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Effects of crop stubbles in different cropping systems on the number and

community structure of denitrifying bacteria in black soil farmland
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Abstract: [ Objectives ] Denitrification is an important process in soil nitrogen loss and greenhouse gas

emissions. We studied the effects of crop stubbles in different cropping systems on soil denitrifying bacterial

community structures, aiming to reveal the related mechanisms of crop stubbles affecting N,O emission.
[ Methods ] The experiment was conducted in Hailun City, Heilongjiang Province (47°23'N, 126°51'E).
Continuous cropping of corn, soybean, and corn—soybean rotation was set up in the experiment. At sampling,

the corn was three years, and the soybean was two years old. Topsoil (0—15 cm) samples were collected after

harvesting maize and soybean. The abundance and community composition of the soil #irS and nirK denitrification

bacteria were analyzed using real-time quantitative PCR (qPCR) and high-throughput sequencing techniques.
[ Results ] The continuous corn (CC) plot soil had the highest denitrification rate. Rotation corn (CSC) and
rotation soybean (SSC) had higher soil denitrification rate (£<0.05) than continuous soybean (SS). The abundance
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of nirS and nirK denitrifying bacterial genes in CSC and SSC was higher than that in SS, and there was no
significant difference between CSC and CC (P>0.05). PCoA results showed variation in nirS denitrifying bacterial
communities in SSC and CSC, while CC and SS had different nirK bacterial communities. RDA analysis showed
that NO, -N content and C/N were the main factors regulating the nirS and nirK denitrifying bacterial communities,
respectively. SEM revealed that nirS denitrifying bacterial communities were positively (R*=0.92) correlated with
the denitrification rate (P<0.05) , but the gene abundance of nirS and nirK did not correlate with the denitrification
rate. [ Conclusions ] The abundance and community composition of denitrifying bacteria vary among the
farmlands under different crops. Denitrifying bacterial community composition, rather than their abundance, plays
essential roles in determining the denitrification rate, while nirS denitrifying bacteria contributes more to soil

denitrification.

Key words: nirS genes; nirK genes; soybean stubble; corn stubble; denitrification rate
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PR,
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SR A il 0 e - 9 A SRR Ak R 0, B
4°C TRAF Y 3RS T 28°C 1Ak 7 K, B 10 g i1k
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PEAER AL, MR EHAWANE L, -5
R, —MHEER, FRHEBRRAZE )G, HhE 15 mL
R, IR 15mL, 5EH 1h, 25C 5% 12h, H
F LS ARFEAEI S T N,O [ N, iR, fr LA
N,O W T A E - S 27, i i <A
i (GC-2010, HA) & 4~ N,O Bk B,
FHUAZAE 48 S A Ak AR F a5

1.4 135 DNA {21, qPCR #1 Illumina MiSeq
M

FREL - 4844 0.5 ¢, R H] Fast DNA® Spin Kit for
Soil (MP Biomedicals, 3E[E) X7l &, &MU 4
B+ 4@ DNA, Jf{# ] NanoDrop® 2000 (Thermo
Scientific, USA) #: ] DNA ¥ & FI4fi g, 42
DNA Jilt A=20°C VKA HRAE

FIHGI# Cd3aF (5-GTSAACGTSAAGGARA-
CSGG-3")/R3cdR (5'-GASTTCGGRTGSGTCTT-
GA-3")"f] FlaCu (5'-ATCATGGTSCTGCCGCG-
3")/R3Cu (5'-GCCTCGATCAGRTTGTGGTT-3")>",
N RS AL AN B nirS UL RN nirk BOSER 4T
4, FIH LightCycler® 480 thermocycler (Roche
Applied Science) #£47 qPCR K o 45 D1 2 K1)
ik DNA, 4% 10 f5RE E B r izt 2, A
TEFEM i 4 IREE . qPCR W AK R AL4E 10 uL SYBR®
Premix Ex Taq (Takara, Ki%&, JE). 1 pL 3R
it DNA | 1 puL 10 umol/L IE[MF[4 . 1 uL 10 umol/L
RS 7.0 uL H,00 S50k 95°C 1AM
30s, SRJF 95°C AEME 5's, 60°C iR KORILESH 30 s, H
25 MG, fiJa S0°C fi-4F 30 s,

KA ERAFES1H), X nirS F nirk B35 K 3
17l B F e dr . X qPCR 434, i B
B 519) 5 i FEASRE S 1Y barcode FIT BT ,
PLIX G - 3EREAR AL B VR . PCR IR FRIL 25 ul, U
2.5 uL 10x PCR buffer, 2 pL 2.5 mmol/L dNTPs,
0.25 uL Taq fiff (5 U/uL) (TaKaRa, Ki%, #H), 0.5
uL IE BRI 81514, 2 uL FE45h DNA A, XK
HEB A KM E R 25 pL, PCR RN &5f4: 95°C #1728
P£ 5 min, #R)5 95°C &M 1 min, 63°C Z 1 1 min Al
72°C #EM 1 min, 330 MG, BJF 72°C A
5min, FAHEMK 3 IRESR , PCR “HILEERHIK
K, A 44 iGh & (TaKaRa, Ki%E, )
PEAT4li4k . A lumina MiSeq 5 (LIEEEH 49
o], HE) X RS B PCR P2y il iy 43
1.5 MFEHIES

5T Ilumina PE 300 W7 P&, 545 558 i
QIIME Pipeline Version 1.9.0 #{4#47 437 (http://
qiime.org/tutorials/tutorial.html), 5%, ¥R H 2
AL AN FASTQ JR 4R ¥ 5 SC1F, #E-47 54 53 Fl it
], FI ] FLASH (fast length adjustment of short
reads) JKPF, XHEHR P ROmBHE, ZBR)F 8
T 200 bp AL BT 353/ T 20 R FI4E B,
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BERRMIETTE], LL97% MLE K147 OTU
(operational taxonomic units) 2, F4&1> OTU Byft:
ALY ) B A TR Y5, SRJ57E NCBI LIt
Xto ] Mega FAFAURIEIFS 525 P 5IN IHE,
WRRELKBEW . BENESEF, fR/DNFI
Bottra P B, T RS E Bt

1.6 Zitoth

FHF SPSS (Version 18.0) #ff, FIHHHFE %
M1 (one-way ANOVA) X A [A] 4b £ Y £ 358 8 £k
RS Ak I S A A TR AR B AT 25 R
E 1. A R (Version 3.3.1) #F (R Development
CoreTeam, 2006) ¥ “vegan” fu, #473TF Bray-
Curtis 5 25 1) 3 Ak 34341 (principal co-ordinates analysis,
PCoA) FITUA4HT (redundancy analysis, RDA), Lk
1A AN TR Ak 3L ] 2 A T 200 TR 7 174 22 S S H: 32 22K
shIHE ., H R MR “pheatmap” AL T [ ik 40 B
AR 3= B2 55 S Ak 22 (8] AH 5GP 1Y) Heatmap 4317
ILAh, FIF SPSS AMOS % ff: (Version 24.0, Chicago,
IL: Amos Development Corporation) ¥4 H 4% 44 7 B AR
# (structural equation models, SEM), LAfi##T +3% R
HERT . nirS BUF nirk Y A A0 40 TR 3 DR =F B R
T S5 R X RS AL R A . SR O 22 B K R A
(variance inflation factor, VIF) 434, DL+ 44
A . C/NFINO, -N gt H B LN 119 SEM 45
T4 7 RS

2 ZERE50T

2.1 TEBUMRTUMESR
£ 1R, 4B HE pH, 4k . 28U

R SR 0 25 5 (P>0.05) . HiE/EA
CC 1 SS ML, #EAEALHLAY CSC 1 SSC W4 T
TIELE AR, WL T £ C/N (P<0.05), 1LAh,
CSC WEWIN T #A5A (NH,-N) FIfE A (NO, -
N) frit, (HEERRAL T LS, SSC W EH
Iy A i (P<0.05).

22 TERBEUERRERBUARFETHUES

4 SAbER A R RS AL R 22 7 B (P<0.05)
(K1), Horfr, CC AbPER) 43 R il e f i, 38
#) 21.15 pg/(g-h); HKEFAELBE CSC Fl SSC, K
AL 0510 16.93 F1 16.48 pg/(g-h). SS ZbFRfK)
T A R AR, S 7.00 pg/(g-h), MHEET
CC. CSC i1 SSC b3, 735K 66.9% . 58.7% F
57.5% (P<0.05).

AT, SAEAE AR nirk BY3E R $5 D1
BN 6.83x10°~10.31x10% (g, soil), nirS HIHLPIFE N1
Bl 2.59x10'~3.48%x107/ (g, soil) (& 2). %1EALHH
SSC 1 CSC 1 nirS Fl nirk HIHE D42 D1 503y i 2%
T SS ALBE (P<0.05), SSC ALBR) nirk T3 K H 1%L
WLE T CCALFE (P<0.05), 1fif SSC Il CSC 1) nirS
RIFLDPE DL K0S CC AbFEJE 2 22 5% (P>0.05).

23 TERBUERSRECHAREAEXME

AW o M FRAS T 471 F1 1055 4> nirS Fl nirk
AU GEAL A0 OTUs. 35 nirS A1 nirk 4 i 4024
P OTUs 5 RUAH AL R A HE /AT a1 (K 3) %8,
nirS BIRLF TP, OTU225 (B {FT 1 8 Rhodanobacter) .
OTU357 (WM K& Herbaspirillum) % 30 4~ OTUs 5
T A AL R R W AR EOCR s OTU63 (WA
W B Hydrogeaophaga). OTU472 (18R JE H &

&1 TRMEYMZE QXN DRBU KA

Table 1 The effects of crop stubble in different cropping systems on soil physical and chemical properties

s RS £ e S EEAA HAR AL R
Treat pH Total C Total N C/N Total P Total K NH,*-N NO,--N Available P Available K
reat.
(g/kg) (g/kg) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

CC  6.3940.12a 21.94+2.62a 1.57+0.16 b 13.99+£0.50 a 0.56+0.029 a 15.64+0.25 a 18.83£1.37 b 30.66+5.21 b 15.98+1.62 ¢ 231.05+14.11a
SS  6.36+0.01 a 20.90+1.88 a 1.52+0.12 b 13.73+0.17 a 0.56+0.035 a 15.79+0.20 a 17.74+1.68 b 13.69+3.64 ¢ 20.00£2.08 b 219.55+11.29 a
CSC 6.36+0.16a 20.97+2.40 a 1.84+0.15a 11.40+0.48 b 0.47+0.023 b 15.97+0.16 a 24.22+1.35a 37.98+3.23 a 20.68+2.46 b 223.57+9.84 a

SSC  6.34+0.09 a 20.47+2.67 a 1.78+0.13 a 11.50+0.86 b 0.56:+0.035 a 15.68+0.40 a 18.13+1.12b 10.28+1.42 ¢ 25.96+2.40 a 234.96 +12.21 a
e B EMEESD (n=4); CC—EKENE; SS—REHEME; CSC—E KRG AMEE KT ; SSC—EK—KGRA KRG, RIS
ARG FEE R A B ] 22 5 8 2% (P<0.05),

Note: Data are mean+SD (n=4); CC—Continuous corn; SS—Continuous soybean; CSC—Corn in corn—soybean rotation; SSC—Soybean in

corn—soybean rotation. Values followed by different small letters in the same column indicate significant difference among treatments (P<0.05).
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o 2 4 51T -5 nirS 1 nirk B RSALATE R 5

2g oL b b SR 35 TE A9 8 4N (OTUs) e AR 7EH

53 AR . CC Rl CSC ALBEAY nirS A nirk

FE 10l RIS A 0 TR o A T % R T SS 4b

L% z f M, Br OTU261 (18 EMRIEE S Bradyrhizobium) Hl

u OTU307 (&A= IR o J& Mesorhizobium) (X =5

Tl s ose sse BERT CSCALEAN, CC AFHAN OTUs 3H %

AbFE Treatment Y5 CSC PR ZTe R EE S o nirk R AHALANEE

1 FEMEMFE O3 TR R LR R RS20
Fig. 1 Effects of crop stubble in different cropping systems
on soil denitrification rate

. CC—FKIEME; SS—AREEM; CSC—RA-RIAIETK
5 SSC—EK-KERAMEREH, H EARFE/NG TR AR
225 R (P<0.05),

Note: CC—Continuous corn; SS—Continuous soybean; CSC—Corn in
corn—soybean rotation; SSC—Soybean in corn—-soybean rotation.
Different small letters above the bars indicate significant difference

among treatments (P<0.05).

Bradyrhizobium) % 9 /)~ OTUs 45 13 il fb i R 5L
BEIFMHKER, HA OTUs 5+ 8 K hil Al s R )
To R EA KN 7E nirk ZEH T, OTU346 (124 MR
W& Bradyrhizobium). OTU159 (h 84 M8 1 @
Mesorhizobium) %5 24 > OTUs 5 + 3 [ il fb i R &2
WEIEME; 1M OTU281 (RJE H 8 Rhizobium) .
OTU258 (FF 184 M IR )R Mesorhizobium) %5 65 4>
OTUs 5 fiffb i 2 A, Hax 966 1~ OTUs 5
M S A R TGt A DG

CC AbPE OTU346 (18 =M M JE Bradyrhizobium )
OTU376 (B ML (% & Pseudomonas) Fl OTU307 (H 2
MR T B Mesorhizobium) £ CSC F1 SSC 4k
AR S22, T OTU261 (1AM 15 &
Bradyrhizobium ) TEXCAEIRFR SSC LB ARXS 4= 52 1
Fim T CSC A3, HIFWI W& T SS AFE (P<0.05).
nirS BUSAHALATR T, FBVEIR R CSC 2B OTU472
(18 4= R % )& Bradyrhizobium). OTU129 (i
W2 )& Noviherbaspirillum) F1 OTU100 (FIZ &
Herbaspirillum) #HXF 3= B34 i 2 = T SSC Ab#, H
OTU129 A1 OTU100 Ay AHXT 5 i 3% = T SS Ab#
(P<0.05).
25 AEFEORMUCHEESEEMRERER
FHTF bray-curtis i #[1)) PCoA s-AT 455 (K] 5) 3=
W], PCoAl Fll PCoA2 43 illf# ke 1 nirS B S AH AL A T
TEVE SR AR 1Y 47.72% F1 7.83%., K4 Adonis 53
Br, nirS BURAEAL AR EREVE T SSC ALFA CSC Ab 3
% [ M E 2 (Adonis test, P=0.028), i CC

15 ¢ . 51
o a o 4 a
3 <3 a
X & 10 be ab é'% 3 T b
<9 T = 8 L T
® o ¢ ® 5 T
= 5 1 T X g T
o 0 L o0 oo L
N uaagr
= 5r SIS
= i
= S
v o]
= 5
= 0 1 1 0 1 1
CC SS CSC SSC CC SS CSC SSC
Kb Treatment

2 FEMEMEDON RAECEREFERFM
Fig. 2 The effects of crop stubble in different cropping systems on denitrification gene abundance
E: CC—FRIEM; SS—REEM; CSC—IR-RERIFETAKIE; SSC—EK-KRERMEREH . A LAR/NG TR 2R B 225 T

# (P<0.05),

Note: CC—Continuous corn; SS—Continuous soybean; CSC—Corn in corn—soybean rotation; SSC—Soybean in corn—soybean rotation. Different

small letters above the bars indicate significant difference among treatments (P<0.05).
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Fig. 3 Correlation between soil denitrification rate and denitrifying bacterial communities
OTU346 0TU261 OTU472 OTU379
8RR T 152 2 AR T B EANRE T R RIE TN R
Bradyrhizobium Bradyrhizobium Bradyrhizobium Uncultured bacterium
1.5¢ . 0.5 . 0.8 . 25¢ .

nirk nirk nirS a nirS

X Relative abundence (%)

i

0.8

0.6 |

04+t

02}

cC

OTU376 OTU307 OTUI129
PN R rhAE A AR R BT IR R
Pseudomonas Mesorhizobium Noviherbaspirillum

. 0.5 . 0.6 .
nirk a nirk a nirS
ab
0.4t
0.2+t
b c
0

SS CSC SSC CC SS CSC sScC CC SS CSC sScC

4b 38 Treatment

0.08

0.06

0.04

0.02

OTU100
FIRE R
Hydrogenophaga
nirS

cC

SS CSC SSC

E 4 FAEEMEOLIRET nirk F nirs BAE T 5 RKEEFRIEHEKXE 8 N8 (OTUs) MEE BRI FE
Fig. 4 The relative gene abundance of the eight OTUs is positively related to the denitrifying rate of nirK or nirS
in soils with different crop stubbles

# (P<0.05),

Note: CC—Continuous corn; SS—Continuous soybean; CSC—Corn in corn—soybean rotation; SSC—Soybean in corn—soybean rotation. Different

small letters above the bars indicate significant difference among treatments (P<0.05).

SS AbBRBEIEAHMUE $E K (Adonis test, P=0.212), X
F nirk RS AE T, PCoAl Al PCoA2 434l
e T RETK S5 78 S5 1 34.36% F1 14.46% . Adonis

CC—EKIEME; SS—RUEME; CSC—EKR-—KUIMMEERTA; SSC—EK-KEHERTH, B EARFR/NG FREZFmR A6 2 5 0

AT, CC ALFEAT SS ALY nirk RIS AH AL 40
EVRAETE 3 22 5 (Adonis test, P=0.036), i SSC
LEFRAN CSC AL FEAE PCoA 23 i h R B
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