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Effects of precipitation variation and nitrogen deposition on soil bacterial community structure and enzyme
activity in desert steppe

TU Nare', HONG Mei">*, YAN Jin', YE He', LIANG Zhiwei', WANG Zhanhai*

(1. Inner Mongolia Agricultural University, Huhhot 010011, China; 2. Inner Mongolia Key Laboratory of Soil Quality and Nutrient
Resources, Huhhot 010011, China; 3.Key Laboratory of Agricultural Ecological Security and Green Development at Universities of Inner
Mongolia Autonomous, Hohhot 010018, China; 4. Hulunbeier Agriculture and Animal Husbandry Technology Promotion Center, Hailar
021008, China)

Abstract: A twelve—treatment experiment was designed in the Stipa breviflora desert steppe, with a main plot[three water treatments : 30%
increase (W), 30% reduction (R ), and natural rainfall (CK)], and a split—plot with four nitrogen gradients [0(NO), 30 kg*hm™-a™(N30),
50 kg+hm™?+a(N50), and 100 kg*hm™+a'(N100)] to investigate the interaction effect of nitrogen deposition and rainfall fluctuations on
soil bacterial community structure and enzyme activity. The results revealed that precipitation changes and nitrogen deposition altered the
composition of the soil bacterial community, but not the alpha diversity of soil bacteria, and that precipitation changes and different
nitrogen treatments had significant effects on soil enzyme activities. Soil catalase activity was the lowest in R-N100(1.63 mg-g"'-d™") and
significantly decreased by 7.4% compared with CK-NO. Soil sucrase activity was the highest in W=N0(2.20 mg-g™'-d™") and significantly
increased by 14.6% compared with CK-NO, and the lowest in R-N100(1.52 mg+¢™'-d™") and significantly decreased by 20.8% compared
with CK—-NO. Soil urease activity was the highest in W-NO(17.66 mg+g™'+d™) and significantly increased by 16.7% compared with CK-
NO, and the lowest in CK-N100 (9.27 mg + ¢ - d') and significantly decreased by 38.7% compared with CK-NO. Soil catalase was
positively correlated with the bacterial richness index, whereas sucrase was positively correlated with both the bacterial diversity index and
the bacterial richness index. The structural equation model showed that soil enzyme activity was primarily regulated by the diversity and
pH of soil bacterial communities, with soil nitrate nitrogen content being the main environmental factor driving the change in soil bacterial
community diversity. Comprehensive analysis revealed that water and nitrogen management influenced soil bacterial community structure
and enzyme activity by changing the physical and chemical properties of the soil. The key parameters affecting soil enzyme activity were
bacterial community diversity and soil pH, and it could be inhibited by a decrease in soil pH. The increased diversity of the bacterial
community was beneficial to the enhancement of soil enzyme activity.

Keywords : soil bacterial diversity; soil enzyme activity; nitrogen deposition; precipitation treatment; desert steppe
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1.1 X5 X LR

BRI DA F N 52l 5 22 5 T U T i A A
FHRIFA R RGBT AR E K S (41°477 N, 111°
53" E),IFREE N 1450 m, AR T 5 T2
KB P 2 USRI, A T34 B R 24 280 mm, Horp
70% WIREW & AEAEA K ZE(6—9 1) AR L
SERET R0 8~ 1065 AEY RN 3.4 C. iR X 1
RABIIRGATG &, LIEFR TR , B o ARsE A0

FHE R, pHAE A 7.90, A L% 5 8 31.50 g - kg,
BRG RN 1.83 g-kg o FEA AL N FE B A5
FEHEFD M JE AL £ 3 (Stipa breviflora) , (3 Fp R385
(Artemisia frigida) . JC 15 & T B (Cleistogenes songori-
ca) AR B8 (Artemisia scoparia) FiH i (Neo-
pallasia pectinata) VR KEAE (Convolvulus ammannii) .
AHk (Kochia prostrata) 52 1y AE (Allium mongolicum )
1.2 R8T

TEAF MBI T, HE A A 4 2 1 b B Ay il A
M, R AR B, FE XK 3 Ab B R DX it AU Ak
B, FE XK ARG S B AR RERR (CK) JEE TR 30%
(W) &b BTN 30% (R) AL B, 34 356 70-591) 75 B 4F
5—8 JIHY 1—3 H kAT, i dck 22 4 X0 37 15 s it g v o
A0 5 2 A R I O Ok R A, MY 5 a5
J118.4% .6 71 17.0% .7 J1 28.3% .8 J1 36.3%) V-3
T8 30% , 384 i i NSk, [ ) W AR SR
ST o R R Ao K SR 2 i A 2 R K
f9 30% , I8 7K 2R H1 2R TR I 5 3 AR A, S 5 )
A B £ T AR /N TR Y 309% , 34 B I80K 30% 19 H
1. FIX 4 0.30.50.100 kg-hm™2-a™ 4 E FKALFE,
4393129 NO N30 ,N50 N 100, H A 65 R ADLRE
DARH 2 B (NHUNOs) g BRI AT R . a4 K
(5—9 J1) HEATIR TR , 45 4% /N DX B i 1R B AT RL I T
30 LK H, HE R DLRE ST — UK Y A A T it 72 45 /) X
N TR NO /NIt 30 L 7K, 7EAE A K = (10 1 —)
4 1) B £ /N DAY B R B IS RE S KT 4 (AR
<2 mm)F% B 1210 B HO IR A 3450 FE JC AR T
LT TOREHOE T2 /DX N o i3 38 12 A0 3, 4
AMAEPE 3 S, LT 36 /N, A/ N XA 49 m?
(7 mx7 m), &/NX A 2 m P&, K5 F 2015
412 AR .
1.3 TEHERRE

2020 4F 8 J 7E A L5 /N DX P i 1 2R 5 T8 2 KA
FIEZN 1 em B9 145 RE 0~10 cm 3, FA/NX
F USRI 30 AR A, ST IR 5T, AL B Al
WAk . T AE— BB T80 °C KA T e i &=
JE 53 M s — 3 A7 T 4 °C uKAR , T R JCPL A
E s HA A AT 4053 2 mm F10.15 mm
FH -0 S FRAR I 5T B Bl
1.4 MEFZE

{8 JH] QIAamp DNA Mini Kitis 7] & k47 + 356k
Py DNA (9 52 B . LU 3 51 4 343F (5 - TACG-
GRAGGCAGCAG-3") M7 ¥ 5 4 T98R (5’ ~AGGG-
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MR AR5 A DN 5 5 B SRR T 2 mol - L7 KCLR
P FREU A A A (NOS-N) A A (NHI-N) & iR
P ZhTE S5 23 B 1L (AUTO ANACY AA3) I 5 + 35
KB (SM) R FHE AR E I E .

b AR A S 1 R v A R 2 DN A 5 AR
it 175 1 >R P K A% R T G700 5 5 JOR S R FH R
T3 — U0 SR B b (8 30 o - R R A E S R
IRHA B 0 - 38 il S L5 05 12 )1
1.5 HESIT S5 H

B 4 e B 2% i VB SR Excel 2010 #K4F 5 fiff
H QUME # A4 1F 384 59 2 A4 38 % (Coverage 18
%% .Shannon 8% Simpson 1850 M Origin 9.0 L%
AT Pearson AHCPER IR 43T 5 A8 FR (PCoA ) 73BT
KM Bray—curtis 5595 , ok R AR b 38 F B I 41
B AR AR 5 R FH SPSS 22.0 8 R AT XU % 7 22 4
Bro N TR ACEIS I AT LA R VR 45 1 72 4k
HIHILTR , 25 T S5 A P o R T SR T 1k 1 A2 Ak L R
F AMOS 22.0(IBM SPSS ) #4) 2 25 44 J5 #2455 B (Struc-
tural equation modeling ) , 25 ¥4 J7 FE ALY (1) k) S I F LA
TSR AR FUK A e T R A I
T BEAM G VR A, 2T e L S R R
KASR VLR B s AR A T4 ik L ROt N 4% £

Z A o R TR A LA B, L RMSEA {H /T
0.05 KRR AIHLE B I

2 HRESH

2.1 RIS E F 3 P ok 3 4k 0 ST B A4 i R

=R 1 PR, B AR AL AR TR X - 8 3k P
JLR A TR . 3K A SRS, 1 pH HI R T
Bog it A, L rb WA 3T I O R DN 5 RN N K-
L pH E T [ iR B #OK , R-N100 %8 CK-NO F & T
0.74 A~ HN7 , IALER 2% 53 B 3% (P<0.05) . HHEA PR
TR AE CKANEUR W AL P rp Bl 25 AN K -E T
Je b TR AR R IF 78 NSO Bk ) i KAE, i e
RS A Bl 25 S AT R B4, + 38 LT
RS F TSI N100 8 KM . s
AR R B AN IR T B 38 0 i B R, FE CK AR FE AN
RALFEH N100 3% T8 A X IR (NO) o AN [FIAES
AKOPAE AR & i AR VE R, 76 CK AR BRI R Ab 3
H,N50 . N100 A 248 20 & i 2 s 745 A I 78
WAL R N10O AU AEAS A5 i B 2 = TX R AT
REIIACE T, 35K R W AR HESCK A FESR
LS
2.2 PR AN RITIBE ST TR AR AR
2.2.1 HTERER S5 0281k

i A I R AR E] 2 019 677 A RUF .
2% e, FEASE] 1959 101> OTUs, S J& F 37 1~17] 98
Y2374 H 39240 FL 456 4@ 874 4 Fh . B 1 IR,
RN GRS AR 1K L W Rh A BSORE X = R

F®1 TEEUER
Table 1 Soil physical and chemical properties

Qb3 pH {H AL T e SR IS A KR

Treatment pH value Organic matter/(g-kg™")  Soil ammonium nitrogen/(mg-kg™) ~ Soil nitrate potassium/(mg-kg™)  Soil moisture/%
CK NO 7.90+0.04ah 31.50+0.53¢ 0.79+0.12¢ 5.79+1.02¢ 5.54+0.54abed
N30 7.71+0.05abc 32.74+1.28bc 1.49+0.17¢ 9.31+0.38efg 5.64+0.93abcd
N50 7.43+0.10cde 34.34+1.19bc 2.22+0.24¢ 19.08+1.57cd 5.99+0.25abed
N100 7.58+0.06bcd 32.19+0.67bc 10.22+0.78b 29.92+3.48h 5.20+1.07bed

R NO 7.71+0.07abc 32.60+0.91bc 1.80+0.57¢ 9.54+2.09efg 3.35+0.69d

N30 7.31+0.06de 32.84+0.64bc 2.58+0.34¢ 13.67+0.72def 4.43+0.70d

N50 7.42+0.08cde 32.32+0.90bc 3.90+1.27¢ 23.16+1.93¢ 4.79+1.29¢d

N100 7.16+0.02¢ 35.60+0.90ab 29.67+2.60a 36.33+0.98a 3.91+0.34d
w NO 7.94+0.10a 32.58+0.66bc 1.13+0.07¢ 7.67+0.10fg 8.85+0.08abcd
N30 7.89+0.06ah 33.10+0.67bc 1.26+0.18¢ 10.35+0.09efg 10.21+2.43abc
N50 7.77+0.12ah 37.76+1.26a 2.48+0.42¢ 9.12x1.13efg 10.87+1.50ab

N100 7.70+0.07abc 34.96+0.71ab 3.02+0.40¢ 14.56+0.65de 11.14+3.03a

VE A AN FRER R A R R 22 57 .35 (P<0.05) o R 1o

Note : Different lowercase letters in the same column indicate significant differences among treatments (P<0.05). The same below.
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T B 3 b A2 JE T 1] Proteobacteria (23.6%~44.9%) |
TR F ] Actinobacteria (25.0%~38.8%) . 2 FA M ]
Gemmatimonadetes (9.5%~18.1%) . 1 #T T '] Bacte-
roidetes (7.4%~13.3% ) #1 )2 B 75 | ] Firmicutes (2.4%~
20.5%) , ot SRR 95% LA b fE CKALH A i
RIINACE T, ARTE T 1] i 1 2 S e )
AR 2 8 S T a3 s DU TR )R JSERE B T AR X 8
EFEAEHE . ERAB T, FE AN RZE g,
ASTETE T VAR =5 BB T 5 5 R T AR - 8 5%
RoAPR s ZF BT | AOURF B T DR RE TR A 2 3y &
ST i 5 B A a3 72 NSO P i . 72 W Ak
BN B RSN BB A TETE T AR
VT TR 5 TRCETRT IR RE G T ARG = B B S Ty s
IR Fa s 27 R T TRRXE =5 B2 S S T e I BRI A
N TE NSO HE I s FUFFRRT T JAFDOE = 2 T e i 252 1k
2.2.2 4liTE Alpha ZFEYER AL
e 2 iR, WK b X 1 35 40 AT V% Shannon
R B 52 (P<0.05) , X} HIEAN VS Chaol $5
B W 1R (P<0.01) |, 204 6 4= 38 41 1 7 7%
Shannon $8 £ W% & & 52  (P<0.01) , K & A8 B4 1
98 4 T A 7% Shannon 48 80A 1% 52 1 (P<0.05) o HH
23 LR, LA AR Z R R RO B T R T
0.95 , & B I Y e 45 SR BE 8 Sz WRAE A A T 2 A
Shannon 45 %848 AL [ 7E 9.19~10.00 Z [0] , J5 22 53 #1
2EJLH W AL FE Y Shannon $8 504 (A 5 T R AL FE AN
CKAEHE, R-N100 123 &A% T Shannon #5254 (P<0.05) o
Chaol #5028 (L FI1E 4 252.37~5 223.13 Z [a] , ANl
IKELEFRXT Chaol 8T E 500 , BE&E A A K-

—_
B [=N) 0 (=
(=) =] S (=]

AR R
Percent of community abundance/%
(3]
S

0 CK-NO CK-N30 CK-N50CKN-100 R-NO R-N30 R-N50 RN-100 W-NO W-N30 W-N50 W-N100
AP Treatment

R2 kG BERFMY TRARSHEREBNERAESH
Table 2 Variance analysis of two factors of soil bacterial diversity

by water and nitrogen addition

o K5 b3 AFEuH KA.
H Water Nitrogen Water—nitrogen
Index . .
treatment treatment interaction
Shannon 5 %% 5.05* 6.26%* 3.75%
Chaol F5%k 15.83%% 2.15 1.51

1% P<0.05,%* P<0.01, [,
Note: * indicates P<0.05, ** indicates P<0.01. The same below.

R3 TEARESHEEY

Table 3 Diversity index of soil bacterial community

Ab3p Coverage 540  Shannon #5%% Chaol 5%
Treatment  Coverage index  Shannon index Chaol index
CK NO 0.97+<0.01a 9.84+0.07a 4757.36+33.10ab
N30 0.97+<0.01a 9.85+0.09a 4829.13+160.61ab
N50 0.97+<0.01a 9.89+0.09a 4 633.62+190.01ab
N100  0.97+<0.01a 9.83+0.06a 4 640.13+127.55ab
R NO 0.97+<0.01a 9.87+0.03a 4692.47+119.03ab
N30 0.97+<0.01a 9.92+0.03a 4751.26+46.44ab
N50 0.97+<0.01a 10.00£0.09a 4 535.62+378.81ab
N100 0.97+<0.01a 9.19+0.14b 4252.37+163.52b
W NO 0.96+<0.01a 9.93+0.08a 5129.90+165.27ab
N30 0.97+<0.01a 9.95+0.06a 5223.13+159.15a
N50 0.96+<0.01a 9.98+0.06a 5074.10+1.48ab
N100 0.97+<0.01a 9.42+0.39ab 4507.12+356.74ab

THEr , Chaol F5%UESElg Nf5 BEARAY
2.2.3 Y Beta ZFEME AR AL

K 0 FE AR R 43 BT 5 1 %) 45 Ab P4 A 55 A T A
OTU K- A 74007, PPAL 4 TR B IR (R A0 25 5% FR A

Others
Verrucomicrobia

[ Fusobacteria

[l Epsilonbacteraecota

B Chloroflexi

M Patescibacteria

M Entotheonellaeota

M Elusimicrobia

B Tenericutes

M Nitrospirae

B Acidobacteria

B Firmicutes
Bacteroidetes

¥ Gemmatimonadetes

B Actinobacteria

M Proteobacteria

CK: [ ZRFETH s R V8 FH 30% ; W : 34T 30%;N0:0 kg-hm2-a';N30:30 kg-hm?-a”';N50:50 kg-hm™-a™';N100: 100 kg-hm™-a™ ; Proteobacteria 28 JE T
I"]; Actinobacteria iTZE 71 ] ; Gemmatimonadetes 2 FLI [ ] ; Bacteroidetes fUFF R | ] ; Firmicutes JEBE R [ 15 Acidobacteria FRFFI# ] ; Nitrospirae gtk
WEERE ] ; Tenericutes 2XBEH [ ] ; Elusimicrobia #5: # ] ; Entotheonellaeota T[] ; Chloroflexi 2825 [ ] ; Fusobacteria AT &I ;
Verrucomicrobia PEF [ ] ; Others AXF £/ NF 1% B FEgA IF A HAD
1 TEMEEEIIKEENEE

Figure 1 Relative abundance of soil bacterial community at phylum level
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30.76% B 41 TR 4 43 , Pl A AR 1 FE 43 2(PC2) fif
BT 18.83% 4N T# 44y . £E PC1 A 4h )5 1), CK-NO
b3 A 62 il HL S CK-N30, CK-N50 1 CK-
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Figure 2 The PCoA results of soil bacterium at OTU level
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Table 4 Variance analysis of two factors of soil enzyme activities

by water and nitrogen addition

sk K3 hb B REALRE KA.
" Water Nitrogen Water—nitrogen
Index
treatment treatment interaction
1L AU Catalase 29.85%* 16.03%* 4.62%
BB Sucrase 77.26%* 7.99%* 1.69
kA Urease 3.90* 45.52%* 7.35%:*
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Table 5 Change of soil enzyme activity(mg-g™'+d™")

AbFR Treatment 1 %A L &} Catalase  BEMEMAY Sucrase IR Urease
CK NO 1.76+0.01ab 1.92+0.02b 15.13+0.52b
N30 1.73+<0.01bc 1.98+0.03b 14.64+0.03b
N50 1.71£0.01¢ 1.95+0.02b  11.86+0.50cde
N100 1.73+£<0.01bc 1.76+0.01c 9.27+0.16f
R NO 1.72+<0.01bc 1.75+0.01c 13.26+0.08bc
N30 1.71£<0.01¢ 1.63+£0.02cd  11.88+0.24cde
N50 1.72+<0.01bc 1.64+0.05¢d 12.42+0.85cd
N100 1.63+<0.01d 1.52+0.02d 11.21+0.34de
W NO 1.77£0.01a 2.20+<0.01a 17.66+0.13a
N30 1.76+0.01a 1.97+0.03b 14.33+0.19b
N50 1.76+<0.01a 2.17+0.03a 11.19+0.58de
N100 1.72+0.01bc 2.00+0.07h 10.10+0.35ef
1.0
Catalase 0.8
0.6
0.4
0.2
Sucrase 0
-0.2
-0.4
Urease 0.6
-0.8
-1.0

S & S A
00‘&@6% \\o"\o o‘
6\&‘0 \QWN W

& B \\
A S W‘“ st

O AP & & \ >
W b \ x o \x 0«*‘00‘\0
'& N

Catalase it ATk U ; Sucrase FEWE ; Urease JIk[ifE ; Sphingomonas HiflG
HUML R E ; Gemmatimonas 25L& ; Rubrobacter 2T AT & ; Gaiella
S RPLH B ; Lactobacillus FUFF 1 J& 5 Pseudonocardia 1845 F IR H & ;
Bacteroides {UNT & ; Haliangium Fh4NTH J& ; Altererythrobacter 5% AR 4l
& ; Steroidobacter 35 FREFT & ; Nitrospira W ALIRTER ; Bifidobacterium
KU AT & ; Shannon $5 % Shannon index ; Chao 5% Chaol index

* P<0.05, %% P<0.01,*%%P<0.001, A
* indicates P<0.05,** indicates P<0.01,and *** indicates P<0.001.

The same below
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Figure 3 Correlation analysis between soil bacteria and soil

enzyme activity
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Figure 4 Correlation analysis between environmental factors and

soil bacteria
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AR T i 5 3 IE A G (P<0.05) 5 iF 1k 12 € J
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The size of the path coefficient is indicated by the thickness of the arrow

between variables. If the coefficient is positive , it is indicated by the red
arrow. If the coefficient is negative , it is indicated by the green arrow. The
solid line indicates that the impact is significant, and the dotted line

indicates that the impact is not significant
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Figure 5 Structural equation model of soil enzyme—soil-bacterial

community system
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