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Abstract The biotechnological potential of phosphate-solubilizing bacterial Pseudomonas
migulae strain GEOT18, isolated from the endosphere of Dactylorhiza incarnata (L.) So&
(Orchidaceae Juss) was investigated. The phosphate solubilizing activity of this strain was
assessed qualitatively and quantitatively by their ability to dissolve tricalcium phosphate. It was
established that the Pseudomonas migulae GEOT18 demonstrated strong phosphate-
solubilizing activity (the content of free phosphorus in the culture medium was 3.25 +0.05
mg/ml). It was revealed that P. migulae GEOT18 synthesizes indole-3-acetic acid into the
culture medium up to 21.1 1.4 mg/L. Furthermore, it was established that this strain produces
siderophores, can fix molecular nitrogen and does not show phytopathogenic activity. It was
proved that inoculation of the marigold Tagetes patula with the P. migulae GEOT18 strain
increases the biomass of plants and mass of inflorescence. It accelerates the transfer to the
generative phase and prolongs the duration of flowering and fruiting in comparison with non-
inoculated plants.

Keywords: Indole-3-acetic acid, Inorganic phosphorus, Nitrogen fixation, Phosphate-
solubilizing bacteria, Siderophores

Introduction

The normal development of plants is ensured by the presence of all the
essential macroelements and microelements in the required amount. Gradual
soil exhaustion leads to a decrease in the content of mineral and organic
substances, which requires additional soil fertilization. One of the main
chemical elements for plants is phosphorus. It is involved in many vital
processes, accelerates the development of plants, increases disease resistance
and sugar content in fruits, enhances rooting and fruiting (Butterly et al., 2009).
Especially, the necessity in this element is expressed at the initial period of the
development when the root system is formed and during the flowering and fruit
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formation. The lack of phosphorus in plants is usually expressed in a decrease
in the number of leaves and the size of the leaf blades or in their withering,
decrease in the rate of tillering and rooting, retardation of fruiting, and a reduce
of fruits number. The lack of phosphorus is an important factor that limits the
yield of agricultural plants (Yin, 2011).

The introduction of phosphorous fertilizers does not contribute to
phosphorus deficit elimination. It was found that only 10-25% of the introduced
phosphorus is taken up by plants. The major part of phosphorus is flushed away
from the soil or gets immobilized (Sharma et al., 2013).

Presently, there is a search for an alternative to mineral fertilizers that
would covers the needs in phosphorus and does not exert an unfavorable effect
on the environment. Such alternative can be endophytic microorganisms, in
particular, bacteria and fungi. Many of them are characterized by
microbiological solubilization of insoluble phosphorus into its soluble forms.
The most widespread method of phosphate solubilization in bacteria is the
excretion of organic acids (malic, lactic, citric, succinic, isovaleric, isobutyric,
and acetic acids) (Rodrmuez and Fraga, 1999). Gluconic acid, primarily
excreted by Pseudomonas and Bacillus, is especially effective. It binds with
tricalcium phosphate and other insoluble forms of phosphorus in the soil (iron
and aluminum compounds) and chelates Ca, Fe, and Al cations, which leads to
the formation of non-dissociating complexes, and the equivalent amount of
phosphate moves to the soil solution.

The plant endosphere contains a great number of plant-growth promoting
bacteria (PGPB). PGPB can stimulate the growth of plants and improve their
productivity due to mobilization of inorganic soil phosphates, fixation of
molecular nitrogen, and chelating of iron (Klopper et al., 1989; Firnkranz et
al., 2009; Babu et al., 2015; Hanif et al., 2015; Subramanium and Sundaram,
2020). The application of PGPB bacteria as inoculants showed positive results
in the increase in the yield of grain cultures such as Triticum aestivum, Zea
mays, Oryza sativa, and Saccharum officinarum (Mehnaz et al., 2001; Kim et
al., 2011; Bhattacharyya and Jha, 2012). Thus, the search was aimed to
investigate for new and more efficient strains of phosphate-mobilizing bacteria
in a relevant task.

Materials and methods

Bacterial strains and growth conditions

The study included a bacterial Pseudomonas sp. strain GEOT18 isolated
from the endosphere of Dactylorh a incarnata (L.) So& (Orchidaceae Juss.).
The strain was cultivated on the LB-agar plates at 28°C.
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DNA extraction, 16S rRNA amplification and phylogenetic analysis

Molecular genetic identification of the strain was performed by the PCR
amplification of 16S rRNA gene. Genomic DNA from the culture of bacterial
cells was extracted using the bacterial genomic DNA isolation kit ExtractDNA
(Evrogen) following the manufacturer's protocol. PCR amplification of 16S
rRNA gene was carried using universal prokaryotic primers 356F (5'-
ACWCCTACGGGWGGCWGC) and 1064R (5'-
AYCTCACGRCACGAGCTGAC) according to the standard method
(Sambrook et al., 2001).

PCR was performed with a commercial BioMaster HS-TagPCR-Color kit
(Evrogen) following the manufacturer's protocol. The conditions for PCR were
as follows: an initial denaturation at 95<C for 4 minutes, 30 cycles of
denaturation at 95<C for 1 minute, annealing at 55<C for 1 minute, extension at
72<C for 90 seconds, and final extension at 72 <C for 5 minutes after the cycles.

The PCR amplification products were detected by the method of gel-
electrophoresis on a 1.5% agarose gel. The isolation and purification of a DNA
fragment from the agarose gel were made with a commercial CleanupMini kit
(Evrogen) following the manufacturer's protocol. The identification of a
bacterial strain based on the analysis of the primary nucleotide sequence was
performed in the GenBank database using the BLAST software. A phylogenetic
tree, based on 16S rRNA sequences, was constructed by the neighbor-joining
method. The sequence obtained in this study was deposited in the GenBank.

Phosphate solubilization assay

Qualitative evaluation of the phosphate solubilization ability of the
Pseudomonas sp. GEOT18 was performed on Pikovskaya agar medium, g/L.:
NH,4CI — 1.0, MgSO, 7H,0 — 0.6, glucose — 10.0, Caz(PO4), — 6.0, solution of
microelements — 20 ml/L, agar-agar — 20.0. The content of microelement
solution, g/L: FeSO, 7H,0 — 0.01; CuSO4 5H,0 — 0.1; MnSO,4 2H,0 — 0.01.
The results were evaluated by the size of clear halo zone of dissolved phosphate
around the colony on the 3rd day of the cultivation.

Quantitative evaluation of phosphate solubilizing activity of the bacterial
strain was performed according to the accumulation of free phosphorus in the
liquid medium with tricalcium phosphate (TCP) with cultivated Pseudomonas
sp. GEOT18 by the spectrophotometric method with ammonium molybdate
(Murphy and Riley, 1962). The strain was cultivated in the liquid medium with
the following composition: NH,CI — 1.6 g/L, MgSO,4 7H,0 — 0.2 g/L, glucose —
20.0 g/L, TCP — 5.0 g/L, solution of microelements — 20 ml/L. The content of
microelement solution, g¢/L: FeSO,+H,O - 0.01; CuSO,5H,O0 - 0.1;
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MnSO, 2H,0 — 0.01. As a control sample, a sterile un-inoculated medium with
the same composition was used. The samples were cultivated in flasks with 100
ml of the medium on the shaker at 150 rpm at 28°C for 12 days. For this
purpoce a sample was centrifuged for 2 minutes at 8000 rpm and mixed with
the molybdenum reagent (H,SO, - 37.24 g/L; NaCl - 8.775 g/L;
(NH4)sM070,4 4H,0 — 2.348 g/L; Tween-80 — 20 ml) at the ratio of 4 ml of the
reagent to 20 i of supernatant. Absorbance was measured at OD340 in Unico
2802S/VIS spectrophotometer. All samples were in triplicate. The amount of
the released phosphorus was calculated from calibration curve of the KH,PO,
standard dilutions.

Simultaneously, the pH of the bacterial suspension were measured with
pH-meter pH-150M. The number of viable bacterial cells (CFU) in the cultural
liquid was estimated by the method of consecutive dilutions (Koch’s method)
on a meat-peptone agar medium.

I AA production assay

The IAA (indole-3-acetic acid) and its intermediates was assayed based
on the colorimetric method with Salkowski reagent (Tsavkelova et al., 2007).
The strain was cultivated in the LB medium on a rotor shaker ES-20 (Biosan,
Latvia) at 180 rpm at 28°C for five days. Simultaneously, un-inoculated LB
medium was incubated as control. After the cultivation, the sample was
centrifuged for 15 minutes at 7000 rpm. Salkowski reagent was added to 5 ml
of the supernatant at the ratio of 1:1. Salkowski reagent composition: 35%
HCl10O4 and 0.5 M FeClj; at the ratio of 50:1. After that, the flasks were placed in
the incubator at 30°C for 20 minutes. The absorbance of the liquid was
measured using a spectrophotometer Unico-2802S/VIS (USA) at 540 nm. The
content of IAA was calculated from calibration curve of the synthetic IAA
standard dilutions.

Capacity to siderophores production

The siderophore production of Pseudomonas sp. GEOT18 was evaluated
using Blue Agar CAS medium containing chrome azurol S (CAS) and
hexadecyltrimethylammonium bromide (HDTMA) as indicators (Schwyn and,
Neilads, 1987). The evaluation of siderophore production was made by the
orange colored zone around the Pseudomonas sp. GEOT18 colony.

Biological molecular nitrogen fixation assay

The capacity of the Pseudomonas sp. GEOT18 to fix nitrogen was
evaluated using Jensen selective medium of the following composition, g/L:
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KoHPO,4 — 1; MgSO,4 — 0.5; NaCl — 0.5; FeSO4 — 0.1; Na;MoO,4 — 0.005; CaCOg3
— 2; saccharose — 20; agar-agar — 15 (Jensen, 1942). The strain was cultivated in
an incubator at 28 °C for 4 days. The growth of bacteria on a selective medium
indicated nitrogen fixing activity.

Assay for phytopathogenic activity

The strain was tested for phytopathogenic activity by the presence of
maceration of the plant tissue in vitro on a potato tuber (Hussain et al., 2007).
Potato tubers were sterilized in 70% ethanol solution and cut into 1 cm cubes in
aseptic conditions. The studied strain was placed on plant tissue and cultivated
for five days at 28 ‘C. The presence or absence of maceration of the plant
tissues was evaluated visually.

Plant inoculation assay

Laboratory vegetative tests were performed for the evaluation of the
influence of Pseudomonas sp. strain GEOT18 on the growth and development
of Tagetes patula as a culture that is most sensitive to phosphorus deficiency.
The sand for the experiment was preliminary flushed, sieved through a 2.5 mm
gauge filter, and calcinated in a laboratory furnace at 200°C. The sand was
placed into pots with drainage to fill % of the volume. TCP was introduced in
some pots (0.5 g in each pot). The culture was introduced to the test samples
(not less than 10® CFU/mI). The cultivation was performed in a climatostate
KS-200 16 hours day/8 hours night for 60 days. The required elements were
introduced as a nutrient solution (NS) with the following composition, g/L.:
Ca(NOs); — 1; KH,PO4 — 0.25; MgSO4 — 0.25; KCI - 0.125; Fe,Clg — 5 drops of
a 1% solution. The source of phosphorus was insoluble TCP. The nutrient
solution without phosphorus was used as a control. Soil moisture was
maintained at the level of 60% from the maximum water-holding capacity. The
energy of seed germination was evaluated on the 3™ day after the seeding and
germination rate — on the 7" day after the seeding. The statistical analysis of the
data was performed using ATTESTAT 12.0.5 software and the “Microsoft
Excel” application.

Results
Identification of the isolated strain

A comparative analysis of the 16S rRNA gene sequence showed that the
strain belongs to the genus Pseudomonas and show the maximum sequence
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similarity 99% with P. migulae. This gene sequencing is deposited in GenBank
accession number MT180656. The phylogenetic tree was made using the
neighbor-joining method (Figure 1).
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Figure 1. Phylogenetic tree of the isolated strain and reference species based on
the 16S rRNA genes according to the neighbor-joining method

Phosphate-solubilizing activity of the isolated strain

Qualitative evaluation of the phosphate-solubilizing activity in the
Pikovskaya agar medium showed that the P. migulae GEOT18 demonstrates
strong capability of solubilization with a clear halo zone diameter 25 mm
(index of solubilization 5).

Quantitative analysis of phosphate-solubilizing capacity showed that the
maximum free phosphorus content in the culture medium with the P. migulae
GEOT18 was 3.2540.05 mg/ml (Figure 2A). An increase in the concentration
of soluble phosphorus was observed for 10 days, pH in the culture liquid
decreased from the initial 6.9 to 3.7 (Figure 2B). The growth dynamics of the
culture is presented in the graph (Figure 2C) showing that the strain
characterized by an active growth for 10 days. The exponential phase of the
growth was observed from the 1% to the 5™ day of cultivation. The maximum
number of cells was 7.2 IgCFU/m.

Influence of the isolated strain on Tagetes patula growth

The previous studies showed that inoculation of oat and barley with the P.
migulae GEOT18 exerted a positive effect on wet and dry plant mass,
development of leaves, and increase in the content of chlorophylls a and b in
comparison with the control (Rassokhina et al., 2020). In the present study the
influence of the P. migulae GEOT18 on the growth and development of T.
patula was evaluated in the conditions of sand culture. Several trials were
conducted to study the influence of phosphorus on the shoot length, root length,
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number of flowers, wet and dry mass of shoots, roots and flowers, and the rate
of flower formation (Table 1).
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Figure 2. P-solubilizing activity of Pseudomonas migulae GEOT18: P content
in the culture medium of P. migulae GEOT18 (A), Change in pH of medium of
P. migulae GEOT18 (B), the dynamics of P. migulae GEOT18 culture (C)
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Table 1. Effect of P. migulae GEOT18 on Tagetes patula growth

Shoot R Quantit Root  Shoot Wet Root  Shoot Dry
oot
. length y of wet wet mass of  dry dry mass of
Variant length
, om flowers mass, mass, flowers, mass, mass, flowers,
cm ' g g g g g g
\s LT3 336+ 478+ o010x 275+ o013 0% 020+ o0
143 0,35 0,49 0,02 0,40 0,06 0,008 0,06 0,03
NS-P 486+ 3,86 0,50+ 0,06+ 0,33 0,006 0,02+ 0,03% 0’0_?_05
0,61 1,03 0,23 0,007 0,03 0,004 0,003 0,003 —
0,0002
ggg'%‘igai 6,42+ 385+ 100+ 006+ 0,26+ 003+ 001+ 050+ 0,004+
NS-P 0,53 0,82 0,36 0,006 0,03 0,012 0,001 0,003 0,002
TCP + NS-P 10;38 3,11+ 2,13+ 0,10 1,28+ 0,21+ 0,05 0,13+ 0,04+
169 0,55 0,35 0,02 0,20 0,08 0,01 0,02 0,01
TCP + P. 13.00
migulae ' 4,64+ 3,83+ 0,09+ 148+ 048+ 0,03 0,17 0,09+
GEOT18 + Y 1,32 0,30 0,02 0,39 0,18 0,007 0,06 0,04
NS-P 3,10

NS —Nutrient solution
NS-P — Nutrient solution without phosphorus
TCP — tricalcium phosphate

The trial results showed that complete exclusion of phosphorus leads to a
decrease in the height of sprouts of T. patula by 2.5 times, decreases the wet
and dry mass of shoots by 8.5 times, the wet and dry mass of roots by 1.5 times,
and the number of flower by 9.5 times. Wet and dry mass of flower decreased
by 22 and 75 times, respectively, in the absence of phosphorus. These results
indicate the necessity of phosphorus for the growth and development of
generative organs. At the same time, it was revealed that the exclusion of
phosphorus from the medium and introduction of the studied strain did not
affect significantly the length of roots of T. patula.

Preliminarily introduction of TCP into the sand contributes to partial or
complete restoration of these parameters. Thus, the height of sprouts, wet and
dry root mass, and dry flower bud mass were completely restored. The number
of flower and wet and dry mass of shoots restored partially.

It was established that the inoculation of plants with the strain in the trials
with the preliminary introduction of TCP provided an increase in the height of
shoots in comparison with the control by 20% (10.7 and 13 g in the control and
trial, respectively) and dry mass of shoots by more than 30% in comparison
with un-inoculated plants. The introduction of the P. migulae GEOT18
increases the number of flowers by 80% in comparison with un-inoculated
plants. At the same time, the weight of flower increases by 2.2 times. The
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influence of the studied strain on the development of the root system (weight
and length) was not revealed.

The inoculation of plants with this strain in the trials without the
preliminary introduction of TCP (in the lack of the source of phosphorus)
increases the liner size of shoots (by 32% in comparison with the control), dry
mass of shoots increased insignificantly (by 10%). Besides, there was an
increase in the number of flower by 2 times in comparison with the un-
inoculated control.

Discussion

The application of microorganisms that mobilize phosphates is a good
alternative to mineral phosphate fertilizers or additives, because they contribute
to their better uptake. The Pseudomonas sp. GEOT18, isolated from the
endosphere of D. incarnata, was identified by the method of molecular-genetic
analysis that showed that this strain belongs to the genus Pseudomonas and
show the sequence similarity 99% with P. migulae. The evaluation of
phosphate solubilizing activity of the strain in vitro and uptake of insoluble
TCP in the Pikovskaya agar medium showed that the content of free phosphate
in the culture liquid was 3.2540.05 mg/ml, which exceeds this parameter in the
existing analogs (Oteino et al., 2015; Sharma et al., 2017; Suleman et al.,
2018). During the cultivation of the P. migulae GEOT18 in the medium with
TCP and phosphate mobilization, a decrease in the pH of cultural medium was
observed from the initial value of 6.9 to 3.7. According to the published data,
the acidification of the medium is provided by the expression of organic acids
(acetic, citric, gluconic, and 2-ketogluconic acid) by the bacteria. The synthesis
of these acids is one of the main mechanisms of insoluble soil phosphates
mobilization by the bacteria (Khan et al., 2010). During the cultivation of P.
migulae GEOT18, the maximum content of phosphates in the medium was
observed in cases with the maximal number of bacterial cells and minimal pH
in the cultural liquid, which agrees with the available published data (Li et al.,
2019).

The majority of endophytic strains of bacteria have several properties that
contribute to the growth and development of plants. One of the most significant
properties is the synthesis of indole-3-acetic acid that controls a wide spectrum
of the growth and development of plants: low concentratio2019ns of this acid
stimulate the primary root elongation and high concentrations stimulate the
formation of side roots and root hairs (Zhao, 2010; Saini et al., 2013). Besides,
some strains can produce siderophores, low-molecular substances that chelate
iron due to a high affinity to Fe (l1l). Thus, they increase its availability for
plants, which is important in the conditions of iron deficiency in the soil.
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Besides, the production of siderophores inhibits the development of pathogenic
microflora because the formed iron chelates are not available for pathogenic
microorganisms (Alexander et al., 1991). Biological nitrogen fixation is a
process of reduction of molecular nitrogen to ammonium under the influence of
nitrogenase observed in some endophytic microorganisms (Puri et al., 2018).
The fixation of molecular nitrogen plays an important role in the mineral
nutrition of plants because they cannot directly uptake molecular nitrogen.

The presence of these activities in the P. migulae GEOT18 indicated its
high biotechnological potential. This strain is perspective for the production of
biostimulators of plant growth.

The evaluation of the influence of the T. patula inoculation with this
strain showed that P. migulae GEOT18 contributed to an increase in the
vegetative mass (by more than 30%), mass of generative organs (by 2 times),
and height of plants (by 30%). It was established that the inoculation of plants
with the strain accelerates the formation of buds in plants by 2.5 weeks and
prolongs flowering. The obtained data confirm that symbiotic bacteria
Pseudomonas can increase the fertility of soil and the yield of plants. The lack
of positive influence of the strain on the length and mass of roots can be
explained by the synthesis of IAA at high doses that inhibit the development of
the main root and stimulate the formation of root hairs. Besides, due to the
availability of phosphorus, plants do not need to develop root system. The
positive influence of the P. migulae GEOT18 on some morphometric
parameters of the growth and development of plants in the trials without TCP
can be explained by the presence of growth stimulating properties in the studied
strain (synthesis IAA, nitrogen fixation, synthesis of siderophores). The
obtained data indicate that the strain provides solubility and better uptake of
nutrients, in particular, phosphorus, and can be considered as a perspective
option for the production of phosphorus solubilizing biofertilizers.

References

Alexander, B. D. and Zeeberi, D. A. (1991). Use of chromazurol S to evaluate siderophore
production by rhizosphere bacteria. Biology and Fertility of Soils, 2:39-54.

Babu, A. N., Jogaiah, S., Ito, S. I., Nagaraj, A. K. and Tran, S. P. (2015). Improvement of
growth, fruit weight and early blight disease protection of tomato plants by rhizosphere
bacteria is correlated with their beneficial traits and induced biosynthesis of antioxidant
peroxidase and polyphenol oxidase. Plant Science, 231:62-73.

Bhattacharyya, P. and Jha, K. D. (2012). Plant growth-promoting rhizobacteria (PGPR):
emergence in agriculture. World Journal of Microbiology and Biotechnology, 28:1327-
1350.

Butterly, C. R., Bunemann, E. K., McNeill, A. M., Baldock, J. A. and Marschner, P. (2009).
Carbon pulses but not phosphorus pulses are related to decrease in microbial biomass

1412



International Journal of Agricultural Technology 2022Vol. 18(4):1403-1414

during repeated drying and rewetting of soils. Soil Biology and Biochemistry, 41:1406-
1416.

FUrnkranz, M., Mdler, H. and Berg, G. (2009). Characterization of plant growth promoting
bacteria from crops in Bolivia. Journal of Plant Diseases and Protection, 116:159-155.

Hanif, M. K., Hameed, S., Imran, A., Naggash, T., Shahid, M. and Van Elsas, J.D. (2015).
Isolation and characterization of a B-propeller gene containing phosphobacterium
Bacillus subtilis strain KPS-11 for growth promotion of potato (Solanum tuberosum L.).
Frontiers in Microbiology, 6:1-12.

Hussain, A., Zia, M. and Mirza, B. (2007). Cytotoxic and antitumor potential of Fagonia
cretica L. Turkish Journal of Biology, 31:19-24.

Jensen, H. L. (1942). Nitrogen fixation in leguminous plants. I.General characters of root-
nodule bacteria isolated fromspecies of Medicago and Trifolium in Australia.
Proceedings of the Linnean Society of New South Wales 67: 98-108.

Khan, M. S., Zaidi, A., Ahemad, M., Oves, M. and Wan, P. A. (2010). Plant growth promotion
by phosphate solubilizing fungi—current perspective. Archives of Agronomy and Soil
Science, 56:73-98.

Kim, Y. C., Leveau, J., McSpadden Gardener, B. B. and Pierson, E. A. (2011). The
multifactorial basis for plant health promotion by plant-associated bacteria. Applied and
Environmental Microbiology, 77:1548-1555.

Klopper, J. W., Lifshitz, R. and Zablotowicz, R. M. (1989). Free-living bacterial inocula for
enhancing crop productivity. Trends in Biotechnology, 7:39-43.

Li, Y., Zhang, J., Zhang, J., Xu, W. and Mou. Z. (2019). Characteristics of Inorganic
Phosphate-Solubilizing Bacteria from the Sediments of a Eutrophic Lake. International
Journal of Environmental Research and Public Health, 16:2-15.

Mehnaz, S., Mirza, M. S., Haurat, J., Bally, R., Normand, P., Bano, A. and Malik, K. A. (2001).
Isolation and 16S rRNA sequence analysis of the beneficial bacteria from the
rhizosphere of rice. Canadian Journal of Microbiology, 47:110-117.

Murphy, J. and Riley, J. P. (1962). A modified single solution method for the determination of
phosphate in natural waters. Analytica Chimica Acta, 27:61-6.

Oteino, N., Lally, R. D., Kiwanuka, S., Lloyd, A., Ryan, D., Germaine, K. J. and Dowling, D
.N. (2015). Plant growth promotion induced by phosphate solubilizing endophytic
Pseudomonas isolates. Frontiers in  Microbiology 6(745). Retrieved from
https://www.frontiersin.org/articles/10.3389/fmich.2015.00745/full

Puri, A., Padda, K. P. and Chanway, C. P. (2018). Nitrogen-fixation by endophytic bacteria in
agricultural crops: recent advances. World's largest Science Technology & Medicine,
5:73-94.

Rassokhina, I. 1., Platonov, A. V. and Marakaev, O. A. (2020). Influence of Pseudomonas sp.
GEOT18 strain, isolated from underground bodies of Dactylorhiza incarnata (L.) Soo
(Orchidaceae Juss) on growth processes of cultural plants. International Research
Journal, 6-2:20-24.

Rodr fuez, H. and Fraga, R. (1999). Phosphate solubilizing bacteria and their role in plant
growth promotion. Biotechnology Advances, 17:319-339.

Saini, S., Sharma, I., Kaur, N., Pati, P. K. (2013). Auxin: A master regulator in plant root
development. Plant Cell Report, 32:741-757.

Sambrook, J. and Russell, D. W. (2001). Molecular cloning: A laboratory manual. 2nd ed. Cold
Spring Harbor: Cold Spring Harbor Laboratory Press, 2222 p.

Schwyn, B and Neilads, J. B. (1987). Universal chemical assay for the detection and
determination of siderophores. Analytical Biochemistry, 160:47-5.

1413


https://link.springer.com/journal/41348
https://pubmed.ncbi.nlm.nih.gov/?term=Leveau+J&cauthor_id=21216911
https://pubmed.ncbi.nlm.nih.gov/?term=McSpadden+Gardener+BB&cauthor_id=21216911
https://pubmed.ncbi.nlm.nih.gov/?term=McSpadden+Gardener+BB&cauthor_id=21216911
https://www.ncbi.nlm.nih.gov/pubmed/?term=Li%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=31212977
https://www.ncbi.nlm.nih.gov/pmc/journals/876/
https://www.ncbi.nlm.nih.gov/pmc/journals/876/

Sharma, R., Pal, J. and Kaur, M. (2017). Isolation of phosphate solubilizing Pseudomonas
strains from apple rhizosphere in the Trans Himalayan region of Himachal Pradesh.
Retrieved from https://doi.org/10.1101/193672;

Sharma, S. B., Sayyed, R. Z., Thivakaran, A. and Trivedi, M. (2013). Phosphate solubilizing
microbes: sustainable approach for managing phosphorus deficiency in agricultural
soils. SpringerPlus, 2:587.

Subramanium, N. and Sundaram, L. (2020). Siderophore producing Pseudomonas spp. isolated
from rhizospheric soil and enhancing iron content in Arachis hypogaea L. plant.
International Journal of Agricultural Technology, 16:429-442.

Suleman, M., Yasmin, S., Yahya, M, Atta, B. M. and Mirz, M. S. (2018). Phosphate
solubilizing bacteria with glucose dehydrogenase gene for phosphorus uptake and
beneficial effects on wheat. Plosone, 13(9). Retrieved from
https://doi.org/10.1371/journal.pone.0204408

Tsavkelova, E. A., Cherdyntseva, T. A., Botina, S. G. and Netrusov, A. I. (2007). Bacteria,
associated orchid roots and microbial production of auxin. Microbiological Research,
162:69-76.

Yin, Y. (2011). Screening of phosphorus-solubilizing strain and its phosphate dissolving
mechanism. Master dissertation, Dalian University of Technology, Dalian.

Zhao, Y. (2010). Auxin biosynthesis and its role in plant development. Annual Review of Plant
Biology, 61:49-64.

(Received: 21 June 2021, accepted: 30 December 2021)

1414


https://doi.org/10.1371/journal.pone.0204408

