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Design and construction of carbon dioxide fixation and
transformation systems driven by synthetic microbial consortia
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Abstract: With the proposal of carbon neutrality goals, microbial conversion of CO, into high-
value chemicals, fuels, and biomaterials has emerged as an important strategy for clean energy and
green manufacturing. Although single-strain carbon fixation systems have ideal controllability, they
still face limitations, including heavy metabolic burden, limited carbon fixation flux, insufficient
energy and reducing power supply, low yield, and challenges in industrial-scale application. In
contrast, synthetic microbial consortia enable rational metabolic division of labor among
functionally distinct microorganisms, thereby alleviating metabolic burden, enhancing carbon
fixation efficiency, and expanding product diversity. These advantages further improve product
value and promote the industrial application of CO, fixation. This review summarizes recent
advances in the application of synthetic microbial consortia for CO, conversion, including
photosynthesis-driven systems, hydrogen-driven systems, and potentially safer chemoautotrophic
systems classified according to carbon fixation modules. In addition, this paper discusses the
design principles for constructing carbon cycling systems based on synthetic microbial consortia,
together with current challenges and future perspectives, providing theoretical and practical
guidance for the development of efficient and stable artificial carbon cycling systems.

Keywords: synthetic microbial consortium; CO, conversion; functional division of labor;
metabolic cross-feeding; carbon fixation
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Table 1 Comparison of core CO, fixation pathways
Pathway Representative Core enzymes Advantages Bottlenecks Roles in
microorganisms and key synthetic
characteristics consortia
Calvin-Benson- Cyanobacteria, RuBisCO; 3- Most thoroughly Low catalytic Carbon-fixing
Bassham (CBB) cycle plants, some phosphoglycerate characterized; efficiency of module for
chemolithoautotrophs as the primary natively coupled with RuBisCO; saccharides/
product photosynthesis; photorespiration organic
compatible with light- carbon loss; light acids(®!¥!
driven systems transfer limitations
Wood-Ljungdahl Acetogens, Acetyl-CoA Highest energy Strict anaerobic Gas carbon-
(WL) pathway Clostridia, synthase; CO, efficiency; requirement; poor fixing module,
methanogenic converted compatible with gas-liquid mass acetate/ethanol
archaea directly to acetyl- syngas (CO/CO,/H,) transfer; pH supplying
CoA sensitivity; slow module!"*1
growth
r'TCA cycle and other Anaerobic/ ATP citrate lyase; High energy Oxygen sensitivity; High-
native or synthetic microaerophilic 2-oxoglutarate efficiency; short low heterologous specificity
carbon fixation bacteria, archaea, synthase metabolic routes; expression efficiency  carbon-fixing

pathways

Hydrogen-oxidizing
autotrophic carbon
fixation system (with
CBB as carbon
fixation pathway)

engineered strains

Cupriavidus necator
and related strains

Hydrogenase; H,
serves as electron
donor

diverse target

of key enzymes;

module;

products difficult engineering  chassis for
manipulation synthetic
pathways!'®'®)
Electro-hydrogen- Safety hazards of H,/  Electrogenic

biological coupling;
no light limitation;

O, mixture; strict gas
proportion control;

carbon-fixing
module; carbon

fast growth; capable =~ weak product intermediate
of PHA biosynthesis  secretion capacity supplying
module!'*2%
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Community synergy mechanisms and engineering regulation strategies. This figure illustrates the

bidirectional metabolic cross-feeding mechanism sustaining coexistence within microbial consortia: carbon-
fixing strains supply carbon substrates to heterotrophs, while heterotrophs reciprocally provide growth factors and
environmental modulation. Based on this core natural mechanism, four distinct engineering strategies (metabolic
dependency locking, growth-product coupling, spatial organization design, and process parameter control) can be

adopted to maintain long-term stable operation of the synergistic network.
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Figure 2 Overall architecture of synthetic microbial consortia-based carbon cycling systems. CO, is first

converted into soluble organic carbon via distinct carbon fixation modules; The intermediate metabolites are then

channeled through heterotrophic modules toward a variety of high-value products, enabling the coupling of

carbon fixation and product biosynthesis.
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Table 2 Representative studies on carbon conversion systems with synthetic microbial consortia

Carbon Downstream  Forms of  Target products Cooperation mechanism Main Key challenges

fixation module carbon advantages

module sources

Synechococcus Pseudomonas Sucrose Polyhydroxyalkanoates Commensalism: Platformized Carbon flux

cscB putida cscAB (PHA) cyanobacteria conduct and scalable  competition™*”!
photosynthetic carbon
fixation and secrete
sucrose, while
Pseudomonas sp. utilizes
sucrose to synthesize
polyhydroxyalkanoate
(PHA)

Synechococcus E. coli BL21 ~ Sucrose 3-hydroxypropionic Mutualistic symbiosis: The growth ~ Dynamic control

elongatus (DE3) acid (3-HP) cyanobacteria fix carbon of of microbial

UTEX 2973 via photosynthesis and ~ cyanobacteria community
secrete sucrose, while was markedly ratios! !
Escherichia coli utilizes  improved
sucrose to synthesize 3-
HP and eliminate
reactive oxygen species
(ROS)

Synechococcus E. coli BL21  Sucrose Ethylene, isoprene Commensalism Light-driven, Limited sucrose

elongatus (efe, ispS) (cyanobacteria secrete short flux,

PCC79429 sugars and oxygen, integrated photoinhibition™*”

(cscB) while Escherichia coli metabolic
utilizes sucrose to pathway
synthesize ethylene and
isoprene)

Clostridium Clostridium ~ CO/CO,— Butanol, hexanol Mutualistic symbiosis: ~ Carbon chain pH control**]

acetobutylicum  kluyveri acetic acid Clostridium ljungdahlii  elongation
consumes and detoxifies with high
CO while supplying carbon yields
acetate and ethanol,
Clostridium kluyveri
utilizes these substrates
to elongate carbon
chains and synthesize
medium-chain fatty
acids and higher alcohols

Engineered Clostridium ~ Sugarst  Isopropanol, butanol Mutualistic symbiosis: Enhance Maintain

Clostridium ljungdahlii CO, Clostridium carbon community

acetobutylicum acetobutylicum produces utilization stabilityt"®
CO,, H,, and acetone; efficiency
Clostridium ljungdahlii
fixes carbon, converts
acetone to isopropanol,
and generates acetate to
feed back to the primary
strain

(174E)
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Carbon Downstream  Forms of  Target products Cooperation mechanism Main Key challenges
fixation module carbon advantages
module sources
Acetobacterium Alcaligenes — CO,+ Single cell protein Mutualistic symbiosis: Alleviated Low electron-to-
electricity  (SCP) Acetobacter produces product protein
(electrolyti acetate to feed inhibition, conversion
cH, Alcaligenes, while low efficiency and
generati Alcaligenes consumes wastewater high risk of
on) acetate to relieve generation, membrane
metabolic inhibition and nearly 100%  fouling during
balance the pH of the gas long-term
system utilization operation™”!
efficiency,
high protein
content
Cupriavidus Escherichia  CO,+H,  PHA/other chemicals  Cupriavidus performs High cell Cases of co-
necator coli, chemolithoautotrophic ~ density, cultivation
Saccharomyce carbon fixation and industrial remain scarcel”
s cerevisiae secretes sucrose to potential

support heterotrophs;
heterotrophs consume
sucrose to relieve
product inhibition and
drive upstream
biosynthesis

3.2 SEEWAREIEAER
321 ZERE+FFERN
AR AR R B AR R BB AL A 57
AW [ N7k 38 IR B B (Clostridium ljungdahlii) |
B —E AR R (Clostridium carboxidivorans)&)
it WL 42k CO/CO/H, & MU LR
LB R eyt FEI R SRR R b, 3R A
T RENER T B B (Clostridium acetobutylicum)5
HF: @ Clostridium ljungdahlii | A EAMEE
ST BB R = A B, SR AR TR TR i
HA A YRS B TR, EREA s
RER CO, 5 Wy kA= nz—m, HA
BB A A —b T . ARERIR G TN
g C. ljungdahlii #K¥& Wood-Ljungdahl [ 3% if&
PRI FERT & B CO2y Hy [BRA LR, BE
A R SO PR T P e P e ) S A
FRe i o5 TR D9 IR T T 42 AT A A Il g ke
RE Ik M S K P IR 1k A e B 1R 5

ik

PRENOY, 7 T 5 S o R [ v AR T
(Clostridium kluyveri) |9k, 1T ¥ 565%™ ¥ 4
b T R B B B R R 2 Sl R AR R
C. autoethanogenum "] #| ] CO &M &1 . &
B, (HICEG M EE ™ )5 C. kluyveri 3% CO b
i, SERANRER AR, XUH LR IRk
FMIFCH AR S I EAN, BIRAEER CO Bk,
SRS IRIRE S, B TR B D 2 AR T
AR, HEFRARTREAGN TR, OR.
THE, Ol ARBUE™ AR EF](8.5£1.1),
(2.5£0.63). (3.5£0.69). (2.0£0.46) mmol/(L - d),
M2 B EE IR IR 5 ey U BEAE BT 3G F rh 80
A I SR TIE T CO I -t
R SRR AR S, AR T TSR Y
[ RCR SR R, ST B Ak
R M PCSHAE T H R H BRI G BCSAE ik i
Jf B A A TR S s SRR, (HRR %
Ptk pH A8 TR A AR RS foe YR T H
PR,
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AN, 72 CR T I P54 e ok A 2L
BT AR PRI, AR RS LR TR S I
BT A8 A O IR A SR R b, MR TR
WAL s, A RBEEmREE S5 A
BT L3 0L, PR = 2 R B 2l 8 3 B 2
PR R G| A=A, S5 R FHASCR PR
FERRAT B TG IE E R B CO,, BB AR £
S, WIS E, CIRVERTE =Y
AT, HEREEIS, KR CO, FIH FH
AT 100%; e 2 HL20 i 8 fe KA
KF) 174 gL, WRER SR 74%, P48
FE 1.5 g/(L-d), /PSR 5HEEERIEE T 59
T2 WEAIE B pH A - 5 8 7R R0
R, 38k B SR A A 0] S 2 R AR K HE
G A O R AR AR (AR — 20
PEALPR B BE R pH GG FC M . FL R AS0R &
Btsy, Db REREHSEAG IR,
322 SEHE+FFEEN

Cupriavidus necator BEWF H] Hy 1 A RETA |
CO VEAMRIEHAT AFRAER, JFHAMAKN 757
RIS BE /1. Nangle 25005 i 103 T /2 Mo C.
necator S IVIRAE M)A BORERE 5 TR Sy LAY
i HE B AR UE, AT R R 17 kU/g,
A THEEE . B A DR 5 K e i 245 2
PR DL S ol TR R 7E 3R I8 REWE A i I 5
MiamEH e, MANERE 22T 2 180 mg/L;
T ZmEmaea Y, MRS BA m A
BER HITGE 7 09 TR K A IR T 5 R e A
s FALEE R R ORI RERE 7 2 r A A
S22 i IR A RIS L, A TR
U5 A6 R B o AR B R BE R AR . R DL C
necator “H % U8 14 58 KU E TS W) BT TE K&
e, AHH: % R R R R S A TR T
HLAFH R CO, FeAE il iy BEARR £ 22—,
S [ e 1S B 5 5 3 7 0 ISR B R Ik ) v )
[EL7 38
33 ERERENEREEERR

H AR bR s Ak BE A 77 A W g % A Ak
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Fe' . ALY . B . AR Rk EO A R
FRPS RN RO B T TR R R A
M CO, [ &P, Wk A AL W2 B AT IR B
(Acidithiobacillus ferrooxidans) ] il i 8 AL . L5
TRALPIREE R, KAEZE cbb 1R\ T DR L
CBB ¥, HARUE IR BRAE Ty, Hopx [
SERHICHER | B S o 45 15 31 S8 R BIERS
¥ H 5 5 3 % R E R W (Acidiphilium
acidophilum)IR G 3555 )5 . AR I 35 09 P
[l £ RCR s Sese e W], LR SRR H
(PR AR R RO KB AE G 2 d, BRIV B IR B 4l
IR 5 A A S Re R ABIRCRE 2 TR T,
[F] F e ] 7 DG SEEBE I ehbLS-2 55 SEH cbbR
FIk LR, NGRS I S R IR S 5 MU Vi X
[ Bk B ) 0 AL A PO, 2 TR ke 3 aa ik 4 A -
ISR . ALY AL B A S R A
BRSESE | ALREIA R ISR IR O . 22k m AL,
SR T B — AR A K 2 IR R, WE TR AL RE
FIR R AR A RO A8 | i H pH s AR A R)
Tk EES WM R EA KRB FEEIE, %
XTIIRERRBEA TR PRIUAL . R T GEHCH H, |
JCREM FRIK R, XKLL Fe™ . BIRASHILY
T HEAR RO AL BE A RS , JORE AR BEIG
fiffiz AR e, Rl T SRR L A
TRERT. R b, g5 A AR
RS R O T = 5 N B e R A B £ AR CE N
ST SR TRIES RS, 2
CO, BRI A ELTE ) AR 70

4 ARBUARIRE KKK E
77 18]

RE T A YRR CO, Wik
R R e, ETAT ) ORARE Tl Ak oz A5 T
I TR AZ D E AR BRI, Rk nl il s
B ME . ZRMAGSES TREATHRSE N
(1) [ AN AT SR A R

eE. <
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TR R T 5 A AL F 3R R R A Bk [ 3 L
TR 5K, TR . SR
R s AL 4 55 S 0 2% 4% Jo 45 ik B [ - 10001,
AR AT AR PR 20 RO AR i ASE B 5 L2 2 > I F
JETH R B VR 1T, BRI R R B L B
Mo TC HIE PR IR A, LIRS . ORI .
C. necator. E. coli, %S AR TR S 1 R T
SRR | RS T E6R -5 T

(2) Bl AR AN I S AR RCRAR, [k
PR BB Ay B R SR 1) B B ARG, R S T 0
Gy R ARTE P . AR T A B Sl A R A B
HEVE, FIHDEmn . A ny . pH EA . AR
RIREF SRHRIRN RS, FEAKM BS54/
Bt 0] FH Ui, 6 4 B2 5 5 i R A HE = 8]
SRRSO

3) HEIE A MELIK RS e, AR R ER
AR T FHASN 38 5 AR i BE R ) 5y 1 RV 1A% o
KR FTFHIALESHHRGERFRE, 46 MR8
R . R EFREAN . S oSBT
b, B s T SR B R R I
K09 ke

(4) Tk A ORMERE 55, e A R R AEAE
Ik 5 % B TG Y ) A, AR e A2 OUAE
ORI, SRR RATE Hy/ O IR AR E R &
B o AR TR MR BT B B B 5 e 2 fif
FEME 13RI =, BRotEE . Hy Ml CO %5f%
S fig A LA SNST B S X s
FARTCHLIE 54 o A b ER AL 2R A o fif i 6
PER=EN I Wop i = A e 7 N T R N R RN
Jir 7R

() TREMEY B e 28 Ek . Bl
SR TR T A 3 P Tl s I e v | g FH 4 R
A, 20O E e (B RE R
e B R EEAR R, dEA AR BT AR,
W TN PR AR B, AR I A SR A SRR
B oF ik — IR A, TSR A IR L R R OT
. T EFERUS . CRISPR H S FAY)

AP, M A RARMN TRA SR
G, PREFTEARIREIG EOME S 2 0T

ARA, TG A YRV BN T AR BR
R 2 B A R A 3, e DLt
BB - S A - Z R A - AR A R D
e — AL, A R AR . JLRE S
e ERe S 2ok e, AL RS A
REPRFIE S, AR R TSR, fafd H B4
Tl 5E i E Ry Tt AR P e . X —E pEAR S
& CO AW B A T 1] < N TAEZS
ARG s AL OAFORALR ] 500 Yy i
BN, MUREET X R R . REW . TR
SEBRAEMESOT, SR A i B R
RGN o BT O SR E A SR =
RIria: &, seAblEpRp iy FLarERe, $2
Tt CO, FERCR . i i T (10 BE A7 K fh v ]
PREG R KF 5 JEUK, M AR A v A AR L
YERZ, SEB AU, A - i . == 1)
SEFIICE b sl A FF ARSI s fE A
PES N gt TRE S PR T BRSS9 M
A E R A ZE 10 B A 2 B Al AT R 5 R BRI
Wi AN -5 . BEE RS EY S &
A S TR K A Sl i T ORI
B, A A PR v A O N TR 36
L (A W il s ST R O SRR

1% STk = PR

BAAE. SCEERARNHGURS S, KEHE
e B NIERE. SCENAERBY, REHEER
G SGER . JHENTIT; PESERY . aTPLLRE B gk
Me: SCHESHESCHREERL; BORH . SR LHE, W
PR, R SCRE L. SCEEBAIHELL S E
SCEBM, FEETH.

e PR A FF AR

VEE P AT AEAT AN Al RE 2SN A Sl T AR
M E R ZHE M 2 AR R
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