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Abstract: Methane has been considered as a potential carbon source in industrial biotechnology because of its
abundance, sustainability, high reducibility, and microbial availability. The biological conversion of methane into
chemicals or fuels does not only reduce greenhouse gas emissions, but also substitute food-based substrates used in bio-
manufacturing. Methanotrophs are gram-negative bacteria, and most are isolated from methane-plentiful environments.

Owing to the presence of the methane monooxygenase, methanotrophs constitute a unique group of microbes. As an

Wi BHA: 2021-01-25 {&[EIHHA: 2021-04-30

HeWMB: BRESFAITL (2018YFA0901500); ERBEARFESE (21878241); BAEERIAITL (2021SF-103)

SIRAS: BWE, £FI0, &e. EFTUFRENDEANEPIREA THREERNARE[J]. amEYS, 2021, 2(6): 1017-1029

Citation: GUO Shudi, JIAO Ziyue, FEI Qiang. Progress in construction and applications of methanotrophic cell factory for chemicals biosynthesis [J]. Synthetic
Biology Journal, 2021, 2(6): 1017-1029




1018 BRENE $2E

important industrially-promising microorganism with the characteristics of robust and anti-contamination ability,
methanotrophs capable of growing with methane as the sole energy and carbon source play a significant role in carbon-
neutral society by replacing petroleum-based products with biosynthesized products. Therefore, studies on
methanotrophs for the biological conversion of methane have attracted extensive attention in recent years. With the
rapid development of genetic manipulations tools and strategies for metabolically-engineered methanotrophs
construction, including gene editing methods, regulation of metabolic pathways, and bio-elements mining,
methanotrophic cell factories have been employed to efficiently convert methane into a variety of bulk chemicals and
biofuels. In this review, biosynthetic technologies related to bioconversion of under-utilized methane ranging from
fundamental understanding, systematic analysis, metabolic engineering to bio-product production are introduced. The
genetic manipulations tools of methanotrophs, the approaches of methanotrophic cell factory construction, and the
enhancement of methane assimilation efficiency are summarized from the aspects including the research progress of
genetic engineering of methanotrophs, the regulation of methane carbon flux, the overexpression of heterologous
pathway genes, and the accumulation of metabolic intermediates. Besides, the applications of genomics,
transcriptomics, metabolomics, and metabolic modeling have been also deployed to facilitate the methane metabolism
in methanotrophs chassis. Finally, given the strategy of ‘waste-to-value’ production, the challenges and opportunities
for methane bioconversion by methanotrophs are also discussed and prospected based on industrial applications in

terms of the research progress in the biosynthesis of methane-based acids, terpenes, alcohols, and other chemicals.

Me[banonbph
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fERN—FE . Tk, LR MIERE,  2FRHBORE TREFEIT R (R 4
Hige (CHpY & HATABIR R R, RRETERA &SR, WIRIEESE NKEs) = B A
kel (BN 55 MIkg) M, BRMNRT “% A KSHMAEE N REEET RGNS, P
Bk (CO) % = R = AE L. mil, MHBCR ISR R LKk, IR R Ik HE A “
Feldman %5 3l 3 SCOG AR & UUESE 1 Ve H oo & [ SO E il — 2 i o TR KRR
K5 EHAARNEZBPIEFR KR SATKE AEAWEEZHRE S, Pt AEMEFEE .



%2% www.synbioj.com 1019

IHEARRE . BRI T IE SRS R AT A S5
T BRI SR e e GE T 2 — P RS LA
eV DR e — BN REJRZE AT A AN R
TR AL G2 b W e bSOy T 4 5 B AR
MWo UreEsk, FSenE b TR e LY AR
IR AR T N AN Z 950 s

T ot gehe fom, HAlfER A AR KT T %
P B PRI A AL AN R AL AR, 8 B B B O BE
R R B E MM TRE R OE s X, AR FUIESEIT R
AR S W e o A A 1) BAT B R S A e AT
FERSCT s BIHET R, AT A A )
BB BRI AE D 2 BRSO R R, B IE 2
HIFR R ATRE, TR AR BBRIR O A
AP G U R A AR B R —
FORI, 2 B AR A 2L 773 B R AL 27 dh
REASIRHLE 2T, AT AUt H AR 18 R A0
P R ETVE G BRI BRI R B AR
R AT BEE VT AN G, O SEI AR AL T e
HFREMFEUEY. BT W, IR R
ALK, AMERT DU e A 200 A A s/ i

FAMHS R, RN N AR B AR (R i —
Tob 2B FRVRIT A M A SR T 1) T

A SCE AT b N 40 A 2 A A
RWPFUHERE, H R 1 i b A TR s
SRS AL 27 i & RO ST TR o B A A AR
P it 3 AU RO S T TR, RT TE R N A
A S AR 5 28 7 T T ) b AT AL

1 WEHVGE IR B e BOE SR

Sy B H S A B B K e R b TR 2 — AR
SR H e R B B AR . ORI 5T K IE b 1R T AE
IREAGFAM T RHBRAEK, H248KRZHT AT
B 7 1 W8 F ot TR 3 75 AE B S B3 b 58 R e 1R 4R
fad A 22 BRI AR SC T R B8 AR 1 I R G B 11
FRB R RIT— RN A A, WE 1R, W
HOJe B AR 9 A R b R BN 40 B8 (methane
monooxygenases, MMO) T] £ ffl A F e % 45 0
HE, B ad o R AR i AR 58 sl [ Ak Y. |

Methane
pMMO sMMO

Methanol
MDH

Formaldehyde

Methenyl-THF

L]
]
1
L}
1
L
Y

Group | methanotrophs
(gammaproteobacteria)

L]
hd
] .
*
: Group I methanotrophs
(alphaproteobacteria)

Group Il methanotrophs
(verrucomicrobia)

BI1 W b R

Fig. 1 The pathways of methane metabolism in methanotrophs™ *”

pMMO—particulate methane monooxygenase; sSMMO—soluble methane monooxygenase;

MDH-—methanol dehydrogenase; FDH—formate dehydrogenase
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T Methylotuvimicrobium buryatense SGB1C B F il
Ty i 126 H #0876 2R 0 v A0 i) mxaF J8 3 1 B R ALK
Lee 25 ) JE T Methylomonas sp. DH-1 i i3 3& N 4 3¢
o 9 38 HY — PR T 2L R BE pk JHMB0, H TR & T
FE B8 MR A 7L IR T 52 M R 7 & . Purd Y SR HRGE T
M. buryatense SGB1S 1 AN [F] 3 15 58 F& ¥ )3 3 7

. Garg % il BEH b 2H 28 5%, i — DAk
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sMMO [k b GFP & H & BEAh, LiusE ™
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Tab.1 The genetic tool used for

metabolic engineering of methanotrophs

T JBiL ik brid LS 253k
FHE [R5 pBHRI1 Km, Cm Methylomonas sp. 16a [36]
pAWP78 Km M. buryatense 5G [34]
HERRIE pAWPS89 Km M. buryatense 5G [34]
pCAHO1:emGFP Km M. buryatense 5G [37]
FE R R R pK18mobsacB Km, SacB Methylococcus capsulatus (Bath) [38]
pCM184 Gm, SacB Methylomicrobium alcaliphilum 20Z [39]

B E R HOR

WA pRK2013 Km Methylomonas sp. 16a [40]
pBHR1 Km Methylomonas sp. 16a [40]
R PAWP89 (£k 14k Km M. buryatense 5G [41]
pheS*® (ML DNA KB Km M. buryatense 5G [10]
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Tab. 2 Biosynthesis of various chemicals and biofuels from methane by methanotrophic cell factories

kS FEPFN AR AL/ AT FEA FEE 225 ik
M. buryatense 5GB1C™! AHLRR PR L-7LIg 800 mg/L [37]
AHLR VA 1% L-AiR 600 mg/L [33]
HHLE ARG A T 70 mg/L [44]
LRI LT A TR 40 mg/L [44]
DN FEHRIEE FREIR 12.4 mg/L [45]
EERiIN A VN JIE 197 1R 111 mg/g DCW [46]
M. alcaliphilum 202" AW VA 1R 2,3-T B 86.2 mg/L [14]
APz P ERRR 2,3-T ZHE 361.3 mg/L [39]
BHHLER LA A 3L IR 196.3 mg/L [39]
BHIE FHRIR T iR 0.75 mg/L [45]
[ES MEP 4% oY RN 0.75 mg/g DCW (48]
— TCA TG Ji5 i 98.08 mg/L [49]
HHE P BR R FLIR 0.027 g/(g DCW-h) [50]
— RuMP g Shinorine 31 mg/L [39]
M. capsulatus Bath®™" HHLER HHR T FiRRmR 1.0 mg/L [45]
[5ES MEP &% S 10 mg/L [52]
W TCA 13 1,4-T —F% — [53]
APz P R SN 220 mg/L” [54]
AW VAT IR S 1 mg/L [54]
Methylomonas sp. DH-15 AHLER TCA i BEHIR 195 mg/L [56]
EERiINivd R i D-FLI#& 1190 mg/L [32]
Methylosinus trichosporium OB3bP" LR LA A 3-FREE IR 60.6 mg/L [15]
— TCA JE¥R J i 283.6 mg/L [58]
Methylomonas sp. 16a™ (B MEP &% LRRE 0.5 mg/L [59]
(BN MEP i&4% VY — [20]
[EN MEP &% LIN= 2.4 mg/g DCW [60]
it MEP i&4% LI 2.0 mg/g DCW [36]

(Dsupply of 2-ketoisovaleric acid.

Note: MEP—methylerythritol 4-phosphate pathway; TCA—tricarboxylic acid; DCW—dry cell weight.

H AR AR RE R ER S, ALBHEEA
T A AR VB R T R AT R R O SR
W L), DL M. buryatense 5G A5, Henard %5 "
W 7 & B 1% AR 8 ik RuMP i& 12 71 4% 6 4 1 F g
AN 25y T S BES S A, 17 A F RuMP-PKT
BWAETR 6 77 T WA A 3 40 T 1 L4 I A
Al i, RuMP-PKT & 12 fig % 8 % U5 T 0 5% i
(Embden-Meyerhof-Parnas, EMP) i& 4% 4 il FiR
JBt 2 38 F% 1) ATP Y5 AE, AT AE AN 451 25 B A R &2 (1)
1B 0L N SEIL Z BRI A IO A R s BkAh, B H
W2 ZBRMEARE N WS
(Ethylmalonyl-CoA, EMC) &% & =R RGN K
WARE, 2R RIGIA =N O WA A iR RS

B 20K P I b e B b T SRR Y P AE A4
Ji 7= %) PHB (poly-B-hydroxybutyrate) ] 454 &
P AR S O v (Rl A N RS S A AR
A, TR R A B R 2 b R AL 2 A ) R
B AT . H AT R I T S 3 A0 2 2 e TN T R R AR
WRER A R Rz — ™ Ak
B, g FE B R I R R AN GAP 1R B A3 il &
Tk 46 i AR 150 5 A0 30 %, 10 7E R W #F i STk
B A 17 R T A R AT GAP P <, X ]
RS T W8 ot B A P9 R MEEP 3 42 4R T 18 2 400
5 B R R A GAP 1) T 4 A T M 4 -D- A Bl
BE 5-% R (deoxy-D-xylulose 5-phosphate, DXP),
AN ek 2 7 R R R 1) T A B A 5 i R PR Bk A
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Fig.2 Metabolic pathways for the production of chemicals and fuels by methanotrophs using methane
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(F6P—Fructose-6-phosphate; FBP—Fructose bisphosphate;
RuSP—Ribulose-5-phosphate; R5P—Ribose-5-phosphate;
3HB-CoA—3-hydrobutylryl-CoA; E4P—Erythrose 4-phosphate;
DHS—3-dehydroshikimate; HMBPP—1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate;
IPP—Isopentenyl pyrophosphate; PEP—Phosphoenolpyruvic acid; FPP—Farnesyl Pyrophosphate;

DHAP—Dihydroxyacetone phosphate;
GAP—Glyceraldehyde-3-phosphate;
S7P—Sedoheptulose-7-phosphate;
DMAPP—Dimethylallyl Pyrophosphate;
MVA—Mevalonate pathway)

XuSP—Xylulose-5-phosphate;
OAA—Oxobutanedioic acid;

DAHP—Dihydroxyacetone phosphate;
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TWEER . L BE5 B A LA S B R 4 I =X T B B2
(phosphoenolpyruvic acid, PEP) 4§ H e AL 5 o (1]
PR G R BN A B O R DK B e 4k
N C~C AFREERKPAIREL AR (R2). 3
% (lactic acid) £ Mg H It B H 1 A2 W0 & A C AR 18
R Bk DL B IR AR A S5 U7 T 3 AT T
HEPE R DY, X BRAG TN A R
Bl JE % 52 T e HY Qe TR o L TR A ke 1 A U B
BAFIE KPP IEH], Lee % ™ BT &M

P 3E 4k 55 1 3K 15 L R T 52 1R ¥k Methylomonas sp.
DH-1 JHMS80, i 5 D5 240 57 30 1% B ki3 30 7
X 48 R AZ 5] & T 59 8 w32 9 45 1 (weak acid
tolerance regulator, WatR) FIAM Lifl. B, %
TIF 58 38 3k 22 W) RS M TR 4% warR 2 R 1 3R IE K, il
A= m B 1.19 g/L. W W EEH M. trichosporium
OB3b 1 HAA MR BTN iR 1, Refs A
M3 7 Wil AR L2 5 CO, M1 2 7
HCO;, MR 25 FE R 7, Nguyen &
BT 2R TR 2 BRIEIA, lid 5] NJE 200
& & Chloroflexus aurantiacus H' 1134 R i (malonyl-

CoA reductase, MCR) , # & T 3-BE N} G-
hydroxypropionic acid, 3HP) & Riidh, Jrmidil®

B RIREE (malic enzyme, ME) #4463 JLR S H
T NADPH F/E, AMCR I FESE M T 78 2 1id
J7 7y, A SRS T 3HP I E. AR, N T
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o CTRGHEG A RN B4R A BRSSP, %
i FCR RV T 2% IRIN R AT B (Propionibacterium
freudenreichii) Hv ) W AR N MR R B B
(methylmalonyl-CoA carboxyltransferase, MMC) Fl
% I B X 79 B R R B8 (phosphoenolpyruvate
carboxylase, PEPC) L3k F DL & £ It 4l i A
A A, Garg & MY R R ) B-R
W& 12 B 7E M. buryatense SGB1C P #& 1 5¢ I
TIEIR (crotonic acid) & IS, FEAEMLELAN bk
— B T R AR R R T AL B AR 45 & AL s S B)
T PR R i LWl ] pra DL RO KK LT
filg A & UK SRR PG N TG A, XL UE
W& A8 1% W8 B bE b N A B mT DA B R 3R T4 TR
(70 mg/L) 1T FR (40 mg/L) ™ 7, JyH kit C,
RIRI & et 7 A . [FFE, v 7R BE
MR (succinic acid) 75, NguyenZF U @i 5| A
FIRSFITRIR X AE (isocitrate lyase, 1D FISEHR
2 A 1 (malate synthase, Ms) H PL4riit £ B TR
FAFE TCAEH SRR SR, T Dl v HH e
W 22 g IRACHE A 7 AR I F R S TR AN LR G A
T &R (K2).

T, Henard % " [l Le3F HR i 42, FIH °C
AR 4 B a2 1) B RO E B (genome-scale
metabolic models, GSMs) il #ll T M. alcaliphilum
20Z & AR IR ) SE i At . BUARIE TR Ay M &5
R 7N B R I E B8 (pyruvate dehydrogenase,
Pdh) A7 &R it & B§  (shikimate dehydrogenase,
Skd) ZwfiEE K AroE, R AR &AL 1.5 mg /g
DCW, A= &5 1 6.5%. X0l feAH T M.
alcaliphilum 20Z H A7 15 38 LR & A 1) & A 12 B8
Skd A [F] L, bR 38 1845 IF R e 78 70 MK Al i
I RER. EHS RME, ERNFEAR LA
FoOCGERRAY ., BxdHy, mamdA. R4
F AR AR RN B i R GE BRI AR B AR R . A
AR AN s B2 3t R B AL TR I Oy e o I A
R o P cE I e ARVY A S G DN S 5
ORI, PR Re e A B KB K BE AR TR (fatty
acids) » Demidenko %5 " F| FHl #% 3% 240 7 B & L
M. buryatense SGB1 T& ¥k JIg 77 B2 B i . & Tt i 19
AT R A 25 7K T2 3 = JIE I R = =
B, AE i B T R T G AN I IR 20 T A I A R AL I

Ja AR AR R B R AR T AR S T 20%. T
Fei & 9 M 7E _F AT 70 ) LAl b0t — 0 e BRops Jal -
JRE B -6- W R 55 55 S R AR FE R, A A T R I
FAF PR KEEAR R IR A0 e 1 3. _EIRATT
AR 78 73 U P R P AL 2 0 2 ik S A S 4
R ATAERANGAIRIE B e i 1A R G S B A R
N2 B BLER ) [ I, A AR s H AR A R
L&

2.2 WEEMFEm

EIRAEWE e T A N A 8 2 FR R IR e 1 -4-
% B (methylerythritol-4-phosphate, MEP) & 12
o ¥ 2 (mevalonate, MVA) &%, (H%E
F MEP &2 1A 8 1) IPP B ELIR & %, H kT
HE il A 5 D I o AR 4k MEP & 4% Sk
P2 Leonard 5 Y R T iR AL IspS i {b i
M, G ER (Pueraria montana) W I¥] IspS 2 % it
T 5, FIH MDH 58 3 3l T 1£ M. capsulatus
Bath H R A I B R T 10 mg/L 7% M. 1M
Donaldson %% ™ 5 & F| H 52 Y8 IspS DA 2 57 15 0
£ % R S M B (isopentenyl diphosphate
isomerase, IDD) X3k R 42 5 7 I 0 A RS
R R ) A S I A ) 7 AN 0.056 mg/L, X
BLIT H T RUHE DR 3 08 200 R B e AN 1 B ) i T
ZA BRSOl & . BAACKRE, DL BrE
FBE B A B T M IOt 7 T AR R T A i AR
Fygd, T SR ARG DR K Re B I 4 1 1l 2 AR
S SRS AT FEAR R LD

B 7 5 20, MM (limonene) V% JE Jé
(Farnesene) 55 i 28 4k & 4 1 /& B 2 1 K 20 44
i RS 250 1 A AT 1R . DiCosimo %5
FIF pR58 # Ak, 4 3 VAT 1% & il (limonene
synthase) fE Methylomonas sp.16a B KIL, B
RS2 B AE W G T RAR 0.5 mg/L AT IR I o T
Nguyen %5 " W 2 T M. alcaliphilum 20Z B ¥
MEP & 1% 1 o [8] A€ 3 4 7% JE £E i IR (Farnesyl
pyrophosphate, FPP), i 5] A 5 i s 5K 45 5 i
f# (humulene synthase) Zssl™ *', RRINSZHL T dp
R (0 NSk B e BRI R 0E & R BERE (IspA
IspG M Dxs) 1 & [1] EMP %42 . NADPH ## [Al
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T BN R J DR RO A AR SRR,
WM FE T DO W RAL 5 A O AR HEAT T RS
AR HE P AT R s AR AL, B OB I RR A
B4R & P 075 mg/g DCW, it 3| H & B ¥ 1
18.8f% X 1 (I 2)., & %K (canthaxanthin). HF
# % (astaxanthin) F1E A4 % (lycopene) M 2%
KA N &Yl L0 e i S A &
B, AR AN Rt — R

2.3 EHftt{tZm

bE & AT RS R R ARG SR tH, AR SR
PE AP R IR R4, T Aok 45 52 Tolk AR 2
i S N O W NS AR R S AN - i it
i20ZR-BDO {73 Hr &dh, M 12,3-T —FF (2,3-
butanediol, BDO) £ B F2 1) o #5578 Rt
R TE G R R P Idhy ack T mdh R R, H
BDO K 12T £186.2 mg/L '". A7e sy RAEHH R
PR g FR e T N 4l s i M it fb
B EEZEAER, Nguyen iff 50 2 #5713+ ' %
(cadaverine) FIJBifi% (putrescine) A=4H Al i3 K]
AL, FI 1 50 B A 7 R UR 28 3 7 ) B AR
W TR s A, B I R AA H R @R T
G BRI Y)W AR, A R AR S T B
B2, HFEm&H NP G R E
283.64 mg/L " F198.08 mg/L . A, HKIGFF
P AR 2 REAH LG, 1 FRGE B FE RuMP i 42 A
FEEARF . BFFEN SR e S U 2- T R 4l A
Z MEEE & B (2-demethyl 4-deoxygadusol synthase,
DDGS) . % H & # # i (O-methyltransferase,
OMT). ATP-&E#:M (ATP-grasp ligase) HIPAR IR
HEHE (D-Ala-D-Ala ligase) & % M. alcaliphilum
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