TR A SR IR Dec. 20, 2021, 48(12): 4844—4870
Microbiology China DOI: 10.13344/j.microbiol.china.210386

tongbao@im.ac.cn
http://journals.im.ac.cn/wswxtbcn

Lit 55k

SRR BN RE M E MRV B F I R R

I EE AWML BN EERN ORE ETHE
R KRR 5 TR Bl S BRI R EEZE S EKR=E FE 200092

W OE. AMBRARFTRARE S, THRAMI IR XMAE MRS, S TIREMEYD
TRFRZH TR PLAMEELAZTEZEN., EFk, 2 TAMFF ER LR B, S,
ZER TR THAMENBEEL SR, AREMFHBESDRE T T, KR4 T HRENATFTRE
MR ARG T RAEY, LERIRTIAMAMGRBIIE ., R RERERAFAA YA L L REZ
BINIR . RIS RAT O F A5 7 3 (16S IRNA A B M 5. E8 R AZE PCRAKR. ZABMHF.
ERHFMEY. ZEAORAFARFEDDJTTING, SR T HEMLEE . RALEEH. T2R
fibmE . REASIME . RESLREAME . LA R AR M BT FYBR 3/ AR 3 AV R
AT IRBMNMAEME F @R, HOA T 3k JE A W 1 RAE IR ITAZ 49 KT8 2 A BT
BRL, F-MARERE 7 EME . TR F ik IR A5 F AL S AN 7 k6 @ H1eiX 3 A5 | A2
THOTAYF T ROBRKREALEFTRKENDRE ARG TR TR, REAMNRGA LS TINR
Pt Rk A A BE B LA, R R IT KA I A ML RS A Y AR IR T F 5 ).

KR o TAEMF, FRLE, EMILR, BAEY

Advances in omics of functional microorganisms for nitrogen
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Abstract: Biological nitrogen removal (BNR) is the key process in wastewater treatment plants, and
mastering the metabolic activity of related microorganisms involved in the nitrogen removal process is of
great significance for exploring microbial resources potential and improving the nitrogen removal
performance of wastewater treatment plants. In recent years, molecular biology methods develop rapidly
and has been widely used to reveal the diversity, structure and potential functional genes of the nitrogen
removal microorganisms (especially unculturable microorganisms), allowing the role of microorganisms in
wastewater BNR system being better clarified. This review introduces the popular molecular biology
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methods including 16S rRNA gene sequencing, real-time quantitative PCR, metagenomics,
metatranscriptomics, metaproteome, and metabolomics, and summarizes their application in nitrifying
bacteria, denitrifying bacteria, complete ammonium oxidizing bacteria, anaerobic ammonia oxidizing
bacteria, iron-dependent anaerobic ammonium oxidizing bacteria, sulfate-dependent anaerobic ammonium
oxidizing bacteria, and nitrite/nitrate type anaerobic methane oxidizing microorganisms, as well as
clarifies their metabolic pathways and enzymatic reactions in the nitrogen cycle. It also prospects the
technological breakthroughs of molecular biology methods and their application prospects in wastewater
BNR systems from three aspects, the “construction of standard determination approaches”, “combination
of different methods and interdisciplinary combination” and “simplification of detection methods”. This
review provides a comprehensive understanding of the nitrogen removal microbial community and its
structure from a systematic perspective, and points out new research directions for future study on BNR

microorganisms in wastewater treatment.

Keywords: Molecular Biology, wastewater treatment, biological nitrogen removal, microorganisms
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JEHEF oK B e ikttt XA Ry B8 BRI, VoK B
R BTG KA BRI S 82— Ak YK
BhHT5 K A W) i & (Biological Nitrogen Removal,
BNR) T2 Hm R . ARA FIJC s de e
PAR TR, OB TS KA E R AR R,
AT T5 KA R A ) i R i o A 2 T 2 4R
PR BB T R R BB R AR T2
REBRREBST, ABAFAE TR RN BAS 5 S i A
TR, S A (Complete Ammonia Oxidation,
Comammox)'® | K 45 % & ft. (Anaerobic Ammonia
Oxidation, Anammox)'", R4 %A 1t (Iron-Dependent
Anaerobic Ammonium Oxidation, Feammox). #i
12 £h AU IR 45 24 A 1k (Sulfate-Dependent  Anaerobic
Ammonium Oxidation, Sulfammox) . 51k fil§ Bg
36 J5t B #% (Dissimilatory Nitrate Reduction to
Ammonium, DNRA) S IV fiff iR £/ i £ 74 DA H &
Ak (Nitrite/Nitrate-Dependent Anaerobic Methane
Oxidation, n-DAMO)™5r 70 T 25 R H A 25 i
RERSRE = SR G R E NS EE T2 K.
XS F BRI A P TE B R A b R AR AR
B HET AT 3% S5 A= Wy n A LB . A&
# B Ao b M AR AR AR g 3 010,

I FHEY)2 (Molecular Biology)&—[ B4
Yre, RAEWMUEY: . Bl AR S iy
Lt BLR 2 A SR b R SRR SR s 24 R 4y
T AW 7 VR IR L RE NS R ity o A W A 7 SR A
W, PR A RORAG L K ERZEY I 2R
B AR B 2 T B B
SN PO P s R/ E P E I X5 & NDYITE=R 23
¥ R (Deoxyribonucleic Acid, DNA). % ¥ # g
(Ribonucleic Acid, RNA), 5 A= 4 %1E
HBETERT G, TEA DB RNR R b T A 24
PR R ORE S5 M K I B8 ik R 45 BIF 5T 8 T R R A
A N WAV = P LN S A L7/ 9P TA
TG KA YA 32 8800 R e A RE . 2
ARk R AL S w7, st 16S rRNA
L DRI s 08 40 2 5 DA S CHELE IR B AT 1A
Z/0 “MNTEMA 27 e @k Bt 2% —F
A IR RE , AT 5 Bl v O B ol A A 16 38 e T2
FhE",

A SO RTAT B 5 AW Ok, AL AE 168
rRNA FLREN Y . SERF90E & PCR (Real-Time
Quantitative PCR, RT-qPCR)HI%4H 2 (7% 3L N 4H
OREERA L RE R A A A ) AT
4 SRR AR I T HE W A BORTE R R 57K
A= W R A R ) 2D RE A W, B Ak AN TR
(Nitrifying Bacteria) . J fi§ ft 4fl 1# (Denitrifying
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Bacteria) . Comammox #fl i/ . Anammox 4 B .
Feammox ZHF . Sulfammox 41 & n-DAMO 1EAH
PMUERAE ST S, S 32t AR A 0 i, DA
R SEIRAFAE W T A R AN AR R, Ry
R TG 7K A ) I R R e A DG B2 W ) i o 4
BT,

1 SFHEm¥ITH
1.1 16S rRNA ERENFF

R I B AR DA PR B A R R F Y
R, u#%%ﬁ%#&ﬁé%hu% AT 8 7% A
B M AL R Z AR R, Hip, 16S rRNA
F DR 270 AL 4 v 7 DX SRR S DX 3, R ST X
BT AR R SRR OCFR T AT AR DX sz B
Fha) 225, FERUAE D AL F A 2t oy v EE

AN A ZFEPE, e R FE R AAdE . RS
H DNA M4 H . 519 SAREH Tt . PCR &1 |
RSO E . FPAE . P &k R Giak
iy Al SR (LI D LN | o A L U T Tl
B P ) 5 NI 2% 3 IS A s a K € R e
RY, TRl . S Ak AR Al Anammox
AT N e 2 A S B ARG I 45 5 T
P FE T PCR 51 Rk, I BE5Firfh
TAnammonHEIIIjJ B AE AN 5 10T B0 2 3K
KRR, ARG R AR TRNA
TR IRGET N T 7 A SEPR T ETE K AL 2
J ISR PR A A A AL AN R AR AT
U %I%&fﬂﬁ%uﬁm‘{ﬂ'ﬂmtﬁﬂlﬂH’\JE%%}—@%
RS TRAMAEY 16S rRNA JE[FH A1) fE

#2320 ik S R ) R G b A B () 519, ﬁﬁﬁﬁﬁ%%l.17*ﬁ9§@‘{)ﬂ“iﬁ
&1 16S rRNA EENF3|4
Table 1 A summary of 16S rRNA gene primers
LIRS J¥51 H AR YL E =BG
Primers name Sequences Targeting microorganism/gene References
A438F GTCRGGAGTTADGAAATG IR A AR [26]
A684R ACCAGAAGTTCCACTCTC Anammox bacteria
AMXS818F ATGGGCACTMRGTAGAGGGGTTT IR A AT [27]
AMX1066R AACGTCTCACGACACGAGCTG Anammox bacteria
343F TACGGRAGGCAGCAG 30 R [24]
338R GCTGCCTCCCGTAGGAGT Universal high-throughput sequencing
515F GTGYCAGCMGCCGCGGTA 30 v [24]
806R GGACTACCVGGGTATCTAAT Universal high-throughput sequencing
nirKF GTGGATGTTATTAGCAACGTTGC ST PR 3 i i e LA [28]
nirkKR ATTTTACGTGCAGTAAACCTCC Nitrite reductase genes, nirK
nirSF GAACATCATTGCCTATGGC ST PR 3 i e LA [29]
nirSR TTCCAGTTGTGCTCCTTGTA Nitrite reductase genes, nirS
nosZF GGTAACCTTGACAACACCGA SV LA R R [29]
nosZR ATGACGAAGCCGTGAGACA Nitrous oxidoreductase genes, nosZ
hzsB_396F ARGGHTGGGGHAGYTGGAAG RS A B [30]
hzsB_742R GTYCCHACRTCATGVGTCTG Hydrazine synthetase gene, hzsB
hzsC205F AYCARTCDGGDCAYAGYGTDWC IR A AL R [31]
hzsC745R CAHACMGGHARCCAGTTCTTYGG Hydrazine synthetase gene, szsC
hzocl1F1 TGYAAGACYTGYCAYTGG BRa A b il 3 [ [32]
hzocl1R2 ACTCCAGATRTGCTGACC Hydrazine oxidoreductase gene, /zo
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BT . K, 16S rRNA FEPINF J5 i il
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L AL R e 81 B DF A IR 97 % AR B K e
G131 53R T 45 4E 43 25 B 9T (Operational  Taxonomic
Unit, OTU)EIE 100%AH LB R 43S 9 14 17 41) A2
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2 SEHERIRNE Oy I S N 4 2 RN S Lo
IR ptEEAT
1.2 KB EE PCR KA
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PCR HEBEEMEMIJC I E it/ B T, 28R A
LR R FESE ISR IT TR PCR 575 Y45 (n]
R, TEARUAE WO FIAE 7 S RESE A 5 3 o A P A5 2]
T RIS 1ZP%, RT-qPCR I JFHL A 7E PCR SN
R ZR PSS CRRL SO EIRET , il g 5L fE -
S IR A PCR OB R, A DNA #AR
AR S IREFA (%L (Cycle Threshold, C)Z[f]
FAERMERR, @i CAERIE , MRIEPRHEZ
B} PN 5 3 PR X AR SRR A 1 43 M7 RT-qPCR
PR B R 2R 2T DNA $R BRI Y
SRR, RT-qPCR B ARTE R B 1 4
CAT ZH, B EA RS — iR 2 | A
PCR #illi1) C T B L SE b . ARG E
RAMF BT B AWtk ik 5 56 3% , RT-gPCR
POARATE A WM R AT 2 B ) e B I T A5 )
1.3 RHEFHAKR

7% 4 *# (Metaomics) 5 4 & A= 97 1k & P9 19 3
N =1 e Y O Yo X N FI VAN PSS €9 90)
BTl R A= i B A T B AR, 02 B RTHNRYS 3+
AW 5 —  HAL S RS N A 2 R SR
TR T 2 AR 240 2 W O A i
AN 1 PR,

%% 3 A 21 24 (Metagenomics) f& F 9% [ 307 B
FER% Handelaman PRO8IZH7E 1988 4FF KR,
PG W AR SIS TR INAE P 1AL W T Y
BT A, 2 RE IR 21 2 DR 8 PR B8 P 4 i
A s AR ) o () R R IR 4 38 5 ) R R K]
TEFNI 534 , E— 258 T A W o 2 L4 A A
ZHEE e Dhae, JF IO AR OC R A R AR
SR O T A W B T4y e AN Atk T
PR IORE S DNA B A8 2 S R 20 SO, )
R 38 2 000 e %o 00 e 46 SR A T LT SR ST i
(G A B A B G ) 3o R A0 35 DR i v B
DNA. 574] DNA Jy Befb . X DNA 7Bl A5l |
BT 790 20 26 B — ATl 2E P e e 2 i TR A 4 e
FE[H 20 (Metagenome Assembly Genome, MAG),
T ARAS I A D BV LR 5 X236 1) MAG i
TTOIReE R, 15 M A YRR D RB 4 L T, i —
A0S0 A 0 ) A B A AR | AR s AR S A
e W M BR AL S AR FR b AR S TR, 22 S R 4
TR e E R 665K #iEE Kyoto
Encyclopaedia of Genes and Genomes (KEGG). H
Z[AJJE & A Clusters of Orthologous Groups (COG).,
Wk KAL G PG Carbohydrate Active Enzymes
Database (CAZy) . Hi4: & Hi Pk 5 A Antibiotic
Resistance Database (ARDB) . Ui # 5 J1 K F
Virulence Factor Database (VFDB). & [K A4 47
2 Gene Ontology (GO). #EH%5#)8, Protein
Family (Pfam). III7%Y43 R %5 (Type Il Secretion
System, T3SS)&U ) 2 1 A A (5.5 P450 55, iX
SESF 5 Sy i s PR B TR A W i D e A ER AR T
5 R E I T

Tk 5t 4 - (Metatranscriptomics) H € [E 24 )
Al R BE2ABE Velculescu HIBARTHE H AY%%
SEALIE TIOR8 KRR I 21 | e PB4 il
A RNA 17007, AERIMA ) R Ge e sk K1
I RERN 4 IS B FaR R R, SRR e R AN AR
23 [ A R VR S RE TS A B Y % AR AR
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AP PR BUR RNA, EBRERHA RNA LI3K
155K FR9{EE RNA (mRNA), AR5 mRNA K
lin) 4% 57 A HL 4D DNA (cDNA), 47 i il 7 =2
JE X RS IEAT RN . ShRETERE, PARIE TR A
B K45 T RESERE F LI, I EAT 28 53 LA
Pl 2 SR S e e R AR AT e s
WG EFENA I, S R e R L2 e
B DR AR SRy B S e 5 i R ) e sk 4 2
C 8 Z I TR RS, 4 L3 TUH
Y. WA YRR U ST, R AR
7% D REFNIE 2l UM A B FR A W i AR i — 15
A J) TR,

A T A S RO AL 2 JE K% Wasinger
SETE 1994 SRR . PR AR — DR A
Pk iy U, il E SO A IR s g ST ik
MARE F BT 2004 4, PYBESF RS R IRH
il Al 45 /K Y] K 2% Rodriguez-Valera A 1 K $&
T B M B4 % (Metaproteomics) , BRIV AE ) B
T T TR B BT R, O TR A )
MR AT, R AR R Sh S R .
WAHE G B B FR 52 4 R R Y R Rl
PP SR A 22 TR €0 AR B 1 (Liquid
Chromatography-Mass Spectrometry , LC-MS) Fl
X Ja] #E ¢ HE YK (Two-Dimensional Polyacrylamide
Gel Electrophoresis, 2-D PAGE)t & Jii i (Mass
Spectrometry, MS)HA . H UL # 73Br 1 F2 B EL
BTG, RE s LC 5% 2-D PAGE HAR 408
HE, FHE FOEEOR AT S E , T E A
it 25 F15UE TSR, dE— 2D ity Z (A1 AH
VRIS 2 2R 1 o 4 2 S — ol B 2 R R 4 2
ol S 2 B R M A 7S AN TR PR R AR AR A i
FERY SRR T H, ©R 2 W T 25 Bl A [F] 52 24 26
B, Q4613 RS WOKRGEMETETS TR
S BRITIZIN A Jy ik AT — BRI R, Wik
P53 B LA e | A DB R R B R
JE 22 S O R M 22 AN AR 5y A e

SN, SRS T E AT E Al . Ay
B SR 53 B 25 7 TR R 2B 00 E

1999 4, BE[EEZ K2~ Nicholson &4 B
WK A 4 - (Metabolomics), H:E( 1 T #r
FERE ST A WA e AR B N BT A A
W, W A WA S A 33 R 38R S T RE Y
S SR A 2 Bl AR G 2
(Untargeted Metabolomics)FI#E ] {152 2% (Targeted
Metabolomics), A EIRFETMEMR, FLIFXT A
R EATRI, B TE [R5 47 S 7] e 2 i A
Y, A TR AR R s A Wb S 5 E R
A RS, AT e fCE Y R T A
TR o B AR I A 4 2R B Y B
AUR L HRE 048 75 A P 25 A A ik
J&E 1 43 B B2 R A0 5 A% % 3 4k (Nuclear Magnetic
Resonance, NMR),LC-MS | S AH 4, 1% 55 1k 57 i (Gas
Chromatography-Mass Spectrometry, GC-MS)F{#
BT AN 1 AR 4 2 AR b Rt Sk T LA
a7 DA AN BT, DA T 4 R 52 2 B s AL R AN
2 20 255 Z 1] R RH B 56 3R o AT i SBORIARG: TN F14) 45 1
PR E PRI A TR T, RS = 4k 2
Jof Y A — T B R

T 0 T3 B AR 3 A A dE M R 2 o3
o ZFEME. B 2REME . ZRILE. M. P4
ST R G R B oM e o FEEG I Ads
4343 #T (Principal Component Analysis, PCA), F4k
Fn43 T (Principal Coordinate Analysis, PCoA). Jf
J 5 £ 4E R 43 ¥ (Non-Metric Multidimensional
Scaling, NMDs)., JUAY43#HT1(Redundancy Analysis,
RDA) F1 #L5 XJ )i 43 #7 (Canonical Correspondence
Analysis, CCA)% . # HITHE T HALFE R1E S Vegan
fu. PC-ORD #{}-fl MATLAB # {55, i, A
WEFET BN S Z5 T 2C T A= W 3 0 e 0 2 R 21
Jrk SR ERE M, AR T E TR A
Geitee Ml AL v, A N AR ST ok AR v
PEFEA T8 I A L L A RO A BT A L Ak
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FEIREE S R A e SRR T — E R
g SR

T E B S A INE ARG 2),
TE AR A R AR AT Hh 34 T B A 2R [ 5
RG34, 38 FHE A B 4 Hr e T 5L A 453 () A
A S B 3 S AR 1A R
2 SFEYETRLEGKEYLEBEM
A B

A= I R AR v B e W AR PR R AR ] 2
s, EEAEAR Y . Comammox ., AELR

v . Anammox . Feammox . Sulfammox. n-DAMO

1 DNRA 4, WKy FEMAEMA 2 A=
(Ammonia-Oxidizing Bacteria, AOB), 2 A b
(Ammonia-Oxidizing Archaea, AOA). TAHARER A
NOB) .
Comammox ZH[& . SAILANE . Anammox 414 |
Feammox i . Sulfammox #HE A1 n-DAMO it
o,

O3 AR5 B SR IS TS K A R
PR GUAE Y E IR F R Z — AR T 5K
A Py 0 A SRR S B e B B AR S, AT
SUNPE 3 R 16S rRNA BRI L 2885 12 b

fb 40 TF (Nitrite-Oxidizing Bacteria |,

R2 TRSTEMEAEHNRS

Table 2 Advantages and disadvantages of different molecular biology methods

Iy AT (N Zya
Molecular biology methods ~ Advantages Disadvantages
16S rRNA R /7 e, PO, R B DNA $2Ht, PCR 228K, ToikE i

SIS i PCR
RT-qPCR

FIER A

Metagenomics

TR et
Metatranscriptomics

FEARAY

Metaproteomics

e

Metabolomics

Less biomass, rapid determination, and relatively
low cost

R R EIEF AR SRR, A S pE g
High sensitivity, quantitative accuracy and
specificity, and the sample not easily contaminated

BA SRR T, AT T AR, B4
52 B A AR R E SR A S

Metagenomics was efficient and accurate, and
predicted gene, and more comprehensive reflection
of microbial metabolism of specific substrate
information

JEASE R Sl A R IR R T R 2 RR K, 5 R
BT R A AE B

In situ measurement of metagenomic expression
levels of microbial communities, and new genes
and microorganisms was easily discovered

IR YIS R . T NAH G R FNE SR 50
FRFR

Realized the development of microbial
communities, intraspecific interrelationships and
nutritional competition

TR AR R AR, SBRH AR A
Ll avosd]

Understood the genotype and phenotype of
organisms, and revealed new metabolic pathways or
biomarkers

The deviation of DNA extraction and PCR was
large, and the result could not be quantified

eI fE R 28, SOUIRE B8, 52
0 2% P
The standard curve was complicated, the

design of fluorescent probe was difficult, and
the cost was high

IS I I PO S
The cost was high, and the analysis process
was complex

RNA 2l ALt R RE, 0 A S5
The RNA purification process was difficult and
the sequencing cost was high

[ 0T 07 B RH S xR ARSI B AR SR
L)
Protein isolation and identification was

difficult, and the requirement of detection
technology was high

WA 43 B S A, HE AL B 5 2%
Relied on the isolation and detection of
metabolites, and the data analysis was complex
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' II Fi o -'EC" i4« NH,OH NH, e .“-.‘:::":‘:..> N
o o, F I8 -% 5| F7 Tre
i 3 ’ s | B |
4‘\ e 1S \\ l ij NH,* m=m==nz=d N, Sulfammox bacteria |
g | 7 '
‘0% . _l NO{ 4 S0, = w30 |
%, NO, i a ! :
%, N 4 oiy NAR |
%, s ! _ N/ - NIR -DAMO mi ism |
1 NO;- = NO = n microorganism
%, N NO,- 3 1/1) ) NO, 7\—‘)N2
CH, Co, CH,’ CO, '
=3 Nenitrification ==sss==+ > Anammox ! |
= = =3 Denitrification = = = » Comammox : _ NAR _ NIR . DNRA bacteriag
""""" > Feammox ===== Sulfammox ' NO;— :» NO, — -> NH, :
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2 EKAEIREPEMEEINSHRELERE

Figure 2 Nitrogen transformation pathways mediated by various microorganisms in wastewater treatment processes

A - 253 5 15.96%
250 + I Metabolomics = : :
— Metaproteor_ne ) 232 y
etatranscriptomics
[ Metagenomics 203 46.73% -
200 - EIRT-qPCR
16S rRNA
166 _ 15.15%
g 150 ‘ \
2 125 ‘
= e _ | 3.36%
< 103 ’
100 g3 6.43%
0,
70 i i 0.38% 2.99%
52
500 37 mm M .
= B = Microbial community = Taxonomic and function gene
= Metabolic pathway = Regulation mechanism
0 = Cross-feedings Network analysis

2010 2011 2012 2013 2014 201520162017 2018 2019 2020

Year Response mechanism

3 DFEVEFZFESKEMRATIRIL 10 FRRIXERITRARHRS
Figure 3 Publication statistics and research hotspot of molecular biology methods for wastewater biological nitrogen
removal in recent 10 years
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TG KA B P A R | 4028, Uik
FERARAL | CE YA AL BR AR s HL I 55 7 18 o [R)
BF, 2= RN AR AR B . AR, 15
1)) e L 7/ TR R 1 NI ADS REY) S VL A
A TR AR D Re L R A FRAR AT T — R AR
Ko 2012 4F, AEB M RE R NPT T 14 4
15 KA BT 1S TG P A W 2 R, WA S
PTG e R G h U E MRS 4L R, AR
21 2 R e SR A 2 Rl TR B i M ¥ Dl R i AR
R AR N IR, 1N DNA Hil cDNA JZ i
18R T 5 KA ER) A AR MR DG BE X i ekt

2015 A BT Tlumina 077X 7 8075 7K AL 3
J7 A0 BT GRS AT T 0k, /I T
PEVS VS ZH S« FRARE , 8 AT AR 15 Kb 3
7 A0 SN A TP 5 e A MR R 2 A e
DI EfHRERH], BB (Proteobacteria) . AT I
I"J(Bacteroidetes) . TLZ | 1(Actinobacteria), JFRE
W1 (Firmicutes)FIPERLE | ] (Verrucomicrobia) & i
PEHERERTFEEREIMETT, SE R
(Chloroflexi). FRFF I ](Acidobacteria) %55 1 | ]
(Planctomycetes)35 3= JEA It T W EE MR R
AR RS IR B & (Nitrospira) . R T & (Thauera) .
W b B E JE (Nitrosospira) . Bl A BB
(Dechloromonas) . JR¥F )& (Ignavibacterium) . V.
5 1k 5 0 7 )8 (Nitrosomonas) . A 8 ¥ i &
(Acinetobacter) ¥ AT FA i 15 J& (Comamonas) 35 5 i#F
— R 5 AN S A P & B, RS AR AT DG
SRR A BUR £(76.74%) . HUOE2(1k(15.77%) |

[ %((3.88%) i 1£.(3.61%); WA IR, 1k
15 U6 5 SR AR A 5C B R R (B2 6/ ) o il e 46
RS narGinapA . WASTRER & IR B SE A nirB
F—E AL AL JEF S K norB) T 51 /E DNA #il
cDNA ¥t e 34 b7 = s, il A A DG SE R
(F R INEBEEE N amod FNFE i A AL 5 3 [A]
hao) AN 55185 (K22 81535 AR FR R ST
A ITEA )G K AL BT A 4536 AN TR T, AT 0 a2

L5y AW O IR IR G I AU E I TE TS K A B
JHARR RN RIL . R 2E 540 .
21 FHUEHERE

AR AR FRRE R R RS AL SN R 2 A R AR
FAME 2): (1) ARAEMATMEE, ZY
i AOB { AOA i 1k 2 5 /il % [ (Ammonia
Monooxygenase, Amo)JE i H [ {45 (NH,OH),
PR A A ) B (Hydroxylamine Oxidoreductase,
Hao)J& li—4A LA, i — AL OSSR
(2) H NOB it b . fif§ B2 £k 45 1k i& J5L ¥ (Nitrite
Oxidoreductase, Nxr)7E 58 5 1F T B WAl 25 A A
SR A FH LT cDNA fil DNA
SIFERE R, A OGN RE B amod F1 hao
(IR i T HA A R FR D BE L R ) 3Rk, R W]
A/ A 16 5 T 0k 2R b LA e i e 2
15K AR IR R AR A EE PR

4, CHIER AOB J& s A fb 5 e &
(Nitrosomonas) . WHSILIRTH & (Nitrosospira) . YA
1t IK & J& (Nitrosovibrio) . . fi§ 1k R & &
(Nitrosolobus) FIE A4 AL B 14 J& (Nitrosococcus),
Hop g KA B e # W) AOB J& Nitrosomonas Fl
Nitrosospira™', AOB JLP-AF1E T BT i5 K Ab 3~
W, A WEFE N 16S rRNA J5E R 452 AR N2 S i
37 7422 (Fluorescence In Situ Hybridization, FISH)
HARR M AP K R G AOB W FRE, KB
FETG T IR AOB &Rt A] % 1.0x10" cells/mL,
FETG K R B & P A RO B, #Fg
NGkt AOB AR HL I S 5 HA Fh 2w A= 1 =2 1]
MHEAE PR IEATEA o A, 15 KA 2
o — PR B A R T S ——R o A A - IR AR
‘A Ak (Partial Nitritation-Anammox, PN/A)T.ZHHF
AT EAC R DL AR B B2 8 1 )12 R TR
PN/A T 23471089, AOB & Anammox B 2t
FN T RS L, Sk SE 3R i R 2 5 14 A O ot AR
PET AR SRTT, {f AOB 76 PN/A T 2i5474d
P R R e ME A A BREYE, AOB [RIRY 325
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%A (Dissolved Oxygen, DO), BESHEE ., 5k
{5 FA B [E] (Sludge Retention Time, SRT)FIVE &I
B TR, R PN/A T2 FH R B2
(Sequencing Batch Reactor, SBR)ZbFH &k &4 A
JEIKET KB, A YRR A LA | DR SE N B AH
HAE 2252 A 2 BRACE R N,O . NO HEPE
AEPY. HR AOB AIZE(K DO, # pH {H(7.0-8.5)
HAFT AAE ABAESEBR = R K A F e FE 4T 25
AR EE BNy . F 9% K o B0 A (n)
AR Z WA EAER NS BE
AR R BRI VE 45 )i 75 A6 Bl 23 R W) 2 R e i
— PRI

15K TEYES IR RGN AOB W57k H1 4
AN R R ST = T AOA, {H AOA
IR S A 1 A I B T AOBRY), 4Rk, A
FEIESE T TG A S RS ACA it
T amod JEHFFERT AOB, FFAERIRFNRK
RGP A AOA FEZ R 461 T RBIE N HR
5, YRS RS, X RO AT o
FMNE 2 E N Am2 S EEAMEFHFLL
FMACRAR I T RO Y B, A 2p i %
LRI e T AOA R ILN IR T TR
(Hydroxypropionate/Hydroxybutyrate, HP/HB){E¥#
AR R 3-Hydroxypropionyl-CoA i /K,
T CO, [HlE AR B 2864k, F1ift HP/HB 1
IZA TN, ff AOA HA3 T m BB IRSCR IR T
BT A R AR MOk £ BRI gT
AOA TET5 /K AV A B P ] Be R #55 EAER .
i, *FF AOA Teim/KALBET i s 4 . Al
PLHE R ILAEAS R G54 B AEAEILI 7 DA AR

HATHFSEIAN NOB 730 4 1R G kK & A1)
KBE . A Ak BR I B (Nitrococcus) . s AL AT B I8
(Nitrobacter) . 5L IR J& (Nitrospira) FIAE AL 5 7
J& (Nitrospina)®® . FE75 KA FR) v % L NOB 1l %
J&J& Nitrospira 1 Nitrobacter, i H. Nitrospira #fi
Lt Nitrobacter A ZFEME, 5K ¢
e 332 NOB™, NOB (¥ 52 DO ¥ . pH

HISRT s K. i, AiE4FH 16S rRNA
FH PRI 5 AR 5 & BRI DO (0.2-1.0 mg-0,/L) 4%
Rz 7/ SBR J Wi Nitrospira EFEM 3.1%
PR A 53.00% 1 s A 2 B 2 S IR 2 A 2]
#% &l RA= W) [ i % (Moving Bed Biofilm Reactor,
MBBR)H B 26 °C [ 2 20 °C J&, Nitrospira
FEXF M 6.2% FFEF] 5.2%%2, BIF5E LB 5
IKALFRT R AL S RV A A B 22 R 1O T
1GKAFET A0 L2 Nitrospira A% £ N
3.3%AAT s AEHERI T 14 A5 KA E) IS
BRI, &BUL 1 SRR 322 NOB
& Nitrospira®, W], NOB 7EA[A] 75 Kb BT~ A
VI RGP AR b R A AR RIVE T, 1 = Y
22 PRI R TF i — PRI AR T A 5 i
450380, NOB HABZFMHER, R T#
WAHER R AL AL MR L, I HA g TAL B (AT RF
TERER AL LA NH; Fll COy) . R Z 512 85 1R
PR () 5L 8 K B PR 2= R 7, Tk — 25 5
AOB A E A=A 37 B B U RN AN RUR
fEIFAE NOB Ay 24 =, 8 HA Hopth A A7
BL, X T HA A4, Bl PN/A 25557
A A R AEARM R R HEE , IT4E56T NOB RS
W EHE ST A IR AR A NOB il sms 7,
NOB F1 AOB HYFREGM 52 A i 22 5, iy
pH 1 DO Z& R85 R 7 nl SEIA 441 NOB #ili il .
VKA R LR R, 55 AL T2
ke, i 42 AOB Hl AOA %1 . 4| NOB 1%
ATl A SO 45 e o Al Ae B B, HEA
EH: (1) W 40% 10275 % i (Chemical Oxygen
Demand, COD). WASZEA IS 1.5-2.0 f%;
(2) W 25%FEAE . WD 300%15eA . CO,
HERCRFRAR 20%8), T4k, 6T WAILAT 5T
WG %, Hb PN/A T MR AL R A4k T
S AT ERR OB R R, el R
DT TR AOB F AOA TR My ik 1
HeF5H R . NOB HIIHLEL . fald: 4 =2 1] i 52 H A
FA RO 3 R A AR A AN VR AL 5 1k I S
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Comammox & BEGE M 37 AT s fb i 72,
B R B AL mRER (8 2, Ak, MAG
SrHT AR Comammox B 1) & NI 43 A7 $ At
DR OB TS E R N SR EAWN AR 1) o - S |
SEOTHRE UCERARI T 16 > T3 KA 75K BNR
SR & Comammox B - B 3 i B 1 H S 7E 20
e, 45 R R W] Comammox LK 7E i BNR &
Girh i B gmhh DNA P8R 0.28%—0.64%, Hxfis
KA FR T A Wy SR TR T o — BT R
KA. Daims &4 & P Comammox [ K H
Nitrospira, 738 H T 58—k Comammox [ Candidatus

(68

Nitrospira inopinata LB, Ca. Nitrospira nitrosa .

Ca. Nitrospira nitrificans F Nitrospira sp. strain
Ga0074138 i AZkHE ", [AiF Lawson ZEiiF 52
T A 241 Comammox I #J& T Nitrospira 11453
X, HEREAREH S 52 MR T )
RESLNUO A2 4 L1 141 %) Comammox B H amoA
BB 51Y, o TR KA H Comammox
amod FEN M) ZFEMEMFw B, 45K
Comammox F H amod FERFEIR S, & AOB H
amoA FEFEREE 182.7 42, Comammox {15
= S5 A PR 2 32 865 1 (Urea Transporters) | filfa 25
HH . AMESLE F (FmdC) MR 2 R AL AR i 12
HH(UctT), ABIT Comammox [ 7E KMk B L5t
SAFR A PR Z A T 5 [FIEH A 2 T R it
(Agmatinase, Agm), %HFAT DAAKAENLT By A= IR
2, A UL Comammox [ A] F| FHAS [R]FE 41 64T SN,
MM Comammox B s BT I ZFE . A2
HHE 1 Comammox ™4z N,O W] g E (KT
AOB. 2 F AOB, Ca. Nitrospira inopinata %54
TR amo A1 B FEIEH, (HELZ g 5E sk
(49 S Fils R R 38 IRl SE [N, iX R B Ca. Nitrospira
inopinata 721 NoO AIBES [ NH,OH FEf#),

THFEERFH, Ca. Nitrospira Hitid X n] S AL
FEDA L PR Eh W R AR Ak DR (T K A B R R R

AL L AURE IR K i SR AT SulP/SLC26 T 4%
EEEAT U IZ&MISY), AR . kK
A FEALY), A w5 Al A G E
PV Bl R AT B s AR R IR R AR T
Ca. Nitrospira B R J I # T 32 22 3580 2R W) B V%
(94%), FA VT EBRERR 58.6 mg-N/(L-d)*";
H-HEI Ca. Nitrospira W TEA FRANTTR AT T
PREEEE, HARMIRZENAHRES . Comammox
R R IRE 12 A S R AT, 7ET5 KA
YRR 7 AT — I A, HR AR 5 7K A 345
VR M REIFSE, 5 M A P 2 8] A A
FA B R P LR 5 ik — AR Y
22 RELHAE

S A AR S A H A A A TR Ak B il A i 31
[l 12 £h 14 R if(Nitrate Reductase, Nar), MPA4ERER
A JE i (Nitrite Reductase, Nir), —4% 4L &0 5
(Nitric-Oxide Reductase, Nor)Fl% 1k IV %8 i fif
(Nitrous-Oxide Reductase, Nos)]’Kfi iR £h 14 i &
N, B3 R (8 2) (EARTERAYE, Nir [FE i)
AR ER L 5 NHs, AT E— 25 [A A A HLA
S AR R FE TS K AE AR BT v I AR TE A
TELEYb AN 2%y R Z R ¥ B Y
Fen] o3 Ry SR RS AL 20 TR A A SR SO AR AT $RT
il SE A A T 3y ke A S A A O R 4 A S Ak 4
BN AR, A TR R AN T ) T Y
o ] F EATFE AR AR AR IR ST A i TE
SR, 5 HA T 2R I PR A A T Y 722 A
VE IR B o A5 (IR L R R B | s o7 oy B30
TR YRR A2 TR A T3 5 s i 5 g O,
HARZ B 3,

AT 2012 AR YR 2 BE R 4 2 A
T Bt SR A A S KA B T e U E
VAT RAE ST , RIS G EE R P41 o 47
Hu T FEVE KA TR R GE R, KGN ) 3 B R Ak
1 oA L F5 1B 5B 18 )& (Pseudomonas) . /4= B TR
J& (Terrimonas) . RIBKE & (Paracoccus). VL R
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Table 3 Application of molecular biological tools in the study of denitrifying bacteria
Research Research method Research contents Research results References
object
Biofilm 16S rRNA Multiple molecular omics The microorganisms in the biofilm reactors  [18]
Reactors Metagenomics approaches were used to had more nodes but less interactions than
Metaproteomics determine the microbial those in floc reactors. And a lower
community composition, proportion of denitrifiers and higher
co-occurrence network and resistance to oxygen and salinity
metabolic pathways perturbation were observed in the biofilm
reactors when compared with the floc
reactors
Enhanced 16S rRNA The nitrogen conversion The result suggested that N,O production [77]
biological Metagenomics pathways in the EBPR within this denitrifying polyphosphate
phosphorus bioreactors were studied accumulating organisms (DPAO) enriched
removal microbial consortium likely derives at least
(EBPR) in part from flanking non-PAO denitrifying
Bioreactors bacteria, and the N,O reducing genes were
(SBR) lacking in the community genome
Denitrification ~ 16S rRNA Effects of salinity on Halomonas and Marinobacter were the [43]
reactor Metagenomics denitrifying bacteria, gene main denitrifying bacteria, and
(expanded diversity and abundance and Marinobacter played an important role in
granular nitrogen metabolism pathway nitrate reduction under high NaCl stress
sludge bed, treated high nitrate wastewater
EGSB)
Sulfur 16S rRNA Microbial interactions and In SPBR, the richness and diversity of [78]
autotrophic metabolic pathways of coupled microbial community decreased after the
denitrification anammox and sulfur addition of glucose, and the addition of
reactor autotrophic/mixotrophic organic carbon significantly changed the
(Sulfur-based denitrification systems under overall structure of molecular ecological
packed bed different conditions were network and the complexity of microbial
reactor, SPBR) clarified interaction
Denitrification  16S rRNA The effects of When sludge was exposed to different [79]
reactor Metagenomics 1-hydroxyethane-(1,1-bis- concentrations of HEDP, narG and nirK
(EGSB) phosphonic acid) (HEDP) were up-regulated, while napA4 and nirS
concentration on nitrogen were down-regulated. Thaurea, Azoarcus,
removal performance and Pseudomonas and Halomonas were the
narG, nirK and nosZ in a main microorganisms in the reactor
heterotrophic denitrification
reactor were investigated
25 strains of 16S rRNA The cell culture and HNAD bacteria converted inorganic [80]
heterotrophic Metagenomics metagenomics were used to nitrogen into N, and organic nitrogen
nitrification identify cultivable HNAD through nitrogen metabolism pathways
aerobic bacteria from seawater and such as assimilation, partial nitrification,
denitrifying analyzed their interspecific nitroalkylation oxidation, nitrate/nitrite
(HNAD) interactions and denitrification  dissimilation reduction and denitrification,
bacteria pathways and had interspecies coexistence and
cooperation relationship
Heterotrophic 16S rRNA The mechanism of Shewanella  The strain Shewanella oneidensis MR-1 [81]
metal reducing oneidensis MR-1 eliminated promoted electron transfer activity by
bacteria nitrite accumulation and N,O forming nanotubes between cells, which
Shewanella emission to improve leaded to an increase in denitrification
oneidensis denitrification performance enzyme activity, carbon source
MR-1 was studied metabolism, adenosine triphosphate (ATP)
levels and cell activity
()
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Aerobic Metabolomics Through bacterial growth, The result suggested that the nano-zinc [82]
denitrifying denitrification capacity, related  oxide can change the membrane
bacteria enzyme activity and metabolic ~ permeability of bacteria, affect related
Zobellella sp. pathways to study the toxic protein synthesis and gene expression and
B307 effects of nano-zinc oxide on other metabolic pathways, inhibit its

Zobellella sp. B307 reductase activity and denitrification

ability, and the higher the concentration,
the more obvious the toxic effect

Aerobic 16S rRNA The effect of natural organic The strain WGX-9 expressed nitrate [83]
denitrifying matter and algae organic reductase, and preferentially used small
bacteria matter with different molecular molecules of tryptophan and tyrosine to
Acinetobacter weights on the denitrification promote the denitrification performance of
WGX-9 efficiency of aerobic microorganisms in actual water

denitrifying bacteria was

explored
Aerobic Metagenomics To prove the distribution of The ammonia nitrogen metabolism [84]
denitrifying Metatranscriptomics  strains in the pathway of strain Pseudomonas stutzeri
bacteria assimilation/alienation T13 was an assimilation pathway, and the
Pseudomonas metabolic pathways and reveal  nitrate metabolism pathway was composed

stutzeri T13

the coordinated effect of

of denitrification and DNRA. And there

strains on the
assimilation/alienation
metabolism of nitrogen

was a significant interaction between
different nitrogen metabolism pathways

J& (Thauera) . Wi 5 5.0 % J& (Dechloromonas) . £
2 1 W & (Hyphomicrobium) . M\ & il 1§ J&
(Comamonas) RIS J& (Acinetobacter) . A 2
I 0 i DR 21 2 R0 e s 2~ 0T 9 T s AR
Iof s RIS WIS D RE P AP AACARAAE , 45 H SR
AL Thauera aminoaromatica ‘2THFELBREL . THE
RFRIL T FREE IR ER I )5y EZ bk, i =%
fi% (Tricarboxylic Acid, TCAEH 7k HRER T 5
TN B-F2 55 T BRHER(Poly-B-Hydroxybutyrate,,
PHB)A FURI AR R i )50

U S S A AL 25l ff 2% 7% %% Robertson Al
Kuenen L [RJ4& 1 , 32 T 2005 A AN 52 400k B PR
BUAAR A7 A R T G K BE R D BRIk AR s Fn
RGPS, 32 N IMIF I 2 e
W5, Nar 1] 73 4 BREE 5 i i i )5 i (NarG) |
S J i R L 8 JE T (Nap A) 1 [5] AL fild B2 £ 34 5L il
(Nas), NapA {EUF4 | A FIER A T B RER X,
AR SUHAL T2 G s AR, R 1A
FH ARSI E AL R iz £ A2

FAIF qPCR AR 7E mRNA K EHRZE T 158 Al
fb# Klebsiella sp. KSND Qi dAe, 4550 %M
L BAT 3 PR R Eh L I, NapA = 2241 57 45
e fe AL e s WA &AM 16S rRNA J
W e #0405 3 o B U AR R Ak T
Pseudomonas indoloxydans YY-1 TEARIEZ1F T HY
fmte, ZBRIERAM N TCA 3 4l (R
I D P U W RS R R, i
T R P i Ji W Ve A1 T M it AR i R £ [R) £ 2y
REE MR, HE—2B 9 R T NGy S S i Ak 4 e
Pseudomonas indoloxydans YY-1 TEARIEFME T
s BT Ay T A W AR AT AU AR
HH A I AT S R R TR R T 5 T, % T
WAL I RE ) . AR 10]
AHEAE RIS bR AR I T B 9 28 5 W 00 75 ik —
AWFFE ARTE AR 1 737 A W2 BOR T BT ik —
AR R USRS AL T 2R RLRE , AT JR 44
AL AR B2 PR o

FI % B AR I S B A S — R o S A P e
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5 BIRT 52 K v il A8 R R BR BB B R A Bk
oL LM TR T 2 BA AR
BT ARSI . Horh i A 9% i 4k (Sulfur-
Driven Autotrophic Denitrification, SDAD)T.Z.#
# A 77 Uk (Nitrate-Dependent Fe( 1) Oxidation,
NDFO) T- 2552 {75 /K 4b BRATUSU A 58 4 22 19 A 5% S A
L T2, SDAD T.Z:4% SDAD WA Hif 5 Rk
GRS, BRI A B Ul R R S5 VE A HF
BEAOR I S BE JE o AR R . HETE M
SDAD B K43 J& T Proteobacteria, 15 )& /KF- I,
5t & A AT B (Thiobacillus  denitrificans) F1 i & i
AN (Sulfurimonas denitrificans)f2 2 B i ILAY
SDAD ™. K24 SDAD B HATH T8 pH i 13 1
R IR B oy 1, PRI LV RE 15 . 7E SDAD
FenE AR B Ak i AU A6 34 5L (Sulfide-Quinone
Oxidoreductase , SQR) Fl fii %A 1k if 5t i (Sulfur
Oxygenase-Reductase, SOR)YJfEN & 1% & X HEAE
o A2EERIA 16S RNA S BRI T #1226 1 4
F S Pseudomonas sp. C27 filfiste, k¥
W2 AR 1T PR R IR B 5 Pseudomonas sp. C27 #E
AHEY T Rk ARG, Eaesk,

F W57 22 SDAD F1 Anammox T. #5417 2 % 42
e — AL RN R SR RBEE , AT 16S rRNA S
PRI 7 1 RT-qPCR 437 AT AR B v =2 ) 4 B
VER S8 TRV B R Gk HER. SDAD T 21k
H—Fh A FRRA T2, T Lok kb sz it 5
LT AR, AR 9 2 B4
oK R ER SR . ROV R B AN
I, ASRBIESE NN T2 S i e s E L s
KR IR FRAN S T AR v, I fe i
SDAD Ji & T 2 e Ak 3 s IR R I /K 5 ThI i 1 H o

1996 4F i fli[E 2435 Straub B IR WELE] Fe( 1)1k
A R R 38 S (Rl B A A, JF 42 H T A 9 3K Bl Y
NDFO 1.7, B Fe(11) A FHEA, @i ey
1R A8 A Jir IS I i 285 R I o /LA — i Y
TRk, NDFO B7ERRET 40412 . Fhk

MZ, TAHRZ BB E )12 KT . NDFO #
KZLZJET Proteobacteria, [alBFH|H 16S rRNA 3t
Wy 7 ik AT Ak AR AR B BR T (Paracoccus
ferrooxidans) . R # & (Acidovorax)Flit FCABU i
I (Pseudomonas stutzeri) &= W, NDFO )& .
ALK . NDFO TR 7E S o F v al i o A= )
(AN AL EEAE ) B 2 (AN RS R 6 148 J5 ™ Wy 1k 27
YERD) 2 FASIF D5 AL Fe(1DIE K Fe(IIDw #yii
Ve, FEBRAKIETHAE, 2 MHLEIAE NDFO i fEH
[ A . EAHSENR , (S LI A 2% A
H X NDFO 2 78 b i A= 0 SO AR AR 4 B i A 7
T AL, SRR UIAN G o WY LA SR G W T
Fe(IDAREDIAAL, 60%-75%1H Fe(IT)% fb 2 i@ it
W ¥k Acidovorax BoFeN1 . Acidovorax ebreus
TPSY . Paracoccus denitrificans Pd 1222 Fi
Pseudogulbenkiania sp. 2002 SZERAPH SR % T
JN SRR A G PR ST IR A i, I, TR
AR 2 BN [F] SO ATL i AR R AR LB 7 T, 23
FHYIEAEARXIIESY NDFO 3 #2455 2 ) v FH R
5, AR X HACHI LAY A 20T Bt - NDFO i
FERTAE LAY Fe(LID)W™ 4 HA & 1Y A= W0 A PR A0
BRM R, AT A5 P e, ik —2
AR Sy W2 o 500 R 2R 5 2 R i R A R ]
Fe(IlDif nl /525 Feammox Sz 73244, feitd
Rtk — LB . A IR O AL A T 2 T A 3
PR T TE A I A VIR B, A 2
71 KRS E(pH . RE R4 A . 25 A K
IRBE SR AE R 3R o AT A A50R) xS AR AL )
11 s AR AT i — R &K .

ZEER 3T, ST EW IR ST X R
i A 4 TR B 4 T R G IAIR Do ) T i
BT R A 20 TR A ML PR K AR AN [R) A5 0 F TR
YIRETs BB AE L], SRy B8 T K B U RE B At
TR S
23 REIEKAR

KA REN Anammox [ W TE Anammox B 7E
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BEASMET , O AERRERAE i T2 (MG 2 Ak
N, (R 2)P, RO Rt A 31 7t 25
20 4E, SAE ST AL - B EUR S fb T FEAE L

Anammox S T ICHF WS A FLEK A | JC 7 R,
B E AL T REREMBTI ARG IR A F IR, Bk
LA — PP B AT K I AR, IRZ 52

NH, +1.32 NO, +0.066 HCO; +0.12 H'—1.02 N+
0.26 NO; +0.066 CH,00 5N 15+2.03H,0 (1)

WEHE, FIH 16S rRNA EH W FH AR D
HIER Anammox WA 6 J& 19 Fh(Candidatus
Brocadia . Candidatus Kuenenia .Candidatus Jettenia
Candidatus Scalindua . Candidatus Anammoxglobus .
Candidatus Anammoximicrobium), Anammox [ 1
AR A 53T 1z, AMUFFE TR . IRK.
Rilith | V5K AbFRTFN SRS RG T, 2
TE M v i B e B A it pH FR85E HH 145 Anammox
GIARCON, 25T R W], AR Anammox B [
REAATEA TR AR & AR . 2006 4, fif 2% Strous PR
MM DNA Hh3R1G T Candidatus Kuenenia
stuttgartiensis (Ca. K. stuttgartiensis)FIX} 56 48 ) 3k
K41 5 ARYE nirS W, Strous SE42 H 7E IR A2
SAAL LR, AT REAFAELL NO S H i) 77 47 i A
R Hu 26195 %9 Ca. K. stutigartiensis T
A kuste3160, Zgf nor A, #H—H/R T Ca. K.
stuttgartiensis SRR BSI ¥R, Candidatus
Brocadia (Ca. Brocadia)fift = LAY nir JE, FHATfE
A RAFERTAE nir K AR ER I 5 e
SR H R T RN B i — 20 RO W AR R Noo BF5EHIE A
Anammox B A iR Ak A 280, HA MM 1L
HHES] . TERUZEYI R, Anammox B A {1
AR AR AE A 2 A AL AL W AR LA
FRGEBE R A EKEAEEE XY hi
AU, Anammox K& —FhZIIREMEMA Y, A
AN AR AR , 7R SE PR T BT K AR B R
R Al R R A [ A ikt

AEEBE T HTBOG KA T R SR IR 4R
T ALIRL I AT A T S A ) R R A2, 45 R
527 Anammox [ 7EE AR R PAKM M, IF
A IR T T A58 N B8 FL TS K A 3 ) v
DA EAL BRI B R P A s A BRI
T EE T REIE T T BOE KA B TR AR -2 AR A
YR b DA E AR E FIPLEE , DL R AR S A A
A E Z A EAEFHC R o narG = PSSR
A, A Sl S A A A A R v i o ) A T 6 2 Ak
JIH R, G4 MBBR 5 A,0 REME A BTG
KA FE AR Anammox T8 50 B AR, AT AN
KRR ERECRDY ARSI A 22 8 1 T4l
O E RS TR T Anammox [HVETE
()2 B A 2= PR AL, 25 3R I IR A 35 °C
R 28 20 °C B, Anammox 2 1[5 ) 56 2 1 i b
ok gt R P P SN A R, T AN S 38 2o 48 5 A i e
MEE T, JF HAE 20 °C 1 15 °C BYBARIREE T,
Anammox & 25 A U AL N K 280G HE
ity 2 L ORAFIE E K, T84S Anammox B
TARIRIREE , R E A T 2RSS T B
AP ERAL T — o BRe BLA 2 A AR i — 20 e R
AN[F] Anammox B 7EARIR T A9 SO AL ]
SN T FR T Ca. Jettenia #HE T Ca. Kuenenia 1 Ca.
Brocadia (7 A5 F B ARk g 2100,

o3 T AW 7 AR Anammox TR AR IAFSE
S F Anammox FCHHLEIPT | RAE & EAL
PR G /LU VAN 1P e Nl v o 2 N
B B i gy oh g s U PR S B AL BORIE AL
HRU OO0 g RS PRI A AR L RS W R TR 4R
M Anammox B L E R AR A5 1
TR PUE . SR AN ATSF) AnAOB 1
RN ARG LR 4. XIS R N
PRAR A AL R 72 R0 R VR 7 45 4 S D g 4
BT EBE R WA, A BT AR s B AR T
TN
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Table 4 Application of molecular biological tools in the study of Anammox bacteria
Research Research method Research contents Research results References
object
Anammox 16S rRNA Analyzed the differences in ~ The mixed anammox bacteria showed higher [110]
reactor Metatranscriptomics the metabolic pathways of nitrogen removal rate, biomass and extracellular
(MBRs) Metabolomics anammox bacteria in the polymer secretion under the condition of C/N of
membrane bioreactor 0.3, mainly due to changes in reduced coenzyme I,
coenzyme I and ATP consumption
Anammox Metagenomics The response of Ca. COG analysis showed that B. sinica was more [111]
reactor Metatranscriptomics  Jettenia caeni and Ca. competitive than J. caeni after the addition of
(SBR) Brocadia sinica to acetate acetate, showing advantages in metabolic activity
was investigated and growth, mainly attribute to the up-regulation
of genes involved in the metabolic process
Anammox Metagenomics Combining metabolic Chlorella bacteria may be highly active protein [112]
reactor Metatranscriptomics ~ networks and degradation products that decomposed
(SBR) metatranscriptomics to extracellular peptides during the denitrification
detect gene expression and  process. Other heterotrophic microorganisms may
potential interactions also help to remove debris and peptides produced
between anammox bacteria by anammox bacteria during the reaction
and heterotrophic bacteria metabolism process
Xi’an 16S rRNA Quantifying the The abundance of narG indicated that the [99]
wastewater Metagenomics contribution percentage of potential of nitrate to nitrite conversion in anoxic
treatment anammox to the carrier biofilms was higher, which promoted the
plant improvement of nitrogen growth of anammox bacteria in mainstream
(AM-AAO) removal efficiency of processes
wastewater treatment plant
Anammox Metagenomics Differences in microbial In the lower load anammox reactor, the total [113]
reactor communities and nitrate nitrogen removal efficiency was low, and the
(EGSB) production in the anammox  nitrite oxidoreductase gene content was relatively
reactors under different high
nitrogen loads were
studied
Anammox 16S rRNA The mechanism of The interaction between flocculent sludge [114]
reactor Metagenomics anammox and microbial communities promoted the interaction
(SBR) denitrification coupled between heterotrophic denitrifying bacteria and
system in low-temperature anammox bacteria, as well as the activity of
conditions for anammox bacteria at low temperatures
low-concentration
wastewater treatment was
explored
Anammox 16S rRNA The complex nitrogen Most of the nitrogen was removed by the coupling  [115]
reactor Metagenomics metabolism pathway in the  system (92.1%), but part of the nitrogen was also
(EGSB) Metatranscriptomics  integrated reactor of partial ~ removed by dissimilation denitrification. Ca.
denitrification and Jettenia caeni was the most important anaerobic
anammox was investigated  bacteria, and Thaurea was the main denitrifying
bacteria in the coupled reaction system
Anammox 16S rRNA The response mechanism of ~Low temperature leaded to the down-regulation of  [116]
reactor Metabolomics anammox bacteria to CO; fixation, tricarboxylic acid cycle and pyruvate
(SBR) temperature was inquired metabolism of the anammox bacteria, resulting in
a significant decrease in nitrogen removal activity,
but the up-regulation of the RNA synthesis level,
putrescine and signal molecule synthesis of the
flora, thereby regulating the metabolism of the
microorganism to adapt to the low temperature
environment
GZ3)
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Anammox Metatranscriptomics Metatranscriptomics Appropriate addition of nano-zero-valent iron can ~ [117]
reactor revealed the reaction eftectively restore the activity of anammox
(SBR) mechanism and recovery bacteria. And the overall transcriptional central
mechanism of anammox metabolism, transcription cofactor binding, protein
bacteria to the inhibition of  folding and oxidoreductase activity of anammox
dissolved oxygen bacteria were down-regulate under low DO
conditions
Anammox Metatranscriptomics ~ The survival mechanism of  Ca. K. stuttgartiensis up-regulated many [118]
reactor Ca. K. stuttgartiensis under  functional genes to form a regulatory network,
(SBR) Zn(11) stress was studied including functions related to substrate
degradation, Zn(Il) efflux chelation, DNA repair,
protein degradation, synthesis and signal
transduction processes
Anammox 16S rRNA From the aspects of Low-temperature acclimation did not change the [119]
continuous extracellular polymer types of AOB and anammox bacteria in the PN/A
flow reactor composition and microbial ~ granular sludge, but the diversity of the
community structure, the microorganism was improved; and the effective
difference between partial enrichment of Ca. Kuenenia in granular sludge
nitrification and anammox was an important basis for the adaptation of the
(PN/A) granular sludge bacterial microorganism to the low-temperature
cultured under medium environment
high temperature and low
temperature was analyzed
Anammox Metabolomics The carbon and nitrogen The result showed that the Ca. K. stuttgartiensis [120]
reactor metabolism pathways of can use formic acid but can’t use acetic acid for
(MBR) Ca. K. stuttgartiensis was metabolism. And during the reaction, energy was
explored obtained through the oxidative tricarboxylic acid
cycle
Anammox Metatranscriptomics To understand the glycogen  During the growth phase, Ca. Brocadia sinica [121]
reactor metabolism process of Ca. synthesized glycogen through three known
(MBR) Brocadia sinica in a glycogen biosynthetic pathways and used it as
continuous membrane energy storage; when the cells were hungry, the
bioreactor using stored glycogen was converted to trehalose as a
bicarbonate as a carbon stress protector
source
24 EEHSEL 6Fe(OH);+10H +NH, —Fe* +9H,0+NO,” (3)
2005 4, BARHTASE Clément ZHKEKA  3Fe(OH):+5H +NH, —Fe” +9H,0+0.5N, 4)
Wi b UL EE B 2 RUE AR AT Fe(IDiR L4, it Feammox S I FIr i B AHSEAE S BE R A= 9 H i
, 2006 4F H AR2£E Sawayama B IKIESETERESS MAYG—. #EHH], Feammox %40 & A4k

' F Feammox B LA Fe(Ill) M H, T2 b 2 A A Mk
WAHSA . WHEHSEM Ny, IRz RN
Feammox (|7§] )P SE4ESR, Feammox £ 7E4& FiA
[ A S PR AN KR L W R AR Pl )
Feammox N idFER 2%, XA Q) (4T
7, ABIZ N H T IO B SIS A MLk I L 1578
FEEAREE LS, A TE KA B A SR AT R T
Primael,

8Fe(OH)3+14H++NH4+—>Fez++21H20+NO3’ ()

BB . Acidimicrobiaceae sp. A6 Fl Anammox

HUPL AT 2GR TR E AR K BUGA I
%[l Feammox [ W A % V1K &, H s ¥ H )&
(Geobacter) 5K 4 7 (Anaeromyxobacter) J2: 9K
&) Feammox i Ff) EZ Y0, 2016 4F, A
WFFEN GUTESE 0 % 0 B — PR A Feammox 1E
BITERE, ZAME AR, K 1.5 um, 833 16S rRNA
LRI iz ok TR AL E B Acidimicrobiaceae),
K V.15 44 M Acidimicrobiaceae sp. A61"*" . FJF
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KEWFTRIELE Feammox 1 FE T Acidimicrobiaceae
sp. A6 KA HEAE A, X HEARE LA T
EETHEMFEARMN —BHRE M FEEIRE
FAATE Ve EE R Feammox, R iy &y £
AKEB Anammox B (Ca. K. stuttgartiensis. Ca.
Brocadia sinica 1 Ca. Brocadia fulgida){F Feammox
T AR R AR CERE T AEN T LA S AT v R
AP RS KA P AR, Feammox AT fiE 5
HoAth ok R AE A ROV AT A . AR R
Feammox . Anammox Il NDFO 45 & U1 7[R A AL,
SR EBREIX 63.2%, (BRGSO H BT R MAEUT
F A B A e W 2 Tl A R A A S B ).

Feammox J )i H Hif S = 2242 dh 7E Wi dth |
AR AR RS, TRl KEE R e
{H Feammox 1 h— Bl B i A ik A%, X5 K AbEE
T REBRBEABTEVEM . A % Feammox W AFEH]
PLERAI 5 v T DA 72 25 DR 2 2 % 2 6 1 i 4 24 AR
TRV . SR EF, Feammox A1 HAth T. 2 U
Anammox FI iSRG BT HE— L IRE, A
#1958 Feammox 1. 2075 15 /K I &t 2 b g i ]
25 MEBRRBEREEEANK

2001 4F, PGHLF Fdz-Polanco #{#Z1EA FRFHE
T A 1 7K 3 M e DR A A R B IR L T B IR
5 AN LLRR, I ERTRMMAS, ¥
S FEFR A Sulfammox! ., )5, Sulfammox JZ v
ETEA 2R AN R e N 5 L S i : N2 = 7
BRI R 2). SR, SRR B
Sulfammox A fE 24 A2 A Mt . Anammox FI55%
B IR 3 3 R A R A O Y e e L
Sulfammox S W AILFE H s A B , Horr i)y~ 4i8
FETERL

14 M1k, T Sulfammox BT A fEAT it
. 2008 4F, A5 A i Y R & B
Brocadia Anammoxoglobus Sulfate 7t Sulfammox
AU S R K S ) Ew SR AP N A -
JEAT Sulfammox S b i 46 o B 2R ZF I FF 7 ASR

(Bacillus benzoevorans ASR), % E M AR, feilk
pH {HANIELEE 43 31 8.5 #1130 °CU'™s 55 Fil
16S rRNA H& R 3747 AR FE Sulfammox S50 # H 48
& BN PERLE ] (Verrucomicrobia) FAX} 3 FE 4y,
% 2 B A W & Sulfammox B 1Y, AT L
Sulfammox 2L ¥ V& I S5 A BiF 5% H RNk K 248
A FHEMIBY B . A #EHHEN Sulfammox Fl SDAD
G RG] I Y 2 (R B AT b

TN RIT=H, PRkt KoK Bk As . #G T2 A
YERIALEIR AL T AR, Mo F AV FRARBAE R
T 1R D RR A AT U DB AR W) IR UAE )
Z A EAER . AT, X Sulfammox i T
EARRAETT KA BT B IZ W, o F R R
B R AEA AT A

Sulfammox /£ A —FHT BIA 1.2, WA TS
IK iR R A A A, i KA AT
AT RERel, HAREN TEEY., BT
Sulfammox W FEAISAEAETE 22 [l R, U052y ATLEHAS B
1 . hEET A Y A BEBE AT M . RO R P A
FBRITTRIGIAAS T S 3 A48 1l 5 w0 g FH
JIANIERE | Sulfammox -2 FIHAL T Z#5 PR T
YEHLHIASBAMT A Sulfammox 2B #0454k
T 43 HE W2 1% ) R R i e ik S [ i 2 1L
Bh2EAkH, Ak B IR RS T IR
2.6 n-DAMO {44

S A i /i 1R 6 78U DR A 4 401K (n-DAMO)
2R R n-DAMO fZE), AR IR R/ 1
FRERAE R HL T 324k . DA e b v k44 ) vy A=
BN, (A 2), o A ARG R
#(6). n-DAMO fAE W HE K G2 AB (R I 1) SRy 55
ZBHA, B Anammox HH ), HLIEFEAL
R AE S F e, AR S sz B R .
n-DAMO AW 5 L F 32 SRR, IR T
PEim DA LBRRLRE, I AT A R = AR ek
AT ROV, B H e AR, REAK T IR =R
R H, ARG R A T — e
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CH,+4NO; —CO,+4NO, +2H,0 n-DAMO HH (5)
3CH4+8NO, +8H'—3C0,+4Ny+10H,0
n-DAMO 4 i (6)
n-DAMO 7 4 ¥ 1 n-DAMO 7 i (Ca.
Methanoperedens nitroreducens)F n-DAMO 4
(Cadidatus oxyfera . Ca.
Methylomirabilis lanthanidiphila)20 1%, . R 16S
rRNA JER SR, HATFTRIER n-DAMO 4
Ca. M. oxyfera Ml Ca. M. lanthanidiphilan Y3 J& F
NC10 1P, 223 R 2 WF 5T 45 R % W, narGinapA |
nir .norB Z:RIELET n-DAMO 40 ; 1T n-DAMO
TR ZERRFANITFR, Ca. M. nitroveducens 578 4
T B/ ) S 245 5 R R A Vi nar GHJ Rl napH &[]
T PR R RV Ay A s L 2 A A s g 50
HHIXT n-DAMO T.ZMnFoE FEEPFEX
TR L BRRRE T, iR Tz A i B A
AL T AL A A V) Z AR 5 AR R
S R IAE RN SRR n-DAMO fiA: 9 A 2 v
i P B A IR (20%-30%) , X 7 A AR £ i
5o Ny AT B 7, bR A iFsE A B & B
MBR S gefEA TR (25-10 °C) FEIHAELT
AR EBRPERE (A ZEBRFEH 90%-94%) ,n-DAMO
AR F B IAE 7.9%-10.6% Z 1], 1 % I 48
n-DAMO HTEKZEFES 1, MM HMETE RS
tRYEYE ;s AT AE SR YRR B T 2
P P T 2 7 R s Y BB g R
H IR A3 — i B LA ), X SE A X VA
EBRMITTHRCE 25 n-DAMO 490 ) AH B AE L
T —2 5% B o A RS — 0 T hiiR
HWEXS n-DAMO T.ZHZmRALEE, & B 45
MR ER Vi B2l 80 mg/L e i 1 A RLBE . T AEW)
HEVE s KR, WHE Unclassfied ¢ ABYI
Ml Norank f LD-RB-34 Lt 3] () 25 £k J2: 52 Wi A 2=
Brpbfeny EE N R, SpA RE LT 168
rRNA JE PR 3G 00 7 7 A il 1 5 AN 15 7K b 21
TR A R R A, &P Anammox R %A
2.64x10°-1.73x10" copies/g T-¥576, M n-DAMO

Methylomirabilis

IR AR 2.52x107-2.19%x10° copies/g T 157,
UERH T n-DAMO TAEITE TS KA BT ERIR K BR
i AR R E AR, R, n-DAMO i %0k
PRIZH 25 R 3B, AT T 5L A0 Y B D 44 1k 55 DNRA
FA P 11 n-DAMO iy B 78 A W e A 1 IE
MR sk 2imid DNRA s FEA: i, dE— ARl
Anammox F{HFEWASIREL , AT HS B n-DAMO
AP A BRER WA

FEA D A A ST S, o F AR 2 0
SyFEAR A Al IR 8 n-DAMO 1A W 7E A ) A 3
FEVE A . 2 BRI BT IR BE (i pHLL Bk
P RIE . REEFD DO )X HAE R S5 AT Y)
AR AL 52 e 8 328 87 A IF 2 30 o X5 7K AR
I PR RS n-DAMO Ut T IR ARSI 143 b
L, W58 n-DAMO fEWHE RGP A EAEF,
RN T SRR D AR, R] e — 28 s K b BT
AU AR IR
3 B¥

AR, oA 2 O I ARG R 0 A= o
R YRS AL S ThRBEE A5 8 T 4 1
R4 FHE W2 5 e T 7K A W A P 2 G2 1oy P 2o
H T T i 2 Bk AR, T LR [R5 2 A 1 = PR
o B, fEA R KRR, S FAYF ka5
FLAF LA I 4, DT e KB Ay 75 7Kk b 3
A R SR R 2 R
3.1 FRENEREREE

BIR O F A W2 5 AR T K A BRATER B
W2 (RS [R) 5 3k 22 TR) A B 5 445 SR 25 Skt AN T
ZR o TR, ARG T RS | P TR
AR T I s , 42 R T AT G IR AR A A A
HFIIHRERE N (hzo . nir FI hzs) B Sk 5 1Y,
W J5 A5 BFFE 5 I B ARB 3R 143 Fl SILVA S 2
(R PR BT T AR DT e 3y g O 38 o B e 1A%
BET T AU ) 16S rRNA JE [R Y 32 4% BRI ET e A
M AOB, FKHLH AL rRNA ZEA%H IRIRET B o
ARSI a4k, 5 BT AOB JR v 43 B Al
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W RETE A S sh AR, A E R T A
i) [ o #5257 (SBR . MBR FAE 55 B [ i %) . AN
i) DNA 42577 (Fast DNA Spin {7 &l Qiagen
QlAamp DNA {F|&)FIA[E qPCR 473 k7
6 NSRS S AT I 0L T X PN/A g A A
PIREE AR DI RE RS2 . 25 R, RIRI LI %
PRI DNA WREEAAE B E 225 (/F 2.7-328 ng/mg
Zla)y, ARG qPCR 41 7 i i 4%
R A R 22 S (1-7 Logio 17) s [N & BEAS ]
DNA & U7 G0t i —FivRe e 2RV SR )
FIHAT, (HRATE T HABR AR, SR
H—PhrifEfl DNA $2HURI qPCR 914 i 1%
qPCR I 4% 5 o EL m o 40 1k oA 2k B, mT I,
PRUEAR ) 50 —F A 2 0 SE PR H A S R
ST IE 2 A 22 kXt e B oe 2, ik, 45
WFFE 5 I R ARUER) 5T A P24 D0 S B A il
L AN RTI 2 25 T B SR, PRI 45 5 n
52, WD T O 2E R T A A R 25, I
FFANRIBFTE N D3 2Z ] R 5 ELA mTx ek, i — 25
PRSI A R 5 Rk
32 AEAEMEARBEFERES

Gy AW B AR R AE TS K A B 45
SR B R AT IR AR MR I 45 4 5 T e G
KRR 147552 B84 BRI , Anfslcd: # =Z [a)AH B AR FTBL
il A2 23R8 e s AR A A PRI RS
AR Ak R Dy e DR T 46 R S5 2 T 2 2 1k
T3 735 175 1 15 e A 0 T i 245 ) R B e ) fF 5
J& , MRS 2 B TR R TG 15 TR ik W R I8 2 AN AT
RSB R R I R Z AR AL T LA IR 2
ERAE XCAEFRR A Jy % AT LA G b 1 BH B2 ) 2 [
FAELAEF . 3 R 3R K 15 B 5 SRR A e =2 ] ) 6
FPY Mo e W2 5 T L — R SR PR
FE 53 A7 AR [R]85 1 3 2 v AT 255 AN () 12 (A F
FEEREIMARLG . W, AP AR A UK
SFAEYF T H, BTG AR AT
IR BN REAYF . Bdisit. it

SRR A 0 o A5 S ) RS [] AL Jr v (A 43 41
B X PR . AR AR SR
RITHEEALIBTZ 4 . DORR B T . 4ok g
Fe R A7 R M 58 AT BIMRIF 5 o X 22z LA
O3 HE W) T A RS A A R 5T 15 K A B
JRZ P AR RS P BT, AN IR) 5 T e At
B R R TR R TR Y Z RIAH A
VBRI BN DA Re 45 , i — 2 s 44k
Y2 BT 15 7K A= ) RS0 1 o
3.3 tailAERE S

O3 DT R SR R, AN R E T
DRTHE S AL B I 22 5 o R KFEREE , FEdh
#IERNEAAETAES IE O — P B o)
TR 7 R SRR R B4R A TR A T X
AR ZOR WA X W RR 258 2 & 2 1k
Ao P, WATT E R E R A5 o I4E
e, A TR fuli P 485 U B PR A B X K B i A 7
TR AR AT I 7307, e A o/ N s
AR E . NUELOHL. /N PCR LA E
< K/M#) MinlON (Oxford Nanopore Technologies),
JITF 168 rRNA H& K SCPE il 6 A e 5 A2 —4> T AR
HASEM T 168 rRNA JEFEWF TAERRE, {046
DNA $2H, PCR 41 . Wl 7 SCE ) 4 Ay T4 5
MG ELR RS, I P B T A 2472 h (N3RS
(] BN S0 iE. 1 5 485 X 150 A I 25 SR qPCR 452 2
1A ARG i — ST A2 TR 2 I AR
X HW e 45 SR 52 a5/, AR AT A i 327 VR AR SE B
AR

A PR ZH A 7E 25 R B AR 2 ik S
AP BR il SEIR A RAR B I N Ay R
Yy g 1 7R IEARW AR o3 A= 2 O TR R G
Briide, AiZHoR iR AR
4 NG

WEE M AE TS /K AL BRI B i vh R %2 E
YERY, TRE A 15 KA B0 1 KK BT o FET5 K AL B
A AR W ST R R, i — 2D PR I AR R
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B D RN 2R ) g R AR ) RN AR 2 AR EAE
MEREE, pTAY2Jr kil DNA, RNA,
HEE B 4 DEEER T ISR AR
RGPHCAE YIRS 45k RG KA IRERE A
FHEAER . ACHHEE RS, A B IRt
GEEE N R P RAR F T A P A TR A A
K BTSN VR 93§ A A BOR A — B IR 5T
T AOB. AOA FiI Sz firf b 4 1 55 D BE Sl A= My 1 75 K
S FRT A W 5 SR A R v il A 1 A R A
HLEE, [A]B {75 Anammox , Comammox , Feammox .
Sulfammox M n-DAMO A= P58 B R AE W & 4
PIVE R AR 08 R B i S 40, 5 74
W RGERE , S R A RN AE Y A T 4R
P T IEA AT I AW BN TS
TRAEBR) A= W i R R v B T A 5, DA
AR A Py I R R 3, B 1 AR A TR
AR H

W& 7> T HEV RO R, 16S RNA JEA
MJF . RT-qPCR FARFZ 0 2 BOARTE TS K A )
R O A 25 A, B T I — 2 PR AR
Wit £ HHEMTORE A SR A2 i A
Hh U R AR A N R . IR, Bl S AR
PRI R A X SRR AR 74 P IR R
SR B RGE R AN, (ERFFE S 4 T T A I AL
A=WV A S I e, AT A58 R B Y
T P TR B BT, Sy AR 15 7K b B A W5 &
TAE D S AR T i e S5 5 7 )
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