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1 INTRODUCTION

The special characteristics of wheat (Triticum aestivum L.) can be

attributed to the highly specific biochemical and mechanical

properties of its gluten proteins, which form a network in the dough,

thus lending it elasticity and extensibility. Consequently, breeders

attempting to improve the quality of wheat have concentrated

primarily on changing the composition of the gluten proteins.

However, in addition to the gluten proteins, the special properties of

wheat flour and dough are also influenced by other components of the

endosperm, such as other proteins, starch and lipids. The endosperm

proteins form various covalent and non-covalent bonds and

interactions with each other and with other carbohydrates and lipids,

thus influencing the quality of wheat and the flour derived from it.

The importance of starch quality was not recognised for a long time,

as it was regarded as an inert endosperm filler. This opinion was

revised when demands for wheat with a very low amylose content

were raised by the processing industry. Other proteins, such as the

puroindolines bound to the surface of starch granules, play a role in

the development of endosperm structure and thus also have an indirect

effect on the quality of wheat and flour. The genes for quality-

determining proteins in the wheat endosperm are useful genetic

markers for breeders. This is particularly true of genes whose products

are produced in relatively large quantities and thus accumulate in the

wheat grains. The success of wheat breeding depends to a great extent

on whether breeders make use of the new technologies now available
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during selection. Plant biotechnology basically offers two possibilities

for the improvement of selection efficiency: the development and

application of molecular markers, and genetic modification. These

techniques are based on the detection of genetic variability at the

sequence level, and differences appearing at this gene level can be

used, for example, for selecting wheat varieties with the desired starch

and protein composition.

2 RESEARCH AIMS

The wheat breeding programme in Martonvásár is basically a

continuation of traditional breeding for varieties with hard endosperm

structure and good milling and baking quality. The present work was

aimed at investigating the applicability of protein and DNA markers

and of biotechnological methods in the breeding of high quality

wheat.

1. The HPLC technique was used to examine quantitative changes in

the ratios of storage protein subunits in genotypes transformed

with the 1Dx5 HMW glutenin gene, and the effect of these

changes on technological and rheological properties.

2. The HPLC technique was used to examine genotypes

overexpressing the 1Bx7 protein and the progeny generations of

crosses developed using these genotypes. The extent of

overexpression was analysed in the individual lines and the

possibility of carrying out molecular marker selection on the basis

of subunit overexpression was investigated.
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3. Investigations were carried out to determine how various

technological properties changed as a function of grain endosperm

structure in the course of selection in various segregating

generations.

4. Grain hardness and a number of quality traits were examined in

hexaploid wheat and in various diploid and tetraploid wild species

related to wheat, then the presence of the puroindoline genes

responsible for hardness and various types of gene mutations were

identified with the help of molecular markers.

5. Studies were made to determine whether Bánkúti 1201 lines,

which are heterogeneous for their HMW storage protein

composition, are also heterogeneous for starch properties, and if

so whether the differences are correlated with the variability

revealed using one of the most frequently applied markers

(GBSS).

3 MATERIALS AND METHODS

3.1 Materials

• A genotype transformed with the 1Dx5 HMW glutenin gene,

lines overexpressing the 1Bx7 subunit,

• Breeding stocks: F3–F5 lines (1999–2001), varieties that have at

some time been cultivated in Hungary, lines related to wheat as a

control,

• Lines of the old Hungarian variety Bánkúti 1201.
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3.2 Methods

Protein analysis 

SDS-PAGE (Jackson et al. 1996, Singh et al. 1991, Lawrence and

Shepherd 1980), SE-HPLC (Batey et al. 1991), RP-HPLC (Marchilo

et al. 1989).

Dough quality analysis

Perten SKCS 4100 (AACC 55-31), Perten Inframatic 8611 (ICC 202,

159), Perten Falling Number System 1500 (ISO 3093-1982), Kjeltec

1035 Analyzer (ICC105/2), Glutomatic 2200 (ICC 137/1), Zeleny

sedimentation test (ICC 116/1), Brabender Farinograph (ICC115/1),

10g Mixograph (AACC Method 54-40) and Chopin Alveograph (ICC

121).

Starch quality

RVA (AACC 76-21, Batey et al. 1997), DSC (Perkin Elmer), HPLC

amylose/amylopectin ratio (Batey and Curtin 1996).

DNA-based analyses

Sequencing (ABI Prism 310 Genetic Analyzer).

Markers: 1Bx7, puroindoline-a and b, GBSS.
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4 RESULTS AND CONCLUSIONS

The experiments were designed to determine whether the presence and

ratio of certain proteins was correlated with the quality of wheat, how

these factors were inherited, and how this knowledge could be utilised

in wheat breeding to improve genetic diversity.

4.1. Effect of the quantitative traits of storage protein subunits

on the functional and rheological properties of wheat and flour

The transgenic line B73-6-1, transformed by British scientists,

contains 10–15 extra copies of the 1Dx5 HMW glutenin gene,

resulting in 4-fold overexpression of the coded proteins. The

technological and rheological properties of the transformed and

original control lines were investigated under continental, dry climatic

conditions in Martonvásár (2000–2002). In the course of the 3-year

field experiment, the transgene and the functional properties

induced by the transgene were inherited in a stable manner from

one generation to the next. No difference was found between the

transgenic line and the original genotype with regard to yield potential

or adaptability, but a clear genetically determined difference was

observed in grain hardness and grain diameter. The changes in

these parameters could not be attributed directly to the presence of

extra copies of the 1Dx5 glutenin gene, but appeared to be a side-

effect of the transformation technique or the result of other changes in

the endosperm structure, leading to an increase in grain hardness and a

reduction in grain size, and thus in the thousand grain mass.
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According to the results, changes not related to the transgene itself

will be expected in future experiments.

A large proportion of the changes observed in chemical composition

and functional properties could be directly attributed to the presence

of an extra copy of the 1Dx5 gene, which has a great influence on

the properties of the glutenin polymer fraction, since it causes changes

in the accumulation of storage proteins during the wheat maturing

process, thus having a substantial effect on the whole of grain

development. The protein content of the transgenic line B73-6-1 tends

to be higher than that of the L88-6 control line, but the difference is

not significant. By contrast, there was a significant increase in the

absolute quantity of 1Dx5 HMW glutenin subunits, the LMW

glutenin subunit content and the Dx/Dy, HMW/LMW and

glutenin/gliadin ratios. The quantities of other HMW glutenin

subunits (Ax, By, Dy), however, decreased, as did the gliadin content.

The shift in the ratio of x and y type subunits resulted in such an

extensive change in the structure of the protein matrix that the

cohesiveness of the gluten proteins declined. This led to a significant

change in the rheological properties, resulting in extremely strong,

resistant dough with poor extensibility.  The lower values of wet

gluten content and SDS sedimentation, and parameters indicative of

dough rheological properties all proved that the transgenic wheat

B73-6-1 had great dough strength and poor extensibility, as a

consequence of which, bread baked from the flour of the transgenic

line had small loaf volume and dense crumb structure. All in all it
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could be concluded that the extreme properties of the transformed

genotype made it suitable for improving the quality of poor-gluten

quality flours.

One of the main aims of the Martonvásár breeding programme is to

breed wheat varieties with excellent breadmaking properties. In order

to achieve this aim, use was made of genotypes naturally

overexpressing the 1Bx7 subunit responsible for great dough

strength and stability, thus avoiding the need to use genotypes

transformed with 1Dx5 HMW glutenin, which has a similar effect. In

the F3 progeny generation (2002) of a cross between Canadian

varieties overexpressing the 1Bx7 HMW glutenin subunit and Bánkúti

1201, studies were made on the composition of the storage proteins

and the ratios of the individual subunits. The quantitative analysis of

the HMW glutenin subunits using RP-HPLC indicated that lines

overexpressing Bx7 could be found among the progeny of Bánkúti

1201 crossed with Mv Magdaléna, though this was not confirmed by

the DNA marker employed in the experiments. This means that the

Bx7 promoter in these lines did not contain the 43 bp insertion

characteristic of overexpressing lines. The reason for the

overexpression must thus be sought elsewhere. Lines where the

overexpression of Bx7 could be confirmed with genetic markers

were identified among the progeny of the N93-3026/Mv2 cross. The

analyses carried out so far indicate that the marker used for the

detection of 1Bx7 overproduction is suitable for the detection of
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genotypes with genetically determined ‘Bánkúti-type’

overexpression of 1Bx7. It should be noted, however, that it is not yet

known whether the insertion used for identification is contained

exclusively by the promoter of the genotype overexpressing Bx7. In

the progeny generations developed from the crosses there was no

significant difference in either the x/y ratio or in the HMW/LMW

ratio. As in the case of the overexpression of 1Dx5 HMW glutenin,

the effect of overexpression of the 1Bx7 subunit was primarily

reflected in a considerable shift in the ratio of the x/y subunits.

Like the results of the ‘in vitro’ studies described above, this suggests

that there is unlikely to be any great difference between the lines as

regards functional properties.

The results obtained in the crossing programmes indicated that the

composition of the HMW glutenin subunits in the progeny generation

and trends in the ratios of the subunits were rather complex. On the

one hand, it was found that the overexpression of the Bx7 subunit

was a genetically determined trait associated with the presence of

the By8 subunit. The overexpression of the subunit, however, may

also be influenced by other genetic and environmental factors,

since the extent of overexpression of the Bx7 protein subunit and the

ratios of the subunits are not necessarily the same in the progeny

generation as in one of the parental genotypes. Among the

environmental factors, N supplies and heat stress may also have a

considerable influence on the ratios of storage proteins, since the last

few years have been characterised by high temperatures and drought
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(Triboi et al. 2000, Szilágyi et al. 2000). Finally, it was established

that not only could the ratio of the 1Bx7 subunit be increased with the

genotypes used in the experiment, but old Hungarian landraces could

also contribute to an increase in genetic diversity. In our crossing

programme so we produced genotypes overexpressing 1Bx7

subunit and we confirmed that, both at protein and DNS level.

4.2. Consequences of diverse endosperm structures and the role of

puroindolines in the determination of wheat variety traits

In Hungary the preference in the processing industry is for wheat

varieties with both good milling properties and good breadmaking

quality. It is a great advantage for the milling and baking industry if

both these criteria are met simultaneously, but this requires the joint

presence of two completely independent groups of traits.

The technological properties of lines grouped on the basis of grain

hardness were studied in various generations (1999–2001). An

analysis of the wet gluten content, Zeleny index and farinograph water

absorption indicated that the grain yield of F3 lines differed in each of

the grain hardness groups, and there was generally an improvement

in these technological parameters as grain hardness increased.

Compared with the results obtained for F3 lines, there was less

deviation in the quality traits of lines selected in the F5 generation,

primarily due to selection. For this reason, even the minimum values

were generally higher than in the F3 generation. Nevertheless, lines

with high Zeleny indexes and farinograph water absorption, where
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hard grains were combined with good technological quality, could be

selected with greater frequency. It can thus be stated that grain

hardness could be the basis of indirect selection for breadmaking

quality, especially for the improvement of farinograph water

absorption, but the moderately close correlations should also allow

wheat genotypes with excellent technological traits to be selected

from grain hardness groups 50 and 60. Further investigations will of

course be required to determine the limiting factors.

An analysis of the relationship between grain hardness and

puroindolines revealed that not only the hexaploid species but also the

diploid species used as a control all contained genes for puroindoline-

a and puroindoline-b. Among the hexaploid varieties tested, a Gly

(46)–Ser (46) mutation was detected in the Bánkúti 1201

population and a Cys (29)–Arg (29) mutation in the transformed

line B73-6-1. The glycine-serine sequence exchange influences grain

hardness by inducing a reduction in hydrophobicity. At the same time,

the decrease in the number of cysteines causes changes in the

puroindoline structure leading to a reduction in the lipid-binding

ability of the puroindolines and a consequent strengthening of the

interaction between the starch and the protein matrix, giving a harder

endosperm structure. Two genotypes with hard grains were found

among the diploid species, thus contradicting reports in the literature

that all diploid species have soft grains. These species were Aegilops

umbellulata (UU) and Aegilops speltoides (SS). It is also worth
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mentioning Triticum sinskajae (AA) and Aegilops uniaristata (NN),

data on which have not previously been published. In the case of the

diploid T. sinskajae (AA) two point mutations were found in the

puroindoline-b gene, only one of which caused a change in the amino

acid. This gene expresses a protein resulting in soft grain type. In

the tetraploid group of species three soft-grained genotypes were

detected [Aegilops biuncialis (UM), Triticum turgidum ssp. turgidum

(AB), Aegilops cylindrica (DC)], together with a number of lines

containing puroindoline genes, despite the fact that they had no D

genome. This confirms an earlier suggestion that puroindoline genes

are to be found not only on the D genome of wheat. In the

tetraploid species deletions or point mutations were detected in the

puroindoline-b sequence, resulting in a lack of protein expression or to

changes in the structure and lipid-binding ability of the puroindoline

proteins. As a result, the endosperm structure is hard. The analysis

indicated, for example, that a deletion is to be found in the

puroindoline-b gene of the tetraploid T. petropavlovsky (AB), as

the result of which no protein is expressed, so the grain type is hard.

The puroindoline-b sequence and the protein expressed by it in the

tetraploid Aegilops biuncialis, which has UM genome composition,

differs considerably from that of T. aestivum and leads to soft

endosperm structure.

The grain size and thousand-grain mass of the wild relations of wheat

used as a control also provide information on the endosperm structure,

and these lines can be used for increase genetic diversity of wheat.
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4.3. Joint consideration of starch and protein properties in wheat

breeding

Old Hungarian wheat varieties and landraces may also be important

sources for an increase in genetic diversity. A population of the old

Hungarian wheat variety Bánkúti 1201 was divided into lines on the

basis of HMW glutenin subunit composition and the starch properties

of these lines were investigated. Great variability was observed in

the amylose content of the lines (14.4%–24.2%), in the viscosity

values measured using RVA (232–372 RVU, peak viscosity) and in

the energy required for gelling (∆H = 8.3 and 16.3 J/g).

The amylose content of some Bánkúti 1201 lines was lower than that

of partially waxy genotypes, though marker selection indicated that all

the Bánkúti 1201 lines contained all three waxy alleles. It is not

known, however, whether all three alleles are active in individual

lines, or whether they contain mutations that might influence GBSS

activity. In addition, other enzymes participating in starch synthesis

may also exert an effect on the quantity of amylose. In order to detect

differences between the lines, hierarchical cluster analysis was carried

out on the basis of starch properties recorded using HPLC, RVA and

DSC. According to the results, five groups of Bánkúti lines can be

distinguished, indicating that the Bánkúti 1201 population, which is

heterogeneous for HMW glutenin composition, is also

heterogeneous for starch properties. Lines with high amylose

content include both genotypes containing the 2*B subunit and/or

overexpressing for 1Bx7, and lines with normal storage protein
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composition. When old Hungarian wheat varieties are used in

breeding, it is thus possible to choose lines with the most suitable

combination of traits using a two-dimensional matrix effect.

If wheat varieties are to be bred to satisfy the demands of both

consumers and industry, the complex tools available in cereal

chemistry must be applied simultaneously to examine how gene

complexes acting independently of each other influence the chemical

composition and morphological traits of the varieties. In this way,

crosses can be designed to achieve the desired combination of traits.
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5 NEW SCIENTIFIC RESULTS

1. In wheat line B73-6-1 the transgene and the functional traits

induced by the transgene were inherited in a stable manner from

one generation to the next.

2. Genetically determined differences independent of the extra

copies of the 1Dx5 glutenin genes were found for grain hardness

and grain diameter. Changes not related to the transgene itself

would be expected in future experiments.

3. Differences genetically determined by the extra copies of the

1Dx5 glutenin genes were found also for the HMW/LMW-,

glutenin/gliadin-, x/y ratio, LMW glutenin and gliadin subunit

contents.

4. The B73-6-1 line has very strong dough with poor extensibility

thus it is suitable for improving the quality of poor-gluten quality

flours.

5. In a crossing programme using a Canadian wheat line

overexpressing the 1Bx7 subunit, overexpressing progeny were

obtained in which the 1Bx7 promoter contained the 43 bp

insertion characteristic of overexpressing genotypes

6. Overexpression of the 1Bx7 glutenin protein subunit was found to

be a genetically determined trait associated with the simultaneous

presence of the 1By8 subunit.
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7. The marker designed for the 1Bx7 promoter was suitable for use

in detecting overexpressing lines. All lines containing the 43 bp

insertion exhibited overexpression in our experiments.

8. Grain hardness could be used as the basis for indirect selection for

breadmaking quality as there was generally an improvement in the

technological parameters as grain hardness increased.

9. All the varieties cultivated over the last fifty years contained both

the puroindoline-a and puroindoline-b genes, so grain hardness

cannot be attributed to the lack of the puroindoline-a gene.

10. A Gly(46)–Ser(46) mutation was detected in the Bánkúti 1201

population and a Cys(29)–Arg(29) mutation in the transformed

line B73-6-1.

11. Hard-grained lines were identified among the diploid species and

soft-grained lines among the tetraploids.

12. Two point mutations were detected in a line of the diploid species

T. sinskajae.

13. Several tetraploid species were found to contain the puroindoline

genes.

14. A deletion was detected in the puroindoline-b gene of the

tetraploid species T. petropavlovsky.

15. Great variability was recorded in the starch properties, amylose

content, and RVA and DSC parameters of a population of the old

Hungarian variety Bánkúti 1201.
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