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Summary

Phosphorus is vital for growth of all life forms and is a fundamental component of nucleic

acids, ATP and several other biological compounds. Oilseeds and cereal grains, two major

constituents of the diet of animals, contain phytic acid, which is the main storage form of

phosphorus in plant cells. Monogastric animals, such as poultry and pigs, are not capable of

utilising the bound phosphorus in phytic acid since they do not produce phytase, the essential

hydrolysing enzyme. Microbial phytase is therefore added to the animal feed to enhance the

availability of phosphorus and thus minimise phosphorus pollution and phosphorus

supplementation in diets. For a phytase to be effective in the poultry and swine industry, it

needs to be able to release phytic acid phosphorus in the digestive tract, it must be thermo-

stable to resist feed processing and must be inexpensive to produce. One approach for

developing an efficient phytase for the animal feed industry is by identifying new phytases

frommicroorganisms, plants and animals.

In this study, 11 strains of the genus Cryptococcus were screened for 'phytase activity.

Initially, a differential agar plate screening method was employed to determine if any

Cryptococcus species were able to express phytase, after which production was confirmed in

different liquid media. Cryptococcus laurentii Abo 510 was identified as a strain with

significant phytase activity. The C. laurentii Abo 510 strain showed clear zones on the

differentialmedia agar plates and the production of phytase at high levels was observed when

using wet cells grown in liquid media. The C. laurentii Abo 510 strain produced maximal

phytase activity at a relatively high temperature (62°C) and in an acidic pH range (pH 5.0).

This phytase also showed a broad substrate specificity that may assist in the release of other

phosphate compounds captured in feedstuff. Although the phytase did not require any metal

ions for its activity, several metal ions caused inhibition of the phytase activity. The enzyme

was stable when exposed to 70°C for up to 180 minutes with only 40% loss in activity.

Phosphorus addition to the culture media and enzyme assay solution at concentrations

exceeding 500 f.!Minhibited the phytase activity completely. Different carbon sources in the

culture media also influenced the phytase activity. The enzyme was determined to be a cell

wall-associated phytase with little intracellularactivity.
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Opsomming

Lewende organismes benodig fosfaat vir groei en oorlewing en fosfaat vorm 'n fundamentele

komponent van nukleïensure, ATP en verskeie ander biologiese verbindings. Veevoer

bestaan meestal uit twee groot bestanddele, naamlik oliesade en graansoorte wat fitiensuur

bevat. Fitiensuur is die vernaamste vorm waarin fosfaat in veevoer gestoor word.

Enkelmaagdiere soos pluimvee en varke is nie in staat om die fosfaat van die fitiensuur te

benut nie, aangesien hierdie diere nie die geskikte hidrolitiese ensiem, fitase, vir die

vrystelling van fosfaat besit nie. 'n Mikrobiese fitase-ensiem word derhalwe by veevoer

gevoeg om die fosfaatbeskikbaarheid te verhoog. Sodoende word fosfaatbesoedeling en

fosfaataanvullings tot die dieet van diere ook verminder. Vir 'n fitase om effektief in die

pluimvee en vark-industrie te wees, moet dit fosfaat vanaf fitiensuur in die

spysverteringskanaal vrystel, dit moet behandeling by hoë temperature tydens die

veevoervervaardiging oorleef en die ensiem moet goedkoop geproduseer kan word. Een van

die benaderings om 'n effektiewe fitase vir die dierevoer-industrie te ontwikkel, is om nuwe

fitases in mikroërganismes, plante of diere te identifiseer.

In hierdie studie is die fitase-aktiwiteit van 11 stamme van die Cryptococcus genus bepaal.

Die seleksie vir die produksie van fitase deur die verskillende Cryptococcus stamme was

aanvanklik op differensiële agar plate gedoen en in verskillende vloeisto:finedia bevestig. 'n

Cryptococcus laurentii Abo SlOstam is geïdentifiseer as 'n goeie fitase produseerder. Die

C. laurentii Abo SlOstam het helder sones op die differensiële media agar plate getoon en die

produksie van hoë fitase-aktiwiteit is in nat selle waargeneem na opkweking in

vloeisto:finedia. Die C. laurentii Abo 510ras produseer maksimum fitase-aktiwieit by 'n

redelike hoë temperatuur (62°C) en in 'n suur pH reeks (pH 5.0). Die fitase het ook 'n wye

substraatspesifisiteit wat tot die vrystelling van fosfaat vanaf ander komponente in die

veevoer mag bydra. Die fitase het geen metaalione vir sy aktiwiteit benodig nie, maar sekere

metaalione het die fitase-aktiwiteit onderdruk. Die ensiem was redelik stabiel by 70°C en het

na 180 minute blootstelling slegs 'n 40% verlies in aktiwiteit getoon. Die byvoeging van

fosfaat in die kultuurmedium en in die ensiem reaksiemengsel teen konsentrasies bo 500 f.lM,

het die fitase aktiwiteit heeltemalonderdruk. Verskeie koolstofbronne het ook 'n effek op die

optimale fitase-aktiwiteit getoon. Die fitase ensiem is met die selwand geassosieer en het baie

min intrasellulêre aktiwiteit getoon.
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1. General Introduction and Project Aims
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1. General Introduction and Project Aims

Phytic acid (myo-inositol hexakisphosphate) is the main phosphorus-containing compound in

cereal grains and oilseeds, which are generally used in feedstuff for the poultry and swine

industries (Reddy et al., 1982). These monogastric animals are not capable of utilising the

phosphorus bound in phytate (Nelson et al., 1971), the salt ofphytic acid, because they either

have a modest phytase activity in their digestive tract (Bitar and Reinhold, 1972) or lack a

phytase enzyme to release the phosphorus bound to the phytate molecule (Reddy et al., 1982).

Furthermore, phytate has the ability to chelate calcium, zinc, iron, magnesium and some other

minerals, which reduce the utilisation of these nutrients (Oberleas, 1973; O'Dell and Savage,

1960; Lei et al., 1993a; Urbans et al., 2000). To compensate for this problem, farmers

regularly supplemented the diets of these animals with inorganic phosphorus, which was very

expensive and resulted in phosphorus pollution due to the unutilised phytate-phosphorus

being excreted (Sweeten, 1992). The utilisation of phytate-phosphorus by poultry and pigs

has shown to be very successful with the addition of microbial phytases to the feedstuff (Lei

and Stahl, 2000). Furthermore, the phosphate being excreted by these animals was reduced

by up to 50% with the addition ofphytases to their diet (Lei et al., 1993b, Lei et al., 1993c).

It is almost a century since Suzuki et al. (1907) discovered phytase while working on

rice bran. They were also the first to prepare an extract that retained this enzyme's activity.

Biotechnology companies, environmental protection groups and nutritionists have showed a

significant interest in phytases since 1986 (Lei and Stahl, 2001). This interest led to the

production of new phytases, isolated from a variety of sources (microorganisms, plants and

animals) or via the genetic modification or expression of cloned phytases in a suitable host.

Phytase activity has been identified and characterised in cereals, legumes and oilseeds

(Reddy et al., 1982), as well as several bacteria, such as Bacillus subtilis (Shimizu, 1992) and

Escherichia coli (Greiner et al., 1993). Phytase has also been reported in yeast, i.e.

Saccharomyces cerevisiae and Schwanniomyces castellii (Nakamura et al., 2000), as well as

filamentous fungi, with representatives of Aspergillus being the most active producers of

extracellular phytase (Gibson, 1987).

An enzyme of commercial importance must fulfil certain criteria. In the case of the

feed-additive phytase, these standards include high specific activity, broad substrate

specificity, efficient release of phytate-phosphorus, a broad pH optimum, good stability

2

Stellenbosch University http://scholar.sun.ac.za



3

during storage and feed pelleting, and economical to produce (Lei and Stahl, 2001). At

present, the current high cost to commercially produce this enzyme limits its application as a

feed supplement in certain countries (Balander, 1998).

The specific aims of this study included:

1. The identification of a novel phytase;

2. Optimising the culture media for production of the enzyme; and

3. Characterising the functional properties of the enzyme.

An overview of the current literature on the production, characterisation and

applications of phytases is given in Chapter 2, while the isolation and characterisation of the

Cryptococcus laurentii Abo 510 phytase is discussed in Chapter 3.
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1. Introduction

Cereals, legumes and oilseed crops serve as a major source of nutrients for the animal

kingdom and constitute over 90% of the global harvested area. An imperative component of

these crops is phytic acid (myo-inositol 1,2,3,4,5,6-hexakis dihydrogen phosphate) (Reddy et

al., 1989), which is the major form of stored phosphorus. Posternak showed the presence of

phytic acid for the first time in 1903 and the chemical structure of phytic acid was determined

by Anderson in 1914. Phytate is a very effective chelating agent that chelates essential

minerals such as calcium, sodium, magnesium, iron, zinc and sometimes proteins and starch

(Pallauf and Rimbach, 1996). Phytate is thus considered as an antinutritional factor (ANF)

for monogastric animals such as poultry and swine, that cannot degrade it and the enzymatic

hydrolysis of phytate is considered advantageous for these animals (pallauf and Rimbach,

1996). Given that the hydrolysis of phytic acid is of immense importance, a unique class of

enzymes with the ability to hydrolyse phytic acid has evolved - the phytases. Phytase (myo-

inositol hexakisphosphate phosphohydrolase) hydrolyse phytic acid to form a less

phosphorylated myo-inositol derivative and subsequently release inorganic phosphate

(Wodzinski and Ullah, 1996). Phytases are prevalent in nature, occurring in plants,

microorganisms, as well as in various animal tissues (Liu et al., 1998).

2. Phytic Acid

Phytate is the salt form of phytic acid and is the primary source of inositol for animals, plants

and microorganisms and serves as an important phosphorus reserve (Maga, 1982). The

majority of animal feedstuff of plant origin contain 50 to 80% of their entire phosphorus as

phytate (Harland and Morris, 1995).

2.1 Role in Plants and Nutrition

Numerous roles have been suggested for phytic acid in plant seeds and grains. These include

a function as a phosphorus reserve, an energy reserve where phosphorus from phytic acid is

liberated on germination and incorporated into ATP, a source of cations and a source of myo-

inositol (a cell wall precursor) (Reddy et al., 1989). Several applications of phytic acid
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including rust removal, prevention of dental caries and its use as a hypocholesteromic agent

were listed by Graf (1986), together with 56 other applications (Wodzinski and Ullah, 1996).

Graf and co-workers also suggested that phytic acid functions as a natural antioxidant in

seeds. The effectiveness of phytic acid in blocking iron-driven hydroxyl radical formation

supported this assumption (Graf et al., 1987). Furthermore, undigested phytic acid in the

colon might protect against the development of colonic carcinoma in animals (Dvorakova,

1998).

2.2 The Chemical Structure of Phytic Acid

The conformation structure for phytic acid was obtained by means of X-ray analysis (Blank et

al., 1971) and 31p_NMR techniques (Johnson and Tate, 1969). Johnson and Tate (1969)

suggested that the phosphate at C2 is in the axial position, with the other phosphates in an

equatorial position. Data obtained from Costello and co-workers (1976) supported this

conformation and the general approved conformation of phytic acid is shown in Figure 1.

Figure 1. The generally approved conformation of phytic acid (myo-inositol hexakis dihydrogen phosphate).

The numbering (i - vi) of carbon atoms is for the D-configuration (Liu et al., 1998).

Phytic acid is a very strong negatively charged molecule with a broad pH range and

therefore has a strong potential to form complexes with multivalent cations and positively

charged proteins (Costello et al., 1976). Using 31p_NMR and pH titration methods, Costello

and co-workers (1976) determined pKa values for the dissociating groups of phytic acid. Six

10
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groups were in the strong acid range (pKa 1.1 to 2.1), one in the weak acid range (pKa 5.70),

two had pKa values of6.80 to 7.60, and three were in the alkalinerange (pKa 10.0 to 12.0).

2.3 Antinutritional Effects of Phytic Acid

Phytic acid has a strong antinutritive effect (pallauf and Rimbach, 1996) since, among other

reasons, monogastric animals (humans, chickens and pigs) are not able to utilise the phytic

acid-phosphorus (Nelson et al., 1968). After complete dissociation of the phosphate groups,

phytic acid carries twelve negative charges. This contributes enormously to the

antinutritional effect since the negatively charged molecule will effectively bind to different

mono-, di- and trivalent cations to form insoluble complexes (Reddy et al., 1989). These

phytate-mineral complexes that form in the intestinal tract reduce the bioavailability of

essential minerals and will have a negative effect on the animal's health (Davies, 1982). This

was supported by data that indicated that phytic acid influenced the bioavailabilityof zinc by

growing rats when their diet were supplementedwith phytic acid (Pallauf et al., 1992).

Negatively charged phytic acid interacts with proteins to form phytate-protein

complexes, which will render the proteins unavailable. Similar to the phytic acid-mineral

complexes, this will also negatively influence the protein's bioavailability(De Rham and Jost,

1979; FretzdorfI et al., 1995). The isoelectric points of plant proteins are generallyaround pH

4.0 to 5.0 and acidic conditions will therefore assist phytic acid in binding tightly to these

plant proteins and decrease their bioavailability(Cheryan, 1980). Phytic acid was shown to

interact with digestive enzymes such as trypsin, pepsin, a-amylase and ~-galactosidase. This

complex formation results in a decrease in the activity of these vital digestive enzymes and

further contributes to the anti-nutritional effect of phytic acid (Deshpande and Cheryan, 1984;

Inagawa et al., 1987; Singh and Krikorian, 1982).

2.4 Degradation of Phytic Acid by Phytase

Throughout the hydration and germination periods of seeds, phytase present in the plant itself

enzymatically dephosphorylates phytic acid (Harland and Harland, 1980). Depending upon

the degree of dephosphorylation, phytase dephosphorylates phytic acid to produce phosphoric

acid, free inositol and/or the intermediary compounds, including mono-, bis-, tris-, tetrakis-

11
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and pentakisphosphate esters of inositol (Dasgupta et al., 1996).

dephosphorylation enzymatical reaction is shown in Figure 2.

Phosphatases represent a group of enzymes involved in the mobilisation of phosphate

reserves, like those mentioned above (Andriotis and Ross, 2003). Phytases belong to the sub-

The general

class of acid phosphatases (Duff et al., 1994) that, except for phytase, do not show an

apparent preference for the substrate, phytic acid. The enzyme known as acid phosphatase

also belongs to this sub-class of acid phosphatases and is distinguished from phytase by its

non-specificity for phytic acid (Andriotis and Ross, 2003). The acid phosphatase might assist

in the dephosphorylation of the intermediates of phytic acid during hydrolysis by phytase, but

it is not capable of hydrolysing phytic acid in its native state (Zyla, 1993). For example, acid

phosphatase isolated from garlic seedlings did not show any phytase activity, but the acid

phosphatase was still efficient for the dephosphorylation of other phosphate substrates

(Yenigun and Guvenitir, 2003). Phosphorus plays a very important role in the growth of

plants and seeds and is an important part of the plant's metabolic functions. This may explain

why several plant species enhance the expression of their extracellular acid phosphatases in

their rhizosphere during phosphate shortages (Asmar et al., 1995; Tarafdar and Jungk, 1987).

PHYTASE HO HO

OH
Inorganic

+ orthophosphate
OH

OH

myo-inositol-hexaphosphate Free myo-inositol

or
myo-inositol-mono-, di-, tri,
tetra- or penta-phosphate

Figure 2. Enzymatic reaction of phytase (Liu et al., 1998).

12
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The Enzyme Nomenclature Committee of the International Union of Biochemistry and

Molecular Biology (NC-IUBMB) distinguishes between two types of phytase. The

classification is based on the first phosphate group attacked by the phytase (numbering of

these phosphate groups are shown in Figure 1 and Figure 2). The 3-phytase (EC 3.1.3.8) that

first attacks phosphate at the third carbon position of the phytic acid, is characteristic for

microorganisms (Johnson and Tate, 1969), except for the enzyme from Escherichia coli

where the main pathway starts degradation at position 6 (Greiner et al., 1993). The second

phytase was classified as a 6-phytase (EC 3.1.3.26) that first attacks phosphate at the sixth

carbon position of phytic acid (Cosgrove, 1969; 1970). This enzyme is usually found in

plants (Maiti et al., 1974).

Apart from E. coli that first degrade phytic acid at position 6, Pichia rhodanensis

degrades phytic acid first at either position 3 or position 6 (Adelt et al., 2003). The

dephosphorylation pathway of this yeast in comparison with Saccharomyces cerevisiae is

shown in Figure 3. The phytase of S. cerevisiae, similar to other microorganisms, attacks the

phosphate group of phytic acid (myo-Inosito1P6) first at position 3 and produces an end

product of Inositol (1,2,6). Using S. cerevisiae to partially dephosphorylate phytic acid,

resulted in the production of D-myo-inositol 1,2,6-triphosphate (Siren, 1986). Furthermore,

immobilisedphytase from E. coli was used to prepare inositol 1,2,3,4,5-pentakisphosphate,

inositol 2,3,4,5-tetrakisphosphate, inositol 2,4,5-triphosphate, and inositol 2,5-biphosphate

(Greiner and Konietzny, 1996).

,.-._._.-._._._._._._._._._._._._._._._._,
_. _. _. _. _. _. _. _. _. _. _. - .=s::. - ,.,." Ins(1,2,5,6)P4 .. Ins(1,2,6)PJ !
, I. Ins(l 2 4 5 6)P .- . - . - . - . - . - . - .- .- . - .- . - . - .- . - . - . - . - . - . -
, "" 5 ..-

!"" . - . - . -I' - p' - • - I ,- . - . - . - . - . - . - . - . - . - . - . - . - ./ Ins(1,2,4,5)P 4 ---- ...
! myo- ns 6 . ~

~Ins(1,2,3,4,5)P 5 ------: ..~ Ins(2,3,4,5)P 4

Ins(2,4,5)PJ

Figure 3: Major pathways for phytase from P. rhodanensis for the dephosphorylation ofmyo-lnsP6• The framed

reaction shows the typical pathway for phytase from S. cerevisiae (Adelt et al., 2003).
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2.5 Metabolic Role of Myo-inositol-phosphate Derivatives

Transport of materials into the cell with the assistance of inositol phosphate intermediates that

act as a secondary messenger and playa role in signal transduction in plant and animal cells,

is a dynamic area of research (Wodzinski and Ullah, 1996). Inositol phosphates and

phospholipids play essential roles in transmembrane signalling and mobilisation of calcium in

the cell (Figure 4), which resulted in the requirement for a variety of inositol phosphate

preparations (Billington, 1993). Moreover, particular inositol triphosphates have been

recommended to avoid or ease diseases or circumstances associated with abnormal levels of

Neuropeptide Y (NPY) (Siren et al., 1992). These diseases account for various inflammatory

and respiratory conditions (Siren et al., 1992). Certain inositol triphosphates were also

suggested to be used as pain killers (Siren, 1995).

Gums

t
Glucuronate

Raffinose
Stachyose
Verbascose

t

Figure 4. A representation of the role that myo-inositol and its phosphates play in the plant cell. Ins, inositol;

PtdIns, phosphatidylinositol taken :from (Brinch-Pedersen et al., 2002).
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These inositol intermediates and phytic acid have been shown to contribute to the

enhancement of starch digestibilityand blood glucose response (Thompson, 1986) in tumour

formation inhibition (Shamsuddin et al., 1988, 1989; Shamsuddin and Ullah, 1989; Ullah and

Shamsuddin, 1990), in the treatment of Alzheimer's disease (Sabin, 1988, 1989) as well as

treatment of Parkinson's disease (Sabin, 1992).

3. Isolation and Characterisation of Phytases

Phytase has a broad presence in plants, microorganisms and animal tissues. These various

cells or tissues are capable of producing phytase either intracellularly or extracellularly;

therefore, different purification techniques have to be employed for phytases from different

sources. The production of phytase is also affected by many external properties, i.e.

temperature, pH, growth media, etc. (Liu et al., 1998)

3.1. Screening for Phytase Producers

Numerous screening programmes for the isolation of different groups of microorganismswith

extracellular phytase activity have been investigated (Pandey et al., 2001). Appropriate

enzyme assays proved to be one of the fundamentals for screening large numbers of microbial

isolates (Bae et al., 1999). Liquid assays for measuring phytase activity are insufficient for

the direct screening of numerous microbial isolates, since it is very time consuming (Shimizu,

1992; van Hartingsveldt et al., 1993). Differential agar plating mediums proved to be

appropriate for the screening of a large number of isolates (Gargova et al., 1997; Sano et al.,

1999). Using a two-step procedure, 200 fungi were :firsttested for phytase production. First

calcium phytate was used as main substrate. The second step was to verify if the fungi that

produced extracellular phytase, also produced this enzyme in a medium containing cornstarch

as the main substrate (Gargova et al., 1997). A total of 132 microorganisms were screened

for their phytase production and the majority of isolates producing phytase were of fungal

origin (Volfova et al., 1994).

About 1200 yeast strains were screened for their effectivenessto grow on phytate as a

sole source of carbon and phosphate (Sano et al., 1999). Many of the strains did not show

any growth, but Arxula adeninivorans showed a good growth that was later linked to a high

activity of secreted phytase. This same technique was used for 21 other yeast strains and only
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one strain showed high phytase activity when used in a batch-culture (Lambrechts et al.,

1992). Defined selection media (phytic acid as main substrate) was used to screen 438 soil

bacteria for phytase activity, but only four strains were capable of degrading the phytic acid

(Richardson and Hadobas, 1997).

An alternative method employed non-specific chromogenic phosphatase substrates

that are generally used for histochemical and molecular biology applications, including 5-

bromo-4-chloro-3-indolyl phosphate (BCll'), naphthol AS phosphates (West et al., 1990) and

phenolphthalein diphosphate/methyl green (Riccio et al., 1997). This approach, regrettably,

lacked the required specificity.

Another indication of enzyme activity relied on the appearance of clearing zones on

agar plates due to the disappearance of precipitated calcium phytate (Howson and Davis,

1983; Shieh and Ware, 1968). However, this solid medium assay yielded false positive

reactions since some organisms produced acid that will precipitate the calcium phytate. It is

therefore not possible to distinguish between phytase and acid production by these isolates on

the selected differential medium (Bae et al., 1999). A two-step counterstaining procedure was

designed to overcome this predicament. The solid agar medium was first flooded with an

aqueous cobalt chloride solution, followed by an ammonium molybdate/ammonium vanadate

solution that reprecipitates acid-solubilised phytate (Bae et al., 1999). This counterstaining

technique can also be used to determine in situ phytase acivity in polyacrylamide gels (Bae et

al., 1999).

Determining the specific phytase activity for a single microbial isolate is based on the

inorganic ortophosphate released through hydrolysis of sodium phytate at a pH of 5.5. This is

a very straightforward method for obtaining the precise phytase activity (Engelen et al.,

1994). The enzyme activity is expressed in one of two ways. The first refers to the amount of

inorganic phosphate (nmol) liberated per second from the substrate (sodium phytate) and is

expressed in nKat (Ullah and Gibson, 1987). The second refers to the amount of inorganic

phosphate (Jl1ll01) liberated per minute under the assay conditions, expressed in International

Units (JU) (Bogar et al., 2003).

3.2 Sources of Phytase and Purification Techniques

As mentioned earlier, phytase has a wide presence in plants, microorganisms and animal

tissues (Table 1). Phytase in plants was found in cereals, legumes and various kinds of
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Table 1. Sources ofphytases, their cellular location and production techniques (Pandey et al., 2001; Vohra
and Satyanarayana, 2003).

Microorganisms Location of Production Substrate References
enzyme technique

Bacteria
Aerobacter aerogenes Cell bound SmF Greaves et al. (1967)
Bacillus amyloliquefaciens Extracellular SmF Ha et al. (1999)
Bacillus sp. Extracellular SmF Maltose Choi et al. (1999)
Bacillus subtilis Extracellular SmF, SSF Steamed Kerovuo et al. (1998);

soybeans Shimizu (1992)
Bacillus sp. DS 11 Extracellular Kim et al. (1998)
Enterobacter sp. 4 Extracellular SmF Complex Yoon et al. (1996)medium
E. coli Cell bound SmF Complex Greiner et al. (1993);

medium Sunitha et al. (1999)
Klebsiella aerogenes Cell bound SmF Tambe et al. (1994)
Klebsiella oxytoca MO-3 Cell bound SmF Jareonkitmongkol et al.

(1997)
Lactobacillus amylovorus Extracellular SmF Glucose Sreeramulu et al. (1996)
Mitsuokella multiacidus Cell bound Yanke et al. (1998)
Pseudomonas sp. Cell bound SmF Irving and Cosgrove (1971);

Richardson and Hadobas
(1997)

Selenomonas ruminantium Cell bound SmF Yanke et al. (1999); Cheng
et al. (1999)

Yeasts
Arxula adeninivorans Extracellular SmF Complex Sano et al. (1999)medium
Candida spp. Extracellular Nakamura et al. (2000)
Clavispora lusitaniae Extracellular Nakamura et al. (2000)
Debaromyces yamadae Extracellular Nakamura et al. (2000)
Hanseniaspora valbyensis Extracellular Nakamura et al. (2000)
Kluyveromyces laetis Extracellular Nakamura et al. (2000)
Metchnikowia pulcherrima Extracellular Nakamura et al. (2000)
Pichia anomala Cell bound SmF Glucose, beef Vohra and Satyanarayana

extract (2001)
Pichia spp. Extracellular Nakamura et al. (2000)
Rhodotorula gracilis Cell bound SmF Glucose Bindu et al. (1998)
Saccharomyces cerevisiae Cell bound Howson and Davis (1983)
S. cerevisiae Extracellular Nakamura et al. (2000)
Saccharomyces kluyveri Extracellular Nakamura et al. (2000)
Schwanniomyces castellii Extracellular SmF Wheat bran, Segueilha et al. (1992)cotton flour
Schwanniomyces Extracellular SmF Nakamura et al. (2000)
occidentalis
Torulaspora delbrueckii Extracellular Nakamura et al. (2000)
Torulaspora globosa Extracellular Nakamura et al. (2000)
Torulase.0ra e.retoriensis Extracellular Nakamura et al. (2000)
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Table 1. (continued) Sources ofphytases, their cellular location and production techniques (Pandey et
al., 2001; Vohra and Satyanarayana, 2003).

Filamentous Fungi
Aspergillus sp. Extracellular SmF Complex Kim et al. (1999b)

medium
Aspergillus amstelodami Extracellular Howson and Davis (1983)
Aspergillus candidus Extracellular Howson and Davis (1983)
Aspergillus chevalieri Extracellular Howson and Davis (1983)
Aspergillus clavatus J239 Cell bound Casida (1959)
Aspergillus ficuum Extracellular SSF Canola meal Ebune et al. (1995a)
Aspergillus ficuum Extracellular SmF/SSF Glucose, Nair et al. (1991)

canola meal
Aspergillus ficuum Extracellular SmF Glucose, corn Ullah (1988)

starch
Aspergillus flavipes Fla.A14 Cell bound Casida (1959)
Aspergillus flavus Extracellular Shieh and Ware (1968)
Ai flavus Cell bound Casida (1959)
Aspergillus niger Extracellular SmF Maize starch Ahmad et al. (2000)
Aspergillus niger Extracellular SmF/SSF Complex! Papagianni et al. (1999)

wheat bran
A. niger NRRL 67 Cell bound Casida (1959)
A phoenicus QM 329 Cell bound Casida (1959)
Aspergillus repens Extracellular Howson and Davis (1983)
Aspergillus syndowi Extracellular Howson and Davis (1983)
Aspergillus terreus Extracellular Yamada et al. (1968)
Aspergillus versicolor Extracellular Howson and Davis (1983)
Aspergillus wentii Extracellular Howson and Davis (1983)
Aspergillus fumigatus Extracellular Pasarnontes et al. (1997b)
Aspergillus carbonarius Extracellular SSF Canola meal Alasheh and Duvnjak (1994,

1995)
Aspergillus carneus Extracellular Ghareib (1990)
A. nidulans QM-329 Cell bound Casida (1959)
Aspergillus terreus 9A1 Extracellular Mitchell et al. (1997)
Botrytis cinerea Extracellular Howson and Davis (1983)
Emericella nidulans Extracellular Pasamontes et al. (1997a)
Geotrichum candidum Extracellular SmF Glucose Howson and Davis (1983)
Mucor piriformis Extracellular Howson and Davis (1983)
Mucor recemosus Extracellular SSF coconut oil (Bogar et al., 2003)

cake
Myceliophthora Extracellular Mitchell et al. (1997); Wyss
thermophila et al. (1999a); (Wyss et al.

1999b)
Penicillium sp. Extracellular Shieh and Ware (1968)
Penicillium spp. P-320 Cell bound Casida (1959)
Rhizopus oryzae Extracellular Howson and Davis (1983)
Rhizopus oligosporus Extracellular SmF Glucose Howson and Davis (1983)
Rhizopus oligosporus Intra- and SSF Soybeans Sutardi and Buckle (1988)

Extracellular
Rhizopus stolonifer Extracellular Howson and Davis (1983)
Sporotrichum thermophile Extracellular Ghosh (1997)
Talaromyces thermophilus Extracellular Pasamontes et al. (1997a)
Thermomyces lanuginosus Extracellular Berka et al. (1998)
Trichoderma reessei Extracellular Nasi et al. (1999)
SmF, Submerged Fermentation; SSF, Solid-state Fermentation
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seeds and pollens. Numerous microorganisms including bacteria, yeast and fungal species,

have a phytase-producing aptitude (Liu et al., 1998). Phytase in animals is located in the

erythrocytes and plasma of a variety of species and in the small intestine of some mammals

(Cooper and Growing, 1983; Martin and Luque, 1985; Zyla, 1992). Various comprehensive

procedures for phytase production are based on the source of phytase and the purity required

(Liu et al., 1998).

3.2.1 Plant Phytases

Approximately all plants have some phytase activity. However, the yield of phytase and the

importance of this enzyme in hydrolysing phytic acid inside the seed vary noticeably among

plants (Eeckhout and De Paepe, 1994). The first phytase activity in plants was found in rice

and wheat bran (Suzuki et al., 1907). Evaluation of 51 feedstuff used in feed mills for their

ability to produce phytase, showed ample phytase activity in rye (85 nkat.g"), triticale (28

nkat.g"), barley (10 nkat.g"), wheat (20 nkat.g") and soybean meal (Eeckhout and De Paepe,

1994). Phytase has also been found in maize, com seeds, lettuces, dwarf beans, mung beans

and other legumes or oilseeds (Eskin and Wiebe, 1983; Gibson and Ullah, 1990; Laboure et

al., 1993). Germinating seeds or pollen were shown to produce phytase during these

developmental stages and a decrease in the phytic acid. content in the seeds or pollen was

noted (Reddy et al., 1982; Gibson and Ullah, 1990). Mullaney et al. (2000) purified a phytase

from scallion leaves, which indicated that phytase not only occurs in seeds and legumes.

For the purification of phytase from soybean seeds, an (N14)2S04 precipitation and

three column chromatographic steps were suggested (Gibson and Ullah, 1990). The

separation of wheat bran phytase by DEAE cellulose resulted in two fractions that differed in

their substrate degradation patterns (Lin et al., 1987). Another plant to show phytase activity

is Arabidapsis thaliana. This phytase shares several similar important features with the

commercial phytase from Aspergillus ficuum, namely, size, active-site sequence, catalytic

dipeptide and 10 cysteine residues situated in key positions of the molecule (Mullaney and

Ullah, 1998). This phytase may therefore be just as successful as the commercially produced

microbial phytases, but further research is needed to confirm such a suggestion. Purification

of phytase from Corylus avellana L. seeds entailed the separation of phytase from the other

acid phosphatases through consecutive (N14)2S04 precipitations, gel filtrations and cation
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exchange chromatography. This purification technique resulted in 300-fold purification and a

reduction of phytase activity by 7.5% (Andriotis and Ross, 2003).

The plant's ability to produce phytase in the seeds during the germination period,

allows the plant to release the phosphate captured in phytic acid during germination for its

growth and to increase the nutritional quality of these seeds (Kyriakidis et al., 1998). This

process has been described in fababeans (Eskin and Wiebe, 1983), horse grams and mouth

beans (Borade et al., 1994). Maximal phytase activity varies during the germination stage

where chickpeas and fababeans showed maximal phytase activity only on the 6 tb day,

whereas lentils, broad beans and runner beans showed maximal activity on day 8 of

germination (Eskin and Wiebe, 1983; Kyriakidis et al., 1998). Although these plant phytases

do not show sufficient levels of phytase activity for its use in the industry, consumer

acceptance may contribute to the feasibility of using endogenous plant phytases for

commercial application (Kyriakidis et al., 1998).

3.2.2 Bacterial Phytases

Phytases from bacterial sources are predominantly cell-associated, with the exception of

Bacil/us subtilis, Lactobacillus amylovorus and Enterobacter sp. 4 (Vohra and Satyanarayana,

2003). Generally, phytases from bacteria were purified by (NlL.)2S04 precipitation, or

ultrafiltration followed by ion-exchange and gel filtration (Liu et al., 1998). A four-step

chromatographic purification protocol was used for the purification of an E. coli phytase that

was purified more than 16 OOO-foid(Greiner et al., 1993). B. subtilis is able to grow and

produce phytase using SSF (Solid-state Fermentation) on steamed soybean and SmF

(Submerged Fermentation) media (Table 1) and a Sephadex G-100 column was used to purify

this phytase (322-fold) (Shimizu, 1992). Enterobacter sp. 4 was isolated from soil near the

roots of leguminous plants and maximal phytase activity was obtained when it was grown for

three days in a minimal salt medium at pH 5.5 at 37°C (Yoon et al., 1996). Localisation

studies showed that the phytase activity of Enterobacter sp. 4 was mainly located in the

extracellular fraction (82%) (Yoon et al., 1996).

Lactic acid-producing bacteria (LAB) from the Streptococcus and Lactobacillus

genera were evaluated for their extracellular phytase production (Sreeramulu et al., 1996).

The L. amylovorus B 4552 strain showed maximal phytase activity in comparison to the other

18LAB screened for the enzyme in SmF. Among the 12 species of LAB from sourdough that
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were screened for phytase activity, only intracellular phytase activity were shown for all of

them, with Lactobacillus sanfranciscensis CB 1 having the highest activity (De Angelis et ai.,

2003). Lactobacillus plantarum NRRL B-4496 was shown to have a non-specific acid

phosphatase that has a higher hydrolysis rate with monophosphorylated compounds which

could explain the low level of phytase activity. The phytic acid structure could have degraded

and would have led to the formation of phytic acid intermediates; which will make it possible

for the acid phosphatase to hydrolyse these compounds and this might have led to the false

positive activity of phytase (Zamudio et ai., 2001).

Under optimised conditions using a maltose, peptone and beef extract medium,

Bacillus sp. KRU-lO produced a high level of an extracellular phytase after 4 days (0.2 U/ml)

(Choi et ai., 1999). Intracellular phytase produced by Citrobacter braakii YH-15 was

purified (12 800-fold) to homogeneity with (NHt)2S04, Phenyl Sepharose, DEAE Sepharose,

CM Sepharose and Mono S HR 5/5 (Choi et ai., 1999). The phytase of the Bacillus sp. KHU-

10 remarkably showed a specific activity of3457 U.mg-l protein (Golovan et al. 2000), which

was 1.9 times higher than the E. coli phytase (1800 U.mg-l protein) (Greiner et ai., 1993).

The extracellular phytase from B. subtilis VTT E-680 13 grown in a wheat bran

medium was very susceptible to routinely used chromatographic purification methods (ion

exchange and gel filtration). CaCh was required in the purification solutions to maintain the

phytase activity and EDTA seemed to decrease the activity. A combination of ethanol and

(NHt)2S04 precipitation was used for the purification of the phytase from B. subtilis VTT E-

68013, which proved to be the most suitable purification technique (Kerovuo et ai., 1998).

Bacillus subtilis (natto) N-77, a strain that grows rapidly on steamed soybeans and

produces an extracellular phytase, ferments soybeans to natto, a traditional soybean cheese

produced in Japan. The enzyme was purified 322-fold through ultrafiltration and a

combination of Sephadex G-I00 and DEAE-Sepharose CL-6B columns to homogeneity.

Maximal phytase activity was obtained with the addition of calcium (5 mM) and D-mannose

(1% w/v) to the culture medium, with a specific activity of 8.7 U.mg protein" (Shimizu,

1992).

Numerous strains of ruminal bacteria were shown to have phytase activity, including

Selenomonas ruminantium, Megasphaera elsdenii, Prevotella sp. and Mitsuokella multiacidus

(Yanke et ai., 1998). These phytases are tightly associated with the outer membrane of the

bacteria (D'Silva et ai., 2000; Yanke et ai., 1998).
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3.2.3 Fungal Phytases

3.2.3.1 Filamentous Fungi

The majority of enzymes associated with the fungal cell wall are secreted proteins that are

briefly retained in the cell wall before of their secretion into the environment (Klis, 1994).

The majority of microbial phytases are repeatedly detected in fungal species, in particular

species from the genus Aspergillus (Table 1). Over 2000 microorganisms isolated from 68

soil samples were screened for their production of phytase (Shieh and Ware, 1968); only 30

isolates produced an extracellular phytase activity, all of them being filamentous fungi. More

than 90% of these extracellular phytase producers were from Aspergillus. A number of

studies confirmed that strains from A. niger were the best extracellular producers of phytase

(Howson and Davis, 1983; Volfova et al., 1994).

SSF and semi-solid fermentation systems delivered much higher phytase activity than

those produced in SmF systems (Krishna and Nokes, 2001; Papagianni et al., 1999). At

present, commercial phytase is produced by straightforward SmF systems by using strains of

A. niger and A. ficuum (Igbasan et al., 2000; Pandey et al., 2001). Maximal activity was

obtained with A. niger after 10 days of cultivation in a SmF system containing a maize starch

based medium (Ahmad et al., 2000). A. ficuum NRRL 3135 was thought to produce the

highest extracellular phytase activity in SmF, until the discovery of an Aspergillus sp. 5990

that showed a five-fold increase in activity at 35°C after four days in SmF (Kim et al., 1999b).

Optimal phytase activity for Aspergillus carbonarius using canola meal as substrate showed

that the moisture content had to be between 53 and 60% (Alasheh and Duvnjak, 1995). The

addition of surfactants like Tween-80 in the culture medium increased the biomass growth

and thus increased the phytase production by the culture (Alasheh and Duvnjak, 1994).

A. ficuum NRRL 3135 produced very high phytase activity (110 nkat/ml) in a

cornstarch medium (Ebune et al., 1995b; Nair et al., 1991; Shieh and Ware, 1968; Ullah and

Gibson, 1987; Ullah, 1988). In addition, an acid phosphatase from A. ficuum NRRL 3135

was obtained from a partly purified preparation (Irving and Cosgrove, 1974) and purified to

homogeneity using ion exchange (SP- Trisacryl M and DEAE- Trisacryl M) and PBE 94

chromatofocusing. Only a 22-fold purification was required since this is one of the major

secreted enzymes in A. ficuum NRRL 3135 and culturing in an 8% cornstarch medium

simplified the filtration (Ullah and Gibson, 1987). This fungus also produced phytase in three

alternative cultivation techniques, i.e. SSF (Ebune et al., 1995a), semi-solid fermentation
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(Han et al., 1987) and SmF (Howson and Davis, 1983; Nair et al., 1991; Shieh and Ware,

1968; Ullah and Gibson, 1987). Properties that had a profound negative influence on the

phytase production by A. jicuum NRRL 3135, included the moisture content (64% for optimal

activity) and the inoculum age (Ebune et al., 1995b). Using a SmF batch culture technique,

the addition of high concentrations of glucose and low levels of aeration negatively

influenced the phytase production (Shieh and Ware, 1968). In SSF, both phytase and cell

production were affected by the water quantity in the system (Ebune et al., 1995a;Oriol et al.,

1988).

An Aspergillus niger var teigham hyper-producing strain was used in shake flasks as

well as in fermenters for the production of phytase. Maximal production of phytase (184

nkat/ml) by this strain was obtained in minimal medium, with a specific activity of 21 367

nkat.mg" protein. For optimal growth, as well as phytase production, the cultivation

conditions for A. niger var teigham was 30°C with an initial pH of 6.5 and a combination of

starch and glucose in the medium. In the case of an efficient nitrogen source, ammonium

.nitrate addition led to higher phytase activity than the addition of peptone to the medium

(Vats and Banerjee, 2002). Extracellular phytase was purified from A. niger ATCC 9142 to

homogeneity by using an initial ultrafiltration step, followed by chromatography (ion

exchange), gel filtration and chromatofocusing. The specific activity for this strain was 89.6

nkat.mg" protein (Casey and Walsh, 2003).

An Aspergillus oryzae Kl was isolated during the production of miso koji from

steamed soybeans, a Japanese traditional soybean paste seasoning. This strain not only

produced phytase, but also an acid phosphatase that assists in the hydrolysis of phytate

intermediates (Shimizu, 1993). Sephadex G-I00 and G-200, DEAE-Sepharose CL-6B

column chromatography and chromatofocusing were used to purify the A. oryzae Kl phytase

and maximal phytase activity (approximately 0.4 U.ml-l)was obtained within 4 to 5 days of

cultivation (Shimizu, 1993). Another strain of A. oryzae produced three types of acid

phosphatases by using the SmF technique with phytic acid as the only phosphate source

(Fujita et al., 2003).

A thermophilic fungus, Sporotrichum thermophile, showed optimal phytase activity at

45°C with an initial pH of 6.0 (Ghosh, 1997). The optimal production of phytase from an

Aspergillus fumigatus strain was at 37°C with the initial pH of the medium between pH 6.0

and 6.5 and the moisture content at 64% (pasamontes et al., 1997b). In addition, an acid

phosphatase (glycosylphosphatidylinositol-anchored protein) was isolated from the cell wall
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fraction (Bernard et al., 2002). An A. carbonarius strain demonstrated maximum growth in a

SSF system using canola meal as substrate and produced an extracellular phytase that

eliminated phytic acid in the medium very rapidly. The moisture content had to be between

53% and 60% for optimal phytase production (Al-Asheh and Duvnjak, 1995). Phytase

production from four Basidiomycete fungi, Peniophora lycii, Agrocybe pediades, a Ceriporia

sp. and Trametes pubescens, was obtained (Lassen et al., 2001). This indicated that phytases

were more widely scattered in the fungal kingdom; previously reported cloned filamentous

fungal phytases from the Ascomycota phylum were thought to be the only sources of phytase

activity.

Rhizopus oligosporus CT11K2 isolated from tempeh, a product of soybean

fermentation, produced an extra- and intracellular phytase. The phytase activity from the

intracellular fraction was higher than the extracellular fraction obtained (Sutardi and Buckle,

1988). The phytase was partially purified by acetone fractionation, gel filtration with

Sephadex G-l 00 and DEAE-cellulose chromatography (Sutardi and Buckle, 1988).

A food-grade fungus used in the fermentation of sufu in China, Mucor racemosus

NRRL 1994, demonstrated high phytase activity in a SSF system. The substrate was coconut

oil cake with a moisture level of 71%, initial pH of 5.5 and an incubation temperature of 25°C

was required to produce optimal phytase activity (Bogar et al., 2003).

3.2.3.2 Yeasts

The rationale for screening numerous yeasts for phytase production is due to the wide

applications of yeasts in industrial processes and the fact that several yeasts have GRAS

status, which should render it more favourable for market approval.

A small number of yeasts producing phytase have been reported (Table 1), the most

important producers of yeast phytases being S. cerevisiae and Schwanniomyces castellii

(Lambrechts et al., 1992; Nayini and Markakis, 1984; Segueilha et al., 1992). SmF systems

were the only method being used thus far for the production of yeast phytases (Pandey et al.,

2001). AS. castellii CBS 2863 strain proved to be the strongest phytase producer from all

other yeast phytases screened. The enzyme was purified by a three-stage purification

technique using anion and gel filtration chromatography and showed a specific activity of 522

U.mg-l protein (Lambrechts et al., 1992; Segueilha et al., 1992). The phytase activity

decreased in the presence of high phytic acid concentrations (Lambrechts et al., 1992;
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Segueilha et al., 1992). Torulopsis candida CBS 940, Debaryomyces castellii CBS 2923 and

Candida tropicalis CBS 5696 also have modest phytase activity (Lambrechts et al., 1992).

Rhodotorula gracilis was shown to produce phytase from whole cells and 15 cycles of

freezing and thawing of the cells gave a phytase activity of 77.26 U.g-J cells in comparison to

40.84 U.g-J whole cells without permeabilisation (Bindu et al., 1998). Phytase production

was also reported for Candida spp. (Nakamura et al., 2000) and a novel phytase was purified

from Candida krusei WZ-001 (Quan et al., 2001; Quan et al., 2002). The phytase of the

C. krusei strain was shown to be located in the cell wall of the yeast and the phytase activity

was rather high relative to other commercial phytases. This high phytase producing strain

might be looked at as a possible phytase to be used in industrial applications.

A total of 1200 yeast strains were screened based on their growth on agar plates that

contain phytic acid as the sole carbon and phosphorus source. The only yeast that showed

vigorous growth was A. adeninivorans, which has a very high cell mass yield on a broad

range of substrates (Kunze and Kunze, 1996). The growth of this A. adeninivorans strain on

the phytic acid agar screening plates suggested that this yeast might have a high phytase

activity. This was confirmed by a solution assay that showed a phytase activity of 10 U.mg-J

protein. This phytase was only partially purified by a 2ml-Sephadex G50 column filtration

and/or further purified by one cycle of adsorption onto DEAE cellulose (Sano et al., 1999).

A high intracellular phytase activity (68 U.g-J dry biomass) was produced by Pichia

anomala when grown in a medium containing glucose and beef extract (Vohra and

Satyanarayana, 2002). The optimal concentrations of these two substrates in the medium

were obtained by the use of response surface methodology (statistical, computerised method

for product or process improvement, including optimisation) to enhance the phytase

production by this yeast. Using this method to optimise the media in contrast to doing it

manually, decreased the cost of production of the phytase. A two-step method of acetone

precipitation and anion exchange chromatography with DEAE-Sephadex was used to purify

the phytase to near homogeneity (Vohra and Satyanarayana, 2002).

Nakamura et al. (2000) screened numerous yeast species for their extracellular phytase

activity and two strains, Pichia spartinae and P. rhodanensis, showed high levels of phytase

activity (Nakamura et al., 2000).
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3.2.4 Animal Phytases

In comparison to bacterial and fungal phytases, little research have been done on animal

phytase producers. As mentioned earlier, phytate acts as an ANF for animals, therefore the

gastrointestinal tract of various animals were screened for any phytase activity (Bitar and

Reinhold, 1972). Although phytase activity has been reported in human tissue (Bitar and

Reinhold, 1972), there is still doubt whether phytate may be hydrolysed in the human small

intestine and stomach (Sandberg and Andersson, 1988). McCollum and Hart (1998) were the

first researchers to report a phytase in calf liver and blood. In addition, phytase was noticed

in the blood of birds, reptiles and certain types of fish (Rapoport et al., 1941). An ancient

protozoan pathogen of humans, Leishmania donovani, contains several specific members of

the histidine-acid phosphatase enzyme family (Shakarian et al., 2003) and the protozoan

Paramecium was shown to have a phytase-like enzyme (Freund et al., 1992).

In contrast, phytase has been found in the intestinal mucosa of the certain monogastric

animals like rat, chicken and calves (Bitar and Reinhold, 1972; Cooper and Gowing, 1983;

Yang et al., 1991a). Since intestinal phytase does not appear to play an important role in

phytate digestion, the addition of a dietary phytase might be an imperative factor for phytate

hydrolysis and the health of these animals (Frolich, 1990).

3.3 Characterisation of Phytases

3.3.1 Temperature, pH Optima and Enzyme Stability

The temperature and pH optima for phytases from some plants and microorganisms are

summarised in Table 2. Phytases vary in temperature optima from 40°C to 80°C (Vohra and

Satyanarayana, 2003). Thermo-stability is important as the enzyme may be required to

endure high temperatures of 60 to 90°C for a short period of time during the production of

feed pellets (pasamontes et al., 1997b). The fungus A. fumigatus produced an exceptionally

thermo-stable phytase that could endure temperatures of up to 100°C over a period of 20

minutes, while losing only 10% of its original activity (Pasamontes et al., 1997b). The

phytase from A. carne us lost 68% of its activity after a heating period of 60 minutes

at 45°C (Ghareib, 1990). The same loss in activity was reported for the bacterial phytase

from E. coli, which lost 24% of its activity when the enzyme was exposed to 60°C for 1

hour, and lost all activity when exposed to a temperature of 70°C (Yoon et al., 1996).
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Table 2. Characterisation of some plant and microbial phytases. (Liu et al., 1998; Vohra and
Satyanarayana, 2003)

Source Optimal Optimal pB Km References
temp. CC) (mM)

Plant
Canola seed 50 5.2 0.36 Houde et al. (1990)
Maize 55 4.8 0.117 Laboure et al. (1993)

Soybean 55 4.5-4.8 0.048 Gibson and Ullah (1988);
Sutardi and Buckle (1986)

Spelt 45 6.0 0.4 Konietzny et al. (1995)
Nagai and Funahashi

Wheat bran 55 5.0-5.6, 7.0 0.022 (1962); Pears (1953); Lim
and Tate (1973)

Bacteria
Aerobacter aerogenes 25 4.0-5.0 0.135 Greaves et al. (1967)
Bacillus sp. DS 11 70 7.0 0.55 Kim et al. (1998)

B. subtilis 55 7.0 0.04 Powar and Jagannathan
(1982)

B. subtilis (natto ) N77 60 6.0-6.5 0.50 Shimizu (1992)
E. coli 55 4.5 0.13 Greiner et al. (1993)
Klebsiella aerogenes 60 4.5-5.2 0.11 Tambe et al. (1994)
Pseudomonas sp. 40 5.5 0.016 Irving and Cosgrove (1971)

Yeasts
A. adeninivorans 75-80 4.5 0.25 Sano et al. (1999)

P. anomala 60 4 0.20 Vohra and Satanarayana
(2002)

P. rhodanensis 70-75 4.0-4.5 0.25 Nakamura et al. (2000)
P. spartinae 75-80 4.5-5.5 0.33 Nakamura et al. (2000)
S. castellii 75-80 4.5 0.038 Segueilha et al. (1992)

Filamentous Fungi
A. niger 92 55 5.0 0.44 Dvorokava et al. (1997)
A. ficuum NRRL 3135 58 2.5,5.0-5.5 0.04 Ullah and Gibson (1987)
A. niger SK-57 50 2.5,5.5 0.019 Nagashima et al. (1999)
A. niger ATCC 9142 65 5.0 0.10 Casey and Walsh (2003)
A. oryzae Kl 50 5.5 0.33 Shimizu (1993)
R oligosporus 55 4.5 0.15 Sutardi and Buckle (1988)

Phytase activity from Enterobacter sp. 4 was more stable (loss of 40% activity) when exposed

to a temperature of 60°C for a period of 20 hours. The enzyme lost all its activity when the

temperature was increased to 80°C for the same period (Y oon et al., 1996). Phytase activity

from Bacillus sp. DS 11 showed an optimum temperature of 70°C, which is generally higher

than temperature optima reported for most microorganisms. This phytase required the
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inclusion of CaCh in the assay solution to maintain a 100% activity during exposure to 70°C

for 10 minutes. This suggested that the calcium ion had a protection effect on the stability of

the phytase under high temperatures (Kim et al., 1998a). Roughly, 50% of the original

activity was lost when the enzyme was exposed to 90°C for 10 minutes (Kim et al., 1998a).

Optimal phytase activity was reported for S. castellii at 77°C (Segueilha et al., 1992),

with an optimal temperature of 75°C for the yeast A. adeninivorans (Sano et al., 1999).

Phytases from two other yeast strains, P. rhodanensis and P. spartinae, demonstrated optimal

phytase activity at temperatures of 70°C to 75°C, and 75°C to 80°C, respectively (Nakamura

et al., 2000), indicates that phytases from yeast may produce better phytase activity at high

temperatures.

Optimal phytase activity between 50°C and 60°C was reported for bacterial phytases

from B. subtilis (Powar and Jagannathan, 1982), E. coli (Greiner et al., 1993), Klebsiella

aerogenes (Tambe et al., 1994), Enterobacter sp. 4 (Yoon et al., 1996), Klebsiella oxytoca

MO-3 (Jareonkitmongkol et al., 1997), and S. ruminantium (Yanke et al., 1999). Two

exceptions were the phytase from Aerobacter aerogenes that had an optimum at 25°C

(Greaves et al., 1967), and the phytase from Bacillus sp. DSII with an optimum at 70°C (Kim

et ai., 1998a).

Maximal phytase activity was obtained for A. fumigatus when the enzyme was

exposed to 37°C (pasamontes et ai., 1997b), whereas the optimal activity for A.ficuum NRRL

3135 was reached at a temperature of 58°C (Howson and Davis, 1983). Furthermore, the

thermophilic fungi, Thermomyces lanuginosus, displayed an optimum activity at 65°C (Berka

et ai., 1998) and S. thermophile showed optimal activity at 45°C (Ghosh, 1997).

Phytases vary in their pH optimum from pH of 2.2 to pH 8 (Vohra and Satyanarayana,

2003). Bacterial phytases demonstrated maximal activity at a pH optimum between 4 and

5.5, including the phytases from A. aerogenes (Greaves et ai., 1967), Pseudomonas sp. (Irving

and Cosgrove, 1971), E. coli (Greiner et ai., 1993), S. ruminantium (Yanke et ai., 1999) and

L. amylovorus (Sreeramulu et ai., 1996). However, maximal phytase activity of

Enterobacter sp. 4 (Yoon et ai., 1996) and Bacillus sp. DS 11 (Kim et ai., 1998a) was shown

to be in the neutral range of pH 7 to 7.6. Optimal phytase activity obtained from plant seeds

was in the pH range from 4 to 7.5. Legume seed (Scott, 1991) and lily pollen (Hara et ai.,

1985) showed optimal activity in the alkaline range of about pH 8.
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The majority of microbial phytases have a pH optimum between 4.5 and 5.5,

particularly the fungal sources. The A. fumigatus enzyme differ from most of the other fungal

phytases in having a broad pH optimum range, where it showed 80% of its optimal activity

between pH values of 4 and 7 (pasamontes et al., 1997b). Citrobacter freundi, as well as the

phytase from A. ficuum NRRL 3135, showed two pH optima, e.g. pH 5.5 and pH 2.5

(Howson and Davis, 1983).

3.3.2 Substrate Specificity and Kinetic Parameters

The majority of phytases show a wide range of substrate specificity, with phytate being the

substrate of choice (Vohra and Satyanarayana, 2003). The relative specificity of some

phytases for a certain substrate is presented in Table 3. Only a small number of phytases

demonstrated a very high specific activity for phytic acid. Although this allows one to

distinguish between phytase and acid phosphatase activity, the substrate specificity of phytase

may differ because of the different molecular characteristics of purified enzyme sources

(Konietzny et al., 1995). For example, the phytase from Bacillus sp. DS11 is extremely

specific for phytate and had slight or no activity on p-nitrophenyl phosphate, ATP, ADP,

AMP, ~-glycerophosphate, sodium pyrophosphate and u-naphthylphosphate (Kim et al.,

1998a). Furthermore, the Pseudomonas sp. phytase also demonstrated no activity on

inorganic pyrophosphate, ~-glycerophosphate, ADP or AMP. Although it did show activity

for p-nitrophenyl phosphate, this was only 14% in comparison to the activity for the phytate

substrate (Irving and Cosgrove, 1971). The phytase from E. coli, A. niger and Aspergillus

terre us seemed to be also fairly specific for phytic acid (Wyss et al., 1999a).

In contrast to the examples mentioned above, phytases from Emericella nidulans,

Myceliophthora thermophila and A. fumigatus proved to have a broad range of substrates

(Wyss et al., 1999a). Similarly, the phytase from S. castellii had the lowest Michaelis

constant (Km) of about 0.038 mM for phytate (Segueilha et al., 1992). Higher Kmvalues for

phytate were reported in P. spartinae (0.30 mM), P. rhodanensis (0.25) and

A. adeninivorans (Vohra and Satyanarayana, 2003).

The phytase from mung beans had a Km value of 0.65 mM for the hydrolysis of

phytate (Majerus, 1992). This Km value is comparable to some other phytase enzymes from

canola seed (0.36 mM) (Houde et al., 1990), cotton seed (0.37 mM) (Valikhanov et al., 1981),

maize (0.117 mM) (Laboure et al., 1993) and spelt (0.4 mM) (Konietzny et al., 1995).
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Moderately lower Kmvalues were established for phytases from A. ficuum (0.040 mM) (Ullah

and Gibson, 1987), Typha latifolia L. (0.017 mM) (Hara et al., 1985), wheat bran (0.022 mM)

(Lim and Tate, 1973) and soybean seed (0.048 mM) (Gibson and Ullah, 1988).

Table 3. Substrate specificity for some sources of phytase (Liu et al., 1998)

Relative activi!I: ~%}

Substrate Spelt- Canola B.
E. coli Ai ficuum' A. nigel

seedb subtilisc

Sodium phytate too' 100 100 100 100 100
p-N itrophenyl-phosphate 29 890 0 12.3 66 10
Sodium ~glycerophosphate 38 72 0 1.9 41 0
ATP 252 17545 0 48
AMP 11 0
NADP 58 0 8
Fructose-l,6-diphosphate 103 8.5 27.3
Fructose-6-diphosphate 121 1.3
Sodium phosphate 1860 21.1
Na-Hj-pyrophosphate 517 23190 4.2 0 19.4
Glucose-6-phosphate 0 0.4 13

• Konietzny et al., 1995; bHoude et al., 1990; c Shimizu, 1992; d Greiner et al., 1993; e Irving and Cosgrove,
1974; UIlah, 1988; r Skowronski, 1978.
iHydrolysis rate of sodium phytate was taken as 100% for comparison.
-: Not determined

For most phytases, typical Michaelis-Menten kinetics were shown, where the

liberation of inorganic phosphate by phytase is affected by the amount of substrate used

(Feuillade and Dorizo, 1992; Shimizu, 1992). However, two phytase isolates from

M thermophila and E. nidulans displayed non-Michaelis-Menten behaviour (Wyss et al.,

1999a). As mentioned in a previous section, inorganic phosphorus may result in the

inhibition of product formation by phytase (Greiner et al., 1993; Howson and Davis, 1983;

Konietzny et al., 1995).

The Km values of a purified phytase from A. niger SK-57 were determined for two

different substrates, i.e. calcium phytate and 4-nitrophenyl phosphate that showed Km values

of 0.45 and 1.38 mM, respectively (Nagashima et al., 1999). A Km value of 0.345 mM was

determined for the phytase from A. carbonarius produced in a SSF system (Alasheh and

Duvnjak, 1994). Klebsiella sp. No. PG.-2 displayed a very high Km of 2.0 mM (Shah and

Parekh, 1990).
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The kinetic effectiveness of an enzyme is confirmed by means of the KcatlKm values

for a substrate, in this case phytate. The highest KcatlKm values for the substrate phytic acid

were obtained from a phytase and acid phosphatase of A. ficuum NRRL 3135, these values

were 1.29 x 107 and 6.10 x 106 M.S"I, respectively (Ullah and Phillippy, 1994). Phytase from

E. coli had a KcatlKm value of 4.78 x 107 M.S"1(Greiner et al., 1993)

Specific activities for fungal phytases range between 23 U.mg"l protein for

A. fumigatus to 198 U.mg"l protein for A. terreus when phytic acid was used as the substrate

(Wyss et al., 1999b). The specific phytase activities reported for bacteria differ

approximately 100-fold, ranging from 8.7 U.mg"l protein for B. subtilis to 811 U.mg"l protein

for E. coli (Greiner et al., 1993; Shimizu, 1992).

3.3.3 Effect of Metal Ions and other Chemicals

Microbes seem to vary in their metal ion requirement to maintain or maximally produce a

high phytase activity. A summary of the complete phytase inhibition by metal ions is shown

in Table 4. The addition of 5 mM Ca2+, Mg2+, Mn2+and Fe2+ inhibited the phytase from

S. castellii to some extent. Zn2+and Cu2+at a concentration of 0.5 mM caused 50% inhibition

of the phytase activity, and 5 mM Zn2+ and Cu2+ inhibited phytase activity completely

(Segueilha et al., 1992). EDTA, Cd2+ and Mn2+ inhibited the phytase activity at a

concentration of 5 mM in Bacil/us sp. DS 11, while moderate inhibition was noted with the

addition of 5 mM of Hg2+, Mg2+, Ba2+ and Cu2+ (Kim et al., 1998). Phytase activity of

S. ruminantium was inhibited by 5 mM Fe2+, Fe3+, Cu2+,Zn2+ and Hg2+ (Yanke et al., 1999).

The sensitivity for these cations were very similar for the microbial phytases of E. coli,

Klebsiella terrigena (Greiner et al., 1993; Greiner et al., 1997) and A. ficuum (Ullah and

Cummins, 1988). Na2+, Zn2+, Fe2+ and Cu2+ inhibited the partially purified phytase from

K oxytoca MO-3, but this phytase was not inhibited by N-ethylmaleimide or

EDTA (Jareonkitmongkol et al., 1997). Using EDTA to remove the metal ions from the

phytase from B. subtilis resulted in total inactivation of the enzyme (Kerovuo et al., 2000).

The cations Cu2+, Zn2+,Hg2+, Sn2+and Cd2+ inhibited the phytase activity of A. niger

SK-57 (Dvorakovaetal., 1997). Phytase activity of B. subtilis (natto) N-77 proved to be

inhibited by EDTA, Zn2+,Cd2+,Ba2+,Cu2+,Fe2+and Al3+ (Shimizu, 1992). Ag2+,Hg2+,co",
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Table 4. Complete phytase inhibition by different metal ions.

Microorganisms ReferencesMetal Ions

Plant

Spelt (Konietzny et al., 1995)

Bacteria

Bacil/us sp. Dsll Cd2+ and Mn2+

Z 2+ Cd2+ B 2+ C 2+ F 2+ dn, ,a,u,ean

Ae+

A 2+ H 2+ C 2+g , g , U
5 mM F 2+ F 3+ C 2+ Z 2+ de,e,u,nan

Hg2+

(Shah and Parekh, 1990)

(Yanke et al., 1999)

B. subtilis (natto) N-77

(Kim et al., 1998)

(Shimizu, 1992)

Klebsiella sp. No. PG.-2

S. ruminantium

Yeasts

S. castellii (Segueilha et al., 1992)

Filamentous Fungi

A. niger SK-57 (Dvorakova et al., 1997)

fluoride and a high substrate concentration inhibited the phytase activity of

Klebsiella sp. No. PG.-2 (Shah and Parekh, 1990). Konietzny et al. (1995) confirmed that

Hg2+, Cu+ and Cu2+inhibited the phytase activity of spelt.

Ca2+ and Fe2+ did not have an effect on the purified phytase from A. ficuum NRRL

3135, however, Co2+ and Mn2+ increased the phytase activity by 13% and 30%, respectively

(UIlah, 1988). Rat phytase activity was increased by 40% with the addition of 20~80 !JM

Zn2+ (Bitar and Reinhold, 1972). Phytase from pollen from T. latifolia and phytases from a

number of other plants require Ca2+ for maximal phytase activity (Gibson and UIlah, 1988;

Hara et al., 1985; Laboure et al., 1993; Scott and Loewus, 1986).

Fluoride and vanadate inhibited the phytase from cotyledons of germinating soybean

seeds (Ullah and Gibson, 1988). Phytase from lily pollen (Barrientos et al., 1994; Scott and

Loewus, 1986) was also inhibited by fluoride. Furthermore, phytase from K terrigena was

competitively inhibited by fluoride, molybdate and vanadate (Greiner et al., 1997)
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3.3.4 Molecular Size

The majority of phytases are regarded as monomeric enzymes; including the fungal phytases

(Dvorakova et al., 1997; Ullah and Gibson, 1987; Wyss et al., 1999a), E. coli and

K. terrigena phytases (Greiner et al., 1993; Greiner et al., 1997), and the B. subtilis (natto)

phytase (Shimizu, 1992). Nevertheless, there are phytases that consist of multiple subunits.

A dimeric enzyme from maize seedlings during germination contained two subunits of 38

kDa each (Laboure et al., 1993).

Phytases are high-molecular-weight proteins that vary between 40 to 700 kDa,

depending on the phytase source (Vohra and Satayanarayana, 2003). The phytase from

S. ruminantium was shown to be a single gene product (monomeric) with a molecular weight

(Mr) of approximately 46 kDa (Yanke et al., 1999). SDS-PAGE suggested a Mr of 44 kDa

for the purified phytase from Bacil/us sp. DS Il (Kim et al., 1998) and 36 kDa for the phytase

from B. subtilis (natto) N-77 (Shimizu, 1992).

Two protein bands of 70 and 90 kDa were obtained by SDS-PAGE for the purified rat

intestinal phytase (Yang et al., 1991b). Two dissimilar forms have been described for the

phytase from Klebsiella aerogenes. The first one has a very large Mr of 700 kDa and is likely

to be the native phytase. The second one (13 kDa) is possibly a subunit of the native 700-kDa

phytase, although it did show 100% phytase activity and was the first small protein reported

to have phytase activity (Tambe et al., 1994).

Glycosylation may influence the catalytic, pI and expression properties of phytase.

The native phytase of A. ficuum NRRL 3135 was 27% glycosylated. This glycosylation did

not have any effect on the catalytic or refolding properties of the enzyme (Wyss et al., 1999a).

A Mr of 490 kDa was reported for the phytase from S. castellii, which had a 31%

glycosylation. This glycosylated phytase was tetrameric, consisting of one large subunit of

125 kDa and three indistinguishable small subunits of70 kDa (Segueilha et al., 1992).

SDS-PAGE was used to determine the Mr of the purified phytase from A. fumigatus,

revealing a 60 kDa protein (Pasamontes et al., 1997b). The Mr of the purified phytase from

A. ficuum NRRL 3135 was 85 kDa, the same size as the acid phosphatase (Ullah and

Phillippy, 1988). The Mr for the purified phytase and acid phosphatase from A. oryzae Kl

were 60 and 70 kDa, respectively (Vohra and Satayanarayana, 2003). For A. terre us, a Mr of

214 kDa was suggested for its native phytase; this protein was a homohexamer of 37 kDa

subunits (Yamamoto et al., 1972).
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3.3.5 Amino acid Sequence Analyses of Phytases

Table 5 presents the amino acid composition of phytases from soybeans, B. subtilis and

A. ficuum. The phytase from A. ficuum contained 594 amino acid residues, which are divided

into 37% nonpolar, 42% polar, 11.5% acidic and 9.5% basic amino acids (Nayini and

Markakis, 1984). The phytase contained more acidic residues than basic residues, which

explained the acidic nature of the enzyme. The secondary structure of the A. ficuum phytase

was projected to include 17.3% a-helixes, 29% ~-sheet, 32.6% turns and 24.7% coils (Ullah et

al., 1994). Tryptophan was proposed to be important for the phytase activity of this fungus

(Ullah and Dischinger, 1993), whilst disulfide bonds in the active center seem to be important

in keeping its structural geometry. The phytase activity decreased when ~-mercaptoethanol

was used to reduce the disulfide bonds, which confirmed that the disulfide bridges are

required for the phytase activity in A. ficuum (Ullah and Mullaney, 1996).

Table 5. The amino acid (aa) composition of some purified phytases (Liu et al., 1998)

Number of residues

Amino acids Soybean' B. subtilisii As ficuum"

Alanine 29 29 45
Arginine 23 8 19
Asparagine 59 58 60
Cysteine 7 0 8
Glutamic acid 45 39 44
Glycine 47 36 56
Histidine 11 29 10
Isoleucine 25 18 22
Leucine 50 17 50
Lysine 24 20 11
Methionine 11 2 4
Phenylalanine 23 9 29
Proline 29 12 45
Serine 29 12 78
Threonine 18 3 56
Tyrosine 28 14 20
Valine 35 16 37
Total 493aa 322 aa 594aa

~. Calculation on the molecular weight of 54 kDa (Gibson and Ullah, 1988)
~~.Calculation on the molecular weight of 36.5 kDa (powar and Jagannathan, 1982)
'" Calculation on the molecular weight of61.7 kDa (UIlah, 1988)

The phytase amino acid sequence obtained from Aspergillus niger var. awamorii

showed a 97.2% homology to the phytase sequence from A. ficuum NRRL 3135 phytase. It
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was established that the phytase amino acid sequence of A. ficuum contained ten

N-glycosylation sites (Piddington et al., 1993; van Hartingsveldt et al., 1993). The phytase

from P. lycii appeared to have ten cysteine residues with three amino acid consensus regions

when compared with other basidiomycete fungi (Figure 5) (Lassen et al., 2001). The phytase

from E. nidulans and T thermophilus consisted of 463 and 466 amino acids, respectively,

with 63% and 61% homology, with the amino acid sequence of the A. niger phytase

(Pasamontes et al., 1997a).

Figure 5. Amino acid sequence alignment to show the active site of pbytase from some fungi strains and the

high degree of amino acid conservation between four Basidiomycete strains in three regions (Lassen et al.,

2001).

By aligning all the amino acid sequences obtained from phytase sources, only two

amino acids are preserved between all phytases published, i.e. Asn207 and Asn339. Using a

3D-modeling technique, it was determined that all phytases reported contained 21 identical

amino acids that formed the substrate pouch of the protein (Figure 6) (Vohra and

Satayanarayana, 2003).

Using a two wavelenght anomalous diffraction method with an exceptionally strong

anomalous scattering of tungsten, the crystal structure of E. coli phytase was determined (Lim

et al., 2000) and compared to two other phytase crystal structures (Figure 7). The structure

strongly resembled the overall fold of other histidine acid phosphatases regardless of a lack in

sequence similarity.
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3.3.6 Crystal Structure
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Figure 6. A GRASP electrostatic surface representation of the substrate binding pocket of E. coli phytase with

potentials ranging from -20V (red) to +20V (blue). Phytate is shown as a stickmodel in the proteins binding

pocket (Lim et al., 2000).

Figure 7. The similarities between three-dimensional crystal structures of (i) E. coli phytase, (ii) A. niger

phytase and (iii) rat prostatic acid phosphatase. An outstanding central cavity separates the protein into an a-

domain (red) and an alp-domain (light blue). The a-helices surround the main p-sheet of the alp-domain and

this is well conserved among the three crystal structures. Capital letters are the labels for helices from E. coli;

A. niger is labelled with small letters and numerals indicate rat prostatic acid phosphatase labels. The a-domain

of E. coli has a unique feature of containing a p-hairpin structure (dark blue). The orange coloured helices

represent the alp-domain and are positioned in such a way that the helix dipole can assist in die binding of the

scissile phosphate at the active site of the protein (Lim et ai., 2000).
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The crystal structure of a phytase from Bacil/us amyloliquefaciens was determined by using a

X-ray crystallographic analysis that uses a hanging-drop vapour-diffusion method (Ha et

al., 1999). Premium single crystals of this phytase in the absence of calcium ions were

achieved using a precipitant solution and the crystal structure was reported at 2.5 A resolution

(Kostrewa et al., 1997). This crystal structure showed the a/~-domain and a-domain with an

innovative fold. The advanced crystal structure of this phytase consisted of 434 amino acids,

115 H20 molecules and one sulfide ion in the sulfide-binding site. This advance crystal

structure provided important information regarding the substrate binding property of the

enzyme (Figures 7 and 8) (Kostrewa et al., 1997).

3.3.7 Active Site and Reaction Mechanism

Phosphate esters are optimally hydrolysed at low pH levels by acid phosphatases that are a

heterologous group of enzymes. Several acid phosphatases from various sources share two

similar sequence regions, each one reported to have a characteristic conserved histidine

residue (van Etten et al., 1991). There are 14 members ofphytases that belong to this group

Figure 8. Schematic diagram of the interactions implicated in phytate binding with the phytase protein of E. coli

(Lim et al., 2000).
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called "histidine acid phosphatases", each one sharing the sequence consensus pattern

(histidine residues in bold) of [LIVM]-X(2)-[LIVMA]-X(2)-[LIVM]-X-R-H-[GN]-X-R-X-

[PAS] near the N-terminus, and a conserved HD-motif [LIVMF]-X-[LIVMFFAG]-X(2)-

[STAGI]-H-D-[STANQ]-X-[LIVM]-X(2)-[LIVMFY]-X(2)-[STA] near the C-terminus

(Lassen et al., 2001; van Etten et al., 1991; Wodzinski and Ullah, 1996). This active site

motif (RHGXRXP) is conserved in all the fungal phytase strains (Figure 5) and is present in

the phytase from E. coli (Wodzinski and Ullah, 1996).

The fundamental role of the histidine and arginine residues in phytase activity were

confirmed by probing active sites of fungal phytases by amino acid residue with specific

modified reagents (Ullah et al., 1991; Ullah and Dischinger, 1992). There were four

tryptophan residues implicated in the phosphohydrolytic cleavage of phytic acid (Ullah and

Dischinger, 1995). Only two were located in the hydrophilic region, Trp25 and Trp267; the

other two residues were situated in the hydrophobic region and might not be able to playa

role in the formation of the active site (Ullah and Dischinger, 1992).

A two-step reaction mechanism for phytases (histidine acid phosphatases) of fungi and

E. coli has been suggested. Firstly, the arginine residue (because of its positively charged

guanidine group in the tripeptide RHG) will interact directly with the phosphate group of the

phytic acid. This function makes it vulnerable to nucleophilic attack, whereas the histidine

residue serves as a nucleophile in the construction of covalent phosphohistidine intermediates.

Secondly, the aspartic acid residue (from the HD-motif) protonates this group, which will

subsequently leave the substrate (van Etten, 1982).

4. Commercial Production of Phytases

4.1 Enzyme Production Techniques and Directives

4.1.1 Submerged Fermentation vs. Solid-State Fermentation

Over the past half century, SmF technology has largely been employed for the production of

commercially important products (Papagianni et al., 1999). In recent years, SSF technology

has expanded to include the production of value-added products (Pandey, 1991, 1992, 1994).

This technology was regarded as low-technology systems for the inexpensive production of

value-added low volume-high cost products such as biopharmaceuticals (Pandey and Soccol,

2000). Moreover, phytases have been produced with SmF as well as SSF techniques, as
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shown in Table 1 (Papagianni et aI., 1999). It was found that phytases are produced more

efficiently by SSF than with SmF (Howson and Davis 1983; Papagianni et aI., 1999). The

reason for this might be that the SSF resembles a more natural way of life for some

microorganisms (Krishna and Nokes, 2001). Han et al. (1987) also experimented with a

semi-solid substrate fermentation technique to determine if a combination of SmF and SSF

techniques could produce phytases more efficiently. They reported that the best technique for

maximal phytase activity was actually SSF on its own, although, the mixture of SmF and SSF

did produce higher phytase activity than in SmF alone.

There are many factors to be taken into consideration for the selecting of a certain

production technique, which will have an effect on the yield. These factors include the type

of strain, culture conditions and the nature and availability of nutrients for the efficient

production of phytase (Moo-Young et aI., 1978;Papagianni et aI., 1999).

4.1.2 Physical and Nutritional Parameters

Temperature, pH, agitation, dissolved oxygen and pressure are the most significant physical

parameters that will have a profound influence on the growth of organisms and the production

of phytase. Most of the microorganisms produce phytase at a temperature optimum between

25 and 37°C. Thermomyces lanuginosus (Pasarnontes et aI., 1997a), T. thermophilus

(Pasamontes et aI., 1997a) and S. thermophile (Ghosh, 1997) are the only thermophilic

microorganisms known to produce phytase; all the other known producers are mesophiles

(Berka et aI., 1998).

The pH of the medium has an enormous effect on the microorganism's growth as well

as production of the enzyme. The optimum pH for most phytase-producing microorganisms

lies between pH 5.0 and 7.0 and there has been no report yet of a phytase that is produced in

an alkaline environment (Vohra and Satayanarayana, 2003).

To maximise the production ofphytases in SmF, it was found that the medium needed

to be properly aerated and agitated to keep the medium constituents, microbial cells and

oxygen equally suspended (Vohra and Satayanarayana, 2003). An aerated fermenter and

agitation kept at 600 rpm was most efficient for the production of phytase from the yeast

S. castellii (Sequeilha et aI., 1992). By just agitating the media (shaking at 270 rpm),

maximum levels of phytase were produced by strains representing A. niger, A. ficuum NRRL
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3135 and A. terreus (Shieh and Ware, 1968). Similar results were obtained with Bacillus sp.

DS 11 by shaking the culture at 230 rpm (Kim et al., 1998).

Another very important factor in the production of phytase is the optimal

concentration and source of carbon for the microorganism. Glucose is the prefered carbon

source (substrate) for the production of phytase. Glucose at a concentration of 1% (w/v) was

optimal for phytase production by two bacteria, L. amylovorus (Sreeramulu et al., 1996) and

Enterobacter sp. 4 (Yoon et al., 1996). The production of phytase by B. subtilis was optimal

with a glucose concentration of 2% (w/v) (Kerovuo et al., 1998). For phytase production by

Bacillus sp. DS11, wheat bran at a concentration of 6% (w/v) was found to be a good carbon

source (Kim et al., 1998). Myo-inositol, the product of total dephosphorylation of phytic acid,

was used as the sole carbon source at a concentration of 0.2% (w/v) for the growth and

production of phytase by the bacterium Pseudomonas sp. 4 (Irving and Cosgrove, 1971).

Similar results were obtained for K aerogenes when grown in a medium containing sodium

phytate at a concentration of2% (w/v) (Tambe et al., 1994).

A several-fold improvement in phytase production was reported for A. adeninivorans

by substituting the glucose with galactose in a medium consisting of yeast peptone and

glucose (Sano et al., 1999). The substitution of glucose with galactose also led to an

improved production of phytase by S. castellii (Segueilha et al., 1992). In the case of some

fungi, a maltose yeast extract broth was used for optimal production (Shieh and Ware, 1968).

However, when glucose or sucrose were used as sole carbon source, A. ficuum NRRL 3135

formed mycelial pellets that produced low yields of phytase (Wodzinski and Ullah, 1996). By

using corn meal, the mycelial growth was dispersed and this led to an elevated enzyme yield

(Shieh and Ware, 1968). This was also noted for the production of phytase by A. ficuum

NRRL 3135 in a SSF technique (Ebune et al., 1995).

Nitrogen is another very important parameter that influences the growth and

production of enzymes in the medium. Using peptone (an organic form of nitrogen) at a

concentration of 1% (miv) improved the production of phytase by A. aerogenes (Greaves et

al., 1967). Similar results were obtained with K oxytoca when the medium was

supplemented with yeast extract (Jareonkitmongkol et al., 1997). By including yeast extract

and peptone in the medium at a concentration of 1% (miv) each, the A. adeninivorans phytase

yield improved several fold (Sano et al., 1999). CNH4)2S04 (inorganic nitrogen source) used

at a concentration of 1% (w/v) enhanced the phytase production in Pseudomonas sp. (Irving

and Cosgrove, 1971), Enterobacter sp.4 (Yoon et al., 1996) and S. castellii (Lambrechts et
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al., 1992). In the case of B. subtilis, the medium was supplemented with casein hydrolysate

and CNH4)2S04at 1% (w/v) each to improve the phytase yield in this microorganism (Powar

and Jagannathan, 1967).

Apart from the necessity of carbon and nitrogen sources for growth and phytase

production, some microorganisms require additional trace elements and vitamins (Galzy,

1964; Segueilha et al., 1992). The majority of yeasts needed the inclusion of vitamins and

trace elements in the medium to enhance their growth and phytase yield. In contrast,

B. subtilis (Powar and Jagannathan, 1967), Bacil/us sp. Dsll (Kim et al., 1998), E. coli

(Greiner et al., 1993), as well as fungi such as A. niger ATCC 9142 and A. ficuum NRRL

3135 (Shieh and Ware, 1968), did not require trace element supplementation to produce

efficient levels of phytase.

Inoculum size and age playa very important role in the phytase yields of the majority

of microorganisms, in particular the fungal sources. If the inoculum size is too small, the

fungi form pellets that resulted in very low extracellular enzyme yields. This phenomenon

seems to be a universal characteristic of these microorganisms (Han et al., 1987; Shieh and

Ware, 1968; Wodzinski and Ullah, 1996). Inoculating a culture medium with 50-day-old

spores of A. niger 307, resulted in maximal phytase production with an increase of phytase

production by 3.29-fold (Gargova and Sariyska, 2003). Adding to this, it was shown that

when younger inocula were used in SSF techniques, the phytase yields did not produce very

high phytase activity (Nair and Duvnjak, 1990; Ebune, 1995).

The synthesis of phytase appears to be strongly regulated by the availability of

inorganic phosphorus in the culture medium (Han et al., 1987; Howson and Davis, 1983;

Shieh and Ware, 1968; Ullah and Gibson, 1987). Inhibition of phytase synthesis is caused by

a high concentration of phosphorus in the culture medium (Quan et al., 2001).

B. amyloliquefaciens DS 11 sustained a good phytase activity with the addition of 5 mM

phosphate to the medium. In contrast, the phytase from A. ficuum NRRL 3135 was inhibited

by 50% with the addition of 3 mM phosphorus to the medium (Kim et al., 1999b). The

addition of up to 10 mM inorganic phosphorus did not show any inhibition of the phytase

synthesis in P. anomala (Vohra and Satyanarayana, 2002). However, the addition of 0.05%

(w/v) inorganic phosphate resulted in a drastic decline in phytase production by

A. niger var teigham. The inclusion of 0.1% (w/v) or more inorganic phosphorus to the

medium showed no phytase activity, probably due to product inhibition of phytase synthesis

(Vats and Banerjee, 2002). When the culture medium of A. niger 307 included 0.1% (w/v)
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inorganic phosphorus, a two-fold augmentation was noted in the phytase yield (Gargova and

Sariyska,2003). Inorganic phosphorus competitively inhibited phytase activity of cotyledons

of dormant C. avellana L. seeds (Andriotis and Ross, 2003). Related inhibitions by inorganic

phosphorus was reported for maize root and soybean phytases at concentrations of 300 ~M

and 20 mM, repectively (Hubel and Beck, 1996; Sutardi and Buckle, 1986). These results

demonstrated that phytase activity wou1d definitely be influenced by a number of parameters

and that only one small adjustment to the temperature, pH, growth media, etc. will effect the

level of phytase production and/or activity.

4.2 Expression Systems for the Efficient Production of Phytase

Attempts have been made for the cost-effective enhanced production of phytase, mostly due

to its probable use in the animal feed industry. Different heterologous expression systems and

hosts have been evaluated, including plants, bacteria, yeast, fungi and animals. Each system

appeared to have some unique advantages along with certain limitations (Lei and Stahl,

2001). A few of these expression systems and hosts are discussed in the following sections.

4.2.1 Plant Expression Systems

Transgenic plants with an improved level of the 3-phytase were constructed by means of the

transformation of the plant host with an expression vector containing fungal phytase DNA

(Brocades, 1991). The phytase from A. ficuum NRRL 3135 was expressed in Nicotiana

tabacum (tabacco) leaves and the recombinant phytase was compared with the phytase from

its original host. It was found that the recombinant protein was catalytically identical to the

native phytase, although the pH optimum of the recombinant phytase shifted from pH 5 to pH

4. The results were convincing enough to suggest that commercial production of this fungal

phytase could be done by alternative means (Ullah et al., 1999).

Alfalfa plants were also used to commercially produce phytase by this transgenic

approach (Gutknecht, 1997). The expressed phytase in alfalfa plants maintained all the

characteristics of the original A. ficuum phytase (Ullah et al., 2002). The phytase from

A. ficuum NRRL 3135 was expressed in soybean and showed similar properties to the native

phytase, with the only exception being that the recombinant phytase had a lower Mr (Li et al.,

1997). High phytase activity levels of a foreign phytase gene, expressed in wheat (Brinch-
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Pedersen et al., 2000) and in seeds of canola and soybean (Denbow et al., 1998; Zhang et al.,

2000), enhanced the phytate-phosphorus utilization by broilers and pigs.

4.2.2 Bacterial Expression Systems

The drawback of bacterial expression systems for the production of fungal phytases are their

incapability to glycosylate the expressed proteins to the degree necessary for optimal activity.

In contrast, phytases from E. coli and Bacillus sp. DS 11 expressed via the E. coli pET

expression system (Golovan et al., 2000; Kim et al., 1998b) produced extremely high phytase

activity in minimal media after a 30 hour growth period (Golovan et al., 2000). The phyC

gene from the B. subtilis strain was expressed extracellularly in L. plantarum, but the phytase

activity was too low in this expression system to be used for industrial purposes (Kerovuo and

Tynkkyen, 2000).

A Streptomyces lividans strain was used for the expression of two phytase-

encoding genes, A. niger phyA and the E. coli appA (Lei and Stahl, 2001). Both of these

recombinant phytases were expressed and secreted, but only the appA phytase from E. coli

was active. The recombinant appA gene product had similar properties to the native phytase

from E. coli (Golovan et al., 2000). Another bacterial phytase, the phyC phytase from

B. subtilis VIT E-68013, was expressed in L. plantarum strain 755 (Kerovuo and Tynkkynen,

2000). This strain was generally used to inoculate vegetable products due to its pH lowering

effect (preservation of the products) and was thought to be a suitable expression host. It was

concluded that the bacterium would withstand the acid levels in the stomach of monogastric

animals and thus not affect the phytase activity.

4.2.3 Filamentous Fungi Expression Systems

Multiple cloned copies of the phytase encoding gene from A. ficuum NRRL 3135 (phyA) were

inserted in a PluGBug® system (Gist-Brocades), which produced high phytase activity in the

recombinant A. niger host after transformation (van Dijck, 1999; Vohra and Satyanarayana,

2003). The phytase gene from the basidiomycete, P. lycii, which showed very high phytase

activity, was overexpressed in anA. niger expression system and this product is commercially

available under the manufacturer's name of 'Biofeed' phytase (Vohra and Satyanarayana,

2003).
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The phytase (phyA) from the thermophilic fungus, T lanuginosus, was subeloned into

an expression vector under transcriptional control of the Fusarium oxysporum trypsin gene

promoter and used to transform a Fusarium venenatum recipient strain. This recombinant

phytase retained its activity at 75°C and confirmed a superior catalytic efficiency to any

recognized fungal phytase at 65°C (Berka et al., 1998).

4.2.4 Yeast Expression Systems

The phytase from A. fumigatus was functionally expressed in Pichia pastoris. The lA-kb

DNA fragment was subeloned into the expression vector pPICZalpha A and expressed as an

active extracellular phytase (r-Afp), It compared well with expression of the gene in A. niger

(Rodriguez et al., 2000).

A lA-kb DNA fragment containing the phytase encoding gene of A. niger (phyA) was

subeloned into the expression vector pYES2 and expressed in S. cerevisiae (Han et al., 1999).

The host has GRAS status and it has been widely used as a host organism to produce

heterologous proteins. The properties of the recombinant and native phytase did not vary and

the enzyme was capable of hydrolysing phytate phosphorus from soybean meal in vitro.

Low-cost phytase production was managed by using recombinant strains of

Hansenula polymorpha. Changing the carbon source from glycerol to glucose or glucose

syrup gave much higher productivity and conversion yields and showed optimal phytase

productivity with enough aeration during growth (Mayer et al., 1999).

4.2.5 Animal Expression Host

Phytase may be produced in the animal's own digestive tract by constructing transgenic

poultry and hogs (Mullaney et al., 2000). The appA phytase from E. coli has been expressed

in transgenic mouse models where the phytase was engineered for expression in the salivary

glands (Golovan et al., 2001; Ward, 2001). A decrease of 11% in fecal phosphorus was

reported when this phytase was expressed in the animals' salivary glands. Furthermore, this

transgenic method was used to express this phytase gene in the pig's salivary glands. Almost

no adding of inorganic phosphate was required for these transgenic pigs and they excreted up

to 75% less fecal phosphorus than the control pigs. A number of efforts have already been
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made to convert and express a fungal phytase in a monogastric animal (Mullaney et al.,

2000).

5. Applications for Commercial Phytases

5.1 Food industry

Addition of fungal phytases to commercial wholewheat bread production may reduce the

level of phytate in the dough (Knorr et al., 1981). Supplementing the dough with phytase will

assist in rendering the nutrients and phosphate bound to the phytate more accessible for

humans and could thus improve the health of humans by adding extra minerals to the diet.

People consuming high amounts of cereals and babies eating soy-based formulas consume

relatively high quantities of phytate (SirneIl et al., 1989). A phytate-free soy protein was

reported to include one of the commercial phytases, Finase® phytase. Futhermore, using a

wheat phytase, soybean milk phytate was removed totally (Anno et al., 1985). Iron absorption

increased in humans who were fed a diet consisting of a flour enclosing wheat bran. The

phytase present in the wheat bran together with an additional phytase from A. niger helped to

release the phosphorus and other nutrients like iron from the flour and wheat (Sandberg et al.,

1996).

5.2 Animal Feed Additive

Since phytase hydrolyses phytate, phosphorus supplementation may be completely substituted

by the addition of phytase to animal feed (250 to 1000 U.kg-1) (Golovan et al., 2001). This is

one of the reasons why phytase manufacturing is booming, with annual sales of phytase as an

animal feed additive reaching the $500 million mark at the end of the twentieth century

(Abelson, 1999).

The Alko Co. (Finland), together with Altech (USA) and BASF (USA), initiated the

industrial scale production of phytase, which were promoted under the names Finase™,

Allzyme™ phytase and Natuphos™, respectively. Effective results were obtained from each

of those commercial enzymes that improved the bioavailability of phytate phosphorus in

poultry and swine (Baidoo et al., 2003; Cromwell et al., 1993; Cromwell et al., 1995a, b;

O'Quinn et al., 1997; Yi et al., 1996; Yi et al., 1997).
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The fust addition of phytase to feedstuff was in a com-soya diet; this phytase was a

filtrate from an A. niger strain and was fed to 1-day-old chicks. An increase in bone ash was

reported in the chicks, given that 90% of the phytate-phosphorus was reduced by this phytase

filtrate (Nelson et al., 1968). Broilers were fed a low-phosphorus diet with the addition of a

microbial phytase and the availability of phosphorus increased to 60% and the total

phosphorus in the droppings diminished by 50% (Nelson et al., 1971). The microbial phytase

supplementation in low-phosphorus diets fed to growing pigs improved the absorbability of

phosphorus by 24% and decreased the phosphorus amount by 35% in the manure (Simons et

al., 1990).

The effectiveness of the microbial phytase Natuphos™ 1000 was evaluated in an

experiment with 180-day-old broilers for a 3-week trial period. Body weight was increased in

male (13.2%) and female (5.8%) chicks after 21 days with the addition of phytase. The

retention of total phosphorus, calcium, copper and zinc was increased. The percentage ash

(head and shaft) of dry, fat-free tibia bone was improved and a decrease of almost 10% was

reported for the excretion of phosphorus when phytase was supplemented in the diet

(Sebastian et al., 1996).

The bioavailability of phytate phosphorus was increased when a novel phytase from

A. niger was expressed in yeast and fed to weanling pigs (Stahl et al., 2000). It was as

efficient as the commercially used Natuphos at the supplementation level of 700 or 1200

U.kg-1 in the diets of younger pigs.

5.3 Aquaculture

Fish, like poultry and swine, lack a sufficient phytase enzyme to successfully utilise the

phytin phosphorus in their feedstuff, thus excreting this phosphate in the environment.

Numerous fish feeding experiments have highlighted the probable value of phytase in diets

containing plant feedstuffs like soybean meal (Mwachireya et al., 1999; Robinson et al.,

1996). A considerable cost cutback might be obtained by substituting expensive fishmeal

(protein source) with the addition of low-cost soybean meal proteins (Rumsey, 1993).

5.4 Phytase and Environmental Pollution

The major factor for surface water quality is the eutrophication of lakes and streams that
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occurs when organic nutrients and minerals decrease dissolved oxygen to levels that support

plants over animal life. The limiting nutrient for algae and some aquatic plant growth is

phosphorus (Sharpley et al., 1994). Plant over-growth, shifts in plant varieties and pH levels,

interference with recreational and commercial navigation, clogging of water management

plant filters, and a depletion of oxygen upon decomposition of plants are just some of the

effects that a high level of phosphorus has on the environment (Wodzinski and Ullah, 1996).

Harmful effects have been reported for a fish population when a decrease in dissolved oxygen

levels in surface water were noticed. Furthermore, toxins are produced by specific blue-green

algae and the over-growth of this specie may have potential health risks for animals and

humans (Kotak et al., 1993).

Up to 50% of total phosphorus in soil is from phytate, which is the most abundant

identifiable phosphate composite in soil (Anderson, 1980). This is one of the reasons for the

driving force behind the development of a phytase product, which will neutralise this

environmental concern of releasing concentrated pollutants into the surroundings (Wodzinski

and Ullah, 1996).

As mentioned before, monogastric animals are unable to metabolise phytic acid,

because they do not have gastrointestinal phytases. For this reason, the diets of these animals

are supplemented with inorganic phosphate to meet the phosphate requirement. The addition

of this supplement raised the cost of production and it also contributed to the phosphate

pollution problem (Mullaney et al., 2000; Bali and Satyanarayana, 2001). The addition of

phytase minimises cost and will have positive effects on the pollution problems. The

significance of feeding phytase to poultry and pigs to minimise pollution has been

quantitatively determined and is shown in Table 6. In the United States, a total of 8.23 x 104

tonnes of phosphate has been prevented to reach the environment per annum by the addition

of phytase to feedstuffs for these monogastric animals (Wodzinski and Ullah, 1996). A 30 to

40% decrease in the phosphorus pollution in the Netherlands was reported when a phytase

fromA. niger was added to diets of pigs (Jongbloed et al., 1992).

The animal feed experiments discussed earlier presented quantitative data on the

quantity of supplied dietary phosphate digested by animals and the reduced amount of

phosphorus excreted in the manure. The amount of phosphorus that is digested and not

excreted when phytase was used in the diets of poultry and swine has been predictably

estimated (Schoner et al., 1993).
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Table 6. The effect of phytase on the reduction of phosphorus excretion from certain animals

(Wodzinski and UlIah, 1996).

Quantity Average gP excreted gP excreted KgP per

Animal in united live Kg of feed per animal if per animal if annum
states in weight. per animal supplemented supplemented not
199i (kg) withP with phytase excreted

Broilers 6.14 XI09 2.01 3.8 14.5 8.4 3.75 Xl07

Layers 3.64 XI08 36.4/annum 139/annum 80.5/annum 2.20 XI07

Ducks 1.8Xl07 2.95 7.08 27* 15.6* 2.81 XI05

Turkeys 2.89 Xl08 9.91 26.4 101* 58.5* 1.69Xl07

Pigs 5.78 Xl07 80.4 265 271* 177 5.62 Xl06

Total 8.23 XI07

INationalAgriculturalStatistics1993.
* Estimate;P: phosphorus

This data was implemented as a foundation for determining the reduced phosphate levels

excreted in dung and are multiplied by the number of monogastric animals raised in the

United States, i.e. 90 million ton of phosphorus would be prevented from entering the

environment (Table 6) (Wodzinski and Ullah, 1996).

Throughout this review, there have been suggestions made and reports given on the

application of phytase and its effectiveness in the poultry and swine industries. There have

been numerous reports on improving and optimising the phytases from different sources such

as, isolating new phytase sources, genetically engineering better phytases and developing

cost-effective expression systems. However, our scientific knowledge of phytases has yet to

yield a solution to meet its enormous nutritional and environmental demand. As mentioned

earlier, supplementing feedstuff with commercial products containing microbial phytase

activity has proved to be a practical and advantageous method for improving phytate-

phosphorus utilisation by poultry and swine. Thus, one of the approaches would be to

identify novel sources of phytase with high yields of phytase activity. This phytase must be

thermo-stable (feed processing at 70-90°C) and have an acidic pH optimum to function in the

digestive tract of monogastric animals and must be cost-effective to produce.
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the Basidiomycete Cryptococcus laurentii Abo 510

Jason van Staden, W.B. van Zyl and M. Viljoen-Bioom

Department of Microbiology, Stellenbosch University, Private Bag Xl, Matieland, 7602, South Africa

Summary

Phytase is a hydrolytic enzyme that dephosphorylates phytic acid (myo-inositol hexakisdihydrogen-

phosphate), a major storage form of phosphorus in feedstuff of plant origin. Phytase thus improves the

bioavailability of phytate phosphorus and reduces phosphorus pollution from animal waste. In this

study, several Cryptococcus strains were screened for phytase activity. The C. laurentii Abo 510

strain showed the highest potential for phytase production and was selected for further

characterisation. The cell wall-associated enzyme displayed an optimal temperature of 62°C and an

optimal pH of 5.0. The phytase enzyme was thermo-stable at 70°C for up to 3 hours with a loss of

only 40% of its original activity. The phytase displayed broad substrate specificity, including ATP,

D-glucose-6-phosphate, D-fructose-l,6-diphosphate, p-nitrophenyl phosphate, but its preferred

substrate was phytic acid (Km of 21 flM). Inorganic phosphate at a concentration of 0.5 mM, or 5 mM

phytic acid completely inhibited the phytase activity. Phytase activity was moderately inhibited in the

presence of certain mineral ions, i.e. Hg2+, Zn2+, Cd2+ and Ca2+. The enzymatic characteristics

(especially the thermo-stability and pH range) of the phytase from C. laurentit Abo 510 suggest that

the enzyme has the potential to be used as a feedstuff additive.

Introduction

The application of phytate-hydrolysing enzymes in the poultry and swine industry has

strongly developed over the past few years (Mullaney et al., 2000). The reason for this is that

60-90% of phosphorus from feedstuff of plant origin (cereal grains, oilseeds and legumes) is

present in the form of phytic acid or phytate (Al-Asheh and Duvnjak, 1995; Mitchell et al.,

1997; Nelson, 1967; Reddy et al., 1982; Ullah and Gibson, 1987). Phytate, the salt form of

phytic acid, is indigestible to monogastric animals such as poultry, pigs and fish since these

animals lack the required gastrointestinal tract enzyme(s) for the dephosphorylation of the

phytate complex (Common, 1989; Cromwell et al., 1995). To meet the dietary requirements
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of these animals, producers therefore are required to add expensrve supplementary

phosphorus to the feedstuff. Moreover, phytic acid is capable of chelating multivalent

cations, rendering these minerals biologically unavailable to the animal (Erdman, 1979;

Harland and Morris, 1995) and making phytate an antinutritional factor (ANF).

Phytase was employed as a feed additive to overcome these problems and was shown

to be a successful substitute for the supplementation of inorganic phosphorus (Cromwell et

al., 1995; Liu et al., 1997; O'Quinn et al., 1997). Phytase (myo-inositol hexakisphosphate

phosphohydrolases) belongs to the family of histidine acid phosphatases and is effective in

the hydrolysis of phytate to produce myo-inositol and inorganic phosphate (Jareonkitmongkol

et al., 1997; Kim et al., 1998; Mitchell et al., 1997; Ullah, 1988; Ullah and Phillippy, 1994;

van Etten et al., 1991). This pre-treatment of animal feed also decreased the phosphorus

pollution caused by animal manure by up to 50% (Han et al., 1997; Kornegay and Qian,

1996; Lei et al., 1993) and was advantageous to the animal by increasing phosphorus and

mineral uptake (Broz et al., 1994;Mullaney et al., 2000; Pen et al., 1993;Walsh et al., 1994).

Some phytases are not capable of hydrolysing phytate completely and may need an alternative

or additional enzyme to accelerate the process. One of these enzymes is acid phosphatase,

which also belongs to the family of histidine acid phosphatases (Zyla, 1993). Although acid

phosphatase is not capable of hydrolysing phytate, it assists the phytase in accelerating the

release of the phosphate from lower myo-inositol phosphate structures.

Current available commercial phytases are expensive and there are some limitations

(especially thermo-stability and acidic pH stability) that hamper their use as a feed additive.

This resulted in the search for more attractive phytases (Kerovuo et al., 1998; Kim et al.,

1998; Mitchell et al., 1997; Wodzinski and Ullah, 1996). Phytase is produced by plants

(Gibson and Ullah, 1988;Hubel and Beck, 1996), a few animal tissues (van der Kaay and van

Haastert, 1995) and microorganisms (Greiner et al., 1993;Kim et al., 1999; Lambrechts et al.,

1993; Powar and Jagannathan, 1982; Ullah and Gibson, 1987; Wyss et al., 1999). Phytase is

broadly dispersed among fungi, in particular filamentous soil fungi such as Aspergillus spp.

(Wodzinski and Ullah, 1996).

Various yeasts such as Schwanniomyces castellii (Segueilha et al., 1992), Arxula

adeninivorans (Sano et al., 1999),Pichia spartinae and Pichia rhodanensis (Nakamura et al.,

2000) are also capable of producing extracellular phytases. Intracellular phytases were

isolated from Saccharomyces cerevisiae (Nakamura et al., 2000) and Pichia anomala (Vohra
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and Satyanarayana, 2001), while Rhodotorula gracilis (Bindu et al., 1998) and aP. anomala

strain (Vohra and Satyanarayana, 2002) exhibited cell wall-associated phytase activity.

Cryptococcus is an anamorphic basidiomycetous, encapsulated yeast (Yarrow, 1998).

A few Cryptococcus strains have been shown to produce other enzymes of economic

importance, such as laecase (c. laurentii, Cryptococcus curvatus and Cryptococcus albidus)

(Ikeda et al., 2002), a-amylase (Cryptococcus sp. S-2) (Iefuji et al., 1996a), ~-xylosidase

(Cryptococcus podzolicus) (Shubakov, 2000) and acid xylanase (Cryptococcus sp. S-2 and

Cryptococcus sp. X-I) (Iefuji et al., 1996b; Sripo et al., 1997).

The aim of this study was to screen for phytase production among soil borne

cryptococci and to evaluate the prospect of utilising a strain with potential for industrial

applications. A novel cell wall-associated phytase from the yeast Cryptococcus laurentii Abo

510 was identified and characterised, the fust description of a phytase from Cryptococci.

Materials and methods

Chemicals

Phytic acid (dodecasodium salt), p-nitrophenyl phosphate (p-NPP) and calcium phytate was

obtained from Sigma Chemical Co. (St. Louis, MO, USA). All other chemicals were standard

or analytical grade unless otherwise specified.

Microorganisms and cultivation

The 11 Cryptococcus strains (nine C. laurentii strains and two C. podzolicus strains) were

isolated from soil in the Western Cape region, South Africa, and strains were identified

through their morphological characteristics and molecular sequences. The cultures were

maintained by periodic transfer to Difco-Bacto malt extract agar plates and storage at 4°C.

Screening for phytase production

Two methods were used to screen for phytase activity. The fust method was based on a

differential agar media (Gargova et al., 1997; Howson and Davis, 1983; Shieh and Ware,

1968) where phytase activity was indicated by the disappearance of precipitated calcium

phytate, i.e. zones of clearing on the agar media indicated positive results for a microorganism
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producing phytase. The Cryptococcus strains were plated onto phytase screening medium

(PSM) agar containing 15 gil D-glucose, 5g11 calcium phytate, 5 gil (NRt)2S04, 0.5 gil

MgS04.7H20, 0.5 gil KCI, 0.01 gil FeS04.7H20, 0.01 gil MnS04.4H20 and 15 gil Difco-

Bacto agar. The pH was adjusted to 5.5 with 1 M KOH before autoclaving at 121°C for 15

min. The inoculated PSM plates were incubated at 30°C for 2 to 7 days, depending on the

growth and development of zones by the cultures. This was followed by a two-step

counterstaining procedure that eliminated false positive results displayed by acid producing

microorganisms on the agar media (Bae et al., 1999). The colonies were washed from the

agar surface with distilled water and the agar plate was then flooded with a 2% (w/v) aqueous

cobalt chloride solution. This solution was replaced with a freshly prepared solution

containing 6.25% (w/v) aqueous ammonium molybdate and 0.42% (w/v) ammonium

vanadate. The solutions were removed after 5 min incubation at room temperature and the

agar plates were examined for zones of clearing.

The strains that showed zones of clearing after the counterstaining method were

subjected to a second screening to confirm the production of a phytase enzyme. The strains

were inoculated in different media including PSM broth (substituting calcium phytate for

equal amounts of sodium phytate), PSM broth without calcium phytate or sodium phytate,

and a liquid starch medium that contained 20 gil com starch, 10 gil soybean flour, 20 gil

glucose,5 gil (N~)2S04, 0.5 gil MgS04.7H20, 0.5 gil KCI, 0.1 gil FeS04.7H20 and the pH

adjusted with 1 M HCI to 6.0 before autoclaving. Cultivation was done in I-litre Erlenmeyer

flasks containing 100 ml of the liquid starch medium or in 250 ml Erlenmeyer flasks

containing 50 ml of the PSM broth. All the media were inoculated with 1 x 107 cells/ml and

incubated at 30°C on an orbital shaker (150 rev/min) (Gargova et al., 1997; Ullah and Gibson,

1987). Samples (2 ml) were taken daily and centrifuged at 5 000 x g for 10min. The

supernatant was removed and filtered through a 0.22-Jlm-syringe filter and the crude filtrate

was used to determine extracellular phytase activity. The pellet was washed three times with

distilled water and the wet cells were weighed. The wet cells were resuspended in 925 JlI of

50 mM sodium acetate buffer (pH 5.0) and used to determine any cell-associated phytase

activity.

Optimised media for phytase production

The growth media was optimised for maximal production of phytase by C. laurentii Abo 510.

The strain was grown in a modified liquid glucose-yeast extract broth described by Shieh and
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Ware (1968) containing 10 gil glucose, 5 gil (N~)2S04, 0.5 gil MgS04.7H20, 0.5 gil KCI,

0.01 gil FeS04.7H20, 0.01 gil MnS04.4H20, 1.25 gil yeast extract and pH adjusted to 6 with

1 M HCl. A pre-culture was made in Yeast Extract Peptone Dextrose (YEPD) broth and

incubated on a rotary wheel (150 rev/min) at 30°C for 24 h. The culture was harvested by

centrifuging at 5 000 x g for 10 min at 4°C and the pellet was washed twice with sterile

distilled water. The pellet was resuspended in 1 ml of a 50 mM sodium acetate buffer and

used to inoculate 50 ml glucose-yeast extract broth in a 100 ml Erlenmeyer flask to 1 x 107

cells/ml. The culture was incubated on an orbital shaker (150 rev/min) at 30°C for 7 days.

After each day, 2 ml samples of the cell suspension were taken in duplicate and the cells were

harvested by centrifuging at 5 000 x g for 10 min. The pellet was collected, weighed and

assayed for phytase activity.

To evaluate the effect that various carbon sources might have on the phytase activity,

the cells were cultivated in the modified PSM broth (without phytate) described above and

supplemented with different carbon sources, i.e. 1% (w/v) glucose, maltose, fructose or

sucrose (Gautam et al., 2002). These carbon sources are soluble carbohydrates normally

found in wheat flour (Gobbetti, 1998). Different culture media were also tested for growth

and phytase production, i.e. 1% (w/v) YEPD broth, potato dextrose broth (PDB), malt extract

and molasses (Bindu et al., 1998).

Enzyme assays

Phytase activity was evaluated by examining the release of inorganic phosphorus from phytic

acid colorimetric ally using a modified method of Heinonen and Lahti (1981). Weighed wet

cells were incubated at 62°C for varying time intervals (1, 2, 5, 10, 15,20 min) to determine

the reaction time with 10 mM sodium phytate and 50 mM sodium acetate buffer (pH 5) in a

total volume of 1 ml (Ullah and Gibson, 1987). The liberated inorganic phosphorus was

complexed by the addition of 2 ml of a freshly prepared AAM solution (acetone, 10 mM

ammonium molybdate and 5 N H2S04 mixed in a ratio of 2:1:1, v/v). The ammonium

molybdate reaction with the phosphate was stopped through the addition of 100 ul 1 M citric

acid and the phosphomolybdate concentration (yellow colour) was measured at 355 nm with a

Spectronics (Genesis 5) spectrophotometer. One international unit (IU) of phytase activity

was expressed as 1 )..lMof inorganic orthophosphate liberated per minute per millilitre or per

gram wet cells (lU/ml or IU/g wet cells). To evaluate the C. laurentii Abo 510 strain's ability

to produce an acid phosphatase, the sodium phytate substrate was replaced by 10 mMp-NNP

75

Stellenbosch University http://scholar.sun.ac.za



and the activity was determined at pH 2.5 and pH 4.5 at 82°C (Ullah and Cummins, 1988).

The acid phosphatase activity was defmed as 1 JlM p-NPP released per min per millilitre or

gram wet cells (JU/ml or JU/g wet cells).

The total protein concentration of the cell suspension was measured by using the

Bradford method with bovine serum albumin as standard (Bradford, 1976).

Localisation of the phytase enzyme
Three different methods were evaluated to determine the extracellular and cellular phytase

activity.

i) Permeabilisation: The cells were grown for 72 h in glucose-yeast extract medium,

harvested by centrifugation at 5 000 x g for 5 min and washed twice with 1 ml 50 mM sodium

acetate buffer (pH 5.0). The supernatant was used to determine the extracellular phytase

activity. Fifty mg wet cells were suspended in 1 ml of 50 mM sodium acetate buffer (pH 5.0)

containing a permeabilising agent, i.e. lor 10% (v/v) Triton X-lOO, 0.1 or 1% (v/v) Tween

80,0.1 or 1% (w/v) SDS, 1 or 10% (w/v) EDTA, 50% (v/v) ethanol or 0.85% (w/v) NaCI, and

incubated for 2 hours at room temperature (Bindu et al., 1998). The cells were washed twice

with the sodium acetate buffer and the pellet resuspended in the same buffer and used for

measuring phytase activity.

ii) Freeze-thaw: 50 mg wet cells were resuspended in a 50 mM sodium acetate buffer,

frozen in ethanol at -20°C for 15 min and then thawed for 10 min at room temperature

(Decleirie et al., 1987). The freezing and thawing were repeated for 1, 5, 10, 15 or 20 cycles

after which the permeabilised cells were washed twice with the 50 mM sodium acetate buffer

and the phytase activity measured as mentioned above.

iii) Homogenisation: 50 mg wet cells, suspended in 500 JlI sodium acetate buffer with

1% Tween 80, were vortexed for 5 min with 300 mg glass beads (212-300 microns) in a 2 ml

eppendorf (Bindu et al., 1998). The homogenate was then centrifuged at 4°C for 5 min at

5000 x g and the supernatant used for the reaction assay.

Effect of pH and temperature on phytase activity
The pH optimum of the phytase and acid phosphatase activity was determined at 52°C. A

broad pH range of pH 2.0 to pH 9.0 was tested using different buffers at 50 mM to obtain the

required pH: glycine-HCI (pH 2.0 - 3.0), sodium acetate (pH 3.0 - 5.0), 2-(N-Morpholino)-
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ethanesulfonic acid (MES) (pH 5.0 - 7.0) and Tris-HCI (pH 7.0 - 9.0). The addition of the

cell suspension only slightly effected the pH values (Wyss et al., 1999).

To determine the optimum temperature for phytase and acid phosphatase activity, the

enzyme reactions were carried out between 24°C to 90°C at a pH of 5.0 for 5 min. The

reaction assay mixtures and enzyme extracts were equilibrated for 6 min at each temperature

before the enzyme assay (Howson and Davis, 1983).

The thermal stability of the enzyme was determined by exposing the crude enzyme

extract to various temperatures (4°C, 40°C, 50°C, 60°C, 70°C, 80°C and 90°C) for 2 to 180

min. The enzyme extract was cooled to room temperature and the residual activity was

assayed at 62°C and expressed as a percentage of the phytase activity of an untreated sample

(Bogar et al., 2003; Fujita et al., 2003; Vohra and Satyanarayana, 2002).

Different solutions were evaluated for their ability to stabilise the enzyme during

exposure to high temperatures (70°C, 80°C and 90°C). These included 1% and 5% (w/v)

polyethylene glycol (PEG) 6000, CaCh.2H20, glycerol, sorbitol and mannitol (Vohra and

Satyanarayana, 2002).

Substrate specificity and substrate affinity

The substrate specificity of the phytase was determined by replacing the phytic acid substrate

in the reaction assay mixture with different phosphate compounds i.e. Adenosine triphosphate

(ATP), 4-NPP, D-glucose-6-phosphate, a-D-glucose-1-phosphate, di-sodium phenyl

phosphate dihydrate, p-NNP di (Tris) salt and D-fructose-1,6-diphosphate) at a concentration

of 10 mM (Vohra and Satyanarayana, 2002). The activity of each phosphate compound was

determined as described above. One unit of activity catalysed the liberation of 1 J.1Mof

inorganic phosphate per minute per gram wet cells.

The Km values were calculated by using different concentrations of phytic acid (or

other phosphate compounds). The assay mixture contained a series of concentrations (0.001,

0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0 mM) in 50 mM sodium acetate buffer

(pH 5.0) and each reaction was stopped after 1,2, 3, 4, 5, 6, 7, 8, 9, 10, 15,20 or 30 min of

incubation (Wyss et al., 1999). The enzyme activity was determined as mentioned above.
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Effect of phosphorus and phytic acid concentration on the phytase activity

To determine the effect that inorganic phosphate has on the phytase activity of the

C. laurentii Abo 510strain, KH2P04 was added to the reaction mixture at fmal concentrations

ranging from 0.005 mM to 10mM (Vohra and Satyanarayana, 2002).

The inhibitory effect of phytic acid on the phytase activity was evaluated by adding

phytic acid to a final concentration ofO.1 mM to 10mM to the reaction mixture.

Effect of metal ions and inhibitors on phytase activity

Cells were harvested from 2 ml samples taken from glucose-yeast extract broth by

centrifugation (4 000 x g,5min at 4°C) and washed twice with distilled water. The metal

ions and inhibitors were pre-incubated with the enzyme extract for 15 min at room

temperature before the addition of substrates. The different metal ions (concentrations of 1

mM 5 mM)· I d d + 2+ 2+ d2+ ·2+ 2+ 2+ 2+ 2+ Z 2+ N·2+ dor inc u e : K ,Ca ,Co ,C ,LI, Mn ,Mg ,Cu ,Ba , n ,lan

Hg2+ (added as chloride salts), Fe2+ (as FeS04) and Ag+ (as AgN03). Potential inhibitors,

EDTA, SDS and phenylmethanesulphonyl fluoride (PMSF), were added at a concentration of

1 mM to the reaction mixture to determine their effect on the phytase activity (Fujita et al.,

2003; Vohra and Satyanarayana, 2002).

Results

Screening for phytase production by Cryptococcus strains

Among the 11 Cryptococcus strains evaluated for phytase production, only C. laurentii

Abo 510 showed phytase activity (4.55 IU/g wet cells) with a specific phytase activity of

29.741U/mg proteins. However, all the strains grew on the PSM agar plates and clear zones

appeared on the differential plates. The counterstaining method was used to eliminate any

false positive results due to acid production by these strains and only C. laurentii Abo 510

was identified as a positive phytase producer (Figure 1).

Medium optimisation for phytase production in C. laurentii Abo 510

Five different media were tested for optimal phytase production and the PSM (without

phytate) was found to produce maximal phytase activity (Table 1). Although the cell growth

in the PSM (without phytate) was not as high as in the other media, it produced the highest
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(B)

phytase activity and was selected for further experimental purposes including temperature and

pH optima and the effect of inhibitory agents on the phytase enzyme.

Figure 1. Screening for phytase production on a PSM agar plate. (A) PSM plate before

counterstaining showing the growth and zones of clearing with C. podzolicus Abo 511 (top) and

C. laurentii Abo 510 (bottom). (B) Counterstaining showed that C. laurentii Abo 510 is a positive

phytase producer (zone of clearing stayed intact).

Table 1. Media for maximal phytase activity and growth, and the effect of different carbon sources on

the phytase activity of C. laurentii Abo 510.

• Inoculated with ±l x 106 cells/ml; incubated for 7 days at 30°C

b The values are the mean and standard deviations of three repeats

C PSM broth (without phytate) with alternative carbon sources

(A)

Culture Media

YEPD

Patato Dextrose Broth (PDB)

Malt Extract

Molasses

PSM (without phytate), 1% Glucose

"Carbon sources

1% Maltose

1% Fructose

1% Sucrose

8Growth Phytase activity

(Cell count) (WIg wet cells)

5.44 x 107 ±0.14 b 3.71 ±0.10 b

8.50 x 106±0.28 4.05 ±0.07

6.33 x 107 ±0.25 3.84 ±0.21

4.55 x 107 ±0.57 2.00 ±0.21

2.18 x 107 ±0.32 4.55 ±0.02

1.40 X 107±0.35

1.69x 107 ±0.23

2.32 x 107 ±0.52

3.29 ±0.19

3.07 ±0.06

2.75 ±0.18
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Phytase production was evaluated by replacing D-glucosein the culture medium (pSM

without phytate) with different carbon sources at 1% (w/v). Table 1 indicates that none of

these carbon sources increased the production of phytase. Maximal phytase production was

obtained after 72 hours (Figure 2) in PSM (without phytate) containing 1% glucose. This

coincided with depletion of the glucose and the culture entering stationary phase.

1.2 1.6

1.4
1.0

.- 1.2~e--= 0.8
0 1.0
._
....=100 0.... 0= 'C

~ 0.6 § 0.8~=0~
~ 0.6~
0 0.4~=-c 0.4

0.2
0.2

0.0 0.0
0 80 10020 40 60

Time (hours)

--+- Biomass ____._Glucose concentration --- Phytase activity

Figure 2. Evaluation of the interaction between glucose concentration, biomass and phytase activity in

C. laurentii Abo 510 grown in PSM (without phytate) (error bars indicate standard deviation of three

repeats).

Permeabilisation and localisation of the phytase enzyme

Phytase activity in C. laurentii Abo 510 was associated with the whole cells and there was no

phytase activity found in the supernatant or the culture medium (Table 2). None of the

permeabilisation agents resulted in higher phytase activity than found in the non-

permeabilised cells; instead, these agents seem to inhibit the phytase activity. Tween 80 was

the only detergent to yield an intracellular fraction with phytase activity, whereas SDS almost
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completely inhibited the phytase activity associated with the cells. Homogenisation only

produced a low level of intracellular phytase activity relative to the phytase activity obtained

from whole cells.

The freeze-thaw method was successful in producing optimal phytase activity of

whole cells from R. gracilis (almost double the phytase activity of non-permeabilised cells)

(Bindu et al., 1998). However, for C. laurentii Abo 510, the freeze-thaw method actually

decreased the phytase activity from the whole cells. It is possible that he long incubation

times could have destroyed the enzyme.

Table 2. Determining the localisation of the phytase enzyme from C. laurentii Abo 510 through

permeabilisation of the cells with detergents and other permeabilising methods.

Permeabilising agent

Phytase activity

Concentration Intracellular" Cell associated

(%) (lU/mi) (IU/g wet cells)

4.55 ±0.028

1 3.71 ±0.09
10 3.68 ±0.04

0.1 0.06 ±0.03 2.94 ±0.26
1 0.28 ±0.01 2.52 ±0.05

0.1 0.62 ±0.02
1 0.08 ±0.01

1 2.44 ±0.18
10 2.11 ±0.06

50 2.69 ±0.26

2.80 ±0.08

2.58 ±0.21

0.55 ±0.01

Non-permeabilised cells (control)

Triton X-IOO

Tween 80

SDS

EDTA

ETOH

FSO

Freeze-thaw (5 Cycles)

Homogenisation

a The values are the mean and standard deviations of three repeats

Effect of pH and temperature on phytase activity

The C. laurentii Abo 510 phytase was active between pH 2.5 and pH 7.5 with an optimal

phytase activity at pH 5.0 (Figure 3). The acid phosphatase enzyme showed the same optimal

activity between pH 2.0 and pH 5.0 (data not shown).
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Figure 3. Effect of pH on the hydrolysis of sodium phytate by C. laurentii Abo 510 (error bars

indicate standard deviation of three repeats).
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Figure 4. Effect of temperature on the hydrolysis of sodium phytate by C. laurentii Abo 510 (error

bars indicate standard deviation of three repeats).

82

Stellenbosch University http://scholar.sun.ac.za



To determine its optimum temperature, phytase activity was assayed at various

temperatures ranging from 24°C to 90°C. The optimum temperature for maximal phytase

activity was found to be 62°C (Figure 4). The optimal temperature for acid phosphatase was

82°C (data not shown).

The residual phytase activity were stable at temperatures below 60°C (Figure 5). A

loss of only 40% of the original activity was observed after exposure to 70°C for 180 min, but

a complete loss in phytase activity was observed when the enzyme was exposed to 90°C for 5

min or to 80°C for 60 min.

The addition of different concentrations (1% or 5%) of solvents to the reaction assay

mixture did not stabilise the phytase activity during the exposure to very high temperatures

(above 70°C). However, the addition of 5% PEG 6000 helped to retain 22% of the phytase's

original activity after exposure to 90°C for 15 min (data no shown).

o 160 20018020 120 14040 60 80 100

Time (minutes)

_._ 4·e --- 40·e -A- 50·e ~ 60·e -+- 70·e _._ 80·e -0-- 90·e

Figure 5. Thermo-stability of the C. laurentii Abo 510 phytase with exposure to different

temperatures and time periods (error bars indicate standard deviation of three repeats).
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Km
(mM)

Substrate specificity
Table 3 shows the phytase specificity for different substrates and the relative activity for

each substrate. Although sodium phytate was not the compound with the highest relative rate

of hydrolysis, the C. laurentii Abo 510 phytase had the lowest Kmvalue for sodium phytate.

Effect of phosphorus and phytic acid concentrations on the phytase activity
The addition of phosphate (KH2P04) to the reaction assay mixture at different concentrations

showed that the phytase activity was completely inhibited at a concentration of 0.5 mM or

higher (Figure 6). Phytic acid concentrations of 5 mM or higher in the reaction assay mixture

also completely inhibited the phytase activity from C. laurentii Abo 510 (Figure 7).

Different metal ions were included in the standard phytase reaction assay in order to

determine their effect on the C. laurentii Abo 510 phytase activity (Table 4). The cations u,
Na+, K+ and Mg2+ did not significantly affect the phytase activity when added at a

concentration of 1 or 5 mM. Hg2+,Zn2+ and Cd2+ showed a loss in phytase activity of more

Table 3. Substrate specificity of the C. laurentii Abo 510 phytase.

Substrates
Relative activity

(%)

Sodium phytate

Calcium phytate

4-Nitrophenyl phosphate

p-Nitrophenyl phosphate di (tris) salt

di-Sodium phenyl phosphate dihydrate

ATP

100·

93.76 ±8.55b

152.95 ±4.59

154.42 ±5.05

111.85 ±4.12

76.67 ±7.49

76.72 ±4.48

73.75 ±4.20

202.19 ±6.34

u-D-Glucose-l-phosphate

D-Glucose-6-phosphate

D-Fructose-l,6-diphosphate

• Hydrolysis rate of sodium phytate was taken as 100%

b The values are the mean and standard deviations of three repeats

Effect of metal ions and inhibitors

0.02 ±O.Olb

0.03 ±0.01

0.52 ±0.01

0.23 ±0.01

0.17 ±0.01

0.07 ±0.01

0.28 ±0.03

0.27 ±0.02

0.14 ±0.02
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Figure 6. Effect of phosphorus concentration on the C. laurentii Abo 510 phytase activity (error bars

indicate standard deviation of three repeats).
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Figure 7. Effect of phytic acid concentration on the C. laurentii Abo 510 phytase activity (error bars

indicate standard deviation of three repeats).
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Table 4. Effect of metal ions and inhibitors on the C. laurentii Abo 510 phytase activity.

Concentration a Relative activity
Effectors

(mM) (%)

Mineral ions (salts)
HgCh 1mM 36.46 ±1.56b

5mM 31.17 ±2.36

ZnCh 1mM 35.46 ±2.14
5mM 27.34 ±1.08

CdC]z 1mM 40.54 ±0.59
5mM 42.03 ±2.60

CoCh 1mM 83.17 ±1.09
5mM 76.08 ±2.21

LiCI ImM 99.33 ±0.29
5mM 95.79 ±1.56

NaCI 1mM 94.36 ±0.37
5mM 91.23 ±2.52

KCI ImM 94.50 ±1.01
5mM 96.03 ±0.57

MnC]z.4H2O ImM 65.38 ±2.07
5mM 36.01 ±0.21

MgC]z.6H2O ImM 98.05 ±0.14
5mM 95.01 ±0.86

BaC]z.2H2O 1mM 96.07 ±0.07
5mM 71.95 ±1.33

FeS04.7H20 hnM 96.52 ±0.49
5mM 41.30 ±2.45

NiCI. 6H20 ImM 90.22 ±0.33
5mM 79.25 ±0.20

CaC]z.2H2O ImM 82.35 ±2.50
5mM 68.64 ±0.73

CuC]z.2H2O ImM 29.89 ±0.88
5mM 14.03 ±1.67

AgN03 I mM 98.09 ±1.46
5mM 77.12 ±0.12

Inhibitors
PMSF ImM 50.61 ±1.25

SOS ImM 69.68 ±3.61

EOTA ImM 89.28 ±7.70

a The activity in the absence of a metal ion was defined as 100%
b The values are the mean and standard deviations of three repeats
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than 50%. Cu2+ were shown to almost completely inhibit the phytase activity. Mn2+,

Ba2+ and Fe2+ showed almost a 50% difference in their phytase inhibition when the

concentration was increased to 5 mM. PMSF inhibited almost 50% of the phytase activity

when added at 1 mM, whereas 1 mM EDTA showed almost no negative effect on the phytase

activity. It is therefore recommended not to use an inhibitor (PMSF) in the assay mixture.

Discussion

The Cryptococcus genus was screened for phytase activity due to their presence in the

droppings of poultry and other bird species (Mahmoud, 1999; Mattsson et al., 1999). Species

that were previously isolated from soil near feral pigeons were Debaryomyces hansenii

var. hansenii, C. laurentii, Cryptococcus uniguttulatus and Cryptococcus neoformans

var. neoformans. A few Cryptococcus strains were also shown to be associated with the

trachea of chickens (Laubscher et al., 2000). Since these monogastric animals are not able to

digest the phytate in normal poultry feed, their manure will contain high concentrations of

phytate (Common, 1989; Cromwell et al., 1995). This would also lead to contamination of

the surrounding soil with phytate. The presence of Cryptococcus strains in soil near the

manure of bird species, therefore suggested that these organisms might be able to degrade

phytate in the soil.

This study contains the first report of a Cryptococcus strain exhibiting phytase

activity. The phytase was found to be associated with the cells with no extracellular activity

observed. It seems that the phytase is cell wall-associated, since ionic and detergent solutions

were unable to extract intracellular phytase activity (Table 2). Cell-associated phytase was

also found in other yeasts, i.e. R. gracilis (Bindu et al., 1998) and Candida krusei WZ-OOI

(Quan et al., 2001). Some bacteria were also shown to have cell-associated phytase activity,

i.e. Selenomonas ruminantium TY 35, Mitsuokella multiacidus 46/5 (Yanke et al., 1998) and

E. coli (D'Silva et al., 2000; Greiner et al., 1993).

Homogenisation did not only permeabilise the cells, but damaged the cell walls

completely, thus releasing more intracellular phytase activity than the other methods

investigated. The C. laurentii Abo 510 phytase activity of 4.55 Ilr/g cells compares well with

the reported phytase activities of other fungi and bacteria, i.e. Aspergillus carbonarius (0.99

lU/ml) (Shieh and Ware, 1968), Aspergillus niger ATCC 9142 (1.09 lU/ml) (Casey and
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Walsh, 2003), Aspergillus ficuum (6.62 IU/ml) (Shieh and Ware, 1968), R. gracilis (0.77 IU/g

cells) (Bindu et ai., 1998), Bacillus subtilis (natto) (0.11 IU/ml) (Shimizu, 1992) and Bacillus

subtilis (0.24 IU/ml) (Powar and Jagannathan, 1982).

Carbon sources need to be easily available to initiate growth and metabolism of yeast.

Unfortunately not one of the alternative carbon sources investigated improved the production

of phytase neither did they drastically increase the biomass. Maximal phytase activity was

obtained only when the glucose concentration was depleted, possibly due to glucose

repression.

Phytases usually have an acidic pH optima range (pH 4.5 to 6.0) with a rapid decrease

in phytase activity at pH values above 6.0 (Ghareib, 1990; Irving and Cosgrove, 1971; Irving

and Cosgrove, 1974; Ullah and Gibson, 1987). Yeast phytases have an optimal pH range of

4.0 to 5.0 (Nakamura et ai., 2000; Nayini and Markakis, 1984; Quan et ai., 2001; Sano et ai.,

1999; Vohra and Satyanarayana, 2002). The A. ficuum NRRL 3135 phytase has an optimal

pH of pH 2.5 and 5.5, enabling this filamentous fungus to be active at very high acidic levels.

The phytase from C. laurentii Abo 510 has a pH optimum of 5.0, and the acid phosphatase

has a broad pH optima range from pH 2.0 to pH 5.0. This acid phosphatase will assist the

phytase in the hydrolysis of phytate intermediates under very high acidic levels.

The optimum temperature of yeast phytases is normally above 60°C (Nakamura et ai.,

2000; Sano et ai., 1999; Segueilha et ai., 1992). The phytase from C. laurentii Abo 510 was

active at temperatures between 24°C to 80°C with optimum phytase activity at 62°C, with acid

phosphatase having an even higher optimum temperature of 82°C. The phytase was also

thermostable for 3 hours when exposed to temperatures between 4°C and 70°C. The stability

of the phytase at 4°C suggests that the enzyme will remain stable during the storage at this

temperature. Phytase activity was completely lost after exposure to 80°C for 1 h or 90°C for 5

mm.

The most thermo-stable phytase reported was that of Aspergillus fumigatus, which was

able to withstand temperatures of up to 100°C for 20 min with only losing 10% of its initial

phytase activity (Pasamontes et ai., 1997). It is crucial that the phytase enzyme must remain

stable under these temperatures (70-90°C) due to the high temperature exposure during the

feed manufacturing process (Lyons and Walsh, 1993). The addition of 5% PEG 6000 before

the exposure to 90°C did help in maintaining 21% of the original phytase activity of

C. laurentii Abo 510. Another solution might be to supplement the feedstuff with the culture
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(cells) in a powdery form without any heat exposure except for the inactivation of pathogens

in the animal feed prior to supplementation with the culture.

The phytase from C. laurentii Abo 510 exhibited broad substrate specificity,

nevertheless, the preferred substrate for phytase was still phytate and the Km value of 0.021

mM was the lowest reported so far for any yeast phytase (Nakamura et al., 2000). The

S. castellii phytase showed a broad substrate specificity by acting on glucose-l-phosphate,

glucose-6-phosphate, p-NNP and ATP which also exhibited higher activity values than with

phytate (Segueilha et al., 1992), similar results were obtained with the C. laurentii Abo 510

phytase. Previous reported low Km values for yeast phytases were from C. krusei WZ-OO1

(0.03 mM) (Quan et al., 2001), P. anomala (0.2 mM) (Vohra and Satyanarayana, 2002) and

S. castellii (0.038 mM) (Segueilha et al., 1992). Low Km values other than that from yeast

phytases were, A. jicuum (0.027 mM) (Ullah and Gibson, 1987), A. niger SK-57 (0.019 mM)

(Nagashima et al., 1999), B. subtilis (0.04 mM) (Powar and Jagannathan, 1982),

Pseudomonas sp. (0.016 mM) (Irving and Cosgrove, 1971) and wheat bran (0.022 mM) (Lim

and Tate, 1973). Having a broad substrate specificity may be advantageous since the enzyme

will more readily liberate intermediate phytates and will assist in hydrolysing all the other

phosphate groups from phytic acid. The only drawback is that the broad substrate specificity

is usually associated with low specific phytase activity (Wyss et al., 1999).

Phosphate is known to repress the synthesis of various phosphatases in yeast (Ohta

and Ohtani, 1979). A sharp decrease in phytase activity Was observed with the addition ofO.1

mM phosphorus to the reaction assay mixture with no phytase activity observed at 0.5 mM.

A fmal substrate concentration of 5 mM in the reaction assay mixture completely inhibited the

phytase activity, this might indicate end product (phosphate) inhibition in phytase synthesis.

In contrast, the P. anomala and S. castellii phytases were reported not to be inhibited by the

presence of up to 10 mM and 40 mM inorganic phosphate in reaction mixture, respectively

(Segueilha et al., 1992).

Phytase activity of C. laurentii Abo 510 was moderately inhibited by Hg2+, Zn2+ and

Cd2+(1 and 5 mM). Ca2+ almost completely inhibited the phytase activity. The inhibition

of the C. laurentii Abo 510 phytase by Mn2+, Ba2+, Fe2+, Ni2+, Ca2+, Cu2+ and Ag+ was

concentration dependent, this meant that if the metal ion concentration of these cations were

increased from 1 mM to 5 mM, the phytase activity inhibition increased. The inhibition of

these mineral ions on the phytase activity might be ascribed to the strong chelating ability of

phytate, which might form an insoluble metal-phytate structure and thus effectively reduce
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the availability ofphytate for the enzyme (Wang et aI., 1980). None of the mineral ions had a

stimulatory effect on phytase activity. Similar levels of inhibition were observed with

P. anomala (5 mM Fe3+ reduced phytase activity with 90%) (Vohra and Satyanarayana, 2002)

and S. castellii (5 mM Zn2+and Cu2+strongly inhibited the reaction) (Segueilha et aI., 1992).

The phytase from C. laurentii Abo 510 is active in an acidic pH range, relatively

thermo-stable, has a broad substrate specificity and high affinity for phytate and it does not

need metal ions for its activity. These criteria are all in favour of the C. laurentii Abo 510

strain for the application in the animal feed industry. Supplementation with C. laurentii Abo

510 in the feedstuff of monogastric animals might improve the utilisation of phosphate bound

to the phytate molecule (feedstuff) and eliminate the ANF ofphytate.
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4. Concluding Remarks

We embarked on a study screening novel microbial taxa for phytase activity. The

basidiomyceteCryptococcus laurentii Abo 510 showed the highest phytase activity of all the

Cryptococcus strains screened.

For an enzyme to be employed as a commercial feed-additive phytase, it needs to

fulfil certain criteria (Lei and Stahl, 2001). Firstly, the microorganism must produce a high

phytase activity; the phytase activity for C. laurentii Abo 510 phytase was 4.55 lU/g wet

cells. This high level of phytase activity compares well with other phytases such as bacterial

phytases (0.1 lU/ml - 0.388 lU/ml) (Choi et aI., 1999; Yanke et aI., 1998), yeast phytases

(0.02 lU/ml- 1.07 lU/ml) (Nakamura et aI., 2000; Sano et aI., 1999) and filamentous fungal

phytases (0.6 lU/ml - 6.62 lU/ml) (van Hartingsveldt et aI., 1993). Secondly, the phytase

must have broad substrate specificity. The C. laurentii Abo 510 strain showed broad

substrate specificity that will assist the phytase in dephosphorylating the phytate molecule.

Thirdly, the phytase must be active in a broad pH range, especially in the strong acidic pH

range (gastrointestinal tract of monogastric animals) and be active and stable at high and low

temperatures to survive thermal feed processing and storage of phytase. The phytase from

C. laurentii Abo 510 is active at pH 2.5 to 7.5 with an optimum at pH 5.0 and has a

temperature optimum of 62°C with a loss of only 40% of its activity at 70°C. At 4°C, the

phytase from C. laurentii Abo 510 did not loose any of its phytase activity after 180 min.

Lastly, the feed-additive phytase needs to be economical to produce since high cost to

commercially produce feed-additive phytases limits its application as a feed supplement

(Balander, 1998). Since C. laurentii Abo 510 produces a cell-associated phytase activity, it

may be cost-effective to supplement the animal feedstuff with the cells, in a powdery form.

This will assist the release of the phytate-phosphorus for utilisation by monogastric animals

and thus minimisephosphorus pollution (Lei et aI., 1993). The phytase from C. laurentii Abo

510 thus fulfils the criteria of a commerciallyapplicable phytase, suggesting that this enzyme

may be suitable as an animal feed-additive.

Future research should be focussed on the molecular study of the C. laurentii Abo 510

phytase and to ensure the production of this phytase at a cost-effective level. One solution to

this problem would be to express the gene heterologously in a yeast strain such as Hansenula

polymorpha (Mayer et aI., 1999), which has already been shown to be a low-cost, high

productivity production technique for phytase. Another alternative might be to express the
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gene in an A. niger strain (Igbasan et al., 2000; Pandey et al., 2001), which is already used for

the commercial production of the A. ficuum phytase at high yields.

In conclusion, we have shown that the phytase of C. laurentii Abo 510 shows high

levels of phytase activity and its enzymatic properties are all in favour to use the native yeast

or a recombinant strain expressing the gene for industrial feedstuff applications.
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