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Effects of Environmental Factors on Rate and Partitioning of Dissimilatory
Nitrate Reduction Processes in Paddy Soils

JIN Ke" 3, WEI Zhijun"** MA Xiaofang"* LI Chenglin"*?, SHAN Jun" ', YAN Xiaoyuan'*

(1. State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China; 3. Changshu Agro-ecological Experimental Station, Chinese Academy
of Sciences, Changshu, Jiangsu 215555, China; 4. School of Environment, Nanjing University, Nanjing 210023, China)

Abstract:  Objective Denitrification and dissimilatory nitrate reduction to ammonium (DNRA) are the two competing nitrate
reduction pathways that remove the available nitrate, both of which are affected by inter-related environmental factors.
Understanding how environmental factors regulate nitrate partitioning in these two competing processes is of great significance
for the optimization of nitrogen management in paddy fields. Method Using '"N-tracing technique in combination with
membrane inlet mass spectrometer (MIMS), a series of laboratory incubation experiments were performed to investigate the
effects of different environmental factors including temperature (5, 15, 20, 25, and 35 C), pH (5, 6, 7, 8.5, and 9.5), NO;
concentration (50, 100, 150, 200, and 300 umol-L’l), C/N (0, 2.5, 5, 12, and 30), Fe** (0, 300, 500, 800, and 1 000 umol-L’l), and
S% (0, 50, 62.5, 100, and 125 umol-L™") on denitrification and DNRA rates and their partitioning in nitrate reduction in three
paddy soils (Wuchang, WC; Changshu, CS; Ya’an, YA). Result Denitrification was the predominant pathway (87.97% —
91.73%), whereas DNRA only contributed to 8.27%—12.03% of the total dissimilatory nitrate reduction in all treatments.
Denitrification and DNRA rates increased exponentially with increasing temperature, as well as the DNRA/(Denitrification +
DNRA) ratio (Rpnra)- The highest denitrification and DNRA rates occurred at the pH of 7 and 8.5, respectively, and Rpnra Was
higher in an acidic environment (6.24%—15.56%) than under an alkaline environment (4.92%-14.67%). The response of
denitrification and DNRA rates to nitrate concentrations fitted well with the Michaelis-Menten relationship, in which the V;,,, and
K., of denitrification were larger than those of DNRA. In the three paddy soils, compared with the treatment without glucose
addition, denitrification rates were significantly increased by 22%-35% at the C/N ratio of 2.5. Following the C/N ratio increased
to > 2.5, DNRA rates were enhanced by 74%—199%. In terms of Fe**and S*~ addition treatments, denitrification rates were the
highest in the low levels of electron donors (300-500 pmol-L™" Fe?" and 50-62.5 pmol-L™" $%°), whereas more electron donors
(800—1 000 pmol-L™" Fe** and 100-125 pmol-L™" S*7) were required when DNRA reached the peak rates.  Conclusion By
exerting different effects on rates of denitrification and DNRA, temperature, pH, NO,, C/N ratio, Fe?*, and S* concentration
significantly changed the partitioning between denitrification and DNRA. Specifically, relatively high temperature, C/N, Fe*', and
S?" concentration favored nitrate partitioning to DNRA, while denitrification dominated the nitrate reduction process in
environments with a relatively high NO, concentration. Collectively, our results provide comprehensive information in terms of
regulation of environmental factors on nitrate partitioning between DNRA and denitrification in paddy soils. This deepens our
understanding of nitrate reduction processes and provides a scientific basis for increasing nitrogen use efficiency by favoring the
nitrate partitioning to DNRA in rice fields.

Key words: Paddy soil; Denitrification; DNRA; 15N-tracing technique; MIMS

S A AL RN R AR S AL 3R SR s 2% ( Dissimilatory R, (N,) A/, 1 DNRA NP2 NO, A JF b £ AR
nitrate reduction to ammonium, DNRA ) 2R&EAEY (NH, ) A8 o AR FHK 3198 7 R T i i) IR AR B 85
HBR AL 22 08 I o R R B R AR R A AU 3 g LR PR B AL TS BB . XA A
R AE AL SRR IR AR (NO, ) sl EfHIRIR (NO,) & ABUME , AHALHI DNRA FT ™= A (1) BREE R0 0k
R JFE R —F AR (NO), HAWE (N,O) FIE AR P B e R I i kA
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AALFEARFNEF M AR Sy, B SHIRES
K NLO BYHENL , M DNRA 18 52K B ki i NO,#414k
A F T e R NH, o] DU, R AT
A RE RS R, BARRE I 43 NOL A JFd fi
% K HTE AL R DNRA 2 [H] 43 HE, % T4 3%
T A 2 ol 4 485 it 4 v A T A RURD sl D Al S LR
JE S B0 17 T A BN A B

1t 2 ARG 3 NOL I R FE BT 57 £ 0 o
FRAEfk, % DNRA &8 500 T
DNRA i ZHFEH Z R, HAERKES A
B I FSRIE T4 T A Re AT, B, DT
W58 5 AN PRAA & R ki DNRA H 5 %
AU (BRI AR 2098 6B, DNRA s F2 09 & 4
Xof P8 4% 1 09 2R AT B IT AR 25 A I IR A
¥, TERURE R M AR R SH, DNRA 8%
AT B 3e 4 1P S ST o, R H 1% DNRA
PR & A HEEA T 0.03~5.01 nmol-g “h™', XFFH
FH -4 NOL I JFad 72 i 5 ik i vl ik 17.6%7,
I, DNRA 3t #2524

T NOJE ik F1 DNRA p3LRIEY), [H—
(e R 0 B \(O N iy £ NI B U [ 4 e [ A
DNRA Y28 5 34 WA T B2 38 I s N, I
F1 pH AT I R0 NOL I SRl A= ) 00 il 335 2 28 117 52
Mk A AR A LR . Fet TR ST AR TR R LT
HEAR R S Al ALl DNRA 42457, R[R] b4 )
HLAR B PR

5CH,0 + 4NO; + 4H" — 2N, + 5CO, + 7H,0
2CH,0 + NO; + 2H" — NH, + H,0 + 2CO,
10Fe*™ + 2NO, + 24H,0 — 10Fe (OH ) 3 + N, + 18H"
8Fe’" + NO; + 10H" — 8Fe’" + NH, + 3H,0
582 + 8NO; + 8H" — 580, + 4N, + 4H,0
S* + NOj, + H,0 + 2H" — NH; + SO;

it b, BRI NO,, DNRA L%
B8R TR R, ik, NO, R A7 FR AT
TR 7S RIE OC/NO; MREIL T, B F]F DNRA
AU B RS, DNRA dRE#EERE
OC/NO MM, P4 L R 06 M AT HLAR 1Y

B R DNRA s fE A4 £ 2 1 U190, 3] 1
i FIREPE PR B oA 56 NOL b JFUTE SRS fL Fil DNRA 22
] AR sE AR 27200, I Wang 2P0 45
BRI NO AL I PR o 2 B, I ik
Fl DNRA Xf NO, b 5L 5Tk 7351 32.0%~91.8%
Fl 4.4%~67.5%, DNRA i tb 5L £ 5 ) igfb A
4 Deng &R, KYTH DU DNRA 4
NO, I J5 et A2 1 LU H % i 7T 35 45%. Rahman 205"
R, BT AL, I TR TR 1A & Hh DNRA
B R XHEEE . ALK . NO, M Fe* &3R5 N 748
Ao 137 5 AR, FEA AR IR NG LBR A Fe® i Ab B e
DNRA R (Y3 I 28 0 2 = T ROk, B NO,y
i o B ] T DNRA & 4E .l ad A e
RI, FEH R AR 5 NO;y . A LR FI nosZ
clade 1 DJREILH F 5 & IEAHC, 1T DNRA #%
544 O/N, RE . pH. Fe” Ml STV I 3 IEAH
St 1021 gy H A A B X KRR+ NO;
Wt FETE S G AL A DNRA 22 [6] 43 B (4 BIF 98 18 A %
B, AEEHET X NOS I S0 R 42 10 P8 4 4R H
AN HE

BT, ARV LLRE . E AR KRS
WFExT 5, R PN R 28 7R 55 5 AR RS A 3
1, BFFTIREE . pH. NOJHJE . C/N. Fe’ Hl S if
FEXT A ALE R . DNRA R K — F7E NO,ib JFlid
FEH AR BTRR ARSI, DU AR A8 R X NO &+
i i ash AR 2R RN A Be A PR AR R, S A R
FELRI] FH 2R e A P 58 A T 4 398 200 2% A B e 4 AL AR
A

1 MRS Tk

1.1 s

fb A R B R T R R R
(45°18'N, 126°48'E ). VLJ3H #A( 31°55'N, 120°70'E )
PG A2 (30°10'N, 102°55'E). JH H 4R
H&Z 0~20 cm L8, BT RAKEM IR
FEIS Aty Bl 5256 23 7 i 4 A 7 XU T Ak g XU T
Jait 10 HIfRA1 0 Wiy, —MmHERRT, AT
TIEREABMETRIE (L 1); 5—MHET 4 C
VKA R R A, Bl S T = 9 8 35 00 2 B i e i
DNRA # %,
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Table 1 Basic physicochemical properties of the three tested paddy soils
S o APk AR AR FRLERE O MREE DREE
pH TN/ SOcC/ NO,-N/ NH,-N/ Clay/ Silt/ Sand/
Sample site
(gkg!) (gkeg!) (mgkg') (mgkg!) % % %
BRI
8.05+0.02a 2.03+0.21a 48.09+2.73a 20.3+0.43b 7.78 £0.22a 31.0 60.2 8.8
Wuchang, Heilongjiang
YL A
6.82£0.02c 1.54+0.10b 32.56 £0.96b 22.6+0.58a  4.00 + 0.42b 32.0 58.0 10.0
Changshu, Jiangsu
7y 1| e
7.41+0.01b 2.32+0.48a 33.4+3.34b 143+124c 3.13+0.12¢ 52.3 423 5.4

Ya’an, Sichuan

e FIARNG FRE=FOKRE LRI Z R B3, P < 0.05, Note: Different lowercase letters in the same column indicate
significant differences ( P < 0.05) among different paddy soil sampling sites.

1.2 XIG4bIE

K PN R EE S B ERE R (L ( Membrane Inlet
Mass Spectrometer, MIMS ) I & 7K F& 1 5 fiFf fb Al
DNRA #RU BARERER I . FRE 1.5 g it
e S Ak R 17 IREREK, BAS
0.5 h JFfER A A e I 73 % A 12 mL Labceo
zsifrh, S I R h sf A, BT
BRERE B IR N E IR IR 7 dOHRR A R
I NOSHI 0,). FIEFFREEH A KPNO; (PN £
JE 99.3% ) #ArhRic, AR S PN HKETE 100
wmol-L ™" (ZZ (B M 35 FH 1 /K A1 A 3275 5t NO,HR BE 1
WA ). F£ 1. 3. 6 h BFE] SR IE A RO SRR A
A 200 pL 7 mol-L™" ZnCl, i ( ZnCl, 38 32 B 5K 40
200 i T A 3 K PR ) 20k RN o

TEERREEE N 5. 15, 20, 25 F1 35 ¢, T
WFREEHR G, TEAHNRE FAE5 6 h A
K"NO; bric 4k SL 71 B T R 9% 5 il U s e

AR R R pH AR 5. 6. 7. 8.5

9.5 I EARER, AR pH RE 51T ks
NO, & JE BN 50,100,150 ,200 F1300 pmol-L™';
IR A AR R AL (DU ) BB
BE M control., 2.5, 5. 12 F130; ZERESL ML
R AV RO T AR R AR 0 300, 500,
800 F1 1 000 umol-L™" ( H:H1 500 1 800 pmol-L ™' 43
ST R S A Ak i DNRA [z hvj A 3K e A A 2 itk
FUAEIR A8 )5 #E DR SEUAE TS IR AL B s YR 0 19 R &= v
B TN 0. 50, 62.5, 100 I 125 pmol-L™" ( H

H162.5 A1 100 pmol-L ™" 43 51X 17 52 A AL A1l DNRA
N A2 A A T AR e ). B b BRI B
7TAESE, I EER AN 3 NER,
2 DNRA HREH N 4 AN ER, HEHEHE,
FIHEET MIMS (9 PN RO R EA, £
ST v N L [ o TR PN = W = =W S O
( anaerobic ammonium oxidation, anammox ) Y3# 3% ,
R =FKFE L anammox A L IR LN T
TR AR JF R 0.05%, S BL AT LAZWE, HifEAR
SR KT anammox AR ET IS A A .
1.3 RFE{L7F0 DNRA 32 EHNE

R FR4E R AR L 2 000 rmin ! (55 S0
5 min J5, i MIMS 52 F R8N, (550
o R R A O R

_ 2Py x(-F)

D.o =
29 F
Dy, = B
Diga1 = Drg+2x Dy,
slope Do ® V
24 = T

A, Dy Al Dso 230 51N AL = A2 10 2N, AT 2N,
fit, pmol-L™'; Py Fll Pso 43528 MIMS IS 1 5
i PN, AN, B umol-L™"; Dyow HEE SR
LA N B, pmol- L™y F, AR NOSH
PNOSHI LB 5 S mmien AHALHE S, nmol-g h;
slopep, oA N, ¥ 5 1 SR ik i) [l D1 455 21 IR, £
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IRIREALTR AR, pmol-L™"h'; ¥ FoRTA AL,
mL; WEnT LR, g

P —HAEES B A 100 mL J IR TR A
0.5 h, BRSPS R =R PN, PN,
FON, 5, FOB S TR 12 mL TS, A
TR A 200 pL YRR RSN B W CRRIR 5
16 mol-'L™' NaOH iAW LA 1+ S (AL EBIREG, B
B BT BRI IR R ORI TE 5 CLUT,
RATEEIT 4 Colkpfga — a0, BEER
5 0.2%0 KL FRERBURS ), T3S AeE 5 72
484k, FIBSOHLLL 2 000 rmin” A5 ES.Cy 5 min
J&, AL MIMS W BT PN (PNy+2 x N, )
{55 0mE .

DNRA R B Hlbr e th 2 . #1450,
0.5. 2. 4, 8, 10, 20 pmol-L™" fJ “NH,CI ¥/
BT 12 mL TS, PR SRR T2 i fn
A 200 pL YIS BR AL R ONH, AL N, (PN,
N, FIH MIMS JUE R PN G550, 45
F| PN 55385 SNH,Cl ¥ 22 18] iy 2k
S =N E . DNRA BRKHE AT .

SloPe[‘SNHZ] xV

SpNrA = W

i, Spnra Fe7/8 DNRA #HE anl'gil'hil;
Slope oy 9 NHLHEIE S5 320 11 1175 20
#, FORPE NH#Z, pmol'L “h''; ¥ Fm Tz

AR, mL; wExsTLE, g
DNRA /i NO, S Ak Y e 3 20k

S
Hoxea = Swiﬁ‘?mm o
A, Ronra 7378 DNRA (5 NO, AR AT LA, %o
14 #iEaE

AT, L DNRA #HEFHE =4 &
BB BME . A A S5 ab B Y 22 5,
IBM SPSS 21.0 Ge it k47 B A 3R Oy 22 43 M itb 47
Ki3%: ( Duncan ¥: %6, B E/KFEHR P < 0.05), K
H Sigma Plot 14.0 #9101 U= pR %543 591 % ik JBE 52 il
SR NOL 52 e S 56 5F 17 8 B4 AR G B2 1
L4 . FIH Origin 2021 I Sigma Plot 14.0 k{4
AT

2 45 R

2.1 AEIRE pH TKEL NO,RUIEFTFE

R SE

165, 15, 20, 25 f1 35 CAHT, HE . W
SARIVHE 22 7K R 1 1 SR Ak 385853 1) 15.42~40.39
18.36~114.07 1 13.59~67.84 nmol-g "-h"'; DNRA
BRI 1.53~11.03, 1.79~20.65 Fl 1.24~
9.57 nmol-g “h™" (&l 1), = F/KF+ 5tk M
DNRA 580 5 X i 85 758 £ ) [ 8 4 SE A AR AL, 3 B

7

o WC o CS v YA
WC ———(CS =-=----- YA
= M0 wey=3a6 ™ R =099 a)  ~ P wey=12107 R =098 b)Y
o0 CS:y=17.69""", R* =0.87 A = CS:y=112"" R=092 }j
E 105+ YA:y=10.96¢""", R* =095/ " o 18F YA:y=0.71e"", R*=0.93 // 181
i E NN S
X = <
§ g 704 S E 12t % 12
£ g z 8 &
X = a =
§ 351 < 6f 6l
S o
= Z
2 0 . = i . . .0 . . .
8 0 10 20 30 40 0 10 20 30 40 0 10 20 30
T
Temperature/C

e WC: L% CS: W#; YA: ME% ., T, Note: In the legend, WC, CS and YA represent Wuchang, Changshu and Ya’an paddy
soils, respectively. Similarly hereafter for WC, CS, and YA in the following figures.

P R EEX =Rk RS L AL . DNRA BEFH Rpnpa 520

Fig. 1 Effects of temperature on denitrification rate, DNRA rate and Rpnra of three paddy soils
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T 60 %

TRE TR R BT (P <0.05), FH . H AR
e 22K R A S i AL RS R By =
13.46¢" (R*=10.99)., y=17.69¢""* (R*=0.89)
My =10.96e"%" (R*=0.97 ), DNRA # R4 pR%L
SRy =1.21""" (R*=0.97 ), y=1.12""" (R* =
0.96) il y=0.71""™ (R*=0.90 ). il id i34 T
W LOH AL AL R O (RIREE BT
10 °C R RN 430 1.38. 1.99
1.73; =®/KFH 1+ DNRA R 0,055 R 1.93,
2.45 F1 238, Hrp, [F—t3Ed, RESLE O /D
F DNRA Y Qoo 7E 35 CALHirp, HE . H A
HMEZKFEE Ronga BN 21.45% ., 15.33%F
12.37% (&l 1¢ )

it 3 pH WP AR, =Rkt Rk

1l DNRA #ABFEE pH Fh s 2 e THE S T R
A AR R AL AT DNRA A fl pH BEAT AN
A, FH KA AIE A DNRA DLKCH BOKFE +
DNRA fii pH 2 7, 1 & BOKAE 1 S A A SR 22
KRG 4 AL Al DNRA f¢cili pH 4 8.5, TLH . 4
FIVHE 2 K F = S AL 85 50l o 23.65~40.82

14.53~43.81 #il 28.72~43.89 nmol-g "*h"'; DNRA
HFEHIHA 3.03~6.96, 0.97~2.95 Fl 4.46~7.55
nmol-g “h™' (& 2), HHXTMRVERE, =FhkKHE+
[ SR A AT DNRA BRTERRME SR T . T

WM L KRG L Roxea 050K 11.37% ~
15.45% . 4.91%~9.71%H1 11.95%~15.56%( [ 2¢ ),
ST F R XS TS, PRMEFREE T DNRA TE
NO, AL JF ) 5 LB g

~ H IS A N TR 8595 o wg__a_ gg v m
e
= —~12; 20¢
‘on =P o
W E w2 o Sy ==
= ® < £ 6t
T © 3 D,//D\\
> -2 % § - N
= N
g = . o
£ Z
5 0 .
A 5 6 7 8 9 10
KL pH
Sample site

1 ANR/NG FIACEART pH ALBEZ 8] 22 5 5.3, P<0.05, Note: In each soil, different lowercase letters above the bars indicate

significant differences ( P <0.05) among different pH treatments.

B2 pH X =FUKRE+ R AFL . DNRA SEEFT Rowga H952 R
Fig. 2 Effects of pH on denitrification rate, DNRA rate and Rpnra of three paddy soils

2.2 A[E NOKEM C/N TATEL NO,RIULIEFER

T REER HE

FEK 2 NO, M 50.,100.,150,200 1 300 pmol-L™!
o, R LR EARIRE 2 K R B Y RO AR ER S SR
20.70~95.43, 72.51~143.72 Hl 12.95~97.07
nmol-g “h™'; DNRA #3528 1.98~8.23, 6.62~
14.57 F1 0.50~14.66 nmol-g "“h™' (& 3), =RKHg
+ B SRS AL AT DNRA R X NOL e AR £k By i) 107 4
ALK, WA NOJKERAS KK IR, B
L I A2 KR b B BB AL HR AN SR )
M y=—55.40+185.39x/ (72.20 +x) (R*=10.98 ),
y=151.61x/ (41.09 + x) (R*=0.67) Fly = — 45.06+

211.03x/ ( 135.44 + x) (R*=0.98 ), DNRA #Ri4&
BRECT N y = — 5.91 + 15.57x/ (46.56 + x) (R*=
0.89). y = 11.40x/ (14.05 +x) (R*=10.78) Fly =
—19.53+40.11x/ (51.14 +x) (R*=0.98 ), F3 . ¥
SR 22 KR = RS A I K R (Vi ) 237000
129.99, 151.61 11 165.97 nmol-g “h™'; DNRA 4 Vpax
359k 9.66. 11.40 F1 20.58 nmol-g “h', =F/KAg
+ AL Vinax KT DNRA B Vipaxo SURHAE K TG
WHC (Kn) 43500 72.20, 41.09 il 135.44 pmol-L™';
DNRA ) K., 7054 46.56,14.05 F1 51.14 pmol-L ™',
= PRSI AH LAY K KT DNRA B Ko 3
i BFIUHE 22 K8 11 Rowra 2390114 6.79%~9.99%
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o) wcC o CS v YA
. WC ———=—(CS ====-- YA
= 160, 16 -
T 160 a) —.; 6 b) % ———— 3a 20 o)
w g 120+ M_Tib 12 ’E__?E::f’i ______ 15t
23 g0l H g £ g £
= % 80 < £ 8 ca b b b b ad 210
Eg & 8 /// A
x-S 40t £E 4t S
8 g cgy 5
-:E 0r v CS: y=151.61x/(41.09+x), K*=0.67 % 0f d¢
g _ YA:y=-45.06+211.03x/(135 44+x), R°=0.98 A ) ) ) ) ) ) ol— ) ) ) ) )
/A 50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300

NO;#¢ i
NOj; concentration/(umol-L™")

H ARVNG FRRE AR NOJYREAPLZ W22 5 W3, P<0.05. Note: In each soil, different lowercase letters above the bars

indicate significant differences ( P < 0.05) among different NO; concentration treatments.

Bl 3 NOJREEN =FlkAE T fidft . DNRA ZERH Rpxpa MR

Fig. 3 Effects of NO; concentration on denitrification rate, DNRA rate and Rpxra of three paddy soils

5.41%~9.71%F1 3.70%~16.64% ( & 3c), 7E% SR E T 21.89% . 35.30%F1 24.12%; 1fiif C/N > 2.5

NO,#JE (Bl 50~150 pmol-L™") Hf, Rpnra 5, i, DNRA #RSMEEFES T 73.69%. 198.98%
Bl NOJHREEYEIN Ronga 2 WTREAR 1 185.55%. #E—2L115 DNRA (G AR, HHF .

TER A Z PR IR R CON 00 250 5. 12 K BAHIHEZ KAE 11 Ronra 73591024 8.98%~12.63% .
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Fig. 4 Effects of C/N on denitrification rate, DNRA rate and Rpnra of three paddy soils
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Fig. 5 Effects of F e?* concentration on denitrification rate, DNRA rate and Rpngra of three paddy soils
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Fig. 6 Effects of S% concentration on denitrification rate, DNRA rate and Rpxra of three paddy soils
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