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Abstract

The experiment was conducted in kharif, 2020 (July to October) at SG College of Agriculture and Research Station, Jagdalpur, Chhattisgarh,
India to explore the phosphate solubilizing bacteria from finger millet rhizosphere. Thirty rhizobacteria from finger millet rhizosphere
were screened for their in-vitro phosphate solubilizing potential on solid and liquid National Botanical Research Institute’s (NBRIP) media
containing insoluble tricalcium phosphate by two methods: visual evaluation of solubilization zone around colonies (halo) and determination
of solubilized phosphates in liquid medium by the colorimetric method of vanado-molybdate yellow. Nineteen isolates tested positive for
P-solubilization on NBRIP-Bromophenol medium with P-solubilization index ranging from 1.53—2.55. Based on the results of halo method,
19 positive isolates were inoculated in liquid medium and periodically analyzed for P-solubilization by the colorimetric method and effect
on pH of the media. In the liquid NBRIP media, the bacterial isolates showed phosphate solubilization ranging from 21.31-114.87 mg |,
The liquid media with insoluble tricalcium phosphate turned from turbid to clear after rhizobacterial cultivation and reduction in broth pH
was recorded. Screening of PSB isolates for IAA production revealed that 17 out of 19 isolates produced a pink halo with varied intensity
around the colony immobilized on nitrocellulose membrane suggesting IAA production with halo diameter range of 1.1-2.9 cm. Five most
potent phosphate solubilizing rhizobacterial isolates were selected to assess their effect on finger millet growth. The isolates significantly
improved the plant growth in terms of plant height, root length, plant biomass and chlorophyll content compared to the control.

Keywords: Bioinoculants, IAA, P-solubilization, plant growth promotion

1. Introduction large part of the soluble form of inorganic phosphate applied
. . . to the soil is rapidly immobilized and becomes unavailable to
Phosphorus (P) is one of the major elem.ents requm.ad plants (Kumar and Shastri, 2017, Paz-Ares et al., 2022). Only
for growth and development of plants. It is an essential  15_709% of the total P applied to soil is taken up by plants as
nutrient for diverse metabolic and physiological processes inorganic phosphates (Helfenstein et al., 2018). Additionally,
encompassing energy metabolism, cell division, DNA synthesis  excessive application of inorganic fertilizers in excess of the
and phospholipid biosynthesis, primarily as phosphate (Pi)  amount thatis commonly employed can lead to environmental
or Pi esters (Stigter and Plaxton, 2015; Isidra-Arellano et al.,  problems such as, groundwater contamination and waterway
2021). Usually, the phosphorus content of soil is about 0.05%  eutrophication (Liu et al., 2021; Ibrahim et al., 2022). It
(w/w); however, only 0.1% of this phosphorus is available for  is therefore of great interest to investigate management
plant use (Alori et al., 2017). Inadequate P in soil adversely strategies that can improve phosphorus fertilization efficiency,
affects fruit production, quality traits during vegetative growth  increase crop yields and reduce environmental pollution.
and root development, eventually resulting in reduced crop  Phosphate solubilizing microbes (PSMs) are a group of
yields (Khan et al., 2023). Usually, soil phosphorus deficiencyis  beneficial microorganisms mainly bacteria but also fungi and
managed by the application of phosphorus fertilizers to ensure ~ archaea capable of hydrolyzing organic and inorganic insoluble
higher crop productivity (Amri et al., 2023). However, the major  Phosphorus compounds to soluble P form that can easily be
problem with the application of chemical fertilizers is that a  assimilated by plants (Raymond et al., 2020, Li et al., 2021).
W
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Among PSMs, phosphate-solubilizing bacteria (PSB) are of
significant interest owing to their ubiquitous nature and as an
important part of Plant Growth Promoting Bacteria (Luo et al.,
2024). PSB can solubilize soil-insoluble phosphates through
mechanisms as the secretion of organic acids, the production
of enzymes, and the excretion of siderophores (Puri et al.,
2020; Pan and Cai, 2023). In addition, PSB can promote plant
growth through the production of hormones like auxins,
cytokinins and gibberellic acid, ACC-deaminase, hydrogen
cyanide and siderophores (Rawat et al., 2020). PSM provide
an ecofriendly and economically sound approach to overcome
P scarcity and its subsequent uptake by plants (Kalayu., 2019;
Bargaz et al., 2021).

Finger millet is an important climate-resilient nutri-cereal crop
for the low socio-economic group. It is a highly significant
crop due to its rich nutritional and bioactive profile, along
with high climate resilience (Kaur et al., 2024; Mbinda and
Mukami, 2021). However, it is mainly grown under low
nutrient management condition including meager phosphatic
fertilizers application which leads to poor yield potential.
Moreover, cultivation of finger millet is mainly confined to
rainfed conditions, wherein nutrient and moisture stresses are
greatest constraints in its production (Prabhakar et al., 2023).
Phosphorus is one of the essential nutrients that is mostly
deficient in the rainfed conditions. Major part of the water-
soluble P of added P fertilizers soon become unavailable due to
chemical fixation in soils (Shen et al., 2023). P is often a limiting
factor because most of P in soil exists as unavailable form for
plants (Meng et al., 2021). Use of PSMs is a viable strategy
for improving the P availability in soil. Considering this, the
present study was intended towards exploration of Phosphate
Solubilizing Bacteria from finger millet rhizosphere which may
help in increasing the use of fixed P in soil and improving crop
production under nutrient poor rainfed condition.

2. Materials and Methods

The experiment was conducted in kharif, 2020 (July to October)
at SG College of Agriculture and Research Station, Jagdalpur,
Raipur, Chhattisgarh, India. Thirty antagonistic rhizobacteria
isolated from finger millet rhizosphere were selected from
our previous experiment (Kumari et al., 2020). The bacterial
isolates were screened for their in-vitro phosphate solubilizing
potential on solid media and liquid medium.

2.1. Solubilization of phosphates
2.1.1. On solid agar medium

The bacterial isolates were screened for their in-vitro
phosphate solubilizing potential on NBRIP solid medium
(ingredients (g I'): glucose, 10.0; tricalcium phosphate (TCP),
10.0; MgCl,.6 H,0, 5.0; MgSO0,.7H,0, 0.25; KCI, 0.2; (NH,),SO,,
0.1 with bromophenol blue) containing blue bromophenol,
which produced yellow-colored halos around the colonies due
to organic acid production (Gupta et al., 1994). The ability of
bacteria to solubilize the TCP was determined by measuring
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the halo diameter around the colonies after the inoculation of
fresh bacterial suspension on the NBRIP agar media containing
bromophenol. The solubilization index (SI) was calculated
after 3, 6%, 9™ and 12 day of incubation at 28+2°C using
the following formula:

SI=(CD+HD)/CD

where CD is the colony diameter, and HD is the halo zone
diameter

2.1.2. Quantitative estimation of phosphate solubilization in
liquid medium

The phosphate solubilizing capacity of the PSB isolates was
also evaluated based on the colorimetric measurement of the
concentration of solubilized phosphates in liquid medium. 100
ml NBRIP broth (containing (g I'): glucose, 10.0; tricalcium
phosphate (TCP), 10.0; MgCl,.6 H,0, 5.0; MgSO,.7H,0, 0.25;
KCl, 0.2; (NH,),SO,) was inoculated aseptically with 1 ml of
culture broth having OD of 1.5 at 600 nm. The aliquots were
incubated with shaking at 28°C up to 12 days. Five ml of the
growth medium from each flask was taken out on 3%, 6%, 9t
and 12* day, filtered through Whatman No. 1 filter paper, and
centrifuged at 10,000 rpm for 20 minutes. Quantification of
solubilized phosphorus in the cell free culture supernatant was
carried out by the colorimetric method of vanado-molybdate
yellow at 430 nm (Dipak and Sankar, 2017). For this, 0.5 ml or
1 ml of the supernatant was taken, 2.5 ml of Barton’s reagent
was added and volume was made up to 50 ml with double
distilled water (ddw). After 10 minutes, the intensity of yellow
color was read at 430 nm and the amount of P-solubilized
was extrapolated from the standard curve prepared using
potassium dihydrogen orthophosphate. The pH of the broth
medium was also measured with a digital pH meter at 37, 6',
9t and 12 day of incubation. All experiments were carried
out in triplicate for each isolate.

2.2. IAA-producing ability determination of PSB

The qualitative assay for IAA production by PSB rhizobacterial
isolates was conducted by the method of Bric’s et al. (1991).
Sterilized Petri dishes containing Luria agar supplemented
with 3 Mm L-Trp was inoculated with bacterial inoculums,
then, overlaid with an 82-mm-diameter disk of Whatman no.
1 filter paper, incubated at 27°C for 2 to 4 days. Salkowski’s
reagent (1 ml of 0.4 M FeCl, in 50 ml of 35% perchloric acid)
was added on the filter paper after 48h of incubation. Pink
colouration indicated production of IAA. The results were
also analyzed visually on a three point scale (+: low; ++:
medium and +++: high) and diameter of pink colour around
immobilized bacterial colony was measured.

2.3. Study of effect of seed bacterization with phosphate
solubilizing bacteria on finger millet growth under polyhouse
condition

The ragi cultivar Uddru mallaige was used to study the effect
of selected phosphate solubilizing rhizobacterial isolates on
plant growth. Finger millet seeds were surface sterilized with
0.1% mercuric chloride for 30 s followed by consecutive 5-6
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washings with sterile distilled water. The bacterial inoculum
was prepared by inoculating in nutrient broth followed
by incubation at 28°C for 24 h at 150 rpm. Bacterization
of seeds was carried out by imbibing in selected bacterial
suspension (1x108 cfu ml*) @ 50 g 10 ml* for 3-4 h with gentle
shaking at 150 rpm while control seeds were incubated with
uninoculated nutrient broth under the same conditions. Ten
seeds were sown in each cup and were maintained under
greenhouse conditions at 35+2°C with a photoperiod of 12/ 12
h (light/dark) and watered periodically. Seeds soaked in sterile
uninoculated nutrient broth served as control. The experiment
was carried in a completely randomized block design with
three replications per treatment. Growth parameters including
seed germination, plant and root length, plant and root fresh
weight, and chlorophyll content (Arnon, 1949) were recorded
20 days after germination.

2.4. Statistical analysis

Experimental data were analyzed using standard analysis of
variance (ANOVA) followed by Duncan’s multiple range test
(DMRT) using CPCS1 software. Differences were considered
significant at the p<0.05 level. Standard errors were calculated
for all mean values.

A one-way ANOVA, followed by Tukey’s test, was conducted
to analyze the data sets obtained from the quantitative
estimation of PGP traits. Student’s t-test was used to analyze
the data of seed germination/vigor index experiments. The
significance level for all analyses was p=0.05.

3. Results and Discussion

Soil microorganisms play an important role in maintaining
natural ecological balance through active participation in
carbon, nitrogen, sulfur, and phosphorous cycles maintaining
the stability of the plant-soil ecosystem (Huet et al., 2023) .
Phosphate-solubilizing bacteria (PSB) are of high importance
in the rhizosphere, enhancing the solubilization of inorganic
phosphorus complexes into soluble forms available for
plant nutrition. The investigation of this species of bacteria
is of major interest in agriculture, as they can be used as
biofertilizers for crops.

3.1. Screening of rhizobacteria for P-solubilization

All the rhizobacterial isolates in the present study were
screened for phosphate solubilization on National Botanical
Research Institute’s phosphate-bromophenol blue (NBRIP-
BPB) solid media supplemented with TCP as the only source of
phosphorus. The phosphate solubilization ability was marked
by the formation of yellow halos around the bacterial colony.
The isolates showed a clear halo zone around their colonies,
which could be the result of the production of organic acids
or polysaccharides, or the activity of phosphatase enzymes
(Paul and Sinha, 2013). The average Phosphate Solubilization
Index (PSI) of the isolates is presented in Table 1 which ranged
from 1.53-2.55 (Table 1). In a similar finding, Batool and Igbal
(2019) reported that phosphate solubilization index of 10 most
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Table 1: P-solubilization potential of rhizobacterial isolates
on NBRIP medium

Isolates P-solubilization index
Days after incubation

2 5 7
A-1 - - -
A-2 1.44+0.20 1.64+0.13 1.66+0.13
A-3 - 1.50+0.12 1.58+0.13
A-5 - - -
A-6 1.30+0.20 1.42+0.12 1.61+0.13
A-7 1.66+0.30 1.81+0.14 1.92+0.14
A-8 1.63+0.12 1.67+0.14 2.00£0.24
A-9 1.5040.13 1.60+0.22 1.7040.13
A-10 1.38+0.14 1.70+0.13 2.00£0.15
A-11 1.22+0.11 1.45+0.11 1.67+0.12
P-1a 1.2240.11 1.8940.15 1.80+0.14
P-4c - - -
P-5a 1.88+0.14 2.11+0.26 2.00+0.24
P-5¢ - - -
P-8b - 1.90+0.14 1.91+0.24
P-8d - 1.50+0.13 1.61+0.12
P-8e - - -
B-11c - - -
B-12a - - -
B13a - 1.47+0.12 1.58+0.12
B-13b - 1.63+0.13 1.80+0.13
B-16a 1.22+0.11 2.00£0.14 2.30£0.15
P-17a 1.4410.12 1.7840.14 2.00+0.13
P-17b 1.33+0..11 1.46+0.11 1.66+0.12
B-19a 1.38+0.14 1.50+0.12 1.53+0.11
B-19d - -
P-20a - - -
P-21a 1.5+0.13 2.2240.26 2.55+0.25
P22a - - -
B24a - - -

Values represent meanzSE of three replicates

promising PSB from wheat rhizosphere ranged between 4-6.
Further, formation of yellow halo around the colonies on blue
background (Figure 1) illustrated the role of organic acids in
the solubilization of inorganic phosphates. Supplementing
our finding, acidification via release of organic acids has been
reported to be major contributing factor in solubilization of
different insoluble compounds including phosphates and zinc
(Costerousse et al., 2018).
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Figure 1: (a) Yellow halo around the bacterial isolates on NBRIP-
Bromophenol agar medium indicative of P-solubilization; (b)
Formation of pink halo around the bacterial colonies overlaid
with Whatman no.1 filter paper ion treatment with Salkowski
reagent indicating IAA production

The isolates tested positive for P-solubilization on solid
medium were inoculated in liquid medium and periodically
analyzed for P-solubilization and effect on pH of the media. It
was observed that water soluble inorganic phosphate values
in the supernatants harboring phosphate solubilizing strains
were all higher than those of the control. All liquid media

with insoluble tricalcium phosphate turned from turbid to
clear after rhizobacterial cultivation. The phosphate value and
the pH of the 19 phosphate solubilizing strains are shown in
Table 2. The abilities of most phosphate solubilizing bacterial
isolates to dissolve calcium phosphate varied significantly.
After calibration with the control, the phosphorus content
in the culture medium was in a range of 21.31-107.95 mg
I*. In general, these results were consistent with the above-
mentioned halo-zone experiments but with slight differences,
which may be due to the non-diffusion or unclear diffusion of
the acid produced by the strains on the solid plates. Similarly,
Batool and Igbal (2019) reported the P solubilization capacity
of selected strains from agar plate in the range of 30-246 mg
ml? in liquid NBRIP broth containing tricalcium phosphate
as a source of insoluble P. However, they reported no direct
correlation between ‘P’ solubilizing activity in solid and liquid
assay.

In the liquid medium, compared with the control group, the
pH of all the strains was found to decline, indicating that acidic
substances were produced during the culture of phosphate
solubilizing bacteria. Similar finding of decrease in pH in liquid

Table 2: P-solubilization by rhizobacterial isolates in liquid medium

Isolates P-solubilization (ppm)

od 3d 6d 9d 12d

pH pH ppm pH ppm pH ppm pH ppm
A-2 7.4+0.00 5.2+0.03 42.55+1.47 5.0+0.06 55.59+1.49 4.8+0.03 69.56+1.47 4.840.11 75.78£2.18
A-3 7.4+0.00 5.940.11 12.42+0.70 5.1+0.03 27.95+0.09 5.2+0.11 43.48+2.01 4.9+0.12 62.55+2.31
A-6 7.4+0.00 5.5+0.06 20.50+0.73 5.0+0.02 40.99+1.14 5.1+0.12 55.90+1.97 5.2+0.08 63.35%1.73
A-7 7.4+0.03 5.3+0.08 19.87+1.07 4.9+0.11 38.82+1.05 5.0+0.08 42.23+1.28 5.0£0.06 83.85+2.31
A-8 7.4+0.00 5.3+0.03 27.33#1.34 5.3+0.08 44.72+0.99 5.3+0.17 48.45+1.41 5.4+0.00 59.32+1.34
A-9 7.4+0.00 5.8+0.11 33.97+1.14 5.6+0.11 51.11+0.64 5.5+0.15 62.05+1.18 5.1+0.03 97.95%#1.70
A-10 7.4+0.00 5.4%0.06 29.57+0.90 5.1+0.03 54.84+1.06 5.5+0.14 74.84+1.64 5.1+0.09 100.99+1.15
A-11 7.4+0.00 5.3+0.03 26.094+0.62 5.1+0.03 42.55+1.47 5.2+0.08 41.61+0.92 5.2#0.12 41.62+1.51
P-1a 7.4+0.00 5.5+0.08 23.29+0.74 5.3+0.06 22.67+0.96 5.3+x0.11 25.46+1.42 5.1+0.15 29.81+1.62
P-5a 7.4+0.00 5.8+0.12 25.7841.02 5.8+0.11 32.23+1.28 5.7+0.15 38.82+1.05 5.1+0.08 55.59+2.07
P-8b 7.4+0.00 5.6+0.11 15.53+0.88 5.4+0.12 22.36+1.33 5.4+0.11 78.88+1.66 5.3+0.11 31.99%1.72
P-8d 7.4+0.00 5.4+0.06 18.94+0.84 5.4+0.08 53.73+2.15 5.4+0.06 71.12+1.22 5.240.12 101.86%+3.10
B13a 7.4+0.00 5.5+0.03 51.55+0.89 5.3+0.07 61.80+1.03 5.2+0.03 90.68+1.12 5.2+0.03 79.81%2.20
B-13b 7.4+0.00 5.6%0.11 36.33%0.76 5.1+0.06 54.04+1.17 5.2+0.06 92.24+2.44 4.8+0.06 82.61+2.08
B-16a 7.4+0.00 5.5+0.12 46.46+1.84 5.4+0.08 65.71+2.98 5.2+0.11 89.19+1.26 5.5+0.07 114.87+3.76
P-17a 7.4+0.00 4.8+0.06 52.48+0.85 4.8+0.11 72.36+1.93 4.7+0.12 77.02+1.18 4.8+0.11 111.49+3.46
P-17b 7.4+0.00 5.3+0.03 25.47+0.84 5.1+0.00 68.3241.91 5.1+0.11 78.88+2.24 4.9+0.17 80.59+2.88
B-19a 7.4+0.00 5.5+0.11 24.84+0.48 5.0+0.09 51.24+0.71 5.1+0.03 62.42+1.39 4.9+0.12 86.02+2.32
P-21a 7.4+0.00 5.0+0.09 68.63+1.51 4.9+0.12 73.60+2.07 5.0+0.00 73.91+2.25 4.8+0.06 99.10+1.21
Control 7.4+0.00 7.3+0.06 4.21+0.12 7.0+0.08 5.83+0.47 7.0+0.03 6.33#0.31 7.0£0.06 6.6410.67
Values represent mean#S.E. of three replicates

»
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NBRIP medium accompanied by phosphate solubilizing activity
of rhizobacterial isolates has been reported (Batool and Igbal,
2019). Nevertheless, alower pH did not mean a stronger ability
to dissolve phosphorus. For example, the isolate A2 showed
phosphorus content of 75.78 ppm, much lower than the
highest P-solubilization exhibited by isolate P17d i.e. 114.59
ppm, in the culture even when the pH was as low as of 17d
(4.8). In a similar experiment, Amri et al. (2023) reported that
bacterial strains isolated from forest and agricultural soil of five
Tunisian regions showed phosphate solubilization ranging from
535.70 to 618.57 pug mlt in the NBRIP medium, and 374.20
to 544.28 ug mlt in the PVK medium. The best phosphate
solubilization ability and higher reduction in broth pH, which
indicates higher organic acid production, were achieved in
NBRIP broth for most of the PSB. The microbial ability to
solubilize P has led to several hypotheses. Some revealed
a significant correlation between the culture pH and the
P-solubilizing ability, while others revealed the P-solubilizing
effect of phosphate-solubilizing microorganisms was caused
by various organic acids like gluconic acid, citric acid, oxalic
acid, and tartaric acid into the surroundings s that chelate the
phosphate-bound cations like Ca?* Fe*, Fe?* and Al** ions to
dissolve the insoluble phosphate (Rawat et al., 2021). Another
mechanism for inorganic phosphate solubilization is the
production of inorganic acids like Sulfuric acid, carbonic acid,
hydrochloric acid, and nitric acid by reducing the same soil
pH level as organic acids but with less efficiency (Elhaissoufi
et al., 2020) Role of proton extrusion has also been reported
to be another important mechanism in P-solubilization
(Kalayu, 2019; Javed et al., 2023). Therefore, the mechanism
of phosphorus solubilization by microorganisms needs to be
investigated further.

3.2. Assessment of IAA production of p-solubilizing bacteria

Endogenously produced or exogenously applied organic
substances are known as regulators of plant growth and
development (Kadmiri et al., 2018). They are active in a
very low concentration and affect several morphological
and physiological processes. Among the different types of
plant growth regulators, IAA has important functions in
cell proliferation, apical dominance, tropic responses, and
reproduction (Puri et al., 2020). Various rhizobacterial strains
have been reported to produce IAA in significant amounts and
help in plant growth promotion. Many PSB are reported as
plant growth promoters, with their beneficial effects on plants
including alleviation of nutrient deficiency via phosphorus
solubilization (Amri et al., 2023, Parnell et al., 2016).

The present study revealed that Indole acetic acid production
was characteristic of almost all the PSB bacterial isolates.
Seventeen out of 19 PSB isolates immobilized on nitrocellulose
membrane produced a pink ring around the colony suggesting
production of IAA (Figure 1). Qualitative determination carried
out using Whatman no.1 filter paper provides an easy, time
saving protocol for IAA production. Intensity of colour further
signified the amount of IAA production. Bric et al. (1991)

o
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reported that the colorimetric reaction to IAA is limited to
a region immediately surrounding each colony, is specific to
isolates producing IAA, occurs within 1 h after the membrane is
placed in the reagent, and is sensitive to as little as 50 pmol of
IAAin a 2-mm spot. Development of pink colour with addition
of salkowski reagent was observed with 17 isolates highest
diameter being observed with isolate P1a (2.9 cm) followed
by A9 (2.7), B8b (2.7) and B8d (2.7) (Table 3).

Table 3: IAA production by rhizobacterial isolates by filter
paper assay

Isolates Intensity of color Dia (in cm)
A-2 ++ 1.1+0.11
A-3 + 1.9+0.05
A-6 + 1.8+0.08
A-7 ++ 2.3+0.11
A-8 +++ 2.620.05
A-9 +++ 2.7+0.17
A-10 ++ 2.5+0.08
A-11 + 1.610.02
P-1a +++ 2.9+0.17
P-5a - -
P-8b ++ 2.7+0.08
P-8d +++ 2.7+0.02
B13a +++ 2.610.11
B-13b ++ 2.5+0.11
B-16a + 2.0£0.05
P-17a ++ 2.440.11
P-17b ++ 1.60.11
B-19a - -
P-21a ++ 1.4+0.11

+: light; ++: moderate; +++: high intensity; Values represent
mean 1S.E. of three replicates

3.3. Effect of seed bacterization with potent phosphate
solubilizing bacteria on finger millet growth

Of 19 phosphate solubilizing rhizobacterial isolates, 5 most
promising phosphate-solubilizing bacterial strains (viz. A9,
A10, B16a, P17a, P21c) were selected for seed bacterization
and to assess their effect on finger millet growth. Finger millet
seeds inoculated with different strains exhibited significantly
different increases in plant height, plant fresh weight, root
length, root fresh weight and chlorophyll content, which was,
in all cases, significantly higher than that of control seedlings
(p<0.05). Amonginoculated seedlings, A10 treated seedlings
exhibited the highest increase in plant height (20.19 cm),
which was about 1.16 times that of the control followed by
B16aand A9 seedlings with 1.12-fold and 1.119-fold increases
plant height, respectively, as compared to that of control
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seedlings. Of 5 rhizobacterial isolates used for seed priming,
10 isolates significantly improved the plant growth in terms
of plant height, root length, plant biomass and chlorophyll
content compared to the control (Table 4). Although, higher
germination percent was recorded in treated plants, increase
was not significant compared to control. Treatment recorded
13.6-34.8% increase in plant fresh wight over control, highest
being with A-10 followed by B16a which was significantly
higher than in control. Significant increase in root length
was recorded with all the isolates ranging from 13.44-38.2%
increase over the uninoculated control. Significant increase
in root fresh weight was recorded with all the isolates in the
range of 18.8—-30.4% over control. In a similar report, Batool
and Igbal., (2019) reported that Phosphate solubilizing
rhizobacteria (PSRB) based biofertilizer led the significant
(p<0.05) effect on growth parameters of wheat such as
decrease seed germination date while increase shoot, root
length and biomass of wheat. Chlorophyll content also
recorded an increase with seed bacterization which was in
the range of 9.7-15.0%, 1.31-21.68% and 9.58-18.17% in
case of chlorophyll a, chlorophyll b and total chlorophyll
content. While all the isolates recorded significant increase
in chlorophyll a, chlorophyll b and total chlorophyll content,
P17a showed highest significant increase in chlorophyll a while
B16a exhibited highest chlorophyll b and total chlorophyll
content among all the treatments. Studying the influence of
PSB on the morphological and physiological characteristics
of finger millet seedlings and thereby unraveling the growth-
promoting properties of these bacteria can prove useful for
the application of PSB to plants. Plant height, root length, plant

and root biomass and other morphological growth indicators
are a direct manifestation of the efficiency of seedling growth.
The results of this study showed that phosphorus-solubilizing
bacteria promote the growth of finger millet seedlings in terms
of plant height and root length, plant and root biomass to
varying degrees. This might be due to the PSB strains dissolving
the insoluble phosphate in the soil and enhancing the
available P content by producing organic acid and extracellular
phosphatases (Chen et al., 2021). Another possibility might
be related to the metabolism of PSB, producing a variety
of plant hormones, acids, and vitamins (Yu et al., 2011).
This is consistent with the findings of Cui et al. (2020) who
demonstrated that phosphorus-solubilizing bacteria can
promote plant growth and increase rhizome and leaf biomass.
Similarly, (Chen et al., 2021) found that the inoculation of PSB
significantly promoted plant height, ground diameter, and
biomass, which can be due to the organic acids production
(such as gluconic, formic, and citric acids) by these strains. In
this study, the plant height growth and biomass of seedlings
treated with bacteria were significantly higher than those of
control seedlings. In a similar experiment, Harinathan et al.
(2016) reported that inoculation of phosphate solubilizing
bacteria in finger millet and pearl millet increased the plant
height, numbers of tillers, root length and shoot length.
Multiple growth promoting factors have been reported to be
responsible for significant responses. IAA plays significant role
in plant signaling pathways to coordinate the physiological
and morphological responses especially in induction of root
development in young seedlings (Sekar et al., 2018).

Table 4: Effect of rhizobacterial isolates on growth parameters of finger millet

Treat- % germi-  Plant height  Plant fresh  Root length  Root fresh  Chlorophyll Chloro- Total chloro-
ments nation (cm) weight (cm) weight a(mgg?) phyll b phyll (mg g?)
(g) (g) (mgg?)
A9 93.33 19.42+0.60 0.379+0.01 17.2+0.554 0.429+0.011 18.57+0.81 9.32+0.42 37.23#1.5
Al10 100.00 20.1940.29 0.496+0.01 19.75+0.449 0.5+0.021 19.53+0.56 9.83+0.46  36.90+2.52
B-16a 100.00 19.55+0.736 0.461+0.017 18.6+0.557 0.513#0.015 19.54+0.41 10.33+0.40 40.89+0.79
P17a 93.33 18.1740.327 0.447+0.012 18.2+0.646 0.499+0.019 19.87+0.15 9.93+0.47 37.6110.84
P21a 90.00 18.410.64  0.374+0.016 14.3+0.484 0.481+0.011 18.86+0.50 9.86+0.48 36.98%0.51
Control 86.67 17.35£0.435 0.323+0.011 12.2+0.374 0.348+0.013 16.76+0.27 8.09+0.25 33.4610.14
CcDh NS 1.51 0.037 1.473 0.045 1.552 1.359 3.96
(p=0.05)

In the same column, significant differences at p<0.05 levels are indicated by different letters. Data followed by same letter
in the same column are not significantly different from each other according to analysis of variance (ANOVA)

4. Conclusion

The present investigation clearly depicted that rhizosphere of
finger millet contained a diverse group of bacteria which could
solubilize phosphate through an array of mechanisms making
it available for plant growth. The selection and application
of locally available PSB with high capabilities of phosphate
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solubilization could emerge as a green and sustainable way
to make phosphates effectively available for plant growth.

5. Acknowledgment

The Authors are thankful to Department of Science and
Technology, New Delhi for possible funding under Woman



International Journal of Economic Plants 2025, 12(6): 01-08

Scientist Scheme-A (WOS-A) of the department under the
Knowledge Involvement Research Advancement through
Nurturing (KIRAN) programme, which made this work a
success.

6. References

Alori, E.T., Glick, B.R., Babalola, 0.0., 2017. Microbial
phosphorus solubilization and its potential for use in
sustainable agriculture. Frontiers in Microbiology 8, 971.
Doi: 10.3389/fmicb.2017.00971

Amri, M., Rjeibi, M.R., Gatrouni, M., Mateus, D.M.R., Asses, N.,
Pinho, H.J.0., Abbes, C., 2023. Isolation, identification,
and characterization of phosphate- solubilizing bacteria
from tunisian soils. Microorganisms 11, 783. https://doi.
org/10.3390/.

Arnon, D.l., 1949. Copper enzymes in isolated chloroplasts.
Polyphenoloxidase in Beta vulgaris. Plant Physiology
24, 1-15.

Bargaz, A, Elhaissoufi, W., Khourchi, S., Benmrid, B., Borden,
K.A., Rchiad, Z., 2021. Benefits of phosphate solubilizing
bacteria on belowground crop performance forimproved
crop acquisition of phosphorus, Microbiological Research
252,126842, 1SSN 0944-5013. https://doi.org/10.1016/].
micres.2021.126842.

Batool, S., Igbal, A., 2019. Phosphate solubilizing rhizobacteria
as alternative of chemical fertilizer for growth and
yield of Triticum aestivum (Var. Galaxy 2013), Saudi
Journal of Biological Sciences 7, 1400-1410. https://doi.
org/10.1016/j.sjbs.2018.05.024.

Bric, J.M., Bostock, R.M., Silverstone, S.E., 1991. Rapid in
situ assay for indoleacetic acid production by bacteria
immobilized on nitrocellulose membrane. Applied and
Environmental Microbiology 57, 535-538.

Chen, J., Zhao, G., Wei, Y., Yuhong, D., Lingyu, H., Ruzhen,
J., 2021. Isolation and screening of multifunctional
phosphate solubilizing bacteria and its growth-promoting
effect on Chinese fir seedlings. Scientific Report 11, 9081.
https://doi.org/10.1038/s41598-021-88635-4.

Costerousse, B., Schonholzer-Mauclaire, L., Frossard, E.,
Thonar, C., 2018. Identification of heterotrophic Zinc
mobilization processes among bacterial strains isolated
from wheat rhizosphere (Triticum aestivum L.). Applied
and Environmental Microbiology 84, e01715-01717.
https:// doi.org/10.1128/AEM.01715-17.

Cui, X., He, P, Yang, L., He, P, He, P., Wu, Y., Li, X., He, Q., 2020.
Analysis of potato bacterial diversity and screening of
high-yield IAA strains. Soil and Fertilizer Sciences in
China 01, 223-231.

Dipak, P., Sankar, N.S., 2017. Isolation and characterization
of phosphate solubilizing bacterium Pseudomonas
aeruginosa KUPSB12 with antibacterial potential from
river Ganga, India. Annals of Agricultural Sciences 15,
130-136.

Elhaissoufi, W., Khourchi, S., Ibnyasser, A., Ghoulam, C., Rchiad,
Z., Zeroual, Y., Lyamlouli, K., Bargaz, A., 2020. Phosphate

W
2. © 2025 PP House

07

solubilizing rhizobacteria could have a stronger influence
on wheat root traits and aboveground physiology than
rhizosphere P-solubilization. Frontiers in Plant Science
11, 979.

Gupta, R., Singal, R., Shankar, A., Kuhad, R.C., Saxena, R.K.,
1994. A modified plate assay for screening phosphate
solubilizing microorganisms. The Journal of General and
Applied Microbiology 40, 255-260.

Harinathan, B., Sankaralingam, S., Palpperumal, S., Kathiresan,
D., Shankar, T., Prabhu, D., 2016. Effect of phosphate
solubilizing bacteria on growth and development of
pearl millet and ragi. Journal of Advances in Biology &
Biotechnology 7(3), 1-7.

Helfenstein, J., Tamburini, F., von Sperber, C., Massey,
M.S., Pistocchi, C., Chadwick, O.A., Frossard, E., 2018.
Combining spectroscopic and isotopic techniques gives
a dynamic view of phosphorus cycling in soil. Nature
Communication 9, 312—-320.

Huet, S., Romdhane, S., Breuil, M.C., Bru, D., Mounier, A.,
Spor, A., Philippot, L., 2023. Experimental community
coalescence sheds light on microbial interactions in soil
and restores impaired functions. Microbiome 11, 7. Doi:
10.1186/s40168-023-01480-7.

lbrahim, M., Igbal, M., Tang, Y., Khan, S., Guan, D., Gang,
Li. 2022. Phosphorus mobilization in plant—soil
environments and inspired strategies for managing
phosphorus: a review. Agronomy 10, 2539. https://doi.
org/10.3390/agronomy12102539.

Isidra-Arellano, M.C., Delaux, P.M., Valds-Lpez, O., 2021.
The phosphate starvation response system: its role in
the regulation of plant-microbe interactions. Plant Cell
Physiology 62, 392—400. Doi: 10.1093/pcp/pcab016.

Javed, S., Mazhar, M.W.,, Yusof, N.Y., Rehan, M.B.M., Hanaphi,
R.M., Ahmad, N.S.H.N., Yaakob, A.S., Harun, H.C., Aziz, T.,
Alharbi, M., Alasmari, A.F., 2023. Comparative effect of
rhizospheric and endophytic bacteria for TCP and CaCO,
solubilization and growth promotion of wheat. Applied
Ecology and Environmental Research 22(3), 2455-2472.

Kadmiri, I.M., Chaouqui, L., Azaroual, S.E., Sijilmassi, B.,
Yaakoubi, K., Wahby, ., 2018. Phosphate-solubilizing
and auxin-producing rhizobacteria promote plant growth
under saline conditions. Arabian Journal for Science and
Engineering 43, 3403-3415.

Kalayu, G., 2019. Phosphate solubilizing microorganisms:
promising approach as biofertilizers. International
Journal of Agronomy. https://doi.org/10.1155/2019
/4917256.

Kaur, S., Kumari, A., Seem, K., Kaur, G., Kumar, D., Verma, S.,
Singh, N., Kumar, A., Kumar, M., Jaiswal, S., Bhardwaj,
R., Singh, B.K., Riar, A., 2024. Finger millet (Eleusine
coracana L.): from staple to superfood-a comprehensive
review on nutritional, bioactive, industrial, and climate
resilience potential. Planta 260(3), 75. Doi: 10.1007/
s00425-024-04502-2.

Khan, F., Siddique, A.B., Shabala, S., Zhou, M., Zhao, C,,


https://doi.org/10.3390/
https://doi.org/10.3390/
https://doi.org/10.1038/s41598-021-88635-4
https://pubmed.ncbi.nlm.nih.gov/?term=Philippot+L&cauthor_id=36871037
https://doi.org/10.1155/2019%20%20/4917256
https://doi.org/10.1155/2019%20%20/4917256

Kumarietal, 2025

2023. Phosphorus plays key roles in regulating plants’
physiological responses to abiotic stresses. Plants (Basel)
12(15), 2861. Doi: 10.3390/plants12152861. PMID:
37571014; PMCID: PMC10421280.

Kumari, P., Netam, R.S., Kumar, P., 2020. Exemplifying
rhizobacteria for growth stimulation and disease
suppression in finger millet. Journal of Plant Diseases
and Protection 127, 783-798.

Kumar, R., Shastri, B., 2017. Role of phosphate-solubilising
microorganisms in sustainable agricultural development.
in agro-environmental sustainability: Volume 1:
Managing crop health. Springer International Publishing:
Cham, Switzerland, pp. 271-303.

Li, J., Lu, J., Wang, H., Fang, Z., Wang, X., Feng, S., Wang, Z,,
Yuan, T.,, Zhang, S., Ou, S., Yang, X., Wu, Z., Dy, X., Tang, L.,
Liao, B., Shu, W.,, Jia, P, Liang, J., 2021. A comprehensive
synthesis unveils the mysteries of phosphate-solubilizing
microbes. Biological Reviews 96, 2771-2793.

Liu, L., Zheng, X., Wei, X., Kai, Z., Xu, Y., 2021. Excessive
application of chemical fertilizer and organophosphorus
pesticides induced total phosphorus loss from planting
causing surface water eutrophication. Scientific
Reports 11, 23015. https://doi.org/10.1038/s41598-
021-02521-7.

Luo, D, Ju S., Mei L, Jixiang, C., Tianfeng, W., Qingfang, Z.,
Linhai, Y., Ning, Z., Yonggang, W., 2024. Consortium of
phosphorus-solubilizing bacteria promotes maize growth
and changes the microbial community composition
of rhizosphere soil. Agronomy 7, 1535. https://doi.
org/10.3390/agronomy14071535.

Mbinda, W., Mukami, A., 2021. A review of recent advances
and future directions in the management of salinity
stress in finger millet. Frontiers in Plant Science 12,
734798. DOI: 10.3389/fpls.2021.734798.

Meng, X., Chen, WW., Wang, YY., Huang, Z.R,, Ye, X., Chen,
L.S., Yang, LT, 2021. Effects of phosphorus deficiency
on the absorption of mineral nutrients, photosynthetic
system performance and antioxidant metabolism in
Citrus grandis. PLoS One 16(2), e0246944. Doi: 10.1371/
journal.pone.0246944. PMID: 33596244; PMCID:
PMC7888624.

Pan, L., Cai, B., 2023. Phosphate-solubilizing bacteria: advances
in their physiology, molecular mechanisms and microbial
community effects. Microorganisms 11(12), 2904. Doi:
10.3390/microorganisms11122904. PMID: 38138048;
PMCID: PMC10745930.

Parnell, J.J., Berka, R., Young, H.A,, Sturino, J.M., Kang, Y.,
Barnhart, D.M., Dileo, M.V., 2016. From the lab to
the farm: An industrial perspective of plant beneficial
microorganisms. Frontiers in Plant Science 7, 1110 doi:
10.3389/fpls.2016.01110.

Paz-Ares, J., Puga, M.I., Rojas-Triana, M., Martinez-Hevia, |,
Diaz, S., Poza-Carrion, C., Minambres, M., Leyva, A.,

w
. © 2025 PP House

08

2022. Plant adaptation to low phosphorus availability:
core signaling, Crosstalks, and Applied Implications.
Molecular Plant 15, 104-124.

Prabhakar, M., Gopinath, K.A., Sravan, U.S, Kumar, G.S.,
Thirupathi, M., Siva, G.S., Meghalakshmi, G., Kumar,
N.R., Singh, V.K., 2023. Potential for yield and soil fertility
improvement with integration of organics in nutrient
management for finger millet under rainfed Alfisols of
Southern India. Frontiers in Nutrition 10, 1095449. doi:
10.3389/fnut.2023.1095449.

Puri, A., Padda, K.P., Chanway, C.P., 2020. In vitro and in
vivo analyses of plant-growth-promoting potential of
bacteria naturally associated with spruce trees growing
on nutrient-poor soils. Applied Soil Ecology, 149. https://
doi.org/10.1016/j.aps0il.2020.103538.

Rawat, P., Shankhdhar, D., Shankhdhar, S.C., 2020. Plant growth-
promoting rhizobacteria: A booster for ameliorating soil
health and agriculture production. In: Giri, B., Verma, A.
(Eds.), Sail health, Springer: Cham, Switzerland, 47—-68.

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

Raymond, N.S., Gomez-Munoz, B., van der Bom, F.J.T,
Nybroe, O., Jensen, L.S., Muller-Stover, D.S., Oberson,
A., Richardson, A.E., 2020. Phosphate-solubilising
microorganisms for improved cropproductivity: a critical
assessment. New Phytologist 229, 1268-1277. Doi:
10.1111/nph.16924.

Sekar, J., Raju, K., Duraisamy, P., Ramalingam, Vaiyapuri,
P., 2018. Potential of finger millet indigenous
Rhizobacterium Pseudomonas sp. MSSRFD41 in
Blast disease management-growth promotion and
compatibility with the resident rhizomicrobiome.
Frontiers in Microbiology 9, 1029. https ://doi.
org/10.3389/fmicb.2018.01029.

Shen, Y., Ma, Z., Chen, H., Lin, H,, Li, G., Li, M., Tan, D., Gao,
W, Jiao, S., Liu, P, Song, X., Chang, S., 2023. Effects of
macromolecular organic acids on reducing inorganic
phosphorus fixation in soil, Heliyon 9(4), e14892. https://
doi.org/10.1016/j.heliyon.2023.e14892.

Stigter, K.A., Plaxton, W.C., 2015 Molecular mechanisms
of phosphorus metabolism and transport during leaf
senescence. Plants (Basel) 4(4), 773-798. https://doi.
org/10.3390/plants4040773.

Yu, X., Liu, X., Zhu, T.H., Liu, G.H., Mao, C., 2011. Isolation
and characterization of phosphate-solubilizing bacteria
from walnut and their effect on growth and phosphorus
mobilization. Biology and Fertility of Soils 47, 437-446.


https://doi.org/10.1016/j.heliyon.2023.e14892
https://doi.org/10.1016/j.heliyon.2023.e14892

