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The biochemical mechanism and application of anammox in the wastewater
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Abstract: Anaerobic ammonium-oxidation ( anammox) with nitrite as an electron acceptor has been discovered as both a
completely different pathway of the nitrogen cycle and a new cost-effective method for removal of ammonium from
wastewater. Recently, the study of the peculiar biochemical mechanism, special structure and function of anammoxosome ,
functional enzymes and related genes, microbial ecological biotope, and diversity of the anaerobic ammonium oxidation have
obtained great improvement, which provided theoretical foundation for the application of anammox bacteria. Especially in
the wastewater treatment engineering, the anammox process has become the hotspot in research of new biological N-removal
technique for wastewater treatment with its advantages of abbreviation on the N-removal process and low material and energy
consumption. Deeper understanding in their species diversity, distribution in the sludge, and qualitative and quantitive
relationships with other bacterial species will significantly accelerate the renovation of N-removal technique for wastewater
treatment. A summary on the advances in processes on the main physiology characteristics, structural characteristics,
biochemical mechanism, applications in the wastewater systems and species analysis of anammox in the engineering process
by molecular biological methods are all presented in this paper. Firstly, the anammox reaction takes place inside the
anammoxosome ; an intracytoplasmic compartment bounded by a single ladderane lipid-containing membrane, and the

ladderane membrane lipids have so far been found only in the anammox bacteria. Secondly, all the anammox bacteria are
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affiliated within 85% sequence similarity of 16S rRNA genes in the branch of Planctomycetes and different levels of the
anammox bacterial diversity and distribution are found in various ecosystems. Thirdly, the nitrite reductase, hydrazine
hydrolase, and hydrazine oxidizing enzyme are the essentially functional enzymes. Fourthly, the discovery of anammox
bacteria and its anaerobic metabolism of ammonia oxidizers open up new possibilities for nitrogen removal from wastewater,
which made the paradigm that the only way to biologically convert wastewater ammonium to dinitrogen gas necessitates the
complete oxidation to nitrate followed by heterotrophic denitrication become obsolete. Finally, the implementation of the
molecular biological methods in the ANAMMOX-related wastewater treatment systems has broadened our information towards
the anammox bacteria. The research hotspots of anammox bacteria in both biochemical characteristics and application in
wastewater treatment systems are also summarized here. On the aspect of biochemical characteristics, the issues addressed
are; (1) some new metabolic reactions besides the anammox reaction have been found, while their theories and reasons
were still unclear; (2) the distribution inclination of anammox bacteria in different ecosystems seems to provide some rule
which is still unidentified; (3) new kinds of anammox bacteria wait for discovery to expend the pholygenetic relationship,
all of which would increase the genetic and ecological spectrum of anammox bacteria in the nature. In terms of the
wastewater treatment application, the following issues are dealt with: (1) proper designs and methods for higher efficiency
in the enrichment and stabilization of anammox bacteria are required in order to shorten the start-up process of the
ANAMMOX-like wastewater treatment plants; (2) more primers or probes with high specificity to anammox bacteria are also
needed to guarantee the precision and credibility of research study; (3) the coexistence relationship of anammox and other
groups of bacteria, which are still not confirmed, would facilitate the exploration of new anammox metabolism and

characteristics, all of which would advance the actual application of anammox bacteria in the wastewater treatment plants.

Key Words; anammox; biochemical characteristics; wastewater treatment; molecular biological methods

1 REIFENE (anammox ) iR

FAE 20 tH42 70 454X, Broda SEARYE #4124 F i BB LA S A= Wy att Ak o SR 4 [ SR 5 A o] BEAFAE A UK A
FEANER MR 20 et 90 4FAR, faf 22— EEREA =) I TE KB R e & BT anammox 41 1 1917
FER T UGIESE T X R AERSAS T, anammox 41T LAFR AT E A el =49 , 45 0 A R 1 = B 55 1k N
R, MG Z R EYAF )T S TR A, BF5E 4 & P anammox A0 B |12 A2 A7 T A 45 1 2R KK BE DT
W) PRAEKAAR IR LA B SR e N A SRR B TETE IR B P, 2 50% B AL JE BT anammox
YR B IR AR FALVE =R " X — BB R S T AT T PR R BT o RUE IR A A% G i PRI 85 v
R A RO T IR E R . FE 2R A TR 075 K A A AR R P | anammox 4 R L 7E & 4% % B 2L
FH. FETF anammox 40T 1R R LR SR IT & Y ANAMMOX . SHARON-ANAMMOX ,CANON 555 24 4 A )
SRR Ry A W S R T H AR R, AT RE NS B MR AL Gl R T2 A | ST AR I R Al S Bl
FLEE X Ry BescHE
2 RESEUEMEEENES
2.1 EFEEERRES

Anammox 4l fE—284 KEZE MUY, R 2 0 10—12d ; AR R BREVIR, AN E 1wm; XHEH
AARSFRBUR, YT, B RIS anammox 4 B (1) 455 FE R R, 7EXT anammox 41T 1T & L IEFRAT, & kB
anammox 75 JREI 5 P A7 S IRLT (51 . Anammox 41 A4 2 S 4 L B SE0Ab 38 D oo R 0 22 B0 118 A5 E e 4
ENELNEET

(1) Anammox il H (1) i J5T H 15 - R 7 198 R k- 77 198 9 2JS 20 1l , 3 6 BT ot 52 PR TR BB tR, O oA i e
BRETE NG B, H AT R AE anammox 20 Hh & BLA BRIE IR B 007770

(2) Anammox 4 B& E A THURE ) 240 it 45 44 anammoxosome ( JR A & ALK |, VE IR A A A ALVE R UL K
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AER S Y32 T, 5 W5 BN I AT . Anammoxosome [ IRS2: 22 RS T IR R 454 | L4354 A B AR AR
TRAE T A A ) AR R 04 2 5 FRAR B M | AT LA A8l 02D v 18] 7 4 Jfk AR o 1) 3 2k L sl B e B i 2k | TRl )
BEL L 24 1 v ] 7= R H B e

Strous M 45 A FHIRBE 56 P 4 27 J 12 (RSB IRBERE S I BE AL AR B ) 20T AN T 43 B B 3R 1Y Kuenenia
stuttgartiensis 21 P& ) FE R, & B AY ladderane lipid (BRIESEHR ) A LAY ZE A 4 N IERIFREH AL, Hirr 2
ANJE FH 8 RHAR 3 R A= 0 1 ) R [ R RS- PP 2 1) A% 0 B PR 2 W1 (BT Bt i EAA 5 i
AR TEERE X O SR —
2.2 rTHEYTEEE

16S rRNA P73 #riA hy anammox 41 42 ¥ BRI T ] ( Phylum Planctomycetales ) 53 AR R 1 —28 A 37
BER, 245, CRIE M anammox U 438 T 5 AT REMI &, 70 9l & . Candidutus “ Brocadia™ . Candidatus

“Kuenenia” . Candidatus “Scalindua” . Candidatus “Anammoxoglobus” F1 Candidatus “ Jettenia” ') |

R FH W22 07 B AN AR S R anammox 40 R T LA A28 5 , &K L anammox 4 & ZFHEEFA 3

(1) Fr A 2 ABR anammox AN 16S rRNA FE K 7 51 5 V7 BEEAR B ( Planctomycetes ) 153 319 16S rRNA
LA e 9 A AR e AR B 5

(2) anammox 4HPH) VZAFFET HAR AN TIREE Y 7R 08U IR E 5 e VR ZE DAl 15 e & & A PLT IR
KGR IKA A AR ARG U8 T R RS TS U8 Rl TR 2 KR 2 G K A B AR S8 LA K AT R
FEAT I R VE IR T 4 R AT anammox 4R I AAZE "

(3) ARIESHED  anammox AF = E AR 04 MEZREE, F—ES RS, anammox HH 2>
A I Z R R IR] Y anammox 20 B AR B E A0 BE B A | BIAFAEIXRE 1Y AT BE « — b G b i 1] 3> — Fob
B AAFAEE T YRS T anammox 41T 16S rRNA JE K ORI E SRR P 00T & PR 76 R PR h Uk
T 2% Candidutus “ Scalindua” 40 W 09 17 761 78, i Candidutus “ Brocadia” . Candidatus “ Kuenenia” .
Candidatus “ Anammoxoglobus” i [a] F1E R FIR K G AR P AAE . (HAERFFE 28 SRR AR (I H A A DT
A5 rp [ E UT T AR TS 98 ) B anammox 4 B 22 KE P B, Candidutus “ Brocadia” . Candidatus
“Kuenenia” H| AR BTN, HIH Z ARV o DAEXS H ARG th S A i A 1, X — 25 A 1% T gext
anammox 4 P& AN [F] FPHE A= A7 PR AT 1) P4 1) FI T . 2005 4, Giiven D NP IER VLSBT 2 I R L
AEBL anammox Z0TEEAL , LASIR L/ AR 0 HiL 1327 A2 €O, , 3% — Sl A R PR AaU 2 e A it P[] i i
F1049, 2007 4 Kartal B 58 AU FI 70 A W 4 H R AT IR L R AR IR B h R BT — ok iy IR A U Sk
[ Candidatus “ Anammoxoglobus propionicus” , "V RE e B A 1Y AL A HLIR , JFAE anammox 4 AP HESS 14 b
HUFHHY, BRI AAC N FE— 2 3 Wi A ] anammox 4 7 B RE A AE 7E FRBE (0 o) PE 4R A T 52 St 56, [l it
W UL anammox 4l P REAFAE A 2 B BRACIERAR A DG AR A FrifE— DR R
2.3 REEEAMNEN BT L

IRARAF T anammox 21 TE LA E/NO JEA Hh (1774, 4 A R £h A B L A6 o AU, R 72 AR T A= )
AR BT SR

KA AN & HEAE anammoxosome FIZHHI TN (K 1) . FEIHEH ,4 N F5 5 DR 74 VAR
R A JE AR FH TR VAR R 538 SR A R B , {EB A WFFE & PR anammox J& K W AE7E A dn b 0 Al AR 6 NO 19
SEALIR TG U A A R AR S P REE A R R 38 B NO A anammox 41 9 R ) =41 22 4R
J& , AR/ NO TEME K S AE T Az s b 1l 7= 9 WE, BEZE A7 T anammoxosome PR L 114 JHF 480 Ak 1 79 1 HH
TEAL R — 3 7 N, 4 DA 4 AL RS PR SR A B Ny s T AR 0 S b iy 1, [R] I AR
anammoxosome HH AN A - FE W 22 18] HE ST B FBR E DL S B BBR | IR E anammoxosome R I [l 1Y) =
BERR IR 5 N ( ATPases ) /E IR 77248 ATP N 4B A= K ER BERE &=, 0T W LA7E T 16 B2 (0 #E 3l 3d i
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ATPases [T FLi& B 40 M B, 3% — HL i 28T I AR ADPPi ? ATP
i ) SE AL B RR AL LA BOG A VE I B B AL B R AL AL H,0

NO,~
2.4 SRR K N &//H

2.4.1 WAHFRER L )FG (nitrite reductase, NIR)

HH NIR je =
NIR K WS ER SRR 5o NO/ £ e, ik —2 A= lirh ¢\:HR )PE%\ _—
N - ; A [2] 15 J H,0 N.Hs 4H"
B =Y R ALY, VandeGraaf A A 25 A FIH NP Fr N» RS ME

WEIT T K I A A AL R DU e o F 2 132 Bl RS SL E oh S S/N (anammoxosome) B B AT
A1 Strous M AFARISEMALFINEAE Candidatus gy s gt e AALIR, 3 — 1 78 o0 7= 5 F #6709 ( proton
“Kuenenia stuttgartiensis” 4P BIZE R &0 T WASHR  motive force) BLE ATP!)

Eh-NO AR IR B FL ] (NirS) , ‘BB WA R 2R 1L~y Fig. 1 Postulated anaerobic ammonium oxidation coupled to the
NO ,]&]—m EE EEEPI‘EJ F::% E#o Fﬁ L , NIR & Jiﬁ Elﬁﬂéj @2%:’1 }a anammoxosome membrane in anammox bacteria resulting in a
PR NO T A P T A A AR A B proton motive force and subsequent ATP synthesis via membrane-
R bound ATPases!!]

2.4.2  JPHEJREES B K B (hydrazine hydrolase, HH)

FR NO/FMEAE HH AR T SO A ik . HH ZESEPI A il 8 A2 1 BE DR Gt 33X — b ke ) BE R 7 1
(4R 53 A L R V5 K B W FA% 388 A AR L IR 6 R & D S — A B B2 X ik & i, HH
P25 5 —E A R R R A5 A AL Z AL . A BFFEHEN HH {37 T anammoxosome IR I, J2 Bk 22 24 Jifd 51 il
anammoxosome I i , {8 {57 T2 L o PN (B9 & SRR e AE HH A R 72 A4 B9 FBRE i 3] anammoxosome N
Karlsson R 25 A\ FIF HH B3 I kuste2860 (KEFDTPTLRD) Al kuste2861 ( RSPYPLPDDRM ) [ 455 Hy
BEbRic ikt HH WA =S (B B aEAT 1 04T, R B0 e fabmic U BRAE 4L anammoxosome P, H 2 A 5
IR B #— Ui T HH 1 anammoxosome B C & .

2.4.3  JWFEALEE (hydrazine oxidizing enzyme, HZO)

HZO J2 R s E AL i v — A S B0l e b ) = Y e — 7 I AR 4 DR 4 DT
W) & PSR A AL T ( Aerobic ammonia oxidizing bacteria, AOB) Fll anammox 21 & &R %54 —3 octahaem 4
2R C B, P LA 2 P g MIGIESEHE |, RIS A — R P 2L R BRA A o, AOB #5417 11
S AR N e S8 AL 3 )5 (hydroxylamine oxidoreductase , HAO ) ; anammox 4 F 455 17 19 A2 8010 kA9 k4 AL
fit (HZO) , H. HZO % HAO #y4>FH/)N, Shimamura M %5 A o F A & SR 57 77 B A bR KSU-1 2lifk 7458
EHZN ML R B S Candidatus “ Brocadia anammoxidans” AR & W [RIE:  Dhie b REWS ALY HZO & H,
FEXTEHEAT HZO BP0 F 53 B G i 2 4 - hzoA ( BAF36963 ) , hzoB ( BAF36964 ) 5 % Lt 43 BT %2 B0« 336 /> 2%
A 54—~ B L HE B9 hao JE A B9 R PEAREAK (<30% ) {5 Candidatus “ Kuenenia stuttgartiensis” 3& K 21
HE I hao SR E0 % 5 i AU (435100 88% ,89% ) . HZO 4lifb 5 KB HLAEEAL I, IR Ak A 1L
FRlE s NIMIESE T HZO JEARTRT HAO VEF RS AL R Bl > >

Tl Fisf, 5k 20 i 52 2 11 HZO A BEIE R 81 hzo 55 16S rRNA FEPRMI HLA 36 5 i A4Sk, IR I hao JE A
WA LT F A 2E 5 b o 1 s s i i, B h anammox 20 0 B9 ZAEHEF SR IRSS . Quan Z X 4§
AT Li X R 25 AP e S B A Ana-hzolf (5'-TGT GCA TGG TCA ATT GAA AG-3")/ Ana-hzo2r (5'-
ACC TCT TC(A/T) GCA GGT GCA T-3") 51 ¥x R A AL S #5175 Y6 anammox 2 T 34847 D) fi 25 A A
LRy ISl T 2R, A R A BT anammox 4 A E B E
3 Anammox AE7ESKGIETZHEIN A

G5 KA B T 2R FHAE A - RO AR AR, B T B S0 9 s A7 25 A B0 AN [ i A 00 52 s A 79 1
T LRI )RS ] o IT Y, BOE AN R ZR A 00 SO e N AT o AR BB 558 T 27 K A= I 2R s
Hurid g £ FEH , (HX S T 2R B AR Z R, 0. T 2B, o M AR, St 4% % & T il
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A TR T 48 0 0 T X DA 2 205 oy 1) A v 2 5 A AR 0 v T A R 3 SR A R A I R | 2R 5t 0 20 [
B A 775 VR RIS AL R 5 H np o S fr B8 7 8855 , MWk BE NHE A1 NO; /K Sl AL AR D 4h Akt
AR AR Y IR B T E AN RN, X SR Tl R XG0 T s AT i B e MR B AT AR, )OR] g i L kTS
7k

Anammox 4 [& 12 A B — T R OR 4 4 1 2 A A A R 3 A/ Ay B, N2 1 A Wy i & i )
5T RETRFE DR, 03— AR A B AR DA TR R Rr 6 .
3.1 ANAMMOX T. % N NHOH

NO;
1990 4F, fiif 22 Delft £ AR K% Kluyer 2 #4652 5
EWIH T ANAMMOX T.25;1995 4, Mulder A % AFESR de
RICIR TN g ORI 5T o e B 7 Bl AR 20 1, AL Nal, N
TH 2% FIAH R 6 i T AR B2 R B & A2 IR PR N, 1™

B2 ANAMMOX T EH K RHEB!
[29] (2] [24] [30]
ﬁz o VandeGraaf A A \Jetten M KM \SChalk J Fig. 2 Possible reaction mechanism for anaerobic ammonium

SFENFEIE R NP VERRE TR TIRASRME T % oxidation proposed
SAACHLEE, K B . 7 B DA — 28 PP B 40 B, B anammox
YR, LA RS IR ER A HL T 3244, AR e ISR v B) =) S B R S AR BB, Xt il ANAMMOX. T 2 AT 8
(R RS HLER (18] 2 AR (1)) o BFFE & BR, anammox 4 T FE A (R EURIE RS ARER ) 1Y HL A9 3 AS 2 7 AL
11,0 1:1.32 2247, Horp 2 1929 0. 26 mol NO, 78R E IR BE h AL M iEER:, = A B Tl e T &
1% co," "
NH:+1.32N0;+0. 066HCO; +0. 13H*—1. 02N, +0. 26NO; +0. 066 CH, 0, ;N, ;;+2. 03H,0 (1)
TESCIG 3 AU 1, ANAMMOX T ZFEAN R (1 52 i AR U R 4F i A7 808 4 1R G R A6 R LSBR
FI g R N A ST, ANAMMOX SV A = ZE kR AE T anammox 21 1 (14 A5 4 2248 18 14 )i 0
Bl K 3 % 75 5 100—150d R Al P I 3l ANAMMOX 52 i 2 oA R 75 — A+ B B2 A ) AL,
3.2 SHANON-ANOMMOX T2
MR (1) Ha] LB 3 R R B A R A RS R LA 121 (9 el A7 i S8k S S,
DA S e AR AR R A% T K A BIR E  wiT U %) e AR A AL o B A, RIRE R o U Ak A R
T PR U PR 48 SR A 4 S JES 4 L B8, DL s 1 X (2) B
NH:+1.50,—NO;+2H*+H,0 (2)
Ry o 3K A AT B SHARON-ANAMMOX T2 Was Az, 24 50% 2 A BB AT, pH A REAR L S 452
BT LA 41 9 A% 0 &R 3 — 25 4k, SHARON [z I #% 3t 7T LA 3K 21 R 4 & 8 10 75 22 19 & /0 il 1R VR
FEH S
3.3 CANON T.Z
XFTFA MU & AR5 K, B TR R A A DR A AR VE T 43 B T A SOz i o, 3 W LK PRAS 52 AR
EETE R —RAL 4% , Bl CANON ( completely autotrophic nitrogen removal over nitrite) T. 25, 2 Z&7E P FH 21 B
(AOB Fll anammox ) FIERIGAE F 5E b, TER N 2%, AOB JHFEA AL AR~ A WA IR SR , I HR it B4R
RIS anammox 20T [A] A A K 5 SR 5 22 U I Al R 56 7 DR S S A P R 7 A RSO B S i ik 2207 L Iz
M (3)
NH: +0.850,—0. 435N, +1.4H"+0. 13NO; +1.3H,0 (3)
CANON J Jof 75 5256 28 MR A R R AFSE, Third K A 28 AP BF5T & B . CANON F2 W ¢ 1 22 & 1
B ANAMMOX S B 2 B4, e . 78 ERia i sb ok 1. 5kg N m™ d7' {HH F CANON T. 2 HA — g,
A DIANB AT AR , BT 2495 K P R H 2 G B IRt , CANON mf LUk e ek 4%
4 SKAIETITZH anammox HEHI 5 FEWFMR
FEA M1k, anammox A A E A AT E IR, B LA T A W24 05 iAo SL 2 b RS0 A S5 A
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B A T EEME L, X TR KRR TS, RS EW e ke v g s TR
A T REY I BERLS] AAIBAT S5 [ R B

FEXT ANAMMOX ,CANON LK SHARON-ANAMMOX 4§ 5 i ¢ H1 anammox 20 & 1N 43 A | 5 1 810 55
Wi, B fN R TR RGN 73§ R )27 07 FISH(POG RN 228 ) \DGGE | FefE | SEi & & PCR
(Real-Time PCR) %7 WL #0117 1Z B . 78RR 5K 10 57 Y5 7K 26 ) Jid 0 R 25 77, Gong Z 558 A% FI
FISH AN A= Y E-CANON 1% 75 H AOB LA S anammox 4B #9725 81504 47 434, & L. AOB 2407 T4<
e 5 AR A BT ST, anammox 4 B 2257 TR R /K- A= W IR I, 3k 5 38 B A A7 R B — B0, R W o
A AL ML AR AL T UEYE . DGGE | 5wl J5 12 1T LA T Fh B 2 AR M 55 7 B SE . Quan Z X 38 N1 FI ]
S - E 7 6B TR E ) ANAMMOX [ #5247 anammox 2 ARV ZFEPE R 434, B0 T DL i
Candidatus “ Jettenia asiatica” , & T anammox UG FIFPEEA B, XF anammox 40 E A= FE I EE 19 ZRE: , Bl
FATTHEN A SR 5 T BEAFAE G Z2Fh A B BRI anammox AN , HZREME BRI ESE— 2B R ., Li X R
NP FFH DGGE | e B 45 J7 3 0328 17 58 7 B9 ANAMMOX 2 J ¢ o 41 B 19 £ 8 Pk 0E 15 20 i, & BRL
N. europaea-eutropha®1J& 1 AOB 21 & 1E K A I 15 anammox 21 8 HE [F] A2 75, #EDI AOB 21 B 75 Bl 48 3R 4R
ARET AT e S & AR IR Z AT, TR & 22 AR TR 0 R A A, 40 A 22/ IR B T anammox 5 1Y &
£ 42 anammox 5 AOB 40 B 1934 24F 5C R LA K anammox 5 H B 5 55 Gl A W) 9 3 AR S R A TR i — 2D E ST
Real-Time PCR 75V P LASE P € 1 b o3 B AS [R) R R T 198 300 G 28 LA SRR Bt b L 25 AR 0 2 28728 Ak, DA T B
SRR R P RUE MR SIASHLAT, Li X R 2P FIH Real-Time PCR #7720 REVRZAS T ANAMMOX J52 Ji 7%
i AOB 2 1 A1 anammox 40 AR PEAT T Hudse , KB SR N. europaea-eutropha FiJE Y AOB 2 & 76 K A IR 1%
5 anammox E LA AR, H HAE S - HJ& anammox 40 #5019 0. 8% ; Quan Z X % A\ AEHL A
Real-Time PCR J X —F BB 170 ANAMMOX Sz b 8 4 647 1 5 80T, X P FE 2 AY anammox 411 5
SATE Y 50% 11 AOB H i 3% , X SE45 M E Y A B S T anammox 2 T 0 25 220 075 K 9 RUAL LR
EHEENEM,

Y, RIS F A 02 5 EEFSE ANAMMOX 45 T2 H i) anammox 2 & 38 A7 7€ — L4 [0] 1 ,

(1) HE5E Y 16S rRNA FEH 51475 anammox 21 F& F4AH R 3k A F- B DT BE B2 441G, A5 Bk L)L S B anammox
AP DNA S A ZHEEUEE, Bt Bt 4 S 5 | 0% T2 anammox 40 B 1Y 73 F AL W 2= 55 G & +
BN,

1T pladof X 77 %5 i B A5 S PR AR, B IEAR Z 0 5 h A pladof S5 BE X5 19 5| 9 #E 47 PCR sk
B, R IR AR A A B 2P S . Li X R 48 AP ZEFIH plad6£/1390r 51 H) %} anammox 2 B 4T Z 4
PEAHTI, B2 60% 1Y o4 5435 )& T Chlorobi , Verrucomicrobia . Chloroflexi . Acidobacteria 1 Proteobacteria
1], KKK T XF anammox 4l i 2 BEEFIWT O WERGPE . BlJS Amano T A NPV R AE T AR R A AL
PR TS5 1) Amx3681/ Amx820 LA K fie {1 K il B | Sanchez-Melsio A % N HL# T LA plad6f F 51
PIi Z2 51 AT Amx3681/ Amx820 , #E—PAUESE T L5115 pladof 285 [ WIHH ML A B m B Re e T kR 8
3 PCR AT AR R 5 |90 00 AR A R T5% anammox 40 2 AR A5 RS TREN , Schmid M C %5 A7 54 &,
25T WMEK anammox 4B T FH A B2 A% BRI AT FLE B A PCR 51950 (% 1) , Hirp—2841 %) anammox J-/~Fl
JER A 5 RA —E BRI ) anammox Z0TE 73 TAE AU SR ROT AL T 2% i JLAE, AR
B . HZO £ anammox 41 B8 000 0 B] =4 = A R0 SOR DCREE e, g f J  L S m  fe et L S5 B 1R &
¥k KSU-1 431 4lifk i) HZO 5 M | Candidatus “ Kuenenia stuttgartiensis” %5 PR 2 BB 5T LA X T A3 E2 A1 anammox
AP I 2R 2 F5EH R T hzo 514, B Ana-hzolf (5'-TGT GCA TGG TCA ATT GAA AG-
3")/ Ana-hzo2r (5'-ACC TCT TC(A/T) GCA GGT GCA T-3"), fE Li X R 2 A iy#F58 v, FIl FH 77 25 18 16S
rRNA ZH 51317 5a e, RABL T Candidatus “ Kuenenia stuttgartiensis” — 2 J& | 1 F| FHEF X hzo %
HE5 N A T 5 Candidatus “ Kuenenia stuttgartiensis” , Candidatus “ Jettenia asiatica” KSU-1 EZZ5F R
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FARLEE LR ) hzo FPB1 B 1 ZARMES R AT RO MERR PE R TSR 1k, AR BOWT ST, mdke S v 5 | s i A7)
SRR AN TPR R AE R, (EBEE L DN LB AR 1 4 Ji , R B 22 09 e S PR 5 1 0 22 B 915 11 21 anammox
ME I LY AT

®1 ATUERRESELAFNERTBESIUREIES PCR 51 HA05E A 1

Table 1 Oligonucleotide probes used for the detection of anammox organisms and their suitability for use as PCR primers *’

b HSH -3 s G M SICH) 1 POR 5 40601

OPD* designation trivial name ~ Specificity Sequence 5'-3' % Formamide/mM[ NaCl]®  Tested as PCR. primer®

S-P-Planc-0046-a-A-18 Planctomycetales GACTTGCATGCCTAATCC 25/159 F (58C)

S-P-Planc-0886-a-A-19 Isosphaera, Gemmata, Pirellula, Plantomyces GCCTTGCGACCATACTCCC 30/112 —

S-D-Bact-0338-b-A-18 Bacterlal lincages not covered by probes GCAGCCACCCGTAGGTGT 0/900 -
EUB338 and EUB338 Il

S-D-Bact-0338-d-A-18d Bacterial lineages not covered by probes GCAGCCTCCCGTAGGAGT 0/900 -
EUB338, EUB338 11, EUB3381ld

S- # -Amx-0368-a-A-18 All anammox organisms CCTTTCGGGCATTGCGAA 15/338 F/R (56°C)

L- * -Amx-1900-a-A-21 Genera “Ca. Brocadia” and “Ca. Kuenenia” CATCTCCGGCTTGAACAA 30/112 —

S- # -Amx-0820-a-A-22 Genera “Ca. Brocadia” and “Ca. Kuenenia” AAAACCCCTCTACTTAGTGCCC 40/56 F/R (56°C)

S-G-Sca-1309-a-A-21 Genus “Ca. Scalindua” TGGAGGCGAATTTCAGCCTCC 5/675 R(56C)

S- # -Scabr-1114-a-A-22 “Ca. Scalindua brodae” CCCGCTGGTAACTAAAAACAAG 20/225 R(56%C)

S- % -BS-820-a-A-22 ;‘Ufjl;mif",?li"d”“ wagneri”" Ca. Sealindua o\ prcocreracracToCCe 40/56 R(56°C)

S-S-Kst-0157-a-A-18 “Ca. Kuenenia stutigartiensis” GTTCCGATTGCTCGAAAC 25/159 -

S- # -Kst-1275-a-A-20 “Ca. Kuenenia stutigartiensis” TCGGCTTTATAGGTTTCGCA 25/159 —

S-S-Ban-0162( B. anam. )-a-A-18  “Ca. Brocadia anammoxidans” CGGTAGCCCCAATTGCTT 40/56 -

S- # -Amx-0156-a-A-18 “Ca. Brocadia anammoxidans” CGGTAGCCCCAATTGCTT 40/56 -

S- # -Amx-0223-a-A-18 “Ca. Brocadia anammoxidans” GACATTGACCCCTCTCTG 40/56 -

S- # -Amx-0432-a-A-18 “Ca. Brocadia anammoxidans” CTTAACTCCCGACAGTGG 40/56 -

S- # -Amx-0613-a-A-22 “Ca. Brocadia anammoxidans” CCGCCATTCTTCCGTTAAGCGG 40/56 -

S- # -Amx-0997-a-A-21 “Ca. Brocadia anammoxidans” TTTCAGGTTTCTACTTCTACC 20/225 —

S-# -Amx-1015-a-A-18 “Ca. Brocadia anammoxidans” GATACCGTTCGTCGCCCT 60/14 —

S- # -Amx-1154-a-A-18 “Ca. Brocadia anammoxidans” TCTTGACGACAGCAGTCT 20/225 -

S-# -Amx-1240-a-A-23 “Ca. Brocadia anammoxidans” TTTAGCATCCCTTTGTACCAACC 60/14 —

I- * -Ban-0071( B. anam. ) -a-A-18 “Ca. Brocadia anammoxidans” CCCTACCACAAACCTCGT 107450 -

I- # -Ban-0108 ( B. anam. ) -a-A-18 “Ca. Brocadia anammoxidans” TTTGGGCCCGCAATCTCA 10/450 —

I- * -Ban-0222( B. anam. )-a-A-19 “Ca. Brocadia anammoxidans” GCTTAGAATCTTCTGAGGG 107450 -

I- * -Ban-0389( B. anam. ) -a-A-18 “Ca. Brocadia anammoxidans” GGATCAAATTGCTACCCG 10/450 —

I- # -Kst-0031 (K. stutt. )-a-A-18  “Ca. Kuenenia stuttgartiensis” ATAGAAGCCTTTTGCGCG 10/450 -

I- # -Kst-0077 (K. stutt. )-a-A-18  “Ca. Kuenenia stuttgartiensis” TTTGGGCCACACTCTGTT 10/450 —

I- # -Kst-0193 (K. stutt. )-a-A-19  “Ca. Kuenenia stuttgartiensis” CAGACCGGACGTATAAAAG 10/450 -

I- # -Kst-0288 (K. stutt. )-a-A-20  “Ca. Kuenenia stuttgartiensis” GCGCAAAGAAATCAAACTGG 10/450 -

a; OPD, FERCH PRIREHER A4 75 5
be SR ARSI 2R A il P BRI T 2300 B i SR A B TR
c: FLRTSIMR,GSI; 565 BB R AR X2 T RIS 1A RS A L A ERET P B R EAMA S ; — ORI
(2) TEMYE ANAMMOX 85 SN i Jet 20 I 8] 5 1< A9 TR) 1 Gnfey 56 A 80 4 46 anammox 201 T 18 0 B 45
RS Y 10 L P 3 fie 7 ) 23 anammox 41T 1Y 5 850 46, g — 2B RS T LIAE Sy B3R 19 2 B0 A, DT 52
P anammox FH 3G 50 i ) PRES B ATER E 1217
G, RS TR R O R AE ANAMMOX 55 2 N d BE 5 I IF e 817 . WF R I, NZ R
(] 2SR 1) Sz 7 e , BT AL AN [] 75 7K P T 1 s o e v 2B ST P T DR 2R AT 4 v, 485 3—4 A H IR 7 N TG
K B IREE R A S AR LS B anammox 4HBA 14 B 58 0 (U QSRR TS VR I R R ), R
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e 2 i B LA R AR BB AT 1 HH BRI anammox 40 ZHMERE S AAAE— BRI 2E 5, Date Y 5 A 4351 F]
FHA T 15 7K AL 3R 2R 42 v (9 30 4 ¥ D8 T AR VR AL B85 7 AR 1475 08 L B Ak 305 BT K B i Ak it v 1 35 e AR R
anammox FEM{5E , 7L B MG , 0 H 2 REEIEAT o3 M A B« AR 16 T /K35 Y e o 2 1) S N A 46 i 114
anammox ZAFE1E . Tsushima T 5 A 7EXF & 42 4 15 U v A0 B8 1) 2 AR MEIEA T 20 AT IRE R 3 1 S 3R 2B 0
anammox A& FYILAF PG | R —F S A AFAEAH EAE FH Y ) TS ZE M5 i (H 303 53 35 G AR W07 B T B
DO (A4 BITHAE, 1T LIA anammox 20 T S (3 B B AR R BREG . I LIAT 22 8 HE DA E e A 15 e AR MR
151 ) S5 e T , anammox 2T B AT AR B B ) AR AU Eﬁﬂ{ﬂ%ﬁ%ﬁ@iﬁ*&*ﬁﬁ%ﬁ%ﬁﬁ,Tsushima 14§
]\[45]25% Real-Time 77 XA E5TEH anammox ?Hﬂ%ﬁﬁ??ﬁ-ﬁiﬁg%,%ﬁfé anammox A i 15 (975 e 1E A
PR RSB AL T, e hi#nik 3] T 26kg Nm ™ d ™" [ & Z2BR %, anammox 40 B 1945 1 S8 R
A5 K 3.6—>5. 4d, KRG T anammox Z A THACE . ZE75IRTE A J7 1, Pathak B K 25 A M0 K kLIS I8
B A BT anammox 58 1 & & ; Bae H e N1 S TR TS IR AR IR TS U T anammox 41 A Real-Time
PCR Z5 R R BURTE Je ' anammox 4 RETEH £,

HR, B4R anammox AR, 52N g 9B B 45 LA S 0s 17 26 A4 AT BY T R G0 IR s AR € 817,
SBR Tt 2 [ 5 PR 55 S i o CL AR 2227 8 VEFR-AE 4 anammox & 45 55 55 1 S W #5121 {H i T anammox /&
Kol B g0 | 1 HLS g i B AR A R 4277 A | anammox T PE V5 B 25 5 78 I # T AR BT AR 4 Y B
HERUCR OGHE . Tsushima 155 A" Date Y 5 A 53 BRI TS5 i V5 Ay 15 VR A MATE HL 45 1 14 O 4 T 45 S 3
T anammox Z B ) = R0 £E . 1M Pathak B K %AHG] F R IR B9 A 1T %% 3l =Xl A W id 42 A% ( immobilized
microbial consortium ) SZEL T FEARIR MR E ST anammox VSR INE 4, TER N #iE1T25F )7 i, Tsushima 1
SE NI TR R RN A HRT K & R WA IR R HEAT T Mk, R 3AE—E HRT F, A LB
Wit 75 2 G A TR 5 L 9] 7 — ¥ Pl N R B4 384, 7 HRT IR, R BB A i T, X T g2 i T R
JOE S 7 A A AR T 0 = P e K R s 1 IR AI 1% anammox B AN HIVET . H e s 47 %A%
B PLAIE 5 28 B 22 Y BF ST LA 5635

£ EJTR  anammox 158w HE i AR v BN 2D BRAER T LAl kg S L A PRGHLRS B i B A% BE 24T 2 AR
PR EE AT & . IR A L RARER BIALAL , IS4 anammox AH G S B s B A IS AT A 23 46 2%
KA rE]
5 HRRE

X anammox il B A5 2 24 HiT AT 58 ST i) — AR NS — K I anammox 411 7 1 477 31 BLAE th 2
A SRR D TR R R A R AR AR T KA BB A S PR R A HE A T B TR B,
X} anammox 20 B A= YRR | SEBRI A5 7 T B BF I IR A FRARSEIR A . AR 71 D anammox 4 TR R T H:
PRAA G EMANEHZ I BAFTE I e np ARl R A, i an . R HA HLBTVE A b R Fe' Mn** 4585 F1F
LT Z AR AR JEAE T 5 @) anammox 4l T FEAN IR FREE 43413 A 171 14 LA 2 anammox 21 B 37 1 &
B, TS K AL BEAG SRR R A, B EE T D anammox 15 Y8 5 R B AR, WAl 4SS T I 5E
FE 7 1 B 28 S RN 4 ) DA B IR AR T B DO I I @ el B 1 e S R 5 19, 24 anammox
TR 1 AR A3 BT SR T SE M RN A M B FEAR 22 B A% T, AETE anammox A T A1 HE A R A= 1 1 S A 31
G208 LIRS IR, T Z 0] (4 06 ZoK A B TR A anammox 20 BB AR FIBLHTRID)RE

ANAMMOX 55 SN # B TT 5 R Z AL TESE 86 B WFFE B B, HLAE AR A SEBR Iz AT A 2, ik s A 22
PRI W E BT B9 VI AR, 2 BT A T R RIS 7 ), AN W56 36 T 2038 47 45 1F 1 anammox 2 T8 BES H.
TEHIAE 15 K A IR RO RE IO AT 3l Hh 4% B IS R AR I o
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