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Abstract

Soil salinity is a significant constraint on agricultural productivity and disturbs the availability of nutritional elements
necessary for plants, such as phosphorus. Microorganisms have specialized adaptation features, such as tolerance to salt,
stimulation of growth, and the ability to promote plant survival under saline conditions. The objectives of this
investigation were to isolate new salt-tolerant, phosphate-solubilizing bacterial strains, assess their phosphate-solubilizing
activity, and investigate the mechanisms of phosphate mobilization under salinity stress. Phosphate-solubilizing bacteria
were isolated from saline pasture soils in southeastern Kazakhstan, and their salt tolerance and phosphate-solubilizing
activity were identified. Three highly active strains were selected and identified by Sanger-based molecular genetic
analysis: Enterobacter cloacae FY3, Pseudomonas putida FT4, and Bacillus megaterium F7A. Organic acid production
by these strains under salt stress was analyzed using gas chromatography. The results indicated that the strains produced
12 organic acids, with differences in composition and amount between strains. The most important phosphate
solubilization mechanism under salinity stress is the secretion of organic acids. Organic acid secretion, pH reduction, and
increased soluble phosphorus content were positively correlated. These findings provide an effective method for
phosphorus mobilization in salt soils, and the recovered strains are likely candidates for making biofertilizers applicable
to salt environments. These new strains are candidates for the development of biofertilizers for saline soils.
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1. Introduction

There has been an increase in the area of saline agricultural soils worldwide [1]. According to the FAO, salinity

affects more than 20% of the world’s irrigated areas and is increasing [2, 3]. Soil salinity is a serious stressor for crops,
and significantly reduces agricultural productivity [4, 5]. Salinity deteriorates soil structure, reduces humus
accumulation, decreases the biodiversity of the microbiome, and consequently lowers fertility [6, 7]. In addition,
salinity negatively affects the uptake of the main nutrient-nitrogen and phosphorus by plants [8-10]. These processes
render the soil unsuitable for agriculture, leading to the reduction or complete suppression of agricultural crop growth

[11, 12].

Phosphorus is the second main element in plants after nitrogen. It participates in many metabolic processes in

organisms and includes DNA, RNA, and enzymes [13]. Low phosphorus content in the soil inhibits the synthesis of
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proteins and carbohydrates, delays plant growth, and leads to the loss of resistance to stresses such as drought and
salinity [14, 15]. Phosphorus deficiency also significantly affects plant metabolism and suppresses photosynthesis,
respiration, protein synthesis, and lipid metabolism [16, 17].

Phosphorus in soils mainly represents hard-to-access compounds, and despite the high amount of phosphorus in
soils, phosphorus deficiency exists because of low availability Owing to phosphorus deficiency, and crop productivity
is severely limited [18]. The availability of phosphorus in soil depends on factors such as soil mineral composition,
metal oxides, pH, organic matter, temperature, aeration, and moisture [19]. Salinity increases the unavailability of
phosphorus, the deficiency of which increases in arid, semiarid, and irrigated lands [20]. Severe salinity makes 1.5
million ha of irrigated and 1-2% of arid and semi-arid lands unsuitable for cultivation each year. If salinity continues
this way, 50% of the arable land will become salinized by 2050 [21]. Consequently, maintaining high levels of
phosphorus in farming in saline soils may become a severe challenge for agriculture in the future.

Phosphorus deficiency caused by salinity is the primary abiotic stress in agroecosystems and negatively affects all
aspects of plant development, from germination to fruiting and leaf senescence [22]. Phosphate fertilizers have been
used to overcome this deficiency [23, 24]. The systematic use of large doses of phosphorus fertilizers negatively
affects the soil, biodiversity of the microbiome, and water. In addition, phosphorus introduced into the soil quickly
forms poorly soluble phosphates [25, 26]. Thus, phosphorus management and elimination of salt stress in agriculture in
saline soils are the primary problems of the current study. Therefore, finding alternative ways to increase phosphorus
content in saline soils is a highly relevant problem.

Breeding salt-tolerant plant varieties or genetic engineering can improve crop productivity in saline soils [27].
However, traditional breeding is a long process, and breeding of salt-tolerant varieties has not made much progress
because salt tolerance has many traits, and salt-tolerant varieties often have low yields and low grain quality [28]. The
application of genetic engineering and plant genome editing has not revolutionized the production of salt-tolerant plant
varieties, because dozens of genes that determine salinity tolerance define the genetic mechanisms of salt tolerance
[29]. However, these approaches are not always efficient or sustainable [30, 31].

In addition, the application of phosphate fertilizers, the traditional method of increasing phosphorus content in the
soil, cannot solve the problem of phosphorus deficiency and cause significant harm to the environment. Phosphates
themselves are non-renewable natural resources.

Microbiological solubilization of phosphates is an alternative to the use of phosphate fertilizers to reduce
phosphorus deficiencies in saline soils [32, 33]. Microbial phosphate solubilization relies on microorganisms, most
often bacteria, which can convert insoluble phosphates into soluble forms that are available to plants [34-36].

These bacteria act as biological fertilizers and can stimulate growth and soften salt stress in plants [37-39].
Phosphate-solubilizing bacteria positively affect agricultural crop productivity by improving phosphorus nutrition and
stimulating growth processes [35, 40]. Bacteria also positively affect crop adaptation to stressful situations through the
production of various metabolites [41-43]. However, the application of these bacteria is constrained by several factors,
one of which is their inability to dissolve phosphates in saline soils. Salt-tolerant bacteria can alleviate this problem by
directly increasing plant tolerance to salinity stress in the rhizosphere [44]. The support of plant growth by bacteria in
saline soils is associated with difficult biochemical processes.

Phosphate-solubilizing bacteria (PSB) in the plant rhizosphere have been reported to enhance plant salinity
tolerance and other abiotic stress factors, growth, and nutrient uptake [45, 46]. Several studies from different countries
have established the excellent growth-promoting potential of these bacteria under saline soil conditions, and PSB is
thus a promising strategy for mitigating soil salinization issues in agriculture.

However, as can be seen from the literature, most research conducted on enhancing the resistance of crops to
salinity through the application of PSB has been performed by foreign scientists. There is certainly a need for
additional research aimed at discovering salt-resistant, phosphate-dissolving bacteria acclimatized to the particular
natural and climatic conditions of Kazakhstan. The isolation and selection of salt-resistant phosphate-solubilizing
bacterial strains from Kazakh salt soils is an extremely relevant research target. These microorganisms could be useful
for improving phosphorus availability and mitigating the negative impact of soil salinity on farm productivity.

The originality of this research lies in the isolation and characterization of salt-tolerant phosphate-solubilizing
bacterial strains new to science from Kazakhstani saline soils, which have soil and climatic conditions that are
significantly different from those in the previously investigated areas. This study eliminates a gap in the research and
provides a rationale for the selection of bacterial strains adapted to local environmental conditions and ecological
belts [43].

There are several mechanisms by which the bacterial conversion of insoluble phosphates, within soils to readily
accessible forms, is achieved. These mechanisms include chelation, acidification, production of polymers,
sequestration by organic acids, release of protons (H*), and redox processes. Through this, bacteria create solubility of
otherwise fixed phosphorus, thereby increasing the availability of nutrients for plants [47-49].
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Low molecular weight organic acid production is one of the most frequent mechanisms of bacterial phosphate-
solubilizing activity [50, 51]. Organic acids contribute to the solubilization of phosphate by lowering the pH as well as
through chelation or cation competition by phosphate-associated cations employing their carboxyl and hydroxyl
functional groups, thereby enhancing the solubility and bioavailability of mineral phosphates [52]. Moreover, organic
acids participate in the detoxification of pollutants, improve the bioavailability of heavy metals, stimulate microbial
activity, and influence soil microbiome structure and function [53, 54].

It is important to understand the processes through which phosphorus availability is increased by phosphate-
solubilizing bacteria for efficient application in agriculture, especially in increasing soil fertility and crop yield.

Phosphate solubilization is a complex process regulated by various environmental parameters, such as temperature,
pH, oxygen level, and water [40, 55]. Although numerous studies have explained the contribution of such factors to
microbial phosphate solubilization, the mechanisms employed by salt-tolerant bacteria under saline conditions remain
poorly explored [51, 56]. It is recognized that salt-tolerant strains of bacteria possess the capability to produce organic
acids, the amount and type of which vary according to the strain; however, there is no extensive research on the
qualitative and quantitative profiles of organic acids generated by salt-tolerant phosphate-solubilizing bacteria.

The objectives of this study were to screen new salt-tolerant phosphate-solubilizing bacterial strains, evaluate their
phosphate-solubilizing activities, and elucidate the mechanisms of phosphate solubilization under saline conditions.

We assumed the following hypotheses:
¢ Hypothesis 1 (H1): Phosphate-solubilizing bacteria isolated from saline soils grow under high soil salinity.

¢ Hypothesis 2 (H2): Newly isolated salt-tolerant bacteria can solubilize insoluble phosphates under high salinity
conditions.

¢ Hypothesis 3 (H3): Newly isolated phosphate-solubilizing salt-tolerant bacteria produce organic acids.

o Hypothesis 4 (H4): A possible mechanism for phosphate solubilization in new strains of salt-tolerant bacteria is
the secretion of organic acids.

The importance of this study is that it will contribute to the development of new technologies for the application of
salt-tolerant phosphate-solubilizing bacteria in agriculture in Kazakhstan and to understand the mechanisms of
phosphate solubilization in salty soils. The ultimate objective was to create a biopreparation based on recently obtained
local strains of bacteria adapted to the available soil and climate conditions in Kazakhstan, which would increase the
fertility of saline pasture soils. The significance of this study is emphasized by its potential to promote livestock
development in southeastern Kazakhstan, which offers economic empowerment to this region.

By increasing the fertility of low-productive pastures through phosphate-solubilizing bacteria, this research can
contribute to the support of the fodder base and, therefore, improve livestock growth, as well as add to the economic
well-being of rural settlements in the region.

2. Material and Methods

The research procedure of the present study includes a diligent collection of materials, experimental methods, and
data analysis procedures, for example, verification of hypotheses and comparison of experimental results with
theoretical predictions. The design of the research was properly thought through and decided in advance prior to
conducting experiments to enable the proper choice of methods and ensure secure interpretation of data. To resolve
research tasks, sophisticated techniques such as microbiology, biochemistry, molecular biology, and statistical data
analysis are used. These techniques were chosen to achieve accurate, reproducible, and scientifically valid results.

Theoretical framework of the research consists of five interrelated steps:
¢ Problem formulation: phosphorus deficiency in saline soils;
o Definition of the subject of study: saline soils and their corresponding microbial communities;

e Research objective formulation: isolation and characterization of new salt-tolerant, phosphate-solubilizing
bacterial strains, and investigation of the mechanisms of phosphate solubilization under saline conditions;

¢ Hypothesis formulation: formation of research hypotheses (H1-H4, as presented in the Introduction);

This structured approach ensures uniformity of the study and enables the generation of relevant and feasible results
associated with the research aims. The primary goal is to discover new bacterial strains and assess whether they can
improve phosphorus bioavailability in the salt soils of south-eastern Kazakhstan. The experimental process consisted
of field soil collection from saline soils, isolation and screening of bacterial strains, and investigation of phosphate-
solubilization processes.
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Specifically, the use of microbial biofertilizers can significantly reduce or even eliminate the need for chemical
phosphorus fertilizers, which are known to have harmful environmental effects. Consequently, this study also
promotes the environmental safety of crop production, enhances the sustainability of cattle breeding, and strengthens
the fodder base for pasture livestock breeding, especially for sheep breeding, in southern Kazakhstan.

This study identified the effectiveness of biological methods for enhancing phosphorus availability, particularly
during salt stress. The implementation of salt-tolerant strains of bacteria has been proposed as a probable method to
facilitate pasture crop growth by making phosphorus more accessible. The current research offers a utility-oriented
contribution to the process of developing sustainable practices for raising soil fertility and addressing salinity problems
in Kazakhstan and similar parts of the world.

2.1. Sampling of Saline Soils and the Characterization of the Study Sites

The soil collection for isolation of phosphate-solubilizing bacteria occurred in 2024 in Southeast Kazakhstan, 120
km from the city of Almaty (Almaty region), in the vicinity of Akshiy village, on the pastures of the farm
“ZhasKanat,” coordinates: 43°59'31” N, 76°19'25" E, 507 m above the sea level (see Figure 1).
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Figure 1. Location of soil sample collection. (a): Map of Kazakhstan [57]; (b): vicinity of the village Akshiy, Google Public
Maps [58]; (c): pasture, photos made by the authors in summer 2024

The study area has a strongly continental climate, and the mean annual precipitation never exceeds 300 mm. Soil
samples were collected from pasture grounds with varying salinity according to the relevant State Standard [59].
Sampling was performed under aseptic conditions, and the samples were stored in sterile vessels until analysis. Each
pasture occupied an area of more than 20 ha. The depth of soil collection was 8-10 cm. Agrochemical and
physicochemical properties of collected soils were studied in the Soil Chemical Analysis Laboratory in LLP “Kazakh
Research Institute of Soil Science and Agrochemistry” (Kazakhstan, Almaty).
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2.2. Isolation of Phosphate-Solubilizing Bacteria

Isolation of phosphate-solubilizing bacteria was conducted with 1 g of soil, which was split into 100 mL distilled
water. Ten-fold serial dilutions ranging from 1071 to 107 of each was used and the aliquots 100 pL of were cultured
onto Petri dishes with normal National Botanical Research Institute's phosphate (NBRIP) medium but made
supplemented with 10% NaCl. Plates were incubated at 30 °C [60]. The formation of insoluble calcium phosphate
(Caz(PO,), in the medium caused uniform turbidity. Colonies of bacteria that formed a clear halo zone, indicating
phosphate solubilization, were identified as phosphate-solubilizing strains. The colonies were plated on agar slants for
further purification and detailed analysis.

2.3. Salt Tolerance of Phosphate-Solubilizing Bacteria

For salt tolerance estimation, bacteria were grown in NBRIP liquid medium with NaCl added at concentrations of
100, 250, and 500 mM. The Growth was carried out for 3 days at 30 °C and 180 rpm in a thermostatically controlled
shaker. The growth of bacteria was determined using a spectrophotometer (PD-303, "Apel," Japan) at 540 nm with a
scale in which (-) indicates no growth, (+) indicates growth, and (+) indicates the strength of growth. Five replicates
were used for this study.

2.4. Phosphate-Solubilizing Activity of Bacteria Under the Conditions of Salt Stress

For phosphate-solubilizing activity analysis by bacteria, bacteria were inoculated in the center of NBRIP medium
Petri plates and incubated at 30 °C for seven days. The colony diameter and halo zone (media-clearing zone) were then
measured using a caliper. The solubilization index (SI) was calculated as the sum of the total diameter (colony + halo
zone) divided by the colony diameter [61]:

[= Colony diameter + Diameter of halo zone

Colony diameter

The solubilization index (SI) of the strains was classified according to the methodology where SI<2 was low, SI>2,
SI<3 was medium, and SI>3 was high [62]. Five replicates were performed for each strain.

2.5. Quantitative Estimation for Phosphate Solubilizing Ability of Bacteria

For quantitative determination of the phosphate-solubilizing ability of bacteria, 30 ml of NBRIP medium with 5%
NaCl was filled in flasks and inoculated with 0.3 ml bacterial suspension at a concentration of 108 CFU/ml. Bacteria
were grown in a thermostatic shaker at 150 rpm and 30 °C for seven days. After cultivation, the bacterial suspension
was centrifuged at 10000 rpm for 10 min and then filtered through a 0.22 pm nylon filter. Quantitative measurement of
phosphorus released from inorganic phosphates was carried out by a spectrophotometric method using a phosphorus-
molybdenum complex [63]. A 1:3 volume reagent mixture of vanadate-molybdate was added to 1 mL of the
supernatant and the absorbance of the solution was recorded using a D-303 spectrophotometer (Apel, Japan) at 430
nm. The dissolved phosphate concentration in the liquid medium was determined using a calibration curve. A clean
medium free of bacteria served as a control. The pH of the culture medium was measured in triplicates using a digital
pH meter (Consort C931, Belgium).

2.6. ldentification of Bacteria by Molecular Genetic Method

The bacteria were identified by Sanger molecular genetic method by sequencing of the 16S rRNA gene. Daily
bacterial cultures were isolated for genomic DNA analysis using PureLink® Genomic DNA Kits (Invitrogen, USA),
and bacteria were identified by sequence analysis of the 16S rRNA gene region using universal primers [64]. Bacterial
16S rRNA gene fragments were sequenced on a 3500 DNA Analyzer (Applied Biosystems, USA) using a Big Dye
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA) following the manufacturer's instructions
(BigDye® Terminator v3.1 Cycle Sequencing Kit, Protocol of Applied Biosystems, USA). The sequencing data were
processed using the SeqA program (Applied Biosystems, USA). These identical 16S rRNA gene nucleotide sequences
were obtained using BLAST computer software within the worldwide NCBI GenBank database [65]. For comparative
analysis of homologous strains of bacteria, the computer software MEGA6 was used. Trees were constructed with
several alignments of nucleotide sequences from ClustalW using the NJ method.

2.7. Production of Organic Acids by Bacteria

Bacteria were grown on NBRIP medium containing 5% NaCl in a thermostatic shaker at 180 rpm and 28°C for five
days. Identification and measurement of organic acids were achieved through solid-phase microextraction (SPME) to
analyze the organic compounds in the bacterial culture broth. Ten milliliters of culture broth were transferred to a 20
mL screw vial with a screw cap (Agilent Technologies, Santa Clara, CA, USA). After conditioning, the vial was stored
at 40°C for 30 min to reach equilibrium between gas and liquid phases. The headspace organic compounds were
absorbed on SPME fibers coated with 50/30 um DVB/CAR/PDMS (Supelco, Bellefonte, PA, USA). Measurements
were performed in triplicate for each sample [66].
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Gas chromatography (GC) was performed on a 7890 gas chromatograph, along with a 5977 A MSD mass
spectrometer (Agilent, Santa Clara, USA). For the DB-35 ms column (30 m x 0.25 mm, 0.25 pm film thickness, J&W
Scientific Inc., Folsom, CA, USA), helium (>99.995%, Orenburg-Tehgas, Russia) was utilized as the mobile phase
(carrier gas) at 1.0 mL/min flow rate. The temperature program of the GC oven started at 40 °C (5 min hold) and was
ramped to 240 °C at 5 °C/min. injector and transfer line temperatures were 250 °C and 280 °C, respectively. Mass
spectrometric detection was at 70 eV, scanning a mass range of m/z 34-850 amu. Instrument control and data
processing were performed using Agilent MSD ChemStation (version 1701EA). Data processing included computation
of retention times and peak areas; peak identification was performed via comparison with the Wiley 11th edition and
NIST'02 libraries.

The SPME/GC-MS method was used to analyze the composition of the bacterial culture broth at a high speed. For
the semi-quantitative analysis of the components of the culture fluid, an internal normalization method was used. The
sum of the peak areas was taken as 100% to determine the mass percentage of one of the components of the culture
fluid from the area of a single peak. This method assumes that all the chemicals present in the culture medium are
detected in the chromatogram, and the proportion of each peak area to the total area is proportional to the content of
the substance.

The bacterial culture broth was quantified in triplicate. Blank runs were performed under three conditions: blank
for the fiber, blank for the empty vial, and blank for the culture broth without bacteria.

Actual acid standards were used to identify organic acids. The concentrations of organic acids were determined
from the peak areas for authentic standards of acetic, butyric, propionic, gluconic (Sigma-Aldrich, USA), lactic, oxalic,
malic, succinic, formic, citric, malonic, tartaric, caprylic, palmitic, pelargonic, lauric, valerianic, myristic, phthalic, and
cyclopropaneacetic (Supelco, USA). The organic acid values are the mean of three replicates.

2.8. Statistical Analysis

Statistical analysis of data from the experiments was performed using STATISTICA software package (version
10.0, v. 6.0) [67]. Differences were considered significant at p < 0.05. Results are presented as mean values (M) £
standard error of the mean (SEM) [68].

2.9. Flowchart of Research Methodology

Figure 2 shows a flowchart detailing the experimental design and step-by-step execution of all steps of this study to
visualize scientific studies and understand their requirements.

Collection of 127 Isolation of 42 Primary screening 19 eatate Screening 19
samples from phosphate- 42 phosphate- “I ;:’““ isolates under salt
saline pasture soils solubilizing bacteria solubilizing isolates Sl stress

B. megaterium F7

Identification by —
E. cloacae FY3 molecular genetic iiﬁtw;;:l:ge:
pethad phosphate-solubilizing

Ps. putida FT4 activity
- Caprylic
B. megaterium F7 &I/ -
\ - p
\\\{. “‘\Eum,k‘/ _,| - Lauric

salinity tolerance

Production of organic acids E. cloacae FY3 ! ' = Caproic
organic acids e N,

— * Valeric
~Cyclopropane- - L
_—acefic-atid [

- Myristic

A
Ps. putida FT4 e -
organic acids "3 Propionic——|

Figure 2. Flowchart design of experimentation and investigations of this research

To solve the set aim of the study, the following tasks were outlined and traced on the presented flowchart
(Figure 2): isolation of local phosphate-solubilizing bacteria (1), bacterial salt tolerance study (2), study of phosphate
solubilization ability under high salinity (3), selection of the most active ones (4), and organic acid secretion study (5).
These results will provide prerequisites for the confirmation of a possible mechanism of phosphate solubilization in
isolated bacterial strains.
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3. Results

A total of 127 soil samples from saline pastures in the Almaty province of Kazakhstan were examined over a period
of one year. Table 1 shows the principal agrochemical parameters of the studied saline pasture soils in terms of
dynamics and their findings.

Table 1. Agrochemical indicators of water extract in (%) on absolutely dry weight of soil in dynamics (vicinity of Akshiy village, 2024)

Fields Sum salts (%) Alkalinity (mM (eq) / 100 g soil) lonic concentration (2r+nM (eq)/ 10+0 g soil)
HCO3 cr SO4* Ca Mg Na*
Spring (April
Field1 0.198+0.01 0.02-0.03 0.007-0.008 0.119-0.120 0,025-0,027 0,014-0,015 0,014-0,016
Field2 0.781+0.02 0.019-0.02 0.024-0.026 0.335-0.338 0.073-0.074 0.035-0.036 0.032-0.033
Summer (July)

Field1 0.282+0.01 0.018-0.019 0.009-0.01 0.173-0.175 0.037-0.038 0.016-0.017 0.021-0.023
Field2 0.829+0.02 0.015-0.017 0.034-0.035 0.515-0.517 0.098-0.099 0.047-0.049 0.062-0.063
Autumn (October)

Field1 0,350+0.01 0.016-0.018 0.015-0.017 0.228-0.230 0.045-0.047 0.023-0.024 0.029-0.031
Field2 1.054+0.06 0.015-0.016 0.057-0.06 0.541-0.543 0.069-0.072 0.070-0.071 0.084-0.086

The data from Table 1 show that field 1 soil was medium saline, and the total salt content ranged seasonally from
0.198% to 0.350%. Field 2 was extremely saline, with a total salt content ranging from 0.781% to 1.054%. The soils of
the two pastures were alkaline in terms of HCO3 — ion content. Soil alkalinity increases due to ion toxicity, oxidative
pressure, and excessive pH, which adversely affects plant growth and causes loss of pasture productivity.

The physical and chemical properties of the soils collected from saline pastures were analyzed. The collected data
are listed in Table 2.

Table 2. Physicochemical properties of pasture soils (vicinity of Akshiy village, July 2024)

Content
Indicators Units
Field 1 Field 2
Total humus % 1.1+0.02 0.84+0.01
Hydrolyzed nitrogen mg/kg 58.2+0.3 56.4+0.2
Auvailable phosphorus mg/kg 23.4+0.1 222+0.1
Available potassium ma/kg 473.4+7.2 465.1+ 5.8
Soil temperature °C 26,9+0.2 27,2+0.1
Moisture content % 35.7+0.1 36.1+0.1
pH 8.9+0.01 9.2+0.01

Note: Values are means + standard error of the mean (SEM), n = 3; p < 0.05

The studied soils were ordinary grey soils of different types. Ordinary grey soils form in dry steppes under
conditions of moisture and heat deficiency. These are poor soils with wormwood-ephemeral vegetation communities.
The climate of the region is semiarid. However, the region is promising for livestock breeding, particularly sheep
breeding, as it pertains to pasture lands with medium productivity. Table 2 shows that the soils had a low content of
total humus (0.84 + 0.01/1.1 £+ 0.02%), easily hydrolyzed nitrogen (56.4 + 0.3/58.2 £ 0.2 mg/kg), available mobile
phosphorus (22.2 + 0.1/23.4 + 0.1 mg/kg), and average available mobile potassium (465.1 + 5.8/473.4 £ 7.2 mg/kg);
the pH value was highly alkaline (pH = 8.9 £ 0.01/9.2 + 0.01, p<0.05), indicating a severe adverse effect on plant
growth.

Phosphate-solubilizing bacteria were isolated and studied under laboratory conditions in 2024 (Almaty,
Kazakhstan). On NBRIP medium plates containing 10% NaCl, 42 isolates with medium clarification zones (halo
zones) were obtained, illustrating their phosphate-solubilizing ability. The population of phosphate-solubilizing
bacteria was low, comprised 5-7% of the total number of bacteria.
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To select active bacterial isolates, primary screening was carried out by phosphate solubilization (Figure 3).

Figure 3. Colony of isolated phosphate-solubilizing bacteria and halo zones around colonies in the NBRIP medium with 10% NaCl

Primary screening of bacteria occurred on a solid medium with an insoluble phosphorus compound, which gave the
medium uniform turbidity. To create a high salinity, 10% NaCl was added to the medium. For bacterial screening,
colonies characterized by a large halo zone were selected (Figure 3). These isolates were considered to be active
phosphate-solubilizing bacteria. Under high salt stress, out of 42 isolates, only 19 formed a large and distinct halo zone
around the colonies. For a more complete study, individual colonies of these bacteria were transferred from Petri
dishes to sloped agar and used in further studies.

To investigate the resistance of the selected isolates to salt stress, they were grown in NBRIP liquid medium with
different concentrations of NaCl (100, 250, and 500 mM). Table 3 shows the obtained data.

Table 3. Screening for salinity tolerance of the isolates

Concentration NaCl (mM)

Isolates

100 250 500
FT4 ++++ +++ ++
FT15 +++ + -
FT17 ++ + -
FT21 +++ - -
FT25 +++ - -
FT34 +++ + -
F7A ++++ +++ ++
F23A +++ ++ -
FM9/5 ++++ +++ ++
FM12/4 +++ + -
FM30/5 +H+ ++ -
FM12 ++++ +++ ++
FM27 +H+ + -
FY3 ++++ +++ ++
FY18 +++ ++ -
FC11 ++++ +++ ++
FC28 +++ ++ -
FT34/2 +H+ + -
FT36/2 +++ - -

Note: Qualitative analysis: (-) indicates absence of growth; (+) indicates occurrence of
growth; further (+) indicates intensity of growth exhibited by the isolates.

The salt tolerance of the isolates varied significantly. Although all isolates grew optimally in a culture medium
containing 100 mM NacCl, the increased salinity of the medium suppressed their growth. Thus, on a 250 mM NaCl
concentration, there were three failed growth isolates and six isolates with reduced growth, while salinity was
increased to 500 mM NaCl in the medium of 19 isolates; only six of the bacteria FT4, F7A, FM9/5, FM12, FY3, and
FC11 grew, while the rest did not.
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The obtained results only partially confirmed hypothesis 1 (H1), as out of all the isolates that were collected and
tested, only six isolates—FT4, F7A, FM9/5, FM12, FY3, and FC11—were able to grow under high salinity, while the
other isolates were not salt-tolerant and did not grow under high salinity. These six isolates were selected as the most
salt-tolerant isolates for further study.

One of the significant indicators for application of phosphate-solubilizing bacteria in saline soil is phosphate
solubilization efficiency. The ability of the isolates to solubilize phosphate under high salt stress was investigated. The
isolates were grown in liquid NBRIP medium supplemented with different concentrations of NaCl.

Phosphorus solubilization activity was measured based on the solubilization index (SI). The phosphorus
solubilization index is very important in determining the phosphate-solubilizing activity of bacteria and is used to
explore their phosphorus solubilization capacity. A higher value of this index reflects active phosphorus dissolution by
bacteria. Table 4 lists these data.

Table 4. Phosphate-solubilizing activity of isolates grown under different concentrations of NaCl in medium

Concentration of NaCl (mM)

Bacterial 0 100 250 500
isolates
Phosphate solubilization index (SI)
FT4 7.45+0.03 6.67+0.01 5.50+0.02 4.78+0.01
F7A 7.12+0.03 6.08+0.01 5.44+0.01 4.39+0.01

FM9/5 5.89+0.03 4.85+0.02 4.11+0.01 3.29+0.02
FM12 6.28+0.02 5.87+0.01 4.10+0.02 3.18+0.01
FY3 7.16+0.04 6.77+0.03 5.69+0.01 4.61+0.02

FC11 6.22+0.03 5.82+0.02 4.21+0.02 3.15+0.01

Note: Values are means + standard error of the mean (SEM), n = 5; p<0.05

The findings in Table 4 indicate that the selected isolates were able to solubilize phosphate under salt stress
conditions. In the presence of 100 mM salt concentration in the medium, all isolates were marked by high
solubilization of phosphate, with the phosphate solubilization index value (SI) ranging from 5.89 + 0.03 to 7.45 + 0.03
(p<0.05). Solubilization activity decreased with increasing salinity of the medium.

However, in the presence of high salt stress (500 mM NaCl), high phosphate solubilization activity (SI > 3.0) was
observed in all isolates. The highest phosphate solubilization index (SI) value was observed in isolate FT4 (4.78 +
0.03, p<0.05), followed by FY3 (4.61 + 0.02) and F7A (4.39 £ 0.01, p<0.05). Therefore, three strains had a phosphate
solubilization index greater than 4 and the rest had an S| greater than 3.0 (Table 4).

According to the range of solubilization index classification, all isolates under high salt stress (500 mM NacCl) had
high solubilization indices (SI1>3), but three isolates (FT4, FY3, and F7A) had the highest index values. These isolates
were selected as the most active. These results confirmed that the selected bacteria were salt-tolerant and had high
phosphate solubilization under severe salt stress.

Thus, our research confirmed hypothesis 2 (H2): the isolated salt-tolerant bacteria are capable of solubilizing
phosphates under salt-stress conditions.

To determine the taxonomic status of the isolates, we used Sanger molecular genetic method based on nucleotide
sequence analysis of the 16S rRNA variable gene. The Sanger method enables the determination of the sequence of
16S rRNA genes and the identification of bacteria using a database for comparing sequences. We utilized this method
as it is extremely precise, allows the analysis of relatively small RNA fragments, and provides reliable results for
microorganism identification.

To determine the identity of the bacteria, nucleotide sequences of the strains were compared with the 16S rRNA
sequences of closely related bacterial strains in the NCBI GenBank database. Phylogenetic trees were constructed in
MEGA 6.0 using the neighbor-joining cluster method to determine genetic distances (see Figure 4).

629



Journal of Human, Earth, and Future Vol. 6, No. 3, September, 2025

a NR 104280.1:57-772 Pseudomonas fulva strain NRIC 0180
NR 104278.1:57-772 Pseudomonas parafulva NBRC 16636 DSM 17004 strain AJ 212¢
NR 113855.1:45-760 Pseudomonas cremoricolorata DSM 17059 NBRC 16634
OFT4
NR 025228.1:41-756 Pseudomonas koreensis strain Ps 9-14
NR 043314.1:62-777 Pseudomonas moravensis strain 1B4
NR 115715.1:65-780 Pseudomonas fluorescens strain CCM 2115

NR 024910.1:60-771 Pseudomonas monteilii strain CIP 104883
NR 118798.1:42-757 Pseudomonas stutzeri strain CCUG 11256
NR 117623.1:67-781 Acinetobacter junii strain ATCC 17908

NR 024640.1:62-753 Enterobacter asburiae strain JCM6051

NR 044977.1:67-758 Enterobacter cancerogenus strain LMG 2693

NR 148649.1:47-738 Enterobacter bugandensis strain 247BMC

NR 104934.1:87-778 Yokenella regensburgei strain CIP 105435

@®FY3

NR 118568.1:22-713 Enterobacter cloacae strain ATCC 13047

NR 126208.1:36-727 Enterobacter hormaechei subsp. xiangfangensis strain 10-17

NR 114080.1:67-758 Pseudescherichia wulneris strain NBRC 102420

NR 117683.1:84-775 Klebsiella pneumoniae strain DSM 30104

NR 159083.1:96-787 Pectobacterium polaris strain NIBIO1006
NR 114153.1:67-758 Kluyvera intermedia strain NBRC 102594

NR 041970.1:74-765 Erwinia amylovora strain DSM 30165

NR 156924.1:82-770 Xenorhabdus thuongxuanensis strain 30TX1

0.005

T @ Bacillus megatherium

L KM191325.1 Bacillus megaterium strain WZ009
[ CP026736.1 Bacillus megaterium strain YC4-R4
L CP010586.1 Bacillus megaterium strain Q3

Figure 4. Neighbor-joining trees with bootstrapping 1000 replicates showing the phylogenetic relationship of three bacteria
FT4 (a), FY3 (b), F7A (c) and their most closely related species based on the concatenated sequences from 16S rRNA

Figure 4 shows that strain FT4 was the most phylogenetically similar to strains of the genus Pseudomonas. Strain
FT4's maximum similarity was 99.72 %with Pseudomonas koreensis strain Ps9-14's nucleotide sequence of the 16S
rRNA gene from the GenBank database. Strain FY3 was closest to the genus Enterobacter and was found on the same
branch as the GenBank database reference strains Enterobacter cloacae ATCC 13047 and Enterobacter hormaechei
subsp. xiangfangensis strain 10-17. The percentage identity of these strains was 99.58%. Strain F7A was
phylogenetically closest to Bacillus genus strains and was most similar to the nucleotide sequence of the 16S rRNA
gene of Bacillus megaterium strain WZ009 (99.92% identity). Thus, three salt-tolerant phosphate-solubilizing bacterial
strains were isolated and identified as strain FT4 (Pseudomonas koreensis), strain FY-3 (Enterobacter cloacae), and
strain F7A (Bacillus megaterium).

One of the processes involved in insoluble phosphate solubilization by bacteria is the synthesis of organic acids.
However, the qualitative and quantitative composition of organic acids released by salt-tolerant bacteria under salt-
stress conditions has not been well studied. In this regard, organic acid production by three salt-tolerant bacterial
strains of various genera, Pseudomonas, Bacillus and Enterobacter has been studied.

Gas chromatography (GC) was used to analyze the bacterial secretion of organic acids. GC is an analytical
procedure based on the separation and examination of volatile and semivolatile substances in a mixture. Qualitative
and quantitative analyses of the organic acid composition were performed by comparison with standards. This method
was used because it is precise, efficient, and reproducible.

To determine organic acids, E. cloacae FY3, Ps. putida FT4, and B. megaterium F7A were grown in NBRIP. NaCl
(5%) was added to the medium to induce high salt stress. The collected data are listed in Table 5.

Table 5. Organic acid production by salt-tolerant phosphate-solubilizing bacteria

Organic acid (pug/ml)

straine Acetic Butyric Caprylic Palmitic Propionic Caproic Pelargonic Lauric  Valeric Myristic Phthalic =~ CPA*
B. megaterium F7TA 24.33+£0.9 25.07+0.3 ND 38.85+04 ND ND ND ND 26.55+0.3 ND ND ND
E.cloacae FY3 68.21+1.2 16.50+0.4 ND 38.52£0.6 25.07+0.7 ND ND ND ND ND ND ND
Ps. putida FT4 ND ND 793+0.1 21.89+04 330+0.1 584+02 7.25+0.1 14.06+0.3 444+09 9.06+0.2 11.13+0.2 48.37+0.5

Note: CPA—cyclopropaneacetic acid; ND—not detected; values are means of three replicates + standard error of the mean (SEM); p< 0.05, n=3.
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Table 5 shows that during the dissolution of insoluble tricalcium phosphate, the tested strains produced 12 organic
acids: acetic, butyric, propionic, caprylic, palmitic, caproic, pelargonic, lauric, valerian, myristic, phthalic, and
cyclopropaneacetic acids. Strain Ps. putida FT4 produced the highest number of organic acids (10 acids): propionic,
caprylic, palmitic, caproic, pelargonic, lauric, valeric, myristic, phthalic, and cyclopropaneacetic. Strains B.
megaterium F7A and E. cloacae FY3 produced four organic acids each, with three of the acids being the same: acetic,
butyric, and palmitic acids (Table 5). Palmitic acid was the only acid that was produced by all three bacterial strains.
Acetic and butyric acids were two of the acids that were produced by strains B. megaterium F7A and E. cloacae FY3.
Strain Ps. putida FT4 did not form these acids but produced huge amounts of cyclopropaneacetic acid (48.37 + 1.3
ug/ml), a byproduct in the acetic acid synthesis [69]. Cyclopropaneacetic acid was the principal organic acid in strain
Ps. putida FT4 and accounted for 28% of the sum of all organic acids; in strain E. cloacae FY3, it was 46% of acetic
acid; and in strain B. megaterium F7A, 34% palmitic acid. Although all strains had high phosphate-solubilizing
activity, the amount and structure of organic acids in different strains varied significantly and were strain-dependent on
the bacteria. Thus, different bacteria produce different organic acids, the quantitative and qualitative structure of which
is strain-dependent.

The results completely validated hypothesis 3 (H3), because the isolated phosphate-solubilizing salt-tolerant
bacteria were capable of producing organic acids.

Table 6. pH value, soluble phosphate content and total organic acids

. pH Soluble (released) Total organic acid
Strains Pug/ml Jml) *
Starting Final (ng/ml) (ng/ml)
B. megaterium F7A 6.9+0.03 4.05+0.02 318.7+1.5 114.8+1.3
E. cloacae FY3 6.8+0.01 3.52+0.01 778.7+3.2 148.3+2.0
Ps. putida FT4 7.0+0.01  3.43+0.01 805.1+2.4 173.23+2.2

Note: Values are the mean of three replicates + standard error of the mean; p<0.01; *»<0.05; n = 3.

The results of the data (Tables 5 and 6) reveal that the general mechanism of solubilization of phosphates in the
strains under investigation is the secretion of organic acids, since it follows from a decrease in pH values from 7.0 to
4.0-3.5 and an increase in the quantitative content of soluble phosphorus. The acid ratio in the pH value was higher,
and the soluble phosphorus content was higher. The strain Ps. putida produced the greatest yield of organic acids
(173.23 £ 2.2 pg/mL, p<0.05), the greatest decrease in pH of the medium (3.43 £ 0.01, p<0.01), and the greatest
content of soluble phosphorus (805.1 + 2.4 pg/mL, p<0.01). A little lower production of organic acids was observed in
the strain E. cloacae FY3 (148.3 + 2.0 ug/mL, p<0.05). The lowest production of organic acids was in the strain B.
megaterium F7A (114.8 + 1.3, p<0.05), which also had the lowest soluble phosphorus content (318.7 + 1.5 pg/mL,
p<0.01).

Our tests indicated that the organic acid content in the medium is equivalent to the phosphate-solubilizing activity
of bacteria and that there is a positive and direct correlation between organic acid release, medium acidification (pH
decrease), and phosphorus solubilizing capacity. These results confirmed that the major mechanism of phosphate
solubilization by the studied bacterial strains was the release of organic acids. Thus, the results fully corroborated our
hypothesis 4 (H4) that the basic phosphate-solubilizing mechanism in novel salt-tolerant bacterial strains is organic
acid secretion.

4. Discussion

Soil salinity is one of the greatest crop yield-enhancing factors, as it inhibits or even curbs plant development. Soil
salinity drastically decreases the fitness of the soil to host nutrients destined for plants, particularly phosphorus.
Phosphorus applied via fertilizer has a very limited effect as it is immediately fixed in plant-unavailable forms. To this
extent, phosphorus inhibition is one of the major causes of crop yield reduction in saline soils.

Microbial solubilization of phosphates is a potential solution to this problem because it increases the plant
availability of insoluble phosphates. Therefore, the use of phosphate-solubilizing bacteria is a promising approach.
However, not all bacteria possess the ability to solubilize phosphate in saline soil. Therefore, it is necessary to screen,
isolate, and select salt-tolerant phosphate-solubilizing bacteria capable of effectively solubilizing insoluble phosphorus
in saline soils.

In this study, 127 soil samples from Southeast Kazakhstan (Almaty Province) saline pastures and 42 phosphate-
soluble bacteria were isolated. In saline soils, their humber is not high, but only 5-7% of the total number. This
corresponds to data showing that the number of phosphate-solubilizing salt-tolerant bacteria in salt soils is small,
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accounts for 3-12% on average [70, 71]. Other researchers believe that this effect occurs because osmotic pressure and
increased salt concentration in soil change the protein properties and structure of bacteria and adversely affect the
enzymatic activity of microbes, which reduces their numbers in soils [72, 73].

The salinity effect experiment on bacteria indicated that increased salinity inhibited their growth, and at 100 mM
NaCl, all the isolates grew, while at 500 mM NacCl, six isolates (FT4, F7A, FM9/5, FM12, FY3, and FC11) grew, and
these isolates were salt-tolerant. Higher salinity has also been found to inhibit the growth of phosphate-solubilizing
bacteria in other studies [74-76]. We found that very few phosphate-mobilizing bacteria were salt-tolerant, as only six
out of all bacteria isolated and tested were salt-tolerant and could grow under high-salt stress conditions. Hence,
hypothesis 1 (H1), that is, that phosphate-solubilizing bacteria from salinized soils can grow in high salinity soil, was
only partially confirmed. One of the resistance mechanisms of bacteria to salinity is their ability to store relatively high
and harmful amounts of sodium ions within their cells to equalize osmotic pressure [77].

Simultaneously, in saline soil microbiomes, we identified phosphate-solubilizing bacteria that were not tolerant to
salt. Most likely, they are physiologically inactive, but under variable conditions, such as reduced salinity, they
become active. No similar studies have been performed, but indirect evidence has been described [76].

One of the most crucial traits in the selection of phosphate-solubilizing bacteria in saline soils is their ability to
solubilize phosphate under high salt stress conditions. Salt-tolerant phosphate-solubilizing bacteria were screened on
solid nutrient medium under active conditions. Isolates were selected based on the diameter of the halo zone. The
findings of other studies have also been shown. Other studies have shown that only a few bacteria can function at high
salinity [78, 79]. We obtained bacteria with a high ability to solubilize phosphate under high salt stress that formed
clear and stable halo zones on solid media when grown under high salinity (10% NaCl), thereby demonstrating a high
ability to solubilize phosphates under high salinity. By that, the phosphate solubilization index (SI) under high salt
stress in bacteria was greater than three (SI1>3, p<0.05), and in three of the isolates, FT4, FY3, and F7A, it was greater
than four, equalling 4.4-4.8 (p<0.05). In other studies, the value of this index was significantly lower [75, 76], and
several studies have indicated that high salinity completely inhibits phosphate solubilization [80, 81]. This indicates
that the isolated bacteria were more resistant to salinity and had higher phosphate solubilization than bacteria isolated
in other studies. Thus, the results of the current study support hypothesis 2 (H2) and demonstrate that pure salt-tolerant
bacteria can efficiently solubilize insoluble phosphates under salt-stress conditions. There are very few analogous
studies, but some research suggests that the application of salt-tolerant phosphate-solubilizing bacteria could be an
effective and inexpensive method for increasing phosphorus availability in salt soils [21, 82].

Three salt-tolerant and highly active isolates, FT4, FY3, and F7A, were the most promising. Identification of these
bacteria by Sanger molecular genetic method made it possible to define them as Pseudomonas putida FT4,
Enterobacter cloacae FY3, and Bacillus megaterium F7A strains.

There are several studies on soil phosphate-solubilizing bacterial diversity, but there are very few studies on the
identification of salt-tolerant phosphate-solubilizing bacteria. Studies by different authors have confirmed that the
prevalent genera of salt-tolerant phosphate-solubilizing bacteria are Pseudomonas and Bacillus; other genera such as
Pantoea, Alcaligenes, and Flavobacterium possess much less ability to dissolve phosphates in soils [79]. These studies
are in agreement with our results. Simultaneously, there are few studies in which Enterobacter bacteria can solubilize
phosphate under saline stress, although these bacteria are widespread in soil [83].

Phosphate-solubilizing bacteria can solubilize phosphates through different mechanisms [49, 77, 84]. The major
ones are (1) production of metabolites that are involved in solubilizing phosphate in the soil (hydroxyl ions,
siderophores, and organic acids), (2) extracellular enzyme production (phytases and acid phosphatases), and (3)
phosphorus release after the breakdown of insoluble phosphate-rich substrates. However, organic acid secretion is
generally accepted to be a process of insoluble phosphate solubilization. Phosphate-solubilizing bacteria release
organic acids that degrade mineral phosphates and render them more accessible to plants, thereby enhancing their
growth [85, 86]. The results of our gas chromatography analysis indicated that the bacterial strains isolated under salt
stress conditions have the ability to release organic acids, degrade insoluble phosphate forms, and increase phosphorus
availability to plants.

Hence, our work supported hypothesis 3 (H3) and determined that the novel phosphate-solubilizing salt-tolerant
bacteria isolated were proficient in producing organic acids. The production of organic acids by bacteria under salt
stress does not occur or is scarce. Moreover, no data on the composition of organic acids produced by salt-tolerant
phosphate-solubilizing bacteria in qualitative and quantitative terms are available. We found that salt-tolerant bacterial
strains produced different compositions and amounts of organic acids when they dissolved the same source of
phosphorus. Experiments illustrating that different phosphate-solubilizing bacterial strains produce an array of organic
acids validate these results [56]. The studied strains produced 12 organic acids: acetic, butyric, propionic, caprylic,
palmitic, caproic, pelargonic, lauric, valeric, myristic, phthalic, and cyclopropaneacetic acids.

632



Journal of Human, Earth, and Future Vol. 6, No. 3, September, 2025

The basic mechanism of solubilization of insoluble phosphates in the studied bacteria was the production of organic
acids, which was proven by a positive correlation between organic acid excretion, decrease in pH value in the medium,
and growth of the quantitative content of soluble phosphorus (i.e., acidification) being the primary factor in phosphate
solubilization. The study findings fully verified hypothesis 4 (H4) and showed that the elementary mechanism of
phosphate solubilization in novel strains of salt-tolerant bacteria is organic acid excretion. Furthermore, there was a
clear relationship between the medium pH reduction and phosphate solubilization activity. Similar studies involving
salt-tolerant bacteria are absent, but indirect confirmation is provided in [40, 87].

Therefore, we conducted studies in this direction. We isolated and studied salt-tolerant phosphate-solubilizing
bacteria to support the growth of soybean cultures in saline soils [88]. In this study, bacterial strains isolated from the
soybean rhizosphere showed growth-stimulating activity and the ability to increase soybean yield in saline soils.
However, species specificity of bacteria exists in their host plants, which is dependent on the host plant [89].
Therefore, bacteria from the soybean rhizosphere will not be efficient when applied to saline pasture soils, and will not
have a high positive effect on the growth of pasture grasses. In addition, there is a relationship between plants and
particular species of phosphate-mobilizing bacteria, meaning that plants in the rhizosphere select certain species of
bacteria through their secretions [90]. The new contribution of this study is that it aims to improve the productivity of
saline pastures.

The isolated new strains of bacteria will be adapted to pasture grasses, soil, and climatic conditions of saline soils
of pastures of south-eastern Kazakhstan, and will be effective in their practical application. In addition, new local
strains will reduce the doses of phosphorus fertilizers, which are expensive for farmers and will favorably affect the
environment and increase the productivity of saline pastures in south-eastern Kazakhstan. This will lead to more
efficient development of the fodder base for livestock breeding, because sheep breeding is of great economic
importance and determines the employment and income of the rural population in this region.

Thus, new active phosphate-solubilizing salt-tolerant bacterial strains were isolated, which have broad prospects for
application in saline soils because they are characterized, in addition to high salt tolerance, by the ability to solubilize
phosphates under high salt stress; they are also indigenous and adapted to the soil and climatic conditions of
Kazakhstan.

It was established that the basic mechanism of solubilization of insoluble phosphate in the studied bacteria was the
secretion of organic acids, as demonstrated by the positive correlation between the secretion of organic acids and the
increase in soluble phosphorus content. However, the mobilization of phosphates by the secretion of organic acids is
not the only mechanism; therefore, it is planned to study other mechanisms of phosphate dissolution by new strains,
such as the production of siderophores and the synthesis of enzymes that break down phosphorus compounds
(phosphatases and phytases).

Our results have broad prospects for farming in saline soils because new bacterial strains can replace or partially
reduce the use of phosphorus fertilizers, and their application can be an effective method to increase crop productivity
in saline soils.

5. Conclusion

This study enabled the isolation of salt-tolerant phosphate-solubilizing bacteria from the saline soils of Kazakhstan
and the identification of the most efficient strains with good phosphate solubilization under high salinity. This study
included the identification of isolates, establishment of their taxonomic affiliation, and investigation of phosphate
solubilization processes. The bacterial strains were able to secrete organic acids, and the qualitative and quantitative
compositions of the secreted acids were investigated. We found that the acid composition depended on the bacterial
strain.

5.1. Scientific Novelty

For the first time, new local strains of salt-tolerant phosphate-solubilizing bacteria have been isolated from
Kazakhstani saline soils. It was established that their numbers were low and represented 5-7% of all bacteria. Using the
Sanger method of 16S rRNA gene sequencing, new bacterial strains were detected and found to belong to
Pseudomonas putida FT4, Enterobacter cloacae FY3, and Bacillus megaterium F7A.

The solubilization mechanism of insoluble phosphates in new bacterial strains involves secretion of organic acids
and acidification of the medium.

5.2. Theoretical Significance of the Study Results

The results of this study are of immense theoretical significance, as they complement and add to the information on
phosphate-solubilizing bacteria. The findings of this study allow us to better understand the mechanisms of the
bacterial dissolution of insoluble phosphates. The study of the mechanisms of phosphate dissolution in saline soils is of
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utmost importance for the elaboration of methods for mobilization of phosphorus from poorly soluble compounds and
their transfer into readily accessible forms for plants, and investigation into the mechanisms of microbial phosphate
solubilization of insoluble phosphates will allow the development of efficient methods for solving the problem of soil
salinization not only in Kazakhstan but also in other countries with similar climatic and soil conditions for restoration
of the fertility of saline soils and the productivity of pastures.

5.3. Practical Significance of the Study Results

Kazakhstan is a developing region of grassland agriculture that brings significant national income in the form of
dairy and meat products. The country obtains more than 45% of its gross agricultural output from the sector. Breeding
animals on pastures reduces food product prices and increases the profitability of animal breeding on farms. The well-
being and nutrition of most of the population of Kazakhstan depend significantly on the condition and productivity of
natural pastures. Therefore, the use of new local strains of salt-tolerant phosphate-solubilizing bacteria to stimulate
phosphorus availability and alleviate salt stress is of crucial practical importance. Efficient biopreparation based on
these bacteria will reduce the use of expensive phosphate fertilizers and limit the negative impact of these fertilizers on
the environment. In addition, these biopreparations may be promising for maintaining productive pastures in saline
soils and re-establishing them as productive lands.

5.4. Limitations and Future Research

This was a complete logical study. However, laboratory approaches have some limitations because they estimate
phosphate solubility in microbial solubilization to be slightly higher than that in field tests. In this regard, laboratory
studies require validation through field testing of strains.

The final goal of our study was to create biofertilizers to increase the productivity of pasture grasses in saline soils.
Therefore, in future, we plan to conduct studies on the influence of bacteria on the physiological functions of plants
and study the ability of bacteria to produce metabolites that support plant growth under salt stress in the field. Such
biofertilizers are promising because local bacterial strains can acclimatize to the natural conditions of saline soils and
synergize the interaction between plants and microbes.
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