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Effects of biochar application on N,O emissions and abundance of nitrogen
related functional genes in an acidic vegetable soil

LI Shuang-shuang, CHEN Chen, DUAN Peng-peng, XU Xin, XIONG Zheng-qin"
( College of Resources of Environmental Sciences, Nanjing Agricultural University, Nanjing 210095, China )

Abstract: [ Objectives ] Amendment of biochar significantly affected soil nitrous oxide (N,O) emission. It is
still unclear about the underlying microbial mechanism for N,O emission, particularly in the acidic vegetable soil.
By integrating the field experiments with indoor incubations and using real-time quantitative PCR technology, the
microbial mechanism for effects of biochar on N,O emissions from an intensive vegetable field was
investigated. [ Methods ] Soil samples were collected from a three-years’ field treatment with 2* factorial
design at N rates of 0 and 1.25 x 10’ kg/hm’ and biochar rates of 0 and 40 t/hm’, namely control (CK), N fertilizer
(N), biochar (Bc) and N fertilizer with biochar (N + Bc). The functional genes of ammonia oxidizing archaea

(amoA-AOA), ammonia oxidizing bacteria (amoA-AOB), nitrite reductase (nirK, nirS) and nitrous oxide reductase
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(nosZ), soil pH, inorganic N concentration, in conjunction with soil N,O emissions were measured periodically.

[ Results ] Compared with CK, biochar application significantly increased the concentration of SOC by 27.1%
and TN by 8.2%, significantly decreased the copy numbers of amoA4-AOB and increased the nosZ genes by 11.0%
and 21.2%, and had no significant effects on N,O emissions. Applying nitrogen fertilizer significantly reduced soil
pH, increased N,O cumulative emissions, increased the content of inorganic nitrogen and nirK, nirS, nosZ gene
copy numbers (P < 05), compared with CK treatment. Compared with N treatment, biochar and nitrogen fertilizer
combined application (N + Bc) significantly increased the abundance of amoA-AOA, amoA-AOB, nirK, nirS and
nosZ gene copy numbers by 68.1%, 39.3%, 21.1%, 19.8% and 48.4%, respectively (P < 0.05), decreased the (nirk
+ nirS)/nosZ ratio, and reduced N,O emissions by 33.3%. The N,O emission peak appeard at 1-5 d during the
indoor incubation, and the emission rate reached N 1.70 x 10* and 1.76 x 10’ ng/(kg-h) for the N and N + B¢
treatment, respectively. Correlation analysis indicated that N,O emission showed significant positive correlation
with the nosZ gene copy numbers (P < 0.05) and the content of NH,"-N (P < 0.01), while significant negative
correlation with pH (P < 0.01) during the incubation. [ Conclusions ] The amendment of biochar could decrease
N,O emissions from the acidic vegetable soil, which is mainly due to the accelerated N,O reduction via decreasing
the ratio of (nirK + nirS)/nosZ.

Key words: vegetable soil; N,O emission; biochar; functional genes of nitrifiers ; functional genes of denitrifiers
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Ff e i 22 P SR A PR it 5 R R — 3 AR
BRI EE = B BRI AT BR A WA= /N RS FTAE
500°C 514 F il AS, pH 9.4, BfikiE 46.7
g/kg. &% 5.6 g/lkg. CEC 24.1 cmol/kg, FKIfF 8.9
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K H 2 mol/L KCl iz 4—5 Ak

FI ] FastDNA Spin Kit for Soil if 7] & (MP
Biomedicals), MR¥&#/E+s g #0496
DNA. B T8 5H B2 1 A7 76 52 W R 5 1 R Ui 9
Br, TSR b R S R, ARG R
H 5.5 mol/L F#i F RN (Guanidine thiocyanate) JZ &
KUt DNA, BREJEEIR, K DNA %# T 100 pL
THKIG TEF-20C AR

T HE A A A TR 2 RN WL A (amoA-AOB) .,
A H (amoAd-AOA), Al R £h i I il & X
(nirK . nirS) FAAL T AL R ERER (nosZ) & &
PCR ¥ 345 [ W B N S5 N3 1 7 . %€ i PCR #g
HEMZER S A H R A I amoAd . nirK . nirS
nosZ He K B SO RESEAT 85 o B SR AR E 51 430
P EAR R, W SRS, S BRI
M SERELE LB B IRl P o 75, SR BTk gl ik -l
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Table 1 The amplification primer and reaction condition of quantitative PCR

H B 5L 519 5191751 (5—3") SE i PCR UM LT SR
Target gene Primer Sequence Thermal profile Reference
amoA-AOB amoA-1F GGG GTT TCT ACT GGT GGT 94°C — 5 min [25]
amoA-2R CCC CTC KGS AAA GCC TTC TTC 94C-30s
55C-30s
amoA-AOA Arch-amoAF STA ATG GTC TGG CTT AGA CG 72C-60s [26]
Arch-amoAR GCG GCC ATC CAT CTG TAT GT 72°C =5 min, 30 cycles
nirk nirKF1aCu ATC ATG GTS CTG CCG CG 94°C — 5 min [27]
nirKR3Cu GCC TCG ATC AGR TTG TGG TT 94°C -30s
nirS nirSCd3Af GTS AAC GTS AAG GAS ACS GG 55C-5s [28]
nirSR3cd GAS TTC GGR TGS GTC TTG A 72C-30s
nosZ nosZ-F AGA ACG ACC AGC TGA TCG ACA 72°C -1 min [29]
nosZ-R TCC ATG GTG ACG CCG TGG TTG 35 cycles
# (Note) : AOB—ZA S fL4ITH Ammonia-oxidizing bacteria; AOA—Z AL i H Ammonia-oxidizing archaea; R = A 5 G; S=C 1 G.
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Green (TaKaRa H7)10 uL, Rox DYEII 0.2 uL .,
DNA 54z 1 pL. - F#ES14 (10 pmol/L) 4 0.4 pL
KIFK 8.0 pL o FEUCI T35 B ™ # 1Y B R XS 1
R PK XK A DNA VR ROV .
1.6 BUESH

K H Microsoft Excel 2003 Fll SigmaPlot 12.5 #f4:
PEAT R R WA, SR IMP 9.0 R3] 85
I WA+ AL (pH. SOC. TN, NH,'-N,
NO, -N) I DI HEFED = B (4 3 AR AL A 7 H A2
J5 &80, ] Tukey ¥5X5 FH [E] 3096 4% 40 B 4 498 34
AP I FN B 7 1 6] N,O R ARHR I & E 4T 2 H L4
(0.=0.05), R SigmaPlot 12.5 #f:%F 15 47 1 18] 44k
HHNLO HEHCH AR5 - e TR AR SC T REHE H 2 B 1Y
AT AR 7P

2 LR

2.1 HEEREY B RLXT T IRIB L4 BN
Ih e £ E = E R 5200

B 2 AT 0L, B )50 it AR ) Tk O 3 AR
Ja, 5 CKARBEAIL, Hi AN (N) B FAC 1%
pH (P < 0.05), Xf CEC %A &M ; )5k
% (Be) B HE s 14% SOC & & 27.1% F TN & &t
8.2% (P <0.05), I pH W&H BERE, 5N
FAHLE, N+ Be 2R3 31 SOC & i 24.4% . pH
{H 18.2% # CEC & & 13.7% (P < 0.05).

5 CK AbFEAHE, N AbH 5 B AR amod-
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nosZ F . Be AP F WA nosZ FFE (P < 0.05),
amoA-AOA . nirK fl nirS FENHEA L, 5
N ACFRAA L, N+ Be AbFRIS BN amod-AOA |
amoA-AOB . nirK. nirS Ml nosZ £, HIE 5k
68.1%. 39.3%. 21.1%. 19.8%. 48.4% (P <0.05).
N + Be 2B (nirS + nirK)/nosZ WAE B EKT N 4k
(P <0.05),

2.2 ERNIEFHAEEZLIE NO HHHEEURERE
HHM=E

SR B T A HH () 328 50 b B 4 AR S AT = R
F%, TEPIERENIIN (NH,),SO, 5, CK il Be AbBE:
FEI AL R B LAY NLO HE I s 7R 14~21 d,
N, O HEBC & g & T 15 FR AT (0~14 d) (&l 1), T
N FI N+ Be 4031 N,O HElcH R i F 1, 76 1~5d
L NL,O HE 0, HEAGH 2430 N 1.70 x 10° 1
1.76 x 10° ng /(kg-h), {H N FI N + Be AbH A HERGHE R
EZRANEFE (P>0.05); 7£7~15d, N AN+ Be 4t
P N,O HEBH AR BRI, BB N 407 N,O HE
I R 5 25 = T N + Be A0F (P < 0.05). FrE0Msk
WY, KEgeedial . AbBR UKL AE B AR R T 3 5 i i
FRHAE] N,O HEALHERR (P <0.01),

RN CK 1 Be 407 N,O S FHHE & B I%
TNMN+BeibH, HoHZEEADEELES;
N 40 N,O RBHEIE 3% T CK ALBE (P <0.001),

*2 HERAEMERK 3 FREBEAMR
Table 2 Soil physicochemical properties after 3 years of field treatment with N fertilizer and biochar application
in the acidic vegetable field

. ALK AR .
Trifent S0C Total N (1': 5H0) (cnff]ig) gni?kg :i}ng)
(gkg) (gkg)
CK 16.17+1.07 ¢ 1.69+0.05 ¢ 5.15+£0.07a 20.75+1.25b 101.42+£4.53 ¢ 26.47+0.13 ¢
N 19.45+0.57b 2.05+0.01a 391+0.07 ¢ 23.60+1.21b 208.10 £ 13.04 a 111.23 +£2.84b
Bce 22.17+0.84a 1.84+0.01b 526+0.09 a 21.66+0.31b 106.20 £2.98 ¢ 19.03 +0.21d
N+ Bce 23.09+0.39a 2.12+0.01 a 478 +£0.01b 2735+ 1.68a 129.19+3.19b 13998 +£1.90 a
Qb3 amoA-AOA amoA-AOB nirS nosZ (nirS + nirk)/
Treatment (% 10 gene copies) (x 10° gene copies) (* 10% gene copies) (x 10° gene copies) (x 10° gene copies) nosZ
CK 1.11+£0.14a 10.27+0.39a 1.03+0.07 ¢ 0.97+£0.04 ¢ 1.34+0.03d 1.50 £ 0.11 be
N 0.22+0.03 ¢ 324+025¢ 9.19+0.02b 3.30+£0.18b 4.17+0.11b 3.00+0.05a
Bce 095+137a 9.14£0.78 b 1.13+0.04 ¢ 1.00+0.80 ¢ 1.70+0.14 ¢ 1.27+0.50 ¢
N+ Bc 0.69 + 0.06 b 534+0.87b 11.64+0.73 a 4.11+0.08 a 8.08+0.24a 1.95+0.14b

H (Note) : RHER A + b5l (n = 3), [FIFVEUEE ANRIFHFR B 22 5 232 (P < 0.05) Values were mean =+ standard

deviation (n = 3). Different letters in the same column represented significant difference among treatments (P < 0.05).
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Fig. 1 Dynamics of N,O fluxes and cumulative N,O emissions during the 35-day incubation
[ (Note) : #E EAFKE FRERRALFEE N,O RFH i 22 57

Different capital letters above the bars represented significant difference among treatments in cumulative N,O emissions.]
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Fig. 2 Dynamics of soil pH, NH,"-N and NO,-N content during incubation of four treatments with (NH,),SO, addition

[7£ (Note) : HiskFE/RIA (NH,),SO, &7 The arrows indicated the addition of (NH,),SO,; Tr—Treatment; ns #7822 55 A 2 3 ns denoted not
significant; * fl1**F /R AL BRIE]ZE 0.05 A1 0.01 /KL 2257 I 3 Represented significant difference at 0.05 and 0.01 levels, respectively.]
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Fig. 3 Dynamics in the abundance of amoA-AOB, amoA-AOA, nirK,nirS, nosZ genes during incubation under
four treatments based on qPCR analysis
[7£ (Note) : HiskFE/RIA (NH,),SO, &7 The arrows indicated the addition of (NH,),SO,; Tr—Treatment; ns #7822 55 A 2 3 ns denoted not
significant; * FlI** /R AL FRA]AE 0.05 A1 0.01 /K| 22 5% . 3 Represented significant difference at 0.05 and 0.01 levels, respectively.]



420 R R R L S 24 &

#3 NOHMEXRSTAMHTEER, SEMAE. URLHERSETREEEE. SHTRTREER
5B UMRERERKXR (D
Table 3 Correlation coefficients among N,O emission rate, soil physiochemical properties and ammonia-oxidizing
archaea (amoA-AOA), ammonia-oxidizing bacteria (amoA-AOB), abundance of nitrite reductase (nirK, nirS) gene,
N,O reductase (n0sZ) gene during incubation

NER amoA-AOB  amoA-AOA nosZ nirk nir§ NH,*-N NO,-N pH
NER 1
amoA-AOB -0.32 1
amoA-AOA -0.25 0.91™ 1
nosZ 0.45* -0.59™ -0.54™" 1
nirk —0.26 0.26 0.23 —0.04 1
nirS —0.23 0.36 0.34 —0.06 0.97" 1
NH,* 0.54™ —-0.04 0.03 0.60" —-0.06 0.04 1
NO,~ —0.18 —0.58™ —0.68™ —-0.07 —0.12 -0.27 —0.69™ 1
pH —0.54™ 0.85™ 0.78" —0.38 0.4 0.45" 0.01 —0.49" 1

¥ (Note ) : NER—N,O HEii#i* N,O emission rate; *F1** F/RALBL]TE 0.05 A1 0.01 /K- 2557 1.2 Represented significant difference

at 0.05 and 0.01 levels, respectively.

X (r 39 H-0.58, —0.68, P<0.01), nosZ KK
5 NH,-N 2B FIEME (r=0.60, P<0.01),
nirS FENFE 5 pH 2R FIEAH (r=0.45, P<
0.05). N,O HEH R 5 & A0 A2 S5 B b 10 3
nosZ K ¥ DUVEUE W35 IEAHSE (r = 0.45, P <0.05),
5NH,-NEZEHBEHBEFEFEML (r=0.54, P<
0.01), 5 pH W& B EAFE (r=-0.54, P<0.01),
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e EE R B SR A, NI T AR AR
W B{H ., Geisseler ZEHF9T R, amod-AOB A& K11
BRIl pH & 5.5 AT TR Y] amod-AOA
FEEH pH RIEMHX (r=0.97, P<0.05), Bl
amoA-AOA 5 DUt 4 46 () i Ak 17 8 25 F%AIK . Nicol
ZEXT pH BBl 4.9~7.5 W B+ S8 T R RS I
B amoA-AOA $U i 13 pH FEAK I B BT w50, 5
AWFFEA R, ATRE S Hhial SR R A G
A, amod-AOB £ 5 NO,-N 2 B ERMA LK R
(P<0.01, % 3), Kl -ehEm NO,-N & i
23X amoA-AOB T BANFI 52 M)
ARUFFEARELY], HEW B M a6 T 3 45
B E W amoA-AOA Fl amoA-AOB £ (£ 2), 1
FEWIE —H 2R A B E (K 3). Ducey S5t
Wy, 3R 6 MAE, EWEKBERI T anod-AOB
FRE WABIERY, AW BRI B F 1 amod-
AOA il amoA-AOB F=JFEW, A= W57 e Vs Jinx il AV
F amoA-AOA . amoA-AOB F &l fi§ b AF A
nirS. nirK. nosZ EJE RIS A—F0 29 RIFFT
L 3 A EAE A R PR, N+ Be A3 P E 42
W Y nirk | nirS. nosZ B RUAE AL T BE L N 2

(#2, P<0.05), XAJHEZH T N+ Be IEHM NO,

M SOC & (P<0.05, %2), KRmHAED R
FEARY), R RE R . H, —Jrm
HWBUR X nirK F nirS F& R =E B8 INfe ok 7 3%
FSACAE R, IR0 o RORS AR/ ™ 2E NLO; 5
— Iy nosZ FEFERE, N N,O 5N N, B
RIS, et AR E e ek, &
B2 R, NL,O HECEA 35 15 37 0 (R 3L
N (P<0.01, % 3), A58+ N,O Hii E 2L P TE
REFRai i, A 3 R AR Y Bk b S A VS A
MLaR RO AL e Y. AR, Yt
AR HLAR B9 B E 3 met, NLO HE n, X A]
RESE H T VA A LA R S il A T 1 3 s 4t T g
U Jones SEWFSE R, AR TR S NG n 435
WA PR B, A 55 B8 AT ML 7E 3
7% 36 h AN SE &8 - U Y o e, ARFgerh R
W it P AE — 8 R RE b oA T s i AR AR M i A
B, R EEREN nosZ U ASAL LR £ (F] 3e), FEA
3 (nirS+nirK)/nosZ WAH, 15 N,O HFEL T~
A, IRARRARLHEC R, ST AR R 8, X
AJ HE 2 5 e 6% ek /D S b 1+ 338 NLO HE ik i B 2L
JilH . Cayuela ZEU"HFSY T 15 Pl H 35 Hdg
A A R SRS ARSI B ) FR T 32 AR S “ L

AR, T A T R A A Py A
fE N,O i J5 1 N, FEAR N,O/(N,O + N,) fi il
T AW AR i RS E I 5 — 0. 3 oME
Yy 5 O R M % 1 R 0 AN A R i) B 2 T AR L B H
BRI, fEHE NLO IE 5 NSO ARWFSE i N +
Be Wb PR B AL FE N (nirK . nirS. nosZ) F i
i, DO SRV E RS s ARG RI,  (nirS +
nirK)/nosZ HWAHS pH fH 2 W E AHK r=-0.99, P<
0.01), KUIAY) 5T s AR A HE vp J2 38 o 48 i - 3¢
pH. P78 S AL By =Py b, SR 2E N,O HEif

ARWFTELE R, AW B 35 5 Wi R Al AL it
YR IRE R R FEE (nirkK . nirS. nosZ), XFiEiLid
B2 ALY Y ie B PR A W (amoA-
AOA ., amoA-AOB). [ ICHEN A= ¥ i e 3 2 i i
P i SR A E B Je — 20, 2 IRl 2 1 1 55 st - 38
1 N,O HERL
4 Zh5g

PR A A ZR G0 U AR 9 5 e Bk A it FH AT
DI R S i 3R Ak, 4 s T, bR
M 4458 NLO HEC, a3 =2 A TR 1 s Ak A
M nosz FeHE RN, S+ (nirS +
nirK)/nosZ WAHIEAR, RAEILVER#E T84, et
N,O B J50 Ny fHJE 8 NLO ORI . fb
PR ELZ TN RGEENNER, Y5
¢ Xof 3 1l A ST W S AL L I R FH JR] K )
BAONE K S M ML ATy A R A ST

& £ X #:

[1] IPCC. Climate change 2013: The physical science basis. Contribution
of working group I to the fifth assessment report of the
intergovernmental panel on climate change [M]. Cambridge, United
Kingdom and New York, USA: Cambridge University Press, 2013.

[2] Smith P, Martino D, Cai Z, et al. Greenhouse gas mitigation in
agriculture[J]. Philosophical Transactions of the Royal Society B,
2008, 363: 789-813.

[3] JuXT,KouCL,ZhangF S, et al. Nitrogen balance and groundwater
nitrate contamination: comparison among three intensive cropping
systems on the North China Plain[J]. Environmental Pollution, 2006,
143(1): 117.

[4] Rashti M R, Wang W, Moody P, et al. Fertiliser-induced nitrous
oxide emissions from vegetable production in the world and the
regulating factors: A review[J]. Atmospheric Environment, 2015,
112: 225-233.

[5] Ren T, Christie P, Wang J G, et al. Root zone soil nitrogen
management to maintain high tomato yields and minimum nitrogen
losses to the environment[J]. Scientia Horticulturae, 2010, 125(1):

25-33.



422

W) E SR 50 R

24 4%

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Qu Z, Wang J, Almey T, et al. Excessive use of nitrogen in Chinese
agriculture results in high N,O0/(N,0+N,) product ratio of
denitrification, primarily due to acidification of the soils[J]. Global
Change Biology, 2014, 20(5): 1685-1698.

Zhang W F, Dou Z X, He P, et al. New technologies reduce
greenhouse gas emissions from nitrogenous fertilizer in China[J].
Proceedings of the National Academy of Sciences, 2013, 110(21):
8375-8380.

Novak J M, Cantrell K B, Watts D W, et al. Designing relevant
biochars as soil amendments using lignocellulosic-based and manure-
based feedstocks[J]. Journal of Soils and Sediments, 2014, 14(2):
330-343.

Khan S, Chao C, Waqas M, et al. Sewage sludge biochar influence
upon rice (Oryza sativa L) yield, metal bioaccumulation and
greenhouse gas emissions from acidic paddy soil[J]. Environmental
Science & Technology, 2013, 47(15): 8624-8632.

Rees F, Simonnot M O, Morel J L. Short-term effects of biochar on
soil heavy metal mobility are controlled by intra-particle diffusion
and soil pH increase[J]. European Journal of Soil Science, 2014,
65(1): 149-161.

Cayuela M L, Sanchez—Monedero M A, Roig A, et al. Biochar and
denitrification in soils: when, how much and why does biochar
reduce N,O emissions[J]. Scientific Reports, 2013, 3(7446): 1732.
Nelissen V, Saha B K, Ruysschaert G, Boeckx P. Effect of different
biochar and fertilizer types on N,O and NO emissions[J]. Soil
Biology & Biochemistry, 2014, 70: 244-255.

Suddick. An estimation of annual nitrous oxide emissions and soil
quality following the amendment of high temperature walnut shell
biochar and compost to a small scale vegetable crop rotation[J].
Science of the Total Environment, 2013, 465: 298-307.

Wang J, Chen Z, Xiong Z, et al. Effects of biochar amendment on
greenhouse gas emissions, net ecosystem carbon budget and
properties of an acidic soil under intensive vegetable production[J].
Soil Use & Management, 2015, 31(3): 375-383.

Clough T J, Bertram J E, Ray J L, et al. Unweathered wood biochar
impact on nitrous oxide emissions from a bovine-urine-amended
pasture soil[J]. Soil Science Society of America Journal, 2010, 74(3):
852-860.

Zwieten L V, Kimber S, Morris S, et al. Influence of biochars on flux
of N,0 and CO, from Ferrosol[J]. Soil Research, 2010, 48(6):
555-568.

Yanai Y, Toyota K, Okazaki M. Effects of charcoal addition on N,0O
emissions from soil resulting from rewetting air-dried soil in short-
term laboratory experiments[J]. Soil Science & Plant Nutrition, 2007,
53(2): 181-188.

Cornelissen G, Rutherford D W, Arp H P H, et al. Sorption of pure
N,O to biochars and other organic and inorganic materials under
anhydrous conditions[J]. Environmental Science & Technology,
2013, 47(14): 7704-7712.

Spokas K A, Baker J M, Reicosky D C. Ethylene: Potential biochar
amendment impacts[J]. Plant and Soil, 2010, 333(1-2): 443-452.

Ball P N, Mackenzie M D, Deluca T H, et al. Wildfire and charcoal

enhance nitrification and ammonium-oxidizing bacterial abundance

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

in dry montane forest soils[J]. Journal of Environmental Quality,
2010, 39(4): 1243—1253.

FIGHE, FOOCEE, AEGE, 55, A= Hx B iR b 3R G T RE R
AR L EERIEA ). LHEAR, 2013, 50(3): 624-631.

Wang X H, Guo G X, Zheng R L, et al. Effect of biochar on
abundance of N-related functional microbial communities in
degraded greenhouse soil[J]. Acta Pedologica Sinica, 2013, 50(3):
624-631.

Ducey T F, Ippolito J A, Cantrell K B, ef al. Addition of activated
switchgrass biochar to an aridic subsoil increases microbial nitrogen
cycling gene abundances[J]. Applied Soil Ecology, 2013, 65(2):
65-72.

i+ B AT IM]. bt drE RO AL, 2000. 355-356.
Bao S D. Soil and agricultural chemistry analysis [M]. Beijing: China
Agriculture Press, 2000. 355-356.

B, T, MROETE, G5 3L A S IUDNARREL A S i 1
HERUE A B, SRS, 2012, 52(7): 894-901,

Guo Y, WuY C, Lin X G, et al. Three successive extractions reduce
quantification bias of microbial communities associated with
incomplete DNA recovery in soil[J]. Acta Microbiologica Sinica,
2012, 52(7): 894-901.

Francis C A, Roberts K J, Beman J M, et al. Ubiquity and diversity of
ammonia-oxidizing archaea in water columns and sediments of the
ocean[J]. Proceedings of the National Academy of Sciences of the
United States of America, 2005, 102(41): 14683—-14688.

Rotthauwe J H, Witzel K P, Liesack W. The Ammonia
monooxygenase structural gene amoA as a functional marker:
molecular fine-scale analysis of natural ammonia-oxidizing
populations[J]. Applied & Environmental Microbiology, 1997,
63(12): 4704-4712.

Hallin S, Lindgren P E. PCR detection of genes encoding nitrite
reductase in denitrifying bacteria[J]. Applied & Environmental
Microbiology, 1999, 65(4): 1652-1657.

Guo G X, Deng H, Qiao M, et al. Effect of pyrene on denitrification
activity and abundance and composition of denitrifying community in
an agricultural soil[J]. Environmental Pollution, 2011, 159(7):
1886-1895.

Kloos K, Mergel A, Résch C, et al. Denitrification within the genus
Azospirillum and other associative bacteria[J]. Australian Journal of
Plant Physiology, 2001, 28(9): 991-998.

Sanchezgarcia M, Roig A, Sanchezmonedero M A, et al. Biochar
increases soil N,O emissions produced by nitrification-mediated
pathways[J]. Frontiers in Environmental Science, 2014, 2(2): 25.
AR, Gk, RRIEZE. M AL 5 A W B 0] St et 43 18 25 AT
BRI, TP ERHEE S, 2014, 9(9): 1057-1062.

Li B, Zhang M, Xiong Z Q. Effects of nitrogen fertilizer and biochar
on net global warming potential of intensively managed vegetable
fields[J]. China Science Paper, 2014, 9(9): 1057-1062.

Cheng Y, Wang J, Zhang J B, et al. Mechanistic insights into the
effects of N fertilizer application on N,O-emission pathways in acidic
soil of a tea plantation[J]. Plant and Soil, 2015, 389(1): 45-57.
kbR, R AR AR N, OHER S A AL AR FH 2 R [ D). BE
PikA% . PHALRMBIBOI A 218 3L, 2016.

Zhang H P. Effects of biochar on N,0O emissions and soil nitrification



2 4]

EROU, 55 AP TR TR 3 NLO HEHU S AR SC I REFE N 2 E (2 1)

423

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

in dry land farming ecosystem [D]. Yangling, Shanxi: MS Thesis of
Northwest A & F University, 2016.

Dambreville C, Hallet S, Nguyen C, et al. Structure and activity of
the denitrifying community in a maize-cropped field fertilized with
composted pig manure or ammonium nitrate[J]. Fems Microbiology
Ecology, 2006, 56(1): 119-131.

Wrage N, Velthof G L, Beusichem M L V, ef al. Role of nitrifier
denitrification in the production of nitrous oxide[J]. Soil Biology &
Biochemistry, 2001, 33(12—-13): 1723-1732.

Zhu T, Zhang J, Cai Z, et al. The N transformation mechanisms for
rapid nitrate accumulation in soils under intensive vegetable
cultivation[J]. Journal of Soils and Sediments, 2011, 11(7):
1178-1189.

Karhu K, Manila T, Bergstrom I, ef al. Biochar addition to
agricultural soil increased CH, uptake and water holding capacity-
Results from a short term pilot field study[J]. Agriculture,
Ecosystems & Environment, 2011, 140(1/2): 309-313.

Zhang A, Cui L, Pan G, et al. Effect of biochar amendment on yield
and methane and nitrous oxide emissions from a rice paddy from Tai
Lake Plain, China[J]. Agriculture, Ecosystems & Environment, 2010,
139(4): 469-475.

Zhang A, Liu Y, Pan G, et al. Effect of biochar amendment on maize
yield and greenhouse gas emissions from a soil organic carbon poor
calcareous loamy soil from Central China Plain[J]. Plant and Soil,
2012, 351(1/2): 263-275.

BURAT, REIESE. BFFEY RN SEN,0 . CO, 5 CHHFIU
FIEA TR T]. A S SRR B R, 2016, 32(2):
283-288.

Jia J X, Xiong Z Q. Impact of application of maize stalk-derived
biochar on soil properties of and N,O, CO, and CH, emissions from
vegetable fields[J]. Journal of Ecology and Rural Environment, 2016,
32(2): 283-288.

P, ZREL R, W22, 45, DIERIEAR U E i R 3 T A 3
WEFEHERET]. A BURALDISE, 2014, 35(5): 588-594.

Hou H J, Qin H L, Chen C L, et al. Research progress of the
molecular ecology on microbiological processes in soil nitrogen
cycling[J]. Research of Agricultural Modernization, 2014, 35(5):
588-594.

TRETH, EAA1, 2220, 5. KNI ZAL B A B 55 %) i 1
B ALVE T R A AL M E RS R (0], A5 241, 2015, 35(19):
6362-6370.

Zhang M M, Wang B R, Li D C, et al. Effects of long-term N

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

fertilizer application and liming on nitrification and ammonia
oxidizers in acidic soils[J]. Acta Ecologica Sinica, 2015, 35(19):
6362-6370.

JE &, 20T, R SR, S R PR X AR A 8 e e T
TREIEIR[]. O, 2016, 49(2): 294-304.

Zhou J, Jiang X, Zhou B K, et al. Effects of long term application of
urea on ammonia oxidizing archaea community in black soil in
Northeast China[J]. Scientia Agricultura Sinica, 2016, 49(2):
294-304.

Hermansson A, Lindgren P E. Quantification of ammonia-oxidizing
bacteria in arable soil by real-time PCR[J]. Applied and
Environmental Microbiology, 2001, 67(2): 972-976.

Geisseler D, Scow K M. Long-term effects of mineral fertilizers on
soil microorganisms - A review[J]. Soil Biology & Biochemistry,
2014, 75: 54-63.

Nicol G W, Leininger S, Schleper C, Prosser J I. The influence of soil
pH on the diversity, abundance and transcriptional activity of
ammonia oxidizing archaea and bacteria[J]. Environmental
Microbiology, 2008, 10(11): 2966-2978.

Xu H J, Wang X H, Li H, et al. Biochar impacts soil microbial
community composition and nitrogen cycling in an acidic soil planted
with rape[J]. Environmental Science & Technology, 2014, 48(16):
9391.

Jahangir M M R, Khalil M I, Johnston P, et al. Denitrification
potential in subsoils: a mechanism to reduce nitrate leaching to
groundwater[J]. Agriculture, Ecosystems and Environment, 2012,
147: 13-23.

Troy S M, Lawlor P G, O’Flynn C J, et al. Impact of biochar addition
to soil on greenhouse gas emissions following pig manure
application[J]. Soil Biology & Biochemistry, 2013, 60: 173—181.
Jones D L, Murphy D V, Khalid M, et al. Short-term biochar-induced
increase in soil CO, release is both biotically and abiotically
mediated[J]. Soil Biology & Biochemistry, 2011, 43: 1723—1731.
Harter J, Krause H M, Schuettler S, ef al. Linking N,O emissions
from biochar-amended soil to the structure and function of the N-
cycling microbial community[J]. Isme Journal, 2013, 8(3): 660.
Baggs E M. Soil microbial sources of nitrous oxide: recent advances
in knowledge, emerging challenges and future direction[J]. Current
Opinion in Environmental Sustainability, 2011, 3(5): 321-327.

Harter J, Weigold P, El Hadidi M, et al. Soil biochar amendment
shapes the composition of N,O reducing microbial communities[J].

Science of the Total Environment, 2016, 562: 379-390.



