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o3 I Y B AR AR A Y R A AR PR AR B A PR . ALP U ATE K B EHIbLH] . 25580 (1) 5 FO Ab3MfLL,
WEENL (FOP. FON. FONP) #4203t T HIEIC T DURARF TR i, HrhE G (FOPN) s ft, +8eh
MUKk (SOC )., %0 (TN), WA (AN), A%k (AP) FF K= RAMMIEE T 8.1%. 24.2%. 30.5%. 20.2%M% 39.7%.
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Abstract: [ Objective ] Phosphorus solubilizing bacterial communities in the rhizosphere are critical functional components in
soil phosphorus cycling. Their abundance, community composition, and diversity determine the activity of soil alkaline
phosphomonoesterase (ALP) and phosphorus availability. Thus, this study aimed to explore the impact of different
bio-fertilization regimes on phosphorus solubilizing bacterial communities in red soil and maize productivity. [ Method JBased on
a long-term (11-year) bio-fertilization experiment at the Yingtan Red Soil Ecological Experiment Station of the Chinese Academy
of Sciences, four treatments were selected: chemical fertilizer + organic fertilizer (FO), FO + phosphorus solubilizing bacteria
(FOP), FO + nematodes (FON), and FO + phosphorus solubilizing bacteria + nematodes (FOPN). Quantitative real-time PCR
(qPCR) and high-throughput sequencing technologies were employed to elucidate the mechanisms through which biological
amendments affect rhizosphere phosphorus solubilizing bacterial communities, ALP activity, and maize productivity. [ Results ]
(1)Compared with the FO treatment, bio-fertilization treatments (FOP, FON, FOPN) significantly improved soil fertility and
maize yield, with the combined inoculation treatment (FOPN) showing the most pronounced effects. Soil organic carbon (SOC),
total nitrogen(TN), available nitrogen (AN), available phosphorus (AP), and maize yield increased by 8.1%, 24.2%, 30.5%,
20.2%, and 39.7%, respectively. (2) Bio-fertilization significantly increased the abundance of rhizosphere phosphorus solubilizing
bacteria, showing notable interactive effects, while the Shannon index remained consistently lower than that in the FO treatment.
The abundance of phosphorus solubilizing bacteria exhibited significant positive correlations with TN and AN. (3) AN,
phosphorus solubilizing bacterial abundance and ALP activity were identified as the key drivers of maize yield. Structural
equation modeling revealed that AN not only directly promoted maize yield but also indirectly enhanced yield by increasing
phosphorus solubilizing bacterial abundance and ALP activity. [ Conclusion ] Bio-fertilization significantly increased phosphorus
solubilizing bacterial abundance, suggesting that microbial population dynamics may regulate phosphorus uptake in maize. These
amendments enhanced upland red soil fertility by indirectly promoting phosphorus solubilizing bacterial abundance and ALP
activity, thereby facilitating organic phosphorus mineralization and maize growth.

Key words: Phosphorus solubilizing bacteria; Nematodes; Alkaline phosphomonoesterase activity; Maize productivity; Upland

red soil
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HEBRGE T EHENERNERZ —, JLHEER
AN DX, T 0 KU i 2 ) #
WE, 33 a3 s Rt A SR
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Wil2 i ( Acid phosphatase, ACP ) Flf 14 5 2 fif

( Alkaline phosphomonoesterase, ALP) &+
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Jiang ZEU AT K B, £k Hn] LU E 4 39 b CHLBE IR
fif, DA HEINAT RO & £ SN2 Pt . I SE AT R
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WRPRAEBE AR AT 7 (2) A= W35 A Qo] 388 20 5% v i
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P3G N AL BT f W A0 R v B L AR AR
TIE, - BFRA fif i 200 R RRE T 6T DL B b 1) e B R 72
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2011 4R TVLPY 4 TR T rp [ R 22 B4 3 A A
R uE (28°15°N, 116°55°E ) HEAT S 21 3E 2k 1y 3%
B T2 (ARG . AFFAE X Ry o I A 2 U i, AR
PR 17.8°C, AEREKEZY 1785 mm, i 15
AR FE kB (FiiRiE
+), WBHHE L (0 ~ 20 cm) AR S .
pH 5.83. AHLEK 3.32 gkg ' &K 0.41 gkg ', W
031 gkg' . Bkt A 18.64 mgkg' . A R B
2.4 mgkg',
1.2 iKEEigt

RIGE 4 MbE . © AEIA UL (FO):
AW+ @ FO IMMHEANTE (FOP): A BEH
NE-H5E 25+ ; @ FO Skl (FON ). ZE AR
JEE 2+ L, @ FO MBI A<k L ( FOPN ):
RBEFNE 2B T+ 2 o /N X% 5 mo x
4m, FAEEE3ANFEE/NX, FEILXAHES] ., AT
ThnE AR (N) 152.75 kgthm™2a™" | #AE (LA P,Os
i) 11620 kghm>a' . #AE ( I K0 i)
166.32 kgshm >a™', HHLAL (HEARILAGREZE ) i FH &
R 11250 kg-hm a5 DALT 38 mb s 16 43 5 A - 5 fi
WA (RIS AR, Mesorhizobium ) &R
5, DIKBHIEL 0.5 Lm 2 ma/NX L3, 3
Pl 5% 10" CFU-m ;5 il K 30 kg A9 35 3 kg
B THEIER A, IFTE 20 C Rk 28 d 153 547 & 4
MLk % NIRARITEUS , AL E SRR 2l
tEATIRZ Bt ( Protorhabditis ) JARHEFIEE, &4
PRI 2R R BT 92% o B0 A 2R Ul i 50 kg
T A i8R it AN X it A AN X AT
Jiti 20 kg FiFE A, BVEAFIEZ R ( Protorhabditis ) %
PR 5 x 10* &em 2, IR HHAEY b 2K (I
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S 53 ) A e A A T A A TR R
1.3 HmEESHH

T20224F 7 H K AU R A KRR PR 18 )

http://pedologica.issas.ac.cn



1698 + b1

63 %

=

FEARAERL o ZE/NX FPUO XSRS RUEREYE , BEHL
P 2SR — B0 5 BRI R KRR RE , RRENE
R -4, e bt MR L L3 (2~4 mm) &
BIREA S M AR EGE 100 g 14, 57
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T BERE RO =gy, AT R A
i Tl 200 R AR AR R A B M Wl R T P . BOK
KPR T FORWMORI R AR, X4 /INX 230, FREL
GBS, T 105 CAF 30 min, 65 C FHLFEE
T, OFREUAS b B KRR 9 o i

M T ELAR I vk IR il A LA T
WiE 38 pH (F/KI 2.5 1 1); SRJTESKmEA NN
R 5E 3G HLBR (SOC ); fdf TSI IR 25 I
A (TN); SR i SR - R PR Vs — SR B e Le a7k
I AW (TP ); foff FH B 0002 D00 7 A 20 C AN )
K A NaHCO; 32 $2& —4H 86 P b €3 W a2 A7 2k
(AP); BRMEERREE ( ALP) 3P FHBERR S —4h 1L
M
1.4 DNAREERSEENF

fit H + 3 DNA 42 ik 7 & ( MoBio
Laboratories, Inc., J&[E ) ¥ B8 158 A - e 1 $ e £ 1
DNA. U DNA 5 1 %30 NeA 5 il ok 61 7
K, 439 5E 230, 260 F1 280 nm Y OD {H, 4>
Hr DNA Ju it Fafi g . R ALPS-F730( 5°-CAGTGG
GACGACCACGAGGT-3" ) fll ALPS-R1101( 5’-GAG
GCCGATCGGCATG TCG-3’) 1EK phoD K:H Fr B
M35 19", PCR WM FR (20 uL) Q1R : 2 x
SYBR Premix 10 pL, 0.8 uL 547, 1 uL DNA £,
i ddH,O0 #hE . PCR ¥ ¥4 94 CHUZEM:
2 min, 94 CZAEPE30 s, 55 CiEA 30 s, 72 CiE
130 s, P30 %; 72 CLRZEM 10 min, PCR
74k [T 500 SCRE L 3@ 2k Tllumina Miseq
-G HEA T R Y X R LR A HEA T I A
fdi [l QUIME %4 (v1.9.1) #ATIHARHT . 7E 97%
AR RLRE K % e Sl a7 81 3R 28, TB S T AL
PR ERAE 4325 57 ( Operational taxonomic units,
OTUs ),

fiff Wl 20 T 1Y) pho D BE P 3 B FH 2O i B i
1£ ABI StepOne TM SEHT %G & PCRAX 47
TR B4 B R AR R 5 3 i 38 s R AH R . gPCR
RNAFRF R : 95 CHIZEME 1 min, 94 CAEME: 45s,

57 CiBK 45s, 72 CHEAf 45s, FHEEH 40 I%;
72 CHRIEH 10 min, BFES 3 DMEE, IFiE 3
A TCWRIK 2 X R ARWFSEIRTF I phoD JEIH 751
C L f% NCBI i i, &35 PRINA1223140.
1.5 HiEsbE

PO KT 2500 (One-way ANOVA ), £ [L
H(LSD ¥ )UK Pearson A&/ i it SPSS24.0
AT o R H FE A FR 5 ( Principal co-ordinates
analysis, PCoA ) 113 PP A[A] Bray-Curtis FE 5,
WG [FIFEASHE P55 0 1) 22 5% . Shannon F8 41
F & AiE T R Studio (version 3.6.2 ) H1#Y vegan
By diversity PRECGTHE A, i randomForest .
rfUtilities Fl1 rfPermute #AALHETTREHLARM ST
M7 A (SEM) Jdid AMOS23.0 #EAT 40T .

2 4 R

210 AREEYEELAETHEELER. ALP &

HMEKXRTE

AN ) A 45 0 Ah B AR B - S AL T 25 5
F (1), HET FO 4B, FON Hil FOPN 4b 3 i
FE T SOC F & (P<0.05), 1 TP &
7t FOP, FON, FOPN AbEE¥ R ERIM. ANFEAY
BB AR R, 3 TN, AN il AP il 48 (P
< 0.05), H¥J¥F FOPN b T i, HHE T FO 4b
RO 23.86% . 30.47%F1 20.10%. A=Y
BE B AL HR R AR PR 43 ALP I M X Bk g 22 R
(El 1), 5 FO Ab¥EAHLL, 13 ALP i& 47 FOP,
FON 1 FOPN 4k #3475 & 14, 73 548 & 1 28.53%
27.71%%H1 29.85% ( P < 0.05 ); FON F1 FOPN b3 £
K=o R R 21.26%F11 39.69% (P < 0.05 ). R
J5 2543 W BIF ST A Tl 40 T AN el R 2550 - S 1A
. ALP JG MR E K= BN BEAEH, 458 %£H
(F2), BUEMEXT TN (F=101.14, P<0.001),
AN (F=23.21, P=0.0013), ALP (F=31.86, P<
0.001) M EKy=H (F=14.36, P=0.0051) 5 &
FACHAER ;. £t sSOC (F=43.71, P<0.001),
TN (F=7631, P<0.001). AN (F=20.57, P=
0.0019). ALP %t (F=28.51, P<0.001) FIEK
i (F=64.38, P<0.001) BBV 825 ik
B FIZE B E A B TN (F=25.56, P<0.001),
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Table 1 Physicochemical properties of red soil under different treatments

e pH Soc/ (gkg!) TN/ (gkg') TP/ (gkg ') AN/ (mgkg™) AP/ (mgkg™)
Treatment
FO 6.31+£0.17a 7.98+0.11b 0.88+0.01c 1.23+0.08b 74.18 £ 1.57¢ 92.98+3.47¢
FOP 6.24+0.04a 8.13+0.02b 1.05£0.01b 1.47+0.10a 85.21 £2.42b 103.72+0.43b
FON 6.38+0.26a 8.76+0.07a 1.04+0.02b 1.46+0.02a 84.52 + 3.68b 109.71+2.72ab
FOPN 6.43+0.22a 8.62+0.14a 1.09+0.01a 1.37+0.02a 96.78 +2.62a 111.67£2.68a

HE: FO, AMIE+AHUIL; FOP, ABHAIL+AHUICHRBRANT ; FON, ABFAIL+A UL+ H; FOPN, ZBHAIIL+A LG+
fRBEANTE+2 R, SOC: +HEAMIEK; TN: 2% ; TP: &W; AN: BUfFA; AP: AR . RPEIR WM « brikiR, F—3TH
[R] FH R Ab B H] 22 57 3% ( P < 0.05 ). F[Al. Note: FO, chemical fertilizer with organic manure; FOP, FO plus phosphorus solubilizing
bacteria; FON, FO plus nematodes; FOPN, FO plus phosphorus solubilizing bacteria and nematodes. SOC: Organic carbon; TN: Total
nitrogen; TP: Total phosphorus; AN: Alkali-hydrolyzable nitrogen; AP: Available phosphorus. The data in the table are average = standard

error, different letters in the same column indicate significant differences ( P < 0.05) . The same below.

a) g b) 15000 —
::J; 2 a & E ) 4
on B
#Ha O b & ==
=z = 210000k ¢ %
£ A ﬂﬂj 2 -
%é 4r- ) 5
=~ 1 5
=2 -
&z g 5000
8 2 IS
5 :
<
O—F0 FOP FON FOPN =0 FOP FON FOPN
AbH Treatment AbFR Treatment

He ERiR2EL MErifER. T, Note: Error bar in the figure represent the standard error. The same below.
P OR[RDAR BT gt i R i 1 S K7
Fig. 1 ALP activity and maize productivity under different treatments
2 MBBHENMEZEREIBEEAMTIERAMR. ALP EERERFEFZWMNFTESN

Table 2 Variance analysis of the effects of phosphorus solubilizing bacteria, nematodes, and their interactive actions on soil physicochemical
properties, ALP activity, and maize productivity

SN ALP (it B/ N ¥
pH SOC TN TP AN AP
Factor ALP activity Maize productivity
ATl <0.01 <0.01  101.14*** 143 23.21** 0.69 31.86%** 14.36%*

Phosphorus solubilizing bacteria

2l 0.45 43.71%%%  7631%%* (.84 20.57%% 2.60 28.51%%* 64.38%%*
Nematode
it Tl 200 T < 26 0.11 225 25.56%%*% 6.17* 0.06 0.33  23.57%* 2.88

Phosphorus solubilizing bacteria x Nematode

e ALPIE{E: SPERERRNHGE; RPRFFRRITEZERI FAE, SRR AFARREERT (F43K P<0.001, **%5 P<0.01,
*FIN P<0.05), F[A], Note: ALP activity: Alkaline phosphomonoesterase activity. The numbers in the table represent the F-values of the variance

results, the * indicate different levels of significance ( *** indicate P < 0.001, ** indicate P <0.01, * indicate P <0.05) . The same below.
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TP (F=6.17, P=0.038) #1 ALP i&¥E ( F=23.57,
P=0.0013).
2.2 AEEYEEAEANIE R BRAERE T B R T
AN TR A= 40 45 P Ak SRR I fe 5t 200 081 A % 3 B W 3
MAE (& 2a) . 5 FO AbFEAH EL, FOP, FON, FOPN
Ao FR iR 240 TR PP DLER AR G N T 56.9% . 102.8%
2 224.6% P < 0.05 ), = 38 0 7 25 3 B, Shannon
BECEAEYIEENEA S B2 KT FO 43 (P < 0.05,
2b), FEEAE AL A B 22 R (] 2¢ ).
FHF Bray-Curtis i 2 B LR A FR5HT ( PCoA )
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2000 T a
B a
T 4
w3 15001
£
2 10001
500 -
0
FO FOP FON FOPN
AbFR Treatment

RUY, RN IR A TE A F G IS B B
BEXR (K 2d, R*=0.601, P<0.001), PCoAl
1 PCoA2 43 HIf# BT 70.96%F1 13.1%H9 78 5+ . 18
Ik XA 22 07 22 43 A B 5 B A4 AT RN S K i o 4
RIS RIE RIS BARE T, S5 RE[W (R 3), &l
XoF i e 248 TR = B Y 320 A B 2 ( F=185.90, P <
0.001), XL HBAMIERX ZFHEA BEZW (F
=5.30, P<0.05); —# 3 HAEH W2 5 v fifk i 240
BWEE (F=10.83, P<0.05) FIELH (F=
16.74, P<0.01),

b) ¢
a
. b b b

% E
=
S 5
= <
w 175} 2 L

0

FO FOP FON FOPN
AbFR Treatment

D 06 A118) 2555001 (R*=0.601, P<0.001)

| ® FO
— A FOP A
X 04 m FON Aa
“ 02 | v FOPN POy
= 0.0 feesessssssaseanes B ITTT TP PP
2 v
2021
5 .
H 04 n -

~0.6 | | |
-040 -035 -030 -025 -0.20

FABBR1 PCol (70.96%)

B2 AFEAHE TR FEE (a) . Shannon F8%5L (b) . EFE (¢) RELIRFH (PCoA) (d)
Fig.2 Abundance(a), Shannon index(b ), Richness( ¢ )and principal coordinates analysis ( PCoA ) ( d) of phosphorus solubilizing bacterial
community under different treatments

x3 BHMAERMEZRARETEEANBBARENATES N

Table 3 Variance analysis of the effects of phosphate-solubilizing bacteria, nematodes, and their interactive actions on the phosphorus
solubilizing bacterial community

¥ FE Shannon $5 % FEBE R 45
Factor Abundance Shannon index Richness Structure
AN TR 82.12%** 2.52 0.78 3.24
Phosphorus solubilizing bacteria
S 185.90%** 5.30% 0.40 20.60**
Nematode
R TR 2 < 2 1 10.83* 3.32 0.02 16.74%*

Phosphorus solubilizing bacteria x Nematode
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B FPERER, TR IKF b, DORe s AR
Frffms 2 RS 22 o BRI ] ( Alphaproteobacteria,
34.68% ). B-ZEJEHI] ( Betaproteobacteria, 28.55% ). y-
AR ] ( Gammaproteobacteria, 8.63% ) FIZEE ]
( Actinomycetes, 3.71% ) 2%, 295 A E %@
B ARG 32 B B 75% (& 3a ), FOPN A Bl 28 15 ] f&2
o IEHE T F B fem, BT 97.58%. 5.50%,
BEET FOLME (P<0.05), BALHITK vy A4

VL 100" gy - - = Others

3 L

é SOF g [N N = Unclassified
M 3 L
48 60 - [ - - = Gammaproteobacteria
o o B
% g F Actinobacteria
2 40+ )
ﬁ E I = Gammaproteobacteria
— O

g 20+ Betaproteobacteria

;: 0 m Alphaproteobacteria

FO FOP FON FOPN
Ab¥ Treatment

W TR JEATE FON 2R3 25 5 T FO 2L 3 P < 0.05 ),
TEJE K b, S Ao ol 40 B A T LA K FTIR B R
( Aquabacterium , 18.81% ) F1 18 4 W 4 W )&
( Bradyrhizobium, 14.2% ) FLHEFEHE (El 3b). 5 FO
LLBEAHEL, FOP, FON K. FOPN Kb/ FIR Y
FEXFERE BB IN T 20.11%., 23.43%7F1 30.79% (P <
0.05), % FO 4b¥E, FOP il FONP AbBHHig A LI i
J& ( Mesorhizobium ) FIXFFRE B (P <0.05 ),

b)

e 1001 mm Others

“é r . . . . Unclassified

S 80F Mesorhizobium
= Lo
frfl= r Cupriavidus
" S 60F Afipia
s ‘% F - Pseudomonas
i S 40F o Mitsuaria
ﬁ e F mu Lysobacter

<2 20k Pseudolabrys

2 L Bradyrhizobium

& 9 Aquabacterium

FO FOP FON FOPN
Ab 3 Treatment

K3 AFEAEBE T A T K (a) FURAKF (b)) B AL

Fig. 3 Composition of phosphorus solubilizing bacterial community at the phylum (a ) and genus (b) levels under different treatments

23 TIERBERBEEEEMSHENZILEF

BEMLAR MRS (18] 4) K], T3 TN(15.27% ).
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Fig. 4 Random forest model analysis of the effects of soil physicochemical properties on phosphorus solubilizing bacterial abundance ( a ),

Shannon index (b ), richness (¢ ), and community structure (d)
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Structure

i: Abundance: f#BE4NE F-%; Shannon index: Shannon
16%0; Richness: F & EFHE; Structure: BEFELEH, HE—E
AFR{E (PCoAl) K, BUER/RIEML, JFIERR G,
T AR K /N R R A Pt K /N, Note: Abundance: Abundance of
phosphorus solubilizing bacteria; Shannon index : Shannon diversity
index; Richness: Richness index; Structure: Community structure,
represented by the first principal coordinate value ( PCoAl ) . The
circle represents the positive correlation, and the square represents

the negative correlation. The area size represents the correlation
size.
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Fig. 5 Pearson correlation heatmap of soil physicochemical
properties and phosphorus solubilizing bacterial community
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Fig. 6 Random forest model analysis (a) and structural equation model (b ) of the effects of soil physicochemical properties, phosphorus

solubilizing bacterial community, and ALP activity on maize productivity
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