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Quantitative evaluation of energy-carbon flux coupling and multi-
scale synergistic design for microbial carbon fixation

WU Longhao', WANG Yuan', LIU Zihe*

1 Beijing Advanced Innovation Center for Soft Matter Science and Engineering, Beijing University of Chemical
Technology, Beijing, China
2 College of Life Science and Technology, Beijing University of Chemical Technology, Beijing, China

Abstract: The efficient conversion of CO; into fuels and chemicals represents a key route toward
sustainable biomanufacturing, and microbial cell factories offer significant potential for this
purpose. Despite substantial advances in carbon fixation pathway design and carbon flux rewiring,
the performance of microbial CO,-fixing systems remains largely constrained by the efficiency of
energy supply and utilization. At the core of this limitation is a systemic mismatch between energy
metabolism and carbon fixation, involving discrepancies in energy carrier types [ATP, NAD(P)H,
and low-potential electrons], supply ratios, and redox potential, which ultimately restrict carbon
flux and energy utilization efficiency. From the perspective of energy-carbon flux coupling, this
review proposes an energy conversion chain framework that conceptualizes carbon fixation as a
cascade network comprising energy input, electron transfer, and carbon assimilation. On the basis
of this framework, a quantitative evaluation system is established, encompassing energy input
efficiency (EE), redox/electron utilization efficiency (RE), and energy-to-carbon conversion
efficiency (ECE). By integrating experimental measurements with metabolic modeling, we
systematically analyze the distribution of energy carriers and electron fluxes and identify key
bottlenecks, including limitations in energy input flux, electron transfer losses, cofactor
mismatches, and reaction network efficiency. At the engineering level, we further summarize
strategies for improving energy-carbon compatibility, including chassis selection under energy
constraints, construction of exogenous energy-supplying modules, and rewiring of endogenous
energy networks. Building upon these advances, a multi-scale energy-carbon co-design framework
i1s proposed to achieve precise matching between energy supply and carbon fixation demand.
Overall, this review redefines energy metabolism as a central design dimension in carbon fixation
engineering and provides both a theoretical foundation and engineering strategies for the
development of efficient and robust CO, bioconversion systems.

Keywords: microbial carbon fixation; energy metabolism; cofactor engineering; adaptive
regulation; synthetic biology

B COy RREA MRS R (e AL, BLH AR IES . 4ok, 2R RARS A TRk
e S IR A SR A AT RR A Tl A OBk R C SR A SR A B BE T, N
iz AR T AR —BRCDAEY G AL T R AR IER, SR
HE A IAETT, 75 CO R MT PR i, AR ES SRRt e, KR

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



4322

WU Longhao et al. | Acta Microbiologica Sinica, 2026, 66(9)

7= R SRR AR IE R A F AT S
fe2gitan i RV Ehe IR,

X BE R A AR R AE T RE AR R &8
PEAIR . CO, Ak T BEAEARAS, Hak i 5 Rl fkit
FEXt ATP 53 J5 O HA m i R0, AR [
IR AERE 7 K IWIE 2L [ATP . NAD(P)H i fIk
HLA P, A e L 32 A A o 22 RS
SR, KERTE F 0 fig w1 D 4% 6l 58 1L i AR A=
PRI REE AL, e LU 2 AE A= [ A %A 7E A2
HESHRIIE EWRERR R, SRRt
B [ R =2 033 AR e 33k A A e AS (SR B A S
AR, HRICHREREIEA . B4 E L&
M 7 A AN DR, 2T A 22 )25 90 PR i e 3 1t 5 g
A HRCRP,

RSN TOCER R L KN & Kk
EALRE NG SN e R I A S, RN
PR e PR AR A TR A, (H X S SR AT T
ISR . PR G AN /2 S PR DE AN £
Al gl 5 b e, A P VR R
26 1) T AR A0 (AN B H oD . PP IR e i 48
SR L B H A i) TR Jmy B U R, [HE =
Gi— o ATHEZR LR S R G i . Ktk ,
IS — R Lo mZ W fe i i s, JF4 s
PR AE 25 55 0 i1 0 75 K AOA T DT IE B R S i
TR P B A b B SR )

KR X — PR AR, A SO R - AR A Y
A &, T B EENLE AT S TR
RGMETRESE . B4, Tl AR ILEE S
&, KRR R R A . BT
S [ Ak o BRA B 2 AL 2%, 4 g
2 i AR (energy input efficiency, EE). LT £l
%% (redox/electron utilization efficiency, RE) &
fE & - i % 1L B0 %% (energy-to-carbon conversion
efficiency, ECE) 3 ZEF8nif 47 te % W . 7F L3
fili b, 456 el it 2 RORE E ARy 0t g
BRI . B MOCHE S ) S i BT &R
S, DT TR ) PR ] [ Rl 5 23 1 DG B 3
E—DHh, T EIRALREAE, A SRS IFIA

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

2N T YRS BLRE B - R DS P A T AR RN
LR R AL A RE R AR . SN RERI IR
A5 LL S iR e 5 45 g EE A S 04k, JF4R
22 N2 A RE - e i DI R) BT HRESR . IZHEZR A
REf M A | JENDEAC 18 0 i S R G 5
ZANRERM K, S, e AR
TR R R Ui BEHE 3 5 TR/ A

i 1 i A AT B TR T Dy i A
O, ASCEAER T — AR A i 4 T iRy
AR MG — 9 7 M 2N B BT I, AT
HEBl COL AWy e Al 1) B v B0 3R 5 W) I T 7 55

ik,

1 RERKERE THEKREE
BLG . FMERS R REAT

TERMAE D ERIA R, e gt A e
RN RENS &, MRS - 2y G i
BRSHCR FC, I RLER TS Sl A5 L
B A RO B AT =, N Liu 2R R T
KIKR K NT. CO, Bl i ts . TR, JETELL
SLhth bt — e Tolk AR T I () 32 2R C1
A R B f5c i ik Sl ok ik 2 (4 i 52
B, R PR AR i 1 A7 BR T RE i AR IR . #4k
5t 2, HACRERYET R it i -5 ik i = 6]
A FREEDO, ki, i FAMEBE R ATE
KEZHOLRE. BieS5kaene), HAMpfe itk
{A[ATP. NAD(P)H M ARHL#HL FI7EL e 51T
SEEVE DAAE R A 22, BUA WO e LLAE
Gt — R L XA [ R &R 047 5 2 B S5 ML
fEprt 7,

HARGRENTIX — AR, ARSCH] AR AL
HESRAE R ATAESE , K [ B R 4 R Hh e
B . BEE AL S Rk ] Ab o R A I 1 2R ik
W2, FEC LA 1, B 55 BE A ROR
LR AR 5 R - i (SR 1 2 IR 90T
W&, HTIHT#aeitFH . Bl &
TR RE J) 3 A4 B g i SRR R kAR . F—



KRR | MEYEIR, 2026, 66(9)

4323

A, RGN A S 2 RO Rk,
X OCHERE B TR b A ) A R AT R
GEfEAT, DTS2 B e H IR 25 ARG At 22 1 B
T LRI HHESR , AT BE— A0 I RE R e AL i A%
AR Z G e, 2R G R A T e 8k 3 ) 5
S, miERER R A GEE FER ., AR A5
FE G IR B2 A5 R R T LR SO ) 24 S BN

A 2, BT X R T 3 AR
ZImR R PERE . (DRERI AR, IIMERRE
YA RE R FAECR s QB TR IZCR,
iR H e AR By BC s (3)REHEE -
Fetbsder, Mt My RES i AT A CO [817E BE
1o ARV IR ZR A R L RE S (Y LB fe it 1
G—HEHL,

1.1.1 BESMIATCER
e = A RCR H Tl b R BE B 9 L AL T

AREEIANI o 3 5 Rk 28 R DR ZR B4 032 AT
N e Sk e - U A 00 T AR B R IUE K

ety L E = AR RCR . B SO
1.1 BEEERESHEENENEEITN th BRI AL AE F BB S IR R S RE B A Z [H] 1Y
i * Res SO e s R,
B4
P product X AG%rmation
FERERE LSS T, B B U 2 B = e M

R A A RE T 0 M DA 200 1 25 1Y) BE A A it
B PRI, WA R AR BTG AR BR T 5 —
RERE AR SRR N, AN 1A Fs, T ZENRE
R A - BE S - Bk [ 5 7 A ) B AR A 2t

K AGmion N HIRT= YA I A7 B BR T
A B BE, Einpu WIARRERERRIA . %48
PR T 2 A R 2 T e e i 2% Ll (RE SR
SRR A ) B BRI B, AE

A. Assessing the energy efficiency B. Quantitative relationship between energy and

carbon in terms of chemical stoichiometry

C. Identifying energy-carbon coupling bottlenecks

Energy utilization mmp EE How can < Carbon and
. + .. B ...+ energy input energy
Electronic distribution =) RE T and carbon metabolic
e ’ =TT A fixation networks
Carbon conversion capacity == ECE RED, +...+RED, 0X, +...+ OX, modu!es be s G
coordinated products

) ) o and matched?
« Clarify efficiency indicators

« Take into account metabolic coupling and
potential uncertainties

* Stoichiometric and energy requirement definition

. S . * Energy input coordination
* Experimental validation and ulti-omics support Ly

» Maximized energy utilization efficiency

Bl IHEREEER-ERRRIG T S EE A EAEZR
Figure 1 A fundamental framework for evaluating the design and fitness of energy modules and carbon fixation
modules. A: Assessment of energy-flow efficiency [Efficiency indicators are defined for energy capture,
intracellular routing and product formation, while accounting for metabolic coupling and uncertainties in
experimental measurements or model predictions]; B: Quantification of energy-carbon stoichiometric
relationships [Mass, electron and energy balances between reactants (R;-R,), products (P;—P,) and redox carriers
are used to determine pathway-specific carbon, reducing-equivalent and ATP requirements. The predicted
relationships are subsequently evaluated through experimental measurements and multi-omics analyses]; C:
Identification of energy-carbon coupling bottlenecks [Energy-input and carbon-fixation modules are coordinated
with downstream metabolic networks to match ATP and reducing-power supply with the demands of biomass
formation or product synthesis, thereby improving productive energy utilization]. R: Reactants; P: Products;

RED: Reductants (energy donors); OX: Oxidants (energy carriers) in carbon fixation chemical reactions.
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Table 1

fixation systems

WESEHE

Energy supply bottlenecks and efficiency ranges across different energy-driven microbial carbon

Energy Energy Representative ~ Representative Metric type Typical Primary constraints

source conversion limiting steps or ~ systems efficiency
stage processes range

Light Photon PSII and Cyanobacteria, Quantum 0.6-0.8 Photo inhibition, reactive
capture & antenna algae efficiency (RE) (maximum) oxygen species, formation,
charge complexes limited spectral utilization
separation
Electron Cytochrome b6f Oxygenic Electron ~60%-80%  Proton gradient buildup,
transport complex, PSI phototrophs transfer diffusion limitation

efficiency (RE)
ATP F-type ATP Chloroplasts, PMF-to-ATP ~70%-90%  Proton leakage, coupling
generation synthase cyanobacteria conversion efficiency
efficiency
CO, fixation RuBisCO Plants, Turnover ~1-10s7! Low catalytic efficiency,
cyanobacteria rate (kea) oxygenation side reaction
Chemical  Primary Hydrogenase- Hydrogen- Electron ~50%-80%  Oxygen sensitivity, enzyme
(Hyp) electron supply mediated oxidizing bacteria utilization kinetics
electron transfer efficiency (RE)

Chemical  Electron Sox Sulfur-oxidizing  Energy ~40%-70%  Multi-step electron loss

(reduced extraction multienzyme bacteria recovery

sulfur) system efficiency (EE)

Chemical  Respiratory Complex I Chemolithotrophs PMF ~60%-80%  Electron leakage, membrane
electron (NADH generation coupling efficiency
transport dehydrogenase) efficiency

Electricity ~Extracellular ~ EET pathways  Geobacter, Coulombic ~40%-80%  Electrode-cell interface
electron uptake (cytochromes, Shewanella efficiency (RE) resistance, transfer distance

nanowires)
Intracellular NAD(P)H/ Electrosynthesis ~ Redox ~50%-70% Inefficient electron
redox ferredoxin systems conversion integration into metabolism
conversion generation efficiency (RE)
pathways
Chemical/ Cl reduction  Formate Formatotrophs Electron ~60%-85%  Thermodynamic and kinetic
electric dehydrogenase utilization limitations
efficiency (RE)
Acetyl-CoA CODH/ACS Acetogens Carbon fixation ~40%-70%  Oxygen sensitivity, complex
synthesis complex efficiency (ECE) metalloclusters
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TECIK BN Z T, AR 73 AGIEREGE $ A A
WOF R s 0, IEIMEI L Sz B H A
Fo i v S B R 2 Bk — A0 AR 2RE A
AW A gkl ik b, AR -0 S v

AL ERZ B T A AR B R SR
Wy RS e 1 R0 FEfL IR Sl R R b, IR
Wy A 38R AR S BRI BE I 114 4 1L 8 T I Pl
HLF 5 ATP i A B RREY BUATIT S, At
A AU R R RE AR A B RE R, T EL
GE T I S AL AR Y AR S AR s AT
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Z3 [ UL FAHERE s O N LI Bk iR A2 AR AR T

(2) RE AL SR A RCR I E AR
TE M RE I i A o B A I 28 AL st ek v,
3 T A 2 SRR 4 D TR A e
e 20 1CHIK B ] Bk S50 T 7 f ATP R i 7
X —adfE, Bt . SRR R N DL e
WA AT F MG W AATE, TR BOC = i
Afef ok A B U f2, JF H 45
RE. YH F7EfG b F2 b & A itk s B AN 2 B
R 5 77, A rTBeIE s A SR, 5k
RS 20 B SR B BT AR A e B AR AR
84 FL I TE (Shewanella oneidensis)™h, H 7518
b AN R €5 3R B A I A 3o 2 L P AR
PEFE Y 2 G s R I RE R AEDY . M
NG R i1~ R = vy e A N N UYL
o LMt HL 4 S, T ) A B B PR
oS SRR OB A P, ks g AR AR 4
TR AT R I, HGE R T AN R R
TEEEE L ATP, M — 25 B AR IR BR R R0
PRI, BB A% 2 R AN ORH 25 HL Tk 1 )
e, WRE T AR R A 2 LIA B0E
i AL

(3) s JE X5 LI VC Lt e 4 R L 254K
o MR RAMME, HIFAGE B
DR Bk [ S Ny, T e — 20 A ATP Al
W JE SRS TR RE e . Rt P
[T e S 3 1 G SN T s ik i, HHAE
TR AR 5 AR A2 1 7 SR AHDCEL . A
REm L AIER , ATP Az AR T 5 15 25 B
ER NS ATP Al BE RS L, iR
JIM YR T L F 1] NADH, NADPH sk it &
F (Fdea) S BRI F . oI RGIK . FLIKIA 2
FERBOR SR R, ok Soaod A5 35 £ Bl 2 AN 1T a4 1)
REAREL 20570 B A AR )4l DR =2 ) ) A B
il T LA RE RO, T — 2B 0 &R
G R, N IR] BRI R
AWM R EA R #2257 . CBB G2 K
ATP 5 NADPH, i WL 842 JUJ SRR G R 342k
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ATP JHFE, A4 1 XHREE b U AR
PRI, TR AR 28 1 i 114 5 B[] - B4l 1
REEEfEL . MIEAE ATP A5l Hl R FIE U
TR Z AL CR, BMEZ,
RERE B APIE | Lo R K iy Ho 9] 5 i e
SR 22 1] B DU JE A B HRE T L A RE T AR
ST I WS E SR U S TR

(4) B 52 BRASCAS R ik o] o e A o o
ARRERE BET e A0 0E WO A H ARk
A, AR T RER ML, b BT [
i S 7 P 2 b I SE e Y M RE . L, 3%
JZGH R E ECE MR A AR . S50 %
JLEUE N T A SC AN, ORI IR
P [ e 5 253 P B A SO I 285 1) 2R e 3
DR E o —TJ7 11, SR [Tk S ) 3l 7“7 Rk
2 PR B 1m) AL O e A gk o fltn, CBB 1
Prft RuBisCO HAR A4 L8R A 4 P i AU
IO 23 FEAIR ATP LA J5 ) 9 R SR iy — 28
IR REFE [ B ik A2 AR RE RS IR/ BE LT AG, 2008
MRS FEL B8 r R Ty A B Bl T 8 ) SO
AT AV 28 8 % i o 02 2l (9 T 32 L 5 —Tr
T, AR 0 2% B R T PR A ] A5 2k S R ek M)
R e A A Y F ) AT S RE RS B A
PRI 28 A7 SR A I HE— 2D e A, 5 D) B8 [
B KL AR By RE A HEAT , oMk AP iU 225 E 1Y
it filan, & N T GIa e RS HA
Bom i REReR,, (HIHS Y5 i oo UhE
PR, 5 B A E R A 8 58 B SO
IO, 33 3 B 6 Bk 2 8 1 PERE S (U T 42
ARG BRI RS Iy B, ek T e
A K25 Z 18] B PRI R L

i LRTIR, TERERFAALEERMERLT , Bk
Wy T A 25 14 3 S 201 5 B b R e o Ao o
b BR-A2 3 B FE— 5 RCR -BE R - H i 2%
e - 5 ;S5 ISR B A 138 5 TR RFAIE, 0
BIXFR EE. RE ¢ ECE 48848 hR. o T4 )2
Fod Femn RS, B — PR YDA e L
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FARTHRMNERE . NI, S B e A Bk ) S
TETERGZ WA RE R AL, ek
A T a A M, 5 T S I 19 4% 114
SRECBUBHZSITHEL, M e K AL RE A RCR
e i 7 3

2 RE-HRAMERAHNMFERX
5 & R

7 W1 BB 1 -l A 2% TC A L ity |, Gy
g 3K 6 24 S A R T ERAE Y TR SR S
RORAE D 1 R DG B o A [] 1 R AR R 48 Hh A X
[ E 1 e 2y S ACIRR 5 e R, TR
AR R EAEZ RE L EMRRERMRA . 5
Be-5 AR =8, DT S8 30 ffk [R] Ak o 72 1) ]
IXEh SAER I . B, Bk RGBT A
s B AR I AL A R, T — S g
SRS B [ B DI ] C Y R G T AR )

Fl S8k —2 8, 4ok 1Y TR 52 g 20 DA
B M A AL 0] Z R R BT . — 5,
3 o R PR R A E 3, N TR e
P 2% (R 7 = 4 B R SR g b i) fig o 7 2 5 o e A
72, WAEHEEER . R IRIE I (tricarboxylic acid
cycle, TCA cycle), W5k Ko b PR 154 3 1 55)
EIE S W) s bR oK s o1 —J7
M, SIAM. B A= 0K A AL AR AR B DA
MR AR BE R4 B IR IT S0 BUak I 5 R B A
M ffRE; i — 20, Ead R E S . ATP
B DU B AR L A 2R BUAE RIS, FEJR R
e S e AN U ST = 0 DR P S
LU TR AEAN [ & v O R B e 8 35 48 T
[ E BRSSP E RE

BT BRGR, ARG EEE SR
WL L MR AL RE AR P 0 AL 8 DL S [ i S 5
U RE B 28 1Y S UL L 3 N2, RGEESE Y
AR Py [ e T v A OGBS s S AR Mtk e
IEAE LR T B P BT I, ShAe EE Ak
AT R (1) R it UK B R [ kA R SR A AR s
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TGS
2.1 HREEREBEFNEFSESREH
el WEUL

TE LA A Y B Rk = b, R TE £
VEFEYTE T RE IR B 5 ¢ [ 5 PR AR RE A5 SE AT
RO G . MRERFAL MR, AR FExRER
1 ATP JHFE . 180 51 S B K S A Jit A 4 oK
EAFAEART ZE S, i AE 32 TR AE B AT R 2% D)
HATAHXS [ E R iR 454 . YT fERe P
P25 Lo A5 B R, A2 1 2 A D 7 I 3 S 0
R REE A HRCR T RE. I, 1 F ks
LB R — A~ BE dE 20 P A VCC ) @, i AR
AR T AR R LR 2250 DR

TEMAEZR T, ANFZE R fE 32 52 0 i ) el 22
oo MY R GCAE W) A0 R i R A I
(Escherichia coli) #1 Bf W 1% &) (Saccharomyces
cerevisiae) Lk NADH & EZLJF S 2844, FHAK$
AALBERR A AR B ATP, JLRE R M 48 38 T
ATP 5 3K 8¢ NADH 2K 2y i1y AR i o 72 . {H7E
NADPH it 25 J A%, #5 ,  2 Bl 75 A7 78 J)
BROZT, SR, SEAFERFGT R, PRI A s 1Y
RE A 00 25 HA AL Go N g a8 1, K
ATP S J5U )y 58 R AEA P2 o N Qin
SO 5 W TR A DR PR O 45 22 OCA5 9t
— TP G T D REOR A AR IR LR B IR I L AL
5-InsP; [1] InsPg 5% 4k ; AF5R K, 5-InsP, 7K-F
1 o % S5 R T Gerl 1 Hap4 4 Jay ] 42 B 2 i ik
FIEIR AL R By 3k, M R — 25 00 7 T B IR
PR W M | H ¥ ¥ (adenosine 5'-
monophosphate-activated protein kinase, AMPK)3#
% B P12 22 AL I 2K 11 (mechanistic target of
rapamycin, mTOR):f 1% ) ATP BAIHLE] 5 FiFR
OCAS5 B TREERARER T Crabtree 200, HIFES
N Wil ik 5] 2.68 g/L; X — TAEMAS T2
UERH, g T AR R LS 5 18 s B ) AR
AR b H SRR R A A A AR e R,
JEr A B 1] 5 e P 8 e D B i) 2 PP 0 5 A
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W X MG R E BB B A T H
A BB W ZEARAE 1T N A8 537 H e A
FEM L] TR ). ML Z S, #IRA
A Wy 3 2ok 43 SCRIL A A ) AR H 4R A
L, IMTRAAE B E TCA JEHEL WL i&
2 AR B AR B A0 6B R
OGN B S ATP 5 NADPH 4: 5, 7E3K
ZJ) CBB R4 (m ATP 5K A2 75 1 HoA i
PTG Al — R T Bt 25 R TR A
NADPH A= i M S A ik A 285 4 435 Uy Tl 3 B %8
W, 38T R R A I RO,
S B J T (Pseudomonas putida) 1] 4 it 22 Ff L
Y e A R 400 ) e OG0 St , 3K S8 it L2 bt s s e
(pyrroloquinoline quinone, PQQ) & NAD(P)" A #fi
T PQQ K i K H i % A (methanol
dehydrogenases, MDH)7E & Bl H 385 55 J7 T 2 AT
IR RN AT R, BAR PQQ MK MDH K6
AR, B5 NADPII B A LE, BT RAE
RO E WAk P DAL o Y

BE&E G AV F R AR, ARSI A
E— e T rE Edk RSl B, FE NN
(Vibrio natriegens) G HAR P AE KA | &l
AU M R R HRIARE T, A
AR AR T BRSSO g S
MG 5 TCA 1&F 4 AR AR 4%
SR R R A K B AR A il 2
M, S BB P A A AR C LR A
WA RG, PRk 1 R 4 &
FSC B RE RN A A AT AT HEDY), X BB BB
5 FRBEATUEWR BT IR, WELHARS
RO EERAF . T EAE B2, 6 i
AT RER VT, T EZR G % IR Lk
ATV L AR A5 R 1 LA s 5 RE AR B
(bnytREs L EE) A PE. I, S. oneidensis
DIH ZFEALRY B 42 AR 44, X R
i RE A5 F A ML) 1Y) 531 5 45 Pl R i HEL - 52 44
(38 AR R R, H R B A 1 2 T i 2 451
R AR Wy o ' A A AL SE N CO, ] £ TR

id
o
g
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F+K[72-73]
T

1k

ZE LTk, IR TE A BE RN 2L 50 IR B
B 1) T BE R A A BRI B, BT AR I B
WRERE T RS L, MR RIEL. gtk
151) B o ST L 3 A4 J2 T R 78 2R 8 A 7 3 R s
TENE LA -, et TR o R A i S
HEREREEL LML, UE— 20 SCHL AR R IR S [
TR Z M AS R A
22 [ElkBEPHGEERNARNELTRE
Lt gEtR R

KR [ B T A ) 3 B Re sl fb 2= R IR
st Al Ak 6 H IR 6N A R ATP 5 R
71, ALBE A SRR TCHLH TR e i B 1L BE
AT R B A A VUSRI TR, (HAR
VR 5 R m AR AT X AE I, X
— VR REE NS AFE S FRR . ATP Jif )it
PSR T 10 A iR 1 32 BR T IR W i 45 5 0 W e
e, N RR G R A BGE i, JCHAE = ATP
e R ) [l 6 A v R S A . Ry e i B
i, AT, bR S AE SN R AL R IR n
(kAR P Ak 2 5 A= Wy s AL 24 5 7,
DS P RE £ A5 Al [R) Ak 0 i O S 4 R e R
RIEFR(ER 2),

() SIRB R Ge it 51 A N 16 A A4k
SR AR, K RE T AL SR 28 if T R Y
WIR S sl 3. Hop, SR P Ak
Al A 22 ] 38 2 ' A L ) T AT
%, R CO, B JFIFA LR =4 (n 2. iU |
SERFRTV K 2RISR ISR R BT T RE
SR = RE FE I S B VR 5 BB A I R
{AHAE B Z R TA Y- A Y S pge e v,
LKA Ak %) e A 2 B e A 2550 4 B W) 44
MW o B XX —[a) R, R A A
ST AR ) R IR A T R S R T A R A
PESHARRCRE fe = R, A1k
KRR RIS A N T, BT T A Rk

COERERRUM. BEFIRRTYAE 7 A i LT
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Table 2 Engineering strategies for the fitness and regulation of energy modules currently used in carbon fixation

reactions
Energy Carbon fixation Engineering strategy Energy Representative outcome References
source pathway carriers
Light- rGly pathway Semiconductor-microbe hybrid (MR- ATP, NADH  Sustained acetate production [72]
driven 1@CdS) enabling photoelectron from CO, and autotrophic
transfer growth
CBB cycle InP nanomaterials enhance PSI ATP,NADPH Increased ethylene production  [78]
activity and photosynthetic electron
flux
HWLS pathway CdS-driven NADH regeneration ATP, NADPH Product yields exceed [79]
coupled with proteorhodopsin- theoretical limits (malate,
mediated ATP synthesis butyrate)
Artificial CO,  Synthetic photosystem generating NADH, ATP  Production of pyruvate-derived [80]
fixation (ADRP) ATP and NADH chemicals with negative
carbon footprint
Electro-  rGly pathway Microbial electrosynthesis with direct ATP, NADH  Efficient acetate synthesis [73]
driven cathodic electron supply from CO,
WL pathway Direct electron uptake via EET ATP, NADH, Acetate production up to [81]
(cytochromes and conductive pili) Fd,.q 11.05 mmol/L
WL pathway Tandem electrocatalysis (CO,— ATP, NADH, Increased PHB production [82]
acetate) coupled with microbial PHB  NADPH
synthesis
Artificial CO, electroreduction to formate H,, formate, Efficient growth and succinate  [83]
marine system  followed by microbial upgrading NAD(P)H, production in seawater system
ATP
Chemical- CBB cycle Water splitting to generate H, driving H,, NADH, Isopropanol production up to [84]
driven hydrogen-oxidizing autotrophy ATP 216 mg/L
Ribulose 5- Enhanced methanol oxidation and Methanol, Improved growth and product  [63]
phosphate cofactor redistribution NAD(P)H, yields
(RuMP) pathway ATP
CBB cycle Decoupling carbon fixation from Pyruvate, Semi-autotrophic growth and ~ [18]
energy metabolism using pyruvate NADH, ATP  sugar production
CBB cycle Reducing energy dissipation and Formate, Improved CO,-to-sugar [19]
enhancing FDH activity NADPH, ATP  conversion
rGly pathway Combined methanol and formate Methanol, Improved growth and carbon [85]
oxidation for redox supply formate, NAD utilization
(P)H, ATP
Serine pathway =~ NADPH-generating methanol Methanol, Increased product yield with [86]
dehydrogenase and PPP enhancement NADPH, ATP maintained growth

REWUN R FHLE T R (polyhydroxybutyrate, PHB),
hn Li SEA8 L T H A1 S8 AH A B (g-CaNa) . B4
K JRE A TA B 2B B M B (Rhodopseudomonas
palustris)2H 1Y) = IC6E A W) A2 6 1R R AL L

CO, MARIRHI A FSE8 3.19 /L PHB FHE, &
FRORIE 11.8%%1, SR, AL PRI RZ
B s I S Bl 24 B L T HRL A% 33 ORI
I ) A R L 2 A 1 s PR B AT AE
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—EFEE MR — A A, SRR E Y i AR
Azl

BRATRLIK B A1, Az U5 ' e R AR R Ry o —
WEJ . WAL ] ROk
HIEF S S, I Geit 15 40 B 15 2 500
B, B 2 ERCIR AT L5 20 5T (Gloeobacter
rhodopsin) 7t E. coli P EETEME, Fnl 4R 4A
KT IR R Fis™, H5EBL Y 454 0] [F
IHSZEE ATP 5 NADH 4P, teah, ML i
7= A /) PMF if Al 3% 9K 5 NADH B &8, SCBL
NAD" i J5 Jf 1 13 % AU B 4= i NADPHP!, ifF —
A M, Hu 7P A8 B R B M8 4R
(proteorhodopsin) % 5 & E. coli-CdS 1K &, 1]
SEPGAE HL T-BK 5 NADH 2 %5 PMF 3Kl ATP
A EREVERT, il L-3F B AT R 5 )
1A% 1.48 mol/mol FI 0.79 mol/mol #jZjHH, MW
PGSR, BT LFish, RSB A KE
SRR G A A TN H D 1 PufL A B
2325 a 43 T2 MgP, K540 LN Y ATP il
NADH 43 91 4% F+ 337.9% 5 383.7%, Jf 528
CO, In] N ERFR LA, Hofk /2305y -0.84--0.23 kg
CO, elkg; MAMZIA R T L HFLA—IRIEW HEA T
IR B A K (5 sk E] 19.86 B, BUATT &, 6
IR 3l o s B RO T TR TS S I RE AR A
17NN

() TERFRA s IR T, FRLOR Bh [ ik A &R
HEBE AT S5 IR A 5O R b
CO, it JF /] 4= i CO. W R [ & M %5 /N 4%
FON H PRS2 A B R . R,
F 2 B S A YRR A, TR R A
B CRE S B B L2 L i S R AP

MHTH IR SR R EEAURE 2 B, H—
R EAE LY, BV E TR A R T
i 3 A HF s AR B U i, .
oneidensis 25 HLIGYERUAE Y T E S MO RS S
FL 25 F S B T O 3R Bl CO, 18 RPN, A
X7EH® FEAE R E IR, (HAESE
B 7 FH Hh 57 21 55 T A% 2 R B BRI, A
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11 i 2 e A N, peAh, TR R AR
WL ife, HARS ™ 2L TR LEY,
Ty g e o [l A BRUC, ol ) B RS
RS E rI R A (A0 CO L F R ER Ho) 7E HI AR
SWEY Z G )5 ). ilin, @ i fe
AR, P H A BT R (Cupriavidus necator)
¥ Ay PHB PR &, Hop e AL SR ] ik
62%* . TEIIT ST, 8L R - )
IRA MRS T WK 44 Co, Jf
FeAL N T REAE A R A R 2l B . RS
RE 7E L S K 5 T 3 R0s A7 (COL AR B>
70%, BEFEIY 3 kWhikg CO,), JF1E 536 h Y%
ge g R R ED, BAORE, BIKEhik R
A% IR BUE T 75 R L B BOR SRR %
R F e 2 (Rl AL AT

(3) A2 3K Bl SR MR AR M IR /N 1 (i
R, A . NERRR W HERR R 5F), XKW
A ) A AR S, AU . R A
Tit B TR Ik O S, 8 o0 A R AR F T
i 2 A, AT 7= A2 38 s Al ATP DLBRS) T
WO AR TOGH RS, IZORISTE T2 LI
B, HRYEA BAF 0 e S ek, E
HAR R s B — il A0 A 4
DAY JEL T B i A T SR

Hrp, ARPIREAL A E°'~-410 mV)
Al IR Z Ml s N . BN, FE C. necator
Hr, SRS H T HL TR FS 2 NADH, M
1124 CO, i JF R ik 5 Ty, IS 30 S PN By 2
YA, Femak 216 mg/LBY, MILLZ T, WA
— B EE (40 FY 7R 5 Y e 7 T 7 v B ELAR
#, HAT RSt 5 )5 ). fln, @it
TE R A TR b g LA 46 T AR A FR I It = il
(Cupriavidus necator formate dehydrogenase,
cnFDH), A R %4kl CO, JIf-2E il NADH,
AT SR T R 1 B R A G, JFSe B e —
Y 3.8 g/L AL, Wang SO & T —
WAL & WAL, K TR 5 T A A il B
PEANIA )5 ) PR AR AR 5 28 LA M 45, i
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BV~ A EE /B < 3 1% N A vl
Hou F5! 2 — 25 1) FH R % FL 9 R[] R4 Ay L
PEORFNBRIE , SR 2h T AR AR P RE5 R TR
e, B3 R (U P R Rt v AR DAy i
REHCA AT AL, O CO, ik 2 R b4 A1 Y 18
Ji 3 5 A B Bl T, DA T 4 i R AR e A 1k 3L
R D, 3R 3k B A (MDH) i) H
P e A g RO [R) 20 7 AR S S i, R T S
ZFA 5 A N, EARELR . R TR
Fig . AR S S AR R A, RIS
YR BEE ARG, FH T R IR ) g
PR = B RN,

bRt giae i ok, HURAE 5 FAAE 55 H7 Al
feae r NI i BaR & . i, s bR a] g
BUBRAR 30 5% AL R B A5 5 LLBR Bl v A% 3k, 1T 4
FLA R ] R R 22 A gt O R H AT
b TR YR B, X A WE A [ ik R Ge AR
HRLEREE b R TR AT REE
2.3 ElRRESNIREEMERHIPT
BLS5EH

TE TR E b, IR RE & R 2% 55 A5 [
i A% 22 1) 3 A7 7R R GEERBC . 24 NADH,
NADPH % Fd,.; 15> BC 4544 Je ATP Az B L )8
P L BR AR T R, RIS AR g e
b 235 R B i SR 2 W U= AR AT, AT
PRI RE 5 e -welfe (b2, flhn, o ikl
B A/Z KL TN T B AR R T A A
[crotonyl-coenzyme A (CoA)/ethylmalonyl-CoA/
hydroxybutyryl-CoA, CETCH]{§¥ X} ATP HA5 ™
RIS, TN T T A- B R - O RETR
(malonyl-CoA-oxaloacetate-glyoxylate, MOG)i& 4%
EREARAERE, (EATDHRM T 5 42 45 2 i 4l X 1
BRI i, RGN AR TE TR
—AE R, MTET 2 JERE 5 2UA 1Y E m) H 73
Be S5kt a el . FSEX — HiR, Ja#fiLid
MG AITE 3 DREYRIT . WF JEM . ATP it
AL B AR B e A 18

(1) 24 HFREg2%F NADPH 5, Fd,.q 75 5K
i rE BAEARE S, BT BT R ETE R LUE Y
WABAH, SERE BEF P, X8 ETE
A B AT o 3 280 S B W S . S,
A 3 B TR P YRS iR A G 4R = NADPH fib4%
REJT, flinss b wkme SO s 5| A NADP K
i i U K & (1 G6PDH., 6PGDH. IDH,
MaeB 25) L §" Kk NADPH fL45 31, 3% 55 s A Ji
I e G P D A 4R T AR Bl R 1 A
RE T, (HGEH R A 2k sl A g g,
W, A A DN A B S A 5 T
B FAAEE, s A NAD 47 . NADH it a%
AW, ¥ NADH %45 NADPH, Mi7EAR
MR S TR A RS LR AR R g5, B
HWFoE M, 13k NAD(P)# & i (PntAB)fdi
% 1 £E it 3% (Synechocystis sp.) PCC 6803 1) [& ik
RET# e T 3.2 F517, B UE 1A bR E Ay AE
AR VCEC op ) SR . Rk, ) SRR Y
7 DR i G TR H b b 2R NADH,
T 828 R o A 0 4ty DR P e A O i —
M TR FEAR 22 Ge%F NADPH AOKHT, ST
AR R R B REAUW BT 1] o X TFARHS Fdea
M R S, T E— 25 A M4 E R W)
HL (5 3 LT DA AR ARG i e 10 SR, i
S5 A H A PMF sl & 7 BE i A, Ok ik
FRPI A . BRI, @R TR
DI AR e R A — Rl -, TR R RS
PE TR TR T, B/IMEREERS
Rt o

(2) ATP J2: 5K 3y [&1 f5 [z 17 19 132 AE = ol AL
oA i BRI A LB R b . Ik, ATP {45
&7 H NADH i@ fe . PP EERCRK X PMF ZEHFGE
St YeE . EFXF ATP AR [, Al i
] B, 73 5 4k PMF RS2 8RR . — 7w,
Al 5 NADH AR . 815 S ol 7 2 AR 0T
WAL 5y, PEm Pl o — T, 8
1L PR ATP Al a8 i A1 LA AR BT 11
MIETE ATP A AR . WF5E R, K ATP &
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B [l B Ay TG Y RuBisCO RSN AT
fifi CO, [ 4R = 870% F-4:7=(387+43) mmol/L
OSSR AR, R ATP 43 SR 78 % 47 DL il o
MOCHEMER] . oAb, 1b3eik ATP & s il 1y
BARARIERE , 2D U] ATP fE45 2 OCHEFR
il R BRALBE RSN, IRYKT R AL
AR R B R RE B A2, (HAZ IR T ks &, 78
CO, NME—BRIE A Z2 PO LURAH = 4. (E
FHERRYIE, ATP fEMuL % ADP BERI IR T i
JE4 =5 ADP/ATP LUAT ) 445 0K 5 ), (Hid
WAl RE 51 K BE B R R AR . R, ATP
TR RE R A 5 A AR S Z [R] IS4
(3) BRI RAAUNA B B AR [ AN M — R PRAIA R
(reductive tricarboxylic acid cycle, rTCA cycle)]4&
1 Fde 1E TR . Fd % Fe-S 78, HifJR
LA 38 B IR -400 mV ELE AL, fHHAREIK
gy gk i, SR, T Fd ARG,
1 Hy 2 R B IE JFAE AT 2 Lol B AN Al AT,
PR T E A BE AR S PR . F T SURIA
R JR R RAZ R A0 S, T A NADH 5§
H %5488 18 i 7 FL P HE AR IR Sh (IR LA Fd AR g,
FH G I3 OB A A AL R e TG P s R
iko AL, I AN RS R R 2 AR e
JE i (pyruvate:ferredoxin oxidoreductase, PFOR )%
PSS P, AT AR N AR 5% A o S TR TG A 7Y it
P rh 2R A SRR Fd (29-520 mV), JfiF—
S5 TWERN . 2R E A R B Ay [
Bk, AR T Fd MR & e, W@
SR HL A2 3K 5 1 T e B R At T mT A T AR
3R 22 JE G I ) A TR 1 RE B 3-8
FL N2 (3-hydroxypropionate, 3-HP) At T F 52 B
R THEPRB, 3-HP AEYE R UL 2 B4
A HHTIE, 2N IR MR A 8 R A,
BN ERE R 14T 3-HP J5#E 1 42T NADPH,
RIS [FE 1705 COpe MABIR BE AL BE SR 10 A JEE
AT, ZBRARPEREAS B | i NADPH HE4s 5fik
[ 5 5L 2 ) (R 45 S8R e o Qi A5 IZE R
FEHIA R B, AR AN NADPH ) 48 XJ ¥ J32 A
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NADPH/NADP FLH I A FH SRR, dkskig
ft NADPH /X = 2 TR A R s X R 7E
AR Z T, BRI RE A1 ECE 99 JE38 5 7 {45
M, MR REE I A h R PR UL =
NADPH J5 71 Ja2e3 75, R NADPH A9 %8 {4
A2 BT [ RIS P (HCOs ) 1 vl F PR VE#
o WESR BRI SR 12 (Sul ) A AR T 2 BA ik il
fiti A & ) F AL A%, i NADPH U HFE S
CO, [ 5 FHVERES, [A) i am ao 41 32k 7= 4 A HE
(Esbp6) FIBH W7 [ fi# (Ugal), 80/0 [ 5E 1 8¢
EL T FE 3 D7 g R = A R BR 8 5 B A Qs T TR 9%
LREUUE T, WPk 3-HP &M 0.14 gL &2
11.25 g/L, FEAERFAN A=A 0 [R5 0 B e hne s
X ERE AL NADPH 48 4L % 49 3-HP 4=
AR T fE A EBR, B NADPH-7= 4 %% 1k
[ BE B - A SCR I 2 5. R TAEME R
FET: R B Ak 1 3% Be JF AR AU SR 42
FHBe I 25 B A& Ty, TS DA RE £ 2 AR T FE i

PRI, e fhgh 5 <qa R FEER A ) |
SIS

gr LRk, BeREEAR S N R AR I N 2 Y 1
BEA b — A Z R H R LA ARk
W AR P — R A, T A i SR E R
ATP {45 Ak AR R S5 e 7 28 15 5 T 1) 0 )
it FE R AR TR R A R i B/
RESAGRE, TS B e AR E B RETE-BRA 1

3 Rg5EE

FHIRAE Y A T 5230 CO, [ E S5 541k,
ARFE M T T DA T T G TR 1) % IR B TR AL
R E AR o IR, VA AT A7 A K R 18] Bk s
FRAz . NI B AR 20 s LA R £ 40 i T 7%
WG TR, IR R PR RET) ik 52 PR T g i
s SR IR A SCER T A R -G TR
REZRZRM, [ BRACR B A S 2 R AR IR T 5
— Mg — AR, METRERERmA . B T158
Bl R A S e [ R Z [ B R G DL AR JEE o A
I, Aok i A T A B B ARR AR
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PO 5 i A 7 30— 25 31 i g DI A B 2 - Bl U 3 I+

W27, SCBLRE R L 5 B (R AL R AE I 23 U
ARSI .

AR G 3 7 HOCHPR . e,
T EE R ] G AR EHLAEAC ) RE B LA I, Ut
ATP. NAD(P)H S AIX HE $4HL 45 fE & 4R AR (1) 3¢
AR S, MRA ARG S
[t oK Z [ DC e . ok, it — 4
T (i1 e 5 vz P 8% 1) fiE o A1 A50%E 38 ek DG S il
[ G AN N BB 77 o g N 221 =S S E R w T
28 T AR A SR B e e 1) Bl I ) e AR
B, WAL BEAESE N T B 1T A AR
{aERE -k it PR P A 3R DA G RE B AU 8l L IR
WA AR T il SEIK AR E BT .
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