Mol Breeding (2010) 25:145–154
DOI 10.1007/s11032-009-9314-7

Production of novel allelic variation for genes involved
in starch biosynthesis through mutagenesis
F. Sestili Æ E. Botticella Æ Z. Bedo Æ A. Phillips Æ
D. Lafiandra

Received: 25 May 2009 / Accepted: 13 July 2009 / Published online: 28 July 2009
Ó Springer Science+Business Media B.V. 2009

Abstract Given the important role that starch plays
in food and non-food uses of many crops, particularly
wheat, efforts are being made to manipulate its
composition through modification of the amylose/
amylopectin ratio. Approaches used to achieve this
goal include the manipulation of the genes involved in
the starch biosynthetic pathway using natural or
induced mutations and transgenic methods. The use
of mutagenesis to produce novel allelic variation
represents a powerful tool to increase genetic diversity
and this approach seems particularly appropriate for
starch synthase genes for which limited variation
exists. In this work, an EMS-mutagenised population
of bread wheat cv. Cadenza has been screened by
combining SDS–PAGE analysis of granule bound
starch proteins with a TILLING (Targeting Induced
Local Lesions IN Genomes) approach at the gene
level. In particular we have focused on two groups of
synthase genes, those encoding the starch synthase II
(Sgp-1) and those corresponding to the waxy proteins
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(Wx). SDS–PAGE analysis of granule bound proteins
allowed the identification of single null genotypes
associated with each of the three homoeologous loci.
Molecular characterization of induced mutants has
been performed using genome specific primer pairs
for Sgp-1 and Wx genes. Additional novel allelic
variation has also been detected at the different Sgp-1
homoeoloci by using a reverse genetic approach
(TILLING). In particular single nucleotide substitutions, introducing a premature stop codon and creating
amino acid substitutions, have been identified.
Keywords Wheat  Mutagenesis 
TILLING  Starch synthases

Introduction
The use of mutagenesis in crop breeding has resulted in
major advances and the release of many cultivars with
improved economically important traits. In bread
wheat more than 150 mutant varieties have so far been
released using this approach (Maluszynski et al. 2001).
Recently, taking advantage of gene sequence information, a non-transgenic reverse genetics approach has
been developed to investigate the function of specific
genes and also to identify genetic variation in genes
influencing useful traits that can be used in crop
breeding. The approach, termed TILLING (Targeting
Induced Local Lesions In Genomes), is based on the
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identification, by mismatch cleavage of polymerase
chain reaction (PCR) products, of single base nucleotide polymorphisms (SNPs) in specific genes within a
population of plants, produced by treating seeds or
pollen with a chemical mutagen (McCallum et al.
2000), or in diversity collections (Comai et al. 2004). A
major advantage of TILLING is that chemical mutagenesis, using mutagens such as EMS (ethylmethane
sulphonate), sodium azide and MNU (N-methyl-Nnitrosourea) is easily applicable to many plant species,
resulting in its wide application in model organisms as
well as in crops of economic value (Slade and Knauf
2005; Parry et al. 2009). Moreover this approach is
particularly suitable for polyploid species with complex genomes such as wheat in which even null alleles
may have no phenotype, due to complementation by
homoeologous genes; Slade et al. (2005) demonstrated
use of the TILLING technology to generate and
identify new waxy alleles in durum and bread wheat
through the TILLING technology, and combined
alleles in homoeologous loci by crossing to generate
a waxy phenotype.
Starch constitutes 65–75% of the wheat grain dry
weight and is the main component of a vast array of
foods which are a regular part of the human diet,
including bread, pasta, noodles, biscuits, rolls, breakfast cereals, cookies and cakes. The relative amounts
of the two glucose polymers amylose and amylopectin are responsible for the physical and chemical
properties of starch and therefore have major effects
on the functional properties of flour and on its
specific uses in the food and manufacturing industries
(Yoo and Jane 2002; Van Hung et al. 2007). Both low
and high amylose wheat are useful for the different
effects they have on flour or semolina functionalities.
For example, low amylose starches are used for the
production of higher quality noodles and frozen and
baked foods; additionally, they have positive impact
on food shelf life, retarding the staling process (Ellis
et al. 1998; Bhattacharya et al. 2002).
At present researchers are also focusing on high
amylose starches because foods derived from these
have an increased amount of resistant starch, which has
been shown to have beneficial effects on human health.
The resistant starch has a role similar to dietary fibre
inside the intestine, protecting against diseases such as
colon cancer, type II diabetes, obesity and osteoporosis
(Topping 2007). Moreover, pasta produced with
durum wheat semolina containing higher amylose
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levels shows good cooking resistance and firmness,
satisfying consumer preferences (Soh et al. 2006).
A number of enzymes are involved in starch
synthesis and, particularly, the roles of five isoforms
of starch synthase (SS) have been identified (Rahman
et al. 2005). Four of these are involved in amylopectin
synthesis, along with branching and debranching
enzymes, while the granule bound starch synthases
(GBSSI or waxy proteins) are responsible for amylose
synthesis in storage tissues. In bread wheat three
different waxy isoforms are present which are encoded
by three genes designated as Wx-A1, Wx-B1 and WxD1 located on chromosome arms 7AS, 4AL and 7DS
(Chao et al. 1989; Yamamori et al. 1994); similarly,
three homoeologous SSII genes, located on chromosome arm 7AS, 7BS and 7DS, encode the SGP-1
proteins (SGP-A1, SGP-B1 and SGP-D1) involved in
amylopectin synthesis (Yamamori and Endo 1996).
The complete genomic sequences of the waxy genes
and of the Sgp-1 genes of wheat have been produced by
Murai et al. (1999) and Shimbata et al. (2005).
Given the important role starch plays in food and
non food uses, a great deal of effort is being applied to
the manipulation of its composition through modification of the amylose/amylopectin ratio. Waxy mutations occur spontaneously in cereals such as maize,
rice and barley (Eriksson 1970). In wheat, detection of
waxy mutants has been hindered by polyploidy and
only in the past decades, thanks to the extensive
electrophoretic surveys carried out on established
cultivar and genetic resources, the identification of
partial waxy mutant lines, characterized by the lack of
one or two waxy proteins has been possible. Crossing
of these lines has permitted the construction of both
completely null waxy lines of hexaploid and tetraploid wheat, and also partial nulls with different
combinations of alleles (Nakamura et al. 1995;
Urbano et al. 2002), allowing the contributions of
the different homoeologous genes to be assessed.
Similarly, by crossing natural mutants lacking
each of the three different Sgp-1 proteins, Yamamori
et al. (2000) have produced a bread wheat line
lacking all three Sgp-1 proteins. This line had an
apparent high amylose, deformed starch granules and
altered amylopectin structure. In other plant species,
as pea (Craig et al. 1998), maize (Zhang et al. 2004)
and barley (Morell et al. 2003), the lack of Sgp-1
(SSIIa) proteins produced similar effects on amylose
content and amylopectin structure.

Mol Breeding (2010) 25:145–154

In this work we have used chemical mutagenesis
with EMS in order to induce novel allelic variation at
the waxy and Sgp-1 loci in the bread wheat cultivar
Cadenza.

Materials and methods
Development of a mutagenised population of
wheat
A mutagenised population of the bread wheat cultivar
Cadenza was created by treating dry seeds with
aqueous solution of EMS at 0.6% (v/v) or 0.9% (v/v)
for 16 h. The seeds were then rinsed six times in
distilled water, surface dried on filter paper and sown
either in the field at Rothamsted Research or in the
glasshouse. Single ears of approximately 6,000 M1
plants were harvested and one seed from each ear was
sown to generate the M2 population. Leaf material
(5 cm of young leaf blade) for DNA extraction was
sampled from individual plants of the M2 population
into deep-well microtitre plates, freeze dried and
stored at -70°C until processed. A single mature ear
from each self-fertilized M2 plant that set seed (4,244
lines) was sent to Martonvásár in early 2006 and the
remaining ears from each plant were threshed and
archived at 6°C under controlled humidity. M3 head
rows were grown in Martonvásár during 2006 and an
aliquot of M4 grain sent to Viterbo for biochemical
analysis.
Genomic DNA was extracted from freeze-dried
samples of M2 leaf material using a sodium bisulphate-based extraction protocol in 96-well plates
(Van Deynze and Stoffel 2006). The DNA was
dissolved in 200 ll TE buffer; DNA concentrations
were estimated using Quant-iT PicoGreen (Invitrogen) assays carried out on 50-fold dilutions using a
Beckman DTX 880 fluorimeter integrated into a
Beckman Biomek NX Span-8 liquid handling robot.
The Biomek NX was also used to normalize the
genomic DNA concentrations to 10 ng/ll and to
create twofold pooled plates for TILLING.
Primer design
Gene- and homoeologue-specific primers for TILLING were designed using the PRIMER PREMIER 5
program. PCR primers for TILLING analysis were
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first validated using ditelosomic lines of the bread
wheat cultivar Chinese Spring lacking the short arm
of chromosomes 7A, 7B and 7D (Sears and Sears
1978). Genomic DNA was extracted from 0.2 g of
green tissue as reported in Tai and Tanksley (1991).
PCR reactions were carried out in 50 ll final volume
using 50-100 ng of genomic DNA, 19 Red Taq
ReadyMix PCR reaction mix (1.5 U Taq DNA
Polymerase, 10 mM Tris–HCl, 50 mM KCl,
1.5 mM MgCl2, 0.001% gelatine, 0.2 mM dNTPs)
and 0.5 lM of each of the two primers.
Amplification conditions for testing Waxy and
Sgp-1 primers included an initial denaturation step at
94°C for 5 min, followed by 35 cycles at 94°C for
1 min, 60–65°C for 1 min and 72°C for 1 min,
followed by a final incubation at 72°C for 5 min.
Genome specific primers for Waxy genes were those
reported by Slade et al. (2005); for Sgp-1 genes those
identified by Chibbar et al. (2005) and Shimbata et al.
(2005) were supplemented with additional pairs
(Table 1) designed using the PRIMER PREMIER 5
program (Premier Biosoft International). Primers
shown to be homoeologue-specific were then resynthesised labeled with IRDye 700 dye (forward
primers) or IRDye 800 dye (reverse).
Mutation detection
High throughput TILLING for mutation discovery
was carried out essentially as described by Till et al.
(2006). PCR amplification was carried out in a 10 ll
volume using 5 ng of individual or pooled genomic
wheat DNA, 0.59 ExTaq buffer (Takara), 0.2 mM
dNTPs, 0.17 lM primers, 1.5 mM MgCl2 and 0.05 U
ExTaq HotStart (Takara). PCR conditions included
an initial denaturation step at 95°C for 2 min,
followed by 8 cycles of touchdown PCR (94°C for
20 s, an annealing step starting to 73°C for 30 s and
decreasing 1°C/cycle, a temperature ramp increasing
0.5°C/s to 72°C, and an extension step at 72°C for
1.30 min), then 20 cycles of PCR (94°C for 20 s,
65°C for second, a temperature ramp increasing
0.5°C/s to 72°C and 72°C for 1.30 min) and a final
extension at 72°C for 5 min. PCR amplicons were
denatured at 99°C for 10 min and reannealed by
decreasing the temperature at 0.3°C per cycle for
99 cycles.
Heteroduplexes were cleaved using nuclease CelI
(Surveyor, Transgenomic, Inc.) and after desalting on
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Table 1 Gene specific primers, used for molecular characterization of Sgp-1 mutants and TILLING analysis
Primer

Nucleotide sequence

Amplicon (bp)

Reference

Sgp-A1 F1

CCT TCG GAC AAG AAG TTG

711

Sgp-A1 R1

GGA GTC CAG CGT GCT CAG

Sgp-A1 F2
Sgp-A1 R2

ATG TTC TCT TCA CCG GCG C
CCA CAC ACA GAC ACA CACATA C

825

This paper
This paper

Sgp-A1 F3

GCG TTT ACC CCA CAG AGC

451

Shimbata et al. (2005)

Sgp-A1 R3

ACG CGC CAT ACA GCA AGT CAT A

Sgp-A1 F4

ACC AAC TTC TCC CTG AGC AC

Sgp-A1 R4

GGA CCA GAT CGA GAT CGG A

Sgp-B1 F1

GGC TCA AAT TTC GTG CCC

Sgp-B1 R1

GCG TGG TTA TCA GCG TTC

Sgp-B1 F2

ATT TCT TCG GTA CAC CAT TGG CTA

Sgp-B1 R2

TGC CGC AGC ATG CC

Sgp-B1 F3

CAT CGT ATC ACG ATC ACC CAC

Sgp-B1 R3

GGA AGC AGA AGC CGA GGG CAC

This paper
This paper

Shimbata et al. (2005)
800

Chibbar et al. (2005)
Chibbar et al. (2005)

715

This paper
This paper

671

Shimbata et al. (2005)
Shimbata et al. (2005)

805

This paper
This paper

Sgp-B1 F4

CTG GGG ACG CTG GAC TC

Sgp-B1 R4

GCT ACG GAC CAG ATC GGA A

780

Sgp-D1 F1

GGG AGC TGA AAT TTT ATT GCT TAT TG

Sgp-D1 R1

TCG CGG TGA AGA GAA CAT GG

Sgp-D1 F2
Sgp-D1 R2

Chibbar et al. (2005)
Chibbar et al. (2005)

558

Shimbata et al. (2005)

CCG CGA ACC GTA CCA TCT C
GAG CAG AGG CCG AGG ACT C

798

This paper
This paper

Sgp-D1 F3

TTT CGA GTC CTC GGC CTC TG

776

Sgp-D1 R3

TCC TTC TTT GTG AAA TCT GGC

Sgp-D1 F4

CAC CAA CTT CTC CCT GAG GAC

Sgp-D1 R4

GCG CAA TGC AGT TCC AT

Sephadex G-50 the products were separated on
denaturing polyacrylamide gels using a Li-Cor 4300
DNA analyzer. Cleaved heteroduplexes in reactions
containing a mutation within the amplicon produced
two smaller molecular weight products, one labeled
with IRDye 700 and the other with IRDye 800.
Positive reactions in which cleavage products were
observed in both dye channels were identified and reamplified from each individual in the pool for
sequence analysis.
DNA sequence analyses were conducted by a
commercial sequencing service (MWG BioTech,
Ebersberg, Germany). The comparative analyses of
nucleotide and aminoacid sequences were performed
by DNAMAN program. The comparison with known
sequences in databanks was carried out using a
online blast program (http://blast.ncbi.nlm.nih.gov/
Blast.cgi).
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Shimbata et al. (2005)

This paper
This paper

700

Chibbar et al. (2005)
Chibbar et al. 2005)

SDS–PAGE analysis
Preparation of starch granule proteins was carried out
on half seeds and their electrophoretic separation by
SDS–PAGE was according to the method described
by Zhao and Sharp (1996) with some modifications,
as in Mohammadkhani et al. (1999). Protein bands
were visualized by silver staining.

Results
Screening and characterization of EMSmutagenized bread wheat lines
In order to identify new mutations for starch granule
proteins, seeds of the M4 population (500 lines) of the
bread wheat cultivar Cadenza, obtained after EMS
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treatment in Rothamsted, UK, and grown in Martonvásár, Hungary, were analyzed. Results of SDS–
PAGE analysis of starch granule proteins from halfgrains led to the identification of different null lines
lacking Sgp-A1 (3 lines), Sgp-B1 (1 line), Sgp-D1 (7
lines), Wx-A1 (1 line), Wx-B1 (2 lines) and Wx-D1
(2 lines) proteins (Fig. 1A, B). SDS–PAGE permitted
only the identification of null lines and no other major
changes were observed in the protein profiles of the
analyzed material. In order to determine the cause of
the absence of the proteins DNA analysis of corresponding gene regions was performed on PCR
amplified fragments using gene-genome specific
primer pairs. In particular, one mutant line for each
of the three Wx and Sgp-1 loci was analysed. Waxy
null lines were analyzed using the primer pairs
described by Slade et al. (2005), whereas the primers
reported in Table 1 were used for analysis of Sgp-1
genes.
In order to check genome specificity, the Sgp-1
primers designed to amplify each homoeoallele were
first tested by PCR analysis using genomic DNAs
extracted from ditelosomic lines of the wheat cultivar
Chinese Spring, lacking the short arm of the homoeologous group 7 chromosomes (Fig. 2).
By sequencing different gene regions, mutations
responsible for loss of the gene product were
identified. In the two lines lacking the Wx-A1 and
Wx-D1 protein, nucleotide substitutions (C-T and

Fig. 1 SDS–PAGE separation of starch granule proteins
extract from Waxy and Sgp-1 mutants. A 1 Wx-A1-; 2 WxB1-; 3 Wx-D1-; 4 Cadenza (wt). B 1 Cadenza (wt); 2 SgpA1-; 3 Sgp-B1-; 4 Sgp-D1-
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G-A) resulting in the introduction of stop codons,
respectively, in positions 1,978 and 1,497 of the
coding sequence, was observed (TAG and TGA). The
absence of the Wx-B1 protein, is caused by a
substitution (G-A) involving the 50 splice junction
site (GT) between the IV exon and IV intron. Finally,
a premature stop codon (TAG) in position 6,302 has
been identified in a line lacking the Sgp-A1 protein.
A nucleotide insertion in II exon, differently, is
responsible for reading frame shifting and causes the
silencing of the Sgp-B1 gene; this has occasionally
been observed (Greene et al. 2003). For the Sgp-D1
null no mutation was detected in the gene region
analyzed.
Identification of induced mutants and new allelic
variants in the Sgp-1 genes by TILLING approach
Three primer pairs, one for each homoeoallele,
reported in Table 1, were used for TILLING analysis
of the mutagenised lines of the bread wheat cultivar
Cadenza using DNA from M2 leaf material). 1,344
lines were used for Sgp-A1 and Sgp-D1 and 256 for
Sgp-B1. Gene regions targeted are indicated on
Fig. 3. PCR was performed on pools of genomic
DNA (each pool formed by two individual DNAs)
and identified 33 possible mutants. Mutations, visible
as dark bands on acrylamide gel, are shorter than fulllength PCR product (Fig. 4). Eighteen putative
positive pools were identified using primers Sgp-A1
F1 and Sgp-A1 R1, but only eight samples yielded
confirmed mutant sequences. In the line CAD-R1-4H
(27B) the mutation (G for A) fell on the splice
junction site between the intron VII and exon VIII
(Fig. 5). The line CAD-R8-3C (22A) had a premature
stop codon, due to substitution of a guanine with an
adenine on the exon VIII (Fig. 5). The substitution of
a guanine with an adenine resulted in the substitution
of the amino acid Glycine with Aspartic acid in
position 481 of the Sgp-A1 protein in the sample
CAD-R1-9D (12A). The other nucleotide changes did
not produced any variations as they were detected on
the third base of the codons or on the intron
sequences.
From analyses carried out using the primers SgpD1 F1 and Sgp-D1 R1, twelve pools were identified,
but only seven of them contained mutant lines. In
total, using this primer pair, four missense changes at
the Sgp-D1 locus were identified (Fig. 6).
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Fig. 2 PCR assay on genomic DNA of ditelosomic lines lacking, respectively, the short arm of chromosomes 7A, 7B or 7D to test
specificity of primers designed for each Sgp-1 homoeoallele gene

Silent mutations were also identified at the Sgp-A1
(5) and Sgp-D1 locus (3). Best conditions for
TILLING analysis were found for two primer pairs
specific for the Sgp-B1 gene (Sgp-B1 F1 and Sgp-B1
R1; Sgp-B1 F2 and Sgp-B1 R2). Two pools were
identified using the second pair, but only the line
CAD-R6-10F (32B) resulted with a substitution (C
for T), responsible for a amino acid change in
position 494 (Serine for Proline).
All mutations observed were transitions (G/C to A/
T) as expected from alkylation by EMS treatment.
Seeds of mutant lines were analysed by SDS–
PAGE. The absence of the Sgp-A1 protein was
observed in the two lines in which mutation involving
the splice junction site and introduction of a
premature stop codon was detected. Seeds of the
other lines identified showed a normal protein pattern
for Sgp-1 proteins.

Discussion and conclusion
Mutagenesis has been widely used in crop plant both
for functional genomic studies and practical breeding
purposes. The use of mutagenesis in plant breeding
has resulted in the production of more than 2,250

Fig. 3 Schematic representation of the localization of genegenome specific primer pairs for three SSII genes, reported in
table 1. Gray boxes correspond to exon regions. The arrows
indicate the annealing sites and the direction of the primers
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crop varieties, officially released, with improved
yield and quality traits and about 70% of these were
released as direct mutants (Ahloowalia et al. 2004).
Introduction of agronomic traits, such as semidwarfness and lodging resistance, through induced
mutations, has also resulted in major economic
impact in cereals such as durum, bread wheat, barley
and rice.
More recently, the application of mutagenesis in
association with reverse genetics approaches has
provided a new powerful approach for both functional genomics and crop breeding applications; a
combination of chemical mutagens with PCR detection of point mutations in a gene of interest has
resulted in the development of the TILLING strategy
(McCallum et al. 2000). Chemical mutagens such as
EMS have been shown be very effective in inducing
single nucleotides changes high in density and
randomly distributed in genomes of many different
organisms (Greene et al. 2003); this leads to the
generation of allelic series of mutations which
includes mis-sense changes, with amino acid substitutions that have a range of effects on protein
function and non-sense or splice site changes that
cause truncation of the gene product and, depending
on the location, probable loss of function.
The potential of the TILLING technology for
wheat genetic improvement has been shown by Slade
et al. (2005) using bread and durum wheat cultivars
mutagenized with EMS. These authors were able to
identify 196 new alleles in the waxy genes in 1,152
individuals of a bread wheat TILLING population
and 50 new alleles analysing 768 lines of a durum
wheat TILLING population. The new allelic series
detected included all types of mutations including
non-sense (truncation), splice junction as well as missense (aminio acid substitution mutations, demonstrating that the use of chemical mutagens can
generate a wider spread of genetic diversity than
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Fig. 4 EMS-induced
mutation identified by
TILLING using primer pair
Sgp-A1 F1 and Sgp-A1 R1.
In the left and in the right
there are, respectively, the
images of IR700 and IR800
channels. CelI-cleaved
products (circled) appear as
dark bands shorter than
expected full amplicon. The
addition of the bands in
same well corresponds to
expected size of full-length
product in the top of panel

have been identified in collections of bread and
durum wheat cultivars, landraces and wild relatives.
Similarly, also in wheat, Feiz et al. (2009) screened
an M2 population after EMS treatment of the soft
white wheat cultivar Alpowa to identify new alleles
of the puroindoline genes Pina and Pinb, present at
the Hardness (Ha) locus, located on the distal end of
chromosome 5DS that controls grain texture and
many end-use properties of wheat (Triticum aestivum
L.). Eighteen new Pin alleles, including eight missense alleles, were identified and the impact of four of
the new Pin alleles was assessed on the seeds of a
segregating population obtained crossing the mutant
lines with the parent cultivar Alpowa. The new
mutations were responsible for between 28 and 94%
of the grain hardness variation and seed weight and
vigour of all mutant lines was restored among the F2
populations.

The possibility to manipulate starch composition
in cereals, and particularly in wheat, is receiving an
increased attention, due to the recognition of its
important role in food and non-food applications.
Different approaches have recently been described, in
order to increase the amylose content of cereal grains,
as a means to increase resistant starch in foods; these
comprise both transgenic and conventional methods
(Rahman et al. 2007). The use of transgenic technology still has major problems associated with the lack
of acceptance by consumers of GM (genetically
modified) crops and foods derived from these. On the
other hand, classical breeding approaches have to
face, in some cases, the problem of limited genetic
variation in adapted material and the genetic drag
associated with the use of exotic germplasm or wild
relatives. In this context, the use of mutagenesis
represents a powerful tool to increase genetic
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Fig. 5 Nucleotide alignment of Sgp-A1 region amplified with
primers Sgp-A1 F1 and Sgp-A1 R1 and comparison between
mutants and wild type (wt). Black arrow-head indicates the
mutation on the splice junction site between the intron 7 and
exon 8. Blank arrow-head underlines the mutation responsible

Mol Breeding (2010) 25:145–154

for amino acid substitution (Glycine with Aspartic acid). The
box put in evidence the premature stop codon in the mutant
22A. Arrows indicate synonymous substitutions or mutations
falling on introns

Fig. 6 Alignment of deduced amino acid region amplified with primers Sgp-D1 F1 and Sgp-D1 R1 and comparison between mutants
and wild type
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diversity and is particularly suitable for starch
synthase genes for which limited variation exists in
the wheat gene pool. Additionally, as already stressed
by Slade et al. (2005) and Feiz et al. (2009),
mutagenesis can be directly applied to superior elite
cultivars and a few backcrosses with the parent
cultivar to remove unlinked mutations will result in
the novel allele introduction into the parental
background.
Our work has led to the identification of induced
mutants for Sgp-1 and Waxy genes by combining
traditional and reverse genetic approaches in the elite
bread wheat cultivar Cadenza. Analysis of mutagenized lines by SDS–PAGE analysis of grain proteins
allows the identification of nulls with complete loss
of the encoded protein due to the introduction of stop
codons or splicing errors; such null mutants are of
scientific and commercial interest for both gene
targets. TILLING technology provides greater information as besides identifying null alleles it has the
ability to uncover mis-sense mutations resulting in
amino acid substitutions that confer a wide range of
effects on protein function. In addition, the TILLING
approach is particularly advantageous in case of crops
such as wheat where polyploidy can hinder the
detection of mutations, as the homoeologous copies
are likely to complement mutations in a single gene.
TILLING allows targeting of the three homoeologues
of any given gene, through the use of homoeologuespecific primer pairs, and the incorporation of the
identified homoeoalleles into the same genetic background by crossing the mutations generated to be
assessed for their effect on the trait. Additionally
gene dosage effect can be properly modulated with
the possibility to generate partial mutants with an
array of different functionalities. Thus, the null
alleles that we have identified in the Waxy and Sgp1 genes will be crossed to obtain double and triple
null lines thus expanding the available genetic
variation in amylose content in an elite bread wheat
cultivar.
The availability of gene sequence information
along with informatics tools that maximise the
probability of recovering useful mutations will make
this approach a strong contributor to genomic studies
and crop breeding in the near future (Parry et al.
2009). In the few years since TILLING technology
has emerged its application to crop plants has steadily
increased and it is predictable that this trend will
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continue thus impacting on plant breeding significantly as already witnessed in the past century.
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Chibbar RN, Båga M, Ganeshan S, Hucl PJ, Limin A, Perron
C, Ratnayaka I, Kapoor A, Verma V, Fowler DB (2005)
Carbohydrate modification to add value to wheat grain. In:
Chung OK, Lookhart GL (eds) Third international wheat
quality conference, Manhattan, Kansas, USA, pp 75–84
Comai L, Young K, Till BJ, Reynolds SH, Greene EA, Codomo CA, Enns LC, Johnson JE, Burtner C, Odden AR,
Henikoff S (2004) Efficient discovery of DNA polymorphisms in natural populations by Ecotilling. Plant J
37:778–786
Craig J, Lloyd JR, Tomlinson K, Barber L, Edwards A, Wang
TL, Martin C, Hedley CL, Smith AM (1998) Mutations in
the gene encoding starch synthase II profoundly alter
amylopectin structure in pea embryos. Plant Cell
10:413–426
Ellis RP, Cochrane MP, Dale MFB, Duffus CM, Lynn A,
Morrison IM, Prentice RDM, Swanston JS, Tiller SA
(1998) Starch production and industrial use. J Sci Food
Agric 77:289–311
Eriksson G (1970) The waxy character. Hereditas 63:180–204
Feiz L, Martin JM, Giroux MJ (2009) Creation and functional
analysis of new Puroindoline alleles in Triticum aestivum.
Theor Appl Genet 118:247–257
Greene EA, Codomo CA, Taylor NE, Henikoff JG, Till BJ,
Reynolds SH, Enns LC, Burtner C, Johnson JE, Odden
AR, Comai L, Henikoff S (2003) Spectrum of chemically
induced mutations from a large-scale reverse-genetic
screen in Arabidopsis. Genetics 164:731–740
Maluszynski M, Szarejko I, Maluszynska J (2001) Induced
mutations in wheat. In: Bonjean AP, Angus WJ (eds) The
world wheat book. A history of wheat breeding, pp 939–977

123

154
McCallum CM, Comai L, Greene EA, Henikoff S (2000)
Targeted screening for induced mutations. Nat Biotechnol
18:455–457
Mohammadkhani A, Stoddard FL, Marshall DR, Uddin MN,
Zhao X (1999) Starch extraction and amylose analysis
from half seeds. Starch/Staerke 51:62–66
Morell MK, Kosar-Hashemi B, Cmiel M, Samuel MS, Chandler P, Rahman S, Buleon A, Batey IL, Li ZY (2003)
Barley sex6 mutants lack starch synthase IIa activity and
contain a starch with novel properties. Plant J 34:172–184
Murai J, Taira T, Ohta D (1999) Isolation and characterisation
of the three Waxy genes encoding the granule-bound
starch synthase in hexaploid wheat. Gene 234:71–79
Nakamura T, Yamamori M, Hirano H, Hidaka S, Nagamine T
(1995) Production of waxy (amylose-free) wheats. Mol
Gen Genet 248:253–259
Parry MAJ, Madgwick PJ, Bayon C, Tearall K, HernandezLopez A, Baudo M, Rakszegi M, Hamada W, Al-Yassin
A, Ouabbou H, Labhilili M, Phillips AL (2009) Mutation
discovery for crop improvement. J Exp Bot (in press)
Rahman S, Li Z, Regina A, Kosar-Hashemi B, McMaugh S,
Konik-Rose C, Morell M (2005) Genetic control of wheat
starch biosynthesis. Wheat Inf Serv 100:77–87
Rahman S, Bird A, Regina A, Li Z, Ral JP, McMaugh S,
Topping D, Morell M (2007) Resistant starch in cereals:
exploiting genetic engineering and genetic variation. J
Cereal Sci 46:251–260
Sears ER, Sears LMS (1978) The telocentric chromosomes of
common wheat. In: Ramanujan S (ed) 5th International
Wheat Genetics Symposium, New Delhi, pp 389–407
Shimbata T, Nakamura T, Vrinten P, Saito M, Yonemaru J,
Seto Y, Yasuda H (2005) Mutations in wheat starch
synthase II genes and PCR-based selection of a SGP-1
null line. Theor Appl Genet 111:1072–1079
Slade AJ, Knauf VC (2005) TILLING moves beyond functional genomics into crop improvement. Transgenic Res
14:109–115
Slade AJ, Fuerstenberg SI, Loeffler D, Steine MN, Facciotti D
(2005) A reverse genetic, nontransgenic approach to
wheat crop improvement by TILLING. Nat Biotechnol
23:75–81

123

Mol Breeding (2010) 25:145–154
Soh HN, Sisson MJ, Turner M (2006) Effect of starch granule
size distribution and elevated amylose content on durum
dough rheology and spaghetti cooking quality. Cereal
Chem 83:513–519
Tai T, Tanksley S (1991) A rapid and inexpensive method for
isolation of total DNA from dehydrated plant tissue. Plant
Mol Biol Rep 8:297–303
Till BJ, Zerr T, Comai L, Henikoff S (2006) A protocol for
TILLING and ecotilling in plants and animals. Nat Prot
1:2465–2477
Topping D (2007) Cereal complex carbohydrates and their
contribution to human health. J Cereal Sci 46:220–229
Urbano M, Margiotta B, Colaprico G, Lafiandra D (2002)
Waxy protein in diploid, tetraploid and hexaploid wheats.
Plant Breed 121:1–5
Van Deynze A, Stoffel K (2006) High-throughput DNA
extraction from seeds. Seed Sci Technol 34:741–745
Van Hung P, Yasui T, Maeda T, Morita N (2007) Dough
properties and breadmaking qualities of whole waxy
wheat flour and effects of additional enzymes. J Sci Food
Agric 87:2538–2543
Yamamori M, Endo TR (1996) Variation of starch granule
proteins and chromosome mapping of their coding genes
in common wheat. Theor Appl Genet 93:275–281
Yamamori M, Nakamura T, Endo TR, Nagamine T (1994) Waxy
protein deficiency and chromosomal location of coding
genes in common wheat. Theor Appl Genet 89:179–184
Yamamori M, Fujita S, Hayakawa K, Matsuki J, Yasui T
(2000) Genetic elimination of a starch granule protein,
SGP-1, of wheat generates an altered starch with apparent
high amylose. Theor Appl Genet 101:21–29
Yoo SH, Jane JL (2002) Structural and physical characteristics
of waxy and other wheat starches. Carbohydr Polym
49:297–305
Zhang X, Colleoni C, Ratushna V, Sirghie-Colleoni M, James
MG, Myers AM (2004) Molecular characterization demonstrates that the Zea mays gene sugary2 codes for the
starch synthase isoform SSIIa. Plant Mol Biol 54:865–879
Zhao XC, Sharp PJ (1996) An improved 1-D SDS–PAGE
method for the identification of three bread wheat waxy
proteins. J Cereal Sci 23:191–193

