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Introduction

The waxy gene encodes the waxy (Wx) protein, or 
granule-bound starch synthase I, which is a key enzyme 
for the synthesis of amylose in endosperm tissue.  Muta-
tions at the waxy locus that lead to a lack of enzyme activ-
ity affect amylose content and result in low-amylose or 
waxy (amylose-free) mutants.  Although waxy mutations 
were reported in a number of plant species as early as the 
nineteenth century4, only within the last fifteen years have 
such mutations been identified and studied in hexaploid 
wheat (Triticum aestivum L.).

Wheat has three waxy genes located on chromosomes 
7A (Wx-A1), 4A (Wx-B1) and 7D (Wx-D1).  Even in the 
absence of one or two waxy proteins, amylose production 
is maintained by the activity of the remaining protein(s), so 
that a completely waxy mutant was not easily identifiable 
in wheat germplasm.  However, separation of the three 
Wx proteins allowed the identification of spontaneous 
mutations at each locus14.  Null waxy alleles were found at 
the Wx-A1 and Wx-B1 loci of Japanese cultivars and at the 
Wx-D1 locus of a Chinese cultivar13,27.  These partial waxy 

mutants were combined to produce waxy wheat, which 
lacks all Wx proteins15.  In addition to fully waxy wheat, 
six different partial waxy wheat lines can be produced by 
crossing, and the amylose content of these lines varies de-
pending on the specific combination of waxy alleles (Table 
1)12.  Among the partial waxy types, the line carrying the 
Wx-B1 null allele and two null combination lines show 
significantly lower amylose contents than wild type.

Amylose content has a significant role in determining 
noodle quality, and partial waxy wheat carrying the null 
Wx-B1 allele is preferable for Japanese udon noodles.  The 
suitability of Australian Standard White (ASW) wheat 
cultivars for producing udon noodles is due at least in part 
to the low amylose levels of these cultivars16,23, and cor-
respondingly, most ASW cultivars lack Wx-B1 protein27.  
Since low amylose content is an important trait in noodle 
breeding programs in Japan, breeders require an efficient 
method for the selection of partial waxy wheat types.  
However, in breeding programs handling large numbers of 
wheat lines, it is difficult to precisely and efficiently screen 
for partial waxy wheat using methods such as measure-
ment of amylose content or electrophoretic separation of 
Wx proteins.
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Abstract
Approximately 70% of wheat endosperm consists of starch, and variations in the quality and quan-
tity of starch affect the processing characteristics of wheat flour.  Amylose content in particular has a 
major effect on Asian noodle quality, and selection of wheat lines with slightly lower amylose levels 
is an important goal in Japanese wheat breeding programs.  Accurately measuring amylose content 
by direct methods such as colorimetric assays was found to be problematic, suggesting there was a 
need for a more efficient and accurate method of screening for reduced amylose content.  Therefore, 
we characterized mutations in the wheat waxy genes, which control amylose synthesis, and developed 
DNA markers for the identification of null waxy alleles.  In this review, we describe the development 
of these markers and outline their utility for wheat breeding programs.
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Recently, a large number of genes and quantitative 
trait loci (QTLs) related to important agronomic traits 
such as disease resistance, pest resistance and quality of 
wheat flour have been described.  This information has 
allowed rapid progression in the development of DNA 
markers able to distinguish lines with desirable phenotypes 
based on plant genotypes.  Due to the hexaploid nature 
of wheat, three copies of most genes are present, and 
recessive mutations are difficult to detect phenotypically.  
Therefore, selection using DNA markers able to exactly 
identify the required genotype is particularly important in 
wheat breeding.

In this review, we summarize the development of 
DNA markers for distinguishing waxy alleles, and outline 
the introduction of these markers into wheat breeding 
programs in Japan.

The waxy mutations in wheat

The successful separation of the three waxy proteins, 
Wx-A1, Wx-B1 and Wx-D1, by two-dimensional poly-
acrylamide gel electrophoresis (2D-PAGE)14 allowed the 
identification of waxy mutants lacking one or two waxy 
proteins13,27.  The waxy mutations were first investigated 
at the molecular level using waxy wheat derived from 
crosses between Kanto 107, which lacks Wx-A1 and Wx-
B1 proteins, and Bai Huo, which lacks Wx-D1 protein25.  
A 23-bp deletion and a 4-bp insertion was detected in the 
null Wx-A1 allele (Fig. 1a), while a 588-bp deletion and 
a 12-bp insertion occurred in the null Wx-D1 allele (Fig. 
1c), and the entire coding region was deleted in the Wx-B1 
null allele (Fig. 1b).

PCR-based markers for each null allele of waxy 
wheat

Based on nucleotide sequences of the wild-type and 
null waxy alleles11,25, primer sets capable of identifying the 
genotype at each waxy locus were designed12 (Figs. 1 and 
2).  Since these primer sets can work under a single set of 
conditions, mutations at the Wx-A1, Wx-B1 and Wx-D1 
loci can be identified in a single reaction using multiplex 
PCR.  These primers can identify mutations occurring in 
Wx-A1 and Wx-B1 genes of wheat lines not only from 
Japan but also from the major wheat producing countries 
Australia, Canada and the USA.  Therefore, the origins of 
the waxy mutations in lines from these countries appear to 
be identical to the mutations in Kanto 107, suggesting the 
markers will be useful in wheat breeding programs around 
the world.

Molecular comparison of waxy null alleles

The PCR markers described above were used to 
characterize waxy mutations in 168 wheat lines from 20 
countries19.  Although most cultivars lacking Wx-A1 pro-
tein had the same mutation found in Kanto 107, lines from 
Turkey produced a fragment 173 bp longer than the frag-
ment from wild-type alleles.  This newly identified muta-
tion was caused by the insertion of a transposable element 
into exon 4 of the Wx-A1 gene.  The transposable element 
was 165 bp in size, with 12-bp terminal inverted repeats 
on each end.  An 8-bp target site duplication consisting of 
Wx-A1 sequence flanked each end of the insertion.  It is 
noteworthy that this insertion was conserved only in lines 
from Turkey, while the more common deletion described 
above was found in lines from several areas of the world, 
suggesting that the insertion event occurred comparatively 
recently.

In all lines where the Wx-B1 protein was absent, the 
Wx-B1 allele appeared to be identical to the mutation car-
ried by Kanto 107, suggesting that the null Wx-B1 muta-
tion has a single origin.  From the geographical distribution 
pattern of null Wx-B1 alleles27,28, we speculated that this 
mutation arose in western Asia and spread to other areas of 
Asia, with modern plant breeding programs facilitating the 
distribution of the allele to lines bred in Australia, Europe 
and North America.

Several spontaneous mutations caused by differ-
ent mechanisms than those described above have been 
identified in Wx-B110,24 and -D110,21 alleles.  Since these 
mutations were not found in multiple cultivars, they may 
have arisen relatively recently.  Further molecular analysis 
of these mutations will provide additional insight into the 
origins and geographical distribution of mutations at the 

Wx proteins
AM (%)

Wx-A1 Wx-B1 Wx-D1

Type 1 + + + 28.7

Type 2 - + + 28.5

Type 3 + - + 27.1

Type 4 + + - 28.0

Type 5 + - - 20.3

Type 6 - + - 25.8

Type 7 - - + 22.9

Type 8 - - -  0.9
AM: Amylose contents analyzed  by an auto analyzer.

Table 1.  Classification of partial waxy wheats according to 
the presence (+) or absence (-) of each waxy protein 
and amylose contents (AM) of each type12
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waxy locus.

Development of a codominant marker for the 
Wx-B1 null allele

In breeding programs, continuous backcrossing is 
often employed for introducing a desired trait into elite 
breeding lines.  Clear identification of heterozygous plants 
is very important in this breeding method, and codominant 
markers are particularly useful since dominant markers 
cannot distinguish homozygous wild-type from hetero-

zygous lines.  The development of codominant markers 
for the Wx-A1 and Wx-D1 loci was relatively straight-
forward12,21, as was the design of dominant markers for 
the mutation at the Wx-B1 locus9,12.  However, due to the 
large deletion in the null Wx-B1 allele, the design of a 
codominant marker for this mutation was more challeng-
ing.  While it has been known for some time that the entire 
coding region of the Wx-B1 gene is missing in the most 
common null allele25, the extent and breakpoints of the 
deletion were determined only recently18,20.  This was ac-
complished using a comparative genomics analysis method 

Fig. 1.  Mutations in Wx-A1 (a), Wx-B1 (b) and Wx-D1 (c) genes of waxy wheat  
The stippled boxes represent filler DNA and gray boxes represent exons.
ATG indicates initiation codon.
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based on the synteny between wheat and the related grass 
species; barley, einkorn wheat and rice, which allowed 
us to design PCR-based markers for the detection of 
deletion breakpoints18,20.  The markers were used to refine 
the position of the 3’ deletion breakpoint, and chromo-
some walking was used to determine the DNA sequences 
flanking the deletion breakpoints.  As shown in Figure 
3, the deletion included a 3872-bp region downstream 
from the termination codon of the Wx-B1 gene20.  Based 
on comparisons with T. monococcum sequences, it was 
estimated that the deletion also included approximately 
60 kb of sequence upstream of the Wx-B1 gene20.  The 
sequence information obtained from these experiments 
was used to develop a codominant marker for the Wx-B1 
null allele (Fig. 4) which allows the clear identification of 
heterozygous plants.

The PCR conditions for this codominant marker are 
identical to those for the Wx-A1 and Wx-D1 markers.  The 
sizes of the amplified fragments (778 bp for the wild-type 
allele and 668 bp for the null allele of the Wx-B1 loci) 
allow the marker to be analyzed alongside markers for the 
Wx-A1 and Wx-D1 genes (Fig. 5)20.  The practical utility 
of this marker has been tested in backcrossing programs, 
where we found it to serve as an efficient selection 
method.

Conclusions

In Japanese wheat breeding programs, the measure-
ment of amylose content using colorimetric assays has 
been employed in screening to identify low amylose 
lines suitable for udon noodle production.  Although this 
method is simple, inherent measurement errors renders 

Fig. 2.   PCR assays for the detection of null alleles of waxy 
genes in wild-type wheat (lane 1) and waxy wheat 
(lane 2)  

(a) PCR assay using primers AFC and AR2 to dis-
tinguish the wild-type and null alleles of the Wx-A1 
gene, primers BDFL and BRD to distinguish the Wx-
B1 alleles and primers BDFL and DRSL to distinguish 
the Wx-D1 alleles.  (b) Enlarged view of products 
amplified with primers AFC and AR2.  (c) Enlarged 
view of products amplified with primers BDFL and 
BRD.  M: Marker; a 1 kb DNA ladder (Invitrogen) 
was used as a size marker. 

Fig. 3.   Comparison of the waxy gene region in einkorn wheat with the wild-type 
and null Wx-B1 gene regions in hexaploid wheat  

Arrows indicate primer positions and orientations. 
ATG and Ter indicate initiation and termination codons, respectively.
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it unreliable for the accurate selection of partial waxy 
wheat lines.  Conversely, the separation of waxy proteins 
using SDS-PAGE or 2D-PAGE can accurately identify 
partial waxy wheat lines.  However, because procedures 

for purifying starch from seed and for protein separation 
are complicated, these methods are inconvenient for 
use in breeding programs that handle a large number of 
populations.  Methods which are more suitable for high 
throughput screening of waxy and partial waxy wheat 
types include ELISA5-8 and near-infrared reflectance 
spectroscopy2,3.  While such methods can identify plants 
which are homozygous for null waxy alleles, they cannot 
distinguish heterozygous plants from those which are 
homozygous for wild-type alleles.  In comparison, the use 
of DNA markers provides a more convenient and accurate 
screening method.

Wheat breeding is time-consuming; the development 
and release of a new cultivar generally takes about ten 
years.  However, with breeding goals changing rap-
idly based on producer and consumer demands, quicker 
progress is becoming a necessity.  The use of continuous 
backcrossing combined with marker-assisted selection 
(MAS) can contribute to the acceleration of wheat breed-
ing programs.  The on-going progress in the molecular 
characterization of numerous pest resistance and quality 
traits is being accompanied by intensive development of 

Fig. 5.   Genotype analysis for waxy mutations in individuals from a breeding line of wheat  
A combination of three markers was used.  Multiplex PCRs with markers for Wx-B1 and Wx-D1 and 
single PCRs for Wx-A1 were conducted in 96-well formats.  Amplified products from these reactions 
were mixed and separated on a 4% agarose gel.  Alleles present for each waxy gene are indicated by 
W (wild-type allele), N (null allele) and H (heterozygous).

Fig. 4.   PCR assays distinguishing wild-type and null alleles 
of the Wx-B1 gene  

Lane 1: Chinese Spring (wild-type), 2: Mochi-Otome 
(null), 3: individual heterozygous for Wx-B1 gene, M: 
2-Log DNA ladder (NEB).
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DNA markers linked to these phenotypes, resulting in a 
continual increase in the number of available markers.  
For example, the Coordinated Agricultural Projects for 
wheat (wheat CAP), which has the objective of incorporat-
ing modern selection technologies into wheat breeding 
programs, has close to sixty molecular markers listed on 
its website26.  MAS in wheat has several advantages over 
traditional screening methods: 1) DNA for MAS can be 
extracted from any tissue, and tissue can be collected at 
almost all stages of plant growth.  2) Multiple markers can 
be combined in a single screening experiment.  Breeders 
can determine genotypes at multiple loci using the same 
template DNA.  3) Desirable genotypes related to flour 
quality can be identified by MAS using DNA from a single 
seed, whereas other methods of screening for flour quality 
traits are difficult to use in early generations due to the 
difficulty of obtaining an appropriate quantity of flour for 
testing.

The PCR markers described here can distinguish in-
dividuals which are heterozygous, homozygous wild-type 
or homozygous null at all three waxy loci, and we have 
successfully used these markers for screening in continu-
ous backcrossing programs.  The cultivar “Yumeasahi”, 
released in 2004, is the first wheat cultivar developed 
in Japan using these markers.  These waxy markers are 
already being employed in breeding programs not only in 
Japan, but also in the USA and China, where they are used 
to assist in the development of both partial and fully waxy 
lines.  Since partial waxy wheat flour is not only desirable 
for udon noodle production, but also has positive effects on 
the quality of bread and pasta products, including slower 
firming during bread storage and lower cooking losses for 
pasta1,17,22, we expect that the use of the markers described 
here will continue to facilitate wheat breeding programs 
not only in Japan but throughout the world.
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