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A review of the physiological and ecological characteristics of methanotrophs and

methanotrophic community diversity in the natural wetlands
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Abstract: Methanotrophs are a group of bacteria that can use methane as their sole source of carbon and energy. They play a
major role in carbon cycle and global warming by controlling emissions of methane, the second most important greenhouse
gas following CO,. In this review, we summarize recent progress on the physiology, phylogeny, and ecology of
methanotrophs, with particular focus on the diversity of methanotrophic community in natural wetlands. The traditionally
identified methanotrophs all belong to the phylum Proteobacteria. Based on intracytoplasmic membranes formation,
predominant fatty acid types, the mechanism by which carbon is assimilated into biomass and phylogenetic characteristics,

proteobacterial methanotrophs are divided into two groups, type I and type II ( Gamma- and Alpha-proteobacteria,
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respectively). Up to now, 20 methanotrophic genera have been affiliated in phylum Proteobacteria, including two
filamentous methanotrophs, Crenothrix polyspora and Clonothrix fusca. These two species have been characterized recently
and form a new branch within the family Methylococcaceae. Verrucomicrobial methanotrophs, a remarkable new finding, are
distantly related to the proteobacteria methanotrophs. They have been isolated from geothermal sites, seem to be restricted to
extreme environments and form a new genus ( Methylacidiphilum ). Methanotrophs are also found in a novel phylum named
NC10, which represents bacteria capable of aerobic methane oxidation coupled to denitrification under anoxic conditions.
Two types of enzyme, a particulate methane monooxygenase (pMMO) and a soluble methane monooxygenase (sMMO) can
be used by methanotrophs to execute the first step of methane oxidation. All known methanotrophs possess the pMMO,
except genera Methylocella and Methyloferula which only have sMMO. Some methanotrophs of type I and II have both
pMMO and sMMO. A different pMMO (pMMO?2) is discovered in some type I methanotrophs. pMMO?2 has lower methane
oxidation kinetics and enables these methanotrophs to consume methane at atmospheric concentrations. The pmoA and mmoX
gene, encoding subunits of the pMMO and sMMO respectively, have been used as a functional marker for detecting
methanotrophs in environmental samples. However, the current public pmoA sequences database is larger than that of the
mmoX , and the sequence based pmoA phylogeny has good correlation to the 16S rRNA phylogeny. Facultative methanotrophs
have been reported in the genera Methylocella, Methylocapsa, and Methylocystis. Some species of them can use compounds
with carbon-carbon bonds as sole growth substrates, including acetate, large organic acids or ethanol. These findings broke
the traditional notion that methanotrophs could only use one-carbon compounds, indicating that broader substrate utilization
might be more common in methanotrophs. Methanotrophs have been isolated from various environments including habitats of
extreme temperature, acidity or salinity. For example, some type I methanotrophs ( Methylocaldum , Methylococcus, and
Methylothermus) were reported to have optimum growth temperatures above 40 °C. On the other hand there are some
methanotrophs ( Methylobacter and Methylocella) adapted to cold environments and with optimum growth temperatures of 0—
30 °C. Some Methylacidiphilum species grow at extreme low pH of 2—2.5. But some Methylomicrobium species have the
optimum pH of 9.0—9.5. Besides, some Methylomicrobium species and Methylohalobius crimeensis are halotolerant
methanotrophs and have a growth optimum around 1—1.5 mol/L NaCl. In contrast, Methylocapsa KYG is very sensitive to
NaCl and can only grow at low NaCl concentrations. By employing the 16S rRNA gene or functional genes as molecular
markers, the methanotrophic communities have been extensively studied in many natural wetlands. A variety of molecular
biological tools, such as T-RFLP, DGGE, FISH, clone library and pyrosequencing, have been used to detect the
community diversity of methanotrophs in soils of these ecosystems. Most of the studies were conducted in acidic peat
wetlands at the high latitudes of the Northern Hemisphere, especially in the United Kingdom and Russian. In these
peatlands, most of the known methanotrophs belonged to type I, such as genera Methylocystis, Methylocella and
Methylocapsa. Especially genus Methylocystis, were widely distributed in acidic peatlands. Type I methanotrophs,
especially genus Methylobacter , were dominant in the cold Arctic wetlands in Norway and Finland. Furthermore, researches
revealed that type 1 and Il methanotrophs were widely present in natural wetlands in the United States and Japan. In
2012, the first study on methanotrophic diversity of wetland in the southern hemisphere was reported in Argentina. The high
abundance of genus Methylocystis suggests that it is probably the major contributor to the methane oxidation in this
Sphagnum wetland. Type I and type Il methanotrophs were all detected and were present with different proportion in some
natural wetlands of China. Great progress has already been made in the recent researches of the physiological and ecological
characteristics of methanotrophs and their community diversity in the natural wetlands. With the arrival of the era of high-
throughput sequencing and the development of new isolation and culture technology, the knowledge systems of

methanotrophs will be refreshed more frequently.
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y-Proteobacteria

Methylocaldum szegediense OR2
Methylogaea oryzae Methylosphaera hansonii AM6

Methylococcus capsulatus Bath Methylomarinum vadi

Methylomonas methanica
Methylothermus thermalis MYHT

Methylovulum miyakonense
Methylosoma difficile LC2

Clonothrix fusca strain AN-b

Methylohalobius crimeensis

Methylacidiphilum infernorum V4

Verrucomicrobia

Crenothrix polyspora

Methylobacter tundripaludum SV96
Methylomicrobium album BG8
Methylosarcina lacus LW14

Methylocella silvestris BL2
Methyloferula stellata AR4

ethylocapsa acidiphila B2 Methylocystis parvus

Methylosinus yr/chosporium 0B3b

a-Proteobacteria

E1 FA2MFERRESELEER 16S rRNA EEHEH R HLH
Fig.1 Neighbor joining phylogenetic tree of 16S rRNA gene of the current methanotrophic genera. All the sequences were from the NCBI
database and 1387 bp sequences were used to build the tree
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ML IITR S 14C F116C T I 2 B AL TR I L AR R 2 18C 7 (HALA — 8 P g S A T[] I 55 A A
MBI 16C F1 18C PIFPGIHER , 4N : Methylocystis heyeri (a—"FIEH ) Methylohalobius crimeensis (y-"%JE B
X)) F1 Methylothermus thermalis( y-Z8 T 2N) [RIAS544 1 AFN I AYH ot SEAL T bR SRR IR S H ke 4R
AL Y 73— A3 2R 2 M B B A HE S 7 X ( Intracytoplasmic membrane arrangments) ARl 1 Y H f2 454k
B ELA A Y40 T 20 5 PN A B P B, SR 2-A R Methylobacter tundripaludum“l] , i I A b | AL
Methylocystaceae B Methylocystis 1 Methylosinus J& (4 il S5 P4 5 - 17 4 4 4 76 200 Jfa BE () J&) 161 ( 3% 2-B) 17,
Beijerinckiaceae Bt Methylocystaceae B AT NG 5T AR 54, o Methylocapsa & B4 i 5t N BESEA 74340 T
KA ) — M _E2 (3R 2-C) 5 Methylocella Ji 14 S 5 A M2 £ 200 M0 J5 S 1) B8 9 A7 (3% 2-D) 5 T
Methyloferula YA % SN IR 45 4 1+

PR e S A TR A PR e A 5 2 < 5 v R g 2010 420l ( MMLO ) Rf FRY e 136 16 A G PP e, 480 o Y 5 9%
Jri 8 5 22 B R A AR B PR TR A IR S A2 ) A by 240 ML A= W | B A AR A YRR s e 7 o — Sk . Y e B
SAUBE X S5 AR OB ME ROVE I E TR 2K . SRS & 3 A 1 B8 1 RIS 1 A ORI Y e R 4
it ( pMMO ) 173 14 7 Ji] J5 2 ] H 8 R 9 1 PP e B0 00 480 (sMMO) o 72 B & & B A0 4 480 P e AL B vy B
Methylocella Fl Methyloferla VAAI #5548 pMMO" ) 1iij H e — 86 T Y R e S A0 B (40 Methylosinus sp." ™) FJL
A 1 A Be S8 AL TR (4 Methylomonas sp. Fl Methylomicrobium sp.) HRERS I 2 4wt sMMO FFER T 2 P 4
B B BE T ARG sRoKoF B R IX PR BRI I 23k, 2 B TR /N T 0.8 wmol/L i, sMMO 1T LA
iR, T THRIE T 4 pmol/L i, sMMO 5 123K, HUAT pMMO 23k, e e J3E (19 41 B 1 e B2 T U] sMMO
LR BB 53, T 85— Wk B2 %) 3 T DAGE 2 pMMO S PR A 3% 5 3 8, A 18 & 6 J pMMO 40231 114 483 g JC
2. BT EAH BN, pMMO L RERAL 5 D IRELN Y — 2L KT EEAL G 4, sMMO WA S T3 (IR ) R HTRE T, g
SRR Z R R RS E IR A,

S 165 rRNA LA A AR WA AW 50 v fie i 6 ] B0 R iC R DY (E AR50 HAT e o T RE R 2
WYIZEHERT , 75 2R L — A0 9 A G B T ) 5 IR (AN pmoA FERIFT mmoX FEIHD) AL 16S tRNA FE[H . pmoA
FEF L TPAAAE TR R B A i B g OGSl pMMO 9 — N EJE , HEET pmod JERIFIEE T 16S rRNA
B H B AL Y R G0 R B O R A B RS — B, P pmoA IR E 28 1N HY Bt A TR A= S 2 o vh T
MR AEYIARE T, T pmoA JED ZiA% sMMO () mmoX 3 HANAFFE T /0 BORh 2 i) F b Ak i v
X ARG AR A0 | T MR R M U8 5V b AR A ] T mmoX JEPRI 26351 12 SE R 7E B o S MK T 1
FEH YN TR 32 21 B 22 B

FR e S P TR RS R 02 R 25 SR A IS I AR R MRS 1R A A0 Je B39 93 3 81 g PP e S A TR S 2 X FR e (1 2
R B RR , I, 7€ Baani 25 &% B8 Methylocystis sp. SC2 R T %4 pMMO Fb, i &4 55 2 Fi FH be B i 42 1
(pMMO2) Z i ) AATT— B H e S Ak B R A v Wk B R e T A AF . R e S AK T PTTAE pMMO2 il 14 7
T EEAF IR B ) RS Be, 9065 pMMO2 B pmoA2 FER7E 11 Y H B S8 AT Methylocystis #11 Methylosinus J&
i AR (R T R B A B PR R RS 4 R W b H e 2B A SR 0 T Tk
Z— & I B S SR AR B, JUHR Methylocystis sp. , T 2 Bl — ELAA LU HB R RR AR - 358 i) — BE R B 37 2B RN )
1 FVGE S8 AL TR USCo Rl USCry S WSO PR 32 R e 14y 2 B30 T s 4 A o AR T 52 Y 168 ) T 1
PEFIFENEE I3 DR R Methylocystis J& F be AL TR TE L L BRAKT LR CH & vl B Y BE R85 PP 32 40 A 19 32
BRI Z —, pMMO2 1% & Bl wf F e S0k TR AT 5 i) i 2 i e | XoP AR 4K PR e e B v %) TP e S A v A B
BERHR AR TR S PR v S A Y T e A T T RE S R

X B ot E AL T ) & — P BB A B 0k | Dedysh %5 % PR VG 17 1) 31 2 1 D8 ¢ 18 3t v 2 B 0B 3 Bk
I %1 B e S8 AL T Methylocella palustris, Methylocella silvestris F1 Methylocella tundrae"™* BEREH—BR Ak 29 F e Al
FY A Sy HOME — B DR A RE IR, REAI T Z L&, (A HLRR ( 1R, N EIR , B FATR A1 SRR ) 1 LB, 1
AR B — IS, TR ] TSR G AR AL B AL TR A A, B T y-R IR T A9 I BT 220k T e AL
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Crenothrix polyspora TEA I BEAFAEIIG DL T BENEFIH £ 12 , I HLRE /D 8 W ISCRE 9 B, 3% IR 120 Dl 2 e R 8 R Y
e b ) (B S —Fne K IR 2R b 8 AL Clonothrix Sfusca /NBEF) FH A% BE , 7% 8 19 16S tRNA
S FH 5 C. polyspora IR IR | X FH B G IR 75 H A HeME 35 35 IO R PR IR 75 B 0 2 (1 S0 46
Y9E, A &I Methylocapsa J&F Methylocystis J& W) —28 547 pMMO ) H e S8 AL T e A H < R 1R A i —
BRIRT S HRIF o 45 S ik FR e U TR 4 JES 0 R T R 0 O AR R =2 i Ak A IR R B — | R RE A BB 812 1 IS
WAL, Semrau B FF AN [ BT HEE E IR A b S TR G R BT S, T AR T A5 AT BB Y R R 1T
Dedysh Xof U faf 7 55 1 %68 2 He bk 8 728 H B AL BRR T AR 248 el o

XA i PR E T e S A TR RO A T A8 B Rk . & ARG T AR b B g B Y e A T
FEBT y I W 1 B e S AL, LR & B e 1T/ 3 bk, 76 1 24 W g S AL i
Methylocaldum Methylococcus 1 Methylothermus J& FF 34 %2 BRAT 1R e T8 25 W8 15 T %) FFY Jo S804 71 T ok 122 Hop
Methylocaldum tepidum F1 Methylocaldum gracile £ 47 °CF 0] IAFEE , Hode il AE KR N 42 °C 5 Methylocaldum
szegendiense M HCIE A RKIAE N 55 °C 0 N H AR — MR HL 20 B8 21AY Methylothermus thermalis ) H53 A= K i
JEIK 57—59 C1 Sy — Iy T, AT — L PG AL T B FE VS B FREE ) A Methylobacter J& , JG1E /273 B FI )
21 A 14 B A TR Y TR K R A AR 45 FE YA A B P (A WA ARSI b A o O R v A 1 )
85 A EA1E B AR P AR AR . M S — b R /K P B B A Methylomonas scandinavica' ™ F N
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