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4 H Bollag F1 Tung WL 21 7R Uk B 25148 T R4t
H 7] 1 (Fusarium oxysporum) I 7 Ji 4 JJ &
(Fusarium solani)BEi B fifg fR £k H- B NLO,
{EAN TR BE AR B — B I iy A B ) )
1991 4, Shoun Fl Tanimoto 1 1% 3% F. oxysporum
F14) 25 TR AR I I L 4 o 2 BBV Hh AR DG S A A i
Bty 14 06 PR, UKOUE S 9% BR RR 7E IR SRR AE TE
NOs/NO, Y Z54 T 2d i Ui A 7 28 N0,
H N AR A A (53R PASO(P-450unir) 2
SR s R U R A A 4R T RE T LA
NN SR A A E AT T s Az A i L&, i
F. oxysporum 4 ji Ay —Fiifk 5 SR Ak L T AR B AR
SMAGR T IHAAY) . £ 1992 4, Shoun &5
W5 & B, £ 5K A Fusarium . Gibberella , Nectria ,
Cylindrocarpon I Trichoderma J& % 2L i H A S fil
TLBE ST, RERETEIRE R T NO3 B NO, I8 )5 K,
NO & N0, Tanimoto 257 544 | FF M il 7 A1F 5%
LA 1Y R A ACAE AL B A B, 5 S0 I A 12
ENIUPOBLEZY (5 N a s b ) | =1 B D N rR 5
P REAS I o B R A B B RS A
MR AT & & ALY (azide) . K 15 3k F 7 15 W2
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JFBE TP 2E NO B NoHOH

BEE DR A, ELR S AH AL R 23 7L
il o it = ol 2 U AT S AT ARG
AL RGE, AR NOs /NO, & if it
7 No(NO3™—>NO, ->NO—-N,O—-Ny) 3 FE, 25
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3%). MTETREW I, A 46%0 S fb FLw & T
2% 5% T4 20 (Sordariomycetes) , 24%J& T i 2 F 44

(Ascomycota) ,



ABSCHFAE | WA 2FR, 2021, 61(6)

1553

(Eurotiomycetes), B 9%7F1 8% HJ&E T B kLM
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Figure 1.
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J& -5 Eurotiomycetes Z9A9 Trichophyton J&), i
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Phylogenetic tree of fungal denitrifiers based on P450nor gene.
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A NO FTEPE, S5 Je B sk 6 ELUA A A8 1 1 T
P TIEASFRHE S EUA ITS, 18S rRNA JE[H
B35 EL nirK D RE RPN 45 17 41 4307 I 254 7 T8 s
Kb iy e g el

i Xu SE0F9E, FEANIRI AR H 39 (LK 1
PRRLE AR ) R nirk B fl AL BT A R
9.92x10°-3.15x10° copies/g™ . FETF54 nirkfF/
nirkfR [ PCR K il &L F 3R, AN H
H A 11 nirK 78 SRH A TR LA R A AR A

F %k H Hypocreales., Sordariales. Eurotiales #l
L 8 4N g .

Chaetomium .

Mucorales H , Fusarium .

Trichocladium Talaromyces .

Trichoderma . Aspergillus . Byssochlamys I
Actinomucor, .+ Hypocreales #4# Fusarium Jg&
(¥ S5 i A 2 T = B B T At AT A K A B B T
B Fusarium B BRI R, [ ARZERIL
FH - 498 FLA AR nirk 2 S i Ak B VR o T 2L
nirk JERERE S 58 N,O AYHEL S IEAH G &
F, WRUBAE R AR H 14577 4 N,O Ayt
T bl F VR M. Jirout 25 1 B IR SF B vk A
Bohemia g A4 4 1 A i v o3 18 LR I E
HmfeiEdE, Hhh 63.8%M B H HE kA
TEALTEPE, X SEEMRIE T 13 N (s 1 fr
78), F 23k [ Hypocreaceae #i1 Trichocomaceael™®!,

x1 AREEFRECEEERKTE LHREEER
Table 1. Community composition of fungal denitrifiers at genus level in different habitats
Environment :Tc]ieetnht;fézatlon Genus References
Acrable soils Fungal nirK Aspergillus  Trichoderma Chaetomium Byssochlamys Actinomucor [1]
gene Fusarium Trichocladium  Talaromyces
Cattle impacted Pure culture Aspergillus  Trichoderma Verticillium Monographella  Eurotium [18]
soils Morphology  Fusarium Gibberella Acremonium Pseudallescheria  Humicola
Penicillium  Scopulariopsis  Clonostachys
Conventional Pure culture Aspergillus  Penicillium Gibberella Neosartorya Bionectria [19]
farming Fungal ITS Fusarium Trichoderma  Hypocrea Neocosmospora
Integrated crop gene Aspergillus  Penicillium Gibberella Mortierella Hypocrea
and livestock Fusarium Trichoderma  Ophiocordyceps
system
Organic farming Aspergillus  Penicillium Metarhizium Mortierella Gibberella
Fusarium
Plantation Aspergillus  Penicillium Bionectria Trichoderma Mucor
forestry Fusarium
Abandoned field Fusarium Trichoderma Bionectria Cladosporium Phoma
Penicillium  Gibberella
Groundwater and Pure culture Aspergillus  Penicillium Neolinocarpon  Phialocephala Coniochaeta [20]
sediment Fungal SSU  Fysarium Teberdinia Rhodosporidium Paecilomyces Apiospora
rRNA and
ITS gene

actamicro@im.ac.cn
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B4 NOs IR JE L N0 7RI Z il B 52 A & B
Fusarium, Cylindrocarpon £l Trichosporon J& f) B
T AEASIE I NOsh N,OPL,

R,
Aspergillus £ Trichoderma J& [ i fL BLE )12 40 i
TER A . BT, ©ARZE X LR
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FLRZARTERIBT ST, (EF HAd PRIE (i ) H B4 5
AL EL RV D St — PR R . A B
B, AT YR DR TR vh 20 88 T IR BAT
AL RE T OAS AL T, X R A TR A5 v ) R AT
TESCRHAL R, H IS 4L Bt NoO AYHETL
TIRR AR, AR R,
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124, W5 T F. oxysporum Fil C. tonkinense
M IAEAL R GEAEM M N E N . S5 Al bt 72
9 RS 0 AN P A FR AL & A8 B TR ST, B
T R AL RGP 2 iR 2,

1996 4, Kobayashi 35l 1:) 2 il 43 5 Fl )i
PN HEH AR ML E] F. oxysporum f) Nar Al
C. tonkinense (¥ Nir 273 i fEAOREA b flufiTi i
35 Nar I Nir, Z S0 PIANSERIR | AR |
BEFARR A R Z5AE N Nar A1 Nir #2418
NO; 8 NO,~, T WM Bk 41 il 1) 4 £ il . i R
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Figure 2. Mitochondria-denitrifying system of F. oxysporum and C. tonkinense coupling to respiratory chain. The

key enzymes in denitrifying system of F. oxysporum contains dNar, dNir (NirK) and P450norA/P450norB, while the
key enzymes in denitrifying system of C. tonkinense contains aNar, dNir (NirK) and P450nor1/P450nor2!??.
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A FITEE W R BE = 35PN 1 55 RE 6% W& 4 i L TR Nar
s Nir ATEPED o e i 4 2 B FORR S it fhad 7
RAETELARUR b, E I S i 5 I 4% 5 i
ATP FH{EEEM | Kobayashi Z143A 4 , F. oxysporum
) Nar FRG0H I ER B Bt f I RRE R T K
FFRI(E. coil)WHIRELIC IR R GE, Al REAF1ES
I A R 55 P8 FF 152 i 4B (formate dehydrogenase,
Fdh) 2R 4¢ AR RRER R E0A JF M 15 Uchimura
SEWFSTIESE, 7E F. oxysporum (4 2Rk A o i 5|
T Fdh 136 HERL BF5EI8 K B, F. oxysporum FY 4
ML 2D AEAE PR SR Nar, —FlU i F4okifk
JEE 1 %) S Ak U i PR 6 148 i i (dissimilatory  nitrate
reductase, dNar), —FEAF7EF R4l 5r R
AL AURS IR LR 1A ) i (assimilatory nitrate reductase,
aNar), H aNar {¢M NADH 5 NADPH H#1k
HLF, T dNar D R S 0T iS4 vh 4 i 7290,
— BRI, Fdh il it UQ/UQH, Tt M
MRkER% M 72 dNar, Fdh-Nar fUREES 5 T HE
NO3 W1 P31, 355 43 2i Ak J (4 dNar A T3 2 5
Mrigss, ZMSAHED . AR b DGR
H . JoitE Fdh-Nar A5 I 2RI ZH AL, dNar
2519 NOs W 5K T 1 (Escherichia coli)iy3E
FAHALTL NOs I R 48+ 3 AL, T Fdh-Nar 1)
FA AATE R AL AT vh 2 B, His Takaya 25 fiff
FEARIE , F. oxysporum 7EBRAR B A AL 551 T g
IFEAT Op WP FT NOg I , PR -1 ] S2 4 b 4
AONE G, E—Rh 2 A R R P e —ad
Firhr, dNar 200 DI\ =S miiiot 1 (& 2):
12 Wit - P R B S (UQFd) | ZRor IR T W BE i &2 A
P11 (NADH Jii &) sl n A I B 52 54 11
(BRHPRIBE M) o WS 1 i S8 W], Fdh-Nar
R SN TE = 25 18 M s A vh HAA SR m T
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P, IR dNar B2 79 B s e,

& T 76 F oxysporum i fifl ;N % BI 45 ik
Fdh-Nar #54 NO; FEIE 245, Watsuji Z5iA Ky, 5
F. oxysporum EL.f5 3£ 4% 5k & 1Y) C. tonkinense 7E4F &
FAF T T e TR MR AR 1 SRS AR, gt — R4
A BTG PRGN 5256, Watsuji ZF7E C. tonkinense A
240 e M ARG £ — Fob 4 NADH ) [R)AE 28 NOg™
% JE i (assimilartory nitrate reductase, aNar)fdidg
PE, TR A I dNart® 7R 5 5T bR AR R
C. tonkinense JZ ki 2 AGF2 M S5 H, Watsuji
S5 R BUAE RS 8 5T (W 0h & S BE 5 IR A) . 24
NOs &ME— R ZJE T, aNar 1 aNir (Y #6A ST
Al Ak o A Pl B ] 67 & AR 30 3% (PNaNOs Fil
YNaNOy), Athfi]% BUAE 53 SRR NH, AT A e A
(R LN S, NOs IR H#E, HIRIGIEK
FRiCas R FE B R NLO SKIET NOs 0, 4,
B Nar 0] (B RREL) 5 WAL E] NOs /T #E
1 NLO = A pd # Az 2B APl . BRIk, Watsuji
SEIAD NH, AT R bl (i 2 W B~ FLBD AR
B FHUMARITEAER S T C. tonkinense & AR
AR, 3 B Uk B aNar FTI RIfL Y R S8 ik 3
S (RCAR) S H 8, AR BB AT I AR
[ rEAL ) C. tonkinense TE45E 251 T #71E aNar i
TTiEmRRER S AL . S A DESERR, TEDR A5 aNar
ALFE NO; IR J5 AL NH,™, ek 72 AT F FH 4 7 e 4
AR, FRON BRI K 0,

F. oxysporum FiI C. tonkinense H.A A [a] 25 8 fiy
Nar, {HI5A Nirk (%45 dNir)F1 P450nor,
Tik= NO iR g, BrLAZ Y A mEIR =
R NoOP2 1995 4, Kobayashi 257 F. oxysporum
N O B B T S Ak B A R 3k i 5 il
(dissimilatory nitrite reductase, dNir), %HFH &4
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PSR ST AR, 7r 7 41.8 kDa, fE
B B 55 R0 2E K E AN AR c549 Hh
TR T, % NOTIRJE N NO, [FIBHHE& Zokifk
B ATP, Hepede (g R EoR dNir A T2k ARy
PIAMBEZ P54, 1999 4E, Kubota 45 i 1o il e
C. tonkinense 44 ia£E AT % 21 43 RS2 4y Hh 3K
D HS Nir BOE TE. 2t 2tk . SDS-PAGE #aill| J2o't:
T s, PRR Nir ZEVER FARIE], J&—Fh
SRR/ Ny 67 kDa i [r] I — JRAACT . i e ]
SE6 7, C. tonkinense ) Nir o] LLg — 25— #ift
FIERERRAINE], 255 HBOGIE M ZS R ERE
X JE[A] F. oxysporum 2545 Hd A dNir (CuNin®,
£ C. tonkinense LRI IA T, IFIR I QN3P R AR |
PR AN B3R AT LAy dNr 7 3 A e 100,
LA DA TR RS SR R R 05 P NG P 3% 1 e
A% 2 A1) 07 AN A5 W W P I = S PN i (TTRA) 411
Hil, M ABEEARR Ak IR A dNir TE PRI EE R
TTFA P06 1 A Bl #40 JE I 1 i 41, [R] it , Kobayashi
221\ C. tonkinense [ dNir 5 O, BRI 1o Rt =2k
RRH AR RS, SR Nir R 2k
HEBEE AW (UQH,- M (3R ¢ 48 (bl Jnt ) e A
0,

LA F. oxysporum Fil C. tonkinense Aty H
PTE S A R v 5 — 20 i i /& P450nor, iX /& —
Fift HLA g A A B M A PASO VR A IMLT R,
AERE NO I )il N,O, TEZK(AFIZH AT H A
4349 Pa50nor J& 41 (4, 3 PA50 L %
G5 I CYPS5IP A (7,3 PAS0 HLAT il S g 1
YER, BeS S EZEM AR N VLA . R
KR IIE S, TE BRGNS E Y b A A el
G PASO B 7§ R/NE R ZKE HL 2 0041 TLE W)
e, (AARRIE T R — 2R EEY e B

f) P450s, CYP55 HYEEi 54l P450s HA B ik
MRS R FR, AW HEN % R 7T BE 2 AR T
HA K5 ) TR D T 7 A 11 P

1E F. oxysporum HJE[K CYP55AL & hth i i
P450nor [v] T.fiff P450norA Fil P450norB, 1T
It S i % B AN W], {75 PASOnorA VR T4
KLAARPY , T PA5OnorB fEH T4, L NADH
M K, 7E C. tonkinense L A P Fh
P450nor [A] T.fif . {2 T £ KK P450norl( i
CYP55A2 K& [K g i) Fil57 T 41 B S5 1) P450nor2(rh
CYP55A3 K:[H%ifi%). Hrb P4s0norl HAEF]
NADH 24, 1, 11 P450nor2 B i [i] T . NADPH
Hig a7 i 11223 PASOnor 15 [tk it A A
F )i K : 2NO+NADH+H'—N,0+H,0+NAD* 4,
ELIE Y P450nor Jh NADH (&% NADPH) 357 Hy,
T BRI 5L 5500 PAS0 W\ At 2 1 J5 41 43 (40
PA50 id 5t i APk ALk 2 ) PP e a2 LTI R T i
BT H, [ P450nor 25 Bk JEad B 77
G P IEE , X B S AL RS R A AR
_ .[24,30-31] S

B A EAE I R E A, BEZ A
FLIA AL R G HLEI AT TR ARG . H
Hr, FLIE F oxysporum Fil C. tonkinense fi¥ S At
RGO WA EY, e fIm Rt RgETh
dNar =% aNar [F] dNir i1 P450nor 25 T [k,
N.O ZEmAT7 Y. HREM, RADVBERELL
an F. oxysporum F1 Gibberella fujikuroi (Swada)
Wollenw.BE@% ] ] Fdh-Nar #5459 R 506 NO5 ik
J#o NOy, REBWERELL NO b Ak
AT Kim S5 B EC nirk 5405 nirk $14
HEIRHLIE, F2&A nirk AEYNEROSE
P450nor FY[EIEY), R FhEN 54 nirk
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P450n0r 2R [ S At Ak 22 G0 A6 BL I 3k A7 AE R
RUEHEH Nar F1 Nir 5405 A2, H
ELE P450nor HIS5ANE Y Nor HA R K25,
X5 AL A LR A IR T AN R A A — 2 Y
FIEE S AN, LIEE F oxysporum Fil C. tonkinense
AR 1 A AR AL ) A 75 AR 3 R 43 L B 1) B g
PEAEFAML 7 B T 33 9l L R SR AR AL 5 34
A7E b AN T 74 L B A AV AL AR 4T3 2 A 21
XL B E A FRA T — BRI

4 FT R A TE R I

s LR, AR B SR 558 b i A i
AR AE A E P 2 A BRIE FEIA NLO 119 3= 2R,
Forb e BCR RS AR VR FIHERL Y NLO 24 5 54 NLO HE
WY 34%-42%BY ) JETFHUA BFST, & R T
FE FLTE SAHAEXT NoO B T Bk A% 5 1 L BT 5 5 0F
W32 (SIRINY 7 )7 28 32 DO ohe g i+
NO B AEaR AR, %R BBl S5 P 3= 28y 1k
AT 4
41 FEFRF PPN HIE (SIRIN)P

SIRIN ¥E85:41F 1973 1 1975 4 Anderson
F1 Domsch kel 5 338 EC R RN AN B 9 A P i
AR, TS AR A Tk R T -
HEMANEN NoO PR BYARRT STk, 207k
F DA 4 W s R O 40 T R BT A BR VA
Fe BT, A APy A R, R R i R
(cycloheximide, CysH2sNO,)Flfi# 5 Z (streptomycin,
Co1HagN7O10) K 43 il 3 428 4 410 i) 2L 7 1 240 T 5
BT RIS o H R O TR R R A8 1 ) AR AR
60S AZMEIA T A5 IR JE 26 B Tl () 05 P, DA 417 ) 2.
PR S A s M o TSR 2 mT DA s A= i
BRI IR G R, SIERGEME RNA R, DUtk
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MR AN S . BRISIRIS, AT AL A —
S VIR JBE 1) R A TR ot v Bt 2 400 1 il AV R ke
NLO ki A R i P> SIRIN i 44 s
IR, B 70 RO TR . 5 R RSP FP 25 4)
R AR R (S0 2 45 4L AE AN TR B TR BE P B NLO
WRE, FRLE A AR LA 2RI AT B X NLO 7=
A (1 B R S e
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2. TEIFREEL I G R EOHDHIIR B R B 7 NoO BOIHIRIR
Table 2. The concentrations of inhibitors used in different types of soils and the inhibitory effects on N,O

emission by microbe

Inhibitor concentration

Inhibitor concentration/(mg/g)

Inhibitory rate on N,O

Soils gradient/(mg/g) emission/% References
Cycloheximide  Streptomycin  Cycloheximide Streptomycin Cycloheximide Streptomycin

Red clay soil - 8 5 66 27 [1]

Alluvial soil 5 5 19 55

Black soil 8 5 53 22

Conventional ~ (0,0.5,1,2,3,5) 1 2 40 38 [38]

farming soil

Integrated 44 45

crop and

Livestock soil

Organic 40 54

farming soil

Plantation 50 30

forestry soil

Abandoned 51 41

field soil

Peat soil - 15 3 81 31 [40]

Forest soil - 15 3 51 44 [41]

Cropland soil  (0,2,5,10) (0,2,5,8,12) 5 8 84 20 [42]

Tea soil (0,2,6,10) (0,2,6,12) 10 6 70 23 [50]
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Table 3. Relative contribution ratio of fungi to bacteria and fungal denitrification rate in different environments
Environment Fungi/% Bacteria/% F:B Zz:igt?ilﬁcation rate Units References
Cropland 84+1 20+3 4.2 509 ng N/(kg-h) [42]
Conventional farming land 39.9+54  38.1+55 1.2+0.5 3.2 nmol N,O/(g-h) [38]
Integrated crop and livestock land  44.4+4.9  45.4+8.6 1.2+0.4 3.7
Organic farming 40.0£8.4 54.2+6.7 0.8+0.2 7.0
land
Plantation forestry 50.7+4.7 30.546.9  2.4+0.6 3.3
Abandoned field 51.3+6.8  41.5+4.1  1.440.2 3.0
Peat land 81 31 2.6 17.1-35.9 ng N/(g-h) [40]
Forest 50.8+11.3 43.7#11.8 1.15 45.0 ug N/(kg-h) [41]

Tea soil 70 23 3.0 6.7 mg N,O/(kg-h) [50]
Wetland 34.3-35.1 1.46-159 20.0-25.0 0.12-0.27 mg N/(kg-d) [51]
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The diversity distribution and N,O production driven by fungal
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Abstract: Nitrous oxide (N,O) is a potent greenhouse gas which generates approximately 300-fold powerful
greenhouse effect than carbon dioxide (CO,) and is one of the main compounds that causing ozone-depletion in
stratospheric. Nitrification and denitrification of microorganism is the most important path for N,O production. It
has long been considered that denitrification only occurred in prokaryote until in 1970’s two Japanese scientists
found that fungi like Fusarium oxysporum also had the ability to denitrifying. Unlike bacterial denitrification
(bDNF), N0 is the end-product of fungal denitrification process (fDNF) due to the lack of nitrous oxide reductase
(nosz). It means that fDNF usually produce more N,O than bDNF. Recent studies have proved that fDNF
contributed over 50% of the total N,O emission in soil and 70% in high permeable sediments thus it shouldn’t be
neglect. In this review, we elucidated the species composition, denitrification mechanism, measurements and
N,O-contribution of fDNF base on the current studies. At last, we discussed some problems remain to be solved on
the research of fDNF and suggest prospects for future studies.

Keywords: fungal denitrification, fungal community, denitrification mechanism, activity determination, N,O
contribution
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