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2 RAWEMAEMREZE

TR FH BRI A 0 A 2 32 S 5 Dy PR e 4 g R Y
BERE, B AN ) BRI . o R EREA B o Am )
2, B AR B PR v BRE 2 A R (Bacillus
methanolicus) Rt FH 3L 4T 18 (Methylobacterium extor-
quens)[s], 1M R R A A BRI LAY g, anEedR
% B JE (Komagataella) DUBFEREE (Ogataea) FIfR 22
W B & (Candida), b e BAGRE (118 PO B R I
Bl(Komagataella phaffii) F3L B BE(Ogataea polymor-
)[9].
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HATHEAL(EID. FEREEREREY, AoxZ—M&H FAD
7 R R B N R AR, A T S iR, Aoxid it
WA TR AL (AL R BE I AL, B e I R
RN, HIEERE AL, FAD#EIEJE U NFADH,, 485 =2 AL
P [ B, FADH,# %80, A, FAEdAMAE
(hydrogen peroxide, H,0,), [Fli 2R i FHE!”. Aoxtf H
BRI ISR A A%, LK. phaffiiidt b T P26 1
RS S R4, DL BN E— 1 a A e & kR AR K,
SRES RAoxE A",

MdhHRHE FL T S2 AR AN ] 32 200 9 o 22 IR B 1 B )
ne % 1 KA (pyrro-quinoline  quinone, PQQ)K i #!
Mdh. # 2% [CBH M B INADIK I Mdh KK, 7EM.
extorquens'f, MdhEH 7 ERo2p245 ), HHEA
a-TFHEEH —ACa™ B T —APQQIE A", 7

2200

H A FE R, Mdh4h & BIPQQTIR AL I HL -4 4%
BRIMEE At R, b, ARG — D IR i
Loy R B K EMEE |, mAHHT 0, D
PQQIK A Mdh 75 EERF & (1 40 B Ji I X33, #EM. ex-
torquens FPQQAENN A AL 64 F PRI L TP /N AR (19 7%
il ok Mo R E B Z F AR IPQQAEM & s
U TR T L AE R L) h B 1EB. metha-
nolicus%% B Pk FMdh i F 525 3E 2 N ADAE Jy % [
T, FANE A Ca” RiMg™ T3 e 55 A ). NADAR
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M HR T M dh Ak i F2 111G Ping-Pong 2 A4 f) [ N AL,
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phosphate, RuMP)i&&. AW 5. 5% iR (xylulose
monophosphate, XuMP)i& 1% H1 22 Z B ¥ (Serine cy-
cle) (1)

TEB. methanolicus=5 F A B A F I8 1L RuMPYJR
AR [FA, A F i S 13- CUbE-6- T IR & 1
(3-hexulose-phosphate synthase, Hps)-5 5-filf FRAZ il #
(ribulose 5-phosphate, RuSP)4i &, A5 1E6-R-3-C
i 5 4] I (6-phospho-3-hexuloisomerase, Phi)ff b T 5+
F T R Wk 6- T B2 (fructose  6-phosphate, F6P), %4
RuMPHE PRS2 HE N L BARH. TEK. phaffii® FIE
P B R S8 A A B P Y R — 090 B3 5 5 BR A T
B (xylulose S-phosphate, XuSP)i#EAT N, 7£ —F23E
liil 4 i (dihydroxyacetone synthase, Das)ffEft A4 —
¥2 3 il (dihydroxyacetone, DHA)AI3BEEL H i & (gly-
ceraldehyde 3-phosphate, GAP). Das & —Ffiit it 2 FE ik
Ji%(thiamine pyrophosphate, TPP){ffi 7 &% il 2 /g, 181k
FEPIGAP T B E N TR AR T 40 B B M A k.
P o 12 R FH A S A B B2 T B 38 42 (pentose  phos-
phate pathway, PPP)iE4T To b g 2R,
YFBRIE E SETEM. extorquens AM1IFEI, %
HAZ O — R A T IR DDA MR, P S HE

iz
M4 & AR L R IR, TS 2 2 BRI HEN O A
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Figure 1 (Color online) Natural methanol metabolism pathway. Abbreviations: Aox, alcohol oxidase; Mdh, methanol dehydrogenase; PQQ,
pyrroloquinoline quinone; Xu5P, xylulose-5-phosphate; Das, dihydroxyacetone synthase; DHA, dihydroxyacetone; GAP, glyceraldehyde-3-phosphate;
Dak, dihydroxyacetone kinase; DHAP, dihydroxyacetone phosphate; Tpi, Triosephosphate isomerase; Fba, fructosebisphosphate aldolase/
sedoheptulose-bisphosphate aldolase; F1,6BP, fructose-1,6-bisphosphate; Fbp, fructose bisphosphatase; F6P, fructose-6-phosphate; E4P, erythrose-4-
phosphate; S7P, sedoheptulose-7-phosphate; S1,7BP, sedoheptulose-1,7-bisphosphate; Shb17, sedoheptulose bisphosphatase; RSP, ribose-5-phosphate;
Rki, Ribose-5-phosphate ketol-isomerase; Ru5P, ribulose-5-phosphate; Rpe, ribulose-phosphate 3-epimerase; Hps, 3-hexulose-6-phosphate synthase;
HO6P, hexulose-6-phosphate; Phi, 6-phospho-3-hexuloisomerase; Tkt, transketolase; Pfk, 6-phosphofructokinase; GlpX, bifunctional fructose
bisphosphatase/sedoheptulose bisphosphatase; Fthfl, formate THF ligase; GlyA, serine hydroxymethyltransferase; Sga, serine glyoxylate
aminotransferase; Hpr, hydroxypyruvate reductase; Gek, glycerate kinase; PGA, 2-phosphate-glycerate; Eno, enolase; PEP, phosphoenolpyruvate;
Ppc, phosphoenolpyruvate carboxylase; OAA, oxaloacetate; Madh, malate dehydrogenase; Mtk, malate thiokinase; Mcl, malyl-CoA lyase; H4MPT,
tetrahydromethanopterin; MFR, methanofuran; GSH, glutathione; Fdh, formate dehydrogenase.
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My FE R PU SR AT DLl I B e R B, A%
4% T H RS B 42 5 DY &M R (tetrahydrofolic acid, H,F)
SN & [iaa S5/ AGEE JU =Nt o 1 [T % b | A B
HFA O E AR, Zisa b R R VU A iR
EFE R (formyl-H,F ligase, FHL){EAL T, 2 P05 H 306t
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A ATPUCII A £, 7 A ) FR IS HL F A2 37 S HL F A
K S (methenyl-H4F cyclohydrolase, Fch)ffJ 4L T~
HALN IR, B S BINAD(P) R B FF L -HL P
£’ (methylene-H,MPT/methylene-H,F dehydrogenase,
MtdA) AL A F H B -H,F. T 5 -H,F 5 H = FR 7
22 J IR 5 H FE#4 #% B (serine hydroxymethyltra nsferase,
GlyAYfEAL T A R 2 &R, B e il 1 — & 51 5 0 7 2R A
TCATEFA A 7> I A D BRAE O IR IR, 250 KR
i (malate thiokinase, MtkAB)E B3 R FL A BFA
(Malyl-CoA). Malyl-CoA%% 3 J i 47 filg A 24 fi# Bt (Mal -
yl-CoA lyase, Mc)ffELAE L ZBECoATN 2,15 TR, 2,15k
CoAilit 2.3 N i g Aig 2 i N0 fR, M
B Wi 3o AR H RN — MERD ),

KRR EEACHIRAL A 2, AR R S
ZRRE, AEERET =M EER RSN AE
Kz 1", Hh, SKETB. methanolicus
S 20 B P I RuMP I A2 5 47 Jo F g 2 0 F 20
BAE—z, BHB. methanolicus™s T EE A T Re W8 i 5%
B R, DR R DL R I DU PR ) A A 2R AT
EVERREGERD, ERgE a4~ R A —E
IR ).

2.3 HEERAE

R RE R AL fE T, SRR
W AR A ARR A BB, A RS- TR LA IDE H Ik (S-

R PERCEY TR RN A K S

hydroxymethylglutathione, GS-CH,OH), B &5 il id 4+t
H IR AR AT, EIENADE Bt H PR A
I% Jif & B (formaldehyde  dehydrogenase, Fld). S-Hf
25 I H KK i@ B (S-formylglutathione  hydrolase, Fgh)
FINAD A A H IR I 2 (formate  dehydrogenase,
Fdh) [ fiEfL, & E A NCO,. TEM. extorquens AMI1H
P i S0l A 1 Y 3 — 20 B H, MIP T 348 458 4
1k, Z IR AEFdh AL T A CO,. M. extorquens
AMIHAFAE = FpAE[RIR I FF R I (A Fdh1. Fdh2A1
Fdh3. Joit W RE R B 2 F R 40 TR b, PR R A A
173§ CO, I [ A= 270 FNADH, PRIk % 5 fh ik
AR T iR SR AL R R DR

3 ANLHERBR TR

RIPEEFUME )z, RAFEN—
TR ARUTER, NGRS FRMM 1) et 7 &
B2 IR RN AU SR AE AU R A8 F]
FHRCRAR I 1) 8, T B0 A= W e AR FH HR B D P — ik
T m A A B B . N, fERuMPYEIA
i S5RuSPH & )5 46— RV N A B R RR, TR
IR LB CoAT FE R T — 73 1 CO,, FEUR K
WG A67%"; T CBBYEFF 2 [l 5 F B 4 AL
HICO,, TEWFEREATP, LR st
A ) ATP A I ST AN IR Bl 4 g 2 J i,

N T R EREAARCE, BICRERE AR, HETC 2T
K2 N THEFRMER, DATRENRRIEEFIA
B, SEUURE s B AR . N LRSS R a
2 45 4 J& ¥F (methanol condensation cycle, MCC)-
FHiE B (formolase, Fls)i&fe. &1 22 Z B IEH (modi-
fied serine cycle, MSC). = & IREI (homoserine

Table 1 Growth parameters of methylotrophic microorganisms cultivated on methanol as a C-source

Assimilation

Biomass productivity

Dry cell weight Cell yield in Specific maximum

pathway Strain (geom L' h7h (DCW, g L) cow/Bueon growth rate i (h7)
XuMP cycle K. phaffii 0.26~11.6%' 26.6~105!520 0.432% 0.1521
O. polymorpha
B. methanolicu‘v, [18,22,23] [18,22,23] [18,22,23] [18,22]
RUMP cycle o itus merylomrophus 284 30~144 0.48~0.55 0.25~0.55
Serine cycle M. extorquens, 1.2~3.6%%) 56.1~172124%¢) 0.28~0.3412427) 0.19Y

Methylobacterium organophilum
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cycle). FRItHHiMEA R RN (2-hydroxyacyl-CoA lyase,
Hac)i&f%. & 2B CoA(synthetic acetyl-CoA,
SACA)IE 12 1 75 &% H H.5% FR (erythrulose  monopho-
sphate, EuMP)JE3 55 (1412).

3.1 HWEAEEEE

MCCi 4738 i3 ¥4 RuMPAE A 5 A S0 1 W I i A
gy, ERLRR ST IE AT ATP AN AR AL R P i 4%
1A ZERCoARTAEN. WA 5 P RuSP4E &
AR A i L BECoARMCCHIRZ L. o F Y
RuMP{E ¥ [ 4L 4 i F6P B XuSP, #¢)54F6P (F6P-
phosphoketolas, Fpk)EiX5P (X5P-phosphoketolase,
Xpk) AL A R O BEBEIR, e Jim TR IR £ It 5% A2 1
(phosphate acetyltransferase, Pta)fi:{b 1 L BECoA,
ZLAET BB TR W Ak 28 B AL N RuSPHEN T — MG,
MCC# AR5 | B A ERRR IR IS R AL L 4 CoA, A
A e FE IR ST IE P RTATP AR, KOS & 7 W
IR AL R AN AD RIS HH I e S A 7
AR A BINADH AT AR ik iR 77 3R 3y v % B 1)
A, RSN R 2 T R R R R AL O LI B
IET R, i, MCCEAT RIFH) TV BT /g, (H AR
A RCIESSZIBARAE AL VD4 P R R

3.2 HmgMhRE

WHRN R A BE BRHiE S , BT+
FEMEFIThDP AL JF3, A T A T EE4E & BEFls,
M3 1 B I G AR L, 3- R B I . 1,3-
P 5k TN ) 33— 20 il — R R T A B (dihy droxyacetone
kinase, Dhak)Bl 16 E il — £23E N ER B 2 (dihydroxya-
cetone phosphate, DHAP)"". FLS#:4%3 i B /b o i Ak,
SBIETKE — K (one carbon, C1)L &4 [Fl4k 2 rp s
TRARUH IR 45, Flslg i) i3SI a1l 7 AN TisiClik
GRS T e, R T AEICIHLE )
[Ffigfe, H ORI TCO, M [E . SR110, 244K FLS
RN TR IEE R K H 18 (Escherichia  coli) T.
TR B RRATI SR TC V2 AE DA P I D ME— it d /D B 23 B 7 ik
A KB,

3.3 B2 K RIEIR

L FZ IR R — A A BURI CLRLIR AR,
LR 2 M CRFAL )y L BECoA. B 2 Z FRAIE A

(MSC)EARIERIEIE X R AM. extorquensiFIRIR 25
FRAOGHBEAT A BT IR, FFAEE. colihidkAT T ELA).
MSCig 42l FINADH ) H I i 0 (formaldehyde
dehydrogenase, Faldh)fi{k 7 R FALiE7%H FEEA
AR ERIEE. 5RRLARIGAAE, Bz
RIRIEIE N IR T HE 2 2 B E R Rk, 727N
RIR - R BR % % ¥ (alanine-glyoxylate transaminase,
AgHfEAL T IR 5 T 2RI I 4% 2 A E TR UH &
TR, 5 1 22 2 B ¥4 T JL 5% % i (serine hydroxymethyl-
transferase, Shmt)f# ik T 55k B B EER— Bk (447 H
FB-HFRAEG A RVE R EIR. AN 22 5 R
Jt 7K B (serine dehydratase, Sdh)fit 2 AE s A FRER, ik
— 2 F A2 9 1 M % =X 4 B 2 (phosphoenolpyruvate,
PEP), 5 LAICHEAL Rl CRANSE SRR, f 5 725K
R B 4 (malate  thiokinase, Mtk)fi {4 4= i 2 Bk
CoA, [FIIN A4 OBEWR, 58 BUAEIA. 11 22 IR G AT
FH PR 7 2R - TR I IR 7% 2 I (g lutamate-pyruvate
transaminase, Gpt)F1 A Z BRI M (glutamate dehy-
drogenase, Gldh)i# 472 [F4b. MSC&EEHFE24
NADH. 1/MNADPHAI3/NATPE — A i CoAR?
g b, MSCiA% Al DU T K AT i DL AR i sl AR R 2
JME—BRIFEAAC, SR, A MSCIBAR I KA L
T2 TR A7 A0 A i 7 0 B S A B BV E AT C LA B )
AL,

34 EZABRIEIR

15 22 A FRIE IR i& 1% (homoserine  cycle) /& AR IR 22
ARG A, BT R = BN FH
N TR, FEEEAZ 0 I S T PR PR 4 1
FH it e 5 T 4 Pl ——— X W A AT P 08 22 2 B T 4 Bl (ser-
ine aldolase, Sal)Fl4-F2FE-2-5 AT FRIE IS 48 B (4-hy-
droxy-2-oxobutanoate aldolase, Hal). 7t =22 & FRIE I
HSalfiEfb H 2R B4 5 AR 6 AR 2 2R, Salfift
SiGet 7O EE-HLF, RS 2 AR 2 AR I =
(serine deaminase, Sda)liZ NAEAER, #EH T EKH
MR AR LA S A B AR AR R, SRS IR 5
P 7E Hal/E T P IR 46 A 28 IR RARAR P 4- 72 B -2-
AT PRIER (4-hydroxy-2-oxobutanoate, HOB), Bfif54:
2 (HOB aminotransferase, Hat)fi: 4k 4= i 5 22 & FR.
15 2L TR 15 22 F PRI (homoserine  kinase, Hsk)All
732 R & i (threonine synthase, Ts)iEZRMELF=A IR
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Figure 2 (Color online) Synthetic metabolic networks of methanol. (a) Methanol condensation cycle, MCC; (b) modified serine cycle, MSC; (c)
homoserine cycle; (d) erythrulose monophosphate pathway, EuMP; (e) formolase pathway, FLS; (f) synthetic acetyl-CoA pathway, SACA); (g) 2-

hydroxyacyl CoA lyase pathway, HACL.
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MR, e, 75 %R0 I8 2 B 5 45 W9 (threonine  aldolase,
Lta)2f#, AR 4 8, o hit—2%
WA 2 BECoABE N T MY 2 2 B IR IE IR 2
FA R R AR SR TR AR B, I H5 AR 1
T, W7 EARMAREET. maZREREER
THFE1 > T ATPA L 2 ECoA, HACRMN T1E M 24 H 1R
FEIAMSC. AT H S48 B AL 7S T BAR, AR
R LSRR — P S S ), BHESIC b S
W& 2 R IR G R I 12 = UE = S BECoARTAE ML

e,
¥ HH.

3.5 2-Rlt R CoARFMEIRAE

2-F2 MR -CoAZLAR I (2-hydroxyacyl CoA lyase,
Hacl)2& —MZ 5 A3V a-FALIEE, AT A R 5E
KA I 7 7 U fBE-Co A S AR R EE K — AN B L
[12-F2 M 5-CoA. KItk, HACL&AR#E 15 T T4 4H
VAL RE T ECURY), HAREGIMREE
A, HERT LSS B CoA 5 B (acyl-CoA  reduc-
tase, Acr)E I AHBECoA. HEE S HBECoATEHacllf
W EWPBEREA G R, R B CoA, B
Ja W AcriB R IE i OIS, P4 % I U (aldehyde  de-
hydrogenase, Adh)it )5y LR, @i m] LAE 4
MoK, RS 1 LA, BA—E
FIC1L W LD AL 7).

3.6 B LBCoARTE

R N T HEERAGR AR R A B 5 R IR AR
W E S, P Tisrhdie s WA &S 1A
PR EEAFAE S e Bk, & A A BECoAI& 12 (synthetic
Acetyl-CoA, SACA)MIIE 44N 5 JRED w] W F BEA= 9
G OHCoA, HALE A EARRMKES. 5%k,
FRE g MdhE A S, B G, 8T L B2 A I (glyco-
laldehyde synthase, Gals)¥ %1 HIELE & 1l LR,
P2 LR A ¥ (acetyl-phosphate synthase, Acps)LL
TN R 35 R 5 IR A= i 2, Bt 13 % (acetyl-phosphate,
Acp). %, AcPTEWEIR LW # i (acetyltransferase,
Pta)fiE 1t T & i Z B CoARE N AR, SACARAE
i, AL N ZBECoATER 1% EARH AR 4R
MM, T GalsFlAcps A IE IR, £ R B
SACAIRIEEAT W 1 R A RCR, 1224 Tk
18 F AR AR — Pk,

3.7 HARERRARSEIABE R IR

BT R 7 B I K 415 28 (erythrulose  monophosphate,
EuMP) &2 46 A2 BR 4 7l 6 i K 1 -5 IR 5 B (ery thru-
lose 1-phosphate synthase, Eps)ff{t FIDHAP-5 H (1)
i N, AR AN DU S ) —— R B0 VIR (ery -
thrulose 1-phosphate, EulP), /=47 LA DALY, D
B P= W 1ED- 7 B B |- R 3- % 1] 57 44 B (D-erythrulose
1-phosphate 3-epimerase, EryC)fift N34k NL-EulP.
b5, (EL-ZR&ENE1-B5 R 7 148§ (L-erythrulose 1-phos-
phate isomerase, Lerl)F1D-7r &4 2 5 Ml (D-ery-
thrulose 4-phosphate isomerase, Derl)ffE {11342 7344
IR, L-Eul P4 AD-7R 6 FE4-TE R (E4P), BE)G
2 PPPAIBE B R 3 12 I N 2E G AP, (R I FE AR
DHAPY®. BuMPEAT B2 RERHRE 2, B0 B4 =k
PEA AT LA 3 7 H A L F =R S IGAP. 248
M, Z@ieds LR RE 2, HARNRIE) 2
ABEE 4 B AR UR.

BT, N LB B AR A K 2 U AE AR 4
Z W NAR R PSR T R EA, AR L) sk
BB Hh R A B0 R, HAPE R R R 5K
AN S RO, A0 N R AR AR S Ak 2 A
Yl ge RN Lt ot e i, FRAR T R
AR, ARRATYIR 7 Bk — 0 AT A AR G
ST EAHLE], SR T RS E N, A
FLIE FH 1A [R] RS A5 0 M A O3, R B KR 23K
ISR S oA BRI B (8]
EECME, fEHT T EEACEER AR B, AN TR
AR IR 1) A S LR R =

4 HEAHEMELGE

JAE AR P BEE SR AL TR PR RE WS R P A Dy i —
JEORREEAT ARG, (HI & 52 ) xR 5. AR R
FEAS AR AN 2, BLR s A A TRk
Z, WE IR R PRI OO T 56 A0 P i R A
| PHBMIZEREDH ). BAREHR, FEE
T RESL R g T AT 7 BORIAR R, (R PR B A S
RS RKIR T AR, X TR T
(IBIF T IZHT A e N S SR R () R g, BIAE AR
N TR A R AR . R BT
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TR IR AR TR R P G ) A P SR LR AR
R R 12N B 2, (RS A s i ) 4% 7 5 AR
TR AR BOE SRS A T A B 2 0%, KE
FEN A R 27 R 2R TR R AR S T T 1) 55 0 R R
SRR ) M SOE SR T E ST

4.1 HEEALRCR G

T B A0 P Mdh 6 53 P EEACET 2R — 20,
FLAS AR A A P R PR o) PR A QU 8 e 4 1) o
R Mhh, REERS51E F RS A A R R
L = R T R OT R AR R AR A ST
BN AEE. colih RIFFRIEAFIRIEKIMdhE H, 77
1 Re AR I ARG, e SR SN L
FRIE. coliff) R 2 %07 MdhAE7E IR 1
BoREH, B TNudixKiFi K%, 8% 5Mdhil BAE
H S35 481k, (INADRTH LS & K%, WA
FIF sl 788, I RIEKEB. methanolicus(TAct
HHBCKRHE. coliff)NudF, 7E 7 EEA) H 5 1%
FERMRAE DY, N LA RE FRE. coliff FEEH
FERRIAFAE NN 7.7 mg L7 YO FR Y g A
Aox AL RS AL, SRTTZOE FE AR iH,0,, &R T L
THORSE. SMHX— 18, Zhan " 7EBUTBE BE(Sac-
charomyces cerevisiae, S. cerevisiae) T ¥ it T —FiH
AoxCR EK. phaffii X-33)Ff1Mdh3 (K H B. methanolicus,
P BE Act 10 8 E) 2H B 1) B RE AL XU 4L 5] 28 &
G5, IS, cerevisiae N T. W 228 F7 TR, G317
FE1% F I g ME —BRUR IOMM B FR B p B K. 5 Aox-
XuMPHIREBERAH LG, &A B R X 5| B 5 A W
R PR g 2% AR ) B RD PR I R R 26 00 il 36 0 T 28 % A
152%. fEK. phaffiif', 1571 W2 FARTREDS =20
HERR2 7> TNADH, #EAT MRS IR, Jv4m i fe
e AGEE S1. SRS, cerevisiae ™ R ) F AL L 72
WEFTK. phaffii, K IAEHBmMdh3 {40 F EEE L
HI A A2 BONADH, 7] DLE— @ 2B B ARSI (1)
BT 53— 7, Aox AL A LEBmMdh3 2.3
%, TECRUEAL 5] 28 R G Aox ] DASR AL B 22 11 H i
TRk, sE— 0o TR RE R EE R st s, 18
Yarrowia lipolytica ¥ 7 H1 H T 4H T RuMP3i 2% Al
Ry F B I B XuMPIE % 40 R ik & i 2, 12 N TH
F 75 I T G PR A A M R B VR S RS RS 72 hil
FET0.42 g L7 AR 3040 BE B XuMP& AR B S ) R
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T [ 22 iR T BsMdAhE A IR A7 25 AR 1 FE B4R
AN

NADK A Mdh ) e R AR, —J7
T EH T O R R Ao AN 8 2, T B4 By AL R
KA fmE S, g me A TR 55— 771, MdhAg FRg
I E PR R I B B A TS . XK E B. methanolicus
I6FMdhBEAT B3] 77 27 MR A3, T HA g 1) 5%
71 LG EER24~3301, 6 R 1k 202 151970~4500
B, xR TR BRI R LIRS E K, 4
e SR M dh i Ab H B S8 A OB, [] B 3 S HH 1 7 4 e
R R,

4.2 HEEFEEEOE 2L

FH 2 20 B R VR I RuUMPIE BR JE . coliFN 23 B R R
IRFF B (Corynebacterium - glutamicum) =R 2018 3 14
N T SRR i 8 i 42. T RuMPATXuMP
I [E) AL A2 B8 T2 AR IE BE, (R b i 42 X B -5-
WAL & VDI AR 1R i BN R AR AR B 0 L 2L
Z W FIJUESLE. coliF RuSPHIFAEAS & LYEFr T
(P A FAL. I — a) A E AT B I R S Sk
Y oR I RGO IR, 28— PR 2 1T JE S L PPPIR
2. BT RuMPHXuMPHEM 5PPPig et = K2 HUb
% OMFRE EF, T B Hps A1 Phi 5 Fh i R AT Rl 4L B
. @I I N IR AEEALPPPI& AR, LA A i i 1
%M A4 B (glucose phosphate isomerase, Pgi)3& [ Al
FH i 5 20 (formaldehyde dehydrogenase, FrmA)JE[X],
I F S 2 A RuSPRITE AL, B3R T R R
PR E S TR AR IS . A LR R
FEIMG1655AfrmAAtalAAtal B A5 Il 2 5400 ) He
GAP T FE BRI AR, 456 5OR PEEIE — R 1 (se-
doheptulose bisphosphatase, glpX)J& K )it ik, fdign
L TR USP A5 B hna s, RIS R AR g3 4, e
FRACHE S I IR AL B 73 s 1 205,

FREEE SR A P B e A A28 R K R i A 4)
BRI —Fh R AL, R ES AR AN ADH A 4 i 4 it —
SEMRe . SR, MR S8 R A
FRCO,, &R ™ E iR, B B AR 2
AR R AN R R BT, F R4 A is A2 i
B B EL W LUA B 70% L E1. SR, H R SR AL
) e A BT 2 S BUR PR AR R, AT R A~ 4H
HdE 77, AT B EEAR T g T S R AL
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YT M A 5 DA R R SRR = 5 THI I i, WA A000) 5
WIBEHATREREROE. FIFE. coliRIRII RS T )
BT Py, M ErmRABHEE A T 10T LUK 2 — 25 B A oK
P4, -FrmR, XMDH. HPSHPHIEER 1315 7K Vit
ITENA T, ZRGH A SR e
035 gepw/emm' - BRI, 76 FF R RE b 3 B = 254000
MILEMME RS, TR I A IR AR T R A T G B
KT, WP SR BT IR R 7K. phaffiisitig
BRBEIE R FLDI 5 KT, %5 AV A
B3R EER IR B 1 12% (K13). 7T 4
A RS ) A B S e oz T )~ 18 5T 9 v R I )
FZR B CE T, AR RAE HRE I B T s 2 B R )
AL 2R 2R 0, AT T P F AR 3 S AR 1 10,
FIFH shAS VR HLE T AL S A SR i, B
BB S I = ORI

4.3 RBEMZE N R

5 R A DL, BRI WAl R, X =4k
DR C A S R NS oS N 5 1 i e e ek )
IR AN ST A T . R R 0 FR AR R AR
FE AT A B, I H AR 2 E
BTN RENIE. K phafiilfid SIS E
HH PRI T R E R RS, H P Das Tl DL
HE 5XuSPIRA, ARG H 2 O A
P H A G0 B EEAT A OB, IR AR L AR 23 TR
(GRS e I R SN il s R il N s R o)
(A& fe .

TEH BERERERIS. cerevisiae I ATAEAE FAL )i S AL
VAR L, 1t PEXE R 50 2 1) ik S8 AL P
AR P R /N AN B B DL R i 3o 4 A il A S 1) 2R 9 R
ANBB ZhanZEM2E S cerevisiae P B G T B AL W 1A
FEAIEKPEX3IFIPEX32, 454 PEXSFIXuMPEH
Fik, HCTh W gLk S A A U A RRUR B 48
HSHCT HEEA R, fEFBEMERE. coliff Bt
T E A B R LR, R HE R B AR A e A
T 2H 2 SR SR 4 e AR AT R O BB B, 30
) 308 T 258 S IR S i i R R A T kAT, i,
1 FH 2 Mk 2 IR (GGGGS), #Mdh. HpsHl1Phi =/~
IRl ERIE, BRIDE AV Je i T 5.815, FiE
ZEF6PII AL T 1.3 (K13). Price5P %
TR TESCHR B AR, SH3-FC A (] (¥ AR

CH,OH

________
X I Down-regulation of
Mdh | Screening of Mdhs " downstream |
,  and expression | glycolysis pathway
activation proteins | ' = = = = — — —'—

S
I
Formaldehyde ‘e. (-, X > (N —— » GAP

induced promoter ¥ ¢
/" Pm > frmA SY P
‘ [ RU5P RySP | Proteinfusionor |
{HPS > Ak 1
@ / cycle | artificial self- ;
CO, | assembly strategies )

_________

r &
| LHPS 1 <D Hps o
s &

CH,0OH e
Dissimilative
Aox | Mdh thiviay
18:CH,0 GS-CH,0H
Xu5P | B ‘)
Assimilative u cycle FLD1,
pathway and NADH GSH
Ru5P cycle, GS-CHO [
H,0 FGH1
GAP Peroxisome
Regulates the size and NAD‘HCOOH
number of peroxisomes FDH1
NADH p
co,

Cytoplasm .

B 3 (M2 B FREACH B E G, R AR 0 M
GRS (1) BERITHIE; (2) WM RN, 3) &H
RS SRENE; (4) AR (5) mA@fe T i

Figure 3 (Color online) Rational design of methanol metabolism.
Rational modification strategies of methanol metabolism include: (1)
enzyme screening; (2) down-regulation of glycolytic pathway; (3)
protein fusion; (4) assimilation pathway strengthen; (5) attenuation of
dissimilation pathway.

HAEFKMdh. HpsFIPhiZ % B 2> FEEE &4, M
T FF B [ FOP B Ak 03 g iy 15015, A RIEE &
IR W] LR I 50 R E AR A SR . X
Pl i) TAECOE SR A T AR E R LS 1, stk T iE I
PR (A JCIEIE, Jeft 7R AR P bz i) R AR AR
W SR IREN 7). Z RIS BT 5w R R A A AR
JIEEAFINZAT:, T 24055 1A 75 Rk AR 2R

4.4  FEARBHAAAE R P
NAD K i £ Mdh TR uM P1iE ¥ 45 5 138 2% B T
ATPRINAD(P)HFAE /KPR &, 38 #0RIE & T4

N T R R R RS R, 4 AL R
WA ESEEE MG, 85 FINADH/NAD LE 4
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SOTAFF HEE AR, SR AE A S5 977
B MRS NN 78 3 4 B S Bh AR IR O 15 0 R, BHTCAAR
U A FINADHIE— 5 R 1 40 B 9 I R HE
FL H A PR S 740 i N ADH/NAD LU AR (1) 5
B 3= 22 I NN ADH ) #6 5 Jsk />N ADHAE 5 A~ 7
AT

TEE. colitf, NADK ST 3¢ 51 Mt S B A
maldh BRI, B HRAT I 2 5 5 FNAD/NADH G H,
I FLAE IR A BRIR (B BRI A0 R A K A8 3 s,
IR 24% ) PSR N p ORI, A, A% AT S
F|— /N2 5NAD IS A kA B 6 68 55 K 7
nadRIER 5%, SEAMHIR 715 MK, #—20 8
T WA KT R P NADH/NAD BV 491 ) B 0. 40 T
J A A A N A TR 2R E INAD(P)HER it iR
77, 5] ANADHAKH G BO& 12, BT LUK py AR
ZNADHPE A ANAD, BB #EMdhELL 1)
PR SR AN S A 2 B BB . B, A P L i S e
NADH[EWCAHNAD, MR ik 7 HEE Tk 51, A
R 7T RUMPYE PR R A ok 7,

A7 EE —ENADHE R, W] LASZBINADH
5NADPHI# 4. Wang"EE. colih % ik AS.
cerevisiae)NADHIEF(NAD kinase, Pos5), FFHEE T
NADPHFIFFAEMR R, 235 BRI 7 40 N FINADHIK
S, IR A RO R A AR T A WD
TEK. phaffii FEEARH I T — RFINIE K ES.
cerevisiae)NADHEEE, b N E TN ADH AL
KpUTRINI I Rk BUR fed, o8 7 W RE R IR 3-72
RN 2R TH12.8%.

5 WEA R TR

MEHEET, KE MBI m AN T 2
EIRTBRR, SR EE SRR 1 T T i JoiE A AR
BEFME. BEE & BCEM A RORRIE R g, At )L
AR R AR I 24 2 ST e S s A M )
RN ARG, — R LR A SeE R
Fhs. SR, T A S A AR R B
KIS, HREAQH IR 2 DLROR 2 U RN ™
HA ARG LE PR T MsoE 5004, 5%
T B AR R v K PR R AR R B B A AL AL
i, R A BEAL R 5206 % 08 Nk it Ak (adaptive  la-
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boratory evolution, ALE)F AT 44 (1) H A 2L
TEEFT A T A

5.1  HIEEZEEMdh Y e kAL

iy 2R o IR R 1, JLES S
P A AR R, B AR A B ) 3 AT
R T R B A2, AR
RS AR R A I AR E . AR, R
HR M EEER 24, HMaez 2 2 MRS %
Wi, 3EIN T OEAERE. P E Rk A i PR B AT
RAR G RTRIE 75, B CEJL I [A] N S LG 4+
e LA B .

EH T P T 200 R P 22k R G 4 3R 0 O FE AN 58,
LT F AR SSOE A AR SR R AR R R R S i 4R T
R AL L. QA SR, NADAKER I Mdh 2 ok % i F
REAH TS R B S — AN, Hfiea) A MRt R E,
It B m T AR EE, A ORBRE T F AR &
&, MdhIPEREMA AN RAEE. coliS i A1
N THREE R ERNEZE G —. Bk, A
W 7t 3 52K FH ) A0 AR SR 3 ML h ) 4 £k 1
g8, N T IRE K E Cupriavidus necator N-1H]CnMdh2
(RIEALTERE, Liao% ™ 1IF % 7 —Fiidk T-Nash 52 B &
IBEIRIL TV, @RS B B Pk A
Mg, MIh R =AML m KA (A26V. A31V Al
A169V), HEARCTA-1 Mk, k, B AETISE = T 645
FH T HH R e i i 0 B 1, %0780 7 4E AL,
TR 2 TR AR 2 R S SRS I R A R AR
FH I, I AR AR P (0 S LB %) e A 25 2, DROR AL 1 e
FEF, A 8ok 7 AR RIS T A
M, &R T Pod bR e, Rk ik &
R+ AR, X TEgEE Rk 5, ek
EHEKINFRUMMZR. N T HIRIX — S Liu
2LV o0 T W B 5% 884 B 151 (phage-assisted  con-
tinuous evolution, PACE) I, Fig [ 5535 —ACFERT &4
10 minBI ] P2 B> 107 R A k. 6T H A A% ik g8, i
Tk e R T A B T 5 P T SR A AR R T A A
B, XIREB. methanolicust] F EE i &2 (BmMdh2)
AT T Wk B AR B A% 8Ll Ak (phage-assisted non-con-
tinuous evolution, PANCE), BmMdh2%Z5{&(Q5L
A363L)HEALRE B B AR SR T 13,545, MR TR
PR LA AL BE 712 CnMdh2 CT4-110F 5. sk, T
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FO R T KB R AR S FERH A7 T-Mdh i FINAD
D 25 A DS ) X, R e Sl — P g iR
BT E TR T

O MR AMUAGE TR — 1, 3B R A —
Be H I A AR T A R R AT B E LA, 2023
4, TianZ e FZ A i ST T IEASDNA K i &
41, fiw4 NBacORep. 1% RGHIH—F RRLFET I
% AN B (Bacillus - thuringiensis) IV R T4 05 B 4
SHIPLEE, Wit TR 5 fE IEEDNAR G 18, fit
M LEA RN TE 32 B A TR KB L R, SEIAA A
R ENES E L. RN R EE T —M
T HUERuMPIE I N TH B E IR BB, thuringiensis
JESRL, ¥R E B. methanolicus MGA3F\IMdhAIMdhEyE
EFAct, >k B E FEHIMF B (Bacillus subtilis)FJHps-
Phi L X NADH i &l (NADH dehydrogenase, Ndh)%»
NP R, F 3 — N BE O 12.3 Kb 2Rt kL. i
S 200 5, BRA A AL B bk B VH AR =
0.7 gL HRTFZER3 g L™, Hln T 7.40%. WHocss RiER
T 3R B 55 — AN B2 K % (B4 Hps . PhifINdhEE F1) )
KPR EA R T HEEFR . BT A S BN
LR R GRS DA sy T B A 2H AR Z 670015 e FE
IR 2 R B H BB, R R B R %
WL A, ARA BRI T FEARHERR
Ak,

5.2 Sl e B PEEAL

PR R B PR 1AL T30 A A2 DA S IR T 75 () 3R B AN A
RE7J, I S K R oA R TGV SRR R A
() BE A A R . ALEAE B AR BELL 1 3 A JE )
a3~ WG R AL TR —
WA R AER, AT DAE SR = h PR R AR H bR
TR TR, 0 HL R A T 0 PP A U S A A 7R
ALER] DLy lRANIR 5 20 A R I skiE, I E KT
Mg, BRI B LTBra N T3S 75 R B AR A 7T R
(Kl4).

N T 7 9 TR T e 1) P ) R o T S e
WA SR, A B ALESRE IS X AR 47 4> M JE
HEPEBRAL. A RO B R T B PR ALE SR 1) — S S0
PR A 1 X L L e R S W U G SNV AR B
BEIERIBHWT, Ba K S FRE R E R, — M
5 Y — b B U (o A A T RO

BT AR B DT IR L), R A AR
Bz By T2 B AR F Al BB IR AR K. 8 TEALEYARMT
B, RS s B ok BB SR SRS B w1 R A
WEMAL. ETENEBIANT T, MeyerZ “HEE. coli
HH RS T Entner-Doudoroffith B 1 61 2 5 7 H3 8 fid. /K
fit#(phosphogluconate dehydratase, Edd)F1PPPi& 4% 1%
WE-5-TE I 7 /B (ribose-5-phosphate  isomerase, Rpi),
2 AN Fie e it 6~ % 195 ] 760 R 1R 1 % (6-phosphogluco-
nate dehydrogenase, Gnd)fff b 18 AR FH K 2] B T2
I3 AU L ) BIRuSPHIIE Y, 33— 20 ORI Y 1)
it e, G RuMPIEEE S, TREKSALEL K —
RIS, oM R R A B T, F IR U e 1A B R
SR LT SR AE AR BLK (13,7 mmol gepy ' h7H7.
ChenZ 1 B[R] £k 55 T (CS)YREFI R f40
AR S, B EFRPPPI& IR AR pi ol i R A% i 4 -3-
7 7] S A4 (ribulose-phosphate 3-epimerase, Rpe), 237
7 Mdh-Hps-Phii 724 88 1 ARE Sz iR, &
ALERR I 75146 3] b A Ko % (u)ik £0.17 h™ (OB Bk,
B FIACHE DAY 11 ) BE R L 3L [RlAk. FE bl gk —20
[ o} 05 P [RI D e, DA KR B2 b4 e AR il i
SR ) R, T R R R S R R R g A
YN, wASIL T N THIVEFRME. coliFm R
R R AR, (R N85 h, RE &
K65 ¥ (optical density, OD)E AT F2.01%. Wl /545
RN FE R 2H % DI S 7 (copy number variation,
CNV)s&: 22 it 41 i N DN A-5 [ i A R B I 1 £ 27
X BOHT I — T S N TS FRALE. coliff )i
I [AI4A 5T 943 h, FFIRHL T 2 R0k 2% i 1) H RE AR ) e
5 . EspinosaZs L4 KRS, cerevisiaelt & 452%
FH R0 1% B BEHR U 1 35 55 2k vl A7 130 4k DL o
R AR, 2123005, HxT A, FEERR =01
AN T 44%.  ZhanZ5U VA — b AR R LK
(engineered module circuit, EMC)%I% 5ALEFIZE A,
BT T RS R F FREAE I ME— B UES.  cerevisiae.
EMCHBS 3P IR: 1ES. cerevisiae ™ HE AL YR
R R FH e A% AR S oA R B R B X o HE I ) FH e
BOMRES. cerevisiaeid A AYBE A DL 2 FF I AN
H,O, B 1%, BHUSAMILA. ) Z IR 22 AR
(gSerine)IE M 72 NS, cerevisiae B FF WIS FH I (1) 9%
BEE AR, I RS T IR A AR
TR EE FRRIAEY), JUH 2 F RE I BRI
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Figure 4 (Color online) Evolutionary engineering of methanol metabolism. The primary research methods for evolutionary engineering of methanol
metabolism include enzyme-directed evolution, orthogonal in vivo continuous evolution, phage-assisted evolution, and laboratory-adaptive evolution.
These approaches can significantly enhance the catalytic efficiency of methanol metabolic elements or pathways.

AL S AN L XY ey D s = B )i
HFRERREAYR. A, U@ EMR T 5l
ANRIB RN, Rk EAARME 7). ARG IRE
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iy 2 0 A0 B B — e 40, T T RER S M IR K e
BATIEE, A RedERran AR A frigsh. M5
UM TS, W SRS s TR bR &R, Xt
A RACE LS, UhAh, HEEARH S A R
HJPE PT Ae 2 ST B ANAQUR 2R L, & AN AT ISR T,
W40, 7E0. polymorphalig Wi & £ B I 78 A, 24 BH Wt A
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PRFBEAS T %6 20 i AT AR5 1 355 T8 A 38 22 40 B Jei &5
1, BN T Bk E BT, Mosers5 i F ALER 7
K. phaffiidil 725048, $& R A HEE B A s
B, # b B bk A B F I R T 2,565,
REBEHAT, INHE. coliflS. cerevisiaeSLH T
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SRAE AT SR AL AT 7T FEBIL 1 JE T EUA AR 34 5 B
TE, 5 AW FE EDNAT FEOR, f#
PR BRI A E S T HLII, BRSOy HR IR g 12
PR B AT (0 WA

SE [V RE A 0 R e S R T AT R4, AR5
JRTE ORI AR R, TTALE ] F T A R AN A I 4
ST BOAT 2 984, I et 240 M 11 2 Jm o o7 12k
RAE“ALE”5E ML & T AR TEng, H#2HE
e Pl B R A B L BOR, JCHRALED
B9 v BRI AR 5 A R A 22 ] SR A T A 0
/E\_[%].

6 I A R

B — PR JEC LAY, FEBER B RE i
JE(CH;O0H, A3 fik )38 J5 FE e 96) a1 T 4 8 (C o H
Og, TERRIIIEJE Bl 94!, B 2% R IRt ) S B
(AG" = —2870 kJ mol™ ")yl & T & B (AG" =
—4276.6 kJ mol )" PRI R E A P B bR &)
HERAR R, I AEoR, i A 2k AT O R (14 32 T SRR
FH B AE P20 i 1) 08 ) F R AR IR ARAE IE 8 7 1)
NI EHRIIE R R ™77 sRif, B
Tt 25 W) e A 7 D U A W 4 e (PR B AR 0 e A0 6 A 5
mh A g LR 2), RSk Bk Y R R R R 2 SR A T
RIS JE e

6.1 Ay | R e T SR

A I B2 R R AR R bt R TR DR 45 A 1
T R A i i WL AR e AL AR P2 SR . AR T, g EE e S
SAE R e It A2 0 25U R A T P A P2 SR PR
77, TG AR KA, (B2 SEEY R Rl R 5 S ET
FEARR, 2 T S0 P ) () A 7 2 . TR e v S 0 SRS AR i
IO BRSNS & T A A #8, 75250
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BT IR TR R 73, mTRUA RO ik R
PR 1] S = AR A YR AR R . BRI
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FrEA I R REIR L. 22 Fh 77 =035 mT S AR A FE ) i
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Table 2 Methanol bioconversion toward synthetic chemicals

74 A Frari iR BRI i GED) LS L ERBYN
TRIR PR R AR B
Cordycepin K. phaffii  Fed-batch in shake flasks ~ Minimal 27gL™ lemgL'n™ - [80]
a-bisabolene K. phaffii  Fed-batch in shake flasks Minimal l.lg L™ 39mg L'n! - [81]
a-alkenes K. phaffii Batch in shake flasks Minimal 1.6 mg L - - [82]
Malic acid K. phaffii  Fed-batch in shake flasks Minimal 750 mg L™ - - [83]
Citrinin K. phaffii Fed-batch Minimal 0.6 mg L™ - - [84]
3-HP K. phaffii  Fed-batch in bioreactor Minimal 482 L - [51]
P (23 mg/g methanol)
Free fatty acids K. phaffii  Fed-batch in bioreactor Minimal 248 L 108mgL™ h™ 193 in OD [19]
ty P (8 mg/g methanol) & 600
. I - 56gL” R .
Fatty alcohols K. phaffii Fed-batch in bioreactor Minimal (11 mg/g methanol) 156mgL  h 46.5 in ODyg [85]
. _ . 159gL" -1 -1 266gL)' DCW
Free fatty acids O. polymorpha Fed-batch in bioreactor Minimal (120 mg/g methanol) 8mgL h ) [66]
. . 36gL” S
Fatty alcohols  O. polymorpha Fed-batch in bioreactor Minimal (16 mg/g methanol) 129mgL  h - [86]
B-Farnesene  O. polymorpha Fed-batch in bioreactor Minimal 147 ¢ L 48mg L"'h™"  60.9 in OD, [87]
(46 mg/g methanol) 600
6-Methylsalicylic o s - - -1 235 gL' WCW
acid K. phaffii  Fed-batch in bioreactor Minimal, glycerol 22gL 328mgL  h b) [88]
Lovastatin K. phaffii ~ Fed-batch in bioreactor Minimal, glycerol 419 mg L™ Smg L'n! - [89]
Monacolin J K. phaffii ~ Fed-batch in bioreactor Minimal, glycerol 594 mg L™ - 475 g L™ wew [90]
-1
Patchoulol K. phaffii ~ Fed-batch in bioreactor Minimal, glycerol 25el 283 mg L'd" 517in ODygg [91]
(21.5 mg/gpcw)
. o - 714 mg L™ S
Lycopene K. phaffii  Fed-batch in bioreactor Minimal, glycerol 52mgL  h - [92]
(9.3 mg/gpew)
Heparin K. phaffii ~ Fed-batch in bioreactor Minimal, glycerol 21¢g L™ 12.4 mg L'n - [93]
(+)-Nootkatone K. phaffii  Fed-batch in bioreactor Minimal, glucose 208 mg L™ 1.9 mg L™'n - [94]
Glucose K. phaffii ~ Fed-batch in bioreactor Minimal, glycerol 134¢g L 46.6 mg L' 444 g L™ DCW [95]
. L .. 250 mg L of TEG ?, -1
Glutathione O. polymorpha Fed-batch in bioreactor Minimal, glycerol 1053 mg L™ of TIG © 55gL  DCW [96]
y-Linoleic acid  O. polymorpha Fed-batch in bioreactor Minimal, glycerol 697 mg L - - [97]
Dammarenediol-1l K. phaffii ~ Fed-batch in shake flasks =~ Complex ° 0.74 mg/gpew - - [98]
Catharanthine K. phaffii ~ Fed-batch in bioreactor Complex 0.62 mg L™ - 170 in ODgy [99]
Malic acid K. phaffii  Fed-batch in shake flasks Complex 28¢g L™ - - [83]
L ) . 35gL" R
D-Lactic acid K. phaffii Batch in test tube Complex (0.22 g/g methanol) 36.2mgL  h - [100]
. ) . 132mgL™" o
Dammarenediol-1l K. phaffii  Fed-batch in shake flasksComplex, squalene 0.11mgL  h - [98]
(1.1 mg/gpew)
Catharanthine K. phaffii ~ Fed-batch in bioreactor Complex, mannitol 2.6 mg L - 230 in ODg [99]
B-Alanine K. phaffii ~ Fed-batch in bioreactor Complex, glycerol 56g L - 123 in ODgy [101]
C G- eiitlas
Succinic acid Y. lipolytica Batch Complex 092 ¢ L - - [102]
. . 026gL™
Pyruvate S. cerevisiae Batch Minimal (0.25 g/g Methanol) -
RIRHIEE R AN
-1
Mevalonate M. extorquens Fed-batch in bioreactor Minimal 27gL 6.6 mg L'h' 233in ODyg [103]

(0.085 g/g methanol)

2212



hERE b 2024 4F H 54 % 11
(B:42)
=) [k i IR Gl BORRIR) e GES AR G 7% 3R
2-Hydr.0xy1.s obuty- M. extorquens Fed-batch in bioreactor Minimal 21g L - - [104]
ric acid
1-Butanol M. extorquens Batch in shake flasks Minimal 25.5 mg L 0.35 mg L'n! - [105]
o-Humulene M. extorquens Fed-batch in bioreactor Minimal 1.7¢g L™ 15.9 mg L'n' 30 g L' DCW  [106]
Itaconic acid Methylorubrum Fed-batch in bioreactor Minimal 31.6 mg L™ - - [107]
extorquens
Mesaconic M. extorquens Batch in shake flasks Minimal 70 mg L™ 2.3 mg L™'n™ - [108]
5-Aminovalerate B. methanolicus Batch in shake flasks Minimal 23.7 mg L™ - - [109]
Violacein Methylorubrum Batch in shake flasks Minimal 68 mg L - - [110]
extorquens
Violacein M. extorquens Batch in shake flasks Minimal, acetate 118 mg L™ - - [110]
. o . Minimal, 042gL”
Acetoin B. methanolicus Batch in shake flasks xylose (inducer) (70 mg/g methanol) - [111]
3-hydroxypropio- Methylorubrum 4 1o b in bioreactor ~ Minimal 086gL”" - 34gL7' DCW  [112]
nic acid extorquens
Cadaverine  B. methanolicus Fed-batch in bioreactor Complex 102 ¢g L - 4
L o 61gL” DCW  [113]
L-glutamate ~ B. methanolicus Fed-batch in bioreactor Complex 722 gL -
y-AmlanC(;gutyrlc B. methanolicus Fed-batch in bioreactor Complex 9g L - 48 g L™ Dcw [114]
Complex,
L-lysine B. methanolicus Fed-batch in bioreactor DL-methlqnme, 65¢g L™ - 34¢ L' DCW [115]
L-threonine,
L-leucine
. . S Complex, -1 -1
L-lysine B. methanolicus Fed-batch in bioreactor DL-methionine 11gL - 55gL” DCW  [115]
B TR AN
Succinic acid E. coli Fed-batch in bioreactor anpa}, gh'lcose, 68.5¢g L™ - - [116]
citric acid
1-Butanol E. coli Batch in test tube Minimal, xylose 20¢g L™ - - [69]
Acetone E. coli Fed-batch in test tube Minimal, glucose ~10 mM [117]
Acetone E. coli Fed-batch in test tube Minimal (HDA), ~13 mM - - [117]
glucose
Ethanol E. coli Batch in test tube Minimal, xylose 46¢g L™ 0.05¢g gbcwfl h! - [69]
Ethanol E. coli Batch in test tube Complex, xylose 36.3 mM - - [32]
Acetate E. coli Batch in test tube Complex, xylose 37 mM - - [32]
70.7 mM
D-Allulose E. coli Fed-batch in bioreactor Complex, xylose (0.51 mM/mM 0.80 mM h™' 4.1 in ODgy, [118]
methanol)
Acetone E. coli Fed-batch in shake flasks Complex, 45 mM - - [44]
glucose
PHB E. coli Batch in shake flasks Minimal 0.32 mg L™ - -
o . . iy 284 mg L™ S
Lactic acid E. coli Batch in shake flasks Minimal (0.147 g/g methanol) 127mgL" h -
. . - 1999 gL™ Sl [72]
PABA E. coli Batch in shake flasks Minimal (0.018 g/g methanol) 26mgL  h
Itaconic acid E. coli Fed-batch in bioreactor Minimal 10g L™ 15.0 mg L™'h™" 46 in ODg
1,3-Propanediol E. coli Fed-batch in shake flasks Complex, glucose 32.7 mg L™ 1.4 mg L'n! - [119]

a) DCW: dry cell weight; b) WCW: wet cell weight; ¢) Complex: contain yeast extract; d) TEG: total extracellular glutathione; e) TIG: total
Intracellular Glutathione; K. phaffii: Komagataella phaffii; O. polymorpha: Ogataea polymorpha; Y. lipolytica: Yarrowia lipolytica; M. extorquens
AM1: Methylobacterium extorquens AM1; B. methanolicus: Bacillus methanolicus; E. coli: Escherichia coli
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Advances in microbial bioconversion of methanol
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Abstract: Methanol bioconversion represents a critical approach for addressing the global climate crisis and achieving
sustainable low-carbon production. However, microorganisms encounter significant challenges under methanol
metabolism, including biological toxicity, low methanol tolerance, and tight metabolic adaptation, resulting in reduced
cell growth and chemical production. This review provides an overview of recent advancements in engineering
microbial conversion of methanol, with a particular emphasis on reconstructing and designing of metabolic pathways in
both natural and synthetic methylotrophs. It also discussed rational redesign and adaptive evolution strategies in
regulating methanol metabolism, alongside the current state of methanol fermentation processes. Finally, we discussed
the current challenges of methanol bioconversion and put forward the future direction for the industrialization of
methanol bioconversion.

Keywords: methanol biotransformation, methanol dehydrogenase, formaldehyde assimilation, methanol cell factory,
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