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Advances in ammonia-oxidizing microorganisms and global nitrogen cycle
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Abstract; The global nitrogen biogeochemical cycling processes are predominantly driven by bacteria including: N,
fixation, nitrification, denitrification, ammonification, and a new process, anaerobic ammonia oxidation ( Anammox ),
which is a more recently described bacterial contribution to the nitrogen cycle. With the development and application of
metagenomics and other molecular approaches, new “players” in the nitrogen cycle-ammonia oxidizing archaea ( AOA)
have also been identified. Our understanding of nitrogen cycling processes and the microorganisms that mediate them has
been greatly improved with these two major breakthroughs in recent years. This review summarized some major advances in

the microbial ecology of anaerobic, archaeal, and bacterial ammonia oxidisers.
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Fig. 1 Schematic processes of global nitrogen cycle driven by micro-organisms

amo R EIN 4G ; hao FZR YV M E AL 5 ; nar AR RRER L S5 s nor R EMAEFEF  amo, ammonia mono-oxygenase; hao,

bacterial hydroxylamine oxidoreductase; nir, nitrite reductase; nor, nitric oxide reductase

FHEBAEY ANEIRTE A TLR) FEP I 50 Z4NE IR Y e AT R RS ALVE . 8 LR R A B B A R
FEALAE T (AR BR AR A A BR 3838 3 [R)AL AR AR A SR AR R A W FE Y 2 5 FIEFF A Al i
Bo BRiXSE YIRS, A — e dE A Y B A T IR PR O N, A B SRR N, AL NO; Al NO;
TER%SS 5 REHRS

B 100 ZZ4E R0 2 A ALV T B R BRI BAB SR i 3 AR B A A, e R
JUER, PRE L T IR Ear e R, 56 1 2 B AR A 41 B K A& E A6 AE F (anaerobic ammonium
oxidation, anammox ) 1 &3, 55 2 I m I & E AL 1 # (ammonia-oxidizing archaea, AOA) & B, X EE
HI R BUFRER T AT A RGP 5T 48 . A SO X I 4Rk R A & A AL R E A AR A L2
WA A DR PRI 258
1 REEENER (Anammox) R EEBFEN

FLAE 1977 48, Brosa 55 ARYE & AL RN AL 74 3h ) = H B B0 B 48 A b Al BEFFAE— LA NO, i H
FRIEWRAMDRE, B RER— AR . 1989 4, Mulder 7E7 2% Gist Brocades 43 &) # [ A 1A% T
I R AES RS AR RE R IS B BN BR, kX METER S B2 N RE A A
Y F (anammox) I B T &A1 o BJG 853 N FRIC RS — RIS, A TR ST N 2
TFERE B (Planctomycetales ) 4 B Fir 5K 3l i — A W05 72 , 40 B LA AR BRERAE N B 2 (0K & S8 AL R N, , B
NH, + NO, = N, + 2H,0"™> "

REBAMHE R ZE TR AV AL ERGE P REZ BN Z R E, B LI T Anammox ) THE
REA (B — A HAE B IR AR 25 R GE RUE R A (R FE L. #RTT, 2002 4F Thamdrup 1 Dalsgaard ™ B FI"°N
PRC RS RREL A E XN IR TR Y AT B RS2 B R B, IR AR AL TE R A4 N, RBUN AR & 2 AR K
f)24% ~67% o 2003 4, FIAAR R BFFE /NS ' JLF- B £E Nature 2475 E 45158 TR AR AR 1T
RME R EZRA , 7ERIEH Gulfo Dulce % IR E/KAE X i i IR AR AALERBIR WAL E] 20% ~40% ,
VTR FE L HBFSE B/R , 8t Anammox K RILZE L™, HATEEFE MR VLA O MUY, REHE
FEAEHL, PIAR B A FIAL 6 2 MR /) X (oxygen minimum zones, OMZs) , ZLAMAK , MG IR ANIRAK 3 55 R e B
ARG A S0

BT o3 An) iz, IRE R A o B AV 2R RAAE a0 LABE2E Y B (40 N, H, ) gL b a4 4R B 9 &
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ARG & /A B & A Ak /D & (anammoxosome ) ™, /NA & K & B 7 ik A AL & J5 B ( hydroxylamine
oxidoreductase, HAO) AL 1% 484k 578 R I 2E4T v 1638 5 & BB (ladderane ) i 25490 5k LA S
StEEA/MER A FE . BRI 4 B REZ ALY Candidatus “Brocadia” , “Kuenenia”
“Scalindula” , “ Anammoxoglobus” , 4 ELA 3X L6 435 i) A= B ANTE 4010 o

PRAEFMMEERKIEFEZG (BRI 2 ) , 2 RKBLEIEFRE MR, 2001 4, Strous X &
SR T R EM B O B RIS IR AR A ALTE Candidatus Kuenenia stuttgartiensis 1R #4743 K 2 1)
43T, 3T 2006 SR T HARFARE™ . 2EEHASTIER DR Candidatus K. stuttgartiensis iF B
A B 2R ) A BRI AR AARAE , N EE R H 0 A BN X R E A S BEAEE A B EE CO, , 3X —HEN B @ 1 B 1
e e VE R R AR IC SR IESE , 7EX N E R, 1 4> CO, 0 FHOR R 22, 7 — 0 F O JF AL CO B 1,
I CO BFSS &7 4 CBEAEE A, JE 608 R SN R BR L , HF AL 7 28 191 BB B B AR JR Ry iX —
BWREMET &MY 4k B R Candidatus K. stuttgartiensis f{) 3K 4 & F K& 5 AT 5 ( Geobacter ) Fll 7
FLIRTE ( Shewanella)) o 25 o- BRI 20l 528 A AH AL (], R BA L EL G DAGK S R B Au 9 o WP RIS I BE T
X— et B I SR BESE Y 5 A, A B AR AL A AT AL PR AL A W RO 45 SRR BT B R IR B R R AL
RESEIL F RS RS BRER NN BRER R CO,, i A C ARIC MBS B/ X S5 WAL & WA AL T A B RIAL >

HEHH TG R WA —B I T Candidatus K. stuttgartiensis 7EIF R BN 70207, & 2 B
T Candidatus K. stuttgartiensis %52 Anammox B 402 B, RAF AR Anammox 41 1 ¥ 1 1L BE 25
Bom AHENTFEA 3 ARG B ARAE_E T8RRI B B R [R], T 4015 20 Bl A= 558 B A= 25057 A [R] T 2R 3
A 22 5 i Candidatus Scalindua F} 2R I TIGHEIRE, (B JUOK LG R A A8 FEmE e vk
11" ; Brocadia I Kuenenia F:32 & 31T B A AL B8 L) Ak HUBLHY PR U R 25 ) B SE S 3R 0 v T Bl R 0
HIFT LR Candidatus Anammoxoglobus propionicus W 2 /& B4 T60 & & L AKBREL AN BRELE™ W) S0 3 R 2 1) it
B FE 7 X} Candidatus A. propionicus Fl Candidatus B. anammoxidans #E47 ()35 G R 2 5216 B R,
Candidatus A. propionicus X PN BREL ISR A RE ) A5 HAR I ] B SE U8, RITH RO TN RR 3R AR
BERIAEAE o AR, Anammox 411 F) Ak 1K B SR A 85 v R B 77 7E SR RS R £h , An7E TR RK 1R 9 A
F-TCE S E R R X AT, o B E A R R SR A ) B S R L/ T A R ER 1 R AL B R AR
FAF= A, WARERER NI T Bk B AL VE A, LRI RER B B . LRIV AN RR L 55 A WL A7 AE BT Anammox
BT AR RERIAJEAVE T, M & LY 8RR R0, R A4 i E AL R i 2T M A e Rt R
FEA T RSERER S . IUAh, XF K. Stustgartiensis [BFFEIA & I ELREHEFT I B L 4k 38 JE 4% ( dissimilatory nitrate
reduction to ammonium, DNRA) , #: F 7 NH, YK ik 10 mmol/L ¥ %4 F i A& ¥ NO, 38 JE > NH, !,
DNRA B PR AR AR ME NH, i NH, 4872800 N, sk, B A& DNRA 2 IREAZANEIE R
HHE (FtE) RGP BT 364 T , B3 72 TR R AR PR RO 5

Fh BRI DR, REE R EAAE R RBREEA W TREARE R, BEEN REHER, M EYRE
ladderane Jig i #4737 \FISH 347 }2 16S rRNA B [H () R M e B, SR —BUESE T IRAZ AL =
TEHRR A AHERERFREEENER . JLTIA AN FRCHEKH 5 B R KA AR U
BRI N, AR EERER , XESR G EFERBURER 30% ~50% , AR ERER & 1 7 57 RO i AE i
Pk N, BER T 120 S SRR R B BT | AT PCR 4T, 7E 2 MK RIS FETUR I EAAG LK
P2 Scalindula ) 16S rRNA FEEFEZE" . R4 138 Anammox FE MR A FRA M ,{H Francis Z51A 5k
M—RIKEFEH YR AEREBEMEFRE , X IR ZHFETIL P EMERAREANES RS
tptt JRlE, F A AR T Anammox AHEBFSTH) A 165 rRNA BEH . {HEGLE M K. stuntgartiensis *h 44615
BB Ky T T Rk 8 5N B M R E RS R A €6 3K ¢ 2R 1R, LI O e 3 TRt e AR 2 1
A EE LT AT E P REZ SN E NI EEARCEH . 1Sk, 5 Anammox-fHIHAH B2
REJE IR 4n K A B AU DG S BB R R 7E K. stuatgartiensis FE R 2 b B E 2 R © 95 5E , DR FE — 2RI T
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Fig. 2 16S rRNA-gene-based phylogenetic tree of anammox bacteria

HE W) R 38 4385 B — BB AL ( hydrazine-oxdizing enzyme, HZO) RIHIERH Y, — Bk sb1h 3k H 5 R A &
FALTE MR R RE , S BT A5 Anammox 4 B 2 BB 5L R ) =F BE S LA TE MR CH 7T BB, ok K KR i
Xf 13 Anammox 21 B 5T

2 FiRREHHE (Crenarchaeota) 5 EE L IEH

W& R AR EMARIE P W EZERZHEANTANR, S 5REA K WHED RS g R T
F—HINNEE RAAFE TR T, BIanE B R Eh WRORBRIE IR RSB . RN AN FAEY AR
FIBSE R B, IR SR B T2 0 TR AR LRI N SRR b, BBk b IZ i — 2R
WAEY . T 16S IRNA EEMRE R B At s, REHRETEERRPAMEEEE, BRAEDSKRIER
ARIREFAFE M (E 3) , iR IR F5IRIET Groupl. 1a, {UX—4r Bk 5 18 &5 IR )
9 20% , R IRIEEHR AR > 25 H R IE 7 51 2 25T Groupl. 1b, X — 4524 b &3 A% Y
1% ~5% [33, 34] .

AR AR REE R AR BB R B, C-ZE WM IO LA A H, CO, R RE % 4 31 Ak K HE B ) S5 7 B8 40
G AR R R AR AE AT R B X e PRI R R AR R KO B R
M ST B SRR SR AR S T BAIESE T R X TOHUBRA AT o (BX SR 5T A BEA
SESR R E AR M BEE IR . BB, Venter £ FI ¥k %) Sargasso ¥ 1 3 [ 4L #4704 &
R, SCPEHAFAERT 0 SR SN A B H (amoA ) JF 3] ; Treusch 261 7E—/~ 43 kb )+ 852 3L R 41 A Bt
Hh & BUIR T TR ) amoA FER . XIS E RN T ARBESR M HIEUR e b & LB I FEAE . Konneke
21 R o b IV 7K P 43 5 B — Wk SR B Nitrosopumilus maritimus , 2 B8 28 SN BB R 1 BT A AR R
amoA ,amoB Fl amoC, H LAZ AME—REIRHTT BFRAERK . X— KB HHIUESE T R H amoA EE 5HE b
YERZ IR R

WG, BRI 4 FIEHE R , 76 2 BR AP e S BV F AW X S (LG 28O0 2 IRE XK AEFnifg
B/ OFEER) o B IR R A E T Z M fERA KA B X XM IR IR SR

[26]
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sediments, freshwater
and other environments
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Fig. 3 Phylogenetic tree describing major non-thermophilic and cultivated (hyper) thermophilic lineages within the kingdom Crenarchaeota!®>’

4k, B ( ammonia-oxidizing archaea, AOA ), #% i, Hallam 21 *) 3¢ 58 1 B group 1. la H1 ) Cenarchaeum
symbiosum 5 ILA AR R IR A HAT 04T, R P AFE LT BT A S10EE B R A AL 7 A SR Q5
R, FEE LI E R H (amoA ,amoB I amoC) (ZEVERS JREE KRR IZH RS LAEEREIE R NO i&
JE B B AR B, 2B SE R T T A R IR R AL S R B B BB TR H IR R U e L A
TSR DR SN I B B — R AR SRS A 4 R cs550 I 55, IR R Y, 7R C. symbiosum [
FAE A RS T MR A AL E AR
3 SEUREW(HENLE) BESFEEX

AN PR A RIS — N R B R, t R PR TR, B R AR M L3R ) 2SR A
AN TR B A IR BRERAE Ay e — P REVR T 1T R EAIE R, IR 2 04 T LRI L3 oK g i
Wi WAk, I M E S LA A E & A R L R A — 2P R R BN A B ZE R amoA , amoA ZERTER
AALTE PR A B AN R B AR R0 TRt BT8R, A 1R BAR AR M) AR 252
BRI 2 B e o it R R B TE S5 A LR 58 M 45 SR B, H ISR BE R T AR
AT A A VLR & & pH, BIERA P AMBE AN ARMAEE LB AR ERE
P48 BT Szt UE Ok PCR Y E BFTST 45 R B R AR 13t & A A 40 B B S AR AR 4 1 3 %522
£ H KA Bk B BB e in '™ . Horz 25 £ jasper ridge global change experiment ( JRGCE ) fHfF
FEHt & I A A A T A T 7 5 A 0 =R B X AP ) 4 3R AR AL AR BE | CO, ¥R B2 (K B A AN S5 22 1A B
BHIERE o FPACHR L X 29 RIR B T (BG4 BRI . pH VRS R B ISR ) X X b7 A A A AL 40 B
FETE SRR R R SR AE T IR ISR R 0E . BINULR  IF SR 45 R R AR AL X i A S R
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GRS T R A BTERE R ER

BEE BOR B RIEYE R TE B AR AR AE WA D L B A IR R R A R AR T X R
HICE IR R 5] T AATE B S8, B — A3 BT 58 #2006 4F, Wuchter 25150 75 38 [ B} 2% B B Fi)
(PNAS) bHfGE T Al TAEI0HE R AU R P MIBFR 5 R , BRTEIX g5, I T amoA BE[H H#5 LR B-7ETE
BN 10 ~ 1000 £, 558 B A A0 o i 2 B IEMI X R 4R, Leininger % °) 7€ Nature 447
BRRTAATX 12 DB 3 AN R LG IR AR IR PR SER, R X SRR I 1 A
R, SR amo A FER FFE DLEORT iRik B2 T8 B 40 4 T 19 3000 %, amo A JE [H] 19 #5 DL 4 5 58 W B R I I
Ji (£33 crenarchaeol ) & B2 I1EAHI . [RIET, B R %€ & PCR FIAEBERRIN T £ AR X cDNA ) 7 43 Hr 4B
WESE T amoA BF KRN RIXTEMES amoA BFRBEMFRE R 2, B&E T AOB, SR UL, X 2 & AR UE
B Z 80P R R EE T AOA, HAEIG Al 138 b B E T KA MMAEY LRI

XF EEANEE amoA FEHFHI AT R TS R B, AOA R 404 5 A [l i A BE FBURE (S s A
3, e AR X MUY X AR DA EBRFSIPY . 78 BPGE Bahia del Tobari 934 ORI, 5 O IEFK 4
5 AN O AOA FIBETE S5H 4L A Bk 25 5, Hoor 5B TF-4M e B SR 1 B group 1. 1a Al 1. 1b 1%
O TERS AL K AL i S 7 i Hh A 2 AOA WIFF7E, (Hok B R E 4 MARIN BITEHETS R/ 75 Al &
amoA L FFFI A 50 NFEFILF-ZHRMT o Heah, B H il — U HUR FH 3RS F B amoA JER 5
FIFN3E ERHT hr 2 M B — A SUAR S P 5 B A TR = AR , 3R AOA ZEWR B/ R/AESRGE e
EEREER, MRS EERE MBI T (4045 ~50°C) ] gEd T R EAEA™Y . REXKTEE
WEHAREIE R R IRIREE” (B R 2 86°C M1 97°C il s PR A oA I B B amod 3L %) B f
HRIBTE 53.5 ~63.4°C fyPIE o % U1K 4H 1 3 ( cyanobacterial mats) [ & 20 /E ' F1 92°C I Ik O & B =
PR N 7R X e T IR R 8 PP BB 3R B % 16 BR, (HIE R BE A 23X 45 amoA FE[H R 710 % — Serg #uUR
A, 32 FP R SR o R P T B AL BT BB R AR S AL 2 R AT BT RIAR, BRI B R BB AR . B
AR R RO Og S id R LB m ) — N R 4 pSLI2 &R SR HE
amoA FIZIFEA'®) KB AR A A B B A ARSI M W TETE o

TE ST ) S LR I REVE FF , AOB BT (5 EL] <0. 1% ' | R AN EEE LR AL I R
( Nitrosomonas ) , W iAKW B J& ( Nitrosospira ) FIF i (L3R B J& ( Nitrosococcus) 'y #HH.Z T, AOA i RAESK
B SR LHA R B & E# T AOB, FEEBIFHITRA X IR AOA MINIREE IERE , AT 5T 45 R
FIAFEH . 40 Treusch 25 )%t + M T o amoA FEIF Fk B BAMT B, AOA 16 F AR T RE &y P B 1
P, MR AR B M DL T amoA FE R IA A BN, Urakawa 25" 438 2E K B 104 Wi B R G
AOA HyZHEVEFIY AP BE T AOB, H AOA FI AOB BEVE 45 M I S AEME T B Z IR,

VR E B2 B AR SRR T P OB B IE SR AR H A3 A S R G AOA il AOB (Y FJE VAR BT 3 55
RN R HEAT T — RFIBESE, BUS B IR %, xR E KAl SR8 3 0 R 4 FH 52 AR 7 B AR Ak 5
AR AR S £T3E (pH 3.7 ~5.8) BIBFR S5 R o , KM AR AL 3 % 1 48 vh B4 R AR A K, B
X§ AOB Fl AOA R EFEEA BE T, AOB Fl AOA Fy%E1E A B AL A YL IR i (NPK + OM) fy4b 3
HdRcres , TZE R AL R (N) s fil; ZE & b 3, AOA F%E W] .= T AOB, H. AOB 1 AOA %iE .+
5% pH RIS Z A AFE A A IEAH SR R &R , 3R AOB il AOA 78 HIRA AAER P E EEMIEM ;AOB
MR TR S A & AL Z R E BEE R, BB T WK ALIR T ( Nitrosospira) H1 ) cluster 3, 1] AOA [1))¥ 5]
5 3R R (cluster S) FHEHE K TTARYIRIE (cluster M) fR B S R A B R EAE—& , B 58 LTTR
YRR B 7 51 A (AP35 5 1) 3 B AL TZE D it 280 HIE S e 0 ) A0 38 (N NP NK PKO) F 3 B, 3R B4 300 it A 4 8 %of
AT E R BETE S5 4R A B A ZE E PR B BN T AOA FTETE 444 4 Bt 30 e L b 3
S| E A+ R B b g ma B t AOB SEEH R o T XR) g 3t Pt A 5 o 1 s i e + (pH 8.3 ~8.7) 1)
MR ARV, AOB B ETEEANE AL B ks , AOA B BEFT A A3 b B2 & T AOB, (HIE&HEALAL
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B2 [A) TG B3 % 5% ; DGGE 434 B R A RIHEAE AL B 5 |2 AOB #E & 45 M Y251, T XS AOA Y 4544 24 B A B
B0 ; AOB H Z LU A AL 42 7 J& 210 ( Nitrosospira-like ) ) 7 51 5 b 4, (X 3B 73 5118 T JE. A% 1k B8 7
(Nitrosomonas) ; Fi 5 AOA F731 5 TR IEFIETE R GTRR W) R IR 1) 5 51 B A AR = AR (A , (B 7E & i AE AL 3
B %A B 5, R IR KGR X AOB (%R K 41 BUA B BRI AOA YRR
TEKFE L, R ER AOA (& 2 AOB K 60 1%, AOA W% B EMR PRI B & THAEAR B ; ZERME K A i 3%
AOA 71 AOB (¥ &I B 7 T AR K A8 9 135, H AOA FI AOB ) 21 i 7 W b + 3 rp i A FF A Rl , 22 B
AOA 2K RS EARPRAI R E ALY, B AOA A BEHL AOB ¥ 5 Z kR +H ASBMEN'S . B4 8
/AT AOA H1 AOB 7EA[A] L3 BB ARk, LA EWFF0 R E Pt FE B b B YOp % 36 B S 2 ) 21358 38 70
KA L AR B R T AT RGBT, AR T X i A S R G RAIE I UAE Y I R
N
Ak, BT amoA FEE mRNA 7K 1) 73t A BFA mm AOA [ AOB

AOA ZERBE P HEERES R EAEAK TTERIRAE T 10” 6.6 773 75 141 13 12 15 69.3 AOA/AOB
B EEHESE , 40 Tourna %7 JE47 ) IR T2 5L 1o
GER W, BERE IR IR BE B 55 57 i ) i R4, 3R AL
FABGEE , TAEA R 55 IR IR BE R (10 ~30°C) , AOA #Y 16S
rRNA I amoA K # W %tk AOB & — M H & %,
mRNA f¥) 5 5% 715 W& 27 £%, AOA 5 AOB amoA 3t

amoARE ¥ N %L (27 1)
amoA gene copies (g”! dry soil)

AP DU BRI BSP, SIRERIE e
REANIRHFFIIBARIER AOA FFFII L, S AOA ) SN S

BEVR A5 1 B AR A SRR B ISR R W™
SR, WA EBFIE AR T R, & R T AR Sl
¥ BB R E EE AL KA E LM R B4 R HERE T AOA 1 AOB amoA 25 fy%cit
HERTAEN BHIER WEREE ] AOA 1 AOB [ Fh#¥  Fig. 4 Abundance of AOA and AOB in different soils with different
BE BRSBTS Ve, N TR W& R ALV Ry 4R fertilization treatments
AP BRI IEIA . #F Z,AOA Fil AOB HEXT 4% F
ISR BIZR A A AN R B W R, T AR AV TE PR AR AL M B B A6 4 , X AR SR E 19 78 70 A K 9 2R
B B R IR IO T I O A S R G BT R A SUE AR E KR
4 HiE

X B 2R S IR A A A E A R R A TR Y R B8 A P A R R A2 3R AR Y, 2 T A 1 R b 2 e
R T REA AR R AR AT & B, TSR o B 7E A T 2 Hh v 7E R ) il ot 7 R R 4 2
FERBARHRE UL, 0 FEMFEAREF € REAMEY R MEETERE TEEZMER. A
KENGFHIH R TR 8 B BT A X SR B R MEh S 5% MG HMEY .. B8 FAEY
T R H S R IR E 2 RN A N AR RN AR S R R R R E
BAEM . REAXRANMEYIEF IR CBUSEEHE , (HRFETZ RBA RV iF 28R R AR E
REMNERE—RIVKAERGE DT IZAAE  BHAE TP AEERA RN REEF 25T AOA KEE
o AOB &  (HAE KA MR MIERFE? HBEERTSHEEMEEAX? XEMEYREEEEERHEE
EIIhRE? &7 AOA,AOB Hl Anammox i K& BT 14 B HIAE SR BLREXS BE 2 RIS MPRE S (40 N,
O DEFnER ) B BEAE B8 AN [ fy e 107 5 1/ 2 500 W65 7 Vg A R0 o P9 S oy BT R AE W st BR TL 2= DB 2R 1) 2 B3R )
B B2 FBNGAFERIGIA AT REIC? AR OMZs X ARPIR FEH B FRWRARZ AT AZ B 75 iHEk
YERI PR3l , IR A H P B WA & A AE I b XS g7 [FB, sl R UL, ENTRE S W EERE
BRI 617 AL RE B SRR AL R AR H AR, R AR B RIg P —AE K BBRIE A , X BRAE FF 5 5TEk X a0

http ://www. ecologica. cn



13 REIE 45 FAMMEMES¥ESRIEIFIHE R 413

a7 XX SE R R RA WIJT 46, (B AT LA 52 , Anammox R \AOB FlIl AOA A= 2522 R AR R JLAF B 5T £
SR, XA — 2P B AR PR RGN 2R R LA FERAEEREE,

References :

[1] Francis C A, Beman J M, Kuypers M M M. New processes and players in the nitrogen cycle: the microbial ecology of anaerobic and archaeal
ammonia oxidation. The ISME Journal, 2007, 1:19 —27.

[ 2] Postgate ] R. Biological nitrogen fixation. Nature, 1970, 22625 —27.

[ 3] Kowalchuk G A, Stephen J R. Ammonia-oxidizing bacteria; A model for molecular microbial ecology. Annual Review of Microbiology, 2001, 55
485 —529.

[4] Zumft W G. Cell biology and molecular basis of denitrification. Microbiology and Molecular Biology Reviews, 1997, 61533 —616.

[5] BrandesJ A, Devol A H, Deutsch C. New developments in the marine nitrogen cycle. Chemical Reviews, 2007, 107 ;577 —589.

[ 6] Lipschultz F, Zafiriou O C, Wofsy S C, et al. Production of NO and N, O by soil nitrifying bacteria. Nature, 1981, 294.641 —643.

[ 7] Risgaard-Petersen N, Langezaal A M, Ingvardsen S, et al. Evidence for complete denitrification in a benthic foraminifer. Nature, 2006, 443 .93 —
96.

[ 8] KlotzM G, Stein L Y. Nitrifier genomics and evolution of the nitrogen cycle. FEMS Microbiology Letters, 2008, 278 :146 — 156.

[ 9] Winogradsky S. 2nd memoire. Recherches sur les organismes de la nitrification. Ann. Inst. Pasteur. , 1890, 4:257 —275.

[10] Broda E. Two kinds of lithotrophs missing in nature. Z. Allg. Mikrobiol. , 1977, 17:491 —493.

[11] Mulder A. Anoxic ammonia oxidation. US Patent, 1992, 5,078 ,884.

[12] Mulder A, Vandegraaf A A, Robertson L A, et al. Anaerobic ammonium oxidation discovered in a denitrifying fluidized-bed reactor. FEMS
Microbiology Ecology, 1995, 16.:177 —183.

[13] van de Graaf A A, Mulder A, de Bruijn P, et al. Anaerobic oxidation of ammonium is a biologically mediated process. Applied and Environmental
Microbiology, 1995, 61:1246 —1251.

[14] Thamdrup B, Dalsgaard T. Production of N, through anaerobic ammonium oxidation coupled to nitrate reduction in marine sediments. Applied and
Environmental Microbiology, 2002, 68:1312 —1318.

[15] Dalsgaard T, Canfield D E, Petersen J, et al. N, production by the anammox reaction in the anoxic water column of Golfo Dulce, Costa Rica.
Nature, 2003, 422 :606 — 608.

[16] Kuypers M M M, Sliekers A O, Lavik G, et al. Anaerobic ammonium oxidation by anammox bacteria in the Black Sea. Nature, 2003, 422:608 —
611.

[17] Kuypers M M M, Lavik G, Woebken D, et al. Massive nitrogen loss from the Benguela upwelling system through anaerobic ammonium oxidation.
Proceedings of the National Academy of Sciences of the United States of America, 2005, 102 :6478 —6483.

[18] Hamersley M R, Lavik G, Woebken D, et al. Anaerobic ammonium oxidation in the Peruvian oxygen minimum zone. Limnology and
Oceanography, 2007, 52:923 —933.

[19]  Schubert C J, Durisch-Kaiser E, Wehrli B, et al. Anaerobic ammonium oxidation in a tropical freshwater system ( Lake Tanganyika ).
Environmental Microbiology, 2006, 8:1857 —1863.

[20] Thamdrup B, Dalsgaard T, Jensen M M, et al. Anaerobic ammonium oxidation in the oxygen-deficient waters off northemn Chile. Limnology and
Oceanography, 2006, 51:2145 —2156.

[21] Schalk J, de Vries S, Kuenen J G, et al. Involvement of a novel hydroxylamine oxidoreductase in anaerobic ammonium oxidation. Biochemistry,
2000, 39:5405 —5412.

[22] Damste J S S, Strous M, Rijpstra W I C, et al. Linearly concatenated cyclobutane lipids form a dense bacterial membrane. Nature, 2002, 419
708 —712.

[23] Strous M, Pelletier E, Mangenot S, et al. Deciphering the evolution and metabolism of an anammox bacterium from a community genome. Nature,
2006, 440:790 —794.

[24] Schouten S, Strous M, Kuypers M M M, et al. Stable carbon isotopic Fractionations associated with inorganic carbon fixation by anaerobic
ammonium-oxidizing bacteria. Applied and Environmental Microbiology, 2004, 70:3785 —3788.

[25] Guven D, Dapena A, Kartal B, et al. Propionate oxidation by and methanol inhibition of anaerobic ammonium-oxidizing bacteria. Applied and
Environmental Microbiology, 2005, 71:1066 —1071.

[26] Kuenen J G. Anammox bacteria: from discovery to application. Nature Reviews Microbiology, 2008, 6:320 —326.

[27] Kartal B, Ratiray J, van Niftrik L A, et al. Candidatus “ Anammoxoglobus propionicus” a new propionate oxidizing species of anaerobic ammonium

http ://www. ecologica. cn



414 £ F ¥ W 29 %

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]

[37]
[38]
[39]

[40]

[41]
[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

oxidizing bacteria. Systematic and Applied Microbiology, 2007, 30:39 —49.

Kartal B, Kuypers M M M, Lavik G, et al. Anammox bacteria disguised as denitrifiers: nitrate reduction to dinitrogen gas via nitrite and
ammonium. Environmental Microbiology, 2007, 9:635 —642.

Schmid M C, Maas B, Dapena A, et al. Biomarkers for in situ detection of anaerobic ammonium-oxidizing ( anammox) bacteria. Applied and
Environmental Microbiology, 2005, 71:1677 —1684.

Penton C R, Devol A H, Tiedje ] M. Molecular evidence for the broad distribution of anaerobic ammonium-oxidizing bacteria in freshwater and
marine sediments. Applied and Environmental Microbiology, 2006, 72 :6829 —6832.

Shimamura M, Nishiyama T, Shigetomo H, et al. Isolation of a multiheme protein with features of a hydrazine-oxidizing enzyme from an anaerobic
ammonium-oxidizing enrichment culture. Applied and Environmental Microbiology, 2007, 73 :1065 —1072.

Herndl G J, Reinthaler T, Teira E, et al. Contribution of archaea to total prokaryotic production in the deep Atlantic ocean. Applied and
Environmental Microbiology, 2005, 71:2303 —2309.

Ochsenreiter T, Selezi D, Quaiser A, et al. Diversity and abundance of Crenarchaeota in terrestrial habitats studied by 16S RNA surveys and real
time PCR. Environmental Microbiology, 2003, 5.:787 —797.

Sandaa R A, Enger OTorsvik V. Abundance and diversity of archaea in heavy-metal-contaminated soils. Applied and Environmental Microbiology,
1999, 65:3293 —3297.

Nicol G W, Schleper C. Ammonia-oxidising Crenarchaeota: important players in the nitrogen cycle? Trends in Microbiology, 2006, 14 :207 —212.
Kuypers M M M, Blokker P, Erbacher J, et al. Massive expansion of marine archaea during a mid-cretaceous oceanic anoxic event. Science,
2001, 293:92 —9%4.

Pearson A, McNichol A P, Benitez-Nelson B C, et al. Origins of lipid biomarkers in Santa Monica Basin surface sediment: A case study using
compound-specific Delta C14 analysis. Geochimica Et Cosmochimica Acta, 2001, 65:3123 —3137.

Wuchter C, Schouten S, Boschker HT S, et al. Bicarbonate uptake by marine Crenarchaeota. FEMS Microbiology Letters, 2003, 219:203 —207.
Venter J C, Remington K, Heidelberg J F, et al. Environmental genome shotgun sequencing of the Sargasso Sea. Science, 2004, 304 :66 —74.
Treusch A H, Leininger S, Kletzin A, et al. Novel genes for nitrite reductase and Amo-related proteins indicate a role of uncultivated mesophilic
crenarchaeota in nitrogen cycling. Environmental Microbiology, 2005, 7:1985 —1995.

Konneke M, Bernhard A E, de la Torre J R, et al. Isolation of an autotrophic ammonia-oxidizing marine archaeon. Nature, 2005, 437 ;543 —546.
Francis C A, Roberts K J, Beman J M, et al. Ubiquity and diversity of ammonia-oxidizing archaea in water columns and sediments of the ocean.
Proceedings of the National Academy of Sciences of the United States of America, 2005, 102 :14683 — 14688.

Hallam S J, Mincer T J, Schleper C, et al. Pathways of carbon assimilation and ammonia oxidation suggested by environmental genomic analyses of
marine Crenarchaeota. Plos Biology, 2006, 4:520 —536.

Hallam S J, Konstantinidis K T, Putnam N, et al. Genomic analysis of the uncultivated marine crenarchaeote Cenarchaeum symbiosum.
Proceedings of the National Academy of Sciences of the United States of America, 2006, 103 :18296 — 18301.

Prosser J 1. Autotrophic nitrification in bacteria. Advances in Microbial Physiology, 1989, 30:125 —181.

Deboer W, Gunnewiek P J A K, Veenhuis M, et al. Nitrification at low pH by aggregated chemolithotrophic bacteria. Applied and Environmental
Microbiology, 1991, 57:3600 —3604.

Jordan F L, Cantera J J L, Fenn M E, et al. Autotrophic ammonia-oxidizing bacteria contribute minimally to nitrification in a nitrogen-impacted
forested ecosystem. Applied and Environmental Microbiology, 2005, 71:197 —206.

Yuan F, Ran W, Hu J, et al. Ammonia-oxdizing bacteria communities and their influence on the nitrification potential of Chinese soils measured by
denaturing gradient gel electrophoresis (DGGE). Acta Ecologica Sinica, 2005, 25(6) ;1318 —1324.

Hermansson A, Lindgren P E. Quantification of ammonia-oxidizing bacteria in arable soil by real-time PCR. Applied and Environmental
Microbiology, 2001, 67:972 —976.

Okano Y, Hristova K R, Leutenegger C M, et al. Application of real-time PCR to study effects of ammonium on population size of ammonia-
oxidizing bacteria in soil. Applied and Environmental Microbiology, 2004, 70:1008 — 1016.

Horz H P, Barbrook A, Field C B, et al. Ammonia-oxidizing bacteria respond to multifactorial global change. Proceedings of the National Academy
of Sciences of the United States of America, 2004, 101:15136 —15141.

Hao Y J, Wu S W, Wu W X, et al. Research progress on the microbial ecology of aerobic ammonia-oxidizing bacteria. Acta Ecologica Sinica,
2007, 27(4) :1573 —1582.

Wuchter C, Abbas B, Coolen M J L, et al. Archaeal nitrification in the ocean. Proceedings of the National Academy of Sciences of the United
States of America, 2006, 103:12317 — 12322.

Leininger S, Urich T, Schloter M, et al. Archaea predominate among ammonia-oxidizing prokaryotes in soils. Nature, 2006, 442.806 — 809.

http ://www. ecologica. cn



13

REIE 45 FAMMEMES¥ESRIEIFIHE R 415

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Francis C A, Roberts K J, Beman ] M, et al. Ubiquity and diversity of ammonia-oxidizing archaea in water columns and sediments of the ocean.
Proceedings of the National Academy of Sciences of the United States of America, 2005, 102 :14683 — 14688.

Beman J M, Francis C A. Diversity of ammonia-oxidizing archaea and bacteria in the sediments of a hypernutrified subtropical estuary: Bahia del
Tobari, Mexico. Applied and Environmental Microbiology, 2006, 72:7767 —7777.

Park H D, Wells G F, Bae H, et al. Occurrence of ammonia-oxidizing archaea in wastewater treatment plant bioreactors. Applied and
Environmental Microbiology, 2006, 72:5643 —5647.

Weidler G W, Dornmayr-Pfaffenhuemer M, Gerbl F W, et al. Communities of archaea and bacteria in a subsurface radioactive thermal spring in the
Austrian Central Alps, and evidence of ammonia-oxidizing Crenarchaeota. Applied and Environmental Microbiology, 2007, 73 :259 —270.
Reigstad L J, Richter A, Daims H, et al. Nitrification in terrestrial hot springs of Iceland and Kamchatka. FEMS Microbiology Ecology, 2008 , 64 :
167 —174.

Zhang C L, Pearson A, Li Y L, et al. Thermophilic temperature optimum for crenarchaeol synthesis and its implication for archaeal evolution.
Applied and Environmental Microbiology, 2006, 72:4419 —4422.

Steunou A S, Bhaya D, Bateson M M, et al. In situ analysis of nitrogen fixation and metabolic switching in unicellular thermophilic cyanobacteria
inhabiting hot spring microbial mats. Proceedings of the National Academy of Sciences of the United States of America, 2006, 103 :2398 —2403.
Mehta M P, Baross J A. Nitrogen fixation at 92 degrees C by a hydrothermal vent archaeon. Science, 2006, 314:1783 —1786.

Mincer T J, Church M J, Taylor L T, et al. Quantitative distribution of presumptive archaeal and bacterial nitrifiers in Monterey Bay and the North
Pacific Subtropical Gyre. Environmental Microbiology, 2007, 9.:1162 —1175.

Ward B B, Martino D P, Diaz M C, et al. Analysis of ammonia-oxidizing bacteria from hypersaline Mono Lake, California, on the basis of 16S
rRNA sequences. Applied and Environmental Microbiology, 2000, 66:2873 —2881.

Purkhold U, Pommerening-Roser A, Juretschko S, et al. Phylogeny of all recognized species of ammonia oxidizers based on comparative 16S rRNA
and amoA sequence analysis: implications for molecular diversity surveys. Applied and Environmental Microbiology, 2000, 66 :5368 —5382.
Urakawa H, Tajima Y, Numata Y, et al. Low temperature decreases the phylogenetic diversity of ammonia-oxidizing archaea and bacteria in
aquarium biofiltration systems. Applied and Environmental Microbiology, 2008, 74 :894 —900.

He J Z, Shen J P, Zhang L M, et al. Quantitative analyses of the abundance and composition of ammonia-oxidizing bacteria and ammonia-oxidizing
archaea of a Chinese upland red soil under long-term fertilization practices. Environmental Microbiology, 2007, 9:2364 —2374.

Chen X P, Zhu Y G, Xia Y, et al. Ammonia-oxidizing archaea; important players in paddy rhizosphere soil? Environmental Microbiology, 2008,
10:1978 —1987.

Shen J P, Zhang L M, Zhu Y G, et al. Abundance and composition of ammonia-oxidizing bacteria and ammonia-oxidizing archaea communities of
an alkaline sandy loam. Environmental Microbiology, 2008, 10:1601 —1611.

Tourna M, Freitag T E, Nicol G W, et al. Growth, activity and temperature responses of ammonia-oxidizing archaea and bacteria in soil

microcosms. Environmental Microbiology, 2008, 10:1357 —1364.

S E 3k

(48]
[52]

K, W, WL, S ARPRER BERER UK IA BT SR E A ] LR A B LB B . AR AR, 2005, 25(6) 11318 ~1324.
MARR, RIGE, R, & FREAHENRIIE SRR, A&, 2007, 27(4) 1573 ~1582.

http ://www. ecologica. cn



	01D29.pdf
	01D30.pdf
	01D31.pdf
	01D32.pdf
	01D33.pdf
	01D34.pdf
	01D35.pdf
	01D36.pdf
	01D37.pdf
	01D38.pdf

