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. i X 4 EA EAEAY PAHs (polycyclic aromatic hydrocarbons ) 75 4% XU | 1 LAAH R S Ay L 32 A4 A% S A A A FH Al REZE
PAHs FPREAR SR BIEZ/EM. EA 50 24507 s AL B R X4, DOZam H A il D R E T 9 A>3k
b, G R JH-1 ~ JH-9 , DL ARAR ) nirK ( Cu-TEAS R BEEEIE R ) BN nirS (ML R od, -GS PRIA IR B SE N ) S 0 FFRil
i#i1d i PCR M v B SC#E S & T-RFLP( terminal-restriction fragment length polymorphism ) B9 77 5, BF 57 ML 780 v FH X+ 338 I A £k
WAEY TG 4500 0T H 5 TR I 2 RN DG R . S5 AR 200 B X 38 P nirK B A A9 = BE W& T nirS 2514, PAHSs
B N R S (JH-4) WP RS DI RESE R nirK 1 nirS 1Y 35 BE S I AR, AH M AT R BH | 3 nirK K nirS FER ) F 2
543 PAHs SRR B E AL (nirk: R* =0.54, P<0.05; nirS: R =0.58, P<0.05). TERE S M T-RFLP HI45 SN0,
T 3P nirK J R A TV A BOAE AN TRV R it (8] B 28 S 950G, HL PAHs i i 19 JH-4 iz L R I ds 1k 5 H T 450 i
H W] A [E  RDA (redundancy analysis) 538145 it — L RWIBRARCA . A 5051, 138 PAHs & fEALZFZ M0 nirk B A
AHAEI AR T ZE A 7. AT nirk, 230 B X 38 nirS S R A0 T4 2 RRTE AN [R) R o [ 19 22 55 3 /N, (B R BR nirS 74
TREA M P A = 2 5 3 PAHSs & 2 IEAH G, R B B0 A WL TS Y W I A e 17 1) B B M 71 I P BB E 3% X 38 -3 PAHSs 1 )2
BE A AR Hh i 3 F AR .

XEEIE . I 8, Ak, PAHs; nirK; nirS; BETR 554
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Effects of PAHs Pollution on the Community Structure of Denitrifiers in a

Typical Oilfield

YAO Yan-hong, WANG Ming-xia, ZUO Xiao-hu, LI Zhen-lun, LUO Feng, ZHOU Zhi-feng"

(College of Resources and Environment, Southwest University, Chongqing 400715, China)

Abstract: Agricultural soils in the oilfields have the potential risk of PAHs ( polycyclic aromatic hydrocarbons) pollution, and the
denitrification process with nitrate as the terminal electron acceptor might be important for soil PAHs elimination under anaerobic
condition. In this study, 9 soil samples listed as JH-1 to JH-9 were collected from the JiangHan oilfield with a history of more than 50
years. Using the functional genes (nirK: Cu-nitrite reductase gene; mirS: cd, -nitrite reductase gene) involved in denitrification as
biomarkers , the community structure of soil denitrifiers was investigated by quantitative-PCR and T-RFLP ( terminal-restriction fragment
length polymorphism ) combined with clone library, and the relationship between soil properties and community structure of soil
denitrifers was discussed. The result indicated that the copy numbers of nirK were higher than those of nirS in all soil samples, and the
lowest copy numbers of nirK and nirS were both detected in the JH-4 with the highest PAHs content. Meanwhile, the correlation
analysis also showed a negative correlation between the copy numbers of those functional genes and soil PAHs content (nirK: R* =
0.54, P<0.05; nirS: R* =0.58, P <0.05). Furthermore, the result of T-RFLP indicated that the nirK community structures in
different soil samples varied significantly, which was obviously unique in the sample (JH-4) with the highest PAHs content. The
subsequent RDA ( redundancy analysis) also demonstrated that soil PAHs content as well as the available nitrogen and phosphorus
belonged to the most important factors affecting the nirK community structure in this oilfield soil. Compared with nirK, little variation
was shown about the nirS community structure among the soil samples. However, the abundance of nirS-harboring pseudomonas had a
remarkably positive relation with the soil PAHs content, which indicated that pseudomonas, a well known bacterial genus with strong
ability to degrade organic pollutants, might be an essential driver for PAHs degradation via denitrification process in this oilfield soil.

Key words: oilfield soil; denitrification; PAHs; nirK; nirS; community structure
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HIA T R E B ROk R T
TEISE T FRRSEAFAE WA AR R AP A LTS G
W) ( persistent organic pollutants, POPs). fbA BRI
#RBESE PAHs 1Y FE 2R TR, T A XA 7= i 1)
AW A A, PAHSs 5725 [0 BRI PR, v T id 72
JE LY PAHs R 22 F il 21 R, Bl 45 AU A
RVEIRU SRR AW BN B <, R
IRREEZE R | iR L oK) A7 R AS [ #1232 3] PAHS
MG Y HAR AT 1 Z RS JR AR e e, HL
HATCRE A RE T BEAE 431 rh AR EORI 231 B A 34 in i
HE5R. PAHs 7EPR5 v 0 [ Ak 500 R iR A2 32 B A0 45
R OUEA., YRR ke A IR A
TE YIRS Pl W Y B e e 3 L KA
KO S5 B i PAHs RBRP 2] T £ S 4E
B PAHs 38 1) FEix 22—, PAHs
AT W e vl DA AL R SR 264 T it
7, H oA E AT TR O [k 215 3 R AT
5, FL R R vy, WA AL o AR BT ST, 7
T3 KR DU AR, 240 PAHs TTREAL T
TR ER AR, L, PAHs A9 R0 M R A e
RIS A T RER S TR T Z AR
TERE SR ,NO,; | Fe’* | CO, ) SO;~ %1y
AIVE R 5 PAHs B fff 2o B2 AH AR I A HL - 32 44
AR B VK PAHs B KA. T RN R R
WAE LI | K IARSEREE h R A7 TE, I PAHSs 11
PRARAR LR 5 DA A 752 A4 1 S Al dek ) £
I AT REAE B A R PR BE v PAHSs (19 [ fige v ke 31
BRI, A AR S A A B A A — SR A
T B AEIRER | WASIRER B G 5, e 2B AL —
LR (NO) . BALW A (N,0) A FAA(N,) HE
B R A AR X — RN B 520 53 5] R A PR
LA JE T ( nitrate reductase, Nar) | VAR 54 J5 il
A A AR R ( nitric
oxidereductase, Nor) Fl % 1k W & i& J& i ( nitrous
oxide reductase, Nos) FFfAL™ . Zi A0 LB (1) 4 ¢
REEE P12 FHAEOT 98 3R 58 b SR AL AR P
VRS 5 AR Mihelcic %1 #E 1988
AFE R T LR PAHs (%) n] AR AE AL A T 1%
fi# LI, RAHALZAE ™ PAHs I REfRZ BT AT RT
K, — e WA R i B T 2 R OR gy 1 R 4k
PAHs 7ER W AE 26 P T Rt H il i ot 3%
W], ISR PAHs BREfR S NO; B B AFTE
B S AR DGR 1 — e DL il Ak R P A T RE
FEDIVE R 73 5 PR iR 0 T AR S T S ik — 2B 3R W

('nitrite reductase, Nir) .

PAHs PREAR -5 SO A0 AR W 1) 3 B2 RN 7 45 1 2%
PIAHSES ™ far O, B A2 R (NOy ) e &
FCREACAR SC A A W R T 25 A0 18 02 A AL 26 1F T
PAHs PRAARIHY DGR i PR -

THUR PAHs HEELAIL, IR TR, KKK
Sy B St it O 4 2% 38 Bl 1 9% PAHSs V5 4%, [l 4
52 2P SE T IR 4 /Y PAHs BEARTE PAHS Y35
A RT3 v N 7 K (= A RS 1 S A
TR T A5 IR W DR S A PAHs BTG,
BEXT ] F AR TS ETTRR Y PAHs &t SOAH G
(I AT G/ PR S SN (R PSS 1S i
BH%F“M LA narG . nirS M nosZ FeH H7r THRIR I8
T UL PAHSs X i 1 2 6 55 D9 2 B 0 A )52
M. 1 Guo'®’ 5L nirK | nirS M nosZ R TAniRY),
WFFE T EEXS A 3 v S A A I A WA 5 1) 52
I B S P RS A A R 5 B A A K S A A 2
AEHE DA 1 5 B2 2 ) B AT 45 DAY k. TR, A SC ik
FERA 50 Z24 77 s B9 TLD0M B XSO P 4 LA
RASA DI REFE R nirK K nirS R4y FHnil, FI I E
it PCR [ g B SC JE 45 & BR i 1 K o 2 25 1
(terminal restriction fragment length polymorphism, T-
RFLP) {977 % , R RF i H X Sk 4 3 PAH 5
SEMNE A T 5 R A TR W R Ve A5 H Z TR G AR
DU Jy b — 2D IR AT ST 3% PAHs A AR A 1t
A= PR e B BRI AR

1 MR

1.1 R R AR

YLD . F A6 L N, B4 50 £
SRR AT & D1 5, S8 T R R IR R AR 2
—. ARWFFEH - HERE S LE 2014 4F 7 H SREE T
T XA ] b B A AR (K R - SR A AR )
K2 (0 ~20 em). FHEFET 9 A R MA
(112°29'E ~113°01E,30°04N ~30°49'N) , %i 5N
JH-1 ~ JH-9 , FERAS SR A 1 rput JE L 30 m® (95 [l
W BEBLIERE 9 N A5, AT 2 AR G TR AR B A B
iz, LASE A~ SRR AR SRAE A B S
WE 1 . REGFIRE MR T A B85, 5 T
HUKASNFE FrhE bl sege =, fs i 2 mm 555
% TR T 4°C T A PE B o | 3840 T -
20°C UKFEFH T DNA 33, AR M e T4
BLBTAE A 2
1.2 THEEARYERT N PAHs & A&

Y pH R 2. 5: 1897k 1, il “PHS-3C
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Fig. 1 Geographic information of soil samples

B pH AL E. AL, AR N S KRR E 2
WSTR[ 19 ] HEAT, 73 301l >R FH B 4% R B0 4R i Dt i o
BRI R S T, AR R
FHHE Wy 85 53 5606 B2 1 F1 28 & — e 43 O O B2 1 DU
BN HHE PAHs (i5E 2 B E R R 1y itk
11, FEABRWR . FREL 10 g HSET - 80°C AT
(i 100 H G ) et dh THeph b R IA 10 g G
IKBRIREAFN 2 g ity BB TIR G5 TEH AR
ACH , IA 70 mL NER-1E CBE (1: 1) IR-G IR 1
FEAL 12 hy FFUEA0M & T R RG2S 75°CH2 I 6
h, FRRHEBUR T ~46 kPa, 45°C FHEE R4 % 1
~2 mL, /S 3A 1 em A5EP | 12 em (HILEERL L 6
em FPEEARSR K T em TOKBRRRENIE ML L
15 mL @3EGE CAETIBE)S , 70 mL — 5 VG AIIE
CRERITREIR (3: 7) VR s foe ) , W SR PR M WO e 2%
KA I WP BEE 2 2 1 mL, i R WA
HITACHI  L-7100 ( Hitachi
Corporation, Japan ) Jll % £ F£ 5 PAHs & .
1.3 3% DNA (4RI nirK | nirS B:PH 197 i PCR

ASEYG v ERE A DNA 4RI, 2 B2 & i
45, i F§ Fast DNA ® SPIN Kit for Soil ( MP
Biomedicals, USA) i | & 17, $& HUE] A9 FE & 5
DNA, I 1% BB B 5 Fla 9k A7 4620, 9 DU
800 spectrophotometer ( Beckman Coulter, USA) jll| &
HHSE , 55 A7 T - 20°C UKo 45 .

AW FE A, nirK K nirS 25 R 3 BE a9 A8
SYBR GREEN 7%, 7£ % & # PCR ¥ ( ABI 7500,

High-Technologies

Applied Biosystems, USA) 47, £ 3EK 93 fir H
M5 1Y B BRI AR PP WK 1. %€ i PCR 4%
i Premix Ex Taq™ ( TaKaRa Biotechnology, Japan)
PIUERH BT, RONR ) 25 pL iR &R Hop & R g
1945 1 pL, DNA Bt 1 pl. SR RbRifEh &S
HRSCHR [21 )W EE AT TE 48 O e A B T
A IR AR Y, FHRALI real-time PCR =4 i 5 5
P, B JE il ABI 7500 Software (version 2. 0. 6) 343
UIVREINEE
1.4 SURESCORERIFIE S T-RFLP 734

N T AT TR R nirK K nirS T Y
b AR A IR T nirk K nirS FERIIR &
VRSO 308 3 X TR B B SC PR Y 0 T, T O IS 2k
T-RFLP 737 v BIR i 14 A DD 14 32 24 AR 4R | T) e
WATBY FHiRE T-RFLP 20 A7 v B 2R B 25 A i P B
FIRE R ZEHE. IRLA nirK FHE PRIVR A 5 I S8 g A 2t
TRE G ERANE . AN FAM 2EGhRIC R 514
(W3R 1) 735 PCR 4 W4 BAE S Y nirK BEPA 4744 %
H 25 wL & & FIH EX-Taq( Takara, Japan) , $% i
WP AT 3 30O RE i B9 nirk SED 9 5wl TR
G5, NI RZ AR RS PCR ™4 #LIRE
F 0 PCR =W N G 2iAL R 1L 2 pGEM-T Easy
AR (Promega, USA) , %4k K T 141 8% 32 25 4 g
JM109 ( Takara, Japan) , i i3 ¥ 1 5E G 158 | B ALk
300 ML PEYE ST, 2% BHEAE Y TRA R
FIHEATIN Y, T SE A% nirK 3 PRITR & v B SO B9
. KRB 51 DNAMAN ( Version 6. 0. 3. 48) 4k
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AT IR 2B, B DR = T 95% FAIE A
[W] — 4 E 7 2% B JT ( operational taxonomic unit,
OTU) , IEHA OTU HIARERIEIF 51, 2R IR AL AR AR 1
( Neighbor-Joining) , | MEGA ( Version 6.0 ) 3 {414
HRGEREM? . ZJE, JH DNAMAN ( Version
6. 0. 3. 48) XF&ACFM: OTU (41751 147 B il 24 it 1)

LT, 45 R R B B N VT Hae Il ( Takara,
Japan) RERSHCUF Mo X nirK S nirS FE R o [ SCJFE
BARENE OTU $EFT43 5, vl 1 R )5 £ T-RFLP 20 #r
TR N U, K BT3RS 19 514 58 GenBank
FEARIGHA R (9 F 5 5, nirK . KX149075-KX149093 ,
nirS: KX149049-KX149074.

F1 FEEEAMASIYE PCR I IEBRERF
Table 1  Primer sets and PCR procedures

FEH 19 SIS (57-37)

K /bp

PR SCHK

nirkl F GCMATGGTKCCSTGGCA
nirk5R GCCTCGATCAGRTTRTGG

nirk

Cd3aF GTSAACGTSAAGGARACSGG
R3cd GASTTCGGRTGSGTCTTGA

nirS

514

485

94°C 4 min; 94°C 1 min; 53°C 1 min; 72°C 123
1.5 min; 72°C 10 min; 35 PMEH
94°C 3 min; 94°C 30s; 52°C 40s; 72°C 1

min; 72°C 10 min; 40 4~E3F [24]

TR G e RESCPEA E 58 R 2t b, A 57
WA FAM ZOUFRCHIT I (K 1), 20 BIREHE Ah BY
nirk &% nirS B:H3EAT PCR 9748 SRIUE H A5 P 4
aifb)5 75 37°C H] Hae I D] 4 b, fd FHAZ BRI PP X
ABI PRISM3700 ( Applied Biosystems, USA) #f473&
K34, | GeneMapper ( Applied Biosystems, USA)
BRAEXT T-RFLP 3% BEAT 5387
1.5 Hdlnib

SR A GE T4 HTAE SPSS 17. 0 B 4F iy
K2 253 M1 ) S-N-K ( Student-Newman-Keuls test)
KSR FIAE dh Z 8] 22 53 B35 R (P <0.05).
AHE M B 4k AH & 20 T ( Bivariate 3 72 ), 2R
Spearman AH 3¢ R HOH A, AR W EF MR K. SCrh
nirK I nirS K& KA 7% 25 0 5 PR3 I 5 56 28 19 20 A
FH CANOCO 4.5 8 A v 89 TC4% 73 #1 ( Redundancy
analysis, RDA) K58 .

2 #R5itie

2.1 IR AP T
SRR S SEAE AN R 2 BR. AL S R
FEAS[RIRE S R AEAE B 3 2 5, o JH-5 AL & i
e (101,56 g-kg '), UK JH-1, JH-3 | JH-4 I
JH-8 , EMTRY &8 AE 38 ~41 g-kg ' 2], HoE &k
AU S BT 30 g-kg ™' FESh pH (BRI E
LRI SRR Y e L. AR SRR
O RE 5 K TH-4 (28.07 mg-kg™") I JH- 8 (25.38
mg-kg ™), HWKh JH-6 (15.94 mg-kg™") il JH-7
(11.39 mg-kg ") , HAAFE S A A 85005 & 3T
10 mg-kg ', ARG AR A FE SRR S (] AR
AR, A G E N 4.03 ~4.60 mg-kg™'. HA
AT EEE NN JH-6 (21.84 mg-kg™') Al JH- 8

(29.91 mg-kg™") , H&K A JH-7(10. 81 mg-kg™"),
HAKFER & BT 10.00 mg-kg™'. PAHs &
RAEA AR SR W AR ], Hod TH-4 Fp g f i
(8.10 mg-kg™") & &, H K A JH- 8 (2.01
mg-kg™') . JH-5(1.65 mg-kg™ ') Fl JH-2 (1.23
mg-ke "), JH-6 . JH-7 F1 JH-9 4354 0. 80, 0. 63
F0.61 mg-kg™', & & fie WA JH-1 (0.22
mg-kg ") A1 JH-3(0.21 mg-kg™"). #EHE, KT
WEE P A bl 3 16 RO e RE R PAHs 197 &
JEFE N 0.24 ~2. 12 mg-kg ') WX R A KT
A XL PAHs SR E A R, % X+
¥ & PAHs & & & Fl B 0.021 ~ 3.579
mg-kg ' FILTT L BREESD TH-4 b ARBFSE £
BORE 5 b PAHs F i B 7E bR PR A 45 R 105
FlZ .
2.2 H3ERESh nirK K nirS FEH ) FEE

FETE PCR BY45 LI 2. AR T i1, 4% 4 A
i nirK FER B E R (LT i, FE) 7E 3.51
10° ~8. 38 x 10%copies-g ' Z[8] , o JH-6 5 e
(8.38 x 10° copies-g "), Hoyk iy JH-1(7.39 x 10°
copies-g ") Fll JH-2(6. 38 x 10° copies-g ") , ML
JH-3 | JH-7, JH-8 ., JH-9 TiZzEHMFEZEF AL
FLOEAES. T x10° ~6.9 x 10° copies-g ™' Z [0], Ff
i JH-4 ™ nirK JERIF 5 W E R T HE AWM. |
B2 i) & i R S P nirS I B DUECHE
1.25 x10% ~6. 54 x 10* copies-g ™' Z[A], HAAFE S +
HERE S narS FER B F KT nirk L. 7EFE S
JH-2 *%%(6 54 x 10® copies-g_] ) ,5 nirK 3 K
*Hlﬁj,ﬁﬁl JH-4 ' nirS %E@ﬁigﬁﬁ:ﬁ{&( 1.25 x
10° copies-g ') , 17 LB 4 A A5+ A 5 rh iz Sk A
IEREIITE 3. 86 x 10° ~4.9 x 10° copies-g ™' Z[].
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Table 2 Soil basic properties
. W7
i HHUF/ g kg ™! pH AR/ mg kg ™! A/ mg-kg ! HAE/mg kg ! PAHs/mg-kg ™!
JH-1 41.31 £0.01b" 8.94 £0. 02a 5.55 +0.21{g 4.30 0. 09b 4.59 £0. 38(g 0.22 +0. 03¢
JH-2 11.36 0. 09e 8.88 £0.0la 4.84 £0. 18¢g 4.17 £0. 03bed 2.53 £0.09g 1.23 £0.01d
JH-3 39.09 +0.48b 8.75 +£0.03b 9.29 +0. 13e 4.26 +0. 02bc 3.58 +0.01g 0.21 +0.01g
JH-4 38.68 +2.65b 7.76 0. 04 28.07 0. 25a 4.60 +£0.0la 7.13 +£0. 70ef 8.10 0. 04a
JH-5 101. 56 = 1. 00a 8.14 £0.01d 5.17+0.77g 4.03 £0.0le 8.28 0. 11d 1.65 £0. 02¢
JH-6 24.95 +0.26d 8.18 0. 03d 15.94 +0. 59¢ 4.16 £0.0lcd 21.84 +2.36b 0.80 +0.0le
JH-7 30.01 +0. 36¢ 8.56 £0.0lc 11.39 0. 16d 4.12 +0. 02de 10. 81 +£0. 24c¢ 0.63 +0. 05f
JH-8 41.09 +1.30b 8.22 +0.02d 25.38 +0. 13b 4.15 £0. 06cde 29.91 +0.41a 2.01 0. 03b
JH-9 9.49 +0. 22e 8.03 £0.02e 6.42 +0.41f 4.05 0. 02de 7.03 0. 09ef 0.61 +£0.01f

1) [} —F A [7) - BE R AN [ A o () A2 7E o 34 22 57 (P < 0. 05)

1.00E+09
9.00E+08 | B airk

B B8 nir§
8.00E+08 |

7.00E+08 L [L
6.00E+08 |
5.00E+08 |- |."
4.00E+08 |
3.00E+08 |
2.00E+08 |-

JEPEE I #(R) T Litk)eopies-g™

1.00E+08 |

0

JH-

JH

JH- JH-

JH-

ITH-
FEfhS

IRELAREIR2ZE (n =3) , REM/NG FE23 SR nirk K nirS FERES HIEFER R 255 B8 (P <0.05)
B2 HIZERFEZP nirk & nirS EEE T

Fig. 2 Copy numbers of nirK and nirS in soil samples

M EIREERTT LU ) ASHIE 58 T 454 A
nirK 3 K B 48 DUBOS & T nirS FE0H | 2 A 76 TT00H
P X358, 39 v i 5 ] B A SIS P DA il 5 P o
A EFHNT. Yoshida %57 LERFFT e H 41 P Al
AR AE Y F e R B nirK JE T 2 15 18 3 &
T nirS SR, — A R LA M T, anA L
FIRY AR S AR | Bk SC451% 22 N 2 4 AE 5 1 2]
nirK % nirS KPR B A X 2 BE LA, 7E PAHs &
HR RS TH-4 1 nirK & nirS FEPR 0 3 24 5
FART HE & HE S, X R 5 ) PAHs 7% &2 7] G
SN R A A R A T 3 R AR T
REFLH 5 D505 PAHs & & MM G It R B
MZ R TE B 5 i S A OC (nirK: R* =0.54, P <
0.05; nirS: R* =0.58, P <0.05). Guo 2" fEWI5T
EEXT A A v S A A W T A A L R B
Bl 2 R MR B T, 3D nirK & nirS S5 DAL
B2 980 X A SR A5 R — 2. IRk, 14
FAEACHAIE nirK B nirS 2 RS AR B3 A8 90 1T R 38 %6F
PAHs 15 Q8 USRS 9% PAHs BTl

2.3 IRAM nirk K nirS EFESCREHT

3N nirK K nirS TR A 5 B S ALk
TEH 300 Bz 264 A~ BHE FERE SR TIN 7 , Fe 28 530 3R
15219 4~ nirK M1 177 4> nirS BR)FH). LL95% K FF
SIARRLHE K1) 43 VE 3 25 ¥ 5T (operational taxonomic
units, OTUs) , 3B nirk S AT 34 19 4~ OTUSs,
nirS WA 53k 26 4~ OTUs. #ic )i, WEE4~ OTU gk
e 1AMV A nirk (F 3) M nirS (E 4)
RN ARG L EM. WE 3 Frow, b X 4 g
() nirk ZEPRA] 43R 6 4~ Clusters , &7 50 % SO HHF 51
B ) % 7 B A Cluster 1 ( 254bp. 167bp,
11.42% ), Cluster 2 ( 66bp, 56.62% ) #1 Cluster 6
(157bp,11.88% ) , ‘AT & 1Y )3 31 3 o e i SO
BT FNE 82% , HLoy 3l 5 v AR AR v R L AR T
Ja . BRI AR R A JE AR R TR A Y R R . T
Clusters 3 ~5 b5 5o 7 511 18. 71% , 50 5
e LA | A AN S A B AR 3R nirK 1) L
AR RTEPE. AT W, 2 H X 3 A 1 b £ 3
(1) nirK 75 SRS AR 0 A AR R TR R A B
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M nirS ER ARG A TW (E 4) ] 51, %30 H X
i -3 nirS AT 40K 7 4 Clusters. Hor
Cluster 2(81 bp . 141 bp) FF& 781 5 7 B SC I BT
I 53.59% , H AR IGFR B L1 nirS BITHED).
HE S EEERRYCH Cluster 1(141 bp, 192 bp) ,
Cluster 5(234 bp) # Cluster 4 (81, 125, 234 bp) , It
TP 43 B e BE SRR A R R 22.26% |
15.98% F1 11. 17% , H53 51 5 21 4 B R 1 S 2
PR L A A R A MR R A A s 1 [ R
PE. Ho  ZDRRERY nirS B MW AR IE h iE R
KRS L P S nirS BRI P REDOY . ey
3 %820 1) 2A Cluster 3 (81 bp) . Cluster 6 (81

100 |:0K)(l4908] OTU7 326bp (4.11)
Uncultured soil bacterium clone K30Q02 (EF645022)

60

100

* KX149192

98|

100

*

SKX149190 OTU16 167bp (1.83)

Mesorhizobium sp. D245a (AB480470)
$KX149183 OTU9 254bp (1.37)

Uncultured wheat-maize rotation soil bacterium (HM628815)
& KX149182 OTUS 167bp (0.91)

ncultured al pine meadow soil bacterium (KC120012)
98 SKX 149080 OTU6 66bp (1.83)

Uncultured rice paddy soil bacterium (JF772675.1)
Rhizobium sp. D255¢ (AB480479)

S KX149186 OTU12 78bp (0.91)

Rhizobium sp. NT-26(FO082820)
$KX149076 OTU2 66bp(52.51)
100L Uncultured soil bacterium (EU790870) .
4 #EX149188 OTU14 66bp (0.91)
—LUncultured alpine meadow soil bacterium (KC119959)
9 $KX149077 OTU3 66bp (1.82)
46[ Uncultured agricultural soil bacterium (HQ221388)

Uncultured black soil bacterium (KM852674) Z

KX149078 OTU4 157bp (6.39)
& KX149184 OTU10 157bp (0.46)
70le KX149185 OTU11 157bp (3.20)

bp) Fl Cluster 7(150 bp. 234 bp) , 5 FF 41 B
9.93% , MM S A S HEE . KRIEFRW nirS 14
A=) K R A TR AT A s e R, e b
Xt nirK | nirS 1A vabESCE KA R G0 & B WY
AT, BT R JE 2 T-RFLP Hp i A 120 B 45 A o5 1 38
AN TR B ) B o 1 A o B B T AR 2 1) nirK
I nirS ZEHEER K.
2.4 T-RFLP 5553t

BRE S SRR S nirK B DR S BIR 1 1 R B
SRR (B 5) 53R W], #E 4 JH-1, JH-2 | JH-
3. JH-5, JH-7 " nirK FE PR 3 9% 283 AR,
157 bp AYBR il P A o v BT AR B ZERE D BEATHY

KX149193 OTU19 66bp(1.37)
Uncultured bacterium clone KL-41 (HM061084)

Uncultured black soil bacterium (KM520973)
4 KX149189 OTUI15 254bp (1.83)
Uncultured black soil bacterium (KM520962)

Cluster 1

Cluster 2

X 149187 OTU13 254bp (0.46)
#KX 149079 OTUS 66bp (0.91)

Cluster 3

Cluster 4

OTUI8 66bp(15.98) Cluster 5
+ KX149191 OTU17 157bp (1.37)
KX 149075 OTU1 254bp (0.46)

Neorhizobium galegae (HG938353) Cluster 6

SLE AR AP IR R (JFFS | B R BN T @ AR, 5 5 B BT iR F A BF I T 4 L (% )
B3 ETnirk BERREXENENRELER
Fig. 3  Neighbour-joining phylogenetic tree of nirK based on the clone library
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99, Dechloromonas sp. R-28407(AM230915)

© KX149072 OTU24 141bp (2.21)
+KX149050 OTU2 141bp (2.21)

+KX149057 OTU9 141(1.1)

SKX149070 OTU22 141(2.21)

ncultured lake sediment bacterium (AB809019)
Dechloromonas sp. R-28400(AM230913)
®KX149052 OTU4 141bp (1.1)

* KX 149058 OTU10 192bp (1.1)

+ KX 149049 OTUI 141bp (2.76)

Uncultured intertidal marshes bacterium (KM892106)
Pseudomonas stutzeri A24 (HQ288904)
KX149062 OTU14 81bp (6.62)

D, g

Cluster 1

I

100

* KX 149055 OTU7 141bp (3.31)
Uncultured black soil bacterium (KM521000) J
_1_0_0_‘:0 KX149056 OTUS 81bp (9.95)
Uncultured agricultural soil bacterium (KT210739)
gg KX149073 OTU25 141(8.29)
Uncultured black soil bacterium (KM852696)
og—® KX149059 OTU11 141bp (11.6)
Uncultured agricultural soil bacterium (HQ221416)
* KX149061 OTU13 141bp (9.95)
Uncultured black soil bacterium (KM852722)
por-* KX149069 OTU21 261bp (2.21)
Uncultured agricultural soil bacterium (EU878412)
550 go® KX 149074 OTU26 81bp (1.65)
Uncultured black soil bacterium (KM521021)
+ KX149064 OTU1L6 81bp (1.65)
+ KX149063 OTU15 81bp (8.29)
Uncultured black soil bacterium (KM520978) 4
_:Azoarws sp. KH32C (AP012304)
* KX149054 OTUG 81bp (2.76)

g4 *® KX149065 OTU17 234bp (1.1)

70/' Uncultured agricultural soil bacterium (KT210793)
* KX149053 OTUS5 125bp (1.65)
99L Uncultured agricultural soil bacterium (KM032105)
Bradyrhizobium sp. UNPF333 (AB937712)
* KX149060 OTU12 81bp (1.65)
Uncultured wetland soil bacterium (KC468999)
* KX149071 OTU23 234bp (6.77)
Uncultured rice field soil bacterium (AB377762) h

99 Pseudomonas sp. AR52 (JQ582717)
88 rKX 149068 OTU20 234bp (2.76)
Pseudomonas stutzeri JCM 5965(AB937717) J

giljo KX149051 OTU3 81bp (3.31)
Uncultured lake sediment bacterium (AB808863)
]— Pseudomonas stutzeri ATCC 17588 LMG 11199(CP002881)
& KX149066 OTU18 150bp (1.1)

chioritidismutans AW-1({AJ884572)

Cluster 2

Cluster 3

Cluster 4

Cluster 5

] Cluster 6

Cluster 7

* KX 149067 OTU19 234bp (2.76)

Sulfuritalea hydrogenivorans (AP012547)

SRAAFHFIUE L FFS | B BN T e 4RI, 155 B s iz e o BT SR E 2 L (% )
B4 BT nirS BEEREXEMENRZLER

Fig. 4 Neighbour-joining phylogenetic tree of nirS based on the clone library

L3 nirk 28 8E, 76 LR FE 5 8 E A 53 0 R
76% . 70% . 70% . 100% F175% . 218 nirK 3N £
iR B (K 3) AT %0,157 bp FrAt 2 (AR I8 B R
BRI TR B O b R A AR T A O arK 26
FE. MRS JH-6 , JH-8 1 JH-9 H1 157 bp BYA ¥ A
BT H B K TR, BB TR PER) 78 bp (R
LI nirk ZERE) #1167 bp (P AEMREER ) 19
Bt WAh,PAHs Simi s JH-4 HA 5HE&H

SANIA Y nirK FEPR R i v Be2H B, 134 bp B9 R BT
FRFBIEBE CRIEFRIN nirk ZE8) R HALH nirK F
2 by H nirk F2H T-RFLP K i F BE A B ) 45%

B A FRAL P T & T-RFLP H A 4% R i 2 K
i B A3 AR SR 2 58 ) #h AR & ) HT CANOCO
4.5 B LA T 5 nirk B A A Y RE
EEEREATTUA T (I 6) . S5 R M FES TH-1
JH-2 JH-3  JH-5 Fl JH-7 Z [A] () E S 4550T , JH-6 Al
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m 59bp
m 66bp
@ 78bp
m 134bp
o 149bp
= 157bp
@ 167bp
@ 254bp
m 434bp
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Fig. 5 Community composition of nirK in soil samples

1.0 JTH-4 L4
A PAHs 134bp

R

i 66bp
P JH-8 I

Axis2 (17.9%)
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434bp J:{ §

L
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Axis] (71.7%)

Bl6 TiEMFRP nirk REREE TIEERMERE RDA 247
Fig. 6 RDA analysis based on the T-RFLP profiles

and soil properties of nirk

JH-9 [0] Y BE 25450 |, T PAHSs & T B0 AU RE & JTH-4
I JH-8 7E— %R, ix 5 LR T-RFLP &35 4 55
Brivas A —2. hiE 6 i n &, BRAEEAE N
T 0 R S W ) e S RN G R A1, 143 PAHs
i [R5 2% DX 3 A 48 narK 35 PRV 4 AR
EENIE . A, RDA S rie vl A i, 134
bp (ANHREZEEE) F1 66 bp (M EE ) AR nirk
JHES 4 PAHs a2 IE A, R EAT ] BEYE
PAHs RAEAACH R 2/, K RE R EC 4
BOIFSLRERSTE EE TS Y R 1P A5 2 5 4. 40 Keum
22N PAHSs V5 Y -1 b 2 B HARRE TR, OF & B
REfE LAFE b e —mc iR K, FLREAS A R AR 25 A AE.

T nirS FEPH T-REFLP 351 Th] B9 A 35 A B 2H A

M CELT) AT AHES T nirk , nirS 55 DREVS 40 R TE
AN[EIRE R A P ) 22 S5O R B R B JH-8 &7
141 bp FrARRAYZERE (AN E R ) s, H
ARFEMEEA 3 R DL G AR B BB,
Hh FEd JH-1 A1 TH-7 WG I3 1RSSR 192 bp
(EAREER )R ) PR JH-2, JH-3 1 JH-4 #6500 545
SEPER 161 bp (AHIEISHE) . AE PAHs & B
FAEfh JH-2 1 JH-4 R il 2] T 8¢ 5% 19 234 bp
(B REE), HER ST pl ke, 5T
nirS BE RV 1S+ ESEAPE T RDA 43-#r (&
8) FHWA FEEL JH-1, JH-3, JH-5 FI JH-9 FE—14
FE, JH-2. JH-4 % JH-7 7E— "% FR , JH-6 il JH-8
MF— %M. LA KR, PAHs 2K R JH-4
A TH-8 W nirS JE PR RIS 241 85 B R S 22 79T
AN SEMA AR A IR S T narS PRI 2H
B F2BEIAEE R T Ry - ST R AN A A B i, i R
ER R SR A AR F A B % 1) AR 3 L A2 AR T
AR R MEY E R A S KETRZ —,
WE AT YA T B2 PR 43 nirS BUGLA: PraE 9% &5
FIR SRR . BeAk, K 8 IR & i, 141, 161 F
234 bp FrARFEM nirS 258 5 11 PAHs S 2 1EAM
KL BR 161 bp NANHAEZEHESN , 141 bp My IS ER L
T ,234 bp MBI &, X SR A 2 &
BEUE S BE 85 72 47 S SR A5 T X PAHs #E 47 1%
fife. UHTRIBFIE R I, 15 B A DA A A ML TS e 3
B A7 7E 0T LA LA B MG Y 1 R i R
FIREVR , 747 U R AR T XX 24 HLT5 Ye iy it
FrRsme ™ | H AR o M 7 J8 X LR PAHs (25, ) 19
R At 2 28 g AATTRFAE 21 00 G o T i 4
B NBE T YL is G i M A B AR B RS AE IR R
TR B R A 2807 A Sk, R4S nirS
FLR A BEIR 25 K5 PAHs 19 1 i 5 A B, (B nirS
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Fig. 7 Community composition of nirS in soil samples
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Fig. 8 RDA analysis based on the T-RFLP profiles

and soil properties of nirS
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