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Identification and molecular
characterization of mutant line
deficiency in three waxy proteins
of common wheat (Triticum
aestivum L.)

Qian Liu'*, Yaping Hu%>3* Mengyun Hu?, Lijing Sun?, Xiyong Chen?, Qianying Li?,
Peinan Wang?, Li-an Wang?, Yingjun Zhang'** & Hui Li***

Starch is the main component of wheat (Triticum aestivum L.) grain and a key factor in determining
wheat processing quality. The Wx gene is the gene responsible for amylose synthesis. An ethyl
methanesulfonate (EMS) mutagenized population was generated using common wheat cv. Gao 8901,
a popular and high-quality cultivar in China. A waxy mutant (Wx-null) was isolated by screening M3
seeds with KI-1, staining of endosperm starch. No obvious waxy proteins in Wx-null line were detected
using Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). DNA sequencing
revealed three SNPs and a 3-bp InDel in the first exon, and a 16-bp InDel at the junction region of

the first Wx-A1 intron from the Wx-null line. Six SNPs were identified 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. There were no detectable differences
in granule size and morphology between Wx-null and wild-type, but the Wx-null line contained

more B-type starch granules. The amylose content of the Wx-null line (0.22%) was remarkably

lower compared to the wild-type Gao 8901 (24.71%). Total starch is also lower in the Wx-null line.

The Wx-null line may provide a potential waxy material with high agronomic performance in wheat
breeding programs.

Wheat (Triticum aestivum L.) is one of the most important crops worldwide. Starch is the main component of
wheat grain and accounts for 60-75% of seed dry mass. Wheat starch consists of two molecular types of glucose
polymers: amylose and amylopectin. Based on the content of amylose and amylopectin in starch, wheat is clas-
sified into non-waxy wheat starch, usually consisting of 18-29% amylose', and waxy wheat starch, consisting
mostly of amylopectin and less than 2% of amylose?.

It is generally known that in the endosperm, amylose is primarily synthesized by GBSS I (the ‘waxy’ protein)’.
Wild-type wheat carries three functional Wx genes (Wx-Ala, Wx-Bla, and Wx-Dla) on chromosomes 7AS,
4AL (translocated from the original 7BS) and 7DS, respectively*®. Amylose content in wheat starch is affected
by GBSS I activity®. When one or two Wx genes are non-functional, wheat often produces starch with reduced
amylose content and is known as ‘partial waxy’”. If all three Wx genes are null or non-functional, grains almost
entirely consist of amylopectin and are termed ‘waxy’>*%. Wx genes have additive but unequal effects on amylose
content; Wx-BI has the greatest effect on the amylose synthesis, followed by Wx-DI and Wx-A1%°.

Starch is a key factor determining the processing quality of wheat'’. Amylose and amylopectin differ signifi-
cantly in their physicochemical properties. Amylose is primarily responsible for gel formation, especially regard-
ing its structure and crystallinity'!, while amylopectin has an important role in retrogradation and long-term
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rheological characteristics of starch gels'?. As a result, changes in amylose or amylopectin content have profound
impacts on end-use quality of wheat'®. 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'*~!%, Waxy starch can also influence dough mixing character-
istics, bread-making quality and bread shelf-life'”.

The development and selection of waxy wheat are of importance in wheat breeding programs, but natural
waxy wheat does not occur in nature. Identification of waxy protein-deficient lines play an important role in
developing waxy wheat. Firstly, two cultivars with lower amylose content, Kanto 107 (K107) and K79, were
found among Japanese wheat cultivars and shown to be Wx-A1/Wx-BI double null lines”®. Later a worldwide
sample screening of 1960 wheat cultivars was performed, and one Chinese wheat (BaiHuo) was identified as
null at the Wx-D1I locus®. By crossing K107 and BaiHuo, Nakamura® succeeded in producing the world’s first
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 finding genetic variability to enable breeders to develop wheat lines
with diverse starch properties and end-use quality characteristics. Ninteen null alleles were found in Wx-A1,
17 alleles in Wx-B1, and 7 alleles in Wx-D1, respectively'®*-*. However, no cultivars lacking both Wx-A1 and
Wx-D1 proteins, both Wx-B1 and Wx-D1 proteins, or all three Wx proteins had been detected>*°. Mutagenesis
is a popular and effective way to create genetic variations in crops. Many Wx gene mutants have been isolated
using EMS-induced assays??!-*. Slade and colleagues™ first time produced a wx-null genotype using a TILL-
ING approach in bread wheat. Later Botticella* reported another TILLING wx-null genotype. In the present
study, by screening about 9000 seeds from a mutant population of bread wheat cultivar Gao 8901 treated with
EMS solution we were lucky to obtain a triple mutant of Wx gene. 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

Identification 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% I,/1% KI) was
employed to screen for waxy protein mutants. About 9000 seeds from the M3 generation were screened. One
seed showed brown-red color stained with I,-KI solution while others were dark blue (Supplementary Fig. S1).
We hypothesized that this seed was a waxy protein-deficient mutant and named it Wx-null.

As the chance of acquiring a triple mutant is really low, it was important to make sure it was not a contaminat-
ing seed. The wild-type (Gao 8901) has obvious pubescence on its glume, which can easily distinguish it from
other cultivars. Morphologically, the Wx-null line has the same characteristics as the wild type, such as plant
height, plant shape, leaf shape, leaf color, spike shape, etc. Seven pairs of SSR primers were used to detect the
mutant line and wild-type; they were Xbarc80 (1BL), Xgwm294 (2AL), Xgdm72 (3DL), Xbarc91 (4DL), Xgwm67
(5BS), Xgwm334 (6AS) and Xgwm333 (7BL). The mutant line displayed the same band patterns as the wild type
(Supplementary Fig. S2). So, it was determined that the mutant line was from the wild-type Gao 8901.

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. The wild-type Gao 8901 and two Wx-Al
null lines were used as controls. The molecular weight of three GBSS I isotypes (Wx-A1l, Wx-B1, and Wx-D1
proteins) are about 62.8, 58.7 and 56.7 kD, respectively. Because the molecular weight difference between Wx-B1
and Wx-D1 proteins is small, the two bands are very close. The wild-type Gao 8901 showed three waxy protein
bands, otherwise, no obvious bands were seen in the Wx-null mutant line (Supplementary Fig. S3).

Amylose content and GBSS | activity decreased significantly in Wx-null line.  Total starch, amyl-
ose content and GBSS I activity were determined for wild-type Gao 8901 and mutant line Wx-null (Fig. 1). Total
starch content in both wild-type and the Wx-null line increased continuously from 7 to 35 DAE, but the final
starch content in Wx-null (61.4%) was lower than in the wild-type (64.3%) (P <0.05). The amylose content in the
Wx-null line (0.22%) was also significantly lower than in the wild-type (24.7%) (P<0.01). The GBSS I activity
reached the maximum value (4.54+0.05) at 28 DAF, then decreased lightly. Weak GBSS I activity can be detected
in the Wx-null line, showing a similar trend as wild-type; However, the activity at 28 DAF was only 0.41+0.02.

Starch granule characteristics of the Wx-null line. Starch granule staining and scanning electron
microscopy were employed to assess the effect of waxy protein deficiency on Wx-null line starch granule charac-
teristics. When stained with Lugol, starch granules of wild-type Gao 8901 were dyed blue (Fig. 2A), while Wx-
null line granules were stained red-brown (Fig. 2B). SEM observation of wild-type and Wx-null starch shapes
revealed similar granule morphological features and size. A-type starch granules were over 10 pm in diameter
and lenticular in shape, and B-type starch granules were less than 10 um in diameter and roughly spherical in
both the wild-type and the Wx-null line (Fig. 2C,D). The numbers of A-type and B-type starch granules in 5
fields of microscope view were counted, showing that the ratio of B-type/A-type of Wx-null (12.41 +3.56) was
much higher than wild-type (5.19+2.42).

Wx gene sequences analysis of the Wx-null line. Genomic DNA sequences of Wx genes of Gao
8901 were obtained. The gDNA of the Wx gene from genomes A, B and D were respectively 2781 bp, 2794 bp
and 2862 bp in total. They were named Wx-Al (GenBank accession EU719608), Wx-B1 (GenBank accession
EU719610) and Wx-DI (GenBank accession EU719612), respectively. All Wx genes contained 11 exons and 10
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Figure 1. Total starch content, amylose content and GBSS I activity analysis. (A) Total starch content; (B)
amylose content; (C) amylopectin content; (D) GBSS I activity. Error bars show SEM.

Figure 2. Starch granule staining and structure analysis. Starch granule staining by I,-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. The total length of the white dots at the bottom of the picture represents 60 pm (1000
diameters) and 30 um (2000 diameters), respectively.
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Figure 3. 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 first exon are
boxed. SNP is indicated by the shaded area. Dashed line indicates the InDel.
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Figure 4. Analysis of Wx-BI 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.

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 first 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 (GGCCGTAAGCTT
GCGCCAC) was found at the junction region in the first intron (Fig. 3). The Wx-null Wx-A1I gene was named
Wx-Al-null (GenBank accession EU719609). There was a total of six SNPs in the Wx-B1I gene from the Wx-null
line compared to wild-type Gao 8901, three of which were present in the first exon, one in the second, one in the
third, and the last in the third intron (Fig. 4). The SNPs at positions 169 (A/G), 244 (T/C), 430 (G/A) and 680
(T/C) were missense mutations. The SNP (C/T) at position 180 was a same-sense mutation. The Wx-BI 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-DI gene line, which resulted in a premature
stop codon (Fig. 5). The Wx-null Wx-DI gene was then named Wx-DI-null (GenBank accession EU719613).

Prediction and comparison of secondary structures of Wx-B1 protein. The four missense muta-
tions in the Wx-BI at positions 169 (A/G), 244 (T/C), 430 (G/A) and 680 (T/C) resulted in amino acid changes
from lysine (K) to glutamic acid (E), phenylalanine (F) to leucine (L), glycine (G) to serine (S), and pheny-
lalanine (F) to leucine (L), respectively. Sequence alignments with rice GBSS I and structural analysis (PDB:
3VUEF)* were carried out. Phenylalanine (F) to leucine (L) at residue 82 just located at a beta strand, residue 111
(G-S) at a turn, and residue 165 (F-L) at a helix region, respectively (Fig. 6).

Expression level of Wx gene decreases significantly in the Wx-null line. RT-PCR was carried out
to determine Wx gene expression level changes between wild-type Gao 8901 and the Wx-null line. Total RNA
was isolated from the seeds of Wx-null and wild-type at 15 DAF, reverse-transcribed into cDNA and amplified
by PCR. The Actin gene had the same PCR amplification level in both samples, indicating that their cDNA was
at equal concentrations. The forward and reverse RT-PCR primers for Wx gene located in the exon 3-exon 4
junction region and in exon 6, respectively. As the sequence identity of Wx-Al, Wx-B1 and Wx-D1 is very high
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Figure 5. Analysis of Wx-DI 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.
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Figure 6. Protein sequence alignment and structural analysis. Numbers show residue position. Amino acid
polymorphism is indicated by the red letter.

(more than 95%), the RT-PCR primers were not gene specific. The amplified fragments of the Wx-Al, Wx-B1
and Wx-D1 were the same length (568 bp) showing one band in the gel. The Wx genes were strongly expressed
in seeds of wild-type Gao 8901. However, expression levels of Wx genes was significantly decreased in the Wx-
null line (Supplementary Fig. S4).

Discussion

Pre-mRNA alternative splicing (AS) plays an important role in gene expression diversity in eukaryotes. It is
also estimated that a significant fraction of genes (about 20%) undergo AS in plants****. InDel contributes to
the generation of diversity in AS isoforms***!, by affecting splicing efficiency®, the stability of the pre-mRNA
structure, or the expression level of correctly spliced transcripts*’. Through DNA sequencing, we identified
three SNPs and a 3-bp InDel in the first exon, and a 16-bp InDel at the junction region in the first intron in the
Wx-Al gene of the Wx-null line (Fig. 3). 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 first reported null allele Wx-A1b (from K107)
had a 23 bp deletion (in the second intron) also located at the exon-intron junction*$. Additionally, Luo et al.”
reported an SNP (G-A) at the splicing site within the eighth intron, which caused incorrect RNA splicing and
gene inactivation, suggesting a similar molecular mechanism for the above null Wx-A1 alleles.

Wx-D1 gene has the lowest variant frequency, and null Wx-D1 alleles are extremely rare in common wheat*.
Previously, researchers described a 588-bp fragment deletion in Wx-D1b*, a 724-bp fragment deletion in Wx-
D1h* and a nucleotide substitution in Wx-DIg"” among others. In this study, molecular characterization of Wx-
DI gene of the 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. Nonsense mutations on the allele Wx-DI had also been
reported in previous studies®>*84,

The total starch content decreased in the Wx-null line (61.4%) compared to wild-type Gao 8901 (64.3%),
probably because GBSS I enzyme deficiency causes a significant reduction in total starch biosynthesis though
it does not affect amylopectin synthesis®. The amylose content was very low in the Wx-null line (0.22%), but
it was not zero (Fig. 1). Furthermore, a faint band of Wx gene expression was observed in the Wx-null line in
RT-PCR figure (Supplementary Fig. S4). Then, GBSS I activity analysis was performed to confirm the results. It
can be seen that weak GBSS I activity can be detected in Wx-null line (Fig. 1). As the Wx-A1 and Wx-D1 were
frameshift and nonsense mutations, respectively, the reason may be that the amino acid changes in Wx-B1 protein
may dramatically reduce its activity, but can not cause complete loss of its function.
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Methods

Plant materials. The Chinese common wheat cv. Gao 8901 was selected for developing EMS treated mutant
lines. Gao 8901 has good baking-quality and is widely planted in the Huang and Huai winter wheat region.
Approximately 5000 dry seeds of Gao 8901 were soaked in distilled water for 12 h before being treated with 1.0%
EMS at room temperature (25-27 °C) for 6 h and then washed under running tap water for 4 h prior to seeding.
In the subsequent growing season, treated seeds (M0) were individually sown and self-fertilized to produce the
M1 generation. All the M1 plants were harvested and sown to produce the M2 generation. One spike per M2
plant was picked, mixed and threshed. The seeds (M3) were used for screening waxy protein mutants. Young
leaves of Wx mutants 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 con-
tent determination, starch granule staining, and scanning electron microscopy analysis. All the field trials were
conducted at the experimental station in Shijiazhuang, Hebei province.

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 non-embryo half part of seed was dipped into an iodine
potassium iodine solution (0.1% I,/1% KI) for 1 min. The seeds dyed red-brown were selected, and the embryo
portion of the seed were used to grow to a plant.

Electrophoresis of waxy proteins. Waxy proteins were extracted following published methods®! and
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 respec-
tively 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. Prim-
ers 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®. Primers were synthe-
sized by Shanghai Sangon Biotech Co., Ltd. (http://www.sangon.com) and described in Supplementary Table S1.
PCR was performed in volumes of 20 pl, including 2 ul of 10 x Ex Taq buffer, 0.5 ul of ANTP (2.5 mM of each
dNTP), 1 pl of each primer (5 pM), 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 94 °C for 5 min, followed by 8
cycles at 94 °C for 30 s, annealing at 70-65 °C for 30 s (— 1 °C per cycle), 72 °C for 1 min, then 30 cycles at 94 °C
for 30 s, annealing at 57-63 °C for 30 s (depending on the primer), 72 °C for 1 min and a final extension at 72 °C
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 flowering
(DAF) using the Trizol method (www.tiangen.com). All samples were DNase-treated before reverse transcrip-
tion. The first-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 and used as templates for RT-PCR.
All primers used in RT-PCR are listed in Supplementary Table S1. RT-PCR was performed in total volumes of
20 pl, including 2 pl of 10 x ExTaq buffer, 0.5 pl of ANTP (2.5 mM of each dNTP), 1 pl of each primer (5 pM),
1U of ExTaq DNA polymerase and 80 ng of template cDNA. Reaction condition was denaturation at 94 °C for
3 min, followed by 20 cycles of 94 °C for 30 s, 59 °C for 30 s and 72 °C for 1 min, and a final extension of 72 °C for
5 min. RT-PCR products were separated in 1% agarose gels, and bands were visualized with ethidium bromide.

Amylose content and GBSS | activity analysis. The seeds of 7, 14, 21, 28 and 35 DAF of mutant line
and wild-type Gao 8901 were used to carry out starch content, amylose content and GBSS I activity analysis.
Total starch and amylose contents were measured using the Total Starch Assay Kit and Amylose/Amylopectin
Assay Kit (www.megazyme.com) according to manual instructions. GBSS I activity was measured using the
Micro Bound Station amylosynthease Assay Kit (http://www.shkxbio.com). 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 were put onto a glass slide with a toothpick
followed by a drop of dye solution [50% (v/v) glycerol, 0.1% I,/1% KI (w/v)], then lightly covered with a cover
slide and observed under a microscope.
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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 fixed 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 volt-
age of 20 kV.

Data availability
All data generated or analyzed during this study are included in this published article and its Supplementary
data files.
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