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Acetogenic bacteria and one-carbon gas biotransformation: from
fundamental research to applications
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Abstract: The valorization of one-carbon (C1) gases such as CO, CO,, and syngas (a mixture with
H,) represents a promising route for responding to global climate change and establishing a
sustainable circular economy. Acetogens, a group of obligate anaerobic microorganisms capable of
efficiently assimilating C1 gases via the Wood-Ljungdahl pathway (WLP), offer a natural
conversion route with high carbon atom economy for biological carbon fixation. This paper
provides a systematic review of the latest advancements in C1 gases conversion by acetogens,
spanning from fundamental research to industrial applications. We first elucidate the metabolic
coupling between acetogens and C1 gases, delving into the biochemical basis for utilizing C1
sources. In terms of fundamental research, we highlight recent breakthroughs in energy
conservation mechanisms and metabolic flux regulation. Then, we summarize how the
development of advanced genetic manipulation systems, exemplified by CRISPR-Cas tools, has
enhanced the titers of natural products such as acetate and ethanol and accelerated the
transformation of acetogens into chassis cells for the production of high-value chemicals such as
butanol and 3-hydroxybutyrate. Finally, this review analyzes the engineering challenges, including
gas-liquid mass transfer limitations and energy supply bottlenecks, associated with the scale-up of
gas fermentation while offering a perspective on the broad application prospects of acetogens in
achieving carbon peaking and carbon neutrality goals and advancing next-generation green
biomanufacturing.

Keywords: acetogen; Wood-Ljungdahl pathway; one-carbon gas; genetic modification; synthetic
biology
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SFIRAEAET D, Ao B3 R TE T RERS A
=BT B R A, LS E AR
Wy o AR SCIR L R IR ARG AL BE [ B
H—7" LR i (acetogens), ML P= 2 iR T A0 45
FKIRIR AR T (Clostridium ljungdahlii)[é]\ F re
Wi (Clostridium autoethanogenum)t’ . EEFE IR
[C & (Moorella thermoacetica)'® . i §% [ #
(Clostridium coskatii) ® UL J¢ {h [ B B2 #T 5
(Acetobacterium woodii)""V 5 . 3% Be i3 A= ¥ 3 it
H 75 - 7k 3k JR 3% 42 (Wood-Ljungdahl pathway,
WLP)H—f U 20t 20 B A A O 5 1k hy
LA A (acetyl-CoA), ZBEAliEE A iJF 1 13
HERRUNEIE A RO, CEE=yt . B,
7 SR W AT AFTE P A5 -4 . AU
MG PR PSRRI BEE " LR
] i PR i R R 5 AU TR R I & e, JE A
G SR H R T, AR 2 R TR Y B
U SN AT RE o A SCR B SR A BT 5E — ik
PR A BIL R | 3515 i B PR A Oy T i)
FEHERE , JFRD AR A ) 0 S 5 I
L FH TS o

1 ZEBRE S B AAALH
LR S LA R 2 AR

=1 KREMEFCEEAEEESRETAR
Table 1

—RPAEAEY, HAZ AU R 2 BE 98 il 1of
A -7k IR /R ARKE CO I CO, FE—RIEYIFE L
RN, FERR I 2 5 A v R R EOR
AN 7 55— PR BRI A 5T 19 7™ L RR TR
JE 1942 AF 2 B RY B B2 UK IR (Moorella
thermoacetica)!™, KIVE NP IR A R TE
Fr o R & (Clostridium) A & Fi 28 F & 11 7= £
MR . 1992 4F, Gaddy 5 Clausen!! g %7355 Jf:
YE H— M F ] CO. COy/H, K LY
LRI, 4 Hofw 45 KB R IR T (C.
ljungdahlii), VAL EAEADAE-TK IR IR IBIEHETT
R B T R 0 AR W 22 K Lars G.
Ljungdahl, Bfi5, HWERE. 8 LKE
B (Clostridium carboxidivorans)!" %5 7= 2, 12 1 #H
Akt R, ZFIR TR E B IR TR RE G —
I SAMRIPR LA R . L. 2,3- T 4k
Y KRR (Clostridium muellerianum)! ™ L),
B — A AR U AT LA = T RS TR
HHEG, W0 R AR 1 s
(LFE-FGRIRIBAR R — AR MR A iR 12
£ F5 B 3 4 3 (methyl branch) Fl ¥k J& 43 57
(carbonyl branch) 2 5 &5 (1K 1), EHEIE
PRI THFE ATP fe/b ik R4k fe . 7EH
B 3, CO, 1 S B IR I A (formate

Representative acetogens and their genetic engineering tools

Species Substrates Native products Optimum Optimum  Genetic engineering tools References
temperature/°C pH

C. ljungdahlii H,/CO,, Acetate, ethanol, 2,3- 37 5.5-6.0  CRISPR/Cas, ClosTron, [6,18-22]
CO butanediol, lactate homologous recombination

C. autoethanogenum H,/CO,,  Acetate, ethanol, 2,3- 37 5.5-6.0 CRISPR/Cas, ClosTron, [23-27]
CcoO butanediol, lactate homologous recombination

M. thermoacetica H,/CO,, Acetate 55-60 6.5-6.8  Homologous recombination [28-30]
CcO

C. coskatii H,/CO,, Acetate, 37 5.8-6.5  Plasmid expression [9,31]
CO ethanol

A. woodii H,/CO,, Acetate 30 6.5-7.0  CRISPR/Cas, plasmid [31-34]
CO expression

C. carboxidivorans  H,/CO,,  Acetate, ethanol, 37 6.0 ClosTron, homologous [35-37]
CcO butyrate, butanol, recombination

hexanoate, hexanol
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Wood-Ljungdahl pathway in acetogens. FDH: Formate dehydrogenase; FHS: Formyl-THF synthetase;

FCH: Formyl-THF cyclohydrolase; MDH: Methylene-THF dehydrogenase; MTHFR: Methylenetetrahydrofolate
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kinase; AOR: Aldehyde: ferredoxin oxidoreductase.
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% 25 25 o Wk 2k B 25 [ (corrinoid iron-sulfur-
containing protein, CoFeSP), ST R X, TE
BRIy S, COp 2 TE— Ak m M Ui/ 2 Tt
fif A & W (carbon monoxide dehydrogenase/
acetyl-CoA synthase, CODH/ACS) i 1 1k T H2 Ik
HL TR R 25535 1 CO. LA CO MR,
CODH gt B #4 SRFR 5 i) CO T [ 5

ER GG, JERE S ERE., S48
17 CO 552k A W BE& A2 A F E-CoFeSP 4 & I
SRR AP gEm AU HE R, R
WO . LA, DA S Bk 1) T
77 CMRETE S G2 R 2ok v 23 38 3 B R
% £, Tt i (phosphotransacetylase, Pta)Fl1 2. iz 154 i}
(acetate kinase, Ack)4= %, 1 43+ ATP, {UHEHK
TH WLP JHAERY 1 501 ATPUO il 2 4t B &
AERARUEKR, 7 O Y IR RSN fE
AR, HREI, 77 CRREIR N AEAE 2
H 3 J5 AU 4% 4808 4 1 (reduced ferredoxin, Fd*™)3K
I ETFREAY: AaWHEERAEEY
(rthodobacter nitrogen fixation complex, Rnf) F/1 fig
i 5% ¥ S i (energy-converting hydrogenase, Ech)
o3 A B i 7 N P> ARSI TR, JF
FeAEBR Sl ATP 5 B3 i ATP (985 15 Y TR
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Figure 2 Energy conservation in acetogens. Electron-bifurcating hydrogenases exhibit diversity. CODH/ACS:

CO dehydrogenase/acetyl-CoA synthase; Rnf: Rhodobacter nitrogen fixation complex; Ech: Energy-converting

hydrogenase; Nfn complex: NADH-dependent reduced ferredoxin:NADP" oxidoreductase.
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() RARAR I W 4% T 2Ll SRk PR A7 bk, ok
R RF SR LB, P2 Yisoh ik
7 TAESR, BifiFE HE R 4H 4 T 2 (U1 CRISPR-
Cas 2 4¢ . ClosTron %)y sk, 98 A b1 1E1@
AR TS 6 RAEYFTFB, XM= CmEn
AN T R EA, DI
S RE PR, S AR ) v B E A
MR E 551k
2.1 FERENETRR(EIA

7GR T P AR A B SO T 4M I DNA
FARG . WHTEAER GRS, SHT
AR IR FAR R S K 2R R, AR B 5
P, B T OME DL IR AT R A Ak (T I T R AT
[

ULl , A I 0 3 DR 26 0 2 I ) B S Ak
H T 7= R TR o 2 [CBHPE T, i3k
ARG RA R P2, JTFRRETE 2 K75
F R e B SRR R AR R B o
pMTLB0000 F 51| FA S iz W HH T4 i i 4R 5R
YRR RS, HOR BT,
R e S U BN DT (O v 3 Y R R L e S |

®2 FLRETHERETIESRETIRLE

SR, BRREARTE AN [ 1A R MR A TR oK RIG 4
R AEGGR R R A PR EER Y R fh
FC IS BT B 5 2 R 2 B T P X Do
Horh, pCB102 Fl pCD6 4514 K I8 1) 52 1 7 A
PO TR T s AL R SR T 2k T ik
BRI, 4T 2R v A BRI A0 R S
S A AR ORI T E i e X SOk R A T R
SEARAB 13 ol FH R Sl o 78 K 45 A EC AT (A
dam/dem ") 7E IR,

TEREEERN b, 7 SRR 1% 5 DX 4 4 1 R 48
T MR, AR I AL . RE . JOIRAY A RE,
Se)a B T ClosTron, [A] #i # 2 (homology-
directed repair, HR)A S L CRISPR/Cas 4t 03t
filt 9 FE IR i R 4 R (6 2), ClosTron 8 FRAE Sk
T U ENT TR A KGR AR, 2007 4,
Heap 5°F & 7 —Fhal 32 38 FH T 02 B (0 3£ A
9% 5 T H ClosTron, H | H FL 2 L &k
(Lactococcus lactis) ltrB SER FT R B A 11 288 &
¥, it RNA A F 0 S5 s 3 AL G 3 H
PRIE A7 A5, il H AR R AR TR, H
i CL B T ARMERUR T kAR AR TR e

Table 2 Comparison of genetic engineering tools used in acetogens

Comparison ClosTron Homologous recombination CRISPR/Cas

dimension

Main Gene disruption Precise gene knockout, knock-in, and point Precise gene knockout, knock-in, point
application mutations mutation, and transcriptional regulation
Technical Non-scarless editing; Low efficiency Cas protein toxicity

limitation polar mutation

Manipulation Disruption of spo04 in
C. difficile®!
Disruption of

hydrogenase genes in C.
[11] [28]

autoethanogenum thermoacetica

Disruption of adhE1 in

C. ljungdahlii®! 58]

in C. ljungdahlii

Deletion of rnfAB gene of Rnf
complex in C. l[jungdahlii
Construction of ApyrE strain; insertion of
lactate dehydrogenase gene in M.

Insertion of a butyrate production pathway

Deletion of pta, adhEl, ctf, and pyrE in
571 C. ljungdahliil"®
Anhydrotetracycline-induced Cas9

mediated deletion of adh and 2,3-bdh in

C. autoethanogenum™"

Endogenous CRISPR/Cas mediated

deletion of pyrE, pheA, and hsdR1 in

A. woodii*¥

Knockdown of genes in the WLP and
fructose-PTS system by dCas9 in E.

limosum'®?
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DAkl 4 DAY Bk 424X 1 R 28 JBoks ARG
[Fi) 58 B ) 2 i 3 36 5 R 2 I T] ) B B AR AR 1
T, ZEARCHTZR RN T RS
PSR U 2 R S S bt A R AERE I b B e 5
MEd, AR BAIT & 1 — R 5 T E A0 e A
ICH G IS RO B RN . TE KGR R IRIR T
Tremblay 2557 1 Leang 25U L s sh F H B &%
RS> R T rnfAB 5 adhElladhE2 H: A
Ueki 284554 catP T R0 55 Cre-lox &4t ,
AL pra FERRRER , 058 T HrrEbsic bl
W T B A s RN A3 A5 Liew ZPF
KT HTFEBERR B pheS H thiK [ 1] i ¥E 47 ic
Walker SO R 1 A4S BRAE A 2 4SBT
g1 7 P2 [R5 EE 4 ) < Triple Cross”™ ¥ M HH B
TH. WA, FIHZS S5EES SN pyrE 5% pyrF
FEPAE R B i e Am i, R S B S AR PR I e RN
i1k o PyrE/F 2kt i i BE 984 JC 15 1Y i 14 Jot
5- 9 FL VA TR (5-FOA) %% Ak gy B A 41 i 2 14 1
5-9-dUMP, AT S EC st . Bk, 7E
pyrE B pyrF JERBRBE IR bR T, TRk o g
HES AN 5-FOA FBRBEWEAAT & A H bRist AL 181
[ 98 78 bR BE A% A7 1% o 1 U 18 SR g 2 g T
A. woodii®  }¢ M. thermoacetica®

A FR AR A] B e [n] S H A2 7 37 (clustered
regularly interspaced short palindromic repeats,
CRISPR) & — 2] V2 AFTE T 40 A Ay T AR R 4 v
IR DNA JPA1, HE & AT BT X AIPUE
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oA 7 4 (6] B T Y ] B e 51U A4 ;- CRISPR AHSG
#E [ (CRISPR-associated proteins, Cas) M| J& 5
CRISPR JPHI IR AL B2 N DDt ,  — 35 SRl 44) 1
JEAZ AR ARG PE e R4t . CRISPR-Cas &
45 {K #fi CRISPR RNA (crRNA) trans-activating
crRNA (tracrRNA) iR 51 3 V) &) #0531, 52 2R
DNA WEE Wi, ELm EHAET, oRNA 5
tracrRNA 7] fit & o [ 5t RNA (guide RNA,
gRNA). CRISPR YE RGPS N —FRIr, =5
Z P Cas EAAHEAEN, BB AL H A [ 2L R
") CRISPR-Cas B fi} %4t . HHl, CRISPR-Cas
RECAWIT I T 2R/ e,
1A PR Y AGR R AR B BT
B (Eubacterium limosum)'?% . CRISPR-Cas %
4i7E His DNA L T UIRIIF 5 ARUEERT AL,
51 % AR [6) P& K 35 7% 4% (non-homologous end
joining, NHEJ) 45 [] Ji 5 21 (HR) 2 Ff & & HLHI .
NHEJ x5 AR5 57, HR W75 22 [A] i DNA
Wit e B, [RIEAAR AT 4 A SRR A,
PR I 325 FH T8 v S DR A A BB B S B . T 2
Mg - = NHEJ 82 250, Htabradkh
W RIS, B R R B
X} Cas R HRFE RN R AMMIEEE, W&
K FJC N VI IS MY dCas9 #4 2 CRISPR T4
(CRISPR interference, CRISPRi) £ 4t H T-4% % 1)
OO R A T R B (A ER R A
JANT Prers B TS BN Ponotines A1 1,2-H
TSI R BT Py opp) T Cas9 Rk LUISETT
SRR Ak, AT IR A G B AT
B M U5 1-B %! CRISPR-Cas % 4t 52 Bl 1 3 [M it
BRBY, R RUR R R T G L IR AR T
HEAHAR IR
22 FCERENRG IR
221 EEBERANRE ISR

P LR e 1 WLP B CO. CO, % —
SR QGG A, HF A REA ML
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BB AR . B 7 22 LA B RARARH 7= ) 5 B
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WLP #4 B L 73 3 v BRIt S0l i A Ay 2 G Y
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PRI R I E A SRR T 42 R e 5 K7~ CepA 1Y
B AW, X ML 2 mEARB  TE A R B
(acetyltransferase/NAD"-dependent deacetylase,
AQ2/Dat) AT, Pifk T FDHI1 ¢ 2 R
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PN TERR S, ST CO, [ RB I Y B E 4T
BLAh, X% 32 o CODH/ACS & A 1R i el v
J' B A K R s . Kepke S A A
ClosTron $¢AR 54 T C. autoethanogenum
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VE R ME— IR AR F R 451 T e e ok 4
K XS acsA FER AT RIK, AT 25 4 A
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FIFLER - B HHE T, Lo S5VF ] CRISPR/Cas9
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KL pta I aor2, BIEHIFZ OB LR
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K adhED FEIN, B 87 542 T 2 IR e 19
1.5 f% . Liu ZEUYE C. ljungdahlii Adatl T ¥k
st it RIE aor2 351 A adhEl (125 B
25 (K379R/K388R/K440R), 1rE& /S KEET,
TR R Sl R B A B i 2 170%, &
/L PRI 0.43 42712 1.51, SEBL T BRI
7R ) 7 1) e AR SE [ o

i bRk, R E TR TRE KR, K
77 TR A Y R Ge A B S AR A T R R S
AR R B S M 1 R AR i e 5 2 W0 6 1)
RO, ST At A O v 3 1 2 [ 1
SR, 24 iy PR o) [ B A8 3 i — A0 4R T A%
UL HG AL BT R, 537K F i el
I H R S I 2 B /N Y BN s v AR B S
[i] Tl R R e A0 D A 5 S AT PR RE s [WIA
7 SRR B A% 2 BRAEATS A T AR R 2 [ B
FETESEAR TS S A % . AGHEIE RIE | s T ik
BUERUETEA RN, 248 . RErEBE
FEATI AR GEME X L Pk 0 DT 7 o
222 SIANIERAK W =IEHIERE

7= LR E T WLP A 77 (10 2R N & 5 R
SR HEACE D B R, Hii s s AR
Har, @i FEGGEETIA, HRET
I SRR A P = 2 . WS S A=)
SRR S T LR R AR =™ . pildn,
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Figure 3  Titers and productivities of non-natural
biochemicals produced by engineered acetogens. 2-
PEY: 2-phenylethanol; BAU®: Butyric acid; n-
BuOH!": n-butanol; n-HexOH”®: n-hexanol; 3-
HBY?:  3-hydroxybutyrate; EAP®: Ethyl acetate;
MEK: Methyl ethyl ketone; IBA"”: Isobutanol;
1Pl MVA ACE:
Acetone; IPAU?: Isopropanol.

Isoprene; Mevalonate;
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Figure 4 Proposed energy conservation schemes of C. [jungdahlii wild type and AhytA strains for autotrophic
growth on CO,/H,. A: Wild-type (WT) strain with acetate as the sole product; B: Ahyt4 strain with acetate as the

sole product. The schemes assume that the methylene-THF reductase involved is electron-bifurcating and NADH

specific. Notably, the methylene-THF reductase was assumed to be ferredoxin (Fd)-dependent™”. Fdh: Formate

dehydrogenase; Nfn: NADH-dependent reduced ferredoxin: NADP" oxidoreductase; Rnf: Rhodobacter nitrogen

fixation complex.
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