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Abstract
A laboratory incubation experiment was executed to examine the role of phosphate solubilizing bacteria (with PSB and 
without PSB) and poultry manure (4, 8 and 12 t PM  ha−1) in improving P mobilization/mineralization under four different 
lime regimes (4.78, 10, 15 and 20%  CaCO3 M/M) for 56 days using three factorial complete randomized design (CRD) with 
triplicates. Phosphorus availability progressively increased over time irrespective of PSB inoculation, PM and lime levels. 
The PSB and PM (4–12 t  ha−1) addition into soil significantly increased Olsen P at all incubation intervals. Post incubation 
PSB survival increased by 12 and 9% with inoculation and 12 t PM  ha−1 over control and 4 t PM  ha−1, respectively. Liming 
ominously reduced P mobilization/mineralization by 1.3, 2.6 and 10.5% and PSB population by 6.6, 7.3 and 16.3% at 10, 15 
and 20% (lime), respectively, over control at day 56. However, PSB and PM addition (with increasing rate) into soil signifi-
cantly counterbalanced these ill effects of lime. Thus, the application of PSB and PM is a promising measure to enhance P 
availability in calcareous soils and shall be practiced.
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Introduction

Phosphorus (P) is 2nd major growth-limiting nutrient after 
nitrogen (N) in term of its requirements (Salimpour et al. 
2010). Contrasting to N, P cannot be made biologically 
available from atmosphere (Ezawa et al. 2002). On dry 
weight basis plant contains 0.2–0.8% P (Hao et al. 2002). 

Approximately, on 30–40% of world cultivable land, 
crop yield is low due to P deficiency (Fahad et al. 2014, 
2015a, b, 2016; Sonmez et al. 2016; Turan et al.2017; 
Turan et al. 2018). On average, 1.00–2.50% of soil total 
P (400–1000 mg kg−1) is available to plants (Chen et al. 
2008). In soil P is generally found as soluble P, insoluble 
mineral and organic P. Approximately half of the total soil 
P is organic (Schutz et al. 2018). Almost 20–80% of the 
organic P (OP) has been found to be inert (Abdi et al. 
2014). Soil mineral P (MP) is obtained by the weathering Muhammad Adnan and Shah Fahad are equally contributing 
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of rocks and phosphatic fertilizers. Mineral P in soil exist 
as phosphate anions which either adsorbed to clay surfaces 
(Halajnia et al. 2009), or make insoluble complexes with 
cations such as  Ca2+ and  Mg2+ in alkaline soil or  Fe2+ 
and  Al3+ in acidic soils (Yadav et al. 2017). As a conse-
quence, the bio-available P in the soil barely goes beyond 
0.1 mg kg−1. Almost 44.12 million tons (MT) of phosphate 
fertilizers are used every year across the globe, of which 
80% is lost (FAO 2017) due to its precipitation, adsorption 
and immobilization reactions in soil (Gyaneshwar et al. 
2002). This not only increases cost of production but also 
pollute the environment (Tilman et al. 2001).

Khan et al. (2009) estimated that if the accumulated P 
in agricultural soils is made available by certain means, 
it will be enough to support optimum plant growth for 
almost 100 years. Calcareous soils [which are most abun-
dant in Pakistan (Rehim 2016)] due to its high content of 
calcite may fix substantial amounts of P (Li and Marschner 
2019). However, integrated application of P fertilizers with 
organic substrates (PM, FYM, etc.) into calcareous soil 
has shown to increase P solubility and availability com-
paratively for long time than its sole mineral application 
(Bolan et al. 1994). Among organic manures PM contains 
greater concentration of nutrients such as N (~ 2%) and 
P (~ 1.5%), it can be efficiently used as a source of plant 
nutrients (Selvamani et al. 2019).

Phosphate solubilizing bacteria (PSB) enhance P 
availability by playing an important role in soil P cycle 
through involvement in dissolution–precipitation, sorp-
tion–desorption, and mineralization–immobilization reac-
tions (Jiang et al. 2018). They produce different types of 
organic acids such as mono-, di- and tricarboxyclic (Ryan 
et al. 2001), and mineral acids such as nitric and sulphuric 
acids (Chen et al. 2006), thus acidifying the soil (Penn and 
Camberato 2019) and consequently release P from  Ca3 
 (PO4)2 in calcareous soils. These acids can also displace 
adsorbed phosphate through ligand exchange reactions. 
Organic acids may also chelate the cations such as  Ca2+, 
 Al3+ and  Fe3+ and may increase plant available P (Jones 
1998). These bacteria may act as a sink for P in the pres-
ence of labile carbon by rapidly immobilizing it (Büne-
mann et al. 2004) and it is released into soil upon their 
decomposition. Alkaline phosphatases (Rodriguez et al. 
2002),  H+ protonation (Xiao et al. 2017), anion exchange, 
chelation, siderophores, hydroxyl ions and  CO2 produc-
tion are other mechanisms by which PSB improve crop 
growth and soil P nutrition (Sugihara et al. 2010; Iqbal 
et al. 2019). They may enhance P availability through the 
liberation of extracellular enzymes (George et al. 2018). 
The  H2S released by PSB when reacts with ferric phos-
phate make ferrous sulphate with concurrent discharge of 
phosphate ion. Moreover, phytohormones such as indole 
acetic acid (Chaiharn and Lumyong 2011), gibberellins 

and cytokinins (Mehta et al. 2019) produced by PSB are 
also positively correlated with phosphate solubilization.

As most of Pakistan’s soils are calcareous and hence 
deficient (90%) in available P (Rehim 2016). Therefore, 
the use of PSB and PM for improving P availability could 
be an efficient approach. However, the potential of PSB 
in enhancing bio-available P has not been fully realized 
due to their changing behavior under different soils [non 
calcareous (≤ 5% lime), slightly (≤ 10% lime), moder-
ately (≤ 15% lime) and highly (≤ 20% lime) calcareous]. 
Thus, this study was designed to evaluate the potential 
PSB in improving P availability from PM in artificially 
induced calcareous soil under lab incubation experiment 
for 56 days.

Materials and methods

Soil description

A surface (0–20 cm) non-calcareous soil (Gulyana soil 
series) was obtained from Agricultural Research Station 
(ARS) Swabi, Baja Bamkhel, Distract Swabi, Khyber 
Pukhtoonkhwa- Pakistan (34°7′12″ North and 72°28′20). 
The soil used in the experiment was silt loam, non-saline, 
non-calcareous (4.78% lime), low in organic matter, and 
deficient in total N, K and Olsen P contents (Table 1).

Inputs used

A non-analytical grade lime in powder form (≤ 2 mm) was 
obtained from local market. Poultry manure (PM) was 
acquired from local poultry farm and was analyzed for its 
NPK concentration. Phosphate solubilizing bacteria (PSB) 
were obtained from National Agriculture Research Center 
(NARC) Islamabad and were tested for its microbial com-
position and population.

Table 1  Characteristics of soil used in the experiment

Property Unit Quantity

Bulk density g  cm−3 1.24
Textural class – Silt loam
Soil pH (in 1:2 soil water suspension) – 7.56
Soil EC (in 1:2 soil water suspension) dSm−1 0.76
Lime % 4.78
Organic matter % 0.82
Total N % 0.08
Olsen P mg  kg−1 5.28
Potassium mg  kg−1 78
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Characterization of applied PSB inoculum

The inoculum used was tested for its microbial composi-
tion by Bergey’s manual of systematic bacteriology (Krieg 
and Holt 1984) while using Pikovskaya’s agar medium 
with  Ca3(PO4)2 as insoluble P (Gordon et al. 1973). The 
inoculum was composed of Pseudomonas (15.3%), Bacil-
lus (12.2%), Rhizobia (16.8%), Burkholderia (11.5%), 
Micrococcus (5.8%), Flavobacterium (2.9%), Achromo-
bacter (6.6%), Erwinia (10.1%), Agrobacterium (3.9%), 
and 15% unidentified species (Table 2). The inoculum 
was also tested for phosphate solubilization (Nautiyal 
1999), alkaline phosphatase activity (Eivazi and Tabata-
bai 1977), siderophores (Alexander and Zuberer 1991), 
and indole acetic acid (IAA) (Vincet 1970) production. 
The peat-based PSB inoculum was composed of 1.46 × 107 
cfu of PSB  g−1. The used PSB showed potential PGPR 
characteristics (Table 3). They were capable of releas-
ing: axines (4.7 ± 0.51  mg  ml−1), indole acetic acids 
(7.5 ± 0.66 µg ml−1), organic acids (10.6 ± 0.65 g  L−1), 
siderophores (6.2 ± 0.68 diameter of halo in mm) produc-
tion, and phosphate solubilization (6.7 ± 0.39 diameter of 
halo in mm).

Experimental procedures

To examine the effect of PSB inoculation on Ca-P mobi-
lization and P mineralization from PM in soil amended 
with different levels of lime an incubation experiment was 
conducted. Three factorial CRD with three replications, 
consisting of (factor A) two inoculation treatments (With 
PSB and Without PSB) (factor B) three levels of PM (4, 8 
and 12 Mg ha−1) and (factor C) four levels of lime (4.78, 
10, 15 and 20% powdered  CaCO3 M/M) accounting for 24 
treatment per replication. A 100, 94.78, 89.78 and 84.78 g 
soil each was added into 18 plastic incubation pots and 
amended with 0, 5.22, 10.22 and 15.22 g lime per pot 
(100 g soil + lime) 30 days before the application of PM 
and PSB for achieving 4.78, 10, 15 and 20% lime, respec-
tively. The pots were then also treated with 200, 400 and 
600 mg PM at the rate of 4, 8 and 12 t PM  ha−1. Uniform 
quantity of N (60 mg kg−1 as urea) and K (30 mg kg−1 as 
SOP), were applied to all pots as solution form. Peat-based 
maize PSB (1 mg kg−1soil) was added as 1% (M/V) inocu-
lum water (sterile distilled) suspension. Viable cell count 
of PSB was 1.42 × 105 cfu ml−1 in prepared suspension 
(1% M/V) as determined by dilution plate technique (Holt 
et al. 1994). Pots receiving PSB were treated with 5 ml 
of this suspension while, without PSB pots were added 
with 5 ml of sterilized distilled water (Gyaneshwar et al. 
1999) followed by proper inversion. The pots were then 
incubated at 32 ± 2 °C and moisture content of the soil 
was maintained at about 50% of field capacity throughout 
the experiment. At day 0, 7, 14, 28 and 56 of incubation 
10 g of soil was taken out from all pots each for Olsen 
extractable P and moisture content. The post incubation 
PSB population in each pot was also measured at day 56.

Soil analysis

A suspension (1:2) of soil and water was prepared and ana-
lyzed for pH (Thomas 1996) and electrical conductivity 
(Rhoades 1996). Nitrogen content in soil was measured by 
the method described by Bremner and Breitenbeck (1983) 
and K the method of Ryan et al. (2001). Phosphorus in 
soil was determined by the  NaHCO3 method (Olsen et al. 
1954). Lime content in soil was measured by the acid 
neutralization method (Loeppert and Suarez 1996), soil 
texture by hydrometer method (Gee and Bauder 1986) and 
organic matter content by the Walkley and Black (Nelson 
and Sommers 1996). The PSB population in soil at day 
56 of incubation was determined by suspension dilution 
plate techniques in fresh soil samples using Pikovskaya’s 
medium 81 (Holt et al. 1994).

Table 2  Bacterial composition 
(%) of used PSB inoculums

Bacterial specie Percent 
composi-
tion

Pseudomonas 15.3
Bacillus 12.2
Rhizobia 16.8
Burkholderia 11.5
Micrococcus 5.80
Flavobacterium 2.90
Achromobacter 6.60
Erwinia 10.1
Agrobacterium 3.90
Unidentified 15.0

Table 3  Plant growth promoting characteristics and population of 
used PSB

Values represent the mean of 3 replications

PGPR characteristics Unit Quantity

Phosphate-solubilization Diameter of halo in mm 6.7 ± 0.39
Siderophores production Diameter of halo in mm 6.2 ± 0.68
IAA production µg  ml−1 7.5 ± 0.66
Auxin production mg  ml−1 4.7 ± 0.51
Total organic acid g  L−1 10.6 ± 0.65
PSB population cfu  g−1 inoculum 1. 46 × 107
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Statistical analysis

The replicated data obtained for P mineralization at each 
incubation interval and PSB population at day 56 was sub-
jected to analysis of variance (ANOVA) according to three 
factorial CRD (Steel and Torrie 1996) using statistical pack-
age Statistix 8.1. For any significant variation data were 
further subjected to least significant difference (LSD) test. 
Results on PGPR characterizations of PSB were processed 
by descriptive statistics.

Results

Phosphorus mineralization

Results presented in Table 4 show P release from PM by 
PSB under varying levels of lime over 56 days incubation. 
The PSB inoculation noticeably increased P availability 
over un-inoculated control at each incubation interval 
except day zero. Inoculation (with PSB) increased P avail-
ability by 3.7, 3.6, 1.6 and 2.8% over control at day 7, 14, 
28 and 56, respectively. Phosphorus release significantly 

varied among different PM rates at all incubation inter-
vals during 56 days (Table 4). Generally, P availability 
increased with increasing application of PM at each data 
interval over 56 days. Maximum P mineralization was 
observed at 12 t PM  ha−1 followed by 8 t PM  ha−1 while 
minimum Olsen P was recorded at 4 t PM  ha−1 applica-
tion at all data intervals. Furthermore, P availably also 
increased with time at all PM rates. Net P mineralization 
of 6.37, 11.27 and 14.99 mg kg−1 was observed at 4, 8 
and 12 t PM  ha−1, respectively, at day 56. Phosphorus 
release showed inverse relationship to liming (Table 4). 
Phosphorus release declined with increasing application of 
lime, however, it response was comparable up to 10% lime 
at all incubation interval except day 28. Highest Olsen 
P was noticed for 4.78% (control) lime while the lowest 
were observed in soil amended with 20% lime at each data 
interval. Phosphorus release decreased over control lime 
by 0.8, 6, 12% at day zero, 0.8, 10, 15% at day 7, 1.5, 5.6, 
18% at day 14, 2, 7, 13% at day 28 and 1, 3, 10% at day 56 
with 10, 15 and 20% lime, respectively. Phosphorus avail-
ability potentially increased with time by 11.39, 11.28, 
11.19 and 10.30 mg kg−1 at 4.78, 10, 15 and 20% lime, 
respectively, during 56 days incubation time.

Table 4  Effects of PM and PSB on Olsen P (mg kg−1) and PSB population (at 56 day) in soils with varying levels of lime

PM, I, L, ns, *, ** and *** indicates poultry manure, inoculation, lime, non-significant and significant (LSD test) at P ≤ 0.05, P ≤ 0.01, and 
P ≤ 0.001, respectively. Means followed by different letter in each column are significantly different at P ≤ 0.05. Values in parentheses represent 
percent increase over control PSB/lime

Days Net increase over 
incubation

PSB popula-
tion at day 
560 7 14 28 56

Inoculation P mineralization/release (mg kg−1) (105 cfu  g−1)
 Without PSB 6.15 8.48 10.23 14.09 16.96 10.81 8.05
 With PSB 6.16(0.2) 8.79(3.7) 10.60(3.6) 14.32(1.80) 17.43(2.8) 11.27 9.00(11.8)

 LSD(0.05) ns 0.068 0.159 0.162 0.221 0.233 0.301
PM (t  ha−1) 6.16
 4 5.88c 8.08c 9.16c 17.98c 12.26c 6.37c 8.16b
 8 6.22b 8.55b 10.13b 13.63b 17.96b 11.75b 8.54a
 12 6.36a 9.28a 11.97a 17.98a 21.36a 14.99a 8.87a
 LSD (0.05) 0.065 0.083 0.195 0.198 0.270 0.286 0.368

Lime (%)
 Control (4.78%) 6.46a 9.22a 11.11a 15.01a 17.85a 11.39a 9.22a
 10 6.41a(−0.8) 9.15a(−0.8) 10.94a(−1.5) 14.76b(−1.7) 17.61ab(−1.3) 11.28a 8.61b(6.6)

 15 6.08b(−5.9) 8.29b(−10.1) 10.49b(−5.6) 14.01c(−6.7) 17.36b(−2.7) 11.19a 8.55b(7.3)

 20 5.66c(−12) 7.87c(−14.6) 9.13c(−17.8) 13.03d(−13.2) 15.97c(−10.5) 10.30b 7.72c(16.3)

 LSD (0.05) 0.075 0.095 0.225 0.229 0.312 0.329 0.425
Interaction
 L × I ns *Figure 1 ns ns ns ns ns
 L × PM ***Figure 2 ***Figure 3 *Figure 4 **Figure 5 ns ns ns
 I × PM ns ns ns ns ns ns ns
 L × I × PM ns ns ns ns ns ns ns
 CV (%) 1.57 1.65 3.23 2.41 2.71 4.90 7.44
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Interactively, PSB inoculation and liming significantly 
affected P availability at day 7 (Fig. 1) while at rest of data 
intervals its effect was non-significant. At day 7, PSB inocu-
lated soil released significantly higher P than un-inoculated 
(without PSB) treatments at each soil lime contents. Liming 
did not affect soil P content up to 10% both with and without 
PSB inoculation but its application beyond 10% potentially 
decreased soil P availability. Highest P release was observed 
in soil amended with no (4.78%) and 10% lime with inocula-
tion while lowest was recorded at 20% lime without inocula-
tion. Furthermore, 20% lime with inoculation released simi-
lar P to 15% lime without inoculation. Similarly, associative 
effect of PM rates and soil calcification was also significant 
for P availability at day 0 (Fig. 2), 7 (Fig. 3), 14 (Fig. 4) 
and 28 (Fig. 5) of incubation. These significant interactions 
demonstrated that, P availability increased with increasing 
application of PM from 4 to 12 t  ha−1 and reduced with 
increasing lime level. However, PM was capable of mini-
mizing the hostile effect of liming on P availability. At zero 
day of incubation, liming exceeding 10% reduced soil Olsen 

extractable P. The P availability increased with increasing 
PM regardless of lime level, however, the performance of 
12 and 8 t PM  ha−1 was comparable at 4.78 and 10% lime. 
There was no significant effect of liming on P availability 
at 10% lime at corresponding PM rates. Soil treated with 12 
and 8 t PM  ha−1 at 20% lime released at par P to that of 8 
and 4 t PM  ha−1 with 15% lime, respectively. Similarly, soil 
having 12 t PM  ha−1 at 15% lime produced comparable P to 
8 t PM  ha−1 at 4.78 and 10% lime, which were significantly 
higher than that P released at 4 t PM  ha−1 with 4.78 and 10% 
lime (Fig. 2).

At day 7 (Fig. 3), with increasing application of PM soil 
P availability significantly increased, however, there was no 
difference in P at 4.78 and 10% lime at corresponding PM 
rates. Addition of lime beyond 10% significantly rendered 
P availability at each PM levels except 12 t PM  ha−1 which 
produced similar P as at 15 and 20% lime. The PM applied at 
the rate of 12 t  ha−1 proved to be as effective as 4 t PM  ha−1 
at 4.78 and 10% lime. In addition, at 20% lime soil having 8 
t PM  ha−1 released comparable amount of as at 4 t PM  ha−1 

Fig. 1  Interactive effect of lime 
and PSB on P release (mg kg−1) 
at day 7 of incubation. Bars 
with the different letters are 
significantly different (P ≤ 0.05). 
Error bars indicate stander error 
(n = 3)
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with 15% lime. After 14 days of incubation, PM rates var-
ied in their potential for P mineralization at each lime level 
except 20% lime where 8 and 4 t PM  ha−1 released compa-
rable P. Liming did not affect P mineralization from PM (at 

corresponding rates) at 4.78 and 10% lime, beyond which 
(10%) liming significantly antagonized soil P availability. 
The 12 t PM  ha−1 with 15% lime was as effective as 12 t 
PM  ha−1 with 10% lime and they were significantly better 

Fig. 3  Interactive effect of 
lime and PM rates on P release 
(mg kg−1) at day 7 of incuba-
tion. Bars with different letters 
are significantly different 
(P ≤ 0.001). Error bars indicate 
stander error (n = 3)
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Fig. 4  Interactive effect of lime 
and PM application rates on P 
release (mg kg−1) at day 14 of 
incubation. Bars with different 
letters are significantly different 
(P ≤ 0.05). Error bars indicate 
stander error (n = 3)
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tion. Bars with different letters 
are significantly different 
(P ≤ 0.01). Error bars indicate 
stander error (n = 3)
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than that at 8 and 4 t PM  ha−1 co-applied with 4.78 and 
10% lime. Furthermore, 12 t PM  ha−1 at 20% lime resealed 
comparable P as at 8 t PM  ha−1 with 10 and 15% lime and 
this was better than that at 4 t PM  ha−1 with 10 and 15% lime 
(Fig. 4). The lowest P mineralization was recorded for 20% 
lime at 8 and 4 t PM  ha−1. Twenty-eight days after incuba-
tion P mineralization increased with increasing application 
of PM but addition of lime depressed it (Fig. 5). Highest P 
was mineralized from 12 t PM  ha−1at 4.78% lime while the 
lowest from 4 t PM  ha−1 at 20% lime. The PM application 
at the rate of 12 t  ha−1 mineralized similar amount of P both 
at 10% and 15% lime. This was significantly higher than P 
released from 4 and 8 t PM  ha−1applied to pots amended 
with 4.78 and 10% lime. In addition, P mineralized from 8 t 
PM  ha−1with 20% lime was significantly higher than that at 
4 t PM  ha−1 applied with 15% lime.

Post incubation PSB survival

Results concerning post incubation PSB population in 56 
incubated soil as affected by PSB inoculation, PM rates, 
liming and their interactions are shown in Table 4. Analysis 
of variance showed that none of the interactions significantly 
affected post incubation PSB survival. Mainly, PSB inocula-
tion, liming and PM rates demonstrated considerable effect 
over PSB population. The PSB were significantly more 
viable in PSB incubated soil than un-inoculated control. 
Moreover, PSB population was 11.8% greater in inoculated 
soil (with PSB) than un-inoculated (without PSB). Similarly, 
PSB survival also increased with increasing application of 
PM but its population was statistically at par as at 8 and 12 t 
PM  ha−1. Addition of lime adversely affected PSB survival. 
The PSB viability significantly dropped off with increasing 
lime content from 4.78 to 20%. Highest PSB survival of 
9.22 × 105 cfu g−1 was observed at 4.78% lime while the 
lowest of 7.72 × 105 cfu  g−1 was observed at 20%. The PSB 
population declined by 6.6, 7.3 and 16.3% over control at 10, 
15 and 20% lime, respectively.

Discussion

Large quantity of P applied as chemical fertilizer goes 
out of soil plant system through complexation and pre-
cipitation reaction with highly reactive  Ca2+ and  Mg2+ 
in calcareous soils (Hao et al. 2002; Tisdale et al. 2002). 
Lindsay et al. (1989) reported that, available P anions are 
very unstable and rapidly forming metal anion complexes 
with cations such as  Ca2+ and  Mg2+ in calcareous soil and 
 Al3+ and  Fe2+ in acidic soil (Barrow, 2017) due to which 
approximately 80% of applied P become un-available to 
plant (Salvagiotti 2017). We observed that lime addi-
tion and its increasing rate resulted a gradual decrease in 

Olsen P which is in validation to the findings of Shen et al. 
(2016) who described 3–7 mg kg−1 decrease in Olsen P 
per unit increase in pH. Liming induces P immobilization 
in the soil by increasing precipitation reactions of P with 
basic cations (Curtin and Syers 2001). Liming causes  Ca2+ 
toxicity thus enhances the precipitation of P as Ca–P, con-
sequently, reduce P availability in soil.

According to Alvarez et al. (2004) PSB and PM reduce 
soil pH by releasing  H+ ions and enhances the availability 
of P both from applied and indigenous sources in soil. We 
noticed that, P availability increased over time; however, 
this increase was more prominent in inoculated soil com-
pared to un-inoculated. This could be attributed to release 
of unavailable P into the mobile pool by rapid mineraliza-
tion of organic P and solubilisation of Ca-P through acidi-
fying and chelating mechanisms (Khan and Sharif 2012). 
Our results confirm those documented by Satyaprakash 
et al. (2017) and Khan et al. (2006), who conveyed that 
PSB produces organic acids, acidify surrounding soil and 
thus, solubilize Ca-P in alkaline soil. The PSB also pro-
duce phosphatase enzyme which plays a significant part 
in the solubilisation of P (Alori et al. 2017). According to 
Wu et al. (2005) chelating compounds, siderophores and 
mineral acids produce by PSB are also accountable for P 
solubilisation in acidic soils.

Afif et al. (1995) documented that addition of OM to 
the soil reduces P-insolubilisation. Poultry manure acidify 
soil by releasing  H+ ions into the soil (Alvarez et al. 2004) 
as a result P solubility/mineralization of both exogenously 
applied and soil indigenous P increases (Qin et al. 2019). 
Addition of organic manures into soil favour the formation 
of soluble monetite and brushite compared to most stable 
Ca–P such as hydroxyapatite (Sato et al. 2005) due to the 
presence of organic anions (i.e. humic, fulvic, tannic and 
citric acids) that delay the crystallization and transforma-
tions of stable Ca–P (Delgado et al. 2002), and thus increase 
P availability in soil.

Our results reflected that PSB can survive and flour-
ishes in soil for up to 56 days, which agrees with Pahari 
and Mishra (2017). They documented that PSBs can stay 
viable in soil almost for 6 months. Additionally, Hameeda 
et al. (2008) observed that PSB cannot grow in un-inoculated 
soil. We observed improved PSB survival with the applica-
tion of PM which is an agreement to Chen et al. (2006) and 
Chakraborty et al. (2019) who reported that soil enrichment 
with organic carbon increase soil microbial biomass, con-
sequently enhances P availability by the process of miner-
alization–immobilization. The PSB viability increased with 
increasing application of PM. This could also be ascribed to 
the release of nutrients such as C and N during decomposi-
tion which flourishes soil microbes (Nardi et al. 2017; Bais 
et al. 2001). Liming induces soil alkalinity thus disturb soil 
microbial activity (Six 2001).
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These results summarise that, in calcareous soils P 
availability decreases but PM and PSB has the potential to 
minimize such hostile effects of liming on P availability. 
PSB inoculation and PM fertilization improve also improve 
microbial population while liming of an alkaline is injurious 
for PSB viability. Calcareous soils must be treated with PM 
and PSB for better soil P nutrition. Furthermore, PM has 
also potential to improve P availability both in calcareous 
and non-calcareous soils.

Conclusions

The PSB and PM were effective in mobilizing/solubaliz-
ing P under non calcareous and artificially induced slightly, 
moderately and highly calcareous soils. The PSB were more 
viable in soil amended with PM and/or inoculated with PSB. 
Phosphorus availability/release significantly decreased with 
increasing lime level but PSB and PM were effective in nul-
lifying such harmful effects over P release/availability. Phos-
phate solubilizing bacteria and PM could play a significant 
role in P mobilization/solubilization both under calcareous 
and non-calcareous soils and shall be practiced. However, 
further experimentation is needed under field conditions for 
verifications of these findings in variety of agro-climatic 
conditions.
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