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Abstract Literature analysis and chemical considerations
of biological phosphate solubilization have shown that the
commonly used selection factor for this trait, tricalcium
phosphate (TCP), is relatively weak and unreliable as a
universal selection factor for isolating and testing
phosphate-solubilizing bacteria (PSB) for enhancing plant
growth. Most publications describing isolation of PSB
employed TCP. The use of TCP usually yields many (up
to several thousands per study) isolates “supposedly” PSB.
When these isolates are further tested for direct contribution
of phosphorus to the plants, only a very few are true PSB.
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Other compounds are also tested, but on a very small
scale. These phosphates (P), mainly Fe-P, Al-P, and
several Ca-P, are even less soluble than TCP in water.
Because soils greatly vary by pH and several chemical
considerations, it appears that there is no metal-P compound that can serve as the universal selection factor for
PSB. A practical approach is to use a combination of
two or three metal-P compounds together or in tandem,
according to the end use of these bacteria—Ca-P compounds (including rock phosphates) for alkaline soils,
Fe-P and Al-P compounds for acidic soils, and phytates
for soils rich in organic P. Isolates with abundant production of acids will be isolated. This approach will
reduce the number of potential PSB from numerous
isolates to just a few. Once a potential isolate is identified, it must be further tested for direct contribution to
P plant nutrition and not necessarily to general growth
promotion, as commonly done because promotion of
growth, even by PSB, can be the outcome of other
mechanisms. Isolates that do not comply with this general sequence of testing should not be declared as PSB.
Keywords Phosphate solubilization . Plant growth
promoting bacteria . PSB
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Apart from the basic need for phosphorus in plant nutrition,
there are three reasons why phosphate fertilization is a major
agricultural research topic: (1) the price of fertilizers skyrocketed in recent times, making P fertilizers beyond the
reach of many farmers in developing countries, (2)
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competition for high quality rock phosphate from other
industries, such as food preservatives, anticorrosion agents,
cosmetics, fungicides, ceramics, water treatment, and metallurgy, all providing costlier products, and (3) sources of
high quality phosphates are rapidly depleted and expected to
be exhausted in less than 100 years (Middleton 2003).
Annual consumption of phosphate rock has approached
150 million metric tons; about 95 % of this production is
used in the fertilizer industry (Dorozhkin 2011).
Inorganic P occurs in soil, mostly in insoluble mineral
complexes, some of them appearing after frequent application of chemical fertilizers. These insoluble, precipitated
forms cannot be absorbed by plants (Rengel and Marschner
2005). Organic matter is also an important reservoir of immobilized P that accounts for 20–80 % of P in soils (Richardson
1994). Only 0.1 % of the total P exists in a soluble form
available for plant uptake (Zou et al. 1992).
The original source of most soil and plant P is apatite
(Ahn 1993). Under natural conditions in soil and in seawater, P rapidly precipitates as forms of sparingly soluble
complexes of different kinds of phosphates. The most
common ones in acid agricultural soils are variscite
(AlPO4·2H2O), followed by strengite (FePO4·2H2O). Both
are very stable minerals (Richardson 2001). In alkaline soils
having abundant calcium, there is no detectable orthophosphate (PO43−, Pi) (Goldstein et al. 1999). The most stable
minerals are calcium phosphates, which are, in order of
decreasing solubilities, dicalcium phosphate dihydrate
(brushite) CaHPO4·2H2O > anhydrous dicalcium phosphate
(monetite) CaHPO 4 > octacalcium phosphate Ca 8 H 2
(PO4)6·5H2O > tricalcium phosphate Ca3(PO4)2 > hydroxyapatite Ca5(PO4)3OH > fluorapatite Ca5(PO4)3F (Haynes
1982; Wang and Nancollas 2008; Dorozhkin 2011). Stable
forms for organic P are phytate (dodecasodium inositol
hexaphosphate, Na12C6H6P6O24) and for rock phosphate
(sedimentary rock containing phosphate minerals, phosphorite) are apatite, fluorapatite, and hydroxyapatite (Hoffland
1992). The low solubility of these stable minerals makes
them unavailable for plants (using soluble Pi for growth).
This results in frequent shortage of Pi for plant nutrition,
even though the soil may contain a high level of total P
(Merbach et al. 2010).
For the above reasons, agricultural research focused on
the following: (1) low-grade rock phosphate (9–11 % P2O5
or less) as a source of fertilizer in the future because lowgrade ore is available worldwide in large quantities (Rajan et
al. 1996; Bationo et al. 1997) and (2) other sources of
phosphate, such as struvite derived from wastewater treatment (de-Bashan and Bashan 2004). This trend especially
happens in developing countries where P availability for
crops is more acute. In rock phosphate used as fertilizer,
where its insoluble phosphate is almost unavailable for plant
growth, phosphate-solubilizing microorganisms are used to
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transform the insoluble phosphate into available soluble
phosphate. This is the most common and logical approach
(Reyes et al. 2001; Whitelaw 1999; Richardson 2001;
Rodriguez et al. 2006).

Phosphate-solubilizing bacteria
The history and first experimental findings pointing to the
important role of soil microorganisms in solubilizing phosphate minerals, making Pi available to plants, is at least
century-old knowledge, as outlined in the landmark paper
by Gerretsen (1948) and later by Goldstein (Goldstein 2007;
Goldstein and Krishnaraj 2007). For example, one of the
earliest reports date back to 1908 (Sackett et al. 1908; cited
from Greaves 1922).
In recent years, many publications presented a very
large number of new phosphate-solubilizing bacteria
(PSB). Some involved isolation of thousands of new
strains (for example, Mehta and Nautiyal 2001; Peix et
al. 2003, 2004; Chung et al. 2005; Chen et al. 2006;
Reyes et al. 2006; Gulati et al. 2008; Jorquera et al. 2008) or
were offered directly by inoculant companies without
any publication record. High percentage of those were
preliminary studies, conducted solely in vitro, and lacking
plant and field application. Many of these studies assumed
that in vitro P solubilization capacity will translate into available P for plant nutrition under usual growing conditions in
soil. Some optimistic reports notwithstanding (Kumar
and Narula 1999; Harris et al. 2006), this is by far not the
case (Rengel and Marschner 2005). The literature
abounds with microbiological reports on successful in vitro
solubilization of P that could not be repeated under field
conditions (Gyaneshwar et al. 2002; Rengel and Marschner
2005).
To isolate a suitable potential PSB, a defined selective
medium lacking available sources of soluble P, apart from
insoluble P, is the right strategy. Theoretically, this will
ensure that any isolate growing in this medium has
phosphate-solubilizing ability. Such a growth medium was
initially proposed in 1948 by Pikovskaya (1948). This medium contains, as its sole selection factor, tricalcium phosphate [TCP, Ca 3 (PO 4 ) 2 ] with a low-medium rate of
solubilization (Haynes 1982). With time, TCP became the
selection factor for isolating new PSB or for demonstrating
phosphate-solubilizing capacity in numerous studies
(Kumar and Narula 1999; Rodriguez and Fraga 1999;
Katiyar and Goel 2003; Chen et al. 2006; Rajkumar et al.
2006; Son et al. 2006; Ahmad et al. 2008; Jorquera et al.
2008; Oliveira et al. 2009; Park et al. 2010; Liu et al. 2011;
Table 1). Later, the medium was modified, but the modification still contains TCP as a selection factor (India’s National Botanical Research Institute (NBRIP) phosphate
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Table 1 Literature samples of potential phosphate-solubilizing bacteria, some also tested as plant growth-promoting bacteria
Type of insoluble
phosphate

Plant species (isolation)

TCP

Number of proven Plant species
PSB-PGPB
(testing)

Reference

Undefined plant species and soils 2015

NE

NE

TCP
TCP
TCP
TCP
TCP, Na-phytate
(tested separately)
TCP
TCP
TCP
TCP
TCP

Undefined native vegetation
Onion, pepper, sesame, rice
Sea buckthorn
Ginseng
Perennial ryegrass; white clover,
wheat, oat, yellow lupin
Several crops from northern India
Soils
Mesquite
Soybean
Halophytic native plants

36
Several hundred
216
1
1500

NE
NE
NE
NE
NE

NE
NE
NE
NE
NE

Mehta and Nautiyal
(2001)
Chen et al. (2006)
Chung et al. (2005)
Gulati et al. (2008)
Park et al. (2010)
Jorquera et al. (2008)

66
446
857
1
70

NE
NE
NE
NE
NE

NE
NE
NE
NE
NE

Ahmad et al. (2008)
Alikhani et al. (2006)
Johri et al. (1999)
Son et al. (2006)
Xiang et al. (2011)

TCP
TCP
Hydroxyapatite

74
33
15

NE
NE
NE

NE
NE
NE

Liu et al. (2011)
Viruel et al. (2011)
Reyes et al. (2006)

Hydroxyapatite
Rock phosphate
Rock phosphate
TCP
TCP
TCP
TCP
TCP

Poplar
Soil
Five plant species colonizing
mine tailings
Phosphate mine rocks
Several legumes
Unknown
Yerba mate
Soybean
Peanut
Lotus
Walnut

52
30
2
518
13
110
50
34

NE
NE
NE
1
None
1
3
2

NE
NE
NE
Common bean
Soybean
Peanut
Lotus
Walnut

Ben Farhat et al. (2009)
Bardiya and Gaur (1974)
Xiao et al. (2011)
Collavino et al. (2010)
Fernández et al. (2007)
Taurian et al. (2010)
Castagno et al. (2011)
Yu et al. (2011)

TCP
TCP
TCP
TCP

Garlic
Several crops
Field soil
Black mangrove

1
81
21

1
2
1

Wheat
cowpea
Wheat
Salicornia

Selvakumar et al. (2009)
Linu et al. (2009)
Ogut et al. (2010)
Bashan et al. (2000),
Vazquez et al. (2000)

TCP

Mangrove

129

1

Mangrove

TCP
TCP
TCP
TCP

Wheat
Salt-affected soil
Stevia
Three weeds

164
23
12
3

5
5
5
3

Wheat
Sorghum
Stevia
Maize

El-Tarabily and Youssef
(2010)
Kumar and Narula (1999)
Srinivasan et al. (2012)
Mamta Rahi et al. (2010)
Naz and Bano (2010)

Dicalcium phosphate
or phytic acid
Dicalcium phosphate

Soil

∼300

5

Maize, lettuce

Chabot et al. (1996)

Various culture collections

143

2

Antoun et al. (1998)

White lupin
Soil
Soil and chicken manure
Cardon cactus
Mammillaria (cactus)
Wheat, maize

>300
3
10
20 in rhizoplane,
26 endophytes
10
35

Radish
(Raphanus
sativus)
16
White lupin
3
Maize
NE
NE
4 in rhizoplane, 6 Cardon cactus
endophytes
4
Mammillaria
6
Wheat

Unno et al. (2005)
Idriss et al. (2002)
Hill et al. (2007)
Puente et al. (2004a, b,
2009a, b)
Lopez et al. (2011)
Baig et al. (2012)

Undefined
Several crops

4
9

4
9

Iqbal et al. (2010)
de Freitas et al. (1997)

Phytate
Phytate
Phytate
Ca10(OH)2(PO4)6,
AlPO4, FeP04·2H20
Ca10(OH)2(PO4)6
Rock phosphate
Ca3(PO4)2CaF2
Zn3(PO4)2·4H2O

Total number of
PSB isolates

Pulse
Canola
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Table 1 (continued)
Type of insoluble
phosphate

Plant species (isolation)

Total number of
PSB isolates

Number of proven Plant species
PSB-PGPB
(testing)

Reference

Rock phosphate or
CaHPO4
AlPO4

Forest soils

1

Garden cress

Illmer et al. (1995)

Rock phosphate
Rock phosphate

Wheat
Rice
Compost and macrofauna

1
1 (including 2
fungi)
3
2

Onion
Wheat

Rock phosphate
Rock phosphate

4 (including 3
fungi)
1
8 (including 2
fungi)
16
5

Vassilev et al. (1997)
Babana and Antoun
(2005, 2006)
Rajapaksha et al. (2011)
Hameeda et al. (2008)

Rice
Maize

Black mangrove (Avicennia germinans), canola (Brassica napus), cardon cactus (Pachycereus pringlei), common bean (Phaseolus vulgaris),
cowpea (Vigna unguiculata), garden cress (Lepidium sativum), garlic (Allium sativum), ginseng (Panax ginseng), lettuce (Lactuca sativa), lotus
(Lotus tenuis), Mammillaria (Mammillaria fraileana), mangrove (Avicennia marina), Mesquite (Prosopis juliflora), oat (Avena sativa), onion
(Allium fistulosum), peanut (Arachis hypogaea), pepper (Capsicum annuum), perennial ryegrass (Lolium perenne), poplar (Populus sp.), pulse
(Vigna radiata), radish (Raphanus sativus), rice (Oryza sativa), Salicornia (Salicornia Bigelovii), sea buckthorn (Hippophae rhamnoides), sesame
(Sesamum indicum), sorghum (Sorghum bicolor), soybean (Glycine max), stevia (Stevia rebaudiana), walnut (Juglans siggillata), wheat (Triticum
aestivum), white clover (Trifolium repens), white lupin (L. albus), yellow lupin (Lupinus luteus), yerba mate (Ilex paraguariensis)
NE not evaluated on plants

growth medium; Nautiyal 1999). This medium was proposed as a suitable and appropriate medium for the task of
isolating and testing PSB and is widely used. In addition to
TCP, other P compounds are used for isolating and testing
PSB, such as rock phosphate (hydroxyapatite; Reyes et al.
2006), dicalcium phosphate (Chabot et al. 1996; Antoun et
al. 1998; Peix et al. 2003, 2004), and phytate (Chabot et al.
1996; Unno et al. 2005), but used to a far lesser extent.
It appears that TCP, although a potentially insoluble
P, is not hard to dissolve, compared with other harderto-dissolve phosphates. Pérez et al. (2007) isolated 130
strains capable of solubilizing TCP from thousands of
colonies developed on NBRIP medium. None of those
showed solubilizing activities of iron phosphate (FePO4)
or aluminum phosphate (AlPO4), which renders their
usefulness largely impractical for acidic soils. From
TCP plates, Park et al. (2010) isolated an efficient
PSB that also solubilized FePO4 and AlPO4. Yet it
solubilized TCP 10 to 50 times better. Similar results
in solublizing were obtained by Song et al. (2008) and
Chang and Yang (2009), using additional hydroxyapatite
and rock phosphate as sources of P. When four kinds of
P (TCP, AlPO4, phytate, and soybean lecithin) were
compared for isolating PSB, the biggest number of
strains was obtained from TCP plates and they solubilized best this P material (Oliveira et al. 2009). Comparison of several PSB Azotobacter chroococcum strains
to solubilize TCP and Mussoorie (India) rock phosphate
showed that the latter is hardly solubilized (Kumar and
Narula 1999). Even cloned Escherichia coli, having no
relation to plant nutrition, is capable of solubilizing
TCP (Goldstein and Liu 1987; Kim et al. 1997, 1998).

By this test, even E. coli would be considered a PSB. It
appears that numerous bacterial strains that produce
organic acid from metabolism of sugars, especially metabolizing glucose to strong gluconic and 2-ketogluconic
acids, are capable of dissolving TCP (Mehta and Nautiyal
2001; Chen et al. 2006; Goldstein 2007; Goldstein and
Krishnaraj 2007; Trivedi and Sa 2008). Therefore, all these
bacteria are presumably PSB, which would be an absurd
conclusion.
Finally, as mentioned in the report by Greaves (1922),
TCP is several times more soluble in CO2-saturated water
than in pure water, resulting in its gradual transformation to
more soluble Ca salts. This happens according to the following general equation:
Ca3 ðPO4 Þ2 þ 2CO2 þ 2H 2 O
¼ 2CaHPO4 þ CaðHCO3 Þ2 :

ð1Þ

In summary, any TCP-based selective medium that isolated hundreds or thousands of potential PSB strains from a
soil is not selective enough for the task of selection.

PSB and plant growth-promoting bacteria
With time, evidence accumulated in the literature reporting potential PSB candidates from in vitro studies that
very few were also plant growth-promoting bacteria
(PGPB). PSB and plant growth-promoting bacteria
(PSB-PGPB) are the end-product microorganisms to be
used in agriculture as inoculants and are the declared
main final goal of all the PSB studies. For example,
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Collavino et al. (2010) found that there is no correlation
between potential PSB isolated on TCP and their ability
to promote plant growth. Fernández et al. (2007) tested
13 efficient TCP-solubilizing strains from soil and found
that none promoted plant growth nor improved plant P
nutrition. Taurian et al. (2010) tested 110 potential PSB
on TCP and found only one that could promote peanut
growth. El-Tarabily and Youssef (2010) isolated 129
TCP-solubilizing bacteria but only one was effective as
a PSB-PGPB for mangrove seedlings. An efficient PSBPGPB for maize exhibited much higher solubilization of
TCP than for three types of rock phosphate (Gulati et
al. 2010). Yu et al. (2011) isolated a large number of
PSB on TCP medium yet could find only two PSBPGPB; they propose that more insoluble P materials
should be selected to isolate potential PSB-PGPB. At
the same time, studies that used rock phosphate or other
hard-to-dissolve phosphates were more successful in
isolating PSB-PGPB, but not necessarily with phosphate
solubilization as the main mechanism (de Freitas et al.
1997; Puente et al. 2004a, b, 2009a, b; Lopez et al.
2011, 2012; Baig et al. 2012). In summary, regardless
of the promise of PSB, the multitude of strains isolated,
and the several microbial inoculants in the marketplace,
successful application in the field is still very low.
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bacteria exhibiting nonphosphorylating oxidation were
designated as having the MPS+ (mineral phosphatesolubilizing) phenotype (Goldstein 1995). Goldstein
(2007) proposes that conservation of the direct oxidation
pathway in rhizobacteria may, at least in part, result from the
mutualistic advantage provided by the MPS trait.
Acids are well known to dissolve rock phosphate
(Kpomblekou and Tabatabai 1994). The most common
organic acids produced by potential PSB are not only
gluconic, 2-ketogluconic, citric, oxalic, succinic, propionic,
and acetic but also isovaleric, heptanoic, caproic, formic,
n-butyric, oxalic, and methylmalonic were detected (Chen et
al. 2006; Puente et al. 2009a). In alfalfa, pea, lupin, sorghum,
maize, wheat, and barley, malate and citrate are the common
organic acids. These organic acids appear to be the primary
components released by roots with P deficiency (Jones and
Darrah 1994; Jones 1998). White lupin (Lupinus albus) exudates also contain fumaric, cis-aconitic, and trans-aconitic
acids. Chickpea (garbanzo, Bengal gram; Cicer arietinum)
was the only species that contained malonic acid, in addition
to malic, fumaric, and cis- and trans-aconitic acids (Cawthray
2003). In general, all these acids chelate cations (mainly Ca2+,
also Fe3+ and Al3+) bound to phosphate through their
hydroxyl and carboxyl groups or solubilize them by
the liberation of protons, thereby converting insoluble
P into soluble forms that are available for plant nutrition
(Kpomblekou and Tabatabai 1994).

Analysis of the literature
Here, we extracted data from common scientific literature on PSB, their origin, selection factor for their
isolation, and their performance as PSB-PGPB, and
considered the potential chemical solubilization pathways for several hard-to-dissolve phosphates by potential PSB and those available in the rhizosphere of
plants. This was done to reach an initial conclusion
about which insoluble phosphate(s) is most useful to
serve for isolating and testing potential PSB-PGPB.
This approach was chosen because, among the several mechanisms responsible for phosphate solubilization
in soil (Illmer and Schinner 1995), production of organic acids by plant roots and their associated microbes
(bacteria and fungi) plays the major role. In many
bacteria, the direct oxidation pathway (also called nonphosphorylating oxidation) leads to the production of
gluconic and 2-ketogluconic acids directly into the periplasmic space, where their protons are efficiently released into the extracellular medium, thus lowering its
pH. These strong organic acids, having extremely low
K a values, logK a 03.4 and logK a 0−2.6, respectively
(Goldstein and Krishnaraj 2007), can dissolve difficultto-dissolve calcium phosphates, such as hydroxyapatite
and rock phosphate ore, such as fluorapatite. The

General considerations on dissolution of phosphate
minerals
To clarify the theory of rock phosphate dissolution,
first, one needs to consider a simple process of dissolution of dissociating salts (including metal phosphates,
the subject of this assay) in pure water or in slightly
acidic or alkaline medium and disregarding any hydrolysis or complexing (see below). Solubility is defined
as the maximal concentration reached under specified
conditions in the binary system solid phase–solution
without supersaturation. It is a thermodynamic value,
which could ideally be reached for a well-crystallized
stable phase in equilibrium with the solution (also see
below). It is determined by the value of the solubility
product for this solid phase. The solubility product is a
product of the concentrations (ideally 0 in the ideal
case activities, which can be substituted by concentrations when they are very low) of all the ions (formed
upon dissociation of the salt) in the powers of their
stoichiometric coefficients. As an example, for a salt
MxAy (where M is a metal, A is an anion, disregarding
the charges; x and y are the stoichiometric coefficients
in the chemical formula), the solubility product

470

Biol Fertil Soils (2013) 49:465–479

constant (KS) for the dissociation equilibrium (2) is
calculated as shown in Eq. (3).
M x Ay $ xM þ yA

ð2Þ

KS ¼ ½M x  ½Ay :

ð3Þ

The KS value is a constant for a stable, solid, wellcrystallized phase of definite composition and can generally
be used for calculating the aqueous solubility of a solid or
any of the ions (M or A), if the other’s concentration in
equilibrium is known. For orthophosphates, where there is
also an equilibrium in solution between the protonated and
nonprotonated ions (H2PO4−, HPO42−, and PO43−), which
depends on the pH, the dependence of solubility on pH can
also be generally calculated (Wang and Nancollas 2008;
Dorozhkin 2011).
In principle, KS values may be found in the literature for
various phosphate minerals for Ca phosphates (Wang and
Nancollas 2008; Dorozhkin 2009, 2011) and Al and FeIII
phosphates (Stumm and Morgan 1996; Jiang and Graham
1998). For AlPO4·2H2O and FePO4·2H2O (Bache 1963),
different KS values (stated to be valid only at low pH) were
given which are based on the dissociation scheme similar to
Eq. (2), which however, additionally includes hydration
water molecules and, consequently, water activity in the
corresponding expression is similar to Eq. (3) for KS. This
is not typical for aqueous solutions of low concentrations,
where water activity can be assumed to be constant, and can
be confused with calculated KS values that exclude water
(Wang and Nancollas 2008). This could only complicate
relevant calculations.
As mentioned above, KS, as a thermodynamic value,
refers to the equilibrium conditions of the chemically uniform (homogeneous) and well-crystallized stable, solid
phase only. In reality, however, there are four reasons that
often make an ideal KS value virtually useless:
(a) The solubility product strongly depends on the crystalline state (and on the thermodynamic stability) of a
mineral (see below). Often, there is no reliable information under which conditions and for which solid
phase the solubility product was measured for calculating KS.
(b) In a medium where the ionic strength (i.e., background
concentrations of other inert ions) is not very low (as
what happens in real solutions), the activity coefficients (Wang and Nancollas 2008) may significantly
differ from unity (01) and render the values of activities and concentrations no longer equivalent (activity 0
concentration multiplied by activity coefficient). If the
latter is not close to unity, activity becomes different
from concentration (i.e., they become nonequivalent).

Thus, the literature data on KS values determined at
low ionic strengths become inapplicable. For example,
the value of pKS (0 −log10KS) for AlPO4·2H2O at zero
ionic strength (i.e., almost pure water) was reported to
be pK S 021, i.e., K S 01.0 × 10 −21 M 2 (Stumm and
Morgan 1996; Jiang and Graham 1998). However, at
ionic strength 0.15, it was reported to be pKS 018.3
(Duffield et al. 1991; Martin 1997), i.e., KS 05.0×
10−19 M2. Thus, already at such a relatively small ionic
strength, which is equivalent to that of the physiological solution (0.88 % NaCl), the KS is 500 times higher
than in pure water, and, consequently, the solubility of
AlPO4 is increased by (500)1/2 (∼22 times).
(c) Even a small impurity (that is, a small percent in the
whole substance) of a less-crystalline (i.e., more amorphous) phase may give an apparent result of a higher
dissolution level and/or rate (see below about the dissolution rate). Thus, the solubilization test would be
wrong. It would give a higher solubilization rate than
the real rate for the main substance and a higher solubility caused solely by the less-crystalline substance
and more soluble impurity.
(d) In real systems, when the phosphate mineral can be
dissolved by an acid, the rate of dissolution/solubilization, identified as the amount of mineral dissolved per
unit of time, may vary greatly, from a very high rate
(very fast dissolution) to a very low rate (very slow
dissolution). This solubilization rate refers not to the
thermodynamics of dissolution (i.e., equilibrium state),
but to the chemical kinetics. The kinetics of solubilization (dissolution) depends on a number of other
parameters, one of the most important of which is the
specific surface area of the mineral. This is because the
solubilization reaction is a heterogeneous process (i.e.,
occurring between a liquid phase and a solid phase, not
within a single phase) and proceeds exclusively at the
surface of a mineral. In other words, its surfaceexposed moieties or structural units, which are in contact with the solution, react with the ions adsorbing
onto them from the solution. Therefore, the greater the
surface area of a mineral sample (note that smaller
crystallites and higher porosity increase the surface
area per unit of mass), the faster is the rate of
solubilization.
To conclude, calculations of solubilities using solubility
product data (KS constants from the literature) as the data
related to ideal equilibrium states in solutions would provide no information regarding the rate of true real-life solubilization. In particular, the K S values of phosphate
minerals, which might be considered as a first approximation to their solubility, in view of the aforementioned, do not
give any reliable information. Additionally, KS values do not
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take into account the complexing ability of an organic acid’s
anion (see below).
Any reliable information on the ability of organic acids to
dissolve poorly insoluble phosphates, including the dissolution rate, could be obtained exclusively in model experiments
that should include different organic acids (pure substances)
and different reference phosphate minerals, each of a
definite formula (composition), chemical state (crystallinity, stability, phase homogeneity), and specific surface
area. Such experimental data, obtained with the same
mineral for different acids and with each acid reacting with
different phosphate minerals, could be comparable enough
to make valid conclusions about which acids are strong solubilizers and which mineral is more or less easy to solubilize.
A database of such results could be used to determine the
ability of a potential PSB to solubilize different phosphate
minerals in relation to the spectrum of organic acids produced
by the bacteria.

Crystallinity and solubility—general chemical
considerations
While assessing and comparing the biological availability of
phosphate minerals, the following important comment by
Gillis et al. (1962) should be noted: “Some confusion exists
in the literature because investigators not always recognized
that many phosphate compounds may exist in several states
of hydration and crystal modification.” This is of paramount
importance with regard to biological phosphate solubilization discussed here. Different crystal modifications including not only different hydration states but also the level of
crystallinity of the same substance usually have different
water solubilities and different dissolution rates either in
water or in acidified solutions. More amorphous phases
usually have higher solubilities. This is directly related to
their thermodynamic state.
As described above, the solubility (as a thermodynamic value) of a solid substance represents its concentration in solution in equilibrium with the stable solid
phase. From thermodynamic considerations, the solubility tends to decrease with increasing crystallinity; therefore, most highly crystalline material has the lowest
solubility. Also, more amorphous phases are commonly
more rapidly dissolved. In particular, this is because of
their higher specific surface area, as compared to that of
a strongly crystallized phase, which favors dissolution
kinetics. Therefore, for poorly soluble materials (such as
phosphates), even a small admixture of an amorphous
phase could dramatically affect the results of investigations on their solubility or dissolution rate and, as a consequence, misrepresent the corresponding bioavailability tests.
For example, it is common that in a stable solid
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crystalline, especially in a natural mineral, there is a
small impurity (often a few percent or even lower) of
a more amorphous phase of the same substance. While
dissolving, this impurity being preferentially and more
rapidly dissolved may give an apparent, but not real,
higher solubility. It has to be noted that such a small
impurity may well be not easily detectable, being totally
or almost invisible for X-ray diffraction or spectroscopic
techniques. Therefore, any differences in PSB tests performed
in different laboratories with the same mineral, which, in fact
might differ by such impurities, could be misinterpreted as
real differences between the PSB properties.
The aforementioned consideration clearly implies
that, to test and compare the bioavailability of phosphate minerals for potential PSB, some stable and uniform (structurally and chemically homogeneous), wellcrystallized phases should only be chosen as standards.
They should have a number of defined characteristics
such as spectra, thermograms, and X-ray diffraction
patterns which must be checked or otherwise ensured
to be valid before performing a test with PSB. This is
particularly important, as for many metal phosphate
minerals, different crystal modifications are known, including calcium orthophosphates (Wang and Nancollas
2008; Dorozhkin 2009, 2011). In addition, if such a test
phosphate material is to be prepared in a laboratory to
perform PSB tests, there should be some treatment steps
developed and commonly recommended to obtain a
stable and structurally homogeneous mineral phase to
be used by different researchers in laboratories throughout the world.
Regarding Ca orthophosphates (including TCP because it
contains PO43−), and specifically TCP, the most stable and
the least soluble modification of the latter is β-Ca3(PO4)2
(with pKS 0−log10KS 028.9 and solubility of ∼0.5 mgL−1 at
25 °C), while there is its higher temperature polymorph αCa3(PO4)2. Both polymorphs are stable at room temperature
in the absence of humidity (Dorozhkin 2011). It has to be
mentioned that neither polymorph can be precipitated from
aqueous solutions (Wang and Nancollas 2008; Dorozhkin
2009, 2011). Therefore, for any PSB tests, β-TCP has to be
either taken as a mineral (which might imply the presence of
different impurities for minerals of different origin), which
could affect the PSB tests or prepared using a hightemperature synthesis in the laboratory (which could easily
be standardized).
Nevertheless, it should be noted that, among Caphosphate minerals, the most stable and least soluble is
thought to be fluorapatite Ca10(PO4)6F2 (pKS 0120), with
solubility of ∼0.2 mgL−1, stable within pH 7–12 (at 25 °C),
while hydroxyapatite Ca10(PO4)6(OH)2 (pKS 0117) is close
with the solubility of ∼0.3 mgL−1, stable within pH 9.5–12
(Dorozhkin 2011).
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Types of microbially driven mineral phosphate
dissolution processes
The processes resulting in mineral phosphate solubilization, in particular, those driven by soil microorganisms,
in principle involve several chemically different reactions
(Table 2):
1. The most straightforward process is simple acidification
of the medium as a result of proton release, for example,
as the H+ antiport in the course of bacterial ammonium
(NH4+) assimilation, by means of which the cell maintains a neutral charge, or production of inorganic acids
that do not form strong complexes with Ca, Al, or FeIII
and easily release protons upon dissociation (Illmer and
Schinner 1995; Illmer et al. 1995; Rodriguez and Fraga
1999; Whitelaw 1999). The reaction scheme is as follows, as in the case of TCP, resulting in the formation of
more soluble phosphates:
Ca3 ðPO4 Þ2 þ 2H þ ¼ 2CaHPO4 þ Ca2þ

ð4Þ

While the solubility of calcium phosphate
increases exponentially with decreasing pH (Merbach et
al. 2009), the behavior of AlPO4 and FePO4 is different (Fig. 1). The solubility of ferric phosphate
decreases with lower pH down to 4.5–3.5, and aluminum phosphate has the lowest solubility within
pH 5.5–4.5, for example, at pH 3.5 it is comparable
with that at pH 7. Hence, acidification of the medium per se cannot account for phosphate mobilization in bacterial cultures in the cases of aluminum
or ferric phosphates (Fankem et al. 2008; Merbach
et al. 2009).
In accordance with the literature (see Fig. 1),
aluminum phosphate is considerably more soluble
than the corresponding ferric salt (Brosheer et al.
1954; Ishio et al. 1986; Fankem et al. 2008). Similarly, according to He et al. (2006), in 0.322 mM
KH2PO4 solution, the addition of FeCl3 or AlCl3
(3.22 mM) in 100 mM acetate buffer (at pH 5.0,
22 °C) after 20 h precipitates 60 % or only 5 % of
soluble inorganic phosphate, respectively.

Table 2 Main general types of microbially driven processes resulting in mineral phosphate dissolution
Type of process

Main cause/entity
of mineral dissolution

Main reaction leading
to mineral dissolution

Applicability
to phosphate minerals

1. Acidification of the
medium

Release of protons (H+)
or production of easily
dissociating inorganic acids

Ca phosphates

2. Metal complexing

Release of organic acids
or complexing (chelating)
agents

3. Metal reduction

Redox activity of bacteria
or their exudates
(secondary metabolites)

4. Enzymatically driven
phosphate dissolution

Extracellular release of
specific enzymes
(phosphatases)

5. Indirect phosphate
dissolution

Microbial stimulation of
organic acid exudation by
plants

Lowering the pH of
the medium, formation
of more soluble
hydrophosphates
Formation of metal
complexes (including
chelates in cases of di-,
tricarboxylic, or
hydroxocarboxylic acids)a
Reduction of the metal with
variable oxidation states
(bound to phosphate) to a
lower oxidation state (resulting
in a more soluble phosphate)
Enzymatic hydrolysis of
poorly soluble
organic phosphate esters
releasing inorganic phosphate
The same as for type 2
(metal complexation) but related
to plant–microbe interactionsc

Ca, Al, Fe phosphates

FeIII phosphateb

Various organic phosphate
esters (phytate, phospholipids)

Ca, Al, Fe phosphates

a

Such reactions can result in the formation of poorly soluble metal complexes. In that case, inorganic phosphate would be solubilized not because
of the dissolution of the initial mineral but rather because of the “ligand exchange” process, where the complexing ligand substitutes for phosphate
releasing the latter (“substitutional phosphate solubilization”). Importantly, such reactions can give no “phosphate solubilization halo” in PSB agar
tests (see below) which could thus be misinterpreted as the absence of phosphate solubilization. In such cases, parallel tests in a liquid medium
(with an analysis for liberated phosphate) should be performed

b

Can be applicable to other redox-active metals such as Mn3+/4+ -containing phosphate minerals, as well as to phosphates chemisorbed to
oxyhydroxides of redox-active metals (phosphate-containing ferric oxides/oxyhydroxides)

c

May in principle be related to types 1 or 3 (in case of microbial stimulation of plant exudation of protons or metal-reducing substances,
respectively) or to type 4 (in case of microbial stimulation of plant exudation of relevant enzymes)
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Fig. 1 Solubilization of phosphate from Ca, Al, and FeIII phosphates
as a function of pH (adjusted using HCl or NaOH, measured after
phosphate extraction). The extraction was made by mixing 100 mg of a
solid phosphate in 30 mL solution under stirring for 90 min at 150 rpm.

At the end of the incubation period, the solution was centrifuged at
6,000×g, its pH was measured, and the phosphate in solution was
determined (information adapted from Fankem et al. (2008))

2. The formation of a metal complex in solution, where the
metal ion is coordinated by an anion. Specifically, metal
chelation, in the case of a chelating ligand or anion that
forms two or more bonds with the metal forming a ring
structure, transforms an insoluble phosphate mineral
into the metal complex and releases phosphate anions.
The reaction equation is as follows, as in the case of
TCP, and a complexing acid HnX:

particular, induced by phosphate deficiency (Chen
et al. 2006; Puente et al. 2009a). Phosphate may
also be solubilized, not only from rock phosphate
minerals but, via ligand exchange involving organic
acid anions, from other minerals, such as oxides
containing chemisorbed phosphate anions (Arcand
and Schneider 2006).
Halo formation on solid agar, produced by developing bacterial colonies, has served as a universal
indicator for phosphate solubilization by PSB for
over half a century. As indicated in Table 2 (footnote a), special care should be taken, as the formation of insoluble Ca (and sometimes also Al or
Fe III ) complexes could solubilize phosphate but
may give no solubilization halo on the agar plates.
As a solution for this difficulty, such PSB test plates
should be complemented by liquid culture tests or
genetic characterization of potential PSB (Merbach
et al. 2009). For Ca phosphate minerals, such poorly
soluble complexes, preventing the formation of a
solubilization halo, can be formed with oxalate,
tartrate (Arcand and Schneider 2006), phytate
(Evans and Pierce 1981; Grynspan and Cheryan
1983; for poorly soluble phytate complexes of Al
and FeIII (He et al. 2006)), and even with citrate
(Merbach et al. 2009) anions, while citrate readily
dissolves AlPO 4 (Martin 1997). Lobartini et al.
(1998) mention that humic and, to a lesser extent,
fulvic acids were useful chelating agents for Al3+
and Fe3+ and were effective in dissolving AlPO4
and FePO4. However, humic soil substances may
contain organic matter–metal (Al 3+ and/or Fe 3+ )
phosphate complexes (He et al. 2006) that contribute to phosphate solubilization via ligand exchange,
primarily with metal-complexing or chelating organic
acid anions.

Ca3 ðPO4 Þ2 þ 3mH n X ¼ 3½CaX m 2mn
þ 2HPO4 2
þ ð3mn  2ÞH þ ;

ð5Þ

where m is the stoichiometric coefficient in the
calcium complex formed, n is the index equal to
the absolute value of the charge of the complexing
anion (Xn−).
The excessive protons in Eq. (5) might be involved in parallel processes of phosphate solubilization, such as in Eq. (4), or get bound to other
anions, depending on the pH of the medium. A
similar process could be applicable to the lesssoluble phosphates of FeIII or Al, according to the
following equation:
FePO4 þ mH n X ¼ ½FeX m 3mn þ HPO4 2
þ ðmn  1ÞH þ :

ð6Þ

Note that Al and FeIII complexing (in particular,
chelation) seems to be the main mechanism for the
microbially driven dissolution of aluminum and
ferric phosphate minerals. It is related to the wellknown phenomenon of synthesis and release of a
range of organic acids by many bacteria, in
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Formation of soluble and insoluble Ca, Al, or FeIII complexes with organic acid anions would dramatically reduce
the concentrations of free (hydrated) ions in the medium.
Thus, by lowering the solution saturation point, this would
result in shifting the mineral dissolution equilibria and
facilitating the dissolution processes (Welch et al. 2002).
3. For the redox-active cation (in the case of FeIII phosphate only, FePO4), a preliminary metal reduction step,
either directly (for Fe3+-reducing bacteria) or indirectly
microbially driven (such as via release of reductive
secondary metabolites), may lead to the formation of
FeII. It has long been known that poorly soluble ferrous
(Fe2+) salts commonly are still noticeably more soluble
than the corresponding ferric (Fe3+) salts.
In particular, FeII phosphate was reported to be moderately available to plants (Gerretsen 1948). Special
studies (Ghassemi and Recht 1971) showed that FeII
orthophosphate (Fe3(PO4)2·8H2O, vivianite) has a sharp
minimum in solubility at pH 8.0, while the solubility
steeply rises both at higher and lower pH.
This type of phosphate solubilization can be applicable to a wide range of other redox-active metals, such as
Mn2+/3+/4+-containing phosphate minerals (Schwab
1989), as well as phosphates chemisorbed to oxyhydroxides of many other redox-active metals, such as phosphatecontaining ferric oxides/oxyhydroxides.
4. Enzymatically driven dissolution of phosphate may be
an essential process in organic phosphorus-rich soils,
involving phosphatase-driven hydrolysis of poorly soluble organic phosphate esters, which release inorganic
phosphate (Rodriguez et al. 2006; Nannipieri et al.
2011). However, in the presence of Al3+ and Fe3+,
enzymatic release of phosphate from phytate by incubation with a fungal phytase was affected. This resulted
from formation of insoluble Al3+ or Fe3+ phytate complexes, rather than precipitation of soluble orthophosphate after its enzymatically driven release from phytate
(He et al. 2006).
5. Indirect solubilization, such as microbial stimulation of
exudation of organic acids by plants (Arcand and
Schneider 2006), by its mechanism is close to type 2
solubilization (listed above). However, it is directly
related to plant–microbe interactions in the rhizosphere
and thus is relevant to rock phosphate solubilization in
extensively planted agriculture soils (see also Table 2).
Sometimes, in the PSB-related literature, contradictory results are found. For example, when inoculation of
plants with phosphate-solubilizing bacteria occurs, increased uptake of P from soil (Kucey et al. 1989), the
phosphate-solubilizing activity of the strains studied by
Belimov et al. (2002) is unimportant in P uptake by
inoculated plants.
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The influence of coexisting carbonates on mineral
phosphate solubilization
If there are suitable conditions for saturation of an aqueous
medium with carbon dioxide (CO2), it might facilitate dissolution of calcium phosphate minerals (see general Eq.
(1)), since it can lower the pH to 3.8, which is the pH of a
saturated CO2 solution at room temperature (Gerretsen
1948). This results from the equilibrium with partial formation of a very weak carbonic acid that weakly dissociates,
according to Eq. (7):
CO2 þ H 2 O $ H 2 CO3 $ H þ þ HCO3  :

ð7Þ

Nevertheless, in the presence of coexisting mineral carbonates, microbially driven mineral phosphate solubilization
may be significantly retarded. This particularly relates to the
phosphate solubilization mechanisms involving acidification
of the medium, for example, antiport of protons (H+) in the
course of NH4+ assimilation or release of organic/inorganic
acids. In this case, a parallel reaction involves the carbonatecontaining phase, such as for calcium carbonate:
CaCO3 þ 2H þ ¼ Ca2þ þ H 2 O þ CO2 " :

ð8Þ

In this case, as what follows from the chemistry of heterogeneous processes, formation of the gaseous phase (CO2) and
its removal from the reaction medium (volatilization) shifts
the equilibrium toward carbonate dissolution, rather than possible parallel solubilization of the coexisting poorly soluble
mineral phosphate. In this case, the consumption of protons in
Eq. (8) prevents acidification of the medium and, correspondingly, retards mineral phosphate solubilization. Moreover,
the appearing excess of calcium ions released from the
dissolving calcium carbonate in Eq. (8) would keep mineral
phosphate components within the solid phase by retarding
reaction in Eq. (4), in accordance with the mass action law
and/or binding the organic acid anions in a complex, such as
that formed in Eq. (5), but without phosphate dissolution, as
follows:
Ca2þ þ mX n ¼ ½CaX m 2mn :

ð9Þ

Corresponding experimental evidence was already
reported at the beginning of the twentieth century. In the
course of microbial release of acids, in soils rich in calcium
carbonate, there would be only small quantities of phosphorus liberated (Kelley 1912; cited in Greaves 1922).
However, according to the experimental data of
Szymkiewicz-Dabrowska et al. (2002), adding well-soluble
ammonium or potassium bicarbonates (NH4HCO3, KHCO3)
or carbonates ((NH4)2CO3, K2CO3) to soils mixed with
AlPO4·2H2O, FePO4·2H2O, and Ca3(PO4)2 resulted in increasing solubilities of the latter three minerals within a few
days. This could be attributed to slowly ongoing hydrolysis
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of the phosphates with the formation of basic salts, after the
pH is raised in the presence of HCO3− and, especially, CO32
−
anions owing to their hydrolysis. Specifically, surface
hydrolysis reactions for Al (variscite) and FeIII (strengite)
phosphates occurring at higher pH values, releasing phosphate ions into solution and forming more basic insoluble
metal phosphates, were described earlier (Bache 1963).
Thus, as a result, a part of the phosphate anions in a mineral
are substituted by OH− ions within the solid phase and
therefore become solubilized.

Overall discussion
Although the literature contains many reports on the use of
TCP as a universal selection factor for PSB, empirical
reports show that most of the strains isolated using this
selector failed to deliver. Consequently, they were discarded
and forgotten. Analysis of the literature and chemical considerations show that biological phosphate solubilization is
a very complex phenomenon affected by numerous factors
where each cannot be evaluated and tested separately. This
happens because of the enormous possibilities presented by
many soil types, insoluble phosphate species, and many
potential PSB residing in these soils. Practically, it is not
enough to know which organic acid is produced by the
potential PSB and theoretically calculate how it functions
to make insoluble P more soluble in the soils. Even though
there are less soluble metal-P compounds than TCP, such as
fluorapatite and hydroxyapatite, acid solubility knowledge
of each compound alone, when tested in conjunction with
the common knowledge of the main organic acids produced
by plants or by the PSB, is not enough to predict with
certainty what specific testing combination (organic acid–
metal-P–plant–PSB) should be chosen. Too many, ever
changing, chemical and later biological parameters are
involved, and such theoretical prediction would not be
reliable. Perhaps, this is the main reason why there are
so many potential PSB isolated in vitro and such a low
number of isolates that proved to be successful in inoculated plants. A practical strategy would be to test each
PSB–plant interaction experimentally. Yet this would be
feasible only when a very small number of isolates are
selected in the first place. Isolation of PSB with TCP that
produces numerous candidates is therefore not the best strategy and should be replaced.
Another common mistake prevailing in the literature is
the measurement of growth promotion of plants inoculated
by PSB in P-deficient soils as an indirect indicator for P
solubilization. This assumption is based on the fact that
many PGPB that are also PSB are known (Puente et al.
2004a, b, 2009a, b, and more). Yet the effect on plant
growth, mostly on plant growth parameters, is not
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necessarily related to phosphate solubilization, but rather
to numerous other plant growth-promoting traits (Barret
et al. 2011; Bashan and de-Bashan 2005, 2010; Lugtenberg
and Kamilova 2009). A better indication that a potential
PSB truly contributes to P content and metabolism of
the plants is to evaluate P-related parameters of plant
nutrition.
The most common laboratory test for P solubilization is the
halo formation test known for half a century (Pikovskaya
1948). Here, the potential PSB grows on solid, rich medium
in Petri dishes, where the sole P source is an insoluble P. Once
a colony is growing, the solubilization process produces a
halo, where the intensity of the solubilization is proportional
to the size of the halo (Nautiyal 1999). Yet, many times,
potential PSB are growing on these media without producing
a visible halo, even after several transfers to the same medium
(Puente et al. 2004a, b, 2009a, b; Lopez et al. 2011). This
indicates that the importance of a halo, as a sole marker for P
solubilization, is largely overestimated and is practically inadequate (see footnote a of Table 2).
Because current biological and chemical knowledge indicates that a universal selection factor for biological phosphate
solubilization does not exist, the following conclusions and
potential guidelines can be drawn:
&

&

&

&
&

&
&

TCP, as a universal factor for isolating and evaluating
PSB, is not a good selector according to much literature
concerning failure with inoculated plants when using
this compound for selection of PSB. Consequently, its
use as sole selector should be abolished and the general
technique should be complemented.
There are several other common, insoluble metal-P compounds, some more insoluble than TCP, but none can
replace it reliably for a universal selection factor because
of chemical interactions.
A combination of two to three metal-P compounds, when
used together or in a tandem should replace the sole TCP
as an initial selection factor. These combinations may or
may not include TCP in the mix in alkaline soils.
The selection of the metal-P candidates for potential
PSB will depend on the type of soil (alkaline, acidic,
or organic-rich) where the PSB will be used.
Production of a halo on a solid agar medium should not
be considered the sole test for P solubilization. When
colonies grow without a halo after several replacements
of the medium, an additional test in liquid media to
assay P dissolution should be performed.
The few bacterial isolates that are obtained after such
rigorous selection should be further tested for abundant
production of organic acids.
Isolates complying with the above criteria should be
tested on a model plant as the ultimate test for potential
P solubilization.
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Parameters related to P nutrition in plants should be
tested, not growth promotion in general.
Consequently, we propose that new manuscripts that
report initial isolation of “potential PSB” should not be
considered for publication without exhaustive testing.
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