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Abstract: [ Objective] Phosphorus solubilizing bacteria (PSB) is an important functional group of the soil microbial
community. The changes in the abundance, composition, and diversity of the PSB community in the rhizosphere can
affect soil alkaline phosphomonoesterase (ALP) activity and phosphorus (P) cycle dynamics. Here, we explored the
mechanism of the abundance, composition, and diversity of the PSB community in regulating maize productivity
under different organic fertilization treatments. [ Method] In this study, we conducted a long-term field experiment
with different organic fertilization treatments at the Yingtan National Agroecosystem Field Experiment Station of
the Chinese Academy of Sciences in Jiangxi. The field experiment included four treatments: no manure (MO0), low
manure (M1), high manure (M2), and high manure with lime addition (M3). Illumina sequencing was used to
investigate the abundance, composition, and diversity of the PSB community in the thizosphere. [Result] Different
organic fertilization treatments (M1, M2, and M3) significantly increased pH, soil organic matter (SOM), total
nitrogen (TN), total phosphorus (TP), available phosphorus (AP), abundance of PSB, ALP activity, and maize
productivity compared to MO treatment, with the highest values observed under M3 treatment. Organic fertilizer
treatments affected the PSB community composition and diversity in the rhizosphere. Bradyrhizobium,
Mesorhizobium, and Pseudomonas were the dominant genera in the PSB community under M2 and M3 treatments.
Compared with the MO treatment, the PSB community diversity was significantly increased under the M1 treatment.
The abundance and dominant genera of the rhizosphere PSB community were mainly affected by AP. Correlation
analysis and structural equation modeling revealed that AP and TP indirectly affected maize productivity by
increasing the abundance and changing the relative abundance of dominant genera of PSB. [ Conclusion] Taken
together, this study elucidates the promotion mechanisms of the rhizosphere PSB community on the mineralization
of soil organic phosphorus and maize productivity. Our findings provide a scientific basis for establishing better
organic fertilization practices and enhancing the fertility and health of red soils.
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50 4 1 - 358 R e I B S DT, TEiE R E ) BB R USRI F T A WL — % o7 3B 4 1 1) 30%
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1 #PRES 5k

1.1 #F5RXER

H 2002 4, TV 742 1 R Ti7 rp R B 40 398 A 265 S ot Y 18 B A LA K38 5 o7 /s
[X (28°1520”N, 116°55'30”E) o W Fi X ALY (1) o Ay S, P35S 17.6°C, F&
KE 1795 mm. BHREHEONENLOH LR ENAOE (FihiiEEgt) , 2mmtt, *
SRENUR SR, FHE PR RK. RGIHHELE (0~ 20 cm) EAPERN: pH 4.9,
HHL 6.0 kg™, 4% 029 g-kg™!, AW 0.23 g-kg™!, A% 20.01 mg-kg™!, AL 48.45
mg-kglo
1.2 IGALIE

WHE 4 MAFAEVEHELE: © MO, AjEft; @ ML, KEAHLIEN 150 kg-hm2-a™);
@ M2, HEAVIEN600kg-hm2a); @ M3, mEAHIEIA KALEL(N 600 kg-hm2-a~!;
£ K 3000 kg-hm2-a™) . GHAL A IET W0, 20k & & 306.6 g-kg ™', A G & 32.7gkg s
EEE 202 ke, EWEE 147 gkg's WRE/NXCRA TG, A0 3 A E
2, L 1R2ADX, APAXRSF 2mx 2m. RGN XA 4-7 AFEFORBRIE GRFCHTE 24
5D, FEZEEN 50 000 #-hm 2,
1.3 #mRESHH

T2021 4 7 H KBRS TRAEAT it AR s 38 A4S/ X BE AT LI L 5 Bk oK
BREPMEERR R LI, BRRME TRRHN % Q~4mm) 28k, REBHEEH
VU7riHL 100 g HFF, BT KGN LZIERIEN . rf LIEFER S =1, 2nlH T 1%
PSR AT 200 TR TR L R T P ol 1 g 5 2 11 2 B 52



+ 1 R
Acta Pedologica Sinica

+3E pH R BEALTHENE OK @+ =251 1) ; HIEAHUR (SOM) K EA R A
IENE s A% (TND RAYLIREEIENE; 28 (TP) KA & &R - RE—He it
ERE; AR (AP) RIS NI APt th 6k, FAMr e B e K 660
nm & &M ENC, FEVEREIREG (ALP) J& 1K B OR 8 LL R e 07, LGS JE 2R Jk
B2 (p-NPYNJKY), BEIEPER RN mgp-NP-g"h ',

14 SBENF5RHEE PCR 71

T IEHE 5 DNA #2838 K 4] DNA #2507 % (MoBio Laboratories, Inc., CA, USA)
(bR AES AT HEEL . 8T H Nano Drop 736G EETHG A DNA IR ENIS & phoD HEH (1)
¥ 1 5] ¥ N ALPS-F730 (5-CAGTGGGACGACCACGAGGT-3") A1 ALPS-R1101 (5-
GAGGCCGATCGGCATGTCG-3*) U8, FEAMEMAE 20 pL MIRBOR G Y1, Ho &
519 0.5 uL, 2 x SYBR Premix Ex Taq 10 uL, DNA iz 1 pL, #ZE4H/K (ddH,0) 8 uL. PCR
P N: 95 °CHiAEME: 5 min, 95 °CAEME 30s, 60 °CiB/K 10s, 72 °CIEAH 30s, 40 XA
¥, 72°CHEK 10 mine PCR HE 3 ¥k, #XE (E) >97%, R?{A >0.99. PCR ¥4l
A TES i ) 4 0 SO, 383 Tllumina Miseq 7 & HEAT SR@ &M 7 . S 4G PP A3 T R & 0
i%, FF# A Quantitative Insights into Microbial Ecology (QIIME) ¥iif2 (version2) #E4T 43T,
W EART 20, KEE/NT 200 bp 175 5BR, %4 E barcode SEA VLT A, HFH AL
F| phoD B . phoD ZEFFFH UCHIME Hi%5 LBk &)751. i BLASTN ¥
R85 NCBI BT R R AW 347 Lhe . {8 UPARSE L 97% A% TR [F]—PE X
JE B AT R DAL EE T AR ME R AE 73 2R 1AL (OTUs) o NELECAFIRE S 2 AEM:, 4
BT L S R 9 8 — -~ 2 AE R 25 20 FIF QUIME #4:-/)1ir 4 “alpha_diversity.py” 1541
Alpha ZF£% (Shannon $6%{. Chaol F8%UF1 Richness 8%0)

RSN phoD FEIRHI45 VB 9% 6 e &l e, 78 ABI StepOne TM 3K % 2 &
PCR X b7 . FrH5IME FidMIE, RMNAEZRA: 2 x SYBR®Premix Ex Tag 10 uL, bR
51914 0.5uL, DNA 547 1 uL, #¢)i i ddH,O0 #h 2 20 pL. NFEF A 95 °CTiAR % 1 min,
94 °CAx % 45 s, 57 °CIB-K 45s, 72 °CHEA# 45's, 72 °CZARIEM 10 min, FEEIF 40 K.
BAFES 3 ANEE, IR 3 MR AKE AT AXT IR I M ACRIEE] 97%LL b, R2{H >0.99.,
1.5 HESH

2 4 B

2.1 BHELE TRFRIIERMR. ALP SEMFMERES~H

ANFE AR PR PR B3R R 2 R B W N (€ D. SRR (M) A
EAHUIE (MDA FEAR L, m A HUIE (M2 it M3) A0 5 25 312 5 1 R PR 3% pH(P<0.05),
M3 Ab3E N 3% pH /2 M2 A 1.16 f%. ANEAHUELE R, 3% SOM. TP il TN & &
BERE (P<0.05), HYEME M3 ~M2>MI1 > MO0 (AL HET Mo AT M1 A2,
M3 b3 SOM 73l & 1.47 £5H0 0.57 £, & &S s 6.70 551 0.72 5, 2AS &=
Oy IBRTE 117 f5F0 0.49 1% . 4520 & BAE M2 AFE R i, JFEE ST MO Al M1 4bFE (P
<0.05). ALP J&MEANT 0.80~3.22 mgp-NP-g -h™! Z[1], FLrp M3 kb#ifz s, M2 Fil M3 4b
HEZE (P<0.05) &1 MO A M1 ALEE., M1, M2 F1 M3 ZLBR ) T KA F78E MO k3843 51
L 4.05 /5. 9.75 {541 10.52 7% (

=1 FRGEBLG THOELEE R, BESBESEEMERE~N

Table 1 Soil chemical properties, ALP activity, and maize productivity under different organic fertilization
treatments
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TARAE T
W pH SOM ™ P AP ALP/(mg:p- Maize productivity
Treatment Ngkg™h Ngkg™) Keke™) (mgkg™) NP-g b ) kg b
MO 4.81x0.03c  8.09+0.71c 0.63£0.03c  0.33x0.01c 2.820.50c 0.80:£0.08¢ 2467+201c
Ml 497+0.04c  12.75:097b  0.92:0.08b 148£0.29b  195.16£5.15b 1.16=0.06b 12 4471 297b
M2 5.8340.09b  17.98£1.00a  125+0.03a  2.51£0.12a  509.20+23.90a 3.16+031a 26 508+1 533a
M3 6.78+0.34a  19.98+0.87a  137+0.02a  2.54+0.15a  467.64+46.05a 3.22:0.26a 284191 186a

W MO: AHEAE; MI: (REAEIE: M2: SmEEHUE; M3: SEAVUEIG K, ; SOM: HAHR; TN: 4% TP:
LW AP A ALP: TRMERERRNG: Maize productivity: FoKAF= ). RPMABN T MEAFAR, F— Al 5i = BRI
INFRRIRZEREE (P<0.05). F[H. Note: MO: No manure; M1: Low manure; M2: High manure; M3: High manure and lime; SOM:
Soil organic carbon matter; TN: Total nitrogen; TP: Total phosphorus; AP: Available phosphorus; ALP: Alkaline phosphomonoesterase. The
data in the table are average + standard errors, and the data followed by different small letters in the same group indicates a significant
difference (P < 0.05). The same below.

2.2 BHLAEAIE T ARPREERELAE phoD EEEE

IR E R PCR MANUIEALBE SR B AEBEAN R 1K) phoD HE[R48 NUEHEAT 104, 45
K (E 1a), phoD R TAAT 2.42 x 105~2.05 x 10°copies-g ', AHLICALHE B (P
<0.05) #&5 T phoD FEFHE AL, 5 MO ALEEAHLL, M1, M2 Al M3 42 phoD £+ U1
oy nlbtE 7 1.68 £, 5.90 f5H1 7.48 5. BENLARAR A HT VAL phoD J R 4E VUK i K] 1)
FHEM (K 1b), g5 /RT3 AP (18.99%) « pH (14.97%) « TN (14.50%) « SOM (13.38%)
TP (13.27%) sEfRBEANE phoD FERHE NI EEIK K (P<0.05) &

a)

=

Vo 2:5x10° 0F R?=0.88, P<0.01
S a
o ﬁg 2x108F b ) ES 15k ok o
A ) :HH% *% Kk
£ 1.5x109F RS
S K'c L
= =25 10
Q 2 1x10%F =8
S ® =2
S 2 ¢ = &
U5 5L g 5k
& 5x10 d S
Q |
Q I
2 0 0
MO M1 M2 M3 AP pH TN SOM TP
Kb FE Treatment SR 2 Impact factor

H: *3®R P<0.05, **FIR P<0.01, ***K/K P<0.001*, T[E. Note: * indicates P <0.05, ** indicates
P <0.01, and *** indicates P < 0.001. The same below.
1 AN THRPR R 1 phoD R FJE (2 FBENLARM T (B
Fig. 1 The phoD gene abundance (a) and random forest modeling analysis (b) of phosphorus solubilizing bacteria
in the rhizosphere under organic fertilization treatments
2.3 AHLAEALIE T MR PR ARA% LM B B P A
rE R PR, AETDKP L, REAVUEALHE (MO AT M1 AR s e ot 40 1 H
%L o JE B[] (o-Proteobacteria, 47.75%) 1 B-EJE B[] (B-Proteobacteria; 16.40%) N
ALK (E22) , HERAHIELE (M2 R M3) PRI ERTE L, o BEHI] (o
Proteobacteria, 54.52%) A y-AF/E R[] (y-Proteobacteria, 17.03%) NLHALEE . HHLICA
HEZE (P<0.05) 307 LB E I 1FE (Actinobacteria, 8.74%) o fEJE/KF L, +
R Al R RE VK LA AR W E B ( Bradyrhizobium ,  33.10% ) A1 H 8 A4 AR R H B
(Mesorhizobium, 10.21%) NRHAREE (K 2b), SKEAVALLEMEL, SEAYVALLEE
AR T e AR R R BRAR, T PR AR R AR L R (Pseudomonas) ]
FXTFEERE N (P<0.05), 4rlie T 4.83 £5F010.73 .
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a) b) 100
33 Others 3 Others
El Firmicutes 80 B Agquabacterium
Bl Planctomycetes B Kribbella

3 Chloroflexi
3 Deltaproteobacteria

B3 Streptomyces
3 Methylococcus

60

3 Gemmatimonadetes
3 Acidobacteria

3 Actinobacteria

3 Betaproteobacteria
Bl Gammaproteobacteria
El Alphaproteobacteria

3 Sinorhizobium
3 Methylobacterium
3 Ralstonia

3 Pseudomonas
B Mesorhizobium
B Bradyrhizobium

40

HAXEE Relative abundance/%
AHXTF ¥ Relative abundance/%

20

Mo M1 M2 M3 Mo M1 M2 M3
43 Treatment Kb ¥ Treatment

B 2 A YU IR R B R ST T () FIE/AKT (b) s
Fig. 2 Effects of organic fertilization treatments on the structure of phosphorus solubilizing bacterial community in
the rhizosphere at the phylum (a) and genus (b) levels

#F Bray-Curtis #7251 E BRI HT PCoA KIL (Kl 3a) , 4 FraUILALEE T HR b ik
BV H A EER (R2=0.80, P<0.001) , PCoAl Hlifll PCoA2 #li/y HIfRE 1 it 2
R R V& 22 5 1 44.34% A1 24.33% o BEATLAR AR 3 B DI A A2 ol 200 81 A s 28 Js 52 M KT 1 ) 8 41
3b) , ERE/REEETN (17.50%) « AP (16.50%) + TP (16.37%) . SOM (15.20%) Al
pH (10.87%) /&fEBFAIBEREVE A RN EERE (P<0.05) o BB AR T AR b g 40
FREV% alpha ZRE%E (B 4. YA N RPRFEEEAN R 1Y) Shannon #8544, Chaol $5%H1
Richness F8#057E M1 AbFE N, AHEL MO AbEE, M1 ALPER Chaol $8%(A1 Richness $5 %
Gyl T 66.29% M1 62.84% o BEALAR MRS BT VFA% i il 40 1 22 4 M s mi IR -1 1) EL R (1] 4D,
13 AP (15.14%) . TP (14.82%) A1 TN (10.37%) F& ¥ i€ M4 b Shannon 5% %
& (P<0.05). 13 AP (15.54%) . SOM (12.90%) . TN (12.26%) . pH (12.01%)
ATTP (11.85%) & {kJE fRMEANEA Chaol F8EU EE K ZE (P < 0.01). 11 AP (16.51%).
SOM (15.31%) pH (14.36%) TN (13.00%) FI TP (12.74%) J& & R4 B Richness 1§
B EERE (P<0.0D.

a) YA T7 225547 (R2=0.80, P<0.001) b)
—_ 20 —
g Lo o . R?=0.95, P<0.01
s | LY o 1 * 5k ok
< 02 % L 5k L
S M
~N 2]
< RE *
8 00 He ol
£ 273
N
il s T
H &
04 A \ , A .
06 -04 02 00 02 04 0

TN AP TP SOM pH

T ABKR1 PCoA1 (44.34%) A
20 [K1 2% Tmpact factor

o MO 0o Ml o© M2 & M3

K3 LI IE N bR w2 o iR 45 4 1 T ARBR 20T (PCoA) (a) FHBEALERAR BT (b)
Fig. 3 Principal co-ordinate analysis (PCoA) (a) and random forest modeling analysis (b) of phosphorus

solubilizing bacterial community structure in the rhizosphere under organic fertilization treatments
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= 1500
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D o
T T
Richness#fi%{ Richness index
@ @ ©
=1 [=3 =3
=] o =] =]
T T T
I
o
[on

Chao1#%{ Chaol index
o
o
(=}
T

Shannonf&%{ Shannon index

o
=]

MO M1 M2 M3 MO Ml M2 M3 MO M1 M2 M3
AbFE Treatment Ab#E Treatment QbFE Treatment
d) Shannonfg%i e) Chaol 184 f) Richnessf%
20 20 201
R=0.13, P<0.01 R2=0.40, P<0.01 o R=0.39, P<0.01
R ETI N &R L3
L 151 8 15k oS 15k X
Wa wa 1 wm .
= s = g RS -
n * e o
S E 10F = £ 10 = £ 10
Eg 2% £3
=8 Eg: =4
s 2 =n &
S sk =g 5 e 5k
0 0 0
AP TP TN pH SOM AP SOM TN pH TP AP SOM pH TN TP
SN A 2 Impact factor B[R 2 Impact factor A A 25 Impact factor

Bl 4 GHUEENC AR PR AR B 2 #EPE Shannon #5844 (a). Chaol #6841 (b). Richness fi4k (¢) FIBHHLAR
ot (d-D
Fig. 4 Shannon index (a), Chaol index (b), Richness index (c), and random forest modeling analysis (d—f) of the
phosphorus solubilizing bacterial community in the rhizosphere under organic fertilization treatments
2.4 HIRWFMR. BBAEETE. ALP FEMSEREFHHXE
AHIME TR B, 3 pH. AP. TP. SOM 1 TN Sf# 4N 5% . BEvE4L k. 184
MR ALP ANTORA™ 2 B R E IEMK (r=0.85~0.99, P<0.01), HRERIEE
BEHMK (r=-074~-071, P<0.01) -5 FBEARG 2 FEE TR BOMMB I R 8 2 25 1 %
(B 5) o MBEANTEFE. FEEALRA IR AR 5 ALP SRR R A7 ) 2 35 1IEAH %
(r=0.93~0.98, P<0.01). BEHLARMH PR TORA ™ J Ml 7 = ZE (B 6a) , 45
BB IE AP (14.49%) « TP (14.16%) « TN (11.79%) « SOM (10.54%) - pH (8.26) .
BRI R AL (13.52%) « MREA T2 (8.93%) " IBAMURI R (10.96%) Fil ALP
WEPE (10.57%) 23 (P< 0.05) M FKAE ).

o X [ = o
HlocooonTHEaE
NooooonznnE
JooooonnHBE
som (XX = [E = [0 0
JooooonEREE
ot (Ol - [Ll] - | - [

@ng?cﬁ&@ ¢ S

TE: Mp: FRAT); ALP: BVERERREE: Me: "RAENURIT; Ps: (P ME; Br: 18EMYRE: Sh:
Shannon #§%{; Ri: Richness ¥§%(; Ch: Chaol $8%(. phoD it R ¥ N R MEBEAM E AR FE (Ab), F—
FAEFRME (PCoAl) AREMBEANBERFVE AL (Code WITERIRIEA, TTIBRRFAHR, HAK/INERIER
£ K /N . Note: Mp: Maize productivity; ALP: Alkaline phosphomonoesterase; Me: Mesorhizobium; Ps:
Pseudomonas; Br: Bradyrhizobium; Sh: Shannon index; Ch: Chaol index; Ri: Richness index. The phoD gene copy
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number represents the PSB community abundance (Ab), and the first principal coordinate value (PCoAl) represents
the PSB community composition (Co). The circle represents the positive correlation, and the square represents the
negative correlation. The area size represents the correlation size.
Bl 5 LI SIRBR RS B . VSR 2R TE A LA AN R ALP BRE AN
FKAEE I Pearson FH2C R
Fig. 5 Pearson correlation coefficients between soil properties, the abundance, composition, and diversity of the
phosphorus solubilizing bacterial community in the rhizosphere, relative abundance of dominant taxa, ALP
activity, and maize productivity
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represents the relationships between the data, and the numbers on the arrow represent the standardized path coefficients. The thickness of
the line and the path coefficient are scaled. The black lines show positive correlations and the gray lines show negative correlations.
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Fig. 6 Soil properties, the phosphorus solubilizing bacterial community in the rhizosphere, and ALP activity on
maize productivity based on random forest modeling (a), structural equation modeling (b), and standardization

effects (c)
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