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Abstract Extracts were prepared from soil using wa-
ter, 50 mM citric acid (pH F2.3) or 0.5 M NaHCO3

(pH 8.5), and were incubated with excess phytase from
Aspergillus niger to determine the amounts of labile P.
Two A. niger phytase preparations were used: (1) a pu-
rified form which exhibited a narrow substrate specific-
ity and high specific activity against phytate; and (2) a
commercial preparation (Sigma) with activity against a
broad range of P compounds. A comparatively large
proportion (up to 79%, or 5.7 mg g–1 soil) of the organic
P (Po) extracted with citric acid was hydrolysed by the
commercial phytase, while between 28% and 40% (up
to 3.1 mg g–1 soil) was hydrolysed using purified phy-
tase. By comparison, only small quantities of the Po in
water and NaHCO3 soil extracts were enzyme labile.
While extractable Po was increased both with increas-
ing concentrations of citric acid (up to 50 mM) and in-
creasing pH (pH 2.3–6.0), enzyme-labile P increased
only with citric acid concentration. The labile compo-
nent of Po in citric acid extracts from soils with con-
trasting fertiliser histories indicated that enzyme-labile
Po is a relatively large soil P pool and is potentially an
important source of P for plants.
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Introduction

Although organic P (Po) is typically a major component
of P in soils (e.g. McLaughlin et al. 1990), it remains
poorly characterised. More specifically, the contribu-
tion of soil Po compounds to plant P nutrition is not
well understood. Generally, it is assumed that plants
take up P as inorganic phosphate (Pi) from the soil so-
lution and that phosphatases, either from plant roots or
soil microorganisms, must first hydrolyse Po substrates
(Marschner 1995). Thus, the susceptibility of soil Po to
enzyme hydrolysis is potentially a constraint for plant P
acquisition.

Phytate (penta- and hexa-phosphate esters of inosi-
tol) is the most abundant identifiable Po compound in
soil, comprising up to 50% of total Po (Anderson 1980),
and may be an important source of P for plant nutri-
tion. Quantitative procedures for the determination of
phytate in soils require its separation from other soil P
compounds, using a combination of extraction, anion
exchange chromatography, selective precipitation and
re-solubilisation steps (e.g. McKercher and Anderson
1968). The quantity of phytate is then derived from Pi

determinations following acid hydrolysis. Alternatively,
phytate in soil extracts has been measured by 31P nu-
clear magnetic resonance (NMR) (Newman and Tate
1980; Tate and Newman 1982). However, such methods
only estimate the total quantity of phytate in soils and
do not provide any indication of the component that
may be available to plants. While Wild and Oke (1966)
identified inositol mono-phosphates in CaCl2 extracts
of soil, there are no known reports of phytate in soil
solution. Indeed, experiments in sterile media using a
range of species indicate that plants have only a limited
ability to obtain their P requirements from phytate
(Hayes et al. 2000), while accounts of the ability of
plants to use phytate-P in non-sterile environments are
more variable (Kroehler and Linkins 1991; Adams and
Pate 1992; Findenegg and Nelemans 1993; Hübel and
Beck 1993).
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Table 1 Properties of two pasture soils (0–10 cm depth) from Ginninderra Experiment Station (Canberra, ACT); and Rutherglen
Research Institute (north-east Victoria). Pi Inorganic P, Po organic P

Site Soil type
(Stace et al. 1968)

Fertiliser treatmenta P (mg kg–1 soil) pH
(CaCl2)

Organic C
(%)

Colwell P
(mg kg–1 soil)

Total P Pi Po

Ginninderra
Experiment Station

Yellow podzolic UG (unfertilised) 203 53 150 4.67 1.88 11.3
F1G (86 kg P ha–1) 242 79 163 4.57 1.91 25.0
F2G (140 kg P ha–1) 254 97 157 4.57 1.95 43.7

Rutherglen
Research Institute

Grey-brown to
yellow podzolic

UR (unfertilised) 154 30 123 4.60 1.99 7.8
FR (F450 kg P ha–1) 312 113 199 4.21 3.07 38.8
FcLR (F450 kg P ha–1

and 11.25 t lime ha–1)
287 95 192 4.55 2.57 26.4

a Total amount of fertiliser applied since inception of trial

The availability of soil Po to plants may be charac-
terised by estimating the component that can be con-
verted to Pi with an excess addition of phosphatase. In
particular, phytase-labile Po may be a useful measure:
phytases are a class of phosphatase that show activity
against phytate. Shand and Smith (1997) and Pant et al.
(1994) used phosphatase and a non-specific phytase
(from wheat) to show that enzyme-labile Po was pres-
ent in water extracts and in soil solution extracted from
some Scottish soils. More recently, Otani and Ae
(1999) showed that phytase- and phosphatase-labile Po

was extracted from Japanese Andosols only by citric
acid.

The objectives of this study were to investigate the
amounts of extractable soil Po that were enzyme labile,
using two sources of phytase from Aspergillus niger.
Phytase-labile Po was determined in various extracts
prepared from two Australian pasture soils with con-
trasting fertiliser histories.

Materials and methods

Soils

Soil samples were collected to a depth of 10 cm, under permanent
pastures (containing perennial grass and annual legume compo-
nents) located at two sites: (1) Rutherglen Research Institute,
Victoria; and (2) Ginninderra Experiment Station, Canberra,
ACT. Individual cores (2.5 cm diameter) of soil from each treat-
ment at each site (F30 samples) were bulked as a composite sam-
ple which was air-dried, passed through a 2-mm sieve to remove
large, particulate matter and stored at room temperature.

Samples from the Rutherglen site were collected in 1993 from
treatments of an unreplicated fertiliser trial, the details for which
are published in Ridley et al. (1990). Briefly, the trial was estab-
lished in 1914 on three 1.5-ha fields. Two fields (FR and FcLR)
received approximately 125 kg ha–1 of single superphosphate (9%
P) each alternate year from 1914, while the third field (UR) was
unfertilised. One of the fertilised fields (FcLR) was also top-
dressed with lime from 1914 to 1948, receiving nine applications
of 1.25 t ha–1.

Samples from Ginninderra Experiment Station (Wallaroo 3
Paddock) were collected in October 1996. Three P fertiliser treat-
ments were imposed across the trial on its establishment in 1994.

Plots were either unfertilised (UG) or received three autumn ap-
plications of triple superphosphate (20.7% P), totalling 416 kg
ha–1 (F1G) or 675 kg ha–1 (F2G).

Properties of the two soils are presented in Table 1. Total Pi

and Po were obtained by the ignition-extraction (0.5 M H2SO4)
procedure (Olsen and Sommers 1982) and Colwell P by a 16-h
extraction with 0.5 M NaHCO3 (Colwell 1963), followed by deter-
mination of Pi using the molybdate-blue colour reaction (Murphy
and Riley 1962). Organic C was determined by the modified Me-
bius procedure (Nelson and Sommers 1982) and soil pH was mea-
sured in CaCl2.

Substrate specificities of phytase preparations

The substrate specificities of commercial preparations of wheat-
germ acid phosphatase (EC 3.1.3.2; Sigma), A. niger phytase (EC
3.1.3.8; Sigma) and a purified preparation of the A. niger NRRL
3135 phytase (kindly provided by Dr Markus Wyss; F. Hoffmann-
La Roche, Switzerland; refer to Wyss et al. 1999a, 1999b) were
determined using a range of Po compounds. The specific activities
of the three enzyme preparations were tested at 27 C, in 50 mM
2-(N-morpholino)-ethanesulfonic acid (MES) buffer (pH 5.5)
containing 1 mM ethylenediaminetetraacetate (EDTA), against
the following substrates: myo-inositol hexaphosphoric acid (dode-
casodium salt; IHP), a-D-glucose 1-phosphate (disodium salt;
G1P), ribonucleic acid (type VI; RNA), adenosine-5b-triphos-
phate (ATP), D(–)3-phosphoglyceric acid (trisodium salt), p-ni-
trophenyl phosphate (disodium salt; pNPP), and bis-pNPP (Na
salt). With the exception of ATP (Boehringer Mannheim), all
substrates were obtained from Sigma. Assays were performed in
1-ml volumes, using 50 mg acid phosphatase ml–1, 1.14 mg com-
mercial phytase ml–1 or 0.45 mg purified phytase ml–1. These
amounts of enzyme were chosen on the basis of the reported spe-
cific activities of the preparations, against either IHP or pNPP.
Enzyme assays were conducted over 30 min at a range of sub-
strate concentrations between 2.4 mM and 4.8 mM P, and were
replicated 3 times. Activities were measured against p-nitrophe-
nol standards (Bessey et al. 1946) for the pNPP- and bis-pNPP-
containing samples, and for all other samples by the release of Pi

as determined using the malachite-green reaction (Irving and
McLaughlin 1990).

Measures of enzyme-labile soil P

Soil extraction and total P, Po and Pi determinations

Samples of air-dried soil (2–10 g) were extracted in 50-ml poly-
propylene tubes using two volumes of sterile extractant solution,
usually deionised water, 50 mM (F1.0%) citric acid (pH F2.3) or
0.5 M NaHCO3 (pH 8.5). Other extractants included 0.025 M HCl
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Table 2 Substrate specificities
of commercial preparations of
wheat-germ acid phosphatase
(Sigma) and Aspergillus niger
phytase (Sigma) and a purif-
ied preparation of the A. niger
phytase. Inositol hexaphos-
phate and other organic P
substrates were used at con-
centrations of between 2.4 mM
and 4.8 mM. LSD Least signif-
icant difference

Specific activity (nkat mg–1 protein)a

Substrate Acid phosphatase Sigma phytase Purified phytase

myo-Inositol hexaphosphate 1.0 46.9 560.9
Glucose 1-phosphate 0.4 84.8 0.1
Ribonucleic acid 0.4 38.5 0.3
Adenosine triphosphate 4.2 55.2 59.4
Phosphoglyceric acid 3.6 78.7 54.5
p-Nitrophenyl phosphate 7.0 293.0 13.1
bis(p-Nitrophenyl) phosphate 0.2 11.5 35.5
LSD (Pp0.05) 0.3 14.5 51.7

a A katal of enzyme activity is equivalent to one mole of product released per second

and 0.1 M HCl, and 0.01 M CaCl2 (pH 5.5). The soils were ex-
tracted at 22B2 C for 30 min on a reciprocal shaker (300 rpm),
followed by centrifugation (10,300 g) for 15 min. Soil extracts
were decanted from the pelleted material and stored at 4 C prior
to enzyme analyses.

The P contents of soil extracts were determined on 1-ml sub-
samples of each solution. Pi was determined by measuring the Pi

content of solutions with malachite-green reagent (Irving and
McLaughlin 1990). In order to determine total P, samples were
autoclaved (120 kPa, 121 C; 40 min) in the presence of 0.6 M
H2SO4 and 3.3% ammonium persulphate (Schoenau and Huang
1991), and were similarly analysed for Pi content. Corrections for
volume loss during autoclaving were made as necessary, based on
gravimetric analyses. Po in the extracts was calculated by deduc-
tion of Pi from total P.

Incubation of soil extracts with enzyme

The standard assay procedure involved incubation of 1 ml soil ex-
tract in the presence of excess enzyme: either 0.25 nkat commer-
cial phytase (i.e. 0.50 nkat g–1 soil; a katal of enzyme activity is
equivalent to one mole of product released per second), as deter-
mined against IHP substrate for the incubation conditions speci-
fied herein, or 1.14 nkat purified phytase (2.28 nkat g–1 soil).
These amounts of enzyme also displayed 1.56 nkat ml–1 (3.12 nkat
g–1 soil) and 0.03 nkat ml–1 (0.05 nkat g–1 soil) acid phosphatase
activity against pNPP, for the commercial and purified prepara-
tions, respectively. Samples were adjusted to pH F5.5 with either
HCl or NaOH, 300 ml of 250 mM MES buffer (pH 5.5; containing
5 mM EDTA) was added, and the solutions were made up to a
final volume of 1.5 ml with deionised water. Immediately on addi-
tion of the enzyme to each reaction, an aliquot was removed and
mixed with a one-fifth volume of 25% trichloroacetic acid (TCA).
Remaining solutions were incubated at 27 C for 6 h, after which
TCA was added to terminate the reactions. The TCA-treated
samples were centrifuged in an Eppendorf microfuge (6000 g,
10 min) prior to analysis for Pi using malachite-green reagent. De-
terminations of Pi were made at a fixed time (within 1 h) follow-
ing addition of the colour reagent, and control treatments were
routinely included whereby either soil extract or enzyme were
omitted.

Statistics

Enzyme assays and other soil measures were replicated 3 times
and the data were analysed to investigate variation associated
with soil extraction and incubation procedures, using one- and
two-way ANOVAs. Where F-ratios were significant (P~0.05),
treatment means were compared by least significant difference
(LSD).

Results

Conditions for the determination of enzyme-labile P
in extracts of soils

Substrate specificities and specific activities of phytase
preparations

The specific activities of the three enzyme preparations
for IHP ranged from 1.0 nkat mg–1 protein (wheat-
germ acid phosphatase) to 560.9 nkat mg–1 (purified A.
niger phytase; Table 2). The purified A. niger phytase
preparation had a 12-fold higher specific activity for
IHP than the commercial phytase. Moreover, purified
phytase showed a narrow substrate specificity, with spe-
cific activities for a range of Po substrates that were
10% or less than the specific activity for IHP. The com-
mercial A. niger phytase preparation was less substrate
specific, with highest activity observed against pNPP.
The activity profile of the commercial phytase prepara-
tion was similar to that of wheat-germ acid phospha-
tase. It is likely that the commercial Aspergillus phytase
preparation contained a considerable amount of con-
taminant phosphatase activity, which was not specific
for phytate. This was removed from the more purified
preparation. The wheat-germ acid phosphatase was not
used in subsequent experiments because of its similari-
ty to commercial phytase.

Pi and Po contents of extracts from unfertilised
Ginninderra soil

UG soil from Ginninderra Experiment Station was se-
lected initially for P measurements because of its low P
status (Table 1). There was a requirement for soil ex-
tracts to contain sufficient levels of Po, so that any
change upon incubation with enzyme would be detecta-
ble. Various extracts of field-moist UG soil were pre-
pared, in which recoverable Po was determined. Water,
0.01 M CaCl2, 0.025 M HCl and 0.1 M HCl extracted
~1.0 mg Po g–1 soil. By contrast, up to 22.5 mg Po g–1 soil
was extracted using citric acid and 0.5 M NaHCO3.
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Fig. 1 Release of P from 50 mM citric acid extracts of fertilised
Rutherglen soil (FR), during 8-h incubation with a 0.005 (g), 0.05
([), and 0.50 (L) nkat commercial phytase g–1 soil (a katal of
enzyme activity is equivalent to one mole of product released per
second), and b 0.23 ([). and 2.28 (L) nkat purified phytase g–1

soil. In each experiment, control incubations with no added en-
zyme (X) were also included. Each point represents the mean of
three observations. Bars indicate SE and, where not shown, were
smaller than the symbol

NaHCO3, citric acid and water were thus selected as ex-
tractants for further analysis. A solution-to-soil ratio of
2 :1 extracted higher concentrations of Po (as compared
to a 5 :1 ratio) and was adopted for the subsequent in-
cubation experiments.

Enzyme-labile P in extracts from fertilised Rutherglen
soil

FR soil from Rutherglen was used to determine the ap-
propriate conditions to be employed for enzyme incu-
bation studies with all soil-extractant combinations.
The hydrolysis of Po from extracts of soil FR was mea-
sured for up to 8 h in the presence of three concentra-
tions of commercial or purified phytase, or in the ab-
sence of enzyme. The release of Pi from incubated citric
acid soil extracts is shown in Fig. 1. Additions of
0.50 nkat commercial phytase g–1 soil or 2.28 nkat pu-
rified phytase g–1 soil were required for reactions to ap-
proach completion within 8 h. With lower amounts of
enzyme, reactions proceeded more slowly and did not
reach completion during the incubation period. For all
subsequent measures of labile P, including various soils
containing lower Po concentrations, soil extracts were
incubated for 6 h in the presence of 0.50 or 2.28 nkat
phytase g–1 soil, using commercial or purified prepara-
tions, respectively.

To determine the contribution of soil microbe-de-
rived enzyme activities to the observed rates of hydro-

Fig. 2 Commercial (L) and purified (l) phytase-labile P (mg g–1

soil) in citric acid extracts of fertilised Rutherglen soil (FR), using
between 0 mM and 50 mM citric acid concentration. Extractable
organic P ([; mg g–1 soil) is also shown. Each point represents the
mean of three observations. Bars indicate SE and, where not
shown, were smaller than the symbol

lysis in amended soil extracts, duplicate samples were
passed through 0.45-mm filters (Millex-HA; Millipore).
There were no differences in either the rate or total
quantity of Pi liberated from citric acid, water or NaH-
CO3 extracts of soil FR, between filtered and unfiltered
samples (data not shown). Therefore, over the 6-h incu-
bation period, microbial enzyme activity did not contri-
bute to the observed rates of hydrolysis. A low, and in-
significant, level of hydrolysis was measured when no
enzyme was added to the extracts (Fig. 1).

Effects of citric acid concentration and pH on
phytase-labile P from FR soil

Citric acid concentration

Extractable Po from soil FR increased significantly with
increasing concentrations of citric acid to 50 mM
(P~0.05; Fig. 2). The amounts of Po that were hydro-
lysed by the commercial and purified phytases, and the
proportion of the total Po which was enzyme labile, also
increased with citric acid concentration. For the com-
mercial phytase preparation, labile P represented
13.5% and 82% of the Po in water and 50 mM citric
acid soil extracts, respectively. Purified phytase-labile
Po was approximately half of that hydrolysed by the
commercial enzyme preparation, representing between
1.8% and 44.7% of the total Po over the same range of
citric acid concentrations.

Effect of pH of citric acid

Soil extractions were prepared using 50 mM citric acid
solutions adjusted to pH 2.3–6.0. Extractable Po in-
creased with pH, from 7.5 mg P g–1 soil at pH 2.3 to
25.3 mg P g–1 soil at pH 6.0 (Fig. 3). However, enzyme-
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Fig. 3 Commercial (L) and purified (l) phytase-labile P (mg g–1

soil) in 50 mM citric acid extracts of fertilised Rutherglen soil
(FR), using citric acid solutions adjusted to between pH 2.3 and
pH 6.0. Extractable organic P ([; mg g–1 soil) is also shown. Each
point represents the mean of three observations. Bars indicate SE
and, where not shown, were smaller than the symbol

Table 3 Extractable Po, and
enzyme-labile P (mg g–1 soil)
using two sources of phytase
from A. niger, in water, citric
acid and HCl extracts of fertil-
ised Rutherglen soil (FR). n.d.
Not detectable; for other ab-
breviations, see Tables 1 and 2

Extractant Po

(mg g–1 soil)
Enzyme-labile Po (mg g–1 soil)

Commercial phytase Purified phytase
(% Po) (% Po)

Water 2.10 0.26 (12.4) 0.07 (3.3)
50 mM citric acid (pH 2.3) 7.65 6.15 (80.4) 3.35 (43.8)
50 mM HCl (pH 1.45) 1.01 0.09 (8.9) n.d. –
5 mM HCl (pH 2.3) 2.09 0.17 (8.1) 0.07 (3.3)
LSD (Pp0.05) 0.54 0.30 0.57

labile P was similar across the entire pH range, with
F7.8 mg P g–1 soil and F4.5 mg P g–1 soil hydrolysed by
the commercial phytase preparation and purified phy-
tase, respectively (Fig. 3).

Comparison between citric acid and HCl as
extractants

Total Po, and commercial and purified phytase-labile Po

in water, citric acid and HCl extracts from soil FR are
presented in Table 3. Two HCl extractants were used:
one at the same molar concentration as citric acid
(50 mM) and the other at the same pH (pH 2.3, at
F5 mM). When used at an equivalent molar concentra-
tion, HCl extracted only 13% of the quantity of Po ex-
tracted with citric acid, and the enzyme-labile P compo-
nent was negligible relative to that of citric acid ex-
tracts. When the concentration of HCl was adjusted for
a solution of pH 2.3, the amount of extractable Po was
increased, but was still only 27% of that extracted by
citric acid. Likewise, the enzyme-labile Po component
was ~3% of that extracted by citric acid. While com-
mercial and purified phytase-labile Po in 50 mM citric
acid extracts represented 80% and 44% of the extracta-
ble Po, respectively, less than 13% and 4% of Po in the

other extracts were hydrolysed by the two enzyme pre-
parations (Table 3).

Extractable and phytase-labile Po from soils with
different fertiliser histories

The total P and Po contents of water, 50 mM citric acid
(pH F2.3), and 0.5 M NaHCO3 (pH 8.5) extracts of soil
from P fertiliser trials at two sites are illustrated in
Fig. 4, along with the fractions of extractable Po that
were hydrolysed by commercial and purified phytase
during separate incubations.

While NaHCO3 extracted more Po than the other so-
lutions (12–30 mg g–1 soil; Fig. 4e,f), citric acid extracted
the most enzyme-labile Po (up to 5.7 mg P g–1 soil;
Fig. 4c,d), with between 56% and 79% of the Po in cit-
ric acid extracts being hydrolysed by the commercial
phytase preparation. In contrast, only 7–17% and 2–9%
of the Po in water and NaHCO3 extracts, respectively,
was hydrolysed by the commercial phytase preparation
(Fig. 4a,b; Fig. 4e,f). A smaller component of the Po

was hydrolysed by purified phytase. In citric acid ex-
tracts, 28–40% of the Po was purified phytase labile
(Fig. 4c,d), while only 3–8% and 1–2% of the Po in wa-
ter and NaHCO3 extracts, respectively, was hydrolysed
(Fig. 4a,b; Fig. 4e,f).

Po, Pi and enzyme-labile P extracted by citric acid
were significantly higher (P~0.05) for the fertilised
soils FR and FcLR than for soil UR (Fig. 4c). In addi-
tion, both total extractable Po and the component
which was phytase labile, were greater for FR soil than
soil which had received both fertiliser and lime
(FcLR). While Po and Pi extracted by NaHCO3 were
significantly greater (P~0.05) for both FR and FcLR

soils, only the treatment which had received fertiliser
alone (FR) contained a higher level of extractable, com-
mercial phytase-labile P than the unfertilised control
(UR) (Fig. 4e). No differences in fertiliser treatment
were evident for purified phytase-labile P.

For the soil from Ginninderra, which had received
only recent applications of P fertiliser, there were no
differences in either extractable Po or enzyme-labile P
across fertiliser treatments (Fig. 4). However, the ex-
tractable Pi component increased significantly
(P~0.05) with P fertility, in both citric acid and NaH-
CO3 extracts (Fig. 4d,f).
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Fig. 4 Extractable organic (L) and inorganic (l) P (mg g–1 soil)
of soils from Rutherglen Research Institute (a, c, e) and Ginnin-
derra Experiment Station (b, d, f). Water (a, b); 50 mM citric acid
(c, d); and 0.5 M NaHCO3 (e, f) were used as extractants. En-
zyme-labile P, using commercial (open hatching) and purified
(dense hatching) preparations of phytase, is also shown for each
extract of soil. Each bar represents the mean of three observa-
tions. Bars showing least significant differences (LSDs) (Pp0.05)
for each site-extractant combination are presented, and are
shown for organic P and inorganic P (stacked), P hydrolysed by
commercial phytase, and P hydrolysed by purified phytase, re-
spectively. Where not shown, LSDs were too small to be de-
picted.

Discussion

Characterising phytase-labile Po in extracts of soil

Two A. niger phytase preparations with markedly dif-
ferent substrate specificities were used to measure the
amounts of enzyme-labile Po present in extracts of soil.
A commercial preparation of A. niger phytase (from
Sigma) showed activity against a range of Po substrates,
with highest activity for pNPP. The preparation may
also contain contaminating phosphatase activity. Con-
versely, in accordance with previous findings (Wyss et
al. 1999a), a purified form of the A. niger phytase was

highly specific for phytate. The contrasting substrate
specificities of the two phytase preparations were ex-
ploited to characterise the enzyme lability of Po ex-
tracted from soils. Material hydrolysed by the purified
phytase was considered likely to be indicative of the
phytate content of the extracts, whereas hydrolysis by
the commercial “phytase” preparation reflected a more
general acid phosphatase activity. However, it should
be noted that the activities of the two preparations
were not entirely mutually exclusive, as shown by their
activities against a range of Po substrates (Table 2).

In water extracts from soils collected from Ginnin-
derra Experiment Station and Rutherglen Research In-
stitute, less than 8% of the Po present was hydrolysed
by the purified phytase and only 7–17% was hydrolysed
by the commercial preparation (Fig. 4). Previous meas-
ures of enzyme-labile Po in water extracts of soils have
not been made using phytase with a narrow specificity
for IHP. The present work suggests that low levels of
phytate occur in soil solution (~0.22 mg P g–1 soil), and
also that Po esters accessible to a more general phos-
phatase (i.e. commercial phytase) activity are present in
only small quantities. In contrast, higher amounts of Po

in water extracts (42–70%, Pant et al. 1994) and soil so-
lution (48–62%, Shand and Smith 1997) from Scottish
soils were hydrolysed by a phytase (from wheat) which
was not specific for phytate.

Several extractants were used to assess enzyme-la-
bile Po. NaHCO3 has previously been considered to ex-
tract a component of soil Po which is readily mineralis-
able (Bowman and Cole 1978). On this basis, sequential
soil Po extraction procedures have been developed that
include HCO3

–-extractable Po as a labile fraction (Hed-
ley et al. 1982; Sharpley 1985). However, the present
experiments do not support the supposition that
HCO3

–-extractable Po is labile. While NaHCO3 ex-
tracted the largest quantities of Po relative to other soil
extractants (up to 30 mg P g–1 soil), only a small propor-
tion (1–9%) was enzyme-labile, even when using phy-
tase with activity against a wide range of phosphate es-
ters (Fig. 4). Otani and Ae (1999) have similarly shown
that negligible amounts of Po were enzyme-labile in
NaHCO3 extracts from a range of soils.

In contrast, 50 mM citric acid extracted intermediate
amounts of Po (3.8–7.7 mg P g–1 soil), of which up to
79% could be hydrolysed by the commercial phytase
preparation and up to 40% was hydrolysed by the pu-
rified preparation. Otani and Ae (1999) also used a
range of extractants and found that only citrate ex-
tracted Po that was readily accessible to either acid
phosphatase or a broad-specificity phytase. From the
present work, it is evident that citric acid and NaHCO3

extracts contain different components of the total Po

pool.
Up to 40% of citrate-extractable soil Po was hydro-

lysed by the purified phytase preparation (Table 3;
Fig. 4), indicating that a considerable amount may oc-
cur as phytate. Citrate is an effective chelator of trival-
ent metal ions such as Fe3c and Al3c (Jones and Dar-
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rah 1994). In soils, citrate can release Pi into solution
either by anion exchange with Fe- and Al-associated
phosphates on soil adsorption surfaces (Gerke 1992),
or by chelation of precipitates to form soluble com-
pounds (e.g. Gardner et al. 1983). Phytate undergoes
similar adsorption and precipitation reactions in soils to
Pi (Ognalaga et al. 1994). It is conceivable that soil phy-
tate is released into solution in the presence of citric
acid via similar mechanisms.

Citrate also extracted Po that was readily accessible
to a phytase preparation possessing general acid phos-
phatase activity (Fig. 4). The purified and commercial
phytase preparations showed markedly different specif-
ic activities against a range of phosphate esters (Ta-
ble 2). However, it was evident that they also hydro-
lysed a common component of the citrate-extractable
Po; when combined, the amounts of extractable Po hy-
drolysed by the two enzymes often exceeded the total
quantity of extractable soil Po (Fig. 4). Enzyme-labile
Po in citric acid extracts may represent a component of
soil P that can potentially be used by plants. In previous
work, we have observed that plants grown in sterile cul-
ture were able to use Po substrates, such as G1P and
b-glycerophosphate, essentially as equivalent P sources
to Pi for growth, while phytate was a relatively poor
source of P (Hayes et al. 2000; Richardson et al.
2000).

Higher concentrations of citric acid extracted more
soil Po and also increased the proportion of Po that was
enzyme labile. By contrast, HCl (used at the same mo-
larity as citric acid) extracted minimal phytase-labile Po.
Consequently, the chelating properties of citric acid,
rather than acidification effects, were considered to be
largely responsible for the extraction of enzyme-labile
Po. The amount of extractable Po also increased with
the pH of the citric acid extractant. It is likely that this
was due to the greater chelation ability of the citrate2–/
citrate3– species, which would predominate over citrate/
citrate– species at higher pH. Gerke and Meyer (1995)
found that citrate adsorption to a humic podzol was
higher at pH 6.5 compared to pH 5.5. Concurrently,
they observed greater mobilisation of P. In the present
work, the amount of enzyme-labile Po did not increase
with higher citric acid pH.

Effect of fertiliser history on extractable,
phytase-labile soil Po

Measures of P in extracts of soils with contrasting fertil-
iser histories indicated that there were marked differ-
ences in the amounts of both total Po and enzyme-labile
Po. Similar amounts of Po and hydrolysed P were ob-
served in fertilised and unfertilised soils from plots at a
recently established field site (Ginninderra). Only the
Pi content of the soil at this site had been increased by
the relatively recent P fertiliser applications. By con-
trast, clear distinctions could be made between fertiliser
treatments for soil with a long history of fertiliser appli-

cation (Rutherglen). Differences between P treatments
were especially evident in citric acid extracts, where the
extracts from the fertilised Rutherglen soil contained
approximately threefold greater amounts of enzyme-la-
bile Po than extracts from unfertilised soil. Extracts of
soil which had received both fertiliser and lime similar-
ly contained higher levels of total Po and enzyme-labile
Po. These results may indicate that, with extended peri-
ods of fertiliser application, a greater proportion of ap-
plied P accumulates in soil as labile Po. This component
of labile Po may make an important contribution to the
P nutrition of pastures. Mineralisable fractions of soil
Po have been reported to be important for P cycling
within permanent pasture systems (McLaughlin et al.
1990).

In conclusion, we have shown that a only small com-
ponent of the Po in water and NaHCO3 extracts of soil
can be hydrolysed by phytase and general acid phos-
phatase activities. This may indicate that only low lev-
els of potentially plant-available Po occur in soil solu-
tion. By contrast, greater amounts of enzyme-labile Po

were extracted using citrate. Citrate is exuded into the
rhizosphere by roots of a number of plant species and,
in many instances, exudation is enhanced under condi-
tions of P deficiency (e.g. Lipton et al. 1987; Hoffland
et al. 1989; Grierson 1992; Keerthisinghe et al. 1998).
Citrate exudation by plant roots is considered to be an
important mechanism for increasing the acquisition of
soil Pi. Our results imply that citrate may also increase
the availability to plants of soil Po, by solubilising a
fraction that can be hydrolysed by enzymes.

Enzyme-labile soil Po was also influenced by soil fer-
tiliser history. While Pi was the dominant labile fraction
in soils which had received recent applications of fertil-
iser, in soils of low fertility (e.g. soil UG) or with a long
history of fertiliser application (Rutherglen soil), the
enzyme-labile component of citrate-extractable Po was
equivalent to, or exceeded, the quantity of extractable
Pi.
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