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A B S T R A C T

Direct addition of a food additive-grade Aspergillus niger phytase preparation to 30% brown

rice flour-added bread ingredients reduced the bread myo-inositol hexaphosphate (IP6)

content. The phytase preparation had protease and amylase activities. Addition of the

crude phytase preparation induced bread crust collapse. Protease-free high- and low-amy-

lase phytase fractions were prepared using preparative ampholyte-free isoelectric focusing

(autofocusing). Addition of the protease-free low-amylase phytase fraction did not signifi-

cantly affect loaf volume and did not collapse the crust. Addition of the protease-free high-

amylase phytase fraction significantly increased loaf volume approximately 1.5· in the

presence of amylase at 193–1029 U. However, addition of 1029 and 2058 U of amylase

induced partial and whole bread crust collapse, respectively. Therefore, removal of protease

and control of amylase activities in the phytase preparation are crucial in the preparation

of brown rice flour-added bread with a low myo-inositol phosphate (IP6) and good swelling

property.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Whole wheat, rye, and soybean grains are rich in various min-

erals, dietary fibre and vitamins and have numerous bioactive

compounds (Fukui, Kuwata, & Imai, 1997; Haros, Rosell, &

Benedito, 2001; Lopez et al., 2001; Porres, Etcheverry, Miller,

& Lei, 2001). Brown rice is also rich in functional compounds

such as c-aminobutyric acid (GABA), ferulic acid, and c-oryz-

anol. These compounds show antihypertensive (Hayakawa,

Kimura, & Kamata, 2002) and antioxidant activities (Xu,

Hua, & Godber, 2001), and help moderate autonomic ataxia

(Sugano & Tsuji, 1997). Therefore, much attention has been

focused on bioactive compounds in brown rice. However, con-

sumption of brown rice in its steamed form is not prevalent

due to its poor swelling and textural properties. Alternatively,

brown rice has been processed to flour and used for bread

making (Matsuo, Sato, Nakamura, & Ohtsuki, 2005; Matsuo,

Sato, Park, Nakamura, & Ohtsuki, 2010; Nakamura, Satoh, &

Ohtsubo, 2010). The use of brown rice flour in bread is gradu-

ally gaining popularity in Japan.

More than 70% of the total phosphorus in a variety of seeds

and unrefined cereals is stored in the form of myo-inositol

hexaphosphate (phytate or IP6). Brown rice flour also contains

relatively large amounts of IP6 (Rosa, Eduardo, & Belen, 1999).

IP6 has a strong ability to chelate multivalent metal ions, par-

ticularly Zn2+, Ca2+, and Fe2+, which results in the formation

of highly insoluble salts with poor bioavailability (Hotz &

Gibson, 2001; Nolan & Duffin, 1987). Therefore, the IP6 in
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brown rice flour-added bread can hinder the absorption of

divalent ions.

Hydrolysis of IP6 in foods by Aspergillus niger phytase can im-

prove the bioavailability of divalent minerals (Sandberg, Carls-

son, & Svanberg, 1989; Sandberg, Hulythen, & Turk, 1996). Our

earlier studies have shown that the IP6 content of brown rice

flour-added bread decreased by direct addition of a food addi-

tive-grade A. niger phytase preparation to the dough. However,

the A. niger phytase preparation had significant protease and

amylase activities (Matsuo et al., 2005; Matsuo et al., 2010).

Addition of high doses of such phytase preparations to the

dough induced bread crust collapse and deteriorated the

appearance and textural properties of the final products. Such

product showed bitter taste and slack texture. The phytase

preparation, purified by anion-exchange liquid chromatogra-

phy, was free of protease and amylase and had reduced IP6 lev-

els without adversely affecting the swelling properties of the

final product (Matsuo et al., 2010). These facts indicate that pro-

tease and amylase activities in the phytase preparation could

affect the swelling and textural properties of bread.

The use of preparative liquid chromatography to purify en-

zymes for food processing is a somewhat expensive option.

Large-scale ampholyte-free preparative isoelectric focusing

(autofocusing) has been developed to solve this problem

(Hashimoto, Sato, Nakamura, & Ohtsuki, 2005; Hashimoto,

Sato, Nakamura, & Ohtsuki, 2006). This technique, based on

the amphoteric nature of sample compounds, does not re-

quire the addition of chemicals to the sample, and has inher-

ent scale-up potential, referred to as autofocusing.

The objective of the present study was to create a phytase

preparation that can reduce IP6 in brown rice flour-added

bread without adversely affecting the product’s swelling and

textural properties. For this purpose, autofocusing was used

to control the protease and amylase activities in the food

additive-grade phytase.

2. Materials and methods

2.1. Materials and reagents

A food additive-grade A. niger phytase preparation (Phytase

Amano 3000) was commercially obtained from Amano En-

zyme (Nagoya, Japan), which can be also purchased from

Amano Enzyme Europe (Chipping Norton, UK) as Phytase

DS. The IP6 was obtained from Sigma–Aldrich (St. Louis, MO,

USA). Trichloroacetic acid (TCA), sodium dodecylsulphate

(SDS), 2,4,6-trinitrobenzenesulphonic acid (TNBS), phenol,

and sulphuric acid were purchased from Nacalai Tesque

(Kyoto, Japan). Hexaammonium heptamolybdate tetrahydrate

was obtained from Wako Pure Chemical (Osaka, Japan).

Hammarsten casein was purchased from Merck (Darmstadt,

Germany). All other reagents were of analytical grade or

better.

2.2. Enzyme fractionation

The fractionation of enzymes in the food additive-grade

phytase preparation was performed by autofocusing according

to the method of Hashimoto et al. (2005), with slight

modifications using an autofocusing apparatus with 10 sample

compartments (75-mm inner length · 80-mm inner

width · 120-mm inner height). Briefly, a tank (970-mm inner

length · 80-mm width · 120-mm height) was prepared using

a polyacryl plate (5 mm in thickness). Eleven rows of slots (5-

mm width · 5-mm depth) were made in the inner surface of

the tank every 75 mm. To divide the tank into 12 compart-

ments, 11 polyacryl plates (80 mm · 120 mm), each with a

40 mm · 40 mm window, were prepared. All were prepared

by a local manufacturer (Kyouei Kagaku Kogyo, Yao, Osaka,

Japan). Nylon screen (100 mesh), which had been obtained

from Semitec (Osaka, Japan), was mounted on the window.

The screen was wetted with 1% hot agarose solution and al-

lowed to stand for a few minutes to form a thin agarose gel

layer on the screen. This polyacryl plate with the agarose gel

layer is hereafter referred to as a separator. One separator

was inserted into each slot of the tank. The compartments at

either end of the tank were used as the anode and cathode

compartments. Another separator was fixed at 5 mm from

the anode and cathode separator. Gaps between the 2 separa-

tors at the anode and cathode compartments, i.e., the cation

exchange resin (AG50Wx8, hydrogen form, Bio-Rad Laborato-

ries, Hercules, CA, USA) and the anion-exchange resin

(AG1Wx8, hydroxide form), were filled with 0.025 M phospho-

ric acid and 0.1 M NaOH, respectively. The anode and cathode

compartments were filled with 0.025 M phosphoric acid and

0.1 M NaOH, respectively. The sample compartments were

separated by a single agarose gel layer and numbered from

the anode side (No. 1) to the cathode side (No. 10). All sample

compartments were filled with 1% (w/v) sample solution to a

total of 400 mL. To cool the sample during focusing, a silicon

tube in which cold 80% ethylene glycol was circulated was

put into the sample compartments through the tank lid. Direct

electric current at a constant voltage of 500 V was applied to

the electrodes for 24 h. During the focusing, all solutions in

the compartments were stirred with magnetic stirrers. After

the focusing, each fraction was collected and adjusted to pH

6.0 by the addition of 1 M NaOH or HCl and stored at �20 �C
until use.

2.3. Enzyme assay

Phytase, amylase, and protease activities were measured as

reported previously (Matsuo et al., 2010).

Phytase activity was measured using IP6 as the substrate.

The enzyme reaction mixture comprised 10 lL of sample,

20 lL of 0.02 M sodium acetate buffer (pH 6.0), and 10 lL of

20 mM IP6; it was incubated for 30 min at 37 �C in a 96-well

plastic microplate. The enzyme reaction was terminated by

the addition of 40 lL of 10% TCA to the mixture. As described

by Bruce (1966), 160 lL of 0.5 M sulphuric acid containing

0.42% ammonium molybdate tetrahydrate and 10% ascorbic

acid were added to the reaction mixture. The absorbance at

595 nm was measured using a microplate reader (Model 550,

Bio-Rad Laboratories). One unit of phytase activity was de-

fined as the release of 1 lmol of inorganic phosphate from

IP6 per minute at pH 6.0 and 37 �C.

Amylase activity was measured using soluble starch as the

substrate as described by Hostettler, Borel, and Denel (1951).

The reaction mixture comprised 10 lL of sample, 70 lL of
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0.02 M sodium acetate buffer (pH 6.0), and 80 lL of 1% starch

aqueous solution and was incubated for 20 min at 37 �C. Forty

microlitres of 1% 3,5-dinitrosalicylic acid were added to the

reaction mixture. The reaction mixture was then heated in

a boiling water bath for 5 min and diluted to one-third with

water. The absorbance at 500 nm was then measured using

a microplate reader.

Protease activity was measured using succinylcasein as

the substrate by the method of Hatakeyama, Kohzaki, and

Yamasaki (1992). The reaction mixture comprised 10 lL of

sample and 40 lL of the 0.25% succinylcasein; it was incu-

bated for 15 min at 37 �C in a microplate. The reaction was

terminated by addition of 25 lL of 0.1 M NaOH containing

0.19 M sodium tetraborate and 5% SDS; then, 15 lL of 20 mM

TNBS was added to the reaction mixture and was allowed to

stand for 5 min at room temperature. The absorbance at

405 nm was measured using a microplate reader.

2.4. Bread preparation

The brown rice flour-added breads were prepared as de-

scribed previously (Matsuo et al., 2005; Matsuo et al., 2010)

using an automatic bread maker (SD-RT102; Panasonic, Osa-

ka, Japan). Thirty per cent of the wheat flour was replaced

with brown rice flour. Suitable amounts of crude and purified

A. niger phytase preparations were added to the water.

After baking, the breads were allowed to stand for 60 min

on a stainless steel mesh tray at room temperature. The loaf

weight and volume were then measured. Loaf volume was

determined by applying the rapeseed displacement method.

The loaves were vertically cut into 5 slices, and the centre

slice was crashed by a mill (FM-50, Sun, Osaka, Japan). The

breadcrumb was used for chemical analyses.

2.5. IP6 determination

Extraction of IP6 with 1.3 M HCl from the samples was carried

out using the method of Latta and Eskin (1980) with slight

modifications (Matsuo et al., 2005; Matsuo et al., 2010). Mea-

surement of IP6 was performed using high-performance li-

quid chromatography (HPLC) with post-column colorimetric

detection according to the method of Cilliers and Van Niekerk

(1986) with slight modifications. IP6 was separated from its

degradation products and other chelating substances using

a TSK gel DEAE-5PW anion exchange column (12.5 cm ·
4.6 mm i.d.; Tosoh, Tokyo, Japan) in the isocratic mode. The

elution was carried out at 0.5 mL/min using 0.01 M nitric acid

containing 0.15 M sodium nitrate. A post-column reagent

comprising 0.03% FeCl3Æ6H2O and 0.3% sulphosalicylic acid

in water (Wade & Morgan, 1955) was delivered at 0.3 mL/

min. Before colorimetric detection, the eluent and reagent

were mixed in a Teflon tube coil (1 m · 1 mm i.d.). The

decrease in absorbance at 500 nm was recorded.

2.6. Other analyses

The moisture content of the bread was determined by weigh-

ing the bread after drying for 2 h at 120 �C. For determination

of water-soluble sugars, the breadcrumb was extracted with

10 vol. (v/w) of deionized water for 2 h with stirring at 20 �C.

Supernatant was collected by centrifugation at 3000g for

10 min. The supernatant was diluted with deionized water

to 1/100 and used for determination for total water-soluble

sugar and reducing sugars. Total water-soluble sugar was

determined by phenol–sulphuric method (Hodge & Hofreiter,

1962). Reducing sugar was determined by dinitrosalicylic acid

method (Abeles & Forrence, 1970). In both cases, the data are

expressed as glucose equivalent. The sugar content obtained

by subtracting reducing sugar content from total water-solu-

ble sugar content was defined as water-soluble high-molecu-

lar-weight sugar content in the following sections.

2.7. Statistics

Differences in loaf weight, volume, moisture, and IP6 content

were analyzed by one-way analysis of variance by using Stat

View 4.11 (Abacus Concepts Inc., Berkeley, CA, USA). Signifi-

cant differences between the groups were evaluated by Fish-

er’s protected least significant differences test.

3. Results

3.1. Enzyme fractionation in the phytase preparation

Fig. 1 shows a pH curve developed by autofocusing of the 1%

food additive-grade phytase preparation. Fractions (Fr.) 1–8

showed an acidic pH, indicating that the phytase preparation

consists mainly of acidic compounds. The distribution of the

amylase, protease, and phytase activities in the autofocusing

fractions are shown in Fig. 2A. Protease activity was recovered

only in Fr. 2 and 3. Amylase and phytase activities were dis-

tributed among Fr. 1–8 and showed maximum activities in

Fr. 7. As shown in Fig. 2B, Fr. 7 had relatively high amylase

activity. On the other hand, Fr. 8 had relatively low amylase

activity. Accordingly, Fr. 7 and 8 were used as protease-free

high-amylase phytase and low-amylase phytase fractions,

respectively, in following experiments.

3.2. Effects of crude and protease-free phytase fractions on
bread

Crude and protease-free high- and low-amylase phytase frac-

tions were added to the 30% brown rice flour-added dough. As

shown in Table 1, the addition of the phytase preparations de-

creased the weight of the final product. On the other hand,

1

3

5

7

9

11

13

1 2 3 4 5 6 7 8 9 10

pH

Fraction number

Fig. 1 – pH curve developed by autofocusing (24 h) of the 1%

food additive-grade phytase preparation.
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moisture content did not decrease except in the addition of

the crude phytase preparation (6000 and 12000 U of phytase)

and the protease-free low-amylase phytase fraction (1161 U).

Degradation products such as inorganic phosphate, low

molecular weight peptide, and dextrin might be drained from

the dough during processing.

As shown in Fig. 3, the IP6 content in the final product lin-

early decreased up to 3000 U of phytase activity irrespective of

the absence or presence of amylase and protease activities.

As shown in Table 1 and in the bottom row of Fig. 4, addi-

tion of the protease-free low-amylase phytase fraction (Fr. 8)

did not significantly change loaf volume and did not induce

collapse of crust at concentrations of up to 3000 U of phytase.

Addition of the protease-free high-amylase phytase fraction

(Fr. 7) significantly increased loaf volume by approximately

1.5· except for addition of the highest dose (6000 U of phytase

and 2058 U of amylase), in which collapse of the entire bread

crust occurred (circle in the middle row of Fig. 4). Addition of

3000 U of phytase and 1029 U of amylase induced partial col-

lapse of the bread crust (arrow in the middle row of Fig. 4).

Addition of the crude preparation increased loaf volume only

at 1500 U of phytase, 435 U of amylase, and 791 U of protease,

where partial crust collapse occurred (arrow in the upper row

of Fig. 4). Addition of the higher dose of the crude preparation

induced whole crust collapse (circles in the upper row of

Fig. 4).

Table 1 – Effect of the addition of the crude phytase preparation and fractionated phytase to 30% brown rice flour-added
bread on weight, volume, and moisture content.

Crude phytase preparation

Phytase (U) 0 1,500 3,000 6,000 12,000

Amylase (U) 0 435 875 1,740 3,480

Protease (U) 0 791 1,582 3,162 6,328

Weight (g) 466.7 ± 5.8a 460.0 ± 8.7b 448.3 ± 2.9c 446.7 ± 5.8c 446.7 ± 2.9c

Volume (mL) 1013 ± 110abc 1277 ± 6d 937 ± 55b 1090 ± 75c 1087 ± 55c

Moisture (%) 38.4 ± 1.7a 37.8 ± 0.2a 36.9 ± 0.2a 36.0 ± 1.7b 33.7 ± 0.1c

Protease-free high-amylase phytase fraction (Fr. 7)

Phytase (U) 0 563 1,500 3,000 6,000

Amylase (U) 0 193 514 1,029 2,058

Protease (U) 0 0 0 0 0

Weight (g) 466.7 ± 5.8a 453.3 ± 5.8b 453.3 ± 2.9b 453.3 ± 2.9b 455.0 ± 5.0b

Volume (mL) 1013 ± 110a 1467 ± 5.8b 1517 ± 196b 1493 ± 183b 990 ± 85a

Moisture (%) 38.4 ± 1.7a 37.5 ± 0.8a 37.1 ± 1.0a 37.4 ± 0.9a 37.1 ± 1.5a

Protease-free low-amylase phytase fraction (Fr. 8)

Phytase (U) 0 1,161 3,000

Amylase (U) 0 153 396

Protease (U) 0 0 0

Weight (g) 466.7 ± 5.8a 456.7 ± 7.6b 453.3 ± 7.6b

Volume (mL) 1013 ± 110a 1030 ± 121a 1047 ± 95a

Moisture (%) 38.4 ± 1.7a 35.8 ± 1.2b 38.8 ± 0.2a

Values are expressed as means ± S.D, n = 3.

Different letters in the same row show significant differences (p < 0.05).

A
B

0 

500 

1000 

1500 

2000 

2500 

3000 

3500 

1 2 3 4 5 6 7 8 9 10 

E
nz

ym
e 

un
it

 (
U

)

Fraction number

Protease activity
Amylase activity
Phytase activity

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1 2 3 4 5 6 7 8 9 10

R
at

e 
of

 A
m

yl
as

e 
U

 / 
P

hy
ta

se
 U

Fruction number

Fig. 2 – Amylase, protease, and phytase activities in the autofocusing fractions (A) to phytase activity rate in autofocusing

fractions are shown in (B). Fractions 7 and 8 were used as protease-free high-amylase phytase and low-amylase phytase

fractions, respectively.
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3.3. Water-soluble sugars in bread

Contents of water-soluble reducing and high-molecular-

weight sugars in the breads added with the protease-free

high- (Fr. 7) and low-amylase phytase fractions (Fr. 8) are

shown in Fig. 5. Reducing sugar content in the brown rice

flour-added bread increased by addition of the high-amylase

phytase fraction from 0 to 500 U of amylase and thereby

reached plateau and unexpectedly decreased by addition of

the highest dose. On the other hand, water-soluble high-

molecular-weight sugar content continued increasing by

addition of the high-amylase phytase fraction. The low-

amylase phytase fraction produced lower amounts of reduc-

ing and high-molecular-weight sugars in the bread than the

high-amylase phytase fraction even at similar amylase levels.

4. Discussion

Addition of the protease-free low-amylase phytase fraction

prepared by autofocusing did not significantly affect bread

loaf volume, a finding that is consistent with the results ob-

tained in our previous study using chromatography-purified

phytase (Matsuo et al., 2010). The IP6 content in the bread lin-

early decreased with the addition of up to 3000 U of phytase

(Fig. 3). Amylase and protease in the phytase preparation

did not affect the hydrolysis of IP6 by phytase during the

bread-making process.

Presence of protease activity in dough caused partial

(791 U) and whole crust (>1582 U) collapse of the brown rice

flour-added bread, respectively, which could be explained by

deterioration of the gluten network by protease. The

collapsed bread showed bitter taste and slack texture, which

could not be accepted by consumer. Protease in the phytase

Fig. 4 – Effects of the addition of crude phytase, protease-free high-amylase phytase fraction (Fr. 7), and low-amylase phytase

fraction (Fr. 8) on the appearance and swelling properties of the 30% brown rice flour-added bread.
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preparation, therefore, should be removed for this

application.

Addition of the protease-free high-amylase phytase frac-

tion improved the swelling property of the brown rice flour-

added bread up to 514 U of amylase. On the other hand, the

addition of amylase >1029 U caused partial and whole col-

lapse of the bread crust. As shown in Fig. 5, reducing sugar

was produced by the addition of a low dose of a high-amylase

phytase fraction, which could enhance yeast fermentation

and consequently increase loaf volume of the bread. On the

other hand, addition of high dose of high-amylase phytase

fraction decreased reducing sugar but increased high-molec-

ular-weight sugar, which can and can not be utilized by yeast,

respectively. These facts indicate that addition of a high dose

of the high-amylase phytase fraction degraded the starch gel

network but did not enhance yeast fermentation, which in-

duced collapse of the bread crust. The positive and negative

effects of amylase on the swelling property were not observed

by addition of the low-amylase phytase fraction under high

ratio of phytase to amylase activity (approximately 7.5),

which produced fewer reducing and high-molecular-weight

sugars compared to addition of the high-amylase phytase

fraction even in similar amylase activity. These facts indicate

that the phosphate released from IP6 by phytase might inhibit

amylase activity. When ratio of phytase to amylase activity is

approximately 3 (high-amylase fraction), production of high-

molecular-weight sugar possibly by a-amylase was not exten-

sively suppressed by occurrence of phytase activity up to

6000 U. On the other hand, production of reducing sugar by

b-amylase was suppressed by occurrence of phytase activity

higher than 1500 U. These facts indicate that b-amylase is

more susceptible to phosphate than a-amylase. Conse-

quently, it is crucial to remove protease and control amylase

activity in phytase preparation for application to unrefined

cereal-containing bread. Preparative liquid chromatography

(LC) could be used for this purpose. However, the LC system

is relatively expensive for large-scale separation. The present

study demonstrates that autofocusing, ampholyte-free pre-

parative isoelectric focusing, can be used for this purpose

(Fig. 2). This technique requires only water, NaOH, phosphoric

acid, and agarose, all of which can be used for food processing

(Hashimoto et al., 2005). In addition, a continuous type
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autofocusing apparatus has been developed that is suitable

for large-scale preparation (Hashimoto et al., 2006). This tech-

nique has the potential for value-added enzyme preparation

from crude start materials such as fermentation broth and

crude plant extracts that contain various enzymes.

Further studies on the preference and health-promoting

activities of the unrefined cereal-based foods treated by phy-

tase preparation with optimized amylase and phytase activi-

ties are now in progress.
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