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Abstract: Community structures and population dynamics of nitrifying bacteria determine biological nitrogen removal
from municipal wastewater. The population structures and dynamics of ammonia-oxidizing bacteria (AOB) and
nitrite-oxidizing bacteria (NOB) in four full-scale wastewater treatment plants (WWTPs) were investigated in this study.
Quantitative real-time PCR results showed that the abundance of AOB was in a range of 8.56x10°~4.46x10cells/gMLSS,
while NOB was varying in 3.37x10%~1.53x10%cells/gMLSS. In each process Nitrospira was the dominant species of NOB.
Nitrospira abundance was obviously higher than Nitrobacter, accounting for 88% of total NOB. In the A%O process the
abundances of AOB and Nitrospira in winter were less than those in summer, leading to decline of biological nitrogen
removal. The phylogenetic analysis of AOB amoA genes indicated that all the sequences were affiliated with genera
Nitrosomonas, among which Nitrosomonas oligotropha cluster was the dominant species, accounting for 60% of the clone
libraries. The pre-dominant AOB were Nitrosomonas-like cluster and Nitrosomonas europaea cluster, accounting for
29.6% and 9.1% of the clone libraries, respectively. N. europaea cluster was only found in A’O process, and reached
44.7% of total AOB in summer sample, which was a main reason causing high nitrite accumulation during summer
operation of A’O process. The outcomes verified that the dominant AOB and NOB in WWTPs was Nitrosomonas and
Nitrospira, respectively. Nitrifying bacteria accounted for 1%~7% of total bacteria. The abundances, relative distributions
and community structures of nitrifying bacteria significantly influence the performance of biological nitrogen removal.
Key words: ammonium oxidizing bacteria (AOB); nitrite oxidizing bacteria (NOB); wastewater treatment systems
(WWTPs); real-time quantitative PCR (QPCR); amoA genes
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v B A 23 oA VA AL B Jfd B 1 (Nitrosomonas)
FINP A AL MR B B (Nitrosospira) NOB £ EAH itk
T J& (Nitrobacter)~ THAL SR B J& (Nitrospira)~
s b W # JE (Nitrospina) X g th B B )8
(Nitrococus) ™ At A0 B FE 160 2 J3 0 T B0 45 4y L 9%
SEMAYG K AL ER | AR

AR AN T2l 855 55 16 7 - AR W) 2% A
D75 N 5075 7K A BE R GEh Ak TR ) 35 2R,
AR BT WS S 4 K 2 B0 A 0 N g L
Nitrosomonas & AOB " 1L % & J& , 1M
Nitrosospira 1Y BLAEAS B Jz I 4 HLZT® x5
NOB & #, LLET—E AN Nitrobacter 715K LY
AbER R G b AR S A I 1 R H P B WY
FN K BARIAEE A NOB L Nitrobacter F
Nitrospira R0 3, Hrph Nitrobacter 7 13
NOB [ 52K 1] Nitrospira {E15 /K EW) b #
R b oAt b Tz MO Sk i LI 9 3 W]
Nitrospira R Nitrobacter 347 4E T 115 /K Ab BE
J MBS R Nitrospira {E75 K AMAE IR S
e S H WL HECR S T Nitrobacter™™ d it ar i,
BTG KA PR GE T NOB M3 B R L2
RRMBATZ AR BA % B R IEIR 2
SEBR TG 7K Ak B FR 48 B Ak AR B0 PR R 2 DL
KM T ESHAREBUR G E . DO KI5/

N [A] (HIRT) LA K 400 ) 571 45 PR 25 19 mT LS v i 44
AT LR L DU X R AL TR R 0 B
L AOB HREIIFFT LU, 5CF NOB ()5 it
ST, L HE NOB I AN )& Nitrospira Rl
Nitrobacter 152 & FTAR T A R A 0@ )
RFETE M5 K405 AOB. NOB [15E
BT, B TR RABATHATR AOB A
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S ) BT AR AN T A 0 1 T BTN A e A il
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16S rRNA LRI R Ge kK G WL G4 =
ARALEED 2B amod FEDIZES | (Hd ks S
PETE 58,50 AOB B #F 5t A% 22 53 (1) 4 W RE ) B
U2 KWL T amod FE ST R R F M,
RE K AOB T EREAT BE b A1 BOKE 1 2328,

AT S PR A AR I Y T By /K Ak
B AN R LT v K AR B TG
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Table 1 Influent and effluent characteristics and operation parameters of four WWTPs
T5KRG Tz ”?;f Jﬁﬂ((mg/L{ i 7{((mg/L) MLSS(mg/L) SRT(d) HRT(h)  DO(mg/L)
(10°'m”/d) COD NHy COD NH; NO; NO,

A 8’5 A’0 39.7 4573 412 353 0.72 25 0.03 5000+350 13 9.5 4+0.5

B AO 27.5 4573 412 353 3 25 0.03 4000+400 15 16.5 5+0.8

C Atk 20 480 45 33.6 35 6.5 0.02 3500+370 10 6.6 2.7+0.3
D-S A0 60 600 50 25 1.7 7 2.2 30004240 14 10.7 1.8+0.3
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D-W(XZFEA).A. By C. D-S BUFER T H 5
77 H,D-W h%ZE2 A4y A B HEFR—K)
AR T E:A ZBIE AP0 T2, B4 BT T R,
B4 2 e It U L B B A - IR AR - 4 g g
7B & A0 L2, RHEA 1A HAC AR
EIURAMNI T 2;D-S f1 D-W HUHH— L&
EFMAZ T2 LS AP0 T8, W R4~
AR - U AR SN L2 HE KK T FR AR M s AT S
L.
1.2 DNA #2H. PCR. Tl

H 1xPBS iG U5 e AD 3 78,14000xg B0

2min(E/0HL:MIKRO 22 R, [F Hettich), % I
THLE T 20 CLRAE. K HA & (Fast DNA Spin
kit for soil, MP, USA)X} DNA 84T 4B 4255 )
DNA il i¥ Nanodrop Spectrophotometer ND-
1000 (Thermo Fisher Scientific, USA )l & #% &k
J5E e A

PCR ¢ J% 3k H i 71 & (Promega GoTaq
Green Master Mix, USA), Jx W 1& R & 25uL:
12.5uL. GoTaq Green Master Mix,1puL (10mmol/L)
1F A 51 %7 ,1ul. (10mmol/L) J [A] 5] 4 ,0.5~2uL
DNA #5iAf, — & #[¥) ddH,0.PCR F&/7 W4 2.

&2 PCRYEREFRFRESY
Table 2  Specific primers and PCR programs

B 2% H IR A 519 J¥5 KB (bp) PCR 27 225 3k
amoA-1F GGGGTTTCTACTGGTGGT 95°C,15min;45cycles [18]
AOB amoA gene 491
amoA-2R  CCCCTCKGSAAAGCCTTCTTC (95°C,1min;54°C,1min;72°C,1min)
Nb1000F TGCGACCGGTCATGG 95°C,10min;35cycles
Nitrobacter 16S rDNA 394 5 X ; X 5 .
1387R GGGCGGWGTGTACAAGGC (95°C,1min;62°C,2min;72°C,2min) [16]
NSR1113F CCTGCTTTCAGTTGCTACCG 95°C,10min;35cycles
Nitrospira 16S rDNA 165 5 X ; . 5 .
1264R GTTTGCAGCGCTTTGTACCG (95°C,1min;60°C,1min;72°C,2min) [16]
1055F ATGGCTGTCGTCAGCT 95°C,10min;45cycles
Bacterial 16S rDNA 323 5 5 . 3
1392R ACGGGCGGTGTGTAC (95°C,30s;50°C,1min;72°C,20s) [23]

amoA ) PCR =4 5 T NG Al % Jic H K
(Agarose MS-6,TaKaRa,Japan)#5ill, 4 #.— (1 H
) 4% 41, DI, H 2l A6 77 B (Agarose Gel DNA
Purification Kit Ver. 2.0TaKaRa, Japan )#£474li1k.
2L J5 1 DNA HIi 7 & (Zero Background TA
Topoisomerase Cloning Kit, Clonesmarter, USA)
BEAT E A R HAR RO 10pL, (445 1L
pCloneEZ-TOPO # {&,1uL 10xEnhancer, 0.5~
SULDNA,—3Z 5 1 ddH,O. % 2 [ 3 58 il i K
FEYI NN B2 25 41 i DHSa(Hh S8 28 A1, [H 7= Hp
BEATHAL SRR BEALBE Y 50 4> amod KA
EE 5 2 R 47000 o A 42 o e S
1.3 WEXFERHRAKE 5T

Fe s SCPE (¥ 41 3 Mothur F A% R 97%
AL REAT OTU X7 #5:4> OTU MR P4
L NCBI ## & R FH BLAST 4 AR A i
ey e AR B AR P 41—l AT B R
MEGAS.0 FI 4B (Neighbor joining method)

AT RGO G 4y M il H 2850 B 7% (Bootstrap)
K6 R G T %20 SCEAR E, TR 1000 1K
1.4 SEWE# PCR (QPCR)

KR St 51 0% AOB amoAd ThfgRE A, 3k
J& T+ NOB & #£1) Nitrospira ! Nitrobacter UL}
AW 16S rRNA BEFT QPCR M. S J¥i 1
Mx3005P SE B} & f= PCR ¥ 4 1% (Agilent
Technologies, American) = Jf 17, 2K H ik 7 &
( SYBR Premix Ex Taq kit, TaKaRa, Japan)if 17
SN AR ZR K 2500 A5 12.5uL [ SYBR Z2H,
1E 8 5% 4% 1pL (10mmol/L), 0.5uL ROX,
DNA R 2pL,— % & ) ddH0. K H i 71 &
(MiniBEST Plasmid Purification Kit Ver.4.0,
TaKaRa, Japan) [R5k

FrfE it 26 1 4 57 NanoDrop ND-1000
(Thermo, American)43J6 VI 5 [P TR )
W (MiniBEST Plasmid Purification Kit Ver.4.0,
TaKaRa, Japan). JaiA ) () 5ok LA 10 £ R
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B FEARRE A QPCR AR . N AE Mx3005P 5K
N 5E & PCR #4714 {% (Agilent Technologies,
American) T R A S(SYBR Premix Ex
Taq kit, TaKaRa, Japan)i#E1T 5 W, 78 & 24 25ulL.
1.5 Fx5

BTN AOB J751) 1144 % GenBank
H95 FE LAOB 1 7 41 %% 5% 5y :KRO18127-
KR018368.

2 FHR5WE

2.1 AOB 5 NOB HJSEI %56 5E & PCR 4 #t
AOB. NOB (Nitrobacter 1 Nitrospira) F
VTR T Si2 I O 5 B PCR IR v 25 (1280 35
1E 90%~110% 2 7] 1K R B KT 0.998 K 7+
PP 18 250 AT AR B T 0 SR AR
4% W4 :AOB 4 8.55%10'~8.55x10° #% I,
Nitrobacter } 1.05%10°~1.05x10° #% UL, Nitrospira
N 1.31x10%~1.31x10° ¥ UL, MUE ol 4.98x10'~
4.98x10% #£ 1.

7% 3 ) AOB il NOB i3 52 s AN & 5
gk 1.5 ANEIRRE R R DR R

*3

L RS ECA 1.10%10"(B)~9.27%10"(D-S)
cells/gMLSS. A A4 B RELE BB TP ) 71 202 1 K2
H 1%-7%.A0B IR A0 T Z(B)wik, N
8.56x10°cells/gMLSS, t & 4 AN ¥5 ¥ # i 1
1.20x10"~4.46x10"cells/gMLSS 2 [i].{5]'& A’0 T
2 (AFEA)AOB (s B b 5 5 0 0.3%, 2t 3
AN TEAE 0.02%~0.08%2 7). 45438 1 kK
AKRFEFRTT LLE HEE A0 T2 K& &K
£ 5K (0.72mg/L), iF A 2% SR B . ALtk ,LAOB 712
BV AE R S R T KT R A AR
Nitrospira £ D-S " F & i, 18 2 T 1.53x
10°cells/gMLSS, i 5 & L1 4 1.64%, 45 Hifds 3 4
T2 R A 10%cells/gMLSS, i i 14 H 5]
N 1.36%~6.12% 2 [8] .Nitrobacter % T 4F FF i
D-S W ERE N T ILKE 1.69%10"~6.78x
107cells/gMLSS 2 [, o s B L9l 0.15%~
0.39%2.[8.D-W H ¥ & . AOB. Nitrospira F
JEE D-S YA BT AR, E Nitrobacter #1H1 0 3510
# 1.45x10"cells/gMLSS. & ZEFE il (D-W) FF AL
TR AFE 2 5 R0 7T 0 it 0 R T 1R 2 3k T v
TKAEIR) A7 I R R AR 22 1) = B A

SB. AOB 1 NOB HISER E 245

Table 3 QPCR results of bacteria, AOB and NOB

R 168 B AOB Nitrospira Nitrobacter
157k poy
Bes (cells/g VSS) BNk Py BNk 7 B LA 41 %k o R R/

HE

(cells/g VSS) LEA1l (%) (cells/g VSS) NOB Lt471(%) (cells/g VSS) NOB LEA71(%)

A 1.47x10"£1.51x10°  4.46x10+2.56x 10° 030  7.72x10%t4.76x107  5.26/93.06  5.75x 10+£3.83x10°  0.39/6.94

B 1.10x10"%£1.26x10°  8.56x10%+4.03x 10°  0.08  6.74x10°+3.81x107  6.12/97.55  1.69x 10+£1.21x10°  0.15/2.45

C 3.93x10'%£4.17x10°  1.20x107+1.08x 10°  0.03  5.35x10%2.67x107  1.36/88.76  6.78x 107+4.02x10°  0.17/11.24
D-S  9.27x10"+£6.28x10°  1.48x107+1.37x 10°  0.02  1.53x10°+1.72x10° 1.64 /100 0.00 0.00/0.00
D-W  4.57x10'"°+5.02x10°  1.06x107+5.97x 10°  0.02  3.23x10°£1.32x10”  0.71/95.7 1.45% 10"£2.28x10° 0.03/4.3

AHFE AOB amod FE R e &) Mt £ = 2
KEAE 107~10°cells/gMLSS 2 10, 5 O AT 12 %
BIF 5% 45 L A — g2 AR g A F A i BT
TR NOB. 5 i 45 L W A T P IR Ik
15 /KA EE R G Nitrospira & NOB B £ AL
TR, FL L Nitrobacter B — AN EUE 2% 5%
T AOB #1 NOB -F HHIWIFIIAN AOB Al
NOB 7£ il — /4 " B A7 W50 R L AOB £

JEH NOB % MR 228 N 3 iTLLE 1L A
WEHLRI K ) AOB F i 4 JZ # tE NOB
(Nitrobacter F1 Nitrospira)fl&— M= Fx T FF
i D-S(A’0 T &), HAth T2 Nitrospira Fl
Nitrobacter ¥JA7FAE, HANZE— DB 20, LA FEN,
D-S " Nitrobacter &4 0.455% 1 91 D-S th
K NOs F1 NO, V5 WAHAR A< 24%, 1
UEHERT ] A0 T2 D K) fEE Z=n] g B
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TR AR G, I HLAE ) AR A A A ) i R
W, Nitrobacter 5T Nitrospira #EIN. 2563 1
[FEAT ZHURIL D-S [P B0 AR T304t
3 AN 2RI R4 T R Je BT AR AN A4 1) Ji DA
2 N W T KR B AR, R AR A AL ) 4 R
B4k, Nitrobacter X HEIAE D-W FE .
22 AT OTU 1) AOB RGKH 7T

5 A amod KR SOlE SCE TP LA B 242 4
amoA JTH %M 9T% AL E R 21 A
OTUs.5 M5t k1) amoA PR S 3¢
JF ) Good 7 w5 % . Chaol F & JE{5il. OTU
EH5 11 Chaol {2 k. FHRIEH UK 4.5
AVGIAEA I amoA FEHT) OTU 43 A b 1
JT7R.

R4 amod BEREXENFIIZHEREBER

Table 4 Sequences diversity and Good coverage of amoA gene clone libraries

V5 FE JF5HL OTU %k

Good i %(%) Chaol F & E{il" OTU /Chaol Hfi

FrARIGE

A

B

C
D-S
D-W

47
50
49
47
49

4
3
3
10

92.98

94

93.88
74.47
87.76

4
3
4

11.2

7.5

1.00
1.00
0.75
0.89
0.8

1.00
0.67
0.20
2.16
1.08

100

80

20

C
TRt b

B 1 5 AVGIRFE ST AOB amod H[H¥) OTU 4341
Fig.1 Relative distribution of OTUs based on amoA genes
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in Ssamples

OTU21 EEEOTU20 OTU19 EEEOTUI§ W OTUL17

I OTU16 OTU15 EM OTU14 M8 OTU13 B OTUI2
I OTU11 OTU10 Wl OTU9 EEEOTUS W OTU7
OTU6 OTU5 EEOTU4 M OTU3 EOTU2

I OTU1

Wk 4 Fron,Good i HK KM E D-
S74.47%(H3L OTU {6 51t 11 (1) Chaol {2 Ltik
£ 89%.0TU {E 51t 1 (] Chaol {2 bE i AR I 2
FEf C75%,5L Good 7 i Fik £ T 93.88%.1X
BHE DX 2 A amoA 7 [ SCPE AT DIAREE 2 4
VKA EE] T AOB WIRERLLLAES A A1 B 11

Good 7 5 K IYLE 90% LA [, 0TU 14 5
Chaol fHZ 4 100%.5 D-S EL#,D-W
OTU {H 514111 Chaol 164 87.76%, W1 &1
D-S(74.47%), 538 il {5 )3 5 v i e i 2523 10
ANGKA BRG] AOB T BEEATHIFSY,Good
BT RAE 65.4%~100% 2 [8], 15 I A 5T £ 37 1)
amoA i & SCFE W] LA R AN VG Kb #E T rp
AOB #FE AR 4 THE T 54 amod FEH v
S A R IEHOIRE R P 85 R C R
amoA K&K 22 FE PR SR T A 5 A A e 2R
0.2.5540 4 MM IFEARTEEAE 0.67~2.16 Z
(i) 0 b AR S0 AT 3 B AT S ) 5 ANFE S
AOB VK 22 FEVEAE IE 3 3 2 py B2 S
D-S ZAEPESR A E NE 1 FI3R 4 0] LUE L RE A
C X 34 OTU,HA 24 OTU #%AXEH 1 47
Y, ERERES C I AOB ZFEMERAFEE. 5
SREENY A R B BT OTUs %0705 4 4 A1 3 4H M
1 LA HL AN RE S T & A S 1) o AT
EZA OTU, R HAT — 8 A 2 FE KPS
FEM D-S & H 104 OTUs, Z RV K i, 5 %
4 (ERIEE 3. D-W 3t 6 4> OTU, M
15 4 4~ OTU 45 D-S & 5 7 56 10, i I B4R
KA R G B R AR T AR, 0TU Al s —
AL H AR A OTU 15 LA .
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66

® oTU2 - 29 (47)
47 i @ OTU20-C49 (1)

@ om0

@ OTU6 - D40 (14)

Nitrosomonas sp. clone BS-M-28 (J(Q345969)
Nitrosomonas sp. clone BW-1L-6 (JQ345999)
Nitrosomonas oligotropha (AF272406)
Nitrosomonas sp. Nm47 (AY123830)

@ OTU19-E23(1)

® OTUs-E5 (25)

@ OTUS -E19 21)

® OTUI3-D49 ()

® OTUI0- Al8 (4)

Nitrosomonas sp. Nm84 (AY123818)
® OTU3-AI3 28

49 @ OTUZ1 -C50(1)

69 Nitrosomonas aestuarii (AF272400)

Nitrosomonas marina (AF272405)

[ eowmmne
@ OTUI5-D29 (1)

75

44

Nitrosomonas cryotolerans (AF272402)
100 [ Nitrosospira multiformis (AY177933

Nitrosospira sp. KANS (DQ228456)
1007 @ OTUI - A48 (58)

FIH 21 4~ OTUs FAREFHIEE L) NI
AR EMWE 2 Frs W& 2 i LLE A 114
OTU J&F N. oligotropha, i 6 > OTU J&T N.

98

0.02

46

L @ oru7-Bas 14y

—— @ OTU11 - D26 (2)
771 55| @ OTUS - D36 (13)

@® OTUI2-Dl6 (2)
99% Nitrosomonas sp. LT-2 (IN367454)
®OTUIS- D21 (1)
® OTU17-B5 (1)
Nitrosomonas eutropha (AJ298713)
® oTU9-Do (4)
Nitrosomonas halophila (AJ238541)
100| Nitrosomonas nitrosa (AF272404)

85

27

! Nitrosomonas nitrosa (AJ298714)

Nitrosomonas communis (AF272399)

K2 ET amod N AOB ALK EW

N.oligotropha cluster

N.marina and N.aestuarii
cluster

Nitrosospira cluster

Nitrosomonas-like cluster

N.europaea cluster

N.communis cluster

Fig.2 NJ phylogenetic tree of AOB group based on amoA genes

like cluster,f7 2 4~ OTU ({VALFE 3 &F4)E T
N. marina P N. aestuarii. . OTU1. OTU2.
OTU3 7354 58, 47. 28 4741, & AOB

europaea cluster,§ 2 i~ OTU J& T Nitrosomonas— #f ] L ¥ OTU, J& T N. oligotropha
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Nitrosomonas —like cluster.
2.3 AOB RG K F M

5 ANGURERL T AOB FIEE 43 A1 LL AR 55
UK 3 FroRIET amoA NI RGIR & /T
2E L 2) R T T & T Nitrosomonas, %
H K I Nitrosospira cluster. AOB [1]4)4i \ % 21| /b
95 9 A N,

cluster . N.

oligotropha . Nitrosomonas -like
europaea cluster < N.matina and
N.aestuarii cluster. L7 Nitrosomonas oligotropha
cluster Fl Nitrosomonas -like cluster &= AOB Fiiff
FH R RSB TR, 23 0] o 5 SR ) 60.08% A1
29.63%, 5 CAMFR SR — S NE 3 T LLE
HL R T RESD B 1 Noligotropha cluster X 2%,
A AAFE SRS N.ooligotropha cluster H 75 &
F5 LPFE C A AOB amoA 741 LA K
FES D-W 1 97.96%1] AOB amoA J7>41#6 & T
N.oligotropha cluster. 1L fth 2 A~ £ &
N.oligotropha cluster 7 i [% 3 1 b 9] 78
40.43%~60.42% [8].Nitrosomonas -like cluster 7}
e 3 AMFER I BAERE S B Lk 3
98%, {EFE il A F D=S th T ity ELAgi) 735310 0 39.58%
1 8.51%, fEFE S C Al D-W A R A 2N,
europaea cluster 7 y¢FESCZEN] 9.05%, H A1 K H
A’O T ZHIFER D-S I D-W R ILIX AT g
% A0 T ERE KR B AN A 5. 1M FL N,
europaea cluster 755 A& PNZERE T 70 & =
KA T2, D-S " N. europaea cluster 7
AOB R HLff 44.68%,/21L% AOB 1# &, (H7E
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