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A B S T R A C T

Three potential rhizobacteria namely Burkholderia gladioli (MTCC 10216), Pseudomonas sp. (MTCC 9002) and
Bacillus subtilis (MTCC 8528) procured from IMTECH, Chandigarh (India) were evaluated individually and as
consortia for its phosphate (P) solubilizing ability and effect of growth of fenugreek (Trigonella foenum-graecum L.)
and tomato (Lycopersicon esculentum L.). Phosphate solubilizing ability of these strains individually and as con-
sortia was tested on Pikovskayas agar medium, Phosphate solubilizing agar medium and National Botanical
Research Institute phosphate agar medium containing six different sources of insoluble inorganic phosphate such
as tri-calcium phosphate (TCP), di-calcium phosphate (DCP), zinc phosphate (ZP), ferric phosphate (FP), sodium
di-hydrogen phosphate (SP), and aluminum phosphate (AP), and two organic P such as calcium and sodium
phytate. The maximum P solubilizing ability was recorded in consortium-4 having all three potential bacterial
strains. Phosphate solubilization after 7th day of incubation was 37.9 mg/100 ml of TCP, 40.01 mg/100 ml of
DCP, 15.79 mg/100 ml of FP, 43.02 mg/100 ml of SP, no solubilization of ZP and AP, 39.75 mg/100 ml of
calcium phytate and 24.01mg/100 ml of sodium phytate. Seed germination and the other plant parameters such
as plant height and weight significantly increased in fenugreek and tomato seeds, bio-primed with consortium-4
followed by consortium-3. After bio-priming of seeds in pot assay, the level of phosphorus in soil got increased by
54% in consortium-4 treated soil followed by consortium-3 (47%) over untreated control soil. Based on these
findings, consoritium-4 could be recommended as a good bio-inoculant for fenugreek, tomato and other crops in
comparison to individual strains and other consortia.
1. Introduction

The present scenario of soil engineering is totally based on synthetic
chemicals which are responsible for several problems of human health
and ecological disturbance [1]. The application of potential plant growth
promoting rhizobacteria (PGPR) as bioinoculants is the only strategy to
address these problems [2, 3]. The world population is increasing
rapidly, but the sufficient and healthy food is not being produced as per
demand [4]. Therefore to address these concerns, we must move towards
organic agriculture. The rhizosphere is a zone of predominantly
commensal and mutualistic interactions between plant and microbes and
influenced by root system [5]. The rhizosphere region is rich in nutrients
umar).
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as compared to the bulk soil due to the accumulation of various root
exudates like organic acids, amino acids, sugars, etc. released by the root
system affecting biological activities [6].

Phosphorus (P) is an essential element for plant, but normally not
available directly for plants because of its non-bioavailability form in soil.
Phosphate solubilizing rhizobacteria (PSR) solubilize the insoluble soil P
and help in utilization by plants for their various metabolic activities [7].
The insoluble P in soil is available as an inorganic mineral for example,
apatite, tri-calcium phosphate (TCP), di-calcium phosphate (DCP), hy-
droxyapatite, zinc phosphate (ZP), sodium di-hydrogen phosphate (SP),
aluminium phosphate (AP), ferric phosphate (FP) and rock phosphate
(RP), besides these inorganic phosphate several other organic forms
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including inositol phosphate (soil phytate), phosphomonoesters, calcium
phytate, sodium phytate and phosphotriesters are also available [8, 9].
Among these phosphates, the solubilization of inorganic P takes place
due to low molecular weight microbial organic acids (OA), such as glu-
conic acid, iso-valeric acid, iso-vandic acid, α-ketoglutaric acid and citric
acid [10, 11]. These organic acids produced by numerous PSR in the
natural surrounding conditions or under in vitro condition chelate the
cationic partners of phosphate or decrease the pH to make P free (solu-
ble) in solution [12]. The acidification of microbial cells and its sur-
rounding results in the discharge of P-ions from the P mineral by Hþ

cation replacement [13, 14]. However, the effectiveness of solubilization
relies on the types and concentration of organic acid released in the
medium [15].

On the other hand, organic phosphorus mineralization takes place
through the synthesis of various phosphatases (phosphohydrolase),
catalyzing the hydrolysis of phosphoric esters and releasing phosphorus
from organic phosphate [9]. Some other types of enzymes like phytase,
phosphonatases and C–P lyases are also involved in mineralization of
organic P. The PSR stimulate plant growth either directly by synthesizing
the hormones such as indole-3-acetic acid or by supporting nutrition,
such as P solubilization or more generally by accelerating process of
mineralization [16, 17], indirectly they can also boost the development
of plant by acting as bio-control agents against soil-borne phytopatho-
gens [18, 19].

Most of the soil phosphorus is fixed, and just a little portion is
accessible to plants. About 0.05% phosphorus available in Indian soils
which constitutes approximately 0.2% of the plant dry weight. The cell
may take several forms of phosphorus, but most of them are absorbed in
the form of hydrogen P (HPO4

�2) or dihydrogen P (H2PO4
�2) [8]. Phos-

phorus deficiency brings about hindered development, dull leaves, and
hindrance of blooming and root framework development [20]. One
conceivable approach to relieve the phosphorus deficiency under
soil-plant-microbe framework through eco-friendly use of PSR by seeds
bio-priming, just as soil bio-priming procedure i.e. seed covering with any
beneficial microorganisms for example, Bacillus, Pseudomonas and
Rhizobium species etc. which were effectively connected under green-
house nursery and field conditions with multi-cropping system. These
rhizospheric microorganisms alone or in combination have multifunc-
tional sway on soil-plant framework, for example, improved nutrient use
proficiency, expanding nutrient uptake, plant development advance-
ment, nodulation, and plant resistance to abiotic and biotic stress,
reduced environmental contamination and expanding agrarian sustain-
ability [21, 22, 23, 24, 25, 26].

Bio-priming helps seeds to germinate uniformly, even under adverse
conditions [27]. Fenugreek (Trigonella foenum-graecum L.) an annual
plant belonging to the family Fabaceae is commonly known as “methi” in
India. It is a multifunctional crop cultivated during the winter season in
Northern India. Each part of this plant is used as a leafy vegetable, forage
and condiment [28]. Its seeds are a good source of protein, vitamins,
alkaloids tri-gonellin, and essential oil and have enormous medicinal
value especially against digestive disorders [29]. It contains a variety of
bioactive compounds such as alkaloids, glycosides, polyphenols, steroids,
amino acids, and volatiles, and so on. It is also used as anti-diabetic,
anti-fertility, anti-microbial, anti-parasitic and hypocholesterolaemic,
anti-epileptic, anti-bronchitis, carminative, aphrodisiac, analgesic,
anti-pyretic, anti-cancer, anti-oxidant, immunomodulator, phlegm dis-
orders and recently in blood glucose balancing.

Tomato (Lycopersicon esculentum L.) is the member of family Sol-
anaceae. Its fruits are a rich source of minerals, vitamins and organic
acids and have 3–4% total sugar, 4–7% total solids, 15–30 mg/100g of
ascorbic acid, 7.5–10 mg/100 ml titratable acidity and 20–50 mg/100 g
fruit weight of lycopene.

The present study was aimed to assess the effect of single and com-
posite inoculations of PSR on P solubilization from different P-minerals
and their effects on growth promotion of fenugreek and tomato plants.
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2. Materials and methods

2.1. Microbial strains

In this study, three PSR strains, such as Burkholderia gladioli (MTCC
10216), Pseudomonas sp. (MTCC 9002), and Bacillus subtilis (MTCC
8528), were procured from the Institute of Microbial Technology
(IMTECH), Chandigarh (www.imtech.res.in), India. For further studies,
all strains were maintained on the slants containing nutrient agar me-
dium (NAM) at 4 �C.
2.2. In vitro interaction among the PSR strains to prepare consortia

All the three PSR strains were evaluated for their antagonistic/syn-
ergistic activities against each other following the methods of Pierson
and Weller [30] to prepare consortia. B. gladioli (MTCC 10216), Pseu-
domonas sp. (MTCC 9002) and B. subtilis (MTCC 8528) were separately
inoculated in NAM broth and incubated in shaker at 28 �C for 24 h. 5 μl of
each culture was spot inoculated on NAM plates (1.5 cm from the edge)
and the plates were incubated at 28 �C for 24 h. Further, the plates were
sprayed with a 24 h old culture of single strain using a chromatography
sprayer and again incubated at 28 �C for 24 h to measure zones of in-
hibition (if present around each test strain on plates); each treatment was
replicated thrice.
2.3. Qualitative estimation of phosphate solubilization

The P solubilization activities of the PSR were investigated on
Pikovskayas agar medium, P solubilizing agar medium (PSM) and Na-
tional Botanical Research Institute Phosphate (NBRIP) agar medium
containing 6 different insoluble phosphate sources such as TCP, DCP, ZP,
FP, SP, and AP, separately, as source of insoluble inorganic P along with
bromophenol blue as a pH indicator. Plates were incubated at 28 �C for 3
days to observe clearing zone around the colonies. The P solubilizing
index (PSI) and P solubilizing efficiency (PSE) were calculated using Eqs.
(1) and (2):

Phosphate Solubilization Index ðPSIÞ
¼ Zone solubilized by bacteria=Zone of bacterial growth eq. 1

Phosphate Solubilization Efficiency ðPSEÞ¼ PSI� 100 eq. 2

2.4. Quantitative estimation of phosphate solubilization

Further, the same experiment was repeated with NBRIPmedium [31].
The individual PSR strains and their consortia were evaluated for
quantitative estimation of water extractable free inorganic P (Pi) as per
method mentioned by Dubey and Maheshwari [32]. Briefly, NBRIP (pH
7.2) broth was seeded with respective young cultures and incubated at 28
�C and 150 rpm. After every 24 h, 10 ml of broth was aseptically with-
drawn and centrifuged at 7,500 rpm. Culture supernatant was filtered
through 0.45 μmMillipore filter and 1g activated carbon was added to it,
repeatedly centrifuged again at 10,000 rpm for 10–15 min and the cul-
ture was filtered to get a clear solution. Sterile distilled water (SDW) was
added in this clear solution to make-up a final volume of 50ml. Aliquot of
10 ml of this freshly prepared solution in a flask and 25 ml of Barton's
reagent was added. Sterile distilled water was added in this solution to
make the volume to 50 ml. This mixture was incubated at room tem-
perature for 10 min and optical density (OD) was measured at 430 nm
with UV-VIS spectrophotometer (Lasany International, Haryana, India).
Amount of free P released was then estimated by plotting absorbance
against standard curve of potassium hydrogen P (K2HPO4) (mg/ml). The
pH of centrifuged product was recorded to measure free inorganic P.

http://www.imtech.res.in


Table 1. Individual strains and its consortia composition.

Strains and its consortia Notations

Burkholderia gladioli (MTCC 10216) S1

Pseudomonas sp. (MTCC 9002) S2

Bacillus subtilis (MTCC 8528) S3

Burkholderia gladioli þ Pseudomonas sp. S1 þ S2 ¼ C1

Burkholderia gladioli þ Bacillus subtilis S1 þ S3 ¼ C2

Pseudomonas sp. þ Bacillus subtilis S2 þ S3 ¼ C3

Burkholderia gladioli þ Pseudomonas sp. þ Bacillus subtilis S1þS2þS3 ¼ C4

Abbreviation: S, Strain; C, Consortium.
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2.5. Phytase activity

Phytase activity of each PSR strains was investigated by spot inocu-
lation of log phase culture on phytase screening media having calcium
and sodium phytate as sole source of organic P [33]. Plates were incu-
bated at 28 �C for 3 days to observe clearing zone around the colonies.

2.6. Available phosphate in soil

For calculation of available P in soil, a mixture of 2.5 g of soil, 50 ml of
0.5MNaHCO3 (pH 8.5) and 0.5 ml of 5N H2SO4 was prepared and shaken
till CO2 evolution disappeared. 4 ml of ascorbic acid was added andmade
up the volume 100 ml with distilled water. After 10 min incubation, the
intensity of blue color was measured at 760 nm wavelength using spec-
trophotometer. Blank reading was taken in the same manner without soil
[34].

2.7. Seed bio-priming

Healthy seeds of fenugreek and tomato were selected from locally
purchased seeds. Fenugreek and tomato seeds (each 10 seeds per pot)
were sterilized and bio-primed with bacterial strains and their consortia.
The cultures of PSR strains and their consortia were mixed with 1%
carboxy methyl cellulose (CMC) solution separately to form slurry and
coated on the surface of sterile seeds of both crops.

2.8. Pot assay and seed germination study

Sterilized garden soil was transferred to experimental pot. Bio-primed
seeds (10 seeds per pots) were transferred in pots for fenugreek and to-
mato. Phosphate solubilizing rhizobacterial cultures and their consortia
were applied into their respective pots. Sterile water was slowly added
over the top soil in each pot to maintain water holding capacity. After 21
days of sowing, the plants were uprooted for measurement of vegetative
parameters such as root length, shoot length, root and shoot weight
(fresh and dry). Treatments of seeds was as follows: T1; seeds bio-primed
with B. gladioli, T2; seeds bio-primed with Pseudomonas sp., T3; seeds bio-
primed with B. subtilis, T4; seeds bio-primed with B. gladioli þ Pseudo-
monas sp., T5; seeds bio-primed with B. gladioliþ B. subtilis, T6; seeds bio-
primed with Pseudomonas sp. þ B. subtilis, T7; seeds bio-primed with
B. gladioli þ Pseudomonas sp. þ B. subtilis, and T8; seeds coated with 1%
CMC as control (no any biological agent). Bio-primed seeds were also
used for plate assay to measure germination percentage following the
standard procedure.

2.9. Statistical analysis

The data were analyzed by applying Analysis of Variance (ANOVA) by
using SPSS 20.0 software.

3. Results

3.1. In vitro interaction study to prepare consotia

Three different PGPR strains viz., B. gladioli (MTCC 10216), Pseudo-
monas sp. (MTCC 9002), and B. subtilis (MTCC 8528) were selected for
consortia development. All the strains were exposed to interact with each
other on plate. All three strains B. gladioli, Pseudomonas sp. and B. subtilis
were able to grow simultaneously, i.e. they did not inhibit the growth of
each other. Hence, we selected these individual strains for development
of consortia (Table 1).

3.2. Phosphate solubilization

All the individual strains and their consortia formed clear halos zone
around colonies by solubilizing TCP on Pikovskayas agar, NBRIP agar
3

and PSM. Pikovskayas agar having bromothymol blue changes its color
from blue to yellow due to decrease in pH. The same experiment was
carried out by replacing TCP in Pikovskayas agar, NBRIP agar and PSM
with DCP, ZP, FP, SP and AP. None of the strains solubilized ZP on
Pikovskayas agar, NBRIP agar and PSM, while almost all strains solubi-
lized TCP, DCP, FP and SP except Pseudomonas sp. (MTCC 9002),
B. subtilis (MTCC 8528) and consortium-3 on Pikovskayas agar.

Since Pikovskayas agar plate based assay is well known for screening
of PSR which gives variable results, therefore, to further confirm the
results for phosphate solubilization, NBRIP agar and PSM were used
separately. Results on NBRIP agar were almost similar to Pikovskayas
agar. But on PSM, almost all strains and their consortia were found to
solubilize TCP, DCP and SP while none of them solubilized ZP, FP and AP.

This technique of testing for P solubilization activities has yielded
relatively fast outcomes than the agar plate assay of Pikovskayas as the
pH shift and zone were visible overnight, i.e. after 12–14 h, while it took
48 h to several days in Pikovskayas agar plate assay. In NBRIP (TCP as
sole source of insoluble inorganic P), all strains and their consortia sol-
ubilized P except B. subtilis (MTCC 8528). When DCP was used in NBRIP
as the sole source of insoluble inorganic P, all strains and consortia sol-
ubilized P except B. subtilis (MTCC 8528) and consortium-3. When FPwas
used in NBRIP as the sole source of insoluble inorganic P, only B. gladioli
(MTCC 10216), consortium-1, 2 and 4 solubilized P.When SP was used in
NBRIP as the sole source of insoluble inorganic P, all individual strains
and consortia solubilized P except B. subtilis (MTCC 8528). When ZP and
AP were used as sole source of inorganic P, none of the strain and con-
sortia solubilized P. In PSM (TCP as inorganic P), all strains and their
consortia solubilized P except B. subtilis (MTCC 8528). When DCP used
(as inorganic P in PSM) all strains and consortia solubilized P except
B. subtilis (MTCC 8528) and consortium-3. When SP was used as inor-
ganic P all strains and their consortia solubilized P. When FP, ZP and AP
(used as inorganic P) none of the strains and consortia solubilized P.
Maximum PSI of 2.82 cm was obtained from consortium-4 with solubi-
lization zone as wide as the colony diameter in PSM having sodium di-
hydrogen P (Figure 1).

The P solubilization production profile was estimated using NBRIP
broth with distinct inorganic P substrates having B. gladioli, Pseudomonas
sp., B. subtilis and their consortia. When TCP was used, P solubilization
was noted after 14–16 h and it was the maximum after 7th day of incu-
bation. The P solubilization ability of strains was noted to be time-
dependent and improved with a reduction in broth pH corresponding
to the incubation time. The peak free P was recorded in consortium-4
(37.9 mg/100 ml) followed by consortium-3 (36.78 mg/100 ml) and
consortium-2 (34.9 mg/100ml) after 7th day of incubation when TCP was
used as in insoluble inorganic P substrate (Figure 2a). When DCP was
used the peak free P was recorded in consortium-4 (40.01 mg/100 ml)
followed by consortium-3 (39.2 mg/100 ml) and consortium-2 (35.00
mg/100 ml) after 7th day of incubation (Figure 2b). Similarly, when FP
was used the peak free P was found in consortium-4 (15.79 mg/100 ml)
followed by consortium-3 (14.85 mg/100 ml) and consortium-2 (14.54
mg/100 ml) after 7th day of incubation (Figure 3a). When SP was used
the peak free P was found in consortium-4 (43.02 mg/100 ml) followed



Figure 1. Phosphate solubilizing index (PSI) of bacteria and its consortia in different inorganic and organic sources (S, Strain; C, Consortium).
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by consortium-3 (39.89 mg/100 ml) and consortium-2 (36.50 mg/100
ml) after 7th day of incubation (Figure 3b).

3.3. Phytase production

All the three strains were screened on the phytase screening medium
with two distinct organic P sources such as calcium and sodium phytate
for their solubilizing capacity of insoluble organic P. All the strains and
Figure 2. Solubilization of inorganic phosphate (Pi) by bacteria individually
and by its consortia in NBRIP with incubation time by using (a) tri-calcium
phosphate (TCP) and (b) di-calcium phosphate (DCP) as inorganic phos-
phate sources.

4

consortia solubilized calcium and sodium phytate as verified by the
development of halo zone around the spots indicating release of free P.

Production profile of P (organic) solubilization was also evaluated
with both organic phosphate in phytase screening broth having B. gladioli
(MTCC 10216), Pseudomonas sp. (MTCC 9002), B. subtilis (MTCC 8528),
and their consortia. The solubilization of P started after 20–24 h and was
the maximum after 7th day of incubation; it was time dependent and
enhanced corresponding to time of incubation. When calcium phytate
was used as substrate of insoluble organic P, the maximum P
Figure 3. Solubilization of inorganic phosphate (Pi) by bacteria and its con-
sortia in NBRIP with incubation time by using (a) ferric phosphate and (b) so-
dium di-hydrogen phosphate as inorganic phosphate sources.



Figure 4. Solubilization of organic phosphate (Po) by bacteria and its consortia
in PSM with incubation time by using (a) sodium phytate (b) calcium phytate as
organic phosphate sources.
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solubilization was recorded in consortium-4 (39.75mg/100ml) followed
by consortium-3 (38.89 mg/100 ml) and consortium-2 (32.87 mg/100
ml) after 7th day of incubation (Figure 4a). When sodium phytate was
used as a substrate of insoluble organic P, the maximum P solubilization
was recorded in consortium-4 (24.01 mg/100 ml) followed by
consortium-3 (21.42 mg/100 ml) and consortium-2 (21.54 mg/100 ml)
after 7th day of incubation (Figure 4b).

3.4. Estimation of phosphorus in soil before and after inoculation of
bacterial cultures and their consortia

The level of phosphorus in soil was estimated, which was 3.79 mg/kg
before inoculation of soil with bacterial cultures and their consortia.
After inoculation of bacterial cultures and their consortia, the levels of
phosphorus increased in each treatment, which were (5.84 mg/kg) in
consortium-4 followed by consortium-3 (5.58 mg/kg) and consortium-2
(5.31 mg/kg) (Figure 5).

3.5. Plate assay

Tomato seeds bio-primed with B. gladioli, Pseudomonas sp., B. subtilis
and their consortia enhanced seed germination in tomato plate. Seed
germination of tomato in consortium-1, consortium-2, consortium-3, and
consortium-4 was 79.9%, 80.1%, 83.3% and 95.8%, respectively. In the
control seed germination was 56.6% (Figure 6A).

Fenugreek seeds bio-primed with B. gladioli, Pseudomonas sp.,
B. subtilis and their consortia enhanced seed germination of fenugreek in
plates. Seed germination of fenugreek in consortium-1, consortium-2,
consortium-3 and consortium-4 was 78.9%, 80.1%, 80.0% and 99.75%,
respectively. In the control seed germination was 61.52% (Figure 6B).

3.6. Pot assay

Tomato seeds bio-primed with B. gladioli, Pseudomonas sp., B. subtilis
individually and with their consortia also increased seed germination in
pots as compared to control after 10 DAS. Consortium-1, consortium-2,
consortium-3, and consortium-4 treated seeds showed 68.4%, 70.1%,
73.3%, and 80.8% seed germination, respectively, that was 27.47%,
29.24%, 32.33%, and 38.60% greater than that of control (49.61%).
Single inoculation, co-inoculation and consortium preparations applied
to seeds demonstrated increased germination of seeds and showed
improved plant height, plant weight and dry weight in comparison to
control. It was noticed that consortium-4 treated seeds showedmaximum
plant growth (43.94%) as compared to single and co-inoculation after 21
days of sowing.

The fenugreek seeds bio-primed with B. gladioli, Pseudomonas sp.,
B. subtilis and their consortia also promoted seed germination in pots as
compared to control after 10 days of showing. Consortium-1, consortium-
2, consortium-3, and consortium-4 treated seeds showed 73.6%, 75.5%,
76.56%, and 90.7% seed germination, respectively, that was 24.55%
26.45%, 27.48%, and 38.78% higher than that of control (55.53). It was
observed that consortium-4 treated seeds showed maximum plant
growth (45.94%) as compared to single and co-inoculation after 21 days
of sowing.

In plate assay the seed germination percentage of both crops was
found better in comparison to pot assay because of controlled condition.
Consortium coated tomato seeds showed a significant (p> 0.01) increase
in seed germination by 95.8% in T7 followed by 83.3% in T6 and 56.6%
in control. Consortium coated fenugreek seeds showed a significant in-
crease in percentage of seed germination which was 99.7% in T7 fol-
lowed by 80% in T6 and 61.52% in control. In both fenugreek and
tomato, the maximum number of plant, maximum shoot and root length,
fresh and dry plant weight were noted with T7 (B. gladioli, Pseudomonas
sp. and B. subtilis) followed by T6 (Pseudomonas sp. and B. subtilis) and T5
(Burkholderia gladioli and B. subtilis) (Table 2). All the data was statisti-
cally significant at 1% level of LCD (Table 3).
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4. Discussion

Qualitative and quantitative analyses of inorganic and organic P
solubilization by three potential PSR (B. gladioli, Pseudomonas sp. and
B. subtilis) on various culture media revealed that they are very effec-
tive phosphate solubilizers as evidenced by the data. In a study, it has
been reported that Pseudomonas spp. (PF 23) and Rhizobacteria (RH
24) solubilize insoluble TCP and size of solubilization zone was 22 mm
and 11.5 mm respectively on Pikovskayas agar medium [35]. Several
PSR (Agrobacterium sp., Bacillus sp., Burkholderia cepacia, Enterobacter
sp., Mesorhizobium sp., Pseudomonas sp., Rhizobium sp. etc.) of maize
and other plant rhizosphere formed halo zone ranging from 10 to 19
mm on Pikovskayas medium with TCP [36, 37, 38]. Kumar et al. [39]
also observed solubilization of TCP, DCP, ZP on Pikovskayas agar, PSM
and NBRIP media by Bacillus sp., Pseudomonas sp. and Rhizobium
leguminosarum. The highest PSI ranged from 1.13-2.50 by Bacillus sp.
PSM-1, Burkholderia cepacia, Pseudomonas sp. PSM-2, Pantoea sp. S32
on TCP and other media were recorded by several groups [36, 40, 41,
42].

During production profile study of P solubilization by potential three
PSR and their consortia in NBRIP broth, the PSR liberated phosphorus by
decreasing pH of the medium due to production of several organic acids.
The least pH values were recorded during the growth phase on 7th days of
inoculation. Zhao et al. [36] noticed that amount of solubilized P in-
creases with pH drop of media by organic acid produced by Burkholderia
cepacia SCAVK0330. They recorded the amount of solubilized P up to 452
μg/ml and pH of the medium 3.12 on 5th days of inoculation. Kur-
abachew and Wydra [43] noticed that nine among thirteen isolates
efficiently solubilized the insoluble inorganic P which is accompanied by
a decline in pH of broth, suggesting production of organic acids by PSR.
According to Walpola and Yoon [44] inoculation of individual strain
(Pseudomonas agglomerans PSB-1 and Burkholderia anthina PSB-2) or
co-inoculation increase soil phosphorus content and decrease soil pH in



Figure 5. Effect of PSR and its consortia with crops on rhizospheric soils available phosphate (P) at 21 days after inoculation.

Figure 6. Plate assay germination study of inoculated tomato (A) and fenugreek (B) seeds with consortium-1 (B. gladioli þ Pseudomonas sp.), consortium-2 (B. gladioli
þ B. subtilis), consortium-3 (Pseudomonas sp.þ B. subtilis), consortium-4 (B. gladioli þ Pseudomonas sp.þB. subtilis), and Control (without inoculation).
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comparison to un-inoculated soil. Such type of pH drop has also been
reported by other author and stated that production of organic and
inorganic acid was critical for solubilization of Ca–P complex [45].
Table 2. Effect of PSR and its consortia on seed germination and vegetative growth o

PSR strains Seed germination (%) Root length (cm) Shoot lengt

S1 60.9 1.533* 4.266*

S2 65.6 1.166ns 7.10**

S3 70.0 1.633** 7.00**

C1 79.9 1.433* 7.10**

C2 80.1 1.366* 8.00**

C3 83.3 1.466* 6.06*

C4 95.8 1.366* 6.66**

Control 56.6 0.600 2.700

CD at 1% 1.028 1.915

CD at 5% 0.650 1.380

Abbreviations: S1, S2, S3, C1, C2, C3, C4 (as described in Table 1), Control ¼ Witho
selected plants from each set. ٭٭ significant at 1%, significant٭ at 5 %; ns ¼ non-sign
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All the three potential strains efficiently solubilized CP and SP and
produced halo zone around spot inoculation indicating the release of
free P. Plant growth promoting rhizobacteria such as Bacillus sp.,
f Lycopersicon esculentum L.

h (cm) Fresh weight (g) Dry weight (g)

Root wt. Shoot wt. Root wt. Shoot wt.

0.0050* 0.013ns 0.0036ns 0.0050*

0.0173** 0.086** 0.0070** 0.0076**

0.0103* 0.070* 0.0040ns 0.0070**

0.0076* 0.077* 0.0052* 0.0060**

0.0163** 0.082** 0.0070** 0.0060**

0.0146** 0.112** 0.0043ns 0.0080**

0.0046ns 0.045ns 0.0016ns 0.0036*

0.0023 0.031 0.0010 0.0016

0.0052 0.387 0.0058 0.0231

0.0037 0.0279 0.0042 0.0026

ut any biological agent; CD ¼ Critical Difference, Value are mean of 3 randomly
ificant. as compared to control (non-bacterized seeds).



Table 3. Effect of PSR strains and its consortia on seed germination and vegetative growth of Trigonella foenum-graecum L.

PSR strains Seed germination (%) Root length (cm) Shoot length (cm) Fresh weight (g) Dry weight (g)

Root wt. Shoot wt. Root wt. Shoot wt.

S1 76.87 2.03* 4.26ns 0.0050ns 0.013ns 0.003* 0.0050ns

S2 74.00 2.06* 6.10* 0.017** 0.086* 0.007** 0.0076**

S3 75.00 2.13* 6.00* 0.0103** 0.080* 0.004* 0.0070**

C1 78.90 1.23ns 7.10* 0.056* 0.077* 0.005* 0.0060*

C2 80.10 2.23* 8.00** 0.063** 0.082* 0.007* 0.0060*

C3 80.00 2.33* 8.63** 0.066* 0.112** 0.004* 0.0080**

C4 99.75 2.43** 8.66** 0.076* 0.078* 0.0016ns 0.0056*

Control 61.52 0.700 5.033 0.0036 0.0443 0.0013 0.0026

CD at 1% 2.234 2.214 0.0053 0.0446 0.0038 0.0035

CD at 5% 1.610 1.596 0.0038 0.0321 0.0021 0.0025

Abbreviations S1, S2, S3, C1, C2, C3, C4 (as described in Table 1), Control ¼ Without any biological agent; CD ¼ Critical Difference, Value are mean of 3 randomly
selected plants from each set. ٭٭ significant at 1%, significant٭ at 5 %; ns ¼ non-significant. as compared to control (non-bacterized seeds).
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Burkholderia sp., Enterobacter sp., Pseudomonas sp., and Staphylococcus
sp. are the most prominent phytate solublizers [46, 47, 48]. Kumar
et al. [39] found in a study that Bacillus sp. Pseudomonas sp., and
R. leguminosarum solubilized CP and SP by releasing the free P.
Mineralization of these organic P is carried out by several enzymes.
Similarly, Ramesh et al. [49] found that B. aryabhattai MDSR7 and
MDSR14 significantly solubilized organic phosphate by their phos-
phatase and phytase activities. Recently, You et al. [50] also observed
similar results in maize.

The level of phosphorus in soil was estimated and recorded 3.79
mg/kg before inoculation of soil with bacterial culture and their
consortia. After inoculation of bacterial culture and their consortia the
level of phosphorus increased in each treatment which was maximum
in consortium-4 (5.84 mg/kg) treated soil. A another study in which
inoculation of PSR (P. synxantha) and their consortium increased the
phosphorus content of the soil and recorded more phosphorus content
in consortium treated soil than individual PSR [51]. A good amount
(25.29 kg/ha) of phosphorous uptake by grain was also recorded in
co-inoculated seed by Bacillus and Rhizobium followed by Bacillus
inoculation [52].

After 21 days of sowing of seeds of fenugreek and tomato, the plant
parameters like root and shoot length and root and shoot weight
enhanced due to individual strains and consortia in comparison to con-
trol. The nodulation, root and shoot biomass, straw and grain yield as
well as phosphorous and nitrogen level of cowpea improved by PSR
Burkholderia sp. [53]. Walpola and Yoon [42] recorded higher plant
height and weight in tomato inoculated singly with P. agglomerans and
Burkhoderia anthina or co-inoculated with both strains compared to
un-inoculated plants. Similar finding were also recorded by Korir et al
[23] that co-inoculation of rhizobia with other PGPR enhanced nodula-
tion, plant weight of common bean over the control. Akhtar et al. [52]
found that inoculation of Rhizobium sp. and Bacillus sp. improved the
grain yield up to 17.5% followed by single inoculation of Bacillus sp.
(7.7%) over control.

5. Conclusion

Based on above findings, it might be concluded that the bacterial
strains of B. gladioli, Pseudomonas sp. and B. subtilis with their P solubi-
lization ability will attract more attention in the field of bio-fertilization.
Present investigation revealed the ability of B. gladioli, B. subtilis and
Pseudomonas sp. and their consortia to solubilize insoluble inorganic and
organic P into absorbable form for plants, resulting in better growth of
crop plants. Therefore, B. gladioli, Pseudomonas sp., B. subtilis and their
consortia can be used as bio-inoculants for tomato, fenugreek and other
crops.
7
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