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Research progress in the characteristics and pathways of
carbon and nitrogen metabolism of aerobic denitrifying
bacteria

YANG Li, HE Tengxia*, ZHANG Manman, YANG Lu

Key Laboratory of Plant Resource Conservation and Germplasm Innovation in Mountainous Region (Ministry of
Education), College of Life Sciences/Institute of Agro-Bioengineering, Guizhou University, Guiyang 550025,
Guizhou, China

Abstract: The discovery of aerobic denitrification has broken the traditional cognition that the
denitrification only occurs under strictly anaerobic conditions. The aerobic denitrification provides a
new way for biological denitrification and becomes a research hotspot in recent years. Carbon source
can provide energy and electron donors for aerobic denitrification. The metabolism of carbon sources
directly influences the nitrogen removal efficiency of aerobic denitrifying bacteria. Therefore, it is
necessary to clarify the metabolic mechanism of carbon sources during aerobic denitrification. In this
review, we summarized the known aerobic denitrifying bacteria and elaborated their metabolism
pathways for nitrate and nitrite. Further, we systematically compared the mechanisms of different
aerobic denitrifying bacteria in metabolizing carbon and nitrogen sources and comprehensively
analyzed the effects of carbon metabolism differences on aerobic denitrification. Finally, we prospected
the future research directions. With this review, we aim to deeply understand the mechanism of aerobic
denitrifying bacteria in simultaneous removal of carbon and nitrogen and to provide a theoretical basis

for improving the efficiencies of biological method for removing nitrogen and carbon from wastewater.

Keywords: aerobic denitrifying bacteria; carbon metabolism; nitrogen metabolism; mechanism; pathway

RACEDUNEE SR A AR 25 R 55
1E ARG 2 AFAE, (W RAE 3R Al 5 5%
SEVEAE AT, EH B AR R i UK AR B & 571k
WA S R AR, SR g R KA A YRR R
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Moo AR AR BB ik TSR AR
FYIX— Bk, W TSR IR AR J A .
TR A S AL G 48 S i A, (BRI PR 3 6 B
SN BORM L™, SCBR Y AR, HR
A A ALENTR R B IR, XM A P T 12,
TRZE 5y 5215 Y Mg v vk, AR K T AR Y
H a7 IR E 6T B SR 4 572 Abn e R R hoR
WA BLR, XX 1 IR b TR R BB,
It HAERRAR 1A, NI IR AR AL T AR
T A S A AL e B 52 870 o

UFSE R AL A R SR AR R S R T, T A
FIAERK R ST A FRNES . A A,
— S 2 TRT 18 4 4R S A A A R 2 B SR AT T R 4R
Figtl, HAFAAEA 2 P UL —F AL A
(nitrous oxide, N,O)NF, AUNPKAE S AE (&
FEYRE No) SOWAIED, R ATRE R : (1) 7E4F
SRR T AUA R RS PR R 8 A (N AP)EAE
{RFE DR AR S5 T B4 5 W IR 48 38 )5 i (NAR) Fl
NAP #5701 & 1R AL s s et 7205 (2) &
T FEE TR ik A2 400 ) ST R 3 i i AR 2 A T R
W EEFEED, FEOE MR ER, N0
AREH— B BE 5N Ny o (HAH T IR E A4
ISR AL T 2EANfEFEF 208 (1) WK
A PR SR B T DR AR S 1 B B i e
SR, RIBTREAR Tl i (2) AT LA
Bl SR AR S 7 A ) B AT A A R Ak S
AR ReE 24 pH A", HHRITFELKTCHL
R EBR;(3) For A A H 7 Ik 54748
AL IRE, AIFEA A1 R B  E 5h Ay
mREh, stk S R fER — RGN K&, i
MR AR R AR, A im 7K A FRAR AL T 5 i) SR 12T
FIA, BIFFE R IR 2 BT AR RS Ak A TR AR AT
BRI EE Y, nT L ST R E A
MLIE R B B B R TR , [Rls BRak Al
f 5 AT Ay B AR S i A 2ok 7 4 AL i A H it

A, B LA ML B X B 5 Jg 4R S A b 20 TR B
RN BAERKE XL LTI, AR E M
AT AN S | 0 2R B e A 5 S AL B E AT T 2
W, A5 I FE anfu] 4 155 G480 SRS Ak 20 1 [
i Bk 5 AR RIS 2%

1 FARHLEENRARESR R

1.1 FERECHAERRITS

F1 1984 4F- Robertson il Kuenen' i T 4 1
Thiosphaera pantotropha (Paracoccus denitrifications,
It AR R D AT S S S AL D RE I, ok
HISF B SR AN TR R0 B Ao, s T 2R AT
B8 (Bacillus)'® . P2 98 1 )& (Alcaligenes)!'
B P i 7 J8 (Pseudomonas)'™ I @l BR 1 &
(Paracoccus)!"V4%: | 1% B8 -4 S Rl Ak 40 TR el 7k
AT ) i 25 R A 28 U it Sy A AT AR
A F s K CHLA S SR p ., H A
P B A3 U 48 S T A 0 1 L A I e e
PR PRBEIE N RE 7 5 AN R AR RSO SR A
TS 53 240 TR TE ) s Rk BE AR ) 45 T AT R R B
R AR RE ), WA PR XD-11-6-2
TEVIIR RS A R 15 mg/L B, % A
RORA[ K 94.31%!", ANA RS 5 B 3R A5 )
Bk Arthrobacter arilaitensis Y-102%, 24549) 14 ¥
MR ER VR E R 10.31 mg/L I, K538 48 h J5, %
PR A R 25 B AT E 100% , W] —SL i1 4
SRS Ak A TR B A v B Qe IR K TS RE . T
TS A A G Tl P 52 A8 SR BE R 2, 3434
8 4 4 I R Ak 280 % 52 B A 4R (dissolved
oxygen, DO)KREERISZM, FL 0 APIAE AL
(1) 7E—E DO V& [l P I AR 2 B i 52
WAk /)N, DO ¥R B e il A AR B THa . an
Patureau 2525 A 24 DO HE T 4.5 mg/L
B}, BRk Microvirgula aerodenitrificans B AHAL
BERABMAR, RERRIE 53%L4, 2 DO
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WAL T 4.5 mg/L B, SAHALRCREIT bf 20112
{51, 41 DO 4 0.2 mg/L B A & 2 BRH =ik 85.8%
D EP BRI T R MBS . (2) MR
AL RCRIE R — DO WA BT, &
TEUR TR, AR 2 TR, 4 Ly
DBV IR Pseudomonas sp. 41 TELITEAS A
M —& R & DO WA 6.9 mg/L B BVARLZS
B3 %(94.33%) . & 75 T DO 4 5.4 mg/L (72.54%)
1 7.6 mg/L (80.41%)i A EFRR, (HT 4
K, MO ZAZ DO e BRH A0 4 S i1k
RO AR E , 0 Ji SRR IME R Pseudomonas
stutzeri X31 7E DO ¥ =ik 17.5 mg/L BH{/56E
FBR 93.7%MIASAR . HILATIL, ¥ DO ¥
JE R ] 52 Wi B 4 S Ak 50 R s i i R 4y
AL, A e O AU Y 43 B R T R G AR

S AR AL 35 K WA IR R X, AR Rl
VRS M2 41 T s il A i 2R B A G 56 IR R 5
] B TR SR WL, fR A SR R R A s Kb T2
(R T3oh, B4R A A B 7E B U e
W2 Z BN R . C/N H ., REEA pH SRR
IS, 3% AT AE AR 22 4 T 78 52 36 % 451 R i
RS, SEPRIFHE] A SR PRBE I A ROR A
(SRR, X B 4 IS i b 20 T 108 52 o g A
R o UF RS A A o TR R ) B R
T B I AR TS YL K R B S A Y
), &1 02T AR R RE 14 4 S SRS Ak 20 T
AIFPS | B0 U A R A S5
1.2 HFERECHAERRET S
H5RAGWAERAL, KEHEE A LR T AL
NIABEAL B G YY), AR R AN A R

x1 FERBUAENHRIITFS
Table 1 Nitrogen removal characteristics of aerobic denitrifying bacteria
. Initial
. . . Initial . Removal
Strain Genus Separation point ~ Carbon source  7/°C . . concentration/ References
material rate/%
(mg/L)
XS-18 Pseudomonas Activated sludge  Sodium citrate 25 NO; -N 48.96 100.00  [25]
PCN-1  Pseudomonas stutzeri  Landfill leachate ~ Sodium 30 NO; -N 99.11 100.00  [26]
succinate
RAD-2  Marinobacter Denitrification Sodium acetate 2540 NO, -N 303.69 99.83 [27]
hydrocarbonoclasticus reactor biofilm
RAD-17 Pseudomonas Denitrifying Sodium acetate 25 NO, -N 302.27 99.81 [28]
balearica reactor
T13 Pseudomonas stutzeri  Activated sludge  Sodium 30 NO, -N 161.71 52.94 [29]
succinate
KK99 Pseudomonas stutzeri  Reservoir Sodium 30 NO; -N 128.00 99.47 [9]
sediment succinate
S1 Bacillus pumilus Activated sludge  Sodium acetate 37 NO; -N 70.00 99.71 [30]
S3 Arthrobacter sp. Activated sludge = Sodium acetate 37 NO; -N 70.00 98.98 [30]
C3 Pseudomonas stutzeri  Activated sludge  Sodium 30 NO; -N 120.00 95.80 [31]
succinate
Y1 Sporidiobolus Aquaculture plant Glucose 30 NO; -N 140.00 83.51 [32]
pararoseus
YL-1 Dietzia sp. Activated sludge = Sodium acetate 30 NO; -N 115.30 100.00  [33]
P21 Pseudomonas Aquifer porous Trisodium 28 NO; -N 276.95 95.55 [34]
mendocina media citrate
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PIREIEYI T, [RIE h E AL G i g i 1,
PRIt , 4 460 S Al A AT R 9 W] InF 22 BRI /K TR AL
BRAE AR 1Y (2) —Set SRR AR AN AL
A LR 5 B L) (s 2 . BRIAIREN |

CBRENAE), LRI FMERE A 05 45 1A HLA (R
[ A W N D (BNl 7 S
Diaphorobacter sp. PDB-3 f& LA A B} A ME—Rc i
HATU A SR L BRA IR L . SR, 4F AU A Ak
TR 2 bR 05 B A VLY A S s R b, T
AR 2 T HEk B R 7K Hh S8 A K o E R 1 0
TS, G S A A T 75 RE AR X 2
JF TS e T m SUE R AN, E
RRAMISE ; 3) SR AL 4 AR G 35 R 1A &
Y S HLBK (total organic carbon, TOC)Z: 5K 5
TRtk REWHDSA R, &
Yy ] AR AR AT R v R K A ML R LY
KBrR . EHFECONRE R IHESR T 3 AW
i D14, X21 Ml CL, EAI#EGEH 9-21 FrbF %
TEAL TR AR R , Horp 268 R 2 B0 bR B RCRIFA

A, EMFERPLX 3 MRS R BN EA
HUBR 1) 2K B R AR T35 93% LA 1, AR £
ROk 98% LA I, ® T2 — A b e
PRI B A L BR R . HAh, T H—R bk,
R D14 .X21 Al CL 7E4- 48 R fif fbad 2 op HoA
B A A I A R R I A A0 P RS A
i, X AT RE R T R AN [F R 4 R ] Y
FHEAE I B T e 8 mA S At te, #2
m TACHRCE, B TRAAMERE S, SR
TR B TR A A R B0 190 R AR A AS — 2 A
(9, HRTTE R AL B S T A R £
A AVERE T TR B Z . R 2528 Tk
AR IE TSR A2 TR R BRI BE T B A

2 FERH A AE WAL

2.1 FERFELAERRAIE

X T AR SCE AR A R B R HLEE,  H AR
BB 1B SCHRE R SR A YA B e, RV W] PR
W A H T 3 PO, U Robertson 251K
U S8 R AR A0 TR AT LA EA TR R h 5 AR KR 3R AR
W, BOURRINENL , i i 5 A AR vT LAVE S e F
S b F RS R I DN A i R RIS R R 1Y)

R2 FERFEARNBRKES
Table 2 Carbon removal characteristics of aerobic denitrification bacteria
Initial TOC Removal
Strain Genus Separation point ~ Carbon source T/°C  concentration/ References
rate/%
(mg/L)
ZW23 Pseudomonas Paddy soil Sodium citrate 37 2756 90.91 [37]
pseudoalcaligenes
HNR Enterobacter cloacae Activated sludge  Glucose 30 1100 83.00 [38]
XD-11-6-2 Streptomyces sp. Drinking water Soluble starch 30 150 90.34 [13]
reservoir
AD-1 Pseudomonas stutzeri Activated sludge  Sodium succinate 30 3000 100.00 [39]
ZW27 Pseudomonas mendocina Activated sludge  Sodium citrate 37 2756 89.32 [37]
GF3 Rhodococcus Contaminated soil Anthraquinone 30 50 100.00 [40]
pyridinivorans
GA Acinetobacter Activated sludge  Sodium citrate 25 1000 25.17 [14]
dihydrate
ZMF5 Acinetobacter junii Reservoir surface  Sodium acetate 30 29.89 92.00 [41]

sediment

http://journals.im.ac.cn/actamicrocn
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L FRE I 55 TR, FTDATEAR AR T,
FRE A A0 23 0 e v 1A% 3 45 S R A T P I A
FL TR T SRR 5 A R £6 1 B A AL AR
FAY¥. 5i4h, Robertson WAL, FEAL SR
FR AL RE AR o ] AR 8 Y o AR A TE T
07, AEABATT A BG4S i A A T AT LA Ao 44
{2 ¢ (cytochrome ¢, Cytc)ld S4f{a 2 a Fll
LR a3 SR (Cytaad)fFiB i+, Telik
Tz, TSR 5 A, 78
L4361, Wilson SR T 4 SR AL
PR AR IR, BG4S s A A v AU
HLYIIG 7= A PR NAD(PYH #f i Pk vk
KA HIE Q. At Z b (cytochrome b, Cytb)
Ml Cyte, mZALELET . HRELIEIANE . I
B R 1 S it R NLO 3 i e £k S i fb 3t 72
U S A 240 R A SRR R 2 1] Py Ay
TR, AHHFFE S AL 7R i 2 AT I
BI 22/ - ] 800, 2270 H - ) S AL Tl
RIOTERIE, AT R o fifE A
T ) B G S B il A e i AT AL A LR R AR
LI, e R PR AR 1 R e

T8k, WEE . pH FIEE 4 8 SE B A5 1R 4L
235 W) 240 R RT 5 F H0 Jo %) MR AR T T 5 oo G A
K5, (AR 2 5 i SRS AL B 0 95 1
T IE WA R EREE SR A A T AR I i s/
IR T R B AN Y B 45 R SRR ), H X X L
YA B9 32 AR TR LR T AU RE ) RN IR I 52 AL
il b, XA [ 2A Y G 4R SR A 20 T ) I P B
25 LR WARTE , A A R AR
BT T 00T, G0 Ly PN T Pseudomonas
sp. 41 R I T SO I RE LN napA . nirS
norB Ml nosZ, 454 RV 3 B 4 Wi 8 bk 7Y
U A R Ak i 42 NOy-N—NO, -N—-NO—
NoO— N, 28 5B I 14 20 A FIAT O KR R 7 4
UESEIH 5 42 )8 Btk Pseudomonas putida ZN1'
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Wi R IRAR e U R L R, (F A R
ST E WA T Janthinobacterium sp. M-11 W%
A A AL S B i 5L nosZ, TRIGIZ T B
IS SRR AL P A NLO, ANBEHE— DBl iE
A6 Noyo FH I AT A 200 B b 2R AN [) | %) P 455
SEVE | Gt SR T T ) BE DR AR 2R A2 s T Y
HAZFME, RAFEORE LB E A0
WA . MU AR, R,
AN [7) 288 B G S B A A 240 T 8 M R0 ML B B 058 i
SAIL 22 1) i BAROCIR A Ff i — D AT IR
22 FERECHARHEKEIER

i 18 P 4SS A 20 3o R ) AR A
7 F RS AR SR RS
SR, S YRR WU RO
A2 TR ik T ) P B 2 A D DR ) e A e g
AL ST, BARAR AR A 1 TR . XA
R T EARZ, W A Z
S3HT . BEETENE . AACHIE S R T
FEREFRIRZF PN KEGG R AR B 43 #r
S RV 2 A A R T DLE L T M R s A
P A EACIARRAE AN AS I 5 T A 2o 0 oK G
B 75 TRl (Streptomyces mediolani) EM-B2 TEUf %A
P i A ik i v ) A B T E AL 250
HER EM-B2 LUAHER £h o ME—E M, 294
36.62%M 51.54% 191 4R BRI HIBE AL S
SRMAEYRER, MEBCREE S TR E
B H O A SR AR TR, DL R R Sy e — A
PRI A5 2] TR IR SR, Rk EM-B2 1
U AU A R v S R AR R R GE AR
RBRTEHLE s ehh, BRI R T i 1Y
HEABAERT, T P A R R A A R
TR TEPERIFENR , WA TRAETZE 73 8 2 Y 5 78 i
Jiti 1 (Pseudomonas taiwanensis) EN-F2U (ISR
L I NR 1 FEREGE N 0.42 U/mg SEH R,
B & T BT 15 AR R (Arthrobacter arilaitensis)
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NirBD

v

T, . AMO HAO Ly XR
Biological nitrogen <—— NH,N ————> NH,0OH ——— > NO,-N < 7 NOy-N

-----> Possible way
——> Proven way

1 FEREEAERAHIEEESBCH[11])

Nitrogen metabolism pathway of aerobic denitrifying bacteria (adapted from reference [11]).

Figure 1

Y-10 (0.004 9 U/mg & 150", MM HE, Hkk
EN-F2 [ i R £k 25 PR R [4.13 mg/(L-h) i &
THIHE Y-10 [1.40 mg/(L-h)]. HILAT W, A=¥pfi
RAH GGG Ve B, i ZGE R sy s 7Er
), L g 5 AR DG i 1Y) 2 e 2
DR, AR G 45 S A Wi B R A7, T
FNWTE A AATE X AR R4, W0 Zeng 2552 FI
PCR i ARY 1 T E#k Sporidiobolus pararoseus
Y1 WAL SRR E N, R BRIk Y1 A7 AE
nirK 1 napA FEH , 0T DL KT B AR RE 18 1 4141
B At R A i R A A R & s X A
FHREE N B e RIR = b, ] e Tk 1
B R THLAR B R R . S oh, @
JFAS R RN A Y], SRR EERE
F I KEGG $04 5 7] LA 22 il KEGG At i
B, A B2 38 2o S A 00 9E R KEGG
BRI E T 5 ISR R 488 1A 1E B A
FE nirB, b AR ER A IR B Nir A4k i
R RO, G 2RI, 205 HRES
Pr, B GUE PR R R AR

IR A B ANEAS S B R, 4w i A
WAL : (1) SUFEAS AR T N A A
S S E AL IR W Xu FPURIE A
BRAFPE | BT | Tl TS DU N RE AR G 25 2R
W T 9= 4 AT I8 (Bacillus  thuringiensis)

NIR NAP, NAR/NAS

v NOR
N,O £€<——— NO

WXN-23 £33 8 120 v/min (EFASAE T, %
(1 )2 i AL AL R 42 4 NOs -N—NO, -N—
NO—N,O—N,, H JEE F5 8 2E MK 5 (Bacillus
methylotrophicus) L7™ Fl Jiti [C % ¥ i
(Pseudomonas stutzeri) XL-2PV35I7E DO e
J 4.82 mg/L 1 5.90 mg/L it HA [FAE B KAl Ak
A (2) AR NOy-N Hk
ek Ry & R AR A AL i R b NOy N
SRR NO, -N, BliJE #A h N,,
e, R © 4RI Ay 4 S S i Ak A iR TE 25 BR
NO; -N (i FE 2 B NO, -N Mk e T
Ja PR A . (Bl LBR NO-N AR
NO, -N WBFFEE , 408 735450 8 1 T bk
X31 7£ DO ¥ 2 8-10 mg/L MIF4E T, I
fits Ak AR B R ) =) NO, -N RO —Hh 0,

HCHEI B PR X311 SR AL iR AR W] BE AN 2 i
NO, -N, E#h NOy -N 50 Ny Adfblig]
W R I E IR Pseudomonas taiwanensis J488 DITiH
PRERAE JgME— 2R, TESEEN 150 r/min 1251
N HEATA A CRAL RS AR R BT A R
R, HAWR] T HE Y N0, R HED
Pk 1488 174E NOs -N-N,0 1y figfhik sz,

H AT 572 UE R AR A DY

(3) S Ar A It 280 A8 ) ek, 48 S i A 240 o el 3
] Ak A s TC AL B Ak o B 1 o FIAR PR 5 A K
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WA R (4) NOs-N A
NO, -N WOl U, 208A% X o3 R TRl ik J5t
A% (assimilatory nitrate reduction to ammonia,
ANRA) Fl 53 1t 18 58 O #% (dissimilatory nitrate
reduction toammonia, DNRA). i ZWF5E AR
DNRA HEEFEIRE LM T A4, HIEJLHECAH
WFFEAGEESE DNRA TEAF 4 55 1F T W RE & A=,
U Huang 20O 36 AL . RIS 41 A
PN R R FRC R AR BT, & B SRR
MU P (Pseudomonas putida) Y-9 7478 54F (DO
Wy 4-8 mg/L) T BEIF] I #£4T DNRA FIC A
{EAEFH . ANRA Fl DNRA J243 5 76 [l fL il 1 £k
W5 NAS ISR EL 6 508 NAP . NAR f91E
FH T ¥ i 2 6 [R1 4038 T O g B 86, 128 0 il
MR #h 14 IR NirBD if JsUs sz, nl iE— 2B Ry
A AP, REHERE TN NOy -N—
NO, -N—NH, -N-AE YA, SATMET ANRA
PGB D, R A DCRAT  — P 1w
ks (5) WA S A HAT TR A Ak B A
fIhRe, AR 5> 2 B kR Streptomyces
mediolani EM-B2 7t DO ¥ N 7.4 mg/L I %A
S5 RT LA TR IS A S i A 25 I 328 e 0 S il iR
O ot & AR £ NI N—
NH,OH—NO; -N—-NO;3; -N—>NO,; -N->NO—
N,O—Ny; IAh, 7E DO ¥ A 7.35-7.66 mg/L 1,
Ouyang %PV % B ¥k Acinetobacter tandoii
MZ-5 Qi i % AR AT A I R (AR T Y
&, NoO AL BBy ™8, T N0
I D T A ARUUR B B R RS, DR, B
AL IR A Y 22 N0, A1, N,O
SRR ZUAY R 5 A, R R L A T,
B2, RN AR 2R, B B
K 2 WO U SE U B A TR P B AR E, — 28
PRI R B Wz 8 1ok, HiF 2 HE
PRI T B — L e W
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U S R TR 20 TR I ALY 3 R A 2 R A
W R B R 2R AR IR . (1) @25 B - an
Chen %5 Vi 1f %t W8 &% Bl 3R 7 (Paracoccus
thiophilus) LSL 251 W4F4 itk Be J1 fIAF
AT R B, 21.14% 908 NOs N T
AL S BL, 74.66%HIHI4 NO;-N LUEERAM
WAL, TIZRE KL ey E, 1
TS RE KA, U AR SR8
H 155 1 (Streptomyces sp.) M5 Fl M6, 5 4h,
4 G A I i A A AT 2 o R T S R
LA, A DRI AR A SR WA
S H (Acinetobacter sp.) YTO3 2L NO,-N Ky
ME— GRS, 7E5%5 3 R 150 r/min AR5 F
P96 55.55% 1900 i WA A B AL o A
R, A 28.33%HHA N TAE; (2) ERFRA
140718 » WA SHAT# (Acinetobacter junii) ZMF51!
DABR AR B0 M ik IR U | B R, 29 29.81%17)
TSR AEY RA, 38.81% L AR,
B DL 2 A B PSS, TRl TE i A ) i R
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Paracoccus thiophilus LSL 2511V Paracoccus
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V
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HRT, A S G 4A s i A 4 1 sk £ Qs i)
WFEABEIRA, TR 448U A0 T B Btk i 7% 1)
SO R ZR | M G il I 1 N By e R R 3R A A 1 45
TR =, RSk AT LU0 SR IX 48 5 T A AU

P NO;-N
Cytb——> NR —> \L

e \I/ NO, N
Cysand Cytc —> NIR —> $
Ozi / \ N,0
Cyta NOS —> $
N,

2 FERECEE R RS E TS E R B R [36])

Figure 2 Electron transfer diagram of carbon and nitrogen metabolism in aerobic denitrifying bacteria

(adapted from reference [36]).
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