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Abstract: High levels of N fertilization and acid deposition could cause soil acidification directly and indirectly. The
nitrogen cycle, especially nitrification, makes a great contribution to the acidification of agricultural soils across China,
which further leads to the mobilization of potentially toxic metals such aluminum ( Al) and manganese (Mn) and decrease
crop yields. Chemicals (e.g., CaO) are amended as soil conditioners to relieve soil acidification. Ammonia oxidation, the
rate—limiting step in the nitrification process, is driven by ammonia—oxidizing bacteria ( AOB) and ammonia—oxidizing
archaea (AOA). Increasing evidence demonstrates that pH is one of the most important factors determining the niche
separation of AOA and AOB, and AOA play the more important role in nitrification of acidic soils. However, abundant AOB
have been detected in acidic soils but little is known about their ecological function. In this study, the effects of long—term

N fertilization practices and liming on nitrification and ammonia oxidizers in acidic soils were investigated using quantitative
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PCR and DGGE methods combined with soil physiochemical analysis.

Compared with a previous study conducted 6 years ago at the same site, N fertilizer application without liming further
decreased soil pH (3.35—3.47) and potential nitrification rate (PNR) (0.02—0.14 wg NO-N ¢™' soil h™") , while 2
years liming alleviated soil acidification ( pH 4.10—4.46) and increased PNR (0.22—0.34 pg NO,-N g™' soil h™")
significantly. There was a significantly positive correlation between soil pH and PNR, indicating the increase in soil pH via
liming had positive effects on nitrification in acidic soils. AOA amoA gene copy numbers (7.40 x 10’—4.08 x 10° copies/
g) were significantly higher than those (1.67 x 10°—2.57 x 107 copies/g) in soils that received different chemical N
fertilizers. Ratios of AOA and AOB amoA gene abundance ranged between 10.9 and 44.3. After amending lime for two years
in the N fertilizers treatment plots, AOA amoA gene copy numbers (8.23 x 10°—4.89 x 107 copies/g) decreased to a
certain degree but AOB amoA gene copy numbers (1.99 x 10’—5.42 x 107 copies/g) increased significantly compared to
corresponding fertilization treatments without liming, which in lower ratios of AOA to AOB amoA gene abundance (0.83—1.
94). Moreover, iming showed no clear influence on AOA community structure, but significantly increased AOB community
diversity. Taken together, these results indicate that although the activity and abundance of AOA was generally greater than
those of AOB in acidic soils, both AOA and AOB actively responded to disturbance in acidic soils based on their niche

differentiation and had different effects on nitrification of acidic soils.

Key Words: Acidic soils, Liming; Nitrification; Ammonia-oxidizing archaea ( AOA); Ammonia-oxidizing bacteria
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BEY,

ALV TS TR R AR S 72 RS2 338 vh JCAIL B AL A5 5 A, B A A T R A - 38 3
—BRAL A T4 R TR IR R R R I A T R BREE B, R A R A
PEABT IR | 352 i 2 A AL 41 T (ammonia-oxidizing bacteria, AOB) R R ( ammonia-oxidizing archaea,
AOA) R E Ko FAERFPAA LI, IR ZFIAEE R F A F5 IR pH (AL |+ 182550 K + Hb R
75 AR 2 WSS 2 A AT E W A RE P AU AR | (H pH (B2 2 Wi oA S I eI PE R e R 7, ©
AWTER I, BEE pH (EIEIN, AOA FI AOB HEvE 4USUA Az B, AOA BB AN amo A S [H (23515 1 2.
EEAR, AOB T AR RO H 1 2007 45, FRATTH 1 R4S BH 2158 K 0 5 A3 S B0 3 22 16 4F it I AS [l fk 27 e
e 1 - 3 v i B SR AL A RR T B RV L AT T R A SRR I, R JEAL AU B AR T AOA FN
AOB HYBt: U T AOA FOFETE L, (B AOB BUREVR 45 H JC L F 52, #4578 T AOA A RETEIZIR I 1 4
AR PR AR A AR P TR 7 28 I A ( stable isotope probing, SIP) %5 fHF5Y , AT IESE
R R — SRR RS E I S E T

VLRGeS 1 & A O R T S A VR A SR DR, SR T 7 22 R0 M - b du R AG I B K AR
AR A ALANTE , (E X SERR P + b S S A A R W AE A R S B SO AR, T2 &SI, )
T RIS BH 218 5 A5 it A 5 3 4 0 422 52 it Ak 2% RIS AL B %) 1338 pH (ERF2L B R, HIRIE DR A = 0y ™ E A2 fHL,
SR T 2010 AR AL (N) VABIE(NK) EBEIE (NP) (EBEFAE (NPK) 2R/ X R 53t — 2
TSI ES AL 2], LU o A a0 85 Y 3% pH (B, i 3B it . ABFSEAE 2007 4R FRATTRHZAE L+
e ) LA L XTRR A 5 AR IS DA SR I CaO Ab R - 338 il £k A FH 0 220 48040 20 B Ay TR R S e A T T
PREROESE, DA i — 2D )R Rt - S AV FH it R S L SR B 22 | A H it A B i P -+ 1 i R A )y
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1 #RFFE

1.1 FRARE

AHIFFE A - A i SR T 1) R 44 A8 PH 2398 0 it A S 56034 ( 26°45'N, 111°527E) |, i i & 378 114 37 44
2R AR 18 °C AR /K i 1300 mm, ASCRIEBERE T 9 N ACFE LG 1990 45T 1 K it A
A3 % 2010 4 FF 46 i 7t i 4246 85 ( Ca0 ) Zb B8, BARIE B AR . 1) AN E ( Curol ), 2) A (N),3) AEPIE
(NK) ,4) ABEIE(NP) ,5) ABEEIIL (NPK) ,6) ZALIAAALES (N+Ca0) ,7) AL I L5 (NK+Ca0) ,8) Al
BENEIEALES (NP+Ca0) ,9) AU B I I AL 55 (NPK+Ca0) o JERHH & 4E )M N 300 kg/hm® (P,0; 120
kg/hm® K,0 120 kg/hm*,N; P,05: K,O FfE K 1:0.4.0.4; & ALE545 H &k 2550 kg/hm®

FERCREET 2012 4 7 H L ERHERIIN 0—20 em K2 13, HAAEVNXI 3 ANEE A EEZ 5 5
BUS ASSIRA T, & TINRAAE ML= 5, IR A SR SRR 5 224, 3 2 mm i b3, — 504
FET 4 CURF AT A2 PR BT I , HAR AR S T80 CORAE , I T FAE RSt
1.2 A E e S A A

35 pH (EHAY I E R 1 mol/L KCl ¥ LAZK - H 2.5:1 1248, L) Delta 320 pH 1 ( Mettler-Toledo , [ ) jill
FE . 13 NH-N Al NO;-N DA 1 mol/L KCl #%/K b 5:1 12 )5, F % 22 i 3 43 #r {1 ( SAN ++, Skalar,
Holland ) %€ , A S E R 3 llE

T+ IEAH AL ( potential nitrification rate, PNR){W%%FH%M%JE#H%U%M] o VIKE L 4:1 0] 5 g H3E
JJH/\/E? 1 mmol/L (NH,),S0, (IR EL 2% il (NaCl 8.0 ¢/L., KC10.2 ¢/L., Na,HPO, 0.2 ¢/L, NaH,PO, 0.2 ¢/

L; pH {8 7.4) ,JFAA 10 mmol/L KCIO, M EASRRER A5 ML, TAF T 25 C RmEEIFE 24 h JFINA 5 mL

2 mol/L KCl FWIZHE NO; . NO; LA N-(1-Z83%) -2 e B A4 7 540 nm P& NI, A REMIES 3 K,
1.3 13 DNA $#2H¢

+ 3 DNA $£HLL MoBio PowerSoil™ DNA (MO BIO laboratories, CA, US) )& & EATHEE, FREX 0.25 ¢
3 BRGNS B E TR rE AT, TR WS A 2 . AN B PR AE FastPrep [ AT, BHREE Ky 5.0, B 0] &y 45 s, DNA
PBUG T-20 CAFERH, A DNA S8 R% 10 5 T FIscss:,
1.4 SE# PCR 47

AN (AOB) FIZ E AL TE (AOA) JE it PCR 70 AT R H] SYBR Green ¥, )X B 7E iCycle iQ5 ( Bio-
Rad, USA){¥# 4T, PCR WA FR N 25 wL, % 12.5 pL 2 x SYBR Premix Ex Taq™(TaKaRa, Japan) , 10
wmol/L 1E 2[5 14145 0.5 wL,DNA #5ii 2 wl, A3 F ddH,0 #hE % 25 pL'™ , E& PCR BT B 4514 &
RN AL 1,
1.5 ARPA0 B B e FL UK A3 AT

SR AT W (R TS G548 43 ATT SR FH AR P i B8 i FEL UK ( denaturing gradient gel electrophoresis, DGGE) %,
DGGE 7 DCode Universal Mutation Detection System ( Bio-Rad, USA) #1417, AOA amoA FE[H PCR ¥ Hifk &
125 pL, HAP 435 12.5 pl 2 x Premix Ex Taq'"( TaKaRa, Japan) ,10 wmol/L 1EZ[a]5[#)4% 0.5 L, DNA f=AR
2 wL, HAYH ddH,0 #ME E 25 pL, AOB amoA FEHY A ZRER 10 wmol/L TE S 185 9 K 0.4 wL 4h, H
AR5 AOA amoA MW AKZAHF], DGGE-PCR S (4 35 |9 S S i 2 i3k 1 s . DGGE HLUKTE 6% %K
PR e i1 7, AOA amoA FE PR BT FH B4 728 P I vk BE S 1L Ry 109%0—45% , HLUK 25445 90 V, 12 h, AOB
amoA FEPR A5 1 I v 6 BBl N 30%—55% , B UK 55040 120 V, 8 h, b FEVEI M S H 2 1T DGGE 43#r .
1.6 Giitodr

ATIGE A AR S BT R A Pearson AHICAMHT s BN N 5 N+CaO \NK 5 NK+CaO NP 5 NP+CaO ,NPK
5 NPK+CaO 4520 A 0] ) 22 S 40 B 2R B B B50d T AS 3640 5 22 4B 1) ) 0 22 A >R L B0 D 250 2243
M ANOVA, Frf G564 H SPSS 19 5281, P<0.05 BN 22 55 2% . DGGE K& rY R 25 #1 L Quantity
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One BAEEUEAS 5 LA UPGMA J7 4T,

%1 X8 PCR K DGGE-PCR H A3 MR RMERF
Table 1 Primers and reaction conditions used for Real-time PCR and PCR for DGGE

TR i -
HURTE A ST 514 51 R 550
arect group 4 Primer Sequence Thermal program Reference
purpose
AOB 7E# PCR 95 CHIZEE 1 min; 95 °C 81k 10 5,55
amoA- 1F GGGGTTTCTACTGGTGGT . ) 20
AOB amo CiB K 30 5,72 CHEMH 1 min, 3 40 [20]
itative PCR AMEIF 372 C 30 s 5, 7E 83 CIRAL 15 «
Quantitative amoA-2R CCCCTCKGSAAAGCCTTCTTC M o7, 83 THALS s
95 C FiAEHE 3 min; 95 CAFHE 30 5,62
AOB CGCCGCCLEECCEECEEECCEEEGE- OB 3 min o e o
DGGE-PCR amoA-TEGE - GeceeerTreracreeTeeT TCIBK 45 5,72 CIE 1 min, Z i3 [19]
PEAIR KRR 0.5 °C 3k 10 M
;95 CAEPE 30 5,57 CiB K 455,72 C
amoA-2R CCCCTCKGSAAAGCCTTCTTC FEMf 1 min, 3t 30 4SE IR 72 °C LE fif
10 min,
AOA JE# PCR 95 CHAEME 1 min; 95 °C A&k 10 5,53
AOA Arch—amoAF STAATGGTCTGGCTTAGACG CiR %k 30s,72 CHEH 1 min, 3t 40 [21]
Quantitative PCR 572 CHEMH 1 min,
Arch-amoAR GCGGCCATCCATCTGTATGT

95 CHIAEME 1 min; 94 C A8 Mk 30 s, 55
CrenamoA-23f ATGGTCTGGCTWAGACG CiEk 30 s,72 °CZEAH 1 min, 3 10 4> [17]
HEH ;92 CAEPE 30 5,55 CiB K 30 s,

AOA
DGGE-PCR

72 CHEH 1 min, 3E 25 AMEEF ;72 °C 4E

CrenamoA-616r GCCATCCATCTGTATGTCCA .
f# 10 min

2 ZER(Results)

2.1 TIEACEEPE BT LIS # (PNR)

5 T RER A2 T SRS AV AN R 2 TR, S50 IR Crol - 3EAH HL, T A5 it T b LA +- 18 pHL ) K
f(3.35—3.47) . BUOHEHE T 845 1 BoR, BRI CaO J&, 118 pH () B FF 1 (4.10—4.46) (t>14, P<
0.05) , A AbPE 3 NH;-N &8I0 %225 i it N NK NP JEAHEH NO-N & & (11.66—12.93 mg/
kg) 535w T H Al AL B 9 (0.63—2.27 mg/kg) ,NPK+CaO } Ctrol 4 NOS-N & A%, 435114 0.63 F1 0.
69 mg/kg,

F2 ITHMNERLEERRBLER (HRERE)

Table 2 Basic chemical properties and potential nitrification rates of sampled soils (tstandard error)

F LB (PNR
%:imem PH ke (N:g;i\]/ NO3-N/ Putemialﬁiﬁzﬁjn rat(:)( PNR)/
g) (mg/kg) (e NO3-N ¢! soil h™')
Ctrol 443 10.880.57a 0.690.19a 0.440.02h
N 3.35 19.86+3.08a 12.930.34d 0.02::0.00a
NK 3.41 14.4422.01a 12.4620.56¢d 0.09:0.00¢
NP 3.42 13.300.43a 11.66:0.0.49c 0.06+0.00b
NPK 3.47 6.75:0.48a 1.94::0.40ab 0.140.00d
N+Ca0 4.10 8.81:0.24a 1.08:0.18ab 0.27:0.00f
NK+Ca0 4.46 6.87+0.56a 2.27:0.26h 0.22:+0.01e
NP+Ca0 415 12.05:1.20a 1.21+0.19ab 0.3420.01¢
NPK+Ca0 431 13.37:1.36a 0.630.12ab 0.29::0.00f

AT BRI A B 2 ) 4 2 S Wk 2
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TS AT A A AL B R B B 255, Hi, Creol R3S LIS H(0.44 pg NOS-N ¢ soil h™")
fe 5, HR A NP+Ca0(0.34 wg NOS-N g ' soil h™') ,NPK+Ca0(0.29 pg NO;-N g™' soil h™") F1 N+Ca0(0.27 g
NO;-N g ' soil h™") . % CaO A3 43 (N+CaO, NK+CaO, NP+CaO, NPK+CaO) FAS AL (0.22—0.34
pg NO;-N g™ soil h™") ¥4 5 35 e T H X7 (4t A AL B 4392 ( 0.02—0.14 wg NO3-N g7 soil h™') , IRl AL TE A
545 pH o 2R EFIEAK(£=0.78, P<0.05) , XLELGIREITNN CaO, 7EHE 55 135 pH (ELAY W] B 22 25 3 fin
T s
2.2 FEALRMED R FE A ] AOA EE AOB

FIFH 2986 R i PCR HAR X 4540 1 4 38 v (1 & 2
FALZETR (AOB) 28 AL T 7 (AOA) 1Y amoA FEH F
FESEAT T 4307, S5 R a0 1 R, OB T A543 Bt
ZER R FEFFE RN CaO AL FEF, AOA amoA HE[H
B FE R4 i 2 8 T AOB(P<0.05) , —# Wy HL{l A 10.
9—44.3, I CaO J&i, AOA FFETE—EFLBE AR,
AOB EJF B Z 1 (P<0.05) , ffif3 AOA F1 AOB —

cp D CD
AB BC BC. BC

gL be | [bc Abc =¢ ¢
ab ab
a

lg(amo AJEFI¥E WL %D
Ig(Number of amoA gene/(copies/g))

SEPR BN Y, TE R 2 22 5, L IE AR AIR 2 0.83—1.94, 57 ¥ =2 E§ 33 ¢
T ¥

FET A Qb H ) % R 3 AOA F BF 7 (1.39x10° ¥z K
Kb ¥ Treatments Z

copies/g) , N+ CaO + 3 AOA =F J&F F X (5.31 x 10’
copies/g) ; NPK+CaO b3+ 3 AOB F- i (2.42x  E 1 FRGBLER AL (Ca0) AH LB L EHAANAHE
10° copies/g) , N AL FE 13 Hh AOB = J £ fIk ( 3.34 % (AOB) MISAMAE (AOA) amoA BRF &
10° copies/g) . Bh, MRS S S 1 HER AOA Fig.1 Abundance of archaeal and bacterial amoA gene in soils
under different N fertilizers and CaO treatments

AOB amoA BN F BER TR EAIA, I AOA Moo R 5 AOA I fide Ao A2 52 35
AOB amoA SEHFBEZ A, B EHEP AL amoA FEHFTE g smdm A0B 25 5 £
BEIFAX(r=0.40, P<0.05) .
2.3 FEAMEYIREE S

AT (AOB) AL T (AOA) BRI L5 L PCR-DGGE J5 ik b AT 40 Mr , 45 R & BT A Ab B
KO A3 LB AOA PCR =¥ T DGGE HiJK, DGGE K3 Kz Hxt B 45 Y SIS0 b &5 S8 S |, %of R Ak 3
Ctrol 5 H& it B AL BH S 40 I, BAh il R — 37, e AN FRAL I Crrol +3E 70 AOA WIBEIR 454 5 Ho B AL BRAFAE
B 22 5 T A iEAE AL B N b BE 5 HE A BB i 40 FF NP Fl NK, NPK+CaO il NPK,NK+CaO NP+ CaO Fll
N+CaO0 M 5IRE M 3 /N3 32 (B 2a F12b) , KB AOA [IREE LI AE X = 4IAb B P AP AE RS N2 ST

X AOB SR, i i CaO 1) A5 A HRIATRESAT U219 PCR P21 HE1T DGGE HL K 43T, {H 45 fift H ) A
i PCR 988 &4, % BB AL PR 13 Cirol Mo 4% it B AL B 43 AOB amoA FE[H PCR §M ¥ P~ 55 - 2P BN
i, 7E DGGE EiE VS 3] —BEBEHL ST ; SAMENN CaO BYALFRAH L, i in CaO A FFA AL FEH AOB Y DGGE
SRR A, O s A S A BEIE AR A R IE N CaO BH SR T X R AL AN B A A K BB AR, NPK
+Ca0 AbFE I L N+CaO,NK+CaO ,NP+CaO Ab B 7R H B = i 4L 2 FE 1% (8] 3a) . X DGGE & 17 1Y
R HZE A W it N AE A 38 R f R Ak 3 55 s A BB I A O LA A SRR R T — K43 32, e s i
CaO [ 4 ANALH SR B —A4 /N %, H NPK+CaO ZbFE 5 N+CaO,NK+CaO ,NP+CaO #HH. 20 FF (& 3b) .

3 Wit

3.1 KIHEAE A PR AN CaO X 4964 o AAS AL A FH 5 1)
K N G2 S 8CE AL, 4 TRk W, 2 — 20 i SRR AR I T RES DEA 5 &R TR (W
AP EE) 15 L S P VA PR AN R RGN, BRI B i SRR AR (RIS R fo ik RE VA Ak - 3 b A —
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Fig.2 Denaturing gradient gel electrophoresis (DGGE) profiles (a) and the UPGMA dendrogram (b) of ammonia-oxidizing archaeal

(a) amoA gene in soils

DGGE[ % s 8 9 3 UPGMAZE 2 534t
S > he
v S I2 u
¥ 2 ¥ £ 2 2 2 g £
0.16 030 040 050 060 070 080 090  1.00
CK
—| 023
N
0.16 NK
NPK
4'0.76
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U 056
NPK+Ca0
0.65 N+CaO
073 NP+Ca0
0.82
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B3 FAELEFSENEE amoA EE DGGE B (a) REH UPGMA BH 44T (b)
Fig.3 Denaturing gradient gel electrophoresis (DGGE) profiles (a) and the UPGMA dendrogram (b) of ammonia—oxidizing bacterial

(a) amoA gene in soils

SO SR NG 5 AT il - A R A A B A R R G o R RO AL B E AR R O BT
F 2007 A X6F 124K i A S 46 3l ()R 1 A B/ N DX A T AT 9 K B, 5 A it A ) ke TR = S A L, 7 4 48 16 41
N JEALBES N NP \NK NPK b3 -3 pH ., 1B AR (3.71—4.04) , A ALIEH PNR(0.26—0.99 pg NO,-N
g soil h™) LML T A B LI (1.49 pg NOS-N g soil h™') o FEARBFE T BATVRI, L& 525 6 FIHF
SEptn N LG, XLt e AL 3 0 pH ) (I — 2P REAK (3.35—3.47) , A AL T 3 PNR A 1 &A% (0.02—
0.14 pg NO;-N ¢ soil h™") . [HAEZELL AN N CaO J5, + 38 pH ) 18 53 T (4.10—4.46) , Al 17 34
PNR(0.22—0.34 g NO3-N g™' soil h™") L i 3 & T L e 145, Pearson FHOC/MHT AL, 1IERIIL IS S
4 pH {H 5 B E EAE X LA R 3 b | 3 pH (A3 A A T AL e, X 5 2 AR BT
e —" L pH SRR VE A R R T RESE R, I pH EARF] T NH, 76 3 77 8, KR
NH, B b A2 B NH 38 SO A /E IR AS R LG, ORI F RS e VE - e T . (AT BF9E & B pH<S 19
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HHETE N L AR R i, AR AR e A, X T RE S IR AP R A O

%1.11 28 S AT Y IR SR CaO 1M i

TR AR AL B + 38 b | ZSE LT B AOA amoA FEH (7.40x107—4.08x 10° copies/g) F=F ) i 5 T
AN AOB(1.67x10°—2.57x107 copies/g) , 3 WA N 10.9—44.3 53X 5FRA] 2007 4F (177 A8 45 2 — 2L,
HEHAA EFPE T AOA 7 BB AP RS AT = A MK BB IR, 78 K X I R
I, pH (B R IK S & E AL W) Z PRV A e YRR EZE R T Nicol 281 X pH {EME Ry 4.9—7.5 (5L
M ATV ST AL, AOA 5 AOB HU%ki LU {ERE pH (EIG AN FEAR , AOA BYEUE T amoA FHEPH 1 FRIK T 1
B+ 3 pH (B3 BH 5 FRAR, 1T AOB JUIAH B2 . FRATT B I P At Ak 5 2 R P o 308 o 00 7 6 R B e e v ) v 36
TR ( SIP ) S5 AT [ — 22 51 - 497 R pAF o th % B, Bt -39 pH (S350, AOA F11 AOB B V% 4 A % = FA i
R e A AR A AN R RSOV 0 R EE 0K B 2 i e ey R PE R RS BB R AR
et B T gREh 72 28 X gk B BEST T AOA Al AOB AR S-S IIARAE , BT AOB 16 ) T R A % pH
(B P R B (1 R PPl 2 S T T AOA TG 1] F7E R S AR AR R A DL 1) 38 v o S el 34

ARWFFE LS B F B | 24 [h] 33 BL 73 HE Ak BR -3 RN CaO J5, AOA FEETE—EFLEE b IAAIK, AOB U i 35 154
I, A B B LA AR S 0.83—1.94, MREVEZ5 4 ok A, 5% IR 38 b, 0T AE B 248 T AOA
FOTRE TS S5 R Y RAE 4 AR AUIE AL 3 BRI CaO AOALBRZ M B 25 5 . S IAH R , ZER TN CaO 1)
Jit A 33K AN it A %o B AL e ) AOB. = BERUAIR, BEHESRAHH] T DGGE 43#HT Y PCR #3774, X SL45 IR 52
A Sl 39 v U ST ol TR e 25 ST T 2 b U R AR AN B AR A A58 — 3. AOA 38 I R P 2k 1R 11
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