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Metabolic engineering strategies and research advances in
synthesis of chemicals through bioconversion of methanol
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Abstract: Achieving carbon peaking and carbon neutrality is a major strategic priority for China.
Third-generation biomanufacturing, which uses one-carbon (C1) compounds such as methanol,
carbon dioxide, and formic acid as feedstocks for bioconversion, has attracted increasing research
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interest. Among these Cl feedstocks, methanol is considered a promising substrate for
biomanufacturing because of its ease of storage and transportation, high degree of reduction, and
potential for large-scale production via CO, hydrogenation. This review systematically compares
natural and synthetic methanol assimilation pathways and elucidates their advantages. It further
summarizes methanol metabolism in natural methylotrophic microorganisms and pathway design
strategies for constructing synthetic methylotrophs, while also discussing the major challenges
associated with methanol utilization. On this basis, this paper reviews recent progress in the
methanol-based biosynthesis of various high-value chemicals and discusses the bottlenecks and
corresponding engineering strategies for methanol bioconversion. This review provides a

theoretical foundation for methanol-driven green biomanufacturing.

Keywords: methanol; metabolic pathway; high-value chemical
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Table 1

Overview of the methanol assimilation pathway
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AP NAD A5 NADH, A EI 4 ok F T
A ACHE; Q)DL LT A2 AR Y B A AL
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M & A AL HE ORI OBE RO R B 12 (xylulose
monophosphate, XuMP) P 142 i 4 2015 1% 1 15
(ribulose monophosphate, RuMP)*4_ x5k 12
W L SR IO 2 R ah G, a5 EHE
Al C3 AR AT AR TE A ORISR R0, 2R
T2yl R — R AR I R i AR, ARERME
WARALTE 22 ARG (serine cycle) " A 5 H 44
fik 1 72 (reductive glycine pathway, rGly). 7EiX2&
whe, Wt — DA R, WiR S5
SR (tetrahydrofolate, THF) 4% & A iU AL 1Y) —
B BTG (AN 5,10-37 H 3E-THF), Pl 3 R AL ol

Substrate and pathway Net reaction References
NAD(P)H ATP Carbon yield/%
Natural C1 utilization pathway
Methanol RuMP pathway 5 1 66.7 [14]
XuMP pathway 2 -1 66.7 [15]
Serine pathway -1 -3 100 [16]
rGly pathway 2 -2 100 [17]
Synthetic C1 assimilation pathway
Formaldehyde GAA pathway 0 0 100 [18]
SACA pathway 0 0 100 [19]
EuMP pathway 2 1 66.7 [20]
Formaldehyde FLS pathway 2 1 66.7 [13,21]

The production or consumption of reducing equivalents and ATP in each pathway was calculated using acetyl-CoA as the metabolic

node. Positive values indicate net production, whereas negative values indicate net consumption. Carbon yield represents the fraction

of carbon atoms from the C1 substrate that are incorporated into acetyl-CoA. It was calculated as follows: Carbon yield=(Number of

carbon atoms in acetyl-CoA derived from the C1 substrate/Total number of carbon atoms in the C1 substrate participating in the

reaction)x100%.
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(1) PQQ-dependent methanol dehydrogenase (2) NAD*-dependent methanol dehydrogenase (3) Methanol oxidase
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Bl XRAAERERLERE
Figure 1 Natural aerobic methanol assimilation pathways include methanol oxidation stage (A) and carbon
assimilation stage (B). Methanol is first oxidized to formaldehyde by different methanol-oxidizing enzyme
systems, which can be assimilated through distinct carbon fixation routes. PQQ-MDH: PQQ-dependent methanol
dehydrogenase; NAD*-MDH: NAD"-dependent methanol dehydrogenase; Ru5P: Ribulose 5-phosphate; H6P: 3-
hexulose-6-phosphate; FOP: Fructose 6-phosphate; FBP: Fructose 1,6-bisphosphate; G3P: Glyceraldehyde 3-
phosphate; DHAP: Dihydroxyacetone phosphate; DHA: Dihydroxyacetone; XuSP: Xylulose 5-phosphate; E4P:
Erythrose 4-phosphate; THF: Tetrahydrofolate; 5,10-methylene-THF: 5,10-methylene-tetrahydrofolate; MDH:
Methanol dehydrogenase; HPS: 3-hexulose-6-phosphate synthase; PHI: 6-phospho-3-hexuloisomerase; DAS:
Dihydroxyacetone synthase; SHMT: Serine hydroxymethyltransferase; SGT: Serine-glyoxylate aminotransferase;

MTK: Malate thiokinase; GCS: Reversed glycine cleavage system.
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Figure 2 Natural anaerobic methanol assimilation pathways. A: Acetogen; B: Methanogen. MtaABC: Methanol
methyltransferase system; ACS: Acetyl-CoA synthase; MCR: Methyl-coenzyme M reductase; AcCoA: Acetyl

coenzyme A.
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Figure 3  Synthetic methanol assimilation pathways. HCHO: Formaldehyde; HCOOH: Formic acid; Ru5P:
ribulose 5-phosphate; XuSP: xylulose 5-phosphate; G3P: glyceraldehyde 3-phosphate; DHA: Dihydroxyacetone;
DHAP: Dihydroxyacetone phosphate; EulP: Erythrulose 1-phosphate; L-EulP: L-erythrulose 1-phosphate; E4P:
Erythrose 4-phosphate; GALS: Glycolaldehyde synthase; ALS: Aldolase; RPE: Ribulose-5-phosphate 3-
epimerase; DAS: Dihydroxyacetone synthase; ACS: Acetyl-CoA synthetase; FLS: Formolase; DAK:
Dihydroxyacetone kinase; EPS: Erythrulose 1-phosphate synthase; ERYC: Erythrulose 1-phosphate epimerase;
LERI: L-erythrulose 1-phosphate isomerase; DERI: D-erythrose 4-phosphate isomerase; PTA:
Phosphotransacetylase; ACPS: Acetyl-phosphate synthase.
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— IR AT BEdEFr A A s e s E— R
T Y. lipolytica BA I F B R W01 77,
H BT A B IR LR G A R 5y, IF R
Y1 B 2 R PR IR SR R RE S R, Wit — A
HA N ILE A Y lipolytica MM T ), I
FRHAE AT A 06 i B FHBEE T e
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Table 2 Engineering synthetic methylotrophic microbes

Assimilation Chassis Engineering strategy Doubling Methanol Advantages and limitations References
pathway time/h consumption relative to natural methylotrophs
rate/[g/(L-h)]
RuMP E. coli Dynamic copy-number 3.5 - Advantages: the engineered [55]
pathway tuning of RuMP pathway strain grows at a rate comparable
genes; introduction of an to, or faster than, several model
evolved mdh gene; ALE; natural methylotrophs
restoration of wild-type mutS Limitations: methanol oxidation
and formaldehyde assimilation
require finely tuned pathway
balancing, making strain
construction complex
C. Expression of heterologous  15.8 - Advantages: introducing the [56]

glutamicum  xylA, mdh, hps, and phi;
deletion of rpiB, adhE, and

ald; ALE

Bacillus Construction of an Mdh-Hps- —

subtilis Phi self-assembling

multienzyme complex using
SpyTag/SpyCatcher and
DogTag/DogCatcher;
deletion of the formaldehyde
dehydrogenase-related genes
[fdhA, adhB, and the 6-

phosphogluconate

dehydrogenase gene gnd,
overexpression of the
fructose-1,6-bisphosphatase
gene glpX, transaldolase gene
tal, and phosphoglycerate

kinase gene pgk
XuMP E. coli Expression of the mdh and
pathway das; deletion of the

formaldehyde detoxification-
related genes fimA/frmB,
phosphofructokinase genes
pfkA/pfkB, and the TCA cycle
gene sucA; downregulation
of the glyceraldehyde-3-
phosphate dehydrogenase

gene gapA; ALE

S. cerevisiae Integration of the alcohol
oxidase gene aox, catalase
gene cat, dihydroxyacetone
synthase gene das2, and
dihydroxyacetone kinase

gene dak into the S.

cerevisiae chromosome

0.129

0.034

0.033

RuMP cycle into an amino-acid-
producing chassis links methanol
assimilation with amino acid
metabolism

Limitations: growth remains
dependent on a co-substrate, and
methanol assimilation is weaker
than in natural methylotrophs

Advantages: scaffold-assisted [57]
assembly of Mdh, Hps, and Phi
improves methanol conversion
through the RuMP cycle

Limitations: rapid growth on
methanol as the sole carbon

source has not been achieved

Advantages: the hybrid Mdh-Das [58]
pathway provides an alternative
methanol assimilation

architecture distinct from the
canonical RuMP cycle

Limitations: growth still requires

a nutrient co-substrate, and
methanol-only growth has not

been achieved

Advantages: a K. phaffii-derived [59]
XuMP module provides a

starting point for engineering
methanol metabolism in S.

cerevisiae

Limitations: improvements in
methanol consumption and

growth remain modest compared

with natural XuMP-dependent
methylotrophic yeasts

(725
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Assimilation Chassis Engineering strategy Doubling Methanol Advantages and limitations References
pathway time/h consumption relative to natural methylotrophs
rate/[g/(L-h)]
XuMP/ Y. lipolytica Expression of the methanol - 0.015 Advantages: engineering RuMP/ [60-61]
RuMP dehydrogenase gene mdh, 3- XuMP-related modules
pathway hexulose-6-phosphate extends the potential of
synthase gene Aps, 6- oleaginous yeasts for methanol-
phospho-3-hexuloisomerase based biomanufacturing
gene phi, dihydroxyacetone Limitations: growth on methanol
synthase gene pdasi, as the sole carbon source has not
dihydroxyacetone kinase been demonstrated
gene dak2; deletion of the
formaldehyde
dehydrogenase gene fld1;
overexpression of the Ru5P/
Xu5P-regeneration genes
tkll, pfk, fba, rpel, and
BmglpX(P); ALE
K. phaffii Overexpression of the E4P - - Advantages: rewiring native [15]
phosphatase gene yidA4 and methylotrophy redirects
erythrose reductase gene alr; methanol-derived carbon
deletion of the towards target product synthesis
sedoheptulose-1,7- Limitations: the strategy is
bisphosphatase gene shb; product-oriented and does not
introduction of the bacterial primarily improve general
RuMP pathway fusion gene growth on methanol
hpsi; overexpression of TPI
and RPE1
rGly K. phaffii Deletion of the 36 0.064 Advantages: introducing the [62]
pathway dihydroxyacetone synthase MFORG pathway enables co-
genes das! and das2; assimilation of methanol or
overexpression of the rGlyP formate with CO, in a natural
glycine synthesis module methylotrophic yeast
genes misl, gevl, gev2, and Limitations: growth remains
gcv3; targeting of the weaker than that supported by
methanol oxidation module the native XuMP pathway
AOX-FLD-FGH to
peroxisomes; overexpression
of shml
S. cerevisiae Expression of the - 0.020 Advantages: the MFORG [62]
peroxisome-targeted AOX, pathway extends methanol/
FLD, FGH, and FDH formate and CO, co-assimilation
methanol/formate oxidation to a non-methylotrophic
module; expression of mis/, eukaryotic chassis
gevl, gev2, and gev3 to Limitations: methanol
construct the rGlyP glycine consumption remains low, and
synthesis module; pathway coordination is less
overexpression of shml efficient than in natural
methylotrophic yeasts
Pseudomonas Expression of the C1 module 10.2 - Advantages: growth-coupled [63]
putida genes fhs, fchA, and folD; engineering shows that methanol-

expression of a methanol
dehydrogenase gene and the
formaldehyde
dehydrogenase gene fdhA,
deletions of gcvTPH-I/II,
serA, and PP_2533

derived carbon can enter rGlyP-
linked C1 metabolism in a robust
bacterial chassis

Limitations: the study remains a
proof of concept and does not
establish complete
methylotrophic growth

http://journals.im.ac.cn/actamicrocn
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Assimilation Chassis Engineering strategy Doubling Methanol Advantages and limitations References
pathway time/h consumption relative to natural methylotrophs

rate/[g/(L-h)]
EuMP E. coli Overexpression of the - - Advantages: the EuMP cycle [20]
pathway DHAP-dependent aldolase provides an energy-efficient

gene fiicA or rhaD;
expression of D-erythrulose
1-phosphate 3-epimerase
gene eryC, L-erythrulose 1-
phosphate isomerase gene
lerl, and D-erythrulose 4-
phosphate isomerase gene
derl

Serine cycle Pseudomonas Genomic integration of fifL- 3.2
putida mtdA-fch in a AserA
AAgcvTHP background,;
overexpression of /taE and
yiaY; deletion of thiO, lapA,
and /lapF’; expression of E.
coli ltaE C188Y

formaldehyde assimilation route
with theoretical performance
comparable to the RuMP cycle
Limitations: current work mainly
demonstrates formaldehyde
assimilation, rather than direct
methanol utilization

- Advantages: the synthetic serine [64]
cycle can exploit endogenous
PQQ-dependent methanol
oxidation and is therefore well
matched to P. putida metabolism
Limitations: growth still requires
glucose as a co-substrate, and
methanol-dependent growth
comparable to natural
methylotrophs remains to be
achieved

E. coli j&Z ML) JFAZAL AW, 78 Tl
A RS, it A A # B
e A8 B[R] AR e, AT L RS ) R I el
Jig 5 P A — JEURHO®L, Chen %511 JE7E E.
coli "I 5T T K% B B FA B R (RuMP) & 1%,
JF454 ALE SRBS, R4S 0 TR PR AT LU BEhy
ME—BRIA E AR K . Keller 25700 b v 2 4H 1k 55
SR A IENYEEAL, BRI TR LU B A i
— PR RN RE IR Y G B T S R A TR R, A
BFEA 8 h, IAEN 5 HR4r KR H L SRR AT 1Y
JKF o Nieh 5500 53 b Ak T AR 25 A sh A H5 DAL
5 SR W B D A DL A e — ik T Y
E. coli, f5¥aufa]{L 3.5 h, B 5 M. extorquens
H1 B. methanolicus “5HB7r K IR B E SR AH 2 £
BHR,

ZELPTHR, R KSR H L SR A R IS
FERRET 20070 (D)X E bR AT
B, fEm R RS ()M ik
oy P S 2 A O e R A LA R SR R ALY
bk, R LRSI w0 S8 T TR TR bR X
e — JEUR A, (HEARTI S, AR RICRA T

Pt
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4 FEAEAHIR A BE M e
o d

TN H 5 7™ 08 19 Ak A BERE G HIL-5 AS W o Jei)
(9 FREE R 3, FF 5 T T PR J50RH G s B
Al d AT RS AE PR AR T R R 2 AR ) ) 1 S0
BRI gE BRI SRR . AR R,
R L ARG G S S50 AW B,
YE MR B D) & A= i, B a0 HLER |
REWAR . & IFEIR . Ban 8 S AWy s 2 R
A5 3). UMEHERACE S T H B YR LY
FEEIE AR, R A R A R DR B Y £ £ i i
TR R BEE T BB ILRUCI,
4.1 BB

HHLERVE J & Bl 2 FloRS 40 427 i 19 5 B Hip
&, TEE S W25 KA TGS E A T 12 B9 L
FHBS. o, ) JEORL G A LR S B
YRS R W 3 0 T R DY, BT e v
HOLE R O TR NGE, BRIl T
LR HLER A A R0,

N IR B A A Ak 2 S e Al D) 286 rh B A% 0 TR
(A, A 2 A B Ak 2 i 1 B ZE R AR
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Table 3 Research advances in chemical synthesis using methanol as the carbon source

Titer/
(g/'L)

Product

Chassis

Engineering strategy

Fermentation
mode

Yield/ References
(g/g)

Carbon source

Pyruvic acid 0.26

D-lactic acid 3.48

4.20

L-lactic acid

17.00

25.00

0.21

0.07

S. cerevisiae

K. phaffii

K. phaffii

K. phaffii

O. polymorpha

K. phaffii

S. cerevisiae

Expression of alcohol
oxidase, catalase,
dihydroxyacetone synthase
2, and dihydroxyacetone
kinase

Overexpression of D-lactate
dehydrogenase

Engineering the cofactor
preference of lactate
dehydrogenase, blocking L-
lactate consumption, and
constructing dual
biosynthetic pathways in
the cytosol and
mitochondria

Overexpression of the L-
lactate dehydrogenase
LdhL; deletion of L-lactate
cytochrome-c
oxidoreductase gene cyb2;
and overexpression of the
transcriptional activators
genes mxrl and mitl

Optimization of L-lactate
dehydrogenase Pal.dh
expression, engineering of
NADPH cofactor
preference, and
mitochondrial
compartmentalization

Construction of the
MFORG pathway; deletion
of the dihydroxyacetone
synthase genes das] and
das2; reconstruction of
methanol oxidation,
formate oxidation, glycine
synthesis, and pyruvate
synthesis modules;
targeting of the methanol
oxidation module to
peroxisomes; and further
overexpression of lactate
dehydrogenase (LDH)

Introduction of the
MFORG pathway and
overexpression of LDH

Shake-flask
fermentation

Test-tube
fermentation

Fed-batch
fermentation

Fed-batch
fermentation

Fed-batch
fermentation

Shake-flask
fermentation

Shake-flask
fermentation

Methanol as the 0.25

sole carbon source

[59]

Methanol as the 0.22

sole carbon source

[71]

Methanol as the 0.018

sole carbon source

[72]

Methanol as the sole
carbon source during
the production
phase; glycerol for
initial biomass
accumulation

|
—
~
w
—

Methanol as the sole 0.22

carbon source

Methanol plus CO,/ -
bicarbonate co-
assimilation

Methanol plus CO,/ -
bicarbonate co-
assimilation
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(Zi3k3)
Product Titer/  Chassis Engineering strategy Fermentation Carbon source Yield/ References
(g/L) mode (g/g)
3- 2140 K. phaffii Overexpression of aspartate Fed-batch Methanol as the sole 0.15  [74]
hydroxypropionic 1-decarboxylase, B-alanine- fermentation carbon source during
acid pyruvate aminotransferase, the production
and 3-hydroxypropionate phase; glycerol for
dehydrogenase; increasing initial biomass
the gene copy number of accumulation
aspartate 1-decarboxylase
and attenuating the
expression of the 3-
hydroxypropionate
dehydrogenase gene
48.20 K. phaffii Optimization of malonyl- ~ Fed-batch Methanol as the sole 0.23  [75]
CoA reductase (MCR) fermentation  carbon source
expression, enhancement of
malonyl-CoA and NADPH
supply, and downregulation
of the methanol
dissimilation pathway
27.00 K. phaffii Construction of the p- Fed-batch Methanol as the sole 0.19  [76]
alanine pathway, fermentation  carbon source during
enhancement of NADPH the production
and precursor supply, and phase; glycerol for
overexpression of a initial biomass
monocarboxylate permease accumulation
and a lactate-proton
symporter
7.10  O. polymorpha Expression of malonyl-CoA Fed-batch Methanol as the sole 0.14  [77]
reductase (MCR), fermentation  carbon source during
enhancement of acetyl-CoA in shake flasks the production phase
and malonyl-CoA precursor
supply, and reinforcement
of NADPH supply
Malic acid 2.79 K. phaffii Construction of a reductive Methanol-fed Methanol as the - [78]
TCA-based malate shake-flask major carbon source
synthesis module; cultivation during the
expression of a C4- production phase
dicarboxylate transporter;
deletion of gpi to redirect
methanol-derived carbon
flux from the XuMP cycle
13.20  O. polymorpha Overexpression of pyruvate Methanol-fed Methanol as the sole - [79]
carboxylase, malate shake-flask carbon source during
dehydrogenase, and a cultivation the production phase
malate transporter to
enhance malate
biosynthesis and export
Succinic acid 0.92 Y lipolytica Construction of methanol ~ Shake-flask ~ Methanol as the sole 0.15  [80]
assimilation and XuSP cultivation carbon source during

regeneration pathways,
overexpression of Hsp70,
and deletion of succinate
dehydrogenase subunit 5

the production phase

(525
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Product Titer/  Chassis Engineering strategy Fermentation Carbon source Yield/ References
(g/L) mode (g/g)
Fatty acids 23.4 K. phaffii Blocking fatty acid Fed-batch Methanol as the sole 0.078 [81]
reactivation, enhancing fermentation  carbon source
acetyl-CoA and NADPH
supply, and reinforcing
methanol assimilation
Fatty alcohols 2 K. phaffii Expression of fatty acyl- Fed-batch Methanol as the sole 0.008 [81]
CoA reductase in a fatty- ~ fermentation  carbon source
acid-overproducing chassis
Fatty acids 15.9 O. polymorpha Deletion of the fatty acyl-  Fed-batch Methanol as the sole 0.12  [82]
CoA synthetase gene faal; fermentation carbon source
adaptive laboratory
evolution and inactivation
of the putative lipase gene
IplI and the zinc
metabolism-related
membrane protein gene
izh3 to improve methanol
tolerance; simultaneous
enhancement of Xu5P,
NADPH, and acetyl-CoA
supply
B-alanine 5.6 K. phaffii Overexpression of L- Two-stage Methanol as the sole — [83]
aspartate-a-decarboxylases, fermentation carbon source during
increasing ADC copy the production
number, and enhancing phase; glycerol for
aspartate supply via initial biomass
aspartate dehydrogenase accumulation
Single-cell protein 32.1 K. phaffii ALE; overexpression of Fed-batch Methanol as the sole - [84]
glutamine synthetase; and ~ fermentation  carbon source during
deletion of genes involved the production
in cell wall biosynthesis to phase; glycerol for
increase protein initial biomass
accumulation
Monacolin J 0.594 K. phaffii Construction of pathways  Co-culture Methanol as the sole - [85]
associated with the fermentation  carbon source during
lovastatin biosynthetic gene the production
cluster and pathway phase; glycerol for
division-based co- initial
cultivation to improve biomass
production accumulation
Lovastatin 0.251 K. phaffii Expression of key enzymes Co-culture Methanol as the sole - [85]
involved in lovastatin fermentation  carbon source during
biosynthesis and pathway the production
division-based co- phase; glycerol for
cultivation to alleviate initial biomass
metabolic burden accumulation
Chondroitin 2.1 K. phaffii Construction of the Fed-batch Methanol as the sole — [86]
sulfate chondroitin biosynthetic fermentation  carbon source during
pathway, optimization of the production
key enzyme expression, and phase; glycerol for
expression of chondroitin 4- initial biomass
O-sulfotransferase; PAPS accumulation
supply enhancement
(15%5)
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(Zi3k3)
Product Titer/  Chassis Engineering strategy Fermentation Carbon source Yield/ References
(g/L) mode (g/9)
Catharanthine 0.002 57 K. phaffii Construction and Fed-batch Methanol plus - [87]
optimization of the fermentation  mannitol during
catharanthine biosynthetic production
pathway, P450/redox and
SAM-supply engineering,
and blocking competing
pathways
a-humulene 1.65 M. extorquens Expression of a-humulene  Fed-batch Methanol as the sole 0.031 [88]

synthase and farnesyl
diphosphate synthase;

introduction of the

fermentation  carbon source

mevalonate pathway and
optimization of ribosome-

binding sites; using a

carotenoid-deficient strain

P Tk A= 9l i v B T3z e Rl o A
S. cerevisiae ' A K. phaffii W) R IR #E,
ST WA A NI, FRRKOE P Ik
) 0.26 g/LP, st R G A T RE SR mg
—Htitk, TR,

FLIR(2- R EENIR) /& — M EH Z 1 F & b
ant®l. Guo ZE120i F B/ HY R S AL 5 1Gly i
TG, JFTE K. phaffii 1 S. cerevisiae W 5L F
fEal H iR 5 Co, R A, MG iz,
FEHEE I 0.21 g/L A1 0.07 g/L. Yamada ZE171
W R 5T B R RS ER 2R T 9 FLIR i =L D-Ldh
TEH BE FR B K. phaffii Wh 325k, D-FLER= =
ik%) 3.48 g/L. Bachleitner %573 3 — 55y st
PR SR F Mxrl 5 Mitl PAssE AL H i)
Mg, K. phaffii FIFLIR™ S THE 17 g/L.
SR, KA B 3 T 48 Tl BRI ] C5/
C6 IR =1t 150 /L7, PRk, dnfal 7 i 3
B Eh REMAEHE R — L4 T FLR
FraE, AT Y LR DG R

3- % KL N R (3-hydroxypropionic acid, 3-HP)
E-MEZENTEEREY, HAEYEERE
PLAFEHIMIERE . TN BRI A iR AR A B-INE
AR 2P0, 7 I BEANIRIR IR R T, K. phaffii
T R A G AR iR 482 g/L, A
B- & ik A T ik 5] 21.4 /LU M Z
T, O. polymorpha TE5RAGIN —EH I A iR42TF
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BTN FHEV 5, 3-HP ol 7.1 g/, R
Tizgi RO AR, EH” 50 EKT
K. phaffii FrikEA7KF-

SRR (malic acid, MA) P 5 38 1 1)
(succinic acid, SA)¥) BAG &L Tl M E 1 C4-
ORI, M H TS R A T
1P e 0. polymorpha W, il 5| A FRGE
R iz EIL G RBEORMS UL, 8 H B
FREE ST T SRR R PR 13.2 g/L). Zhang
AEBOE E  EA R JE B FR I Y. lipolytica, I
i 5 3% 1 I S M Ak R A SR, R
FESCEL T BRHR ™/ 0.92 /L. MIELZ T, FIH
HI IR TR Y. lipolytica B ] 5EER 198.2 g/L
(B FAR 7= 10 3 3 W3 1 FE A BR R R
FAFAE T HRCE DR Tt

KRR AER G YA N5 I6# bR 1 B
A EEMEP, Severinsen Z5P¥RFH = I B K B
dems, DU EEATH ORI A IR, FE K. phaffii
HSCIE T 55.3 o/L ARFRIRIN A . 81X 2 4))
KT - 8 (Aspergillus terreus)E 55 % BEIK Z
IKEIRY 150 g/L AKFP, (HAIESE 1 sl A e
i AT R A PR AR R A AT A THERS S A
BB A C5 A HLRR PR AL T F 2 p it 5% BEAilt
4.2 BeRAEEANAS ALER

A P ot Ak PP ) 25 A R R R A
il W EE Ty, EE B a s RS
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BRI EED SRS R ARt B A A
B 77, SHEYA BGRRXTIE JE Y 5T R
PEEC), 7 K. phaffii ", it R G EA T
e AR IS 58 £ kA A 5 NADPH 1y fit4s, Jf
REL T A 7 2 1 it A8 38 A% DA 4 o ) 7= ) AR
S0 FERMR LR BES AT T, R 23.4 g/L
NeWiR 5 2 g/L BRI, iK% S. cerevisiae V)4
BN Y KSEEYS HE O, polymorpha
L BHWT RS DR T QR R I 45 & ALE 5%,
W T RARTE R BER A K RE T, FEAMEL St
K SE B 15.9 /L i S i R A R BRI
Wang 2P B. methylotrophicum 5| A rGly i&
&, dEsE T HEER CO, M Hfe 1, #F—2FiE
1 FRIBHNE adhE2 FEA, FIH H EE RN — 48 Ak
BT 1-TEE, ek 1.4 gL, EFIH C1R
B R 1-T BERY S 1 .

43 HEER

I RS 1A 0 A L P A 20 i T et A
PSR E R Z RN TE R A YRR i
R FERR MR (P AR P I R AT
DA B R B IR IR, 0 L-A &R . L-#it
SR L-95 2R, TEMGE K. phaffii hRIEAR
[F] ok R A9 L- K 4 & IR Bt ¥R il (L-aspartate a-
decarboxylase, ADC), SZEL T DAH 5K JFURMHG A%,
B-NAMR™), Wi ADC £k E | &Kk
KA BRI E W DU AR R & ik ay , i
— B RAL T B GEAR, B ZAAT ) TR R R A
FHW A 7= B-N AR =ik 5.6 g/,

H L8 JERIBE R, K. phaffii H4% KK H 1 [A)
fLRE T, EHEEEL SCP A= r= B B 4%, WhoR
FH R M ALE SRm&HE R 1 BRI AL A B it
WM, IF R — 23 Ak v Ak A R 55 2 R
AR EEAREA S ER, R, REREERT
i 63.4 g/L, MAEMAFEIE 50.6%, WEHALRE
7 0.43 g DCW/g*,

44 HEHMEH=H
I RS B0 A A = 24 7 o 2 B

AR T, WEARAMLTT . REREE R . KERM
SRS AR A R, A U R AR R
L EPFEMEEETY K. phaffii 3052 5 U5 2H R 5
YanipR I SIgARMIT A A i, 454 pH
P . BRI AR IR N A R, 7
A3 ik F] 0.594 g/L 1 0.251 /LB, @it g] AR
TR G . AR s oo IR A iR L
BEHe, FERMR M K B R S R R AT Gk
2.1 /LB, 3 3o 0 1k B RE A 3R IR A A A A
PEP G A AL A AR 4 K Ak
KRBT L, LT RKABFFA KA,
HH s R S s AR JR A, P ik E) 2,57 mg/LB7,
TE M. extorquens AM1 1, 38T HH 5 0Lk U5
HR IR IR, o HR = ik 58 mg/L; 4564
VR IERE 37 5 IR O SR ORI, Ho= e — 2
T 1.7 /LB,

3-HP. fgWHER A SCP 45 5 o Uil B & A1
KB B s B ) i, 3 I A s AL R
PRAIERE | 4 DRI A4 R B Qa8 4 T S B A
P LT T AN /N (TR K 7 i/ W=
r A R R ) IR 40 42 s U148 1841

82 2R W B 257 B B A A B H AR
AL T =B B BE . BN, SEGNRTAR T, 184k
b T RN T B0 56 7 ) T B R K I R AR
YIEaEtE, WREZA TR, P4S0 il G
TS R AR 2 l R YR AR IR
BLANTIAR T RIS AT T e A e, RIS
A BT G2 — A b K R Rk R 1 AR
RIS (H 2 TR B T B AR LB
TR R R PRI R AR E I R 2 . KB TR
M3k A e — I T K. phaffii TR 3508 1
30 A SPEURSER ) B Z ) KR =i A, (H)=
AT g, FOHBR G . RO
A 3 AR AT e S BRI,

K. phaffii J& B iR )12 09 W A 6
WAL, HABE THBA . mEE R
i . AOX1 JH B FRIBACE S E I, HItAE
3-HP. fEWifR . B-INZMR . SCP. TiMRiKE &= &
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022 RAR =) 45 Wb 2494 g B . 22 41 H
P A8 v RS e ST 0y T R PR I S A 4
W2k, FHREREYE . W B S A0 2k DL R iR R Gk
A R 1) A B FEAT] o B 1) s — 2D 4 vy ™ R 1
KEENZE . O. polymorpha HAG B4 H EEF) FH
RE 77 A B HESTPT H T R T R F K
phaffiic S. cerevisiae 1 Y. lipolytica %5 3F K IR H
FLE TR LR R B Y Tl 1 FH Al A4
TR R, (R AL B AR R, M
extorquens 55 KK H L IR 40 TR E A il S ATARAC
W, JFC I oA R R e Y, EX T
WA PASO [l . 2 A IR B EAZ R IR BRI 5
FRIR Y, W8 3 B AR 3Rk AR A
it L K vy e 22 B DR e A2 T T A — s L3

5 FEMNAREREFTAKRL
Bk

FE P A YA R, AR T
P G AL A0 R T e, PP S I T A B
P b B AR BE A B P A, R T TR AR b 3
52 20 N 37 M M AR AR R, TR . H
T 3 01 32 AP A ) — 2 5 ) PR R 3 1)
Bkt S B ReRP

F 52 40 A Ay P RS S B I A AT AR 3 o 2%
PR IRAE TR, AHSC T AR 32 2L A0 5 FF s A L il
MOX/AOX 1 MDH™?*, MOX/AOX ¥ 1 1 4%
2R S A R PR R %, T MR A Tk
5 HL0, B, 17 A a1 ) 2 IR o] Y e
i 1 AP, Moser 5100 i & I E AL 3R AS
4 TG FEARAY AOX S48 1K, XFN Y K. phaffii
BERRAE P i A K ORI T, AR AR
AN AL 24t 2 T v B4 7= i o AR R 2.5 A AN
1.8 1%, 5 AOX Ml[t, NAD*#K#i/ MDH REf%
W W 4R Ak 5 NADH ZE R R G, (H R 4R
MDH FEAEMEAIR AR . IR 2 S T
i Y A I A 5 T R R R 4% ] ALY, Roth
2000 Bacillus methanolicus Mdh2 47 ok 7 |
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PAFE AL R T 3.5 Ay ARk, il Be-
s gk A PO AR 0 KOS 3R 2 % . Keller
SN0 05 TR 4 NAD A7 MDH 2345 F i it
— A R, T AN A R K
Wit Ak B Mdh2 B 5 O JE i 4k Y MDH
MGA3 J&, PR 28R 2 0.893 mmol/L,
FEE AR AL MDH 2 3T H RIS R A
HEE

FH P2 (1 il 37 2 P I R AT e e A 3
A% 9 o, AL AN U T Hps/Phi 3%,
Das/Dak, 3 RuSP/XuSP SZKFAE | i 7
Az D R H O B A 4 B S R R . Jiang
FEUOSHE Y. lipolytica 5| A I3 Ak RuMP R,
FrAS TRERRTE 24 h 9 H B FE R A3 2.35 g/L,
Ay 2.68 1%, I AT R H B A LR
B IAZESEE, 75 C. glutamicum T, FRVEFRIK
MDH-Hps/Phi A5 5k {ff T 75 P& B Fs T8 6 3 R 15 3]
(1.7£0.3) mmol/(L-h)!"™, ¥E B. subtilis 168 1,
F| I SpyTag/Catcher Fl1 DogTag/Catcher £ 4t ¥
Mdh. Hps #l Phi H3%)5, Fi@lR fdhA/adhB/gnd
Keid F3k glpX-tal-pgk, TR R SM6 W] JH #&
3.87 g/L B D7 Price 210K NAD < #fi /1Y
Mdh3 5 Hps/Phi 413 i E X R Z W E A1k, I
51 A Ldh fEif NAD*FA=, (4RIl FoP A il i 4%
R BEHHARRIE S 97 f5; 7 E. coli AfrmA 42
MR =, i B RS FE R 0.9 mmol(L - by
FEEE 1.7 mmol/(L-h), 3% 9 1%,

XuMP &2 H1 i) Das/Dak ] 7 g H [
1L P Wang 2N AE Y lipolytica T 335 P
pastoris KR PpDAS1/PpDAK?2, i S FL 22
i [ K 28%; #f — A M # {0 % BsMDH,
BmHPS/BmPHI Fl1 PpDAS1/PpDAK2 1 % &
RuMP/XuMP il % J5 , T FEME 72 h B #E
iKF) 0.42 g/L, FESE— 1k RuSP/XuSP fA: 4
YeJa, W I FE I VD A6 ik A I8 I TR AR B T
43%,,

FH /M i S A A W R A LR R
FLD. FGH. FDH. Fae M #/43 i§ # H (1) Ald/
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AdhE S8 WSS AL . I A A s TP R AR A AT DG il
CINDN (AR o i1 /00 B QM (E B 0 4 ]
AL T2 H R VR Bt — 2P AR CO,,
S Bk 15 R AR, Jang FHUOVHF Y & B Y
lipolytica W1t 635 MDH #J# PoldM, 48 h AJ
A€ 0.6 /L s {AMER f1d =, PoldM-fldKO
4 P BT FE BE ) B 2 W A LK P o Witthoff
VORISR0, C. glutamicum F% ald R adhE
DLHI 55 SR AL CO,, Y BEER TR ) Bk E A S
WA L B = 24 2.5-3.0 £ .

W R e A HAR W& i fa, S
06 P B3 0 T A 4 I A e 2 IR o PP e 17 2 T 2k
K, Li VL BILE K. phaffii HAFLES S P B
T A B TR R B 22 2 FR A B, Hovh 22 2 R
7K 1§ (serine dehydratase, SDA) Fil 7 & R 5 1l fiff
(threonine synthase, TS) & 12 1 FA 11 5 4 B ok i ;
iE— DO HAE DUEL, A =45 D1 TS 1Y T2
B, Hp-#1% MR EIAH] 173.9 mg/L, AL
AN R AR AR ST 145.7%.

PRI, PP 1) e ORI 5 22255 I PR I
Ak MRS . ZARmA L R REER
PR LA B (R A T . ARSI SE
E— g GaE N RS A . 2 A AR
W ZEAR . KA TR
ot B AR AR NS, A AT 7 T B A I
T VR SR Bl A5 2R = 3 0] S5 91 3h 25 - 15 1) H
B WA R

6 B A M R i SOR B T AT

H NS CL R LA iz i fE . 5T
AL G R R & AT RS, (AT
M TR R P, A B AR A X G, 4
200-400 EUR/t, 1K T %5 0 Sl o0 45 b 2 i
RO H H i (e-methanol) H A1 475 %2 ] F- 4=
1. B CO, 4R MUARR S, A7 A
2020 4E A2k 1 200-1 500 EUR/t 107 4R 1M,
HRYZTI, o B A% 2% BEAIK, 2030 4F
24 600-680 EUR/t, 2040 4E%4 390-430 EUR/t Fil

2050 44y 315-350 EURA!T,

B H OB A% A1, Y i R R AR ) o
F4 5 A B AR ke 1R R R s a0
P A ol 5 ) Ak o A28l PR R
PRFFAEI S R B R SR BT SRPT
RS £ 5 38 1 M A AR, DL ARTE B L IR
AR A 7= 5 B T B A R R
A AU 5 R 22 3% 43 B (techno-economic
analysis, TEA)WT5E R, 1E C1 Y9I -
PRI, CLJFURIEfb 2= 5 1 SR i i
AT 10%, AR IS 2338 0 Rk #E A1
FE A A, DT[] B 4 g 42 5 32 1 (operating
expenditure, OPEX) Al [& % B¢ 7= % % (capital
expenditure, CAPEX)!" [RI 45 5 F e 7]
H AR = P AR kD B S A R = 4
ARG PR R S A A, R REIRH
FeA Wy il i AR g St

KnipBio 2~ &) F| FH H L8 F2 18 M. extorquens
IRAR A BEAE IR, 22 Tl & A 7= B
MU, FVEAKT skt (R, %
i O 28 3R 15 58 [ 8 5 24 5 W B B1R) (Food and
Drug Administration, FDA)fJAHSETA A2

7 REHREZE

FEEAE R CLRYEA SRR 305 = A
WS T ML S, (H Sz PRI A2 2 34k
GVER AW AL SR W BRI (7 4), B
SR R, BARKR G e REI T 1
Ab, FEEE A MG e A L R, RS EA
Ffboi S fbigte, Zid A S 51 & PR/ H iR
£ . H,0o/ROS EALME | ki CO, 5] ALhmin
2 LL K% NADH/NAD* 4 i 45 [a] 8 )| [] 151
4 fif Ry S f 458 o AR s o) AR T RO L
PR A5 2 A fn ik . FEZRAMRHE ] . LR
FRPRTR A A g L AR T R AR
Ffkigf2 E M . MDH/AOX T.#% . W Z K
AL LR R G g TR KE
S BTLY IV o A SN
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Table 4 Key challenges and corresponding strategies for methanol utilization

Key challenge Corresponding strategies References
Methanol vapor emissions in Treat methanol-containing off-gas by biofiltration, biotrickling filtration, or [113-114]
fermentation off-gas biofilter-photobioreactor coupling
Narrow methanol feeding window  Implement feedback-controlled feeding based on online methanol monitoring, [115-117]
and difficulties in process control DO-stat, or ON-OFF control; apply limiting or intermittent feeding strategies;
reduce peak methanol concentrations through co-substrate feeding, such as
methanol/sorbitol or methanol/glycerol feeding
Oxygen transfer and heat Optimize aeration, agitation, and cooling systems; reduce the instantaneous [115,
dissipation limitations during high-  methanol feeding load; use co-substrate feeding to share the energy supply 117-118]
cell-density fermentation with burden; optimize AOX/MDH oxidation rates to alleviate excessive oxygen
methanol demand, heat generation, and oxidative stress
Toxicity of methanol oxidation Enhance formaldehyde detoxification, dissimilation, and assimilation; improve  [116,
products and oxidative stress the regeneration of formaldehyde acceptors such as XuS5P and RuSP; strengthen  119-121]
antioxidant systems involving CAT and
GSH; reduce formaldehyde leakage/toxicity through membrane lipid
engineering and compartmentalization
Low methanol assimilation Reconstruct methanol assimilation pathways, including the RuMP pathway, [122-125]

efficiency, carbon loss, and
insufficient chassis adaptability

XuMP pathway, and reductive glycine pathway; optimize MDH/AOX activity
and cofactor balance; minimize carbon loss through dissimilation; select natural

methylotrophs or engineer chassis strains through ALE, omics-guided

engineering, and membrane lipid engineering

I A 1) 5 A B SR AE SRR T W e ] £
RARMEAT . 2R IR AL B i B I {EL AL~ b
(45 T 1T IR — € BE R, (ELIE S P iz FHATS 1D
AR 22 B, B P et B RS A P TR P
5N R A @ R VEEC P[RR S R A
BR K S g AR A Ea& MOk 25 WP BERR R E A
HOARE AN F AR =45 R AT BRAE PR Ak
ARAAT TR 1 — 2 B S8 H i S fl . B T
B — S AR FELE | A DR TSP A ) i
EINENDIS VS A R S VA & A A=W o | AN L
TR Z A A BRI, 1280 BRI 52 . sk
[ 4 26 B0 S BE R AT, T P IR A A P B A o
E— 20 g T M P R | B A 3R e R Bl
FEWRSL, FrEfE s P R s R E A

& STk PR

PIGERE . WIRREES Sl 0. SCRROMIT Jefe
s BRADR : BSOS IBSUBRL
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