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bacteria, AOB) I 5 fif§ fb 21 B8 19 = BE | BF 74 225 40 R0 22 00 X5 AN [ 50 400 B2 B i 07, &85 SR 3R, 38 pH R A8 R i 40 B T
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Abstract; Soil nitrifiers and denitrifiers play key roles in determining soil nitrogen ( N) availability, nitrate leaching, and
N,O emission, and thus they could be indicative to the effects of grazing intensity on grassland ecosystems as well as
grassland degradation. In this study, soil samples were collected from a long-term field experiment with different grazing

intensities ( low-level, middle-level, and high-level grazing) in arid and semi-arid grasslands in Inner Mongolia. We
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analyzed the responses of ammonia-oxidizing archaea ( AOA), ammonia-oxidizing bacteria ( AOB), and denitrifiers, in
terms of abundance, community composition, and diversity, at different grazing intensities using real-time PCR and
terminal restriction fragment length polymorphism ( T-RFLP) approaches. The results showed that soil pH and ammonium
content ranged from 7.90—8.18 and 6.37—35.92 mg/kg, respectively. Middle-level grazing significantly increased soil pH
(P=0.03), whereas soil ammonium content was recorded as the highest in the high-level grazing treatment ( P=0.02). Soil
heterotrophic respiration was markedly lower owing to the effects of grazing intensity than that in the non-grazing treatment
(P=0.02). AOA-amoA and AOB-amoA gene abundances ranged from (4.94—7.60) x10° and (0.68—3.75) x10° copies/
g dry soil, respectively. AOA-amoA gene abundance showed no significant change in any of the treatments, whereas middle-
level grazing strongly decreased AOB-amoA gene abundance ( P=0.04). The abundance of nosZ gene ( coding for nitrous
oxide reductase) was significantly decreased in the low-level grazing treatment ( P=0.03). The abundances of AOA and
AOB were significantly influenced by ammonium content, whereas nosZ gene abundance was influenced by substrate content
and soil aeration. Redundancy analysis showed that the variation in N availability induced by grazing was the major factor

influencing the community composition of ammonia oxidizers and denitrifiers.

Key Words; ammonia-oxidizing archaea; ammonia-oxidizing bacteria; arid and semi-arid grassland; potential nitrification

rate; denitrifying enzyme activity; grazing
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o AWFFERN OB 2 AR T 55 i 2 S A S S il AT A W D R L R = B 3 7 I 25 52 il - 8 v m] )
MRS RIESRERRIRN o BT 2500 T ek i v T e R R R OO o ko 43
SEFENPE LA A R R R U BRI A A S R A R R R Ak R Y
S N R AT B TN TR A 285 R G0 AU A P 0 A8 B T N 28355 2 S A AR A e g AL, S b A 2 &R
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JUT7 i e D T e A A A5 e, TR R K IR B XU P e A A AR ) 2 R R R Bt A O™
b S AR HEE AR BIPE . 3L H4R o, 015 R b AN [ 2 B b A7 75 5 2o BE OO 42, B R Ak ™ 8
A FEARIE T N 5 0t AR OB 27 5 WU - T I X0 B b A (] e P i ), 3 A P i B o0 S AP o | 2
H AL AN (ammonia oxidizing bacteria, AOB) FlIZ 5 fk i 7 (ammonia oxidizing archaea, AOA) 14 %) (amoA F
R) B BCRAR (BN nosZ JETR) THRE TR W) HE RER A5 H S 2 REPE RS2 MR, LIAR R R A 28 2R 48 3 W v
TG 1 o 37 AL A

1 R

1.1 iR 53T
RIS REHLAL T PN 52T BB B DU - F 00 KL Hb (41°47717" N, 111°53'46" E) 4 S IRAE 3.4 C
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PR EEAE 110—250 mm 22 (8], {20 DX B I A8 BT 250 375 158 e J 0 b s PR AL, R340 T2 T R
T LTSRN . SOAE Y R AU S AR 3 1+ b

HCHGRE TT 4R T 2004 48 BN X230 12 AN/ 1530 3 AN XA, B34S DXCHH A X IR X ( Control
CK) 2 JE U X ( Low-level grazing, LG) "' B A IX. ( Middle-level grazing, MG ) F1 5 B HC 4K IX. ( High-level
grazing, HG )4 ﬁ‘ﬂ‘fﬂ,/l\ﬂ\fﬂ 3ANEE, %/J\Efﬁﬁ%éﬁﬁﬂéﬁﬁ, AR 4.40 hm? . R E R4 9 R
X0 H/hm® BB 0.93 H/hm® HHEEHCRC 1.82 H/hm® FBEAICHC 2.71 H/hm™ 7 L ARy 2 1l AR
S B RS R 6 N HCBON 6 ARITTEG B0 11 A RS H, a5 X404 3 4R B4R —I,

THERAET 2014 4F 5 AJE, BA/DXELS"IEREE 9 MR, B RAE AU EAE 5 om B9 L A5H 0—20
em I RATEERIZ/NX AN R . HIBR T35 a] WA SRS Pk i) , 1A 1 SE 86 % 5 2 mm i
Je—HB I RAFT- 80 “CHBMIIR VKA , FH T3 2B W2 00 M s 5 — &R 4 LA A AR KT, T - s B AR Al 2
PERT
1.2 SRR RN G 13 1

B L AEAE 105 CHUAR THHET 12 h e 58 5 7K 4 (Soil Moisture, SM) , SRH pH 111K I 1:2.5( g/
mL) M %€ +-3& pH ( Delta 320, Mettler—Toledo Instruments Co., Shanghai, China) . >R % K 8% IR i 25 vk —
ANIFRGE IS £ 3G HLEK ( Soil Organic Carbon, SOC) & &, IS A (NH;-N) FIAES A (NOS-N) A 1
mol/L FALB LI ( KL 1.5, ¢/mL) I HEZL R 3I 3Hr{ (SAN++, Skalar, Holland ) I ¥ B,

LT3 ( Potential nitrification rate, PNR) M S AL M ( Denitrifying enzyme activity, DEA ) B % 43
BIRFHERRERAD A M P lE ) EEPBRE SR . 57 FRIFI (Soil heterotrophic respiration,,
Rh) S 38804 970l - A HLBTS B CO, 1y A, D 5 s an R Ak 10 g Bnfif 3 nA S 120 mL 17
R TE 25 C M R 53R 24 h, AU EIE [ (Agilent 7890A GC System ) MlIAE F=4: (1) CO, MR,

1.3 13 DNA $2IRHISEI E & PCR

FREL0.25 g T 1, % 18 PowerSoil™ Total DNA Isolation i3] £ ( Mo Bio Laboratories, Inc., San Diego,
CA, USA) T4 5 b 2 B 44 DNA . R FH NanoDrop 43656 EE 11 ( NanoDrop Technologies, USA) il %€ DNA
(v FIAEE . DNA FEEVIEABAE-20 °C, 10 F5H B IR FAAE T U0 T S2 B OB

AOA-amoA ,AOB-amoA Fl nosZ K ) 5 1 %€ 7F iCycler iQ5 {X%% ( Bio—Rad Laboratories, Inc., USA) [
SERL, (ISR 42 1 TR . SR SYBR GREEN fER9&GARIC, SN AR K 25 pL, 45 12.5
pL 2 x SYBR Premix Ex Taq" ( Takara Biotechnology, Japan) , Bi/5 514945 0.5 pL(10 wmol/L) ,2 pL ) DNA f
B2 (1—10 ng) , HAFHKBEARRE . FHFFRE 26 i ToRL b 5 AR B2 IR i Scik vh & R i ik ™ i
SRR O] T A E B PCR AORRTERN R, I A SE A 4 4 RCR B SRAIETE 85—98% 2 ], R* 24 0.99, #H
Vox it It 2N BN W P VR DR 14 R S
1.4 RumbRAIVE R B BE 2 A (T-RFLP)

R FH AR St B il 14 - BE A B 22 2514 ( Terminal restriction fragment length polymorphism, T-RFLP) J5 35 2K PFAl
TR EXT AOA-amoA , AOB-amoA Fil nosZ FEPRTEVE G5 Y52 . FLIRUHUR FH 96 AR C HAR DNA R B iR
Ui (5915 ) , VLIS 7 A AN A8 4 A S BR 1 P 4 B2 7 B ( T-RFs ) | 280 5 J i A A T-RFs B2 R/ B 5l
SRR 1) PRI T A W 2 | SRR TR W R b = 5 2 S e X AN TR o D ) 0 1 L, T A5 3
K REFE IR S5 F M 2 FEEFE AL ) (Y 22 5% . 1458 DNA 19 PCR § 34k 3R 1 Fngl 514y, Horh e 1) 51 9 1)
5" A ¥ 6—carboxyfluorescein ( FAM) #1312 2¢ Yo T T-RFLP 5 . PCR F=#HH Wizard SV Gel and PCR Clean-
Up System 15 & ( Promega, USA) Zfifb, #EHGE 24 B9 BR &1 N VI BB D) 2640 5 09 7= 4, Bl AOA-amoA Fl nosZ
FEPRR 09 N U 1 & Hha 1 ( Takara Biotechnology, Japan), AOB-amoA 3 K >k FH PN V) B Msp 1 ( Takara
Biotechnology , Japan) , JCNAKZR A 20 wL, fIFEREF(4 U) A1 DNA #£5 (29 500 ng) , 7€ 37 C FEFY] 3 h, W
PRk 2 F S B (TSINGKE, Beijing) , F|J] ABI PRISM 3700 DNA 371X ( Applied Biosystems, USA) #E{7E
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A LUK A Y] A BE, ] GeneMarker R (SoftGenetics, USA) 0 MG 2 I3, 5 FF K BEEAMIZE 1 bp 19
FrBL, T-RFs BT 288 F A4 b BEA W AR R LS A T AR RS  FIR R AR 1% R BeR 2 515

%1 PCR BTRAKSI ¥/ 51#0 = Bz & 4

Table 1 Primer sequences and reaction conditions used for PCR

FEH 44 P ElE7) JF3 (5'-3") BN EAT
Target genes Primers Sequences (5'-3") Thermal conditions
AOA-amoA CrenamoA23f ATGGTCTGGCTWAGACG qPCR: 95 °C 1 min; 35 cycles of 95 C/30 s; 55 C/30s, 72 C/30 s
T-RFLP: 94 C/5 min; 10 cycles of 94 C/30 s, 60 C/30s (-0.5 °C/
CrenamoA616r'2°)  GCCATCCATCTGTATGTCCA cycle) , 72 C/30 s; 25 cycles of 94 °C/30 s, 55 C/45 s, 72 C/1
min, 72 °C/5 min
AOB-amoA amoA-1F GGGGTTTCTACTGGTGGT qPCR: 95 °C/1 min, 35 cycles of 95 C/30s, 60 C/30s, 72 C/30 s
T-RFLP; 94 °C/5 min; 10 cycles of 94 C/30 s, 62 C/45 s(-0.5 C/
amoA-2R ! CCCCTCKGSAAAGCCTTGTTC cycle) , 72 C/1 min; 25 cycles of 94 C/30 s, 57 C/45 s, 72 C/1

min, 72 C/5 min
qPCR: 95 “C/1 min; 6 cycles of 95 C/30 s, 63 C/30 s (-1 C/

7 Z2F CGCRACGGCAASAAGGTSMSSGT
nos nos eycle) , 72 °C/30 s5 30 cycles of 95 C/30 s, 60 C/30 s, 72 C/30 s
nosZ2R CAKRTGCAKSGCRTGGCAGAA
T-RFLP; 95 °C/5 min; 30 cycles of 95 °C/30 s, 60 °C/30 s, 72 °C./30
nosZ-FL22] CGYTGTTCMTCGACAGCCAG : s JU eyeles o s s

s, 72 °C/5 min

(nosZ-F+nosZ2R) HT nosZ 3L ) T-RFLP 43 #r

1.5 St

itk B R 3.3.2 & SPSS 19 #{4:3E4T, 24 P < 0.05 I, 22 3 @ 2. BAP £ J7 2201 ( Duncan K16)
FH R AG 36 006 b B 114 25 5 B . AORTR] T-RFs WA BEA L Bray-Curtis %5 F5 | N FHHES 25005 22 53 Bt
(PerMANOVA ) PFAG AN [ CHC3R B 0T + 38 S A W e 2540 Je Z MR 52 | LA R 78 4K ( Shannon index ) A
WEIRER I Z e, Spearman A5G40 FI R PEAl + R AL T (B pH ,SM NH,-N \NO;-N . SOC) 144
TETES IR W R R TE R B e L TUAY /T ( Redundancy analysis, RDA) K457~ 8 81
A G A R I 25 R () S

2 HREH

2.1 SR HCHAC o ok 4 4 B S A 3 M R

AN (RO i R XoT A S 3 A JBT AR A T P ) SE ) DL 3R 2, BEECHCHER BE R3S N, 4 pH B sh Ve FL A
7.90—8.18 , 7EH FE AL B b 251G /N (P =0.03) o UMb B 3 1 S A S 1 (P=0.02) , & &
ALIE N 6.37—35.92 mg/kg, HAEH FEHUBUE 3 im0 B2 18 S 5 W IR L A Tl A0 Ak 3 4
BERM(P=0.02) , BEIEH 1.54—4.70 ul - CO, g™ d' . BERCHOGREER N, L35 KR AP AHESA .
il A P RN S A TG 14 TG 0 35 52, Spearman AH IG5 Hr & B, 138 pH 5 - HENEIE B 3 A G (p=-0.66,
P=0.02),
2.2 RI[RICHEE B % a2 SR A RN R Ak T BE 3 PR 3 B 1) 5 i)

W FHE R PCR BRI & + 1 & F AL # AOA-amoA . AOB-amoA F& R M L i AL A0 nosZ R Y 32 5 (1K
1), AFIAGRE T AOA-amoA JEHFEFE L #2255 (P=0.26) , S HFEFEIEE N4A w1 1 (4.94—7.60) x
1079 DLK, s BE X AOB-amoA( P=0.04) Fl nosZ ( P=0.03) K[ F A B E M, AOB-amoA H:K
JE I h A A R T 42 (0.68—3.75) x 10° /™5 D14, H 78 v 3 e b 38 b B A1, 45 2 e 4 A BRAH ELREAIR T
18.1%, nosZ F:[AFFEJE B M4 7e T 1.(2.49—5.78) x 10° 4% D%, HL7E 8 B i Bl 3 b /A%, 5 R ot
HAHLLRRAR T 57.6%
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Table 2 Soil properties and microbial activities across different gazing intensities

Ab B it HE BRI Hh BE IO R
Treatment Control Low-level grazing Middle-level grazing High-level grazing
+ 425 K3 Water content/ % 3.50+0.33a 3.84+0.61a 3.37+0.19a 3.13+0.44a
3% pH Soil pH/(H,0) 7.90+0.25b 8.16+0.04ab 8.18+0.11a 8.12+0.07ab
H Pk Soil organic carbon/ (g/kg) 29.36+1.81a 29.14+1.05a 29.07+3.35a 26.83+2.22a
HAS A Ammonia content/ ( mg/kg) 6.37+1.81b 8.15+1.38b 15.33£1.87b 35.92+18.62a
A% & & Nitrate content/ ( mg/kg) 7.04+4.68a 3.85+0.73a 7.59+2.16a 4.93+2.21a
FRFLIRZS: Potential nitrifcation 1.85£0.13 1.71£0.19 1.5120.31 1.8520.15
rate/ (mg NO3-N kg™ h!) .85+0.13a .71+0.19a .51+0.31a .85+0.15a
JURE AL Denitrifying enzyme activity/

I 0.13+0.02a 0.09+0.07a 0.02+0.001a 0.05+0.003a
(ng - N,O kg™ h™')
3 FEIEI Soil heterotrophic respiration/

4.70£2.12a 1.54+0.16b 1.56+0.40b 1.63+0.31b

(pl €O, g7 d7)
) — AT B0 J5 AR ] 5B R [R]—I dE FE R AR A [ AL R R] 22 57 53 ( Duncan R0 56) , MK P < 0.05; % PR W TP BH bR iEZE (n=3)

o 10 -
53 =aln Rk
S0 Bl
®sH pesesd
- B pesesd
X < N L Ess
#2007, 8 ity
2 ity
o Bl
c 3 pesesd
w22 K]
<28 ity
S28 6r e
S22 ity
$ES e
52 ity
Q= 4 patel
CK LG MG
10
%‘5 b 10 c
23~ wl o~
3 -‘Hﬂ ER ﬁ [
X2 gt ®ET gt et
Bz2 8N Sty
g X 22 phassd
X33 © 8 phassd
m P =0 O g
g & ® E & Lt
TS 9 6 3 0’0’0
8E WES O %%
P28 NER o
- o 225 B ]
@ & g e
o2 = phassd
<7 4 4 bt
CcK LG MG HG CK LG MG HG

B 1 AEBEETLE AOA-amoA (a) [ AOB-amoA (b)F1 nosZ (¢) BEEWEE
Fig.1 Abundance of AOA-amoA gene (a), AOB-amoA gene (b)and nosZ gene (c) across different grazing intensities

CK: %t B8 | control ; LG : 2 FE UL, low-level grazing; MG : H1 B 44 , middle-level grazing; HG : B & iU , high-level grazing

Spearman AHXC/3 TR, AOA-amoA JER £ 5 1 HE R F2IF M (Rh) B E FAH X (p=- 0.69,P=0.01),
AOB-amoA JEH FJE 5EBA S BB ENME(p=- 0.60,P=0.04) , nosZ RN FFSHEAS® D E LM
X(p=0.58, P=0.04) , 5+3EEKE(p=-0.78,P < 0.01) B ZE A,

2.3 R[RlcE B o 2 SR A RN SR AL A T 235 46 1 52 )

ANFEICE FE T AOA-amoA , AOB-amoA Fll nosZ & T-RFLP 43 Hr 45 3 WL 2, {4 Hha 1 Jg X £ 18
AOA-amoA FENHEATHEY] , T 2452 5 A FRWIMA 5w - Be (T-RFs) , HoH T-RFs 541 bp 265 bp #1352 bp 41l
P B, HOE SRR EBE S BN 59.5% .21.4% 1 9.3% , AOB-amoA kA5 6 4~ F 2 T-RFs B, H T-
RFs 70 bp 130 bp 154 bp #1 141 bp & FE A F B, HOP S AHRT 32 B8535 R 25.3% 24.7% 22.2% F1 20.7% .
AL nosz Rl FH3RAE 6 4 Fr Be, Hodt T-RFs 109 bp 190 bp .75 bp 1204 bp A3 Fr B, HAE- By ARNT 3 5
3N 40.7% 18.2% 12.3%F1 10.8% .,

DL THREFLR T-RFs FAHXT 3 5 ke, AE A8 80 ( Shannon Index ) ZR1E AOA-amoA . AOB-amoA F nosZ
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[ 450bp
[ 204bp
1 190bp
B 109bp
3 75bp
I 54bp

HG

100

.

T B3 [ 555bp
Tl [I] =3 s41p
[ 352bp
I 265bp
B 162bp

AOA-amoAREH % T-RF sk % 3 i
Relative abundance of AOA-amoA gene T-RFs/%
W
3

CK LG MG HG

100 ¢ 100 t
b = 439bp ¢
1 267bp
1 154bp
B 141bp
= 130bp
I 70bp
50 | . -
0 0
CK LG MG HG CK LG MG

2 AREMYEET 18 AOA-amoA (a) ,AOB-amoA (b) #1 nosZ (c¢) E[E T-RFs 83 E &
Fig.2 Relative abundance of T-RFs of AOA-amoA gene (a), AOB-amoA gene (b) and nosZ gene (c) across different grazing intensities

CK: X} #&, control ; LG - #2 BE A, low-level grazing; MG ; HP RE U, middle-level grazing; HG : B8 B UL, high-level grazing

nosZ¥E H % T-REsHI X 3 i

Relative abundance of nosZ gene T-RFs/%
wn
S

AOB-amoA3EH & T-RFsHI X} 3 iE
Relative abundance of AOB-amoA gene T-RFs/%

FEBEVE Z A% . PerMANOVA 25 5L 3R BH | Bl MO BE B9 3841, AOA-amoA , AOB-amoA il nosZ JE R FEVE ZHF
PEY 5 5 25 R R S, L v B R R A B AR T AR B T O B (3R 3) o Spearman AHOC /AT AE R,
AOB-amoA Fl nosZ JERBEE ZHEMES Rh & IEAHX (p=0.52,P=0.02;p=0.55,P < 0.05) , AOA-amoA £ [H
HIEZAEMES SOC WFE IEMISE(p=0.44,P < 0.05)

£3 AEMHBEET AOA-amoA  AOB-amoA ¥ nosZ EEERIEH

Table 3 The Shannon index of AOA-amoA ,AOB-amoA and nosZ gene in different grazing intensities

ALFH Treatment AOA-amoA AOB-amoA nosZ

X 18 Control 10.4620.07a 10.70+0.12a 10.78+0.03a
BRI RO Low-level grazing 10.07+0.19a 10.17+0.24a 10.26+0.17a
R Middle-level grazing 9.04+0.12b 9.36+0.49b 9.28+0.20b
TR High-level grazing 8.71+0.13b 8.93+0.19b 9.00+0.13b

AR ING FREF R ] — I A AR 2E R [ AR BRI 22 5 8.2 ( Duncan R235) | B3 MH7KF P<0.05; R 8 A P (H+hRifE 25 (n=3)

ASTRIHCHCE BE X AOA-amoA FERBEIS 45K A W& 520 (P=0.04) , 1% AOB-amoA il nosZ JE RIS G544
TewFEMER M, W TUAR AT (RDA) SR DA Tl W VR S5 40 0 3R FRAL MR R 2 R A &R (/1 3) . 4Rk
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B . BT X AOA-amoA EePBEVE MR B 1 43 5110 40.1% 1 10.4% , H 13 SOC (P=0.03) ZABA(P=0.02)
KABAR(P=0.02) & X] AOA-amoA FEHBEE LA BEL W, AT T AOB-amoA JEHIHF 5 25
P As SRR REAY 45.7% , 3 pH(P=0.08) J2 i Z 501 AOB-amoA RN REIE S AL RIS K 1 BRI nosZ 2
DRRE 9% 285 W A8 S B B B N 35.3% , HLEFVR 258 (L S SRS B (P < 0.05) BEMK,

b S ®

soil mpisture

H
P NO3™N ‘\
0 [ ]

0.5 |
NH4*N
3 [ ]

a NHsN /Nos N °

;\; <
3 Lo %
o : pH
o . N
5 0 . g
] o °e .\ 3.5 L
SOC -
soil moisture
- I . ! Nelo ‘ !
-0.4 0 0.4 -0.4 0 0.4 08
RDALI (40.1%) RDA1 (37.4%)
soil moisture
C
@
| CK
S LG
N .
d pH ° 3
5 [
a SE*R\ (] [ ]
0 BRm————
e
e ° °® .
NO;™-N
NH4"-N
I o
05 L 5

RDAI (22.9%)
B3 11 AOA-amoA (a) AOB-amoA (b) M nosZ (c¢) BERHEZARNRETENTEST
Fig.3 Biplot of redundancy analysis ( RDA) of relationship between soil properties and communities of AOA-amoA gene (a), AOB-amoA

(b) and nosZ gene (c)
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TR BE (R 3 3R - S b Ak S HE i R RIS A S A S i, RIERIRIFIOE +
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IR G 25 BRI S PR 22—
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FEPEREEDY (AABFS R BB BE RSN, AOA-amoA FE X 2 JE 0 & % 75 1k, AOB-amoA JEH 1 3% T
B X — 45 R R R T RE SR - 1) AN [E B B 4 3 52 T 158 pH (H B AR AR/ IR 24HE pH o 8 1Y
WS+ AOA [ BER F FE JC i ARk X RIRATRT I AR T 25 SR — 30 B AOA JRAS7E H v f
FEAR = B 7K AEAEBR: 133 o AR e 0z L AOB BE AN R 2) A2 A A AL DI se U E M £ T 5
32+ AL ST S TR B B SR | ] R R S R A Y )
1 B TRCRR RN, e A U R S R TR A A AN R Ak B R G 3 2 5 v AR SR AR
[F1) B8 A HAC AL SR ) B T A0 o T A R R Bl e 2 R B R T S U ) 22 LA -3 b NHL WIS
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I E] RS , AOB U 2E W vl R I Y IR 0 25 B I R 3] — N FaE iR oAb s BE X AOA JE A
REVE S MAT W35 5000, AOB JEATREVR Z5 40 B 2 281k . RDA 45 2R WoR B S ERAH A A & X AOA REs
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AW nosZ FH F 5 FIBEASRA S/ D EEAL, AR KRV, nosZ BRNZ 5 T SO ALAE T 5
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FRE BIREAR T SR AL I R A R i, ELAHZS A& T B A B e I 77 2 B Tk A A 1 40 25 A1
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