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Abstract As a kind of enzyme widely existing in
eukaryotic species, especially in grains and oil seeds,
phytases play an important role in the degradation of some
phosphates containing organic molecules. So far, phytases
derived from various species have been successfully used
as animal feed additives. It has also been experimentally
verified that phytases have a potential use in generating
crop germplasm with high phosphorus use efficiency,
based on their biochemical role in releasing Pi from the
phytate and its derivatives. In this paper, the biochemical
properties, molecular characterizations, functions and the
potential application perspective of phytases are reviewed
and commented on, aiming at the further exploration of the
biochemical and molecular characterizations, and promo-
tion of the application of phytases, a kind of important
enzyme possessing potential use in animal feeding and
creation of high P use crop cultivars, in the future.

Keywords phytase, biochemical property, molecular
characterization, function, potential application perspective

1 Introduction

Acting as an enzyme (EC 3.1.3.26), phytase (myo-inositol
hexakisphosphate phosphohydrolases) can catalyze the
release of orthophosphate from myo-inositol hexakispho-
sphate (Ins P6) (Mullaney and Ullah, 2003), and plays an
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important role in breaking down the undigestible phytic
acid (phytate) part that exists in grains and oil seeds, and
thus release digestible phosphorus, calcium and other
mineral nutrients. In the past several decades, phytase was
widely used as an animal feed supplement, such as in
poultry and swine husbandry, for monogastric animals that
have no ability to generate endogenous phytase, for
enhancing the nutritive value of plant material by releasing
the inorganic phosphate from phytic acid (myo-inositol
hexakisphosphate) and its derivatives. The phytases used
in the animal feed have also alleviated the environmental
phosphorus pollution resulting from the non-digested
phosphorus in the animal feed.

On the other hand, acting as the macromolecular
structure and indispensable in energy generation and
metabolic regulation, phosphorus with adequate levels is
critical to sustain the normal growth and development of
all organisms (Carla and Elizabeth, 2001). However,
phosphorus (P) deficiency in soil is a major constraint
for agricultural production worldwide. It is noted that most
soils around the world contain significant amounts of total
soil P that occurs in inorganic and organic fractions and
accumulates with phosphorus fertilization, and a major
component of soil organic phosphorus occurs as phytate
(O’Dell et al., 1991). Recently, transgenic plants with
overexpression of phytases have shown an ability to utilize
the phytate-bound phosphorus in rizhosphere, suggesting
that phytases with high specific activities have a potential
use in the creation of elite crop germplasm with high-P use
efficiency. In this paper, several aspects such as the
biochemical properties, molecular characterizations, bio-
logical functions and the potential use of phytases have
been summarized, aiming at further understanding the
biological mechanism and promoting the potential appli-
cations of phytases in animal and crop production.

2 Classifications of phytase

The first phytase described was extracted from rice by
Suzuki et al. (1907). In the past two decades, lots of
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phytases were isolated and characterized, including those
of fungal phytases from Aspergillus niger (Piddington et al.,
1993), bacterial phytases from Escherichia coli (Greiner
et al., 1993), plant phytases from mung bean (Maiti et al.,
1974), rice (Hayakawa et al., 1990), wheat (Nakano et al.,
2000), a variety of other cereals (Greiner and Alminger,
2001) and legumes (Greiner et al., 2002a), and a
mammalian phytase (Craxton et al., 1997).

Phytases derived from plants and microbes can be
classified into subgroups based on their catalytic mechan-
isms, pH optima (alkaline or acid phytases), or the order in
which phosphates groups are liberated. Based on the
catalytic mechanism, phytases can be referred to as
histidine acid phytases (HAP), B-propeller phytases
(BPP), cysteine phytases or purple acid phytases (PAP)
(Mullaney and Ullah, 2003). Recently, a new class of
phytase, i.e., the protein tyrosine phosphatase (PTP)-like
phytases has been identified, based on the X-ray structure
analysis of a novel phytate-degrading enzyme from
Selenomonas ruminantium (Chu et al., 2004). On the
other hand, based on their pH optima, phytases could be
divided into acid and alkaline phytases. Acid phytases
include those enzymes belonging to the HAP, PAP and
PTP-like class of phosphatases, which has been identified
more recently. Update, the BPPs from Bacillus are the only
extensively characterized class of alkaline phytase (Kero-
vuo et al., 1998; Kim et al., 1998a; Tye et al., 2002).

According to the carbon in the myo-inositol ring of phy-
tate at which dephosphorylation is initiated, phytases could
be grouped into 3-phytases (myo-inositolhexakisphosphate
-3-phosphohydrolase, E.C. 3.1.3.8), 6-phytases (myo-
inositol hexakisphosphate 6-phosphohydrolase, E.C.
3.1.3.26) and 5-phytases (myo-inositol hexakisphosphate
5-phosphohydrolase, E.C. 3.1.3.72). Generally, phytases
from microorganisms have been found to be 3-phytases
(EC 3.1.3.8), and rarely 5-phytase, which are identified to
be an extracellular phytate-degrading enzyme from S.
ruminantium (Chu et al., 2004). Whereas grains and oil
seeds of higher plants belong to 6-phytases (EC 3.1.3.26).

3 Structural characterizations of phytases

The native phytases from microbes and plants generally
exist as complexes by binding distinct proteins and
oligosaccharides which are mainly functional in sustaining
the specific enzyme structure. Generally, the amount of
oligosaccharides in phytase is approximately 27.3%.
Based on modern biology and biotechnology, the primary
structure of phytase first elucidated is derived from that of
Aspergillus ficuumhas. Composition analysis of the amino
acid types in phytase reveals that it is composed of 37%
non-polar amino acids, 42% polar amino acids, 11.5%
acidic amino acids, and 9.5% alkaline amino acids (Ullah
and Dischinger, 1993). The secondary structure of this
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phytase was dissected by endo-protease degradation
analysis, showing that this phytase includes 17.3% o-
helixes, 29.1% B-folds, 32.6% corners, and 24.7% coils.
Similar to acid phosphatases, the phytases subgrouped into
acid phosphatase type possess two conserved domains and
one similar spatial structure.

Phytase is acted as a monomer with two domains, which
include an alpha domain and an alpha/beta domain. The
active site in phytase involved in the catalytic reactions is
located at an indentation between these domains. It is noted
that the indentation is closed off at the back by an N-
terminal lid. Basic amino acids at the active site play a
crucial role in helping bind the negatively charged 3-
phosphorus group on phytate and its derivatives.

X-ray crystallographic method provides a power tool for
understanding the atomic movements involved in an
enzymatic reaction in phytase. Based on high resolution
X-ray analysis, the structural information of phytase such
as the interaction mechanism between the enzyme
molecule and the substrate, including the enzyme-
substrate, enzyme-intermediate and enzyme-product(s)
complexes, has preliminarily been elucidated. The crystal
structure of A. ficuum phytase at 2.5 A resolution scale
indicates that there are three domains, including a large o
domain, B domain and a small o domain, in the phytase.
The large o domain and small oo domain contain five o-
helixes and four a-helixes, respectively, and the f-domain
contains eight B-folds. Crystal structure analysis of
Escherichia coli phytase at 2.2 A resolution level also
shows two domains as in two A. ficuum phytases. One
contains 5 a-helixes and 2 B-folds and the other includes 6
a-helixes and 9 B-folds. Similar studies have also been
conducted in a Bacillus amyloliquefaciens phytase and a
Debaryomyces castellii phytase, suggesting the phytases
derived from microbe species contain two conserved
domains but with variable amounts of a-helixes and B-
folds (Hartingsveldt et al., 1993; Ullah and Dischinger,
1993; Kostrewa et al., 1997; Jia et al., 1998; Lim et al.,
2000; Ragon et al., 2009). At a resolution higher than 1.7 A
scale, Liu et al. (2004) observed four crystal structures of
Aspergillus fumigatus phytases. It is found that the pH-
dependent catalytic activity of 4. fumigatus phytase could
block the nucleophilic attack of the catalytic imidazole
nitrogen, further preventing the substrate from binding
with the enzyme. Additionally, two reaction product
phosphates were observed at the active site, providing
proof of a possible release pathway of the intermediate
product after hydrolysis.

As a widely used feed additive, the Aspergillus niger
PhyA phytase has been thoroughly studied to understand
its structural basis liable to be heat inactivation during feed
pelleting. Based on crystal structure comparisons with that
of its close homolog, the thermostable Aspergillus
fumigatus phytase (Afp), it is suggested that thermostabil-
ity of PhyA is associated with several key residues (E35,
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S42, R168, and R248), which were involved in the
formation of a hydrogen bond network in the E35-to-S42
region and the ionic interactions between R168 and D161,
and between R248 and D244. Loss-of-function mutations
of above key residues (E35A, R168A, and R248A)
singularly or in combination resulted in a decrease in
thermostability, with the highest loss (25%, P < 0.05) in
the triple mutant (E354/R1684/R248A). Whereas, a set of
corresponding substitutions such as quadruple mutant
(A58E/P65S QI191R/T271R), retained 20% greater
(P <0.05) activity after being heated at 80°C for 10 min
and had a 7°C higher melting temperature than that of
wild-type PhyA by intensification of the hydrogen bond
and ionic interactions. These results demonstrate that the
hydrogen bond network together with the ionic interaction
plays an important role in supporting the high thermo-
stability of Afp and the feasibility of adopting these
structural units to improve the thermostability of PhyA
phytase and its homologues (Zhang et al., 2007).

Contrary to those derived from other microbial phytases,
the phytase from Selenomonas ruminantium (SrPhy)
shares no sequence homology with them. Crystal structure
analysis reveals that SrPhy belongs to the dual-specificity
phosphatase type, with its active site located near a
conserved cysteine-containing (Cys241) P loop. It is also
found that two other crystals form in which an inhibitor,
myo-inositol hexasulfate is cocrystallized with SrPhy. In
the “standby” and the “inhibited” crystal forms, the
inhibitor is bound, respectively. In a pocket slightly away
from the conserved P loop Cys241 and at the substrate
binding site where the phosphate group is hydrolyzed, the
pocket is held close to the —SH group of Cys241 in the
enzyme. Further, mutagenesis studies verify that the P
loop-containing phytase attracts and hydrolyzes the
substrate (phytate) sequentially with a complicated
mechanism (Chu et al., 2004).

4 Biochemical characterizations of
phytases

Various phytases have been isolated from plants and
microbes, and can be grouped based on their pH optima
(alkaline or acid phytases), catalytic mechanisms (histidine
acid phosphatases, B-propeller phytase, cysteine phospha-
tases or purple acid phosphatases), or stereospecificity of
phytate hydrolysis (3- or 6-phytases). The physicochem-
ical characteristics and catalytic properties of phytases
from various sources indicate that it is an ester-hydrolyzing
enzyme with an estimated molecular weight of 35—700 kDa
depending upon the source of origin and is usually active
within a pH range of 4.5-6.0 at 45-60°C. Generally, the
phytases from bacteria have an optimum pH in neutral to
alkaline range while in fungi the optimum pH range is 2.5—
6.0. Phytases are fairly specific for phytic acid under the
assay condition and it is possible to distinguish the phytase

from the acid phosphatase incapable of degrading phytate.
The molecular weight (MW) and the biochemical proper-
ties, such as optimum pH, temperature, specific activity,
activator and inhibitor in the catalytic reactions of phytase
previously reported in microbes, plants and recombinants
are summarized in Table 1.

5 Biochemical catalytic mechanism of
phyases

So far, the catalytic mechanism of the phytase superfamily
enzymes has been extensively studied. It is noted that two
indispensable motifs, including substrate-binding site and
catalyzation domain, are conserved in the phytases. The
former motif functional to bind the substrate is generally
located at the N-terminal with a conserved sequence
RHGxRxP. The latter motif is found at the C-terminal and
consists of distinct HD elements. At the tertiary level, a
typical ‘pocket’ structure is shown based on the interaction
of key residues in the motifs (Mullaney et al., 2000). When
the ‘pocket’ space is touched by the substrate, the
conserved sequence RHGxRxP in the substrate-binding
site interacts with the phosphate groups in the substrate to
form a complex of enzyme-substrate. The HD elements in
the catalyzation domain further function to release the
phosphate group from the substrate (Loewus and Murthy,
2000; Mullaney et al., 2000).

The data demonstrate that all of the phytases depho-
sphorylate the substrate (myo-inositol hexakisphosphate)
in a stereospecific way by sequential removal of phosphate
groups. The final products after thorough enzymatic
reaction are inositol and Pi. However, the intermediates
that occur orderly after the substrate hydrolysis vary in
phytases. The hydrolysis of phytic acid by bacillus phytase
PhyC could be done by the following pathways: phytic
acid—DL-Ins(1,2,4,5,6)P/DL-Ins(2,3,4,5,6)P—Ins
(2,4,5,6)P—Ins(2,4,6)P, or phytic acid—DL-Ins(1,2,3,4,5)
P/DL-Ins(1,2,3,5,6)P—Ins(1,2,3,5)P—Ins(1,3,5)P (Kero-
vuo et al., 2000). Whereas, PhyAsr initiates hydrolysis of
Ins P6 exclusively at the D-3 position and produces Ins(2)P
predominantly (> 80%) via D-Ins(1,2,4,5,6)P5—Ins
(2,4,5,6)P4—D-Ins(2,4,5)P3—D-Ins(2,4)P2, (3,1,6,5,4)
(Aaron, 2006).

The pathway of hydrolysis by phytate-degrading
enzymes seems to be unique for each species, and these
enzymes, Ins P6, and its derivatives may play a variety of
roles in biological systems (Aaron, 2006). To date, there is
little knowledge of the sequence in which phytases
hydrolyze phosphate groups from phytate and the Ins P6
derivatives, which is listed in Table 2. However, it is
known that most characterized phytases hydrolyze Ins P6
in a stepwise manner, yielding myo-inositol pentakis-,
tetrakis-, tris-, bis-and mono-phosphate products
(Konietzny and Greiner, 2002). The biochemical mechan-
isms in the phytase involved still need to be further explored.
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6 Molecular characterizations of phytase
genes

To date, lots of phytase genes have been mainly cloned and
characterized in microbes. Among them, the phytase genes
such as phyA and phyB from Aspergillus niger have been
extensively studied. The noted phytase gene, phyA,
encodes 467 amino acids with an 18 or 19 amino acid
signal at the N terminus, with a molecular weight of
48.8 kDa for the mature protein. Two potential N-
glycosylation sites functional in the protein post-transla-
tion have been found in the phyA polypeptide sequence. A
highly conserved sequence motif RHGXRXP (single-letter
amino acid codes) (Ullah et al., 1991), involved in the
catabolic reactions, is found at the active sites of phytase.
Furthermore, phyA contains a remote C-terminal His-Asp
motif (HD motif) that is also likely to take part in the
catalysis. Together, it is therefore suggested that the phyA
belong to a member of the phytase subfamily of histidine
acid phosphatases (Michell et al., 1997). The second noted
phytase gene identified in Aspergillus niger with similarity
to phyA is phyB (Ehrlich et al., 1993). This gene is 1605 bp
in length with 4 exons, and encodes a 479 amino acid
protein. It also has a highly conserved RHGXRXP
sequence motif for catalysis and an HD sequence motif
that facilitates the substrate binding and product leaving.
Presently, a novel phytase gene from Aspergillus niger
BCC18081 (TR170) which is 1404 bp in length, coding for
putative phytases of 468 amino acid residues, has been also
cloned and transferred into Pichia pastoris. The thermo-
stable property of this phytase provides a valuable
potential in application (Promdonkoy et al., 2009).

Except in Aspergillus niger, some phytase genes have
also been cloned and identified in other microbes. A
phytase gene from A. ficuum NRRL 3135, sharing 91.6%
amino acid sequence identity with the phyA4 gene, has been
isolated and well characterized by Ullah and Gibson (Ullah
and Gibson, 1987; Ullah, 1988;). Based on the crystal
structure analysis, the phytase from A. ficuum NRRL 3135
existed in homodimers, with a molecular mass of 85 kDa
(Kostrewa et al., 1997). For effective use of the phytases in
the feed additives, highly thermostable phytases have been
isolated and cloned from Bacillus species. PhyC, a gene
encoding a phytase enzyme, has been cloned based on B.
subtilis genomic library screening (Kerovuo et al., 1998).
In the meantime, a phytase gene with 2.2-kb in length
encoding a phytase polypeptide of 383 amino acids from
Bacillus subtilis DS11 has also been isolated and expressed
in E. coli. (Kim et al., 1998b). These two phytases both
contain 383 amino acid residues with over 90% sequence
identity but show no homology to other phytase sequences,
such as phyA and phyB, or to other known phytase
sequences, nor do they contain the conserved active-site
motif RHGXRXP. Thus, they are considered to be enzymes
with phytase activity but not belonging to the members of
the phytase subfamily of histidine acid phosphatases.
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With the rapid progress in modern biology and
biotechnology, lots of plant phytase genes encoding the
phytases have been cloned and characterized in the past
two decades. In Arabidopsis, a model plant species in
molecular biology, Mullaney and Ullah (1998) have
figured out a gene in the database, which exhibits sequence
features of a histidine acid phosphatase with phytase
activity (accession number GI2160177). Simultaneously,
several phytase genes have been identified in other plant
species. A good case is that of two phytase genes of
PHYT I and PHYT II, which were isolated from maize (Zea
mays), based on screening of maize cDNA library. Further
analysis found that both PHYT I and PHYT II share high
sequence homology, containing a 1164 bp open reading
frame that encodes polypeptide of 387 amino acids with a
molecular mass of 38 kDa (Maugenest et al., 1997, 1999).
Gene location analysis suggests that the two phytase genes
are tightly linked on the longarm of chromosome 3. The
maize phytase genes encode a homodimeric protein,
having a RHGXRXP phytase active site motif and a hall
mark of histidine acid phosphatases (Ostanin et al., 1992).
In soybean, a phytase gene (GmPhy) sequence, containing
a 1644-bp open reading frame that could encode a protein
with a predicted molecular mass of 62.3 kDa, has been
identified. Sequence comparison alignment explores that
the soybean phytase exhibits a high degree of sequence
similarity to purple acid phophatases (PAPs), a family of
acid phosphatase in plants with wide functions (Carla and
Elizabeth, 2001). A 28-aa in length of signal peptide
directing the polypeptide to apoplast has been detected at
the N-terminal of the translated protein, showing the
protein should be directed to the endomembrane system for
secretion or further subcellular sorting (Carla and Eliza-
beth, 2001). Domain analysis indicates that the soybean
phytase contains motif characteristics of a large group of
phosphoesterases, including the PAPs. Five sequence
blocks comprising two motifs (D*X[G/H*]-(Xn)-
GD*XX[Y/X]-(Xn)-GN*H[E/D] and VXXH*-(Xn)-
GH*XH*) contain the conserved metal-ligating residues
(asterisks) (Koonin, 1994), which are required for enzyme
catabolism. In the model legume Medicago truncatula, a
full-length ¢cDNA (MtPHYI) encoding an extracellular
form of phytase has been isolated. The phytase cDNA has
an open reading frame of 1632 bp predicted to encode 543
amino acids including an N-terminal signal peptide of 27
amino acids. At the genome level, the MtPHYI gene
consists of 5151 bp in length containing 7 exons and 6
introns. Transcription analysis suggests that MtPHY1 is
expressed in leaves and roots, with the expression levels
elevated in roots during growth in low phosphate
conditions (Xiao et al., 2005). Owing to their vital actions
in plant phosphorus metabolism, phytases in plant species
are necessary to be further studied in the future aided by the
rapid progress in modern biology and biotechnology.

Currently, much more phytase genes derived from
various species have also been identified, due to their
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potential value in the application. A phytase (PhyAsr)
belonging to the protein tyrosine phosphatase (PTP)
superfamily has been characterized from the anaerobic,
ruminal bacterium Selenomonas ruminantium by Aaron
(2006). Studies demonstrate that PhyAsr has a PTP-like
fold and a conserved PTP-like active site signature
sequence (C(X)SR) which facilitates a classical PTP
mechanism of dephosphorylation (Chu et al., 2004).
Except for a novel phytase gene isolated in Aspergillus
niger, another thermostable phytase gene with 1404 bp in
length, coding for putative phytases of 468 amino acid
residue, has been identified in Aspergillus japonicus
BCC18313 (TR86) and BCC18081 (TR170) (Promdon-
koy et al., 2009). A new phytase gene, appA, consisting of
1302 bp encoding 433 amino acid residues with 27
residues of a putative signal peptide, has been cloned in
P wasabiae by degenerate PCR and TAIL-PCR (Shao
et al., 2008). A phytase gene belonging to the beta-
propeller phytase family and sharing very low identity
(approximately 28.5%) with Bacillus subtilis phytase has
been identified in Pedobacter nyackensis MJ11 CGMCC
2503 (Huang et al., 2009). An extracellular phytase (PHY
US417) with a molecular weight of 41 kDa is purified and
characterized in Bacillus subtilis US417 (Farhat et al.,
2008). In addition, other phytase genes, as a potential ideal
feed additive for improving the phytate-phosphorus
digestibility in monogastric animals, have also been cloned
and characterized in other species, such as in Peniophora
lycii (Xiong et al., 2006), ruminal bacterium Selenomonas
ruminantium (SrPf6) and Escherichia coli (appA) (Hong
et al., 2004).

7 Application of phytase in feed additives

As the major ingredients of animal feed, cereal grains
and oilseed meals contain a large amount of phosphorus
(mainly phytate) unavailable for monogastric animals (e.g.,
pigs, poultry, and fish) at very low levels of phytase
activity in the digestive tract; thus, the nutrient value of the
feed stuff of plant origins is decreased. On the other hand,
the unassimilated phytates in feed are excreted into the
environment, causing serious ecological problems in areas
of intensive animal production. Meanwhile, as an anti-
nutritional factor, phytates may form complexes with some
metal ions (Ca®*, Mg*", Fe**, Zn>") and proteins, resulting
in a decrease in their dietary availability.

Numerous feeding studies have verified the efficacy of
using phytase as a tool to improve phosphorus and nutrient
utilization in a wide variety of animal species (Ravindran
et al., 1995). The use of a fungal phytase as a feed
supplement has proven to be effective in alleviating the
negative effects of phytate in livestock diets. Simons et al.
(1990) found that the addition of crude microbial phytase
to the diets of growing pigs improved phosphorus uptake
by 24% while phosphorus levels in feces were decreased

by 35%. Similar results have been reported in several other
research groups. In the past several years, the extracellular
phytase isolated from fungus Aspergillus niger has been
widely used in Europe as a commercial feed supplement.
The phyA2 phytase enzyme derived from A. niger has
been marketed as a commercial feed additive in China.
Except for the improvement of phosphorus utilization,
several other inorganic cations, such as Ca®*, Zn**, Fe**,
and Mg>" which are covalently bonded in phytate, could
be also absorbed by animals. Mondal et al. (2007) has
shown that supplementation of microbial phytase in
soybean meal based broiler diets containing low phos-
phorus has also increased the retention of Ca*™, in addition
to P, all are functional in compensation of the untoward
effect of low phosphorus levels from the diet.

A transgenic approach has provided a powerful tool for
expressing the specific phytase genes on a large scale in
yeast strains, which have been verified to be an elite
expression system for heterologous genes. To reduce
phytase production costs, new prokaryotic and eukaryotic
expression systems were explored. Several studies have
already investigated the use of various yeast expression
systems as an alternative to the current production method
for phytase using overexpression in filamentous fungi. It is
elucidated that phytases used in ecotopic expression can be
derived from a host of microorganism source (Lei et al.,
2007). Xiong et al. (2006) created a P. pastoris strain that
expressed the modified phytase gene (phy-pl-sh) with
MF41 sequence producing 12.2 g phytase per liter of fluid
culture, with the phytase activity of 10540 U-mL™". The
recombinant phytase had one optimum pH (pH 4.5) and an
optimum temperature of 50°C. Based on the direction of
MF4I signal peptide in the recombinant gene, the phytase
expressed in P. pastoris strain could be effectively secreted
in the culture solution and simplified for the purification of
the expressed phytase. Using the phytase gene (phytDc)
from Debaryomyces castellii and alpha-amylase gene
(AMY) from D. occidentalis as the target genes, Hong
et al. (2008) developed an industrial strain of Sacchar-
omyces cerevisiae. The recombinant industrial strain
secreted both phytase and alpha-amylase for the efficient
degradation of phytic acid and starch as main components
of plant seeds, with a hydrolysis efficiency of 90% for
0.5% (w/v) sodium phytate within 5 days of growth and of
100% for 2% (w/v) starch within 48 h simultaneously.

Because temperature and pH values are the major factors
determining enzyme activity, favourable properties for
phytase used in food processing are the high phytate-
degrading capability even at room temperature, acceptable
heat resistance and high activity over a broad pH range.
One of phytase research efforts has been focused on the
engineering of an improved enzyme with heat tolerance by
allowing the enzyme to survive the brief period of elevated
temperature during the pelletization process (Mullaney et al.,
2000). For that, Kim et al. (2006) tried to shift the pH
optima of PhyA to match the stomach condition by
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substituting amino acids in the substrate-binding site with
different charges and polarities. The results showed that it
was feasible to improve the function of PhyA phytase
under stomach pH conditions by rational protein engineer-
ing. It was found that among 21 single or multiple mutants
of PhyA expressed Pichia pastoris yeast strains, the
mutant E228K exhibited the best overall changes, with a
shift of pH optimum to 3.8 and 266% greater (P < 0.05)
hydrolysis of soy phytate at pH 3.5 than that of the WT
enzyme. The improved efficacy of the enzyme was also
confirmed in an animal feed trial and characterized by
biochemical analysis of the purified mutant enzymes.
Similarly, Fu et al. (2009) explored the Ser51 in a new
phytase (APPA) which is in close proximity to the catalytic
site and plays a role in defining the optimal pH 2.5.
Compared with wild-type APPA, mutant S51T showed a
higher specific activity and greater activity, and increased
the thermal and acid stability. These properties make S51T
a better candidate than the wild-type APPA for use in
animal feed. In another study, based on phytase activity
screening, ten Cryptococcus strains with various phytase
activities were identified. Among them, the Cryprococcus
laurentii ABO 510 strain showed the highest level of
activity and a high sustainable temperature. The enzyme
was thermostable at 70°C, with only a loss of 40% of its
original activity in 3 h. These characteristics suggest that
the ABO 510 phytase derived from C. laurentii may be
considered as an animal feed additive used to assist in the
hydrolysis of phytate complexes to improve the bioavail-
ability of phosphorus in plant feedstuff (van Staden et al.,
2007). Except for high-specific activity and high tempera-
ture stability, low pH tolerance of the phytase is also
necessary when used as the feed additives, owing to the
acidic and high protease concentration of gastric passages
in animals. Huang et al. (2008) has cloned two novel
phytase genes from Yersinia rohdei and Y. pestis expressed
in Pichia pastoris. The results showed that both the
recombinant phytases had a high activity at pH 1.5-6.0
(optimum pH 4.5) and 55°C optimum temperature.
Compared with the major commercial phytases, the Y.
rohdei phytase was more resistant to pepsin, retained more
activity under gastric conditions, and released more
inorganic phosphorus (two to ten times) from soybean
meal under simulated gastric conditions. These superior
properties suggest that the Y. rohdei phytase is an attractive
additive to animal feed. Recently, several novel phytase
genes with strong tolerance to high temperature and low
pH have been cloned and isolated by several independent
groups (Farhat et al., 2008; Rao et al., 2008).

For more efficient production of recombinant hetero-
logous high-specific activity phytases, it has been tried to
express the phytase genes in plant specific organs, which
are then directly used in the animal feed stuff. Based on the
DNA recombinant techniques and plant genetic transfor-
mation approaches, phytase has been produced recently in
transgenic plants. Up to date, phytase genes from various
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Aspergillus species have been expressed in transgenic
tobacco seeds and leaves (Reddy et al., 1982; Pen et al.,1993;
Ullah et al., 1999), transformed soybean cell-suspension
cultures (Li et al.,, 1997), transgenic soybean and alfalfa
(Denbow et al., 1998; Ullah et al., 2000), and transgenic
wheat, rice, and canola seeds (Brinch et al., 2000; Zhang
et al., 2000; Ponstein et al., 2002; Hong et al., 2004). Chen
et al. (2008) demonstrated that transgenic maize seeds could
express the fungal phytase phy42 gene in embryos without
affecting seed germination and the phytase activity in
transgenic seeds could reach about 2200 U-kg™' seed. A
similar level of phytase expression also was obtained when
the A. niger phyA gene was expressed in maize endosperm
under the control of the rice glutelin-1 promoter (Drakakaki
et al., 2005). Because of previous feeding trials, the phytase
showed an effectiveness of 750—1000 units of activity per kg
of diets, as a feed additive (Jongbloed et al., 1996), some
transgenic plants or specific organs expressing heterologous
phytases could reach this available enzyme activity criterion
and be directly used as the feed without additional Pi
supplemented. Therefore, transgenic plants with high-
specific phytase activity have a far-reaching potential in
animal feeding in the future.

8 Potential value of phytase on improving
phosphorus use efficiency in crop plants

As the raw material of one indispensable inorganic nutrient
in crop production, rock phosphate plays a crucial role in
the conservation of the world's deposits and is considered
to be important for future generations. Phosphorus is a
basic component of life like nitrogen, but, unlike nitrogen,
phosphorus does not have a cycle to constantly replenish
its supply. It is noted that phosphorus deficiency in soil is
currently one of a major constraints for agricultural
production worldwide.

A large amount of phosphorus in the arable soil
generally exists as compounds employed by crop plants.
In addition some of the phosphorus is directly bounded by
soil mineral particles. Besides, among the accessible large
part of phosphorus for plants, about 50% to 80% exists in
an organic form, with half being the phytate and its
derivatives. Therefore, it is very likely that the use of
phytase will be expanded as the need to conserve the
world’s phosphate reserves increases (Mullaney et al.,
2000).

A large part of phytate and its derivatives could be
potentially decomposed by phytase, resulting in the release
of Pi for plant. Therefore, the development of plants that
exude the phytase to the soil may improve the P nutrition
of plants. Modern biology and biotechnology have provided
a potentially efficient way to enhance the P nutrition of crop
plants and improve the efficiency of applying P fertilizer in
the agricultural system (George et al., 2005). As a large
potential phosphorus source, phytate and its derivatives,
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were paid more attention to by several research groups
aiming at releasing the phosphorus from the organic
phosphorus compounds and further improving the P use
efficiency in plants based on the genetic transformation
and biotechnology approach. Using the phytase gene
(phyA) from Aspergillus niger as the target gene,
Richardson et al. (2001) generated the transgenic Arabi-
dopsis plants to express the PhyA recombinant protein.
The transgenic plants showed a strong ability to utilize the
phytate by secreting the encoded phytase to be rizhosphere
by the guidance of the signal peptide sequence from the
carrot extensin (ex) gene. The transgenic lines expressing
ex::phyA ultimately resulted in increasing 20-fold phos-
phorus nutrition in total root phytase activity, such that the
growth and phosphorus content of the plants were
equivalent to those of control plants supplied with
inorganic phosphate. Similarly, transgenic Arabidopsis
plants integrated with synthetic phytase gene gave similar
results as those of Richardson et al. (2001). The plants with
higher expression under the control of the constitutive
CaMV35S promoter could dramatically utilize the phos-
phorus derived from phytate, showing a significantly
improved plant phenotype under the phytate as the sole P
source, with more accumulated P amount per plant and
higher fresh and dry weight than those of the control
(empty vector transformed) (Xiao et al., 2005). In all, it is
suggested that it should be an efficient pathway to improve
the phosphorus use efficiency in the crop plants by
adopting a suitable biotechnology strategy.

Because the absorption site of the available phosphate
source in plants is the root system, especially the root hairs.
It is therefore better that the phytase ectopically expressed
in the transgenic plants to be secreted in the rhizosphere
where the phytate and its derivatives are degraded by the
biochemical reactions involved in the encoded phytases.
Thus, in addition to the transgenic plants showing a
property of translated phytases that is secreted (Richardson
etal., 2001; Xiao et al., 2005), it would be much feasible to
express the phytase gene to be organ- or tissue-specific,
such as root hairs, which are the predominant region
uptaking the mineral nutrients. Therefore, the transgenic
Arabidopsis plants in which the legume model M.
truncatula phytase gene (MtPHYI) has been integrated,
with the target gene governed by MtPT1, a promoter with a
pattern to be root-specific and low-Pi induction. The results
indicate that when phytate is supplied as the sole source of
phosphorus, the dry weight of the transgenic Arabidopsis
lines is 3.1- to 4.0- fold higher than that of the control and
the total phosphorus content is 4.1- to 5.5-fold higher than
that of the control. The transgenic expression of phytase
genes of plant origin thus has also great potential for
improving plant phosphorus acquisition and for phytor-
emediation (Xiao et al., 2005). With a similar strategy, Li
et al. (2009) expressed a Aspergillus ficuum phytase gene
(AfPhyA) in soybean plants in which the carrot extensin
signal peptide sequence was in-frame fused with the

AfPhyA open reading frame at the 5'-end for the secretion
of the expressed phytase. The phytase activity and
inorganic phosphate levels in the transgenic soybean root
secretions were 4.7 U-mg™" protein and 439 mumol-L™,
respectively, compared to 0.8 U-mg ' protein and 120
mumol-L™, respectively, in control soybeans (Li et al.,
2009), suggesting the transgenic techniques are of a great
value in generating crop varieties with high P use
efficiency in the future.
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