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Abstract
Rock microbes are capable to solubilize phosphate present in the rocks.. In this study, we focused on the isolation of phosphate 
solubilizing bacteria from rocks of Murree, Pakistan. Both endolithic and epilithic bacteria were screened for phosphate 
solubilization. Three bacterial strains were selected based on halozone formation inNational Botanical Research Institute 
for phosphate) medium supplemented with TCP (tribasic calcium phosphate). The solubilization index for these bacteria 
was recorded as 4.29, 4.03 and 3.99. The pH of the medium dropped from 7.0 to 4.0 after 5 days with continuous shaking at 
150 rpm, which facilitate the phosphate solubilization. The strains P26, P4 and N27 were identified as Pseudomonas putida 
strain (KT004381), Pseudomonas grimontii (KT223621) and Alcaligenes faecalis (KT004385). Strain P26 showed maximum 
phosphate solubilization (367.54 µg/ml), while P4 and N27 showed 321.88 and 291.36 µg/ml after 3 days of incubation. 
Such inorganic phosphate solubilization could be attributed to the organic acids production by bacteria. The presence of 
organic acids is determined by high-performance liquid chromatography. Three different types of acids, gluconic, oxalic 
and malic acid were the dominant acids found in the culture medium. It may be assumed that these bacteria can play a role 
in weathering of rocks as well. PSB is likely to serve as an efficient biofertilizer, especially in areas deficient in P to increase 
the overall performance of crops.
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Introduction

Phosphorus is the second most important macronutrient 
for plant growth after nitrogen in the terrestrial environ-
ment (Walker and Syers 1976; Vitousek and Howarth 1991; 
Ahmad et al. 2005; Farajzadeh et al. 2012; Alori et al. 2017; 
Fatima et al, 2021). Global metagenomics studies of vari-
ous terrestrial ecosystems revealed that the terrestrial plant's 
response to phosphorus addition was not different from those 
to nitrogen addition (Elser et al. 2007; He et al. 2010; Zhang 
et al. 2018; Liang et al. 2020). Phosphorus is found in almost 
all rocks and regarding availability to plants it is one of the 
less available elements in the lithosphere (Jones and Oburger 
2011; Alloway 2013; Etesami and Jeong 2021), therefore 
considered a limiting nutrient in the soils. Phosphates are the 
fully oxidized forms of phosphorus, but it forms insoluble 
complexes with aluminum, calcium and iron, thereby gener-
ating insoluble phosphate salts with low solubility, affecting 
the productivity of ecosystems (Etesami and Jeong 2021). 
For maximum plant productivity, a large quantity of solu-
ble P in the form of chemical fertilizers is applied to soils. 
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However, this soluble P is easily precipitated into insoluble 
forms like FePO4, CaHPO4, AlPO4 and Ca3(PO4)2 which are 
not easily taken up by plants, what leads to soil pollution or 
can be washed away to fresh water and groundwater (Omar 
1998; Shigaki et al. 2006; Hazra and Das 2014; Khan et al. 
2018; Zhang et al. 2022). To solve this problem, it is neces-
sary to develop a technology that should be eco-friendly and 
economical (Vassilev and Vassileva 2003).

Phosphate solubilizing microbes (PSMs) are a group of 
beneficial microorganisms capable of hydrolyzing organic 
and inorganic insoluble phosphorus compounds to soluble 
form that can easily be assimilated by plants. PSM provides 
an eco-friendly and economically sound approach to over-
come the P scarcity and its subsequent uptake by plants. 
Though PSMs have been a subject of research for decades, 
manipulation of PSMs for making use of increasing fixed P 
in the soil and improving crop production at the field level 
has not yet been adequately commercialized. PSMs have the 
ability to solubilize insoluble phosphate. They not only pro-
vide phosphorus but can also accelerate the accessibility of 
trace elements (Mittal et al. 2008; Zhang et al. 2022), facili-
tate plant growth by the fixation of atmospheric nitrogen 
(Dobbelaere et al. 2002; Sahin et al. 2004; Khan et al. 2018), 
produce plant growth hormones like auxins (Jeon et al. 2003; 
Egamberdiyeva 2005), cytokines (Salamone et al. 2001), and 
gibberellins (Gutierrez-Manero et al. 2001), enzymes and 
fungicidal compounds such as protease, chitinase and cellu-
lase (Dey et al. 2004; Lucy et al. 2004; Hamdali et al. 2008). 
Therefore, it is believed that PSMs greatly affect plant per-
formance by the production of the substances which promote 
plant growth (Hameeda et al. 2006a). Due to their ability 
to solubilize inorganic phosphorus pools, PSMs are widely 
used as inoculants to increase crop yield (Chen et al. 2008; 
Khalid et al. 2004; Hameeda et al. 2006b). Using PSMs as 
inoculants for phosphorus availability and plant growth pro-
motion have been assessed in several studies in field condi-
tions and greenhouse (Reyes et al. 2002; Zaidi et al. 2003).

Different kinds of PSB have been characterized and 
reported for promoting plant growth and increasing the 
availability of phosphorus (Khan et al. 2010; Zaidi et al. 
2009; Rodríguez and Fraga 1999; Harris et al. 2006). Differ-
ent mechanisms are used by PSB to bring about the solubili-
zation of phosphates from insoluble forms into soluble, but 
the most efficient mechanism used by these bacteria is the 
production of microbial metabolites such as organic acids 
(Lin et al. 2006). These organic acids contain carboxyl and 
hydroxyl groups which are responsible for the conversion 
of phosphates into soluble forms (Chen et al. 2006). The 
organic acids produced by these microorganisms are of low 
molecular weight and the concentration of acids varies from 
1 to 50 Mm (Strobel 2001). Such acid-producing microbes 
are also colonized in rocks (Sajjad et al. 2019a). The rocks in 
lower Himalayas, Pakistan, provide a suitable environment 

for epilithic and endolithic bacteria (Ali et al. 2020; Khan 
et al. 2021) that are active in the weathering of rocks. There-
fore, this study was aimed to isolate and characterize PSB 
from rocks in the lower Himalayas. In addition, the phos-
phate solubilizing potential of the isolates was evaluated 
with the view of using them as a source of biofertilizer to 
boost soil fertility.

Materials and methods

Isolation of phosphorus solubilizing bacteria

The rocks used for PSB isolation were collected from the 
lower Himalayas in Ayubia, Abbottabad, Pakistan, (Eleva-
tion 2600  m), (34°4′20"N, 73°23′55"E). Both epilithic 
and endolithic strains isolated from these rocks were used 
for phosphate solubilizing activity in NBRIP (National 
Botanical Research Institute for phosphate) medium con-
taining 10 g glucose, 0.25 g MgSO4.7H2O, 0.2 g KCl, 5 g 
MgCl2.6H2O, 0.1 g (NH4)2SO4 in 1 L distilled water. For the 
selective screening of PSB, 5 g of tribasic calcium phosphate 
(TCP) was used in which an inorganic source of phosphorus 
is added as a sole source of phosphate (Nautiyal 1999). For 
epilithic bacteria, the rock surface was swabbed and grown 
on a medium, while for endolithic bacteria, rocks were bro-
ken down and swabbed the inner surface and streaked on 
a medium. All the strains were point inoculated on these 
plates and were incubated for 5 days at 30 °C. Phosphate 
solubilizing colonies were selected based on the formation 
of clear zones.

Solubilization index

The solubilization index was determined by measuring 
colony diameter and clear zone diameter, using the formula 
used by Edi-premono et al. (1996).

Bacteria that formed clear zones around the colonies 
could solubilize inorganic phosphate and were transferred 
to a liquid NBRIP medium. All assays were performed in 
replicates.

Quantitative analysis of phosphate solubilization

For the quantitative analysis of TCP, all the PSB strains 
were grown in a liquid NBRIP medium. 0.1 ml of bacte-
rial were added to liquid NBRIP medium and the flasks 
were incubated for 7 days at 27 °C in a shaker incubator at 
180 rpm. After incubation, the cultures were centrifuged at 
13,000 rpm for 10 min. The supernatant was collected from 

SI = Colony diameter + Halozone diameter∕Colony diameter.
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the samples and available phosphate was estimated by the 
molybdenum blue method by using a spectrophotometer at 
the wavelength of 600 nm (OD600nm). The absorbance of 
the samples was measured on the same wavelength using 
standard curve concentrations of converted P were expressed 
as µg ml−1 (Fernández et al. 2007).

Effect of pH and temperature on phosphate 
solubilization

To study the effect of pH and different temperatures on phos-
phate solubilization, the isolates were incubated at various 
pH (4, 5, 6, 7, 8 and 9) and temperatures (25, 30, 35, 40, 
45 °C). The isolates were grown in a liquid NBRIP medium 
for 3 days and solubilization was observed based on the 
phospho-molybdate blue color method.

Identification of PSB strains

DNA extraction

PSB strains were grown in 10 ml nutrient broth for 24 h 
at 30 °C. About 1 ml of each culture was transferred to 
microtubes and centrifuged at 13,000 rpm for 5 min and 
the pellet was collected for total DNA extraction using the 
CTAB method (Sajjad et al. 2016). The extracted DNA was 
confirmed and visualized using an Ultraviolet–visible spec-
trometer on gel electrophoresis containing ethidium bromide 
and 1% agarose gel.

Sequencing and identification

Polymerase chain reaction (PCR) was performed using 
universal primers, 27F (5’-AGA​GTT​TGA​TCC​TGG​CTC​
AG-3’) and 1492R (5’-GGT​TAC​CTT​GTT​ACG​ACT​T-3’). 
The PCR products were then sent to Macrogen (Korea) for 
sequencing. Once the sequencing was done, the phyloge-
netic tree was constructed using the online BLAST program 
comparing the related sequences with the available known 
sequences in the NCBI data bank (http://​www.​ncbi.​nlm.​nih.​
gov/​BLAST).

Phylogenetic analysis

Related sequences were obtained from NCBI and aligned 
with the muscle software. The pairwise aligned sequences 
were processed for the construction of a phylogenetic tree. 
The phylogenetic tree was inferred using MEGA X software. 
The evolutionary history was inferred using the Neighbor-
Joining method (Saitou and Nei 1987). The optimal tree 
with the sum of branch length = 0.24778990 is shown. The 
percentage of replicate trees in which the associated taxa 
clustered together in the bootstrap test (500 replicates) are 

shown next to the branches (Felsenstein 1985). The tree is 
drawn to scale, with branch lengths in the same units as 
those of the evolutionary distances used to infer the phyloge-
netic tree. The evolutionary distances were computed using 
the Maximum Composite Likelihood method (Tamura et al. 
2004) and are in the units of the number of base substitutions 
per site. The analysis involved 15 nucleotide sequences. All 
ambiguous positions were removed for each sequence pair. 
There were a total of 893 positions in the final dataset. Evo-
lutionary analyses were conducted in MEGA X (Kumar 
et al. 2018).

Analysis of pH change and production of organic 
acids

For the analysis of pH change, PSB solubilizing bacteria 
were grown in a liquid medium and were incubated for 
7 days at 30 °C. The cultures were centrifuged after incuba-
tion, and pH of the medium was recorded for organic acid 
production by PSB strains. The supernatant was collected 
from the liquid medium and was centrifuged at 13,000 rpm 
for 15 min. Then the samples were filtered through 0.2 um 
filters and 20 ul of filtrates were subjected to High-perfor-
mance liquid chromatography (HPLC).

Results and discussion

Identification of PSB strains

Rocks harbor biologically active microbes that carried 
out several biogeochemical cycling (Sajjad et al. 2022). 
The rocks in lower Himalayas Pakistan provide a suitable 
environment for epilithic and endolithic bacteria (Ali et al. 
2020). In this study, bacterial strains obtained from rocks 
were studied. All the bacterial isolates were tested for phos-
phate solubilization. Among these isolates, only three strains 
(two epilithic and one endolithic) developed a clear zone 
around the colonies after 7 days of incubation that shows 
phosphate solubilization. Epilithic Strain P4 was identified 
as Pseudomonas grimontii P4 (KT223621) and another 
epilithic strain P26 was identified as Pseudomonas putida 
(KT004381). Similarly, the endolithic strain N27 showed the 
nearest proximity with Alcaligenes species and was identi-
fied as Alcaligenes faecalis N27 (KT004385) (Fig. 1).

Calcium phosphate (Ca3(PO4)2) was used as a source of 
phosphate and dissolved by the isolated bacterial strains. 
Similar findings were also found by Antoun et al. (2009), 
which showed that only those bacteria have the potential to 
form halozones in a medium which composed of Ca-P as a 
source of phosphate. The formation of halozones is because 
of glucose transformation into an organic acid (Widawati 
2011). In the isolation of PSB from the sea, glucose was 

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
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utilized as the carbon source to dissolve the bound phos-
phor indicated by halozones (De Souza et al. 2000). Seshadri 
et al. (2002) and De Souza et al. (2000) reported that bac-
teria with phosphate solubilization potential from coastal, 
offshore, mangrove and seawater could dissolve phosphate 
from zinc phosphate (30%), calcium phosphate (19%) and 
calcium triphosphate (18%).

The highest solubilization efficiency was observed in two 
isolates P26 and P4, there was a slight difference in the solu-
bilization rate of all three strains. The size of the halozones 
determines the capability level of bacteria to dissolve the 
bonded phosphate (Rachmiati 1995). The larger the halo-
zones developed, the more likely the isolates are to dissolve 
the bound P shown in (Fig. 2).

The capability of phosphate solubilization by the iso-
lated endolithic and epilithic bacteria to quantitatively solu-
bilize phosphate and pH of the broth medium with phos-
phate source (Ca3(PO4)2) after incubation of 7 days was 
measured by spectrophotometer, which showed that the 
three isolates P26 (367.54 µg ml−1), P4 (321.88 µg ml−1) 
and N27 (291.36 µg ml−1) have the potential to solubilize 

the inorganic phosphate of Ca3(PO4)2 in the liquid NBRIP 
medium. When the phosphate was solubilized in the 
medium, the pH of the medium was dropped. The solubi-
lization of phosphate alters the pH with the production of 
organic compounds released to the medium, redox reactions 
and organic ligand competitors (Cunningham and Kuiack 
1992). Jeon et al. (2003) reported that Pseudomonas fluore-
scens solubilizes Ca3(PO4)2 after incubation for 5 days and 
pH drops to 4.4. The acidity of the liquid medium is the key 
mechanism for the dissolution of the minerals (Sajjad et al. 
2020). Therefore, the acidity of the liquid medium supports 
phosphate solubilization (Perez et al. 2007). Whitlaw et al. 
(1999) also reported that the concentration of phosphate 
solubilized in liquid medium is in line with the acidity and 
concentration of amino acid and also pH shift. According to 
Rao (1982), the process of inorganic phosphate solubiliza-
tion, including Ca3(PO4)2, includes pH changes caused by 
the synthesis of organic acids such as acetate, citrate, and 
oxalate. Ramachandran et al. (2007) stated that, since the 
bacteria can discharge inorganic phosphate from Ca3(PO4)2 
in liquid culture, the bacteria have the capacity to dissolve 
the bound P and so make it accessible to the plants.

Solubilization index

The solubilization index was measured by the formation of 
halozones around the colonies growing on a solid NBRIP 
medium. The formation of halozones was the indication 
of these strains to solubilizing insoluble TCP. The varying 
diameters of the halozones showed that TCP was solubilized 
to different degrees by different strains. All the indices of 
solubilization are shown in Table 1 grown on NBRIP solid 
medium. In the first 24 h, rapid halozones were observed, 
but with the passage of time and with the increase of colony 
diameter, the zones expanded. It was due to assimilation and 
then deficiency of available phosphate in the medium. Our 
results showed that P26 was the most efficient in solubilizing 
inorganic phosphate on NBRIP solid medium with a solu-
bilization index of 4.29, followed by P4 and N27 with solu-
bilization indices of 4.03 and 3.99 respectively (Table 1).

Fig. 1   Phylogenetic tree of the isolates based on 16S rRNA 
sequences showing the positions of Pseudomonas grimontii, Pseu-
domonas putida and Alcaligenes faecalis strains with respect to the 
closest species. The accession numbers are of the isolated species are 
also given in parenthesis

Fig. 2   Zone of hydrolysis by 
different strains
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Quantitative analysis of phosphate solubilization

In this study pH of the medium containing TCP was 
observed to decrease during the bacterial incubation. The 
initial pH of the medium was set at 7. The results showed 
pH of the medium decreased gradually during the first few 
days. The pH of the culture medium decreased to 4 in the 
beginning and remained almost constant afterward. All the 
phosphate solubilizing strains began to grow exponentially 
when grown in an NBRIP medium containing TCP as the 
sole phosphate source. The pH of the medium also started to 
decrease from the initial pH of 7 and continued to decrease 
till the stationary phase.

Importantly, the acidification is accredited to the con-
sumption of glucose present in the medium which results 

in the production of organic acids. Previous studies also 
showed similar results (Trivedi and Sa 2008; Rodriguez 
et al. 2004). Reduction in the quantity of soluble phosphate 
is the result of auto-consumption by bacterial cultures grow-
ing in a TCP medium. (Rodriguez et al. 2000). This element 
liberated is used to estimate the phosphorus released, which 
was either assimilated by bacteria to form biomass or dis-
solved as orthophosphate in the supernatant (Fig. 3).

In the current study, the maximum released soluble 
orthophosphate was recorded for P26 (161.70 mg/l) after 
3 days of growth. This was followed by P4 (151.60) and 
N27 (128.37) after the same time of incubation. No signifi-
cant change was observed in pH and phosphate concentra-
tion in uninoculated controls. A clear relationship can be 
established between the growth of bacteria, solubilization of 
orthophosphate from TCP and acidification of supernatant.

Effect of pH and temperature of phosphate 
solubilization

The isolates showed good growth between 20 and 45 °C, 
which indicates that they can solubilize phosphate between 
these ranges. Isolates Alcaligenes faecalis N27, Psue-
domonas sp. P26 and Pseudomonas grimontii P4 showed 
good phosphate solubilizing activity at 30–35 °C. While the 
optimum pH range was from 4 to 9, the best solubilization 
activity was shown at pH 7 (Fig. 4).

Our results show that the optimum temperature for phos-
phate solubilization by the bacteria isolates was 30 °C. Simi-
larly, (Johri et al. 1999; Fasim et al. 2002; Rosado et al. 1998 
and Kim et al. 1997) have shown that 30 °C is the best tem-
perature for solubilization. Few researchers have reported 
28 °C as the optimum temperature for phosphate solubiliza-
tion (Seshadre et al. 2002; Kang 2002), whereas Sayer and 
Gadd (1998) and Gharieb et al. (1998) reported 25 °C as the 
optimum temperature for phosphate solubilization. Solubi-
lization at extreme temperatures has been reported by some 

Table 1   Solubilization index

Strains Colony diameter 
(cm)

Zone diameter 
(cm)

SI index

N27 2.8 3.2 3.9
P26 2.1 4.6 4.29
P4 1.2 3.4 4.03

0

50

100

150

200

Control N27 P26 P4

P 
So

lu
bi

liz
at

io
n 

m
g/

L

Isolates

Fig. 3   Orthophosphate solubilization from inorganic and insoluble 
tricalcium phosphate by the isolated strains

Fig. 4   Phosphate solubilization by the study isolates and effect of pH and temperature on phosphate solubilization
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scientists. Solubilization of phosphate has been reported at 
temperatures as low as 1 °C (Johri et al. 1999) and as high 
as 45 °C (Nautiyal et al. 2000; Nahas 1996) is also reported.

Phosphate solubilization is the result of acid production 
by bacteria which lowers the pH; however, there may also 
be other mechanisms involved (Fasim et al. 2002; Nguyen 
et al. 1992; Sayer and Gadd 1998). Organic acids produc-
tion results in the solubilization of phosphate in many cases. 
At pH 12, metabolites other than organic acids like sidero-
phores are responsible for phosphate solubilization (Nautiyal 
et al. 2000; Nahas 1996). Phosphate solubilization is attrib-
uted to a multitude of factors which include microorgan-
isms, pH decrease and insoluble phosphate (Nahas 1996). 
It is clear from these studies that bacteria have the ability to 
adapt to the environment the surroundings and environmen-
tal conditions are linked with bacterial metabolic activities.

Organic acids production

Production of organic acids by microbes using precursors 
in the medium through biosynthesis is the highly reported 
mechanism to solubilize phosphates (Rodríguez and Fraga 
1999). Production of organic acids by PSB strains isolated 
from Murree rocks, in NBPIR broth, was investigated. Cul-
ture filtrates showed the presence of different organic acids 
confirmed through HPLC chromatography analysis which 
convened the capacity of these bacteria to solubilize inor-
ganic phosphate from TCP. Phosphates are either dissolved 
by the organic acids produced through anion exchange or 
they may chelate Fe, Al or Ca associated with insoluble 
phosphates (Gyaneshwar et al. 2002). Different types of 
acids were produced by PSB strains. The acids dominantly 
produced by our isolates were malic, oxalic and gluconic 
acids. Past studies on the production of organic acids by 
microorganisms (Illmer and Schinner 1992; Whitelaw et al. 
1999) showed that in their experiments gluconic acid was 
not produced by the bacterial strains. Our findings two 
strains did not produce gluconic acid while one strain was 
able to produce it (Fig. 5).

Alam et al. (2002) reported that oxalic acid is the most 
dominant acid produced, the same is the case in our study. 
One of the most reported mechanisms by which microor-
ganisms solubilize phosphate and liberate phosphorus from 
insoluble phosphate minerals is the production of gluconic 
acid through the activity of periplasmic cell-membrane 
bound NADP-dependent glucose dehydrogenase (Goldstein 
1995). The acidification of periplasmic space which results 
in solubilization of phosphate is attributed to the direct 
oxidation of glucose or other aldose with the help of qui-
noproteins and glucose dehydrogenase (PQQGDH). When 
gluconic acid is produced by the conversion of glucose, a 
transmembrane proton is generated which is used for trans-
port functions and bioenergetics of the membrane and thus 

the gluconic acid protons become available for phosphate 
solubilization (Liu et al. 1992).

Correlation with other studied parameters

The results in our study show a strong negative correlation 
(r = 0.994; p < 0.01) between the released soluble phospho-
rus and culture pH which proves that the inorganic phos-
phates are dissolved and solubilized by the decrease of pH 
for previously studied bacterial strains (Hwangbo et al. 
2003; Chen et al. 2006). This confirms the hypothesis of 
the involvement of organic acids in solubilizing the insol-
uble phosphate into a soluble form (Vazquez et al. 2000; 
Hwangbo et al. 2003; Perez et al. 2007; Chen et al. 2006; 
Trivedi and Sa 2008).

The decrease in pH of the culture medium and organic 
acid production by microorganisms is the reason for the sol-
ubilization of orthophosphate from TCP (Sajjad et al. 2018; 
2019b; Puente et al. 2004; Carrillo et al. 2002; Illmer and 
Schinner 1995). A decrease in pH is the main mechanism 
for inorganic phosphate solubilization (Rodriguez and Fraga 
1999; Illmer and Schinner 1992). Another mechanism for 
phosphate solubilization is the production of acid chelates. 
In the presence of Ca2+, these chelates alter the solubility 
of the product thereby releasing the insoluble phosphate 
(Puente et al. 2004; Vazquez et al. 2000; Nautiyal et al. 
2000). The correlation between organic acids and pH was 
found to be highly negative and had a positive correlation 
for organic acids and released orthophosphates. Organic 
acids are perhaps the main reason for the solubilization of 
phosphate, same results were provided by Whitelaw et al. 
(1999) and Nahas (1996), proving that in many cases the 
important and key mechanism for phosphate solubilization 
was acid production. We can conclude that the production 
of organic acids in large quantities results in the acidification 
of bacterial cells and the surrounding environment which in 
turn results in the release of orthophosphate from inorganic 
phosphate minerals by proton substitution for Ca2+. Thus it 
is a fact that our strains produced organic acids like gluconic, 
oxalic and malic acid, which is a property of PSM members 
of the family Enterobacteriaceae (Hameeda et al. 2006a, b; 
Buch et al. 2008; Lin et al. 2006).

It is the first report on bacteria isolated from the rocks 
of Murree hills in lower Himalaya Pakistan which exhibits 
a high capability of solubilizing phosphate in an NBPIR 
medium in which TCP was used as the sole phosphorus 
source. A sharp decrease in pH was recorded in our study 
along with the solubilization of TCP. This indicated the pro-
duction of organic acids from the metabolic reactions of 
the microorganisms which resulted in the solubilization of 
orthophosphate (Farhat et al. 2009; Hwangbo et al. 2003). 
The hypothesis that the solubilization of Ca3(PO4)2 and 
rock phosphate is caused by the secretion of organic acids 
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Fig. 5   HPLC identification of organic acids produced by three strains Pseudomonas grimontii (a), Pseudomonas putida (b) and Alcaligenes fae-
calis (c)
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was confirmed by HPLC chromatography analysis which 
revealed that organic acids are produced during bacterial 
growth in the NBPIR medium. These results along with the 
formation of halozones indicate that strains isolated from 
these rocks have the ability to solubilize phosphorus from 
inorganic rock minerals of phosphate. These PSB strains 
can be used for crop yield as they promote plant growth 
by providing them with soluble phosphorus and in devel-
oping inoculants that fulfill the nutritional requirement of 
the plants. These types of bacteria are usually environment-
friendly. All the nucleotide sequences and data are available 
in the GeneBank database with their accession numbers.

Conclusion

It is concluded from this study that these endolithic and epi-
lithic bacteria having the ability of solubilizing rock phos-
phates can be used to improve soil quality and phosphate 
availability. The organic acids produced by these PSB strains 
are responsible for phosphate solubilization and also play 
an important role in phosphate rock weathering The endo-
lithic and epilithic PSB can be used as bio-inoculants to 
increase the bioavailability of phosphate present in the soil 
as phosphate is mostly present in insoluble form making 
complexes with other elements. Applying these bacteria will 
help to minimize the use of synthetic fertilizers which will 
reduce environmental pollution and play role in sustainable 
agriculture.

Author contributions  All authors contributed to the study conception 
and design. Material preparation, data collection and analysis were 
performed by IK and SZ. The first draft of the manuscript was written 
by IK, SZ, MR, WS and SZ. FH revised and edited the final manuscript. 
All authors commented on previous versions of the manuscript. All 
authors read and approved the final manuscript.

Funding  Funding for this study was provided by Higher Education 
Commission of Pakistan.

Declarations 

Conflict of interest  The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper. The current data 
is PhD research work. The authors declare that they have no conflict 
of interest.

References

Ahmad F, Ahmad I, Khan MS (2005) Indole acetic acid produc-
tion by the indigenous isolates of azotobacter and flourescent 

Pseudomonas in the presence and absence of tryptophan. Turk 
J Biol 29:29–34

Alam S, Khalil S, Ayub N, Rashid M (2002) In vitro solubilization of 
inorganic phosphate by phosphate solubilizing microorganisms 
(PSM) from maize rhizosphere. Int J Agric Biol 4(4):454–458

Ali B, Sajjad W, Khan I, Rafiq M, Zada S, Shah AA, Hasan F (2020) 
Antibacterial activity and tolerance towards heavy metals by 
endolithic and epilithic bacteria isolated from rocks of Nathiagali, 
lower Himalaya, Pakistan. Pak J Zool 52(2):465–475

Alloway BJ (2013) Bioavailability of elements in soil. Essentials of 
medical geology. Springer, Dordrecht, pp 351–373. https://​doi.​
org/​10.​1007/​978-​94-​007-​4375-5_​15

Alori ET, Glick BR, Babalola OO (2017) Microbial phosphorus solu-
bilization and its potential for use in sustainable agriculture. Front 
Microbiol 8:971. https://​doi.​org/​10.​3389/​fmicb.​2017.​00971

Buch A, Archana G, Kumar GN (2008) Metabolic channeling of glu-
cose towards gluconate in phosphate-solubilizing Pseudomonas 
aeruginosa P4 under phosphorus deficiency. Res Microbiol 
159(9–10):635–642. https://​doi.​org/​10.​1016/j.​resmic.​2008.​09.​012

Carrillo AE, Li CY, Bashan Y (2002) Increased acidification in the 
rhizosphere of cactus seedlings induced by Azospirillum brasi-
lense. Naturwissenschaften 89(9):428–432. https://​doi.​org/​10.​
1007/​s00114-​002-​0347-6

Chen YP, Rekha PD, Arun AB, Shen FT, Lai WA, Young CC (2006) 
Phosphate solubilizing bacteria from subtropical soil and their 
tricalcium phosphate solubilizing abilities. Appl Soil Ecolo 
34(1):33–41. https://​doi.​org/​10.​1016/j.​apsoil.​2005.​12.​002

Chen Z, Ma S, Liu LL (2008) Studies on phosphorus solubilizing activ-
ity of a strain of phosphobacteria isolated from chestnut type soil 
in China. Biores Technol 99(14):6702–6707. https://​doi.​org/​10.​
1016/j.​biort​ech.​2007.​03.​064

Cunningham JE, Kuiack C (1992) Production of citric and oxalic acids 
and solubilization of calcium phosphate by Penicillium bilaii. 
Appl Environ Microbiol 58:1451–1458. https://​doi.​org/​10.​1128/​
aem.​58.5.​1451-​1458.​1992

De Souza MJBD, Nair S, Chandramohan D (2000) Phosphate solubiliz-
ing bacteria around Indian peninsula. Indian J Mar Sci 29:48–51

Dey RKKP, Pal KK, Bhatt DM, Chauhan SM (2004) Growth promo-
tion and yield enhancement of peanut (Arachis hypogaea L.) by 
application of plant growth-promoting rhizobacteria. Microbiol 
Res 159(4):371–394. https://​doi.​org/​10.​1016/j.​micres.​2004.​08.​
004

Dobbelaere S, Croonenborghs A, Thys A, Ptacek D, Okon Y, Van-
derleyden J (2002) Effect of inoculation with wild type Azos-
pirillum brasilense and A. irakense strains on development and 
nitrogen uptake of spring wheat and grain maize. Biol Fertil Soils 
36(4):284–297. https://​doi.​org/​10.​1007/​s00374-​002-​0534-9

Egamberdiyeva D (2005) Plant-growth-promoting rhizobacteria iso-
lated from a Calcisol in a semi-arid region of Uzbekistan: bio-
chemical characterization and effectiveness. J Plant Nutr Soil Sci 
168(1):94–99. https://​doi.​org/​10.​1002/​jpln.​20032​1283

Elser JJ, Bracken ME, Cleland EE, Gruner DS, Harpole WS, Hille-
brand H, Ngai JT, Seabloom EW, Shurin JB, Smith JE (2007) 
Global analysis of nitrogen and phosphorus limitation of primary 
producers in freshwater, marine and terrestrial ecosystems. Ecol 
Lett 10:1135–1142. https://​doi.​org/​10.​1111/j.​1461-​0248.​2007.​
01113.x

Etesami H, Jeong BR (2021) Contribution of arbuscular mycorrhizal 
fungi, phosphate–solubilizing bacteria, and silicon to P uptake by 
plant: a review. Front Plant Sci 12:1355. https://​doi.​org/​10.​3389/​
fpls.​2021.​699618

Farajzadeh D, Yakhchali B, Aliasgharzad N, Bashir NS, Farajzadeh 
M (2012) Plant growth promoting characterization of indigenous 
Azotobacteria isolated from soils in Iran. Curr Microbiol 64:397–
403. https://​doi.​org/​10.​1007/​s00284-​012-​0083-x

https://doi.org/10.1007/978-94-007-4375-5_15
https://doi.org/10.1007/978-94-007-4375-5_15
https://doi.org/10.3389/fmicb.2017.00971
https://doi.org/10.1016/j.resmic.2008.09.012
https://doi.org/10.1007/s00114-002-0347-6
https://doi.org/10.1007/s00114-002-0347-6
https://doi.org/10.1016/j.apsoil.2005.12.002
https://doi.org/10.1016/j.biortech.2007.03.064
https://doi.org/10.1016/j.biortech.2007.03.064
https://doi.org/10.1128/aem.58.5.1451-1458.1992
https://doi.org/10.1128/aem.58.5.1451-1458.1992
https://doi.org/10.1016/j.micres.2004.08.004
https://doi.org/10.1016/j.micres.2004.08.004
https://doi.org/10.1007/s00374-002-0534-9
https://doi.org/10.1002/jpln.200321283
https://doi.org/10.1111/j.1461-0248.2007.01113.x
https://doi.org/10.1111/j.1461-0248.2007.01113.x
https://doi.org/10.3389/fpls.2021.699618
https://doi.org/10.3389/fpls.2021.699618
https://doi.org/10.1007/s00284-012-0083-x


Archives of Microbiology (2022) 204:332	

1 3

Page 9 of 11  332

Farhat M, Farhat A, Bejar W, Kammoun R, Bouchaala K, Fourati 
A, Antoun H, Bejar S, Chouayekh H (2009) Characteriza-
tion of the mineral phosphate solubilizing activity of Serratia 
marcescens CTM 50650 isolated from the phosphate mine of 
Gafsa. Arch Microbiol 191:815–824. https://​doi.​org/​10.​1007/​
s00203-​009-​0513-8

Fasim F, Ahmed N, Parsons R, Gadd GM (2002) Solubilization of zinc 
salts by a bacterium isolated from the air environment of a tan-
nery. FEMS Microbiol Lett 213(1):1–6. https://​doi.​org/​10.​1111/J.​
1574-​6968.​2002.​TB112​77.X

Fatima F, Ahmad MM, Verma SR, Pathak N (2021) Relevance of 
phosphate solubilizing microbes in sustainable crop produc-
tion: a review. Int J Environ Sci Technol. https://​doi.​org/​10.​1007/​
s13762-​021-​03425-9

Felsenstein J (1985) Confidence limits on phylogenies: an approach 
using the bootstrap. Evolution 39:783–791. https://​doi.​org/​10.​
1111/j.​1558-​5646.​1985.​tb004​20.x

Fernández LA, Zalba P, Gómez MA, Sagardoy MA (2007) Phosphate-
solubilization activity of bacterial strains in soil and their effect 
on soybean growth under greenhouse conditions. Biol Fertil Soils 
43(6):805–809. https://​doi.​org/​10.​1007/​s00374-​007-​0172-3

García de Salamone IE, Hynes RK, Nelson LM (2001) Cytokinin pro-
duction by plant growth promoting Rhizobacteria and selected 
mutants. Can J Microbiol 47(5):404–411. https://​doi.​org/​10.​1139/​
w01-​029

Gharieb MM, Sayer JA, Gadd GM (1998) Solubilization of natural 
gypsum (CaSO4.2H2O) and the formation of calcium oxalate by 
Aspergillus niger and Serpula himantioides. Mycol Res 102:825–
830. https://​doi.​org/​10.​1017/​S0953​75629​70055​10

Goldstein AH (1995) Recent progress in understanding the molecular 
genetics and biochemistry of calcium phosphate solubilization by 
gram negative bacteria. Biol Agric Hortic 12(2):185–193. https://​
doi.​org/​10.​1080/​01448​765.​1995.​97547​36

Gutiérrez-Mañero FJ, Ramos-Solano B, Probanza AN, Mehouachi J, 
Tadeo RF, Talon M (2001) The plant-growth-promoting rhizo-
bacteria Bacillus pumilus and Bacillus licheniformis produce 
high amounts of physiologically active gibberellins. Physiologia 
Plantarum 111(2):206–211. https://​doi.​org/​10.​1034/j.​1399-​3054.​
2001.​11102​11.x

Gyaneshwar P, Kumar GN, Parekh LJ, Poole PS (2002) Role of soil 
microorganisms in improving P nutrition of plants. Plant Soil 
245(1):83–93

Hamdali H, Hafidi M, Virolle MJ, Ouhdouch Y (2008) Rock phos-
phate-solubilizing actinomycetes: screening for plant growth-
promoting activities. World J Microbiol Biotechnol 24(11):2565–
2575. https://​doi.​org/​10.​1007/​s11274-​008-​9817-0

Hameeda B, Reddy YHK, Rupela OP, Kumar GN, Reddy G (2006a) 
Effect of carbon substrates on rock phosphate solubilization 
by bacteria from composts and macrofauna. Curr Microbiol 
53(4):298–302. https://​doi.​org/​10.​1007/​s00284-​006-​0004-y

Hameeda B, Rupela OP, Reddy G, Satyavani K (2006b) Application 
of plant growth-promoting bacteria associated with composts and 
macrofauna for growth promotion of pearl millet (Pennisetum 
glaucum L.). Biol Fertil Soils 43(2):221–227. https://​doi.​org/​10.​
1007/​s00374-​006-​0098-1

Hameeda B, Harini G, Rupela OP, Wani SP, Reddy G (2008) Growth 
promotion of maize by phosphate-solubilizing bacteria isolated 
from composts and macrofauna. Microbiol Res 163:234–242. 
https://​doi.​org/​10.​1016/j.​micres.​2006.​05.​009

Harris JN, New PB, Martin PM (2006) Laboratory tests can predict 
beneficial effects of phosphate-solubilising bacteria on plants. 
Soil Biol Biochem 38(7):1521–1526. https://​doi.​org/​10.​1016/j.​
soilb​io.​2005.​11.​016

Hazra G, Das T (2014) A review on controlled release advanced glassy 
fertilizer. Global J Sci Front Res: B Chem 14:33–44

He Z, Xu M, Deng Y, Kang S, Kellogg L, Wu L, Van Nostrand JD, 
Hobbie SE, Reich PB, Zhou J (2010) Metagenomic analysis 
reveals a marked divergence in the structure of belowground 
microbial communities at elevated CO2. Ecol Lett 13:564–575. 
https://​doi.​org/​10.​1111/j.​1461-​0248.​2010.​01453.x

Hwangbo H, Park RD, Kim YW, Rim YS, Park KH, Kim TH, Kim KY 
(2003) 2-Ketogluconic acid production and phosphate solubiliza-
tion by Enterobacter intermedium. Curr Microbiol 47(2):0087–
0092. https://​doi.​org/​10.​1007/​s00284-​002-​3951-y

Illmer P, Schinner F (1992) Solubilization of inorganic phosphates 
by microorganisms isolated from forest soils. Soil Biol Biochem 
24(4):389–395. https://​doi.​org/​10.​1016/​0038-​0717(92)​90199-8

Illmer P, Schinner F (1995) Solubilization of inorganic calcium 
phosphates—solubilization mechanisms. Soil Biol Biochem 
27(3):257–263. https://​doi.​org/​10.​1016/​0038-​0717(94)​00190-C

Jeon CO, Lee DS, Park JM (2003) Microbial communities in activated 
sludge performing enhanced biological phosphorus removal in a 
sequencing batch reactor. Water Res 37(9):2195–2205. https://​doi.​
org/​10.​1016/​S0043-​1354(02)​00587-0

Johri JK, Surange S, Nautiyal CS (1999) Occurrence of salt, pH, and 
temperature-tolerant, phosphate-solubilizing bacteria in alkaline 
soils. Curr Microbiol 39(2):89–93. https://​doi.​org/​10.​1007/​s0028​
49900​424

Jones DL, Oburger E (2011) Solubilization of phosphorus by soil 
microorganisms. Phosphorus in action. Springer, Berlin, Heidel-
berg, pp 169–198. https://​doi.​org/​10.​1007/​978-3-​642-​15271-9_7

Kang SC, Ha CG, Lee TG, Maheshwari DK. (2002) Solubilization 
of insoluble inorganic phosphates by a soil-inhabiting fungus 
Fomitopsis sp. PS 102. Curr Sci 82:439–442

Khalid A, Arshad M, Zahir ZA (2004) Screening plant growth-pro-
moting rhizobacteria for improving growth and yield of wheat. J 
Appl Microbiol 96(3):473–480. https://​doi.​org/​10.​1046/j.​1365-​
2672.​2003.​02161.x

Khan MS, Zaidi A, Ahemad M, Oves M, Wani PA (2010) Plant 
growth promotion by phosphate solubilizing fungi–current per-
spective. Arch Agron Soil Sci 56(1):73–98. https://​doi.​org/​10.​
1080/​03650​34090​28064​69

Khan MN, Mobin M, Abbas ZK, Alamri SA (2018) Fertilizers and 
their contaminants in soils, surface and groundwater. Encycl 
Anthropocene 5:225–240. https://​doi.​org/​10.​1016/​B978-0-​12-​
809665-​9.​09888-8

Khan I, Rafiq M, Zada S, Jamil SUU, Hasan F (2021) Calcium Car-
bonate Precipitation by Rock Dwelling Bacteria in Murree Hills, 
Lower Himalaya Range Pakistan. Geomicrobiol J 38:231–236. 
https://​doi.​org/​10.​1080/​01490​451.​2020.​18360​85

Kim KY, Jordan D, Krishnan HB (1997) Rahnella aquatilis, a 
bacterium isolated from soybean rhizosphere, can solubilize 
hydroxyapatite. FEMS Microbiol Lett 153(2):273–277. https://​
doi.​org/​10.​1111/j.​1574-​6968.​1997.​tb125​85.x

Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X: 
molecular evolutionary genetics analysis across computing plat-
forms. Mol Biol Evol 35:1547–1549. https://​doi.​org/​10.​1093/​
molbev/​msy096

Liang JL, Liu J, Jia P, Yang TT, Zeng QW, Zhang SC, Liao B, 
Shu WS, Li JT (2020) Novel phosphate-solubilizing bacteria 
enhance soil phosphorus cycling following ecological restora-
tion of land degraded by mining. ISME J 14:1600–1613. https://​
doi.​org/​10.​1038/​s41396-​020-​0632-4

Liu ST, Lee LY, Tai CY, Hung CH, Chang YS, Wolfram JH, Gold-
stein AH (1992) Cloning of an Erwinia herbicola gene nec-
essary for gluconic acid production and enhanced mineral 
phosphate solubilization in Escherichia coli HB101: nucleo-
tide sequence and probable involvement in biosynthesis of the 
coenzyme pyrroloquinoline quinone. J Bacteriol 174(18):5814–
5819. https://​doi.​org/​10.​1128/​jb.​174.​18.​5814-​5819.​1992

https://doi.org/10.1007/s00203-009-0513-8
https://doi.org/10.1007/s00203-009-0513-8
https://doi.org/10.1111/J.1574-6968.2002.TB11277.X
https://doi.org/10.1111/J.1574-6968.2002.TB11277.X
https://doi.org/10.1007/s13762-021-03425-9
https://doi.org/10.1007/s13762-021-03425-9
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1007/s00374-007-0172-3
https://doi.org/10.1139/w01-029
https://doi.org/10.1139/w01-029
https://doi.org/10.1017/S0953756297005510
https://doi.org/10.1080/01448765.1995.9754736
https://doi.org/10.1080/01448765.1995.9754736
https://doi.org/10.1034/j.1399-3054.2001.1110211.x
https://doi.org/10.1034/j.1399-3054.2001.1110211.x
https://doi.org/10.1007/s11274-008-9817-0
https://doi.org/10.1007/s00284-006-0004-y
https://doi.org/10.1007/s00374-006-0098-1
https://doi.org/10.1007/s00374-006-0098-1
https://doi.org/10.1016/j.micres.2006.05.009
https://doi.org/10.1016/j.soilbio.2005.11.016
https://doi.org/10.1016/j.soilbio.2005.11.016
https://doi.org/10.1111/j.1461-0248.2010.01453.x
https://doi.org/10.1007/s00284-002-3951-y
https://doi.org/10.1016/0038-0717(92)90199-8
https://doi.org/10.1016/0038-0717(94)00190-C
https://doi.org/10.1016/S0043-1354(02)00587-0
https://doi.org/10.1016/S0043-1354(02)00587-0
https://doi.org/10.1007/s002849900424
https://doi.org/10.1007/s002849900424
https://doi.org/10.1007/978-3-642-15271-9_7
https://doi.org/10.1046/j.1365-2672.2003.02161.x
https://doi.org/10.1046/j.1365-2672.2003.02161.x
https://doi.org/10.1080/03650340902806469
https://doi.org/10.1080/03650340902806469
https://doi.org/10.1016/B978-0-12-809665-9.09888-8
https://doi.org/10.1016/B978-0-12-809665-9.09888-8
https://doi.org/10.1080/01490451.2020.1836085
https://doi.org/10.1111/j.1574-6968.1997.tb12585.x
https://doi.org/10.1111/j.1574-6968.1997.tb12585.x
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1038/s41396-020-0632-4
https://doi.org/10.1038/s41396-020-0632-4
https://doi.org/10.1128/jb.174.18.5814-5819.1992


	 Archives of Microbiology (2022) 204:332

1 3

332  Page 10 of 11

Lin CS, Lee CY, Chen FJ, Chien CT, Lin PL, Chung WC (2006) Elec-
trodeposition of nickel-phosphorus alloy from sulfamate baths 
with improved current efficiency. J Electrochem Soc 153:C387. 
https://​doi.​org/​10.​1149/1.​21867​98

Lucy M, Reed E, Glick BR (2004) Applications of free living plant 
growth-promoting rhizobacteria. Antonie Van Leeuwenhoek 
86(1):1–25. https://​doi.​org/​10.​1023/b:​anto.​00000​24903.​10757.​
6e

Mittal V, Singh O, Nayyar H, Kaur J, Tewari R (2008) Stimulatory 
effect of phosphate-solubilizing fungal strains (Aspergillus 
awamori and Penicillium citrinum) on the yield of chickpea (Cicer 
arietinum L. cv. GPF2). Soil Biol Biochem 40(3):718–727. https://​
doi.​org/​10.​1016/j.​soilb​io.​2007.​10.​008

Nahas E (1996) Factors determining rock phosphate solubilization by 
microorganisms isolated from soil. World J Microbiol Biotechnol 
12(6):567–572. https://​doi.​org/​10.​1007/​BF003​27716

Nautiyal CS (1999) An efficient microbiological growth medium for 
screening phosphate solubilizing microorganisms. FEMS Micro-
biol Lett 170(1):265–270. https://​doi.​org/​10.​1111/j.​1574-​6968.​
1999.​tb133​83.x

Nautiyal CS, Bhadauria S, Kumar P, Lal H, Mondal R, Verma D (2000) 
Stress induced phosphate solubilization in bacteria isolated from 
alkaline soils. FEMS Microbiol Lett 182(2):291–296. https://​doi.​
org/​10.​1111/j.​1574-​6968.​2000.​tb089​10.x

Nguyen C, Yan W, Le Tacon F, Lapeyrie F (1992) Genetic variability 
of phosphate solubilizing activity by monocaryotic and dicaryotic 
mycelia of the ectomycorrhizal fungus Laccaria bicolor (Maire) 
PD Orton. Plant Soil 143(2):193–199. https://​doi.​org/​10.​1007/​
BF000​07873

Omar SA (1998) Availability of phosphorus and sulfur of insecticide 
origin by fungi. Biodegradation 9:327–336. https://​doi.​org/​10.​
1023/A:​10083​10909​262

Perez E, Sulbaran M, Ball MM, Yarzabal LA (2007) Isolation and 
characterization of mineral phosphate-solubilizing bacteria natu-
rally colonizing a limonitic crust in the south-eastern Venezuelan 
region. Soil Biol Biochem 39(11):2905–2914. https://​doi.​org/​10.​
1016/j.​soilb​io.​2007.​06.​017

Premono ME, Moawad, AM, Vlek PLG. (1996) Effect of phosphate-
solubilizing Pseudomonas putida on the growth of maize and its 
survival in the rhizosphere (No. REP-12113. CIMMYT)

Puente ME, Bashan Y, Li CY, Lebsky VK (2004) Microbial popula-
tions and activities in the rhizoplane of rock-weathering desert 
plants I. Root colonization and weathering of igneous rocks. Plant 
Biol 6(05):629–642. https://​doi.​org/​10.​1055/s-​2004-​821101

Rachmiati Y (1995) Phosphate solubilizing bacteria from rhizosphere-
crop and his ability in dissolving phosphate. National congre-
sproceeding VI HITI, Jakarta, 12–15 Desember 1995. [Indonesia]

Ramachandran K, Srinivasan V, Hamza S, Anandaraj M (2007) In: 
Velázquez E, Rodríguez-Barrueco C (eds) Phosphate solubilizing 
bacteria isolated from the rhizosphere soil and its growth promo-
tion on black pepper (Piper nigrum L.) cuttings, vol 102. Springer, 
Dordrecht

Rao NS (1982) Soil microorganism and plant growth, 2nd edn. Indo-
nesia University Press, Jakarta

Reyes I, Bernier L, Antoun H (2002) Rock phosphate solubilization and 
colonization of maize rhizosphere by wild and genetically modi-
fied strains of Penicillium rugulosum. Microb Ecol 44(1):39–48. 
https://​doi.​org/​10.​1007/​s00248-​002-​1001-8

Rodrıguez H, Gonzalez T, Selman G (2000) Expression of a mineral 
phosphate solubilizing gene from Erwinia herbicola in two rhizo-
bacterial strains. J Biotechnol 84(2):155–161. https://​doi.​org/​10.​
1016/​s0168-​1656(00)​00347-3

Rodriguez H, Fraga R (1999) Phosphate solubilizing bacteria and their 
role in plant growth promotion. Biotechnol Adv 17(4–5):319–339. 
https://​doi.​org/​10.​1016/​S0734-​9750(99)​00014-2

Rodriguez H, Gonzalez T, Goire I, Bashan Y (2004) Gluconic acid 
production and phosphate solubilization by the plant growth-
promoting bacterium Azospirillum spp. Naturwissenschaften 
91(11):552–555. https://​doi.​org/​10.​1007/​s00114-​004-​0566-0

Rosado AS, De Azevedo FS, Da Cruz DW, Van Elsas JD, Seldin L 
(1998) Phenotypic and genetic diversity of Paenibacillus azoto-
fixans strains isolated from the rhizoplane or rhizosphere soil of 
different grasses. J Appl Microbiol 84:216–226

Şahin F, Çakmakçi R, Kantar F (2004) Sugar beet and barley yields in 
relation to inoculation with N 2-fixing and phosphate solubiliz-
ing bacteria. Plant Soil 265(1):123–129. https://​doi.​org/​10.​1007/​
s11104-​005-​0334-8

Saitou N, Nei M (1987) The neighbor-joining method: a new method 
for reconstructing phylogenetic trees. Mol Biol Evol 4:406–425. 
https://​doi.​org/​10.​1093/​oxfor​djour​nals.​molbev.​a0404​54

Sajjad W, Bhatti TM, Hasan F et al (2016) Characterization of sulfur-
oxidizing bacteria isolated from acid mine drainage and black 
shale of Khala Chatta, Haripur. Pak J Bot 48(3):1253–1262

Sajjad W, Zheng G, Zhang G et al (2018) Bioleaching of copper and 
zinc bearing ore using consortia of indigenous iron oxidizing bac-
teria. Extremophiles 22:851–863

Sajjad W, Zheng G, Rafiq M, Ma X, Khan S et al (2019a) Evaluation of 
the biotechnological potential of pure and mixture of indigenous 
iron-oxidizing bacteria to dissolve trace metals from Cu bearing 
ore. Geomicrobiology 36(8):715–726

Sajjad W, Zheng G, Din GU, Ma X, Rafiq M, Xu W (2019b) Metals 
extraction from sulfide ores with microorganisms: the bioleach-
ing technology and recent developments. Trans Indian Inst Met 
72(3):559–579

Sajjad W, Zheng G, Ma X, Xu W, Ali B, Rafiq M et al (2020) Dis-
solution of Cu and Zn-bearing ore by indigenous iron-oxidizing 
bacterial consortia supplemented with dried bamboo sawdust 
and variations in bacterial structural dynamics: a new concept 
in bioleaching. Sci Total Environ 709:136136. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2019.​136136

Sajjad W, Ilahi N, Kang S, Bahadur Al, Zada S, Iqbal A (2022) Endo-
lithic microbes of rocks, their community, function and survival 
strategies. Int Biodeterior Biodegradation 169(2022):105387. 
https://​doi.​org/​10.​1016/j.​ibiod.​2022.​105387

Sayer JA, Gadd GM (1998) Solubilization and precipitation of metals 
by fungi. Mineral Soc Bullet 120:3–5

Seshadri S, Ignacimuthu S, LakshminarsimhanC (2002) Variations in 
hetetrophic and phosphate solubilizing bacteria from Chennai, 
southeast coast of India. Indian J Geo-Mar Sci 31:69–72

Shigaki F, Sharpley A, Prochnow LI (2006) Animal-based agriculture, 
phosphorus management and water quality in Brazil: options for 
the future. Scientia Agricola 63:194–209. https://​doi.​org/​10.​1590/​
S0103-​90162​00600​02000​13

Strobel BW (2001) Influence of vegetation on low-molecular-weight 
carboxylic acids in soil solution—a review. Geoderma 99(3–
4):169–198. https://​doi.​org/​10.​1016/​S0016-​7061(00)​00102-6

Tamura K, Nei M, Kumar S (2004) Prospects for inferring very large 
phylogenies by using the neighbor-joining method. Proceed 
National Acad Sci (USA) 101:11030–11035. https://​doi.​org/​10.​
1073/​pnas.​04042​06101

Trivedi P, Sa T (2008) Pseudomonas corrugata (NRRL B-30409) 
mutants increased phosphate solubilization, organic acid pro-
duction, and plant growth at lower temperatures. Curr Microbiol 
56(2):140–144. https://​doi.​org/​10.​1007/​s00284-​007-​9058-8

Vassilev N, Vassileva M (2003) Biotechnological solubilization of 
rock phosphate on media containing agro-industrial wastes. Appl 
Microbiol Biotechnol 61(5):435–440. https://​doi.​org/​10.​1007/​
s00253-​003-​1318-3

Vazquez P, Holguin G, Puente ME, Lopez-Cortes A, Bashan Y (2000) 
Phosphate-solubilizing microorganisms associated with the 

https://doi.org/10.1149/1.2186798
https://doi.org/10.1023/b:anto.0000024903.10757.6e
https://doi.org/10.1023/b:anto.0000024903.10757.6e
https://doi.org/10.1016/j.soilbio.2007.10.008
https://doi.org/10.1016/j.soilbio.2007.10.008
https://doi.org/10.1007/BF00327716
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.1111/j.1574-6968.2000.tb08910.x
https://doi.org/10.1111/j.1574-6968.2000.tb08910.x
https://doi.org/10.1007/BF00007873
https://doi.org/10.1007/BF00007873
https://doi.org/10.1023/A:1008310909262
https://doi.org/10.1023/A:1008310909262
https://doi.org/10.1016/j.soilbio.2007.06.017
https://doi.org/10.1016/j.soilbio.2007.06.017
https://doi.org/10.1055/s-2004-821101
https://doi.org/10.1007/s00248-002-1001-8
https://doi.org/10.1016/s0168-1656(00)00347-3
https://doi.org/10.1016/s0168-1656(00)00347-3
https://doi.org/10.1016/S0734-9750(99)00014-2
https://doi.org/10.1007/s00114-004-0566-0
https://doi.org/10.1007/s11104-005-0334-8
https://doi.org/10.1007/s11104-005-0334-8
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1016/j.scitotenv.2019.136136
https://doi.org/10.1016/j.scitotenv.2019.136136
https://doi.org/10.1016/j.ibiod.2022.105387
https://doi.org/10.1590/S0103-90162006000200013
https://doi.org/10.1590/S0103-90162006000200013
https://doi.org/10.1016/S0016-7061(00)00102-6
https://doi.org/10.1073/pnas.0404206101
https://doi.org/10.1073/pnas.0404206101
https://doi.org/10.1007/s00284-007-9058-8
https://doi.org/10.1007/s00253-003-1318-3
https://doi.org/10.1007/s00253-003-1318-3


Archives of Microbiology (2022) 204:332	

1 3

Page 11 of 11  332

rhizosphere of mangroves in a semiarid coastal lagoon. Biol Fer-
til Soils 30(5):460–468. https://​doi.​org/​10.​1007/​s0037​40050​024

Vitousek PM, Howarth RW (1991) Nitrogen limitation on land and in 
the sea: how can it occur? Biogeochemistry 13:87–115. https://​
doi.​org/​10.​1007/​BF000​02772

Walker TW, Syers JK (1976) The fate of phosphorus during pedogen-
esis. Geoderma 15:1–19. https://​doi.​org/​10.​1016/​0016-​7061(76)​
90066-5

Whitelaw MA, Harden TJ, Helyar KR (1999) Phosphate solubilisation 
in solution culture by the soil fungus Penicillium radicum. Soil 
Biol Biochem 31(5):655–665. https://​doi.​org/​10.​1016/​S0038-​
0717(98)​00130-8

Widawati S (2011) Diversity and phosphate solubilization by bacteria 
isolated from Laki Island coastal ecosystem. Biodiversitas J Biol 
Divers 12:17–21. https://​doi.​org/​10.​13057/​biodiv/​d1201​04

Zaidi A, Khan MS, Amil MD (2003) Interactive effect of rhizotrophic 
microorganisms on yield and nutrient uptake of chickpea (Cicer 

arietinum L). Eur J Agron 19(1):15–21. https://​doi.​org/​10.​1016/​
S1161-​0301(02)​00015-1

Zaidi A, Khan MS, Ahemad M, Oves M, Wani PA (2009) Recent 
advances in plant growth promotion by phosphate-solubilizing 
microbes. Microb Strateg Crop Improv. https://​doi.​org/​10.​1007/​
978-3-​642-​01979-1_2

Zhang TA, Chen HY, Ruan H (2018) Global negative effects of nitro-
gen deposition on soil microbes. ISME J 12:1817–1825. https://​
doi.​org/​10.​1038/​s41396-​018-​0096-y

Zhang Q, Ying Y, Ping J (2022) Recent advances in plant nanoscience. 
Adv Sci 9:2103414. https://​doi.​org/​10.​1002/​advs.​20210​3414

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s003740050024
https://doi.org/10.1007/BF00002772
https://doi.org/10.1007/BF00002772
https://doi.org/10.1016/0016-7061(76)90066-5
https://doi.org/10.1016/0016-7061(76)90066-5
https://doi.org/10.1016/S0038-0717(98)00130-8
https://doi.org/10.1016/S0038-0717(98)00130-8
https://doi.org/10.13057/biodiv/d120104
https://doi.org/10.1016/S1161-0301(02)00015-1
https://doi.org/10.1016/S1161-0301(02)00015-1
https://doi.org/10.1007/978-3-642-01979-1_2
https://doi.org/10.1007/978-3-642-01979-1_2
https://doi.org/10.1038/s41396-018-0096-y
https://doi.org/10.1038/s41396-018-0096-y
https://doi.org/10.1002/advs.202103414

	Phosphate solubilizing epilithic and endolithic bacteria isolated from clastic sedimentary rocks, Murree lower Himalaya, Pakistan
	Abstract
	Introduction
	Materials and methods
	Isolation of phosphorus solubilizing bacteria
	Solubilization index
	Quantitative analysis of phosphate solubilization
	Effect of pH and temperature on phosphate solubilization
	Identification of PSB strains
	DNA extraction
	Sequencing and identification
	Phylogenetic analysis

	Analysis of pH change and production of organic acids

	Results and discussion
	Identification of PSB strains
	Solubilization index
	Quantitative analysis of phosphate solubilization
	Effect of pH and temperature of phosphate solubilization
	Organic acids production
	Correlation with other studied parameters

	Conclusion
	References




