E3). BT ZHARLS T EE LS i
B BEAPER AMERIA S (R B
O BT RS AT S R,
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o0 4y B35 COL CO, MTH,. W JE 4GRS+ iE
WA ER I RO & T B A0 AR )
PR, AN KB R G R AT R
AR VR S AL B T, DA R AR R B S
Pl 5 fRa e MR IO EESR . 1 AR A B S TA B 1 AR A
38 N 009 R I S LA N, I v R
5 )5 e BV R AL AE IR R . E A ) &
AR B AE IR R AT, KB R 1) Wood-
Ljungdahl [E ##i&4%, K CO M1 CO, & &4k Ny 2.k
WA, MG, WA EMATLERE: —HH
MTE BT . AR (. LD
FHBSEMW: BT TEER S ELS
Wi . REFGWR G, REEBOEN T 5 5 0
HG. BT ARSI T2 LS R 2
YR B R o B8 IR R4, SRIZIREL AW 2 1
TR E WA B R B85 TR 5, A
FRCRARE A, PR RS R E R 4
B S 2K W AT A B o 1% 2R R L S
Tk B HE SR IR AR B R, o R R B AR AR
FEREVR S R PR AT RR AR TR TT R .

B B UM R B R I R T B AR 20 tiE
4R, BHSCAHOREMNREIE. WY
KA, F AW TR IR T 36 E R o 32 K% James
Gaddy FIB\, HEB IR A T AR R BEAH %

O B M, O L W AR W B 5 BT (Biological
Research Institute, BRI M F 44 & B AR 1 I
Ky IWTHERNZBE AN TREAERR. e, %HE
[ 9% /) 1 A=) Ineos Bio (& #% H [E B S AE 4 A 7]
eI 7E 2008 £ BRI, FfF 2012 4F 7 3 [ )
% Bk PN o % g 2 R AR ) R AR A MR R B
il Q) — AL TR TE R B (LB~ Re212.4 17
W/, A BRI AU R B R Tl s Ta i
T, B A R b RO S R B R R I
ek 25, Hriti == BIPE A\ LanzaTech 2 52
[ B} # < 85 /3 7] Coskata (J5 4 ZE 40 15 4= ) Synata
Bio W) & A B T 46 7E AN [F] 5 R % 26 T S
R AR G B TR IR R o 19140 LanzaTech 5 % 3%
IR K B IR 4y B ArcelorMittal & E £ L A ) #% 2
Steelanol Tl H , JF 1 & 35 [H A 7] Aemetis 7£ JIF 48
JE T HESEAE W R S ARG R T SR, %
Hil T s AT oA . JERMA R SR 3 5 55 2 T T R
K, FHOCIR AR AE WK 52 b X1 7 A H ) gk R A X
HIR. HEEEEE N T EER. AR L
FERCERE J1 B Iy “ WK BUKCRE, IEFR
W 51 b WK 52 A 5% Al i sk O e R A K i 1 A AR
8507 AL B W IE B Ak i, SEE T AR R
F R H 2 56 = 1) IS AL B W S ) A A Sk, AR
H ] R A 12 A M A R R P A %3

Industrial C, gas bio-refining: transforming waste into green value

PRI XA
eleleteleled
ledeleteleted
oS0 telete%0%
Pe%e%e%e% %%

Industrial waste gas

Gas compressor

From industrial waste to value

Usable gases(e.g. CO/CO,/H,) are

converted from the waste feedstock.
assimilation.

Gas fermentation
bioreactor

The Wood-Ljungdahl engine
Specialized Clostridium strains utilize
native pathways for efficient C, gas

Condensation unit

Distillation
column

Product storage tank

Carbon-negative manufacturing

A variety of high-yield products are
available, including ethanol, acetic acid,
and single-cell protein (SCP).

B3 BT RO U A Tl e
BRI U T R AR IR WL A T - v B2 LA U -7 ) o D

Fig.3 Industrial flowchart for the gas fermentation based on the gas-fermenting acetogenic Clostridia
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2005 4, B VE == B R A 7] LanzaTech %
3L, TR NEASAR RS CBERCR I R, F ok
Ja 5 E AR Rl FENERAIL 5 INEREE,
B 300 M/AE FURE A e B . 2010 4R, BIVERY
5 WNER G BRI EWIHE AR, mEd A
VP AT (1 7 28 AR A BCER 45 A 1R Ak
20124, EWBIRER R E SRR E BT, W
iE 1 L C. autoethanogenum 1% U J& 55 B AR 1) Tl
BARAEMFEA AT, 20184F, A BAFELE L
R LR TR OB A5 T, E AR
1 5000 MR R Y0 ), SREL T BB RUAE
REF AR B Tk 7R Ja 5603 77 A F A R

B, HCOBALM Rk 80%, 4 Wik HtEik
85%, B ARE 10%, FHHE A S E AL 80% LA

Fo FEURFEAE B, E AN B S A T R N
MR TR AR B IR )T 2021 AEERAS E A
B AR ERHIE S T I 2025 4F, EANBETE
[ Py #%a DY B AL AR P i, T RS 7= S 21
JiNEL BERE A 2.3 e Re Y, e ek B
BRI CO, B ZARM B BOAR " E B
P b A 25 BB TR RS % 7 g BH AR 0 Rl A BE e
TSR, HAr, BRI CSESRMARE
SR AT 1000 22 T & F IF 40 H 6 KAEIZ 4T mi LAk
ReH, BONAEBRAER R R E A AR
Al

20174, HEE R AEY AT 7oA
Y Ineos Bio, k13 T HEBME AL R B K H
A\ 489 4=k L X A8 5E B AR 2B, A
H T4 Bk D £ R B SR AR M Sk SRR
WA A — AR & SR AL A
HATHRE, UL C. lungdahlii % Uy JE 4 FE 1 1)
CO B R R T ik 90%, LWk FEIEik 98%, Mk
EEWCE 20%, HEE & EINATIA 80% LA | 1Y,
2018 4F, EMEA4 5 Lvas et TEBEE, K
SCALTEFE BRI RAUH AR IR A IR A A, ELTE KA
B Tl A ERL 2. 20 5 /4 (— 12 5/
) RIEIHHE, 3T 20214 10 A @R 7. %50
H ¥ 202347 5 i B A AL TkECA 2
MIPERES 5 % e, T 2R Mtk meshtEfmr
SEVETF R I0UE, & A R FE AL T AT R R
B, 2024 4E 11 B, EMAD SHRERNEE

ENZFE SR ZE AL T NE ISR ERFE A
H, B OBRE10 M, ERE AR 2
PR AL T, BT 2026 4 6 i 22 B
pE U I Kb R R AR R B RTE 2 X
W, ZEESE TN LN, HEEER
YOI H TR 55 LT SR SR PR RS

FHYT R 54 Coskata B T 2006 47, & — K LIk
TAEMRORE R 36 B A, AL TR v
PMRARLE R, B LR R B R A 7 G AR
IR BN EE W R T M. 20124F, &R 53
71+ AW) Ineos Bio K4 FIIH =M 2y i WF, 2
JR G E Z BB NE A B . 20154, H
O U= Wl FE 9N S A2 W) Synata Bio WU 3 5¢ b 4% 3
o 20224F, Synata Bio 577 g 7K 3 i &3 Mk 5
Bt TR R TR T K b B AR S A JE ]
S SL ] B 28 e B A R A TR A W], 72T e 7K I
A T X T RJEde &, R Re oK LBz
295 MU BARE E 0.5 AR, JFT 2025
12 H e . 51 H /2 Synata Bio AR A K
P BEAR ) B I AR, AH K 32 47 AR 1
S TETRBRAT 7 ik — 8 Tl 58k 5 i 47 £k
I EE

AN, EANEWHI T RER M ERRENA
A, W B AR AR AF (Gasgene)
BT 2023 4E 1 1, o m BT SR A
3 £ B AE R B TR P s i, R AR A T A 3
M EFEWHAL. ZARWEKEE & SR
Clostridium carboxidivorans "™ . 5/ &) 25 FF 4R
1, HEZPNWE OB, TR EA,
H AT pk f g e o g b ke B, I8 AT
(RIS 1 5/, H o g ya i B O o8 i &
HEDK JE Eh @ U R SRR K R
A R m] RA i B SO T - TR IS I PR BEEAT
WY B R, BNl B AR B S s
a, AR A O R UE B O S [ RR 48 B L 22 B AH %
SRR LS HEL, BERET “Z4
ekl A" Jrn, &SR E AR S —
g

CRET S, AT AR B AU R A
M THIP M B, A sk ) B IR SE Il T2 10
ORI B & R g s AT Re S I RIS BR 2
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P B URR T AR R 7 Ll Al S I T B T O
i BWMECER L ERENMILAZT, K
RUZBABL QR LB E R GE S BEWEDE
B 7 Y 2 B UE I O [ R AR B B et s 3Rk
MO 7 Tl BI85, HEZETR
SEVE Mt — D RE; R R AL B A
P+ il Rl B, R SEBUR IR R e J2
7o HATAAERIARBAE S TWisiT RIKE, &
PR S B A R R T 2 4k bl A B AT AR
frs A SE B E AR ERERNRE, BT ARM
WA JFRH ARG S s BT KB AT S T I A
FEZSE, NTTEE 2 AN B ™ i AT E A

5 HAhLRE H 77 B AL IR

EBEARRE A, & ERE N H R E
(methanogens) . Z S 40 #  (hydrogen-oxidizing
bacteria) M H fi A L H (methanotrophs) 7=k
o B L HE. NERFEREE, #HE
Electrochaea 2~ 7 L 3% T AW AL H ke 4k, R =
F e RS s A CO, A A AR RN, T
2023 FEAEPHE IR E T 10 JE T AW T bR T %
B ", ZF 2 Solar Foods 2 &) U R H &L A A4 41 i I
KT e e i, 3EF Cco, M 1 “Solein”
TREH, HEAEib T Factory 01 ¥ AN 18
7 0 TE B e A R A, P2 Unibio 2 A8
HE B O A% SEIL R AR A AR R A, R IR
e HELE VDR LA 77 5 0 W AR 7 it

br B A ah, B A EAFE LR B TR AEY)
IR E e 2 AR = WAIR R . fE RIRAKR I E
4, i 3% E Calysta 24 A 5 22 1 75 & 5% AL I
HIRTEi 75 (Calysseo) HEMEH AR AR, fEHE
PR T3 1 1 AR AL R AR UK 8% 8 A A
Feh, SEFERRIR 2 i, HAZ 0= i FeedKind® L
90 i S R 68%, H. T 2024 4 2 3R AR
A I A AE RN [ A R T Y, A N
it ) S 5K R IR . IR A E T, C
necator H16 B Pk K K S8 B 4 & R PHB I RE /7 1M %
R, WA S R S A AL A R
RGN EIT e TR R, @i sd
BERRSUE S KA &, HEShv] B A B n)

AT B AR R A B, A H TN A EERR AT
TR S EURTER B, MR SEHLR M, &
GrYE T R SR R A AR =, BTG T 2O, ik
Ay i LBl 2 B . MHELZ T, =g
T2 8 A. woodii 17 H J5E B Methanogens 5 7E F& il i
FM& TR PRI ), B RE g RN ™
b A B A2 AN TG . A woodii T EAF TSR =
KW TRERETE B, i AR TR B BA AR g 32 4 1)
P AGHERE R AT 7 B CAEAE G IR AT AL
P R R SRR S Cln A B R ER S . Jkds
RS EEAEE), Rz H FE RS TR A AL
HeelE b, 54t hRFEREER. £
CO,MEA St HEA. BEX
REVR AR A4 VR F 8 TRV IR &R, (HE AR 4b
T LRRERUER B, AR T BUSCA H rA A

£ EiRE =T, BEMAEY sl 2wk R
A DAl B — A T MR AR 5 TR R .
RRVER R, BN IT R AR R B+
R——CLAW L. 2, @it # 4 C ljungdahlii (CL)
5 4. woodii (AW), #4317 XU ¥ [F] K AR & .
Her, CL@FE A5 Ll ESH COMm kit ,
T AW B8 DU 33E — 25 R B H 5 360 R 1 COL H etk R 2
BR&E 1. Ak ELE, IRAE SR T I Cco M
CO, ¥ n 4 A A, BAAmREHFTIRAR
97.5%, ik A HOKE Y LN EE R,
N F AR R AT EL) 70% Bk E 5 CO,, ©F
P TR EAMRM A B . X bR B E AR
AMLLCONEM I A, 71 COL CO,
[F) R AG I 7 0] SEI 1 R BEERER T . #E2E, H
i CLAW BB # & L2 g N T 10 Ji g T
WAL T H o RGO ) LR ]
17

Ak, BRI K T 5 =40 CO, K il H
FEMT HiAR, R LA K7 B MT W, Sk
W CO, 54 A H, M m A& A, Ak T ES
B ) CO, 5 T AR AR & gk (o ke, ik — 22
TN RIRA (liquefied natural gas, LNG), i%
BRI B A g otk Tt 7 — K BG4
HEEAREEAE . B ATFRELE IR, 2T Wk
CO, 5 H, M AL R vl it 95%, e B AE IR A 2% 1F
NEPRTEEAT, B AR G R T 84% Ll b



646 GRENE 75

ARG B AOR EIL 80% " TR LF
AFE AN R REPE B HE TR, AR sSSP A 0 e A
77 I R IR AT R A 2 A R 2R, R R
BRIE e, BAh, S AIFRRLE IR, R R 2R H
ZNBE ST AN COLIRHFMBE AR AT, % T 2T H 55
FAS 20 43 0 H RS B 2 1 50% 1, FE G BF IR U7 1
JEBLH R AL S

g5 PR, 2Tk Ak I A T SRS = i
] 1 T AR 5K B Sc s . BEAE B A 5
2 T A L2 B A A 5 A R M IS AT
[ IE B0 il — S a R A s e
VR B IR IE A R

6 REiRE

ok — 8 AR B R W) B AL R B R 2 5
KRR G HEARR R, CBP HLm = iLmn
FURAG R N, BSOS “ Xk 7 H b i) E 2
BREARZ — o ZBRIZ O T F AL RE B 77
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