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An experimental comparison of simultaneous enrichment of anaerobic

methane oxidizing microorganisms using nitrate and nitrite
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Abstract: [Background] Denitrifying anaerobic methane oxidation (DAMO) is an anaerobic oxidation
process, in which nitrate/nitrite works as the electron acceptor, while methane works as the electron
donor. DAMO has great significance to understand the global carbon and nitrogen cycle, reduce
greenhouse gas emissions and develop new technologies for nitrogen removal from wastewater.
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[Objective] Feeding nitrate or nitrite as the electron acceptor, we investigated the differences on the
performance of the denitrifying anaerobic methane oxidation reactors. [Methods] The SBR reactors in
which nitrate/nitrite works as the electron acceptor were inoculated sludge mixture and then
consecutively long-term incubation for 800 days, meanwhile we measured the nitrite and nitrate
concentration in the reactors and calculated the conversion rate regularly. The abundance and diversity
of functional microorganisms were investigated by 16S rRNA gene phylogenetic analysis. Then we
analyzed the amount of the functional microorganisms by real-time fluorescence quantitative PCR
technique. [Results] The DAMO bacteria were detected in the No. 1 reactor and No. 3 reactor which
were fed with nitrite as the electron acceptor but the DAMO archaea was not detected. However in the
No. 2 reactor which was fed with nitrite as the electron acceptor, the DAMO archaea and bacteria were
detected simultaneously. The nitrogen removal rate of the three reactors kept a low value at the very
beginning, then experienced a fast lifting phase and maintained a steady value at last. The time when
nitrogen removal rate of No. 2 reactor started to increase rapidly was about 80 days later than No. 1 and
No. 3 reactor. Its stable maximum rate is only 44.7% of No. 1 reactor and 40.3% of No. 3 reactor,
spending more time reaching the stability. [Conclusion] The different substrate fed leads to the
different results of enrichment. The DAMO archaea and bacterial synergistic system, which is enriched
with nitrate as the electron acceptor, can coexist for a long time. DAMO archaea may be a limiting
factor in the nitrogen removal rate in the synergistic system.

Keywords: Denitrifying anaerobic methane oxidation, Contrastive study, The capacity of nitrogen

removal, Stable running
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Figure 1 Phylogenetic tree of 16S rRNA gene sequences of M. oxyfera in No. 1 reactor
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Note: Each node represents the taxonomic unit; The branch length indicates the extent of variation in the branch evolution; Distance figures

indicate the difference between sequences.
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Figure 2 Phylogenetic tree of 16S rRNA gene sequences of M. oxyfera in No. 2 reactor
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Note: Each node represents the taxonomic unit; The branch length indicates the extent of variation in the branch evolution; Distance figures

indicate the difference between sequences.
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Figure 3 Phylogenetic tree of 16S rRNA gene sequences of M. oxyfera in No. 3 reactor

T B85 FORPEFIIC; 3R BEFORIZ SO A B AR 5 BRESHR R FOR 791 22 8] 22 57 (R

Note: Each node represents the taxonomic unit; The branch length indicates the extent of variation in the branch evolution; Distance figures
indicate the difference between sequences.
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Figure 4 Phylogenetic tree of 16S rRNA gene sequences of M. nitroreducens in No. 2 reactor
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Note: Each node represents the taxonomic unit; The branch length indicates the extent of variation in the branch evolution; Distance figures
indicate the difference between sequences.
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Figure 6 The concentration of substrate in No. 1, 2, 3 reactor

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



768 (DGR ESTE(

Microbiol. China

80 -4-No. | reactor 180
-o-No. 2 reaclor

70- -=-No, .)I'CdLl’.UI‘ - 170
60f [' 160
50- / |' 450
40+ 440
i h .J y o—o]a
30+ ‘/ o ”“‘U\D/ 430

i
20} -ﬂ i EF/EP; 120

Nitrite removal rate (mg/(L-d))
Nitrate removal rate (mg/(L-d))

!
of A l/# 110
of 4 1o
10 [ L L L I I I L I —10
0 100 200 300 400 3500 600 700 800

t{d)

7 1. 2. 3SRMEFEREAER
Figure 7 The removal rate of nitrogen in No. 1, 2, 3 reactor
REPRUEERSE, RAikE] T 80.9 mg/(Ld).
(B2 1 SN #R7E 746 d BRI ERECRE, SO0V i
FEFIZ 60 °C, /i DAMO 443 FET, i A
FRIERGE IR . IR S IHFE R B L 40 T
FNEAR/IN o

Jh, fE 0-144 d 1 S ROVERIEEIRIRE N
22 °C, ZJM#EEH 30 °C, 3 S idr s FRiiE
URAYESRFTE 30 °C. I 7 HRRT B, PIARET 3
SRARRAERRET 1 5, KU ATREX
DAMO 4B 1) & HE A 5 {HL 8 R 340 [ I 48
BTV E AR, PN BN T I8 31 A o K 2R
WHUBZSR.
3 W54

AT B R HA S AR,
X} AT RN R ) 22 S A T Lo, RS —
A H DAMO 4 Al DAMO 15 & 105E. %6,
TR INRE U E IR TR, UESE T HL A2
PR ERER L A4 BRER X DAMO 7 & il DAMO ZH %
E@H&%@iﬁﬁ%ﬁﬁ, X 5 2011 4 Hu 23458

LERAART . T LEY R R, ALy
ﬁﬁ@ﬂil\ﬂ/ﬂi S RNEE YLy DAMO i T
1 DAMO ZHTH , MR RS RRER 1Y SO0 i e 4R
FNERE I E R DAMO 4. 8 DAMO 4
RS B A AR AR, T ot TR T R ER i R 4 )

KTFANEENIE T Haroon 2529553 (1 DAMO T & Al
DAMO ZHTH IR G R RIAZH, DAMO
T R A ZU RS A, DAMO 4w it — 4%
AR ARR, SZIIRZHARE R = RS
"‘PFH#ﬁI[12‘14’16‘18'21’24’29’35] %ﬁl\ 1 3 % DAMO QHE[
A I i 3 e I 220 2R 43 o 72,9 mg/(L-d) il
80.9 mg/(L-d), 25 DAMO V&%, fenibFe
% 32.6 mg/(L-d). Cai ZLHA % DAMO B
RAE 5.6-135 mg/(L-d)it H4 52 brni FH A T g, AHF
%Eﬁﬁ%fni_%iiﬁu TR R A — 8 SR
W Hk, AR B A R 1 A R
DAMO ﬁ@@’ﬁ%ﬁ%o DAMO it 1 S i i
R I 2 0 LA P s A4 80 d 2247, FEHL
ﬁ%%ﬂ%ﬁ% FLAN P S s 26T 70 d, EFIRR
i e e MO R 28 (S Ry A TR S 0L 2 1 40% A5 A
}J\ME%HEEEEE;? H£Yrh 1,35 ¢ H DAMO
TR 2 2 5 R DAMO T E B 3-4 1% .
Fi—Ji T, WA LA RR ER A ek
FFHEAT DAMO BB W & S5 AR T
A S AETRR . T DAMO R AR e
TR RER RS R SR 5 T R ER ORI, 2
&L X DAMO iy B i AF 58 B 2 AR 2 /U R Ak
DAMO i i H1 Anammox 4ii i 19 2L R #&B . DAMO
TR AR Bl DR AR e A e R A PR 3 Ty I i
fREL, Anammox 45 9K sh R E A E AL R i &
PP AE RS PRER I SR N AR PR EEEZ RN
ArHIIESE TRV EAE DGR, HAE MBIR i KA
HRAESIAE] 1 kg NI(m-d)®, /L4 DAMO 4T
AE % 3 38 9K ) DR 4 ot AR G AL AR R 6 AR
M5 DAMO HEIE BRI EACHR, (HATHEH
F DAMO 4T AHXTF Anammox 2 [ 518 %) A -
RN A BN & AR KIS DAMO i) B
B R R ER G S X —HAKRRE
IELIE B H AR E o (HJE, AWFIETE HAg e
THRER AT, LAAUTR AR H 55 RA Y
AR, B AEASE) T i DAMO T fil DAMO 4

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



SeROLAE: FFTRSIR A AR ER [R5 v e DR AR Y e S AU E P B9 P RS 769

AL, 55 280 KW &&=+, DAMO
T A DAMO il T Y & B4 B 4.65x10°
(4.43+0.15)x10° copiesly T8, MZEBRAM Y. 7E
800 d AfiEE LR, ZIKRE R
b3 %553 32.6 mg/(L-d), HEaEizfr 1 450d, ]
WX R L R E T Xie % PR GE
DAMO+Anammox &, {HIER T 78 H L Ffil Rk
T, AMKEE Anammox iFE, DAMO T E A1
DAMO 41 REMSTE plife s M B AR R, SR Sh iR Eh
RUFINE A FRER B PR A R e A A R A, ZEAEH
BERE AN AR R, SRR ER A R A
o HIR, MR EMAIIGSM T DAMO 1Al
ARG R YRR DA SR IREIMER R . &t
280 d w4, AMINFEFONWRSRRERM 1. 3 5 it
EAEY DAMO 4 BECR 1931 5 T AN 5k i
BREh i 2 S N, 1 H 800 d (i f7id FErdh
2 SN A R ARSI E Y R R O R, F B T AN
PR IR AR 28 r 5 4 JE N B A S SR G oR 4
AR Z RIS, WASERRES S TR,
X 5 R P A ok 2 PR T IR A 2R A o 2R
ARSI, DAMO B B w4 2%,
HEVRHRAE (S 1y #5338 TR 20% 04 |, R A5 H Al
AB I — FE I R R e 8 . PR etE— 2 A5 ]
RN AR HNARE . PRI AR R BHEE )
HATEEE Y AE LR b A T AR
LR R B L H B B A5 B E SR A M e g i 4
it ] ) e o AL AR e ) = it LA 3, T
DASIAE Ko, 5 e el LA 1 B b R
AT ARSI B2 ¢ RERS 5L PR B Fak IR AL
R R A A Al B TR A TP,
A X FARRUEAR B ) DAMO B #1153 F AT
ST —E R
REFERENCES

[1] Strous M, Jetten MSM. Anaerobic oxidation of methane and
ammonium[J]. Annual Review of Microbiology, 2004, 2004(58):
99-117

[2] Knittel K, Boetius A. Anaerobic oxidation of methane: progress
with an unknown process[J]. Annual Review of Microbiology,

2009, 63: 311-334

[3] Hinrichs KU, Hayes JM, Sylva SP, et al. Methane-consuming
archaebacteria in marine sediments[J]. Nature, 1999, 398(6730):
802-805

[4] Shen LD, Hu BL, Zheng P. Progress in study on microorganisms
responsible for anaerobic oxidation of methane[J]. Acta
Pedologica Sinica, 2011, 48(3): 619-628 (in Chinese)
WK, W55, HF. B R E AL P i BT ik e [J].
+ 34, 2011, 48(3): 619-628

[5] Zhang MZ, Li L, Liu JX. The parth way and Methanotroph of
anaerobic methane oxidation driven by nitrate or sulfate[J].
Microbiology China, 2012, 39(5): 702-710 (in Chinese)
SRAPAT, ZEHk, NIGBT. AEERERABRIR Hh A AL HY be ik A e
FALRTEL]. Rz, 2012, 39(5): 702-710

[6] Martens CS, Berner RA. Methane production in the interstitial
waters of sulfate-depleted marine sediments[J]. Science, 1974,
185(4157): 1167-1169

[7]1 Boetius A, Ravenschlag K, Schubert CJ, et al. A marine microbial
consortium apparently mediating anaerobic oxidation of
methane[J]. Nature, 2000, 407(6804): 623-626

[8] Timmers PHA, Suarez-zuluaga DA, van Rossem M, et al.
Anaerobic oxidation of methane associated with sulfate reduction
in a natural freshwater gas source[J]. The ISME Journal, 2016,
10(6): 1400-1412

[9]1 Kriger M, Meyerdierks A, Gléckner FO, et al. A conspicuous
nickel protein in microbial mats that oxidize methane
anaerobically[J]. Nature, 2003, 426(6968): 878-881

[10] Liu ZH, Yin H, Dang Z, et al. Dissolved methane: a hurdle for
anaerobic treatment of municipal wastewater[J]. Environmental
Science & Technology, 2014, 48(2): 889-890

[11] Geng DD, Lu PL, Li WW, et al. Nitrate/nitrite-dependent
anaerobic  methane oxidation: review on status and
perspectives[J]. Microbiology China, 2015, 42(2): 364-373
(in Chinese)
WPHFY, FE R, AR, % ARG R B T AL
WFFERE R SR ] Y, 2015, 42(2): 364-373

[12] Raghoebarsing AA, Pol A, van de Pas-Schoonen KT, et al. A
microbial consortium couples anaerobic methane oxidation to
denitrification[J]. Nature, 2006, 440(7086): 918-921

[13] Ettwig KF, Shima S, van de Pas-Schoonen KT, et al. Denitrifying
bacteria anaerobically oxidize methane in the absence of
Archaea[J]. Environmental Microbiology, 2008, 10(11):
3164-3173

[14] Ettwig KF, Butler MK, Le Paslier D, et al. Nitrite-driven
anaerobic methane oxidation by oxygenic bacteria[J]. Nature,
2010, 464(7288): 543-548

[15] Wu ML, Ettwig KF, Jetten MSM, et al. A new intra-aerobic
metabolism in the nitrite-dependent anaerobic methane-oxidizing
bacterium Candidatus ‘Methylomirabilis oxyfera’[J]. Biochemical
Society Transactions, 2011, 39(1): 243-248

[16] Kampman C, Temmink H, Hendrickx TLG, et al. Enrichment of
denitrifying Methanotrophic bacteria from municipal wastewater
sludge in a membrane bioreactor at 20 °C[J]. Journal of
Hazardous Materials, 2014, 274: 428-435

[17] Wang SH, Wu Q, Lei T, et al. Enrichment of denitrifying

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



770

(DGR ESTE(

Microbiol. China

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

methanotrophic bacteria from Taihu sediments by a membrane
biofilm bioreactor at ambient temperature[J]. Environmental
Science and Pollution Research, 2016, 23(6): 5627-5634

Luesken FA, van Alen TA, van der Biezen E, et al. Diversity and
enrichment of nitrite-dependent anaerobic methane oxidizing
bacteria from wastewater sludge[J]. Applied Microbiology and
Biotechnology, 2011, 92(4): 845-854

Wang RF, Han XK, Lu PL, et al. Co-occurrence and diversity of
nitrite-dependent anaerobic methane oxidizing and anaerobic
ammonium oxidizing bacteria in the water-level fluctuation zone
of the three gorges reservoir, China[J]. Fresenius Environmental
Bulletin, 2016, 25(12): 5456-5466

Chen J, Zhou ZC, Gu JD. Occurrence and diversity of
nitrite-dependent anaerobic methane oxidation bacteria in the
sediments of the South China Sea revealed by amplification of
both 16S rRNA and pmoA genes[J]. Applied Microbiology and
Biotechnology, 2014, 98(12): 5685-5696

Hu BL, Shen LD, Lian X, et al. Evidence for nitrite-dependent
anaerobic methane oxidation as a previously overlooked
microbial methane sink in wetlands[J]. Proceedings of the
National Academy of Sciences of the United States of America,
2014, 111(12): 4495-4500

Zhu BL, van Dijk G, Fritz C, et al. Anaerobic oxidization of
methane in a Minerotrophic peatland: enrichment of
nitrite-dependent methane-oxidizing bacteria[J]. Applied and
Environmental Microbiology, 2012, 78(24): 8657-8665

Yan PZ, Li MC, Wei GS, et al. Molecular fingerprint and
dominant environmental factors of nitrite-dependent anaerobic
methane-oxidizing bacteria in sediments from the Yellow River
Estuary, China[J]. PLoS One, 2015, 10(9): e0137996

He ZF, Geng S, Shen LD, et al. The short- and long-term effects
of environmental conditions on anaerobic methane oxidation
coupled to nitrite reduction[J]. Water Research, 2015, 68:
554-562

He ZF, Cai C, Shen LD, et al. Effect of inoculum sources on the
enrichment of nitrite-dependent anaerobic methane-oxidizing
bacteria[J]. Applied Microbiology and Biotechnology, 2015,
99(2): 939-946

Liu Y, Zhang JX, Zhao L, et al. Aerobic and nitrite-dependent
methane-oxidizing microorganisms in sediments of freshwater
lakes on the Yunnan Plateau[J]. Applied Microbiology and
Biotechnology, 2015, 99(5): 2371-2381

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Wang DB, Wang YL, Liu YW, et al. Is denitrifying anaerobic
methane oxidation-centered technologies a solution for the
sustainable operation of wastewater treatment plants?[J].
Bioresource Technology, 2017, 234: 456-465

Xie GJ, Cai C, Hu SH, et al. Complete nitrogen removal from
synthetic anaerobic sludge digestion liquor through integrating
Anammox and denitrifying anaerobic methane oxidation in
a membrane biofilm reactor[J]. Environmental Science &
Technology, 2017, 51(2): 819-827

Haroon MF, Hu SH, Shi Y, et al. Anaerobic oxidation of methane
coupled to nitrate reduction in a novel archaeal lineage[J]. Nature,
2013, 500(7464): 567-570

Timmers PHA, Welte CU, Koehorst JJ, et al. Reverse
methanogenesis and respiration in methanotrophic archaea[J].
Archaea, 2017, 2017: 1654237

Ding J, Lu YZ, Fu L, et al. Decoupling of DAMO Archaea from
DAMO bacteria in a methane-driven microbial fuel cell[J]. Water
Research, 2017, 110: 112-119

Qi XQ, Carberry DM, Cai C, et al. Optical sorting and cultivation
of denitrifying anaerobic methane oxidation archaea[J].
Biomedical Optics Express, 2017, 8(2): 934-942

Smith AL, Skerlos SJ, Raskin L. Psychrophilic anaerobic
membrane bioreactor treatment of domestic wastewater[J]. Water
Research, 2013, 47(4): 1655-1665

Hu SH, Zeng RJ, Keller J, et al. Effect of nitrate and nitrite on the
selection of microorganisms in the denitrifying anaerobic methane
oxidation process[J]. Environmental Microbiology Reports, 2011,
3(3): 315-319

Ettwig KF, van Alen T, van de Pas-Schoonen KT, et al.
Enrichment and  molecular  detection of denitrifying
Methanotrophic bacteria of the NC10 phylum[J]. Applied and
Environmental Microbiology, 2009, 75(11): 3656-3662

Cai C, Hu SH, Guo JH, et al. Nitrate reduction by denitrifying
anaerobic methane oxidizing microorganisms can reach
a practically useful rate[J]. Water Research, 2015, 87: 211-217
Shi Y, Hu SH, Lou JQ, et al. Nitrogen removal from wastewater
by coupling Anammox and methane-dependent denitrification in
a membrane biofilm reactor[J]. Environmental Science &
Technology, 2013, 47(20): 11577-11583

Wegener G, Krukenberg V, Riedel D, et al. Intercellular wiring
enables electron transfer between methanotrophic Archaea and
bacteria[J]. Nature, 2015, 526(7574): 587-590

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



