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Phytate Degradation by Different 
Phosphohydrolase Enzymes: Contrasting Kinetics, 

Decay Rates, Pathways, and Isotope Effects

Soil Biology & Biochemistry

Phytate (IP6) is often the most common organic P compound particularly 
in agricultural soils. Understanding the fate of inositol phosphate (IPx) in 
the environment in terms of isomeric composition and concentration and 
assessing relative resistance to (or preference for) degradation is essential 
to estimate the potential role of IPx in generating inorganic P (Pi) as well 
as overall P cycling in the environment. In this study, we analyzed IP6 deg-
radation by four common phosphohydrolase enzymes (phytase from wheat 
[Triticum aestivum L.] and Aspergillus niger and acid phosphatase from 
wheat germ and potato [Solanum tuberosum L.]), with particular focus on 
degradation pathways, isomer kinetic decay rate, and isotope effects using 
a combination of high-performance ion chromatography, nuclear mag-
netic resonance, stable isotopes, and process-based modeling techniques. 
Our results show that the degradation pathways are often distinct among 
enzymes. The process-based Bayesian inverse modeling was used to capture 
the trend and magnitude of the measured concentrations for each IPx iso-
mer and to determine the decay constants. Furthermore, O isotope ratios 
(d18OP) of released Pi enabled the identification of isotopically identical 
phosphate moieties in phytate derived from natural sources. Distinctly dif-
ferent fractionation factors, degradation pathways, and kinetic decay rate 
coefficients among the enzymes studied could lead to potential discrimina-
tion and tracking of phytate sources and products as well as active enzymes 
present in the environment.

Abbreviations: HPIC, high-performance ion chromatography; IP, inositol phosphate; 
NMR, nuclear magnetic resonance; Pi, inorganic phosphorus; pNPP, para-nitrophenyl 
phosphate.

Inositol phosphates are a group of organic P compounds widely present in the 
natural environment (Turner et al., 2002). Phytate (the salt of myo-inositol 
1,2,3,4,5,6-hexakisphosphate or IP6) is a P storage molecule in cereals and 

grains and represents between 60 and 80% of P in mature seeds (Raboy, 1997). 
Since it is reported that ?51 million tonnes of phytate is formed in commercially 
produced fruits and crop seeds every year (Lott et al., 2000), a good fraction of 
phytate in seeds and grains is released to the soil environment as plant residues 
and animal manures (Dao, 2007; Gerke, 2015). Phytate readily sorbs onto miner-
als or precipitates with soil cations and organic matter, and then accumulates to 
constitute an often dominant class of organic P (Celi and Barberis, 2007; Giles 
and Cade-Menun, 2014). Although sorption and precipitation immobilizes a large 
fraction of phytate in soil, there is a potential for its transfer to water bodies with 
soil particulates and colloids (Turner et al., 2002; Turner and Newman, 2005). 
Because 1 mol of phytate contains 6 mol of phosphate, phytate degradation could 

Mingjing Sun
Dep. of Plant and Soil Sciences 
Univ. of Delaware 
Newark, DE 19716

Jamal Alikhani 
Arash Massoudieh

Civil Engineering Dep. 
Catholic Univ. of America 
Washington, DC 20064

Ralf Greiner
Dep. of Food Technology 
    and Bioprocess Engineering 
Max Rubner-Institut 
Federal Research Institute 
    of Nutrition and Food 
76131 Karlsruhe 
Germany

Deb P. Jaisi*
Dep. of Plant and Soil Sciences 
Univ. of Delaware 
Newark, DE 19716

Core Ideas

•	Phytate is degraded through distinct 
pathways for a particular enzyme.

•	Oxygen isotope ratios of phosphate 
moieties in phytate are isotopically 
identical.

•	These findings bring new insights 
into tracking phytate sources in the 
environment.

Published February 9, 2017

10.2136/sssaj
mailto:jaisi@udel.edu
http://creativecommons.org/licenses/by


∆ Soil Science Society of America Journal

significantly increase inorganic P (Pi), and thus may contribute 
to eutrophication of coastal and freshwater resources (McKelvie, 
2007), leading to a serious ecological concern.

Phytate is rather stable against abiotic degradation; how-
ever, it can quickly degrade in the presence of phytate-degrading 
enzymes (Cosgrove and Irving, 1980; Mullaney et al., 2007), 
which are widespread in the environment (Greiner, 2007; 
Konietzny and Greiner, 2002; Meek and Nicoletti, 1986; Shan 
et al., 1993). These enzymes can hydrolyze phytate and gener-
ate different inositol phosphate isomers (Greiner and Konietzny, 
2011). The phytate numbering system follows d- and l- nomen-
clature (Fig. 1), which is not only for numbering the position 
of C atoms in the inositol but also for presenting the absolute 
stereochemistry structure of inositol phosphates (Shears and 
Turner, 2007). For instance, d-myo-inositol-1,4,5,6-tetrakispho-
sphate [d-I(1,4,5,6)P4] and d-I(3,4,5,6)P4 are a pair of enan-
tiomers while d-I(1,3,4,5)P4 and d-I(3,4,5,6)P4 are positional 
isomers. The position of phosphate moieties on the inositol ring 
has been found to be related to physiological functions in cell bi-
ology, such as ion channel physiology, membrane dynamics, and 
nuclear signaling (Irvine and Schell, 2001). Different enzymes 
can remove the phosphate groups from different positions on 
the inositol ring and form low-order inositol isomers, of which 
positional isomers or enantiomers (Greiner et al., 2006) could 
be related to particular physiological functions (Blum-Held et 
al., 2001).

In the environment, the majority of P occurs as Pi and thus 
permits the use of stable isotope ratios of O in Pi (d

18OP) as a 
potential tracer of P ( Jaisi and Blake, 2014; Jaisi et al., 2014; 
McLaughlin et al., 2013). Organophosphorus compounds can 
be hydrolyzed by extracellular phosphatases or other enzymes 
and subsequently release Pi. In the case of enzymatic degradation 
of phytate, cleavage of a P–O bond linked to the inositol ring 
incorporates one O from water and inherits three O atoms from 
the parent phytate molecule in the released Pi (von Sperber et 
al., 2015; Wu et al., 2015). Because the generated Pi partially re-
tains the isotope signature of the original phytate, there is a pos-
sibility to apply O isotope ratios to trace sources as well as track 
the fate of phytate in the environment. The aims of this research 
were: (i) to determine the enzymatic hydrolyzability of phytate 
by four common phosphohydrolase enzymes (phytase from 
wheat and Aspergillus niger and acid phosphatase from wheat 

germ and potato), (ii) to investigate the difference in the mecha-
nisms and pathways of degradation among these enzymes, (iii) 
to compare the kinetic decay rate of different isomers of inositol 
phosphates, and (iv) to identify the O isotope effects of different 
enzymes. These aims were realized by running a series of enzy-
matic phytate degradation experiments and analyzing the inosi-
tol phosphate isomers generated by using high-performance ion 
chromatography (HPIC), nuclear magnetic resonance (NMR), 
and stable isotopes and by developing Bayesian inverse modeling 
to identify degradation constants for each isomer. We anticipate 
that a suite of information generated from these measurements 
will be useful for tracking the original source of phytate from its 
dephosphorylated products in the environment.

MATERIALS AND METHODS
Chemicals and Reagents

Potassium phytate (a synthetic product), sodium phytate 
(from rice [Oryza sativa L.]), d-glucose-6-phosphate (G-6-P), 
and a-d-glucose-1-phosphate (G-1-P) were purchased from 
Sigma-Aldrich. Sodium pyrophosphate (Na4P2O7) and para-
nitrophenyl phosphate (pNPP) were obtained from Fisher 
Scientific. Similarly, phytase from wheat and acid phosphatases 
from potato and wheat germ were also obtained from Sigma-
Aldrich, but phytase from Aspergillus niger (Natuphos) was 
kindly provided by BASF. Sources of other inositol phosphate 
standards are as follows: d-myo-inositol 1,2,4,5,6-pentakisphos-
phate, d-myo-inositol 1,2,3,4,6-pentakisphosphate, myo-inositol 
1,3,4,6-tetrakisphosphate, l-myo-inositol 1,4,5-trisphosphate, 
d-myo-inositol 4,5-diphosphate, and myo-inositol 2-mono-
phosphate from Sigma-Aldrich; d-myo-inositol 1,3,4,5,6-pen-
takisphosphate, d-myo-inositol 1,2,5,6-tetrakisphosphate, d-
myo-inositol 1,4,5,6-tetrakisphosphate, d-myo-inositol 1,3,4,5- 
tetrakisphosphate, d-myo-inositol 1,2,4,5-tetrakisphosphate, 
d-myo-inositol 1,2,6-triphosphate, d-myo-inositol 1,5,6-tri-
phosphate, d-myo-inositol 1,2-diphosphate, and d-myo-inositol 
1-monophosphate from Cayman Chemical Company; and 
d-myo-inositol 1,2,3,5,6-pentakisphosphate and myo-inositol 
1,2,3,6-tetrakisphosphate from Enzo Life Sciences. All assay re-
agents were prepared in double-deionized water.

Enzyme Purification and Hydrolyzability Assay
Because crude phytase enzyme from wheat contains a large 

amount of Pi and potentially other proteins and enzyme impuri-
ties (von Sperber et al., 2015; Wu et al., 2015), it was purified fol-
lowing the Brejnholt et al. (2011) method. Briefly, 15 g of crude 
phytase was dissolved with 0.1 M NaOAc (pH 4.3). After re-
moving precipitates and insoluble impurities by centrifugation, 
the supernatant was collected and the protein was precipitated 
with 30% saturated  (NH4)2SO4 solution. It was precipitated 
again with 60% saturated (NH4)2SO4. Precipitates were separat-
ed and dissolved in 0.1 M NaOAc and then purified by a HiTrap 
SP cation exchange column (GE Healthcare). The fractions con-
taining a phytate-degrading enzyme (with an approximate mo-
lecular weight of 60 kDa) were pooled and further purified by a 

Fig. 1. Chemical structure of phytate. The configuration is assigned 
d when the numbering is counterclockwise and the configuration is 
l when clockwise.
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HiTrap Q anion exchange column (GE Healthcare). After puri-
fication, the fraction was collected and run on a polyacrylamide 
gel (ThermoFisher Scientific) to identify the size of the protein 
bands. The enzyme activity was tested with phytate, and high-
activity fractions were pooled, dialyzed against 0.1 M NaOAc 
buffer (pH 5.4), and then stored at −20°C.

For the enzyme activity assay, crude and purified wheat 
phytases (10 mL each) were added to 1 mL of 1 mM K phytate 
solution in 0.1 M NaOAc buffer (pH 5.4). The control experi-
ment was performed in the same buffer but without the enzyme. 
After incubating at 55°C for 30 min, the reaction was stopped by 
adding an equal volume of 1 M HCl (Adeola et al., 2004). The 
amount of Pi released was measured by using the phosphomo-
lybdate blue method (Murphy and Riley, 1962). Total protein 
content was determined by using the BCA Protein Assay Kit 
(ThermoFisher Scientific).

To determine the substrate selectivity, the activity of crude 
and purified wheat phytase enzymes to several phosphorylated 
compounds was tested. Briefly, 10 mL of phytase was incubated 
separately with 1 mL of 3 mM each of pNPP, G-6-P, G-1-P, and 
Na4P2O7 in 0.1 M NaOAc buffer at pH 5.4 and 55°C. The reac-
tion was stopped, and the released Pi was measured as described 
above. Similarly, the activity and substrate selectivity of A. niger 
phytase were tested by adding 10 mL of 1 mg mL−1 enzyme into 
1 mM potassium phytate or 3 mM each of pNPP, Na4P2O7, 
G-6-P, and G-1-P solution at pH 5.4 in NaOAc buffer. The ex-
periments were incubated at 37°C for 30 min, and the released 
Pi was measured as above.

The activity of acid phosphatases was also tested. Briefly, 
10 mL of 10 mg mL−1 enzyme was added to 1 mM potassium 
phytate or 3 mM other substrates at pH 5.4, incubated at 37°C 
for 30 min, and then the released Pi was quantified to calculate 
the enzyme activity. The activity of each enzyme is expressed in 
units (U): for wheat and A. niger phytase enzymes, 1 U will lib-
erate 1 mmol Pi min−1 from phytate; for acid phosphatase from 
wheat germ and potato, 1 U will liberate 1 mmol Pi min−1 from 
pNPP. In terms of purity, wheat and A. niger phytase enzyme 
preparations are expected to contain a single phytate-degrading 
enzyme. However, because acid phosphatase from wheat germ 
and potato were crude extracts and no further purification was 
done, these enzymes might have contained more than one phy-
tate-degrading enzyme and other phosphatase enzymes.

Phytate Degradation Experiments
Two sources of phytates were used as substrates in the deg-

radation experiments: Na phytate (extracted from rice) and K 
phytate (a synthetic, pure product). After initial pilot enzyme ac-
tivity tests, a series of experiments on the enzymatic degradation 
of phytate was performed using 1 U (0.005 U mmol−1 phytate) 
purified wheat phytase in 200 mL of 1 mM K phytate solution at 
pH 5.4. All experiments were performed in 0.1 M NaOAc buffer 
and incubated at 55°C for optimal wheat phytase activity. For 
A. niger phytase, K phytate and Na phytate were used as sub-
strates. The incubation experiments included 200 mL of 1 mM 

phytate solution (pH 5.4) in 1 U A. niger phytase at 37°C. For 
acid phosphatases from wheat germ and potato, 2 mM K phytate 
was incubated with different amounts of enzyme to achieve final 
enzyme activities of 0.2 and 3.2 U mmol−1 phytate, respectively. 
All enzyme experiments were run in duplicate. The control ex-
periment for each set of enzymes was performed under the same 
conditions but without enzymes.

Because of the different degradation kinetics among the 
enzymes studied, the timing for sampling was varied for each 
enzyme. For wheat phytase, A. niger phytase, and wheat germ 
acid phosphatase experiments, subsamples were collected every 
15 min for the first 8 h, then every 2 h until 24 h, and then each 
day until 10 d. For the potato acid phosphatase experiments, sub-
samples were withdrawn at 0, 1, 2, 4, 8, 12 h, …, until 10 d. At 
each time point, a 2-mL subsample was collected for HPIC and 
NMR analyses, and an additional 5- to 10-mL subsample was 
withdrawn (at selected time points only) for isotope analyses. An 
equal amount of 1 M HCl was added to stop the enzyme activ-
ity. For each sample, the amount of released Pi was quantified to 
monitor the progress of the degradation reaction.

For enzymes with slow phytate degradation kinetics, the sta-
bility of the enzymes was tested during incubation to ensure that 
the enzymes were not significantly deactivated. For this test, phy-
tases (0.5 U) and acid phosphatases (1.5 U) were each incubated 
separately in 10 mL of 0.1 M NaOAc buffer (pH 5.4) at 37°C. 
Several subsamples were withdrawn at selected time points, and the 
residual enzyme activity was tested with phytate or pNPP substrate.

High-Performance Ion Chromatography Analysis
High-performance ion chromatography, the most appro-

priate technique to separate various inositol phosphate isomers, 
was used following the method of Chen and Li (2003). Briefly, 
a 1-mL collected sample was freeze-dried and redissolved in 
0.5 mL of H2O, filtered through a 0.2-mm filter disk, and then 
analyzed immediately. The separation was performed on a 
Dionex DX-500 ion chromatograph system, using a CarboPac 
PA-100 column under a gradient acidic eluent program. After 
post-column reaction with an Fe solution, the separated compo-
nents were detected at 295 nm. An in-house reference standard 
was also prepared according to the Chen and Li (2003) method 
to identify different IPx. Furthermore, a series of commercial IPx 
standards (see above) was used to identity and quantify the deg-
radation products.

Nuclear Magnetic Resonance Analysis
Phosphorus-31 NMR was used to identify isomers, particu-

larly inositol monophosphates (IP1), that could not be separated 
in HPIC. For selected samples, 1 mL of solution was freeze-dried 
and redissolved in 0.54 mL of 0.5 M NaOH and 0.06 mL D2O, 
then transferred into a 5-mm NMR tube. Proton-coupled (512 
scans) and decoupled (256 scans) 31P NMR measurements were 
collected in an AV 600 MHz Bruker NMR spectrometer at the 
University of Delaware. Available IPx isomer standards were also 
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analyzed to identify the NMR parameters for different degrada-
tion products.

Modeling of Degradation Kinetics
A process-based model and a Bayesian inverse model were 

used to determine the decay kinetics parameters of IPx. The con-
ceptual reaction network was developed by explicitly considering 
enzyme limitation and considering the fact that phosphohydro-
lase enzymes could have several active sites that are able to react 
with P centers on IPx. This reaction was assumed to be sequential 
in that the removal of phosphate groups results in the reduction 
of the order of phytate from IPn to IPn−1:

, 1,IP EP IPn i n jE −+ → +  [1]

EP E P→ +  [2]

where E is the available active sites on the enzyme molecule; IPn,i 
is the isomer of IPn, with n being the number of P atoms on the 
molecule; and EP is the enzyme–P complex that is later broken 
down into the free enzyme (E) to release phosphate. The first re-
action is the general degradation reaction where IPn,i loses one of 
its phosphate moieties and produces an IPn−1,j isomer. Assuming 
that kn,i,j is the rate constant for the reaction of IPn,i with the 
enzyme site to generate an IPn−1,j isomer, the general form of the 
governing equations controlling the kinetics of the chain trans-
formations can be written as
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where kn,i,j is the rate coefficient of the transformation of an iso-
mer in IPn to isomer j in IPn−1 , ln is the number of possible iso-
mers of IPn, and m is the maximum number of phosphate moi-
eties (or P atoms), which, for example, is six for IP6. The recovery 
rate of the reacted enzyme site (EP) is assumed to be a first-order 
reaction, with the rate constant of kEP as shown in Eq. [3d].

A Bayesian inference approach using the BIOEST program 
(Alikhani et al., 2017) was used to estimate the posterior prob-
ability distributions of all reaction rate coefficients as well as the 
initial P-equivalent concentrations of enzyme (E0) defined based 
on the moles of IP molecules that can be involved (mM P equiva-
lent). The Bayesian approach uses Markov chain Monte Carlo 

(MCMC) methods to sample from the posterior distribution 
based on a likelihood function calculated by assuming a lognor-
mal and multiplicative error structure for the observed temporal 
variation of all isomers in each set of results. The benefit of us-
ing Bayesian inverse modeling, as opposed to the conventional 
deterministic parameter estimation, is not only that it informs us 
about the uncertainty associated with the parameter values but 
also assesses the non-uniqueness of parameters due to overpa-
rameterization of the reaction model.

Oxygen Isotope Ratios of Released Phosphate
To measure the O-isotope ratios of the released Pi (d

18OP) 
during enzymatic degradation, 5- to 10-mL samples were puri-
fied using sequential precipitation and recrystallization meth-
ods described before ( Jaisi and Blake, 2014). Silver phosphate 
(200–300 mg) in silver capsules, prepared in triplicate for each 
sample, was pyrolyzed in a thermochemolysis–elemental analyzer 
(TC–EA) at 1460°C. Oxygen isotope ratios were measured in an 
isotope ratio mass spectrometer (IRMS; Thermo). To measure O 
isotope ratios of intact phosphate moieties in phytate (d18OPo), 70 
to 100 mg of freeze-dried phytate powder was pyrolyzed directly 
in TC–EA and measured by using IRMS. The raw isotope values 
were corrected using two silver phosphate standards, YR1-aR02 
and YR3-2, with d18OP values of −5.49 and 33.63‰, respectively.

For water O-isotope (d18OW) analysis, a 0.3-mL water sam-
ple was injected into airtight Exetainer tubes (Labco Limited) 
and equilibrated with 300 cm3 m−3 CO2 in He for 24 h (Upreti 
et al., 2015). After equilibration, the O-isotope ratios of CO2 
in the headspace were measured by IRMS. The d18OW values 
were calculated from d18OCO2 values using a known fraction-
ation factor (aCO2-H2O) (Cohn and Urey, 1938). The d18OW 
values were calibrated with two water standards (d18OW values 
of −1.97 and −9.25‰, USGS). All samples and standards for 
O-isotope ratios were run in duplicate. All isotope data are re-
ported in per-mil (‰) values relative to Vienna standard mean 
ocean water.

The isotopic fractionation factors (F) of O between in-
corporated and ambient water during enzymatic phytate deg-
radation was calculated from the measured d18OPo and d18OW 
(Liang and Blake, 2006) as

( )18 18 18
P Po W4 O 0.75 O  O  F d d d= − −

 
[4]

The fractionation factor calculated from this equation was used 
to compare differences among different enzymes and substrates.

RESULTS
Substrate-Specific Enzyme Activity

The activities of different enzymes to phytate are summa-
rized in Table 1. As shown, wheat phytase enzyme activity was 
improved by ?50 times after purification. Interestingly, puri-
fied wheat phytase showed a broad substrate specificity. The 
relative activities toward pNPP, Na4P2O7, and G-6-P com-
pared with that of phytate were 200, 388, and 12%, respec-
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tively. Nonetheless, these results are similar to those in previous 
studies (Greiner et al., 1998; Nagai and Funahashi, 1962). For 
A. niger phytase, the highest activity was observed with phytate 
(13.49 U mg−1) and the relative activities to other substrates 
ranged from 2 to 11%.

For acid phosphatases from wheat germ and potato, 
activities to phytate were very low (0.02 and 0.002 U mg−1). 
However, both acid phosphatases showed similar activities to the 
other substrates. The range of activities to the series of substrates 
studied (pNPP, Na4P2O7, G-6-P, and G-1-P) varied from 0.04 
to 0.78 U mg−1.

Kinetics of Phytate Degradation Catalyzed 
by Different Enzymes

The kinetics of enzymatic degradation of phytate are shown 
in Fig. 2. Both purified wheat phytase and A. niger phytase could 
rapidly degrade phytate and achieved ?500% degradation in 
?24 h (i.e., 5 mol of Pi were released from 1 mol of phytate), 
consistent with our recent study (Wu et al., 2015). Continued 
incubation showed no further release of Pi after 240 h, suggest-
ing that these two phytases were unable to degrade inositol mo-
nophosphate. For acid phosphatase from wheat germ, the rate of 
degradation was comparable to that of phytase and could remove 
5 phosphate moieties from the inositol ring. For acid phospha-
tase from potato, Pi release was slowest but achieved ?580% 
yield in 10 d.

Separate enzyme stability test results showed that the en-
zymes retained >80% of their original activity after 24 h of in-
cubation, and the activity decreased gradually with time. For ex-
ample, the residual enzyme activity at 240 h was 48% for A. niger 
phytase, 16% for wheat phytase, 56% for acid phosphatase from 
wheat germ, and 63% for acid phosphatase from potato. High 
residual enzyme activity in acid phosphatase suggests that slow 
degradation kinetics is not due to enzyme deactivation but rather 
the inability of the enzyme itself for rapid hydrolysis.

Identification of Degradation Products 
by High-Performance Ion Chromatography

Chromatograms of different IPx compounds generated dur-
ing enzymatic degradation of phytate are showed in Fig. 3, and 
their corresponding concentrations are presented in Fig. 4. Our 
results suggest a stepwise dephosphorylation of phytate via the 

formation of IP5, IP4, IP3, and IP2, but the isomeric composition 
of each IPx varied. For wheat phytase, for example, at 4 h a signifi-
cant decrease of IP6 (?80%) occurred with a consequent increase 
of I(1,2,3,4,6)P5 and d/l-I(1,2,3,4,5)P5. A slight increase in d/l-
I(1,2,4,5,6)P5 was observed at this time but gradually decreased 
thereafter. Because the original phytate contained a small amount 
of d/l-I(1,2,4,5,6)P5 as an impurity (see initial concentration at 0 
h in Fig. 4A), the detected isomer could come both from impuri-
ties and also from IP6 degradation. Furthermore, d/l-I(1,2,5,6)
P4 and d/l-I(1,2,3,4)P4–I(1,3,4,6)P4 co-eluted simultaneously: 
they appeared after 1 h, reached the maximum at about 6 h, and 
then started decreasing as the degradation continued. One IP3 
peak was also observed as early as ?4 h, which might contain co-
eluted I(1,2,3)P3–d/l-I(1,2,6)P3–d/l-I(1,4,6)P3, and reached 

Table 1. Enzyme activity of different phosphorylated compounds.

Compound†

Activity

Purified wheat phytase Crude wheat phytase A. niger phytase
Acid phosphatase 

(wheat germ)
Acid phosphatase 

(potato)

—————— U mg−1 protein —————— ——————————— U mg−1 solid powder ———————————
K phytate 0.50 ± 0.02 0.012 ± 0.002 13.49 ± 0.44 0.02 ± 0.006 0.002 ± 0.0005
pNPP 1.00 ± 0.21 0.082 ± 0.001 1.52 ± 0.13 0.37 ± 0.04 0.394 ± 0.04
Na4P2O7 1.94 ± 0.39 0.194 ± 0.007 1.23 ± 0.27 0.70 ± 0.09 0.784 ± 0.14
G-6-P 0.06 ± 0.008 0.032 ± 0.009 0.25 ± 0.04 0.04 ± 0.004 0.042 ± 0.002
G-1-P 0.41 ± 0.09 0.096 ± 0.02 1.04 ± 0.32 0.10 ± 0.03 0.137 ± 0.05

†  K phytate, potassium phytate; pNPP, para-nitrophenylphosphate; Na4P2O7, sodium pyrophosphate; G-6-P, d-glucose-6-phosphate; G-1-P, a-d-
glucose-1-phosphate.

Fig. 2. Kinetics of phytate (as inorganic P, Pi) degradation catalyzed 
by four different enzymes.
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maximum concentration at ? 8 h. By 10 h of incubation, IP3 also 
decreased and d/l-I(1,2)P2 appeared as the dominant product. 
After 48 h of incubation, no additional isomers were observed 
(not shown). However, based on the degradation kinetics (Fig. 
2), the d/l-I(1,2)P2 could still be broken down to generate IP1 
isomers (see below for NMR results).

For A. niger phytase, the results are more complex because 
several lower order IPx were detected early in the incubation 
(Fig. 4B). At the beginning, d/l-I(1,2,4,5,6)P5 was the major 
IP5 product, with small amounts of I(1,3,4,5,6)P5 and d/l-
I(1,2,3,4,5)P5 isomers concurrently present. Concentrations of 
IP5 increased first, reached their maximum in about 1 h, and 

then decreased. As IP5 waned, IP4 isomers appeared as major 
products. Four distinct IP4 peaks were detected: d/l-I(1,2,5,6)
P4, d/l-I(1,3,4,5)4, d/l-I(1,2,4,5)P4, and d/l-I(1,2,3,4)P4–
I(1,3,4,6)P4, with d/l-I(1,2,5,6)P4 being the dominant product. 
Five IP3 isomer peaks were observed as the degradation pro-
gressed: the major isomers included I(1,2,3)P3–d/l-I(1,2,6)P3–
d/l-I(1,4,6)P3 (co-eluted), and small amounts of d/l-(1,5,6)P3, 
d/l-(2,4,5)P3, d/l-I(1,2,4)P3–d/l-I(2,3,5)P3 (co-eluted), and 
d/l-I(1,3,4)P3. The identity of the IP2 isomer was determined 
to be d/l-I(1,2)P2 from the authentic standard. This isomer ap-
peared at ?2 h and disappeared completely by ?48 h of incuba-
tion. There might be additional IP2 isomers in the product based 

Fig. 3. Representative high performance ion chromatography (HPIC) chromatogram during phytate degradation by different enzymes: (A) wheat 
phytase; (B) Aspergillus niger phytase; (C) acid phosphatase from wheat germ; and (D) acid phosphatase from potato. Std: in-house reference 
standard. Peaks: (1) IP6; (2) I(1,3,4,5,6)P5; (3) d/l-I(1,2,4,5,6)P5; (4) d/l-I(1,2,3,4,5)P5; (5) I(1,2,3,4,6)P5; (6) d/l-I(1,4,5,6)P4; (7) I(2,4,5,6)P4; (8) 
d/l-I(1,2,5,6)P4; (9) d/l-I(1,3,4,5)P4; (10) d/l-I(1,2,4,5)P4; (11) d/l-I(1,2,3,4)P4, I(1,3,4,6)P4; (12) d/l-I(1,2,4,6)P4, I(1,2,3,5)P4; (13) I(4,5,6)P3; 
(14) d/l-I(1,5,6)P3; (15) d/l-I(2,4,5)P3; (16) d/l-I(1,4,5)P3; (17) I(1,2,3)P3, d/l-I(1,2,6)P3, d/l-I(1,4,6)P3; (18) d/l-I(1,2,4)P3, d/l-I(2,3,5)P3; (19) 
d/l-I(1,3,4)P3; (20) I(2,4,6)P3; (21) d/l-I(4,5)P2, I(2,5)P2; (22) d/l-I(1,2)P2.
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on the fact that d/l-I(1,2)P2 is not necessarily the sole degrada-
tion product of all IP3 isomers. It is likely that the concentrations 
of other IP2 isomers were too low to be detected.

For acid phosphatase preparation from wheat germ, the 
HPIC results were comparable to that of wheat phytase but 
with several unique differences (Fig. 4C). First, d/l-I(1,2,3,4,5)
P5 and d/l-I(1,2,4,5,6)P5 were generated and d/l-I(1,2,3,4,5)
P5 was the major IP5 accumulated during the early stage of deg-
radation. Then, three IP4 isomers appeared: d/l-I(1,2,5,6)P4, 
d/l-I(1,3,4,5)P4, and d/l-I(1,2,3,4)P4–I(1,3,4,6)P4, of which 
d/l-I(1,2,5,6)P4 was about eight times higher in concentration 
than the other two isomers. Later, two IP3 isomer peaks were 
observed: (1,2,3)P3–d/l-I(1,2,6)P3–d/l-I(1,4,6)P3 and d/l-
I(1,5,6)P3. The final product, d/l-I(1,2)P2, accumulated for a 
long time before it disappeared in ?16 h.

Unlike the other three enzymes, acid phosphatase prepara-
tion from potato hydrolyzed phytate very slowly (Fig. 4D). As 
a result, released IPx isomers were present for a longer time. For 
example, d/l-I(1,2,4,5,6)P5 did not disappear until 176 h. With 
progress in degradation, three additional peaks of IPx isomers 
were detected: d/l-I(1,2,3,4)P4–I(1,3,4,6)P4, I(1,2,3)P3–d/
l-I(1,2,6)P3–d/l-I(1,4,6)P3, and d/l-I(1,2)P2. A very small 

peak of I(1,3,4,5,6)P5 was also observed in several samples. All 
isomers were present in very low concentration.

Overall, the HPIC results allowed discrimination of IP2 to 
IP6 isomers among the different enzymes.

Identification of Inositol Monophosphates 
by Nuclear Magnetic Resonance Spectroscopy

The NMR analysis of K phytate showed four character-
istic peaks with a 1:2:2:1 peak area ratio, which is consistent 
with the symmetry rule (Fig. 1) and reported in the literature 
(e.g., Wu et al., 2015). The NMR results from wheat phytase 
(Fig. 5A) showed the emergence of several distinct peaks that 
belonged to a particular IPx. With continued incubation, the 
amount of Pi increased at the expense of IPx peaks, as expected 
and consistent with the HPIC results. The appearance of IP1 
was observed later in the incubation, suggesting that wheat 
phytase can dephosphorylate two phosphate groups both 
linked to d/l-I(1,2)P2. However, IP1 isomers could not be 
degraded any further, which confirmed that only five (out of 
six) phosphate moieties in the phytate molecule were released, 
with IP1 being the final degradation product. Based on the dis-
tinct chemical shift and proton coupling parameter (3J1H,31P) 
of two commercially available IP1 (Table 2), the exact compo-

Fig. 4. Formation of various IPx isomers during enzymatic phytate degradation based on the high performance ion chromatography results (Fig. 3): 
(A) wheat phytase; (B) Aspergillus niger phytase; (C) acid phosphatase from wheat germ; and (D) acid phosphatase from potato. Please note that 
each data point is a separately measured datum from subsamples collected during degradation.
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sitions of the IP1 isomers were identified as I(2)P1 and I(1)P1. 
Interesting, the peak area ratio of I(2)P1 to I(1)P1 was around 
1:1.9 at the end of the incubation with wheat phytase, suggest-
ing that this enzyme preferably releases a phosphate moiety 
from the C-2 position.

Aspergillus niger phytase and acid phosphatase from wheat 
germ degraded d/l-I(1,2)P2 isomers to I(2)P1 and I(1)P1, and 
both of them were retained during the entire incubation peri-
od as final products (Fig. 5B and 5C). The peak area ratios of 
I(2)P1 to I(1)P1 for A. niger phytase and acid phosphatase from 
wheat germ were around 1:1.4 and 1:1.8, respectively. For acid 

phosphatase from potato, phytate degradation was much slower 
(Fig. 5D) but the yield was >500% (Fig. 2B). Considering that 
this enzyme could release more than five phosphate groups and 
d/l-I(1,2)P2 was detected by HPIC, we anticipated that there 
might be some further degradation products from IP2. However, 
none of the IPx isomers were detected besides phytate during 
the whole incubation period. Nonetheless, for the other three 
enzymes, IP1 detected as final products by NMR were consis-
tent with the results from the kinetic study in that five phosphate 
moieties were released from the inositol ring.

Fig. 5. Representative 31P nuclear magnetic resonance spectra during phytate degradation by different enzymes: (A) wheat phytase; (B) Aspergillus 
niger phytase; (C) acid phosphatase from wheat germ; and (D) acid phosphatase from potato. Labeled peaks: (a) inorganic P (Pi), (b) I(2)P1, (c) 
I(1)P1, (d) phytate.

Table 2. The 31P nuclear magnetic resonance (NMR) parameters for phytate and inositol monophosphate standards. Chemical 
shifts, coupling constants, and peak area ratios were used to identify phytate degradation products by 31P NMR reported in Fig. 5.

Inositol phosphates Peaks Peak area ratio Chemical shift 3J1H,31P constant

no. ppm Hz

Potassium phytate 4 1:2:2:1 5.17;4.28;3.91;3.77 11.7;10.1;11.5;11.8

d-myo-inositol-1-monophosphate 1 – 3.99 8.3

myo-inositol-2-monophosphate 1 – 4.53 7.3
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Modeling of Degradation Kinetics
The stoichiometric and rate expression (Peterson matrix) 

for the reaction network (Eq. [3a–3d]) for wheat phytase deg-
radation is shown in Table 3. The estimated expected values and 
standard deviations of the reaction parameters for the three en-
zymes are summarized in Table 4. As expected from the HPIC 
data (Fig. 4), the kinetic decay rate coefficients varied signifi-
cantly among IPx isomers. For example, the coefficient for IP2 
degradation to IP1 was the lowest for all isomers, with A. niger 
phytase showing the lowest coefficient among enzymes included 
in the model. For most of the parameters, the standard devia-
tions representing a measure of uncertainty are reasonably small 
compared with the mean, indicating relatively strong confidence 
in the parameter values and a lack of non-identifiability.

Figure 6 shows the observed and 95% credible interval for 
the predicted IPx concentrations from wheat phytase. The re-
sults show good agreement between modeled and observed IPx 
isomers. Similar results were obtained for A. niger phytase and 
acid phosphatase (wheat germ) but are not shown here for the 
sake of brevity. The modeling results are indicative of enzyme 
concentration being the limiting factor on the overall rate of the 
decay process. This is also evident from the mostly linear trends 
in the declining limbs of almost all IPx.

Isotopic Composition of Released 
Orthophosphate from Phytate Degradation

Released orthophosphate analyzed for O-isotope com-
position during stepwise degradation of phytate by differ-
ent enzymes showed interesting results (Fig. 7). During the 
entire incubation period, the measured d18OP values were 
found to be almost constant, with the average isotope values of 
16.78 ± 0.38‰ and 16.77 ± 0.58‰ for Pi released from Na 
phytate and K phytate degraded by A. niger phytase, respec-
tively (see Table 5). For the other three enzymes, the measured 
d18OP values of Pi released from K phytate were as follows: 
14.88 ± 0.39‰ for wheat phytase, 15.22 ± 0.36‰ for acid 
phosphatase from wheat germ, and 16.12 ± 0.54‰ for acid 
phosphatase from potato.

Fractionation factors among the different enzymes, cal-
culated from Eq. [1], were distinctly different (Table 5). For 
example, wheat phytase and acid phosphatase from wheat 
germ both have low fractionation factors compared with A. 
niger phytase and acid phosphatase from potato. A unique dif-

Table 3. Stoichiometric and rate expressions (Peterson matrix) for the enzymatic decay of wheat phytase.

Reaction IP6 I(12456)P5 I(12356)P5 I(12346)P5 I(1256)P4 I(1236)P4 IP3 IP2 P+IP1 E† EP‡ Process rate§

1 −1 5/6 −1/6 1/6 kP6,12456. E. IP6
2 −1 5/6 −1/6 1/6 kP6,12356. E. IP6
3 −1 5/6 −1/6 1/6 kP6,12346. E. IP6
4 −1 4/5 −1/5 1/5 k12456,1256. E.I(12456)P5
5 −1 4/5 −1/5 1/5 k12356,1256. E. I(12356)P5
6 −1 4/5 −1/5 1/5 k12356,1236. E. I(12356)P5
7 −1 4/5 −1/5 1/5 k12346,1236. E. I(12346)P5
8 −1 3/4 −1/4 1/4 k1256,126. E. I(1256)P4
9 −1 3/4 −1/4 1/4 k1236,123. E. I(1236)P4
10 −1 2/3 −1/3 1/3 kp3,p2. E. IP3
11 −1 1/2 −1/2 1/2 kp2,p1. E. IP2
12 1 1 −1 kEP. EP
† E is the available active sites on the enzyme molecule.
‡ EP is the enzyme–P complex.
§ kn,n−1 is the rate coefficient of transformation from IPn to IPn−1.

Table 4. Estimated mean and standard deviation for the 
kinetic decay rate coefficients obtained from Bayesian inverse 
modeling.

Parameter†

Wheat phytase A. niger phytase

Acid 
phosphatase 
(wheat germ)

Mean SD Mean SD Mean SD

———————— (h mM)−1 ————————
kP6,13456 – – 6.93 0.43

kP6,12456 95.80 7.39 47.05 1.39 17.34 4.37

kP6,12356 48.30 4.31 4.65 0.34 103.33 18.68

kP6,12346 34.15 3.68 – – – –

k13456,1345 – – 97.03 4.85 – –

k12456,1245 – – 38.94 1.70 – –

k12456,1256 176.88 18.49 61.49 2.98 125.88 28.72

k12356,1236 100.20 12.22 52.90 3.77 12.15 2.82

k12356,1256 19.17 4.67 – – 41.92 7.85

k12346,1236 124.55 15.77 – – – –

k12356,1356 – – – – 5.81 1.17

k1345,134 – – 31.32 1.72 – –

k1356,156 – – – – 5.65 1.80

k1245,245 – – 29.19 2.78 – –

k1245,124 – – 1.83 0.15 – –

k1256,156 – – 8.08 0.56 0.63 0.15

k1256,126 39.92 5.55 27.68 1.26 5.66 1.00

k1236,126 67.49 7.24 28.82 2.72 2.00 0.63

k1236,123 – – 26.26 1.95 12.33 2.02

k245,12 – – 46.61 4.61 – –

k124,12 – – 155.07 11.11 – –

k156,56 – – 6.13 0.57 9.93 3.89

k126,12 15.09 1.64 22.54 1.74 17.01 4.88

k123,12 – – 16.43 1.42 0.75 0.20

k56,P1 – – – – 10.50 0.61

k12,P1 0.036 0.0063 0.0052 0.0005 0.012 0.0021

kEP, h
−1 59.52 8.33 16.29 0.64 21.44 3.21

† kn,n−1 is the rate coefficient of transformation from IPn to IPn−1.
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ference for phytate, however, compared with other organic P 
compounds (e.g., Jaisi et al., 2014) is that F is positive for all 
enzymes studied and is within the range of published results 
(von Sperber et al., 2015; Wu et al., 2015).

DISCUSSION
Major and Minor Pathways of Phytate Degradation

Phytate-degrading enzymes from different sources differ 
in their specificity as well as their extent of phytate degradation 
(Greiner et al., 2000; Wyss et al., 1999). Generally, all enzymes 
that are capable of dephosphorylating phytate are defined as 
phytase. Depending on the stereochemical position in phytate at 
which a P–O bond is initially attacked, the enzymes are classified 
into three groups: (i) 3-phytase (EC 3.1.3.8), which hydrolyzes a 

P–O bond first from the d-3 or l-3 position, (ii) 6-phytase (EC 
3.1.3.26), which preferentially initiates P–O bond cleavage at 
the l-6 (d-4) or d-6 position, and (iii) 5-phytase (EC 3.1.3.72), 
initiating phytate degradation at the d-5 position (Barrientos 
et al., 1994; Greiner and Alminger, 2001; Greiner et al., 1997, 
2000; Konietzny and Greiner, 2002). Because of the positional 
selectivity of each enzyme, they could have distinct degradation 
kinetics and generate distinct pathways. This distinction could 
provide an avenue to identify the original sources of phytate in 
the environment.

Based on the results obtained from HPIC and 31P NMR 
analyses (Fig. 4 and 5), potential degradation pathways for four 
different enzymes were generated and are summarized in Fig. 
8 and 9. It is noteworthy to mention that enzyme selectivity 
provides additional information useful to ascertain a particu-
lar isomer. For wheat phytase, for example, d/l-I(1,2,3,4,5)P5 
[equivalent to d/l-I(1,2,3,5,6)P5] was detected as the major IP5 
isomer at the initial stage of degradation. Because wheat phytase 
is a 6-phytase, d/l-I(1,2,3,4,5)P5 should be d-I(1,2,3,5,6)P5 
with a phosphate group released from the d-4 position (Lim 
and Tate, 1973; Nakano et al., 2000). This also narrows down 
the possibilities of further dephosphorylation products from 
d-I(1,2,3,5,6)P5. There were two other less significant IP5 iso-
mers detected during phytate degradation: d/l-I(1,2,4,5,6)P5 
[equivalent to d/l-I(2,3,4,5,6)P5] and I(1,2,3,4,6)P5. As shown, 
there is one major and two minor degradation pathways for 
wheat phytase: the major pathway proceeds via d-I(1,2,3,5,6)P5, 
d-I(1,2,3,6)P4, and d-I(1,2,5,6)P4, I(1,2,3)P3–d-I(1,2,6)P3, 
d/l-I(1,2)P2, and finally into I(2)P1 and d/l-I(1)P1. This path-
way of degradation is consistent with published results (Chen 
and Li, 2003; Nakano et al., 2000). One minor route pro-
ceeds via d/l-I(1,2,4,5,6)P5, d/l-I(1,2,5,6)P4, d/l-I(1,2,6)P3, 
d/l-I(1,2)P2, I(2)P1, and then to d/l-I(1)P1, similar to our 
previous study (Wu et al., 2015). Another possible minor path-
way proceeds via I(1,2,3,4,6)P5, d/l-I(1,2,3,6)P4, and/or d/l-
I(1,3,4,6)P4, I(1,2,3)P3–d/l-I(1,2,6)P3, and/or d/l-I(1,4,6)P3, 
d/l-I(1,2)P2, I(2)P1, and then d/l-I(1)P1. Compositions of 
some of the lower order dephosphorylation products are not in-
cluded because they require further confirmation (Fig. 8A).

For acid phosphatase extracted from wheat germ, one ma-
jor and one minor pathway of degradation were established 
(Fig. 8B). The IP5 product identified as d/l-I(1,2,3,4,5)P5 
was confirmed to be d-I(1,2,3,5,6)P5 for the major pathway, 
which then further degraded to generate four IP4, among which 

Fig. 7. The phosphate O-isotope ratios (d18OP) of inorganic P (Pi) 
accumulated at different time points during progressive degradation 
of Na phytate and K phytate.

Table 5. Isotopic composition of released phosphate from K-phytate, including the O-isotope ratio of intact phosphate moieties 
from K-phytate (d18OPo), the O-isotope ratio of water (d18OW), and the O-isotope ratio of released inorganic P (d18OP), and O 
fractionation factors (F) in the reactions catalyzed by different enzymes.

Enzymes Substrate d18OPo d18OW d18OP F

———————————— ‰ ————————————

A. niger phytase Na phytate 19.75 ± 0.19 −7.02 ± 0.04 16.78 ± 0.38 14.91 ± 1.53
A. niger phytase K phytate 20.53 ± 0.22 −7.02 ± 0.04 16.77 ± 0.58 12.50 ± 2.33
Wheat phytase K phytate 20.53 ± 0.22 −7.02 ± 0.04 14.88 ± 0.39 4.78 ± 1.54
Acid phosphatase (wheat germ) K phytate 20.53 ± 0.22 −7.02 ± 0.04 15.22 ± 0.36 6.15 ± 1.35
Acid phosphatase (potato) K phytate 20.53 ± 0.22 −7.02 ± 0.04 16.12 ± 0.54 10.05 ± 2.25
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d-I(1,2,5,6)P4 was the most dominant isomer and appeared 
for a longer time during degradation. For the minor pathway, 
d/l-I(1,2,4,5,6)P5 was further dephosphorylated and formed a 
series of IPx isomers. Interestingly, two IP2 isomers, d/l-I(1,2)P2 
and d/l-I(4,5)P2 [equivalent to d/l-I(5,6)P2] generated by acid 
phosphatase (wheat germ), were different from only one IP2 iso-
mer, d/l-I(1,2)P2 generated from wheat phytase. This might po-
tentially be due to some other unknown enzymes present in the 
acid phosphatase preparation from wheat germ. Nonetheless, the 
final products generated for this enzyme were identical to those 
of wheat phytase as I(2)P1 and d/l-I(1)P1.

Aspergillus niger phytase is considered a 3-phytase (Greiner 
et al., 2009). Therefore, the major IP5 product d/l-I(1,2,4,5,6)P5 
should be d-I(1,2,4,5,6)P5, with the first dephosphorylation at 
the C-3 position (Fig. 9A). This IP5 was further degraded into 
two IP4 isomers, d-I(1,2,4,5)P4 and d-I(1,2,5,6)P4, with the lat-
ter as the dominant isomer. The d-I(1,2,5,6)P4 could then be 
dephosphorylated at the C-5 position to generate d-I(1,2,6)P3. 
Three IP3 isomers generated produced a relatively common IP2 
[d-I(1,2)P2], which finally formed I(2)P1 and d-I(1)P1. Low 
concentrations of I(1,3,4,5,6)P5 and d/l-I(1,2,3,4,5)P5 iso-

mers present at the beginning stage of degradation suggested 
two minor degradation pathways, which are rather complicated 
due to a series of IP4 and IP3 isomers concurrently present. In 
summary, A. niger phytase breaks down phytate mainly from the 
C-3 position, but might also start from C-4 and C-2 positions 
to generate d/l-I(1,2,3,5,6)P5 and I(1,3,4,5,6)P5 isomers (Fig. 
9A). According to Greiner et al. (2009), pure A. niger phytase is 
a rather specific phosphatase and degrades phytate stepwise via 
d-I(1,2,4,5,6)P5, d-I(1,2,5,6)P4, d-I(1,2,6)P3, d-I(1,2)P2, and 
finally to I(2)P1. One possible reason for the presence of three 
degradation pathways instead of one might be the fact that the 
A. niger phytase used in this study was a commercial enzyme and 
was used without purification. It could contain some other un-
specified IPx–active phosphatase enzymes. Another possibility is 
that the small amounts of d/l-I(1,2,3,5,6)P5 and I(1,3,4,5,6)P5 
isomers were present as impurities in the original phytate stock, 
although these products were not noticed at the onset of deg-
radation. If present, these two IP5 isomers could be further de-
phosphorylated by A. niger phytase.

For acid phosphatase from potato, the phytate degradation 
pathway was much different and straightforward than those for 

Fig. 8. Possible degradation pathways of phytate catalyzed by (A) wheat phytase and (B) acid phosphatase from wheat germ. Solid arrows refer to 
confirmed pathways and dashed arrows represent pathways that need further confirmation.
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the other enzymes (Fig. 9B). In short, the minor pathway follows 
I(1,3,4,5,6)P5 dephosphorylated into I(1,3,4,6)P4, which then 
generates d/l-I(1,4,6)P3. However, it is difficult to speculate how 
d/l-I(1,2,4,5,6)P5 in the major degradation pathway was further 
dephosphorylated. Some studies have found that the glucose phos-
phatase from E. coli and Pantoea agglomerans could degrade phy-
tate and generate d-I(1,2,4,5,6)P5 as the final product (Cottrill 
et al., 2002; Greiner, 2004). Thus one possibility could be that 
d/l-I(1,2,4,5,6)P5 was generated by a similar enzyme to the E. coli 
and P. agglomerans glucose phosphatase as a final product, but it 
was then further dephosphorylated by an unknown contaminant 
phosphatase enzyme, perhaps very slowly, to IP4. The generated 
IP4 isomer, however, was short lived (as it was too low to be de-
tected by HPIC) and dephosphorylated quickly to IP3.

In summary, the four different phytate-degrading enzymes 
studied provided potential major and minor pathways of phytate 
degradation. A combination of highly specific methods for ino-
sitol phosphate identification, particularly HPIC and NMR, al-
lowed precise identification of isomers. The distinction on struc-
tural or positional preference for enzymatic hydrolysis allowed 
determination of the approximate contribution of particular en-
zymes as well as the contrast with other enzymes on the stepwise 
dephosphorylation of inositol phosphates.

Kinetic Rate Estimation
The model result was able to capture the trend and mag-

nitude of the measured concentrations for three enzymes (Fig. 
6). This indicates that the developed models (Eq. [3a–3d]) are 
sufficient to capture the degradation kinetics. In particular, the 
enzyme-limiting model was able to capture the delay in the be-
ginning of the lower order inositol phosphate degradation. The 
results of the inverse modeling suggest that the initial enzyme 
concentration is a limiting factor that controls the rate of decay. 
This conclusion is also evident from the often constant slopes 
of the decreasing limbs of the IP curves vs. time. No clear cor-
relation between the reaction rate constants and the order of IPx 
molecules, however, was evident.

Isotope Effect: Potential Proxy for Discriminating 
Enzymes as Well as Sources of Phytate

During enzymatic hydrolysis of phytate, O-isotope values 
of O in the reactants undergoing nucleophilic attack on a P–O 
bond with O incorporated into the released PO4 are different 
from ambient water O. This difference causes isotope fraction-
ation. Interestingly, this fractionation is specific to the enzyme 
and substrate type and thus is different ( Jaisi et al., 2014; Liang 
and Blake, 2006, 2009). Whether H2O, the OH ion, an OH 
radical, or their different combinations attack a P–O bond and 
impact isotope fractionation are in the early phase of investiga-

Fig. 9. Possible degradation pathways of phytate catalyzed by (A) Aspergillus niger phytase and (B) acid phosphatase from potato. Solid arrows 
refer to confirmed pathways and dashed arrows represent pathways that need further confirmation.
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tion for different organic P compounds ( Jaisi et al., 2016). On 
the other hand, the effect of progressive degradation of a natural 
organophosphorus compound that has several phosphate moi-
eties on isotope fractionation is still unknown, although it is ex-
pected to be similar to a synthetic equivalent (Wu et al., 2015). 
Given that five out of six phosphate groups at different positions 
of the inositol ring are hydrolyzed by enzymes in a specified se-
quence (see above and Fig. 8 and 9), any temporal variation of 
d18OP values would indicate a different isotope composition of 
the original phosphate moieties at the corresponding structure 
in the inositol. No significant difference in d18OP values for a 
particular enzyme, irrespective of variable reaction rates for dif-
ferent isomers at different stages, indicated that all the phosphate 
moieties released from the phytate ring probably have the same 
isotope compositions. This finding is valid for both natural and 
synthetic phytates.

For all enzymes studied, the fractionation factors (F) were 
all positive (Table 5), which are consistent or similar with pub-
lished results (von Sperber et al., 2015; Wu et al., 2015). This 
indicates that the heavy 18O is preferentially incorporated into 
released Pi during enzymatic degradation of phytate by all four 
enzymes. The similar positive fractionation factors among the 
four enzymes could reflect comparable reaction mechanisms, 
but still the values of F for each enzyme were distinctly different. 
This could be useful to differentiate the active enzymes for phy-
tate degradation. Because a wide range of fractionation factors 
have been reported for different substrates as well as enzymes 
(Liang and Blake, 2006, 2009; von Sperber et al., 2014, 2015), 
one of the most useful findings that has larger environmental im-
plications is that different enzymes have particular selectivity for 
phytate degradation and each enzyme has a distinctly different 
fractionation factor. This distinction opens up the possibility of 
identifying active phosphohydrolase enzyme(s) responsible for 
phytate degradation in the environment.

CONCLUSIONS AND IMPLICATIONS
In this research, phytate was hydrolyzed by wheat and A. 

niger phytases and acid phosphatase (from wheat germ and 
potato), common enzymes present in the environment. On 
analytical grounds, the combination of HPIC and NMR pro-
vided identification of a series of isomers from IP5 to IP1 and 
increased the realm of differentiating products. The distinct 
degradation products and degradation pathways as well as dis-
tinct kinetic decay rates among the enzymes studied provides 
the possibility of identifying active phytate-degrading enzymes 
in the environment. Furthermore, the O-isotope compositions 
of phosphate moieties in the inositol ring are the same. This 
expands the potential application of O-isotope signatures to 
identify the original source of phytate from its partially de-
phosphorylated products in the environment. Furthermore, 
the fractionation factors among enzymes are different. This 
also can aid in differentiating active enzymes in the environ-
ment. In all, these research findings have important implica-

tions for tracking phytate P sources and the overall role in P 
cycling in the environment.
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