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Research Progresses of Methanotrophs and Methane
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Abstract: Methanotrophs are a group of bacteria capable of utilizing methane as the sole carbon and energy source for their
anabolism and catabolism. Since methanotrophs contain the unique enzymes of methane monooxygenases (MMOs), which can
catalyze the oxidation of methane and short-chain alkanes and alkenes, they have potential applications in carbon recycle of nature
and industrial biotechnology. Therefore, methanotrophs have been paid much more attention by the researchers in recent 20 years. In
this paper, the latest progresses in studies of methanotrophs and MMOs were reviewed, including taxonomy, function and distribution
of methanotrophs, and structure, function and genetic engineering of MMOs. The future research directions of methanotrophs and

MMOs as well as their applications were also discussed.
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B OR AP FE IR 05 77 A T RS2 . VR RIRR
FIA AT S0 1 e A — Rl R AR /a1,
BARS C-H #ae, H2MA R ELT bR
A Tl R P %) 20 B 5 g S ARl 2, TR
TR R R, SO A B N A AL SRR A AR i
H AR b i — 2R R A ) —— T B A T —— 4D
AT DA IR R Jo s G iy S BixX —F4 4k

FH eS8 AL T (Methanotrophic bacteria, methanotrophs)
S AR BEAE A K g ME— B IE R RE IR A U T2
FEAETURL . VR R WU . W . AR
FRBT H g5 BA N 48 B (Methane monooxygenase, MMO,
EC.1.14.13.25) /2 H e S Ak TR 4G F Bt ol 7 vp ) i 22
i &, ©n DATESr S AR s A NADH (194E
A R A S B, DAk S T A A )
MRt YO SRR e, [FIEE, T B AR A
R B2 C1L Wi, R HAE H 28 S
Iy 1R A A BB AR M. MMO
TEAWEEAL . FEMESE | A A 7 A CH BE D

HABFZEMNHME, WE 1 PR,

HEEE LT MMO 15T — B2 2Rk TAE
HHOGME, L SCIAZR A, H 1990 4ELIE KT
H B S AL T B MMO 19 il 2 22 1600 F .
AR TR LA MLER IR 1 PR, XEELRA
FEREFHABAMMER . 5 TFASENIR L
K MMO AL HLIRAF 5T 55, (H A% 0 5
PIMER AR EE . AR b S Al TR A EE ) Tl g
TRV ST, AR — SO ) 8, dn i A R 1
A, AR SN A2 A P e A s e, T
) B Pl VR AT BIR, MMO B 6 IR TR B AR R B 55 i)
R B AT A5 B e, BRI TR o S Ak BR Y R R
& WA T ARG AR, &
W4 A AR B T AL B L B ). MMO
PRAL T A Tk, RO G AR A TR M FH
MR =L . A SCHEEND FAEYWFME R K,
RGLER T B e AAL I e MMO A4 0 FSERERIFFE Y
AR, FEXFICA S MR N 5 B R TR

Methanotrophs
sMMO & pMMO
Bioremediation )
R A iy -
Co-oxidising halogenated {_ Biotransfermation ]
hydrocarbons CH. to CH:OH
Trichloroethylene Propylene to Epoxypropane
Chloroform Production of chiral alcohols
Bio-products | A {_ CH, Assimilation
Single cell protein Landfill
Poly-B-Hydroxybutyrate Rice field

Astaxantnin

Underground Mines

1 HRESUEFRREEMEEENNA

Fig. 1 Applications of methanotrophs and methane monooxygenases

*1 MM BT S L B S B R I | B R 4Rk
Table 1 Reviews on methanotrophs or methane monooxygenases published so far
Year Title Topic Organization
2000 Molecular biology and regulation of methane monooxygenase*! Gene regulation University of Warwick, UK
2000 Regulation of expression of methane monooxygenases by copper ions!”! Cu*" effect University of Warwick, UK
L . Massachusetts Institute of
. (6]
2002  Soluble methane monooxygenase: activation of dioxygen and methane sMMO property Technology, USA
Biological Methane Oxidation: Regulation, Biochemistry, and Active Site R

2004 Structure of Particulate Methane Monooxygenase!” PMMO property Northwestern University, USA

. Institute of Applied Ecology,
2004  Advances in the research of methanotroph.®! Ecology studies on Chinese Academy of Sciences,

methanotrophs .
Shenyang, China

2005 The natural and unnatural history of methane-oxidizing bacteria' History of methanotrophs ~ University of Warwick, UK
2007 The biochemistry of methane oxidation" Biochemistry Northwestern University, USA
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1 FRANENARE EASHR

11 BR\E{HES R

e H e A AL B AR Y, MMO 75 T2 PERT
W B e Sk R FE B, H A H R JPE 4 (Methanol
dehydrogenase, MDH)AE T &AL 0 H E, 4k il
i 22 5 TR 1 ¥4 (Serine pathway) 5% /% # % 1R 1% 12
(Ribulose monophosphate pathway) ¥ 17 41 }fd & A%,
[ B 7E FF P9 i % i (Formaldehyde dehydrogenase,
FADH) il F iz JIii & i (Formate dehydrogenase, FDH)
FIAE I H F R — 2 S5 A0 CO, T HLO, S AR AR
R NADH, FGe b i AR A= an sl 2 Fis
D ATTAR Al Y o S0 TR R WA FRY AR A28 I AN [ A %
P S 2 AR A5 22 S, X HHEAT T O3 R, sk 2 P,

=0 H.0

MMO
CH,4 CH;OH

NADH+H* NAD*

MDH
NADH+H"
CO; HC0
NAD* /
FDH
FADH RuMP

HCOOH eycle

type Ly

carbon assimilation 3 carbon compounds

2 HREUEMKERE
Fig. 2 Metabolic pathway of methanotrophs

x2 BFRSUEMSE

Table 2 Classification of methanotrophs

Type Phylum Genus

Description

Methylobacter, Methylomonas, Methylosoma,

Methylomicrobium, Methylococcus,
Methylocaldum, Methylothermus,
Methylohalobius, Methylosarcina

Type | y-Proteobacteria

TypeIl  a-Proteobacteria Methylocella
y-Proteobacteria Crenothrix polyspora!'"!
y-Proteobacteria  Clonothrix fusca”!

Others

Verrucomicrobia ~ Methylokorus infernorum!'!

Verrucomicrobia  Acidimethylosilex fumarolicum

\Verrucomicrobia ~ Methyloacida kamchatkensis!"™!

Methylocystis, Methylosinus, Methylocapsa,

RuMP pathway of formaldehyde assimilation. Possess bundles
of intracytoplasmic membranes.

Serine pathway of formaldehyde assimilation. Possess
intracytoplasmic membranes arrayed around the periphery of
the cell.

Filamentous

Filamentous

Extremely acidophilic

Extremely acidophilic

Extremely acidophilic

12 HREUEMETENR
121 R 4 & 19 4 BT

F 2t BRSO P DOR T AR AR 95 — 5
FAUR S ZAERM KRR BER R Feia . EIRLL
LR W9 R W], 80% LA b % F g 2 3 o T A= )
(35 B = LR Y, —FR AR E AR R e e A T
WA, Bl T H B HE AR Xk, R
e PR #5240 R 3 2 7 H e Bl A 1 A R e S A T
MEAEFARER . P e S5 R T A2 K
FRIOCTE, X HAE & A 8 BRI rp 1 43 A1 S 0 #1358
BIREA EAT T WESE, 9 S B0 AR IR BT LRI VE |
W B THEE. RH . BRAR . BRI S

SR, 5T HBE SR AL TR B AR S TS, — TR
PLRR AR IGTRTE . WA . BRI SRR IR IR
HIE . AR T NS M FREE H H e AAL  Y

SR AT AT /0 o B 5 HAth SR IR BT A L,
A BT o i MR B, AATTFE HEA T I TR B
A 1 P o AR Bt =2 DA REA FR R e 1 AR
AR IPCCU R EGe3t, 1990 4E 4Bkl T A1 5
FEAE R B MR 3.1 A2, Hb A 14 BT
b A VR AR B B2 T 7 AR A (9 R AR, SR A .
A S 5 2 ) 22 b AR oy T AR A 2R Oy iR e FR
AR (3% BT 4 9 i TR o SR Ak IR o A1 RTI
W FRBE TS VR AT T 9, RERAE LT R A R
T RUAN TR B G SR A e, AR A B
W A o 0 38 0 DA 2 A B A R I R e AR
PV BEE BEAT AR AT, o] LA 0 o R dog Ak TR A A A
T A IR, RIS AT RRER T e Y B R A A
B [T RT LR 4 R ot A0 B 0 T BL T B 3R
PEAEBIF I S A
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1.2.2 BRI HEE T P E A B

FH ot S8 Ak TR 7 1/ 22 A o PR (Ui S8 . k1L A
HHL T AR AE . 3k B e S AR TR AS A AT AT K
WS R T A G, R AIRTR = A0 R E, EATH
EE R LA ETEIEE, AMITEX LRk
T AXSFER AT, AR RR . FEHR

MEEL WA . THIERH BRI, Wk 3 PR, X
S AT it A 355 T ) FE e AR BRT RT LA R AEAN R S R
AT R TR, Rk, BB Ren A
PR TR TR AN G e BRAG 32 AATTR S S, 3EJLAE R
Rl 224 T AE ( Nature ). { PNAS ) S B2 R4k
T R R e S TR A HiRGE

x3 MEREREAEREEERES

Table 3 Extreme methanotrophs and their cultivation conditions

Methanotroph Growth optimum Environment References
Thermophiles  Methylococcus capsulatus Bath 42°C — [18]
Methylococcus thermophilus 55°C — [19]
Methylocaldum gracile 42°C — [20]
Methylocaldum tepidum 42°C Farm land [20]
Methylocaldum szegediense 55°C Hot spring [20, 21]
Methylothermus sp. HB 55~62°C Hot spring [22]
Methylobacter psychrophilus 5~10°C North Russia [23]
Psychrophiles  Methylomonas scandinavica 15°C Ground water [24]
Methylocystis rosea 5~27°C Arctic wetland soil [25]
Acidophiles Methylocella palustris pH 5.0~5.5 Acidic bog [26]
Methylocapsa acidophila pH 5.0~5.5 Acidic bog [27]
Halophiles Methylomicrobium pelagicum 0.5%~2% NaCl Deep ocean [28]
Methylomicrobium mdestohalophilum 2% NaCl Soda lake [29]
Alkaliphiles Methylomicrobium alcalkphilum pHO Soda lake [30]
Methylomicrobium buryatense pH 7.5~9.5 Soda lake [31]
Methylomicrobium sp. AMO1 pH 9~10 Soda lake [32]

1.2.3  HER ST LI I 7

W& AW F A B R R, Rl
T AR W I R B 2 B R 4 2, s 1 % FR e Sk
BN, KA TR . IBIRREMN 48
207 BN T P e B A TR g AT R, LS A% R R
HilvE B et ot . DORIRAI AR AE . AR MERR
BERCHUK . AW R BRIBARIIRR M A . R
[ R AT HE R D PR AT B R A
Yy, SRl DRI ARG P R E R, i — 2P
AT RRIR DI RE Y R e S Ak R PR R B

2 WA s A 5

e S AL B P AR E PR MMO, — Rl 43 I 7E
Ji J5 2 1] A ) AT s e B0 45 i (Soluble methane
monooxygenase, sSMMO), f7-7£F &4 H b AL
T3 — Bl b A0 I 2 5 1 ORE 1 Y BE B i 4 il
(Particulate methane monooxygenase, pMMO), fF7E
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FBx Methylocella LAZRMIETA £ & B H e S AL 1A
H . MMO 18 H Ge S A TR B DG B R il e A5
S PR e A8 TR A e 280 A A A ) ) S B
21 MMO By4#

sMMO fE7E T4 BT o, NS bk, Ik
2, VFZ MRS E Y57 3 Ak & W AR RE 1 LR
k.. %+ Methylococcus capsulatus Bath il Methylosinus
trichosporium OB3b HJF 5% & B, sMMO (1) 5 4] 7% 3
5.5 kb, #iZ mmoXYBZDC HES1], 435l 2t ¥ Ak il 7. ik
o(MMOHw), ¥#2 1t iff . 3 BOMMOHB), 1 ¥ & 11
B(MMOB), ¥4k 3y(MMOHy), MMOD Filifi Ji
fitt COMMOR), FR AW SRR S5 H T 1993 4F B IR
Rosenzweig 25 APYER I, 1K 3(a)frs, B3
Fa. B. yK/NA5IJE 60 kD, 45 kD Al 20 kD, 414
Bayae FEPLTE A G P F 0 Ry p- SRR U AZ 25 4 T
WA E N B 2 3 i 2 K A, 231 ss PRy
BAERO R G C 47 itk 39 kD, & FAD, it
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F NADH Fl[2Fe-2S]45#4, M NADH 4b3z5Z 5+,
FFg FLFE % 2 B A0 I Y - S8 SR A |

B3 sMMO $1LEg(a)fn pMMO(b) kI & Ik £k 3437
Fig. 3 Crystal structures of SMMO hydroxylase(a) and
pMMO(b)

5 sMMO A A, pMMO 1776 T 40 i i -JE 41
MG, R B A A, AR AL AR LAY Y
Pl ke, (HARRRAMIT TR, HiS pMMO 15
[K 7% 4% pmoCAB 51, Hrb pmoB %t 47 kD HY il
3, pmoA Zfi% 24 kD BV 3E, pmoC Zwi% 22 kD iy
WA, T pMMO WREZS G, 4 B alifh R A,
HE 2005 4, HORARLE A AT AR BT 8,
pMMO 4 2 LA (aBy)s = RIEMIEXAFTER, N
Bl 3(b)o KU BRI AMTRE T3 A™ A AR 25 ) B 38 R
R r L e, HxX— &R AAT pMMO
T o SE AR TR A DA TR ) R A
2.2 MMO gyifs

JEAR B, MMO B354 Co” B (R F, 4
i Cu® ¥ (<0.8 umol/L)if, sMMO ik ; 7E/ Cu®’
W (~4 pmol/L)i, sMMO £ kKM, pMMO #
5. CuP W4 33 sMMO B mRNA Ji /b, X
B sSMMO fY %% 5% 52 Cu® il . 41 52, pMMO A mRNA
S 4 B VR B I B TG Lk e R SR A
5 Cu™ 45 A M I A A s R R T MMO
RSP, XEEARRKAPIEL, A5
sMMO A XM IEE HatC & 8. £ M.
capsulatus (Bath) P 1E7E—1~5 groEL AH{LHY 4T
1A 3£ B (mmoG), — ~o™ Ji 3h (1 # s s ik A
(mmoR), Fl—~H mmoQ F1 mmoS 1% &% #4) B 1) 14
VERGE, (T sMMO #9719 i, sMMO B3
P o] LU N, — AR B T U B AL B B
{55 K24 4 MmoS, MmoS i 1 B B 1L V5 FH Fle 5 5
4325 MmoQ, MmoQ 5 mmoXYBZDC £ ik 1 fil
#] MmoR JZ ¥ . T MmoG A fEXT sMMO 13 45

MmoR 47 & 1 T7E A .

5 sMMO ik JA#E 5B AH L, pMMO [y ik
PRI = A T A AR . Gilbert 28 A& B
3> pMMO 445 Fa L A (1) 5% 5 2 DN pmoC I i o i
——Ac R FIFIR I A Z o™ B mmoR (7
5, R R VA 4 0 O 19 o 2 11 BT R e ARk TR AT
FIFE 4 RS T AR K T4~ pmoCAB #5 U1 iy 3
IR B TR . AER B R EES S pmol/L
fF, pmoCAB 55 2 448 D ik i bz, T 243k
4 50 umol/L i}, P> pmoCAB (14 Il ¥ ] 46 7 fir
Mk

Cu* W& I # sMMO B pMMO ik i 5 T0 1,
e B pMMO JIr b i 43 J8 J0 % o (FJRAE H 2R3
Brp, Ik Cu® MR EAGTE B0 T H45 44 KRB pMMO 17
FE, MR B2 i TAERe e A5 0L T B e Ak T ]
DLy A —Fhi methanobactin fY%E G €A 25 ik, #fEim|H
B Al PLE T = A5 20 pMMO B 263k B FE R
(O AR B cu® Bt AN i 15 3 44, 5 B pMMO &
Ji; (2) AT LAKHE B A0 A BRBE v s SRR o, 4R
o e AR R Co” BRI )R H e S AL TR
Z RN EWE CuP EEE

3 FRAME K MMO 2 F TR

3.1 AREMAFRMERTRENE

e SR AL TR AR 8 1) T Y e Sk 1A T 1 B i AR R AR
i, AT DU — B4l A R e S o ok A
B IME R A T . BRI FE LA 2 28, —
SRl i B R AR SE T B, o H b SR TR S MMO
FEAMIER S TUGE, R TR TR,
] FGE A R R 5 L ASMIE I, LRI AR M
Y

9T AN TR] O A A B T, il R
MMO &M, M4 MMO BYIRYIVE L, 32 X 4
Ja 5 - A A2 P S5 T 0 By DG B, T X 2 (i) A Y
B e SR AR IR e E AL T MMO 1Y 4514
Uise, TIN5 FE S8 I H AR R A 9814
fiti, 1995 4F, Martin 2 A1+ “marker-exchange-
mutagenesis” ) PR IRE R ILEH AT sMMO
HIFRALBESE A b, 53] T —fk e pMMO [
FIRAAF A RE R 7K sMMO K [ 11 FH e A T 11 %8
A AR R TR B e SR A TR AR A T R T
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PO 7 v, IR AR Rk R ARG SE K R
WMAT P RINEREHEG WA LTI, ME,
Lloyd %5 A\MHEHEHEA7 525 sMMO JE R (1 Ok S A
ZAAERE, AT ISR sMMO PRk, 7EiX
— 7R b, AR TR R sMMO i1 7E A5
GEAR X ) il ORS00 4 S LA AR AL AT T
BERUSS Bt ROy 0, e 2 AU
ML AN ) B8 2 8 S IR A B WF 5 AN T A, A ATTEE AT
PLTE B Jot S8 Ak T PN T X i il A T i, 0 T 4 R 0%
il 1) FFY R o BRI, 4 v T2 i X 8 4 T S T G T
ZMk, FRAT R R K A HELAT L A (LAY R e
ERiq

KT VA ARz ELRRY 0 F B SRRl 2 AR
TR T B, 6 R B AT ks, BHLI A
WG] A KT R AR, AT LR R e AL T
N A P R EEIE A Tk 7= b o 58 RS2
FEFI R B S A TR A P IR R RS T TR T — &R
G 5T TAE, 38R W e & L B Methylomonas
sp.16a 1E N FRIXIFE R I91E FE, %A M.sp.16a N
VR 8 7, Rk T AME B-51 8 N K R G L
crtwW., B-f 8 N ZEEALEEILA crtz A=A OR R I
2T RILF T 183 T B R e B I T R A
FETEAR . bR B IR S BN, B I EE A
KAERRIRF] 0.26 /h, fEAERKBURE R ML
KE] 40%~60%, 1% B A KPR I IR 2K A ik
FEMERT IR 2] 90%,
3.2 MMO HysNEFRIE

MMO H# SR A DITE R H RN A C-H #, A
AR BE o AER S H 35 3R 450 T e b i A K
12149, MMO 7 F be Ak B P i 2Rk A B, vk
IR 7 3 B G 1 Tl AR WAk i R . AR RE
i 3 o B TR B, AR RTR e LA AT AL
Py A K fE 32 ik MMO - H AT DU 3[R
TR E ARG AR R G, W] RE 52 IR S R 3R
ik MMO ) TR W MR AT AE WAL, S MMO B Tl
I LB I O

WLAE 1992 4FE, West 5 S T7 R A HiR
KRGk A T M. capsulatus Bath f) sMMO HY I8 45
M B AL C AR R T IE MRS,
{HREFRACEGA A H R R RS, X rTae R m T
KGR G = sMMO  3R35 BT i 8 1 20 2% IR+ 3 %
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i, #3k H TF M. trichosporium OB3b [ sMMO 7& 3%
RAIR B i TR (Pseudomonas putida F1), B 15 AR 78 &
(Rhizobium meliloti) F1 #i% J& 4% #F 1% (Agrobacterium
tumefaciens) i 435l ik, A T 0148 R aHt N (A
LSRRI Y MMO A PN s A BB S0 9 e 0 9 4 o
¥ sMMO J3 A 7E IR & sMMO (1 H e S AL 1A
Methylomicrobium album BG8 #1 Methylocystis
parvus OBBP "SI ifif7 T R £ kY, AR
HHET R 1k, & BA B e e K AT 3 R 5 A 15 1
1) sMMO, +&Z 7 B\ i h RIXWIF AR S,
HIZ Bl AT e S AL TR SR AR AL, TR TEA
T KR sSMMO 1Y 155 A8 R I8 HOR RE B AR 15 5

pPMMO S AF7E T F e S8 A0 T 20 S b ) PR e B
PR, JLT B 0 B AL R AR S A pMMO SR,
HIXHF sMMO 15, ‘ERFRBASZHEEP M Cu®
i, EIES T bR, W R e SRR A SIS
1 pMMO, # BAFTE W& L T4k, BEEAR
S U5 22 8 BRI 5T A AR P B R S R 1) A DR
WL pMMO R IBF AR BAHEWE L.
pMMO FE[K i pmoCAB 41 A%, {HJ2iX % pmo &[N 7%
HAgil L B & DNA JrBOR ek, 2 43 pmo
FE DR X K o B e 2 B s I O, e K AT
P PR IE pMMO JERII, Jovk RIS A 16 PRIk i
fEFB), A5z % A M. trichosporium OB3b Yt {4 {k&
Hh 75 F) pmoCAB, g 1A 4T 5Kk BRI 6 3 IR
Ja 2 F RS pmoCAB B I F Ik TUkL, Jf 5 ALLER
B, A CBEAE R e —Ricil, T AR 2] T 3Rk Uk
P P b R A A F A TR AR IR A S 56 UE
THEARES pmoCAB JE K P s 5% 5%, FEIREFR
SIS R B, EAWEA pMMO . EAREA
pMMO TG PR A T iy W e Ak T, (H i I Se
T pMMO 2K [ 5 U5 2 18 (1 45 L s 7 i i i0E— 25 A
1 FRRB AR, A EIEB pMMO 1 5 I 5 2R
K BB AI

Bl DNA P £ AR AP B R, K
AT A 0 2 TR PRI s i) o i, b 1 B B4 Ak
R BE M. capsulatus (Bath) it 35 R 41 0]
B2 5e i BY, 1 R e S Ak B g SR B R ML
trichosporium OB3b ¥4 K4 7 T 4F H At 1k
TEHEAT, XEELE BB A B TRATE 8 TR S
FIH H e 48 AL Je MMO,
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b LR MMO o8 B 200 2 S RERUAE Y
MEALH, RIS IER, ZRIRZ TN AR,
(AR NG A P s A 7 — S AR 15 A DR A (R
g, FRT e S A A i A A L A i 2
i, AW, SO Tl A BE S 2 K
PR A 7 5 B8, H 32 T DR R oy 1 B e SR b AR
KT R Y e A A D A, HLE LK R
fifp PEARARG, 7™ R 1 4 ) RS P e R s YR,
FEM A MMO #EAT A=Y iEfL il FE v, Wi 1k 52
Cu MR FE 52 I AN Fa e, HATEMER MMO MET
aifl; PR, ML AL R B R 2
P A PR R R RN N R e, A
f o B AL TR R 28 AT R, AN 2 DL 2 Tk AR Wi de
s 2o MRAE e AL R A MMO - (R, B
17 T8 25 R A Tl b B4 R AT R AT S, —
Jr R AR AL R b, B ROy S —TF
T2 AP HG A 7 v BRI RS 2R AL~ i, an T4 i
T BRARBERR A o X T N O DA AE 1 2% A
LA JLJy 1A

(1) 32 B e S AL TR 00 A R R L AR i R
MMO A EE, DU T RO Ak 1 427 o %
e S A B T R D AR A T AR i 5 MMO
SN R, REEZH MMO H 4 AR
ARt A, i P b A I A B A
IR TR R o Rk MMO EEH, #
FfE AR A DL S Bl P A R, BRAs R e T
PR MMO & H, HTADREL SR,

()X e AL T B MMO  HEA T 280 1 )5 12
AR5, LR mHE AL dh o A
TR, 1 F e S 1k 1 L P B i A g B
EA=A R I A P iR A, LA A Y Joe D DO A 7 g
AL X MMO JEAT5E mRAE, DA e B
s MMO  FJEE 9 R DA T 26 7 e BRI B f =
dhs ANESR S, R B G A5 R, A BB
BEAALTEFIA MMO JEIH, LA 2 A HLARGETL .
A S5 R R ) AR SN 251
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