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Abstract
Background: Starch is the main component of wheat (Triticum aestivum L.) grain and a key factor in
determining wheat processing quality. The Wx gene encodes the granule bound starch synthase I (GBSS
I) and is the sole gene responsible for amylose synthesis.

Results: A waxy mutant (Wx-null) was isolated by screening M3 seeds derived from 1.0% EMS
mutagenized materials with I2-KI staining of endosperm starch. SDS-PAGE electrophoresis con�rmed that
the Wx-null line lacked all three waxy proteins. DNA sequencing revealed three SNPs and a 3-bp InDel in
the �rst exon, and a 16-bp InDel at the junction region of the �rst Wx-A1 intron from the Wx-null line. Six
SNPs were identi�ed in Wx-B1 gene of Wx-null line compared to the wild-type Gao 8901, including four
missense mutations. One nonsense mutation was found at position 857 in the fourth exon, which
resulted in a premature stop codon. Expression levels of Wx genes were dramatically reduced in the Wx-
null line. Nonsense-mediated mRNA decay (NMD) may be triggered to degrade the non-functional Wx
mRNA. There were no detectable differences in granule size and morphology between Wx-null and wild-
type, but the Wx-null line contained a larger proportion of B-type starch granules. The amylose content of
the Wx-null line (0.22%) was remarkably lower compared to the wild-type Gao 8901 (20.82%). Total starch
is also lower in the Wx-null line.

Conclusions: All three waxy proteins were non-functional in the Wx-null line. NMD may be the cause for
reduced expression levels of Wx genes in the Wx-null line. The Wx-null line exhibited more B-type starch
granules, dramatically lower amylose content, and decreased total starch. The Wx-null line may provide a
potential waxy material with high agronomic performance in wheat breeding programs.

Background
Wheat (Triticum aestivum L.) is one of the most important crops worldwide. Starch is the main
component of wheat grain and accounts for 65–75% of seed dry mass [1]. Wheat starch consists of two
molecular types of glucose polymers: amylose and amylopectin. Amylose consists of long linear chains
of D-glucopyranose units joined by α (1–4) glycosidic bonds, while amylopectin is highly branched and
contains both α (1–4) and α (1–6) linkages of D-glucopyranose units [2]. Amylopectin molecules are
signi�cantly larger than amylose. Based on the content of amylose and amylopectin in starch, wheat is
classi�ed into non-waxy wheat starch, usually consisting of 18–29% amylose [3], and waxy wheat starch,
consisting mostly of amylopectin and less than 2% of amylose [4].

Various enzymes are involved in starch synthesis in the wheat endosperm, including ADPG
pyrophosphorylase (AGPase; EC 2.7.7.27), starch branching enzyme (SBE; EC 2.4.1.18), starch
debranching enzyme (DBE), granule bound starch synthase (GBSS; EC 2.4.1.21) and soluble starch
synthase (SSS; EC 2.4.1.21) [5]. GBSS and SSS are the two forms of starch synthase (SS) [6]. It is
generally known that in the endosperm amylose is primarily synthesized by GBSS I (the ‘waxy’ protein) [7]
(Graybosch et al. 1998). Amylopectin synthesis is more complex, involving linked reactions catalyzed by
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enzymes SS (SSI, SSII, and SSIII), SBE and DBE. SBE plays an important role in amylopectin synthesis,
which can introduce α–1,6-glucosidic linkages into α-polyglucans [8, 9]. In wild-type bread wheat, there
are three GBSS I isoforms detected, one for each genome, encoded by orthologous Wx genes (Wx-A1, Wx-
B1, and Wx-D1) on chromosomes 7AS, 4AL (translocated from the original 7BS) and 7DS, respectively
[10, 11]. Amylose content in wheat starch is affected by GBSS I activity [12]. Wild-type wheat carries three
functional Wx genes (Wx-A1a, Wx-B1a, and Wx-D1a).. When one or two Wx genes are non-functional,
wheat often produces starch with reduced amylose content and is known as ‘partial waxy’ [13]. If all three
Wx genes are null or non-functional, grains almost entirely consist of amylopectin and are termed ‘waxy’
[7, 10, 14]. Wx genes have additive but unequal effects on amylose content. For instance, Wx-B1 has the
greatest effect on the amylose synthesis, followed by Wx-D1 and Wx-A1 [12, 15].

Starch is a key factor determining the processing quality of wheat [16]. The two components of starch,
amylose and amylopectin, differ signi�cantly in their physicochemical properties. Amylose is primarily
responsible for gel formation, especially regarding its structure and crystallinity [17], while amylopectin
has an important role in retrogradation and long-term rheological characteristics of starch gels [18].
Amylose has large effects on starch gels initial �rmness, while amylopectin is associated with �rmness
during storage [19]. Because gelatinized amylopectin absorbs more water than amylose, increased
amylopectin can raise hot paste viscosity and swelling of starch-water suspensions of wheat �our [20].
As a result, changes in amylose or amylopectin content have profound impacts on end-use quality of
wheat [21].

Waxy starch is composed predominantly of amylopectin, which gives waxy wheat its special processing
characteristics. Compared with wild-type wheat starch, waxy wheat starch generally has higher peak
viscosity and swelling volume, which can improve the quality of noodles including Japanese udon,
Chinese-style ra-men and yellow alkaline noodles [22–24]. For example, as the proportion of waxy wheat
starch increases from 0 to 52% in starch blends, peak viscosity increases from 210 to 640 BU and peak
temperature decreases from 95.5 to 70.0°C. Salted noodles produced instead from blends of regular and
waxy wheat �ours are softer, more springy and cohesive [25] Additionally, waxy wheat starch shows a
higher proportion of double-helical components and a lower proportion of single-helical components than
non-waxy wheat starch [26]. Differential scanning calorimetry (DSC) and X-ray diffraction patterns
showed that waxy wheat starch had higher crystallinity [27, 28]. Furthermore, waxy starch can in�uence
bread-making quality, dough mixing characteristics and bread internal structure [28–30]. Water retention
by waxy wheat starches is also much higher [25], increasing water absorption and loaf volume of bread
[29–31]. Enhanced moisture-holding results in slowed staling and extension of bread shelf-life [32](Van
Hung et al. 2007). Waxy wheat starch also has speci�c effects on gelatinization and retrogradation
resistance [33]. Crumb structure of bread is partly controlled by starch gelatinization, and accordingly
waxy starch has been shown to in�uence bread crumb structure, appearance and softness when added
to normal wheat starch [34]. Starch retrogradation is also important to the industrial use of starch. Due to
their slow retrogradation rates, waxy starches are preferred for chilled and frozen food products [35].
Waxy wheat starch has other important industrial applications including textiles, adhesives, papermaking,
pharmaceuticals, ethanol and maltodextrins [7, 36–38].
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Although waxy wheat �our alone is not suitable for food processing [25, 39], it is useful in salted noodles
and bread blends by adjusting amylose content. Both the expansion rate and �nal product texture of
extruded foods may be manipulated through control of amylose:amylopectin ratios. Waxy wheat
provides millers with an e�cient way to blend �ours and achieve optimal amylose content levels [7]. The
development and selection of waxy wheat are of importance in wheat breeding programs. Breeders
worldwide have tried to develop their own waxy wheat varieties. In the present study, we report the
isolation of Wx gene null lines of wild-type bread wheat cultivar Gao 8901 using EMS mutagenesis, and
characterize their molecular mechanisms. Gao 8901 shows high bread-baking quality and is very popular
in the Yellow and Huai winter wheat region of China. Due to its strong dough mixing properties, the Wx
null line provides breeders valuable germplasms suitable for the production of bread and high-quality
salted noodles. It may also be used to provide one or more waxy null alleles with high agronomic
performance in wheat breeding programs.

Results

Identi�cation of the waxy protein null mutant line
Seeds of common wheat cv. Gao 8901 were treated with a 1.0% EMS solution, with a survival rate of M1
plants of 50–60%. M1 plants were self-fertilized to produce the M2 generation. Half-seed staining using
iodine potassium iodine solution (0.1% I2/ 1% KI) was employed to screen waxy protein mutants. About
9,000 seeds from the M3 generation were screened. One seed showed brown-red color stained with I2-KI
solution while others were dark blue (Fig. 1). We hypothesized that this seed was a waxy protein-de�cient
mutant and named it Wx-null.

Waxy protein pattern analysis by SDS-PAGE electrophoresis
The waxy protein pattern of the Wx-null line (M5 generation) was analyzed by SDS-PAGE electrophoresis,
which showed that wild-type Gao 8901 had three waxy protein bands representing Wx-A1, Wx-B1, and Wx-
D1, all of which were missing in the Wx-null mutant line (Fig. 2).

Amylose content decreased signi�cantly in Wx-null line
Total starch and amylose content was determined for wild-type Gao 8901 and mutant line Wx-null (Table
1). Total starch content was 53.61% in Gao 8901 and 48.13% in Wx-null line. Furthermore, amylose
content in Wx-null (0.22%) was signi�cantly lower than in the wild-type (20.82%).

Table 1 Test of total starch and amylose content
 

Materials Total starch content (%) Amylose content (%)
Wild-type 53.61 ± 1.45* 20.82 ± 0.08*
Wx-null 48.13 ± 1.73 0.22 ± 0.09
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* Statistical significance was determined by a Student’s t-test at P < 0.01
 

Starch granule characteristics of the Wx-null line
Starch granule staining and scanning electron microscopy were employed to assess the effect of waxy
protein de�ciency on Wx-null line starch granule characteristics. Starch granules of wild-type Gao 8901
were dyed blue (Fig. 3A), while Wx-null line granules were stained red-brown (Fig. 3B). SEM observation of
wild-type and Wx-null starch shapes revealed similar granule morphological features and size. A-type
starch granules were 25 μm in diameter and lenticular in shape, and B-type starch granules were 5 μm in
diameter and roughly spherical in both the wild-type and Wx-null line. However, the amount of B-type
starch granules was much higher in Wx-null than in wild-type (Fig. 3).

Wx gene sequences analysis of the Wx-null line
Genomic DNA sequences of Wx gene of Gao 8901 were obtained. The gDNA of Wx gene from genomes
A, B and D were respectively 2,781 bp, 2,794 bp and 2,862 bp in total. They were named Wx-A1 (GenBank
accession EU719608), Wx-B1 (GenBank accession EU719610) and Wx-D1 (GenBank accession
EU719612), respectively. All Wx genes contained 11 exons and 10 introns. The gDNA sequences of Wx
genes of the Wx-null line were also analyzed to detect mutant sites. DNA sequencing of the Wx-A1 gene
from the Wx-null line revealed three SNPs and a 3-bp insertions and deletions (InDel) in the �rst exon. The
G/C mutant at position 126 and A/T mutant at position 220 resulted in amino acid changes from
methionine to isoleucine and serine to cystine, respectively. The 3-bp InDel (CAT) and the third SNP
occurred at positions 315–317 and 320, respectively. Furthermore, a 16-bp InDel
(GGCCGTAAGCTTGCGCCAC) was found at the junction region in the �rst intron (Fig. 4). The Wx-null Wx-
A1 gene was named Wx-A1-null (GenBank accession EU719609). There was a total of six SNPs in the Wx-
B1 gene from the Wx-null line compared to wild-type Gao 8901, three of which were present in the �rst
exon, one in the second, one in the third, and the last in the third intron (Fig. 5). The SNPs at positions 169
(A/G), 244 (T/C), 430 (G/A) and 680 (T/C) were missense mutations, which resulted in amino acid
changes from lysine to glutamic acid, phenylalanine to leucine, glycine to serine, and leucine to proline,
respectively. The SNP (C/T) at position 180 was a same-sense mutation. The Wx-B1 gene in the Wx-null
line was named Wx-B1-null (GenBank accession EU719611). One nonsense mutation (CAG to TAG) was
found at position 857 in the fourth exon in Wx-null Wx-D1 gene line, which resulted in a premature stop
codon (Fig. 6). The Wx-null Wx-D1 gene was then named Wx-D1-null (GenBank accession EU719613).

Expression level of Wx gene decreases signi�cantly in the Wx-null line
RT-PCR was carried out to determine Wx gene expression level changes between wild-type Gao 8901 and
Wx-null line. Total RNA was isolated from the seeds of Wx-null and wild-type at 15 DAF, reverse-
transcribed into cDNA and ampli�ed by PCR. The Actin gene had the same PCR ampli�cation level in



Page 7/23

both samples, indicating that their cDNA was at equal concentrations. The Wx genes were strongly
expressed in seeds of wild-type Gao 8901. However, expression levels of Wx genes decreased
signi�cantly in the Wx-null line (Fig. 7).

Discussion
Waxy wheat has superior potential value for food production and non-food industries compared to non-
waxy wheat, but natural waxy wheat does not occur in nature. Identi�cation of waxy protein-de�cient
lines play an important role in developing waxy wheat. Firstly, two cultivars with lower amylose content,
Kanto l07 (K107) and K79, were found among Japanese wheat cultivars and shown to be Wx-A1/Wx-B1
double null lines [13, 40]. Later a worldwide sample screening of 1,960 wheat cultivars was performed,
and one Chinese wheat (BaiHuo) was identi�ed as null at the Wx-D1 locus [11]. By crossing K107 and
BaiHuo, Nakamura [14] succeeded in producing the world’s �rst completely waxy hexaploid wheat that
lacked all isoforms of GBSS I. Since then, searches for novel Wx alleles in common wheat continued, with
the goal of �nding genetic variability to enable breeders to develop wheat lines with diverse starch
properties and end-use quality characteristics. Yamamori [11] identi�ed 177 cultivars with a null allele for
the Wx-A1 protein, 159 cultivars carrying the null allele for the Wx-B1 protein, and nine Japanese cultivars
lacking both the Wx-A1 and Wx-B1 proteins. Yamamori [11] also found variants of the waxy proteins Wx-
A1c, Wx-B1c, and Wx-D1c. In recent years, many novel Wx alleles have been discovered with variable
mutant frequencies. The fraction of null Wx-A1 is the highest (19 alleles), followed by Wx-B1 (17 alleles)
and Wx-D1 (7 alleles) [9, 16, 41–50]. Additionally, the Wx-A1 null allele occurs frequently in Korean,
Japanese and Turkish wheat, while wheat de�cient in Wx-B1 is relatively frequent in Australia and India.
The reason for the geographical distribution of null Wx alleles could be different origins of wheat
germplasm across countries, or alternatively wheat breeders may have unconsciously selected for
speci�c alleles due to the association between low amylose content and superior performance in noodle
or speci�c bread production [7, 9]. However, no cultivars lacking both Wx-A1 and Wx-D1 proteins, both Wx-
B1 and Wx-D1 proteins, or all three Wx proteins had bee detected [11, 51]. Mutagenesis is a popular and
effective way to create genetic variations in crops. Many Wx gene mutants have been isolated using
EMS-induced assays50, 52–55]. In the present study, we isolated a Wx-null line lacking all three waxy
proteins from a mutant population of Gao 8901 treated with EMS solution. To our knowledge, no other
mutant line de�cient in all three Wx genes (Wx-A1, Wx-B1, and Wx-D1) has been identi�ed.

Pre-mRNA alternative splicing (AS) plays an important role in gene expression diversity in eukaryotes. It is
also estimated that a signi�cant fraction of genes (about 20%) undergo AS in plants [56, 57]. InDel
contributes to the generation of diversity in AS isoforms [58, 59], by affecting splicing e�ciency [60], the
stability of the pre-mRNA structure, or the expression level of correctly spliced transcripts [61]. Through
DNA sequencing, we identi�ed three SNPs and a 3-bp InDel in the �rst exon, and a 16-bp InDel at the
junction region in the �rst intron in the Wx-A1 gene of the Wx-null line (Fig. 4). The 16-bp InDel destroyed
the GT-AT intron-exon boundary, which may have induced AS and loss of function of the Wx-A1 gene. The
�rst reported null allele Wx-A1b (from K107) had a 23 bp deletion (in the second intron) also located at
the exon-intron junction [62]. Additionally, Luo et al [50] reported an SNP (G to A) at the splicing site within
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the eighth intron, which caused incorrect RNA splicing and gene inactivation, suggesting a similar
molecular mechanism for the above null Wx-A1 alleles. InDel is also a possible reason for non-functional
Wx-A1 alleles. For example, a 173-bp insertion occurred in the fourth exon of null Wx-A1 (Turkey) [63], a
376-bp insertion in the 3’ untranslated region (UTR) resulted in aberrant mRNA of Wx-A1i [43], and a 738-
bp deletion affected the ninth to twelfth exons of Wx-A1o [9]. Among null Wx-B1 alleles, Wx-B1b (from
K107) is the most common null type. There is a 67-kb fragment deletion covering the entire coding region
of the Wx-B1 gene [12, 62]. InDel is also detected in several Wx-B1 null alleles, such as Wx-B1e, Wx-B1k,
Wx-B1m and Wx-B1n [9, 43, 48]. In the present study, sequence analysis revealed six SNPs in the Wx-B1
sequence of Wx-null line compared to wild-type. Four SNPs produced amino acid changes, and three
located at α-helix or β-strand predicted by protein secondary structure (http://bioinf.cs.ucl.ac.uk).
Therefore the amino acid changes may be the reason for the loss on function of the Wx-B1 protein. Wx-
D1 gene has the lowest variant frequency, and null Wx-D1 alleles are extremely rare in common wheat
[64]. Previously researchers described a 588-bp fragment deletion in Wx-D1b [62], a 724-bp fragment
deletion in Wx-D1h [65] and a nucleotide substitution in Wx-D1g [66] among others. In this study,
molecular characterization of Wx-D1 gene of Wx-null line showed one nonsense mutation (from CAG to
TAG) in the fourth exon resulting in a premature stop and non-function waxy protein. No similar mutation
had been reported previously in Wx-D1. All three Wx genes exhibited novel variants in the Wx-null line.

In this study, we also showed that Wx genes were strongly expressed in seeds of wild-type Gao 8901, but
transcript levels were dramatically reduced in the Wx-null line, suggesting that post-transcriptional
mechanisms controlling the quality of mRNA may inhibit the expression of non-function waxy proteins. In
eukaryotes, a series of elaborate mechanisms ensure that gene expression is accurately executed and
adapted to cellular needs. For example, mRNA surveillance assesses the quality of mRNA to ensure they
are suitable for translation [67]. Truncated proteins encoded by mutant mRNA are potentially deleterious
to the cell, and therefore nonsense-mediated mRNA decay (NMD) has evolved to recognize mRNAs
containing premature termination codons (PTCs), prevent their synthesis and degrade them [67, 68]. The
decrease in expression level of Wx-D1 gene of the Wx-null line may be due to NMD, caused by a
premature termination codon (TAG) at the position 857 in the fourth exon, which reduced the length of the
translation products from 604 to 189 amino acids. Evidence that premature termination codons can
reduce mRNA level was �rst reported in studies of the Kunitz trypsin inhibitor (KTi) gene in soybean [69]
and the phytohemag glutinin (PHA) gene in common bean [70]. NMD was also shown to affect the rice
waxy gene [71] and Wx-A1 mutants [72]. When pre-mRNAs are spliced, mRNA acquires a multi-component
complex at each exon-exon junction, which in�uences the subsequent steps of mRNA translation and is
also a key effector of the fate of spliced mRNAs [73, 74]. Additionally, the NMD pathway is not limited
solely to mRNAs containing a PTC, but also works on aberrant transcripts with retained introns or
extended 3’ UTR owing to improper polyadenylation site usage [75–77]. In the present study, a 16-bp
InDel at the exon-intron junction region in the �rst intron was found, which may lead to mistakes in pre-
mRNA splicing. A dramatic reduction in transcript level of Wx-A1 was observed, suggesting that mRNA
was recognized and degraded by NMD. As for the Wx-B1 gene from the Wx-null line, only four missense
mutants were found. The reason why the transcript level of Wx-B1 was so small remains unclear. A

http://bioinf.cs.ucl.ac.uk/
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possibility to be tested in future studies is whether there were mutant sites in the promoter region of Wx-
B1 gene responsible for low expression.

GBSS I is the key enzyme for the biosynthesis of amylose in wheat, and its absence signi�cantly hinders
amylose synthesis. In the Wx-null line all three Wx genes were non-functional, resulting in very low
amylose content (0.22%). Furthermore, the total starch content decreased in the Wx-null line (48.13%)
compared to wild-type Gao 8901 (53.61%). Although GBSS I enzyme de�ciency does not affect
amylopectin synthesis, it causes a signi�cant reduction in total starch biosynthesis [78]. Unlike corn
starch granules characterized by more uniform size, wheat starch granules exhibit two main populations
of large A-type and smaller B-type. As a result, waxy wheat starch shows different thermal and
viscoelastic properties [79, 80], suggesting it may serve as a different substrate for starch cross-linking
agents. Waxy wheat starch granules show an early developmental process. Starch granules begin to
accumulate in the central endosperm cells of waxy wheat at 8 DAF, which is rarely observed in normal
wheat. At 15 DAF, the number of starch granules in both waxy wheat and normal wheat increases, but B-
type granules will only appear in waxy wheat. As a result, waxy wheat contains a larger proportion of B-
type starch granules than normal wheat [26]. In the present study, we applied scanning electron
microscopy to show that the amount of B-type starch granules in the Wx-null line was signi�cantly higher
than in wild-type, consistent with Yu’s results [26]. However, the shape of A-type starch granules (25 μm in
diameter and elliptical) did not differ between Wx-null line and wild-type Gao 8901, as previously reported
by Jane et al [81]. A-type and B-type granules in wheat endosperm exhibit signi�cant differences in
functional properties and chemical composition [82]. Compared with A-type granules, B-type granules
have higher gelatinization temperatures, lower transition enthalpy, and lower amylose content [83]. Starch
granules features give waxy wheat special processing characteristics such as higher swelling power,
higher peak viscosity, and gelatinization temperatures [26].

Conclusions
In the mutant line Wx-null, all three waxy proteins were non-functional. Novel Wx gene variants were
found in Wx-null: three SNPs and a 3-bp InDel in the �rst exon, and a 16-bp InDel at the junction region of
the �rst Wx-A1 intron; four missense mutations in Wx-B1 gene; one nonsense mutation at position 857 in
Wx-D1. Expression levels of Wx genes in the Wx-null line were signi�cantly reduced. The amylose content
of the Wx-null line (0.22%) was remarkably lower compared to the wild-type Gao 8901 (20.82%). The Wx-
null line contained a larger proportion of B-type starch granules. The Wx-null line may provide a potential
waxy material with high agronomic performance in wheat breeding programs.

Methods

Plant materials
The Chinese common wheat cv. Gao 8901 was selected for developing EMS treated mutant lines. Gao
8901 released in 1998 has good baking-quality and is widely planted in the Huang and Huai winter wheat
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region. The seeds were originally obtained from the Institute of Agricultural Sciences of Gaocheng City,
China. The Cereal Quality Testing Center of Hebei Province undertook the identi�cation of the materials.
Seed samples were stored at Wheat Research Center in the Institute of Cereal and Oil Crops, Hebei
Academy of Agriculture and Forestry Sciences. Approximately 5000 dry seeds of Gao 8901 (M0) were
soaked in distilled water for 12 h before being treated with 1.0% EMS at room temperature (25–27oC) for
6 h and then washed under running tap water for 4 h prior to seeding. In the subsequent growing season,
treated seeds (M1) were individually sown and self-fertilized to produce the M2 generation. The M3 seeds
were harvested from one spike per M2 plant and used for screening waxy protein mutants. Young leaves
of Wx mutants (M4) were collected for DNA extraction and seeds were planted in a plant-to-row fashion
to produce the M5 generation. The M5 seeds were used for RNA extraction, protein electrophoresis,
amylose content determination, starch granule staining, and scanning electron microscopy analysis. All
the experimental research and �eld studies were conducted in accordance with Chinese legislation.

Half-seed screening of Wx mutant lines
Waxy and non-waxy wheat seeds can be easily distinguished by staining. Starch from non-waxy wild-type
containing amylose generates blue-black complexes with iodine, while starch from waxy protein mutants
without amylose stains red-brown. M3 seeds were cut horizontally in two parts containing embryo and
endosperm. The half seed containing the embryo was dipped into an iodine potassium iodine solution
(0.1% I2/ 1% KI) for 1 min. On the basis of blue color intensity, seeds were grouped into low, intermediate,
and high amylose categories for further analysis.

Electrophoresis of waxy proteins
Starch was extracted from M5 seeds following published methods [84]. Waxy proteins were separated
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in a discontinuous buffer
system (pH: 6.8/7.8). The polyacrylamide concentrations of stacking gel and resolving gel were
respectively 4.5% and 15%. Electrophoresis was performed at a constant voltage of 180 V for stacking gel
and 220 V for resolving gel. Run time was approximately 4 h just after the tracking dye (bromophenol
blue) had migrated off the gel. After electrophoresis, waxy proteins were detected by silver staining.

Sequence analysis of Wx genes
Genomic DNA was extracted from young leaves of Wx mutants (M4). Because the genomic sequences of
Wx genes are about 2.8 kb and have high similarity at the 5’ and 3’ ends among A, B and D genomes,
overlapping PCR was employed to amplify the complete Wx sequences. Primers were designed based on
alignments of Wx genes sequences from the NCBI database (GenBank accession AB019622, AB019623,
and AB019624) and primers reported by Slade and colleagues [85]. Primers were synthesized by
Shanghai Sangon Biotech Co., Ltd. (http://www.sangon.com) and described in Table S1. PCR was

http://www.sangon.com/
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performed in volumes of 20 μl, including 2 μl of 10×Ex Taq buffer, 0.5 μl of dNTP (2.5 mM of each dNTP),
1 μl of each primer (5 μM), 1 U of ExTaq and 80 ng of template DNA. All reagents were from Takara
Biotechnology Co., Ltd. (http://www.takara.com.cn). Reaction conditions were 94oC for 5 min, followed by
8 cycles at 94oC for 30 s, annealing at 70–65oC for 30 s (–1oC per cycle), 72oC for 1 min, then 30 cycles
at 94oC for 30 s, annealing at 57–63oC for 30 s (depending on the primer), 72oC for 1 min and a �nal
extension at 72oC for 10 min. PCR products were separated by electrophoresis in 1% agarose gels stained
with ethidium bromide and visualized using UV light. Targeted bands were recovered and cloned into the
pEASY-T1 simple vector (Beijing TransGen Biotech Co., Ltd. http://www.transgen.com.cn) and sequenced
by Shanghai Sangon Biotech Co., Ltd (http://www.sangon.com). Sequence analysis and characterization
were performed using the software DNAMAN (http://www.lynnon.com) and Vector NTI Advance 10
(http://www.invitrogen.com). To guarantee sequence accuracy, PCR and DNA sequencing was repeated.

Expression level analysis of Wx genes in mutant line using RT-PCR
Total RNA was isolated from seeds of both Wx mutant line and wild-type Gao 8901 with three biological
replicates at 15 days after �owering (DAF) using the Trizol method (www.tiangen.com). All samples were
DNase-treated before reverse transcription. The �rst-strand cDNA was synthesized by MMLV reverse
transcriptase (http://www.promega.com) using oligo (dT) as a primer. Reverse transcriptional products
were adjusted to an equal concentration according to the PCR signal generated from the internal
standard Actin house-keeping gene andused as templates for RT-PCR. All primers used in RT-PCR are
listed in Table S1. RT-PCR was performed in total volumes of 20 µl, including 2 µl of 10× ExTaq buffer, 0.5
µl of dNTP (2.5 mM of each dNTP), 1 µl of each primer (5 µM), 1U of ExTaq DNA polymerase and 80 ng
of template cDNA. Reaction condition was denaturation at 94oC for 3 min, followed by 20 cycles of 94oC
for 30 s, 59oC for 30 s and 72oC for 1 min, and a �nal extension of 72oC for 5 min. RT-PCR products were
separated in 1% agarose gels, and bands were visualized with ethidium bromide.

Amylose content analysis
Total starch and amylose contents of mutant line and wild-type Gao 8901 were measured using the Total
Starch Assay Kit and Amylose/Amylopectin Assay Kit (www.megazyme.com) according to manual
instructions. All tests were performed on three replicates. Student’s t-test assessed statistical differences
between wild type and mutant line.

Starch granule staining
A small amount of starch granules was put onto a glass slide with a toothpick followed by a drop of dye
solution (50% (v/v) glycerol, 0.1% I2/1% KI (w/v)), then lightly covered with a cover slide and observed
under a microscope.

http://%28http//www.takara.com.cn)
http://www.transgen.com.cn/
http://%28http//www.sangon.com)
http://%28http//www.lynnon.com
http://%28http//www.invitrogen.com)
http://%28www.tiangen.com%29/
http://%28http//www.promega.com
http://%28www.megazyme.com/
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Scanning electron microscopy analysis
The granular morphology of starch was examined by scanning electron microscopy (SEM). Wheat seeds
were transversely cut with a knife and �xed on circular aluminum stubs with double-sided sticky tape.
Samples were sputter-coated with gold particles using an ionic sprayer (Eiko E–1020, Hitachi) and
observed under a scanning electron microscope (S–570, Hitachi) with an accelerating voltage of 20 kV.

Additional Files
Additional �le 1: Table S1 Primer sets used in this study. (DOXC, 15.6 Kb)
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Figure 1

Identi�cation of waxy protein-de�cient mutant line stained with I2-KI solution. a: wild-type; b: Wx-null line.
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Figure 2

SDS-PAGE analysis of the waxy protein mutant line. a: wild-type; b: Wx-null line.

Figure 3

Starch granule staining and structure analysis. Starch granule staining by I2-KI solution (1000 diameters).
a: wild-type; b: Wx-null line. Starch structure visualized by SEM (2000 diameters). c: wild-type; d: Wx-null
line.
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Figure 4

Analysis of Wx-A1 gene sequences in wild-type and Wx-null line. Black and white boxes respectively
indicate exons and introns. Numbers show base position. DNA sequences at the border of the �rst exon
are boxed. SNP is indicated by the shaded area. Dashed line indicates the InDel.

Figure 5

Analysis of Wx-B1 gene sequences in wild-type and Wx-null line. Black and white boxes respectively
indicate exons and introns. Numbers show base position. SNPs is indicated by the shaded area.
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Figure 6

Analysis of Wx-D1 gene sequences in wild-type and Wx-null line. Black and white boxes respectively
indicate exons and introns. Numbers show base position. SNP is indicated by the shaded area.

Figure 7

Expression analysis of Wx gene using RT-PCR. Gene names shown on the right side.
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