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N #5 HEAT TG R £ AR 5 DAMO DI RETUAE W 0 & 4, 15 5] DAMO Y RE TR ;- o FH IR 480/ N 4tk 52
5, WRTHEESTHRE, b T2 S8 i s F BT T 0k Y% 454 19 48
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ORWER R ek H AL R T F AL R E R e, dbE /N T T AR T B de, SEER K
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%2 BRSSO LB R SR B b S A E A e 4 S R A R R A 601

i rh oy 2 R 500 mL R A B R REY, AR W EI 3 LIRA A . SBR-UINA E IR LN
NO;(30~50 mg-L™"), SBR-2 fill A & i N NO;(40~70 mg-L "), NH;(30~70 mg-L"). NO; (10 mg-L"), FF
SEWEMINH; . NO,, NOJKIE , MIEWHFEIR RN, FAN R R AW, RIEEY A2 R B8 A H
RGN 4% DAMO T RE T & 48 3R 152 ) .

1.2 DAMO 2 ME R 5%

KA BB 150 mL (93 BT I35 M AT 5555, A 20 mL 3% P32 5 19 SBR=2 H & 4 220 d 1Y
B3R 5 100 mL BB 1 R, T 2680 (99.999%) 7] WOAH B S 10 min, AR ZERE &, 4ERp
PRI . SR HEWZ 17 N 78 99.99% 14 1 &% 40 mL, b 3kt i 2 B 5K 2P s v & 29%F DAMO 1
PERZ MBS AR T, My B AR, M

) ; 4o . 1 DAMO Mg & & L6 3
ARV S0mg L, AT, 150 rmin * MBS R

R sk R I T B D 2 5 Table 1 Experimental setting of influential factors on DAMO
‘EYDIL #‘7% ﬁ ’ 1ﬁ‘ RABAE EIL'TT}T'Z[I“ /\%’\:‘Lo
N " axil H RE/C FBE 53 Fe /kPa
AWFEBEE 3 AN RS (K1), 1 P = *
N \ SI61 5.0, 6.0, 7.0, 8.0

$EpH. IRIE SRR, BASREE AT % 100

s N - N DY) ) 25, 30, 35. 40

A7, F e 4 FE 38 5 V95 TH02 R e 5 00 o % : 70 100
SCHR3 7.0 35 25,50, 75. 100

B, pH i fin A HCI F1 KOH % Y .

1.3 Sk 5%

A . WAHAS A . AR /66 2 A7 (DR6.000, HACH), MLVSS R JH i fit i iff
FRvh B . W e i S SO Y Joe S5 900RE R B 22 R, SO e R ] Techcomp /A 7] GC7 900 S AH 435X
1 FID A #5% (32 E 5B B 28 w]) SR AR, R o o vk 2 42 BEX (1) AT T3

X=X, (V. +bV)) [V, (D
i XMW P ek B s XONFER)G A BE ik B s VO TS IRBL, mL; b2 BT AR &
e, 25°C BFHL0.03; VOMIETRIARL, mL.
14 WMEMHHFEE

#£ SBR-1 1 SBR-2 [ Wi i& 1745 s 5, B 2 /> O 2 il s A i E 7 DNA $2HL, DNA $2HU
afi Ak 3t B2 2 PR A 50 30 f 3k AR W R AT BR 2 W) DNA e i 42 B0t 0 & B B 64T, B3R IO ali 1k i

DNA M St B4 6 5 AW R AR A IR A
A AT A EE Y . SRR 2 RS
#EAT PCRY™ 3G . 5 38 5t U J¥ 7F llumina Hiseq
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Table 2 Primer sequences for high throughput sequencing

) GlL Py i F3I(5'~3")
2000 - 5 (Illumia, San Diego, USA) I #47. # 341b4 F CTAYGGRRBGCWGCAG
U 97% LI ASHOIF 5 49— AR 4p 2 AW 806 R GGACTACNNGGGTATCTAAT
{7 (OTU). #R4% OTU R, JEA7 453 F52 K7 524F 10extF TGYCAGCCGCCGCGGTAA
BBV A S AT o HH  reh95ERmodR YCCGGCGTTGAVTCCAATT

2 HERE578
2.1 DAMO NEEREMHNESE

& 2(a) 2R FE BT B: 1(0~80 d) Y SBR HHNO; . NO;. NH;¥k & BE RS 0] (928 £k . i & 2(a) AT, b

I EIEALUANO;, MNOKEEML T S mg L' B, #MFENOPRIERETAZ IR, FEEAFEFWH, NOjik
FEFE 0~5.06 mg L', KRAENOR, FAMERZZE &, @ Km 7= d, SrEa &
FE A B T R R A W A A T SR T S

FRAE ] 2(b) XT 45 F2 07 1 SBR il &5 AR sl R 04T 743, AT LUE Y, 2 R R e R ] ]
WA R 3B B 0~17 d B [ I s NOSRE fift il R ik, H 2B FREEH, M45mgL-d)' [FE
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Fig. 2 Enrichment effect of the reactor during 0~80 days

11 mg-(L-d)™", BLHFH) LG 42 R0 b 5% B A HLAR A S Ak o B2 4R LR U8 . 17~30 d B NO; A fiff o 5 522 B
ST E AR B, B 11 mg(L-d) BE LT R E 79 mg(L-d) " FFFE L2 20 mg (L-d)'. AT LT
AR Sy, RO A i N TR B B, A R BB e T R A R U SR B, IR
o 0B SR A ST T AR B TR Dy B Ak B AR L A AR AR R L S R R R A
R, RN g N ER AR AR R e A ) e R AN T FEIRIAS S B A 7, N IR R AR TE MR IBTREAR, E A
Fof AP 3 2R 8 7 R B o 31~80 d I A% NOSFEAR Bl 2B i s TR, EAMRKFTE S mg(L-d)" 5
30mg-(L-d)”", SNigsiE AT K BEH L Ak, 7RSS 40 KNS 80 K4l CH, 1 #E# % 5NO;
THFEHCRZ M, HIPREE/R DAMO XINO AL sl Ee. 40 d ' CHy/NOSTH#E L 0.06, 80d I CH,/
NO/HFE T b 0.18, BRI AR A # DAMO g i L 0.625, {H HAE T+ = % B DAMO i 2 %}
NO; R it 1) BTk o7 Lo 248 7 o
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Fig. 3 Variations of concentration of different nitrogen species in SBR-1 and SBR-2
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X} SBR-1 il SBR-2 [ i # Wil & A G AL BUR AT 007, S5 R ANE 4(a) 5B 4(b) Fin . &4
B SBR-1 fild & P& 4 % M 0.3 mg-(L-d)™", SBR-2 i A AL H F K 2.8 mg-(L-d) ', MR il 1k R
A, {H M 80~220 d B F X ME W AT LLF i, SBR-1 Al &L M MK 3 R ¥ {H 4.0.90 mg-(L-d) ',
SBR-2 i B AMGHE R R 1.38 mg-(L-d)™', AL & IRAH T 2 —ZUIR B9 520 25 3845 Bh T DAMO
N EE, HEREKNATGEE, A2 AR ASTER THASN, BRmTZA S PHEA, ER
AT B2 343 anammox i, anammox 4 B X NO; Y 55 A1 H BCEAIL T DAMO 454, %FNO; /Y
e Be AR, PR T DAMO 4 Y K & A, AR #F DAMO X SR AL, AR T
DAMO B &E % . BT L Anammox-DAMO F GBS 1E A B F DAMO T8 i) & £ 85 57, M2
E A AL . X5 FUSEPT B 45 R — 3, TR, ZEWIA R AR DAMO T GE I Y
EERFELRT, HRANO;, NO;. NH; N ZUF A4 &% b R e, midpra oF s> %0,
DAMO A= ¥ & B B A FE 300~600 d B 52 i £k 3 4 4 0.18~2 mmol-(L-d)™y ASSEIR7E 220 d i 5 35 5]
T 2.8mg(L-d)", AR4EM T 5520t
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Fig. 4 NO; conversion rate in SBR-1 and SBR-2

H 7 3 A %1, SBR-1 Fl.SBR-2 [ i & 76 & S AR WIAFAE W i i) CH, JH#E, X UL WIAE 2 A B g s rh
BIAEAE DAMO 33 72 . e Ab 2 A4S g% v 52 Br CH/NOSTH #6 11 L 9/ T 248 DAMO & Al , 5l
X — 25 . RLRE & T R G AR A HLER B Cn A= W AR = 0 55 ) i 19 5 3% RS AR AR
FHAT 201

S # R/ (mg - (L -d)™)
|
—g-i—m
-
|
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% 3 SBR-1#1SBR-2 X R 8§ CH, il #E
Table 3 Methane consumption in SBR-1 and SBR-2

RRige RINETE/A ke /mol  NOZTH#ERE/mol CH/NOZ I 1L HIEDAMO} & 1.
SBR-1 117 1.909 2x10°* 3.471 4x10™* 0.550

0.625
SBR-2 117 2.3989x107° 4.817 1x10°° 0.498

2.2 DAMO EEME B A A

1) A R AU B a5 A ) 2 FEPE 22 55 0 Fr o | SR 45 R J5 % SBR-1 #il SBR-2 H I AE Wy kAT T
BEVE 25 ¥ 3 BT (3% 4). shannon. simpson 38 %0 BRAE L ZFE 1, simpson $8 BGE A, Ui BHBE VR Z R4
FAK, shannon [ K, TEHAREYE ZFEVEM R, chao. ace fEBURMLEEIS R &, MKk, MK+ E
JE B, Z545 SBR-1 Fll SBR-2 [ i i v ity B 2 AEMEFR BT LI 1, SBR-2 L SBR-1 H il Y 24
YRR, FEEE R, MNHER K2R LIE ), SBR-1 [t SBR-2 ZH: M =, {H SBR-2
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FEEER., U ZRA RS %L S DAMO b %4 SBRATHSHMEZHIMEIEN
IV RS A 3 DAMO B9 [ o7 288 % 45 #4  n Table 4 Microbial diversity index of archaea and
bacteria in SBRs

FH, WMEY T .

2) K Ig] /}j JE\ }i m %g @ﬁ H % ﬁ 7%: gé': 1;/@ ﬁj}’*ﬁ‘ 5 gl shannon  simpson ace chao
S 2 A R P A B RS S SRR L M 2 SBR-1 Jhias i 3.362365 0.054 126 156.588 2" 153:545 5
VA T VEAIAAT . AT K ST SBR-2 [ aw it  3.507 883 0.046 442 190.670 8- 182.636 4
SBR-1 " £ BEFT S (917 K L 5 [ 43 3% Proteo- SBR-1 R AAME 5,672 029 0.012389 2336912 2 275.660
bacteria (23.129%)>Patescibacteria (17.83%)>Chlo- SBR-2 LW 4s4IF  5.581829 0.012899 2400.330 2 342.836

roflexi (14.55%)>Actinobacteria (11.88%)>Acido-
bacteria (9.72%). SBR-2 HH-FEH 5 BT 1 S H: (5 H43 5 Patescibacteria (27.29%)>Chloroflexi (16.06%)>
Proteobacteria (15.30%)>Actinobacteria (11.11%)>Bacteroidetes (6.91%). s 45 AlE = A&, 2 DN 4
H A /08 NC10 1405, H SBR-1 # NC10 (5 0.16%, SBR-2 H1 NC10  0.1%, NCI10 14
] 2 LT ) STV R R 0 R e PR SR SRR I RS AL A B B, R R FINO L 2R, H b LT
A, FEPRAFREE N BEAT SO A 20 FP B DR AU A DTS BB K e v ik P e 55 NOS I [ 25 25 Bk o

A& 5, XPASTR AR SBR 41 & 7E H A /K-F B 4T 08, &I Candidatus_Nomurabacteria
H 7£ SBR-1 il SBR-2 H1  H43 5l Ky 6.54% H13.38%, il KES 5H . GURBIEERM [ 35 I8,
5 mA MM SE . BLAh, 78 SBR-1 Al SBR-2 Hiy & MUK A R A L4118, SBR-1 1 KA & A AL 5
0.30%, SBR-2 MR 2 AL i 0.56%, HARIA 3R A A LTEE : Candidatus_Brocadia 1F.
SBR-1 H1 /5 0.29%, 7£ SBR-2 'Y 0.24%; Candidatus Kuenenia 7 SBR-1 H1K % B, £ SBR-2 1 i
0.29%; Candidatus Anammoximicrobium £ SBR-1 15 0.01%, 7#£ SBR-2 "' 0.03%. W] W, 7 SBR-2
Hh IR AR08 4R A 20 TR Y A X 35 B R T SBR-1HP o UK SBR-1 Y Bl A= W 35 3% 6 O R A & AL 5 0
A, AH RN R S T A i ' AR R R AR TR SR A, HLOE A A AETEAR T RE 2
H T DAMO 7 B NOSIE J5 g NO3, T LI T IE 5 DAMO i 18 47 £E 1) 7] BE

XF 5 A AR IR SBR T B T KAF- R 45 # 23 Hr m 1, SBR-1 R SBR-2 H AT 5 28 2 2L 7] il
K—5, H, T E] Euyarchaeota 76 SBR-1 F1 SBR-2 W - FEH i, o L7l 82% Hi1 80%,
B EE TR T ROR 2R, AR PR AR R VR T A IS R R AT R . — SR B AR
By 4 R IR SR A5 . A T 5 ORI R A B T Thaumarchaeota (SBR-1 W1 (5 8.0%, SBR-2 H1 (%
6.2%). ‘R &[] Crenarchaeota (SBR-1 H1 (5 5.7%, SBR-2 W (5 3.7%) F1 40 i & |'] Nanoarchaeaeota

[_1Others

108 [ Pirellulales: Candidatus Anammoximicrobium
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[ Ignavibacteriales
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B 5 TREI%ESBR 5 4@ BEE L 47

Fig. 5 Relative abundance distributions of bacteria community in SBR-1 and SBR-2
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(SBR-1 115 0%, SBR-2 1 6.7%). 100 Jothers
. e - Candidatus_Meth dens
&l 6 I, T8 R TR 20 SBR i ] Comdatis Methancqns diovum
N 80 [_1 Methanolinea
JE AP AT A BT R B, SBR-1 S BE R S (1) = = ] eanopienia
Ko Ho 5 435 ke W E AT TR 8 Methanobacte- ol E Methanoregila

[_1 Methanomethylovorans
I Candidatus Nitrososphaera
I Methanocella

Il Methanosphaera

rium (49.76%)>W %t %5 ¥F # Methanobrevibacter
(10.04%)>H 5t /\ & ER 7 Methanosarcina (9.76%)>

B ACTAEXT 2 B %

40 [_] Methanosaeta )
Methanomassiliicoccus (2.42%)>Rice _Cluster 1 : E NGNS Nitrocosmicus
o he silii
(2.26%). SBR-2 H1 3 BER 5 198 K H 4 He 43 31 0 = Veramonarema:
. [_] Methanobrevibacter
N W BEFT B Methanobacterium (40.99%)>H I [ Methanobacterium
€ )\ & BRK T Methanosarcina (11.93%)>H ¥ 55 ¥T O sBR1 BRI
W Methanobrevibacter (10.85%)>Methanomassilii- 6 FEISIESBRAHEEKTESH
coccus (2.70%)>H i B2 W Methanosaeta (2.20%),  Fig. 6 Relative abundance distributions of archaea at the genus
AT UL, 2 A A P B 4 A 7 o lev{ Q-1 and SBR-2

W, REE, 3% AR % SE AT A AR R AR R Y IR A R AR R i b (DAMO) B Tl T Candidatus
Methanoperedens, % 7F SBR-1 1 5 0.02%, SBR-2 H'45.0.03%, 0] Jl,, DAMO 7 i A8 %} 5 75 &
AR Y SBR-2 L 2% H 7 HE g 5 T B — & TR A SBR-1 S8 o 455 2Z R AWAE W 40 T Y L3 BT
LRI, PRAG AL A TR 3R 2 B DAMO T 8 £ T 4 i R 2 T R A AR A A T R o
DAMO ZH i 358, i/ HOG B BE Ry e 4, AT it E DAMO oy % R BE A, A3 R T DAMO Ty
WY A, I DA 22 RCTE S s DR AU SE AL 2 R B 3 G B DAMO T TR Y 4

2.3 DAMO JEMFMME R 54

1) pH X DAMO & ¥ (9 52 i . A6l pH 2% /4 F 1) DAMO 13 2 /i) S i AL SR an & 7 i om . 4
pH }75.0, 6.0, 7.0, 8.0 B, XJNifY 7d RS ILE 50020 0.222, 0.296. 0.292, 0.178 mg-(L-d) ',
VLHH 24 pH Ny 6.0 BF, R fb R de K, i pH b 7.0 B, S A4k 3 R IEAK T pH 4 6.0 Bf o X i
B, 4 pH7E 6~7 By DAMO i M i 58, pH i /5 s 1 K 2 & 0 il DAMO 3 ¥ . H A & # i (1)
DAMO T84 ¥y & 4 55 35 38 51 pH 278 6~8Y, ZHU 202 (55 iA -l , 24 pH N 7.4 B DAMO
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Abstract In this study, different nitrogen sources was used to enrich the denitrifying anaerobic methane
oxidation (DAMO) microbial in"SBR for 220 days and the influences of single nitrogen source and multiple
nitrogen source on-DAMO enrichment were investigated. Microbial community structure in the different SBRs
was analyzed by high-throughput sequencing. The experimental results showed that the final nitrate removal
rates in the SBRs with a single nitrogen source (NO;) and a multi-nitrogen source (NO;, NO;, NH;) were
0.3 mg-(L-d)" and 2.8 mg-(L-d)"", respectively, indicating that multi-nitrogen source were more suitable for
DAMO enrichment than single nitrogen source. High-throughput sequencing results showed that the relative
abundances of anammox bacteria and DAMO archaea in the SBR with a multi-nitrogen source (0.56%, 0.03%)
were higher than those in the SBR with a single nitrogen source (0.3%, 0.02%), respectively. The anaerobic vial
test wasusedtooptimizetheprocessparameters, the optimal pHandtemperatureofDAMOreactionwere 6~7and35°C,
respectively. When the partial pressure of methane increased to 75 kPa, the DAMO reaction rate was no longer
restricted by the partial pressure of methane.

Keywords denitrifying anaerobic methane oxidation; microbial enrichment; microbial community structure;

influence factors
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