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Abstract

The phytic acid (myo-inositol hexakisphosphate or InsP¢) content of seed crops is important to their nutritional
quality. Since it represents 75 & 10% of the total seed phosphorus (P), phytic acid is also important regarding
the management of P in agricultural production. A low-phytate F5 line, No. T-2-250-4-20, was selected from
the progeny of a cross between the low-phytate soybean line CX1834 and the Japanese commercial cultivar
Tanbakuro. This line and its parents were grown in a field nursery, and the growth characteristics, phytate
accumulation, and processing suitability for tofu were evaluated. At full maturity, the weight of seeds per plant
of line T-2-250-4-20 was 5.2- and 1.3-fold higher than that of CX1834 and Tanbakuro, respectively. The
amount of phytate-phosphorus as a percentage of the total P content in seeds was 23% in line T-2-250-4-20-
34, 30% in CX1834, and 69% in Tanbakuro. No significant difference was observed among the three
cultivars/lines in their seed magnesium (Mg), potassium (K), crude protein, and sugar. However, the calcium
(Ca), crude fat and ash contents in seeds of line T-2-250-4-20-34 and Tanbakuro was lowered compared to
that of CX1834. The breaking stress of tofu was estimated employing a rheometer with a decreasing
concentration of the coagulant magnesium chloride (MgCl,), starting at 15.7 mmol L™ In tofu made from
Tanbakuro, the concentration of MgCl, required to achieve the maximum breaking stress was 12.6 mmol L™';
however, it was 9.5mmolL™! for tofu made from T-2-250-4-20-34 and CX1834. The tofu made from
Tanbakuro was soft and broke at 6.3 mmol L™! MgCl,, but, in line T-2-250-4-20-34, harder tofu was made
with lower MgCl, concentrations. No difference was observed among the cultivars/lines in the SDS-PAGE
patterns of protein in soymilk. These results indicate that we have developed a low-phytate soybean with
adequate productivity, and confirmed that tofu made from the low-phytate T-2-250-4-20-34 soybean becomes
coagulated and harder at a lower MgCl, concentration than that from high-phytate soybean cultivars.
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INTRODUCTION

Phytic acid (myo-inositol hexakisphosphate or InsPg) is
the storage form of phosphorus (P) in seeds and exists as
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phytate, typically representing 75 & 10% of the total seed
P (Lott et al. 2000; Raboy 2009). Phytate is poorly
digested by monogastric animals. Therefore, large
amounts of P are present in poultry feces. As a result,
P is lost to the environment in cereal-consuming regions,
where it may contribute to excessive levels in soil and
water (Brinch-Pedersen et al. 2002). The anti-nutritional
effects of phytate are primarily related to its strong
chelating activity due to its six reactive P esters
(Loewus and Murthy 2000; Urbano er al. 2000).



Multivalent cations, such as magnesium (Mg), calcium
(Ca), zinc (Zn), iron (Fe), and manganese (Mn),
are particularly susceptible and form insoluble and
indigestible complexes (Persson et al. 1998). To address
these problems, various crops, for example, rice (Oryza
sativa L.; Larson et al. 2000), maize (Zea mays L.; Raboy
et al. 2000), barley (Hordeum vulgare L.; Larson et al.
1998; Rasmussen and Hatzack 1998), and wheat
(Triticum aestivum L.; Guttieri et al. 2004), have been
developed with lower contents of phytate. For the
soybean, a low-phytate mutant has been produced by
mutation breeding through chemical
(Wilcox et al. 2000).

Tofu is one of the most nutritional and traditional
foods made from soybean. Tofu manufacturing repre-
sents 51.4% of the food-use demand for soybean in
Japan; however, domestically-produced soybean supplies
only 25% of this demand (MAFF 2010). While tofu
made from domestically-produced soybean is praised for
its taste and provides consumers with a sense of safety
(MAFF 2010), the phytate content of this domestically-
produced soybean ranges widely due to the cultivated
area and environmental conditions. Phytate acts as a
buffering agent against the coagulation reaction of
soymilk at a low concentration of coagulant (e.g.,
magnesium chloride, MgCl,) generally used for tofu
processing (Toda et al. 2006). For this reason, a soybean
variety is demanded which has a low phytate content and
can be efficiently processed for tofu production.

In order to address these problems, we developed a
low-phytate soybean by crossing a Japanese commercial
cultivar and the CX1834 low-phytate line. In this study,
we investigate the growth characteristics, productivity,
and seed quality of this new low-phytate line compared
to the parental stock.

mutagenesis

MATERIALS AND METHODS

Plant materials

The low-phytate soybean line CX1834, isolated from the
mutant originally referred to as M153 (Wilcox et al.
2000), was obtained from USDA-ARS, Small Grains and
Potato Germplasm Research Unit, Aberdeen, Idaho, USA.
This low-phytate line was used as a pollen parent in
crosses to develop several decades of Japanese commercial
cultivars. They were crossed in August 2004 under
greenhouse conditions, and crossing with Tanbakuro
was successful. Five progeny populations were developed
from the F1 seeds. The F1 generation and parents were
grown in the field of the Graduate School of Biosphere
Science, Hiroshima University, Higashi-Hiroshima,
Japan, during the summer of 2005, and low-phytate
lines were selected by measuring phytate-phosphorus and
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inorganic and total P contents in seeds after harvesting.
From 2006 to 2008, the low-phytate soybean line was
selected by measuring the phytic acid-phosphorus, inor-
ganic P, and total P concentrations, yield per plant, weight
of 100 seeds, numbers of seeds and seed coat color.
Thirty-seven plants of the F5 line (Line No. T-2-250-4-20)
and the two parents were sown in the field in June 2009 at
a plant density of 2.2 plantsm™ (50 cm intra-row and
90 cm inter-row spacing), and the number of nodes on the
main stem, total number of nodes, length of the
main stem, weight of seeds per plant, and the 100-seed
weight of each plant were measured at full maturity.
The T-2-250-4-20-34 plant which showed a higher yield
per plant and 100-seed weight was selected from 37 plants
of the F5 line, and the seeds of T-2-250-4-20-34 were used
for the analysis of seed quality and tofu properties.

Analysis of seed quality

Seeds were dried in an oven at 80°C for over 48 h and
milled using a pulverizing mill. The total phosphorus
(TP) content of seeds was determined using colorimetric
methods (Chen et al. 1956), and Mg, Ca, and K contents
were measured by atomic absorption spectrometry and
a flame photometer after wet-ashing in sulfuric acid.
Inorganic phosphorus (Pi) and phytate-P were deter-
mined as previously described (Raboy and Dickinson
1987). Crude protein was determined employing the
standard micro-Kjeldahl method, and it was converted
to the protein content using the conversion factor 5.71.
Sugar was measured with the anthron method (Spiro
1966), crude ash by the dry ashing method, and crude fat
was analyzed employing the Soxhlet method (Thiex et al.
2003).

Soymilk preparation and tofu making

Soybeans were washed and soaked in water at 25°C for
15h. Hydrated seeds were drained and ground into
homogenates with water. After the anti-foam agent
Kureton (Kao Co., Tokyo, Japan) was added (0.6% of
the dry seed weight), they were heated over a high flame
until boiling, and, after boiling, heated over a low flame
for seven minutes. Water was added equivalent to seven
times the weight of dry seeds. Boiled soymilk was
separated from the homogenate by squeezing with a
hydraulic press machine and filtering with thin nylon
mesh. The soymilk was cooled and kept in a refrigerator
until used to make tofu. MgCl, (3.1—15.7 mmol L™! of
soymilk) was added as a coagulant. After stirring with a
glass rod, the soymilk was put into 25-ml syringes. The
coagulated soymilk was incubated at 80°C for 1.0 h and
cooled in flowing water.
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Table 1 Growth characteristics and yield components of line T-2-250-4-20, the low-phytate line CX1834, and the Japanese

commercial cultivar Tanbakuro

Length of Number of

main stem main stem
Cultivar/line (cm) nodes
T-2-250-4-20 7242.5¢ 224+0.6°
CX1834 284+1.0% 14+£0.5°
Tanbakuro 57+1.2° 1840.3°

Weight of
Total number seeds per 100-seed
of nodes plant (g) weight (g)
189+7.3° 111.70 +£4.70° 40.25+0.31°
38+2.17 21.70+1.37% 22.20+0.34%
174 £4.9° 82.60+5.05" 46.21+0.58°

Each value represents the means (+SE) of three replicates of each cultivars and lines. Values in a column with different superscripts are significantly different

(ANOVA, p <0.05).

Texture measurements

The texture profiles of the tofu samples were investigated
using a rheometer (NRM-2002], Fudo Industry Co.,
Tokyo, Japan) with a cylindrical plunger 15mm in
diameter at a compression rate of 1mm sec”'. Three
cylindrical pieces of tofu (13 mm in height and 20 mm in
diameter) were cut from the middle part of the tofu
sample and used for texture analysis. The breaking stress
of tofu was expressed based on three measurements at
the same MgCl, concentration.

Protein analysis of soymilk

Analysis of the subunit composition was conducted using
sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) according to the method of Yagasaki
et al. (1997). The protein concentration of soymilk was
assayed employing the method of Lowry et al. (1951)
using bovine serum albumin as a standard protein. The
gel was stained with Coomassie brilliant blue G-250
(CBB G-250). Densitometric analysis of the stained gel
was carried out with Image], a public domain open
source software for analyzing images in Java.

RESULTS AND DISCUSSION

Flowering began in line T-2-250-4-20 at the beginning of
August, and bean development began mid-August. These
growth stages were earlier than in Tanbakuro and later
than in CX1834 (data not shown). The date when 95%
of the beans reached sufficient maturity for harvest in
line T-2-250-4-20 was slightly earlier than in Tanbakuro.
From these growth characteristics, it is estimated that line
T-2-250-4-20 is a late-maturity group soybean. The main
stem length, number of nodes in the main stem, and total
number of nodes in line T-2-250-4-20 were greater than
in Tanbakuro and CX1834 (Table 1). The 100-seed
weight of line T-2-250-4-20 was 1.8-fold greater than
that of CX1834 and 15% lower than that of Tanbakuro,
but the seed weight per plant of line T-2-250-4-20 was
1.35-fold higher than that of Tanbakuro (Table 1). These
data indicate that the low-phytate line T-2-250-4-20
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Figure 1 Phosphorus fractions in seeds of line T-2-250-4-20-34,
the low-phytate line CX1834, and the Japanese commercial
cultivar Tanbakuro. Phy-P, phytate-phosphorus; Pi, inorganic
phosphorus; Other-P, other phosphorus, calculated by sub-
tracting Phy-P and Pi from the total phosphorus; DW, dry
weight. Vertical bars represent standard errors of the mean of
the total and Pi concentration.

displays adequate vigor and productivity compared with
the Japanese commercial cultivar Tanbakuro.

The TP concentration in seeds of line T-2-250-4-20-34
was 6.59mg g~' dry weight (DW), and that of CX1834
and Tanbakuro was 7.26 and 7.72mg g~ ' DW, respec-
tively (Fig. 1). The TP concentration in seeds of line T-2-
250-4-20-34 was lower than in Tanbakuro (ANOVA,
1 <0.05), but there was no significant difference among
these cultivars/lines (p > 0.05). The amount of phytate-P
as a percentage of the TP in line T-2-250-4-20-34
(23.1%) and CX1834 (30.3%) was less than half of that
in Tanbakuro (68.6%), and the amount of Pi as a
percentage of the TP in line T-2-250-4-20-34 (75.0%)
and CX1834 (66.1%) was about 20-fold higher than in
Tanbakuro (3.5%).
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Table 2 Calcium (Ca), magnesium (Mg), potassium (K), crude protein, crude fat, sugar, and crude ash contents (in mg ™" dry weight)
in seeds of line T-2-250-4-20-34, the low-phytate line CX1834, and the Japanese commercial cultivar Tanbakuro

Cultiver/line Ca Mg K

T-2-250-4-20  1.36+£0.18"  2.32+0.04*°  15.2+0.19°
CX1834 1.614+0.17° 2.204+0.05* 16.5+0.37%
Tanbakuro 1.10+£0.11*  2.29+0.05*  16.4+0.35°

Crude protein Crude fat Sugar Crude ash
316 +11.5° 176 £2.6 2004+5.3*  52.5+0.9°
308 £11.9° 215+£5.2P 202+£51*  59.141.2°
3084+11.6° 170+£12.8°  170£12.8°  54.1+£1.5°

Each value represents the means (+SE) of three replicates of each cultivars and lines. Values in a column with different superscripts are significantly different

(ANOVA, p<0.05).

Table 3 Seed water absorption ratio, soymilk solid and phytate concentration, and crude protein and phytate concentration in tofu
made from line T-2-250-4-20-34, the low-phytate line CX1834, and the Japanese commercial cultivar Tanbakuro

Soymilk Tofu
Water Crude
absorption Phytate protein Phytate
Cultivar/line ratio (times) pH Solids (%) (mmol L) (mg g~' DW) (mg g~' DW)
T-2-250-4-20 2.21+0.13° 6.55+0.01° 9.68+0.10° 1.240.6° 4514127 4.6+£0.19°
CX1834 2.27+£0.13° 6.58+0.01° 9.56 £0.01° 1.840.5° 4334212 7.4+£0.20°
Tanbakuro 2.38+0.08° 6.69+0.02° 9.67 £0.03% 4.0+0.6" 450 £15° 25.7+£0.38"

Each value represents the means (+SE) of three replicates of each cultivars and lines. Values in a column with different superscripts are significantly different

(ANOVA, p <0.05). DW, dry weight.

The contents of Mg, K, crude protein, and sugar in line
T-2-250-4-20-34 were similar to Tanbakuro and
CX1834 (Table 2). The Ca, crude fat and ash contents
of T-2-250-4-20-34 and Tanbakuro was slightly lower
than in CX1834. Numata (1998) reported that the
concentration of crude protein of 15 soybean varieties
was 339 to 404 mg g, and he also indicated the positive
correlation between the protein concentration and hard-
ness of tofu. In this study the protein concentration was
308 to 316mg g~ ' in tested cultivars/lines, and it was
lower than that found by Numata. For the lower protein
concentration, in this study, the texture of the tofu made
from tested cultivars/lines might have become soft.

The seed water absorption ratio, pH of soymilk,
solids, and phytate content, and tofu crude protein and
phytate contents in tofu made from line T-2-250-4-
20-34, CX1834, and Tanbakuro are shown in Table 3.
The seed water absorption ratio and solids content in
soymilk, and crude protein in tofu, made from line T-2-
250-4-20-34 did not differ from those of the other two;
however, the phytate content of soymilk made from lines
T-2-250-4-20-34 and CX1834 was 70% lower than that
made from Tanbakuro. Also, the pH of soymilk made
from lines T-2-250-4-20-34 and CX1834 was lower than
that made from Tanbakuro.

Phytate has been hypothesized to influence the coagu-
lant requirement in tofu production (Ishiguro et al. 2008;
Ono et al. 1993; Torikata et al. 1987). To examine the
influence of phytate on the MgCl, requirement,
we measured the breaking stress of tofu made from
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Figure 2 Relationship between the MgCl, concentration in
soymilk and breaking stress of tofu made from line T-2-250-4-
20-34, the low-phytate line CX1834, and the Japanese com-
mercial cultivar Tanbakuro. Vertical bars indicate the standard
error. MgCl,, magnesium chloride.

T-2-250-4-20-34, CX1834, and Tanbakuro with various
MgCl, concentrations (Fig. 2). Tofu made from
Tanbakuro showed a maximum breaking stress at
12.6 mmol L™' MgCl,, while tofu made from T-2-250-
4-20-34 and CX1834 reached its maximum breaking
stress at 9.5mmolL™" MgCl,. Tofu made from
Tanbakuro became softer and, as a result, was not hard
enough to measure the breaking stress at 6.3 mmol L™"
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MgCly; however, the breaking stress of tofu made from
T-2-250-4-20-34 was still high. Also, while it was
impossible to measure the breaking stress at
3.1mmol L' MgCl,, soymilk made from Tanbakuro
did not coagulate, and that made from CX1834 coagu-
lated slightly, but soymilk made from T-2-250-4-20-34
coagulated and formed tofu curd. These results indicate
that high-phytate tofu tends to have a softer curd than
low-phytate tofu at lower coagulant concentrations.
Magnesium chloride, CaSO4 (calcium sulphate), and
GDL (glucono-lactone) are coagulants used for tofu
production. Magnesium chloride is used the most fre-
quently, and an MgCl, concentration of 12.3 mmol L™ is
generally employed for tofu processing in Japan (Toda
et al. 2003; Toda et al. 2006). In this study the high-
phytate cultivar Tanbakuro made the hardest tofu at
12.6 mmol L' MgCl,, whereas the low-phytate line T-2-
250-4-20-34 made the hardest tofu at 9.5 mmolL™"
MgCl,. Thus, improvement of the coagulation properties
at a lower concentration of MgCl, solution was shown in
T-2-25-4-20-34. These results indicate that improvement
of the coagulation properties at a lower coagulant
concentration might be due to a decrease in phytate,
which affects the tofu texture by reacting with protein
and coagulants such as magnesium salts.

In this study, the pH of soymilk made from low-
phytate lines was lower than that made from Tanbakuro
(Table 3). Ono et al. (1993) and Tezuka et al. (1995)
indicated that the coagulation of tofu was affected by a
decrease in the pH of soymilk. Ishiguro et al. (2006) also
reported that the breaking strain of tofu decreased with
increasing phytate concentration, and phytic acid pre-
vented a decrease in the pH of soymilk during tofu
processing.

In tofu production, soymilk is heated to cause protein
dissociation and a coagulant is added to form a protein
matrix, which gives tofu its firmness and hardness (Poysa
et al. 2006). The quantity and quality of protein in the
soymilk affects tofu processing. Glycinin (11S globulin)
and B-conglycinin (7S globulin) are the most important
proteins. Glycinin is generally in hexameric form, and
each monomer unit consists of one acid and one basic
polypeptide linked together by one disulfide bond.
B-conglycinin is a trimeric glycoprotein with a molecular
mass of 180kDa, consisting of three subunits (Tezuka
et al. 2004; Poysa et al. 2006). Tofu gel made from 115
protein was found to be significantly harder than that
from 7S globulin, and 11S gel also showed a greater
cohesiveness and elasticity than 7S globulin (Saio et al.
1971). Toda et al. (2008) reported that the coagulant
concentration for the maximum breaking stress of tofu
decreased as the11S/7S ratio increased. Cai et al. (1997)
also reported that tofu from crude glycinin is harder than
that from crude B-conglycinin, and the difference was

101 kDa—*
87 kDa— A B

Figure 3 SDS-PAGE patterns of protein in soymilk made from
line T-2-250-4-20-34 (lane A), the low-phytate line CX1834
(lane B), and the Japanese commercial cultivar Tanbakuro
(lane C).

attributed to higher numbers of disulfide bonds. SDS-
PAGE patterns of protein in the soymilk of tested
varieties are shown in Fig. 3; no difference in SDS-
PAGE patterns was observed among the three tested
cultivars/lines. The 11S/7S ratio of tested cultivars/lines
calculated by this SDS-PAGE band pattern was 3.36
in T-2-250-4-20-34, 2.75 in CX1834, and 2.99 in
Tanbakuro. This result suggests that a higher breaking
stress of tofu made from T-2-250-4-20-34 at a low
concentration of coagulant (MgCl,) may not be related
to a difference in the quality of protein in soymilk.

In this study, however, the tofu made from CX1834
was softer than that made from T-2-250-4-20-34. The
differences in tofu hardness between CX1834 and T-2-
250-4-20-34 with low concentrations of coagulant could
not be clarified. However, Toda et al. (2008) indicated
that the concentration of oil globules in the coagulum
may have influenced the formation of tofu curd. Further
studies are needed to clarify coagulation activity in low-
phytate soybean varieties.

Conclusions

Line T-2-250-4-20-34, developed by introducing the
low-phytate trait into the cultivar Tanbakuro, displayed



an adequate yield equal to that of Tanbakuro. The
phytate content of soymilk and phytate concentration in
tofu made from line T-2-250-4-20-34 were less than half
of those from Tanbakuro. Line T-2-250-4-20-34 could
be used to produce tofu at a lower concentration of
coagulant compared to the high-phytate cultivar
Tanbakuro. These results indicate that CX1834 can be
used as a parental plant to introduce the low-phytate
trait into Japanese cultivars, and line T-2-250-4-20-34
may be useful as a new soybean variety after the selection
of pure lines employing the pedigree method, etc.
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