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Summary

Plant seeds that have high phytate content are used as animal feed. Phytases, enzymes
that catalyze the breakdown of phytate into inorganic phosphorus and myoinositol phos-
phate derivatives, have been intensively studied in recent years and gained immense at-
tention because of their application in reducing phytate content in animal feed and food
for human consumption, thus indirectly lowering environmental pollution caused by un-
digested phytate. This review is focused on summarising the current knowledge on recent
developments of fungal and yeast phytases. Comparative account on diverse sources and
physiological roles, molecular characteristics and regulation mechanisms of phytases are
discussed. Phylogenetic relationship of phytases from different classes of fungi is studied
in details. It is inferred on the basis of phylogeny that phytases from Ascomycetes and
Basidiomycetes differ in the amino acid sequences, therefore they fall in separate clade in
the tree. The prospective biotechnological applications of microbial phytases such as ani-
mal feed additives, probiotics, pharmaceuticals, as well as in aquaculture, food industry,
paper manufacturing, development of transgenic plants and animals with special reference
to its use as biofertilizers are also emphasised in this review.

Key words: fungal phytases, phylogenetic relationship, phytase gene regulation, biotech-
nological applications

Introduction

Myoinositol hexakisphosphate is a ubiquitous con-
stituent of cereals and grains, which exists predominant-
ly in its salt form and serves as a major source of phos-
phorus for the animals. Phytic acid is the principal storage
form of phosphorus and inositol. It represents approx.
60–90 % of the total phosphorus content in cereals, le-
gumes, and oilseeds, approx. 50 % in nuts and approx.
24 % in cocoa and chocolate (1). In spite of being a rich
source of phosphorus, the bound phosphorus in phytate
is poorly utilised by monogastric animals such as pigs,
poultry and fish because these animals have very low
levels of phytate-degrading enzymes, i.e. phytase (myo-
inositol hexakisphosphate phosphohydrolase) in their

digestive tracts, which requires addition of sources with
Ca3(PO4)2 to the forage. Besides this, phytate is also con-
sidered as antinutritional compound because it forms
complexes with several divalent cations of major nutri-
tional significance, such as Ca2+, Mg2+, Zn2+, Cu2+, Fe2+

and Mn2+ (2), and with proteins under both acidic and
alkaline pH conditions which affect its structure, result-
ing in the decrease in the enzymatic activity, protein so-
lubility and proteolytic digestibility (3). The undigested
phytate excreted by the animals is degraded by micro-
organisms in the soil and the released phosphorus at
high concentrations gets into the rivers where it causes
eutrophication. The importance of phytic acid as a source
of phosphorus, its ability to cause undesirable ecological
effects and antinutritive properties has stimulated re-
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search into ways for its dephosphorylation. Hence, in the
last few decades, phytases have attracted substantial in-
terest of scientists and entrepreneurs in the areas of nu-
trition, environmental protection and biotechnology. This
review summarises the current knowledge on recent re-
search of phytases and presents a comparative account
on diverse sources and physiological roles of phytases,
their molecular characteristics, phylogenetic relation-
ships, regulation mechanisms, as well as their assorted
applications in paper and pulp industry, myoinositol
production, in pharmaceuticals, biofertilizers, animal and
human nutrition, transgenic animals and plants.

Source Organisms for Phytases

Phytases are reported to be present in plants (4–6),
animals (7,8) and in a variety of microorganisms such as
bacteria (9–13), yeasts (14,15) and filamentous fungi
(16–21). A detailed list of known phytase-producing
fungi and yeasts is given in Table 1 (15,17–60).

Physiological Roles of Phytases

It is clear and evident that phytases are widespread
in nature ranging from microorganisms to plants and
animals. Also, the role of these enzymes in each organ-
ism varies depending on its physiological requirements.
The presence of multiple phytases with different speci-
ficities, pH optima and biochemical properties within in-
dividual species suggests that hydrolysis of phytic acid
is under the control of more than one phytase.

Microorganisms

In microorganisms, phytase expression is most fre-
quently induced and the enzymes are usually secreted
in response to phosphate starvation. The expression of
phytases results in the release of inorganic phosphate
from the surrounding and/or internal inositol hexaphos-
phate (InsP6) stores. Moreover, the synthesis of periplas-
mic phytate-degrading enzymes was found to drastically
increase in E. coli in the stationary phase under anae-
robic conditions (9). However, phytate-degrading activ-
ity in Klebsiella terrigena was found to increase when
phytate was present in the cultivation medium (10). In
most of fungi like Aspergillus niger and A. ficuum, limited
concentrations of phosphorus in the medium decrease
optimal mycelial growth of the mould, but phytase pro-
duction is maximal (16). Furthermore, many prokaryotes
produce inositol phosphate-degrading enzymes that
serve diverse functions including phosphate scavenging
and pathogenesis, which was reported in Xanthomonas
oryzae, X. campestris and Salmonella dublin (61,62).

Plants

In plants, phytase is expressed during seed germi-
nation for phytate degradation to provide the growing
seedling with orthophosphate, lower inositol polyphos-
phates (IPPs), free myoinositol and previously bound
cations, such as K+, Mg2+, Zn2+ and Ca2+, thus providing
nutrition for plant growth (63). The constitutive alkaline
phytase present in lily pollen and seeds removes the 5-,
4- and 6-phosphate of InsP6 to yield Ins(1,2,3)P3 as the fi-
nal product, which acts as antioxidant by inhibiting iron-
-catalyzed free radical formation by chelating iron (64).
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Table 1. List of phytase-producing fungi and yeasts and their respective classes

Phylum of fungi

Class of phytase

ReferenceHistidine acid phytase
(HAPs) 3-phytase

Histidine acid phytase
(HAPs) 6-phytase

Unclassified

Ascomycetes

Aspergillus ficuum (22)

Aspergillus oryzae (17)

Aspergillus carbonarius (23)

Aspergillus terreus

Myceliophthora thermophila

(18)

Emericella nidulans

Talaromyces thermophilus

(19)

Aspergillus fumigatus (20)

Thermomyces lanuginosus (24,25)

Penicillium simplicissimum (26)

Thermoascus aurantiacus (27)

Cladosporium sp. (28)

Aspergillus niger (29)

Neurospora crassa (30)

Aspergillus awamori (31)

Penicillium oxalicum (32)

Trichoderma reesei (33)
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Phylum of fungi

Class of phytase

ReferenceHistidine acid phytase
(HAPs) 3-phytase

Histidine acid phytase
(HAPs) 6-phytase

Unclassified

Penicillium chrysogenum (34)

Aspergillus japonica (35)

Eupenicillium parvum (36)

Fusarium verticillioides (37)

Sporotrichum thermophile (38)

Penicillium sp. Q7 (39)

Penicillium funiculosum (40)

Neosartorya spinosa (41)

Single-cell Ascomycetes (yeast)

Saccharomyces cerevisiae (42)

Schwanniomyces castellii (43)

Rhodotorula gracilis (44)

Hansenula polymorpha (45)

Schwanniomyces occidentalis

Pichia rhodanensis

Pichia spartinae

(46)

Candida krusei (15)

Pichia anomala (47)

Candida albicans (48)

Arxula adeninivorans (49)

Pichia stipitis (50)

Candida tropicalis

Candida glabrata, formerly
known as: Torulopsis candida

(51)

Kluyveromyces fragilis

Candida krusei

Debaryomyces castellii (52)

Kodamaea ohmeri (53)

Hansenula fabianii (54)

Basidiomycetes

Peniophora lycii (21)

Agrocybe pediades

Ceriporia sp.

Trametes pubescens

Agaricus bispora (55)

Grifola frondosa

Lentinula edodes

Pleurotus cornucopiae

Rhizoctonia sp. (37)

Zygomycetes

Mucor racemosus (56)

Rhizopus oligosporus (57)

Rhizomucor pusillus (58)

Rhizopus oryzae (59)

Mucor hiemalis (60)

Table 1. – continued



Also, some of the intermediates and end products of
phytate hydrolysis are important in the transport as sec-
ondary messengers and in signal transduction (65).

Animals

In animals, phytases are mainly involved in the
maintenance of the cell's metabolic reservoirs of InsP6
and other IPPs. The multiple inositol polyphosphate
phosphatase (MIPP) plays a vital role in the regulation
of cellular activities of InsP6 and Ins(1,3,4,5,6)P5. MIPP-
-generated metabolites are also reported to act as Ca2+-
-mobilizing signal (66). The evolutionary conservation of
MIPP within the inositol phosphate pathway suggests a
significant role of MIPP in higher eukaryotes (8).

Classification

Phytases catalyse the hydrolysis of phytic acid in a
stepwise manner to inositol phosphates, myoinositol
and inorganic phosphate (18). Phytases can be charac-
terized using three different classification systems de-
pending on their pH optima, catalytic mechanism and
on the position of carbon in the myoinositol ring of phy-
tate at which dephosphorylation is initiated. Depending
on their pH optima, phytases are divided into acid phos-
phatase and alkaline phosphatase. Based on the catalytic
mechanism, phytases can be referred to as histidine acid
phosphatases/histidine acid phytases (HAPs/HAPhy),
b-propeller phytases (BPP), purple acid phytases (PAP)

and cysteine phytases/protein tyrosine phosphatases
(PTPs) (67). Additionally, based on the position of car-
bon in the myoinositol ring of phytate at which dephos-
phorylation initiates and according to the IUPAC system
of classification, phytases are classified into 3-phytases
(EC 3.1.3.8), 4-phytases (EC 3.1.3.26), 5-phytases (EC 3.1.
3.72) and 1D-3 or 1D-4 (protein tyrosine phosphates
(PTP)-like inositol polyphosphatases). The representa-
tives of each of these classes have different catalytic
mechanisms, cofactor requirements and end products, as
shown in Table 2 (5,6,21,31,32,68–73).

Histidine acid phosphatases

HAPs have been reported to be present in most of
the bacteria, yeast, fungi and plants. Two classes of acid
phosphatases can be recognized in terms of their mole-
cular masses, low molecular mass HAPs and high mo-
lecular mass HAPs. Low molecular mass HAP form
lacks both N-terminal RHGXRXP motif and a C-terminal
motif HD, as reported in Cladosporium sp. (28). High mo-
lecular mass HAP form exhibits both N-terminal RHG-
XRXP motif and a C-terminal motif HD (74). The histi-
dine residue (His) of fungal phytases has been proposed
to serve as a nucleophile in the formation of phospho-
histidine intermediate and an equivalent Asp residue,
which might protonate the substrate leaving group (1).
In addition to the presence of conserved motifs, all HAPs
also show up to ten conserved potential N-glycosylation
sites identified as NXS/T and almost ten cysteine re-
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Table 2. Classification of phytases

Classification based on catalytic mechanism

Class pH range Conserved sequence/motif Co-factor required
for activation

End product of hydrolysis
reaction

Prevalence

histidine acid
phosphatase
(HAPhy)

4.0–4.5 Heptapeptide motif RHGXRXP
at N-terminal end and dipeptide
motif HD at C-terminal

EDTA myoinositol (2)
monophosphate (InsP1)

most of the
bacteria, yeast
and fungi

alkaline phytase
b-propeller
(BPPs)

7.0–8.0 Six-bladed propeller folding
architecture with six Ca2+-
-binding site

Ca2+ myoinositol
trisphosphate (InsP3)

Bacillus, legume
seeds, lily

purple acid
phophatase
(PAP)

4.0–5.5 Seven conserved residues in five
conserved motifs: DXG, GDXXY,
GNH(D/E), VXXH and GHXH
involved in coordination of
dimetal nuclear centre

metalloenzyme myoinositol
2,3,4,5-tetraphosphate
or myoinositol 1,2,5,6-
tetraphosphate (InsP4)

plants

cysteine
phosphatase

4.5–6.5 Cysteine containing (Cys 241) P
loop HCXXGXXR(T/S)

Pb2+ myoinositol (2)
monophosphate (InsP1)

anaerobic rumen
bacteria, e.g.
Selenomonas
ruminantium

Classification based on the position of carbon atom at which dephosphorylation initiates

Class IUPAC nomenclature Prevalence Reference

3-phytase
EC 3.1.3.8

myoinositol hexakinase phosphate
3-phosphohydrolase

most of bacteria and Ascomycetes phylum (31,32)

6-phytase
EC 3.1.3.26

myoinositol hexakinase phosphate
6-phosphohydrolase

plant (grains/oilseeds), ferns and
Basidiomycetes

(5,6,21)

5-phytase
EC 3.1.3.72

myoinositol hexakinase phosphate
5-phosphohydrolase

lily, alfalfa, beans, peas, S. ruminantium (68–71)

1D-3 or 1D-4 protein tyrosine phosphates (PTP)-like
inositol polyphosphatases

Klebsiella terrigena, Megasphaera elsdenii (72,73)



sidues. Glycosylation may have several effects on the
properties of an enzyme, including catalytic properties
or the stability of the enzyme. It may, in addition, in-
fluence the pI of the protein (75). Although not directly
involved in the catalytic function of HAPhy, disulphide
bridges formed by the conserved cysteine residues per-
form an important role in maintaining the proper three-
-dimensional structure of the protein (76).

All phytases that belong to the family of HAPs do
not need any cofactor for optimal activity (77). Despite
the common catalytic site, there are some HAPs that do
not share an equal ability to degrade myoinositol hexa-
kisphosphate. Both the mouse and fruit fly MIPP repre-
sent a number of other HAPs that are not effective phy-
tases, recognizing the fact that all HAPs are not phytases
(78), hence the term 'histidine acid phytase' (HAPhy) is
used to denote HAPs that can accommodate myoinositol
hexakisphosphate as a substrate. Despite the fact that
catalytic centres for all the known microbial HAPhys are
identical, they can be divided into two classes based on
substrate specificity. One class has broad substrate spec-
ificity but a low specific activity for inositol hexakis-
phosphate, while the second class has narrow substrate
specificity and a high specificity for myoinositol hexa-
kisphosphate (75). The HAPhys with high specific activ-
ity for myoinositol hexakisphosphate have either a basic
or acidic amino acid residue at the position 300, while
the phytases with low specific activity have a neutral
amino acid at that position (79).

b-Propeller phytases

b-Propeller phytases (BPP; EC 3.1.3.8) are quite dif-
ferent in their nucleotide sequence, structure, cofactor
requirements and catalytic mechanism from all other
known phytases. They are expressed by Bacillus subtilis

and its related species (11). The name b-propeller phy-
tases was adopted based on the molecular structure of
this enzyme, which mainly consists of b-sheets and re-
sembles a six-bladed propeller (80). The main components
involved in the catalytic mechanism of BPP to hydrolyze
myoinositol hexakisphosphate include a 'cleavage site',
an 'affinity site' and an electronegative, solvent-acces-
sible central channel that binds seven Ca2+ ions (81,82).
Only substrates that simultaneously fill both binding
sites are hydrolyzed by BPPs because, according to the
enzyme mechanism of BPP, the phosphate bound to the
affinity site facilitates the cleavage of flanking phosphate
by the cleavage site. Therefore, the enzyme prefers the
hydrolysis of every second phosphate and has a reduced
affinity for any substrate that cannot fulfil this require-
ment. Thus, BPP alternately remove phosphate groups
with the end product being myoinositol trisphosphate.
The Ca2+ ions serve several functions, including the acti-
vation of a water molecule, coordination of the scissile
phosphate and stabilization of the negative charge that
develops in the transition state, which can be replaced
by many divalent cations but has proven to be the most
effective one (81).

It is reported that the plant pathogen, Xanthomonas

oryzae, secretes a six-bladed b-propeller protein, which is
required for optimum virulence in its host (62). Charac-
terization of this protein revealed conservation of active-

-site residues previously identified in Bacillus phytases,
suggesting that virulence in a plant pathogen is in part
due to the ability of the bacteria to utilize myoinositol
hexakisphosphate as a source of phosphate.

Purple acid phytases

Purple acid phytases (PAPs) have been purified from
germinating glycine (83) and A. niger (84). PAPs are a
class of metalloenzymes and possess a dimetal nuclear
centre that can be either Fe3+–Fe2+, Fe3+–Mn2+ or Fe3+–Zn2+,
and exhibit optimal enzyme activity under acidic con-
ditions. They are characterized by seven conserved re-
sidues (bold) in the five conserved motifs – DXG, GDXXY,
GNH(D/E), VXXH and GHXH – involved in the coor-
dination of the dimetal nuclear centre (83,85). The cata-
lytic mechanism involves the direct attack of the scissile
phosphate by an activated water molecule coordinated
by the metal centre. PAPs exist as a homodimer and each
monomer is composed of two domains: a small N-ter-
minal antiparallel b-sandwich and a larger C-terminal
a+b domain. The C-terminal domain is characterized by
two large mixed central b-sheets that form a b-sandwich.
Two a-helices from each monomer interact to form the
homodimer interface.

Cysteine phytases/protein tyrosine phosphatases

Cysteine phytases represent a new class of phytases
described in the anaerobic ruminal bacterium Selenomo-
nas ruminantium and exhibit optimal enzyme activity un-
der acidic conditions (69). This phytate-degrading en-
zyme is related to protein tyrosine phosphatases (PTPs)
and has recently been described (69,70,73). These enzymes
are characterized by the CX5R(S/T) PTP active site signa-
ture sequence. This sequence forms the loop at the base
of the PTP active site and is important for coordinating
the scissile phosphate for nucleophilic attack. PhyAsr

adopts a+b PTP fold, and has a small b-domain that is
unique to this class of enzymes. The b-domain is impli-
cated in the unique substrate specificity of these en-
zymes (69).

Phylogenetic Relationship Between Phytases
(HAPs) from Fungi and Yeasts

In this section phylogenetic relationship between
phytases from fungi and yeasts will be discussed. The
amino acid sequences of phytases found in different
fungi and yeasts were retrieved from various databases
like NCBI, DDBJ and EMBL. Phylogenetic tree was con-
structed using MEGA5 software (86). The evolutionary
history was inferred using the neighbor-joining method
(87) and distances were computed using the Poisson
correction method (88) and expressed as the units of the
number of amino acid substitutions per site. It is infer-
red from the phylogenetic tree (Fig. 1) that phytases
from Ascomycetes belong to 3-phytase class, whereas
phytases from Basidiomycetes fall in a different cluster
and belong to 6-phytase class. Despite the presence of
conserved N-terminal motif (RHGXRXP) and C-terminal
motif (HD) (which are present in Ascomycetes), a char-
acteristic of HAPs, the phytase protein sequences of Ba-
sidiomycetes like Peniophora lycii, Agrocybe pediades, Ceri-
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poria sp. and Trametes pubescens, also exhibit three different
conserved regions.

In the conserved sequence I, present at amino acid
position 68–83 (IQRHGARXPTSGAXXR), sequence II,
present at 162–171 (NWTXGFXXAS), and sequence III,
present at 415–433 (FVESQXXARXXGXGDFXKC), amino
acids marked in bold are unique to the phytases belong-
ing to Basidiomycetes, whereas those italicized are com-
mon to phytases of both Ascomycetes and Basidiomy-

cetes (21). These dissimilarities in the phytase protein se-
quences of Basidiomycetes may be the reason for them
to fall in a different cluster and a distinct class of phy-
tases, as shown in the phylogenetic tree.

The comparative analysis of a representative of Ba-
sidiomycetes Peniophora lycii (PL) phytase with phytase
from Ascomycetes like Aspergillus fumigatus (AFu) showed
only 38 % sequence homology. It was even noted that PL
phytase was 39 amino acids shorter than AF phytase
(409 versus 448). In the N-terminus, there is a deletion of
15 residues. Despite these differences, the active site was
intact in PL phytase. The dynamic light scattering stud-
ies estimated the molecular mass of AFu phytase and PL
phytase to be 86.6 and 118.4 kDa, respectively, which in
turn suggested that the AFu phytase exists as a mono-
mer, while the PL phytase could be a homodimer. Thus,
phytases from Ascomycetes and Basidiomycetes differ in
physical, chemical, and catalytic properties (89). These
disparities between phytases from Ascomycetes and Ba-
sidiomycetes may have arisen to acclimatize in various
environmental conditions for proper utilization of phy-
tate.

It is inferred from the phylogenetic tree (Fig. 1) that
phytases from Ascomycetes and Basidiomycetes differ in
the amino acid sequences, therefore they fall in separate
clade in the tree. Yeasts are classified as unicellular fungi
belonging to phylum Ascomycota. This could be the
explanation for higher amino acid sequence homology
of phytases from yeasts and other fungi belonging to
Ascomycetes. For the same reason, phytases from fungi
Neosartorya fischeri and Monascus purpureus are grouped
with those of yeasts as depicted from the phylogenetic
tree.

Regulation of phy Gene Expression in Fungi
and Yeasts

Expression and regulation of phytase enzyme is a
complex process studied in detail in some bacteria like
E. coli (9) and Klebsiella terrigena (10) and yeast S. cere-
visiae (90). Under non-limiting conditions, expression of
phytase in majority of bacteria is turned off in exponen-
tially growing cells and started as soon as the culture
enters the stationary phase (9). In mould phytase expres-
sion is growth associated (29). The enzyme activity started
to increase from the beginning and continued to increase
up to the onset of stationary phase. In this communica-
tion, the regulation of phytase enzyme in yeasts and
fungi only will be discussed. In the yeast, PHO regulon
controls the expression of PHO gene at the transcription-
al level depending on the extracellular phosphate con-
centration (91). The secretory acid phosphatases encoded
by structural genes PHO3, PHO5, PHO10 and PHO11 are
involved in the hydrolysis of extracellular organic phos-
phorus, allowing the yeast to grow in phosphate-limit-
ing conditions. These enzymes are extracellular oligo-
meric glycoproteins with an acidic pH optimum and
broad substrate specificity. The PHO regulatory system
consists of at least four PHO-specific regulatory proteins,
Pho2 and Pho4 transcriptional activators, Pho80-Pho85
cyclin-cyclin-dependent protein kinase (CDK) complex,
and Pho81 CDK inhibitor. Transcription induction of
PHO genes is associated with chromatin reorganization
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Fig. 1. Phylogenetic tree of phytase protein found in fungi and
yeasts. The following amino acid sequences were analyzed:
AA=Aspergillus awamori ABA29207, AT=A. terreus AAB52507,
AF=A. ficuum AAG40885, AN=A. niger BAA74433, AU=A. usa-
mii ABA42097, AO=A. oryzae AAT12504, AJ=A. japonicus ACE79228,
AFl=A. flavus XP002376973, PQ=Penicillium sp. Q7 ABM92788,
PO=P. oxalicum AAL55406, PC=P. chrysogenum XP002561094, PM=
P. marneffei AP00218821, *EP=Eupenicillium parvum, EN=Emeri-
cella nidulans AAB96871, TT=Talaromyces thermophilus AAB96873,
MT=Myceliophthora thermophila AAB52508, NC=Neurospora crassa
AAS94253, TR=Trichoderma reesei EGR47873, TP=Trametes pubes-
cens CAC48234, AP=Agrocybe pediades CAC48160, PL=Penio-
phora lycii CAC48195, CE1=Ceriporia sp. CAC8163, CE2=Ceripo-
ria sp. CAC8164, SO=Schwanniomyces occidentalis ABN04184,
DC=Debaryomyces castellii ABN04184, DH=D. hansenii Q6BM75,
PS=Pichia stipitis XP001385108, PG=P. guilliermondii CAL69849,
PA=P. anomala FN641803, PAN=P. angusta O74677, PP=P. pasto-
ris P52291, LE=Lodderomyces elognisporus XP001527604, CT=Can-
dida tropicalis XP002546108, CA=C. albicans XP713452, KO=Ko-
damaea ohmeri ABU53001, SC=Saccharomyces cerevisiae EDN64708,
KL=Kluveromyces lactis CAA83964, AAD=Arxula adeninivorans
CAJ77470, HF=Hansenula fabianii BAH588739, NF=Neosartorya
fischeri AICXF7, MP=Monascus purpureus Q8X1W7
*Protein sequence taken from Fugthong et al. (36), as protein
GenBank accession number is not available



in promoter region. For transcription activation of PHO5,
PHO10 and PHO11, the two DNA binding proteins Pho4p
encoded by PHO4 and Pho2p encoded by PHO2 are re-
quired. When the amount of phosphate in the medium
is low (approx. 0.2 mmol), the Pho81 protein inhibits the
Pho80-Pho85 kinase activity, which prevents the phospho-
rylation of Pho4p and allows its entry into the nucleus
(92,93). Inside the nucleus, activator Pho4p docks UAS1
and UAS2 regions of the promoter. This leads to the
change of the chromatin structure and nucleosome re-
moval. Pho2p forms a ternary complex with Pho4p on
the PHO promoter (94). This ternary complex Pho2p/
Pho4p/UAS is considered as the initiator of the trans-
cription of PHO genes. Alternatively, when the amount
of phosphate is high (approx. 10 mmol), cyclin-CDK
complex Pho85p-Pho80p hyperphosphorylates the trans-
criptional activator Pho4p at five serine residues, which
leads to its localization in cytoplasm, and therefore trans-
cription of PHO gene is turned off (95). PHO2, PHO4,
PHO80, PHO81 and PHO85 are expressed at low levels
(96,97). PHO4, PHO80 and PHO85 are transcribed consti-
tutively, whereas transcription of PHO2 and PHO81 is
self-regulatory and depends on extracellular phosphate
concentrations. A similar type of gene regulation has
also been described in Candida glabrata (98), Hansenula
fabianii, H. anomala (54) and Neurospora crassa (99). In C.
glabrata transcription activator Pho4p can function with-
out the assistance of Pho2p for transcription of PHO gene.

Improved production of extracellular phytase for vari-
ous purposes can be achieved by modification of PHO
gene system. By deletion of either of the genes PHO80
or PHO85, encoding negative regulators of the transcrip-
tion of the repressible acid phosphatases, the degrada-
tion of phytate can be made constitutive. In addition, the
genes encoding the transcriptional activator can be over-
expressed for additional increase in phytate degradation

(100). In the case of higher fungi, phytase gene regula-
tion has only been studied in Neurospora crassa. Further
studies on the regulation of this gene in other fungi can
unveil many hidden details and this void needs to be
filled in.

Applications of Phytases

Phytases are enzymes which have multifaceted appli-
cations ranging from human to animal, plant and envi-
ronmental benefits. Some of the applications of phytases
in various fields are listed below and shown in Fig. 2.

Probiotics

Probiotics are live microorganisms thought to be be-
neficial to the host organism. Probiotics are commonly
consumed as part of fermented foods with specially
added active live cultures. Phytase activity of some of
the yeasts and fungi which are generally regarded as safe
for human and animal consumption is very well report-
ed. These microorganisms such as Saccharomyces cerevi-
siae (42) could be an ideal candidate for use as probiotic
in various food formulations for improving phosphate
utilization. Candida tropicalis is known to produce phy-
tase but unfortunately it is a common pathogenic strain
on humans (101). Such microorganisms cannot be in-
cluded directly as probiotics. One of the two approaches
could be used for the application of such microorga-
nisms as probiotics; firstly, their pathogenicity should be
reduced to a safe level for human consumption, main-
taining at the same time their phytase-producing trait.
Secondly, phytase (phy) genes from these microorga-
nisms could be cloned in microorganisms regarded safe
for human consumption, such as Lactobacillus sp., Brevi-
bacterium casei and Brevibacterium epidermidis.
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Fig. 2. Multifarious applications of phytases



Human nutrition

Bakery products

The chemical composition of flour used for bread
making depends on the percentage of the cereal grain
removed by the milling process. Preference for the con-
sumption of whole grain bread is increasing due to its
nutritional benefits like high fibre content. Whole grain
flour contains high concentrations of iron and phytate
that originate from the bran (102). Phytases have known
applications in bread-making processes (103). The addi-
tion of phytase significantly reduces the phytate content
in dough as well as shortens the fermentation time. Be-
sides this, it also improves the bread shape, volume and
softness of the crumb. These improvements in bread
quality have been suggested to be associated with an in-
direct impact of phytase on a-amylase activity. Phytases
also increase the bioavailability of essential minerals like
Ca, Mg, Zn, Fe, etc. by acting on phytate, which has a
tendency to form complexes with these metal ions.

Fractionation of cereal bran

Cereal grain is used for making flour for different
purposes; during this process cereal bran is obtained as
a by-product. Bran is the most nutritious part of cereal
grain. Hence, there is an immense industrial interest in
separating the main fractions of the bran in order to pro-
duce high value protein, soluble non-starch carbohy-
drates, oil fractions and insoluble fibre. The bran is sub-
jected to a combination of enzymatic treatments using
phytate-hydrolysing enzymes and wet milling, followed
by sequential centrifugation and ultrafiltration. All ob-
tained fractions have much broader market applications
and greater value than the original bran (67).

Iron absorption

Iron deficiency is widespread micronutrient defici-
ency worldwide. The amount of bioavailable iron is de-
pendent both on iron intake and on its absorption. The
most widely recognized strategies for reducing micronu-
trient malnutrition are supplementation with pharmaceu-
tical preparations and food fortification. These strategies
are not very well implicated for reduction of iron defi-
ciency. A major cause is poor absorption of iron from
cereal and legume-based diets high in phytic acid. An
alternative more sustainable approach would be the en-
richment of staple food by increasing iron bioavailability
and by development of phytase overexpressing trans-
genic plants. Using this approach phy gene from Asper-
gillus fumigatus was introduced into the rice endosperm
for better bioavailability of iron (104).

Transgenic plants

The need to produce transgenic crops having high
phytase expression is becoming a prerequisite to improve
the bioavailability of phosphorus in food/feed along with
direct supplementation of microbial phytase to animal
feed. Transgenic crops expressing phytase were used as
animal feed and showed comparable results to feed sup-
plemented with microbial phytase in terms of phospho-
rus (P) utilization. Similarly, a transgenic microalga Chla-
mydomonas reinhardtii overexpressing appA phytase gene
from E. coli was developed to be used as a food additive

to deliver dietary enzymes (105). As a cost-effective op-
tion, transgenic plants have been evaluated as bioreac-
tors for the production of recombinant phytases to meet
the industrial demand. Enzymes can be expressed, se-
creted, folded and post-translationally modified in plants
to produce functional recombinant proteins at high level
in comparison with their prokaryotic counterparts (106).

Moreover, transgenic plants overexpressing phytase
gene from microorganisms targeted for root specific se-
cretion can improve P nutrition in crop plants under P-
-limiting conditions. Transgenic Arabidopsis plants ex-
pressing phytase gene from Aspergillus niger (107) and
transgenic soybean plants expressing phytase gene from
Aspergillus ficuum (108) secreted phytase enzyme in roots
and potentially enhanced the P nutrition of crop plants.
This strategy has a potential to improve the efficiency of
P fertilization in agricultural systems.

Animal nutrition

Supplementing the animal feed with phytase is con-
sidered to be one way to check the phosphate utilization
for better animal nutrition. A large number of microbial
phytases are marketed and extensively used as animal
feed supplements such as phytase from Aspergillus ficu-
um (niger) as Natuphos; A. niger as Allzyme; A. awamori
as Finase and Avizyme; A. oryzae as SP, TP, SF, AMA-
FERM and Phyzyme; Peniophora lycii as Ronozyme, Ro-
xazyme and Bio-Feed phytase.

Fish feed
The aquaculture industry is rapidly growing food

industry. Fishmeal, which is usually used as fish feed, is
very expensive and needs a substitute. The replacement
of fishmeal with plant or grain by-products is an effec-
tive low-cost option for fish feed but it is associated with
problems such as the presence of antinutritional factors,
like phytic acid. Supplementation of phytase in plant-
-based feed will solve this problem without affecting the
growth, feed efficiency or bone phosphorus deposition.
In addition, it will aid in the reduction of phosphorus
discharge into the aquatic environment, thereby causing
less pollution. Dietary phytase improves the nutritive
value of canola protein concentrate and decreases phos-
phorus output in the case of rainbow trout (109,110). Sim-
ilar reports have been documented for different species
like channel catfish (111), African catfish (112) and Pan-
gasius pangasius (113).

Poultry and pig feed
The addition of phytase to high phytate-containing

diets improves the absorption and utilization of phos-
phorus. Microbial phytase addition to diets improves
the bioavailability of Mg2+, Zn2+, Cu2+ and Fe2+ in
poultry (114,115). The inclusion of phytase to broiler
diets increased the coefficient of phosphorus retention
and reduced the presence of phytate in poultry waste,
thus indicating a favourable environmental effect (116).
Additionally, microbial phytases also positively affected
the pigs' performance and their daily gain (117).

Biofertilizers for plant growth promotion

Although plants have developed numerous mecha-
nisms to increase the availability of soil phosphorus, utili-
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zation of phytate phosphorus from the soil is very limit-
ed due to low phytase activity present within rhizosphere.
Limited bioavailability of phytate phosphorus was also
observed for many agricultural plants, including wheat
and various forage species (118,119). Thus, phytase-pro-
ducing microorganisms are ideal candidates as biofertil-
izers for the improvement of P utilization by plants.
Phytase- and phosphatase-producing fungi were used as
seed inoculants to help attain higher P nutrition of plants
in the soils containing high phytate phosphorus (120).
The plant growth-promoting effect of a phytase-produc-
ing fungus, Sporotrichum thermophile, on wheat plant has
been reported (38). The efficiency of the hydrolysis of dif-
ferent organic P compounds by different fungi indicates
that the fungi have enough potential to exploit native
organic phosphorus to benefit plant nutrition. Similarly,
phytase-producing bacteria such as Bacillus mucilaginosus
(121) and Bacillus amyloliquefaciens (122) promoted growth
of tobacco and maize plants, respectively, under P-limit-
ing conditions.

Alternatively, extracellular phytase-producing micro-
organisms can be incorporated in traditionally used phy-
tate-rich manures such as poultry and fish manure. This
will, in turn, help to increase the availability of phos-
phorus and other essential minerals in manure. Another
approach could be to introduce phytase expression in
traditionally used biofertilizers such as Rhizobium, Pseu-
domonas, etc. to make them 'complete biofertilizers'. Plants
can be directly engineered to utilize phytate P by intro-
duction of phy gene in them, which is discussed in de-
tails under transgenic plant section. These strategies can
be practiced for boosting the productivity in agriculture
and horticulture.

Transgenic animals

The problem of manure-based environmental pollu-
tion is widespread and is a matter of utmost concern. To
overcome this problem, transgenic animals expressing
phytase have been developed such as transgenic mice
(123) and transgenic pigs (124). The appA phytase gene
from Escherichia coli was regulated for expression in sal-
ivary glands of these animals. Expression of salivary
phytase in mice reduced faecal phosphorus by 11 %.
Similarly, the transgenic pigs producing salivary phytase
required less inorganic phosphate supplementation for
normal growth and excreted up to 75 % less faecal phos-
phorus than nontransgenic pigs. These studies suggest
that the introduction of salivary phytase transgenes into
monogastric farm animals offers a promising biological
approach to lessen the requirement for dietary phos-
phate supplements and reduce phosphorus pollution.

Industrial applications

Use in paper manufacture

Elimination of plant phytate from various raw mate-
rials is essential for pulp and paper industry (125). Con-
tribution of phytase enzyme in this industry is increas-
ing tremendously. A phytase with the activity at elevated
temperatures could have a potential application as a bio-
logical agent to hydrolyse phytic acid during pulp and
paper processing. Phytase could act synergistically with
xylanase in crude multienzyme preparation from xyla-

nase-producing microorganisms like Streptomyces sp.,
which are used for the treatment of pulp (126). The en-
zymatic degradation of phytic acid would not produce
carcinogenic and highly toxic by-products. Therefore,
the use of phytases in the pulp and paper process could
be environmentally friendly and would aid in the de-
velopment of cleaner technologies (125).

Wet milling of maize

Corn wet milling has developed into an industry
that seeks optimum use and maximum value from each
constituent of the corn kernel. In addition to starch and
various other products, as well as to edible corn oil, the
industry has become an important source of well-de-
fined specialized ingredients used in feed formulations.
In wet milling, the grain is cleaned and steeped in water
under controlled conditions to soften the kernel texture.
Ninety percent of the phytate in maize is found in the
germ portion of the kernel, which accounts for approx.
50 to 80 % of phosphorus in corn. This phytate remains
in the corn steep liquor and constitutes an undesirable
component. Phytate-free corn steep liquor is easier to
concentrate and use in the fermentation industry for the
production of compounds such as enzymes, ethanol,
polysaccharides, antibiotics and amino acids, as well as
a high-energy liquid animal feed ingredient (67). By
adding phytases together with cellulase to the steep li-
quor, phytate-free corn steep liquor was obtained (127).
In addition, the steeping time was reduced considerably,
and by facilitating the separation of starch from fibre
and gluten, higher starch and gluten yields as well as
lower energy consumption were achieved. Moreover, the
animal feed obtained as by-product of this process would
have low phytate content and would improve animal
nutrition.

Myoinositol production and its pharmaceutical
applications

Phytate is also a main storage of myoinositol which
can be recovered as a value-added product. Myoinositol
is a water-soluble member of vitamin B complex and a
fat-solubilizing agent. It plays an important role as a
secondary messenger in eukaryotic cells which are in-
volved in cellular signal transduction (128). Myoinositol
deficiency may cause the accumulation of triacylglycerols
and abnormal fatty acid metabolism (129). The presence
of myoinositol in humans prevents diabetes-associated
complications, chronic renal failure, anti-inflammatory,
antiangiogenic and antitumour effects. It has also been
found to be promising in the treatment of cancer, de-
pression, obsessive compulsive disorder, panic disorder,
etc. It is also considered as an important nutrient for in-
fants since high concentrations of free myoinositol were
found in human milk compared with that in infant for-
mulae (130). Myoinositol is highly marketed and sold at
around $16.95 per 750 mg. Phytase acts upon phytate
causing its dephosphorylation and resulting in the pro-
duction of different positional isomers of myoinositol
pentakis-, tetrakis-, tris-, bis- and monophosphates, de-
pending on the type of phytase. Attempts to produce
defined isomers of the different partially phosphorylated
myoinositol phosphates non-enzymatically have result-
ed in the mixtures of myoinositol pentakis-, tetrakis-,
tris-, bis- and monophosphate isomers, and purification
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of these isomers from the mixture is strenuous and ex-
pensive. Moreover, non-enzymatic hydrolysis of phyta-
tes is carried out at high temperature, which also results
in the loss of myoinositol by decomposition (131). An
alternative approach to make pure breakdown products
of phytate is the use of an immobilised enzyme-based
bioreactor followed by anion-exchange chromatography
of the hydrolysis mixture.

Semisynthesis of peroxidase

Peroxidases are ubiquitous enzymes that catalyse a
wide variety of selective oxidations with hydrogen per-
oxide as the primary oxidant. A semisynthetic peroxi-
dase was designed by exploiting the structural similarity
of the active sites of vanadium-dependent haloperoxi-
dases and acid phosphatases (132). Incorporation of
vanadate ion into the active site of phytase mediates in
vivo the hydrolysis of phosphate esters and leads to the
formation of a semisynthetic peroxidase, which catalyses
the enantioselective oxidation of prochiral sulphides
with H2O2. Among the transition metal oxoanions that
are known to be potent inhibitors, only vanadate re-
sulted in a semisynthetic peroxidase when incorporated
into phytase. Phytases from Aspergillus ficuum, A. fumi-
gatus and A. nidulans catalysed enantioselective oxygen
transfer reactions when incorporated with vanadium.

Conclusion and Outlook

The importance of fungal and yeast phytases as a
potential tool has been recognized in various fields. It is
imperative to comprehend that all the nutritional and in-
dustrial applications cannot be fulfilled by any single
known phytase. Thus, continuous efforts must be made
to isolate new phytases with desirable traits for various
applications. Although a large number of fungal and
yeast phytases have been studied, our knowledge of the
mechanisms and factors regulating phytase activity is
inadequate, especially in the case of fungi. Study of
phytase enzymes and their transcription regulation from
Basidiomycetes and Zygomycetes is limited; it needs to
be extended to the exploration of novel phytases. Alter-
natively, engineering of phytases is also required to op-
timise their catalytic and stability attributes to make a
better phytase available for various applications. Phy-
tase-producing fungi and yeasts, individually or in
combination, can serve as probitiotics in various food
formulations for improving phosphate utilization. Sup-
plementation of phytase significantly reduced the phy-
tate content of various food products and provided
health benefits by alleviating mineral deficiency. Trans-
genic crops expressing phytases not only eliminate the
problem of mineral malnutrition, phosphate uptake and
assimilation in animals and humans, but also alleviate
the environmental pollution due to phytate phosphorus.
The transgenic plants expressing microbial phytase genes
could also be used to improve soil fertility and avail-
ability of minerals to plants. The search for new phy-
tases and engineering of known phytases for desirable
characteristics should go hand in hand in order to find
solutions for biotechnological application of phytases in
mineral nutrition, industrial production of valuable deri-
vative and environmental protection.
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