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Abstract

Background Phosphorus-solubilizing bacteria (PSB) are vital in converting insoluble phosphorus into a soluble form
that plants can readily absorb and utilize in soil. While previous studies have mainly focused on the extracellular secre-
tion of microorganisms, few have explored the intricate intracellular metabolic processes involved in PSB-mediated
phosphorus solubilization.

Results Here, we uncovered that Ca;(PO,), could serve as a source of insoluble phosphorus for the PSB, Pseu-
domonas sp. NK2. High-performance liquid chromatography (HPLC) results indicated higher levels of organic acids
released from insoluble phosphorus compared to a soluble phosphorus source (KH,PO,), with acetic acid released
exclusively under insoluble phosphorus condition. Moreover, non-target metabolomics was employed to delve

into the intracellular metabolic profile. It unveiled that insoluble phosphorus significantly enhanced the tricarboxylic
acid cycle, glycolysis, glyoxylic acid metabolism, and other pathways, leading to the production of acetic acid, glu-
conic acid, oxalic acid, and citric acid for insoluble phosphorus solubilization. In our quest to identify suitable biochar
carriers, we assessed seven types of biochar through the conjoint analysis of NBRIP medium culture and application
to soil for 30 days, with cotton straw-immobilized NK2 emerging as the most potent phosphorus content provider.
Lastly, NK2 after cotton straw immobilization demonstrated the ability to enhance biomass, plant height, and root
development of Solanum lycopersicum L. cv. Micro Tom.

Conclusions Pseudomonas sp. NK2 with cotton straw biochar could enhance phosphorus availability and tomato
growth. These findings bear significant implications for the practical application of phosphorus-solubilizing bacteria
in agricultural production and the promotion of environmentally sustainable farming practices.
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Background

Since phosphorus is a restrictive and non-renewable
resource, how to use phosphorus efficiently is of great
importance [1]. Total phosphorus content of soil is 0.02—
0.2% which is mainly divided into inorganic phosphorus
and organic phosphorus, and microbial activity is a key
factor in redistributing phosphorus into different forms
in the soil [2]. The majority of phosphorus is found in
the soil in the form of insoluble phosphorus compounds,
rendering it inaccessible for direct utilization by plants.
Consequently, over 74% of arable soil in China and more
than 40% of arable soil worldwide face shortages of
available phosphorus [3-5]. The lack of available phos-
phorus in soil has become a key factor restricting crop
production, leading to a substantial rise in the demand
for chemical phosphate fertilizers [6]. However, the uti-
lization rate of chemical phosphate fertilizer is as low as
10-25% [7]. This inefficiency arises from the tendency of
most released phosphorus to immediately combine with
or precipitate into insoluble forms, such as aluminum
and iron phosphate in acidic soil and calcium phosphate
in alkaline soil. This renders the phosphorus inaccessible
for plant absorption [8]. Excessive application of phos-
phate fertilizer not only does not improve the state of soil
phosphorus deficiency but also causes problems such as
soil compaction, soil nutrient imbalance, heavy metal
accumulation, water eutrophication, environmental pol-
lution, etc. [9-11].

As an inherent and potent biological resource in
nature, phosphate-solubilizing microorganisms (PSMs)
represent a subset of plant rhizosphere growth-pro-
moting microorganisms, playing a vital role in the soil
phosphorus cycle [12]. PSMs have the ability to release
organic ions or protons, converting insoluble phosphorus
into a soluble form. They create microenvironments with
ample phosphorus supply in the plant rhizosphere or soil,
thereby enhancing the efficiency of phosphorus resource
utilization [13]. Among PSMs, phosphorus-solubilizing
bacteria (PSB) make up 50% [14—16], with Pseudomonas
and Bacillus identified as the primary genera [17].

Since 1950, phosphorus-solubilizing bacteria (PSB)
have served as biofertilizers, fostering plant growth and
development by converting insoluble phosphate in the
soil into a utilizable form [18]. However, challenges arise
from the intricate composition of soil and the competi-
tion and antagonism posed by indigenous microorgan-
isms. When applied to soil alone, PSB may struggle to
colonize and thrive due to these factors [19], impeding
the widespread adoption of PSB in sustainable agricul-
ture. To address this, the use of suitable carrier materials
becomes imperative. These materials provide a protective
environment for the inoculated strains, enhancing their
survival rate in soil and enabling them to effectively carry
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out their growth-promoting biological functions in the
field [20].

The application of biochar in agriculture has garnered
widespread attention from researchers and emerged
as a research hotspot in recent years. Biochar is a solid
product resulting from the high-temperature pyrolysis
of organic materials, such as agricultural and forestry
wastes, organic matter, and crop residues, under con-
ditions of limited or no oxygen [21]. Notably, biochar
is non-toxic, cost-effective, environmentally friendly,
and easy to produce. Its inherent porosity and adsorp-
tion capacity create a conducive microenvironment for
the growth and colonization of beneficial bacteria. This
feature holds significant importance in enhancing the
survival rate of PSB and promoting their phosphorus sol-
ubilization performance [22]. Besides, biochar itself can
enhance plant-available phosphorus in agricultural soil
[23].

While various mechanisms of phosphorus solubiliza-
tion by PSB have been investigated, many current studies
on phosphorus-solubilizing mechanisms predominantly
concentrated on the extracellular secretion of PSB. Intra-
cellular metabolic pathways of PSB have received com-
paratively less attention. Our previous data showed that
Pseudomonas sp. NK2 could dissolve insoluble phos-
phorus [24]. In this study, a combination of HPLC and
non-targeted metabolomics techniques was employed to
analyze both the extracellular acid production and intra-
cellular metabolic pathways of the phosphorus-solubiliz-
ing bacterium Pseudomonas sp. NK2 under phosphorus
stress. The efficacy of seven different biochar as carri-
ers for NK2 was assessed, and ultimately, the growth-
promoting effect of appropriately immobilized bacteria
on dwarf tomato of Solanum lycopersicum L. cv. Micro
Tom, a model plant species, was verified. This study will
provide a basis for enhancing soil phosphorus utilization
efficiency and promote the development of environmen-
tally friendly agriculture.

Results

Pseudomonas sp. NK2 had the ability to solubilize insoluble
phosphorus Ca;(PO,),

Over a 5-day period, the available phosphorus con-
tent and pH values in the fermentation broth contain-
ing insoluble phosphorus sources, namely Ca,(PO,),,
AIPO,, and FePO,, were measured every 24 h. The results
revealed that the available phosphorus content and pH
values in the FePO, and AIPO, treatment groups did not
significantly differ from the CK control group (Fig. 1A
and B). This suggested that Pseudomonas sp. NK2, a
phosphorus-solubilizing bacterium, exhibited limited
capacity to dissolve the insoluble phosphorus sources
AIPO, and FePO,,.
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Fig. 1 Phosphorus-solubilizing bacterium, Pseudomonas sp. NK2, effectively solubilized phosphorus by releasing organic acids to lower pH. The
available phosphorus content and pH values of NK2 in insoluble phosphorus sources FePO, (A), AIPO, (B), and Ca;(PO,), (C) were measured
atday 0, day 1, day 2, day 3, day 4, and day 5. D The available phosphorus content and pH values of NK2 in (NH,),SO,, NH,Cl, NaNO;, and KNO;
solutions were determined after 2 days of culture. E The pH values of CK (uninoculated bacteria) and NK2 were monitored under soluble
phosphorus (KH,PO,) and insoluble phosphorus (Ca;(PO,),) conditions for 0, 1, 2, 3,4, and 5 days. Bars correspond to one standard deviation (SD)
from the mean (n = 3), while different letters above columns indicate significant differences (P < 0.05) among samples at different time points
for available phosphorus contents and pH values according to a one-way ANOVA in conjunction with Tukey's multiple-comparison test. F The
total titratable acids in NK2 fermentation broth under soluble phosphorus and insoluble phosphorus culture were quantified for 1, 2, 3,4, and 5
days. CK designates the control with NK2 inoculated into LB medium. P represents available phosphorus contents and pH indicates pH values.
Bars correspond to one standard deviation (SD) from the mean (n = 3), while different letters above columns indicate significant differences

(P< 0.05) among samples at the same time points under different treatments according to a one-way ANOVA in conjunction with Tukey’s
multiple-comparison test



Bai et al. BMC Biology (2024) 22:211

In contrast, the Cas(PO,), treatment group demon-
strated a noteworthy increase in available phosphorus
content, reaching a maximum of 131.45 mg/L on day 2,
accompanied by a concurrent decrease in pH (Fig. 1C).
These results indicated that NK2 displayed a robust abil-
ity to dissolve Cas(PO,),. Consequently, Cas(PO,), was
selected as the insoluble phosphorus for further explora-
tion of the phosphorus-solubilizing mechanism of NK2.

Pseudomonas sp. NK2 solubilized phosphate

through the release of organic acids

It has been previously reported that the production of
organic acids and the assimilation of NH,* both gener-
ate hydrogen ions, resulting in a decline in pH value
[25]. Here, NH,Cl, NaNO;, KNO,, and (NH,),SO, were
utilized as different nitrogen sources to investigate their
impacts on the phosphate solubility of NK2 and the pH
of the fermentation solution. After 48 h, there were no
significant differences in available phosphorus content
and pH among groups treated with different nitrogen
source (Fig. 1D), indicating that the phosphate solubility
of NK2 was unrelated to NH, " assimilation.

The pH values of the supernatant from the fermenta-
tion broth of NK2, under treatment with soluble phos-
phorus (KH,PO,) and insoluble phosphorus (Cas(PO,),)
conditions, were monitored every 24 h for 1-5 days. Dur-
ing the initial 0-2 days, the pH of the insoluble phospho-
rus group exhibited a rapid decrease, significantly lower
than that of the soluble phosphorus group (Fig. 1E). This
indicated that phosphorus stress intensified the acidi-
fication of NK2, leading to a reduction in the pH of the
medium.

To a certain extent, titratable acidity served as an indi-
cator of the ability of strain to produce organic acid. The
titratable acidity in the fermentation broth of strain NK2
under insoluble phosphorus and soluble phosphorus cul-
tures was significantly higher than that of the CK strain
(uninoculated bacteria), except on the fifth day (Fig. 1F).
Notably, the concentrations of titratable acids secreted
by NK2 in the insoluble phosphorus culture were signifi-
cantly higher than those in the soluble phosphorus cul-
ture. Consequently, after accounting for the assimilation
effect of NK2 on NH, ™, it was preliminarily hypothesized
that the phosphorus-solubilizing bacterium NK2 pro-
duced a substantial amount of organic acids in response
to phosphorus stress, aiming to achieve the acid solution
of insoluble phosphorus.

Extracellular changes in organic acids in the fermentation
solution of Pseudomonas sp. NK2 under phosphorus stress
HPLC analysis was conducted to determine the organic
acids in the NK2 fermentation broth cultured under
insoluble phosphorus and soluble phosphorus conditions
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after 2 days. The results revealed that the types of organic
acids produced by NK2 extracellularly under insoluble
phosphorus condition were consistent with those under
soluble phosphorus, except for acetic acid (Fig. 2A and
C). This suggested that oxalic acid, gluconic acid, cit-
ric acid, and acetic acid were the primary organic acids
responsible for dissolving insoluble phosphorus sources.
In terms of organic acid production, NK2 significantly
increased the secretion of oxalic acid (27.5%, 271.83
mg/L), gluconic acid (20%, 197.84 mg/L), citric acid
(31.5%, 310.73 mg/L), and acetic acid (21%, 271.83 mg/L)
under insoluble phosphorus treatment compared to solu-
ble phosphorus condition (Fig. 2B and D). This suggested
that oxalic acid, gluconic acid, citric acid, and acetic acid
were the primary organic acids responsible for dissolv-
ing insoluble phosphorus sources. These results indicated
variations in the composition and content of organic
acids secreted by NK2 in the two conditions, implying a
potential alteration in the intracellular metabolic path-
way of NK2 induced by phosphorus stress.

Intracellular metabolic profiling of Pseudomonas sp. NK2
under phosphorus stress

The intracellular metabolic profile of Pseudomonas sp.
NK2 under insoluble and soluble phosphorus condi-
tions was analyzed through untargeted metabolomics,
revealing the identification of 1348 metabolites. Anno-
tation using the KEGG database showed that the lipids
category exhibited the highest enrichment of metabolites
(40 metabolites). Specifically, compounds of phospholip-
ids (29 metabolites), monosaccharides (17 metabolites),
carboxylic acids (16 metabolites), nucleotides (16 metab-
olites), and amino acids (15 metabolites) were the most
abundant (Additional file 1: Fig. S1A). In the KEGG path-
way, the metabolism pathway had the highest number
of enriched metabolites, with amino acid metabolism,
carbohydrate metabolism, and lipid metabolism-related
compounds being the most prevalent (Additional file 1:
Fig. S1B).

Differentially accumulated metabolites (DAMs) were
identified under insoluble phosphorus condition com-
pared to cells under soluble phosphorus condition.
Cluster analysis was conducted on 416 DAMs, and the
heat map results revealed distinct clustering between
the soluble phosphorus and insoluble phosphorus
conditions (Fig. 3A). Phosphorus stress significantly
impacted the physiological activities and metabolites
of NK2. Analyzing DAMs in the KEGG database, it was
observed that monosaccharides (ten metabolites) in
carbohydrates were the most abundant. Metabolites of
carboxylic acids (five metabolites) in organic acids and
fatty acids (five metabolites) in lipids were the second
most prevalent (Fig. 3B). In the KEGG pathway, amino
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Fig. 2 Extracellular organic acids under soluble and insoluble phosphorus conditions. A HPLC chromatograms depict organic acids under insoluble
phosphorus (Ca;(PO,),) condition. Arrows indicate the peak position of detected organic acids and molecular formulas are marked. B Types

and concentrations of organic acids under insoluble phosphorus condition. Pie charts illustrate the proportion of each organic acid, while bar charts
below show the concentration of organic acids. C HPLC chromatograms depict organic acids under soluble phosphorus (KH,PO,) condition. Arrows
indicate the peak position of detected organic acids and molecular formulas are marked. D Types and concentrations of organic acids under soluble
phosphorus condition. Pie charts illustrate the proportion of each organic acid, while bar charts below show the concentration of organic acids

acid metabolism and carbohydrate metabolism path-
ways were the most enriched (39 metabolites and 23
metabolites, respectively) (Fig. 3C). KEGG topology
analysis indicated that DAMs were primarily enriched
in alanine, aspartic acid and glutamate metabolism,
lysine degradation and biosynthesis, amino sugar and
nucleotide sugar metabolism, tricarboxylic acid cycle,
glyoxalic acid and dicarboxylic acid metabolism, purine

metabolism, carbohydrate metabolism, ABC trans-
porters, and CoA biosynthesis (Fig. 3D). Analysis of
28 representative DAMs in these pathways, includ-
ing carboxylic acids, amino acids, monosaccharides,
and nucleotides, revealed mostly significant upregula-
tion, particularly in carboxylic acids and amino acids
(Table 1). The expressions of citrate, acetate, and
oxalate, related to extracellular organic acids, were



Bai et al. BMC Biology

(2024) 22:211

Page 6 of 20
B KEGG Compound Classification

g Cofactors 3 M Vitamins and cofactors '

"5 Peptides M Peptides

= Amino acids M Organic acids

§ Carboxylic acids 5 B Nucleic acids .

© Nucleosides M Lipids '

@ .

.g Phospholipids M Hormones and transmitters

3 Fatty acids 5 | Car.bt?hyfdrates

s . M Antibiotics

£ Neurotransmitters '

° -

o Monosaccharides 10 '
Polyketides and nonribosomal peptides '

NS\

Number of compounds

C KEGG Pathway
Amino acid metabolism
Carbohydrate metabolism
Metabolism of cofactors and vitamins

Lipid metabolism

Nucleotide metabolism

c
KEGG Topology Analysis (IP_vs_AP) o Glycan biosynthesis and metabolism
E=]
5 p value _3 Energy metabolism
® Lysine degradation 0.05 =
4.5/ and biosynthesis 0.04 3 Biosynthesis of other secondary metabolites
. ]
© Carbohydrate metabolism g:: ; Metabolism of other amino acids
4 - S
@ CoA biosynthesis 0.01 2 Xenobiotics biodegradation and metabolism
0 £
’g? 3.5{ E Metabolism of terpenoids and polyketides
©
& 3 @ Tricarboxylic acid cycle Membrane transport
8’ .ABC transporters ‘Amino sugar and nucleotide Signal transduction
= 2.5] sugar metabplism ) o
Glyoxalic acid and dicarboxylic Drug resistance: antimicrobial |
acid metabolism_ )
2 %) Purine metabolism - . . Translation l
() e Alanine,|aspartic acid and
15l ® ‘ glutamate metabolism Cellular community - prokaryotes {1 '
T SESESHSES?
1 I I ! . I ! ! Number of compounds
01 005 0 005 01 015 02 025 03 035 . . . .
Pathway Impact B Metabolism M Genetic Information Processing

M Environmental Information Processing M Cellular Processes
M Human Diseases

Fig. 3 Metabolic profiling of intracellular metabolites under soluble and insoluble phosphorus conditions using non-target metabolomics. A
Heat map clustering analysis of 416 differentially accumulated metabolites (DAMs). AP and IP indicate soluble phosphorus (KH,PO,) and insoluble
phosphorus (Ca;(PO,),), respectively. The numbers 1, 2, and 3 represent three different samples. B Enrichment of DAMs in KEGG compound
classification. C Enrichment of DAMs in KEGG pathway. D KEGG topology analysis of enrichment to metabolic pathways of DAMs

upregulated, consistent with the detection of acetic acid
and oxalic acid in the extracellular environment. Malate
exhibited downregulated expression in the intracellu-
lar metabolism, aligning with the absence of extracel-
lular malic acid detection under insoluble phosphorus
condition.

To investigate the phosphorus-solubilizing mecha-
nism of NK2 under phosphorus stress, non-target
metabolomics was employed to study intracellular
metabolism. Phosphorus stress induced the upregula-
tion of numerous intracellular metabolites, impacting
essential metabolic pathways such as the tricarboxylic

acid (TCA) cycle, amino acid synthesis, and glycolysis,
which were summarized in a pattern diagram (Fig. 4).

Cotton straw was proved to be the optimal biochar carrier
for Pseudomonas sp. NK2

In order to facilitate effective isolation of NK2 in the
subsequent steps, a GFP fluorescently labeled strain,
NK2-GFPuv, was constructed. The available phospho-
rus content in the fermentation broth of the inocu-
lated strains was monitored before and after GFP
labeling, revealing no significant change (Additional
file 1: Fig. S2A). This indicated that the introduction of
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Table 1 The expression of representative differentially
accumulated metabolites

Classification Metabolites Fold Regulation
change
(IP/AP)
Carboxylicacids  Citrate 39 Up
Succinate 3.81 Up
Oxalate 35 Up
3-Phosphoglyceric acid 331 Up
Acetate 29 Up
Propanoic acid 2.84 Up
Pantothenic acid 2.71 Up
Malate 0.18 Down
Animo acids Glutamine 3.05 Up
Glutamic acid 29 Up
L-proline 2.37 Up
Leucine 2 Up
Lysine 1.98 Up
Valyl-proline 191 Up
L-Histidine 1.63 Up
Monosaccharides Mannitol 3.1 Up
Saccharin 3.02 Up
6-Phosphoglucono- 252 Up
1,5-lactone
5-Ribulose phosphate 2.23 Up
N-acetyl-D-glucosamine 22 Up
D-Fructose 043 Down
D-Glucose 0.31 Down
D-Mannose 0.23 Down
Nucleotides Adenosine monophos- 329 Up
phate
Flavin adenine dinucleo- 259 Up
tide
Uracil 033 Down
Adenine 022 Down
Adenosine 0.21 Down

AP and IP indicate soluble phosphorus (KH,PO,) and insoluble phosphorus
(Ca3(PO,),), respectively

the exogenous plasmid had no notable effect on the phos-
phorus solubilization ability of NK2. Organic acid secre-
tion capacity of both strains, NK2 and NK2-GFPuv, was
qualitatively and quantitatively measured by HPLC every
24 h within a 1- to 5-day period. The results showed
no significant differences in the types and contents of
organic acids secreted by these strains at different time
points (Additional file 1: Fig. S2B, C, and D). These
findings suggested that NK2-GFPuv exhibited similar
biological characteristics to NK2, allowing its use as a
replacement for subsequent experiments.

Numerous studies have consistently highlighted pine-
wood biochar as a preferable carrier for promoting the
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rhizosphere growth of bacteria with positive effects [26,
27]. Here, pinewood biochar was utilized as a positive
control. The results revealed that PSB could be immobi-
lized by biochar (Additional file 1: Fig. S3) and various
types of biochar significantly influenced the phospho-
rus solubilization efficiency of PSB (Fig. 5A). There were
no substantial differences observed between treatment
groups using peanut shell, rice husk, and coconut shell
biochar and those using pinewood biochar at different
time points. The immobilized PSB exhibited low phos-
phorus solubilization effectiveness and a short duration
of action, rendering these biochars unsuitable as carriers
for NK2-GFPuv. While the maize straw treatment group
showed significantly higher phosphorus solubilization
efficiency than the pine biochar treatment group only on
the fourth day, it exhibited a subsequent declining trend.
The peak value of the wheat straw and cotton straw treat-
ment groups at the 48th hour was significantly higher
than that of the pinewood treatment group, with the cot-
ton straw treatment group demonstrating an extremely
significant superiority over other treatment groups.
Despite a subsequent decrease after reaching the peak
value, the phosphorus solubilization efficiency of the cot-
ton straw treatment group remained significantly higher
than that of pinewood biochar. Considering the phospho-
rus solubilization effect, cotton straw emerged as a more
suitable immobilizing material.

In order to investigate the effect of biochar on the acid-
producing capacity of phosphorus-solubilizing bacte-
ria, considering that the available phosphorus content
reached its peak at 48 h, the supernatant of all treatment
groups at 48 h was taken, and the types and contents of
organic acids in the supernatant were determined by
HPLC. Except for the corn straw and pine straw treat-
ment groups, the types of organic acids detected in each
treatment group were the same as those in the no-carrier
treatment group, which were oxalic acid, gluconic acid,
acetic acid, and citric acid (Fig. 5B). The organic acids
were divided into monocarboxylic acids, dicarboxylic
acids, and tricarboxylic acids according to the compo-
sition and structure. The more carboxylic groups con-
tained in the structure of each unit of organic acids, the
stronger the dissolution ability of the acids. The propor-
tion of carboxylic acids in the organic acids secreted by
different treatment groups was different. Our results
showed that the highest available phosphorus content in
the cotton straw treatment group was significantly higher
than that in other treatment groups, whereas the total
organic acid concentration was significantly lower than
that in the wheat straw treatment group and coconut
shell treatment group. It was speculated that citric acid
with a tricarboxylic acid structure accounted for 36.8%,
which was higher than that of wheat straw and coconut
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Fig. 4 Schematic of intracellular metabolite expression and model of extracellular organic acid release. Red circles represent upregulated

expression, while green circles represent downregulated expression in the

insoluble phosphorus condition compared to soluble phosphorus

condition. Arrows indicate intracellular metabolites associated with the release of extracellular organic acids

shell. Moreover, the proportion of acetic acid with a
monocarboxylic acid structure was 23.5%, which was the
lowest among these treatment groups (Fig. 5B). Taken
together, the cotton straw biochar treatment group had
the most significant effect on the phosphorus solubilizing
ability of phosphorus-solubilizing bacteria.

Different biochar carriers were used to immobilize
NK2-GFPuv and applied to soil for 30 days to further
test their efficacy. Bacterial population were detected for
immobilized NK2-GFPuv with different biochars after
1 day and 30 days of culture in soil. The results showed
that the bacterial population of cotton straw and wheat
straw immobilized bacteria were higher than that of the
no carrier group (Fig. 6A). After culture in soil for 30

(See figure on next page.)

days, the survival rate of all treatment groups signifi-
cantly decreased, ranging from 87.09% to 94.00%. Com-
pared with the no carrier group, the survival rate of the
inoculant in the cotton straw, wheat straw, corn straw,
and coconut husk treatment groups was significantly
improved, while the survival rate in the rice husk, pea-
nut husk, and pine treatment groups was not significantly
different (Fig. 6B). According to the bacterial population
and survival rate after 30 days, phosphorus-solubilizing
bacteria immobilized by cotton straw biochar had the
best colonization effect in soil.

The phosphorus solubilizing ability of different kinds
of immobilized phosphorus-solubilizing bacteria in bio-
char-treated soil was assessed. Our results revealed that

Fig. 5 Available phosphorus content and extracellular organic acid detection of different biochars immobilizing phosphorus-solubilizing bacteria
Pseudomonas sp. NK2-GFPuv in NBRIP medium. A The available phosphorus content of immobilized NK2-GFPuv by no carrier, pinewood, cotton

straw, wheat straw, maize straw, coconut shell, rice husk, and peanut shell

inthe cultureof O h, 12 h,24 h,36 h,48 h, 72 h, 96 h, and 120 h. No

carrier indicates that NK2-GFPuv is unimmobilized by any biochars. Bars indicate one standard deviation (SD) from the mean (n = 3), while asterisks
indicate significant differences (P < 0.05) derived from a two-way ANOVA in conjunction with Dunnett's multiple-comparison test in comparison

with the available phosphorus content of different biochar treatments at t

he same time points. *P< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001;

no asterisks indicate no significant differences. B Types and concentrations of organic acids and the proportion of carboxylic acids at 48 h. The
bottom bars show the type and concentration of extracellular organic acids, while the top pie chart illustrates the proportion of monocarboxylic,
dicarboxylic, and tricarboxylic acids in organic acids. No carrier indicates that NK2-GFPuv is unimmobilized by any biochars
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the biochar immobilization treatment group initially had 30 days of culture, a significant increase in soil avail-
no significant difference in available phosphorus content  able phosphorus content was observed in the biochar
in the soil compared to the CK group. However, after ~ immobilization treatment group (Fig. 6C). After 30 days
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of culture, the net increase in phosphorus in the soil of
the cotton straw treatment group was the highest, reach-
ing 38.13 mg/kg, which was 3.47 times that of the non-
carrier treatment group (Fig. 6D). This indicated that the
NK2-GFPuv immobilized by cotton straw biochar had
the most effective phosphorus solubilization effect in the
soil. Phosphate solubility was significantly positively cor-
related with phosphorus-solubilizing bacteria survival
(Pearson’s » = 0.806, P < 0.05), and higher phosphorus-
solubilizing bacteria survival supported a greater net
increase in available phosphorus (Fig. 6E).

Taken together, this study evaluated the impact of vari-
ous biochars on phosphorus solubilization and organic
acid production in the NBRIP medium. Additionally, the
colonization survival of phosphorus-solubilizing bacte-
ria and their ability to release available phosphorus after
application to soil for 30 days were investigated. Among
the seven types of biochar tested, cotton straw biochar
emerged as a suitable immobilization material for the
carrier of Pseudomonas sp. NK2-GFPuyv, a strain of phos-
phate solubilizing bacteria. Subsequently, NK2-GFPuv
immobilized by cotton straw biochar was chosen for fur-
ther experiments.

The immobilized Pseudomonas sp. NK2-GFP enhanced

the growth of Solanum lycopersicum

Cotton straw biochar was utilized to immobilize NK2-
GFP and applied to Solanum lycopersicum L. cv. Micro
Tom. The colonization amount of biochar-immobilized
phosphorus-solubilizing bacteria in Micro Tom rhizos-
phere soil was examined at O day, 15 days, and 30 days.
Our findings revealed that the rhizosphere soil coloni-
zation amount of immobilized phosphorus-solubilizing
bacteria with biochar (IPB) was significantly higher than
that of unimmobilized phosphorus-solubilizing bacteria
(NK2-GFPuv, UPB). Moreover, the NK2-GFPuv colo-
nization amount in rhizosphere soil in the IPB group
was 9.2 X 107 CFU/g soil at 0 day, with a survival rate of
58.9%, representing a 1.83-fold increase compared to the

(See figure on next page.)
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UPB treatment group. At 30 days, the NK2-GFPuv colo-
nization amount of IPB was 4.3 X 10’ CFU/g soil, and the
survival rate was 27.56%, indicating a 2.15-fold increase
compared to the UPB group (Fig. 7A).

The introduction of phosphorus-solubilizing bacte-
ria influenced the soil pH. With the addition of IPB, the
rhizosphere soil pH decreased by 0.36 and 0.39 compared
to the control group (untreated soil, CK) at 15 and 30
days, respectively. In the UPB group, the soil pH value
also decreased by 0.19 compared to CK at 30 days. Nota-
bly, the pH reduction in the IPB group was 2.05 times
greater than that in the UPB group (Fig. 7B).

The available phosphorus content in the rhizosphere
soil was assessed, and a standard curve was constructed
to quantify the available phosphorus content in the soil
(Additional file 1: Fig. S4). In comparison to untreated
soil (CK), the rhizosphere soil treated with cotton straw
biochar alone (CBC) showed no significant change in
available phosphorus content. However, the UPB group
exhibited a 2.14-fold increase, and the IPB group dem-
onstrated a remarkable 4.42-fold increase at 30 days. The
application of UPB and IPB significantly elevated the
available phosphorus content of soil, with IPB showing
particularly pronounced effects (Fig. 7C).

Total chlorophyll in Micro Tom was assessed using a
Soil and Plant Analyzer Development (SPAD) after the
application of phosphorus-solubilizing bacteria. The total
chlorophyll content in the leaves of the three treatment
groups was significantly higher than that in the control
group CK at 15 and 30 days. The impact of IPB on plant
leaves was particularly pronounced in the treatment
group, with the total chlorophyll content increasing by
63% compared to that in the CK treatment group at 30
days (Fig. 7D).

At day 15, there was no significant difference in the
plant height of Micro Tom between the CK group and
those subjected to single applications of biochar (CBC)
or phosphorus-solubilizing bacteria solution (UPB).
However, the plant height of Micro Tom growing in the

Fig. 6 The survival and available phosphorus content of different biochars-immobilized phosphorus-solubilizing bacteria Pseudomonas sp.
NK2-GFPuv applied to soil for 1 and 30 days. A Bacterial population of NK2-GFPuv in soil after 1 and 30 days. Bars correspond to one standard
deviation (SD) from the mean (n = 3). B The survival rate of NK2-GFPuv after 30 days of soil application, calculated as the ratio of bacteria
population at 30 days to that at 1 day. Bars correspond to one standard deviation (SD) from the mean (n = 3), while different letters above columns
indicate significant differences (P < 0.05) among samples under different treatments according to a one-way ANOVA in conjunction with Tukey’s
multiple-comparison test. C Content of available phosphorus of biochar-immobilized NK2-GFPuv applied to soil after 1 and 30 days. CK indicates
untreated soil. Bars indicate one standard deviation (SD) form the mean (n = 3), while asterisks indicate significant differences (P < 0.05) derived
from a two-way ANOVA in conjunction with Dunnett’s multiple-comparison test in comparison with available phosphorus of CK at the same time
points. ***P < 0.001; ****P < 0.0001; ns no significant differences. D Net increase of available phosphorus content at 30 days compared with 1 day.
Bars indicate one standard deviation (SD) from the mean (n = 3), while asterisks indicate significant differences (P < 0.05) derived from a one-way
ANOVA in conjunction with Dunnett’s multiple-comparison test in comparison with the net phosphorus increase of NK2-GFPuv. ***P < 0.001;
***%p< 0.0001; ns no significant differences. E Correlation between net increase of available phosphorus and survival rate of strains in soil



Bai etal. BMC Biology =~ (2024) 22:211 Page 11 of 20

>
ve)

16+
m1d
[30d 141 a
—~ 91
H 512-
D 8 2101
=] o
S s
S i
g 3
- 6

> N N\ N3 N
FELELLLL &
RO SN N
N N SFFFFFS S
R O ) RSN I NN
& & 0‘:‘6 & z',oo Q&‘o (\é{b 6@@6‘{»0 o Q,;o 0‘\0 &
G GRS SRR R . " >
S E P e L € °°o°° T L
° 50 = CK
2 = NK2-GFPuv
g’4o- B Cotton straw (NK2-GFPuv)
8 30 B Wheat straw (NK2-GFPuv)
s P T mE Maize straw (NK2-GFPuv)
§'zo- “+*  mm Pine wood (NK2-GFPuv)
s mm Coconut shell (NK2-GFPuv)
% mm Rice husk (NK2-GFPuv)
% Bm Peanut shell (NK2-GFPuv)
z 1d 30d

O

'g % Pearson’s r = 0.806

%50_ & P<0.05
=  40-

é 40— FEEK sk E’

3 < 35+

@ 9

@ 307 g 30

G

£ ek B 25-

o« 20 Fhkk kEEk e £

2 ns @ 201

2104 m 5 15

: | £ '

_g 3 104

S N £

aq.; o

Z ]
Z

A S S
S

N &Y " . .
RN ~‘xo° & F S Survival rate (%)

8 9 10 11 12 13 14 15

m, R
%,
,

%
f'l(tz Y)Y
"

o4

o

.

Fig. 6 (Seelegend on previous page.)



Bai et al. BMC Biology (2024) 22:211

soil with immobilized phosphorus-solubilizing bacteria
(IPB) was significantly higher than that of the CK group.
At 30 days, the plant height of the UPB treatment group
was significantly higher than that of the CK group, and
the IPB treatment showed extremely significant improve-
ment (Fig. 7E).

At 15 d, the fresh weight and dry weight of the above-
ground part were significantly increased compared to the
CK group, with the most pronounced effect observed in
the IPB group. Compared to CK, both the fresh and dry
weights of the underground parts in the three treatment
groups were significantly increased, with the IPB treat-
ment group showing an extremely significant increase.
After 30 d, the above-ground biomass in the IPB group
was significantly higher than in CK. Concerning under-
ground biomass, except for the dry weight, the fresh
weight index significantly increased in the CBC and IPB
treatment groups compared to the CK group, with the
IPB group showing a more significant effect (Fig. 7F, G,
H, and I).

The root indices of the biochar-immobilized phos-
phorus-solubilizing bacteria (IPB) treatment exhibited
a significant increase compared to other groups. At 30
days, the IPB treatment group had the most pronounced
impact on plant root indices: the number of Micro Tom
root tips in the IPB group increased by 2.875 times, the
root surface area expanded by 3.85 times, and the root
length extended by 3.75 times compared to CK, respec-
tively (Fig. 7], K, and L).

Taken together, the application of immobilized Pseu-
domonas sp. NK2 using cotton straw biochar in the soil
led to an increase in rhizosphere-colonizing bacteria, a
decrease in rhizosphere soil pH, and an increase in avail-
able phosphorus content. These changes contributed to
the promotion of Micro Tom leaf chlorophyll content,
plant height, biomass, and root development.

Discussion

The secretion of organic acids played a crucial role
in phosphorus solubilization mechanisms within
Gram-negative phosphorus-solubilizing bacteria [28].

(See figure on next page.)
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Measurement of NK2 extracellular organic acid secretion
revealed that the insoluble phosphorus group exhibited a
substantial release of organic acids, with concentrations
significantly higher than those observed in the soluble
phosphorus group (Fig. 2). This disparity also contributed
to the lower pH value in the insoluble phosphorus group
compared to the soluble phosphorus group (Fig. 1E).
Thus, a deficiency in soluble phosphorus promoted the
secretion of organic acids by PSB, aligning with previ-
ous research findings [29]. It was noteworthy that under
normal growth conditions, bacteria inherently produced
some organic acids due to their metabolism. In the sol-
uble phosphorus group, in addition to secreting oxalic
acid, gluconic acid, and citric acid like the insoluble phos-
phorus group, a significant amount of malic acid was pro-
duced. Conversely, malic acid secretion was not detected
in the insoluble phosphorus group, whereas acetic acid
production was evident. This suggested that phospho-
rus stress altered the organic acid metabolic pathway of
NK2, activating the acetic acid pathway, enhancing the
secretion of oxalic acid, gluconic acid, and citric acid into
the environment, while inhibiting the malic acid meta-
bolic pathway. It was interesting to note that different
phosphorus-solubilizing bacteria exhibit distinct patterns
of organic acid secretion. For instance, previous studies
showed that Burkholderia multivorans WS-FJ]9 primarily
secreted pyruvate when dissolving insoluble phosphorus
[26]. Similarly, Enterobacter cloacae RW8 secreted lac-
tic acid, succinic acid, and citric acid as its main organic
acids [30]. These findings collectively highlighted the
diversity among PSB in terms of the types and concen-
trations of organic acids they secrete to dissolve insoluble
phosphorus.

The introduction of insoluble phosphorus sources
stimulated the TCA cycle, leading to the regulation of
the metabolic pathway from succinate to glyoxylic acid
and dicarboxylic acid. This resulted in an increase in
citrate and oxalate content, accompanied by a decrease
in malate. These changes were consistent with the sig-
nificant elevation of extracellular oxalic acid content,
and notably, no malic acid was detected (Fig. 2A and B).

Fig. 7 Promotion of Solanum lycopersicum L. cv. Micro Tom growth by biochar-immobilized phosphorus-solubilizing bacteria. A The survival rate

of the NK2-GFPuv strain in the soil was assessed after 0, 15, and 30 days of applying phosphorus-solubilizing bacteria immobilized by cotton straw
biochar. Soil pH values (B) and available phosphorus contents (C) were measured after 0, 15, and 30 days. Chlorophyll content (D), plant height

(E), above-ground fresh weight (F), above-ground dry weight (G), underground fresh weight (H), underground dry weight (1), root tips (J), root
length (K), and root surface area (L) of tomato plants were recorded after 15 and 30 days of growth. CK indicates untreated soil. CBC indicates

the rhizosphere soil treated with cotton straw biochar alone. UPB indicates the rhizosphere soil treated with unimmaobilized phosphorus-solubilizing
bacteria (NK2-GFPuv alone) and IPB indicates the rhizosphere soil treated with immobilized phosphorus-solubilizing bacteria by cotton straw
biochar. Bars correspond to one standard deviation (SD) from the mean (n = 3), while different letters above columns indicate significant differences
(P < 0.05) among samples at the same time points under different treatments according to a one-way ANOVA in conjunction with Tukey’s

multiple-comparison test
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Furthermore, the upregulation of the pyruvate metabolic
pathway leading to acetate production was observed,
aligning with the detection of substantial acetic acid in
the extracellular metabolites (Fig. 2A and B). Propanoic
acid, known to regulate organic acid production under
phosphorus deficiency stress [31], exhibited an upregu-
lation specifically in the treatment with insoluble phos-
phorus (Table 1). Bacteria have the ability to convert
propionic acid to propionyl-CoA for the production of
carboxylic acids, including gluconic acid, galactoic acid,
and glucuronic acid [32]. The observed upregulation of
propionic acid might contribute to the conversion of glu-
conic acid, potentially explaining the significantly higher
content of gluconic acid in the insoluble phosphorus
treatment group compared to the soluble phosphorus
treatment group in the extracellular organic acid data.

Amino acids, synthesized from amino sugars, glutamic
acid, and lysine through exogenous glucose metabolism
or protein decomposition [33], were analyzed in the con-
text of insoluble phosphorus sources treatment (Table 1).
High levels of glycogenic amino acids, such as glutamic
acid and glutamine, were notably detected. The eleva-
tion in glycogenic amino acids could be attributed to
gluconeogenesis converting to glucose, inducing glucose
production, and the release of significant amounts of
gluconic acid [34]. The observed increase in amino acid
levels, particularly glycogenic ones, might contribute
to accelerating the degradation metabolism of proteins
to synthesize new proteins, ultimately facilitating the
survival of organisms under environmental stress [35].
Specific amino acids, like histidine, contain imidazolyl
structures with a strong affinity for divalent metal ions,
forming coordination compounds with them [36]. Addi-
tionally, active groups in proline, such as amino, carboxyl,
and hydroxyl groups, could combine with metal ions to
form non-toxic complexes. Simultaneously, they release
soluble phosphate ions, achieving passivation, detoxifi-
cation, and phosphorus dissolution effects [37]. In this
study, the contents of L-histidine, L-proline, and valyl-
proline in NK2 cells were upregulated when phospholytic
bacteria were exposed to Ca®" in insoluble phosphorus
sources (Table 1). These findings suggested that proline
and histidine played pivotal roles in the phosphorus dis-
solution process. The functional groups in these amino
acids released phosphate ions in the insoluble phospho-
rus source by binding with Ca®*, thereby achieving the
dissolution of phosphate.

Glucose serves as a direct energy source for organ-
isms [38]. Under phosphorus stress, the content
of D-glucose was downregulated (fold change was
0.31) (Table 1). This indicated that when faced with
Cay(PO,),, on the one hand, NK2 degraded glucose to
supply energy for cell metabolism was degraded and,
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on the other hand, transformed intracellular glucose
into gluconic acid, which was then excreted from the
cell. This finding aligned with the results of extracel-
lular organic acid detection. Moreover, the content of
3-phosphoglyceric acid was upregulated (fold change
was 3.31) (Table 1), indicating that under the condi-
tions of an insoluble phosphorus source, phosphorus
stress activated the intracellular glycolysis pathway to
provide energy for cells. Simultaneously, acetic acid
was generated to alleviate the toxic effects of metal
ions, resulting in a significant increase in extracellular
acetic acid production.

Collectively, this dynamic interplay between intra-
cellular metabolomics and extracellular organic acid
production contributed to the dissolution of inorganic
phosphorus sources in response to environmental phos-
phorus stress. These insights pave the way for novel
approaches to explore the intracellular metabolomics
of phosphorus-solubilizing bacteria NK2, with the goal
of modulating extracellular organic acid production
to enhance phosphorus solubilization capacity. This
study opens up new avenues for optimizing the agricul-
tural application potential of NK2 in soil phosphorus
regulation.

Biochar frequently serves as a carrier for phosphorus-
solubilizing bacteria, and this study aimed to assess the
impact of different biochar types on the phosphorus
solubilization ability of the phosphorus-solubilizing bac-
terium NK2. Additionally, the study examined the type
and content of organic acid production through HPLC
to elucidate their effects on the functional activity of
phosphorus solubilizers. The findings revealed that NK2
immobilized by cotton straw exhibited the most effec-
tive phosphorus solubilization capacity. The mechanism
underlying the increased dissolved amount of insolu-
ble phosphorus in the phosphorus-solubilizing bacteria
(PSB) fermentation solution when biochar was intro-
duced involved several phenomena. The addition of a
neutralizer was observed to enhance the acid-producing
capacity of certain acid-producing microorganisms. The
buffer capacity of the medium played a role in the com-
plex process of insoluble phosphates’ solubilization,
where the microenvironment in a buffered state could
either inhibit or stimulate the release of organic acids
by microorganisms [39]. Biochar played a crucial buff-
ering role in the phosphorus dissolution process of PSB,
thereby augmenting the acid-producing capacity of PSB.
Furthermore, biochar, with its hydroxyl and carboxyl
functional groups, contributed to the dissolution of phos-
phorus [40]. Additionally, the increased carbon sources
in the medium following the addition of biochar were
speculated to promote the metabolic processes of PSB,
thereby enhancing the solubility of phosphorus [41].
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To assess the promoting effect of phosphorus-solu-
bilizing bacteria immobilized by cotton straw biochar
(IPB) on Solanum lycopersicum L. cv. Micro Tom, vari-
ous parameters such as SPAD value of plant leaves, plant
height, and plant biomass were measured in different
soil treatments over 15 and 30 days (Fig. 7). The results
demonstrated that IPB had a more significant promoting
effect on Micro Tom, aligning with previous findings that
Bacillus subtilis SL-13 immobilized by cotton straw sig-
nificantly enhanced the growth of pepper plants [22]. The
root system played a pivotal role in nutrient absorption,
and crop yield was often contingent on robust root devel-
opment [42]. Here, the root indexes of IPB were notably
higher than those of other treatment groups. However, it
was noteworthy that the number of root tips in the UPB
treatment group was significantly lower than that in the
CBC treatment group, while the root surface area and
root length were significantly higher. This suggested that
the single application of biochar might loosen the soil
structure, facilitating lateral root differentiation and pro-
moting an increase in root tip number while shortening
root length. On the other hand, the single application of
phosphorus-solubilizing bacteria significantly promoted
the elongation of underground roots, leading to increased
root length and surface area. The IPB treatment group,
benefiting from both phosphorus-solubilizing bacteria
and biochar, showcased a harmonized enhancement in
root development, consistent with prior reports [43, 44].

Phosphorus-solubilizing bacteria played a crucial role
in releasing organic acids, increasing available phospho-
rus in soil, and promoting plant growth. The effective
colonization of these bacteria in the plant rhizosphere
was essential for their optimal functioning [21]. Bio-
char, with its rich pore structure and high charge den-
sity, possesses strong adsorption capacity and a large ion
exchange capacity, influencing the growth and activity
of microorganisms [4]. In this study, the impact of cot-
ton straw biochar-immobilized phosphorus solubilizers
on the rhizosphere of tomato was investigated, focusing
on colonization amount, available phosphorus content,
and soil pH. The results revealed that the colonization
amount and available phosphorus content of phospho-
rus solubilizers immobilized in cotton straw biochar were
1.83-2.15 and 1.5-1.73 times higher, respectively, while
the pH value decreased by 1.8-2.05 times compared to
the single application of phosphorus-solubilizing bacte-
ria (Fig. 7A, B, and C). This suggested that phosphorus
solubilizer NK2 was effectively pre-settled in biochar.
Furthermore, biochar significantly enhanced the survival
rate and activity of phosphorus solubilizers by providing
an optimal microenvironment and nutrients, mitigating
the harsh conditions. The released organic acids by phos-
phorus solubilizers contributed to a reduction in soil pH,
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promoting phosphorus transformation in the soil and
fostering plant root development. This enhanced nutrient
absorption by plants, leading to increased biomass. Previ-
ous studies have also reported similar findings, indicating
that biochar could indirectly elevate available phosphorus
in soil by increasing the abundance of phosphorus-solu-
bilizing bacteria and the combined application of biochar
and phosphorus-solubilizing bacteria demonstrated the
most effective growth promotion effect [45]. Therefore,
the immobilization of phosphorus-solubilizing bacte-
ria in cotton straw biochar enhanced their colonization
ability in soil, resulting in improved phosphorus solubi-
lization efficiency and subsequent plant growth promo-
tion. These findings suggest that cotton straw biochar can
serve as an effective carrier for phosphorus-solubilizing
microorganisms, contributing to the advancement of sus-
tainable agriculture practices.

Conclusions

In this study, our findings revealed the intracellular meta-
bolic profile of phosphorus-solubilizing bacterium, Pseu-
domonas sp. NK2, changed under phosphorus stress,
including tricarboxylic acid cycle, amino acid synthesis,
and glycolysis. This alteration led to the release of higher
concentrations of organic acids in vitro and also resulted
in the production of acetic acid, gluconic acid, oxalic
acid, and citric acid for insoluble phosphorus solubiliza-
tion. Following the conjoint analysis of NBRIP medium
culture and application to soil for 30 days, we discov-
ered that NK2 immobilized by cotton straw exhibited
stronger phosphorus-dissolving ability than NK2 immo-
bilized by other biochars. Additionally, we observed that
NK2 immobilized by cotton straw improved the content
of available phosphorus in the soil, ultimately promot-
ing tomato growth. These findings can contribute to the
advancement of sustainable agricultural practices.

Methods

Bacterial strains, plasmids, and culture conditions

The bacterial strain Pseudomonas sp. NK2, exhibiting
efficient inorganic phosphorus solubilization, was rou-
tinely cultured in Luria-Bertani (LB) broth (5 g/L yeast
extract, 5 g/L NaCl, and 10 g/L tryptone) at 28°C with
shaking (120 rpm) for 12 h, while the Escherichia coli
isolates were cultured in LB broth at 37°C with shak-
ing (200 rpm). The plasmid pDSK-GFPuv, labeled with
GFPuv (Green Fluorescent Protein), was obtained from
the MiaoLing Plasmid Platform. NBRIP medium (10 g/L
glucose, 0.3 g/L NaCl, 0.3 g/L KCl, 0.5 g/L (NH4),SO,,
0.3 g/L MgSO,+7H,0, 0.03 g/L MnSO,+H,0, 0.03 g/L
FeSO,+7H,0, 5.0 g/L Cas(PO,),) served as the phospho-
rus solubilizing medium. Ca4(PO,), could be substituted
with FePO,, AIPO,, and KH,PO, as necessary, while
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(NH4),SO, could be replaced with NH,Cl, NaNO,, and
KNOj as required. When required, solid media was pre-
pared by the addition of 12.8 g/L agar and 50 pug/mL kan-
amycin was supplemented.

Construction of Pseudomonas sp. NK2-GFPuv

The plasmid of pDSK-GFPuv was introduced to compe-
tent cells of Pseudomonas sp. NK2 though electropora-
tion. A total of 1 pg of denatured pDSK-GFPuv plasmid
was transformed into 80 pL of competent cells of Pseu-
domonas sp. NK2 using 1.8 kV/cm voltage, 25 pF, and
600 Q. The transformed cells were resuspended in 1 mL
of LB broth and incubated at 28°C for 2 h before being
plating onto LB agar supplemented with 50 pg/mL kana-
mycin. The resulting transformants were verified by fluo-
rescence microscope at excitation wavelength of 488 nm
and PCR using the GFPuv-F (5-CAGTCACGACGTTGT
AAAACGACG-3) and GFPuv-R (5-GAGCGGATAACA
ATTTCACACAGG-3’) primer sets.

Measurement of pH and titratable acid in the supernatant
of NK2 fermentation broth

Phosphorus-solubilizing bacterium NK2 was inoculated
in 100 mL LB medium and cultured at 28°C with shaking
(180 rpm) until ODg,, = 1.0, which was as the seed solu-
tion to inoculate into soluble phosphorus source medium
and insoluble phosphorus source medium according to
1% inoculation amount. The medium inoculated with the
same amount of LB was used as the blank control and
cultured at 28°C with shaking (180 rpm) for 5 days. The
samples were taken every 24 h, centrifuged at 6000 rpm
for 10 min, and then the pH value of the supernatant was
determined. The standard NaOH solution of 0.1 mmol/L
was used to titrate the fermentation supernatant (with
1-2 drops of phenolphthalein reagent) to titrate the con-
sumption of NaOH solution when the pH value of super-
natant was 8.4 to calculate the titratable acidity

Determination of phosphorus solubilization ability

The standard phosphorus curve was constructed accord-
ing to previous report [46]. The 0, 2, 4, 6, 8, 10, and 12
mL of standard phosphorus solution (5 mg/L) was pipet-
ted into a 50-mL volumetric bottle, which was diluted to
20 mL with water. A few drops of 2, 4-dinitrophenol were
added as the indicator solution and then sulfuric acid
solution was added to adjust the pH to make the solution
just yellow. The 5 mL of molybdenum-antimony anti-
color development agent was taken into the solution. The
volume was adjusted to 50 mL with water and the mass
concentration of phosphorus in this standard series solu-
tion was 0, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 mg/L in turn.
After placing them at 25°C for 30 min, the absorbance of
other phosphorus solution was measured at 720 nm and
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the 0 mg/L phosphorus standard solution was used as the
control. The standard phosphorus curve was constructed
based on the absorbance values and corresponding phos-
phorus concentrations.

For the determination of phosphorus solubilization
ability of different phosphorus sources, the fermentation
solution was centrifuged at 6000 rpm for 10 min, and 2.5
mL of supernatant was taken into a 50-mL volumetric
bottle. The steps for color development and phospho-
rus content measurement were carried out as described
in the construction of the phosphorus standard curve.
Finally, the phosphorus concentration in the sample was
calculated based on the standard phosphorus curve.

Assessment of NH,* assimilation capacity

in phosphorus-solubilizing bacteria NK2

In order to evaluate the assimilation effect of NK2 on
NH,*, equal amounts of NH,Cl, NaNO;, and KNO, were
used to replace (NH,),SO, in NBRIP medium [25]. The
seed solution was pipetted into the medium of insolu-
ble phosphorus source with different nitrogen sources
at 1% inoculation rate, and the medium inoculated with
the same amount of LB was used as the blank control.
After 48 h of shaking (180 rpm) at 28°C, the samples were
taken, and the supernatant was collected by centrifuga-
tion at 6000 rpm for 10 min. The pH value was deter-
mined, and the content of soluble phosphorus in different
treatment groups was determined using molybdenum-
antimony anticolorimetry [46].

Quantification of organic acids using HPLC method

The organic acids were determined by HPLC method
using a 250 mm X 4.6 mm Zorbax Eclipse Plus C18 col-
umn (5 pm particle size). Mobile phase A consisted of
3% methanol and 97% buffer (5 mM, pH 2.5). Each 10-pL
sample was injected at a flow rate of 0.7 mL/min. Signals
were detected by UV absorbance at 210 nm. The stand-
ard organic acid mixture (oxalic acid, tartaric acid, malic
acid, lactic acid, acetic acid, citric acid, succinic acid, for-
mic acid and gluconic acid) was diluted 2 times, 5 times,
10 times, 20 times, and 200 times to establish the stand-
ard curves. The standard curve was made by plotting the
peak area against its corresponding concentration. The
total run time was 15 min for each sample.

Non-targeted metabolomic analysis of intracellular
metabolites

The bacterial solution was inoculated into both a soluble
phosphorus source medium and an insoluble phospho-
rus source medium separately, then cultured at 28°C with
shaking (180 rpm) for 48 h. Subsequently, the bacterial
solution was centrifuged at 8000 rpm and 4°C for 5 min.
The resulting precipitate was collected, washed with PBS
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buffer three times, and, after discarding the supernatant,
the bacteria were frozen in liquid nitrogen and stored at
—80°C until further use.

Metabolites were extracted using a 400 pL extraction
solution (methanol: water = 4:1, v/v) containing 0.02 mg/
mL internal standard (L-2-chlorophenylalanine). The
sample solution was ground in a frozen tissue grinder
for 6 min at —10°C and 50 Hz, followed by extraction
through sonication at 5°C for 30 min (40 kHz). After
the samples were placed at —20°C for 30 min and cen-
trifuged for 15 min at 4°C (13000 rpm), the supernatant
was transferred into a vial with an internal cannula and
injected into the HPLC-MS/MS system.

The 3 pL of the sample was separated using the
ACQUITY UPLC® HSS T3 column (100 mm X 2.1 mm,
particle size 1.8 pm) and then directed into mass spec-
trometry detection. The separation was achieved through
gradient elution with 95% water and 5% acetonitrile with
0.1% formic acid as solvent A, and 47.5% acetonitrile,
47.5% isopropanol, and 5% water as solvent B. The gra-
dient program was set as follows: 0-3 min 0% B to 20%
B, 3-4.5 min 20% B to 35% B, 4.5-5 min 35% B to 100%
B, 5-6.3 min 100% B, 6.3—6.4 min 100% B to 0% B, and
6.4—8 min 0% B. The flow rate was maintained at 0.4 mL/
min, and the column temperature was set at 40°C.

The mass spectrometric data were acquired using
a UHPLC-Q Exactive HF-X system equipped with an
electrospray ionization source operating in either posi-
tive or negative ion mode. The mass scanning range of
mass spectrum conditions was set to 70-1050 m/z. The
sheath gas and auxiliary gas flow rates were 50 arb and
13 arb, respectively. The positive and negative mode ion
spray voltages were configured at 3500 V and —3500 V,
respectively. The heater and capillary temperatures were
set to 425°C and 325°C, respectively. Normalized colli-
sion energy was applied at 20-40-60 V cyclic collision
energy. Full MS resolution was set to 60,000, and MS/MS
resolution was adjusted to 7500. The data acquisition was
carried out using the Data Dependent Acquisition (DDA)
mode.

The intracellular metabolites of bacteria in different
treatment groups were detected using the mainstream
public database and the metabolome database MJDB
established by Shanghai Meiji Technology Co., Ltd. The
original data were imported into the metabolomics pro-
cessing software Progenesis QI (Waters Corporation,
Milford, USA) for baseline filtering, peak identification,
integration, retention time correction, peak alignment,
etc. Subsequently, a data matrix containing retention
time, mass—charge ratio, peak intensity, and other infor-
mation was generated. The software was then utilized
to identify characteristic peaks, and mass spectrum
information (MS and MS/MS) was matched with the
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metabolic database. A mass error of less than 10 ppm was
set for MS, and metabolites were identified based on the
secondary mass spectrum matching score.

The data underwent comprehensive preprocessing to
enhance its quality. Initially, missing values were elimi-
nated utilizing the 80% rule in the data matrix. To miti-
gate errors originating from sample preparation and
instrument instability, the response intensity of essential
spectral peaks in the samples was normalized through
the sum normalization method. Variables exhibiting a
relative standard deviation (RSD) exceeding 30% of qual-
ity control (QC) samples were removed, followed by log;,
logarithmic processing. The resulting refined data matrix
was prepared for subsequent analyses. Multidimensional
statistical analyses, encompassing supervised partial least
squares discriminant analysis (PLS-DA) and orthogonal
partial least squares discriminant analysis (OPLS-DA),
were conducted. Differentially accumulated metabolites
(DAMs) were identified by calculating the fold change
(FC) based on the mean metabolite expression ratio
between the insoluble phosphorus and soluble phospho-
rus groups. Additionally, variable importance in the pro-
jection (VIP) of OPLS-DA > 1 and P value < 0.05 were
set as thresholds for DAMs screening. The volcano map
illustrating multiple changes and the logarithmic trans-
formation of each metabolite were generated using R.
Hierarchical clustering was performed using cluster tree
view and MetaboAnalyst 3.0, while intracellular meta-
bolic pathway analysis was conducted with the KEGG
database. The data were analyzed on the online platform
of Majorbio Cloud Platform (www.majorbio.com) [47].

Biochar preparation procedure

The fresh raw materials of pinewood, cotton straw, wheat
straw, maize straw, coconut shell, rice husk, and peanut
shell were placed in the oven at 180°C for 20 min and
then placed in the oven at 55°C for 48 h of dehydration.
The materials treated were placed at room temperature
for 24 h. After grinding through 1-mm sieve, the sifted
raw material was wrapped tightly with aluminum foil,
squeezed out the air in the middle, and sealed. They were
placed in Muffle furnace and heated to 300°C (heating
rate of 10°C/min) under anaerobic conditions to prepare
biochar. For the biochar raw materials that have been
dried, they were directly crushed. After sifting through
1-mm sieve, the materials were placed in the Muffle fur-
nace for firing.

Immobilization of phosphorus-solubilizing bacteria
(NK2-GFPuv) onto biochar

The bacterial suspension (10° CFU/mL) was added to
the biochar at a ratio of 100: 5 (v/w), and the mixture
was immobilized in a constant temperature of 30°C with
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shaking at 150 rpm for 24 h [26]. For the control group
without biochar, only the bacterial suspension was cul-
tured under the same conditions.

Isolation of GFP-labeled immobilized bacterial strain
(NK2-GFP) from soil

Rhizosphere soil was collected from the root surface
using a sterile brush. The 3 g of soil was added into a
conical bottle containing 30 mL of sterilized water and
shaken at 200 rpm and 28°C for 30 min. The soil suspen-
sion was continuously diluted and coated on LB solid
plates containing kanamycin. After 3 days of culture at
28°C, only the colonies that showed green fluorescence
under UV excitation were counted, and the coloniza-
tion amount of GFPUV-labeled phosphorus-solubilizing
bacteria NK2 in the soil of different treatment groups
(CFU/g soil) was calculated. Survival was assessed by the
ratio of the number of bacteria after 30 days treatment to
the initial inoculation.

Evaluation of the growth of Solanum lycopersicum L. cv.
Micro Tom

The pot experiment was carried out in a pot of 20 cm X
15 cm. Soil sterilized twice was used. The main proper-
ties of soil were shown in the Additional file 1: Table S1.
The soil was added with 100 ml of 0.9% NaCl solution,
0.9% NaCl solution with 5 g of cotton straw biochar,
NK2-GFPuv suspension (0.9% NaCl), and NK2-GFPuv
suspension (0.9% NaCl) immobilized by 5 g of cotton
straw biochar, respectively. The Solanum lycopersicum L.
cv. Micro Tom seeds were planted in the variously treated
soil mentioned above. The experiment was conducted in
a light incubator with the parameters set at 28°C for 16 h
of light and 18°C for 8 h of darkness.

After growing for 15-30 days, the Micro Tom plants
were sampled, and the measurements for plant height
and Soil Plant Analyzer Development (SPAD) were
recorded. The plant was separated into above-ground and
underground (root) portions using scissors to measure
the fresh weight. Subsequently, both above-ground and
underground parts were defoliated at 105°C for 30 min
and ultimately dried at 75°C to obtain the dry weight.
After gently washing the roots with water, they were sub-
jected to scanning using a root scanner to obtain indica-
tors related to root development.

Abbreviations
PSB Phosphorus-solubilizing bacteria

HPLC  High-performance liquid chromatography

PSMs  Phosphorus-solubilizing microorganisms

DAMs  Differentially accumulated metabolites

IPB Immobilized phosphorus-solubilizing bacteria
UPB Unimmobilized phosphorus-solubilizing bacteria

CBC Cotton straw biochar alone
SPAD  Soil and Plant Analyzer Development
TCA Tricarboxylic acid
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