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activity of anaerobic ammonia oxidation (anammox) bacteria involved in the nitrogen cycle are also
closely related to the iron element. Being ubiquitous in the nature, iron minerals have been widely used
for wastewater treatment, owing to the advantages of low operating cost, good stability, and low
secondary pollution. The addition of a moderate amount of iron minerals not only can promote the
enrichment of anammox bacteria and iron-reducing bacteria in the anammox system, and increase the
abundance of functional genes and the activities of related enzymes, but also can regulate the sludge
concentration, heme c¢ content, extracellular polymeric substance (EPS) content, and granulation degree
to improve the sludge properties and the anammox system stability. Meanwhile, iron minerals have the
potential to promote the coupling of multiple nitrogen transformation pathways, such as the anammox,
nitrate-dependent Fe(Il) oxidation (NDFOQ), ferric ammonium oxidation (Feammox), dissimilatory
nitrate reduction to ammonia (DNRA), and denitrification, which can improve the total nitrogen removal
efficiency for the anammox system. Focusing on the good performance of iron minerals in promoting
biological denitrification of wastewater and their varieties in the anammox system, the mechanism of
iron minerals in enhancing the anammox system is systematically summarized in this study from
nitrogen removal efficiency, sludge properties, microbial community characteristics, and enzymes
activities. Moreover, the future research directions are prospected from the perspectives of the utilization
of iron minerals and the uptake of the iron element by anammox bacteria, aiming to provide theoretical

and technical guidance for the application of iron minerals in the anammox system.

Keywords: anaerobic ammonia oxidation (anammox); iron minerals; nitrogen removal efficiency;
microbial mechanism

BROCE TR W A A 15 AN ] Bl ik fr) 22
TCRZ—, YR UE YIS T 2B TR i
H 2 55 by BB 43 10 A ) 46 e 28 11 IR A g i
HREmFOY R BIA -, XA VA B 45 A T B AT
BRACIHE & b T oA g, X RAESA
{k(anaerobic ammonia oxidation, anammox)p# >
i, A AR — AR LT R A,
N & A L (hydrazine synthetase , Hzs) FlIEK &
Jiii & i (hydrazine dehydrogenase, Hdh)%, [F]H}
Fe(I0) 2A4 I T 26 755 4 DX 35l 1 T2 J s 42,
Van Niftrik P4 3] anammox T4 i P4 ) R4
AEAR NGB RERBR, AR
BAREEERIC R , IR EREE AN BT R i1
A UL, BRICE XS anammox T A AE K AR 2 OCHE
B, XL R A anammox 2B AR A T
I -alN

gy — i, BEE % FF S AL [nitrate-
dependent Fe(II) oxidation, NDFO]" | #k& &1k
(ferric ammonium oxidation, feammox)[g]\ BRIK
Bl 1 S ALl IR £R 38 )t i 4% (dissimilatory nitrate
reduction to ammonia, DNRA)[()]%%E . AIEH
S e R AN (i E SN 1211 Ll b/ A
EIRTERIREEE R, UESE T H AR AP SRR FR R A
TEA R BBRMG . fExLRed, &, P
BRI API(NO, . NOs) A 1R Fe(ID4E LY
HL 208, Tk P S ESPI(NH, . NO,y)
RN Fe(ID)id ) i M FHEA, M SEE AT
Z(NH,". N, NO, . NO3)MIELIL K [Fe(ll).
Fe(IID) 554k, 27 RESCH NDFO ., feammox .
DNRA 5 anammox ., JZ fifft (denitrification)i& 15
A, KA B TRk anammox F 4814 I & 5K
fe, MM A &HE . AR T5 KA B iR 12
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PR, R TR Vs K A B — s
FER)SEELFR AL T REN, SR 2 Bl o 3R [ <k kg
e R E B 1 S B0

Byt BRIz i B 2T
WA RRERALG Y, T8 56 8 ik s
Wk, AR, OB MR R R
WIERN B S A 2 U B e 45 30 i 1k 9 o it e v
R EEAN SRR, HAFTERERS P 41 iy
TALEB R, i A FUF A Fe® fl Fe'',
B B R R B TTE MR, FEAE TS
KA R T R R A RERC . R,
A SOR BT840 W) anammox R ¢ Y 52 Wi K H:
BBk, MIRERRE . 15RERE . UEDEE
TIE B W0 1k A Rk, EE ALER IR R P R
anammox Z 4t 5 AL AE ML o

1 %5 W2 X KE anammox % 4
W E

BT ARG S PAE A BB R DL R
F A anammox FAE LG S ELEAEH, Biimfk
anammox A AE UM 7% 2 2 B 6 vE, HlE MW
AN S A5 HR T DU 4 2 — B T PR 5 g 1 A R
JLE (Fe’*. Fe’")%t anammox Z 45 Y B A ALAE |
IKERE I . 5 e R R A P Sl e e A
1PN X SEREST R BT, Fe* Ml Fe' A DA ik
anammox [ G516, #27F anammox R4t
(1 M R RE DY B AE AR A B R S8 pHL 3 R
24 F (pH 6.0-8.0), iFESA Fe*' fl Fe’ 5444k
H AR EERY, Vet — i E T REY
FETEHG AT REIE EEAL, HESPAELMAED W IE
R RARHTO [ Bk S AR DT A A A
AFIFHRITEMEARRA, REHR NS 53562
FEREAS S IINET ) SR B 45 AL anammox
ARHET R

MRS, S0 Vet A sk, fae
B RSB, SR ik A S A
TFALEB AR NI TG K A Y B R A P BE
PTAESR, B Y584k anammox FRG0AY M &AL RE
T JECAF IV P A A 0 e T e 728 S5 T 1 A 95
FEIRESOL R, B ANE Y R 5 AR RE
X 4 755 e v A A A P Tt s A A I T8 R 24 i
PG, B M R RV L AT R A
WA SR IR sk e R eV AT
HEHWKT RN RS RN Tz
—, T HFEE DTSSR ARG, S
¥ anammox 2 4t H1 A AR b s AN T
L1 S MRAEM S E

i 1 s, TEKARPRESE F Bk P
PR RANTR, 50 4 25 K (ferrihydrite) |
£k (goethite, a-FeOOH) ., &4k W™ (magnetite,
Fe;0,)FIZR 8" (hematite, a-Fe,0;), FZAJHL
AN 1 R

BT A TR IR . RIS
TG YYINERE R, AR AR,
T W B AR T AR T LB AR B AE R 2R A
HLIS Y0 M, As, Pd, Cr %8480,
DL AEAE HoO, 5 AL AR . N T34
SEMERR RIS Y T AR SR AR TS K AR
8 2 T A T I PO R R RS R
A — e S, ek B ek
Rl P A AR 1002 il T DA R Ak
YIRS s AR UL S R OG R fl Z AT
DIER SRR 2= R BT REA KL, Sttt ik H,O, 557
A5 AR AR PR ) E 310,

1.2 ST YHARESH

WIERB, 5 Y070 anammox FR4E
Kzt , DR Y% anammox FIGH
AN EEERO), A5 B A ) anammox TR 2 K
W [ SR AR T Al L . [R)A anammox

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



4308 WAEY

FIER

Microbiol. China

1 BB 6 KIT8%M 6 LKET (A). T (B). BT (OFMIRELH (D)HI LY Bl K 45 M ig By 145481

Figure 1

goethite (B), magnetite (C) and hematite (D)****],

F 1 BN VIR LR L2550
Table 1

Comparison of physical and chemical properties of common iron minerals!

The physical maps and structure models of 6-line ferrihydrite with six diffraction lines (A),

25,49-50]

Iron Chemical Crystal Similarities Particularities Main purposes

minerals formulas structures

Ferrihydrite - - I. Large specific surface area; Low crystallinity =~ Organic matter and heavy
II. High surface activity; and instability metals removal

Goethite a-FeOOH Orthogonal III. Low secondary pollution; Complex surface Organic matter and heavy

octahedron IV. Low operating cost
Magnetite Fe;0, Tetragonal anti

spinel
Hematite a-Fe,O;  Hexagonal

system

structure metals removal
Paramagnetism and Nitrogen and phosphorus
low toxicity removal

Diamagnetism and The advanced oxidation

photoelectricity technologies

T - f KBRS G . RARDN, BEE TSR B AT, A2 A ORI A S5 22 SR, R T DI 1L 2

LR A R ZE R H R JE S — A E I8

Note: —: Due to the small particle size and weak crystallization of ferrihydrite, there are no unanimous conclusions about its
definite chemical formula and crystal structure for the moment, which evidently vary with the number of diffraction lines.

AT AR PV R B AR A 3k dA, W B4k
WA , FEiE— 23 1k R ARV T 1 e 07,
P 1 anammox JUAE (14 T AN RS 36 m ™, 78
Sy HIANA 50 mg/L #l 100 mg/L 4 KEEERH 1)
anammox F 4L, i B 57 14 B G W8S S s
FRRLTS U, R BTG TR R T HA R R Af e,
RIDK G R XS anammox  FIURLA W it
1/E)§H[69—70]O

[, WA/ N R )R 75 2 8% anammox
PORLIT IR R o ZE53 4% 200 nm, 20 pm Fi
100 pm @EERH"H) anammox ARG, KA X 4t

LATETH R (X-ray diffraction, XRD)FRAF4HHrT5
PerEsh, HER BB R ENE , [RIRRRIE G
5i 85 Bl A T RAR R0 NS i, T5 U b gk
SEOHIEE] 7.2%. 4.1%F1 0.2%1,
1.3 S YIMREFEH

Anammox [# 55 U BETIAE P PTG ER PIE R
ARG B A K TR Py 21T, [R]AfE B) anammox
W BRIR R AE R A PE R, R ) R TH
BRI AR HE T Fe(I)FI Fe(II) 3% 772,
FAE e AR B TR R OT R . BF5E
FW, WA 4 mmol/L /K& ) anammox R4
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o, Fe(IDM ¥ R B #3g N, 22 d Alis 3|
(1.83+0.01) mmol/L" 25 BIh , ZEHEHN 12 mmol/L
JKERI B anammox R4 H, 30 d N Fe(I) & &
B % 10.00 mmol/L ; >4 %) I W B #% fin
25 mmol/L /KE# I}, [RIW#bFE 1 mmol/L 11
NH, A AR Fe(ID) & fEAF2238 i, 180 d B &
ik 19 mmol/LMY,

WFFE ], 76 0-200 mg/L HI94 K wE 4 4%
JNEVERN, anammox ZRZH Fe(II)Fl Fe(Ill)
B Vs H ek B A A A5 ) 2 i 3 L 43l
7 0.3-2.1 mg/L Fl 1.1-5.9 mg/LI, /i,
B KRG R R Ok N A anammox R 4L, 24
AR BR300 1,10, 50 #1200 mg/L
Fe(II) 1Y e K th 43500 0.2, 0.6, 1.3 Fl
1.9 mg/L, KM A 5> izl T~ R

[, AT EM ek Fe’ R Fe*', %
i 1 A= P B TR Fe(ID) A Fe(TID) A] LA
A TR, RO R UTTE A R,
T Fe(IDA Fe(IDFFZEHE 1, 4ERF 7.0-8.5 1Y
ST pH (P> F1-107-375 mV KA AR 5
H1, {17 (oxidation-reduction potential, ORP)"7*731,
{531F anammox [ 38 B AE TG FREE U0 A7 24 H
7% TRIHSLE (75 DA, 750 mg/L EMER A
1 000 mg/L #58: %] anammox Z& &¢I M (IA
) Fe JLE S H—20), EBUMAZMERIER T,
Fe(I)F1 Fe(IyPREA T, T 51 d Ik FIE(E ;
Wi J F AR T T 2 s 5 T AE I ARG R
(AR R Hp U TEUTTE D A i, Fe(LID) 7 0 Bifi 15 77 B
] A SIE R TR A, 45 d IS FN AT (1.9 mg/L),
Fe(ID) & MITE 75 d N2 HE = 0.8 mg/LU,

HAFFE A IE, 4 anammox RGEH Fe(ll)
M Fe() & w2l mit, MMUESIE R A A
WIUCTE, PEASIE M TS e AL o U7,
AT BEFSF 2500 R Ny e A i A B
Xf anammox [ i g 4N M 1 A UET, i X}

anammox 1 P 7 A PR
1.4 SRTYRIEHETK

BRI s AR TR R TR ) R T £L
BRATE . AR 415 FL S f5% (scanning electron
microscope, SEM)ENZIE R, anammox 54
WIFERLEE T Fe(IDA Fe(IIAH H, FEE 1
FKEPIBIEFE, AR LIE R Z LB, A7
F anammox FUKL B N, (177 4= 5 8k 71

Ak, WF5ERM, anammox R4 AYERY
Y@ AR, AT LIRS AL R
PE2E L B 5 AL R 45 5 B . R i n B
A, Yang PV XRD BT A B, %
JEY 50 mmol/L /K BRATH870 Fe A Sy i kA ol
BRET, BRI 4 A B AR E AR LA AN

£ EJTiR, anammox [ 25 ) W I T8k W) 4
187, JFLAAE A R AR A ZA, {2 anammox
ORLHIE 8 R W) B anammox T 55 1 AE W)
VEFART AR A i, i P A AR
AT R, RN Wb AL % . 455
FER AR E MR, X anammox RAEMIK
WREsfT RAEEEM . Hil, %o ¥xs
anammox R IEL= RGENERIAS, 8k
YERPL AL

2 %7 Y&k anammox % 4 L2 B

B W) ) Fe(I) Al Fe(III)#f anammox [
BECRI T, A B i858 anammox TS TE, fiE
PEHAC I , $2 55 anammox 3 58 14 i &L RE
(] B4 4 0 1) s om ] AR 2 A 2R b 0 0 R 1
=50, B H] T anammox .NDFO .Feammox .
DNRA . SUR§A6AE RO A & A (B 2), DATT SR
RAFTCR G G, iF—38 R rt
EMEIH R M AR LR, (B WAL 8N .
PIARAE 5 RGN AR Z A DG 2 i AN B I, 5K
Biz A 7 Bt 18 75 82 2 R U (4 B I 4R T
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! NDFO

Fe(Ill) < - . _

¢

Fe(l) -~ NO».

Anamm

-------> NDFO

— = > Denitrification

—_—— = Feammox
.................... > DNRA

Bl 2 & 581 anammox R4t [ i 2 A9 AT REH TR 1SS

Figure 2 Possible mechanism of iron minerals in enhancing the processes in the anammox system .

2.1 anammox RFRANE

BBy RT LR G i A T sh AR T Y
Bt Hh5E anammox BRI FIERAN R S5 D RERUAE )
PIAE AR 51558, $271 anammox RGEAYM AR
2, R, AFRIEAZITEXT anammox &R
G Rs I AR RA R, K ISZER (75 d)sE R &
B, TCAMMPIEIR R, anammox R G A L
% 2 (total nitrogen removal efficiency, NRE)fx
BN 80.0%; #0750 mg/L BN EKEIE R,
50 d Z Hij NRE FEAGERFTE 90.0% LA b, B2
W T REZ 80.0% AT 5 TAERN 1 000 mg/L #4k
WA RS, NRE A8 Gt e, 40d 5
BEARYERFAE 95.0%LL b, R WIRERRG X5 I A AL
FHA KNG, A BT 4T anammox
ARG AESAET . Zhu ZEPSHE— B =
RIE K (500 mg/L)A B, Hu#E 2 mmol/L A
[FI 2SR A BRAb 5% anammox R 4t i A 1952

[38,71,81]

Wi, SBANFPE 50 B TR | LR . Fe(OH)s
FEEERAR M B R, R ILARERD™ . Fe(OH); Fl i
BRI TE anammox RAMIMEERCE, Hip
DAIRERA B e R 225, NRE G0 23.0%, &
REBRfTE 62.3 g N/(m’-d); TREERA I /R
HIHIVER, A EBRHAATA—-65.0 ¢-N/(m’-d).
H AN R 55 1% 22 0 T 7 2 i RN 43¢ i o
BIANTE], SEFPRIZT TR Y%t anammox RGN
SRR B 5 i A7 TG B A A B F R A A AT
fg. i, v anammox R HFMA 100 um %
B 100 mg/L B % Bl NRE JLF- JCHH B 327,
I HL R WA T X HE 2 (4.4%)1 ;T 5k 1) AT
BRI 1250 mg/L /KW, B84 Y5R
fb. anammox AN F F 4L PR K K AT B
M, RPN, 7= A R 35(2.7+0.4) mg/(kg-d), [H]
B Fe(TID) A 30 J 2 6 B0 238, Fe(1D) 1% &4 7+
197.4%, A& R R 4FAY Feammox 151, &
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REAEFEIEE 2.7 mg/(kg-d), T} 61.9%; {H
HH T /K ERE™ 1 U8 1, anammox 1S A4k
R R A2 B, BESR 15 d R A AR LR M
FEAIK 20.0%, NRE FFAIL 25.0% ), mI0L, SRR
W 4ysefk. anammox RGN AALRERT, LA HE—
R PSR B KRR R TE A
22 RERFWHFEMN

I Bk B nl LU Ak IR R A Ak
1% P (specific anammox activity, SAA), 4%
o BF ], A B A R, AT AR anammox
REAZ P LB, R ERW, Ko Pxf
SAA MR HERR, AT REZ H TRk 1 v] LU
BRI R, A B[R] P B 22 I A I
mNREAEY), e T RE A Y R TE v, AR
anammox [ 45 4 A= 4 FUEr AT, ki s
P AR . GFZEA 100 mg/L KR8 1Y
anammox R4 H, SAA T 33.3% [SAA Hiik
432.0 mg-TN/(g-VSS-d)], {H %A Vb i 72 A7 7 i
J& . RTRESE K MR H 1) T B ST e W N IS A
fiefa ik anammox PEBE!®, 78 AR ARk H
Bk (200 mg/L)FJ anammox R4 H L ELE] T
KL, 30 d B SAA BAK, FaET
(340.1+25.6) mg-TN/(g-VSS-d), K5 2w,
130 d 355 (478.7+26.7) mg-TN/(g-VSS-d), &
Xof BEZH 160 43.2%07,

Ty — 7T, WERT IR T L i i ok Ak
anammox [# AYETE, PREMEUE SAA AP,
W, ERIASCE (75 &, MR TF
Wk, BEEA X anammox R4 SAA HIHRFRK
RN E MFF A o TAMMY R Xt BRIk &R o
SAA 4EFFTE 200.0 mg-TN/(g-VSS-d)ZA 45 A
750 mg/L EM kAR H SAA e g, 7
35 d Wik B 243.0 mg-TN/(g-VSS-d), FfJE
1 F21H Fe(OH), TTIE A4 -5 7 35 T8 SAA PR
R, %% 180.0 mg-TN/(g-VSS-d); TN

A 1000 mg/L #EERT AR SAA Fa b K &2
241.0 mg-TN/(g-VSS-d), &x LR T 20.5%!7"
WHMTRRM, SAA BEANKREZRD $E & (14 1
hnmsE i, If B B A DM (P<0.05),
Bifi %5 ORGSR P 2 60 mg/L, SAA
HEIN 28.3%; ARSI M4 AN 2 200 mg/L, SAA
AR T EIFIEH 1.6 510, SR Chen 251 i
REERA R, XFFRAEN 100 um FIREZH,
SAA BB R &, (HEO 20 pm (1Y
GRS 4 S A A I o 28 BRI, B9
X SAA WIRZWHE I 4%, BRIt | RiAR A
PEFTSE 5 SAA By HARSE R M AT, A ffiff—
AT
23 AERMNITELL

1 anammox JZ W H, NH,:NO, :NO; A3
WEE R A 1.00:1.32:0.26, SERRAG I3 A e
IRV bt 2 7 B EE IR T FU BRI g 3 ™Y, 78
FINERY W) anammox RAEMEFTid R,
FBRIBAT A A RIS AL AN, R R
R REFERE &4 NDFO. Feammox. JZfffb4s
— ZANHA N . I, #9584k anammox
R4 % NH, :NO, :NO; (52 PREE /R T LA A2
fR3E B R

MIRZRH anammox Sz by b FEF, HAD
BRI 2 5 B R AT DU B R RE I 4R T, R
Xif SN B4 JEE SR T U S 45 /0N o WA i 9%k B
200 mg/L I KEEARET X} anammox R G LA
TN, RmEA BT AR eE, KIS
I AANO, :ANH, A 1.25+0.02. ANO; :ANH,"
4 0.23£0.01, VLTRSS R iHE HPY; 25
PR St R A TEMA 60 mg/L 9K G801y
anammox ARG H, KIS RAYEE /R kL
431 ANO, :ANH, 4 1.21+0.08 ., ANO; :ANH,"
7 0.21+0.03197,

SRMAMERAEH, TR W8N &5
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F anammox R4 feammox A TTERE 4K,
NH, Wi Fe(II) ik Ji i 801k, #0fd NH, 3o
BEVEHE, ANO, :ANH," Y SEBRBE /R 14 L 231k
FHBEME, il , 79 AW M
anammox R4, ANO, :ANH, K 0.83-1.33,
Rt R BN 3 0, ANO, :ANH, JEAC R
PR B ER, YREE o534 100 mg/L
F1 500 mg/L B, BB L3518 1.15+0.04
1 1.08+0.04 ; M B & 207 W) kLA 1Y 31 K,
ANO, :ANH," W 52 3t S T+ 5 I AR iR e 2,
MG RAE 4358 200 nm, 20 um Al 100 pm
W, TR EL AR 1.10£0.02, 1.16£0.02
1 1.03£0.057,
24 HHYNFEE anammox RHELHE
BY /2 bz 14 32

B P B AU B T B384k anammox
JNE, 4 I BFE] . 2 E anammox 2R SR A i
RALEE, WIEHERT P BA N 29K 5 anammox
NDFO. feammox., DNRA . S ik &5 o F2 AH
G HIVERE, MM — PRI R B A LR
BB )5 Ak anammox 3R 48 T AT BEAETE /Y 5
FRANEE 2 PR,

AR, —F anammox HEG BRIL JE Y

e feammox 7EJE Y AF H 43305 Jnf el
ERBRGEHY R, NFENT 5%/ anammox
RG WA AE FPLT SR AL T B AR R,
WA S A NHy A ZR v 43 Jm st Ao 0 5 A5 i e
R A KED (10 mmol/L), N, B4 M % 5
Fe(II1) 4 ) /b 3 2R 5 1F A 56 ¢ £ (P<0.000 1), 5
UE T feammox K FIAEAE,, PRSFAL T feammox
A 0.11 mg-N/(L-d)*?, ZplHs, 1645
SR HE . TR B AR . KRS 1 R
Vel anammox R H, A 10 mmol/L 7KERH"
B & Fe(LD) A IR EMRM: IR 5T T M BIEIA,
IR 2R P anammox A1 feammox 16,
NH, LA 3.33-50.00 pmol/(L-d)iy sk Zauk Ak i
[, Fe(IHLA 1.42-5.93 pmol/(L-d) Ay #4518
Ji, JE S SO A G AT R B Fe(ID) it . pH Al
NO, W HAT B E5M, 7E Fe(Il))>1.0 pmol/L
pH >} 4.5-6.5 Fll NO, ¥ &4 0.02—0.20 mmol/L
BI7KFET, feammox VG PER S, Fems il ASEEL
i 90.0%M NRE™,

WAh, 7€ anammox R4GH, — 1A, Fe(Ill)
Al LIAE A B P32 R 46 NH, ™, &4 feammox J2
N, SRR RGRAS; 5 — T, VAR
Fe(IDAEAE N FHLIAS 5 NOs 1k JFid 72,

R2 BTN SIS anammox RZF A 8E A S B & M FE

Table 2  Possible reaction processes mediated by iron minerals in the anammox system

Nitrogen conversion Possible reaction processes References
Anammox NH, +1.32N0; +0.066HCO; —1.02N,+0.26NO5 +0.066CH,0, 5Ny 15+2.03H,0 [87]
NDFO 10Fe?"+24H,0+2N0; — 10Fe(OH);+N,+18H" [88-89]
6Fe?'+14H,0+2NO, —6Fe(OH);+N,+10H" [88-89]
Feammox 3Fe(OH)s+5H +NH, *—3Fe**+9H,0+0.5N, [87,90]
6Fe(OH);+10H ™ +NH, " —6Fe’ +16H,0+NO,~ [90]
8Fe(OH);+14H ™ +NH, —8Fe* ™ +21H,0+NO;~ [87]
DNRA 2Fe*"+NO; +3H,0—2FeOOH+NO, +4H" [17]
6Fe**+NO, +10H,0—6FeOOH+NH, " +10H" [17]
Denitrification 2NO; +12H™+10e —N,+6H,0 [87]
2NO, +8H"+6¢ —N,+4H,0 [90]
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&4 NDFO Fwil'oB! sz anammox 7K H
NO; LBk, W5E%M, 50 mmol/L KEkH AJ
DA /K R AL, NRE 7 63 d i551] 69.5%,
FHEEXT IR T 33.9%, 1 HAAR & [l i 77
7£# NDFO il feammox JZ ¥ , 63 d (15256 J& 14
W, Fe(IDH Fe(IlD) &% AFTE I B, B IR 2
FE 10 15 ONESRIE, KW TR T A G
B Rk ™ A E A R YAk
anammox £ AN FAb B 2 &% K (500 mg/L)
AT EEME, FLAR 2 mmol/L WYZRERE . REERT .
Fe(OH);. #rBERRZM By 5 FhEkfbG WXt
anammox RSN ERURERI R, K ILARERA
Fe(OH); M2k 0] I3 T+ anammox R G IH
RAARE, Hrh DR rE RO & B2
BALBEREIE 623 ¢-N/(m’-d), AR LB
FHN 11.0%, = THAKASY; W HAR
H Fe(L Y HAEREH NH, AY 258k, NH, R %
BRBAE— Y N BEE Fe(IID¥%s H & A48 fin i
P, R feammox I AYAFAER® S SR S
W Fe(IDAYHSEAAAER SN, I H Fe(ID)3EPr
7 HE[(16.042.4) mg/LMIKT Fe(IN)ABRIE % H
B, RUEKRPHALESL Fe(D)FE A Fe(ll)
B, BIR R [F B 477 NDFO Fil feammox
i FRPY

EARHEM R AR ME ST DA T
anammox Z 4t ' DNRA Fl s g4k o 2 W A 7E
{HINFRGE pH. ORP ., T Wi 2H 55 1 Bk F)
W, DNRA FlS il faed AR R A7 A 2 A i RE A P,
Li ZU 7 42 18 Fe(1) A BY T4l #4 anammox R 4t
o DNRA il i fbad #2 9 17, 42 a2 i &A% R
T, (HAf e 2T P F anammox R
4 B A E B9 £ & 42 (anammox . feammox |
NDFO ., DNRA Fl S fif§ b ) U3 [] Jid AT 5 ik — 2
A 5T -

3 %4 45t anammox % 475 R4 NE
inpA]

TEPETG I MAE M REMAE K, &
TR PR R A, AT LM anammox &
GislewlE . MK ¢ 58, WIAREY
(extracellular polymeric substance, EPS)7% i
OB AL R B A TGS, SET ks 5 e iR
SEME, AR UERCE Y R AC RS T ke
Pkt 2 Gl R ARE I s AL HL TR 2 s Ve R Ty
TR ) i e o AR T ok A ™ ) 3 i 2> O TS 1
PR, PEELICAE Y B I E R R, A
F anammox R 4K KW B 1718,

3.1 FRKE

BRI B TR RS Mk BE B RE K
15 ek B AT LLRAE 15 e A B AR P i i
OO Sl anammox 1 FREE A S KN
WM, TEBIN 0-200 mg/L 44 K kB,
anammox 4t V7 [E{A& (suspended solids, SS)
¥ K M2 77 [ {4 (volatile suspended solids,
VSS)K JE Fifi 5 4N KRG A 5 i AR BG T R
MR IAF] 200 mg/L B, SS Fl VSS 25l n
6.1 g/L Fll 14.4 g/L, 3K 16.5%F1 66.7%!*,

— 2 BN BN A e 1 WA B T ik
YR BGEE , YEARTS VTG, s M A R Y
HEAT o R R M A T T A g 0 T AR vk B 2 L
(VSS/SS) ] LARAETG I Hp G M AR Wy ik, HOfE
. AEWIRUA S S G, TS YR TS PR
N BRI R, YK B BN R A
0-30 mg/L if, VSS/SS H{EFH 58.6%:% it &
83.0% , #IT T A far K2 Ak E T A
(85.0%)), V5 YR TR IG 3R 5 Ak S KA i,
VSS/SS AL AR, 15 IR TR A2 A4
AN NG SV T 45 SR R, 7E 0-50 mg/L
IS TN, VSS/SS LA Bl 0K #E 2R 15 n 4
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P3G RIMTIGR, 5 IR TR S Z BRI, 15
DUREVESE 3
32 MOKRcRE

ML R & —Fh b kAL &4, =5
anammox 5 JIf I IT 20.0% ) 4 i 2 11 1100, Hop
R Z — I 21K ¢ /& anammox B W) REACIH &
F i A B T, 5 SAA R0 4
SR SO R, 4R o HE PR
M EEGTE B A 0 3R ¢ K2 70 2 i T30k,
% 5 Fe(ID)IIEAL N Fe(ID)i ik 5101 FEi
FHR R R EEEEERT, Jik, i
LE o v LIERRIE anammox M BE I
anammox B UIPIRZS 1 RIFFE AR, Fe 22
ZHMAE ¢ FRMNEEICE, Fe(ll)ZA4 M I
213 ¢ 1 Tk X A E B AL A A

WFFCUESE, R P E e LI 4T ER ¢ 1
AR MR ICER  $2 15 anammox HIMLLER ¢ B
i, W5 anammox {EME, SRILIEARLAEST, P
fRiA, MZLFE o W& SH0ORMERY 1 FEm &
F77E B & M (P<0.01), 21K ¢ W& RS
AN KA 0 A % B e T AR o
BN K LRI S I 21 3 o S e s R A 2%
{E Y RGBT B a5 3] 200 mg/L B, M4LE ¢
SR B FEINE, Hik(2.67+0.05) umol/g-VSS,
FEAEE X FRZ 3G 66.9%7),
33 SR EESHEE

i 4N 45 W1 (EPS) 2 anammox fIUR fif) 51 5
YRRy, R RIURE 25 48 1 5 R M R A i A
LA SRR RO AT ol ok i e,
[ 3 3o B 4R . K R A A5y U R
W) 41 i 2 ) A AR AR Y, (kS YR kA
BN JE 0 & 4R anammox PR Y T R
B W%t BPS 5 2 AR T BB T
i Fe(I)F1 Fe(Ill)## 1EHY,, 1M anammox & A E
W, WEMERT], anammox 455 R4

7 Fe(I)F1 Fe(1IL) J& FEITE BB IE AT, A 142 &
EPS & i A5 e et 1 38 B Ak o i)
e maT DL T Bk EPS . WSt R I,
MUK BOME LT 10 mg/L B, EPS &
et A T P I R D 5 M AR K Rk
Behn Ak LG i, EPS 2 i bl 45 0 ik 4 4 Jn i
BN, 200 mg/L B EPS & &30 72.7%,
K (232.148.0) mg/g-VSSI K Hb, # 0
10 mg/L MIAUKBE AR IRZR T, EPS &iE>
(196.5+12.6) mg/g-VSS, JCHIRIET:; i
200 mg/L WIAKWEARERD I, EPS i ®
(272.6+16.7) mg/g-VSS, HiK: 46.2%5,

By Bt x4 EPS ALK,
15 R UTREYE . Z Bl (polysaccharides, PS)FIZE [
JF (protein, PN)/EN EPS Ay FE %M, hRET

TR TS U8 4 FRAL M SR A 24 v T T, PN/PS
FOAEL AT LA S e i5 PR O DLREVERE ,  UAE B I 7

PR RUTRE MR AR L U BRI R, YRR
BN 200 mg/L B, Bl 55 35 0 ] A SE K

EPS it in, JIf HIGhnseRg D4,

130 d B} AI k%) 272.6 mg/g-VSS, 1K 46.2%,

[ PN/PS {HZ#H8 2 13.7, T5URUTMEM: 3%
FHE B WAEMA 5 mmol/L /K k4 Flmg 2k 1)
anammox R4t , IR anammox Tkl EPS 157
TG AR T, (H AT DUIE A K 1 B Y
RPN & A BAE] 71.3%F1 64.8%), HEE
PN/PS HfH, o3& RmZEMME, £ anammox
BRI RS SRR R . A
FHINNy, ARG & B AUOK L4 (010 mg/L)Xf 14
RIS VRTTREME R /N, PN/PS HU(E MG A [
% B v ) 9K G Bk (10-60 mg/L) A B T
P& PN/PS [WME, JF HAK R PN/PS LUIE P&
P 3G KN, V5 U TR R

60 mg/L i}, PN/PS HfHiA#F] 8.0, 344 20.0%;
T 15 751 o PR M K G R (60200 mg/L) 2 4R m]
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DI IR RIS IR DR, {2 PN/PS LU(ERE %
BN 3G KRR, AR TR R KR
B,
34 SRFALIEE

B WrR i) Fe(Il). Fe(XI)-5H5 6 H, faf R £k
A=A 5 1Y B A AL, A B A i R Ak )
TE R, Rl kw0 ml VR R ek 4 B 2 2R
&, fEiF EPS Sy, sy s
(DGR GRY/EST G/ PAIE £ 3 Y55 SN
WESRURL R E M, TR B 4 A RN

WF5E 2, ZERIN 5 mmol/L /K &k A gk
W) anammox R G, JE B URLIS e kLAE B
K. B HE LT, BURDRLAS A 43 51 v] LAk 3
1260 um A1 1 110 um, i F R 42>2 mm B K
B EL 143 3G T 11.0%F1 7.0% 1, 55 47 B 58 Xt
A 4k ARG 2 7 % anammox 3R 4215 e ki 4k
FBEMEm, RBETINNYNERS, &t
72 d (IREFR, POREHRIAR R 178.6 um G
KA 602.8 um; ZEFENN 750 mg/L F M8k B K &
W, 39 d BHECRSE S RAR A E] 417.3 um, Bl
i1 T Fe(OH); VIVERITE L, FEAK TR FR H Fe(1lD)
PIVREE , e e S Fe(IDMI 4G, BHAG T
WKL B, 72 d Bt SO ST XA AR AR ST R R
366.3 um; MAESHN 1 000 mg/L LA A Z
H, BT FesOu MY H BB R A018 39 d i 1y ik
SEPRIARAN R 294.1 pum ,  BE 5 ORI BERE B
72 d Bk %] 988.5 um, Fe Ak 1593.6 um!’',
FHESF I AL, BBy ik R K Wiz
TP, ki AL R &% anammox 1 REFS 511
Wi, AT RE IR T R4 0 AR AR D
WEs S AR OO (BB Rk 5
i EPS Srimdghnad i, fERUR TR AR
S B W A AR AR A
PUARLGCAE W0 IE W R R, KB 1T Rm %
S BUPURL A 1A A B AR U200 [ A S

PRI, L2 S EUBURL A ™ AR B N, TGk Bt HE
B, — H TR Ik 2 im FHE, ORI 2 R
AR R PR AR A4k R o RO

4 %7 Yt anammox R AWM AN
AE B B v M Y B AL

WA W) 72 anammox RGN A M F LS HE
FTTERE , WA R W% anammox FR S8l
AW REAE N B S, AT R R AT R o
b 2 G0 i E R AL PR AR AL LRI . W R,
YA B TR anammox RS H anammox [H
FERIEIF R S, B2 anammox FISAN LSS
TR OCHYBE R R, MG omAR OGS 1, AR Sk
P anammox R GE A RLRE M 2 WsR AL 122
41 WEMEREZHM

WK 3 Frss, anammox B . 2RI R %)
R AE D B T s AL E R, a4 115
FIHE 98 , 7E anammox R GE HP B 5 4 32 A
X A fE 23 2 anammox R G I TUAE WY REVE 24T
PEREAR . BFFESREA, TEAMIN 50 mg/L fEERT Y
anammox ARG H, PEE TR IR, KR H
anammox &N FN g, A (Shannon)
8 BORI 3% 2R (Simpson) 5 5043 B B 6.95 Fi
0.966 %4 6.24 F10.958, Won HAEMR A Y
RETE Z RN S, 78 12 mmol/L K
BB sl AR AR R, TCE R VR 2 R
Kr R mp R E K R B, JF H. Planctomycetes
anammox & 1Y F- LM S BT PR, KR
HLL Acidimicrobiaceae ¥58 )R E 1 Rhodocyclaceae
AT N, @R ) Feammox 15 £, 4R
WAFHE K, =SBy va B T
Vi Z2REE RS, AR i i 2k )
S AT A DB IE 1 2 REPED 5K 1 mg/L
PR IS IN 2 anammox R G0, FRib 5 E 1Y

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



4316 A 2 AR

Microbiol. China

[ron-reducing bacteria

xi bacteriz

s N

Microbial community structure High

B3 %X anammox ARG E B EMIR S FEERY S22

Figure 3
system[ns’uﬂ.

AR AR BIGESE , TF2 W B 1A R B LS A
HAGAE YRR, BRI BAR A i
AR (RS QOK B B 52T+ 2 10 mg/L,
anammox B AIERIE IR B 1 = BER N, (AR H
MR A A AS Dk ik, 2EH FE W
PRI ZREEN
42 WMEVBEEWER
REEA IR &P, anammox RS
ﬁ?géﬂﬂié’k BOMGR PRI 50
B L RRER A KA —F (A 3). B Wik
anammox FRGEAEN | /K- b AT LGS EL - Fh A
, Hip R Planctomycetes . Proteobacteria .
Chloroﬂexl M Parcubacteria Jy F11231 BB
KRIHY anammox HEAJR T Planctomycetes'®”;
Proteobacteria £, 1R 221 WL 1) R i Ak 1A Ak ik
JEBE D, X T ERAE IR AL R PG AR
V5 S 3R () e VR IR SE A, Chiloroflexi J2
anammox & H S WL A Y 2 —, AT

Effect of iron minerals on microbial community structure and diversity of the anammox

PERFPAYIREE , JF I8 anammox PR Y 31 4
RIS R, BN S mmol/L /KD IRk
)5, anammox R G H Planctomycetes =435
Hafn 8.0%F1 5.4%, Chloroflexi Fa=RE NIAREAR
9.0%A A (HWAMIFR RN, U1 mg/L 4
KGR 1) anammox REH, Proteobacteria F
BEREN 23.6%, T Planctomycetes Fl Parcubacteria
I HIFEAR 8.8%H1 2.2%; A 10 mg/L 44K
(7 IR N S DU 32 I DA DB S
Proteobacteria FFE[F#AIK 17.8%, 1] Planctomycetes
M Parcubacteria = FE 4y B3N 6.0%F1 24.8% ],
T @A R, R4 i eT £
Ft+ anammox RSt H anammox B FAIEKIA U AT 3
JE. JEIRIE, B S mmol/L Ay KA Fiks ke
K Z ", anammox & (45 Candidatus Jettenia F/1
Candidatus Brocadia) 1) 3= & 43 51| 3 - 18.4%
8.9%UN | FEAMA 200 mg/L 44Kk AR BT
anammox F 4t LA R RIS ,

anammox
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W Candidatus Kuenenia £ EHE N 11.6%.iF—
K % 6 5 A 4% 58 $2 R (fluorescence in situ
hybridization, FISH)&Z ¥, anammox [ 1] 7£7p
Jn 50 mg/L BEERA™ Y SN AR F rh g i A AN 3
P, F BRI B 58.9%; SR E it
PCR Z5 R [AIFEUEIA T #4860 X} anammox & Y 58
FEAERT , 20 HE DU%CH (1.8104£0.004)x 10%/ng-DNA
2 Tt % (2.440+0.004)x 10*/ng-DNAB* 122 ;i i)
anammox RAH A 4 mmol/L HI/KEW,

Geobacter . Pseudomonas . Clostridium . Bacillus .
Thiobacillus A JF R R B EEHE, FES
BT SR 60.0%L) I, 5 anammox S AH
FW) Candidatus Brocadiaceae, Ca. Brocadia,

Ca. Kuenenia 1 Ca. Jettenia 25 2] F& it AH X 3 2 D)
BAK, (A5 N, 94 B AH I (P<0.05)71), ]
A BFFEAE R BN, TR0 1 mg/L 4K RE g™
K Z R, B Fe()idJ5RE S 09 Desulfovermiculus
Oceanibaculum . Citrobacter %521 T it 3 J£ 43 7]
4 0.9% . 0.8%F1 1.1%; AN 10 mg/L HIZ4
KUEHRTAKZ T, 5 anammox #H 5 1 /&

Candidatus Anammoxoglobus Hl Parcubacteria_

genera_incertae sedis [ 41 TH 3= 43 5] 2 3 1
T 9.7% 24.7%"*,

BTE Z, B Y B8O XT anammox R 4¢
PV A 2 S 25, TESZ IR G A W v 24
PEAY[RIEY, anammox TR AR I I R 15 2 B 35 &
&, BETHCNE RIS R, 381 anammox
WA, I HIRRERE S Fe(IDIL 5 NH, 4
fEAIRE A, $2 anammox R4 MR ALRED .
4.3 INeeEEFE

Anammox R 4t H AU AL AH G 1Y i ot 7R
FILThEe IR 3 Fin . W R, %o
AN 23 1235 57 anammox REEH SR IC R
AR ST BB LR B F 5

B Wy A 3 N2 52 1 anammox B ) fEFE ]
B FERE . IR RB], AT IO B X B4,
FE anammox RGN0 5 mmol/L /KERT Flmg 4k
0, hdh FE DR 5B o S AR T 43.0% A
65.0%, Z<M anammox B XA 0 A FH 4R
A PR 5 A hzs FHE PRI = BE 23 B340 T 30.0%
1 49.0%, A BT HISS hdh FER TR R K5
M, ZR G0 AR A RE AR IH A 2 Ak

%3 Anammox RZETIMEEEER EEBES 5K MM

Table 3 The functional genes and their coding enzymes involved reactions in the anammox system'

115,124]

Nitrogen Functional genes Metabolic enzymes Reaction processes

conversion

Anammox nxrA4 Nitrite oxidoreductase (Nxr) NO, +H,0—-NO; +2H'+2¢”
nirS, nirk Nitrite reductase (Nir) NO, +2H"+e —NO+H,0
hzsA, hzsB, hzsC Hydrazine synthetase (Hzs) NH,+NO+2H +3e¢ —N,H,+H,0
hdh Hydrazine dehydrogenase (Hdh) N,H,—N,+4H +4e~

Nitrification amoA Ammonia monooxygenase (Amo) NH,"+H,0—NH,0H+3H"+2e"
hao Hydroxylamine oxidoreductase (Hao) NH,0H+H,0—NO, +5H"+4e~
nxrA Nitrite oxidoreductase (Nxr) NO, +H,0—»NO; +2H ™ +2¢”

Denitrification  narG, narH, narJ, narl ~ Nitrate reductase (Nar) NO; +2H +2¢"—>NO, +H,0
nirS, nirk Nitrite reductase (Nir) NO, +2H +e —>NO+H,0
norB Nitric oxide reductase (Nor) 2NO+2H"+2e¢ —N,0+H,0
nosZ Nitrous oxide reductase (Nos) N,O+2H"+2¢"—N,+H,0

DNRA napA, napB Periplasmic nitrate reductase (Nap) NO; +2H'+2e —NO, +H,0
nrfA4 Cytochrome c nitrite reductase (Nrf) NO, +8H"'+6e¢” —NH, +2H,0
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I, A 4 A B30It 25 53 A 2R o s A
AL K FE K (narG . nirS. norB F nosZ) kgt
A HEH (amod . hao Fl nxrA)EWFEE . 5
W, 7EFIN 4 mmol/L /K4R# 1Y) anammox F
girh, SORSAREE A EE DUEC e I, 12d )5
nirS Fl nosZ W¥5 UL 51iEH] 1.26x107 Fl
2.62x107, T hzsB FEP 7.36x 10071, fig k{4
% anammox 1 & 5 S Ak AR A FE A D IR
o PEIRIE, 7EHN 12 mmol/L /K Figt4n
IR ZR S, ROEAIE RS DUEAS 2, P =
iR Z AT AR 25, anammox R4
B 50 mg/L #5806 B T SO AL BE R 0 HiR
5 NO, i )5k NO i FEAH KW nirK Fl nirS 554
P& D1 %% 4 5 i (1.14+0.58)x10%/ng-DNA  #i
(8.60+0.63)x10°/ng-DNA 1 %5(2.70+0.76)x 10"/ng-
DNA #1(5.73£0.26)x10"/ng-DNA , 73 544111 23.9%
M 51.6%"H, 5L, anammox £
S AL L (amoA . hao FN nxrA)W) 2> 52 R4
PRI B AR 5 rh Fe(II)/Fe (LR R Y 52 Wi 1T 34
90 d J5 %N 12 mmol/L /K& e ik £
' Feammox JZ i (5 3 AL, JLF-AK i )
amod FENMITFAELY, B4, DNRA R AR
ICINBEIEIA napA . napB Fl nrfA W FEAR N Z 8k
R 7/} L

Fi—J7 T, RS A P A AR
TG BAE G LR F2 2 . olan , 4K #E8kT™(1 mg/L)
AL AE AR, 5EH . B4, BE
FME S AL AR DG Y JE R 32 B g 250 n L T 5 4
JiL32 B AF G Ay I DR 3 B T 2 2.4%, X AT RE A
A anammox [ B[] W 78 2k <R AT A5
K RED ), RIS, T AN A mT LA Ak
BRI TER, 16 1 mg/L BOma1EH T,
IS TICHLE T N8 TT A5 AR SE 8 3= g
% 5.3%F1 3.5%; TM7E 10 mg/L HAaEmLF,

FHCTIRESER TR, LABH Ik kT R AE AN M PN A
FRGRIOI 3 e gl SR R [R) 4 43 o b 155 4
A R Y FE AR T T RE AR
4.4 PEEM

WP 4 fF 7%, anammox 1 A4, (1)
NO, 7E M0 fii PR £ 18 J5 i (nitrite reductase, Nir)
TERTF IR Rl =) NO; (2) #B4r NO,
Eﬂﬁﬁﬁ@ﬁ%ﬁ%ﬂ%@@(nitrite oxidoreductase, Nxr)
YERTN AL NOs™; (3) BRZ G il (Hzs)fiE 1k
NO 5 NH, 42 B NoHys (4) NoH, BiHK 20l Uil
(Hdh)F LA Nyo

PRy Al MR 565, JF B3N
1) Fe(I)HeSE, A& gk & mide it 5t & ngkoc
F, HA RIS MR, filan, Ni &0
RI, KWISLE AT 90K #E:0 (50 mg/L)yf
Bl T2 Nir AHXT 3G 3 27.0% . 4K 11 1A A
KEW, KRR THKESTAET, 35
anammox 1 FE 1) Nir &M JCH] B 284k, T Hdh
T D0 Sk 2 R AR, (R i A 14 KA BT 0 5
R, 7E 1 mg/L Fl 10 mg/L 99K @GR 1E
IR, Hdh 38 P53 BIFEAR 77.0%F1 27.0%!2,
M AR E HIEE, A ERIFAZE
Mo, 33X ] BB A2 DR A R kA o) 8 1 E At o S 2k
(10 35 U2 ] B 40 A B R S (lactate
dehydrogenase, LDH)ZK V- 3EAAAE , FHHAKE
BRI AN sE A e 4 v s G PR U (reactive
oxygen species, ROS)/K- - FH: % 43 5l 84 Jm 1
121.0%71 748.0%">), ATREBIR anammox FRI1A P
AR JESF- T, S0 E A Qg A0
DL G HEM A2, TR R Feammox i 215 2]
B9, RN T anammox AR SZ MG A LU
ZE bR, BT PIX) anammox R S 4 11 52 )
MoNESR, HEMHEHRUAZ, Aiiift—2
iF5e
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Cytoplasm

Anammoxsome
membrane
>
nH*
»
> *Q
L » Q\);”‘D > \

Anammoxsome

ATP synthesis

1
3~4H'

3
f

Nitrogen metabolism

B4 Anammox FH) 4 BRI i 00

Nxr: WASEREL EALEE; Nir: WASEREL A i ; Hzs: A S

s Hdh: BRI EEE; o BRERAMER c EAMEBNB T O BUEREEIEI AR
R/b-2: —fl Rieske-IlZL 3 b A 1A; ETM: H LM ATPase: — MR IRTT (ATP) & i
Figure 4 Catabolism model of anammox bacteria®”. Nxr: Nitrite oxidoreductase; Nir: Nitrite reductase;
Hzs: Hydrazine synthetase; Hdh: Hydrazine dehydrogenase; o: Assumed cytochrome ¢ protein and number of
transferred electrons; @: Assumed reductive cytochrome; R/b-2: Rieske-heme b complexes; ETM: Electron

transfer module; ATPase: Adenosine triphosphate (ATP) synthetase.

5 RENRE

VEZREIE . TR AR L SRS [N S i
EPER AL, LT Al BE A Sl A= Do/ FTBLR]

AR SCHE T Wy e A 1T K AR I R T
B RUFPERE, 2738 T8 WL P %) anammox
RGO A AL, W BARCE . IR
AR FATEEMA R OV R RGN 7%
W R ALRE, T HRKE . MR ¢ &2,
EPS & it Uk AL RR R (A8 4k, Bl A2k 9 %ot
R l5 AR, SR HT T i E Wi

JERH R AL anammox 22 55 14 i i LI Fn
BARIE S

B AT DI A B i AR, 5K
i anammox 5 Fe(IlD)if Fid FE ARG &, [FIBTiA
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