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Research progress of bacterial diversity and functional regulation
in activated sludge
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Abstract: Activated sludge is the main function body of biological treatment process in wastewater
treatment plant. The species, quantity and activity of bacteriain activated sludge are the important basis for
improving wastewater treatment capacity and effect. Based on the summary and analysis of the relevant
literatures, the diversity and ecological characteristics of the main functional bacteria (flocculants,
denitrifying bacteria, phosphorus removal bacteria, etc.) in activated sludge treatment process were
summarized, and the current mainstream identification methods of bacteria were also summarized. Finally,
the regulation and control of micro flora in activated sludge are discussed from three aspects. operation
conditions, directional domestication and biological reinforcement, providing a certain theoretical basis for
improvement of the functional stability of sewage treatment plants.
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XIS YR AR AR A DN 22 2R FH D2 S S BE S A% SE 1Y)
SRS, ZOTIE R E LA ST
A& (Zoogloea) . M\E HLJTR & (Comamonas) . A 3j
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12 EMISRINGEEET
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TG TG e v — 882 4H R AR 98 73 WML AN R 5 )
(Extracellular polymeric substance, EPS), EPS¥ Kk
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RAFIBE, TS VTS JR R M S A AR
NIRRT, T EALIE SR R (Zoogloea) ™ | 2
T8 (Bacillug)™ . #T14& (Flavobacterium)*? |
i I QT J& (Nocardia) F i . ifd 147 J& (Pseudomonas)
a8 R IR Rl, R 1.

LR B — P B R, AR
AN A B —38 43, BT A B 22IR A0 2 58 F,
HAAREAT I 21 Fl . T 14 . SUAFTE 8 AP,
JEREG SRl . TR 5. SR 3. A
2 RS RTINS T R R SR, Y4
ARG T BE BRI, Ko i R 22 23 BH AR5 U 2R 2 []
MRS, FECRRMEL, BF, S =5 TRE
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ALY SRR ETS e I s IR, (HZ2R 1A A
BT o R E SR F O Rs, TEE
7 AT K A B 2K T PR P
122 BREMEY

HAR R ATEA G RN . 2401 . il
TRAVET . RS ARAE T | RN DL SR R A 55
VRS e A ) S IR R e b 3 AR A N A7
TERIACIRT , Rt Sl Y B DR R A A A 1Y) P B
PRICHEI (B 1), 3 3ot e SR 414553 F1E
BORBEATHE , NI E AN R Y . e
IRALFRR B AS A AAE A I e 3 22 i
AL

(1) st
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IR , iz B o RS R/ E H (Nitrification), J2&
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Tablel Themain flocculating bacteriain activated sludge
)& EANES A RFIE
Genus Phylum Physiological characteristics
Elllid) AUHFET] AUMATAR, JCA T el aE; A B ARSI RIS R s S22 IR fkRER IR
Zooglobin Proteobacteria Rod-shaped, no spores or sporangia; Fingerlike or dendritic projections on mature cells;
Gram-negative; Chemotrophic heterotrophy
BRAERHERE  EHE] AR, SO DU SiEA s )
Escherichia Proteobacteria Straight bacilli, Single or paired; Moving with peritrichaete or not moving
R B IGATHIT]  HEE; RHIRECEHE; TSGR Y; IR fLRESTR
Pseudomonas Proteobacteria Straight or curved; Single or multiple flagella; No sheath or protuberance; Gram-negative;
Chemotrophic heterotrophy
ZFHUAT R JELRERT] BEAATAR; HEEMIZE ; 5522 [ B AR RN B fhRES 3%
Bacillus Firmicutes Rod-shaped; Lateral flagellum; Gram-positive in early growth stage; Chemotrophic heterotrophy
BT R AT BT HAPR, wE, ATERNERT; 2P JaEshsikg; et
Flavobacterium  Bacteroidetes  Straight bacilli, end circle, No endospore formation; Gram-negative; No sliding or swimming;
Chemotrophic heterotrophy
R RS ] WA R S BRERFIFF DR, 7AW e 2240 ;. S22 RPN ANig3)
Nocardia Actinobacteria Coccoidor bacterioid forms at early stage and produce flourishing mycelia; Gram-positive; Not moving
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FR, KW, H5%23 pH (EH. HES
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Figure1l Nitrogen cycling and microbial functional genes

N. communis, N. aligotropha. N. marina F1 N. cryotolerans
TERY 5 AR, RS IR R F5 A PR IR e T
S P T 4 TSI R R T 7 B T e
RIE R, —SeZU S AR A AR L LR 2), IR
i 70 ST A2 T R

NOB #J2 #>4 [CHIME, —fit5 AOB A i fE—
e, JEHEICA LTS BRI & & LA IR
T H NN NOB I H A S LA 12 (Nitrobacter),
H 4 KB E 4 Nitrobacter winogradskyi |
Nitrobacter hamburgensis, Nitrobacter wvulgaris i
Nitrobacter alkalicus, —4Efiff 55 KH], L IR H
(Nitrospirae) A7 Al BE 2L F NOB, X LE4HTERE
FIAA DR IEFN IO, 245 Tok i e 557
JrEiFAT AT o BRILZAE, NOB IR G035 PRI R A
J& Nitrococcus mobilis #1 Nitrospina gracilis, 435/
2 hy 78 T 29 (Proteobacteria) Hr 14 y 1 8 725 . NOB
BB AR R TEBRAE WL 3,

(2) SastetEH

SRHACAE PR 5230 32 SO S A AL 2R TR, S A
A 2T HAR P HEEE R, BT -
e KA IR e A=) B ) 10%-15%,
43 I8 T 1 & (Pseudomonaceae) . BT &

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



2012 A I R Microbiol. China
*2 EERMARAUANITENAR
Table2 Ammonia-oxidizing bacteria discovered in recent years
I 24 FK G PRI HERF1 =P
Bacteria name Year Environment Genome seguence References

Candidatus Nitrosoglobus terrae 2017 iRtk 132 Acid soil Y [28]
Nitrosococcus wardiae D1IFHS 2016 YEFPETTIR Y Marine sediments N [29]
Nitrosomona sp. NP1 2017 iGMI59R Activated sludge N [30]
Nitrosomonas mobilis Msl 2016 757K ¥5 8 Sewage sludge Y [31]
Candidatus Nitrosocal dus cavascurensis 2018 iR Hot spring Y [32]
Candidatus Nitrosocaldus islandicus 2018 iR Hot spring Y [33]
Nitrosomarinus catalina SPOT01 2017 YPE Ocean Y [34]
Nitr osopumilus cobalaminigenes HCA 1 2017 WM Ocean fisheries N [35]
Candidatus Nitrosocosmicus exaguare G61 2017 757K Sewage treatment plant Y [36]
Candidatus Nitrosopumilus sp. NF5 2016 ¢ Ocean Y [37]
Candidatus Nitrosocosmicus franklandus 2016 a4 - 338 Neutral soil N [38]
Nitrospira inopinata 2017 HUK & E Hot water pipeline Y [39]

W Y ZEAERFAE W, ATAFERBGEE PR N RERPEEE T 5 AR S8 e b IC I B Rl
Note: Y: The gene sequence of the strain has been determined and can be found in the gene database; N: Undetected strain gene sequence or
no strain in the database.
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Table3 Morphological characteristics of various nitrite-oxidizing bacteria

FHIE
TR 24 R Features
; yE R Ve
Bacteria s AR+ Ut WE i WESEE e
name ) : Temperature  PH  Moving .
Shape Cell size (um) Intima Flagella °0) ability Reproduction
Nitrobacter ZLRSZHAFR (05-09x(10-20) fij Vi Mok 537 6585 4  (his_ 4%
Pyriform or Flat vesicle Polar or lateral Yes Budding or
multiform rod distribution bipartition
Nitrococcus Bk 15-18 R WA 15-30 7580 #H —4E
Globular Tubular Polar flagella Yes Bipartition
distribution
Nitrospina  4ifFtk (0.3-0.5)x(1.7-6.6) TSN ERUEE 20-30 7.0-8.0 I —E
Rhabditiform Nointima No observation No  Bipartition
Nitrospira i EEHER (0.2-0.4)x(0.9-2.2) JopNfE ER k& 20-30 7.6-8.0 I 43
Liciform Nointima No observation No Bipartition

(Caicaiigenes) . #FffT I & (Bacillus)% 50 £ 4~
J VO R A TR AT 4 g R AR R A 4 T
ARAHILAI R R . 15458 b, RAHILBA S —
AR PR R AR, Op FFTE 2B NOs 1 NO,
A g v 732 AN ] il o R A 3 i R 3
#1220 fiF42 80 4E4C Robertson 2513 vk & BT
A S AR A B I IR R 4 S A A 3R A TE LK

Bl J A SR SRS AL AR RS B2 6T . R A9 TR

AER T U A SR A A T 1) — BB 5 R
123 RREMEY

PR V5 /K A PR AR TP AR EE S ) — 355, BiEXT
K& EFA ST K TR SR . HETEG /KA
Hhw AL Z 0 i Ak AE M) B3R (Enhanced  biological
phosphorus removal, EBPR) 1.7, EBPR & #if it
FE Wk 7 (Phosphate accumul ating organisms, PAOS)7E
RS DR, TEUFRARIE P Rk, R0
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Table4 Sourcesand functions of aerobic denitrifying bacteria
el BRA Bl
Source Bacteria Nitrogenremoval  Phosphorus removal

1598 Activated sludge Z$7 A Alcaligenes faecalis™” + -
%A Pseudomonas C-171%1 : -
Shinella zoogl oeoides™® . .
RE i JE Acinetobacter sp. J617 _

V5 KA PR 5 Sewage treatment system BRI & Pseudomonas sp.[? + -
Va5 I )@ Thaueral®? : +
RIER 4 Paracoccus denitrificans™ + B
fifi 45 527511 FS B Klebsiella pneumonial®™ = =

FRE P KA TR S: Pig wastewater 2 Hf 1 Pseudomonas stutzeri®™” + -

DEEIT 2N SR 13K ) Rhodococcus sp.™ + =
Citrobacter diversus® + -

+3% Soil ZEHUFF I Bacillug™ + -
Mesorhizobium sp.[* i -

B3B8 Landfill leachate Zobellella taiwanensis DN-71> + _

B E K14 Eutrophic water B4 %A1 Enterobacter cloacae HW-158" + +

L9 Saline soda lake Halomonas campisalis™® + -

KT Taihu Lake sediment A Pseudomonas stutzeri Y G-241%% + +

—Yiihi5 e Secondary clarifier sudge REFT R Acinetobacterial® + +

e+ BB EBRmneg; — AR&5AEBRRE.

Note: +: Bacterium has the function of nitrogen (or phosphorus) removal; —: Bacterium doesn’t have.

Pl 15 VeI 2N 5 W 00 SR TR | 2 T2k 3 8
M5 K B H Y BB R A Y i
A7, T DA | G40 B B 174 S 57 R 4 AT 1Y)
573017198

R R IR TP RE LU I FIEAE , FAHR
Sy RS A e IR R AR TR, AR
KA AR T I T F 2 ABERE R0 PACS, 1
RN T PAOs fEWEMEG TR I EEAEN, CREK
PAOs #3254 : A 3liH 14 & (Acinetobacte) . “TH.
J{L TR & (Aeromona) . i S 17 & (Pseudomonas) . /)
H #iJ&E (Microlunatus) . 12 J #J& (Lamproprdia) . 1
i & (Rhodocyclus) . =BT i J& (Al caligenes) . %
BEAR PAOs, A, NERFFE . el (aIRe . A
LRI O S B A BRI DR

KREWIFRRY], TEGVESRM T — LA Pym] L
I FH TR R 6 B8O AiF R h VA v 32 AR 58 Ji el 2
B, XIS HA B BRBE DD RE R AR YRR N SR
Ak W 1 (Denitrifying phosphate-removal bacteria,
DPB)®A, FRAFAET AN, TR A it
i, O SE M AR R A R R E . Ash
FrRE . ZFRFFREE . 2R . RIEKEESE. o
G —LE S A A A B T AR 4R SR T R, BRAT
A IR WA, (H IR E AL H A o —
o FRATIR BT Ye v 43 25— b i A 5P T
(Pseudomonas stutzeri) , Z:9I{k 5 HA R AT 51U
fSTLERIERE 1, JFREAEAEAR CIN Heiimk hiaE iz
17, A CIN HeATE 15K TR AL I AR AR i T —
Fhogr A
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TG PETS Ve ik o3 Al 4 — L B35 R A D) Rk e 1k
(TR, oK S A Y B R i 1 7K v ME R i 1
JeWnin, A BT REE A A R RIEAE T KAk
ARG a TR B8 s VE ] o Qg R 2 77 L I
(Senotrophomonas acidaminiphila) m] [ £ 101 5 . 34
51, 215k T (Rnodococcus) 7 B Sl 5 e
(19 - T | 2 FT B AT SR NS T R 1 o B
B I AT A W e e - A TR A I
(Betaproteobacteria) i1 K & H B B A TG TS
VR GATAETT PRGBS BE B A7 1E N
TP VT Iz N TR AL T e, ST T2
A FRLE AN IR o
2 TEEEIS Ve T B

FLHAXT T U8 Hh A A S TRl 3 R F g 1
FR i B AU B MU RE Sy TF T 3R A
AT, TR R FEE S WS, )
YE MRS R, 20 tit4D 80 4FRJ5 PCR 4
AR BERESCE . YR A (FISH) S e F2 1 43
FH: W) F5 K (Cultivation-independent  technique)iz
WO AR SE I EE Tk . K 5P T L I
MIPEREYE ik, Hoh R Iz i 8 o s b
Fr1k . 16S rRNA JENFHIo0HT . 70544 K id
P HAR

3 IS REARIRIE A
31 EBITHEH

TG e e — P A ik, BT 40k
AR PR A MIREE A5 2 A, TR TE VR AE
Y ETE (W E AT B — IS R], V5K ARBR T H N
K KB A AR PR (AN . COD %), BHid ks
TN RGEMASREY R G, TEIBT TS50
e e v A V5 VR A R TR ORI o 5 KA B
FAH A DI TE SR ST R . AR TETR
faf \ VELEE SRR ZE IS MRS Ve P B RERCR . FPE
PSRRI AR kK D B0 I
VSR TR, R iE S e A A P e ks

B AR BT, GRS e A A R EE A T
—ANHEXTRR R PR, RIE TS VR KA B T
B AR R I
32 EmEYIL

15U W YA R FH BRI TS R E A X 42
YIe R HA A PR E 15 Y RE S 5 8. DIk
BIRTEIR A T A0 B2 5 5 15 YL S /K 1 L 461
L ZE R B X AR E TR K T SRR il £ A B AR g 1 Ak
BRRCR N 1k Ykt FE T, RO R K A s
FRRE, NRBEN MM Wi
EPETS VR B RERRTY Bl Y SRR L,
WAE AR R PR a3, DIk S by, T
BERY ZREVERU)N, BRI RIS TR A I AL AR 4 14
XA R RN 1) Ve 2 SR s e i )
DIk, IR BT I B & PP RER R, X EEE
FIREAS FEAR R TS 3, A Tl /K R A A
TERBTH>™,
3.3 HE¥5alk

BN EOE B K, —BokUE, T5kAak
PRI B I R T A v MR A R T e Kl
e, TR RS R B R BR AR AL B 2 A4 A1 id v
KA =, AR E B AN T
M (1) WINFRIRMBUEDI R, X EE 2 TS
Y PR v 2 DAk A A 3 AR B A T 1 TR
Fifr, R TR0 AT B AT A g i 1 V De ) R
WM (2) AL TS A Pl 7] Can e 7] L AR
W) B TE PTG e RS R , NI B2 = 3R TS
VEROTETE, BURFIE MU A5 . Wang 257 sk
P s 4 PR KA T 75 8 R 40 1 S AR R T ) L R
(Magnusiomyces capitatus), 233 9Ifb1s 375 H 4%
PRI M K AL R, S5 SR B RS 16 1 V5 e TR
WEEMZ R, BN — M eSS R
g5, WEARRS T WKL EIR ., Roy Z17H
PURANIIVA SR 7/ B TR oo DN te i o =R I 1Y A
PEVG IR & R I K A B, 45 SRR IR A4
st KT 1 75 U8 A 3 AT A R T K TR R A TR R oy
it P 2 1 46%-55%
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Table5 Themain identification methods of activated sludge bacteria
I A it et
methods Method introduction Advantages Disadvantages
Gy SRR R IR B R P R vk, T WA T W A A RS BEOR T ER, 3E A YRR E D) JRIFRIER, NEREAM 4y gt
Isolation of pure ¢ & JE A S lEA T o0 IS 4 RERIIAED et )
culture Using inoculation and colony counting, through observing Simple, suitable for Limited to isolate symbiotic
the physiological characteristics and morphological isolating microorganisms  bacteria
structure of microorganisms to classify and identify with certain functions
microorganisms
16STRNA E:[H  JE R T 16S rRNA B:E P51, IWMTEMAYI RS REShS SRR A1k B 5 T4 Hoxt
52l BE Tk Dynamic observation of Need to compare with existing
16SrRNA gene  Classification of microbia phylogeny by comparative community changes Sequences
sequence analysis  analysis of 16SrRNAgene sequences
fepaR=elllhz 15 DNA(CDNA)FEHL Befl . hidesk, Hlseily s, HReE, ik, —kal [FEMAHTAFERE A 2
High throughput e 3¢ A2 S LA T FEREREA TR0 R 07 , A%t hiz £ Yo JLE 5 4% DNA 43 il 47 Insufficient analysis and
sequencing B RLGRBUT IS G I3 interpretation of information
Preparing DNA sequencing library and extending thelibrary to Quick and large processing
detect corresponding signals and obtain sequenceinformation  capacity
T RESCIE PIAEYISE R0 DNA 7305 BOMkEE, EidsrAritih 16S rRNA ZERY #4555,  HAeE: S B HIE R 3%,
Clone library H DNA J3 FRhSSFIECREfe S A ) X 2R A 2H A A 42 T b S WA it b A S8 ARG
Reflect the microflora group by analyzing the speciesand A= #y4H i} Only alibrary of known genes
quantity of DNA moleculesin the samples Easy to amplify and can can be established with low
fully reflect the microbial  throughput
composition
R 14458 AR AT AL i BUEAARE , A IRSAIAIE Frmetsm, Jesc gt B FimiibRic N 2
Molecular IRAHEBE L DNA 40T A P ok 751 High specificity and fast  fgigefiG
hybridizationof  ygng single-stranded nucleic acid fragments as probesto  Nybridization Sensitivity of probesis lower if
nucleic acid locate homol ogous genes or sequencesin DNA molecules there are fewer labels on probes
PEICIRALAAL WP CHRIC MR H IR Rt AU EAMZIR P51 a4, iR, B PR, BRI IREET, ORI
Fluorescence in situ {52 4 (AN 25 45 . A BRI AINIA S50kAG ARG LR pEY)  Efficiency decreasesif a
hybridization WA AT IREEHI ST Safe, smple, sensitiveand  Shorter probe were used
Fluorescent probes are specifically binded to fast
complementary nucleic acid sequences, using
fluorescence detection to observe and analyze
AW R R FE AR T 5 R i B AT A5, Al s BEFATE . BB . B3 R e v IR N B A R
Biochip A 5 AT ) T 43— 1) A e A AR Quantitative accuracy and
Detection of hybridization signal intensity by Miniaturization, automation, "epeatability are not good
hybridization of solidified biological macromolecule with rapidity
target molecule
T KL TR 2H PRSI AE M B DNA (R R4, AR IIMERG SRl AN TR SCPERT AL AR W B R
Metagenomics metagenomic)i# 1T safE , FE A 2 SR A ST RN AL ARG DIREIE R 4T
U 0308 45 T B AR AR I B vh e W s B 2 ke Fn4y - Difficult or uncultured Microbial genes contained in
T A=A microorganisms and related thelibrary are incomplete
S . - . functional genes can be
Cloning the metagenomic gene and obtaining the genetic found
diversity of microorganisms by constructing the
macrogenomic library
DGGE/TGGE WRHEX U DNA R T ARA TR IR, 4395 PCR I Wl B WL A IR 1 X A AN RIS 741 2% S5

JEAARMEIFFIATER DNA FRic ) i(rRNA 5 rDNA)  Z5H R HE:
Separation of DNA marker fragments with different Visualy reflects the
sequences in PCR products according to different melting structure and diversity of
behavior of double-stranded DNA fragments microbial communities

FJ DNA Jr Bty o s ss
Difficult to isolate DNA
fragments with different base
sequences

(F5)
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PR iTR &3 WAL S3AT R T R T ] P S ke W T A AR A fATfE . RE. FIERMER KPR
Fatty Acid Methyl Changesin floraare monitored by analyzing the Simple, sensitive and Lower classification level
Esters Analysis specificity of fatty acid profiles repeatable
ML % VURHE SRR AR IR T E AL ik (AT R TSR MR ARERAAE sifh
Quinone profile Analyzing microbial population composition using Simple, sensitive and Unable to specify genus or
characteristic quinone as |abel repeatable species
PAHETR B FARIRES , M@ TS RIS TR A R A, ATSESRAB G R REE SR I mRfE, 48R
Modern culture and 7351 ok A T3 SR SR S BERARAY i) HITEY) e Pk
separation Constructing sludge environment conditions to obtain Get microorganismsthat ~ Unable to operate
technology microorganisms that cannot be cultured artificially could not becultured by~ directionally

traditional methods

4 ZwE5RE

TEHETS T U PR 2R B 2R . A
P BRBEE S — S M DI BE TR, PRI FNZS 4L
(2 FEEDOE 3 RGMREME S PIRE ) . 1M
e FRESE 28 7 vk AL GE 1 4 85 1 5% R e B R AE 1)
SFEYEE T, W) ZERA 16S rRNA
FEFFF T o FHREHHOR sl PR
[ 4 H AT E T 46 R 0 e 55 R B R R R 77
HAR, WS B AR AR M G
TR A TE R S T4 BBREG, SRR R
PRSI — A2 )

TEMETS VR AR R AL TR RS AL | $E 0
FREIEYE A DR A5 - A F R, Bl
WS4 Yk AR A i =X
AT AR o BB B i IR R 5 KPR T3
AT BRI R [F1 43Ty T & J, smad 15 A g
KT Re S AR R E R R HER I B Y. 53 —J7
1, MRS TRIE A ECERR, AN T
BREE AW SRR, RIS TS TR T
— ARSI .

15K BUA W 22 AT X KoK, e K
IK ISR, A R T5 KA BRI RE AR AT PET5 e il
e 2R EIE, WSS SIRERdE, K
UEERA BTG K AL BR R W AA AR AR K fE k. Aok
AILLE R PREER TR ik, 456
AYEE TR, HIEZ TS5 TR B LS4
S8, R TR, AT SR TS KA SR

REFERENCES

(1]

(2]

(3]

(4]

(9]

(6]

(8]

(9

(10

(11]

Wang HC. Innovation direction of activated sludge process in the
past century[J]. Water & Wastewater Engineering, 2014(10): 1-3
(in Chinese)

FULE, ARG T IR AR T 0 [J]. 47K HEK, 2014(10):
1-3

Thwaites BJ, Short MD, Stuetz RM, et a. Comparing the
performance of aerobic granular sludge versus conventional
activated sludge for microbial log removal and effluent quality:
implications for water reuse[J]. Water Research, 2018, 145:
442-452

Kim YM, Chon DH, Kim HS, et a. Investigation of bacterial
community in activated sludge with an anaerobic side-stream
reactor (ASSR) to decrease the generation of excess sludge[J].
Water Research, 2012, 46(13): 4292-4300

Wagner M, Loy A. Bacterial community composition and
function in sewage treatment systemgJ]. Current Opinion in
Biotechnology, 2002, 13(3): 218-227

Wang P, Yu ZS, Qi R, et a. Detailed comparison of bacterial
communities during seasonal sludge bulking in a municipa
wastewater treatment plant[J]. Water Research, 2016, 105:
157-166

de Los Reyes Il FL, Raskin L. Role of filamentous
microorganisms in activated sludge foaming: relationship of
mycolata levels to foaming initiation and stability[J]. Water
Research, 2002, 36(2): 445-459

Woodcock S, Curtis TP, Head IM, et a. Taxa-area relationships
for microbes: the unsampled and the unseen[J]. Ecology Letters,
2006, 9(7): 805-812

Prakasam TBS, Dondero NC. Aerobic heterotrophic bacterial
populations of sewage and activated sludge. |. Enumeration[J].
Applied Microbiology, 1967, 15(3): 461-467

Benedict RG, Carlson DA. Aerobic heterotrophic bacteria in
activated sludge[J]. Water Research, 1971, 5(11): 1023-1030
Dias FF, Bhat JV. Microbia ecology of activated sludge. I.
Dominant bacteria[J]. Applied Microbiology, 1964, 12(1):
412-417

Bond PL, Hugenholtz P, Keller J, et a. Bacterial community
structures of phosphate-removing and non-phosphate-removing
activated sludges from sequencing batch reactors[J]. Applied and
Environmental Microbiology, 1995, 61(5): 1910-1916

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



I SIS R LI RO Tt

2017

(12

(13]

(14]

[19]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[29]

[26]

Wagner M, Loy A, Nogueira R, et a. Microbia community
composition and function in wastewater treatment plants[J].
Antonie van Leeuwenhoek, 2002, 81(1/4): 665-680

Amann RI, Ludwig W, Schleifer KH. Phylogenetic identification
and in situ detection of individual microbia cells without
cultivation[J]. Microbiological Reviews, 1995, 59(1): 143-169
Tourney J, Ngwenya BT. The role of bacterial extracellular
polymeric substances in geomicrobiology[J]. Chemical Geology,
2014, 386: 115-132

An WX, Guo F, Song YL, et al. Comparative genomics analyses
on EPS biosynthesis genes required for floc formation of
Zoogloea resiniphila and other activated sludge bacteria[J]. Water
Research, 2016, 102: 494-504

Giri SS, Harshiny M, Sen SS, et a. Production and
characterization of a thermostable bioflocculant from Bacillus
subtilis F9, isolated from wastewater sludge[J]. Ecotoxicology
and Environmental Safety, 2015, 121: 45-50

Lv JP, Wang YQ, Zhong C, et a. The microbial attachment
potential and quorum sensing measurement of aerobic granular
activated sludge and flocculent activated sludge[J]. Bioresource
Technology, 2014, 151: 291-296

Zhu TQ. Biological Principles of Activated Sludge Process{M].
Xi'an: Xi’an Map Press, 2009 (in Chinese)

BRI, TRV VR AE Y M), PR VYL bR A,
2009

More TT, Yan S, Tyagi RD, et a. Potential use of filamentous
fungi for wastewater sludge treatment[J]. Bioresource
Technology, 2010, 101(20): 7691-7700

Guo JH, Wang SY, Wang ZW, et al. Effects of feeding pattern
and dissolved oxygen concentration on microbial morphology and
community structure: the competition between floc-forming
bacteria and filamentous bacterig[J]. Journal of Water Process
Engineering, 2014, 1: 108-114

Guo JH, Peng YZ, Wang SY, et a. Filamentous and
non-filamentous bulking of activated sludge encountered under
nutrients limitation or deficiency conditions[J]. Chemical
Engineering Journal, 2014, 255: 453-461

Juang DF. Effects of synthetic polymer on the filamentous
bacteria in activated sludge[J]. Bioresource Technology, 2005,
96(1): 31-40

Fan NS, Wang RF, Qi R, et a. Control strategy for filamentous
sludge bulking: bench-scale test and full-scale application[J].
Chemosphere, 2018, 210: 709-716

Wang ZJ, Wang S, Liu YY, et a. The applications of
metagenomics in the detection of environmental microbes
involving in nitrogen cycle[J]. Biotechnology Bulletin, 2018,
34(1): 1-14 (in Chinese)

FRM, T, XD, 4. RENAB ARG R A
YyorrARBT R Tr RO ). AR AR, 2018, 34(1): 1-14
Whang LM, Chien IC, Yuan SL, et al. Nitrifying community
structures and nitrification performance of full-scale municipal
and swine wastewater treatment plants[J]. Chemosphere, 2009,
75(2): 234-242

Siripong S, Rittmann BE. Diversity study of nitrifying bacteriain
full-scale municipal wastewater treatment plants[J. Water
Research, 2007, 41(5): 1110-1120

[27]

(28]

[29]

(30]

(31]

(32

(33]

(34]

(39]

(36]

(37]

(38]

(39]

(40]

Hommes NG, Sayavedra-Soto LA, Arp DJ. Mutagenesis and
expression of amo, which codes for ammonia monooxygenase in
Nitrosomonas europaea[J]. Journa of Bacteriology, 1998,
180(13): 3353-3359

Hayatsu M, Tago K, Uchiyama |, et a. An acid-tolerant
ammonia-oxidizing y-protecbacterium from soil[J. The
ISMEJournal, 2017, 11(5): 1130-1141

Wang L, Lim CK, Dang HY, et a. D1FHS, the type strain of the
ammonia-oxidizing bacterium Nitrosococcus wardiae spec. nov.:
enrichment, isolation, phylogenetic, and growth physiological
characterization[J]. Frontiersin Microbiology, 2016, 7: 512

Abe T, Ushiki N, Fujitani H, et al. A rapid collection of yet
unknown ammonia oxidizers in pure culture from activated
sludge[J]. Water Research, 2017, 108: 169-178

Thandar SM, Ushiki N, Fujitani H, et a. Ecophysiology and
comparative genomics of Nitrosomonas mobilis Msl isolated
from autotrophic nitrifying granules of wastewater treatment
bioreactor[J]. Frontiersin Microbiology, 2016, 7: 1869

Abby SS, Melcher M, Kerou M, et a. Candidatus Nitrosocaldus
cavascurensis, an ammonia oxidizing, extremely thermophilic
archaeon with a highly mobile genome[J]. Frontiers in
Microbiology, 2018, 9: 28

Daebeler A, Herbold CW, Vierheilig J, et a. Cultivation and
genomic analysis of “Candidatus Nitrosocaldus idandicus,” an
obligately thermophilic, ammonia-oxidizing thaumarchaeon from
a hot spring biofilm in Graendalur Valley, Iceland[J]. Frontiersin
Microbiology, 2018, 9: 193

Ahigren NA, Chen YY, Needham DM, et a. Genome and
epigenome of a novel marine Thaumar chaeota strain suggest viral
infection, phosphorothioation DNA maodificationand multiple
restriction systems[J]. Environmental Microbiology, 2017, 19(6):
2434-2452

Qin W, Heal KR, Ramdasi R, et a. Nitrosopumilus maritimus
gen. nov., sp. nov., Nitrosopumilus cobalaminigenes sp. nov.,
Nitrosopumilus oxyclinae sp. nov., and Nitrosopumilus ureiphilus
sp. nov., four marine anmonia-oxidizing archaea of the phylum
Thaumarchaeota[J]. International Journal of Systematic and
Evolutionary Microbiology, 2017, 67(12): 5067-5079

Sauder LA, Albertsen M, Engel K, et a. Cultivation and
characterization of Candidatus Nitrosocosmicus exaguare, an
ammonia-oxidizing archaeon from a municipal wastewater
treatment system[J]. The ISME Journal, 2017, 11(5): 1142-1157
Bayer B, Vojvoda J, Offre P, et a. Physiological and genomic
characterization of two novel marine thaumarchaeal strains
indicates niche differentiation[J]. The ISME Journal, 2016, 10(5):
1051-1063

Lehtovirta-Morley LE, Ross J, Hink L, et a. Isolation of
‘Candidatus Nitrosocosmicus franklandus', a novel ureolytic soil
archaeal ammonia oxidiser with tolerance to high ammonia
concentration[J]. FEMS Microbiology Ecology, 2016, 92(5):
fiw057

Kits KD, Sedlacek CJ, Lebedeva EV, et al. Kinetic analysis of a
complete nitrifier reveals an oligotrophic lifestyle[J]. Nature,
2017, 549(7671): 269-272

Xiao JJ, Guo P, Huo WJ, et a. Application of denitrifying
microbes to wastewater denitrification[J]. Environmental Science
& Technology, 2009, 32(12): 97-102 (in Chinese)

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



2018

TEY I8

Microbiol. China

[41]

(42
[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(51

(52]

(53]

(54]

(55]

Tel

M dhah, SRHE, R, A RS M AE TS KB A R A
LN R[], HEEREE 5HOR, 2009, 32(12): 97-102

Frette L, Gejlsbjerg B, Westermann P. Aerobic denitrifiers
isolated from an dternating activated sludge system[J]. FEMS
Microbiology Ecology, 1997, 24(4): 363-370

Ferguson SJ. Denitrification and its control[J]. Antonie van
Leeuwenhoek, 1994, 66(1/3): 89-110

Robertson LA, Kuenen JG. Aerobic denitrification: a controversy
revived[J]. Archives of Microbiology, 1984, 139(4): 351-354
Kampas P, Parsons SA, Pearce P, et a. An internal carbon source
for improving biological nutrient removal[J]. Bioresource
Technology, 2009, 100(1): 149-154

Xie E, Ding AZ, Zheng L, et a. Screening and characterizing a
denitrifying phosphorus-accumulating bacterium isolated from a
circular plug-flow reactor[J]. Environmental Technology, 2016,
37(22): 2823-2829

Murnleitner E, Kuba T, van Loosdrecht MCM, et a. An
integrated metabolic model for the aerobic and denitrifying
biological phosphorus removal[J]. Biotechnologyand
Bioengineering, 1997, 54(5): 434-450

Bassin JP, Kleerebezem R, Dezotti M, et a. Simultaneous
nitrogen and phosphate removal in aerobic granular sludge
reactors operated at different temperatures[J]. Water Research,
2012, 46(12): 3805-3816

van Loosdrecht MCM, Smolders GJ, Kuba T, et a. Metabolism
of micro-organisms responsible for enhanced biological
phosphorus removal from wastewater, use of dynamic enrichment
cultures[J]. Antonie van Leeuwenhoek, 1997, 71(1/2): 109-116
Wang XX, Wang SY, Zhao J, et a. A novel stoichiometries
methodology to quantify functional microorganisms in
simultaneous (partial) nitrification-endogenous denitrification and
phosphorus removal (SNEDPR)[J]. Water Research, 2016, 95:
319-329

Zubrowska-Sudol M, Walczak J. Enhancing combined biological
nitrogen and phosphorus removal from wastewater by applying
mechanically disintegrated excess sludge[J]. Water Research,
2015, 76: 10-18

Camegjo PY, Owen BR, Martirano J, et a. Candidatus
Accumulibacter phosphatis clades enriched under cyclic
anaerobic and microaerobic conditions simultaneously use
different electron acceptors]J]. Water Research, 2016, 102:
125-137

de Kreuk MK, Heijnen JJ, van Loosdrecht MCM. Simultaneous
COD, nitrogen, and phosphate removal by aerobic granular
sludge[J]. Biotechnology and Bioengineering, 2005, 90(6):
761-769

Yilmaz G, Lemaire R, Keller J, et al. Simultaneous nitrification,
denitrification, and phosphorus removal from nutrient-rich
industrial wastewater using granular sludge{J]. Biotechnology and
Bioengineering, 2008, 100(3): 529-541

Lu HB, Oehmen A, Virdis B, et a. Obtaining highly enriched
cultures of Candidatus Accumulibacter phosphates through
aternating carbon sources[J]. Water Research, 2006, 40(20):
3838-3848

Wang F, Lu S, Wei YJ, et a. Characteristics of aerobic granule
and nitrogen and phosphorus removal in a SBR[J]. Journa of
Hazardous Materials, 2009, 164(2/3): 1223-1227

[56]

(57]

(58]

(59]

(60]

(61]

(62]

(63]

(64]

(69]

[66]

[67]

(68]

[69]

[70]

Coma M, Verawaty M, Pijuan M, et a. Enhancing aerobic
granulation for biological nutrient removal from domestic
wastewater[J]. Bioresource Technology, 2012, 103(1): 101-108
Wan WJ, He DL, Xue ZJ. Removal of nitrogen and phosphorus
by heterotrophic nitrification-aerobic denitrification of a
denitrifying phosphorus-accumulating bacterium Enterobacter
cloacae HW-15[J]. Ecologica Engineering, 2017, 99: 199-208
Wang YY, Peng YZ, Stephenson T. Effect of influent nutrient
ratios and hydraulic retention time (HRT) on simultaneous
phosphorus and nitrogen removal in a two-sludge sequencing
batch reactor process]J]. Bioresource Technology, 2009, 100(14):
3506-3512

Li HF, Li BZ, Wang ET, et al. Removal of low concentration of
phosphorus from solution by free and immobilized cells of
Pseudomonas stutzeri Y G-24[J]. Desalination, 2012, 286(none):
242-247

Giesek A, Arnz P, Amann R, et a. Simultaneous P and N removal
in a sequencing batch biofilm reactor: insights from reactor- and
microscale investigations[J]. Water Research, 2002, 36(2):
501-509

Oehmen A, Lemos PC, Carvalho G, et a. Advances in enhanced
biological phosphorus removal: From micro to macro scale[J].
Water Research, 2007, 41(11): 2271-2300

Zou H, Du GC, Ruan WQ, et a. Role of nitrate in biological
phosphorus remova in a seguencing batch reactor[J]. World
Journal of Microbiology and Biotechnology, 2006, 22(7):
701-706

Narde GK, Kapley A, Purohit HJ. Isolation and characterization
of Citrobacter strain HPC255 for broad-range substrate
specificity for chlorophenols[J]. Current Microbiology, 2004,
48(6): 419-423

Lee M, Kim MK, Singleton I, et a. Enhanced biodegradation of
diesel oil by a newly identified Rhodococcus baikonurensis EN3
in the presence of mycolic acid[J]. Journal of Applied
Microbiology, 2006, 100(2): 325-333

Nzila A, Razzak SA, Zhu J. Bioaugmentation: an emerging
strategy of industrial wastewater treatment for reuse and
discharge[J]. International Journal of Environmental Research
and Public Health, 2016, 13(9): 846

Xia SQ, JaRY, Feng F, et al. Effect of solids retention time on
antibiotics removal performance and microbial communities in
an A/O-MBR process[J]. Bioresource Technology, 2012, 106:
36-43

Tocchi C, Federici E, Fidati L, et al. Aerobic treatment of dairy
wastewater in an industrial three-reactor plant: effect of aeration
regime on performances and on protozoan and bacterial
communities]J]. Water Research, 2012, 46(10): 3334-3344

Ma Z, Wen XH, Zhao F, et al. Effect of temperature variation on
membrane fouling and microbial community structure in
membrane bioreactor[J]. Bioresource Technology, 2013, 133:
462-468

Li AJ, Yang SF, Li XY, et a. Microbia population dynamics
during aerobic sludge granulation at different organic loading
rates]J]. Water Research, 2008, 42(13): 3552-3560

Davids M, Gudra D, Radovica-Spalvina I, et a. The effects of
ibuprofen on activated sludge: shift in bacterial community
structure and resistance to ciprofloxacin[J]. Journal of Hazardous
Materials, 2017, 340: 291-299

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



I SIS R LI RO Tt 2019

[71] Zzhu TQ, Li KH, Zhang J. Microbia ecology principle of [74] Song W, Gao BY, Zhang X, et a. Biologica reduction of
activated sludge acclimation[J]. Microbiology China, 2008, 35(6): perchlorate in domesticated activated sludge considering
939-943 (in Chinese) interaction effects of temperature, pH, electron donors and
RARHE, 2L TR VEMS IR DIL B L Wk S AR ). acceptors[J]. Process Safety and Environmental Protection, 2019,
oy e . 123: 169-178
B3R, 2008, 35(6): 939-943 [75] Wang XQ, Wang Y, Zhang AL, et a. Isolation of a highly

[72] Zhao X, Ma JZ, Ma HR, et a. Removal of polyacrylate in efficient phenol-degrading fungus and the preparation of an
aqueous solution by activated sludge: characteristics and effective microbial inoculum for activated sludge and its
mechanisms]J]. Journal of Cleaner Production, 2018, 178: 59-66 enhancement for hydrogen production[J]. International Journal of

[73] Liu S, Ying GG, Liu YS, et a. Degradation of norgestrel by Hydrogen Energy, 2019, 44(30): 16004-16014
bacteria from activated sludge: comparison to progesterone[J]. [76] Roy A, DuttaA, Pal S, et . Biostimulation and bioaugmentation
Environmental  Science &  Technology, 2013, 47(18): of native microbial community accelerated bioremediation of oil
10266-10276 refinery sludge[J]. Bioresource Technology, 2018, 253; 22-32

R AR RY RY AR RY R RY RY AR RY R RY RY R Y 7R RY Y RY) Y 7R RY RY R RY 7R RY Y RY) Y AR RY Y RY) RY AR RY R RY) RY AR RY R RY) Y AR Y R RY) RY R Y R RY) Y RY) Y

(¥ p.1895)
IE A AN
34 MEQESCETUNT):
Foundation items:
*Corresponding author: Tel: 86-; E-mail:
Received: 01-01-20xx; Accepted: 01-03-20xx; Published online: 31-03-20xx
BepiH FEWH (i'5)
*EfEEH: Te: ; E-mail:
Wk F . 20xx-01-01; #%3% H M. 20xx-03-01; M4 % H . 20xx-03-31
35 ZHHK: S L SCN TR SE R IF HEF it , RATFRRAGERHEZI o 3228 ST 2015 (O
HRVEE AR 3 AmP2iRsh, 2T 3 AR SIHET 3 A, JEhn 5 s et a.”, EHFEMAE, 2 7FZRAESREIT). 3
B4 T4 AR R TURD . ESMBI A e 4, AHSS, AHRME. S5 SCEE ARR .
22 SRR 2 11
[1] Marcella C, Claudia E, Pier GR, et a. Oxidation of cystine to cysteic acid in proteins by peroyacids as monitored by
immobilized pH gradients]J]. Electrophoresis, 1991, 12(5): 376-377
[21 Wang BJ, Liu SJ. Perspectives on the cultivability of environmental microorganisms[J]. Microbiology China, 2013, 40(1):
6-17 (in Chinese)
FORZE, XIRL. FERE TR ORISR, e #iEk, 2013, 40(1): 6-17
[3] Shen T, Wang JY. Biochemistry[M]. Beijing: Higher Education Press, 1990: 87 (in Chinese)
R, E8A. AEIM]. et S TG, 1990: 87
[4] Liu X. Diversity and temporal-spatial variability of sediment bacterial communities in Jiaozhou Bay[D]. Qingdao: Doctora
Dissertation of Institute of Oceanology, Chinese Academy of Sciences, 2010 (in Chinese)
XURK. BT IRV AN o 22 FEE SR I 25 S0 AT RLER D). 75 B R R A Be At T P 2185, 2010

(F%: p.2079)

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



