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(1 AEs Tl R A PR S RE IR TR Bt , B TS /K IR BE AL RS AL A R (R 58 TAR S b st 1001245 2. Jbathlrii
KRG BRFAT A IR & doe b5t 100124)

FE , A A A 16 15 K 85 5% B [R]85 0 & BB ( simultaneous nitrogen and phosphorus removal , SNPR) IJJﬁE P G- S A 75 U
(aerobic granular sludge, AGS). % Illumina MiSeq PE300 =yl 87X} AGS B35 #2 AN B BEVR AR AL b AT T P9, IR /R
V5P E R B . SR FHSER 96 G 8 1 PCR X AGS 85 381 72 T & E AL 1T (ammonia-oxidizing bacteria, AOB) | & %&b T
(ammonia-oxidizing archaea, AOA) | Vi R £h % L B ( nitrite-oxidizing bacteria, NOB) 1 % # B ( polyphosphate accumulating
organisms , PAOs ) 19 £ FEAREIFAT THF5E. 258320 . i) 100 d 5535 H 19 AGS it 55K ,ﬁﬂﬁ RUFHY SNPR AR, AGS s
A (extracellular polymeric substances, EPS) FF 24 S 7ERE 23 FE FP 8 N 0l i, 22 1 0 & i AR 45 Fa 8. AGS B i,
AOB I =FREWS 3T B, AOA 1 F 2 I . I NOB (19 B T W 254k, 117 PAOs 19 JEAE AGS iﬁ?«%m%ﬁ%ﬁi&bu. TE AGS 1%
FRid RE b AR AR AR R R B e T R R AR R S, ELAA B VR AL A T W AR A, R AR OTUS f B il U 51 8K
1 92. 70% , H: H Z5 J B 1] ( Proteobacteria, 31. 07% ~ 53.67% ) . $I4T & ] ( Bacteroidetes, 6. 70% ~ 16.50% ) F1 4% 25 &[]
( Chloroflexi,7. 84% ~13.36% ) J& AGS $5 el B HP AR L4071, Candidatus competibacter JETE AGS i%?%ﬁﬁ*j{%_ﬁ%( 25|
R HAY 0. 119 S9N % 35.33% ), FLTRE S MO 2 AR E EPS (Rt VRIS TR IR AGS. 21
SERRIR AP UBDRLTS V8 ; BB LI o A0V AN 720 I Bt AR’

HESES: X172; X703. 1 NERIRE. A XERS: 0gad-3301 (2017)11-4696-10 por; 10.13227/5, hjkx. 201703275 /ey
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GAO Jing- feng WANG Shi-jie', FAN Xla,p(’;/arf PAN Kai-ling' ZHANG L1 fgng , ZHANG Shu-jun*+* GAO_-
Yong qing’, ZHANG Shuai’ f ¢ i b - '

(l National Engineering Laboratory for Advan@ed Munw‘ipal Wastewater Treatment dnd' Réuse Technology, College of Environfiental
and lgllpelgy Engineering,, Beljlng University of Technology, Bel]mg 100124, China; 2. Research and Development Center of Beijing

Drainage Group Go. , [Ltd./, Beijing 100124, China )« =

e
Abstl.‘act;“fn. this studly, domestic sewage was utilized 6 cultivate aerobic granular sludge (AGS) in a simultaneous nitrogen and
phosphol:.ué removal (SNPR) system. The bacterial population dynamics during the aerobic sludge granulation were investigated to
reveal the granulation mechanisms using Illumina MiSeq PE300 high-throughput sequencing. Quantitative real time polymerase chain
reactions (PCR) were used to investigate shifts in the abundance of ammonia-oxidizing bacteria ( AOB) , ammonia-oxidizing archaea
(AOA) , nitrite-oxidizing bacteria (NOB) and polyphosphate accumulating organisms (PAOs). After cultivation for 100 d, the AGS
was compact and demonstrated good SNPR performance. During the AGS formation process, extracellular polysaccharides obviously
increased, while extracellular proteins kept relatively stable. The abundance of AOA significantly decreased during the formation of
AGS process, while the abundance of PAOs increased. The bacterial diversity increased at first and then decreased during the formation
of AGS. The bacterial community changed dramatically during aerobic sludge granulation. Persistent operational taxonomic units
(OTUs) accounted for 92. 70% of the total sequences. Proteobacteria (31.07% -53.67% ), Bacteroidetes (6.70% -16.50% ) and
Chloroflexi (7.84%-13.36% ) were the dominant phyla. Candidatus competibacter was obviously enriched in the AGS formation
process (increased from 0. 11% in the seed sludge to 35.33% in the AGS) and may play an important role in the formation of AGS.
Key words: aerobic granular sludge; high-throughput sequencing; microbial community composition; simultaneous nitrogen and
phosphorus removal
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BREA 30 ZREs TEEd 5K M T2 TZ.

TR B2 6 &L R s — B V5 /K A 3 T 2y F o
S H T AGS 1Y 45 1 4 5 3 I I At A 1% 3o PR A
AT ATEURL N L i 480 PRARUIX, Sl SR A T e
RUERRME T R0, AR TR e RGeSk
PR A B & B B ( simultaneous nitrogen and
phosphorus removal , SNPR) 4 BRTE A B LT
FIF AGS SE# SNPR, (94 Cassidy 45 I FH & 5 1
AKEEFR A SNPR BUR 9 AGS, i 5t 5510 3
AGS Wnfaf S B SNPR B L AL EAT T 0SS, 5
WEIRI o3 H: Wy D iz F T AR SCHR 5 1]
N5 JF A7 4% 32 (fluorescence in situ hybridization ,
FISH) ' | A5 P4 B B % Jig # 7K ( denaturing gradient
gel electrophoresis, DGGE ) ') L K A S BR i 14 F B
2 B MEH R (terminal restriction fragment length
polymorphism , TRFLP) "*'. 33 #8675 1k n] L FH K f 5%
AGS Higrid B b A W W B I 2 A B HAE s
PCR 22 5 i F A 55 FR 6 X 3R, X T T FE 4R —
SE BRI, 20 3 T k% A 5 A 4
A BAEE R IR & A SRR S R ER

g 2k S TS PR R 0 A

i I AR GIF IS T AGS T,

B Ly 2 F AT AGS 1537 1 72 b ik it
PASACEAT T IESE. A, A e e I B R XS
SNPR JIfiEHT AGS S5 7 b # b i W e vis A2 Ak i A
FUEE WLARIE.

PR , A5 A8 AR 35 35 7K 35 37 B SNPR )
AERY AGS, WF5E T AGS B %3 A vh i 1R 75 Y2 ML A1 3%
AW (extracellular polymeric substances , EPS) [ 2H 43
54k, FEFH Mumina MiSeq 38 &0 J37 1 52 B 28 5
7 18 PCR (real-time quantitative PCR, qPCR) X} AGS
B R b AN AR LA R A A5 R B A ) F B 1Y
AT TIESE, LR AGS 9 UKL Ak AT 28 42 £k 2
WICH.

1 #R5FEE

1.1 HR5I S 5 K

SIS F TS Y B A AU T R F AR K B,
TBA W5 U W B (mixed liquid suépénc.l;;d;-' solids ,
MLSS) H3 600 mege L. 86 K B0 157k Ik
BRI 1 PR, i TP AR I 15 0k GODARTE 4%
115, PRI TR 4 H 0 i S S R A A B, St
HEK COD{ NHFN, NOS N, NO; -N AIFTP O 2 7¢
433914 300/, 5. 409112178 mg-L ¥ _-

OV R EKKE/mge LS ] f

= 1 = / ] ]
i Table 1 Wastewater characteristics/mg* L ’?‘ 1 Ad’
H cop BOD, ¢ Nug - NO; -N N0y -N ™ ™ I
- j [
‘ Tlilﬁl Iu“ISS. 3 <185.5 30.2 ~75.4 | 38.5 Ls3 0 02 ~0. 14 0.1~2.3 3846 ~57.2 4.5~10.8
| L 7 A —— o

1.2° SR B s i 44

S BT SBR S SASUNPE 1 B RN R
A HLBEESH A, 55 150 em, ELAE 40 em, LA FH 188
L, AR50 L, K s 172, RHESE
APV, G F iR T I . R i
BRI R s S TR R 25°C A A
J I 35 47 43 K (15 min) | PR A8 (120
min) | BE(150 min) . YTHE(10 ~5 min) | HEK (S
min ) AN B IX 6 BB, SR 4 & 31 45 B Bt
BT [E].
1.3 4y B 5080y 2

COD. NH;-N. NO;-N. NO;-N, PO} -P,
MLSS, SV 2% FLAr A3 H 25% F R bs iy 2
EP DO, pH K WTW Multi 3400 ( WTW
Laborprodukte , Germany ) {8 # 73 1 A I 52 ; K
Olympus BX51/52( OLYMPUS, Japan ) Y62 i i 85 W
5P ANE ;. AGS T HOWIE &>k ] Hitachi S-

3400N ( HITACHI, Japan ) ¥4 Hi - 2. f{ % ( scanning
electronic microscopy, SEM ) K fik; R /] Microtrac
S3500 ( Microtrac Inc, USA) I 56HK: B 20 8 AU & V5
TRRE SRR A3 A, SR FH PH S T B B A8 e i 4
BUS M5 RS i 0 EPS; M4 E (A R 2 St
SEHETE I A A T AR R AR VAT M
A2 AR 2 - AR a1 0 S A A
FRUE .
1.4 SEESFEA
ARSI A BB, S — B BCA AGS R
HIEFE, I 40 d, R (RO) | FIZPIE L AGS (5
20 d,R1) LLKBYBOR 58 T2 L AGS (55 40 d,R2)
YERRESL AL 58 B BEHEE 60 d, A SNPR 5 3= By
Br HEHUE 50 d(R3) | 4565 d(R4) | 2575 d(RS)
FIEE 85 d(R6) X Lukir 45 BH I 14 4 5 Ab B &S SR 1 i
(), LA 100 d TR B8 SNPR DI RE Y A5, B35 e
i, R T R F - 20°CHE17, I FIa 2585,
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Fig. 1 Schematic diagram of the SBR reactor

1.5 fUEY A -
1.5.1 DNA #£5 Illumina MiSeq I_JLE.{IJHJ%%*)‘
FERMZE VR T IR 5, FlE1] Fast DNA® Spin kit

for sit( Qlagen CA ,USA)DNA %Emlﬁfﬁj/\%swfnnd

DNA ,IF R o NanoDrOp ND- 1000 Spectr‘oph’[)tom(fter
( Thetrmo Flsher Scientific ,USA) U“'J/TE:]:/‘\EBX DNA /Z(Er#
AL, DNA B fi 26 78 334 1 ) s 2514
A1 B2 ) it
MiSeq PE300(111umma USA) , T B o 2 68
RNA A3-v4 X, FF I 51 45 Sk 338F (5'-
ACTCCTACGGGAGGCAGCA- 3') F1 806R ( 5'-
GGACTACHVGGGTWTCTAAT-3"). 5 7= A= fi4 Jit
AR 20 0 1 22 B IG5 28 P 91 DA i A A A9 3
BRIFH, IS5 R ST ST — AL BE DLARIE
FEAH R I e VR R - T4 T Ee . i QIIME!®
WEAT IS S50 BT, R Usearch 475 R 4 B 4 25 5
JC(OTUs) , HIUE B N 97% . RH Silva Fdk 4
5(]‘ OTUs ST R ERE , Z J5 % B 45 40 18 43 255 B

(TEZ i r % i
1.5.2 PCR 45 gqPCR

DNA FEfhZead PCR 9738 | s FR R, A4
AT H TR R B R T R IRUBRLAE S gPCR
(RBR I . o B2 BRSO R AT 10 A5 466 B8 7 R ol 4
J— FRGIBRIERE S, bR S R AHIRE 5, 294503 A
AT, IR B B X B (TR KR AR ) . 43 B
I #: 5 Pk 51 ¥ GenAOAF ( 5-ATAGAGCCTC

4T 5 5 B, E-A N Illumma--“'

AAGTAGGAAAGTTCTA- 3') F1 GenAOAR ( 5'-
CCAAGCGGCCATCCAGCTGTATGTCC- 37) ") %t 4
%’f{?’?%(ammonia-oxidizing archaea , AOA) 1 amoA
FEHEA T2 5 FERMET Y CTO189f[ %51 W) /2
CTO189fA/B ( 5'-GGAGRAAAGCAGGGGATCG- 3")
5 CTO189fC ( 5'-GGAGGAAAGTAGGGGATCG- 3")
L2 1L il & i e ] Al CTO654r (15'-
CTAGCYTTGTAGTTTCAAACGC-3") '"*) Xif 42 4 1k 4t
P& (ammonia-oxidizing bacteria, AOB) ) 16S rRNA &
AT E =, SRS Nsr 1113f (5'-
CCTGCTTTCAGTTGCTACCG- 3") 1 Nsr 1264r (5'-
GTTTGCAGCGCTTTGTACCG-3") "7 X V. il iR £k 4
AL Nitrospira ( nitrite-oxidizing bacteria, NOB) Y 16S
rRNA LR HE A7 i DA KR SRS 9 518F(5-
CCAGCAGCCGCGGTAAT- 3') #l PAOs 8461 (5'-
GTTAGCTACGGCACTAAAAGG-3") ™) 3 4475 U
oM B B B Y Candidatus’ acc
( polyphosphate accumulatmg orgamsms PAOS-> £
168 tRNAJEPIEA 77 Bl i Bk PCR fif“ﬁ;%%ﬁ 20
wh, Fo2H N 7. 2-pl G K L 10 ule GoTaq®
GPCR Masfer MiK, Os4 L i, F eI Rp2 L
DNA #5 g ﬁ?ﬁ“ﬁ/ﬁmdﬁﬁ K. ﬁﬁﬁﬁu%&
Stratagene MX3005p( Agilent Technologle% USA)
mritkg, B | 4

2 @RS

2.1 AGS k3%

ARSI I SR AN B B, 5 — B Bl o 3 i
JEUTTERT 5 5% AGS, 55 By Brii i s AR s 17 4544
SEPLSNPR. TS — B M8 S a5 Je DU vE P fg
S MLSS H972 Ak, K DTTE T H] B e W1 19 9 min B A0 4f
WA 6 min. HW[E], 5 PSR % W A I SR, 5
PeRifR (P42, D50) B RO (9 124. 7 wm[ El 2(a) ]
WR S R2 9 279.4 um [ E 2(b) ], B AL K
AGS. TEZE BB AR5 S N KRR, T3 % By
BLZ AT A] [ A b T s [8] 45 6 0 4E H5 76 5 min,
AGS K2l BLEF L3 K i R4 19 346.3 pm [ K] 2
() JHEKH T RS £9567.5 pm[ K 2(d) ], %] R7 i}
IKF) T 781.8 pm. WK 2 (e) A, B AGS F 47
WO, L. SEM B AN El 2 (f) B, AGS b
TE R, 6 B b, s2F— 2L R e PSR B [ 1K 2 ()
F12(h) IR B ME S MEE, F o fm A
KT RS EREE. 2 A HURE 25 H 7K K 5 A
TR ERR, R EEI85 A BA THRIFK

acqm;ilibdcter
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(a)BO (b)R2, (a)R&ﬂt(d)Rslﬁ’J@WH@# (e)R7 Eﬁifﬁm}!ﬁ)j (f|9'~(h)|R7 lagqu e

ra I i ;
'8 S a -:. 2 .A(}' tAg i EE,}%E’]&MWi‘ = ) ¢ 4 (4
"r ¥ r __;_-" { In:::-' Flg 21 M‘;w}m e actlvated sludge during the fonfnatlod‘ of AG g —
= ':'p.. ‘." “|‘|| L m f ‘u-' F { & \ o % 7
e Ny g2 wakmsxne S 0 | V
| it I'— | a"’ll '!' '- g { uf
. = ¥ | HTal#e Z Effl ryfn‘water quahty and removal efﬁ.cwncya | o
v e taymr/mg, L7 € 4 LHE %
HEE | g oo I NHSN T 1= ___ﬁﬁf 5 oD NH, -N N TP
' 7 ¥ s 6.4 4.7 = 312 87.6 88. 1 25.6 62.4
R 36. 1 0.7 36.4 3.04 91.2 98.6 31.3 60.0
H3! 28.2 1.1 27.5 1.12 90.7 97.7 43.5 86. 1
R4 31.2 0.4 20. 1 0.76 89.2 99.3 65.4 90. 2
RS 40.2 0.6 17.3 0.40 87.1 98.9 70. 4 95.6
R6 37.6 1.2 12. 8 0.12 88.3 97. 4 74.5 98.2
R7 27.5 0.4 13.0 0.08 92.7 99.0 76.3 95.7

SNPR % %, /K NH;-N < 1.0 mg-L™', TP <0.5
mg-L™" TN Fl TP K R Z 5 5135 8 T 76.3% F
95.7% , tH/K K54 GB 18918-2002 — & by ifi b
A BRiE.
2.2 AGS iR #rh EPS 197281k

EPS J& AGS H F= (1 41 B8 43, HomT DL F
A W i AR, T AGS B il B A OB AE
FHPY . SRS RE B EPS, BF 5T HAE R FR 1 45 —
Ko W Be g vk BE AR A, a5 R A 3 o, TR
AGS FE 3= 055 — B B, 1 PR 15 U8 i 2R B8 2R o ol
i, EPS B &t bl 2 34, b 2 0 S i in B

i, RO 1Y 15. 46 mg-g "W E] R2 H11Y 64. 62
mgeg ' TESE BB, AR AGS BB 4k S K
{2 EPS w20 & 1 K 5%, (i AGS(R7)
W2 H 80. 83 mg-g ™. B E HAE AGS B K
WM RO A9 12. 42 mg-g "GN E R1 Y 27. 72
mg-g”' AGS B A, A B AE 13,81 ~26. 11
mg-g ' Z BV, AT LLAE H, BESL EPS 2B
wEI e THEAN, I HHEAE AGS B B 1y 3
it B b B R A B, U, EPS A i
38T gE SR UE AGS MIIE B, 28 1 BT X AGS
B A Tk

1=
Al
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100 1000 copies-g ™" ULHATE AGS 55 3R FE v, B A 45 bk DT 3
e I )35 B O R A P, 7T RS RT AOA S R AR T

B - RE 1% AR A A R R S &4 0T AOB SR Fh
ol Lo = S AT RER/IN. R, 7E SNPR R4, AOB 7] &
é., % FEMEAAEHATH. NOB 1 16S rRNA S
E ool 400 & FRETER RS AR T WAL E 4 () ], Fu T
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