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ABSTRACT

Since phosphorus remains mostly in an un-utilizable form in soil, the phosphate solubilizing bacteria
(PSB) can be employed to increase availability of soluble usable phosphorus in the rhizosphere. Three
highly efficient phosphate solubilizing strains were screened out from the rhizospheric soil of BRRI-28
rice variety and characterized for plant growth promoting and abiotic stress tolerance properties. 16S
rRNA gene sequence analysis identified the three isolates as Enterobacter and Klebsiella strains. They
exhibited multiple plant growth promoting traits including auxin secretion, zinc solubilization, or ammonia
production. The phosphate solubilizing and zinc solubilizing indices of the isolates were determined.
Lipolytic activity was found to be the most common hydrolytic activity detected in all of the isolates. The
PSB were further evaluated for their tolerance to different degrees of salinity (3 to 11% NacCl), drought
(10 to 50% PEG-6000) and temperatures (20, 30 and 37°C). The isolates tolerated salinity stress up to
7% NacCl, drought stress up to 30% PEG-6000, and grew at all the tested temperatures with maximum
growth detected at 30 or 37°C. Therefore, the phosphate solubilizing isolates can be considered candidates
as microbial inoculants for plant growth enhancement and agricultural productivity under stress
conditions.

Key words: Phosphate solubilizing bacteria, rice PGPR, abiotic stress tolerance, zinc solubilizing bacteria,
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INTRODUCTION

Phosphorus is a macronutrient essential for
the synthesis of vital cellular structures and
catalysis of many biochemical reactions in
plants (Dandessa and Bacha, 2018). It is
required for the development of roots,
strengthening of stalks and stems, formation
of flowers and seeds, nitrogen-fixation in the
legumes, disease resistance, plant maturity
and quality of production (Alori et al., 2017).
Particularly noteworthy is its contribution in
the absorption and transformation of solar
energy into beneficial plant chemicals (Johan
et al., 2021). Despite being one of the most
essential nutrients, phosphorus is not amply
available to plants like oxygen and hydrogen
which can be obtained from water, or nitrogen
which is fixated from atmosphere by nitrogen-
fixing bacteria. Phosphate solubilizing bacteria
(PSB) can play a major role in this regard since

they solubilize organic and inorganic
phosphates and make them available to plants.
The evidence for the natural solubilization of
phosphates by rhizospheric microorganisms
was reported back in 1903 (Awais et al., 2017).
Among the rhizospheric microbes, bacteria are
known to be more efficient in phosphate
solubilization than their fungal counterparts
(Tariq et al., 2022). The PSB includes both
Gram-positive and Gram-negative organisms
and belong to a variety of species particularly
within the genera Acinetobacter, Bacillus,
Pseudomonas, Massilia, Arthrobacter,
Stenotrophomonas, Ochrobactrum, Cupriavidus,
Burkholderia, Pseudomonas, Enterobacter,
Pantoea, Paraburkholderia, Cronobacter,
Ralstonia, Curtobacterium and Massilia (Wan et
al., 2020; Kirui et al., 2022). Their phosphorus
solubilizing activity depends mainly on their
secretion of (i) organic acids such as citric acid,
gluconic acid, glyconic acid, lactic acid, oxalic
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acid, malic acid, acetic acid, butyric acid,
glyoxalic acid, tartaric acid, etc. which chelate
cations bound to phosphates thus converting
them into soluble forms and (ii) phosphatases
that mineralize and immobilize organic
phosphates in soil (Kalayu, 2019). Moreover,
microbes produce H,S as a metabolic
intermediate in the process of organic
decomposition or sulfate reduction which
reacts with ferric phosphate to form ferrous
sulfate with concomitant release of the bound
phosphorus (Florentino et al., 2016). In
addition, the phosphorus solubilizing
microorganisms also assimilate ammonium
to synthesize amino acids, releasing the
excess proton into the surroundings which also
assists in dissolving the insoluble phosphates
(Gaind, 2016).

In addition to making phosphorus available to
plants, the PSB may also provide additional
plant growth promoting activities (Chowdhury
etal.,, 2022). For example, many PSB produce a
variety of phyto-hormones such as auxins,
gibberellins, cytokinins, or polyamides to
stimulate plant growth (Santana et al., 2016);
protect plants from phyto-pathogens by the
secretion of antibiotics and antifungal
metabolites (Jog et al.,, 2014; Paul and Sinha,
2017a), enhance seed germination by
inhibiting seed mycoflora that are harmful for
plants (Islam et al., 2016); increase
accessibility of other trace elements by
siderophore production; solubilize the fixed
form of zinc making it available to plants (Alori
et al.,, 2017) and so on. Using the above
mechanisms, PSB not only promote plant
growth, they can also reduce the use of
chemical fertilizers which are relatively
expensive and less eco-friendly.

In the present work, rhizo-bacteria were
isolated from the roots of BRRI-28 rice variety
to obtain the PSB strains. The BRRI-28 rice
was developed by Bangladesh Rice Research
Institute in 1994. Since its release, BRRI-28
has been a very popular and high yielding
variety for the Boro (dry) season which
stretches from November to April. The grain
of this rice variety is medium, slender and
white and the average plant height is 90 cm.
The yield of BRRI-28 varies by district and is
7.5 tonnes per hectare in average (Mainuddin
etal.,2021). The PSB isolated from BRRI-28 in
the study, were taxonomically characterized
by both molecular and biochemical analysis

and examined for their various plant growth-
promoting effects such as auxin production,
nitrogen fixation, zinc solubilization, ammonia
production and secretion of hydrolytic
exoenzymes. Moreover, the abiotic stress
tolerance of the isolates was assessed in
different stress conditions such as drought,
high salinity and temperature.

MATERIALS AND METHODS

Soil closely adjoining to the roots of BRRI-28
rice plants was collected from rice fields near
Chittagong University. The soil samples were
taken in sterile polythene bags, brought to the
laboratory and sstored at 4°C. They were then
thoroughly mixed and used for subsequent
bacterial isolation.

Bacterial isolation was carried out using the
conventional spread plate technique. 10 g of
sample was dissolved in 90 ml sterile water,
shaken for 30 min on a rotary shaker and 10!
serial dilutions were prepared. 100 pl
suspension from each dilution was spread on
nutrient agar, incubated for 24 h and colonies
with dissimilar characteristics were picked.
Each colony was repeatedly streaked on fresh
media until the colony seems homogenous and
preserved at -20°C.

To detect the presence of phosphate
solubilizing ability, isolates were grown on
Pikovskaya’s agar medium (PVK) containing
insoluble tricalcium phosphate and incubated
at 30°C for seven days. Formation clear zone
around bacterial growth was used as an
indicator of phosphate solubilization. Further,
the diameter of the clear zone and that of the
colony was measured and phosphate
solubilization index (PSI) was calculated
following Paul and Sinha, 2017 as:

Diameter of the zone of clearance
including colony

PSI =
Diameter of colony only

16S rRNA genes of selected isolates were
amplified by PCR with the genomic DNA used
as template using the universal primers 27F
(5- AGAGTTTGATCNTGGCTCAG-3") and 1492R
(5°- GCTTACCTTGTTACGACTT- 37) as
described previously (Hossain et al., 2020).
Subsequently, the PCR products were
sequenced using the Applied Biosystems
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BigDye™ Terminator v3.1 (Thermo Fisher
Scientific K. K.) according to the
manufacturer’s protocol. The sequences were
deposited in the GenBank database under the
accession numbers OP467564-OP467566.
Sequence similarity analysis was carried out
by comparing the 16S rDNA sequences with
those in the GenBank database using the blast
suite optimized for highly similar sequences
(mega blast). The taxonomic assignment was
based on per cent identity, query coverage and
the number of hits obtained against each taxon
(Ali et al., 2021; Hossain et al., 2022).
Morphological and biochemical properties of
the isolates such as colony characteristics,
cell morphology, catalase, oxidase, indole and
sugar fermentation tests were carried out
according to conventional techniques.

Fresh colonies of the isolates were streaked
on Norris Nitrogen free medium with glucose
as the carbon source and incubated for five
days at 30°C (Mei et al., 2021). Isolates that
grew were streaked again on fresh Norris
Nitrogen free medium for two successive times
and examined for growth.

For zinc solubilization assay, spot inoculation
was performed with freshly grown bacterial
colonies on Tris-minimal salt agar (Tris—HCI
6.06 g; NaCl, 4.68 g; KCI, 1.49 g; NH,Cl, 1.07 g;
Na,SO,, 0.43 g; MgC1,-2H,0, 0.2 g; CaCl:2H,0,
30 mg (supplemented with 0.1% zinc in the
form of zinc oxide) agar plates and incubated
for 14 days at 30°C. The formation of clear zone
around colonies indicated a positive result.
After 14 days of incubation, diameter of clear
zone and colonies was measured and zinc
solubilization index was calculated following
the equation used for PSI determination as
described above (Kamran etal., 2017a).
Overnight bacterial colonies were cultured in
3 ml of LB broth supplemented with 1 g/I
tryptophan and incubated at 28°C for 24 h. One
ml of the culture was transferred to eppendorf
tubes and centrifuged at 10000 rpm for 5 min.
Subsequently, 0.1 ml of supernatant and 0.1
ml of Salkowski’s reagent (2 ml of 0.5 M FeCl,
in 98 ml of 35% perchloric acid) were vigorously
mixed and kept in dark for 30 min. Appearance
of pink to reddish pink colour indicated a
positive result for IAA production.

Freshly grown bacterial colonies were cultured
in peptone water at 37°C for 48-72 h and 0.5
ml of Nessler’s reagent was added.
Development of brown to yellow colour

indicated a positive reaction as per standard
test protocol.

The selected isolates were tested for the
production of protease, lipase, pectinase,
cellulase and amylase enzymes as previously
described (Hossain et al., 2020, 2021; Uddin et
al., 2021). For each enzyme assay, fresh,
exponentially grown bacterial culture was
streaked on agar media containing the
appropriate substrate and incubated for two
days at 30°C (Hossain et al., 2020). To detect
protease activity, isolates were grown on
gelatin agar medium and protease activity was
indicated by clear zone developed around the
colonies after staining with 15% mercuric
chloride solution (Hossain et al., 2021). To
detect lipolytic activity, isolates were grown on
Tween 80-agar plates stained with methyl red
solution and examined for the appearance of
clear halo zone around bacterial colonies
(Hossain et al., 2020). Pectin-agar media were
used to determine the pectinolytic activity.
Plates were flooded with potassium iodide
solution and clear zones surrounding the
colonies confirmed pectinase production
(Hossain et al., 2020). Isolates were screened
for cellulolytic activity by growing them onto
carboxymethyl cellulose media. After 48 h
incubation at 30°C, the plates were flooded with
Congo red solution for 10 min and de-stained
with 1 M NaCl for 15 min. The cellulolytic
activity was indicated by yellow zone around
colonies (Uddin et al., 2021). Amylolytic activity
was examined on starch-agar plates flooded
with potassium iodide solution (Hossain et al.,
2021). Clear zone around the colonies
indicated amylase activity.

To evaluate NaCl tolerance efficiency, 1% of
fresh exponentially grown bacterial culture was
inoculated in Luria Bertani broth
supplemented with 3, 5, 7, 9 or 11% of NaCl
and incubated at 30°C for 48 h. Growth was
determined by measuring the optical density
(OD) in a spectrophotometer (Thermo Fisher
Scientific, USA) at 600 nm after 24 and 48 h
(Sharma et al.,, 2016). Osmotic stress was
tested by inoculating the isolates in Luria
Bertani broth supplemented with 10-50% PEG-
6000, followed by incubation at 30°C for 24 to
48 h. Growth was estimated after 24 to 48 h
spectrophotometrically at 600 nm.

The optimal temperature for rice cultivation
is between 25 and 35°C, and rice growth is
favoured in an area with a moderate
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temperature (Nishad et al, 2018). Therefore,
the temperature tolerance of the isolates was
examined at 20, 30 and 37°C. 1% bacterial
culture was inoculated in Luria Bertani (LB)
broth medium and incubated at the above
temperatures for 24 h. Cell growth was
estimated after 24-48 h by measuring OD at
600 nm.

RESULTS AND DISCUSSION

Sixty-two rhizobacteria were isolated in total
from the root associated soil of BRRI-28 rice
variety. Upon their screening for phosphate
solubilization on Pikovskaya’s medium, seven
isolates were found producing clear zones by
the degradation of tricalcium phosphate in
media. The seven phosphate-solubilizing
rhizobacteria were taxonomically characterized
by both 16S rRNA gene sequence analysis and
biochemical tests which suggested that some
of the isolates represented the same strain
and there were three dissimilar species among
the isolates. Similarity search by NCBI BLAST
showed over 99% identity of their 16S rRNA
genes to the species of Klebsiella (strain PSB7)
and Enterobacter (strains PSB9 and PSB28).

Table 1. Morphological and biochemical properties of the PSB

Their morphological, biochemical and growth
properties which suggested that the isolates
were Gram-negative, indole and oxidase
negative, and catalase, citrate and VP positive.
The two Enterobacter isolates were found to be
motile, while the Klebsiella was non-motile.
The isolates were able to ferment glucose,
galactose, mannose, maltose, raffinose and
glycerol (Table 1).

The relative phosphate solubilization capacity
was estimated based on the diameter of
phosphate solubilization zone presented as PSI
(Fig. la). The Enterobacter sp. strain PSB28
showed the highest phosphate solubilization
capacity (PSI 5.60) followed by Klebsiella sp.
strain PSB7 (PSI 4.70) and Enterobacter sp.
strain PSB9 (PSI 2.41).

The PSB isolates were further examined for
additional traits of plant growth enhancement
such as nitrogen fixation, zinc solubilization,
auxin production, and ammonia production.
Only PSB9 showed all the above plant growth
promoting traits, whereas PSB7 and PSB28 had
ammonia production and zinc solubilization
activity but lacked the nitrogen fixation and
auxin production ability (Table 2). The extent

Features PSB7 PSB9 PSB28
Colony properties

Colour Off white Off white Creamy white
Texture Transparent Opaque Opaque
Margin Entire Entire Entire

Shape Circular Circular Circular
Elevation Convex Raised Pulvinate
Diameter 0.4 cm 0.3cm 0.3cm
Cellular properties

Gram staining - - -
Cell shape Short rod Short rod Cocci

Cell arrangement Single Pair Pair

Growth on media

Slant growth Spreading Filiform Filiform
Growth in broth Sediment Sediment Turbid

Deep glucose agar
Growth

Condition
Biochemical test
Catalase

Oxidase

Indole

Citrate

Motility

Methyl red
Voges-proskauer
Sugar fermentation
Glucose

Galactose
Mannose

Maltose

Raffinose

Glycerol

Growth thoughout the media
Facultative
Anaerobic

+

+ o+ o+ o+

Growth thoughout the media
Facultative
Anaerobic

+ 04 4

+ o+ o+ o+

Growth thoughout the media
Facultative
Anaerobic

+ 04 4

+ o+ o+ o+ o+
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Fig. 1. Phosphate solubilization index (PSI) of rhizobacterial isolates (A) after seven days of incubation on
Pikovskaya's agar plate supplemented with tricalcium phosphate at 30°C and zinc solubilization
index (ZSI) (B) after 14 days of incubation at 30°C on zinc oxide-containing agar media. The
results are the mean value of three replicates; error bars represent standard deviation.

of zinc solubilization as indicated by zinc
solubilization index (ZSI) suggested that PSB7
and PSB28 both possessed relatively high
capacity for zinc solubilization. The three PSB
were further investigated for the production of
extracellular hydrolytic enzymes including
protease, lipase, pectinase, cellulase and
amylase in which the isolates showed
production of relatively limited number of
enzyme (Table 3). Only lipase was produced by
all the three PSB strains. PSB9 could produce
pectinase also, but protease, cellulase and
amylase activities were not detected in any of
them.

Table 2. Additional plant growth promoting activity of the PSB

Isolates Nitrogen Ammonia IAA Zinc
fixation production production solubilization
PSB7 - ++ - +++
PSB9 +++ +++ ++ ++
PSB28 - +++ - +++

- =no production, + =low production, ++ = moderate production
and +++ = high production.

Table 3. Hydrolytic enzyme secreted by the PSB

Isolates Lipase Pectinase Protease Cellulase Amylase
PSB7 + - - - -
PSB9 + + - - -
PSB28 + - - - -

-=no hydrolytic activity and + = hydrolytic activity detected.

Whether the isolates can counteract
environmental stress while enhancing plant
growth was assessed at 20, 30 and 37°C
temperature, 3 to 11% NaCl, and 10 to 50%
PEG. The PSB could grow well at all
temperatures tested with the maximum
growth usually observed at 30°C and reduced
growth at 20°C. Moderate to good growth was
observed at most of the drought and salinity
conditions (Fig. 2). The isolates showed good
tolerance up to 7% of NaCl and 30% of PEG
6000. Expectedly, growth was reduced at the
extreme drought and salinity stresses.

Phosphorus is one of the most critical nutrients
for plant growth, and the lack of phosphorus,
therefore, results in the plants’ growth
disturbance (Mohamed et al., 2018). Although
when chemical fertilizers are added to the soil,
plants can only utilize low amounts of
phosphatic fertilizers (Bindraban et al., 2020).
In this consideration, choosing a highly
effective PSB can essentially increase the
amount of phosphorus in the plant rhizosphere.
Additionally, it contributes to the growth of
plants by participating in processes like
photosynthesis, energy transmission,
signalling, macromolecular biosynthesis and
respiration (Wu et al., 2019). In the present
study, three of the rice rhizobacterial isolates
exhibited phosphate solubilizing efficacy.
Their genetic identification revealed that two
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Fig. 2. Tolerance of the isolates to temperature (A), salt (B) and drought (C) stresses. The values given are
the mean of three replicates and error bars indicate the standard deviation.

of them belonged to Enterobacter and one
was Klebsiella. Gram staining confirmed the
three strains as gram-negative bacteria.
Indeed, previous research suggested that the
rhizosphere of some plants preferred Gram-
negative to the Gram-positive rhizobacteria
(Zapata etal., 2021). For example, a number of
studies reported several efficient gram-
negative PSB from sugarcane and rice
rhizosphere including - Klebsiella sp.,
Pseudomonas sp., Enterobacter sp. and
Rhizobium sp. which were able to release high
amount of phosphorus (Rfaki et al, 2015; Awais
et al.,, 2017). It was proposed that Gram-
negative bacteria dissolve mineral phosphates
more efficiently than Gram-positive strains
due to the production of a significant number
of organic acids into the extracellular media

by the metabolism of carbohydrates, primarily
glucose (Chakdar et al., 2018; Kalayu, 2019).
However, phosphate solubilization has been
detected in both Gram-positive and Gram-
negative bacteria species belonging to the
genera Acinetobacter, Arthrobacter, Bacillus,
Burkholderia, Cronobacter, Cupriavidus,
Curtobacterium, Enterobacter, Massilia,
Ochrobactrum, Pantoea, Paraburkholderia,
Pseudomonas, Ralstonia, Stenotrophomonas, etc.
(Wan et al., 2020; Kirui et al., 2022).

The motility test showed that the two
Enterobacter strains were motile and the
Klebsiella strain was non-motile while all were
able to utilize citrate as a carbon source. The
flagellar motility and citrate utilization are
both thought to play a significant role in the
competitive colonization of bacteria in the roots
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and their maintenance (Liu et al., 2017; O’Neal
et al.,, 2020). Moreover, it is believed that
bacterial motility is crucial for phosphorus
transfer in the soil (Shahid et al., 2015).
Chemotaxis allows motile bacteria as easier
access to root exudates in the rhizospheric zone
(Shahid et al.,, 2015; Feng et al.,, 2021).
Furthermore, it was also suggested that
motility might improve rhizoplane competency
with regards to bacterial migration from bulk
soil to roots and along roots, enabling the PGPR
to colonize plant roots in a variety of ways (Liu
et al, 2017; Vandana et al., 2021). Following
root surface colonization, PGPR can promote
plant growth by influencing plant nutrition and,
in some situations, enhancing the plant’s
disease resistance (Pérez-Montano et al.,
2014). Our results also demonstrated that the
three PSB were capable of producing catalase
which is also important since it is related to
the ability of bacteria to protect plants against
the oxidative stress (Santos et al, 2018).

The PSB varied in their solubilization indices
(SI) was found between 5.60 and 2.50 which is
similar to those reported by Elias et al. (2016)
wherein the phosphate solubilizing activity
varied in the range of 4.50 to 2.56. Paul and
Sinha (2017a) reporteds SI of 2.85 for the strain
Pseudomonas aeroginosa KUPSB12. The
Enterobacter sp. strain PSB9 of the present
study had highest SI, while PSB28 and the
Klebsiella sp. strain PSB7 had a better activity.
Similar to their phosphate solubilization index,
PSB7 and PSB28 also showed a relatively high
activity in their solubilization of zinc, another
essential nutrient for optimal plant growth.
The deficiency of zinc causes yield loss of crops
around the world. PGPR which are capable of
zinc solubilization transforms the inorganic
zinc into available forms. Bacterial strains that
have shown zinc solubilization on a lab scale
include Pseudomonas fragi, Pantoea dispersa,
Pantoea agglomerans, Enterobacter cloacae,
Rhizobium sp. (Kamran et al., 2017a) Bacillus
sp. (Zaheer et al., 2019) Bacillus sp.,
Pseudomonas striata, Pseudomonas fluorescence,
Burkholderia cenocepacia, etc. (Abaid Ullah et
al.,, 2015). Previous research showed that
Enterobacter cloacae isolated from rice roots
could solubilize the insoluble Zn compounds
such as ZnO, ZnCO, and Zn,(PO,), (Kamran et
al., 2017). Vaid etal. (2014) showed an increase
of rice growth by 42.7% when inoculated with
zinc-solubilizing bacteria. Growth enhancement

by the zinc solubilizing PGPR was also
demonstrated in Zea mays L., soybean and
wheat (Khande etal, 2017). The Zn-solubilizing
bacterial strains solubilize the unavailable
form of zinc by producing chelating ligands;
secreting organic acids, vitamins and
phytohormones; and through oxidoreductase
systems and proton extrusion. Organic acid
production by bacterial strains is a major
mechanism used for Zn solubilization. Among
organic acids, 2-ketogluconic acid and gluconic
acid production by PGPR is responsible for the
solubilization of Zn (Kushwaha et al., 2021; Li
etal.,2021).

The three phosphate solubilizing rhizobacteria
showed additional growth promoting activities
including IAA production, nitrogen fixation, or
ammonia production. PSB9 had all the above
traits but PSB7 and PSB28 had only ammonia
production activity. IAA, the most well-known
phytohormone, is essential for root, flower and
leaf cell division as well as senescence and
initiation (Meng et al., 2019). IAA is also
considered to assist rice plants to have deep
root systems, which enable the plants to
survive in arid environments. In soil
microorganisms, IAA biosynthesis can be
triggered by the presence of L-tryptophan
derived from root exudates (Susilowati et al.,
2018). Bacterial species of the genera
Aerobacter, Pseudomonas, Bacillus and Klebsiella
were reported to have the potential to produce
IAA. Moreover, several Enterobacter species
were previously demonstrated to have a
capacity of releasing high levels of IAA (Ghosh
et al, 2015; Nutaratat et al., 2017). Nitrogen
fixation is also an important growth promoting
quality. By producing the nitrogenase enzyme,
bacteria convert nitrogen gas to ammonia that
plants can use (Rapson et al., 2020; Watanabe
etal., 2021). In the present study, only one of
the Enterobacter strains showed nitrogen fixing
activity. Enterobacter species were already
described previously having potential to fix
atmospheric nitrogen (Ji et al.,, 2020;
Panneerselvam et al, 2021). Although previous
research also reported such activity in some
Klebsiella species (Macedo-Raygoza et al.,
2019), the other Klebsiella strain of this study
didn’t show nitrogen assimilation from
atmosphere. All the three PSB isolates,
however, could produce ammonia. Hence, they
might be able to provide ammonia to the plants
as a nitrogen source for their growth. (Banik
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et al., 2019). Ammonia production by the
Enterobacter and Klebsiella species is also
supported by previous studies (Kusale et al.,
2021) which helps plants in root and shoot
elongation and increases their biomass. In the
screening of extracellular hydrolytic enzyme
production, all isolates showed lipolytic activity
by which they might lyse fungal cells and help
plants in the biocontrol of pathogenic fungi
(Figueira et al., 2019). The lipase activity might
also provide them with higher root colonizing
ability (Lelapalli et al., 2021). The Enterobacter
sp. strain PSB9 additionally had pectinase
activity which can facilitate its invasion and
colonization in the plant root tissue (Adeleke
etal.,2021).

The PSB isolates exhibited tolerance to
temperature, salt and drought up to a certain
level. Growth was not hampered at any of the
temperatures examined i.e. 20, 30 and 37°C,
while the optimal temperature for rice
cultivation is between 25 and 35°C. Salt
tolerance towards 3 to 7% NaCl was found in
all isolates. Similar findings were also reported
in other studies (Sharma et al., 2015;
Abdelmoteleb and Gonzalez-Mendoza, 2020).
Tolerance of drought equivalent to at least 30%
PEG 6000 was also detected in all PSB isolates.
In separate studies, Ahmed et al. (2021) and
Chen et al. (2021) reported Enterobacter and
other species tolerating an osmotic potential
up to -0.3 MPa (15% PEG). At higher
concentrations of PEG, however, bacterial
growth gradually decreased. In another study,
tolerance to as much as 40% PEG by some
bacterial isolates was reported (Getahun etal,
2020). It has been suggested that the PGPR
strains that are capable of enduring the harsh
environments can also help plants survive
environmental stresses (Mohanty etal., 2021).
Plants are exposed to a variety of abiotic stimuli
during ontogenesis including the salinity,
temperature and drought, which can cause
severe reduction in crop yield and compromise
with their survival. Stress adapting phosphate
solubilizing microbes play important functions
in promoting plant growth under the abiotic
stress conditions (Kour and Yadav, 2022).
Studies have shown that rhizobacteria help
improve stress tolerance by enhancing plant
growth, stimulating production of
phytohormones, solubilizing phosphates,
lowering ethylene levels, and upregulating the
expression of dehydration response and
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antioxidant genes (Gupta et al., 2022).The PSB
of this study, having the excellent in vitro
abilities for both plant growth promotion and
abiotic stress tolerance should, therefore, be
tested for their applicability in further field
studies. Their successful inoculation can
impart a significant boost in plant growth and
agricultural yield.
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