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Inositol phosphates in the environment
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The inositol phosphates are a group of organic phosphorus compounds found widely in the natural
environment, but that represent the greatest gap in our understanding of the global phosphorus cycle.
They exist as inositols in various states of phosphorylation (bound to between one and six phosphate
groups) and isomeric forms (e.g. myo, d-chiro, scyllo, neo), although myo-inositol hexakisphosphate is by
far the most prevalent form in nature. In terrestrial environments, inositol phosphates are principally
derived from plants and accumulate in soils to become the dominant class of organic phosphorus com-
pounds. Inositol phosphates are also present in large amounts in aquatic environments, where they may
contribute to eutrophication. Despite the prevalence of inositol phosphates in the environment, their
cycling, mobility and bioavailability are poorly understood. This is largely related to analytical difficulties
associated with the extraction, separation and detection of inositol phosphates in environmental samples.
This review summarizes the current knowledge of inositol phosphates in the environment and the analyti-
cal techniques currently available for their detection in environmental samples. Recent advances in tech-
nology, such as the development of suitable chromatographic and capillary electrophoresis separation
techniques, should help to elucidate some of the more pertinent questions regarding inositol phosphates
in the natural environment.
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1. INTRODUCTION

Inositol phosphates (IPx, where x = 1, 2,…6) are a class
of organic compounds found widely in the natural
environment. They are synthesized in terrestrial ecosys-
tems by plants and are strongly complexed in soils, where
they accumulate to form the dominant class of organic
phosphorus (P). As such, they are of central interest in
terms of their availability to plants (Hayes et al. 2000b)
and potential leaching to waterbodies (Turner & Haygarth
2000). Large amounts of inositol phosphates are also
present in aquatic environments, where they may contrib-
ute to the growth of toxin-producing cyanobacteria
(Whitton et al. 1991), which currently pose the most per-
vasive threat to global water quality (Kotak et al. 1993;
Turner & Rabalais 1994; Bowling & Baker 1996).

Despite their widespread occurrence in terrestrial and
aquatic systems, and improved techniques for their separ-
ation and detection in environmental samples, the role of
inositol phosphates in the global P cycle remains poorly
understood. Inorganic phosphate is liberated from the
parent inositol by the enzyme phytase, but evidence for
the hydrolysis and biological utilization of inositol phos-
phates in both terrestrial and aquatic systems is ambigu-
ous. The continued accumulation of inositol phosphates
in soils under cultivation has implications for their transfer
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to water bodies, but difficulties associated with detecting
the relatively low concentrations of organic P species in
natural waters means that there is little information on
the movement of inositol phosphates from terrestrial to
aquatic systems.

The roles of inositol phosphates in biomedical and food
chemistry are well documented and understood
(Stevenson 1982; Oberleas & Harland 1986; Dean &
Beaven 1989; Palmer & Wakelam 1989; Xu et al. 1992),
but large gaps exist in our understanding of the origins,
chemical forms, bioavailability and mobility of these com-
pounds in the environment. This review summarizes cur-
rent information on inositol phosphates in the
environment and the techniques available for their extrac-
tion, separation and detection in environmental samples.

2. STRUCTURE, NOMENCLATURE AND
CHEMISTRY OF INOSITOL PHOSPHATES

Inositol phosphates are a family of phosphoric esters of
hexahydroxycyclohexane (inositol). A number of inositol
phosphate isomers exist, based on the stereoisomers of the
unsubstituted inositols (figure 1). The myo stereoisomer
is the most common in nature, although neo-, scyllo- and
d-chiro-inositol phosphates are also present in terrestrial
and aquatic environments (Cosgrove 1980). The d- and
l- prefixes of the chiro-inositol isomers indicate that the
compounds are optically either dextrorotatory (d-chiro-)
or laevorotatory (l-chiro-), although only D-chiro-inositol
phosphates appear to exist in the environment. The ori-
gins of the various isomers are discussed below (§ 3(a)(ii)).



450 B. L. Turner and others Inositol phosphates in the environment

HO
OH

HO

OH

OHOH

HO

HO

OH
OH

OH

OH

HO
OH

HO
OH

HO

OH

HO
OH

HO

HO
OH

OH

OH

OHHO

cis epi allo

myo muco neo

D-chiro (  )+ L-chiro (_) scyllo

OH

OH
HO

HO
OH

HO

OH
OHOH

HOHO

OOHHO

OHHO

HO

HO
OH

OH

OHHO
OH

HO

HO

OH
OH

Figure 1. Preferred conformations of unsubstituted inositols (after Cosgrove 1980).
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Figure 2. (a) Axial form of phytic acid (pH 5–12);
(b) equatorial form of phytic acid (pH � 5 and pH � 12)
(Martin & Evans 1986). Pi = �OPO3

2�, i = 1, 2...6.

The number of substituted phosphate groups on the
inositol ring may vary between one and six, which is indi-
cated by the prefixes mono, bis, tris, tetrakis, pentakis and
hexakis (preferred over di, tri, tetra, penta and hexa)
(IUPAC 1971). The positions of the phosphate groups are
denoted by the position number of the carbon in the inosi-
tol ring to which they are attached (figure 2). For a com-
prehensive description of the numbering system, the
reader is referred to the monograph by Cosgrove (1980,
pp. 6–9).

The myo-inositol hexakisphosphate isomer is referred to
by a number of different names: ‘phytic acid’ is the alter-
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native name for the free acid form, whilst ‘phytate’ refers
to the salt of phytic acid. The term ‘phytin’ is occasionally
used, especially in older texts, and refers specifically to
the Ca–Mg salt of phytic acid, which forms the dominant
inositol phosphate in cereal grains (Wheeler & Ferrel
1971).

Phytic acid possesses an axial structure between pH 5
and 12 (figure 2a) and an equatorial structure outside this
range (figure 2b). Phytic acid has 12 ionizable protons:
pKa values estimated by measuring the change in 31P
nuclear magnetic resonance (31P NMR) chemical shift
with change in pH are thought to be more reliable than
those obtained by potentiometric methods (table 1).

Inositol phosphates, especially IP6, act as strong ligands
because of their high anionic charge (figure 3). Their pro-
pensity for complexing polyvalent cations is well known
in the medical and biological fields (Martin & Evans 1986;
Luttrell 1992; Martin 1995) and applies similarly to soils,
sediments, and colloidal and particulate matter in aquatic
systems (Anderson et al. 1974; De Groot & Golterman
1993). The reactivity of IP6 has recently found application
in the reclamation of sediments and aquifers contaminated
with uranic actinides (Nash et al. 1998). The compounds
formed between the actinides and IP6 reduce the contami-
nant mobility and decompose in situ to form compounds
that are stable in the environment.

There have been several investigations of the interaction
between phytic acid and polyvalent cations at different pH
values (Martin & Evans 1986, 1987; Evans & Martin
1991; Luttrell 1992). At low pH, the combining affinity
of soluble phytate complexes for metal ions is:

Cu(II) � Zn(II) � Cd(II) � Mn(II) � Mg(II) � Co(II)
� Ni(II),

whilst at mid-range pH values, insoluble metal
ion : phytate complexes of 6 : 1 are formed (Martin &
Evans 1987).

Phytic acid is strongly adsorbed to the surfaces of ferric
oxides (De Groot & Golterman 1993) and the adsorption
of IP6 to non-crystalline aluminium or iron precipitates in
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Table 1. pKa data for myo-inositol hexakisphosphate (from the data of Costello et al. 1976).

pK1 pK2 pK3 pK4 pK5 pK6 pK7 pK8 pK9 pK10 pK11 pK12

1.1 1.5 1.5 1.7 2.1 2.1 5.7 6.9 7.6 10.0 10.0 12.0
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Figure 3. Estimated charge on myo-inositol hexakisphosphate
over a range of pH values. The calculated charge is based on
the pKa data shown in table 1 (Costello et al. 1976).

model solutions is greatly influenced by pH; at pH 4.5, the
uptake of IP6 is more than double that at pH 6.5 (Shang et
al. 1992). In a comparative study of the adsorptive effects
of orthophosphate and phytate, De Groot & Golterman
(1993) found that the addition of phytate to a suspension
of orthophosphate adsorbed onto Fe(OOH) not only
released orthophosphate, but also inhibited orthophos-
phate adsorption. Significantly, Ca2� enhanced the
adsorption of phytate onto Fe(OOH) by a factor of two.
Furthermore, the chemical reduction of Fe(OOH)-
phytate formed insoluble Fe4(phytate), rather than releas-
ing soluble phytate, suggesting an irreversible binding of
IP6 under these conditions.

The displacement of orthophosphate into solution upon
the addition of IP6 has also been observed in soils
(Bowman et al. 1967; Anderson et al. 1974). The likely
mechanism is IP6 competing successfully for the same
binding sites as orthophosphate (Anderson et al. 1974).
Indeed, soil IP5�6 contents have been strongly correlated
with phosphate sorption capacity (McKercher & Ander-
son 1968b). However, Helal & Dressler (1989) noted that
the addition of Na-phytate to soil displaced Fe as well as
orthophosphate, indicating that the reaction was not a
simple phytate/orthophosphate exchange, but involved the
modification of soil properties related to sorption. For
example, changes in electrochemical properties almost
certainly contribute (Celi et al. 1999).

Whilst the interaction of phytic acid with iron oxide sur-
faces has been studied, less is known about its interaction
with soluble organic matter, such as humic and fulvic
acids (Thurman 1985; Nanny & Minear 1994). However,
inositol phosphates clearly form strong associations with
these types of compounds. In soils, for example, signifi-
cant amounts of inositol phosphates are associated with
both the humic and fulvic acid fractions (Borie et al. 1989)
and a similar situation appears to exist in lake waters
(Herbes et al. 1975; Nanny & Minear 1994).
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(a) Chemical hydrolysis of inositol phosphates
The phosphate ester linkages in phytic acid are quite

stable, especially under basic conditions. Chemical
hydrolysis in acidic media is slow, with maximum hydroly-
sis of phytic acid occurring at pH 4.5 and minimum rates
at pH 0–1 (Anderson 1980). Even under conditions of
extended reaction (6 h) with concentrated hydrochloric
or sulphuric acid at high temperature (100 °C), complete
hydrolysis of IP6 is not achieved (Cosgrove 1980). This
results in incomplete recovery of inositol phosphates in
waters and soil extracts by conventional digestion pro-
cedures for the determination of total P, which commonly
involve nitric–sulphuric acid digestion for 40–60 min
(Benson et al. 1996).

(b) Enzymatic hydrolysis of inositol phosphates
Two enzymes are known to catalyse the dephosphoryl-

ation of IP6. These are 3-phytase (EC 3.1.3.8), which is
of microbial origin, and 6-phytase (EC 3.1.3.26) from
wheat. The enzymes’ names derive from their action on
the 3 and 6 phosphate bonds of myo-IP6, respectively
(Nomenclature Committee of the International Union of
Biochemistry 1984). Despite the reported specificity of
purified phytase for phytic acid (Cosgrove 1980; Nayini &
Markakis 1986), most commercially available sources con-
tain a variety of other enzymes as impurities, notably acid
phosphatases. This results in activity towards a wide range
of organic P compounds including other orthophosphate
monoesters (e.g. sugar phosphates and mononucleotides),
inorganic and organic polyphosphates and even nucleic
acids (McKelvie et al. 1995; Shand & Smith 1997; Turner
et al. 2002). Dephosphorylation of IP2–3 by phytase is con-
siderably slower than of IP4–6 and purified phytase does
not appear to release orthophosphate from IP1 (Kemme
et al. 1999). The final dephosphorylation is achieved by
phosphomonoesterase enzymes (acid or alkaline phospha-
tase, EC 3.1.3.1 and EC 3.1.3.2, respectively), which
occur widely in the natural environment and can dephos-
phorylate all inositol phosphate esters except IP6 (Meek &
Nicoletti 1986; Marko-Varga & Gorton 1990; Shan et
al. 1993).

There has been little research on phytase in soils and
waters because no artificial substrates are presently avail-
able that can be used for convenient measurement of
activity. Phytase is present in soil and soil solution
(Jackman & Black 1952; Shand & Smith 1997) and sev-
eral plants (including cyanobacteria) and microorganisms
excrete extracellular phytase (Greaves & Webley 1965;
Whitton et al. 1991; Hayes et al. 2000b; Leake 2002).
However, activity appears to be negligible in natural wat-
ers (Klotz 1991), possibly due to the low pH optima (pH
2.5 and 5.0) of purified phytase activity towards phytic
acid, with activity declining to almost zero at pH 7
(Ullah & Gibson 1987; McKelvie et al. 1995). There is
also evidence that the activity of wheat phytase is com-
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pletely inhibited in the presence of montmorillonite
(Leprince & Quiquampoix 1996).

3. THE INOSITOL PHOSPHATE CYCLE

(a) The terrestrial inositol phosphate cycle
A conceptual model of the terrestrial inositol phosphate

cycle is illustrated in figure 4a. The cycle is necessarily
qualitative because of the paucity of information available
on the magnitude of the compartments and flow paths
involved.

(i) Origins of inositol phosphates in soils
In the terrestrial environment, inositol phosphates are

synthesized in plants, almost exclusively as the myo stereo-
isomer. For example, myo-IP6 often comprises 100% of
the total inositol phosphates in most nutritionally
important legumes, cereals and oil seeds (Kasim &
Edwards 1998). The highest concentrations are found in
the seeds, where IP6 acts as a P storage compound and
constitutes up to 90% of the total organic P (Cosgrove
1980). Lower phosphate esters of myo-inositol do not
appear to exist in nature other than as transient intermedi-
aries in biochemical reactions, although IP1–3 are
important constituents of the phosphoinositides, a form of
phospholipid constituting ca. 2–9% of the total phospholi-
pids in plant and animal tissues (Angyal 1963; Cosgrove
1980). Inositol phosphates have also been reported in ani-
mal wastes (2–60% total organic P) (Caldwell & Black
1958a; Peperzak et al. 1959), hay grass (3–7% total
organic P) (Becker 1950) and in small amounts in bac-
teria, fungi and the roots of higher plants (Cosgrove
1980).

Sewage sludge is a potentially important, but unquant-
ified, source of inositol phosphates to soil. These are
increasingly being applied to agricultural land as a nutrient
source, especially in the UK, where sea dumping was
banned in 1998. Sludges can contain large amounts of
organic P in the form of orthophosphate monoesters
(Condron et al. 1997) and, therefore, have the potential
to provide large amounts of inositol phosphates to the
soil system.

(ii) Amounts and forms of inositol phosphates in soils
A large proportion of the total soil P is present in

organic forms, typically between 29 and 65%, but up to
90% in some organic soils (Harrison 1987). The majority
of the identifiable soil organic P exists as orthophosphate
monoesters, which constitute between 60 and 90% of the
total organic P in alkaline soil extracts (Condron et al.
1985, 1990; Cade-Menun & Preston 1996). Inositol phos-
phates frequently comprise over 60% of the soil ortho-
phosphate monoesters, because only small amounts of
other monoesters (e.g. sugar phosphates) are detected
(Dalal 1977; Harrison 1987). Therefore, IP6 is the major
component of the organic P in most soils.

The amounts of IP6 and its proportional contribution
to the total organic P vary widely between soils (table 2).
For example, Williams & Anderson (1968) reported that
IP5�6 in 47 Australian soils varied between 1 and
356 �g P g�1 dry soil and constituted between 0.4 and
38% of the total organic P. Similarly, Anderson (1964)
reported concentrations in Scottish soils of between 56
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and 460 �g P g�1 dry soil and between 24 and 58% of
the total organic P. However, many of these results must
be considered with caution, because the analytical tech-
niques used by some early authors may have either over-
estimated or underestimated the soil inositol phosphate
content. Underestimations were probably caused by
incomplete recovery of inositol phosphate from anion
exchange columns (Anderson 1964; Martin 1970), whilst
overestimations resulted from the inclusion of organic P
compounds other than inositol phosphates in the purified
extracts (Irving & Cosgrove 1981). Furthermore, large
amounts of soil organic P are not extracted using common
extracting solutions such as 0.5 M NaOH (Cade-
Menun & Preston 1996); the residual fraction probably
contains strongly bound inositol phosphates.

Inputs of inositol phosphates to the soil from plant
material are principally in the form of myo-IP6 (Cosgrove
1980), but all possible phosphate esters of myo-inositol
have been detected in the soil, including IP1 (Martin &
Wicken 1966; Wild & Oke 1966; Minear et al. 1988), IP2

(Martin & Wicken 1966; Halstead & Anderson 1970), IP3

(Halstead & Anderson 1970; Omotoso & Wild 1970), IP4

(Cosgrove 1963; Omotoso & Wild 1970; Minear et al.
1988), IP5 (Cosgrove 1963; Martin & Wicken 1966;
McKercher & Anderson 1968b; Minear et al. 1988) and
IP6 (table 2). myo-IP6 is usually the dominant form,
although myo-IP5 exists in substantial quantities. Typical
proportions of the inositol phosphate esters are IP6 = 83%,
IP5 = 12%, IP4 = 4%, IP3 = 1%, IP2 = trace (Anderson &
Malcolm 1974). Inositol monophosphate, which is a well-
known microbial metabolite, was not detected in this
example, although Wild & Oke (1966) claimed that IP1,
identified by paper chromatography, was the major form
of organic P in CaCl2 extracts of two soils from southern
England. Despite these reports, it is unclear to what extent
esters other than hexakisphosphate may represent the
degradation of IP6 during chemical extraction.

One of the most interesting aspects of soil inositol phos-
phates is the existence of stereoisomers other than myo-
inositol phosphates that rarely exist elsewhere in nature.
The presence of d-chiro-, scyllo- and neo-IP6 has been dem-
onstrated, apparently at similar ratios, in a range of soil
types from around the world (Cosgrove 1962, 1966; Cos-
grove & Tate 1963; McKercher & Anderson 1968a;
Halstead & Anderson 1970; Omotoso & Wild 1970; And-
erson & Malcolm 1974; Baker 1974). These are generally
in the order of myo � scyllo � d-chiro � neo, with myo-
IP6 representing up to 90% of the total IP6, scyllo-IP6 rep-
resenting 20–50%, d-chiro-IP6 representing ca. 10% and
neo-IP6 representing ca. 1% (McKercher & Anderson
1968a). However, a more recent study reported that neo-
inositol phosphates represented ca. 7% of the total IP5�6

in uncultivated soils of southeastern Australia (Irving &
Cosgrove 1982). In the lower inositol phosphate esters,
Anderson & Malcolm (1974) detected myo, scyllo, d-chiro
and neo inositol isomers of IP3–6 in Scottish soils, whilst
Omotoso & Wild (1970) found that only the myo stereo-
isomer existed in the lower esters (IP1–4) in a range of
English and Nigerian soils.

The origins of the scyllo, d-chiro and neo isomers of IP6

in soils remain unresolved. Free scyllo- and d-chiro-inosi-
tols occur in various plant and animal sources, including
palm trees, fish and urine (Angyal 1963), but never in
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Figure 4. Conceptual biogeochemical cycle of inositol phosphates in (a) terrestrial systems, and (b) aquatic systems.
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combination with phosphate (Cosgrove 1980). d-chiro-IP6

was reported in pine needles (L’Annunziata & Fuller
1971), but this was subsequently questioned on analytical
grounds (Cosgrove 1980). Recently, neo-inositol phos-
phates have been identified in trophozoites of the parasitic
amoebae Entamoeba histolytica and Phreatamoeba balamu-
thi using two-dimensional nuclear magnetic resonance
(NMR) (Martin et al. 2000). However, the fact that (i)
terrestrial plants only contain the myo isomer of IP6 and
(ii) chemical epimerization of myo-IP6 has been ruled out,
suggest that microorganisms must play a key role in the
synthesis of IP6 isomers other than myo-IP6 in the soil
(Cosgrove 1969b). The likely mechanisms of biological
production are either the direct synthesis of d-chiro-, scyllo-
and neo-inositol phosphates by microorganisms, or the
transformation of the myo isomer through epimerization
reactions. Epimers are stereoisomers that differ only in the
arrangement of atoms around a single carbon atom and
epimerization is the transformation from one epimer to
another. Most evidence points to epimerization rather
than direct microbial synthesis as the likely mechanism
producing the isomers other than myo in soils (Cosgrove
1969b; L’Annunziata 1975). This is supported by the fact
that stereoisomers present in the soil (d-chiro, scyllo and
neo) differ from the myo isomer only by the orientation of
a single phosphate group, or one carbon atom, whereas
other isomers that have not been detected in soils differ
by two (e.g. cis, allo, muco). Indeed, the conversion of
unphosphorylated myo-inositol to d-chiro-inositol has been
shown in the clover Trifolium incarnatum and in the alga
Chlorella fusca (L’Annunziata 1975). Furthermore, L’An-
nunziata et al. (1977) detected d-chiro-inositol after the
incubation of 14C-labelled myo-inositol with soil; no such
transformation took place in sterile soil, strongly suggest-
ing that microbial synthesis or epimerization reactions
were responsible.

(iii) Behaviour of inositol phosphates in soils
The dominance of inositol phosphates over other forms

of soil organic P is not reflected in the composition of
organic P inputs to the soil (Magid et al. 1996). For
example, orthophosphate monoesters constitute only 10–
25% of the organic P inputs to the soil from microbial and
plant sources (Webley & Jones 1971; Bieleski 1973;
Magid et al. 1996) of which inositol phosphates are a
minor fraction. By contrast, orthophosphate diesters (e.g.
nucleic acids and phospholipids) constitute the majority
of the organic P in inputs of fresh microbial and plant
matter to the soil. Nucleic acids dominate microbial
inputs of organic P, constituting ca. 60% of the intracellu-
lar P in fungi, bacteria and mycorrhizal mycelium
(Webley & Jones 1971; Gianfrancesco & Leake 2002).
Phospholipids account for 5–30% of the organic P in
microorganisms (Webley & Jones 1971; Magid et al. 1996)
and an even greater proportion in fresh plant tissue
(Bieleski 1973).

The disparity between the composition of organic P
compounds measured in the soil (dominated by ortho-
phosphate monoesters) and those constituting the
majority of the organic P in fresh inputs (dominated by
orthophosphate diesters) arises through a differential stab-
ilization of organic P compounds in the soil. Adsorption
of organic P in soil is usually determined by the P groups,
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which represent the dominant charge on most organic P
compounds (Celi et al. 1999). As a result, organic P com-
pounds are more strongly sorbed as the number of P
groups increases. This means that sugar phosphates and
orthophosphate diesters are only weakly adsorbed and
remain vulnerable to microbial degradation (Greaves &
Wilson 1970). However, with six phosphate groups, IP6

has a high charge density and undergoes strong interaction
with the soil, either being adsorbed to clays (Anderson &
Arlidge 1962; Celi et al. 1999), or precipitated as insoluble
salts such as sesquioxides of Fe and Al in acid soils and
insoluble calcium salts in alkaline soils (Jackman & Black
1951). The strong reaction compared with other organic
P compounds means that IP6 undergoes preferential stabi-
lization, which prevents interaction with hydrolytic
enzymes and results in inositol phosphates accumulating
to form the dominant fraction of organic P in most soils
(Harrison 1987). Since the number of P groups associated
with inositol decreases from hexakisphosphate to mono-
phosphate, the charge density decreases and sorption is
reduced. This is mirrored by decreases in the concen-
trations of these forms in the soil, from hexakisphosphate
to monophosphate (Anderson & Arlidge 1962; Ander-
son & Malcolm 1974), although this also reflects the much
smaller inputs of the lower inositol phosphate esters.

(iv) Factors controlling the amounts of inositol phosphate in
soils

The extent to which inositol phosphates accumulate in
the soil depends to a large extent on a range of climatic,
soil type and cultivation factors. Using two soil chronose-
quences in New Zealand, Baker (1974) found that the IP6

content increased with age up to 3000 years, after which
the amounts remained constant for 10 000 years. The
ratio of myo- to scyllo-IP6 also varied with age, decreasing
from 10 : 1 to 2 : 1 between 50 and 10 000 years. It is
known that the nature of the soil is critical in determining
whether inositol phosphates occur in significant quantities
and whether they are available to plants and microbes.
Some of the factors that influence the stability of inositol
phosphates are soil texture (clay content), pH, organic
matter content, climate and soil management/land use.

Soil properties
The most important soil properties controlling the

accumulation of inositol phosphates are likely to be similar
to those controlling the accumulation of organic matter in
general, including soil texture (clay content) and pH (see
also § 2). Highly significant differences in organic P con-
tents have been detected with variations in texture, with
peat soils containing the greatest proportions and sandy
soils the lowest (Harrison 1987). The type of clay also
influences the strength of IP6 sorption, being more
strongly sorbed to illite than kaolinite due to differences
in the numbers of P groups involved in the stabilization
process (Celi et al. 1999). Concentrations of IP6 in soils
from around the world relate strongly to organic P, total P,
pH, total organic carbon and total nitrogen. For example,
Harrison (1987) found that 90% of the variation in con-
centrations of IP6 reported in the literature was explained
by the total organic P, pH and total carbon. Concen-
trations of inositol phosphates have also been reported to
correlate strongly with the phosphate adsorption capacity
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and amorphous (oxalate-extractable) Fe and Al
(McKercher & Anderson 1968b; Anderson 1980). How-
ever, other studies found no significant relationships with
soil properties (Williams & Anderson 1968; Appiah &
Thomas 1982), which may reflect differences in the
extractability of inositol phosphates between soil types,
combined with variations in sampling techniques (e.g.
sample depth). For example, inositol phosphates accumu-
late in the surface zone of undisturbed soils (Williams &
Anderson 1968).

The soil pH exerts considerable control over the stabil-
ization of inositol phosphates. Acid soils are known to
accumulate more organic P than alkaline soils (Harrison
1987), mainly as orthophosphate monoesters (Hawkes et
al. 1984). Inositol phosphates react strongly with Fe and
Al under acidic conditions and become insoluble. Com-
plexes of inositol phosphates with Fe, Al, Ca and clays
show pH-dependent variations in solubility, being most
stable at pH � 5 and � 7.5 (Goring 1951; Jackman &
Black 1951; Emsley & Niazi 1981), which is further regu-
lated by the type of cations in solution (Celi et al. 2001).
Depressed microbial activity under acidic conditions may
also contribute to the stability of inositol phosphates,
although microbial phytase activity is optimal at low pH
(Ullah & Gibson 1987). Cosgrove (1966) noted that IP6

was not present in two calcareous soils from the USA, but
this is not necessarily representative of all calcareous soils
because McKercher & Anderson (1968b) found that 31%
of the organic P in a Scottish calcareous soil was present
as IP6.

Climate
The effects of climate are difficult to distinguish, but

have been attributed to differences in inositol phosphate
concentrations between soils (McKercher & Anderson
1968b). Soil organic P contents decrease with increasing
temperature (Westin & Buntley 1967), probably because
temperatures of 30–40 °C are optimal for the breakdown
of organic P by the microbial biomass and phosphatase
(Eid et al. 1951; Spier & Ross 1978). The extent of soil
drying can also exert a considerable control on the solu-
bility of inositol phosphates because significantly more are
released to water from air-dried soils than from moist soils
(Wild & Oke 1966; Turner et al. 2002). This is probably
due to physical disruption mechanisms involving soil
structural changes (Simonsson et al. 1999) and may con-
tribute to the substantial increases in organic P released
to water following soil drying (Turner & Haygarth 2001).
Waterlogging of soils causes chemical reduction of Fe
compounds and releases orthophosphate into solution
but, in the case of IP6, probably results in the formation
of insoluble Fe4(phytate) (De Groot & Golterman 1993).

Land use and management
Differences in land use give rise to marked variations in

the organic P content. For example, forest soils typically
contain greater concentrations and proportions of organic
P than arable or cultivated soils (Harrison 1987), although
this may, in part, be indirectly related to climatic or soil-
type controls on land use. However, the amount and com-
position of the soil organic P is profoundly influenced by
conversion between land-use types. For example, conver-
sion of New Zealand grassland to coniferous forest sub-
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stantially reduces the concentration of orthophosphate
monoesters (Condron et al. 1996), possibly through ecto-
mycorrhizal associations with coniferous tree roots
(Leake 2002).

Soil organic P is rapidly degraded under cultivation
(Tiessen et al. 1983), probably through increased aeration
and mineralization (Dalal 1977). Williams & Anderson
(1968) found that soil inositol phosphate concentrations
increased when organic matter accumulated, but
decreased under cultivation when organic matter was
depleted. However, in the latter case, the inositol phos-
phate component decreased at a slower rate than total
organic P, confirming the stability of IP6 in soil.

In recent years, the effects of land use and management
on soil organic P have been investigated using solution-
state 31P NMR. This technique is limited for investigation
of inositol phosphates because it does not discriminate
between inositol phosphates and other orthophosphate
monoesters (see § 4), but the dominance of IP6 in the
orthophosphate monoester pool of most soils suggests that
31P NMR can be used to indicate differences in IP6 con-
tents amongst soils (Bishop et al. 1994). For example, soils
under cultivation for 70–80 years contained only ortho-
phosphate monoesters, probably due to the preferential
degradation of other less stable forms of organic P
(Condron et al. 1990). Early studies using 31P NMR were
conducted on grasslands, which were dominated by ortho-
phosphate monoesters (Tate & Newman 1982; Hawkes et
al. 1984; Condron et al. 1985). More recently, the tech-
nique has been applied to forest and upland organic peat
soils, where there are much smaller differences in the pro-
portions of orthophosphate monoesters and diesters
(Bedrock et al. 1994; Cade-Menun & Preston 1996; Dai
et al. 1996).

Most studies indicate that the addition of mineral P fert-
ilizer increases the organic P content of surface soils,
mainly in the form of orthophosphate monoesters
(Condron et al. 1985; Borie et al. 1989; Bedrock et al.
1994). This may result from either greater inputs of plant
material through increased growth, or to a reduction in
organic P mineralization through decreased requirement
for P and suppression of phosphatase enzyme activity.
Changes in pH induced by adding lime to pasture soils
increases the solubility and mineralization of alkali-
extractable organic P, including IP6 (Pearson et al. 1941;
Condron & Goh 1989).

(v) Biological availability of inositol phosphates in soil
The size of the inositol phosphate pool in most soils

suggests that it has great potential to provide P for plant
uptake. Several plants grow well with phytate as a sole P
source, in some circumstances as efficiently as with ortho-
phosphate and other organic P compounds (Tarafdar &
Claassen 1988; Helal & Sauerbeck 1991). However, it is
far from clear whether this applies to plants growing in
soil. In P-limited environments there is evidence of P
uptake from IP6 in a Carex species (Corona et al. 1996)
and in the dominant arctic tundra plant Eriophorum
vaginatum (Kroehler & Linkins 1991), in addition to a
range of other plant species (Li et al. 1997). However, the
stabilization and accumulation of IP6 in most soils sug-
gests that it is relatively unavailable for biological uptake.
For example, Greenwood & Lewis (1977) observed that
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although soil yeasts of the genus Cryptococcus could use
soluble Na-IP6 as a sole P source, they could not use insol-
uble salts of IP6, perhaps indicating that soil IP6 would be
inaccessible. This is consistent with the findings of
Martin & Cartwright (1971), who showed that IP6 added
to soils was more available to plants in low P-fixing soils
than in high P-fixing soils.

Other studies have suggested that the utilization of IP6

by plants is limited by the presence of phytase, rather than
the inaccessible nature of the compound in the soil matrix.
For example, Findenegg & Nelemans (1993) concluded
that the rate of enzyme-catalysed cleavage limited the
availability of IP6 to maize plants growing in phytate-
amended soil, whilst Hayes et al. (2000b) showed that a
range of pasture plants (grasses and legumes) grew poorly
on IP6 due to insufficient production of phytase. Further-
more, Bishop et al. (1994) showed that adding commercial
phytase to Chilean volcanic soils reduced 31P NMR sig-
nals from alkali-extractable orthophosphate monoesters
compared with extracts of control soils and soils amended
with other phosphatase enzymes.

Several soil microorganisms can access IP6, which may
be an important link in the soil inositol phosphate cycle
and provide the mechanism by which plants obtain P from
soil phytate (Richardson et al. 2001b). Greaves & Webley
(1965) reported that 30–50% of soil bacterial isolates pro-
duced phytase activity, although the ability of soil micro-
organisms to access IP6 in the presence of soil was
subsequently found to be extremely limited (Greaves &
Webley 1969). Ectomycorrhizal fungi may be particularly
important because phytase activity has been detected in
all 20 species so far tested (Leake 2002). For example,
Antibus et al. (1992) showed that mycelium isolated from
four basidiomycete species could access 32P from labelled
IP6. Many ectomycorrhizal species can access insoluble
salts of IP6 as effectively as orthophosphate, including
those associated with coniferous (Sitka spruce) roots. This
is consistent with the findings of Condron et al. (1996),
who discovered that orthophosphate monoesters were
substantially depleted when coniferous agroforestry plan-
tations were grown on New Zealand pasture soils. The
changes were determined by 31P NMR, so were not
directly related to the depletion of IP6. However, IP6 is
the dominant orthophosphate monoester in most soils,
suggesting that ectomycorrhizal associations may be an
important mechanism by which plants access recalcitrant
soil IP6.

A potentially important mechanism of plant acquisition
of P from soil-bound inositol phosphate complexes may
be root-induced changes in rhizosphere pH and/or the
excretion of organic acid anions (e.g. citrate, maleate).
These processes have been extensively investigated in
terms of the solubilization of inorganic P minerals and
phosphate rock fertilizers (e.g. Hedley et al. 1982;
Hinsinger & Gilkes 1996), yet have been relatively ignored
in terms of the organic P compounds. However, the domi-
nance of IP6 in the soil organic P pool suggests that plants
in natural environments may rely heavily on their ability
to access recalcitrant IP6 and that root-induced changes
in pH or organic acid excretion play a major role in this
process. Indeed, inositol phosphates constitute a large
proportion of the organic P extracted from soils with citric
acid at low pH (Hayes et al. 2000a).
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Understanding the extent to which inositol phosphates
are used by plants and how this could be improved is fun-
damental to the development of sustainable, low-input
management systems for agricultural P. Genetic modifi-
cation to produce plants able to secrete phytase is one
approach. For example, the modification of Arabidopsis
thaliana with the phytase gene from Aspergillus niger (plus
a signal peptide sequence) has recently been shown to ren-
der the plant capable of growth rates equivalent to control
plants grown on inorganic orthophosphate (Richardson et
al. 2001a). This approach assumes that inositol phosphate
uptake from soil is limited by phytase activity, raising the
interesting question of why plants evolving in often P-lim-
ited soils containing an abundance of inositol phosphates
do not secrete phytase.

From the preceding discussion, it is clear that the extent
to which soil inositol phosphates are biologically available
remains unresolved. The ample evidence of IP6 utilization
by a range of plant species in culture suggests that inositol
phosphates cannot be disregarded as a bioavailable P
source, but there is a clear requirement for similar studies
in real soil conditions.

(vi) Mobility of inositol phosphates in the soil and potential
transfer to watercourses

Information on the transfer of inositol phosphates from
terrestrial to aquatic systems is fundamental to under-
standing the potential impact of diffuse agricultural P pol-
lution on water quality. However, the difficulties in
detecting low concentrations of trace organic P com-
pounds in natural waters mean that there is little direct
evidence of inositol phosphate transfer from the soil in
runoff.

The strong sorption of IP6 to clays and organic matter
suggests that desorption of IP6 to soil solution is unlikely.
However, Espinosa et al. (1999) reported the first evidence
of the presence of IP6 in soil leachate water, where it con-
stituted around one-third of the identifiable soluble
organic P. Furthermore, studies using enzymes on soil-
water extracts and soil solutions have revealed that a con-
siderable proportion of the organic P is hydrolysable by
phytase (Pant et al. 1994a; Shand & Smith 1997), which
is increased following soil drying (Turner et al. 2002).
Much of the unhydrolysed organic P may be strongly
bound inositol phosphates in high molecular weight com-
plexes with organic matter.

The large amounts of inositol phosphates accumulated
in the soil suggest that there is a great potential for transfer
to surface waters to occur by erosion mechanisms. The
majority of P forms over 0.45 �m in size have been ident-
ified as organic P bound to soil particles, although the
composition of this fraction is largely unknown (Stevens &
Stewart 1982; Heathwaite et al. 1990). Thus, it is reason-
able to assume that large amounts of inositol phosphates
are transferred in runoff adsorbed to soil particles. This is
supported by the work of Suzumura & Kamatani (1995b),
who detected various IP6 isomers in river-water suspended
solids, although these only amounted to ca. 5% of the total
organic P. Furthermore, a substantial amount of P in run-
off can be associated with colloidal-sized (1 nm–1 �m)
material (Haygarth et al. 1997). These soil-derived
colloids consist of clays, organic matter, oxides and oxyhy-
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droxides of Fe, Al and Mn, which have a strong affinity
for inositol phosphates (Kretzschmar et al. 1999).

(vii) Inositol phosphates in animal manures
Inositol hexakisphosphate excreted by monogastrics

(e.g. poultry and pigs) is a potentially important link in
the plant–soil transfer pathway. A large proportion of the
P in animal feed is IP6, but this is unavailable to mono-
gastrics because of low levels of intestinal phytase (Morse
et al. 1992). To combat this, inorganic P supplements are
used to provide sufficient P for optimal animal growth and
development, but inefficient uptake means that typically
about 70% of the total P intake is lost in excreta. This is
ultimately applied to agricultural land, often in addition
to mineral P fertilizers, increasing the risk of P pollution
in runoff water (Haygarth et al. 1998). As a result, there
has been considerable recent interest in the use of phytase
enzymes as feed supplements for monogastrics and rumi-
nants to increase the hydrolysis of IP6 in the gut and
increase P uptake efficiency (e.g. Poulsen 2000). Phytase
supplements also increase the bioavailability of various
minerals and trace elements (e.g. Lei et al. 1993), but
there is evidence that IP6 has various protective functions,
including the reduction of free radicals and the carry-over
of heavy metals (Pallauf & Rimbach 1997).

Phytase supplements can reduce the concentrations of
IP6 in pig faeces by between 35 and 47% (Simons et al.
1990; Skoglund et al. 1998). This has had a tremendous
impact in The Netherlands, where phytase use on a large
scale has halved P excretion from pig production in 20
years (Lenis & Jongbloed 1999). When used with broiler
chickens, phytase allows inorganic P in feed to be reduced
by up to 50%, with no effects on feed conversion, growth
rate, bodyweight or bird performance (Simons et al. 1990;
Huff et al. 1998). Similarly, the use of phytase in a low-
P diet for pigs produces equivalent growth and perform-
ance as a diet with normal P contents (Simons et al. 1990;
Adeola et al. 1998; Liu et al. 1998). When used in duck
diets, it brings additional benefits in terms of improved
nutrient yield and bird performance (Farrell & Martin
1998).

Despite the many agronomic advantages of phytase sup-
plements in animal diets, the environmental benefits are
less conclusive. Phytase supplements can clearly reduce
the concentrations of total P in manures, but the corre-
sponding changes in manure-P composition may have
implications for P transfer in runoff. Manure-derived
inositol phosphates are strongly fixed in the soil and
unlikely to be lost in drainage waters. However, by con-
verting IP6 to inorganic orthophosphate in the animal,
phytase supplements may increase the potential risk of
manure-derived P loss in drainage waters. Therefore, the
potential fate of manure-derived P must be considered
when assessing the value of phytase supplements alongside
the perceived benefits of a reduction in the total P. The
development of techniques for the determination of inosi-
tol phosphates in water and manures will improve our
understanding of the impacts of these types of effects on
the environment.
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(b) The aquatic inositol phosphate cycle
(i) Origins of inositol phosphates in aquatic systems

A conceptual aquatic inositol phosphate cycle is presented
in figure 4b. The origins of inositol phosphates in aquatic
systems are largely unidentified. It has been speculated that
substantial amounts of inositol phosphates are derived from
terrestrial environments, but there is little direct evidence
for this. Weimer & Armstrong (1979) found that, in aquatic
plants, lower inositol phosphate esters (IP1–4) were more
prevalent than higher esters (IP5–6). From this finding, and
the inositol phosphate composition of lake sediments, they
deduced that inositol phosphate inputs to lake sediments
were derived in equal proportions from catchment runoff
and autochthonous production by algae and macrophytes.
However, this assumption was subsequently questioned,
because the extraction process may have degraded higher
inositol phosphate esters (Potman & Lijklema 1983).
Suzumura & Kamatani (1995b) determined IP6 in samples
from various stages of the cycle, including soils, riverine,
estuarine and coastal marine sediments. By tracing the iso-
meric composition of the IP6 through the system, they
deduced that the dominant source of phytate to the catch-
ment was terrestrial.

Some aquatic organisms synthesize inositol phosphates.
The phosphorylation of myo-inositol to myo-IP6 has been
described in Spirodela polyrhiza L., a species of floating
duckweed that, in vivo, can synthesize myo-IP6 from
inositol via the intermediates I(3)P1 I(1,4)P2, I(3,4,6)P3,
I(3,4,5,6)P4, I(1,3,4,5,6)P5 and I(1,2,4,5,6)P5 (Brearley &
Hanke 1996). A similar series of intermediates has been
identified in the slime mouldDictyostelium, in which inositol
phosphates may be involved in cell-signalling processes
(Stephens & Irvine 1990). Phosphatidyl inositol has been
detected in phytoplankton (Oku & Kamatani 1995), sug-
gesting that inositol phospholipids and lower inositol phos-
phates play an important role in phytoplankton metabolism
and structure. However, Suzumura & Kamatani (1995b)
did not detect IP6 in zoo- or phytoplankton, discounting
them as a source of aquatic phytate.

(ii) Amounts and forms of inositol phosphates in aquatic
systems

Inositol phosphates have been detected in substantial
quantities in aquatic sediments and potentially constitute
an important fraction of the total organic P in the water
column. Alkaline bromination followed by gel filtration of
dissolved organic P in lake waters has been used to show
that IP1–3 were present in lake waters at concentrations
between 3 and 15 �g P l�1, mostly in the form of high
molecular weight complexes (Eisenreich & Armstrong
1977). Herbes et al. (1975) determined that the majority
of the dissolved organic P in lake water was amenable to
hydrolysis by phytase. These compounds were suggested
to consist of low molecular weight orthophosphate
monoesters such as soluble inositol phosphates, plus high
molecular weight compounds consisting of inositol phos-
phates bound to lipids, proteins and fulvic acids. Similarly,
McKelvie et al. (1995) detected phytase-hydrolysable P
compounds in natural waters using phytase in an immobil-
ized, although phytase also hydrolysed a range of other
organic P compounds.

Inositol phosphates comprise a substantial proportion
of the total P in most lake sediments (Sommers et al. 1972;
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Weimer & Armstrong 1977; De Groot & Golterman
1993). For example, Sommers et al. (1972) detected con-
centrations between 15 and 34 �g P g�1, although this
represented less than 10% of the total organic P. De
Groot & Golterman (1993) showed the presence of con-
siderable levels of phytase-hydrolysable P in shallow sedi-
ments from a freshwater marsh and a brackish/saltwater
lake in southern France. In contrast, Feuillade & Dorioz
(1992) detected only small concentrations of phytase-
hydrolysable P in lake sediments, although this may have
been an artefact of the high pH (7.8) used in these experi-
ments (phytase activity decreases to almost zero at pH 7).
In the marine environment, White & Miller (1976) dem-
onstrated the presence of small amounts of IP6 in coastal
sediments, whilst Suzumura & Kamatani (1993) detected
myo-, chiro- and scyllo-IP6 in shallow marine sediments
from Tokyo Bay.

(iii) Availability of inositol phosphates to aquatic organisms
The bioavailability of inositol phosphates in aquatic sys-

tems is an important issue in terms of water quality. The
large concentrations of inositol phosphates in aquatic sedi-
ments means that they are a potentially important source
of P for algal growth, which has implications for water
quality and attempts to control eutrophication. However,
evidence for the bioavailability of inositol phosphates in
aquatic systems is contradictory. Their accumulation in
sediments suggests that they are relatively refractory and,
hence, biologically unavailable, but there is evidence that
35 different cyanobacterial strains (blue-green algae) can
use IP6 as their sole P source, although not as effectively
as orthophosphate or other organic P compounds
(Whitton et al. 1991). This indicates the synthesis of phy-
tase by these organisms. Other phosphatases produced by
algae (e.g. alkaline phosphatase) are not able to hydrolyse
IP6, although they may show activity for IP1–5.

The strongest evidence for the potential bioavailability
of IP6 comes from analysis of estuarine and coastal
environments, where inositol phosphates appear to be rap-
idly degraded. For example, Suzumura & Kamatani
(1995a) found that although IP6 constituted the majority
of the total organic P in estuarine sediments, this was not
mirrored in coastal marine sediments, where there was
evidence of substantial hydrolysis. Inositol hexakisphosph-
ate concentrations in coastal marine surface sediments
were 0.01–0.1 �mol P g�1, representing ca. 0.1–1.2% of
the total organic P, but were many times lower than in
estuarine sediments (0.07–0.66 �mol P g�1) and riverine
suspended solids (0.46 �mol P g�1) and two orders of
magnitude lower than in soils (0.25–5.65 �mol P g�1). In
addition, IP6 was completely decomposed in subsurface
sediments, indicating its ephemeral nature in the marine
environment. Further evidence of in situ hydrolysis of
inositol phosphates in marine sediments was provided by
White & Miller (1976) who detected residual myo-, scyllo-
and neo-inositol isomers in marine sediments, but only
small amounts of the hexakisphosphate esters.

The reasons for the rapid degradation of IP6 in marine
environments are unclear, but may relate to changes in the
solubility of sediment-bound inositol phosphates in more
saline environments, or to anaerobic processes in marine
sediments. The latter explanation seems the most likely,
because in laboratory studies sediment IP6 was almost
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completely hydrolysed within 40 days under anaerobic
conditions, whereas under aerobic conditions only partial
hydrolysis was noted after 60 days (Suzumura & Kamatani
1995a). Clearly, many important questions remain to be
answered concerning the forms, origins, transformations
and bioavailability of inositol phosphates in aquatic
systems.

4. ANALYTICAL TECHNIQUES FOR THE
DETERMINATION OF INOSITOL PHOSPHATES

IN ENVIRONMENTAL SAMPLES

The single greatest limitation on the investigation of
inositol phosphates in the environment has been the
availability of suitable analytical techniques for their deter-
mination in the complex matrices presented by environ-
mental samples. Determination of inositol phosphates in
waters, sediments and soils involves three distinct oper-
ations: extraction, separation and detection. Successful
determination of inositol phosphates can be hindered in
each or all of these stages. For example, the efficiency of
inositol phosphate extraction from soils is highly depen-
dent on the extraction conditions used and may involve
some hydrolysis of the inositol phosphate congeners
present. Chromatographic separation of inositol phos-
phates may be incomplete because of the elution con-
ditions chosen or specific interactions with the stationary
phase, or could even entail some on-column hydrolysis.
Detection of inositol phosphates after separation usually
involves colorimetric determination of molybdate-reactive
P following a digestion step, which may or may not be
100% efficient depending on the conditions selected. For
example, use of conventional thermal digestion with
nitric–sulphuric acid for determination of total P is
unlikely to allow complete conversion of phytic acid to
orthophosphate for subsequent detection and, conse-
quently, the phytic acid contribution to total P is under-
estimated or even undetected. For this reason, the use of
a digestion reagent that has both oxidative and hydrolytic
capability, such as peroxydisulphate–sulphuric acid or
peroxydisulphate–perchloric acid, is recommended
(Benson et al. 1996).

It may also be difficult to achieve the sensitivity in the
detection stage that is necessary to determine the low con-
centrations of inositol phosphates in natural waters.
Consequently, there is a need to refine existing techniques
and to develop new techniques that have the selectivity
and sensitivity required to advance our understanding of
the behaviour of inositol phosphates in the environment.
A critical part of the validation of new techniques will be
a systematic investigation of the transformations between
different esters (IP1–6) and isomers (myo, scyllo, d-chiro,
neo) that may occur during extraction, separation and
detection.

The following section details the existing procedures
and techniques for the determination of inositol phos-
phates in environmental samples. Limits of detection have
been reported where possible (table 3), but many publi-
cations do not provide sufficient information to allow this.
Similarly, there are few fully validated techniques. In gen-
eral, validation should be performed against chromato-
graphically purified standards, but there are problems in
obtaining suitable reference materials. Many of the
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reported analytical methods do not list detection limits or
test for selectivity, so it is not always possible to compare
the relative merits of the different techniques. However,
techniques based on chromatographic or capillary electro-
phoresis separation will generally be more selective than
those based on selective or sequential extraction pro-
cedures.

(a) Extraction and clean-up of inositol phosphates
from soils and sediments

The extraction of inositol phosphates from soils and
sediments is complicated by their propensity to form com-
plexes with polyvalent cations or to associate with other
organic matter in the sample, such as humic acids
(McKercher & Anderson 1968b; Omotoso & Wild 1970;
Appiah & Thomas 1982). The conventional and long-
standing approach to extraction of the chemically refrac-
tory higher inositol phosphates (IP5�6) from soils has
involved the use of a strong alkali solution, typically 3 M
NaOH (Irving & Cosgrove 1981). From the late 1960s,
the main extraction method used was that described by
Anderson (1964) and McKercher & Anderson (1968b).
The soil sample is first treated with a dilute acid to remove
carbonates; this acid is then discarded. The soil is sub-
sequently extracted with hot 3 M NaOH to extract the
strongly bound inositol phosphates from the soil. The
sesquioxides are removed as precipitates from the alkali
extract and the inositol phosphates are then precipitated
as barium salts in the presence of ethanol. The inositol
phosphates have conventionally been separated by
ion-exchange chromatography (McKercher & Anderson
1968b).

Despite the widespread use of the McKercher & Ander-
son method, it can overestimate the concentrations of
inositol phosphates in soil extracts because other organic
P compounds are present in the ion-exchange fractions
that were thought to contain only inositol phosphates
(Irving & Cosgrove 1981). This can be overcome by using
alkaline bromination, or hypobromite oxidation, which
oxidizes soil organic matter without degrading IP5�6

(Irving & Cosgrove 1981, 1982). The remaining inositol
phosphates can then be analysed without interference
from other organic P compounds.

Eisenreich & Armstrong (1977) tested the effect of alka-
line bromination on standard solutions of IP1 and IP6.
Using gel filtration chromatography to separate the two
inositol phosphates, they found an average post-alkaline
bromination recovery of 87% for IP6 and 45% for IP1.
The lower recovery for IP1 was attributed to its greater
susceptibility to hydrolysis. Other organic phosphates,
including glucose 6-phosphate, DNA and adenosine
monophosphate, were completely oxidized by the same
treatment. However, it should be noted that it has sub-
sequently been found that DNA is not oxidized by the
alkaline bromination procedure (Nanny & Minear 1994).

Weimer & Armstrong (1977) used three methods for
extracting inositol phosphates from lake sediments. The
first was a basic extraction using NaOH to liberate inositol
phosphates from the sediment and, as with the
McKercher & Anderson (1968b) method, inositol phos-
phates were precipitated as barium salts after the sesquiox-
ides had been discarded. The second method coupled
milder extraction conditions with alkaline bromination,
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but no significant advantages were observed from this
clean-up step. The third method involved a combination
of the two previous methods and yielded the best recovery
of inositol phosphates from the sediments (12.7% total
organic P). Radiolabelling inositol phosphates with 32P
showed that an average recovery of 91% was obtained fol-
lowing the extraction and clean-up procedures.

Hong & Yamane (1980) compared NaOH extraction
procedures for inositol phosphates in soil humic acid.
More inositol phosphates were recovered by increasing the
extraction temperature from 60 to 100 °C and allowing
a fourfold increase in the time allowed for hypobromite
oxidation. Other extraction techniques have involved the
initial removal of inorganic orthophosphate with Ca-
nitrilotriacetate/dithionite and ethylenediamine tetra-
acetic acid (EDTA), followed by the removal of an acid-
soluble organic P fraction, leaving a residual organic
phosphate fraction containing inositol phosphates (De
Groot & Golterman 1993). A phytase-hydrolysable frac-
tion was determined once humic acids were removed as a
precipitate to prevent interference with the enzyme. This
phytase-hydrolysable fraction was used to infer the pres-
ence of phytate. No measure of the extraction efficiency
was made, although it was demonstrated that phytate for-
med insoluble complexes with Mn2�, Mg2�, Fe2�, Ca2�,
Al3� and Fe3�.

Recently, the recovery of organic P from soil has been
improved using an extracting solution containing 0.25 M
NaOH plus 0.05 M EDTA (Cade-Menun & Preston
1996). First proposed by Bowman & Moir (1993), extrac-
tion with NaOH–EDTA has become widely used for
analysis of soil P composition by 31P NMR (e.g. Cade-
Menun & Preston 1996; Dai et al. 1996), but has yet to
be applied to the extraction of inositol phosphates.

(b) Pre-concentration of inositol phosphates in
environmental samples

The low concentrations of organic P compounds in
natural waters has precluded most analytical techniques
for their determination, with the result that there is little
information on the forms and occurrence of inositol phos-
phates in water. The requirement for the analysis of inosi-
tol phosphates in waters is, therefore, some form of pre-
concentration. Soil extracts for analysis by 31P NMR also
require some form of pre-concentration. The time and
treatment conditions involved in sample pre-concen-
tration introduces the potential for changes in P forms to
occur, but are necessary if aquatic samples are to be ana-
lysed effectively using current methodologies.

Several methods of pre-concentration have been
developed, including rotary evaporation at low tempera-
tures (Newman & Tate 1980), ultrafiltration through low
molecular weight filters, reverse osmosis membranes
(Clarkin et al. 1992; Nanny et al. 1994) and precipitation
of P compounds with lanthanum (Stevens & Stewart
1982). Clarkin et al. (1992) proposed a concentration pro-
cedure whereby samples were concentrated and size-
fractionated using a series of ultrafiltration and reverse
osmosis membranes, although only ca. 25% of the initial
dissolved P in field samples was retrieved by this tech-
nique. This method was used to analyse soluble organic P
in lake and stream water samples (Nanny & Minear 1994;
Nanny et al. 1995). Espinosa et al. (1999) described a
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method that employs strong anion exchange (SAX) resins
for the concentration and speciation of trace amounts of
P compounds in soil waters. Pre-concentration was
achieved by passing filtered samples through SAX car-
tridges and eluting the retained negatively charged species
with a solution of 0.75 M NaCl and 0.5 mM EDTA.
Recoveries of over 75% were achieved for a range of inor-
ganic and organic model P compounds. The eluate was
then separated on a strong anion exchange column.
Recently, a method has been proposed for pre-concentrat-
ing IP6 onto Sephadex gel (used in gel filtration), which
selectively retains IP6 whilst excluding other organic and
inorganic phosphates. The gel-bound inositol phosphates
are then quantified directly using solution-state 31P NMR
(Turner & McKelvie 2002).

(c) Techniques for the separation of inositol
phosphates

(i) Liquid chromatography
Several methods have been used to separate inositol

phosphates, including ion-exchange (high performance
liquid chromatography (HPLC) or conventional large-
column ion-exchange) and size exclusion/gel filtration
(table 3), although most have involved ion-exchange
chromatography to isolate the individual congeners
(Tangendjaja et al. 1980; Camire & Clydesdale 1982;
Graf & Dintzis 1982; Batty et al. 1985; Wilson et al. 1985;
Cilliers & Van Niekerk 1986; Meek & Nicoletti 1986; Por-
tilla & Morrison 1986; Horstman et al. 1988; Matthews
et al. 1988; Mayr 1988; Minear et al. 1988; Phillipy &
Bland 1988; Heathers et al. 1989; Taylor et al. 1990; Bos
et al. 1991; Prestwich & Bolton 1991; Clarkin et al. 1992;
Rounds & Nielsen 1993; Wolters et al. 1993; Nanny et al.
1994, 1995; Guse 1995; Suzumura & Kamatani 1995b).
The ability of anion-exchange HPLC to separate the vari-
ous inositol phosphate congeners effectively and efficiently
has led to its widespread use. However, in addition to an
often lengthy separation time, there is a need for sensitive
detection methods for inositol phosphates following separ-
ation. As inositol phosphates cannot be detected directly
by either UV or visible spectrophotometry, several studies
have used post-column conversion and/or derivatization
reactions with subsequent spectrophotometric detection
(Cilliers & Van Niekerk 1986; Meek & Nicoletti 1986;
Mayr 1988; Haizeng et al. 1991; Clarkin et al. 1992;
McKelvie et al. 1993; Rounds & Nielsen 1993; Wolters et
al. 1993).

Use of low pressure anion-exchange chromatography
has been superseded by HPLC because of the inability of
the former to resolve inositol phosphates adequately
within an acceptable time (Cosgrove 1963, 1969a; Cos-
grove & Tate 1963; McKercher & Anderson 1968a,b;
Sommers et al. 1972; Harland & Oberleas 1977; Ellis &
Morris 1982). Further advantages of HPLC over more
traditional column or paper chromatographic techniques
include better resolution of the various congeners of the
inositol phosphate family, faster sample throughput,
smaller sample size and improved detection limits.
Recently, a simple and inexpensive high performance thin-
layer chromatography technique has been developed for
the separation of IP1–6 in grain extracts (Hatzack & Ras-
mussen 1999). Anion-exchange HPLC has been the pre-
ferred mode for the separation of inositol phosphates, but
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reversed-phase HPLC has also been applied (Tangendjaja
et al. 1980), mainly for the separation and quantification
of the various inositol phosphate esters in food and bio-
logical materials, but only at much higher concentrations
than those that are presumed to occur in lake and river
sediments (Brando et al. 1990; Patthy et al. 1990;
Lehrfeld & Morris 1992; Tao & Li 1992).

(ii) Gas chromatography
Gas chromatography (GC) has been used to detect

derivatized volatile inositol phosphate forms, but only
after separation by ion-exchange chromatography
(Rittenhouse & Sasson 1985; Heathers et al. 1989). One
method for determining the isomers of IP5�6 in soils
involved initial isolation of the inositol phosphates with
low-pressure anion-exchange chromatography, followed
by GC using flame ionization detection (FID) to detect
the various isomers as hexakis-O-acetyl derivatives
(Irving & Cosgrove 1982). An even more involved method
used anion-exchange HPLC to collect IP1�4, which were
subsequently dephosphorylated to myo-inositol before
being derivatized to a hexatrimethylsilyl moiety and ana-
lysed by GC–FID (Heathers et al. 1989). Neither method
was used to quantify inositol phosphates.

(iii) Capillary electrophoresis
Capillary electrophoresis has been used for the separ-

ation of inositol phosphates in physiological samples and
in a fermentation broth (Henshall et al. 1992; Buscher et
al. 1994). Typical separation time for the resolution of
four of the inositol phosphate congeners was 10 min, and
the species of interest were detected via indirect photo-
metric means (Henshall et al. 1992). The application of
capillary electrophoresis coupled with mass spectrometry
detection has the potential to provide detailed and com-
prehensive information on inositol phosphates in environ-
mental samples, but has not, as yet, to our knowledge,
been accomplished.

(d) Spectroscopic detection techniques
(i) Nuclear magnetic resonance spectroscopy

Although 31P NMR spectroscopy is relatively insensitive
compared with HPLC techniques, it has the advantage of
being able to distinguish between similar compounds in
complex matrices (Nanny & Minear 1994), thereby obvi-
ating the need for lengthy chromatographic separation and
clean-up procedures (Costello et al. 1976; O’Neill et al.
1980; Tate & Newman 1982; Crans et al. 1993; Johnson
et al. 1995; Kemme et al. 1999). For this reason, the tech-
nique has great potential for the investigation of inositol
phosphates in environmental samples. The various P com-
pounds are differentiated according to the different
environments around the P nuclei, although the chemical
shift of the phytate peaks varies with the pH and ionic
strength of the solution (Costello et al. 1976; O’Neill et
al. 1980; Nanny & Minear 1994).

Phytate has been quantified in foods by measuring the
area of the peaks that occur at the C2 position for phytate
(� = 24 to 28 ppm downfield of tetrametaphosphate), as
this peak was well resolved from low-field orthophosphate
and other phytate signals (O’Neill et al. 1980). Recently,
31P NMR has been used to quantify IP1�6 in a range of
samples related to animal nutrition (Kemme et al. 1999).
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The samples were extracted in HCl and purified by freeze-
drying and filtration, followed by analysis at alkaline pH
(� 12) to ensure the stability of the samples. The use of
two-dimensional 31P–1H NMR is a novel application for
determining the isomeric composition of inositol phos-
phates (Johnson et al. 1995) and has recently been used
to identify neo-IP4�6 in two species of amoebae following
the separation and purification of the compounds by
HPLC (Martin et al. 2000). Solution-state 31P NMR has
also been used to detect IP6 separated from other organic
and inorganic phosphates by selective extraction onto
Sephadex gel (Turner & McKelvie 2002).

The application of 31P NMR to the investigation of
inositol phosphates in soils appears attractive and has been
used to identify IP6 in alkaline soil extracts using spiked
samples (e.g. Newman & Tate 1980). However, the
identification and quantification of inositol phosphates is
hindered by poor resolution in the orthophosphate mono-
ester region of the NMR spectra (� = �3.5 to 5.9 ppm),
resulting in an inability to differentiate between inositol
phosphate esters, other orthophosphate monoesters and
often orthophosphate (Hawkes et al. 1984; Condron et al.
1985, 1990, 1997). Similar problems encountered in the
investigation of lake waters were partially overcome by
using hypobromite oxidation, leaving only inorganic
orthophosphate, inositol phosphates and DNA (Nanny &
Minear 1994). In this study, the required 31P NMR
detection limits of 10–20 mg P l�1 were achieved using
ultrafiltration and reverse osmosis techniques (Nanny &
Minear 1994), but are more commonly and easily achi-
eved by freeze-drying samples and redissolving in NaOH.
Despite this, long run times (often over 16 h) are neces-
sary to achieve acceptable signal-to-noise ratios.

In recent years, high-resolution solid-state 31P NMR has
also been applied to soils (Lookman et al. 1996, 1997).
This has obvious applications for investigating soil pro-
cesses in situ without the need for extraction procedures
that can alter the P compounds under investigation. How-
ever, the broad peaks that result from the low concen-
trations of P and high concentrations of paramagnetic
impurities (Fe3�, Mn2�), coupled with the inability to dis-
tinguish between orthophosphate monoesters and ortho-
phosphate, means that solid-state 31P NMR is of limited
value at present (Condron et al. 1997).

Therefore, whilst the use of 31P NMR is attractive
because various P compounds can be determined directly
in complex matrices without the need for separation, the
technique remains relatively insensitive and does not per-
mit the easy differentiation between different ortho-
phosphate monoesters. Despite this, it remains a
convenient method of quantification and identification of
inositol phosphate esters and isomers following chromato-
graphic separation or alkaline bromination.

(ii) Mass spectrometry
Chemical ionization gas chromatography–mass spec-

trometry (GC–MS) has been used to quantify inositol tris-
phosphate in kidney cells after HPLC separation and acid
hydrolysis (Wilson et al. 1985). Fast atom bombardment–
mass spectrometry (FAB–MS) (Hsu & Sherman 1989)
and thermospray liquid chromatography–mass spec-
trometry (LC–MS) (Wilson et al. 1985; Phillipy et al.
1987) have also been applied to the analysis of inositol
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phosphates in biological matter, but not environmental
samples per se, possibly due to the high detection limit of
ca. 190 �g P l�1 for the LC–MS technique (Hsu et al.
1990; Shang et al. 1992). This situation seems unlikely to
change while there is a preference for cheaper, more versa-
tile instrumentation and, potentially, on-line monitoring
of inositol phosphates.

(iii) Inductively coupled plasma atomic-emission spectroscopy
Phytic acid has been detected in food and urine using

inductively coupled plasma atomic-emission spectroscopy
(ICP-AES) by pre-concentrating the phytic acid on an
anion-exchange resin (e.g. AGI-X4, Bio-Rad), followed
by quantitative determination as P by ICP-AES (Plaami &
Kumplainen 1991; March et al. 1995; Grases & Llobera
1996). Detection limits for phytate of 0.5 mg P l�1 in cere-
als (Plaami & Kumplainen 1991) and 36 �g P l�1 in urine
(Grases & Llobera 1996) were reported. Current detec-
tion limits for P in the �g l�1 range mean that this method
has great potential for determining of total P in aqueous
samples.

(iv) Molecular luminescence
Techniques using either bioluminescence or fluor-

escence offer a potentially sensitive means for detecting
inositol phosphates. When used in combination with the
highly selective enzymes, luminescence techniques can
offer detection limits that are three orders of magnitude
lower than spectrophotometric techniques. One example
of a highly sensitive bioluminescence detection of inositol
phosphates involved the HPLC separation of IP2�4 con-
geners (Prestwich & Bolton 1991). Collected fractions
were desalted, dephosphorylated using alkaline phospha-
tase and the liberated inositols determined by an inositol
dehydrogenase-NADH-linked bioluminescence reaction.

(e) Radiolabelling techniques
Radiolabelling with 3H or 32P/33P has been used to

determine inositol phosphates in lake sediments
(Weimer & Armstrong 1977) and biological samples
(Batty et al. 1985; Rittenhouse & Sasson 1985; Horstman
et al. 1988; Taylor et al. 1990). Radiolabelling with 32P
has also been used to identify specific inositol phosphates
after HPLC separation (Brando et al. 1990; Patthy et al.
1990; Taylor et al. 1990; Lehrfeld & Morris 1992; Tao &
Li 1992), whilst inositols labelled with 14C have been used
to investigate the origins of IP6 stereoisomers in the soil
(L’Annunziata et al. 1977). Dual-labelled 32P–14C IP6

would represent a powerful tool for investigating many
fundamental questions regarding the origins and trans-
formations of inositol phosphates in soils.

(f ) Enzyme-hydrolysis techniques
Soluble phytase has been used to infer the presence of

IP6 in lake waters (Herbes et al. 1975), aquatic sediments
(Feuillade & Dorioz 1992; De Groot & Golterman 1993),
soil solutions (Shand & Smith 1997), soil water extracts
(Pant et al. 1994a; Turner et al. 2002) and root exudates
(Pant et al. 1994b). The method involves the addition of
phytase to an aqueous sample, which hydrolyses any inosi-
tol phosphates present. The liberated orthophosphate is
then determined by molybdate reaction. More advanced
methods have used immobilized phytase columns coupled
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with flow injection analysis to determine IP6 in natural
and wastewaters (McKelvie et al. 1995).

Enzyme techniques are sensitive, having limits of detec-
tion comparable with those for orthophosphate in waters
(ca. 10–20 �g l�1 using colorimetric detection), especially
when coupled with flow injection analysis (Shan et al.
1993, 1994; McKelvie et al. 1995). The major drawback
is that commercial phytase preparations are non-specific
and release orthophosphate from a range of orthophos-
phate monoester, diester and condensed P compounds, in
addition to IP6 (Shand & Smith 1997; Turner et al. 2002).
This can be overcome by using purified phytase prep-
arations specific to phytic acid (Ullah & Gibson 1987;
Hayes et al. 2000a). Enzyme techniques are readily appli-
cable to the routine analysis of a large number of environ-
mental samples, but must be validated using techniques
that have greater sensitivity and specificity for the various
inositol phosphate esters.

5. CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE RESEARCH

Inositol phosphates are a fundamental component of
the global P cycle because of their relative abundance in
soils and sediments; yet the origins, bioavailability and
mobility of inositol phosphates in the environment are
poorly understood. The similar nature of the six congeners
of inositol phosphate has caused difficulty in separating
and quantifying the amounts of each species. Thus, it is
not surprising that the first complete separation of all six
inositol phosphate esters has only been reported in the last
decade. Detection of the isomeric forms of inositol phos-
phate places further demands on analytical sensitivity and
the origins of the various isomers in the environment
remain enigmatic.

Before significant advances can be made in understand-
ing the mechanisms controlling inositol phosphate dynam-
ics in the environment, it will be necessary to develop
inexpensive, robust and reproducible techniques for the
extraction, separation and detection of inositol phosphates
in environmental samples. Methods for the quantitative
extraction of inositol phosphates from soil and sediments
remain elusive, although the one-step NaOH–EDTA
extraction technique currently used in 31P NMR studies
combines high P recoveries with mild extraction con-
ditions. The continued development of techniques
employing HPLC separations with anion exchange col-
umns should provide an accurate separation technique
that will be available to most laboratories. Thus, chroma-
tographic techniques offer the greatest potential for
allowing inositol phosphate determinations to become
routine. However, for the analysis of large numbers of
environmental samples at low cost, such as in catchment
water quality monitoring, the development of enzymatic
techniques coupled with flow injection analysis may be
preferable. Sensitive techniques for the separation of the
isomeric forms of inositol phosphate in environmental
samples would be a significant advance, possibly providing
key insights into the dynamics and bioavailability of inosi-
tol phosphates in the soil. Such techniques may involve
capillary electrophoresis mass spectrometry systems,
although detection limits will, as ever, present a major
limitation. Before any new techniques become accepted,
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a comprehensive assessment of the transformations that
occur during the entire procedure is a fundamental
requirement.

Once basic methodologies for inositol phosphate deter-
mination are established, it will be possible to begin com-
prehensive investigation into the dynamics of inositol
phosphates in the environment. Aspects requiring
immediate investigation include the processes controlling
inositol phosphate cycling and bioavailability in soils and
waters and the transport of inositol phosphates between
the major environmental compartments. This will reveal
valuable information about the availability of inositol
phosphates to crops, the potential risks associated with
their transfer from soil to water and the subsequent impact
on water quality through the availability of inositol phos-
phates to aquatic microorganisms.

An important area of current research into soil P is the
development of sustainable management strategies for P
in agricultural systems, minimizing the use of mineral fert-
ilizers and, therefore, potential P loss in runoff to water-
courses. An obvious route to achieving sustainability is the
strategic exploitation of inositol phosphates, which rep-
resent a substantial untapped reservoir of soil P. This can
only be achieved through a concerted effort towards a
comprehensive understanding of inositol phosphate
dynamics in the soil system, but will lead to a sustainable
future for P from both an agronomic and an environmen-
tal perspective.
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