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Abstract

Phosphate-solubilizing bacteria dissolve insoluble form of phosphate in
the soil with different mechanisms, converting them into a form that can
be used, and replaced by chemical fertilizers providing beneficial use of
a natural reserve. Although research on phosphate solubilizing bacteria
has increased recently, research on the thyme rhizosphere is still limited.
It is necessary to investigate different rhizospheric local bacteria that can
solubilize phosphate and replace chemical fertilizers. 42 bacterial isolates
were obtained from the rhizosphere of Thyme (7hymus vulgaris L.) in
this study. Among these isolates, 13 phosphate-solubilizing bacterial
isolates were selected which formed a transparent (halo) region around
the colonies on Pikovskaya’s Agar (PKA) plates. Isolates were identified
using the MALDI-TOF MS method. The morphological, biochemical and
IAA production of these isolates as well as quantitative measurements of
phosphate solubilization of the isolates in NBRIP broth medium was
evaluated. The highest efficiency was noted from Bacillus pumilus PCB-
6 with solubilization value of 326.8 ppm. This was followed by
Acinetobacter calcoaceticus PCB-3 with solubilization value of 313.8
ppm and Pantoeae agglomerans PCB-4 with solubilization value of
307.4 ppm, respectively. Among the Phosphate solubilizing bacterial
isolates, P solubilization index was defined as between 1.6 and 4.2 on
PKA agar medium. Additionally, the highest IAA production, at 18.43 pug
ml!, was obtained from Pantoeae agglomerans PCB-4. This was
followed by Bacillus pumilus PCB-6 with 17.40 pg ml! and
Acinetobacter calcoaceticus PCB-3 with 16.71 pg ml''. This study clearly
shows that selected local isolates can be used as effective phosphate-
based microbial fertilizers.
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1. Introduction

Phosphorus, is a crucial element for plant
growth, development, and seed formation, and
is a key component of many biological
molecules, including nucleic acids and
enzymes. Biological oxidation plays a key role
in metabolic reactions such as photosynthesis
and respiration. Phosphorus is stored in plant
seeds and pollen as phytate. It is the primary
source of inositol in plants. Soil phosphorus
deficiency causes plants to slow down root
formation, limit photosynthetic activity, and
decrease tolerance to phytopathogens (Aktas
and Togay, 2022). Although phosphorus is
abundant in the soil in both organic (such as
phytate and nucleotides) and inorganic forms
(such as Ca3(POas)2), plants cannot use it
directly because they do not dissolve. Plants
can only take up phosphorus from the soil in
the form of  phosphate anions.
Orthophosphorus (H,PO™ and HPO4?) is the
primary inorganic form of phosphorus that
plants can absorb and utilize. Inorganic
phosphate fertilizers are commonly added to
agricultural soils to increase available
phosphorus and plant yield. = The applied
phosphorus is a highly reactive molecule, it
forms complexes with cations like Fe**, Ca*?,
A1, and Mg* in the soil. Therefore, in general
only less than 30 % of the applied P fertilizers
is utilized by the plants and rest of this
phosphorus converts into a form that can not
be used by plants and contributes to
environmental pollution. To enhance P uptake
efficiency, innovative and sustainable eco-
friendly alternatives, such as microbial
fertilizer applications, are necessary (Selguk
and Cakici, 2022).

Many microorganisms (like bacteria, fungi,
and algae) are well-known for their ability to
efficiently solubilize phosphorus and maintain
soil health. The most well-known efficient
phosphate-solubilizing groups are Bacillus,
Pseudomonas, Rhizobium, Penicillium,
Aspergillus, Actinomycetes, and Arbuscular
Mycorrhizal (Haile et al., 2022). Bacteria are
key microorganisms that regulate soil
phosphate levels. Despite the extremely
limited capacity of plants to absorb

Giler

phosphorus, phosphate-solubilizing bacteria in
their immediate surroundings and a small part
of the rhizosphere offer plants a chance to take
up phosphorus directly. Some Plant Growth-

Promoting  Rhizobacteria  (PGPR) are
particularly effective in solubilizing highly
insoluble tricalcium phosphate,

hydroxyapatite, and rock phosphate (Akgura
and Cakmakgi, 2023; Cheng et al., 2023).

Phosphate-solubilizing bacteria play a vital
role in agriculture due to their ability to
enhance plant growth and improve nutrient
uptake. By solubilizing phosphorus in the soil,
these bacteria make this essential nutrient more
readily available to plants, leading to increased
growth and development. Additionally, the
improved availability of phosphorus can
enhance the uptake of other nutrients by plants,
further supporting their nutritional
requirements. Moreover, plants treated with
phosphate-solubilizing bacteria Show to
exhibit increased resistance to various
environmental stresses, such as drought and
disease. This highlights the significant impact
that these bacteria can have utility in
improving agricultural productivity and
sustainability, and enhance play a vital role
soil fertility, promoting plant growth, and
improve nutrient uptake (Billah et al., 2019).
The environmental and health hazards posed
by chemical fertilizers, coupled with their
soaring costs, have underscored the need for
sustainable methods in cultivating medicinal
and aromatic plants such as Thyme.
Consequently, the importance of alternative,
eco-friendly fertilizers has been brought to the
forefront by these concerns. This study aimed
to identify the local bacterial community in the
thyme rhizosphere using MALDI TOF MS and
evaluate its potential as a phosphate
solubilising microbial fertilizer.

2. Materials and Methods

2.1. Collection of soil samples

Rhizospheric soil samples were collected
on May 2023 from 7. vulgaris in the Medicinal
Plants Garden of the Department of Field
Crops, Faculty of Agriculture (39°57'44.2"N,
32°51'36.7"E) Ankara University. Following
aseptic procedures, the soil samples were
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promptly collected from the rhizosphere soil of
Thymus vulgaris L. at a depth of 10 cm, by
collecting them in sterile plastic bags and
transferred to the laboratory for further

Serial
Dilution
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analysis. Figure 1 shows the flowchart of the
process from isolating bacteria in the Thyme
rhizospheric soil sample to determine their
phosphate solubilizing abilities.
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Figure 1. Flow chart for identification of isolates in Thyme rhizospheric soil samples

2.2. Isolation of phosphate solubilizing
bacteria

Phosphate solubilizing bacteria were
isolated from 1 g of rhizospheric soil samples
using the serial dilution method. Soil samples
were homogenized in 10 ml of sterile isotonic
saline water. The soil samples (1 g) were mixed
with 9 ml of 0.85 % saline (NaCl) sterile water
and then homogenized in a shaker for 10 min.
Each rhizospheric soil sample was diluted
from 107! to 10°. These dilutions were spread
on Pikovskaya’s Agar (PKA) (0.2 g L' NaCl,

10 g L' glucose, 0,2 g L' KCI, 5 g L
Ca3(PO4)2, 0.5 g L't (NH4)2S04, 0.1 g L
MgS04-7H>0, 0.002 g L' FeSO4-7H20, 0.5 g
L! yeast extract, 0.002 g L"! MnSO4-H,0, and
1000 ml distilled water) and incubated for 5
days at 30 °C. The formation of a clear halo
zone around the colonies on PKA agar plates
indicated the presence of phosphate
solubilizing bacteria. To obtain pure cultures,
single colonies with clear zones were
transferred to plates containing the same
medium. Pure phosphate solubilizing bacteria
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colonies were spot inoculated at the center of
the Pikovskaya agar medium. After 10 days of
incubation at 30 °C, the zones of phosphate
solubilization around the colonies were
measured. The experiments were performed in
triplicate. The purified isolates were
maintained on nutrient agar plates at 4 °C, and
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duplicates of each isolate were preserved in
40% glycerol stocks at -30 °C. The
solubilization index (SI) was determined using
measurements taken after seven days of
growth from a point inoculation on PKA
medium at 28 °C (Meena et al. 2015).

SI= (Colony diameter + Halo zone diameter)

Colony diameter

2.3. Quantitative measurement of

phosphate solubilization

The phosphate solubilizing efficiency of 13
isolates that previously created a transparent
(halo) zones on Pikovskaya Agar was assessed
using the methodology developed by Barton
(1948). NBRIP broth (5 g L'! Ca3(PO4), 2.5 g
L' MgCl.6H,0, 10 g L' glikoz, 2.25 g L'
MgS04.7H>0, 0,1 g L' (NH4)2SO4, and 0.2 g
L' KCI) was used to quantitatively determine
the phosphate solubilizing abilities of
phosphate-solubilizing isolates. For this
purpose, 0.1 ml of fresh isolate (10 CFU ml™)
was inoculated in triplicate into test tubes
containing 10 ml of NBRIP growth medium
and incubated at 30 °C at 180 rpm for 7 days.
After incubation, the tubes were centrifuged at
5000 rpm for 10 min, and then the supernatant
of each culture was analyzed for phosphate
concentration in ppm. The experiments were
performed in triplicate. Non inoculated
medium was used as control.

2.4. Determining IAA production by
phosphate-solubilizing bacteria

The Sarwar and Kremer (1995) protocol
was used to assess the isolates’ capacity to
produce IAA. Bacterial cultures were
cultivated for 48 hours at 30+£2 °C. These
freshly prepared cultures were centrifuged for
30 minutes at 3000 rpm. The supernatant (2
ml) formed after centrifugation was mixed
with 4 ml of the Salkowski reagent (reagent (50
ml, 1 ml 0.5 M FeCls solution, 35 % perchloric
acid) and two drops of orthophosphoric acid.
Pink appearances indicated presence of [AA.
The presence of IAA in the culture supernatant
was  determined  spectrophotometrically

(SHIMADZU UVmini-1240

Spectrophotometer) at 530 nm.

2.5. Morphological and biochemical
characterization of phosphate-solubilizing
bacteria

The morphological characterization of 13
phosphate-solubilizing bacteria (PCB) was
carried out using color, motility, and Gram
staining assays, while the biochemical
characterization was performed using catalase
and oxidase tests. The catalase and oxidase test
of the isolates was determined according to the
protocol described by Clarke and Cowan
(1952). For the catalase test, 2 drops of 30%
hydrogen peroxide were dropped on the
colonies taken with a sterile loop and the
emergence of gas bubbles was observed. The
observation of gas bubbles indicated a positive
result. For the oxidase test, 1 % tetramethyl-p-
phenylenediamine was dropped on the
colonies using a sterile loop, and a change in
color to blue indicated a positive result.

2.6. Identification of phosphate-solubilizing
bacteria

The MALDI TOF MS method was used to
identify 13 isolates with phosphate solubilizing
ability. Microorganisms were identified by
their unique molecular fingerprints using the
MALDI Biotyper CA System. In this method,
the protein profiles of microorganism
biomolecules (such as proteins, peptides,
sugars, and polymers) were ionized and passed
through an electric and/or magnetic field.
These profile spectra were compared
graphically to reference microorganisms in the
database of the system to accurately identify
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them by genus and species (Sivri and Oksiiz,
2019).

2.7. Data analysis

Data on phosphate solubilization efficiency
and solubilization index (SI) were analyzed in
triplicate with JMP Pro 17.0 statistical
software. Dependant variables with normal
distribution were presented as mean = Standart
Devision (SD) (Geng and Soysal, 2018).

3. Results and Discussion
3.1. Morphological and biochemical
characterization

13 of the 42 isolates isolated from the thyme
rhizosphere were determined to form a
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transparent (halo) region around the colonies
on Pikovskaya’s Agar (PKA) medium in this
study. These isolates were selected for
morphological, biochemical and phosphate
quantification. Among the 13 isolates, 6 were
Gram positive; and 7 showed Gram-negative
reactions. The catalase test was positive for all
isolates except for PCB-5, whereas the oxidase
test was positive for 8 isolates except for PCB-
2, PCB-3, PCB-4, and PCB-10. All isolates
were positive in motility test and the colony
color was mostly white. Morphological and
biochemical characteristics of rhizobacterial
isolates are given in Table 1.

Table 1. Morphological and biochemical traits of isolates

Isolates No Gram Motility Colony color  Biochemical  Characteristics
MALDI-TOF MS Stain
results Test Catalase Oxidase
PCB-1 Pseudomonas +* white + +
koreensis
PCB-2 Bacillus subtilis + + cream +
PCB-3 Acinetobacter + cream +
calcoaceticus
PCB-4 Pantoeae + light yellow +
agglomerans
PCB-5 Stenotrophomonas + white - +
rhizophila
PCB-6 Bacillus pumilus + + cream + +
PCB-7 Lactobacillus + + white + +
paracasei
PCB-8 Bacillus mojavensis + white + +
PCB-9 Bacillus pumilus + + cream + ok
PCB-10 Pantoea agglomerans + light yellow + -
PCB-11 Bacillus mojavensis + + white + +
PCB-12 Pseudomonas + light yellow + +
libanensis
PCB-13 Pseudomonas + white + +

chlororaphis

Note: * +, positive; —, negative ** Not detected

3.2. Identification of isolates by MALDI-
TOF-MS method

MALDI-TOF MS analysis identified 13
isolates from soil samples in the rhizosphere,
including 5 Bacillus (PCB-2, PCB-6, PCB-8,

PCB-9, and PCB-11), 3 Pseudomonas (PCB-1,
PCB-12, and PCB-13), 2 Pantoeae (PCB-4,
and PCB-10), 1 Stenotrophomonas (PCB-5), 1
Lactobacillus (PCB-7) and 1 Acinetobacter
(PCB-3) (Figure 1).
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Figure 1. Percentage distribution of phosphate-solubilizing bacteria

MALDI-TOF MS is an extremely useful
tool for identifying bacteria at the genus,
species, and strain levels. Recently, this
method has gained popularity due to its high
accuracy and rapid results. In previous studies,
many researchers used the MALDI-TOF MS
method to identify phosphate-solubilizing
bacteria (Lacava et al., 2021; Omar, 2022).
Muthuri et al. (2012) identified forty-three
phosphate-solubilizing endophytic bacteria
strains, including Pseudomonas, Bacillus, and
Klebsiella, in bananas using the MALDI TOF
method. Celikten and Bozkurt (2018) used the
MALDI-TOF method to identify 120 bacteria
they isolated from the wheat rhizosphere to
investigate plant growth-promoting bacteria.
Martinez-Hidalgo et al. (2021) determined that
the phosphate-solubilizing bacteria in canola
rhizospheres, which they identified with the
MALDI TOF method, mostly belonged to the
Paenibacillus and Pseudomonas genera.
Similarly, Oksel et al. (2022) used the MALDI-
TOF MS method to identify bacteria in wheat
rhizospheres. The findings of this study
revealed that Bacillus (38 %) Pseudomonas
(23 %) were the most common bacterial genera

in T. vulgaris rhizosphere. Dip et al. (2024)
determined that the phosphate-solubilizing
bacteria in the root zones of Sporobolus
indicus and Panicum coloratum, identified
using the MALDI TOF method, mainly
belonged to the  Enterobacter and
Pseudomonas genera.

3.3. Phosphate solubilization and IAA
production properties of isolates

In current study, P solubilization index of
PSB strains are defined to be between 1.6 to
4.2 on PKA agar medium (Figure 2). On the
other hand, in the NBRIP broth medium a rate
of 84.3 to 326.8 ppm was detected. According
to the phosphate solubilizing abilities of
phosphate solubilizing bacteria in NBRIP
broth medium, the highest value was obtained
from Bacillus pumilus PCB-6 with 326.8 ppm.
This was followed by Acinetobacter
calcoaceticus with 313.8 ppm and Pantoeae
agglomerans PCB-4 with 307.4 ppm,
respectively. The phosphate solubilizing
activities and solubilization index (SI) of the
isolates were shown in Table 2.
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Table 2. Phosphate solubilization activities and solubilization index (SI) of the isolates

Isolates Phosphate solubilizing activity Solubilization index (SI)
No (ppm)
Pseudomonas koreensis PCB-1 287.6+£5.92°¢ 2.440.26¢
Bacillus subtilis PCB-2 233.5+£1.93¢ 2.840.26
Acinetobacter calcoaceticus PCB-3 313.8+7.45° 3.5£0.36%
Pantoeae agglomerans PCB-4 307.4+3.68° 3.84£0.40°
Stenotrophomonas rhizophila PCB-5 84.3£2.10h 1.8+£0.36%
Bacillus pumilus PCB-6 326.8+£5.10* 4.2+0.26
Lactobacillus paracasei PCB-7 233.1+1.45¢ 1.4+0.36°
Bacillus mojavensis PCB-8 221.3+1.90f 1.7£0.17¢%
Bacillus pumilus PCB-9 197.4+1.68¢ 1.6£0.5%
Pantoea agglomerans PCB-10 242.7+2.10° 1.8+0.1¢%
Bacillus mojavensis PCB-11 206.6+1.60¢ 1.7+ 0.1%
Pseudomonas libanensis PCB-12 262.1+4.16¢ 2.3+0.26°¢
Pseudomonas chlororaphis PCB-13 281.5+£2.47°¢ 2.120.17°%%

*For Data Analysis: p<0,001; statistically significant level. a-1: The difference between the means shown by different letters in the same column is statistically

significant. (Mean + SD: Mean+Standard Deviation)

PCB-2

) —

Figure 2. The transparent zones formed by phosphate solubilizing bacteria on PKA agar medium

IAA is a hormone that promotes cell
elongation, division, and differentiation in
plants, as well as root system development,
nutrient uptake, and overall plant growth. Plant
hormone producing bacteria increase root
surface area, leading to greater nutrient uptake,
as reported by Bai et al. (2003). Since PGPRs
in the rhizosphere produce 1AAs, plant roots
are more influenced by these IAAs from
PGPRs, which boosts root system growth and
increases the root surface area in contact with
the soil (Randive et al., 2024). IA A synthesis is
common among soil and plant-associated
bacteria. Asra et al. (2024) reported that

PGPRs in the rhizosphere can support plant
growth by producing IAA. In this study, it was
determined that indigenous PSB strains
isolated from thyme rhizome can produce IAA
at different rates except Stenotrophomonas
rhizophila PCB-5. According to the findings of
the current study, the highest IAA production
was obtained in Pantoeae agglomerans PCB-4
with 18.43 pg ml!. This was followed by
Bacillus pumilus PCB-6 with 17.40 ug ml’!
and Acinetobacter calcoaceticus PCB-3 with
16.71 pg ml™!, respectively (Figure 3A and
3B).
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In previous studies, researchers found
similar  results  regarding  phosphate
solubilization and IAA production of strains
isolated from different plant rhizospheres.
Panhwar et al. (2012) determined that Bacillus
sp. PSB9 isolated from aerobic rice in
Malaysian rice fields was an effective
phosphate solubilizer and IAA producer. Rfaki
et al. (2020) reported that among the
phosphate-solubilizing bacteria isolated from
the wheat rhizosphere, the strain producing the
highest amount of IAA was Pseudomonas sp.
B26 with 21.2 mg ml', while the strain
producing the least amount of IAA was
Serratia sp. B107 with 2.9 mg ml™!. According
to Sharma et al. (2021), 80 % of bacteria
isolated from the rhizosphere can produce
IAA. Khatami et al. (2023) reported that
rthizospheric Bacillus sp. synthesized high
amounts of IAA. On the other hand, In the
current study, Bacillus subtilis PCB-2 (9.29 ng
ml™), Bacillus mojavensis PCB-8 (6.16 ug ml°
" and Bacillus pumilus PCB-9 (4.27 pg ml™!)
produced IAA with low potential.

Audipudi et al. (2012) tested the phosphate
solubilization abilities of bacteria using solid
and liquid medium and determined that their
phosphate solubilization abilities ranged 80 to
100 ppm. Pramanik et al. (2017) utilized
MALDI-TOF MS for the identification of the
K5 strain as Klebsiella pneumoniae, which
demonstrated phosphate solubilization at 80.25
ppm. Mei et al. (2021) documented that the
strain Pantoea agglomerans TALRI1325,
isolated from flora in the Appalachian
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PCB-1

B
Figure 3. A. IAA production by isolates on NBRIP medium B. Pink appearances formed by some IAA
producing isolates

PCB-4

Mountains of Central Virginia, USA, exhibited
a high phosphate dissolution rate of 372.8 pg
ml!. Kirui et al. (2022) determined that among
71 phosphate-solubilizing bacteria from
different agricultural regions in Kenya, the
bacteria with the highest phosphate
solubilization index of 5.883 was Burkholderia
cepacia.

Aliyat et al. (2022) reported that bacteria
taken from the phosphate mining area had the
ability to dissolve different phosphate forms
(tricalcium phosphate, aluminum phosphate
and iron phosphate), and the highest phosphate
solubilization index (SI) belonged to Pantoea
agglomerans CB19 with 4.79. In another
study, Ma et al. (2023) documented that the
solubilization index (SI) of Pantoea
rhizosphaerae MQRO6T, a  phosphate-
solubilizing bacterium isolated from the
rhizosphere of the A. truncatum in China,
ranged from 3.20 to 3.98. It was determined
that Pantoeae agglomerans PCB-4 had a high
(307.4 ppm) phosphate solubilization ability in
the current study.

The presence of a significantly elevated
population of phosphate solubilizing bacteria
in the rhizosphere, as opposed to non-
rhizospheric soil, has been well-established in
previous studies (Linu et al., 2019; Isiya,
2024). These bacteria, primarily pseudomonas
bacteria, solubilize phosphate through various
mechanisms, especially acid production.
According to Billah et al. (2019), phosphate-
solubilizing bacteria solubilize phosphate in

985



the soil through the release of several organic
acids and enzymes and convert it into a form
that is available to the plant. Amri et al. (2023)
determined 28 phosphate-solubilizing bacteria
from soil samples collected from different
regions of Tunisia. They found that the
solubilization index ratios of these bacteria
ranged 2.14 to 3.51, with the highest SI ratio
belonging to Pseudomonas fluorescens. It was
determined that the phosphate solubilization
index in the Pseudomonas genus was 2.1-2.4 in
the present study. These results align with the
findings of Roychowdhury et al. (2019), and
Blanco-Vargas et al. (2020), which
demonstrated that the solubilization index
among various bacterial isolates, including
Pseudomonas spp., ranged 2.56-4.50. They
also showed that the formation of halo zones
by these bacteria on growth plates is due to the
production of organic acids, thus identifying
them as effective phosphate solubilizers. Kaur
et al. (2022) documented that 19 phosphate-
solubilizing bacteria, isolated from the potato
rhizosphere and identified using the MALDI-
TOF-MS method, exhibited phosphate
solubility ranging between 115 -747 pug ml™.
Ben Zineb et al. (2020) reported that
Pseudomonas koreensis LT62, which they
isolated from Tunisian agricultural soil, had a
phosphate solubilization ability of 325.21 pg
ml! in NBRIP broth medium. Murgese et al.
(2020)  determined that  Pseudomonas
koreensis TFD26 isolated from the rhizosphere
of Cucumis melo solubilized phosphate. Valli
et al. (2023) reported that among 200 bacterial
strains isolated from rice rhizosphere,
Pseudomonas  koreensis ~ 69RS  strain
solubilized three forms of inorganic phosphate
(AIPO4, Ca3(PO4); and Fe (PO)4) in vitro.
Similarly, In the present study, it was
determined that Pseudomonas koreensis PCB-
1 had a phosphate solubilization ability of
287.6 ppm in NBRIP broth medium. Aula et al.
(2023) determined that 12 out of 17 isolates
from Indonesian mangrove soil could
solubilize phosphate, with Pseudomonas
libanensis TL-8 emerging as a promising
phosphate solubilizer with a PSI value of 2.82.
Similarly, the phosphate solubilization index
of Pseudomonas libanensis PCB-12 was
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determined as 3.2 in the present study. Yu et al.
(2011)  determined  that  Pseudomonas
chlororaphis (W24) strain, among the 34
isolates they isolated from the walnut
rhizosphere, dissolved tricalcium phosphate
(TCP) in solid and liquid medium. Similarly,
Pseudomonas chlororaphis PCB-13
solubilized phosphate in both liquid (281.5
ppm) and solid medium (SI: 2.1) in the current
study.

Rawat et al. (2021), has mentioned that the
most  prevalent  inorganic  phosphate-
solubilizing bacteria in the rhizosphere are
Bacillus, Enterobacter, and Pseudomonas.
Previous studies reported that among
phosphate-solubilizing bacteria, Bacillus was
an effective phosphate solubilizer (Swain et al.,
2012; Abdelmoteleb and Gonzalez-Mendoza,
2020). Solubilization of phosphate is one of
Bacillus’s inherent characteristics (Li et al.
2023). Mukhtar et al. (2017) determined that B.
safensis PSB5 and B. megaterium PSB12 from
wheat rhizosphere solubilized high phosphate
levels (305.6, 217.2, and 148.1 pg ml™).
Prajakta et al. (2019) reported that Bacillus
mojavensis  PB-35 had a  phosphate
solubilization ability of 86.88 among 95
rhizobacterial strains isolated from soybean
rhizosphere. In the current study, it was
determined that Bacillus mojavensis PCB-8
with 221.3 ppm and Bacillus mojavensis PCB-
11 with 206.6 ppm had a higher phosphate
solubilization ability. Jiang et al. (2020)
isolated 23 phosphate solubilizing bacteria,
most of which belong to Bacillus sp., from the
peanut rhizosphere and determined that it has a
high potential to dissolve calcium phosphate
(65- 496 mg L.

Wang et al. (2020) reported that the Bacillus
subtilis BPM12 strain in the corn rhizosphere
dissolved phosphate with a ratio of 189.1 pg
ml!. Gupta et al. (2022) determined that B.
subtilis PS4, isolated from 3 different rice
fields, was the strain with the highest
phosphate solubilization efficiency with a ratio
0f 50.9. It was determined that Bacillus subtilis
PCB-2 had a phosphate solubilization ability
of 233.5 ppm in NBRIP broth medium in the
present study. Dipta et al. (2017) found that
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Bacillus pumilus MKS5 in the cauliflower
thizosphere has phosphate  solubilizing
abilities at different tri-calcium phosphate
concentrations, with the highest phosphate
solubilization being at 500 ppm. Abdel-Hamid
et al. (2021) measured the diameters of the
clear zones formed by the endophytic isolates
Bacillus ~ velezensis T13 and  Bacillus
licheniformis T11 on Pikovskaya agar
medium, obtained from the roots of Thymus
vulgaris. They found that the phosphate
solubilizing activity of these diameters was
7.5£0.3 mm and 8.9+0.2 mm, respectively.
Sanchez-Gonzalez et al. (2022) reported that
Bacillus pumilus A3, among 5 strains in the
potato  rhizosphere, had a phosphate
solubilizing potential of 246 mg L!. These
findings are consistent with the results of the
current study. In the present study, Bacillus
pumilus PCB-6 was determined to have a high
(326.8 ppm) phosphate solubilizing potential.

4. Conclusion

Low phosphorus in agricultural soils is an
urgent problem affecting agricultural systems
worldwide, significantly limiting crop
productivity and leading to a significant
decrease in crop yields. The supplementation
of chemical P fertilizers to low phosphorus
deficiency in soils causes serious damage to
the environment by disrupting the ecosystem.
In addition, plants can absorb less than 30 % of
chemical phosphorus fertilizers. Therefore, it
is an inevitable fact that alternative natural
fertilizers are needed to eliminate phosphorus
deficiency in soils. Phosphate-solubilizing
bacteria contribute to the high availability of
soluble phosphates that can be assimilated by
plants by dissolving insoluble phosphate in the
soil and alleviate the problem of
immobilization of a large part of inorganic
phosphates applied to the soil by chemical
fertilizers. Several studies have shown that
many rhizosphere PGPR strains act as
phosphate solubilizers. Screening strategies
are needed to select the best local rhizobacteria
strains that are environmentally friendly to
prevent the long-term use of chemical
phosphorus fertilizers that cause
environmental and ecological problems. The
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use of phosphate-solubilizing local bacteria in
different rhizospheres is crucial for sustainable
agriculture as it reduces the need for chemical
fertilizers, lowers fertilizer costs, and
minimizes environmental harm. Although the
isolation of bacteria from different thyme
rhizospheres (Thymus danenensis) and their
plant growth promoting properties have been
investigated, there is no study on phosphate-
solubilizing bacteria in the Thymus vulgaris
rhizosphere. This is the first study on the
isolation of phosphate solubilizing bacteria
from the Thymus vulgaris rhizosphere. In this
study, 13 Dbacterial isolates from the
rhizosphere of Thymus (Thymus vulgaris L.)
had good phosphate solubilization ability.
When the phosphate solubilization abilities of
these phosphate solubilizing bacteria were
compared in NBRIP medium, the most
effective one was Bacillus pumilus PCB-6 with
326.8 pug ml'. This was followed by
Acinetobacter calcoaceticus PCB-3 with 313.8
ug ml' and Pantoeae agglomerans PCB-4
with 307.4 pg ml!, respectively. These
selected local isolates should be evaluated in
terms of competence, plant growth
performance, and antifungal activity against
different pathogens at greenhouse and field
levels.

References

Abdel-Hamid, M.S., Fouda, A., El-Ela,
H.K.A., El-Ghamry, A.A., Hassan, S.E.D.,
2021. Plant growth-promoting properties of
bacterial endophytes isolated from roots of
Thymus vulgaris L. and investigate their
role as biofertilizers to enhance the essential

oil contents. Biomolecular concepts, 12(1):
175-196.

Abdelmoteleb, A., Gonzalez-Mendoza, D.,
2020. Isolation and identification of
phosphate solubilizing Bacillus spp. from
Tamarix ramosissima rhizosphere and their
effect on growth of Phaseolus vulgaris
under salinity stress. Geomicrobiology

Journal, 37(10): 901-908.

987



Abdelshafy Mohamad, O.A., Ma, J.B., Liu, Y.
H., Zhang, D., Hua, S., Bhute, S., Li, L.
2020. Beneficial endophytic bacterial
populations associated with medicinal plant
Thymus vulgaris alleviate salt stress and
confer resistance to Fusarium oxysporum.
Frontiers in Plant Science, 11: 47.

Akgura, S., Cakmakgi, R., 2023. Bitki
gelisimini tesvik edici bakterilerin sam
corek otunda (Nigella damascena L.) bazi
bitkisel ozellikler iizerine etkisi. ISPEC
Journal of Agricultural Sciences, 7(3): 472-
488.

Aktas, Y., Togay, N., 2022. The Effects of iron
and phosphorus applications on the yield
and yield components 1n chickpea (Cicer
arietinum  L.). ISPEC  Journal  of
Agricultural Sciences, 6(2): 331-339.

Aliyat, F.Z., Maldani, M., El Guilli, M.,
Nassiri, L., Ibijbijen, J., 2022. Phosphate-
solubilizing  bacteria  isolated from
phosphate solid sludge and their ability to
solubilize three inorganic phosphate forms:
calcium, iron, and aluminum phosphates.
Microorganisms, 10(5): 980.

Algarni, M.H., Salkini, A.A., Abujheisha,
K.Y., Daghar, M.F., Al-khuraif, F.A., Abdel-
Kader, M.S., 2022. Qualitative, quantitative
and antimicrobial activity variations of the
essential oils isolated from Thymus vulgaris
and  Micromeria  fruticosa  samples
subjected to different drying conditions.
Arabian  Journal  for  Science and
Engineering, 47(6): 6861-6867.

Amooaghaie, R., Golmohammadi, S., 2017.
Effect of vermicompost on growth,
essential oil, and health of Thymus vulgaris.
Compost Science & Utilization, 25(3): 166-
177.

Amri, M., Rjeibi, M. R., Gatrouni, M., Mateus,
D. M., Asses, N., Pinho, H. J., Abbes, C.,
2023. Isolation, identification, and
characterization of phosphate-solubilizing
bacteria from Tunisian soils.
Microorganisms, 11(3): 783.

Giler

Arpanahi, A.A., Feizian, M., Mehdipourian,
G., Khojasteh, D.N., 2020. Arbuscular
mycorrhizal fungi inoculation improve
essential oil and physiological parameters
and nutritional values of Thymus daenensis
Celak and Thymus vulgaris L. under normal
and drought stress conditions. European
Journal of Soil Biology, 100: 103217.

Asra, R.H., Advinda, L., Anhar, A., 2024. The
Role of plant growth promoting
rhizobacteria (PGPR) in sustainable

agriculture. Journal of Serambi Biology,
9(1): 1-7.

Audipudi, A.V., Kumar, N. P., Sudhir, A., 2012.
Phosphate  solubilizing microorganisms
associated with Chollangi mangrove soil in
east coast of India. International Journal of
Scientific & Engineering Research, 3(11):
2229-5518.

Aula, N., Salsabila, S., Ramly, Z. A., Rose, S.
Y., Surtiningsih, T., Nurhariyati, T., 2023.
Exploration of phosphate solubilizing
bacteria from mangrove soil of Lamongan,

East Java, Indonesia. Biodiversitas. Journal
of Biological Diversity, 24(2): 1272-1278.

Bai, Y., Zhou, X., Smith, D.L., 2003. Enhanced
soybean plant growth resulting from
coinoculation of Bacillus strains with
Bradyrhizobium japonicum. Crop science,

43(5):1774-1781.

Barton, C.J., 1948. Photometric analysis of

phosphate rock. Amnalytical Chemistry,
20(11): 1068-1073.

Ben Zineb, A., Trabelsi, D., Ayachi, 1.,
Barhoumi, F., Aroca, R., Mhamdi, R., 2020.
Inoculation with elite strains of phosphate-
solubilizing  bacteria  enhances the
effectiveness of fertilization with rock
phosphates.  Geomicrobiology Journal,
37(1): 22-30.

Billah, M., Khan, M., Bano, A., Hassan, T.U.,
Munir, A., Gurmani, A.R., 2019.
Phosphorus and phosphate solubilizing
bacteria: Keys for sustainable agriculture.
Geomicrobiology Journal,36(10): 904-916.

988



Blanco-Vargas, A., Rodriguez-Gacha, L. M.,
Sanchez-Castro, N., Garzon-Jaramillo, R.,
Pedroza-Camacho, L.D., Poutou-Pinales,
R.A., Pedroza-Rodriguez, A.M., 2020.
Phosphate-solubilizing Pseudomonas sp.,
and Serratia sp., co-culture for Allium cepa
L. growth promotion. Heliyon, 6:(10).

Cheng, Y., Narayanan, M., Shi, X., Chen, X.,
Li, Z., Ma, Y., 2023. Phosphate-solubilizing
bacteria: Their agroecological function and
optimistic application for enhancing agro-
productivity. Science  of The  Total
Environment, 16(6): 468.

Clarke, P.H., Cowan, S.T., 1952. Biochemical
methods for bacteriology. Microbiology,
6(1-2): 187-197.

Dip, D.P., Sannazzaro, A.l., Otondo, J.,
Pistorio, M., Estrella, M.J., 2024.
Exploring phosphate solubilizing bacterial
communities in rhizospheres of native and
exotic forage grasses in alkaline-sodic soils
of the flooding pampa. Current
Microbiology, 81(7): 1-12.

Dipta, B., Kirti, S., Bhardwaj, S., Gupta, S.,
Kaushal, R., 2017. Phosphate solubilizing
potential of Bacillus pumilus for the
enhancement of Cauliflower (Brassica
oleracea  var. botrytis L.). Ecology,
Environment and Conservation, 23: 1541-

1548.

Geng, S., Soysal, M.1., 2018. Parametrik ve
parametrik olmayan ¢oklu karsilagtirma

testleri. Black Sea Journal of Engineering
and Science, 1(1): 18-27.

Gupta, R., Kumari, A., Sharma, S., Alzahrani,
O. M., Noureldeen, A., Darwish, H., 2022.

Identification, characterization and
optimization of phosphate solubilizing
rhizobacteria (PSRB) from rice

rhizosphere. Saudi Journal of Biological
Sciences, 29(1): 35-42.

Haghaninia, M., Rasouli, F., Javanmard, A.,
Mahdavinia, G., Azizi, S., Nicoletti, R.,
Caruso, G., 2024. Improvement of
physiological features and essential oil
content of Thymus vulgaris after soil
amendment with chitosan nanoparticles

Giler

under chromium toxicity. Horticulturae,
10(6): 659.

Haile, D., Tesfaye, B., Assefa, F., 2022.
Phosphate solubilizing bacteria (PSB)
isolation from tomato rhizospheres at koka
district, Ethiopia. Turkish  Journal of
Agriculture -  Food  Science  and
Technology, 10: 2892-2898.

Isiya, S., 2024. Biofertilizer production using
phosphate-solubilizing Pseudomonas spp.
isolated from rhizosphere soil: towards
indigenous biofertilizer for enhanced crop
productivity in Katsina, Nigeria. Journal of
Microbiology Research, 9(1): 123-133.

Jiang, H., Wang, T., Chi, X., Wang, M., Chen,
N., Chen, M., Qi, P., 2020. Isolation and
characterization of halotolerant phosphate
solubilizing bacteria naturally colonizing
the peanut rhizosphere in salt-affected soil.
Geomicrobiology Journal, 37(2): 110-118.

Kaur, M., Vyas, P., Rahi, P., Sharma, S., 2022.
Chlorpyrifos-and carbofuran-tolerant
phosphate-solubilising Arthrobacter
oxydans and Bacillus flexus improved
growth and phosphorus content in potato in
pesticide-amended soils. Potato
Research, 65(2): 213-231.

Khatami, S.A., Kasraie, P., Oveysi, M., Tohidi
Moghadam, H.R., Ghooshchi, F.; 2023.
Impacts of plant growth-promoting
bacteria, compost and biodynamic compost
preparations for alleviating the harmful
effects of salinity on essential oil
characteristics of lavender. Chemical and

Biological Technologies in
Agriculture, 10(1): 110.

King, E.J., 1932. The colorimetric
determination of phosphorus. Biochemical
Journal, 26(2): 292.

Kirui, C.K., Njeru, E.M., Runo, S., 2022.

Diversity and phosphate solubilization
efficiency of phosphate solubilizing
bacteria isolated from semi-arid
agroecosystems of eastern

Kenya. Microbiology Insights, 15: 117.

989



Lacava, P.T., Machado, P.C., de Andrade,
P.H.M., 2021. Phosphate solubilization by
endophytes from the tropical
plants. Endophytes: ~ Mineral  Nutrient
Management, 3: 207-226.

Li, H.P., Han, Q.Q., Liu, Q.M., Gan, Y.N.,
Rensing, C., Rivera, W.L., Zhang, J.L.,
2023. Roles of phosphate-solubilizing
bacteria in mediating soil legacy
phosphorus  availability. Microbiological
Research, 127375.

Linu, M.S., Asok, A.K., Thampi, M.,
Sreekumar, J., Jisha, M.S., 2019. Plant
growth promoting traits of indigenous
phosphate  solubilizing  Pseudomonas
aeruginosa isolates from chilli (Capsicum
annuum L.) thizosphere. Communications
in Soil Science and Plant Analysis, 50(4):
444-457.

Ma, Q., He, S., Wang, X., Rengel, Z., Chen, L.,
Wang, X., Zhang, X., 2023. Isolation and
characterization of phosphate-solubilizing
bacterium Pantoea rhizosphaerae sp. nov.
from Acer truncatum rhizosphere soil and
its effect on  Acer truncatum

growth. Frontiers in Plant
Science, 14:1218445.

Martinez-Hidalgo, P., Flores-Fé¢lix, J.D.,
Sanchez-Juanes, F., Rivas, R., Mateos, P.F.,
Santa Regina, I., Velazquez, E., 2021.
Identification of canola roots endophytic
bacteria and analysis of their potential as
biofertilizers for canola crops with special
emphasis on  sporulating  bacteria.
Agronomy, 11(9): 1796.

Meena, R.K., Singh, R.K., Singh, N.P., Meena,
S.K., Meena, V.S., 2015. Isolation of low
temperature  surviving plant growth—
promoting rhizobacteria (PGPR) from pea
(Pisum sativum L.) and documentation of
their plant growth promoting
traits. Biocatalysis and  Agricultural
Biotechnology, 4(4): 806-811.

Mehta, S., Nautiyal, C.S., 2001. An efficient
method for qualitative screening of
phosphate-solubilizing  bacteria. Current
Microbiology, 43: 51-56.

Giler

Murgese, P., Santamaria, P., Leoni, B.,
Crecchio, C., 2020. Ameliorative effects of
PGPB on yield, physiological parameters,
and nutrient transporter genes expression in
barattiere (Cucumis melo L.). Journal of
Soil Science and Plant Nutrition, 20(2):
784-793.

Muthuri, C., Nyambura, N.C., Njeri, V.M.,
Tani, A., Wangari, M.C., 2012. Isolation and
identification of endophytic bacteria of
bananas (Musa spp.) in Kenya and their
potential as biofertilizers for sustainable
banana production. African Journal of
Microbiology 6: 6414-6422.

Omar, F., 2022. Biofertilizer-biostimulant
potential of endophyte and rhizospheric
microorganisms for alfalfa tolerance to low
phosphorus availability: Agrophysiological
and biochemical aspects. PhD Thesis,
Universite  Sultan  Moulay  Slimane,
Morocco

Panhwar, Q.A., Othman, R., Rahman, Z. A.,
Meon, S., Ismail, M. R. 2012. Isolation and
characterization of phosphate-solubilizing

bacteria from aerobic rice. African Journal
of Biotechnology, 11(11): 2711-2719.

Pramanik, K., Mitra, S., Sarkar, A., Soren, T,
Maiti, T.K., 2017. Characterization of
cadmium-resistant Klebsiella pneumoniae
MCC 3091 promoted rice seedling growth
by alleviating phytotoxicity of
cadmium. Environmental  Science  and
Pollution Research, 24: 24419-24437.

Randive, V.S., Agnihotri, S.N., Bhagat, R.B.,
2024. Screening and optimization of IAA
production by pgpr 1solated from
rhizosphere of a Pterocarpus marsupium
and their effect on plant
growth. Screening, 12(1).

Rawat, P., Das, S., Shankhdhar, D.,
Shankhdhar, S.C., 2021. Phosphate-
solubilizing microorganisms: mechanism
and their role in phosphate solubilization
and uptake. Journal of Soil Science and
Plant Nutrition, 21(1): 49-68.

990



Rfaki, A., Zennouhi, O., Aliyat, F. Z., Nassiri,
L., Ibijbijen, J., 2020. Isolation, selection
and characterization of root-associated rock
phosphate solubilizing bacteria in moroccan

wheat (Triticum aestivum L.).
Geomicrobiology Journal, 37(3): 230-241.

Roychowdhury, R., Qaiser, T.F., Mukherjee, P.,
Roy, M., 2019. Isolation and
characterization of a  Pseudomonas
aeruginosa strain PGP for plant growth
promotion. Proceedings of the national

academy of sciences, India Section B:
Biological Sciences, 89: 353-360.

Sanchez-Gonzalez, M.E., Mora-Herrera, M.E.,
Wong-Villarreal, A., De La Portilla-Lopez,
N., Sanchez-Paz, L., Lugo, J., Yaez-
Ocampo, G., 2022. Effect of pH and carbon
source on phosphate solubilization by
bacterial strains in Pikovskaya medium.
Microorganisms, 11(1): 49.

Sarwar, M., Kremer, R.J., 1995. Determination
of bacterially derived auxins using a

microplate method. Letters in Applied
Microbiology, 20(5): 282-285.

Selcuk, M.E., Cakici, H., 2022. Kireg¢li alkalin
topraklarda mikrobiyal giibre (Bacillus spp)
ve ciftlik giibresi uygulamalarinin marul
bitkisinin (Lactuca sativa L.) beslenme
durumu ve verimi iizerine etkisi. ISPEC

Giler

Journal of Agricultural Sciences, 6(3): 471-
481.

Sharma, A., Dev, K., Sourirajan, A.,
Choudhary, M., 2021. Isolation and
characterization of salt-tolerant bacteria
with plant growth-promoting activities from
saline agricultural fields of Haryana,
India. Journal of Genetic Engineering and
Biotechnology, 19(1): 99.

Sivri, G.T., Oksiiz, O., 2019. Identification of
Propionibacterium spp. isolated from
mihalic  cheeses by MALDI-TOF
MS. Journal of Tekirdag Agricultural
Faculty, 16(2): 244-250.

Swain, M.R., Laxminarayana, K., Ray, R.C.,
2012.  Phosphorus solubilization by
thermotolerant Bacillus subtilis isolated
from cow dung microflora. Agricultural
Research, 1: 273-279.

Valli, C., Melzi, A., Zecchin, S., Cavalca, L.,
2023. Pseudomonas koreensis strain 69RS
promotes rice growth and P bioavailability:
Results from in vivo experiments.

Wang, Y., Li, P., Zhang, B., Meng, J., Gao, Y.,
He, X., Hu, X., 2020. Identification of
phosphate-solubilizing microorganisms and
determination  of  their = phosphate-
solubilizing activity and growth-promoting
capability. Bioresources, 15(2): 2560.

Giiler, M., 2024. Isolation and Identification of Phosphate Solubilizing Bacteria (PSB)
from the Rhizosphere of Thymus vulgaris L.. ISPEC Journal of Agricultural Sciences,

To Cite 8(4): 978-991.

DOI: https://doi.org/10.5281/zenod0.13589137.

991



