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Research advances in design and microbial implementation of
artificial carbon fixation pathways

FAN Liwen, HUANG Yan, WANG Yu"

State Key Laboratory of Engineering Biology for Low-Carbon Manufacturing, Tianjin Institute of Industrial

Biotechnology, Chinese Academy of Sciences, Tianjin, China

Abstract: One-carbon (C1) compounds, including CO,, methanol, and formate, are regarded as
promising feedstocks for sustainable biomanufacturing. Diverse natural carbon fixation pathways,
such as the Calvin-Benson-Bassham (CBB) cycle, the reductive tricarboxylic acid (rTCA) cycle,
and the Wood-Ljungdahl pathway (WLP), have been extensively investigated. However, their
inherent limitations in energy efficiency and carbon fixation rate have constrained the development
of efficient C1 biomanufacturing systems, thereby motivating the rapid development of artificial
C1 assimilation pathways. In recent years, a variety of artificial C1 assimilation pathways have
been designed for the utilization of CO,, methanol, and formate, and their functions have been
validated in both in vitro and in vivo systems, providing new approaches for the construction of
efficient Cl-based biomanufacturing platforms. This review systematically summarizes recent
advances in artificial C1 assimilation pathways using CO,, methanol, and formate as substrates,
with a particular focus on pathway design, the engineering and optimization of key enzymatic
components, and the construction and application of artificial pathways in microbial chassis. In
addition, this paper discusses the future perspectives on artificial carbon fixation, providing
guidance and insights for the development of efficient and sustainable C1 biomanufacturing
systems.

Keywords: CO,; methanol; formate; artificial pathway; one-carbon biomanufacturing
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#=1 CO, ATIEEIER

5 A S FAAL S I AR . AR B A% O
TBt, HEl, ARFCKETF CO, FfbiEAE,
an -k /R 3C A # (Calvin-Benson-Bassham, CBB),
i M = 32 TR 1 25 (the reductive tricarboxylic
acid, rTCA). fhff-7K ik /K #5448 (Wood-Ljungdahl
pathway, WLP), 3- & K N R 7§ # (3-
hydroxypropionate bi-cycle, 3-HP) M i4 J& 4 H &
1% 1% #2 (reductive glycine pathway, rGlyP)ZEt! 12
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Table 1  Artificial CO, fixation pathways
Pathway CO, acceptor Product In vitrolin vivo Pathway References
architecture

CETCH Acryloyl-CoA, crotonyl- Glyoxylate In vitro Cyclic [14]
CoA

HOPAC Acetyl-CoA, acryloyl-CoA  Glyoxylate In vitro Cyclic [15]

rGPS-MCG Crotonyl-CoA, Acetyl-CoA and other C2, C3, and C4 In vitro Cyclic [16]
phosphoenolpyruvate compounds

THETA Crotonyl-CoA, Acetyl-CoA Escherichia coli  Cyclic [17]
phosphoenolpyruvate

POAP Acetyl-CoA, pyruvate Oxalate In vitro Cyclic [18]

Acetyl-CoA bi- Acetyl-CoA, pyruvate Acetyl-CoA Clostridium Cyclic [19]

cycle ljungdahlii

HWLS - DHAP E. coli Linear [20]

GED Ribulose 5-phosphate Central metabolic intermediates (e.g., E. coli Cyclic [21]

pyruvate)
LATCH Phosphoenolpyruvate, Acetyl-CoA In vitro Cyclic [22]

glycolyl-CoA
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(crotonyl-CoA carboxylase/reductase, Ccr) 3K & )
R RORA R N G, Ffl i — &5 CoA fiTA:
Yy 22 18] i 2 A0 A5 SO BT B PR B e A Qs I 28, 5K
W CO, M LEERR VAL s Zad Z kUL,
w249 8|8 CETCH 5.4 #1 17 #ok A 9 My
Mg, TEARSMSEINZ) S nmol CO,/(min-mg #%
OIEAE PR EE R, BRRA R T 20
W, AL ROR I8 3 T i GE B9 4 i $R BOR
CBB T &2 1-3 nmol CO,/(min-mg CBB
TEAE ), RRE A CBB JEMAHICHFZ
B 30% 51, CETCH MR 5iE T AT
Bt CO, BEM M a1k, HEAKS
BT T, AN T CO, [EE it
AL TEESH . ZBINERTOT T 2 AR T
Ecr #EALATHT RN T CO, B i fe, XEEPER
THERE AT LT KSR CBB 13, A
TR A S W AT AT, McLean
AEUSIEE 2023 AF B A FE LR IBE-Co A/ TR 445 1 -
CoA i ¥/ (HydrOxyPropionyl-CoA/Acrylyl-CoA,
HOPAC), ZfE¥F ik B 6 MR A PR 11 Ff
BRLH R, EARGERIZEMIT RIR 3-HP 3, (H7E
KRR AN b2k T AS[F S lg : HOPAC R H
W SR RN A NI T -CoA F2 4k (25)-H
FEN ZHE-CoA, BT KRR 3-HP fEIAH N M
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M HE R K 3-HP JE A AH L, HOPAC 18 2 i i
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58 N D13 I 22 f B BT S LA 2= ) S
fb, BERTT CO, BEMFE, KRR
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CO, [# 5% # %34 #] 2.4 nmol/(min-mg 5 H). %

P4 actamicro@im.ac.cn, 7 010-64807516

5% Ry i — 20 I e AR S M Ak K A4 P 1oz FH B 55
BEE T LA

Bl E N T CO, [ 5 38428 32 W7 i AL A o Tk
mtERe L, PFRE SR PR A R B RE
SEaf eI CO, FERCE. Luo FE 2022 4F
T —Ema. WA HEA B RANERE I
T CO, [ 72 & % ——rGPS-MCG i #, %
RY Wi R OB R A IS 12 (reductive
glyoxylate synthesis, rGS). i iU PN B R 5 A&
1% (reductive pyruvate synthesis, tPS) L fz 32 H ik
CoA-H 7 i 1% 72 (malyl-CoA-glycerate, MCG) 2
B ; rGPS-MCG 7§ ¥ i [f 2 2 70 CO, if 2k
L BE-CoA, FEiE— L hith C3 (INARR) M C4
CERMIEEY; afifbtiEMiZikREgiREz
1T 6h, CO,[EREHRES 0.55 mmol/(L-h), it
DI CO, [ #4353 28.5 nmol/(min'mg);
MR RAEE ZTCUNHE COy N T3 R R 2 H S8t
TR RS CO, MIERR, HAE M IbEcE
T I ATHE A9 CETCH 5.4 834 . %058 il
HEERL . ATHRFSLIE AT N T AR R AR TR
MY . EEXTRER CO, Bl E IR IERCR 5 IEAR
P R RBR, Luo %1VE 2023 4R — Mg T
I M =R IR 53 S0/ A- PR T T -Co A/ BE TR — THE-
CoA/Z I -CoA 1 ¥4 (reductive tricarboxylic acid
branch/4-hydroxybutyryl-CoA/ethylmalonyl-CoA/
acetyl-CoA, THETA), Zi&f il 545k F 9
VIR 1T A, DU R M I X TN R R R Ak i
(phosphoenolpyruvate carboxylase, Ppc) Fil [ &
iE-CoA FRALARJF X 2 Fh KSR ALK e =1 11
CO, I8 22 B R A% O [ B 19 A5, SE3 COy ] H oty
R B & 2 TE-CoA BY%%1k; THETA 3.0 A&
i) CO, & 72 # R 34 F] 2.7 nmol/(min-mg % 1),
K B &5 40 i g2 ey CBB fE Y CO,
7] 3 24 DA S HAth N T e [ 7 AR A AR SRR 38
LB G LS D SRR R, ORAZ G ER
) Z, 1 -CoA 7= & 7F THETA 3.0 LAl 25 4
5%, MR THI4G 1 THETA 1.0 #2655 T 2 135
fi5s RS, FIRE AR T 88 vE, i)




FLorka %% | ek, 2026, 66(9)

4447

PRZE ARG R R 3 DI RER (B 1.
PR —BE AR ; Bk 2. FEHIMR — 2 G HE-CoA;
B 3. [ EE-CoA— NI 5 £ FE-CoA), Jf
I3 M AEAN [ 288 YA 5 ke o 2R R g 1 A TR b 52
IR HACAE A 5 BRI IE , 38 2o A R AR 7
WLEA PC FRICIESE T & B AE K IR A R
PIRETEPE . X RME A N T CO, [l i 12
A DAL )y S AR N A S DU RB SRR,
JE 2568 THETA JRIAENG A ik e . 4k
HEEEE 1A

EAET CO, e B my A, i — 2D i fk
N TIEBRAR R . BRI ZR G 5 B A2 N T A
WAL MR I 0 . Xiao ZES M T — &Mk
& i N T CO, [ % & 2 ——PYC-OAH-ACS-
PFOR (POAP)T ¥, ZAEALH 4 25 by gt vl
2L COy [ 5 AR B R TN R R 1L
(pyruvate carboxylase, Pyc). [t 2 IR £ Bk 7K it
lif (oxaloacetate acetylhydrolase, Oah), £ [iz-CoA
¥ 1 i (acetate-CoA ligase, Acs) L K PR iR - 2k 44
it E A b & R (pyruvate: ferredoxin
oxidoreductase, PfoR)ZF i, ; i 1:f 7 5 i FHO I S
ST N A ZR , POAP fEIRTE 50 °CIR A
ZAF T CO; [ 5E % 35 F] 8.0 nmol/(min-mg
R ) o AT LA 7 0 A 1A R S8 1 s 4K
CO, [EE, ARG . & T TRASER
N TR R P2t 7Bt Jrml .

B 7t oe 8N T RGN, B E
TR TR R AR R A SEHL CO, [E5E -
Wu MG T 2 E-CoA XU R (acetyl-CoA bi-
cycle), ZIEAH CO, [ . Wi 52 FAEE b
WEf# 3 ST REAE R BRI A i 5 i el A B[] () Bl
[FER AT SE3 2 737 CO, ik 1 1 o
it -CoA; iE — 20 7F 7K ik /R [G 4R [ (Clostridium
ljungdahliiy " R Ji 3R 5 W R W %
(phosphoketolase, Pk), Ff-5 1 3= P A Gl b/ [v]
TAE, TERNEIIEN T L1-CoA B, If
REAS M SL T WLP 342 S BUXE Hy F CO, HYFI ]
A, fEN T B RS A g ) LAk L, B

S I — 20 O N TR & AR 5 18 3 b A
KRR R R AR AE . Hu RPN T —
S5 H1 TR I I . F ok 3 D S 1R B K i I
SV HH B O S R R L 2 U S R A iR
fitg . FP P45 4 T (formolase, Fls) A F — 32 KL i
PG 6 AN HFLL B ZePE CO, [ E i ——F
H 8 - sk 3k R - W8 48 A B & 42 (half-Wood—
Ljungdahl-formolase, HWLS); HWLS i 1 s
COL MRUIAL AR . W EETT B 2 HE Ui — )2
JL TN R (dihydroxyacetone phosphate, DHAP), Ef
P ABERZ MR, DO S B REA R . 0 ))22m]
A7 B 5 v A BERS A A R A i B ST
Fik— Pz A s AKX A ICE T I 5 A
HAE CAS PAMOCRGEHATER S, HLG
P A% Sk NdhR A s ASE LLGIARET
LR L AR ) GER Bl ATP FiA R4 AR
735 % [Q TR ) CO, BHAFRCR I 4T, L3R
PR AT R 1Y 7™ 28GR B B e KB

W58 10 23 0 A 42 W 18 32 R SR ARG 2%
(1% [ B 7% 17, Satanowski ZFP1IEF K 3% 45 [
TR ) e PR 2 RO BE A A, R i A Al S
RT3 Ny, % A AT RE AN PR PN U 2H L
FET )2 BRI T BBk [ i AR T T R R,
e — F R AR A I T BRI
CO, [ 58 1 Ak Lo A ] 4% Can 7 i 72 ) 1)
Gnd-Entner-Doudoroff (GED) G ; 1% 42 i) ¢
PR TR0 F B R SR AT R Y 6- T IR
WO OBE FR WL = B¥  (6-phosphogluconate
dehydrogenase, Gnd){E A TER Mk CO, 5544 T
AT AR I TR Ak S I Y Bk [ R G i, OF S
Entner-Doudoroff (ED)i&s 4% . A5 A R AR 1 bl
WA, IWIMSEEL CO, [ s Wi & it—4
TEZ P EE R R R 218 Gnd . ED i 42 G4
fig4E, JF4s4 PC AL RARC UL CO, Al
B [ IR A Z A AR . SRR,
AR T S SRR R AT SEBLN T ik T BE
M5 R B AR A IR A B FH R 1 S
PHETHI SR R . BBk, Yang SR T

http://journals.im.ac.cn/actamicrocn



4448

FAN Liwen et al. | Acta Microbiologica Sinica, 2026, 66(9)

— BT T B g A ——4 1 A AR I B A A
& ¥ (linear autocatalytic cycle tailored for carbon
harvesting, LATCH), % i& 12 ¥ 22 2 W& 1§
(serine cycle). MCG i ¥ & TaCo #5 B 55 57 #
&, LB HCO;s 1] ZBE-CoA HYFeAfl; [RImE, Hf
FE GG F P F R R, %
AR L RE T A5 G [ R AR 00 3l ) 2 B B AR

SERET.
2 FEBEAILRWL®RSE

FECT B E CO, Fris i m e A
F I EL A B e 10 o U B M RE 19 B 5[]
VE RS —RIEY, Hid BakIi ™z, 57T
Al A7 AN B S 3, WA 2 (0 A P il e
HR R 0 i —ARAR R AT R R SRR
SEFRWED) AT ARE, BA 2L
B —Bs A A, WA R S IR & 12 (ribulose
monophosphate pathway, RuMP)4 | A i bl 2 i

CoA,NAD" NADH

Threonine Acetaldehyde AcCoA
Pi i Acdh

Ts Glycine
O-phosphor-
homoserine
ADR Sal
ATPﬁHSk :
Homoserine SS‘E-;HQ
Ao YHat | HCHO Nﬁi
acid 3
4-hydroxyl-2- ﬂ Pyruvate
oxobutanoate Mdh

Homoserine pathway

P Gals
L FBE -4 DELAR Glycolaldehyde
Rsp_ xuspf TKGAP Hsd
Tkt H6P
S7P_ GAP E4pP Phi
1 FoP
F6P E4P Fpk
Derl1 ;
D.Eulpqi L-EulP AcCoAe—2B_ AcP
EuMP pathway SMA pathway

Bl ATHERHEERE
Figure 1
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Artificial methanol assimilation pathways. Adapted and redrawn from reference[27].
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PR ) N T B[R] Ak i 7 ——MCC,  LLSEELH
Pt ] £ IE-CoA WY R84k s 1208 v F B o
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A, W LA T B RuMP 715 34 [Rl 46T 5=
¥ A B SR B -6- 1 iR (fructose-6-phosphate, F6P);
— #B 43 F6P £ F6P- i 1R I fift Ti§ (fructose-6-
phosphate phosphoketolase, Fpk) 1k 4= i%, 2. Pt ik
B2, 73— FoP id i ik d HE A B A B B -5-
2 (xylulose-5-phosphate, Xu5P), Fifif5 H XuSP-fi
P IR fi# T (xylulose-5-phosphate phosphoketolase,
Xpk) AL A 8 O BEBEIR 5 I Jo W IR L e F% 7%
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M -3-E M2 A1 DHAP, 58 MUEMEN; BF9E &K
EuMP JEERF730 4 RERE, IR Pz DA 5
m, DAWLZEIRIE R R, Bk T & B e
KA IR N EA 171 258 Ak
ALBUEUESE T EuMP {8 20 ¢ 8 [ 1 BE % 7E 1R TN
BAT, RMIGEE5EH EuMP G A S B g T 4
fific Meng SFPYHIVE BT AY EE T— 4N T H )
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Figure 2 Artificial formate assimilation pathways.
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