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Nitrate/nitrite-dependent anaerobic methane oxidation: review on
status and perspectives
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Abstract: Nitrate/nitrite-dependent anaerobic methane oxidation (Nx-damo) is a newly demonstrated
microbiological pathway for C and N cycle. This finding is significant for not only the understanding of
the mechanisms of microorganisms driven cycling of biogenic elements, but also the development of
sustainable wastewater treatment technology focusing on nitrogen removal and mitigation of
green-house gas release. In this paper, the current advances in Nx-damo, including the identification
and natural distribution of responsible microorganisms, their enrichment and the effect factors, as well
as the physiological property and metabolic pathways, were reviewed. Advantages and potentials of
Nx-damo based wastewater treatment technology were evaluated. Finally, perspectives on expected
research and development of Nx-damo were suggested from microbiological and engineering aspects.
Purpose of this review is to provide valuable information to promote more research on this field.
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FE, WS A iR ER HiE SN R e A b ny 32
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3CH4+8NO; +8H —3CO,+4N,+10H,0
AG"=-928 kJ/mol CH, )

2006 4, Nx-damo #f &% B K UF5E . {H
Nx-damo 2 #) i AR B K JLH 2 100 d LA
Y — e 816 AHUCT HiE sk
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RAIBFFE AT T B, LA HE B 40 s T 32
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1 Nx-damo AN R BERE S 4/

1.1 Nx-damo IEERMENREEE
T M\ 20 g 70 A CTT R T 4 Nx-damo

e 220, (HE ] 2006 4E1 2013 4E 443
PN 2006 4F, Raghoebarsing 25 D43z i IS e
FAERY) . DL CHW/NO; /NO, Ky 5t 5 i 2 & 4
N-damo MJREMRA4, IR 2RI UESE i B A 40
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B RITERAEAENS X 284078 bl i 44 J9+“Candidatus
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M 2= B PEFFIR TR, KB 0.8-1.1 ym. HAZ
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JFHIM ARG LE (E 1); 2T GC AL
VS HT R, E R SRR I Y iAo Y 2 i
R B AT 60% 5 M. oxyfera HISEP, &0k TH
B AL Th— R, SPEMEET ik, EH
Sz BUME— B AR AR TEAT B 0 H e AR TS, 2009 4,
Hu SFPIRAGTTR . A58 . s Te iR
BYHHEAMY, UL CHYNO; AR AEA RN EE T &
££15.51] Nx-damo f2E¥""), 2014 4, Kampman 45
T B B LATs KA BT 5 08 S ME— R Y, DL
CHy/NO, MFF, 1E 20 °C WA ) = S
M. oxyfera®®,
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E Methylomirabilis oxyfera culture ‘Ooij’
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Betaproteobacteria AmoA

Gammaproteobacteria PmoA

o4 Verrucomicrobia PmoA
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“M. oxyfera” pmoA EEZLKXR T
Figure 1 Phylogeny of “M. oxyfera” pmoA protein sequences

129]

e ABHEA R R SR Twente” F1“Ooij” LAY THA pmoA I amoA J¥FFIMALE. FEERIELT Dayhoff JHHRETTEE,
Bootstrapping F &2 {H4 100. #id4B4%, /b, SRR RSRIEALZIX 4 Fpoh ok AL . Bootstrapping 45 %
BESESR b, LU BRIEITA X 4 FOr R AR EIRT 70% R R0 308, B AR A 100 MR A 50 MR

Note: Neighbour-Joining tree showing the position of enrichment cultures “Twente” and “Ooij” (in bold) relative to other pmoA and amoA
sequences. The distance tree was computed with the Dayhoff matrix-based method, and bootstrapping of 100 replicates was performed with
in the Neighbour-Joining, minimum-evolution, maximum-parsimony and maximum-likelihood evolutionary methods. Bootstrapping results
are summarized on the tree, with filled circles representing branch points at which all four methods give greater than 70% support. The scale

bar represents 50 amino-acid changes per 100 amino acids.
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PRAECAAE e RS PR R A R AR L, J5 & A
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AR T I ETE Nx-damo 2R /E R it i
W4~ Methanoperedens nitroreducens, J1J& T
Methanoperedens #t, J&—MEA# 1-3 pm FAH
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(22-35 °C)., pH 7.0-8.0 £&1F FE KD, HIB WA
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Figure 2 Fluorescence in situ hybridization micrograph of

& 2

the bioreactor community!®”!

0 E R E A<M, nitroreducens” 5 SR (&), VRN
Kuenenia 4l (2148 {4) FUHCA 40 75 (U €2).

Note: Showing the dominant “M. nitroreducens” population in
large, dense clusters (green), smaller flanking Kuenenia cells
(magenta) and other bacteria (blue).
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%1 Nx-damo WEEMEMES
Table 1 The reported enrichment cultures of Nx-damo
. . ‘ (G R
i HAEE ST . I .
%ﬂ% %?L\/E T - Enrichi COI’IlpOSlthIl (A)) Conversion rate i@k
Inoculum N feeding emperature nriching ] R (mg NO, -N/ Reference
°O) time (d)
Bacteria Archaea (L-d)
Canal sediments NO; /NO, 25 480 80 10 NO; : 14.98 [17]
Ditch sediments NOs; /NO, 30 270 70 0 NO; : 30.10 [18]
NOs 35 312 30 40 NOs : 28.00 [19]
Mixed inoculum
NOs 22 260 15 0 NOs : 091 [19]
Canal sediments NO; /NO, 30 270 70 0 NO; :9.80 [28]
Wastewater sludge NO, 20+1 421 60-70 0 NO> : 36.00 [30]
Wastewater sludge NO, 2023 315 60-70 0 NO> : 15.40 [36]
Ditch sediments NO, 30 730 70-80 0 NO; : 33.50, 37.80 [43]

I, WS ATREr s R, DU LS Ry & 4R 1R
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Nx-damo A=) & 4R 2 78 Mo FL7™ W 40 i A T 2 58
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AIREH TN E S R s, S48 M.
oxyfera 4", MICHH . A FEKER NO, 2
XHRAE A MRE R . PR A0S T 1 mmol/L
{1 NO, %t n-damo 1 &= 4 T AFIFZma Y, i [Al4:
W BEAE A S S S IR TP H AT T A NO, i J i 4
(T RS20 g f S iR NO, R
1.92 mmol/LP? . L NOs WL T 32 7K i o & 4
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REMUEY S R R N R Gl

RHRE |« R SR Y o T g O R g ok )
NN CH, ZEWAR AV B, W] LA AMO I .
AR SRV, B E b S sy h & r
FT i — B, U N S B AR
R H B S R, B CH, W% 1Y
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T it BE BB A A s A, {E R P S BRI P e
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F P ATE PN, MAE 20 °C RIRT, RAIEENI
I3 2t R AR AR A A B R R D0 IR, R 5
(L YE I N 2R A 25 Sk PR FPRRON , 7T BEARAS AT F
Thntk Nx-damo I FRAYIREE S50F. A, WREEXT
Nx-damo A= P& M2 I8 A RFETY
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(e o2 o i 2 1 A T R A% B A
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n-damo 1 #E NO, 1 CH, ¥ fb i 2RIt A A%, Hil
ORI O B A R O, AR
M. oxyfera A& b HATARFIZIY, J5E N ATRE R M.
oxyfera &Y H FTE AR — ™ A% VE LAY
AR o AT RE R AN AR R, FE
M. oxyfera P4 7 A= T A2

1.3 Nx-damo INREMEMHI S HMEE %

A FHT M. oxyfera 48 2 R 1A K60 Y
SFHEYFE T EIEEBE S Z M58 . 16S TRNA
F1 pmoA FE K A= WbRic 8 FH Tk NC10 |4
WA 5 M. oxyfera 1 1) Z FEPERN . 45 Fl PCR £
ARk A E M. oxyfera 25U B 1

MR SET6 %8 B AR n-damo LHAEMUZE Wikt
FIE 85 [ IR HE T XF F AR FREEH M. oxyfera 4 4
LK R 3R, DGGE ., SEH PCR A8 & L
TR GEJZ 190 S U v 2 VRN P I K I i
PP O g S M SR Y n-damo SRR, S
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AL TN SRR ER IR I . 14N B A 2 11 2 2 RN e
SRR T e NO, a4 rhuC R AR HE T
MM, 4 5E DR A R LB I R G S e AU bR
#P0 BE IS B R R bR O SR S SR A e 2R
) 2 4~ NO S Filad A b A R SRR, H
W34 1 O, AL Ke (Bl 3); #E—2E AR A&
I M. oxyfera A ANME P AAAE IR RS FRER | RS R
b NO MINREIL , (HBAT & BGiTH N,O A 5
LR Bttwig S50, R R RDEIER
LT, M. oxyfera ZHE AT LK NO 20ffh N, Al
0y, SRIGHAR O, it e s A i A AL 4R
b H B3R BURE D2 B8 N AT — b BB 1) 75 4
W, B FER NO, SRARBUAA, MAZIKRS
FAEE B, ATLIACH n-damo i FRASF 2
BEdr A AL BRI, X — N = E ML I I 1 2
PRl , B RS AL NO AL R0 A
AN 2%5Y, 8% O, BRI T M. oxyfera 4 A5 1
T2 PR AN A R R 1 S5 R ik %) — T
REMAR RS M. oxyfera J&— 18 A KA A 1
AV, BTEIERGREIIRAIL, S O, AREfHH
ToE iR,
2.2 HE M. nitroreducens 84 [5) 7= BB KR H1 3B
Haroon %57E2 SHSMRERIAF A1 T & 4158

A NOS nar, NO m’r: NO /70/': N,0 /ms: N,
i N,
B NO, i ANO nod < 2
2o % \wmo

= Alcohol -+ CO,
- Alkane

-
=2

B3 NMABRAELIRZA)FIHEN A NO B L K= N,
1 0, &7Z(B)"™

Figure 3 Pathways of canonical denitrification (A) and
proposed N, and O, production by NO dismutation (B)"*?
TE: nar: FHERERIAIEEE; nir: WRIERERIASEY; nor: NO if
J5HE; nos: N,O iRJ5E; nod: NO EALAE; MO: PS4

Note: nar: Nitrate reductase; nir: Nitritereductase; nor: Nitric oxide
reductase; nos: Nitrous oxide reductase; nod: Nitric oxide
dismutase; MO: Monooxygenase.

T ANME-2d 5 Anammox £l 1 {35 4E 4, FISH
1 16S TRNA J3#fran oty T8 i 78%; fFFEiky
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B TR 38 D g LA 9 1) B Al ARl o 3k S8 S B0 IR 5 T
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TR SR (B 4) o 25 W [ R Amid SER Mo +2E
YpEe R R SE T H A 1) Anammox 4 B4 B9 BRI
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MATEF NO, , HI#H MTEF-ULR RG] 5% A4
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JERiAaE 1) N-damo 21 F%, =& FE A RERS Il 3T.
SEIL AMO SR Sl IR £ 58 4230 i
3 Nx-damo FHFEKAEMEHEKES

15K A= P i R e =2 e U A, BRI AL
Y] et sk 23 A —is Yt [RINE,  SEEGAIESE
At F e e AR A A B R K R U S TR
FARHE SRR AR IR B, E 2R SR
KRR WA TR A 12 0 P eas U . RS ARG
FAEG AL - AL T 20, Anammox HA7 B {IKAY
REAE . S /D A ik 5 5 SR R0 S AR 8 35 D8 7 1 S A
PO AR Y Ak 4 B i — A R T
Nx-damo FHIK T A A ZUA 5 b4 fl, JEFix—
SRR KA IR AR RS A A W AR 22 5
TR BIR 5 [ I BEAE A Z80R) PV gk B oty 2 1
D NLOPL /b 7K A B AR 2 A,
HIE 90% 15 R Ab Bl AR,

St B AT R (% 2), Anammox ZH#
He M. oxyfera 4 45 ) & 4 , TEEAAEI ST,
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4 “M.nitroreducens” P EZAJ C. N #H{Ligig™"
Figure 4 Key carbon and nitrogen transformations in “M. nitroreducens”'*’!

T LU RERIKIEIN, 2 AN S D A (4 X R .

Note: Highly expressed genes are shown in red, increasing line thickness indicates increasing absolute gene-expression values.

&2 Nx-damo 5 Anammox 85

Table 2 The reported enrichment cultures of combining Nx-damo and anammox

A4, Composition (%)

R e e S
N Z b : N-damo N-damo Anammox = = 3CHR
N feeding LT itz HHE Gl Latis L Reference
types - - (mg NOy -N/(L-d)) (mg NH;-N/(L-d))
Bacteria Archaea Bacteria
NO; /NH,;" SBR 0 78 3 NO; : 13.39 10.11 [27]
NO, /NH," SBR 50 0 50 NO; : 100 58.90 [42]
Membrane
NO; /NH," biofilm 20-30 20-30 20-30 NO; : 190 60.00 [44]
reactor
NO; /NH,;" SBR H 0 H NO, : 175 117.60 [58]
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