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Abstract: Gas-fermenting clostridia is a major class of chemoautotrophs that uses CO, and CO to
synthesize a variety of chemicals and fuels, thereby exhibiting good industrial application prospects.
Wild-type gas-fermenting Clostridium species are inefficient in gas uptake, fixation and conversion and
energy metabolism, and moreover, incompetent to produce high value products. In recent years, with the
rapid development of omics, molecular genetic tools and biochemical techniques in gas-fermenting
clostridia of which the physiology and metabolism as well as the underlying molecular mechanisms,
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microorganisms and bio-utilization of one-carbon gases.
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Table 1 Summary of gas-fermenting clostridia
g Ji et FIEREE RS pH i’ FE R S TH 513¢
Strains Substrate Topt (°C) pHopt Products Genome sequence  Genetic tools References
Clostridium aceticum H,/CO,,CO 30 8.3 Acetate Available Available [2-3]
Clostridium H,/CO,, CO 37 5.8-6.0  Acetate, ethanol, Available Available [4-6]
autoethanogenum 2,3-butanediol,
lactate
Clostridium H,/CO,, CO 38 6.2 Acetate, ethanol, Available [7-8]
carboxidivorans butyrate, butanol,
lactate
Clostridium coskatii H,/CO,, CO 37 5.8-6.5  Acetate, ethanol Available [9]
Clostridium H,/CO,, CO 35-40 6.5-7.0  Acetate, ethanol, Available Available [10-11]
difficile butyrate
Clostridium H,/CO,, CO 30-37 5.4-7.5  Acetate, ethanol, Available [12-13]
drakei butyrate
Clostridium CO 37 8.1 Acetate, formate Available [14-15]
formicoaceticum
Clostridium glycolicum  H,/CO, 37-40 7.0-7.5  Acetate [16]
Clostridium H,/CO,, CO 37 6.0 Acetate, ethanol, Available Available [17-18]
ljungdahlii 2,3-butanediol,
lactate
Clostridium magnum H,/CO, 30-32 7.2 Acetate Available [19-20]
Clostridium H,/CO, 37 7.4 Acetate, formate Available [21]
methoxybenzovorans
Clostridium ragsdal ei H,/CO,, CO 37 6.3 Acetate, ethanol, Available [4,9]
2,3-butanediol,
lactate
Clostridium H,/CO,, CO 37-40 5.4-7.5  Acetate, ethanol, Available [22-23]
scatologenes butyrate
Moorella H,/CO,, CO 55—60 6.5—6.8  Acetate Available Available [24]
thermoacetica
(Clostridium

thermoaceti cum)

Note: pHope: Optimum pH; Top: Optimum temperature.
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Figure 1 Metabolic pathways of gas-fermenting clostridia

{£: 2,3Bdh: 23-T BBt ; Ack: LPRUMNE; Acs: LBEAiAG A GWE; AdhE. BEREBNE; Adi: KiaBRBLIZRE; Ald:
RN Als: CREFLRAM: Aor: WESULEER: ArcD: HiF/ S EIEZEIT; ATPase: ATP &fii; BudA: Z(BI
JBRAE; Cbk: ZIEHBRIENE; Codh: —SA LB AEE; Eno: BERRINENEKGEE; Fda: FWF ERRWEZERG; Fdh: WG AUNE;
hs: FFBE-DU S0 AR 4 AT s FolD: I I JE DU S0 FRENK A/ UM ; FruK: SoHE-1,6- ARG ; GapdH.: il -3-mma i 2 ;
HytA-D: HytABCD Z{tfi#; HytA-E: HytCBDEIAE2 S fbl; Ldh: FLERLENE; MetF: W HEEPUE M BRICHE; MetTr: H
FEREREWE; Nfn: BREGEE A RBY L T B L &l ; Ote: ZEPRFZ MW MERE; PEP. BEMRMARE-UINIRG; Pfk. BRMIBHNES;
Pfor: PIFRERERAIAE HEILIRIRNE; Pek: BERRHINRRIANE; Pgm: BEER HINAR SN ; PRPP: S-BEMRMMEMLRERR; Prs: BEMR
EWE BRI ; Pta: BERRCBEEE RN Prs: BRIRFLRSEE; Pyk: WEWBRILES; Rof: ¥KFULMH 1:NAD EILIEEHE; Rpe: W
RRRAIRE SRR ; Rpia: S-BERREMESOMG; Tal: BEMEAE; Tkt SEMARG.

Note: 2,3 Bdh: 2,3-Butanediol dehydrogenase; Ack: Acetate kinase; Acs: Acetyl-CoA synthase; AdhE: Acetaldehyde/alcohol
dehydrogenase; Adi: Arginine deiminase; Ald: Acetaldehyde dehydrogenase; Als: Acetolactate synthase; Aor: Aldehyde: ferredoxin
oxidoreductase; ArcD: L-arginine/L-ornithine transporter; ATPase: ATPsynthase; BudA: Acetoin decarboxylase; Cbk: Carbamate kinase;
Codh: CO dehydrogenase; Eno: Phosphopyruvate hydratase; Fda: Fructose-1,6-bisphosphate aldolase; Fdh: Formate dehydrogenase; Fhs:
Formyl-THF synthetase; FolD: Methenyl-THF cyclohydrolase; FruK: Fructose-1,6-bisphosphatase; GapdH: Glyceraldehyde-3-phosphate
dehydrogenase; HytA-D: HytABCD hydrogenase; HytA-E: HytCBDEIAE2 hydrogenase; Ldh: Lactate dehydrogenase; MetF:
Methylene-THF reductase; MetTr: Methyltransferase; Nfn: Electron-bifurcating and ferredoxin-dependent transhydrogenase; Otc:
Ornithine transcarbamylase; PEP: Phosphoenolpyruvate; Pfk: Phosphofructokinase; Pfor: Pyruvate:ferredoxin oxidoreductase; Pgk:
Phosphoglycerate kinase; Pgm: Phosphoglycerate mutase; PRPP: Phosphoribosyl pyrophosphate; Prs: Phosphoribosylpyrophosphate
synthetase; Pta: Phosphotransacetylase; Pts: Phosphotransferase; Pyk: pyruvate kinase; Rnf: Ferredoxin:NAD" oxidoreductase; Rpe:
Phosphoribulose epimerase; Rpia: Ribose5-phosphate isomerase; Tal: Transadolase; Tkt: Transketolase.
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Figure 2 Wood-Ljungdahl pathway

H: Ack: ZRRIEME; Acs: ZBEHTNG A & ; AdhE: BN
ZUM; Ald: RELEMS; Codh: —%UfLERMEENE: Fdh: R
JBi %R ;s Fhs: FPE-PUSUH-RR-5 0BG ; FolD: MV FJEDU S MR
PALEG/B S ; MetF: S H D0 &0 ARl )5t ;. MetTr: HH AL
YFoW; Pta: WEMRCTEHC AT

Note: Ack: Acetate kinase; Acs: Acetyl-CoA synthase; AdhE:
Acetaldehyde/alcohol  dehydrogenase; Ald:  Acetaldehyde
dehydrogenase; Codh: CO dehydrogenase; Fdh: Formate
dehydrogenase;  Fhs:  Formyl-THF  synthetase;  FolD:
Methenyl-THF cyclohydrolase; MetF: Methylene-THF reductase;
MetTr: Methyltransferase; Pta: Phosphotransacetylase.
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Figure 3 Solvent synthesis pathways of C. carboxidivorans

TE: Ack: CFRIKHT; Adh: BB ZURG ; AdhE : BERSBE AN ; Ald: QMU ; AlAH: C R ZURE; Aor: FE4UKIA T ; Bed(Bed2):
TG A AR Buk: TRRIEE; Crt(Cre2): ELERM; Eff: B FHBHEMEN; Fak: JRIIMRMEE: Hbd(Hbd2): 3-54ET
AN A LN ; Pta: BRRR CMEFCREME; Ptb(Pt2): BAMR CMEFERSME; ThIA(ThI2): WifNE.

Note: Ack: Acetate kinase; Adh: Alcohol dehydrogenase; AdhE: Acetaldehyde/alcohol dehydrogenase; Ald: Acetaldehyde dehydrogenase;

AldH: Aldehyde dehydrogenasel; Aor: Aldehyde:ferredoxin oxidoreductase; Bed(Bcd2): Butyryl-CoA dehydrogenase; Buk: Butyrate
kinase; Crt(Crt2): Crotonase; Etf: Electron transfer flavoprotein; Fak: Fatty acid kinase; Hbd(Hbd2): 3-Hydroxybutyryl-CoA

dehydrogenase; Pta: Phosphotransacetylase; Ptb(Ptf2): Phosphotransferase; ThIA(ThI2): Thiolase.
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1, 7€ C. ljungdahlii 15280 T 55 pta (9 #EsRE7
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AR AW AL AE E P bR ey T &
FES A C. ljungdahlii () CRISPR-Cas9 3 [K 20
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CS1
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% | Target
Gene
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Chromosome Target
:

D) -

Second selection and against CS2
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Figure 4 “Triple Cross” genetic manipulation'“'ﬁz]
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