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Abstract
In this study, phosphate solubilizing bacteria (PSB) with good phosphate-solubilizing capability were isolated from phos-
phogypsum (PG) storage yard, and phosphate-solubilizing bacteria without antagonistic effect were selected to construct 
phosphate solubilizing microbial consortium (PSMC), and the synergistic effect of PSMC and PG on the physical and 
chemical properties of saline-alkali soil, soil enzyme activity, soil bacterial diversity, and the growth index and biomass of 
peanut plants were explored. The results showed that the effect of phosphorus containing soil amendment on saline-alkali 
soil was better than that of single PSMC or PG. In the T6 group (untreated saline-alkali soil (1.5 kg) + PSMC stock solu-
tion (15 mL) + PG (6.0 g)), the pH of saline-alkali soil decreased from 8.54 to 7.03, the content of organic matter increased 
by 6.64%, the content of alkali hydrolyzable nitrogen, available phosphorus and available potassium increased by 81.68%, 
60.31%, and 42.03%, respectively, and the activity of alkaline phosphatase increased by 94.95%. In addition, the electrical 
conductivity value in T4 group (untreated saline-alkali soil (1.5 kg) + PSMC stock solution (15 mL) + PG (3.0g)) decreased 
significantly by 20.21%. The diversity and richness of bacterial community in T4 group were the highest, and the growth of 
peanut plants was the best. The fresh weight of roots and stems increased by 73.34% and 116.6%, respectively. In conclu-
sion, the phosphorus containing soil conditioner prepared by PSMC and PG can effectively improve the soil environment 
of saline-alkali soil and promote the resource utilization of saline alkali soil.

Keywords Phosphate-solubilizing microbial consortium · Phosphogypsum · Phosphorus containing soil conditioner · 
Saline-alkali soil

Introduction

Phosphogypsum (PG) is one of the main by-products in the 
phosphoric acid production process of phosphorus chemical 
enterprises [1], generally, 4.5–5.5 tons of PG will be pro-
duced per ton of phosphoric acid production [2], Therefore, 

PG is recognized as bulk industrial solid waste. At present, 
the resource utilization rate of PG is low, about 85% of PG 
in the world is either accumulated on land or discarded in 
the sea, which can have adverse effects on soil, marine water, 
and the atmospheric environment [3–5]. PG is acidic, and 
the content of  CaSO4⋅2H2O is usually between 80 and 90%, 
varying based on the source and storage time of PG [6]. In 
addition, the study also found that PG contains nutrients 
such as phosphorus (P), sulfur (S), and iron (Fe). Phos-
phorus mainly exists in the form of available phosphorus, 
insoluble phosphorus, and eutectic phosphorus [7]. When 
PG is applied to phosphorus-deficient soil, the soluble phos-
phorus in PG can be directly absorbed and utilized by plants. 
Meanwhile, the insoluble phosphorus can be transformed 
into orthophosphate, which can be absorbed and utilized 
by plants with the action of phosphate-solubilizing bacteria 
(PSB) [8, 9]. In recent years, many studies have confirmed 
that PG can not only help to improve the total phospho-
rus content in soil, reduce the mining of phosphate rock, 
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and decrease the use of chemical phosphate fertilizer [10], 
but also improve soil structure and increase crop yield [11]. 
Therefore, PG is often considered a soil conditioner used in 
agricultural fields for purposes such as soil remediation and 
promoting crop growth [12–14], and PSB are an effective 
method for enhancing the utilization rate of phosphorus in 
PG.

Saline-alkali soil is the abbreviation of saline soil, alka-
line soil, and saline alkali soil. It is the result of the excessive 
accumulation of soluble salts on the soil surface and is one 
of the important environmental factors limiting agricultural 
production [15]. According to statistics, the global area of 
saline-alkali land is approximately 9.54 ×  108  hm2, and it 
is increasing at a rate of 1.0 ×  106–1.5 ×  106  hm2 per year 
[16]. The total area of saline-alkali land in China is about 
9.91 ×  107  hm2, ranking third in the world [17]. Saline-alkali 
soil has the characteristics of high pH, with high levels of 
inorganic salts such as  Na+,  CO3

2−,  HCO3
−, and low organic 

matter content. These characteristics not only affect the 
activities of enzymes like catalase and alkaline phosphatase 
in the soil but also impact the community structure and func-
tion of soil microorganisms. This leads to a decrease in the 
levels of alkali-hydrolyzable nitrogen, available phospho-
rus, and other nutrients in the soil, hindering crop growth in 
saline-alkali soil environments [18–20]. Therefore, improv-
ing the effective utilization rate of saline-alkali soil is the 
main problem to be solved [21].

In recent years, the reported methods for improving 
saline-alkali soil include physical, chemical, and biological 
methods. Physical and chemical methods have a significant 
improvement effect on saline-alkali soil in a short time, but 
they have disadvantages such as heavy workload, high eco-
nomic costs, and possible secondary pollution. Biological 
methods include phytoremediation and microbial reme-
diation. Phytoremediation offers wide coverage and high 
economic benefits, but it also has drawbacks, including 
the need for large engineering quantities and the challenge 
of plant disposal post-remediation. Microbial remediation 
technology offers advantages such as energy efficiency, 
cost-effectiveness, and stable improvement effects. It can 
also enhance plant growth in saline-alkali soil, making it 
a primary focus of research on saline-alkali soil improve-
ment [22–24]. Sahin and other researchers have confirmed 
that the simultaneous use of microbial agents and chemical 
amendments can notably enhance the remediation effect of 
saline-alkali soil [25]. The study found that PSB, mycorrhi-
zal fungi, sulfur-oxidizing bacteria, etc., are commonly used 
microbial flora in improving saline-alkali soil. Additionally, 
PG, desulfurization gypsum, and other substances are widely 
used chemical modifiers for enhancing saline-alkali soil [26, 
27]. Al enazy et al. [10] showed that when PSB and PG 
were applied together, the soil pH decreased from 7.44 to 
7.2. Additionally, the content of available phosphorus, the 

number of microorganisms, and the activity of dehydroge-
nase enzyme in the soil significantly increased. Sharma et al. 
[28] found that the synergistic effect of PSB and PG can 
promote the absorption of phosphorus by crops like rice and 
wheat, thereby improving the yield of rice and wheat.

Therefore, the main objective of this study is to isolate 
and screen bacteria with efficient phosphate-solubilizing 
capability from PG samples. The study aims to identify 
strains without antagonistic effects through plate antagonis-
tic tests, construct them into a phosphate-solubilizing micro-
bial consortium (PSMC), and subsequently determine the 
microbial consortium with the most effective phosphate-sol-
ubilizing capability through liquid co-culture experiments. A 
phosphorus-containing soil conditioner was prepared using 
a PSMC and PG. The effects of the phosphorus-containing 
soil conditioner on the physical and chemical properties of 
saline-alkali soil, soil enzyme activity, soil microbial diver-
sity, and peanut plant growth were investigated through a pot 
experiment. The research results will provide a new basis for 
the resource utilization of PG and the treatment of saline-
alkali soil.

Materials and Methods

Sample Collection and Analysis Methods

Phosphogypsum (PG) samples were collected from the 
Wengfu phosphogypsum storage yard (106°32′E, 32°39′N) 
in baiji Village, Machangping Town, Fuquan City, Qiannan 
Prefecture, Guizhou Province. The storage yard has a total 
storage capacity of 1.88 ×  108  m3, floor area of 58.70  m3. 
The storage yard is a three-level phosphogypsum warehouse. 
This study utilizes the five-point sampling method [1] to col-
lect samples at three different locations in the yard: the bot-
tom (where stacking time exceeds 1 year), the middle (where 
stacking time is approximately 6 months, with a height of 
about 515 m), and the top (where stacking time is less than 
1 month, with a height of around 1030 m). The sampling 
depth is 0–15 cm, and the samples are placed into sterile 
sampling bags labeled B-P (bottom phosphogypsum), M-P 
(middle phosphogypsum) and T-P (Top phosphogypsum) 
sequentially, then stored at 4°C for standby. According to 
the P-sequential fractionation method improved by Tiessen 
and Moir of the Canadian Soil Science Society [29], differ-
ent forms of phosphorus in the sample were determined, 
including total phosphorus (TP), available phosphorus (AP), 
organic phosphorus (OP), and inorganic phosphorus (IP). 
Inorganic phosphorus primarily determines the content of 
calcium phosphate (Ca-P), iron phosphate (Fe–P), and alu-
minum phosphate (Al-P).

Saline-alkali soil samples were collected from the exper-
imental site of the Panjin Saline-Alkali Land Utilization 



Construction of Phosphate‑Solubilizing Microbial Consortium and Its Effect on the Remediation… Page 3 of 17    11 

Research Institute in Liaoning Province. The sampling depth 
was 0–15 cm. The samples were dried at room temperature. 
The soil samples that passed through a 2-mm sieve were 
analyzed for physical and chemical characteristics, includ-
ing pH, electrical conductivity (EC), organic matter (OM), 
alkali-hydrolyzable nitrogen (AN), available phosphorus 
(AP), and available potassium (AK). Soil pH and EC were 
measured using a pH meter (PHS-3C, Shanghai Aohaosi 
Instrument Co., Ltd.) and a conductivity meter (DDSJ-308F, 
Shanghai Yidian Scientific Instrument Co., Ltd.) [30]. The 
soil organic matter content was determined using the potas-
sium dichromate volumetric method [31]. The alkali-hydro-
lyzable nitrogen content in the soil was determined using the 
alkali-hydrolyzable nitrogen diffusion method. The available 
phosphorus content in the soil was determined using the 
 NaHCO3 extraction molybdenum antimony anti-colorimetry 
method, and the available potassium content in the soil was 
determined using the ammonium acetate extraction flame 
atomic absorption spectrometry (AA-3300F, Shanghai 
Yuanxie Instrument Co., Ltd.) [30]. However, soil samples 
that passed through the 5-mm sieve were used for the fol-
lowing pot experiments.

Isolation and Screening of Phosphate‑Solubilizing 
Bacteria

Preliminary Screening of Phosphate‑Solubilizing Bacteria

Ten grams of PG sample were weighed and dissolved in 90 
mL of sterile physiological saline solution. It was shaken and 
cultured at a constant temperature of 30 ℃ and 180 r/min for 
30 min to prepare a PG suspension with a dilution of  10−1. 
The sample suspension with a concentration of  10−4–10−6 
was prepared using a tenfold gradient dilution method. 0.1 
mL of sample suspension was uniformly coated onto beef 
extract peptone solid medium, and incubated upside down 
at 30 ℃ for 3 days, with three parallel gradients set for each 
gradient. Selected colonies with different morphological 
characteristics for streaking culture until pure strains were 
obtained. Inoculated them on beef extract peptone agar 
slants and stored them at 4 ℃ for future use.

The primary screening medium for PSB is an inorganic 
phosphorus-selective solid medium, slightly modified 
from the National Botanical Research Institute’s Phosphate 
Growth Medium (NBRIP) [32, 33]. It contains glucose 
10.0 g,  MgCl2·6H2O 5.0 g,  MgSO4·7H2O 0.25 g, KCl 0.2 
g,  (NH4) 2SO4 0.1 g,  Ca3(PO4) 25.0 g, agar 15 g, distilled 
water 1000 mL, pH 7.0.  Ca3(PO4)2 needs to be sterilized 
separately from other components and then mixed in. 
The pure single strain was inoculated onto NBRIP solid 
medium, and the formation of a phosphate-solubilizing 
halo was observed after 4 days of incubation at 30℃ 
[34]. Each strain was cultured in three parallel cells. The 

phosphate-solubilizing capability of the strain was pre-
liminarily identified based on the size of the phosphate-
solubilizing halo and the Phosphate Solubilizing Index 
(PSI) (PSI = D/d), where D represents the diameter of the 
phosphate-solubilizing halo and d represents the diameter 
of the colony [35].

Re‑screening of Phosphate‑Solubilizing Bacteria

Johri et al. have pointed out that using the size of the 
phosphate-solubilizing halo in plate culture as an index 
to determine the phosphate-solubilizing capacity of PSB 
is not reliable [36]. Wang et al. also pointed out that there 
is not a linear relationship between the PSI index and the 
actual phosphate-solubilizing capacity of the strain [9]. 
Therefore, to investigate the strain’s effective phosphate-
solubilization capacity, it is necessary to carry out liquid 
phosphate-solubilization test. The strains screened in the 
“Isolation and Screening of Phosphate-Solubilizing Bac-
teria” section were inoculated in 50 mL of beef extract 
peptone liquid medium and cultured at 30℃ for 18 h at 
180 RPM to obtain a stock solution of 1 ×  107 CFU/mL. 
The stock solution mentioned above was inoculated into 
NBRIP liquid medium at a 1% inoculum volume. The 
composition of other substances was the same as that of 
NBRIP solid medium, with the exception that agar was not 
added. At the same time, a control group with 1% sterile 
normal saline was cultured at 30℃ and 180 RPM for 7 
days. Each strain was set up with three parallel groups. 
According to the molybdenum antimony resistance color-
imetry [37], the available phosphorus content in the cul-
ture medium of each strain was determined. This method 
was used for the construction of PSMC.

Construction of Phosphate‑Solubilizing Microbial 
Consortium

Antagonistic Test Between Phosphate‑Solubilizing Bacteria

The premise for preparing a microbial consortium is that 
there is no antagonistic effect between strains [38]. The 
most commonly used method to explore whether there is an 
antagonistic effect between strains is to cross-mark on the 
plate. If the strain does not grow or grows poorly at the cross 
mark, it has an antagonistic effect. If the bacteria at the inter-
section grow well, there is no antagonistic effect [39]. The 
phosphate-solubilizing strains isolated and screened in the 
“Re-screening of Phosphate-Solubilizing Bacteria” section 
were inoculated into NBRIP solid medium in pairs using 
the cross-streak method and cultured at 30℃ for 4 days. The 
growth of the strains at the crossroads was observed, and the 
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phosphate-solubilizing strains without antagonistic effects 
were identified.

Liquid Co‑Culture Test

The phosphate-solubilizing strains without antagonistic 
effects were selected and mixed them in a 1:1 (v/v) ratio to 
obtain PSMC. The stock solution with a concentration of 
1 ×  107 CFU/mL was prepared following the method of the 
“Re-screening of Phosphate-Solubilizing Bacteria” section. 
The experimental group was inoculated with a 1% inocu-
lum of the stock solution containing microbial consortium 
into the NBRIP liquid medium, while the control group was 
inoculated with 1% sterile normal saline. The experimental 
group and the control group were cultured at 30℃ for 7 days 
with a rotation speed of 180 RPM. The available phosphorus 
content of each culture solution was determined according 
to the method described in the “Re-screening of Phosphate-
Solubilizing Bacteria” section, and the PSMC with good 
phosphorus-solubilizing capacity were selected for the sub-
sequent test.

Identification of Phosphate‑Solubilizing Bacteria

Morphological Identification

The strains of the PSMC were inoculated into a beef extract 
peptone solid medium and cultured at 30℃ for 2 days. 
The morphological characteristics of each colony were 
observed, and their size, shape, surface gloss, edge mor-
phology, and color were recorded. After Gram staining, the 
single-cell morphology of the strain was observed under a 
1000 × microscope (Olympus, Tokyo, Japan).

Molecular Biological Identification

The strains of PSMC were inoculated in a beef extract pep-
tone liquid medium and cultured at 30 ℃ for 2 days at 180 
RPM. The DNA of each bacterium was extracted follow-
ing the method in the Bacterial Genomic DNA Extraction 
Kit (Beijing Solaibao Technology Co., Ltd.). Subsequently, 
the extracted DNA was amplified via PCR using bacterial 

universal primers 27F (5′-AGA GTT TGATCMTGG CTC 
AG-3′) and 1492R (5′-GGT TAC CTT GTT ACG ACT T-3′). 
The PCR amplification reaction system contained 25 μL. 
Bacterial DNA template 2 μL, 2 × Taq PCR Master Mix 12.5 
μL with primer each for upstream and downstream at 50 μL, 
 ddH2O 8.5 μL. PCR reaction procedure: predenaturation at 
94℃ for 5 min, denaturation at 94℃ for 1 min, annealing 
at 55℃ for 1 min, extension at 72℃ for 2 min, 35 cycles, 
final extension at 72℃ for 10 min, and preservation at 4℃. 
PCR amplification products were sent to Shanghai Sangon 
Bioengineering Co., Ltd. for sequencing. The nucleotide 
sequences were compared with the GenBank database 
using BLAST (http:// www. ncbi. nlm. nih. gov/). The avail-
able standard sequences were compared in Mega 6.0 soft-
ware, and the phylogenetic tree was constructed using the 
neighbor-joining method [40].

Application of Phosphate‑Solubilizing Microbial 
Consortium in the Remediation of Saline‑Alkali Soil

Phosphorus-containing soil amendments were prepared by 
combining PSMC with PG. A 35-day pot experiment was 
conducted on the restoration of saline alkali soil using pea-
nuts treated with alcohol disinfection. The volume of the 
flowerpot (24 cm in height and 24 cm in diameter) is approx-
imately 10,852 cm. Three peanut seeds were planted in each 
experimental pot and 3 replicate groups were set up for each 
experiment. The following four aspects were completed: (1) 
determination of soil physicochemical properties, includ-
ing changes in soil pH, electrical conductivity (EC), organic 
matter (OM), available nitrogen (AN), available phosphorus 
(AP), and available potassium (AK), (2) exploration of the 
changes in soil enzyme activity, (3) analysis of the changes 
in soil bacterial community; (4) objective analysis of the 
effects of phosphorus-containing soil amendments on the 
growth of peanut plants.

Preparation of Phosphorus‑Containing Soil Conditioner 
and Design of Pot Experiment

The stock solution of a PSMC was evenly stirred with PG 
according to the proportions outlined in Table 1 to prepare 

Table 1  Pot experiment design 
plan

Group Design scheme

T0 Untreated saline-alkali soil (1.5 kg)
T1 Untreated saline-alkali soil (1.5 kg) + peanut seeds
T2 Untreated saline-alkali soil (1.5 kg) + PSMC stock solution (15 mL) + peanut seeds
T3 Untreated saline-alkali soil (1.5 kg) + PG (3.0 g) + peanut seeds
T4 Untreated saline-alkali soil (1.5 kg) + phosphorus containing soil conditioner 1 + peanut seeds
T5 Untreated saline-alkali soil (1.5 kg) + phosphorus containing soil conditioner 2 + peanut seeds
T6 Untreated saline-alkali soil (1.5 kg) + phosphorus containing soil conditioner 3 + peanut seeds

http://www.ncbi.nlm.nih.gov/
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soil conditioners with different PG contents. Phosphorus-
containing soil conditioner 1 (15 mL of PSMC stock solu-
tion + 3.0 g of PG); Phosphorus-containing soil conditioner 
2 (15 mL of PSMC stock solution + 4.5 g of PG); Phospho-
rus-containing soil conditioner 3 (15 mL of PSMC stock 
solution + 6.0 g of PG). The pot experiment details are pro-
vided in Table 1.

Determination of Physical and Chemical Indexes 
of Saline‑Alkali Soil

After 35 days of pot culture, the physical and chemical 
indexes of potted soil, such as pH, EC value, the content 
of OM, AN, AP, and AK were determined according to the 
method described in the “Sample Collection and Analysis 
Methods” section.

Determination of Soil Enzyme Activity in Saline‑Alkali Soil

The activities of soil urease (S-UE), catalase (S-CAT), 
and alkaline phosphatase (S-ALP) were determined using 
specific kits (S-UE determination kit, S-CAT kit, S-ALP 
determination kit) purchased from Shanghai Jining Indus-
trial Co., Ltd. S-UE and S-CAT levels were determined 
by microphotometry using a microplate reader (Multiskan 
SkyHigh, Thermo Fisher Scientific (China) Co., Ltd.), 
while S-ALP levels were determined by spectrophotom-
etry using a spectrophotometer (Model 721, Shanghai 
Jinghua Technology Instrument Co., Ltd.). S-ALP was 
determined according to the steps of kit (S-UE determina-
tion kit, S-CAT kit, S-ALP determination kit, appeal kit 
was purchased from Shanghai Jining Industrial Co., Ltd.). 
S-UE and S-CAT were determined by microphotometry 
using a microplate reader (multiskan skyhigh, Thermo 
Fisher Scientific (China) Co., Ltd.), and S-ALP was 
determined by spectrophotometry (spectrophotometer, 
721 Shanghai Jinghua Technology Instrument Co., Ltd.).

Determination and Analysis of Soil Bacterial Diversity

In order to analyze the bacterial diversity of soil samples in 
different treatment groups, the total bacterial DNA of each 
sample was extracted from 0.25 g potted soil samples using 
the Soil DNA Extraction Kit (DP812, Beijing Tianjin Bio-
chemical Technology Co., Ltd., China). Subsequently, the 
V3-V4 hypervariable region of bacteria was amplified fol-
lowing the general protocol for bacterial amplification [41, 
42]. The PCR amplification products were sent to Beijing 
BmK Technology Co., Ltd. (Beijing, China) after 2% aga-
rose gel electrophoresis using an electrophoresis apparatus 
(Compact M, Jena, Germany). Sequencing analysis was con-
ducted on the Illumina Novaseq 6000 platform.

Determination of Plant Growth Index and Biomass

The peanut plant was pulled out completely from the pot and 
the soil around its roots washed. The appearance of plants 
under different treatments was observed. The root length and 
stem length were measured, and the number of leaves on 
each plant was recorded. The shoot and the root of the pea-
nut plant were separated. The fresh weight of the different 
parts was weighed, then subject the plant to 120℃ for 30 min 
to kill it, followed by drying at 80℃until a constant weight is 
achieved. Finally, weigh the dry weight of the different parts.

Data Analysis

Microsoft Excel 2019 software was used to calculate and 
summarize the experimental data. All values represent the 
mean ± standard error from the three groups of repeated 
experimental data. SPSS 26.0 software (IBM Corporation, 
New York, USA) was used for statistical analysis using 
one-way ANOVA and Tukey post event test to evaluate the 
differences among all treatment groups. The statistical sig-
nificance level was set at p < 0.05. Use GraphPad Prism 9.3 
and Origin Software (Version Origin 2021) to draw the his-
togram and line graph in the paper.

Results

Analysis of Phosphorus Content in PG Samples

The phosphorus containing components in PG samples 
that were collected from different locations were shown 
in Fig. 1a, and there were differences in the phosphorus 
containing components among different samples. The TP 
content in the three PG samples was the highest, rang-
ing from 5670 to 10,100 mg/kg. The component with 
the second-highest concentration was IP content, with 
a content ranging from 2357 to 4799 mg/kg. The AP 
content ranged from 345 to 1020 mg/kg, ranking third 
in concentration. The OP content, with concentrations 
ranging from 191 to 822 mg/kg, had the lowest levels. 
The AP and OP contents were significantly lower than 
those of IP and TP.

Based on the differences in the contents of IP components 
(Fig. 1b), the content of closed storage phosphorus (Oc-P) 
was significantly lower than that of Al-P, Fe–P, and Ca-P. 
The so-called closed storage phosphorus (Oc-P) refers to 
phosphate coated with an iron oxide gel film. Since the outer 
iron coating is hard to remove, plants find it challenging to 
absorb and utilize [43]. The content ranged from 163 to 232 
mg/kg. The content of Al-P was lower than that of Fe–P and 
Ca-P. In all PG samples, the IP components in the order of 
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decreasing contents were as follows: Ca-P, Fe–P, Al-P, and 
then Oc-P.

Analysis of phosphorus components in PG samples 
(Fig. 1a) showed that TP contents were the highest, followed 
by IP content, and the  Ca3(PO4)2 content was the highest in 
IP (Fig. 1b). In addition, the culture substrate containing 
 Ca3(PO4)2 is the only phosphorus source that can be used 
by PSB [44]. Therefore,  Ca3(PO4)2 was selected as the only 
phosphorus source to screen PSB in PG and the soil near its 
storage yard. Previous studies have shown that PSB isolated 
using  Ca3(PO4)2 as the sole phosphorus source can degrade 
 AlPO4 and  FePO4 [45]. The phosphorus-solubilizing per-
formance of the screened PSB for  AlPO4 and  FePO4 needs 
further investigation.

Isolation and Screening of Phosphate‑Solubilizing 
Bacteria

Preliminary Screening of Strains

Forty-six strains with different shapes were enriched from 
PG samples using culturable technology with beef extract 
peptone solid medium. Among them, 26 strains formed 
distinct phosphate-solubilizing halos on NBRIP solid 
medium. The PSI index of each strain is shown in Table 2. 
The results showed that the PSI index of 26 strains was 
greater than 1. The PSI index of strains TA8, tA8, tB4 and 
LA4 was greater than or equal to 2, while 12 strains had 
PSI index between 1.5 and 2.0, and 10 strains had PSI index 
between 1.0 and 1.5.

Re‑screening of Phosphate‑Solubilizing Bacteria

Twenty-six strains with obvious phosphate-solubilizing 
halos were inoculated into NBRIP liquid medium, and 
the soluble phosphorus content in the supernatant of each 
strain was obtained after 7 days of culture. The results 
showed differences in the phosphorus-solubilizing capac-
ity among the strains, with the available phosphorus con-
tent in the culture medium of 26 strains ranging from 
25.61 to 168.88 mg/L. Among them, 7 strains of bacteria 
exhibited good phosphate-solubilizing capability, with 
the available phosphorus content in the culture medium 
ranging between 153.02 and 168.88 mg/L (as depicted in 
Fig. 2). Consequently, these 7 strains of PSB were selected 
for further tests.

Construction of Phosphate‑Solubilizing Microbial 
Consortium

The results of the plate antagonistic test among the seven 
PSMC are shown in Table 3. The results showed that the 
three groups of microbial consortia tA7-TA8, tA7-TB12 
and TA8-TB12 had no antagonistic effect. The phos-
phate-solubilizing test of the above-mentioned micro-
bial consortium was conducted using liquid co-culture. 
The results showed that the available phosphorus con-
tent of the microbial consortia tA7-TA8, tA7-TB12 and 
TA8-TB12 was 225.69 ± 0.76 mg/L, 221.88 ± 0.79 mg/L, 
and 234.84 ± 0.41  mg/L, respectively. The available 

Fig. 1  Phosphogypsum sample analysis. (a) Phosphogypsum sample 
contains phosphorus component. (b) inorganic phosphorus compo-
nent. (B-P: bottom phosphogypsum. M-P: middle phosphogypsum. 

T-P: Top phosphogypsum. AP: available phosphorus. Op: organic 
phosphorus. IP: inorganic phosphorus. Oc-p: Occluded P. Al-P: Al-
bound P. Fe–P: Fe-bound P. Ca-P: Ca-bound P)
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phosphorus content of the three groups of PSMC was 
greater than that of any single strain in the corresponding 
combination. According to the results of the plate antago-
nistic test and liquid phosphate-solubilizing co-culture 
test, TA8 and TB12 were selected as the experimental 
object and used for the pot experiment of improving 
saline-alkali soil.

Identification of Phosphate‑Solubilizing Bacteria

Morphological Identification

Strains TA8 and TB12 were cultured on beef extract pep-
tone solid medium for 2 days, the colony morphology and 
single-cell morphology of each strain are shown in Fig. 3. 
The diameters of strains TA8 and TB12 are 0.8 cm and 0.57 
cm, respectively. The colonies are regular and round, with 
an upward uplift, moisture, low transparency, and smooth 
edges. Strain TA8 was pale yellow, and strain TB12 was 
milky white. The staining test revealed that all strains were 

Gram-positive bacteria. Strain TA8 exhibited a spherical sin-
gle-cell microstructure, while strain TB12 had a rod-shaped 
microstructure.

Molecular Biological Identification

The 16S rDNA gene sequences of the two strains were 
submitted to the NCBI database for BLAST comparison. 
The homology of the two phosphate-solubilizing bacteria 
and their model strains with close genetic relationships 
was analyzed using Mega 6.0 software, and a phylogenetic 
tree was constructed. The strains ta8 and TB12 were iden-
tified as Pseudomonas. TA8 was proposed to be a Pseu-
domonas chlororaphis strain, and TB12 was nearly related 
to Pseudomonas koreensis. The 16S rDNA gene sequences 
of strains TA8 and TB12 were submitted to GenBank, and 
their accession numbers were OQ674427 and OQ674424, 
respectively (Fig. 4). 

Application Effect Analysis 
of Phosphate‑Solubilizing Microbial Consortium 
Bacteria Saline‑Alkali Soil Remediation

Impact on Physical and Chemical Properties of Saline‑Alkali 
Soil

The change in soil pH is depicted in Fig. 5a. The pH of the 
untreated T0 group soil sample is 8.54, which was higher 
than that of any treatment group. The study found that the 

Table 2  Phosphorus Solubility Index (PSI) of 26 phosphorus-solubi-
lizing bacteria

Strains Diameter of phosphate-
solubilizing halo (cm) (D)

Diameter of the 
colony (cm) (d)

PSI
D/d

TA4 2.10 ± 0.01 1.93 ± 0.01 1.09 ± 0.00
TA7 0.97 ± 0.02 0.53 ± 0.00 1.81 ± 0.03
TA8 1.57 ± 0.03 0.80 ± 0.03 2.04 ± 0.19
TA9 4.43 ± 1.20 3.40 ± 0.96 1.32 ± 0.01
tA2 0.62 ± 0.00 0.37 ± 0.00 1.71 ± 0.02
tA3 1.17 ± 0.00 0.80 ± 0.00 1.45 ± 0.00
tA5 0.83 ± 0.00 0.55 ± 0.00 1.51 ± 0.01
tA7 0.66 ± 0.00 0.50 ± 0.00 1.35 ± 0.03
tA8 1.27 ± 0.01 0.62 ± 0.00 2.03 ± 0.00
tA15 0.61 ± 0.00 0.38 ± 0.00 1.62 ± 0.03
TB12 1.10 ± 0.00 0.57 ± 0.00 1.91 ± 0.00
tB1 0.53 ± 0.00 0.38 ± 0.00 1.39 ± 0.01
tB4 0.87 ± 0.00 0.37 ± 0.00 2.39 ± 0.08
tB6 0.53 ± 0.00 0.37 ± 0.00 1.50 ± 0.13
LA2 0.43 ± 0.00 0.33 ± 0.00 1.31 ± 0.00
LA4 1.10 ± 0.02 0.43 ± 0.00 2.55 ± 0.11
La1 0.92 ± 0.01 0.57 ± 0.00 1.63 ± 0.01
La2 0.57 ± 0.00 0.40 ± 0.00 1.42 ± 0.01
La4 0.73 ± 0.00 0.47 ± 0.00 1.61 ± 0.01
LB2 0.67 ± 0.00 0.47 ± 0.00 1.43 ± 0.00
LB3 0.61 ± 0.00 0.51 ± 0.00 1.20 ± 0.00
LB5 0.39 ± 0.00 0.30 ± 0.00 1.28 ± 0.00
LB11 0.57 ± 0.00 0.46 ± 0.00 1.25 ± 0.02
Lb1 1.07 ± 0.00 0.57 ± 0.00 1.51 ± 0.06
Lb2 1.13 ± 0.03 0.69 ± 0.01 1.64 ± 0.02
LC1 0.59 ± 0.00 0.37 ± 0.00 1.60 ± 0.00

Fig. 2  Available phosphorus content of 7 phosphate-solubilizing bac-
teria. CK:Dissolved amount of corresponding calcium phosphate in 
NBRIP medium without adding bacterial strains
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remediation effect of a phosphorus-containing soil condi-
tioner on saline-alkali soil was superior to that of adding a 
PSMC or PG alone. The pH of the T4, T5, and T6 groups 
decreased by 12.30%, 16.04%, and 17.68%, respectively, 
compared to the T0 group, reaching a significant level. 
The pH of soil samples decreased as the PG content in 
the soil conditioner increased. The change in soil EC was 
similar to that of pH (Fig. 5b). The soil EC of the six 
treatment groups was reduced to varying degrees, with 
the most significant decrease observed in the T4 group, 
which decreased by 20.21%. In contrast to the pH change, 
the EC of the soil increased with the content of PG in the 
soil conditioner.

The change of OM content is shown in Fig. 5c. The 
OM content increased in all six treatment groups, with 
the most significant increases observed in the T4, T5, and 
T6 groups. the OM content increased by 1.65%, 1.84%, 
and 6.64%, respectively, compared to the T0 group. 
The changes in AN, AP, and AK contents are shown in 

Table 3  Plate Antagonism Test 
of 7 phosphorus-solubilizing 
bacteria

Note: “ + ” means there is antagonism, “ − ” means there is no antagonism

Strain tA3 tA7 tA8 TA7 TA8 TB12

tA3
tA7  + 
tA8  +  + 
TA7  +  +  + 
TA8  +  −  +  + 
TB12  +  −  +  +  − 
La1  +  +  +  +  +  + 

Fig. 3  Single colony morphology and microstructure of TA8 and 
TB12

Fig. 4  Phylogenetic tree of two phosphate-solubilizing bacteria
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Fig. 5d. The study found that the content of AN and AP 
in the T1 group did not change significantly (p > 0.05), 
but the AK content changed significantly (p < 0.05). The 
total nutrient content of the soil increased significantly in 
all treatment groups except for the T1 group. In addition, 
the study also found that the total nutrient increase of 
T2 and T3 groups under a single treatment was less than 
that of T4, T5, and T6 groups phosphorus-containing 
soil conditioner. The AN content in the three groups of 
soil samples increased by 50.49%, 71.83%, and 81.68%, 
respectively. Additionally, the AP content increased 
by 41.70%, 49.40%, and 60.31%, respectively. The AK 
content increased by 25.56%, 31.73%, and 42.03%, 
respectively.

Effect on Soil Enzyme Activity of Saline‑Alkali Soil

Soil enzyme activity is an important indicator of soil fertil-
ity, closely related to soil properties, types, and environmen-
tal conditions [46]. The changes in soil urease (S-UE), cata-
lase (S-CAT), and alkaline phosphatase (S-ALP) activities 
in different treatment groups are shown in Fig. 6. It can be 
seen from the figure that compared with the original saline-
alkali soil sample T0, the S-UE enzyme activity, S-CAT 
enzyme activity, and S-ALP enzyme activity of the six treat-
ment groups increased to varying degrees. Among them, 
the soil enzyme activities of the T1, T2, and T3 treatment 
groups were lower than those of the T4, T5, and T6 treat-
ment groups. Compared with the T0 group, S-UE activity 

Fig. 5  Physical and chemical properties of soil in different treatment groups. (a) Soil pH. (b) Soil Electrical Conductivity (EC). (c) Soil Organic 
Matter (OM). (d) Soil Available Nitrogen (AN), Available Phosphorus (AP), and Available Potassium (AK)
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increased by 23.75%, 28.94%, and 33.96%. S-CAT activity 
increased by 31.13%, 37.90%, and S-ALP activity increased 
by 56.12%, 77.66%, and 94.95% in the T4, T5, and T6 
groups, respectively.

Impact on Bacterial Diversity in Saline Alkali Soil

Microorganisms are an essential component of the soil eco-
system, with a beneficial influence on the reduction of soil 
salt and alkali ions, the improvement of soil structure, and 
the soil fertility. The alteration of soil microbial quantity 
and community structure serves as a crucial indicator of 
soil improvement in saline-alkali soil [47]. Alpha diversity 
can reflect the abundance of microbial communities in soil 
samples [48]. The Chao1 index and ACE were used to evalu-
ate the species richness in the samples, while the Shannon 
index and Simpson index were used to evaluate the micro-
bial functional diversity in the samples [49]. It can be seen 
from Table 4 that the Shannon index and Simpson index of 
the bacterial community in each treatment group follow the 
order T2 > T3 > T5 > T4 > T6 > T1. When comparing the T1 Fig. 6  Change of the content of soil urease (S-UE) (μg/d/g), catalase 

(S-CAT) (U/g) and alkaline phosphatase (S-ALP) (μmol/d/g)

Table 4  Alpha-diversity 
index in soil samples of each 
treatment group

Microorganism Treatments OTU ACE Chao1 Simpson Shannon

Bacteria T1 574 574.24 574.00 0.92 5.37
T2 1067 1067.60 1067.01 1.00 9.19
T3 953 953.56 953.01 0.99 8.32
T4 958 958.25 958.00 0.95 6.52
T5 774 774.57 774.01 0.99 7.86
T6 703 703.27 703.00 0.93 5.57

Fig. 7  Relative abundance of bacterial communities at phylum (a) and genus (b) levels in different treatment groups
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group, which exclusively planted peanuts, to the remain-
ing five groups of saline-alkali soil samples, it is evident 
that the diversity of soil bacterial communities is higher in 
the latter groups than in the T1 group. The order of Chao1 
index, OTU number, and ACE of each treatment group was 
T2 > T4 > T3 > T5 > T6 > T1. The study also found that the 
abundance of the bacterial community in the soil was greater 
than that in the T1 group. This difference could be attributed 
to either a single phosphate-solubilizing microbial consor-
tium, PG, or the influence of phosphorus-containing soil 
conditioner.

According to the analysis of the distribution of soil bacte-
rial species at the phylum level (see Fig. 7a), the bacterial 
community composition of the top 10 relative abundance in 
the soil of each treatment group includes Proteobacteria, 
Cyanobacteria, Firmicutes, Actinobacteria, Acidobacte-
ria, Bacteroidota, Fusobacteriota, Gemmatimonadota, and 
Patescibacteria. The relative abundance of Proteobacteria 
was over 10%, remarked as the dominant bacteria in each 
treatment group. The relative abundance of Cyanobacteria 
was more than 10% in the T1, T4, and T6 treatment groups, 
surpassing Proteobacteria as the predominant bacteria. The 
composition of dominant bacteria in each treatment group 
was consistent, while the relative abundance varied. Com-
pared with the T1 control group, the relative abundance 
of Proteobacteria, Acidobacteria, Bacteroidota, and Act-
inobacteria increased significantly in the T2, T3, and T5 
groups, while the abundance of Cyanobacteria decreased 
significantly.

According to the analysis of the distribution of soil bac-
terial species at the genus level (see Fig. 7b), the top 10 
bacteria in each treatment group are Pseudomonas, Acine-
tobacter, Lactobacillus, Cetobacterium, and Sphingomonas. 
The dominant bacteria composition in each treatment group 
was consistent, while the relative abundance varied. It can 
be seen from Fig. 7b that the relative abundance of Pseu-
domonas and Sphingomonas increased significantly in the 
T3 and T5 groups compared to T1 in the control group. The 
abundance of the T4 and T6 treatment groups compared to 
T1 in the control group remained relatively stable.

Effect on Growth Index and Biomass of Peanut Plants

The effects of different treatment groups on the growth 
indexes of peanut plants are shown in Fig. 8. The study 
found that the root length and stem length of peanut plants 
in all treatment groups were greater than those in the control 
group T1 (Fig. 8a). The root length and stem length of the 
T4 group, which used a phosphorus containing soil condi-
tioner, were the largest, with a root length of 16.53 cm and 
a stem length of 11.67 cm. In terms of the number of leaves 
and branches of peanut plants (Fig. 8b), the T4 treatment 
group had the highest number of leaves and branches. The 

number of leaves in the T4 group was significantly greater 
than that in the T1 group, showing an increase of 75.12%. 
However, the number of branches was not significantly dif-
ferent from that of other T2, T5 and T6 treatment groups 
containing phosphate-solubilizing microbial consortium.

It can be seen from Fig. 8c that the most significant 
change in the fresh weight of the roots and stems of peanut 
plants occurred in the T4 group, with an increase of 4.41 
g and 10.63 g, respectively. This represents 73.34% and 
116.6% increase compared to the T1 group. The dry weights 
of the roots and stems of peanut plants were significantly 
increased in each treatment group (Fig. 8d). Compared with 
the T1 group, the root dry weights of the T2, T3, T4, T5, 
and T6 treatment groups increased by 19.30%, 52.63%, 
142.11%, 52.63%, and 26.32%, respectively. The stem dry 
weight increased by 86.02%, 79.03%, 88.71%, 75.27%, and 
94.62%, respectively.

Analysis and Discussion

Analysis of Phosphorus Content in PG Samples

PG contains available phosphorus, inorganic phosphorus, 
and organic phosphorus, and the content of calcium phos-
phate in insoluble inorganic phosphorus is the largest, which 
aligns with the conclusions drawn by Zhang [50] and Tang 
[51]. The study found that the insoluble phosphorus in PG 
accounted for 23.33% of the total phosphorus content, while 
calcium phosphate accounted for 40.98% of its content. This 
percentage was higher than the findings of Xu et al. [52], 
confirming the value and significance of recycling PG.

Isolation and Identification 
of Phosphate‑Solubilizing Bacteria

In this study, it was found that the PSI value of the phos-
phate-solubilizing halo of each strain was not entirely con-
sistent with the phosphate-solubilizing capacity under liquid 
culture conditions. For example, the PSI index of strain LA4 
was 2.55, while the AP content in the corresponding culture 
medium was 36.91 mg/L, and the PSI index of strain tb4 was 
1.09. On the contrary, the AP content in the culture medium 
was 134.72 mg/L, and the PSI index of strain La1 was 1.63. 
The corresponding AP content was 160.38 mg/L. David 
et al. proposed that the production of phosphate-solubilizing 
halos is the result of calcium phosphate being solubilized by 
organic acids produced by phosphate-solubilizing microor-
ganisms through osmotic diffusion [53]. Liu et al.[44] found 
that the size of the phosphate-solubilizing halo produced by 
the strain on the plate medium did not correlate well with the 
amount of phosphate solubilized by the strain in liquid cul-
ture. This is consistent with the research report by Nacoon 
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et al. [54], who isolated and screened 11 phosphorus-solu-
bilizing strains. The PSI index of strain LC373001 was 1.10, 
and the AP content was 489 μg/mL. The PSI index of strain 
LC373004 was 2.10, while the AP content was only 470 
μg/mL. The test results of Johri and Chung also concluded 
that the AP content of strains with a high PSI index was not 
necessarily high in liquid culture [36, 55]. Therefore, it is 
not reliable to screen phosphate-solubilizing bacteria solely 
using the plate phosphate-solubilizing halo method.

Through the plate antagonistic test and the liquid co-
culture test, the strains TA8 and TB12 were selected to con-
struct the PSMC. After morphological and molecular bio-
logical identification, it was found that both strains TA8 and 

TB12 belonged to Pseudomonas spp. In the existing studies, 
many reports have mentioned that Pseudomonas sp. has high 
phosphate-solubilizing capability [55–59]. The strain TA8 
screened in this study is closely related to Pseudomonas 
chlororaphis, with an AP content of 158.11 mg/L, which 
is superior to the strains 3T4-12 (2.89 mg/mL) and 3T4-
20 (2.61 mg/mL) isolated by López-Hernández et al. [60]. 
The study indicates that possibly Pseudomonas chlororaphis 
can effectively enhance the availability of phosphorus in the 
soil surrounding the root system and stimulate the growth 
of Arabidopsis roots. Strain TB12 screened in this study is 
related to Pseudomonas koreansis. The AP content is 168.88 
mg/L, higher than that of Pseudomonas strain No.5 (81.73 

Fig. 8  Changes in peanut growth indicators of different treatment groups. (a) Length of root and stem. (b) Total numbers of leaves and branches. 
(c) Fresh weight of root and stem. (d) dry weight of root and stem
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mg/L) [61] as reported by Cao et al. Jabborova [62] dis-
covered that inoculating Pseudomonas koreansis IGPEB17 
into the ginger rhizosphere can significantly enhance the 
available phosphorus content of the crop rhizosphere soil 
and stimulate ginger growth.

Determination of Physical and Chemical Properties 
of Saline‑Alkali Soil

The study found that compared to the blank control group 
T0, a single application of phosphorus-solubilizing micro-
bial consortium (T2 group) or PG (T3 group) can reduce 
the pH and EC values of saline alkali land. When the 
PSMC and PG are applied together to saline-alkali soil, 
the pH and EC values of the soil fluctuate more [63]. The 
results showed that the soil pH value of the T1 treatment 
group, which only planted peanut plants, decreased com-
pared to the T0 group. The reason may be that with the 
germination and growth of peanut plants, the growth of 
their roots increased the soil’s permeability and permeabil-
ity, leading to a decrease in soil pH. The decrease in soil 
pH in T2 group may be the result of mechanisms such as 
organic acids secreted by phosphate-solubilizing bacterial 
solution added, or organic acids produced by plant roots 
were stimulated [64]. The remediation effect of T4, T5, 
and T6 groups containing PSMC and PG on soil pH in this 
study is essentially consistent with the research findings 
of Taktek et al. [65]. The pH of the PG used in this study 
is 2.08, and direct application can effectively reduce the 
pH of saline-alkali soil. In addition, PG can also provide 
sufficient substrates for phosphorus-solubilizing micro-
organisms. These microorganisms secrete more organic 
acids through an acidolysis mechanism, thereby reducing 
the soil pH [65, 66]. The research results show that PG 
cannot significantly reduce the EC value of saline-alkali 
soil. In the T4, T5, and T6 treatment groups, the soil EC 
value also increases with the addition of PG, which aligns 
with the findings of Liu et al. [67]. This is because the EC 
of PG itself is high, which will also cause an increase in 
soil EC value after being applied to the soil [27].

The findings show that the increase in OM, AN, AP, and 
AK in T4, T5, and T6 groups with phosphorus-containing 
soil conditioner was higher than that in T1, T2, and T3 
groups with a single treatment. This finding is consistent 
with Vassilev and other research conclusions [68]. The 
reason is that PG itself contains calcium, phosphorus, 
sulfur, and other nutrients, as well as a certain amount 
of  P2O5. Therefore, the PSMC can reproduce in large 
quantities using PG as a substrate. These bacteria pro-
duce organic acids during their metabolism, which helps 
solubilize insoluble phosphorus sources in the soil and 
enhance the AP content in the soil. PG promotes the for-
mation of soil aggregates through neutralization reactions, 

generating calcium colloids in alkaline soil. This process 
improves soil structure and contributes to the accumula-
tion of soil organic matter [68, 69]. PG and PSMC not only 
reduced soil pH and EC but also improved soil physical 
and chemical properties, which was conducive to increas-
ing AN and AK contents. According to the influence of 
pH, EC, OM, AP, and other nutrients in saline-alkali soil, 
the comprehensive improvement effect is better than single 
improvement methods. This indicates that it is feasible to 
enhance saline-alkali soil by combining PSMC and plant 
growth-promoting rhizobacteria (PGPR).

Determination of Soil Enzyme Activity 
in Saline‑Alkali Soil

This study found that the S-ALP enzyme activity of the T3 
treatment group using PG alone changed slightly, increasing 
by 14.97%, while the S-ALP enzyme activity of the T2 treat-
ment group with PSMC increased significantly, rising by 
46.01%. It can be speculated that PSMC can improve the sol-
ubility of phosphorus in soil by enhancing the S-ALP activ-
ity of the soil. In addition, Balota found that the life activities 
of phosphate-solubilizing bacteria in saline alkali soil can 
produce various enzymes that enhance soil enzyme activity 
when studying the effect of phosphate-solubilizing bacte-
ria on soil S-ALP activity in saline-alkali soil [46]. When 
PSMC was introduced with PG, the activities of S-CAT, 
S-UE, and S-ALP enzymes increased significantly. Soil 
enzyme activity also increased with the rise in PG content 
in phosphate-containing soil amendments. S-UE enzyme 
activity, S-CAT enzyme activity, and S-ALP enzyme activ-
ity in the T6 treatment group increased by 33.96%, 42.81%, 
and 94.95%, respectively, because PG increased the content 
of organic matter in the soil. The PSMC and the original 
microorganisms in the soil utilized organic matter for repro-
duction, thereby increasing the microorganism population 
and soil enzyme activity [69].

Determination and Analysis of Soil Bacterial 
Diversity

Soil microorganisms play a crucial role in the saline-alkali 
soil ecosystem. They can promote the transformation of 
substances in the soil, improve the soil structure and fertil-
ity of saline-alkali soil, reduce soil pH and EC, and have a 
significant effect on enhancing saline-alkali soil [70]. It was 
found that Proteobacteria was the most dominant phylum in 
saline-alkali soil planted with peanuts, followed by Actino-
bacteria and Bacteroidota. Other scholars [71, 72] have also 
concluded that Proteobacteria, Actinobacteria, and Bacte-
roidetes were the dominant phyla when studying the saline-
alkali land in Hetao Plain, Ningxia, and the Yellow River 
Delta. Zhang et al. [73] reported that in the rhizosphere of 
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peanuts in saline-alkali soil, the levels of Proteobacteria 
and Actinobacteria were high, with average abundances of 
about 35% and 25%, respectively. Wang et al. [74] found that 
the relative abundance of Proteobacteria increases with the 
improvement of soil nutrient levels. In this study, compared 
with the T0 group, the soil nutrient contents such as OM 
and AN in each treatment group were increased to varying 
degrees, and the relative abundance of Proteobacteria also 
increased accordingly. Bahram et al. [75] found that a weak 
alkaline environment is suitable for the survival of actino-
bacteria. In this study, the soil pH of each treatment group 
decreased to varying degrees, leading to a corresponding 
increase in the relative abundance of actinobacteria to vary-
ing degrees.

Although the species composition at the phylum level 
is basically the same, there are significant differences in 
the dominant genera of different improved treatments. This 
study showed that the relative abundance of Pseudomonas 
increased significantly after treatment, which was closely 
related to the fact that the best phosphate solubilizing bac-
teria also belonged to Pseudomonas. In addition, Sphin-
gomonas is also one of the dominant bacteria. Dihe et al. 
[15] found that Sphingomonas has strong adaptability and 
is widely distributed in different saline-alkali soil. Wang 
et al. [76] found that Sphingomonas is a group of bacteria 
with diverse metabolism. The increase of its relative abun-
dance will enhance the activities of catalase and oxidase in 
microbial cells in soil and enhance the role of oxidase in soil 
environment. In general, the changes of microorganisms at 
phylum and genus levels in the treatment group added with 
soil amendments were greater than those in the single treat-
ment group, indicating that the effect of compound improve-
ment was better than that of single improvement.

Based on the experimental results, it was found that the 
application of a phosphate-solubilizing microbial consor-
tium and PG had varying degrees of impact on the physical 
and chemical properties, soil structure, and soil nutrients of 
the soil. Therefore, the changes in bacterial diversity varied 
among different treatment groups.

Effects of Saline‑Alkali Soil Improvement on Growth 
and Biomass of Peanut Plants

Peanut is an important cash crop and oil crop, but due to 
the high concentration of saline-alkali in the soil, the large-
scale planting of peanut is limited. Through the study on the 
growth index and biomass of peanut plants in different treat-
ment groups, we found that the growth of peanut plants in T4 
group was the best, and the fresh weight and dry weight of 
roots and stems changed significantly compared with the T1 
group. T4 group was the treatment group with low content of 
PSMC and PG. With the increase of PG content, the growth 
index and biomass of peanut plants decreased, which was 

consistent with the conclusion reached by Gomes-Araújo 
and others when exploring the impact of PG on sugarcane 
yield [77]. The treatment effect of T4 group is also better 
than that of T2 group and T3 group. The application of PG 
directly supplies nutrients such as P, Ca and s to the plants, 
which promotes the growth and development of plants [78], 
and the PSMC agent further improves the utilization rate of 
phosphorus in soil on the basis of PG, which is also condu-
cive to the growth of plants. Phosphate-Solubilizing Bacteria 
also produce growth-promoting hormones like auxins, cyto-
kinins, and gibberellins, which promote cell division, cell 
differentiation, shoot growth, root development, flowering, 
germination, and xylem differentiation[79]. Seema Dharni 
et al. (2014) inoculated Pseudomonas monteilii (PsF84) and 
Pseudomonas plecogrossicida (PsF610) onto rose-scented 
geranium (Pelargonium graveolenscv. bourbon) grown on 
sludge modified soil. The isolate PsF84 increased the dry 
biomass of shoot by 44%, root by 48%, essential oil yield 
43% and chlorophyll by 31% respectively over uninoculated 
control. The corresponding increase with the isolate PsF610 
were 38%, 40%, 39% and 28%, respectively [80]. The results 
showed that microbial inoculants combined with PG could 
improve the aboveground biomass of plants, the availability 
of nutrients in soil and the absorption of nutrients by plants, 
and the application of soil amendments made by microbial 
inoculants and PG in saline soil could promote plant growth 
and soil productivity.

Conclusion

Two strains of bacteria without antagonistic effects were 
selected from a bacterial isolation from the Wengfu PG stor-
age yard through plate phosphorus dissolution halo method, 
liquid phosphorus dissolution method, and antagonistic 
experiments. After morphological and molecular biology 
identification, they were identified probably as Pseudomonas 
chlorophoraphis-TA8 and Pseudomonas koreensis-TB12, 
both belonging to the Pseudomonas genus, which is com-
monly used for biological inoculation to improve the utiliza-
tion rate of phosphorus in soil. In this study, Pseudomonas 
chlorophoraphis-TA8 and Pseudomonas koreansis-TB12 
and the phosphate containing soil conditioner made by PG 
had significant effects on the soil pH, EC, OM and, AP and 
AK nutrient contents of saline alkali soil. Because the ulti-
mate purpose of saline-alkali soil improvement is to improve 
soil productivity and promote the growth of crops planted in 
saline-alkali soil, the study found that T4 group (phosphate 
solubilizing bacteria (15 mL) and PG (3.0 g)) had the best 
plant growth, the largest number of leaves and branches, 
and the fresh weight of rhizome increased by 73.34% and 
116.60%, and the dry weight of rhizome increased by 
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52.63% and 75.27%, respectively. The results are helpful to 
better understand the improvement effect of PSMC and PG 
on saline alkali soil and provide useful information for the 
resource utilization of PG and the comprehensive improve-
ment of saline alkali soil. In addition, due to the high cul-
tivability of phosphate-solubilizing bacterial strains, PG 
has a significant global production and low cost. Therefore, 
integrating phosphate-solubilizing bacterial strains with PG 
to enhance saline-alkali soil offers notable advantages in 
both technology and economics. This approach is expected 
to become a primary method for improving saline-alkali soil 
in the future.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00248- 024- 02485-x.
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