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Abstract: The increasing emission of nitrous oxide (N,O) poses a serious threat to global
ecological balance, to which microbes contribute a lot. Aerobic ammonia oxidation is the
oxidation of ammonia to nitrite under aerobic conditions, which directly or indirectly affects
the global production and release of N,O. Ammonia-oxidizing archaeca (AOA),
ammonia-oxidizing bacteria (AOB), complete ammonia oxidizers (Comammox), and
heterotrophic ammonia-oxidizing bacteria (HAOB) are major contributors to ammonia
oxidation. It is important for the mitigation of N,O emission to clarify how N,O is produced by
the four types of microorganisms. This paper reviewed the N,O production pathways in AOA,
AOB, Comammox and HAOB driven by the aerobic ammonia oxidation process. The roles of
some key enzymes in the N,O production pathways were elucidated through enzymatic
analysis. Ammonia monooxygenase (AMO) is the first key enzyme in the autotrophic aerobic
ammonia oxidation process, and the direct product of hydroxylamine oxidation is NO instead
of NO,, which is then converted to NO, by an unknown enzyme. The aerobic ammonia
oxidation process and related enzymes of HAOB are not completely clear, and the issue of N,O
emission needs to be further studied. This paper aims to lay a theoretical basis for regulating
biological N,O emission.

Keywords: aerobic ammonia oxidation; ammonia-oxidizing microorganisms; enzymology; nitrous
oxide; NO; nitrogen cycle
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Figure 1 Microbial N,O emission process.
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1.1 AMORBEFREURNE—TXEL
fifg
IR BB EE—H 2 NH 7E AMO ITERT T
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pMMO)/a T [r]—H i B i SR e e
H AR AMO 782 M3 BOR e e
25, R AN 2R B AR ST A T DL AR S s
ZAFLERE (R L B Mg R A i v B
U0 AMO - 4 i oA DAl Ak B PR 2K
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WA, 7E amoCAB #H:9H\+ M Tt LT
AmoD Fl AmoE AHRIiAEP, AHKMITIA N,
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Figure 2 Sequence of amo operons in AOB and AOA*®.
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A A A AL I R (nitric oxide oxidoreductase,
NOO)WITER T &AL NO, [A(4)]. Hiril ok
Xt HANE AOB F 58 & BE, i 2 i 4 H
(nitrosocyanin, NeyA)7EZ AfbIFEH [ AMO
M HAO —H = ERE, JFEER S NO 454, #
INRIEERR BEE 3 R BB NeyA 25
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TR Ak RS (HJRAE Nitrosomonas sp. Is 79
B4 KL R ZH A B neyd FEPO Ak,
A NN R A2 S 4R 8 55 i ST A PR k3 i il
(copper nitrite reductase, Cu-NirK){7{# ii NO %]
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Figure 3 AOB intermediate products and related enzymes of aerobic ammoxidation process
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PR AR I 2 i 1% im0 2 Fh S 41k NO 48
1k NO,™ (F 4B)™), ¥ it o A IR AL
5 LT Hod 2 AN HL S 16 BB DGR I 5t
fi#f (membrane-associated quinone reductase,
QUED), #AJ5 e — A~ K 61 3% A 28 1 Bk 1
YEF#ER2 ] AOA [ AMO HEFTZE ALY,
NI e 2 R vl Wi R S E N
N NH,OH bR NO, i B i K A 50
SRS AL AT REA I RE R, B A R
£ 438 )i i (copper nitrite reductase, Cu-NirK)Fll
B 72 e 4 Ak 38 )L B (copper  hydroxylamine
oxidoreductase, Cu-HAO)®, H1F Cu-HAO 5
AOB 1) HAO JE[J%), {H%if% Cu-HAO Hy%E
PRI AR BRSSP R AR E AOA 1 HAO
T TFAE 1 Kobayashi 255258 1o S P 2655 NirK
KB, A NirK EHBEEAEL NO, ik )50 NO
FREL R AL NO. [HI, Cu-NirK tAJ ]
REJZ S 40T HAO RYXT I ) o (B BUAT 4 S 1 T
NirK 5407 Nirk AOFIUEERLAR, w4 21
PERI M ARHf P, R Gt 2 A T B AR
[n]
1.2.3 Comammox F 22 K ML A NO
Comammox FTEMfH 2 ALt #h ™ NO
WAFE TR, HAETAH Comammox FYFEEME
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Intermediates and related enzymes involved in AOA aerobic ammoxidation
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T I NLO HERL

IR E A B2 N0 HE Y sl
NH,OH. NO il NO, , (1) NH,OH L)} NH,0H
FITNO I [F] 7R 20 it {62 Pago HOAE R BELRESR L
N,O JEFE RGN KA 0 RAEAR IR A3
WEE. (2) NO &—%8 b A& UA 5 B (nitric oxide
reductase, NOR)” 4= N,O {lI-F-42& AOB Fijli 45 )



MIARAE | A=Al 2023, 63(9)

3327

P, HETEA R AOAY A Comammox
HUIREEE B nor FEINBIFEIEY . (3) NO,
LI AL S AL I R A 7 R NO Fll NLO ., Hi T
AOA #it= NOR i, ik [Ff Z o5 & B N,O
H N Sk A NH, I NO, P, RN AOA H
) NoO & B A= R 7= A i BT gk
Comammox FZEKH AT, A N,O HEil
MIFSE 8/ . Dimitri Kits 225% 8 Comammox
PR NO VW BR AR MU, ANEERAEAE R NLO, FF
HAEH nor 2. it Comammox I 7E44A
FEAL R N0 HEUE AR A W Ak 40
SR, R A R AR NLO HEROR
HEME 2 NOR, HAEAL NO 2| N,O 441k .

2 ARAELFNFAEAEN
T Xk N,O
SR A A A — A AT A o A

>k, 5 9% & A 1k 1 (heterotrophic ammonium
oxidizing bacteria, HAOB) K H:7E i P 1 1 2 A
A S A NLO i i 2R AR BH R G
FEPY, CONEH, K, KA EE T MR
LRGP or B S AR R B 2 00 R IR AL T, X
R AR BRRE 5% DR 2R RN D) RE I FH 45 5 T
PEET T AN 7T,
21 RHFIEUEHNFEESCIEEE
=5

BT AFAANE, HAOB WKL
P It H R R a A A A 5 g S A
RS A0S (A DA H ] 7 g A DB S 7R A AR L
PSR IRME, HETY HAOB #FE & A fbikie—
JBE R B TS A /U A R A ™ 9 . Dhie il
al B DR ARG I T4 1 Y (R IR A kA
AR AR A R B R R — B s Y
HAOB A & AL BEERAFfE 22 5. i, A
W FEIA R 1 R B (Pseudomonas  sp.) B9 448 &

A k& % & NHy>NH,0H—-NO, -»NO; —
NO, 5>NO-N,0-N, s 5 iF 5% Ik Ry
Pseudomonas sp. W] If A @ A L & & H
NH, " >NH,0H-NO, »A&ER., HE, df
FENHRFEEE S T NH 0, B HLA
—NH,0H-NO, »NO—-N,0-N,'* (HF7F 5
FO 2, T8 e B DR G A 2 SR A R DL Tt A
FEI) B, Silva S50 HAT 2 AL AR J1 (14 T Bk
Pseudomonas stutzeri #4707 L&, FEH
N RE RS NS B EE fa = P o - e W 1D
FEIA RN, AH % ISR Ak 2ok R rp I A A
TR 7E
22 RFREUEFEIENIENES
T2

HAOB U4 28 S8 A i 14 ik D R~ 2 AN
SEHM, HRAX HAOB Af A b — 4 21
H1 AMO fifk)"* 4 NH,OH fF7E i %E . —J7 i T
NH,OH & S ARE RIS, UIFE Streptomyces
mediolani EM-B2™) . P. aeruginosa'® . Pseudomonas
putida Y-9"FI Acinetobacter sp. ND7""a % Ak
TR AR R 2 NHLOH IAETE . AR A HEWT
A REM 2 A Lt 72 NHy —»NO, > NO—-N,0—
N2 S — SR E A BRI T A R A
AALE RN R, ks T3 ME AMO HIfE
M7 4 NH,OH. {H H Hi{L7E S HAOB ik
BT AMO. Il Lang 25Vl amoA JERAE 3 £k
HAOB ¥ # 11 AMO Ziii. Bk Wang %7
WA H AMO 457447, 1H amod 519K A H & &
W HE . MET ASREAAMLE, HAOB 1
AMO FEAIIARBUR P RaE , B2 MIEEETY, Bk
RO, (AEMREENRE,
SRR AT amod FkH S SL R 4 il = (L 5¢
AL AR R RE O ldn, AL = Hi e
LR A 2] AMO BigTs, {HffIH] AOB 1Y
amoA S1YEAY K Pseudomonas putida Y-9 1)
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AMO iU, Cui VLR AR R SE SR i
Hb, A R ARG (X B IR A AL
W)X HAOB fE AR A B U7, A S5
KB, 0.5 mmol/L ATU X AOB A & i il
YERT, Xt Arthrobacter arilaitensis JoINHIVE
F s AR VR B R 3G, S g s 2 i
Pseudomonas putida Y-9 %t ATU # ALY 2L
b g SR B T B S R AL P T REAEE A
6] 7 B FR e E AT 1 = e A

SAKGE, HAOB 2 E kit B prid S iy Ak
D5 R AR A ARG A, AT RE BT XA [ ) A
HAOB 7 2248 H F e HY 2 B AL 2
23 EFALIIED N0 BYHIK

HEECTAFESRGE AR T N,O 17
A KA R ZH0E , KB R G 55
PEAEFHE NLO 5%, 4n Liu 558 & Bl 5
FEAEALAE X KRS LR NL,O B BTk e B SR
fEAE 3R . Zhang %PV PN AL EbRiCIE
W) S 7 A AR P 23175 3 3 [ ARy PR P BRbk
SRR AR T3 NyO, I HL Wty e v A%
PR3 NO (9 FZIFFE . Pan 58 1 25 38
eI e 2 B S 5 i A TR A Ak 3L R R R K B A
REET KHAEM . Fan SEPBE503RT, 3,4-—H
FiE ke 1% R FiE (3,4-dimethylpyrazole phosphate,
DMPP, — gLl n) s 20885 N,O {XREM
il 41.7%, TR LA RS 90.0%. 5
SRR S RRVELTE S R M 2 A 6 R AR AL
Y A AL 5 B IR AN ], S RGeS
AR AT A 551 PT REAS k25

HHTIA HAOB Z AL HEIL N,O Byt Ay
2 4k (1) 5 EFREEMLM, EEEXFFR0
1k F 4y 4R R i Ak A HE A N0 HE I
NH, —NH,OH—NO, -NO—N,0, ALKz
KILER Pseudomonas putida Y-9U" e F Akt
R NO IR, I HA IS AL N
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N>O.(2) J& HAOB {75 SR 2 E AL NLO HE
B #® % : NHY>NH,0H-NO—-N,0 .
Acinetobacter calcoaceticus HNRP® & 1% &= [
NH,"#l NH,OH, {HAREFIH] NO, #l NO; -, ik
HEME5 ()i A2 M AT BERY NLO HEGER . 2RIy
WA Zhao ZPMRIE Y Alcaligenes faecalis NR,
A NO, FI NOs 742 N,O, il NH,OH H#%
PP NLO R, SRt Ak i i AU Qg A i o6
S DR S AR S AR [ SR Ak T i T 2 ok
HeM Ry, FFRAEREMN AMO WA .
W D A5 A A5 7 S AR IR R AN £, T
Fra A NoO AL AT 400, SR
S5 AN BE B 04 T b 2 0 LA A 28 B HERE i)
X NoO Aok, XA 4k N,O
HER A RO B A R I B AT

3 E#

IR A A R RE AL B P — A E
2, R R R R NLO (W HE
U A SCREMNGRR T IF R A A b2
PR, EFEZa R v R i A | S i
K N,O WyHEskm &, HAB T A W78 A7
TEMIA L, BN IE E E— 2 ST

(1) EMEAN B Y NO B 4453k
52, (HA M NO F] NO, #hy 3 A5 rf i 5 I i) ity
J A A o i — 25 B o

(2) B RBA) Comammox B 1)K HR 4 A
WA VIRETERE, B2 XA OCHE 1 A Al I SRAE
ity LA TAE BESLEG B s JF H 16S rRNA JUFPC
X 43 Comammox FINEAYRRER B JE O
BLEEXS Comammox & IT% [ THIG 4.

(3) FFRAAE T R A ALl (I
A AMO 5P REAR e p X Hedb A7 A Rtk
T X R A E AT LR R 15 b,
FEFWREMREL, IRE e, A5 H
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e A Bt e A (U SR AR« BRTAFRAE), I HAH
KB AL AR, MHAERER NoO HEHY
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