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Abstract The starch fraction, comprising about 70 % of
the total dry matter in the wheat grain, can greatly affect the
end-use quality of products made from wheat kernels, espe-
cially Asian noodles. Starch is associated with the shelf life
and nutritional value (glycaemic index) of different wheat
products. Starch quality is closely associated with the ratio
of amylose to amylopectin, the two main macromolecules
forming starch. In this review, we briefly summarise the
discovery of waxy proteins—shown to be the sole enzymes
responsible for amylose synthesis in wheat. The review
particularly focuses on the different variants of these pro-
teins, together with their molecular characterisation and
evaluation of their effects on starch composition. There
have been 19 different waxy protein variants described
using protein electrophoresis; and at a molecular level
19, 15 and seven alleles described for Wx-Al, Wx-BI and
Wx-D1, respectively. This large variability, found in mod-
ern wheat and genetic resources such as wheat ancestors
and wild relatives, is in some cases not properly ordered.
The proper ordering of all the data generated is the key to
enhancing use in breeding programmes of the current vari-
ability described, and thus generating wheat with novel
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starch properties to satisfy the demand of industry and con-
sumers for novel high-quality processed food.

Introduction

Wheat is one of the most important crops in the world, with
total harvested area of 218.5 million hectares and annual
yields of almost 713 million tonnes (FAO 2013). This crop
originated in the Fertile Crescent and presents a wide adap-
tation capacity to different latitudes, which has been key
to its success, and is grown in all continents except Ant-
arctica. Although wheat is truly a complex constituted by
species with different levels of ploidy (di-, tetra- and hexa-
ploid), there are now two main species cultivated: durum
or pasta wheat (Triticum turgidum ssp. durum Desf. em.
Husn.; 2n = 4x = 28, AABB) and common wheat (7. aes-
tivum L. ssp. aestivum; 2n = 6x = 42, AABBDD). Both
species have the unique ability to produce a broad range of
nutritious, appealing foods. Depending on the geographical
region, wheat is used to make bread (Europe and America),
tortillas (North America), cous-cous (North Africa), chapa-
tti (South Asia), noodles (East Asia) and pasta (Europe and
America), among other products (see Faridi and Faubion
1995 for a review). This ability of wheat is based on large
variation of the three main traits that determine wheat
quality and its end-use: grain hardness, gluten quality and
starch (Ram and Mishra 2008).

The grain hardness or texture is the single most impor-
tant trait that determines end-use and technological utili-
sation, forming the fundamental basis of differentiating
the world trade of wheat grain. According to this trait,
wheat is classified in very hard (durum wheat), hard and
soft (common wheat). Due to hardness differences, com-
mon wheat is used for bread (hard) or cookies and pastries
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(soft) production due to the different amounts of damage to
starch generated in the milling, which strongly affects the
water absorption of dough. The molecular genetic basis of
this trait is now clear and two small grain proteins named
puroindolines have been shown to be responsible. These
proteins are encoded by the Pina-D1 and Pinb-DI genes
located in the locus Ha (Hardness), which is present in the
short arm of the chromosome 5D of common wheat (Mor-
ris 2002).

Gluten is another major factor affecting wheat qual-
ity. The main constituents of this protein viscoelastic net-
work that confer to wheat the ability to form cohesive
dough are the endosperm storage proteins (glutenins and
gliadins). Glutenins are divided in two groups according
to their molecular weight: high molecular weight subunits
(HMWGs) encoded at the Glu-1 loci located on the long
arm of chromosome 1-group; and low molecular weight
subunits (LMWGs) encoded at the Glu-3 loci on the short
arm of the same chromosomes. Gliadins are divided into w-
and y-gliadins synthesised by genes of the Gli-7 loci (short
arm of chromosome 1) and a/B-gliadins encoded by the
Gli-2 loci on the sort arm of chromosome 6 (Payne 1987).
Although the variation and genetics of all these proteins are
not completely understood, there have been great advances
in recent decades and several alleles have been associated
with good or bad quality for different products in both bread
and durum wheat (see Wrigley et al. 2006 for a review).

Finally, the starch fraction, comprising about 70 % of the
total dry matter in the wheat grain (Hucl et al. 1996), can
greatly affect the products made from wheat kernels, espe-
cially Asian noodles (Huang and Lai 2010; Miura and Tanii
1994;). In addition to noodle quality, starch is associated
with shelf life (Hayakawa et al. 1997, 2004) and nutritional
value (Regina et al. 2006) of the products, and with biofuel
yield from wheat (Sosulski and Sosulski 1994; Wu et al.
2006). Starch quality is closely associated with the starch
granule structure and the distribution of the two major glu-
can macromolecules, amylose and amylopectin, that accu-
mulate within the granules. The former is related with the
presence/absence or activity of the enzymes involved in
starch synthesis (James et al. 2003; Morell et al. 2001).

In this review, we briefly summarise the discovery of
waxy proteins—shown to be the sole enzymes responsi-
ble for amylose synthesis. We especially focus on the dif-
ferent variants found for these proteins, together with their
molecular characterisation and evaluation of their effects
on starch composition.

Starch: composition and synthesis

As mentioned above, starch comprises two macromol-
ecules: amylose and amylopectin. Amylose is essentially

@ Springer

a linear molecule, in which glucosyl monomers are joined
via o (1 — 4)-linkages. Amylopectin contains linear chains
of various lengths with o (1 — 4)-linkages, together with
approximately 5 % of branched chains generated by a
(1 — 6)-linkages. The ratio of both polymers in wheat
varies within 22-35 % for amylose and 68-75 % for amy-
lopectin. The physical and chemical properties of starch
(gelatinisation, pasting and gelation), and consequently the
quality of the end-products are dependent on the relative
amounts of amylose and amylopectin (Fredriksson et al.
1998; Zeng et al. 1997).

Starch synthesis occurs within the amyloplast, an orga-
nelle derived from the same proplastids as chloroplasts
but without photosynthetic apparatus. Starch is stored
in granules in which have been detected several proteins,
termed starch granule proteins (SGP). In 1987, Scho-
field and Greenwell described up to ten of these SGPs
that they divided in two sets: five ‘surface’ SGPs with
molecular weight of 5-30 kDa; and five ‘integral’ SGPs of
59-149 kDa. Later studies suggested that the main enzymes
of starch synthesis are in the second group: granule-bound
starch synthase I (GBSSI or waxy; 59 or 61 kDa), starch
synthase I (SSI or SGP-3; 80 kDa), starch synthase II (SSII
or SGP-1; 100-115 kDa) and starch branching enzyme
I (SBEI or SGP-2; 92 kDa). Data of Yamamori and Endo
(1996) indicated that the genes encoding waxy, SGP-1
and SGP-3 proteins are located in the short arm of chro-
mosomes 7A, 7B and 7D, with exception of the waxy gene
from genome B that appears in 4AL due to a translocation
from 7BS (Chao et al. 1989).

Although the enzymes involved in synthesis of both
starch polymers (amylose and amylopectin) differ, the
initial substrate for both is ADP-glucose. This substrate
can be generated inside the amyloplast with glucose-
I-phosphate and ATP by ADP-glucose pyrophosphory-
lase or transferred from the cytoplasm. Amylopectin
synthesis is a complex pathway that involves at least
three starch synthases (SSI or SGP-3, SSII or SGP-1 and
SSIII) and several branching (SBEI or SGP-2, SBEIla
and SBEIIb) and de-branching enzymes. Studies have
focussed on all these enzymes and breeding approaches
have also been carried out, as in the case of common
wheat lines generated by Yamamori et al. (2000) that
lacked the three SSII proteins (SGP-1A, SGP-1B and
SGP-1D) and showed high amylose content and resistant
starch (Yamamori et al. 2006).

In contrast, amylose synthesis in wheat endosperm
is only carried out by GBSSI or waxy protein (E.C.
2.4.11.11), which was demonstrated by the development
of the first waxy wheats (Nakamura et al. 1995). However,
other studies have suggested that this enzyme could also
have an indirect effect on the amylopectin synthesis, prob-
ably due to a feedback process (Rahman et al. 2000).
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The waxy protein was properly identified in maize
(Echt and Schwartz 1981), where its lack was shown to
cause the waxy phenotype of the endosperm, which was
characterised by the waxy appearance of the endosperm
due to the absence of amylose in the grain starch. Later,
the waxy gene was identified and isolated in maize (Shure
et al. 1983) as well as rice (Okagaki and Wessler 1988;
Sano 1984) and barley (Rohde et al. 1988). In wheat, the
discovery or detection—identification of waxy proteins was
closely linked with the Japanese udon noodle end-use qual-
ity, which is inversely correlated with the amylose content
of wheat grain (Oda et al. 1980). This was confirmed in
the studies of Nakamura et al. (1992) and Yamamori et al.
(1992), because the cultivars preferred for noodles due to
their low amylose content, such as cv. Kanto107, showed a
reduced expression of the waxy proteins (Yamamori et al.
1992) or even a lack of any of their components (Nakamura
et al. 1992).

The first analysis of these proteins by separation in
sodium dodecyl sulphate-polyacrylamide gel electropho-
resis (SDS-PAGE) showed low discrimination between the
three potential proteins, one for each genome, expected in
common wheat (Nakamura et al. 1992; Yamamori et al.
1992), mainly due to the small variation in their molecular
weight (Wx-Al: 62.8 kDa, Wx-B1: 56.7 kDa and Wx-D1:
58.7 kDa). One year later, the same group of Japanese sci-
entists developed a 2D electrophoresis methodology (Iso-
electrofocusing, IEF x SDS-PAGE; Fig. 1) that enabled
them to separate and correctly identify three waxy proteins
in common wheat (Nakamura et al. 1993a). Additionally,
the lack of one or two waxy proteins (Wx-Al or Wx-B1)
in some Japanese cultivars was confirmed (Nakamura
et al. 1993b) and thus the presence of waxy null alleles,
which would have been indirectly selected and fixed in the
breeding process focussed on noodle quality. The identity

and chromosomal location of each waxy protein (named
Wx-Al, Wx-B1 and Wx-D1) were confirmed using nulli-
somic-tetrasomic lines of cv. Chinese Spring for chromo-
somes 7A, 4A and 7D (Ainsworth et al. 1993).

Once the methodology to detect waxy proteins was
developed and working, the first studies to determine the
effect or role of each waxy protein in amylose synthesis
were performed (Miura and Tanii 1994; Miura et al. 1994)
in which Wx-B1 protein was shown to be the most impor-
tant in amylose synthesis. In addition, there were screen-
ings to find cultivars or accessions carrying polymorphic
waxy variants, different from that present in cv. Chinese
Spring (Wx-Ala, Wx-Bla and Wx-D1a). Until that time,
only Wx-Al and Wx-BI null alleles had been detected,
but not for the Wx-DI locus. In a huge and crucial study,
Yamamori et al. (1994) analysed 1960 cultivars of differ-
ent origins by 2D electrophoresis. Several cultivars lacked
the Wx-A1l or W-B1 protein (177 and 159, respectively)
but only one, Chinese cv. Bai Huo, showed the null allele
Wx-D1b. With this discovery, the first waxy common wheat
(carrying starch with 0 % amylose) was developed (Naka-
mura et al. 1995) by crossing cv. Kanto 107 (Wx-Alb and
Wx-B1b) with cv. Bai Huo (Wx-D1b). The same authors
also developed waxy durum wheat by crossing durum cv.
Aldura with cv. Kanto 107 (Nakamura et al. 1995).

Variability of waxy proteins

The variability detected by electrophoretic separation of
proteins is very limited, because of insufficient resolution
to detect minor changes in the protein size/sequence. In
fact, only 16 protein variants for the three genomes have
been described by this procedure, mainly when 2D electro-
phoresis was carried out (Table 1).
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Table 1 Waxy protein variants identified by protein electrophoresis

Allelic variant Difference to wild variant in electrophoresis® Cyv. or accession of reference References
Wx-Alb Null cv. Kanto107 (common wheat) 1
Wx-Alc Greater mobility and more basic isoelectric point QT105 (common wheat) 2
Wx-Ald Greater mobility KU8937B (wild emmer) 3
Wx-Ale More basic isoelectric point KU3655 (durum wheat) 3
Wx-Alg Reduced amount of protein PI-348476 (spelt) 4
Wx-Ali Reduced amount of protein KU9259 (durum wheat) 3
Wx-Alj More basic isoelectric point than Wx-Alc. Same mobility. PI-242428 (common wheat) 5
Wx-Blb Null cv. Kanto107 (common wheat) 1
Wx-Blc More basic isoelectric point cv. Cikotaba (common wheat) 2
Wx-Bld Greater mobility and more basic isoelectric point KU4213D (durum wheat) 3
Wx-Ble [Wx-Blc’] Less mobility cv. Cartaya (common wheat) 6
Wx-BIf Less mobility than Wx-B1a, similar to Wx-D1la BGE-012413 (durum wheat) 7
Wx-Blg Slightly less mobility than Wx-Bla BGE-012302 (emmer) 8
Wx-D1b Null cv Bai Huo (common wheat) 2
Wx-Dlc More basic isoelectric point cv. Scoutland (common wheat) 2
Wx-Dlg Less mobility PI-348701 (spelt) 9

Ref.: ] Nakamura et al. (1993a, b;) 2 Yamamori et al. (1994); 3 Yamamori et al. (1995); 4 Caballero et al. (2008v; 5 Yamamori and Yamamoto
(2011;) 6 Rodriguez-Quijano et al. (1998); 7 Nieto-Taladriz et al. (2000); 8 Guzman et al. (2011); and 9 Guzman et al. (2010)

# Allelic variants are Wx-Ala, Wx-Bla and Wx-D1a detected in cv. Chinese Spring (common wheat) by Ainsworth et al. (1993)

Together with the above-mentioned null alleles,
Yamamori et al. (1994) detected three of these variants:
Wx-Alc (seven Pakistani cultivars, slightly lower weight
and more basic isoelectric point), Wx-Blc (11 cultivars
from six countries, more basic isoelectric point) and Wx-
Dlc (American cv. Scoutland, more basic isoelectric
point). In a study with 303 accessions of tetraploid wheat,
Yamamori et al. (1995) detected novel variants with differ-
ent mobility to the standard ones such as Wx-Ale (more
basic isoelectric point) and Wx-B1d (greater mobility and
more basic isoelectric point). In this study were analysed
both durum wheat and its ancestors: emmer (7. furgidum
spp. dicoccum Schrank em. Thell.) and wild emmer (7.
turgidum ssp. dicoccoides Korn. ex Asch. & Graebner em.
Thell.). In these species, the null proteins were very infre-
quent (Wx-Alb: 2.64 % and Wx-B1b: 0 %), as confirmed
by Rodriguez-Quijano et al. (2003). However, Demeke
et al. (1997) identified several Wx-Al and Wx-B1 null
variants in Japanese, Australian and Canadian cultivars
of common wheat. Yamamori et al. (1995) also found one
durum wheat accession with reduced expression of Wx-Al,
later named Wx-Ali (Yamamori and Yamamoto 2011). In
spelt wheat (T. aestivum ssp. spelta L. em. Thell.), Cabal-
lero et al. (2008) also found a novel variant for Wx-A1 with
reduced expression that was named Wx-Ala’ and later cat-
alogued by MclIntosh et al. (2013) as Wx-Alg.

The methodology to separate waxy proteins was
improved by different means (Rodriguez-Quijano et al.
1998; Zhao and Sharp 1998), and the resolution of
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SDS-PAGE electrophoresis was sufficient to separate the
three waxy proteins of hexaploid wheat. Because of this,
Rodriguez-Quijano et al. (1998) detected in several acces-
sions of a collection of spelt and common wheat a novel
variant for Wx-B1 with slightly reduced mobility compared
to Wx-B1a, which they named Wx-Blc’ and was later cata-
logued as Wx-Ble by Yamamori and Quynh (2000). Nieto-
Taladriz et al. (2000) described in durum wheat another
novel variant named Wx-B1f with similar mobility to Wx-
Dla from common wheat. More recently, Yamamori and
Yamamoto (2011) added one more Wx-A1 variant with a
more basic isoelectric point than Wx-Ala and even Wx-
Alc, named Wx-Alj.

In addition to the mentioned studies on ancient wheat
species, the search for the variability of waxy proteins was
progressively applied to other Triticum species and wheat
relatives, mainly einkorn (7. monococcum L. ssp. monococ-
cum), T. urartu Thum. ex Gandil and the diploid species
of Aegilops, which have been related with the A, B and D
genomes of wheat (Salamini et al. 2002). In this way, Taira
et al. (1995) and Fujita et al. (1996) showed the SDS-PAGE
mobility differences and N-terminal sequence of waxy pro-
teins in these species. Later, Rodriguez-Quijano et al. (2004)
did not show intraspecific polymorphism for waxy proteins
in einkorn and Aegilops, but their mobility differed from their
homologs in common wheat, Wx-Ala and Wx-Bla.

Caballero et al. (2008) also identified and catalogued the
waxy protein variants found in relatives of wheat (einkorn
and Aegilops), although their nomenclature has not been
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Fig. 2 Diagrammatic representation of the waxy gene structure, composed by 12 exons and 11 introns

used in further studies, probably because of the absence of
molecular data that would better illustrate their results and
allow good comparisons with other alleles.

Guzman et al. (2009) found one einkorn accession with
a waxy protein, named Wx-A™1a’, with slightly less mobil-
ity than the common one of this species, described previ-
ously by Rodriguez-Quijano et al. (2004). Finally, Guzman
et al. (2010) found apparently null variants for Wx-Al,
Wx-B1 and Wx-D1 proteins in a Spanish spelt collection.
Additionally, they also found a novel variant for Wx-D1,
with less mobility than Wx-D1a, named Wx-Dlg.

Although the above-mentioned alleles were the end
results obtained, the procedure to find this variability
involved the analysis of multiple materials of different
geographical origins. For many of these studies, the main
result was the detection of null variants that permitted
their use in the development of novel cultivars with low
amylose content. In this respect, Graysbosch et al. (1998)
found null proteins for Wx-Al and Wx-B1 in USA com-
mon wheat, Zhao et al. (1998) confirmed the abundance
of null Wx-B1 protein in Australian varieties and Demeke
et al. (2000) only detected Wx-B1 null mutants in Cana-
dian materials. In European common wheat, Marcoz-Ragot
et al. (2000) identified Wx-A1 and Wx-B1 nulls and Wx-
Ble variants, and Boggini et al. (2001) found null proteins
for the three waxy loci in Italian common and durum wheat
accessions, including the extremely rare Wx-D1b, although
they presented no information to properly identify the
accessions carrying those alleles. In another study, Urbano
et al. (2002) identified, among others, two common wheat
accessions lacking the Wx-D1 protein (one Iranian and one
Italian). They detected more polymorphism in other tetra-
ploid wheat species, notably one Wx-B1 allele from durum
wheat with higher mobility, but those alleles were neither
classified by the authors nor appear in the Wheat Gene Cat-
alogue (Mclntosh et al. 2013).

Structure of the Wx gene

The first study at molecular level on the Wx gene was car-
ried out in maize, in which were detected null alleles due
to the insertion of transposable elements inside Wx (Shure
et al. 1983). In maize and rice (Olsen and Purugganan
2002), this gene has an internal structure fragmented in 13

exons and 12 introns. Later, other Wx genes from different
species such as pea (Dry et al. 1992), barley (Rohde et al.
1988) and potato (Visser et al. 1989) were obtained, in all
cases as a single-copy gene (Mason-Gamer et al. 1998),
with exception of the Rosaceae where the gene appears
duplicated (Evans et al. 2000).

The first report in wheat was by Clark et al. (1991), who
obtained a waxy cDNA sequence of 2186 bp, with an open
reading frame (ORF) of 1845 bp, although the association
of each waxy gene with its corresponding genome in com-
mon wheat could not be established. Based on the sequence
reported in Clark et al. (1991), Briney et al. (1998) devel-
oped a PCR marker that distinguished between Wx-Al wild
and null variants in Australian wheat.

Murai et al. (1999) carried out the complete isolation
and characterisation of the three waxy genes in cv. Chinese
Spring. They showed that the size of Wx-Al, Wx-BI and
Wx-DI was 2781, 2794 and 2862 bp, respectively, from
the start to stop codon, with the mature protein region very
similar between them (homology of 95.6-96.3 %). Each
of these Wx genes is formed by 12 exons and 11 introns
(Yan et al. 2000), similar to the barley genomic sequence
(Rohde et al. 1988), although in the first studies, that data
differed (11 exons and ten introns) because only the coding
sequence was considered (Fig. 2).

In durum wheat, using cv. Langdon as a reference, the
same team of Japanese researchers sequenced the waxy
genes (Wx-Ala and Wx-Bla) that despite being differ-
ent (especially the Wx-Bla) from those from cv. Chinese
spring were also named Wx-Ala and Wx-Bla. This some-
times complicates the identification of alleles, especially in
studies in which both species (common and durum wheat)
or other relatives are included, and indicates that these
allele names should be changed in the future with the nec-
essary consensus. To distinguish between them, we provi-
sionally named the durum wheat alleles in this review Wx-
AT]q and Wx-B™]a.

Molecular characterisation of the allelic variation
With the information of the waxy sequences available,
Vrinten et al. (1999) characterised at a molecular level the

null alleles of the cultivars used by Nakamura et al. (1995)
to create the first waxy common wheat (cv. Kanto 107:
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Wx-Al and Wx-BI null; and cv. Bai Huo: Wx-DI null).
Southern blot analyses revealed the presence of the Wx-A1
and Wx-D1 genes, but not Wx-B1, which sustained a dele-
tion that included its entire coding region. The size of this
deletion was estimated at around 60 kb and could include
other genes related to quality (Saito et al. 2009). The com-
parison among the Wx-Alb and Wx-D1b alleles and wild
alleles showed two different partial gene deletions in dif-
ferent regions of each gene. Wx-Alb had a 23-bp deletion
at the first exon—intron junction that resulted in the lack of
39 amino acids in the deduced protein, including part of the
signal peptide, while Wx-D1b showed a 588-bp deletion in
the 3"-region of the coding sequence that produced the lack
of the last 30 amino acids.

Molecular markers to detect these waxy null muta-
tions were developed in several studies. McLauchlan et al.
(2001) applied waxy markers to detect null alleles in Aus-
tralian breeding programme. Shan et al. (2007) and Liu
et al. (2008) successfully used these markers to screen their
materials for the presence of null alleles. Later Nakamura
et al. (2002) developed a single multiplex PCR to simulta-
neously detect the three null alleles (Wx-A1b, Wx-B1b and
Wx-D1b) present in cvs. Kanto107 and Bai Huo. Saito et al.
(2009) designed an improved codominant marker to detect
the Wx-B1b allele.

The development of these types of molecular markers
has aided screening for the presence of null alleles, together
with the detection of novel mimetic alleles at protein level
in each of the wheat genomes, which have been identified
and characterised. The characteristics of the alleles detected
in these three genomes are shown in the next sections of
this review.

Variants of Wx-A1I gene

Up to now, the Wx-AI gene has shown the highest number
of alleles (Table 2). Using the primers designed by Naka-
mura et al. (2002) for Wx-A1, Saito et al. (2004) discov-
ered that some accessions of Turkish common wheat, not
showing Wx-A1 protein using 2D electrophoresis, did not
produce the expected 370-bp band product of Wx-Alb but
a 200-bp longer one. The sequence of this PCR product
revealed the presence of an extra 173-bp in the fourth exon
of Wx-AI gene from those accessions. This insertion gener-
ates a premature stop codon and likely leads to the forma-
tion of a truncated protein. This allele is known as Wx-AIf.
The insertion had the characteristics of a transposable-like
element (TLE).

The TLE presence inside the Wx gene was widely
described in rice by Nagano et al. (2002), which could
affect the posttranscriptional maturation of these genes
and thus also their expression (Cai et al. 1998). In spelt,
Caballero et al. (2008) detected a Wx-Al allele with
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reduced expression that was characterised by Guzman
et al. (2012a). This allele (catalogued as Wx-Alg) presented
a 160-bp insertion (TLE) in the fourth intron that could
affect the maturation of primary transcripts due to aberrant
splicing, which probably reduced the final amount of the
Wx-A1 protein in the grain.

More recently, Yamamori and Guzman (2013) charac-
terised five Wx-Al alleles previously identified by means
of SDS-PAGE and 2D electrophoresis (Yamamori et al.
1994, 1995). The analysis of the nucleotide sequence of
the two alleles (Wx-Alc and Wx-Ali) detected in common
wheat showed that the differences can be both in the coding
region and in the untranslated region (UTR). The Wx-Alc
allele presented two SNPs, one due to a transition (A — G)
within the eighth exon generated a change in amino acid
sequence (Glu405 — Gly), whereas the Wx-Ai allele also
presented a 376-bp TLE in the 3-UTR. These changes
could be associated with reduced enzymatic activity in the
case of Wx-Alc, or reduced gene expression for the Wx-Ali
allele. In our recent study (Guzman et al. 2015), a novel
null Wx-Al allele was characterised in Mexican common
wheat landraces, which had a deletion spanning the last
three-and-a-half exons of the gene. This allele was cata-
logued with the tentative name Wx-Alo.

More variability for this gene was detected in tetraploid
wheat. In the study of Yamamori and Guzman (2013), the
other three alleles characterised (Wx-Ald, Wx-Ale and Wx-
Alj) were from tetraploid wheat. Compared with the wild
allele (Wx-Ala), Wx-Ald had only a SNP (G — A) in posi-
tion 1848 of the eighth exon that led to Val — Met. In con-
trast, the other two alleles had up to four SNPs compared
with the reference allele. In the Wx-Ale allele, only one
of these SNPs (G — A in position 2123 within the ninth
exon) affected the amino acid sequence, producing the
change Glu480 — Lys inside a highly conserved area of
waxy proteins. For the Wx-Alj allele, two of these SNPs
caused amino acid changes: one common with Wx-Alc
(position 2042; Trp453 — Arg) and the other in position
482 (GIn134 — Lys).

Using a partial sequence of Wx-Al from cv. Buck Topa-
cio, Vanzetti et al. (2010) found that the absence of the
Wx-A1 protein in that durum cultivar was associated with
a 1-bp deletion in the sixth exon, resulting in a frameshift
generating a stop codon. This allelic variant was catalogued
as Wx-Alh. Recently, Ortega et al. (2015) obtained the
complete sequence of this allele in another durum wheat
(cv. Astrodur), whose null allele was previously classified
as Wx-A1b (Nieto-Taladriz et al. 2000).

Although other wheat genes have been included in the
Wheat Gene Catalogue (MclIntosh et al. 2013), some Wx
alleles described in the literature have not. Monari et al.
(2005) described a durum wheat line (MG 826) without
Wx-Al protein. The evaluation of its nucleotide sequence
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Table 2 Waxy alleles of the Wx-Al gene

Allele NCBI ID Species. Standard Remarkable changes References

Wx-Ala AB019622 Bread wheat. DNA: Wild sequence of this species 1
cv. Chinese Spring  Protein: Wild protein

Wx-Al1a AB029063 Durum wheat. DNA: Wild sequence of this species 1
cv. Langdon Protein: Wild protein. 3 amino acid changes respect to Wx-Ala

Wx-A1™q  AB029061 Wild emmer DNA: Wild sequence of this species 1

Protein: Wild protein. 2 amino acid changes respect to Wx-Ala

Wx-A"la KF612977 Einkorn. DNA: Wild sequence of this species 2
PI 191094 Protein: Wild protein. 26 amino acid changes respect to Wx-Ala

Wx-Alb AF113843 Bread wheat. DNA: 23 bp deleted at the first exon—intron junction [pseudogene] 3
cv. Kanto107

Wx-Alc AB737981 Bread wheat. DNA: 2 SNPS. One novel: position 1804, 8™ exon, A — G. 4
QT105 Protein: Glu405 — Gly

Wx-Ald AB737982 Wild emmer. DNA: 1 SNP. Position 1848, 8" exon, G — A 4
KU8937B Protein: Val420 — Met

Wx-Ale AB737983 Durum wheat. DNA: 4 SNPs. Only G — A in position 2123, 9th exon, with effect 4
KU3655 Protein: Glu480 — Lys

Wx-Alf AY376310 Bread wheat. DNA: 173-bp insertion in 4th exon. Change of ORF [pseudogene] 5
cv. Turkey-124

Wx-Alg HQ625382 Spelt. DNA: 160-bp insertion in 4th intron. 6
BGE-012911 Protein: Reduced expression

Wx-Alh GQ120523 Durum wheat. DNA: 1-bp deletion in 6th exon. Change of ORF [pseudogene] 7
cv. Buck Topacio

Wx-Ali AB737984 Durum wheat. DNA: 376-bp insertion in the 3” untranslated region 4
KU9259 Protein: Reduced expression

Wx-Alj AB737985 Bread wheat. DNA: 4 SNPS 4
P1-242428 Protein: Two amino acid changes not affecting activity

Wx-Alk - Durum wheat. DNA: 89-bp insertion in 6th exon. Change of ORF [pseudogene] 8
MG-826

Wx-All - Wild emmer. DNA: 1-bp insertion in 10th exon. Change of ORF [pseudogene] 9
KU13454

Wx-Alm - Emmer. DNA: 1-bp deletion in 4th exon. Change of ORF [pseudogene] 9
KU14294

Wx-Aln JN935600 Emmer. DNA: Some SNPs in exons 10
CGN161104 Protein: 5 amino acid changes respect to Wx-Ala

Wx-Alo KF861807 Bread wheat. DNA: 738 bp deleted affecting 9th, 10th, 11th, and 12th exon [pseudogene] 11
cv. CWI61656

Wx-A"1b AF110373 Einkorn. DNA: Several SNPs in exons and introns respect to Wx-A"la 12
AUS 22986 Protein: Wild protein. 2 amino acid changes respect to Wx-A™1a

Ref.: 7 Murai et al. (1999); 2 Ortega et al. (2014a, b); 3 Vrinten et al. (1999); 4 Yamamori and Guzman (2013); 5 Saito et al. (2004); 6 Guzman
et al. (2012a); 7 Vanzetti et al. (2010); 8 Monari et al. (2005); 9 Saito and Nakamura (2005); /10 Guzman et al. (2012b); /1 Guzman et al. (2015);

and /2 Yan et al. (2000)

indicated that this allele had an 89-bp insertion in the sixth
exon, which leads to a frameshift change with a premature
stop codon and the consequent absence of the protein.
As the information given is complete, we propose nam-
ing this allele Wx-Alk. Saito and Nakamura (2005) also
reported two different Wx-Al null alleles, one in emmer
and another in wild emmer. Both consisted of a single
nucleotide insertion and deletion in the tenth and fourth
exons, respectively, which changed the ORF and led to the
absence of Wx-Al protein. We propose identifying and
cataloguing these alleles not done previously as Wx-All

and Wx-AIm. Guzman et al. (2012b) also described in
spelt (and emmer) one new allele that has five amino acid
changes with respect to Wx-Ala that could be catalogued
as Wx-Aln.

The variation detected in the cultivated diploid wheat
(einkorn) is notably lower. In fact, only two alleles have
been sequenced, with small differences between them.
The Wx-A"1b allele obtained by Yan et al. (2000) has two
amino acid changes (Lys360 — Asn; and Asp367 — Asn)
with respect to the Wx-A"Ia allele sequenced by Ortega
et al. (2014a).

@ Springer
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Table 3 Waxy alleles of the Wx-B1 gene

Allele NCBI ID Standard Remarkable changes References

Wx-Bla AB019623 Bread wheat. DNA: Wild sequence of this species 1
cv. Chinese Spring Protein: Wild protein

Wx-B™1a AB029064 Durum wheat. DNA: Wild sequence of this species 1
cv. Langdon Protein: Wild protein. 14 amino acid changes respect to Wx-Bla

Wx-BI™a  AB029062  Wild emmer DNA: Wild sequence of this species 1

Protein: Wild protein. 2 amino acid changes respect to Wx-Bla

Wx-B1b - Bread wheat. DNA: Entire coding region deleted 2
cv. Kanto107

Wx-Blc - Bread wheat. DNA: At least 4 SNPs in 3rd, 9th and 10th exons. 3
cv. Cikotaba Protein: 4 amino acid changes Gly — Arg in exon 3, Asp — Asn in exon 9,

Glu — Met and Asp — Asn in exon 10.

Wx-Bld - Durum wheat. DNA: Three nucleotides deleted in 8th exon. 3
KU4213D Protein: Glu deleted.

Wx-Ble GQ205418 Durum wheat. DNA: Several SNPs in exons and introns 4

[Wx-Blic] cv. Mexicali Protein: 14 amino acid changes respect to Wx-B™1a and 1 to Wx-Bla.

Wx-BIf - Durum wheat. DNA: Not sequence available 5
BGE-12413 Protein: Less mobility than Wx-B1a, similar to W-D1a

Wx-Blg GQ205417 Emmer. DNA: Wild sequence on this species 4
BGE-275999 Protein: Wild protein. 15 amino acid changes respect to Wx-B™1a and 1 to

Wx-Bla

Wx-Blh GQ205418 Emmer. DNA: Several SNPs in exons and introns 4

[Wx-Blc*] BGE-275996 Protein: 14 amino acid changes respect to Wx-BTdla and 1 to Wx-Bla.

Wx-Bli HQ338721 Spelt. DNA: Some SNPs in exons and introns 6
CGN8384 Protein: 2 amino acid changes respect to Wx-Bla

Wx-Blj JN935595 Spelt. DNA: Some SNPs in exons and introns 6
CGN11460 Protein: 1 amino acid changes respect to Wx-Bla

Wx-Blk KP726909 Indian dwarf wheat. DNA: Insertion of 4 nucleotides in 7th exon (position 1437 from the start 7
P1272580 codon). Change of ORF [pseudogene]

Wx-B1l KF861808 Bread wheat. DNA: Deletion nucleotide 311 in 2™ exon. Change of ORF [pseudogene] 8
CWI60507

Wx-Blm KP726910 Club wheat. DNA: Deletion of four nucleotides in 2" exon (position 157 from the start 7
PI 442911 codon). Change of ORF [pseudogene]

Ref.: 1 Murai et al. (1999); 2 Vrinten et al. (1999); 3, Yamamori et al. (2013); 4 Guzman et al. (2011); 5 Nieto-Taladriz et al. (2000); 6 Guzman

et al. (2012b); 7 Ayala et al. (2015); and 8§ Guzman et al. (2015)

Variants of the Wx-B1 gene

Although some authors consider that the Wx-BI gene has
a greater effect on amylose content than the other two Wx
genes (Araki et al. 2000; Yamamori and Quynh 2000), few
alleles of this gene have yet been characterised (Table 3).
No sequence of alleles Wx-Blc or Wx-Bld is included in
GenBank, although molecular characterisation has been
carried out (Yamamori et al. 2013).

Analysis of the nucleotide sequence indicated that
the alleles considered as wild (Wx-Bla) in common and
durum wheat are clearly different. Therefore, the wild
allele of durum wheat present in cv. Langdon, named
Wx-B™]qa, showed 14 changes in the deduced amino acid
sequence (NCI ID: AB029064.1). This circumstance was
observed in other alleles exclusively classified by pro-
tein separation. Rodriguez-Quijano et al. (1998) named
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as Wx-Blc' a new allele detected in common wheat (cv.
Marifiar), although they suggested that this probably
corresponded to Wx-Blc found in durum (cvs. Junbuk
12 and Cikotaba) by Yamamori et al. (1994). This same
Spanish group identified as Wx-BIc' the Wx-BI alleles
present in durum wheat cvs. Astrodur and Loberio ruivo
(Nieto-Taladriz et al. 2000). However, Yamamori and
Quynh (2000) reclassified this new allele as Wx-Ble in
common wheat (cv. Bai Huo). Rodriguez-Quijano et al.
(2003) also assumed this reclassification for cvs. Astro-
dur and Mexicali. The nucleotide sequences of this allele
were partially obtained by Vanzetti et al. (2009) in cv.
Buck Poncho (NCBI ID: AY954026), and completely
by Klimushina et al. (2013) in cv. Korotyshka (NCBI
ID: KF305522). Our own data obtained with the Wx-BI
sequence of cv. Mexicali (NCBI ID: GQ205420) sug-
gested that these sequences differ (Guzman et al. 2011).
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Table 4 Waxy alleles of the Wx-D1I gene
Allele NCBI ID Standard Remarkable changes References
Wx-Dla AB019624 Bread wheat. DNA: Wild sequence of this species 1
cv. Chinese Spring Protein: Wild protein
Wx-D1b AF113844 Bread wheat. DNA: 588 bp deleted in 3’ coding region [pseudogene] 2
cv. BaiHuo
Wx-Dlc - Bread wheat. DNA: SNP in 2nd exon. 3
cv. Scoutland Protein: Asn — Lys in exon 2
Wx-D1d - Bread wheat. DNA: Not sequence available 4
K107Wx1 and K107Wx2 Protein: No protein detected
Wx-Dle - Bread wheat. DNA: No amplification with primers in the 3“end of waxy 5
NP-150 genes. [pseudogene]
Wx-DIf - Bread wheat. DNA: G — Cinexon 6
Tanikei A6599-4 Protein: Ala258 — Thr.
Wx-D1h - Bread wheat. DNA: 724-bp deletion spanning from 7th to 10th exon 7
Iran-689 [pseudogene]

Ref.:  Murai et al. (1999); 2 Vrinten et al. (1999); 3 Yamamori et al. (2013); 4 Yasuie et al. (1998), Shariflou and Sharp (1999), 6; 5 Yanagisawa

et al. (2001); and 7 Monari et al. (2005)

In this study by our group, one Wx gene of emmer,
whose Wx-B1 protein looked slightly lighter than that
of durum in SDS-PAGE electrophoresis, was sequenced.
Molecular data confirmed the result, and 15 amino acids
were found to differ from durum allele Wx-B™Ja and
one from common wheat Wx-Bla. This allele was named
Wx-Blg. Another emmer allele with the same electro-
phoretic mobility as protein variant Wx-Ble (Wx-Blc”)
was also sequenced, and had one amino acid different
from that of cv. Mexicali. For this reason, this emmer
allele was considered novel and named Wx-BlIc*. Fol-
lowing a more logical nomenclature according to the
official gene catalogue (Mclntosh et al. 2013), we pro-
pose reassigning Wx-Blc* as Wx-Blh. A recent study by
our group found that under the Wx-Ble denomination
were several alleles with similar mobility in protein sep-
aration but different nucleotide sequence (Ortega et al.
2015).

Two additional novel Wx-BI alleles were found
in spelt wheat (Guzmaéan et al. 2012b), which showed
changes of two and one amino acid compared to the
reference alleles and we propose naming these alleles
Wx-Bli and Wx-Blj, respectively. A novel null allele
(Wx-B1l) was characterised in common wheat Mexi-
can landraces (Guzmadan et al. 2015). This allele had
a deletion of only one nucleotide, and not all the gene
as for Wx-B1b. This is particularly interesting because
in the region deleted with the Wx-BIb allele, other
genes related to quality could be included (Saito et al.
2009), and these would not be removed in the Wx-BI [
allele. Two additional novel Wx-BI null alleles (Wx-
Blk and Wx-Blm) had been recently discovered (Ayala
et al. 2015), which also do not involve the deletion of the
full gene and other adjacent regions.

Variants of the Wx-D1I gene

Little variation has been detected in the Wx-DI gene, with
only six alleles described in the Wheat Gene Catalogue
(Mclntosh et al. 2013). Two of them, wild (Wx-D1a) and
null (Wx-D1b) alleles, have been used as references for the
evaluation of the other four (Table 4). The Wx-Dic allele,
identified in cv. Scoutland (Yamamori et al. 1994), pre-
sented two SNPs: one transversion (C/G) inside the sec-
ond exon that led to Asn — Lys; and one transition (A/G)
within the third intron (Dr. Yamamori pers. commun.).

Shariflou and Sharp (1999) detected a microsatellite
marker in the 3’ waxy gene associated with null Wx-A1l and
Wx-D1 variants. In their study, line NP-150 carrying a null
Wx-D1 allele, and not related to cv. Bai Huo, showed no
amplified fragment for chromosome 7D. This novel null
Wx-D1 allele was catalogued as Wx-Dle. Previously, the
null Wx-D1 allele generated in cv. Kanto 107 seeds treated
with ethyl methanesulphonate (EMS) that resulted in
waxy lines K107Wx1 and K107Wx2 was named Wx-D1d,
although no sequence data were presented supporting this
nomenclature (Yasui et al. 1998).

The use of different primers and molecular markers con-
structed based on the waxy sequences allowed the identifi-
cation of novel alleles not distinguishable at protein level.
Yanagisawa et al. (2001) found a point mutation (G/C) that
resulted in Ala — Thr in the Tanikei A6599-4 line; this
allele was initially named Wx-Dle, but was finally cata-
logued as Wx-DIf (Mclntosh et al. 2013). Supplementing
this first study, a derived cleaved amplified polymorphic
sequence (dCAPS) marker was developed to detect this
allele (Yanagisawa et al. 2003).

Other novel mutations were identified in subsequent
years. Monari et al. (2005) characterised at a molecular
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level some of the null alleles previously described by
Urbano et al. (2002) at a protein level. Two wheat lines
showing the infrequent lack of Wx-D1 protein, Iran-689
and MG-20506, were shown to carry a different allele from
the Wx-D1b previously described by Vrinten et al. (1999),
as amplification was produced with primers designed using
the deleted area of Wx-D1b allele. Iran-689 had a deletion
of 724-bp spanning exons 7-10 that caused the absence
of the protein. This allele was not catalogued at that time.
As the information presented by the authors is complete
(protein + DNA sequence data), we propose naming this
allele Wx-D1h and including it in the gene catalogue. The
MG-20506 Wx-DI allele was not completely sequenced
and no mutation was detected that explained the absence
of the protein. The authors suggested that a point muta-
tion may be present in regions of the gene that were not
sequenced.

Wx gene in wheat relatives

The interest in wheat relatives as sources of variation for
Wx genes has been parallel to the search of the variation in
wheat, as described above. However, here we comment on
the data obtained with wild species donors of the genomes
present in wheat, such as 7. urartu and Aegilops spp.

Yan et al. (2000) reported the waxy genes from two
of the putative genome (B and D) donor species of com-
mon wheat (Ae. speltoides and Ae. tauschii). In Table 5,
we propose considering these sequences as wild alleles
in these species (Wx-B*'1a and Wx-D"1a, respectively).
The nucleotide sequence of Ae. speltoides showed great
polymorphism compared to the Wx-Bla allele of common
wheat, which was traduced in 13 amino acid changes in
the deduced sequence. However, the similarity was clearly
greater in the Ae. tauschii sequence, and was almost equal
to that of Wx-Dla.

Other Aegilops species are indirectly related to the wheat
genomes, mainly diverse species of the Sifopsis section,
such as Ae. longissima, Ae. searsii, Ae. sharonensis and
Ae. speltoides that some authors have associated with the
B genome (see Tsunewaki and Ogihara 1983 for a review).
In a recent study, Ortega et al. (2014b) analysed Wx gene
variation in accessions of these species, together with other
diploid Aegilops species (Ae. comosa, Ae. markgrafii and
Ae. umbellulata), whose genomes have been related with
the D genome. There were 19 new alleles detected in this
study, suggesting great potential of these species as sources
of variation in Wx genes that could be used in wheat breed-
ing. We propose a nomenclature for these alleles that could
be included in the official gene catalogue (Table 5).

Studies on the Wx gene in T. wurartu, putative donor
of the A genome, are limited and, in general, with par-
tial sequences (Mason-Gamer et al. 1998; Yan and Bhave
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2000). The first complete genomic sequence of this gene
(Wx-Al"a) in this species was reported in 2012, and had 27
amino acids different from those of Wx-A/la (Guzman and
Alvarez 2012). More recently, four new alleles were found
in this species (Ortega et al. 2014a), which could also be
added to the official gene catalogue.

Effect of Wx gene mutations on amylose content
and end-use quality

The effect of the variation previously described on starch
properties has been widely studied, although many of
these studies used the null alleles of each Wx gene (Araki
et al. 2000; Kim et al. 2003; Miura and Sugawara 1996,
Miura et al. 1999, 2002; Wickramasinghe et al. 2003). In
this respect, in common wheat, Yamamori et al. (1994)
described eight types by combining wild and null alleles
at the Wx-Al, Wx-B1 and Wx-D1 loci. The wild type (Wx-
Ala, Wx-Bla, Wx-Dla) was named type 1, whereas type
8 corresponded with waxy wheat (Wx-Alb, Wx-B1b, Wx-
DIb). The remaining types (2-7) were classified as par-
tial waxy lines. In general, the presence of three Wx loci
in hexaploid wheat has made it difficult to develop wheat
with low or null amylose content, due to the dosage effect
of any active Wx gene on amylose content (Yamamori and
Quynh 2000). Consequently, the partial waxy lines usually
show amylose contents over 16 %, and only the triple null
mutant (type 8) has very low values (less than 3 %) (Kim
et al. 2003; Miura et al. 2002; Nakamura et al. 1995).

Several studies have reached similar conclusions con-
cerning the effect of null Wx alleles on starch properties
(Araki et al. 2000; Kim et al. 2003; Miura and Sugawara
1996, Miura et al. 1999, 2002; Yamamori and Quynh
2000; Wickramasinghe et al. 2003)—the Wx-B1 protein
has the most striking effect on amylose synthesis in all
studies. However, the lack of Wx-Al or Wx-D1 protein
does not always lead to a significant decrease in amylose
content (Kim et al. 2003); while the absence of Wx-D1
was reported to have a greater effect than that of Wx-Al
(Yamamori and Quynh 2000), this difference was not sig-
nificant in other studies.

A different level of expression that confers different
amounts of each waxy protein is the likely reason for the
different effects of the null alleles (Yamamori and Quynh
2000), with the Wx-B1 protein more abundant than the oth-
ers. The three null alleles combined lead to the waxy phe-
notype (0 % amylose) as mentioned above. The properties
of waxy wheats were well reviewed in Graybosch (1998)
and Yasui (2006).

Although in initial analyses they were considered as
null, some of the above-mentioned variants showed truly
low or reduced expression. Demeke et al. (1997) found
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Table 5 Waxy alleles in wheat relatives

Species Allele NCBIID Standard Remarkable changes References
T. urartu Wx-Al"a  IN857937 MG-26992 DNA: Wild sequence of this species 1
Protein: Wild protein. 27 amino acid changes respect to Wx-Ala
Wx-A1'b  KF612973 PI1427328  DNA: Several SNPs in exons and introns respect to Wx-Al"a 2
Protein: 4 amino acid changes respect to Wx-Al'a
Wx-Al'c KF612974  P1428217  DNA: Several SNPs in exons and introns respect to Wx-A1"a 2
Protein: 8 amino acid changes respect to Wx-Al"a
Wx-Al'd  KF612975 TRI 6734 DNA: Several SNPs in exons and introns respect to Wx-Al“a 2
Protein: 3 amino acid changes respect to Wx-Al'a
Wx-Al"e KF612976  PI538733  DNA: Several SNPs in exons and introns respect to Wx-Al"a 2
Protein: 6 amino acid changes respect to Wx-Al"a
Ae. comosa Wx-Mla JX402790 PI 542172  DNA: Wild sequence of this species 3
Protein: Wild protein. 9 amino acid changes respect to Wx-Dla
Wx-M1b JX625135 PI 551022  DNA: Three SNPs respect to Wx-Mla 3
Protein: No change respect to Wx-M1la
Wx-Mlc JX679003 PI 551038  DNA: Several SNPs in exons and introns respect to Wx-MlIa 3
Protein: 2 amino acid changes respect to Wx-Mla
Wx-M1d JX679004 PI551048  DNA: Several SNPs in exons and introns respect to Wx-M1la 3
Protein: 6 amino acid changes respect to Wx-Mla
Wx-Mle JX679005 PI1551064  DNA: Several SNPs in exons and introns respect to Wx-Mla 3
Protein: No change respect to Wx-Mla
Ae. longissima ~ Wx-S'la JX679018 PI1604106  DNA: Wild sequence of this species 3
Protein: Wild protein. 16 amino acid changes respect to Wx-Bla
Wx-S'1b JX679019 PI 604130  DNA: Several SNPs in exons and introns respect to Wx-S'Ia 3
Protein: 1 amino acid changes respect to Wx-S'la
Ae. markgrafii. ~ Wx-Cla JX679009 PI1263554  DNA: Wild sequence of this species 3
Protein: Wild protein. 8 amino acid changes respect to Wx-Dla
Wx-Cl1b JX679010 PI551129  DNA: Several SNPs in exons and introns respect to Wx-Cla 3
Protein: 6 amino acid changes respect to Wx-Mla
Ae. searsii Wx-S*1a JX679011 P1599124  DNA: Wild sequence of this species 3
Protein: Wild protein. 16 amino acid changes respect to Wx-Bla
Wx-S°1b JX679012 PI599157  DNA: Several SNPs in exons and introns respect to Wx-S*/a 3
Protein: 3 amino acid changes respect to Wx-S°la
Ae. sharonensis  Wx-S""1a  JX679016 PI 584372  DNA: Wild sequence of this species 3
Protein: Wild protein. 16 amino acid changes respect to Wx-Bla
Wx-S"1b  IX679017 PI 584396  DNA: Several SNPs in exons and introns respect to Wx-$*"1a 3
Protein: 3 amino acid changes respect to Wx-S*1a
Ae. speltoides ~ Wx-B*'1a AF110374  AUS 21638 DNA: Wild sequence of this species 4
Protein: Wild protein. 13 amino acid changes respect to Wx-Bla
Wx-Sla JX679013 PI219867  DNA: Several SNPs in exons and introns respect to Wx-B*'/a 3
Protein: 12 amino acid changes respect to Wx-BA*!1a
Wx-S1b IJX679014 PI 554296  DNA: Several SNPs in exons and introns respect to Wx-B*"Ia 3
Protein: 9 amino acid changes respect to Wx-BA%1a
Wx-Sic JX679015 PI 487232  DNA: Several SNPs in exons and introns respect to Wx-B*/a 3
Protein: 10 amino acid changes respect to Wx-B**'Ia
Ae. tauschii Wx-DMla  AF110375 CPI110799 DNA: Wild sequence of this species 4
Protein: Wild protein. No differences with bread wheat
Ae. umbelullata Wx-Ula JX679006 PI298906  DNA: Wild sequence of this species 3
Protein: Wild protein. 6 amino acid changes respect to Wx-Dla
Wx-Ulb IX679007 PI 478219  DNA: Two SNPs respect to Wx-Ula 3
Protein: No change respect to Wx-Ula
Wx-Ulc JX679008 P1542372  DNA: Several SNPs in exons and introns respect to Wx-Ula 3

Protein: Protein: 2 amino acid changes respect to Wx-Ula

Ref.: / Guzman and Alvarez (2012); 2 Ortega et al. (2014a); 3, Ortega et al. (2014b); and 4, Yan et al. (2000)
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that the Canadian cv. Reward had a reduced amount of the
Wx-B1 protein, probably associated with the contribution
of one parent (cv. Prelude). However, the molecular rea-
son for this reduced expression has not been evaluated. A
similar process was observed by Caballero et al. (2008) for
the Wx-A1 protein in some Spanish spelt accessions. The
molecular characterisation of this allele (Wx-Alg) showed
the presence of a TLE inside the fourth intron that modified
the normal splicing of the mRNA (Guzman et al. 2012a).
This implies that only a small part of this mRNA is cor-
rectly processed and the Wx-A1 protein appears in reduced
amounts, which could reduce amylose synthesis. This
opens the way for development of new waxy wheat types
where these allelic variants are associated with double nul!
alleles for the other two Wx genes, which could be termed
‘quasi-waxy’.

Yamamori (2009) and Yamamori and Yamamoto (2011)
started the process, with the transfer of different waxy
alleles described previously, to a complete waxy line (null
for the three waxy genes). This allowed individual analy-
sis of the effect of each allele or protein variant, without
the interaction of the homologous proteins. Common wheat
lines carrying a waxy protein produced by one variant (e.g.
Wx-Alc) and one control (e.g. Wx-Ala) allele were bred
and their amylose contents compared (Yamamori 2009). It
was concluded that the Wx-Ale allele did not have amyl-
ose synthesis activity, while Wx-Alc, Wx-Blc and Wx-
Bld reduced amylose content compared to Wx-Ala and
Wx-Ble (around 6.5, 4.0 and 3.0 %, respectively) and
therefore had reduced enzymatic activity. The Wx-Dlic
allele encoded a variant that led to slightly higher amyl-
ose content, whereas the Wx-Ali allele, with reduced pro-
tein expression, decreased amylose content by around
14 % compared to Wx-Ala, enabling the generation of the
above-mentioned quasi-waxy lines with amylose content of
6—8 % (Yamamori and Yamamoto 2011). However, Wx-A Ij
did not show significantly different activity from Wx-Ala.
Yamamori and Guzman (2013) confirmed part of these
results.

In many of the studies mentioned in this section, in addi-
tion to amylose content, starch properties, such as past-
ing, swelling power or paste clarity, were also analysed,
with differences generally found based on amylose content
changes. These differences have significant effects on dif-
ferent processing and end-use quality traits of diverse prod-
ucts. Although this is a vast topic and a full discussion is
outside the scope of this document, some of the main con-
clusions reached by several studies are commented below.

Most of the research done about the effect of starch
properties on end-use quality has been carried out in ori-
ental noodles, because the direct impact of starch prop-
erties on their characteristics is well known. High peak
viscosity, high breakdown and swelling power were
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identified as factors responsible for superior Japanese
udon noodles quality (Crosbie 1991; Oda et al. 1980),
and to some extent in Cantone and instant noodles (Baik
et al. 1994). Those starch properties are related to less
amylose content (Miura and Tanii 1994; Zeng et al.
1997). However, although showing higher breakdown
and higher swelling power than conventional starches,
flours made from waxy wheat (no waxy protein, 0 %
amylose) were found not suitable for making noodles,
being sticky, extremely soft upon cooking, and did not
maintain the integral structure of the noodle strands (Baik
and Lee 2003; Hayakawa et al. 2004). The use of partial
waxy lines (flour with reduced amylose content, around
15-19 %) or flours blend with waxy flour (30-50 %)
seems to be more suitable for that product as showed
by Baik et al. (2003). This could be also used to prepare
more increased staling- and freezing-tolerant grain-based
foods (Hayakawa et al. 2004).

Other studies have analysed the bread-making quality
of partial and full waxy lines. With full waxy flour, Morita
et al. (2002) developed bread with slightly higher initial
volume than those done with non-waxy flour, but with
breadcrumbs soft, viscous and glutinous, which could not
keep the original form after baking. Similar results were
found by Jonnala et al. (2010): the initial loaf volume was
high with full waxy flour, but the structure becomes unsta-
ble and collapses within the first day of baking. Besides the
internal crumb showed dark brown colour and poor appear-
ance with large gas cells. Park and Baik (2007) reached the
same conclusions. For pasta-making, durum waxy wheat
was not found suitable because of its softening effect (Vig-
naux et al. 2005). Martin et al. (2008) showed that the
smaller reductions in amylose content (Wx-Bl null) did
not cause an important effect on bread quality. Using flours
with ~16 % amylose content (double null waxy), Park and
Baik (2007) obtained bread of comparable loaf volume to
that of non-waxy flours but with greater crumb moisture
content and softer crumb texture, which could recommend
its use for bread-making.

Future trends and conclusions

The knowledge on the effect of the Wx alleles mentioned in
the previous sections has opened the way for the direct use
of this variation to develop new wheat cultivars with starch
modification. As mentioned above, Nakamura et al. (1995)
were the first to develop a waxy wheat by a cross between
two partial waxy cultivars. Afterward, several groups devel-
oped new waxy lines by classical or modern breeding pro-
cedures (Kiribuchi-Otobe et al. 1997; Morris and King
2007; Morris and Konzak 2001; Urbano et al. 2002; Yasui
et al. 1997; Zhao et al. 1998).
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More studies are required to determine more about
the specific effects on starch properties of the other non-
null alleles described in this document. The studies of
Yamamori (2009) and Yamamori and Yamamoto (2011)
are good examples of this kind of research that should be
expanded. In addition, effects on processing and end-use
quality traits of the novel starches generated need deeper
study. The transfer of alleles found in genetic resources
(neglected wheats and wild relatives) to modern wheat is
also required to give value to all the previous characterisa-
tion work on variability.

Parallel studies on other starch enzymes, mainly SGP-
1, have permitted the alternative development of wheat
lines with high amylose content (Yamamori et al. 2006),
which has been associated with a higher content of resist-
ant starch, for which health benefits are well-established
(Asp et al. 1996; Topping 2003). The combined use of the
null variants for both enzymes (GBSS-I and SGP-1) per-
mitted development of a wheat line without amylose and
with reduced starch content, but high contents of sucrose
and maltose (Nakamura et al. 2006).

Although part of the natural allelic variation described
in the previous sections has been used, other research
groups have opted for the generation of new variation
using mutagenic procedures such as TILLING technology
(Targeting Induced Local Lesions in Genomes). The TILL-
ING technology that combines the mutagenic chemical
agents (sodium azide or EMS) and PCR-based screening
has been successfully used for the generation of mutant
SSIla and SBEIla/b variants (Botticella et al. 2011; Hazard
et al. 2012; Sestili et al. 2010a; Slade et al. 2012; Uauy
et al. 2009;). However, its utility in Wx genes has been
more limited because these genes have higher natural vari-
ation, including null variants for the three wheat genomes.

Despite the low social acceptability of genetically
modified organisms, transgenic approaches have been
used for starch modification in wheat. Sestili et al.
(2010b) used RNA interference technology to generate
durum wheat with higher amylose content by the sup-
pression of SBEIla genes. In this case, similar to the
above-mentioned TILLING approach, its use in Wx genes
has generated little interest due to the possibility of using
natural variation.

This review has shown that there has been much research
in the last three decades concerning these important pro-
teins that control in great part the amylose/amylopectin
ratio of wheat starch. This trait is important to determine
the processing, end-use and nutritional quality of wheat,
and is becoming increasingly important with the growing
demand for processed novel food of high quality.

Tens of papers focussed in modern wheat, landraces,
wheat ancestors and wild relatives have described large

variability for these proteins and their respective genes.
The proper ordering of all the data generated is the key to
enhancing use in breeding programmes of the current varia-
bility described, and thus generating wheat with novel starch
properties to satisfy the demands of industry and consumers.

Author contribution statement CG and JBA conceived,
designed and wrote this review.

Acknowledgments This research was supported by grant
AGL2010-19643-C02-01 from the Spanish Ministry of Economy
and Competitiveness, and the European Regional Development Fund
(FEDER) from the European Union, and by CRP Wheat project from
the CGIAR.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict
of interest.

Ethical standards The authors declare that this document complies
with the current laws of Spain.

References

Ainsworth C, Clark J, Balsdon J (1993) Expression, organization
and structure of the genes encoding the waxy protein (granule-
bound starch synthase) in wheat. Plant Mol Biol 22:67-82

Araki E, Miura H, Sawada S (2000) Differential effects of the null
alleles at the three Wx loci on the starch-pasting properties of
wheat. Theor Appl Genet 100:1113-1120

Asp NG, van Amelsvoort JMM, Hautvast JGAJ (1996) Nutritional
implications of resistant starch. Nutr Res Rev 9:1-31

Ayala M, Alvarez JB, Yamamori M, Guzman C (2015) Molecular
characterization of waxy alleles in three subspecies of hexa-
ploid wheat and identification of two novel Wx-BI alleles.
Theor Appl Genet. doi:10.1007/s00122-015-2597-7

Baik BK, Lee MR (2003) Effects of starch amylose content of wheat
on textural properties of white salted noodles. Cereal Chem
80:304-309

Baik B, Czuchajowska Z, Pomeranz Y (1994) Role and contribution
of Starch and protein contents and quality to texture profile
analysis of oriental noodles. Cereal Chem 71:315-320

Baik BK, Park CS, Paszczynska B, Konzak CF (2003) Characteristics
of noodles and bread prepared from double-null partial waxy
wheat. Cereal Chem 80:627-633

Boggini G, Cattaneo M, Paganoni C, Vaccino P (2001) Genetic vari-
ation for waxy proteins and starch properties in Italian wheat
germplasm. Euphytica 119:111-114

Botticella E, Sestili F, Hernandez-Lopez A, Phillips A, Lafiandra D
(2011) High resolution melting analysis for the detection of
EMS induced mutations in wheat Sbella genes. BMC Plant
Biol 11:156

Briney A, Wilson R, Potter RH, Barclay I, Crosbie G, Appels R, Jones
MGK (1998) A PCR-based marker for selection of starch and
potential noodle quality in wheat. Mol Breeding 4:427-433

Caballero L, Bancel E, Debiton C, Branlard G (2008) Granule-bound
starch synthase (GBSS) diversity of ancient wheat and related
species. Plant Breeding 127:548-553

@ Springer


http://dx.doi.org/10.1007/s00122-015-2597-7

14

Theor Appl Genet (2016) 129:1-16

Cai X-L, Wang Z-Y, Xing Y-Y, Zhang J-L, Hong M-M (1998) Aber-
rant splicing of intron 1 leads to the heterogeneous 5’ UTR and
decreased expression of waxy gene in rice cultivars of interme-
diate amylose content. Plant J 14:459-465

Chao S, Sharp PJ, Worland AJ, Warham EJ, Koebner RMD, Gale
MD (1989) RFLP-based genetic maps of wheat homoeologous
group 7 chromosomes. Theor Appl Genet 78:495-504

Clark JR, Robertson M, Ainsworth CC (1991) Nucleotide-sequence
of a wheat (Triticum aestivum L) cDNA clone encoding the
waxy protein. Plant Mol Biol 16:1099-1101

Crosbie GB (1991) The relationship between starch swelling proper-
ties, paste viscosity and boiled noodle quality in wheat flours. J
Cereal Sci 13:145-150

Demeke T, Hucl P, Nair RB, Nakamura T, Chibbar RN (1997) Evalu-
ation of Canadian and other wheats for waxy proteins. Cereal
Chem 74:442-444

Demeke T, Hucl P, Chibbar RN (2000) Frequent absence of GBSS 1
B isoprotein in endosperm starch of Canadian wheat cultivars.
Starch/Stiarke 52:349-352

Dry I, Smith AM, Edwards E, Bhattacharya M, Dunn P, Martin C (1992)
Characterisation of cDNAs encoding two isoforms of granule-
bound starch synthase which show differential expression in
developing storage organs of pea and potato. Plant J 2:193-202

Echt CS, Schwartz D (1981) Evidence for the inclusion of controlling
elements within the structural gene at the waxy locus in maize.
Genetics 99:275-284

Evans RC, Alice LA, Campbell CS, Kellogg EA, Dickinson TA
(2000) The Granule-bound starch synthase (GBSSI) gene in the
Rosaceae: multiple loci and phylogenetic utility. Mol Phylo-
genet Evol 17:388-400

FAO (2013) FAOSTAT. http://faostat.fao.org/

Faridi H, Faubion JM, eds. (1995). Wheat end uses around the World.
St Paul, MN, USA, American Association of Cereal Chemists

Fredriksson H, Silverio J, Andersson R, Eliasson AC, Aman P (1998)
The influence of amylose and amylopectin characteristics
on gelatinization and retrogradation properties of different
starches. Carbohydr Polym 35:119-134

Fujita N, Wadano A, Kozaki S, Takaoka K, Okabe S, Taira T (1996)
Comparison of the primary structure of waxy proteins (granule-
bound starch synthase) between polyploid wheats and related
diploid species. Biochem Genet 34:403-413

Graybosch RA (1998) Waxy wheats: origin, properties, and prospects.
Trends Food Sci Technol 9:135-142

Graybosch RA, Peterson CJ, Hansen LE, Rahman S, Hill A, Skerritt
JH (1998) Identification and characterization of US wheats car-
rying null alleles at the Wx loci. Cereal Chem 75:162-165

Guzman C, Alvarez JB (2012) Molecular characterization of a novel
waxy allele (Wx-A"la) from Triticum urartu Thum. ex Gandil.
Genet Resour Crop Evol 59:971-979

Guzman C, Caballero L, Alvarez JB (2009) Variation in Spanish cul-
tivated einkorn wheat (Triticum monococcum L. ssp monococ-
cum) as determined by morphological traits and waxy proteins.
Genet Resour Crop Evol 56:601-604

Guzman C, Caballero L, Moral A, Alvarez JB (2010) Genetic vari-
ation for waxy proteins and amylose content in Spanish spelt
wheat (Triticum spelta L.). Genet Resour Crop Evol 57:721-725

Guzman C, Caballero L, Alvarez JB (2011) Molecular characterisation of
the Wx-B1 allelic variants identified in cultivated emmer wheat and
comparison with those of durum wheat. Mol Breeding 28:403—411

Guzman C, Caballero L, Martin LM, Alvarez JB (2012a) Waxy genes
from spelt wheat: new alleles for modern wheat breeding and
new phylogenetic inferences about the origin of this species.
Ann Bot 110:1161-1171

Guzman C, Caballero L, Yamamori M, Alvarez JB (2012b) Molecular
characterization of a new waxy allele with partial expression in
spelt wheat. Planta 235:1331-1339

@ Springer

Guzman C, Ortega R, Yamamori M, Pefia RJ, Alvarez JB (2015)
Molecular characterization of two novel null waxy alleles in
Mexican bread wheat landraces. J Cereal Sci 62:8—14

Hayakawa K, Tanaka K, Nakamura T, Endo S, Hoshino T (1997)
Quality characteristics of waxy hexaploid wheat (Triticum aes-
tivum L.): properties of starch gelatinization and retrogradation.
Cereal Chem 74:576-580

Hayakawa K, Tanaka K, Nakamura T, Endo S, Hoshino T (2004) End
use quality of waxy wheat flour in various grain-based foods.
Cereal Chem 81:666—672

Hazard B, Zhang X, Colasuonno P, Uauy C, Beckles DM, Dubcovsky
J (2012) Induced mutations in the Starch Branching Enzyme II
(SBEII) genes increase amylose and resistant starch content in
durum wheat. Crop Sci 52:1754-1766

Huang YC, Lai HM (2010) Noodle quality affected by different cereal
starches. J Food Eng 97:135-141

Hucl P, Chibbar RN (1996) Variation for starch concentration in
spring wheat and its repeatability relative to protein concentra-
tion. Cereal Chem 73:756-758

James MG, Denyer K, Myers AM (2003) Starch synthesis in the
cereal endosperm. Curr Opin Plant Biol 6:215-222

Jonnala RS, MacRitchie F, Smail VW, Seabourn BW, Tilley M, Lafi-
andra D, Urbano M (2010) Protein and quality characteriza-
tion of complete and partial near-isogenic lines of waxy wheat.
Cereal Chem 87:538-545

Kim W, Johnson JW, Graybosch RA, Gaines CS (2003) Physico-
chemical properties and end-use quality of wheat starch as a
function of waxy protein alleles. J Cereal Sci 37:195-204

Kiribuchi-Otobe C, Nagamine T, Ohnishi M, Yamaguchi 1 (1997)
Production of hexaploid wheat with waxy endosperm character.
Cereal Chem 74:72-74

Klimushina MV, Kroupin PY, Divashuk MG, Karlov GI (2013) Molec-
ular characterization of Wx-Ble allele of common wheat. Izv
Timirjazevsk Selskokhoziaistvennoi Akad. 5:69-76 [in Rus.]

Liu YX, Li W, Chen HP, Wei YM, Chen GY, Lu YL, Zheng YL
(2008) Variation for glutenin and waxy alleles and their effect
on quality properties in Sichuan wheat landraces. J Plant Sci
3:266-276

Marcoz-Ragot C, Gateau I, Koenig J, Delaire V, Branlard G (2000)
Allelic variants of granule-bound starch synthase proteins in
European bread wheat varieties. Plant Breeding 119:305-309

Martin JM, Sherman JD, Lanning SP, Talbert LE, Giroux MJ (2008)
Effect of variation in amylose content and puroindoline com-
position on bread quality in a hard spring wheat population.
Cereal Chem 85:266-269

Mason-Gamer RJ, Weil CF, Kellogg EA (1998) Granule-bound starch
synthase: structure, function, and phylogenetic utility. Mol Biol
Evol 15:1658-1673

Mclntosh RA, Yamazaki Y, Dubcovsky J, Rogers WJ, Morris C, Appels
R, Xia XC (2013) Catalogue of gene symbols for wheat. [http://
www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/2013/
GeneSymbol.pdf]. Date of last successful Access 22 Apr 2014

McLauchlan A, Ogbonnaya FC, Hollingsworth B, Carter M, Gale
KR, Henry RJ, Holton TA, Morell MK, Rampling LR, Sharp
PJ, Shariflou MR, Jones MGK, Appels R (2001) Development
of robust PCR-based DNA markers for each homoeo-allele of
granule-bound starch synthase and their application in wheat
breeding programs. Aust J Agric Res 52:1409-1416

Miura H, Sugawara A (1996) Dosage effects of the three Wx genes
on amylose synthesis in wheat endosperm. Theor Appl Genet
93:1066-1070

Miura H, Tanii S (1994) Endosperm starch properties in several wheat
cultivars preferred for Japanese noodles. Euphytica 72:171-175

Miura H, Tanii S, Nakamura T, Watanabe N (1994) Genetic control
of amylose content in wheat endosperm starch and differential
effects of three Wx genes. Theor Appl Genet 89—-89:276-280


http://faostat.fao.org/
http://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/2013/GeneSymbol.pdf
http://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/2013/GeneSymbol.pdf
http://www.shigen.nig.ac.jp/wheat/komugi/genes/macgene/2013/GeneSymbol.pdf

Theor Appl Genet (2016) 129:1-16

15

Miura H, Araki E, Tarui S (1999) Amylose synthesis capacity of
the three Wx genes of wheat cv. Chinese Spring. Euphytica
108:91-95

Miura H, Wickramasinghe MHA, Subasinghe RM, Araki E, Komae
K (2002) Development of near-isogenic lines of wheat carrying
different null Wx alleles and their starch properties. Euphytica
123:353-359

Monari AM, Simeone MC, Urbano M, Margiotta B, Lafiandra D
(2005) Molecular characterization of new waxy mutants
identified in bread and durum wheat. Theor Appl Genet
110:1481-1489

Morell MK, Rahman S, Regina A, Appels R, Li Z (2001) Wheat
starch biosynthesis. Euphytica 119:55-58

Morita N, Maeda T, Miyazaki M, Yamamori M, Miura H, Ohtsuka I
(2002) Dough and baking properties of high-amylose and waxy
wheat flours. Cereal Chem 79:491-495

Morris CF (2002) Puroindolines: the molecular genetic basis of wheat
grain hardness. Plant Mol Biol 48:633-647

Morris CF, King GE (2007) Registration of ‘Waxy-Pen’ soft white
spring waxy wheat. Journal of Plant Registrations 1:23-24

Morris CF, Konzak CF (2001) Registration of hard and soft homozy-
gous waxy wheat germplasm. Crop Sci 41:934-935

Murai J, Taira T, Ohta D (1999) Isolation and characterization of the
three Waxy genes encoding the granule-bound starch synthase
in hexaploid wheat. Gene 234:71-79

Nagano H, Kunii M, Azuma T, Kishima Y, Sano Y (2002) Charac-
terization of the repetitive sequences in a 200-kb region around
the rice waxy locus: diversity of transposable elements and
presence of veiled repetitive sequences. Genes Genetic Sys
77:69-79

Nakamura T, Yamamori M, Hidaka S, Hoshino T (1992) Expression
of HMW WX protein in Japanese common wheat (7riticum
aestivum L) cultivars. Japanese Journal of Breeding 42:681-685

Nakamura T, Yamamori M, Hirano H, Hidaka S (1993a) Identification
of three Wx proteins in wheat (Triticum aestivum L.). Biochem
Genet 31:75-86

Nakamura T, Yamamori M, Hirano H, Hidaka S (1993b) Decrease of
waxy (WX) protein in two common wheat cultivars with low
amylose content. Plant Breeding 111:99-105

Nakamura T, Yamamori M, Hirano H, Hidaka S, Nagamine T (1995)
Production of waxy (amylose-free) wheats. Mol Gen Genet
248:253-259

Nakamura T, Vrinten P, Saito M, Konda M (2002) Rapid classifica-
tion of partial waxy wheats using PCR-based markers. Genome
45:1150-1156

Nakamura T, Shimbata T, Vrinten P, Saito M, Yonemaru J, Seto Y,
Yasuda H, Takahama M (2006) Sweet wheat. Genes & Genetic
Systems 81:361-365

Nieto-Taladriz MT, Rodriguez-Quijano M, Carrillo JM (2000) Poly-
morphism of waxy proteins in Spanish durum wheats. Plant
Breeding 119:277-279

Oda M, Yasuda Y, Okazaki S, Yamauchi Y, Yokoyama Y (1980) A
method of flour quality assessment for Japanese noodles. Cereal
Chem 57:253-254

Okagaki RJ, Wessler SR (1988) Comparison of non-mutant
and mutant waxy genes in rice and maize. Genetics
120:1137-1143

Olsen KM, Purugganan MD (2002) Molecular evidence on the origin
and evolution of glutinous rice. Genetics 162:941-950

Ortega R, Alvarez JB, Guzman C (2014a) Characterization of the Wx
gene in diploid Aegilops species and its potential use in wheat
breeding. Genet Resour Crop Evol 61:369-382

Ortega R, Guzman C, Alvarez JB (2014b) Wx gene in diploid wheat:
molecular characterization of five novel alleles from einkorn
(Triticum monococcum L. ssp. monococcum) and T. urartu. Mol
Breeding 34:1137-1146

Ortega R, Guzman C, Alvarez JB (2015) Molecular characterization
of several Wx alleles in durum wheat (Triticum turgidum L. ssp.
durum Desf.). Biologia Plantarum (in press)

Park CS, Baik BK (2007) Characteristics of French bread baked from
wheat flours of reduced starch amylose content. Cereal Chem
84:437-442

Payne PI (1987) Genetics of wheat storage proteins and the effect
of allelic variation on bread-making quality. Annual Rev Plant
Physiol 38:141-153

Rahman S, Li Z, Batey I, Cochrane MP, Appels R, Morell M (2000)
Genetic alteration of starch functionality in wheat. J Cereal Sci
31:91-110

Ram S, Mishra B (2008) Biochemical basis and molecular genetics of
processing and nutritional quality traits of wheat. J Plant Bio-
chem Biotechnol 17:111-126

Regina A, Bird A, Topping D, Bowden S, Freeman J, Barsby T,
Kosar-Hashemi B, Li Z, Sadequr R, Morell M (2006) High-
amylose wheat generated by RNA interference improves
indices of large-bowel health in rats. Proc Natl Acad Sci
103:3546-3551

Rodriguez-Quijano M, Nieto-Taladriz MT, Carrillo JM (1998) Poly-
morphism of waxy proteins in Iberian hexaploid wheats. Plant
Breeding 117:341-344

Rodriguez-Quijano M, Lucas R, Carrillo JM (2003) Waxy proteins
and amylose content in tetraploid wheats Triticum dicoccum
Schulb, Triticum durum L. and Triticum polonicum L. Euphyt-
ica 134:97-101

Rodriguez-Quijano M, Vazquez JF, Carrillo JM (2004) Waxy proteins
and amylose content in diploid 7riticeae species with genomes
A, S and D. Plant Breeding 123:294-296

Rohde W, Becker D, Salamini F (1988) Structural analysis of
the waxy locus from Hordeum vulgare. Nucleic Acids Res
16:7185-7186

Saito M, Nakamura T (2005) Two point mutations identified in
emmer wheat generate null Wx-Al alleles. Theor Appl Genet
110:276-282

Saito M, Konda M, Vrinten P, Nakamura K, Nakamura T (2004)
Molecular comparison of waxy null alleles in common wheat
and identification of a unique null allele. Theor Appl Genet
108:1205-1211

Saito M, Vrinten P, Ishikawa G, Graybosch R, Nakamura T (2009) A
novel codominant marker for selection of the null Wx-B1 allele
in wheat breeding programs. Mol Breeding 23:209-217

Salamini F, Ozkan H, Brandolini A, Schafer-Pregl R, Martin W
(2002) Genetics and geography of wild cereal domestication in
the near east. Nature Rev Genetics 3:429-441

Sano Y (1984) Differential regulation of waxy gene expression in rice
endosperm. Theor Appl Genet 68:467—473

Schofield JD, Greenwell P (1987) Wheat starch granule proteins and
their technological significance. In: Morton ID (ed) Cereal in a
European context. Ellis Horwood, Chichester, pp 407—420

Sestili F, Botticella E, Bedo Z, Phillips A, Lafiandra D (2010a) Pro-
duction of novel allelic variation for genes involved in starch
biosynthesis through mutagenesis. Mol Breeding 25:145-154

Sestili F, Janni M, Doherty A, Botticella E, D’Ovidio R, Masci S,
Jones HD, Lafiandra D (2010b) Increasing the amylose content
of durum wheat through silencing of the SBEIla genes. BMC
Plant Biol 10:144

Shan XY, Clayshulte SR, Haley SD, Byrne PF (2007) Variation for
glutenin and waxy alleles in the US hard winter wheat germ-
plasm. J Cereal Sci 45:199-208

Shariflou MR, Sharp PJ (1999) A polymorphic microsatellite in the 3
‘“end of ‘waxy’ genes of wheat, Triticum aestivum. Plant Breed-
ing 118:275-277

Shure M, Wessler S, Fedoroff N (1983) Molecular identification and
isolation of the waxy locus in maize. Cell 35:225-233

@ Springer



16

Theor Appl Genet (2016) 129:1-16

Slade AJ, McGuire C, Loeffler D, Mullenberg J, Skinner W, Fazio G,
Holm A, Brandt KM, Stein MN, Goodstal JF, Knauf VC (2012)
Development of high amylose wheat through TILLING. BMC
Plant Biol 12:69

Sosulski K, Sosulski F (1994) Wheat as a feedstock for fuel ethanol.
Appl Biochem Biotechnol 45-6:169-180

Taira T, Fujita N, Takaoka K, Uematsu M, Wadano A, Kozaki S,
Okabe S (1995) Variation in the primary structure of waxy pro-
teins (granule-bound starch synthase) in diploid cereals. Bio-
chem Genet 33:269-281

Topping DL, Fukushima M, Bird AR (2003) Resistant starch as
a prebiotic and synbiotic: state of the art. Proc Nutri Soc
62:171-176

Tsunewaki K, Ogihara Y (1983) The molecular basis of genetic
diversity among cytoplasms of Triticum and Aegilops species.
11. On the origin of polyploid wheat cytoplasms as suggested
by chloroplast DNA restriction fragment patterns. Genetics
104:155-171

Uauy C, Paraiso F, Colasuonno P, Tran RK, Tsai H, Berardi S, Comai
L, Dubcovsky J (2009) A modified TILLING approach to detect
induced mutations in tetraploid and hexaploid wheats. BMC
Plant Biol 9:115

Urbano M, Margiotta B, Colaprico G, Lafiandra D (2002) Waxy pro-
teins in diploid, tetraploid and hexaploid wheats. Plant Breed-
ing 121:465-469

Vanzetti LS, Pfliger LA, Rodriguez-Quijano M, Carrillo JM, Hel-
guera M (2009) Genetic variability for waxy genes in Argen-
tinean bread wheat germplasm. Electron J Biotechnol 12:1-9

Vanzetti LS, Pfluger L, Bainotti CT, Jensen C, Helguera M (2010)
Identification of a null allele at the Wx-Al locus in durum
wheat (Triticum turgidum L. ssp durum Desf.). Plant Breeding
129:718-720

Vignaux N, Doehlert DC, Elias EM, McMullen MS, Grant LA,
Kianian SF (2005) Quality of spaghetti made from full and par-
tial waxy durum wheat. Cereal Chem 82:93-100

Visser RGF, Hergersberg M, Van Der Leij FR, Jacobsen E, Witholt
B, Feenstra WJ (1989) Molecular cloning and partial charac-
terization of the gene for granule-bound starch synthase from
a wildtype and an amylose-free potato (Solanum tuberosum L.).
Plant Sci 64:185-192

Vrinten P, Nakamura T, Yamamori M (1999) Molecular characteriza-
tion of waxy mutations in wheat. Mol Gen Genet 261:463-471

Wickramasinghe HAM, Miura H (2003) Gene dosage effect of the
wheat Wx alleles and their interaction on amylose synthesis in
the endosperm. Euphytica 132:303-310

Wrigley CW, Bekes F, Bushuk W (eds) (2006) Gliadin and glutenin:
the unique balance of wheat quality. AACC International Press,
St. Paul

Wu X, Zhao R, Wang D, Bean SR, Seib PA, Tuinstra MR, Campbell
M, O’Brien A (2006) Effects of amylose, corn protein, and corn
fiber contents on production of ethanol from starch-rich media.
Cereal Chem 83:569-575

Yamamori M (2009) Amylose content and starch properties generated
by five variant Wx alleles for granule-bound starch synthase in
common wheat (Triticum aestivum L.). Euphytica 165:607-614

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, Guzméan C (2013) SNPs and an insertion sequence
in five Wx-Al alleles as factors for variant Wx-Al protein in
wheat. Euphytica 192:325-338

Yamamori M, Quynh NT (2000) Differential effects of Wx-Al,-B1
and-D1 protein deficiencies on apparent amylose content and

@ Springer

starch pasting properties in common wheat. Theor Appl Genet
100:32-38

Yamamori M, Yamamoto K (2011) Effects of two novel Wx-A1 alleles
of common wheat (7riticum aestivum L.) on amylose and starch
properties. J Cereal Sci 54:229-235

Yamamori M, Nakamura T, Kuroda A (1992) Variations in the con-
tent of starch-granule bound protein among several Japanese
cultivars of common wheat (Triticum aestivum L.). Euphytica
64:215-219

Yamamori M, Nakamura T, Endo TR, Nagamine T (1994) Waxy pro-
tein deficiency and chromosomal location of coding genes in
common wheat. Theor Appl Genet 89-89:179-184

Yamamori M, Nakamura T, Nagamine T (1995) Polymorphism of two
waxy proteins in the emmer group of tetraploid wheat, Triti-
cum dicoccoides, T. dicoccum, and T. durum. Plant Breeding
114:215-218

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

Yamamori M, Kato M, Yui M, Kawasaki M (2006) Resistant starch
and starch pasting properties of a starch synthase Ila-defi-
cient wheat with apparent high amylose. Aust J Agric Res
57:531-535

Yamamori M, Nishikawa T, Kawahara T (2013) SNPs in waxy genes
encoding variant Wx-Bland —D1 proteins of wheat. The 12th
International Wheat Genetics Symposium. p 199

Yan L, Bhave M (2000) Sequences of the waxy loci of wheat: utility
in analysis of waxy proteins and developing molecular markers.
Biochem Genet 38:391-411

Yan LL, Bhave M, Fairclough R, Konik C, Rahman S, Appels R
(2000) The genes encoding granule-bound starch synthases at
the waxy loci of the A, B, and D progenitors of common wheat.
Genome 43:264-272

Yanagisawa T, Kiribuchi-Otobe C, Yoshida H (2001) An alanine to
threonine change in the Wx-D1 protein reduces GBSS I activity
in waxy mutant wheat. Euphytica 121:209-214

Yanagisawa T, Kiribuchi-Otobe C, Hirano H, Suzuki Y, Fujita M
(2003) Detection of single nucleotide polymorphism (SNP)
controlling the waxy character in wheat by using a derived
cleaved amplified polymorphic sequence (dCAPS) marker.
Theor Appl Genet 107:84-88

Yasui T (2006) Waxy and low-amylose mutants of bread wheat (7riti-
cum aestivum L.) and their starch, flour and grain properties.
Japan Agricultural Research Quarterly 40:327-331

Yasui T, Sasaki T, Matsuki J, Yamamori M (1997) Waxy endosperm
mutants of bread wheat (Triticum aestivum L) and their starch
properties. Breeding Sci 47:161-163

Yasui T, Sasaki T, Matsuki J (1998) Waxy bread wheat mutants,
K107Wx1 and K107Wx2, have a new null allele on Wx-DI
Locus. Breed Sci 48:405-407

Zeng M, Morris CF, Batey IL, Wrigley CW (1997) Sources of varia-
tion for starch gelatinization, pasting, and gelation properties in
wheat. Cereal Chem 74:63-71

Zhao XC, Sharp PJ (1998) Production of all eight genotypes of null
alleles at ‘waxy’ loci in bread wheat, Triticum aestivum L. Plant
Breeding 117:488-490

Zhao XC, Batey IL, Sharp PJ, Crosbie G, Barclay I, Wilson R, Morell
MK, Appels R (1998) A single genetic locus associated with
starch granule properties and noodle quality in wheat. J Cereal
Sci 27:7-13



	Wheat waxy proteins: polymorphism, molecular characterization and effects on starch properties
	Abstract 
	Introduction
	Starch: composition and synthesis
	Variability of waxy proteins
	Structure of the Wx gene
	Molecular characterisation of the allelic variation
	Variants of Wx-A1 gene
	Variants of the Wx-B1 gene
	Variants of the Wx-D1 gene
	Wx gene in wheat relatives

	Effect of Wx gene mutations on amylose content and end-use quality
	Future trends and conclusions
	Acknowledgments 
	References




