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a b s t r a c t

Lead (Pb), a highly toxic heavy metal forms stable compounds with phosphate (P). The potential of phos-
phate solubilizing bacteria (PSB) to immobilize Pb by enhancing solubilization of insoluble P compounds
was tested in this research. Eighteen different PSB strains isolated from P amended and Pb contaminated
soils were screened for their efficiency in P solubilization. The PSB isolated from P amended soils solubi-
lized 217–479 mg/L of P while the PSB from Pb contaminated soil solubilized 31–293 mg/L of P. Stepwise
multiple regression analysis and P solubility kinetics indicated that the major mechanism of P solubiliza-
b contamination
b immobilization
hosphate solubilizing bacteria (PSB)
ock phosphate
solubilization

tion by PSB is the pH reduction through the release of organic acids. From the isolated bacteria, two PSB
were chosen for Pb immobilization and these bacteria were identified as Pantoea sp. and Enterobacter sp.,
respectively. The PSB significantly increased P solubilization by 25.0% and 49.9% in the case of Pantoea
sp., and 63.3% and 88.6% in the case of Enterobacter sp. for 200 and 800 mg/kg of rock phosphate (RP)
addition, respectively, thereby enhancing the immobilization of Pb by 8.25–13.7% in the case of Pantoea
sp. and 14.7–26.4% in the case of Enterobacter sp. The ability of PSB to solubilize P, promote plant growth,

used
and immobilize Pb can be

. Introduction

Phosphorus (P) is one of the major macronutrients required for
lant growth, and both soluble and insoluble P compounds are used
s a fertilizer source [1]. Phosphate compounds are also used to
mmobilize heavy metal contaminated environments, especially Pb
ontaminated soils, through phosphate-heavy metal precipitation
2–4]. Lead is a highly toxic element attracting particular attention
ecause of its widespread occurrence in mine sites and its historical
se as a fuel additive and pesticide. The presence of Pb in soils can
ose risk to environment and human health. It is widely recognized
hat the mobility and bioavailability of Pb in soil is more important
han the total Pb concentration [5]. Therefore, the reduction of Pb
ioavailability is critical for the management and remediation of
b contaminated soils.

Most P compounds are not readily soluble in soils and hence P is

ot easily accessible for both plant growth and metal immobiliza-
ion. Phosphorus is sequestered by adsorption to the soil surface
nd precipitation by reaction with soil cations, particularly iron,
luminum and calcium [6]. Therefore, a large amount of P fertilizer
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for phytostabilization of Pb contaminated soils.
© 2010 Elsevier B.V. All rights reserved.

is used to increase plant growth, which is likely to cause negative
impact with respect to both environment and economy. Eutroph-
ication is the main environmental problem that can be caused by
excess P application and it is a common phenomenon in inland
rivers of many countries including Australia [6].

In soils, insoluble P compounds can be solubilized by organic
acids, phosphatase enzymes and complexing agents produced by
plants and microorganisms [7]. For example, phosphate solubiliz-
ing bacteria (PSB) have been shown to enhance the solubilization
of insoluble P compounds [8] and hence PSB have been widely used
as inoculants to increase P uptake and crop yield [9]. Some of these
PSB have been shown to exhibit plant growth promoting ability as
measured by indole acetic acid (IAA) and siderophore production
[10,11].

It has often been noticed that the distribution and activity of
PSB and their subsequent effect on P solubilization are regulated
by exogenous P level [12]. Mikanová and Nováková [13] showed
the effect of exogenous level of P in the bacterial medium on P
solubilization by PSB. In the presence of soluble P, the solubiliza-
tion of insoluble P by some PSB was repressed and some PSB was
not affected. However, there is a lack of studies on the number of

total PSB and their P solubilization ability affected by available P
concentration in soil.

Phosphate solubilizing bacteria also have the potential to reme-
diate metal contaminated land by enhancing phosphate-induced
immobilization of metals. For example, Wilson et al. [14] demon-

dx.doi.org/10.1016/j.jhazmat.2010.09.095
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:Nanthi.Bolan@unisa.edu.au
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trated that application of microbial and phosphate amendments
educed the Pb availability of contaminated soil. Although there
ave been many studies on the role of PSB to increase P fertilizer
alue [15,16], there has been no study reported on the environ-
ental application of PSB in relation to the solubilization of P and

ubsequent Pb immobilization.
Even though metals are toxic to microorganisms, the ability to

esist metals can enhance their potential application for the reme-
iation of contaminated soils [17]. Since one of the objectives of
his study is to test Pb immobilization by the isolated PSB strains in
b contaminated soil, it is desirable for these strains to have both
solubilization activity and resistance to Pb so that they can sur-

ive and remain active in Pb contaminated soils. Bacteria-induced
mmobilization of metals is unlikely to occur if heavy metals are
resent at concentrations that are toxic to the inoculated bacte-
ia [18]. Therefore, PSB were isolated from Pb contaminated soils
s well as P amended soils and their P solubilization and growth
romoting activities (IAA and siderophore) were compared in this
tudy.

The objectives of our research are: (i) to isolate PSB from P
mended soils and Pb contaminated soils with different char-
cteristics, (ii) to evaluate their P solubilization capacity and
olubilization mechanisms, and (iii) to evaluate the possible role
f PSB and rock phosphate (RP) in Pb immobilization in soil.

. Materials and methods

.1. Soils used

Soils used to isolate PSB were locally collected from P amended
ites and Pb contaminated sites. Two samples were collected from
on-amended sites (virgin soil and agricultural soil), four soils from
arious P fertilizer amended sites, and three soils from Pb con-
aminated sites. Phosphate fertilizer amendments include triple
uperphosphate (TSP), single superphosphate (SSP), diammonium
hosphate (DAP) and North Carolina rock phosphate (NCPR). The
b contaminated sites include a shooting range and a Pb smelter.
oils were dried at room temperature and sieved through a 2 mm
esh.
The soil samples were analyzed for pH, total Pb, NH4NO3

xtractable Pb and Olsen P. To measure pH, air dried soil sam-
le was extracted with Milli-Q water (soil:water = 1:5) for 1 h. The
H was measured with a pH electrode after calibration. For total
eavy metal content, 0.5 g of air dried soil was weighed into Teflon
icrowave soil digest vessels, 5 mL of aqua regia (HNO3:HCl = 1:3)
as added, and digested in a microwave digestion system (MARSX,
EM, USA). To measure bioavailable Pb concentration, soil sample
as extracted with 1 M NH4NO3 solution (soil:solution = 1:2.5) for
h and Pb was analyzed with Inductively Coupled Plasma Mass
pectroscopy (ICP-MS, Agilent, Japan) [19]. Olsen P was measured
y extracting soil with 0.5 M NaHCO3 (soil:solution ratio = 1:20),
t pH 8.5 [20]. Phosphorus concentration was measured with a
pectrophotometer using the phosphomolybdate method [21].

.2. Isolation of phosphate solubilizing bacteria

To extract bacteria from soil, field moist soil was mixed with
terile 0.2% NaCl solution (soil:solution = 1:100) and shaken for
6 h [22]. Suitable dilutions were inoculated using the standard
ational Botanical Research Institute’s Phosphate (NBRIP) growth

gar medium containing (per L) 10 g glucose, 5 g Ca3(PO4)2, 5 g
gCl2·6H2O, 0.25 g MgSO4·7H2O, 0.2 g KCl, 0.1 g (NH4)2SO4 and

.5% agar [23]. The pH of the agar medium was adjusted to 7.0.
ricalcium phosphate was autoclaved separately and the other
terile ingredients were aseptically mixed after autoclaving. After
Materials 185 (2011) 829–836

14 days of incubation of plates at 25 ◦C, the colonies with clear
halos considered to be PSB [23] were counted and predominant
colonies were further purified by re-streaking on the NBRIP agar
plate. The halo and colony diameters were measured after 14 days
of the incubation of plates at 25 ◦C.

2.3. Phosphorus solubilization

Solubilization of P by PSB was quantified using insoluble
Ca3(PO4)2 in NBRIP broth medium. One mL bacterial suspension
(ca. 1 × 108 CFU/mL) was transferred to a 250 mL Erlenmeyer flask
containing 100 mL of the medium and incubated for 14 days. A sep-
arate broth medium inoculated with sterile Milli-Q water served as
the control treatment. The PSB culture medium was filtered with
0.45 �m syringe filter to analyze P concentration of the medium.
Solubilized P concentration was measured by the phosphomolyb-
date method [21]. The pH of the each filtrate was measured
and organic acid content of the filtrate was analyzed using ion
chromatography (IC, ICS-2000, Dionex, USA). Lactate, acetate, pro-
pionate, pyruvate, malonate, maleate, tartarate, oxalate, succinate,
fumarate, citrate and trans-aconite were analyzed [24].

2.4. Phosphatase activity

The acid phosphatase activity in the culture medium used for
P solubilization experiment was measured by the method based
on the hydrolysis of p-nitrophenyl phosphate as described by
Tabatabai and Bremner [25]. Culture filtrate was incubated with
p-nitrophenyl phosphate and modified universal buffer. After 1 h
the hydrolysis reaction of p-nitrophenyl phosphate by phosphatase
was terminated by adding 0.5 M CaCl2 and 0.5 M NaOH solution. The
mixture was centrifuged and the yellow color of supernatant was
measured at 410 nm.

2.5. Indole acetic acid production

Selected PSB strains based on their ability to solubilize P
were analyzed for IAA production [26]. The selective bacterial
strains were grown in a minimal medium (50 mM KH2PO4, 50 mM
K2HPO4, 5 mM MgSO4, 25 mM (NH4)2SO4, 1% glucose) amended
with 0.05% of l-tryptophan at 25 ◦C for 14 days in a shaking incu-
bator at 180 rpm. A separate broth medium inoculated with sterile
Milli-Q water served as the control treatment. The culture filtrates
were collected by a syringe filter. One mL of aliquot of the super-
natant was mixed vigorously with 2 mL of Salkowski’s reagent
[27]. The mixture was incubated for 30 min at 25 ◦C in the dark.
The absorbance of the resulting solution was measured at 535 nm.
The concentration of IAA in the culture medium was determined
using a standard curve prepared with various concentrations of
analytical grade IAA.

2.6. Siderophore production

Siderophore production by selected PSB strains was deter-
mined in a Fe-deficient mineral salt medium. The mineral
salt medium contained: 0.36 g KH2PO4, 1.4 g K2HPO4, 0.25 g
MgSO4·7H2O, 0.2 g NaCl, 0.02 g CaCl2·2H2O, 15 mg EDTA, 0.16 mg
ZnSO4, 0.25 mg H3BO3, 0.2 mg Na2MoO4, 0.2 mg MnSO4·4H2O,
0.02 mg CuSO4·5H2O/L of water with 20 mM of mannitol and
10 mM of NH4Cl2 [26]. The selected strains were inoculated in the
mineral salt media and incubated in a shaking incubator at 25 ◦C
for 14 days at 180 rpm. A separate broth medium inoculated with

sterile Milli-Q water served as the control treatment. The culture
supernatants were filtered using 0.45 �m syringe filter. The filtrate
was assayed for siderophore production using the Chrome Azurol S
(CAS) assay [28]. Positive reactions were qualitatively estimated by
changes in the color of the assay reagent from blue to orange. The
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ssay was considered negative when no change in the blue color
as observed within 3 h. The absorbance was measured at 630 nm.

.7. Identification of bacteria

Crude DNA extractions from selected bacterial strains were
repared [29]. Crude DNA extract was diluted in sterile Milli-

water before carrying out PCR analysis under the following
onditions [30]. A 25 �L PCR mixture contained Taq DNA poly-
erase buffer (Promega, Sydney), 2.5 mM MgCl2, 200 �M betaine

Sigma, Sydney), 0.2 mM of each deoxynucleoside triphosphate,
5 pmol of each forward and reverse primers, 1 U of DNA poly-
erase (Promega, Sydney), and 1 �L of the diluted DNA extract as

emplate. Almost complete 16S rRNA genes were amplified with
he forward primer E8f (5′-AGAGTTTGATCCTGGCTCAG-3′) and the
everse primer 1541r (5′-AAGGAGGTGATCCANCCRCA-3′). The DNA
as amplified with an iCycler thermocycler (BioRad, Sydney) with

he following program: 5 min of pre-heating at 95 ◦C, 30 cycles
f 30 s of denaturation at 95 ◦C, 30 s of primer annealing at 55 ◦C,
min of elongation at 72 ◦C, and 10 min of extension step at 72 ◦C.
uccessful amplification of a ∼1525 bp DNA fragment was con-
rmed by running 5 �L of the PCR product on a 1% agarose gel.
he PCR products were purified using MoBio UltraClean PCR Purifi-
ation Kit (Geneworks, Adelaide), and sequencing of 16S ribosomal
NA (rRNA) was conducted at the Flinders DNA Sequencing Facil-

ty (Adelaide). Acquired 16S rRNA sequences were assessed through
he Greengenes website. 16S rRNA sequences from the isolate were
ligned and bootstrapped neighbour-joining relationships were
stimated with MEGA version 4.1 [31].

.8. Solubilization of rock phosphate and immobilization of Pb

To test the effect of PSB on solubilization of RP, 0.5 mL of bacte-
ial suspension in sterile water (ca. 1.0 × 109 CFU/mL) was added to
g of sterile soil samples treated with various levels of RP (0, 200
nd 800 mg P/kg soil) in a 50 mL tube, and incubated for 14 days at
5 ◦C. A control sample was prepared by adding the same amount of
terile Milli-Q water instead of bacteria inoculation. After incuba-
ion, samples were analyzed for Olsen P concentration as an index
f P solubilization. Percentage increase in P solubilization resulting
rom PSB inoculation was estimated from the following equation
Eq. (1)):

P solubilization = Olsen P[(Soil + RP + PSB)]
Olsen P(Soil + RP)

× 100 (1)

In a separate experiment, the soil samples used for solubiliza-
ion of RP were spiked with Pb(NO3)2 at a concentration of 2000 mg
b/kg soil and incubated with three times of wetting-drying cycle
ver a period of 20 days at 37 ◦C [32]. Various levels of RP (0, 200
nd 800 mg P/kg soil) were amended to 5 g of sterile Pb-spiked
oil and inoculated with bacterial strains CS2-B1 and SM1-B1. After
4 days of incubation, NH4NO3 extractable Pb concentration was
nalyzed using ICP-MS. Ammonium nitrate extractable Pb repre-
ents soil solution concentration (i.e. unimmobilized Pb) [19] and
he percentage increase in Pb immobilization resulting from PSB
noculation was estimated from the following equation (Eq. (2)):

%Pb immobilization

= NH4NO3 extractable Pb [(Soil + RP) − (Soil + RP + PSB)]
NH4NO3 extractable Pb (Soil + RP)
×100 (2)

mmonium nitrate extractable Pb has often been used to estimate
b immobilization by various amendments including phosphate
ompounds [33].
Materials 185 (2011) 829–836 831

2.9. Statistical analysis

All data were expressed as an average of three replicates. The
data collected were analyzed statistically using SPSS 17 software.
Relationships between different data were evaluated by means
of simple linear regression analysis. Stepwise multiple regres-
sion analysis was computed using solubilized P concentration as
a dependent variable, and pH, acid phosphatase and organic acid
as independent variables to determine important factors for P sol-
ubilization by PSB. The acceptance limit was set to 95% significance
level. Duncan’s multiple range test was used to compare the means
of the treatments, variability in the data was expressed as the stan-
dard deviation and a p < 0.05 was considered to be statistically
significant.

3. Results

3.1. Soil characteristics

The various physicochemical properties of soils are presented in
Table 1. The two control soils (CS1 and CS2) were slightly acidic and
NH4NO3 extractable Pb was not detected in these soils (detection
limit: 0.003 mg/kg). The Olsen P content of CS2 was higher than
CS1, but it was lower than that of the P amended soils. The Olsen
P content of P amended soils (NCPR, SSP, DAP and TSP) was higher
than 20 mg P/kg and pH ranged from acidic to neutral. The Olsen P
content of Pb contaminated soils (SR, SM1 and SM2) was relatively
lower than P amended soils, except SM1 for which Olsen P content
was 53.1 mg P/kg. Ammonium nitrate extractable Pb concentration
for the Pb contaminated soils ranged from 0.08 mg/kg to 29 mg/kg
and 8.3% of total Pb in SR soil was NH4NO3 extractable Pb, indi-
cating the high bioavailability of Pb in this soil. Ammonium nitrate
extractable Pb concentration of SM1 was very low which may be
attributed to the high Olsen P content of this soil. While the pH of
SR was slightly acidic, the pH of SM1 and SM2 was alkaline.

The number of viable PSB colonies isolated from various soils is
shown in Table 1. There was no significant correlation between
Olsen P and number of PSB in the present study. However, it
emerges that the number of PSB was relatively higher in P amended
soils than in Pb contaminated and control soils, which may be
attributed to either the supply of soluble P or Pb toxicity.

3.2. Isolation of phosphate solubilizing bacteria and their P
solubilization characteristics

Eighteen morphologically different PSB strains based on halo
formation in NBRIP medium were isolated from 9 different control,
P fertilizer amended and Pb contaminated soils. The halo formation
around the colonies provides the first qualitative indication of PSB
[23]. The size of the halo ranged from 0.1 mm to 3 mm after 2 weeks
of incubation.

The amount of P solubilized by various bacterial strains iso-
lated from different soils is shown in Table 2. In the absence of PSB
(i.e. control), 6.6 mg/L of P was solubilized in the culture medium.
Among 14 different bacterial strains isolated from non-amended
control soils and P fertilizer amended soils, CS2-B1, NCPR-B3,
SSP-B1, and TSP-B4 solubilized more than 300 mg/L of P from
insoluble Ca3(PO4)2. SM1-B1 showed the highest P solubilization
(293.1 mg/L) among the 4 strains isolated from Pb contaminated
soils.

Bacterial growth reduced pH in the bacterial medium compared

to the control medium except CS1-B1 strain. The pH of culture
ranged from 4.31 to 7.60. Acid phosphatase activity produced by
the isolated bacteria ranged from 0.0034 mM to 0.1420 mM as
measured by p-nitrophenol production (Table 2). The PSB strains
isolated from P amended soils showed relatively higher acid phos-
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Table 1
Physicochemical properties of soils used for isolating PSB and number of viable colonies of PSB isolated from soils.

Sources Soils Description pH Total Pb (mg/kg) NH4NO3

extractable
Pb (mg/kg)

Olsen P (mg/kg) Viable
colonies of
PSB

Non-amended sites CS1 Virgin soil 5.78 – – 4.3 1.60 × 105

CS2 Agricultural control soil 5.32 – – 18 3.54 × 106

P fertilizer amended
sites

NCPR North Carolina Phosphate rock amended soil 5.49 – – 28 1.85 × 107

SSP Single Super Phosphate amended soil 5.25 – – 28 1.36 × 107

DAP Diammonium phosphate amended topsoil
(0–10 cm)

7.36 – – 41 5.39 × 105

TSP Diammonium phosphate amended subsoil
(10–20 cm)

7.55 – – 120 8.69 × 106

Pb contaminated sites SR Pb contaminated soil from shooting range 5.88 346.1 29 3.8 1.40 × 104

SM1 Pb contaminated soil from Zn, Pb smelter 8.20 619.0 0.077 53 2.20 × 104

SM2 Pb contaminated soil from Zn, Pb smelter 9.26 2479 1.5 7.7 6.00 × 103

Table 2
Isolated PSB and their characterization for P solubilization in NBRIP broth medium.

Bacterial strains Source soil Halo formation on solid
medium (mm)

pH Solubilized P (mg/L) Acid phosphatase activity
(p-nitrophenol (mM))

Organic acid (mg/L)a

Control No bacteria – 7.10 6.6 0.0144 49
CS1-B1 CS1 3 7.60 14.9 0.0147 248
CS1-B2 CS1 0.1 6.87 5.7 0.0102 181
CS1-B3 CS1 3 6.84 5.2 0.0134 125
CS2-B1 CS2 2 4.31 479.2 0.1420 601
CS2-B2 CS2 2 6.73 30.1 0.0105 333
NCPR-B1 NCPR 2 5.26 281.8 0.0112 204
NCPR-B2 NCPR 0.5 6.83 8.2 0.0131 124
NCPR-B3 NCPR 2 4.37 387.0 0.1104 1026
SSP-B1 SSP 2 4.53 380.5 0.1198 1112
DAP-B1 DAP 2 4.66 248.3 0.0837 347
TSP-B1 TSP 1 4.64 259.9 0.1286 263
TSP-B2 TSP 2 4.75 273.2 0.1286 598
TSP-B3 TSP 1 4.86 216.8 0.0824 401
TSP-B4 TSP 3 5.1 336.2 0.1045 778
SR-B1 SR 0.1 6.96 6.6 0.0173 36
SR-B2 SR 0.1 5.78 40.6 0.0082 44
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3.5. Identification of bacteria

The two bacterial strains that showed the highest P sol-
ubilization capacity and plant growth promoting effect from

Table 3
Indole acetic acid and siderophore production by 5 bacterial strains.

Samples IAA production (mg/L)a Siderophore productiona

(abs at 630 nm)

Control 0 0.0500 ± 0.0013 a
CS2-B1 12.83 ± 1.10 bc 0.0628 ± 0.0050 b
NCPR-B3 34.12 ± 1.49 a 0.0560 ± 0.0005 ab
SSP-B1 11.63 ± 0.18 b 0.0853 ± 0.0005 c
SM1-B1 SM1 3 4.60
SM2-B1 SM2 0.1 5.46

a Organic acid was the sum of lactic acid, acetic acid, propionic acid, pyruvic acid
nd trans-aconitic acid.

hatase activity compared to the PSB from non-amended soils and
b contaminated soils.

The amount of organic acids produced by the isolated bacteria
anged from 20 mg/L to 1112 mg/L. The PSB strains which solubi-
ized more than 300 mg/L of P produced more than 600 mg/L of total
rganic acids (Table 2). The PSB strains isolated from P amended
oils produced more organic acid than PSB from Pb contaminated
oils. The most commonly produced organic acids by the 18 isolated
acteria were acetic, pyruvic, fumaric and citric acids.

.3. Relationship between solubilized P concentration and pH,
hosphatase activity and organic acid

The pH, phosphatase activity and organic acid concentration in
acterial cultures were analyzed and their correlation with solubi-

ized P was evaluated to describe the mechanism of P solubilization
hrough bacterial action. The simple regression analysis between
olubilized P and acid phosphatase activity (R2 = 0.76, Fig. 1(a)),
rganic acid (R2 = 0.61, Fig. 1(b)) and pH (R2 = 0.79, Fig. 1(c)) showed
significant linear relationship (p < 0.001). However, the step-
ise multiple regression (Eq. (3)) indicated that pH was the most

mportant contributor in P solubilization followed by organic acid
oncentration. The regression equation (Eq. (3)) showed that 88.4%

f variability in P solubilization can be accounted for by these two
ariables.

solubilized = 655(±106) − 97.8(±16.3) pH

+ 0.191(±0.0550) organic acid (3)
293.1 0.1401 314
31.0 0.0073 20

nic acid, maleic acid, tartaric acid, oxalic acid, succinic acid, fumaric acid, citric acid

3.4. Plant growth promoting effect of isolated bacteria

The plant growth promoting effect of selected PSB was evalu-
ated by analyzing IAA and siderophore production (Table 3). All
isolated bacteria revealed the ability to produce IAA, indicating
that these strains could utilize l-tryptophan as a precursor for
growth. Bacterial strain NCPR-B3 showed the highest IAA pro-
duction (34.1 mg/L), and CS2-B1, SSP-B1 and SM1-B1 showed
significantly higher siderophore production than the control treat-
ment.
TSP-B4 13.37 ± 0.21 bc 0.0598 ± 0.0078 ab
SM1-B1 16.22 ± 0.37 d 0.0652 ± 0.0046 b

a Values are mean ± standard deviation of triplicate and the different letters
within a column indicate a significant difference at p < 0.05 according to Duncan’s
multiple range tests using SPSS 17.
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acids by PSB is an important process regulating the solubilization
ig. 1. Relationship between acid phosphatase activity (a), organic acid (b) and pH
c) of bacterial culture and solubilized P. Each value represents the mean of three
eplicates with standard deviation shown by error bars.

on-amended soil and Pb contaminated soil, CS2-B1 and SM1-B1
ere putatively identified as Pantoea sp. and Enterobacter cloacae,

espectively. Additionally the obtained sequences were deposited
n the GenBank with accession number GQ414734 and GQ414735,

espectively. Phylogenetic tree in Fig. 2 based on 16S rRNA sequence
evealed a relationship between isolated bacteria in this research
nd other PSB strains reported in the literature. Two isolated bac-
eria were closely related to each other in phylogenetic tree.
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3.6. PSB-enhanced solubilization of rock phosphate and
immobilization of Pb

Phosphorus solubility as measured by Olsen P increased sig-
nificantly with PSB inoculation. Phosphate solubilizing bacteria
inoculation increased P solubilization by 25.0% and 49.9% for CS2-
B1 and 63.3% and 88.6% for SM1-B1 at 200 and 800 mg/kg of RP
addition, respectively (Fig. 3).

Phosphate solubilizing bacteria in the absence of RP amendment
decreased NH4NO3-extractable Pb concentration and immobilized
Pb by 7.6% in soil compared to the non-inoculated soil (Fig. 4). Rock
phosphate addition decreased NH4NO3-extractable Pb concentra-
tion, indicating the immobilization of Pb. Phosphate solubilizing
bacteria inoculation decreased NH4NO3-extractable Pb concen-
tration in RP amendment and the decrease in Pb concentration
increased with increasing levels of P addition. Phosphate solubi-
lizing bacteria inoculation increased Pb immobilization by 8.25%
and 13.7% for CS2-B1 and 14.7% and 26.4% for SM1-B1 at 200 and
800 mg/kg of RP addition, respectively (Fig. 4).

4. Discussion

Although the mechanism of P solubilization by organic acid is
not well understood, it was reported that the pH decrease resulting
from the release of organic acid could be related to P solubilization
[34]. For example, RP is dissolved by the acid produced in the soils
(Eq. (4)), which is a major reason of RP effectiveness as a P source
mainly in acid soils (pH < 6.5) [35] and as a metal immobilizing
agent in acid mine drainage and wastes [36,37].

Ca10(PO4)6F2 + 12H+ → 10Ca2+ + 6H2PO4
− + 2F− (4)

Bolan et al. [38] reported that low-molecular weight organic
acids such as lactic, oxalic and citric acids increased availability
of P from monocalcium phosphate and RP. The use of naturally
occurring low-molecular weight organic acids produced in soil as
microbial metabolites or plant exudates from dead or living cells
is effective in releasing P from RP [39]. Kumar et al. [40] isolated
a metal tolerant plant growth promoting bacterium (Enterobac-
ter sp.) which decreased the pH of the growth medium from 7 to
2, thereby achieving the maximum solubilization of P (229 mg/L).
Similarly, Schneider et al. [41] suggested that citric acid and oxalic
acid produced by Aspergillus niger mobilized P from RP.

An attempt was made to predict the solubilization of Ca3(PO4)2
from the changes in the pH in the broth culture medium. Bohner
et al. [42] proposed diffusion controlled dissolution kinetics for
Ca3(PO4)2 in aqueous medium. They showed that the logarithm
of the dissolution rate (ks; mmol m−2 s−1) is a linear function of the
pH at zero saturation of Ca2+ and PO4

3− ions in initial solution (Eq.
(5)).

Log(ks) = 2.02 − 0.82 pH, R2 = 0.993 (5)

The dissolution rates at different final pH in the culture media
were calculated according to Eq. (5). Based on the particle size of
Ca3(PO4)2 used in our experiment we assumed a specific surface
area of 0.15 m2/g [43]. The predicted amount of dissolved P con-
centration was calculated by multiplying the calculated dissolution
rate by specific surface area and reaction time. There was a signif-
icant correlation between the predicted P concentration based on
the final pH value and measured P concentration (Fig. 5), indicat-
ing that the decrease in pH resulting from the release of organic
of Ca3(PO4)2.
It is known that phosphatase activity contributes to the solu-

bilization of organic phosphates in soil [1]. Normally the pH of
agricultural soils ranges from acidic to neutral, so acid phosphatases
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ion of acids [44]. This was supported by a significant correlation
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Bacteria can enhance plant growth directly or indirectly
y increasing available P, fixing nitrogen, sequestering iron by
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siderophores, producing antibiotics and plant hormones [45,46].
This group of bacteria is known as plant growth promoting bac-
teria (PGPB). Plant growth promoting bacteria can also be used to
improve phytoremediation efficiency by increasing biomass pro-
duction and uptake of contaminants [47]. Production of IAA by

isolated PSB ranged from 12 mg/L to 34 mg/L indicating that the iso-
lated PSB have plant growth promoting effect. It has been reported
that P deficiency often induces N starvation, thus leading to higher
IAA production [48]. Therefore, the ability to produce IAA of PSB is
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mportant in the application of the isolated PSB to phytostabiliza-
ion. A copper resistant PGPB, Achromobacter xylosoxidans produced
.4 mg/L of IAA [49]. Ma et al. [50] noticed that IAA production by
ickel resistant bacteria ranged from 22.0 mg/L for Bacillus sp. to
7.7 mg/L for Psychrobacter sp. and high IAA production resulted
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rom the soil, but siderophores may also play a role in mobilizing
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ut siderophore production may increase phytoextraction capacity
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The isolated PSB in this research are closely related to other
eported PSB isolates. Pantoea sp. and Enterobacter sp. were
eported as PSB by other authors. Chung et al. [55] isolated bac-
eria from rhizosphere soils of various crops in South Korea and
eported the genera Enterobacter and Pantoea as PSB. Pérez et al.

56] isolated PSB from iron-rich acidic soil in Venezuela and iden-
ified the genera belonging to Burkholderia, Serratia, Ralstonia and
antoea by partial sequencing analysis of their respective 16S rRNA
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Ghani et al. [57] investigated the enhancement of RP solubility
through biological processes for 4 weeks and showed an increase in
water and bicarbonate-extractable P with time. The solubility of P
and Pb sources determines the immobilization of Pb by regulating
the kinetics of pyromorphite precipitation process which is very
rapid once both P and Pb ions become available in solution [58]. In
our experiment, PSB have been shown to increase the solubiliza-
tion of RP, thereby releasing P to solution. Bacteria have also been
shown to increase the solubilization of Pb in soils [59,60]. Lead sol-
ubilization resulting from PSB is likely to facilitate the subsequent
immobilization of Pb by P. Therefore, we included a soil sample
without RP amendment (Fig. 4) and it was noticed that the isolated
PSB immobilized Pb in soil even in the absence of RP addition. This
may be attributed to the immobilization of Pb by native P in the soil
(with an Olsen P level of 3.7 mg/kg).

The effectiveness of RP in immobilizing Pb from contaminated
soils increased with increasing levels of RP because more dissolved
P became available with increasing RP loading [61]. Therefore, dis-
solution of RP is an important process to enhance Pb immobilization
as shown by the significant positive correlation between P sol-
ubility and Pb immobilization (Fig. 6). The dissolution of RP and
precipitation of Pb as a carbonated fluoropyromorphite-like min-
eral is the primary mechanism of Pb immobilization by RP [4].

5. Conclusions

The results have demonstrated that: (i) PSB increase the solubi-
lization of insoluble P compounds and the principal PSB-induced P
solubilization mechanism is pH reduction by organic acid produc-
tion; (ii) PSB provide plant growth promoting potential through
the release of IAA and siderophores; and (iii) PSB enhance the
P-induced immobilization of Pb through the release of P from insol-
uble P compounds.

The ability of selected PSB to solubilize insoluble P sources and
promote plant growth can be used for phytostabilization of Pb
contaminated soils by immobilizing Pb with insoluble P sources,
thereby overcoming environmental degradation resulting from sol-
uble phosphate sources used for Pb immobilization.
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