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Abstract: [ Objective ] Soil acidification is one of the most important limitations on agricultural production in the red soil
regions of South China, where the production of staple food crops is negatively affected by acid soil because its high contents of
aluminum, manganese and acid hinder efficient use of soil nutrients such as nitrogen (N). Therefore, there is an urgent need for
dual improvement of soil pH and N use efficiency in the red soil regions. As a conventional method for ameliorating acidic soils,
liming increases soil pH, but inevitably enhances soil nitrification. The enhanced nitrification not only accelerates soil
acidification, but also increases the risk of nitrate loss through leaching and runoff in the red soil regions with abundant rainfall.

To prevent nitrification, dicyandiamide (DCD) is a commonly used nitrification inhibitor, which will reduce nitrate loss and soil
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acidification. The use of DCD coupled with lime may be an effective approach to improving red soil productivity. Previous
studies only focused on the effect of liming or DCD separately on soil nitrification, and the joint effects of liming and DCD on
nitrification of acid red soil are rarely reported. Thus, the objectives of this study are to investigate effects of combined
application of lime and DCD on soil pH and nitrification in acid red soil and their underlying mechanisms. [ Method ] Soils
collected from the Yingtan Red Soil Ecological Experimental Station in Jiangxi Province were cultivated for 35 days, and
200 mg-kg™" urea was applied as substrate for nitrification. Two factors were involved in the study, i.e. liming rate ( 0, 2, 4 and,
6 g'kg ™' soil) and DCD application rate ( 0 and 20 mg-kg '). The soil in each treatment was sampled every 7 days for analyzing
soil pH, ammonium and nitrate contents to evaluate their variations. At the end of the culture, soil DNA was extracted and amoA
gene copies of ammonia-oxidizing archaea ( AOA) and ammonia-oxidizing bacteria ( AOB) were determined. [ Result] It was
found that liming at < 4 g-kg ' increased soil pH and enhanced nitrification, whereas liming at >4 g-kg™' increased soil pH a bit
and did almost nothing on nitrification compared with 4 g-kg™. A parabolic relationship curve was observed between soil pH and
apparent nitrification rate. Apparent nitrification rate peaked on D7, D14, and D21 in soil 6.9 or so in pH. Soil nitrification was
mainly affected by AOA and AOB, either independently or jointly. Path analysis shows that abundance of AOA had certain direct,
but negative effect on apparent soil nitrification rate, and also some indirect effect reducing the rate by negatively affecting the
abundance of AOB. On the contrary, abundance of AOB had certain positive effect on apparent nitrification rate, indicating that
the promoted nitrification was attributed mainly to AOB as a result of liming. Application of DCD displayed a significant
inhibitory effect on nitrification in red soil, regardless of soil pH. In soils high in pH ( pH 7.0~7.8), DCD inhibited nitrification by
reducing the abundance of AOB, while in soils lower in pH ( pH < 6.0), DCD inhibited the growth of both AOA and AOB, thus
reducing nitrification. Furthermore, soil pH was increased significantly due to the reduced nitrification when DCD was applied.
[ Conclusion ] Combined application of an appropriate amount of lime ( 2~4 g-kg ') and DCD can not only raise pH of the acidic
red soils and alleviate acidification, but also reduce nitrification, thus mitigating the potential threat of nitrate loss to the
environment. All the findings in this study may serve as theoretical support to and new ideas for amelioration of acid soils.
However, as the present experiment was carried out under well-controlled condition, the effects of combined application of lime
and DCD on soil pH and nitrification in fields in the red soil regions need to be further studied for validation.
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Table 1 Primer sequences and reaction procedures of ammonia-oxidizing archaeca (AOA) and ammonia-oxidizing bacteria (AOB) amoA gene
quantitative PCR

LA £ Bk 51975 F B E vZidha
Gene Primer sequence Amplicon size/bp Thermal conditions
amoAF STAATGGTCTGGCTTAGACG
AOA-amoA " 635 94 °C 30s, 55 C 30s, 72 °C 45s, 35cycles
amoAR GCGGCCATCCATCTGTATGT
amoA-1F GGGGTTTCTACTGGTGGT
AOB-amod " 491 94 °C 30s, 55 °C 30s, 72 °C 45s, 35cycles

amoA-2R CCCCTCKGSAAAGCCTTCTTC
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Fig. 2 Effects of lime and DCD on soil NO3-N content
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Fig. 3  Effects of lime and DCD on soil NHZ-N content
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Table 2  Effects of lime and DCD addition on apparent soil nitrification rate/%

=N
AR 7d 144 214 35d
Lime application rate/

(gke™) -DCD +DCD -DCD +DCD -DCD +DCD -DCD +DCD
0 19.18¢ 5.03a" 56.68b 12.68a" 78.10b 16.48a" 98.11a 27.00a"
2 38.52bc 7.60a" 91.51a 15.67a" 94.49a 16.67a" 98.03a 26.20a°
4 75.67a 2.99a" 98.15a 9.97a" 98.47a 17.14a" 98.13a 24.59a"
6 66.86ab 8.68a" 97.92a 15.61a" 97.44a 13.43a" 98.11a 25.57a

s ARNRVNG FRRROR R A K 2 0] 22 57 8 2% (P<0.05); *3R/Rii it DCD FIANjifE DCD 4b B 2 1] 22 5 i % ( P<0.05 ), Note:

Different lowercase letters in the same column indicate significant differences between different rates of liming ( P<0.05); * indicates

significant difference between +DCD and ~DCD treatments ( P<0.05) .
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Fig. 4 Correlations between soil pH and apparent nitrification rate
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TE: FHRFE/NS FRRRIEARM DCD B &AM T AR A KA ZH 25 83 (P<0.05); ARIRSEFRERIRTELI DCD )
FM AR AKARZMZES B2 (P<0.05); *F /Rl DCD FIAjiE DCD 4b ¥ 7] 2% 5 % ( P<0.05 ), Note: Different lowercase
letters indicate significant differences between different rates of liming without DCD addition( P<0.05 ); different capitals indicate significant
differences between different rates of liming with DCD addition ( P<0.05); * indicates significant difference between +DCD and -DCD
treatments ( P<0.05) .
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Fig. 5 Effects of lime and DCD on amoA gene copies in AOA and AOB
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+3E pH R EHARE (K 1), XATeER A
I AT A S e ) 9 R 3 P ) 1, 4R e 3 pH
A AR BRSO, RS A B A,
3k - HEGE W e FLELR , ARSERE IR AN 2
1 I pH A — 2R Y R B ATt A B,
FEARVEIN DCD W4T, BEERTFRAF R AR, A
JRXE £ 35 pH 9 SO A BT IR (1),
X 5T NP2 5 AL, R AT R T
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Table 3 Path coefficient analysis of the amoA gene copies in ammonia oxidizing archaea and bacteria and apparent nitrification
rate without DCD

W IR RAE
H s SEUNTERSIEEPE
Duration of
Independent variable Correlation coefficient

cultivation/d

Direct path coefficient

[HESHEEES A QInE 2 (D)

HEHR R ()

Indirect path coefficient ( indirect effect )

AOA F & AOB #F ¥

( direct effect )

AOA-amoA copies AOB-amoA copies

7 AOA " -0.897
AOB FJE? 0.875

14 AOA " ~0.883
AOB FJE* 0.993*

21 AOA FJE" —0.876
AOB F:JE* 0.996*

—0.548 — -0.349
0.419 0.456 —

—0.186 — —0.697
0.838 0.155 —

—0.154 — —0.722
0.868* 0.128 —

e RN A4 R SRR R 2 AR A& (P<0.05 ), Note: *indicates significant correlations of amod copies in ammonia oxidizing

archaea and bacteria with apparent nitrification rate at P<0.05. (DAOA-amoA copies, @AOB-amoA copies.

Jit A G sR T H S ARVE R, MRIRE I T H R
7 AETRIN DCD WA, 23N 30 n) 41
pH — ELARFERRE HAR 25 T DCD Ab B 75 it
2 gkg ' FAIREIEMETR, Ui DCD ZbBAY 43 pH 7]
ARG 4 gkg ' A RABEMFE, X 5 XHE
AIBIFFE 45 ARl o 7243 U B DCD Al i 410 il 25 25
(Rg P B2 DO B R fb b AR . PRI, 7E MR M 14k
KA R, AR E RN K EE & 14 pH, 47
MRS AMEN SRR, ST AR AL BH A%
3.2 AXAEXTLIEEVE R R m R EH
WA RISt pH o B R i A 2 AR
Jite AT DR AR RS B 4 v PR M 4T 4% pHL (RIS, i
E AR N AT o ARG T, R
TLFRAE I pH N 7 LAARHARIEE, Z)ak%E
HE pH 3N, FWAE R BTG S (£ 2),
X 5 Bramley fll WhiteP*ffiff 345 AR 8 H R A
FEALTFMA: (1) pH MFHm e 2% LN E
A, Y pH AR 7 e, AkSER R 3 pH s
R Z 3R R, JEMRRAURYIERE; (2) &
pH A W 68 < #0 l fig 4k 40 B /Y 35 % o Bramley Fl
White* 5 % B, 4 S5 1k 40 5 1% P AE 1 4% pH 6.0
Mk 8l i m, HIGHE pH A8 mm L. Ao
FAWFEE R, HE pH RN, AOA FRERrLLfF
ik, AOB F s T V2% (K 5), 51k
WLAE A ARG, i —2DUEIT S pH BREEXTSfk
A EMEIEA . (B, WAMRER, B

pH N 7.24 W5+ A KIS 2 pH Ry 7.70, 7E5%
IR 18 d J7, FUAHALZRA, WA, —Jrm, 78
MATEREIE R, AR 500 mgkg ' -, TR TAS
It A (200 mgkg ' 1), LRI E A 20l
FZIR G P R A BRI R T S —Jr, AT
Bk B At 580 in pH R8s (7.24), HA g hs
ARE PR T RE O 2805 N =5 pH BRI, dk2ld s 135
pH WP SRR A e, el L, XA
T+ ORRIREFRIAEE , O B AR AE R VAR Fr % g (1) £
e pH AR, X FTRES R INAY R MR . 14
Wt pH AT A A Ak Bl A P 5 R A
ARG B, R 9 v it £ T 5 A A
AL AE 3G 3= 22 i T AOB EEEHE N, X 5 AR
ZHAWBF 45 AT 2200 HH7 AW 5E 4 AN
B, EARDFZEH, BT AOA BIEMREERT, AOA
amoA FER = i i A K 2 A 38 IR 22 ARG, i 72
Teutscherova 2PV HESE b, it Fl A K 5 L 4
AOA il AOB amod FLIK - 34 @& A, 1 nli 22 7
R P AT RE S R+ AR 0L BT 6. AOA
FEFHEFEAVLAR LR NH A K, 7F
Teutscherova P8 HFse bk 30 HLAR & &
e (25.8 gkg'), MART L RN T 72
V. BEE pH AYSEIN, HHEPAPLE R ki AR Y
58, NH; @380, Mmfes 7 AOA My . MifE
AREETE R, AP AR EAE (8.9 gkg ), MRAT
BRI TR ET I B A & A FEMXT AOA MA K
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TCAE SR
3.3 #Rn DCD X4 4T 358 4L 45 B B9 S5 M R E AN
ARWFFEH, FEARE A K&, @ DCD
5Kt DCD Ab#AH He 3 WA 16 246 5 3 FRAIG, HLIRAIR
i B AR 2R RETE T0% 4547, TIESE T DCD 79 il i bk
STEERS AT R A M. X 51 2T AP
S5O A LR 22 i F DCD R4 T i
FIEME T AOA I AOB £ (H &, i LR,
T DCD % % Tk AR shbkiein, B & 580t
e - HErp & AR RIS W R VR R pedh,
WA IR, DCD e MR, e i
XA AR DCD FE RS AL B2, A58 7e
ENTFRE, JOIk 58 SRl S b A r= v i K 2%k
X ZET T RERE R X, BFWREL, K
PRI E R, B, DCD H 8] 4 S2BR8CR i e i —
I
3.4 A5 DCD B &AM IR MIERRE
FE PR - e, 0 e A R I A S R e e
PR AR SRR EEE L, RS —
JBCE B B AR B A RS A AR S, (AR R
i REH, AATTIE H 23t P A K LA R - 4 pH, fRIE
TEYIF=5, Mt e 7 E b el f . 1%
L AL A1 ¥ DCD RETS 16 A KRS pH RIS 1F T
Uy A7 A A b A 214 7 20 9 XA 7 v i 5 fie e Y
[, AERIE KB, 5OR)iE DCD X FEAH HL, it
DCD 7£ 4 A1 K 45 10 359745 3 il 17 213 2
A=l (F2), BERIKT RUWMAR, A4a
JRARHR ) FEMA LR T B E 2 (K 2), AUl
DCD IR AR 32 -4 pH FH a5 ISR . 5 AT
FEEE AR S, s 2= W A5 P27E g 7l 1) i 21 18 1 A
FEEM, FAKIET pH 5, DCD BYRSALAmHIE
Bifi pH TR REAG o LA, SRl BFSE &3, DCD
FE pH A8 e I - RKORE - b A AR B 4 il
A, WA RRPELTE F A MR Y, @
F W] DCD XA A A FH A4 i S8 R AOH T 1 58 pH,
XA S R A Bir A —3. DCD Jifi 5 i A ] 7]
S s R 22 F A FEREN . fEABFE F, DCD
MR 20 mgkg ' £, Kl mIEEPDCD & A
i, BABIEEY, DCD B, HAM SRR b
R I, FEARIEDCD Y it T, D4R
G B R

i — 5% DCD WVE ML L B, 76 AR A K
FEZMFT, DCD XS Ak AE i 0 AL d AR R
FENE A IR, DCD E 2@ il AOB )
O R BRI . X 5iE 202 R R
H— el T AOA YA B 2wk 2R 58 i 51
L, 53— AT R Hh T A A A1 2 B
FE5t, ANBE AR X i R T 2 B 32 B i s U
MAEA AT K 251FF , DCD %} AOA #i1 AOB [+
FEAE WEMEIER (RS, MWEERIESRMT,
DCD ] G2 i [F] B 0 ] AOA Fil AOB K41 fil il &
YEF . X5 Robinson &R0 25 SEAATR] , 156 BH 76 A [7)
AR (RERTE pH 04T ), DCD 2258 2 41 il
G0 T A A P R 0 AR, DA i
bt e

4 %5 ®©

R R RS, AR SO TR R
AORAGEALAN S (DCD ) X204 pH AASAL/E FH )
SO S HALH . 25 (1) Jit A KT LA 3N
I E R ZLE R pH, (HEEE SR SR A, 1K
XTLLHE pH (428 S BOR A B M B AR A ke it
DCD w] 3l i #0 i s Ao R 2 = 148 pH, W% + 35
BRfl; (2) ZD3ERVAILRBE 4% pH 323
SeHE G AR 7E 458 pH N 6.9 L4, 3%
RS AL ZIR B A . DCD %S AL AE A 41 250 SR AN
Z A HE pH 2 (3) A KL =40 pH, #Eifi
HaR RS AEAE R, 2R AOB FF 5. X pH( pH
<6.0) &1 F, DCD %} AOA 1 AOB #4147 i Z
YEHT, TifEE pH (pH 7.0~7.8) 44+ F, DCD *
FNE AOB, TXF AOA RIS FFA 3% . x ek
WRW, fEMmPEL L, A KM DCD M4 &t
AMAT LAAR i 129 pH, Wligz HIERR AL, 1 ELAT LAA
il LR VE o L R AT 4 SR N TR 1 1 3 i R )
FH AN UIE b P A B A T F e S .
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