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I &Y BEM Fadet g’
(1 SR TR R R E R T e (P ER2EpE s T ), Bat 210008)
(2 TR RN R RE HIEIEEIISE T, &8 230031)
(3 WPEBEERERE, JEET 100049 )

 E SR EORBAXEYA T EERRGIE T, SRS R b A a0 )5 e A
FETE AL 1 AT o DAL G AU B S AE 8 07 2080 - L 28I PO CASHEREAE ). P1 (PO
45 kg-hm ™) 1 P2 (P,05 90 kg-hm ™) = ABEACHE AR, AR HSERII0ERR . 4 B RG P: J A0 R A 45
FZ I8 F o WIFSE 22 K e R AT (0 2 4 T 38R0 7 . 5 PO AR EL, P2 b3R8 HLRK . TV MEAT LAk .
AW AR RS A K 10.33% . 31.36% ., 40.00% . 384.19%F11 79.49%. AEI 141 ] ( Proteobacteria ).
JZH T ( Actinobacteria ) FIFRFF ] ( Acidobacteria ) JED 2 5+ Fr A PG, XTS5 514 40.16%
19.75%F1 14.91%. K HBAC AT 2548 M A 2 REE, SURANEREE S . P1 AT P2 b B P A Ak 4
o PO A PRER R 2.49% 1 4.52%; HATEBEE IR 3 41T OB % W] (Planctomycetes )
FIHUATE ] ( Bacteroidetes )) F1 3 Mg ( Terracoccus. Flavisolibacter Fl Arthrobacter ) FXt 3 B BEwE AL it
A ZE T, 0 —LE SR B AN (48551 ( Chloroflexi ) FIPEREEI] ( Verrucomicrobia ) ), HA
fbVE ( Kaistobacter Il Rhodanobacter ) FI[E HAEH ( Bradyrhizobium 1 Burkholderia ) W40 A = 1
WFE P2 Ab3rp g S5 REAR . T2 A bR 22 T [l AR 437 2 WY R P A ML R 4 Tl A2 5 BN [ i A Ak 42 v 24
RETR LA 22 5 A BRI 2R . B- AW HF I . 2 1 Rl R 0 S 55 0% P 40 B A NS it A S 384 o i Sl 35 v, R Ml
PRI PR A 8 3R DURPEES P2 ST 1] . Flavisolibacter &5 AERGMEAL B b s 4R 1 T4
VIR R ARG . DAL S5 SR A it P W AT 5 350 S B Ak AR Ak B 3 A R R AR E . AT
ST EE IS AAR S IR L s o, L m VA A BB R G e S SO TR R 7 5 ) e A 1) G R AL R T
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Xf e FVE Y 7= i i R R IT R GERESY

R A W S AR A S R G B LY
T 2 F5 B S 5 G0 45 0 RN ) e AR E M b k1 T AR
M, HAE R 00E . AVUR R . SRR AL
bt R A EE AT SRk T
Jiti FE A4 R X Bl A A B 5% T 8 A 5 O 8 — B 45
o — LB 2 Wit FH i IE AT 488 o5 1 B kol 7
T A0 - S8 Gl 2 O Tk 5 205 2L P 5 £ e b e e
FrEMUE R A KB, Hedn Tan 2012858 42 4E R A]
WEAE G B (AL . P,0s 15 kg-hm ™ il P,Os
30 kg-hm ™) AbFS , & B BE R W E it FH 2 (B4
- AN T A A R 1 v Y 1 A0 B 1 A T S
BEZ 30, (HERFFET] ( Acidobacteria ) M L
J& ( Pseudomonas ) %5 2l P& AH X = B W) il = ReeAIG o T
FEHIN R BEIE A 185 T s g2 A sk . 2
A5 43 pH MBS R LR s,
SR A AT — BB 5% 2 B0 A it B N X+ 388 3 A )
BEPE M AR /N L dn Shi 20 R L8k 17 4R R [R]
T Ot FH 6 B2 ( AN AT . P,Os 17.5 kg-hm ™ 1 P,0;
35kghm™) J5, +HEANEREIE S50 T R & A i ek
AR, IXSEHF 5T N BRSO A AR
5 C F1 N A5 A 3tk B A R BRI & 2,
1M 56 T it FH B9 A0 oF = 98 A 2 0 B R e L 4T3 47 A
HIEZ AR E L,

ARG LA S R 22 B A X — 22 58 I R
NEALA I ARG -, BEEC PO (CORFEBEAT ).
P1 ( P,0s45 kg'hm?) F1 P2 ( P,05 90 kgrhm ?) 3 /4>
WEAC it FHBA B, SR B S i p R, e 4
1 21 A SRS R W AC it FH B I, I R AR
KRR B, AR E T 0 T VR 4 1
B 48 hm B - SRR R S R, D2 R 4 KRl
Jit FH ol S AL BV A 4 ARl 2 S

1 MRSk

1.1 KERKIEHR

FE [ AT ek A K B0 46 T 1994 4R, TRk
WM E BB A (33°13N,
116°35'E ), iZHb @ Wz il > e 2= KU, AR R
T 14.8°C, AEFE/KE 872.4 mm, R ILEEE 94
ARER, AFFEEEC R 3 AN abE, B (1) PO (R

JEREAL ); (2) P1 (P,0s 45 kg-hm™2); (3) P2 ( P,Os
90 kg-hm™ ). BRBEMCGEH 2540, B kb3 EUIE Fn
AR b P B — 3%k, Hib N O 187.5 kg-hm?, K,0
135 kg'hm 2, AL RIRE, BEAO R4S, AL KA
fE8, ANX AL 19 m?, 3RER, SEeBEPLIX 4%
The A BERHSAE /N RE RIS — ORI R A, 57
YEMI AT AE B R 1994—1998 4F Jy /N F K4
., 1998—2015 4F N /N K EL A
1.2 HmEE

RIGAES T 2015 4F 6 H/NE @it =4, B
BRARRE SRR, A0 FEE 22 7t 21 4F A [ AR
Ab P HE IS SRAEL RS/ NS B AR S em)
KA 9 0~15 cm RJZHHE, IRAM—HEM . T
AR E T KA E L%, HRERBRRAHY
WEMAPSGE 2 mm 0. A FES 8 =57,
— B KT G T HEA R e, — ' T 4%C
UKAE T SRS R B R, 5 — 4 E T -80°C H
T DNA 25,
1.3 TEENIERNE

+ e B A 44 SR 8 R4 A U
Eo HHEpH #E KL 105 (FREEMIL ) R
A5 H pH I E 3 H8EA MUK (SOC ) R H A% R
BEALAM MR s B3R (TN) SRR
FRICHEME ; 48 (TP) FIA % (AP) RAHMES
P kie ; hE A PLR (DOC ) SR K
125 (iR ) 4% 30 min J5, BIGWGT
0.45 pm JERSE, UEIRHA MLER ST A0 5 5 - HEal A
A (NOy-N) FEAA ( NH,-N) R 2 molL™
() KClEEH, A ECR B Bt vk, BS AR
FH e 193 3 EOCL vkl 52 S G R R e U
B - W R F X i 1y L (0 s B R 4
MR Lb (3 s R VR W IR R G il S SR i R R 5
S WS VD AE 2% Tabatabail'® 7 gl . 344k
TEFREE R LIMET £ (105°C, 24 h) AIEAERIA,
1.4 11¥E DNAREUK 16S rRNA EE S EENF

+ 4% DNA X Fast DNA Spin Kit for Soil (MP
Biomedicals, Santa Ana, CA, USA)RH|&RE.
BAFES PRI 0.50 g fif 4, i BRI 5 4R AR 4R B
DNA.,

PEHUANTE 16S rRNA LR V4-V5 XiEfTE
A F I E . PCR 73R AR S 519 515F
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6 1] Oy A5 R =KW PR 2 o b= T e A TR 7 45 A0 AR RS P ) 52 ) 1461

(5'-GTGCCAGCMGCCGCGGTAA-3") /907R ( 5'-CC
GTCAATTCMTTTRAGTTT-3" ), &K i 51 4
Y54 AN 7 bp Barcode FHF XA AR i o PCR
P AF4LHE 94°C 5 min; 90°C 60s, 55°C 60s,
72°C 755, 30 MEH, ZJ5 72°C 10 min, RN F
¥k QIA quick PCR Purification kit ( Qiagen ) #f
iraifh. BAFRES B PCR ¥ 34 =Y FE R IR &
J&, RH Iumina 23 7] MiSeq M F# AL 5E BT 51 434
( Z46 B IR ARG AL D RHE R A A RS w1 AE ),
1.5 HiEsitoth

e 38 50 A 91 4% B LR 2D R IEA T 43T
(1) XU FHRH FLASH' I TR %5 (2) i
Cutadapt"™ 15145 (3) KA QIIME (1.91) [
LB SRR T 20, J¥FI%ELT 300 bp MR T
5115 (4) R RDPEOEE R LBt &k (5) 195
f) 15 R fR 4 R UparseP 4k 44, LA 97%AH b1 1F
1T OTU %43, %M Blast J7 L) Greengeens13.8 %%
TRy LERT AT PR, o AR IR BT 1K S B
TR IIMERIG , B R G LR 10 000 2507
SVHATIGEL 0T . AR A AR A8 EE QIIME it
JEF Bray—Curtis fi 1Y) PCoA. CAP #1 Adonis 7}
Fr¥fdi i R 2.15.3 ZF B vegan 547 .2k F mvpart
F1 MVPARTwrap 17 Z T [ JA# ( MRT ) 747,
i H] SPSS 22.0 BAFBEAT LN J7 220087, MM
MR Pearson WUEALE:; “FIMEHZ & LR
45 # 2 K %75 ( Duncan’s New Multiple Range

Test ) #H47T R FE ML (P < 0.05), KM Microsoft
Excel 2007 il Origin 8.0 ZX {4175l Ab B AN 7

2 45 R

21 KHEABEXNZER T EAERNOZME

H2 1 A2 s 21 4F AN [R) Wi JIE it P 6 32 )5 408
PRALME G R A AR . R AL . B E A
R & e P2 AbFE B E T (P<0.05), 43K
PO AbFEARE T 10.33%., 79.49%7F1 384.19%, %% P1 &b
FHIRE 7.65% . 65.68%F1 98.42%., &HE. " TEA
MLAS RN AR A LEFEAS [A] 4b B[R] 4545 BE PO<P1<P2 4
FeFtm, Hip P2 A PL ARBE AR A R PO AL HES)
BT 40.00%H1 12.90%, FIEIEA HLER & &40
LR 31.36%M1 13.63%, TMiBkA LB R 12.74%
1 8.54%. THASE . BWE LU AN AR L AE PO b3 Yy
BT PLAI P2 ALBE, TWAE P1 AN P2 AbEREIVE A
2R AR AF T K WA [R]85 AL it FH & % +
HE pH A1 TN #4%F B & ( P>0.05 ).
2.2 KHEABEX =R T BEEENI N

Ry YRG5 it ) A A ok - S £ A 4 T i B S
Gy B-AIRE LT EE . SR RS R IR I N A
il 445 4 Tl M SRS M (L 1), I 2 Tl A i P 4
FIri 4 vpEg s A R g, (B B R AR
UGt SR ¥ 1 A A TR B Al P B 2 (DS B e i b
25 B EKF-, P2 A PLALEEZEE (SR PO 43 5Tt

x1 ZHBIEEABETHEZELBUMRMOETL

Table 1 Physico-chemical properties of the lime concretion black soil relative to P application rate

fib A BLEx KA R0 A LR
Treatment ort SOC/(gkg™) TN/(g-kg™) TP/(g'kg™) DOC/(mg-kg™)
PO 5.22+0.28a 8.42+0.31b 1.07+0.05a 0.25+0.01c 18.78+0.14¢
Pl 5.43+0.06a 8.63+0.15b 1.0120.03a 0.31£0.02b 21.71+1.63b
P2 5.53+0.13a 9.29+0.23a 1.05+0.09a 0.35+0.01a 24.67+0.20a
54 W o
ihrm B i e AL BB AL
Treatment NH; -N/(mg-kg™) NO; -N/(mg'kg")  AP/mgkg™) C:N Cc:P N:P
PO 1.56£0.32b 43.08+5.07a 2.34+0.08b 7.85+0.12b 34.05+1.22a 434+0.16a
Pl 1.69+0.15b 10.44+1.02b 5.71+0.72b 8.52 +0.27ab 28.30 +2.12b 3.32£0.21b
P2 2.80+0.01a 8.06+0.20b 11.33+2.92a 8.85 + 0.50a 26.46 + 0.54b 3.00 £ 0.23b

0 PIME + Al 22 (n=3 ), AR FRERR7EAL L A] 2 2 22 5% ( Duncan 3%, P<0.05 ). T[] Note: Means + standard deviation (n=3).

Different letters indicate significant differences between fertilization treatments (Duncan method, P<0.05). The same below
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E s 25t
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= £ 120} g5
B g I 20}
* 1 L
2 g0} £ 15}
Q
Q
=
= ' PO
T ~24r
. 5
3 8001 =23
£ g
2 & = 22
g5 70f 2 E
gL T3
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8 220t
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g 500t B 19}
. oy
-é PO Pl PO Pl P2
4t P Treatment 4t P Treatment
n=3 Duncan P<0.05 Note: The error bars represent standard deviation

(n =3). Different letters indicate significant differences between fertilization treatments (Duncan method, P<0.05). The same below

P AR AL bt A BT b 22 S TS PR A2

Fig. 1

68.31% Fl 41.55% , Mt = W 2 0 F+ & 16.48% FiI
4.39%; B-HIMELFEEAE P2 A1 P1 ALFRA] 22 AR W 3E
{H 23 51%E PO 15 70.78%H1 51.22%; R I: Wi R B 76 A
[F) ol S K- TR 2 V80 A 38 0 22 5 B /KO-
23 KHEABEXNZER T WHESFEERNEI
XF 9 KRS (3 ANLEE, BAALEE 3 AEE )
HEAT MiSeq il S Y . Zead B s, EAbqs 5]
108 759 ZimBis)v 4 (BAFER 10 187~15 169
FIFH o LA 9T%ARBUEE S8R L X i R s, ik
4 655 4~ OTU, XLt OTU HJET 228 1~J@ . 188
AR 120 1H L 69 MEHRT 23 AT, LR EER
TEAH R REVE Z e, R AR (Kl 2a), KWEHEBEIC
MM, AT 2 FEME R % T AR HT (&l 2b)
FKWHAHE LM S DOC Ml TP 2 & IE A%
(r=0.89, P=0.001; r=0.93, P=0.001), Pt/
WL DOC Fl TP & it (3 N vl g2 2 B 1/ 2 4
PETH I E R A
24 TEARBEARERESTIEMERZEXR
AN [ ol S it PRI A T 3550 200 1 R i 4L A A
SEFY A B AR 3). S5 R AR A R

5 B ] ( Proteobacteria ) . X £k & ]

Soil enzyme activities in the lime concretion black soil relative to P application rate

( Actinobacteria ) MIFRFT ] ( Acidobacteria ) J&#b>
LR AP, HAX S 40.16% .
19.75%1 14.91% ([ 3a), HRMITEERT 1%
T EZE NG ( Chloroflexi, 7.20% ). V%%
B 1] ( Planctomycetes , 6.65% ). # 9. & ']

( Gemmatimonadetes , 2.73% ) . Pt % B ]
( Verrucomicrobia , 1.85% ) . & 1k 42 JE B ]

( Nitrospirae, 1.75% ). #UFFH ] ( Bacteroidetes,
1.68% ) FISEEF ] ( Firmicutes, 1.27% ). Xf¥J—
fLJE ) OTU 3, %:F Bray—Curtis [ 2 JE47 A6 A5
OB AR R AT B T AR R TR 2 75% 1)
RO, Hoh s R R g R 55.24% 1
18.86% MY &k 77 25, 45 Ab P e BRI it FH AR BE
(PO<P1<P2) Wy2f—HlirTF, WEACAL B4 &2 R4
i, A FEHEA AL BERIFE T . R Adonis 43
BT & Bt JE A B 6T 200 TR R VR 45 0 B AT B 2 Y
(17=0.631, P=0.006). LA |&% 58 0 + 40 i B %
2 BRI 5 P A AR [ B it P B R A ) A
3 2o % 45 A 3 PR R S e (T 10 ST C
4A ) FIAT 15 @ (B 4b) dEAT R 22 040T,
BN TR) il S it FH 6 5 3D 22 2 - vh R T A
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6 Ly &85 KM RO it A b 222 B8 200 R R 45 4 R BT 2 1) 52 1463
a) b) 4l TP/(g'kg™)
025 0.30 0.35
761 . 76}
75+ i 75+
5 b
=
2 4l i 74}
=
2
27‘3- . 73}
s%
fgn- 72}
e o
71 LR P DOC: r=0.89, P=0.001
TP: 1=0.93, P=0.001
7.0 - s ' 7.0 S —
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AbFi Treatment n PR DOC/(mg-kg™)

2 RhBRAL G AR RE T Wb R R AN o ZARETERY AL 1L

Fig. 2 Soil bacterial alpha-diversity of the lime concretion black soil relative to P application rate

a) b)
100 T -
! Adonis:*=0.631,P=0.006
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X
< 80y . A
8 [ Proteobacteria \
g [ Actingbacteria A |
g EéﬁidObﬁCte’”a 0.05 ! *
oroflexi & i
£ 60r Planctomycetes 3 A !
< B Gemmatimonadetes & !
14 = Verrucomicrobia ) !
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S 40| [ Bacteroidetes o VW ppmmmmm e ST T Tttt
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Jﬁ( -Others s} [
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Z 20} -0.05F E
= | A PO
.z @ Pl
! * P2
0 -0.10
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AbFH Treatment

202 01 00 0.1 0.2 03
PCol (55.24%)

P 3 =l It ot FEE T T R A A A 2 B 2

Fig.3 Composition of the soil bacterial community in the lime concretion black soil relative to P application rate

AAXTFEBE R Ao 5 PO AR EEAR L, JE 3 AN AR
JEH ] ( Proteobacteria ), Z¢Z5 ] ( Chloroflexi)

1 PE # # 1] ( Verrucomicrobia ) ) 1 3 4~ J&
( Kaistobacter, DA101 Fl Rhodanobacter ) #H B A%
FEETE P1 A P2 AL B AT R [RI R BERRAR s 107 4 7]
( % % W '] ( Actinobacteria ) . MR #T B [']
( Acidobacteria ), 7%%5 [ ] ( Planctomycetes ) Fl4bl
FF#T] ( Bacteroidetes )) 1 3 & ( Terracoccus .

Flavisolibacter 1 Arthrobacter ) ¥AX}=EFEEAE P1 Hl
P2 AR PR ORTREFR LT . 5 PO A PLARPRARLL, P2
REBEF ) Bradyrhizobium 1 Burkholderia X} 3 &

R

CAP 73#r (& 5a) KW DOC il TP X % —H
TURRE R, 1 NO; -N X6 i stk R i £
JTINER A7 (B Sb) IR T 73.10%0 41 i
BEIE S 5, dHRFEVR 1 5l DOC 4028 2 1 KAy 4r
HOCfRRE 43.15%BEE AR S ), SRIGH TP XA AW
A0 3 CRRRE 29.95%FE7T5 A8 5 )o MRT M i) = F
- F A = AN BRAE (BR— P2 b HEEIHJE TAE
TR ). DL RS R AE R R B A AR T,
11 DOC Fl TP J& 45 b 22 JE - 41 1 B 7% 1) OC
FALIHF o
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Fig. 4 Relative abundances of the top 10 phyla a) and the top 15 genera b) in the lime concretion black soil relative to P application rate

ENTRE A I, X2 5P SR 1T Terracoccus . Arthrobacter S5 TEJ#A fi A XT = BE Tt
XS, SR WMER 2 xR, BIREI HIAHTE I 5 DOC F1 TP Wi & MG, 5 C: P I
( Proteobacteria ), Z¢%Z5 B[] ( Chloroflexi) LK N : P il Z fAH; #FFE ] ( Bacteroidetes )
Kaistobacter . DA101 . Rhodanobacter %5 7E it J& AH Flavisolibacter 5 NH,, -N #1256 &%y, HIik
X} E KA ANE 5 DOC A TP By i 2 FuAR ¢, W E Ko B RS IR AT LA AN [ i A it
M5 C:P F N:P B EEMX; BRITHEI] FHAREET e AP B i 22 AL R BUMUE W B T 45
( Acidobacteria ), V%% ] ( Planctomycetes ) DA} ) 5 A AR ) BB AL
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b) DOC<24.57 ; DOC=24.57
43.15%

a)

e
%
% TP<0.27|TP=0.27
& 29.95%
% l.u....lnll.
S P2 n=2
PO : n=3 Pl : n=3
0 P2 . n=1
CAP1(55.23%) Error:0.27 CV Error:1.46 SE : 0.30
soC TN TP DOC NH} -N NO; -N AP

Note: SOC: Soil organic carbon; TN: Total nitrogen; TP: Total phosphate; DOC: Dissolved organic carbon; NHZ -N: Ammonium; NOj; -N:
Nitrate; AP: Available phosphate. The same below
B 5 =R RS BT b 22 2R R A T R PR 45 4 5 IR AL R BT 2 8] 5 &R
Fig. 5 Relationship between soil bacterial community structure and soil physic-chemical properties of the lime concretion black soil relative to
P application rate

R2 CSHHBERAKETDERLZRMAEHS TIREBEUMRMBEXME

Table 2 Pearson correlation analysis of bacterial variation with soil physicao-chemical properties in the lime concretion black soil relative to P
application rate

K gl
pH SoC TN TP DOC NO;-N NH;-N AP C:N C:P N:P
Level Bacteria
Proteobacteria —0.73* ns ns —0.69%  -0.72% 0.88** ns ns —0.71* 0.78% 0.82%%*
Chloroflexi ns —0.73* ns  —0.82*%* —0.60* 0.71%  —0.75% —0.82%* ns 0.71%* 0.71%*
‘ Verrucomicrobia  ns ns ns  —0.68% ns 0.71%* ns ns ns 0.82%*  0.79*
" Actinobacteria ns ns ns ns ns ns ns ns ns —0.69* ns
Phylum
Acidobacteria 0.79* ns ns ns ns —0.80** ns ns ns -0.75*  -0.76*
Planctomycetes  ns ns ns ns ns —0.73%* ns ns ns -0.73*  —0.69*
Bacteroidetes ns 0.78% ns 0.74%* 0.79*  ns 0.81%* 0.67* ns ns ns
Kaistobacter ns ns ns —-0.79%  —0.72* 0.93** ns ns —0.73* 0.88%*  (0.89%*
DAI101 ns ns ns —0.78% —0.68%* 0.76%* ns ns ns 0.86%* 0.84%*
Rhodanobacter ns ns ns —0.81** -0.76* 0.85%* ns ns -0.73%* 0.90%* 0.91%*
& Bradyrhizobium  ns ns ns ns ns ns -0.77* ns ns ns ns
Genus Burkholderia ns ns ns ns ns ns ns —0.68* ns ns ns
Terracoccus ns 0.84** ns 0.99%*  0.88*%* —0.90**  0.84** 0.92*%*  0.76% -0.92*%* —0.91**
Flavisolibacter ns 0.73* ns 0.74* 0.78*% ns 0.84%* 0.75% ns ns ns
Arthrobacter ns ns ns 0.85%*  0.80*%* —0.73* 0.75% 0.89%*  0.82%* —0.83** —0.86**

RN A G (P<0.05 )5 ** e /m Ak B 35 AH OC ( P<0.01 ); ns RN AH AR 1835 ( P>0.05 ) Note: * indicates significant correlation

at 0.05 level; ** indicates significant correlation at 0.01 level; ns indicates no significant correlation (P>0.05)
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TEITAE AT b, 622 S b 5 b S e TG 1 i
PRSP, A5 ANER 3 Fiom. B-HIbE 1 i A A
[ B 572 £ B 1] ( Proteobacteria ) . %% 25 1§ []
( Chloroflexi ) VA K Kaistobacter . DAIOI .
Rhodanobacter 557 il W 5 AHXT =F B2 R AR 04 40 7 34
R E ARG, T SERATIET] (Acidobacteria ), %
# @[] ( Planctomycetes ), T & 1] ( Bacteroidetes )

LI K Terracoccus. Flavisolibacter. Arthrobacter %

T T B S AR = T i 18 20 T 1 5 TE A DG o R

W MR B W 5 $L A W T ( Bacteroidetes ) Al
Flavisolibacter W& EAHC, AR 55 B H ]
( Chloroflexi ). Bradyrhizobium # Burkholderia i 7.
F MM, 5 AT 1] ( Bacteroidetes )
Terracoccus . Flavisolibacter 1 Arthrobacter 1 i 3%
IEADG . B RSB AT LUE g rh g 1y 22 b
522 S YR A AE P OCEK, it w0 5 1 el
T P AR Ak A] BB 55 AH SC T RE S A= M AR 2 B2 Y ek 2
EEP S

®3 ZHHBEEAMETHEELEZERMAES TIRIEFEMEHEXME

Table 3 Pearson correlation analysis of bacterial variation with soil enzyme activities in the lime concretion black soil relative to P application

K gl P EHEN W P R T JId 22 T
Level Bacteria B—glucosidase Protease Acid phosphatase Dehydrogenase
Proteobacteria —0.86%* —0.77* ns ns
Chloroflexi —0.67* —0.76* ns —0.83**
\ Verrucomicrobia —0.69* ns ns ns
" Actinobacteria ns ns ns ns
Phylum
Acidobacteria 0.76* 0.80%* ns ns
Planctomycetes 0.68% 0.67* ns ns
Bacteroidetes 0.81%* 0.84%* 0.79%* 0.81%*
Kaistobacter —0.89%* —0.83%* ns ns
DAI101 —0.79%* -0.72%* ns ns
Rhodanobacter —0.84%* -0.72%* ns ns
& Bradyrhizobium ns ns ns -0.69*
Genus Burkholderia ns ns ns —0.74%*
Terracoccus 0.90%* 0.90** ns 0.91**
Flavisolibacter 0.75% 0.80%* 0.70%* 0.85%*
Arthrobacter 0.82%* 0.86** ns 0.86**
3 i i 3.1 RHEI=/KFHREEIE AL EX A SHEN

B 2R ik = R D 2 PR b XA IR A
BIR A DA 3~ , it Pl A 2 B e b 22 PR B B SR Y
ARG SR DG T (8] Bl A it B8 B X
R TR WA v B SN R R TT R GEWT 5T . AW
FHBA R R, g 21 F=FA
(7 8 I it P B U, - SR A0 TR IV 2 1k B A T
v AR, RIS N T F s 2 - e
R AR

028 RX Y 52 i)

55 LU AT 5 25 SR AR TR Y, K 30Tt e P -
e Z AR W E T (18] 2a). Zhong il Cail™!
A it R RE 5 = 855 43 1 T v DU R AT AL & &
B8 2 S B B AR R I Y B R N, EARHT
78 it B AR 5 3% DOC #1 TP & & BT, i
FHIE ST (&l 2b ) B DOC Ml TP & 5FH K
TR AR B 3F IE A O& (=089, P=0.001; r=0.93,
P=0.001 ), KbAEAMR H KGR DOC Fl TP
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TR T AR S 2 AR S I E R R
W e A AR & T Al id 2 hebE, [RIEd k2
T ATV A R SSA . TETTKCFE B, R T
( Actinobacteria ), ¥##[# ] ( Planctomycetes ) 1Ll
FFE ] ( Bacteroidetes ) AH X = B B 2 i AT it A 1738
Wit (K 4a), DHRERUIX =R LgErhYy
BABWAEN, 78 b nlEE R 59 JeHLEE K
51 F A FLBE AL R VR rT ORI B =B A
SHOAR T = B s A A o AT e P FE B KE L
Terracoccus . Flavisolibacter 1 Arthrobacter #1%f 3
JE VU] i o A A P it A i (8] 4b ). Terracoccus
M Arthrobacter ¥J J& F  Actinomycetales ,
Flavisolibacter J&F Chitinophagaceae, T fI17F 1 1
TS AT VAR P, AR R e At T o e 7251,
B RSE R AT DA A 0t B AL T Boh 22 8 4 v
VS WA DA ARG E B T . FRATT 2 AT A o R B D
LR AN A BRI B R, i HBEAC S 1
HR B 2 ) A A SRR AL-P T Fe-P 36461,
DAL b it 8 1 38 b R E R G P 3R AT BE e v
PR A, T W 4 T P] S 4 WA LR TE PR
VeV . H . BERREE . T S R B A R
300 it ] 8l AT 3 52 B0 0 400 T A X B Y
k. #EI'TKF b, A2JETRTT ( Proteobacteria ), 4%%5
] ( Chloroflexi ) FIFEMLE ] ( Verrucomicrobia )
AR = B A B AE B AT A TR (& 4a). I
o2k % I ] ( Chloroflexi ) Al ¥ ff ]
( Verrucomicrobia ) ¥4 58 SR G, & ARSI
AR R A KPS MR B (£ 2),
AT RS 2 S &R & R AHE (=
—0.82, P<0.05; r=-0.63, P<0.05), [ it 143
IR ISR S e ARSI AR K . ST AT
TG RAF, B&EEFRUWEZELSE
( Proteobacteria ) POV7E i I FIE J #H X = B B AIG 5 AH
KMo A & AR JE ] ( Proteobacteria ) 5 pH A i
FARS (=-0.73, P<0.05), X5 HiAHFoT 4L,
SRARTRIPY DR oA it 4 AT 18 P IR pHL T g
WE AT ( Proteobacteria ) A K (R4 A
AE 3R] ) pH 22 5 A I8 3 KT ) TE @K |,
Kaistobacter. DA101 F1 Rhodanobacter X} = 1E
i B 5 A BT AR ( Kl 4b ). Kaistobacter F
Rhodanobacter ¥ 1 58 T SRS AL 40 AT, TR
TR AR 55 A R SR R0 ZEARFgE o, AR

FBE 5 NO; -N & & i 0 35 TEAH GO R (=093,
P<0.01; r=0.85, P<0.01), mubnlLIHERT, PO 4bHE
TR R RR AR R T AR A K . DAI01 )&
F Chthoniobacteraceae, HoAt T IEPDIRE M AN IEHE .
P2 4b ¥R Bradyrhizobium F Burkholderia . KT
HAMW AP, Bradyrhizobium J& THRIEEH, ©
I Burkholderia 3372 - e B 2 A [E 40w, K
KA N, BEE il h LA . P2 b3irh i T
WAL AR BIEA , N = P SIIRRAG, N A 250 TR,
T7T [ A T [ RV T R K RN, 3Rl NOAAL
PR A S FT 8 2 B A 131 260 B AR X 2 23

DA 255 0T DU A it FH AT AT 25 4 e 1
Herh I uEA AR SEEE, AT DOC. TP, NOj -N
Al pH 45 HHEML AR AR AR b S 3 B3 S R A
YHTE . S Ak T ] 26020 TR AF T S B R A
32 AEMBEEMSTERERFREEELXR

DIERY R R, pH 2 TS AR e i
TP, AR R v i A fh R S SRR, e
TN Ef i P2V 43 IR 2 6 S0 52 f PCR. e il
S 3 AR 5T A [R] e NE AR X D 22 28 = B W e
g, R R —B0A WA AL AL 35 pH
AR SR WA R A i R . AR
F1, DOC FI TP Z A vk e EE AR E N R (&
5a FE 5b). XA HEAE B TFEAE 58 hAS [m] it g 4
PHIE] pH 225718/ (5.22~5.53), Wnitk/MNgY pH 22 5%
XoT 240 TR A T 235 4 0 ek 28 A AN dk . DOC 2 135
AR AT B R A FLRRTE , TR A R S
Bl - et b A K R R DY, Huang 0 OHF
SN Rt B NE 5 A R AR Y e 3G i E B2 R T
DOC F Tt . ARG AT (R 2) %
Wi, C:P AN : P 522 5400 A7 7E 035 A ¢
KFR. TEMBEHED, TP M AP SENN, C: P
N P REAC, BLBE C WA N IRk R A= 0 A=
KBEH . Mz, & PO 4b3irf, hFRKHE P
RIFE, UEWMAEKIEIG™EA P R, A
P HUR C Fl N A A A K BRI . B
[t ab B X AP C. N, P ARUER AR fL AT BE & 5
HIAAE YRR AN ZE R REERNE,

1022 78 A XK 09t B AT AN A AR T A A
EA, WEREEE T RIEREY iRe. AR
B -AINET G . BRI . TR R Il R SR A 4
JL A1 Bl AR U E B i Re . b B AR R T
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P e AR AT 5 e - R R A A I AU T S
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X &, H o HF W T ( Bacteroidetes ) il
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Effect of Long-term Application of Phosphorus Fertilizer on Soil Bacterial
Community Structure and Enzymatic Activity in Lime Concretion Black
Soil Relative to P Application Rate

MA Lei'®  GUO Zhibin®> WANG Daozhong® ZHAO Bingzi'

(1 State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China)
oil and Fertilizer Research Institute, Anhui Academy of Agricultural Sciences, Hefei S ina
2 Soil and Fertilizer R h I Anhui Acad A Itural S Hefei 230031, Ch
(3 University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract Objective  Soil phosphorus is a major nutrient essential for plant growth and plays an important role in
achieving high crop yields. Application of chemical phosphorus fertilizer is a common agricultural strategy to improve phosphate
availability in lime concretion black soil, where shortage of soil phosphate is a limiting factor in agricultural production.
Numerous studies have been done addressing effects of phosphorus application on crop yield and soil fertility, but few are found
in the literature about the effects of long-term phosphorus application on diversity and composition of soil microbial community
in lime concretion black soil. The overall object of this study was to investigate relationships between soil nutrient availability,
soil enzymatic activity and soil bacterial community as affected by phosphorus application strategy. = Method A long-term
P-fertilizer application field experiment, designed to have three treatments in P fertilizer application rate, that is PO (No
phosphorus applied); P1 (P,Os 45 kg-hm ™ applied) and P2 (P,Os 90 kg-hm™ applied), was conducted in a tract of lime concretion
black soil in the Mengcheng, Anhui. The technology of high-throughput sequencing of V4-V5 16s rRNA gene region was used to
character bacterial community diversity and composition relative to phosphorus application rate. Activities of B-glucosidase,
Protease, Acid phosphatase and Dehydrogenase were measured to represent functions of the soil bacterial community.  Result
Results show that after 21 years of phosphorus application improved soil fertilizer significantly. Compared with PO, P2 was
10.33%, 31.36%, 40.00%, 384.19% and 79.49% higher in content of soil organic carbon, soil dissolved organic carbon, total
phosphorus, available phosphorus, and ammonium, respectively. The significant improvement in soil nutrient in turn altered
composition of the soil bacterial community. The diversity (Shannon index) of soil bacteria improved by 2.49% and 4.52% in P1
and P2, respectively. Proteobacteria, Actinobacteria and Acidobacteria used to be the dominant phyla in the lime concretion black
soil, accounting for 40.16%, 19.75% and 14.91% in relative abundance, respectively. Principal coordinate and Adonis analysis
reveals significant differences between the treatments in structure of the soil bacterial community. In the soils applied with
phosphate, phosphate-solubilizing bactria, including three phyla, i.e., Actinobacteria, Planctomycetes and Bacteroidetes, and three
genera, i.e., Terracoccus, Flavisolibacter and Arthrobacter, increased significantly, whereas oligotrophic bacteria, including two
phyla, i.e. Chloroflexi and Verrucomicrobia, denitrifying bacteria, including two genera, i.e., Kaistobacter and Rhodanobacter,
and nitrogen-fixing bacteria, including two genera, i.e., Bradyrhizobium and Burkholderia, decreased significantly in relative
abundance. Canonical analysis of principal coordinate (CAP) and multivariate regression tree analysis (MRT) reveals that soil
bacterial community composition was significantly related to contents of soil dissolved organic carbon and total phosphate in the
treatments applied with phosphorus. As expected, long-term phosphorus application increased the activities of B-glucosidase,
Protease and Dehydrogenase, while phosphorus application had no significant effects on the activity of acid phosphatase. The
above-described four soil enzymes were all significantly and positively related in activity to relative abundance of the bacteria
(i.e., Bacteroidetes and Flavisolibacter) enriched in the soils applied with phosphorus. ~ Conclusion  In conclusion, the present
study has demonstrated that long-term phosphorus application can improve soil fertility, increase microbial diversity, alter soil
bacterial community structure and enrich phosphate-solubilizing bacteria, which in turn, increase soil enzyme activities in lime
concretion black soil.

Key words Lime concretion black soil; Phosphate; High-throughput sequencing; Microbial community; Enzymatic activity
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