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Preparation and phosphorus-solubilizing mechanism exploration
of a biochar-immobilized phosphorus-solubilizing bacterial agent

ZHOU Liuyan"?, DAI Wencai', PENG Lu', MU Liyuan', WANG Zifang', GAO Ming""

1 College of Resources and Environment, Southwest University, Chongqing, China
2 Institute of Microbiology, Xinjiang Uygur Autonomous Region Academy of Agricultural Sciences,
Urumgqi, Xinjiang, China

Abstract: [Objective] As soil acidification in southwestern China becomes increasingly severe, the
labile phosphorus pool is transformed into a non-labile phosphorus pool, which reduces the
availability of soil phosphorus, affecting crop yield and wasting phosphate fertilizer resources. In
this study, we prepared a biochar-immobilized phosphorus-solubilizing bacterial agent with biochar
as the carrier and a strain capable solubilizing both organic phosphorus and inorganic phosphorus
as the immobilized strain and then optimized the preparation conditions. Furthermore, this bacterial
agent was evaluated in terms of the stability and the solubilizing effects on insoluble phosphorus.
[Methods] Selective media were used for the isolation of phosphorus-solubilizing bacteria from
plant rhizosphere soil. The molybdenum-antimony colorimetric method was employed to quantify
the ability of bacteria to solubilize phosphorus. The bacterial strain was identified through
physiological and biochemical tests and molecular biological analysis. The immobilized bacterial
agent was prepared by the adsorption method, and the preparation conditions were optimized by
single factor experiments. The prepared agent was characterized by Fourier transform infrared
spectrometry and scanning electron microscopy. Furthermore, the metabolic spectrum of organic
acids and phosphatase activity were qualitatively and quantitatively tested by HPLC and the
fluorescence method, respectively. [Results] The strain Klebsiella sp. was isolated for
immobilization, and its abilities to solubilize lecithin and tricalcium phosphate were 236.5 mg/L
and 200.3 mg/L, respectively. Genome analysis showed that the strain N107 carried 27 genes
related to organic and inorganic phosphorus solubilization. The optimized preparation conditions
were biochar addition of 30.0 mg/mL, N107 inoculation amount of 6.0%, immobilization
temperature of 30.0 °C, and immobilization time of 12.0 h. The bacterial agent prepared under the
optimal conditions increased the phosphorus-solubilizing capacity for lecithin and tricalcium
phosphate by 24.0% and 22.5%, respectively, compared with the free bacterial strain. The biochar-
immobilized phosphorus-solubilizing bacterial agent contained more oxygen-containing functional
groups, compared with the original biochar, its total specific surface area and external surface area
increased by 61.9% and 165.1%, respectively. The mechanism of phosphorus solubilization by the
immobilized bacterial agent was preliminarily analyzed. The results showed that the levels of
tartaric acid, citric acid, and total acids changed significantly and the activities of acid and alkaline
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phosphatases in the culture medium were effectively improved, although the types of organic acids
secreted by the agent had no obvious changes. The structural equation model showed that pH value

was closely related to phosphatase activity and organic acid content, and the immobilized bacterial

agent can promote the activation of insoluble phosphorus by increasing phosphatase activity and
organic acid content. [Conclusion] The immobilized phosphorus-solubilizing bacterial agent
prepared in this study provides a good bioremediation material for the activation of insoluble

phosphorus. This study provides an innovative perspective for developing green remediation

strategies based on microbiomes.

Keywords: phosphorus-solubilizing bacteria; biochar; immobilization; insoluble phosphorus;
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90.7 mg/kg), FHLPUPEERERER LIRS, K
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B 0.1 mL AS[EJHEERRRE (1072 -107) 1 _Eis 44
VRAT T8 A W — 85 JCHLBE [ 4 455 5% JL A P
BEAHLBE B AR 25 |, 30.0 °CH5 5% 2.0-3.0 d,
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30.0 °C., 160 r/min 5535 24 h J5, FHICH KK
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Various preparation conditions of functional bacteria immobilized on biochar

A MR A I ik A T e o A I#i 5 fli AE I#i] 5 AL RF ]
Experimental Biochar addition amount  Inoculation amount Immobilization Immobilization time
variable (mg/mL) (%) temperature (°C) (h)

1 10.0 2.0 20.0 4.0

2 20.0 4.0 25.0 8.0

3 30.0 6.0 30.0 12.0

4 40.0 8.0 35.0 16.0

5 50.0 10.0 40.0 20.0
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Figure 1

Morphological characteristics and phylogenetic analysis of phosphate-solubilizing bacteria N107. A:

Morphological characteristics of colonies; B: Morphological characteristics of strain; C: Phylogenetic tree (The

serial number in parentheses is the GenBank access number; The number at the branch point indicates the

bootstrap value of the branch, which can be used to judge the reliability of the branch; The ruler represents

evolutionary distance).

KR S5 F A X S fli il 45 2508 F [ 2 AL B
B N107 BB i AT A . 25 AR 3
B, FEEW ARSI 30.0 mg/mL . AFRRE R 2
Pl R 4.0%., [EELEHE N 16.0 h, FEEfLTEE

k1 30.0 CCRYZAT T A1 e 181 22 (A Sl o A= vy
3.4x10° ¥ Dl /g, Wi HpR & B0 1.7x10° CFU/g
(K1 3C). FT-IR 20 M kil 2] 4 Wy s R mif e Ar £
MIEREMA, 45 O-H, C=0. C=H, Si-0. [#&
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Figure 2 The dynamic changes of soluble phosphorus content, pH and growth curves of phosphate-solubilizing
bacteria solution. A: Phosphorus dissolving ring of organic and inorganic phosphorus solid medium; B: Soluble
phosphorus content in organic and inorganic phosphorus culture solution; C: pH in organic and inorganic
phosphorus culture solution; D: Phosphate-solubilizing bacteria ODgoy in organic and inorganic phosphorus
culture solution. D: Transparent ring diameter; d: Colony diameter.
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Figure 3  Structural characterization and biomass of immobilized bacterial agent. A: Biochar scanning electron
microscope; B: The scanning electron microscope of biochar immobilized bacterial agent; C: Biomass of biochar
immobilized bacterial agent; D: Fourier transform infrared spectrum analysis; E: Biochar element composition;
F: The element composition of biochar-immobilized bacterial agent. Biochar-immobilized bacterial agent:
Biochar-N107.
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Table 2  Structural characterization and surface properties of biochars with different treatments
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Materials Total surface ~ External surface  Total pore Micropore volume Average pore

area (m%/g)

area (m?/g)

volume (cm®/g) (cm’/g) diameter (nm)

H:¥)7% Biochar
AWy i1 AR TR )

Immobilized bacterial agent

1628.5 331.7
2 635.7 879.2

2.1 0.6 33
1.2 0.3 2.8
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Figure 4 Dissolution effect of immobilized bacterial agent on organic and inorganic phosphorus under different
preparation conditions. A—B: Soluble phosphorus content in organic (A) and inorganic (B) phosphorus culture
solution with different biochar addition amount; C-D: Soluble phosphorus content in different inoculation
amount of organic (C) and inorganic (D) phosphorus culture solution; E-F: Soluble phosphorus content in
organic (E) and inorganic (F) phosphorus culture solution at different immobilization temperature; G—H: Soluble
phosphorus content in organic (G) and inorganic (H) phosphorus culture solution at different immobilization

time. Different lowercase letters indicate statistically significant differences (P<0.05).
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Figure 5 Dynamic changes of soluble phosphorus content and pH value in organic phosphorus and inorganic

phosphorus culture solution and their correlation. A: Soluble phosphorus content of organic phosphorus culture
solution with immobilized bacterial agent; B: pH value of organic phosphorus culture solution; C: Soluble
phosphorus content of inorganic phosphorus culture solution with immobilized bacterial agent; D: pH value of
inorganic phosphorus culture solution; E: Correlation between pH of organic phosphorus culture solution and
soluble phosphorus content; F: Correlation between pH of inorganic phosphorus culture solution and soluble

phosphorus content. Biochar-immobilized bacterial agent: Biochar-N107.
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Figure 6 Dynamic changes of phosphatase activity and organic acid content in organic and inorganic
phosphorus culture solutions. A —B: Acid and alkaline phosphatase activities of immobilized bacterial agent
inorganic phosphorus culture solution; C-D: Acid and alkaline phosphatase activities of immobilized bacterial
agent in inorganic phosphorus culture solution; E—F. Contents and types of organic acids in organic and
inorganic phosphorus culture solutions with immobilized bacterial agent. Biochar-immobilized bacterial agent:
Biochar-N107.
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Figure 7  Structural equation model (SEM) showed the influence of each driving factor on the soluble
phosphorus content in organic phosphorus and inorganic phosphorus culture solution and the total effect of
standardization. A-B: Lecithin organic phosphorus culture solution; C-D: Calcium phosphate inorganic
phosphorus culture solution. Red and black arrows indicate positive and negative significant relationships,
respectively; The width of the arrow indicates the strength of the standardized path coefficient; Online values are
standardized path coefficients; * and ** indicate significant differences at the levels of P<0.05 and P<0.01,

respectively. Biochar-immobilized bacterial agent: Biochar-N107.
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