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A B FAK T 2 BB 69 86.72% #2 91.87%, 100,20 mg/kg iK% E AL P2 649 L3E R AL R G 3B LR FH £
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Influences of fumigation with metham-sodium on soil denitrification
and nirS denitrifying bacterial community structure
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Chinese Academy of Agricultural Sciences, Beijing 100193, China)

Abstract: To explore the impact and mechanism of soil fumigants on soil denitrification, physicochemi-
cal analysis and denaturing gradient gel electrophoresis (DGGE) were performed to investigate the ef-
fects of fumigant metham-sodium with different doses at 20, 100 and 500 mg/kg on soil denitrification
and the structure of nirS bacteria community. The results showed that at 0 d and 14 d after the metham-
sodium fumigation treatment, soil denitrification rate with the 500 mg/kg treatment was 84.64% and
90.52%, respectively, significantly lower than those of the control group (86.72% and 91.87%). Com-
pared with the control group, soil denitrification rate with the 100 and 20 mg/kg treatment was not sig-
nificantly different. At 28, 56, 84 d after fumigation treatment, there were no significant difference be-
tween the denitrification rates of four treatments. Compared with cotrol group, the diversity indexes and

evenness indexes of nirS bacteria at 0, 14, 28, 56 and 84 d after fumigation treatments with 20, 100 and
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500 mg/kg were not significantly different. Except for 56 d, the bacterial community richness index at
0, 14, 28 and 84 d after 20 mg/kg fumigation were 8.77, 14.77, 9.77 and 8.75, respectively, which were
significantly lower than those of the control group, the bacterial community richness index at 0, 14 and
28 d after 100 mg/kg fumigation were 10.76, 6.77 and 10.78, respectively, which were significantly low-
er than those of the control group, and there was no significant difference in the bacterial community
richness index between the treated soil and the control group at 56 and 84 d after fumigation. The re-
sults showed that the denitrification was inhibited at 0—14 d after fumigation treatment with 500 mg/kg,
and then the soil denitrification was restored at 28 d; the bacterial richness index with 500 mg/kg fumi-
gation treatment had no significant difference in the early or the later periods from that of the control
group. The metham-sodium effect on soil denitrification was independent with the changes of nirS bac-
terial community structure, and the nirS denitrifying bacteria did not play a major role in denitrification
in soil.

Key words: metham-sodium; soil fumigant; denitrification; denaturing gradient gel electrophoresis

(DGGE)

Wi O b s BRI 26 D VR (R AR AR 8,
e 5 (R R A e 98 1Y, - M TR 2 e 4% | HLfe 3 i 32
EABAEMZ — o P B — PRI A i 2
F AR B T RAEZ A IR R p kAR L 1,
3- A AT A BRI R TR —
B A 5 A W 9k T & (Gilreath et al., 2005 ; Minuto
etal.,2006) .

FUR, 1, 3- 50 S v A L i AR
e A BB 2500 A oY B4 v 7R X 4 S A ik
VE #9520 (Gilreath & Santos, 2004 ; Hanson et al.,
2011) , TR H e AR 7551 B E H ST AR
e R 1 R 2 U BB RO A5 T (B = 5%,
2008; M ARREE,2014; FHEMSE,2017) TG THECA
B ZE N A+ IR S AR B A, e S A G
IAHE A YA 32 B W a2 i i B 5.
fEAEAE 2 IR A A 2 A, 1A W S A
L3 2 NOy—NO, —NO—N,O0—Ny, 73 1l i fil§ i
L G (L] narG) Al R £ 140 I g (5 ] nireS
nirK) . —E AL E L 5 (FEH norB) . — %ML Ak
J i (B nosZ) 2 5 AL 7R . nirS B R SRt 1)
VA R 3 i il 35 R O 5 i 1 4 T 1) o il (S A
85,2009) , I H nirS S C T 2 FP A58 T R Ak
YRS S5 A AOBIFSE o AT 5 01 FH I i P s D
nirS 5B T HEEE 20 B A 0T SO AL 4 TR A T 4
P20 o AR VERR B 5E I HL UK (denaturing gradient
gel electrophoresis, DGGE ) J2 i 13 5 P4 s Bk JHiz ¢ i
Hh AR PR T B A B A AN [RKE I 81 AN [ 1) DNA 43
(Muyzer et al., 1993) , H 1993 4F Muyzer % DGGE 4%
RGIABNHAE W A58 Lok . DGGE B4 1~

BT AR A S R GEANTROK | LSRR E YRR 2
Hotire T ARG AP AR Y RE g E
iR R (B S0, 2008) , b AL S8 9
O3 B IRIT ARG L S rh AR IR 1 2 3 A
A Z R TR GBS, 2015) o AIRER IR
B B B N A 78 M B IR L UK (polymerase chain
reaction-denaturing gradient gel electrophoresis, PCR-
DGGE ) $ A E 38 v S i AL 2 T, LASY) 4
J e S 7% S b SR AL A TR Y 2R

LR IR B AR R, PR ST B A T B AR
TS A A B RV S R S W ASIFSE LA i
PR 58X 42, R H PCR-DGGE Fi A , %5  1 Bi
SRR - S8 S A A8 T AR 4 R PRS2 o) P
ZRNS S SR AT B RF AR AR P A s A AR Y 5
2, DU 2 B B e 5 P OR 20 - M F R SR (I 5
Hefilh o
1 MR 57E
1.1 ##

A - 48 - AN R L 5t N B B TR
Bl 3AF LA ERORME L A HLBT  BES AR E
SOE A RO SO0 O 33.55,73.01, 249.46
443.45 Fl1657.66 mg/kg,pH 6.86.

25 70 Je A% < )8k A (metham-sodium) 42% 7K
7, REJRHME TA R 7] 5 Tag B .ANTPs 55, 42 T
A TR (i) e din A7 BR 23 7 5 B IR Bl . RNase , 2%
BT R RV , L E AR YRR R
7] ; DNA ladder . CTAB, Jt 5t K g AU HE A FR 2
A ; - 1 DNA 42 B 77 & . SYBR Green, MO Bio
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Laboratories 2~ A ; Ho B i | ¥ A [E =43 Hréfi . TC-
96(G)H(b)B PCR J: NP 141X | Centrifuge5415D &5
AL, 72 Eppendorf i 154 7] ; D-Code TM DGGE
L 1k A . Gel Doc TM XR % it 4% % 4t , 55 [ Bio-
Rad A Al 3 722N 400G, B SR
1.2 Ak
1.2.1 B3 AR

2012 AR AE AL 3 AT I8 2B TR N 24705
KT FRZ) 2 000 m?, K F XS F1 48 T sk, &
L 10 g B4 4 F 20 A H 2 mm H 0 5k g )5
TRET KoK - BB I 15% , FREX T kg 1588 T
1.5 LFJgeds b, 344 43, B 20,100 A1 500 mg/kg
NP A T R AR AR ERT 1A R AEAT ] kb B
OB, BN b PR EE 5T 3 UK, T2 R INN 24 i J5 3L
R f, £ 25 C &M M A7 d 5 U, WU<Us
BT 25C K N E B 7%, BERE 2 d R

5684 dKH T VR, BEAS AR BEILEY S g - B8,
AMEEEE S 3K, T A S EIE
1.2.2 BEHE PSR ESRGNE

Bl 758 NH-N S 5 2 NOs-N 1 2 2R 43 25
RAEAZPRAIE . H2 mol/L KCIIZ 2 11,
LR B A S AR | A NHL R K 7 NHL 2 45
Ko BU—i2 R AR il A28 18 4 o MgO
ZE1R , MgO J2 5556, BB BT 1115 H W ok A7 HIL ALK
fifeo ZE A2 NIRRT , PR HERR W 2 , TR
TP A NHS-N & . B3R B in A MgO
J& , HFeSOs-Zn 4 1352 R rh Y NOy FINO, I 5
RS, I JE S A R SR IR R, FH R AR VA TR
7 72 IR A I 22 NOs-N 75 1 (2R 145, 2008 ) .
1.2.3  RAEACAR R e ml & Fe it S

PN A —E B EIRER , SR AR A H
+HENO ARSI R R 30 SO A (28 Rk
85,1996) , NOs 5 A i HE I H 7R N AR
JAEAL R =1 FER R 5 A2 1 NOs-N/RE SR 1T 1 458
NO;-Nx100% . ELARM 5 77k : FREGE 2 mm H i 1)
149 10~20 g, & T 2538 50 mL =P, A 10%
KNO W (3 C/NZI/NT 7)), 5 mL 2808 /K %
i AH 1 FA WA ZE DB = E T 5 TR
S TE AU, IR EZ 2R TR N T
S TE TR SIS EB I 100 mL B PR A 1 Vi £ 116 H ok
W A% A% B S, IR RS 78 ) R SE A . B TR
25CHEERERFE, T 0.3 dJFBuh L4, R SE
T BN A3 BTS2 i TR R AR Y NOs-N

1.2.4  EIEH PR REEE RGN E

3 o 58 SR AR SN AT S NOs-N 7 it 22 {H 5K
T PR 30 I G P, 338 SRS Ak S TS NOs-N &
R PO A8 0 5 (2R 9% 55 45, 2008) o Sl R Ji
il P00 2 SR FH A B 1 (PN ZEAEAE , 2005 ) .
1.2.5 nirSA EPCRY 3§ AL B 57 69 %5 %

11 5 DNA 152 B Rl - 44 BE 1 18 DNA $2
U7 &0 SR PR 1 4325 DNA , DNA 2 EU) F 2%
SRS FRL VKA , B A 3 IR RS IR &
DNA $2HUf , =20 C ok P RAE 4

nirSEH PCRY 1 . K 54 Cd3aF-GC:5'-G-
T(C/G)AACGT(C/G)AAGGA(A/G)AC(C/G)GG-3'
A R3cd:5'-GA(C/G)TTCGG(A/G)TG(C/G)GTC-
TTGA-3" P8 3 nirS FIN (FH745,2009) , 519144
ZHE TAY TR (W) B A FRA R A . PCR
S Z - 10xPCR 2% 1145 % (500 mmol/L Tris-HCI
pH 8.0.25 mmol/L MgCl,) . 1.25U TagDNA R4 fif |
0.5 mmol/L 5|4 .0.25 mmol/L DNA, JH JCH A% K
#MME] 50 uLo PCR K G IR 45 44 - 95°C i A% 14
5 min; 95°C Z8 % 1 min, 55°C 1B & 30 s, 72°C %E fi
1 min, 30 KB, PCRY HE™ )4 425 bp, HL 20 uL
PCR =Wy i17 DGGE 4387 , 40 TR A5 P 7 B Vi A
35%~50% , 5 TR s ok i 58 e vk B Ry 8% , 7% 1541 A
PR Z 7 mol/L Fl140% 2 & ¥ H BERE , 76 1 < TAE ZZ
W T 200 V.60°C N HLIK 4 h, K )5 R F SYBR
Green X EERL AT Y4 2 . F| ] Quantity One X453
B b LK 25 -

nirS JE H 551 (1) 5 8 F R G2 & B o34 D
A PAVERE AR nirS 2 K751, Fl DNAMAN 4.0 % 4
LBRW G EAR TS, AR PRI T & 7 911
I 5 JHI BLAST 72 /5 7F GenBank H1{8 R HILT 41,
F DNAMAN 4.0 3 4E3EF T AHBUT 51 Lo X, 15 ast 4%
I HERRE L EW
1.2.6  nirSE R ALK B 4m 1A BE 35 25 M) T

FER SR8 B H Y5 B B E F = B
FEbR R o7 AL SE R 240 A 5 B 25 R 7K S A2
SRR (ZRMESE 2010) , Fr R ZHEPEFR 8L H=—2 (n/
N)In(n/N) , 3 n 2R B— 2517 iYW T AL, N o~ B
AR R T E S B R=S-1/InN, X rp S Sl —
VKB 0 BB 35 BEHE B E=H) Honax , Hio=InS(ZEHE
45,2010) , 31X 3MHEFR ML T HETE M k22 R K
BRI ORI B AR Ak
1.3 S

K SPSS13.0 A 4% i B 55 s idE A 7 b 2, LA e
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HEXMBESAEE, JFE S HER B (P<
0.05) . Ab B 14 dJ5 , XF HE AL P + 3 ) il 1k R h
91.87%,20.100 1500 mg/kg #e B J& 1 iy kb At + 358
S ilAL 5359149 90.74% .89.76% F190.52% , i P #

ALFR ) 3 S R AR IS T B 35 22 55, 6 500 mg/kg
e gk T 22 0~14 d 5 S RS AR AR T 32
il , 28 dJ5 HIERAHLAEH AR E (K 1-A) .
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Bl ARERESEEERLEN TERHELER(A) NH-NZE(B). NO-NFE(C).
THERIE[RER (D), IEAHERE R EE (E) B9=20m
Fig. 1 Changes of soil denitrification (A), NHs-N (B), NOs-N (C), nitrate reductase activity (D),
nitrite reductase activity (E) with different concentrations of metham-sodium fumigation
P B R T b 22 o [ RN FRER R 28 LSD EE K S0 7E P<0.05 /KF-22 5 [ 3% . Data are mean=SD. Different let-
ters in the same day indicate significant difference at P<0.05 level by LSD.

2.2 EAEEZEFIX T ENH-N/NO:-NE ZAE

B E B EEZZ 0 d 5, 500 F120 mg/kg #e AL P
+ 358 NH,-N & 843518 27.41,17.29 mg/kg, Fi#
FE TR % (P<0.05),100 mg/kg e B F ALY
+ 3 NH-N & &4 24.01 mg/kg, 5%} T W 35 25
St 7R SE 14 d, WA 3R EE ALY 1+ 1 NHL-N
T SX I =R B85 28 d, 100 mg/kg ik
JE B R AL PR NHL-N 25184 24.74 mg/kg, i 1K
FXF IR (32.23 mg/kg, P<0.05),56 d f184 d 7 , 5%
MR R B8 28 .56.84 d 5,20 .500 mg/kg it

FE )R T R A B 4 9 NHL-N 2 4 b (R T R (P<
0.05) , T Jak A T 3 4™ e & Ak B 7 A [ Ao i) X+ 458
NH.-N & 2 52 R BRI . I as R Ul jll e
i 2R 28 J5 3 NHL-N & 0 & X B A 2, 28 d
JE AKX REAN R BN R 2 [ 52 AR A (B 1-B) o

JE Jak B i AR B A BE A4 NOS-N & 24351k 77.11
80.11.88.26 #197.76 mg/kg, 500 mg/kg ¥ & J& [ 1y
AbPRY) - HENOS-N 7 2 I & IKF X #E (P<0.05) , 111
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20,100 mg/kg ¥ £ Jgk A i Ak B 5 X) B 2% 8
¥ HE7% 84 dJF, 100,500 mg/kg Vi i B FT i AL FE -
BENO-N 433124 118.00 1 111.91 mg/kg, 5% HE
1 101.09 mg/kg JC i & 25 5 , 1M1 20 mg/kg ¥ B Jal A
BT AL B 4 3ENOS-N 2 5l 129.70 mg/kg, & = T
XTHR(P<0.05) . KA B 28591 HENO-N
Fr SN IR IC 2 25 5 R ) 20 mg/kg VR B EOR
b B 52 TR IR (P<0.05) , 17 100,500 mg/kg ¢ EE
JECE AL BRS X IR T B E 22 R (B 1-C) .
2.3 BEBEERFI 8T RN R

JA P BE 2R, AN [R) ] - AP R 3 ik ) T
PEARTE . 250 d, 500 mg/kg He & b 3 & + LG R
W JEEEGE R 5.48 mg - 10 g™ - h' K T R A 3
6.14mg-10 g -h™'; 7% 14 d J7 , 20 mg/kg W 1 &
AL BRI T RS R A I G 1 2.34 mg 10 g7 -h
BEM TR0 3.86 mg 10 g -h ' (P<0.05) ., HEZE
28.56.84 dJF , 4/ Ab PR A SFEAE PRI I il = 1] 2 57

fitg 52 B 041, 28 d J5 A AT 3 e BE AL R A I
PR 340 5 il =2 (1) 2 S AN W 3, - SR I i D g 1 SR
2 (E1-D),

JB T T RS, A [ Ak R ] £ - A R
JER TG P AR A AN K, 4 4 A B ) = 198 0 R 30 I g
T PR 2 8] 22 5 A 35 5 SEZ% 84 d SR WK EE O 20,100,
500 mg/kg J&% T R AL HH (1) - 398 0 AiF R A R S P
HH4.19.4.32.422 mg- 10 g -h', ¥ FE T X R

f4.76 mg-10 g -h™' (P<0.05), I 45\ il iz it
JER T A X J R B AR N BURR , B PR 84 d R A
BV PRI S M B HIE (B 1-E) o
24 nirSEAREHDGGES IR RELEH
ANRIKIE FA AR R DNA 2501, HHHA 145
VKA TEA R S e A8 28— 5, X 2284 1) DNA
S A TR . B RS AP R bk
& X 43 #2211 DNA 45 , AN ] A 2 8] () £
BH AR 2R/ (E 2) o IS [F] Ab BRL A 2
S LUK SR, 248 %5 5 ¥ Uncultured denitrifying
bacterium, 554 2 FISHT 3 [AVRSC R B, 55k 1 FlZ%
7 4 IR SC R B (K13)
2.5 RSB REN AR EES LM
EXTRAHL, 3 MR A iR FE 0,14,
28.56 1184 d Ji5 Ay 3 nirS BY S Bl AL 40 B REVS T A
RO S IR B 2 A B R WA
T BB ZE AN RE ) 39 i B S AN TR BT 2 50
MZREE . B 56 dAb,20 mg/kg e 5 8 1 Ry S 25 4k
PRI 0,14 28 F11 84 d 1 HHEAN R 7% 5 E TR 55000
WK 8.77.14.77.9.77 . 8.75, ¥4 i} AKX T X} IR (P<
0.05), 100 mg/kg ¥ B Jal A B BE 2540 FH 0,14 .28 d )5
TIEAN TRV o AR R0 10.76.6.77 .10.78,
PR ECT XTI (P<0.05) , Zb B 56 F184 d J5 5 %) R
ZSRNEEE . 500 mg/kg WeJE A EEARAL L, oIt
SRR R S ) AN R R T R R S X
WESAREGERD,

11 12 13

14 15 CK1CK2 CK3 CK4 CK5

B2 HAEEHETES S B RHUEERN DGGE B 547
Fig. 2 The results of DGGE for nirS-type denitrifying bacteria in the soil fumigated with metham-sodium
1~5: 20 mg/kg J& 11 7% 0,14 .28 .56 .84 d J5 IFE il 5 6~10: 100 mg/kg 8 11 i 75 0. 14,28 .56 .84 d J7 UFE S ; 11~15:
500 mg/kg J&l H AT EEZ% 014,28 .56 .84 d J5 OFE M ; CK1~CKS: JGHEZEFIAb 0,14 .28 .56 .84 dJ5 AUFESH . 1-5: Samples at 0,
14, 28, 56, 84 d after fumigation with 20 mg/kg metham-sodium; 6—10: samples at 0,14, 28, 56, 84 d after fumigation with 100 mg/kg
metham-sodium; 11-15: samples at 0, 14, 28, 56, 84 d after fumigation with 500 mg/kg metham-sodium; CK1-CKS5:samples at
0, 14, 28, 56, 84 d after treatment without fumigant.
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39—Uncultured bactrtium clone CF5B-P090429C-F1-12 nitnite reductase (nirS) gene partial cds

Uncultured bactrtium isolate DGGE gel band 9 cd1 nitnite reductase (nirS) gene partial cds

Uncultured denitrifying bacterium clone S1-34 Nirs (nirS) gene partial cds

100 ; Uncultured bactrtium clone H-10 dissimilatory nitnite reductase (nirS) gene partial cds

Uncultured denitrifying bacterium clone S1-48 Nirs (nirS) gene partial cds

— Uncultured bactrtium isolate DGGE gel band 5-NT1 cytochrome cd1 nitnite reductase (nirS) gene partial cd

99 [DGGE band 2
DGGE band 3
100,DGGE band 1
L DGGE band 4

B3 EFEEEENREEERLERN S FHSHEECHA nirS FINRGEZER
Fig. 3 The phylogenetic tree of the nirS sequences of the soil fumigated with metham-sodium and
other related nirS sequences based on genetic distance
DGGE band 1: JCEEZEF LM HE 28 dJ5 AL ; DGGE band 2: 20 mg/kg & 11 B 225 84 d J5 B9FE S ; DGGE band 3: 100 mg/kg
JB A R 25 28 d JE IYAE A s DGGE band 4: 100 mg/kg J&l A B 2225 28 dJ5 IY#F Al . DGGE band 1: Sample at 28 d after treatment
without fumigant; DGGE band 2: sample at 84 d after fumigation with 20 mg/kg metham-sodium; DGGE band 3: sample at 28 d
after fumigation with 100 mg/kg metham-sodium; DGGE band 4: sample at 28 d after fumigation with 100 mg/kg metham-sodium.

1 BEBHER T ED S B RBAEEENESIEY
Table 1 The ecological indexes of nirS-type of denitrifying bacteria in the soil fumigated with metham-sodium

W (mg/kg) T ZHEPEFE L Shannon diversity index

Concentration 0d 14d 28d 56.d 84 d
20 0.89+0.02 a 1.13+0.03 a 0.83+0.01 a 1.24+0.01 a 0.94+0.02 a
100 1.02+0.71 a 0.67+0.04 a 0.924+0.12 a 1.07+0.67 a 1.0240.54 a
500 1.22+0.83 a 1.01£0.06 a 1.01£0.05 a 0.93+0.03 a 0.99+0.08 a
X CK 1.14+0.33 a 1.22+0.04 a 1.03+0.04 a 0.91+0.06 a 0.90+0.26 a
WP (mg/kg) P51 P840 Evenness index
Concentration 0d 14d 28d 56d 84 d
20 0.94+0.04 a 0.96+0.02 a 0.83+0.04 a 0.98+0.03 a 0.98+0.01 a
100 0.80+0.03 a 0.88+0.56 a 0.91+0.06 a 0.94+0.74 a 0.84+0.45 a
500 0.85+£0.22 a 0.84+0.07 a 0.91+0.06 a 0.76+0.06 a 0.77+0.03 a
X} iR CK 0.94+0.04 a 0.96£0.02 a 0.83+0.04 a 0.8940.06 a 0.85£0.07 a
WP (mg/kg) Fo & %L Richness index
Concentration 0d 14d 28d 56d 84 d
20 8.77£0.13 b 1477129 b 9.77+0.91 b 17.77+132 a 8.77+0.13 b
100 10.76+2.36 b 677121 b 10.78+2.79 b 13.79+5.68 a 15.79+£6.53 a
500 21.8142.74 a 16.81+2.31 a 17.79+1.98 a 16.79+2.11 a 18.79+3.12 a
X} HR CK 20.81+3.46 a 21.79+2.19 a 18.81+1.88 a 17.79+1.44 a 18.76+2.14 a

R B T I R bR . AP R E R R 7R 28 LSD KR B0 7F P<0.05 /K22 53 8 3% . Data are mean=SD. Different let-

ters in the same column indicate significant difference at P<0.05 level by LSD.

3 iTig

KT BEZE NS 38 R A A AE % (R A i3
GERA— ARSI RY] I A E X B E
i B A AU W B A A B S S p Il . Roux-mi-
chollet et al.(2008 ) Hzi& 15 H ¢ 22 28 97 4 + 398 S A £k
YERBAME, Z 5 HARB IR . B4 4 (2013) il

FHI R 5 0 1, 3- G 2 R S X R [ 2
SR . AFFEEUR R A B R HINO -

N )5 dt e T B 2 R A T S ] 1 S
e, S BU LS NOy—NO, —>NO—N,0—
N, SZ B, (R A, PS] Shy gk 6 i #0017 i R 3 D A I
AR 0 JL G , 13 % NO, —NO, —NH,OH—NH, &
R AL B Z 2P, S BRI NO® 1 R,
i — 2100 Rl S 2R S AR /E . Rovira &
Simon (1985 ) >R FH G Ak w7 FIR FH B BB 28 Ah BRES 15 7]
J& FIEFNO-N S BT IR T 2~74% . Gasser &
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AE A 40 £ 2 NH.-N FINOs-N (9 &5 1 . Al
SRR A RS BT R NOP-N & i & T X
HE 8, T B2 e TR 20T - 8 S A A A
S5 T AR A A 52, OC T8k & R R - A
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7%, 5 ROHARAE A2 2040 i s ] — 3%, F B A Ak
I 7 A R 3 il ) A A E TR 3 R, 2
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