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Abstract: [ Objective ] Dissimilatory nitrate reduction to ammonium (DNRA), a biological pathway converting NO;™ to NH,",
provides ammonium for rice uptake and microbial immobilization, resulting in N retention in paddy soils. Recently, the coupling
between DNRA and Fe** oxidation has been reported occurring in freshwater lake or estuary sediments. However, so far little has
been reported on this process in paddy soil, and its potential key factors are practically unknown. [ Method ] Using '*N-tracing
technique in combination with membrane inlet mass spectrometer (MIMS), an in-lab incubation experiment was performed to
investigate the process of DNRA coupled to Fe?" oxidation as affected by oxygen presence and carbon addition in two types of
paddy soils (CS and TY) . [ Result ]Results showed that the process of DNRA coupled to Fe*" oxidation was found in both paddy
soils, where the potential rate of DNRA increased from N 0.36-0.38 to 0.81-2.35 nmol-g™"-h™" with Fe?" addition rising from 0 to
800 pmol-L™". At the concentration of 800 pmol-L™" Fe®’, potential rate of DNRA was significantly higher in CS soil than that in
TY soil, which was in consistence with differences between the two tested soils in nrf4 gene abundance. Effect of oxygen
presence and/or lactic acid addition on the process of DNRA coupled to Fe?* oxidation varied in the two tested paddy soils. In TY
soil, regardless of singly or in combination applied, oxygen presence and lactic acid addition significantly promoted potential rate
of DNRA at varying Fe*" concentrations. In CS soil, single oxygen presence or lactic acid addition significantly increased
potential rate of DNRA at the concentration of 500 umol-L™" Fe®", whereas, at the concentration of 800 pmol-L™" Fe®', either
lactic acid singly applied or in combination with oxygen significantly decreased potential rate of DNRA. [ Conclusion ] Findings
of this study suggest that the process of DNRA coupled to Fe*" oxidation occurs in paddy soils and may be affected by presence
of oxygen and carbon addition. Further studies are needed to deepen understanding of this process by including more types of soil
and comprehensively evaluating the effects of environmental parameters and soil properties on the process.
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Table 1 Basic physico-chemical properties of the two tested paddy soils

_ o g HAS A BASR TRk FH 5 - 38 4 BhkL bp A {2 A
pH TN TC NO; -N NH,'-N Fe?' i CEC Clay Silt Sand
Sample site
/(gkg') /(gkg') /(mgkg') /(mgkg') / (mgkg"') / (cmolkg') 1% /% /%
Cs 6.82a 2.15a 19.70b 4.77b 3.94b 74.99a 20.75a 32.03b  57.97a  10.00a
TY 5.38b 2.16a 19.96a 6.33a 23.73a 57.12b 9.40b 39.57a  50.36b  10.06a

W CS: WG TY: B, TH. RFIAFR/NGFZRAARRBFKRE LR ZR B3, P<0.05. Note: CS and TY represent Changshu

and Taoyuan paddy soils, respectively. Different lowercase letters in the same column indicate significant differences( P < 0.05 ) between two

paddy soils.
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Z) CEPRESR 6 h 5 ) TIEFEAR DNA, FRHC03 g
T e, 1RGN S U 1T 158 DNA f2 I
£, FEEUSEEER) DNA T-20CUKFHRAE o EF XA TR
1) Dy i 5k DR PR AR 5 A 5 | kA 7 52 9O 8 i PCR
( Quantitative real-time PCR, ¢PCR ) #4E, narG >}
F51#%) narG1960m2f Fll narG2050m2r; napA K 5|
) napA-3F il napA-3FR; nrfd K54 nrfAF2aw
I nrfAR1. FIRIHAEIE 73 5ILL 10 26 B2 7 B AR
HETURI IS 245 AbRAE 2. RAEAD TR (KiE)
A PR ® ) SYBR Premix Ex Taq ik # & F
QuantStudio 3 R4 bor#r. ARSLE R 20 uL [
&, €45 1 uL DNA £/, 10 pL SYBR Premix Ex
Taq. 0.08 pL ROX Reference Dye Il . HijJ55|#)4% 0.5
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Table 2 Primers and gPCR conditions used in this study
FE[H P s) (5°-3) gPCR IV F2 7
Gene Primer sequence Thermal profile for gPCR
95°CHIAEYE 10 min, 95°CAHE 10s, 56°CiE Kk 30s,
narG1960m2f : TAYGTSGGGCAGGARAAACTG 72°CHEM 205, 35 PMEIA
narG narG2050m2r : CGTAGAAGAAGCTGGTGCTGTT 10 min at 95°C, followed 35 cycles of 10 s at 95°C,
30sat56C, 20sat72°C
95°CHIALYE 10 min, 95°CAEME 155, 60°CiE Kk 60 s,
napA-3F : CCCAATGCTCGCCACTG 72°CHEM 60 s, 40 AFEFR
napA napA-3R : CATGTTKGAGCCCCACAG 10 min at 95°C, followed 40 cycles of 15 s at 95°C,
60 sat60C, 60sat72°C
94CHIZEPE 10 min, 94°C7ZEYE 15, 52°CiR Kk 45,
. nrfAF2aw : CARTGYCAYGTBGARTA 72°CHEM 20 s, 8OCHEff 355, 50 M
e nrfAR1 : TWNGGCATRTGRCARTC 10 min at 94°C, followed 50 cycles of 15 s at 94°C,

45sat52°C, 20sat72°C, 35sat80C
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SREE A5 Sample site
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Changshu and Taoyuan paddy soils, respectively. In each soil,
different lowercase letters above bars indicate significant
differences ( P < 0.05 ) among treatment different in Fe**
concentration.
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Fig. 1 Effects of different Fe** concentrations on potential rate of
DNRA in two paddy soils
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Fig.2 Abundance of nrfd, narG and napA genes in the two paddy soils under different Fe?* concentrations
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Fig. 3 Potential rate of DNRA under varying Fe*' concentrations in the two paddy soils as affected by oxygen presence and lactic acid addition
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Fig. 4 Potential rate of DNRA in active or sterilized soils
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1%L, DNRA {U7E B2 Fe™ AR AR
LR R KR, Y BB ST B I A R AR
Fe 5 bl (8*) 45BN FeS, FEMLT B
IiF e Fe? B U, 115 Fe® B ALHI4 DNRA 1374
W, 7E 800 pmol-L' Fe* Ve, A4S Ab#H
T, WRUKFE T F’ R LG DNRA 1Y R
Nz, SHIEKRE R A -, XATRES W
i+ HEHR AR AT G o HHE I 224 79 oK R AR T
[ Fe* Fl NOs UfL2F it el 8 B, # BUk g+
DNRA i & i HL 75 5K 56 TRk K RS 1 a5 2010
DNRA i 2 (1 B il B 28 0T 66 iy L 7 4t A 5% o
NO; P4, pbsbh, FEAEEIT, MEA 45 No;y
W R A AR A0 AR A T P

NO; -N, 7EJREA F &Mk NOs i R 2 iKY - Bk
JEKFG + NH,-N (23.73+11.08 mgkg ') &R
BT HPOKRE L+ (NH,-N: 3.94+3.81 mgkg '), iX
A AE R S EUA— A S AT T () Fe* AL Hl4 DNRA
R T BUKRE R AR, A KR £ AR
5 NOy i JFg 48 56 Z i ELARBLH i ok — 2P 5%
BRULLIAE , NOy i SR A2 th vl fig 2 Z S B vh i 8*
WEERZ M, KA R KT R = R 1 T
B ST S R AR R A NL,O FTN, (i 2, i
A HE L NH N EZE =P NO, i it f& P71,
Murphy %P8 Eh B TR O SE R B, R M A
ST URNAE i DNRA SEAI NI S bk, iiE s
TULAAR, B, ARFTFARE LR ST E RN
e, R H p S5 NOy 38 U R AR I IR A TRIFSE
B U5 2 18 R DNRA 2 2 A fil 22 ol J50FN it
i, AT, FLBRM NO; BYFE/R A ( Lac/
NO; ) N 2.97, #F5EEM, FEZLET DNRA
PR R A R B A SRR, BT
iR b A 5 SR, X R KRS - AR R 3k
ERVEER, X #UKRE £ DNRA I FE7E 500
umol-L™" Fe* MG Nt RBUMMEUEMER, mife
800 pmol-L™" Fe US M B T F B 0 i 2 A4 I il 1
o HALHAT e 55— AL, AT
SRAFN (1S DNRA 19 2R 548 NO;y
FERBOKFE L, AR MILREE A AL BXT Fe*
SAALRE G DNRA s R B R Ik, ik VR /K e
i, BAFLRAEEA AN Fe* AL Fl 4 DNRA
M R RN B E R E R . M =A% 5
MREA M . — 7, fEm FERET, &K
FEAEFIZLER TR %) Kb 330 5 KRS £ b (9 775 5K
IKFEFT, DNRA it B2 BRIA R %8 NOy . 71—
17, PRI KRE £ BA RS NH, N, AR
TS B AT, ERL A ERE
TP NH,-N &858 NOy-N, {45 Bk /K g
Tt NO; MR BEHE— 2 $E T, PRI e A v 1 L T
ok, HF AR BRI KRG £ P DNRA #2003
BRRHIHNE ., & ik, Fe* A kit h DNRA it
FRERAE T T, SRR R VRN i o 4R e T
MR B9 7 AR E Fe* A LA & DNRA 2, {HZY
IZA R R AR TR, U NO5 -N I NH, =N )
R Fe EALHEA DNRA B EER K.

http://pedologica.issas.ac.cn



1 2 8%, KR+ Fe SRR SRS IRAR AL B 8% ( DNRA ) e HOGHE S AAAE BRI A AN A . 261
4 2zt 6036—6042.

W EHIBRIE PR OK RS L AR e Fet AL A
DNRA 32, EFFLERAY AN | 15 A 4b H R 5]
{21k DNRA iR AIMEH, B4 Fe* %A LA DNRA
R AVE FEAS R KRS £ 2 AN —20, 7ERR IR A
Forh, AL T FeX A LA A DNRA i 2
T TEH BOK RS -, 800 pmol- L™ Fe* WRIE T, H—
FLIR K8 FLRRIE A Ab BE X Fe* %A 1L #8 4 DNRA 1
FEEE B EMBIER . Fik, R£EBFFEKRE L Fe*
ARG DNRA i B2, BN N £+ HEREAS
LEA 5 BRI R R0 M G R Y R

oo Rt P BAF bR LIEARTRE
PNy = A | P =IO T N O

S %3 Hk ( References )

[ 1] YinS X. Dissimilatory nitrate reduction to ammonium in
submerged soils[D]. Nanjing : Nanjing Agricultural
Univercity, 2000.[B 427, /K L8PS & 5 i
S RN D] R R BT RS, 2000.]

Yin S X, Chen D, Chen L M, et al. Dissimilatory nitrate
reduction to ammonium and responsible microorganisms
in two Chinese and Australian paddy soils[J]. Soil
Biology and Biochemistry, 2002, 34 (8): 1131—1137.
Lu W W, Shi W M. Potential of dissimilatory nitrate
reduction to ammonium in paddy soils in paddy soils in
the Taihu Lake region as affected by irrigation with tail
water from pig rearing[J]. Acta Pedologica Sinica, 2012,
49 (6): 1120—1127. [ M6, EILW. FRiE AR
KT TR X A 390 e IX K A - i TR AR S P38 A e 11 52 )
[3]. 3224k, 2012, 49 (6): 1120—1127.]

Shan J, Zhao X, Sheng R, et al. Dissimilatory nitrate
reduction processes in typical Chinese paddy soils:
Rates, relative contributions, and influencing factors[J].
Environmental Science and Technology, 2016, 50 ( 18 ):
9972—9980.

Pandey A, Suter H, HeJ Z, et al. Dissimilatory nitrate
reduction to ammonium dominates nitrate reduction in
long-term low nitrogen fertilized rice paddies[J]. Soil
Biology and Biochemistry, 2019, 131 (4): 149—156.
Weber K A, Urrutia M M, Churchill P F, et al. Anaerobic
redox cycling of iron by freshwater sediment
microorganisms[J]. Environmental Microbiology, 2006,
8 (1): 100—113.

Coby A J, Picardal F, Shelobolina E, et al. Repeated
anaerobic microbial redox cycling of iron[J]. Applied and

Environmental Microbiology , 2011 , 77 ( 17 ):

[9]

[ 18]

Robertson E K, Roberts K L, Burdorf L D W, et al.
Dissimilatory nitrate reduction to ammonium coupled to
Fe ( II ) oxidation in sediments of a periodically hypoxic
estuary[J]. Limnology and Oceanography, 2016, 61( 1):
365—381.

Chen P C, Li X M, Li F B. Shifts of microbial
communities during Fe ( I ) oxidation coupled to nitrate
reduction in paddy soil[J]. China Environmental Science,
2017, 37(1): 358—366. [FRMSRE, ZEWeds, 220541, K
fit Fe (11) %ALHEG NOy B I A AR L[],
EHER 2, 2017, 37 (1): 358—366.]

Wang M, Hu R,

chemodenitrification for N,O emissions from nitrate

Ruser R, et al. Role of
reduction in rice paddy soils[J]. ACS Earth and Space
Chemistry, 2020, 4 (1): 122—132.

LiJ F, Chai Y C, Chen S T, et al. Measurement of
denitrification, Anammox, DNRA rates, and net N, flux
in paddy soil using a membrane inlet mass
spectrometer[J]. Journal of Agri-Environment Science,
2019, 38 (7): 1541—1549. [ZEgk3%, SefE s, BRIYE,
S5 ORI FH RS A IO AL 5 K e R LA DR AR R Lk
. O IF R AR (T], 2019, 38(7): 1541—1549.]
Roberts K L, Kessler AJ, Grace M R, et al. Increased
rates of dissimilatory nitrate reduction to ammonium
( DNRA ) under oxic conditions in a periodically hypoxic
estuary[J]. Geochimica et Cosmochimica Acta, 2014, 133
(3): 313—324.

Yin GY, Hou L J, Liu M, et al. DNRA in intertidal
of the
Geophysical Research: Biogeosciences, 2017, 122( 8):
1988—1998.

van den Berg E M, Elisrio M P, Kuenen J G, et al.
Fermentative bacteria influence the competition between
and DNRA bacteria[J].
Microbiology, 2017, 8: 1684.

Tao Y L, Wen D H. Dissimilatory nitrate reduction to

sediments Yangtze Estuary[J]. Journal of

denitrifiers Frontiers in

ammonium : the potential and impacts in estuarine
regions[J]. Microbiology China, 2016, 43( 1 ): 172—181.
(KR 2R, TRARHE. 20T il 19 6 S A3t s pit e il 7 B G
TEW R R G I FE o 5 52 (7], Sk W4
i, 2016, 43 (1): 172—181.]

Roberts KL, Eate VM, Eyre B D, etal. Hypoxic events
stimulate nitrogen recycling in a shallow salt-wedge
estuary: The Yarra River Estuary, Australia[J]. Limnology
and Oceanography, 2012, 57 (5): 1427—1442.
YinGY, HouLJ, Liu M, etal. Anovel membrane inlet
mass spectrometer method to measure "NH," for isotope-
enrichment experiments in aquatic ecosystems[J].
Environmental Science and Technology, 2014, 48 ( 16 ):
9555—9562.

Nielsen J L, Nielsen P H. Microbial nitrate-dependent

http://pedologica.issas.ac.cn



262

+ i

e 59 &

[ 19 ]

[ 20 ]

[ 22 ]

[ 24 ]

[ 28 ]

oxidation of ferrous iron in activated sludge[J].
Environmental Science and Technology, 1998, 32 (22 ):
3556—3561.

Yoon S, Cruz-Garcia C, Sanford R, et al. Denitrification
versus respiratory ammonification : Environmental
controls of two competing dissimilatory NO;/NO,
reduction pathways in Shewanella loihica strain PV-4[J].
The ISME Journal, 2015, 9 (5): 1093—1104.

Wilks T,

periplasm of Escherichia coli: Rapid measurement by

Slonczewski J. pH of the cytoplasm and
green fluorescent protein fluorimetry[J]. Journal of
Bacteriology, 2007, 189 (15): 5601—5607.
Abraham Z H L, Smith B E, Howes B D, et al.
pH-dependence for binding a single nitrite ion to each
type-2 copper centre in the copper-containing nitrite
reductase of Alcaligenes xylosoxidans[J]. Biochemical
Journal, 1997, 324 (2): 511—516.

Kajie S I,

cytochrome c¢ss; from Escherichia coli K12 and its

Anraku Y. Purification of a hexaheme

properties as a nitrite reductase[J]. European Journal of
Biochemistry, 1986, 154 (2). 457—463.

Zhang J B, Lan T, Muller C, et al. Dissimilatory nitrate
reduction to ammonium ( DNRA ) plays an important role
in soil nitrogen conservation in neutral and alkaline but
not acidic rice soil[J]. Journal of Soils and Sediments,
2015, 15 (3): 523—531.

Rahman M M, Roberts KL, Grace M R, et al. Role of
organic carbon , nitrate and ferrous iron on the
partitioning between denitrification and DNRA in
constructed stormwater urban wetlands[J]. Science of the
Total Environment, 2019, 666 (5): 608—617.
Carlson HK, Clark I C, Blazewicz SJ, etal. Fe (I )
oxidation is an innate capability of nitrate-reducing
bacteria that involves abiotic and biotic reactions[J].
Journal of Bacteriology, 2013, 195 (14 ): 3260—3268.
Hansen H C B, Koch C B, NanckeKrogh H, et al. Abiotic
nitrate reduction to ammonium: Key role of green rust[J].
Environmental Science and Technology, 1996, 30 (6):
2053—2056.

Weber K A, Picardal F W, Roden E E. Microbially
catalyzed nitrate-dependent oxidation of biogenic solid-
phase Fe ( 1T ) compounds[J]. Environmental Science and
Technology, 2001, 35 (8): 1644—1650.

Hou LJ, Zheng Y L, Liu M, et al. Anaerobic ammonium
oxidation and its contribution to nitrogen removal in

China's coastal wetlands[J]. Scientific Reports, 2015, 5:

15621.

Smith CJ, Dong L F, Wilson J, et al. Seasonal variation
in denitrification and dissimilatory nitrate reduction to
ammonia process rates and corresponding key functional
genes along an estuarine nitrate gradient[J]. Frontiers in
Microbiology, 2015, 6: 542.

Chen Z, Wang C H, Gschwendtner S, et al. Relationships
between denitrification gene expression, dissimilatory
nitrate reduction to ammonium and nitrous oxide and
dinitrogen production in montane grassland soils[J]. Soil
Biology and Biochemistry, 2015, 87 (8): 67—77.
Silver W L, Thompson A W, Reich A, et al. Nitrogen
cycling in tropical plantation forests: Potential controls
on nitrogen retention[J]. Ecological Applications, 2005,
15 (5): 1604—1614.

Yang W H, Ryals RA, Cusack DF, etal. Cross-biome
assessment of gross soil nitrogen cycling in California
ecosystems[J]. Soil Biology and Biochemistry, 2017, 107
(4): 144—155.

Fazzolari E, Nicolardot B, Germon J C. Simultaneous
effects of increasing levels of glucose and oxygen partial
pressures on denitrification and dissimilatory nitrate
reduction to ammonium in repacked soil cores[J].
European Journal of Soil Biology, 1998, 34( 1 ): 47—52.
Dong L F, Sobey M N, Smith CJ, et al. Dissimilatory
reduction of nitrate to ammonium, not denitrification or
anammox, dominates benthic nitrate reduction in tropical
estuaries[J]. Limnology and Oceanography,2011,56( 1):
279—291.

Liu C, Hou LJ, Liu M, et al. Coupling of denitrification
and anaerobic ammonium oxidation with nitrification in
sediments of the Yangtze Estuary: Importance and

controlling factors[J]. Estuarine Coastal and Shelf
Science, 2019, 220 (5): 64—72.
S P. Linkages

mineralization and denitrification

Seitzinger between organic matter
in eight riparian
wetlands[J]. Biogeochemistry, 1994, 25 (1): 19—39.
Burgin A J, Hamilton S K. Have we overemphasized the
role of denitrification in aquatic ecosystems? A review of
nitrate removal pathways[J]. Frontiers in Ecology and the
Environment, 2007, 5 (2): 89—96.

Murphy A E, Bulseco AN, Ackerman R, et al. Sulphide
addition favours respiratory ammonification ( DNRA )

over complete denitrification and alters the active
marsh

microbial community in salt

Environmental Microbiology, 2020, 22( 6 ): 2124—2139.

sediments[J].

(RERE: » #)

http://pedologica.issas.ac.cn



