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ABSTRACT

Deficiency in plant-available phosphorus is considered to be a major limiting factor to food production in
many agricultural soils. Mineral resources are necessary to restore soil phosphorus content. In regionswhere
conventional fertilizers are not used due to cost limitations or to mitigate adverse environmental effects,
local sources of phosphate rock are being increasingly recognized for potential use as alternative phosphorus
fertilizers. The main obstacle associated with using directly applied ground phosphate rock is that the
phosphate released is often unable to supply sufficient plant-available phosphorus for crop uptake. Plant-
and microbial-based mechanisms are low-cost, appropriate technologies to enhance the solubilization and
increase the agronomic effectiveness of phosphate rock. Common mechanisms of phosphate rock dissolution
including proton and organic acid production will be reviewed for both plants and microorganisms. This
review will also address possibilities for future research directions and applications to agriculture, aswell as
highlight ongoing research at the University of Guelph, Guelph, Canada.
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INTRODUCTION

Phosphorus (P) deficiencies are limiting crop pro-
duction in many agricultural soilsworldwide where
conventional fertilizers are inaccessible. Of total
soil B, only 1 to 5% isin a soluble, plant-available
form (Mollaand Chowdhury 1984). In sub-Saharan
Africaand in similar tropical soils, P deficiency is
considered to be one of the main biophysical con-
straintsto food production (Chien and Menon 1995,
Sale and Mokwunye 1993, Sanchez et al. 1997).
This deficiency isaresult of low inherent P fertility
due to weathering, in combination with intensive,
nutrient-extracting agricultural practices (Sanchez
et a. 1997, Ssali et a. 1986). Additionally, phos-
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phate diffusion to plant roots may be too low to
meet the needs of the crop if soils have low P solu-
bility and/or ahigh P fixation capacity (Gerke 1992,
Hoberg et al. 2005, Sale and Mokwunye 1993).
In regions where soils are high in total P, including
some temperate soils, deficiencies may also occur
if soluble forms of P are not replenished following
plant uptake of P from soil solution. For example,
organically managed soils have been found to be-
come deficient in plant-available P over the long
term without externa inputs P (Entz et al. 2001,
Oehl et a. 2002). The use of conventional P fer-
tilizersis highly limited in developing regions due
to cost (Sagoe et al. 1998a) and is prohibited for
use by organic farmers. As a result, locally avail-
able sources of phosphate rock (PR) are increas-
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ingly recognized as potentia P fertilizers (Goenadi
et a. 2000, Haynes 1992).

The P released from directly applied ground
PR is often too low to provide sufficient P for crop
uptake(Vassilev etal. 2001). Low-technology alter-
nativesto the energy intensive and costly methods of
conventional P fertilizer production have been pro-
posed including enhancing plant and microbiologi-
ca mechanisms that promote PR solubilization
(for extensive reviews see Gyaneshwar et a. 2002,
Richardson 2001, Trolove et a. 2003). This paper
will review theliterature on plant and microbial sol-
ubilization of PR, focusing on proton and organic
acid production as mechanisms of dissolution, as
well as discuss potential applicationsto agriculture.

SoiL PHOSPHORUS

The soil P cycleis adynamic process involving the
transformation of P by geochemical and biologi-
cal processes. Plant-available P occurs in the soil
solution as orthophosphate anions, predominantly
H>PO,4- and HPOLZ[. Solid inorganic and organic
forms of P are found in labile and poorly soluble
formsinthe sail, and asaresult, can replenish plant-
available P with varying degrees of effectiveness.
Plant-available P, or solution B, is in equilibrium
with arelatively labile fraction of P that isadsorbed
to aluminum or ferric hydrous oxides, clays, cal-
cium carbonates and organic matter (i.e. is asso-
ciated with the solid phase of the sail) (Pierzynski
et al. 1994, Whitelaw 2000). As aresult, solution
P is easily replenished in response to plant uptake
through desorption of P from the labile solid frac-
tion (Cole et a. 1977, Whitelaw 2000). However,
only asmall fraction of Pin the solid phase remains
inalabileform, asit can become strongly adsorbed
to the soil or participate in precipitation reactions.
P may become strongly fixed and eventually pre-
cipitate as variscite and strongite in acid soils, or
with Ca®* in akaline soils (Whitelaw 2000). The
effects of P precipitation are significant in acidic
soils, where twice the amount of added P per unit
surface area is fixed compared to neutral or calca
reous soils (Whitelaw 2000).
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The organic P pool generally constitutes 30
to 80% of the total soil P (Oberson et a. 1996)
and represents a labile P fraction that may supply
P to plants through mineralization by the microbial
biomass (Stewart and Tiessen 1987). The microbial
biomass is a small fraction of the total soil organic
P, containing anywhere between 3 to 24% depend-
ing on cultivation (Brookes et a. 1984). However,
it is significant in its role as recycler of P and as a
relatively labile P source (Kwabiah et al. 2003).

P loss through crop removal can significantly
reduce the soluble and labile P in the soil and de-
crease total soil P without external inputs. The ad-
dition of PR will increase total soil P with the po-
tential to replenish labile P and plant-available P.
By utilizing plant and microbial mechanisms that
can effectively extract P from PR and release it into
the soil solution or into the labile fraction of the
soil, PR resources may provide a viable aternative
for Pfertilization.

SOLUBILIZATION OF PHOSPHATE ROCK

PR may originate from igneous, sedimentary, meta-
morphic, and biogenic sources, with sedimentary
being the most widespread (van Straaten 2002).
Forms of apatite, the primary P bearing mineral in
PR, include fluorapatite, hydroxyapatite, carbonate-
hydroxyapatite, and francolite (van Straaten 2002).
In general, high carbonate-substituted forms of ap-
atite (francolite) will solubilize more readily than
pure forms of fluorapatite, releasing more P for
plant use (Anderson et a. 1985). In addition to
PR source, the major influences on PR solubility
are soil properties, crop species, and management
practices (Chien and Menon 1995). These factors
have various influences on the equilibrium of the
dissolution reaction of a given apatite mineral. A
simplified dissolution equation is shown in Equa-

tion 1.
CayoF2(POg)s + 12H* )
— 10Ca" + 6HoPO,- + 2F~

Engelstad et al. (1974) found that the lower the soil
pH, the more available the P from PR becomes.
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Moreover, since apatite dissolution releases Ca?t,
soilshigh in calcium do not support PR dissol ution,
in accordance with the mass action law (Chien and
Menon 1995). Similarly, the dissolution of PR will
be favored if Ca?t is removed from soil solution
(Flach et al. 1987).

PLANT AND MICROBIAL MEDIATED PR SOLUBILIZA-
TION

Certain plant species exhibit mechanisms localized
in the rhizosphere that allow for the efficient use
of P through the dissolution of PR. Bolan et al.
(1997) found that PR dissolved more efficiently
in the presence of plants than in the absence
of plants. In addition, it is well known that the ef-
fect of PR on plant growth varies among species
(FHachetal. 1987). Non-mycorrhizal plants, includ-
ing those in the Cruciferae family or plants such as
white lupin (Lupinus albus L.) that form root clus-
ters, have been found to effectively utilize P from
PR particularly when soils are deficient in P or in
response to Al toxicity. Similarly, certain micro-
organisms are capable of solubilizing PR and are
collectively termed phosphate-solubilizing micro-
organisms (PSM). Rhizobacteria, from the genera
Pseudomonas, Bacillus, and Rhizobium, are among
the most powerful phosphate solubilizing bacteria
(Rodriguez and Fraga 1999). In contrast, it has
commonly been observed that certain filamentous
fungi, predominantly Penicillium and Aspergillus
species, have greater phosphate-solubilizing abil-
ity than many bacteria in both liquid and solid me-
dia (Banik and Dey 1982, Gaur et al. 1973, Kucey
1983). Mycaorrhizal fungi have aso been shown to
increase P uptake (Barea et a. 2002, Bolan 1991,
Thingstrup et a. 2000, Trolove et al. 2003), but a
discussion on this topic is beyond the scope of this
paper. For both plants and microorganisms, the two
primary mechanisms attributed to solubilization of
PR are H™ excretion and organic acid production.

H+ EXCRETION AND PR DISSOLUTION

Excretion of H* by plant rootsinto the rhizosphere
is caused by a higher uptake of cations relative to

anions. Plants that exhibit an alkaline uptake pat-
tern, i.e. higher uptake of cations to anions, will
cause pH changes by exuding H* from their roots
to maintain a narrow pH range, roughly 7.3, in
the cytosol (Bekele et al. 1983, Hinsinger et al.
2003). Buckwheat (Fagopyrum esculentum) has
been found to exhibit a strong alkaline uptake and
H™ release pattern compared to other plant species,
and additionally, has demonstrated high Ca?* up-
take, which also contributes to PR dissolution
(Bekele et al. 1983). In apot study comparing the
ability of buckwheat, maize (Zea mays L.), wheat
(Triticum aestivum L.), and two species of grassto
utilize P from various forms of PR, a strong nega
tive correlation (r= —0.883) between the cation to
anion uptake ratio of buckwheat and soil pH was
found. The rhizosphere pH change induced by
buckwheat was significantly greater than the pH
change caused by the other plants (van Ray and
van Diest 1979). In a different study, buckwheat
and white lupin exhibited a higher cation to anion
uptake ratio and significantly lowered rhizosphere
pH when compared to wheat, barley (Hordeum vol-
gare L.), kale (Brassica oleracea), and rape (Bras-
sica napus) (Haynes 1992).

Plant supply of nitrogen (N) can have a mea-
surable effect on pH change, as H+ ions are re-
leased from the roots during the assimilation of
ammonium (NHZ{). The cation to anion uptake ra-
tio will increase for plants that rely on NHZ rather
than nitrate (NOs-), decreasing rhizosphere pH.
Gahoonia et al. (1992) found that the rhizosphere
pH of ryegrass (Lolium perenne cv ‘Printo’) de-
creased by 1.6 units when fertilized with NH],
while pH increased by 0.6 units when fertilized
with NOs-. Similarly, soil pH decreased when
maize (Zea mays L.) was supplied with NH com-
pared to NO3- (Flach et a. 1987). Soil P depletion
by ryegrass, which was correlated with P uptake,
also increased significantly with NH; fertilization
compared to the 0 N and NO3- controls (Gahoonia
et a. 1992). Buckwheat P uptake was also im-
proved with NHjlr compared to NOs- fertilization
(Zhu et a. 2002). Leguminous plants, which fix
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atmospheric N, require little N in the form of ni-
trate; as a result, they take up more cations than
anions, contributing to H™ release (Hinsinger et al.
2003, Weil 2000). Nitrification may also result in
acidification; however this effect is often negated
by increased plant uptake of NO3- anions, result-
ing from nitrification (Bekele et al. 1983). Finally,
while NHI fertilization may lower the soil pH,
Flach et al. (1987) found that NOs- fertilization
promoted Ca?t uptake by pearl millet (Pennise-
tum typhoides) and finger millet (Elusine coraca-
na), which shifted the mass equilibrium to favor PR
dissolution.

Similar to plants, microbial excretion of H
occurs in response to the assimilation of cations,
primarily related to N source. It is a well-known
fungal phenomenonthat H isexcreted in exchange
for NH; (Aseaet al. 1988, Banik and Dey 1982,
Beever and Burns 1980). Using laboratory media,
it has been observed that more PR is solubilized
when using an NH; rather than a NO3- source of
N (Whitelaw et al. 1999). In the same study, it
was found that pH was generally lower and titrat-
able acidity higher, when NH;{ wasused. Similarly,
Voraand Shelat (1998) tested avariety of N sources
and found that ammonium sulphate promoted the
most PR solubilization for bacterial species, Bacil-
lus circulans, Bacillus brevis, and Bacillus coagu-
lans. For some microorganisms, the release of H
ions due to the assimilation of NHj,rr seems to be
the sole mechanism promoting PR dissolution. For
example, in an experiment by Asea et al. (1988),
the fungi Penicillium bilaii and Penicillium fuscum
were tested for their ability to solubilize PR on two
different media: one containing NHj,'r and another
without N. In the NHI medium, both species were
able to decrease pH and solubilize PR; however, in
the absence of N, only P. Bilaii maintained the abil-
ity to lower the pH and solubilize PR. The latter
results indicate that different mechanisms were uti-
lized by the different species, one mechanism re-
quired the presence of NH; in the medium and
the other did not. The amount of P solubilized
by P. Fuscum was found to be directly related to
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pH, while P. Bilaii solubilized more PR than could
be accounted for by the pH change, indicating that
another mechanism, in addition to HT production,
was contributing to PR solubilization. Other au-
thors have found no correlation between the amount
of PR solubilized and the pH, supporting the fact
that an alternative mechanism of solubilization ex-
ists (Cerezine et al. 1988, Sperber 1958, Whitelaw
et al. 1999, Sagoe et al. 1998b).

ORGANIC AcID PRODUCTION AND PR DISSOLUTION

Both plants and microorganisms are known to pro-
duce organic acids in varying concentrations and
types. Commonly reported organic acids produced
by microorganisms include gluconic, citric and ox-
alic acids (Richardson 2001), while plants most
commonly produce citric, oxalic, and malic acids
(Jones 1998, Ryan et a. 1995, Zheng et al. 2005).
The ability of organic acids to solubilize phos-
phate rock is attributed to the following mech-
anisms: acidification, chelation, and exchange reac-
tions (Omar 1998).

Acidification

Organic acids contribute to the lowering of solution
pH as they dissociate in a pH dependent equilib-
rium, into their respective anion(s) and proton(s).
As discussed previously, H™ ions favor PR solubi-
lization by shifting the equilibrium of the dissolu-
tion equation (Equation 1), subsequently releasing
more P into solution. Organic acids buffer solution
pH and will continue to dissociate as protons are
consumed by the dissolution reaction (Welch et al.
2002). Although organic acids are present in soil,
plant-induced dissolution of PR is predominantly
aresult of organic acid anion extrusion (Hinsinger
2001, Hinsinger et a. 2003, Jones 1998); there-
fore, the discussion of plant-induced acidification
will focus on organic acids in their fully dissoci-
ated form as anions (herein referred to as organic
acid anions). Similarly, microorganisms often ex-
port organi c acidsasanions(Duro and Serrano 1981,
Konings 1985, Netik et al. 1997), which must be
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actively transported across the plasma membrane
(Stein 1967). The export of organic acid anions by
fungi can occur by an H™-symport transport system,
causing acidification of the external solution (Netik
et al. 1997).

Studies involving plant uptake of P from PR
have assumed that exudation of organic acids from
plant roots cause direct acidification of the rhizo-
sphere (Chien et al. 2003, Hoffland et al. 1989,
Mnkeni et al. 2000). Since the pH of plant cytosol
isaround 7.1to 7.4 (Hinsinger 2001) citrate, malate
and oxalate, organic acids predominantly found in
plants (Jones and Darrah 1994), are present in their
fully dissociated form as citrate>~, malate’~, and
oxalate’~ and, as such, organic anions, not acids,
are exuded by plants (Hinsinger et al. 2003, Jones
1998). Counter-ions will often accompany the re-
lease of an organic acid anion in order to maintain
electrical neutrality, which can lead to acidification
of the rhizosphere in some cases, but not al (Jones
1998). In certain plant species, such aswhite lupin,
exudation of organic acid anionswill result in acid-
ification of the rhizosphere through the simultane-
ous release of H* (Dinkelaker et al. 1989). Other
counter-ions have aso been associated with the re-
lease of organic acid anion exudation. For example,
K+ was released with malate in Al-tolerant wheat,
resulting in no change in rhizosphere pH (Ryan et
a. 1995). Finally, a counter-cation may not be re-
leased with the organic acid anion; instead, OH™
may be taken up by the plant to maintain electro-
neutrality, ultimately resulting in rhizosphere acid-
ification (Hinsinger et a. 2003). The acidifica-
tion that occurs as a result of organic acid anion
extrusion by plants is related to the overall cation
to anion balance as previoudly discussed (Durand et
al. 2001).

The extent of acidification in the rhizosphere
due to organic acid anion release is dependent on
plant species. For example, in areview of the lit-
erature, Hinsinger et a. (2003) found that organic
acid anions exuded from mai ze contributed at most,
0.3% to rhizosphere acidification, while white lu-
pins were found to exude citrate accompanied by

H* in quantities high enough to lower the rhizo-
sphere pH from 7.5 to 4.8 (Dinkelaker et al. 1989).
Rape, which has been shown to exude malate and
citrate (Hoffland et al. 1989b), exhibited a decrease
in rhizosphere pH from 6.5 to 4.1 in a pot study
where NOs- was the sole N source (Grinsted et al.
1982); however, Haynes (1992) found arisein rhi-
zosphere pH, even with NHjlr fertilization. Hedley
et al. (1982) found that rape exhibited an akaline
uptake pattern, which corresponded to a decrease
in rhizosphere pH and found no significant amount
of low-molecular organic acid anions in the rhizo-
sphere. In contrast, subsequent studies by Bekele et
al. (1983), Hoffland et al. (1989a) and Chien et al.
(2003) showed that rape did not exhibit an akaline
uptakepattern, suggesting that high Ca?* uptakeand
exudation of organic acid anions may have resulted
inincreased P uptake from PR (Bekele et al. 1983,
Haynes 1992, Hoffland 1992). Moreover, theability
of rapeto utilize P from PR may be independent of
pH changes in the rhizosphere (Haynes 1992), and
therefore may be due to other processes occurring
in the soil.

Chelation

In addition to pH reduction, organic acid anions
can solubilize PR through chelation reactions. Che-
lation involves the formation of two or more coor-
dinate bonds between an anionic or polar molecule
and a cation, resulting in a ring structure complex
(Whitelaw 2000). Organic acid anions, with oxygen
containing hydroxyl and carboxyl groups, have the
ability to form stable complexes with cations such
asCeal™, Fe?t, Fe3t, and AIST, that are often bound
with phosphate in poorly forms (Jones 1998, Kucey
1988). By complexing with cations on the mineral
surface, organic acid anions loosen cation-oxygen
bonds of the mineral structure and catalyze the re-
lease of cations to solution (Welch et a. 2002). Or-
ganic acid anions continueto alter the equilibrium of
the dissolution reaction by complexing with cations
in solution, effectively lowering the solution satura-
tion point (Welch et al. 2002).
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Results from a study by Kpomblekou-A and
Tabatabai (1994) show that the ability of organic
acids to solubilize PR is affected by the chemical
structure, as well as the type and position of func-
tional groups of the organic ligand. These results
are further supported by Narsian and Patel (2000),
who tested the effects of known chelators includ-
ing EDTA, DTPA, NTA, auminon, and oxine, on
PR solubilization. This study concluded that PR
solubilization was related to the functional groups
of the chelators, particularly carboxylic and phe-
nolic hydroxyls. The formation of complexes be-
tween chelator and cations such as AI3 and Ca&2+
depends on the number and kind of functional
groups involved as well as the specific cation. It
has been found that acids with an increased num-
ber of carboxyl groups are more effective at sol-
ubilizing PR (Xu et a. 2004, Kpomblekou-A and
Tabatabai 1994). For example, Ca2* was found
to form complexes more readily with tricarboxylic
acids such as citric acid, over dicarboxylic acids
such as malic and tartaric acids (Whitelaw 2000).
An increased number of hydroxyl (OH™) groups
has a positive effect on the ability of an organic acid
anion to dissolve PR, and a-substitution seems to
enhance this effect (Johnston 1954, K pomblekou-A
and Tabatabai 1994).

Citric acid, atricarboxylic acid withone«- and
two B-substituted hydroxyl groups, has shown to be
superior to other acids in its PR solubilizing abil-
ity (Kpomblekou-A and Tabatabai 1994, Xu et a.
2004). Penicillium bilaii, a significant citric acid
producer, has shown to be an effective PR solubi-
lizer (Cunningham and Kuiack 1992, Kucey 1988).
In addition, Aspergillus niger, used in the industrial
production of citric acid, has been recognized as
one of the most effective organisms for PR solubi-
lization (Abd-Allaand Omar 2001, Agnihotri 1970,
Omar 1998, Sperber 1958b). Tricarboxylic acids
are not always superior to dicarboxylic acidsin PR
solubilizing ability; Sagoe et al. (1998b) found ox-
alic and tartaric acids, which are dicarboxylic acids,
release more P into solution than citric acid. This
exception was attributed to the fact that oxalic and
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tartaric acids form poorly soluble precipitates with
Ca?t, effectively lowering the solution saturation
point (Sagoe et a. 1998b).

Ligand exchange reactions

Lastly, through competition with phosphate an-
ions that are adsorbed to crystalline Fe(OH)3
and Al(OH)3 surfaces, organic acid anions can con-
tribute to P mobilization through ligand exchange
reactions (Gahoonia et al. 1992, Jones 1998, Tro-
love et a. 2003). In a study using four soils of
varying pH, CaCOs and organic C contents, Gerke
et a. (2000) found that in al soils more P was mo-
bilized when citrate was added than when the soil
was subjected to awide range of pH changes. This
finding indicated that the P was mobilized due to
ligand exchange between the citrate and the phos-
phate adsorbed to the Fe- and Al- sites rather than
dissolution from Ca-P precipitates (Gerke et al.
2000). Insoil, citrate may mobilize phosphate when
it is adsorbed at levels greater than 10 mol g~*
soil; however below this critical value, citrate will
not out-compete phosphate for soil adsorption sites
(Gerke et a. 2000). In cases where plants are able
to exude sufficient organic acid anions to compete
for adsorption sites, they may be suitable for PR
solubilization; however, beyond plant species such
as white lupin, red clover, or rape, most plants can-
not achieve these levels (Hinsinger 2001).

Organic acids in soils

The fate of organic acid anions released into the
rhizosphere by plants is influenced by soil factors.
Relative to inorganic ionssuch as Ca?t, NOg-, K+,
Cl—, Nat*, and Mg™, organic acid anions are found
in soil at very low and near constant concentrations
(Jones et a. 2003). Soil has a very high affinity
for organic acid anions, particularly di- and tricar-
boxylic anions, which keep soil solution concen-
trations low (Jones et al. 2003). Darrah (1991)
found that 99% of 14C-labeled citrate was associ-
ated with the soil solid phase, indicating that it had
been adsorbed by soil colloids. Soil pH and the



PLANT AND MICROBIAL DISSOLUTION OF PHOSPHATE ROCK 797

charge carried on the organic acid will determine
how strongly the anion will adsorb to the soil, with
the greatest adsorption occurring for citrate (Jones
et al. 2003). If adsorbed to Fe and Al hydroxides,
almost no biodegradation of citrate will occur; how-
ever, soil microbial mineralization of organic acids
has been found to be rapid in the rhizosphere and
soilshighinorganic matter (Jones1998). Therefore,
the exudation of citrate and possibly other organic
acid anions into the soil solution may not actively
promote PR dissolution as effectively as in liquid
medium studies.

APPLICATION OF PLANTS IN PR DISSOLUTION

Certain plant species have shown positive response
to PR fertilization when tested against fertilization
without PR. Response has been measured in terms
of P uptake, plant tissue P, and yield (Chien et a.
2003, Haynes 1992, Mnkeni et a. 2000). Rape
has been shown by a number of authors to effec-
tively utilize PR (Chien et al. 2003, Hoffland et al.
1989a). Mnkeni et al. (2000) found that a low re-
active igneous PR from Tanzaniawas half as effec-
tive as TSP at improving rape yield in an alkaline
soil. However, Chien et a. (2003) found that rape
yield was not improved when using the same PR
alsoin an akaline sail, possibly dueto agreater ap-
plication rate of the PR in the former study. In an-
other study, Haynes (1992) found that rapedry yield
and aboveground tissue P content were higher when
fertilized by North Carolina PR than the soluble
fertilizer, monocalcium P,

Buckwheat has been found to utilize PR
through an alkaline uptake pattern, as well as high
Ca?t uptake (Flach et a. 1987, van Ray and van
Diest 1979). As aresult, buckwheat has potential
for use in calcareous soils. In a greenhouse study,
a strong positive correlation (r= 0.893) was found
between the cation to anion uptake ratio and P up-
take of buckwheat from PR, where the authors
compared P utilization of six plant speciesfrom five
PR sources (van Ray and van Diest 1979). In apot
experiment, using acal careousfield soil and asandy
soil, Zhu et al. (2002) examined the P uptake effi-

ciency of buckwheat and wheat grown with North
Carolina PR and CaHPO,4. For both P sources,
buckwheat tissue P and P uptake were higher than
those of wheat when grown in the sandy soil (pH
6.5). Buckwheat tissue P was not significantly dif-
ferent when grown with nitrate or anmmonium, de-
spite the fact that fertilization by nitrate or ammo-
nium would likely result in different rhizosphere
pH (Zhu et al. 2002).

Potential applications for the plant-induced
dissolution of PR include the combined use of PR
with the planting of a green manure crop. Plants
grown as green manures that are capable of extract-
ing P from PR have the potentia to supply P to a
subsequent crop through organic P mineralization
(Stewart and Tiessen 1987). In afield study, Mc-
Lenaghen et al. (2004) found that maize yield and
P uptake increased with the combined application
of PR and planting of lupin (Lupinus angustifo-
lius, cv. Fest), whereas maize yield was unaffected
when either lupin, as a green manure crop, or PR
was used alone. These results indicate that despite
the ability of lupin to extract P from otherwise un-
available native P sources, it was the presence of PR
grown together with the green manure that caused
a positive effect on the P uptake of maize (Mc-
Lenaghen et al. 2004). However, in a greenhouse
study, Cavigelli and Thien (2003) found that P up-
take by sorghum (Sorghum bicolor (L.) Moench)
following incorporation of white lupin, was lower
than that of other crops including the control with
no cover crop, despite the fact that P uptake by
white lupin was two to three times greater than pea,
hairy vetch, and winter wheat (Cavigelli and Thien
2003). The authors suggested that the reduced P
uptake of sorghum, following white lupin incorpo-
ration, was attributed to suppressed mycorrhizal for-
mation, since white lupin is nonmycorrhizal. The
authors also found that white lupin was capable of
extracting soil P from fractions more low soluble
than what could be extracted from Bray-1 (plant-
avalable P) extracts. Therefore, they concluded
that the P released during decomposition of white
lupin might have sorbed back to forms unavailable
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to sorghum (Cavigelli and Thien 2003). Addition-
aly, factors affecting the mineralization of organic
Pfrom plant residues, particularly microbial activity
will determine how well Pwill be supplied to plants
following incorporation of P-loaded green manures
(Oehl et a. 2004). As such, inorganic and organic
cycles of P must be considered when examining the
combined use of PR and a green manure crop.

APPLICATION OF PSM IN PR DISSOLUTION

Field inoculation in combination with direct
application of PR

Traditionally, most experiments using PSM have
employed two major strategies for increasing P
availability from PR: the management of existing
soil microbial populations to optimize their capac-
ity to mobilize P, and the development of specific
microbial inoculants (Richardson 2001). Although
there have been some successful results from soil
inoculations of PSM (Kucey 1987, Kucey and Leg-
gett 1989, Omar 1998, Asea et al. 1988), in gen-
eral, the results in terms of plant growth and crop
yields, have been highly variable (Gyaneshwar et
al. 2002). Organismsthat can effectively solubilize
PR in the laboratory, under controlled conditions,
may be unable to do so in the field (Richardson
2001). Thesevariationsin effectiveness may be due
to the reduced ability of inoculated PSM to survive
and colonize the rhizosphere, coupled with compe-
tition for resources with native soil microorganisms
(Gyaneshwar et al. 2002). In a study by Dwivedi
et a. (2004), it was found that the inoculation of
Aspergillus awamori 10 wheat and rice seedlings,
increased the crop response to Musoorie PR over
the non-inoculated treatments, but was not statis-
tically significant. It was suggested that possible
reasons for this outcome could be that soil organic
carbon levels were very low and that temperature
fluctuations were not ideal for enhanced PSM activ-
ity (Dwivedi et a. 2004).
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Microbial treatment of PR before application
to the field

High carbon crop wastes have been suggested
for use as fermentation substrates in the microbial
solubilization of PR before application to the field
(Nahaset a. 1990, Vassilev et al. 1995, Vassilev et
a. 1996). This method has the advantage of creat-
ing more optimal conditions for microbia organic
acid production compared with conditions present
in soil. For example, A. niger requires an exces-
sive carbon source and suboptimal concentrations
of nitrogen and many trace metals, to achieve maxi-
mal citric acid production (Grewal and Kalra 1995,
Karaffa and Kubicek 2003). In a pot trial, using
Grenada (Spain) soil, Vassilev et al. (1996) studied
the effect of adding sugar beet (SB) (Beta vulgaris)
waste, pre-cultured with A. niger in the presence of
Moroccan PR, on the growth of white clover (7ri-
folium repens). The pretreatment of PR with the
inoculated SB waste significantly improved crop
dry weight and shoot P content compared to plants
given the same amount of untreated PR and SB
waste. In another pot trial, using the same soil
and PR, Rodriguez et a. (1999) found similar re-
sultsin an experiment measuring theyield of alfalfa
(Medicago sativa L. cv Aragon). When PR was
pre-incubated with A. niger inoculated SB waste,
afafa dry matter yield increased significantly
compared to the treatment that received non-ino-
culated SB residue and PR. Vassilevaet al. (1998a)
pretreated Moroccan PR with A. niger inoculated
olive cake-based medium, before application to
greenhouse pots containing P-deficient calcareous
soil. It wasfound that white clover shoot dry weight
and P content was significantly higher in the pots
that received pretreated PR compared to the con-
trol that received untreated PR and olive cake waste.
The authors stated that it appeared “the preincuba-
tion of the waste material isthe key factor in the ef-
fectiveness of this system” (Vassileva1998a). Sim-
ilar experiments have now been conducted in the
field. Alguacil et a. (2003) tested the effect of the
combined treatment of SB waste, pretreated with
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A. niger in the presence of Moroccan PR, when
trying to revegetate degraded semi-arid land in the
Mediterranean with Cistus albidus L. (rock rose
shrub). It was found that the fermented SB and
RP mixture significantly increased the available P,
total N, and extractable K contents of the soil, with
the greatest increase observed in available P content.

The results of the above studies, with support
from the available literature on citric acid produc-
tion by A. niger (Karaffa and Kubicek 2003), sug-
gest that through an aerobic fermentation process,
A. niger converts SB residue, which is high in re-
ducing sugars, to citric and oxalic acids. The orga-
nic acids produced by A. niger may then increase
plant-available Pfrom PR, effectively enhancing the
agronomic effectivenessof therock. Comparatively,
using abiotic organic acids to pretreat PR before
application to soil has been explored (Sagoe et a.
1998a). Six different PRs were treated with 1 M
oxalic and tartaric acids and applied to pots con-
taining Italian ryegrass (Lolium multiflorum Lam.
cv. Tachiwase) in granitic regosol. Plant dry mat-
ter yield and P uptake was significantly increased
in pots that received organic acid treated PRs over
those that were given untreated PRs (Sagoe et al.
1998a). Furthermore, in situations where soils are
sufficient in total P, but P is predominantly present
in poorly soluble complexes, the addition of organic
acids to soil may increase phosphate availability
without any additional input of P. Gerke (1992)
found that additions of citric acid (10-50 uM g1
soil) increased the solubility of existing P sources
iniron and aluminum rich soil. Similarly, the appli-
cation of A. niger fermented sugar beet residueto a
cadmium (5 ug g~1) artificially contaminated soil,
with or without PR, significantly increased P tissue
concentration in white clover, compared to the un-
amended control (Medina et al. 2005). It was also
found that plant cadmium uptake decreased signif-
icantly in the amended soils, compared to the una-
mended control, indicating that cadmium was made
less plant-available (Medina et a. 2005). Because
soils are often buffered against pH changes, it is
likely through the action of chelation and ligand

exchange reactions that organic acids are able to
increase the availability of labile and low soluble
soil P

Various studies have observed that as the
amount of PR added to the microbia fermentation
medium increased, the relative percentage of PR
solubilized, based on the total amount of PR added,
decreased (Nahas et a. 1990, Omar 1998, Asea
et al. 1988). Similarly, Vassileva et al. (1998b)
found that organic acid production by encapsulated
A. niger, decreased as higher amounts of PR were
added to the cultivation medium. This observa-
tion may be contributed to the rise in pH that oc-
curs as PR is added to the solution, which would
lead to lower yields of citric acid (Vassilev et a.
2001). In addition, citric acid production by A.
niger decreases as trace metal concentrations, in-
cluding Mn?t, Fe2+, and Zn?*, increase (Grewal
and Kalra 1995, Mattey 1992). PR may often be a
source of trace metals; as such, the addition of PR
to the fermentation medium may actually decrease
acid production, and the potential amount of PR
solubilized.

Recently, the effects of adding the liquid cul-
ture supernatant (LCS), from fermentation media,
to PR have been investigated (Goenadi et al. 2000,
Widiastuti et al. 2000). The treatment of PR with
LCSfromA. niger BCCF.194 resulted in significant
increases in 2% citric acid soluble P content of Mo-
roccan PR (Goenadi et a. 2000). In Indonesia, the
use of LCSfrom A. niger, together with phosphoric
acid, is now proposed as a replacement for sulfuric
acid in the conventional production of superphos-
phate fertilizer (Goenadi et a. 2002). An organic
acid analysis of the LCS from A. niger Korbe 0909
in Pikovskaya's cultivation medium (Subba Rao
1999) showed the presence of 1334 mg kg1 ox-
dic, 326 mgkg ! citric, 263 mg kg~ gluconic, and
131 mg kg~ glycolic acids (Widiastuti et al. 2000).
It is not surprising that the ratio of oxalic acid pro-
duced to citric acid produced was high, since the
medium utilized did not have a high carbon con-
centration (~ 1% glucose). By selectively alter-
ing the culture conditions, the ratio of citric acid
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to other acids should greatly increase (Karaffa and
Kubicek 2003). As citrate is a strong chelator of
Ca?t, higher citrate concentrations should have
favorable effects on PR solubilization. If PR solu-
bilization is greatly enhanced by organic acids, the
use of LCS represents an exciting possibility for the
pretreatment of PR before application to soil. Fur-
ther research is required to compare PR solubiliza-
tion efficiency of LCS (or fermented crop wastes)
with the pretreatment method that includes PR in
the fermentation media.

CURRENT RESEARCH AND FUTURE OUTLOOK

Through the production of H* ionsand organic acid
anions, both plants and microorganisms are able to
solublize PR. Plantsthat can mobilize Pfrom PR can
be used as green manures by incorporating the plant
biomass into the soil. Subseguent mineralization
of the plant residue may help replenish both labile
and soil solution P, thus making the direct applica-
tion of PR more agronomically effective. Addition-
ally, optimizing microbial culture conditions, in a
controlled environment for organic acid production,
may enhance PR dissolution prior to field applica-
tion. Research designed to further understand the
mechanisms behind the biological solubilization of
PR will alow these processes to become more ef-
ficient, something that is necessary in order to be-
come viable options for restoring soil P fertility.

In Canada, there is growing concern over pos-
sible plant-available P deficiencies in organically
managed soils nationwide (Martin et al. unpub-
lished data). Organic farmsare more heavily depen-
dent on on-farm recycling of nutrients in the form
of organic amendments (Loes and Ogaard 2001);
however Sanchez et a. (1997) state that organic
sources of P are often insufficient in restoring
plant-available P. To address this concern, a field
study is currently being conducted at the University
of Guelph (Canada) to determine the effectiveness
of various sources of PR available in North Amer-
icaon the P uptake of buckwheat on cal careous soil.
Figure 1 shows preliminary results, which suggest
that buckwheat can utilize Calphos, a sedimentary
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PR from Florida, USA, as effectively as soluble P
fertilizer, TSP at an application rate of 100 kg P
ha~1 (Arcand et a. unpublished data). Continued
work will examine the effectiveness of buckwheat
as a green manure crop as determined by Olsen P
and resin P soil tests, as well as on the P uptake of
a subsequent annual ryegrass (Lolium multiflorum)
crop.

Further research into the solubilization of
PR in the rhizosphere is necessary. For instance,
it isimportant to elucidate the precise biochemical
mechanisms involved in the extraction of P from
PR in the rhizosphere. The conflicting evidence
pertaining to therole and fate of organic acid release
into the rhizosphere needs to be examined. Addi-
tionaly, the majority of studies examining plant-
induced dissolution of PR utilize sand or synthetic
soil in pot studies, which may not reflect true field
soil and weather conditions. The influence of soil
factors on the dissol ution of PR isinherently impor-
tant in rhizosphere uptake of P from PR since soil
factors influence the diffusion of P to plant roots.
Using 18 different soils, Anderson et a. (1985)
found that 75% of the variability of Preleased from
PR was due to soil characteristics including pH,
Ca?t and Ht concentrations, buffering capacity,
and moisture holding capacity.

The use of organic acid producing PSM in a
PR pretreatment process, under controlled condi-
tions, prior to field application, represents apromis-
ing low-input and appropriate technology for in-
creasing the agronomic effectiveness of PR. Crop
yield and plant tissue P content values, obtained in
previously mentioned greenhouse and field trials,
where high carbon crop wastes were used as PSM
growth substrates, indicate enhanced PR solubiliza-
tion occursthrough PR pretreatment. These positive
results of PR solubilization are supported by Scan-
ning Electron Microscope pictures (Hitachi S-4500)
taken of Panda PR (Tanzania) after exposure to A.
niger inocul ated cassavawaste (van Straaten unpub-
lished data). Figure 2a and b show a PR granule
before and after 5 days exposure to the fermenting
crop waste. Although not quantitative, these results
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provide supporting evidence that the microbial pre-
treatment presence of PR can modify the minera
structure of PR, and in the process, enhance PR dis-
solution. Further research is necessary to clarify the
dissolution pattern of microbiologically-treated PR
and the resulting effect on mineral ogical properties.

Currently, the use of PSM in a pretreatment
process for PR solubilization is being further ex-
plored. In theory, optima acid-producing condi-
tions, should allow for the efficient solubilization of
PR. At the University of Guelph, research testing
PR solubilization using A. niger isbeing conducted.
First, culture conditions will be optimized for cit-

ric acid production using laboratory media. Using
these conditions, PR solubilization will be tested
when it is: 1) added to the culture media, and 2)
reacted with theliquid culture supernatant after acid
production has occurred. Once efficient solubiliza-
tion can be achieved in the laboratory, pot and field
trials will be conducted. It is anticipated that this
ongoing research will result in advancing the knowl-
edge related to the practical and efficient use of mi-
croorganisms to increase the solubility of PR min-
eral resources.

Significant progress in individual PR solubili-
zation techniques has been made. Combined strate-
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gies, however, will likely provide more optimal con-
ditions for PR use and improve the potential for
the application of PR in agriculture. For instance,
the combined use of microorganisms, P-extracting
plants and mycorrhizal associations, may release
a greater amount of P available for plant uptake.
Soil inoculations of mycorrhizal fungi, alone or in
combination with other strategies, have been ob-
served to enhance plant uptake of P (for examples
see Barea et a. 2002, Omar 1998, Medina et al.
2005, Toro et a. 1997, Kim et a. 1998). In the
future, it is recommended that the integrated use
of anumber of strategies for increasing P availabil-
ity from PR sources continue to be investigated. In
addition, agronomic management practices includ-
ing restoring soil organic matter and coordinating
the quantity and timing of liming with PR appli-
cations should be encouraged (Chien and Menon
1995). PR field trials are often only conducted over
one or two seasons, but in certain conditions, PR
utilization by plants has been shown toimprove over
longer periods of time (Armiger and Fried 1957),
indicating the need for more long-term studies. Fi-
nally, when conducting greenhouse or field expe-
riments, it is recommended that a relative agrono-
mic effectiveness (RAE) comparison study, with a
known conventional phosphate fertilizer, be con-
ducted (Goenadi et al. 2002). Comparing results
of agiven PR source with a standard reference point
alows for the determination of a more useful agro-
nomic effectiveness indicator.

The application of PR as a P fertilizer has the
potential to become widespread once the bioavail-
ability of Pfrom PR sources can be increased to the
extent that crop yields and plant tissue P content are
significantly improved. Biologica mechanisms of
plant and microbial induced PR solubilization repre-
sent two innovative solutions for making P from PR
more plant-available. Technologies such as these
have the potential to enhance dissolution of indige-
nous sources of PR and transform these resources
into more agronomically effective P fertilizers. In
a time when intensively produced fertilizers, with
undesirable environmental consequences, are likely
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to become increasingly expensive, low-input, ap-
propriate technologies for restoring and maintain-
ing soil fertility not only make sense, but will be
required for sustainable agriculture.
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RESUMO

A deficiéncia de fésforo disponivel nas plantas é con-
siderada 0 maior fator de limitagdo na producéo de ali-
mentos em diversos solos agricolas. Sao necessarios re-
CUrsos minerais para restaurar o contetido de fosforo no
solo. Em regides onde fertilizantes convencionais ndo
sd0 utilizados devido as limitagBes de custo ou de seus
efeitos ambientais adversos, fontes locais de rocha fos-
fética estéo sendo crescentemente reconhecidas por seu
uso potencial como alternativa aos fertilizantes sol(iveis
de fésforo. O principal obstaculo associado ao uso da
aplicacdo direta da rocha fosfatica no solo € que o fés-
foro liberado é, muitas vezes, incapaz de suprir as ne-
cessidades das plantas de forma a aumentar a produgéo.
Mecanismos baseados no uso de plantas e micro-orga-
nismos sd0 consideradas tecnologias apropriadas de bai-
X0 custo, para ativar a solubilizago e aumentar a efe-
tividade agrondmica das rochas fosféticas. Mecanismos
comuns de dissolucdo darochafosfética, incluindo a pro-
duco de protons e &cidos organi cos serdo revisados tanto
para plantas quanto para microorganismos. Esta revisdo
também tratara das possibilidades para futuras pesqui-
sas com rochas fosféticas e suas aplicagdes naagricultura,
assim como destaca pesquisas em andamento na Univer-
sidade de Guelph, Canada

Palavras-chave: agricultura, microorganismos, rocha
fosfatica, fésforo, rizosfera, solubilizagdo.
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