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Advances in the biological utilization of one-carbon compounds
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Abstract: One-carbon (C1) compounds—including CO,, CO, methane, methanol, and formate—have emerged as
strategic feedstocks for next-generation biomanufacturing owing to their abundance, economic viability, and
renewability. However, the efficient biological conversion of C1 substrates into valuable products is hampered by
several fundamental challenges, including the low intrinsic efficiency of natural carbon fixation pathways, the
thermodynamic and kinetic barriers in engineering efficient de novo artificial assimilation routes, the cytotoxic effects

of reactive intermediates like formaldehyde, and the generally suboptimal industrial robustness and slow growth of
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both native and synthetic C1-utilizing microbes. Recent breakthroughs in synthetic biology and metabolic engineering
have substantially mitigated these constraints, thereby accelerating C1 bioconversion and establishing a novel paradigm
for carbon-neutral, green biomanufacturing. This review systematically examines state-of-the-art strategies and
technological milestones reported between 2022 and 2025, with a focus on (i) Metabolic rewiring of native C1-utilizing
microorganisms to enhance both Cl-assimilation efficiency and product-synthesis capacity, (ii) de novo design of non-
natural C1 assimilation pathways to provide more efficient route for the construction of Cl-utilizing cell factories, and
(iii) engineering artificial C1-utilizing cell factories through reconstituting natural or artificial C1 assimilation modules
in well-established industrial fermentation strains to establish platform strains for Cl-based bioproduction. Moving
beyond strategy description, we provide a comparative analysis of the metabolic characteristics, advantages, and
limitations of key natural and synthetic C1 assimilation pathways. We further evaluate the applicability of various
microbial hosts for the synthesis of target products ranging from biofuels and bulk chemicals to specialized
metabolites. A critical discussion addresses the persistent technical bottlenecks, such as low activity of key ClI
assimilation enzymes, poor biomanufacturing capabilities of natural Cl-utilizing bacteria, and the challenges in
achieving high flux through artificial pathways in vivo. Finally, we explore the synergistic potential of integrated
solutions—combining adaptive laboratory evolution, enzyme engineering, computational modeling, and systems-level
analysis—to boost C1 utilization. We conclude by highlighting the transformative role of interdisciplinary convergence
and artificial intelligence in accelerating the design-build-test-learn cycle, thereby paving the way for a sustainable, C1-

driven bioeconomy.
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Fig.1 Natural metabolic pathways of one-carbon compounds

(Dotted lines indicate multi-step reactions. Ser, serine; Gly, glycine; PEP, phosphoenolpyruvate; DC, dicarboxylate; 4-HB, 4-hydroxybutanoate; 3-
HP, 3-hydroxypropanoate; H6P, hexulose 6-phosphate; XuSP, xylulose 5-phosphate; DHA, dihydroxyacetone; RuBP, ribulose-1, 5-bisphosphate;
PGA, 3-phosphoglycerate; o -KG, o -ketoglutarate; SHMT, serine hydroxymethyltransferase; Ppc, PEP carboxylase; PFR, pyruvate-ferredoxin
oxidoreductase; Pcc, propionyl-CoA carboxylase; ACC, acetyl-CoA carboxylase; HPS, hexulose-6-phosphate synthase; DAS, dihydroxyacetone
synthase; RuBisCo, ribulose-1, 5-bisphosphate carboxylase; IDH, isocitrate dehydrogenase; KOR, a-ketoglutarate synthase; ACL, ATP-depentent
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Fig. 2 Artificial metabolic pathways of one-carbon compounds

((A) Artificial carbon fixation pathways. Dotted lines indicate multi-step reactions. PEP, phosphoenolpyruvate; 3-HP, 3-hydroxypropanoate; Ppc, PEP
carboxylase; Ccl, citramalyl-CoA lyase; Pcc, propionyl-CoA carboxylase; Ccr, crotonyl-CoA carboxylase; Mcl, malyl-CoA lyase; CA, carbonic
anhydras. (B) Artificial methanol assimilation pathways. Dotted lines indicate multi-step reactions. MeOH, methanol; FLAD, Formaldehyde; GALD,
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Table 1 Comparison between artificial and natural pathways of methylotrophy

NAD(P)H

Pathways C1 substrates Products ATP consumption consumption steps others
XuMP Methanol GAP 1 0 10
RuMP Methanol GAP 1 0 8
rGlyP Formate.CO, Acetyl-CoA 1 3 7
SC Formate.CO, Acetyl-CoA 3 3 12
STC Formate.CO, Acetyl-CoA 4 4 14 Adaptability to low CO, concentration
FORCE Methanol Organic acid 0 Wide product spectrum
EuMP Methanol GAP 1 0 11
SMA Methanol Acetyl-CoA 0 0 6 No ATP consumed

R O TEEE-CoA, 5 & 8 It — R ¥ AL I8 IR B TE
BB, SR 5 FBE-CoA /£ HACL B AL R 1B 4
HRHTIHBEAE K . B FORCE 2 85015 % &
ST DA B i A i — AN B S, AR O PR A T
LB I — 2R B 5% Ak AR R4 i A K BT 7 R e AR
e Tl f ZE R 5 2

TRERE AR (EuMP) &2 (E2): ElT
RuMP 1 XuMP 4%, EuMP &% LABERE — F2 N A
FEETRYD, 27 B W - 1 - R A R T A A A ol 7
Wi -4-TE 2 (B4P), 8 i ik H HE 7 A2 R 4 9 i
GAP ™, EuMPi&%t 5 RuMP @A AL, H
REERRCRARY, NCULEIEYIRIFSAE T4 .

HARFEEFH (SMA) @47 (E2): FIHLEE
WG RIS O AE G A O O, J54 5 E4P
AL CHE-6-BER (HOP), SR 5 S FIAL I h S b
-6 (F6P), FO6P 1T 1 I fift Wi B {1 4k 25 i E4P
M OEREIR, L TEBERR i BEIR £ 9k Ik 55 R W (i 1k 7
FCH AR 2. CoA, EAP W R F T 2.l (1)
A ™, SMA IR 20199 K KM SACA i&1%
(T REARAL 1, 35 B W 44 H I % 1kl acetyl-CoA.
RE SMA B 12 RN BRI %, 5 B0 g Fh 2R 42
SACABEHE AR, (HEHANMAEELL, [
A5 R ST B DA M — B U A T AR

1.3 BRFAERE

HGE RS R AAE TR EE R, sz m
BRI A2 PR be BRI AU, i AL R o AT A e
(SR, FR AR I i S AL R TR T, R
4 SC 8# RuMP & &2 A A A 2 (B D

2 CH1F @A) I

21 BFNEY

H IR A YIRS (1) CO, A=W [ 7 4 AR 2 S L 6
B )G B R0 B A, BRSO A Bl R B R
2%, AR A B AL D v PR A A 2
e SRTT, I B IR A A0 8 Tk Ak 52 A7 T
I 22 SR, Bl hn, W A A T A A IR ) R
TEER: A (MBS %E>8 h vs KIHT
F<0.5h); HRAFERTEEAL (WHE5HMY
RNA Ijj GEVERE 3 <30%) ;  Fk D8] 4 6 280 IR 55
AW, 8 G A TR A 5 AR
WAk, FootE B S RE A I TR
W FEERAT T B Bt szl 7, e v 4 K 2R R
(Synechococcus elongatus, S. elongatus) , 3 5 A<
#% (Chlamydomonas reinhardtii, C. reinhardtii) F
B BT B (Cupriavidus necator, C. necator) H
BRI AR AL R B 5% 1Y, R R R IX =
MR B AN AT R E Al (R 2.

R BRE: AR Y, KgE
It R4 11 (PSID 5 CBB 1 ¥4 52 B )6 3K CO, [
B, HOGE IR A KR Ik L I M Y 3 B 2 0
Be, A0 RO G & A R Y A B AR AR P
a o JHET, R ORI N TR IR
B2 BEIE. WERHDOC AR AR, JF DL A i A
S 52 1 () LR AR B T

B ACEE: PN AL SR R A,
ARSI KIO6 A IR 5 R R IR A K U BE
71, NEZEG AR T 2kt
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P LA A R, B
P R LA R 4 A, L) CIBIB 1 26 5 9L B
3 B ALRUE A I BE 3 8 IR R A, 46
£ CRISPR-Cas il 55, DA L1 % Ty fie 513
AN R, SRERT M. AR MR
WA 32 B 0 SR .

2.2 RABEESRE

HEE. k. R, WS CILE YA
CO, ¥t %, BABEHARNI A RIAH I
B IR NIRE CLAIH S48 0] @ 0R H IX 2 C 1R
VR ME—RRIE, Nk HE R A 7R IR R A .
%1 CRISPR-Cas £ [F H 9 5 5 & i B PR 2k 2% B it
Wt Ot 2 4R TR A E IR, HAR
KT RO SEIREEEE . T E A
(Methylorubrum extorquens, M. extorquens)~ W IELf
¥ (Bacillus methanolicus, ~B. methanolicus) ',
WAL, 22 D0 e BE R A 6 1 B AL R
B T A RAEYERWFRR . Tk
BEFHATHEMNH R

ER IR REE 2 I B 2 i BR IER) “ — R
NN %4 (generally recognized as safe, GRAS) ”
B R U BE, B SRR 8 A R 23 W R
73, T FiE A RRE A RIEE Rz —
P ) XuMP iR A2 A8 B 7R BE A R SR 1 HY R
FI#ETT, A 250 5 R 9 48 B R AN =R 1 B R A%
TR B R E B — A A H SR AR E IR
W H AT e R R O 2 ST R B T M
KEATAED . AU WS WL FE i 8
125 i B A

G P B A TR R W A8 R R R ik, 58—
O e R IE ELHE W 2 1961 4, #EHAT, O&
XPE R AW B 5 T L AT T A
MR T o Al PR IR ) 22 IR A0 BA 50 4 It R 2 AT
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FF’I:IIII [35]0

FHRE ZF AT B2 — Fh g £y, WL E R AL &
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PR LR R R B P R I R TR B BRAIG
A EI R REA L B KU T G AEOR,  FREZE AT B
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BORHERE, IR AR 25 RS HE 4% 3558 T Al s
HAT, T2 mThseili T H i 28 fFr e 4 2R 5%
SR A R R S R B AN M T A A

% T8 DL T BE 2 55 [ A i 24 A B R DUIE 1)
GRAS HE# M EERE, R F XuMP i& 123547 FEE ) [
o, WHAEA SR =% E. £K
WA, HERAAE SR A, EERES K
A G SIS BB R 2 N, © 4 S
RG2S e e AT . AV S 2
EE AP AR 5 e = R R R T A
b, 2 B DUah I BE a4 T BB/ o B DR 2 48 2%
AR, BEEM RN, BRI EUE S 1S B R
e, 2T D B BRSO T 8 4 0 Tk AR
VIR AE s

Bk 7 LR AR R Z AN, TEA R A SIS
Wy B RV E A E NI )R AL
B, BEME WL E I T T R E £
B s

2.3 ARBREESRE

Ko i 6 5 R P B AR DN & B 2 5 Tk
AW N 22 A SRR (R 2D, SRR H e B
PR SE A g R BOR L UBEAL R A AR [ A B D AL
VERE e Bk, AR AU AR h R B R L
#O Ol M T HR S RARTIRERE, Lo
MHAEDAE: 1D BPfsf THES#: 2
U 28 ]S vy, SCFF I 200 Bl S A SRR G
B 3) TMVIERCTESE, CEESL FDA DAE R AR
AR AR . Rk, T ORI R R R R I 1 R
PR 5 R B B IR R, RO SR AR IS 1 5 —
SRR T T

RARCL R I AR AE H 2R 57 B K AT 1 (1 4
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R T EER/ERM, Fl, Madeleine Bouzon
AL BIAAE KAt B E 4 1 oGlyP, ff H GE6% 7E
DUFH R g ME — Bl VR I 35 97 2% Ak AT AR K T B
PRAAZ F ALK i 1 B XuMP @42, R )58
i ALE, 153 7 = 80F H BB TR, (Ha2lt
B AR I AN e DA B ME — B AT AR K, RELL
0.1 g/L ¥ % BE B8 HUW) 4 FBE 1 3L R R 4 7
Julia A. Vorholt Z{#% 41 B\ 7£ 2 T RuMP i 12 1) K i
FFef 25 mE E, BE4T T 285X ALE, it — P4 e H
B[R4 BE J7, 15 2000 B R 8 5% B K W M 1R AE I
R P — B Y (1 85 IR AR A R AR G (R 8.5 h MY, AR
R TAER AL 4k 4k E 4T ALE, £ 1240 k)5
£ 21 Y FR B8 7R AL O W A A ) 3% 14 B (R) A 21 4.3
T FLE IR0 I RE SE AT IR (S h), b A 2k
IR K WA E TR RS R RRET
B A RERR X R 2 OK R E 2 R4k T
James C. Liao [ BA A FI JF & 1) ¥r 8 T. A BAC
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FI ] 3 4% o 8] 44 1 5] & 1) DPC - (DNA-protein
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SR IE 200 K ALE, 49 3/ T2 B A] DLEE R
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[k 3] 4.5 h B,

FH R % 2R TR TP 7 S ) A S AR T E R
J&, Gl AN rGlyP. XuMP i 42 6 % 3 B P 1% BF = 2%
R R EE HIRE CLIL &Y A B Z B B R
SRFEA Lo T T VTR K A AT IR A 4] AT R
TR RE R E A XuMP 18, A il fe &P, X
FEAoE . ALE & s SRR, 153 3] 1 DLR EE D e
— BT AR B CRERERE, JF HSEEL T R AL
HEME R,

I AN, J T R A G R A A R R AR R
1) C1 X Ay Ik 5 577 20 RS P Bh 200 b T P ) e 4

it 7 AR B g i ) T R R O & B A
F6 00 B0 9 J7 18 U g iR HE IR BE - (Yarrowia
lipolytica, Y. lipolytica) oAl 5 IG5 AR R e
SO E A B AR AU X AR I, E R RE AL &
IR IR 7 T AR T S MRCR T KR IR
(Serratia marcescens, S. marcescens) X Ml 28
TR A AR R PRI 52 1, I I B A R R I o
R A o Kb &9 Y X R FIRE, RS
JRA A 2 FEVE (iR BARE )& A i 24
BRI ND 9 ClAED PR SR At 1 B R X B PR (4 ik
AR TT 5 o

2.4 THERRR

Broaf B T A, T 4H BE B AR A AR 1 e AL
(ivBT, in vitro biotransformation) 7E C1 1k &4#)
D RTIREN eSS T SN A B s ES R S 2 5 RPE 4
AW F AR 5T BT B 4 AR A BAAE % B Ak T 1
PR HUAL . 4RI B S CO, & e 2 5, 1%
BN HE— 2 L T 7B A 1 CO, 2 TR &
R4S B X R AT Bl , 2T T ORAREE
PR R, SR E B ) C1>C3—C6
DR, A& S SIZIL T A 0 I e R,
RS T RamY, FEils T 114gL ", 18
IEE R 2 b, Z B — P % T Ce—~Cn iR,
JH I 0) 34 A% O B I ) 3 o DA S ivB T ROBLAR R
R AEARAL, RSB T RERE . TE R S 2 B
ST ERENEGM. Kb, EREREXR T
14 o/LiEEM 7 TAREERE R R BEKT, BInH RIEFH
JFH R B A Ty e A B el b A 4
Ft T 1] Tobias J. Erb [41 BA7E A4 &1 [&] ik S5 A5 H T &
G AR, HBIBAH A # 2& # THETA. HOPAC
H1 CORE %5 /1 2% [ e 76 34 0, SEBLT CO, 1 &%
[ 5E, A& T RN CBBIEH .

3 CAMMEE RPN %51

3.1 EFCINEYRIERRHER

B MMAEYAR T . HEEFRUMET
] LR ARSMEACT B RO SE, T CL AW
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Table 2 The hosts of C1 utilization pathways mentioned in this paper

Hosts C1 pathway Safety Doubling Time Features
S. elongatus CBB To be evaluated 6-12h Photoautotrophic, salt-tolerant
C. reinhardtii CBB GRAS 6-8 h Photoautotrophic, eukaryotic expression system
C. necator CBB Industrial safety 4-6 h facultative autotrophy, high metabolic flexibility, clear
genetic background
K. phaffii XuMP GRAS 2-3h Efficient expression of proteins, high density
fermentation, natural methylotroph
M. extorquens SC Industrial safety 3-5h Natural methylotroph, clear genetic background
B. methanolicus RuMP Industrial safety 1-1.5h Natural methylotroph, high temperature resistance
O. polymorpha XuMP GRAS 1.5-2h Wide substrate spectrum, natural methylotroph, high
robustness
E. coli RuMP.FORCE.SMA . Industrial safety 20-30 min Clear genetic background, rapid growth, wide
rGlyP.EuMP.STC substrates spectrum
S. cerevisiae XuMP.RuMP.rGlyP GRAS 1.5-2h Clear genetic background, eukaryotic expression
system, wide products spectrum,
Y. lipolytica XuMP GRAS 1.5-2h high lipid synthesis flux
S. marcescens XuMP Opportunistic infection 0.5-1h High robustness
Cell free THETA.ACSP - - High orthogonality, high efficiency

EBE [ AR AHCHT S R B A R 3 s .

T BT B0 A FL A S 2O R i
NRER AT CHEERE. BEWE. % 5. D-Fi
WHANE . AREERERE. N-ZBLE . WEE . Al
RE (AR 3-RENR. TR, B\, ¥R
R, LT CBEMR . REMR. 5-2A 5 WA
KRR W28 AR ME QR .
o-ZLEE Y T ks 3. Zealexin A1) . H FEFR K
(FRER . WER . AWiE Y iS5 A AR
P (IRE R, BAA R RER, E3-RBET
MR R LW AEE. RAMMER . JRRLNE

Wi AT A CRERR . RRWTEE. MEMTER) /S K%,
Hop M EMAR T SR S AT CRERE
D-ByS B bE . LR, IR R, HERS) 4T
BB (R, $ret) Maprettdk, H/#E
BT (RrM iR Jedi . MeliEe) R R AR
WS HS EA/AEYME CHERE. N-45
HWipEIG . BB ME2EMA5H5UEE,; bt
WEWR GEREGEWBEL. TTREMERD e
ATRFER R RS . mIE = iR 2 ($5000-
6000/kg) . HEFE (PUEHT) MG NSRBI
DA AH -

R3ET CLEDHIE DT T BE R

Table 3 Progress in biomanufacturing research based on C1

Hosts C1 pathway Carbon source Products Titer Ref.

S. elongatus CBB Co, Mannitol 701 mg/L [54]
CBB Co, a-Farnesene 12.87 mg/L [56]

CBB Co, Sucrose 3.8 g/L [81]

C. reinhardtii CBB Co, Limonene 117 pg/L [82]
CBB Co, Astaxanthin 23.5mg/L [83]

CBB Co, Lipid 672 mg/L [84]

C. reinhardtii + E.coli CBB Co, Lycopene 1.48 mg/L [85]
C. necator CBB Co, N-acetylglucosamine 75.3 mg/L [86]
CBB Co, Myoinositol 1054.8 mg/L [87]

CBB Co, L-isoleucine 105 mg/L [88]
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Hosts C1 pathway Carbon source Products Titer Ref.

C. necator CBB Co, Valine 319 mg/L [88]

S. elongatus + V. natriegens CBB Co, Lactate 472.1 mg/L [89]
S. elongatus + E. coli CBB Co, 3-HP 120.3 mg/L [26]
S. elongatus + E. coli CBB Co, Pinocembrin 152.7 mg/L [90]
B. methylotrophicum WL Methanol, HCO," Butyric acid 3.69 g/L [91]
K. phaffii XuMP Methanol a-Bisabolene 1.1g/L [92]
XuMP Methanol Zealexin Al 102.5 mg/L [93]

XuMP Methanol Lactate 5.18 g/L [94]

XuMP Methanol Itaconic acid 28 g/L [95]

XuMP Methanol Fatty alcohol 5.6¢g/L [12]

XuMP Methanol Fatty acid 23.4 ¢/L [9]

rGlyP Methanol, HCO," Fatty alcohol 0.21 g/L [74]

XuMP-RuMP Methanol Erythritol 31.5¢g/L [96]

XuMP Methanol Cordycepin 8.11 g/L [97]

XuMP Methanol 3-HP 27 g/L [98]

XuMP Methanol single cell protein 0.506 g/g DCW [10]

M. extorquens SC Methanol 3-HP 1.75 g/L [99]
SC Methanol Polyhydroxyalkanoate 11.07 g/L [100]
RuMP Methanol Riboflavin 2579 mg/L [101]

E. coli RuMP Methanol Itaconic acid 1g/L [7]
RuMP Methanol, xylose D-allulose 98 mM [102]
rGlyP Formate, CO, Lactate 1.2 mM [103]
RuMP Methanol, xylose 3-HP 437 mg/L [104]
RuMP Methanol, xylose D-glucaric acid 3.0g/L [105]

FORCE Methanol Glycolate 52 ¢g/L [42]

O. polymorpha XuMP Methanol Succinate 0.35 g/L [27]
XuMP Methanol Malate 13 g/L [14]
XuMP Methanol 3-HP 7.10 g/L [106]

XuMP Methanol Fatty alcohol 3.6 g/L [13]
XuMP Methanol Fatty acid 159 ¢g/L [107]
XuMP Methanol Lactate 3.8 ¢g/L [108]

S. cerevisiae XuMP Methanol, CO,, 0.1% yeast extract Cannabigerolic acid 18 pg/L [75]
rGlyP Methanol, HCO," S-aminolevulinic acid 1.67 mg/L [74]

S. marcescens XuMP Methanol, xylose Bisabolol 1256.41 mg/L [76]
Cell free THETA CO,, HCO,” Glyoxylate 760.3 uM [20]
ACSP Co, Glucose 11.4 g/L [79]

ACSP Co, sucrose 14 g/L [80]

3.2 (Bt C1ERSEYFRER 3.2.1 o BN A Y B R

‘ o , S A T T 06 IR W B €O,
AR, A REMERARRINIRE T AR e R gt T Bk OSB3 T LR T

A, R R R T R RS K e R
S 7E C1AE T AL R o B % 5 B R (1D FfRBIESIL: o EFRAR k.
B, RS, S WBOCRR, B R SO B R
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