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REVIEW

Waxy and Low-Amylose Mutants of Bread Wheat
(Triticum aestivum L.) and their Starch, Flour and
Grain Properties
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(Fukuyama, Hiroshima 721-8514, Japan)

Abstract

Bread wheat has three waxy proteins (= granule-bound starch synthase I, GBSSI), which are geneti-
cally controlled by three homoeologous loci, Wx-A1, Wx-B1 and Wx-D1. Several mutant lines with
waxy and low-amylose endosperm were induced from cv. Kanto 107, which has two null Wx-41b and
Wx-B1b alleles and a functional Wx-Dla allele. Starch was isolated from their grain and its amylose
content, chain-length distribution profiles and thermal properties were determined. Waxy mutant lines,
K107Wx1 and K107Wx2, had a new null allele named Wx-D1d on the Wx-D1I locus; a low-amylose
mutant line, K107Afpp4, had a new less functional allele named Wx-D1g on the locus. Paste viscosity
is markedly suppressed in waxy flour when pasting properties are measured in water using a Rapid
Visco Analyzer because waxy starch swells greatly and would disintegrate at a lower temperature
where a-amylase is still active. Flour yield of the waxy mutant lines was lower than that of Kanto 107
because the waxy lines had decreased starch content and increased fat and 3-glucan contents more than
the wild type. Possible uses of the mutant lines were described from the standpoint of starch science

and genetic resource.
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Introduction

Starch is the major component of bread wheat (77iti-
cum aestivum L.) grain and its properties affect the qual-
ity of final products. The starch granule consists of two
types of glucose polymers, i.e., the highly branched amy-
lopectin and essentially linear amylose, and other minor
components, including lipids and proteins. Amylose con-
tent and amylopectin structure are principal factors influ-
encing starch properties. Granule-bound starch synthase
I (GBSSI, EC 2.4.1.21) is a key enzyme involved in amy-
lose biosynthesis®. Since it is allohexaploid, bread wheat
has three waxy (Wx) proteins, Wx-A1l, Wx-B1, and Wx-
D1, which are considered GBSSI and genetically con-
trolled by three homoeologous loci, Wx-A1, Wx-B1, and
Wx-DI° on chromosome arms 7AS, 4AL, and 7DS!. The
lower amylose content of endosperm starch was corre-
lated with the lack of Wx protein(s)*'°. Several waxy
bread wheat lines were bred by crossing cv. Bai Huo car-

rying a null allele on the Wx-DI locus with cultivars,
including Kanto 107, carrying null alleles on Wx-A41 and
Wx-B1 loci”". Since the dosage effect of the functional
Wx protein genes is present, starches with decreased
amylose content at levels unavailable in present cultivars/
lines were produced by crossing between waxy and non-
waxy lines lacking two Wx proteins®'2. Although this is
a reliable approach for obtaining starch samples with
controlled amylose content, it is laborious and yields only
a small amount of material. Therefore, genetically
altered materials are further required to clarify the effects
of amylose content on starch, flour, and grain properties.
Since Kanto 107 is known to be deficient in both Wx-A1
and Wx-B1 proteins, a mutation at the Wx-D1 locus can
produce a waxy and low-amylose genotype without a
substantial change of the genetic background of the par-
ent. The present review summarizes the production of
wheat mutants with decreased amylose content from
Kanto 107 and their starch, flour, and grain properties.
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Selection of waxy and low-amylose endosperm
mutants

About 2,000 mature seeds of cv. Kanto 107 were
treated with 0.5% ethyl methanesulphonate (EMS) solu-
tion. Of the 2,000 EMS-treated M, seeds, 1,928 plants
were able to grow and 10,634 M, seeds were obtained; 56
M, plants did not produce seeds. Cross sections from M,
seeds were stained with a 0.08% iodine-0.8% potassium
iodide (I,-KI) solution, and five seeds became red-brown.
This observation suggested that these seeds had a waxy
endosperm. Their progenies also had a waxy endosperm
and were named K107Wx1, K107Wx2'%¥, K107Wx3,
K107Wx4, and K107Wx5.

After waxy endosperm variants were screened from
M, seeds derived from EMS-treated M, seeds of cv.
Kanto 107, 3,880 non-waxy M, seeds were sown in an
experimental field at National Agriculture Research Cen-
ter (Tsukuba). Because no major morphological changes
were observed in the growth and maturation stages of M,
plants, 1,267 were randomly selected and an emerged
spike of each plant was bagged to prevent outcrossing
and to obtain self-pollinated seeds. Selected plants were
harvested at maturity. Whole meal was prepared from
the bulked grain of a single plant. Pasting properties of
whole meal were measured using a Rapid Visco Analyzer
(RVA), and six variants with altered pasting profile were
selected. The progenies of four variants had similar past-
ing profiles to their M, parents and they were named
K107Afppl, K107Afpp2, K107Afpp3, and
K107Afpp4'®. The M, generation of the other two vari-
ants showed segregated RVA profiles including waxy and
Kanto 107 type profiles, and so it was considered that
they were heterozygotes at M, generation. Their waxy
descendants were named K107Wx6 and K107Wx7,
respectively.

In the following sections the properties of
K107Wx1, K107Wx2 and K107Afpp4 are described.

Starch properties

The amylose content of the endosperm starch iso-
lated from the waxy mutant lines, K107Wx1 and
K107Wx2, was 0.9% by the concanavalin A (ConA)
method'®. The amylose content of K107Afpp4 starch by
the ConA method was 12.7%, lower than its wild type,
21.9%. Apparent amylose content measured by ampero-
metric titration of K107Afpp4 starch was 15.9% while
that of Kanto 107 was 25.3%. The results suggested that
K107Afpp4 has endosperm starch with decreased amy-
lose content at about 60% of its wild type, Kanto 107'.
Gel permeation chromatography on Sepharose CL-2B
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(Fig. 1) showed that the mutant starch has fewer amounts
of the lower molecular weight fraction than wild type
starch, i.e., K107Wx2 contained 3.8% of the lower
molecular weight fraction, and K107Afpp4 contained
12.1% of the lower molecular weight fraction, while cv.
Kanto 107 had 18.9% of the fraction'®. Differential scan-
ning calorimetry (DSC) showed that the waxy mutant
lines lacked an endothermic peak at ca. 95°C for the melt-
ing of the amylose-lipid complex'®. DSC indicated that
K107Afpp4 starch has a higher onset, peak, and final
gelatinization temperature than the wild type. The gelati-
nization enthalpy of the K107Afpp4 starch was, however,
not significantly different from that of the parent'c.

The chain-length distribution profiles of waxy
mutant starches have an increased ratio of relatively long
side-chains and decreased ratio of relatively short side-
chains compared with Kanto 107. The difference in the
distribution profile, however, was within the variation
observed in starches from the closely related species of
the Triticum-Aegilops group'’. The difference in the
chain-length distribution profiles between K107Afpp4
and Kanto 107 was negligible (Yasui, unpublished).

The endosperm starch from two waxy mutant lines
did not contain any detectable amount of Wx-D1 protein
by SDS-PAGE. EMS treatment induced the mutation at
the Wx-D1 locus of Kanto 107, which resulted in the lack
of deposition of Wx-D1 protein in the endosperm starch
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Fig. 1. Elution profiles of starches from K107Afpp4,
K107Wx2 and Kanto 107 on a Sepharose CL-2B
column

Starch (5 mg) was gelatinized with 50 pL of 1 mol/
L NaOH and diluted with water to 500 pL. An ali-
quot of the solution (400 uL) was applied to the col-
umn (1 cm i.d. X 33 cm) and eluted with 0.02 mol/L
NaOH at a flow rate of 0.2 mL/min. Fractions (0.5
mL) were collected and assayed for total carbohy-
drates using the phenol-sulfuric acid method.

®: K107Afpp4, O: K107Wx2, [J: Kanto 107.
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of the mutant lines'®. A Wx-D1 protein band was
detected, however, in K107Afpp4 starch. The band
intensity was similar to that of Kanto 107 starch, and so
Wx-D1 proteins were presumably expressed at the same
extent in both materials suggesting that the GBSSI of
K107Afpp4 has a structure different from that of Kanto
107 and is less functional than that of the wild type".

Flour properties

In RVA measurement, whole meal paste of
K107Wx1 showed a viscosity peak at a lower tempera-
ture (Fig. 2).

In another RVA measurement condition, pastes from
K107Wx1 and K107Wx2 flour showed a lower peak
temperature and a lower peak, holding and final viscos-
ity than that from Kanto 107 flour when water was used
as the pasting medium. Breakdown, setback, and setback
from peak of waxy flour paste were also lower than for
non-waxy paste. In these flours, a-amylase (EC 3.2.1.1)
activity was slightly higher in Kanto 107 than in the two
waxy mutant lines. Pasting properties were measured in
0.1% silver nitrate solution to eliminate the effects of
enzyme activity affecting paste viscosity, and marked
changes were observed in viscosity, but not temperature
parameters: the peak viscosity of mutant lines, for exam-
ple, increased from about 150 RVU to above 320 RVU,
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Fig. 2. RVA profiles of flours from K107Wx1 and Kanto 107
Pasting properties of flour were measured using a
Rapid Visco Analyser 3D+ (RVA) (Newport Scien-
tific, Warriewood, Australia); 3.5 g of flour dis-
persed in 25.0 £ 0.1 mL of 0.1% silver nitrate
solution was held 2 min at 50°C, heated to 95°C at
6°C/min, and held 1 min at 95°C. The paddle was
rotated at 960 rpm for the first 10 s, then at 160 rpm
for the remainder of the test.

—: K107Wx2, ---:Kanto 107, — : Temperature.
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and of Kanto 107 from about 230 RVU to above 310
RVU when silver nitrate was added to the pasting
medium. Silver nitrate solution brought the most notice-
able difference in breakdown, i.e., breakdown of waxy
flour was less than that of non-waxy flour in water, but
greater in the silver nitrate solution. Since waxy starch
swells greatly and would disintegrate at a lower tempera-
ture where o-amylase is still active, amylopectin mole-
cules would be hydrolyzed by active a-amylase in
swelled and disintegrated waxy starch granules when
pasting properties are measured in water. The increase in
paste viscosity is thus markedly suppressed in waxy
flour. In non-waxy flour, however, non-waxy starch does
not swell so extensively as waxy starch, so less hydroly-
sis would occur at lower temperature. At higher tempera-
ture, non-waxy starch would swell and disintegrate
enough for enzymatic hydrolysis, a-amylase would be
heat-denatured and lose activity, and, as a result, less
amylopectin hydrolysis would occur and pasting viscos-
ity is not suppressed remarkably even in the pasting
medium of water. The activity of o-amylase in flour
affects the paste viscosity of flour, especially waxy
flour".

Whole meal paste of K107Afpp4 showed markedly
increased viscosity at 6 min and decreased peak time
(Fig. 3), while pasting temperature, peak temperature,
and peak viscosity remained unchanged'®.
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Fig. 3. RVA profiles of whole meals from K107Afpp4 and
Kanto 107
Pasting properties are described in Fig. 2;
4.0 g of whole meal was used.
— : K107Afpp4, ---:Kanto 107, — : Temperature.
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Grain properties

Thousand-grain ~ weights of KI107Wx1 and
K107Afpp4 were not significantly different from that of
the wild type, but that of K107Wx2 was decreased from
Kanto 107'*'®, The starch content of the grain from waxy
mutant lines was slightly but significantly lower than that
of Kanto 107", while the starch content of K107Afpp4
grain was not decreased from Kanto 107'¢.

The averaged flour yield of waxy mutant lines was
about 40%, and that of the non-waxy parent was about
50% at a feed rate of 40-80 g/min using a Quadrumat
Junior test mill: waxy mutant lines had about 10 percent-
age point lower flour yield than Kanto 107", The fat and
B-glucan content of waxy mutants was significantly
higher than that of the parent, while protein content did
not differ markedly between them'®. The starch content
of waxy mutant lines was about 95% of the non-waxy
parent, but reduced starch content alone could not explain
the lower flour yield of waxy mutants'. It is probable
that higher fat content in the mutants’ grain reduced flour
flowability and yielded less flour. The increased p-glu-
can content in waxy mutants implied an increased thick-
ness of the endosperm cell wall, which could alter milling
properties and lower flour yield".

The flour yield of K107Afpp4 was about 63% while
that of Kanto 107 was 65% using a Buhler test mill but
their statistical significance was obscure (Yasui, unpub-
lished).

Genetic analyses of alleles responsible for waxy
and low-amylose endosperm

K107Wx1 and K107Wx2 have a null allele at the
Wx-D1 locus, but its intragenic structure was found to be
different from Wx-DIb. The allelic symbol for the null
allele of the waxy mutants is Wx-D1d"*, because Wx-Dla
was found in many cultivars including Chinese Spring

and Kanto 107, Wx-D1b in cv. Bai Huo, and Wx-Dlc in
cv. Scoutland'®. The RVA profile of K107Afpp4 was
governed by a single major gene, which was partially
dominant to the Wx-Dla allele of its wild type, Kanto
107, and also to the null Wx-DId allele of the back-
crossed waxy line with the genetic background of Kanto
107. No other type of RVA profile including Kanto 107
type was observed in the F, plants from the cross between
backcrossed waxy line/K107Afpp4. These results indi-
cated that the gene responsible for the characteristic RVA
profile of K107Afpp4 is located on the Wx-D1 locus and
other loci are not concerned with the trait, suggesting a
new allele on the locus, which is designated Wx-DI1g",
because nonfunctional Wx-Dle was found in NP150 and
less functional Wx-DIfin Tanikei A 6599-4*.

Conclusions

Two other mutant lines with low-amylose
endosperm were reported to be induced from Kanto
107*°.  Mutant induction from cultivars/lines carrying
two non-functional Wx protein alleles would be useful
and practical in obtaining materials with negligible and
decreased amylose content without substantially altering
their genetic background and to develop new genetic
resources with mutated Wx protein alleles.

K107Wx1, K107Wx2 and K107Afpp4, and other
stocks having the genetic background of Kanto 107
(Table 1) are surely useful for the comparative studies on
the relationship between the structure and activity of
GBSSI and on the relationship between amylose content
and starch properties. The studies using near-isogenic
waxy and non-waxy lines would clarify the cause of the
low flour yield of the waxy mutants. The use of waxy
and low-amylose lines in food and non-food industries
are negligible so far because these industries have estab-
lished processes for the final products and are conserva-
tive to the use of novel raw materials when their

Table 1. Properties of genetic stocks carrying known Wx-D1I alleles with the genetic background of Kanto 107

Material Allele Amylose (%) RVA profile
Kanto 107 Wx-Dla 21.9 Kanto 107 type <Kanto 107>
Backcrossed waxy line Wx-D1b: null (2.0>) Waxy type <Bai Huo>

- Wx-DIc - - <Scoutland>
K107Wx1, K107Wx2 Wx-DI1d: null 0.9 Waxy type <K107Wx1>

- Wx-Dle: null (2.0>) (Waxy type) <NP150>
Tanikei A6599-4 Wx-DIf 44 Tanikei A6599-4 type <Tanikei A6599-4>
K107Afpp4 Wx-Dlg 12.7 K107Afpp4 type <K107Afpp4>

Amylose content was determined by concanavalin A method.

(): Expected, —: Not available/unknown, <>: Representative cultivar or line carrying the allele.
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properties are obscure.

The amylose content decreased the most by a lack of
the Wx-B1 protein, followed by a lack of Wx-D1 protein,
and the least by the Wx-Al protein deficiency, which
indicated the differential effects of the three null alleles
for the Wx protein to amylose biosynthesis'’. Bread
wheat cultivars which constitute an Australian wheat
blend, AWB noodle, are known to lack Wx-B1 protein. It
is generally said that AWB noodle has a superior quality
for white salted noodles and Japanese udon-style noo-
dles. Although the amylose level of AWB noodle is low
compared with ordinary Japanese cultivars with three
wild-type Wx protein genes, it is considered that the
amylose level of AWB noodle is not always suitable for
udon-noodle making. In different genetic backgrounds
and/or growing conditions of bread wheat cultivars/lines,
the best amylose level for noodle-making might be a
somewhat lower or higher amylose content than AWB
noodle. For this kind of fine genetic control of amylose
content of a cultivar/line, a series of altered but functional
Wx protein alleles such as Wx-DIf and Wx-DIg are the
prerequisites as well as non-functional null alleles. We
would be able to adjust the amylose content of a bread
wheat cultivar/line to the 0-30% level without any tech-
nical difficulties using conventional breeding techniques
when we further discover novel genes and/or artificially
induced mutant genes for altered GBSSI activity on the
three Wx protein loci.
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