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Increase in Apparent Amylose Content and Change in Starch Pasting 
Properties at Cool Growth Temperatures in Mutant Wheat 

T. Yanagisawa,1,2 C. Kiribuchi-Otobe,1 and M. Fujita1 

 ABSTRACT  Cereal Chem. 81(1):26–30 

Some mutant wheat lines with low-amylose content were grown in a 
field and greenhouse (15 or 20°C) to compare apparent amylose content 
and starch pasting properties. The apparent amylose content of flour and 
starch increased and starch pasting parameters as measured by a Rapid 
Visco Analyser (RVA) changed in the greenhouse (at cool temperatures) 
during seed maturation. Densitometric analysis of the protein band 
separated by electrophoresis suggested that the increase in amylose con-
tent by cool temperature was related to the amount of Wx-D1 protein. 
This data suggests that the Wx-D1 gene was responsible for these changes. 

In wheat starch from Tanikei A6099 and Tanikei A6598 at 15°C, the 
value of final viscosity and total setback was higher than that from the 
field. In wheat starch from Tanikei A6599-4 (waxy mutant with stable hot 
paste viscosity), the peak viscosity temperature was higher and time 
maintained >80% of the peak was shorter at 15°C than that from the 
field. Genetic analysis using doubled-haploid (DH) lines from a combi-
nation of Tanikei A6599-4 and Kanto 118 (low-amylose line) showed that 
apparent amylose content increased and the starch pasting curve and 
properties changed in waxy progenies similar to Tanikei A6599-4.  

 
Cereal grain endosperm starch generally consists of amylose 

and amylopectin. Amylose content is used as one of the parameters 
characterizing starch, and plays an important role in wheat quality 
because it affects starch properties. For Japanese white salted noodles 
(udon), lower amylose tends to increase glutinosity, a condition 
most Japanese prefer. In our breeding program, amylose content 
of flour was measured to select and characterize breeding lines 
because of an important breeding objective. Many measurements 
of apparent amylose content based on colorimetric method can be 
rapidly performed. 

Elevated growth temperatures decrease the amylose content of 
rice (Asaoka et al 1984) and maize (Ferguson and Zuber 1962) 
starch. Although the effect of environmental temperature on barley 
starch amylose content was ambiguous (Tester and Karkalas 2001), 
in wheat, amylose contents increase slightly as a function of tem-
perature (Tester et al 1995). Potato tuber and microtuber are similar 
to wheat (Cottrell et al 1995; Debon et al 1998) although authors 
report little effect (Hizukuri 1969; Tester et al 1999). The amylose 
content of soybean seedling hypocotyls and cotyledon starch shows 
little response to environmental temperature (Hizukuri 1969). 

Amylose synthesis is controlled by the amount of waxy (Wx) 
protein, waxy (Wx) gene product, which is granule-bound starch 
synthase I (GBSSI) (Nelson and Rines 1962; Echt and Schwarz 
1981). Hexaploid wheat has three Wx genes (Wx-A1, B1, and D1) 
coding for Wx protein isoforms (Wx-A1, B1, and D1) (Chao et al 
1989; Nakamura et al 1993). A normal amylose content line has 
three active Wx proteins coded by Wx-A1a, Wx-B1a, and Wx-D1a. 
Variation in amylose content is related to deficiencies in one or 
two of the three Wx proteins (Yamamori et al 2000). A low-
amylose content line having null alleles in the Wx-A1 and B1 gene 
(Wx-A1b, Wx-B1b) was bred in Japan, whose lines have only Wx-
D1 protein.  

Amylose content in rice with a Wxb allele endosperm is affected 
by genetic regulation and by temperature during seed development. 
Wx protein increased at cool temperatures, resulting in higher con-
tent of amylose in mature seeds (Asaoka et al 1984; Sano et al 
1985; Umemoto et al 1995). Insoluble and soluble starch synthase 
activity in potato microtuber is especially sensitive to growth tem-
perature (Debon et al 1998)  

During wheat seed maturation in the field, the highest tem-
perature generally reaches 25°C or more in Tsukuba and in most 
of Japan. Many low-amylose wheat lines, including mutants, have 
been bred in Japan, but the effect of temperature during seed matu-
ration on amylose content in these lines remains to be explained. 

We analyzed apparent amylose content and the amount of Wx 
protein at cool temperatures (15 or 20°C) during seed development 
in low-amylose wheat with the Wx-D1 gene to compare with those 
grown in the field. RVA parameters correlated to amylose content 
and RVA findings correlated to noodle quality were also used 
(Toyokawa et al 1989).  

Tanikei A6599-4, assumed to be a waxy mutant wheat, 
exhibited a unique starch pasting curve with stable hot paste vis-
cosity by RVA (Kiribuchi-Otobe et al 1998). We used doubled-
haploid (DH) lines from a combination of Tanikei A6599-4 and 
another low-amylose line to study the origin of the change in 
apparent amylose content and starch pasting analyzed by RVA.  

MATERIALS AND METHODS 

Plant Materials 
The plant materials used were Kanto 107, Tanikei A6099, 

Tanikei A6598, and Tanikei A6599-4. Kanto 107 is a low-amylose 
line with a null allele at Wx-A1 and Wx-B1 locus (Wx-A1b, Wx-
B1b, Wx-D1a), and only Wx-D1 protein is active. Tanikei A6099 
was induced from Kanto 107 by ethyl methane sulfonate treatment 
(Oda et al 1992). Previously, Yanagisawa et al (2001) showed that 
the amount of Wx-D1 protein in Tanikei A6099 is lower than that 
in Kanto 107. Tanikei A6598 and Tanikei A6599-4 were induced 
from Tanikei A6099 by sodium azide treatment (Kiribuchi-Otobe 
et al 1998, 2001a). None of these lines have Wx-A1 and B1 
protein (Wx-A1b, Wx-B1b: null allele in Wx-A1 and B1 gene). 
Amylose content is Kanto 107 > Tanikei A6099 > Tanikei A6598 
> Tanikei A6599-4. Point mutation in the Wx-D1 gene results in 
amino acid substitution (� �) at position 258 in the mature Wx-
D1 protein in Tanikei A6599-4 (Yanagisawa et al 2001), and this 
gene was assigned the allele designation Wx-D1e.  

DH lines from Kanto 118 (Wx-D1a) × Tanikei A6599-4 (Wx-
D1e) were produced by a maize method in which F1 plants of 
Kanto 118 × Tanikei A6599-4 were pollinated with maize pollen 
followed by immature embryo culture (Inagaki et al 1997). Kanto 
118, an offspring of Kanto 107 is a low-amylose line in which 
only the Wx-D1 protein is produced. All DH lines used in this 
research have Wx-D1e alleles (Yanagisawa et al 2003), so we used 
them to survey the origin of changes in amylose and the starch 
pasting curve. 
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In field conditions, seeds were sown from the end of October to 
the beginning of November. The flowering stage is from the end 
of April to the beginning of May. The ripening stage starts at the 
beginning of June. During seed maturation, the highest temper-
ature was over 25°C (May to June) in Tsukuba, Japan. In 
greenhouse conditions, the light/dark period was 8/16 hr and the 
temperature was constant at 15 or 20°C during seed maturation.  

Apparent Amylose Content and Iodine Staining 
For flour preparation, crushed grains were filtered with a 100-

�� filter. The apparent amylose content of the flour was deter-
mined using a Technicon Auto analyzer based on iodine staining. 
Regression curve was derived using potato amylose (Sigma) as the 
standard. When the value of 100 mg of wheat flour measured 
colorimetrically corresponded to that of A mg of potato amylose, 
the apparent amylose content of the flour was defined as A% (Oda 
et al 1992). Starch was isolated by washing in water and centri-
fugation. Apparent amylose content of starch was determined based 
on colorimetric measurement of the iodine-starch complex (absor-
bance at 620 nm). A potato amylose (Sigma Type III) (100% 
amylose) and waxy wheat (0% amylose) starch mixture was used 
as the standard. Apparent means that the contribution of amylo-
pectin, protein, lipid, and water content to absorbance was not con-
sidered. The experiment was run five times. Endosperm starch 
granules were stained with potassium iodide and iodine solution 
(0.2% KI, 0.04% I2, w/v) and observed by light microscopy.  

SDS-PAGE  
We suspended 10 mg of starch granules in the extraction buffer 

(140 �L) containing 10% (v/v) glycerol, 0.0625M 2-amino-2-
hydroxymethyl-1,3-propanediol hydrochloride (Tris-HCl) (pH 
6.8), 2.5% (w/v) SDS, and 5% (v/v) 2-mercaptoethanol and heated 
in boiling water for 10 min. Gelatinized starch solutions were 
cooled on ice immediately and left overnight before centrifuging 
at 10,000 rpm for 10 min at 4°C. We applied 20 L of supernatants 
to SDS-PAGE (10% separation gel). Electrophoresis was done at 20 
mA for 2 hr. Proteins were detected by a silver staining kit (Wako 
Pure Chemical Industries, Japan). To determine the amount of 
Wx-D1 protein, densitometric analysis was performed using a 
public-domain Scion image Beta 4.02 program for Windows 
(available at http://www.scioncorp.com). 

Starch Paste Viscosity 
Starch paste viscosity was measured by an RVA. We mixed 3 g 

of starch in 25 mL (12%) of distilled water (Kiribuchi-Otobe et al 
1998). The suspension was heated from 35 to 95°C at 5°C/min 
and held at 95°C for 5 min, then cooled to 35°C at 5°C/min. Peak 
viscosity (PV), minimum viscosity (MV), and final viscosity (FV) 
were recorded, and breakdown (BD [PV – MV]), total setback 
(TSV [FV – MV]), and setback (SV [PV – FV]) were calculated. 
In Tanikei A6599-4 and DH lines, the peak viscosity temperature 
and time maintained at >80% of PV (Kiribuchi-Otobe et al 2001b) 
was also selected to determine hot paste viscosity stability.  

RESULTS AND DISCUSSION 

Apparent Amylose Content and Amount of Wx-D1 Protein 
The apparent amylose content of endosperm flour and starch 

from the field and greenhouse (15°C) are shown in Table I. Except 
for Kanto 107, the apparent amylose content of flour and starch 
differed significantly between the field and greenhouse (t-test). 
For Tanikei A6099, Tanikei A6598, and Tanikei A6599-4, the 
apparent amylose content of starch also differed significantly 
between the field and greenhouse (t-test) (Table I). Tanikei 
A6599-4 was grown at 20°C in addition to 15°C. The amylose 
content at 20°C differed significantly in both the field and green-
house at 15°C (Table I).  

In some cases, large differences in apparent amylose content were 
found between flour and starch, perhaps because the contribution 
of amylopectin, protein, lipid, and water content to absorbance 
was not considered, and also because the measurement between 
flour and starch differed.  

During wheat seed maturation in the field, the highest temper-
ature reached >25°C in Tsukuba and in most of Japan. The appa-
rent amylose content of flour of these low-amylose content lines, 
analyzed by autoanalyzer, was not severely affected by year-to-
year fluctuations (Yamaguchi et al 1998; Kiribuchi-Otobe et al 
2001a). The apparent amylose content of starch from the green-
house was higher than that in the field in all DH lines with a waxy 
phenotype (Table I). Densitometric analysis of the Wx-D1 protein 
in these mutant lines between the field and greenhouse (15°C) 
showed that the amount of Wx-D1 protein grown in the 
greenhouse (15°C) produced more than that grown in the field 
(Table II). The fact that the increase apparent amylose content of 
flour and starch (Table I) and the amount of Wx-D1 protein in 
Tanikei A6099, A6598, and A6599-4 grown in the greenhouse 

TABLE II 
Relative Amount of Wx-D1 Protein for Field and Greenhousea 

Line Field Greenhouse (15°C) 

Tanikei A6099 100 119 
Tanikei A6598 100 130 
Tanikei A6599-4 100 107 

a Value of each line grown in field is 100 (average of three times). 

Fig. 1. Starch granule stained with potassium iodide and iodine solution 
grown in field conditions (A) and grown in greenhouse (15°C) (B). 

TABLE I 
Apparent Amylose Content (%) of Flour and Starch  

(average ± standard deviation) 

  Greenhouse 

 Field 15°C 20°C 

Flour    
Kanto 107 23.22 ± 1.09 22.62 ± 2.32nsa nd 
Tanikei A6099 17.61 ± 1.16 18.61 ± 1.08** nd 
Tanikei A6598 14.68 ± 0.94 17.86 ± 2.16** nd 
Tanikei A6599-4 5.88 ± 0.74 8.85 ± 0.99** 6.71 ± 0.27** 

Starch    
Tanikei A6099 24.47 ± 0.88 26.67 ± 0.52** nd 
Tanikei A6598 21.31 ± 1.41 24.45 ± 0.99** nd 
Tanikei A6599-4 5.56 ± 0.13 9.34 ± 0.30** 6.95 ± 0.16** 
DH-975 4.53 ± 0.35 9.20 ± 0.39** nd 
DH-977 5.83 ± 0.34 9.24 ± 0.15** nd 
DH-980 5.18 ± 0.55 7.99 ± 0.11** nd 
DH-982 5.82 ± 0.38 8.33 ± 0.26** nd 
DH-985 6.25 ± 0.58 10.65 ± 0.05** nd 
DH-987 5.79 ± 0.11 7.84 ± 0.14** nd 
DH-988 5.20 ± 0.26 6.60 ± 0.58** nd 
DH-989 6.18 ± 0.27 9.91 ± 0.27** nd 
DH-990 5.03 ± 0.32 7.45 ± 0.20** nd 
DH-991 6.27 ± 0.12 8.67 ± 0.15** nd 

a ns, not significant; *,**, significant at P < 0.01 and 0.05. 
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compared to that grown in the field (Table II) suggested that the 
Wx-D1 gene was related to the response to temperature. The 
apparent amylose content of Tanikei H1881 (no waxy protein) 
changed only negligibly (data not shown), supporting this 
hypothesis. 

Observing starch stained with an iodide-iodine solution, that of 
Tanikei A6099 and A6598 stained purple, the color difference 
between the field and greenhouse was not clear (data not shown), 
and in Tanikei A6599-4, starch stained dark-brown in the field and 
starch from the greenhouse stained more bluish (Fig. 1).  

Tanikei A6099, A6598, and A6599-4 were mutant lines 
originating in Kanto 107. The promoter region of the Wx-D1 gene 
of Tanikei A6099 may have mutated to become responsive to 
temperature changes and this was transmitted to Tanikei A6598 
and Tanikei A6599-4. Wx-D1 genes in these mutants were also 
used to monitor responses to slight changes in temperature. Further 
study is needed to determine the molecular mechanism of the Wx-
D1 gene in mutant wheat.  

Tester et al (1995) found that contents of total amylose and 
lipid-free amylose slightly increased with temperature in nonmu-
tant wheat. Apparent amylose content of flour in Kanto 107 (Wx-
A1b, Wx-B1b, Wx-D1a) grown in the field was little higher than 
that grown in the greenhouse (15°C), but there was no statistically 
significant difference (Table I). In these cases, other factors like 
enzyme activity may be related to the alteration of amylose 
content by growth temperature. Rice with the Wxa allele, in which 

Wx protein level is �10-fold higher than that in rice with the Wxb 
allele, produces seeds containing more amylose (Sano 1984; 
Isshiki et al 1998). The longer rice plants are exposed to cool 
temperatures, the higher the levels of the Wx protein and the 
greater the accumulation of amylose (Hirano and Sano 1998), 
therefore they suggested that the Wx gene promoter is responsive 
to cool (18°C) temperatures. A mutation at the 5’ splicing site in 
the first intron of the Wx gene is associated with different sensi-
tivity to temperature during seed development (Larkin and Park 
1999).  

A point mutation in the Wx-D1 gene resulting in amino acid 
substitution (� �) occurred at position 258 in the mature Wx-D1 
protein in Tanikei A6599-4. This gene was assigned to Wx-D1e 
allele to Wx-D1 locus (Yanagisawa et al 2001). This mutated Wx-
D1 protein coded by Wx-D1e was responsible for the waxy 
character of Tanikei A6599-4 (Yanagisawa et al 2003), and the 
Wx-D1e gene is responsible for GBSSI enzyme activity. The fact 
that apparent amylose content was increased by cool temperatures 
suggests that the mutated Wx-D1 protein produced little amylose. 
Apparent amylose content is not controlled by the Wx gene alone 
because the amylopectin structure influences the apparent amylose 
level.  

We cannot rule out the possibility that the increase in apparent 
amylose content actually reflects the long chain of amylopectin 
because apparent amylose content was determined colorimetri-
cally and the contribution of amylopectin to absorbance was not 

 

Fig. 2. Starch pasting curves in RVA measurement of Tanikei A6599-4 grown in field conditions (a) and grown in greenhouse (15°C) (b). 

 

Fig. 3. Change in hot paste viscosity stability in Tanikei A6599-4 and DH lines with waxy phenotype grown in field conditions (�,�) and grown in 
greenhouse (15°C) (�,�). 
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considered. Because KI-I2 cannot be incorporated into lipid-com-
plexed amylose, amylose content of the lipid-free starch determined 
colorimetrically was higher than that of the lipid-bound starch. 
Tester et al (1995) found that the contents of lipid-complexed 
amylose varied independently of temperature in wheat. In barley 
and wheat starch, elevated growth temperatures increased the amount 
of starch lipids (Tester and Karkalas 2001). To summarize, there is 
little possibility that the content of lipid-complexed amylose 
grown at 15°C increased.  

Denyar et al (2001) indicated that the availability of malto-
oligosaccharides (MOS) and the concentration of adenosine-5’ 
diphospho-glucose (ADPG) influenced the amylose synthesis. 
Further studies of these factors in amylose content will be required.  

Starch Pasting Properties 
Starch pasting viscosity as analyzed by RVA in Tanikei A6599-

4 from the field and greenhouse (15°C) are shown in Fig. 2. 
Compared with starch matured at 15°C, the temperature at the 
peak viscosity was higher and time maintained at >80% of peak 
was shorter than that of starch from the field. Using DH lines with 
a waxy phenotype, these characteristics of starch pasting were 
similar to Tanikei A6599-4 (Fig. 3). The waxy character and stable 
hot paste viscosity of Tanikei A6599-4 are controlled by the same 
Wx-D1 gene. The finding that the temperature attained for the 
peak viscosity was higher and time maintained at >80% of peak 
was shorter than that of starch from the field in Tanikei A6599-4 
and all DH lines with Wx-D1e by cool temperatures analyzed by 
RVA (Figs. 2 and 3) suggests that this mutated Wx-D1 gene is 
related to changing starch properties. Stable hot paste viscosity 
was affected by the concentration of starch (Kiribuchi-Otobe et al 
2001b). In an experiment with 9% concentration, PV temperature 
and starch pasting patterns were similar for both the field and 
greenhouse (15°C) (data not shown).  

FV and TSV were also higher at 15°C than in the field (Table 
III) and other characteristics did not conspicuously differ between 
the field and 15°C in Tanikei A6599-4 and all DH lines. Tanikei 
A6099 and A6598 pasting curves did not differ between the field 
and greenhouse, but FV and TSV also increased in the greenhouse 
(Table III). Zeng et al (1997) reported significant correlations 
between apparent amylose content and PV, MV, FV, BD, TSV, and 
SV in RVA. Yamamori et al (2000) also pointed out that these 
RVA parameters were correlated to amylose content. RVA 
parameters such as FV and TSV, which increased according to the 
increase of amylose content, were used to monitor slight changes 
in temperature during seed maturation.  

Physicochemical properties of starch in solution are likely direct 
functions of the molecular constitution of the polymer including 
molecular size, unit chain length distribution, branching pattern, 
degree of phosphate substitution, and granule size and distribution 
(Blennow et al 2001). Phosphate-monoester derivatives in starch 

increase the paste viscosity. Potato starch, which contains a large 
amount of phosphate-monoesters, is more resistant to heat and 
shearing than cereal starches, but hot paste stability is lost when 
potassium bound to phosphate-monoester is displaced by other 
cations (Hofstee and de Willigen 1956). Kiribuchi-Otobe et al 
(2001) showed that the peak viscosity of potato starch decreased 
markedly by the addition of NaCl, whereas the pasting curve of 
Tanikei A6599-4 starch did not change. Starch pasting properties 
of Tanikei A6599-4 grown at 15°C also did not change by the 
addition of NaCl (data not shown). Therefore the pasting curve 
change of Tanikei A6599-4 grown at 15°C is unrelated to the 
content of phosphate-monoesters.  

Elevation of growth temperature tends to decrease the number or 
size of starch granules, and increases the gelatinization temper-
ature of wheat starch due primarily to the enhanced registration of 
amylopectin double helices and probably enhanced rigidity of 
amorphous region (Tester et al 1995). There is the possibility that 
the difference of the size of starch granules and amylopectin 
crystallity between those grown in the field and those grown in the 
greenhouse (15°C) reflected the change of starch pasting curve in 
Tanikei A6599-4.  

Myllarinen et al (1998) found that the gelatinization peak 
temperature measured by differential scanning calorimetry (DSC) 
was lower for barley cultivars grown at low temperatures. This is 
in agreement with our study because the DSC gelatinization peak 
temperature was similar to the RVA gelatinization temperature.  

CONCLUSIONS 

The apparent amylose content of flour and starch in low-
amylose content lines (Tanikei A6099, A6598, and A6599-4) with 
only Wx-D1 protein increased at cool temperatures during seed 
maturation. The Wx-D1 gene was related to the increase of the 
apparent amylose content.  

The starch pasting curve measured by RVA changed in starch of 
Tanikei A6599-4 (waxy mutant with stable hot paste viscosity) at 
cool temperature. Stable hot paste viscosity was affected by 
temperature during seed maturation. This changing was also 
related to the Wx-D1 gene by using doubled-haploid (DH) lines. 
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