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SUMIMARY 

Wheat starch consists of amylose and amylopectin. The appropriate end-use of starch 

is dependent on an important property of starch, the ratio of amylose:amylopectin. 

Amylose is synthesized by the waxy protein, a predominant enzyme in the 

endosperm, the granule-bound starch synthase (GBSSI). A great number of efforts 

are being made worldwide to produce the waxy wheat with amylose-free starch by 

breeding programs or biotechnological approaches. Molecular genetic information 

for the different waxy genes of wheat will be of great benefit for such programs. This 

project has the objective of cloning and characterising the individual waxy genes from 

different diploid progenitors and various genomes of polyploid wheat. The waxy 

proteins encoded by the waxy genes of the different types of wheat were analysed. 

The investigation of proteins embedded within the starch granules indicated that a 

single approximately 59 kDa waxy protein was present in the proposed diploid 

progenitors, and a doublet of waxy protein bands with slight differences in molecular 

weight occurred in the tetraploid T. turgidum (AABB) and hexaploid T. aestivum 

(AABBDD). However, the waxy proteins of the tetraploid T. timopheevi (A*A*GG) 

and the hexaploid T. zhukovskyi (A*A*AWGG) could not be separated into bands of 

different molecular weights. The protein profile of the 75 kDa soluble starch 

synthases (SSS) and the 85 kDa starch branching enzymes (SBE) appeared invariable 

on S D S - P A G E for different types of diploid, tetraploid and hexaploid wheat. In the 

higher moleculai- weight starch granule protein (SGP) region, it was found that two 

SGP bands (110 kDa and 100 kDa) occurred in the tetraploid T. turgidum and three 

SGP bands (110 kDa, 105 kDa and 100 kDa) occurred in the hexaploid T. aestivum. 

However, both the tetraploid T. timopheevi and the hexaploid T. zhukovskyi were 

found to contain two SGP bands (a 110 kDa and a 95 kDa). Only one single band, 

100 kDa, 105 kDa, 100 kDa or 95 kDa, was detected in the SGP region in the 

proposed diploid progenitors. This is the first report of a 95 kDa protein in starch 

granules in endosperm of wheat. 

The genomic copies of genes covering the region from the translation initiation codon 

to termination codon and the partial 5' untranslated leader were cloned and sequenced 



from diploid T. monococcum and T. speltoides. These two genes consisted of 11 

exons and 10 introns, the same as in the corresponding section of the barley waxy 

gene but different from the rice, maize and potato waxy gene in the number of introns 

and exons. On the basis of comparison of the two waxy genes, the conserved 

sequences in exons were utilised to design primers to clone the partial waxy genes 

from different types of diploid and polyploid wheat. The variable regions in introns 4 

and 5 in these two genes were utilised to distinguish between the different waxy loci. 

The two mature waxy proteins deduced from the respective waxy genes of T. 

monococcum and T. speltoides were fotmd to have the same number of amino acids 

but slightly different calculated molecular weights and isoelectric points. These 

differences in physical properties of the different waxy proteins resulted from only 

3% amino acid substitutions and most probably accounted for the electrophoretic 

differences in the two proteins revealed by SDS-PAGE. The predicted secondary 

stmctures and the number of glycosylation sites also appeared to be variable in the 

different predicted waxy proteins of the genus Triticum. The altered secondary 

structures of these wheat waxy proteins could be suggested to relate to the different 

expressions of the waxy proteins or their unequal contributions to amylose synthesis. 

A series of partial waxy genes have been cloned from the wx-A and wx-B loci of T. 

turgidum, the wx-A' and wx-G of T. timopheevi, the wx-A, wx-B and wx-D loci of T. 

aestivum, the wx-A', wx-A^ and wx-G loci of T. zhukovskyi, and the single waxy locus 

of each of the proposed diploid progenitors of the different genomes of the polyploid 

wheat. The length and sequence of intron 4 were observed to be highly variable in 

the two or three, waxy loci of the polyploid wheat. The identification of the specific 

sequences in the variable region of intron 4 makes it possible to distinguish between 

the A, B, D, G, A* or A^ genomes at the DNA sequence level. 

Specific sequences of intron 4 representing individual waxy loci and a phylogenetic 

tree based on the sequence identities of the various partial waxy genes were analysed 

to determine the evolutionary relationship between different genomes of the various 

diploid and polyploid wheat. T. urartu, T. speltoides and T. tauschii were identified 

as the possible donors of A, B and D genomes, respectively, to T. aestivum. 
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supporting the current theory for wheat evolution (Friebe and Gill, 1996). This thesis 

has provided molecular evidence that T. monococcum might be one donor of T. 

timopheevi and thus of T. zhukovskyi. However, the sequence of intron 4 of the 

cultivated T. monococcum tested in this study was different from that of the third set 

of genomes of T. zhukovskyi, a putative man-made hybrid of T. monococcum and T. 

timopheevi. This result suggests that intraspecies polymorphism existed in T. 

monococcum or that a wild T. monococcum {T. monococcum ssp boeoticum) would be 

the progenitor of the third set of genome ofT. zhukovskyi. Owing to the fact that all 

the possible G genome donors had an identical length of intron 4, the progenitor of G 

genome remained uncertain in this study. 

Preliminary work was carried out to develop molecular markers for the three 

homoeologous waxy genes. Variations in the waxy gene sequences, certain unique 

restriction enzyme sites and lengths of certain PCR products were proposed to 

represent the wx-A, wx-B and wx-D loci of common wheat. Normal, null-A and nuU-

B lines of common wheat were found to have identical length of fragments in the 

exon 5-intron 5-exon 6 region of the three waxy genes. The results thus suggested 

that all three stmctural genes existed in the null lines analysed and that the waxy gene 

in these was not deleted completely. 

Unequal expressions of different waxy proteins in T. turgidum and T. aestivum were 

detected in SDS-PAGE. The sequence comparison of the three waxy genomic 

fragments from common wheat and a reported waxy cDNA of common wheat (Clark 

et al, 1991) also suggested that a possible alternative transcriptional event might be 

involved in the expression of the waxy gene in wheat. 
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Chapter 1 General Introduction and Literature Review 

ABSTRACT 

Starch consists of two major components, amylose and amylopectin. The appropriate 

end-use of starch is dependent on an important property of starch, the ratio of 

amylose:amylopectin. Wheat with reduced amylose concentration of starch is 

important for food industries such as those involved in manufacture of Japanese Udon 

noodles and the white salted noodles. Development of amylose-free starch would open 

up new end-uses of wheat in the food industry and non-food industry, Amylose is 

synthesized by the waxy protein, a predominant component of proteins embedded 

within starch granules in endosperm of wheat. Electrophoretic properties of three 

different waxy proteins in common wheat have been reported extensively. However, 

the molecular properties and interaction of the different waxy genes and their 

individual contributions to starch quality are largely unknown, due to the complex 

nature of the genomes of common wheat. One strategy to resolve these problems is to 

identify, clone and sequence individual waxy genes and thus obtain information on the 

proteins encoded thereby. This project has the objective of cloning and characterising 

the waxy genes in the various diploid progenitors of wheat and to clone the individual 

waxy genes in polyploid wheat. In this Chapter, the biochemical pathway of starch 

synthesis and the functions of enzymes involved are discussed, with particular 

emphasis on the waxy proteins and waxy genes. The current status of our knowledge 

of wheat evolution is also reviewed. 
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1.1 Production of wheat and importance of wheat starch 

1.1.1 The demand for wheat starch. 

Wheat is the most widely grown and consumed food crop and the main source of 

starch. The global annual demand for wheat has been forecast to increase from 560 

million tonnes in 1998 to 1050 million tonnes in 2020 (Kronstad, 1998). The annual 

yield has been predicted to increase from the current 2.5 tonnes per hectare to 3.8 

tonnes per hectare (Braun et al, 1998). With the annual 1.6% increase in yield 

required to fulfil the demand for wheat of the world for the next 20 years, there is a 

challenge to meet the demand for end-use of wheat grain in different catalogues of 

food industry and non-food industry. End-use of wheat grain is dependent on several 

major determinants including protein quantity and quality, starch composition and 

quality, grain hardness, content of lipid and lipoprotein, and pigments of endosperm 

and pericarp (Morris, 1998). Wheat grain consists of the embryo, endosperm and 

pericarp (Fig. 1.1). The endosperm is the major part of wheat grain and accounts for 

>80% of the grain weight. Starch comprising approximately three-fourths of the 

endosperm plays an important role in determining the end-use of wheat grain. 

1.1.2 Uses of starch and starch quality 

Nearly 35% of the world's population uses wheat starch as the staple food (Braun et 

al, 1998). Wheat starch is a major material processed for food such as biscuit, cake 

and bread, and is also an important raw material for gelling and pasting in the non-food 

industry (Morell et al, 1995; Ball et al, 1996; Smith et al, 1997; Zeng et al, 1997; 

Graybosch, 1998). Starch with high amylose concentration is useful in non-food 

industry; for example, such starch may improve the texture and quality of plastics 

(Watanabe et al, 1998). Breeding for high-amylose varieties has already been 

achieved successfully in barley (Schondelmaier et al, 1992) and maize (Ferguson, 

1994). Selection has also been carried out using the hybrids of T. turgidum and T. 

tauschii to obtain hexaploid common wheat with a high amylose concentration 

(Watanabe et al, 1998). However, studies on amylose-free starch are discussed here in 

greater details, due to its high potential application in the food and non-food industries. 
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1.2 Chemical properties of starch 

1.2.1 Chemical structure and composition of starch 

Starch consists of two major components; amylose, the essentially linear chain 

component of a-(l-4) linked D-glucose residues, and amylopectin, the branched-chain 

component wherein the chains of a-(l-4) linked D-glucose branch every 20-25 

residues through the a-(l-6) linkage (Fig. 1.2). The relative composition of amylose 

and amylopectin in starch is variable in plants. For example, the amylose 

concentration of starch is 0-30 % in maize and rice, but is relatively high, 25-30 %, in 

wheat. 

1.2.2 Amylose concentration of starch and its relationship to starch quality 

As discussed above, the ratio of amylose:amylopectin is an important criterion in 

determining the end-use of starch. The amylose-free starch of maize has been noted 

for its paste clarity, high water binding capacity and resistance to gel formation and 

retrogradation of paste (Crow and Dove, 1987). It is thus a preferred substrate for 

food, papermaking and adhesive industries (Zeng et al, 1997; Graybosch, 1998). The 

amylose-free starch of potatoes also yields a clear paste that does not retrograde and is 

useful in preparation of foods (Visser et al, 1993). The amylose-free starch of rice is 

valuable in the production of certain food products such as cakes and porridge 

(McKenzie and Rutger, 1983; Sano et al, 1986). 

In some countries such as Australia, wheat is a major crop due to the climate 

conditions being better for growing wheat rather than maize. A large quantity of wheat 

is used currently in industrial applications such as manufacture of gluten, which 

produces starch as by-product (Graybosch, 1998). Commercial appUcations of wheat 

starch could be more extensive if a significant reduction in amylose concentration is 

achieved. Graybosch (1998) has recentiy summarised that the utilization of amylose-

free starch of wheat could be in three areas: production of modified food starches, 

extension of the storage of baked goods without a concomitant dilution of gluten, and 

increased profitability of gluten manufacturers. 
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Fig. 1.2 Diagram of the chemical structure of starch. Starch consists of amylose 

and amylopectin. Amylose is the essentially linear chain component of a-(l-4) linked 

D-glucose residues (A). Amylopectin is the branched-chain component wherein the 

chains of a-(l-4) linked D-glucose branch every 20-25 residues through the a-(l-6) 

linkage (B) (Martin and Smith 1995). 
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1.2.3 Reduced-amylose starch of wheat 

It has been reported that some wheat varieties produce a relatively low proportion of 

amylose in starch and this type of wheat flour, produced from the low-amylose wheat, 

is considered to provide improved physical properties of noodles and better storage and 

keeping qualities (Nelson, 1987). The major reason why Australian wheat has a great 

marketability in the food industry in Asian countries is that wheat starch of some 

Australian varieties contains a slight reduction in the level of amylose concentration. It 

is, therefore, considered to be of superior quality for the manufacture of Japanese Udon 

and white salted noodles (Oda et al, 1980; Yamamori et al, 1992; Miura and Tanii, 

1994). Due to interests in reduced amylose starches, attempts are underway to identify 

mutant wheat varieties with reduced-amylose starches. Such mutants and their flour 

quality will be discussed in section 1.6.4. 

1.2.4 Development of amylose-free starch of wheat 

The ratio of amylose:amylopectin in starch of common wheat does not show a wide 

degree of variation, compared to that found in the diploid cereals, maize and rice. 

Investigations so far have failed to report any naturally occurring amylose-free wheat 

varieties (Yamamori et al, 1994; Miura et al, 1994; Hoshino et ah, 1996; Graybosch, 

1996, 1998; Zeng et al, 1997; Demeke et al, 1997; Yasui et al, 1997). Wheat starch 

with the only slightly reduced amylose concentration cannot meet the requirements of 

the market for amylose-free starch for certain food and non-food industries. Therefore, 

the amylose-free starches of diploid maize, rice and potato plants command a larger 

portion ofthe world's starch markets. In theory, wheat with amylose-free starch could 

be utilized in the same way as amylose-free starch of maize, rice and potato, as 

described previously (section 1,2,2). The lack of significant natural variation in the 

amylose concentration of wheat starch could be related to the complex genomic 

makeup of wheat; it is a hexaploid, thus the expression of genes on one genome may 

be masked by that on another genome (Ainsworth et al, 1993), More and more 

attention is being paid to the production of amylose-free starch of wheat using 

biotechnology or by crossing of different null lines with amylose-reduced starch in 

breeding programs (section 1,6.6.2), 
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1.3 Biochemical pathway of amylose and amylopectin synthesis in cereals 

Starch synthesis in plants is confined to chloroplast in green photosynthetic tissues and 

amyloplasts in non-green storage tissues such as pollen and endosperm tissue of 

developing grains. Intricate details for the biochemical pathways of starch synthesis in 

cereals will not be presented here, since these have been reviewed in recent years 

(Keeling et al, 1988; Tetlow et al, 1994; Morell et al, 1995; Martin and Smith 1995; 

Ball et al, 1996; Kopmann 1997; Wang et al, 1998). Based on this titerature, the 

process of starch biosynthesis can be summarized as follows (Fig. 1.3): 

1. Hexose phosphates such as glucose-1-phosphate, glucose-6-phosphate, or 

fructose-6-phosphate enter into the amyloplast from cytosol; 

2. Glucose-1-phosphate is converted into ADP-glucose, the substrate for starch 

synthesis, by the enzyme ADP-glucose pyrophosphorylase (ADPase); 

3. ADP-glucose is converted to an a-(l-4) linked D-glucopyronosyl residues to 

form amylose, by starch synthases (SS); 

4. ADP-glucose is also converted to a-(l-6) linked D-glucopyronosyl residues to 

form amylopectin, by starch synthases and starch branching enzymes (SBE). 

Amylose and amylopectin are synthesized in two independent pathways; however, 

these two polymers can inter-convert due to actions of the enzymes such as SBE and 

starch debranching enzymes (SDE) (KoPmann 1997). 
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Fig 1.3 Pathway of starch biosynthesis in amyloplast of cereals. Hexose phosphates 

enter into amyloplast from cytosol and are converted to ADP-glucose. ADP-glucose is 

the substrate of starch synthesis and is polymerized into amylose and amylopectin by 

two independent pathways (Wang et al, 1998). GBSSI: granule-bound starch 

synthases; SS: starch synthases; SBE: starch branching enzymes; SDE: starch 

debranching enzymes. 
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1.4 Functions of enzymes involved in synthesis of amylose and amylopectin 

from ADP-glucose 

The enzymes in the starch biosynthetic pathway have been characterised based on their 

roles in the formation of various substrates and in the amylose and amylopectin 

biosyntheses. Each enzyme involved in amylose and amylopectin synthesis is also 

related to properties of starch stmctures. A model microbial system in Chlamydomonas 

has been constructed to help understand the biogenesis of the plant starch granule. The 

enzymes involved in the synthesis of an ordered crystalline structure of starch have 

been described (Ball et al, 1996; Buleon et al, 1997). However, the functions of 

enzymes in deternuning the stmctures of starch are not known. The functions of the 

three key enzymes, SS, SBE and SDE, which are directiy involved in the 

polymerisation of ADP-glucose to amylose and amylopectin, are discussed below, 

1.4.1 Starch synthase (SS) 

Starch synthases (SS, EC 2,4,1,21) catalyse the conversion of ADP-glucose to amylose 

and amylopectin by the two independent pathways (Fig. 1.3). On the basis of the 

solubility properties of enzymes when extracted from starch granules, starch synthases 

are divided into two classes: soluble starch synthases (SSS) which can be separated 

partiy from the starch granules and granule-bound starch synthases (GBSS) which are 

exclusively granule-bound. 

1.4.1.1 Soluble starch synthases (SSS) 

Preiss (1991) described two classes of soluble starch synthases (SSS), defined as a type 

I and type II (in the order of their elution from DEAE-cellulose). These SSS have been 

purified from rice (55 kDa and 57 kDa, Baba et al, 1993), pea (77 kDa and 60 kDa, 

Denyer and Smith, 1992), maize (76 kDa, Mu et al, 1994), and potato (70 kDa, 85 

kDa, 135 kDa, Kojimann, 1997). All stai-ches in plants probably contain at least one 

isoform of soluble starch synthases (Smith et al, 1995). A number of genes for 

soluble starch synthases have been characterized recentiy, and they include SSSI in 

rice (Baba et al, 1993); SSSI, SSSH and SSSHI in potato (Ko^mann, 1997); SSSIa 
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and SSSIb in maize (Mu et al, 1994); and SSSI and SSSII in pea (Dry et al, 1992). 

Three types of SSS cDNA have been cloned recently from common wheat (Gao and 

Chibbar, 1998); the details ofthe work are discussed in section 1.5,2, A SSS genomic 

gene has been cloned and characterized (Li et al, 1999). 

The enzymatic activity of SSS can be reduced either by mutation in SSS genes, e.g,, in 

bariey or pea (Tynela and Schulman, 1993), or by an increase in growth temperature 

during endosperm development of wheat that affects the enzyme stability of SSS 

(Jenner et al, 1995). However, the precise effect of reduction in SSS activity on starch 

synthesis is unknown. Recent studies using transgenic potatoes (Ko|3mann, 1997) have 

shown that specific inhibition of SSSI gene, encoding the 70 kDa SSS, did not change 

any significant structural properties of starch. The repression of the SSSII gene, 

encoding the 85 kDa SSS, led only to slight changes in the starch structure. However, 

repression of the SSSIII gene, encoding the 135 kDa SSS, reduced the amylose and 

phosphate contents and altered the gelation characteristics of the starch. These 

observations indicate that the various SSS enzymes might have different roles in starch 

synthesis. 

1.4.1.2 Granule-bound starch synthase (GBSSI, waxy protein) 

The first report of an unusual phenotype of maize, where the kernel had the soft wax­

like sheen, occuired in the early of this century; this type of maize was thus described 

to possess the waxy locus (Nelson, 1987), In 1923, the starch in waxy endosperm of 

maize was reported to produce a reddish-brown colour instead of the blue-black colour 

produced by ordinaiy starch, when reacted with an I/KI stain (Nelson, 1987), Nelson 

and Rhines (1962) discovered that mutants of the maize waxy locus lacked an 

approximately 59 kDa protein in the endosperm. Since then, the 59 kDa protein in 

endosperm has been called waxy protein and plants which are free of waxy proteins 

have been called waxy plants. The hexaploid common wheat that lacks one or two of 

the three waxy proteins is called paitial waxy wheat and is discussed further in section 

1.6,3. Because the waxy protein is the major component of the proteins bound within 

the starch granules when these are extracted from endosperm of cereals, it is called the 

granule-bound starch synthase (GBSSI) (Preiss and Levi, 1980). The waxy locus of 

cereals is designed as the am/locus of potato and lam locus of pea (Smith et al, 1997). 
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Sprague was the first to report in 1943 that the starch in the haploid pollen and the 

triploid endosperm tissues of waxy maize lacked amylose and was composed entirely 

of amylopectin (Nelson, 1987, and references within). Since then, the role of the waxy 

proteins has been confirmed through a number of experiments; the waxy protein is 

thought to play a major role in the regulation of amylose concentration. In maize, the 

waxy protein activity, as well as amylose concentration, were found to decrease with 

the addition of inactive or mutant waxy genes, in the series WXAVXAVX, 

wxAVXAVX, wx/wxAVX and wx/wx/wx in the triploid endosperm tissues of maize 

(Tsai, 1974). The starch of the waxy mutant of maize was reported to be amylose free 

(Shure et al, 1983; MacDonald and Preiss 1985). The waxy protein activity and 

amylose concentration were reported to have an apparentiy positive relationship in 

different non-waxy mutant cultivars, i.e,, the waxy protein activity decreased with 

increase in the dosage of mutant waxy genes in the endosperm of rice, as in maize 

(Sano et al, 1986). Shimada et al. (1993) reported that the introduction and expression 

of the antisense RNA of the waxy gene into rice affected the level of expression of the 

target gene and reduced the amylose concentration in endosperm starch. In potato, 

Visser et al. (1991) and KoPmann (1997) reported that the expression of antisense 

RNA of the waxy gene inhibited the waxy protein activity in starch of potato tuber and 

gave rise to tubers containing amylose-free starch. 

1.4.2 Starch branching enzymes (SBE) 

Starch branching enzymes (EC 2.4.1.18) introduce the branch points, a-l,4-glucans 

(Fig. 1.1), into the amylopectin and thus have been shown to play an important role in 

amylopectin synthesis. Two forms of branching enzymes have been found in most of 

the higher plants studied to date. The nomenclature of these forms, SBEI and SBEII, is 

based on their order of elution from maize endosperm during the extraction of enzymes 

(Morell et al, 1995). The genes or cDNA for SBE have been isolated from maize 

SBEI (Baba et a/., 1991) and SBEII (Fisher et al, 1993), rice SBEI (Kawasaki et al, 

1993) and SBEIII (Mizuno et al, 1993), pea SBEI and SBEII (Smith 1988; Burton et 

al 1995), potato SBE (Poulsen and Keiberg, 1993). The cDNA for wheat SBEI 

(Repellin et al, 1997) and SBEII (Nair et al, 1997) and a genomic gene for wheat 
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SBEI (Rahman et al, 1997) have been cloned recentiy; these clones are discussed 

further in section 1.5.3. 

The roles of SBE in pea have been revealed by investigations on mutants of the SBE 

locus which exhibited significantiy lower amylopectin concentration relative to the 

wild type (Martin and Smith, 1995; Wang et al, 1998). The assignment of roles of 

SBE in other plants is based mainly on the high homology of the deduced amino acid 

sequences of these SBEs to the E. coli branching enzyme (l,4-glucoan-6-

glycosyltransferase, glg&). However, not all SBEs appear to have the same roles or 

make equal contributions to amylopectin synthesis. In transgenic potato plants created 

by introduction of the antisense RNA of the SBE gene, the repression of the native 

SBE gene altered the structure of some soluble glucans but, surprisingly, did not result 

in any increase of amylose concentration of the starch granules (Kopmann, 1997). 

These observations suggest that additional SBE genes might exist which could 

compensate for the repressed SBE gene. In maize, it has been revealed that SBEII 

preferentially branched amylose and SBEI preferentially branched amylopectin (Smith 

et al, 1997). It is unknown whether variations in functions of different SBEs exist also 

in other plants. It should be noted that, based on the analyses of homology of their 

deduced amino acid sequences, the homologues of maize SBEI are pea SBEII, rice 

SBEI and potato SBEI and that the homologues of maize SBEII are pea SBEI, rice 

SBEIII and potato SBEI. (Morell et al, 1995; Smith et al, 1997). 

1.4.3 Starch debranching enzymes (SDE) 

Starch debranching enzymes (EC 2.4.1.18) play a role in the determination of structure 

and composition of amylopectin and thus the end-uses of starch (Ball et al, 1996; 

Repellin et al, 1998). The enzymatic properties of SDE have been described (Pan and 

Nelson, 1984; Doehlert and Knutson, 1991; Nakamura et al, 1996a and 1996b; Smith 

et al, 1997). Two types of enzymes, isoamylase in maize (EC 3.2.1.68) and limit 

dextrinase or pullulanase or R-enzyme in rice (EC 3.2.1.41), have been found to have 

starch debranching activity. However, relative to SS and SBE, information on the 

biochemical properties and roles of SDE in starch biosynthesis is rather limited. 

Approximately twenty SDE genes or their cDNA have been registered in GenBank 
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(updated 16/4/1999). These include two cDNA for starch debranching enzymes (or R-

enzyme) in rice, cDNAs for puUullanse-type starch debranching enzyme {zpul) and 

SUl isoamylose {sugaryl) in maize, and one SDE genomic gene for limit dextrinase 

(HvLD99) in barley. A partial cDNA of common wheat has been cloned too (Repellin 

et al, 1998). However, direct evidence for the precise roles of the individual SDE 

genes in plants is still lacking. 

1.4.4 Interactions of various enzymes 

Although the unique role of GBSSI in amylose synthesis has been described by a 

number of groups (see section 1.4.1,2), GBSSI has also been found to be involved in 

amylopectin synthesis in vivo. Evidence for this comes from two reports. Firstly, 

mutants of cereals, potatoes and Chlamydomonos that lacked the waxy gene differed in 

amylopectin concentration from their wide-type lines (Delrue et al, 1992; Doehlert et 

al, 1993; Maddelein et al, 1994; Takeda et al, 1997), Secondly, the waxy protein 

was found to elongate chains within amylopectin in isolated starch granules (Baba et 

al, 1987; Denyer et al, 1996), Our analyses indicate that the homology of amino acid 

sequences is high not only between different GBSSI but also between GBSSI and SSS, 

For example, there is 85% identity between GBSSI of wheat and rice, but GBSSI in 

wheat exhibits approximately 60% identity to SSSI in rice as well (data not shown). It 

thus seems likely that the GBSSI protein also has a function that is similar to that of 

SSS. 

Starch synthesis is a complex biochemical pathway involving many enzymes and the 

role of each individual enzyme has still not been determined unequivocally. The 

enzymes in starch biosynthetic pathways in plants are related to those involved in 

glycogen synthesis in cyanobacteria and E. coli, wherein the functions of each enzyme 

are easier to investigate by the creation of a number of mutants. In summary, there are 

four enzymes in E. coli glycogen synthesis, glycogen synthase {gigA), l,4-glucoan-6-

glycosyltransferase {glgB, branching enzymes), ADP-glucose synthetase {glgC) and 

glycogen debranching enzyme {glgX). The functions of these can be analyzed 

individually by creation of specific mutants; this information can be then utilized to 

identify and predict the roles of enzymes involved in starch biosynthesis in plants. 
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1.5 Enzymes embedded within the starch granules in endosperm of wheat 

Starch granules isolated from the developing or mature endosperm of wheat contain 

two types of proteins, those that are embedded within the starch granule and those that 

have come in contact with the starch granule and are exclusively associated with its 

surface (Schofield and Greenwell, 1987; Rahman et al, 1995). Only the proteins 

embedded within the starch granules in wheat have been studied extensively, as these 

enzymes are believed to have important functions in starch synthesis due to their direct 

association with starch granule (Rahman et al, 1995). Electrophoretic analyses of the 

enzymes embedded within the granules indicate that these enzymes fall into four major 

classes based on their molecular weights. These include a 59 kDa granule-bound 

starch synthase (GBSSI), a 75 kDa soluble starch synthase (SSS), a 85 kDa starch 

branching enzyme (SBE) and a 100-105 kDa starch granule protein (SGP) (Rahman et 

al, 1995; Denyer et al, 1995; Takaoka et al, 1997; Yamamori et al, 1998) (Fig. 1.4). 

There are no reports that starch debranching enzymes (SDE) are bound within the 

starch granules during the endosperm development. The enzymes GBSSI, SSS, SBE 

and SGP embedded within the starch granules are reviewed in this Chapter. 
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} 100-105 kDa (SGP) 

85 kDa (SBE) 

75 kDa (SSS) 

59 kDa (GBSSI) 

Fig. 1.4 A diagrammatic representation of electrophoretic profile of the enzymes 

embedded within the starch granules in developing endosperm of wheat on the 

SDS-PAGE. The 59 kDa, 75 kDa, 85 kDa and 100-105 kDa proteins represent the 

granule-bound starch synthases (GBSSI), soluble starch synthases (SSS), starch 

branching enzymes (SBE) and starch granule proteins (SGP), respectively. The four 

classes of proteins are shown to differ in band thickness, to indicate their unequal 

amounts. 

1.5.1 The 59 kDa proteins: GBSSI, granule-bound starch synthase 
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The 59 kDa protein, GBSSI, is the predonunant protein embedded within starch 

granules (Fig. 1.4), is exclusively granule-bound in endosperm of wheat and is thus 

designated as the granule-bound starch synthase (GBSSI) (Fig. 1.5). Proteins of three 

other size classes, 75 kDa, 85 kDa and 100-105 kDa, are also present in the granule-

bound fraction (Schofield and Greenwell, 1987; Mu et al, 1994; Rahman et al, 1995; 

Denyer et al, 1993, 1995) (Fig. 1.5) and discussed in section 1.5.2-1.5.4. However, 

these three size classes of enzymes exhibit significantiy lower amounts than GBSSI 

when determined using SDS-PAGE (Fig. 1.4), On the basis of the results described 

using Western blotting experiments (Taira et al, 1995; Rahman et al, 1995) and the 

sequences of amino acids at the N-terminus (Denyer et al, 1995; Taira et al, 1995; 

Rahman et al, 1995; Fujita et al, 1996), the 59 kDa protein has been confirmed to be 

starch synthase in different types of wheat. The role of the 59 kDa GBSSI in wheat is 

similar to that of the waxy protein in other plants, as discussed in section 1.4.1.2. 

Further details of properties of the three different GBSSI or waxy proteins in common 

wheat are presented in section 1.6. 

A cDNA clone for GBSSI of common wheat was reported by Clark et al (1991). The 

amino acid sequence deduced from this cDNA had high homology with that of the 

waxy proteins in other plants (Ainsworth et al, 1993). Three other cDNA clones for 

GBSSI in common wheat have been isolated recently (sequence unpublished, Matus et 

al, 1998), These three cDNAs were suggested to be originated from the A, B or D 

genomes, based on comparison of the waxy proteins deduced from these cDNAs with 

the N-terminal antino acid sequences reported by Nakamura et al. (1995b), However, 

the sequence and organization of genomic copies of waxy genes in wheat are unknown. 

These have been characterized in this project. 
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Fig. 1.5 Diagrammatic representation of the locations of enzymes involved in 

starch synthesis in wheat. GBSSI ( • ), SSS P ), SBE ( • ) and SGP ( 1=1) 

represent the 59 kDa, 75 kDa, 85 kDa and 100-105 kDa proteins embedded within 

starch granules. SSS and SBE are present in both granule-bound and soluble fractions; 

GBSSI and SGP are present only within the granules. 
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1.5.2 The 75 kDa proteins: SSS, soluble starch synthase 

The 75 kDa protein was found to be a starch synthase and was antigenically related to 

the 77 kDa starch synthase of the pea embryo (Denyer et al, 1995). It is called the 

soluble starch synthase (SSS) as it can be separated from the starch granules (Denyer et 

al, 1995; Rahman et al, 1995, Yamamori et al, 1998), The 75 kDa protein has been 

detected in both soluble and granule-bound fractions in endosperm of wheat (Fig. 1,5), 

however, it makes a minor contribution to the starch synthase activity in the soluble 

fraction (Denyer et al, 1995), In order to investigate the role of this SSS in starch 

synthesis, three cDNA clones for SSS in wheat have been isolated (Gao and Chibbar, 

1998). These cDNA sequences exhibited 55-70% similarity to maize SSSIa and 

SSSIb, and thus were considered to be counterparts of maize SSS. Two of these three 

different clones were deduced to encode 88 kDa and 80 kDa polypeptides (it was not 

reported whether these polypeptides contain the transit peptides of SSS or not). 

Studies on functions and identification of the phylogenetic relationship of these cDNAs 

are being carried out (Gao and Chibbar, 1998), A genomic clone for SSS of T. tauschii 

has been isolated and work on transgenic plants using the promoter of this gene to 

drive the SSS cDNA is underway (Li et al, 1999). 

1.5.3 The 85 kDa protein: SBE, starch branching enzymes 

The 85 kDa protein was found to be the starch branching enzyme (SBE), based on the 

immunoprecipitation experiments and amino acid sequences at the N-terminal, and it 

has been detected in both soluble and granule-bound fractions (Rahman et al, 1995, 

Yamamori et al, 1998). In wheat, two full-length cDNAs encoding SBEI (85.4 kDa) 

and SBEII (85.5 kDa) in the endosperm of common wheat have been cloned (Repellin 

et al, 1997; Nair et al, 1997). The genomic gene for SBEI has been isolated from T. 

tauschii (Rahman et al, 1997) and common wheat (Baga et al, 1998). Two separate 

promoter regions have been identified for directing expression of the SBEI gene (Baga 

et al, 1998), The transgenic wheat with the SBEI gene has been shown to result in a 

reduction in starch branching enzyme activity level and the modified starch has a 

reduced crystalline structure and a lower temperature demand for starch gelatinisation 

has been observed (Chibbar et al, 1998), 
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1.5.4 The 100-105 kDa proteins: SGP, starch granule proteins 

In the higher molecular weight region of proteins extracted from starch granules in 

endosperm of common wheat, only one band was shown in the papers by Yamamori et 

al (1992), Nakamaru et al. (1993) and Ainsworth et al (1993); these authors 

investigated only GBSS proteins. Two bands, 100 kDa and 105 kDa, were then 

reported by Rahman et al (1995), followed by the report that the isoforms of 100-105 

kDa comprised three bands (Denyer et al, 1995), Yamamori et al. (1998) reported 

recently that the sizes of the proteins in this region are 100 kDa, 108 kDa and 115 kDa. 

This group of proteins is also exclusively bound to the starch granule (Rahman et al, 

1995; Denyer et al, 1995). They are referred to as starch granule proteins (SGP) here, 

in order to differentiate these from the three other groups of proteins embedded within 

the starch granules, GBSS, SSS and SBE, discussed above. 

The three SGP polypeptides have similar N-terminal amino acid sequences (Rahman et 

al, 1995; Denyer et al, 1995). The genes encoding these three proteins are 

homoeologous and have been located on chromosomes 7A, 7B and 7D of common 

wheat, by analysis of variation in these three proteins in the nullisomic-tetrasomic lines 

(Denyer et al, 1995). Although these SGP are suggested to have starch synthase 

activity (Rahman et al, 1995; Denyer et al, 1995; Yamamori et al, 1998) based on 

hybridization with other starch synthases, their precise roles in starch biosynthesis are 

unclear (Denyer et al, 1995; Rahman et al, 1995), Among a range of cereals analysed, 

these proteins have been found only in wheat (Rahman et al, 1995). Mutants of all 

three loci for these SGP have been reported recently in common wheat (Yamamori, 

1998). Understanding the biochemical functions of the SGP in wheat would be 

dependent on further analysis of such mutants and cloning and characterization of the 

genes encoding these proteins. 
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1.5.5 Comparisons of properties of different enzymes in starch synthesis 

The above overview indicates that four major types of proteins occur within starch 

granules in endosperm of wheat (Fig. 1.5). Except for the 85 kDa protein which is the 

starch branching enzyme, the three other groups of proteins, 59 kDa, 75 kDa and 100-

105 kDa, have starch synthase activity (Table 1.1). However, the role of only the 59 

kDa waxy protein has been defined clearly, by comparison with its counterparts in other 

cereal plants, as discussed in section 1.4.1.2. It is uncertain whether the 75 kD SSS and 

100-105 kDa SGP have a role in determining the composition or structures of amylose 

or amylopectin or both. Complete understanding of the starch biosynthesis process will 

depend on isolation and characterisation of all the relevant enzymes and their genes. 

1.5.6 Genes encoding proteins embedded within starch granules 

Search of Genbank for expressed sequence tags (ESTs) indicates 1256 entries (as at 

21/4/1998); they include starch synthase, starch branching enzymes, starch 

debranching enzymes and other enzymes involved in starch synthesis. However, only 

a limited number of complete genes encoding enzymes involved in starch synthesis in 

wheat have been cloned (Table 1.2). A great number of DNA and protein sequences 

for starch synthesis in diploid plants such as Arabidopsis and rice have been revealed 

and would allow rapid progress in cloning and characterisation of individual genes 

from different genomes of wheat. Therefore, it is anticipated that in the next 5-10 

years ESTs for all genes expressed in the developing endosperm of wheat will be 

available (Clarke etal, 1998). 
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Table 1.1 Summary of properties of enzymes embedded within starch granules of 

wheat 

Protein size Name Location Activity Function 

59 kDa GBSSI Granule-bound fraction Starch synthases Amylose 

synthesis 

75 kDa SSS Soluble and granule- Starch synthases (?) 

bound fraction 

85 kDa SBE Soluble and granule- Starch branching Amylopectin 

bound fractions Enzymes synthasis 

100-105 kDa SGP Granule-bound fraction Starch synthases (?) 

The known four classes of proteins embedded within starch granules are GBSSI 

(granule-bound starch synthase), SSS (soluble starch synthses), SBE (starch branching 

enzymes) and SGP (starch granule proteins). (?) indicates that the precise functions of 

SSS and SGP are not known. 
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Table 1.2 Inventory of clones of genes encoding enzymes embedded within starch 

granules in endosperm of wheat 

Starch synthetic/degrading enzymes 

(cDNAs and genomic clones) 

Accession Sources 

No 

GBSSI clones 

1. cDNA from T. aestivum 

2. genomic clone from T. monococcum 

3. genomic clone from T. speltoides 

4. genomic clone from T. tauschii 

5. cDNA (GBSSI-DI) from T. aestivum 

X57233 Clark e^fl/, (1991) 

AFl 10973 Yan et al (this project) 

AFl 10974 Yan et al (this project) 

AFl 10975 R, Appels 

(pers, commun.) 

N/A Matus eraZ. (1998) 

SSS clones 

1, SAIO cDNA from T. aestivum 

2, A3a I cDNA from T. aestivum 

3, A3X I cDNA from T. aestivum 

4, SSS genomic clone from T. tauschii 

N/A 

N/A 

N/A 

N/A 

Gao and Chibbar (1998) 

Gao and Chibbar (1998) 

Gao and Chibbar (1998) 

U etal {1999) 

SBE clones 

1. WSBEI-D2 genomic clone from 

T. tauschii 

2. SBEI from T. aestivum 

3. SBEII cDNA from T. aestivum 

4. SBEII genomic clone 

AF00282 Rahman et al (1997) 

Y12320 Repellin et al (1997) 

Y11282 Nair e? a/. (1997) 

N/A Rahman ^ra/. (1998) 

SGP clones 

Two cDNAs from T. aestivum 

SDE clones 

Partial cDNA from T. aestivum 

N/A 

N/A 

M. Morell 

(pers. commun.) 

Repellin era/. (1998) 

N/A: not available, indicates that the sequence data have not been entered into GenBank or a 

published journal. 
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1.6 Waxy proteins of common wheat 

1.6.1 Identification of three waxy proteins 

The three waxy proteins of common wheat, WX-Al, WX-Bl, and WX-Dl, were first 

reported to exhibit slightiy different molecular weights and isoelectric points by the use 

of a modified ratio of acrylamide:bisacrylamide (30:0.135) in two-dimensional SDS-

PAGE analysis (Nakamura et al, 1993a), The WX-A protein was reported to have a 

slightiy higher molecular weight and a more basic isoelectric point (pl) than the WX-

Bl and WX-Dl proteins, while WX-Bl protein was shown to have the same molecular 

weight but a slightiy acidic pi relative to WX-Dl protein. The three waxy proteins 

have been distinguished also by a modified pH system in a one-dimensional SDS-

PAGE (Zhao and Sharp, 1996). Such methods that can distinguish between the three 

waxy proteins of common wheat are useful for study of genetics and expression of the 

triplicated set of genes in the allohexaploid common wheat (discussed in following 

sections). 

1.6.2 The three waxy loci in common wheat 

In common wheat {T. aestivum, AABBDD), structural genes are found as a triplicate 

set on homoeologous chromosomes, due to its being a hexaploid. For instance, the 

genes which control high molecular weight (HMW) subunits of the storage protein 

glutenin are located on the long arms of chromosomes lA, IB, and ID (Payne et al, 

1983) and those encoding grain esterase {Est-5) are on the long arms of chromosomes 

3A, 3B and 3D (Ainsworth et al, 1984), The nullisomic-tetrasomic lines of common 

wheat var. Chinese Spring have been utilised extensively to identify locations of the 

triplicate set of genes. In such lines, one specific homologous pair of chromosomes 

has been deleted and is replaced by additional copies of a homologous pair from one of 

the two remaining genomes. The three waxy loci have been shown to be located on 

different chromosomes of common wheat by the use this plant material in the 

following experiments. 

The analysis of waxy proteins in nullisomic-tetrasomic lines of common wheat var, 

Chinese Spring have shown that lines with deletions of chromosomes 7A, 4A or 7D 
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contain only two waxy proteins, while lines with other deletions contain all three waxy 

proteins (Nakamura et al, 1993a). Therefore, chromosomes 7A, 4A and 7D of 

common wheat each can be assumed to contain one waxy locus on chromosomes 7A, 

4A and 7D respectively (Fig. 1.6). The analyses of isoenzyme markers and restriction 

fragment length polymorphism (RFLP) have identified the three waxy loci to be 

located on the short arm of chromosome 7A (7AS), the long arm of chromosome 4A 

(4AL) and the short arm of chromosome 7D (7DS) (Chao et al, 1989). Moreover, 

Chao et al. (1989) showed that part ofthe short arm ofthe "original" chromosome 7B, 

which should contain a waxy locus homoeologous to that of 7AS and 7DS, had been 

translocated to the long arm of 4A (Fig. 1.6). Ainsworth et al. (1993) reported similar 

results for locations of the waxy loci in common wheat by analyses of Southern blots of 

nullisomic-tetrasomic lines. Therefore, the three waxy loci of common wheat are 

designated as the wx-Al {wx-A or wx-7Al), wx-Bl {wx-B or wx-4Al) and wx-Dl {wx-D 

or WX-7D1) genes, respectively (Mcintosh et al., 1998; Yamamori et al., 1995). These 

studies have provided important information for cloning of individual waxy genes from 

the corresponding genomes of different diploid wheat, in the present study. 



Chapter 1 28 

wx-Al locus 
7A ^ 

WX-Dl locus 
7D ^ • 

WX-Bl Jocus 

4A 
i O i 

^ > 

Fig. 1.6 A diagrammatic representation of the locations of the three wajny loci of 

common wheat. The wx-Al, wx-Bl and wx-Dl loci are located on chromosomes 7AS, 

4AL and 7DS. "O" represents the centromere. Part ofthe "original" chromosome TBS 

containing the wx-Bl locus has been translocated to chromosome 4BL (Naranjo et al, 

1987), but 4B was redesignated as 4A (Chao et al, 1989; Dvorak et al, 1990). This 

translocation occurred in tetraploid wheat (Naranjo et al, 1987; Devos et al, 1995). 
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1.6.3 Naturally occurring mutants of the waxy loci 

Yamamori et al (1994) investigated 1560 varieties of common wheat from around the 

worid and reported different types of waxy proteins in null lines. The null lines for 

WX-Bl (WX-4A) protein were found to be common (about 48%) in Australian and 

Indian varieties. The null allele for the WX-Al protein was reported to occur 

frequentiy in Korean, Japanese and Turkish wheat but was relatively rare in cultivars 

from other countries and regions. Only one variety so far, Bai Huo from China, was 

found to lack the WX-Dl protein in all tested varieties. Double null lines lacking both 

WX-Al and WX-Bl protein were found to be rare and no other types of double 

mutants or triple null lines were found to occur naturally in common wheat. Two 

corresponding waxy proteins in the tetraploid emmer wheat, WX-Al and WX-Bl, 

were identified but no double null line of these two proteins were found (Yamamori et 

al, 1995a). Despite extensive analysis of a number of varieties, no mutant of the waxy 

protein in diploid 71 monococcum was found (M. Bhave, 1997, pers. commun,). 

Extensive efforts have been made to identify mutants of waxy genes in Australia (Zhao 

and Sharp, 1996), US (Graybosch, 1996; Zeng et al, 1997; Graybosch et al, 1998), 

Canada (Demeke et al, 1997) and Japan (Miura et al, 1994; Hoshino et al, 1996; 

Yasui et al, 1997). However, the types of null lines found are similar to those reported 

by Yamamori et al. (1995). 

1.6.4 Effects of waxy proteins on starch quality 

As described in section 1.4,1.2, the waxy protein has been shown to regulate the 

amylose concentration of starch in plants. This theory is also supported by the 

observations on mutants of various waxy loci in wheat. For example, a null allele for 

the waxy gene on chromosome 4A (null wx-Bl) has been associated with lower 

amylose concentration (Yamamori et al, 1992; Nakamura et al, 1993b; Miura and 

Tanii, 1994; Zhao et al, 1996; Zeng et al, 1997), It has been reported that starch from 

wheat lines containing the null wx-B allele confers high peak paste viscosity (Crosbie, 

1991; Konik et al, 1992) or high swelling property of the flour (Toyokawa et al, 

1989; Crosbie, 1991; McCormic et al, 1991; Crosbie et al, 1992; Konik et al, 1993; 

Yun et al, 1996). Such wheat starches have been associated with the desirable soft 

and elastic eating quality of Japanese Udon noodles and high quality Korean white 
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salted noodles (Yamamori et al, 1992; Miura and Tanii, 1994; Ross et al, 1997; Zhao 

et al, 1998). However, it has been shown that the effect of the wx-Bl null mutation 

was not simply due to a decrease in amylose concentration; instead, it most likely 

caused a subtle change in the starch stracture, resulting in high starch viscosity and 

high flour swelling volume (FSV) (Zhao etal, 1998). 

1.6.5 Contributions of different waxy proteins to amylose concentration 

Nakamura et al. (1993a) reported from an analysis of nullisomic lines of the 

experimental variety Chinese Spring that the relative amounts of the three waxy 

proteins in wheat endosperm are unequal; the amount of the WX-Bl is the largest, 

followed by the WX-Dl and WX-Al proteins (WX-B 1>WX-D1>WX-Al). Moreover, 

WX-Bl protein plays a greater role in amylose synthesis than the other two (Yamamori 

et al, 1994), Studies on the effects of chromosomal locations of different waxy genes 

on amylose concentration in a monosomic series of Chinese Spring have shown that 

the amount of the WX-B 1 protein in the monosomic 4A line is reduced together with a 

decrease in the amylose concentration. However, the WX-Al and WX-Dl proteins are 

decreased in the monosomic 7A and 7D lines respectively, without a concomitant 

decrease in their amylose concentration (Miura et al, 1994). Miura and Sugawara 

(1996) measured amylose concentration in nullisomic-tetrasomic lines of the 

experimental wheat "Chinese Spring". Removal of chromosomes 4A, the home of the 

wx-Bl locus, reduced the amylose concentration from 25.5% to 22.5%; when 

chromosomes carrying either wx-AI and wx-Dl were removed, the amylose 

concentration declined, but the reduction was only 50% of that observed when wx-Bl 

was removed. These observations indicate that the WX-Bl protein makes more 

contribution to amylose synthesis than the WX-Al and WX-Dl proteins. 

Several points are of particular interest regarding the differential effects of the three 

waxy genes on amylose concentration (Miura et al, 1994). Firstly, only a decrease in 

dosage of the most potent gene, wx-Bl, gives a sufficient reduction in the WX-Bl 

protein to affect the level of amylose. Secondly, a reduction in either of the WX-Al or 

WX-Dl proteins appears to be compensated for by the WX-Bl protein. In addition, a 

regulatory gene on chromosome 7B, separate from the waxy genes, possibly suppresses 
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the activities of the wx-Bl genes. However, the molecular mechanism of these 

interactions and compensations between various waxy proteins of wheat are unclear. 

1.6.6 Production of waxy wheat 

Due to the interactions mentioned above, lack of one or two waxy genes is insufficient 

for creation of wheat varieties with considerably reduced amylose concentration. 

Therefore, a number of techniques are being investigated in order to produce totally or 

almost completely waxy wheat, 

1.6.6.1 Mutagenic treatments 

Mutagenic treatments such as X-rays or ethylmethane-sulfonate (EMS) have been used 

to produce waxy maize (Briggs et al, 1965), waxy rice (Amano 1981), waxy potato 

(Hovenkamp-Hermelink et al, 1987), and waxy T. monococcum (Kanzaki and Noda, 

1988), However, these methods have proven unsuitable for producing waxy tetraploid 

and hexaploid wheat because polyploid wheat have been shown to have a high 

resistance to mutagenes, as revealed by a low frequency of mutants (Sears, 1972; 

Nakamura et al, 1995a), 

1.6.6.2 Crossing of the partial waxy mutants 

The crossing of different null lines to get triple null mutants can result in the 

production of completely waxy or amylose-free starch. Nakamura and colleagues 

(1995a) produced the world's first completely waxy wheat by this method; traditional 

crossing between the wx-Dl single null line Bai Huo and the wx-Al and wx-Bl double 

null line Kanto 107 resulted in progeny that lacked all isoforms of waxy proteins and 

had no starch amylose. Due to the significance of amylose-free starch discussed 

previously (section 1,6,4), numerous efforts have been made to develop waxy wheat 

varieties, in laboratories in USA (Graybosch, 1998), Australia (Zhao and Sharp, 1996), 

Canada (Demeke et al, 1997) and Japan (Yamamori et al, 1995; Hoshino et al, 1996; 

Yasui et al, 1997; Kiribuchi-Otobe et al, 1998; Miura et al, 1998), However, only 

one naturally occurring line of null wx-Dl gene from China has been discovered so far 
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and is being applied in over world for crossing purposes; it is thus difficult to produce 

waxy wheat in different locally suitable genetic backgrounds using this single mutant 

line in wheat breeding programs. Therefore, two additional sources have been 

described to solve this problem. Yasui et al. (1997) have recovered two waxy wheat 

lines after treating seed of the double null line Kanto 107 (lacking wx-Al and wx-Bl 

genes) with EMS to inactivate wx-Dl gene in this double null line. Kiribuchi-Ocobe 

(1997) has also identified five waxy wheat lines from a doubled haploid breeding 

program designed to remove rapidly a low amylose characteristic from a mutant line, 

in order to adapt these to different genetic backgrounds. 

1.6.6.3 Transgenic wheat 

The advances in gene manipulation and creation of transgenic plants in the past decade 

have made it possible to increase yield and create novel agricultural products 

(Wasserman et al, 1995). One strategy to produce waxy wheat in world-wide varieties 

would be to develop transgenic lines through antisense RNA technology (Wasserman 

et al, 1995), These transgenic potato and rice plants, expressing the antisense RNA of 

the waxy gene, have been produced successfully in producing the amylose-reduced or 

free starch as described in section 1,4,1,2. Agrobacterium tumefaciens-mediated 

transformation has significant advantage over naked DNA delivery techniques such as 

microprojetcile bombarment. The technique in Agrobacterium tumefaciens-mediated 

transformation in monotyledenous wheat has been difficult, although some success has 

been achieved (Cheng et al, 1997), Chibbar et al (1998) have successfully obtained 

the transgenic wheat with the SBE gene (section 1.5.3), by the microprojetcile 

bombarment techniques. This technique has raised the possibility of generation of 

transgenic wheat with other genes such as waxy gene. It is anticipated that these 

methods would allow production of waxy wheat in the near future. For this and other 

genetic engineering approaches, it is a prerequisite to clone the respective waxy genes 

in wheat. 

1.7 Taxonomic status and genomes of wheat 
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1.7.1 Taxonomic background of wheat 

Wheat {Triticum) is a member of the tribe Triticeae, a subdivision of the grass family 

Gramineae. Triticeae is divided into two subtribes, Triticinae (consisting of about 35 

genera, such as Triticum, Aegilops, Secale), and Hordeinae (consisting of Hordeum 

and related genera) (Breiman and Graur, 1995). The genus Triticum contains wheat 

species with cultivated forms, such as the hexaploid common wheat, T. aestivum, while 

Aegilops (goat grasses) included the wild relatives of common wheat such as Aegilops 

speltoides (Breiman and Graur, 1995). Several proposals have been made to merge the 

genus Aegilops within the genus Triticum (Bowden, 1959; Morris and Sears, 1967); 

this designation has been used by different groups (Dvorak et al, 1993; Appels et al, 

1989; Talbert et al, 1995; Friebe and Gill, 1996), though the genus Aegilops is 

retained for use as an independent genus (Kerby and Kuspira, 1987; Breiman and 

Graur, 1995; Mori et al, 1997). In this project, Aegilops is desinated as Triticum, i.e., 

Ae. bicornis, Ae. longissima, Ae. searsii, Ae. sharonensis and Ae. speltoides are 

designated as T. bicornis, T. longissima, T. searsii, T. sharonensis, and T. speltoides, 

respectively, and Ae. squarrosa is designated as T. tauschii. 

1.7.2 Types of cultivated wheat 

On the basis of the morphology and response to fungal pathogens, the cultivated 

species in Triticum has been divided into three groups: einkorn, emmer, and dinkle 

(Breiman and Graur, 1995). The einkorn is the cultivated diploid wheat, T. 

monococcum. T. monococcum is separated into the two subspecies, T. monococcum 

ssp, boeoticum and T. monococcum ssp. urartu (Johnson et al, 1976). The wild 

equivalent of T. monococcum is T. boeoticum (Takumi et al, 1993; Heun et al, 1997). 

The emmer group of wheat is the cultivated tetraploid T. turgidum that includes three 

subspecies, T. turgidum ssp, turgidum, T. turgidum ssp, dicoccum, and T. turgidum ssp, 

durum, and their wild relative is T. turgidum ssp. dicoccoides (Kerby and Kuspira, 

1987). The dinkle or bread wheat, i.e., common wheat, is hexaploid T. aestivum. In 

addition, the tetraploid T. timopheevi and the hexaploid T zhukovskyi axe also 

cultivated in the Caucasus region (Kimber and Sears, 1987). 
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1.7.3 Genomes of different types of wheat 

The genetic sources of different types of wheat have been designated by different 

genomes, for examples, genomes AABB for T. turgidum, genomes AABBDD for T. 

aestivum, genomes AAGG for T. timopheevi and genomes AAAAGG for T. 

zhukovskyi. These genomes in polyploid wheat are proposed to have originated from 

those in diploid wheat. It has been suggested that T. monococcum (AA), T. urartu (AA 

and/or BB), T. tauschii (DD), and the five diploid species belonging to section Sitopsis 

(genomes BB or SS), T. bicornis, T. longissima, T. searsii, T. sharonensis, and T. 

speltoides, are the candidates for being the diploid progenitors of the A, B, D or G 

genomes of the polyploid wheat (Kerby and Kuspira, 1987, Breiman and Graur, 1995), 

1.8 Origins of the genome of common wheat. 

1.8.1 Conventional theories for origin of common wheat 

Common wheat, T. aestivum (AABBDD, 2n=6x=42) is an amphidiploid, in that it is a 

polyploid species containing three distinct diploid genomes, A, B and D, each with its 

own independent evolutionary history, but the genetic behaviour of T. aestivum 

resembles that of a diploid. The origins of each genome in this polyploid wheat have 

been studied extensively during this century. On the bases of geographical 

distributions, morphological characteristics, meiotic chromosome behaviour of hybrids 

and amphiploids, the concentration and the restriction patterns of nuclear DNA and the 

protein constitution, the evolution of common wheat has been reviewed (Kerby and 

Kuspira, 1987; Kimber and Sears, 1987) and summarised in Fig. 1,7. 

1. The tetraploid progenitor of common wheat was T. turgidum. Common 

wheat evolved from the hybridisation of a diploid species and tetraploid 

species. This progenitor contributed A and B genomes to common wheat. 

Three cultivated types of T. turgidum and their wild species mentioned in 

section 1.7.2 are all possible tetraploid progenitors of common wheat. 

2. T. tauschii was the most likely diploid progenitor of D genomes of 

common wheat. T. tauschii is unequivocally identified to contribute D 
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genome to conunon wheat (Kihara, 1944; Mcfadden and Sears, 1946; 

Kimber, 1974). 

3. T. monococcum and/or T. urartu might have contributed the A genome 

to common wheat. The diploid T. monococcum is suggested to be the donor 

of A genome to common wheat (Sax, 1922, Lilienfeld and Kihara, 1934, 

Kerber, 1964; Morris and Sears, 1967; Johnson, 1975; Gill and Kimber, 

1974; Jaaska, 1980; Jones et al, 1983). However, T. urartu nught also be 

the donor of A genome to common wheat, as it contains the same genome as 

T. monococcum (Johnson, 1975; Konarev, 1983). 

4. The origin of B genomes is unclear. The results on the origin of B genome 

are controversial from different groups. Five diploid species in the Sitopsis 

section, T. bicornis, T. longissima, T. sharonensis T. speltoides and T. searsii 

(Kerby and Kuspira, 1987, and references therein), and another diploid 

species, T. urartu (Johnson, 1975), have been suggested as candidates for 

being the donors of the B genome to common wheat. 

Diploid ancestor 
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Fig. 1.7 Origins of genomes A, B and D of common wheat. The diagram is based on 

the review on the evolution of wheat by Kerby and Kuspira (1987), 
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1.8.2 Current theory for the origins of common wheat 

A large number of molecular techniques has been employed recentiy to obtain more 

data in order to resolve the ambiguity as to the origins of A and B genomes in common 

wheat, 

1.8.2.1 Origin of D genome 

T. tauschii has been identified to contribute the D genome to T. aestivum by through 

recent investigations (Lagudah et al, 1991; Hohmann et al, 1993; Gill et al, 1991; 

Gill etal, 1993; Friebe and Gill, 1996), 

1.8.2.2 Origin of A genome 

On the basis of an analysis of the NOR locus in different types of wheat, T. 

monococcum was suggested to contain A genome (Gill and Appels, 1988). Kerby et 

al. (1988) reported that both T. monococcum and T. urartu had a purothionin identical 

to that from in T. turgidum and T. aesivum, thus suggesting that these two species 

possessed the A genome and were possible donors of it to the polyploid wheat. 

Analysis of restriction fragment length polymorphism (RFLP) of several repeated 

DNA families and unique sequences identified T. urartu as the donor species of the A 

genome in T. turgidum, T. timopheevi and T. aestivum (Dvorak et al, 1988; Dvorak 

and Zhang, 1990, Dvorak et al, 1993; Takunu et al, 1994); C-banding analysis also 

strengthened this suggestion (Jiang and Gill, 1994). Further evidence for T. urartu 

being the donor of the A genome has been provided by the comparison of isoenzymes 

(acid phosphatase, esterase and superoxide dismutase) between diploid and tetraploid 

wheat (Jaaska, 1997), 

1.8.2.3 Origin of B genome 

On the bases of different methods, three different types of theories have been proposed 

for the origin of the B genome. 
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1. T. speltoides being the donor of B genome. Gill and Appels (1988) 

reported that only T. speltoides among the diploid wheat shares close 

homology with the polyploid T. aestivum, on the basis of the rDNA spacer of 

the major NOR locus. Talbert et al (1991, 1995) reported that T. speltoides 

was more closely related than the other four Sitopsis diploids (section 1.7.3) 

to the B genome of T. aestivum, based on the comparison of two repetitive 

sequences and the low-copy DNA sequences. Dau and Gustafson (1996) 

isolated a DNA fragment which contained T. speltoides-speciTic short 

repeated sequences, which could not be found in the other species of the 

Sitopsis section, and found that it was present in the B genomes of T. 

turgidum and T. aestivum. Badaeva et al. (1996) reported that T. speltoides 

was most similar to the B genome of polyploid wheat but different from the 

other species of the Sitopsis section in C-banding patterns. Several studies 

have indicated that T. speltoides shows an intra-specific variation in the coxll 

intron, which is consistent with the reported DNA polymorphism in T. 

aestivum in both organelle and nuclear DNAs (Miyashita et al, 1994; 

Ohsako et al, 1996; Sasanuma et al, 1996). In addition, Blake et al. (1998) 

also supported the idea that the B genome of common wheat had a 

monophyletic origin and that T. speltoides was the only possible donor of the 

B genome, based on comparison of single-copy DNA sequences of fourteen 

loci between different types of wheat. 

2. More than one species being the likely donors of B genome. While the 

above results all support the view that T. speltoides might have contributed B 

genome to polyploid wheat, other reports indicate that more than one species 

could be the likely B donors, i.e., the origin of B genome of common wheat 

might be polyphyletic. Three of the five putative B genome donors from the 

Sitopsis section had amino acid sequences veiy similai" to that of the 

purothionin form specified by the Pur-Bl locus of T. turgidum and T. 

aestivum (Kerby et al, 1990). More than one of the several candidates for the 

B genome in the Sitopsis section also had the same RFLP patterns as T. 

aestivum (Takumi, 1994). 
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3. T. speltoides not being the donor of B genomes. Miyashita et al. (1994) 

found that T. speltoides was not identical to T. turgidum-T. aestivum, on 

analyses of variations in restriction maps. Mori et al. (1997), on the basis of 

the variation in the coxll intron, did not agree that T. speltoides was the B 

genome donor to T. turgidum and T. aestivum. Randhawa et al (1997) 

reported that some species other than T. speltoides in the Sitopsis section 

contributed the B genome to polyploid wheat, based on the vaiiations in the 

glutenin subunit composition in wheat. 

Conclusion: When consideration is given to the above evidence and the various 

theories are taken together, the information on the possible progenitor of B genome of 

common wheat remains still unclear and controversial, although the majority of reports 

support that T. speltoides might be the donor of B genome. Three further possibilities 

regarding the identity of the ancestor of the B genome have been suggested (Sears, 

1977; Breiman and Graur, 1995; Dau and Gustafson, 1996): 

1. The donor is now extinct; 

2. The donor of B genome has not been discovered yet; 

3. The B genome originates from an introgression of two or more parental 

species. 

For the third model of B genome evolution, however, Dvorak and Zhang (1990) and 

Talbert et al. (1991) were unable to find any evidence of such introgression into T. 

aestivum, based on the studies of repeated DNA sequences in wheat. The origin of B 

genome thus remains to be identified unequivocally. 

1.9 Relationship of genomes between common wheat and its relatives 

1.9.1 Genomes of T. timopheevi-T. zhukovskyi and their origins 

Among the relatives of common wheat, the origins of the different genomes of the 

tetraploid T. timopheevi (AAGG) and the hexaploid T. zhukovskyi (AAAAGG) have 

been studied extensively, due to their possible application in wheat production in the 

Caucasus region (Kimber and Sears, 1987). The two types of tetraploid wheat, T. 

turgidum (AABB) and T. timopheevi (AAGG), offer an attractive model for the study 
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of genome evolution and speciation of wheat (Gill and Appels, 1988). This model is 

also important in studies of cytoplasm, because studies so far have shown that T. 

turgidum and T. timopheevi have the same nucleus but different sources of cytoplasm 

(Friebe and Gill, 1996). 

1.9.1.1 A genome 

T. zhukovskyi (AAAAGG) has been considered to originate from the hybridization of 

T. timopheevi (AAGG) and T. monococcum, the latter contributing one A genome to of 

T. timopheevi and the second A genome to T. zhukovskyi (Jakubzizer, 1958; Upadhya 

and Swaminathan, 1963; Johnson 1968). However, based on repeated DNA sequence 

profiles, the origin of A genome in T. timopheevi was found to be T. urartu instead of 

T. monococcum (Dvorak et al, 1993; Breiman and Graur, 1995). Therefore, T. 

zhukovskyi does not really possess two identical A genomic sets, but two distinct A-

like genomes derived from two different diploid species, T. monococcum and T. urartu 

(Dvorak et al, 1993). The donors of A genomes in T. timopheevi and T. zhukovskyi 

are still in debate. In order to distinguish between the different A genomes between T. 

timopheevi and T. zhukovskyi, the A genome T. timopheevi (AAGG) is designated as A' 

genome and the second A genome of T. zhukovskyi (AAAAGG) is designed as A^ 

genome in this project. Thus the constitutions of genomes are A'A^GG for T. 

timopheevi and A'A'A^A^GG for T. zhukovskyi. 

1.9.1.2 G genome 

Cytoplasmic analyses and studies of repeated DNA sequences indicate that T. 

timopheevi (A^A^GG) and T. turgidum (AABB) could have originated from a common 

tetraploid progenitor. T. speltoides was suggested to be the donor of G genome to T. 

timopheevi (Johnson, 1975; Dvorak and Appels, 1982; Chen and Gill, 1983; Ogihara 

and Tsunewaki, 1988; Dvorak and Zhang, 1990; Jiang and Gill, 1994; Shands and 

Kimber, 1973; Jaaska, 1978; Tsunewaki and Ogihara, 1983; Talbert et al, 1991). T. 

sharonensis was also suggested to be the possible contributor of G genome (Kushnir 

etal, 1983), 
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Fig. 1.8 Current theory of the evolution of wheat (Updated homepage of Wheat 

Genetics Resource Centre, Kansas State University, USA, as at 26, April, 1999). The 

theory for evolution of wheat is described in section 1,9,1. 
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Summary: A current theory of the phylogenetic and evolutionary relationships of 

different genomes of common wheat and its relatives has been summarised in Fig. 1.8, 

by Gill and his colleagues. In this theory, the donors of A and B genomes of T. 

turgidum are T. urartu and T. speltoides, respectively; T. aestivum is a hybrid of T. 

turgidum and T. tauschii which contribute D genome to T. aestivum. The donors of A 

and G of T. timopheevi are T. urartu and T. speltoides, respectively; T. zhukovskyi is a 

hybrid of T. timopheevi and T. monococcum which contributed the A genome to T. 

zhukovskyi. T. turgidum and T. timopheevi have the same nucleus sources but different 

cytoplasm sources. 

1.9.2 Complexity of origins of various genomes of wheat 

Extensive efforts have been made to understand the origins of different genomes of 

wheat. The reason for the intensive and continuous research work on wheat phylogeny 

has been its economic importance and evolutionary peculiarities. Both reasons are 

closely linked, as the wild wheat species can furnish important material for genetic 

resources such as genes for disease resistance or cold hardiness. However, it is 

difficult to identify the actual origins of genomes in different types of polyploid wheat, 

due to lack of unequivocal evidence, appropriate existing material and the ancient 

record of breeding carried out by humans. Moreover, a number of translocations have 

been reported to exist between different genomes. For example, a translocation 

between sections of long arm of 7B chromosome and short arm of 4A chromosome in 

common wheat has been reported (Chao et al, 1989). Chromosomes 4A, 5A and 7B 

in T. turgidum and T. aestivum and chromosomes 6A, IG and 4G in T. timopheevi are 

thought to be rearranged due to the presence of a cyclic translocation (Friebe and Gill, 

1996). In addition, polymorphism within species has also been found in diploid and 

polyploid wheat. For example, T. tauschii, a putative donor of D genome to common 

wheat was found to be polymorphic for RFLP patterns (Talbert et al, 1998). Studies 

have shown that RFLPs and polymorphic protein profiles in different varieties of 

common wheat (Chao et al, 1989; Kam-Morgan and Gill, 1989; Liu et al, 1990; 

Lubbers et al, 1991, Frederiksen and Seberg, 1992; Monte et al, 1993). It has also 

been suggested recently that common wheat had polyphyletic origins (Talbert et al, 

1998). These observations make it even more complicated to identify accurately the 
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origins of the different genomes in wheat. More studies at molecular level are thus 

required to reveal the origins of different genomes in different types of wheat 

unequivocally. 

1.10 The aims of the project 

1.10.1 The need to identify and investigate the individual waxy genes 

As explained in section 1.4.1.2, the waxy protein plays a critical role in regulating the 

amylose concentration of wheat starch, a criterion highly significant for certain food 

and non-food industries. However, the following questions are raised: 

• Do the three waxy proteins in common wheat, which exhibit distinguishable 

properties upon SDS-PAGE, have differences in their biochemical structures 

and/or functions, or make unequal contribution to the overall amylose 

concentration? 

• Is it possible to develop molecular markers for the three waxy loci of common 

wheat, for identification of specific waxy varieties? 

• Is it possible to obtain complete molecular information for the individual waxy 

genes of different genomes of wheat, in order to further understand the 

phylogenetic relationship between these and hence evolution of wheat? 

• Are the three waxy genes in common wheat sufficiently identical so that a 

single antisense cDNA approach can be utilised to inhibit the expression of all 

waxy genes to obtain a transgenic wheat without amylose? 

It is evident that in order to answer these questions it would be necessary to clone and 

sequence the individual waxy genes. Diploid wheat offers the opportunity to clone 

single waxy genes representing the appropriate counteiparts of those in polyploid 

wheat; furthermore, the sequences identified in diploid wheat would provide an 

essential tool for the cloning of the respective genes in polyploid wheat. 
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1.10.2 Selection of plant materials 

The information provided in section 1.9 has indicated that except for diploid T. tauschii, 

which is accepted as the donor of D genome, the donors of A and B genomes of 

common wheat are still unclear. On the basis of the evidence available at the time of 

commencement of this project (early 1996) which suggested that T. monococcum 

and/or T. urartu were the likely donors of A genome of common wheat, T. 

monococcum was chosen to clone the waxy A gene. Similarly, T. speltoides was 

chosen from several candidates of B genome to clone the waxy B gene. 

It was essential also to clone and compare the waxy genes from other proposed 

progenitors of the A and B genomes of common wheat, other polyploid wheat, and the 

wild relatives of wheat. This information would provide a clearer understanding of the 

evolutionary relationships among the different genomes of wheat. 

1.10.3 Specific aims 

The main aim of this project was to clone and characterise the individual waxy genes 

from different diploid, tetraploid and hexaploid wheat and utilize the sequence data to 

develop molecular markers for these waxy loci and to extend our understanding of the 

evolution of wheat. The internal relationships between different sections of this project 

are shown in Fig. 1.8. These include the following specific aims. 

• To investigate the properties of proteins embedded within the starch granules 

of endosperm in different diploid, tetraploid and hexaploid wheat (Chapter 3). 

• To clone the genomic copy of the waxy genes, encompassing the entire coding 

region, of T. monococcum as a proposed donor of A genome and 7". speltoides 

as a proposed donor of B genome (Chapter 4). 

• To characterize the waxy proteins deduced from the sequences of the waxy 

genes of T. monococcum and T. speltoides and understand their biochemical 

and physical properties predicted from their amino acid sequences (Chapter 5). 
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• To isolate the individual partial waxy genes from the two waxy loci each of the 

tetraploid T. turgidum (AABB) and T. timopheevi (A^GG), three waxy loci 

each of the hexaploid T. aestivum (AABBDD) and T. zhukovskyi 

(A'A'A'^A^GG), and a single waxy locus of each of the other diploid 

progenitors. To find the waxy locus-specific sequences representing the A, B, 

D, G, A* and A^ genomes and further understand the phylogenetic relationship 

of these genomes between different polyploid wheat (Chapter 6). 

• To develop the molecular markers for the individual waxy loci of conomon 

wheat and to investigate the molecular basis of the waxy null lines (Chapter 7). 

Taken together, the great volume of sequence data proposed for this project will 

provide valuable information for the waxy genes and the waxy protein encoded thereby 

in wheat. This information will be valuable for understanding wheat evolution, 

analysing mutants of the waxy genes and applications in transgenic technology. 
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Fig. 1.9 Specific aims of this project. The main objective of this project was to clone 

and characterise the waxy genes in T. monococcum and T. speltoides. After this was 

achieved, this was extended to achieve some additional aims that have further 

applications in wheat breeding and biotechnology programs. 
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Chapter 2 Materials and Methods 

2.1 Plant material 

2.1.1 Plant material for electrophoretic analysis of proteins 

Different types of diploid, tetraploid and hexaploid wheat were investigated for the 

proteins embedded within the starch granules in the endosperm of mature seeds. The 

sources ofthe plant material are shown in Table 2.1. The material includes: 

1. T. monococcum, a proposed contributor of A genome to polyploid wheat; 

2. T. tauschii, the proposed donor of D genome to common wheat; 

3. T. speltoides T. bicornis, T. longissima, T. searsii and T. sharonensis, the five 

species in the Sitopsis section, proposed by various investigators to have 

donated B genome to polyploid wheat; T. speltoides or/and T. sharonensis are 

also proposed to have donated the G genome to polyploid wheat; 

4. T. urartu, a proposed donor of both A genome and B genome to polyploid 

wheat; 

5. Three forms of emmer wheat (AABB), the putative tetraploid progenitor of T. 

aestivum, i.e., T. turgidum ssp. turgidum, T. turgidum ssp. dicoccum and T. 

turgidum ssp. durum, and their wild relative, T. dicoccoides', 

6. Common wheat, T. aestivum (AABBDD). Three types of the hexaploid 

common wheat were utilized: one type with high paste viscosity, considered 

appropriate for making noodles and bread (varieties Rosella and Machete); 

the second type with low paste viscosity and commonly used to make biscuits 

(varieties Wyuna and Vectis); and the third type, experimental wheat 

(varieties Sturdy and Chinese Spring); 

7. T. timopheevi (A^A'GG); 

8. T. zhukovskyi (A'A'A^A^GG); proposed to be a hybrid of T. timopheevi and T. 

monococcum. 
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Table 2.1 Plant materials of diploid, tetraploid and hexaploid wheat used in the 

protein analyses 

Species 

T. moncoccum 

T. urartu 

T. speltoides 

T. bicornis 

T. longissima 

T. searsii 

T. stiaronensis 

T. tauschii 

T. turgidum 

T. aestivum 

T. timopheevi 

T .zhukovslcyi 

Accessions tested 

15* 

Aus 17649, Aus 90459 

Aus 18995, Aus 21638 

Aus18942 

Aus 18795, Aus 18930 

Aus 18797, Aus 18798 

CPI115475 

Aus 18802, Aus 18747 

Aus 18967, Aus 18916 

CPI 799 

Aus 19785, Aus 19592 

Aus 764 

Chinese Spring, 

Rosella. Wyuna 

Aus 19794, Aus 19796 

Aus 18689, Aus 18690 

Ploidy of 

Genomes 

2x 

2x 

2x 

2x 

2x 

2x 

2x 

2x 

4x 

6x 

4x 

6x 

Genome 

AA 

AA or/and BB 

BB or/and GG 

BB 

BB 

BB 

BB or/and GG 

DD 

AABB 

AABBDD 

A'A'GG* 

A'A'A'A'GG* 

Source 

MU and AWCC 

AWCC 

AWCC 

AWCC 

AWCC 

CSIRO 

AWCC 

MU 

CSIRO 

AWCC 

VIDA 

AWCC 

AWCC 

* C68-73; C68-18; C68-19; C68 24G 16; Sile 500 Sp 3750; Sile 506 Sp 3376, Aus. 16280; Aus 3701; 

Aus. 16278; Aus. 15361; Aus. 22983; Aus. 22986; Aus. 90442; Aus. 90624 and Aus. 95051, 

MU: The University of Melbourne, Department of Agriculture, AWCC: Australia 

Winter Cereals Collection, Tamworth, NSW, CSIRO: Commonwealth Scientific and 

Industrial Research Organization, Canberra, ACT, Australia; VIDA: Victoria Institute 

for Dryland Agriculture, Horsham, Victoria, Australia, * As discussed in section 

1,9.1, in order to between distinguish between different A genomes of the polyploids 

T. timopheevi and T. zhukovskyi, A genome of T. timopheevi (AAGG) is designated as 

A' genome and the second A genome of in T. zhukovskyi (AAGGAA) is designated as 

Â  genome, in this project. 
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2.1.2 Plant materials for cloning the waxy genes 

On the basis of the results of analyses of the waxy proteins in SDS-PAGE, a typical 

accession of each type of wheat was used to clone its waxy gene (Table 2.2). T. 

monococcum (AA) and T. speltoides (BB) were used to clone their respective, almost 

complete genomic waxy gene, from the first translated exon to the last one (Chapter 4), 

The corresponding section of the T. tauschii (DD) waxy gene was investigated 

simultaneously at CSIRO in a collaborative effort (R, Appels, pers. commun.). Other 

species in Table 2.2 were used to clone their respective partial waxy genes (Chapter 6). 

2.2 Electrophoretic analysis of proteins embedded within starch granules 

2.2.1 Preparation of starch granules 

Starch granules from endosperm of mature seeds were prepared by the method of Echt 

and Schwartz (1981). The pericarp and embryo were cut out and 200 mg endosperm 

homogenised in 3 mL ofthe precooled extraction buffer (0.055 M Tris-Cl pH 6.8, 2.6% 

SDS, 5% (V/V) p-mercaptoethanol, 10% (V/V) glycerol and 0.05 M dithiothreitol) 

with a precooled mortar and pestle held on ice. The suspension was filtered through a 

layer of Miracloth and centrifuged at 14000 ipm in an Eppendorf 5415C 

microcentrifuge, for 1 minute, at 4 C. This centrifuge was used for centrifugations of 

all small-volume samples, unless mentioned otherwise. The pellet of starch granules 

was washed three times with extraction buffer, followed by double distilled water and 

then methanol, in 3 mL of each elution buffer, in this order, and then dried under 

vacuum. During the procedure, all elution buffers were precooled to 4°C to avoid 

swelling of starch granules and the release of proteins. 

2.2.2 Extraction of proteins embedded within starch granules 

The starch granules extracted and purified as above should contain only those proteins 

that are embedded within them, as those proteins that are on the surface of starch 

granules would have been removed. The predominant protein embedded within the 

starch granules is the waxy protein or GBSSI, as discussed in section 1.5. 
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Table 2.2 Plant material used for cloning waxy genes 

Species Name Origin Usage 

T. monococcum 

T. speltoides 

T. turgidum ssp. 

durum 

Aus 22986 

Aus 21638 

Aus 764 

AUS 

IRQ 

CYP 

T. aestivum 

T. bicornis 

T. longissima 

T. sharonensis 

T. urartu 

T. timopheevi 

T. zhukovskyi 

C.S,* 

Aus 18795 

Aus 18799 

Aus18802 

Aus 17649 

Aus 19794 

Aus 18689 

CHI 

UTK 

UTK 

USA 

USR 

KEN 

USR 

The waxy gene (Chapter 4) 

The waxy gene (Chapter 4) 

One partial waxy gene (Fragment 1) 

(Chapter 6), 

Two partial waxy genes (Fragment 2) 

(Chapter 6), 

Three partial waxy genes (Chapter 6), 

Partial waxy gene (Chapter 6), 

Partial waxy gene (Chapter 6), 

Partial waxy gene (Chapter 6). 

Partial waxy gene (Chapter 6). 

Two partial waxy genes (Chapter 6). 

Three partial waxy genes (Chapter 6). 

* C.S., Chinese Spring. 

All wheat weeds were kindly provided by Australia Winter Cereals Collection 

(AWCC), Tamworth, NSW. 
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2.2.2.1 Preparation of protein samples for the one-dimensional SDS-PAGE 

For analysis of proteins by one-dimensional sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE), the proteins were extracted from the starch granules 

by the method of Echt and Schwartz (1981). 150 ]iL of extraction buffer (section 

2.2.1) was added to an Eppendorf tube containing 10 mg of starch granules. The 

contents of the tube were mixed and heated in boiling water for 10 minutes. The 

gelled starch solutions were cooled on ice immediately, then centrifuged at 14000 rpm 

for 10 minutes at 4°C. The supernatants were used for further analysis. 

2.2.2.2 Preparation of protein samples for two-dimensional electrophoretic 

analysis 

The proteins from the starch granules were extracted using an extraction buffer [8 M 

urea, 2% (V/V) Nonidet-P40, 2% (V/V) ampholine (pH 4-7), 5% polyvinylpyrrolidone 

(PVP, M.W. 360000, Sigma), 5% |3-mercaptoethanol] (Nakamura et al, 1993). 10 mg 

of starch granules were mixed with 150 |J.L of this buffer and heated for 5 minutes in 

boiling water, then centrifuged at 14000 rpm for 10 minutes at 4°C. The supernatants 

were used for further analysis. 

2.2.3 One dimensional SDS-PAGE 

2.2.3.1 Preparation of gels 

SDS-PAGE was used to determine the molecular weights of proteins by the 

discontinuous electrophoresis system (Laemmli, 1970; Hames, 1990). Briefly, the gels 

were prepared and electrophoresed using the following gel solutions and buffers. 

1. Resolving or separating gel: 0.375 M Tris-Cl (pH 8.8), 0,1% SDS, The 

electrophoresis system had a 8% separating gel, but the ratio of 

acrylamide:bisacrylanude used was 30:0.135; this ratio has been reported to 

allow high resolution of the waxy proteins (Nakamura et al, 1992). 

2. Stacking gel: 0.125 M Tris-Cl (pH 6.8), 0.1% SDS. The electrophoretic 

systym had a 4% stacking gel, but the ratio of acrylamide:bisacrylamide was 
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traditional 29:1 rather than 30.0:0.135 ratio, as the latter was found to result in 

gels that were too soft to allow proper loading of the protein samples. 

3. Electrode buffer (pH 8.3): 0.025 M Tris, 0.192 M glycine, 0.1% SDS. 

4. Protein Sample Buffer (loading buffer): 0,125 M Tris-Cl (pH 6,8), 10% 

glycerol, 5% (3-mercaptoethanol, 2% SDS, 0.013% Bromophenol blue. 

All gels were polymerised by the addition of 0,05% of TEMED and 1% of freshly-

made 10% ammonium persulphate. 

2.2.3.2 Electrophoretic conditions 

Protein samples were prepared for electrophoresis by addition of an equal volume of 

the protein loading buffer to the supernatants in section 2.2.2.1, nuxing these together, 

and incubating for 3 minutes in boiling water, followed by cooling on ice. Protein 

samples were loaded alongside the high-range of molecular weight markers (45 kDa to 

200 kDa, Bio-Rad). Electrophoresis was conducted at a constant voltage of 100 V 

until the dye had run out of the Mini-Protean gels, then a further 15 minutes after this 

point, for best separation of the waxy proteins, or until the dye had reached bottom of 

the gels in case of the larger Protean-I system (Bio-Rad). 

2.2.4 Two dimensional SDS-PAGE 

2.2.4.1 Preparations of gels 

The first dimension: The Immobiline DryStrip pH 4-7 (Pharmacia) was applied for 

isoelectric focussing of proteins in the first dimension. The two-dimensional 

electrophoretic unit (217 Multiphor II, Pharmacia) was used following the instruction 

manual provided by the supplier. 

The second dimension: Preparation of the second dimensional SDS-PAGE was the 

same as in section 2.2.3.1, using 30:0.135 acrylamide:bisacrylamide. A wide, single-

well comb was used for loading the Immobiline DryStrip from the first dimensional 

gel. 
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2.2.4.2 Electrophoretic conditions 

25 |J.L of protein samples and 25 )J,L of loading buffer (supernatants in section 2.2.2.2) 

(24 g urea, 1.0 mL (3-mercaptoethanol, 1.0 mL Pharmalyte pH 3-10, 0.25 mL Triton 

X-100, and 0.01% Bromphenol blue in 50 mL solution) were mixed, then loaded into 

the sample cup of the first dimensional gel. The first dimensional gel was mn at 300 

V, 1 mA for 1 hour; 2000 V, 1 mA for 5 hours; then 3000 V, 1 mA for 18 hours. All 

procedures for the first dimensional gel were followed the instruction manual of the 

supplier (Pharmacia). The second dimensional gel was run at a constant voltage of 

100 V until the dye had reached the bottom of the gel in the Protean-I system (Bio-

Rad). 

2.2.5 Processing of gels following electrophoresis 

Upon completion of electrophoresis, the gel plates were separated and the stacking 

gels discarded. The resolving gels were stained by silver stain using the methods given 

in Table 2.3. 

The gels were photographed using a MP-4 Land Camera (Polaroid) and Polaroid 667 

positive film, with 5.6 aperture and 1/125 exposure time. The gels were then placed in 

distilled water for at least 2 hours before drying them using the GelAir Dryer (Bio-

Rad) for 3 hours, for permanent storage. 



Chapter 2 57 

Table 2.3 Procedures for staining gels 

Solution 

Fixing solution 

Incubation solution 

Washing 

Silver solution 

Developing solution 

Stop solution 

Preserving solution 

Composition* 

100 mL 

25 mL 

75 mL 

17.0 g 

0,5 g 

1,3 mL 

H2O 

0.25 g 

50|xL 

6.25g 

25 mL 

3.65 g 

25 mL 

Ethanol 

Acetic acid 

Ethanol 

Sodium acetate 3 H2O 

Sodiumthiosulfate 

Glutardialdehyde (25% W/V) 

Silver nitrate 

Formaldehyde 

Sodium carbonate 

Formaldehyde 

EDTA 

Glycerol 

Time of Treatment 

30 minutes 

30 minutes 

3x10 minutes 

40 minutes 

15-45 minutes** 

5-10 minutes 

20 minutes 

* All recipes are for making up to 250 mL. 

** Time for development of dye was decided depending on the intensity of the protein 

bands. It was necessary to keep some of the gels in the developing solution up to 45 

minutes, in order to develop faint bands ofthe proteins in the high molecular weights. 
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2.3 Cloning of the waxy genes from genomic DNA 

2.3.1 Selection of methods for cloning the waxy genes 

A number of techniques are applied in cloning genes from plants for different 

purposes, for example, constructing a genomic DNA library to clone a gene containing 

the promoter region, constructing a cDNA library to investigate only the coding 

sequences without the intervening introns and to develop antisense approaches for 

transgenic plants. The exons often serve to indicate the degree of conservation of the 

coding sequences, due to the functional constraints and thus serve as "biological 

clocks" for determining evolutionary history and rate of divergence of species. Since 

this project was to analyse the sequence and organization of a number of waxy genes 

from different genomes of wheat, it was essential to clone and investigate the 

sequences of both introns and exons. It was thus decided to use the Polymerase Chain 

Reaction (PCR), a rapid and efficient approach for amplifying, cloning and/or 

sequencing multiple waxy genes, in a relatively short period of time, compared to 

constructing and screening individual genomic libraries. 

Comparison of the anuno acid sequences deduced from the six cDNA sequences of the 

waxy genes in plants indicated that the four monocotyledonous plant species have 

83.4% and 93.3% identity while those from the two dicotyledonous plants share a 

75.4% identity (Ainsworth et al, 1993). These results indicate that the exon 

sequences of the waxy genes are highly conserved in plants, and thus these might be 

highly conserved also between different species of wheat. The PCR approaches could 

then be developed utilising these, to amplify, clone and/or sequence various 

overlapping fragments of the waxy genes, including the interrupting and possibly 

variable introns. 

2.3.2 Growth of seedlings 

Seedlings of different types of wheat (Table 2.2) were grown in a dark room. Young 

yellow leaves were collected from these seedlings, quick-frozen in liquid nitrogen and 

stored at -80°C for future use. 
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2.3.3 Preparation of genomic DNA 

The protocol for the extraction of genomic DNA from plant material was based on 

that of Bernatzky and Tankley (1986), with some modifications. 3 g of the frozen leaf 

samples were placed in a pre-cooled mortar and pestle and ground under liquid 

nitrogen by adding 5 g of glass beads. The leaf powder was left at room temperature 

for about 10 minutes to allow the liquid N2 to evaporate, ensuring that the pulverized 

sample remained dry and powdery and did not thaw. 10 mL of pre-cooled extraction 

buffer [100 mM Tris-Cl pH 8.0, 20 mM EDTA, 1.4 M NaCl, 2% CTAB 

(hexadecyltrimethylammonium bromide), and 2% P-mercaptoethanol] was added to 

the leaf powder, and the suspension was incubated at 65°C for 90 minutes with 

occasional gentle mixing. The suspension was cooled to room temperature, and then 

extracted with an equal volume of 24:1 chloroform/octanol by centrifuging 2400x g at 

4°C for 5 minutes. The upper aqueous phase was removed and 1/10 its volume of 

10% CTAB added to it; the mixture was then extracted with the chloroform/octanol at 

20°C (10 minutes, 2400x g). The aqueous phase was collected and 3 volumes of 

CTAB precipitation solution (50 mM Tris-Cl pH 8.0, 10 mM EDTA and 1% CTAB) 

was added to it. The mixture was then centrifuged at 8000x g in the JA-20 rotor at 

4°C for 10 minutes. The DNA/CTAB pellet was resuspended in 1 mL of high-salt TE 

buffer (TE pH 8.0, 1 M NaCl). The DNA was precipitated by addition of precisely 

0.6 volume of pre-cooled isopropanol and centrifugation at 8000x g for 10 minutes at 

4°C. The DNA pellet was dissolved in 200 |LIL water; the purity of the DNA samples 

was then assayed by reading their absorbance of DNA samples at 260nm/280nm 

using a UV spectrophotometer (LKB,. Model 4045). All samples were checked on 

agarose gels for the presence of RNA. In case RNA was detected on the gels or the 

ratio of A260/A280 readings was >1.80, RNA in the DNA sample was removed by 

treating with DNase-free RNase A at 37°C for 30 minutes. The DNA sample was 

then recovered by re-extraction of the sample with phenol:chloroform (24:1 in 

volume), and precipitation with 1/10 volume of anunonia acetate (3 M, pH 5.2) and 2 

volumes of 95% chilled ethanol on ice for 30 minutes, followed by centrifugation at 

8000x g in the JA-20 rotor at 4°C for 10 minutes to collect the DNA pellet. The 

purified DNA sample with a 1.75-1.80 ratio of A260/A280 absorbance readings was 
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dissolved in distilled water and its concentration was determined according to the 

formula: 1 A26ounit = 50 |j,g DNA/mL (Sambrook et al, 1989). 

2.3.4 Primers for cloning the waxy genes of T. monococcum and T. speltoides 

2.3.4.1 Criteria for primer designation 

The following criterion were applied for designing all primers (Sambrook et al, 1989): 

1. There was no self-complementary or self-looping sequence within or at the 

ends of each primer. 

2. The annealing temperature of a pair of primers was similar. 

3. The length of primers was >17 bp, which is statistically essential to obtain a 

unique annealing site in an eukauyotic genome. 

4. Proportions of A, T, G and C in the primers followed the principle of 40 %-

55% G-i-C, and there was higher proportion of G and C at 3' ends (G/C 

clamps) to enable more stable binding between the primers and their target 

sequences. 

2.3.4.2 Primer sequences 

Based on the analyses of amino acid sequences of the waxy proteins from barley 

(Rohde et al, 1988), rice (Wang et al, 1990), maize (Klosgen et al, 1986), potato 

(van der Leij et al, 1991) and wheat (Ainsworth et al, 1993) (Fig. 5.4 in Chapter 5), 

the conserved domains of these were determined. The DNA sequences corresponding 

to these conserved domains were used to design four pairs of primers, in order to 

amplify the single waxy gene present in T. monococcum and T. speltoides each (Table 

2,4), The waxy genes were amplified as four overlapping DNA fragments, which 

together covered the area from upstream of the start codon to the stop codon, as per 

the structure of the barley waxy gene (Rohde et al, 1988), The primer sequences are 

shown in Table 2,4, 
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Table 2.4 Sequences of oligonucleotide primers used for the PCR amplifications 

Primer Direction Sequences 

Melting 

Length Temperature 

(bases) ("C) 

-31 -13 

Fl Forward 5'-TTGCTGCAGGTAGCCACAC-3' 19 59.7 

603 581 

Rl Reverse 5'-CTCAAGTGCTGCCTGGCAGAGAA-3' 23 63.7 

F2 Forward 

513 533 

5' -G ACC AAGG AG A AG ATCTATGG-3' 21 62.0 

R2 Reverse 

1080 1063 

5' -CATGCCGTTGACGATGCC-3' 18 59.5 

F3 Forward 

908 891 

5' - ATC AACTGGATG A AGGCC-3' 18 57.2 

R3 Reverse 

1573 1556 

5' - ATAGTGTCGACG AGCCCG-3' 18 59.5 

F4 Forward 

1490 1471 

5 '-AGCTCCAGGGAATGCGCTAC-3' 20 61.9 

R4 Reverse 

1845 1826 

5' -TCAGGG AGCGGCGACGTTCT-3' 20 63.9 

All primer sequences were based on the sequence of a waxy cDNA of common wheat 

(Clark et a/,, 1991). Fl was directiy based on the sequence of the 5' untranslated 

leader region of this cDNA. The other seven primer sequences were based on this 

cDNA sequence, which encoded amino acids conserved in the waxy proteins in barley 

(Rohde et al, 1988), rice (Wang et al, 1990), maize (Klosgen et al, 1986) and potato 

(van der Leij etal, 1991). 
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2.3.4.3 Primer locations 

The locations of the above primers used to amplify the waxy genes of T. monococcum 

and T. speltoides are shown in Fig. 2.1. The locations of primers were chosen such 

that they were unlikely to be intermpted by introns, on the basis of alignment of the 

waxy cDNA of common wheat (Clark et al, 1991) and a genomic copy of the barley 

waxy gene (Rohde et al, 1988) (as there was no published information for a wheat 

genomic gene at that time). There are 11 exons and 10 introns the barley waxy gene, 

excluding the first untranslated exon and the first intron. The wx-TmA gene of T. 

monococcum and wx-TsB gene of T. speltoides cloned and sequenced in Chapter 4 

cover the entire translated section, i.e., the 11 exons and the 10 introns interrupting 

these. The designation of Exon 1 (El) has been used in this project for the first 

translated exon of the waxy gene of wheat and barley. This exon is equivalent to the 

exon 2 of Rohde et al (1988). Thus, the exons 2 to 12 of Rohde et al have been 

designated as exons 1 to 11 throughout this project. The predicted fragment lengths 

and sections ampHfied by each pair of primers are shown in Fig. 2.1 and Table 2.5. 
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I 1 untranslated 

S Translated 

ATG 
Barley waxygene 

TGA 

E1 E B B B B E7 B B E10 E11 

Fragment 1 

Fragment 2 

Fragment 3 

Fragment 4 

wjt-rmi4 gene in T. monococcum 

wx-TsB gene in T. speltoides 

Fig. 2.1 Locations of the four pairs of primers (Table 2.4) used for cloning 

overlapping fragments of the waxy genes of T. monococcum and T. speltoides. 

The 12 boxes represent exon 1 in the untranslated region and the 11 translated exons 

of the waxy gene in barley (Rohde et al, 1988). The lines between boxes indicate 

introns. The waxy genes of T. monococcum and T. speltoides are cloned from the 

partial untranslated region through the translation initiation codon ATG to termination 

codon TGA. There is a 41 bp untranslated leader at the 5' end of exon 1 of the bariey 

waxy gene, 34 bp of which, upstream of the translation initiation codon, was included 

in Fragment 1 in this study. 
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Table 2.5 The fragments of the waxy genes obtained by PCR and the expected 

lengths of PCR products 

Fragment Primer Regions covered Expected sizes 

(bp) Upstream Downstream In fragments (bp) 

1 Fl Rl Exons 1,2,3 and 4 933 

Intron 1, 2 and 3 

2 F2 R2 Exon 4,5 and 6 777 

Introns 4 and 5 

3 F3 R3 Exons 6,7,8 and 9 896 

Introns 6, 7 and 8 

4 F4 R4 Exons 8,9, 10 and 11 614 

Introns 8, 9 and 10 

The eleven grey boxes represent the eleven translated exons (El to E l l ) of the waxy 

gene of bariey (Rohde et al, 1988); El encodes the start codon and E l l encodes the 

stop codon. The open area of El indicates the untranslated region of this exon, 

preceding the start codon. The additional open box upstream of El represents the first 

untranslated codon ofthe barley waxy gene (Rohde et al, 1988); this section has not 

been cloned in the present study. The broken lines represent introns. The waxy genes 

of T. monococcum and T. speltoides have been cloned from a 31 bp section of El 

upstream of the start codon to stop codon in El 1 (Chapter 4). 
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2.3.5 Primers for cloning different regions of the waxy genes in T. turgidum 

Based on the results that all four fragments were successfully cloned from T. 

monococcum and T. speltoides (Chapter 4) by using the four pairs of primers shown in 

Table 2.4, primers Fl and Rl were used initially to isolate Fragment 1 of the two 

waxy genes in T. turgidum ssp. durum. Comparison of the expected two genes of T. 

turgidum, a putative tetraploid progenitor of A and B genomes of common wheat 

(section 1.8), with those of T. monococcum and T. speltoides, would provide 

information regarding the origin of the wx-A and wx-B genomes. However, the 

sequences of the fragments obtained from several clones of Fragment 1 of T. turgidum 

were identical, representing either only the wx-A gene or only the wx-B gene. The 

primers F2 and R2 were then used in an attempt to isolate two different types of 

Fragments 2, and the attempt was successful. The two different types of Fragment 2 

of T. turgidum were designated as wx-TdA and wx-TdB. The internal sequences of 

wx-TdA and wx-TdB were later redesignated respectively as wx-Td2 and wx-Tdl, 

respectively, in order to align the latter two with the partial, smaller waxy genes 

cloned from other diploid and polyploid wheat (section 2.3,6, results in Chapter 6), 

The three different Fragments of the waxy genes cloned from T. turgidum are shown 

in Fig, 2,2. 
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I I untranslated 

Translated 

ATG 

E1 

waxy gene of T. monococcum and T. speltoides 

E B Bt B B 

TGA 

y 

E7 B B E10 E11 

I E1 E 

I TiliWIiii W-J 

E B B 

F1 R1 

Fragment 1 of T. turgidum 

B B B 

a-^j—c 

E* B B 

Fragment 2, type I of T. turgidum 

Fragment 2, type II of 7. turgidum 

E 
R2 

Fig. 2.2 The cloned regions of the waxy genes of T. turgidum. Boxes indicate 

exons and lines between boxes indicate introns. One type of Fragment 1 and two 

different types of Fragment 2 {wx-TdA and wx-TdB) were obtained from T. turgidum. 
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2.3.6 Primers for cloning partial waxy genes in different types of wheat 

When primers F2 and R2 (Table 2.4) were used to amplify Fragment 2 from different 

genomes of polyploid wheat and diploid wheat, no expected PCR products were 

obtained, except for T. monococcum and T. speltoides (section 2.3.4) and T. turgidum 

(section 2.3.5), To obtain information for comparison of the waxy genes between 

different genomes of wheat (Chapter 6), a new reverse primer, PR2, and the same 

forward primer F2, were used together to amplify sections of the waxy genes covering 

the intron 4. This intron had displayed variable lengths in the waxy genes of T. 

monococcum, T. speltoides and T. tauschii. The reverse primer PR2 is located on 

exon 5 (Fig. 2.3) and its sequence was 5'-GCCGTCCTATAGATGCCATTG-3'. The 

predicted length of the PCR products amplified by F2 and PR2 is approximately 360 

bp-390 bp, the variation occurring due to the variation in length of intron 4; the 

amplified fragment covers exon 4-intron 4-exon 5 (Fig. 2.3). The partial waxy gene 

was amplified and cloned from the individual genomes of polyploid T. aestivum 

(AABBDD) and T. timopheevi {AWGG)-T. zhukovskyi (A'A*A^A^GG) lineages and 

from other diploid wheat (Table 2.2) proposed to be the progenitors of A, B, D, G, A' 

or A^ genomes in wheat (sections 1.8 and 1.9). 
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I I untranslated 

Translated 

ATG 

El 

waxy gene of T. monococcum and T. speltoides 

F2 -PR2 

Three types of fragments of T. aestivum 

Three types of fragments of T. zhukovskyi 

Two tyeps of fragments of T. timopiieevi 

One fragment of T. urartu 

One fragment of T. bicornis 

One fragment of T. longissima 

One fragment of sharonensis 

Fig. 2.3 The cloned regions of the waxy genes from different types of wheat. 

Boxes indicate exons and lines between boxes indicate introns. These partial waxy 

genes in wheat covered the major section of exons 4 and 5 and complete intron 4. 
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2.3.7 Primers for cloning partial waxy genes as molecular markers for the A, 

B and D genomes of common wheat 

In order to develop an AFLP (Amplified Fragment Length Polymorphism)-based 

technique for identification of the individual waxy loci and their mutants in common 

wheat, one pair of primers was designed to attempt to amplify the three different 

fragments from the same region of the three waxy genes. The sequence of the forward 

primer (GF) on exon 4 was 5'-CCTGCTACCTCAAGAGCAAC-5' and the sequence 

of the reverse primer (GR) located in exon 5 was 5'-

GGCTTGTCGTAGCCGTCGAT-3', and their locations are shown in Fig. 7.2. Based 

on the comparison of the two types of Fragment 2 of the waxy genes of T. turgidum 

(2.3.5) and the corresponding region of the waxy gene T. tauschii (R. Appels., per, 

commun.), it was expected that this pair of primers would lead to amplification of 

three fragments significantly different in length, due to the variable length of intron 5. 

The three fragments originated from wx-A, wx-B and wx-D loci of common wheat in a 

single PCR should be separated clearly on a 3% agarose gel (Chapter 7), 

2.3.8 Synthesis and preparation of primers 

Except for primers GF and GR in section 2.3.7 which were synthesized commercially 

by Bresatec, the oligonucleotide primers in sections 2.3.4-2.3.6 were synthesized in 

house, using DNA synthesizer 391 (Applied Biosystems). After synthesis, the cleavage 

from column, deprotection, dehydration and precipitation of the oligonucleotides were 

carried out as per the instruction manual provided by the supplier (Applied 

Biosystems). 

Cleavage of oligonucleotides from synthesis column: 

1. 5-7 niL concentrated ammonia solution (30-35%) was dispensed into a clean 

glass bottie (McCartney). The tubes were capped tightly. 

2. The tip of a sterile 1 mL syringe was inserted into one end of the column. 

The syringe was fitted snugly with the plunger at the needle end. 

3. 0.75 mL concentrated ammonia was drawn into another 1 mL syringe. Any 

air bubbles at the tip were removed. 
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4. The second syringe was inserted into the other end of the column. The 

syringe-column-syringe unit was held horizontally. 

5. The plunger of the syringe containing ammonia was pushed gentiy and the 

ammonia was allowed to pass thorough the column into the opposite syringe. 

Pushing the ammonia back and forth between the syringes was repeated 4-5 

times. 

6. The syringe-column-syringe unit was laid down on a flat surface and 

incubated for 15 minutes at room temperature, making sure that there was 

ammonia solution inside the column. 

7. Step 5 was repeated. 

8. The ammonia solution was drawn into one of the syringes, which was then 

removed from the column. The ammonia was expelled into a pre-cleaned 4 

mL vial, and the vial was tapped tightly with a teflon-lined screw cap. 

9. Steps 2-8 were repeated four times. The ammonia solution containing the 

oligonucleotides eluted at each stage was pooled (total volume, 3 mL) into a 

vial, capped tightly and stored at -20°C or deprotected. 

Deprotection of oligonucleotides: The tightly closed collection vial containing the 

oligonucleotides was placed at 55°C overnight or for 8-12 hours 

Dehydration of oligonucleotides: The deprotected oligonucleotide was incubated in a 

waterbath at 40°C for 16 hours, with the vial being capped loosely so that the ammonia 

evaporated, then frozen at -70°C before dehydration. The frozen oligonucleotides were 

dehydrated overnight under vacuum in a freeze-drier. 

Precipitation of oligonucleotides: The freeze-dried oligonucleotides were dissolved in 

600 jLiL of water and 100 |iL of 3 M sodium acetate (pH 5.2); these volumes were 

calculated from the expected 20 optical density unit (ODU) of oligonucleotides (30 p-L 

of water and 5 |iL of 3 M sodium acetate per 1 ODU of oligonucleotide products, 

according to the supplier's instructions). 2000 |a.L of ethanol was added to the 

oligonucleotides solutions, which was vortexed briefly. The mixture was stored at -

20°C for 30 minutes, then centrifuged at 14000 rpm in a microcentrifuge for 5 minutes. 

The supernatant was removed and the oligonucleotides pellet was washed using 70% 
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ethanol. Finally, the oligonucleotide pellet was dried under vacuum and dissolved in 

300 |xL of distilled water. The oligonucleotide concentrations were determined 

according to the formula: 1 A260 unit =32 jig DNA /mL (Sambrook et al, 1989). 

2.3.9 PCR amplifications 

The Polymorase Chain Reactions (PCR) to isolate fragments of the waxy genes 

(sections 2.3.4-2.3.6) were carried out, using the GeneAmp kit and AmpliTaq DNA 

polymerase (Perkin-Elmer) and as per the supplier's instructions. Taq polymerase (5 

U/]JiL) was added to the reactions, after the initial denaturation of samples at 95°C for 

10 minutes. The amplifications were carried out for 35 cycles; each cycle consisting of 

denaturation (94°C, 1 minute), annealing (58°C, 45 seconds) and extension (72°C, 2 

minutes). The annealing temperature was decreased to 55°C in some reactions such as 

amplification of Fragment 1 of the wx-TsB gene, when no PCR products were detected 

at 58°C annealing temperature. A typical 100 iJ.L amplification reaction consisted of 

10 pL PCR buffer (lOX), 6 yL MgCl2 (25 mM), 20 yL dNTP mixture (0.25 mM each 

of dATP, dTTP, dGTP, and dCTP), 1 uL each of the two primers (30-50 pmol/yL), 

l̂ jiL genomic DNA template (Ipg/iaL) and 61 ijL of sterile water. PCR amplifications 

were carried out on the DNA Thermal Cycler-480 (Perkin-Elmer) or Peltcer Thermal 

Cycler (PTC-200) (Bresatec). 

2.3.10 Gel electrophoresis of DNA 

To determine the size of PCR products, aliquots (9 jiL) of the amplification reactions 

were mixed with 1 yL of lOX loading buffer (0.25% bromophenol blue, 0,25% xylene 

cyanol FF and 40% sucrose) and electrophoresed on 1% agarose gels. The PCR 

products from primers GF and GR were electrophoresed on 3% agarose gels as the 

fragments were expected to have a difference of only 20-60 bp in their lengths. All 

gels were prepared using IX TAE (appendix HI) and 1/500 volume of the ethidium 

bromide (EB) stock (10 mg/mL) (Sambrook et al, 1989). Plasmid DNA and the DNA 

products of digestion reaction thereof (section 2.3.15) were also electrophoresed using 

1% agarose gels. 
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The gels were eletrophoresed in IX TAE buffer at typically 80-100 V for 1-2 hours. 

Appropriate marker, e.g., XDNA-EcoRVHind III digestion (0.564 kb-21.22 kb, Progen) 

or PCR marker (100 bp to 2kb, Progen, Appendix III) were used for estimating the size 

of the tested DNA samples, as per Sambrook et al. (1989). The gels were viewed on a 

UV transilluminator and photographed using MP4 Land Camera (Polaroid) and 667 

positive film (Polaroid) using a 5.6 aperture and 1/8 second exposure time. 

2.3.11 Purification of PCR products 

The PCR products of expected sizes were purified using two methods: 

2.3.11.1 Wizard™ Minicolumns (Promega) 

Wizard^"^ PCR Preps DNA Purification System, for rapid purification of DNA 

fragments (400-1000 bp), was used as per the supplier's instructions. Briefly, the 

following protocol was used: 

1. The DNA band was excised from the agarose gels and placed into an 

Eppendorf tube. 

2. 1 mL of resin was added into the tube and the agarose slices were incubated 

at 65°C for 5 minutes. 

3. The melted agarose slices were loaded into one column (provided with the 

System), then the column was centrifuged at 13000 rpm for 20 seconds to dry 

the resin. 

4. The column was washed using 80% isopropanol, centrifuged and dried. 

5. 30-50 jLiL of water was added into column and DNA was eluted by 

centrifuging the water containing the DNA into a sterile tube. 

The purification efficiency of this method for <300 bp and >1000 bp PCR products was 

found to be low and the BANDPURE DNA purification kit (Progen) was utilized for 

these PCR products. 
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2.3.11.2 BANDPURE™ DNA Purification kit (Progen) 

The kit was used as procedures of the supplier's protocol. Briefly, the steps were as 

follows: 

1. At least 2,5 volumes of the Nal binding buffer was added to the DNA slice, 

excised from the TAE agarose gel and the agarose slice was melted at 55°C for 

5 minutes, 

2. The BANDPURE silica matrix suspension was vortexed until it was 

resuspended thoroughly and then 5 pL of it was added to the DNA solution. 

For amounts of DNA greater than 5 \ig, an additional 1 |iL silica matrix 

suspension was added for each 1 |ig of DNA. 

3. The melted gel-silica matrix suspension was incubated at room temperature for 

5 minutes with frequent gentie mixing, then centrifuged for about 30 seconds 

to pellet the silica matrix with the DNA bound to it. The supernatant was 

discarded. 

4. The pellet was washed by adding 500 |xL of ice-cold ethanol wash solution to 

the pellet. The pellet was resuspended and centrifuged for about 30 seconds to 

pellet the matrix, and the ethanol wash solution was discarded. This step was 

repeated 3 times, retaining the pellet each time. 

5. The DNA was eluted from the pellet by adding 30-50 |iL of water, incubation 

at 55^C for 5 minutes, then centrifugation for 30 seconds to collect the 

supernatant containing DNA. 

The approximate DNA concentration was determined on agarose gels, using the 

intensity of one band of the 50 base or 100 base PCR markers for comparison, 

according to instructions of the supplier (Promega). The PCR products purified by 

either method were cloned into vectors (section 2.3.12) or used directiy for DNA 

sequencing (section 2.5). 
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2.3.12 Ligation of PCR products into the vectors 

PCR products were cloned into either of the two types of vectors, pCR-Script Amp 

SK(+) (Stratagene) or pGEM-T (Promega), for sequencing purposes. 

2.3.12.1 pCR-Script Amp SK(+) cloning vectors 

The pCR-Script cloning vectors (Stratagene) were initially used to clone the PCR 

products of waxy genes of T. monococcum and T. speltoides (section 2.3.4). The vector 

map is provided in Appendix I. All procedures of cloning followed the instmction 

manual of the supplier. The main procedures were as follows: 

1. Polishing the ends of the purified PCR products: The ends of PCR products 

were polished with Pfu DNA polymerase to create blunt-ended DNA 

fragments, which facilitated cloning into pCR-Script Amp SK(+) cloning 

vector. 

2. Ligation into the pCR-script vectors: PCR products were cloned into the 

pCR-script vectors that were predigested with the Srf I restriction enzyme 

provided with this kit. A typical 10 |xL ligation reaction included IfiL pCR-

Sciipt vector (10 ng/pL), 1 |LIL pCR-Script lOX reaction buffer, 0.5 jLlL 10 mM 

rATP, 5.5 |J,L blunt-ended PCR product (10-20 ng/|iL), 1 \iL Srf I restriction 

enzyme (5 U/pL), 1 |iL T4 DNA ligase. The ligation reaction was performed 

at 4°C for 24 hours. 

3. Transformation of the ligation products into the competent cells: The 

competent cells provided with this kit were E. coli XLl-blue MRF' Kan'̂ . The 

procedures for transformation of the ligation products are described in section 

2.3.13. 

The Fragments 1 and 4 of both the wx-TmA gene of T. monococcum and the wx-TsB 

gene of T. speltoides (Fig. 2.1) were cloned into this vector. However, it was found 
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later that this kit was not as efficient as some other vectors such as pGEM-T vectors, 

for the following reasons: 

1. The cloning procedure required additional steps (such as the polishing 

reaction) and reagents (such as rATP and (3-mercaptoethanol) compared to the 

pGEM-T vector system (Promega). 

2. The kit was not cost-effective. 

All further cloning work was then carried out with the pGEM-T vector system. 

2.3.12.2 pGEM-T cloning vectors 

The pGEM-T vectors (Promega) were prepared for cloning by adding a 3' terminal 

thymidine to both ends. These single 3'-T overhangs at the insertion site improve the 

efficiency of ligation of a PCR product into these plasmids greatly, by preventing the 

recircularization of the vector and providing a compatible overhang for PCR products 

generated by certain polymerases, such as AmpliTaq. The AmpliTaq often adds a 

single deoxyadenosine, in a template-independent fashion, to the 3' ends of amplified 

fragments (information provided by Promega instruction manual). The pGEM-T vector 

map is provided in Appendix II. 

The pGEM-T vectors were used to clone the partial waxy genes amplified by F2 and 

PR2 primers from the polyploid T. turgidum-T. aestivum, T. timopheevi-T. zhukovsky 

lineages of wheat and some diploid wheat (sections 2.3.5 and 2.3.6, Fig. 2.2 and 2.3). 

The procedures for cloning were as per the technical manual provided with the kit. A 

typical 10 pL ligation reaction contained 1 pL pGEM-T vector (50 ng/pL), 4 pL PCR 

products (10-20 ng/|iL), 1 |JL T4 ligase lOX buffer, 1 |iL T4 DNA ligase (5U/|iL) and 3 

|iL deionized water. Competent JM109 cells provided with the kit were used to 

transform the ligation products; the procedures for transformation were as described in 

2.3,14, 

'I 
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2.3.13 Preparation of competent E. coli cells 

E. coli XLl-blue MRF' Kan'̂  strains and JM109 provided with the respective kits were 

also used for preparation of competent cells, by the CaCl2 treatment method, as 

described in Sambrook et al (1989), Briefly, a single colony of the E. coli strain of 

interest was inoculated into 6 mL Luria Broth (LB) medium (composition in Appendix 

III) and incubated at 37°C overnight, 5 mL of this culture was transferred into 100 mL 

of fresh LB medium in a 500 mL flask and grown to Aeoo of 1,0-1.5. An appropriate 

volume of this culture was transferred into another flask and then mixed with a further 

100 mL LB medium till the Aeoo reached 0.1. This diluted culture was then incubated 

at 37°C under vigorously shaking (250 cycles/minute) to Aeoo of 0.6-0.8 (2-3 hours). 

The cells were placed on ice for 10 minutes, then harvested by centrifugation at 1500 g, 

4°C for 5 minutes. The cells were washed with 20 mL of sterile 15% glycerol and then 

precooled 0.1 M CaCl2. The cells were then spun at 1500 g, 4°C for 5 minutes and 

resuspended in 10 mL of 15% glycerol and 0.1 M CaCh solution. The cell suspension 

was aliquoted immediately into 100 |xL aliquots immediately and stored at -70°C until 

required. 

2.3.14 Transformation of ligation reaction into competent cells 

The transformation of competent cells of E. coli XLl-blue MRF' Kan'̂  and JM109 was 

carried out as per the protocols provided with the respective kits. The competent cells 

stored at -70°C were thawed on ice, mixed with the appropriate ligation reactions 

described in sections 2.3.12.1 and 2.3.12.2 and held for 60 nunutes on ice. The cells 

were then heat shocked at 42°C for 45 seconds, then allowed to recover for 5 minutes 

on ice before the addition of 250 |iL SOC medium (Appendix III). After incubation of 

these cells at 37°C for 1 hour, 100 pL of these were plated onto LB agar plates 

(composition in Appendix III) and incubated overnight at 37°C. These plates contained 

50 jig/mL ampicillin and 20 pL each of 5-bromo-4-chloro-3-indolyl-P-D-galactoside 

(X-gal) (10%) and isopropylthio-p-D-galactoside (IGPT) (0.2 M) and incubated at 

37°C overnight. 
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2.3.15 Identification of positive clones 

Both pCR-Script Amp SK(-i-) and pGEM-T vectors contain the LacZ gene, which 

provides a-complementation of the B-galactosidase subunit encoded by the plasmid, 

with that encoded by the appropriate host cells. This allows colour selection of 

recombinant phagemids (colourless colonies) and nonrecombinant phagemids (blue 

colonies) on plates containing X-gal and IPTG. The 'white' colonies were identified as 

'positives' for successful insertion of PCR products. These "positive" clones were 

further identified so by two methods. The plasmid DNAs from the white colonies were 

prepared (section 2.4), cut with restriction enzymes with cutting sites on either side of 

the insertion site, and the size of the insertions was determined by agarose gels as 

described in section 2.3.10. Some of the clones containing the correct insert size were 

identified further by nested PCR using the appropriate internal primers. For example, 

primers F2 and Rl were used as internal primers to identify Fragment 1 and primers F4 

and R3 were used as internal primers to identify the inserts of Fragment 4 (Fig. 2.1, 

Table 2.4). The conditions for the nested PCR were the same as those described in 

section 2.3.4. The clones which produced the appropriate fragment sizes upon nested 

PCR were sequenced. 

2.4 Isolation of plasmid DNA 

2.4.1 Preparation of plasmid DNA 

2.4.1.1 Small scale preparation 

Small scale plasmid DNA preparation from the recombinant E. coli colonies (section 

2.3.15) were carried out by the miniprep procedure (Sambrook et al, 1989). Single 

recombinant colonies of E. coli were inoculated into 5 mL LB -J- 5 |iL ampicillin (50 

mg/mL) and grown at 37°C overnight in a shaker (250 cycles/minute). Cells were then 

harvested and resuspended in 350 \xL of STET solution (Appendix HI). 25 \xL of a 

freshly prepared solution of lysozyme (10 mg/mL in 10 mM TrisCl pH 8.0) was added 

and mixed by vortexing for 3 seconds. The tube was placed in a boiling-water bath for 

exactly 40 seconds and cooled on ice for 5 minutes, followed by centrifugation of the 

bacterial lysate at 12000 rpm for 10 minutes at room temperature. The pellet of 

bacterial debris was removed with a sterile toothpick and 40 jiL of 2.5 M sodium 
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acetate (pH 5.2 or 4.8) and 420 pL of isopropanol were added to the supernatant. After 

mixing gently, the tube was stored for 5 minutes at room temperature. The pellet of 

plasmid DNA was recovered by centrifugation at 12000 rpm for 5 minutes at 4°C. The 

supernatant was removed by gentle aspiration, then the DNA pellet was washed with 

70% chilled ethanol and dried under vacuum. The DNA was resuspended in 50 pL 

dH20 for further use. 

2.4.1.2 Large scale preparation 

The large scale preparations of plasnud DNA were carried out according to the 

following method (Sambrook et al, 1989). 

Single recombinant colonies of E. coli were grown overnight in 100 mL LB + 100 |LIL 

ampicillin (50 mg/mL) at 37°C, in a shaker (250 cycles/minute). The cells were 

harvested and resuspended in 6 mL ice-cold STE buffer (Appendix EI) and lysozyme 

was added to a final concentration of 2 mg/mL. The cells were resuspended gently and 

incubated for 20 minutes on ice, before the addition of 12 mL of freshly prepared 

solution of 0.2 M NaCl/1% SDS. After a further incubation for 10 minutes on ice, 7.5 

mL of 3 M sodium acetate (pH 4.8 or 5.2) was added to the cell lysate which was then 

incubated on ice for 20 minutes and then centrifuged in a Beckman JA-20 rotor at 

13000 rpm at 4^C for 15 minutes. The supernatant was collected (avoiding the white 

precipitate of genomic DNA and cell debris) and 10 pL of RNase A (1 mg/mL) was 

added to it, followed by incubation at 37°C for 30 minutes. The mixture was extracted 

twice with phenol:chloroform:isoamyloalchohol (preparation in 25:24:1 in volume). 

The DNA pellet was collected by centrifugation at 10000 rpm in Beckman JA20 rotor 

and dissolved in 100 jiiL sterile H2O for further use. The DNA sample was used for 

determination of DNA concentration by UV spectrometer (section 2.3.3) and further 

agai-ose gels (section 2.3.10), restriction enzyme digestion (2.3.15) or further 

purification by agarose gel electrophoresis (2.3.10). 
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2.4.1.3 Quantum Prep Plasmid Miniprep Kit 

Plasmid DNA was also extracted by an alternative protocol. Quantum Prep Plasmid 

Miniprep Kit (Bio-Rad). 5-10 |ig of plasmid DNA was obtained from 1.5 mL E. coli 

culture and this plasnud DNA was used directly for sequencing reactions. The 

purificatiori solutions provided with the kit consisted of Cell Resuspension Solution, 

Cell Lysis Solution, Neutralization Solution and Quantum Prep Matrix. The protocol 

followed was as per the instruction manual provided by the supplier. 

2.4.2 Recovery of the plasmid DNA from agarose gels 

The DNA samples extracted on the small and large scale (sections 2.4.1.1 and 2.4.1.2) 

could be used for digestion with restriction enzymes, but needed to be purified further 

for sequencing purposes. The BANDPURE^'^ DNA Purification kit (Progen) was used 

to purify the plasmid DNAs after electrophoresing these on agarose gels; the 

procedures were as described in section 2.3.11.2. 

2.5 Determination of DNA sequences 

2.5.1 Primers for sequencing reactions 

The purified PCR products and plasmid DNAs described in sections 2.3.10, 2.4,1,3 

and 2,4,2 were subject to sequencing. In addition to the primers used for cloning 

fragments of the waxy gene (Table 2.4), some primers, based on the sequence of the 

pCR Script vector (Appendix 1) and provided in the kit, were also used in sequencing 

reactions. As the sequence data accumulated, additional internal primers were 

designed based on this data, to confirm the sequences and obtain overlaps, to allow 

the reconstruction ofthe contiguous sequences. 

2.5.2 Sequencing reactions 

Two kits (Perkin Elmer) were used to carry out the DNA sequencing reactions, the 

ABI Prism^'^ Dye Terminator Cycle Sequencing Ready Reaction Kit (Standard FS) 

and ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit. The 

composition of reaction mixes is given in Table 2.6. Cycle sequencing reactions were 



Chapter 2 gO 

performed in 20 pL reaction volumes for 25 cycles, each cycle consisting of step 1 

(96°C, 30 seconds), step 2 (50°C, 15 seconds) and step 3 (60°C, 4 minutes), on the 

DNA Thermal Cycler-480 (Perkin-Elmer) and Peltcer Thermal Cycler (PTC-200) 

(Bresatec). All sequences were deternuned on an ABI 373A DNA Sequencer at DNA 

Sequencing Service, Department of Microbiology, Monash University, Clayton 3168, 

Australia. 

2.5.3 Determination of sequences 

Nucleotide at each site of all waxy genes in Chapters 4, 6 and 7 were determined by 

two sequence reactions. 400-600 bp sequences were obtained usually from sequencing 

reactions. When PCR products were used as template for sequencing reactions, 

sequences of each waxy gene fragment were determined by sequencing two 

independent PCR products. When plasmid DNA was used as templates, sequences of 

each waxy gene fragment were determined by sequencing DNA from two separate 

colonies. On the few occasions when the two sequence reactions produced two 

different results for a nucleotide, or where the nucleotide could not be identified clearly 

("N" nucleotide), sequence data was obtained by conducting additional sequencing 

reactions. 
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Table 2.6 Composition of sequencing reactions 

Composition Standard FS kit BigDye kit 

DNA sample 30-90 ng PCR products 30-90 ng PCR products 

or or 

300-500 ng plasmid DNA 300-500 ng plasmid DNA 

Primer 1 |J.L (3-5 pmol) 

*Premixed reagents g |i.L 

Total volume 20|LiL 

1 pL (3-5 pmol) 

6|a,L 

16|xL 

* Premixed reagents were provided by Perkin-Elmer. 
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2.6 Analysis of sequences of the waxy genes and proteins 

Sequence editing, assembly, translation and alignments were carried out by using the 

Australian National Genomic Information Service (ANGIS) on WebANGIS interface 

(Greta 1997), as described briefly below. 

2.6.1 Editing and analysis of DNA sequences 

The Ereverted program was used to reverse the sequence data determined by the 

reverse primers into the forward direction for further analysis. The Ecomposition 

program was used to analyse A, T, G and C composition of the DNA sequences of the 

waxy genes. 

2.6.2 Comparison of two sequences 

The Bestfit program was used to determine the extent of identity between two DNA 

sequences and the extent of identity or sinularity in amino acid sequences of any two 

proteins. The conventional conditions for this comparison were used for gap weight 

5.00, length weight 0.30, average match 1.00, and average mismatch -0.90. Any two 

sequences were compared by the Prettybox program to exhibit the locations of the 

altered nucleotides or amino acids. 

2.6.3 Alignment of multiple sequences 

Simultaneous alignment of DNA sequences of more than two genes (Chapter 6) or 

amino acid sequences of more than two proteins (Chapter 4) was performed by the 

Pileup program of ANGIS. The conventional conditions were gap weight 3.00 and 

length weight 0.10. The multiple sequence alignments were also analyzed further with 

the Readseq program and the Prettybox program to identify the location of variable 

sequences. 
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2.6.4 Analysis of restriction enzyme sites 

DNA sequences of the wx-TmA gene of T. monococcum and wx-TsB gene of T. 

speltoides (Chapter 4) and the three individual waxy genes, wx-Wl, wx-W2 and wx-W3, 

of common wheat (Chapter 7), were analysed by the Mapping program to search for the 

sites of 6-base cutter restriction enzymes within these genes. The maps for any unique 

restriction enzyme sites present on these waxy genes were also developed. 

2.6.5 Analysis of short repeated sequences 

In order to analyze the role of variation of DNA sequences in different waxy genes 

during the evolution of wheat, the DNA sequences of the waxy genes in T. 

monococcum and T. speltoides (Chapter 4) were analysed by the Erepeat program. The 

short repeated sequences in these genes were identified by searching for >7 bp repeated 

sequences within every 50 bp range in the DNA sequences. 

2.6.6 Translation of DNA into protein sequences 

The intron/exon structure of the wx-TmA gene of T. monococcum and wx-TsB gene of 

T. speltoides was identified based on the AG/GT splice junctions of the plant waxy 

genes (Chapter 4). The exon sequences of the wx-TmA and wx-TsB genes were 

translated into putative amino acid sequences of their respective proteins, WX-TmA 

and WX-TsB, using the Etranslation program (Chapter 4 and Chapter 5). 

2.6.7 Analyses of the deduced physical properties and structures of proteins 

The putative amino acid sequences of the two waxy proteins, WX-TmA of T. 

monococcum and WX-TsB of T. speltoides (section 2.6.6), and those of other plant 

waxy proteins (published data, Chapter 5) were analysed by Pepstats program for the 

physical properties including molecular weight, isoelectric point and composition of 

amino acids (Chapter 5). The sequences of the WX-TmA and WX-TsB proteins and a 

waxy protein (WX-Wl) deduced from a reported waxy cDNA of common wheat (Clark 

et al, 1991) were analyzed by the Peptidestructure program to predict their secondary 
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Stmctures (Chapter 5). The Peptidestmcture program has been constmcted based on 

the original method by Chou and Fasman in 1978 (Greta, 1997). 

2.6.8 Construction of phylogenetic trees 

A family of amino acid sequences with various degrees of identity of the waxy 

proteins among 11 grass species was obtained (Chapter 5). The waxy protein 

sequences were deduced from the cDNA sequences and/or the coding sections of 

genomic sequences ofthe following: wheat (Clark et al, 1991), barley (Rohde et al, 

1988), rice (Wang et al, 1990), maize (KlOsgen et al, 1986), potato (van der Leij et 

al, 1991), pea (Dry et al, 1992), cassava (Salehuzzaman et al, 1993), sorghum 

(Rosenfield et al, 1996), T. tauschii (R. Appels, pers. commun.), and T. monococcum 

and T. speltoides (this project). These sequences were initially aligned using the 

Pileup program of the ANGIS and submitted to the Eprotdist program to calculate the 

extent of identity between every two sequences. Based on the analysis ofthe Eprotdist 

program, the Eneighbor program was then used to construct their phylogenetic tree. 

The phylogenetic relationships among the 17 partial waxy genes from the different 

genomes of wheat were constructed by a phylogenetic tree following the above 

procedures (Chapter 6). 

2.7 Chemicals and reagents 

The lists of chemicals and reagents used in this project are provided in Appendix EI. 
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Chapter 3 Variations in Proteins Embedded within the Starch 

Granules in Different Wheat 

ABSTRACT 

The investigation of proteins embedded within the starch granules in endosperm of 

mature seeds of various genome types of wheat showed the existence of four types of 

proteins. These included the 59 kDa granule-bound starch synthase (GBSSI, also 

called the waxy protein), the 75 kDa soluble starch synthase (SSS), the 85 kDa starch 

branching enzymes (SBE) and the >85 kDa starch granule proteins (SGP). The single 

band of the waxy protein appeared slightly variable in its molecular weight among 

various diploid species. The waxy proteins of the tetraploid T. turgidum and the 

hexaploid T. aestivum were detected as a doublet of bands, while those of the tetraploid 

T. timopheevi and the hexaploid T. zhukovskyi could not be separated. SSS and SBE 

protein profiles appeared invariable; variation, however, was found in the 

electrophoretic pattern of SGP in wheats. Two bands (110 kDa SGPl and 100 kDa 

SGP3) were detected in the tetraploid T. turgidum and three bands (110 kDa SGPl, 105 

kDa SGP2 and 100 kDa SGP3) were detected in the hexaploid T. aestivum. A 95 kDa 

SGP4 was observed in both tetraploid T. timopheevi and hexaploid T. zhukovskyi, in 

addition to the SGPl, This is the first report of a 95 kDa SGP protein in starch 

granules of wheat. A single band of either SGPl, SGP2, SGP3 or SGP4 was detected 

in the proposed diploid progenitors of polyploid wheat. Based on the 

electrophoretically detectable variation of both waxy proteins and SGP in diploid 

wheat, the origin of different genomes of wheat is discussed. 
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3.1 Introduction 

Investigations of proteins embedded within the starch granules in the cereal endosperm 

have been of particular interest to wheat physiologists and geneticists, as these proteins 

are believed to be the enzymes involved in starch synthesis. There are four major 

types of proteins embedded within starch granules in endosperm of common wheat 

(AABBDD): the predonunant 59 kDa GBSSI (or waxy protein), the 75 kDa SSS 

(soluble starch synthase), the 85 kDa SBE (starch branching enzymes) and the 100-

105 kDa SGP (starch granule proteins) (section 1.5), These proteins have been 

analyzed in common wheat (Rahman et al, 1995; Denyer et al, 1995; Takaoka et al, 

1997; Yamamori et al, 1998), In particular, the waxy proteins have been studied 

extensively in common wheat (Nakamura et al, 1993; Ainsworth et al, 1993; Miura 

et al, 1994; Miura and Sugawara, 1996; Grayborsch, 1996; Hoshino et al, 1996; Zhao 

and Shaip, 1996; Demeke et al, 1997; Yasui et al, 1997; Zeng et al, 1997; 

Graybosch et al, 1998; Miura et al, 1998) (section 1,6), In common wheat, the WX-

A protein has a slightly higher molecular weight and a more basic isoelectric point 

than WX-Bl and WX-Dl proteins; the WX-Bl and WX-Dl proteins have 

approximately the same molecular weight but a slightly different isoelectric point 

(Nakamura et al, 1993), In the other types of wheat, Yamamori et al. (1995) reported 

that the two waxy proteins of T. turgidum (AABB, 2n=4x=28) corresponded to the 

WX-Al and WX-Bl proteins of common wheat as was previously described by 

Nakamura et al (1993), Taira et al (1995) and Fujita et al. (1996) reported that only 

one waxy protein existed in several proposed diploid progenitors, except for T. 

bicornis and T. sharonensis, of the A, B and D genomes of common wheat. 

All the proteins embedded within the starch granules in different genome types and 

ploidy levels of wheat were analyzed in this project for the following reasons: 

1. The three waxy proteins in common wheat exhibit variations in 

electrophoretic properties, as explained above. The three waxy proteins also 

show variation in band intensity in SDS-PAGE, indicating quantitative 

differences (Nakamura et al, 1993; Yamamori et al, 1994) and possibly 

different contributions to amylose content (Miura et al, 1994; Miura and 

Sugawara, 1996; Zhao et al, 1998) (reviewed in section 1,6), It is important 
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that the waxy proteins could be used as protein markers for detecting 

variations in different genomes of wheat. Further analysis of the waxy 

proteins in different types of wheat will also provide clues for determining 

the phylogenetic relationship of wheat. 

2. Except for the SGP which has been studied in common wheat, these proteins 

have not been reported in diploid or tetraploid wheat. Because the genes 

encoding these SGP have been located on chromosomes 7A, 7B and 7D of 

common wheat (Denyer et al, 1995), it is likely that these genes could come 

from different diploid progenitors of wheat. Therefore, an understanding of 

the SGP in wheat of different ploidy levels will provide more information on 

their phylogenetic relationships. 

3. The properties of GBSSI, SSS, SBE and SGP in the T. timopheevi ( A ' A ' G G ) 

-T. zhukovskyi (A*A*A^A^GG) lineage of wheat are littie-known. The two 

types of tetraploid wheat, T. turgidum (AABB) and T. timopheevi ( A ' A ' G G ) , 

offer an attractive model for the study of genome evolution and speciation in 

various polyploid wheat (Gill and Appels, 1988). Although a great number 

of efforts have been devoted to understanding the phylogenetic relationship 

between B and G genomes (Gill and Appels, 1988; Breiman, 1987; Dvorak 

and Zhang, 1990; Terachi and Tsunewaki, 1992; Tsunewaki, 1993; 

Miyashita et al, 1994; Tsunewaki and Nakamura, 1995; Mori et al, 1995; 

Sasanuma et al, 1996; Ohsako et al, 1996; Badaeva et al, 1996; Mori et al, 

1997), the origins of B and G genomes have been in debate (as reviewed in 

section 1.9). The analysis of proteins embedded within the starch granules in 

T. timopheevi and T. zhukovskyi would thus provide new information on the 

identification ofthe different genomes, 

4. Finally, investigations of waxy proteins in different varieties of wheat will 

help identify the 'typical' accession of different genonuc types of wheat with 

functional waxy genes. Such representative of each type, exhibiting the 

respective typical waxy protein patterns, will then be used to clone and 

analyze their respective waxy genes for this project (Chapter 4 and Chapter 

6). 
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3.2 Variations of waxy proteins in different types of wheat in SDS-PAGE 

3.2.1 Variation of waxy proteins in diploid wheat 

Fig. 3.1 shows the molecular weights of the granule-bound proteins of T. 

monococcum, T. speltoides and T. tauschii upon SDS-PAGE analysis, using the 

method described in section 2.2. All three diploid wheat showed a single band of size 

approximately 59 kDa. This band has been identified previously as the waxy protein 

(Ainsworth et al, 1993; Nakamura et al, 1993); therefore, it has been designated as 

the waxy protein in the present work. The molecular weight of the waxy protein of T. 

monococcum was slightly higher than that of T. speltoides in the SDS-PAGE. The 

molecular weight of the waxy protein of T. tauschii appeared to be very similar to that 

of T. monococcum. No variations in molecular weight were detected within the 

various accessions of each of the three diploid species tested. 

In T. urartu and five proposed donors of B genome in the Sitopsis section, the waxy 

proteins exhibited one band also; however, subtle differences were detected among the 

various species (Fig. 3.2). The molecular weights ofthe waxy proteins of T. speltoides 

(lane 1), T. longissima (lane 3) and T. sharonensis (lane 5) were similar to each other, 

but slightly higher than those of T. bicornis (lane 2), and T. searsii (lane 4). The 

molecular weight of the waxy protein of T. urartu (lane 6) was very similar to that of 

T. sharonensis, T. speltoides and T. longissima. 
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Fig. 3.1 Waxy proteins in T. monococcum, T. speltoides and T. tauschii. 1. T. 

monococcum. Aegilopoides var. Aus 90624; 2. T. monococcum var. Aus 22986; 3. T. 

monococcum var. Sile 506 Sp 3376; 4. 71 tauschii var. Aus 18967; 5. Zl tauschii var. 

Aus 18916; 6. r. speltoides var. Aus 21638; 7. 7. speltoides var. Aus 18995; 8. 

Protein markers. The starch granules and proteins were extracted as described in 

sections 2.2.1 and 2.2.2, The electrophoretic conditions were as in section 2,2,3.2 and 

staining procedures were as in section 2.2.5. 

Waxy proteins. 

Fig. 3.2 Waxy proteins in several proposed diploid progenitors of B genome to 

common wheat. 1. T. speltoides var. Aus 21638; 2, T. bicornis var. Aus 18930; 3. T. 

longissima var. Aus 18798; 4. T. searsii var. CPI 115475; 5. T. sharonensis var. Aus 

18747; 6. T. urartu var. Aus 17649. The starch granules and proteins were extracted 

as described in sections 2.2.1 and 2.2.2. The electrophoretic conditions were as in 

section 2.2.3.2 and staining procedures were as in section 2.2.5. 
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3.2.2 Variation of waxy proteins in the T. turgidum-T. aestivum lineage of 
wheat 

T. turgidum (AABB) and T. aestivum (AABBDD) wheat exhibited a doublet of bands 

of the waxy proteins, consisting of the higher molecular weight (HMW) and the lower 

molecular weight (LMW) bands (Fig. 3.3), as reported in the literature (Nakamura et 

al, 1993a). The molecular weights of the two bands in the tetraploid wheat species 

(lanes 1 and 2) corresponded to those observed in the hexaploid wheat species (lanes 

3-6). 

In T. aestivum, two types of varieties were evident as indicated by differences in the 

protein amount of protein of two bands. Varieties Chinese Spring (lane 3), Wyuna 

(lane 4), and Vectis (lane 5) had much more intense LMW bands, while Rosella (lane 

6) had a much fainter LMW band. The HMW protein is proposed to be the WX-Al 

and the LMW proteins aie proposed to be a mixture of WX-Bl and WX-Dl in 

common wheat var. Chinese Spring (Nakamura et al. 1993 a). Rosella has been 

reported to lack the WX-Bl protein (Yamamori et al, 1994; Zhao and Sharp, 1996). 

In Rosella, the lack of the WX-B protein resulted in significant decrease in the LMW 

component of the protein, relative to normal wheat (Fig. 3.3). However, the LMW 

band of Rosella, representing the unaltered WX-Dl protein, was slightly more intense 

than the HMW band representing the WX-Al protein (Fig. 3.3). 

It was also noted that the two bands of the waxy proteins in the tetraploid wheat 

species showed different intensities, the LMW band being much more intense than the 

HMW band. This observation was true for both T. turgidum ssp. dicoccum (Fig. 3.3, 

lane 1) and T. turgidum ssp. durum (Fig. 3.3, lane 2), even though the two exhibited 

variations in the total amount of waxy proteins loaded on the gel. 



Chapter 3 93 

97 kDa 

Waxy proteins X i,,^^,;^^ 
•66 kDa 

Fig. 3.3 Waxy proteins in polyploid wheat species. The doublet of bands of waxy 

proteins in polyploid wheat species is indicated by two an^ows. 1. T. turgidum ssp. 

dicoccum var. Aus 21048; 2. T. turgidum ssp. durum var. Aus 19415; 3. T. aestivum 

var. Chinese Spring; 4. T. aestivum var. Wyuna; 5. T. aestivum var. Vectis; 6. T. 

aestivum var. Rosella; 7. Rice; 8. Protein markers. The starch granules and proteins 

were extracted as described in sections 2.2.1 and 2.2.2. The electrophoretic conditions 

were as in section 2.2.3.2 and staining procedures were as in section 2.2.5. 
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3.2.3 Variations in waxy proteins in the T. timopheevi-T. zhukovskyi lineage of 

wheat 

In another group of polyploid wheat, the tetraploid T. timopheevi ( A ' A ' G G ) (Fig. 3.4, 

lane 4) and the hexaploid T. zhukovskyi (A^A^A^A^GG) (Fig. 3.4, lane 5), the waxy 

proteins were not separated into different bands while they were mn on the same gel as 

those of T. aestivum (Fig. 3.4, lanes 1 and 2). Therefore, the molecular weights of the 

waxy proteins encoded by the genes on A' and G genomes of T. timopheevi and on A', 

A^ and G genomes of T. zhukovskyi appear to be almost identical. 

3.2.4 Simultaneous comparison of the waxy proteins in wheat of different 

ploidy levels 

Fig. 3.5 shows the simultaneous comparison of the waxy proteins of T. monococcum 

(lane 2), T. speltoides (lane 3) and T. tauschii (lane 4) with those of T. aestivum (lanes 

5 and 6), The waxy protein of T. speltoides was lower in molecular weight than those 

of T. monococcum and T. tauschii. The waxy protein of T. speltoides was more 

similar in its molecular weight to the LMW band of T. aestivum (lanes 4 and 5), while 

the waxy protein of T. monococcum was more similar in its molecular weight to the 

HMW band of T. aestivum. The molecular weight of the waxy protein of T. tauschii 

appeared similar to that of T. monococcum. 

3.3 Analysis of the waxy proteins in diploid wheat in two dimensional SDS-

PAGE 

To further resolve any differences in biochemical properties of the single waxy protein 

bands in the various diploid wheat, the waxy proteins of T. monococcum and T. 

tauschii were chosen to be run in a 2D-PAGE system as described by Nakamura et al. 

(1993a) (section 2.2.4). The waxy proteins of T. monococcum appeared to be a 

complex with 5-6 subunits, 2-3 subunits more than the WX-Al protein in T. aestivum 

reported by Nakamura et al (1993a). There were 3-4 subunits in the waxy protein of 

T. tauschii, similar to the WX-Dl protein in T. aestivum (Nakamura et al, 1993). The 

isoelectric points (pl) of the waxy protein subunits in T. monococcum were very 

similar to those of T. tauschii, in the range of pH 5.5-6.5. 
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Waxy protein 

Fig. 3.4 Waxy proteins in the T. timopheevi and T. zhukovskyi lineage of wheat. 1. 

T. aestivum var. Rosella; 2. T. aestivum var. Chinese Spring; 3. Protein markers; 4. T. 

timopheevi var. Aus 19794; 5. T. zhukovskyi var. Aus 18689. The starch granules and 

proteins were extracted as described in sections 2.2.1 and 2.2.2. The electrophoretic 

conditions were as in section 2.2.3.2 and staining procedures were as in section 2.2.5. 

97 kDa 

Waxy proteins F-'^ 
^SMI»Vf^t*^SSe^ 

66 kDa 

Fig. 3.5 Waxy proteins in wheat of different ploidy levels. 1. Protein markers; 2. T. 

monococcum var. Sile 506 Sp 3376; 2. T. speltoides var. Aus. 21638; 4. T. tauschii 

var. 18916; 5. T. aestivum var. Rosella; 6. T. aestivum var. Chinese Spring; 7. Protein 

markers. The starch granules and proteins were extracted as described in sections 

2.2.1 and 2.2.2. The electrophoretic conditions were as in section 2.2.3.2 and staining 

procedures were as in section 2.2.5. 
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Fig. 3.6 Waxy proteins of T. monococcum and T. tauschii in 2D-SDS-PAGE. The 

waxy proteins of T. monococcum var. Aus 22986 and T. tauschii var. Aus 18916, 

denoted by arrows, were electrophoresed as described in section 2.2.4. 
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3.4 Identical patterns of SSS and SBE proteins in different wheat 

The investigation of proteins embedded within the starch granules in the endosperm of 

mature seeds showed that all tested types of wheat had an approximately 75 kDa band 

and an approximately 85 kDa band (Fig. 3.7-3.11). These two bands have been 

identified as soluble starch synthase (SSS) and starch branch enzymes (SBE), 

respectively (Rahman et al, 1995; Denyer et al, 1995); the results thus indicated that 

these proteins are invariant in their molecular weights in different types of wheat. 

3.5 Variation in SGP in different types of wheat 

3.5.1 Variation in SGP in polyploid wheat 

Electrophoretically detectable differences were observed in the patterns of the >85 

kDa molecular weights of the starch granule proteins (SGP) among the different types 

of wheat (Fig. 3.7). 

In the hexaploid common wheat, T. aestivum, the SGP were separated into three 

bands, corresponding to approximately llOkDa SGPl, 105 kDa SGP2 and 100 kDa 

SGP3, respectively (lane 1). This result is consistent with the previous reports that this 

group of proteins was 100-105 kDa (Denyer et al, 1995) or 115 kDa, 108 kDa and 

100 kDa (Yamamori, 1998). Only two bands, i.e., SGPl and SGP3, were detected in 

the tetraploid T. turgidum ssp. durum (lane 2), as well as T. turgidum ssp. dicoccides 

and T. turgidum ssp. dicoccum (data not shown). Both the tetraploid T. timopheevi 

(lane 3) and the hexaploid T zhukovskyi (lane 4) had the SGPl seen in T. turgidum-T. 

aestivum and an additional approximately 95 kDa SGP4 protein, but did not show the 

SGP3 of T. turgidum and T. aestivum or SGP2 of T. aestivum. The 95 kDa SGP in T. 

timopheevi (lane 3) and T. zhukovskyi has not been reported in the previous 

investigations of the proteins embedded the starch granules of common wheat. 
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Fig. 3.7 SGP, SSS and SBE proteins in polyploid wheat. The electrophoretic 

patterns of higher molecular weights of (>85 kDa) granule-bound proteins (SGP) are 

shown: 1. T. aestivum var. Chinese Spring; 2. T. turgidum ssp. durum var. Aus. 764; 3. 

T. timopheevi var. Aus. 19794; 4. T. zhukovskyi var. Aus. 18689. The starch granules 

and proteins were extracted as described in sections 2.2.1 and 2.2.2. The 

electrophoretic conditions were as in section 2.2.3.2 and staining procedures were as in 

section 2.2.5. The SGP are denoted by arrows with solid lines. The two SGP in T. 

turgidum ssp. durum (110 kDa SGPl and 100 kDa SGP3) corresponded to two of the 

three SGP in T. aestivum (110 kDa SGPl, 105 kDa SGP2 and 100 kDa SGP3) 

reported by Denyer et al (1995). In addition to the 110 kDa SGPl, an approximately 

95 kDa SGP4 was detected in T. timopheevi and T. zhukovskyi. 
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3.5.2 Variation in SGP in diploid wheat 

A single protein band of 110 kDa SGPl, 105 kDa SGP2, 100 kDa SGP3 or 95 kDa 

SGP4 was detected in all proposed diploid progenitors of A, B, D or G genomes (Fig. 

3.8-3.11). 

3.5.2.1 T. monococcum 

By screening fifteen varieties of T. monococcum, it was found that there were two 

distinct groups of T. monococcum. The majority of accessions belonged to Type I, 

which contained a single SGP4 (Fig, 3,8, lane 2). A single accession formed Type II, 

which contained a SGPl (Fig, 3,8, lane 1), 

3.5.2.2 T. speltoides 

The five accessions of T. speltoides investigated had three different size classes of 

SGP (Fig, 3,9). Type I of T. speltoides had a SGP4 (lane 2), This band was not very 

clear in the photo due to loss of resolution during reproduction of the Figure, but it 

could be detected in the original SDS-PAGE gel. Type II of T. speltoides had a SGP3 

(lane 1) and Type III of T. speltoides had a SGPl (lane 3). 
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Fig. 3.8 SGP in T. monococcum. 1. T. monococcum var. Sile 506 Sp 3376; 2. T. 

monococcum var. Aus 22986. The starch granules and proteins were extracted as 

described in section 2.2.2. The electrophoretic conditions were as in section 2.2.3.2 

and staining procedures were as in section 2.2.5. 
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Fig. 3.9 SGP in T. speltoides. 1. T. speltoides var. Aus 21638; 2. T. speltoides var. 

Aus 18995; 3. T. speltoides var. Aus. 18942. *In lane 2, a faint of SGP4 band was 

detected in the gel but lost during reproduction of the photo. The starch granules and 

proteins were extracted as described in sections 2.2.1 and 2.2.2. The electrophoretic 

conditions were as in section 2.2.3.2 and staining procedures were as in section 2.2.5. 
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3.5.2.3 T. tauschii 

T. tauschii had a unique protein, the SGP2 (Fig. 3.10, lane 1), among all of the tested 

diploid wheat. The molecular weight of this protein was intermediate to that of the 

110 kDa SGPl and 100 kDa SGP3 of T. turgidum and it has been designated as the 

105 kDa SGP2. SGPl of T. turgidum (lane 2) could not be detected clearly in this 

photo due to loss of resolution of the fainter band during reproduction of the Figure. 

The three SGP of T. aestivum (lane 3) could not be detected in the Figure for the same 

reason (these can be seen in Fig. 3.7). Lane 4 and lane 5 represent SGPl and SGP4 of 

type II and type I of T. monococcum respectively, as mentioned previously (section 

3,6.2.1). 

3.5.2.4 Other diploid species 

Fig. 3.11 shows the SGP pattern in T. urartu and five diploid wheat species in the 

Sitopsis section. All of these had only one band in the >85 kDa region, with 110 kDa 

SGPl or 100 kDa SGP3 (Fig. 3.11). T. searsii exhibited an approximately 110 kDa 

thick doublet (lane 4), 

The variation in SGP detected in the different accessions and species of wheat is 

summarized in Table 3.1. Overall, there were four major size classes of SGP, i.e., 95 

kDa, 100 kDa, 105 kDa or 110 kDa, in different diploid wheat. Variation in the 

molecular weights of SGP was detected within species of the three diploid wheat, T. 

monococcum, T. urartu and T. speltoides. Furthermore, variation in sizes and number 

of bands of SGP was detected in different genomes of polyploid wheat. 
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Fig. 3.10 SGP in T. tauschii. I. T. tauschii var. CPI 799; 2. T. turgidum ssp. durum 

var. Aus. 19415; 3. T. aestivum var. Chinese Spring; 4. T. monococcum ar. Aus. Sile 

506 Sp 3376; 5. T. monococcum var, 22986. 
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Fig. 3.11 SGP in diploid wheat. 1. T. speltoides var. Aus 21638); 2. T. bicornis 

var. Aus. 18930; 3. T. longissima var. Aus. 18798; 4. T. searsii var. CPI 115475; 5. 

T. sharonensis var. Aus. 18747; 6. T. urartu var. 90459. All of these diploid species 

had only one 110 kDa SGPl or 100 kDa SGP3. * T. searsii exhibited an 

approximately 110 kDa thick doublet; the origin of an additional band is uncertain. 
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Table 3.1 Profiles of the SGP in diploid, tetraploid and hexaploid wheat 

Species 

T. moncoccum, type I 

T. moncoccum, type II 

T. urartu, type I 

T. urartu, type II 

T. bicornis 

T. longissima 

T. searsii 

T. sharonensis 

T. speltoides. Type I 

T speltoides. Type II 

T. speltoides. Type EI 

T. tauschii 

T. turgidum 

T. aestivum 

T. timopheevi 

T .zhukovskyi 
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Accessions tested 

14* 

Sile 506 Sp 3376 

Aus. 17649 

Aus.90459 

Aus. 18795, Aus, 18930 

Aus, 18797, Aus, 18798 

CPI 799 

Aus. 18802, Aus. 18747 

Aus. 18995 

Aus.21638 

Aus. 18942 

Aus. 18967, Aus. 18916, 

CPI 799 

Aus. 19785, Aus. 19592 

Aus, 764 

Chinese Spring, Rosella, 

Wyuna 

Aus, 19794, Aus, 19796 

Aus. 18689, Aus. 18690 

"-I-" and "-" indicate the presence or absence of that particular SGP, respectively. All 

protein samples were prepared from mature seeds. Sources of seeds are shown in 

Table 2.1 of Chapter 2. * The fourteen varieties of T. monococcum are: C68-73; C68-

18; C68-19; C68 24G 16; Sile 500 Sp 3750; Aus. 16280; Aus 3701; Aus. 16278; Aus. 

15361; Aus. 22983; Aus. 22986; Aus. 90442; Aus. 90624 and Aus. 95051. 
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3.6 Discussion 

3.6.1 The electrophoretic profiles of proteins embedded within starch granules 

of wheat 

In the papers published so far (Rahman et al, 1995; Denyer et al, 1995; Takaoka et 

al, 1997; Yamamori et al, 1998), the proteins embedded within the starch granules in 

the endosperm of common wheat have been divided into four major classes: 59 kDa 

GBSSI (waxy protein), 75 kDa SSS, 85 kDa SBE and >85 kDa SGP. Our observation 

in different types of wheat (e.g.. Fig. 3.8) is consistent with these previous reports. 

However, the profiles of these proteins appeared variable in wheat of different ploidy 

levels. The 75 kDa SSS and 85 kDa SBE appeared to have identical molecular 

weights among all tested wheat of different ploidy levels; however, the 59 kDa GBSSI 

and >85 kDa SGP exhibited variations in their molecular weights. These variations 

could be useful for understanding of roles of different GBSSI and SGP and origins of 

different genomes of wheat. 

3.6.2 Variations in waxy proteins among wheat of different ploidy levels 

There was only one band of the waxy protein, of molecular weight approximately 59 

kDa, in all tested diploid wheat. The tetraploid group of T. turgidum including the 

four subspecies (ssp. turgidum, ssp. dicoccoides, ssp. durum and ssp. dicoccum), and 

the hexaploid group of T. aestivum, contained two waxy protein bands with slightly 

different molecular weights. These results are consistent with a number of previous 

reports (Nakamura et al, 1993; Yamamori et al, 1994; Taira et al, 1995). However, 

other interesting observations on waxy proteins in different wheat were also made in 

this study. 

3.6.2.1 Variations in waxy proteins in diploid progenitors 

On the basis of the band size of the waxy proteins, the five species in the Sitopsis 

section and T. urartu, which are all proposed to be donors of B genomes to common 

polyploid wheat (section 1.8), could be divided into two types (Fig. 3.2). One type 

included T. speltoides, T. longissima, T. sharonensis and T. urartu, and had slightly 

higher molecular weights for the waxy proteins, compared to the other type which 
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included T. bicornis and T. searsii The waxy protein of T. speltoides had a molecular 

weight similar to that of the WX-B protein of T. turgidum-T. aestivum (Fig. 3,5). 

Taira et al. (1995) reported that the molecular weights of waxy proteins in T. 

speltoides, T. longissima, T. searsii and T. urartu were 59.0 kDa, 59.2 kDa, 59,1 kDa 

and 59.4 kDa, respectively in SDS-PAGE. In their report the molecular weight of the 

waxy protein in T. speltoides was the lowest among the four proposed donors of B 

genomes tested. However, our results showed that the protein size of T speltoides was 

slightiy higher than that of T. searsii and similai- to that of T. urartu. Our results also 

showed the size of waxy proteins of T. monococcum and T. tauschii was very similar 

(Fig. 3.1). These comparisons indicate that interspecies variation might exist in the 

molecular weights of the waxy proteins in diploid species of wheat. 

3.6.2.2 Possible mutations in the waxy gene during evolution from diploid to 

polyploid wheat 

Our observations have indicated that the waxy protein in T. monococcum was not 

detectably different in size from that of T. tauschii on the one-dimensional SDS-PAGE 

and that the mobility of the waxy protein of T. monococcum or T. tauschii did not 

correspond to that of the WX-Al or WX-Dl protein in T. aestivum. In the two-

dimensional gel, the waxy protein in T. monococcum (Fig. 3.6) also had more subunits 

than those reported for the WX-Al protein of T. aestivum reported by Nakamura et al. 

(1993). In contrast, the number of subunits of the waxy proteins observed for T. 

tauschii was very similar to those ofthe WX-Dl protein in T. aestivum (Nakamura et 

al, 1993). These observations indicate that there might be some differences in the 

electrophoretic properties of the waxy protein of T. monococcum and the WX-Al 

protein of T. aestivum. These differences could be explained by two possibilities. 

Firstiy, mutations could have occurred in the waxy gene on A genome during the 

evolution of wheat from a diploid through tetraploid to hexaploid genome, if T. 

monococcum was the donor of A genome to T. turgidum. The other possibility is that 

another diploid, T. urartu, rather than T. monococcum, might be the donor of A 

genome to the polyploid 71 turgidum-T. aestivum lineage of wheat. Sequence 

comparison of the genes of vaiious diploid wheat with the individual waxy genes in 

polyploid wheat will be carried out to address these possibilities in Chapter 6, 
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3.6.2.3 A possible diphyletic origin of T. turgidum and T. timopheevi 

The two waxy protein bands in the tetraploid T. turgidum (AABB) could be 

distinguished readily (Fig, 3,3), however, only one band of the waxy protein was 

detected in T. timopheevi ( A ' A ' G G ) in one-dimentional SDS-PAGE (Fig, 3,5). This 

difference in molecular weight of waxy proteins between T. turgidum and T. 

timopheevi might be due to their independent lineages from different diploid 

progenitors and thus slight biochemical differences. This observation agrees with the 

previous reports that there was a diphyletic origin of T. turgidum and T. timopheevi 

(Kihara, 1963; Tsunewaki et al, 1980, 1993; Tsunewaki and NakamaiTi, 1995; Mori et 

al, 1995, 1997). However, a number of reports have indicated that T. turgidum and T. 

timopheevi originated from a common tetraploid wheat (Johnson, 1975; Tanaka et al, 

1978; Dvorak and Appels, 1982; Chen and Gill, 1983; Dvorak and Zhang, 1990, 

Sasanuma et al, 1996; Breiman, 1987; Terachi and Tsunewaki, 1992; Tsunewaki, 

1993; Miyashita et al, 1994; Ohsako et al, 1996; Badaeva et al, 1996). The 

electrophoretic difference in the waxy proteins between T. turgidum and T. timopheevi 

observed here is insufficient by itself to unequivocally support one theory or the other, 

as the differences could be due to mutation in their waxy genes and/or different origins 

of their genomes. In order to provide more information for distinguish between the 

genomes of these tetraploid wheat and extend our understanding on evolution of these 

wheat species, DNA sequences of the partial waxy genes from their individual 

genomes will be analysed in Chapter 6. 

3.6.2.4 Variation of expression in different waxy proteins in the T. turgidum-T. 

aestivum lineage 

The two waxy proteins of tetraploid T. turgidum ssp. dicoccum exhibited significantiy 

different densities in SDS-PAGE, the LMW band of WX-Bl showing a much more 

intense band than the HMW band of WX-Al (Fig. 3.3). This was also observed in T. 

turgidum ssp. durum (Fig. 3.3) and T. turgidum ssp. turgidum (Fig. 3.4), This result is 

consistent with the previous report of Yamamori et al (1995a); however, in our 

results, the difference in the intensity of the two waxy proteins in these different 

tetraploid wheat appeared more marked than that in the report of Yamamori et 

fl/,(1995). In common wheat, the WX-Bl is reported to have stronger intensity than 
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the WX-Dl and WX-Al on SDS-PAGE, as described in section 1,5,2, Two possible 

reasons have been proposed for this observation; the WX-Bl protein could be more 

extractable than the WX-Al and WX-Dl proteins, or it might be produced more that 

the WX-Al protein (Yamamori et al, 1995), However, other studies have shown that 

the WX-Bl protein had a higher expression than WX-Al and WX-Dl proteins, and 

thus makes more contribution to amylose content in common wheat (Miura et al, 

1994; Miura and Sugawara, 1996), The molecular basis of such differences in 

expression of the different waxy proteins in wheat is largely unknown. In rice, the 

expression of the waxy gene controlling amylose content is regulated by temperature 

during grain development (Sano et al, 1985). Unique microsatellite alleles 

containing a single-nucleotide polymorphism in the untranslated region of the waxy 

gene resulted in variations in the apparent amylose content in rice (Ayres et al, 1997). 

In maize, it was reported that the waxy protein was not produced or its amount was 

reduced, in the event of insertion of a controlling element in the waxy gene (Echt and 

Schwartz, 1981). The molecular mechanisms of the unequal expression of the WX-

Al, WX-Bl and WX-Dl proteins in common wheat need to be investigated further, 

to test these possibilities as well as others, such as unequal turnover rates of these 

proteins, unequal stabilities of their mRNA, or unequal promoter activities. Some of 

these will be discussed further in section 5.7.5. 

3.6.3 Properties of SGP in different ploidy wheat 

In view of the potential importance of the SGP in starch production, as reviewed in 

section 1.4, the SGP in different types of wheat also have been investigated 

extensively in the present study. 

3.6.3.1 A novel 95 kDa protein embedded within starch granules 

The electrophoretic patterns of the proteins embedded within starch granules of 

common wheat observed in this study were identical to those described Denyer et al 

(1995) and Yamamori et al. (1998). The sizes of the three SGP in common wheat are 

reported to be 100-105 kDa (Rahman et al, 1995; Denyer et al, 1995), or 100 kDa, 

108 kDa and 115 kDa (Yamamori et al, 1998). The sizes of the three SGP in 

common wheat were estimated to be 110 kDa SGPl, 105 kDa SGP2 and 100 kDa 
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SGP3, in the present studies, although the precise sizes cannot be determined by 

electrophoretic gels. 

In the >85 kDa region, only a 95 kDa SGP4 was detected in type I of T. monococcum 

(Fig. 3.8) and type I of T. speltoides (Fig. 3.9), while all other SGP of T. monococcum 

and T. speltoides and other diploid species contained a single band 110 kDa SGPl, 

105 kDa SGP2 or 100 kDa SGP3. The tetraploid T. timopheevi and hexaploid T. 

zhukovskyi also contained the SGP4. The 95 kDa SGP4 has not been reported so far; 

thus it is a novel protein in wheat. It is possible that the SGP4 belongs to the same 

family as the SGPl, SGP2 and SGP3, based on their similar locations in the starch 

granules. This needs to be investigated further by Western blotting using an anti-SGP 

antibody. 

3.6.3.2 The phylogenetic relationship of genomes of common wheat based on 

analysis of SGP 

Denyer et al. (1995) analysed SGP in 20 nullisomic-tetrasomic (NT) lines of Chinese 

Spring {T. aestivum). The results showed that thellO kDa SGPl, 105 kDa SGP2 and 

100 kDa SGP3 were encoded by genes located on chromosomes 7A, 7D and 7B, 

respectively, of common wheat. When this data and our own observations are 

combined, it would suggest that information on the origins of A, B and D genomes of 

common wheat may be obtained by comparing the patterns of SGP in wheat of 

different ploidy levels. 

The tetraploid T. turgidum (AABB) exhibited two bands of SGP, 110 kDa SGPl and 

100 kDa SGP3 (Fig. 3.7). T. tauschii (DD) had a unique 105 kDa SGP2 among all 

the tested diploid wheat (Fig. 3.10), A hypothetical hybrid of SGP between T. 

turgidum and T. tauschii would correspond precisely to the three SGP (110 kDa, 105 

kDa and 100 kDa) in common wheat (AABBDD). This observation strongly suggests 

that the SGP2 would be coded by the D genome of common wheat, and that T. 

turgidum and T. tauschii could be the tetraploid and diploid donors, respectively, to 

common wheat; this suggestion thus supports previous studies by Kerby and Kuspira 

(1987). By extending this line of reasoning further, it appears that the SGPl and SGP3 

should be encoded by the genes on A genome and genome B respectively. 
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However, the size of SGP appeared to have further intraspecies and interspecies 

variation. SGP3 appeared not only in T. bicornis and one accession of T. speltoides, 

the two proposed donors of the B genome, but also in one accession of T. urartu which 

has been considered recentiy to be a donor of the A genome (Breiman and Graur, 

1995; Friebe and Gill, 1996; Devorak, 1998), SGPl appeared not only in the proposed 

donor of A genomes, one accession of both T. monococcum and T. urartu, the 

proposed donors of the genome, but also in the proposed donors of B genome, T. 

longissima, T. searsii, T. sharonensis and one accession of T. speltoides. These 

observations suggest that the phylogenetic relationship of A and B genomes in 

polyploid wheat is much more complicated than suggested above. 

3.6.3.3 Profiles of SGP also support a diphyletic origin of T. turgidum and T. 

timopheevi 

The tetraploid T. timopheevi (A 'A 'GG) exhibited two bands: SGPl and SGP4 (Fig. 3.7, 

lane 2), different from T. turgidum (AABB) which exhibited SGPl and SGP3 (Fig. 

3.7, lane 4), This observation is consistent with our results on the waxy proteins in the 

two tetraploid wheat (Fig. 3.4); that is, T. turgidum and T. timopheevi might be two 

independent lineages. However, the locations of the two genes encoding SGPl and 

SGP4 on specific genomes in T. timopheevi are unclear. It cannot be determined 

which diploid species contributed the genes encoding SGPl and SGP4 to T. 

timopheevi, for the above reasons given above that the variations of the SGP occurred 

within and between its possible diploid progenitor species. 

3.6.4 Methods for investigation of proteins embedded within starch granules 

Although the waxy proteins and the three SGP of common wheat have been analysed 

here, slightly variable results have been obtained by different groups of researchers, as 

reviewed in section 1.5. A number of reasons can explain these variations. Firstly, the 

gels were prepared by using different ratios of acrylamide to bisacrylamide, i.e., 29:1 

(Schofield and Greenwell, 1987; Yamamori et al, 1992; Ainsworth et al, 1993; 

Rahman et al, 1995), 30:0.135 (Nakamura et al, 1993a; Yamamori et al, 1994), 37:1 

(Denyer et al, 1995) or 30:0.1 (Zhao and Sharp, 1996); or the gels were made using a 

different pH buffer system (Zhao et al, 1996). Secondly, the gels could have been run 
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under different conditions such as voltages and time and stained by different methods 

such Coomassie Brilliant Blue or silver stains. Different staining times were also 

used. Finally, different plant materials, such as endosperm from mature or developing 

seeds, were used for different studies. The present study provides a direct, thorough 

and valid comparison of all waxy proteins and SGP from mature seeds of common 

wheat and all types of its relatives, by using the same ratio of 

acrylamide:bisacrylanude (30:0.135) for all gel, electrophoresing for similar length of 

time and staining by the same methods. 

In most experiments conducted by other researchers, the starch granules were 

extracted according to the method described by Echt and Schwartz (1981). The 

protein samples in this study were prepared following the same method. However, the 

protocol for the preparation of proteins in this project (section 2.2.2) was based on the 

method of Nakamura et al. (1993 a), in which proteinase K was not used to remove any 

possible proteins left on the surface of the granules after preparation of the starch 

granules. This possibly resulted in a very faint protein band of approximately 80 kDa 

in some ofthe samples (Fig. 3.8) and some other proteins besides GBSSI, SSS, SBE 

and SGP, which were detected occasionally (Fig. 3.7, lane 4). 

3.6.5 Cloning of genes encoding waxy proteins. 

Characterization of waxy proteins and SGP in the different types of wheat allowed us 

to choose appropriate plant material to clone the genes encoding these proteins from 

diploid species. The fact that SGP is likely to play an important role in starch 

biosynthesis in wheat led to further work on the genes encoding these proteins, at the 

collaborating laboratory at CSIRO (R. Appels, pers, commun.). 

Characterization of the waxy proteins of the different diploid progenitors allowed us 

to clone the single waxy A gene from T. monococcum (Aus. 22986) and the single 

waxy B gene from T. speltoides (Aus. 21638) for molecular studies in this project. 

Because investigation of SGP was carried out after the cloning of the waxy genes had 

been initiated, the T. monococcum and T. speltoides used for cloning the waxy genes 

were later found to contain 95 kDa SGP4 and 100 kDa SGP3 respectively. As a part 

of a collaborative effort to clone the waxy genes in the three possible diploid 



Chapter S 111 

progenitors to common wheat, the waxy gene of the proposed progenitor of the D 

genome of common wheat, T. tauschii (DD), was cloned in Professor R. Appels's 

laboratory. Plant Industry, CSIRO. Based on the sequence data of the waxy genes 

obtained for T. monococcum and T. speltoides (Chapter 4), a set of primers was 

designed to clone and characterize partial waxy genes from all other proposed diploid 

progenitors (except for T. searsii) and the polyploid wheat species further (Chapter 6), 

to analyze the phylogenetic relationships of different genomes of wheat. 



Chapter 4 112 

CHAPTER 4 

CLONING AND CHARACTERISATION OF THE WAXY GENES 

OF T. monococcum AND T. speltoides 

Pages 

ABSTRACT 114 

4.1 Introduction 115 

4.2 Isolation of the waxy gene of T. monococcum {wx-TmA) 

and 71 speltoides {wx-TsB) 116 

4.2.1 PCR products of the wx-TmA and wx-TsB genes 116 

4.2.2 Cloning of PCR products 117 

4.2.3 Determination for sequences of the wx-TmA and wx-TsB genes 117 

4.2.4 Differences in sequences of the original primers and 

the corresponding regions amplified 

from the wx-TmA and wx-TsB genes 118 

4.3 Sequences of the wx-TmA and wx-TsB genes 120 

4.4 Properties of the wx-TmA and wx-TsB genes 129 

4.4.1 Stractures of the wx-TmA and wx-TsB genes 129 

4.4.2 Base composition of sequences of wx-TmA and wx-TsB genes 131 

4.4.3 T-rich rather than AT-rich regions in introns 131 

4.5 Variation in exons of the wx-TmA and wx-TsB genes 134 

4.5.1 Variation in exon 1 134 

4.5.2 Extent of identity of the exons of the wx-TmA and wx-TsB 134 

4.6 Variation in introns of the wx-TmA and wx-TsB genes 137 

4.6.1 Variation in lengths and sequences of introns 

4.6.2 Short repeated sequences involved in variation of intron 

sequences of the waxy genes 137 

4.7 Sequence comparison of the wx-TmA and wx-TsB genes 

with other plant waxy genes 141 

4.8 Deduced physical maps of the wx-TmA and wx-TsB genes 141 

4.9 Discussion 144 

4.9.1 Application of the sequences of wx-TmA and wx-TsB 144 



Chapter 4 J23 

4.9.1 Application ofthe sequences of wx-TmA and wx-TsB 144 

genes 

4.9.2 Introns evolve faster than exons 144 

4.9.3 Variation in structures of waxy genes in plants 145 

4.9.4 Relationships ofthe diploid wheat waxy genes 

to a cDNA of common wheat 146 

4.9.5 Application of PCR in gene cloning and identification ofthe 

progenitors of common wheat 148 

List of Figures and Tables in Chapter 4 

Fig. 4.1 Fragments of the waxy genes 118 

Fig. 4.2 Sequence ofthe wx-TmA gene of T. monococcum 123 

Fig, 4,3 Sequence ofthe wx-TsB gene of T. speltoides 126 

Fig. 4.4 Stmcture ofthe waxy genes in plants 130 

Fig. 4.5 Variation in sequence of exon 1 in different plant waxy 136 

genes 

Fig. 4.6 Alignment ofthe wx-TmA and wx-TsB gene sequences 138 

Fig. 4.7 Deduced physical maps ofthe waxy gene of 7! monococcum 

and T. speltoides 143 

Fig. 4.8 Comparison of sequences of a section of intron 4 ofthe wx-TmA 

and wx- TsB genes and a cDNA of common wheat 147 

Table 4.1 Comparison of lengths (bp) of fi'agments obtained for the 

waxy genes of 71 monococcum and 7. speltoides 121 

Table 4.2 Comparison of sequences ofthe original primers and 

the corresponding regions amplified from the wx-TmA 

and wx-TsB genes 122 

Table 4.3 Base composition (%) of wofjcy genes 132 

Table 4.4 Base composition (%) of introns ofthe wx-TmA and wx-TsB genes 133 

Table 4,5 Comparison of exons and introns of the wx- TmA 

and wx-TsB genes 13 5 

Table 4,6 Identity (%) of nucleotides in the coding region 

of the waxy genes in plants 142 



Chapter 4 114 

Chapter 4 Cloning and Characterisation of the waxy Gene 

of T. monococcum and T. speltoides 

ABSTRACT 

The genes encoding the waxy proteins have been isolated from two diploid wheat 

species, 7. monococcum (AA) and 7. speltoides (BB), by the Polymerase Chain 

Reaction (PCR) approach. The length of the wx-TmA and wx-TsB genes cloned was 

2834 bp and 2826 bp, respectively, which covered the region from initiation codon to 

termination codon, including the 11 translated exons and 10 intervening introns, and the 

partial untranslated leader. Multiple sequence alignment indicated that the wx-TmA 

gene of 7. monococcum and wx-TsB of 7. speltoides had the same exon/intron stractm-e 

as the barley waxy gene (Rohde et al, 1988). The two diploid wheat waxy genes had 

identical lengths for the respective exons and shared approximately 95% identity to 

each other in exon sequences. The majority of the introns, however, appeared 

significantly variable in length and sequences, which mainly resulted from different 

lengths (1-18 bp) of insertions/deletions and from accumulation of 7-9 bp repeated 

DNA sequences. The striking observation was that no exon of either of these two 

diploid genes had a particular 33 bp sequence coding for an additional 11 amino acids 

reported from a cDNA of common wheat. Instead, there was a high identity between 

this sequence and that at the 3' end of intron 4 of the waxy genes of the two diploid 

wheat. The sequence infonnation of the wx-TmA and wx-TsB identified conserved 

sequences as well as variable sections and was used to assist in the design of primers 

for cloning the individual waxy genes in polyploid wheat (Chapter 6). 
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4.1 Introduction 

The results of SDS-PAGE analysis of waxy proteins in Chapter 3 (section 3.2,1,1) 

indicated that there was only one approximately 59 kDa waxy protein in all proposed 

diploid progenitors of wheat, in comparison to the two waxy proteins in tetraploid 

wheat and three waxy proteins in hexaploid wheat. These results suggested that there 

was only one waxy locus in diploid wheat, as expected from data on other diploid 

cereals, maize (Shure et al, 1983), rice (Wang et al, 1990) and bariey (Rohde et al, 

1988). 

The waxy proteins encoded by the different genomes of wheat showed some variations 

in molecular weight on SDS-PAGE gels (Chapter 3). However, the common wheat (7. 

aestivum, AABBDD) consists of a triplicate set of the waxy genes which are 

homoeologous and probably very similar to each other in their sequences; it is thus 

almost impossible to clone and characterise easily and efficiently the three individual 

waxy genes using the published data from other plant waxy genes. It is thus necessary 

to clone the individual genes from the diploid progenitors containing different genomes 

to obtain preliminary results on their sequences identities and differences. It is 

incorrect to assume that the diploid genomes would remain unchanged during 

polyploidisation and evolution; however, one would expect to see some fundamental, 

albeit minor, differences in the various genomes of different diploid and polyploid 

wheat. 

On the basis ofthe results obtained on the comparison ofthe waxy proteins in different 

wheat, no definite conclusion for the origins of A and B genomes of common wheat 

could be drawn as discussed in chapter 3 (sections 3.3.2.2 and 3.3.3.2). One accession 

each from 7. monococcum (AA) and 7. speltoides (BB) was, therefore, chosen for 

cloning their respective waxy genes. As a part of a collaborative effort to clone the 

waxy genes in the three possible diploid progenitors to common wheat, the waxy gene 

of the proposed progenitor of the D genome of common wheat, 7. tauschii (DD), was 

cloned in Professor R. Appels's laboratory, Plant Industry, CSIRO, Canberra, Australia, 
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The waxy genes have been isolated from diploid plant species such as barley (Rohde et 

al, 1988), rice (Wang et al, 1990; Okagaki, 1992), maize (Shure et al, 1983; Klosgen 

et al, 1986), potato (Hovenkamp-Hermelink et al, 1987; Visser et al, 1989; van der 

Leij et al, 1991) and pea (Dry et al, 1992). A cDNA ofthe waxy gene in common 

wheat was reported (Clark et al, 1991) and two other clones have been described 

recentiy in Dr R. Chibbar's laboratory, Plant Biotechnology Institute, Sasktchewan, 

Canada (sequence unpublished, Matus et al, 1998), Analysis ofthe published data 

shows that the amino acid sequences of plant waxy proteins are highly conserved 

(section 2,3,1), On the basis ofthe conserved domains in these sequences, four pairs of 

primers were designed to amplify and clone the complete translated region ofthe waxy 

genes in 7. monococcum {wx-TmA) and 7. speltoides {wx-TsB) by the Polymerase 

Chain Reaction (PCR) approach in this study (section 2.3.3), The amino acid 

sequences of the respectively, complete waxy proteins deduced from these two waxy 

genes have been obtained, their predicted biochemical and physical properties will be 

described and analyzed in Chapter 5. 

4.2 Isolation of the waxy gene of T. monococcum {wx-TmA) and T. speltoides 

(wx-TsB) 

4.2.1 PCR products of the wx-TmA and wx-TsB genes 

As described in section 2.3.4, the waxy genes of 7. monococcum and 7. speltoides 

were amplified by designing four pairs of primers (section 2.3.4.2, Table 2.4; section 

2.3,4,3, Fig. 2.1), cloned and/or sequenced. These fragments are designated as 

Fragment 1 (amplification product of primers Fl and Rl), Fragment 2 (amplification 

product of primers F2 and R2), Fragment 3 (amplification product of primers F3 and 

R3) and Fragment 4 (amplification product of primers F4 and R4), as described in 

section 2.3.4.2 (Table 2.5). These four fragments overlapped and covered the partial 

untranslated region and all translated exons and the intervening introns, as shown in 

Fig 2.1 (section 2.3.4.3). 
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4.2.2 Cloning of PCR products 

The expected sizes of PCR products for the four fragments of the waxy genes of 7. 

monococcum and 7. speltoides were obtained from different reactions (Fig. 4.1 A). 

Fragments 1 and 4 ofthe waxy genes ofthe two diploid wheat were cloned into pCR-

Script Amp SK(+) vectors (section 2.3.12.1) (Fig. 4.IB). Both PCR products for 

Fragments 2 and 3 of both genes and cloned inserts for Fragments 1 and 4 of both 

genes were sequenced (section 2.5). 

4.2.3 Determination for sequences ofthe wx-TmA and wx-TsB genes 

The sequencing results (raw data not shown) indicated that Fragments 1, 2, 3, and 4 of 

the 7. monococcum waxy gene {wx-TmA) were 931 bp, 759 bp, 881 bp and 656 bp in 

length respectively and that the lengths of these four fragments of the T. speltoides 

waxy gene {wx-TsB) were 938 bp, 759 bp, 877 bp and 645 bp respectively. Fragments 

1, 2 and 3 of 7. monococcum and 7. speltoides were very similar in size to those 

predicted for the barley waxy gene (Table 4.1). However, Fragment 4 of 7. 

monococcum and 7. speltoides both exhibited significantly different sizes in 

comparison to the corresponding region ofthe barley waxy gene (Rohde et al, 1988). 

4.2.4 Differences in sequences of the original primers and the corresponding 

regions amplified from the wx-TmA and wx-TsB genes 

Some mismatches were observed between sequences of some of the original primers 

and sequences ofthe amplified regions (Table 4.2). No such difference was found in 

sequences in the Fl, R2 or R4 primer region. In the case ofthe wx-TmA gene, one 

nucleotide mismatch was detected in R3 and F4 primer regions. In case ofthe wx-TsB 

gene, one nucleotide was different between the amplified regions and their primer 

regions, F2, F3 and F4. Surprisingly, four out of the 23 nucleotides of the original 

primer Rl were different from the amplified sequences of wx-TsB. 
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Fig. 4.1 Representative gels ofthe PCR products and clones ofthe fragments of 

the wa:^ genes of T. monococcum and T. speltoides. A: I. DNA marker (X,-DNA-

EcoRI/Hind III, Progen); 2. Fragment 1 of an approximate 930 PCR product from 7. 
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Fig. 4.1 {continued) 

monococcum; B: 3. PCR marker (Promega); 4. The purified PCR product from lane 2 

of A, using Wizard minicolumn (Promega); C: 5. Uncut recombinant pCR-Script 

Amp SK(+) vectors containing an insert of Fragment 4 of the waxy gene of 7. 

monococcum; 6. The recombinant plasmid DNA (approximately 3.6 kb) in lane 5, 

linearised with Sad; 1. Double digestion of the recombinant plasmid in lane 5 with 

Sad and Clal, showing the 2961 bp vector and an approximate 650 bp insert of 

fragment 4 of the waxy gene of 7. monococcum (shown by the airow); 8. DNA 

markers (A,-DNA-EcoRI/Hind III, Progen); D: 9. DNA markers (50 bp ladder, MBI); 

10. An approximate 940 bp of PCR product of Fragment 1 ofthe waxy gene from 7. 

speltoides; E: 11. DNA markers (X-DNA-EcoRI/Hind III, Progen); 12. Uncut 

recombinant pCR-Script Amp SK(+) vector containing an insert of approximate 940 

bp of Fragment 1 ofthe waxy gene from 7. speltoides; F: 13. DNA markers (A,-DNA-

EcoRI/Hind III, Progen); 14. Negative control for PCR, 15. PCR product of Fragment 

2 (approximate 760 bp) of the waxy gene of 7, speltoides; 16, PCR product of 

Fragment 3 (approximate 880 bp) ofthe waxy gene of 7. speltoides. 
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4.3 Sequences of the wx-TmA and wx-TsB genes 

The sequence data of the four overlapping fragments of the 7. monococcum and 7. 

speltoides waxy genes were used to constmct contigs of the wx-TmA sequence (Fig, 

4,2) and wx-TsB sequence (Fig, 4,3), respectively. The lengths of these wx-TmA and 

wx-TsB genes were 2834 bp and 2826 bp, respectively. By comparison with the 

nucleotide sequence of the waxy barley gene (Rohde et al, 1988), the translation 

initiation codon ATG and the termination codon TGA of the wx-TmA and wx-TsB 

genes were found to be at sites homologous to that of the barley waxy gene, as 

expected. Therefore, the wx-TmA gene cloned here consisted of a 2803 bp from 

initiation codon to termination codon and a 31 bp untranslated leader (Fig, 4,2), and 

the wx-TsB gene consisted of 2795 bp from initiation codon to termination codon and 

31 bp of untranslated leader (Fig, 4,3). The barley waxy gene included 34 bp ofthe 5' 

untranslated leader and 2794 bp of the corresponding region to the wx-TmA and wx-

TsB. 
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Table 4.1 Comparison of lengths (bp) of fragments from the ivojcy genes of T. 

monococcum and T. speltoides 

Fragments 

1 

2 

3 

4 

Primer pairs 

Fl-Rl 

F2-R2 

F3-R3 

F4-R4 

WX-TmA 

(bp) 

931 

759 

881 

656 

wx-TsB 

(bp) 

938 

759 

877 

645 

Expected length 

for waxy gene of 

barley (bp) 

933 

111 

896 

614 

The four amplified fragments of the waxy genes 7. monococcum and 7, speltoides 

were very similar in length to the corresponding sections of the barley waxy gene 

(Rohde era/,, 1988). 
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Table 4.2 Comparison of sequences of the original primers and the 

corresponding regions amplified from wx-TmA and wx-TsB genes 

Primer sequences WX-TmA sequences (5'->3') 

Fl 5'-TTGCTGCAGGTAGCCACAC-3' 

*R1 5'-TTCTCTGCCAGGCAGCACTTGAG-3' 

F2 5'-GACCAAGGAGAAGATCTATGG-3' 

*R2 5'-GGCATCGTCAACGGCATG-3' 

F3 5'-ATCAACTGGATGAAGGCC-3' 

*R3 5'-CGGGCTCGTCGACACTAT-3' 

F4 5'-AGCTCCAGGGAATGCGCTAC-3' 

*R4 5'-AGAACGTCGCCGCTCCCTGA-3' 

TTGCTGCAGGTAGCCACAC 

TTCTCTGCCAGGCAGCACTTGAG 

GACCAAGGAGAAGATCTATGG 

GGCATCGTCAACGGCATG 

ATCAACTGGATGAAGGCC 

CGGGCTCGTCGACACCAT 

AGCTCCAGGGGATGCGCTAC 

AGAACGTCGCCGCTCCCTGA 

Primer sequences wx-TsB sequences (5'-^3') 

Fl 5'-TTGCTGCAGGTAGCCACAC-3' 

*R1 5'-TTCTCTGCCAGGCAGCACTTGAG-3' 

F2 5'-GACCAAGGAGAAGATCTATGG-3' 

*R2 5-GGCATCGTCAACGGCATG-3' 

F3 5'-ATCAACTGGATGAAGGCC-3' 

*R3 5-CGGGCTCGTCGACACTAT-3' 

F4 5'-AGCTCCAGGGAATGCGCTAC-3' 

*R4 5'-AGAACGTCGCCGCTCCCTGA-3' 

TTGCTGCAGGTAGCCACAC 

TCCTCTGCCAGGCAGCGCTGGAA 

GACCZ^GGAGAAGATCTACGG 

GGCATCGTCAACGGCATG 

ATCAACTGGATGAAGGCT 

CGGGCTCGTCGACACTAT 

AGCTCCAGGGGATGCGCTAC 

AGAACGTCGCCGCTCCCTGA 

Primer sequences were designed based on the cDNA of common wheat (Clark et al, 

1991). The nucleotides in wx-TmA and wx-TsB genes that were observed to be 

different from the original primer sequences are shown in bold print and underlined. * 

Indicates that the sequences ofthe reverse primers (Table 2.4 in Chapter 2) have been 

converted into the forward direction here, to allow easy comparison with the waxy 

gene sequences. 
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^ Exon 1 
1 TT6CTGCA6GTAGCCACACCCTGCGCGCGCCAT6GCGGCTCTGGTCACGTCCCAGCTCGC 60 

M A A L V T S Q L A 

61 CACCTCCGGCGCCGTCCTCGGCATCACCGACAGGTTCCGGCGTGCAGGTTTTCAGGGCGT 120 
T S G A V L G I T D R F R R A G F Q G V 

1 2 1 GAGGCCCCGGAGCCCGGCGGATGCGGCGCTCG6CATGAGGACTGTCGGAGCAAGCGCGGC 180 
R P R S P A D A A L G M R T V G A S A A 

1 8 1 ACCGAAGCAACAAAGCAGGAAAGCGCACCGCGGGACCCGGCGGTGCCTCTCGGTGGTGGT 240 
P K Q Q S R K A H R G T R R C L S V V V 

2 4 1 GCGCGCCACGGGCAGCGGCGGCATGAACCTCGTGTTCGTCGGCGCCGAGATGGCGCCCTG 300 
R A T G S G G M N L V F V G A E M A P W 

I n t r o n 1 
3 0 1 GAGCAAGACCGGCGGCCTCGGCGACGTCCTCGGGGGCCTCCCCCCAGCCATGGCC63aAG 360 

S K T G G L G D V L G G L P P A M A 

3 6 1 CTAGCTAGCACCACTGTCTTCTCATAATGTTCATCTTGCAGTTGCAGCCATGCCTGCCGT 420 

Exon 2 
421 TACAACGTGCTGTGTCTATGCASGCCAACGGTCACCGGGTCATGGTCATCTCCCCGCGCT 480 

A N G H R V M V I S P R 

I n t r o n 2 
4 8 1 ACGACCAGTACAAGGACGCCTGGGACACCAGCGTCGTCTCCGAGGTATACATATATCCGC 540 

Y D Q Y K D A W D T S V V S E 

5 4 1 CACATGAATGATCACAATTCGCATGCTCCTGCACATTTCTGCGAGGTTCTACTGACTGAC 600 

Exon 3 
601 TGGATCTCGCl^SATCAAGGTCGCCGACGAGTACGAGCGGGTGAGGTACTTCCACTGCTTC 660 

I K V A D E Y E R V R Y F H C F 

I n t r o n 3 
661 AAACGTGGGGTGGACCGCGTGTTCGTCGACCACCCGTGCTTCCTGGAGAAGGTGATCCAT 720 

K R G V D R V F V D H P C F L E K 

721 TCTTCGTCGTCGATCGATCAAGCTAGCTTTTCGCCGTCCAAAGTCCTAACTCAACATTCA 780 

Exon 4 
781 TGGTGATTGATTTGGGTGAACCTTTGTTTCTGGTGGTTGCAATTTCCAGGTCCGGGGCAA 840 

V R G K 
F2 

• 
841 GACCAAGGAGAAGATCTATGGGCCCGACGCCGGCACGGACTACGAGGACAACCAGCTACG 900 

T K E K I Y G P D A G T D Y E D N Q L R 

^ • - ^ 

901 CTTCAGCCTTCTCTGCCAGGCA6CACTTGAGGTGCCCAGGATCCTCGACCTCAACAACAA 960 
F S L L C Q A A L E V P R I L D L N N N 

Intron 4 
961 CCCATACTTTTCTGGACCCTACGSTAAGATCAACAACACCCGGCTAGCTACTTAGTAGAG 1020 

P Y F S G P Y 

1021 TGTATCTGAAGAACTTGATTTATACTCGAGAGCACTGGATGATCATCATCATTTTCCTTG 1080 

Fig. 4.2 to be continued 
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Exon 5 
1081 TACCTGGGTGCTGCCATGCCGTGCCGTGCCGCGTCGCGCCGCGCASGGGAAGACGTGGTG 1140 

G E D V V 

1 1 4 1 TTCGTGTGCAACGACTGGCACACGGGCCTTCTGGCCTGCTACCTCAAGAGCAACTACCAG 1200 
F V C N D W H T G L L A C Y L K S N Y Q 

Intron 5 
1201 TCCAATGGCATCTATAGGACGGCCAAGGXTCTGCATCTTCTGAAACTTTAIACTCTCTCT 1260 

S N G I Y R T A K 

Exon 6 
1261 GCATCATTCTGGCCTGAATTTTACATTGCAACTTCGTTTCATGGCTASGTGGCGTTCTGC 1320 

V A F C 

1321 ATCCACAACATCTCGTACCAGGGCCGCTTCTCCTTCGACGACTTCGCGCAGCTCAACCTG 1380 
I H N I S Y Q G R F S F D D F A Q L N L 

1381 CCCGACAGGTTCAAGTCGTCCTTCGACTTCATCGACGGGTACGACAAGCCGGTGGAGGGG 1440 
P D R F K S S F D F I D G Y D K P V E G 

S-* 
1441 CGCAAGATCAACTG6ATGAAG6CCGGGATCCTGCAGGCCGACAAGGTGCTGACGGTGAGC 1500 

R K I N W M K A G I L Q A D K V L T V S 

1501 CCCTACTACGCGGAGGAGCTCATCTCCGGCGAAGCCAGGGGCTGCGAGCTCGACAACATC 1560 
P Y Y A E E L I S G E A R G C E L D N I 

R2 
< 

1561 ATGCGCCTCACGGGCATCACCGGCATCGTCAACGGCAT6GATGTCAGCGAGTGGGACCCC 1620 
M R L T G I T G I V N G M D V S E W D P 

Intron 6 
1621 ACCAAGGACAATTTCCTCACCGTCAACTACAACGTCACCACCSTGAGCACCCACCCACCA 1680 

T K D N F L T V N Y N V T T 

1681 GCACAAAGATTTCTTCCTCTTCTTCCGGTGATCGCTGGCTTTGG6TTCTGACAAACGAGG 1740 

Exon 7 
1741 CAAATTGACASGCGTTGGAGGGGAAGGTGCTGAACAAGGAGGCGCTGCAGGCCGAGGTGG 1800 

A L E G K V L N K E A L Q A E V 

1801 GGCTGCCGGTGGACCGGAAGGTGCCGCTGGTGGCGTTCATCGGCAGGCTGGAGGAGCAGA 1860 
G L P V D R K V P L V A F I G R L E E Q 

1861 AGGGCCCCGACGTGATGATCGCCGCCATCCCGGAGATCGTGAAG6AGGAGGACGTCCAGA 1920 
K G P D V M I A A I P E I V K E E D V Q 

Intron 7 
1921 TCGTTCTCCTGSTACGTCATCAACCCGCAACCCGACCGCCATTGCTGAAACTTCGATCAA 1980 

I V L L 

Exon 8 
1981 GCAGACCTAAGGAATGATCGAATGCATTGCAGGGCACCGGGAAGAA6AAGTTTGAGCGGC 2040 

G T G K K K F E R 

2041 TGCTCAAGAGCGTGGAGGAGAAGTTCCCAAGCAAGGTGAGGGCCGTGGTCAGGTTCAACG 2100 
L L K S V E E K F P S K V R A V V R F N 

2101 CGCCGCTGGCTCACCAGATGATGGCCGGAGCCGACGTGCTCGCCGTCACCAGCCGCTTTG 2160 
A P L A H Q M M A G A D V L A V T S R F 

Fig. 4.2 to be continued 

F4 
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Intron 8 
2161 AGCCCTGCGGCCTCATCCAGCTCCA6G66AT6CGCTACGGAACGGTAAACGCCTCCTCCT 2220 

E P C G L I Q L Q G M R Y G T 

2221 CCTTCCTGCCAATTCCTTGTCTCCTGCGCATCCATGGCCATGACCGAAGTTACTTCCAAA 2280 

^ R3 
Exon 9 "̂^ • 

2281 TTTGCJkSCCGTGCGCATGCGCGTCCACCGGCGGGCTCGTCGACACCATCGTGGAGGGCAA 2340 
P C A C A S T G G L V D T I V E G K 

Intron 9 
2341 GACCGGGTTCCACATGGGCCGCCTCAGCGTCGACGTATGCTCATCGATCTTCTTGTGTAC 2400 

T G F H M G R L S V D 

2401 ATTCATCCATCTTGTTCATGATTGCAGCTCAATCAGATGATGAAATGGTTTCCTTTTTCT 2460 

Exon 10 
2461 TCTTGGTGGCCASTGCAACGTGGTGGAGCCGGCCGACGTGAAGAAGGTGGTGACCACCCT 2520 

C N V V E P A D V K K V V T T L 

2521 GAAGCGCGCCGTCAAGGTCGTCGGCACGCCGGCGTACCATGAGATGGTCAAGAACTGCAT 2580 
K R A V K V V G T P A Y H E M V K N C M 

Intron 10 
2581 GATACAGGATCTCTCCTGGAAGSIACGTCGTCTCTGGTCTGGTTTAGGATGCATTTTCCA 2640 

I Q D L S W K 

2641 GAACAACTAAGAGTTAAGACTGCAATGGTGCTCTTGTTCGATGTATCCATTAATGGTGGC 2700 

Exon 11 
2701 TTGGGCATATGGTGCASGGGCCTGCCAAGAACTGGGAGCACGTGCTTCTGGAACTGGGGG 2760 

G P A K N W E H V L L E L G 

R4 
< 

2761 TCGAGGGGAGCGAGCCGGGGATCGTCGGCGAGGAGATCGCGCCGCTCGCCATGGA6AACG 2820 
V E G S E P G I V G E E I A P L A M E N 

2821 TCGCCGCTCCCTGA 2834 
V A A P * 

Fig. 4.2 Sequence of the wx-TmA gene of T. monococcum. The waxy gene of 7. 

monococcum was amplified by using four pairs of primers (Fig. 2.3.4.2). Locations of 

these primers are indicated by arrows and sequences in the wx-TmA gene 

corresponding to these primer sequences are shown in bold. The amplified DNA 

fragments were sequenced and used for the construction of the configure of the wx-

TmA gene. The initiation and termination codons and the Gil AG spice junctions of 

introns are shown in bold and shaded; these were deduced from the sequence of the 

waxy gene in barley (Rohde et al, 1988). The amino acids deduced from the exon 

sequences are shown below these. 
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Fl 
-• Exon 1 

1 TTGCTGCAGGTAGCCACACCCTGTGCGCGCCATGGCGGCTCTGGTCACGTCCCAGCTCGC 60 
M A A L V T S Q L A 

61 CACCTCCGCCACCGTCCTCGGCATCACCGACAGGTTCCGCCATGCAGGTTTCCAGGGCGT 120 
T S A T V L G I T D R F R H A G F Q G V 

121 GAGGCCCCGGAGCCCGGCAGATGCGCCGCTCGGCATGAGGACTGTCGGAGCGAGCGCCGC 180 
R P R S P A D A P L G M R T V G A S A A 

181 CCCGAAGCAACAAAGCCGGAAAGCGCACCGCGGGACCCGGCGGTGCCTCTCGATGGTGGT 240 
P K Q Q S R K A H R G T R R C L S M V V 

241 GCGCGCCACCGGCAGCGGCGGCATGAACCTCGTGTTCGTCGGCGCCGAGATGGCGCCCTG 300 
R A T G S G G M N L V F V G A E M A P W 

Intron 1 
301 GAGCAAGACCGGCGGCCTCGGCGACGTCCTCGGGGGCCTCCCCCCAGCCATGGCCGTAAG 3 50 

S K T G G L G D V L G G L P P A M A 

361 CTAGCTAGCTAGCACCACTGTCTTCTCATAATGTTCTTCTTGCAGCCACCCATGCCTGCC 420 

Exon 2 
421 ATTACAAGTGACAACTGATGGTGTGTCTGTGCAfiGCCAACGGTCACCGGGTGATGGTCAT 480 

A N G H R V M V I 

Intron 2 
481 CTCCCCGCGCTACGACCAGTACAAGGACGCCTGGGACACCAGCGTCGTCTCCGAGGIATA 540 

S P R Y D Q Y K D A W D T S V V S E 

541 CATATATCCGCCACATGAATCATCCCAAAATTCACATGCTCCTGCACATTTCTGCAAGGT 600 

Exon 3 
601 TCTACTCACCGACTGQATTTGCAGATCAAGGTCGCCGATGAGTACGAGAGGGTGAGGTAC 660 

I K V A D E Y E R V R Y 

661 TTCCATTGCTACAAGCGCGGGGTGGACCGCGTGTTCGTCGACCACCCGTGCTTCCTGGAG 7 20 
F H C Y K R G V D R V F V D H P C F L E 

Intron 3 
721 AAGSTGACTGATCATCGTAGTCGATCGATAGATCGATCAAGCTATCTTTTCGTCGTCTCA 780 

K 

Exon 4 
781 ACATTCATGGTGATTGATTTGGGTGAACCTTTGTTTCTGCTGGTTGCAATTTCCaSGTCC 840 

V 
F2 

• 
841 GGGGCAAGACCAAGGAGAA6ATCTACGGGCCCGACGCCGGCACCGACTACGAGGACAACC 900 

R G K T K E K I Y G P D A G T D Y E D N 

R l 

901 AGCTACGCTTCAGCCTCCTCTGCCA6GCA6C6CTGGAAGCACCCAGGATCCTCGACCTCA 960 
Q L R F S L L C Q A A L E A P R I L D L 

Intron 4 
961 ACAACAACCCATACTTTTCTGGACCCTACGGTAAGATCAACAACACCTAGAGTGTATCTG 1020 

N N N P Y F S G P Y 

1021 AAGAACTTGATTTGTACTTGAGAGCACCGGATGATCATCATTCTCCTTGTATCTTGGTGC 1080 

Fig. 4.3 to be continued 
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Exon 5 
1 0 8 1 TGCCACGCCATGCTGTGCCGCGCCGCGCCGCGCASGGGAAGACGTGGTGTTCGTGTGCAA 1140 

G E D V V F V C N 

1 1 4 1 CGACTGGCACACAGGCCTTCTGGCCTGCTACCTCAAGAGCAACTACCAGTCCAATGGCAT 1200 
D W H T G L L A C Y L K S N Y Q S N G I 

Intron 5 
1201 CTACAGCACGGCCAAGSTTCTGCATCTTCTCAAACTTTATATTCTCTCTGCATATCAATT 1260 

Y S T A K 

Exon 6 
1261 CTTTTGGGGTTCATTTTGGCCTGGATTTTACATTGCAACTTCATTTCATGGCTAGGTGGC 1320 

V A 

1321 CTTCTGCATCCACAACATCTCGTACCAGGGCCGCTTCTCCTTCGACGACTTCGCGCAGCT 1380 
F C I H N I S Y Q G R F S F D D F A Q L 

1381 CAACCTGCCCGACAGGTTCAAGTCGCCCTTCGACTTCATCGACGGCTACGACAAGCCGGT 1440 
N L P D R F K S P F D F I D G Y D K P V 

E 2 - ^ 
1441 GGAGGGGCGCAAGATCAACTG6AT6AA6GCTGGGATCCTGCAGGCCGACAAGGTGCTCAC 1500 

E G R K I N W M K A G I L Q A D K V L T 

1501 GGTGAGCCCCTACTACGCTGAGGAGCTCATCTCCGGCGAAGCCAGGGGCTGCGAGCTCGA 1560 
V S P Y Y A E E L I S G E A R G C E L D 

^R2 

1561 CAACATCATGCGCCTCACGGGCATCACCGGCATC6TCAACGGCATGGACGTCAGCGAGTG 1620 
N I M R L T G I T G I V N G M D V S E W 

Intron 6 
1621 GGACCCCACCAAGGACAATTTCCTCGCCGCCAACTACAACATCACCACC6TGAGCACCCG 1680 

D P T K D N F L A A N Y N I T T 

1681 CCCACCCACACAAAGATTTCTTCCGGTGATCGCTGGTTCTGGGTGGGTTCTGACAAACGA 1740 

Exon 7 
1741 GGCAAATTGACAflGCGTTGGAGGGGAAGGCGCTGAACAAGGAGGCGCTGCAGGCCQAGGT 1800 

A L E G K A L N K E A L Q A E V 

1801 GGGGCTGCCGGTGGACCGGAAGGTGCCCCTGGTGGCCTTCATCGGCAGGCTGGAGGAGCA 1860 
G L P V D R K V P L V A F I G R L E E Q 

1861 GAAGGGCCCCGACGTGATGATCGCCTCCATCCCGGAGATCTTGAAGGAGGAGGACGTCCA 1920 
K G P D V M I A S I P E I L K E E D V Q 

Intron 7 
1921 GATCGTTCTCCTGeTATGTCATCGACCCCGCAACCCGACCGCCATTGCTGAAACTTCGAT 1980 

I V L L 

Exon 8 
1981 CAAGCAGACCTAAGGAATGATGGAATGCATTGCASGGCACCGGGAAGAAGAAGTTCGAGC 2040 

G T G K K K F E 

2041 GGCTGCTCAAGAGCGTGGAGGAAAAATTCCCGAGCAAGGTGAGGGCCGTGGTCAGGTTCA 2100 
R L L K S V E E K F P S K V R A V V R F 

2101 ACGCGCCGCTGGCTCACCAGATGATGGCCGGGGCCGACGTGCTCGCCGTCACCAGCCGCT 2160 
N A P L A H Q M M A G A D V L A V T S R 

Fig. 4.3 to be continued 

F4 
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Intron 8 
2161 TCGAGCCCTGTGGCCTCATCCAGCTCCAGGGGATGCGCTACGGAACGSTAAACGCCTCCT 2220 

F E P C G L I Q L Q G M R Y G T 

2221 CCTCCTTCCTGCCAATTCCTTATCTCCTGCGCGTCCATGGCCAT6ACCGAAGTTTCTTCC 2280 

^R3 
Exon 9 "̂  

2281 AAATTTACASCCGTGCGCGTGCGCGTCCACCGGCGGGCTCGTCGACACTATCGTGGAGGG 2340 
P C A C A S T G G L V D T I V E G 

Intron 9 
2341 CAAGACCGGGTTCCACATGGGCCGCCTCAGCGTCGACCTAGGCTCATCGACCCCTTGTGT 2400 

K T G F H M G R L S V D 

2401 AAATTCTTCATTTTGTTCATCCTGGGAGCTCAGGCAGGATCATCCTTTTTCTTCTTGGTG 2460 

Exon 10 
2461 GCCAGTGTAACGTGGTGGAGCCGGCCGACGTGAAGAAGGTGGTGACCACCCTGAAGCGCG 2520 

C N V V E P A D V K K V V T T L K R 

2521 CCGTCAAGGTCGTCGGCACGCCGGCGTACCATGAGATGGTCAAGAACTGCATGATCCAGG 2580 
A V K V V G T P A Y H E M V K N C M I Q 

Intron 10 
2581 ATCTCTCCTGGAAGGIAAGTCGTCTCTGGTCCGGTTTAGGATGCATTTTCCAGAACAACT 2640 

D L S W K 

2641 AAGAGTTAAGACTACAATGGTGCTCTTGTTCGATGTATCCATTAATGGTGGCTTGGGCAT 2700 

Exon 11 
2701 ATGGTGCAGGGGCCTGCCAAGAACTGGGAGGACGTGCTTCTGG21ACTGGGTGTCGAGGGG 2760 

G P A K N W E D V L L E L G V E G 

R4 
< 

2761 AGCGAGCCGGGGGTCATCGGCGAGGAGATTGCGCCGCTCGCCATGGA6AACGTCGCCGCT 28 20 
S E P G V I G E E I A P L A M E N V A A 

2821 CCCTQA 2 8 2 6 
P * 

Fig. 4.3 Sequence of the wx-TsB gene of T. speltoides. The waxy gene of T. 

speltoides was amplified by using four pairs of primers (Fig. 2.3.4.2). Locations of 

these primers are indicated by arrows and sequences in the wx-TsB gene 

corresponding to these primer sequences are shown in bold. The amplified DNA 

fragments were sequenced and used for the constmction of the configure of the wx-

TsB gene. The initiation and termination codons and the GT/AG spice junctions of 

introns are shown in bold and shaded; these were deduced from the sequences of the 

waxy gene in barley (Rohde et al, 1988). The amino acids deduced from the exon 

sequences are shown below these. 
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4.4 Properties of the wx-TmA and wx-TsB genes 

4.4.1 Structures of the wx-TmA and wx-TsB genes 

As described in section 2.3.4 (Fig. 2.1), the work described in this Chapter was aimed 

at cloning all 11 translated exons and thus the intervening 10 introns ofthe wx-TmA 

and wx-TsB genes. Alignment ofthe sequence data obtained for these two genes with 

the barley waxy gene (Rohde et al, 1988) indicated that the wx-TmA and wx-TsB gene 

sequences aligned perfectly with 'exon 1' onwards section, as expected from the 

experimental design (section 2.3.4.3). As explained in section 2.3.4.3, this first 

translated exon ofthe barley gene (exon 2 in Rohde et al' sequence, 1988) has been 

designed as Exon 1 (El) throughout this project for convenience. The alignment 

indicated that the translation initiation codon (ATG), termination codon (TGA) and 

the GT/AG splice junctions of each exon and intron of the barley waxy gene, exon 1 

onwards, were highly conserved and present at the corresponding positions in the wx-

TmA and -TsB genes. Therefore, the wx-TmA and wx-TsB genes consisted of 11 exons 

and 10 introns, from the first translated exon containing the translation initiation 

codon (ATG) to the termination codon (TGA); this structure was identical to that in 

the corresponding section of the barley waxy gene (Fig. 4.4). However, multiple 

sequence aligrunent indicated that the waxy genes in maize (Klosgen et al, 1986), rice 

(Wang et al. 1990) and potato (van der Leij et al, 1991) consisted of 13 exons and 12 

introns in the corresponding region (Fig. 4.4). This resulted from the fact that exon 4 

(154 bp) is split into two 90 bp and 64 bp sections, while exon 6 (354 bp) is split into 

110 bp and 254 bp sections by two additional introns in these genes. 

It should be noted that on the basis of the alignment of the genomic waxy gene of 

barley (Rohde et al, 1988) with the barley cDNA sequence in the GenBank, the AG 

of intron 2 appears to be positioned incorrectly by Rohde et al. (1988), at positions 

1442-1443 instead of 1410-1411. The position ofthe AG of intron 2 was conserved 

in all published waxy genes in maize (Klosgen et al, 1986), rice (Wang et al. 1990) 

and potato (van der Leij etal, 1991). 
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O-A 

L 
y^OHO—mm-

L 

T. monococcum 

2834 bp 

T. speltoides 

2826 bp 

i 
ATG E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E l l 

TGA 
Barley 2794 bp 

Rice 3086 bp 

Maize 3111 bp 

Potato 2963 bp 

Fig. 4.4 Structure of the waxy genes in plants. Boxes indicate exons which are 

numbered in the barley gene. Lines between the boxes indicate introns. Arrows 

represent the sites for initiation codon (ATG) or termination codon (TGA). Box of 

exon 4 and box of exon 6 in the wx-TmA, vxa-TsB and barley genes were spliced into 

two parts in the rice, maize and potato genes by additional introns. The length of all 

waxy genes were from the translation initiation codon to termination codon. Sources 

of gene sequences are as follows: barley (Rohde et al, 1988), maize (Klosgen et al, 

1986), rice (Wang et al, 1990) and potato (van der Leij et al, 1991). 
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4.4.2 Base composition of the wx-TmA and wx-TsB genes 

By comparison ofthe base compositions ofthe gene sequences between the initiation 

codon (ATG) and termination codon (TGA), it was found that there was a marked GC 

bias in the wx-TmA and wx-TsB genes. GC content ofthe two genes was about 58%, 

similar to that of the corresponding regions of barley and maize genes but slightly 

higher than that ofthe rice gene (52%). In contrast, the potato gene had a significant 

AT bias in base composition, with only 40% GC. 

4.4.3 T-rich rather than AT-rich regions in introns 

The T, C, A and G content ofthe 10 introns of wx-TmA and wx-TsB was 30-31%, 25-

26%, 22-23% and 21-22% respectively (Table 4.4). This result indicated that the 

deduced introns ofthe wx-TmA and wx-TsB genes contained T-rich regions rather than 

conventional AT-rich regions of other plant genes (Simpson and Filipowi, 1996). 

However, the T-rich sequences were not distributed throughout all the introns, but 

significantly noticeable in intron 3, 5 and 9 of the two waxy genes (Table 4.6). In 

exons, A and T content made up about 35% of the total nucleotides in wx-TmA and 

wx-TsB genes. The difference in A and T content between intron and exon sequences 

was more significant in the two diploid wheat waxy genes than in other plant genes 

reported by Simpson and Filipowicz (1996). 
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Table 4.3 Base composition (%) of the waxy genes 

Content % 

A 

C 

G 

T 

WX-TmA 

20.48 

29.29 

29.33 

20.91 

wx-TsB 

20.64 

29.80 

28.84 

20.72 

Barley 

21.19 

29.21 

28.49 

21.12 

Rice 

23.36 

25.47 

26.51 

24.66 

Maize 

19.58 

30.25 

29.83 

20.35 

Potato 

27.51 

19.17 

21.16 

32.16 

The base composition was determined for the sequences between initiation codon 

(ATG), termination codon (TGA) of the wx-TmA (Fig. 4.2) and wx-TsB genes (Fig. 

4.3) using the Ecomposition program of ANGIS (section 2.6.1) and then converted to 

% of each base out ofthe total. The DNA sequence ofthe wx-TmA and wx-TsB genes 

is given in Fig 4.2 and Fig. 4.3 respectively. Sources of published genes are as 

follows: barley (Rohde et al, 1988), maize (Klosgen et al, 1986), rice (Wang et al, 

1990) and potato (van der Leij et al, 1991). 
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Table 4.4 Base composition (%) of introns of wx-TmA and wx-TsB genes 

Intron 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Average 

A 
20.45 

25.00 

19.49 

22.38 

19.75 

23.60 

30.86 

19.28 

19.19 

21.74 

22.17 

wx-'. 
C 

27,27 

27,27 

22,88 

26,57 

24.69 

29.21 

29,63 

36,14 

21,21 

17.39 

26.23 

TmA 
G 

21.59 

19.32 

22.03 

25.17 

14.81 

22.47 

20.99 

15.66 

19.19 

27.83 

20.91 

T 
30.68 

28.47 

35.59 

25.87 

40.74 

24.72 

18.52 

28.92 

40.40 

33.04 

30.70 

A 
22.22 

28.09 

20.35 

22.40 

19.19 

23.81 

29.27 

19.28 

15.91 

23.48 

22.40 

wx-
C 

27.27 

29.21 

19.50 

27,20 

21,21 

27.39 

29.27 

36.14 

25.00 

17.39 

25.96 

•TsB 
G 
21.21 

14.61 

23.01 

24.80 

15.15 

27.39 

23.17 

14.46 

22.73 

26,96 

21.35 

T 
29.29 

28.09 

37.17 

25.60 

44.44 

21.43 

18.29 

30.12 

36.36 

32.17 

30.30 

Sequences of different introns of wx-TmA and wx-TsB genes were deduced from their 

sequences described in Fig. 4.2 and Fig. 4.3, respectively. Base composition of 

individual introns was determined using the Ecomposition program of ANGIS and 

then converted to % of each base out of total. The three T-rich introns are shown in 

bold. 

4.5 Variation in exons of the wx-TmA and wx-TsB genes 
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4.5.1 Variation in exon 1 

The 31 bp untranslated leader sequence in the exon 1 of the wx-TmA and wx-TsB 

genes lacked a GCG that occurred at -3 to -5 positions ofthe start codon AGT in the 

barley waxy gene (data not shown). 

The alignment of the wx-TmA and wx-TsB genes v^th other plant genes showed four 

gap regions only in exon 1 (Fig. 4.5); all other exons had the same length (data not 

shown). In these four gap regions, a number of variations were observed in short 

nucleotide repeats (Fig. 4.5). For example, in the twenty nucleotides of region 3, the 

WX-TmA and wx-TsB genes shared three AAGC, and the rice gene had three tandem 

AGC or two tandem CGGT repeats. In the nineteen nucleotides of region 4, the wx-

TmA and wx-TsB genes had (GCN)5, while other genes had (GCN)2.4. In region 1, the 

rice gene had a long insertion relative to other cereal genes, which apparently resulted 

from five tandem CGN. Such variations in copy numbers of short repeated DNA 

sequences could reflect instability of this region ofthe waxy gene. 

4.5.2 Extent of identity of the exons of the wx-TmA and wx-TsB genes 

Both WX-TmA and wx-TsB genes had a total length of 1818 nucleotides in exons from 

the initiation codon to the termination codon, and the length of the individual exons 

was identical between the two genes. The identity between the individual exons 

ranged from 94%-99%, with the overall identity being 96.59% (Table 4.5). 
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Table 4.5 Comparison of exons and introns ofthe wx-TmA and wx-TsB genes 

Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Total 

Exons 

Length (bp) 

WX-TmA 

324 

81 

99 

154 

101 

354 

180 

192 

87 

129 

117 

1818 

wx-TsB 

324 

81 

99 

154 

101 

354 

180 

192 

87 

129 

117 

1818 

Identity 

(%) 

95.75 

98.77 

93.94 

94.81 

96.04 

97.18 

96.67 

96.88 

97.70 

98.45 

95.73 

96.64 

Introns 

Length (bp) 

WX-TmA 

88 

88 

118 

143 

81 

89 

81 

83 

99 

115 

-

985 

wx-TsB 

99 

89 

113 

125 

99 

84 

82 

83 

88 

115 

-

977 

Identity 

(%) 

90.36 

91.57 

95.46 

92.00 

93.83 

93.75 

97.53 

95.18 

85,23 

97.39 

-

93.23 

Number of nucleotides in the exons and introns were determined from their sequences 

given in Fig. 4.2 and Fig. 4.3, respectively. Sequence identities between the 

corresponding introns and exons of the wx-TmA and wx-TsB genes were obtained 

using the Bestfit program of ANGIS (section 2,6.2), 
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Region 1 Region 2 Region 3 Region 4 

59 233 

A: //A CAGGT//AGGCCCCGG//AAGC. , , AACAAAGCAGGAAAGC//CGCCACGGGCAGCGGCGGCA 

B: //A CAGGT//AGGCCCCGG//AAGC. . .AACAAAGCCGGAAAGC//CGCCACCGGCAGCGGCGGCA 

H: //A CAGAT//AGGCCCCGG//AAG CAAAGCCGGAAAGC//CGCCACGGGCA, . . GCGGCA 

M: //AC GCGTCCACGT//AGG. , .GGG//GCGC, , ,CCAGGCACCAGCAGCA//CGC CAGCGCCGGCA 

R: //ACAGGTCGGCGCCGTCGTCGC//AAGCCCCGT//ACGCCCAAGCAGCAGCGGTCGGT//CGCCACCGGC...GCCGGCA 

P: //CCAAATCAACCTTGTGACAGA//CACAATGGT//ACACCCAAGATGGCATCCAGAAC//TGGAAG GGAA 

Fig. 4.5 Variation in sequence of exon 1 in different plant waxy genes. The exon 1 

sequences from initiation codon ATG of the waxy genes were aligned using Pileup 

program of ANGIS (section 2.6.3). The number on top of the lines indicates the 

nucleotide number from 'A' of the initiation codon ATG. Only the four variable 

regions are shown, separated by double slashes that indicate locations of no 

insertions/deletions variable sequences. A: wx-TmA, B: wx-TsB, H: Barley (Rohde et 

al, 1988), M: maize (KlOsgen et al, 1986), R: rice (Wang et al. 1990), and P: potato 

(van der Leij et al, 1991). 
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4.6 Variation in introns ofthe wx-TmA and wx-TsB genes 

4.6.1 Variable lengths and sequences of introns 

Alignment ofthe wx-TmA and wx-TsB genes showed the presence of 18 gaps between 

the two genes (Fig. 4.6). These gaps mainly resulted from insertions/deletions of 1-18 

bp sequences. Table 4.5 shows the length and the extent of identity of each intron 

between the wx-TmA and wx-TsB genes. Except for introns 8 and 10 that had the 

same length, the other 8 introns differed in their length, a fact especially observed for 

introns 4 and 5. The intron 4 of wx-TmA gene was longer by 18 bp than that of wx-

TsB (Table 4.5), the extra length resulting from two gaps in the aligned sequences 

(Fig. 4.6). In contrast, the intron 5 of the wx-TsB was longer than that of wx-TmA, 

resulting in one large gap in the aligned sequences. The smallest difference in length, 

one nucleotide, was found in introns 2 and 7. These various insertion/deletions 

together accounted for the variation in the total lengths of introns of the two genes, 

985 bp for wx-TmA and 977 bp for wx-TsB. 

The corresponding intron sequences of the wx-TmA and wx-TsB genes shared a high 

identity, nine of the ten introns had >92%) identity, only intron 8 had a more limited 

identity (85%). However, the identity of introns exhibited a greater variation, 

compared to the identity ofthe exon sequences (Table 4.5). 

4.6.2 Short repeated sequences involved in variation of intron sequences of the 

waxy genes 

The variation in intron sequences of the wx-TmA and wx-TsB genes was observed to 

be related also to the accumulation of repeated sequences. Repeated sequences of a 

size >7 bp occuning within a 50 bp range are shovm in Fig. 4.6. For example, at the 

5' end of intron 1, the wx-TsB gene contained three tandem repeats of AGCT, one 

more than the wx-TmA gene, resulting in a 4 bp gap between the two genes. In intron 

3 of wx-TsB gene, an extra copy of GATCGAT mostly accounted for an 8 bp gap. 

Repetitive sequences were also found to occur in the vicinity of the gaps in the 

variable introns 4 and 5. 
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Exon 1 

1 TTGCTGCAGGTAGCCACACCCTGCGCGCGCOUrCGCGGCTCTGGTCACGTCCCAGCTCGCCACCTCCGGCGCCGT 75 

1 1 1 1 1 1 1 1 I I I 1111 111 111 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I 1 1 1 1 1 1 m i l t 11 i I 
1 TTGCT6CAGGTAGCCACACCCTGTGCGCGCCMWGCGGCTCTGGTCACGTCCCAGCTCGCCACCTCCGCCACCGT 7 5 

7 6 CCTCGGCATCACCGACAGGTTCCGGCGTGCAGGTTTTCAGGGCGTGAGGCCCCGGAGCCCGGCGGATGCGGCGCT 150 
I I I I I I I I I I I I M I I M I I I I I I I I I M l i m I I I M I M I I l J j j j I J i J J i i l l l i l l l i l i l l t l 

76 CCTCGGCATCACCGACAGGTTCCGCCATGCAGGT'rTCCAGGGCGTGAGGCCCCGGAGCCCGGCAGATGCGCCGCT 150 

151 CGGCATGAGGACTGTCGGAGCAAGCGCGGCACCGAAGCAACAAAGCAGGAAAGCGCACCGCGGGACCCGGCGGTG 2 2 5 
I M I M I I I I I I I I I I I I M I IMI I II M I I I I I M M I I I I I I I II I II I I 11 M I I I I II II M M I I 

151 CGGCATGAGGACTGTCGGAGCGAGCGCCGCCCCGAAGCAACAAAGCCGGAAAGCGCACCGCGGGACCCGGCGGTG 225 

226 CCTCTCGGTGGTGGTGCGCGCCACGGGCAGCGGCGGCATGAACCTCGTGTTCGTCGGCGCCGAGATGGCGCCCTG 300 
I I I I M I I M M I I M M I I I I I l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l l 

226 CCTCTCGATGGTGGTGCGCGCCACCGGCAGCGGCGGCATGAACCTCGTGTTCGTCGGCGCCGAGATGGCGCCCTG 300 

Intron 1 
301 GAGCAAGACCGGCGGCCTCGGCGACGTCCTCGGGGGCCTCCCCCCAGCCATGGCCGIA AGCTAGCTAGCAC 371 

i m i i n m i i n n t m m i m m m i m i m i i m m n i m i i i n n i i m n i 

301 GAGCAAGACCGGCGGCCTCGGCGACGTCCtCGGGGGCCTCCCCCCAGCCATGGCCfflCAAGCTAGCTAGCTAGCAC 375 

372 CACTGTCTTCTCATAATGTTCATCTTGCAGTTGCAGCCATGCCTGCCGTTACAA CGTGCTGTGTCT 437 

i i n n t f t t t i m m i t t t t f t t t t t it i i n i i t t i i i i n t n it i t i n i i 
376 CACTGTCTTCTCATAATGTTCTTCTTGCAG..CCACCCATGCCTGCCATTACAAGTGACAACTGATGGTGTGTCT 448 

E x o n 2 

438 ATGCJkaGCCAACGGTCACCGGGTCATGGTCATCTCCCCGCGCTACGACCAGTACAAGGACGCCTGGGACACCAGC 512 

m i i i i i m i m m i i i i i n i m m m i i m i i i i i i i m i f i i i i i i m m i i i m i i i 
449 GT600GCCAACGGTCACCGGGTGATGGTCATCTCCCCGCGCTACGACCAGTACAAGGACGCCTGGGACACCAGC 523 

I n t r o n 2 
513 GTCGTCTCCGAG6TATACATATATCCGCCACATGAATGAT. .CACAATTCGCATGCTCCTGCACATTTCTGCGAG 585 

M i i m i i i i i i m m i i i i m m i i m i i i i i i i i i i i i m m i m i i m i i i i i i ti 
524 GTCGTCTCCGAGOIATACATATATCCGCCACATGAATCATCCCAAAATTCACATGCTCCTGCACATTTCTGCAAG 598 

E x o n 3 
586 GTTCTACTGACTGACTGGATCTCGCafiATCAAGGTCGCCGACGAGTACGAGCGGGTGAGGTACTTCCACTGCTTC 660 

i i i iMM II i i i t i i i i I i i i n i i i i i i i i i n i i l i i i i i i i i i i i n i i i i n i i i i i i i i i i 
599 GTTCTACTCACCGACTGGAT.TTGCASATCAAGGTCGCCGATGAGTACGAGAGGGTGAGGTACTTCCATTGCTAC 672 

Intron 3 
661 AAACGTGGGGTGGACCGCGTGTTCGTCGACCACCCGTGCTTCCTGGAGAAGQtGATCCATTCTTCGTCGTC••.. 731 

II II i i i M i i i n i i i i i i i n i i i i i i M i i i M i i i i i i i i i i i i i n i i i ii iiii i n 

673 AAGCGCGGGGTGGACCGCGTGTTCGTCGACCACCCGTGCTTCCTGGAGAAGaiGA.CTGATCATCGTAGTCGATC 746 

732 GATCGATCAAGCTAGCTTTTCGCCGTCCAAAGTCCTAACTCAACATTCATGGTGATTGATTTGGGTGAACC 802 

i i i i m i i i t t n i t i i i f t t i f i i n i i t t t t i f f t n t n t n t n t i n i f t i 
747 GATAGATCGATCAAGCTATCTTTTCGTCGT CTCAACATTCATGGTGATTGATTTGGGTGAACC 809 

Exon 4 
803 TTTGTTTCTGGTGGTTGCAATTTCCaSGTCCGGGGCAAGACCAAGGAGAAGATCTATGGGCCCGACGCCGGCACG 877 

i i i m n t i m i n i i m m i t i i i i m i i i f m i n i t i l l i i m i i i i m i i t i i i i i i i i i 
810 TTTGTTTCTGCTGGTTGCAATTTCCaiSGTCCGGGGCflAGACCAAGGAGAAGATCTACGGGCCCGACGCCGGCACC 884 

878 GACTACGAGGACAACCAGCTACGCTTCAGCCTTCTCTGCCAG 
l l l l l t l l l l l l l l l l l l l l t n i t t l l l i l i l i i t n i t i 

885 GACTACGAGGACAACCAGCTACGCTTCAGCCTCCTCTGCCA< 

GCAGCACTTGAGGTGCCCAGGATCCTCGACCTC 952 

i l l l l t 11 It I l l l l t t t l l l l i n t l t l 
.GCGCTGGAAGCACCCAGGATCCTCGACCTC 959 .Ĝ ĈA< 

Intron 4 
953 AACAACAACCCATACTTTTCTGGACCCTACGGttAAGATCAACAACACCCGGCTAGCTACTTAGTAGAGTGTATCT 1027 

l l l l i i l i l t l l l l l l l l l l l l l l l i i l l l l l l l l l l l I I I I I I I I I I IIII I I I I I I I I 
960 AACAACAACCCATACTTTTCTGGACCCTACGCBAAGATCAACAACACC TAGAGTGTATCT 1019 

1028 GAAGAACTTGATTTATACTCGAGAGCACTGGATGATCATCATCATTTTCCTTGTACCTGGGTGCTGCCATGCCGT 1102 
I t t t f i i i i t t f t i itti t t t f f t t t t t t t i t f t t t f t t t i t t f t n i 11 i n t t t t t t t m t 

1020 GAAGAACTTGATTTGTACTTGAGAGCACCGGATG. . .ATCATCATTCTCCTTGTATCTTGGTGCTGCCACGCCAT 1091 

Fig. 4.6 to be continued 
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Exon 5 

1 1 0 3 GCCGTGCCGCGTCGCGCCGCGCaSGGGAAGACGTGGTGTTCGTGTGCAACGACTGGCACACGGGCCTTCTGGCCT 1177 

11 m u m m m m m m m m m m m m m m m i m m m i m i i i i i i 
1092 GCTGTGCCGCGCCGCGCCGCGC»aGGGAAGACGTGGTGTTCGTGTGCAACGACTGGCACACAGGCCTTCTGGCCT 1166 

Intron 5 
1178 GCTACCTCAAGAGCAACTACCAGTCCAATGGCATCTATAGGACGGCCAAGSTTCTGCATCTTCTGAAACTTTATA 1252 

m m m m i m m m m m m m m it m i m i i i i i i i i i n i i m i i i i i i i m 
1167 GCTACCTCAAGAGCAACTACCAGTCCAAT6GCATCTACAGCACGGCCAA66TTCTGCATCTTCTCAAACTTTATA 1 2 4 1 

E x o n 6 
1253 CTCTCTCTGCA TCATTCTGGCCTGTyVTTTTACATTGCAACTTCGTTTCATGGCTASG 1 3 0 9 

i i m m i i m i l m i m i m m m m n m m i i i m m i 

1242 TTCTCTCTGCATATCAATTCTTTTGGGGTTCATTTTGGCCTGGATTTTACATTGCAACTTCATTTCATGGCTaiSG 1316 

1310 TGGCGTTCTGCATCCACAACATCTCGTACCAGG6CCGCTTCTCCTTCGACGACTTCGCGCAGCTCAACCTGCCCG 1384 

I 111 m i m t t t m m m i f t i f f t m m f m f f t t t t t t t t t i m m t m m t t t m m 
1317 TGGCCTTCTGCATCCACAACATCTCGTACCAGGGCCGCTTCTCCTTCGACGACTTCGCGCAGCTCAACCTGCCCG 1391 1385 ACAGGTTCAAGTCGTCCTTCGACTTCATCGACGG 

i i m m i i i m i m i i i i i i i i i m m 
1392 ACAGGTTCAAGTCGCCCTTCGACTTCATCGACGG^ 

GTACGACAAGCCGGTGGAGGGGCGCAAGATCAACTGGATGA 1459 

m m m II i m m i i i i i i m i l IIIIIIIM 
TACGACAAGCCGGTGGAGGGGCGCAAGATCAACTGGATGA 1466 

1460 AGGCCGGGATCCTGCAGGCCGACAAGGTGCTGACGGTGAGCCCCTACTACGCGGAGGAGCTCATCTCCGGCGAAG 1534 

t i l l m t t m m t i t t f i i t i t t t m m m m m m m t t t t m m i i m t t m m t 

1467 AGGCTGGGATCCTGCAGGCCGACAAGGTGCTCACGGTGAGCCCCTACTACGCTGAGGAGCTCATCTCCGGCGAAG 1541 

1535 CCAGGGGCTGCGAGCTCGACAACATCATGCGCCTCACGGGCATCACCGGCATCGTCAACGGCATGGATGTCAGCG 1609 

i m i m m i i m m m t m m f f m m m t f m m m t t t t m i m t t m tt t tm 
1542 CCAGGGGCTGCGAGCTCGACAACATCATGCGCCTCACGGGCATCACCGGCATCGTCAACGGCATGGACGTCAGCG 1616 

Intron 6 
1610 AGTGGGACCCCACCAAGGACAATTTCCTCACCGTCAACTACAACGTCACCACCeKCGAGCACCCACCCACCAGCAC 1684 

m m m m m i m i m m m m m i m m i i m m m m i m m m iii 
1617 AGTGGGACCCCACCAAGGACAATTTCCTCGCCGCCAACTACAACATCACCACCeSGAGCACCCGCCCACCCACAC 1691 

Exon 7 
1685 AAAGATTTCTTCCTCTTCTTCCGGTGATCGCTGGCT TTGGGTTCTGACAAACGAGGCAAATTGACaGGCGT 1755 

mm mimmmmm i mmmimmmmmmmm 
1692 AAAGAT TTCTTCCGGTGATCGCTGGTTCTGGGTGGGTTCTGACAAACGAGGCAAATTGACAeGCGT 1757 
1756 TGGAGGGGAAGGTGCTGAACAAGGAGGCGCTGCAGGCCGAGGTGGGGCTGCCGGTGGACCGGAAGGTGCCGCTGG 1830 

lit m m m t t t t t t t t t m t m t m t t m t m f t i m f t t t t m m m m t t m im 

1758 TGGAGGGGAAGGCGCTGAACAAGGAGGCGCTGCAGGCCGAGGTGGGGCTGCCGGTGGACCGGAAGGTGCCCCTGG 1832 

1831 TGGCGTTCATCGGCAGGCTGGAGGAGCAGAAGGGCCCCGACGTGATGATCGCCGCCATCCCGGAGATCGTGAAGG 1905 

tilt m m m t t t t t t t t m m t m t m t t m m m i i t t t t tmmtmt t t m m 
1833 TGGCCTTCATCGGCAGGCTGGAGGAGCAGAAGGGCCCCGACGTGATGATCGCCTCCATCCCGGAGATCTTGAAGG 1907 

Intron 7 
1906 AGGAGGACGTCCAGATCGTTCTCCTGggaCGTCATC.AACCCGCAACCCGACCGCCATTGCTGAAACTTCGATCA 1979 

m m m m m i m m m m i i m i i i m m m m m m m i i m m m m 
1908 AGGAGGACGTCCAGATCGTTCTCCTGOTATGTCATCGACCCCGCAACCCGACCGCCATTGCCGAAACTTCGATCA 1982 

Exon 8 
1980 AGCAGACCTAAGGAATGATCGAATGCATTGCaSGGCACCGGGAAGAAGAAGTTTGAGCGGCTGCTCAAGAGCGTG 2054 

m i m m m m m m m m m m m m m m m m m m m m m m m 
1983 AGCAGACCTAAGGAATGATGGAATGCATTGCA6GGCACCGGGAAGAAGAAGTTCGAGCGGCTGCTCAAGAGCGTG 2057 
2055 GAGGAGAAGTTCCCAAGCAAGGTGAGGGCCGTGGTCAGGTTCAACGCGCCGCTGGCTCACCAGATGATGGCCGGA 2129 

m 11 It m 11 m III m I III I f m I f m m m I m m m m m m m I m I m 

2058 GAGGAAAAATTCCCGAGCAAGGTGAGGGCCGTGGTCAGGTTCAACGCGCCGCTGGCTCACCAGATGATGGCCGGG 2132 

2130 GCCGACGTGCTCGCCGTCACCAGCCGCTTTGAGCCCTGCGGCCTCATCCAGCTCCAGGGGATGCGCTACGGAACG 2204 

i m i t m i m i m m m i i m i t t m m m m m t t m i m i m m t i t i m t m 
2133 GCCGACGTGCTCGCCGTCACCAGCCGCTTCGAGCCCTGTGGCCTCATCCAGCTCCAGGGGATGCGCTACGGAACG 2207 Fig. 4.6 to be continued 
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Intron9 
2205 6TAAACGCCTCCTCCTCCTTCCTGCCAATTCCTTGTCTCCTGCGCATCCATGGCCATGACCGAAGTTACTTCCAA 2279 

m m m m i i i i i i m m m i i m i i m m m i m m m m m m m m m i 
2208 gCAAACGCCTCCTCCTCCTTCCTGCCAATTCCTTATCTCCTGCGCGTCCATGGCCATGACCGAAGTTTCTTCCAR 2282 

Exon 9 
2280 ATTTGCJkSCCGTGCGCATGCGCGTCCACCGGCGGGCTCGTCGACACCATCGTGGAGGGCAAGACCGGGTTCCACA 2354 

mi i m i m m m m m m m i m m m m i i i i i m i m i i i i i i i m i m m 
2283 ATTTACA8CCGTGCGCGTGCGCGTCCACCGGC6GGCTCGTCGACACTATCGTGGAGGGCAAGACCGGGTTCCACA 2357 

Intron 9 
2355 TGGGCCGCCTCAGCGTCGACOSATGCTCATCGATCTTCTTGTGTACATTCATCCATCTTGTTCATGATTGCAGCT 2429 

i m m m m m i i m i i m m m i i m m i MM I MI m i i m i t mi 
2358 TGGGCCGCCTCAGCGTCGACGttAGGCTCATCGA.CCCCTTGTGTAAATTC.TTCATTTTGTTCATCCTGGGAGCT 2430 

Exon 10 
2430 CAATCAGATGATGAAATGGTTTCCTTTTTCTTCTTGGTGGCCASTGCAACGTGGTGGAGCCGGCCGACGTGAAGA 2504 

II Ml m I i m M i i M i i i i m M M i i i i 1111111111111111111111111111 
2 4 3 1 CAGGCAG. .GATCA TCCTTTTTCtTCTTGGTGGCCaiOTGTAACGTGGTGGAGCCGGCCGACGTGAAGA 2 4 9 6 

2505 AGGTGGTGACCACCCTGAAGCGCGCCGTCAAGGTCGTCGGCACGCCGGCGTACCATGAGATGGTCAAGAACTGCA 2 5 7 9 

m i M i M i m Ml III i i i i m Ml Ml Ml i i i i i i m m i i i i I MM m III m m 1111 III 
2497 AGGTGGTGACCACCCTGAAGCGCGCCGTCAAGGTCGTCGGCACGCCGGCGTACCATGAGATGGTCAAGAACTGCA 2571 

Intron 10 
2580 TGATACAGGATCTCTCCTGGAAGSTACGTCGTCTCTGGTCTGGTTTAGGATGCATTTTCCAGAACAACTTUVGAGT 2654 

Ml 1 Ml Ml I Ml I Ml Ml Ml 1 IM IM Ml M M 111 II Ml Ml 111 Ml 1 Ml Ml Ml Ml II M 
2572 TGATCCAGGATCTCTCCTGGAAGSKAAGTCGTCTCTGGTCCGGTTTAGGATGCATTTTCCAGAACAACTAAGAGT 2646 

Exon 11 
2655 TAAGACTGCAATGGTGCTCTTGTTCGATGTATCCATTAATGGTGGCTTGGGCATATGGTGCataGGGCCTGCCAAG 2729 

M I M M m m MlilllllimiMMIIIllllllllllllMMIllllllIllimilllllMII 
2647 TAAGACTACAATGGTGCTCTTGTTCGATGTATCCATTAATGGTGGCTTGGGCATATGGTGCaSGGGCCTGCCAAG 2721 

2730 AACTGGGAGCACGTGCTTCTG6AACTGGGGGTCGAGGGGAGCGAGCCGGGGATCGTCGGCGAGGAGATCGCGCCG 2804 

m m m mi i i i i im i i i im m m m m M m ii ii ii i i i i i i i i i i i i i m m 
2722 AACTGGGAGGACGTGCTTCTGGAACTGGGTGTCGAGGGGAGCGflGCCGGGGGTCAICGGCGAGGAGATTGCGCCG 2796 

2805 CTCGCCATGGAGAACGTCGCCGCTCCCTGA 2834 
I M I l l l l l l l l l l l l l l i l l l M l III I I 

2797 CTCGCCATGGAGAACGTCGCCGCTCCCTOa 2826 

Fig. 4.6 Alignment of the yKX-TmA and wx-TsB gene sequences. Sequence 

comparison was performed by Bestfit program of ANGIS, using the placement of gaps 

to get the maximal identity (section 2.6.2). The translation initiation and termination 

codons of franslation and GT/AG spice junctions of introns are shown in bold and 

shaded. Vertical lines indicate nucleotides that are identical between the wx-TmA and 

wx-TsB genes; the identity of wx-TmA and wx-TsB is 95.31%. Dots denote gaps 

between the genes; there are 18 gaps. The underlined sequences indicate the >7 bp 

repeats found within a 50 bp range, by using the Erepeat program of ANGIS (section 

2.6.5). Vertical arrows indicate the positions of the additional infrons found in rice 

(Wang et al, 1990), maize (Klosgen et al, 1986) and potato (van der Leij et al, 1991) 

waxy genes. 
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4.7 Sequence comparison of the wx-TmA and wx-TsB genes with other plant 

waxy genes 

Table 4.6 indicates the extent of identity between DNA sequences of the plant waxy 

genes reported so far; all sequences were compared from the translation initiation codon 

to termination codon and include all exon and intron sequences in this section. The wx-

TmA and wx-TsB genes exhibited the best identity to each other, relative to the other 

waxy genes. The range of identity of these two diploid wheat waxy genes to different 

plant genes varied greatly, from 89% to barley to 61-63% to potato. 

Further comparison of sequences of the exons of wx-TmA and wx-TsB with a waxy 

cDNA of common wheat reported by Clarke et al (1991) showed that neither wx-TmA 

nor wx-TsB was completely identical to this cDNA, although wx-TmA and wx-TsB had 

95,98% and 94.82% identity, respectively, to this cDNA. 

4.8 Deduced physical maps ofthe wx-TmA and wx-TsB genes 

Although the wx-TmA and wx-TsB genes shared >95% identity in their DNA 

sequences, the slight difference in their DNA sequences created different restriction 

enzyme sites by 6 base cutter once only in the two regions (Fig. 4.7). These different 

restriction enzymes sites, particularly those found in exons, would be useful for 

identifying specific genome types of wheat. 
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Table 4.6 Identity (%) of nucleotides in the coding region of the waxy genes in 

plants 

WX-TmA 

wx-TsB 

Barley 

Rice 

Maize 

Potato 

WX-TmA 

100 

wx-TsB 

95.31 

100 

Barley 

89.35 

89.65 

100 

Rice 

77.03 

77.15 

76.00 

100 

Maize 

76.95 

74.76 

76.52 

75.77 

100 

Potato 

62.94 

61.30 

63.10 

62.00 

61.39 

100 

Sequences of the different waxy genes were compared only from the translation 

initiation codon to stop codon. Sources of the published gene sequences are as 

follows: barley (Rohde et al, 1988), maize (Klosgen et al, 1986), rice (Wang et al, 

1990) and potato (van der Leij et al, 1991). 
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Fig. 4.7 Physical maps of the waxy gene of T. monococcum and T. speltoides. The sites of 

restriction enzymes were obtained to screen sequences ofwx-TmA of T. monococcum and wx-TsB of T. 

speltoides by using the Mapping program of ANGIS (section 2.6.4) under the cutter with 6 bp and only 

once in the two genes. Specific restriction enzyme sites to wx-TmA or wx-TsB are shown in bold. 'E' 

represents the locations of exons. Lines between boxes represent introns. Arrows indicate the 

locations of initiation codon and termination codon. 
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4.9 Discussion 

4.9.1 Application ofthe sequences ofthe wx-TmA and wx-TsB genes 

This Chapter describes the sequences and exon/intron stmctures of the two 

homoeologous genes, wx-TmA and wx-TsB, encoding granule-bound starch synthase 

{waxy protein) in 7. monococcum and 7. speltoides, respectively. The wx-TmA and 

wx-TsB genes were found to share the highest homology (in exons and introns both) 

with each other, compared with other knovm plant waxy genes. The alignment of the 

two genes indicated that the lengths of exons were the same for the two genes, while 

18 gaps were found in the intron region. These results led us to design "universal" 

primers based on the conserved sequences of exons in these two diploid wheat, to 

identify and clone the individual, partial waxy genes in other diploid and polyploid 

species of wheat (Chapter 6). The variable lengths and the insertions/deletions of 

sequences in the introns identified in this Chapter will also play a key role in allowing 

identification of the different genomes of wheat and of mutants of the waxy genes by 

cloning appropriate variable regions of different waxy genes in polyploid wheat. 

These aspects are discussed in Chapters 6 and 7. A number of other interesting 

observations have also been made from the results obtained in this Chapter, which are 

discussed below. 

4.9.2 Introns evolve faster than exons 

The nucleotide sequence data obtained here revealed that variability in the coding 

region was much smaller than that in the noncoding region (Table 4.5). This 

observation supports previous reports by van Campenhout et al. (1998) and Mason-

Gamer et al. (1998). The data also indicated that insertion/deletions of short 

nucleotide sequences have occurred frequently during the diversification of the 

genomes in Triticum and Aegilops. The variations in the waxy genes of 7. 

monococcum and 7. speltoides observed here are consistent with the report on rbcL 

genes on the chloroplast genome of wheat and several Aegilops species (Terachi et al, 

1996). The gaps found in the alignment of the introns of the wx-TmA and wx-TsB 

genes (Fig. 4.6) are attributed to the different length and variable sequences of introns. 
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This is not surprising, as introns are suggested to undergo/retain more mutations 

compared to exons, due to lack of functional constraints on the introns. The 

comparisons of a particular gene between members within a given family or in 

different species have led to the conclusion that the protein-coding sequences evolve 

slowly, mainly by point mutations, while intron sequences evolve much more rapidly 

by deletion and insertion events (Breathnach and Chambon, 1981; van Campenhout et 

al, 1998). The present data also indicated that the deletion/insertion events were 

related to the repeated sequences in introns, though these events are not explained 

simply by repeat sequences alone, 

4.9.3 Variation in structures of waxy genes in plants 

The waxy genes of 7, monococcum and 7. speltoides cloned here consist of 11 exons 

and 10 introns. The translated sections of the genomic copies of the waxy genes 

encode the entire waxy proteins and their transit peptides, which are the primary 

interest for distinguishing the different waxy proteins of wheat. Comparison of the 

intron/exon structures of wx-TmA and wx-TsB genes with corresponding sections of 

other waxy genes indicated that the waxy gene of barley retained the same exon/intron 

structure as those of 7. monococcum and 7. speltoides (Fig. 4.4); however, the waxy 

genes of rice (Wang et al, 1990), maize (Shure et al, 1983; KlOsgen et al, 1986) and 

potato (Hovenkamp-Hermelink et al, 1987; van der Leij et al, 1991) consist of 13 

exons and 12 introns. The two additional exons in these plants result from splitting of 

two exons, exon 4 and exon 6 corresponding to the wx-TmA, wx-TsB and barley waxy 

genes, respectively (Fig. 4.5). The fact that the waxy genes in wheat and barley have 

lost two introns during plant evolution suggests a selective loss of introns of waxy 

genes after the divergence of wheat and rice. Although one would predict that there is 

a specific machinery for intron excision, the exact removal of an intron would be a 

very rare event. There are now several examples that show that precise intron deletion 

can occur in the course of evolution, such as globin pseudogenes (Nishioka et al, 

1980; Vanin, 1980) and a rat insulin gene (Lomedico et al, 1979; Cordell et al, 

1979). The intron loss observed in the waxy gene of plants could be utilised as a 

molecular tool for further studies into plant evolution and taxonomy. 
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4.9.4 Relationships of the diploid wheat waxy genes to a cDNA of common 

wheat 

Comparison of exons ofthe genomic genes of 7. monococcum and 7. speltoides with 

a cDNA of the waxy gene of common wheat (Clark et al, 1991; Ainsworth et al, 

1993) showed that the exon sequences of neither of the two diploid wheat were 

completely identical to this cDNA. The striking difference was that a 33 bp sequence 

encoding an additional 11 amino acids in this cDNA (Ainsworth et al, 1993) could 

not be found in the wx-TmA or wx-TsB. However, 28 bp of the 33 bp in this cDNA 

was identical to sequences at the 3' end of intron 4 of both wx-TmA and wx-TsB genes 

(Fig. 4.8). Further analysis showed that sequences of these sections of intron 4 of wx-

TmA and wx-TsB could code for 7 out of 11 additional amino acids deduced from this 

cDNA, The intron 4 ofthe barley waxy gene also contained 22 bp identical to this 33 

bp sequences, 

Intron 4 occurred between the G and GG of the codon GGG for glycine (Fig, 4.2 and 

Fig. 4.3), which was highly conserved in 7. monococcum and 7. speltoides as well as 

the waxy genes of barley (Rohde et al, 1988), rice (Wang et al, 1990), maize 

(Klosgen et al, 1986) and potato (van der Leij et al, 1991), The following 

possibilities could explain the unusual match between the partial intron 4 of wx-TmA 

and wx-TsB and the cDNA of common wheat, Firstiy, it is possible that this cDNA 

corresponded to the waxy gene encoded by the D genome to common wheat rather 

than the A and B genomes which would be related to wx-TmA or wx-TsB. However, 

this possibility has been ruled out by comparing this cDNA with the waxy gene of 7. 

tauschii {wx-TtD) (R. Appels, pers. commun.); the sequence alignment ofthe section 

of intron 4 of wx-TtD to this cDNA was very similar to that of the wx-TmA and wx-

TsB. Secondly, it is possible that a point mutation at the splice site allowed a part of 

the intron 4 sequence to contribute to the waxy cDNA characterized by Clark et al. 

(1991). This possibility has been investigated further by cloning and comparing the 

three individual waxy genes of common wheat with this cDNA in Chapter 7. 
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Exon 4 
•4-

•wx-TmA GGACCCTAcG GTAAGAT//CCTGGGTGCTGCCATGCCGTGCCGTGCCGCGTCGCGCCGCGCAG GGGAAGACGTGGTG 

G p y 

wx-TsB GGACCCTACGGTAAGAT//TCTTGGTGCTGCCACGCCATGCTGTGCCGCGCCGCGCCGCGCAGGG 

G P Y 

G P Y 

Wheat: GGACCCTAcG 

G P Y 

Intron 4 M—;xon 5 

A M P F n A A S R R A 

A T P C T A A P R R A 

Barley: GGTCCCTACGGTAAGAT//TTTTCTTGTATCTTGGTGCCGCCGCCCCGTGTCGTGCCGTGCAGGGGAAGACGTGGTG 

A M C R R P V S C R A 

CCATGCTATGCCGTGCCGTGCCGCGCCGCGCAG GGGAAGACGTGGTG 

A M L C R A V P R R A 

G E D V V 

G E D V V 

GAAGACGTGGTG 

G E D V V 

G E D V V 

G E D V V 

G E D V V 

G E D V V 

Fig. 4.8 Comparison of sequences of a section of intron 4 of wx-TmA and wx-TsB 

genes and a cDNA of common wheat. The sequence between G and GG in the 

wheat cDNA (Clark et al, 1991) denotes the additional 33 bp sequence; the amino 

acid proposed to be encoded by this extra sequence are underlined. The sequence 

corresponding to this stretch occurs in intron 4 of the waxy genes of 7. monococcum 

{wx-TmA), T. speltoides {wx-TsB) and barley gene (Rohde et al, 1988); the amino 

acids hypothetically encoded by this section of intron 4 are italicized and amino acids 

identical to those encoded by the extra sequence ofthe cDNA are shown in bold. The 

GT/AG splice junction of intron 4 of wx-TmA and wx-TsB was deduced from that of 

the barley waxy gene (Rohde et al, 1988). 
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4.9.5 Application of the PCR in gene cloning and identification of the 

progenitors of common wheat 

The waxy gene of 7. monococcum and 7. speltoides reported here was cloned 

successfully using the PCR approach, basing the primers on a cDNA sequence of 

common wheat, whose source, i.e., the genome (A, B or D) it had originated from, 

was not known. This indicated that at least the coding sequences ofthe waxy genes of 

the two diploid wheat were very similar to some of the three waxy genes in common 

wheat. Talbert et al (1994) and Nieto-Lopez and Blake (1994) have successfully 

used primers from gene sequences of 7, tauschii and barley to amplify homologous 

sequences from wheat. Although there is a possibility of mismatch between the 

primer sequences and the DNA template, in those cases, such a mismatch could be 

tolerated if the amplification is carried out at lower annealing temperature. 

Occasionally, inconsistency does occur in sequences from different PCR reactions 

(<0,1% in this study), but does not seriously impair the identification of various genes 

or chromosomes or genomes. The PCR method should thus be applicable for 

amplification and cloning of the waxy genes for the purposes of identification of 

different genomes in Triticeae, if they are sufficiently similar in their sequences. With 

this hypothesis in mind and based on the conserved sequences ofthe waxy genes of 7. 

monococcum and 7. speltoides discussed in this Chapter, two primers (section 2.3.4) 

were designed to clone the partial waxy genes covering the interesting intron 4 from 

the individual waxy loci of different types of wheat. Fourteen such partial waxy 

genes, representing different genomes of wheat, will be reported and analyzed in 

Chapter 6. 
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Chapter 5 Analysis of the deduced Amino Acid Sequences of the 

Waxy Proteins 

ABSTRACT 

Comparison of the amino acid sequences of the waxy proteins, WX-TmA and WX-

TsB, deduced from the coding sequences ofthe wx-TmA gene of 7. monococcum and 

the wx-TsB gene of 7. speltoides respectively (Chapter 4), indicated that the deduced 

transit peptides of the two proteins had the same number of amino acids and shared 

highly homologous sequences. Both transit peptides had highly basic isoelectric 

points and were enriched in both polar and small amino acids, which accounted for 

certain physical properties of these transit peptides. The two mature proteins, WX-

TmA and WX-TsB, had the same number of amino acids but slightly different 

molecular weights and isoelectric points, which were 58. 90 kDa and pi 5.63 for WX-

TmA and 58.76 kDa and pi 5.29 for WX-TsB. There were thirteen pairs of amino 

acid substitutions between the mature WX-TmA and WX-TsB proteins, a key 

substitution accounting for a significant variation in their molecular weights being 

arginine in WX-TmA substituted by serine in WX-TsB. The variation in the amino 

acid sequences of the WX-TmA and WX-TsB proteins accounted for the differences 

in their mobility following SDS-PAGE (Chapter 3). Both WX-TmA and WX-TsB 

had the sections of amino acid sequences that are conserved in other plant waxy 

proteins. Approximately 5% difference in amino acid sequences was observed 

between WX-TmA, WX-TsB, the WX-TtD deduced from the waxy gene of 7. tauschii 

(R. Appels, pers. commun.) and WX-Wl deduced from a cDNA of common wheat 

(Clark et al, 1993); the difference resulted in variation in their predicted secondary 

structures. The deduced physical properties of the WX-TmA, WX-TsB or WX-TtD 

did not match perfectiy with those of WX-Wl; the possible explanations for this are 

discussed. 
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5.1 Introduction 

The sequences of the waxy genes of 7. monococcum and 7. speltoides have been 

given in Chapter 4; the biochemical and physical properties of the waxy proteins 

deduced from these DNA sequences are analysed in this Chapter. 

In plants, the product of the waxy gene, the waxy preprotein, is about 67 kDa and 

consists of two distinct functional parts, the approximate 59 kDa mature waxy protein 

that is involved in amylose synthesis and detected in SDS-PAGE and the 7 kDa transit 

peptide that is responsible for importing the waxy protein into the amyloplasts of 

endosperm (Shure et al, 1983). The fimction ofthe waxy protein has been studied 

extensively and a number of null waxy locus mutants have also been found or 

produced and applied in the production of waxy maize and rice (MacDonald and 

Preiss, 1985; Sano, 1986; Visser et al, 1989; van der Leij et al, 1991). The 

significance of waxy varieties of cereals in food industry has been discussed in section 

1.1.3. Slight differences were detected in the molecular weights ofthe three mature 

waxy proteins in common wheat (7. aestivum, AABBDD), as explained in Chapter 3; 

this observation supports the results obtained previously by Nakamura et al. (1993). 

The properties ofthe three waxy proteins in common wheat, WX-Al, WX-Bl and 

WX-Dl, as known from literature and our results, can be summarized as follows: the 

WX-Al protein has a slightly higher molecular weight and a more basic isoelectric 

point than WX-Bl and WX-Dl proteins, and the WX-Bl and WX-Dl proteins have 

the same molecular weight but a slightly different isoelectric point (Nakamura et al, 

1993). 

However, the three waxy proteins of common wheat have also been separated into the 

three bands with apparently different molecular weights in an improved one-

dimensional SDS-PAGE method which utilizes a lower pH (7.8) for the separating gel 

compared to the conventional one (pH 8.8) (Zhao et al, 1996). The molecular weights 

ofthe three waxy proteins, WX-Al, WX-Bl and WX-Dl, have been calculated as 62.8 

kDa, 58.7 kDa and 56.7 kDa by this method. These differences in molecular weights 

could be suggestive of insertions or deletions of as many as 10-50 amino acids, and/or 
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amino acid substitutions, between them. However, experimental data is lacking on 

whether such variations do, in fact, exist, and if so, how these variations as to affect 

the proportions and functions of the different waxy proteins in the endosperm of 

wheat. 

The functions ofthe three waxy proteins and their contributions of amylose content in 

common wheat are known to vary in monosomic lines (Miura et al, 1994) and 

nullisomic lines (Miura and Sugawara, 1996), as reviewed in section 1.6.5. The WX-

Bl protein is found to be expressed in higher amounts, followed by WX-Dl and WX-

Al proteins (section 3.2.2). However, the relationship of these functional variations in 

different waxy proteins to their sequences and stmctures is little-known. 

In this chapter, the amino acid sequences of the two waxy proteins, WX-TmA of 7. 

monococcum and WX-TsB of 7. speltoides, have been deduced from their respective 

gene sequences {wx-TmA and wx-TsB) discussed in Chapter 4. These protein 

sequences have been aligned with other plant waxy proteins and the glycogen synthase 

ofE. coli using the Pileup program of ANGIS (section 2.6.3) and the conserved amino 

acids among them have been analyzed. In order to reveal the differences in various 

waxy proteins of wheat, the WX-TmA and WX-TsB were compared with WX-TtD 

deduced from sequence of the 7. tauschii waxy gene (R. Apples, pers. commun.) and 

the WX-Wl deduced from the sequence of a waxy cDNA of common wheat (Clark et 

al., 1991). The deduced biochemical and physical properties, the molecular basis of 

electrophoretic differences observed and differences in the predicted secondary 

structures of these waxy proteins are analysed and discussed. 

5.2 Properties of waxy preproteins 

5.2.1 Sizes of waxy preproteins 

As explained in Chapter 4, the wx-TmA gene of 7. monococcum and wx-TsB gene of 

7. speltoides had the same total length of exons (1818 bp) from the translation 

initiation codon (ATG) to the termination codon (TGA) and encoded 605 amino acid 

of precursor proteins (Fig. 4.2 and Fig. 4.3). The WX-TmA preprotein deduced from 
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the sequence ofthe wx-TmA gene and WX-TsB preprotein deduced from the sequence 

of wx-TsB gene had a calculated molecular weight of 66.36 kDa and 66.30 kDa, 

respectively. This result was in complete agreement with other waxy preproteins 

deduced from the sequences of their respective genes in plants (Shure et al, 1983; 

Ainsworth et al, 1993). 

5.2.2 Identification of the putative cleavage site of the transit peptides of the 

WX-TmA and WX-TsB preproteins 

As explained in the section 5.1, the waxy preprotein consists of two distinct functional 

components, the mature waxy protein and its transit peptide. The bands normally 

observed on SDS-PAGE are the mature waxy proteins; the transit peptide is not seen 

on the gels as it is cleaved off during the importation of the waxy protein into the 

specific amyloplasts of endosperm cells. The cleavage site for transit peptides can be 

identified by determining the sequence of amino acids at the N-terminus ofthe mature 

waxy protein. This sequence has been reported to be ATGSGGMNLVFV in 7. 

aestivum (Ainsworth et al, 1993; Rahman et al, 1995; Fujita et al, 1996), 7. 

monococcum, T. speltoides, as well as 7. turgidum and 7. tauschii (Taira et al, 1995; 

Fujita et al, 1996). This sequence was found to be at positions 72 to 83 of the 

deduced sequences of WX-TmA and WX-TsB preproteins (Fig. 5.1). The deduced 

cleavage site of the transit peptide of these preproteins is thus between arginine at 

position 71 and alanine at position 72; this site appears to be highly conserved in the 

genus Triticum. This arginine residue was not highly conserved in other plants, but 

the cleavage site was immediately before either alanine or glycine (Fig. 5.1). 

5.3 Properties of transit peptides of the waxy proteins 

5.3.1 Biochemical properties ofthe transit peptides 

The transit peptides of WX-TmA and WX-TsB proteins were composed of 71 amino 

acids, very similar in length to those of other plants (Table 5.1). Interestingly, all 

transit peptides had a much more basic deduced isoelectric point (pi 11-12.75) and net 

positive charges, compared to their respective mature proteins which had pi in the 

range of pi 5.3-6.7 and net negative charges. 
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Maize: 
Sorghum: 
WX-TmA: 
WX-TsB: 
WX-TtD: 
WX-Wl: 
Barley: 
Rice: 
Potato: 
Cassava; 
Pea: 

Maize: 
Sorghum 
WX-TmA 
WX-TsB 
WX-TtD 
WX-Wl: 
Barley: 
Rice: 
Potato: 
Cassava 
Pea: 

MAALATSQLV 
MSTLATSQLV 
MAALVTSQLA 
MAALVTSQLA 
MAALVTSQLA 
MAALVTSQLA 
MAALATSQLA 
MSALTTSQLA 

MA 
MA 

MATITGSSMP 

SAAA.DTLSM 
SAAAGDALSM 
DAA....LGM 
DAP. 
DAA. 
DAA. 
DAA. 
GGD. 

.LGM 

.LGM 

.LGM 

.LGM 

.ASS 
GLRAVNKLDG 
GLRSLNTMDK 
GLRSLNKLHV 

ATRAGLGVPD 
ATHAGLGVPD 
TSGAVLGITD 
TSATVLGITD 
TSGTVLGITD 
TSGTVLSVTD 
TSGTVLGVTD 
TSATGFGIAD 
SITASHHFVS 
TVIAA.HFVS 
TRTACFNYQG 

RTSARAAPRH 
RTSACPAPRQ 
RTVGASA.AP 
RTVGASA.AP 
RTVGASA.AP 
RTVGASA.AP 
RTIGASA.AP 
LSVTTSARAT 
LQSRTNTKVT 
LQMKTQSKAV 

RT 

.ASTFRRG 
ASMFRRG 

RSAPSSLLRH 
RSQ TSL 
RSSHLSIHAL 
RSAESKLNLP 

GFQG. 
DTKS.TLSQI 
ETKANNLSHT 
QIHFNN.... 

GLRNHTL 
GPWTQTI 
...NQAF 

ARA 37 
ARA 38 
SPA 3 6 
SPA 36 
SPA 3 6 
NPA 36 
NPA 36 
SPA 41 
THN 37 
TPN 41 
PVL 43 

Region 2 
QQQAR. . .RGG.REPSLWC 
QPA?mRGGRGG. RE PSLWC 
KQQSRPCAHRGTRRC LSVWR 
KQQSRKAHRGTRRC LSMWR 
T. QSRKAHRGTRRC LSMWR 
K. QSRKPHRFDRRC LSMWR 
K. QSRKAHRGSRRC LSVWS 
PKQ QRS VQRGSRRE PSVWY 
PKMASRTETKRPG(JSATIVC 
KKV.SATGNGRPA..AKIIC 
ARATSGSSDTSEKSLGKIVC 

72TASAGMNWFV 82 
77 ATAGMNWFV 87 
71 ATGSGGMNLVFV 83 
71 ATGSGGMNLVFV 83 
7 0 ATGSGGMNLVFV 82 
70 ATGSGGMNLVFV 82 
70 ATGSGMNLVFV 81 
77 ATGAGMNWFV 88 
77 GKGMNLIFV 86 
78 GHGMNLIFV 87 
75 GMSLVFV 82 

Fig. 5.1 Alignment of the transit peptides of waxy proteins in plants. The 

sequences of transit peptides and amino acids at the N-terminus of the mature waxy 

proteins were aligned by the Pileup program of ANGIS (section 2.6.3). The arrow 

indicates the sites for cleavage of the transit peptides from the mature waxy proteins. 

Arginine at position 71 and alanine at position 72, which appear to be highly 

conserved in the genus Triticum, are shown in red. Two regions of transit peptides 

are boxed and basic amino acids enriched in these regions are shown in bold. WX-

TmA and WX-TsB, deduced from sequences of the waxy genes of 7. monococcum 

and 7. speltoides (Chapter 4); WX-TtD, deduced from the sequence of the waxy gene 

of 7. tauschii (R. Apples, pers. commun.); WX-Wl, deduced from the sequence of a 

reported waxy cDNA of common wheat (Clark et al, 1991). Other amino acid 

sequences were deduced from their respective gene sequences: maize (Klosgen et al, 

1986), sorghum (Rosenfield et al, 1996), potato (van der Leij et al, 1991), pea (Dry 

et al, 1992), cassava (Salehuzzaman et al, 1993), barley (Rohde et al, 1988) and rice 

{Wang etal, 1990). 
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Table 5.1 Comparison of transit peptides and mature waxy proteins in different 

plants 

Proteins 

WX-TmA 

WX-TsB 

WX-TtD 

WX-Wl 

Barley 

Rice 

Maize 

Sorghum 

Potato 

Pea 

Cassava 

Mature proteins 

Number 

534 

534 

534 

545 

533 

532 

533 

531 

530 

528 

530 

MW 

(kDa) 

58.90 

58.76 

58.95 

60.14 

58.89 

58.46 

58.58 

58.36 

58.24 

58.27 

58.36 

Pl 

5.63 

5,29 

5,65 

6,27 

5,40 

6.42 

5.49 

5.39 

5,90 

6,06 

6.70 

Charges 

-10 

-12 

-9 

-6 

-10 

-4 

-11 

-11 

-8 

-9 

-5 

Number 

71 

71 

70 

70 

70 

77 

72 

77 

77 

75 

78 

Transit 

MW 

(kDa) 

7,48 

7,56 

7,38 

7.62 

7.33 

8.01 

7.41 

7.74 

8.35 

8.11 

8.37 

Peptides 

pi Charges 

12.75 

12.68 

12.74 

12.58 

12.68 

12.51 

12.74 

12.50 

11.60 

10.95 

11.45 

+11 

+10 

+10 

+10 

+10 

+8 

+9 

+8 

+8 

+6 

+8 

The molecular weights (MW), isoelectric points (pi) and charges ofthe mature waxy 

proteins and their transit peptides were calculated using the Pepstats program of 

ANGIS (section 2.6.7). WX-TmA and WX-TsB, deduced from sequences ofthe waxy 

genes of 7. monococcum and 7. speltoides (Chapter 4); WX-TtD, deduced from the 

sequence of the waxy gene of 7. tauschii (R. Apples, pers. commun.); WX-Wl, 

deduced from the sequence of a reported waxy cDNA of common wheat (Clark et al, 

1991). Other amino acid sequences were deduced from their respective gene 

sequences: maize (KlOsgen et al, 1986); sorghum (Rosenfield et al, 1996), potato 

(van der Leij et al, 1991), pea (Dry et al, 1992), cassava (Salehuzzaman et al, 1993), 

barley (Rohde et al, 1988) and rice (Wang et al, 1990). 
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5.3.2 Identities of sequences of the transit peptides 

Although the physical properties of the transit peptides, their actual amino acid 

sequences were varied among different plants (Fig. 5.1). Five amino acid 

replacements were detected between the transit peptides of WX-TmA and WX-TsB 

proteins. The identity of transit peptides of WX-TmA and WX-TsB was 

approximately 93%, much higher than most of the other plant waxy proteins (Table 

5.2). The identities of amino acid sequences ofthe transit peptides of potato or pea to 

those of other plants were only 17-28%. 

5.3.3 Unique features of sequences of the transit peptides 

Analysis of sequences of transit peptides of WX-TmA and WX-TsB exhibited two 

Arginine-enriched regions, at position 21-34 in region 1 and positions 56-64 in region 

2 (Fig. 5.1), and the content of arginine reached 12-16% in the two transit peptides. 

The transit peptides were significantly enriched in serine and threonine in case of 

potato, pea and cassava, respectively, with 28%), 22%) and 21%) of serine and threonine 

to the total amino acids, respectively. The rice transit peptide had a curious 

combination of arginine-enriched region and a serine/threonine enriched region, while 

the maize and sorghum transit peptides contained only the arginine-emiched region. 

In addition, a common property of transit peptides of all waxy proteins was the high 

content of small amino acids, alanine and glycine. The transit peptides of WX-TmA 

and WX-TsB exhibited 15-17% of alanine and 9-10% of glycine, and the alanine 

content accounted for 24%), and 21% of maize and sorghum waxy transit peptides, 

respectively. 
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Table 5.2 Identity of transit peptides of the waxy proteins in different plants 

Proteins WX- WX- WX- WX- Barley Rice Maize Sorg- Potato Pea Cas-

TmA TsB TtD Wl hum sava 

WX-TmA 

WX-TsB 

WX-TtD 

WX-Wl 

Barley 

Rice 

Maize 

Sorghum 

Potato 

Pea 

Cassava 

100 

92.96 100 

95.71 92.49 100 

85.74 84.29 87.14 100 

87.14 82.86 85.71 88.57 100 

54.29 54.29 57.97 55.07 60.87 100 

51.47 50.75 50.75 49.25 54.41 47.22 100 

54.41 50.00 51.47 50.00 50.07 42.30 81.94 100 

26.47 27.94 25.00 26.47 26.47 24.66 25.35 24.29 100 

18.57 17.14 18.18 24.61 20.00 21.92 20.00 12.00 33.33 100 

20.59 15.71 20.29 16.67 15.25 15.07 22.86 20.83 47.95 28.77 100 

The identities (%) of sequences between different transit peptides were determined by 

the Bestfit program (section 2.6.2). WX-TmA and WX-TsB, deduced from sequences 

ofthe waxy genes of 7. monococcum and 7. speltoides (Chapter 4); WX-TtD, deduced 

from the sequence of the waxy gene of 7. tauschii (R. Apples, pers. commun.); WX-

Wl , deduced from the sequence of a reported waxy cDNA of common wheat (Clark et 

al, 1991). Other amino acid sequences were deduced from their respective gene 

sequences: maize (KlOsgen et al, 1986), sorghum (Rosenfield et al, 1996), potato 

(van der Leij et al, 1991), pea (Dry et al, 1992), cassava (Salehuzzaman et al, 1993), 

barley (Rohde et al, 1988) and rice (Wang et al, 1990). 
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5.4 Properties of the mature WX-TmA and WX-TsB proteins 

5.4.1 Biochemical properties of the mature WX-TmA and WX-TsB proteins 

The mature waxy proteins, WX-TmA of 7. monococcum and WX-TsB of 7. 

speltoides, deduced from their respective genes (Chapter 4), possessed the same 

number of amino acids (Table 5.1, Fig. 5.2). The mature WX-TmA protein had the 

calculated molecular weight of 58.90 kDa, slightiy higher than that ofthe mature WX-

TsB protein, 58.76 kDa. The deduced isoelectric points of WX-TmA and WX-TsB 

were 5.63 and 5.29, respectively. 

5.4.2 Identities of amino acid sequences between WX-TmA and WX-TsB 

proteins 

The mature WX-TmA and WX-TsB proteins had 534 amino acids; their sequence 

identity was 97.57%). There were thirteen amino acid substitutions between the WX-

TmA and WX-TsB proteins (Fig. 5.2). Table 5.3 shows the positions and properties 

ofthe thirteen pairs of amino acid substitutions. The WX-TmA protein possessed five 

Valine (MW 117 Da) more than the WX-TsB protein, while the WX-TsB protein had 

two Alanine (MW 89) more than the WX-TmA protein. A substantial (51%)) 

difference in the molecular weights of the two proteins was accounted for by the 

amino acid at position 179, which was Arginine (174 Da) in the WX-TmA protein 

but Serine (105 Da) in the WX-TsB. 

There were two pairs of amino acid substitutions involving significant changes of net 

charges. At position 179, the positively charged arginine (pi 10.76) in the WX-TmA 

protein was substituted by the polar and uncharged Serine (pi 5,98) in the WX-TsB 

protein. At position 504, the WX-TmA protein had the positively charged histidine 

(pi 7.59), whereas WX-TsB protein had the negatively charged aspartate (pi 2.77). 
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Fig. 5.2 Alignment o f the deduced amino acid sequences of the mature waxy proteins of 

T. monococcum (WX-TmA) and T. speltoides (WX-TsB). The upper line (A) is the 

deduced amino acid sequence of the mature WX-TmA protein and the lower line (B) is the 

deduced amino acid sequence of the mature WX-TsB protein. Shared amino acids are 

indicated by shaded background and amino acids not shared are indicated by unshaded 

background. The alignment was performed using the Prettybox program of ANGIS (section 

2.6.3). 
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Table 5.3 Differences in amino acid sequences of the mature WX-TmA and WX-

TsB proteins 

Sites 

80 

132 

179 

213 

293 

294 

298 

306 

345 

350 

504 

518 

519 

F 

V 

R 

S 

T 

V 

V 

V 

A 

V 

H 

I 

V 

WX-TmA 

Amino acid 

Phenylalanine 

Valine 

Arginine 

Serine 

Threonine 

Valine 

Valine 

Valine 

Alanine 

Valine 

Histidine 

Isoleucine 

Valine 

Codon 

TTC 

GTG 

AGG 

TCC 

ACC 

GTC 

GTC 

GTG 

GTC 

GTG 

CAC 

ATC 

GTC 

MW 

165 

117 

174 

105 

119 

117 

117 

117 

89 

117 

155 

131 

117 

pl 

S.48 

5.97 

10.76 

5.68 

S.87 

5.97 

5.97 

5.97 

6.01 

5.97 

7.59 

6.02 

5.97 

WX-TsB 

Amino acid 

Y 

A 

S 

P 

A 

A 

I 

A 

S 

L 

D 

V 

1 

Tyrosine 

Alanine 

Serine 

Proline 

Alanine 

Alanine 

Isoleucine 

Alanine 

Serine 

Leucme 

Aspartate 

Valine 

Isoleucine 

Codon 

TAG 

GCA 

AGC 

ccc 
GCC 

GCC 

ATC 

GCG 

TCC 

TTG 

GAC 

GTC 

ATC 

MW 

181 

89 

105 

115 

89 

89 

131 

89 

105 

131 

133 

117 

131 

Pl 

6.66 

6.01 

5.68 

6.48 

6.01 

6.01 

6.02 

6.01 

5.68 

5.98 

2.77 

5.97 

6.02 

Amino acids differing between the mature WX-TmA and WX-TsB were obtained 

from Fig. 5.2. Codons for these variable amino acids were obtained from DNA 

sequences of the respective waxy genes, given in Chapter (Fig. 4.1 and Fig. 4.2). 

Molecular weight and isoelectric point of single amino acid were then calculated. 

Two pairs of amino acids which resulted in significant differences between WX-TmA 

and WX-TsB are shown in bold. 



Chapters 162 

5.4.3 DNA sequence alterations responsible for the amino acid substitutions in 

WX-TmA and WX-TsB proteins 

All amino acid substitutions between WX-TmA and WX-TsB proteins were caused by 

single nucleotide mutations, with the exception of the valine-alanine substitution at 

position 132 which required two base changes (Table 5.3). Seven, three, and one 

substitutions of amino acids resulted from the first, second, and third nucleotide 

change in codons, respectively, as would be expected from the degenerate nature ofthe 

genetic code. 

5.4.4 Composition of amino acids of the mature WX-TmA and WX-TsB 

proteins 

Although the biochemical properties of the mature WX-TmA and WX-TsB proteins 

were very similar (Table 5.1), there were subtle differences to be found in proportions 

of various amino acid groups (Table 5.4). For example, composition of charged 

amino acids in the D+E+H+K+R group in WX-TmA and WX-TsB was 25.66% and 

25.47%, respectively. However, these apparently minor alterations might have a 

relatively large effect on the predicted secondary stmctures of these waxy proteins, as 

analyzed in section 5.5. 



Chapter 5 163 

Table 5.4 Amino acid composition of WX-TmA and WX-TsB proteins 

Types of ai 

Small 

Hydroxyl 

Acidic 

Acid/Amide 

Basic 

Charged 

Small hphob 

Aromatic 

nino acids 

A+G 

S+T 

D+E 

D+E+N+Q 

H+K+R 

D+E+H+K+R 

I+L+M+V 

F+W+Y 

WX-TmA 

Number 

89 

46 

69 

106 

68 

137 

139 

47 

% 

16.67 

8.61 

12.92 

19.85 

12.73 

25.66 

26.03 

8.80 

WX-TsB 

Number %o 

92 

46 

70 

107 

66 

136 

136 

47 

17.23 

8.61 

13.11 

20.04 

12.36 

25.47 

25.47 

8.80 

Amino acids of the WX-TmA and WX-TsB proteins were grouped using the Pepstats 

program of ANGIS (section 2.6.7). Number and % indicate the number of amino acids 

in each group and its percentage to the total number of amino acids of the waxy 

protein, respectively. 
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5.5 Subtle differences in the predicted secondary structures of waxy proteins 

of different types of wheat 

The deduced amino acid sequences of the WX-TmA and WX-TsB proteins (this 

study), the WX-TtD protein of 7. tauschii (R. Appels, pers. commun.) and the WX-

Wl protein deduced from a reported waxy cDNA of common wheat (Clark et al, 

1991) were used to predict their secondary stmctures (Fig. 5.3) using the 

PeptideStructure program of ANGIS (section 2.6.7). Overall, the WX-TsB protein 

had one more a-helix but one less P-sheet, at around amino acid 300, than the other 

three waxy proteins. The WX-TtD and WX-Wl proteins had one more a-helix than 

WX-TmA and WX-TsB proteins between amino acid 150-170. WX-TmA and WX-

TsB had two potential glycosylation sites, while WX-TtD and WX-Wl had only one. 

WX-Wl protein lacked one turn at about amino acid 300, relative to the other three 

waxy proteins. Other subtle differences in heights of peaks could be detected. 
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Fig. 5.3 Secondary structure of the different mature waxy proteins. The secondary 

structures of the waxy proteins were deduced using the Peptidestruture program of ANGIS 

(section 2.6.7). Lines 1, 2, 3 and 4 indicate turns, a-helices, (3-sheets, and glycosylation sites 

in protein structures, respectively. The significant differences are indicated by arrows 

among the four waxy proteins, WX-TmA of T. monococcum (this study), WX-TsB of T. 

speltoides (this study), WX-TtD of T. tauschii (R. Appels, pers. commun.) and WX-Wl 

deduced from a cDNA of common wheat (Clark et al, 1991). 
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5.6 Comparison of the WX-TmA and WX-TsB proteins with the other plant 

waxy proteins 

5.6.1 Sequences speciflc for the different waxy proteins 

When the Swiss-PROT databases were searched for text strings associated with WX-

TmA and WX-TsB proteins, 54 sequences satisfied the expectation threshold 

parameter value 10. Glycogen synthase of E. coli (GLG) (Kumar et al, 1986) and 

soluble starch synthase of rice (SSS, Baba et al 1993) were chosen for alignment with 

all other known plant waxy proteins using the Pileup program of the ANGIS (section 

2.6.3). 

Fig. 5.4 shows that some conserved sequences occurred in all plant waxy proteins as 

well as in SSS and GLG. The putative motif KTGGL in Box 1, for the binding site 

for the substrates for starch synthesis, ADP-glucose and UDP-glucose (Fumkawa et 

al, 1990), was found in the WX-TmA and WX-TsB proteins at sites homologous to 

that in the other reported waxy proteins. In SSS and GLG, there is only one amino 

acid replacement (threonine -> serine) at this binding site. In Box 4, the conserved 

sequence was STGGLVDT close to C-terminal of plant waxy proteins, and it was 

GTGGL in SSS, ETGGL in GLG. Other two conserved domains were NDWHT (Box 

2) and SRFEPCGL (Box 3). The two conserved amino acid domains, 

PRYDQYKDAWDT, close to the N-terminal, and EIAPLA, close to the C-terminal, 

were found only in the waxy proteins but not in SSS and GLG, suggesting that they 

might be associated with some special property ofthe waxy proteins. 

Multiple sequence alignment of the eleven different waxy proteins mentioned above 

(Fig. 5.4) showed that some amino acids were unique to certain wheat waxy proteins. 

WX-Wl of common wheat had 'an additional 11 amino acid insert' at positions 159-

169, relative to all other plant waxy proteins, as reported by Ainsworth et al. (1993). 

These observations imply that these amino acids may represent the unique 

characteristics ofthe waxy proteins of these two diploid wheats. 
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WX-aSnA 

WX-TsB 

WX-TtD 

WX-Wl 

Barley 

Maize 

Sorghum 

Rice 

Cassava 

Potato 

Pea 

SSS 

GLG 

....ATGSGGMNLVFVGAEMAPWS 

Box 1 

KTGGL 

.A-A V — 

.ATA V — 

ATGA V — 

. ,GH 1-

. .GK 1-

. . . . — S 

VG-

-T-VG-

-—VG-

VKEQ-QAKVTRSV TG-AS-YA 

-KIL-AVS-CT-FV 

-S 

- S — -

GDVLGGLPPAMAANGHRVMVISPRY, 

-TV-

-R-

•DQYKDAWDTS 

N VL-G TV 

—C-S—I-L-LR VM MNGALNKNFAN-FY-E 

A—A-A—K-L-RL-NE-A-ML-K SQIPEPW-KRMKKQ 

60 

70 

70 

70 

69 

68 

68 

69 

67 

67 

65 

70 

64 

MX-TmA WSEIKVADEYERVRYFHCFKRGVDRVFVDHPCFLEKVRGKTKEKIYGPDAGTDYEDNQLRFSLLCQAAL 130 

MX-TsB 140 

WX-TtD 

WX-Wl -I 

Barley - I — 

Maize 

Sorghum 

V-K Y-

V-R Y-

F Y-

M G - G — T — F Y-

MG-G--T—F Y-

Rice -A- -R-

L R-W E V — 

1 L R_w E 

1 s W G T-V—K-

Q-

Q-

Q-

R 

K 

140 

140 

139 

138 

138 

-M- 139 

Cassava -SV IG-RI-T—F—SY M W GS R--L-

Potato -AV-V--G-SI-I--F Y M W GS K—L-

Pea -LV-V—G-KI-T—F Y L R-W GS-L KT-I-

-Q L 137 

-L—E 137 

-R 135 

SSS KHIK-PCFGGEHE-TF—EYRDS—W SY HRPGNL—DNF-.AFG F-YT Y — C 133 

GLG AECTVA-GWRQQYCGIE-MAEND-NYY-I-NEYYFNR D S L — HY-DGE—AFFSR-V- 122 

Box 2 
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Fig. 5.4 to be continued 
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Fig. 5.4 to be continued 
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Fig. 5.4 Alignment of deduced sequences of mature waxy proteins in plants. The 

amino acid sequences of the mature waxy proteins were aligned using the Pileup 

program of ANGIS (section 2.6.3). "-" represents amino acids identical to the top 
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Fig. 5.4 {continued) 

line and "." denotes gaps. The amino acids shared among all plant waxy proteins, 

SSS and GLG are boxed. Amino acid regions found only in plant waxy proteins are 

highlighted and underlined. Amino acids specific to a waxy protein in the genus 

Triticum are shown in colour print. A total of twenty-eight positions were found to 

contain different amino acids among WX-TmA, WX-TsB, WX-TtD and WX-Wl. 

WX-TmA and WX-TsB, deduced from sequences of the waxy genes of T. 

monococcum and T. speltoides (Chapter 4); WX-TtD, deduced from the sequence of 

the waxy gene ofT. tauschii (R. Appels, pers. commun.); WX-Wl, deduced from the 

sequence of a reported waxy cDNA of common wheat (Clark et al, 1991). Other 

amino acid sequences of the waxy proteins were deduced from their respective gene 

sequences: maize (Klosgen et al, 1986), sorghum (Rosenfield et al, 1996), potato 

(van der Leij et al, 1991), pea (Dry et al, 1992), cassava (Salehuzzaman et al, 1993), 

barley (Rohde et al, 1988) and rice (Wang et al, 1990). SSS is the soluble starch 

synthase of rice (Baba et al, 1993) and GLG is the glycogen synthase of E. coli 

(Kumar et al, 1986). 
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5.6.2 Relationship of the four waxy proteins of wheat 

The waxy proteins of none ofthe three diploid wheat studied were 100% identical to 

the WX-Wl protein deduced from the cDNA of common wheat (Clark et al, 1991), 

in their sequences (Fig. 5.4) or in the deduced molecular weight and pi (Table 5.1). 

Even after disregarding the additional 11 amino acids in the WX-Wl protein reported 

by Ainsworth et al. (1993), its molecular weight and pi would be 58.92 kDa and 5.78, 

which was still different from that ofthe three diploid wheat proteins. 

The calculated molecular weight of the waxy protein (WX-Wl) deduced from a 

cDNA of common wheat (Clark et al, 1991) was more than that of T. monococcum, 

T. speltoides and T. tauschii by 1.38 kDa, 1.25 kDa and 1.43 kDa, respectively. If the 

calculated molecular weight of the WX-Wl protein was correct, no matter which 

genome (A, B or D) of common wheat this protein originated from, the protein band 

of common wheat should have had a considerably reduced mobility on SDS-PAGE, 

compared of that of the diploid wheat. However, no such significant differences in 

the electrophoretic molecular weights could be detected between the diploid, 

hexaploid wheat and rice waxy proteins 3.2.2 (Fig. 3.3) and section 3.2.4 (Fig. 3.5). 

In contrast, the calculated molecular weight ofthe rice waxy protein (58.46 kDa) was 

smaller than that ofthe waxy proteins of T. monococcum, T speltoides and T. tauschii 

by only 0.44 kDa, 0.30 kDa and 0.49 kDa, respectively. These differences were 

clearly visible on SDS-PAGE (Chapter 3, Fig. 3.3). It thus appears that the enhanced 

calculated molecular weight of the WX-Wl protein resulted from the additional 11 

amino acids (Fig. 5.4) as reported by Ainsworth et al. (1993). 

5.6.3 Extent of identity between the mature waxy proteins in plants 

Analyses of sequence identities (Table 5.5) indicated that the WX-TmA and WX-TsB 

proteins had the best identity (97,57%)) to each other, and had approximately 95-91% 

identity to the waxy proteins of T. tauschii, wheat and barley, 84-86% to rice and 

maize, and 65-69% to potato and pea waxy proteins. 
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Table 5.5 Extent of identity between the mature waxy proteins in different 
plants 

Protein WX- WX- WX- WX- Barley Rice Maize Sorg- Potato Pea 

TmA TsB TtD Wl hum 

WX-TmA 100 

WX-TsB 97.57 100 

WX-TtD 96.63 97.19 100 

WX-Wl 97.38 96.07 96.82 100 

Barley 95.31 95.50 95.87 95.50 100 

Rice 84.59 84.40 85.59 84.77 86.47 100 

Maize 86.09 86.09 86.47 86.09 86.47 88.14 100 

Sorghum 86.82 86.82 87.01 86.82 88.14 88.70 71.13 100 

Potato 68.68 68.87 69.25 68.70 69.43 69.62 69.81 70.00 100 

Pea 65.53 65.15 65.15 64.96 66.48 67.80 67.42 74.81 75.38 100 

Cassava 68.68 68.49 68.68 69.06 69.62 70.38 71.13 71.13 81.13 74.81 

Cas­

sava 

100 

The identity (%)) of sequences between different mature waxy proteins was obtained by 

the Bestfit program (section 2.6.2). WX-TmA and WX-TsB, deduced from sequences 

ofthe waxy genes ofT. monococcum and T. speltoides (Chapter 4); WX-TtD, deduced 

from the sequence of the waxy gene of T. tauschii (R. Apples, pers. coimnun.); WX-

Wl , deduced from the sequence of a reported waxy cDNA of common wheat (Clark et 

al, 1993). Other amino acid sequences ofthe waxy proteins were deduced from their 

respective gene sequences: maize (Klosgen et al, 1986), sorghum (Rosenfield et al, 

1996); potato (van der Leij et al, 1991), pea (Dry et al, 1992), cassava (Salehuzzaman 

et al, 1993), barley (Rohde et al, 1988) and rice (Wang et al, 1990). 
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5.7 Discussion 

5.7.1 The comparison ofthe deduced WX-TmA and WX-TsB proteins 

The mature waxy proteins of T. monococcum and T. speltoides, deduced from the 

sequences of their genes (Chapter 4), had the same number of amino acids, but 

exhibited slight differences in their calculated molecular weights and isoelectric points 

(Table 5.1). There were thirteen amino acid substitutions in a total of 534 amino acids 

of the mature WX-TmA and WX-TsB proteins, probably resulting in different 

physical properties ofthe proteins. A key substitution occurred at position 179 ofthe 

mature waxy protein, where arginine (MW 174 Da, pi 10.76) in the WX-TmA protein 

was replaced with serine (MW 105 Da, pi 5.68) in the WX-TsB protein. The minor 

difference in the deduced molecular weights between these two waxy proteins is 

consistent with the difference observed in molecular weights of these proteins in SDS-

PAGE (Chapter 3, Fig. 3.1). These results are also consistent with reports that the 

WX-A protein has a higher molecular weight and more basic pi compared to the WX-

B protein, in the two-dimensional SDS-PAGE analysis of waxy proteins of common 

wheat (Nakamura et al, 1993) and T. turgidum (Yamamori et al, 1994). 

5.7.2 The origins of A, B and D genomes based on the predicted physical 

properties of the waxy proteins 

Comparison of WX-TsB (58.76 kDa), WX-TtD (58.95 kDa) and WX-TmA (58.90 

kDa) showed that WX-TmA did not have the highest molecular weight, as was 

expected from tiie electrophoretic mobility of the three waxy proteins in common 

wheat (WX-A>WX-D>WX-B) (Nakamura et al, 1993; Zhao and Sharp, 1996), based 

on the assumption that the proteins from the progenitors have remained relatively 

unchanged. This observation suggests the possibility that the A genome could have 

imdergone subtle changes, i.e., some point mutation, during evolution from diploid to 

polyploid wheat. Fujita et al (1996) reported the amino acid sequence of 

approximately 10%) of waxy protein chains in T. monococcm, T. urartu, T. turgidum 

and different nullisomic/tetrasomic lines of T. aestivum var. Chinese Spring. They 

found that the sequence ofthe waxy protein in T. monococcum was identical to that of 
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a section of protein peptides from T. turgidum and T. aestivum, whereas there was an 

amino acid substitution between T. urartu and common wheat. They thus suggested 

that T. monococcum and not T. urartu might be the progenitor ofthe A genome ofthe 

T. turgidum-T. aestivum lineage of wheat. Their partial amino acid sequence ofthe T. 

monococcum waxy protein is consistent with our predicted sequence in the 

corresponding region. Based on the above comparisons, either T. monococcum or T. 

urartu could not be the donor of A genome to T. turgidum-T. aestivum. Two 

possibilities could explain the difference of amino acid sequences between diploid and 

polyploid wheat. 

1. Firstly, a few point mutations in the waxy A gene in common wheat would 

have arisen; this possibility is supported by our results which indicated that a 

point mutation could result in distinguishable difference between WX-TmA 

and WX-TsB proteins (Table 5.3). 

2. Secondly, it is possible that genetic polymorphism might exist within 

species of T. monococcum or T. urartu and that T. monococcum or/and T. 

urartu used for the studies here and for Fujita et al' s work (1995) might not 

be correct accession for the progenitor of the A genome. Such genetic 

polymorphism might also exist between various varieties of diploid T. 

speltoides, based on the fact that there is a difference of one amino acid 

between the sequences ofthe T. speltoides used by Fujita et al. (1996) and 

that ofthe WX-TsB protein in this study. 

These comparisons provided some information for the phylogenetic and evolutionary 

relationships of different genomes, however, the origins of A and B genomes could 

not be determined. Comparison of DNA sequences between the waxy genes of 

diploid wheat and the individual waxy genes from different genomes of polyploid 

wheat would reveal more precise information to further understand the evolution of 

wheat. This will be discussed in Chapter 6, 
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5.7.3 Properties of amino acid sequences of waxy proteins 

Our results indicate that the deduced amino acid sequences ofthe WX-TmA and WX-

TsB proteins have a high homology to the other plant waxy proteins. Interestingly, 

four regions of conserved sequences (Fig. 5.4) were detected, not only in glycogen 

synthase ofE. coli but also in the soluble starch synthase of rice, suggesting that these 

sequences might play an important role in starch synthesis. The KTGGL sequence of 

Box 1 has been recognized as an ADP-glucose binding site of starch and glycogen 

synthases (Furukawa et al, 1990), but the significance ofthe conserved sequences in 

the three other domains remains to be investigated. 

5.7.4 Unique properties ofthe transit peptides of waxy proteins 

The transit peptides of waxy proteins appeared much more variable than the mature 

waxy proteins and exhibited, for example, only 12-15% identity in their amino acid 

sequences between the three dicot plants, potato, pea and cassava. However, such 

divergent sequences do not appear to affect their role in transport of waxy proteins to 

amyloplast. In contrast to the variable amino acid sequences, the predicted physical 

properties of transit peptides were highly conserved. Firstly, all transit peptides had a 

net positive charge and were rich in polar amino acids, arginine, or threonine and 

serine. The presence of these amino acids results in a significant difference in polarity 

and net charges between the mature waxy proteins and their transit peptides. 

Secondly, the transit peptides shared a high content of small amino acids, alanine and 

glycine. It is suggested from our findings that the transporting property of the transit 

peptides of the waxy proteins would rely on their amino acid composition but not on 

amino acid sequences. 

5.7.5 Possible explanations for the differential expression and function of the 

various waxy proteins 

As described in section 3.7.2.4, the WX-Bl protein band was more intense than WX-

Dl and WX-Al protein bands in SDS-PAGE ofthe waxy proteins of common wheat. 
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There are a number of possible explanations for the differences in the expression of 

the WX-Al, WX-Bl and WX-Dl proteins of common wheat, on the basis the analysis 

of amino acid sequences of waxy proteins in possible diploid progenitors of common 

wheat. 

1. Promoter. Waxy protein is dominated by a major gene which is higlily 

conserved in its size and sequence in plants (Fig. 5.7, Table 5.1), however, 

elements regulating the expression of the waxy gene have been reported in 

rice (Wang et al, 1995 and 1998). It is possible that positive regulating 

elements located in the promoter region of the wx-Bl gene, would result in 

the WX-Bl protein being expressed at a higher level than WX-Al and WX-

Dl. Alternatively, negative regulating elements may be located in the 

promoter region ofthe wx-lA and wx-Dl genes so that WX-Al and WX-Dl 

proteins would cause them to be expressed at a lower level relative to WX-

Bl protein. 

2. Post-transcriptional regulations. In rice, some varieties, that have been 

shown to have a lower amount of waxy proteins, showed inefficient excision 

of intron 1 from waxy mRNA (Wang et al. 1995). It is also possible that this 

phenomenon exists for the wx-A gene and wx-Dl gene so that WX-Al and 

WX-Dl proteins are expressed at the lower level than the WX-Bl protein. 

3. Transit peptides. The transit peptides of the waxy proteins have a role in 

importing the waxy proteins into amyloplast, for amylose synthesis in 

endosperm cells. However, whether the efficiency of the transport is 

affected by the variability in the amino acid sequences of transit peptides is 

not knovm. It is possible that there are differences in the functions of the 

transit peptides of WX-Al, WX-Bl and WX-Dl proteins (Table 5.1). 

4. Extractability of proteins. The WX-Al and WX-Dl protein could be 

expressed to the same extent as WX-Bl proteins; however, it is possible that 

there were differences in the extraction of WX-Al and WX-Dl proteins 
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from starch granules, perhaps due to their altered protein stmcture relative to 

WX-Bl protein. Therefore, WX-Bl protein exhibited more intensive band 

on SDS-PAGE. 

In order to reveal the molecular mechanism of the differential expression of the three 

waxy proteins of common wheat, it is of interest to see if such differences in 

expression ofthe waxy proteins exist among the corresponding diploid wheat as well. 

However, in spite of keeping the various steps of starch granule and protein extraction 

protocols (section 2.2) constant, it is often difficult to prepare precisely identical 

quantities of protein extracts, with identical total protein content from the various 

diploid wheat, due to a number of reasons. These include differences in sizes of seeds 

of different species, some being extremely small, (e.g., T. speltoides), the difficulty of 

preparing starch, and the possible differences in the extractability of certain waxy 

proteins. 

5.7.6 A possible phylogenetic tree of plants based on the waxy proteins 

To determine the relationships between all known plant waxy proteins, a phylogenetic 

tree was constmcted using method described in section 2.6.8. Glycogen synthase of 

E. coli (Kumar et al, 1986) was used as an outgroup. The phylogenetic tree (Fig. 5.5) 

showed that the waxy proteins from the monocot plants, rice, maize, sorghum, barley 

and four types of wheat, formed a clearly distinct group relative to the dicot plants, 

pea, cassava and potato. Further, monocots fell into two clusters, one including rice, 

maize and sorghum, and the other including barley and the four types of wheat. T. 

monococcum and T. speltoides were classified into one cluster, while T. tauschii and 

common wheat belonged to another cluster. The result on monocot plants is 

consistent with a previous report indicating that the nucleotide sequence of the rRNA 

consisted of two clusters in the grass genera: one comprised of wheat and barley and 

the other comprised of maize and rice (Hamby and Zimmer, 1992). As the tree 

developed here, barley possesses the same progenitor and belongs to the same cluster 

as wheat, which is consistent with a previous report (Wolfe, 1989). 
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Fig. 5.5 The phylogenetic tree of the plant waxy proteins. Glycogen synthase of E. 

coli (Kumar et al, 1990) was used an outgroup. The phylogenetic tree was 

constructed by the method described in section 2.6.8. 
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Chapter 6 Genome-Specific Sequences of the waxy loci and their 

potential application in further understanding 

the evolution of wheat 

ABSTRACT 

Partial waxy genes have been cloned from the two waxy loci of tetraploid T. turgidum 

(AABB) and T. timopheevi (A^A^GG), the thi-ee waxy loci of hexaploid T. aestivum 

(AABBDD) and T. zhukovskyi (A^A'A^A^GG), and the single waxy locus each of the 

proposed diploid progenitors of different genomes of these polyploid wheat, 

respectively. These seventeen partial waxy genes contained exons 4 and 5 ofthe same 

lengths but intron 4 of varying lengths. The results have led to the separation of the 

two waxy loci of tetraploid wheat and the three waxy loci of hexaploid wheat by 

comparison of specific sequences of intron 4, Diploid T. monococcum and T. tauschii 

have been distinguished by the specific sequences of intron 4, but other five diploid 

wheat had the same length of intron 4 and could be distinguished only by minor 

replacement {1%) of sequences ofthe fragments cloned. Based on the sequence 

comparison among different diploid, tetraploid and hexaploid species, T. urartu, T. 

spletoides and T. tauschii were suggested to be the donors of A, B and D genomes of 

T. turgidum and T. aestivum and that T. monococcum was proposed to be the donor of 

A* of T. timopheevi and T. zhukovskyi. However, the sequence of intron 4 of the 

cultivated T. monococcum tested in this study was different from that of the third set 

of genome (A^) of T. zhukovskyi, a putative man-made hybrid of T. monococcum and 

T. timopheevi. This result suggests that intraspecies polymorphism existed in T. 

monococcum or that a wild T. monococcum {T. monococcum ssp boeoticum) would be 

the progenitor of the third set of genome of T. zhukovskyi. Owing to the fact that all 

the possible G genome donors had an identical length of intron 4, the progenitor of G 

genome needs to be investigated. 
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6.1 Introduction 

The analyses of the waxy genes of T. monococcum and T. speltoides (Chapter 4) and 

T. tauschii (R, Appels, pers, commun,) indicated that the exons of none of these three 

waxy genes of diploid wheat were 100% identical to the sequence of a waxy cDNA of 

common wheat reported by Clarke etal. {1991). The result suggested that at least one 

of these tlii-ee diploid wheat might not be the progenitor of common wheat (i.e,, the 

cDNA originated from the genome that was not donated by anyone of these three 

species) or that mutations might have arisen in the DNA sequences of the waxy genes 

during evolution of wheat from diploid to hexaploid. The results also showed that 

the sequences of exons were highly conserved in the three diploid wheat; it would 

thus be very difficult to distinguish between the different genomes in polyploid wheat 

by finding miique exon sequences representing the different waxy loci. One solution 

to this problem could be to analyse the sequences of non-coding regions that have 

been proposed to evolve more rapidly than coding region (section 4.9,2). In 

particular, intron 4 was most variable in length between wx-TmA and wx-TsB and thus 

appeared to have the potential for being genome-specific (section 4.6.2, Fig, 4,6), The 

fact that partial sequences in a waxy cDNA of common wheat matched sequences at 

the 3' end of intron 4 of diploid wheat (section, 4.9.4, Fig. 4.8) led us to further 

investigate this interesting intron 4 ofthe waxy genes in polyploid species, in order to 

explain this uncoimnon match. Therefore, Interest was focussed on the intron 4 area 

ofthe waxy genes of different types of wheat in this work. 

The origins of different genomes of common wheat, T. aestivum (AABBDD), have 

been studied extensively in this century, due to the interest in the evolutionary history 

of its complex allohexaploid genome and some investigations showing that useful 

genetic resources such as genes encoding disease resistance in the progenitors can be 

applied in genetic engineering and breeding programs (Gill et al, 1983; Kerby and 

Kuspira, 1987; Rodriguez-Quijano et al, 1997). Studies on the origins of genomes of 

T. turgidum (AABB)-7. aestivum (AABBDD) have been reviewed (Kerby and 

Kuspira, 1987), based on the studies of geographical distributions, morphological 

characteristics, meiotic chromosome behaviour of hybrids and amphiploids, the 

content and the resfriction patterns of nuclear DNA and the protein constitution. The 

cun-ent theory for origin of different genomes in the T. turgidum (AABB)-7. aestivum 
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(AABBDD) lineage and the T. timopheevi {A^A^GG)-T. zhukovskyi (A^A^A^A^GG) 

lineage of wheat (conventional genome constituents are AAGG for T. timopheevi and 

AAAAGG for T. zhukovskyi; here the designations of A' and A^ genomes are used to 

distinguish between the A genomes in different polyploid wheat) has been presented, 

based on the analyses of C-banding pattern, the repeated DNA sequences, restriction 

fragment length polymorphism (RFLP) and protein profiles (Breiman and Graur 

1995; Friebe and Gill 1996) (reviewed in section 1.9). However, the diploid donors of 

the A, B, G and A* genomes in these polyploid wheat are still in debate, except for 

showing that T. tauschii was the donor of D genome to T. aestivum and T. 

monococcum was the donor of A^ genome to T. zhukovskyi (sections 1.8 and 1.9). 

A powerful method for determining evolutionary relationships is direct comparative 

DNA sequence analysis (Talbert et al, 1991; Dvorak and Zhang, 1992). The waxy 

gene has been used recently to study the evolutionary nature of different genomes of 

wheat. Murai et al. (unpublished sequences, 1998) isolated and sequenced the major 

sections of respective waxy gene from T. turgidum-T. aestivum and the single waxy 

gene each from diploid T. monococcum, T. searsii and T. tauschii. They found that 

the sequences of the waxy-A and waxy-Q genes were highly conserved from T. 

turgidum to T. aestivum, and that the T. tauschii waxy gene had 100% identity to the 

D gene in T. aestivum. However, the diploid donors of A and B genomes to polyploid 

wheat could not be deduced from these studies because only the three diploid species 

were investigated, but polyploid T. timopheevi and T. zhukovskyi were not 

investigated. Mason-Gamer et al. (1998) recently reported the sequences of 1.3 kb 

fragments covering translated exons 6 to 11 ofthe M>axy genomic gene in several taxa. 

Eight diploid species, T. boeoticum, T. monococcum, T. urartu, T. bicornis, T. 

longissima, T. searsii, T. speltoides and T. tauschii, which are closely related to the 

above polyploid wheat, were included their report. However, neither polyploid wheat 

nor another diploid, T. sharonensis, was investigated in this report. 

In the present project, in addition to investigate the M^axy genes encoding the entire 

waxy proteins in T. monococcum and T. speltoides (Chapter 4), the partial waxy genes 

were cloned and sequenced from different diploid, tetraploid and hexaploid wheat. 

These partial M>axy genes include those from the two waxy loci each of the tetraploid 

wheat, T. turgidum and T. timopheevi, from the tlii-ee waxy loci each of the hexaploid 
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wheat, T. aestivum and T. zhukovskyi, and from the single waxy locus each of all the 

proposed diploid progenitors, except for T. searsii, of the different genomes of these 

polyploid wheat. 

This Chapter addresses the sequences of the non-coding intron 4 representing the 

waxy loci of the A, B, D, G, A* or A^ genomes, and has provided valuable 

phylogenetic and evolutionary information for different genomes of wheat. 

6.2 Partial waxy genes from different types of wheat 

6.2.1 Partial waxy genes from T. turgidum 

The primers F2 and R2, used to amplify the Fragment 2 covering exon 4-intron 4-

exon 5-intron 5-exon 6 ofthe waxy gene in T. monococcum and T. speltoides (section 

2.3.5), were initially applied to clone the corresponding regions ofthe individual waxy 

genes in polyploid wheat. The two types of sequences of Fragments 2 were obtained 

from T. turgidum ssp. durum (called as T. turgidum here for convenience). The two 

fragments were designated as wx-TdA and wx-TdB and their complete sequences are 

shown in Chapter 7 (Fig, 7,2). In order to align with the exon 4-intron 4-exon 5 ofthe 

waxy genes cloned from other diploid and polyploid wheat (section 6.2.2), the two 

intemal sections covering the exon 4-intron 4-exon 5 region of wx-TdA and wx-TdB of 

T. turgidum were redesignated as wx-Td2 and wx-Tdl in this Chapter, for the reason 

of comparison of different partial M'axy genes showed in Fig, 6.1. The sequences of 

the other sections of wx-TdA and wx-TdB (i.e., exon 5-intron 5-exon 6) of T. turgidum 

will be analysed in Chapter 7. 

The primers Fl and Rl, used to amplify the Fragment 1 of the waxy genes in T. 

monococcum and T. speltoides (section 2.3.5), were also appUed to clone the 

corresponding regions of the two individual waxy genes in T. turgidum. Only one 

type of sequence of Fragment 1 of the M'axy gene in the T. turgidum has been isolated 

and will be described in section 6,9, 
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6.2.2 Partial waxy genes from other genomes of wheat 

Except for the two types of fragments covering the exon 4-intron 4-exon 5-intron 5-

exon 6 sections of the waxy genes in T. turgidum obtained by F2 and R2 (section 

6,2.1), the corresponding fragments ofthe waxy genes in polyploid T. aestivum, T. 

timopheevi or T. zhukovskyi could not be amplified readily. A reverse primer PR2, 

which was designed from the conserved domain of exon 5 of the waxy gene in T. 

monococcum and T. speltoides, and the forward primer F2 were used to amplify the 

partial waxy genes in polyploid T. aestivum, T. timopheevi and T. zhukovskyi and 

diploid T. bicornis, T. longissima, T. sharonensis and T. urartu (section 2.3.6). These 

partial genes covered the exon 4-intron 4-exon 5 section. 

6.3 Isolation of partial waxy genes 

All fragments of the waxy genes from different genomes of wheat, as described in 

sections 6.2,1 and 6.2,2, were obtained, PCR products from the multiple waxy genes 

of polyploid wheat did not exhibit bands detectably different in size on 1% agarose 

gels (data not shown). For each species of wheat, the purified PCR products from two 

separated PCR reactions were mixed and cloned into pGEM-T vectors for sequencing 

the individual waxy genes (section 2,3.11.2). Two single clones were sequenced from 

each diploid wheat, and no differences were detected in the sequences of different 

clones. Five to eight clones were sequenced from polyploid wheat, mitil two different 

types of sequences from tetraploid wheat and three different types of sequences from 

hexaploid wheat were obtained (Table 6.1). Based on the sequences obtained, clones 

from each polyploid wheat were grouped into different classes and redesignated as 

shown, in Table 6.1, 
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Table 6.1 Designation ofthe waxy genes of different types of wheat and the clones 

obtained for these 

Species 

T. urartu 

T. bicornis 

T. longissima 

T. sharonensis 

T. turgidum 

T. aestivum 

T. timopheevi 

T. zhukovskyi 

Ploidy 

level 

2 

2 

2 

2 

4 

6 

4 

6 

Names of 

genes 

wx-TuA 

wx-TbB 

wx-TlB 

wx-TshB 

wx-TdB 

wx-TdA 

WX-Wl 

WX-W2 

WX-W3 

wx-Ttl 

wx-Tt2 

wx-Tzl 

wx-Tz2 

wx-Tz3 

No of 

clones 

2 

2 

2 

2 

2 

3 

2 

3 

3 

2 

2 

2 

3 

1 

Names of clones 

Ul and U2 

Bid and Bic2 

LI andL2 

Shal and Sha2 

Dul and Du3 

Du2, Du4 and Du6 

Wl and W5 

W2, W4 and W5 

W6, W7 and W8 

V2 and V4 

V3 and V5 

Z4 and Z6 

Z2, Z3 and Z5 

Zl 

Fourteen waxy genes from different types of wheat were cloned. Except for wx-TdA 

and wx-TdB genes of T. turgidum which were amplified by primers F2 and R2 

(section 2,3.5), the other twelve genes were amplified by primers F2 and PR2 (section 

2.3.6). The PCR products were cloned into pGEM-T vectors (2.3.11.2). 
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6.4 Sequences of seventeen different partial waxy genes 

All expected fragments of individual waxy genes were obtained from the different 

genomes of the diploid, tetraploid and hexaploid wheat. These partial waxy genes 

thus included a single gene from each diploid T. urartu {wx-TuA), T. bicornis {wx-

TbB), T. longissima {wx-TlB) and T. sharonensis {wx-TshB); two different genes from 

each tetraploid T. turgidum {wx-Tdl and M!x-Td2) and T. timopheevi {wx-Ttl and wx-

Tt2), and three different genes from each hexaploid T. aestivum {wx-Wl, wx-W2 and 

WX-W3) and T. zhukovskyi {wx-Tzl, wx-Tz2 and wx-TzS). The sequences ofthe above 

fourteen M>axy genes were aligned with the sequences of the corresponding regions of 

the waxy genes of T. monococcum {wx-TmA) and T. speltoides {MX-TSB) (Chapter 4) 

and T. tauschii {wx-TtD) (R, Appels, pers, commun.), as shown in Fig. 6.1. 

6.5 Variation in length of intron 4 in waxy genes 

The partial M'axy genes from the different types of wheat exhibited identical lengths of 

the sections of exon 4 (143 bp) and exon 5 (97 bp). The length of intron 4 appeared 

variable, ranging from 125 bp for most ofthe waxy genes to 152 bp for wx-W3 of T. 

aestivum (Table 6.2). The GT/AG junction of intron 4 ofthe waxy genes in this study 

was deduced from that ofthe waxy gene of bai'ley (Rohde et al. 1988). The variation 

in length of intron 4 allowed rapid identification of some waxy genes fi-om the others. 

For example, the length of intron 4 of T. monococcum and T. tauschii was unique. 

The wx-Tdl ofT. turgidum, wx-Wl ofT. aestivum and wx-Tz3 ofT. zhukovskyi all had 

intron 4 ofthe same length (133 bp), different from other waxy genes. The sequences 

of the wx-Ttl of T. timopheevi and wx-Tzl of T. zhukovskyi were cleariy different 

from those ofthe wx-TsB of T. speltoides and the other eight M>axy genes (Fig. 6.1), 

although they all had a 125 bp intron 4. The relationship of these different waxy 

genes was fuither analyzed at the DNA sequence level, as follows. 
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1 60 

WX-TtD GACCAAGGAG AAGATCTACG GGCCCGACGC CGGCACGGAC TACGAGGACA ACCAGCAGCG 

WX-W3 GACCAAGGAG AAGATCTACG GGCCCGACGC CGGCACGGAC TACGAGGACA ACCAGCAGCG 

wx-Ttl GACCAAGGAG AAGATCTATG GGCCCGACGC CGGCACGGAC TACGAGGACA ACCAGCTACG 

wx-Tzl GACCAAGGAG AAGATCTATG GGCCCGACGC CGGCACTGAC TACGAGGACA ACCAGCTACG 

wx-TtnA GACCAAGGAG AAGATCTATG GGCCCGACGC CGGCACGGAC TACGAGGACA ACCAGCTACG 

wx-Tdl GACCAAGGAG AAGATCTATG GGCCCGATGC CGGCACGGAC TACGAGGACA ACCAGCTACG 

wx-Wl GACCAAGGAG AAGATCTATG GGCCCGATGC CGGCACGGAC TACGAGGACA ACCAGCTACG 

wx-TzJ GACCAAGGGG AAGATCTATG GGCCCGATGC CGGCACGGAC TACGAGGACA ACCAGCTACG 

WX-TbB GACCAAGGAG AAGATCTATG GGCCCGACGC CGGCACTGAC TACGAGGACA ACCAGTAGCG 

WX-TuA GACCAAGGAG AAGATCTATG GGCCCGACGC CGGCACTGAC TACGAGGACA ACCAGTAGCG 

WX-TZ2 GACCAAGGAG AAGATCTATG GGCCCGACGC CGGCACTGAC TACGAGGACA ACCAGTAGCG 

WX-W2 GACCAAGGAG AAGATCTATG GGCCCGACGC CGGCACGGAC TACGAGGACA ACCAGTAGCG 

.WX-Tt2 GACCAAGGAG AAGATCTATG GGCCCGACGC CGGCACTGAC TACGAGGACA ACAAGTAGCG 

wx-Td2 GACCAAGGAG AAGATCTATG GACCCGACGC CGGCACGGAC TACGAGGACA ACCAGCAGCG 

WX-TlB GACCAAGGAG AAGATCTATG GGCCCGATGC CGGCACGGAC TACGAGGACA ACCAGCTACG 

WX-TsB GACCAAGGAG AAGATCTACG GGCCCGACGC CGGCACGGAC TACGAGGACA ACCAGCTACG 

wx-TshB GACCAAGGAG AAGATCTATG GGCCCGACGC CGGCACGGAC TACGAGGACA GCCAGCTACG 

61 120 

WX-TtD CTTCAGCCTT CTCTGCCAGG CGGCGCTGGA AGTGCCCAGG ATCCTGAACC TCGACAATAA 

WX-W3 CTTCAGCCTT CTCTGCCAGG CGGCGCTGGA AGTGCCCAGG ATCCTGAACC TCGACAATAA 

wx-Ttl CTTCAGCCTT CTCTGCCAGG CAGCACTTGA GGTGCCCAGG ATCCTCGACC TCAACAACAA 

wx-Tzl CTTCAGCCTT CTCTGCCAGG CAGCACTTGA GGTGCCCAGG ATCCTCGACC TCAACAACAA 

WX-TmA CTTCAGCCTT CTCTGCCAGG CAGCACTTGA GGTGCCCAGG ATCCTCGACC TCAACAACAA 

wx-Tdl CTTCAGCCTG CTCTGCCAGG CAGCGCTTGA GGCACCCAGG ATCCTCGACC TCAACAACAA 

wx-Wl CTTCAGCCTG CTCTGCCAGG CAGCGCTTGA GGCACCCAGG ATCCTCGACC TCAACAACAA 

WX-TZ3 CTTCAGCCTG CTCTGCCAGG CAGCGCTTGA GGCACCCAGG ATCCTCGACC TCAACAACAA 

wx-TbB CTTCAGCCTT CTCTGCCAGG CAGCACTTGA GGTGCCCAGG ATCCTCGACC TCAACAACAA 

WX-TUA CTTCAGCCTT CTCTGCCAGG CAGCACTTGA GGTGCCCAGG ATCCTCGACC TCAACAACAA 

WX-TZ2 CTTCAGCCTT CTCTGCCAGG CAGCACTTGA GGTGCCCAGG ATCCTCGACC TCAACAACAA 

WX-W2 CTTCAGCCTT CTCTGCCAGG CAGCACTTGA GGTGCCCAGG ATCCTCGACC TCAACAACAA 

wx-Tt2 CTTCAGCCTT CTCTGCCAGG CAGCACTTGA GGTGCCCAGG ATCCTCGACC CCAACAACAA 

wx-Td2 CTTCAGCCTT CTCTGCCAGG CAGCACTTGA GGTGCCCAGG ATCCTCGACC TCAACAACAA 

WX-TlB CTTCAGCCTG CTCTGCCAGG CAGCGCTTGA GGTGCCCAGG ATCCTCGACC TCAACAACAA 

WX-TsB CTTCAGCCTG CTCTGCCAGG CAGCGCTGGA AGCACCCAGG ATCCTCGACC TCAACAACAA 

wx-TshB CTTCAGCCTG CTCTGCCAGG CAGCGCTTGA GGCACCCAGG ATCCTCGACC TCAACAACAA 

Fig. 6.1 to be continued 
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WX-TtD 

WX-W3 

wx-Ttl 

wx-Tzl 

WX-TmA 

wx-Tdl 

wx-Wl 

wx-Tz3 

WX-TbB 

wx-TuA 

wx-Tz2 

WX-W2 

wx-Tt2 

wx-Td2 

WX-TlB 

wx-TsB 

wx-TshB 

1 2 1 

CCCCTACTTT 

CCCCTACTTT 

CCCATACTTT 

CCCATACTTT 

CCCATACTTT 

CCCATACTTC 

CCCATACTTC 

CCCATACTTC 

CCCACACTTT 

CCCACACTTT 

CCCACACTTT 

CCCACACTTT 

CCCACACTTT 

CCCACACTTT 

CCCACACTTT 

CCCATACTTT 

CCCATACTTC 

TCTGGGCCCT 

TCTGGGCCCT 

TCTGGACCCT 

TCTGGACCCT 

TCTGGACCCT 

TCCGGACCCT 

TCCGGACCCT 

TCCGGACCCT 

TCTGGACCCT 

TCTGGACCCT 

TCTGGACCCT 

TCTGGACCCT 

TCTGGACCCT 

TCTGGACCCT 

TCTGGACCCT 

TCTGGACCCT 

TCTGGACCCT 

Intron 4 

ACG(||AAGAT 

ACGS^fAAGAT 

ACGSTAAGAT 

ACGSIAAGAT 

ACGGTAAGAT 

ACGGTAAGAT 

ACGS''feAAGAT 

ACGGSIAAGAT 

ACGSTAAGAT 

ACGGTAAGAT 

ACGGTAAGAT 

ACGS^AAGAT 

ACGGTAAGAT 

ACGSTAAGAT 

ACGGTAAGAT 

ACGGTAAGAT 

ACGGfAAGAT 

CAAGATCAAG 

CAAGATCAAG 

CAACAACACC 

CAACAACACC 

CAACAACACC 

CAACAACACC 

CAACAACACC 

CAACAACACC 

CAAGAACAAC 

CAAGAACAAC 

CAAGAACAAC 

CAAGAACAAC 

CAAGAACAAC 

CAAGAACAAC 

CAAGAACAAC 

CAACAACACC 

CAACAACACC 

• R e g i o n 1 - ^ 

180 

CACGCCTACT AGTTCAAGCT 

taCGCCTACT AGTTCAAGCT 

CAGCTAGCTA CTTAGTAGAGJ 

| : A 6 C T A G C T A CTTAGTAGAGJ 

CGGCTAGCTA CTTAGTAGAG 

î AG CAGCTACTAGi 

CAG CAGCTACTAGi 

i»G CAGCTACTAG 

i?AG AGi 

JTAG AG 

^ G KB\ 

î AG AG 

iAG AG 

ilAG AG 

IAG AG 

ffAG AĜ  

TAG AG 

WX-TtD 

WX-W3 

w x - T t l 

wx-Tzl 

WX-TmA 

wx-Tdl 

wx-Kl 

vx-Tz3 

WX-TbB 

wx-TuA 

wx-Xz2 

wx-FC 

w x - T t 2 

w x - r d 2 

WX-TlB 

wx-TsB 

wx-TshB 

"^ Region 2 "^ 

p.81 

AGAGTGTGTG TAATCTGAAC 

A6AGT6TGTG TAATCTGAAC 

TGTA.. 

TGTA.. 

TGTA.. 

AGT6.. 

AGTG.. 

AGTG.. 

TGTA. . 

TGTA. . 

TGTA. . 

TGTA. . 

TGTA.. 

TGTA.. 

TGTA. . 

TGTA. . 

TGTA., 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TCTGAAGAAC 

TTGATATTTT 

TTGATATTTT 

TTGATTTCTA 

TTGATTTCTA 

TTGATTTATA 

TTGATTTCTT 

TTGATTTCTT 

TTGATTTCTT 

TTGATTTCTA 

TTGATTTCTA 

TTGATTTCTA 

TTGATTTCTA 

TTGATTTCTA 

TTGATTTCTA 

TTGATTTCTA 

TTGATTTGTA 

TTGATTTGTA 

CTTGAGAGAG 

CTTGAGAGAG 

CTCGAGAGCA 

CTCGAGAGCA 

CTCGAGAGCA 

CTTGAGAGCA 

CTTGAGAGCA 

CTTGAGAGCA 

CTTGAGAGCA 

CTTGAGAGCA 

CTTGAGAGCA 

CTTGAGAGCA 

CTTGAGAGCA 

CTTGAGAGCA 

CTTGAGAGCA 

CTTGAGAGCA 

CTTGAGAGCA 

Region 3 

240 

CTGGATGATC 

CTGGATGATC 

CTGGATG.. 

iCTGGATG. . 

iCTGGATGATC 

:CTGGATG, . 

iCTGGATG. . 

CTGGATG. . 

CTGGATG. . 

iCTGGATG. . 

CTGGATG. . 

CTGGATG. . 

CTGGATG. , 

CTGGATG.. 

CTGGATG.. 

CCGGATG.. 

CCGGATG.. 

Fig. 6.1 to be continued 
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WX-TtD 

WX-W3 

wx-Ttl 

wx-Tzl 

WX-TmA 

wx-Tdl 

wx-Wl 

wx-Tz3 

WX-TbB 

wx-TuA 

wx-Tz2 

WX-W2 

wx-Tt2 

wx-Td2 

WX-TlB 

wx-TsB 

wx-TshB 

241 

ACCAT..TTT 

ACCAT..TTT 

ATCATCATTT 

ATCATCATTT 

ATCATCATTT 

ATTATCATCT 

ATTATCATCT 

ATTATCATCT 

ATTATCATCT 

ATTATCATCT 

ATTATCATCT 

ATTATCATCT 

ATTATCATCT 

ATTATCATCT 

ATTATCATCT 

ATCATCATTC 

ATCATCATCT 

TTTTTGTATC 

TTTTTGTATC 

TCCTTGTACC 

TCCTTGTACC 

TCCTTGTACC 

TCCTTGTGTC 

TCCTTGTGTC 

TCCTTGTGTC 

TCCTTGTATC 

TCCTTGTATC 

TCCTTGTATC 

TCCTTGTATC 

TCCTTGTATC 

TCCTTGTATC 

TCCTTGTATC 

TCCTTGTATC 

TCCTTGTGTC 

TGGGTGCCGT 

TGGGTGCCGT 

TGGGTGCTGC 

TGGGTGCTGC 

TGGGTGCTGC 

TTGGTGCTGC 

TTGGTGCTGC 

TTGGTGCTGC 

TTGGTGCTGC 

TTGGTGCTGC 

TTGGTGCTGC 

TTGGTGCTGC 

TTGGTGCTGC 

TTGGTGCTGC 

TTGGTGCTGC 

TTGGTGCTGC 

TTGGTGCTGC 

CGTCGTCCCT 

CGTCGTCCCT 

CATGCCGT. . 

CATGCCGT.. 

CATGCCGTGC 

CACGCCATGC 

CACGCCATGC 

CACGCCATGC 

CATGCTATGC 

CATGCTATGC 

CATGCTATGC 

CATGCTATGC 

CATGCTATGC 

CATGCTATGC 

CATGCTATGC 

CACGCCATGC 

CATGCCGTGC 

i ^ R e g i o n 4 ^ 

; 300 

jrGTTGCG CGCCGCG. 

JTGTTGCG CGCCGCGC 

GCCGCGC 

GCCGCGC 

CGTGCCGCGT CGCGCCGCGC 

ITATGCCGCGC CACGCCGCGC 

TATGCCGCGC CACGCCGCGC 

jrATGCCGCGC CACGCCGCGC 

fcGTGCCGTGC CGCGCCGCGC 

fcGTGCCGTGC CGCGCCGCGC 

tGTGCCGTGC CGCGCCGCGC 

fcGTGCCGTGC CGCGCCGCGC 

fcGTGCCGTGC CGCGCCGCGC 

fcGTGCCGTGC CGCGCCGCGC 

fcGTGCCGTGC CGCGCCGCGC 

JTGTGCCGCGC CGCGCCGCGC 

rCTGCCGCGC CGCGCCGCGC 

WX-TtD 

WX-W3 

wx-Ttl 

wx-Tzl 

WX-TmA 

wx-Tdl 

wx-Wl 

wx-Tz3 

WX-TbB 

wx-TuA 

wx-Tz2 

WX-W2 

wx-Tt2 

wx-Td2 

WX-TlB 

wx-TsB 

wx-TshB 

E x o n 5 

^GGGAGGAC 

J^GGGAGGAC 

ASGGGAAGAC 

AGGGGAAGAC 

a^GGAAGAC 

AGGGGAAGAC 

SiiGGGAAGAC 

AGGGGAAGAC 

A$GGGAAGAC 

AGGGGAAGAC 

I^GGGAAGAC 

ASGGGAAGAC 

AGGGGAAGAC 

H&GGGAAGAC 

AGGGGAAGAC 

I^GGAAGAC 

AGGGGAAGAC 

GTGGTGTTCG 

GTGGTGTTCG 

GTGGTGTTCG 

GTGGTGTTCG 

GTGGTGTTCG 

GTGGTGTTCG 

GTGGTGTTCG 

GTGGTGTTCG 

GTGGTGTTTG 

GTGGTGTTTG 

GTGGTGTTTG 

GTGGTGTTTG 

GTGGTGTTTG 

GTGGTGTTTG 

GTGGTGCTTG 

GTGGTGTTCG 

GTGGTGCTCG 

TGTGCAATGA 

TGTGCAATGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

TGTGCAACGA 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACG 

CTGGCACACA 

CTGGCACACG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

GGCCTTCTGG 

360 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

CCTGCTACCT 

Fig. 6.1 to be continued 
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361 399 

WX-TtD CAAGAGCAAC TACCAGTCCA ATGGCATCTA CAGGGCCGC 

WX-W3 CAAGAGCAAC TACCAGTCCA ATGGCATCTA CAGGGCCGC 

wx-Ttl CAAGAGCAAC TACCAGTCCA ATGGCATCTA TAGGACGGC 

wx-Tzl CAAGAGCAAC TACCAGTCCA ATGGCATCTA TAGGACGGC 

WX-TmA CAAGAGCAAC TACCAGTCCA ATGGCATCTA TAGGACGGC 

wx-Tdl CAAGAGCAAC TACCAGTCCA GTGGCATCTA TAGGACGGC 

wx-Wl CAAGAGCAAC TACCAGTCCA ATGGCATCTA TAGGACGGC 

wx-Tz3 CAAGAGCAAC TACCAGTCCA ATGGCATCTA TAGGACGGC 

WX-TbB CAAGAGCAAC TACCAGTCCA ATGGCATCTA TAGGACGGC 

WX-TuA CAAGAGCAAC TACCAGTCCA ATGGCATCTA TAGGACGGC 

wx-Tz2 CAAGAGCAAC TACCAGCCCA ATGGCATCTA TAGGACGGC 

WX-W2 CAAGAGCAAC TACCAGTCCA ATGGCATCTA TAGGACGGC 

wx-Tt2 CAAGAGCAAC TACCAGTCCA ATGGCATCTA TAGGACGGC 

wx-Td2 CAAGAGCAAC TACCAGTCCA ATGGCATCTA TAGGACGGC 

WX-TlB CAAGAGCAAC TACCAGTCCA ATGGCATCTA TAGGACGGC 

WX-TsB CAAGAGCAAC TACCAGTCCA ATGGCATCTA CAGCACGGC 

wx-TshB CAAGAGCAAC TACCAGCCCA ATGGCATCTA TAGGACGGC 

Fig. 6.1 Alignment of partial waxy genes from different types of wheat. The 

sequences of the partial waxy genes from different types of wheat were aligned using 

the Pileup program of ANGIS (2.6.3). These waxy gene fragments cover major 

sections of exons 4 and 5 and all of infron 4. The GT and AG splice junction of intron 

4 is shaded. Short repeated DNA sequence motifs are in bold. Some sequences 

specific to individual waxy genes from different genomes of tetraploid and hexaploid 

wheat are shown in colour print. Such genome-specific sequences shared between 

different polyploid wheat are indicated the same colour. The four highly variable 

regions in intron 4 are indicated. Except for wx-TtD that was provided by R. Appels 

(CSIRO, Canberra), the other sixteen gene sequences were obtained in this project 

and their designations were shown in Table 6.2. 
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Table 6.2 The length of partial waxy genes from different genomes of wheat 

waxy genes 

T. monococcum (wx-TmA) 

T. urartu (wx-TuA) 

T. bicornis (wx-TbB) 

T. longissima (wx-TIB) 

T. sharonensis (wx-TshB) 

T. speltoides (wx-TsB) 

T. tauschii (wx-TtD) 

T. turgidum-I (wx-Tdl) 

T. turgidum-II (wx-Td2) 

T. aestivwn-I (wx-Wl) 

T. aestivum-II (wx-W2) 

T. aestivum-III (wx-W3) 

T. timopheevii-I (wx-Ttl) 

T. timopheevii-II (wx-Tt2) 

T. zhukovskyi-I (wx-Tzl) 

T. zhukovskyi-II (wx-Tz2) 

T. zhukovskyi-III (wx-Tz3) 

Exon 4 

143 

143 

143 

143 

143 

143 

143 

143 

143 

143 

143 

143 

143 

143 

143 

143 

143 

Intron 4 

143 

125 

125 

125 

125 

125 

151 

133 

125 

133 

125 

152 

125 

125 

125 

125 

133 

Exon5 

97 

97 

97 

97 

97 

97 

97 

97 

97 

97 

97 

97 

97 

97 

97 

97 

97 

Total 

383 

365 

365 

365 

365 

365 

391 

373 

365 

373 

365 

392 

365 

365 

365 

365 

373 

The length of exons 4 and 5 and intron 4 are deduced from the sequences of the 

respective waxy genes (Fig. 6.1). The AG/GT junction of intron of the waxy genes 

was based on that ofthe M'axy gene of bariey (Rohde et al, 1988). 
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6.6 Sequences specific for the different waxy genes 

6.6.1 Genome-specific sequences arising from insertions/deletions of intron 4 

The variation in length of intron 4 among the different M>axy genes appeared to have 

resulted mainly from insertions/deletions of 1-16 bp. The observed difference 

allowed identification of certain specific sequences representing the unique genomes 

of different wheat. As shown in Fig. 6.1, from positions 161 to 200, the three 

individual genes of T. aestivum, wx-Wl, wx-W2 and wx-W3, had insertions of 17 bp, 9 

bp and 40 bp in the regions 1 and 2 of intron 4 together, respectively. The wx-Tzl, 

wx-Tz2 and wx-Tz3 of T. zhukovskyi, had 24 bp, 9 bp and 17 bp in the corresponding 

regions. In region 3, M>X-W3 of T. aestivum had three nucleotides (ATC) more than 

the other waxy genes in polyploid wheat. Specific sequences representing all three 

waxy genes, M>X-W3 of T. aestivum, wx-Ttl of T. timopheevi and wx-Tzl of T. 

zhukovskyi, could be detected in region 4, resulting from minor deletions, relative to 

other waxy genes in these polyploid wheat. 

6.6.2 Short repeated sequences mainly responding for variations in length of 

intron 4 

The insertions/deletions of nucleotides in intron 4 were related to short repeated 

sequences in tliree main variable regions (Fig. 6.1). In region 1, the genes wx-Wl, wx-

Tdl and wx-Tz3 which had a 133 bp intron 4, had two AGC motifs in the 8 bp 

insertion that did not occur in wx-TbB and other eight waxy genes which had 125 bp 

intron 4. In region 2, wx-TtD and M'X-W3 had four copies ofthe nucleotide repeat GT 

in the 16 bp insertion, relative to other fifteen waxy genes. In region 4, wx-TtD, wx-

W3, wx-Ttl and wx-Tzl appeai-ed to have a deletion, as they had only one GCCGCG 

motif, while some others had two of these motifs {M'x-TmA, wx-Tz3, wx-Wl and wx-

Tdl), or tlii-ee GCCGC motifs {wx-TsB and Mx-TshB), or two GCCGC motifs in the 

other eight M>axy genes. 
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6.7 Identities of the different partial waxy genes 

6.7.1 Variation in sequences of the waxy genes from genomes of the T. 

turgidum-T. aestivum lineage 

All seventeen waxy genes in Fig, 6,2 were analyzed in pairwise combinations for their 

sequence identity. In the T. turgidum-T. aestivum lineage of wheat, compaiison ofthe 

two M'axy genes in T. turgidum with the three waxy genes in T. aestivum (Table 6.3) 

showed that the wx-Tdl had the best identity to the wx-Wl and that the wx-Td2 had 

the best identity to the wx-W2. Particularly, at positions 161 to 180 in region 1 of 

intron 4, wx-Tdl and wx-Wl contained the same specific sequence section, 

CAGCTACT, which could not be found in other waxy genes of T. turgidum-T. 

aestivum wheat. In this variable region, wx-Td2 and wx-W2 were identical in length. 

Therefore, wx-Tdl and wx-Td2 of T. turgidum most likely corresponded to the wx-Wl 

and WX-W2 of T. aestivum, respectively. Minor sequence variations were observed in 

the comparison of wx-Tdl with wx-Wl and wx-Td2 with wx-W2. At position 381, 

there is a nucleotide difference between wx-Tdl and wx-Wl. There were three 

necleotide differences, at positions 22, 37 and 56, between M>x-Td2 and wx-W2. These 

differences accounted for the <100%o identity between the pairs of wx-Tdl -wx-Wl, 

and wx-Td2 -wx-W2 (Table 6.3), 
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Table 6.3 Identity (Vo) ofthe waxy genes between T. turgidum and T. aestivum 

Genes wx-Tdl wx-Td2 wx-Wl wx-W2 wx-W3 

wx-Tdl 100 

wx-Td2 92,60 100 

wx-Wl 99.73 92,33 100 

WX-W2 92.88 99.20 93,15 100 

M'x-W3 86.38 89.11 86,65 89.39 100 

wx-Tdl and M>x-Td2: the two M>axy genes from T. turgidum ssp, durum; wx-Wl, wx-

W2 and wx-W3: the thî ee waxy genes from T. aestivum. The identities of sequences 

were determined by using the Bestfit program of ANGIS (section 2,6.2). The 

significantly high identities observed between certain pairs are shown in bold. 
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6.7.2 Variation in sequences of the waxy genes from genomes of the T. 

timopheevi-T. zhukovskyi lineage 

The sequence identity of wx-Ttl of T. timopheevi to wx-Tzl of T. zhukovskyi was 

significantly higher than that to M'X-TZ2 and wx-Tz3 of T. zhukovskyi {Table 6.4); there 

was only one nucleotide difference between wx-Ttl and Tzl, at position 37 in exon 4 

(Fig. 6.1). The sequence identity of wx-Tt2 to wx-Tz2 was significantly higher than 

that to wx-Tzl and wx-Tz3; there was a difference of only two nucleotides between 

wx-Tt2 and wx-Tz2, at position of 111 in exon 4 and position 377 in exon 5. 

6.7.3 Relationship of the waxy genes between T. turgidum-T.aestivum and T. 

timopheevi-T. zhukovskyi lineages 

To determine the possible relationship of genomes between the polyploid T. 

turgidum-T. aestivum and T. timopheevi-T. zhukovskyi lineages, the sequences of 

these M'oxy genes were compared (Table 6.5). The results indicated that both wx-Tt2 

of T. timopheevi and wx-Tz2 of T. zhukovskyi were more related to wx-Td2 of T. 

turgidum and wx-W2 of T. aestivum, compared to the other M>axy genes of these 

polyploid wheat. The wx-Tz3 of T. zhukovskyi had the highest identity to wx-Tdl of 

T. turgidum and wx-Wl of T. aestivum among all the waxy genes of these polyploid 

wheat, A specific sequence in region 1 of intron 4, CAGCTACT, present in the wx-

Tdl and wx-Wl, was also detected in the wx-Tz3 but not in any of the other waxy 

genes (Fig, 6,1), 
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Table 6.4 Identity (%) of the waxy genes between T. timopheevi and T. 

zhukovskyi 

Genes Mx-Ttl wx-Tt2 wx-Tzl wx-Tz2 wx-Tz3 

wx-Ttl 100 

wx-Tt2 95.43 

wx-TzI 99.73 

wx-Tz2 95,71 99.18 96,00 100 

wx-Tz3 94.69 92.06 94,41 92.33 100 

100 

95,71 

99.18 

92.06 

100 

96,00 

94,41 

wx-Ttl and wx-Tt2: the two waxy genes from T. timopheevi; wx-Tzl, wx-Tz2 and wx-

Tz3: the three M'axy genes from T. zhukovskyi. The identities of sequences were 

determined by using the Bestfit program of ANGIS (section 2.6.2). The significantly 

high identities observed between certain pairs are shown in bold. 
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Table 6,5 Identity (%) of the waxy genes between the T. turgidum-T. aestivum 

and T. timopheevi-T. zhukovskyi lineages 

Genes wx-Tdl wx-Td2 wx-Wl WX-W2 WX-W3 

wx-Ttl 

wx-Tt2 

wx-Tzl 

wx-Tz2 

wx-Tz3 

94.69 

92.06 

94,41 

92,33 

99.46 

96.00 

98.63 

96,00 

98.90 

92,60 

92.33 

94.97 

94.69 

92,60 

99.73 

96.29 

99.18 

96.00 

99.45 

92.88 

87,67 

88.55 

87,40 

88.83 

86,38 

The identities of sequences between different waxy genes of T. turgidum {wx-Tdl and 

wx-Td2)-T. aestivum {wx-Wl, wx-W2 and wx-W3) and T. timopheevi {wx-Ttl and M'X-

Tt2)-T. zhukovskyi {wx-Tzl, wx-Tz2 and wx-Tz3) were determined by using the Bestfit 

program of ANGIS (section 2,6,2). The significantly high identities between certain 

pairs are shown in bold. 
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6.7.4 Relationship of the waxy genes between diploid and polyploid wheat 

The relationships of genomes of polyploid and diploid wheat were analyzed utilizing 

the sequence identity of various partial waxy genes, given in Table 6.6. The following 

results were revealed: 

1. The WX-W3 fragment had 100%o identity to the corresponding section ofthe 

waxy gene in T. tauschii and there was only a 1-base deletion in intron 4 of 

T. tauschii, relative to the wx-W3. However, the identity of wx-W3 to all 

other diploid waxy genes was <89%, and the identity of wx-Wl and wx-W2 

to the waxy gene of T. tauschii was 86.6% and 88.6%, respectively. 

Moreover, a total 26 bp and 34 bp deletion in three regions were detected in 

wx-Wl and wx-W2, respectively, relative to the M'axy gene in T. tauschii 

(Fig, 6.1). 

2. The wx-Td2 of T. turgidum and M'X-W2 of T. aestivum were more 

homologous to M'X-TUA of T. urartu and wx-TbB of T. bicornis (>99%)) than 

to the waxy genes of other diploid wheat species, 

3. The sequence identity of M'x-Ttl of T. timopheevi and M'X-TZI of T. 

zhukovskyi was much higher to wx-TmA of T. monococcum (>99%) than to 

the M'axy genes of other diploid wheat species, 

4. The wx-Tt2 of T. timopheevi and wx-Tz2 of T. zhukovskyi had much higher 

identity to M'X-TUA of T. urartu and wx-TbB of T bicornis (>99%) than to 

the waxy genes of other diploid wheat species. 

5. The remaining M'axy genes in the polyploid wheat, i,e., M>x-Tdl of T. 

turgidum, wx-Wl of T. aestivum and wx-Tz3 of T. zhukovskyi, had 92-98%o 

identity to the M'oxy genes of all tested diploid wheat, except to the M'x-TtD 

of T. tauschii (<89%). 
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Table 6.6 Identity (%) ofthe waxy genes between polyploid and diploid wheat 

Genes wx-TmA wx-TuA wx-TbB wx-TIB wx-TsB wx-TshB wx-TtD 

wx-Tdl 93.57 92.60 92.60 94,24 93,43 95T07 g ^ ^ ^ -

wx-Td2 95.34 99.18 99.18 97,81 92,88 93.70 88.27 

wx-Wl 93.83 92.88 92.88 94.52 93.70 95.34 86.61 

WX-W2 95.62 99.73 99.73 98.08 92.60 93.43 88.55 

WX-W3 88.53 89,11 89,11 88,55 88.06 86,38 100.00 

wx-Ttl 99.45 96.00 96,00 96,00 94,57 95.43 87.64 

wx-Tt2 94.80 99.45 99.45 97,26 92,06 92.88 87,71 

wx-Tzl 99.18 96,29 96,29 95.71 94.57 95.43 87.36 

wx-Tz2 95,07 99.73 99.73 97.53 92,33 93.70 87,99 

wx-Tz3 93.57 92.60 92,60 94.25 93.43 95,07 86,34 

The gene designations are as in Table 6,2: two genes {wx-Tdl and M'x-Td2) for T. 

turgidum; tlii-ee genes {wx-Wl, M'X-W2 and M'X-W3) for T. aestivum; two genes {wx-Ttl 

and M'x-Tt2) for T. timopheevi; tlu-ee genes {wx-Tzl, M'X-TZ2 and wx-Tz3) for T. 

zhukovskyi; and M'x-TmA, wx-TuA, M'x-TbB, M'X-TIB, WX-TSB, wx-TshB and wx-TtD for 

T. monococcum, T. urartu, T. bicornis, T. longissima, T. speltoides, T. sharonensis 

and T. tauschii, respectively. The identities of sequences between the ten waxy genes 

of polyploid and seven waxy genes of diploid wheat were obtained by using the 

Bestfit program of ANGIS (section 2.6.2). The significantly high identities shared 

between certain pairs are shown in bold. 
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6.7.5 Relationship of the waxy genes between different diploid wheat 

The sequence identity ofthe waxy genes between different diploid wheat (Table 6.7) 

showed that T. tauschii had a unique sequence for the waxy gene, since its identity to 

all other waxy genes in diploid wheat was <89%. The two possible candidates for 

being the donor of A genome to polyploid wheat, T. monococcum and T. urartu, had 

95%) identity to each other (Table 6,7), and thus they were considered to be two 

different waxy genes (Fig. 6.2). This is consistent with our results showing that there 

were three gaps in the sequences of intron 4 between T. monococcum and T. urartu 

(Fig. 6,1). The four species ofthe Sitopsis section, T. speltoides, T. sharonensis, T. 

bicornis and T. longissima, had significant variations in the sequences of their waxy 

genes, with identities ranging from 92% to 98%. These genes had the same length of 

the sections of exons 4 and 5 covered in the clones, and also of intron 4; the sequence 

variation observed resulted from nucleotide substitutions, mainly in exon 4 (Fig. 6.1). 

Unexpectedly, T. urartu and T. bicornis had completely identical sequences,. 

6.8 Phylogenetic tree of different genomes of wheat 

To determine the phylogenetic relationships of genomes in the different types of 

wheat, a phylogenetic tree was constructed using the method described in section 2, 

6.8. The genome types of polyploid wheat were designated according to the waxy 

genes on different genomes (Fig. 6.2), Two clearly distinct clusters were identified in 

this phylogenetic tree. Cluster 1 included genomes II of T. turgidum, T. aestivum, T. 

timopheevi and T. zhukovskyi and the three diploid wheat, T. urartu, T. bicornis and T. 

longissima. Cluster 2 included genomes I of T. turgidum and T. aestivum, genome III 

of T. zhukovskyi and the diploids T. speltoides and T. sharonensis. The basal node in 

the tree separated T. tauschii and genome III of T. aestivum from the rest of the 

species. The remaining genomes, genomes I of T. timopheevi and T. zhukovskyi were 

more related to T. monococcum. 
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Table 6.7 Identity (%) of the waxy genes between different diploid wheat 

Genes M'x-TmA wx-TuA wx-TbB wx-TIB wx-TsB wx-TshB wx-TtD 

WX-TmA 100 

wX'TuA 95.34 100 

WX-TbB 95,34 100,00 100 

wx-TlB 95,34 97,81 97,81 100 

wx-TsB 94.25 92,60 92,60 93,15 100 

wx-TshB 95.34 93.43 93.43 94.80 95.62 100 

WX-TtD 88.50 88,27 88.27 87.71 86.91 85.24 100 

The identities of sequences were determined by using the Bestfit program of ANGIS 

(section 2.6.2). The gene designations are as in Table 6.2. 
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T. aestivum-Ul {wx-W3) 

T. tauschii (wx-TtD) 

T. monococcum {wx-TmA) 

T. longissima {wx-TIB) 

T. turgidum-ll {wx-Td2) 

T. aestivum-11 {wx-W2) 

T. timopheevi-ll {wx-Tz2) 

T. zhukovskyi-II {wx-Tt2) 

T. bicornis {wx-TbB) 

T. urartu {wx-TuA) 

Cluster 1 

— T. speltoides {wx-TsB)-

T. sharonensis {wx-TshB) 

T. zhukovskyi-III {wx-Tz3) 

T. turgidum-I {wx-Tdl) 

T. aestivum-I {wx-Wiy— 

T. zhukovskyi-I {wx-Tzl) 

T. timopheevii-I {wx-Ttl) 

Cluster 2 

Fig. 6.2 The phylogenic tree of genomes of different types of wheat based on 

identities of the partial waxy genes. The phylogenetic tree was constructed using the 

Eneighbour program (section 2.6.8). 
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6.9 Cloning of the exon 1-exon 4 section of the waxy gene in T. turgidum 

The wx-Tdl of T. turgidum had <95%) identity to the waxy genes in all the tested 

diploid wheat (Table 6.6). The donor of diploid progenitor to T. turgidwn, could 

therefore, not be determined only on the basis of these sequence identity. To obtain a 

greater understanding of the relatedness between the two genes {wx-Tdl and wx-Td2) 

in this tetraploid wheat and compare these with those of diploid T. monococcum and 

T. speltoides discussed in Chapter 4, the primers Fl and Rl, which were then used to 

clone Fragment 1 of the waxy gene of T. monococcum and T. speltoides (section 

2.3.3.1), were used to clone this fragment from the two waxy genes in T. turgidum ssp. 

durum. Tliree positive clones, du 6, dull and du 33, were obtained and identified to 

show that all inserts had the same sequences. The insert of one of these (dul 1) was 

sequenced completely; it was found to be 938 bp in length. The sequence of dull 

was identical to that of T. speltoides in both the exons and the introns included this 

region (Fig. 6.3), but it was different from T. monococcum (data not shovm). 
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Exon 1 . . . 
A: 1 TTGCTGCAGGTAGCCACACCCTGTGCGCGCCATGGCGGCTCTGGTCACGTCCCAGCTCGCCACCTCCGCC 70 
B' MlllllllllllllllllllllllllllllllllllllllllllllilllliiiiiiiiiiiiiiMii 

1 TTGCTGCAGGTAGCCACACCCTGTGCGCGCCATGGCGGCTCTGGTCACGTCCCAGCTCGCCACCTCCGCC 70 

71 ACCGTCCTCGGCATCACCGACAGGTTCCGCCATGCAGGTTTCCAGGGCGTGAGGCCCCGGAGCCCGGCAG 140 
M MMIIIIIII I Mlllllllllllll II IIIIMM II IIIIIIM III I II IIIIMlMl IMI I 

71 ACCGTCCTCGGCATCACCGACAGGTTCCGCCATGCAGGTTTCCAGGGCGTGAG&CCCCGGA&CCCGGCAG 140 

141 ATGCGCCGCTCGGCATGAGGACTGTCGGAGCGAGCGCCGCCCCGAAGCAACAAAGCCGGAAAGCGCACCG 210 
I I I N M M I M M M M M M M M l i l M M M I M M N N n n n M M M M M M M M M N 

141 ATGCGCCGCTCGGCATGAGGACTGTCGGAGCGAGCGCCGCCCCGAAGCAACAAAGCCGGAAAGCGCACCG 210 

211 CGGGACCCGGCGGTGCCTCTCGATGGTGGTGCGCGCCACCGGCAGCGGCGGCATGAACCTCGTGTTCGTC 280 
I M i M M M M I M M M i M M M I I i l l l l l l l l l M M M M I I M M M M I M I M I M M I M 

211 CGGGACCCGGCGGTGCCTCTCGATGGTGGTGCGCGCCACCGGCAGCGGCGGCATGAACCTCGTGTTCGTC 280 

281 GGCGCCGAGATGGCGCCCTGGAGCAAGACCGGCGGCCTCGGCGACGTCCTCGGGGGCCTCCCCCCAGCCA 350 
IM IIIIIIIIIIIII M M M M M M M M M M M M M M M I M II M M M II M M I I I M M 

281 GGCGCCGAGATGGCGCCCTGGAGCAAGACCGGCGGCCTCGGCGACGTCCTCGGGGGCCTCCCCCCAGCCA 350 
Intron 1 . 

351 TGGCCGTAAGCTAGCTAGCTAGCACCACTGTCTTCTCATAATGTTCTTCTTGCAGCCACCCATGCCTGCC 420 
II IIMIIIIIIIIIIIIIIIIIMIIMIIIIIIIIIIIIIIIIIIIIMIMIIIIIIIIIIMIIII 

351 TGGCCGTAAGCTAGCTAGCTAGCACCACTGTCTTCTCATAATGTTCTTCTTGCAGCCACCCATGCCTGCC 420 
Exon 2 . . . 

421 ATTACAAGTGACAACTGATGGTGTGTCTGTGCAGGCCAACGGTCACCGGGTGATGGTCATCTCCCCGCGC 490 
M M M M I I I I M M I M M M IIII M M M M M I M M I M M M M M I I I M M I I M M M M 

421 ATTACAAGTGACAACTGATGGTGTGTCTGTGCAGGCCAACGGTCACCGGGTGATGGTCATCTCCCCGCGC 490 
Intron 2 

491 TACGACCAGTACAAGGACGCCTGGGACACCAGCGTCGTCTCCGAGGTATACATATATCCGCCACATGAAT 560 
IIMII M I M I I I M M M I M I I I M M I lllllllllllllililllllMIIIIIIIIIIIMIII 

491 TACGACCAGTACAAGGACGCCTGGGACACCAGCGTCGTCTCCGAGGTATACATATATCCGCCACATGAAT 560 
Exon 3 

561 CATCCCAAAATTCACATGCTCCTGCACATTTCTGCAAGGTTCTACTCACCGACTGGATTTGCAGATCAAG 630 
I II 11 M II II II IIMII II II II II IIII II M II IIII II M M M I I I M IIMII II llllllll 

561 CATCCCAAAATTCACATGCTCCTGCACATTTCTGCAAGGTTCTACTCACCGACTGGATTTGCAGATCAAG 630 

631 GTCGCCGATGAGTACGAGAGGGTGAGGTACTTCCATTGCTACAAGCGCGGGGTGGACCGCGTGTTCGTCG 700 
M M M J M I M I M M I M M M M M M M M M M M M M I M I M I I M M I M M M I M M M 

631 GTCGCCGATGAGTACGAGAGGGTGAGGTACTTCCATTGCTACAAGCGCGGGGTGGACCGCGTGTTCGTCG 700 
Intron 3 . . . . 

701 ACCACCCGTGCTTCCTGGAGAAGGTGACTGATCATCGTAGTCGATCGATAGATCGATCAAGCTATCTTTT 770 
M M M 11 II M II M M M M I I M M M M M M M II 11 11 M I M I I I M M i M I 11 n I M 11 I 

701 ACCACCCGTGCTTCCTGGAGAAGGTGACTGATCATCGTAGTCGATCGATAGATCGATCAAGCTATCTTTT 770 
Exon 4 

771 CGTCGTCTCAACATTCATGGTGATTGATTTGGGTGAACCTTTGTTTCTGCTGGTTGCAATTTCCAGGTCC 840 
I M M II II 11 II M II I II II II M M M M M M Ml IIM M M M II II I II II II Mill I M II 

771 CGTCGTCTCAACATTCATGGTGATTGATTTGGGTGAACCTTTGTTTCTGCTGGTTGCAATTTCCAGGTCC 840 

841 GGGGCAAGACCAAGGAGAAGATCTACGGGCCCGACGCCGGCACCGACTACGAGGACAACCAGCTACGCTT 910 
IIIII I II II 11 I I M I II II I II M M 11 M II II M M II M I M 11 II II III IIII I II II II I M 

841 GGGGCAAGACCAAGGAGAAGATCTACGGGCCCGACGCCGGCACCGACTACGAGGACAACCAGCTACGCT T 910 

911 CAGCCTCCTCTGCCAGGCAGCGCTGGAA 938 
II MMM l i n i l M MM II I M I I I 

911 CAGCCTCCTCTGCCAGGCAGCGCTGGAA 938 

Fig. 6.3 Alignment of sequences of a partial waxy gene of T. turgidum and the 

corresponding region of the waxy gene of T. speltoides. Line A indicates the sequence of 

Fragment 1 of a waxy gene of T. turgidum; and line B indicates the sequence of the 

corresponding section of the waxy gene of T. speltoides {wx-TsB, Fig. 4.3). The GT/AG 

junction of introns and the first translation initiation codon in exon 1 are shaded. The two 

sequences were aligned using the Bestfit program of ANGIS (section 2.6.2) and indicate 

100% identity. 
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6.10 Discussion 

6.10.1 Sequences of the partial waxy genes representing different genomes of 

polyploid wheat 

In this study, a series of the partial waxy genes from different diploid, tetraploid and 

hexaploid wheat have been cloned, sequenced and analyzed. The results indicated 

variations in lengths and sequences of the fragments cloned in this study, particularly 

in the intron region, allowing identification of the two individual genomes in 

tetraploid and the three individual genomes in hexaploid wheat. The genome-specific 

sequences were found to result from small insertions/deletions in intron 4 (Fig, 6.1). 

Moreover, these variations in intron 4 could be considered as phylogeneticallly 

informative, as these specific sections appeared to have been stable during the 

evolution of wheat from tetraploid T. turgidum to hexaploid T. aestivum and fi-om 

tetraploid T. timopheevi to hexaploid T. zhukovskyi. These specific sequences 

representing different genomes of polyploid wheat could be utilized to develop 

molecular tools for identifying different mutants of the waxy genes in wheat breeding 

programs and distinguishing efficiently between different genomes for further 

understanding ofthe evolution of wheat. 

The diploid species could be distinguished by insertions/deletions in intron 4 or minor 

replacement of nucleotides in the section cloned here, with the exception of T. urartu 

and T. bicornis, which had identical sequences of the section (Fig. 6.1). This 

exception might be due to the conservation of sequences in this section between these 

species. This needs to be confirmed by further investigating different accessions of 

these two species. The most significant observation was that T. tauschii was different 

from other diploids in length and sequence of the fragment cloned in this study, A 

difference in length of intron 4 between T. monococcum and T. urartu, the two 

proposed donors of A genome, has been also identified here. This result thus provides 

a tool for identification of A and A-like genomes superior to that described in 

previous reports (Jones et al, 1982; Jones and Mak 1983; Kerby et al, 1988). These 

investigations had indicated that T. monococcum and T. urartu contained the same 

sequences of the B-purothionin form specified by T. turgidum and T. aestivum, and 

thus both T. monococcum and T. urartu might be possible donors of A genome to 

these polyploid wheat. The present work could thus offer a clearer understanding and 
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comparison of these two closely related species. The identical length of intron 4 was 

found in the four closely related diploid species in the Sitopsis section. The point 

mutations of nucleotides were detected in both exons and introns ; however, the 

sequence information obtained here is not sufficient to resolve readily the differences 

between these. 

The extensive sequence data collected here on the waxy genes ofthe different types of 

wheat made it possible to construct a phylogenetic tree to analyse the evolutionary 

relationship of genomes between the various diploid species and the individual 

genomes of polyploid species. When the data regarding the genome-specific 

sequences and analysis of the phylogenetic tree were taken together, the following 

observations could be made and conclusions drawn. 

6.10.2 Origin ofthe genomes of T. aestivum 

6.10.2.1 The third set of genomes and the tetraploid progenitor of T. aestivum 

The wx-Tdl and M'x-Td2 of T. turgidum corresponded to wx-Wl and wx-W2 of T. 

aestivum, based on their sequence identities and specific sequences in intron 4 (Fig. 

6.1, Table 6,3), This suggests that the genomes containing the wx-Wl and wx-W2 

genes in T. aestivum would have originated from those containing wx-Tdl and wx-Td2 

in T. turgidum, respectively, and that the M'X-W3 was on the third set of genomes in T. 

aestivum. 

The WX-W3 of T. aestivum had the highest identity to the wx-TtD of T. tauschii, 

compared to other diploid wheat (Table 6,6), indicating that the wx-W3 might 

represent the waxy gene on D genome of T. aestivum and that a T. tauschii accession 

with this sequence is the most likely donor of the D genome of T. aestivum. This 

observation thus strongly supports previous investigations (Lagudah et al, 1991; 

Holimami et al, 1993; Gill et al, 1991; Gill et al, 1993). 

6.10.2.2 Origin of B genome 

The waxy genes of all tested diploid species in the Sitopsis section tested here, which 

are proposed to be the donor of B genome of T. turgidum and T. aestivum., had 
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identical length of intron 4. It is thus difficult to determine which of these diploid 

species is the more likely donor of B genome. The M'axy gene of another diploid 

species in the Sitopsis section, T. searsii, had only approximately 97%o identity to the 

wx-B gene in T. turgidum-T. aestivum (Murai et al, 1998), indicating that T. searsii 

might not be the donor of B genome. 

The analysis of the phylogenetic tree (Fig. 6.2) showed that wx-Tdl of T. turgidum 

and wx-Wl of T. aestivum belong to the same cluster as T. speltoides and T. 

sharonensis, implying that T. speltoides or/and T. sharonensis might be the donor(s) 

of one genome containing wx-Tdl in T. turgidum and wx-Wl in T. aestivum. As T. 

speltoides and T. sharonensis have been proposed as the donors of B genome (Kerby 

and Kuspira, 1987), M'x-Tdl in T. turgidum and wx-Wl in T. aestivum could be 

suggested to be from the B genome. 

In order to determine whether T. speltoides or T. sharonensis was indeed the donor of 

B genome, we attempted to clone fragment 1 from these two species, so it could be 

compared to the corresponding section of to the waxy gene in T. speltoides (Chapter 

4), Unfortunately, the cloning for T. sharonensis was unsuccessful. However, a 930 

bp fragment from the exons 1-3, intron 1-3 and partial exon 4 of one waxy gene of T. 

turgidum was isolated successfully. This fragment had exactly the same sequence as 

the corresponding region of the waxy gene of T. speltoides (Fig. 6.3), and thus T. 

speltoides was more likely to be the candidate donor of the B genome of T. turgidum 

and T. aestivum than T. sharonensis, assuming that the sequence of the waxy gene of 

T. sharonensis had a minor variation in the exon 1-exon 4 region. Although some 

reports have suggested that more than one diploid species might be the likely donor of 

B genome (Kerby et al, 1990; Takumi 1993) and that T. speltoides might not be the 

donor of B genome (Mori et al, 1997), T. speltoides has been suggested as the donor 

of B genome by a majority of recent reports (Gill and Appels, 1988; Miyashita et al, 

1994; Talbert et al, 1991 and 1995; Dau and Gustafson, 1996; Badaeva et al, 1996; 

Ohsako et al, 1996; Sasanuma et al. 1996; Blake et al, 1998). The incomplete 

identity of the exon 4-intron 4-exon 5 region of the waxy gene between T. speltoides 

and T. turgidum-T. aestivum observed here indicates that this region has probably 

undergone significant variations compared to the D genome, during the evolution of B 

genome of wheat from diploid through tetraploid to hexaploid. 
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6.10.2.3 Origin of A genome 

Based on the above suggestions that wx-Tdl of T. turgidum and wx-Wl of T. aestivum 

might be from B genomes and wx-W3 might be from the D genome of T. aestivum 

(see section 6.10.2.2), wx-Td2 of T. turgidum and wx-W2 of T. aestivum should have 

derived from the A genome. In the phylogenetic tree, only T. urartu, a putative 

candidate of A genome, fell into the same cluster as wx-Td2 of T. turgidum and wx-

W2 of T. aestivum. The wx-TmA of T. monococcum, the other proposed donor of A 

genome, was significantly different in sequences from wx-Td2 of T. turgidum and wx-

W2 ofT. aestivum and in a different cluster ofthe phylogenetic tree from wx-Td2 and 

WX-W2. The identity of M'x-TmA of T. monococcum to M'x-Td2 and wx-W2 was 

approximately 95%; much less the 99% identity of wx-TuA of T. urartu to wx-Td2 and 

WX-TW2 (Table 6.6). These observations suggest that T. urartu and T. monococcum 

had different waxy genes and that only T. urartu might be the donor of A genome to 

T. turgidum and T. aestivum. This suggestion is consistent with the cun^ent theory of 

T. urartu being the donor of A genome to T. turgidum and T. aestivum (Nishikawa, 

1983; Dvorak et al, 1993; Takumi et al, 1993; Jiang and Gill, 1994; Friebe and Gill, 

1996; Randhawa et al, 1997; Jaaska, 1997). 

6.10.3 Origin of the genomes of T. zhukovskyi 

6.10.3.1 The third set of genome and the tetraploid progenitor of T. zhukovskyi 

The wx-Tzl and wx-Tz2 of T. zhukovskyi showed the highest identity to wx-Ttl and 

wx-Tt2 of T. timopheevi, respectively (Table 6.4). The wx-Ttl-wx-Tzl and wx-Tt2-

wx-Tz2 pairs were classified into the two separate clusters in the phylogenetic tree, 

respectively. These observations indicated that wx-Tzl and wx-Tz2 of T. zhukovskyi 

were most likely derived from wx-Ttl and wx-Tt2 of T. timopheevi, respectively. By 

deduction, the wx-Tz3 should be on the third set of genomes in the hexaploid T. 

zhukovskyi. The phylogenetic tree indicated that the third genome containing M'X-

Tz3 ofT. zhukovskyi fell into the same cluster as M'x-Tdl of T. turgidum and wx-Wl of 

T. aestivum (Fig. 6.2). Comparison of the sequences also indicated that wx-Tz3 

contained a specific sequences in intron 4, CAGCTACT, which was only detected in 

wx-Tdl and M'X-W1. T. zhukovskyi is a man-made hybrid of the tetraploid T. 

timopheevi and the diploid T. monococcum; i.e., the third set of genome of T. 
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zhukovskyi should be the A genome from T. monococcum (Jakubzizer, 1958, Upadhya 

and Swaminathan, 1963; Johnson, 1968 and 1972; Dvorak, 1991; Breiman and Graur, 

1995; Friebe and Gill, 1996). However, wx-Tz3 representing the third set of genome 

was significantiy different from wx-TmA of T. monococcum in intron 4 region. 

Therefore, the present work suggest that intraspecies polymorphism existed in T. 

monococcum or that wild T. monococcum {T. monococcum ssp boeoticum) or might 

be the third set of genome of T. zhukovskyi. Any accession of T. monococcum that 

had the same sequences as wx-Tz3 would be the best candidate of the donor of the 

third set of genome of T. zhukovskyi. 

6.10.3.2 The donors of one genome to T. timopheevi 

The wx-Ttl of T. timopheevi had greater identity to the wx-TmA of T. monococcum than 

to the waxy genes of other tested diploid species tested here (Table 6.6), although two 

short deletions/insertions in intron 4 were detected between them. This observation 

indicates that T. monococcum could be the donor of one genome to T. timopheevi, thus 

supporting other reports (Jakubzizer, 1958; Upadhya and Swaminathan, 1963; Johnson, 

1968 and 1972; Appels et al, 1988; Jaaska, 1997). 

The second donor of the T. timopheevi could not be determined by the present study, 

because the single M'axy genes from each of the three diploid wheat, T. urartu, T. 

bicornis and T. longissima were classified into the same cluster as wx-Tt2 of T. 

timopheevi. It was not possible to determine which one of these was the more likely 

donor of M>x-Tt2, although many reports have shown that T. urartu was one donor to 

T. timopheevi based on repeated sequence profiles (Dvorak, 1993; Friebe and Gill, 

1996; Jiang and Gill, 1994; Breiman and Graur, 1995), Moreover, wx-Tt2 should be 

from the G genome, because the M'x-Ttl has been suggested to be from A genome of 

T. monococcum. T. speltoides (Jolinson, 1975; Dvorak and Appels, 1982; Chen and 

Gill, 1983; Ogihara and Tsunewaki, 1988; Dvorak and Zhang, 1990; Jiang and Gill, 

1994; Shands and Kimber, 1973; Jaaska, 1978; Tsunewaki and Ogihara, 1983; Talbert 

et al, 1991) and T. sharonensis (Kushnir et al, 1983) have been suggested to be the 

donor of G genome. The uncertain of G genome identified by intron 4 in this study is 

resulted from the fact that all the possible G genome donors had an identical length of 
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intron 4. Some variable regions need to be investigated to identify the donor ofthe G 

genome. 

6.10.4 Intraspecies polymorphism of wheat 

The DNA sequence information on the waxy genes obtained in this project provided 

some new and valuable information for phylogenetic and evolutionary relationships of 

different genomes of polyploid wheat. However, the origins of different genomes of 

wheat are complicated. The comparison of sequences of the M'axy genes in T. 

monococcum, T. speltoides and T. tauschii constructed here and the recent reports by 

Mason-Gamer et al. (1998) indicated that significant variation in sequences ofthe 

waxy genes exist within T. monococcum, T. speltoides or T. tauschii species. These 

intraspecies variations were detected in both exons and introns. As discussed in 

section 5,3,4, the T. speltoides in this study was different from the T. speltoides 

studied by Fujita et al. (1996) based on the sequences ofthe partial region ofthe waxy 

proteins. Variations in RFLP patterns within diploid T. monococcum and T. urartu 

(Rodriguez-Quijiano et al, 1997; Randhawa et al, 1997) have been reported. Even 

though T. tauschii has been strongly suggested to contribute D genome to common 

wheat, some interspecies polymoi-phism has been found based on C-band (Gill et al, 

1994) and RFLP analysis (Talbert et al, 1998). 

Intraspecies polymorphism of common wheat has been reported by RFLP analysis 

(Chao et al, 1989; Kam-Mogan and Gill, 1989; Liu et al, 1990; Lubbers et al, 1991; 

Frederiksen and Seberg, 1992; Monte et al, 1993) and by sequence analysis of Glu-

Al locus (Talbert et al, 1998). Talbert et al. (1998) suggested that the D genomes in 

two types of common wheat were contributed by two different accessions of T. 

tauschii. These studies have thus suggested more than one progenitor of the single 

genome in polyploid wheat. In addition, translocation events between different 

genomes have been shown to exist in polyploid wheat (Chao et al, 1989; Friebe and 

Gill, 1996), Polymorphism of genetics information in both diploid and common 

wheat makes it more complicated to determine the origins of the genomes of wheat. 

Therefore, more extensive studies on intraspecies and interspecies variation of diploid 

and polyploid wheat are needed to reveal the phylogenetic and evolutionary 

relationship of wheat. 
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Chapter 7 Development of Molecular Markers for the waxy A, B 

and D Loci and possible alternative transcriptional events 

of waxy genes of Common Wheat 

ABSTRACT 

Sequence analyses ofthe three partial genomic waxy genes {wx-Wl, wx-W2 and wx-

W3) obtained in this project and a waxy cDNA (Clark et al, 1991) of common wheat 

showed that the wx-W2 gene had much higher identity than the wx-Wl and wx-W3 

genes to this cDNA. However, in the reported cDNA a stretch of 33 bp encoding an 

additional 11 amino acids, appeared to be completely identical to a part of intron 4 in 

the WX-W2. 3 of 241 nucleotides in exons of this wx-W2 were also different from the 

cDNA sequence. It is thus suggested that a possible altemative transcriptional event 

might be involved in expression of the waxy genomic gene in wheat. On the basis of 

the sequences of the three partial waxy genomic genes in common wheat, specific 

primers were designed and restriction enzyme sites were identified to represent the wx-

A, wx-B and wx-D loci. A pair of primers was also applied successfully to amplify the 

fragment containing the variable length of intron 5 ofthe three waxy genes of common 

wheat in one PCR. Comparison ofthe amplified DNA bands between a line of normal 

wheat, a null-7A line and a null-4A line indicated that their patterns were identical, 

suggesting that the waxy gene had not been deleted completely in these null lines. The 

waxy locus-specific sequences, the deduced locus-specific restriction enzyme sites and 

the locus-specific PCR products could be developed fiirther as molecular markers for 

identification of the wx-Al, wx-Bl and wx-Dl loci of hexaploid common wheat and 

their mutants. 
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7.1 Introduction 

The three individual partial waxy genes, wx-Wl, wx-W2 and wx-W3, have been 

cloned from conmion wheat (Chapter 6). In view ofthe importance of waxy genes to 

starch quality (section 1.6.4) and for understanding the genetics and evolution of 

wheat, it is of great interest to identify any genome-specific properties of the three 

waxy genes and develop these as molecular markers for the respective waxy loci in 

common wheat. The homoeologous nature of the three genomes and the unique 

characteristics and contributions of the various waxy proteins to starch quality have 

been discussed at length in section 1.6; some of these features are revisited briefly 

here. Firstly, the different waxy genes have different extents of expression and make 

unequal contributions to the amylose content. The WX-Bl protein in common wheat 

is detected at a higher level in SDS-PAGE (Chapter 3), supporting reports that the 

WX-Bl protein is more abundant than WX-Al and WX-Dl proteins (Nakamura et 

al, 1993). Based on the analysis ofthe waxy proteins in monosomic lines of wheat, 

it has also been shown that the WX-Bl protein makes a larger contribution to the 

amylose content of starch than the other two proteins (WX-Al and WX-Dl) (Miura 

et al, 1994). Miura and Sugawara (1996) reported that removal of chromosomes 4A 

containing the wx-B locus reduced amylose content twice as much as when the 

chromosomes carrying either wx-A or wx-D loci were removed. An understanding of 

the stmctures, functions and individual contributions of each these proteins and 

genes to amylose content will be obtained by the analysis of their individual 

biochemical and molecular properties. Identification of sequences specific to the 

three individual waxy loci in common wheat will provide the much-needed tools for 

cloning ofthe individual waxy genes for this purpose. 

Secondly, since mutants of different low-amylose of waxy lines of common wheat 

have been revealed by SDS-PAGE (Nakamura et al, 1993b), considerable attention 

has been paid to investigations and application of such lines in wheat breeding. Such 

mutants have been investigated from a number of countries, for example, Australia 

(Zhao and Sharp, 1996), US (Grayboasch, 1996; Zeng et al, 1997; Grayboasch et 

al, 1998), Canada (Demeke et al, 1997) and Japan (Miura et al, 1994; Yamamori et 

al, 1994; Hoshino et al, 1996; Yasui et al, 1997). However, almost all mutants 

have been fomid to be partially waxy wheat, i.e., lack WX-Al or WX-Bl, or both 
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proteins, and only one line is reported to lack WX-Dl (Yamamori et al, 1994). 

Numerous efforts have been made to develop completely waxy wheat, i.e., waxy 

protein-free wheat cultivars, by the crossing of different partial waxy lines in 

breeding programs in a number of countries including Japan (Nakamura et al, 1995; 

Kiribuchi-Otobe et al, 1997, 1998; Miura et al, 1998), U.S.A. (Graybosch, 1998), 

Australia (Zhao and Sharp, 1996) and Canada (Demeke et al, 1997). Molecular 

markers for different waxy loci are important for the rapid and clear identification of 

mutants at the early stage of wheat breeding programs. However, so far the only 

molecular marker for the null line of wx-D gene has been reported so far has used the 

repeated sequences at the 3' end ofthe waxy genes (Zhao et al, 1998). 

Finally, a number of theories have been proposed to explain the origin of different 

genomes of polyploid wheat (sections 1.8 and 1.9). As discussed in section 6.10.5, 

however, the polymorphism within and between the different diploid wheat species 

allows speculation for a more complicated relationship of different genomes between 

diploid, tetraploid and hexaploid wheat than the previous theories. The identification 

and analysis of sequences specific for individual waxy loci will provide essential tools 

for further understanding the intraspecies and interspecies variations of waxy loci and 

thus possible evolution of wheat. 

This Chapter describes the preliminary efforts towards developing molecular markers 

for the wx-Al, wx-Bl and wx-Dl loci of common wheat. 
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7.2 Relationship of a published waxy cDNA and the three waxy genomic 

genes of common wheat 

The three partial waxy genomic genes of common wheat, wx-Wl, wx-W2 and wx-W3 

(Chapter 6) were compared with the appropriate section of a published waxy cDNA of 

common wheat (Clark et al, 1991). Sequence comparison showed that the identity of 

this cDNA to the wx-W2 reached 98.9%, which was significantiy higher than the 

93.0% and 91.2% identity of wx-Wl and wx-W3 to this cDNA. The striking 

observation was that in this cDNA a 33 bp sequence, encoding an additional 11 amino 

acids, which did not exist in all other knovm waxy proteins in plants (Ainsworth et al., 

1993), was identical to sequences at the 3' end of intron 4 of wx-W2 (Fig. 7.1). Six 

nucleotides ofthe wx-Wl and 17 nucleotides ofthe wx-W3 were different from the 

sequences of this cDNA in this 33 bp 'insert'. These comparisons indicated that wx-

W2 might be the genomic copy of the waxy gene corresponding to this cDNA and the 

33 bp 'insert' is likely from a part of intron 4 ofthe wx-W2 gene. 

Further comparison of sequences of wx-W2 and this cDNA showed that there were 

three different nucleotides, at positions 22, 47 and 56 of exon 4, between them (Fig. 

7.1). It should be noted that the reported cDNA and the three partial genomic genes 

all were cloned from the same variety, Chinese Spring, in common wheat. 
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Primer F2 50 

wx-m GACCAAGGAG AAGATCTATG GGCCCGATGC CGGCACGGAC TACGAGGACA 
wx-lf2 GACCAAGGAG AAGATCTATG GGCCCGACGC CGGCACGGAC TACGAGGACA 
cDNA GACCAAGGAG AAGATCTATG GACCCGACGC CGGCACGGAC TACGAGGACA 
WX-V13 GACCAAGGAG AAGATCTACG GGCCCGACGC CGGCACGGAC TACGAGGACA 

51 100 
wx-m ACCAGCTACG CTTCAGCCTG CTCTGCCAGG CAGCGCTTGA GGCACCCAGG 
VX-W2 ACCAGTAGCG CTTCAGCCTT CTCTGCCAGG CAGCACTTGA GGTGCCCAGG 
cDNA ACCAGCAGCG CTTCAGCCTT CTCTGCCAGG CAGCACTTGA GGTGCCCAGG 
WX-V13 ACCAGCAGCG CTTCAGCCTT CTCTGCCAGG CGGCGCTGGA AGTGCCCAGG 

101 Exon 4 
wx-Wl ATCCTCGACC TCAACAACAA CCCATACTTC TCCGGACCCT AC 
vx'ff2 ATCCTCGACC TCAACAACAA CCCACACTTT TCTGGACCCT AC 
cDNA ATCCTCGACC TCAACAACAA CCCACACTTT TCTGGACCCT AC 
WX-W3 ATCCTGAACC TCGACAATAA CCCCTACTTT TCTGGGCCCT AC 

intron 4 
QiAAGAT 
^IAAGAT 

{3fAAGAT 

151 200 
wx-Wl CAACAACACC CA GCAGC TACTAGAGTG 
VX-V12 CAAGAACAAC TA G AGTGTA 
cDNA 
wx-m CAAGATCAAG CACGCCTACT AGTTCAAGCT AGAGTGTGTG TAATCTGAAC 

2 0 1 
wx-V]l TCTGAAGAAC 
VX-W2 TCTGAAGAAC 
cDNA 
WX-W3 TCTGAAGAAC 

250 
TTGATTTCTT CTTGAGAGCA CTGGATGATT ATCATCTTCC 
TTGATTTCTA CTTGAGAGCA CTGGATGATT ATCATCTTCC 

TTGATATTTT CTTGAGAGAG CTGGATGATC ACCATTTTTT 

251 
wx-Wl TTGTGTCTTG 
VX-W2 TTGTATCTTG 

Exon 

GTGCT GCCAT GCTATGCCGT GCCGTGCCGC GCCGC GC fl 

cDNA 

GTGCT GCCAC GCCATGCTAT GCCGCGCCAC GCCGC GC ASJ gg 
gg 

gg 

WX-W3 TTTGTATCTG G. 

A-'i^^KZ 

CCAT GCTATGCCGT GCCGTGCCGC (XC(X: GC AG 
A M L C R A V P R R A 

— 33 bp {11 amino acid) insertion 

GTGCC GTCGTCGTCC CTTGTTGCGC GCCGC GC AS 

£4-

32. 

302 351 
wx-Wl GAAGACGTG GTGTTCGTGT GCAACGACTG GCACACGGGC CTTCTGGCCTG 
VX-V2 GAAGACGTG GTGTTTGTGT GCAACGACTG GCACACGGGC CTTCTGGCCTG 
cDNA GAAGACGTG GTGTTTGTGT GCAACGACTG GCACACGGGC CTTCTGGCCTG 
WX-W3 GAGGACGTG GTGTTCGTGT GCAATGACTG GCACACGGGC CTTCTGGCCTG 

352 396 
WX-Wl CTACCTCAA GAGCAACTAC CAGTCCAATG GCATCTATAG GACGGC 
vx--if2 CTACCTCAA GAGCAACTAC CAGTCCAATG GCATCTATAG GACGGC 
cDNA CTACCTCAA GAGCAACTAC CAGTCCAATG GCATCTATAG GACGGC 
WX-W3 CTACCTCAA GAGCAACTAC CAGTCCAATG GCATCTACAG GGCCGC 

Primer PR2 
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Fig. 7.1 Alignment ofthe three partial waxy genomic genes of common wheat and 

a reported waxy cDNA. The three partial waxy genomic genes of common wheat 

var. Chinese Spring, wx-Wl , wx-W2 and wx-W3, were obtained by PCR (Chapter 6). 

The sequence of the cDNA of common wheat var. Chinese Spring was reported by 

Clark et al {1991) and analysed by Ainsworth et al. (1993). GT and AG junction of 

the intron 4 in the three waxy genes are shaded. Three nucleotides, the boxed "g" in 

exon 4 and the boxed "gg" in exon 5, denote the codon for glycine in all known waxy 

proteins: rice (Wang et al, 1990), barley (Rohde et al, 1988), maize (Shure et al, 

1983; Klosgen et al, 1986) and potato (van der Leij et al, 1991). The location ofthe 

extra 33 bp in the cDNA and 11 amino acids encoded thereby in this cDNA are shown 

in colour print and boxed. The corresponding sequence in intron 4 of wx-W2 is shown 

in colour print. * denotes the nucleotide T at position -1 of the corresponding 

sequence hypothetically encoding 11 amino acids in wx-W2. Three mismatching 

nucleotides between wx-W2 and this cDNA are shown in colour print. 
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7.3 Properties of intron 5 ofthe wx-TdA and wx-TdB genes in T. turgidum 

The two partial waxy genes covering the exon 4-intron 4-exon 5-intron 5-exon 6 

region, were amplified by using primers F2 and R2 (section 2.3.3.2) from T. turgidum. 

The sequence data revealed two classes of fragments, which were called wx-TdA and 

wx-TdB. Only a part, covering exon 4-intron 4-exon 5 from primer F2 to primer PR2 

(Fig, 7,2), of the sequences of these were analysed in Chapter 6, for the alignment 

with other waxy genes amplified from different types of wheat. The wx-TdB 

containing the shorter intron 4 was designated as wx-Tdl, and the wx-TdA containing 

the longer intron 4 was designated as wx-Td2 in Chapter 6, DNA sequence ofthe 680 

bp ofthe 5' end ofthe wx-TdA and wx-TdB of T. turgidum were also determined (Fig, 

7.2), The sequence of intron 5 in wx-TdA and wx-TdB were analysed in this Chapter 

to develop the possible molecular markers for different waxy loci. 

Based on the results in Chapter 6 and discussion in section 6,10,2, T. aestivum was 

suggested to be the hybrid of tetraploid T. turgidum, the donor of A and B genomes, 

and diploid T. tauschii, the donor of D genome. The sequences of the wx-TdA and 

wx-TdB of T. turgidum were, therefore, aligned with the sequences of the 

corresponding region of the wx-TtD of T. tauschii (R. Appels, pers. commun.). The 

results showed that there were significant differences in length of intron 5 between the 

tlii-ee waxy genes, i.e., the wx-TdA, wx-TdB and wx-TtD had 99 bp, 69 bp and 141 bp 

of intron 5 in length (Fig. 7.2). 
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1 70 

WX-TdA GACCAAGGAG AAGATCTATG GACCCGACGC CGGCACGGAC TACGAGGACA ACCAGCAGCG CTTCAGCCTT 

WX-TdB GACCAAGGAG AAGATCTATG GGCCCGATGC CGGCACGGAC TACGAGGACA ACCAGCTACG CTTCAGCCTG 

WX-TtD GACCAAGGAG AAGATCTACG GGCCCGACGC CGGCACGGAC TACGAGGACA ACCAGCAGCG CTTCAGCCTT 

Primer F2 

71 140 

WX-TdA CTCTGCCAGG CAGCACTTGA GGTGCCCAGG ATCCTCGACC TCAACAACAA CCCACACTTT TCTGGACCCT 

WX-TdB CTCTGCCAGG CAGCGCTTGA GGCACCCAGG ATCCTCGACC TCAACAACAA CCCATACTTC TCCGGACCCT 

WX-TtD CTCTGCCAGG CGGCGCTGGA AGTGCCCAGG ATCCTGAACC TCGACAATAA CCCCTACTTT TCTGGGCCCT 

Intron 4 210 

WX-TdA ACGiiAAGAT CAAGAj: CA ACT AG AGTGTA TCTGAAG; AC 

WX-TdB ACGpAAGAT CAACAACA CCC . VGCAGCTACT AGAGTG TCTGAAGi AC 

WX-TtD ACG^AAGAT CAAGATCAAG CACGCCTACT AGTTCAAGCT AGJGTGTGTG TAATCTGAAC TCTGAAGAAC 

211 280 

WX-TdA TTGATTTCTA CTTGAGAGCA CTGGATGATT ATCA.TCTTC CTTGTATCTT GGTGCTGCCA TGCTATGCCG 

WX-TdB TTGATTTCTT CTTGAGAGCA CTGGATGATT ATCA.TCTTC CTTGTGTCTT GGTGCTGCCA CGCCATGCTA 

WX-TtD TTGATATTTT CTTGAGAGAG CTGGATGATC ACCATTTTTT TTTGTATCTG GGTGCCGTCG TCGTCCCTTG 

281 Exon 5 350 

WX-TdA TGCCGTGCCG CGCCGCGCH GGGAAGACGT GGTGTTTGTG TGCAACGACT GGCACACGGG CCTTCTGGCC 

WX-TdB TGCCGCGCCA CGCCGCGCiaj GGGAAGACGT GGTGTTCGTG TGCAACGACT GGCACACGGG CCTTCTGGCC 

WX-TtD TTGCGCGCCG CG IV# GGGAGGACGT GGTGTTCGTG TGCAATGACT GGCACACGGG CCTTCTGGCC 

351 Intron 5 420 

WX-TdA TGCTACCTCA AGAGCAACTA CCAGTCCAAT GGCATCTATA GGACGGCCAA GSTTTTGCA. ..TCTTCTGA 

WX-TdB TGCTACCTCA AGAGCAACTA CCAGTCCAGT GGCATCTATA GGACGGCCAA GCTTTTGCA. ..TCTTCTCA 

WX-TtD TGCTACCTCA AGAGCAACTA CCAGTCCAAT GGCATCTACA GGGCCGCAAA G0«TTTGCAT CTTCTTCTCA 

Primer GF 

421 ^90 

WX-TdA AACTTTATAT TCGCTCT '^ CATATCAATT 

WX-TdB AACTTTATAT TCTCTCT ® '^ 

WX-TtD AACTATATAT CCTCTCTGCA TTCATATGCA TGCATATCTT GCTCTTCATT CTGAAACAGG CATATCAATT 

^g-]^ Exon 6 560 

WX-TdA TTGCGGTTCA TTCTGGCAGC CTGAATTTTA CATTGCAACT CCATTTCATG GCT»fGTGGC ATTCTGCATC 

WX-TdB GAATTTTA CATTGCAACT TCATTTCATG TCC||fGTAGC GTTCTGCATC 

WX-TtD TTGCGGTTCA TTCTG...GC CTGAATTTTA CATTGCAACT TCATTTCATG GCC&SGTGGC ATTCTGCATC 

561 " 0 

WX-TdA CACAACATCT CGTACCAGGG CCGCTTCTCC TTCGACGACT TCGCGCAGCT CAACCTGCCC GACAGGTTCA 

WX-TdB CACAACATCT CGTATCAGGG CCGCTTCTCC TTCGACGACT TCGCGCAGCT CAACCTGCCC GACAGGTTCA 

WX-TtD CACAACATCT CGTACCAGGG CCGCTTCTCC TTCGACGACT TCGCGCAGCT CAACCTGCCC GACAGGTTCA 

Fig. 7.2 to be continued 
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631 700 

WX-TdA AGTCGTCCTT CGACTTCATC GACGGCTACG ACAAGCCGGT GGAGGGGCGC AAGATCAACT GGATGAAGGC 

WX-TdB AGTCGTCCTT CGACTTCATC GACGGCTACG ACAAGCCGGT GGAGGGGCGC AAGATCAACT GGATGAAGGC 

WX-TtD AGTCGTCCTT CGACTTCATC GACGGCTACG ACAAGCCGGT GGAGGGGCGC AAGATCAACT GGATGAAGGC 

Primer GR 

701 770 

WX-TdA CGGGATCCTG CAGGCCGACA AGGTGCTGAC TGTGAGCCCC TACTATGCTG AGGAGCTAAT 

WX-TdB CCGGATCCTG CAGGCCGACA AGGTGCTCAC GGTGAGCCCC TACTACGCGG AGGAGCTCAT 

WX-TtD CGGGATCCTG CAGGCCGACA AGGTGCTGAC GGTGAGCCCC TACTACGCGG AGGAGCTCAT.^ 

Primer R2 

Fig. 7.2 Alignment of sequences of the two partial waxy genes from T. turgidum 

and the corresponding section ofthe waxy gene of 71 tauschii. The two waxy genes 

of T. turgidum {wx-TdA and wx-TdB) were amplified by primers F2 and R2 (section 

2.3.3.2 and Table 2.5). The sequences of wx-TdA and wx-TdB were aligned with the 

sequence of the corresponding region of the wx-TtD gene of T. tauschii provided by 

Professor R. Appels (per. commun.). Primers GF and GR shown in this Figure were 

designed to amplify intron 5. The sequences in intron 4 that are suggested to design 

as primers for specific waxy loci are shovm in colour print and boxed. 
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7.4 Preliminary development of the molecular markers for the wx-A, wx-B 

and wx-D loci of common wheat 

7.4.1 Sequences specific for primers for the wx-A, wx-B and wx-D loci 

Comparison ofthe wx-Wl, wx-W2 and wx-W3 partial waxy genes of common wheat 

(Fig. 7.1) showed that the exons 4 and 5 were highly conserved in sequence and 

invariable in length. This would make it nearly impossible to distinguish the three 

waxy genes on the basis of their coding sequences. However, the existence of 

insertions/deletions in intron 4 of different waxy genes made it possible to design 

specific primers to represent the individual waxy loci which are located on different 

genomes in wheat. Three such sequences, which could be used for the purpose of 

distinguishing wx-W2, wx-Wl and wx-W3 genes in common wheat, are shown in Fig. 

7.1. As discussed in section 6.10.2, wx-Wl, wx-W2 and wx-W3 were suggested to be 

from genomes B, A and D of common wheat respectively. These sequences in intron 

4, therefore, could be used for identification of wx-A, wx-B and wx-D loci of common 

wheat. 

7.4.2 Restriction enzyme sites specific for the wx-A, wx-B and wx-D loci 

The slight differences in DNA sequences of the wx-Wl, wx-W2 and wx-W3 partial 

genes created different restrictive enzyme sites for 6 base cutters cutting only once in 

the three sections (Fig.7.3). Some of these restriction enzyme sites were common for 

two ofthe three partial genes, while some were unique to a single gene, i,e., five for 

wx-A, two for wx-B and 8 for wx-D. The restriction enzyme sites specific to one waxy 

locus would represent the particular chi'omosome type of common wheat. 
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WX-W2 locus 

{wx-A locus) 

Exon 4 I 

Intron 4 i 

Exon 5 I 

Apal 

Bann 

BsaHI 

BspGI 

RleAI 

BsiHKAI 

T t h l l i n 

Bbsl 

WX-Wl locus 

{wx-B locus) 

— BseSI 

i Apa I 

Bann 

Hae I 

BsaWI 

RspEI 

Bsbl 

BsiHKAI 

Bbsl 

WX-W3 locus 

{wx-D locus) 

BsaHI 

Eco01091 

BsaBI 

Spel 

Tthllin 

Ace i n 

Bell 

TaqU 

BssHU 

Alol 

BsrDI 

Fig. 7 3 The deduced restriction enzyme maps of the wx-A, wx-B and wx-D loci of 

common wheat The partial waxy genes, wx-Wl, wx-W2 and wx-W3, are proposed to be from 

B, A and D genomes of common wheat as discussed in section 6.10.2. Restriction enzyme 

sites in wx-Wl, wx-W2 and wx-W3 were predicted by using the Mapping program of ANGIS 

(section 2.6.4). The restriction enzyme sites were cut by 6 nucleotide enzymes and only once 

in these fragments. Only the sites differing between two or three loci are shown in this Figure, 

and the sites specific to a single locu are in bold. Eleven other putative restriction enzyme, 

which were the same on aU the three loci, were not shown. 
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7.4.3 Specific PCR products for the wx-A, wx-B and wx-D loci 

The significant difference in length of intron 5 between wx-TdA, wx-TdB and wx-TtD 

fragments was described in section 7,3, It has been suggested (section 6,10,2) that T. 

turgidum and T. tauschii might be derived from the A and B genomes, and D genome, 

respectively, to common wheat. There are 30 bp, 42 bp and 72 bp differences in 

length of intron 5 between wx-TdA and wx-TdB, wx-TdA and wx-TtD, and wx-TdB and 

WX-TtD. If the three waxy genes of common wheat corresponding to the wx-TdA, wx-

TdB and wx-TtD were amplified in a single PCR, three PCR product bands would give 

the detectable size difference on high resolution 3% agarose gels. Based on these, a 

pair of primers was designed to amplify intron 5 ofthe waxy genes of common wheat 

to test whether the wx-A, wx-B and wx-D loci could be distinguished. The forward 

primer was GF (5'-CCTGCTACCTCAAGAGCAAC-3') located on exon 5 and the 

reverse primer was GR (5'-GGCTTGTCGTAGCCGTCGAT-3') located on exon 6 

(Fig, 7,4). To obtain appropriate fragment sizes which could be separated clearly the 

primer smear in PCR products, it was necessary to include 53 bp of exon 5 and 122 bp 

of exon 6 in the amplification region (Fig, 7,4). This has been used to amplify the 

three specific PCR product bands representing wx-A, wx-B and wx-D loci in nomial 

and null lines of common wheat, in order to identify the molecular basis of their waxy 

gene mutations (section 7.5). 
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WX-TdB 

WX-TdA 

WX-TtD 

Exon 5(53bp) Intron 5 

69 bp 

99 bp 

141 bp 

Upstream Primer 

GF 

227 

Exon 6 (122 bp) 

244 bp 

274 bp 

316 bp 

Downstream Primer 

PCR 

316 bp WX-D 

274 bp wx-A 

244 bp wx-B 

common wheat 

Fig 7.4. The predicted various lengths of PCR product bands specific for the wx-

A, wx-B and wx-D loci in common wheat. The significant variations in size of 

fragments covering intron 5 ofthe three waxy genes in common wheat are predicted on 

the basis of the differences in sequences between wx-TdA and wx-TdB of T. turgidum 

and WX-TtD of T. tauschii (Fig. 7.2). The lengths of fragments of the waxy genes of 

common wheat were predicted using primers GF and GR to amplify the three partial 

waxy genes of common wheat. 
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7.5 Preliminary studies on waxy mutants 

Primers GF and GR were used to amplify the waxy genes from common wheat, which 

included a normal line, Chinese Spring, and the two reported mutants of the waxy 

genes, variety Sturdy lacking the WX-7A protein and variety Rosella lacking the WX-

4A protein (Yamamori et al, 1995a). Three different sizes of PCR products were 

obtained in all tested lines; and no difference was observed between the normal and 

the null lines of wheat (Fig. 7.5). 

500 bp 

300 bp 

Fig. 7.5 The PCR products from the exon 5-intron 5-exon 6 region of the wx-A, 

wx-B and wx-D loci. The waxy genes were amplified from the genomic DNA using 

primers GF and GR (Fig. 6.2). The PCR conditions were as in section 2.3.8 and PCR 

products were electrophoresied in a 3% agarose gel. Expected sizes of fragments of 

the tliree waxy genes in common wheat, wx-B, wx-A and wx-D, were 244 bp, 274 bp 

and 316 bp, as described in Fig. 7.4. 1. DNA size marker (50 bp DNA ladder, 

Promega). 2. Normal wheat,, var. Chinese Spring; 3. Null-7A line, var. Sturdy; 4. 

NulI-4A line, var. Rosella. 
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7.6 Discussion 

7.6.1 Possible variation in mRNA processing events involved in the expression 

of the waxy gene in wheat 

A reported waxy cDNA of common wheat contained an interesting 33 bp "insertion" 

encoding 11 additional amino acids relative to other plant waxy proteins (Ainsworth 

et al, 1993). The 33 bp sequences in this cDNA could not be found in the exons of 

the waxy genes of T. monococcum and T. speltoides; however, it matched the partial 

intron 4 ofthe two diploid wheat (section 4.3.4). In order to explain the stmcture of 

the waxy genomic gene of common wheat corresponding to this cDNA and the 

additional "insertion" in this cDNA, the three partial genomic waxy genes that include 

the 33 bp region were compared further with this cDNA. The results indicated that 

the cDNA had a much higher homology to wx-W2 than wx-Wl or wx-W3. However, 

the 33 bp sequence encoding 11 extra amino acids in this cDNA was not a part ofthe 

coding region; it was present at the 3' end of intron 4 of wx-W2. Two possibilities 

can explain this unusual match. 

1. One possibility is a T->A point mutation of the T nucleotide preceding this 

33 bp sequence in the wx-W2 genomic gene (Fig. 7.1), the transcript of this 

was used for this cDNA synthesis. This mutation would provide an 

altemative splice site and thus a longer coding sequence for exon 5. 

However, this mutation possibility could not be strong, because the genomic 

copy of the waxy genes cloned in this clone are from the same variety of 

common wheat, Chinese Spring, as the one from which this cDNA was 

obtained. 

2. Altematively, the extra coding sequence in this cDNA could have resulted 

from incorrect or incomplete splicing of the mRNA, or contamination of 

mRNA with nuclear material during library constmction. The mismatch of 

tliree nucleotides in exon 4 of wx-W2 and this cDNA could suggest mRNA 

editing events also. 
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Further work involving isolation and comparison ofthe waxy cDNAs transcribed from 

the individual waxy genes of common wheat is essential to test these possibilities. 

7.6.2 Molecular markers for the wx-A, wx-B and wx-D loci 

The waxy locus-specific primer, restriction enzyme sites and PCR products identified 

in this study provide the essential tools to identify the three homoeologous waxy genes 

in hexaploid common wheat. These molecular markers could be considered to be 

useful in analysing the genome-specific or chromosome-specific properties of the 

three waxy genes, wx-A, wx-B and wx-D, which have been located on chromosomes 

7A, 4A and 7D of common wheat (Chao et al, 1989). 

7.6.2.1 Sequences for primers specific for the individual waxy loci 

On the basis of analyses on the three waxy genomic genes of common wheat, specific 

sequences have been identified to represent the wx-A, wx-B and wx-D loci (Fig. 7.2). 

The striking advantage of these sequences in their utility is that it is now the feasible 

to synthesize primers for a PCR-based assay to distinguish between A, B and D 

genomes in common wheat or A and B genomes in tetraploid T. turgidum. Any one 

of these primers could be used as either forward or reverse primer, the other primer 

being from any conserved sequences in exons ofthe known waxy genes in wheat such 

as T. monococcum and T. speltoides (Chapter 4) and common wheat (Clark et al, 

1991). PCR products amplified by a locus-specific primer and a universal primer 

would be from the individual waxy gene of common wheat; thus the possible 

differences in the size of PCR products amplified by different primers could be used 

as molecular markers for the respective genomes of wheat. This approach could be 

also useful in identifying the null lines of different waxy genes in wheat. 

7.6.2.2 Restriction enzyme sites specific for the individual waxy loci 

Variations in sequences of introns and exons of the wx-A, wx-B and wx-D genes lead 

to different predicted restiictive enzyme sites (Fig. 7.3). These unique sites, 

particularly those in exons that are found to be less variable during the evolution of 

wheat, are useful for analyzing chromosome types of polyploid wheat and identifying 
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mutants of the waxy genes in common wheat. For example, DNA samples of normal 

lines of common wheat could be digested by the appropriate enzymes and run in 

agarose, followed by hybridization of Southem blotting using the waxy probe, 

different DNA bands could represent the wx-A, wx-B and wx-D genes on 

chromosomes 7A, 4A and 7D. DNA samples of waxy null lines of common wheat 

could be identified by such methods. 

7.6.2.3 PCR products specific for the individual waxy loci 

Based on the comparison of the waxy gene between T. monococcum and T. speltoides 

(Chapter 4) and T. tauschii (R. Appels, pers. commun.), intron 5 was found to be most 

variable in length. Because T. turgidum and T. tauschii have been suggested as the 

tetraploid and diploid progenitors, respectively, to common wheat (Chapter 6), we 

used the variation ofthe length of intron 5 between the two waxy genes of T. turgidum 

and the waxy gene of T. tauschii to develop molecular markers representing the waxy 

A, B and D loci in conmion wheat. Three distinct DNA bands from a single PCR 

were detected in the agarose gel, and this has been confirmed while identifying 

mutants ofthe different waxy genes in common wheat. The variation in the length of 

intron 5 would be thus an efficient molecular marker to distinguish between the three 

homoeologous waxy loci of common wheat. 

7.6.3 Molecular basis of inactivation of the two waxy loci 

The molecular marker based on the variation of the length of intron 5 indicated that 

the wx-A and wx-B null lines contained the same DNA bands as a normal line of 

common wheat. This result showed that at least this section of the three waxy genes 

existed in the tested null lines, suggesting that the waxy genes were not deleted 

completely in the null lines. The missing waxy protein in these null lines is thus 

possibly due to other types of mutations or deletions affecting other sections of the 

waxy gene. This result is consistent with a previous report that the stmctural genes 

are present in the three waxy loci of null 4A line (K107) and null 7D line (Bai Huo) as 

shown by Southern hybridization and Polymerase Chain Reaction (PCR) results 

(Nakamura et al, 1995). 
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Nakamura et al (1995) have shown that there is a small deletion (<30 bp) in the wx-A 

null line and both a small deletion (<50 bp) and insertion (<30 bp) in wx-B {wx-4A) 

null line of K107, but insertions or deletions were not detected in wx-D null line, 

when compared with the wild-type alleles of var. Chinese Spring. In maize, large 

insertions (150 bp-6.1 kbp) or deletions (>300 bp) were found to be associated with 

mutations among the waxy alleles, while single base changes or very small insertions 

or deletions were found to be responsible for waxy mutations in rice (Wessler and 

Varagona, 1985; Okagaki and Wessler, 1988). However, the mechanism of mutation 

of waxy alleles in common wheat could be more complicated than that in maize and 

rice, due to its genome constituents. The waxy mutations have not been reported to be 

associated with transposon activity in wheat. Except for the possible insertions or 

deletions which may have resulted in null alleles, polyploidization event of wheat may 

also cause silencing of functional genes so that polyploid species may not have 

significantly more expressed genes than diploid ones (Breiman and Graur, 1995). 

Different patterns of gene silencing have been suggested also as a mode of allopatric 

speciation at the polyploid level (Soltis and Soltis, 1993). Although examining the 

molecular basis of mutants was not a preliminary objective of this study, the sequence 

data made it possible to have carried out preliminary work. In addition, the locus-

specific primers and the variable length of intron 5 together could be used to 

specifically clone the waxy genes at the null loci (if there are no deletions in these 

genes) and further work could be carried out to determine the molecular basis of gene 

inactivation using these lines. 
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Chapter 8 General conclusions and further directions 

The initial aim of this project was to clone and characterize the waxy gene in T. 

monococcum, a proposed donor of the A genome of wheat and the waxy gene from T. 

speltoides as a proposed donor of the B genome, to determine the functional, genetic 

and evolutionary relationship of different waxy genes and waxy proteins in wheat. 

After this aim had been achieved, we then took studies to clone a series of the partial 

waxy genes from the polyploid T. turgidum-T. aestivum, T. timopheevi-T. zhukovskyi 

and from other proposed diploid progenitors of wheat. Taken together, the large 

amount of sequence data obtained in this project has provided valuable molecular 

information which will increase our understanding the biochemical and physical 

properties of the different waxy proteins and the phylogenetic and evolutionary 

relationship of different genomes of wheat. The information would be useful for 

developing molecular markers for the individual waxy loci and analyses and 

identification of various mutants ofthe waxy genes of wheat. 

8.1 General conclusions 

8.1.1 Electrophoretic properties of the waxy proteins of different wheat 

• The waxy protein of several accessions of the proposed diploid progenitors of 

A, B, D, G, A' and A" genomes of polyploid wheat indicated the presence of a 

59 kDa protein band. However, there were slight differences in the molecular 

weight ofthe waxy proteins between some species of diploid wheat. 

• The waxy proteins of the tetraploid T. turgidum (AABB) and hexaploid T. 

aestivum (AABBDD) were observed as a doublet of bands, the LMW and 

HMW proteins. However, the waxy proteins of tetraploid T. timopheevi 

(A'A'GG) and hexaploid T. zhukovskyi (A'A'A'A^GG) could not be separated 

into distinct bands. 
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An accession of T. monococcum that had a waxy protein corresponding to the HMW 

waxy protein of common wheat and T. speltoides that had a waxy protein 

corresponding to the LMW waxy proteins were chosen to clone their respective waxy 

genes. Each of the other diploid, tetraploid and hexaploid wheat was chosen with the 

view to cloning their respective partial waxy genes. 

8.1.2 Starch granule proteins of different wheat 

• The electrophoretic profile of 75 kDa soluble starch synthase (SSS) and 85 

kDa starch branching enzyme (SBE) in different types of diploid, tetraploid 

and hexaploid wheat appeared to be indistinguishable in molecular weight on 

SDS-PAGE. However, variations in the >85 kDa starch granule proteins 

(SGP) were found in different genomes of wheat. 

• Two SGP bands, 110 kDa and 100 kDa, were detected in the tetraploid 7! 

turgidum, and three SGP bands, 110 kDa, 105 kDa and 100 kDa, were 

detected in the hexaploid T. aestivum. However, both the tetraploid T. 

timopheevi and hexaploid T. zhukovskyi were found to contain a 110 kDa SGP 

and a 95 kDa SGP. 

A single band, 110 kDa, 105 kDa, 100 kDa or 95 kDa, was detected in the 

proposed diploid progenitors. Intraspecies variation in molecular weight of a 

single SGP was found in diploid T. monococcum, T. urartu and T. speltoides. 

This thesis is the first published document to investigate the SGP in endosperm of 

different genomes of wheat. The following conclusions were derived from the results 

obtained in this study. 

1. This is the first report of a 95 kDa protein in starch granules in endosperm of 

wheat. The novel 95 kDa protein was observed in the tetraploid T. timopheevi 

and hexaploid T. zhukovskyi and some accessions of diploid T. monococcum 

and T. speltoides. It is possible that the 95 kDa protein belongs to the same 
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family as the 110 kDa, 105 kDa and 100 kDa proteins, which were reported to 

be starch synthases in common wheat (Rahman et al, 1995; Denyer et al, 

1995; Yamamori et al, 1998), 

2. The genes encoding 110 kDa, 105 kDa and 100 kDa SGP have been located 

on chromosomes 7A, 7D and 7B, respectively, of common wheat (Denyer et 

al, 1995). In this project, T. tauschii was observed to contain an unique 105 

kDa SGP among all of the tested diploid wheat and is thus considered to be 

the donor of D genome to common wheat. However, the 110 kDa SGP 

appeared not only in the proposed donor of A genome, one accession of T. 

monococcum and T. urartu, but also in the proposed donor of B genome, T. 

longissima, T. searsii, T. sharonensis and one accession of T. speltoides. 

Similarly, the 100 kDa proteins appeared not only in the proposed donor of B 

genome, T. bicornis and one accession of T speltoides, but also in T. urartu, 

which has been proposed recently to be the donor of the A genome (Breiman 

and Graur, 1995; Friebe and Gill, 1996; Dvorak, 1998). These observations 

suggest that the phylogenetic relationship of A and B genomes of polyploid 

wheat is much more complicated than expected. 

3. This investigation has provided a basis to choose an appropriate diploid 

species to clone the individual genes encoding the 110 kDa, 105 kDa, 100 kDa 

or 95 kDa starch granule proteins from diploid species, in order to further 

analyse and compare the fimctions of these various starch granule proteins. 

8.1.3 Molecular and structural properties ofthe waxy genes in wheat 

The two waxy genomic genes covering the partial untranslated leader and the entire 

translated exons from the translation initiation codon to termination codon and their 

intervening introns were isolated from diploid T. monococcum and T. speltoides by the 

Polymerase Chain Reaction (PCR) approach. The molecular properties of the waxy 

genes could be summarised as follows: 
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• The waxy gene of both T. monococcum and T. speltoides consisted of 11 

exons and 10 introns, from the translated initiation codon to the termination 

codon. 

• The exon/intron stmcture of the waxy genes in these diploid wheat is the 

same as that ofthe bariey waxy gene (Rohde et al, 1988); however, it was 

different from that ofthe waxy gene in the rice, maize and potato waxy genes 

that consist of 13 exons and 12 introns. The fact that the waxy genes in 

wheat have lost two introns during plant evolution suggests a selective loss of 

introns of waxy genes after the divergence of wheat and rice. 

• The lengths and sequences of exons ofthe waxy genes ofT. monococcum and 

T. speltoides were highly conserved, but their introns appeared variable in 

length and sequences. Variation of introns mainly resulted from different 

lengths of insertion/deletion and from accumulation of some short repeated 

sequences. 

This is the first report of the waxy genomic gene encoding the entire waxy proteins 

from T. monococcum and T. speltoides so far, although partial waxy genes have been 

cloned from different types of wheat (Mason-Gamer et al, 1998; Murai et al, 1998). 

The sequence data ofthe two waxy genes obtained in this project has been have been 

used for the following purposes: 

1. The amino acid sequences of the waxy proteins of T. monococcum and T. 

speltoides were deduced from the DNA sequences of their waxy genes. The 

predicted biochemical and physical properties of the two deduced waxy 

proteins were analysed and compared. 

2. The conserved exon sequences of the two waxy genes of diploid wheat have 

been used to design primers to clone the individual, partial waxy genes in other 

diploid and polyploid species of wheat. 
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3. On the basis ofthe sequence comparison ofthe waxy genes of diploid wheat, 

introns 4 and 5 of the waxy gene were identified as being a particularly 

important region for sequence variations, to distinguish between different 

genomes of wheat or to develop molecular markers for identification of waxy 

mutants. 

8.1.4 Variation in amino acid sequences of the waxy proteins in wheat 

• The two mature proteins of T. monococcum and T. speltoides deduced from 

their respective waxy genes were found to have the same number of amino 

acids but slightly different calculated molecular weights and isoelectric 

points. These differences in the predicted physical properties most probably 

accounted for electrophoretic differences of the two proteins revealed in 

SDS-PAGE. 

• Slight differences in the predicted physical properties of waxy proteins of T. 

monococcum and T. speltoides were found to result from only 3% amino acid 

substitutions between them; particularly, a key amino acid substitution could 

resulted in an major change of molecular weight and isoelectric points ofthe 

waxy proteins. 

• The amino acid sequences conserved at the N-terminus of plant waxy 

protein, putative ADP-glucose binding site and the conserved domains for 

starch synthases were all found in the mature waxy proteins of T. 

monococcum and T. speltoides. However, it was found that the predicted 

secondary structures and the number of glycosylation sites appeared variable 

in different waxy proteins of Triticum. The altered secondary structures of 

the proteins could be suggested to relate to differences in the expressions of 

the proteins and their different contributions to amylose synthesis in wheat. 

• The transit peptides of the waxy protein were observed to be more variable, 

relative to the mature waxy proteins. A high content of small amino acids 
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arginine, or threonine and serine, and a net positive charge were found to 

exist in the transit peptides of the waxy proteins, although homology of 

amino acid sequences between some of the transit peptides of plant waxy 

proteins was only around 20%. It could thus be suggested that the 

transporting property of the transit peptides would rely on their amino acid 

composition but not on the amino acid sequence. 

8.1.5 Sequences specific for the waxy loci of different genomes in polyploid 

wheat 

In this project, partial waxy genes have been cloned from the two waxy loci of 

tetraploid T. turgidum (AABB) and T. timopheevi (A'A'GG), the three waxy loci of 

hexaploid T. aestivum (AABBDD) and T. zhukovskyi (A'A'AWGG), and the single 

waxy locus each ofthe proposed diploid progenitors of different genomes. This study 

is the first to report that the partial waxy gene in the same region of a structural gene 

from these genomes have been determined simultaneously. The sequence data have 

revealed the following: 

• The length and sequence of intron 4 were variable in the two waxy genes of 

tetraploid wheat and the three waxy loci of hexaploid wheat, while lengths 

and sequences of exons 4 and 5 fragments cloned in this study were highly 

conserved. The variable region of intron 4 enabled us to identify certain 

locus-specific sequences to the A, B, D, G, A' or A^ genomes of polyploid 

wheat. The specific sequences were found to be almost invariable in a 

particular genome during the evolution of wheat from tetraploid to 

hexaploid. 

• Diploid T. tauschii and T. monococcum were found to be distinguishable in 

length and sequence of intron 4. Other diploid wheat species could be 

distinguished only by the point mutations of nucleotides in their partial waxy 

genes, with the exception of T. urartu and T. bicornis, where the sequences 

were identical. 
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8.1.6 Phylogenetic and evolutionary relationship between different genomes of 

diploid and polyploid wheat 

A phylogenetic tree was constmcted to determine the evolutionary relationship of 

different genomes between the various diploid and polyploid species of wheat. 

Following the analysis of the genome-specific sequences and the phylogenetic tree, 

the following suggestions were made: 

1. T. tauschii (DD) most likely contributed D genomes to T. aestivum, and T. 

urartu (AA) and T. speltoides (BB) were the possible donors of A and B 

genomes, respectively, to T. turgidum and T. aestivum. 

2. T. monococcum would be A' genome donor of T. timopheevi and thus T. 

zhukovskyi. 

3. Based on the above two suggestions, T. turgidum and T. timopheevi would 

have originated from two independent lineages of diploid progenitors. This 

is consistent with our previous results that T. turgidum and T. timopheevi had 

two significantly different electrophoretic profiles of waxy proteins and 

starch granules proteins. 

This thesis is the first published document to report the DNA sequences of the same 

region of a structural gene from the individual A, B, D, G, A' or A^ genomes of 

polyploid wheat and their different diploid progenitors. The striking differences 

between these results and the conventional theory (Kerby and Kuspira, 1987) and 

current theory (Friebe and Gill, 1996) on the phylogenetic relationships of different 

genomes are: 

1, T. timopheevi might have originated from T. monococcum rather than the 

conventional diploid species containing A genome, T. urartu. 
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2, The third set of genomes (A^) of T. zhukovskyi was different from diploid T. 

monococcum. On the available data this study is the first to provide evidence 

of a linkage ofthe third set of genome in T. zhukovskyi with other accessions 

of T. monoccoccum or other diploid wheat. 

The difference between the partial waxy genes of G genome of T. timopheevi 

and A^ genome of T. zhukovskyi and those of the tested diploid progenitors were 

minor in the cloned fragments because they had same lengths of intron 4. Single 

nucleotides were found variable, but it is not reliable to make any suggestion for the 

progenitors of G and A^ genomes. However, the separation of intron 4 of waxy genes 

of G and A^ from other waxy genes in these polyploid wheat has provided the 

possibility for identifying fiirther the donors of G and A^ genomes. 

8.1.7 Expression of the waxy proteins 

• The unequal expressions of different waxy proteins in T. turgidum and T. 

aestivum were detected in SDS-PAGE. Generally, the WX-B protein was 

expressed much more than the WX-A protein in the T. turgidum-T. aestivum 

lineage of wheat, while the WX-D protein was expressed slightly more than 

the WX-A protein in T. aestivum. 

• Our results also raised the possibility that an altemative transcriptional event 

might be involved in the expression of the waxy gene in wheat. This 

proposal was based on the sequence comparison of the three waxy genomic 

fragments from common wheat and a reported waxy cDNA of common 

wheat (Clark et al, 1991). A stretch of 33 bp nucleotides encoding an 

additional 11 amino acids in this cDNA of wheat could not be observed in 

any exon of the thi'ee waxy genomic genes obtained in this project but 

appeared to be a part of intron 4 of one waxy genomic copy. There was also 

a small degree of variation in the sequence of this cDNA and the 

corresponding genomic fragment. These observations imply that some 
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variations might have arisen during the expression ofthe waxy gene from the 

genomic DNA sequence to mRNA. 

8.1.8 Molecular markers for identification of the different waxy loci and 

mutants of common wheat 

Preliminary work was carried out to develop molecular markers for the three 

homoeologous waxy genes, wx-A, wx-B and wx-D in common wheat, and the 

following observations were obtained and suggestions were made. 

• Specific sequences in intron 4 were observed for the wx-A, wx-B and wx-D 

loci; these sequences were proposed to design primers for isolation of 

individual complete waxy genes and identification of mutants of common 

wheat. 

• The special restriction enzyme sites for the wx-A, wx-B or wx-D loci were 

predicted on the basis of variation in sequences of three waxy genes and 

could be used for identification chromosomes or genomes of wheat. 

• The three partial waxy genes of common wheat were obtained in a single 

amplification reaction; the three separated PCR product bands were identified 

to be from different waxy loci and thus used to identify the waxy gene of null 

lines. 

8.1.9 Molecular basis of inactivation of the waxy gene 

The variable length of intron 5 ofthe wx-A, wx-B and wx-D genes in nomial and null-

4A and null-7A lines of common wheat was amplified by a pair of primers based on 

the putative sequences of the waxy genes in wheat. The three separated DNA bands 

did show variability but no difference was detected between the null lines and normal 

wheat, suggesting that all three stmctural genes existed in null lines and that the waxy 

gene in the null line did not involve a whole deletion. 
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8.2 Further research directions 

In order to reveal more molecular properties ofthe waxy genes for regulation of starch 

composition and for understanding wheat evolution using the sequence information 

obtained in this study, the following directions were suggested for further research. 

8.2.1 Cloning of the complete individual waxy genes of common wheat 

The partial waxy genes have been cloned from common wheat, but the functional 

relationship between the three waxy proteins in common wheat cannot be revealed by 

their amino acid sequences alone. Although the waxy genes have been cloned from 

two possible diploid progenitors (the third one has been cloned by a collaborating 

laboratory and used here for comparative purposes), amino acid data could not be 

considered to be the ideal for understanding the properties of three waxy genes in 

common wheat. Therefore, the cloning of three waxy genes in common wheat would 

be necessary in order to provide more accurate information on the proteins encoded by 

them, and thus information on the unequal expression of three waxy proteins. 

The cloning work could be carried out in two ways. Firstiy, designed primers Fl and 

R4 in this project (section 2.3.3.1) would be appropriate for cloning the complete 

section ofthe waxy gene from the translation initiation codon to the termination codon 

to clone the cDNA using RT-PCR. The Long polymerase (Promega) has provided the 

possibility to amplify the approximately 2.8-3.0 kb ofthe waxy genes or cDNA by one 

PCR reaction. Secondly, primers specific to the three waxy loci can be used together 

with conserved sequences as upstream or downstream primers to amplify the 

individual genes by appropriate amplification reactions, and the sequences of the 

individual genes could be obtained by directly sequencing PCR products. 

8.2.2 Cloning and expression of the individual waxy cDNAs 
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One ofthe main objectives for cloning genes in plants is to improve the agriculttiral 

tiaits for specific crops including wheat. Following the reported teclmique 

breakthrough in transformation of transgenic wheat, it is anticipated that the antisense 

RNA technology would allow changes to be made for the pathway of starch synthesis 

and the production of waxy wheat. However, before this could be taken it would be 

neccessary to clone the individual waxy cDNAs. It also would be important to clone 

the respective waxy cDNAs in common wheat in order to understand the interactions 

of the three waxy proteins, as our results suggest that possible mRNA processing 

events might be involved in the expression ofthe waxy proteins in common wheat. 

8.2.3 Further understanding of evolution of wheat 

The origins of different genomes of wheat have been described in this project, based 

on electrophoretic properties ofthe waxy proteins and SGP on SDS-PAGE and on the 

sequences of the partial waxy genes in different types of wheat. However, 

polymorphism of the SGP within species of diploid wheat, T. monococcum, T urartu 

and T. speltoides, which are considered to be the three important diploid species to the 

genomes of polyploid wheat (section 8.1.2), suggests that identification of diploid 

progenitors could be much more complicated than suggested so far. Analysis of our 

sequence data of the waxy genes of diploid T. monococcum and T. speltoides showed 

significant differences compared to those obtained recently by Mason-Gamer et al. 

(1998) from the same species, implying intraspecies polymorphism ofT". monococcum 

and T. speltoides may exist at the DNA level. These observations make it very 

difficult to determine the origin of the genomes of wheat unequivocally. Since most 

ofthe previous researches has been focussed on interspecific variability for studies on 

phylogenetic relationships, and the origins of different genomes of wheat are still in 

debate. In future, more attention should be paid to genetic variability within species. 

However, the sequences, PCR products and restrictive enzyme sites specific for the 

waxy loci on different genomes of polyploid wheat have provided the potential to 

develop molecular markers to detemiine the origin ofthe different genomes of wheat. 
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Figure I. Map of the pCR-Script Amp SK(+) cloning vector. The pCR-Script 

Amp SK(+) cloning vector (Stratagene) was designed by incorporating a Srf I site into 

the polylinker region (MCS, multiple cloning sites) of the pBluescript II SK(+) 

phagemid. The fragments of the waxy genes were cloned into a Srf 1 site in this 

project. 
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Figure II. Map of the pGEM-T cloning vector. The pGEM-T cloning vector 

(Promega) was designed by cutting the polylinker region (MCS, multiple cloning 

sites) in the vector by EcoR V between Sac II and Spel as shown in the Figure, and 

then adding a 3' terminal thymidine to both ends. The fragments ofthe waxy genes 

were cloned by ligation to the extended 3' T termini. 



278 

APPENDIX III 

CHEMICALS AND REAGENTS 

A. Enzymes 

A large number of enzymes used in this project were provided with the Kits for PCR 

amplifications, cloning and sequencing reactions. These enzymes included: 

Srf I for digesting the pCR-Script Amp SK(+) cloning vector which was 

provided by Stratagene; 

Polymerases for PCR amplification which was provided by Perkin Elmer, 

Qiagen and Promega; 

T4 DNA Ligase for ligation reaction of fragments of the waxy genes obtained 

in this project and the pCR-Script Amp SK(+) cloning vector and the pGEM-T 

cloning vector which were provided by provided by Stratagene and Promega 

respectively; 

Polymerases for sequencing reactions which were provided by Perkin Elmer. 

The majority of other restriction enzymes in this project was supplied by Progen and 

MBI and used according to the instmction of the supplier. Some enzymes were 

purified and prepared: 

• Purification and Preparation of RNase A (10|j.g/j.il) 

100 mg of pancreatic RNase A raw extracts (Progen) was dissolved in 10 mL 

of sterile 10 mM Tris-Cl buffer (pH 7.5) containing 15 mM NaCl and heated 

in boiling water bath for 5 minutes to inactivate DNase in the RNase A. This 

DNaes-free RNase A was clod slowly to room temperature and dispensed into 

aliquots (20 }il/Eppendorf tube) and stored at-20°C 



279 

• Purification and Preparation of Proteinase K (20|ig/|a,l) 

100 mg of Proteinase K (Sigma) was dissolved in 50 mL of 10 mM Tris-Cl 

and 10 mM NaCl and incubated at 37°C for 1 hour. This Proteinase K was 

dispended into aliquoted (20|J,1/Eppendorf) and stored at -20°C. 

. Preparation of lysozyme (50 mg/mL) 

100 mg lysozyme (Boehrin) was dissolved in 2 mL of solution (50 mM 

Tris-Cl, pH 8.0,10 mM EDTA and 50 glucose) was prepared fresh. 

C. Buffers 

A great number of buffers for PCR amplifications, ligation reactions, and digestion 

reactions were supplied with Kits or enzymes used in this project. The following 

buffers were prepared: 

1. TE, 10 mM Tris-Cl (pH 8.0), 1 mM EDTA (pH 8.0). 

High-salt TE buffer 1 M NaCl was prepared by adding 1 M NaCl. This high-

salt was used to dissolve the raw genomic DNA extracted by CTAB. 

2. STE: 0.1 M NaCl, 10 mM Tris-Cl, 1 mM EDTA. 

3. STET: 0.1 M NaCl, 10 mM Tris-Cl, 1 mM EDTA (pH 8.0), 5% Triton X-100. 

4. TAE 50X: Tris base, 242 g Glacial acetate acid 57.1 mLEDTA (0.5 M, pH 8.0) 

100 mL, These components were dissolved and made up to 1000 mL TAE 

buffer sterile H2O. 

5. Extraction buffer for preparation of starch granules and proteins 

0.55 M Tris-Cl pH 6.8 lOmL 

10% SDS 26 mL 

Glycerol lOmL 
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These three components were mixed and made to 90 mL of extraction buffer 

and stored at room temperatiire. 5% (3-mercaptoethanol and 5% 1 M DTT 

stock were added before use. 

6. Electrode buffer (pH 8.3) 

0.025 M Tris 

0.192 M glycine 

0.1% SDS. 

7. Protein Sample Buffer (loading buffer). 

0.125 M Tris-Cl (pH 6.8) 

10% glycerol 

5% p-mercaptoethanol 

2% SDS 

0.013% bromophenol blue 

8. Genomic DNA extraction buffer from plant leaves 

100 mM Tris-Cl pH 8.0, 

20 mM EDTA, pH 8.0 

1.4 M NaCl, 

There three components were made to 96% of the final volume of the buffer 

and stored at room temperature. 2% p-mercaptoethanol and 2% CTAB 

(hexadecyltrimethylammonium bromide) was added before use. 

C. General solutions and stocks 

1. Acrylamide:biscrylamide stock 

30 g acrylamide (Electran grade, BioRad) and 0.135 g bisacrylamide (Electran 

grade, BioRad) were added to 60 mL dHiO and incubated at 37°C until 

dissolved. The solution was made up to 100 mL with d H2O and sterilised by 

0.45 }im filter. This 30:0.135 of acrylamide:bisacrylamide stock was stored in 

dark bottles at room temperature. The 29 g acrylamide and 1 g bisacrylamide 
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were dissolved in 100 mL of d H2O and 29:1 of acrylamide:bisacrylamide 

stock. 

2. 0.5 M EDTA 

186.1 g of disodium ethylenediaminetetra-acetate-2H20 was dissolved to 800 

mL of dH20 by stirring on a magnetic stirrer. pH was adjusted to 8.0 by NaOH 

pellets (approximately 20 g), autoclaved for at 121°C for 20 minutes and stored 

at room temperature. 

3. Ethium Bromide (10 mg/mL) 

0.5 g ethidium bromide (Sigma) was dissolved into 50 mL of dH20 by stirring 

with a magnetic stirrer for 2 hours to ensure that the solid dye has been 

dissolved. This stock was transferred into a 50 niL tube, which was wrapped in 

aluminum foil and stored at room temperature. 

4. 10% CTAB 

10 g CTAB (hexadecyltrimethylammonium bromide, Sigma) was dissolved in 

100 mL of 0.7 N NaCl, and stored at room temperature. 

5. 10% SDS 

10 g sodium dodecyl sulfate (SDS) (electrophoretic grade, BioRad) was 

dissolved in 90 mL dH20 and heated at 68°C until SDS was completely 

dissolved. This solution was adjusted pH to 7.2 using dilute acetic acid and 

made up to 100 mL with dH20, followed by filtration v^th 0.22 ^m filter. This 

10% SDS solution was stored at room temperature. 

5. 3 M Sodium acetate 

40.8 g of sodium acetate-3H20 was dissolved in dH20 to make 100 solution, 

followed by the adjusting the pH to 5.2 with glacial acetic acid. This solution 

was autoclaved and stored at room temperature. 
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7. 5 N NaCl 

29.2 g of NaCl was dissolved in dH20 to make 100 mL solution and 

autoclaved and stored at room temperature. 

8. IMDDT 

3.09 g of dithiotheitol (DTT) (Sigma) was dissolved in 20 mL of 0.1 M sodium 

acetate (pH 5.2). The solution was sterilised by 0.45 ^m filter, dispended into 

aliquots and stored at -20°C. 

9. 20% IPTG 

2 g of isopropylthio-p-D-galactoside (IPTG) (Progen) was dissolved in dH20 

to make a 10 mL solution. This solution was sterilised by 0.22 |j,m filter, then 

aliquoted and stored at -20°C. 

10. X-gal (20 mg/mL) . 

100 mg of 5-Bromo-4-chloro-3-indolyl-P-D-galactoside (X-gal) (Progen) was 

dissolved in dimethyformamide to make a 5 mL of solution. This solution was 

wrapped with aluminum foil and stored at -2(fC. 

11. lMMgCl2 

20.33 g of MgCl2.H20 (AR grade, BDH) was dissolved in 80 niL of dH20 and 

made up to 100 mL with dH20. This solution was sterilised by autoclaving 

and stored at room temperature. 

12. lMCaCl2 

27 g of CaCl2,6H20 was dissolved in 60 mL and made up to 100 mL, This 

solution was sterilised by 0.22 |im filter and stored at room temperature. 

13. Ampicillin (5 Omg/niL) 

200 mg of Amipicillin (Sigma) was dissolved in dH20 to make 4 mL of 

solution. This solution was sterilised by 0.22 )im filter and aliquoted into light-

tight containers. 
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14. Phenol 

Phenol (Novachem) was equilibrated with Tris-Cl before use. Phenol was 

melted at 68°C and then an equal volume 0.5 M Tris-Cl (pH 8.0) was added. 

The mixture was stirred for 15 minutes and then the upper phase was 

discarded. An equal volume of 0.1 M Tris-Cl (pH 8.0) was added to phenol 

(lower phase) and mixed up by stirring, followed by the upper phase was 

discarded. This process was repeated several times until the pH ofthe aqueous 

layer was >8.0. This phenol was added 0.1 volume of 0.1 M Tris-Cl (pH 8.0) 

and a little hydroxyquinoline and stored at -4^C. 

C. Bacterial medium 

1. LB (Luria Broth) 

Trypton 10 g 

Yeast extract 50 g 

Sodium chloride 10 g 

This medium was made up to 1000 mL, followed by autoclaving at 121°C for 

20 minutes. 20 g agar was added such LB medium to make LB solid medium 

and autoclaved.. 

2. SOB 

20.0 g Trypton 

5.0 g yeast extract 

0.5 g of NaCl 

This medium was made up to 1000 mL and autoclaved at 121 C for 20 minutes. 

10 mL of 1 M MgCb and 10 mL of 1 M MgS04 were added prior to use. 

3. SOC 

2 mL of 20% sterilised glucose was added to the SOB medium before use. 




