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Abstract: Under the strategic goal of carbon neutrality, enhancing the carbon atom utilization
efficiency of microbial cell factories has emerged as a core scientific challenge and imperative
technical demand for advanced green biomanufacturing. Conventional fermentation processes
possess mature industrial applicability, yet they are constrained by inevitable carbon losses via
oxidative decarboxylation in central carbon metabolism. Such inherent limitation hinders
fundamental improvement in substrate carbon conversion efficiency and restricts the green and
high-quality advancement of the biomanufacturing industry. Multi-carbon source co-fermentation
enables the rational integration of carbohydrate substrates with C1 feedstocks (formic acid,
methanol, and syngas) and C2 feedstocks (acetic acid), constructing a mixotrophic metabolic
system featured with carbon skeleton complementation, energy supply synergy, and intracellular
redox balance. This strategy offers an innovative technological paradigm to break the theoretical
carbon yield bottleneck of conventional bioprocesses. This paper systematically reviews the
advances in multi-carbon source co-fermentation driven by synthetic biology. We emphatically
elaborate on metabolic pathway reconstruction and regulatory mechanisms of typical
co-fermentation systems consisting of organic substrates, C1/C2 compounds, and industrial waste
gas. The state-of-the-art applications in synthetic fuels, bio-based materials, and high-value natural
product biosynthesis are summarized. Furthermore, this paper discusses the industrial potential of
this technology in integrating carbon capture and utilization and high-value biomanufacturing,
aiming to provide a theoretical basis and strategic references for the innovation of efficient
biomanufacturing towards carbon neutrality.

Keywords: multi-carbon source co-fermentation; high-value chemical; synthetic biology; carbon
neutrality
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Figure 1 Schematic of multi-carbon source coupled synergistic metabolism strategy.
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Table 1 Summary table of core metabolic mechanisms and analysis of mixed carbon source fermentation
Core Key scientific principles Typical carbon source combinations and Industrial value and
mechanism application cases advantages
Energy (1) Cells couple catabolic ATP with (1) Heterologous transhydrogenase system (1) Optimizes energy
coupling & anabolic energy carriers (GTP/UTP) was introduced into E. coli with optimized allocation, boosts product
thermodynamic via precise regulation electron transport chain to realize synthesis while sustaining
driving (2) Carbon sources divide functions co-regeneration of NAD(P)H and ATP The cell viability
to meet diverse energy demands titer of D-pantothenic acid reached 86.03 g/LL  (2) Breaks single-carbon-
(3) Key metabolite modulation with a productivity of 0.80 g/(L-h)B! source energy bottleneck
drives thermodynamically (2) Glucose and glycerol: glucose provides
unfavorable reactions rapid energy supply, while glycerol sustains
(4) Co-culture syntrophy improves  cell growth and generates amino acid
overall thermodynamic favorability precursors[36]
Redox (1) NADH dominates catabolism; (1) CO,-formate co-conversion: 11.24% (1) Resolves reducing
balance & NADPH functions in anabolism and C1 assimilation, 0.48 g/(L-h) formate power imbalance from
electron carrier oxidative stress consumption, 10.10 g/L FFAs™! static regulation
adaptation (2) Difterent carbon sources yield (2) S. cerevisiae glucose-formate (2) Precisely matches
distinct NADH/NADPH ratios co-utilization: ethanol, FFAs, and longifolene  product-specific reducing
(3) Multi-carbon coupling flexibly  yields up by 184%, 490%, and 100%*¥ power demand
tunes intracellular reducing power  (3) mXR-XDH xylose and PRK-Rubisco CO, (3) Synergizes carbon
ratio fixation modules: 0.47 g/g ethanol yield™*”! flux and reducing power
(4) Modular pathways reduce strain supply
burden and enable precise redox
control
Molecular (1) CCR drives preferential use of (1) Knockout of key regulatory genes: (1) Eliminates diauxic

mechanism &
relief strategies
of carbon
catabolite
repression

Carbon flux
redirection &
conservation
mechanism

preferred carbons (e.g., glucose),
represses non-preferred carbon
metabolic genes, and causes diauxic
growth

(2) Core mechanisms: PTS
phosphorylation regulation,
transcriptional control by factors
like CreA

(3) Low glucose can activate rather
than inhibit non-glucose carbon
metabolism under specific
conditions

(1) Redirects carbon flux to target
pathways while sustaining cell
growth

(2) Carbon conservation maximizes
substrate-to-product carbon
conversion efficiency

(3) Low-oxidation carbons cut
CO,-related carbon loss

(4) Synthetic consortia split
pathways to lower single-strain
burden

pstG[SO], erPl, ccpA[Sz], ser®

(2) Adaptive evolution and engineering
improve glucose/xylose co-utilization in
E. coli and elevates ethanol yield™*!

(3) Low-dose glucose activates galactose

catabolic pathway'™

(1) Heterologous B-glucosidase and
B-xylosidase genes were integrated into

S. cerevisiae to achieve co-fermentation of
cellulosic sugars!®”!

(2) Methylotrophs coupled with
lignocellulosic sugars: methane provides
NADPH while sugars supply carbon skeletons
for ectoine biosynthesis®>

(3) Dual-chamber bioreactor: CO, generated
from ethanol fermentation is recycled for

succinic acid synthesis'®”’

growth and shortens
fermentation cycle

(2) Enables simultaneous
efficient utilization of
multiple carbon sources
(3) Significantly
improves overall
industrial process
efficiency

(1) Improves carbon
economy and reduces
carbon loss

(2) Achieves natural
complementation of
reducing power and
carbon metabolism

(3) Supports high-value
utilization of low-cost
C1/C2 carbons (methane,
CO,)

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



Akt & | MR, 2026, 66(9)

4479
—— CO,
fdhl?.‘...—., 2H] fdh_ H S5 H, «—+ {:HZQ
(icoom T Fomate Syngs cor
A yngas carbon
ﬂ“lgm ATP NADY NADP"/ -
Formyl-THF NADH NADPH )
fChl? m— =
Methenyl-THF Xylitol <X g h, = C6 substrate
A j
ik dl(_’ 2H] 1th C5 substrate P tsl lglk
Methyleile-THF Xylulose Glucose-6-P
th l‘— 2[H 4
Methanol . 7 . lxk Pel wf
----- > Methyl-THF
(CH,OH) i] Xylulose-5P Fructose-1,6-BP
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COdhlA(_ Fdred % aes ~
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Y
/ Organic acid \ Biofules / High-value chemicals \ / \

--------------------------------------------------- Biopesticides

Ethanol Adipic acid

Succinic acid Butanol Muconic acid

Vitamins

Citric acid B-farnesene Vanillin

K Homogentisic acid J

Biopesticides

3-HP FFAs

E2 RBeEmRABEFSENFERREE

Figure 2 Mixed carbon source fermentation for high-value chemicals synthesis. Fdh: Formate dehydrogenase;
Fhs:  Formyltetrahydrofolate Fch:  Methenyltetrahydrofolate  cyclohydrolase;  Mthfd:
Methylenetetrahydrofolate dehydrogenase; Mthfr: Methylenetetrahydrofolate reductase; Mt: Methyltransferase;
Codh/Acs: Carbon monoxide dehydrogenase/acetyl-CoA synthase; Pta: Phosphotransacetylase; Pdc: Pyruvate
dehydrogenase; Ack: Acetate kinase; Xr: Xylose reductase; Xdh: Xylitol dehydrogenase; Xk: Xylulokinase; Xpk:
Phosphoketolase; Pts: Phosphotransferase system; Glk: Glucokinase; Pgi: Glucose-6-phosphate isomerase;
Pfk/Fbp: Phosphofructokinase/fructose-1,6-bisphosphatase; Zwf: Glucose-6-phosphate dehydrogenase; Edd/Eda:
6-phosphogluconate dehydratase/2-keto-3-deoxy-6-phosphogluconate aldolase; Mdh: Methanol dehydrogenase.

synthetase;
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% R 3420 99%, IF 52 A &3 T
B2 R G . A 9T I e 1k R
[ AL BRI I 0 e 3145 KAM 78Rk, FR R
(mevalonate, MVA) & 7K ¥k 3.80 g/L, {ESCH]
ZEPRRAE T A A A i BBk B R ) P Al B ST
2.1.2 EWNEYREE-TERS AR K
TRERES=MERK

LA A W SE AR A AR A AR A A Y R - WA
HRR PRI R Ar N M E . IR HE [CRELE
(Yarrowia lipolytica) e HHL i iR 6 71 5 15 i &
B, BN AR EE . Tao ZE M p iR
BT RGA 31 CO, PGP [ 55 FF R X 1008 3 Je &5
4, f9% FDH-CA TREFER, SCHBEHIR ™ &
97.54 g/L. 135 0.64 g/g &Y, N ABRIGIAFE
HARAUE T H O ; Van SFOM L gk 13RS
ARG E AR, Bl CO ik F R 5
WL O R 7R R AR R A FE 501 S50
T, 300 L ik =i R — AR IR R &
20%, R FERRHE A Y A T AT AR
Liu ZEUF R . CO, K TR s Kk
[CH, A& Z DR GBI gy B R %
IR S CO, R EORIR . o R 2 4, 3%
MR ;= ik 2.46 g/L, k133 0.43 mol/mol; A
PRI, $R™ & 2.62 g/L. K™
i 7.02 g/L, BAEFRS CO, g mFE T
Wang 25 HE CO, 1 IR T[] 66 fb i %, fift
P e L - 28 U PEASHE 5 ARRE AR 151 I T 2k i
], SEEE CL IR 11.24% . W R IH A6
#0.48 g/(L-h), BEWIRZLM X 10.10 g/L, HXf
HEAT 4T 21.80 f5 0 33.07 £ . Jm et oe iy
T ERB B RE 2G-3G RS BRI &, R
fiR #7838 I ) NN CO, M SE B 9.20% B — Bk
AL AR, i S . Ui 25 08 5 R A s 7
Ry B 18.40% . 49.0% FIIE 100%M44, 4+
XK BT 2T 4 R AW 4T A 7R I KR B AR ROR
ARCRNAH i 2 A M A, B 88 TR A A Jir - AR
Wi B i & B (mutated xylose reductase-xylitol
dehydrogenase, mXR-XDH) X, i} # £t 5 #f iR #%
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T A T - A TR W Wl R PR A T AR S ] ik ik
1% (phosphoribulokinase-ribulose-1,5-bisphosphate
carboxylase, PRK-Rubisco), K FHZZ 2F /A p 3
A 5 IRAL CO, [ 2 (HIR S, AR FER
ik 1.10 g/(L-h), L7738 0.47 g/g, BRI
P 104% F1 115%™,
213 FEEXAWMEMRR-ERESERNK
AR

Z R AR A e PR -BR G AR R b
P R aE FotE . Litsanov 2507l 38 Bk
PEYNEEIA | SRR TR R R A 5 TP R N S
il 25 IR IR T T (Corynebacterium glutamicum)
() 3% B RR ¥k & 35 1 134 mmol/L, JEE /R 15 %
1.67 mol/mol, /=¥ LW A334X 0.10 mol/mol,
AR FR AT D RN R I AR TR R, 18 T IR
WAV E N . 2N E R Umbelopsis isabelline
T TR /A A T LE 3.90:1 R F R AR 505
J A R A AR T 20% 5 70%; PC ARiCIESL
H Rl AR LR e ) . e m It S Sa B a
B, i RE TR G R AL 43 A AU R A
# (Pseudomonas putida) KT2440 L H 2k BE 5 4b
FERRIRES, AW EIETE 25%, BRA HRCREE S
19%, & F TR EREE T Ew & i,
214 ERBEEIHRE-BEBRaREHNAES
FHIE R

FrREmRAN, WBEVEN I — BB AR C1 5
BE, H SRR ARG 2z g .
Witthoff 2507 K 35 A G T P S R s F st
& Ji (methanol dehydrogenase, Mdh) 5 RuMP i
e O S it L DT FH R AR Ak S B, il HH R Ak
AT 8%-25%; i A HE/H BEIL Y K MF T,
F 2 914 FE 2 R 1K 1.70 mmol/h, LN 3%-10%
Bk F . 5 A WE ST AL A T 1Y) 22 S TR 1)
W, SEO B AR SR SR, L EE R IR
1.89 g/L ) R Vb 55 [ 1 (Serratia marcescens)
FIR BRI 2, Wang S Ohm il TR
DAk, LAV st/ 2 b by 2L iS4y 52 90 e o it i
574.12 mg/L, Tk EILFEL 40%; #F— DG
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HIEE S, o212 IE ik 1 256.41 mg/L,
Sk T R PR 2 P A 7K. Wu 27
M ARSI AKE TR S G R L-2LIRIE AR, Lt
100% HLE iS58, SN [0 #E10J5 ke 1k
WORIK 88.75%, L-FLRR™HE 6 g/L. Fis 7K
By IG T A g R R Rl fhak i, S8 2,4-—
5L TR (2,4-dihydroxybutanoic acid, 2,4-DHB);”
i 14.60 g/LU¥, Sun ZEM& & 4% Mdh 5 5%
RN WA B (dihydroxyacetone Synthase, Das)f4)
A mAs, SCPH B hOAE  A OTE
B8 NADH FfA=, fli(R)-1,3-TT B4 ™ & 0k
579 g/L, LB =0 13.71 g/L, BREE/RFGR
0.35 mol/mol; "C A5 ic iE: 55 Y B A [ B VE g Bk
IR0 5 A
2.1.5 EEJREZ S EREZ-HE LS RO AL I R A
5k

TE AL # th B IR W BE (Pichia pastoris) & H
AR AR Ak . Jorda 26 1OLR FIAR T 4H 5k
fads P s, AT T RIARE P R4 DY
ILACEHLH], 4550 BoRIR A IR AT 40 M %
FEHETF 20%, B R 1M 14 12 (pentose phosphate
pathway, PPP) % 1k =7 [ il & i Glc6P i = [
55%, HIEERLFIL 46%, REAERMCR B EHR
Fto Li BT SA S50HA HHrE R T
I PR v F S ORBEAC I Y IEAHOCOC &R, it
WEIRER BEAS LAk S I FH A R 42 T 34%, Ak
FIFHRAET 357.50%, AWk 7.50 g/L.

gr bk, WER. WEESE C1RY) SPERR
PR FR G R (G 2) rld L B Rl Bt 4R I 7 o #b
F B SN A5 M N R AR S, A R
B — B Y5 R R R AR 0, S B v (B Ak 2 o Y
AR A . ASK, I R Y R A
AR A% 1) B0 258 e 4 LA R e 1 22 ik
DA BEE—2 3T CL-HH AR R BAIRCR
HaTE, Ra oAy ey Tolkfk i b fit
A I3

2.2 BIRYMSE R ENIR-EE
B FI AR

WA VUK S DL SRy SRR 1) — kb
H WSS AT Y RE R B AMA RS RUEYE S
AR T AR A L P 40 B T PR RE A AZ L
WMz —, XERR WAL R SRR LN A
Yy DI RE S BURE WER 4y« AR BEAARE S5 L
Y B R8s AR R B A S
SRR, R T Y B AR IR 5 i S5 ) A
i i b 75 NADH/NADPH 4 45 it N (1) Ak i i
AT, S8 BRI () FE B A C L DA e A5 161 %
BB, I B4 S m R E b, &
KAtk BER =PI =5 ARG A e iR
RS O A EERE S A S 2 R E YR A
53038 36 0 ], v (A Ak 2% i R 2 €8, 4 ) o i
PR THOR R,
221 KBFPBRHFKECR-PEREREAMER
HBESSEXERE K

KM 35 A FC B AR O 0 8 JAZ A5 5K 9 S 4%
FLRE T B AMAR FR 0 A O SR AR T U T A 1]
SR e, SE LA m AL AR
HHCES S R . Yu SR TR bR NZ-
Gly303, KRB AL 20 2& i A sF AR i 12 se 3
LR S5 HE P R m R, bR R &
W L BEBR PRIk 73.30 g/, 74 1.04 g/(L+h),
SR EE R 77 R BB E Y 80%, N L EETR 4k 8
B TSRO % . Da SR VR R & LT
FEHPIEIL TS poxB. pfIB. aceEF KR FH W vw 4+
P, MEBR ldha R mgsA THBRZLER & r= 4y ,
TR AT 1027 g/L #ZiHE S 2 g/L 2R
G 9.61 /L INEARR . Frigiea s i, ik m
PREFIRFE S RS . Ik QIR R R
E 451 52 B8 46 B 5 20 TR 4 ST B T A T
PRI 13K 5 g/L, FEJR 23R 0.87 mol/mol®),
T3 WA AR JF R A i AR i ek LT
WEG A GRS, SCIEARES oA
IR, TBETBRER ™ =ik 29.02 g/L, #r=%
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Table 2 Summary of high-value chemical production via coupling organic substrates with one-carbon
compounds

Strain Substrate combination ~ Target product Titer/productivity References
Saccharomyces Glucose/formate/CO,  Fatty acids 10.10 g/L [43]
cerevisiae

Saccharomyces Xylose/formate/CO, Ethanol, free fatty acids, and  18.40%, 49%, and nearly 100% [44]
cerevisiae longifolene increase

Saccharomyces Maltose/glucose/CO, Ethanol Productivity of 0.47 g/g [45]
cerevisiae

Escherichia coli Glucose/formate Pyruvate 1.88 mol/mol [47]
Escherichia coli Glucose/formate L-malic acid 1.65 mol/mol [47]
Escherichia coli Glucose/formate/H, MVA 57.60% increase [66]
Escherichia coli Glucose/formate MVA 3.80 g/L [67]
Yarrowia lipolytica  Glucose/formate/CO, Succinic acid 97.54 g/L; 0.64 g/g [68]
Yarrowia lipolytica  Glucose/formate/CO, Succinic acid 20% increase [69]
Escherichia coli Glucose/formate/CO, Succinic acid 2.46 g/L; 0.43 mol/mol [70]
Corynebacterium Glucose/formate Succinic acid 1 134 mmol/L; 1.67 mol/mol [71]
glutamicum

Umbelopsis Glucose:formate=1:3.90 Lipids 70% higher lipid titer [72]
isabellina

Pseudomonas putida  Glucose/formate Biomass/polymer precursors  25% higher biomass [73]
KT2440

Escherichia coli Glucose/methanol Biomass Methanol consumption: 1.70 mmol/h  [74]
Escherichia coli Xylose/methanol Ethanol 1.89 g/L [75]
Serratia marcescens  Glucose/methanol Geraniol 574.12 mg/L [76]
HBQA7

Serratia marcescens  Glucose/methanol a-bisabolol 1 256.41 mg/L [76]
HBQA7

In vitro enzyme Xylose/methanol L-lactic acid 6 g/L; carbon efficiency of 88.75% [77]
biosystem

Escherichia coli Glucose/methanol 2,4-DHB 14.60 g/L [78]
Escherichia coli Xylose/methanol (R)-1,3-butanediol 13.71 g/L [79]
Pichia pastoris Glucose:methanol=4:1  Biomass 20% increase in cell density [80]
Pichia pastoris Xylose/methanol Biomass 7.50 g/ [81]

43.30%, A ERTZ= YA W) A L 5 s 2o s
A TR FT AR Y R EG A IRAR 0 A
ERERCTR A 3- RN R, 7 IR — ik
PEHETE 12,57 5057, LE Lk, CRVENRIE
LW BEA Tl R 7=, T S P P Bl R T
i Il BRI A HIL R 8 R T K R A IR
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B RGN . Khattab 450558 i3 22 3 N 4 4 24
TSI 22 W P ) = ORI = AR T it U it
LN ald6 1> CTRICBUER, S IRTIAR 5
IR T BE A ] 1 3 A2 0 6 2k AW G R A A1
FPYIRER, FABRITTIRE C B O
i (Salmonella enterica acetylating acetaldehyde
dehydrogenase, SeEutE)fiE i £ BRIl 518 5t 1
B, R R LORAAR NADH JI5 S0 A FH
Wik I 1 TCROHAE, i RB BOR IR e im IR J %
A O TR A A LR AL £ IR A% MRS WAL ;
ATEM T A T LW, AW, 2R
HIABEAIL R, 4 FhIRY)E OB AL AR i
W KAER 95%, WESE T ZIRY a5 ik )5 )
RS HERAE B NN 5 [N — BRI 2R
IS R gpdl SCH A L. FFR alde BT Z
W) LIRFE AL . MIBR ndel F nde2 W8/ 5
W, R YR K A SeEwtE ¥ 5 £ R R -
TEE 100 g/L #HZHES 4 /L SR EEFRIE
TR PTTHFE 1 /L LR SR U i (8] B
R SCEE ARG LA K EH 9 (clustered
regularly interspaced short palindromic repeats,
CRISPR-associated 9, CRISPR-Cas9) 4 1 3% & i&
wa, AT LW R TT 150%-343%,
ORI IR, HREWKER T T
RVZRBERRTE . T AR AERIP P B ] S IR SR A |
ABES CRRPMERI A, B i i —hH A
$2Tt 849%™, FIRWISE R, EE 2 BRA ik
A5 M PR s S A v A S e R A R ik TR
HITCROIR , JE AR THERP R A IR O
223 FEAREVKECER-PERERE 4
TR AHRR

FE 5 PLIE B 5 240 TS B 1Y BE BT BLAMA R
PE— 200 & T IR W A AR 4T 4 R LS
1B 37 5% 0 N FHE I o fife B IS I e B 1 Ay it A4
PRI EERE, Lin S0 0 A S AHEFI HBUE
L B-TE MRS NWIR OB A &
T S 2 B I S A W T it 3 B R R 5 TR
PR AR TRERE MR, 7F 25 o/L AMERI 25 ¢/l £

MR gN s IR B B-TH 2 D Z 7 ik 776.90 mg/L
(70.40 mg/g T4 I ), HH— AR BHIK P 48 Tt
420 ffF; 7 —WFoE ., TRE AR AL A HE TR
RA K R F2HE T R IR (polyhydroxybutyrate,
PHB)F S EE A4 T H Y 10.20%, SrHAbENR
et ik 7.35 g/LPY,

IR BRI RE (Issatchenkia orientalis) BAG K
SRR IEIL S, TR PR loDYO1H i B 5 K
RIS B-N R IR & R AR S AME 5 SR Py
[[%64k, 7E pH 5.50 Z5F T LR RRFS AT K it
JERHE L 3- R BN IR,, A 8.70 g/LPY. 6
W& Eh M B8 (Halomonas bluephagenesis)IE R Vi
YIRS, Zhang 0@ Ak B ¥R NG
B LGRS Rk R A RS O TR RE
T AN N IR S Ty S RE T, 4G
FIAE 1] B 2 1ol S 52 0% 8 452 R (clustered
regularly interspaced short palindromic repeats
interference, CRISPRi) i 2 ¢ Bkt I8 4 8 3 (K] Jf- 5|
NAR A AR B2, et TR TR R rp
FE R R 13.90 g/L, 5 L AR n
Kbt — T2 121 gL, Bl i Yy
B U R 28 55 o
224 WUESYFRINGEME B REAMERD
EE MR

THCHE 55 R IR T R 240 AT 114 BB S5 T A MAS R B i
TIZORWE ) EYE . AR 21 BR ¥ (Haematococcus
pluvialis)TERT =S CIRANBE G EFRFM Y
A B — B R A3 3N 77.10% 1 40.40%,
B2k (Neochloris oleoabundans)TE 7.50 g/L %]
W/ 2 TR B 18 2K e /I EE B R JE (bold basal
medium, BBM) A Y &35 1.75 /L, HHEH
B 24%-31%, NRBTE i 34.40%, ARG
AR5 BT R ViR B R DT IR o L 11904, 21 4 1t i
£ (Rhodosporidium toruloides)TE %M 5 L R EX
AKNE ) R 3 1 v Jre 30 W) 20 S 40 TH R AR 1k
JR o R A T R 56%, NRMTRRAL LS T
A AEFAA, BELE 2E KT B (Bacillus coagulans )
R ANFE 10 /L LR AT B2 FiH =R IRIE I
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EmARRN L, AR SRR s B T
17.60% F1 15.30%°°!
225 CER-MERERREAMMEAREARRAHER
M APNRHE

TR-FERE T L AMA R B4 e AR AT
Ye Z M 5. 16 AT 27 2 2K A i i 4%
1 AR R 2 4 R 4H S (UL 2 A A B g T R
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TE 2T 24 25 T 1) Tl A A T D0 32 S 1 ol 5 4 A R
A BETE B 7K AR 2R SR AFAE A HLIE
Y15 R WIR A BRIR, A A 9 B P IR TR
FIF S GE T Mk i B e ml o VB H Ay
T 7 R A SR JEORE B BE A T R AR AR TR, K
JE AT 2 KRR N SRR, A HLUE Y
Y5 2R 1) 6 5 T AN R A4 2 B\ S 56 = B B
() 4B I 5T, Bl D 4 0 2 0 3 Tl Ak R
B & Z: KRR IR Z, Rk (o A Wy il o 10 B
BAL v B I T VIS AT B R AR . dn il

%5 (Aspergillus terreus) 4T 4E 2 K it b A A
FEERIA 39.60 g/L, JiEfHR K 0.40 g/g, AR
JREF A 20 IR 1 4R S s BT

i bRk, AHURYS RIS PR e
TAMARE SR ERNRA TR, EEEES
JES W LA 0 A A S80A D T A W Ok T e AR v
0 S IR AT | A0 2 I A 4 o) 45 O B
AR 3), HESh TN SEER = W58 ) Tolk v Y
BREAL , Kok, a2 H vt 5 AN TR e
(artificial intelligence, AT)Hf B AR5 6 A2 05 1 55 i
T BN Sy 2 0 A= Wy i) i ) P e R R A AL B
J e B R RS
2.3 S-RVHERDEE LBER
231 ERSKAERAGTESNANE

B B — A PR A Y f &
— AR (CO) . AR (CO) M A T(H) X
AR AL N A= W ORE 5 v (B 27 il B ] Rp 2
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Table 3 ~ Summary of high-value chemical production via coupling organic substrates with two-carbon
compounds
Strain Substrate combination Target product  Titer/productivity References
Saccharomyces cerevisiae Glucose/acetate Ethanol 95% of the theoretical value [82]
Saccharomyces cerevisiae Glucose/acetate Ethanol Titer close to theoretical maximum [82]
Escherichia coli NZ-Gly303  Glucose/acetate Glycolic acid 73.30 g/L; 1.04 g/(L-h) [83]
Escherichia coli Glucose/acetate Pyruvate 9.61 g/L [84]
Escherichia coli Glucose/acetate Pyruvate 5 g/L; 0.87 mol/mol [85]
Escherichia coli Glucose/acetate Butyl butyrate ~ 29.02 g/L; carbon yield of 43.30%  [86]
Corynebacterium glutamicum  Glucose/acetate 3-HP 12.57-fold [87]
Saccharomyces cerevisiae Xylose/acetate Ethanol 84% higher product titer [88]
Yarrowia lipolytica Xylose/acetate [3-carotene 776.90 mg/L [89]
Yarrowia lipolytica Glucose/acetate PHB 7.35 g/L [90]
Issatchenkia orientalis Xylose/acetate 3-HP 8.70 g/L (straw hydrolysate) [91]
Halomonas bluephagenesis Glucose/acetate MVA 121 g/L (5 L bioreactor) [92]
Haematococcus pluvialis Glucose/acetate Biomass 77.10% higher biomass [93]
Neochloris oleoabundans Glucose/xylose/acetate Lipids 1.75 g/L; lipid content of 34.40%  [94]
Rhodotorula toruloides Glucose (or xylose)/acetate Lipids 56%; productivity of 0.19 g/(L-h)  [95]
Bacillus coagulans Glucose/acetate Lactic acid 15.30% increase in lactic acid titer  [96]
Aspergillus terreus Cellulosic hydrolysate Itaconic acid 39.60 g/L; 0.40 g/g [97]
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R Tl BB AR A P S 2 b L R
AT SRR F kIR ) E AR A, iR BE
RACHI A 14 290 5 T T R 1 8 T R A0COMSE 2 B
JIRU H ARSI B SR BRAR

AL FH B R I AR P 2 B — S Ak
£ 1§ (carbon monoxide dehydrogenase, Codh)-5 &
1L (hydrogenase, Hyase) 2 %O IRERE . Sk
Mt fi Ak Ha 2804k 2E ik J5 Y B4R ik 73 CODH
PEAL K BRSO, B CO 5 HyO e f ol
CO, JFREHOA ) 6, Sk [ 5 7 W) Atk
e, HETAAHAG B HEY ELaE™ 2
MR . LEdw SR REERE, Hh™a
MR R H B iz, A i P 2 T A
(Wood-Ljungdahl, WL)i& 12 [E &tk , Yo diw 5
A B IR TR I 3 ARSI [ 2 OB 2 (Calvin-
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WL 4% 72 CL 1 ATP 31 #6 B fIR A DR AUk [
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PEAE, WS IREL 2 0y 3. WSS,
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formyl-THF) (JE#E 1 mol/L ATP), £ %LA )5
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tetrahydrofolate, 5-methyl-THF), #2445 ik &
BB AR 5 R 2 — A I U - £ BRI A
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CO, & CODH ffEfbid sy ¥ e, s B2 CO
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IO S A 256 LSRR AP,
233 ETIZMHHEH ANTYERERS
RGE

LS A 25 KB Y Z A%
O, AR Z R EA . B
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adhE2 SRR Al i Ol 5k 3 /L (BBFA: Bl 42
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T+ & 035 /LI, JE B IR A E S O B
Alik 1.90 g/, ARERNFE O BE S i — LT =
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FME—BRIR, 2 L HE L7 ik 3010 g/L, It
Ab, VIR T BEAR B 2 N R AR T S B3-S
THERFE i 9.25 gL, Ry L BHAEE A [ {E 1L
AR TR AT AT R AR
234 ERSAEERRISIESEERE
B R T R B B - TP A R AR AR
CO. H, SF IR AM T iR BEAAL, <
VA% TSR0 32 R 0 R 3 5 R BRI 1) A%
OIS, HRTAFSE 3 3 B o I N 2 A Ak
PV S B 5 R RS 77 5 00 R 45 R s 2 TR A% Bk
R REMRE. RN AT, PSR
N A H AT e 2 B RO AR R, i
EfPdR | SRR RS ERALES, a3
PR IR B M AL, ) AN i 2 AR AT A 8 S T
# (Enterobacter hormaechei) RF2 T B, TEJK %
Bl & 21.80 g/L AEW 2, TEARAL)G
(40P 28 R #% ™ AT 25.30 g/L, X2
TR R 2 AR A A R R B AR 1
(s STV U N e R WK AR A K S
B R By B, Al 2 W 5L AT TR (Eubacterium
limosum) )i AL R TH 2 9.30 mmol/h, £ 1R
WL Ik 34.40 g/LU; AL, SRR LS CO,
HE ARSI BB T2, W SRy #d
e 2548 T AR ] 48 2B T I I A R, o
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AR, A BURR BEB AR AR L AT
T PR R et % e e R A S S e 4 1 AR
i E PR, R Tl R AR R b U IR e (B A
b5 i rh g o A W D A R A R AL T T AT
BARBERGE 4. 2RI, ZHEAR TR IGS
WAL FRCRAL . YA R SWEA R . 3
PR R W 32 M 25 T 8Ok e fe e M 55 A
ORI, AR Tl 2 24 R 38 SO i e T
FER IR, JFAB RN 25 BEA B H A, If
g5 A Ak -AE W AR A TN T ARG A A
e R TR FH
24 IEREREEWRESBSFIRAKR

A A F S TR S, .,
iR S &, TR S5 A AR R J 4 JIC 1) 1E 32 25 B IRAL G b
JERRVR, R T R A W i i AU B I 5T I
R v RIE T Tl A ALEN =4 LA CO, HL/
IR = ) 5 2 PR AR RS, AN UEURE AR
IRBR, 3 P AT R ARG AR il 3 e R X AR £ W U
PR, 325 WUk H bR T S (il i 19 &k R
Ko PRSI I S O A i A AL
WTH BT RS CLKPIAEERMERCRAL . ]
R = P FEEsR . IR TR 5 RE AR O
B, LFR% C2 IR 551 & pH kit . B
(NGRS PRELY/ RS i g (A il R R U N
FEBEIC YIRS R, AT SCER P ] i ARt B

T4 ARSEFEEAFERLER

#b, PRI R SRR R ) S Re s A
ARG i B — SIS A TSN, S AR R, 4
Thaw A RS B AR5 K 2R g
oD TE Tl Rk A . SRR IR i1k
5 R B 4R S B 2 R Y b R W4k, H i
CAEZ M E Y B A 2505 B
24.1 C1-C1 5 C1-C2 R¥I5B & IR 544
B5EMEK

X CLIRMIEBRIAI A, WF50 8 C AR5
B 55 TR P B v S 5 S P e/ YR ] P Y e
HI T2 48016 A 5 38 J 1 T % R (methanol-formate
oxidation coupled reductive glycine, MFORG) i&
7, LHMHEE. WIRELS COo, Rk, T
FEAL AR RE ] A A 0.71 mg/L 5-F 5k L BEN R
(5-aminolevulinic acid, 5-ALA)5 0.21 g/L LR,
PR VPG P B T RE TR R A ALA 5 7L 7= i )k
1.67 mg/L 55 0.07 g/L. “C /REESL s, 72y
Hk A A CO, BIBRIT R AR & HUd 91%,
TR T iz C1 R = S0E In e AL RE
[ IG5 1 1 EXF C1RPIIN 521, IR
B CL R i ORI B BE T80 7 U A%
HLE SR RAE IR AT, C1 5 C2 IR &
Jie B B W R IR LA Y R
(Methylorubrum extorquens) AM1 1E &y H i F| FH
BT, SUUEGMEY 2R, LUH Y
MfE BRI P R 11.70 mg/L, ZRFfHLIAAS FNE

Table 4 Summary of high-value chemical production from syngas

Strain Substrate combination ~ Target product Titer/productivity References
Clostridium carboxidivorans Syngas Ethanol 3g/L [100]
Clostridium carboxidivorans Syngas Butanol 0.35 g/L [100]
Clostridium carboxidivorans Syngas Hexanol 1.90 g/L [101]
Clostridium ljungdahlii CO adjusted to 70% Hexanol 0.39 g/L [102]
Clostridium ljungdahlii CO,/H, Hexanol 2-5-fold [103]
Clostridium ljungdahlii Syngas Ethanol 30.10 g/L (2 L fermenter) [104]
Clostridium acetobutylicum ATCC 824 Syngas 3-HP 9.25 g/L [105]
Enterobacter hormaechei RF2 Syngas Ethanol 25.30 g/L (reactor) [107]
Eubacterium limosum KIST612 Syngas Acetic acid 34.40 g/L [108]
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SRR AR G - WA, i —
G RN MBI, R RIERT 2
118 mg/L; ZBFFEUESE C1/C2 WA A ] 2 ik
B — PP U s ) 2 R AR AR A, i
PR R A R S ), Ay PR 78 5 1R IS B 1Y
{8 16 1 42 i858 0 kU0 8 E. limosum
Wood S % B H 5 HA 2 1) B 491 T s o R 48
PN G T T, A3tk I AL - PP R L 461
R LA T LG o T, IR AR R
ik 220 mmol/(g DCWd), 42 = F e Lb 451 J R
A ] TS A, T EE R GA 2 mmol/L; JiE
YA AR S B 0 W I BORRAE & ) 40 DL R
M, T Al P R AT AR L 1]
PR T S R H U A, T A A
NADH 45 i BAMRAE T, 05 7 2
FEPIAS G 0 Sh SRR AL, R IR AR e P 1)
IR RS T IS4
242 HE-ZEBRBEHZETVREYS
EX7) oy SR= g el 0 A

IR 5 C IR G FITH AT Fe 53456 CL R
W IFE B C2 RPNk B 2R AL DL
TEAE W) R G B A ARG 1l el i B i R
P T o T RS Y& R, s
IS B BRI B (Pseudomonas gessardii) K
RABHH R SHIREEE S, LS5 gL
LR Ny Wk 5 I B AR A ROIR S el . &3R5k
C1 [Fl Ak O Sl s, 1 i Xof PP R &k 1Y ) £k 3 %2
WERRTE, RhRE o A B A Y A i SR
¥t % 8 Wi BR BB (medium chain length-poly-
B-hydroxyalkanoate, mcl-PHA) f= & ik 0.40 g/L,
ol 200 T Y 30.43%, S T R A5 B 1 JEC )
IR WU P ] [ A A R AL T AT AT HOR
B, IR T ARV A R R 0 E R
ARG I ST T, R P R 2 A TR
IR LA CO AT E M MR A LR FE K, A I
AR AT 25 1 12 (free fatty acids, FFAs)
Wang SV PURATIEAL TR A H R . 2R
fiRAE 5 FRA &R, e 20 i TR T A

(%) FFA T EESR T+ 8 %, i 6.60 g/L, 450K 5%
B R 9% U5 Ak 5 R e SRR AR PR TR R AR . T
i Bi AN T B -G W RO A R
St A Bl [ 2 T R AR AR Z0K COL 38 5N
LIRS WIR, TRk — 38 VE A B s i T A% 1L i
PRHRECEER:, {56 4R N B-15 e i & i it
W s, WM AR LR 7, BN
INZEBEIREIEE ATP Fidk 245 B4, %k
RLIMT 14.80 g/L B-IL I =R A L, 40
FEERER] = P BER L ALACR IR 0.75%; %S
P AL CO, € S5 TE W e Akt Bk T 1T
ROA, AT AR IR B B AR R R A
BRI T 4 i &
2.4.3 FEERYEE OIS BT

Sy it — 2D BT B R W R AR, Y
BRI A A HLHI AT T IR ASZ
TE KB A IR T, Zelebuch 251 3o 300 4
il i F iR 264 it Tt (pyruvate formate lyase, Pf1) {43
RNSEELT Rk SRR, E4
TS TR A 3 A 0 P P A v, P 3356 J o7 T BIK 3y
LR EWRRARNERR, ©ERAREENAER
R, PC FRCILIRIESE TR AR A KX PR
NS AR R, %A AT A AT Y ATP
(7 AR, Ay S A DS A ) ) Ak R T Y
T
244 HEKRYNMEESMHESEEMZM
o

S B ML 1) 40 B 1 2 R LIS PR A 4
RBCRIZ DI Z —, RNEGAEY IR 2
AP R ZEAEREES, BREKY
6 B [ B PRy 37 B )92 i . PRI IR
PRAH G AT 5T R B, TN IR T B4R 1 (Clostridium
acetobutylicum) X} Z, 55 W R AT 52 1 B {ELAREAIK: -
3.70-9.70 g/L ) LR AT /NI EE T PN R - T B~ £ T
(acetone-butanol-ethanol, ABE) & ¥ /=, {HkE
I 11.70 g/L =916 0w 2 3240 TR 4
MoFEEE G, 0.40 g/L A9 H ER RV AT i ABE 7= it
B 77%, 1 g/L HERAT =5 R 25%; 24—
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FHALLERT(8.70 g/L LR F 0.40 g/L HiR) ABE /=
M 1510 g/L (= 8.60 g/L, &b E B
PERLN o FE AR B (Clostridium beijerinckii) 7£ AH
[ 451 T T 4R Ao s A cRe 0o, TF
S H ] 0 AT AR AT B R Y i A2 M 5 Y
R TR A BT £ 2 R KA ) 4 R IS 1) e A
FHAEHE T 15 B0 Ak, 3R g R 32 bk
PR S S B IR A AR R A A O
245 FEHRKIBERRNIIRLLEEN B
IiE

T B U A R A R 1 R G 3R s 2 A RS A
KW T LA N HBUE, LABREFIHTHA L-
B RIRIN A MBI, Zhang MUK 3R A
RH MRS, B RFERW TREUGESLH T 4
fig £5 5 W R £R 1 R Ak, STl A e R
Oy AR | TR CEERRIG IS RS AL L5 24
RERE LB, WE TSR EE, B
L A I8 N AR B T ARG A BILIR 1 T 37
P, 5 ok 55 Ao S A i A 1 A0 B PR i 3
1A, AE 5 L RBERER MR LR BE L DL S 1R
S RRER BRI, ST 15.96 g/l L-F 224
PRI RALE L, MRS TiREEN . it
P ok R AL SF Z R, BRAIE T COL AT

=5 EEEEERREaEISENFRICER

A B R W) AL & i (R SRR Y AT AT
R BEIRYIAR G R R B T BRI SR T30
e, HR . CMRAFARME IR A&
A IS, 308 2 QI B A S M B — R i T 1
O SRR S, P AR B E TS
REE AN, W RTHRMRBR IR, fEkE
WIRRRL . AT gk b ek B I 24 P (R 25 e {EL 7 )
AP RELI TR AT (R 5). HATZSUE R T
WS 22t Jie , (ELATY i s i 810 32 4 5 () A2k
AR ZIRY P RACHLER R 58 2 b . HL
WAL T ZRENE S AT IR I A PR . Rk
i 45 2 RHEOR T Bty i i P e TR AR
TFRBAE-LE MRS T2, HEsh A esr @
AWlE RN, B XU HARSE B .

3 RE5E%

A W7 R Bl B 22 i R S A TR A
S R B S B R PR A AR, L
BAUR G AW T2 ST+ A= Wy il s e 1) FH R 114
ORS00 SR, 2 AR MBI 17 Tl
TR AT = AR, AT il Jre B ek AR
PRSP L BT BRI AR B S R 2R B I
FZHPRA, AR GE)R 5O HE R

Table 5 Summary of high-value chemical production via coupling non-sugar short-chain carbon sources

Strain Substrate combination Target product Titer/productivity References
Pichia pastoris Methanol/famate/CO, S-aminolevulinic acid 0.71 mg/L [109]
Saccharomyces cerevisiae  \ethanol/famate/CO, Lactic acid 0.21 g/L [109]
Methylorubrum extorquens — Methanol/acetate Violacein 118 mg/L [110]
AM1

Eubacterium limosum Famate/methanol Butanol 2 mmol/L [111]
Pseudomonas gessardii Famate/acetate Medium-chain-length 0.40 g/L [112]

polyhydroxyalkanoates (mcl-PHA)
Saccharomyces cerevisiae ~ Famate/acetate Fatty acids 6.60 g/L [113]
Yarrowia lipolytica Famate/acetate/electrocatalysis B-farnesene 14.80 g/L [114]
CO,

Escherichia coli Famate/acetate Biomass - [115]
Clostridium acetobutylicum Famate/acetate Acetone-butanol-ethanol (ABE) 8.60 g/L [116]
Escherichia coli Famate/acetate L-homoserine 15.96 g/L [117]
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