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neighbor-joining in MEGA 7. Bootstrap values higher than 50% (based on 1000 replications) were shown at branch
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Table 1.

The physiochemical properties of Mmc strains

[21]

Characteristic M. luminyensis

Ca. M. termitum™

Ca. M. caenicola® 1SO4-H5*

Source Human faeces Termite guts Digested sludge Ovine rumen

Oxygen Strict anaerobe Strict anaerobe Strict anaerobe Strict anaerobe

Morphology Coccl, as single cells Coccli, as single cells  Cocci, as single cells Coccl, as single cells

Diameter/pm 0.7-1.0 0.5-0.8 Not reported 0.3-0.6

Motility Non-motile Non-motile Not reported Non-motile

Optimum TEMP 37 °C Not reported Not reported 38/39 °C

Optimum pH 7.6 Not reported Not reported Not reported

Salinity 0.1%-1.0% Not reported Not reported Not reported

Substrates H,+MeOH/MMA/DMA/TMA H,+MeOH/MMA(not H,+*MeOH(MMA, DMA or H,+MeOH/MMA/
utilize DMA or TMA) TMA were not reported) DMA/TMA

* TEMP: temperature; MeOH: methanol; MMA: monomethylamine; DMA: dimethylamine; TMA: trimethylamine.
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Figure 2. Methane formation and energy metabolism pathway of Mmc strains. The red color indicates that Mmc

does not contain the genes required for production of coenzyme M. MeOH: methanol; MMA: monomethylamine;
DMA: dimethylamine; TMA: trimethylamine; Fd: ferredoxin.
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2. Mmc BHEREEBYF R
Table 2. The genomic properties of Mmc strains
Clades Mmc strains GenBank Genome No. of No. of tRNA No. of rRNA genes GC
accession number  size/Mb genes genes content/%
Environmental M. luminyensis©>® CAJE01000001 2.62 2630 45 4(2 58,1 16S, 1 23S) 60.5
Ca. M. intestinalis®" CP005934 1.93 1866 44 4(2 58,1 16S, 1 23S) 41.3
RumEn M1 LJKK 00000000 221 2322 44 4(2 58,1 16S, 1238) 62.5
Gastrointestinal RumEn M2 LIKL00000000 1.28 1419 45 4(2 58,1 16S, 123S) 54.8
tract Ca. ethanomethylophilus®*® LOPS00000000 1.72 1809 37 5(3 58,1 16S, 1 23S) 60.4
Ca. M. alvus') CP004049 1.67 1707 45 4(2 58,1 16S, 1 23S) 55.6
Ca. M. termitum™ CP010070 1.49 1458 46 3(1 58,1 16S, 123S) 49.2
BRNA1( Unpublished) CP002916 1.46 1577 45 4(2 58,1 16S, 123S) 58.3
ISO4-H5P¥ CP014214 1.94 1877 47 7(3 58,2 168, 2 23S) 54.0
1SO4-G127 CP013703 1.59 1549 45 4(2 58,1 168, 123S) 55.5
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TRLH %, K/ T 1.28 Mb (RumEn M2)F1 2.64 Mb
(M. luminyensis)Z |8, [a]—J&H Ca. M. intestinalis
(1.93 Mbp)HI M. luminyensis (2.64 Mbp)Hi 4>tk
AFER AR N BOR ZE 5, BA W B A 51k
Mme FHE R 2H R/ N5 3R R ECR ik b, LR RI2H
G AR AR, RAEIEN 1000 bp., A
EARZIA GC FRZEFAEF K, H5EEHE
FHFRIE i A R A

TERZEPLEE T, rRNA B #4108
Mme i rRNA LA A7) 5S . 168 1 23S rRNA
SENA, =S T—4> 168 Fl—> 23S rRNA
LA R FAFE DL o R R AR 2 AT A AR 145 D
i 5S rRNA FE[A , 1H Ca. Methanomethylophilus E-
A 3N DR 58 rRNA JE[H, 7E Ca. M. termitum
H A 1 A5 DL 5S tRNA L . ARIEFRAZ
[l tRNA B RECR AR RS . Ca M.
termitum 4 44 > t(RNA 3:[H, Ca. M. alvus § 47
,1S04-G1 A 45 />, 1 Ca. Methanomethylophilus
HA 374

RZH Mme FE [N H AR S A 518 20 e FEfR
A9 tRNA (M. luminyensis it/ %% iz 56 2 B2 i) tRNA ,

RumEn M1 S/ D262 R ) tRNA), (HERKA
FEAE A e iR i t(RNATZ 26257300ty i o 2
fiz(Pyrrolysine, Pyl), J&HFETCAINE 22 M2 5H&E
HBAEYIG I IR , 775 T Methanosarcinaceae
() R R AN D RO LA A T v, 2 il B
B b 2L RET. BT & B, Mme L4
FEAE S f UL 361 2 BR AL 75 1Y pyIT . pylS . pylB . pylC
A pyID FEPIFEPS S R, IS R R Y A T
REJZ ™ F G ol 7 3 72 ) B A A

7 EEALGHEEN M

“WIB R LN R/ T 1.28 Mb A1 1.94 Mb
ZIAlo AHLC T PRIFE", i i iy SE I 4 KR
{4k, X FPEE A2 F A% 22 55 n] AR -5 BRE A3 1
Ko Ca. M. termitum TEMAKR FJE T “MiE
%7, Lang FPVEIEARER A = H I, X—JK
PR GG S 2 Ca. M. termitum AN3E TR & 7Y
st Z BB AR BB i AR A7 . 5 HA B AR ER
EAHLL, BENERYREA TR, KA ReE
Y

Mmc SR 2H rh AR fE i A AL G . 203

http://journals.im.ac.cn/actamicrocn



oo

Yang Zhou et al. | Acta Microbiologica Sinica, 2020, 60(1)

(R 7/BZ/Y I N N =[BRS PS8
g5 Mme e AR AL
jjo IR B M. luminyensis &4 8 5 1LY
o AALY) R LN, BB Ca. M. alvus
HEA 2 A 0% <355 1 RumEn M1 54
4 5L E’JL%&@C% A LRI 4 48 DL o
R A B, Ml %1 RumEn M2 {054 2
P8 DLt b DI I L R R 2 98 DL %) i fif 3 2
FIEET, b2z B3R, “HREEFE A Mme HAT
SESRAYPUEALRE ), A SIS N R A 2R R

R4 M. luminyensis, Ca. M. alvus #1 Ca. M.
intestinalis #FARIE T AN, (HEA Ca. M. alvus
A YRR AR T SRR K fE B (CBAH) Ay HE PO, IR
Tk T 22 R /K i it BE 8 15 5 FR B 7 7 V7 6 18 oo IR
LR T o M. smithii 71 M. stadtmanae J& NJiE
IS NPIRI LA B, BT RE 2H rh
A X FPHEH PO RumEn M1 Al RumEn M2 (5
B4tk g CBAH IS, 7ER 24811
fpiEh, IRER Bt AN, W%*E‘Jﬁ’(
A=Wy n] e BRI P B b 3 Y R g T ek 2R X —

o {H RumEn M1 #1 RumEn M2 B¢3E R ZH AR & ﬁ
— PR ABC #iz A, XM iz A nT LUd i R
FHSERIR BB, M XogE B e SR 5

AN, “EREFETH M. luminyensis #1 Ca. M.
intestinalis REIE VM ALIEPREE , AT BEIATE T H G ith
) COG0790 & 1 HPAFAE R — N IRAT Y 24 S R 25
IR0 I Ay S A7 A0 T AT LA AR I EE
)ﬁEF' BAEE R — BRI, XA £

REAS (ol A= P N AL TE R EE . Ca. M. alvus
E’J%lzﬂﬂlﬂ, A 28 NGfi% COG0790 111y gk
A, 1M Ca. M. intestinalis 4 6 1>, M. luminyensis

HA 1A, X RIS [A] T R ITH ALE PR A0 g
IFAEZES

5
S}HH

El\ SO
FENfE

/DZZLE?@M

actamicro@im.ac.cn

8 EEETHFEMSAL

MR Z Y IEE R Mme 298 5 0K T
F Joe Jei FF TR B REE 1) 5F — R B T,
Kirs!™ & B Mmc (578 B i #i 15.8%. Seedorf
SR S AL B PG 22 U A s R
Mme /7 5 B BE R 1~F-35 LE A2 10.4% . Kittelmann
SR B A L AR AN RS B P B Mme (5 S BT
] 18.1%. Huang %ﬂ%?’iﬂ%ﬁﬁ%@h%%ﬁliﬂl
BARIEE R, Mme B HGBI500 ik 80.9%F
62.9%,

TE H AR R S AR . S0 A b 2 N
22 0 TR S AR EURNE B BN I
FEHE0RET , I8 o Mimc A9 325 2 it Az
WM LI, MR RO H LR B N
Hrt) Mme £ 8 2 R s R R H AR L 2R,
X2 S 1 7 A AT R H T R R ORI TR
N pH B, ATIH Mme B4R K . BFFEIE &
MAEFEILFEAEE S, Mme F2H Group 8.
Group 9 il Group 10 "™ 78 4 22 4 = Fn
AR E H, Mme FEZH Group 10, Group 11
Group 12 £H i,

Janssen #M

9 RZE

Mme 73 |z AR — AN S i e i H
B2 BCHR, RGUE e AR ld e, TG
2977 968 RE BT LA G A PR r B e R T A P
58, P, MARIPREG AR 7 B R8T Mme
PRI, TR A B AR A R DR 28 R S a0
(AR o IR B e A A i
e T SR T R U I A SR, Mime
VEIR B e KW B i, SR R A5



JABRSE | BUEDSH, 2020, 60(1)

YA P e, X — AR AR xR 1B e A ) BT
BRI ATEAE . RHTRAM T Mme, A BT &%
AR 18 Be D HE SRS P4 1

Z % X M

(1]

(2]

[3]

(4]

[5]

[6]

(8]

(9]

Garcia JL, Patel BKC, Ollivier B. Taxonomic, phylogenetic,
and ecological diversity of methanogenic Archaea. Anaerobe,
2000, 6(4): 205-226.

Wright ADG, Auckland CH, Lynn DH. Molecular diversity
of methanogens in feedlot cattle from Ontario and Prince
Edward  Island,
Microbiology, 2007, 73(13): 4206-4210.

Fuhrman JA, McCallum K, Davis AA. Novel

Canada.  Adpplied  Environmental
major
archaebacterial group from marine plankton. Nature, 1992,
356(6365): 148—-149.

GroBlkopf R, Stubner S, Liesack W. Novel euryarchaeotal
lineages detected on rice roots and in the anoxic bulk soil of
flooded Applied  Environmental

Microbiology, 1998, 64(12): 4983-4989.

rice  microcosms.
Jurgens G, Glockner FO, Amann R, Saano A, Montonen L,
Likolammi M, Miinster U. Identification of novel Archaea in
bacterioplankton of a boreal forest lake by phylogenetic
analysis and fluorescent in situ hybridization. FEMS
Microbiology Ecology, 2000, 34(1): 45-56.

Huang LN, Zhou H, Chen YQ, Luo S, Lan CY, Qu LH.
Diversity and structure of the archaeal community in the
leachate of a full-scale recirculating landfill as examined by
16S rRNA gene FEMS
Microbiology Letters, 2002, 214(2): 235-240.

Sollinger A, Schwab C, Weinmaier T, Loy A, Tveit AT,

direct sequence retrieval.

Schleper C, Urich T. Phylogenetic and genomic analysis of
Methanomassiliicoccales in wetlands and animal intestinal
tracts reveals clade-specific habitat preferences. FEMS
Microbiology Ecology, 2016, 92(1): fiv149.

Iino T, Tamaki H, Tamazawa S, Ueno Y, Ohkuma M, Suzuki
KI, Igarashi Y, Haruta S. Candidatus Methanogranum
caenicola: a novel methanogen from the anaerobic digested
sludge, and proposal of Methanomassiliicoccaceae fam. nov.
and Methanomassiliicoccales ord. nov., for a methanogenic
lineage of the class Microbes and

Enviroments, 2013, 28(2): 244-250.
Luo YH, Chen H, Yu B, He J, Zheng P, Mao XB, Tian G, Yu

Thermoplasmata.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

J, Huang ZQ, Luo JQ, Chen DW. Dietary pea fiber increases
diversity of colonic methanogens of pigs with a shift from
Methanobrevibacter to Methanomassiliicoccus-like genus
and change in numbers of three hydrogenotrophs. BMC
Microbiology, 2017, 17(1): 17.

Denman SE, Tomkins NW, McSweeney CS. Quantitation
and diversity analysis of ruminal methanogenic populations
in response to the antimethanogenic compound
bromochloromethane. FEMS Microbiology Ecology, 2007,
62(3): 313-322.

Wright ADG, Williams AJ, Winder B, Christophersen CT,
Rodgers SL, Smith KD. Molecular diversity of rumen
methanogens from sheep in western Australia. Applied and
Environmental Microbiology, 2004, 70(3): 1263—-1270.
Evans PN, Hinds LA, Sly LI, McSweeney CS, Morrison M,
Wright ADG. Community composition and density of
methanogens

in the foregut of the tammar wallaby

(Macropus  eugenii).  Applied and  Environmental
Microbiology, 2009, 75(8): 2598-2602.

Miyata R, Noda N, Tamaki H, Kinjyo K, Aoyagi H,
Uchiyama H, Tanaka H. Phylogenetic relationship of
symbiotic archaea in the gut of the higher termite
Nasutitermes takasagoensis fed with various carbon sources.
Microbes and Environments, 2007, 22(2): 157-164.

Egert M, Wagner B, Lemke T, Brune A, Friedrich MW.
Microbial community structure in midgut and hindgut of the
humus-feeding larva of Pachnoda ephippiata (Coleoptera:
Scarabaeidae). Applied Environment Microbiology, 2003,
69(11): 6659-6668.

Janssen PH, Kirs M. Structure of the archaeal community of
the rumen. Applied and Environmental Microbiology, 2008,
74(12): 3619-3625.

Paul K, Nonoh JO, Mikulski L,

“Methanoplasmatales,” Thermoplasmatales-related archaea

Brune A.

in termite guts and other environments, are the seventh order
of methanogens. Applied and Environmental Microbiology,
2012, 78(23): 8245-8253.

Seedorf H, Kittelmann S, Janssen PH. Few highly abundant
operational taxonomic units dominate within rumen
methanogenic archaeal species in New Zealand sheep and
cattle. Applied and Environmental Microbiology, 2015,
81(3): 986-995.

Kittelmann S, Seedorf H, Walters WA, Clemente JC, Knight
R, Gordon JI, Simultaneous

Janssen PH. amplicon

http://journals.im.ac.cn/actamicrocn



Yang Zhou et al. | Acta Microbiologica Sinica, 2020, 60(1)

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

sequencing to explore co-occurrence patterns of bacterial,
archaeal and eukaryotic microorganisms in rumen microbial
communities. PLoS One, 2013, 8(2): e47879.

Seedorf H, Kittelmann S, Henderson G, Janseen PH.
RIM-DB: a taxonomic framework for community structure
analysis of methanogenic archaea from the rumen and other
intestinal environments. PeerJ, 2014, 2: ¢494.

Gaci N, Borrel G, Tottey W, O’Toole PW, Brugére JF.
Archaea and the human gut: new beginning of an old story.
World  Journal 2014, 20(43):
16062-16078.

Dridi B, Fardeau ML, Ollivier B, Raoult D, Drancourt M.

of Gastroenterology,

Methanomassiliicoccus luminyensis gen. nov., sp. nov., a
methanogenic archaeon isolated from human faeces.
International Journal of Systematic and Evolutionary
Microbiology, 2012, 62(8): 1902-1907.

Xie F, Zhang LL, Jin W, Meng ZX, Cheng YF, Wang J, Zhu
WY. Methane emission, rumen fermentation, and microbial
community response to a nitrooxy compound in low-quality
forage fed hu sheep. Current Microbiology, 2019, 76(4):
435-441.

Borrel G, Harris HMB, Tottey W, Mihajlovski A, Parisot N,
Peyretaillade E, Peyret P, Gribaldo S, O'Toole PW, Brugere
JE. Genome sequence of “Candidatus Methanomethylophilus
alvus” Mx1201, a methanogenic archaeon from the human
gut belonging to a seventh order of methanogens. Journal of
Bacteriology, 2012, 194(24): 6944—6945.

Borrel G, Harris HMB, Parisot N, Gaci N, Tottey W,
Mihajlovski A, Deane J, Gribaldo S, Bardot O, Peyretaillade
E, Peyret P, O'Toole PW, Brugere JF. Genome sequence of
“Candidatus Methanomassiliicoccus intestinalis” Issoire-Mx1,
a third Thermoplasmatales-related methanogenic archaeon
from human feces. Genome Announcements, 2013, 1(4):
e00453-13.

Lang K, Schuldes J, Klingl A, Poehlein A, Daniel R, Brune
A. New mode of energy metabolism in the seventh order of
methanogens as revealed by comparative genome analysis of
“Candidatus Methanoplasma
Environmental Microbiology, 2015, 81(4): 1338-1352.

Noel SJ, Hojberg O, Urich T, Poulsen M. Draft genome

termitum”. Applied and

sequence of “Candidatus Methanomethylophilus” sp. 1R26,
enriched from bovine rumen, a methanogenic archaeon
belonging to the Methanomassiliicoccales order. Genome

Announcements, 2016, 4(1): e01734-15.

actamicro@im.ac.cn

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

(35]

Kelly WJ, Li D, Lambie SC, Jeyanathan J, Cox F, Li Y,
Attwood GT, Altermann E, Leahy SC. Complete genome
sequence of methanogenic archaeon 1SO4-G1, a member of
the Methanomassiliicoccales, isolated from a sheep rumen.
Genome Announcements, 2016, 4(2): ¢00221-16.

Li Y, Leahy SC, Jeyanathan J, Henderson G, Cox F,
Altermann E, Kelly WJ, Lambie SC, Janssen PH, Rakonjac J,
Attwood GT. The complete genome sequence of the
methanogenic archaeon 1SO4-H5 provides insights into the
methylotrophic lifestyle of a ruminal representative of the
Methanomassiliicoccales. Standards in Genomic Sciences,
2016, 11(1): 59.

Jin W, Cheng YF, Mao SY, Zhu WY. Discovery of a novel
rumen methanogen in the anaerobic fungal culture and its
distribution in the rumen as revealed by real-time PCR.
BMC Microbiology, 2014, 14: 104.

Borrel G, Parisot N, Harris HMB, Peyretaillade E, Gaci N,
Tottey W, Bardot O, Raymann K, Gribaldo S, Peyret P,
O'Toole PW, Brugere JF. Comparative genomics highlights
the wunique Dbiology of Methanomassiliicoccales, a
Thermoplasmatales-related seventh order of methanogenic
archaea that encodes pyrrolysine. BMC Genomics, 2014, 15:
679.

Burke SA, Krzycki JA. Reconstitution of monomethylamine:
coenzyme M methyl transfer with a corrinoid protein and
two methyltransferases
barkeri. Journal of Biological Chemistry, 1997, 272(26):
16570-16577.

purified from Methanosarcina

Kroninger L, Berger S, Welte C, Deppenmeier U. Evidence
for the involvement of two heterodisulfide reductases in the
energy-conserving system of  Methanomassiliicoccus
luminyensis. The FEBS Journal, 2016, 283(3): 472—483.
Ferguson Jr DJ, Krzycki JA, Grahame DA. Specific roles of
methylcobamide: Coenzyme M methyltransferase isozymes
in metabolism of methanol and methylamines in
Methanosarcina barkeri. Journal of Biological Chemistry,
1996, 271(9): 5189-5194.

DJ,

trimethylamine-dependent coenzyme M methylation with

Ferguson Jr Krzycki JA. Reconstitution of

the trimethylamine corrinoid protein and the isozymes of
methyltransferase II from Methanosarcina barkeri. Journal
of Bacteriology, 1997, 179(3): 846-852.

Biumer S, Ide T, Jacobi C, Johann A, Gottschalk G,
The F40H; from

Deppenmeier U. dehydrogenase



JABRSE | BUEDSH, 2020, 60(1)

11

[36]

[37]

[38]

[39]

[40]

Methanosarcina mazei is a redox-driven proton pump
closely related to NADH dehydrogenases. Journal of
Biological Chemistry, 2000, 275(24): 17968-17973.

Gorlas A, Robert C, Gimenez G, Drancourt M, Raoult D.
Complete genome sequence of Methanomassiliicoccus
luminyensis, the largest genome of a human-associated
archaea species. Journal of Bacteriology, 2012, 194(17):
4745-4745.

Prat L, Heinemann IU, Aerni HR, Rinehart J, O’Donoghue P,
Soll D. Carbon source-dependent expansion of the genetic
code in bacteria. Proceedings of the National Academy of
Sciences of the United States of America, 2012, 109(51):
21070-21075.

Borrel G, Gaci N, Peyret P, O'Toole PW, Gribaldo S, Brugére
JE. Unique characteristics of the pyrrolysine system in the
7th order of methanogens: implications for the evolution of a
genetic code expansion cassette. Archaea, 2014, 2014:
374146.

Samuel BS, Hansen EE, Manchester JK, Coutinho PM,
Henrissat B, Fulton R, Latreille P, Kim K, Wilson RK,
Gordon JI. Genomic and metabolic adaptations of
Methanobrevibacter smithii to the human gut. Proceedings
of the National Academy of Sciences of the United States of
America, 2007, 104(25): 10643-10648.

Fricke WF, Seedorf H, Henne A, Kriter M, Liesegang H,

[41]

[42]

[43]

[44]

(45]

Hedderich R, Gottschalk G, Thauer RK. The genome
sequence of Methanosphaera stadtmanae reveals why this
human intestinal archaeon is restricted to methanol and H2
for methane formation and ATP synthesis. Journal of
Bacteriology, 2006, 188(2): 642—-658.

Bauman DE, Lock AL. Concepts in lipid digestion and
metabolism in dairy cows//Proceedings of Tri-State Dairy
Nutrition Conference. Port Wayne, Indiana: The Oiho State
University, 2006: 1-14.

Mittl PRE, Schneider-Brachert W. Sell-like repeat proteins
in signal transduction. Cellular Signalling, 2007, 19(1):
20-31.

Henderson G, Cox F, Ganesh S, Jonker A, Young W, Global
Rumen Census Collaborators, Janssen PH. Rumen microbial
community composition varies with diet and host, but a core
microbiome is found across a wide geographical range.
Scientific Reports, 2015, 5: 14567.

St-Pierre B, Cersosimo LM, Ishaq SL, Wright AD. Toward
the identification of methanogenic archaeal groups as targets
of methane mitigation in livestock animals. Frontiers in
Microbiology, 2015, 6: 776.

Jin W, Cheng YF, Zhu WY. The community structure of
Methanomassiliicoccales in the rumen of Chinese goats and
its response to a high-grain diet. Journal of Animal Science

and Biotechnology, 2017, 8: 47.

http://journals.im.ac.cn/actamicrocn



12 Yang Zhou et al. | Acta Microbiologica Sinica, 2020, 60(1)

Progress of Methanomassiliicoccales in the rumen

Yang Zhou', Yin Li', Wei Jin'?*", Yanfen Chengl’z, Weiyun Zhu'?

' National Joint Research Center for Animal Digestive Tract Nutrition, Jiangsu Province Key Laboratory of Gastrointestinal
Nutrition and Animal Health, Laboratory of Gastrointestinal Microbiology, Nanjing Agricultural University, Nanjing 210095,
Jiangsu Province China

* National Experimental Teaching Center for Animal Science, Nanjing Agricultural University, Nanjing 210095, Jiangsu
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Abstract: With the development of sequencing and in vitro culture technique, more and more unknown
methanogens have been identified. In recent years, the 7™ order of methanogen (Methanomassiliicoccales, Mmc)
has been gradually discovered and established. Mmc is close to Thermoplasmatales in evolutionary ralationship,
but it exists at a relatively long distance and forms an independent cluster. Mmc is widely distributed in the
digestive tract of mammalian and insects, paddy fields, wetlands and other environments, but strains from different
environments exhibit habitat preference. Mmc lacks the complete metabolic pathway to reduce CO, to methyl
coenzyme M, which leads to their strict use of hydrogen to reduce methyl substrates to genetrate methane. A
comprehensive and in-depth understanding of the functions of Mmc in rumen of ruminants will be conducive to the
proposal of a new and efficient strategy for methane emission reduction in ruminants. Therefore, we review here the
isolation culture, physiochemical and genomic properties of Mmc as well as its role in the rumen methane
production.
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