A PHYTASE FROM RHIZOPUS ORYZAE:
PRODUCTION, CHARACTERIZATION AND
APPLICATICN STUDIES

A THESIS

Submitted in pairtial fulfilment of the
requifements for the award of the degree
of
DOCTOR OF PHILOSOPHY
e

BIOTECHNOLOGY

by
RICHA RANI

< 4
pates: 24040 2z

DEPARTMENT OF BIOTECHNOLOGY
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE
ROORKEE-247 667 (INDIA)

OCTOBER, 2011



INDIAN INSTITUTE OF TECHNOLOGY ROORKEE

CANDIDATE’S DECLARATION

I hereby certify that the work which is being presented in the thesis entitled “A Phytase.
from Rhizopus oryzae: Production, Characterization and Application studies” in
partial fulfillment of the requirements for the award of the Degree of Doctor of
Philosophy and submitted in the Department of Biotechnology of the Indian Institute of
Technology Roorkee is an authentic record of my own work carried out during a period
from July 2006 to October 2011 under the supervision of Dr. Sanjoy Ghosh, Asstt.
Professor, Department of Biotechnology, Indian Institute of Technology Roorkee,

Roorkee.

The matter presented in the thesis has not been submitted by me for the award of any

other degree of this or any other Institute. 3}),\;
(RI%HA RANI)

This is to certify that the above statement made by the candidate is correct to the best of
my knowledge. N

Date: > [S{ OCPD[ZQR_"QQ (! (Sanjoy Ghosh)

Supervisor

The Ph. D. Viva-Voce Examination of Ms. Richa Rani, Research Scholar, has been held
on /O oMLl

/o o0y 2l 2,-—/ .
Signaturd o Signature of Signature of ..

Supervisor Chairman SRC External Examiner

QYT
Head of th epa\rtment



ABSTRACT




ABSTRACT

Phytase is an important enzyme in the food/feed industry. It catalyzes the

hydrolysis of phytate, an antinutrient compound present in cereals and grains, thereby,
releasing orthophosphate and myo-inositol-6-phosphate with lower degrees of
phosphorylation. Phytic acid is a strong chelator capablé of complexing with a variety of
metal ions under neutral and alkaline conditions, as well as with proteins and starch under
acidic condition. Treatment with phytase increases not only the bioavailability of
inorganic phosphorus but also the digestibility of proteins and the absorption of minerals
from food/feed. The action of phytase also contributes towards reducing the pollution in
surface and ground water caused by the phytate and phosphorus run-off from manure in
intensive livestock regions.

This thesis presents the studies of a phytase from Rhizopus sp. The focus has been
directed towards identification of a potential phytase producing microorganism,
biochemical characterization of phytase, and optimization of parameters for the
production of phytase, large volume production studies and evaluation of phytase
potential in terms of phytate degradation.

A novel phytase from mesophilic fungal strain Rhizopus oryzae MTCC 1987 was
identified. The phytase showed acid stable and pepsin resistant properties, with its
optimum activity at 45°C and a dual pH profile at 1.5 and 5.5. Besides superior activity at
physiological temperature (37-39°C), it demonstrated high thermostability with ti5 ° © of
8.25 h, and a broad substrate specificity. All the tested metal ions (at 5 mM) exerted
significant stimulatory efféct except Fe?*, Ni*" and Cu®*, however, the interesting feature
of this phytase was insensitivity to heavy metal ions like Ba** and Ag".

Phytase was purified by using fractional ammonium sulphate precipitation and
subsequent ion-exchange and gel filtration chromatography. Molecular size determination
was carried out by SDS-PAGE and Gel filtration, and it was found to be ~34 kDa and
~34-36 kDa, respectively. Zymogram analysis displayed a single enzyme responsible for

the phytase activity corresponding to ~34 kDa. Kinetic studies demonstrated a significant
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low K value (2.42 x 10“mM), high catalytic efficiency (Kea/Km) (2.38 x 10°M™'s™) and
low activation enérgy value (28.99 kJ/mol). An uncompetitive inhibition was observed in
presence of tested inhibitors (Fluoride > Phosphate > Vanadate).

Present study investigated the feasibility of various agro-industrial residues as solid
substrate for phytase production, followed by optimization of culture parameters
(substrate particle size, inoculum age, inoculum size, effect of supplementation of various
surfactants and metal ions) under solid state fermentation (SSF). Linseed oilcake (LOC)
and wheat bran (WB) (1:1) was found to be the most effective substrate with maximum
phytase activity (37.43 U/gds) under optimal culture conditions. Present study also
includes the statistical optimization of culture variables for the production of phytase
under SSF.

The study also aimed at enhancing the phytase production using an improved strain
of Rhizopus oryzae followed by statistical optimization of the medium components for
submerged fermentation. Higher titer and higher productivity of phytase by improved
strain can contribute to a significant reduction of the cost of phytase production from R.
oryzae thereby, increasing its industrial utilization.

The ability of this phytase to completely degrade the phytate to its lower derivative,
inositol tris-phosphate, was assessed by an improved method of HPLC analysis. It
demonstrated the phytate degrading potency of this phytase using simple, precise and
reproducible method using reversed-phase high performance liquid chromatography (RP-
HPLC), equipped with variable wavelength detector (VWD). The feasibility of
determining phytic acid and IP3 using this method was successfully demonstrated with
minimal sample preparation and lower retention time at 246 nm. The results show that
VWD system with UV spectrum specifically detects the phytate and its lower derivatives
with a good resolution.

Furthermore, an in vitro study in milieu of physiological conditions revealed an
unusual stability of this phytase at low pH with a degradation of 50% of phytate content.
In other way, it can be stated that even under low pH condition (and at physiological
temperature), this phytase has the ability to break three phosphomonoéster bonds of
phytate. These findings, taken together, demonstrate the new enzyme from R. oryzae as a

novel phytase and render it of potential industrial interest.

ii



ABSTRACT

A novel strain improvement procedure has also been developed to increase the
yields of phytase production through adaptation of R. oryzae cells to subsequent heat and
cold shock. The outcome suggests that an enhancement in phytase production by R.
oryzae could be obtained by the combination of heat and cold treatment of spore
suspension. The study was further extended to a comparative study on efficacy of wild
and mutant strains pertaihing to ash content and mineral extractability. The results
confirm the effectiveness of this procedure as well as the enhanced efficacy of mutant

strain in term of mineral extractability.
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1.1. Introduction

Conserving energy and resources has become vital since the increase of the
modernization in our life style. The use of energy can act as an indicator for the
environmental impact in the production of food/feed, as many environmental problems,
like climate change, acidification potential and depletion of non-renewable resources, are
related to énergy consumption [242, 193]. Generally, we are encouraged to eat more
products from plants and reduce consumption of meat, in an order to provide an adequate
supply of micronutrients, but with fewer calories. A problem related to the consumption
of more plant products is the presence of antinutritional compounds in vegetarian diets.
Some specific nutrients (vitamins, amino acids, minerals etc) present in low
concentrations or even absent in vegetable products, need to be supplemented to balance
the nutrient value of foods and feeds. Some antinutritional factors (ANFs) such as
phytate, protease inhibitors, lectins, énti—vitamins, saponins, estrogens, lysinolamine,
carbohydrates from soluble fibers, and certain immunogenic proteins need to be
inactivated or destroyed [207].

Phytate is the salt of Ins P P and the principal storage form of phosphorus in plant

seeds. It accounts for 60-90% of total phosphorus contents in cereals, legumes, nuts and
oilseeds. However, this phosphorus remains unutilized by monogastric animals (like
human beings, dogs, birds, etc.) due to lack of or low level of phytase activity in the
digestive tract [190, 239, 383]. Hence, addition of inorganic phosphorous, a non-
renewable and expensive mineral, to feeds for monogastric animals is a common practice,
which incurs costs and also contributes to water pollution, as it contributes up to 80% of
total phosphorus in manures [16, 32, 102, 391, 392, 393]. The price of feed-grade
phosphorus has been increased more than four-fold in the last few years [175, 177, 296,
298, 326].

Although phosphorus is not harmful in drinking water, its presence in water bodies
can be of considerable concern and environmental significance. Addition of phosphorus,

even in small quantities, to aquatic bodies is causing eutrophication of the aquatic system
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which leads to accelerated growth of algae and other aquatic vegetation (Kerovuo et al.,
1998; 2000). Requirements for better animal feed, environmental protection, lower
food/feed cost and human health have prompted the fast development of research on
phytases and their applications [383].

Furthermore, phytic acid also forms complexes with dietary minerals, proteins,
amino acids and carbohydrates hindering their absorption in the body. To increase the
availability of phosphorus, feed is either supplemented with non renewable and expensive
phosphate. These problem can however be tackled by addition of phytase in animal feed,
which is well proved to enhance the uptake of phosphorus and other minerals [329],
protein, amino acids and carbohydrates [163] and energy [300].

Phytases (myo—inositol hexakisphosphafe phosphohydrolases; EC 3.1.3.8 and
3.1.3.26) catalyze the hydrolysis of phosphomonoester bonds of phytate (salts of myo—
inositol 1, 2, 3, 4, 5, 6-hexakis dihydrogen phosphate), thereby releasing lower forms of
myo—inositol phosphates and inorganic phosphate [294]. Phytases are produced by a large
number of plants, animals and microorganisms; however, the phytases from microbial
sources especially of fungal origin have supremacy in commercial industry [264].

An ideal phytase supplements must have following important properties: (a) high
thermostability at pelleting temperatures (b) adequate activity at physiological
temperature (c) able to withstand low as well as high pH in the digestive tract (d) resistant -
to proteolysis (€) in vitro broad substrate specificity and low sensitivity to metal ions (f)
should be able to act at very low phytic acid concentration (low kn, value). However, no
known phytase does have all the properties as mentioned above.

Although compendia of phytases are reported, however, a thermostable and acid
stable phytase with broad substrate specificity is still highly desirable. In the present
study, a novel phytase of commercial interest was identified from Rhizopus oryzae
MTCC 1987. |

Rhizopus oryzae, generally regarded as safe (GRAS) strain, is used in production of
various enzymes, organic acids, aroma and mycotoxins because of its ability to utilize a
variety of carbon sources, such as wheat bran, oil cakes [29, 30, 281], cassava, soybean
and amaranth grain. Crude enzymes produced by GRAS strain on various feed
supplements (bran, straw, oil cakes etc) could serve as a value—added supplement by
providing other fungal proteihs, sugars and some accessory enzymes along with the main

enzyme source [30, 264].
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In recent scenario, the interest in the recycling, upgrading and bioconversion of
agro—industrial residues has increased drastically due to their disposal and looming
environmental pbllution problem. Effective utilization of these residues would not only
hélp in curbing pollution but also pave the way for solid waste management and
minimize the initial capital costs for the processes. Solid state fermentation (SSF) being a
simple, low cost and self sustainable technologies with efficient utilization of these
residues has served dual purpose of value addition and waste management [253]. The
most inexpensive and high energy rich substrates for fermentation industry are
represented by oil cakes and traditional agricultural by—products (wheat bran, rice bran,
rice husk etc). .

Several oil cakes such as coconut oil cake (COC), sesame oil cake (SOC), palm
kernel cake (PKC), groundnut oil cake (GOC), cottonseed cake (CSC), soy bean cake
(SBC), mustard oil cake (MOC), canola oil cake (CaOC), sunflower oil cake (SuOC) and
olive oil cake (OOC) have been reported and have been used as a substrate for the
pfoduction of industrial metabolites. Oil cakes being rich in proteins, carbohydrates and
minerals offer a wide range of alternative substrates, thus find various applications in the
bioprocess industry for the production of a wide spectrum of biometabolites (industrial
enzymes, organic acids, antibiotics, biopesticides, vitamins and biofertilizer) [256, 257,
281]. -

Currently, the industrial potential of fungal enzymes has motivated research toward
strain improvement. Herein, the effect of heat and cold shock (stress condition) on
phytase production by R. oryzae, followed by a comparative study on efficacy of wild
and mutant strains pertaining to mineral bioavailability was explored. Reports are
available on strain improvement for enhancing the phytase production using physical and

chemical mutagens [43, 319].
1.2. Scope of the thesis

- In the present study, linseed oil cake (LOC) and wheat bran (WB) is used as raw
materials for the production of phytase under SSF. Linseed oil cake is rich in phytic acid
(~4.2%), protein content (32—36%), residual oil (2.81%), minerals and essential amino
acids such as methionine, lysine, leucine etc [147] while wheat bran beside being a good
source of carbon and nitrogen sources, has high phytate content and good support matrix

properties [391]. Since, availability is also one of the important considerations for
3
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development of a cost effective SSF process, data shows that the global output of linseed
is estimated around 2.60 million tons per year with Canada (0.6 million tonnes), China
(0.48 million tonnes), India (0.17 million tonnes) and United States (0.15 million tonnes)
dominating the list of producers. (http://www.commodityonline.com/commodities/oil—
oilseeds/linseedoil.php).

Optimization of culture conditions using statistical tools has been employed in
‘enhancing the phytase production by various microorganisms during SSF [29, 30, 42,
330] and submerged fermentation [167, 330, 343, 385]. However, there is no literature
report on optimization of the medium components and physical parameters for phytase
produ_ction by .R. oryzae under SSF as well as submerged fermentation. Additionally, a
simple and effective strain improvement process was introduced to increase the phytase
yield.

In the present study, a phytase of commercial interest was identified from Rhizopus
oryzae MTCC 1987. It has been reported here for the first time the statistical optimization
comprising Plackett—-Burman design (PBD) and the path of steepest ascent (descent)
method followed by a central composite design (CCD) and response surface methodology
(RSM) of culture conditions for production of phytase by Rhizopus oryzae MTCC 1987
using inexpensive LOC in combination with WB as substrate under solid state
fermentation (SSF). The study was further extended to strain improvement, and
optimization of medium components for the production of phytase under submerged
fermentation followed by bioreactor studies for its large volume production. The study
was also carried out to characterize this phytase to explore its suitability in food and feed

industry.
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2.1. Phytic acid

Phytate was first identified more than a century ago. It is primary storage
. compound of phosphorus in cereals, legumes, nuts and oilseeds [203, 204, 238] and
accounts for more than 80% of totai phosphorus content. The partial availability of the
phosphorus component of phytate to single—stomached species assumes importanc'e as
the world’s rock phosphate reserves are not renewable, which could lead to a phosphorus
supply crisis in the future [3, 221]. The global harvest of crop seeds alnd fruits contains an
estimated 14.4 million tonnes of phytate phosphorus, which is equivalent to 65% of

annual sales of phosphorus as fertilisers [204].
~ 2.1.1. Chemical structure of phytic acid

Systemic name of phytic acid is myo—inositol-1,2,3,4,5,6-hexakis dihydrogen
phosphate [54, 211, 233]. It has 6 groups of phosphates attached to the inositol ring and
the prefix “hexakis” signifies that the phosphates are connected externally, not internally
[162]. The three terminology phytic acid, phytate and phytin refer respectively, to the free |
acid, the salt and the calcium/magnesium salt. The adopted homenclature of phytic acid is
according to the set of rules suggested by Posternak [273]. Numbering direction of
carbons in the inositol ring is denoted by D/L prefixes, where D and L annotate
counterclockwise and clockwise, respectively. Trivial names for D-myo—inositol
(1,2,3.,4,5,6) hexakisphosphate are InsP6, IP6 or Phytic acid. '

According to International Union of Pure and Applied Chemistry (JUPAC) and the
International Uﬁion of Biochemistry (IUB) [155-157], atoms in the myo—inositol ring
~ should always be numbered according to the D—configuration. Johnson and Tate [162]
derived the structure of phytic acid from 31P-NMR and suggested axial position for the -
phosphate at C2 position, whereas an equatorial position for the other phosphates. In .
contrast, Blank et al. [28] who studied its structure by X—ray analysis concluded that the

phosphate group at the C2 position is equatorial while other phosphates at remaining
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carbon atoms are axial. Later, the study carried out by Costello et al. [55] supported the
conformation suggested By Johnson and Tate [162].

The energetically most favourable conformation .of phytic acid is shown in Fig. 2.1.
The pK, values determined for dissociating groups of phytic acid using 31P-NMR and
pH titration methods by Costello et al. [55] concluded that six groups were in the strong
acid range (pKa 1.1 to 2.1), one in the weak acid range (pKa 5.70), two with pK, 6.8 to
7.6, and three in the very weak acid range (pK, 10.0 to 12.0), although ionic sfrength of
- the solution and temperature influence these values [36, 55, 354]. These outcomes
suggested that phytic acid has a strong pdtential for complexing multivalent cations and
positively charged proteins, as it exists as a strongly negatively charged molecule over a

wide range of pH values.
2.1.2. Functions of phytic acid

Phytic acid is associated with several physiological functions [61] and significantly
influences the functional and nutritional properties of cereals, legumes, nuts and oilseeds
(and food and feed derived thereof), by its ability to chelate nutritionally important
proteins and minerals. Phytic acid plays several physiological roles in plants as well as in
eukaryotes. Primarily, phytic acid in seeds and grains acts as (i) phosphorus storage, (ii)
as an energy store, (ili) as mineral reserve in-seeds, (iv) as a source of myo—inositol (a cell
wall precursor), and (v) key factor in initiation of dormancy. In addition phytic acid is
associated with several vital functions such as it acts as an antioxidant for the germinating
seeds [278]. The role of phytic acid as a natural antioxidant in seeds during dormancy
was earlier suggested by Graf et al. [106]. The property»of phytic acid is attributed to its
ability to bind and inactivate Fe ions in solution which in turn blocks the iron—driven
hydroxyl radical formation (Fenton reaction). Its chelating ability is used in preservation
of historic documents, since, it prevent iron (present in the historic ink along with gallic
acid) catalyzed oxidation of the cellulose in the paper [235, 307].

In eukaryotes, it is associated with cell signalling pathways and cell differentiation
[20], protein folding mechanism [206] and trafficking [322] and acts as precursors in the
form of lower inositol phosphates due to its phosphate donor/acceptor capabilities. Their

role especially that of inositol triphosphate (IP3) in signal transduction and regulation of
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cell functions in plant and animal cells is a very active area of research [391]. An
antagonist—stimulated increase in inositol (1,4,5)—trisphosphate (and inositol (1,3,4,5)—
tetrakisphosphate) is often associated with an increase in cytosolic free Ca®*, which
subsequently tr1 ggers a variety of physiological events.

In mammahans it has been shown to be efficient in cancer therapy [388]. The
presence of undigested phytic acid in the colon may protect against the development of

colonic carcinoma [70].
2.1.3. Occurrence and distribution

Phytic acid is widespread in nature and is the major ingredient in cereals, legumes,
nuts and oilseeds [203, 204] (Table 2.1) that accounts for 60—-90% of total phosphates. It
occurs chlefly as salts of mono— and divalent cations (e.g. potassium—magnesium salt in
rice and ca101um;m’agn651um—potassmm salt in soybeans) in discrete regions of cereal
grains and legurﬁes. During the ripening period of seeds and grains, it accumulates,
accompanied by other storage substances such as starch and lipids in varied locations. In
cereals, phytate lies mainly in the bran (aleurone layer, testa and pericarp), whereas in
legume seeds, phytic acid accumulates in the cotyledons [293]. The endosperm of wheat |
and rice kernels is almost devoid of phytate, as it concentrates in the germ and aleurone
layers of the cells of the kernel. Ferguson and Bollard [80] found that 99% of the phytate
in dry peas was in the cotyledons and 1% in the embryo taxis. The highest amount of
phytate among cereals is found in maize (0.83-2.22%) and among legumes in dolique
beans (5.92-9.15%) (Table 2.1). Sesame, pumpkin/squash and flax (linseed) have 3.7—
4.7% phytic acid on a dry weight basié whereas rapeseed (canola), sunflower and mustard

have 2% (Table 2.2). Phyﬁc acid is also present in most eukaryotic tissues as

phosphoinositides or in complexes with proteins or metal ions [354, 382].
2.1.4. Antinutritive effects of phytic acid

The negative nutritional attributes of phytic acid are associated with its chelating
ability as well as its conformational structure. Consumption of diet containing high phytic
acid since long period has already been shown to be related to mineral deficiency and

malnutrition [45, 212]. The capability of binding various nutritionally important minerals
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‘and proteins and forming insoluble complexes, make it an antinutritional factor, since the
solubility of the phytic acid—mineral complexes are low at the pH encountered in the
major portion of the intestines. However, the reduced bioavailability of minerals due to
phytic acid depends on several factors such as nutritional status of the consumer;
concentration of minerals and phytic acid in the foodstuffs, ability of endogenous carriers
in the intestinal mucosa to absorb essential minerals bound to phytic acid and other
dietary materials, digestion or hydrolysis of phytate by phytase and/or phosphatase in the
intestine, digestibility of the foodstuff and processing operations.

In human studies, it has been shown to inhibit absorption of iron, zinc, calcium,
magnesium and manganese but not copper [33, 62, 74, 133, 199, 271, 292]. The unusual
molecular structure of phytic acid has also been depicted as one of the key factors for its
strong antinutritive effect [246]. When completely dissociated, the six phosphate groups
of phytic acid carry a total of twelve negative charges which enables it to bind different
mono—, di—, and trivalent cations and their mixtures, forming insoluble complexes, very
effectively [293]. The formation of insoluble phytate—mineral complexes in the intestinal
tract prevents mineral absorption and reduces the bioavailability of essential minerals [63,
64, 79, 207, 287, 386]. Copper and Zinc appears to be the trace elements of which the
bioavailability is most influenced by phytic acid. The binding strength of phytic acid was
found to be in the order of Cu>Zn>Ni>Co>Mn>Fe>Ca by Vohra et al. [386] and
Zn>Cu>Co>Mn>Ca by Maddaiah et al. [207], respectively. Phytate also has negative
effects on other nutrients. Phytate may influence starch digestibility through interaction
with amylase, proteins associated with starch, calcium (which catalyzes amylase activity),
or with starch itself [67, 163, 321, 349, 350].

Phytate also has been shown to form complexes with both dietary and digestive
proteins [143] and to inhibit trypsinogen [37]; thus affecting the protein nutritional
quality of feed ingredients. It interacts with proteins over a wide pH range. At a low
acidic pH, phytic acid has a strong negative charge due to total dissociation of phosphate
groups. Under these conditions a negative influence of phytic acid on the solubility of

~proteins can be expected because of the ionic binding between the basic phosphate groups
of phytic acid and protonized amino acid (lysyl, histidyl and arginyl) residues [65, 85].
Under acidic conditions phytic acid is likely to bind tightly to plant proteins, since the

isoelectric point of plant proteins is generally around 4.0-5.0. In the intermediate pH
8
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range (6.0 to 8.0), both phytic acid and plant proteins have a net negative charge.
However, under these conditions complex formation occurs between phytic acid and
pfoteins. Possible mechanisms include direct binding of phytic acid to protonated a—NH>
terminal groups and e-INH; groups of lysine residues, and a multivalent cation—mediated
interaction [45]. By binding to plant proteins, phytic acid decreases their solubility and
digestibility, therefore also reducing their nutritive value.

In addition to complexing with minerals and proteins, phytic acid interacts with
enzymes such as trypsin, pepsin, o—amylase and f—galactosidase, resulting in a decrease

in the activity of these important digestive enzymes [67, 153, 336].
- 2.2. Phytase

Phytase (myo—inositol (1,2,3,4,5,6) hexakisphosphate phosphohydrolases) belongs
to a speciai class of phosphomonoesterases, which catalyzes the hydrolysis of myo—
iﬁositol (1,2,3,4,5,6) hexakisphosphate (phytic acid, Ins P6) in a stepwise manner to
inorgan.ic monophosphate (Pi) and lower myo-inositol phosphate esters (Ins P5 to Ins P1),
and, in some cases to free myo—inositol [221]. Phytases have the ability to hydrblyze
variety of other natural and synthetic phosphorylated substrates which make it a unique

phosphatase.
2.2.1. Classification of phytases

The International Union of Pure and Applied chemistry and International Union of
Biochemistry and Molecular Biology (IUPACIUBMB) currently recognize three classes
of phytases (i) 3—phytase (EC 3.1.3.8) (ii) 5—phytase (EC 3.1.3.72) and (iii) 6—phytase
(EC 3.1.3.26) [32]. This classification is based on the initiation of dephosphorylation at
specific position on the inositol ring of phytic acid by the enzyme (Fig. 2.2). 3—phytase
act on the D—-3 phosphate position leading to formation of D-myo—inositol (1,2,4,5,6)
pentakisphosphate as product and is characteristics for microorganisms and filamentous
fungi. 5—phytase initiates dephosphorylation with an attack of a first phosphate group at
C5 of the inositol ring giving rise to D—myo—inositol (1,2,3,4,6) pentakisphosphate. The
first phytase belonging to this family was detected from lily pollen [17, 32].
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- More recently, the extracellular phytate-degrading enzyme from Selenomonas
ruminantium (PhyAsr) has also been described as a S—phytase. It was suggested from the
PhyAsr—hexasulphate structure that PhyAsr preferentially dephosphorylates InsP6 at the
5—phosphate position first [49]. 67phytase, also known as 4/6 phytase, firstly act on the
carbon atom next to C5 of inositol ring of the phytic acid and is typical for plant. Instead
of official name of L—4— phytase, it is traditionally called as D—6—phytase and produces
the same product. -

Depending on the optimum pH of activity, phytases can be grouped as acidic,
neutral or alkaline phophatases. Recently, on the basis of their structural differences and
varied catalytic properties, Mullaney and Ullah [223] described three classes of phytases
i.e. Histidine acid phosphatases (HAPs), B—propellar phytase (BPP) and Purple acid
phytases (PAP). The X-ray structure of a novel phytate—degrading enzyme from S.
ruminantium has recently been determined and suggests a new class of phytase; i.e., the
protein tyrosine phoéphatase (PTP)—like phytases [49]. Most of the 3—phytases belong to
HAPs or BPP. Soyabean phytase is a PAP phytase [144]?

2.2.2. Occurrences

The research on phytase spans more than 85 years from its earliest report from rice
bran [345] and blood of calves [213] until its first commercialization in Europe in 1994

by Gist-Brocades (now DSM) and sold by BASF under the trade name “Natuphos’.
2.2.2.1. Phytases from fungal sources

Phytate hydrolyzing enzymes have been most commonly found in fungi,
particularly from the 4spergillus sp. [178]. The phytase from A. ficuum was the first to be
introduced in the market as a commercial product with the trade name of ‘Natuphos’
[391]. Phytate degrading enzymes have also been reported from many bacteria. The
phytases from Bacillus [168, 175, 177] and Escherichia coli [118] have been well
characterized, structures determined [129, 197]. Table 2.3 illustrates several examples as
the source of‘microbial, plant and animal phytases. In view of ever increasing demand of

phytases and more bio—efficacy of microbial phytases (1.5-fold more than from plant
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phytases; [407]) over other sources [191, 348, 384], there is ongoing interest in isolating
new microbial strains producing economical as well as effectual phytases.

-Production of phytase from fungal sources are primarily reported in three domains
of fungi i.e. mesophilic, thermophilic and thermotolerant [78]. Most of the reported
phytases are from mesophilic fungi e.g. 4. niger [39-211, 44, 71, 76, 77, 137, 164, 182,
266, 309, 338, 347, 372, 374, 375, 379, 381, 387, 402]; A. tubingensis [373]; A. oryzae
[88, 183]; A. usamii [145]; A. fumigates (352, 395]; A. ficuum [72, 73, 179, 358, 360, 361,
364, 365, 397]; A. carbonarius [39, 266]; A. flavipes [405]; A. awamori [209]; A. niveus
[11]; Macrobhomina phaseolina [97]; R. oligosporus [40]; Rhizopus sp. [281, 389};
Penicillium caseicolum [390]; Peniophora lycii [.1 65] and Agaricus bisporus [51].

Recently, phytase production by thermophilous fungi e.g. Taloromyces
thermophilous [268]; Myceliophthora thermophila [216]; Thermomyces lanugiosus [19];
Themoascus aurantiacus [232]; Rhizomucor pusillus [42] and Sporotrichum therihophile
[330, 331, 333-335] has also gained great attention.

However, phytase productioh in therhiophilous fungi has not been explored
-adequately like their mesophilic couriterparts. Production of phytase from thermotolerant
Aspergilli, also received a considerable attention; e.g. 4. fumigates [369, 371] and A.
niger [208]. '

2.2.2.2. Plant sources

Phytase activity has been found in many plants, such as maize [184], barley [115],
rve [119], Sunflower [6], canola seed f148] and lily pollen [314]. Unlike the phytases
produced by microorganisms, it has been more difficult to purify plant phytases from
contaminating nonspecific phosphatases [184]; thus, only a few phytases from plant

sources have been purified to homogeneity and extensively characterized.
2.2.2.3. Animal sources

Phﬁate—degrading enzymes have been isolated from the intestinal mucosa of some
monogastric animals [27, 46, 52, 399, 400]. A multiple inositol polyphosphate
phosphatase (MIPP) displaying phytate—degrading activity was also identified in rat
hepatic tissue, localized in the ER lumen. Although the MIPP mRNA could be found
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ubiquitously in rat tissues, it was most highly expressed in the kidney and liver [56].
More recently, MIPP homologues have been cloned from mice and humans [46]. A
phytate—degrading enzyme has also been purified and characterized from the protozoan

Paramecium [86].
2.2.3. Market trends

The global market for feed enzymes is definitely one of the most promising
segments in the animal feed industry. RegionsA like United state, China and South—East
"Asia hold a lot of potén‘tial for growth (Table 2.4). Phytase is one of the two major
segments of feed enzyme market i.e. Phytase and Non—Starch Polysaccharideé. The
global market for eniymes is governed by wvarious factors such as, predominant feed
stock type, geography and regulations governing it and cultural differences. The
combined fnarket for enzyme wﬁs estimated at around $ 344 million in 2007.
(http://www./frost.com/prod/servlet/market—inight—top.pag?docid=115387658)

Over the past 10 years, there has been an expanded use of phytase for hydrolysing
the phytaté [22-25, 57-59, 69, 84, 98, 101, 110, 134, 142, 194, 218, 247-250, 288-291,
317-318, 380] as evident from the fact that phytase accounts for 60—70% of the total $251
million global feed enzyme market t240]. Several comn.lercially available phytases from
different microbial sources have been reported and are summarized in the Tabie 2.5.

Several phytases from different sources were already reported in the literature
' including the commercial phytases from Aspergillus sp., however substantial amount of
phytate was still left undegraded due to inadequate activity of the available phytases in
milieu of required conditions for various reasons: (a) too little activity at physiological
temperature (b) instability over a wide range of pH encountered in the gastrointestinal
tract (c¢) less resistant to proteases (d) intolerant to pelleting temperature and (e) low
specific activity. _ |

In a recent study carried out by Boyce and Walsh [34], four commercially available
phytases (Allzyme phytase produced by Alltech Ireland Ltd., Co. Meath; Natuphos
produced by Gist—Brocades, Delfth, the Netherlaﬁds; Ronozyme P/Biofeed phytase
 produced by F. Hoffinann—La Roche Ltd., Switzerland and Novozymes A/S, Bagsvaerd,

Denmark) were compared for their bio—efficacy and it revealed that none of them
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satisfied all of the criteria of an ideal phytase for feed applications, such as resistance to

proteases, denaturation under extreme temperatures and pH, etc.
2.2.4. Current research interest

At present; there is no single phytase which can fulfil all the criteria required for an
ideal phytase such as high thermostability at pelleting temperatures, adequate activity at
physiological temperature and pH, resistant to proteolysis, in vitro broad substrate
specificity, high activity and low sensitivity to metal ions, to be used for all commercial
and environmental applications. Most commonly strains empiSyed for industrial
applications are from Aspergillus sp., mainly A. ficuum and A. niger, however, due to
various limitations sci¢ntists, researchers as well as industrial people are still in an effort
to identify phytases with physicochemical properties more suitable for use in animal feed.*

The present research is mainly focused on to develop a phytase that shows (i)
superior thermo stability at pelleting temperatures (60—95°C) (ii) an excellent enzyme
activity at physiological temperature (39°C) (iii) good activity over a wide range of pH

encountered in the digestive tract and (iv) high titre through strain improvement process.
2.3. Production of phytases
2.3.1. Production techniques

Approximately 90% of all industrial enzymes are produced in SmF, frequently
using specifically optimized, genetically ‘manipulated microorganisms. On the other hand,
almost all these enzymes could also bé i;roduced in solid state fermentation (SSF) using
wild—type microorganisms [81, 264]. The SSF processes offer several advantages over
submerged fermentation (SmF) [146]. Interestingly, fungi, yeasts and bacteria that were
tested in SSF in recent décades exhibited different metabolic strategies under conditions
of solid state and submerged fermentation. Direct comparison of various parameters such
as growth rate, productivity or volume activity favoured SSF in the majority of cases. It
has also become clear that the cost—factor for the production of enzymes in most cases
favours SSF over SmF. The low estimated costs of SSF are due to the réther traditional
pfeferential claim of SSF, viz. SSF utilises complex, heterogeneous agricultural by—

products as substrates and uses low—cost technology regarding sterility and regulation
13 '
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demands. However, attempts to reduce costs by using cheap substrates have hampered
biotechnological progress in SSF because of the strongly increased diversity in SSF
research. There is no consensus on either, the methods, the microorganisms or the
substrates used, that would allow comparison with other cultivation technologies. The
broad spectrurh of substrates used represents an especially severe problem. As already
mentioned, one great advantage of SSF has always been the possibility of using
substrates that are abundant, cheap, and not applicable to SmF. Production efficiencies in
SmF is greatly influenced by filamentous fungal morphology such as cellular
aggregation, mycelia pellet shape and size. SSF provides more similar culture conditions
to the natural habitat resulting into higher productivity and enzyme yield.

Phytase production has been attempted in several microbial species by using both
submerged as well as solid state fermentation techniques (Table 2.6). During past years,
submerged fermentation (SmF) was largely employed for the production of industrial
enzymes including phytases. However, in recent years solid state fermentation (SSF) has

received much concern for the production of phytases. Fungal species from the

Aspergillus gehera are widely employed for phytase production [392, 393], although

other mesophilic fungi like Mucor racemosus and Rhizopus oligosporus [30, 305], or the
thermophilic fungi T. aurantiacus have also been employed. Methylotrophic yeast such
as P. pastoris or Hansenula polymorpha exhibit great potential for producing high levels
of A. niger, E. coli, and A. fumigatus phytases [210, 296-299]. The phytase production
can be greatly enhanced by optimizing culture conditions, restriction of oxygen supply
during passage, stabilization and screening process, and changes in codon usage of the
phytase gene and modification of signal peptide [210, 342]. The technical control and the
possibility of scaling up to an industrial level have limited the application of the solid
state fermentation despite it having shown some advantages regarding use of agricultural

by-products, as well as saving water and energy.
2.3.2. Oilcakes as potential substrate in SSF

The sustainability of the booming bioprocess industry depends on the progressive
reduction of expensive nutrient inputs into fermentation media. The reutilization of or use

of cheap agricultural and food—processing by—products such as oil cakes, is highly
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favoured, to hasten the commercial feasibility of bioprocess technology. Over the past
few decades, there has been an increased exploitation of organic residues from various
sectors of agriculture and industries. In a recent review by Ramachandran et al. [282],
utilization and biotechnological applications of several oilcakes such as sunflower oil
cake (SubC), sesame oil cake (SOC), soy bean cake (SBC), coconut oil cake (COC),
mustard oil cake (MOC), palm kernel cake (PKC), groundnut oil cake (GOC), cottonseed
cake (CSC), canola oil cake (CaOC), olive oil cake (OOC), rapeseed cake (RSC), -in
bioprocesses for the prbduction of industrial bio—products is emphasised in detail. Earlier
other crop residues such as bran, husk, bagasse, and fruit seeds were also shown to be
utilised as a potential raw material in bioprocesses as they grant an excellent substratum
for the growth of microorganism supplying the essential nutrients to them [251, 252, 256,
258-263]. Their application in bioprocesses also offers advantages in bioremediation and
biological detoxification of hazardous compounds. Their application in the field of
fermentation technology has resulted in the production of bulk—chemicals and vailue—
added products such as amino acid, enzymes, mushrooms, organic acids, single—cell

protein (SCP), biologically active secondary metabolites, etc. [230, 253, 256, 257, 372].
2.3.2.1. Oilcakes/meals

Oil cakes/oil meals are by—products obtained after oil extraction from the seeds. Oil
cakes are of two types, edible and non—edible. Edible oil cakes have a high nutritional
value; especially have protein content ranging from 15% to 50% (Table 2.7). Their
composition varies depending on their>vé.ricty, groWing condition, geographical areas and.
~ extraction methods. Due to their rich protein cohtent, they are used as animal feed, -
especially.for ruminants and fish. Nonedible oil cakes such as castor cake, linseed cake,
karanja cake, and neem cake are used as 6rganic nitrogenous fertilizers, due to their NPK
(nitrogen, phosphorus, potassium) content. Some of these- oil cakes are found to increase
the nitrogen uptake of the plant, as they retard the nitrification of soil. They also protect
the plants from soil nematodes, insects, and parasites; thereby over great resistance to
infection (www.itdgpublishing.org.uk).

Global oilseed production for 2009—10 is projected at 422.7 million tons (15% of

total world crop production). From the world’s total oilseed production, about 40% is
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used for making oil & fats, whereas, approximately 25% is occupied by oil meal and
cakes (http://www.fao.org/docrep/011/ai482¢/ai482¢06.htm).

Global output of linseed is estimated around 2.60 million ton per years with
Canada, China, U.S and India dominating the list of producers. Canada is the leading
producer and accounts for nearly 80% of the global trade in linseed. Global production of
linseed oil is estimated between 0.6—-0.7 ton while linseed meal ranges between 1.1-1.4
million tons.

Annual growth in oil cake production is projected to average 2.3% annually over
the decade to 2012. India is one of the world’s leading oilseeds producers. Total
production currently stands at over 25 million tonnes per annum while the exports
account for over 4.3 million tonnes of oil cake, valued at US$ 800 million annually
(www.seaofindia.com). Of the total oil meal production increase of 23 million tonnes, 17
million tonnes is from developing ;:ountries including India, Brazil and Argentina. India
is considered as the third largest producer of linseed in the world. India linseed is mainly
cultivated as rabi crop in with October—November being the main sowing season.
February—A}mil is the main harvesting season in the country. Matha Pradesh is the
leading producer of the crop, which is broadly divided into two categories— peninsular
and alluvial types according to the root formations. Oil markets in Indore, Kanpur, Agra
and Gwalior are the main trading centres of linseed oil. Paint and allied industries are the
main consumers of linseed oil accounting for nearly 70% of the total consumption. West
Bengal, Maharashtra, Delhi and Uttar Pradesh are the main centres of linseed oil
consumption in ‘the country. (http://www.commodityonline.com/commodities/oil—

oilseeds/linseedoil.php).
2.3.3. Statistical approaches in optimization of phytase production

For selecting a particular production technique, culture conditions, type of strain,
nature of substrates and availability of nutrients should be taken into consideration [4, 89,
94, 195, 200-202, 217, 231, 254, 255, 267, 272, 283, 285]. Stockmann et al. [342]
reported a phytase from H. polymorpha under oxygen limited conditions in SmF. They
found that pre—culturing the strains in glucose medium under oxygen limitation resulted

in increased production (25%) and removed 20 h lag phase which was normally observed
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when there is no such limitation. The production of phytase from Aspergillus ficuum
NRRL 3135 has been achieved by three different cultivation methods, namely, solid state
[72, 73], semi—solid [135] and submerged fermentations [149, 362].

‘ It was reported that there was a complete reduction of phytic acid content in canola
meal using SSF by 4. ficuum [227]. Ebune et al. [72, 73] also studied the phytase
production by A. ficuum using canola meal and found that the age of inoculum had
profound effect on enzyme synthesis. Krishna and Nokes [181] studied the effect of
culture conditions, particularly inoculum age, media composition (wheat bran and full—fat
soybean flour) and duration of SSF on the phytase production by A4. niger. Kim et al.
[172] studied phytase production from Aspergillus sp. 5990 (higher optimum temperature
for catalytic activity than the commercial Natuphos from 4. ﬁcuum'NRRL 3135 using
SmF at 37°C, pH 7.0 where five—fold higher activity in liquid culture was obtained..
Papagianni et al. [266] investigated qualitative relationship between medium
composition, morphology and phytase production by A. niger. Recently, in a stﬁdy
carried out by Lan et al. [188, 189], phytase production in batch fermentation by
Mitsuokella jalaludinii, a new bacterial species from the rumen of cattle, showed glucose
repression in rice bran—soybean milk (2:1) medium and optimum production was attained
at pH 7.0, 39°C without any surfactant [376].

The conventional methods of optimization are extremely time consuming, tedious
and expensive for a large number of variables [29, 30, 42, 331]. Optimization of all the
variables by étatistical experimental designs, Plackett-Burman (PB) and central
composite design (CCD) of response §urface methodology (RSM), can eliminate the
limitations of ‘one variable at a timé’ ‘approach [341]. The use of response surface
methodology in biotechnological processes is gaining immense importance for the
optimization of enzyme production [29, 30, 42, 331]. There are, however, very few
reports on the statistical optimization of phytase production in SSF [29, 30,42]. RSMis a
widely used statistical method based on the multivariate non—linear model for
optimization of fermentation media [125, 60]. Considering the interactions of various
parameters during the fermentation process, RSM examines the responses of several
factors by varying them simultaneously with a limited number of experiments [166, 225].

A few approaches other than PB and RSM, -have also been employed for

optimization of phytase production. A different optimization strategy i.e. artificial neural
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network pattern recognition model and DO/pH measurements—based on-line control
strategy (ANNPRCtrl), was successfully implemented for maximizing the phytase
production with recombinant P. pastoris [159]. The modified ANNPR—Ctrl increased the
final phytase activity about three—fold compared with other control strategies.

Bai et al. [15] proposed a novel method to produce both phytase and single—cell
protein in recombinant Pichia pastoris (transformed with a phytase gene (AppA—m) from
Escherichia coli) fermentation using monosodium glutamate wastewater (MSGW) as the
basal medium. The fermentation medium was optimized in shake flasks by single—factor
test and RSM. The maximum phytase activity in the MSGW medium reached 3,380
U/ml, 84.2% of that in chemically defined medium, and the dry cell weight was 136 g/I.
The productioﬁ of phytase by feed—grade filamentous fungi Aspergillus ficuum NRRL
3135, after nutrient optimization and selection of the most appropriate carbon and
nitrogen sources, was increased by 50% [29]. In another optimization study carried out by
Bogar et al. [30], M racemosus NRRL 1994 phytase production in solid—state
fermentation was nearly doubled (from 14.5 IU/g DM to 26 IU/g DM) on optimized
coconut oil cake at 71% moisture level, pH 5.5, incubation temperature 25°C. By
employing PB and CCD, an overall 5— and 1.6—fold enhancement in phytase titres (324—
1689 U/g dry yeast biomass) and biomass production (6.4—10 g/l) were obtained for cell—
bound phytase production by Pichia anomala in a cost—effecti\fe cane molasses medium
[167]. In case of phytase production by a marine yeast Kodamaea ohmeri BG3 in a cost—
effective oats medium, an overall 9—fold enhancement in phytase activity (62.0 —575.5
U/ml) was obsérved'by Li et al. [196] due to optimization. The optimum concentrations
of significant variables that supported maximum enzyme activity -were oats 1.0%,
ammonium sulphate 2.3%, glucose 2.0%, NaCl 2.0% and initial pH 6.3. Sunitha et al.
[343] optimized the medium for recombinant phytase production by E. coli BL21 using
response surface methodology. A 2° central composite experimental design was used to
study the combined effects of the medium components, tryptone, yeast extract and NaCl.
The optimization of the medium increased the phytase production by 1.2—fold. The
supplementation of 2 g/l glucose significantly enhanced the phytase production by 1.58—
fold, showing an overall 2.78—fold increase compared to the unoptimized medium.
Recently, statistical experimental designs were applied for the optimization of medium

composition for phytase production by S. cerevisiae. The variables analyzed were
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sucrose, sodium phytate and urea in mineral medium, and in cane molasses, sodium
phytate and corn steep liquor complex medium. The 2% full factorial central composite
désign of response surface methodology was applied for optimization the concentrations
of the significant variables. The optimum variables that supported maximum phytase
activity in sodium phytate as substrate were 2.5% sucrose and 0.5% sodium phytate in
mineral medium. In complex medium, cane molasses and sodium phytate at 6—10.8% and
0.3-0.6% supported maximum phytase activity respectively. An overall 10— and 5.3—fold
improvement in phytase activity was achieved due to optimization in mineral medium
and cane molasses medium, respectively [295]. In a similar study carried out by Singh
and Satyanarayana [331], a two fold increase in phytase production by a thermophilic
mould Sporotrichum thermophile was achieved due to optimization using statistical
designs in a cost— effective cane molasses medium. Phytase production by a thermophilic
mould Sporotrichum thermophile Apinis was also investigated in solid state fermentation
(SSF) using sesame oil cake as the substrate. The optimum values of the critical
components determined by central composite design of RSM for the maximum phytase
production were glucose 3%, ammonium sulphate 0.5% and incubation period 120 h. An
overah 2.6—fold improvement in phytase production was achieved due to optimization.
Highest enzyme production (348.76 U/g dry mouldy residues) was attained at a substrate
bed depth of 1.5 cm in enamel coated metallic trays. In submerged fermentation, Starch,
Tween—80, peptone and sodium phytate at 0.4%, 1.0%, 0.3% and 0.3% supported
maximum enzyme titres, respectively, leading to an overall 3.73—fold improvement in
phytase production due to optimization [330]. Enhanced phytase yield was attéined with
the yeast Pichia anomala using RSM by Vohra and Satyanarayana [385]. Interactions
were studied for three. variables, viz. glucose, and beef extract and inoculum density
using CCD. Highest enzyme yields were obtained when the glucose and beef extract

concentrations in the medium were 2 and 0.5%, respectively.
2.4, Strain improvement
2.4.1. Introduction

A very few work on strain improvement for enhancing the phytase production is
available in the literature. The reported work is focussed on increasing the phytase titre
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‘by using physical and chemical mutagens, chiefly, UV radiation. Chelius and Wodzinski
[43] reported fpr A. niger NRRL 3135 phytase, in which UV radiation was used for strain
improvement, resulting in a 3.3 fold higher phytase (phyA) than the wild type strain. The
production of mutant phyA was highly repressed 60% by the inorganic phosphate
(0.006%, w/v), however, their approach was limited by lack of specificity and sensitivity
to discriminate between phytase and acid—phosphatase activity during primary screening
process. Later Shah et al. [319] reported for 4. niger NCIM 563 by using combinations of
physical and chemical mutagens resulting into two mutant strains N—I and N—79 with an
increase of 17 and 47% activity in comparison to parent strain respectively. Rodriguez et
al. [299] improved the catalytic efficiency and thermostability of E. coli pH 2.5 acid
phosphatase/phytase expressed in P. pastoris by site—directed mutagenesis. Tomschy et
al. [353] identified monomeric, glycosylated wild type phytase from 4. niger T213 with a
three—fold lower specific activity than 4. miger NRRL 3135 phytase. The sequence
comparison stﬁdies and identification of candidate amino acids allowed an increase in
specific activity of 4. fumigatus phytase up to seven—fold [353]. Mullaney et al. [225]
increased the phytase activity of 4. niger NRRL 3135 phytase A (phyA) at intermediate
pH levels (3.0-5.0) by site directed mutagenesis of its gene at amino acid residue 300. A
single mutation, K300E, improved phytic acid hydrolysis at 37°C by 56 and 19% at pH
4.0 and 5.0, respectively.

2.5. Physicochemical properties of phytases

The majority of the characterized phytases are monomeric proteins, but both homo—
and hetero—oligomers have been found [178]. The molecular mass of these phytases is

variable; most monomeric proteins are in the range of 40—70 kDa.

2.5.1. pH activity

Phytases, based on their optimal pH for catalysis, can be divided into two major
groups, acid and alkaline. Since phytase research is focused on finding an enzyme that
shows adequate activity in the digestive tract of monogéstric animals, most studies have
aimed at acid phytases [224]. The acid phytases belonging to HAPS, can display a broad

or narrow range of pH vs. activity profiles and show a variety of pH optimia, most
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- commonly found at pH 2.5 and/or pH 4.5—6.0 [178, 224, 243]. The characterised phytases
belonging to PAPs have been shown to display slightly acidic or neutral pH optima.
These are, phytases from kidney beans and A. miger, which show optimal activity
between pH 4.5-5.0 [144] and pH 6.0 [223], respectively. The phytate—degrading enzyme
produced by S. ruminantium, PhyAsr, was reported to have substantial activity at pH 5.0,
but no optimal pH has been reported [49]. Few alkaline phytases are also reported such as
phytase from Lilium longiflorum pollen [314], legume seeds [313] and Bacillus species,
however, the BPPs from Bacillus are the only extensively characterized class of alkaline
phytase [168, 177, 356]. Most recently isolated and purified alkaline phytases was from
Bifidobacterium sp. Alkaline phytases optimally hydrolyze phytate at a pH between 7.0
and 8.0, likely due to protonation of calcium binding sites at a lower pH resulting in poor
binding of Ca®* [242].

From physiologically relevant standpoint as well as from an applied perspective, a
significant activity over a wide range of pH (pH 1.5-7.5) encountered in digestive tract is
desirable to aid phytate degradation in various parts of the alimentary canal such as the
salivary gland (pH 5.0—7.0), stomach (initial pH 5.5 following food ingestion; pH reaches
in between 1.5-2.0 after the HCI secretion), upper part of small intestine (pH 4.0-6.0)
and rest part of the small intestine (pH 6.4—7.2). The phytases with low pH value optima
are found to be more effective in gastrointestinal tract in comparison to phytases with
high pH value optima [93]. A study was carried out to assess the effect of pH on enzyme
aétivity of the four available commercial phytases such as Allzyme phytase produced by
Alltech Ireland Ltd., Co. Meath; Natuphos produced by Gist-Brocades, Delfth, the
Netherlands; Ronozyme P/Biofeed phytase produced by F. Hoffmann—La Roche Ltd.,
Switzerland and Novozymes A/S, Bagsvaerd, Denmark and it showed that all phytases
were active in the stomach (pH 2.5-5.0) but no activity in small intestine (pH 6.4-7.2)
was found except some activity in the uppermost part of small intestine, where pH
remained below 6.4 [34]. The extracellular phytase displaying two pH optima was
reported for A. ficuum NRRL 3135 (Phy. A.) phytase at pH 2.5 aﬁd 5.5 [369, 393] with
48% less activity at pH 2.5 than at pH 5.5 [359]. Phytase from A. fumigatus was also
found to exhibit dual pH optima but in the less acidic range, at pH 4.0 and pH 6.0-6.5
[270]. Some work were also attempted where phytases from several strains (4. fumigatus,

A. niger and E. coli) were engineered to modify the pH profile for functioning well under
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gastric conditions but did not show the desired activity. For instance, mutant phytase
from A. niger [225] showed a good activity over a limited pH range i.e. pH 3.0-3.5 rather
than whole pH range of stomach (pH 2.0-6.5).

To improve the pH activity profile, several mutational approaches such as
modification of ionizable groups directly involved in substrate specificity or catalysis,
replacement of amino acid residues in direct contact with residues located in the active or
substrate specificity site by means of hydrogen bonds or salt bridges, or alteration of
distant charge interactions by modification of the surface charge of the enzyme were also
taken.

Similar strategy, aimed at improving the catalytic properties of the thermostable
consensus—1 phytase, was employed by Lehmann et al. [192], in which all the divergent
amino acid residues present in the active site of the consensus phytase was replaced by
those of 4. niger NRRL 3135 phytase. The new phytase (consensus—7 phytase) featured a
major shift in the catalytic properties that were similar to those of 4. niger NRRL 3135
phytase, however, the active site residues transfer resulted in a decrease in the unfolding

temperature of consensus—7 phytase as compared to consensus—1 phytase.

2.5.2. Stability under gastric conditions

Other important feature desirable for phytases is the acidophilic characteristics
which enable them to survive the acidic environment of the digestive tract and thus can
be used as a potential candidate in feed applications. An effective phytase needs to be
resistant to proteolysis in the animal digestive tracts. It is reported that intrinsic wheat
phytase is more susceptible to inactivation by pancreatin and pepsin than 4. niger
phytase. In contrast, the 4. niger phytase is less resistant to degradation by pepsin than
recombinant E. coli phytase (r—AppA) [298]. In another comparison of Bacillus subtilis
and E. coli with four recombinant fungal phytases, the fungal phytases were most
susceptible to inactivation by pancreatin and pepsin, Bacillus subtilis was stable to
pancreatin whereas E. coli was stable to both pancreatin and pepsin. Commercial
phytases also need to resist degradation during production and storage. When the
phytases from A. fumigatus and Emericella nidulans were expressed in A. niger, they

were cleaved by proteases present in the culture supernatant [392]. The cleavage had no

22



CHAPTER 2 REVIEW OF LITERATURE

effect on the activity of E. nidulans phytase, but significantly reduced the activity of 4.
Jumigatus phytase activity. Site—directed mutagenesis at the protease sensitive sites of the
A. fum-igatus and E. nidulans phytases yielded mutants with significant reduced
susceptibility to proteolytic degradation. With no loss in activity in the range of pH 1.0—
2.5 and more than 80% of activity from pH 2.5 to 8.0 when incubated for 60 min, was
reported for Yersinia rhodei [150]. S. cerevisiae CY strain retained more than 80% of
initial activity in the range of pH 2.5-5.5 when kept at 4°C for 1 h [152].

Several studies for different phytases were carried out to know effect on enzyme
activity in milieu of the gastric condition. The study carried out by Boyce and Walsh [34]
for four commercial phuytases under the simulated gastric conditions (pH 2.5 with pepsin,
incubation duration of 2 h) revealed a significant decrease in activity in case of all
phyt'ases. Allzyme and Natuphos retained 79.8 and 72% of initial activity whereas
Ronozyme and Novozyme significantly lost their activity (1.0% and 0.5%). In absence of
pepsin, Allzyme and Natuphos displayed 83.8 and 77.5% of original activity whereas
Ronozyme and Novozyme phytases showed a significant low activity of 7.6 and 4.6%
respectively. The outcomes illustrated decrease in activity due to low pH in case of
former two enzymes whereas loss in activity by later phytases was apparently due to
instability at low pH as well as degradation by pepsin. A comparative study on five
recombinant phytases was carried out by Huaﬁg et al. [150] to assess their stability and
activity in simulated gastric fluid (SGF; 0.25 M glycine/HCI containing 2.0 mg/ml NaCl
and 3.2 mg/ml pepsin) after incubating the enzymes in SGF at 37°C for 20 min. Y. rhodei
retained 20% of original activity at pH 1.5 in contrast to a complete loss of activity by £.
coli, Y pestis, A. niger and Y. intermedia phytases. Konietzny [178] concluded that most
microbial phytases are more pH stable than plant phytases as stability of most plant
phytases was reduced significantly at 4.0 < pH > 7.5, whereas most microbial enzymes

are relatively stable at 3.0 < pH > 8.0.
2.5.3. Temperature optima

A feed enzyme should exhibit significant catalytic activity within the range of 25—
39°C [34]. Most of the phytases from yeasts, fungi and bacteria have optimum
temperature value in the range of 45-60°C [234, 327, 366] with some exceptions. The
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optimum temperature exhibited by Aspergillus ficuumn NRRL 3135 [363], Aspergillus
niger [226, 393], A. niger 307 [92], Peniophora lycii [190, 369], Schwannomyces castellii
[316] and Aspergillus fumigatus [370] were found to be 58°C; 50°C, 56-58°C, 50-55°C,
77°C and 58°C respectively. Most fungal phytases have optimum temperature in the
range of 50—60°C; predominantly the temperature optima displayed by mesophilic fungi
are generally found to be below 60°C [40]. The phytases having high temperature optima
value are generally not able to retain full activity in the gastrointestinal tract of animals.
The A. niger ATCC 9142 (Gargova et al., 2003), Rhizopus oligosporus ATCC 22959
(both crude and purified) [40] and Mucor hiemalis Wehmer [35] phytases which possess
optimum temperature of 65, 65 and 55°C respectively, displayed only 39, 68 and 66% of
its maximum activity at porcine physiological temperature (39°C), so, a phytase with low

optimum temperature value might have advantage over other phytases.

2.5.4. Substrate specificity

Many of the characterized HAPs exhibited a broad specificity for substrates with
phosphate esters. It was thought that this was due to a mechanism that conforms to
nonspecific acid phosphatase properties, since both HAPs and acid—phosphatases have
the ability to hydrolyze synthetic phosphorylated substrates [99]. In A. fumigatus, the
phytase crystal structure had revealed a large active ﬁite cleft [198] allowing it to
accommodate a wide variety of phosphate esters [270]. In contrast, the E. coli phytase
was more specific for phytate [118], and accordingly, the crystal structure of this enzyme
revealed a smaller active site cleft [197]. HAPs can only hydrolyze InsP6 when it existed
as a metal—free phytate [392, 393]. The positively charged active site cleft of HAPs did
not favour a metal-InsP6 complex [180, 197, 198]. Chelating agents such as EDTA had
been shown to stimulate the phytate—degrading activity of HAPs by removing divalent
metal cations [392, 393].

The substrate specificity of alkaline phytases is far narrower than that of HAPs,
exhibiting strict specificity towards phytate and having relatively no enzymatic activity
on other phosphate esters [177]. The strict specificity of alkaline phytases was explained
by the preference for phosphate bridge formation between Ca®" and the two oxianions

from the adjacent phosphate groups of InsP6 [130, 327]. When dealing with phytate
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specifically, alkaline phytases require divalent cations such as Ca®* or Sr** for catalytic
activity. The crystal structure of the phytase from B. amyloliquefaciens revealed a
negatively charged active site that provides a favourable electrostatic environment for the
positively charged calcium—InsP6 complex [130]. Consequently, EDTA strongly
inhibited alkaline phyfase activity by removing the required divalent metal cations [168,

175].
2.5.5. Thermostability profile

Thermostability is the major essential feature of any enzyme destined for animal
feed applications. Therefore, intensive phytase research and development was primarily
directed toward screening of thermophiplilic and hyperthermophilic organisms for
thermotolerant enzymes, mutagenesis of mesophilic enzymes to increase their
thermostability, and design of formulations of chemical coating for protecting the
enzymes from heat—denaturation.

Animal feed is commonly pelleted at 60—95°C to increase its digestibility, ensure a
bélanced'diet [175, 177], for controlling microbial growth, preventing transmission of
pathogens and reducing transport costs by increasing bulk density. Most of the known
phytases lose their‘activities by 40% after treatment at 68°C for 10 min [359], thereby
completely losing their activity during feed pelleting process in the temperature range of
60—95°C. The initial enzyme originating from A. fumigatus was not a genuine heat stable
enzyme, as it possessed a low Tn (62.5°C), but it was refolded into a fully active
conformation after cooling [394]. Uses of exogenous agents such as non—ionic detergent,
treflalose, sorbitol etc have also been reported in the literature, rendering stability of
phytase during pelleting. A study was carried out by Boyce and Walsh [34] to assess the
thermostability of different commercial phytases such as Allzyme, Natuphos, Ronozyme
P/Biofeed and Novozymes at 80°C for 5 min. The study revealed a significant loss of 65
aﬁd 24% of initial activity during the first min by Allzyfne and Natuphos phytases
respectively whereas Ronozyme P/Biofeed and Novozymes phytases were able to retain
more than 80% of activity after 5 min. The most thermostable phytase was reported from
Aspergillus fumigatus, which lost only 10% of initial activity at 100°C over a period of
20 min [270]. Another thermostable phytases from Bacillus amyloliquefaciens DS11
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[171] and Sporotrichum thermophile [332] showed t,,,%"C

of 42 and 90 min respectively.
The phytases from 4. fumigatus and A. niger were complefely denatured between 50 and
70°C [393]. The crude phytase from Mucor hiemalis Wehmer retained 64 + 3%, 63 +2%
and 61 + 1% of its original activity after heating for 1, 3 and 5 min, respectively, at 80°C.
The same phytase after purification was found significantly less thermostable than the
crude preparation, retaining 21 + 3% of its original activity after heati'ng at 80°C for
one min [35]. However, from an application perspective this was found not relevant as it
is crude preparations that are added to feed to endow with accessory proteins and feed

enzymes secreted into the SSF extract.
2.6. Applications of phytases

Although phytic acid is the principal storage form of phosphorus, it is not
bioavailable for non—ruminant animals due to their lack of ability to metabolize it [236,
237]. This has had significant impact on modern intensive livestock productions due to
consumption of grain based diets, as approximately 80% of phosphorus in cereal grains
and legumes is present as phytate phosphorus [293]. A consequence is the need to
supplement monogastric livestock diets with expensive and non—renewable inorganic
phosphate to fulfil their nutritional requirement [236, 237]. The unutilized phosphorus of
phytate present in the diet is excreted in the manure and is subsequently hydrolyzed by
soil and water borne microorganisms. The released phosphate moves into rivers and lakes
and can result in eutrophication of water supplies [279, 355]. During the past years,
antinutritional attributes of phytate has been a matter of great concern for human
populations, who depend on staples like wheat, rice and maize, as their major or only
source of nutrition, as it can lead to mineral deficiency and malnutrition [45, 212].

Phytase has a wide range of applications as feed and food additive, in animal and
human nutrition. Supplementation of phytase into animal feed has multiple benefits,
mainly in improving availability of minerals, trace elements, amino acids and energy
[132, 391,] and thereby decreasing the necessity to fortify the fodder. By increasing the
utilization coefficient of organic phosphate and consequently-reducing the amount of
phosphate in manure, it contributes signiﬂéantly toward environmental protection. For

many years, potential of phytase has been well recognized in breadmaking procedures for
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degrading the phytic acid content and improving the crumb texture. It helps in releasing
the chelated cations such as calcium, which in turn promotes the activation of
endogenous a—amylase [141], thus negating the need to supplement external c—amylase.
Recently, the phytases have become a subject of additional interest for their ability
to produce lower inositol derivatives after phytic acid degradation. Even though
mammalian cells are able to synthesize the inositol phosphates themselves [404],
endogenous synthesis of phytic acid is minor [107, 108]. The inositol polyphosphates
(IPPs) generated is useful from both kinetic and physiological aspects. IPPs have been
recognized as having novel metabolic effects such as prevention of diabetes
compiications [302, 303], treatment of chronic inflammation [50], reduction in the risk of
colon cancer [18, 105, 320] and kidney stone prevention [219, 243]. Additionally, the
IPPs D—myo—inositol (1,3,'4,5) tetrakisphosphate and D—myo—inositol (1,4,5) triphosphate
have been found to stimulate intracellular Ca®" release which affect cellular metabolism
and secretion [140, 214, 274]. The growing list of research and pharmaceutical
applications for specific IPPS has increased interest in the preparation of these
compounds. The chemical synthesis of individual IPPs includes difficult steps and is
performed at extreme conditions [26]. The separation of IPP isomers has also been
reported to be difficult with most analytical approaches [113]. Since phytases hydrolyze
InsP6 in an ordered and sequential manner, the production of IPPs and free myo-inositol
using phytase is a potential and promising alternative to chemical synthesis [112, 116,

132, 391].
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Table 2.1 Phytate content in plants and plant products [294].

Cereals Phytate Phosphorus (%) Phytate (%)
Wheat 0.11-0.38 0.39-1.35
Corn 0.23-0.63 0.83-2.22
Popcorn 0.17 | 0.62
Triticale 0.14-0.53 0.50-1.89
Oat 0.20-0.33 0.70-1.16
- Barley 0.21-0.33 -~ 0.75-1.16
Rye 0.15-0.41 0.54-1.46
Cereal milled
Wheat flour 0.07-0.39 0.25-1.37
Wheat flour (India) 0.14-0.16 0.50-0.55
Wheat bran 0.80-1.44 2.85-5.11
Corn meal 0.23-0.30 0.81-1.07
Beans
Soybeans 10.28-0.63 1.00-2.22
Faba beans 0.15-0.50 0.54-1.77
Dolique beans 0.17-0.26 5.92-9.15
Peas 0.06-0.33 0.22-1.22
* Pigeon pea 0.20-1.97 0.71-7.00
Linseed 0.61-0.79 2.15-2.78
Peanuts 0.50 1.76
Chickpeas 0.08-0.35 0.28-1.26
Kidney beans 0.25-0.44 0.89-1.57
Bean products |
Peanut meal, defatted 0.48 1.70
Linseed meal, defatted 1.18 4.20
Bean based foods
Tempe 0.27-0.30 0.67-1.08
Tofu 0.55-0.82 1.96-2.90
Idli 0.15 0.54
Dhokla 0.51 1.80
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Table 2.2 Phytate content in Seeds/Grains/Fruits with seeds commonly eaten by human

[204].

Plants Structure Phytate (%)
Sesame Dry seed 4.71
Pumpkin/Squash Embryo 4.08
Flax (linseed) Dry seed 3.69
Rapeseed (canola) Dry seed 2.50
Sunflower Embryo 2.10
Mustard Dry seed 2.00
Cashew Embryo 1.97
Peanut Seed in shell 1.70
Tomato Seed only 1.66
Soybeari Dry seed 1.55
Almond Dry embryo 1.42
Eggplant Seed only 1.42
Beans Dry seed 1.41
Watermelon Seéd only 1.36
Cucumber Immature seed 1.07
Sorghum Dry grain 1.06
Coco beans Dry seed 1.04
Barley Dry grain 1.02
Qats Dry grain 1.02
Wheat Dry grain 1.02
Peas Dry seed 1.00
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Phytase sources

References

Fungi

A. niger NRRL 3135
A. flavus

A. terrus

A. ficuum

A. ficuum (phy A)

A. ficuum (phy B)

A. carneus

A. niger ATCC 9142
A. oryzae

A. fumigatus

A. niger SK—57
Mucor sp.

Penicillum sp.

P. caseoicolum
Cladosporium sp.
Peniophora lycii
Rhizopus oligosporus
Rhizomucor pusillus
Sporotrichum thermophile
Yeasts
Saccharomyces cerevisiae
Schwanniomyces castelii
S. occidentalis
Kluyveromyces fragilis
Candida tropicalis |
Torulopsis candida
Debaryomyces castelii
D. castelii CBS 2923
Pichia pastoris
Bacteria

Bacillus subtilis

B. subtilis (natto)
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[224], [324]
[323]

[398]

[29]

[174], [362]
[751, [367]

- [96]

[41]

[325]

[269], [406]
[226]

[30], [323]
[323]

[12]

[277]

[190], [3681, [396]
[305], [344]"
[42]
[330-335]

[111),[136], [139], [234]
[186], [316]

[228]

[187]

[187]

[187]

[187]

[280]

[136]

[168], [169], [275]
[326]
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Table 2.3 Cont.....

B. amyloliquefaciens
B. licheniformis

E. coli

Klebsiella aerogenes
K. terrigena

K. oxytoca
Pseudomonas sp.
Enterobacter sp.
Citrobacter freundii
Citrobacter braakii

' Mitsuokella multiacidus
S. ruminantium
Yersinia

Plant

Maize, germinated
Rye

Lily pollen

Hazel seed

Faba beans

Canola seeds
Sunflower

Crude extract wheat
Legume seeds |
‘Wheat bran

Typha latifolia pollen
Barley

Animal

Rat, intestinal mucose
Rat, liver
Paramecium

Birds, reptiles, and fishes

[175], [177]
[356]
[118], [245]
[346]
[114], [117]
[158]

[47], [154]
[403]

[66]

[173]

[401]

[49]

[87], [150], [151]

[184]
[119]
[160], [314]
[13]

[120]

[148]

(6]

[31]

[313]

[229]

[138]

[115]

[399], [400]
[56]
[86]
[286]

34



TABLES OF CHAPTER 2

Table 2.4 Global scenario in the feed enzyme market.

Regions Market split Global Dominant Growth Market
market raw potential
share material ‘
NSP Phytase %o NSPs Phytase
Europe Wheat, Modest Seen to grow Mature
44 Barley faster
U.S. Corn, Seen to grow Steady/ slow Growing
Soybeans faster in
21 coming years
Cﬁina Wheat, Show slow— Seen to Good
16 Barley steady growth increase
in coming through
years penetration in
swine
South—East Corn, Show slow— Thailand, Good
Asia Soybeans steady growth Philippines
in coming and Indonesia
14 years seen to boost
market
Australia Wheat, Slow growth Improved Less
and Barley in coming ' growth in
NewZealand 4 years owing to coming years

low farm

animal
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Table 2.5 List of commercially available phytases [38].

Company Country Phytase source Production Trademark
| strain
AB
Germany A. awamori T reesei Finase
Enzymes
Alko -
. Finland A. oryzae A. oryzae SP, TP, SF
Biotechnology
Alltech USA A. miger A. niger Allzyme phytase
BASF Germany A. niger A. niger Natuphos
BioZyme USA A. oryzae A. oryzae AMAFERM
DSM USA P. Jycii A. oryzae Bio—Feed Phytase
Fermic Mexico A. oryzae A. oryzae Phyzyme
Finn feeds .
) Finland A. awamori T. reesei Avizyme
International v
Genencor Fad Penicillium
USA ROVABIO
International simplicissimum Juniculosum
Roal Finland A. awamori T reesei Finase
Ronozyme®,
Novozymes Denmark A. oryzae A. oryzae ®
) Roxazyme”™
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Table 2.6 Various production techniques and substrates used for the production

of phytase from different microbial sources.

Sources Production Substrate used References
Technique

Fungi

Aspergillus ficuum SSF canola meal [72], [73]

A. niger SSF Dry olive wastes [374]

A. niger ATCC 9142 SmF corn starch media [41]

A. niger SSF wheat bran, soybean meal {39]

A. niveus SSF Wheat bran, corn bran, soy meal, [78]

A. niger N 25 SmF Starch [44]

A. sp. 5990 SmF Sucrose based medium [172]

A. oryzae R1IB—~128 SmF - Dextrin [88]

A. niger SSF Wheat bran, soy meal [181]

A. oryzae AK9 SSF Soybean mesl [183]

A. niger NCIM 563 SSF Wheat bran, mustard cake, [208]
cowpea meal, groundnut cake,
coconut cake, cotton cake,
black bean flour

A. terreus SmF Glucose based complex medium [216]

A. niger SmF/SSF Corn starch medium/wheat [265]
Bran and full fat soybean meal .

A. niger van Teighem SmF Starch and glucose based medium [377-379]

A. ficuum 4 SSF Soybean cake [29]

A. niger 307 SmF Starch media [311]

A. carbonarius SSF Canola meal [8-10]

A. ficuum SmF/ SSF Glucose/canola meai 227}

A. niger SmF Maize starch [7]

A sp. FS3 SSF Citric pulp, apple pulp, soy bran, [339]
wheat bran, rice bran

A. niger NCIM 563 SmF Rice bran—glucose—salt media [21], [319]

A. niger NCIM 563 SmF Dextrin and glucose [337]
based medium

A. niger CFR 335 SmF/SSF Potato dextrose broth/wheat bran . [128] .'

Cladosporium sp. SmF Potato dextrose broth [277]

M. racemosus SSF Wheat bran, Groundnut cake, [301]

NRRL 1994 sesame cake

M. racemosus SSF Wheat bran, coconut cake, [30]

A sesame cake

M. hiemalis Wehmer SmF Corn starch media [351

M. thermophila SmF Glucose based complex media [216]

Rhizopus oligosporus SmF Corn starch media [40]
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Rhizopus sp.
Rhizopus oligosporus
Rhizomucor pusilus

S. thermophile
S. thermophile
T. lanuginosus

T. aurantiacus

Yeasts

Arxula adeninivorans

Candida kruesi

Cryptococcus laurentii -

Debaryomyces castelli
Hansenula polymorpha
Kodamaea ohmeri
Pichia anomala
S.accharomyces
cerevisiae

© S, cerevisiae

Schwanniomyces
castelli

Bacteria

Bacillus sp. KHU-10

B. amyloliquefaciens
Enterobacter sp.
Escherichia coli

E. coli

Lactobacillus
amylovorus
Mitsuokella jalaludihii
Pantoea agglomerans
Peniophora lycii

Yersinia intermedia

Yersinia kristeenenii

SSF
SSF
SSF
SmF

SSF

SSF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF

SmF
SmF

Coconut cake, sesame cake
Coconut cake

Wheat bran -

Cane molasses medium,
starch

Sesame cake

Wheat bran

Glucose/Starch based

" media

Glucose and Galactose
based medium

Glucose based medium
Glucose based medium

Synthetic medium

. Glucose

Oats based medium

Cane molasses medium
Yeast extract and Succinic
acid

Mineral media and Cane
molasses media

Wheat bran, cotton flour

Maltose

Wheat bran and

casein hydrolysate

Glucose based complex
media

Glucose based complex
media

Monosodium glutamate
water

Glucose

Rice bran—soybean milk
media

Luria—Bertani media
Complex media

Luria—Bertani broth

[281]
[305]

[42]

[330-31], [335]

[333], [334]
[19], [127]
[232]

[310]

[276]

[270]

[280]

[210]

[196]

[85], [86], [167]
[152]

[295]

[315]

[48]

[176]

[403]

[343]

[15]

[340]

[188], [189]
[109]

[190]

[150], [151]
[87]
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Table 2.7 Compositions of oil cakes.

As % of dry matter

Oilseed Protein Phosphorus Methionine Lysine References
cake/meal content content & Cysteine
Soybean 54 0.69 1.70 3.46 [68, 100]
meal
Soybean 4546 0.71 1.44 2.93 [68, 100]
cake
Sunflower 34.1 1.30 1.36 1.19 [100]
seed cake '
Sunflower 42.7 - 7 1.70 1.49 [100]
seed meal
Rapeseed 34 — — - —
meal :
Groundnut 48-50 0.83 0.55 1.52 [68, 244]
cake
Groundnut 37.3 0.75 048 1.34 (68, 244]
meal -
Cottonseed 2648 1.34 1.04 1.52 [100]
cake
Cottonseed 46.1 1.36 1.29 1.89 [100]
meal
Copra cake 2324 — — - —
Palm 18 0.60 0.94 0.75 [68, 100]
kernel cake
Linseed 30.5 0.96 1.34 1.07 [100]
cake
Linseed 36 - 1.58 1.26 [100]
meal
Sesame 37 1.41 1.89 1.08 [100]
cake
Sesame 44 - 2.24 1.28 - [100]
meal _
Coconut 18-22% 0.58 0.38 0.50 [68, 100]
Para 20 0.47 — — [68, 100]
rubber
seed
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Fig. 2.1 myo—inositol (1,2,3,4,5,6) hexakisphosphate (phytic acid)
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op .
a OH |,
PO 3
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3-phytase - s OP 1
{EC3. 1. 3. 8) #0
-p 1-D-mye-inositol 1,2,4,5,6-pentakisphosphate
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Fig. 2.2 Classification of Phytases
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CHAPTER 3
LACUNAE AND RATIONALE

A compendium of phytases are reported from different sources, however, a

thermostable and acid stable phytase with broad substrate specificity is still highly
desirable. To work out this problem, scientific world is still trying to find out an ideal
phytase especially produced from microbial source. Many of the researchers shifted
towards recombinant technology and protein engineering; however, it affected the cost
effectiveness of the resultant phytases. Despite multitude of advancements in this field,
an economical and effective phytase is still an enigma yet to be solved by the researchers.
In general, lack of thermal stability and resultant inactivation during pelleting process,
and. overall an economical production process has been major hall marks in this field.
Moreover, phytases are not yet employed in food processing applications, however, there
have béen many studies focused on improving food quality for people in developing

countries. Therefore, the present study accentuated with the foll.owing rationales:

Identification of a potential phytase producing microorganism.

2. Biochemical characterization of phytase.
Optimization of parameters for the production of phytase under Solid state
fermentation (SSF) and Submérged fermentation (SmF).

4. Large volume production studies.

5. Evaluation of phytase ability in term of phytate degradation and mineral
extractability.
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CHAPTER 4
AIMS AND OBJECTIVES

The aim of the present study is to identify a microorganism producing an ideal

phytase. To achieve major rationale of this study, following objectives were worked out:

Identification of a potential phytase producing microorganism.

2. Purification and characterization of phytase.
Optimization of parameters for the production of phytase in solid state
fermentation (SSF) and large volume production studies.
Strain improvement procedure.

5. Optimization of parameters for the production of phytase in submerged
fermentation (SmF) and large volume production studies.

6. Evaluation of potential application of phytase in terms of ph)}taté degradation and

mineral extractability.
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CHAPTER 5 |
MATERIALS AND METHOD

5.1. Microorganism and inoculum preparation

Rhizopus oryzae (MTCC 1987) was procured from Microbial Type Culture
Collection (MTCC), Chandigarh, India. The fungal strain was routinely grown on potato
dextrose agar (PDA) slants for 6 days at 30°C. Viable spores from slants were harvested
by washing with 0.1% (v/v) Tween 80 and the spore suspension adjusted to ~1x10%cfu/ml

(colony forming units per miliilitre) was used as inoculum for subsequent fermentations.
S.2. Screening of fungﬁl strain for phytase production

Rhizopus oryzae was screened for phytase production on phytase screening medium
(PSM) containing (w/v): 0.4% Sodium phytate, 1% D—glucose, 0.05% KCI, 0.05%
MgS04.7H;0, 0.5% NHsNO;, 0.01% MnS0O4.H,0, 0.5% CaCL.2H,O, 0.01%
FeS04.7H20, 1.5% Agar—Agar and the medium was adjusted to pH 5.6 [149]. To
eliminate the false positive halozones (zones of clearing) resulting from the microbial
acid production,.the counterstaining technique was performed according to Bae et al.
[14]. In brief, the strain was grown on aforementioned phytase screening medium
followed by flooding with 2% (w/v) aqueous cobalt chloride solution and were kept for 5
min incubation at room temperature. The cobalt chloride solution was thereafter replaced
with a freshly prepared solution containing equal volume of 6.25% (w/v) ammonium
molybdate and 0.42% (w/v) ammonium vanadate solution. After incubating for 5 min at
room temperature, the plates were examined for zone of clearance against a contrast

translucent background.
5.3. Solid state fermentation (SSF)
5.3.1. Phytase production

Initially, 5 g of dried substrates were taken into 250 ml Erlenmeyer flasks and were
supplemented with one millilitre of distilled water. Substrates were sterilized at 121°C for

20 min, cooled and inoculated with one millilitre of spore suspension and fermentation
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for stationary culture was carried out at 35°C for 96 h for phytase production. The
fermented medium was extracted with Tween 80 (0.1% (v/v)) at 30°C on an orbital
shaker at 200 rpm for 1 h and subsequently centrifuged at 10,000 x g for 10 min. The cell

free crude extract was then used for phytase activity assay.
5.4. Evaluation of agro—industrial residues for phytase production

Various agro—industrial residues (individually and in combinations) namely, linseed
oil cake (LOC), mustard oil cake (MOC), sunflower oil cake (SOC), rapeseed oil cake
(ROC), wheat bran (WB) and rice husk (RH) were investigated for the production of
phytase in SSF mode. These were purchased from local retail feedstuff outlets in Roorkee

(Uttarakhand, India).
5.5. Effect of culture conditions on phytase production
5.5.1. Effect of particle size on phytase production

The oilcakes were: ﬁrstly subjected to a sieving procedure employing mesh—size
sieves of 4, 8, 12, 16 ‘and 20 and then: used as substrate for SSF. The smallest particles
were of ~1.0 mm size, collected*from -fractlons between meshes 16 and 20 (—16, +20),
intermediate particles (~1 5 mm) ~were collected from fractions (—8, +12) and ﬁnally,

heterogeneous oilcake (0.5-5.0 mm) was also used as substrate.
5.5.2. Effect of inoculum age and size on phytase production

The study was carried out in basal SSF medium containing WB and LOC (~1.0
~mm) in equal ratio (1:1) and inoculated with inoculum of different age varying from one

to seven days and inoculum size varying from 10-100% (v/w) at 35°C for 96 h.
5.5.3. Effect of metal ions on phytase production

Effect of various metal ions (Na*, Mg?* and Fe*"), separately and in combinations,
was studied at an overall concentration of 0.6% (w/v). The SSF medium optimized in the
previous step was inoculated with 20% (v/w) of four days old inoculum and incubated at

35°C for 96 h for phytase production.

50



CHAPTER 5 MATERIALS AND METHOD

5.5.4. Effect of surfactants on phytase production

Effect of various surfactants like, Tween 20, Tween 40, Tween 80, Triton—X-—100
and SDS on phytase production by R. oryzae was investigated at the level of 0.5% (v/w)
in the SSF medium containing WB and LOC (~1.0 mm) in equal ratio (1:1) supplemented
with salt solution containing 0.3% NaCl and 0.3% MgS04.7H,0 and inoculated with
20% (v/w) of four days old inoculum. Fermentation was carried out at 35°C for 96 h for

production of phytase.
5.6. Analytical methods
5.6.1. Phytase activity assay

Phytase activity was determined by estimating the inorganic phosphate released
from sodium phytate [14]. One unit (U) of phytase is defined as the amount of enzyme
required to release one nmol of inorganic phosphate (P;) per second under the standard
assay conditions. The enzyme yield was expressed-asca jnetian of dry substrate weight

(U/gds).

5.6.2. Protein estimation F | A P
OF \&S”

Soluble proteins were quantified using  B&&—ttiTinchoninic acid) protein

quantification kit (Sigma, USA). Soluble protein content was expressed as milligram of

glucosamine per gram dry substrate (mg/gds).
5.6.3. Fungal biomass estimation

In SSF, fungal biomass was estimated by determining the N-acetyl glucosamine
released by acid hydrolysis of the chitin [306]. Initially, 0.5 g of dried fermented material
was mixed with two millilitre of concentrated sulphuric acid and was kept at 30°C for 24
h. The concentration of mixture was adjusted to 1 N, autoclaved for 1 h, neutralized with
1 N NaOH and then made up to 100 ml with sterile water. One millilitre of this mixture
was incubated with one millilitre acetyl acetone reagent at 100°C for 20 min. After
cooling, 6 ml of ethanol was added followed by the addition of one millilitre of Ehrlich

" reagent and were incubated at 65°C for 10 min. The glucosamine content was quantified
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using glucosamine as standard at 530 nm. Biomass was expressed as milligram of
glucosamine per gram dry substrate (mg/gds).

In SmF, fungal biomass was estimated by filtering the culture through a pre—
weighed dry Whatman No. 1 filter paper circles. The mycelium was thoroughly washed
with distilled water and dried at 80°C to a constant weight. The reducing sugars were

estimated by dinitrosalicylic acid (DNS) method [215].
5.6.4. Determination of phytic acid content

The method is based on the estimation of indirect Fe (IY) complex formation
according to Garcia—Villanova et al. [91]. Briefly, the wheat bran samples (2 g) were
extracted under magnetic agitation with 40 ml of extraction solution (5% Na;SO4 in 400
mM HCI) for 3 hours at room temperature. The suspension was centrifuged at 6000 rpm
for 20 min and the supernatant was filtered and transferred to 250 ml Erlenmeyer flask.
20 ml of 5% Na;S0Oy4, 20 ml of 20 mM FeClj; prepared in 160 mM HCI and'20 ml of 20%
sulphosalicylic acid solution were mixed with the supernatant obtained above, shaken
gently and the flasks were kept in boiling water bath for 15 min covered with aluminium
foil, to minimize evaporation loss. The flasks were then allowed to cool under tap water
and left standing. The ferric phytate precipitate can be observed here. One aliquot of 20
ml of clean floating liquid was transferred into a 250 ml beaker, adjusted to pH 2.5 by
addition of glycine and diluted to 200 ml. The solution was then heated at 70—80°C and,
whilst still warm, titrated with 10 mM EDTA sodium salt solution. The 4:6 Fe/P atomic

ratios was used to calculate the phytic acid content.
5.7. Purification of phytase

5.7.1. Purification steps

SSF crude extract was subjected to fractional ammonium sulphate precipitation
(40—80% saturation) with constant stirring. The precipitate was collected by
centrifugation (15,000 x g, 20 min) and dissolved in 200 mM Tris—HCI, pH 8.0. The
proteins after dialysis were loaded onto a DEAE Sepharose CL—6B column and eluted
with various salt gradients in elution buffer (200 mM Tris—HCI, pH 8.0). Sephadex G-
100 gel filtration column pre—equilibrated with 200 mM acetate buffer (pH 5.0), was used

for desalting and separation of proteins based on size. Fractions showing high absorbance
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at 280 nm were assayed for phytase activity. The proteins in the crude extraét and the
eluted fractions after size—exclusion chromatography were resolved by SDS—PAGE on a
12%-separating gel topped with a 4% stacking gel in a vertical electrophoretic system.
Gel staining was catried out using Coomassie Blue R—250 [185] and zymogram staining
[14].

The zymogram staining was performed according to Bae et al. [14]. Firstly, the
phytase was renatured by soaking the gel in 1% (v/v) Triton—X—100 for one hour at room
temperature followed by soaking in 0.1 M sodium acetate buffer (pH 5.5) for one hour at
4°C. The gel was then incubated in substrate solution (0.4% (w/v) sodium phytate
prepared in 0.1 M sodium acetate buffer; pH 5.5) at 39°C for 16 h. Phytase activity was
visualized after treating the gel with cobalt chloride and ammonium
molybdate/ammonium vanadate solution. A

To check tﬁe homogeneity of the purified protein, Native—PAGE was carried out
according to Casey and Walsh [40]. The enzyme purified by fractional ammonium
sulphate precipitation and subsequent ion—exchange and size—exclusion chromatography

was used for characterization studies.
5.7.2. Molecular weight determination and SDS—PAGE

The molecular properties of the purified fraction of Rhizopus phytase was
determined by size—exclusion chromatography. 2 ml of phytase solution was loaded onto
a Sephadex G—100 column preequilibrated with 0.1 M sodium acetate buffer (pH 5.5).
Void volume was determined using Blue Dextran (2 mg/ml) and the-vcolumn was
calibrated with following protein standards (Sigma; 10mg/ml): glucose—6—phosphate
dehydrogenase (120 kDa), creatine kinase (81 kDa), bovine serum albumin (68 kDa),
carbonic anhydrase (36 kDa) and myoglobin (17 kDa). The eluted fractions were
collected and assayed for phytase activity. '

5.8. Characterization studies of phytase
5.8.1. Effect of pH
The pH optimum was determined over the range of pH 1.0-9.5 using 100 mM

buffers: glycine—HCI (pH 1.0-3.5), acetate (pH 3.5-6.5), Tris—HCI (pH 6.5-8.5) and
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Glycine—NaOH (pH 8.5-9.5) at 39°C. The activity measured in 0.1 M acetate buffer (pH
5.5) was taken as 100%.

5.8.2. pH stability studies

pH stability study for phytase were determined at 4°C after incubation of phytase

for 6 h in the aforementioned buffers.
5.8.3. Effect of temperature

The temperature optimum was determined at different temperature varying from
25°-80°C. To check the thermal stability, the phytase was preincubated at 50°, 60°, 70°
and 80°C up to 30 min, respectively, cooled to room temperature and assayed using the
standard phytase assay method. Relative activity at each temperature was calculated

relative to that at zero min (not incubated) taken as 100%.
5.8.4. Effect of metal ions, inhibitors, organic solvents and detergents on phytase

The effect of metal ions (Fe?*, Na*, Ca?", Mg®", Mn*", Ni*", k', Ag", Cu**, Na’,
(NH4)22+, Co?*, Zn** and Ba®*; at 1 mM and 5 mM), inhibitors (EDTA, citrate, oxalate,
sodium azide, tartarate, iodoacetamide (at 1 mM and 5 mM) and f—Mercaptoethanol (at 5
and 10% (v/v)), organic solvents (Glycerol and ethyl alcohol; at 5 and 10% (v/v)) and
detergents (Tween 20, Tween 40, Tween 80, Triton—X—100 and SDS; at 1 and 5% (v/v))
on phytase activity were determined by inclusion of these effectors in the standard
phytase activity assay. The relative activity was then determined and expressed as

percentage of that without any modulators.
5.8.5. Substrate specificity studies

Substrate specificity was carried out by using the phytase activity assay in 0.1 M
acetate (pH 5.5) containing 2 mM tested substrate. Besides phytic acid, pNPP (p—nitro
phenyl phosphate), NADP (Nicotinamide adenine dinucleotide phosphate), SNP
(Sodium—1—-naphthyl phosphate), FBP (Fructose—1, 6—biphosphate), R—5—P (Ribose—5—
phosphate), G—1-P (Glucose—1—phosphate), PEP (Phosphoenol pyruvic acid), AMP
(Adenosine monophosphate), ADP (Adenosine diphosphate) and ATP (Adenosine

triphosphate) were tested as substrate.
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5.8.6. Simulated Gastric Fluid (SGF) activity assay

To check the stability of phytase under gastric conditions, simulated gastric fluid
assay was performed at pH 1.5, 5.5 and 7.5 according to Garrett et al. [93]. Enzyme
stability in simulated gastric fluid (SGF: 84 mM HCI containing (mg/ml), NaCl 2.0 and
Pepsin 3.2; [93] was determined by incubating the phytase and SGF (1:4) at 37°C at pH
1.5, 5.5 and 7.5. Aliquots of the digestion reaction mixture were removed at intervals and
the residual phytase activity was determined according to the standard procedure. As a
negative control, phytase was incubated in the SGF minus pepsin.

The kinetic constants K,, and V. were determined with sodium phytate as
substrate using Lineweaver—Burk plot (LB plot). To study the inhibition kinetics, the
phytase was incubated in presence of fluoride, phosphate and vanadate at the

concentration of 5 x 10~ mM.
5.9. Statistical media optimization for the production of phytase in SSF
5.9.1. Plackett—Burman design (PBD)

PBD was employed for screening the most significant culture variables influencing
the phytase production. Based on initial studies, eight assigned factors and three
unassigned factors (dummy) were screened in a total of 12 runs. The detail of the design

with the actual and predicted responses (phytase activity) is given in Table 5.1.
5.9.2. The path of steepest ascent (descent) method

To approach rapidly in close proximity to optimum response, the method of path of
steepest ascent (descent) was performed (Table 5.2). The direction of the maximum
increase in phytase activity was determined according to the estimated coefficient ratio

from the fitted first—order model in PBD.
5.9.3. Central composite designs (CCD)

To determine the mutual interactions among the selected variables (mannitol,
ammonium sulphate and K2HP04/Na2HPO4)_ and their corresponding optimum
concentrations, central-composite design (CCD) of response surface methodology (RSM)

was used. A 2> factorial design having eight factorial points, six axial points and six
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replicates at the centre point with a total number of 20 runs was formulated. The details
of experimental design with coded and actual levels of each factor are summarized in
Table 5.3 and Table 5.4.

A multiple regression analysis of the data was carried out for obtaining an empirical
model that relates the response to the independent factors. The complete second—order
polynomial model equation (1) to Be fitted to the yield values was:

n n n—1 =
Y =25 +Z/€i’°i ';'ngﬁx? + Z Zﬁif‘xi“}'

i=1 =1 i=1,i#jj=2 (D
where, ¥ is the observed value of the response (phytase production); x; (i = 1, 2 and 3) is
the controlling factors; f3, is the offset term, and B; (i = 1,2 and 3), Szand B (i = 1, 2;j =
2 and 3; and i#)) afe the model linear, quadratic and interaction coefficient parameters,

respectively.
5.9.4. Statistical anélysis

The statistical software package ‘Desig11—EXpert®8.0.5, Stat—Ease Inc.,
Minneapolis, MN, USA was used for experimental design and subsequent regression
analysis of the experimental data. All experiments were done in triplicate, and the
average phytase activity was taken as the response.

| For mineral analysis, one way analysis of variance (ANOVA) was applied to

determine the significant differences at £<0.05 using SPSS software.
5.9.5. Validation

The optimum levels of medium components predicted by model was used for
production of phytase in flasks (250ml) containing 5 g of LOC + WB (1:1, w/w)) The
substraté (LOC + WB (1:1)) was supplemented with (w/w) 2.05% mannitol, 2.84%
ammonium sulphate and 0.38% of K;HPO4/Na;HPO, (1:1), 20 % v/w mineral solution
(pH 7.6) with a ﬁnai moisture content of 40% adjusted with addition of distilled water.
The medium was autoclaved and inoculated with 20 % v/w inoculum. Fermentation was
carried out at 30°C for 3 days. The fermented medium was extracted with Tween 80
(0.1% (v/v)) at 30°C on an orbital shaker at 200 rpm for 1 h. Cell free extract was used
for phytase activity assay. All experiments were performed in triplicate and the data were

presented as the mean + SD.
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5.10. Large volume 'production studies
5.10.1. Fermentation in flasks and trays

Flask level experiments were carried out under optimum conditions, predicted by
the model, using 5-50 g of substrate (LOC + WB; (1:1)). The substrate was
supplemented with (w/w): 2.05% mannitol, 2.84% ammonium sulphate and 0.38% of
K,HPO4/Na;HPO, (1:1), 20 % v/w mineral solution (pH 7.6) with a final moisture
content of 40% (v/w). The medium was autoclaved and inoculated with 20% v/w of
inoculum. Fermentation was carried out at 30°C for 72 h. The fermented mediu.m was
extracted with Tween 80 (0.1% (v/v)) at 30°C on an orbital shaker at 200 rpm for 1 h.
Cell free extract was used for phytase activity assay. All experiments were performed in
triplicate.

For tray fermentation, 50-1000 g of substrate was taken in enamel coated metallic
trays (28 x 24 x 4 cm and 45 x 30 x 4 cm) with different bed thickness (0.2—2.0 cm). The

fermentation was carried out under optimum condition as described above.
5.11. Strain improvement
5.11.1. Selection of best phytase producing strain

Fungal spore suspension was treated with a number of individual combinations
involving maximum temperature range (70, 80 or 90°C), durations of heating and chilling
(at 4°C) and number of cycles (Fig. 5.1a, 5.1b and 5.1c¢) and is summarized in Table 5.5.
After optimizing the stress conditioﬂs; the treatment was applied up to six genérations of
cultures.

Stressed strains after each treatment were screened for phytase production on
phytase screening medium (PSM) containing (w/v): 0.4% Sodium phytate, 1% D-
glucose, 0.05% KCI, 0.05% MgS0O,4.7H,0, 0.5% NHisNOs3, 0.01% MnS0O4.H,0, 0.5%
CaCl1,.2H,0, 0.01% FeS0O,4.7H,0 and 1.5% Agar (pH 5.6) [149]. The spore suspension
was plated and phytase activity was recorded after 72 h of incubation at 30°C by
measuring the diameter of clear zone. The best strain was selected on the basis of larger
diameter of the clear zone. After fermentatién, crude extract of mutant strain was
subjected.to phytase activity assay as well as a semiquantitative method using SDS—

PAGE band density analysis. For SDS—PAGE analysis, the crude proteins from both
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unstressed (wild) and stressed (mutant) strains were resolved on a 12% separating gel

topped with 4% stacking gel followed by Coomassie Brilliant Blue staining [185].
5.11.2. Evaluation of efficacy of wild and mutant strains

To justify the effectiveness of strain improvement process, a comparative study was
" performed to analyze the effect of fermentation of various feed ingredients with wild and
mutant strain in terms of ash content and minerals (Fe, Zn and Ca) extractability. Percent
ash content was determined lising the standard official method [1;2].

For this, 2 g of samples were incinerated in Muffle furnace FO100 (Yamato
Scientific Co., Ltd.) in a tarred crucible. With each set of samples, a blank was prepared
in the same manner. The minerals (iron, zinc and calcium) were measured at the
appropriate instrumental conditions (Table 5.6) using an atomic absorption
spectrophotometer (AAS) (Avanta Grade M, GBC Scientific Equipment) and was
quantified by standard curves made from standard mineral solutions (Fisher Scientific,
Pittsburgh, PA). Concentration of iron, zinc and calcium was expressed as pg/g (ppm) on

dry weight basis. Data are represented as mean =+ standard deviation.
5.12. Submerged fermentation (SmF)
5.12.1. Phytase production

The basal medium in 250—m! Erlenmeyer flasks (50 ml) contained (% w/v):
Glucose, 1.0; Peptone, 0.5; micronutrient solution (NaCl, 0.15; MgS0..7H;0, 0.15;
MnSO4.H,0, 0.005; FeSO,4.7H,0, 0.005 and CaCL.2H,0, 0.15) with initial pH adjusted
to 5.6. The flask was inoculated with 5% inoculum concentration and kept for shaking at
200 rpm at 30°C in a shaker for 14 days. Crude extract was obtained after centrifugation
at 10000 x g for 15 min in a refrigerated centrifuge. The cell free supernatant was
subjected to phytase activity assay as well as a semiquantitative method using SDS—
PAGE band density analysis. For SDS-PAGE analysis, the crude proteins from both
unstressed and stressed cells were resolved on a 12% separating gel topped with a 4%

stacking gel followed by Coomassie Brilliant Blue staining [185].
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5.13. Strain improvement

In submerged fermentation mode, the strain improvement was performed in the

same way as carried out in SSF mode (section 5.12.) and is summarized in Table 5.7.

5.14. Statistical media optimization for phytase production by stressed strain under

SmF
5.14.1. Plackett—Burman design

The prerequisite for optimization for phytase production involving multiple inputs
is to screen out the most influential inputs to determine the model output. PBD was
employed for screening the most significant medium components and culture conditions
influencing the phytase production. The PB design also incorporates insignificant dummy
variables whose number is kept at one—third of all variables. These dummy variables
introduce some rédundancy required by the statistical procedure and its inclusion into an
experiment allows an estimation of the experimental error of an effect. Based on initial
studies, thirteen assigned factors and six unassigned factors (dummy) were screened in a
total of 20 runs. The detail of the design with the response (phytase activity) is given in
Table 5.8. »

5.14.2. The path of steepest ascent (descent) method

To approach rapidly in the close proximity to optimum response, the method of
path of steepest ascent (descent) was performed (Table 5.9). The direction of the
maximum increase in phytase activity was determined according to the estimated

coefficient ratio from the fitted first—order model in PBD.
5.14.3. Central composite design

To determine mutual interactions among the selected factors (mannitol, K;HPOs,
Na;HPO,; and phytate) and their optimum concentrations, central composite design
(CCD) of respbnse surface methodology (RSM) was used. A 2* factorial design having
sixteen factorial points, eight axial points and six replicates at the centre point with a total
number of 30 runs was formulated. The details of experimental design with coded and

actual levels of each factor are summarized in Table 5.10 and Table 5.11. A multiple
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regression analysis of the data was carried out for obtaining an empirical model that
relates the response to the independent factors. The following second—order polynomial

model equation (1) was used to be fitted to the yield values:

7w n n—1 w
s Sacr Soots § S
i=1 =1 =LiF =2 (1)

where, Y is the observed value of the response (phytase production, Uml™"y; % (i=1,2,3
and 4) is the controlling factors; f3, is the offset term, and g; (i = 1, 2, 3 and 4), B and Sy (i
=1,2,3;7 =2,3 and 4; and i#]} are the model linear, quadratic and interaction

coefficient parameters, respectively.
5.14.4. Statistical analysis

The statistical software package ‘Design—Expert®8-.0.5, Stat-Ease Inc.,
Minneapolis, MN, USA was used for experimental design and subsequent regression
analysis of the experimental data. All experiments were done in triplicate, and the

average phytase activity was taken as the response.

5.14.5. Validation

The feasibility of the experimental model as well as regression equation with
respect to phytase activity was performed under the optimal level conditions predicted by
the model in varied volumes (0.25-1 L) of Erlenmeyer flask. Samples were drawn at
desired intervals and were analyzed for phytase activity, biomass, protein content, pH and

reducing sugars.
5.15. Bioreactor studies

The phytase production by Rhizopus oryzae was then studied in a 7-L bioreactor
(Bioflo, New Brunswick Scientific, NJ, USA) with 5-L working volume. The medium
was sterilized at 121°C for 15 min and the pH of the medium was not controlled but
monitored. The medium was inoculated with R. oryzae spore suspension. IThe
fermentation was carried out for 144 h at 30°C, and the impeller speed was adjusted at
- 250 rpm. Compressed sterile air was sparged into the medium at 0.4 vvm. Fermentation

parameters were continuously monitored with microprocessor—controlled probes.
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Samples were drawn at desired intervals and were analyzed for phytase activity, biomass

and pH.

5.16. Evaluation of potential application of phytasé in terms of phytate degradation

and mineral extractability.
5.16.1. In vitro phytic acid degradation study

The stability and efficacy of Rhizopus phytase was investigated in the milieu of low
pH (pH 2.0) and at physiological temperature (39°C) with wheat bran (2 g), as a source of
phytic acid. The pH of the phytase preparation (5 Uml™") was adjusted before addition to
the sample (wheat bran) and was incubated at 39°C. The samples were withdrawn at
different time intervals and the residual phytic acid content was estimated according to

Garcia—Villanova et al. [91].
5.16.2. HPL.C analysis

Dynamics of phytate degradation was studied to determine the number of
phosphomonoester bond breakage using standard phytase activity assay. It was further
validated by reversed—phase high performance liquid chromatography (RP—HPLC) using
Agilent 1200 series (Hewlett Packard, Palo Alto, CA, USA) liquid chromatography
equipped with a variable wavelength detector (VWD 1200) and Agilent XDB .eclipse Cisg
(250 x 4.6 ‘mm) column. Phytate (IP6) and inositol tris—phosphate (IP3) (Sigma
chemicals, St. Louis, MO) dissolved in the 100 mM sodium acétate buffer (pH 5.1) were
used .to calibrate the standard cuﬁei A‘Phytate hydrolysis experiment was carried out
according to Graf and Dintzis [103] with some modifications. Purified phytase (0.47 U)
was incubated with 0.29 mM phytate prepared in 100 mM sodium acetate buffer (pH
5.1), at 39°C. Reaction was stopped by denaturing the enzyme at 100°C for 10 min.
Before injection, sample was filtered through 0.2pm syringe filter followed by addition of -
an equal amount 0.05 M HCI. A 100 mM sodium acetate solution (pH 5.1) was used as

mobile phase with a flow rate of 1.0 ml/min.
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Table 5.1 Design matrix for PBD with coded levels of independent factors.

Rum A B C D E F G HJ K L Phytase activity (U/gds)

Actual Predicted

1 1 1 1 -1 -1t -1 1 -1 1 1 -1 108.95 108.97
2 -1 1 -1 1 1 -1 1 1 1 -1 -1 132.05 130.80
3 1 1 -1 -1 -1 1 -1 1 1 -1 1 74.90 73.53

4 -1 -1 1 -1 1 1 -1 1 1 1 -1 138.65 138.55
5 1 -1 -1 -1 1 -1 1 1 -1 1 1 130.25 130.35
6 -1 1 1 -1 1 1 1 -1 -1 -1 1 104.90 106.15
7 I -1 1 1 1 -1 -1 -1 1 -1 1 104.25 104.27
8 1 1 -1 1 1 1 -1 -1 -1 1 -1 97.45 97.43

9 -1 -1 -1 1 -1 1 1 -1 1 1 1 138.70 137.33
i0 -1 1 1 1 -1 -1 -1 1 -1 1 1 93.67 95.04

11 1 -1 1 1 -1 i 1r 1 -1 -1 -1 139.20 140.45
2z -1 -1 -t -1 -1 -1 -1 -1 -1 -1 -1 123.90 124.00

C, F and J-dummy variables; A—Mineral salt solution, B—Mannitol, D—Initial pH, E—
Fermentation time, G—Ammonium sulphate, H-Incubation temperature, K-Initial

moisture content and L-K,;HPO,/Na,HPO,.
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Table 5.2 Design and results of path of steepest ascent (descent) experiment.

Experiment Factors Phytase
Mannitol Ammonium K;HPO/Na,HPO, activity”
(w/w %) . sulphate (w/w %) (wiw %) (U/gds)
1(zero level) 3 1.25 0.6 103.25 £ 0.21
2 2.5 1.50 0.5 117.19 % 0.15
3 2.0 1.75 0.4 134.38 +£0.45
4 1.5 2.00 0.3 139.22 +0.34
5 1.0 2.25 0.2 127.39 £ 0.37
6 0.5 2.50 0.1 114.78 £ 0.39
®Data are represented as means + SD. n=3
Table 5.3 Range of variables used for response surface methodology.
Factor Factor Levels
code -o. -1 0 +1 +a
A Mannitol (%) 0.24 0.75 1.50 225 2.76
B Ammonium sulphate (%) 0.32 1.00 2.00 3.00 3.68
C K,;HPO4/ NayHPOy4 (26) 0.13 0.20 0.30 0.40 047
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Mannitol  Ammonium sulphate K,HPO4/NaHPO4 Phytase activity (U/gds)

Run (A, w/w %) (B, wiw %) (C, wiw %) Experimental® Predicted
1 225 (D) 3.0(1) 0.4 (1) 148.73 £ 0.512 149.25
2 0.75 (-1) 1.0 (-1) 0.4 (1) 124.20 + 0.721 123.07
3 1.50 (0) 2.0 (0) 0.3 (0) 144.51 + 0.568 144.38
4 2.25 (1) 1.0 (-1) 04 (1) 119.81 + 0.698 121.22
5 1.50 (0) 2.0 (0) 0.3 (0) 144.53 + 0.546 144.38
6 1.50 (0) 2.0 (0) 0.3 (0) 144.51 + 0.625 144.38
7 2.7615 (+a) 2.0 (0) 0.3 (0 137.48 £ 0.642 136.81
8 1.50 (0) 3.682 (+a) 0.3 (0) 137.95 + 0.465 137.73
9 1.50 (0) 2.0 (0 0.1318 (-a) 12420+ 0.625  125.81
10 0.75 (-1) 3.0 0.2 (-1) 133.21 £ 0.547 131.98
11 0.2385 (-a) 2.0 (0) 0.3 (0) 134.20 + 0.598 135.05
12 1.50 (0) 2.0 (0) 0.3 (0) 141.68 + 0.477 144.38
13 2.25 (1) 1.0 (-1) 0.2 (-1) 116.69 + 0.511 115.68
14 1.50 (0) 2.0 (0) 0.3 (0) 141.98 + 0.479 144.38
15 1.50 (0) 0.318 (-a) 0.3 (0) 106.79 + 0.501 107.59
16 0.75 (-1) 3.0(D) 0.4 (1) 138.12 + 0.445 138.73
17 0.75 (-1) 1.0 (-1) 0.2 (-1) 125.06 + 0.502 124.13
18 225 (D 3.0 (1) 0.2 (-1) 131.56 + 0.564 131.69
19 1.50 (0) 2.0 (0) 0.4682 (+a) 137.16 + 0.498 136.13
20 1.50 (0) 2.0 (0) 0:3 (0) 148.77 £ 0.522 144.38

“Data are represented as means £+ SD. n=3
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Table 5.5 Various treatment approaches and its effect on phytase activity under SSF.

S. Temperature Time cycle No. of Relative activity”
No. cycle (°C) (Heating/Chilling) cycles (%)

I 804 90 sec—90 sec 10 974
2 80—4 5 min—5 min 3 92.1
3 804 ~ 3min—Imin 5 114.2
4 80—4-80—4 2min—2min-3min—3min 3 95.0

5 80—4—-80—4— 1.5min—1.5min—3min—-3min— 2 94.9

804 4min 40sec—4min 40 sec

6 804 15min—15min 1 93.0

7 804 Smin—Imin 3 122.1

8 80-90-70 Imin—1min—1min 5 -

9 Sinusoidal 16 min cycle 1 —
10 80—904 1.5min—1.5min—1min 5 117.9
11 70-804 1.5min—1.5min—1min 5 123.7
12 804 6min—Imin 3 130.8
13 70-80—4 2.5min—2.5min—1min 3 129.4
14 70—80—+4 3min—3min—Imin 3 138.1
15 704 6min—1min 3 137.6
16 75—4 S5min—1min 3 137.6
17 704 3min—Imin 5 128.4
18 804 7.5min—1min 2 128.0
19 754 2min—1min 10 1153
20 70-80—4 2min—2min—1min 5 112.5
21 754 Smin—]min 3 117.2
22 754 6min—1min 3 117.6
—=No growth

*Phytase activity demonstrated by unstressed strain was regarded as 100% (148.77 +
0.85 U/gds).
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Table 5.6 Instrumental parameters for determination of elements by AAS,

Parameters Fe ' Zn Ca
Primary Wavelength (nm) 248.3 213.9 4227
Mode of Analysis (Flame type) | Air—Acetylene. Air—Acetylene N>O—Acetylene
Working range (mg/1) 2-9 0.4-1.5 1.04.0
Sensitivity (mg/1) 0.050 0.008 0.020
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Table 5.7 Various treatment approaches.and their effects on phytase activity under SmF.

S. Temperature Time cycle No. of Relative activity®
No. cycle (°C) (Heating/Chilling) cycles (%)

1 804 1.5 min—1.5 min 10 98.5

2 804 5 min—5 min 3 859

3 804 3min—1min 5 99.4

4 80—4-804 2min—2min—-3min—3min 3 96.1

5 804-80—4-80—4 1.5min—1.5min—3min—-3min— 2 95.3

4min 40sec—4min 40 sec

6 80—4 15min—15min 1 91.2

7 80—4 ~ 5min-lmin 3 108.6

8 80—90—70 1min—1min—Imin 5 No growth

9 Sinusoidal 16 min cycle 1 No growth
10 80-90—4 1.5min—1.5min—1min 5 105.1
11 70—-80—4 1.5min—1.5min—1min 5 118.6
12 804 6min—Imin 3 109.9

13 70—-80—4 2.5min—2.5min—1min 3 114.5
14 70804 3min—3min—Imin 3 126.8

15 704 6min—1min 3 117.1
16 754 Smin—Imin 3 121.4
17 704 3min—Imin 5 123.6

18 804 7.5min—1min 2 112.4
19 75-4 2min—1min 10 117.3
20 70-80—4 2min—2min—1min 5 122.9
21 754 6min—1min 3 120.6

*Phytase activity demonstrated by unstressed strain was regarded as 100%.
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Table 5.8 Design matrix for PBD with coded levels of independent factors.

O P Q R S

N

K L

G

C D E F

A B

Run

activity
(Uml™)

T Phytase

C—Mannitol, F—Sucrose, G—

Ammonium nitrate, K—Yeast extract, L— Peptone, N—-KH,PO4, O—K,;HPO,, P-Na,HPO,,

B, D, E, H, J and M—dummy variables; A—Glucose,

Q-ZnSO4, R—Sodium phytate, S—Tween 80 and T-M/N
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Table 5.9 Design and results of path of steepest ascent (descent) experiment.

Experiment Factors Phytase
Mannitol K,HPO, Na,HPO, Sodium phytate activity”
(%) (%) (7o) (%) (UmI'™)
1(zero level) 3.75 0.20 0.25 0.50 9.02 £ 0.34
2 3.50 0.30 0.30 0.60 10.22 £ 0.28
3 3.25 0.40 0.35 0.70 11.59 +0.33
4 3.00 0.50 0.40 0.80 12.32 £ 0.57
5 2,75 0.60 0.45 0.90 10.30 +0.24
6 2.50 0.70 0.50 1.00 8.69 4+ 0.51°
“Data are represented as means + SD. n=3
Table 5.10 Range of variables used for response surface methodology.
Factor Factor Levels
code -a -1 0 +1 +a
A Mannitol (%) 10 20 30 4.0 5.0
B K>HPO4 (%) 0.1 0.3 0.5 0.7 0.9
C Na;HPOj4 (%) 0.2 0.3 0.4 0.5 0.6
D Sodium phytate (%) 0.4 0.6 0.8 1.0 1.2
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Table 5.11 Experimental design for CCD matrix of four variables in uncoded (coded)
values with observed and predicted responses.

Run Mannitol K;HPO, Na,HPO, Sodium phytate Phytase activity (U ml'l)
(%, A) (%, B) (%, C) (%, D) Observed® Predicted
1 3.0 (0) 0.5 (0 0.4 (0) 0.8 (0) 14.25 + 0.25 13.53
2 4.0 (1) 03 (1) 0.5 (1) 0.6 (-1) 5.40 £ 0.31 5.40
3 4.0 (1) 0.3 (-1) 03 (-1) 1.0 (1) 12,45+ 0.22 13.30
4 20¢D 0.3 (-1) 0.3 D 0.6 (-1) 11.30 + 0.41 11.29
5 3.0 (0) 0.5 (0) 0.4 (0) 0.4 (-a) 6.90 = 0.77 6.88
6 20D 0.3 (-1) 0.5(1) 1.0 (D) 12.70 + 0.17 12.63
7 1.0 (-o) 0.5 (0) 0.4 (0) 0.8 (0) 10.12 + 0.48 10.31
8 4.0 (D 0.3 (-1) . 03 (1) 0.6 (-1) 11.90 + 0.33 12.01
9 3.0 (0) 0.1 (-o) 0.4 (0) 0.8 (0) 12.80 £ 0.56 11.96
10 20D 0.7 (1) 03 (-1 1.0 (1) 9.21 £ 0.31 9.70
11 3.0 (0) 0.5 (0) 0.4 (0) 0.8 (0) 13.03 = 0.37 13.53
12 20(¢1) 0.3 (-1 0.5 (1) 0.6 (-1) 10.10 = 0.42 10.97
13 2.0(¢1) 0.7 (1) 0.3 (-1) 0.6 (-1) 12.00 = 0.51 11.44
14 3.0 (0) 0.5@) . 0.4 (0) 0.8(0) 12.98 + 0.24 13.53
15 3.0 (0) 0.5 (0) 0.4 (0) 0.8 (0) 13.97 £ 0.29 13.53
16 3.0 (0) 0.5 (0) 0.4 (0) 0.8 (0) 14.03 = 0.65 13.53
17 5.0 () 0.5 (0) 0.4 (0) 0.8 (0) 9.27 £ 0.45 8.28
18 3.0 (0) 0.5 (0 0.4 (0) 1.2 (o) 11.90 + ¢.25 12.01
19 20(¢-1 0.7 (D 0.5(D) 0.6 (-1) 10.98 £+ 0.34 10.62
20 4.0(1) 03D 0.5 (1) 1.0 (1) 10.10 + 0.29 10.97
21 4.0 (1) 0.7 (1) 0.5 (1) 1.0 (1) 9.90 + 0.42 10.41
22 4.0(D) 0.7 (1) 0.3 (-1) 1.0 (1) 10.40 = 0.43 9.94
23 4.0(1) 0.7 (1) 0.5(1) 0.6 (-1) 6.90 = 0.13 7.24
24 3.0 (0) 0.5 (0) 0.6 (o) 0.8 (0) 11.50 = 0.14 10.78
25 2.0(-1) 0.7 (1) 0.5 (1) 1.0 (D) 12.97 + 0.22 13.17
26 2.0(¢1) 03 (1) 03 (1) 1.0(1) 12.00 = 0.24 11.96
27 3.0 (0) 0.5 (0) 0.4 (0) 0.8 (0) 12.89 + 0.65 13.53
28 3.0 (0) 0.5 (0) 0.2 (-o) 0.8 (0) 14.00 = 0.28 13.93
29 4.0 (1) 0.7 (1) 0.3 (D) 0.6 (-1) 10.50 + 0.35 11.06
30 3.0 (0) 0.9 (o) 0.4 (0) 0.8 (0) 11.50 £ 0.12 11.54

“Data are represented as means = SD. n=3
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Fig. 5.1 Various stress methods employed during strain improvement (a)

Temperature range 90°C to 70°C; Time cycle — 16 min; Sinusoidal cycle, (b)
Temperature range 70°C-80°C—4°C; Time cycle — 1.5 min-1.5 min—1.0 min; No. of

cycle=5 and (c¢) Temperature range 70°C—4°C; Time cycle — 60 min—1.0 min; No.

of cycle=3.
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CHAPTER 6
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6.1. Phytase activity of Rkizopus oryzae

Extracellular phytase activity of Rhizopus oryzae MTCC 1987 was first indicated
by the formation of clear zone on petridish containing PSM (Fig. 6.1a) and was

confirmed later by counterstaining technique (Fig. 6.1b) [284].
6.2. Solid state fermentation (SS¥)
6.2.1. Agricultural residues as substrate for phytase production

Linseed oil cake (~1.0 mm) and wheat bran in an equal ratio (1:1), showed the
highest phytase yield (17.68 + 0.23 U/gds) at 96 h post fermentation (Table 6.1). Phytase
production on WB was relétively low, whereas other substrates such as RH, MOC, SOC
and ROC were found to be less effective for phytase production. The utilization of LOC
and WB as solid mixed substrate for phytase production by R. oryzae under SSF has not
been explored earlier. Maximum production in this combination may be attributed to high
phytic acid content in LOC (3.95%) and WB (2.71%).

The phytic acid content in substrates was determined by the method according to
Garcia—Villanova et al. [91]. As LOC and WB is rich in phytic acid content and are an
economical substrate and supported maximum phytase production, it was selected as

solid substrate for further optimization studies.
6.2.2. Effect of particle size on phytase production

Substrate particle size was found to be one of the most critical factors affecting
phytase production. Maximum phytase activity was observed when R. oryzae was grown
in SSF medium containing linseed oilcake of smallest particle size (~1.0 mm) mixed with
wheat bran in an equal ratio. Linseed oilcake of intermediate particle size (~1.5 mm)
resulted in a slight increase in phytase activity as compared to the mixed particle size

containing particles smaller than 5.0 mm and bigger than 0.5 mm as shown in Table 6.2.
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Molony et al. [220] reported that substrates with finer particles showed improved
degradation of substrates due to an increase in surface area. Moreover, in solid state
fermentation, the particle size of the substrate determines the void space occupied by air.
Since culture growth is also affected by the rate of oxygen transfer, too small particle size

is not desirable.
6.2.3. Effect of inoculum age and size on phytase production

The study revealed a steady increase in phytase activity with increase in the age of
the spore inoculum and found to be maximum (19.54 U/gds) with four days old culture,
after which the activity did not increase with an increase in the age of the inoculum (Fig.
6.2a). This inference was similar to the previous finding [72] where rate of phytase
production by A. ficuum NRRL 3135 was shown to be increasing with increasing
inoculum age upto five days.

Similarly, the effect of inoculum size was investigated by inoculating the
fermentation medium with 4—days old inoculum at different inoculum size from 10 to
100% (v/w) and it was observed that an inoculum size of 20% (v/w) was optimum for

maximum phytase production (Fig. 6.2b).
6.2.4. Effect of metal ions on phytase production

In the present study, none of the metal ions was found to have significant effect on
phytase production as evident from the results summarized in Table 6.3. However, a
slight increase in phytase activity was observed in case of combined Na* and Mg*" which
showed that these metal ions might be acting as a cofactor for the phytase. The outcome
was almost similar to that obtained by Gunashree and Venkateswaran [128] where metal
salts were not found to stimulate the phytase production by 4. niger CFR 335 in SSF. In
yet another similar study, phytase activity from R. oligo&porus was found to be

unaffected or moderately stimulated by a range of metal ions [40].
6.2.5. Effect of surfactants on phytase production

Effect of various surfactants on phytase production is summarized in Table 6.4. It

clearly showed that none of the tested detergents was able to make any enhancing effect
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to the phytase activity in comparison to the control. It may be due to the fact that the
linseed oilcake present in the SSF medium already contains residual natural oils which
might be having increasing effect on phytase production. The result was different from
that obtained for phytase production by A. ficuum [73] and A. carbonarius [9], where
Tween 80 and sodium oleate were found to enhance the phytase production. Ho_wéver,
the outcome was similar to the finding by Gunashree and Venkateswaran [128], where

none of the tested surfactants favoured the phytase yield in SSF by A. niger CFR 335.
6.3. Purification and characterization of Rhizopus phytase
6.3.1. Purification of phytase

The phytase obtained from R. oryzae was purified using fractional ammonium
sulphate precipitation and subsequent ion—exchange and gel filtration chromatography
resulting into 26% enzyme recovery with purification of 20.7—-fold and specific activity of
141.83 U/mg of protein (Table 6.5). The native molecular weight of the purified phytase
was found to be ~34 kDa by gel filtration chromatography (Fig. 6.3) and SDS-PAGE
analysis (Fig. 6.4a), respectively. Zymogram staining also confirmed the molecular mass
of phytase from Rhizopus corresponding to be ~34 kDa (Fig. 6.4b). Purification to
homogeneity and monomeric nature of this phytase was further confirmed by
nondenaturing PAGE analysis (Fig. 6.4¢). The molecular size of the phytase was found to
be somewhat smaller than the molecular weight range of previously reported phytéses

(38200 kDa) [391].
6.3.2. Kinetic characterization of phytase

The phytase manifested a K,, and Vyax of 2.42 x 10* mM and 6.46 x 10 mMs™,
.r'espectively. The value for catalytic efficiency (kea/Kn) of the phytase was estimated to
be 2.38 x 10° M'!'s™! (Table 6.6 and Table 6.7). K, value of the present phytase was
significantly lower than the reported K, values (10 pM—813 mM) of fungal phytases. The
value was 20.66 and 111.57 times lower than 4. ficuum NRRL 3135 (phy A) [362] and 4.
niger (Natuphos) [41] phytases, respectively. The phytase demonstrated an uncompetitive
inhibition in presence of inhibitors in the order of fluoride > phosphate > vanadate, with
their respective K; values of 12.56 x 10° mM, 3.86 x 10° mM and 64.52 x 10° mM.
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6.3.3. Physico—chemical characterization of phytase
6.3.3.1. Effect of pH on phytase activity

From physiologically relevant standpoint as well as from an applied perspective, a
significant activity in the range of pH 3.5-7.0 is desirable to aid phytate degradation in
various parts of the alimentary canal. The phytase in the SSF extract displayed a bihump
profile i.e. two pH optima at 1.5 and 5.5, with higher activity at pH 5.5. The activity at
pH 1.5 was 49% less in comparison to the activity at pH 5.5 (Fig. 6.5).

The extracellular phytasc displaying two pH opﬁma has previously been reported
for A. ficuum NRRL 3135 phytase at pH 2.5 and 5.5, with 48% less activity at pH 2.5
than at pH 5.5 [357] and A. fumigatus phytase exhibiting dual pH optima bl;_\t in the less
acidic range (pH 4.0 and pH 6.0-6.5) [269]. Evidently the phytase from Rhizopus
exhibited a superior activity between pH 3.5-7.5. Although the phytases from several
strains (4. fumigatus, A. niger and E. coli) have been engineered to modify the pH profile
for functioning well under gastric conditions however does not show the desired activity.
Mutant phytase from A. niger showed a good activity over a limited pH range i.e. pH
3.0-3.5 rather than whole pH range of stomach (pH 2.0—6.5) [224]. Therefore the phytase

obtained from Rhizopus have advantage over other available phytases.

6.3.3.2. pH stability studies

This Rhizopus phytase exhibited acidophilic characteristics which is desirable for a
phytase to survive the acidic environment of the digestive tract and thus can be used in
feed applications. It retained full activity at low pH value of 1.0 and 2.0 and exhibited
more than 75% of initial activity over a wide range of pH 2.5 to 9.5, when stored at 4°C
for 6 h (Table 6.8). With no loss in activity in the range of pH 1.0-2.5 and more than 80%
of activity from pH 2.5 to 8.0 when incubated for 60 min, was reported for phytase
obtained from Yersinia rhodei [150]. In another report, phytase from S. cerevisiae CY
strain was found to retain more than 80% of initial activity in the range of pH 2.5-5.5
when kept at 4°C for one hour [152]. Generally, fungal phytases act efficiently in the
range of pH 2-5 [93]. However, from an applied perspective, a phytase should exhibit a

significant activity over a wide range of pH 1.5-7.5 to facilitate phytate degradation in
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the digestive tract. The efficacy of R. oryzae phytase is evident from the fact that it
retains activity over broader range of pH 1.0-9.5. Additionally, its acidophilic
characteristic to survive the acidic environment of the digestive tract determines its utility

in feed applications.
6.3.3.3. Effect of temperature on phytase activity

The phytase was found to be optimally active at 45°C (Fig. 6.6), which falls well
within the range of most of the phytases from yeasts, fungi and bacteria (45°C—60°C)
[391]. The optimum temperature value (45°C) being in lower side is an added advantage.
Phytases having high temperature optima value are generally not able to retain full
activity in the gastrointestinal tract of animals. The Mucor hiemalis Wehmer enzyme
which possesses an optimum temperature of 55°C displays only 66% of its maximum
activity at porcine physiological temperature (39°C) [35]. In comi)arison to that the
Rhizopus phytase retains more than 80% of initial activity at this temperature (39°C).

6.3.3.4. Thermal stability studies

Thermal stability study suggest that the phytase was found to retain 100% activity
when incubated at 50°C for 30 min and maintained >90% of its initial activity at 60, 70
and 80°C, respectively (Fig. 6.7). The t1270°C for the phytase was estimated to be 8.25 h
which shows strong thermal stability of the phytase. The most thermostable phytase so
far reported was from Aspergillus fumigarus, which lost only 10% of initial activity at
100°C over a period of 20 min [269].- Another thermostable phytase from Sporotrichum
thermophile showed tmso"c of 90 min [332].

To survive the feed pelleting temperature and to avoid the additional expense of
applying the phytase in pelletized form, the most economical approach would be to add a
thermostable phﬁase directly into the feed. The phytase was found to be more stable than
the other reported phytases [269, 332]. The study carried out for thermodynamic
characterization also supported the high thermal stability of this phytase. The phytase
revealed an activation energy (E.) and entropy values of 23.92 kJ/mol and -264.89
J/(mol.K), respectively (Fig. 6.8). The E, value was found to be significantly lower than
the other phytases [280, 332].
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6.3.3.5. Effect of metal ions, inhibitors, organic solvents and detergents on phytase

activity

The study involving the effect of cations and inhibitors showed stimulatory effect
on phytase activity, however, complete inhibition was observed in presence of Fe**, Ni**
and Cu®*" (Table 6.9). Inhibitory effect by Cu** cation was similar to the result obtained
for phytase from 7. lanuginosus [126]. In contrary to A. ficuum phytase [362], the
Rhizopus phytase showed stimulatory effect in presence of Zn**. The study also
suggested the insensitivity of phytase to heavy metal ions (Ba®* and Ag'; 5mM) as
indicated by a 5.5— and 2.5—fold increase in phytase activity, respectively. This unique
feature of Rhizopus phytase can be utilized as an advantageous and an efficient mean to
combat phosphate pollution in area where soil is polluted with substantial amount of
unassimilated phytate and other contaminations.

Among inhibitors, the activity was enhanced by EDTA, sodium azide, tartarate but
inhibited by oxalate at 5 mM concentration (Table 6.9). The result was different from
earlier reported by Kerovuo et al. [168] where, EDTA was found to inhibit the phytase
activity at 1 mM. The enzyme was inhibited by iodoacetamide even at low concentration
with a loss of 20% and 90% activity at 1 and 5 mM concentration, respectively, whereas,
an enhancing effect was observed for p—Mercaptoethanol at both concentration levels of
5 and 10% (v/v). Phytases from Cladosporium sp. FP—1 [277], and Candida krusei WZ—
001 [276] showed similar effects in presence of iodoacetate and p—Mercaptoethanol,
respectively.

Organic solvents were found to show stabilizing effect on phytase activity even at 5
mM concentration (Table 6.10).

An increase in activity by 8 to 12 fold was a characteristic feature observed in case
of non ionic detergents at 5 mM concentration which may be attributed to change in

conformation of enzyme in such a way that it favored the reaction (Table 6.10).
6.3.3.6. Substrate specificity of Rhizopus phytase

R. oryzae phytase was found to liberate phosphate from a range of phosphorylated
compounds. More than 2.4—fold higher activity on ATP was observed as compared to that

on sodium phytate (Table 6.11). The result was in contradiction to previously studied

84



CHAPTER 6 RESULTS AND DISCUSSION

phytase from 4. niger ATCC 9142, where it showed high activity for sodium phytate but
displayed significantly lesser activity for ATP, ADP, AMP and G-1-P [41].

6.3.3.7. Simulated Gastric Fluid activity assay -

A phytase destined for feed applications should not lose its activity in milieu of
gastric conditions. Phytase from Rhizopus was found to exhibit high stability and
resistance to pepsin over broad range of pH, retaining > 93% and > 97% of original
activity at pH 1.5 and 5.5 (Table 6.12). Several studies for different phytases were carried
out to know the effect on enzyme activity in milieu of the gastric condition. The study
carried out by Boyce and Walsh [34] for four commercial phytases revealed a significant
decrease in activity in case of all phytasés. In another comparative study on five
recombinant phytases, carried out by Huang et al. [150], phytase from Y. rhodei retained
20% of original activity at pH 1.5 in contrast to complete loss of activity for phytases
from E. coli, Y. pe&tis, A. niger and Y. intermedia. This study revealed that the Rhizopus
phytase was more efficient than other phytases [150].

6.4. Statistical optimizatibn of medium components for phytase production under

SSF
6.4.1. Selection of influential culture parameters for phytase production

The application of Plackett—Burman design for screening critical culture parameters
is a widely accepted technique. PBD was used for investigating the relative importance of
eight independent factors for phytase -production. The corresponding effects of these
factors on the response (phytase activity) are given in Table 5.1. From the regression
analysis, it was evident that A (mineral salt solution), B (mannitol) and L
(KoHPO4/Na,HPO4) enhanced the phytase production at their low level whereas, high
level of D (initial pH), E (fermentation time), G (ammonium sulphate), H (incubation
temperature) and K (initial moisture content) supported high phytase yield. Based on
analysis of total sum of squares and percent contribution, the most significant factors
influencing phytase pfoduction were found to be B (mannitol), G (ammonium sulphate)
and L (KoHPO4/Na,HPOy), respectively (Table 6.13). The regression model gave a model
F—value of 177.34 with a corresponding model p—value (>F) of 0.0006, which shows the
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model to be highly significant. Also, the coefficient of determination (R?) indicates that
the model could explain 99.79% of the total variations in the response. A very low value
of coefficient of variance (C.V., 1.61%) further confirms the reliability of the model. The
three medium components selected by PBD, were further optimized by the path of
steepest ascent (descent) method. Plackett—Burman design has been widely used by many
researchers for identifying the most influential factors for improving enzyme production

[29, 30, 334].
6.4.2. Optimization by the path of steepest ascent (descent) method

The path of steepest ascent (descent) method was performed to approach rapidly in
the close proximity to the optimum responsé by tracing direction of changing factors on
the basis of PBD results. The highest response (139.22 U/gds) was observed at the
concentration of mannitol (B), ammonium sulphate (G) and K;HPO4 / Na;HPO4 (L) of
1.5 % (W/w), 2.0 % (w/w) and 0.3% (w/w), respectively (Table 5.2). The corresponding
levels were further considered as the ‘0’ level values for factors in the design matrix of

CCD.
6.4.3. Optimization using CCD of RSM

To fully explore the sub—regions of the response surface in the neighbourhood of
the optimum, CCD with five coded levels was used for the three significant variables
screened by PBD. The design matrix showing different combinations of mannitol,
ammonium sulphate and K;HPO4/Na,HPO, along with their corresponding experimental
and predicted responses is presented in Table 5.4. The experimental results were analyzed
using analysis of variance (ANOVA) which shows that the regression was statistically
significant (P < 0.0001) at 95% of confidence level. The results for ANOVA analysis are
summarised in Table 6.14. Application of multiple regression analysis on the
experimental data resulted in the following quadratic model equation (2) explicitly

explaining the phytase production:

Y=14438 + 0.52A + 8.97B + 3.07C + 2.04AB + 2.70AC + 3.00BC - 2.99A2
-7.69B2 - 4.75C2 @
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Where, Y represents phytase activity (U/gds), and A, B énd C are the coded factors of
mannitol (w/w %), ammonium sulphate (w/w %) and K;HPO4/Na,HPO, (W/w %),

respectively. In this case, linear terms (B and C), all the interaction terms (AB, AC and

BC) and quadratic terms (A2, B2 and C2) were found to be the most significant for
phytase production. The statistical significance of the model equation was supported by
the model high F—value of 59.46. Again, the quality of fit of the regression model was
justified by high value of coefficient of determination (R* = 0.9817) which indicates an
excellent correlation between the independent factors. At the same time, the predicted R?
(correlation coefficient) value of 0.9404 was found in concordance with the adjusted R?
value of 0.9651, suggesting a strong agreement between the experimental and predicted
values of phytase production. The coefficient of variation (CV) indicates the degree of
precision with which the treatments are evaluated, therefore, a very low value of CV
(0.0159) demonstrates that the performed experiments were highly reliable and was
performed with a better precision. Only 1.59% of the variations were not explained by the
model. .

In order to gain the better understanding of the effects of the significant factors on
phytase production, the predicted model was represented as three dimensional response
surface graphs and is shown in Fig. 6.9a — c. strongest interaction was observed between
ammonium sulphate and K;HPO4/Na,HPO4. The optimum concentrations for the
variables were calculated from the model equation (2) and were found to be: (w/w),
mannitol, 2.05%; ammonium sulphate, 2.84% and K,HPO4/Na,HPO, (1:1), 0.38%.

In present sfudy, enhancing effect of mannitol for maximum phytase production
seems counterintuitive as most literature showed glucose as the preferred carbon source
for phytase production [29, 73]. Earlier, mannitol has been reported to have a role in
stress tolerance and spore dispersal [304]. Because linseed oil cake contains some
endotoxins, therefore, presence of mannitol might be having some protective role that |
resulted in enhanced phytase production. On the other hand, ammonium sulphate, an
inorganic nitrogen source, supported maximum phytase production. This corroborates the
results of Bogar et al. [29]. Other interesting finding observed in the present study was
the maximum phytase production, when combination of K;HPO4 and Na,HPO4 (1:1;
(w/w)) was used as a source of phosphorus. It might be due to the fact that K;HPO4 when

combined with Na,HPOQ, acts as a buffer for pH of the media. Optimized concentrations
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of various carbon, nitrogen and phosphorus sources for phytase production have been

previously reported by some researchers [30, 128].
6.4.4. Validation

The results from validation experiments shoWed a strong agreement between the
maximum predicted response and the experimental response of 149.25 U/gds and 148.77
U/gds, respectively, thus supporting the high adequacy of the model. A marked
enhancement in phytase activity was indicated by the corresponding increase in biomass
as a function of glucosamine content (Fig. 6.10). Moreover, the statistical optimization
for phytase production resulted in an overall 8.41—fold increase in phytase yield with a
reduction in fermentation time from 96 h to 72 h.

From commercialization perspective, the phytase titer from R. oryzae seems to be
low (Productivity, O, = 4750 IU/kg/day) (Table 6.15), however, the widely studied
strains, mostly from Aspergillus sp. due to high phytase producing capacity, were found
to be associated with respiratory allergy [5]. Moreover, for commercialization of feed
enzyme, major concerns in general are the constraints of thermal stability, a good enzyme
activity at physiological temperature, ability to hydrolyze the phytate phosphorus in
digestive tract over wide range of pH and temperature and most importantly, free of
health risks. Phytases‘ are not yet employed in food applications, however, there have
been many studies focused on improving food quality for people in developing countries.
In this context, Rhizopus phytase could find potential in food processing applications
since it is thermostable enough to withstand pasteurization and active during long—term
storage of foods at room temperature. Beside this, the fermented food materials enriched
with protein could be effectively used as such in animal feed, since it is a safe feed grade
microorganism. S. thermophile was also found to produce low phytase titer (O, = 4184
IU/kg/day), however, the secreted phytase had its value due to its production from a
thermophilic strain [334].
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6.5. Large volume production of phytase
6.5.1. Cultivation in flasks and trays

Phytase production was sustainable in Erlenmeyer flasks of varied volumes and in
trays, suggesting the feasibility of large volume production of phytase under SSF.
Increase in amount of substrate and hence the bed height did not result in significant
decrease in the phytase yield (Table 6.16). However, Singh and Satyanarayana [334] have
reported a significant reduction in phytase production at below or above 1.5 cm of

substrate bed height.
6.6. Strain improvement under SSF
6.6.1. Procedure and strain selection

Further enhancement in phytase yield was attained due to a novel strain
improvement procedure, in which R. oryzae was exposed to subsequent heat and cold
stress to study the response of the adaptative cells in terms of phytase production. The
increase in phytase titer (38 and 59%, respectively) was observed up to second generation
with standard deviations (1.01 and 0.89, respectively) (Table 6.17). This process was
continued up to six generations with no further increase in phytase titer, rather maintained
at a constant level. However, the third generation onwards, it showed higher standard
deviations (4.54, 4.01, 4.39 and 4.37, respéctively) as compared to the first two
generations and these deviations remained almost constant.

Morphological changes that had been observed include short mycelium, cotton—like
appearance and more and more whitish appearance compared to previous generation
cultures. Another important morphological variation was that of lesser sporulation
tendency in mutant culture. However, the reduction in sporulation tendency does not
affect the phytase yield. The yield was found to be proportional to the rate of sporulation
for unstressed strain and not in stressed strain. |

Semiquantitative analysis further validates a remarkable enhancement in phytase
production by 1.46— and 2.04—fold after first and second generation of strain

improvement process, respectively (Fig. 6.11). Increase in phytase titer owing to strain
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improvement has previously been reported by Chelius and Wodzinski [43] and Shah et al.
[319].

Along the history of the improvement of strains, many different approaches have
been used to enhance the production of various biotechnological products, since the
production level of enzymes in naturally occurring strains is sometimes low for
commercial exploitation. As mentioned earlier, a very few work on strain improvement
for enhancing the phytase production is available in the literature, and are mainly focused
on increasing the phytase titer by using physical and chemical mutagens, chiefly, UV
radiation [43, 319]. Microorganisms respond differently to stress conditions such as low
and high temperatures, osmotic or oxidative stress and high concentration of chemicals.
Here, a simple, effective and rapid procedure for achieving the enhanced phytase titer
from R. oryzae was investigated. As there are circumstantial data in;iicating that spores
are much more resistant than their vegetative cell counterparts to a variety of treatments
such as heat, radiations and oxidizing agents [95, 161], however, germicidal ultraviolet
(UV) radiation, ion emission, and thermal treatment have also been studied with respect
to their biocidal effects on microorganisms [121-124]. In the present study, mutation was
attempted by direct but subsequent heat and cold treatments to the spore suspension of
culture. Although, the actual mechanism of enhancing phytase production was not
investigated in the present study, however, previous report suggest that heat stress acts as
an oxidant and a mutagen causing increase in thermal viability and mutational frequency
of the spore DNA [161]. On the other hand shifting to cold was done to prevent the
spores from being damaged. The procedure was found to be positively affecting the
phytase production ability of the stressed strain, which was later verified by increase in
total protein content by stressed cells. The ability of stressed strain to produce more
phytase is of great importance to the food and feed industry, since, the strain can survive
the pelleting temperature and thus can directly be used as a source of phytase as well as
other accessory enzymes secreted simultaneously during fermentation process. The
results from the present investigation indicated that the increase in phytase production by
the stressed strain was influenced by the temperature and time combination of the heat

and cold stress.
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6.6.2. Evaluation of efficiency of wild and mutant strains

To justify the effectiveness of this process, a comparative study was performed to
analyze the effect of fermentation of various feed ingredients with wild and mutant strain
in terms of ash content and minerals (Fe, Zn and Ca) extractability. Upto 1.8-fold
increase in ash content was observed, when different phytate containing substrates were
treated with crude phytase preparation obtained from wild strain. However, mutant strain
showed upto 2.40—fold increase in ash content under similar treatment (Table 6.18). The
mutant strain was found to be more efficient in extracting the iron from whole wheat
flour, since, the mean difference in iron content between mutant and wild was significant
(p<0.0005). On the other hand, except in semolina, no significant difference in mean
content of zinc was observed for wild strain among the ingredients, but in whole wheat
flour and beaten rice a significant difference with 1.14— and 1.40—fold increase in zinc
content, respectively, was noted in case of mutant strain.

Based on calcium availability analysis, the mean difference of Ca content was
found to be less significant (p<0.038) in wild strain fermented semolina, moderate
significant in mutant strain fermented broken wheat (p<0.003), beaten rice (p<0.004) and
maida flour (p<0.003) and highly significant in wild and mutant strain fermented
cornflakes (p<0.0005) and mutant strain fermented gram flour (p<0.0003) (Table 6.18).
Hence, the study confirms the effectiveness of this procedure as well as the enhanced

efficacy of mutant strain in term of mineral extractability.
6.7. Submerged fermentation (SmF) .
6.7.1. Strain improvement under SmF

Spore suspension of R. oryzae was exposed to subsequent heat and cold stress to
study the response of the adaptative cells in terms of phytase production. Based on the
results obtained from increase in diameter of clear zone and relative activity (Table 5.7),
treatment found to be the optimum for maximum phytase activity was selected for
successive treatments (Table 6.19). An increase of 27% and 43% in phytase activity was
observed after first and second generation, respectively, with no further increase in the

third generation. Semiquantitative analysis results also suggested a remarkable
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enhancement in phytase production with an increase in protein content by 1.34— and
1.89—fold after first and second generation, respectively, of strain improvement process

(Fig. 6.12).

6.7.2. Statistical optimization of medium components for phytase production by

stressed strain under SmF
6.7.2.1. Selection of influential media components for phytase production

The prerequisite for optimization for production process involving multiple inputs
is to screen out first the most influential inputs to determine the model output. In this
context, PBD was employed for screening the most significant medium components and
culture conditions influencing tHe phytase production. The PB design also incorporates
insignificant dummy variables whose number is kept at one—third of all variables. These
dummy variables introduce some redundancy required by the statistical procedure and its
inclusion into an experiment allows an estimation of the experimental error of an effect.
Based on initial studies, thirteen assigned factors and six unassigned factors (dummy)
were screened in a total of 20 runs. The correspondirig effects of these factors on the
response {phytase activity) are shown in Table 6.20.

From the regression analysis, it was evident that A (glucose), C (mannitol), K
(yeast extract), L (peptone) and Q (ZnSO4) enhanced the phytase production at their low
level whereas, high level of F (sucrose), G (ammonium nitrate), N (KH2P04), O
(K2HPO,), P (Na;HPO,), R (phytate), S (Tween 80) and T (M/N) supported high phytase
yield. The regression model gave a model F—value of 30.14 with a corresponding model
p—value (>F) of 0.0002, that shows the model to be highly significant. Also, the
coefficient of determination (R?) indicates that the model could explain 98.49% of the
total variations in the response. A very low value of coefficient of variance (CV, 2.53%)
further confirms the reliability of the model. Based on individual probability factor of
failure (>F), the variables (mannitol (C), K;HPO4 (O), Na,HPO4 (P) and phytate (R)) with
their corresponding probability less than 0.001 were considered significant (Table 6.20).

The four medium components identified above for significantly affecting the
phytase production, were further optimized by the path of steepest ascent (descent)
method.
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6.7.2.2. Optimization by the path of steepest ascent (descent) method

The path of steepest ascent (descent) was performed to approach rapidly in the
close proximity to the optimum response by tracing direction of changing factors on the
basis of PBD results. The highest response (12.32 £ 0.57 Uml™) was observed at the
following concentrations: mannitol (C), 3.0%; K;HPO,4 (O), 0.5%; Na,HPO4 (P), 0.4%
and phytate (R), 0.8%, respectively (Table 5.9). The corresponding levels were further

considered as the ‘0’ level values for all the four factors in the design matrix of CCD.
6.7.2.3. Optimization using CCD of RSM

To completely explore the sub—regions of the response surface in the neighborhood
of the optimum, CCD with five coded levels was used for the four significant variables.
The CCD design matrix showing different combinations of mannitol, Ko;HPO4, Na,HPO4
and phytate along with their corresponding experimental and predicted responses is
presented in Table 5.11. The experimental results were analyzed using analysis of
variance (ANOVA) which shows that the regression was statistically significant (P <
0.0001) at 95% of confidence level. The resuits for ANOVA analysis are summarised in
Table 6.21. Application of multiple regression analysis on the experimental data resulted
in the following quadratic model equation (3) explicitly explaining the phytase

production:

Y=13.53-0.51A-0.10B - 0.79C + 0.96D - 0.28AB - 0.75AC + 0.15AD
+ 0.70BC - 0.60BD + 1.07CD -~ 1.06A2 - 0.44B2 -0.29C2 - 1.18D2 3)

Where, Y represents phytase activity (U/ml), and A, B, C and D are the coded
fécfors of mannitol, K;HPO4, Na,HPO,4 and phytate, respectively. The statistical
significance of the model equation was supported by the model high F—value of 18.52.
Again, the quality of fit of the regression model was justified by the high value of
coefficient of determination (R* = 0.9453) which indicates an excellent correlation
between the independent factors. At the same time, the predicted R? (correlation
coefficient) value of 0.8943 was found in concordance with the adjusted R? value of
0.7384, suggesting a strong agreement between the experimental and predicted values of

phytase production. The coefficient of variation (CV) indicates the degree of precision
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with which the treatments were evaluated. A lower value of CV (0.0676) demonstrates
that the performed experiments were highly reliable and was performed with a better
precision. Only 6.76% of the variations could not be explained by this model. The ‘Lack
of Fit F—value’ of 1.71 implies that there is a 28.73% chance that a this large could occur
due to noise. Furthermore, high value (16.012) of adequate precision that represents
signal (response) to noise (deviation) ratio, indicates an adequate signal and suggested
that the model can be used to navigate the design space. As per the regression analysis
performed on the present model, linear effects of mannitol, Na,HPO, and phytate, the
interaction effect of Na,HPO,4 and phytate and quadratic effects of mannitol and phytate
were found to be most important for the production of phytase (Table 6.21).

In order to gain the better understanding of the interaction effects of the significant
factors and their optimum concentrations, the predicted model was plotted as two
dimensional response surface contour plots. The strong interaction effects of mannitol
and K,;HPO, is evident from the contour plot shown in Fig. 6.13a, whereas, low
interaction effect was observed between mannitol and phytate (data not shown).
Moreover, the significant interaction effects among different phosphate sources (Fig.
6.13b—d) signify the important role of phosphorus sources in phytase production. Among
the interactions, most significant is that between Na,HPO4 and phytate and the less ‘
significant is that between mannitol and phytate. The optimum concentrations for the
variables were calculated from the model equation (2) and were found to be: mannitol,
2.50%; KoHPO4, 0.54%; Na,HPOy4, 0.48% and phytate, 0.95%, respectively.

The statistical method employed for optimizing the medium components for
maximum phytase production proved to be a valuable tool. Among the tested nutritional
components, mannitol, Ko;HPO4, NaHPO4 and phytate were identified as the most
significant affecting the phytase production. )

In the present study, enhancing effect of mannitol for maximum phytase production
seems counterintuitive as most literature showed glucose, starch or sucrose as the
preferred carbon source for phytase production [377]. In our SSF studies also, it was
observed that mannitol was the most significant carbon source instead of glucose. ‘

Earlier, mannitol has been reported to have a role in stress tolerance and spore

dispersal [304], hence, presence of mannitol might be having some protective role that
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resulted in enhanced phytase production. From the study, it can be concluded that
different microbial strains have their own nutritional requirements for phytase production.

Another interesting finding observed in the present study was the phytase
production at an overall high concentration of phosphorus (~1%) in contrast to that of the
reported literatures. It might be due to the fact that presence of K;HPO4 and Na,HPO,
together served as a buffer for pH of the media that favored the phytase production. Most
of the studied phytases were reported to be repressed at high phosphorus concentration
[43, 377]. However, no significant inhibition or stimulation of phytase production was
reported by Lan et al. [188] and Fredrikson et al. [84]. By using statistical media
optimization approach, enhanced phytase yield has been successfully achieved earlier

[29, 30].
6.7.2.4. Validation

Experiments were then carried out to determine the robustness of the optimal
concentration of each factors estimatedA by statistical analysis. The results showed a
strong agreement between the predicted and the actual response of 13.67 Uml™ and 12.64
+ 1.45 Uml™, respectively, thus demonstrated the high adequacy of the model.

Phytase production was sustainable in Erlenmeyer flasks of varied volumes as well
as in the bioreactor (Table 6.22) and therefore suggests the feasibility of phytase
production at higher volume. The statistical optimization of media components resulted
in an overall 2.22—fold higher phytase yield than that of the unoptimized medium (5.69 +
1.35 Uml™"). The maximum phytase production coincided with the decrease in pH of the
fermentation broth and thus, pH can be used as an indicator of the initiation of the
phytase production (Fig. 6.14).

In bioreactor studies, a significant reduction in the dO; level after 24 h was
observed, which coincided with the increase in biomass production. Additionally,
excessive foaming as well as high consumption of antifoam was observed, which is
undesirable in any industrial fermentation process. Based on initial experiments in
bioreactor, it might be due to the high inoculum size or presence of insufficient quantities
of phosphate in the medium. An alternative approach to deal with this problem was to
alter the C/N ratio of the medium. In this prospect, the sodium phytate in the medium was

replaced with wheat bran which acts as a complex source of carbon, nitrogen and an
95



CHAPTER 6 . RESULTS AND DISCUSSION

additional source of phytate phosphorus, however, overproduction of biomass, higher
foam formation followed by sharp decline in phytase production was observed. It might
be due to increase in the total content of phosphorus after addition of wheat bran to the
media. The foam formation was finally controlled when the agitation rate was lowered

~from 250 to 200 rpm, with no dO» control. In bioreactor studies, the most significant
effect was the reduction in fermentation time for maximum phytase production that
resulted in increase in overall productivity by 3.11—fold (Table 6.22).

The results of validation experiments also supported the high adequacy of the
‘model predicted by statistical tools. From the current studies in the bioreactor, it was
concluded that the process for the production of phytase from R. oryzae could be easily
optimized by controlling critical parameters. The bioreactor needed to be run at an
increased level of phosphate in the medium and at low agitation rate to prevent excess
foaming. Altering the C/N ratio of media negatively affected the phytase production from
R. oryzae. Other studies have also shown that increased phosphate concentrations led to a
shift from metabolite overproduction to overgrowth of the biomass [265, 312]. Further,
the control of the dO, level was not necessary for the efficient production of the phytase.
Apart from this, the pH of the system in the present case acts as the indicator of the
initiation or end of the phytase synthesis. From this study, it can be concluded that the
enzyme production can be easily increased to higher volume with no loss in enzyme
activity. Again, a marked enhancement in productivity can be attributed to the controlled

process parameters inside the bioreactor and supply of air (oxygen) during the process.
6.8. Phytate degrading potential of phytase
6.8.1. In vitro hydrolysis of phytic acid

The possibility of the relevance of the phytase from mutant strain for an effective
use in food and feed applications was investigated by evaluating its phytate degrading
ability under physiological conditions. For this, RhAizopus phytase was assessed in the
milieu of digestive tract as it is essential for a phytase to be active under these conditions.
The phytic acid content in untreated wheat bran was estimated to be in the range from 27
to 34 mg/g, which was in accordance with the phytic acid content estimated by the

Garcia—Estepa et al. [90]. Here, it is assumed that for each phosphate bond hydrolyzed by
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the phytase, there is a reduction of 16.67% of phytic acid content in the substrate (16.67 x

6 = 100). _
A The result showing effect of treatment of wheat bran with phytase is summarized in
Table 6.23 and it suggests that about 50% of phytic acid was reduced after incubation
time of 210 min. Even under low pH condition and at physiological temperature the
phytase showed the ability to break three phosphomonoester bonds of phytate. This in
vitro phytate degrading ability of this phytase renders it as a potential candidate for food

and feed applications.
6.8.2. Time course hydrolysis of sodinm phytate

The study was carried out to estimate the release of inorganic phosphate per mole
of phytic acid. The ratio (inorganic phosphate to phytic acid) of three indicates that the
maximum number of phosphate released by this phytase was three out of six -
phosphomonoester bonds, with no further increase in bond cleavage when increasing the
reaction time (Fig. 6.15). The study showed a rapid hydrolyzing activity of this phytase
from IP6 to inositol pentakis—phosphate (IP5), however, a slow conversion of IP6 to
inositol tetra—phosphate (IP4) and finally to IP3 was observed which suggested that the
lower derivatives of inositol were less suitable substrates for the enzyme than the phytate

or IP6.
6.8.3. HPL.C characterization studies

The measurement of phytate hydrolysis is a crucial step that considerably
influences the phytase characteristics. Above result suggesting IP3 as the end product of
phytate degradation was further validated by an improved HPLC analysis method. In
previously reported methods, refractive index of inositol phosphates (including various
degradation products of phytic acid) solution was measured using RI detector. In the
present study, the feasibility of determining phytic acid and IP3 by RP—-HPLC equipped
with variable wavelength detector (VWD) was successfully achieved at 246 nm.

The chromatogram of standard sodium phytate was found to be linearly
proportional to the concentrations throughout, with R? value and retention time (R,) of

0.988 and 1.23 £ 0.01 min, respectively. In a previous study carried out by Graf and

97



CHAPTER 6 RESULTS AND DISCUSSION

Dintzis (1982a), the retention time of phytate was found to be 1.40 + 0.03 min. More than
one peak with differenf R; (1.26 + 0.02 (major), 1.39 & 0.04, 1.57 £+ 0.02 and 1.88 + 0.03
min) was observed in each chromatogfam profile of standard IP3 (0.5-2.0 mg/ml). It
might be due to the presence of different structural isomers of IP3 in the standard, also
verified by the pattern of these small peaks observed in continuity with R; of 1.26 £+ 0.02
and 1.39 = 0.04 min and R? value of 0.990 and 0.999, respectively. .

Chromatogram profile for untreated and phytase treated phytic acid is illustrated in
Fig. 6.16a and 6.16b. After 150 min of incubation period, no peak corresponding to IP6
was found in the chromatogram which clearly showed the ability of Rhizopus phytase to
completely hydrolyze the intact phytate. In an earlier study by Casey and Walsh [40],
phytase from R. oligosporus was shown to completely degrade the phytate; however,
presence of IP5 as one of the hydrolyzed products of phytic acid was also found along
with IP3. From an applied perspective, presence of IP5 is not desirable as it possesses
inhibitory effect on iron absorption in humans; whereas, IP3 and IP4 in isolated form do
not have negative effect [308].

Method previously reported for the determination of inositol phosphates and its
lower derivatives have some limitations in terms of their inability to separate structural
4 isomers, time consuming sample preparation, need for pre— or post— column
derivatization, and by long analysis time. In this method, the sample preparation was
much simpler and retention time was reduced. The results show that VWD system with
UV spectrum specifically detects the phytate and its lower derivatives with a good

resolution.
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Table 6.1 Evaluation of different agro-industrial residues as substrate for phytase

production under SSF.

Agro—industrial residues

Phytase activity” (U/gds)

WwB 1532+ 0.41

‘RH 5.12£0.33

MOC 7.69 +0.78

LOC 10.54 £ 0.51

SOC 0.12+0.24

ROC 6.63 £0.37

WB + MOC (1:1) 8.79 £ 0.65

WB +ROC (1:1) 10.20+0.14
WB + SOC (1:1) 9.05 +0.78
WB + LOC (1:1) 17.68 = 0.23

WB + RH (1:1) 11.22+0.39

WB + MOC + ROC (1.67:1.67:1.67) 9.12+0.54
WB + SOC + LOC (1.67:1.67:1.67) 13.11 + 0.41

*Phytase activity was estimated in the SSF crude extract after 96 h of fermentation of

unoptimized medium at 35°C. Data are represented as means + SD. n=3
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Table 6.2 Effect of different particie size of linseed oil cake on phytase production.

Linseed oil cake

Particle type Particle size Phytase activity® (U/gds)
Small ~1.0 mm 18.85 + 0.67
Intermediate ~1.5 mm 17.02+0.99
Heterogeneous (control)® 0.5-5.0 mm 16.54 £ 1.24

Data are represented as means of triplicate determinations+SD.

*Phytase activity in crude extract after 96 h growth in basal medium containing WB and
LOC (1:1) at 35°C.

®Control refers to the basal SSF medium with LOC of heterogeneous type.

Table 6.3 Effect of different metal ions on phytase production.

Metal ions (0.6%, w/v) Phytase activity (U/gds)
Control? 19.24 £ 0.95
Na" 18.11 £ 0.22
Mg** 18.84+0.21
Fe** 11.87 +0.31
Na® + Mg? 20.25 £ 0.21
Na' + Fe?* 13.11 £ 0.16
Mg** + Fe*" 12.32+0.23
Na® + Fe”" + Mg™ : 17.89 £ 0.19

2Control refers to the SSF medium without any metal ions. The experiments were carried out
in basal medium containing WB and LOC (~1.0 mm) (1:1). The SSF medium was inoculated

with 20% (v/w) of 4—days old inoculums and incubated at 35°C for 96 h.
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Table 6.4 Effect of various surfactants on phytase production.

Surfactants (0.5%, v/w) Phytase activity (U/gds)
Control® 20.04 £ 0.32
Tween 20 18.04 £ 1.20
Tween 40 18.09 + 0.58
Tween 80 18.19 + 0.67
Triton-X-100 15.20 +0.87
SDS 11.02 % 0.97

*Control refers to the SSF medium without any surfactants.

The experiments. were carried out in SSF medium containing WB and LOC (~>1 .0 mm) (1:1)
supplemented with mineral salt solution containing 0.3% NaCl and 0.3% MgS0O,.7H,0. The
SSF medium was inoculated with 20% (v/w) of 4—days old inoculums and incubated at 35°C
for 96 h.

Table 6.5 Showing the total activity, total protein content, specific activity, and purification

fold of phytase at each purification steps.

Purification steps Activity Protein Specific Purification Recovery
) (mg) activity fold (%)
: (U/mg)
Crude extract 5.83 6.95 0.84 1 160
Ammonium sulphate 8.09 5.82 1.39 1.65 84
fractionation ‘
DEAE Sepharose 21.58 3.15 6.85 4.93 54
CL 6B |

Sephadex G-100 116.3 0.82 141.83 20.7 26
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Table 6.6 Calculated K, values for different inhibitors.

Inhibitors ‘ K x104 vy x103 K x 106
m max i
(5 x 105 mM) (mM) (mM/s) (mM)
No Inhibitor 242 6.46 -
Phosphate 0.27 3.9 12.56
Vanadate 0.096 2.5 - 3.86
Fluoride 0.95 3.8 64.52

Table 6.7 Calculated turnover number for Rhizopus phytase.

-1 -6 -1 -1
Temperature (K) kcat(s ) (km/K' n)x10 M s)

293 0.268 12.76
303 0.482 4.68
313 0.575 2.38
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Table 6.8 pH-stability profile of R. oryzae phytase.

pH Relative activity”

(%)
1.0 115
1.5 112
2.0 106
2.5 86
3.0 90
3.5 78
4.0 76
4.5 79
5.0 82
5.5 100
6.0 90
6.5 82
7.0 75
7.5 84
8.0 97
8.5 97
9.0 97
9.5 83

*Phytase activity at pH 5.5 (100 mM acetate buffer) was regarded as 100%. Enzyme stability
was assessed at 4°C after incubating the phytase for 6 h in following buffers (100 mM):
Glycine—HCI (pH 1.0 to 3.5), Acetate (pH 3.5 to 6.5), Tris—HCI (pH 6.5 to 8.5) and Glycine— .
NaOH (pH 8.5 t0 9.5).
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Table 6.9 Effect of various metal ions and inhibitors on phytase activity.

Cations and Relative activity”
inhibitors (%)
1ImM  5mM
Fe’* 0 —
Na* 27 15
Ca* 31 100
Mg™* 77 222
Mn?* 48 144
Ni** 0 -
K* 84 201
Ag* 75 221
cu?t 0 —
Na* 88 170
(NH,),* 08 247
Co*" - 24 137
Zn** 71 149
Ba®* 84 443
EDTA 164 167
Tartara’;e 116 143
Iodoacetamide 82 18
Oxalate 112 0

“Phytase activity in absence of metal ions and inhibitors was regarded as 100%.
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Table 6.10 Effect of organic solvents and detergents on phytase activity.

Organic solvents % (v/v)

5 10
Control 100 100
Ethyl alcohol 123 158
Butan-2-ol 121 123
Detergents 1 .5
Control 100 100
Tween 20 166.1 862.7
Tween 40 187.3 1249.1
Tween 80 197.6 1268.8
Triton X 100 175.8 927.1
SDS 383 12.5

Table 6.11 Substrate specificity profile for Rhizopus phytase.

Substrate

Relative activity® (%)

Sodium phytate
AMP
ADP
ATP
NADP
SNP
FBP
R-5-P
PNPP
G-1-P
PEP

100
141
188
244
96
124
156
107
100
100
167

*Phytase activity in presence of sodium phytate (2 mM) was regarded as 100%.

Substrate specificity was determined after incubating the phytase with various-

phosphorylated compounds using the standard phytase assay.
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Table 6.12 Effect of SGF on phytase activity®.

Incubation time (min)

0 (&1)] (60) (120) (180)
Relative activity (%)

bH 1.5 only 100 97.04 96.38 95.61 93.46
pH 1.5 and Pepsin 100 97.15 96.45 95.44 93.39
pH 5.5 only 100 99.11 99.17 99.09 98.97
pH 5.5 and Pepsin 100 99.14 99.10 98.73 98.53
pH 7.5 only ‘ 100 99.00 99.01 98.69 98.61
pH 7.5 and Pepsin 100 98.84 98.87 98.76 98.37

*Phytase activities in the SGF (pH 1.5, 5.5 and 7.5) minus pepsin at zero minute was
regarded as 100%. Enzyme proteolysis stability was assessed after incubating the
phytase in simulated gastric fluid (pH 1.5, 5.5 and 7.5) (1:4) at 37°C using the standard
phytase assay. '
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Table 6.13 Results of PBD analysis.

Factors (Code, Unit) Low High Ss* Effect Coef.” Cont.” F- p-
level level . (%) value  value
(D D
“Mineral salt solution (A, v/iw %) 20 60 4924  -12.81 -6.41 9.98 141.9 0.0013
Mannitol (B, w/w %) 1.0 5.0 2214.9 -27.17 -13.59 4492 638.6 0.0001
Initial pH (D) 5.6 7.6 47.08 3.96 1.98 0.95 13.58 0.0346
Fermentation time (E, h) 4 24 72 66.41 4.70 2.35 1.35 19.15 0.0221
Ammonium sulphate (G, w/w %) 0.5 2.0 12247  20.20 10.10 24.84  353.1 0.0003
Incubation temperature (H,°C) 25 30 77.88 5.09 2.55 1.58 22.46 0.0178
Initial moisture content (K, %) 30 40 67.55 4.75 2.37 1.37 19.48 0.0216
K HPO4/Na,HPO4 (L, w/w %) 0.2 1.0 728.99 -15.59 -7.79 1479  210.2 0.0007
R?=0.9979,

R? (adjusted) = 0.9923

R? (predicted) = 0.9662

Coefficient of Variation (CV) = 0.0161
* Sum of Squares

® Coefficient estimate

¢ Contribution
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Table 6.14 ANOVA analysis of regression model.

DE®

Coef.!

Source of variation Ss® MS* F- p-
value value
Model 2418.53 9 268.73 144.38 59.46 <0.0001
A 3.09 1 3.09 0.52 0.68 0.4276
B 1039.92 1 1039.92 8.97 230.11 <0.0001
C 121.90 1 121.90 3.07 26.97 0.0004
AB 25.26 1 25.26 12.04 5.59 0.0397
AC 4438 1 44.38 2.70 9.82 0.0106
BC 65.93 1 65.93 3.00 14.59 0.0034
A2 125.23 1 125.23 -2.99 27.71 0.0004
B2 839.23 1 839.23 -7.69 185.70 < 0.0001
C2 319.91 1 319.91 -4.75 70.79 < 0.0001
Residual error 45.19 10 4.52
Lack of fit 12.85 5 2.57 0.40 0.8332
Pure error 32.35 5 6.47
Correlation (Total) 2463.73 19

R?*=0.9817,
R? (adjusted) = 0.9651
R? (predicted) = 0.9404

Coefficient of Variation (CV) = 0.0159

? Sum of Squares
® Degree of freedom
¢ Mean square

4 Coefficient estimate
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Table 6.15 Comparison of phytase productivity of Rhizopus oryzae MTCC 1987

with other fungal strains during SSF.

Fungal strains Phytase Phytase References

. activity® productivity

IU/gds)  (IU/kg/day)

Rhizopus microsporous 1 432 [30]
R. oligosporous 5 1800 [30]
R. pusillus 9.18 1824 [42]
R. thailandensis 3 912 [30]
Aspergillus ficuum 4 1344 [72], [73]
A. carbonarius 2.5 840 8], [9]
A. niger 5 1008 [76]
A. niger 6.9 1728 [76]
S. thermophile : 20.92 4184 [334]
Rhizopus oryzae | 14.25 4750 Present work

?0One unit (IU) of phytase activity is defined as the amount of enzyme releasing one

pumol of inorganic phosphorus per ml per minute under the assay conditions.
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Table 6.16 Large volume production of phytase.

Apparatus Capacity Substrate Phytase
amount  activity® (U/gds)
€9
Flask 250 ml 5 148.77 + 0.33
Flask 500 ml 10 148.12 + 0.69
Flask 500 ml 20 147.43 £ 0.54
Flask 1000 ml 40 147.55 + 0.29
Flask 1000 ml 50 148.99 + 0.23
Tray 28 x 24 x4 cm 50 149.24 + 0.68
Tray 28x24x4cm 100 148.98 + 0.35
Tray 28 x24 x4 cm 200 146.44 + 0.58
Tray 45 x30x 4 cm 300 148.56 £ 0.56
Tray 45x30x4cm 500 146.74 = 0.87
Tray 45x30x4cm 1000 145.98 £ 0.15

“Data are represented as means = SD. n=3
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Table 6.17 Results for successive treatments after optimization of stress conditions.

No. of Temperature Time cycle No. of Phytase
generations cycle (°C) (Heating/Chilling) cycles activity®

, (Ulgds)
Unstressed — - - 148.77 + 0.85
strain
I 70-80—4 3min—3min—1min 3 205.30 £ 1.01
I 70—-80—4 3min-3min—1min 3 236.54 +0.89
I 70-804 3min—3min—1min 3 220.02 = 4.54
—=Not Applicable

®Data are represented as means = SD. n=5
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Table 6.18 Effect of fermentation with wild and mutant strain of different feed

ingredients on ash content and mineral availability.

Ingredients - Ash (%)* (ng/g DW)°
Fe Zn Ca

Semolina (UF) 0.82(£0.24) 47.23(x0.79) 20.63(=2.00) 33.25(%2.23)
(F) wild 1.49(£0.08)  65.75(x1.01) 32.06(x2.01) 26.03(x1.47)
Mutant 1.98(20.12)  68.19(x0.83) 36.77(x3.18) 27.99(x1.30)

Cornflakes (UF) 1.36(x0.13)  17.02(£3.40) 8.94(+2.25)  6.94(x0.25)
(F) wild 1.78(£0.95)  12.36(£2.45) 11.51(£1.50) 21.13(£2.50)
Mutant 2.10(£0.55)  11.30(x0.70) 14.07 (x1.20) 26.54(x1.97)
Whole wheat flour (UF) 1.64(£0.57)  46.73(x2.29) 31.96(x1.01) 31.28(x2.75)
(F) wild 221(0.06) 51.75(x2.29) 37.36(22.13) 36.91(+3.03)
Mutant 2.95(£0.11)  55.71(x4.67) 42.47(x1.49) 37.04(£2.01)
Broken wheat (UF) 1.95(£0.12)  42.30(x1.74) 26.79(x3.83) 32.43(x2.92)
(F) wild 2.59(£0.20)  45.27(x0.84) 23.95(x1.56) 38.87(x0.63)
Mutant 3.01(£0.98)  47.90(x1.94) 22.15(x2.50) 41.05(x0.99)
Gram flour (UF) 2.38(£0.26)  21.06(x2.99) 38.72(x0.76) 67.75(x3.33)
(F) wild 3.04(£0.96)  47.75(x1.79) 40.51(£3.50) 73.90(+2.06)
Mutant 3.46(+0.98)  48.78(=1.77) 39.62(£0.59) 80.69(+3.47)
Beaten rice (UF) 1.78(x0.47)  8.51(¢1.50)  6.45(=0.72)  22.50(=0.51)
(F) Wild 2.45(£0.27)  20.41(x0.86) 11.81(x3.23) 27.81(+0.86)
Mutant 2.98(x£0.32)  25.96(x0.45) 16.71(£3.63) 30.96(+1.00)
Maida flour (UF) 1.46(x0.07)  18.57(=1.64) 9.74(£1.21)  37.19(x1.77)
® wild 1.99(x£0.38)  17.39(=0.59) 11.24(+2.68) 43.48(+3.50)
Mutant 2.58(+0.34)  18.35(x1.42) 12.15(x2.13) 45.76(=1.74)

UF = unferment

ed; F = UF = unfermented; F = fermented.

*Ash content (%) are shown as means of triplicate determinations+SD.

PData are represented as means of triplicate determinations+SD and expressed in

ngram per gram dry weight of ingredients {(pug/g DW).
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Table 6.19 Results for successive heat and cold stress.

No. of Temperature Time cycle No. of Relative
generations cyele (°C) (Heating/Chilling) cycles activity” (%)
Unstressed strain - - — 100
I 70—-80—4 3min—3min—1min 3 126.8
I 70-80—4 3min—3min—Imin 3 142.7
111 70-80—+4 3min-3min—1min 3 122.2

®Phytase activity demonstrated by unstressed strain was regarded as 100%.
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Table 6.20 Results of PBD analysis.

Factors (Code, Unit) Low  High SS* Effect Coef.” Cont° F— p—value
level level (%) value Prob>F
(€9 I Y
Glucose (A, %) 1.5 6.0 0.281 -0.237 -0.12 1.295 5.15 0.0637
Mannitol (C, %) 1.5 6.0 4.023 -0.897 -0.45 18.55 73.80 0.0001%**
Sucrose (F, %) 1.5 6.0 0.222 0.211 0.11 1.026  4.08 0.0898
Ammonium nitrate (G, %) 0.25 0.5 0.548 0.331 0.17 2.526 10.05 0.0193
Yeast extract (K, %) 0.25 0.5 1.442 -0.537 -0.27 6.649 2645 0.0021
Peptone (L, %) 0.25 0.5 1.235 -0497 -0.25 5.696 22.66 0.0031
KH,PO, (N, %) 0.1 0.3 0.929 0.431 0.22 4283 17.04 0.0062
K,HPO, (O, %) 0.1 0.3 5.649 1.063 0.53 26.05 103.6 <0.0001**
Na,HPO, (P, %) 0.15 0.35 1.991 0.631 0.32 9.181 36.52 0.0009**
ZnSO4 (Q, %) 0.00 0.002 0.418 -0.289 -0.14 1.926  7.66 0.0325
Sodium phytate (R, %) 0.2 . 0.8 3.065 0.783 0.39 14.14 56.23 0.0003**
Tween 80 (S, %) 0.2 0.4 0.895 0423 0.21 4.126 16.41 0.0067
M/N (T, %) 0.2 1.0 0.659 0.363 0.18 3.038 12.09 0.0132
R? =0.9849

R? (adjusted) = 0.9522
R? (predicted) = 0.8324
Coefficient of Variation (CV) = 0.0253

#Sum of Squares

bCoefficient estimate

°Contribution

**Factors selected with p—value (Prob > F) < 0.001
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Table 6.21 ANOVA analysis of regression model.

Sources F— value p—value

of varijation Prob>F
Intercept — —

A 10.94 0.0048

B 0.46 0.5102

C 26.25 0.0001

D 39.00 <0.0001

AB 2.14 0.1640

AC 15.83 0.0012

AD 0.66 0.4290

BC 13.79 0.0021

BD 10.25 0.0059

CD 32.31 <0.0001

A? 54.00 <0.0001

B? 9.50 0.0076

Cc? . 4.16 0.0594

D? - 67.38 <0.0001

R* = 0.9453

R? (adjusted) = 0.8943

R? (predicted) = 0.7384

Coefficient of Variation (CV) = 0.0676
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Table 6.22 Large volume production studies for phytase.

Apparatus Capacity Medium Productivity

(ml) volume (U1'nt
’ (ml)

Flask 250 50 43.89

Flask ~ 500 100 4391

Flask 1000 200 43.87

Bioreactor 7000 5000 136.56
*The results are mean of four independent experiments.
Table 6.23 Phytate degradation result.
S. Incubation Phytate Reduction in
No time (min)” content in phytate content
sample (%) (%)

1 0 2.706 —
2 30 1.914 29.26
3 60 1.914 29.26
4 90 1.848 31.71
5 120 1.782 34.15
6 150 1.650 39.02
7 180 1.518 45.90
8 210 1.452 49.80
9 240 1.452 49.80
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Fig. 6.1 Showing (a) phytate hydrolyzing ability of Rhizopus phytase on phytase screening
medium (PSM) and (b) Zone of clearing after counterstaining method. Arrows in the figure

corre'spoild to fungal mycelia (Flat arrow) and zone of clearance (thm arrow).

o
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Fig. 6.2 Effect of (a) inoculum age on phytase production inoculated with inoculum of different

age varying from one to seven days and (b) effect of inoculum size on pilytase production with
inoculum size varying from 10 to 100% (v/w) in basal SSF medium containing equal ratio of
wheat bran and linseed oil cake (~1.0 mm) after 96 h of fermentation at 35°C.
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Fig. 6.3 Estimation of molecular size of Rhizopus phytase on Gel filtration column. The column
was calibrated using glucose—6—phosphate dehydrogenase (A; 120 kDa), creatine kinase (B; 81
kDa), bovine serum albumin (C; 68 kDa), carbonic anhydrase (D; 36 kDa) and myoglobin (E; 17
kDa) as standard proteins.
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Fig. 6.4 Purification of phytase from R. oryzae (a) SDS-PAGE gel after Coomassie Brilliant Blue
staining (b) Zymogram staining and (c) Nondenaturing (native) PAGE. The lanes on the gel
correspond to molecular marker (Fermentas) (M); SSF crude extract (1); purified protein after
size exclusion chromatography (2); zymogram analysis (3) and Native—PAGE (4).
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Fig. 6.5 Effect of pH on phytase activity. Phytase activity at pH 5.5 (100 mM acetate buffer) was
regarded as 100%. '
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Fig. 6.6 Effect of temperature on phytase activity.
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Fig. 6.7 Thermal stability of Rhizopus phytase. The acﬁvity of an unheated phytase was regarded
as 100%.
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Fig. 6.9 3D response surface plot showing interaction effects between

(a) mannitol and ammonium sulphate
(b) mannitol and K,HPO4/Na,HPO, and
(¢) ammonium sulphate and K,HPO4/Na,HPO,.
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Fig. 6.10 Production profile of phytase by wild R oryzae in optimized medium. Data are

represented as means = SD. n=3
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Fig. 6.11 Band density analysis showing fold change in phytase production ability of unstressed

and stressed cells under SSF. Data are represented as means + SD.
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Fig. 6.12 Band density analysis showing fold change in phytase production ability of unstressed

and stressed cells under SmF. Data are represented as means + SD; n=3.
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Fig. 6.14 Production profile of phytase by improved strain R. oryzae in optimized medium.
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Fig. 6.15 Time course hydrolysis of sodium phytate by Rhizopus phytase.
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Fig. 6.16 Chromatograms profile after HPLC analysis (a) Untreated phytic acid (sodium salt) and

Koo

(b) Sodium phytate treated with purified phytase.
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CHAPTER 7
CONCLUDING REMARKS AND
FUTURE PERSPECTIVES

7.1. Concluding remarks

Phytases have been of great interest for over a long period, owing to their high
value from a nutritional as well as environmental perspective. Research has been devoted
to find out organisms with suitable characteristics of phytase in nature, increasing the
production yield by using statistical 6ptimization of medium cémponents, a suitable
strain improvement approach, cloning and expression, and modifying the enzymatic
properties to suit application requirements. So far, the main application of phytases has
been as a feed additive. In this area, only a few acid phytases have been commercialized.
They are active under acidic condition such as in the stomach of animals; however, they
are not active under neutral and slightly alkaline conditions such as in the intestines of
animals. Moreover, théy are not efficient enough to withstand the high temperatures of
feed pelletizing processes. Great interest has been addressed on mutation studies in order
to increase the thermostability and modify the characteristics of phytases.

In present work, a highly thermoacidstable phytase, with a molecular weight of ~34
kDa, was identified from a mesophilic fungal strain Rhizopus oryzae MTCC 1987.
Physico-chemical characterization studies showed several interesting properties of this
phytase. The phytase from Rhizopus was found to exhibit bihump profile at pH 1.5 and
5.5, with a good activity observed in between pH 3.5-5.0. It displayed no loss in activity
at lower pH and also depicted >80% of initial activity at pH 2.5. Another important
characteristics of this phytase was to exhibit 45-80% of initial activity at 25-39°C, with
>80% of initial activity at phy§iologica1 temperature (39°C), which is a desired feature of
an ideal phytase from application viewpoint. Thermostability is the major essential
feature of any enzyme destined for animal feed applications, as the feed has to be
commonly pelleted at 60-95°C so as to increase its digestibility, to ensure a balanced diet,

for controlling microbial growth, for preventing transmission of pathogens and for
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reducing the transportation costs by increasing bulk density. The present-study revealed
superior thermostability of this phytase showing no loss in activity at 50°C, and retaining
© >90% of its initial activity at 60, 70 and 80°C, when incubated for 30 min. The study
carried out for thermodynamic characterization of phytase further supported the
pronounced thermostability of this phytase. The phytase from Rhizopus was four;d to
display pepsin resistant characteristics. Remarkable feature of the phytase was the
insensitivity to heavy metal ions such as Ba®* and Ag" at high concentration of 5SmM.
Non-ionic detergents showed a significant enhancing effect on phytase activity, whereas
anionic detergent (SDS) was found to inhibit the phytase activity even at 1% (v/v)
concentration level. The above attributes of present investigation, such as high pH
stability, high thermostability, insensitivity to proteolytic enzyme as well as heavy metal
ions (Ba®* and Ag"), high residual activity at physiological temperature, good activity in
wide range of pH encountered in digestive tract, broad range of substrate specificity,
suggests this phytase as a prospective candidate intended for phytic acid degradation and
mineral bioavailability in animal food and feed industry. Moreover, kinetic and
thermodynamic characterization studies of the enzyme may help to fully understand the
phytase from R. oryzae. Based on these studies, Rhizopus phytase was found to exhibit a
low K, value and high catalytic efficiency. The low X,, value furthér signiﬁed that the
phytase produced required very low substrate concentration for gaining maximum
catalytic activity. This implied that the enzyme can break even small amounts of phytate,
if present.

Another important objective of the present study i.e. phytase production using
agroindustrial residues under solid state fermentation, suggested the wvalue-added
utilization of these residues as substrates, resulting in an overall economical production
process. Additionally, these studies pave the way for considering a wide variety of other
cheap and renewable agro-industrial residues as raw materials for phytase production.
Low cost linseed oilcake (LOC) when used in combination with wheat bran (WB) (1:1)
was found to support the maximum mycelia growth of this strain, thereby phytase
production, under solid state fermentation. This was the first report to study the phytase
production by R. oryzae using LOC and WB, as mixed substrate. A marked enhancement
in phytase production (17.69 U/gds-148.77 U/gds) was achieved due to optimization of

culture conditions by ‘one variable at a time’ approach followed by the statistical
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optimization of the medium components. Substrate particle size and initial culture
conditions such as inoculum age and size were found to play a key role in affecting the
phytase production most.

The work was further extended with the aim to increase the phytase titer through
adaptation of R. oryzae cells to subsequent heat and cold stress via a novel strain
improvement process. Based on the outcomes, the procedure was proved to be a simple
and effective method for increasing the phytase yield by 1.50-fold in solid state
production media, whereas, an increase in phytase titer by 43% was observed under
submerged fermentation mode. This approach can contribute to a significant reduction of
the cost of R. oryzae phytase production and consequently increase in its industrial
utilization coefficients. The most noteworthy observation of this process was the less
~ sporulation tendency in stressed culture. The reduction in sporulation did not affect the
phytase yield in stressed strain whereas it was observed that the yield was found to be
proportional to the rate of sporulation for unstressed strain.

Statistical optimization of medium components for phytase production by improved
strain was also studied under submerged fermentation mode and resulted in an increase in
‘phytase titer from 5.69 to 12.64 U/ml. The bioreactor studies showed a 3.11-fold increase
in phytase productivity, sugges;ting the applicability of this process for the production of
phytase for higher volume.

Based on thermal stability studies, Rhizopus phytase could find potential in food
applications since it is stable enough to withstand pasteurization and active during long-
term storage of foods at room temperature. Furthermore, the production of phytase by a
GRAS strain would render them moré advantageous for food applications, since the crude
extract can directly be used as additional sources of enzyme along with the phytase. The
benefit of the lower phosphorylation of inositol phosphate (i.e., IP3) for health would
make this phytase more advantageous than other acid phytases since the end product is
inositol trisphosphate, and not inositol monophosphate. Specific inositol phosphate
derivatives are of pharmaceutical interest and require synthesis. For this, phytases
represent a good choice compared to the chemical synthesis due to their specific activity
during synthesis of enantiomer-pure products as well as their environmental friendliness.

Promising results were obtained when using thermostable phytasé for hydrolyzing

such IP6-metal ions complexes in various food ingredients. It is desirable for a phytase to
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retain significant activity in milieu of digestive tract. Here, the in vitro study confirms the
stability of this phytase at low pH and physiological temperature, further validating the
potential of this phytase. Phytase from stressed Rhizopus sp. showed significant
improvements with regard to the ash content or minefal extractability. Finally, an
improved method for determining phytic acid and its lower derivatives based on
absorption principle has shown the applicability of this method in a simple, faster and
high-throughput manner. Method previously reported for the determindtion of inositol
phosphates and its lower derivatives have some limitations in terms of their inability to
separate structural isomers, time consuming sample preparation, need for pre- or post-
column derivatization, and by long analysis time. In the present work, the feasibility of
determining phytic acid and IP3 by reversed-phase high performance liquid
chromatography (RP-HPLC) equipped with variable wavelength detector at 246 nm was

successfully achieved with minimal sample preparation and lower retention time.

7.2. Future perspectives

> Scale up studies in bioreactor and solid state fermentation mode could help in proving

the applicability of these processes on pilot and industrial scale.

> Further investigations to fully characterize this phytase by sequencing, crystallization,
and X-ray studies of the enzyme structure could contribute to a better understanding of

the structure-function relationships of the enzyme.

> The supplementation of Rhizopus phytase in food ingredients was found to increase
the bioavailability of minerals as demonstrated in the study ir vitro, and needs to be

confirmed for chicken, poultry and other livestocks.

142



'BIBLIOGRAPHY



BIBLIOGRAPHY

[1]

(2]

[3]

[4]

(3]

[6]

[7]

[8]

[9]

A. O. A. C. Official Methods of Analysis, 13th and 15th ed., Assoc. Offic. Anal.
Chem., Washington, DC. 1980. |

A. O. A. C. Official Methods of Analysis. 15th ed. Assoc. Offic. Anal. Chem.,
Arlington, Va. 1990.

Abelson, P.H. A potential phosphate crisis. Science 283: 2015, 1999.
Abled-Fattah, Y. R., Olama, Z. A. L-As paraginase production by Pseudomonas
in solid-state culture: evaluation and optimization of culture conditions using
factorial designs.. Process Biochem. 38:115-22, 2002.

Adhikari, A., Sen, M. M., Bhattacharya, S. G., Chanda, S. Airborne viable, non-
viable, and allergenic fungi in a rural agricultural area of India: a 2-year study at
five outdoor sampling stations. Sci. Total Environ. 326, 123141, 2004.
Agostini, J. D., Ida, E. I. Partially characterization and application of phytase
extracted from germinated sunflower seeds. Pesquisa Agropecuaria Brasileira.
41:1041-1047, 2006.

Ahmad, T., Rasool, S., Sarwar, M., Haq, A. U., Hasan, Z. U. Effect of microbial
phytase produced from a- fungus Aspergillus niger on bioavailability of
phosphorus and calcium in broiler chickens. Animal Feed Sci. Technol. 83:103—
114, 2000. '

Al-Asheh, S., Duvnjak, Z. Characteristics of phytase produced by Aspergillus
carbonarius NRC 401121 in canola meal. Acta Biotechnol. 14: 223-233, 1994b.
Al-Asheh, S., Duvnjak, Z. The effect of surfactants on the phytase production
and the reduction of the phytic acid content in canola meal by Aspergillus

carbonarius during a solid state fermentation process. Biotechnol. Lett. 16:183—

188, 1994a.

143



[10]

BIBLTOGRAPHIY

Al-Asheh, S., Duvnjak, Z., Phytase production and decrease of phytic acid

[11]

[12]
[13]

[14]

[15]

[16]
[17]

- [18]

[19]

[20]

[21]

content in canola-meal by Aspergillus carbonarius in solid-state fermentation.
World J. Microbiol. Biotechnol. 11:228-231, 1995, ,

Ali, U. F., Ibrahim, Z. M., El-Mahdy, O.M. Optimization of Extracellular
Phytase Production by Malbranchea sulfurea and Aspergillus niveus. N. Egypt.
J. Microbiol., 16:257-266, 2007.

Amano Pharmaceuticals. Novel Phytase. Japan Pat. 07067635 (1995).

Andriotis, V. M. E., Ross, J.D. Isolation and characterisation of phytase from
dormant Corylus avellana seeds. Phytochemistry 64:689-699, 2003.

Bae, H., Yanke, L., Cheng, K., Selinger, L. A novel method for detecting
phytase activity. J. Microbiol. Meth. 39:17-22, 1999.

Bai, Y., Yang, P., Wang, Y., Shi, P., Luo, H., Meng, K., Wu, B., Yao, B.
Phytase production by fermentation of recombinant Pichia pastoris in
monosodium glutamate wastewater. World J. Microbiol. Biotechnol. 25:1643-
1649, 2009. .

Barnett, G. M. Phosphorus forms in animal manure., Bioresour. Technol.
49:139-47, 1994.

Barrientos, L., Scott, J. J., and Murthy, P. P. Specificity of hydrolysis of phytic
acid by alkaline phytase from lily pollen. Plant Physiol. 106:1489-1495, 1994.
Baten, A., Ullah, A., Tomazic, V. J., Shamsuddin, A. M. Inositol-phosphate-
induced enhancement of natural killer cell activity correlates with tumor
suppression. Carcinogenesis. 10:1595-1598, 1989.

Berka, R. M., Rey, M. W., Brown, K. M., Bynu, T., Klotz, A. V. Molecular
characterization and expression of a phytase gene from the thermophilic fungus
Thermomyces lanuginosus. ppl. Environ. Microbiol. 64:4423-4427, 1998.
Berridge, M. J., Irvine, R.F. Inositol phosphates and cell signalling. Nature
341(6239):197-205, 1989. .
Bhavsar, K., Shah, P., Soni, S. K., Khire, J. M. Influence of pretreatment of
agriculture residues on phytase production by Aspergillus niger NCIM 563

under submerged fermentation conditions. African J Biotechnol. 7:1101-1106,

-2008.

144



[22]

[23]

[24]

[25]

[26]

[27]

[28]

129]

[301

[31]

BIBLTOGRAPHY

Biehl, R. R., Baker, D. H. Efficacy of supplemental 1a-hydroxycholecalciferol
and microbial phytase for young pigs fed phosphorus- or amino acid-deficient
corn soybean meal diets. J. Anim. Sci. 74:2960-2966, 1996.

Biehl, R. R., Baker, D. H. Microbial phytase improves amino.acid utilization in
young chicks fed diets based on soybean meal but not diets based on peanut
meal. Poult. Sci. 76:355-360, 1997.

Biehl, R. R., Baker, D. H., DeLuca, H. F. la-hydroxylated cholecalciferol
compounds act additively with microbial phytase to improve phosphorus, zinc
and manganese utilization in chicks fed soy-based diets. J. Nutr. 125:2407-2416,
1995.

Biehl, R. R., Emmert, J. L., Baker, D. H. Iron bioavailability in soybean meal as
affected by supplemehtal phytase and la-hydroxycholecalciferol. Poult. Sci.
76:1424-1427, 1997.

Billington, D. C. The inositol phosphates. Chemical synthesis and biological
significance. Verlag Chemie, Weinheim, 1993. |

Bitar, K., Reinhold, J. G. Phytase and alkaline phosphatase activities in intestinal
mucose of rat, chicken, calf, and man. Biochem. Biophys. Acta 268: 442-452,
1972. .

Blank, G. E., Pletcher, J., Sax, M. The structure of myo-inositol hexaphosphate,
dodecasodium salt octama-contahydrate: a single crystal x-ray analysis.
Biochem. Biophys. Res. Commun. 44:319-325, 1971.

Bogar, B., Szakacs, G., Linden, J. C., Pandey, A., Tengerdy, R. P. Optimization
of phytase production by solid substrate fermentation. J. Ind. Microbiol.
Biotechnol. 30:183—189, 2003a.

Bogar, B., Szakacs, G., Pandey, A., Abdulhameed, S., Linden, J. C., Tengerdy,
R. P. Production of phytase by Mucor racemosus in solid—state fermentation.
Biotechnol. Progr. 19:312-319, 2003b.

Bohn, L., Josefsen, L., Meyer, A.S., Rasmussen, S.K. Quantitative analysis of
phytate globoids isolated from wheat bran and characterization of their
sequential dephosphorylation by wheat phytase. J. Agric. Food Chem. 55:7547-
7552, 2007.

145



[32]

[33]

[34]

[35]

[36]

[37]

[38]

(39]

[40]

[41]

[42]

BIBLTOGRAPHY

Bohn, L., Meyer, S.A., Rasmussen, K.S. Phytate: impact on environment and
human nutrition. A challenge for molecular breeding. J. Zhejiang Univ. Sci. B.
9:165-191, 2008. o

Bohn, T., Davidsson, L., Walczyk, T., Hurrell, R.F. Phytic acid added to white-
wheat bread inhibits fractional apparent magnesium absorption in humans.
Americ J. Clin. Nutri. 79:418-423, 2004.

Boyce, A., Walsh, G. Comparison of selected physicochemical characteristics of
commercial phytases relevant to their application in phosphate pollution
abatement. J. Env. Sci. and Health Part A-Toxic/Hazardous Substances &
Environ. Eng. 41:789-798, 2006.

Boyce, A., Walsh, G. Purification and characterisation of an acid phosphatases

with phytase activity from Mucor hiemalis Wehmer. J. Biotechnol. 132:82-87,

2007.

Brown, E.C., Heit, M.L., Ryan, D.E., Phytic acid-Analytical investigation.
Canadian Journal of Chemistry-Revue Canadienne de Chimie. 39:1290—1297,-
1961.

Caldwell, R.A. Effect of calcium and phytic acid on the activation of
trypsinogen and the stability of trypsin. J. Agric Food Chem. 40:43—-46, 1992.
Cao, L., Wang, W.M., Yang, C.T., Yang, Y., Diana, J., Yakupitiyage, A., Luo,
Z., Li, D.P. Application of microbial phytase in fish feed. Enz. Microb:Technol.
40:497-507,2007.

Carter, S.B., Nokes, S.E., Crofcheck C.L. The influence of environmental
temperature and initial moisture content on Aspergillus niger growth and
phytase production in solid state cultivation. Americ. Soc. Agric. Eng. 47:945-
949, 2004.

Casey, A., Walsh, G. Identification and characterization of a phytase of potential
commercial interest. J. Biotechnol. 110:313-322, 2004.

Casey, A., Walsh, G. Purification and characterization of extracellular phytase
from Aspergillus niger ATCC 9142. Bioresour. Technol. 86:183-188, 2003.
Chadha, B. S., Gulati, H., Minhas, M., Saini, H. S., Singh, N. Phytase production
by the thermophilic fungus Rhizomucor pusillus. World J. Microbiol.

Biotechnol. 20:105-109, 2004.
146



[43]

[44]

(43]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

{53]

BIBLTOGRAPHY

Chelius, M. K., Wodzinski, R. J. Strain improvement of Aspergillus niger for
phytase production. Appl. Microbiol. Biotechnol. 41:79—83, 1994.

Chen, H., Wang, H., Xie, . Isolation, Purification and enzymological
characterization of phytase from Aspergillus niger N25. J. Sichuan Agric.
University. 19:77-79, 2001.

Cheryan, M. Phytic acid interactions in food systems. CRC Crit. Rev. Food Sci.
Nutr. 13:297-335, 1980.

Chi, H., Tiller, G. E., Dasouki, M. J. et al. Multiple inositol polyphosphate
phosphatase: evolution as a distinct group within the histidine phosphatase
family and chromosomal localization of the human and mouse genes to
chromosomes 10g23 and 19. Genomics. 56:324-336, 1999.

Cho, J.S., Lee, C.W., Kang, S.H., Lee, J.C., Bok, J.D., Moon, Y.S.., Lee, H.G.,
Kim, S.C., Choi, Y.J. Purification and characterization of a phytase from
Pseudomonas syringae MOK 1. Curr. Microbiol. 47:290-294, 2003.

Choi, Y. M., Noh, D. O., Cho, S. H., Lee, H. K., Suh, H. J., Chung, S. H.
Isolation of a phytase-producing Bacillus sp. KHU-10 and its phytase
production. J. Microbiol. Biotechnol. 9:223-226, 1999.

Chu, HM., Guo, R.T., Lin, T.'W., Chou, C.C., Shr, H.L., Lai, H.L., Tang, T.Y .,

.Cheng, K.J., Selinger, B.L., Wang, A.H.J. Structures of Selenomonas

ruminantium phytase in complex with persulfated phytate: DSP phytase fold and
mechanism for sequential substrate hydrolysis. Structure 12:2015-2024, 2004.
Claxson, A., Morris, C., Blake, D., Siren, M., Halliwell, B., Gustafsson, T.,
Lofkvist, B., Bergelin, I. The anti-inflammatory effects of D-myo-inositol-
1.2.6-trisphosphate (PP56) on animal models of inflammation. Agents Actions
29:68-70, 1990. _

Collopy, P.D., Royse D.J. Characterization of phytase activity from cultivated
ebidle mushrooms and their p ro d uc tion substrates. J. Agric. Food Chem.
52:7518-7524, 2004. _

Copper, J. R. Gowing, H. S. Mammalian small intestine phytase. Br. J. Nutr.
50:673-678, 1983.

Cosgrove, D. J. Inositol Phosphates: Their Chemiétry, Biochemistry and

Physiology. Elsevier, New York. 1980.
147



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

BIBLIOGRAPIY

Cosgrove, D. J. The chemistry and biochemistry of inositol polyphosphates.
Rev. Pure and Appl. Chem. 156:209-224, 1969.

Costello, A. J. R., Glonek, T., Myers, T. C. Phosphorus-31 nuclear magnetic
resonance—pH titration of hexaphosphate (phytic acid). Carbohydr. Res. 46:156-
171, 1976.

Craxton, A., Caffrey, J. J., Burkhart, W., Safrany, S. T., Shears, S. B. Molecular
cloning and expression of a rat hepatic multiple inositol polyphosphate
phosphatase. Biochem. J. 328:75-81, 1997.

Cromwell, G. L., Coffey, R. D., Monegue, H. J., Randolph, J. H. Efﬁcacy of
low-activity, microbial phytase in improving the bioavailability of phosphorus in
corn soybean meal diets for pigs. J. Animal Sci. 73:449-456, 1995a.

Cr(;mwell, G. L., Coffey, R. D,, Parkei‘, G. R., Monegue, H. J., Randolph, J. H.
Efficacy of a recombinant-derived phytase in improving the bioavailability of
phosphorus in corn-soybean meal diets for pigs. J. Animal. Sci. 73:2000-2008,
1995b.

Cromwell, G. L., Stahly, T. S., Coffey, R. D., Monegue, H. J., Randolph, J. H.
Efficacy of phytase in improving the bioavailability of phosphorus in soybean
meal and corn-soybean meal diets for pigs. J. Animal Sci. 71:1831-1840, 1993.
Cui, F. J,Li, Y., Xu, Z. H.,, Xu, H. Y., Sun, K., Tao, W. Y. Optimization of the
medium composition for production of mycelial biomass and exo-polymer by
Grifola frondosa GF9801 using response surface methodology. Bioresour.
Technol. 97:1209~1216, 2006.

Dav‘idson, J., Schiestl, R. Cancer Cell Biology. Harvard School Public Health,
665 Huntington Avenue, Boston, MA 02115, USA, 2000.

Davidsson, L., Almgren, A., Juillerat, M.A., Hurrell, R.F. Manganese absorption
in humans-The effect of phytic acid and ascorbic-acid in soy formula. American
Journal of Clinical Nutrition 62:984-987, 1995.

Davies, N. T. Effects of phytic acid on mineral availability. In Dietary Fiber in
Health and Disease. Vahoung, G. V. and Kritchevsky, D., Eds., Plenum Press,
New York. 1982.

148



[64]

[65]
[66]
[67]
[68]

[69]

[70]
[(71]

[72]

[73]

[74]

[75]

BIBLSTOGRAPHY

Davies, N. T., Nightingale, R. The effects of phytate on intestinal absorption and
secretion of zinc, and whole-body retention of Zn, copper, iron and manganese
in rats. Brit. J. Nutr. 34:243-258, 1975.

De Rham, O., Jost, T. Phytate protein interactions in soybean extracts and
lowphytate soy protein products. J. Food Sci. 44:596-600, 1979.

Delucca, A. J., Dischinger, C. Ullah, A. H. J. Identification of a phytase from
Citrobacter freundii. Abstr. Gen. Meet. Am. Soc. Microbiol. 92 Meet. 385,1992.
Deshpande, S. S., Cheryan, M. Effect of phytic acid, divalent cations, and their
interactions on alpha-amylase activity. J. Food Sci. 49:516-524, 1984.
Devendra, C. Malaysian feedstuffs. Serdang, Malaysian Agricultural Research
and Development Institute (MARDI), 145, 1979.

Dias, R. S., Lopez, S., Moreira, J. A., Schulin-Zeuthen, M., Vitti, D. M. S. S.,
Kebreab, E., France, J. Application of a kinetic model to describe phosphorus
metabolism in pigs fed a diet with a microbial phytase. J. Agric. Sci. 148:277-
286, 2010.

Dvorakova, J. Phytase: Sources, Preparation and Exploitation. Folia Microbiol.
43:323-338, 1998.

Dvorakova, J., Volfova, O., Kopecky, J. Characterization of phytase produced
by Aspergillus nigér. Folia Microbiol. 42:349-352, 1997.

Ebune, A., Al-Asheh, S., Duvnjak, Z. 1995. Production of phytase during solid
state fermentation using Aspergillus ficuum NRRL 3135 in canola meal.
Bioresour. Technol. 53:7-13; 1995a.

Ebune, A., Al-Asheh, S., Duvnjak, Z. Effect of phosphate, surfactants and
glucose on phytase production and hydrolysis of phytic acid in canola meal by

Aspergillus ficuum during solid—state fermentation. Bioresour. Technol. 54:241—

247, 1995b.

Egli, 1., Davidsson, L., Zeder, C., Walczyk, T., Hurrell, R. Dephytinization of a
complementary food based on wheat and soy increases zinc, but not copper,
apparent absorption in adults. J. Nutr. 134:1077-1080, 2004.

Ehrlich, K. C., Montalbano, B. G., Mullaney, E. J., Dischinger, H. C., Ullah, A.
H. J. Identification and cloning of a. second phytase gene (phyB) from

Aspergillus niger(ficuum). Biochem. Biophy. Res. Commun. 195:53-57, 1993.
149



[76]

[77]

[78]

[79]

[80]

[81]
[82]

[83]

[84]

185]

[86]

[87]

BIBLIOGRAPH Y

El-Batal, A. 1., Karem, H. A. Phytase production and phytic acid reduction in
rapeseed meal by Aspergillus niger during solid state fermentation. Food Res.
Int. 34:715-720, 2001.

El-Gindy, A. A. Production, purification and some properties of a-galactosidase
from Aspergillus niger. The African J. Mycol. Biotechnol. 10:1-9, 2002.
El-Gindy, A. A., Ibrahim, Z. M., Ali, U. F., El-Mahdy, O. M. Extracellular
Phytase Production by Solid-state Cultures of Malbranchea sulfurea and
Aspergillus Niveus on Cost-effective Medium. Res. J. of Agri. and Biol. Sci.
5:42-62, 2009.

Erdman, J. W., Jr. Oilseed phytates: Nutritional implications. J. Amer. Oil
Chem. Soc. 56:736-741. Escherichia coli. FEMS Microbiol. Lett. 162:185-191,
1979.

Ferguson, 1. B., Bollard, E. G. The movement of calcium in germinating pea
seeds. Ann. Bot. (London) 40:1047-1051, 1976.

Filer, K. The newest old way to make enzymes. Feed Mix. 9:27-29, 2001.

Fiske, C.H., Subbarow, Y. The colorimetric determination phosphorous. J. Biol.
Chem. 66:376-400, 1925.

Fogarty, W. M., Kelly, C. T. Starch degrading enzymes of microbial origin. Prog
Ind Microbiol 15:87—150, 1979.

Fredrikson, M., Andlid, T., Haikara, A., Sandberg, A. S. Phytate degradation by
microorganisms in synthetic media and pea flour. J Appl Microbiol. 93:197-204,
2002. |

Fretzdorff, B., Brummer, J. M., Rochen, W., Greiner, R., Konietzny, U., Jany,
K. D. Reduktion des Phytinsaure-Gehaites bei der Herstellung von Backwaren
und Getreidenahrmittein. AID-Verhraucherdienst. 40:12-20, 1995,

Freund, W. D., Mayr, G. W., Tietz, C., Schultz, J. E. Metabolism of inositol
phosphates in the protozoan Paramecium. Eur. J. Biochem. 207:359-367, 1992.
Fu, D., Huang, H., Luo, H., Wang, Y., Yang, P., Meng, K., Bai, Y., Wu, N,,
Yao, B. A highly pH-stable phytase from Yersinia kristeensenii: Cloning,
expression, and characterization. Enzyme Microb. Technol. 42:499-505, 2008.

150



[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

BIBLIOGRAPHY

Fujita, J., Yamana, Y., Fukuda, H., Ki-Zaki, Y., Wakabayashi, S., Shigeta, S.,
Suzuki O., Ono, K. Production and properties of phytase and acid phosphatase
from a sake koji mold, 4. oryzae. J. Biosci. Bioeng. 95:348-353, 2003.
Gangadharan, D., Sivaramakrishnan, S., Namp.oothiri, K. M., Sukumaran, R. K.,
Pandey, A. Response surface methodology for the optimization of alpha amylase
production by Bacillus amyloliquefaciens. Bioresour. Technol. 99:4597-602,
2008.

Garcia-Estepa, R. M., Guerra-Hernandez, E., Garcia-Villanova, B. Phytic acid
content in milled cereal products and breads. Food. Res. Int. 32:217-221, 1999.
Garcia-Villanova, R., Garcia—Villandva, R. J., Ruiz de Lope, C. Determination
of Phytic acid by complexometric titration of excess of iron (III). Analyst
107:1503-1506, 1982. '

Gargova, S., Sariyska, M. Effect of culture conditions on the biosynthesis of

Aspergillus niger phytase and acid phosphatase. Enzyme Microb. Technol.

32:231-235, 2003.

Garrett, J. B., Kretz, K. A., O’Donoghue, E., Kerovuo, J., Kim, W., Barton, N.
R., Hazlewood, G. P., Short, J. M., Robertson, D. E., Gray, K. A. Enhancing the
thermal tolerance and gastric performance of a microbial phytase for use as a
phosphate—mobilizing monogastric—feed supplement. Appl. Environ. Microbiol.
70:3041-3046, 2004. |
Gautam, P., Sabu, A., Pandey, A., Szakacs, G., Soccol, C. R.
Microbial production of extra-cellular phytase using pol-ystyrene avs inert solid
support. Bioresour. Technol. 83:229-33, 2002.

Gerhardt, P., Marquis, R. E. Spore thermoresistance mechanisms. In I. Smith, R.
Slepecky, and P. Setlow ed. Regulation of prokaryotic development. pp.17-63.
Washington, D. C.: Americ. Soc. Microbiol. 1989.

Ghareib, M. Biosynthesis, purification, and some properties of extracellular
phytase from 4spergillus carneus. Acta Microbiol. Hung. 37:412-418, 1990.
Ghareib, M., Youssef K.A., Nour M.M. el-Dein. Isolation and Characterization

of intracellular phytase from Macrophomina phaseolina. Zentrlbl Mikrobiol.

143:397-403, 1988.

151



BIBLTOGRAPHY

[98] Gibson, D. M., Ullah, A. B. J. Phytase and their actions of phytic acid. Pp:77-92
in Inositol Metabolism in Plants. Morre, D. J., Boss, W. F., Loewus, F. A. ed.
Wiley-Liss, New York. 1990.

[99] Gibson, D. M., Ullah, A. H. J. Purification and characterization of phytase from
cotyledons of germinating soybean seeds. Arch. Biochem. Biophys. 260:503-
513, 1988.

[100] Gohl, B. Tropical feeds. FAO Anim.Prod.Health Ser. 12:529, 1980.

[101] Golovan, S. P., Meidinger, R. G., Ajakaiye, A., Cottrill, M., Weiderkehr, M. Z.,
Barney, D., Plante, C., Pollard, J. W., Fan, M. Z., Hayes, M. A., Laursen, J.,
Hjorth, J. P., Hacker, R. R., Phillips, J. P., Forsberg, C. W. Pigs expressing
salivary phytase produce low-phosphorus manure; Nature Biotech. 19:741-745,
2001. '

[102] Golovan, S., Wang, G., Zhang, J., Forsberg, C. W. Characterization and

| overproduction of the Escherichia coli appA encoded bifuntional enzyme that
exhibits both phytase and acid phosphatase activity, Can. J. Microbiol. 46:59-71,
2000. ,

[103] Graf, E., Dintzis, F. R. Determination of phytic acid in foods by high—
performance liquid chromatography. J. Agric. Food Chem. 30:1094-1097,
1982b.

[104] Graf, E., Dintzis, F. R. High—performance liquid chrofnatographic method for
determination of phytate. Anal. Biochem. 119:413—417, 1982a.

[105] Graf, E., Eaton, J. W. Suppression of colonic cancer by dietary phytic acid.
Nutrition and Cancer. 19:11-19, 1993.

[106] Graf, E., Empson, K., Eaton, J. W. Phytic acid. A natural antioxidant. J. Biol.
Chem. 262:11647-11651, 1987.

[107] Grases, F., Simonet, B.M., Prieto, R.M., March, J.G. Phytate levels in diverse rat
tissues: Influence of dietary phytate. British Journal of Nutrition 86:225-231,
2001a. |

[108] Grases, F., Simonet, B.M., Prieto, R.M., March, J.G. Variation of InsP(4),

- InsP(5) and InsP(6) levels in tissues and biological fluids depending on dietary
phytate. Journal of Nutrional Biochemistry 12:595-601, 2001b.

152



BIBLSTOGRAPHY

- [109] Greiner, R. Purification and properties of a phytate-degrading enzyme from
Pantoea'agglomerans. Protein J. 23:567-576, 2004.

[110] Greiner, R., Alminger, M. L., Carlsson, N. G., Muzquiz, M., Burbano, C,,
Cuadrado, C., Pedrosa, M. M., Goyoaga, C. Pathway of dephosphorylation of*
myo-inositol hexakisphosphate by phytases of legume seeds. J. Agric. Food
Chem. 50:6865—6870, 2002a.

[111] Greiner, R., Alminger, M.L., Carlsson, N.G.. Stereospecificity of myo-inositol
hexakisphosbhate dephosphorylation by a phytate-degrading enzyme of baker’s
yeast. Journal of Agricultural and Food Chemistry 49:2228-2233, 2001a.

{112] Greiner, R., Carlsson, N.G., Alminger, M.L. Stereospecificity of myo-inositol
hexakisphosphate dephosphorylation by a phytate—degréding enzyme of
Escherichia coli. J. Biotechnol. 84:53-62, 2000a.

[113] Greiner, R., Farouk, A., Alminger, M.L., Carlsson, N.G. The pathway of
dephosphorylation of myo-inositol hexakisphosphate by phytate—degrading
enzymes of different Bacillus spp. Can. J. Microbiol. 48:986-994, 2002b.

[114] Greiner, R., Haller, E., Konietzny, U., Jany, K. D. Purification and
characterization of a phytase from Klebsiella terrigena. Arch. Biochem. Biophys.
341:201-206, 1997. |

[115] Greiner, R., Jany, K.D., Larsson Alminger, M. L. Identification and Properties of
myo -Inositol Hexakisphosphate Phosphohydrolases (Phytases) from Barley
(Hordeum vulgare). J. Cereal Sci. 31:127-139, 2000b. |

[116] Greiner, R., Konietzny, U: 'Convstruction of bioreactor to produce special
breakdown prqducts of phytate. J. Biotechnol. 48:153-159, 1996.

[117] Greiner, R., Konietzny, U. Phytase for food -application, Food Technol.
Biotechnol. 44:125-140, 2006,

[118] Greiner, R., Konietzny, U., Jany, K.D. Purification and characterization of two .
phytases from Escherichia coli. Arch. Biochem Biophys. 303:107-113, 1993.

[119] Greiner, R., Konietzny, U., Jany, K.D. Purification and properties of a phytase

| from rye. J. Food Biochem. 22:143-161, 1998.

[120] Greiner, R., Muzquiz, M., Burbano, C., Cuadrado, C., Pedrosa, M. M., Goyoga,

C. Purification and characterization of a phytate-degrading enzyme from

153



BIBLIOGRAPH Y

germinated faba beans (Vicia faba var. Alameda). J. Agric. Food Chem.
49:2234-2240, 2001b.

[121] Grinshpun, S. A., Adhikari, A., Li, C., Yermakov, M., Reponen,. L., Johansson,
E., Trunov, M. Inactivation ofAerosolizedViruses in Continuous Air Flow with
Axial Heating. Aerosol Sci. Technol. Submitted, 2010b.

[122] Grinshpun, S. A., Adhikari, A., Honda, T., Kim, K. Y., Toivola, M., Rao, K. S.
R., Reponen, T. Control of Aerosol Contaminants in Indoor Air: Combining the
Particle Concentration Reductionwith Microbial Inactivation. Environ. Sci.
Technol. 41:606—612, 2007.

[123] Grinshpun, S. A., Adhikari, A., Li, C., Reponen, T., Yermakov, M., Schoenitz,.
M., Dreizin, E., Trunov, M., Mohan, S. Thermal Inactivation of Airborne Viable
Bacillus Subtilis Spores by Short-Term Exposure in Axially Heated Air Flow. J.
Aerosol Sci. 41:352-363, 2010a.

[124] Grinshpun, S. A., Mainelis, G., Trunov, M., Adhikari, A., Reponen, T., Willeke,
K. Evaluation of Ionic Air Purifiers for Reducing Aerosol Exposure in Confined
Indoor Spaces. Indoor Air. 15:235-245, 2005.

[125]Gu, X. B., Zheng, Z. M., Yu, H. Q., Wang, J,, Liang, F. L., Liu, R. L.
Optimization of medium constituent for a novel lipopeptide production by
Bacillus subtilis MO-O1 by a response surface method. Proc. Biochem.
40:3196-3201, 2005. ,

[126] Gulati, H. K., Chadha, B. S., Saini, H. S. Production and characterization of
thermostable alkaline phytase’ from Bacillus laevolacticus isolated from
rhizosphere soil. J.Ind.Microbiol.Biotechnol. 34:91-98, 2007.

[127] Gulati, H. K., Chadha, B. S., Saini, H. S. Production, purification and
characterization of thermostable phytase from thermophilic fungus
Thermomyces lanugino.é'us TL-7. Acta Microbiol. Immunol. Hung. 54:121-138,
2007.

[128] Gunashree, B. S., Venkateswaran, G. Effect of different cultural .conditions for
production of phytase by Aspergillus niger CFR 335 under submerged and solid
state fermentations. J. Ind. Microbiol. Biotechnol. 35:1587-1596, 2008.

154



BIBLTOGRAPHY

[129] Ha, N. C., Kim, Y. O., Oh, T. K., Oh, B. H. Preliminary X-ray crystallographic
analysis of a novel phytase from a Bacillus amyloliquefaciens strain. Acta
Crystallographica Section D-Biological Crystallography. 55:691-693, 1999.

[130] Ha., N. C., Oh, B. C,, Shin, S., Kim, H. J., Oh, T. K., Kim, Y. O., Choi, K. Y.,
Oh, B. H. Crystal structures of a novel, thermostable phytase in partially and
fully calcium loaded states. Nat. Struct. Biol. 7:147-153, 2000.

[131] Haaland, P. D. Statistical problem solving. In: Haaland PD (ed) Experimental
design in biotechnology. New York: Marcel Dekker, Inc. 1-18, 1989.

[132] Haefner, S., Knietsch, A., Scholten, E., Braun, J., Lohsch¢idt, M., Zelder, O.
Biotechnological production and applications of phytases. Appl. Microbiol.
Biotechnol. 68:588-597, 2005. ’

[133] Hallberg, L., Brune, M., Rossander, L., Iron-absorption in man—ascorbic-acid
and dose-dependent inhibition by phytate. American Journal of Clinical
Nutrition 49:140-144, 1989.

[134] Haﬁ, Y. M., Yang, F., Zhou, A. G., Miller, E. R., Ku, P. K., Hogberg, M. G.,
Lei, X. G. Supplemental phytases of microbial and cereal sources improve
dietary phytate phosphorus utilization by pigs from weaning through finishing. J.
Anim. Sci. 75:1017-1025, 1997.

[135] Han, Y. W., Gallagher, D. J., Wilfred, A. G. Phytase production by Aspergillus-
Jficuum on semisolid substrate. J. Ind. Microbiol. 2:195-200, 1987.

[136]Han, Y., Lei, X. G. Role of glycosylation in the functional expression of an
Aspergillus niger phytase (phyA) in Pichia pastoris. Arch. Biochim. Biophys.
364:83-90, 1999.

[137]Han, Y., Wilson, D.B., Lei, X.G. Expression of an Aspergillus niger phytase
gene (phyA) in Saccharomyces cerevisiae. Appl. Environ. Microbiol. 65:1915—
1918, 1999.

[138] Hara, A., Ebina, S., Kondo, A., Funaguma, T. A new type of phytase from
pollen of Typha-Latifolia . Agric. Biolog. Chem. 49:3539-3544, 1985.

‘ [139] Haraldsson, A. K., Veide, J., Andlid, T., Alminger, M. L., Sandberg, A. S.

Degradation of phytate by high-phytase Saccharomyces cerevisiae strains during

- simulated gastrointestinal digestion. J Agric Food Chem 53:5438-5444, 2005.

155



- svooRATIHY

[140] Harmer, A. R., Gallacher, D. V., Smith, P. M. Correlations between the
functional integrity of the endoplasmic reticulum and polarized Ca2+ signalling
in mouse lacrimal acinar cells: a role for inositol 1,3,4,5-tetrakisphosphate.
Biochem. J. 367:137-143, 2002.

[141] Haros, M., Rosell, C.M., Benedito, C. Fungal phytase as a potential
breadmaking additive. Europ. Food Res. Technol. 213:317-322, 2001a.

[142] Haros, M., Rosell, C.M., Benedito, C. Use of fungal phytase to improve
breadmaking performance of whole wheat bread. J. Agric. Food Chem. 49:5450-
5454,2001b.

[143] Hartman, Jr., G. H. Removal of phytate from soy protein. J. Am. Oil Chem. Soc.
56:731-735, 1979.

[144]Hegeman, C. E., Grabau, E. A. A novel phytase with sequence similarity to
purple acid phosphatases is expressed in cotyledons of germinating soybean
seedlings. Plant Physiol. 126:1598-1608, 2001.

[145] Hirabayashi, M., Mastui T., Yano, H. Fermentation of soybean flour with
Aspergillus usamii improves availabilities of zinc and iron in rats. J. Nutri. Sci.
and Vitaminol. 44:877-886, 1998.

[146] Holker, U. Bioreactor for fermenting solids. Patent PCT WO 01/19954, 2000.

[147] Hossain, M. A., Jauncey, K. Detoxification of Linsced And Sesame Meal and
Evaluation of their Nutritive Value in the Diet of Common Carp (Cyprinus
carpio L.). Asian Fisheries Sci. 3:169—-183, 1990.

[148] Houde, R.L., Alli, 1., Kermasha, S. Purification and characterization of canola
seed (Brassica sp.) phytase. J. Food Biochem. 14:331-351, 1990.

[149] Howson, S. J., Davis, R. J. Production of phytate-hydrolysing enzyme by fungi.
Enzy. Microbiol. Technol. 5:377-382, 1983.

[150] Huang, H., Luo, H., Wang, Y., Fu, D., Shao, N., Wang, G., Yang, P, Yao, B. A
novel phytase from Yersinia rhodei with high phytate hydrolysis activity under
low pH and strong pepsin conditions. Appl. Microbiol. Biotechnol. 80: 417426,
2008. |

[151] Huang, H., Luo, H., Yang, P., Meng, K., Wang, Y., Yuan, T., Bai, Y., Yao, B. A
novel phytase with preferable characteristics from Yersinia intermedia.

Biochem. Biophys. Res. Comm. 350:884-889, 2006.
156



BIBLTOGRAPHY

[152] In, M. J., Seo. S. W., Oh, N. S. Fermentative production and application of acid
phytase by Saccharomyces cerevisiae CY strain. Afr. J. Biotechnol. 7:3115-
3120, 2008. _

[153] Inagawa, J., Kiyosawa, 1., Nagasawa, T. Effect of phytic acid on the hydrolysis
of lactose with beta-galactosidase. Agric. Biol. Chem. 51:3027-3032, 1987.
[154] Irving, G. C. J.,, Cosgrove, D. J. Inositol phosphate phosphatases of
| microbiological origin. Some properties of a partially purified bacterial phytase.

Aust J Biol Sci. 24:547-557, 1971.

[155] TUPAC-IUB (Commission on Biochemical Nomenclature) Nomenclature of
phosphorus containing compounds of biochemical importance. Eur. J. Biochem.
79:1-9, 1977.

[156] IUPAC-IUB. Numbering of atoms in myo-inositol. Recommendations
Nomenclature Committee of the International Union of Biochemistry. Biochem.
J. 258:1-2, 1988.

[157] TUPAC-IUB. The nomenclature of cyclitols. Eur. J. Biochem. 5:1, 1968.

[158] Jareonkitmongol, S., Ohya, M., Watanabe, R., Takagi, H., Nakamori, S. Partial
purification of phytase from a soil isolate bacterium, Klebsiella oxytoca MO-3.
J. Ferment. Bioeng. 83:393-394, 1997. '

[159] Jin, H., Zheng, Z., Gao, M., Duan, Z., Shi, Z., Wang, Z., Jin, J. Effective
induction of phytase in Pichia pastoris fed-batch culture using an ANN pattern
recognition model-based on-line adaptive control strategy. Biochem. Eng. J.
37:26-33, 2007.

[160] Jog, S.P., Garchow, B.G., Mehta, B.D., Murthy, P.P.N., Alkaline phytase from
lily pollen: Investigation of biochemical properties. Arch. Biochem. Biophy.
440:133-140, 2005.

[161] Johansson, E., Adhikari, A., Reponen, T., Yermakov, M., Grinshpun, S. A.
Association Between Increased DNA Mutational Frequency and Thermal
Inactivation of Aerosolized Bacillus Spores Exposed to Dry Heat. Aerosol
Science and Technol. 45:376-381, 2011.

[162] Johnson, L., Tate, M. The structure of myo-inositol pentaphosphates. Ann. A.N.
Acad. Sci. 165:526-535, 1969.

157



BIBLIOGRAPHY

[163] Johnston, S. L., Williams, S. B., Southern, L. L., Bidner, T. D. Bunting, L. D.,
Matthews, J. O., Olcott, B. M. Effect of phytase addition and dietary calcium
and phosphorus levels on plasma metabolites. and ileal and total-tract nutrient
digestibility in pigs. J. Anim. Sci. 82:705-714, 2004.

[164] Jongbloed, A. W., Mroz, Z., Kemme, P. A. The effect of supplementary
Aspergillus niger phytase in diets for pigs on concentration and apparent
digestibility of dry matter, total phosphorus, and phytic acid in different sections
of the alimentary tract. J. Animal Sci. 70:1159-1168, 1992.

[165] Jongbloed, A.W., van Diepen, J.T.M., Kemme, P.A., Broz, J. Efficacy of
microbial phytase on mineral digestibility in diets for gestating and lactating
sows. Livestock Prod. Sci. 91:143-155, 2004. ‘

[166] Kalil, S. J., Maugeri, F., Rodrigues, M. I. Response surface analysis and
stimulation as a tool for bioprocess design and optimization. Proc. Biochem.
35:539-550, 2000. |

[167] Kaur P, Satyanarayana T. Production of cell-bound phytase by Pichia anomala in
an economical cane molasses medium: Optimization using statistical tools.
Process Biochem. 40:3095-3102, 2005.

[168] Kerovou, J., Lauraeus, M., Nueminen, P., Kalkkinen, N., Apajalahti, J. Isolation,
characterization, molecular gene cloning, and sequencing of a novel phytase
from Bacillus subtilis. Appl. Environ. Microbiol. 64:2079-2085, 1998.

[169] Kerovuo, J., Rouvinen, J., Hatzack, F. Analysis of myo-inositol
hexakisphosphate hydrolysis by Bacillus phytase: indication of a novel reaction
mechanism. Biochem J. 352:623-628, 2000.

[170] Khuri, A. I, Cornell, J. A. Response Surfaces: Desigh and Analysis. Marcel
Dekker, Inc., New York. 1987.

[171]Kim, D. H., Oh, B. C., Choi, W. C., Lee, J. K., Oh, T. K. Enzymatic evaluation
of Bacillus amyloliquefaciens phytase as a feed additive. Biotech. Lett. 21:925-
927, 1999a.

[172]1Kim, D. S., Godber, J. S., Kim, H. R. Culture conditions for a new phytase-
producing fungus. Biotechnol. Lett. 21:1077-1081, 1995c.

158



BIBLIOGRAPHY

[173]Kim, H. W., Kim, Y. O., Lee, J. H.,, Kim, K. K., Kim, Y. J. Isolation and
characterization of a phytase with improved properties from Citrobacter braakii.
Biotechnol. Lett. 25:1231-1234, 2003.

[174] Kim, T., Mullaney, E. J., Porres, J. M., Roneker, K. R., Crowe, S., Rice, S., Ko,
T., Ullah, A. H. J., Daly, C. B., Welch, R., Lei, X. G.. Shifting the pH Profile of
Aspergillus niger PhyA Phytase To Match the Stomach pH Enhances Its
Effectiveness as an Animal Feed Additive. Appl. Environ. Microbiol. 72:4397—
4403, 2006. '

[175]Kim, Y. O., Lee, J. K., Kim, H. K., Yu, J. H., Oh, T. K. Cloning of the
thermostable phytase gene (phy) from Bacillus sp. DS11 and its overexpression
in Escherichia coli. FEMS Microbiol. Lett. 162:185-191, 1998b.

[176]Kim, Y. O., Lee, J. K., Oh, B. C., Oh, T. K. High-level expression of a
recombinant thermostable phytase in Bacillus subtilis. Biosci. Biotechnol.
Biochem. 63:2205-2207, 1999b.

[177]Kim, Y. O., Kim, H. K., Bae, K. S., Yu, J. H,, Oh, T. K. Purification and
properties of a thermostable phytase from Bacillus sp. DS11. Enzyme Microb.
Technol. 22:2-7, 1998a.

[178] Konietzny, U., Greiner, R. Molecular and catalytic properties of phytate-
degrading enzymes (phytases). Int. J. Food Sci. Technol. 37:791-812, 2002.
[179] Kostrewa, D., Gruninger-Leitch, F., D’Arcy, A., Broger, C., Mitchell, D., van
Loon, P. G. M. Crystal structure of phytase from Aspergillus ficuum at 2.5 A

* resolution. Nat. Struct. Biol. 4:185-190, 1997.

'[180] Kostrewa, D., Wyss, M., D'Arcy, A., van Loon, A. Crystal structure of
Aspergillus niger pH 2.5 acid phosphatase at 2.4 angstrom resolution. J. Mol.
Biol. 288:965-974, 1999.

[181] Krishna, C., Nokes, S. E. Influence of inoculums size on phytase production in
solid state fermentation b y Aspergillus niger. Transactions of 'the ASAE.
44:1031-1036, 2001.

[182] Krishna, C., Nokes, S.E. Predicting vegetative inoculum performance to
maximize phytase production in solid-state fermentation using response surface
methodology. Journal of Industrial Microbiology and Biotechnology. 26:161-

170, 2001.
159



BIBLIOGRAPHY

[183] Kwanjira, C., Duangnetre, I.A. Suthum 1., Saovanée, D. Phyase activity from A.
oryzae AK9 cultivated on solid state soybean meal medium. Proc. Biochem.
40:2285-2289, 2005.

[184] Laboure, A. M., Gagnon, J., Lescure, A. M. Purification and characterization of"
a phytase (myo-inositol hexakisphosphate phosphohydrolase) accumulated in
maize (Zea mays) seedlings during germination. Biochem. J. 295:413-419, 1993.

[185] Laemmli, U. Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature. 227:680—685, 1970.

[186] Lambrechts, C., Boze, H., Segueilha, L., Moulin, G., Galzy, P. Influence of
culture conditions on the biosynthesis of Schwanniomyces castellii phytase.
Biotechnol. Lett. 15:399-404, 1993.

[187] Lambrechts, C., Boze, H., Segueilha, L., Moulin, G., Galzy, P. Utilization of
phytate by some yeasts. Biotechnol. Lett. 14:61-66, 1992.

[188] Lan, G. Q., Abdullah, N., Jalaludin, S., Ho, Y. W. Culture conditions influencing
phytase production of Mitsuokella jalaludinii, a new bacterial species from the
rumen of cattle. J. Appl. Micro. 93:668-74, 2002a.

[189] Lan, G. Q., Abdullah, N., Jalaludin, S., Ho, Y. W. Efficacy of supplementation
of a phytase-producing bacterial culture on the performance and nutrient use of
broiler chickens fed corn-soybean meal diets. Poult. Sci. 81:1522-1532, 2002b.

[190] Lassen, S.F., Breinholt, J., stergaard, P.R, Brugger, R., Bischoff, A., Wyss, M.,
Fuglsang, C.C. Expression, gene cloning and characterization of five novel
phytases from four basidiomycete fungi: Peniophora lycii, Agrocybe pediades, a
Ceriporia sp., and Trametes pubescens. Appl. Environ. Microbiol. 67:4701—
4707, 2001.

[191] Lee, J. W. K., Edwards, C. W., Hulett, F. M. Bacillus licheniformis Apase I gene
promoter: a strong well-regulated promoter in B. subtilis. J. Gen. Microbiol.
137:1127-1133, 1991.

[192] Lehmann, M., Pasamontes, L., Lassen, S. F., Wyss, M. The consensus concept
for thermostability engineering of proteins. Biochem. Biophys. Acta. 1543:408—
415, 2000.

[193] Lei, X. G., Porres, J. M. Phytase enzymology, applications, and biotechnology.

Biotechnol. Lett. 25:1787-94, 2003.
160



BIBLTOGRAPIHY

[194] Lei, X., Ku, P. K., Miller, E. R., Ullrey, D. E., Yokoyama, M. T. Supplemental
microbial phytase improves‘ bioavailability of dietary zinc to weanling pigs. J.
Nutr. 123:1117-1123, 1993.

[195] Leifa, F., Pandey, A., Soccol, C. R. Solid state cultivation--an efficient method
to use toxic agro-industrial residues. J. Basic Microbiol. 40:187-97, 2000.

[196]Li, X. Y., Liu, Z. Q., Chi, Z. M. Production of phytase by a marine yeast
Kodamaea ohmeri BG3 in an oats medium: optimization by response surface
methodology. Bioresour. Technol. 99:6386—6390, 2008.

[197]Lim, D., Golovan, S., Forsberg, C. W., Jia, Z. C. Crystal structures of
Escherichia coli phytase and its complex with phytate, Nat. Structural Biol.
7:108-113, 2000.

[198] Liu, J. C., Ockenden, 1., Truax, M., Lott, J. N. A. Phytic acid-phosphorus and
other nutritionally important mineral nutrient elements in grains of wild-type and
low phytié acid (Ipal-1) rice. Seed Sci. Res. 14:109-116, 2004.

[199] Lonnerdal, B. Effects of milk and milk components on calcium, magnesium, and
trace element absorption during infancy. Physiological Reviews. 77:643-669,
1997. .

[200] Lonsane, B. K., Ghildyal, N. P., Budiatman, S., Ramakrishna, S.V. Engineering
aspects of solid state fermentation. Enzy. Micro. Technol., 7:258-265, 1985.
[201] Lonsane, B. K., Ramesh, M. V. Production of bacterial thermostable a-amylase
by solid state fermentation: a potential tool for achieving economy in enzyme

production and starch hydrolysis. Adv. Appl. Microbiol. 35:1-56, 1990.

[202] Lopes, J. B., Moreira, J.A., Kebreab, E., Vitti, D. M. S. S., Abdalla, A. L.,
Crompton, L. A., France, J. A model on biological flow of phosphorus in
growing pigs. Arquivo Brasileiro de Medicina Veterinaria e Zootecnia 61:691-
697, 2009.

[203]Lott, J. N. A., Ockenden, I, Raboy, V., Batten, G. D. Phytic acid and

| phosphorus in crop seeds and fruits: A global estimate' (Errata). Seed Sci. Res.
11:181, 2001.

[204] Lott, J. N. A., Ockenden, I, Raboy, V., Batten, G. D. Phytic acid and
phosphorus in crop seeds and fruit: a global estimate. Seed Sci. Res. 10:11-33,

2000.
161



BIBLIOGRAPHY

[205] Lowry, O. H., Rosebrough, N. J., Farr, A. L., Randall, R. J. Protein measurement
with the folin phenol reagent. J. Bio. Chem., 193:265 275, 1951.

[206] Macbeth, M.R., Schubert, H.L., van Demark, A.P., Lingam, A.T., Hill, C.P.,
Bass, B.L. Inositol hexakisphosphate is bound in the ADAR2 core and required
for RNA editing. Science 309:1534-1539, 2005.

[207] Maddaiah, V.T., Kurnick, A.A., Reid, B.L. Phytic acid studies. Proceedings of
the Society for Experimental Biology and Medicine 115:391-393, 1964.

[208] Mandvinala, T. N., Khire, J. M. Production of high activity thermostable phytase
from thermotolerant Aspergillus niger in solid state fermentation. J. Ind.
Microbiol. Biotechnol. 24:237-243, 2000.

[209] Martin, J.A., Murphy, R.A., Power, F.G. Purification and physico-chemical
characterization of genetically modified phytases expressed in Aspergillus
awamori. Biores. Technol. 97: 1703-1708, 2006.

[210] Mayer, A. F., Hellmuth, K., Schlieker, H., Lopez-Ulibarri, R., Oertel, S.,
Dahlems, U., Strasser, A. W. M., vaﬁ Loon, A. P. G. M. An expression system
matures: a highly efficient and cost-effective process for phytase production by
recombinant strains of Hansenula polymorpha. -Biotechnol. Bioeng. 63:373-381,
1999. _

[211]Mayr, G. W. Mass determination of inositol phosphates by high-performance
liquid chromatography with postcolumn complexometry (imetal-dye detection).
In Methods in Inositide Research Irvine, R. F., Ed., Raven Press, New York.
1990.

[212] McCance, R. A., Widdowson, E.M. Phytic acid. British Journal of Nutrition
2(4):401-403, 1949.

[213] McCollum, E. V., Hart, E. B. On the occurrence of a phytin-splitting enzyme in
animal tissue. J. Biol. Chem. 4:497-500, 1908.

[214] Migita, K., Lu, L., Zhao, Y., Honda, K., Iwamoto, T., Kita S., Katsuragi, T.
Adenosine induces ATP release via an inositol 1,4,5-trisphosphate signaling
pathway in MDCK cells. Biochem. Biophy. Res. Commun. 328:1211-1215,
2005.

[215] Miller, G. L. Use of dinitrosalicylic acid reagent for determination of reducing

sugar. Anal. Chem. 31:426—429, 1959.
162



BIBLTOGRAPHY

[216] Mitchell, D. B., Vogel, K., Weimann, B. J., Pasamontes, L., van Loon, A. P. G.
M. The phytase subfamily of histidine acid phosphatases: Isolation of genes for
two novel phytases from the fungi Aspergillus terreus and Myceliophthora
thermophila. Microbiol. 143:245-252, 1997.

[217] Mitchell, D., Lonsane, B. Definition, Characteristics and Potential. In solid
substrate cultivation, 1-13. 1992.

[218] Mitchell, R. D., Edwards, H. M. Effect of phytase and 1,25-
dihydroxycholecalciferol on phytate utilization and the quantitative requirement
for calcium and phosphorus in young broiler chickens. Poult. Sci. 75:95-110,
1996.

[219] Modlin, M. Urinary phosphorylated inositqls and renal stone. Lancet. 2: 1113-
1114, 1980.

[220] Molony, A. P., O'Rorke, A., Considine, P. J., Coughlan, M. P. Enzymatic
saccharification of sugar beet pulp. Biotechnol Bioeng 26:714-18, 1984.

[221] Mullaney, E. J., Daly, C. B., Ullah, A. H. J. Advances in phytase research. Adv.
Appl. Microbiol. 47:157-199, 2000.

[222] Mullaney, E. J., Ullah, A. H. Conservation of the active site motif in Aspergillus
niger (ficuum) pH 6.0 optimum acid phosphatase and kidney bean purple acid
phosphatase. Biochem. Biophys. Res. Commun. 243:471-473, 1998a.

[223] Mullaney, E. J., Ullah, A. H. J. The term phytase comprises several different
classes of enzymes. Biochem. Biophys. Res. Commun. 312:179-184, 2003.

[224] Mullaney, E.J., Daly, C.B., Kim, T., Porres, .M., Lei, X.G., Sethumadhavan K.,
Ullah, A.H.J. Site-directed mutagenesis of Aspergillus niger NRRL 3135
phytase at residue 300 to enhance catalysis at pH 4.0. Biochem Biophys Res.
Commun. 297:1016—-1020, 2002.

[225] Mundra, P., Desai, K., Lele, S. S. Application of response surface methodology
to cell immobilization for the production of palatinose. Bioresour Technol
08:2892-2896, 2007.

[226] Nagashima, T., Tange, T., Anazawa, H. Dephosphorylation of phytate by using
the Aspergillus niger phytase with a high a affinity for phytate. Applied and
Environmental Microbiology 65:4682—4684, 1999,

163



BIBLIOGRAPIH Y

[227] Nair, V. C., Laflamme, J., Duvnjak, Z., Production of phytase by Aspergillus-
Sficuum and reduction of phytic acid content in canola-meal. J. Sci. Food Agric.
54:355-365, 1991. ‘

[228] Nakamura, Y., Fukuhara, H., Sano,l K. Secreted phytase activities of yeasts.
Biosci Biotechnol Biochem 64:841—-844, 2000.

[229] Nakano, T., Joh, T., Tokumoto, E., Hayakawa, T. Purification and
characterization of phytase from bran of Triticum aestivum L. Cv. Nourin #61.
Food Sci. Technol. Res. 5:18-23, 1999.

[230] Nampoothiri K. M., Begum, K., Sabu, A., Szakacs, G., Pandey, A. Microbial
phytase- a tool for enhanced phosphorus removal, Proceedings of Indo-Italian
Workshop on Emerging technologies for Industrial Wastewater Treatment and
Environment, (eds) L Szpyrkowicz, S N Kaul, N N Rao and D M
Dharmadhikari, Published by NEERI, Nagpur, pp. 364-370, 2002.

[231] Nampoothiri, K. M., Pandey, A. Solid state fermentation for production of
glutamic acid using Brevibacterium sp.. Biotechnology Letters 18:199-204,
1996.

[232] Nampoothiri, K. M., Tomes, G. J., Roopesh, K., Szakacs, G., Nagy, V., Soccol,
C. R., Pandey, A. Thermostable phytase production by Thermoascus aurantiacus
in submerged fermentation. Appl. Biochem. Biotechnol. 118:205-214, 2004.

[233] Nayini, N. R., Markakis, P. Phytases. In Phytic Acid: Chemistry and
Applications. Pilatus Press, Minneapolis. 1986.

[234] Nayini, N. R., Markakis, P. The phytase of yeast. Food Sci. Technol. 17:126-
132, 1984.

[235] Neevel, J.G. Phytate—A potential conservation agent for the treatment of ink
corrosion caused by irongall inks. Restaurator-International Journal for the
Preservation of Library and Archival Material 16(3):143-160, 1995.

[236] Nelson, T. S. The utilization of phytate phosphorus by poultry-A review. Poult.
Sci. 46:862-871, 1967.

[237] Nelson, T. S., Shieh, T. R., Wodzinski, R. J.,, Ware, J. H. The availability of
phytate phosphorus in soybean meal before and after treatment with a mold
phytase. Poult. Sci. 47:1842-1848, 1968b.

164



BIBLIOGRAPHY

[238] Nelson, T.S. Phytate phosphorus content of feed ingredients derived from plants.
Poultry Science. 47: 1372-1374.1968a.

[239] Nolan, K. VB., Duffin, P. A., Mc Weeny, D. J. Effect of phytate on mineral
bioavalability. In vitro studies on Mg2+,l Ca2+, Fe3+, Cu2+ and Zn2+ (also
Cd2+) solubilities in the presence of phytate. J. Sci. Food Agr. 40:79-85, 1987.

[240] Novozymes General Report, (2003). http://www.novozymes.com.

[241] Oberleas, D., Harland, B. F. Impact of phytic acid on nutrient availability. Pp:
77-84 in: Phytase in Animal Nutrition and Waste Management. M. B. Coelho
and E. 1996.

[242] Oh, B.C., Choi, W.C., Park, S., Kim, Y.O., Oh, T. K. Biochemical properties
and substrate specificities of alkaline and histidine acid phytases. Applied
Microbiology and Biotechnology 63:362-372, 2004.

[243] Ohkawa, T., Ebisuno, S., Kitagawa, M., Morimoto, S., Miyazaki, Y., Yasukawa,
S. Rice bran treatment for patients with hypercalciuric stones: experimental and
clinical studies. J. Urol. 132: 1140-1145, 1984.

[244] Oyenuga, V. A. Nigeria's foods and feeding stuffs. Ibadan, Ibadan University

" Press, 99, 1968.

[245] Pagano, A.R., Roneker, K.R., Lei, X. Distribution of supplemental Escherichia
coli AppA2 phytase activity in digesta of various gastrointestinal segments of
young pigs. J. Anim. Sci. 85:1444—1452, 2007.

[246] Pallauf, J., Rimbaéh, G. Nutritional significance of phytic acid and phytase. -
Arch. Anim. Nutr. 50:301-319, 1996.

[247] Pallauf, J., Rimbach, G., Pippig, S., Schindler, B., Most, E. Effect of phytase
supplementation to a phytate-rich diet based on wheat, barley and soya on the
bioavailability of dietary phosphorus, calcium, magnesium, zinc, and protein in
piglets. Agribiol. Res. 47:39-48, 1994.

[248] Palva, 1. Molecular cloning of a-amylase gene from Bacillus amyloliquefaciens
and its expression in Bacillus subtilis. Gene 19:81-87, 1982.

[249] Pandey, A. (Ed.). Advances in Biotechnology. Educational Publishers, New
Delhi, 514, 1998.

[250] Pandey, A. Aspects of design of fermenter in solid state fermentation. Proc.

Biochem. 26:355-361, 1991.
165



BIBLTOGRAPIHY

[251] Pandey, A. Recent developments in solid state fermentation. Proc. Biochem.
27:109-117, 1992.

[252] Pandey, A. Solid state fermentation - an overview. In: Pandey, A. (Ed.), Solid
State Fermentation. Wiley Eastern Limited, New Delhi. 3-10, 1994.

[253] Pandey, A. Solid—state fermentation. Biochem. Eng. J. 13:81-84, 2003.

[254] Pandey, A., Benjamin, S., Soccol, C. R., Krieger, N., Soccol, V. T. The realm of
microbial lipases in biotechnology. Biotechnol. Appl. Biochem. 29:119-132,
1999c.

[255] Pandey, A., Nigam, P., Soccol, C. R., Soccol, V. T., Singh, D., Mohan, R.
Advances in microbial amylases. Biotechnol. Appl. Biochem. 31:135-152,
2000. 7

[256] Pandey, A., Selvakumar, P., Soccol, C. R., Nigam, P. Solid-state fermentation
for the production of industrial enzymes. Curr. Sci. 77:149-162, 1999a.

[257] Pandey, A., Selvakumar, P., Soccol, C. R., Soccol, V. T., Krieger, N., Fontana,
J. D. Recent developments in microbial inulinases - its production, properties
and industrial applications. Appl. Biochem. Biotechnol. 81:35-52, 1999b.

[258] Pandey, A., Soccol, C. R. Bioconversion of biomass: a case study of ligno-
cellulosics bioconversions in solid state fermentation. Braz. Arch. Biol. Technol.
41:379-390, 1998.

[259] Pandey, A., Soccol, C. R. Economic utilization of crop residues for value

~ addition - a futuristic approach. J. Sci. Ind. Res. 59:12-22, 2000.

[260] Pandey, A., Soccol, C.. R., Mitchell, D. A. New developments in solid state
fermentation. I-bioprocesses and products. Proc. Biochem. 35:1153-1169,
20005.

[261] Pandey, A., Soccol, C. R., Nigam, P., Brand, D., Mohan, R., Roussos, S.
Biotechnological potential of coffee pulp and coffee husk for bioprocesses.
Biochem. Eng. J. 6:153-162, 2000d.

[262] Pandey, A., Soccol, C. R., Nigam, P., Soccol, V. T. Biotechnological potential of
agro-industrial residues: I Sugarcane bagasse. Bioresour. Technol. 74:69-80,
2000b.

166



BIBLIOGRAPHY

[263] Pandey, A., Soccol, C. R., Nigam, P., Soccol, V. T., Vandenberghe, L. P. S.,
Mohan, R., Biotechnological potential of agroindustrial residues: II Cassava
bagasse. Bioresour. Technol. 74:81-87, 2000c.

[264] Pandey, A., Szakacs, G., Soccol, C. R., Rodriguez-Leon, J. A., Soccol, V. T.
Production, purification and properties of microbial phytases. Bioresour.
Technol. 77:203-214, 2001.

[265] Papagianni, M. Fungal morphology. In: Kristiansen B,~Mattey M, Linden J,
editors. Citric acid Biotechnology. London: Taylor and Francis. 69—-84, 1999.

[266] Papagianni, M., Nokes, S. E., Files, K. Submerged and solid-state phytase
fermentation by A. niger: Effects of agitation and medium viscosity on phytase
production, fungal morphology and inoculums performance. Food Technol.
Biotechnol. 39:319-326. 2001.

[267] Park, Y. F., Kai, K., lijima, S., Kobayashi, P. Enhanced pB-galactosidase
production by high cell-density culture of recombinant Bacillus subtilis with
glucose concentration control. Biotechnol. Bioeng. 40:686-696, 1992.

[268] Pasamontes, L., Haiker, M., Henriquez-Huecas, M., Mitchell, D. B., van Loon,
A. P. G. M. Cloning of the phytases from Emericella nidulans and the
thermophilic fungus 7. alaromyées thermophilus. Biochim. Biophys. Acta
1353:217-223, 1997a.

[269] Pasamontes, L., Haiker, M., Wyss, M., Tessier, M., vanLoon, A. P. G. M. Gene
cloning, purification, and characterization of a heat—stable phytase from the
fungus Aspergillus fumigatus. App. Env. Microbiol. 63:1696—-1700, 1997b.

[270] Pavlova, K., Gargova, S., Hristozova, T., Tankova, Z. Phytase from Antarctic
yeast strain Cryprococcus laurentii AL27. Folia Microbiol. 53:29-34, 2008.

[271] Phillippy, B. Q. Transport of calcium across Caco-2 cells in the presence of
inositol hexakisphosphate. Nutrition Research 26:146-149, 2006.

[272] Plackett, R. L., Burman, J. P. The design of optimum multifactorial experiments.
Biometrica. 33:305-25, 1946.

[273] Posternak, T. Cyclitols. Holden-Day, Inc., San Francisco, CA, 1965.

[274] Potter, B. V. L. Recent advances in the chemistry and biochemistry of inositol
phosphates of biological interest. Natural Product Reports. 7:1-23, 1990.

167



BIBLITOGRAPHY

[275] Powar, V. K., Jagannathan, V. Purification and properties of phytate-specific
phosphatase from Bacillus subtilis. J. Bacteriol. 151:1102-1108, 1982.

[276] Quan, C. S., Fan, S. D., Zhang, L. H., Wang, Y. J., Ohta, Y. Purification and
properties of a phytase from Candida krusei WZ-001. J. Biosci. Bioeng. 94:
419-425, 2002.

[277] Quan, C. S., Tian, W. J., Fan, S. D., Kikuchi, Y. I. Purification and properties of
a low-molecular-weight phytase from Cladosporium sp. FP-1. J. Biosci. Bioeng.
97:260-266, 2004.

[278] Raboy, V. Myo-Inositol-1,2,3,4,5,6-hexakisphosphate. Phytochemistry. 64:1033-
1043, 2003.

[279] Raboy, V. Seeds for a better future: 'low phytate', grains help to overcome
malnutrition and reduce pollution. Trends in Plant Sci. 6:45 8-462, 2001.

[280] Ragon, M., Neugnot—Roux, V., Chemardin, P., Moulin, G., Helene Boze, H.
Molecular gene cloning and overexpression of the phytase from Debaryomyces
castellii CBS 2923. Prot. Expre. Purific. 58:275-283, 2008.

[281] Ramachandran, S., Roopesh, K., Nampoothiri, K. M., Szakacs, G., Pandey, A.
Mixed substrate fermentation for the production of phytase by Rhizopus spp.
using oilcakes as substrates. Process Biochem. 40:1749-1754, 2005.

[282] Ramachandran, S., Singh, S. K., Larroche, C., Soccol, C. R., Pandey, A. Oil
cakes and their biotechnological applications—a review. Bioresour. Technol.
98:2000-2009, 2007.

[283]Ramadas, N. V., Soccol, C. R., Pandey, A. A statistical approach for
optimization of polyhydroxybutyrate production by Bacillus sphaericus NCIM
5149 under submerged fermentation using central composite design.
App. Biochem. Biotechnol. 162:996-1007, 2010.

[284] Rani, 'R., Ghosh, S. A novel phytase and process for enhancing phytase titer.
Indian Patent (1024/DEL/2010), 2010.

[285]Rao, U. M., Satyanarayana, T. Statistical optimization of a high maltose
forming, hyperthermostable and Ca2+-independent a-amylase production by an
extreme thermophile Geobacillus thermoleovorans using response surface
methodology. J. Appl. Microbiol. 95:712—8, 2003.

168



BIBLIOGRAPHY

[286] Rapoport, S., Leva, E., Guest, G.M. Phytase in plasma and erythrocytes of
vertebrates. J. Biol. Chem. 139:621-632, 1941.

[287] Ravindran, V., Bryden, W. L., Kornegay, E. T. Phytates: Occurrence,
bioavailability and implications in poultry nutrition. Poult. Avian Biol. Rev.
6:125-143, 1995.

[288] Ravindran, V., Cabahug, S., Ravindran, G., Bryden, W. L. Influence of
microbial phytase on apparent ileal amino acid digestibility of feedstuffs for
broilers. Poult. Sci. 78:699-706, 1999b.

[289] Ravindran, V., Cabahug, S., Ravindran, G., Selle, P. H., Bryden, W. L.
Response of broiler chickens to microbial phytase supplementation as influenced
by dietary phytic acid and non-phytate phosphorous levels. II. Effects on
apparentmetabolisable energy, nutrient digestibility and nutrients retention.
British Poult. Sci. 41:193-200, 2000. .

[290] Ravindran, V., Selle, P. H., Bryden, W. L. Effects of phytase supplementation,
individually and in combination, with glycanase, on the nutritive value of wheat
and barley. Poult. Sci. 78:1588-1595, 1999a.

[291] Ravindran, v, Selle, P. H., Ravindran, G., Morel, P. C. H, Kies, A. K., Bryden,
W. L. 2001.

[292] Reddy, M. B., Hurrell, R. F., Juillerat, M. A., Cook, J. D. The influence of
different protein sources on phytate inhibition of nonheme-iron absorption in
humans. American Journal of Clinical Nutrition 63:203-207, 1996.

[293] Reddy, N. R., Pierson, M. D., Sathe, S. K., Salunkhe, D. K. Phytates is cereals

_ and legumes. CRC Press, Inc., Boca Raton, Fla. 1989.

[294] Reddy, N. R., Sathe, S. K., Salunkhr, D. K. Phytates in legumes and cereals.
Adv. Food Res. 28:1-92, 1983.

[295] Ries, E. F., Macedo, G. A. Progressive screening of thermostable yeasts for
phytase production. Food Sci. Biotechnol. 18:655-660, 2009.

[296] Rodriguez, -E., Han, Y. M., Lei, X. G. Cloning, sequencing and expression of an
Escherichia coli acid phosphétase/phytase gene (AdppA2) isolated from pig
colon. Biochem. Biophys. Res. Commun. 257:117-123, 1999b.

169



BIBLIOGRAPHY

[297] Rodriguez, E., Mullaney, E. J., Lei, X. G. Expression of the ' Aspergillus
fumigatus phytase gene in Pichia pastoris and characterization of the
recombinant enzyme. Biochem. Biophys. Res. Commun. 268:373-378, 2000a.

[298] Rodriguez, E., Porres, J. M., Han, Y. M., Lei, X. G. Different sensitivity of
recombinant Aspergillus niger phytase (r-phyA) and Escherichia coli pH 2.5
acid phosphatase (r-AppA) to trypsin and pepsin in vitro. Arch. Biochem.
Biophys. 365:262-267, 1999a.

[299] Rodriguez, E., Wood, Z. A., Karplus, P. A., Lei, X. G. Site-directed mutagenesis
inproves catalytic efficiency and thermostability of Escherichia coli pH 2.5 acid
phosphatase/phytase expressed in Pichia pastoris. Arch. Biochem. Biophys.
382:105-112, 2000b.

[300] Rojas, S. W., Scott, M. L. Factors affecting the nutritive value of cottonseed
meal as a proteir; source in chick diets. Poult. Sci. 48:819-835, 1969.

[301] Roopesh K., Ramachandran, S., Nampoothiri, K. M., Szakacs, G., Pandey, A.
Comparison of phytase production on wheat bran and oilcakes in solid-state
fermentation by Mucor racemosus. Biores. Technol. 97:506-11, 2006.

[302] Ruf, J. C., Ciavatti, M., Gustafsson, T., Renaud, S. Effects of Pp-56 and vitamin-
E on platelet hyperaggregability, fatty-acid abnormalities, and clinical
manifestations in streptozocin-induced diabetic rats. Diabetes. 40:233-239, 1991.

[303] Ruf, J. C., Ciavatti, M., Gustafsson, T., Renaud, S. In-vitro effect of D-myo-
inositol 1,2,6-trisphosphate (Pp-56) on aggregation of platelets from normal and
diabetic rats - relationship to malondialdehyde release and phosphoinositide
pathway. Can. J. Physioll Pharmacol. 72:644-649, 1994.

[304] Ruijter, G. J. G., Bax, M., Patel, H., Flitter, S. J., van de Vondervoort, P. J. 1., de
Vries, R. P., vanKuyk, P. A., Visser, J. Mannitol is required for sfress tolerance
in Aspergillus niger conidiospores, Eukaryot. Cell 2:690-698, 2003.

[305] Sabu, A., Sarita, S., Pandey, A., Bogar, B., Szakacs, G., Soccol, C. R. Solid-state
fermentation for production of phytase by Rhizopus oligosporus. Appl.
Biochem. Biotech. — Part A, Enzyme Eng. Biotechnol. 251-260, 2002.

[306] Sakurai, Y., Lee, T. H., Shiota, H. On the convenient method for the
glucosamine estimation in koji. Agric. Biol. Chem. 41:619—624, 1977.

170



BIBLITOGRAPHY

[307] Sala, M., Kolar, J., Strlic, M., Kocevar, M. Synthesis of myo-inositol 1,2,3-tris-
and 1,2,3,5-tetrakis(dihydrogen phosphate)s as a.tool for the inhibition of iron-
gall-ink corrosion. Carbohydr. Res. 341:897-902, 2006.

[308] Sandberg, A. S., Brune, M., Carlssson, N. G., Hallberg, L., Skoglund, E.,
Rossander—Hulthen, L. Inositol phosphates with different numbers of phosphate

- groups influence iron absorption in humans. Am. J. Clin. Nutr. 70:240-246,
1999.

[309] Sandberg, A. S., Hulthen, L. R., Turk, M. Dietary Aspergillus niger phytase
increases iron absorption in humans. J. Nutr. 126:476-480, 1996.

[310] Sano, K., Fukuhara, H., Nakamura, Y. Phytase of the yeast Arxula

" adeninivorans. Biotechnol. Lett. 21:33—38, 1999.

[311] Sariyska, M., Gargova, S., Koleva, L., Angelov, A. Aspergillus niger phytase:
Purification and characterization. Biotechnol. & Biotechnol. Eq. 19:98-106,
2005.

[312] Schugerl, K., Gerlach, S. R., Siedenberg, D. Influence of the process parameters
on the morphology and enzyme production of Aspergilli. Adv. Biochem. Eng.
Biotechnol. 60:195—-266, 1998.

[313] Scott, J. J., Alkaline phytase activity in nonionic detergent extracts of legume .

~ seeds. Plant Physiol. 95:1298-1301, 1991.

[314] Scott, J. J., Loewus, F. A. A calcium activated phytase from pollen of Lilium
longiflorum. Plant Physiol. 82:333-335, 1986. )

[315] Segueilha L., Moulin, L. G., Galzy, P. Reduction of phytate content in wheat
bran and glandless cotton flour by Schwanniomyces castellii. J. Agric. Food
Chem. 41:2451-2454, 1993. |

[316] Segueilha, L., Lambrechts, C., Boze, H., Moulin, G., Galzy, P. Puriﬁcatipn and
properties of the phytase from Schwanniomyces castellii. J. Ferment. Bioeng.
74:7-11, 1992.

[317] Selle, P. H., Ravindran, V., Pittolo, P. H., Bryden, W. L. Effects of phytase
supplementation of diets with two tiers of nutrient specifications on growth
performance and protein efficiency ratios of broiler chickens. Asian-Aust. J.

Anim. Sci. 16:1158-1164, 2003b.

171



BIBLTOGRAPHY

[318] Selle, P. H., Ravindran, V., Ravindran, G., Pittolo, P. H.,, Bryden, W. L.
Influence of phytase and xylanase supplementation on growth performance and
nutrient utilization of broilers offered wheat-based diets. Asian-Aust. J. Anim.
Sci. 16:394-402, 2003c.

[319] Shah, P., Bhavsar, K., Soni, S. K., Khire, J. M. Strain improvement and up
scaling of phytase production by Aspefgillus niger NCIM 563 under submerged
fermentation conditions, 36:373—380, 2009.

[320] Shamsuddin, Vucenik, A. M., L. Cole, K. E. IP6: A novel anti-cancer agent. Life
Sciences. 61:343-354, 1997. |

[321] Sharma, C., Goel, M., Irshad, M. Myoinositol hexaphosphate as a potential
inhibitor of a-amylases. Biochem. 17:201-204, 1978.

[322] Shears, S.B. How versatile are inositol phosphate kinases? Biochemical Journal.
377:265-280, 2004.

[323] Shieh, T. R., Ware, J. H. Survey of microorganisms for the production of
extracellular phytase. Appl. Microbiol. 16:1348-1351, 1968.

[324] Shieh, T. R., Wodziﬁski, R. J., Ware, J. H. Regulation of the formation of acid
phosphatase by inorganic phosphate in Aspergillus ficuum. J. Bacteriol.
100:1161-1165, 1969.

[325] Shimizu, M. Purification and characterization of phytase and acid phosphatase
by Aspergillus oryzae K1. Biosci. Biotech. Biochem. 57:1364-1365, 1993.

[326] Shimizu, M. Purification and characterization of phytase from Bacillus subtilis
(natto) N-77. Biosci. Biotechnol. Biochem. 56:1266-1269, 1992.

[327] Shin, S., Ha, N. C., Oh, B. C,, Oh, T. K., Oh, B. H. Enzyme mechanism and
catalytic property of beta propeller phytase. Structure. 9:851-858, 2001.

[328] Simon, O., Igbasan, F. In vitro properties of phytases from various microbial
origins. Int. J. Food Sci. Technol. 37:813-822, 2002.

[329] Simpson, C. J., Wise, A. Binding of zinc and calcium to inositol phosphates
(phytate) in vitro. Brit. J. Nutr. 64:225-232, 1990.

[330] Singh, B., Satayanayana, T. Improved phytase production by thermophilic
mould Sporotrichum thermophile in submerged fermentation due to statistical

optimization, Bioresour. Technol. 99:824-630, 2008a.

172



BIBLITOGRAPHY

[331] Singh, B., Satyanarayana, T. A marked enhancement in phytase production by a
thermophilic mould Sporotrichum thermophile using statistical designs in a cost-
effective cane molasses medium, J. Appl. Microbiol. 101(2): 344-352, 2006b.

[332] Singh, B., Satyanarayana, T. Characterization of a HAP-phytase from a
thermophilic mould Sporofrichum thermophile. Bioresour. Technol. 100:2046-
2051, 2009.

[333] Singh, B., Satyanarayana, T. Phytase production by a thermophilic mould
Sporotrichum thermophile in solid state fermentation and its application in
dephytinization of sesame oil cake, Appl. Biochem. Biotechnol. 133(3): 239-
250, 2006a.

[334] Singh, B., Satyanarayana, T. Phytase production by a thermophilic mould
Sporotrichum thermophile in solid state fermentation and its potential
applications. Bioresour. Technol. 99:2824-2830, 2008b. '

[335] Singh, B., Satyanarayana, T. Phytase production by Sporotrichum thermophile
in a cost-effective cane molasses medium in submerged fermentation and its
application in bread. J. Appl. Microbiol. 2008c. doi: 10.1111/.1365-
2672.2008.03929.x.

[336] Singh, M., Krikorian, A. D. Inhibiton of trypsin activity in vivo by phytate. J.
Agric. Food Chem. 30:799-805, 1982.

[337] Soni, S. K., Khire, J. M. Production and partial characterization of two types of
pﬁytase from Aspergillus niger NCIM 563 under submerged fermentation
conditions. World J. Microbiol. Biotechnol. 23:1585—1593, 2007.

[338] Soni, S. K., Magdum, A., Khire, J. M. Purification and characterization of two
distinct acidic phytases with broad pH stability from Aspergillus niger NCIM
563. World J. Microbiol. Biotechnol. 26:2009-2018, 2010.

[339] Spier, M. R., Greiner, R., Rodriguez-Ledn, J. A., Woiciechowski, A. L., Pandey,
A., Soccol, V. T., Soccol, C. R. Phytase production using citrus pulp and other
residues of the agro-industry in SSF by fungal isolates. Food Technol.
Biotechnol. 46:178—182, 2008.

[340] Sreeramulu, G., Srinivasa, D. S., Nand, K., Joseph, R. Lactobacillus amylovorus
as a phytase producer in submerged culture. Lett. Appl. Microbiol. 23:385-3 88,

1996.
173



BIBLIOGRAPHY

[341] Stanbury, P. F., Whitaker, A., Hall, S. J. Principles of fermentation technology.
2nd ed New Delhi, India: Aditya Books (P) Ltd; 1997.

[342] Stockmann, C., Losen, M., Dahlems, U., Knocke, C., Gellisse, G., Buchs, J.
Effect of oxygen supply on passaging, stabilizing and srening of recombinant
Hansenula polymorpha production strains in test tube cultures. FEMS Yeast
Res. 4:195-205, 2003.

[343] Sunitha, K., Lee, J. K., Oh, T. K. Optimization of medium components for
phytase production by Eschefichia coli using response surface methodology.
Bioprocess Biosyst. Eng. 21:477—481, 1999.

[344] Sutardi, M., Buckle, K. A. Characterization of extra- and intracellular phytase
from Rhizopus oligosporus used in tempeh production. Int. J. Food Microbiol.
6:67-69, 1988. ,

[345] Suzuki, U., Yoshimura, K., Takaishi, M. (Sited from Reddy N. R. et al., 1982)
Ueber einenzym “Phytase” das ‘“Anhydro-oxy-methylen diphosphorsaure™
spaltet. Bull. Coll. Agric. Tokyo. 7:503-512, 1907.

[346] Tambe, S. M., Kaklij, G. S., Kelkar, S. M., Parekh, L. J. Two distinct molecular
forms of phytase from Klebsiella aerogenes: evidence for unusually small active
enzyme peptide. J. Ferment. Bioeng. 77:23-27, 1994.

[347] Tanveer, A., Shahid, R.,_ Muhammad, S., Ahsan H., Zia, H. Effect of microbial
phytase produced from a fungus Aspergillus niger on bioavailability of
phosphorus and calcium in broiler chickens. Ani. Feed Sci. Technol. 83:103-
114, 2000.

[348] Tarafdar, J. C., Gharu, A. Mobilization of organic and poorly soluble phosphates
by Chaetomium globosum. Appl. Soil Ecol. 32:273-283, 2006.

[349] Thompson, L. U., Button, C. L., Jenkins. D.J.A. Phytic acid and calcium affect
the in vitro rate of navy bean starch digestion and blood glucose response in
humans. J. Clin. Nutr. 46:467-473, 1987.

[350] Thompson, L. U., Yoon, J. H. Starch digestibility as affected by polyphenols and
phytic acid. J. Food Sci. 49:1228-1229, 1984.

[351] Thomson, J. E., Jones, E. E., Eisen, E. J. Effects of spray-dried porcine plasma
protein on growth traits and nitrogen and energy balance in mice. J. Anim. Sci.

73:2340-2346, 1995.
174



BIBLIOGRAPHY

[352] Tomschy, A., Tessier, M., Wyss, M., Brugger, R., Broger, C. et al. Optimization
of the catalytic properties of Aspergillus fumigatus phytase based on the three-
dimensional structure. Protein Sci. 9:1304-1311, 2000b.

[353] Tomschy, A., Wyss, M., Kostrewa, D., Vogel, K., Tessier, M. et al. Active site
residue 297 of Aspergillus niger phytase critically affects the -catalytic
properties. FEBS Lett. 472:169-172, 2000a.

[354] Torres, J., Dominguez, S., Cerda, M.F., Obal, G., Mederos, A., Irvine, R.F.,
Diaz, A., Kremer, C. Solution behaviour of myo-inositol hexakisphosphate in the
presence of multivalent cations. Prediction of a neutral pentainagnesium species
under cytosolic/nuclear conditions. J. Inorg. Biochem. 99:828-840, 2005.

[355] Turner, B. L., Paphazy, M. J., Haygarth, P. M., McKelvie, I. D. Inositol
phosphates in the environment. Philosophical Transactions of the Royal Society
of London Series B-Biological Sciences. 357:449-469, 2002.

[356] Tye, A.J., Siu, F. K. Y., Leung, T. Y. C., Lim, B. L. Molecular cloning and the
biochemical characterization of two novel phytases from B. subtilis 168 and B.
licheniformis. Appl. Microbiol. Biotechnol. 59:190-197, 2002.

[357j Ullah, A. H. J. Aspergillus ficuum phytase: partial primary structure, substrate
selectivity, and kinetic characterization. Prep. Biochem. 18:459-471, 1988a.
[358] Ullah, A. H. J. Production, rapid purification and catalytic characterization of
extracellular phytase from Aspergillus ficuum. Prep. Biochem. 18:443-458,

1988b. '

[359] Ullah, A. H. J., Cummins, B. J., Dischinger, H. C. Jr. Cyclohexanedione
modification of arginine at the active site of Aspergillus ficuum phytase.
Biochem. Biophys. Res. Commun. 178:45-53, 1991.

[360] Ullah, A. H. J., Dischinger, H. C. Jr. Aspergillus ficuum phytase active site:
involvement of Arg and Trp residues. Ann. N.Y. Acad. Sci. 750:51-57, 1995.

[361] Ullah, A; H. J., Dischinger, H. C. Jr. Identification of residues involved in active
site formation in Aspergillus ficuum phytase. Ann. N.Y. Acad. Sci. 672:45-51,
1992.

[362] Ullah, A. H. J., Gibson, D. M. Extracellular phytase (E.C. 3.1.3.8) from
Aspergillus ficaum NRRL 3135: Purification and characterization. Prep.

Biochem. 17:83-91, 1987.
175



BIBLTOGRAPHY

[363] Ullah, A. H. J., Mullaney, E. J. Disulfide bonds are necessary for structure and
activity in Aspergillus ficuum phytase. Biochem. Biophys. Res. Commun.
227:311-317, 1996. o

[364] Ullah, A. H. J., Phillippy, B. Q. Immobilization of Aspergillus ficuum phytase:-
product characterization of the reactor. Prep. Biochem. 18:483-489, 1988.

[365] Ullah, A. H. J., Phillippy, B. Q. Substrate selectivity in Aspergillus ficuum
phytase and acid phosphatase using myo-inositol phosphates. J. Agric. Food
Chem. 42, 423-425, 1994. _

[366] Ullah, A. H. J., Sethumadhavan, K. Myo-inositol hexasulfate is a potent
inhibitor of Aspergillus ficuum phytase. Biochem. Biophys. Res. Commun.
251:260-263, 1998.

[367] Ullah, A. H. J., Cummins, B.J. Immobilization of Aspergillu&—ﬁcuum extra-
cellular phytase on fractogel. Biotechnol. Appl. Biochem. 9:380-388 ,1987.
[368] Ullah, A. H. J., Sethumadhavan, K. PhyA gene product of Aspergillus ficuum
and Peniophora lycii produces dissimilar phytasés. Biochem Biophys Res.

Commun. 303:463-468, 2003.

[369] Ullah, K., Sethumadhavan, G. L., Mullaney, E. J. Biochemical characterization
of cloned Aspergillus fumigatus (phy A). Biochem. Biophy. Res. Commun.
275:279-285, 2000. '

[370] Vaidya, R., Vyas, P., Chhatpar, H. S. Statistical optimization of medium
components for the production of chitinase by Alcaligenes xylosoxydans. Proc.
Biochem. 33:92-96, 2003.

[371] Van Loon, A. P. G. M., Simoes-Nunes, C., Wyss, M., Tomschy, A., Hug, D,
Vogel, K., Pasamontes, L. A heat-resistant phytase of Aspergillus fumigatus
with superior performance in animal experiments. Phytase optimization and
natural variability. In sik. 1998.

[372] Vandenberghe, L. P. S., Soccol, C. R., Pandey, A., Lebeault, J. M. Solid state
fermentation for the synthesis of citric acid by Aspergillus niger. Bioresour.
Technol. 74:175-178, 2000.

[373] Varenyam, A., Savant, V.V.,‘ Sudhakava, R.M. Phosphate solubilization by a
wild type strain and UV, Induced mutants of Aspergillus tubingensis. Soil Biol.

Biochem. 39:695-699, 2007.
176



BIBLIOGRAPHY

[374] Vassilev, N., Vassileva, M., Bravo, V., Fernandez-Serrano, M., Nikolaeva, L
Simultaneous phytase production and rqck phosphate solubilization by
Aspergillus niger grown on dry olive wastes. Indus. Crops Prod. 26:332-336,
2007.

[375] Vats, P., Banerjee, U. C. Biochemical characterization of extracellular phytase
(myo -inositolhexakisphpshate phosphohydrolases) from a hyper-producing
strain'of 4. niger van Teighem, J. Ind. Microb. Biotechnol. 32:141-147, 2005.

[376] Vats, P., Banerjee, U. C. Production studies and catalytic properties of phytases
(myo-inositolhexakisphpshate phosphohydrolases): an overview, Enzyme
Microb. Technol. 35:3—14, 2004.

[377] Vats, P., Banerjee, U. C. Studies on the production of phytase by a newly
isolated strain of Aspergillus niger var teigham obtained from rotten wood logs.
Proc. Biochem. 38:211-217, 2002.

[378] Vats, P., Bhushan, B., Banerjee, U. C. Studies on the dephosphorylation of
phytic acid in livestock feed using phytase from Aspergillus niger van Teighem.
Biores. Technol.100:287-291, 2009.

[379] Vats, P., Banerjee, U. C. Catalytic characterization of phytase (myo -
inositolhexakisphpshate phosphohydrolases) from A. niger van Teighem:
Glycosylation pattern, kinetics and molecular properties, Enz. Microb. Technol.
39:596-600, 2006.

[380] Vats, P., Bhattacharyya, M. S., Banerijee, U. C. Uses of Phytases (myo -
inositolhexakisphosphate  phosphohydrolase) for combating phosphorus
pollution: A biological approach, Critical Reviews in Environ. Sci. and Technol.
35:469—-486, 2005.

[381] Vats, P., Sahoo, D. K., Banerjee, U. C. Studies on the production of phytase

- (myo-inositolhexakisphosphate phosphohydrolase) by 4. niger van Teighem in
laboratory scale fermenter, Biotech. Progress. 20:737-743, 2004. '

[382] Veiga, N., Torres, J., Dominguez, S., Mederos, A., Irvine, R.F., Diaz, A.,
Kremer, C. The behaviour of myo-inositol hexakisphosphate in the presence of
magnesium (II) and calcium(Il): Protein-free soluble InsP(6) is limited to 49 pM
under cytosolic/nuclear conditions. J. Inorg. Biochem. 100:1800-1810, 2006.

177



BIBLITOGRAPHY

[383] Vohra, A., Satyanarayana, T. A cost effective cane molasses medium for
enhanced cell bound phytase production by Pichia anomala. J. Appli. Microbiol.
97:471-476, 2004.

[384] Vohra, A., Satyanarayana, T. Phytase production by the yeast, Pichia anomala.
Biotechnol. Lett. 23:551-554, 2001.

[385] Vohra, A., Satyanarayana, T. Statistical optimization of the media components
by response surface methodology to enhance phytase production by Pichia
anomala. Proc. Biochem. 37:999—-1004, 2002.

[386] Vohra, P., Gray, G. A., Kratzer, F. H. Phytic acid-metal complexes. Proceedings
of the Society for Experimental Biology and Medicine. 120:447-449, 1965.

[387] Volfova, O., Dvorakova, J., Hanzlikova, A., Jandera, A. Phytase from
Aspergillus niger. Folia Microbiol. 39:481-484, 1994.

[388] Vucenik, 1., Shamsuddin, A.M. Protection against cancer by dietary IP6 and
inositol. Nutrition and Cancer. 55:109-125, 2006.

[389] Wang, H. L., Swain, E. W., Hesseltine, C.W. Phytase of molds used in oriental
food fermentation. J. of food Sci.45:1262-1266, 1980.

[390] Watanabe, Y., Matsuoka, H. Changes of phytate contents in manufacturing and
ripening process of soybean cheese, and productivity of phytase by Penicilliun
caseicolum used as a starter. J. Jap. Soc. Food Sci. Technol. 41:627-632, 1994.

[391] Wodzinski, R. J., Ullah, A. H. J., Phytase. Adv. Appl. Microbiol. 42:263-303,
1996.

[392] Wyss, M., Brugger, R., Kronenberger, A., Remy, R., Fimbel, R., QOesterhelt, G.,
Lehmann, M. and van Loon, A. P. G. M. Biochemical characterization of fungal
phytases (myo-inositol hexakisphosphate phosphohydrolases): catalytic
properties. Appl. Environ. Microbiol. 65:367-373, 1999b.

[393] Wyss, M., Pasamontes, L., Friedlein, A., Remy, R., Tessier, M., Kronenberger,
A., Middendorf, A., Lehmann, M., Schnoebelen, L., Réthlisberger, U., Kusznir,
E., Wahl, G., Muller, F., Lahm, H. W., Vogel, K., van Loon, A. P. G. M.
Biophysical characterization of fungal phytases (myo-inositol hexakisphosphate
phosphohydrolases): molecular size, glycosylation pattern, and engineering of

proteolytic resistance. Appl. Environ. Microbiol. 65:359-366, 1999a.

178



BIBLIOGRAPHY

[394] Wyss, M., Pasamontes, L., Remy, R., Kohler, J., Kusznir, E., Gadient, M.,
Muller, F., van Loon, A. P. G. M. Comparison of the thermostability properties
of three acid phosphatases from molds: 4spergillus fumigatus phytase, A. niger
phytase, and A. niger pH 2.5 acid phosphatase. Appl. Environ. Microbiol.
64:4446-4451, 1998.

[395] Xiang, T., Liu, Q., Deacon, A.M., Koshy, M., Kriksunov, A., Lei, X.G., Hao Q.,
Thiel, D.J. Crystal structure of a heat resistant phytase from Aspe rg illu s fumig
a tu s, c a rrying a phosphorylated histidine. J. Mol. Biol. 339:437-445, 2004.

[396] Xiong, A.-S., Yao, Q.-H., Peng, R.-H., Zhang, Z., Xu, F., Liu, J.-J., Han, P.-L.,
Chen, J.-M. High level expression of a synthetic gene encoding Peniophora lycii
phytase in Methylotrophic yeast Pichia pastoris. Appl. Microbiol. Biotechnol.
72:1039-1047, 2006. |

[397] Xu-Yao, X., Xu-Shao, C., Qiann, Y., Qi-Li, C., Xu, Y.X., Xu, S.C., Qian, Y.X.,
Qi, L.C. Phytase production by Aspergillus ficuum CN-92 on semisolid
substrates. Acta agric. Zhejangengensis. 9:305-309, 1997.

[398] Yamada, K., Minoda, Y., Yamamoto, Y. Phytase from Aspergillus terrus.
Production, purification and some general properties of the enzyme. Agric. Biol.
Chem. 32:1275-1282, 1968. »

[399] Yang, W.J .., Matsuda, Y., Inomata, M., Nakagawa. Developmental and dietary
ihduction of 90 kDa subunit of rat intestinal phytase. Biochim. Biophys. Acta
1075:83-87, 1991b.

[400] Yang, W. J., Matsuda, Y., Sano, S., Masutani, H. and Nakagawa, Purification
and characterization of phytase from rat intestinal mucosa. Biochim. Biophys.
Acta 1075:75-82,1991a.

[401] Yanke, L. J., Bae, H. D., Selinger, L. B., Cheng, K. J. Phytase activity of
anaerobic ruminal bacteria. Microbiol. 144:1565—-1573, 1998.

[402] Yin, Q.Q., Zheng Q.H., Kang, X.T. Biochemical characteristics of phytase from
fungi and transformed microorganism. Ani. Feed Sci. Technol. 132:341-350,
2007.

[403] Yoon, S. J., Choi, Y. J., Min, H. K., Cho, K. K., Kim, J. W., Lee, S. C., Jung, Y.

H. Isolation and identification of phytase-producing bacterium, Enterobacter sp.

179



BIBLIOGRAPIHY

4, and enzymatic properties of phytase enzyme. Enzyme Microbiol. Technol.
18:449-454, 1996. , |

[404] York, J.D. Reguiation of nuclear processes by inositol polyphosphates.
Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids.
1761:552-559, 2006.

[405] Youssef, K.A., Ghareib M., Nour-el- Dein, M.M. Purification and general
properties of extracellular phytase from dspergillus flavipes. Zentralbl.
Mikrobiol. 142:397-402, 1987.

[406] Zhang, W., Mullaney, E. J., Lei, X. Adopting selected hydrogen bonding and
ionic interactions from Aspergillus fumigatus phytase structure improves
thermostability of Aspergillus niger PhyA phytase. Appl. Environ. Microbiol.
73:3069-3076, 2007.

[407] Zimmermann, M. B., Hurrell, R. F. Improving iron, zinc and vitamin A nutrition

through plant biotechnology. Curr. Opinion in Biotechnol. 13:142-145, 2002.

180



'PAPER



Bioresource Technology 102 (2011) 10641-10649

e

i T Contents lists available at SciVerse ScienceDirect
E» .~ -Bioresource Technology

HELSEVIER . . ... __journal homepage: www.elsevier.com/locate/biortech

Production of phytase under solid-state fermentation using
Rhizopus oryzae: Novel strain improvement approach
and studies on purification and characterization

Richa Rani, Sanjoy Ghosh*

Bioprocess Engineering Laboratory, Department of Biotechnology, Indian Institute of Technology Roorkee, Roorkee 247667, Uttarakhand, India

ARTICLE INFO ABSTRACT

Article history:

Received 1 June 2011

Received in revised form 14 August 2011
Accepted 17 August 2011

Available online 8 September 2011

Keywords:

Phytase

Rhizopus oryzae
Linseed oil cake
Optimization

Strain improvement

Present study introduces linseed oil cake as a novel substrate for phytase production by Rhizopus oryzae.
Statistical approach was employed to optimize various medium components under solid state fermenta-
tion (SSF). An overall 8.41-fold increase in phytase production was achieved at the optimum concentrations
(w/w, mannitol, 2,05%; ammonium sulfate, 2.84% and phosphate, 0.38%). Further enhancement by 59% was
observed due to a novel strain improvement approach. Purified phytase (~34 kDa) showed optimal temper-
ature of 45 °C, dual pH optima at 1.5 and 5.5 and possesses high catalytic efficiency (2.38 x 105 M~1s71).
Characterization study demonstrates the phytase as highly thermostable and resistant to proteolysis, heavy
metal ions, etc, Furthermore, an improved HPLC method was intreduced to confirm the ability of phytase to
degrade phytic acid completely and was found to be an efficient method.

© 2011 Published by Elsevier Ltd.

1. Introduction

In current scenario, the interest in the recycling, upgrading and
bioconversion of agro-industrial residues has increased drastically
due to their disposal and looming environmental pollution problem.
Effective utilization of these residues would not only help in curbing
pollution but also pave the way for solid waste management and
minimize the initial capital costs for the processes. Solid state fer-
mentation (SSF) being a simple, low cost and self sustainable tech-
nologies with efficient utilization of these residues has served dual
purpose of value addition and waste management (Pandey, 2003).
The most inexpensive and high energy rich substrates for fermenta-
tion industry are represented by oil cakes and traditional agricul-
tural by-products (wheat bran, rice bran, rice husk, etc.).

Several oil cakes such as coconut oil cake (COC), sesame oil cake
(50C), palm kernel cake (PKC), groundnut oil cake (GOC), cottonseed
cake (CSC), soy bean cake (SBC), mustard oil cake (MOC), canola oil
cake (CaOC), sunflower oil cake (SuOC), and olive oil cake (OOC) have
been reported and have been used as a substrate for the production
of industrial metabolites. Oil cakes being rich in proteins,
carbohydrates and minerals offer a wide range of alternative
substrates, thus find various applications in the bioprocess industry
for the production of a wide spectrum of biometabolites such as
industrial enzymes, organic acids, antibiotics, biopesticides,

* Corresponding author. Tel.: 491 1332 285424; fax: +91 1332 273560.
E-mail address: ghoshfbs@iitr.ernet.in (S. Ghosh).

0960-8524/$ - see front matter © 2011 Published by Elsevier Ltd.
doi:10.1016/j.biortech.2011.08.075

vitamins, and biofertilizer (Pandey et al., 1999; Ramachandran
et al,, 2005). '

Phytases (myo-inositol hexakisphosphate phosphohydrolases;
EC3.1.3.8 and 3.1.3.26) catalyze the hydrolysis of phosphomonoest-
er bonds of phytate (salts of myo-inositol 1,2,3,4,5,6-hexakis dihy-
drogen phosphate), thereby releasing lower forms of myo-inositol
phosphates and inorganic phosphate. To increase the availability
of phosphorus, feed is either supplemented with nonrenewable
and expensive phosphate or with exogenous phytase. Phytases are
produced by a large number of plants, animals and microorganisms.
However, phytases from microbial sources especially of fungal ori-
gin have supremacy in commercial industry (Pandey et al., 2001).
Inclusion of phytase in animal feed can alleviate these problems
and has been shown to enhance the uptake of phosphorus and other
minerals, protein, amino acids and carbohydrates and energy.

Rhizopus oryzae, generally regarded as safe (GRAS) strain, is
used in production of various enzymes, organic acids, aroma and
mycotoxins because of its ability to utilize a variety of carbon
sources, such as wheat bran, oil cakes (Bogar et al., 2003a,b; Rama-
chandran et al., 2005), cassava, soybean and amaranth grain. Crude
enzymes produced by GRAS strain on various feed supplements
(bran, straw, oil cakes, etc.) could serve as a value-added supple-
ment by providing other fungal proteins, sugars and some acces-
sory enzymes along with the main enzyme source (Bogar et al.,
2003b; Pandey et al.,, 2001).

Recently, the industrial potential of fungal enzymes has moti-
vated research toward strain improvement. Hence, an effective
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heat and cold shock (stress condition} method was developed to

enhance the phytase production ability of R oryzae, followed by -

a comparative study on efficacy of wild and mutant strains pertain-
ing to ash content and mineral extractability.

’ In the present study, linseed oil cake (LOC) and wheat bran (WB)
was exploited as raw materials for the production of phytase under
SSF. Linseed oil cake is rich in phytic acid {(~4.2%), protein content
(32-36%), residual oil (2.81%), minerals and essential amino acids
such as methionine, lysine, and leucine (Hossain and Jauncey,
1990) while wheat bran beside being a good source of carbon and
nitrogen sources, has high phytate content and good support matrix

properties (Wodzinski and Ullah, 1996). Since, availabilityisalsoone -

of the important considerations for development of a cost effective
process, data shows that the global output of linseed is estimated
around 2.60 million tons (mt) per year with Canada (0.6 mt),
China (0.48 mt), India (0.17 mt) and United States (0.15 mt) domi-
nating the list of producers. (http://www.commodityonline.com/
commodities/oil-oilseeds/linseedoil.php). :

Optimization of culture conditions using statistical tools has
been employed in enhancing the phytase production from various
microorganisms during SSF (Chadha et al., 2004; Bogar et al.,
2003a,b; Singh and Satyanarayana, 2008). However, there is no lit-
erature reported to optimize the culture parameters for phytase
production using R. oryzae under SSF.

Present study aimed at the statistical optimization of culture
variables for the production of phytase under SSF using R. oryzae
MTCC 1987. For the first time, the inexpensive LOC and WB are
being revealed as a mixed substrate for phytase production under
SSF. Additionally, an efficient and reproducible HPLC method is
also demonstrated for the analysis of phytic acid and its degrada-
tion products. The study is further extended to purification and
characterization of the phytase to explore its suitability in food
and feed industry.

2. Methods
2.1. Microorganism and inoculum preparation

R. oryzae (MTCC 1987) was procured from Microbial Type
Culture Collection (MTCC), Chandigarh, India. The fungal strain
was routinely grown on potato dextrose agar (PDA) (HiMedia,
India) slants for 6 days at 30°C. Viable spores from slants were
harvested by washing with 0.1% (v/v) Tween 80 and the spore
suspension adjusted to ~1 x 108 cfu/ml (colony forming unit per
milliliter) was used as inoculum for subsequent fermentations.

2.2. Evaluation of agro-industrial residues and solid state fermentation
(SSF)

Various agro-industrial residues (individually and in combina-
tions) namely, linseed oil cake (LOC), mustard oil cake (MOC), sun-
flower oil cake (SOC), rapeseed oil cake (ROC), wheat bran (WB)
and rice husk (RH) were investigated in this study and were pur-
chased from local retail feedstuff outlets in Roorkee (Uttarakhand,
India). ’

Initially, 5 g of agro-industrial residues was supplemented with
20% (v/w) of mineral salt solution ((w/w); 0.3% NaCl; 0.3%
MgS0.4.7H,0; pH 5.6) in 250 ml Erlenmeyer flask. Medium steril-
ized at 121 °C for 20 min was inoculated with 20% (v/w) inoculum
and fermentation was carried out at 35 °C for 96 h. The fermented
medium was extracted with Tween 80 (0.1% (v/v)) at 30°C on an
orbital shaker at 200 rpm for 1 h. Cell free extract was used for
phytase activity assay. All experiments were performed in
triplicate.

R. Rani, S. Ghosh/Bioresource Technology 102 (2011) 10641-10649

2.3. Fermentation in flasks and trays

Flask level experiments were carried out under optimum condi-
tions, predicted by the model, using 5-50g of substrate
(LOC+WB; (1:1)). The substrate was supplemented with (wjw):
2.05% mannitol, 2.84% ammonium sulfate and 0.38% of K;HPO,/
Na,HPO,4 (1:1), 20% v/w mineral solution (pH 7.6) with a final
moisture content of 40% (v/w). The medium was autoclaved and
inoculated with 20% v/w of inoculum. Fermentation was carried
out at 30 °C for 72 h. The fermented medium was extracted with
Tween 80 (0.1% (v/v)) at 30°C on an orbital shaker at 200 rpm
for 1 h. Cell free extract was used for phytase activity assay. All
experiments were performed in triplicate.

For tray fermentation, 50-1000 g of substrate was taken in en-
amel coated metallic trays (28 x 24 x 4 and 45 x 30 x 4 cm) with
different bed thickness (0.2-2.0 cm). The fermentation was carried
out under optimum condition as described above.

2.4. Strain improvement procedure

Fungal spore suspension was treated with a number of individ-
ual combinations involving maximum temperature range (70, 80
or 90 °C), durations of heating and chilling (at 4 °C) and number
of cycles (Supplementary Table S1). After optimizing the stress
conditions, the treatment was applied up to six generations of
cultures.

Stressed strains after each treatment were screened for phytase
production on phytase screening medium (PSM) containing (w/v):
0.4% sodium phytate, 1% p-glucose, 0.05% KCl, 0.05% MgS0,4-7H,0,
0.5% NH4NOjz, 0.01% MnSO4H,0, 0.5% CaCl,-2H,0, 0.01% FeS-
047H,0 and 1.5% Agar (pH 5.6) (Howson and Davis, 1983). The
spore suspension was plated and phytase activity was recorded
after 72 h of incubation at 30 °C by measuring the diameter of clear
zone, The best strain was selected on the basis of larger diameter of
the clear zone. After fermentation, crude extract of mutant strain
was subjected to phytase activity assay as well as a semiquantita-
tive method using SDS-PAGE band density analysis. For SDS-PAGE
analysis, the crude proteins from both unstressed (wild) and
stressed (mutant) strains were resolved on a 12% separating gel
topped with 4% stacking gel followed by Coomassie Brilliant Blue
staining (Laemmli, 1970).

2.5. Analytical methods

Phytase activity was determined by estimating the inorganic
phosphate released from sodium phytate (Bae et al., 1999). One
unit of phytase is defined as the amount of enzyme required to re-
lease 1 nmol of inorganic phosphate (P;) per second under the stan-
dard assay conditions. The phytase yield was expressed as a
function of dry substrate weight (U/gds). Protein estimation was
carried out using BCA protein quantification kit (Sigma, USA). Fun-
gal biomass was estimated by determining the N-acetyl glucosa-
mine released by acid hydrolysis of the chitin (Sakurai et al.,
1977). Biomass was expressed as milligram of glucosamine per
gram dry substrate (mg/gds). Percent ash content was determined
using the standard official method (AOAC, 1980). For this, 2 g of
samples were incinerated in Muffle furnace FO100 (Yamato Scien-
tific Co., Ltd.) in a tarred crucible. With each set of samples, a blank
was prepared in the same manner. The minerals (iron, zinc and cal-
cium) were measured at the appropriate instrumental conditions
(Supplementary Table S2) using an atomic absorption spectropho-
tometer (AAS) (Avanta Grade M, GBC Scientific Equipment) and
was quantified by standard curves made from standard mineral
solutions (Fisher Scientific, Pittsburgh, PA), Concentration of iron,
zinc and calcium was expressed as pg/g (ppm) on dry weight basis.
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2.6. Statistical optimization of phytase production

2.6.1. Plackett-Burman design (PBD)

PBD was employed for screening the most significant culture
variables influencing the phytase production. Based on initial
studies, eight assigned factors and three unassigned factors (dum-
my) were screened in a total of 12 runs. The detail of the design
with the actual and predicted responses (phytase activity) is given
in Supplementary Table S3.

2.6.2, The path of steepest ascent (descent) method

*To approach rapidly in close proximity to optimum response,
the method of path of steepest ascent (descent) was performed
(Supplementary Table S4). The direction of the maximum increase
in phytase activity was determined according to the estimated
coefficient ratio from the fitted first-order model in PBD.

2.6.3. Central composite designs (CCD)

To determine the mutual interactions among the selected vari-
ables (mannitol, ammonium sulfate and KyHPO4/Na;HPO4) and
their corresponding optimum concentrations, central-composite
design (CCD) of response surface methodology (RSM) was used. A
23 factorial design having eight factorial points, six axial points
and six replicates at the centre point with a total number of 20
runs was formulated. The details of experimental design with
coded and actual levels of each factor are summarized in Table 1.
A multiple regression analysis of the data was carried out for
obtaining an empirical model that relates the response to the inde-
pendent factors. The complete second-order polynomial model
equation (1) to be fitted to the yield values was:

n n n-1 n
Y=%+ ;ﬂixf + ;ﬂﬁx? + |=12|<) j;ﬁijx""j )

where, Y is the observed value of the response (phytase produc-
tion); x; (i=1, 2 and 3) is the controlling factors; Bo is the offset
term, and B; (i=1, 2 and 3), B; and By (i=1, 2 and 3; j=2 and 3)
are the model linear, quadratic and interaction coefficient parame-
ters, respectively.

Table 1
Experimental design for CCD with actual and coded values of each factor.

2.6.4. Statistical analysis

The statistical software package ‘Design-Expert® 8.0.5, Stat-
Ease Inc., Minneapolis, MN, USA was used for experimental design
and subsequent regression analysis of the experimental data. All
experiments were done in triplicate, and the average phytase
activity was taken as the response.

2.7. Purification and characterization of phytase

SSF crude extract was subjected to fractional ammonium sulfate
precipitation (40-80% saturation) with constant stirring, The
precipitate was collected by centrifugation (15,000g, 20 min) and
dissolved in 200 mM Tris-HCI, pH 8.0. The proteins after dialysis
were loaded onto a DEAE Sepharose CL-6B column and eluted with
various salt gradients in elution buffer (200 mM Tris—HCl, pH 8.0).
Sephadex G-100 gel filtration column preequilibrated with
200 mM acetate buffer (pH 5.0), was used for desalting and separa-
tion of proteins based on size. Fractions showing high absorbance
at 280 nm were assayed for phytase activity. The proteins were re-
solved by SDS-PAGE on a 12% separating gel topped with a 4%
stacking gel and gels were subjected to Coomassie Brilliant Biue
staining (Laemmli, 1970) and zymogram staining (Bae et al.,
1999). Nondenaturing PAGE analysis was carried out according to
Casey and Walsh (2004). The molecular size of native phytase
was estimated on Sephadex G-100 gel filtration column equili-
brated with 100 mM sodium acetate buffer (pH 5.5).

The phytase purified by fractional ammonium sulfate precipita-
tion and subsequent ion-exchange and size-exclusion chromatogra-
phy was used for characterization studies. The pH optimum was
determined over the range of pH 1.0-9.5 using 100 mM buffers: gly-
cine-HCl (pH 1.0-3.5), acetate (pH 3.5-6.5), Tris—HCl {pH 6.5-8.5)
and Glycine-NaOH (pH 8.5-9.5) at 39 °C. Same buffers were used
for assessing the pH stability profile of phytase at 4 °C for 6 h. The
temperature optimum was determined between 25 and 80 °C. To
check the thermal stability, the phytase was preincubated at 50,
60, 70 and 80 °C for 30 min, respectively, cooled to room tempera-
ture and assayed using the standard phytase assay. In order to deter-
mine the effect of metal ions and inhibitors, the phytase was
incubated in presence of 1 and 5 mM of each at room temperature
for 30 min along with the control. Substrate specificity was deter-
mined in 100 mM acetate buffer (pH 5.5) containing various

Run Mannitol (A, w/wX) Ammonium sulfate (B, w/w%) K HPO,/Na,HPO, (C, wiw¥%) Phytase activity (U/gds)
Experimental® Predicted
1 2.25 (1) 3.0(1) 04 (1) 148.73£0.512 149,25
2 0.75 (-1) 1.0(-1) 0.4 (1) 12420+ 0.721 123.07
3 1.50 (0) 2.0 (0} 0.3 (0) 14451+ 0.568 144.38
4 2.25(1) 1.0(-1) 0.4 (1) 119.81+0.698 121.22
5 1.50 (0) 2.0 (0) 0.3 (0) 144,53 +0.546 144,38
6 1.50 (0) 2.0 (0) 0.3 (0) 144,51 £ 0.625 144.38
7 2.7615 (+a) 2.0 (0) 0.3 (0) 137.48 £ 0.642 136.81
8 1.50 (0) 3.682 (+a) 0.3 (0) 137.95+0.465 137.73
9 150 (0) 2.0 (0) 0.1318 (—o) 124.20 £ 0.625 125.81
10 0.75 (-1) 3.0(1) 02 (-1) 133.21£0.547 131.98
1 0.2385 (—at) 2.0 (0) 0.3 (0) 13420+ 0.598 135.05
12 1.50 (0) 2.0 (0) 0.3 (0) 141,68 +0.477 144,38
13 2.25(1) 1.0(-1) 0.2 (-1) 116.69+0.511 115.68
14 1.50 (0) 2.0(0) 0.3 (0) 141.98 + 0.479 14438
15 1.50 (0) 0.318 (-a) 0.3 (0) 106.79 £ 0.501 107.59
16 0.75 (-1) 3.0(1) 04 (1) 138.12 £ 0.445 138.73
17 0.75 (1) 1.0(-1) 02(-1) 125,06 £ 0.502 12413
18 2.25 (1) 3.0 (1) 0.2 (-1) 131.56 £ 0.564 131.69
19 1.50 (0) 2.0 (0) 0.4682 (+0or) 137.16 £ 0.498 136.13
20 150 (0) 2.0 (0) 0.3 (0) 148.77 £0.522 14438

2 Data are represented as mean+SD n=3.
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phosphorylated substrates (2 mM): phytic acid, pNPP, NADP,
sodium-1-naphthyl phosphate (SNP), fructose-1, 6-biphosphate
(FBP), ribose-5-phosphate (R-5-P), Glucose-1-phosphate (G-1-P),
phosphoenol pyruvic acid (PEP), AMP, ADP and ATP. To check the
stability of phytase under gastric conditions, simulated gastric fluid
assay was performed at pH 1.5, 5.5 and 7.5 according to Garrett et al.
{2004). The kinetic constants K, and V. were determined with
sodium phytate as substrate using Lineweaver—Burk plot. To study
the inhibition kinetics the phytase was incubated in presence of
Fluoride, phosphate and vanadate at the concentration of
5 x 1077 mM.

2.8. Phytate degradation and HPLC analysis method

Dynamics of phytate degradation was studied to determine the
number of phosphomonoester bond breakage using standard phy-
tase activity assay. It was further validated by reversed-phase high
performance liquid chromatography (RP-HPLC) using Agilent 1200
series (Hewlett Packard, Palo Alto, CA, USA) liquid chromatograph
equipped with a variable wavelength detector (VWD 1200) and
Agilent XDB eclipse Cqg (250 x 4.6 mm) column. Phytate (IP6)
and inositol tris-phosphate (IP3) (Sigma chemicals, St. Louis, MO)
dissolved in the 100 mM sodium acetate buffer (pH 5.1) were used
to calibrate the standard curve. Phytate hydrolysis experiment was
carried out according to Graf and Dintzis (1982b) with some mod-
ifications. Purified phytase (0.47 U) was incubated with 0.29 mM
phytate prepared in 100 mM sodium acetate buffer (pH 5.1), at
39 °C. Reaction was stopped by denaturing the phytase at 100 °C
for 10 min. Before injection, sample was filtered through 0.2 pm
syringe filter followed by addition of an equal amount 0.05 M
HCl. A 100 mM sodium acetate solution (pH 5.1) was used as mo-
bile phase with a flow rate of 1.0 ml/min.

3. Results and discussion
3.1. Agricultural residues as substrate for phytase production

Linseed oil cake (~1.0 mm) and wheat bran (1:1), showed the
highest phytase yield (17.68 £ 0.23 U/gds) at 96 h post fermenta-
tion (Table 2). Phytase production on WB was relatively low,
whereas other substrates were found to be less effective for phy-
tase production. Maximum production in this combination may
be attributed to high phytic acid content in LOC (3.95%) and WB
(2.71%). The phytic acid content in substrates was determined by
the method according to Garcia-Villanova et al. (1982).

Table 2
Evaluation of different agro-industrial residues as substrate for phytase production
under SSF, ’

Agro-industrial residues Phytase activity* (U/gds)

WB 1532 +0.41
RH 5124033
Mmoc 7.69+0.78
LOC v 1054+ 0.51
soc 0.12£0.24
ROC 6632037
WB +MOC (1:1) 8.79+0.65
WB + ROC (1:1) 1020£0.14
WB + SOC (1:1) 9.05+0.78
WB + LOC (1:1) 17.68 +0.23
WB +RH (1:1) 1122039
WB + MOC + ROC (1.67:1.67:1.67) 9121034
WB + SOC +LOC (1.67:1.67:1.67) 13.11 £ 0.41

@ Phytase activity was estimated in the SSF crude extract after 96 h of fermen-
tation of unoptimized medium at 35 °C. Data are represented as mean+SD n=3.

R. Rani, S. Ghosh/Bioresource Technology 102 (2011) 10641-10649

3.2. Selection of influential culture parameters for phytase production

“The application of Plackett—-Burman design for screening critical
culture parameters is a widely accepted technique. PBD was used
for investigating the relative importance of eight independent fac-
tors for phytase production. The corresponding effects of these fac-
tors on the response (phytase activity) are given in Table 3. From
the regression analysis, it was evident that A (mineral salt solu-
tion), B (mannitol) and L (K;HPO4/Na;HPO,) enhanced the phytase
production at their low level whereas, high level of D (initial pH), E
(fermentation time), G (ammonium sulfate), H (incubation temper-
ature) and K (initial moisture content) supported high phytase
yield. Based on analysis of total sum of squares and percent
contribution, the most significant factors influencing phytase
production were found to be B (mannitol), G (ammonium sulfate)
and L (K;HPO4/NazHPO,), respectively (Table 3). The regression
model gave a model F-value of 177.34 with a corresponding model
p-value (>F) of 0.0006, which shows the model to be highly signif-
jcant. Also, the coefficient of determination (R?) indicates that the
model could explain 99.79% of the total variations in the response.
A very low value of coefficient of variance (CV, 1.61%) further con-
firms the reliability of the model. The three medium components
selected by PBD, were further optimized by the path of steepest as-
cent (descent) method. Plackett—-Burman design has been widely
used by many researchers for identifying the influential factors
for improving phytase production (Bogar et al, 2003a,b; Singh
and Satyanarayana, 2008).

3.3. Optimization by the path of steepest ascent (descent) method

The path of steepest ascent (descent) method was performed to
approach rapidly in the close proximity to the optimum response
by tracing direction of changing factors on the basis of PBD resuilts.
The highest response (139.22 U/gds) was observed at the concentra-
tion of mannitol (B), ammenium sulfate {G) and IGHPO4/Na,HPO,
(L) of 1.5% (wfw), 2.0% (w/w) and 0.3% (w/w), respectively
(Supplementary Table S4). The corresponding levels were further
considered as the ‘0’ level values for factors in the design matrix of
CCD.

3.4. Interaction analysis using CCD of RSM

To fully explore the sub-regions of the response surface in the
neighborhood of the optimum, CCD with five coded levels was
used for the three significant variables screened by PBD. The design
matrix showing different combinations of mannitol, ammonium
sulfate and K;HPO4/Na,HPO, along with their corresponding
experimental and predicted responses is presented in Table 1.
The experimental results were analyzed using analysis of variance
(ANOVA) which shows that the regression was statistically signif-
icant (P < 0.0001) at 95% of confidence level. The results for ANOVA
analysis are summarized in Table 4. Application of multiple regres-
sion analysis on the experimental data resulted in the following
quadratic model equation (2) explicitly explaining the phytase
production:

Y = 144.38 + 0.52A + 8.97B + 3.07C + 2.04AB + 2.70AC
+3.00BC - 2.99A% — 7.69B% — 4.75C )

Where, Y represents phytase activity (Ujgds), and A, B and C are
the coded factors of mannitol (w/w%), ammonium sulfate (w/w?%)
and K;HPO4/Na,HPO, (w/w¥), respectively. In this case, linear terms
(B and C), all the interaction terms (AB, AC and BC) and quadratic
terms {AZ, B2 and C?) were found to be the most significant for phy-
tase production. The statistical significance of the model equation
was supported by the model high F-value of 59.46. Again, the quality
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Table 3 .
Results of FBD analysis.
Factors (code, unit) Low level (-1) High level (+1) Ss? Effect Coef? Cont.© (%) F-value p-Value
Mineral salt solution (A, v/w#%) 20 60° 492.4 -12.81 -6.41 9.98 1419 0.0013
Mannitol (B, wjw¥) 1.0 5.0 2214.9 -27.17 -13.59 44.92 638.6 0.0001
Initial pH (D) 56 7.6 47.08 3.96 1.98 0.95 13.58 0.0346
Fermentation time (E, h) 24 72 66.41 4,70 2.35 1.35 19.15 0.0221
Ammonium sulfate (G, wfw%) 05 2.0 1224.7 20.20 10.10 24.84 353.1 0.0003
Incubation temperature (H,°C) 25 30 77.88 5.09 2,55 1.58 22.46 0.0178
Initial moisture content (K, v/wX%) 30 40 67.55 4.75 2.37 137 19.48 0.0216
K,HPO,/Na,HPO, (L, wjw3) 0.2 10 728.99 -15.59 ~7.79 14.79 2102 0.0007

R? = 99.79%, R? (adjusted) = 99.23%, R? (predicted) = 96.62%, Coefficient of variation (CV)=1.61%.

* Sum of squares.
b Coefficient estimate,
¢ Contribution.

Table 4

ANOVA analysis of regression model.
Source of variation  S$* DF® MS® Coefd F-value p-Value
Model 2418.53 9 268.73 144.38 59.46 <0.0001
A ) 3.09 1 3.09 0.52 0.68 0.4276
B 1039.92 1 1039.92 897 230.11 <0.0001
C 121.90 1 121.90 3.07 26.97 0.0004
AB 2526 1 25.26 2.04 5.59 0.0397
AC 4438 1 4438 2,70 9.82 0.0106
BC 65.93 1 65.93 3.00 14.59 0.0034
A? 12523 1 12523 299 2771  0.0004
B? 839.23 1 839.23 -7.69 185.70 <0.0001
c? 31991 1 31991 -475 7079 <0.0001
Residual error 4519 10 4.52
Lack of fit 1285 5 2.57 0.40 0.8332
Pure error 32.35 5 6.47

Correlation (Total) 2463.73 19

R? = 98.17%, R? (adjusted) = 96.51%, R? (predicted) = 94.04%, Coefficient of variation
(CV)=1.59%.

a Sum of squares.

b Degree of freedom.

¢ Mean square.

d Coefficient estimate.

of fit of the regression model was justified by high value of coeffi-
cient of determination (R? = 0.9817) which indicates an excellent
correlation between the independent factors. At the same time,
the predicted R? (correlation coefficient) value of 0.9404 was found
in concordance with the adjusted R? value of 09651, suggesting a
strong agreement between the experimental and predicted values
of phytase production. The coefficient of variation (CV) indicates
the degree of precision with which the treatments are evaluated,
therefore, a very low value of CV (1.59%) demonstrates that the per-
formed experiments were highly reliable and was performed with a
better precision. In order to gain the better understanding of the ef-
. fects of the significant factors on phytase production, the predicted
model was represented as three dimensional response surface
graphs and is shown in Fig. 1a—c. The optimum concentrations for
the variables were calculated from the model equation (2) and were
found to be (w/w): 2.05% mannitol, 2.84% ammonium sulfate, and
0.38% K;HPO,4/Na;HPO,4 (1:1). In present study, enhancing effect of
mannitol for maximum phytase production seems counterintuitive

as most literature showed glucose as the preferred carbon source for _

phytase production (Bogar et al., 2003a; Ebune et al., 1995). Earlier,
mannitol has been reported to have a role in stress tolerance and
spore dispersal (Ruijter et al., 2003). Because linseed oil cake con-
tains some endotoxins, therefore, presence of mannitol might be
having some protective role that resulted in enhanced phytase pro-
duction. On the other hand, ammonium sulfate, an inorganic nitro-
gen source, supported maximum phytase production. This
corroborates the results of Bogar et al. (2003a). Other interesting
finding observed in the present study was the maximum phytase

production, when combination of K;HPO4 and Na,HPO4 (1:1;
(w/w)) was used as a source of phosphorus. It might be due to the
fact that K;HPO,4 when combined with Na;HPQ4 acts as a buffer for
pH of the media. Optimized concentrations of various carbon,
nitrogen and phosphorus sources for phytase production has been
previously reported by some researchers (Bogar et al., 2003b;
Gunashree and Venkateswaran, 2008).

3.5. Validation of experimental model

The results from validation experiments showed a strong agree-
ment between the maximum predicted response and the experi-
mental response of 149.25 and 148.77 U/gds, respectively, thus
supporting the high adequacy of the model. A marked enhance-
ment in phytase activity was indicated by the corresponding
increase in biomass as a function of glucosamine content (Fig. 2).
Moreover, the statistical optimization for phytase production re-
sulted in an overall 8.41-fold increase in phytase yield with a
reduction in fermentation time from 96 to 72 h,

From commercialization perspective, the phytase titer from
R oryzae seems to be low (productivity (Q,)=4750IU/kg/day)
(Supplementary Table S5), however, the widely studied strains,
mostly from Aspergillus sp. due to high phytase producing capacity,
were found to be associated with respiratory allergy (Adhikari et al.,
2004), Moreover, for commercialization of feed enzyme, major
concerns in general are the constraints of thermal stability, a good
enzyme activity at physiological temperature, ability to hydrolyze
the phytate phosphorus in digestive tract over wide range of pH
and temperature and most importantly, free of healthrisks. Phytases
are not yet employed in food applications, however, there have been
many studies focused on improving food quality for people in devel-
oping countries. In this context, Rhizopus phytase could find poten-
tial in food processing applications since it is thermostable enough
to withstand pasteurization and active during long-term storage of
foods at room temperature. Beside this, the fermented food materi-
als enriched with protein could be effectively used as such in animal
feed, since it is a safe feed grade microorganism.

3.6. Production of phytase in flasks and trays

Phytase production was sustainable in Erlenmeyer flasks of var-
jed volumes and in trays. Increase in amount of substrate and
hence the bed height did not result in significant decrease in the
phytase yield (Supplementary Table S6). However, Singh and Sat-
yanarayana (2008) have reported a significant reduction in phytase
production at below or above 1.5 cm of substrate bed height.

Further enhancement in phytase yield was attained due to a
novel strain improvement procedure, in which R oryzae was
exposed to subsequent heat and cold stress to study the response
of the adaptive cells in terms of phytase production. Heat stress acts
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Fig. 2. Production profile of phytase by wild R. oryzae in optimized medium. Data
are represented as means +SD n=3.

as an oxidant and a mutagen causing increase in thermal viability
and mutational frequency of the spore DNA (Johansson et al.,
2011). On the other hand shifting to cold was done to prevent the
spores from being damaged. The increase in phytase titer (38% and
59%, respectively) was observed up to second generation with stan-
dard deviations (1.01 and 0.89, respectively) (Supplementary Table
S7). This process was continued up to six generations with no further
increase in phytase titer, rather maintained at a constant level.
However, the third generation onwards, it showed higher standard
deviations (4.54, 4.01, 4.39 and 4.37, respectively) as compared to
the first two generations and these deviations remained almost
constant.

Morphological changes that had been observed include short
mycelium, cotton-like appearance and more and more whitish
appearance compared to previous generation cultures. Another
important morphological variation was that of lesser sporulation
tendency in mutant culture. However, the reduction in sporulation
tendency does not affect the phytase yield. The yield was found to
be proportional to the rate of sporulation for unstressed strain and
not in stressed strain.

Semiquantitative analysis further validates a remarkable
enhancement in phytase production by 1.46- and 2.04-fold after
first and second generation of strain improvement process, respec-
tively (Supplementary Fig. S1). Increase in phytase titer owing to

strain improvement has previously been reported by Chelius and
Wodzinski (1994) and Shah et al. (2009).

The efficacy of phytase from stressed and unstressed strains
was investigated by analyzing the effect of fermentation of various
feed ingredients in terms of minerals extractability. The increase in
ash content (1.14 to 1.33-fold) is validating the extent of extraction
of different minerals (Table 5). In other words, more the ash con-
tent is, the more is the mineral availability.

3.7. Purification and characterization of phytase

The phytase obtained from R. oryzae was purified using fractional
ammonium sulfate precipitation and subsequent ion-exchange and
gel filtration chromatography resulting into 26% phytase recovery
with purification of 20.7-fold and specific activity of 141.83 U/mg
of protein. The native molecular weight of the purified phytase
was found to be ~34kDa by gel filtration chromatography
(Supplementary Fig. S2) and SDS-PAGE analysis (Supplementary
Fig. S3a). Zymogram staining also confirmed the molecular mass of
phytase from Rhizopus to be ~34 kDa (Supplementary Fig. S3b).
Purification to homogeneity and monomeric nature of this phytase
was further confirmed by nondenaturing PAGE analysis
(Supplementary Fig. S3c). The molecular size of the phytase was
found to be somewhat smaller than the molecular weight of
previously reported phytases (38—-200 kDa) (Wodzinski and Ullah,
1996). The phytase manifested a K, and Vipax of 2.42 x 1074 mM
and 6.46 x 1073 mMs~?, respectively, whereas the catalytic
efficiency (keat/Kmn) of the phytase was estimated to be
2.38 x 10° M~"s™%. K, value of isolated phytase was significantly
lower than the reported K, values (10 uM-813 mM) of fungal phy-
tases. The value was 20.66 and 111.57 times lower than Aspergillus
ficuum NRRL 3135 (phy A) andAspergillus niger (Natuphos) phytases,
respectively. The phytase demonstrated an uncompetitive
inhibition in presence of inhibitors in the order of fluoride >
phosphate > vanadate, with their respective K; values of
12.56 x 1075,3.86 x 107® and 64.52 x 10~ mM.

Phytase displayed dual pH optima at 1.5 and 5.5, with higher
activity at pH 5.5 (Supplementary Fig. S4a). Additionally, phytase
was found to retain 100% activity at low pH value of 1.0 and 2.0
and exhibited more than 75% of initial activity over a wide range
of pH 2.5-9.5 (Supplementary Table S8). Generally, fungal phytases
act efficiently in the range of pH 2-5 (Garrett et al, 2004).
However, from a physiologically relevant standpoint and from an
applied perspective, a phytase should exhibit a significant activity
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Table 5
Effect of fermentation with wild and mutant strain of different feed ingredients on ash content and mineral availability.
Ingredients o Ash (%) (pg/g DW)
Fe Zn Ca

Semolina (UF) 0.82(+0.24) 47.23(x0.79) 20.63(x2.00) 33.25(22.23) °
(F) wild 1.49(+0.08) 65.75(x1.01) 32.06(2.01) 26.03(x147)
Mutant 1.98(+0.12) 68.19(20.83) 36.77(+3.18) 27.99(+1.30)
Cornflakes (UF) 1.36(£0.13) 17.02(+3.40) 8.94(2.25) 6.94(+0.25)
(F) wild 1.78(+0.95) 12.36(2.45) 11.51(+1.50) 21.13(+2.50)
Mutant 2.10(20.55) 11.30(x0.70) 14.07(1.20) 26.54(1.97)
Whole wheat flour (UF) 1.64(0.57) 46.73(22.29) 31.96(+1.01) 31.28(22.75)
(F)y wild 2.21(x0.06) 51.75(22.29) 37.36(x2.13) 36.91(x3.03)
Mutant 2.95(x0.11) 55.71(+4.67) 42.47(+1.49) 37.04(+2.01)
Broken wheat (UF) 1.95(0.12) 42.30(21.74) 26.79(+3.83) 32.43(+2.92)
(F) wild 2.59(+0.20) 45.27(+0.84) 23.95(+1.56) 38.87(0.63)
Mutant 3.01(+0.98) 47.90(+1.94) 22.15(+2.50) 41.05(+0.99)
Gram flour (UF) 2.38(+0.26) 21.06(+2.99) 38.72(+0.76) 67.75(+3.33)
(F)y wild 3.04(+0.96) 47.75(£1.79) 40.51(+3.50) 73.90(2.06)
Mutant 3.46(x0.98) 48.78(x1.77) 39.62(£0.59) 80.69(+3.47)
Beaten rice (UF) 1.78(x0.47) 8.51(+1.50) 6.45(%0.72) 22.50(%0.51)
(F) Wild 2.45(x0.27) 20.41(+0.86) 11.81(23.23) 27.81(*0.86)
Mutant 2.98(x0.32) 25.96(+0.45) 16.71(+3.63) 30.96(+1.00)
Maida flour (UF) 1.46(+0.07) 18.57(+1.64) 9.74(+1.21) 37.19(1.77)
(F) wild 1.99(+0.38) 17.39(+0.59) 11.24(2.68) 43.48(+3.50)
Mutant 2.58(+0.34) 18.35(+1.42) 12.15(x2.13) 45.76(+1.74)

UF = unfermented.
F = fermented,
? Ash content (%) are shown as mean (+SD).

b Data are represented as mean (+SD) and expressed in microgram per gram dry weight of 1ngred1ents (ngfg DW).

over a wide range of pH 1.5-7.5 to facilitate phytate degradation in
the digestive tract. The efficacy of R. oryzae phytase is evident from
the fact that it retains activity over broader range of pH 1.0-9.5.
Additionally, its acidophilic characteristic to survive the acidic
environment of the digestive tract determines its utility in feed
applications. ]

The phytase was found to be optimally active at 45°C
(Supplementary Fig. S4b), which falls well within the range of most
of the phytases from yeasts, fungi and bacteria (45-60 °C)
(Wodzinski and Ullah, 1996). The optimum temperature value
(45 °C) being in lower side is an added advantage, since, phytases
having high temperature optima value are generally not able to
retain full activity in the gastrointestinal tract of animals.

Thermal stability study suggest that the phytase was found to
retain 100% activity when incubated at 50 °C for 30 min and main-
tained >90% of its initial activity at 60, 70 and 80 °C, respectively
(Supplementary Fig. S5). The t]%¢ for the phytase was estimated
to be 8.25 h which shows strong thermal stability of the phytase.
To survive the feed pelleting temperature and to avoid the addi-
" tional expense of applying the phytase in pelletized form, the most
economical approach would be to add a thermostable phytase di-
rectly into the feed. The phytase was found to be more stable than
the other reported phytases (Pasamontes et al., 1997; Singh and
Satyanarayana, 2009). The study carried out for thermodynamic
characterization also supported the high thermal stability of this
phytase. The phytase revealed an activation enthalpy (E;) and en-
tropy values of 23.92 kj/mol and —264.89 J/{(molK), respectively.
The E, value was found to be significantly lower than that of the
other phytases (Ragon et al., 2008; Singh and Satyanarayana,
2009).

The study involving the effect of cations and inhibitors showed
stimulatory effect on phytase activity, however, complete inhibi-
tion was observed in presence of Fe?*, Ni?* and Cu?* (Supplemen-
tary Table S9). In contrary to A. ficuum phytase (Ullah and
Gibson, 1987), the Rhizopus phytase showed stimulatory effect in
presence of Zn?*. The study also suggested the insensitivity of phy-
tase to heavy metal ions (Ba®* and Ag*; 5 mM) as indicated by a
5.5- and 2.5-fold increase in phytase activity, respectively. This

unique feature of Rhizopus phytase can be practiced as an advanta-
geous and an efficient mean to combat phosphate pollution in area
where soil is polluted with substantial amount of unassimilated
phytate and other contaminations. EDTA and tartarate resulted in
an increased phytase activity except iodoacetamide, whereas a
complete inhibition was observed for oxalate at 5 mM (Supple-
mentary Table $9). The result was different from earlier reported
by Kerovuo et al. (1998) where, EDTA was reported to inhibit the
phytase activity at 1 mM.

R. oryzae phytase was found to liberate phosphate from a range
of phosphorylated compounds, More than 2.4-fold higher activity
on ATP was observed as compared to that on sodium phytate
(Supplementary Table S10). The result was in contradiction to pre-
viously studied phytase from A. niger ATCC 9142, where it showed
high activity for sodium phytate but displayed significantly lesser
activity for ATP, ADP, AMP and G-1-P (Casey and Walsh, 2003).

A phytase destined for feed applications should not lose its
activity in milieu of gastric conditions. Phytase from Rhizopus
was found to exhibit high stability and resistance to pepsin over
broad range of pH, retaining >93% and >97% of original activity at
pH 1.5 and 5.5 (Supplementary Table S11). Based on this study,
the Rhizopus phytase was found to be more efficient than other
phytases (Huang et al., 2008). '

3.8. Time course hydrolysis of sodium phytate

The study was carried out to estimate the release of inorganic
phosphate per mole of phytic acid. The ratio (inorganic phosphate
to phytic acid) of three indicates that the maximum number of
phosphate released by this phytase was three out of six phospho-
monoester bonds, with no further increase in bond cleavage when
increasing the reaction time (Supplementary Fig. S6). The study
showed a rapid hydrolyzing activity of this phytase from IP6 to ino-.
sitol pentakis-phosphate (IP5), however, a slow conversion of IP6
to inositol tetra-phosphate (IP4) and finally to IP3 was observed .
which suggested that the lower derivatives of inositol were less
suitable substrates for the phytase than the phytate or IP6.
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3.9. HPLC characterization studies

The measurement of phytate hydrolysis is a crucial step that

considerably influences the phytase characteristics. Above result
suggesting IP3 as the end product of phytate degradation was fur-
ther validated by an improved HPLC analysis method. The chro-
matogram of standard sodium phytate was found to be linearly
proportional to the concentrations throughout, with R? value and
retention time (R;) of 0.988 and 1.23 £ 0.01 min, respectively. In a
previous study carried out by Graf and Dintzis (1982a), the reten-
tion time of phytate was found to be 1.40  0.03 min. More than
one peak with different Ry (1.26 £0.02 (major), 1.39+0.04,
1.57 £0.02 and 1.88 # 0.03 min) was observed in each chromato-
gram profile of standard IP3 (0.5-2.0 mg/ml). It might be due to
the presence of different structtral isomers of IP3 in the standard,
also verified by the pattern of these small peaks observed in conti-
nuity with R, of 1.26 £0.02 and 1.39 £ 0.04 min and R? value of
0.990 and 0.999, respectively.

Chremategram profile for untreated and phytase treated phytic
acid is illustrated in Supplementary Fig. S7a and b. After 150 min of
incubation period, no peak corresponding to IP6 was found in the
chromatogram which clearly showed the ability of Rhizopus phy-
tase to completely hydrolyze the intact phytate. In an earlier study
by Casey and Walsh (2004), phytase from R. oligosporus was shown
to completely degrade the phytate; however, presence of IP5 as
one of the hydrolyzed products of phytic acid was also found along
with IP3. From an applied perspective, presence of IP5 is not desir-
able as it possesses inhibitory effect on iron absorption in humans;
whereas, IP3 and IP4 in isolated form do not have negative effect
(Sandberg et al., 1999).

Method prev1ously reported for the determination of inositol
phosphates and its lower derivatives have some limitations in
terms of their inability to separate structural isomers, time con-
suming sample preparation, need for pre- or post-column derivati-
zation, and long analysis time. Additionally, in previously reported
methods refractive index of inositol phosphates (including various
degradation products of phytic acid) solution was measured using
RI detector. In the present study, the feasibility of determining
phytic acid and IP3 by RP-HPLC equipped with variable wavelength
detector (VWD) was successfully achieved at 246 nm. In this meth-
od, the sample preparation was much simpler and retention time
was reduced. The results show that VWD system with UV spec-
trum specifically detects the phytate and its lower derivatives with
a good resolution.

4, Conclusions

Present study has demonstrated an inexpensive LOC and WB as
potential substrate for phytase production. A marked enhancement
in phytase production was achieved due to statistical optimization
of culture parameters. An effective strain improvement procedure
could aid in an economical phytase production and thus increase in
its industrial utilization. Phytase characterization study revealed
some exclusive features of Rhizopus phytase (stability over broad
pH and temperature, insensitivity to heavy metal ions, etc.) that
render it as potential candidate for commercial purpose. Further-
more, the results obtained from improved method of HPLC analysis
establish it as an accurate and reproducible analytical method.
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