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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] Based 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 8.08%, 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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FOPN AbFE G & #2155 1 +4% SOC & & (P<0.05), +3E TP & &7 FOP. FON. FOPN 4t
BIRERI . ARV T, -3 TN, AN fil AP SEEZERS (P<0.05), HY
7t FOPN AbEE R i, AHECT FO AbEE 7 HilHe s 23.86% 30.47%F1 20.10%. AN A A4 55 A
AP N AR BRI ALP WEPE R TR EREZ R (B D. 5 FO &AM, +38 ALP JEPELE
FOP. FON #11 FOPN Ab3 35 W21, 34 1 28.53%. 27.71%741 29.85% (P<0.05);
FON Fl FOPN AbBE K775 73 7l 2 51 21.26%1 39.69% (P<0.05). K J5 22 /0 At 72 fie o
YR B FNZE AR 200 IR B PE T . ALP W PERTEOK =B HAEH, 4R%R (3R 2),
fEBEAE X TN (F=101.14, P<0.001). AN (F=23.21, P=0.0013). ALP (F=31.86,
P <0001) FEXK"E (F=1436, P=00051) HWEZEMRFER, Lbxt SOC (F=
4371, P<0.001). TN (F=17631, P<0.001). AN (F=20.57, P=0.0019). ALP &1k
(F=28.51, P<0.001) FIEK @ (F=6438, P<0.001) MRS 03, FRmgn e flsk i
HAERZERN TN (F = 2556, P<0.001). TP (F=6.17, P=0.038) il ALP il (F =
23.57, P=0.0013),
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Table 1 Physicochemical properties of red soil under different treatments

Qb

Treatment pH SOC/ (g-kg™h) TN/ (g'kg™") TP/ (g-kg") AN/ (mg-kg™) AP/ (mg-kg")
FO 6.31+0.17a 7.98+0.11b 0.88+0.01¢c 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 1.4740.10a 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 84.5243.68b 109.71+2.72ab

FOPN 6.43+0.22a 8.62+0.14a 1.09+0.01a 1.374+0.02a 96.78+£2.62a 111.67+2.68a

E: FO, BBATAL+AHLAL: FOP, ZUBEATHE+A HLAL+RBFATE : FON, ZUBEATAL+A HLAL+ZE s FOPN, ZBEAIAL-+A ALAL i
BEAHP+ER . SOC: TIEEHIK: TN: A% TP 2 AN: . AP HXWE. R-PEINTHME L IFdER, F—5)
TR FRER R A 22 55 23 (P <0.05), TIF. 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.
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Fig. 1 ALP activity and maize productivity under different treatments
R 2 BHSAEMER R AR BRI TIRBUMR. ALP B R ER=EZMA S ZE 0
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

: ALP jfif% ES ig
B pH SOC TN TP AN AP it AR
Factor ALP activity Maize productivity
T 4 R
e Hﬂ% . <0.01 <0.01 101.14*** 143 2321** 0.69  31.86*** 14.36%*
Phosphorus solubilizing bacteria
28
e 0.45 43.71%%* 76.31%%* 0.84 20.57** 2.60 28.51%** 64.38%**
Nematode
R <L
AR BT 0.11 225  2556%%* 6.17* 0.06 033 23.57** 2.88

Phosphorus solubilizing bacteria x Nematode
i ALP iEVE: BRIEBERREREME: RPBFERRTES RN FE, *SERARAREZEIKTE oK P<0.001, &R

P<0.01, *T/R P<0.05) T, 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.
2.2 R4S AR AL TR AR PR AR B L B B FHE

AN[E A BE AL BEAR b AR AN B A VR E B 5 0 (M 2a) o 5 FOAbEEAHLL, FOP.
FON. FOPN Kb38 g 41 1 145 DU I3 I T 56.9% 102.8% 5 224.6% (P <0.05) - =i
HENFEEREZH, Shannon FRE/E AR IEALEE T BE KT FOA R (P<0.05, KI2b) ,
F o EANAN I WA REZER (B 2¢) o 3T Bray-Curtis FE B (LR 32 48R4t
(PCoA) K, fRIEMEREEMMEARR A NEAEEER (H2d, R2=0.601, P
< 0.001), PCoAl Il PCoA2 7 HIfERE T 70.96%M1 13.1%MAE R . I XK & T7 20wk 5t
PR A B FD 2 ERONH R B A R BV R IE S AR, A5 SR I (GR 3D, 2R UK ARt b = 7
[ E RN AR R (F=185.90, P<0.001), {WZ&H FpfE X ZFEMR BEEmM (F=5.30,
P <0.05); ZHZHAEMEEZWEHRARER (F=10.83, P<0.05 MEELSEHE (F=
16.74, P<0.01),
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<) d) LI 2 5 4 B (R2=0.601. P < 0.001)
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= 2 1500f a
e S [=] I T T
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4P Treatment F ALK PCoA1(70.96%)

K2 AFACEE T RN 2 (a) . Shannon #8%L (b)  FEE (o) KT (PCoA) (d)
Fig. 2 Abundance (a), Shannon index (b), Richness (c) and principal co-ordinate analysis (PCoA) (d) of phosphorus solubilizing

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

phosphorus solubilizing bacterial community

¥ S Shannon F5% LEE iEaay )

Factor Abundance Shannon index Richness Structure
AT

el . . 82.12%** 2.52 0.78 3.24

Phosphorus solubilizing bacteria

ek 185.90%*** 5.30% 0.40 20.60%*

Nematode

SR A R < 2% T

. . 10.83* 3.32 0.02 16.74%*
Phosphorus solubilizing bacteria x Nematode

RN T RRE, T B, DURAEE NARPRAFEE A B vE 2 o- BT[]
(Alphaproteobacteria, 34.68%) . B-Z2 1% [] (Betaproteobacteria, 28.55%) y-& J& i ']
(Gammaproteobacteria, 8.63%) FIZEH ] (Actinomycetes, 3.71%) ZHil, ZI5AECD
B TR EBER 75% (B 3a). FOPN AR TR 1/ o ZBTEH T 1 EE femr, 20l
T 97.58%. 5.50%, WEET FOAHE (P<0.05), BASTEHIT N v AR 1FEE FON 4b
HEESmT FO L (P <0.05. fEEKN b, 558 A % 40 & 3 7% DL KA IR B &8
(Aquabacterium, 18.81%) A1EEWIFHEJE (Bradyrhizobium, 14.2%) AMLHFERE (H
3b). 5 FO #bFEAHEL, FOP. FON K& FOPN Ab 3 /K FFIR B I 10 AH X = B 40 il 38 o 17
20.11%. 23.43%F1 30.79% (P < 0.05), # FO 4:¥E, FOP Fl FONP Ab3# rig Ak KL% i Js
(Mesorhizobium) FHXTFFE R ZHM (P <0.05),

a) b)

£ 100 pumy . - B Others 2 100p . . . . mm Others

5} B

2 7 2 Unclassified

':“5 80 - [ - [ ] Unclassified _E 801 Mesorhizebium
=3 - i g Cupriavidus
T ] - - mm Gammaproteobacteria H- B

60 - = & 60f Afipia

=g or = e
Z=3 Actinobacteria =z é Pseudomonas
+ 2 aof : B 40f Mitsuaria
ﬁ 'T: B Gammaprotecbacteria IEE T: Iysobacter
— B

_ﬁ 201 Betaproteobactera 'E 201 Pseudolabrys

= H] Bradyrhizobium

“ @

= 0 mm Alphaproteobacteria S Aguab, irm

FO FOP FON FOPN FO FOP FON  FOPN
AbTE Treatment 4L FE Treatment

B 3 RFEAE TR E T TKF () AUBAKE (b) BEELLRK
Fig. 3 Composition of phosphorus solubilizing bacterial community at the phylum (a) and genus (b) levels under different
treatments
2.3 HIRBHSEE AR FEE SR E-F
BENLARMAEA (B 4) FB], +3 TN (1527%). AN (14.08%). SOC (11.57%) F1

AP (7.57%) &R PR B4+ FHEFEF (P <0.05); T3 TN (14.09%). SOC
(8.77%)+ TP (8.13%) HIAN (8.12%) Rf#BEAHE Shannon 5441 FEALE (P<0.05);
+3% pH (10.34%). TN (8.41%) f AN (4.80%) MM EEEEN X ERWHER,
PR 4m T 25 M E TN (12.12%). SOC (10.01%)+ AN (9.31%) FITP (7.17%)
B (P<0.05).

ﬂ) 20 b) 15 2. d) 15 2.
R*=0.94, P=0.01 R=0.24, P=0.01 R°=0.68, P=0.01
ok
X X X x
< < S ok o
Ha i o 2o By
= = = =
Hn g Mo e *
By S 55 : S5
q5 x5 "5 H 5
= = = ﬂ =
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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 (c), and community structure (d)
24 TRBUMET. ALP R, MBEEREES IR TENXR
TP AL S M EAN B F . 2 A (Shannon FREL. FEE) MIBEE K

Pearson AHOCHEM TR BN (K] 5), MBEAME FE5 TN(-=0.88, P<0.01)F1 AN (r=10.83,
P <0.001)2EFIEAZX; Shannon #5415 TN(G=-0.60, P <0.01)f! ALP &t (r=-0.74, P
< 0.001)5£ 2 MAH5K; Richness 5 pH £ 2.2 IEAHK(r = 0.68, P <0.05); UtAh, fEBELHE
FEE 45K 5 SOC(r=-0.67, P<0.05). TN(r=-0.64, P<0.001)f1 ALP i%&%: (r=-0.77, P<
0.001) 2 2. 3 FAHK

Abundance

Shannon Index

e?‘

O

@
Richness @ « 0 - .o O
Structure| - « | +++] 0O |:| [] |+

7E: Abundance: fRB4NEF/%; Shannon index: Shannon #5%(; Richness: F=& [EIE%L; Structure: HFVELH, HIH—
EMBRE (PCoAD) K. HBRFRTMRK, FHERMMR, HMBKDERHZFNEK . 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
characteristics
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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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