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Composition and Abundance of nirS-type Denitrifiers in Black Soil
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Abstract: The objectives of this study were to explore the effects of long-term organic and inorganic fertilizations on the composition and
abundance of nirS-type denitrifiers in black soil. Soil samples were collected from 4 treatments (i. e. no fertilizer treatment, CK;
organic manure treatment, OM; chemical fertilizer treatment ( NPK) and combination of organic and chemical fertilizers treatment
(MNPK) ) in Gongzhuling Long-term Fertilization Experiment Station. Composition and abundance of nirS-type denitrifiers were
analyzed with terminal restriction fragment length polymorphism ( T-RFLP) and real-time quantitative PCR ( Q-PCR ), respectively.
Denitrification enzyme activity ( DEA) and soil properties were also measured. Application of organic fertilizers ( OM and MNPK)
significantly increased the DEAs of black soil, with the DEAs in OM and MNPK being 5. 92 and 6. 03 times higher than that in CK
treatment, respectively, whereas there was no significant difference between NPK and CK. OM and MNPK treatments increased the
abundances of nirS-type denitrifiers by 2. 73 and 3. 83 times relative to that of CK treatment, respectively. The abundance of nirS-type
denitrifiers in NPK treatment was not significantly different from that of CK. The T-RFLP analysis of nirS genes showed significant
differences in community composition between organic and inorganic treatments, with the emergence of a 79 bp T-RF, a significant

decrease in relative abundance of the 84 bp T-RF and a loss of the 99 bp T-RF in all organic treatments. Phylogenetic analysis
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indicated that the nirS-type denitrifiers in the black soil were mainly composed of a, B and y-Proteobacteria. The 79 bp-type
denitrifiers inhabiting exclusively in organic treatments (OM and MNPK) were affiliated to Pseudomonadaceae in yy-Proteobacteria and
Burkholderiales in B-Proteobacteria. The 84bp-types were related to Burkholderiales and Rhodocyclales. Correlation analysis indicated
that pH, concentrations of total nitrogen (TN) , total phosphorus (TP) , total organic carbon (TOC) , nitrate (NO; -N) and ammonia
(NH, -N) were significantly related to abundances of nirS-denitrifers (r =0.724-0.922, P <0.05) and the DEA (r=0.453-0.938,
P <0.01). In addition, the DEAs were linearly and positively correlated with the abundances of nirS-type denitrifers (r=0.85, P <
0.01). Redundancy analysis showed that except moisture, pH and concentrations of TP, TP, TOC, NH, -N and NO; -N were
significantly correlated with the community structure of nirS-type denirifiers (r =0.440-0.862, P <0.01). Furthermore, the DEAs
were significantly correlated with the compositions of nirS-denirifiers (r =0.863, P <0.01). In conclusion, the nirS-type denitrifiers
in the black soil are more responsive to the organic treatments than to the inorganic treatments in terms of community composition and

abundance, both of which are correlated with the changes of DEAs.

Key words : black soil; denitrifiers; nirS; real-time quantitative PCR ; redundancy analysis; T-RFLP
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Table 1  Effects of different fertilizationregimes on soil physic-chemical properties and DEA
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Fig. 1 Abundances of nirS -type denitrifiers under

different fertilization regimes

T -4 nirS BER B9H5 DI, OM | NPK F1 MNPK
435128 CK 9 2.73 | 1.30 1 3. 06 5, {H CK 1 NPK
() 25 AN i 3. MNPK 0 nirS JEP 48 DL B =, &
ik 1.9 x 10° copies-g™', CK & &, & 4.9 x 10°
copies-g .
2.3 AEGEACALFRXT nirS Y B0 B RETS 4540 1Y
A

K HH T-RFLP £ ARt nirS Y 5z il A B 00 T8 75 &5
FHEAT AT AERTA B ALBE D nirS JE PR ERAS 5 T
PSRRI G Y, 2 v I I L JE Rl
HAEYHE. 28 Y S 42 5 DNA F1 T-RFLP 43 #r
J& , £ AL A B A A 2 T ARLAY T-RFLP B3 Uil
WIZE S AT LA Y AR T TR AR (1Y nirS Y
FAHALTR R BEIE 25 A5k, SR Hha 1 TEYVIFS 3 13
FfT-RF 7 B KBEE (18 2), Horh R BB 73 84,
122 #1238 bp 5 B A B 63.3% ~76.3%. 79 bp
HAEAHLICALFE (OM Fil MNPK) h7E7E, i B K &
99 bp HAEAEAE ML (CK 1 NPK) H 3, Bt K &
73,8486, 122, 147,192 231 1238 bp TEFTA Y
PR L B R B B Z A I A LA

AR, J5 225301 .73 bp 7648 HLAC AL B rp i 3%
B 84 bp fEAHUICAL R rh i ZREAR (P <0.05),
A HLAE A A HLAC AL B 1. 35 5, 0M 5 MNPK
[ Jo2E 55 MEAEALFE B E RN T 119 bp M E /L,
{HA NS AL R 2 ] 22 5 AN Wi 3 5 147 #1231 bp 7EAL
PRI JC 2 22 5 A B 407 1410 bp HAE OM
AbEEr B
N 410bp [ 231 bp I:|122bp-84bp I 62 bp

I 407 bp NN 192 bp [ 99 bp M 79 bp
N 238 bp [ 147 bp NN 86 bp [N 73 bp

| i i
M NPK

80

60 -

T-RFAAXE 43 be/%

20

0

CK
B2 AEMERLEEET nirS BRHUENEEAER

Fig. 2 Composition of nirS-type denitrifiers under

MNPK

different fertilization regimes

RGERE IR (E 3) . KEZE nirS 751 A
L1 1) S A A B A 0 A B M AT, {1 R NCBI 2040
FE R A IR nirS 7504 B AR B (84 ~
100% , & 3 B2 7 511) . Bk &8 4> Al B ZF 98 4T B
( Bacillus ) FR 2 j 5 ( Pseudomonas ) %5 J& 1Y ¥ %)
Ab, FEAAR TE 20 1 7K S AT 16S rRNA FEH 4326 1
B3 ARYET e L A A R RUE D)
FIFIRLE Rt AE B 400 8 #%. el v 3 1 B4 h
IYARTESE T .V RIVI #5255 1 #ads i Be N
84 bp 1Y 25 40751 (CK SCFERY 13 Z5JF7 51 H1 OM 3¢
PR 12 207810 , DL Be KBl 122 bp 193 557
B (CK SCHE) 1 2751 OM SCERY 2 257 51) R
WE ST I ERBED. BT BN 3
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09-G-CK&OM-S 84&122 bp Cluster [

09-G-CK&OM-S 84 bp
Rubrivivax gelatinosus (AB536930)
A 09-G-CK-S-43 84 bp
M 09-G-OM-S-22 79 bp
9! B 09-G-OM-S-12 79 bp
Hydrogenobacter thermophilus (AB210046)
Thauera linaloolentis (AY078265)
Thauera chlorobenzoica strain 4FB1 (AY078262) Cluster I
Acidovorax sp.2FB7 (AY078273)
Thauera selenatis (AY078264)
Thauera terpenica strain 58Eu (AY078266)
Azoarcus evansii (AY078629)
Pseudc chloritidismutans isolate AW-1 (AJ884572)
80| | Bacillus weihenstephanensis strain A20 (HQ299903)
84| Bacillus cereus strain A21 (HQ288900)
Alcaligenes faecalis A15 (AJ224913)
86~ Halomonas nitroreducens strain CECT 7281 (FJ686148)
957"\ Halomonas cerina strain R53 (GQ384052)
Halomonas denitrificans strain Al13 (GQ384047)
T3 Marinobacter hydrocarbonoclasticus strain DSM 8798(FJ686157)
09-G-OM-S 79 bp
Pseudomonas stutzeri ATCC 17588 (CP002881) Cluster Il
Pseudomonas sp. -Bh25-14 (FN555560)
Azospirillum brasilense strain G30 (HQ288906)
Achromobacter sp.DBTN3 plasmid PDBTNGP (GU122964)
Pseudomonas aeruginosa PAO1(AE004488)
&3 Pseudomonas sp.
9, Thauera sp. 28 (AY829012)
Thauera mechernichensis (AY078268)
A 09-G-CK-S-15 122 bp
M-S-24 84 bp
M.

67
99| 79)

99

OM-
OM-.
CK-S-24 84 bp
100, A 09-G-CK-S-30 84 bp
A 09-G-CK-S-22 84 bp Cluster IV
Arthrobacter sp. TSA68 (AB542303) uster
Alicycliphilus sp. R-24604 (AM230888)
Acidovorax sp. R-25212 (AM230905)
Brachymonas denitrificans JCM:9216 (FN555564)
92 Ralstonia eutropha (AF114789)
Cupriavidus pauculus (GQ504717)
Kocuria varians strain DN16 (AY345246)
59 Ralstonia eutropha H16 (AM260480)
93 Cupriavidus sp.R-31544 (AM403575)
A.eutrophus (X91394)
100, M 09-G-OM-S-23 79 bp
1 M 09-G-OM-S-17 79 bp
A 09-G-CK-S-52 84 bp
A 09-G-CK-S-18 86 bp
A 09-G-CK-S-11 122 bp I v
100 Roseobacter litoralis Och 149 (CP002623) Cluster
Roseobacter denitrificans ATCC 33942T (AJ224911)
Polymorphum gilvum SLO03B-26A1 (CP002568)
Paracoccus sp. 1-Bh37-1 (FN555561)
Paracoccus pantotrophus (AJ401462)
100! Paracoccus denitrificans (U75413)
99, A 09-G-CK-S-2 86 bp
A 09-G-CK-S-1 86 bp
Azospirillum sp. TSO28-1(AB545704)
100, Uncultured organism clone F03-03-137(AF549068)
A 09-G-CK-S-19 238 bp
98, 09-G-OM-S-8 147 bp
W 09-G-OM-S-1 147 bp
97, Bradyrhizobium sp. TSA27s (AB542315)
Bradyrhizobium sp. TSA43 (AB542321) Cluster VI
9% A 09-G-CK-S-47 147 bp
A 09-G-CK-S-44 86 bp
M 09-G-OM-S-4 122 bp
A 09-G-CK-S-13 238 bp
A 09-G-CK-S-21 122 bp
51| Rhodanobacter sp. D206a (AB480490)
A 09-G-CK-S-8 122 bp
A 09-G-CK-S-41 122 bp

09-G-
09-G-
09-G-

92

84| A 09-G-CK-S-40 122 bp
A 09-G-CK-S-39 122 bp
A 09-G-CK-S-37 122 bp st
L« 09-G-CK&OM 86 bp | Cluster VI
= 09-G-CK&OM:-S 62 bp | sl

Thiobacillus denitrificans ATCC 25259 (NC 007404)

4132 1 BT 0000 T A BURR A BT 1R S5 1 43 HL , < 50 (A8 B, B i 1A S0 A 78 SC43 301 5 09, BRI
G, A FEWe; CK R OM, AHENE R HLIE AL, e Jm B 50T e e i
B3 nirS BEERGERER(RAMFEME)
Fig. 3 Phylogenetic tree of nirS gene

KPS 5 LU 4 ( B-Proteobacteria) A FL N EHYr2KMH. S IHBENESD T 70% M B K EH
B H ( Burkholderiales ) i) Rubrivivax gelatinosus 43 ¢ 79 bp BT AN, X P H y AR WA (y-
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B 3B

Proteobacteria) B Pseudomonadaceae FA{PI. 55 IV #%
i BEK SN 84 bp A1 122 bp WY TEREFSIL AL, &
{115 B-Proteobacteria ) Burkholderiales 1413 & H
( Rhodocyclales ) F#43 C A A WAL 25 V &
2 5 B 79 bp Jess 1 AR BelKEE D 84,86
F1 122 bp WFHNH R, 5 AR MY
a8 H M ( a-Proteobacteria ) HJ £L /T B H
( Rhodobacterales) B2 . 25 VI % F 2 M A BKJE
86, 122, 147 F1238 bp MswhEIFFIA . Hrb kA
BHRKJE S 122 bp WF 515 y-Proteobacteria 1) 8 {71

B H ( Xanthomonadales ) fJ Rhodanobacter 1 %%
2. A VI AIVID 75430 i e B B2 86 bp
162 bp HYTERE 51 20 1, A AR E 5 FHAH I 19 2
WA
2.4 DEA -3 H MR BT A AH M

Hs DEA 1 4 58 A0 1 o ot A A SC R 20 Br (3R
2) 55 B8 . TN, TP, OM K& NO; -N5 DEA & &
FHIEAASE; 1 pH FINH, -N15 DEA & & 3 f ¢,
HEBABEIHCREL; S/KES DEA BIFHC
FREAR, RIBF) BEIKF

%2 DEAMTIFEUMFREXEE (r) MEZMHEP )

Table 2 Correlation coefficients () and their significance (P) values between the DEA and soil properties

i H pH H,0 TOC TN TP NO; -N NH,’ -N
r -0.870 0.041 0.816 0.938 0.904 0. 453 -0.713
P 0. 002 0. 680 0. 002 0. 002 0. 002 0.010 0. 004
2.5 nirS AU A0 20 B T Y Rr A R - P AL M S5 oY
i DEA BRI .
K ITCAERE N T nirS 89 5 10 T 1Y BE V% Hek
8 b 5 - B O RS A v A AR G (R AAMI\j;:K moistre
4). BESLIIR  nirS TR LB RS 5RO 0 2 5 & o o o
TR TE PCL Bl L, JL AR A B A8 57 1) 88. 6%, i &) e~y
PC2 ] LU R AR 1 4. 6% . CK, NPK #1 OM g DEA  AMNPK Sk pH
% MNPK 4b 3895 PC1 i B 3 42 77 ; OM Al MNPK oM e
AbPRAZ U PC2 Bl 73 A3 CK A1 NPK AR BEAY nirS
T SR AT 10 FE 9% 45 4 7E L 43 0] U B (E -L0 oon ek
JEWIE Z M 22 5 EE R TE PC2 il . DEA rye T

TP, TN, TOC., NO; -N, NH,” #l pH £ 87F « il
EAEKMEE,H DEA, TP, TN, TOC I
NO; -NI¥ 5 5t J7 [ 45 o] A ALIC 4L 3, NH,” 1 pH
F5 19 AH 5 J7 ). 2K Monte Carlo ¥ 45 5 /5 7,
DEA. TN, TP, TOC., NO, -N, NH, -NAfl pH 5 ##
TE L5 F ) A 56 R BRI M 0. 863 > 0. 862 > 0. 837
>0.797 >0.440 > - 0.716 > —0. 813, H & ik
W R ZEKF(P<0.01). (B K nirS % il
TR I 45 W A OCPEBLAIL, IR A 8 31 B 3 K F
(P>0.05).

XF nirS Y i Ak T RO = BE A0 A 49 P Ak M

PCI (88.6%)

B4 RPTEELEHET nirS BREAHREEM
FIIREE EF & DEA XS
Fig. 4 Redundancy analysis of the correlation between soil

properties, DEA and community structure of nirS-type denitrifiers

PEATAHRME T (2 3) . S5 BN BR &K RSN, H
RIRIE R - R = B A AR Akt 3 AE G AR OGP
IR pH > TP > TN > TOC > NO; -N > NH,' -N. ¥
DEA Fl nirS JE PR 1Y 48 DU AT 2% 8113 43 A 1Y 245
RN, W 2Z AAFER B B R IE AR, B
R BGLE] 0. 85(P <0. 001,18 5).

R3  nirS B WAL E TR 3 B0 L IR AL M A0 AE S A

Table 3 Correlation coefficients (r) and their significance (P) between nirS abundances and soil properties

i H pH H,0 TOC TN TP NO; -N NH," -N
r 0.922 0.251 0. 824 0. 839 0.918 0. 740 0.724
P 0. 002 0. 376 0. 002 0. 002 0. 002 0. 002 0. 034
3 e A A Wt A EMLIE I RCR AR (£ 1).
JTE

K A HUIE 24 12 08 PR A9 B il

BT R B A HLIE T SRS A B 52 W A8 13 E
TEHLIE B, 4 Enwall 2570 BRFFE 3200, AH 1L
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3.0
y=x+0.026
25 R?>=0.716, P <0.001
IQ 2.0
S0
&0
=3
R 151
o
3
L"§ 1.0 p
0.5
0 1 1
0 1 2 3

nirS3E % I %k X 10%copies-g ™!

5 DEA 0l nirS Bl R BEFE EHEX ML
Fig. 5 Correlation analysis between DEA and

abundance of nirS-denitrifiers

TRt A0 A b B0 A HLAIE AL B AR T R
DEA; Dambreville 25" g8 & BHL, 55 2 jife fil§ 2 4% AH
F it FH AT S0 P P 25 S S5 T 3 S Ak v
RGN N, AU A + 58 DEA, 22 H T
AHUAEAS T 3 A BRI R R0 AT 5T Y &5 SR
W, DEA 784k 53 4 + HER A p: 5 1 el A
B E R (F2) . T BT I A3
AL E A B 25 T WF98 & L 14 DEA (978 fk 5
JAEAE BRI RRERAE , IR eSS M A e —E R
ISR SR G A5 e I R —3
N T RS 04 2. A XA BRI ICHLIE 22 57 i 7 (1)
WAEYIHLER], ABFSE LA nirS B9 52 iS4k K 461, 434
TR Ak B R R it A B RE R TS AL AE Y
M 7.

s R, KW AU B & T
nirS Y SAE AL DA R RREE =E B2, T NPK A\ A it A AL
AE A JERE AR T RO AR (B ). 5HE
WFFT 8t A LRI, A HLAE 0 b S R Ak i AR K
PP EL G LA — s Bk T A LR R
St A K TR L LA R Z2Faste . O HLIE &
AR IAR, A, A HUE R H R R e
R AL R, S ROAS AR A R HE T R Y RN
Pl Qi A HUIE A S R I S RS AL B 4
PETERE M Ot A HLAE £ 1 i i A 4
TR, AR R THRE R, XN S AR
FH R R A A % SO R B ) @K 390 it A BL
JIE A 3R AR HLA S SR Y 2% vl BE 1, AT/ pH AE
PRI 52 3 25 0 %o I il P T A 0 £ 1

M T AT Y pH 8, i H NPK AR A
BUIE R LAl A B E e 1 s Ab i A (&1 1)
PRI, i ki 5 5B 3 DR 409 5 7T R K 0 it A
HUAE 8 2 2 5 28 08 PR+ nirS T8 A Ak 41 17 A
FENEFHER.

RERF IR, A FE R AT nirS KA
AT FZN o, By 2RI DAY S A AL T A )
(FE3). K HADUE B3 T 79 bp Fr Bk
A X R B B R A B4 $E Burkholderiales 1
Pseudomonadaceae; T #7870 | 84 bp i Br2E
H.F 5413 Burkholderiales 1 Rhodocyclales. A,
AL LUREI AT AILAE = 242 i T B3 B 79 bp 1Y
Pseudomonadaceae [ 4 K. & H §y & F
Pseudomonadaceae 7 7% 18 1 R 55 09 BF 58 5 /D, H
Henderson %" (¥ RFF 5 2 W i) = 398 v 945 Jin 1 26 T
DL 25 0 ok 0 28 B il Ak ey AR i, X B
Pseudomonadaceae ifi 5 A K 7EH S M AT T A7
BUIE b & B KAk ) 3 i M2 RN 7 R 55 ) B ] g
SEAR R R A A K R Y 5L
RERT], i FHTCHLAE X nirS 780 52 6 £k B8 14 FHE 95 45 4
Somade /N (B 4) 5 i H, MNPK Ab B nirS R A
TERIRE I 450 YU IF AR R I OM il NPK 4 3
AT REE A AR A (B 3) X i — 2 i
AT DILAC Ak B 350 A B8 8O3 S R ) nirS B 2 A
TR AN RE R 2 A S A i E R AL gt A ML S,
99 bp FrBCRAIE R T, (H s IR Y 2 A W 58 K e
REFZTH , 3% 26 S AL TR AT BE S — P i 4 31 5
GG B AW, (B AT BB R T PCR 973 B 1h LY
P 2%.

HHT AR 2 B 58 R 0, nirS 2 5 A Ak TR R X
B AU G Yoshida 55672 &3, 78
JKAE A nirS B B AE AR TR A T B Al Ak 0 3 85 A8
AU FEE P Chen 255 R 3L, 3 H Rg 7 K S
A nirS BURAEAC TR BN o BT R Y, HIk R
B-7BTE AR 40 TR, nirS T8 SR £ TRT 19 1 9 445 4 %o
T R AL BEAAT 225 B . AT TR R, 2 0% TR
A nirS BT F 2o o BIE RN | B-LIE TR
PR y-ABTE NI A BB 5) , 5K FE A
Ho, W A nrS RY SR AL 20 BR Y 32 R
FATE2E5E. Cavigelli 557 (BT R HEVE 250 A
[F] 14 - 9 5 A 1 T A R0 o B 05 PRT 72 A 17 i 7 A
[l 5 Tshii 552 OB FE IR A& B, BV 2 20 B 1 6 2544
ARABLE B AR A5 R AN [ 18 7K A b rhoRE SORH A PR e 1
%) S AR TR R E I AN AH [R] , 53X U B 4 38 rp o R B 7
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7

Es 3%

AR e 7 1) S B AL TR AR A A R R R IXAE
—ERE LR T R A nirS BB AL T XA AL
JIES A2 3 ) e

SAEA SRR narG 58 napA | nirK 5%, nirS | norB
5 norZ Fl nosZ 55 2 o DX G At 1) 1 328 20 A A 56
J . ST ST 2 B 5 AN [ Il A 5 R 4 B
A YRR X P B PR Ak 1 o R — 38T
WA A SIS A I SO A TR R AN
[t A %) Wi 7, 368 3 % B i A 2B B R 1) 22 20 B
L4 HIT , R TRA S 78 i NE Ak 21 5 | kS 1y -+ 33 Ak 1
TS A PR A SRR A TR R RS2 0 B LA 5 b,
7 DNA JKF B BIFFE AT LA 23 fife B A 20 e 1 %
SN R 4 52 (B Ay T B i e - 338 S A7
) S AL TR RN RE B Zh 2246, 7E RNA ZKF B #iFsE
MR RTF .

4 Z5ig

(1) M F AR b #9956 A FLAE Ab 2
S EREIN T B S B AL AN B R H
MNPK & 2= F OM,NPK 1 CK [8]) JC i & 22 5% e
FHADUESUE T nirS B RS AT I HE I8 4544, A L
JIES Ak 38R ) P A % 225 R AR AT BLIE Ak B 1) A 9%
ZERARALL.

(2) HH EL Tt TE ML , < 5 A ALAE & 3%
W T+ DEA,NPK X} DEA JC Y F 0. nirS
TR AL RETS 457 (r = 0. 863, P <0. 001 ) FIFh
FREE(r=0.85,P <0.001) A28 L 5% Fl DEA &3
FHC.

(3) 25 L ik, AR5 KW 2B v nirS 1 2 fiF
AT A 0 2540 R 2 Bt T A DL A
e, HsRpE R 5 DEA #9748 {6 i 2 A OC.
SEHk .
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