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Effects of organic amendments on phoD-harboring bacterial
communities and phosphorus availability in soil
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Abstract: [Objective] To investigate the community structure, network complexity, and stability of
soil bacteria harboring the alkaline phosphatase gene (phoD) under the application of organic
amendments, elucidating their regulatory mechanisms in microbially mediated soil phosphorus (P)
transformation and availability. [Methods] We conducted the experiment within a 13-year long-
term maize field trial located in Ya’an, Sichuan. The experiment comprised three mineral P
fertilizer treatments: 0, 75, and 150 kg/hm2 (designated as PO, P1, and P2, respectively). In 2018, a
split-plot design was implemented with organic amendment treatments, where mineral P
application was reduced by 30% and supplemented with pig manure (PO+M, 70% P1+M, and 70%
P2+M treatments). The phoD-harboring bacterial community structure was characterized by high-
throughput sequencing and bioinformatic analyses, which revealed the effects of organic
amendments with varying P supply levels on phoD-harboring bacterial communities and their
regulation of soil available P. [Results] As the P supply level increased, both mineral and organic
amendments significantly increased the content of soil organic matter (SOM), Olsen-P, and organic
P (Po), while significantly decreasing soil pH. P levels and organic amendments markedly altered
the community composition and network characteristics of phoD-harboring bacteria. Under low-P
conditions (PO, PO+M), Bradyrhizobium icense emerged as both the dominant and indicator
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species, with its relative abundance decreasing significantly as P application increased. Under
P-amended treatments (P1, P2, 70% P1+M, and 70% P2+M), Bradyrhizobium diazoefficiens and
Roseateles depolymerans became the predominant species, exhibiting significant increases in
relative abundance with higher P inputs. Notably, the relative abundance of all the three dominant
species under the application of organic amendments was higher than that in corresponding
inorganic P treatments. Furthermore, organic amendments increased the network nodes and
connectivity links compared with corresponding mineral P treatments. Random forest analysis
further identified B. icense as the strongest predictor of soil available P. The stability of phoD-
harboring bacterial networks showed no significant difference across treatments. However, after the
removal of dominant species, the network stability declined significantly in all treatments.
[Conclusion] Organic amendments increase the relative abundance of dominant species within the
phoD-harboring bacterial community across different P supply levels. They enhance the network
complexity of phoD-harboring bacteria, thereby improving the network stability of these bacterial

communities and ultimately influencing the availability of soil P.

Keywords:
structure; network stability
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Yooy dir) . R AR E PERY MR, AR
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1.1 X5 bR R A 5 % T

TR0 b LA T 2012 4 FF 4R S Y DU ) 1A
KRR R K] AT 7 3K 56 0 (29°58759.1"N,
102°58'56.4"E). 1ZHLIX & T #vily XU IE S
i, FKETTERZE, VAR KRN 1732 mm,
TR AU SR AR AR . 2018 4RI K AT -
HE(0-20 em) AL LR 1. AR BN
PP E S HFEE K, HETEHLIERE R B (N,
17%). & W 2 55 (P,0s, 12%). 5 1k 8 (K0,
60%). A HLIERL A ¥4 26 (manure, M), Hi4
B . AR . 2B AR E B 22288,
1430, 11.40, 6.64 g/lkg (ML 3), &K= H

F1 20185 LI AT (0-20 em)EARIRIL IR
Table 1
soil (0-20 cm) before the experiment in 2018

The basic physicochemical properties of the

Item Results
pH 6.14
Soil organic matter (g/kg) 32.33
Total nitrogen (g/kg) 1.13
Auvailable phosphorus (mg/kg) 9.49

Available potassium (mg/kg) 123.16
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89.9%, AHFFEIE 3 DIHALAEREKF-, 3 4
PR KA BE P,Os B FIBRE S . 0 RS,
P0). 75 kg/hm’® GEEHERE, P1). 150 kg/hm? (5
WS, P2), HAHEACAAIILE 2, F 2018 4F
SRR, B 3 AT sk K1 A e
KX, KIX[AIEE 2.0 m BYTRIRE ; R IX 543
6 /N, /NIXIHTCIENfE, 23 3EcE 3 Aol
R KO- A BRI R A HLIEIE 3 187 kg/hm?) ik
H, ETH 6. /NXHEFK 1.4mx9.5m=13.3 m’,
FORMEAL K 2500, REFPETIFE, IR 20 em 72
£, # 50% B EEFI A ERBEIL . SIE . A 2E4E
JEAESA AT, RIFE T 5550 50% A
iz AN
1.2 EHRERBAHEFERINE

T 2019 H7E TR YOR B AT - HERE dh R
8o AEREA/INXAT AL S ] & BEAIL I 2 (3
4 1), REX R HL T ER 0-20 em 19 3,
TERAE S, EBR AP MYERiA, Ay
SNRA AR —A /DX 24 s AT ]
SLHe A i, o AP — R MAAE T =20 °C
VKA T DNA S BRI 84 Fe 50 € 5 5
— B4 KT T AR AR D, A A
pH . %% (available phosphorus, AP) . F HL#
(organophosphorus, Po). 4 fiff (total phosphorus,
Pt). SOM. H%{#f (available potassium, AK)F14:
A (total nitrogen, TN), PA+/K LR 1:2.5 (R
)M pH TH( IR AR B A A FRA 7))
I7E pH; TN i A7k v B AA M #Ra 7€ 5

=2 NI HEARIE R

Table 2  Fertilizition of experimental site

SOM i HHE 58 FR B 45 T ik A miibg ; I
AP 7£ pH 8.5 B} 0.5 mol/L NaHCO; 21, R/
I s Po (i 5 SR K B2 Pt
KRR - AR PT L gkl AK SR S R - K
WCE TR o B — HHERE i I BRI RN S
ZL(1) DNA $REUCEIE 2 AT, ARIERE e
AR

1.3 1% phoD HAE £ 7% DNA 2 #1
PCR 1%

% H] FastDNA SPIN Kit (MP Biomedicals 2
A E DNA, # ] NanoDrop 2000 £
I DNA WREE 526, RInFEss 1% BENEHEER
FL UK DNA $EHUm A . Al 09 Re 5 190k
ALPs-F730 (5-CAGTGGGACGACCACGAGGT-3")
F1 ALPs-1101 (5-GAGGCCGATCGGCATGTCG-3')
P14 phoD FERM, P18 - BER/INA 371 bp, PCR
SRR 2 (20 pL): 2xChamQ SYBR Color gPCR
Master Mix 10 pL (F5 5% i MEBE A= W R4 1 A
FRATRD, b TS5 pmol/L) 45 0.8 uL,
50xROX Reference Dye I1 0.4 uL., DNA2 pL, K
7K (ddH,0) 6 uL, PCR S &f%: 95 cCHiAstE
3 min; 95 °C7AEM: 30s, 55°CiEk 30s, 72 °CHE
i1 30s, 3L 27 NEH; 72 °CAFEH 10 min,
4 °CLRA
1.4 Illumina MiSeq 5

fii 1% ZEARHEEE RS M PCR 7= %, R
DNA ¢ iz $2 BUA 7] £ (Axygen Biosciences 23 F)

Treatment Treatment number  Fertilizer application (kg/hm?) Pig manure application (kg/hm?)
N P,05 K,O
Inorganic fertilizer PO 180 0 105 -
Pl 180 75 105 -
P2 180 150 105 -
Organic amendments 70% PO+M 144 0 84 3187
70% P1+M 144 53 84 3187
70% P2+M 144 105 84 3187
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#ATAAL, AiA)E T Tris-HCLVEBE, 47 2%
T L VK K . FH NEXTflex Rapid DNA-
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JE o TG0 e fd A7 5 24 Tllumina MiSeq.
T AR PR Z R B U AR B, W A
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g BUYE 09 # i AH & 1 (sparse correlations for
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B RAHOCEHR AT IR, BAHSCEEY 0.6 H
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MR ZREE R R S MR . 1R
ETEZ R R R . LA 2T Y cohesion $5 %K
FRMZEERENE, “FYE (average degree)
W& 4, UL Shannon $8403 7~ phoD 41 E
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TSR A OCHEAE B, TR0 S A TR S AR X
2 BEHE R A G R B B, 15 3SR AH DGR
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FHICHESEATAG T, 45 20 WA OGRS, 310
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i it Bt K P R 3 i (B 1B 10). [A]— i
WS N A ML AR AL PR 14 pH. Olsen P Al
SOM ¥ TIALIEALBE(E 1)
2.2 FTHLFBHIERST S phoD EFH
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o e 3 R U S 28 e R AR B R A 5

A gor

SOM (g/kg)

BOHE E X He i B, R Shannon $5 B AE &
phoD FER AR LR ZFEME . e TTHLIEAL BN A
MLEZAE AL BE P Shannon $8 2034 JC . % 484k s 1E
AH [A] Jite #% 7K *F- & Shannon 48 %t TG i & 7% 1k
(K 2A). #T Bray-Curtis #7254 7 3 A AR 0 Hr
KW, YN S E52 0 phoD KD A T4 1 #F
V&R (&) 2B). FETCHLE AL BRAA B HE AL 3

B 100

80

60

40

Olsen P (mg/kg)

b*
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Po (mg/kg)

X
S \ 3\ \ 3'»
'\S ’\Qe

Bl FEMEBKFRTABMEIIEE Li%pH, B3, BIEMANBNENE. AF/NSFREOR
Al —BE RIS T A FBEAC AL B2 [0 fEP<0.05/KF EA 2555 * R RIEBEKF B JCHLAE BATA ALES

NEAL AT 35 25 5
Figure 1

Changes in soil pH, effective phosphorus, and organic phosphorus for inorganic phosphorus and with

organic amendments under different phosphorus supply levels. Different lowercase letters indicate significant

differences (P<0.05) among different phosphorus fertilizer treatments for the same phosphorus form; *: The

inorganic treatment and organic amendments treatment at the same phosphorus level show a significant difference.
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Figure 2  Effects of different phosphorus levels of inorganic and organic fertilizers on the characteristics of
phoD-harboring bacterial communities. A: Shannon index; B: Non-metric multidimensional scaling; C: Stacked
bar chart showing the top 10 dominant species based on relative abundance; D: Correlation heatmap of the top ten
dominant species’ relative abundances with soil physicochemical properties. Different lowercase letters indicate
significant differences (P<0.05) among different phosphorus fertilizer treatments for the same phosphorus form,
and uppercase letter A denotes significant differences (P<0.05) between inorganic fertilizer treatments and
organic amendment treatments. PO, P1, P2, PO+M, 70% P1+M, and 70% P2+M represent 0, 75, 150 kg/hrn2 P»,0Os5
and reduced 30% P fertilizer and combined organic manure (pig manure), respectively.
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e, PR A AR B (Bradyrhizobium icense) 175
X 53 8 8 (Cuprisvidus gilardii) A = B B 25 i
BE/KF B9 s, HS pH 2IEME, 5
SOM, Olsen P, Pi il Po SR HRUE
M HJRE TRl (Bradyrhizobium diazoefficiens) . fifZ 5%
YR A58 2B FTF 5 (Roseateles depolymerans)

H1 Rhodoplanes sp. Z2-YC6860 5 pH 2 17 Al %,
5 SOM. Olsen P, Pi il Po IEAHIEF R (K 2C,
2D). FETCHLAE A FEAIAT HLER AL AL 38 T, K
F-(P1F1 70% P1+M) i Jiti 5 7K ~F- (P2 F1 70%
P2+ M) 4 7R PRl e AR TR B K 7 (PO Al
PO+M)HJUk /(3 3).

*3 ANEMBKTRTHAE RIS R RIo 1T

Table 3 Indicator species analysis for inorganic fertilizers and organic amendments

Fertilization =~ ASV number = Taxa name Indicator P value
treatments Genus Species value index
PO ASV162 Bradyrhizobium Bradyrhizobium erythrophlei 0.802 0.0017""
ASV566 Pseudomonas Pseudomonas brenneri 0.675 0.013"
ASV1555 Afipia Afipia sp. GAS231 0.661 0.043"
ASV449 Bradyrhizobium Bradyrhizobium icense 0.612 0.045"
ASV233 Streptomyces Streptomyces sp. CdATBO1 0.577 0.044"
ASV266 Bradyrhizobium Bradyrhizobium sp. 0.575 0.034
P1 ASV90 Streptomyces Streptomyces sp. 11-1-2 0.707 0.002"
ASV538 Bradyrhizobium Bradyrhizobium japonicum 0.615 0.011"
P2 ASV452 Herbaspirillum Herbaspirillum hiltneri 0.766 0.001°""
ASV219 Bradyrhizobium Bradyrhizobium sp. CCGE-LA001 0.722 0.002"
ASV1214 Burkholderia Burkholderia cepacia 0.707 0.013"
ASV850 Methylobacterium Methylobacterium phyllosphaerae 0.645 0.046"
ASV86 Collimonas Collimonas arenae 0.615 0.007"
PO+M ASV537 Pseudomonas Pseudomonas stutzeri 0.833 0.002"
ASV975 Bradyrhizobium Bradyrhizobium icense 0.783 0.003"
ASV696 Burkholderia Burkholderia stagnalis 0.767 0.001™""
ASV999 Streptomyces Streptomyces venezuelae 0.730 0.009”
ASV688 Burkholderia Burkholderia cepacia 0.720 0.007""
ASV505 Ralstonia Ralstonia pickettii 0.707 0.002"
ASV1521 Ralstonia Ralstonia pickettii 0.707 0.020"
ASV1024 Lysobacter Lysobacter antibioticus 0.686 0.004™
ASV328 Bradyrhizobium Bradyrhizobium icense 0.617 0.0017""
70% P1+M ASV509 Paracoccus Paracoccus contaminans 0.690 0.024"
ASV1245 Bradyrhizobium Bradyrhizobium diazoefficiens 0.655 0.016"
ASV20 Rhodoplanes Rhodoplanes sp. Z2-YC6860 0.612 0.017°
ASV100 Janibacter Janibacter indicus 0.596 0.036"
70% P2+M ASV415 Streptomyces Streptomyces katrae 0.742 0.001°""
ASV331 Streptomyces Streptomyces katrae 0.730 0.001""
ASV217 Pseudomonas Pseudomonas synxantha 0.632 0.025
ASV285 Labrenzia Labrenzia sp. VG12 0.598 0.036"
ASV380 Bradyrhizobium Bradyrhizobium diazoefficiens 0.592 0.050"
ASV21 Bradyrhizobium Bradyrhizobium diazoefficiens 0.518 0.012°

*: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 3 Network of phoD bacteria depending on P fertilization based on sparse correlations for compositional

data analysis from species level.
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Table 4 Topology parameters for network analysis under inorganic fertilizer and organic amendments

Network metrics Inorganic fertilization Organic amendments

PO Pl P2 PO+M 70% P1+M 70% P2+M
Nodes 36 41 39 39 49 56
Edges 33 50 49 40 70 61
Positive rate (%) 48.48 54.00 53.06 37.50 64.00 62.30
Negative rate (%) 51.52 46.00 46.94 62.50 36.00 37.70
Average degree 1.833 2.439 2.513 2.051 3.061 2.179
Average weighted degree 1.213 3.201 1.65 1.326 2.051 1.394
Diameter 4 7 8 7 7 14
Density 0.052 0.061 0.066 0.054 0.064 0.040
Modularity 0.822 0.642 0.616 0.698 0.553 0.751
Average clustering coefficient 0.465 0.421 0.191 0.385 0.459 0.285
0.8 [ Inclusion of all groups [ | Removal of dominant groups
A A
0.6 F ok * sk
=
8=
8
<=
S 0.4}
e 2
g=] a
<
g0 a
Z
0.2}
0.0
PO+M  70% P1+M 70% P2+M
El4 TR FHTHER BHUSAEMNE LR LR EphoDARRENGIRE N . AR/NG TH2IR

—BERIES T AFBEICA I Z [BIEP<0.05 FA B EZER, KEFRAFIRICHUL AL BEAA HLEIC AL 32 [F]
TEP<0.05 FABEZESR, *: P<0.05; **: P<0.01; ***: P<0.001.

Figure 4 The negative cohesion of phoD bacteria community after the removal of dominant groups, and the
correlation between dominant groups under the treatment of inorganic fertilizer and organic amendments.
Different lowercase letters indicate significant differences (P<0.05) among different phosphorus fertilizer
treatments for the same phosphorus form, and uppercase letter A denotes significant differences (P<0.05) between
inorganic fertilizer treatments and organic amendment treatments; *: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 5 Random forest analysis of bacteria and available phosphorus bacteria (top 10 species level) in relative

abundance of inorganic fertilizer (A) and phosphorus reduction combined with organic amendments (B).
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Figure 6  Structural equation model of the influence of inorganic fertilizer and phosphorus reduction combined

with organic amendments on soil physical and chemical properties and phoD bacteria community composition

and network. Red arrows indicate a positive correlation, blue arrows indicate a negative correlation. *: P<0.05;

wetk: P<0.001.
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Figure 7 Model of the process of changing abundance of dominant taxa affecting soil phosphorus effectiveness

under different levels of phosphorus supply.
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