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Research status and prospect on the nitrification pathway and nitrogen-
transforming function of heterotrophic nitrifying bacteria
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Abstract Heterotrophic nitrifying bacteria are an important group of nitrifying microbes and have been a hotspot
in nitrogen bio-removal because of their high efficiency in removing sewage nitrogen. Research on heterotrophic
nitrifying bacteria has made considerable progress during the last decade. This review summarizes the key
enzymes that catalyze nitrification and other nitrogen-transforming processes in heterotrophic nitrifying
bacteria, organized heterotrophic nitrification pathways, and underlying molecular and biochemical mechanisms
of nitrogen bio-removal. The diversity of nitrifying functional genes is higher in heterotrophic nitrifying bacteria
than in autotrophic nitrifiers. Heterotrophic nitrifying enzyme cluster includes ammonia monooxygenase
(AMO), hydroxylamine dehydrogenase (HAO), pyruvic oxime dioxygenase (POD), and nitric oxide dioxygenase
(NOD). Heterotrophic nitrifying bacteria possess different nitrifying genes and produce nitrate via different
nitrification pathways. Moreover, heterotrophic nitrifying bacteria have multiple nitrogen metabolic functions
and thus play a key role in sewage nitrogen turnover. Ammonia assimilation and nitrification-denitrification are
important ammonia removal pathways. Nonetheless, the genetic information on the nitrogen transformation and
nitrogen removal pathways of some heterotrophic nitrifying bacteria remains unclear. In future, more molecular
investigations of nitrogen metabolism are required to reveal the nitrogen metabolic pathways of heterotrophic
nitrifying bacterial strains and explore bacterial nitrogen removal mechanisms.

Keywords heterotrophic nitrifying bacteria; nitrifying enzymes; heterotrophic nitrification pathway; nitrogen-
transforming gene; nitrogen bio-removal mechanism
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I DR T A AR A 58 SO IR B, 32 31 2 0 i S A3 1 v JBE ok
FEL BIHT AL, TR I S IR A R R
TE A1 10t 58028 4 vh A U 8 1 S R A A 4 T B R 45 R, &
BRI R LR AN ], R 2 R K. SRR, 4T
AR AT e, SRR (At R4, ThReJE (K 4. 16S
rRNA%E) FIE AR CGRAR 2B S BOR )2z M
5 57 T AL A0 T (R E 7 v {8 B 2 e 9 1 440 R 11 RO A
THREAT LA <, A TNATIO 55 57 A A 240 11 2R A i 50 A B AL
AR AIR. AR SCORE I 1O £F DR 57 57 Al A 48 1 SR U AL DI REHY)
FRORHF FE AT S 45, BAEmAL. At R FL . iR &6 7 ik
B A B i TR ) A 30 iR S R0 10 1oL R A K i g S L
P JEDA, X7 e HEAT () 5 77 A AL A MR AR BEAT HE, ]I 1A
B R A R X B AR I STk AR, R JE XA A R TR A AL 4
PSRBT BRI FT 5 TR EAT R R, DAYI DA I8 Jo Mt 0 iR o 14 9 32 A
g 1 LB IR R AR

1 FAEUERKEHREZE LA~

11 FFMEFAHELER

S5 AL A AT R AL RV R 2 Ao A g,
FRTEE I E B N4 B (ammonia monooxygenase,
AMO, amoCAB) Az JlZ H AL )5 i (hydroxylamine
dehydrogenase, HAO, hao) B [ 7% i 1L 2 JE (1 1 1k Th
REl. CA B SCRRIROE 1 % i A6 41 15 15 B % A 46 40 i 28 B
HIAMOFRTHAO [ & 1) J A B 3% M 2 IA) 77 16 B i 22 = L ke
FESR BT 58 R T 58 £ B amo Ml haok [X] 1) 5 % it A4, 41 1
(£1), Stenotrophomonas maltophilia DQO1%: 5+ F# il L
2 B 25 K B amo 2t K 5 E A1 i Nitrosomonas. Nitrospira
S IR AL AN 22 T ROK, Jovk SR E R AN AL A B 151 4 ik
ARy UOAL AR, A B AT K B Sphingomonas sp. YY2,
Acinetobacter sp. YY1 "F1Janthinobacterium sp. M-114:%
AR amo ik R AT LA [ 2% A Ak 41 1 (1 amo 51 R Eh
P15, R amoR: Fl 5 H 77 W 4k 4 i AH LS B . AR
% Sinorhizobium meliloti 10214 3£ K 41 7 51347 25 Hr EL X,
K IL— B R H AT fE /2 amodt Al (putative amo, P-amo) , 1
1% P-amoBe T (1 - ME B W D4 34 31| Sinorhizobium sp.
NP1 P-amo & 5K ¥ ¥, 5 E IR MR AHLL, P-amoik b5 3
PR (TR AR O NH, PR 25 B 3R A 17 35% U, 1IEW P-amo )T
25 AVER A ThREFE R, AR W] Sinorhizobium
sp. NP1l i & A AL /E AT LU L35 % IINH, ™. b5, £
Rhizobium etliZk X 4141l | P-amo, Y Sinorhizobium sp.
NP1(f)P-amo4= 3 X 7 51| I L BE 66%-77% . T P-amo
W A IE U S amo T BE L H, KEGG. GOZE i AE W) 3 A
JE O A AT R, TR O IR e R HEAT LW IR AN BE K
R S A P-amoE A,

Bl & T 2 5 7% i AL 40 B amo 3k IR 4 K 48 7R, IR NI
Ft AMO ) Ty e 45 A6 B2 (I 10 AR 45 . A A 70 A 4l 58 ] 2
OA 1R IR 4 B I amoig T 51 ¥ 14 2 T Alcaligenes
faecalis NRfJamo4: 3L K J7 41, FF M4 % /7 %1 7t il 2] AMO
FEFH, JEME TN = R WA, RILILAMOZ
AN B X I E A", thF 8 7L 2 Paracoccus.
Pseudomonas. Arthrobacter<:84™ J& It 5 77 fi A4 21 5 5
MBI T 5 72 amoZE K 5| ¥ heteroamo 378f/634r, {H & H ik
¥ 1% 3 Paracoccus. Alcaligenes. Aquamicrobiumiz Fk ]

H R, R 0% 51 4 38 T 52 57 9% A 40 400 8 S B
Wang#i #& Pseudomonas sp. JQ-H3 "1 Acinetobacter sp.
JQ1004 "4 BB T W amoASE R 519, X X 51 4%t
A R AL A0 B 2T amoARE N [ T B A R IB A ik — 25
UOAIE. bR AT 45 SR T 2 Bl 5 R A Ak 40 B A T DA g A
HINARE, BRI M amo R Kk RAEKE
LR, HET, Klebsiella sp. TN-1045 24 B & A40E
PER PR TAMOZEE 45 WA R 71%, A A6 0 21 4 BE (1 amo ik
DR SRR AL 5107, AT 00 S5 55 s b 400 18 S8 o mT RS A7 A
5t amoE Bl 7 41) 22 5 55 K 10 S S A g 25 BRI AR 4 U1
7% T A4 20 A A0 R i S A 1 = T R B R PR i AL
it J5 B (hydroxylamine dehydrogenase, HAO) . — B Lk 7
fitd te A FH BB 70 b 250 M HAO (i AL NH,O H AR Ak A= /& T 72 )
ENO,, EKHIWE RIHHAO R B L I E 2= A ZENO,
MANO ", 20184F, Carantoas A\ & B4 1) 30 fi R 18 J5 g
(Cu-NIR, nirK) 1] LMEANOS A INO, ™ (B 1) . tHFNO
WA ACANO, H i FERR 2k A, R H 1T MIWE FLT 8 KN O, #1L
NEEMER =Y 2 —. CA MBI E Acinetobacter
junii ®", Klebsiella pneumoniae CF-SZ5p itk 22218 4
haod& K (21, W LA B 7% 5L 28 B (Nitrosomonas
europaea) Fr il fhaok K 5| ATH 14, RHXE 5757
Tt A 200 BT 1D 2 M S A0 0 iR B 5 1 77 T A 00 A RS ey
SR AN R B, B R AT DL I IR S (C5H/NOD X
T4 & (pyruvic oxime dioxygenase, POD) i 4% %4k 2 Bl
NO, (1) . B W5 5t PODME /R 15 51 4T 20 b, IF
S A DR R ) 4020 T T PO D g e 3 IR A, [ IR BT
137 51 48 FE PR PR EAT X, R I Pseudomonas aeruginosa
PAO1. Achromobacter xylosoxidans4k & ¥k -4 4 ALY
KN, A. faecalistb th 0246 I F) B A pod fll podh 3 [H 7,
W4t Cupriavidus pauculus UM1EE B £k 32547 R A0 AT FH A2 DA
TR 5 A JES A A i R 2, T i 2 G R AT R S S0 o 4 g
(R . —LEEh = HAOK) F 7% T 4k 41 B W) v] LLJ&E ik POD¥
NH,OH# b WNO, . B4 1 A AE H 77 i A4 1ok 2 4 Hh A il 21
POD, FithPODW K8 & 7 77 it A4 41 B4 AT 4 A (i 1 0F 50
ToRZ AT I W00 B 4 4RO B A AR e shRe Y, #19F
KA 2 haoE [, 1 PODIAETE 1] G 23 1t i HAOTE P44 I
SERI P, 751X SE B Ak R = 5 52 i U R 1 2 HAOE
= PODI AN .
—HAE XN (nitric oxide dioxygenase, NOD) ]
A Ji A 141 2 [ (flavohemoglobin, flavoHb) , & —
Z I, g tEEL 5 S A hmp G IR AThp) 1 I8 4 1
N AT BAE AL N OB #2400 yN O, 8, R I NOD L & Tl 44 Bl
#. Arai%s NTEEEXTP. aeruginosa— %A AL & B B WL (R HF 50 R
RILT % 1 e R LR A7 AR hmp LR P, s AR T B 5 9R A
k.41 i# Bacillus subtilis ®“F1Vibrio fischeri 418 hmpHL A
(R . FEHFN I, B FR 0 A Th A8 2 8 R 78 08 oK 3 i i
hmpZ: A, (K HNODT & /& [ POD LA AN 57 —Fh 7 37 i b 2K
BEFTHEA RS L. hmp & DRE & 51 57 97 B A 41 1 F 70400
B EE AN, 1% 3 R A S R T A A R 0 A R O I A R —
AL, ARAELL RN, TR AL 40 R 2R I LR R AT
TR AR BB T EE, RAEMAR IR E ML AR
A B A2 s S5 7 T A AT 0 S 4l 19 5 IR A AR 4
Lo 75 2R TE 2, 1Kt TR 35 5 7% 0 A 400 R 28 R 0T BB IR 2
T BE A R I 5 IR A AL D e JE A
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Table 1 Nitrogen-cycling genes of heterotrophic nitrifying bacteria isolates from diverse environmental samples

PR gt g 3

] N il PRI EALTE h ERPUN
Phylum Class Species Sample site Nitrification gene Oéhglrir?ltrosr?;— Reference
or activity yeling g
Ochrobactrum anthropi Wi ME75 e Activated sludge P-amo nosZ [5]
Paracoccus denitrificans 15 /K4F ] WWTP P-amo nar, nir, norZ, nos  [32-34]
a- A5 I A Sinorhizobium medicae B3 Acidic soils amo / [16]
a-proteobacteria Sinorhizobium meliloti HRFr 13 Soil surrounding roots amo, hmp glnAT [16, 35]
. o OO ERRE K Ab B &R 40 Caprolactam )
Sphingomonas paucimobilis wastewater treatment system amo, hao napA, nirk [13]
. : ik Y Activated sludge . [25, 36-
Alcaligenes faecalis fE{LIE K Coking wastewater amoA, pod, HAO nirK, norB, nosZ 37]
) SRg= . gln, napA, nirK,
Achromobacter xylosoxidans “ %5 7K Domestic sewage water / o) e [38]
R 7 1. : _ gltABD, narGHJI,
B T Achromobacter sp. HNDS-1 /K f5 1+ Paddy soil p-amo nasA, nirBD [39]
B-proteobacteria Cupriavidus pauculus / POD / [26]
; ; FEAL )T K
Diaphorobacter nitroreducens Coking-plant wastewater ponds HAO NAP, NIR [40]
Diaphorobacter S A I R 3
polyhydroxybutyrativorans  Denitrification reactor in laboratory A RS IR (27]
Janthinobacterium sp. M-11 ¥A1£{T. Songhua Rive amoA napA, narG [14, 41]
] e LIRS REE MBR
Acinetobacter calcoaceticus #5422 5% Commercial sea bass farm HAO / [42-43]
Acinetobacter haemolyticus 5 /K4b¥E] Sewage treatment plant  amoA, hao napA, nirS [44-45]
ﬁ(l:_{_:l?;obacter EIETES FATEYT Songhua River amoA, hao napA [46]
: P BEE RIS napA, narG, nirK,
Acinetobacter junif Livestock and poultry manure sewage hao nirS, nosZ (21, 47]
B Acinetobacter sp. JQ1004 5Kk WWTP amoA / [11]
Elfﬁgﬂﬂd ta Acinetobact JR1 RRIL 25K HAO NR, NIR 6
Seudomonaco cinetobacter sp. Acidic pharmaceutical wastewater ’ (6]
Acinetobacter sp. DN1 RUTAY) River sediments hmp gdhA, nasAB, nirBD  [48]
o . gltABD, narGHJI,
Enterobacter sp. HNDS-6 /K #g 1 Paddy soil hao nasA, nirBD [39]
Klebsiella pneumoniae “E3% 757K Domestic sewage water hao gln, napA, nas, NIR  [23]
Klebsiella sp. TN-10 At R SBR / NIR, NAR [7]
g ; ] 26 %5 7 AU R g
. , Providencia rettgeri Laboratory-scale SBR / NIR [49]
Y- TN o oy n
y-proteobacteria Pseudomonas mohnii B BRI PE R amoA napA, narG [14, 41]

Fresh biological activated carbon

Pseudomonas aeruginosa A1iHiiliJE X3 Oil spill site

pod, AMO, HAO, narG, nasA, nirS, [24, 34,

NXR norC, norZ 50-52]
Pseudomonas bauzanensis #iEF%) Deep-sea sediment P-amo nasA, nirS, norB,nosZ  [53]
Pseudomonas mendocina  i&t£i5Je Activated sludge / / [54-55]
; 4k /K Coking wastewater napA, nirS, nasA,
Pseudomonas putida KF -+ Paddy soil amoA, HAO nasB [56-58]
. - napA, nirS, narG, _
Pseudomonas stutzeri V5 KA WWTP / e e [59-62]
CLNTE I P 7K Ab 22 R 4t Caprolactam .
Pseudomonas sp.YY3 wastewater treatment system amoA, hao napA, nirK [13]
Pseudomonas sp. JQ170  i5/K Sewage / napAB, nas, nirBD [63]
Stenotrophomonas by SR B E S e napA, narG, nirK,
maltophilia Landfill leachate sludge amoA nirS [10. 64]
Vibrio diabolicus SF16 HEVESTAY) Marine sediment / napA [65]
Vibrio fischeri V5 KAEEL T WWTP hmp / [31]
’ ; IR XSRS b Leachate
Zobellella taiwanensis collecting tanks from landfill / / [66]
Bacillus haynesii A A= 5 Biofilm from biofilter  nxrB, AMO, HAO  nirK [67]
Bacillus litoralis WK FE 0% Shrimp mariculture water — hao napA, nirS [68]
Bacillus megaterium AEW L AE IR Biofilm from biofilter AMO, HAO / [67]
JEEER ] AT BN Bacillus sp. LY A 55 KA HE T Domestic WWTP amoA / [69]
Bacillota Bacilli
. . = - glnA, nap, narGH,
Bacillus subtilis T EG5 KA EE ) Municipal WWTP hmp nasABCDE [30, 70]
Bacillus tequilensis HEWIEIL I AR Biofilm from biofilter nxrB, AMO, HAO  nirK [67]
Bacillus wiedmannii AEW I AE I Biofilm from biofilter AMO, HAO / [67]
TR TR Arthrobacter sp. HHEP5 /K 7%tk Mariculture ponds amoA, hao narG, nirS, nosZ [15]
Actinomycetota Actinomycetes Rhodococcus pyridinivorans  5:%%) J% 7kt Swine wastewater ponds / / [22]

[ WAHARRAF R, MBR: AW I Nids s SBR: Ptk R B4 s WWTP: 15K B T RS =B K I B0 AR S A BEvE 1 RUA7BE: B 0T R T R A
/: Not mentioned. MBR: Membrane bioreactor; SBR: Sequencing batch reactor; WWTP: Wastewater treatment plant. Uppercase letters indicate
the corresponding enzyme activity; italic letters Indicate the corresponding functional genes.
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1.2 BFHELER
19704 Odus A M\ 338 v 73 85 31—k 57t 77 A A0 40 1A

TELANH, AP I35 35 6 AF N 272 ENO, L i S5l 1
FLE B, LINH, A E— %5 X Rhodococcus pyridinivorans
CPZ24. K. pneumoniae CF-S9% £ N MRIEATHFE, [FIAE
AP DL I B P N O, FFIA N IX e T ik HL & NH, 46 ik
NO, Ty Zh g 1 2% %2 54 %8 iy PR A i MR [, BT DA [ 57 37
Tl 1 40 T 0 355 97 AR R PN O, - N JBE 2 S AR K10 %8 720 23
B IR BT NO, -NIRIIK FE 46 BT *> *°1, Acinetobacter
calcoaceticustr s 771 FEFH TC 16 2 U NH, - NIRTIR 5 a2
JEWEE i NH,OH, 46 T FEINO, N JE A AL AR (1.5-2.0
mg/L) %, T IX S g AR AR A Y R 6 I R g Y
A Cnap, nar, nas) "> *", TEARAE I L& R A AE R ]
B R AR £, X AT RE L I8 NO, -NE R ERALHER 22—, [
I 0 2 BA 76 5% 77 JA TR N O - 1 £ i A Bt v T A DA, A it
NO, 1 R B SR T A A= P K A Ak 3ok F2 4 3 BURS A6 75 PRI
{i. Rhodococcus sp. B83% /b H B k145 77 iL FE HNH,-N
A ANOS -NF R 4L R 5 (8.0%-36.7%) , NO, -NiF &
JRCR KPP 2T A, DL T A 45 R 2 W 2 R S 9 A Ak A0 AT
RESENH,-NFALINOS -N. 1fi H IR AL e, B 2I20154F
A RIAFAE A TR E L 41 (complete ammonia-oxidizing
bacteria, comammox) [ B % amo. haofnxrk: [, v] LA
M KENH 486 N O, 7Y, H R & B comammox 4 & T
Nitrospira, %% & ey W40 Th Ak 5L B A0 40 1 3
HIWE 7 45 AT 50, P. aeruginosaldl i AAMO. HAO. NXR
WY, B. haynesiifB. tequilensislFlI B4 AMO. HAOR
P AN nxr3E R, X SRR MRS R R AT RS R A R A AL
AR (FH2 @) ; MA. faecaliss: &4 AMOFPOD %
it 2 [R] ) T R T i A 2 DR A 28 N O 10 (2 @) 5 B.
subtilis &45hmp- napHinarGEIEA nirk 7%, T fg & il it — 4
BRI = HENO, (B2 @) . HRIEAS Ak, iB%A 1
S IR0 o 7 A% I 3 amo, haolpodHinxrihmpL, Fik3
2 5 IR AR I8 12 0 75 R L TR KT A E 4 3t — AU 56

+ CH,COCOOH — TR
AT D) C;H,NO I\{ltrlflcatlon
Chemical process od — AR
p Denitrification
® ;
NH,* amoCAB NH,OH hao NO nirk NO, nxrAB NO,

napA, narGH
3) hmp

norZ nosZ

N,O N,

B SHAHUERARE~YRKEIRE.

Fig. 1 The metabolic pathways of heterotrophic nitrification
and their metabolites. O NH,"-NH,O0H—-NO—-NO, -»NO;; @
NH,*—-NH,0H—C,H,NO—-NO, -»NO;; ® NH,"-NH,0H—-NO—-NO,".

2 REEWIhEEE A EM

21 EEREAN T AEER 2 1 IR 1ER

19884 RobertsonZ AN X8 T Paracoccus
denitrifications B A5 U 5 S AL T EE . FH AR HAE B B0 A
WAl CLREAT R A SRS A R TS, T I 48 ARORIE T 40 R B 48 K
2R IR AL A T A LA SO A T RE . BB TR AN AL A B
HIENO, A ANO, HIThAE, Zid F2 32 T S L &k 7+ AL I8 IR
(dissimilatory nitrate reductases) =%, H #5551 i 2
A7 B AT 4153 4 & i R 3 74 I SR B (NAR, narGH)D Al

JE R R £ AL R JE B (NAP, napA) , PRl 0 25 ¥ 40 % 52
SR NARM A T 8HUK, £E S 5RERML; TINAP
KR T AU, 578 RIS AL, Agrobacterium
tumefaciens LAD9FISphingomonas paucimobilis%s i
L1645 3% A AL 41 B B bR & A nap 5 RS9 22 50470968
(KD, K AYETHA KA TR ST ER
J<JN.; Achromobacter sp. strain HNDS-1fl1Enterobacter
sp. HNDS-6%% i ik 107F# 41 1 4% £ I £ nar £ 1 1o %2 9920 ©91
(R, T T SR 40 30 55 H 10 A R 36 57 0 0 TR
2. 4k, Pseudomonas mohnii M-8. Janthinobacterium
sp. M-11"*1S. maltophilia DQ01 "“#lPseudomonas
stutzeri 7% 704 1 3 5 i bk R L AT 2 B NAP FINAR
FEIR, AT DUAR 0 5 58 rp A S0 S AR AR S A R 38 12 i AL
NO;IEJFANO, . NO, X ik — 04 i IR 5 16 [ B (nitrite
reductases, NIR, nirSinirk) it JFUR—8ME (NO) , 1E757K
QIR B VS R R nirk/SIEFE IR =, A. calcoaceticusil
K. pneumoniae%i it i 195k S 77 fif 4k 41 1 S AL i W & A nirkk
(RO 10 320 (1), R AEARAE F RS B2 3638 J5 77 A N O, 3 i
BENIRIEJFE NO, 5572 NO, (R AL IR AR, A BT
F-0.0 mg/L 175274248051 S S Ak 21 B i A6 2 N O A AR
W, T T VZ AT TE ISR A T B8 AT DA S B2 ARG 2R 455 Hh i 12 3k AN
VA R SR VR BE, AN — R R LS B & 52 NO; FINO, 1Y
B, PO B AR AR AT KA U A i R R K
2.2 REEIERF=EN,OFIN,
NLOFIN 2 KA H S S AGAE FH I 284779, ST 5 7R s 4k
T B 3 A A AR AR 7 AR 1 A SR (NLO, N (A
RH127.4%-83.7% * “ 9 (H2) , R EEREYMARE. K
HIN,O A2 iR F M, Hol 3= 44 2 CO,L[112651%, A N,OH
SFEREE. N,OSE H AN ER #5318 R 17~ INOZ — AL &
B JR g (nitric oxide reductases, NOR) it JE /=4, HAEjE A
HFINORA 5F, H 4 A% 41 i 3= ek #6i 1% (cNOR, cnorB)
FIE AR A PE (QNOR, norZ) — &AL BUE J5 i 7 [ AR 7Kk Ak A1
15K RG24, RIE IR R, 5 IR 40 B 2
Bt Cupriavidus 1 SphingomonasiFi ™ J& It & ¥k 2 4 norZ,
MycobacteriumfP. stutzeri KCBH % /> cnorBH: K ¥4 1, T
Diaphorobacter[l B} B 5 qNORFI cNOR 4 i 3 [7 9%, A.
faecalis WY-011— %6 R4 J5 B 5 D5 B 4 e o 9 1800 (%
1. FERE 7L KA B b — S A EOE g VAR =, il
LiangZE A #1878 5 F /KR FR s A0 16 75 SR A0 A S HE 0K
FN,O U7, T ER 5% 7 A2 N, O (1 A W g 1) 250 o AR 25 4% 9
F5, R NLOB) BAR SR IR 70 B A Pk v 1 AR, ZE i
TR T R 855 R R T A AT T 2R A N O HE T 1 BT R SR8 A 1k
M. O IR 2 SR B ST 8 3R 07 v B Rk ) — FU EE
SR VE AT ORI, 4 LU R 35 MR % Enterobacter asburiae
GS2i 17337, HEMIN,O 5 % 1130.6% ", Acinetobacter
haemolyticus ZYL¥#8 it 4.6%HINH, 5 1k N,0% & %
AR A R A A R AR id AR, R BLProvidencia
rettgeri Y LYE IS AW B 3 B R BENH, 46 AN,O 7,
T 55 R A 200 B e T K A B R N O ) L R I
B4y 5 77 A Ak 40 B 1T DA g B A4k 2 %08 SRS (nitrous

oxide reductase, NOS, nosZ) , L N,O JF 4 i IC %
PEIIN,, NOSZ Hui &0 i — 1l LL B2 N,O38 R N,
BB A A ¥ B LY. Ochrobactrum anthropic ',
Pseudomonas stutzeri “"H1A. faecalis WY-01 Fo& 45T
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PAgmIENOS (1) . S MW 7T K Al Ree Mk 1A 47 3 A% R
¥4 A (DNA stable-isotope probing, DNA-SIP) & i
Achromobacter sp. HNDS-1fllEnterobacter sp. HNDS-6
Z 54 IR M IEE A norBinosZ, B4 ¥R AL N
N,OF B AL AN I 1109 (1) . A B Rk £ P A,
haemolyticus ZYL “Wa] LI [ 5 T2 A= 1 40 3 43 NL,OF 4k
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0, 4, iZ & A N0, BN AR A M A . B
T At X6 S5 9% 1 AL AR TR 2R BENO-DI I 78 8 /b, R e 1720 %
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denitrificans T % IF 52 & F norZ 3 H P, P. aeruginosatt %,
T B IR 2 3 A A - SO A AR FE R A A i A SR
BN, B (R . AT R B 5 5 1 10 4 1 78 3& T
IS R 2 BN, W Zobellella taiwanensis DN-7 °%,
Vibrio diabolicus SF16. /£ 5l s 72 KA 4EN,0, 48.8%-
65.6%1INH, " -N#ix &4k JyN,; LA M Acinetobacter sp YY-
5 ®H1Diaphorobacter polyhydroxybutyrativorans *"4 ik
W2 ANy, W RE B g 5 — U A BB I D B, 1X SE B
PR AL A2 NG IR AR R A2 I AN IR, S A i — B e, B
SRIKAE R GE M DUR ) A T RE 7K A2 2R G v (V3 M ¥ 8 #8 ] LA
0 8 A s 2 B [ norZ B4, 3 e (X3 2 S R A A 4 TR 1 A
RO X3, AR HE O WA 7T S5 SR FRATTHE M norZ 2 IR 7T R
JTIZAFET R AR AL A R T . SRS, Z. taiwanensis
DN-7, V. diabolicus SF16., Acinetobacter sp YY-5, D.
polyhydroxybutyrativorans, P. aeruginosa#llP. denitrificans
TEIE B B m] DL 75 KR LA (NH,T, NH,OH,
NO,, NOy) # AL AN, A/ AU 7 A T BN, O, X 85 1Y
ST S A 550N, SR TETE AR T A B A, 20224F, Mullerss A
R8T Pseudomonas stutzeriZd 2 NOSH; 15> T HLHIPY, ix
— AR T X NLO I J5 AR BN ik — 5% g ik B AR, A4
Ji 8 AR ) TR O A T R S T AR R DA D R AR Y
N,OF EFR AL | 5 Sk 45

3 HfttRmiZ1LINEE

31 BEFHAERMNERIEMN

FEMAA RSB ARIRE, dEKA.
haemolyticus "'\ A. junii " *LL K V. diabolicus SF16. **7£
ER IR AI3H10-20 hpy w] DL 52 21 4 i A K (00 50T 3, 12 1)
B ) IR B e, WG A & RAUE RS, %
T 1) 25 I R R B 2 B AR, SRS VR S I e 1 7 B OE
AHIE R & AN[R] B R ) A0 6] I U0 A 6 A R 1) DT ik
WME. asburiae GS2HIP. rettgerilfltk #1451 567.8% "H1
54.5% "9, A. calcoaceticus HNRTEC/N A 204 14K T L)
A1 7%HNH, 540 i B HLE S, TR, pyridinivorans
CPZ24MMA AL & AR, HENH, 1724.0% “2. #4557 %5
e R R AL ThRE L N 2 418 3 #fiih, K. pneumoniae
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Fig. 2 The ammonia removal pathways of heterotrophic nitrifying
bacteria and contribution of these pathways.
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1) i A5 e TR . AR TR R AL AE 43 BT 7K R e ARl AR ) 2 ik R A
{552, K Providencialg | 40 1 & A b 2 K 42 glnA,
MR. pyridinivorans & GDH23E A (KKK , M4k,
Acinetobacter sp. DN1£1 % gdhAFEH 1 (1) . GDH2#
ghdAZ: 52w ts 42 % B2 1l 2 FF (glutamate dehydrogenase,
GDH) , GSHMIGDHE AL & A 25 il A 2 It Jle Ay 2R i
NH, BEANBHLEE. SGDHAHLL, GSH & B W it sE M1
71, HOKRE B (K FERUEZR C(umol) JE A, T GDH)
Ko fE 22 IR (mmol) ¥ B Py ¢, T ot & 35 R 1 22 510 5
B GDHEZ IR L i I 30 55 vhovh 2 A A0 A A 2 35 ok, T
GSTENH, & FE AR M PR B R 4 BB AR BTk b 2
5, A. haemolyticus. A. junii. Acinetobacter sp. JR1LL
R. pyridinivorans CPZ24{{TE Hi #INH,, " 5 53 = 1) K i (1]
WIEAT 2 R APE 2 Z0R BE BRI S 2R s VRS s TP
rettgeriZ ] L g A% 7 2 I 1 G T 1 B PR ZE NH 94 B2 O AEC 1 30
Bir i Re 4k s s WA A HLA, 858 FINH, 8 S SMENH,”
MBI, PTLHFETE 2 a8, LR R I R R
i A 4 B 7E B R 77 0 B b S T 2 PR 2R TS T D9 24.0%-
67.8% “* 0T (JE2) , H A A £ K R A AL 40 B 1 = [ 4k
T R L R B R A5 B B =, AR — IR

BRT ARG TR R A, IR IR R G A RO R 2
B FAAE R 2w 3. B, RIS R G A
A e B DA B T 45 B R, BRI TR AR T R AR R
B A B A T Re Ak R b e 1) HM AR B 2 R S AR
B AR BTG ML & BB 2 38, 72 BT A AU AL DR (]
X2 B A BRIV e 46 3 SR Y, it il — B 3E 7
AT AE R B A E AR R —. SRt iR
FHEL, Z04% 8158 9 Aa HUZEU AT DR G 7= AR IR = A R =1, 2
SRR UL R . AR AN S R A A F 7R 255 4 3L )
HRD Z, Ik 2 e itk N [ A 47 T DA D A Ak — B R A0
TN, OHE A, 1a175 K A HE 3 B i I Js i, Ab 2R R
Girb R SR A R R e P Y, R Ak R AT LA B3E
B B 77.9%", T B2 R AR 1 PR BT 2 R U & R AL
SRR O DRI o R B D R Rk R S R T
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IR 32 R AER M ZE =), NO R T4k
Tl AR FH 4% 3% A R NLOFI N, 2 A1, 34 W] DAY = 77 i Ak 41 B
FE LB (E2) . Pseudomonas putida® fnasAflnasB
KNP, nasA4m il R £ [7 1L & R (assimilatory nitrate
reductase, NAS; nasA/nirA) , f#{LNO, F4L L F NNO,
nasBZ 5 4 i WA 7R 3k R 1L iE JR i (assimilatory nitrite
reductase, cNIR; nasB/nirB) , {4k .5 FR £k F {1k 38 5 N
NH,", SR 5 NH, " 2 35 [ 9 40 f (R 4 4. Btk 2 41, K.
pneumoniae %’ S. meliloti "l Acinetobacter sp. DN1 “%
S5 2 IR T A 4 2 TR ZH P A0 5 NAS M CNTR ) 25 i 32 K]
Bl iE i NASE A R A AL R B FINO,™ (R . i T
nasABSE F K R ) 2 ik 2 2 BINH, 0 H ], i B8 6 7] 46 38 Ji
B R S AEAR e IR B T O R R . A TR #h I8 R
N (dissimilatory nitrate reduction to ammonium, DNRA)
RFANO, 1 75— R 2. A R FIDNRATENO, I
NO, ¥ FE B B3R B v g AT 57 95 R P2 R Y, sk T FE R 85
Hd S INO, FINO, Tk f 41 18 52 5 5 EARE /IR,
Tl 2 e o i TR R R4 O R A B RN O 3 Ak N &, AR
S BEIR, A B AR AR, AR B 5T R
Mycobacterium tuberculosisil i JF 45 4 SR £k 571014 R g
ZA AT DAL IIN O, ", 3R BA B3l A 9 (0 T 1 56 [7) 4 3 T
S Ak I P AR T 38 AR e DX, AT R AR AR nT DAl
NO;, NO, #iE FR R AT AN, O, 2 i 5 - BN AR 11
RIFAL L TE 2 —. DNRAK) D) REHE K narGHAInrfABCDHA{E
T35 7K A B R R UURR A o A B A AR T 240, S, meelliloti
FP. putida#i F. 45 DNRATHEE °" (£1) . Acinetobacter sp.
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PANO, Ay e — ZUUR (1 35 77 2 p iR MUE 5 (ODyggp > 1.0) , JFH.
RELE P W P A I BINH, T © %% 59 S s kT B tB A 7 DNRA
Uige, AfRpidE— B I0AE.

DNRAZ B R H BT 1 &, A0 H DU/ TR 25 OBtk N
WAEFE, PR SRR PR, AR TR AT, HXT T2/
BRI PEE AR (1075 7K Ak R AL T AR AR IR Wang %68\ K H
NIl B AR NH, N 418.4-46.0 mg/LI1I84N5 K4k
B AT T, 45 R O8RS A G DNRAAR I I BE 1) ik A
YK R %, (HEDNRAKIEZ (LINt, 0.4-2.1 nmol g"h™
AR TR R (9.5-15.7 nmol g h™ , XKk R
WL FE A B E DTS, Xt R 7 R A s, A
5 5 7 A A 4 TR AE IR EEAS AP 25 B 2 2 (I DNRAR BHE
FA o U B ik nT A WS AN 1T 7R UK G (0.0-5.7 mg/
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BE IR 5 AT 0 e R A A 2 B B R A B s I DNRAYE 78, P
putida Y-97F LU % B N AR, CINEL NS, pHAT, BEIK
9150 r/minf85 55T, 81.8%HINO, # ik J5 4 & /5 B il
LRI, 10.6 %38 et S Ak FH I 2R 0 2495 7k i 38 s 4 3k
NG IR AR, WAER =Y RRBIH L, P. putidafllS.
meliloti%E 44 v 7] LA T340 JE W e ik 4 A 2 28, ik — AP FRAIG
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P O TS S, FRATTTII 57 7% 4 4k 41 B 0T R ad ol 3R AR
WHRRRNH, AL ANO, (F2) , EFEYR 78 2 R
NO, (1) 3= B = A . 1% SEAJF 50 [ B 1350 73 S 77 4 4 4 1 1) O
B TR (1D S. melilotiZs b R B AT W R 3t 57 10 38 7
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RE 0T Mo =/ A T LT 3% A DT RRs  7E e A S0k AR, T A
YRR BB KRB Y ARG RRIER; (2) mIRHa
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ORI RGOS R (3) 5 7R Al A6 40 B 34 mT LUl i GSE GDH
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BT R, SRRV A — SR A A2 57 77 A A AT T 2 A
FHEEIRLE, P. rettgeriflE. asburiae GS2/1& [FAL I 1 1R
e, A0 3 2 [ AR AT P AT AR 7K A v D8 0 D 2 1) 2/
TEE H IR Z. taiwanensis DN-7. V. diabolicus SF16..
Acinetobacter sp. YY-5. D. polyhydroxybutyrativorans. P.
aeruginosafP. denitrificans® itk — S0 %0 M 5k &L
T S VRO, KK 2 LAV N, 6 3 53 1 67 i
SR L/AN, DLIK G A 1R Dy 6 280 1R 7104 B ek 2D v 7K Ak 3 3 R v
N O HE K &:.

IR A R 2 A 2 ANV BE R T e SRR, 1B AR
2 B PR 0 U A0 PR R R R B R, O T R . TR
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FIERAAC R AR BATIRAE. AR AL B R TR ER 26
— A AR TR S S A ) T AR R R AR C A A, &
s gn i 2L ] Camo) WA R EE RN T E, S5 HER
FH I8 B AR B AR 2 5 A X hao. pod. hmp 5 32 i1k
Ty 6t 5 DA 72 AN 20 B 2R A b (0 o A A O BEAT B A TRl 3R 5
LI A 5 AL TR B TR AL M PR A IR T RE A Rk 4%
fF, B R IR A DIRE T A F I . (2) SRS
S R A A BRI U R 2 TR G AR H TR 2 bR A b
TR B v 1 R0 TH BE B 1) 2w D FE T AN B, WP, mendocina.
R. pyridinivorans#Z. taiwanensis DN-7%% 2 /> i MR AE T AL AE
FH AR R 26 e AL 1R 4 380 )5 A5 AR E R IR AT S B TE 7= 4
AP, BRI B IEAE TR 2 5E ), M TR
SR DI, 32817 B ff 1A A 3 3o e P R A AR s 1 AT
MEER.  (3) HEFEATHEE ST AWM A WA Tk R, &
RUF=PINO NO, AL A ME BT AR H 5 Ik, ZEM TP RER
SEAFTE, NO, v NO; TER AR HF A =4, (7]t 2 S i A0 AR



S5 T T 20 T T A D U A T R W 5

Vol. 29 No.4 Aug. 2023

FHAIRE R 6 [F A0 1540 38 B AR, 3K 2 rh (] 7= ) 2 7K AR PR
WRPEBENARAK, T BOE LASRAT 2 A T 1 e 0 2. 4
Ja AR IR IR S0, SR RS 2 P )AL R AR AT 5K (DNA-
SIP) | AR 4127 DL e 3 22 2 BORERFUA R PR 1 25 A

SEZ 3k [References]

10

"

12

Wehrfritz JM, Reilly A, Spiro S, Richardson DJ. Purification
of hydroxylamine oxidase from Thiosphaera pantotropha,
identification of electron acceptors that couple heterotrophic
nitrification to aerobic denitrification [J]. Febs Lett, 1993, 335 (2):
246-250

Schimel JP. Identification of heterotrophic nitrification in a sierran
forest soil [J]. Appl Environ Microb, 1984, 48 (4): 802-806

Zhang JB, Miller C, Zhu TB, Cheng Y, Cai ZC. Heterotrophic
nitrification is the predominant NO; production mechanism in
coniferous but not broad-leaf acid forest soil in subtropical China [J].
Biol Fert Soils, 2011, 55 (2): 288-336

Xu L, Chen YT, Wang Z, Zhang Y, He YL, Zhang A, Chen H, Xue
G. Discovering dominant ammonia assimilation: implication for
high-strength nitrogen removal in full scale biological treatment of
landfill leachate [J]. Chemosphere, 2022, 312 (312): 137245

Lei X, Jia YT, Chen YC, Hu YY. Simultaneous nitrification and
denitrification without nitrite accumulation by a novel isolated
Ochrobactrum anthropic LJ81 [J]. Bioresource Technol, 2019, 272:
442-450

Yang JR, Wang Y, Chen H, Lyu YK. Ammonium removal
characteristics of an acid-resistant bacterium Acinetobacter sp.
JR1 from pharmaceutical wastewater capable of heterotrophic
nitrification-aerobic denitrification [J]. Bioresource Technol, 2019,
274: 56-64

Li D, Liang XH, Jin Y, Wu CD, Zhou RAQ. Isolation and nitrogen
removal characteristics of an aerobic heterotrophic nitrifying-
denitrifying bacterium, Klebsiella sp. TN-10 [J]. App! Biochem
Biotech, 2019, 188 (2): 540-554

Duan SP, Zhang YY, Zheng SK. Heterotrophic nitrifying bacteria in
wastewater biological nitrogen removal systems a review [J]. Crit
Rev Sci Technol, 2022, 52: 2302-2338

TKRWTER, ez i, WRAR, IRUMIM, ARZDER. IR A AL A SO A B Tl
GAH DR il 22 B H o T ik R (R fF 9 i D], AR B AR E R, 2020, 10
(1): 40-45 [Zhang MX, LI AZ, Chen M, Xu SH, Zhu HH. Progress
on nitrogen removal related enzymes and their coding genes in
heterotrophic nitrifying and aerobic denitrifying bacteria [J]. Curr
Biotechnol, 2020, 10 (1): 40-45]

Jia YT, Zhou MM, Chen YC, Luo J, Hu YY. Carbon selection for
nitrogen degradation pathway by Stenotrophomonas maltophilia:
Based on the balances of nitrogen, carbon and electron [J].
Bioresour Technol, 2019, 294: 122114

Wang XJ, Wang WQ, Li Y, Zhang J, Zhang Y, Li J. Biofilm activity,
ammonia removal and cell growth of the heterotrophic nitrifier,
Acinetobacter sp., facilitated by exogenous N-acyl-homoserine
lactones [J]. RSC Adv, 2018, 8 (54): 30783-30793

wURAE, BM, FEFEHRA, 2. IR AL Alcaligenes faecalis NRZL
SN REPCRY 4 X A5 2 M (] PRI, 2017, 6 (2):
44-51 [Huang YS, Zhao B, Cheng DY, An Q. PCR amplification
and bioinformatics analysis of AMO from a heterotrophic nitrifier,
Alcaligenes faecalis NR [J]. Adv Microbiol, 2017, 6 (2): 44-51]

AR T BEAE B P Bt S0 R P A AR Dk = 3X e 7T T LA

RN S % AL A1 B 2R B T R

EX SN RN SRR TR R VS

F it U B 2 40 B R A 15 U2, A Bl T 48 0 TR AE ) A
PRBEAT 716« i AN H.

13

14

15

16

17

18

19

20

21

22

23

Lang XD, Li QW, Xu YC, Ji MM, Yan GX, Guo SH. Aerobic
denitrifiers with petroleum metabolizing ability isolated from
caprolactam sewage treatment pool [J]. Bioresour Technol, 2019,
290: 121719

Yang M, Lu DW, Yang JX, Zhao YM, Sun Y, Liu HL, Ma J. Carbon
and nitrogen metabolic pathways and interaction of cold-resistant
heterotrophic nitrifying bacteria under aerobic and anaerobic
conditions [J]. Chemosphere, 2019, 234: 162-170

Zhang MY, Pan LQ, Liu LP, Su C, Dou L, Su ZP, He ZY.
Phosphorus and nitrogen removal by a novel phosphate-
accumulating organism, Arthrobacter sp. HHEP5 capable
of heterotrophic nitrification-aerobic denitrification: safety
assessment, removal characterization, mechanism exploration
and wastewater treatment [J]. Bioresour Technol, 2020, 312:
123633

XEERE, BOHA, RZF, 9258, VFTE. AR AR A NP 1S 0 U A R
[y B 5 Th e % [J]. T E AR 500 T AR AR, 2010, 26
(8): 768-775 [Liu YY, Qiu F, Song Q, Dou X, Xu L. Cloning and
identification of ammonia monooxygenase gene of Sinorhizobium
sp. NP1 [J]. Chin J Biochem Mol Biol, 2010, 26 (8): 768-775]

Liu XY, Shu ZF, Sun DZ, Dang Y, Holmes DE. Heterotrophic
nitrifiers dominate reactors treating incineration leachate with high
free ammonia concentrations [J]. ACS Sustain Chem Eng, 2018, 6
(11): 15040-15049

Wang XJ, Wang WQ, Zhang Y, Sun ZT, Zhang J, Chen GH, Li J.
Simultaneous nitrification and denitrification by a novel isolated
Pseudomonas sp. JQ-H3 using polycaprolactone as carbon
source [J]. Bioresour Technol, 2019, 288: 121506

Wijma HJ, Canters GW, Vries SD, Verbeet MP. Bidirectional
catalysis by copper-containing nitrite reductase [J]. Biochemistry,
2004, 43 (32): 10467-10474

Carantoa JD, Lancaster KM. Nitric oxide is an obligate
bacterial nitrification intermediate produced by hydroxylamine
oxidoreductase [J]. PNAS, 2018, 115 (35): E8325

R, ELR, BRVE, ki, kT, B, R, R R IR AL
U4 Bl Ak 40 1 Acinetobacter sp. TAC-1(1 &R & 20T 72 [J]. H
PRIE TR 224k AR B2, 2022, 36 (1): 204-214 [Gao YH, Tan
N, Zhao TT, Zhang YR, Zhang Q, Peng XY, Ai S. New insight into
the nitrogen metabolism pathway of simultaneous heterotrophic
nitrification-aerobic denitrification bacteria Acinetobacter sp.TAC-1
[J]. J Chonggqing Univ Technol (Nat Sci), 2022, 36 (1): 204-214]
Chen PZ, Li J, Li QX, Wang YC, Li SP, Ren TZ, Wang LG.
Simultaneous heterotrophic nitrification and aerobic denitrification
by bacterium Rhodococcus sp. CPZ24 [J]. Bioresour Technol,
2012, 116: 266-270

Padhi SK, Tripathy S, Sen R, Mahapatra AS, Mohanty S, Maiti NK.
Characterisation of heterotrophic nitrifying and aerobic denitrifying
Klebsiella pneumoniae CF-S9 strain for bioremediation of
wastewater [J]. Int Biodeter Biodegr, 2013, 78: 67-73

Tsujino S, Uematsu C, Dohra H, Fujiwara T. Pyruvic oxime

817/



\.818

25

26

27

28

29

30

31

32

33

34

35

36

37

38

29% H4Hl 2023%8H

JURHES 4%

dioxygenase from heterotrophic nitrifier Alcaligenes faecalis is
a nonheme Fe(ll)-dependent enzyme homologous to class Il
aldolase [J]. Sci Rep-UK, 2017, 7: 39991

Tsujino S, Dohra H, Fujiwara T. Gene expression analysis of
Alcaligenes faecalis during induction of heterotrophic nitrification
[J]. Sci Rep-UK, 2021, 11: 23105

Ramirez M, Obrzydowski J, Ayers M, Virparia S, Wang MJ,
Stefan K, Linchangco R, Castignetti D. Pyruvic oxime nitrification
and copper and nickel resistance by a Cupriavidus pauculus, an
active heterotrophic nitrifier-denitrifier [J]. Sci World J, 2014, 2014:
901702

Zhang SS, Sun XB, Fan YT, Qiu TL, Gao M, Wang XM. Heterotrophic
nitrification and aerobic denitrification by Diaphorobacter
polyhydroxybutyrativorans SL-205 using poly (3-hydroxybutyrate-
co-3-hydroxyvalerate) as the sole carbon source [J]. Bioresource
Technol, 2017, 241: 500-507

Ouellet H, Ouellet Y, Richard C, Labarre M, Wittenberg B,
Wittenberg J, Guertin M. Truncated hemoglobin HbN protects
Mycobacterium bovis from nitric oxide [J]. PNAS, 2002, 99 (9):
5902-5907

Arai H, Hayashi M, Kuroi A, Ishii M, Igarashi Y. Transcriptional
regulation of the flavohemoglobin gene for aerobic nitric oxide
detoxification by the second nitric oxide-responsive regulator of
Pseudomonas aeruginosa [J]. J Bacteriol, 2005, 187 (12): 3960-
3968

Rogstam A, Larsson JT, Kjelgaard P, Wachenfeldt CV.
Mechanisms of adaptation to nitrosative stress in Bacillus subtilis
[J]. J Bacteriol, 2007, 189 (8): 3063-3071

Wang Y, Dunn AK, Wilneff J, McFall-Ngai MJ, Spiro S, Ruby EG.
Vibrio fischeri flavohaemoglobin protects against nitric oxide
during initiation of the squid-Vibrio symbiosis [J]. Mol Microbiol,
2010, 78 (4): 903-915

Medhi K, Singhal A, Chauhan DK, Thakur IS. Investigating
the nitrification and denitrification kinetics under aerobic and
anaerobic conditions by Paracoccus denitrificans 1ISTOD1 [J].
Bioresource Technol, 2017, 242: 334-343

Gaimster H, Chalklen L, Munnoch J, Alston M, Richardson D,
Gates A, Rowley G. Genome-wide discovery of putative sSRNAs in
Paracoccus denitrificans expressed under nitrous oxide emitting
conditions [J]. Front Microbiol, 2016, 7: 01806

Zhu BL, Bradford L, Huang SC, Szalay A, Leix C, Weissbach M,
Tancsics A, Drewes JE, Lueders T. Unexpected diversity and
high abundance of putative nitric oxide dismutase (NOD) genes
in contaminated aquifers and wastewater treatment systems [J].
Appl Environ Microb, 2017, 83 (4): 2750-2716

Del Giudice J, Cam Y, Damiani |, Fung-Chat F, Meilhoc E,
Bruand C, Brouquisse R, Puppo A, Boscari A. Nitric oxide is
required for an optimal establishment of the Medicago truncatula-
Sinorhizobium meliloti symbiosis [J]. New Phytol, 2011, 191 (2):
405-417

Chen H, Wang Y, LU YK. Simultaneous removal characteristics of
ammonium and phenol by Alcaligenes faecalis strain WY-01 with
the addition of acetate [J]. Bioproc Biosyst Eng, 2021, 44 (1): 27-
38

Wang Y, Chen H, Liu YX, Ren RP, Lv YK. Effect of temperature,
salinity, heavy metals, ammonium concentration, pH and
dissolved oxygen on ammonium removal by an aerobic nitrifier [J].
RSC Adv, 2015, 5 (97): 79988-79996

Padhi SK, Maiti NK. Molecular insight into the dynamic central

39

40

41

42

43

44

45

46

47

48

49

50

metabolic pathways of Achromobacter xylosoxidans CF-S36
during heterotrophic nitrogen removal processes [J]. J Biosci
Bioeng, 2017, 123 (1): 46-55

Liu, XT, Zhang QC, Yang XY, Wu D, Li Y, Di HJ. Isolation and
characteristics of two heterotrophic nitrifying and aerobic
denitrifying bacteria, Achromobacter sp. strain HNDS-1 and
Enterobacter sp. strain HNDS-6 [J]. Environ Res, 2023, 220 (18):
115240

Ge Q, Yue XP, Wang GY. Simultaneous heterotrophic nitrification
and aerobic denitrification at high initial phenol concentration by
isolated bacterium Diaphorobacter sp. PD-7 [J]. Chin J Chem
Eng, 2015, 23 (5): 835-841

Yang M, Lu DW, Qin BD, Liu QL, Zhao YM, Liu HL, Ma J. Highly
efficient nitrogen removal of a coldness-resistant and low nutrient
needed bacterium, Janthinobacterium sp. M-11 [J]. Bioresource
Technol, 2018, 256: 366-373

Zhao B, He YL, Hughes J, Zhang XF. Heterotrophic nitrogen
removal by a newly isolated Acinetobacter calcoaceticus HNR [J].
Bioresource Technol, 2010, 101 (14): 5194-5200

Sarioglu OF, Suluyayla R, Tekinay T. Heterotrophic ammonium
removal by a novel hatchery isolate Acinetobacter calcoaceticus
STB1 [J]. Int Biodeter Biodegr, 2012, 71: 67-71

S, Estg, FLPCEE, BALE, ERrh, AR, KL, AR
RS, WA ST IR L Acinetobacter sp. Y Y-50 0 8 % 5 I
WL ENLEE[J]. B F SRR B AR 254k, 2009, 15 (5): 692-697 [Jin
M, Wang JF, Kong QX, Wang XW, Zhan ZQ, Chen ZL, Qiu ZG,
Li JW. Isolation and denitrification mechanism of an aerobic
heterotrophic bacterium Acinetobacter sp. YY-5 [J]. Chin J Appl
Environ Biol, 2009, 15 (5): 692-697]

Wang Y, Zou YL, Chen H, Lv YK. Nitrate removal performances
of a new aerobic denitrifier, Acinetobacter haemolyticus ZYL,
isolated from domestic wastewater [J]. Bioproc Biosyst Eng, 2021,
44 (2): 391-401

ARG, A, SRR, 2R, RIBUE. 53R L Acinetobacter
harbinensis HITLi 77/ ko 8 (A3 R A (5 BT S AR E T
R IE[J]. R 58 AP, 2020, 39 (9): 4003-4009 [Ma
YP, Li WG, Meng LQ, Jiang W, Zhang SM. Bioinformatics analysis
of cold shock protein gene from heterotrophic nitrifying bacteria
Acinetobacter harbinensis HITLi 7" and its relative expression
under different temperatures [J]. Genom Appl Biol, 2020, 39 (9):
4003-4009]

ORI, ESE, BOEMR, JTEBL E A, R, Bl S8 TR AU
it P TR A A I U P R U BT B A T (D). BRI AL, 2020, 41 (5):
2339-2348 [Wen G, Wang T, Huang TL, Wan QQ, Cao RH, Kou
LQ, Yang SY. Nitrogen removal performance and nitrogen/carbon
balance of oligotrophic aerobic denitrifiers [J]. Environ Sci, 2020,
41 (5): 2339-2348]

Tang Q, Zeng MJ, Zou WG, Jiang WY, Kahaer A, Liu SX, Hong
C, Ye YY, Jiang W, Kang JX, Ren YZ, Liu DQ. A new strategy to
simultaneous removal and recovery of nitrogen from wastewater
without N,O emission by heterotrophic nitrogen-assimilating
bacterium [J]. Sci Total Environ, 2023, 872 (2023): 162211

Zhao B, He YL, Huang J, Taylor S, Hughes J. Heterotrophic
nitrogen removal by Providencia rettgeri strain YL [J]. J Ind
Microbiol Biot, 2010, 37 (6): 609-616

Zhu ZQ, Yang Y, Fang AR, Lou Y, Xie GJ, Ren NQ, Xing DF.
Quorum sensing systems regulate heterotrophic nitrification-
aerobic denitrification by changing the activity of nitrogen-cycling
enzymes [J]. Environ Sci Ecotechnol, 2020, 2: 100026



S5 T A 20 A 8 1 D SR A T RE W T

Vol. 29 No.4 Aug. 2023

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

Wei R, Hui C, Zhang YP, Jiang H, Zhao YH, Du LN. Nitrogen
removal characteristics and predicted conversion pathways of
a heterotrophic nitrification—aerobic denitrification bacterium,
Pseudomonas aeruginosa P-1[J]. Environ Sci Pollut, 2020, 28 (6):
7503-7514

Noriega C, Hassett DJ, Rowe JJ. The mobA gene is required for
assimilatory and respiratory nitrate reduction but not xanthine
dehydrogenase activity in Pseudomonas aeruginosa [J]. Curr
Microbiol, 2005, 51 (6): 419-424

Zhang MX, Li AZ, Yao Q, Wu QP, Zhu HH. Nitrogen removal
characteristics of a versatile heterotrophic nitrifying-aerobic
denitrifying bacterium, Pseudomonas bauzanensis DN13-1,
isolated from deep-sea sediment [J]. Bioresource Technol, 2019,
305: 122626

Xie F, Thiri M, Wang H. Simultaneous heterotrophic nitrification
and aerobic denitrification by a novel isolated Pseudomonas
mendocina X49 [J]. Bioresource Technol, 2021, 319: 124198

He XL, Sun Q, Xu TY, Dai M, Wei DS. Removal of nitrogen
by heterotrophic nitrification-aerobic denitrification of a novel
halotolerant bacterium Pseudomonas mendocina TJIPU04 [J].
Bioproc Biosyst Eng, 2019, 42 (5): 853-866

Zhang N, Chen H, Lyu YK, Wang Y. Nitrogen removal by a
metal-resistant bacterium, Pseudomonas putida ZN1, capable
of heterotrophic nitrification-aerobic denitrification [J]. J Chem
Technol Biot, 2018, 94 (4): 1165-1175

Huang X, Xu Y, He T, Jia H, Feng M, Xiang S, Wang S, Ni J, Xie
D, Li Z. Ammonium transformed into nitrous oxide via nitric oxide
by Pseudomonas putida Y-9 under aerobic conditions without
hydroxylamine as intermediate [J]. Bioresource Technol, 2019,
277: 87-93

Eberl L, Ammendola A, Rothballer M. Inactivation of g/tB
abolishes expression of the assimilatory nitrate reductase gene
(nasB) in Pseudomonas putida KT2442 [J]. J Bacteriol, 2000, 182
(12): 3368-3376

Zhou MH, Ye HR, Zhao XW. Isolation and characterization of a
novel heterotrophic nitrifying and aerobic denitrifying bacterium
Pseudomonas stutzeri KTB for bioremediation of wastewater [J].
Bioproc Biosyst Eng, 2014, 19 (2): 231-238

Ji B, Wang HY, Yang K. Tolerance of an aerobic denitrifier
(Pseudomonas stutzeri) to high O, concentrations [J]. Biotechnol
Lett, 2014, 36 (4): 719-722

Muller C, Zhang L, Zipfel S, Topitsch A, Lutz M, Eckert J, Prasser
B, Chami M, Lu W, Du J, Einsle O. Molecular interplay of an
assembly machinery for nitrous oxide reductase [J]. Nature, 2022,
608 (7923): 626-631

Woo SG, Sewell HL, Criddle CS. Phylogenetic diversity of NO
reductases, new tools for nor monitoring and insights into N,O
production in natural and engineered environments [J]. FESE,
2022, 16 (10): 23-37

Xu SQ, Zhang FY, Jiang YH, Zhang KY, Hong Q, Qiu JG, He Y.
Characterization of a new heterotrophic nitrification bacterium
Pseudomonas sp. strain JQ170 and functional identification of nap
gene in nitrite production [J]. Sci Total Environ, 2022, 806 (2022):
150556

Zeng XY, Huang JHJ, Hua BB, Champagne P. Nitrogen removal
bacterial strains, MSNA-1 and MSD4, with wide ranges of salinity
and pH resistances [J]. Bioresource Technol, 2020, 310 (2020):
123309

Duan JM, Fang HD, Su B, Chen JF, Lin JM. Characterization

66

67

68

69

70

7

72

73

74

75

76

77

78

79

80

of a halophilic heterotrophic nitrification-aerobic denitrification
bacterium and its application on treatment of saline wastewater [J].
Bioresource Technol, 2015, 179: 421-428

Lei Y, Wang YQ, Liu HJ, Xi CW, Song LY. A novel heterotrophic
nitrifying and aerobic denitrifying bacterium, Zobellella
taiwanensis DN-7, can remove high-strength ammonium [J]. App/
Microbiol Biot, 2016, 100 (9): 4219-4229

Mendoza LFD, Quimi Mujica JG, Risco Cunayque JM, Aroni
Lucana GW, Intriago Angulo JJ, De la Cruz VIS, Cededo Escobar
VA, Mialhe ME. Assessment of heterotrophic nitrification capacity
in Bacillus spp. and its potential application in the removal of
nitrogen from aquaculture water [J]. J Pure Appl Microbio, 2019,
13 (4): 1893-1908

Huang F, Pan LQ, Lv N, Tang XM. Characterization of novel
Bacillus strain N31 from mariculture water capable of halophilic
heterotrophic nitrification-aerobic denitrification [J]. J Biosci
Bioeng, 2017, 124 (5): 564-571

Zhao B, He YL, Zhang XF. Nitrogen removal capability through
simultaneous heterotrophic nitrification and aerobic denitrification
by Bacillus sp. LY [J]. Environ Technol, 2010, 31 (4): 409-416
Kunst F, Ogasawara N, Moszer I. The complete genome sequence
of the Gram-positive bacterium Bacillus subtilis [J]. Nature, 1998,
390 (6657): 249-256

Odu C, Adeoye KB. Heterotrophic nitrification in soils—a
preliminary investigation [J]. Soil Biol Biochem, 1970, 2 (1): 41-45
Chen J, Zhao B, An Q, Wang X, Zhang YX. Kinetic characteristics
and modelling of growth and substrate removal by Alcaligenes
faecalis strain NR [J]. Bioproc Biosyst Eng, 2016, 39 (4): 593-601
Van Kessel MAHJ, Speth DR, Albertsen M, Nielsen PH, Den
Camp HJMO, Kartal B, Jetten MSM, Licker S. Complete
nitrification by a single microorganism [J]. Nature, 2015, 528
(7583)

TN, SR, Tk, ZAE, JTBUE, WIEAR, ¥R BOPALLE
5 2R A S ATk R[], B0l 224k, 2018, 27 (7): 196-
203 [Shi XL, Guo MM, Zhang Y, Qin H, Wan QH, Xie DT, Jiang
XJ. Progress in understanding of one-step nitrification (complete
ammonia oxidizing) microorganisms: a review [J]. Acta Pratacult
Sin, 2018, 27 (7): 196-203]

Robertson LA, van Niel EWJ, Torremans RAM, Gijs J.
Simultaneous nitrification and denitrification in aerobic chemostat
cultures of Thiosphaera pantotropha [J]. App! Environ Microb,
1988, 54 (11): 2812-2818

Ji B, Yang K, Wang HY, Zhou J, Zhang HN. Aerobic denitrification
by Pseudomonas stutzeri C3 incapable of heterotrophic
nitrification [J]. Bioproc Biosyst Eng, 2015, 38 (2): 407-409

Liang X, Wang BL, Gao DZ, Han P, Zheng YL, Yin GY, Dong
HP, Tang YL, Hou LJ. Nitrification regulates the spatiotemporal
variability of N,O emissions in a eutrophic lake [J]. Environ Sci
Technol, 2022, 56 (23): 17430-17442

Xu TY, Song SM, Ren JH, Yang JY, Bai L, Piao ZY. Fungus
Pichia kudriavzevii XTY1 and heterotrophic nitrifying bacterium
Enterobacter asburiae GS2 cannot efficiently transform organic
nitrogen via hydroxylamine and nitrite [J]. Front Microbiol, 2022,
13: 1038599

Ye J, Zhao B, An Q, Huang YS. Nitrogen removal by Providencia
rettgeri strain YL with heterotrophic nitrification and aerobic
denitrification [J]. Environ Technol, 2016, 37 (17): 2206-2213
Zumft WG, Kroneck PMH. Respiratory transformation of nitrous
oxide (N,O) to dinitrogen by bacteria and archaea [J]. Adv Microb

819



\.820

81

82

83

84

85

86

87

88

29% H4Hl 2023%8H

=t
s
=
48

Physiol, 2006, 52: 107-227

Pauleta SR, Carepo MSP, Moura I. Source and reduction of
nitrous oxide [J]. Coordin Chem Rev, 2019, 387: 436-449

Ettwig KF, Butler MK, Le Paslier D, Pelletier E, Mangenot S,
Kuypers MMM, Schreiber F, Dutilh BE, Zedelius J, De Beer D,
Gloerich J, Wessels HJCT, van Alen T, Luesken F, Wu ML, van
de Pas-Schoonen KT, Op den Camp HM, Janssen-Megens
EM, Francoijs KJ, Stunnenberg H, Weissenbach J, Jetten MSM,
Strous M. Nitrite-driven anaerobic methane oxidation by oxygenic
bacteria [J]. Nature, 2010, 464 (2010): 543-548

Sonderholm M, Kragh KN, Koren K, Jakobsen TH, Darch
SE, Alhede M, Jensen PO, Whiteley M, Kuhl M, Bjarnsholt T.
Pseudomonas aeruginosa aggregate formation in an alginate
bead model system exhibits in vivo-like characteristics [J]. App/
Environ Microbiol, 2017, 83 (9): e00113- e00117

R, S HAETR, BER, TR, FLIREE, 28 . IR AR
B R 5 B R VEI AT (D], BB R A%, 2011, 32 (8): 5 [Wang JF,
Jin M, Shen ZQ, Qiu ZG, Zhang B, Kong QX, Li JW. Screening
of the aerobic simultaneous denitrobacteria and its denitrification
characteristics [J]. Chin J Environ Sci, 2011, 32 (8): 2409-2413]
X, Wi, AR, =R 40 Acinetobacter junii WZ17
FABE URE 1R R B 7 2 W JE[J]. Fh B Rl 244, 2021, 41 (3): 951-
959 [Liu FJ, Yang HL, Zhou HB. Nitrogen removal and kinetics
research by heterotrophic nitrification bacterium Acinetobacter
Junii WZ17 [J]. Acta Sci Circumst, 2021, 41 (3): 951-959]

Reitzer L, Magasanik B. Ammonia assimilation and the
biosynthesis of glutamine, glutamate, aspartate, asparagine,
L-alanine and D-alanine in Escherichia coli and Salmonella
typhimurium [J]. Cell Mol Biol, 1987, 1987: 302-320

Meng LQ, Li WG, Zhang SM, Wu CD, Wang K. Effects of sucrose
amendment on ammonia assimilation during sewage sludge
composting [J]. Bioresour Technol, 2016, 210: 160-166

Wang S, Chen MF, Zheng KK, Wan CL, Li J. Promising carbon
utilization for nitrogen recovery in low strength wastewater
treatment: ammonia nitrogen assimilation, protein production and
microbial community structure [J]. Sci Total Environ, 2020, 710:

89

90

91

92

93

94

95

96

136306

Chou WS, Chang TC, You SJ, Sie YC. Nutrient removal
performance in an intermittent aerated sequencing batch
membrane bioreactor [J]. J Chin Inst Eng, 2010, 33 (4): 581-590
Chéneby D, Hartmann A, Hénault C, Topp E, Germon JC.
Diversity of denitrifying microflora and ability to reduce N,O in two
soils [J]. Biol Fert Soils 1998, 26: 19-26

Malm S, Tiffert Y, Micklinghoff J, Schultze S, Joost |, Weber
I, Horst S, Ackermann B, Schmidt M, Wohlleben W, Ehlers S,
Geffers R, Reuther J, Bange FC. The roles of the nitrate reductase
NarGHJI, the nitrite reductase NirBD and the response regulator
GInR in nitrate assimilation of Mycobacterium tuberculosis [J].
Microbiology, 2009, 155 (4): 1332-1339

Zhang K, Zhang YL, Deng MC, Wang PC, Yue X, Wang PD, Li
WJ. Monthly dynamics of microbial communities and variation of
nitrogen-cycling genes in an industrial-scale expanded granular
sludge bed reactor [J]. Front Microbiol, 2023, 14: 1125709

SRk, KM, AR, O, T RAL RN T AN R
AR ) T AR A o 0 TR B e R AE B W T [J]. R R A A A
2021, (11): 4615-4624 [Peng Q, Guan AM, Qi WX, Qu JH. The
characteristics of nitrogen reduction process in sediments of
Chaobai River based on isotope tracer approach and molecular
biology technology [J]. Acta Sci Circumst, 2021, (11): 4615-4624]
Wang SY, Liu CL, Wang XX, Yuan DD Zhu GB. Dissimilatory
nitrate reduction to ammonium (DNRA) in traditional municipal
wastewater treatment plants in China: widespread but low
contribution [J]. Water Res, 2020, 179: 115877

Scott JT, McCarthy MJ, Gardner WS, Doyle RD. Denitrification,
dissimilatory nitrate reduction to ammonium, and nitrogen fixation
along a nitrate concentration gradient in a created freshwater
wetland [J]. Biogeochemistry, 2008, 87 (1): 99-111

Huang XJ, Tie WZ, Xie DT, Jiang DH, Li ZL. Certain environmental
conditions maximize ammonium accumulation and minimize
nitrogen loss during nitrate reduction process by Pseudomonas
putida Y-9 [J]. Front Microbiol, 2021, 12: 764241



