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Abstract 1 

Background and aims: Waxy proteins are the enzymes responsible for amylose 2 

synthesis in wheat seeds, being encoded by three waxy genes (Wx-A1, Wx-B1 and Wx-3 

D1) in hexaploid wheat. In addition to the interest shown in these genes due of their 4 

effect on starch quality, waxy loci have been used to study the phylogeny of wheat. The 5 

origin of European spelt (Triticum aestivum ssp. spelta) is not clear. This study used 6 

molecular characterization to investigate the waxy genes in a Spanish spelt collection 7 

and compare them with their homologous genes in emmer (T. turgidum ssp. dicoccum), 8 

durum (T. turgidum ssp. durum) and common wheat (Triticum aestivum ssp. aestivum), 9 

together with other Asian and European spelt that could be used to determine the origin 10 

of European spelt. 11 

Materials and methods: waxy genes were amplified and sequenced. Sequences were 12 

analysed by Geneious Pro software; nucleotide diversity was analysed by DNAsp and 13 

MEGA5 was used for the phylogenetic analysis. 14 

Key results: Three, four and three new alleles were described for the Wx-A1, Wx-B1 and 15 

Wx-D1 loci, respectively. The results of this study led to the classification of spelt into 16 

two groups based on the variation in the Wx-B1, which suggests that there were two 17 

different origins for the emmer wheat that has been found to be part of the spelt genetic 18 

makeup. One of these groups was only detected in Iberian material. No differences were 19 

found between the rest of the European spelt and the Asiatic spelt, which suggested that 20 

the Iberian material had a different origin from the other spelt sources. 21 

Conclusions: Results suggested that the Wx gene variability present in wheat could be 22 

undervalued because some of these variants were not detected by traditional 23 

classification based on SDS-PAGE. The evaluation of this variability has permitted the 24 
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detection ten new waxy alleles that could affect starch quality and thus they could be 1 

used in modern wheat breeding.  Besides two different classes of Wx-B1 were detected 2 

that could be used for evaluating the phylogenetic relationships and the origins of 3 

different types of wheat. 4 

 5 

 6 

Keywords: molecular characterization, phylogeny, spelt origin, waxy genes. 7 
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Introduction 3 

The granule-bound starch synthase (GBSSI), or waxy protein, is the enzyme 4 

responsible for the synthesis of amylose in wheat grain. As some important 5 

technological starch properties, such as gelatinization, pasting and gelation, depend on 6 

the amylose:amylopectin ratio (Zeng et al. 1997), waxy protein has been the subject of 7 

many studies in recent years. Three waxy proteins are present in hexaploid wheats, 8 

which are encoded by three genes: Wx-A1 (located on chromosome 7AS), Wx-B1 9 

(chromosome 4AL translocated from the original 7BS) and Wx-D1 (chromosome 7DS) 10 

(Yamamori et al. 1994);each consists of 11 exons and 10 introns as Murai et al. (1999) 11 

showed sequencing the three genes, coding for three peptides of 604, 605 and 604 12 

amino acid residues respectively. Given the minor differences noted in their exon 13 

sequences, the molecular weights of the three proteins are very similar, this has meant 14 

that it has been very difficult to identify allelic variants among them. However, 15 

polymorphism studies have been carried out on durum wheat (Yamamori et al. 1995) 16 

and on common wheat (Rodríguez-Quijano et al. 1998), permitting the detection of 17 

different alleles for these genes, including null ones, which have been used as a base for 18 

breeding programmes focused on the production of amylose-free wheat (Nakamura et 19 

al. 1995; Kiribuchi-Otobe et al. 1997). 20 

More recently the search for new alleles has been extended to ancient wheats 21 

(Urbano et al. 2002; Caballero et al. 2008a; Guzman et al. 2009, 2010, 2011), which 22 

have become very important in the search for genes that could be useful in modern 23 

wheat breeding programmes since modern agricultural practices have reduced the 24 

genetic variability of cultivated wheats. One of these is spelt (Triticum aestivum ssp. 25 
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spelta L. em. Thell.; 2n = 6 = 42, AABBDD), a currently minor crop that was widely 1 

cultivated in the past (Nesbitt and Samuel 1996). Recently it has undergone a revival 2 

associated with the health food market and low-input agriculture as this crop can grow 3 

without pesticides in marginal areas (Cubadda and Marconi 2002). Due to the renewed 4 

interest, a large collection of Spanish spelt has been analysed for traits related to the 5 

use-quality of this species. Caballero et al. (2001, 2004a, b) found considerable 6 

variability between seed storage proteins in the Spanish spelt collection. Some of these 7 

allelic variants showed an association with high gluten strength (Caballero et al. 2008b). 8 

Another important aspect, the starch quality, has been also analysed in this collection 9 

through polymorphism assessment of waxy proteins by SDS-PAGE (Guzman et al. 10 

2010). Although some variation was found, most of these accessions (69.52%) were 11 

found to have the Wx-A1a, Wx-B1a and Wx-D1a alleles, which have been catalogued as 12 

wild in common and durum wheats. Nevertheless, due to the small differences in size 13 

between the waxy proteins, it is possible that the true variability could be higher, mainly 14 

through internal differences in the amino acid sequences. This increased variability 15 

could generate enzymes with different degrees of functionality. Further evaluation of 16 

the accessions that show these wild alleles using molecular characterization could lead 17 

to the identification of these mimetic alleles. 18 

Another interesting question about this crop that has caused a certain amount of 19 

controversy is the origin of the spelt grown in Europe. Two main hypotheses have been 20 

suggested. The first hypothesis is that European spelt is an ancestor of common wheat 21 

that spread from Asia; while the other suggests that Asian spelt is the ancestor of 22 

common wheat but European spelt had an independent origin and is derived from a 23 

secondary hybridization between emmer wheat (T. turgidum ssp. dicoccum Schrank) 24 
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and a cultivated hexaploid wheat, probably T. aestivum L. ssp. compactum Host em. 1 

Mackey (Liu and Tsunewaki 1991; Yan et al. 2003; Blatter et al. 2004; Dedkova et al. 2 

2004). More recently, Dvorak et al. (2012) showed that also some forms of the Asiatic 3 

spelt could have their origin in free-threshing wheat. In addition to this, other authors 4 

(Dedkova et al. 2004, Elia et al. 2004) have suggested that European spelt could be 5 

classified into two eco-geographical groups: the Iberian (pol. ibericum Flaskb.) and the 6 

Bavarian (pol. bavaricum Vav.) geographical groups. These authors suggested that 7 

Iberian spelt could have its origin in Asia and be different to the other types of European 8 

spelt. Waxy gene sequences have been utilized to study the origin and phylogeny of 9 

other Poaceae species, including wheat (Mason-Gamer et al. 1998, Yan et al. 2000, 10 

2003; Mason-Gamer 2001; Yan and Bhave 2001; Ingram and Doyle 2003; Fortune et al. 11 

2007), and consequently, the characterization of the waxy genes in this Spanish spelt 12 

collection could shed light on this question about the origin of Spanish spelt.  13 

The aim of the current study was the molecular characterization of the waxy genes 14 

present in this Spanish spelt collection, and compares them with their homologous 15 

genes in emmer, durum and common wheat, together with other spelt examples of 16 

Asian and European origin that could be used for phylogenetic studies on the origin of 17 

European spelt. 18 

 19 

Material and Methods 20 

Plant material 21 

Six Spanish and two Iranian spelt accessions obtained from three Germplasm 22 

Banks were analysed first for waxy proteins composition. The six Spanish accessions 23 

(PI 348458, PI 348471, PI 348489, PI 348515, PI 348595, PI 3487447) were from the 24 
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National Small Grain Collection (Aberdeen, USA) while the Iranian accessions (CGN 1 

8384 and CGN12269) were obtained from the Center for Genetic Resources 2 

(Netherlands). One more spelt accession (CGN11460, Czech Republic origin) and one 3 

emmer German accession (CGN16104) were used also in sequencing analysis. 4 

 5 

SDS-PAGE analysis 6 

The waxy proteins were extracted from starch granules of mature seeds following 7 

the method of Echt and Schwartz (1981) and separated by SDS-PAGE using 12 % 8 

polyacrylamide gels with low bys-acrylamide concentration (C: 0.44%). 9 

 10 

DNA extraction and PCR amplification  11 

For DNA extraction, approximately 100 mg of young leaf tissue was excised, 12 

immediately frozen in liquid nitrogen and stored at -80C. DNA was isolated using the 13 

DNAzol method (Invitrogen, Carlsband, CA, USA).  14 

The primers designed by Monari et al. (2005) were used to amplify the central 15 

region (region spanning from the middle of exon 3 to exon 6) of the waxy genes: 16 

WxBAF (5’-ACTTCCACTGCTACAGCGCGGGGT-3’), WxBAR (5’-17 

GCTGACGTCCATGCCGTTGACGATG-3’). Each 15-l reaction included 50 ng 18 

DNA, 1.5 mM MgCl2, 0.2 M of each primer, 0.2 mM dNTPs, 1.5 l 10 PCR Buffer 19 

and 0.75U DNA polymerase (Promega, Madison, WI, USA). The PCR conditions 20 

included an initial denaturation step of 3 min at 94C followed by 35 cycles as follows: 21 

45 s at 94C, 2 min at 62C then 1 min 5 s at 72C. After the 35 cycles a final extension 22 

of 5 min at 72C was done. Additionally, the PCR products were restricted with the 23 

endonuclease BglI (TaKaRa) following the supplier’s instructions. 24 
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Amplification and digested products were fractionated in vertical PAGE gels with 1 

8% polyacrylamide concentration (w/v, C: 1.28%), and the bands were visualized by 2 

ethidium bromide staining. 3 

 4 

Cloning of waxy genes and sequencing analysis 5 

To clone almost the entire sequence of the waxy genes, besides primers WxBAF 6 

and WxBAR described above, pair of primers WxF3 (5’-7 

TCTGGTCACGTCCCAGCTCGCCACCT-3’)/WxVT1R (5’-8 

ACCCCGCGCTTGTAGCAGTGGAAGT-3’) (Tm = 64C) and WxVT1F (5’-9 

CATCGTCAACGGCATGGACGTTCAGC-3’)/ WxVTR (5’-10 

CCAGAAGCACGTCCTCCCAGTTCTTG-3’) (Tm = 64C) were used to amplify the 11 

beginning and the end of the waxy genes respectively. PCR products were excised from 12 

polyacrylamide gel and cloned into pGEM T-easy vector (Promega, Madison, WI, 13 

USA) for sequencing. Inserts were sequenced from at least three different clones using 14 

an ABI Prism 310 Genetic Analyzer (Applied Biosystems, Carlsban, CA, USA). 15 

The sequences reported in the current study were compared to the sequences 16 

available in the GenBank database using Geneious Pro ver. 5.0.3 software (Biomatters 17 

Ltd.).  18 

 19 

Data analysis 20 

DNA analyses were conducted by DNAsp ver. 5.0 (Librado and Rozas 2009). 21 

Nucleotide diversity was estimated as theta (), the number of segregating 22 

(polymorphic) sites (Watterson 1975), and pi (), the average number of nucleotide 23 
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differences per site between two sequences (Nei, 1987). Tests of neutrality were 1 

performed using Tajima’s D statistic (1989). 2 

The synonymous (Ks) and non-synonymous (Ka) substitution rates and the 3 

relation Ka/Ks were computed using DNAsp ver. 5.0 (Librado and Rozas 2009). 4 

Divergence times were calculated by the mean divergence times (2.7 million years ago, 5 

MYA) between the A and D genome estimated by Dvorak and Akhunov (2005). 6 

Phylogenetic tree was constructed with software MEGA5 software (Tamura et al. 7 

2011) using the complete coding regions. Neighbour-joining cluster with all sequences 8 

analysed was generated using the Maximun Composite likelihood method (Tamura et al. 9 

2004) and one bootstrap consensus from 1000 replicates was used (Felsenstein 1985). 10 

 11 

Results 12 

Electrophoretic analysis 13 

As shown by previous results obtained with this collection (Guzman et al., 2010), 14 

no differences could be detected by SDS-PAGE between the different Spanish spelt 15 

genotypes and the common wheat (cv. Chinese Spring) used as a standard (Fig. 1). The 16 

data obtained by uni-dimensional SDS-PAGE separation of the waxy proteins showed 17 

that the Spanish spelt (Fig.1a, lanes 1-2, 5-8) had the same pattern as the common wheat 18 

(cv. Chinese Spring), which presented the wild alleles for all three genes (Wx-A1a, Wx-19 

B1a and Wx-D1a). Furthermore, the analysis included two Asiatic spelts of Iranian 20 

origin that showed the same waxy proteins pattern (Fig. 1a, lanes 3-4). This similarity 21 

was also observed when the samples were separated by 2D-IEF  SDS-PAGE 22 

separation (Fig. 1b and 1c). 23 

However, the comparison of these supposed wild alleles by PCR amplification of 24 
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genomic DNA and posterior electrophoretic migration, showed two groups within the 1 

genotypes analysed. The most important differences between the samples analysed were 2 

detected when the central region of the waxy genes was amplified (Fig. 2a). In this 3 

figure, the samples used were the same as the ones shown in Figure 1, and appear in the 4 

same order. Two Spanish and two Iranian spelt samples showed three bands (Fig. 2a, 5 

lanes 1-4), each one corresponding to one of the three identified waxy genes, of the 6 

expected size of: Wx-D1 (1,017 bp), Wx-A1 (958 bp) and Wx-B1 (935 bp), based on the 7 

published sequences of Wx-A1a, Wx-B1a and Wx-D1a alleles of cv. Chinese Spring 8 

(Murai et al. 1999).This fact meant that they were similar to the common wheat (cv. 9 

Chinese Spring; Fig. 2a, lanes 1-3, 4 and 5, respectively). However, the other spelt 10 

samples (Fig. 2a, lanes 5-8) had only two bands, as the Wx-A1 and Wx-B1 bands had 11 

comigrated. The first group was called spelt type I and the second, spelt type II. 12 

To clarify these band patterns and to confirm the presence of the two spelt groups, 13 

the PCR products were digested using the endonuclease, BglI. Based on the published 14 

sequences for common wheat (cv. Chinese Spring), only one sequence in the Wx-B1 15 

gene was targeted. Two bands of 897 bp and 38 bp were expected from the digestion of 16 

Wx-B1 spelt I gene. While the 897 bp band was found in all samples, the 38 bp band 17 

was lost due to its small size (Fig. 2b). In the spelt II lines, one additional band had 18 

separated from Wx-A1 band after the digestion (Fig. 2b, lanes 5-8), confirming the 19 

presence of a larger Wx-B1 band that had comigrated with the Wx-A1 band shown in 20 

Fig. 2a.  21 

 22 

Sequences of spelt waxy genes and deduced proteins 23 

In order to characterize the variation found by electrophoretic methods, the three 24 
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waxy genes from each Spanish spelt type (I and II) and the two Iranian samples were 1 

sequenced. Waxy genes from one European spelt accession and one emmer accession 2 

were also sequenced. All these sequences were uploaded to the GenBank database 3 

(Table 1). Comparisons between these sequences and others from emmer, durum and 4 

common wheat previously available in GenBank were undertaken. The criteria used to 5 

choose these materials was to compare potential material with the different origins of 6 

the spelt (Asian and European) and the putative progenitors that may be involved in the 7 

different cross events that generated spelt (emmer and common wheat).  8 

A summary of DNA polymorphism found in the Wx sequences evaluated is shown 9 

in Table 2. These data were evaluated using both the complete sequence (exons + 10 

introns) and just the coding sequence (exons). In both cases, the Wx-B1 gene displayed 11 

the highest level of SNPs among the three genes with 163 polymorphic sites in the 12 

complete sequence and 53 in the coding region (Table 2). In the latter, 36 of these 13 

nucleotide substitutions were synonymous (silent mutations) while the rest were non-14 

synonymous, which implied changes in the amino acid sequences. The ten alleles 15 

identified encoded seven different polypeptides (Table 3). This polymorphism was clear 16 

lower down in the coding regions of the other two genes (Tables 2 and 3). The Wx-A1 17 

gene coding region showed 15 nucleotide substitutions (eight synonymous and seven 18 

non-synonymous) while the Wx-D1 gene only presented two substitutions that were 19 

synonymous. Consequently, only four and one polypeptides were obtained for the seven 20 

and two alleles detected in the coding regions of the Wx-A1 and Wx-D1 genes, 21 

respectively (Table 3). 22 

Two statistics,  (Nei 1987) and  (Watterson 1975), were used to estimate 23 

nucleotide diversity (Table 2). Both values were similar in all the cases that were 24 
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associated with a drift-mutation balance. The values for the Wx-B1 gene were higher 1 

than in the other two genes. Tajima’s D values were not significant for the three genes, 2 

which was consistent with a neutral equilibrium (Table 2). The value was negative for 3 

the Wx-A1 gene, indicative of an excess of low frequency alleles, while the other two 4 

genes showed positive values, which indicated an excess of intermediate frequency 5 

alleles. 6 

The data shown in Table 3 suggested that the previous classification of waxy 7 

genes in Spanish spelt was incorrect. In all cases, only the class 1 DNA and protein 8 

sequences corresponded with the wild allele for each locus. For the Wx-A1 gene, six 9 

classes, previously classified as Wx-A1a, could be reclassified because the nucleotide 10 

sequences were different from those in the Wx-A1a allele present in common wheat. 11 

However, four of them synthesised a polypeptide with the same amino acid sequence, 12 

which included all the Spanish spelt types evaluated (Table 3).  13 

The Wx-D1 gene showed up to four different nucleotide sequences, although only 14 

two classes were observed when the coding region was analysed. In all cases, one 15 

unique polypeptide was synthesised but the classification of this gene must indicate the 16 

presence of the four alleles (Table 3). 17 

The differences in the Wx-B1 gene were larger than the other two genes. Up to 18 

seven nucleotides sequences were detected in the materials previously classified as wild 19 

(Wx-B1a). Six were different to the true Wx-B1a allele (class 1) and their translation 20 

indicated the presence of four additional polypeptides. Two of these polypeptides were 21 

associated with each one of the classes detected in the Spanish spelt (type I and II). It is 22 

important to emphasise that although the nucleotide sequences were clearly different, 23 

one of these two polypeptides was the same as those detected previously in the BGE-24 
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012302 accession of the emmer that had presented the Wx-B1g allele (Guzman et al. 1 

2011). 2 

With respect to the Spanish spelt lines evaluated in the current study, the spelt 3 

type I had a homology of 99.5% for the Wx-A1 gene compared to the Wx-A1gene from 4 

common wheat. Spelt type II also showed a homology of 99.6% with respect to spelt 5 

type I and common wheat, although the SNPs were not the same when compared to 6 

spelt type I or to common wheat. Specifically, the deduced Wx-A1 protein from the two 7 

spelt types was similar and showed three amino acid differences compared to the Wx-8 

A1 protein from common wheat (Wx-A1a allele): Phe 60 → Gly, Asp 61 → Asn and Trp 9 

454 → Arg. This meant that two alleles were identified within the allele previously 10 

catalogued as Wx-A1a. A third polypeptide was detected in the wild emmer that 11 

contained two amino acid changes (Glu 333 → Gly and Trp 454 → Arg), while a fourth 12 

polypeptide was observed in one German spelt and one Iranian emmer that showed two 13 

additional differences compared with the Wx-A1 protein from common wheat: Met 42 14 

→ Ile and Ser 75 → Cys. However, for the Wx-D1 gene, both types of spelt showed a 15 

similarity of 99.9% to common wheat at the DNA level and no variation was detected in 16 

the protein sequences. 17 

In the case of the Wx-B1 gene, the differences detected were remarkable. Most of 18 

the differences observed were found in introns but 53 of the 163 SNPs were also present 19 

in the coding region, which generated up to ten Wx-B1 alleles. The Spanish spelt lines 20 

divided into two different groups. Spelt type I presented one polypeptide corresponding 21 

to the Wx-B1g allele detected in the BGE-012302 accession of Spanish emmer, although 22 

the nucleotide sequences showed some differences between them. One similar case was 23 

observed with spelt type II and cv. Langdon. The 14 amino acid differences between 24 
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both types of polypeptides were notable (Fig. 3): Ser 34 → Asn, Pro 39 → Ala, Gly 41 1 

→ Val, Thr 45 → Ile, Gln 54 → -, Thr 62 → Ser, Ala 76 → Gly, Ser 246 → Asn, Arg 2 

250 → Met, Ala 358 → Thr, Ala 365 → Val, Ser 451 → Asn, Met 510→ Val, Glu 554 3 

→ Gly. In a previous study based on protein analysis (Yamamori et al. 1995), the Wx 4 

allele present in cv. Langdon was classified as Wx-B1a, probably due to a similar 5 

problem as the one that arose with the Spanish spelt in the current study. However, the 6 

current analysis showed that both alleles were very different. Spelt type I lines showed 7 

only one difference with respect to common wheat: Arg 520 → His. 8 

In summary, analyses of the Spanish spelt lines that were previously classified as 9 

wild genotypes (Wx-A1a, Wx-B1a, and Wx-D1a) have shown that, although they 10 

presented one unique allele for the Wx-A1 gene, this was not the Wx-A1a allele. 11 

Furthermore, the Spanish spelt lines showed two different alleles for the Wx-B1 gene, 12 

neither of which were the Wx-B1a allele. 13 

 14 

Phylogenetic analysis 15 

A phenogram based on the Maximum Composite Likelihood method was 16 

constructed using all the waxy sequences evaluated in this study, together with the 17 

putative donors from the genomes present in tetra- and hexaploid wheats (Fig. 4). T. 18 

urartu Thum. ex Gandil (AuAu, Wx-Au1: JN857937) and einkorn (T. monococcum L. 19 

ssp. monococum; AmAm, Wx-Am1: AF110373) were included from the A genome; 20 

Aegilops speltoides Tausch. (SsSs, Wx-Ss1: AF110374) was included from the B genome 21 

and Ae. tauschii Coss. (DD, Wx-D1: AF110375) was included from the D genome. The 22 

total nucleotide sequence (exons + introns) was used in all cases. 23 

Seven groups were observed in the dendrogram (Fig. 4). Two of them 24 
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corresponded with the Wx-A1 and Wx-D1 genes, respectively. With respect to the 1 

putative donors from the wheat genomes, only the Wx-D1 gene from Ae. tauschii 2 

showed a narrow relationship with the D genome. The other three species were clearly 3 

separated from the genomes with which they had been associated. Both species with the 4 

A genome (T. urartu and einkorn) were clearly separated from the Wx-A1 gene present 5 

in the tetra and hexaploid wheats evaluated in the current study. 6 

Another important result was that the Wx-B1 gene showed two separated groups. 7 

Both groups have been associated with different types of the Wx-B1 gene detected in the 8 

spelt groups (type I and II). Inside each group, the differences between nucleotide 9 

sequences were small compared with the differences detected between groups. 10 

The Ks and Ka substitution rates among Wx genes both for homeologous (Wx-A1, 11 

Wx-B1 and Wx-D1) as for orthologous (Wx-B1 type I and Wx-B1 type II) were 12 

calculated by using the coding sequence of the complete gene. The comparison values 13 

of the homeologous genes were  3-fold than the value obtained for the two types of 14 

Wx-B1 genes (Table 4). Consequently, the divergence time between both Wx-B1 gene 15 

types was estimated in  0.6 MYA (Table 4), based in the mean divergence time for the 16 

separation between the A and D genome (2.7 MYA) estimated by Dvorak and Akhunov 17 

(2005). 18 

 19 

Discussion 20 

The major nutritional component in wheat grains is starch, which is formed by 21 

two glucose polymers: amylose and amylopectin, whose synthesis involves up to five 22 

starch synthases (Baldwin 2001). The variation in the ratio between both polymers, 23 

together with their chemical properties, is important for defining the end use of a 24 
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specific wheat flour type. Starch with high amylose content could be used to create 1 

healthier foods because the amylose is digested more slowly in the small intestine, 2 

providing beneficial effects for human health (Topping and Clifton 2001). However, 3 

wheat containing amylose-free starch has been reported to improve noodle quality (Oda 4 

et al. 1980) and be more efficient than standard wheat if the grain is used as a substrate 5 

for bioethanol production (Wu et al. 2006). Consequently, the search for different forms 6 

of starch synthases has increased so that new resources can be made available for 7 

breeding programmes focused on starch properties. 8 

In the last 20 years, the waxy proteins have been the main subject of many studies, 9 

mainly focused on the search for null forms of these proteins or mutants showing less 10 

activity (Yamamori et al. 1994; Rodríguez-Quijano et al. 1998; Yanagisawa et al. 2001). 11 

However, the characterization of the apparently functional enzymes has been less 12 

studied because the dosage effect of these proteins makes it difficult to evaluate the 13 

specific effect of each variant on the amylose content. In this context, the current study 14 

characterized, at a molecular level, the waxy genes from different spelt accessions that 15 

had not shown any differences when they were previously evaluated for waxy protein 16 

polymorphism by SDS-PAGE (Guzman et al. 2010). 17 

Although other authors have found high levels of nucleotide diversity for these 18 

genes in common wheat (Huang and Bûlé-Babel 2012), it is important to emphasise that 19 

the allelic variation found in the current study was detected in materials that were 20 

previously classified as similar when they were analysed by SDS-PAGE. This suggested 21 

that a greater part of the Wx gene variation could have emerged due to the similarity 22 

between the different synthesised proteins. However, the variation found in the 23 

nucleotide sequences was considerably higher. Seven, ten and four different alleles for 24 
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the Wx-A1, Wx-B1 and Wx-D1 genes, respectively, were detected where only one 1 

polypeptide was detected by SDS-PAGE for each gene. This variation at the DNA level 2 

was finally confirmed by the existence of 3 and 6 novel waxy alleles for the Wx-A1 and 3 

Wx-B1 proteins respectively. The new alleles detected could have a different 4 

functionality than the wild type ones and thus affect the composition 5 

(amylose/amylopectin) and functionality of starch. This fact should be tested in further 6 

experiments transferring these alleles to the same genetic background and evaluating 7 

their use for modern wheat breeding. 8 

In addition to the potential improvements that these mutations could have on 9 

starch quality, variation in the nucleotide sequence of the Wx genes has been identified 10 

as a useful tool in phylogenetic analysis (Mason-Gamer et al. 1998, Yan et al. 2000; 11 

Mason-Gamer 2001; Ingram and Doyle 2003; Fortune et al. 2007). The Wx-A1, Wx-B1 12 

and Wx-D1 spelt sequences were compared to the homologous genes in the putative 13 

donors of A, B and D genomes in polyploid wheats to shed more light on the origin of 14 

each of the genomes. The current data only supported the hypothesis that suggested that 15 

Ae. tauschii is the D genome donor (Dvorak et al. 1998), whereas there was no data to 16 

support the second hypothesis about the origin of the A and B genomes. The current 17 

theory on the origin of the A genome in hexaploid wheat suggests that the wild wheat 18 

species (T. urartu) could be the A genome donor (Dvorak et al. 1993). However, the Wx-19 

Au1 sequence obtained in a previous study (Guzman and Alvarez 2012) was clearly 20 

different to the rest of the Wx-A1 sequences (Fig. 4), with the exception of the Wx-Am1 21 

gene sequenced in einkorn by Yan et al. (2000). Similar results were found when the 22 

homology between the Wx-S1 gene from Ae. speltoides, main candidate for the B 23 

genome (Petersen et al. 2006), and the Wx-B1 gene were evaluated. Although these 24 
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results should be treated with caution, due to the fact that only one sequence of Ae. 1 

speltoides was used, this data suggested that the homology among these sequences was 2 

low and this proposed origin was not clear based on the information derived from waxy 3 

genes. 4 

However, it is remarkable that the Wx-B1 genes from the polyploid wheats 5 

evaluated in this study clearly separated into two different groups. The Wx-B1 type I 6 

group had a greater similarity to the Wx-S1 gene than the type II group. Although the 7 

type II group had been associated with one durum wheat cultivar (c.v. Langdon), the 8 

genealogy of this cultivar [Langdon = Carleton / Mindum // Khapli /3/ Carleton / 9 

Mindum / Stewart /4/ Stewart] by Zeven and Zeven-Hissink (1976), indicated that it had 10 

been generated using several lines of emmer wheat (Carleton = vernal emmer / 11 

Mindum, Khapli = emmer and Stewart = Mindum /2* vernal emmer). This suggested 12 

that there were two different origins for the emmer wheat that has been found to be part 13 

of the spelt genetic makeup, although, to date, the second origin has only been found in 14 

the Spanish spelt. These results confirm the unique nature of the Iberian spelt gene pool 15 

indicated by other authors (Dedkova et al. 2004, Elia et al. 2004), who suggested that 16 

Iberian spelt (pol. ibericum Flaskb.) could have its origin in Asia and be different to the 17 

rest of the European spelts, which are said to derive from a secondary hybridization 18 

between emmer and a cultivated hexaploid wheat, probably club wheat, as several 19 

authors proposed (Liu and Tsunewaki 1991; Yan et al. 2003; Blatter et al. 2004; 20 

Dedkova et al. 2004). This last hypothesis has not been totally verified (see Salamini et 21 

al. 2002 for a review) as the current data has not revealed major differences between the 22 

Wx sequences for the three genomes of European and Asian spelt evaluated. In the same 23 

way, a recently hypothesis exposed by Dvorak et al. (2012) that suggest that all spelt 24 
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(except Iranian one) was certainly derived from a common hexaploid ancestor could not 1 

be proved with our data as the Iranian accessions analysed in this study were very 2 

similar to the rest ones. In addition to this we also found two different groups based on 3 

B genome differences, fact that could disagree with their hypothesis. The same authors 4 

also suggested that the hexaploid ancestor could have its origin in the cross of Ae. 5 

tauschii with a free-threshing tetraploid, and not emmer wheat. This fact could be also 6 

revised in further surveys with waxy data from more tetraploid species, as durum wheat. 7 

On the other hand, other authors have estimated the time of the origin of tetraploid 8 

wheat could be between 0.36 and 0.50 MYA (Dvorak and Akhunov 2005; Huang et al. 9 

2002, respectively). Data obtained in the current study showed that the separation 10 

between both types of Wx-B1 gene can have emerged during the synthesis of the 11 

tetraploid wheat. Although this hypothesis would be confirmed with further studies, this 12 

opens the possibility of that the origin of these wheats could be consequence of different 13 

events that would have effects on the origin of the spelt. 14 

Further studies should be carried out in the future with these genes and others, 15 

with emmer, durum, spelt and common wheat accessions from as many locations as 16 

possible as well as the supposed ancestral genomes that may have contributed to 17 

tetraploid and hexaploid wheat (T. urartu, einkorn, Aegilops sp.) in order to clarify more 18 

the origin of spelt as well as the other cultivated wheats. 19 

 20 

Conclusions 21 

The first notable outcome from this study concerning the origin of Iberian spelt is 22 

that both spelt-I and spelt-II showed the same Wx-A1 protein sequence as emmer and 23 

durum wheat and varied only slightly with respect to common wheat. The results of this 24 
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study suggested a single origin for spelt and that common wheat developed 1 

subsequently. Nevertheless, the findings in relation to the Wx-B1 genes supported the 2 

idea that, at least in the Iberian Peninsula, spelt could have a double phylogenetic origin. 3 

The results from the current survey also suggested that the Wx gene variability 4 

seen in wheat could be undervalued because some of these variants were not detected by 5 

the traditional classification based in SDS-PAGE. The evaluation of this variability by 6 

the current study detected two different classes of Wx-B1 gene, which could be used for 7 

evaluating the phylogenetic origins of and relationships between different wheat 8 

species. 9 

 10 

11 



 

- 21 - 

Acknowledgements 1 

This research was supported by grant AGL2010-19643-C02-01 from the Spanish 2 

Ministry of Economy and Competitiveness, co-financed with the European Regional 3 

Development Fund (FEDER) from the European Union. CG expresses his appreciation 4 

to Alessandra di Francesco, Andrea Aglieco, Tülin Sarigul and Ana Moral for their 5 

technical assistance. 6 

 7 

References  8 

Baldwin PM. 2001. Starch granule-associated protein and polypeptides: a review. 9 

Starch/Stärcke 53: 475-503. 10 

Blatter RHE, Jacomet S, Schlumbaum A. 2004. About the origin of European spelt 11 

(Triticum spelta L.): allelic differentiation of the HMW Glutenin B1-1 and A1-2 12 

subunit genes. Theoretical and Applied Genetics 108: 360-367. 13 

Caballero L, Martín LM, Alvarez JB. 2001. Allelic variation of the HMW glutenin 14 

subunits in Spanish accessions of spelt wheat (Triticum aestivum ssp. spelta L. em. 15 

Thell.). Theoretical  and Applied Genetics 103: 124-128. 16 

Caballero L, Martín LM, Alvarez JB. 2004a. Genetic variability for the low 17 

molecular weight glutenin subunits in spelt wheat (Triticum aestivum ssp. spelta L. 18 

em Thell.). Theoretical  and Applied Genetics 108: 914-919 19 

Caballero L, Martín LM, Alvarez JB. 2004b. Variation and genetic diversity for 20 

gliadins in Spanish spelt wheats accessions. Genetic Resources and Crop Evolution 21 

51: 679-686. 22 

Caballero L, Bancel E, Debiton C, Branlard G. 2008a. Granule-bound starch 23 

synthase (GBSS) diversity of ancient wheat and related species. Plant Breeding 24 

127: 548-553. 25 

Caballero L, Martín LM, Alvarez JB. 2008b. Relationships between the HMW- and 26 

LMW-glutenin subunits and SDS-sedimentation volume in Spanish hulled wheat 27 

lines. Czech Journal of Genetics and Plant Breeding 44: 114-117. 28 

Cubadda R, Marconi E. 2002. Spelt wheat. In: Belton PS, Taylor JRN (eds.) 29 

Pseudocereals and less common cereals: grain properties and utilization potential. 30 



 

- 22 - 

Springer-Verlag Berlin/Heidelberg, pp. 153-175. 1 

Dedkova OS, Badaeva ED, Mitrofanova OP, Zelenin AV, Pukhalskiy VA. 2004. 2 

Analysis of intraspecific divergence of hexaploid wheat Triticum spelta L. by C-3 

banding of chromosomes. Russian Journal of Genetics 40: 1111-1126. 4 

Dvorak J, Terlizzi P, Zhang HB, Resta P. 1993. The evolution of polyploid wheats: 5 

identification of the A genome donor species. Genome 36: 21-31. 6 

Dvorak J, Luo MC, Yang ZL, Zhang HB. 1998. The structure of the Aegilops 7 

tauschii genepool and the evolution of hexaploid wheat. Theoretical and Applied 8 

Genetics 97: 657-670. 9 

Dvorak J, Akhunov ED. 2005. Tempos of gene locus deletions and duplications and 10 

their relationship to recombination rate during diploid and polyploid evolution in 11 

the Aegilops-Triticum alliance. Genetics 171: 323-332. 12 

Dvorak J, Deal KR, Luo MC, You FM, von Borstel K, Dehghani H. 2012. The 13 

origin of spelt and free-threshing hexaploid wheat. Journal of Heredity 103: 426-14 

441. 15 

Echt CS, Schwartz D. 1981. Evidence for the inclusion of controlling elements within 16 

structural gene at the waxy locus in maize. Genetics 99: 275-284. 17 

Elía M, Moralejo M, Rodríguez-Quijano M, Molina-Cano JL. 2004. Spanish spelt: a 18 

separate gene pool within the spelt germplasm. Plant Breeding 123: 297-299. 19 

Felsenstein J. 1985. Confidence limits on phylogenies: An approach using the 20 

bootstrap. Evolution 39:783-791. 21 

Fortune PM, Schierenbeck KA, Ainouche AK, Jacquemin J, Wendel JF, Ainouche 22 

ML .2007. Evolutionary dynamics of waxy and the origin of hexaploid Spartina 23 

species (Poaceae). Molecular Phylogenetics and Evolution 43: 1040-1055. 24 

Guzmán C, Caballero L, Alvarez JB. 2009. Variation in Spanish cultivated einkorn 25 

wheat (Triticum monococcum L. ssp. monococcum) as determined by 26 

morphological traits and waxy proteins. Genetic Resources and Crop Evolution 56: 27 

601-604. 28 

Guzmán C, Caballero L, Moral A, Alvarez JB. 2010. Genetic variation for waxy 29 

proteins and amylose content in Spanish spelt wheat (Triticum spelta L.). Genetic 30 

Resources and Crop Evolution 57: 721-725. 31 

Guzmán C, Caballero L, Alvarez JB. 2011. Molecular characterization of the Wx-B1 32 



 

- 23 - 

allelic variants identified in cultivated emmer wheat and comparison with those of 1 

durum wheat. Molecular Breeding 28: 403-411. 2 

Guzmán C, Alvarez JB. 2012. Molecular characterization of a novel waxy allele (Wx-3 

Au1a) from Triticum urartu Thum. ex Gandil. Genetic Resources and Crop 4 

Evolution (in press, DOI: 10.1007/s107-22-012-9849-z) 5 

Huang S, Sirikhachornkit A, Su, X, Faris J, Gill B, Haselkorn R, Gornicki P. 2002. 6 

Genes encoding plastid acetyl-CoA carboxylase and 3-phosphoglycerate kinase of 7 

the Triticum/Aegilops complex and the evolutionary history of polyploid wheat. 8 

Proceedings of the National Academy of Sciences USA 99: 8133-8138. 9 

Huang X-Q, Brûlé-Babel A. 2012. Sequence diversity, haplotype analysis, association 10 

mapping and functional marker development in the waxy and starch synthase IIa 11 

genes from grain-yield-related traits in hexaploid wheat (Triticum aestivum L.). 12 

Molecular Breeding (in press, DOI: 10.1007/s11032-011-9649-8). 13 

Ingram AL, Doyle JJ. 2003. The origin and evolution of Eragrostis tef (Poaceae) and 14 

related polyploids: Evidence from nuclear waxy and plastid rps16. American 15 

Journal of Botany 90: 116-122. 16 

Kiribuchi-Otobe C, Nagamine T, Yanagisawa T, Phnishi M, Yamaguchi I. 1997. 17 

Production of hexaploid wheats with waxy endosperm character. Cereal Chemistry 18 

74: 72-74. 19 

Librado P, Rozas J. 2009. DnaSP v5: A software for comprehensive analysis of DNA 20 

polymorphism data. Bioinformatics 25: 1451-1452.  21 

Liu YG, Tsunewaki K. 1991. Restriction fragment length polymorphism (RFLP) 22 

analysis in wheat. II. Linkage maps of the RFLP sites in common wheat. Japanese 23 

Journal of Genetics 66: 617-633. 24 

Mason-Gamer RJ, Clifford FW, Kellogg EA. 1998. Granule-Bound Starch Synthase: 25 

structure, function and phylogenetic utility. Molecular Biology and Evolution 15: 26 

1658-1673. 27 

Mason-Gamer RJ. 2001. Origin of North American Elymus (Poaceae: Triticeae) 28 

allotetraploids based on granule-bound starch synthase gene sequences. Systematic 29 

Botany 26: 757-768. 30 

Monari AM, Simeone MC, Urbano M, Margiotta B, Lafiandra D. 2005. Molecular 31 

characterization of new waxy mutants identified in bread and durum wheat. 32 



 

- 24 - 

Theoretical and Applied Genetics 110: 1481-1489. 1 

Murai J, Taira T, Ohta D. 1999. Isolation and characterization of the three Waxy 2 

genes encoding the granule-bound starch synthase in hexaploid wheat. Gene 234: 3 

71-79. 4 

Nakamura T, Yamamori M, Hirano H, Hidaka S. 1995. Production of waxy 5 

(amylose-free) wheats. Molecular and General Genetics 248: 253-259 6 

Nei M. 1987. Molecular evolutionary genetics. Columbia Univ. Press, New York 7 

Nesbitt M, Samuel D. 1996. From staple crop to extinction? The archaelogy and 8 

history of hulled wheats. In: Padulosi S, Hammer K, Heller J (eds) Hulled wheats. 9 

International Plant Genetic Resources Institute. Rome, Italy, pp 41-100. 10 

Oda M, Yasuda Y, Okazaki S, Yamauchi Y, Yokoyama Y. 1980. A method of flour 11 

quality assessment for Japanese noodles. Cereal Chemistry 54: 253-254 12 

Petersen G, Seberg O, Yde M, Berthelsen K. 2006. Phylogenetic relationships of 13 

Triticum and Aegilops and evidence for the origin of the A, B, and D genomes of 14 

common wheat (Triticum aestivum). Molecular Phylogenetics and Evolution 39: 15 

70-82. 16 

Rodríguez-Quijano M, Nieto-Taladriz MT, Carrillo JM. 1998. Polymorphism of 17 

waxy proteins in Iberian hexaploid wheats. Plant Breeding 117: 341-344. 18 

Salamini F, Hakan Özkan, Brandolini A, Schäfer-Pregl, Martin W. 2002. Genetics 19 

and geography of wild cereal domestication in the Near East. Nature Genetic 20 

Reviews 3: 429-440. 21 

Tajima F. 1989. Statistical method for testing the neutral mutation hypothesis by DNA 22 

polymorphism. Genetics 123: 585-595. 23 

Tamura K, Nei M, Kumar S. 2004. Prospects for inferring very large phylogenies by 24 

using the neighbor-joining method. Proceedings of the National Academy of 25 

Sciences USA 101: 11030-11035.  26 

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. 2011. MEGA5: 27 

Molecular Evolutionary Genetics Analysis using Maximum Likelihood, 28 

Evolutionary Distance, and Maximum Parsimony Methods. Molecular Biology and 29 

Evolution 28: 2731-2739. 30 

Topping DL, Clifton PM. 2001. Short chain fatty acids and human colonic function-31 

roles of resistant starch and non-starch polysaccharides. Physiology Reviews 81: 32 



 

- 25 - 

1031-1064. 1 

Urbano M, Margiotta B, Colaprico G, Lafiandra D. 2002. Waxy proteins in diploid, 2 

tetraploid and hexaploid wheats. Plant Breeding 121: 465-469. 3 

Watterson GA. 1975. On the number of segregating sites in genetical models without 4 

recombination. Theoretical Population Biology 7: 256-276. 5 

Wu X, Zhao R, Wang D, Bean SR, Seib PA, Tuinstra MR, Campbell M, O`Brien A. 6 

2006. Effects of amylase, corn protein and corn fiber contents on production of 7 

ethanol from starch-rich media. Cereal Chemistry 83: 569-575. 8 

Yamamori M, Nakamura T, Endo R, Nagamine T. 1994. Waxy protein deficiency 9 

and chromosomal location of coding genes in common wheat. Theoretical  and 10 

Applied Genetics 89: 179-184. 11 

Yamamori M, Nakamura T, Nagamine T. 1995. Polymorphism of two waxy proteins 12 

in the emmer group of tetraploid wheat, Triticum dicoccoides, T. dicoccum, and T. 13 

durum. Plant Breeding 114: 215-218. 14 

Yan L, Bhave M, Fairclough R, Konik C, Rahman S, Appels R. 2000. The genes 15 

encoding granule-bound starch synthases at the waxy loci of the A, B and D 16 

progenitors of common wheat. Genome 43: 264-272. 17 

Yan L, Bhave M. 2001. Characterization of waxy proteins and waxy genes of Triticum 18 

timopheevii and T. zhukovskyi and implications for evolution of wheat. Genome 44: 19 

582-588. 20 

Yan Y, Hsam SLK, Yu JZ, Jiang Y, Ohtsuka I, Zeller FJ. 2003. HMW and LMW 21 

glutenin alleles among putative tetraploid and hexaploid European spelt wheat 22 

(Triticum spelta L.) progenitors. Theoretical and Applied Genetics 107:1321-1330. 23 

Yanagisawa T, Kiribuchi-Otobe C, Yoshida H. 2001. An alanine to threonine change 24 

in the Wx-D1 protein reduces GBSS I activity in waxy mutant wheat. Euphytica 25 

121: 209-214. 26 

Zeng M, Morris CF, Batey II, Wrigley CW. 1997. Sources of variation for starch 27 

gelatinization, pasting, and gelation properties in wheat. Cereal Chemistry 74: 63-28 

71. 29 

Zeven AC, Zeven-Hissink NCh. 1976. Genealogies of 14,000 wheat varieties. 30 

Netherlands Cereals Centre (Wageningen) – International Maize and Wheat 31 

Improvement Center (Mexico). 32 

33 

http://sauwok.fecyt.es/apps/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=S25KmkmNpAJd4H66HLg&page=2&doc=11&cacheurlFromRightClick=no
http://sauwok.fecyt.es/apps/full_record.do?product=WOS&search_mode=GeneralSearch&qid=1&SID=S25KmkmNpAJd4H66HLg&page=2&doc=11&cacheurlFromRightClick=no


 

- 26 - 

Figure legends 1 

Figure 1.  SDS-PAGE gel electrophoresis patterns of waxy proteins. a, uni-2 

dimensional; and b, bi-dimensional separation. Lanes are as follow: 1, PI-3 

348471; 2, PI-348489; 3, CGN12269; 4, CGN8384; 5, PI-348515; 6, PI-4 

348458; 7, PI-348747; and 8, PI 348595. The cv. Chinese Spring (CS) was 5 

used as standard. 6 

 7 

Figure 2.  a, amplification products of the central region of the waxy genes; and b, 8 

amplification products of the central regions of the waxy genes digested 9 

with BglI. Arrow-heads indicates products of the digestion. Lanes are as 10 

follow: 1, PI-348471; 2, PI-348489; 3, CGN12269; 4, CGN8384; 5, PI-11 

348515; 6, PI-348458; 7, PI-348747; and 8, PI 348595. The cv. Chinese 12 

Spring (CS) was used as standard. 13 

 14 
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 18 
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 20 

 21 
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Figure 3.  Diagrammatic representation of the Wx-B1 protein sequences from the 1 

Spanish spelt types together with common wheat. 2 

 3 

 4 
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 13 

 14 
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 1 

Figure 4.  Neighbour-joining tree based on Maximum Composite likelihood method of 2 

Wx gene sequences in the evaluated wheat lines (bold), together with other 3 

previous sequences. Numbers in nodes indicated bootstrap estimates from 4 

1000 replications. 5 

 6 

 7 

 8 
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Table 1. Lines of wheat used in this study. 

Specie Ploidy Genome Cultivar/Accessiona Origin Gene and GenBank Nob 

Triticum monococcum ssp. 

monococum  
2 AmAm AUS22986 Australia Wx-Am1: AF110373 

Triticum urartu  2 AuAu MG26992 Iraq Wx-Au1: JN857937 

Aegilops speltoides 2 SsSs AUS21638 Iraq Wx-Ss1: AF110374 

Aegilops tauschii 2 DD CPI110799 - Wx-D1: AF110375 

Triticum turgidum ssp. 

dicoccoides 
4 AABB - - Wx-A1: AB029061; Wx-B1: AB029062 

Triticum turgidum ssp. dicoccum 4 AABB CGN16104 Germany Wx-A1: JN935600; Wx-B1: JN935601 

PI275996 Spain Wx-A1: HM751941; Wx-B1: GQ205418 

BGE012302 Spain Wx-A1: HM751941; Wx-B1: GQ205417 

Triticum turgidum ssp. durum 4 AABB Langdon USA Wx-A1: AB029063; Wx-B1: AB029064 

Mexicali Mexico Wx-B1: GQ205420 

Triticum aestivum ssp. aestivum 6 AABBDD Chinese Spring China Wx-A1: AB019622; Wx-B1: AB019623; Wx-

D1: AB019624 

Triticum aestivum ssp. spelta 6 AABBDD CGN8384 Iran Wx-A1: HQ338720; Wx-B1: HQ338721; Wx-

D1: HQ338722 

CGN11460 Czech Rep. Wx-A1: JN935596; Wx-B1: JN935595; Wx-D1: 

JN935594 

CGN11461 Germany Wx-A1: JN935598; Wx-B1: JN935599; Wx-D1: 

JN935597 

CGN12269 Iran Wx-A1: JN935591; Wx-B1: JN935593; Wx-D1: 

JN935592 

PI348458 Spain Wx-A1: HQ338723; Wx-B1: HQ338724; Wx-

D1: HQ338725 
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PI348471 Spain Wx-A1: HQ338714; Wx-B1: HQ338715; Wx-

D1: HQ338716 

PI348489 Spain Wx-A1: HQ338717; Wx-B1: HQ338718; Wx-

D1: HQ338719 

PI348515 Spain Wx-A1: HQ338726; Wx-B1: HQ338727; Wx-

D1: HQ338728 
a BGE: Centro de Recursos Fitogenéticos-INIA (Alcalá de Henares, Spain); CGN: Center for Genetic Resources (Wageningen, Netherlands); 

and PI: National Small Grain Collection (Aberdeen, USA). 
b Bold text, sequenced in this study. Italic test, sequenced in our laboratory in previous works. The rest was obtained from GenBank. 
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Table 2. Summary of DNA polymorphism and test statistics for selection of the 38 sequences from polyploid wheat evaluated. 

Gene n 

Total  Coding region 

k s h   10-3   10-3 D  k s h   10-3   10-3 D 

Wx-A1 14 5.67 22 7 2.6 2.1 -0.7792 ns  3.93 15 7 2.7 2.8 -0.6767 ns 

Wx-B1 15 54.40 163 10 18.9 20.5 0.3760 ns  17.68 53 10 9.5 10.3 0.3643 ns 

Wx-B1I 12 5.6 22 8 2.7 2 -1.0188 ns  4.12 15 8 2.8 2.3 -0.7311 ns 

Wx-B1II 3 6.66 10 2 2.4 2.4 -  3.33 5 2 1.9 1.9 - 

Wx-D1 9 1.56 4 4 0.5 0.6 0.2315 ns  1.11 2 2 0.4 0.6 1.7542 ns 

Mean     7.3 7.7      4.2 4.6  

n: number of sequences; k: average number of nucleotide differences; s: number of polymorphic sites; h: number of haplotypes; : Watterson’s 

estimate;: nucleotide diversity; and D: Tajima’s estimate D-test. ns: not significant. The total length of the sequences was 2695-2690 bp for 

Wx-A1, 2702 for Wx-B1 type I, 2717 for Wx-BI type II and 2771 for Wx-D1; the length of the coding regions analysed was of 1724 bp except 

for Wx-B1 type I that was 1727. 
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Table 3. Assignation of the allelic variation for Wx genes according with the data obtained in the current study. 

Gene Putative allele Cultivar/Accession 

According to sequence 

DNA Protein 

Wx-A1 a Common wheat: Chinese Spring 1 1 

Wild emmer 2 2 

Durum wheat: Langdon 3 3 

Emmer: PI275996; Emmer: BGE012302 4 

Spelt: CGN8384; Spelt: CGN11460; Spelt: CGN11461; Spelt: PI348458; Spelt: PI348471  5 

Spelt: PI348489; Spelt: PI348515 6 

Emmer CGN16104; Spelt: CGN12269 7 4 

Wx-B1 a Common wheat: Chinese Spring 1 1 

Wild emmer 2 2 

Durum wheat: Langdon  3 3 

Spelt: PI348458; Spelt: PI348515 4 

Spelt: CGN8384 5 4 

 Spelt: CGN11460; Spelt: CGN11461; Spelt: CGN12269; 6 7 

Emmer: CGN16104; Spelt: PI348471; Spelt: PI348489;  7 

c* Emmer: PI275996 8 5 

c’ Durum wheat: Mexicali 9 6 

g Emmer: BGE012302 10 7 

Wx-D1 a Common wheat: Chinese Spring 1 1 

Spelt: CGN11460; Spelt: CGN11461; Spelt: CGN12269; 2 

Spelt: PI348458;  3 

Spelt: CGN8384; Spelt: PI348471; Spelt: PI348489; Spelt: PI348515 4 
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Table 4.  Variation between homoeologous and orthologous Wx genes and estimated 

divergence times between them. 

Gene pairs Ks Ka Ka/Ks MYA* 

Wx-A1 vs. Wx-D1 0.144 0.017 0.121 2.7 

Wx-A1 vs. Wx-B1 0.123 0.021 0.173 2.3 

Wx-B1 vs. Wx-D1 0.127 0.015 0.116 2.4 

Wx-B1 (type I) vs. Wx-B1 (type II) 0.032 0.005 0.142 0.6 

* Divergence rate of 0.0533 synonymous substitution per MY calculated according with 

Dvorak and Akhunov (2005).  
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