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Abstract: Heavy industries such as steelmaking, ferroalloy production, petroleum refining and cracking, and coal
chemical processing release large volumes of industrial off-gases containing CO, CO-, and H: every year. These gases
are not only a major source of greenhouse gas emissions but also a substantial reservoir of carbon and chemical energy.
Acetogens, which fix one-carbon gases efficiently through the Wood-Ljungdahl pathway, have emerged as the most
promising chassis organisms for the bioconversion of industrial off-gases. This review summarizes advances in the

design, construction, and application of acetogenic chassis cells for industrial off-gas utilization. First, the biological
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basis of acetogens is outlined, including the biochemistry and thermodynamic constraints of the pathway and the Rnf-
and Ech-type energy conservation mechanisms. Chassis selection is discussed in relation to variations in gas
composition and impurity profiles. Second, genetic tools are reviewed: DNA transfer, CRISPR-Cas9/Casl2a,
endogenous type I-B systems, and RecT-mediated recombineering. Their industrial suitability is assessed by
transformation efficiency, design-build cycle time, iterative editing capacity, marker dependence, and transferability
across strains. Third, metabolic engineering strategies are discussed. They cover native product enhancement,
heterologous pathways, central carbon and energy metabolism engineering, genome-scale metabolic modeling, and the
combination of adaptive laboratory evolution with rational design. Energy supply, reducing power, and product toxicity
emerge as shared bottlenecks. In addition, process engineering is addressed: gas - liquid mass transfer, reactor
configuration, continuous and two-stage fermentation, and scale-down simulations, with particular emphasis on their
integration with chassis design. Based on cases at different industrialization stages (commercial operation, trial
production, under construction, demonstration, and pilot), the review identifies the thermodynamic limit of energy
metabolism, strain-specific tool adaptation, stability at scale, and downstream separation as core challenges. It outlines
future directions: strengthening energy-conservation modules, co-optimizing strains and processes, and diversifying
products and carbon conversion routes. This review aims to provide a reference for the rational design of acetogenic

chassis and the industrial deployment of one-carbon gas bioconversion.
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Clostridium ljungdallii DSM 13528

Clostridinm ragsdalei

Clostridivm drakei SL1
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Cloastridium magnim DSM 2767
Acetobacterinm woodii DSM 1030
Acetohacterium wievingae DSM 1911
Eubacterium limosum ATCC 8486

Clostridivm aceficum DSM 1496

Blautia producta ATCC 27340
Thermoanaerobacter kivai DSM 2030
Maorella thermoacetica

Sporomusa ovata

freponema primitica ZAS2
Diesulfotignm phosphitoxidany

Haolophaga foetida

Escherichia coli outgroup

(a) 2T 168 rRNA JE K )7 IR 8 ARR = LR W RS K B M

(a) Phylogenetic tree of representative acetogens based on 16S rRNA gene sequences
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Acetohacterinm wieringae
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Trepor primitia
Clostricinm aceticum
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Clostridinm {fungdahlii
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Thermoanaerobacter kivai
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Avchacoglobus fulgidis outgroup
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(b) Phylogenetic tree of the CODH/ACS a-subunit (AcsB)
Bl1 BB RFRE 5057 SRR R R
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Fig.1 Phylogenetic distribution of acetogens and the evolutionary landscape of acetogenesis

(The first, second, and third columns indicate species name, strain designation, and GenBank accession number of the 16S rRNA gene sequence,

respectively. Strains highlighted with a yellow background and shown in bold italics are the chassis strains specifically discussed in this article.)



%£7% www.synbioj.com 005

N, HHPE-IUEH RS TIRS WL IS AT 22T it SIS 2H R R AS [R] 1 5. 3%
A ME2 (tetrahydrofolate, THF) [ ATPAKHMEE  Asqh. 4N COMI LI, 5% R 4Hs + 2COs —
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(Formyl-THF— I [§; JU & M- 182 ;  Methenyl-THE— 4% DU &1 % ;  Methylene-THF— IV F 3£ PU S M-, Methyl-THF— B 3£ DY & H- 2, Methyl-
CFeSP— W % 1k 44 £k % 2% 1 ;  Formate Dehydrogenase— H i Jit ZU /¥ ; Formyl-THF Synthetase— ! i PU & ' % & Ji ¥ ; Methenyl-THF
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Fig.2 Biochemical mechanisms and energy conservation systems of the Wood-Ljungdahl pathway

(Formyl-THF—Formyl-tetrahydrofolate; Methenyl-THF—Methenyl-tetrahydrofolate; Methylene-THF—Methylene-tetrahydrofolate; Methyl-THF—
Methyl-tetrahydrofolate; Methyl-CFeSP—Methylated corrinoid iron-sulfur protein; Formate Dehydrogenase—Formate dehydrogenase; Formyl-THF
Synthetase—Formyl-tetrahydrofolate synthetase; Methenyl-THF Cyclohydrolase—Methenyl-tetrahydrofolate cyclohydrolase; Methylene-THF Dehy-
drogenase—Methylene-tetrahydrofolate dehydrogenase; Methylene-THF Reductase—Methylene-tetrahydrofolate reductase; CODH/ACS complex—
Carbon monoxide dehydrogenase/acetyl-CoA synthase complex; PFOR—Pyruvate:ferredoxin oxidoreductase; Pta—Phosphotransacetylase; AckA—
Acetate kinase; AOR—Aldehyde: ferredoxin oxidoreductase; ADHE—Bifunctional acetaldehyde/alcohol dehydrogenase; FADH>—Reduced flavin
adenine dinucleotide; Aw,/Au,,.—Proton/sodium motive force. Blue shading indicates the methyl branch, orange shading indicates the carbonyl
branch, green shading indicates the Rnf-type energy conservation system (represented by C. autoethanogenum, Clostridium ljungdahlii, and Aceto-
bacterium woodii), and purple shading indicates the Ech-type energy conservation system (represented by Thermoanaerobacter kivui). All figures in
this manuscript were created in BioRender (Created in BioRender. Yuw, R. (2026). https://BioRender.com/ozsfkn9)
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C. autoethanogenum DSM 10061 & H 5 S 4K &
i v 7l Ak B FH R RE o v 1R 7 TR R D 8 TR AR
H P KN 435 Mbp, GC & &8 831.1%, 3t
A 214000 A8 A G B R o 1200 11 R SR R I
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H, N JRYE SR 2, Bk 54% £ 4 i 4
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HANZOAEYEAT, CAERREZERLAT
W RAH iR E . 20224, A E L@
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C. ljungdahlii DSM 13528 [1] 2 [K 2 K /N A 4.63
Mbp ¥, HEH 5 C. autoethanogenum- i k& WAL K
% (Clostridium ragsdalei) 1 %} # £ % &
(Clostridium coskatii) ¢ % IT 2 VY B 0B A 8 K
FERAH LE AN 3% R — 3PE  (average nucleotide
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FhEE T REJE T R — N Rl (HiZ 5 KA I MR
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K, HEEEAE T HRESEE., Sk, C
liungdahlii {5 2 7= £ B8 W AU T A2 A& A 4 22 1t
FUH) E A U AR, (H Tl A S 2 F AT B
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M2 AU PR . H Na i A Rof &2 & /& 5 Na*-F
1Fo-ATP 5 il AR B I5C £ BE &2 7 fE AL, AR &
PR AR IR 24 ) A BR AR A T A% D AE R . TR A
A COLIE J5 i (Hz-dependent CO2 reductase,
HDCR) E A4k, 1 [FeFel-Z b B A14S/AH it 7
FHR I A B 5 A 7y R, Re % M Ha B 423K 5)) CO»
W JFAE R, SR E R AR B AR,
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BeM g B i T = 0E T CO R B AR DG R
4, AR A woodii A g LA CO A 9 ME— B i A g
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C. carboxidivorans P7 W] 58 #& 3 H 24
5.75Mbp, GC&E H29.7%, Ftawmis 53254 A i
R 7o ZE RN M ST G A 48 I ) B-4A
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SN BRI, DI K EERE AR S
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TSN AR Y 5280 RAR ™
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Y, WEAEFEM KM T AT B AL ERAE Y,
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autoethanogenum 5 TIVALIKELAH L, E. limosum H
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P BarAE AL kg FG N AT 3 AR o 1 R R AR
BIE AT 2 25 W) 1 36 SRS PR T
246 MESERAS R BT CHRE

M. thermoacetica ATCC 39073 & WL & 12 & Bl
gt e v i AR A bk 2 — . HAE R 4]
K/MU 2.63 Mbp, GC &% &2 H56%, BHE/NTH
BRI QR . 1% B B A Y 3R R R
R 1, AR 5 Rof BUR1 Bch B4 77 2,12 B AN A
B T A 3 HLH] o M. thermoacetica VI 1E 45 -
65 °CIEH WK, HadEE KRN 55 - 60 °C, H
W PRF AT T FRAR TS B U, 38 5 R
PR B AL oy B R v R R R AR A T AE AL
Hr FH—MER R ERER R T kivui,
wOE K E N 66 °C, J& T Ech L~ Z R T s
T kivui 5 5 AE ALK FNE PO B S, ([ HATA]
FH 0 4 4% 1415 3 B Rk T AT AR B T,
HMETH 2 2 AU AT 2 )2 B A 4% I 7 K.
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2.5 [EEiEE

ANF TSRS CO CO25 Ha I LR Bt iR
WIE R AR T AN R E R, &I CRE
JRBLIE S WKW E A R . L B2k
R CO B AN 18% - 23%, CO-& &
BE T LA AL SEBRdM) BE SR B, HAH TR
FEES T RE N sl . B AR CO & &Il E
B, AFEBOEGE R EIY, COFEDMNAN
54% A163%, (HH 455 RIS ol A sE T, <
R R 5 A T O 08 ) B EAUE B H,
JE AR A Ha s 5298 39% - 65%, 7T CO N
RIFPRALER, H 525 R AR m A Sk sz
T TR AEM AR = CIRE IR B IE R, <
S e 2R T 2 PR R EE AT AR ERAE
PR T &2 A AT ZAL R REJE AR
AR R 2R S T 25 2%l e i e B 15

C. autoethanogenum & E. 7 CO M e /1. &
TR Ml RIS B0 IF P 3 52 PR A A R Rl A O 4R TR,
T CO KRB & T iE 5 it #; C
ljungdahlii FL A7 FHAT (1) A8 BEEL AR A RE e 24 0 T R
R, BT IEREE AL, BiEA1E R
HRGAET G B4R A woodii ANGE LA CO N ME
—HRIE AR YR, FRAE 9] NS A B B R R 48
2 13k 13 HDCR W24 R A2, 75 W I AN IE T 1% 37
o COMHE LMY, HAAMIRHE M
ATP 7= 2 & Z K T CO, fe & L4 i N E 2 i)
B . 4. woodii ff) HDCR & 4 & 7] B 4% UL H. 0K 3))
COALJEAEM TR, ENHIZmBEARSE, HH>™
MG RIR T R B T &R ARmUE, HAiEE
EER (S B v S NP D S S I B S 6
autoethanogenum A C. ljungdahlii N, FF AL [
SIEFBANDECO Y Nt HAREILE LM,
FHemine ke 5 YERF .

B B RS BUSAERR N, SRR
SRR TREAE R . E AT O ) R 2 2
KEHEBAKBEER, BALE (HS) 6l EI{EL
79108 ppm, A (NHs) #£)5 1520 ppm, F AL
(CN) #£3250.025 mmol-L" "™, C. carboxidivorans
P7 7E NO WKL 40 ppm I AE K32 240 7, B #k
B] () 2 S 52 A AE 22 57, (EF — R 6 1

J=L[58, 71]
B8

teier, C. ljungdahlii % 8 £5F0 G IR £ 1 il 52 14 452
51, C. ragsdaleift 0.1 g-L' HoSAFAERT R I AE K
R 7. X e g BUR] g (5 IR A U ik ARt 2%
EHTHAREMEAR, MHXEEMAGREENET
EEAY . X T E2RERAHN TR, EFHAE
SR AR 2 BN I AT S5 AT T B8 IE A AR B T B2 1
HALYERE . LI BT 2 By S B RO A DUASAR IR
FEF A N DU AL 32 M0 40, I 78 B bk 0 ik
B B B R FH 3 S AR T AR BC SR AT PR
AR HR R R RS, BH AR R R
RLVRAR L BRI, W TR At 7T 48 25 AR 72 H 9 R AIK
P K . M. thermoacetica CLSE VG #44 1F T LA
AR E RN, T kivui 1 CO HFREKMEREZ
0 ) ey K 22— P A 3 (] R AR S
e THRHSWRETTHAL, HT kivui ) COE IR
W AT ¥ 2 ) B A A% JRE 1, AR TV I 2R 57
FR) J0 A s M AR IRIE U R — R A 4F
GRS, C. autoethanogenum F A 5¢ 3 1) 1 4%
EER R C3R Tk 58k i <Mk R B T2 B &
FERHERIE, V258G Ae )B4 1w bk
o AR, kA [F] R A B AR A 38 A% T AR R
AP R bR A L 52, DL K 2 48 e 5] T R A
A F AN, A B0 = R O R B R A B R A
HeZh Tl 2 A A AR 7 R, A e M
BB A R R (R Do

3 wEEETEMARMIT R S5EE

3.1 BE¥EBHE

EZ (AN ) e R NN S R P
HAME DNA G AR 2055 w4k TRE AR .
R AL H AT 2 B R AN TR, B

C. ljungdahlii. C. autoethanogenum-~ E. limosum %5

MR W RS, KA IR kb
SR A KB B IR S 3 ) 4% SR A 5 2 il [
FR . fE R BB R G0 H 2 X KR A e
(Escherichia coli) Dam F1Dcm H 3£ 48 DNA {15 51
L&, 2522 JE DNA B2 E 3 N QB AT
DAL Ikt 2 FH 35 A KT 8 R 12 1 2 M R ™ 2 TR
[ R E SN 1
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Table 1 Comprehensive comparison of core acetogenic chassis strains for industrial off-gas utilization
FHIE C. autoethanogenum "~ A.woodii  E.limosum C. carboxidivorans M ) T. kivui
Characteristics DSM 10061 Yungdahlii DSM 1030  ATCC 8486 P7 thermoacetica DSM 2030
DSM 13528 ATCC 39073
FER2H K 4.35 4.63 4.04 4.37 5.75 2.63 2.40
Genome size (Mbp)
GCE & 31.1 31.0 39.0 47.0 29.7 56.0 35.0
GC content (%)
IRIGR 37 37 30 37 37 55-60 66
Optimum growth
temperature (°C)
Ae e Sy E 2R Rnf (H*) Rnf(H")  Rnf(Na®) Rnf Rnf Cytochromes/ Ech
Energy conservation Quinones
system
COFIHfie High High Low Moderate High Moderate High
CO utilization
capability
KIR T E =) Ethanol, acetate, 2,3-  Ethanol, Acetate Acetate, Ethanol, acetate, Acetate Acetate
Major native products butanediol acetate butyrate butanol, hexanol
CRISPR %% £ 4t Cas9, endogenous I-B  Cas9, base  Endogenou Cas9, No established Limited (strain Hi-
CRISPR genome editing sI-B CRISPRi system Y72) TARGET
editing systems (I-B)
A4S E Commercial Pilot scale  Laboratory  Laboratory Laboratory Laboratory Laboratory
Industrial validation
E RPN [48-51] [52-54] [55-58] [61-62] [59-60] [63-64] [65-66]
References

AR, B RO REEZIEE "2
BRI . 2023 4, HEMAEEEIRAT K (Acetobacterium
wieringae) WIFLFEAL T IEE L, @i %5z
Sl AKX B, ESSHLTRNHE, 7FA4.
wieringae /I~ [F] kM A. woodii DSM 1030 H1 34 SZE1
T E#12.0 x 10° CFU-png' DNA [ L3R 77,
E. limosum W] 5% & T~ H 56} 45 i 7] 6 28 5 B — 2 i
e, AT AR AR I IR SR T SRR TR AR
WHRR AT BRI AR, RIS T & &
BRI SEI E . M TR CRE T
kivui, 18I RGMACFEACKEIR FAE, B
HPL 245 1%, EF1.96 x 104+ 8.7 x 10° CFU-pg”
DNA, 958w B R g T B L 2E T
Haiy T

BRe b oh, mEHBBE T CRE P EE
(') DNA FASKMS, JOHE 80K F BEDNA [
1% . 1% 7138 % M H IncPo 5URL RK2 KI5 i oriT AL
M, 8IS E. coli BHAARTR K 7 42 BURLEE 7% 2 77 IR TE

RGN T BEHUL R BN 2 P A 2 IRBH I B
S+, CAEC. ljungdahlii. C. autoethanogenum-
A. woodii M1 A. wieringae 55 % /> 1= TR T 15 2| 46
e T FHLE AL, AR M T IR
K[FIDNA J Bt 2019 45 & 57 [¥) Himarl %% 5 2 St A
MG ¥Rk R RIEE SN C. ljungdahlii, FFil
REARKE S SR LR B, SEIL T 8 TR A &
ARG AR B BENLE E B E ™, T R AE
KRB @ AR N 22 B R R Ik @ Ay i@ rp Bofy 3
g (E3A).

3.2 ERFERRSEERE

321 FEARARMAL

£ CRISPR R G M 2 HlT» 7 LR T (14 3 PA] i
5 EAK M ClosTron F 4t FH 55 A7 Jk [R5 A2 He 17
Ao ClosTron &Gt KI8T Lactococcus lactis L1.LtrB
(TTRY N 5 - A B B ) 4l AL o 38 7R 2R 10T
FREHRIE A& FRAT S, v NS T
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N B bREER, HFH O E R AT ERR I,
H AT AEZ) 2 A N 3RS HARRAE#R . ClosTron X 1
I [F) U5 B A v PR AL R DNA i & R A S, B
o 2% 22 PR %) B ok v o AT R B 4 N R AR AR,
KR ERKMMIERMER . R, ZRGAR
inb bR Z Rl R PN 45/ B - Y PR ST | = 1 151115
KL 5% B8 N 25 7 91 AT R 5 e B PE R, HLHE A
SCHLTC IR i R BN B % 22 %6 3 8 6 IR 4H
i, 5k B bR o DU 2 1 REER B AR R R TS B
S8 o 5k DR A1 TG 75 i 5 A D ) R s o A A
I pyrEAE R IE . SO REFEFR IS . pyrE R
RAFIR AT AE & 5- 90 L5 B 1) BE 72 B R A7, T Pk
5 pyrE T Re S5 W EF RAT R g i R A . A Bl [
RE A, WK H bR R AR A B RS pyrE B A R AR
Rr BRI 3L [F NGk, TS BLE AR I . A
MR ABEm. ZEKSERIDMHHT C
autoethanogenum %57 LR, IFSRIL T 2 HELE
Tobnic B R H g, O B A AU A% B R I A
RO T EBEREOR A Y (HEAR S LR B R
e, A A DR 1B 2 46 5 A 0 L K [ U R AR
ZRFIREMA L, MEARBRK, HARREKE
1) ) 9 B 2H A0 22 R OR . R T B A AR R o 4
B R GE IKH A RREE B AL AR e 1 A 22 1 Tk
JRAL, HEAA DNA J N FI 58 AR 44 5 a2k 1 1T g BN PR
IR 2, DA, %07 VEAE 2 5 DN g A R R B B
PRAL) 3 7 TH A A B
3.2.2 CRISPR-Cas 2 %
CRISPR-Cas 2 [A] g 1} 5 4t ) 4 7 80 25 42 v
7% TR R e D] A O A TR 003 R i R 45 4R 5 )
P, JEHES) T LR . 2R g LA T
FIRJE. 20165, C. ljungdahlii & XL T HE TR
JEBEBR TR Cas9 & i dmiE R4, X pta. adhEl .
ctf Fl pyrE VU A~ ¥ JE (R 1) e Rl B e A4, C
autoethanogenum ¥ H fii 7K VU 3 % 75 5 M 5 8 1
P, P Cas9 ik, ZiEMAFE KT 50% . T
Cas9 F 2L = 218 2 #4028 K B & 5 24l g gt
T, PRI ™ 4% 18 45 Cas9 2% /& o Rl Dy B 1) B 22
BT 2 o Bl J5 T K I 8% B k% g O SCadE — B S El T
Cas9 B KPR SR E, A T RIA MR
R R 7

2023 4F ) — TS M Mk E R B T R
CRISPR-Cas R GiAE ™ LR I w] I . WF 5T+
FIH A. woodii 1 C. autoethanogenum 2 £ 9 i 1] 1-
B Y CRISPR-Cas # 4t, @il H 34k PAM T A&
i CRISPR FEZI ¥ it, SEIL T IR LSRR .
, 6F pyrE B RSP R £E T 9 AT 0 B A T 4
AT RAER,  HAE A woodii H &SI 1 Hix 55 2
IR RN, 1% WS A I8E | Cas9 B3 14 J K ot RL % %
R SE . 20254F, T kivui i1 P95 1-B £ CRISPR
RGWIT RN = 3 g% T B Hi-TARGET. %
A4, M DNA @ 3 3K 43 4l 15 9 45 0 AR AL 75
12 K.

20254, C. ljungdahlii %5 52 5 ) 1 IF K
#t—P 583 7 CRISPR 4wk T HAR. W& S et
R AR P BB 3 I B0 T P, I IB K
1,2-I8 ZBEiE R RN T P e K5 H T K
) — AL B 1 Cas9 RG, X pyrE. pduS-.
aor2 Fl ewt T VUAN B R 3EAT Y, 200 &5 1 4% 4k
YINTUHRERR . B Cas9 BEE N )G, UFH
TN gRNA JFRz BRI T SR, ok A4 2 A AL 1)
AR B, 2 DR S g 4R ) R RS R T BE 2
i TR

ook 55 G 1 B AR 3 Y Cas9 5 g It 2 g ke
G, AN FC— THIWEEE B, H Gt EE
B LA DNA, N SRR AL T — R OB DNA
WUEEWr R RS HEIE T TF-BL . 1E C. ljungdahlii , W
FE G NRAT A R T, SR T AR
A BEACH AR SC L IR, 3RAS 1 Bk iR 3 40 Bl (1) T
FEW PR P00 AP A XURE W 2L, A A 2 R %o [R] IR
O I PR AL A DNA I & i 4K 8T IS T %
CRISPR i FR, TEAEE T 5 M B A AR A TR
JEEE A TS 5 S, (HE R ORE AR R R A I R
FE e, ZPAM AL E M YniE E H RS, tHIGEH
T KRB B4 NBUMIBR . th4h, CRISPR-Casl2a %
4t L fE AWRP B PR S50 D6 R 28 TR PR RSB T 0 IR
TR i) B R DR % 22 R DR R S B o 1 R DA AR
555 30 F P, WX B [f) CRISPR-Cas9 % 4t A fE S AT
M Ym 4 M 3 T Acidaminococcus sp. BV3L6 1]
Casl2a 5 [ &4, WIS T xylB Ml pyrE 5.5k
A gk DA B 8 A 7 Wk T s 58 8] A 119 00 R e 2k
[F] — K A H Cas9 R UM Cas12a 2, w8 T H fg
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BAE—RE T TAE, MR T RS E 3R RIEWR
2. PAM i if A g PRI 52 /2 T UCED, 11 A2 B A
H AR R IE S 2 R .

323 FMIRAL

2024 4F, {F E. limosum 1 FF % [f] RecT A~ 5
HATRERRRET 7 O R H TR B8
K. ZARGF 5 DNA B HREEN S
HAEM, o7 MRS RN I R A .
Wk 2 R EA R A OO, B HiEH
F E. limosum B & % RecT 2 H . k)G, BBk
DNA HHBRL) N 2%, #E—55] N Cas9 = i ik
Cas9 # [ YJ &) R R A= AL B A B SE R A, ]
FETE A 100% #5715 H I RAL . Z RS 0] B AE
DR 2 Hh B 2 R A ) S AR L /N B N B 2K
M DNA 1% i 2 R Ak, AL TR — K5
. EEEE, ZRGREW T E R S E
AT RN 9 A0 FN ol R AL ik, X N7 LR
BRI AT RE T ¥ Ae (3B,

RecT AT EH T8 H g kb F 7= B &
6 53U 56 E B B, % 920) 7 2E 41D Y PR E DNA
HAWEME.. B ERREEEL X DNABE N &R
AR, AN [F] B Ak 2 18] 1) 25 40 300 % AT RE A7 AE
WRZER. [, Cas9 &Ik BIRAED B & It
KA E B, B 75 2 1E B 1 Cas9 RIK %
AEEA &t X F T ptkm s, HERAR
Tl AL AR E M AR AN RSOR SRR R Y AT RE RS
ARG ERRIL, Ft, RecT /3 HIEL T2
H A58 3& A 1 v i i AR L8 ) kA T TE T
H, HAEARRF TP 28 B i A 138 F AT
B A A M 75 3 — 2P IRAIE .

R TS, B e & SR LR bR,
H—RENRE, EkE 7 nl iR ik i) v b s,
HREEZHERK T ZRE MW EEMI, 4
wieringae F T. kivui 4 R GAAL G 73 01K ]2 2.0 %
103F1 1.96 x 10* CFU-ug"’ DNA ™, {5 B B AL T
P QA 0 B KT o R R by
A FE R AT AR ROV B E R G SR A AR S
R RIYRE L I, FRAFERS B 2K T EE T CRISPR
IV &, 1 Hi-TARGET R# #4  J #4522 20 12
K, RecT /5 B 41 T M A T — W5 AL
el H= R B EEESRER S, EAR

PUMEFR I AT S N 2 A, e T HE R R
PR ERE G AR — KAt P IR B 4% ¥ Cas9 il S
BERPOE, FEMUT N gRNA ORI HEES 7E I
J5 1 B RS AN e PO R R R AR K
AR, FREPUEAR AR FE R R, WA
& WA A SRR g S e R . K2
T EHRF A ERY, BT AR CREE
YR EESE R . PR&IMEME R S, DNA B EHLH .
CRISPR & M firf 52 14 K Joi bt &2 1l 66 7 %5 07 Thi A7 1F 22
s, R B AR AR A S B B A R 2R IA T A AR AT
NREE MM . Ll #E AWRP B #k o DA Pptb 3K 5
ff) CRISPR-Cas9 % 4t K RE 55 LA 2% % %, 0 H
Casl2a g5 75 A BT "M T kivui 1 A8 1-B B R 4t
ZHTCARTAT, AU A ROCR S B T 245
fif M, X ERE TR T HIFRAE TR ZEMN
ALK S RS R G ERE LS, A
RELIBE R ER FEHEEH, XM
R R i AR AR AR 1) MR 3 10 3 A

3.3 BRFXRERTH

33.1 AnBEL5HEFREBHT

A B TR R R R A WO . W
B B 8 2 T A AR B S 37 P, BRI
LIRS B F P BREULE (A E 3 F P, A WL 2
DRI JE 81 Pyys  AEEATT A 3028 588 B TR 1 22 1 o 10
o B0, P, TEC. ljungdahlii 1 (F5RIE LR P, )
4 - 61, H{EAWRP L RJEH 1151, P I
LT BRI Y. Nk, MR
Feiy, R B AR TE 3 E TR AR AR SR Te At .

7S )5 57 Al F T ##] CRISPR £ 4; LLRE AR
BEPE, AT TR A U T A I T R A
H T O A7 2R B P36 AE 0% S R G H ik Y
REZFBF RGP Py AEHET RS W%
WHRRG., AWEFRAP,,, ' LR HTiRIE
MBS S RG M1, 2-H BB RS, HHliE
F T 55 P 8 E1 10 7™ A% R OA FOAR s 48 19 o o
K5

W T LR B 15 3 AL 3R OK T A T R A 6
Ja, WEAEAE T kivui HRAE T RWEH S 8301 P,
MH BB S E T P, 70l B e 75 3L echl
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RO\ DL S WL i 15 68 4 I 5 DR R 1 R AR 3 31
BT S BT 0] W B R B AR I AR 1 SR A
PEAE B0 XL F BT AN T kivui 1) EE A AR
WRiRft 7 TR, Wyl TR - A K 5
V)& LIS P 208 SN BEE T ARl

E. limosum W 33K T A4 A S AE 2022 S LA T
RO R . B H € BN 7 =R B ¥
DUEG 22 S, R I e A Y 0 AR 2R Ak R R T R A
P ORI VLB S R AR R R kK, SR TR R
B4 J5 1 B AT U 2k i R ) A SRR . b Ah
ZAN BT R SR S R R RS R AR 4
FRTT R PIFPUAE RIEFEARIL, E. limosum 7]
M TAR oS sl T e
332 HERGESILEIREL&ILET

¥ Wi R 45 & A7 5 (ribosome binding site,
RBS) W75 R SR H MR EE, B2
B IG RO . C. ljungdahlii 1) % 21220 FL R B,
S'AERHIE X S gAY X 7 A RHE SR B ARG, N
RBS B iH At T4k “. ik & ki
FAEsEm KL G BAEMER. &§R&IET
BBa B1010 C.7F £ F 7= . R W 8 T 2 BT
(30,

3.4 FRHNERSRBEHESTES

pMTL80000 H& B 1k ¢ 4% %k 14k R G5 N 7™ 4 1R 1
M 5 R R IA R T M HE T B, ZARGER
PO A Hfepbith, B RAMEEH T 22K
PHPE B & i1 PUMEIE bR 0 AN AR . AN [
(1 5 22 [RBE M B S R T ORI DL ECR AR
EME. Hdr, pCB102 #1pBP1E;” Z MR il i %
P R gERERE S T

EHRERK MR EREN TN, Qe
HEE MR T R RIE. AT, £/ ORE TS
WAL AR . BRI T pyrE AL S
ACE &4, 18I IE 7 ik$ e ilE S BArid B4 .
FEHT$ A2 1 o R 0 B T 52 IR W E E IR R
5 LTI HRE AR &, TEEWEREK, X
— AR G AT RE NI A . 55 Fh & Himarl ¥4 R
N FHBELES, THTFRBEERZEN DR
N, %ZRGCAE C. ljungdahlii PSP T 7.8 kb

B & R R e SN s A P, 55 =2
CRISPR 4l B S 17 %2 5, FIH Cas9 7 H brfr 5=
AEXUEETRE, TG R R AR DNA 32 /5 [R5 5 4
RORILTRIE R A k. FMIREE R 84 B K N4 5
LRPUERSER, BERENL, E6KIHES
R o

3.5 SEERTESERAMENRERAFTIE

T4 NI (Tn-seq) A1 CRISPRi 3 J% fifi
IEHERN 17 SR T HH 50 Tk R] o 48 1) 4 25k R 2 Ty e e
Pk, 20224, BN RAE C. autoethanogenum
FR 3 T 2 T mariner 7 B Tn-seq 24t ¥, %
RGN DNA B R A0 N B ARSI, BTh i
7 o A B DR 2E I e R R AR SR . il i EE R CO
HIRE R FR &M N RAME S, & IRE
IR BEE T CRE A FREKT LS
FIFEREE, FEMIE T WL R &K . Raf &
& J ATP & B 78 H F2 ik #2 v AN AT Bl Pk o X e
RINA d/N B D2 BT S dE o 75 R R R ) R e
R T RS

20214, WFRERA P, B30 FIKsh dCas9 #
15, 1E C. autoethanogenum ' % 57 T CRISPRi %
G, I P BR AT B SR R DR, R e S T
BRI T 95.7%, TR UTER budA WAL 2,3-T
TErEE LT R Y. 1E C o ljungdahlii TR, WER
N 7148 Bl CRISPRi X pra #E 47350 B, S i
TN CBREE E 17 2 LW, R 58 4 5k vl Be 5l
R I¥1 ATP (B f 35t . 2026 4, BFFE N Gt — 5 JF
K TEST C. ljungdahlii W6 75 7 X (1) 5 % CRISPRi
R, ST R A BUROR H Bk RAG A s /R
SE DN A AS R AT M, #8575 7 PFORL AOR AR 7
WL B AHRIERE | IR A KT ER, FEath 1
ftsZ S5 5L R0 AL R A B sz B 20234, fEE.
limosum 1 58 B 4% 2 Al 44 CRISPRi fifi ik, 7w T
WLIEAE . WA BB A& AT BRE RO
H 787 CERACU B M, 5 R 30 40 2 (R U 2R
AT FRAE KA H ARG Y. BT dCasl2a
MZEIRAG AN T R E TS8R
E DO H R IS 99%. A7 S dCas12a £ &
RGER R CRE, IF5 2 FE 45 H) sgRNA
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SCPEEAHGS A, A8 AR B S VA A T AN
FIUTERZR AL, ATy 2 Gt 1 s e AU C AR #E A 32
fEder s (E3D).

BRI, 7 LR TR 0 A R AR LR R R A
SRR AN BT, AR X b AN 35 4 I AS e FH B IR O 4 R
ZRZ|H . C. autoethanogenum F C. ljungdahlii 1]
AT LHEER) 7S 8E, S CRISPR 5 U5 1-
BM ARG H A, WHERE. Thrid AR,
CRISPRi 5 Tn-seq B %, i 2 #oduid 75 R AE W]
PR WA SEB . SR, X AR B AE 2 R IR AN R
i B 7 AT R 3 VR S T ORI AT R AR AR k. AL
woodii £ B AKX #t ClosTron A4/ 1] 4 Y& CRISPR %
Gi; T kivui B O8I Hi-TARGET 78 JT il 8 & 13k
PR = R R B RN BE 1 3, {H L R] R A oA
SR T PABESE SR 87, MELLSCEZ R REhE
5 1M M. thermoacetica W) 5% il T~ /™% (1) BR Hl 2115 &
gi, HET Y72 Wik BT (R . R
Pl QA RS R A = Y S AV O e )

CRISPR % = 4R 5 #E 4 TREMIER A 3L, FHITF
R F) 7= R R e R e R ) AL T . X
55K E g« Bk -we @ -MA-2 217 (Design-
Build-Test-Learn, DBTL) f&¥h i 7& Hh 52t

4 AU TS A R
4.1 RARBTF- SR R

411 BAEHERLEFFRZER

P LR LA LA A NP ORI A ()
4A), H, CRRACGEERE B4 IR <
PRI T VA g 0 /I B0 ST B AR S B Y, &
R PR BE ATP (7722, B A RO #6538 R 77
I, W85 SR 4 3 Bo A ot b eh 48 i 1) R
RS EAEF IS . 4w Bk B 1)
FLIE RS I 55 R A MBS, MR pta FE K WA

K2 VLI B TRIC S
Table 2 Genetic Toolbox for Acetogens

THHKM TEHI B 275 R
Tool Category Applicable Strains References
DNA #8775 i
DNA transfer methods

Electroporation

C. ljungdahlii, C. autoethanogenum, E. limosum, A. wieringae, T. kivui

[53,66,77.86,92]

Conjugation C. ljungdahlii, C. autoethanogenum, A. woodii [78-81]
FE IR 4H o i R Gt
Genome editing systems
ClosTron Clostridium [83]
ACE (pyrE) C. autoethanogenum [85]
CRISPR-Cas9 C. ljungdahlii, C. autoethanogenum [80,86]
Endogenous CRISPR type I-B A. woodii, C. autoethanogenum, T. kivui [66,88]
CRISPR-Casl2a AWRP [91]
CRISPR base editing C. ljungdahlii [90]
RecT-mediated recombineering E. limosum [92]
HRURNT RS
Inducible promoter systems
Theophylline riboswitch C. sporogenes [87]
1,2-Propanediol-inducible system C. ljungdahlii [89]
Mannitol/fructose-inducible expression system T. kivui [46]
e I B I A A 2
High-throughput functional genomics
Tn-seq C. autoethanogenum [96]

Genome-wide CRISPRi screening

E. limosum [99]




At Ry a5
014 SREMF £T75
[ : (2007 2013 016 020 dcad )
E. coli donor Key factors — o — st g
o . — — il e
e ——— —
( p w LhoaTron ACE/pyrE Base Editin
L% {:} (Group Il intron insertion} pyguble crossover with (,I{I%'I'R-_(.{lsg.  (dCasd-deaminase)
O -’r{-{}:}’ <] : Liene disruption pyrE marker 50-100% efficiency ¢ IS
ey Pilus > Dinn.‘l[rit;lm ”;‘:ilnh lation
2 2023 2024
Acetogen cell P s 023
§% } reciponi AN g Casl2a P
Elect i Ceonjugati e S > P —— MO T
ectroporation onjugation g o
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Fig.3 Overview of the genetic engineering toolbox for acetogenic bacteria
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Fig.4 Metabolic engineering strategies and product diversification in acetogenic bacteria
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6.1 TUESHEMEL

LanzaTech 5 B4 BAPE, 7RI 644 8 40 ) 2 5L
TaREREANN RAS OEREE . ZIH K
AP IESIREESANEL KRS,
PL C. autoethanogenum REVMEALF], FAb NERE
RIIKOEE, T 2018 F#=, HESIZITRUE T
AR B ARTE B S TR &AM TR FE M.
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B AR RV H U, 35 o 4K B3 2026 45 1]
W, Z MWW HE 2 F 2026 4 6 A #EAR
ﬁ:_:f\‘_l‘ [144] .
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6.2 EFUMSHSHSFIA
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&= RKAFHGEIR A 7 (Suncor Energy) & H AF
KA 2 Tl #k 302 41 (Sekisui Chemical) 43 5l FF
KT CAVEY) B ER TRV A S RO R R R E
FEE P X H KR TR AT T2 5S4
REERGW TREERIT S, AR R IR 1) ik &
YRR TR B LAY A F (INEOS
Bio) JFR | ARk ER, FFTRERE
1A M % % Indian River BioEnergy Center, 1X /&4
BRI RS IS AT I R T ) A 4 R S
AYEWHZ —. #2013 7 AN A, %%
B O A bl AR S A S5 2 T P S I 1) 2 Hb A
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6.3 COFMESRIFIFA

BE & AT P AR ) A I R LR R R, R AR
K= AR [ 2R 0 TV HE I ER S 1) COid J5 N A
HLP= 9 (1) Power-to-X #% £k, 1F A S R B 11 55
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CO A Ho KW (1 #8108 J7 e 55, % 4l i g AR
A8 A B PO Bk R . B NTPC IE7EHEE R T
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LanzaTech ) K BFHR , Wit G BE ™ fE 4 3000
WA, AL E W COMMEMEE A & Hot. #
#2026 F4 H, AJF5EERIZIH AT
7 B,

ARk, BRI ERAER2FKTT kg IR
I, Power-to-X B £k (&G A 2 5 YAtk T2
FATEG 50 AR 5 S0 e I e I 2 B A B
1“7 ERARGMA, EEZ AT A
HHEE .

6.4 HRMERRELZSH

MECRBE 2R F, b T A FE = Mk Ak i B <
RRBEAR R 4y N =K, R NNG/SE SR
PR ORE, HRAE 5, LanzaTech £ /N7
AT H R T 2R SR R B R B g e
5 RN T A E BRR B &
REFEE A, HCRA T AN AMREFNH S H I
WAy, BERSAY S N5 AR T OO T
Bk ARG CORSERE, Wit~
10 /30 A2 F A E BRI EH, &T
2024 4F 11 HJF v, 2 H ATy ik AR WA 5L
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2, M JE 1R A7 1 0 RT S B P AE 2 R LA T 3
i =IO COMGA R EH, AR
APTHQP A AR, HAZ OBk IR
IR MRS YER: &EY T 202545 &
B N 25 HQP AR & B il 2 2k, DAAE P &R
FEAL TR = E A T CO R k), gty i ] 3547
T2 CO,,  [A 27 i Ol i B 3 fn H A 1) £ 9
ZANIE Y,

AR R I R AL AR IR AR — XU, 242
T E B2 1 S B 8 AR AN R TR 4 A
M . Steelanol T H M V& 5 21 7= H S BERI K29 5
MA, HEFICHABERS: (&3 Y. Tk
S BT SIZ B 38 B %6 AR A A 7 TR RS A R
FREEP Ak, AT ArTvE M 00 1 A2 A0 &R mT R 5] R AR

W N2 e e Ak, AR e B AR A Ak
P 5 SR AR R RTBR R HE BOR S8, AEBUR I
SR AN RE 1) T 37 T I — S ) AR G IR

6.5 KARZFHFSEREFM

i R 24 B 45 #1 (techno-economic analysis,
TEA) FAE iy Ji BIVEAN S A R BB AR (177 b e 3
PO T e BN, 3T Tl AR A 1 LCA B 5T
F W, LanzaTech N B T. 2 iR = S M HE AN
-1.35 kg COze-kg' AR, AHER T A 4k 7 9 2R 2 %
2, ST ML 180% Ml = ARk . H L EEEK
P HEL A 22 33.3 g CO2e/MT, i A2 55 [ ] 24
BRBI AR UE 28 4 25 AE BB T 55 T 60% ek HE 11
WAE TR . Al s (0 Tk g T Wit wf e ik —
WA T AT AT, DR RSN E R T
29 4.75 73 W ) S5 TR R T R G P % B R R OR
FLRTHE = 418 J3 WG4 S 99.6% 1) 57 T4 B Al 0.564
G4l FE A 99.0% [ PR . 1% T 2538 it 225 284 A
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Table 3 Summary of global industrial gas fermentation demonstration projects

T 44 B/ g BETT JERS FE kBt by 275 R
Project (Location) Operator Feed Gas Main Products Stage Data References
year
Hebei Shoulang, Caofeidian, Hebei Shoulang New Energy Steel industrial off-gas Fuel ethanol Commercial 2018  [143]
China Technology Co., Ltd. operation
Ningxia Binze, China Ningxia Binze New Energy Ferroalloy furnace gas Fuel ethanol Commercial 2022  [144]
Technology Co., Ltd. operation
Guizhou Jinze, China Guizhou Jinze New Energy  Ferroalloy industrial off-gas Fuel ethanol Commercial 2023  [144]
Technology Co., Ltd. operation
Steelanol, Ghent, Belgium ArcelorMittal Belgium Steel industrial off-gas Ethanol Commercial 2023  [134]
operation
IndianOil - LanzaTech, Indian Oil Corporation Refinery off-gas Ethanol Commercial 2023  [149]
Panipat, India operation
Hebei Shoulang Phase II,  Hebei Shoulang New Energy CO.-containing industrial off- Anhydrous ethanol, Trial 2026 [144]
Caofeidian, China Technology Co., Ltd. gas microbial protein production

Yitai - Jupeng / Inner Inner Mongolia Pengtai
Mongolia Pengtai, Ordos,

China

Biotechnology Co., Ltd.

Henan Sailongtu, Yongcheng,
China

Henan Sailongtu
Biotechnology Co., Ltd.

HQP Microbial Protein Pilot Chengdu Heqi Biotechnology Low-carbon gases such as H
and CO:

Plant, Chengdu, China
INEOS Bio Indian River
BioEnergy Center, USA

Co., Ltd.
INEOS Bio

Decarbonized off-gas,

unshifted purified gas, CO:

Coal-chemical synthesis gas

Biomass / municipal solid

waste gasification syngas

Anhydrous ethanol, Under 2024  [154]

microbial protein construction
Anhydrous ethanol, Demonstration 2024  [155]
microbial protein
HQP microbial Pilot 2025  [156]
protein
Cellulosic ethanol,  Discontinued 2013  [147]

renewable electricity




022 GRENE 75

AT AR R BURS I T 50 g L R BRIV, fE %A
BRI LR AR ERIWCEM T, BHRI A
REMN, FFSZEUE R . B R A B B A PR R
AKLIN0.57FT0 « kg P2, KT 2023 E 50 H
WZAG AR AL T BT 18 4T RN AR 8 I A A R
MIEHE BRI LCA G R BIR, RERERIEH R
-1.42 kg COze'kg" 5N EERI-1.25 kg COze-kg' A il ,
X F B TR TN RS, AR KTE AR
T AR, AR X I E B T A
FeyE

SR, FIRZTEPESE 3 B T R A AL N
R, R RO AR E AR AR TR L R B R
AFE = i i, B = A 2R B K S AT AR
AL P, FETRBRE AT« AU A T
WAAEEN, . SN R AR ORI B OET A RE A
NOEHREGRERNSTRATS ). HEFHE)%
FIRA WS AARTIALTE . K BV 0 B s
B REAEE R R, DA TEA BUR M- iR 8,
PR R L AR A R R Y B R DG B 2 F
S Y G, IR B Az O I B AR B A R AR
H bR =W B0 AR AR A = 22, JRRIP R e 4
W, VAL B P20 B RO A RS AR Ui o
BT AN, AR e SRAS AR A Tl B At 2 s
U= YAk 28 5 1 1) O B

BB, R R B L O N D AGEY
B, PR S T S A AT b T ER AR 1) L A i
Wb B, HACHA 5 4 ) A7 Bk T R AR P R AR T
i R B AL SR A SRR

7 #k AR

7.1 SEimEIGEZ OB

7.1 R BRI R FRIER

77 T TR T I 1) e R AR o) 24 TR 2 2 3 R AR
WHI W e B = . 7E COMH441 T, WLgE
i ;& CO2 1) ATP it %AV 2] 0.3 mol/mol Z &, 1
LA CO Jy JEEA ik i A5 7Y il B 85z 1= AT 75 49 1.5 mol/mol
RV Y B Y R AR B A R ATP e
R IE T E R RRERAGR. A&
A ATP B JF 775 N 00 4%, s SR

FEIE JE ) DY B S LA =0, Hop= 33 2 b 3 ) 2
FRACHR )™ PR . BB 20 R AT A 5 B AR )
WL, JFsemiE s R A E M. R AE &M AT
HEMNRE T, TR TREMA SRR =4
oy IR 4Pk
7.1.2 #ETAMHKRERMEEE S

WIHTSCATIR, 7= GRR AL T AR e 231
i BEAR A% SR o X — R BIURE = M Ak 1 B R
T, JHE-EREAEZNEG SR ENHY
S, 0T kv B e AR O RS I A AR R R
ok, AR AL T RS R iR AT 2 AR
BWAMUE . I, BT R E R B 3] A A
A BRI AR A, AT R “ T st 5
“HRARERCME” 2 RGET G . TR —{ER
1) 2 B AE T~ 4 7 % A PR IR R Ak B T A
P J& CRISPR % 4i il RecT /5 () 5 20 T #2 1 J2& 3
77 1135 HE TR B DA
7.1.3  HUEACIEAZ P a4 44 M A

T RIS 2 87 2% o AN AT G PRSI B
= FEUSEY G DA E W R BE b, 3k T G
RARH U S A= BRIV AL o 0 R R R R
o R L R B AT G R ST A% AR ) B
EERBENK S RE ., TR ARG L
WSS, o HaS. HON AR 25 R B 44
AR EOCBE E AN AT 20 .
7.1.4 TS B LT SRAEDE

SRR B YD T i AL T s KRR Bk AR . R
P Y0 o 77 R R AE 10 - 50 g L' 22 0|, im kT
FEGUREIE R 100 g L' BA b, X E BN T 72519
B RERE. X T BE, TR E KA
PSR ) 22 B8 AN 7y 1 0 B K R o R P RS
I BESE B i, TEARFURH RS AMWME SRR
ABURS TR AT S A R B AR . R0, AT
AR = o, AR S BT RN AT RN
e, PG FR EIF R EAL = BRI, WA .
B3 2R Bk RV B 45

7.2 MRFNEZRESREES

LanzaTech X HAZ 0o B bk 8% T B AR T
SHRHT LR RY, XA R BRE 22—



%£7% www.synbioj.com 023

EFEEE BRI T [FAT X C. autoethanogenum T VAL
AT B IR R . HES X SUR B IT R Hr, R
TFRAS 5 BUA M LR B AR A B8R B 2207
KRB T RAR R . TAR BRI Tl AL 5 8 ¥
LA A IR B R RO AL . RS SRR B R 4t
NER A, B CRRE AR IR R, H%
I %o 25 R 50 ke 2 00 A5 AT A A T 0 A 5K

FERR BAAEZE N, df P A 26 A 506 A W 20
4§ Directive 2009/41/EC (¥4 S B B2, U4k
KRR T8 ARG, B R B 00 KU Al 47
78 i A S50 5 B T MR A 4 A B O S
I b o A P 1) B EPAL FDA A USDA =
T VR HE L H AT, o EPA KA CF T T 45
)RR R AR M A A R AT A, K
AT TG IR PR 858 KU DAL i Ve T 2021 4F
TAT I (VAT RGSRERM, W E
2 5L A A O BRI R AN 7 b I ) S e 7 3 70 R B
AR 8 R AR 25 WO B XU 55 4
PR PR BT B 2 T i i T S T R
% [161]o

AT RN, & E R AR R o 3 PR 2 1)
E XJEWEAEEZE e BRIDR A A2 ) € S, B
JUZERL € 1) 18 A% A 1 3l A2 0 B 9 N 38 A% A i 2R
YU s TRy B S0 AN A DNA B 35 5] 4 48
7 i R U RS W AR AR, XM SR
Xof W ] G AR e L A0 i Y R R T AUA BE &R . AR
HIR = RZ1H . LanzaTech & FIHGE 5 T C.
autoethanogenum T Pk o R B E 4L K T 2 5 4.
PRIy BIRARSETT I, BT 2 R IR A BE 42
WK 25

AR, A LR E R AT A5 T E
PRI PR O 226 38 20 e [ 8 A% 5 5 R AR AR . DA
C. ljungdahlii. C. autoethanogenum X 3 1] & &%
CEVERTEENBERIEER, PN OB, B
P SE S A K, o R I R AL
b2 I E P B e o A T2 P e 3 = VA N 7
W E B TR I — AR 6, IR SEIAN L
Bk a5 Tk B EY R 9 3 B IR AL 1 B8R A
Jay b R, BARJRATEE — P S T A 5%
SO R TR A O R AT 52 A H AR e
Y7 1) & B 8] f B R AT, b e B R H 2

DR STE S LA S MR AV LIPS 47T

8 &iitHREH

8.1 #hig

77 TR VA R A A P BT R N e
At 76 A TRERL A, H ek 5 kA e R A
W N AL B B B, TR T MR R TR
FSAETBOR, R TR e A .

(1) fEE AR AF R M, CRISPR-Cas9/Casl2a
R4 O 1E C. autoethanogenum~ C. ljungdahlii 1 T.
kivui 55 B R A SE I TE AR I B DR 2 e R (R 2
BE L AR sOMR % 77 USSR, HE DL B R A
[ EE AT o b JER A 5 1) 5% S8R S9UAE T T A 3005
ZRIEME R A E SR W R IE R . AR
R CRISPR A4 ME A TRER G A, MIN{s%2
A IR 2 1) 2 1) AR QB PR AR L 1 R A% 4 A
BEL ) F) BT A

(2 ERWLREZRm, TR KECHEEN
WA D A 2 A BOI L E B R B
P B, JFRES: A HERE . A ICHIR Y
KRBT ERNERE . 90 77 i R S zh Ak
REEF AL BIE | E I .

(3) FENELREZEN, SOERHEZE AT
b S B g TSR AR s A OB A 0 i
T J5 SR AE S50 % PP A R TR R Mk AR IR
P g R BR A T T IEAE SR .

(4) FEP VAL Z T, AR R C S 2 e R
WACRE B S . LENBE N, H R R
PRRE A TH AT I, AR SC I H SR % 0 4 R L
FTATYE S R ESIE AT 2 L
BERL L A RSO e B A2 A5 R 2R

8.2 RE

Aok, PR EACH AR R EE T [, R
B IX — R A 2 AR AR . AR TR R A 3 e
A g A5 SR T P R 3

(D sEfbpe B SRR AL . Hid 581k Rof
S A LR ATP B AR 25 B8 B P fE AR B,



024

GRENE 75

R4 ARIH MGG

Table 4 Abbreviations used in this review

A ST e e th
Abbreviation HEL AR Full name HI3C4FR Chinese term
WL Wood-Ljungdahl LAk IR
CODH/ACS carbon monoxide dehydrogenase/acetyl-CoA synthase — S AR T SR LT AHTG A
CFeSP corrinoid iron-sulfur protein BRI el =
THF tetrahydrofolate =Ny
HDCR hydrogen-dependent CO- reductase SARHH I COLIE SR B
Rnf ferredoxin:NAD* oxidoreductase complex Rnf & A & CBRAE 2 1 :NAD 46 40 18 R D
Ech energy-converting hydrogenase e S AR
HydABC electron-bifurcating [FeFe]-hydrogenase LT fb [FeFe]- S AL
Hyt electron-bifurcating hydrogenase complex (HytA - E) TGRS A
Fd_,/Fd, reduced / oxidized ferredoxin EERFS AL EA
PFOR pyruvate:ferredoxin oxidoreductase TR 2 -k R0 B 1 A SR T
AOR aldehyde:ferredoxin oxidoreductase [ S k=R S L
ADHE bifunctional acetaldehyde/alcohol dehydrogenase KN RE W%/ 7.1 i
FADH. reduced flavin adenine dinucleotide I R B B RS AR
Pta / AckA phosphotransacetylase / acetate kinase T IR e L TR/ £ TR T TG
Nfn NADH-dependent ferredoxin:NADP* oxidoreductase NADH i B4k 514 25 [ :NADP & AL IE i il
ADI arginine deiminase pathway R 0t i Bty i A%
Dam / Dem DNA adenine / cytosine methyltransferase DNA JERNEE WS /e 1 g Y 52 5 Ty
ClosTron group II intron-based gene inactivation system BT A& F I3 RS R 5
TCA tricarboxylic acid cycle =R
ACE allele-coupled exchange S B TR R 2
Hi-TARGET  high-efficiency Thermoanaerobacter kivui CRISPR genome editing tool FETi Mg #4 JR 4 AT B i1 2% CRISPR 35 (K] 4 4 45 T 2L
CRISPRi CRISPR interference CRISPR F#
Tn-seq transposon insertion sequencing g R4 N
RBS ribosome binding site (LS ARed DAY
ALE adaptive laboratory evolution TRV TG = L
GEM genome-scale metabolic model 5 R £H A AR A R
DBTL design-build-test-learn BEt-#4) - -2 ST PR
iPROBE in vitro prototyping and rapid optimization of biosynthetic enzymes A iR B4 e 55 A= 40 & BB DO A AL
Ka volumetric mass transfer coefficient TR TR
CSTR continuous stirred-tank reactor TP I N A
CFD computational fluid dynamics TR %
LCA life cycle assessment A 1 JE BVRAN
TEA techno-economic analysis HARZ 5T
MVA mevalonate pathway R A
PHB poly(3-hydroxybutyrate) K3 T TR
SAF sustainable aviation fuel ARSI AR
ANI average nucleotide identity PR B —
DCW dry cell weight Yl
EPA U.S. Environmental Protection Agency X [H IR R E
FDA U.S. Food and Drug Administration Fe I fr 2 S R LR
USDA U.S. Department of Agriculture B piA
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