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PREFACE BY THE AUTHOR 
 
 
 
This book is based on my 40 years of experience in the field of 

storage protein, mainly gliadin, research. It is a complete review of more 
than 740 publications, which describe methods of wheat genotype analysis 
and identification, polymorphism and genetics (genes, loci, inheritance) of 
seed storage proteins, primary structure of gliadin and glutenin 
polypeptides and their encoding genes, the structure of the Gli and Glu 
loci, polypeptides having attributes of both gliadins and glutenins, 
variability at the Gli loci and types of spontaneous mutations, families of 
gliadin alleles, homoalleles and the origin of heteroalleles at the Gli loci, 
worldwide highly structured gliadin polymorphism of wheat germplasm 
(gene geography), the genetic diversity of common wheat germplasm 
during the 20th century and the problem of its genetic erosion, the origin 
of polyploid wheat and relationships among wheat species, the 
polymorphism of local varieties and landraces and problems of 
conservation and maintaining of wheat genetic resources in collections, 
and the relation of polymorphism at the Glu and Gli loci to the end-use 
quality… A special emphasis is made on inconsistencies and discrepancies 
of experimental data and on the discussion of some doubts and confusions. 

My first steps in the field of wheat storage proteins were in Ukraine in 
contacts with Drs M.M. Kopus, A.A. Pomortsev, F.A. Poperelya, A.I. 
Rybalka, T.A. Sobko, A.A. Sozinov, I.A. Sozinov, as well as colleagues 
from other countries, Drs G. Boggini, B. Javornik, D. Lafiandra, A.Yu. 
Novoselskaya, P.I. Payne, R. Redaelli, J. Sutka, P. Vaccino, …  

I am very much indebted to all my colleagues and assistants from 
different countries and laboratories, friends that I still know and have 
known. In some cases, we have known one another for many years and we 
have performed joint research. Our free discussions and analyses with Drs 
C.W. Wrigley, G. Branlard, N.E. Pogna, J.M. Carrillo, V.M. Chernakov, 
Z.A. Iakobashvili, S.F. Koval, V.A. Melnik, L. Pascual, S.V. Chebotar, 
G.A Romanov… and their help have encouraged me to write this book. I 
remember and appreciate the contributions of my dear colleagues and 
friends who have already passed away Drs E.V. Ananiev, W. Bushuk, S.F. 
Koval, N.E. Pogna, F.A. Poperelya, M. Rodriguez-Quijano, A.A. 
Sozinov....  
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INTRODUCTION 
 
 
 
The history of wheat domestication and use is closely linked to the 

efforts of humans to protect themselves from hunger and to gain control 
over their food supply [Igrejas & Branlard 2020]. Human agricultural 
activity began about ten thousand years ago in some small region of the 
Near East [Ozkan et al 2005]. The lifestyle transition from that based on 
hunting and gathering to farming and agriculture was a key event for the 
subsequent evolution of Western civilization [Dvorak et al 2012]. Now, up 
to 38% of the Earth's surface (excluding oceans, rivers and Antarctica) is 
sown to various agricultural plants [Matsuoka 2011].  

The birth of agriculture is associated with the beginning of wheat 
cultivation. Throughout centuries, wheat always was and currently remains 
one of the most important crops. For example, in 2019, wheat was grown 
worldwide on 214 million hectares and its production exceeded 730 
million tonnes. Common (bread) wheat represents 90-95% of the total 
wheat production [FAOSTAT, 2021]. 

In addition to the quantity of wheat grown (the yield), its quality is of 
great importance. The history of wheat improvement is a story of 
progressive advances, especially during the 20th century, from manual 
selection of the stronger plants being selected for future propagation (often 
through the individual efforts of farmers who did not use genetics but their 
art and experience [Duvick 1996]), ranging from cross-pollination of 
plants that together are expected to produce improved progeny, to more 
sophisticated breeding technologies. In parallel, laboratory methods have 
been developed for the biochemical study of proteins responsible for 
wheat quality and for elucidating the genetics of the controlling loci. 
Nevertheless, even in the 1970s, the discovery or creation by selection of a 
new valuable wheat genotype was considered as an accidental success 
("un heureux hasard") [Branlard 2009].  

Wheat-grain storage proteins, gliadins and glutenins created by nature 
[Wrigley 1996; Wrigley et al 2006b], make up the basis of the unique 
suitability of wheat for making bread and other bakery products, which 
represent a considerable part of the human diet. Wheat provides about 
20% of daily protein and food calorie intake worldwide. Hence, any 
advances related to our knowledge or breeding in this species will have a 
major worldwide impact [Ribeiro et al 2013]. 
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In recent decades, there have been unprecedented increases in our 
knowledge of the chemistry, genetics and functionality of gliadin and 
glutenin. This knowledge helps in the production of new genotypes with 
improved characteristics including field, dough-quality and medical 
aspects (see 4.). Nevertheless, the immense complexity of the hexaploid 
common-wheat genome [Walkowiak et al 2020], and of the genetic loci 
encoding the synthesis of seed storage proteins, leaves many questions 
unanswered.  

This book is a review. The original research data (Figures, Tables, 
etc.) can be found in the cited publications. For the spelling of names of 
cultivars and other information about them, the internet site 
wheatpedigree.net is used throughout this book.  

 
 



1. GLIADIN AND THE DETECTION  
OF ITS POLYMORPHISM 

 
 
 

1.1. Gliadin, an extremely polymorphic alcohol-soluble 
protein, and glutenin, a giant macromolecule 

The endosperm of a wheat grain (70% dry weight) is mainly 
composed of starch, while protein amounts to 10-15%. About 70% of all 
flour proteins [Altenbach et al 2020], or up to 80% of the grain protein 
[MacRitchie et al 1990; Branlard et al 2003] consists of storage proteins. 
The full spectrum of wheat endosperm proteins contains at least 1300 
individual polypeptides [Gianibelli et al 2001].  

Dough made from wheat flour consists of starch and a mixture of the 
various polypeptides called "gluten". Gluten is easily separated from the 
starch and is almost entirely composed of two fractions, gliadin (40% of 
the gluten), which is extractable with 70% ethanol, and glutenin, which 
remains in the sediment after removal of the gliadin. These two proteins 
obtained their names, gliadin and glutenin, about 200 years ago [Wrigley 
et al 2006b]. Gliadin and glutenin are also called "prolamins". This book is 
about the prolamins of wheat grain. 

Gliadin is one of the most unusual proteins synthesized by living 
organisms.  

It is well known that almost any protein can be precipitated with 
alcohol (ethanol), which causes the protein to coagulate and precipitate. 
On the contrary, being extremely hydrophobic due to its high content of 
the amino acids glutamine and proline, gliadin is readily soluble in 70% 
aqueous ethanol. Therefore, for analysis, gliadin can be easily extracted 
from flour by adding 70% aqueous alcohol solution to it. Recently, 
gliadins have been shown to be soluble in pure water [Urade et al 2018].  

Another prominent characteristic of gliadin is that it is extremely 
polymorphic and, being extracted from one wheat seed, represents a highly 
heterogeneous mixture of similar but well-distinguishable polypeptides 
(gliadins). The polymorphism of gliadin may be called “multi-level”. 
Firstly, there are three main types of gliadin polypeptides, the α-, γ-, and 
ω-gliadins, are very different in their domain structure (see 3.1.). 
Secondly, there are families of gliadin polypeptides of the same type, so 
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molecules belonging to the same family are more similar to each other 
than gliadins from different family types. Thirdly, there is considerable 
variation of gliadins within each type and within each family. Individual 
gliadins (gliadin polypeptides) of the same type may differ from each 
other in their amino acid sequence, molecular weight (length), charge and 
genetic control (see 2.5.). Fourthly, any common wheat genotype produces 
tens of distinct gliadin molecules, and there is a strong difference between 
genotypes in terms of the sets of gliadins synthesized (see 1.2.). 
Theoretically, two common wheat genotypes may be found (or made up) 
that produce completely different sets of gliadin polypeptides. Fifthly, 
wheat species differ in the sets of their gliadins produced (see 8.4.). The 
inheritance of gliadin polypeptides (see 2.2) and the structure of gliadin-
encoding (Gli) loci (see 5.) are unusually complex. There are major (see 
2.1.) and minor (see 6.) Gli loci on different chromosomes of wheat.   

Thus, gliadins, due to their enormous intraspecific and interspecific 
polymorphism, offer a great opportunity for genetic studies. Also, the 
difference of common wheat genotypes can be used to confirm, in a 
controversial situation, the origin of a given wheat grain (see 9.8.).  

Many approaches have been proposed for the analysis of gliadin 
polymorphism (see 1.2.). The ability of this protein to be easily extracted 
from flour in a relatively pure form facilitates its analysis.  

The amino-acid composition of gliadin polypeptides is very peculiar 
being rich in proline and glutamine and poor in charged amino acids, 
especially lysine. Some gliadins lack cysteine. Those gliadins that have 
cysteine form only intra-molecular disulphide bonds [Shewry & Tatham 
1997]. Therefore. gliadins are monomeric molecules and have a 
characteristic three-dimensional structure [Müller & Weiser 1995; 1997]. 
Generally, the molecular weight (MW) of different gliadin polypeptides 
varies from about 20 kDa up to more than 65 kDa (up to 80 kDa [Branlad 
2009]), although for a vast majority of gliadins, their MW is 30-45 kDa 
[Payne et al 1982; Metakovsky et al 1984b; Shewry & Halford 2002] (see 
2.5.). The vast majority of gliadin polypeptides are not glycosylated 
[Ewart 1977; Bunce et al 1985], but some of them may undergo post-
translational processing so that one gliadin-encoding gene produces two 
polypeptides of slightly different length [DuPont et al 2004].  

Molecules of glutenin, commonly called "glutenin subunits" are 
similar to gliadins in some characteristics, in other respects, the two 
protein classes differ significantly [reviewed in Payne 1987; Shewry & 
Tatham 1997; Gianibelli et al 2001; Shewry et al 2003; Li et al 2021]. The 
similarity of the two protein classes is in their amino-acid composition: 
both have high glutamine and proline contents and low lysine content. The 
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genes encoding each of these proteins lack introns, have a domain 
structures and typical nucleotide sequences that regulate transcription 
[Cassidy et al 1998; Shewry & Halford 2002]. The fundamental difference 
is that gliadin is extracted as individual polypeptides, while glutenin 
polypeptides are linked by covalent disulphide bonds through cysteines 
[Shewry & Tatham 1997], thereby creating a network (gluten matrix) 
[Kasarda 1989; Tao et al 1992]. (The term "subunit" emphasizes the fact 
that this molecule originates from the gluten network. In this book, the 
term "subunit" is used interchangeably with the term "polypeptide". 
Besides, individual molecules of glutenin we call "glutenins") Non-
covalent hydrogen bonds, which are formed between the amino acid 
residues of glutamine in the polypeptide chain, also participate in the 
stabilization of the matrix structure [Feeney et al 2003]. Therefore, the 
gluten matrix is, in fact, one giant macromolecule, the biggest present in 
nature [D'Ovidio & Мasci 2004]. The MW of this macromolecule may 
reach several thousand kDa [Wrigley 1996; etc.]. The size of the glutenin 
macromolecule is highly dependent on environmental factors, primarily 
the temperature at which plants are grown [Branlard et al 2020].   

The polymorphism of glutenin is usually investigated using SDS-
electrophoresis (SDS-EP) although many other techniques have been 
proposed (see 1.4., 3.5., 4.1.). Before the use of SDS-EP, the gluten matrix 
must be separated into its individual polypeptides by a reducing agent, for 
example, β-mercaptoethanol, to break the disulphide bonds between the 
polypeptide chains. 

In the SDS-electrophoregram of glutenin, there are two main groups 
of glutenin polypeptides (glutenins), the high-molecular-weight (HMW) 
subunits (see 4.1.), and low molecular weight (LMW) subunits (see 3.2.), 
distinct in their electrophoretic (SDS-EP) mobility (EM), biochemical and 
structural characteristics [Shewry et al 1992; Margiotta et al 1993]. In the 
formation of the gluten matrix, HMW and LMW glutenin subunits play 
equally important roles [Shewry & Tatham 1997; D'Ovidio & Masci 2004; 
Juhász & Gianibelli 2006; Shewry et al 2006]. Due to its ability to form a 
matrix, glutenin determines the dough quality, influencing parameters such 
as dough strength and elasticity [Payne 1987; etc.] (see 4.3., 4.5.). Some 
glutenins may undergo, like gliadins, post-translational processing [Nunes-
Miranda et al 2017].  

For genetic studies on wheat, in addition to specific gliadins and 
glutenins, several highly polymorphic molecular (DNA) genetic markers 
have been developed and are widely used [Sharp et al 1989; He et al 1992; 
Liu JG et al 1992; Vaccino et al 1993; Talbert et al 1994; Bryan et al 1999; 
Somers et al 2003; Landjeva et al 2007; Ravel et al 2007; etc.].  
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1.2. Methods proposed for detecting gliadin polymorphism 

Many techniques and their modifications have been proposed and 
used to detect and analyse gliadin polymorphism, including  

 
•  many different procedures of one-dimensional electrophoresis 

(EP) [Shewry et al 1978; Autran et al 1979a; Du Cros & Wrigley 
1979; Konarev et al 1979; Sozinov & Poperelya 1980; Lookhart 
et al 1982; Wrigley et al 1982a; Pogna et al 1986; Werner et al 
1994; Bietz & Schmalzried 1995; Lookhart & Bean 1995; 
Poperelya 1996; Bean et al 1998; Bean & Lookhart 2001; 
Uthayakumaran et al 2005; Kozub et al 2009; etc], 

•  of two-dimensional EP [Wrigley 1970; Mecham et al 1978; 
Payne et al 1982; 1988b; Lafiandra et al 1984; Metakovsky et al 
1984b; Howes 1986; Dumur et al 2004; Hurkman & Tanaka 
2004; Gobaa et al 2008; Dupont et al 2011; etc.],  

•   electrofocusing [Wrigley & Shepherd 1973], 
•   chromatography [Bietz & Burnouf 1985; Lookhart et al 1986; 

DuPont et al 2000; Gianibelli et al 2002a; Uthayakumaran et al 
2006; Tanaka et al 2011, Pronin et al 2020; etc.],  

•   immunological approaches [Konarev 1980; Skerritt 1985; Skerritt 
et al 1991],  

•   analysis of gliadin-coding DNA [Scheets & Hedgcoth 1988; 
Vaccino & Metakovsky 1995; Anderson & Greene 1997; Zhang 
et al 2003; etc.].  

 
It was established that the set of gliadins is specific for a given wheat 

genotype and does not depend on the zone or specific eco-climatic 
conditions of growing, on the level of fertilizer applied, the grain protein 
content or on incomplete germination [Autran & Bourdet 1975; Ellis & 
Beminster 1977; Du Cros & Wrigley 1979; Zillman & Bushuk 1979a; 
Lookhart & Finney 1984]. Cultivars differed in sets of encoded gliadins 
[Kasarda et al 1976; etc.].  

Any technique used for the analysis of gliadin polymorphism has its 
own advantages and disadvantages. For example, neither chromatography 
nor immunological approach provides better resolution (detection of a 
larger number of different gliadin polypeptides synthesized by a given 
genotype) compared with one-dimensional EP. These approaches may be 
used to reveal the polymorphism of gliadins present in a given genotype, 
but few attempts have been made to carry out genetic research using these 
methods, for example, to establish the inheritance of individual gliadins 
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[Bietz et al 1975; Bietz & Burnouf 1985; Skerritt et al 1991]. 
Chromatography has been successfully used to analyse the biochemical 
properties of individual gliadin polypeptides or their groups [DuPont et al 
2000], but not their genetics. Similar to some other approaches, various 
modifications of two-dimensional EP can be successfully used to reveal 
and analyse the gliadin polypeptides present in a few genotypes studied 
[Wrigley 1970; Mecham et al 1978; Payne et al 1982; Lafiandra et al 
1984; Dumur et al 2004; Gobaa et al 2008].  

One-dimensional EP is more suitable than any other approach for the 
routine inspection of a large number of wheat genotypes when there is a 
need, for example, to routinely identify and distinguish many cultivars or 
examine progeny from crosses. The procedure permits the analysis of 
gliadin extracted from one seed (seed-by-seed analysis) and even from a 
half-seed, if is necessary to grow up the germ end of the analysed seed. 
Since gliadin polypeptides have a very low content of charged amino 
acids, an acidic buffer (pH 3.0-3.2) provides the best resolution for their 
one-dimensional separation. The electrophoregram of the gliadin 
composition of any wheat genotype obtained by EP in acid gel provides a 
complex pattern (about 20-25 EP bands of different staining intensities) 
which is traditionally divided into four zones, depending on the 
electrophoretic mobility (EM) of the bands, α-gliadins (the fastest group of 
bands), β-, γ-, and ω-gliadins (the slowest) [Jones et al 1959; Woychik et 
al 1961]. The earliest EP procedures, which could resolve gliadins of one 
common wheat genotype into 20-25 EP bands, were proposed in Australia 
[Wrigley & Baxter 1974], France [Autran & Bourdet 1975], Russia 
[Gubareva et al 1975] and Ukraine [Sozinov et al 1975a]. When several 
procedures of one-dimensional EP in acid buffer were compared, it was 
established that acid polyacrylamide gel electrophoresis (APAGE) is 
easier to handle and may provide better resolution than starch gel for 
differentiation between cultivars, although strict attention to experimental 
detail is necessary [Autran et al 1979a]. In another study, the use of 
APAGE provided much better resolution than starch gel, especially among 
α- and β-gliadins [Metakovsky & Kopus 1991].  

Using routine APAGE technique, one operator can obtain 
electrophoregrams of up to 100 or more samples (wheat genotypes) within 
one working day (plus overnight for staining gels) [Bushuk & Zillman 
1978; Metakovsky et al 1984a; Pogna et al 1986]. It was reported that the 
relative EM of gliadin polypeptides and therefore the details of the band 
distribution in the electrophoregram can be influenced by the quality of the 
main reagents [Lookhart et al 1982], by the type and temperature of the 
buffer [Autran et al 1979a; Lookhart et al 1985], the concentration of gel 
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polymerization catalysts [Khan et al 1985], the addition of urea to the gel 
[Mecham et al 1978; Autran et al 1979a], and to some extent by the size 
and design of the EP apparatus [Autran et al 1979a].  

On the other hand, one-dimensional SDS-electrophoresis (SDS-EP) is 
less suitable for the analysis of gliadin polymorphism (see 1.4.).  

1.3. The standard APAGE procedure  

Experience shows that gliadin electrophoregrams of the same wheat 
genotype may vary in the number, and distribution of bands when using 
different modifications of the EP procedure. Therefore, there was a need to 
have a convenient and high-resolution standard APAGE technique for the 
analysis of gliadin polymorphism which would improve inter-laboratory 
agreement of results.  

 At the University of Manitoba (Canada), a convenient one-
dimensional APAGE procedure was developed to obtain reproducible 
results with high resolution for the analysis of gliadin (horizontal EP, Al-
lactate buffer, pH 3.1; 6% gel; about 13 V/cm throughout the run; of about 
6.5 hours) [Bushuk & Zillman 1978]. This method was recognized to be 
the most suitable as an international reference procedure for the EP 
analysis of gliadin [Autran et al 1979a]. It has been adopted by the 
International Association for Cereal Science and Technology as a standard 
technique for the analysis of gliadin protein polymorphism [ICC 1995].  

Some valuable modifications of this standard method were proposed 
[Tkachuk & Metlish 1980]. Independently, a similar modification of the 
standard procedure has been used since 1981 in the Institute of General 
Genetics, Moscow [Metakovsky et al 1984a]. The modifications included 
vertical EP and 550V as it was proposed [Tkachuk & Metlish 1980], but 
two 1 mm thick slabs of 17 wells each (gels 8.3%) for each run, and not so 
strict control of the temperature of EP [Metakovsky & Novoselskaya 
1991]. The coincidence of some details in these two independent 
modifications indicates their adequacy and feasibility. Direct comparison 
of two APAGE techniques ([Bushuk & Zillman 1978] and [Metakovsky et 
al 1984a]) confirmed the existence of some noticeable differences in the 
distribution of bands along the gliadin electrophoregram: a slightly better 
resolution of ω-gliadins, and of γ- and β-gliadins was achieved by using 
these techniques, respectively [Metakovsky et al 1993b]. 

Modifications of the APAGE procedure for the analysis of gliadin 
polymorphism [Metakovsky & Novoselskaya 1991] were used throughout 
the studies carried out in different countries and laboratories in decades 
from 1981 to 2021 (in Australia, Italy, France, Spain). The method was 
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confirmed to be highly efficient and reliable. Therefore, it is possible to 
confirm the authors' [Zillman & Bushuk 1979a] words about their 
technique, that "... reproducibility of the gliadin electrophoregram of 
gliadin of the same cultivar obtained in many different occasions by 
different technicians is extremely good".  

Various authors have formulated criteria by which one can evaluate 
the quality of the APAGE procedure [Bushuk & Zillman 1978; Lookhart 
et al 1982; Khan et al 1985]. In particular, the following test has been 
proposed: an acceptable level of gliadin resolution is considered to be 
achieved if, as a result of EP, two intensely bands in the slow γ-zone of the 
electrophoregram of the well-known Canadian cv Marquis (EM 44.5 and 
45.5 [Zillman & Bushuk 1979b]) (Fig. 1) are well separated (do not fuse 
into one band). Our standard APAGE electrophoregrams meets not only 
this, but also many more stringent requirements. Indeed, the procedure 
used of APAGE not only separates these two bands, but also documents 
slight differences in the EM of each of them. In addition, the technique 
used permits the resolution, in some wheat genotypes, of a medium-
intensity gliadin, differing in its EM among wheat genotypes; it is located 
between two intensely stained bands in the γ-zone of APAGE pattern 
[Metakovsky et al 1984a; 2018c] (see 2.5.). 

At least three non-alternatives can be proposed to explain the 
differences in the intensity of staining of different bands in the APAGE 
electrophoregram. First, overlapping of different gliadin polypeptides 
having nearly identical EM in APAGE may lead to an increase of staining 
intensity of such a complex band. Some storage protein polypeptides with 
similar properties (MW, EM) could not be separated even with the use of 
2D EP. Thus, 18, and 7 spots of the 2D EP pattern were shown to contain 
two, and three different polypeptides, respectively [Altenbach et al 2020]. 
Secondly, an intensive band may be encoded by a more intensively 
expressed gene. The level of expression of different prolamin-encoding 
genes may differ up to 60-fold [Altenbach et al 2020; Paris et al 2021]. 
Third, duplicated and amplified genes can strongly increase the intensity 
of one EP band or spot [Vaccino et al 2002; Metakovsky et al 2018a]. In 
addition, it cannot be completely excluded that polypeptides of gliadin 
may differ in their ability to be stained. 

Long experience has also shown that variation in the concentration of 
the gel and/or the pH of the buffer, as well as the addition of urea to the 
gel might, in some cases, contribute to the separation of overlapping bands 
in the electrophoregram.  
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1.4. Use of SDS gel electrophoresis in gliadin research 

In contrast to one-dimensional APAGE, one-dimensional SDS-EP, 
which is successfully used for analysis of various proteins (including 
wheat storage proteins, glutenins, see 3.2., 4.2.) is hardly applicable to 
gliadin. Since this method classifies polypeptides by their MW only 
[Laemmli 1970], it cannot distinguish between several tens of different 
gliadin polypeptides (having similar molecular weight values), which are 
produced by one wheat genotype. So, when SDS-EP is used for the 
analysis of gliadin, a considerable part of the information about its 
polymorphism is lost [Metakovsky & Graybosch 2006; Uthayakumaran et 
al 2006].  

Of special interest, however, is the APAGE/SDS two-dimensional (2D) 
separation of gliadin. Since the genetic control and inheritance of many 
gliadin polypeptides (EP bands) in the first dimension (one-dimensional 
APAGE) can already be known [Metakovsky et al 1984a; 2018c], the 
determination, in the second dimension, of the molecular weight of these 
polypeptides can provide valuable new information [Payne et al 1982; 
Howes 1986; Metakovsky et al 2018a; b]. For example, the separation of 
gliadin APAGE bands in the second dimension may be used if the aim is 
to establish the inheritance of individual gliadin polypeptides and their 
groups [Metakovsky & Sozinov 1990; Redaelli et al 1994].  

The MW of gliadins studied by SDS-EP may be overestimated. Due 
to the peculiarity of its primary structure, gliadin polypeptides may not 
undergo sufficient denaturation and, therefore, they do not bind 
sufficiently to SDS molecules [Hamauzu et al 1974]. For example, the 
apparent MW (AMW) of ω-gliadins, and of one γ-gliadin studied by SDS-
EP were shown to be overestimated by 25-35% [DuPont et al 2000; 2004], 
and by 25% [Ferrante et al 2006], respectively, in comparison with values 
obtained by mass spectrometry. In other work, the AMW of one α-gliadin, 
and of one γ-gliadin were overestimated by 20%, and 30%, respectively 
[Gobaa et al 2007]. The AMW of the known polypeptide "γ50" present in 
the cv Marquis [Bushuk & Zillman 1978] is reported to be 32 kDa 
[Metakovsky et al 1984b], or 54 kDa [Howes 1986]. 

In genetic research, the accurate determination of the MW of 
individual gliadins is not the goal. Therefore, it may be accepted that 
similarity in EM of two polypeptides in the second dimension of the 
APAGE/SDS 2D EP indicates the similarity of their MW. This assumption 
may lead to a non-trivial conclusion [Metakovsky et al 2018a; b; 2021b] 
(see 7.5.).  
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It turned out, however, that estimation of the AMW of individual 
gliadins made through the analysis of APAGE/SDS 2D EP patterns 
[Metakovsky et al 1984b; 2018a; b] was in acceptable accordance with 
values for the MW of the corresponding gliadins obtained by equilibrium 
ultracentrifugation or on the basis of amino acid composition (AAC) 
[Charbonnier 1974; Ewart 1977; etc.]. For example, the MW (AAC) of 
two α-gliadins were 22 kDa and 32 kDa [Patey and Waldron 1976], 
whereas the AMW of a group of α-gliadins calculated from APAGE/SDS 
2D EP was in the range 27-33 kDa. The MW of one intensely stained γ-
gliadin (ultracentrifuge sedimentation) was found to be 34.6 kDa [Sexson 
et al 1978] and 34 kDa by 2D EP. However, the AMW of the ω-gliadins 
calculated from APAGE/SDS-EP was lower (not exceeded 60 kDa) in 
comparison with results obtained by means of AAC analysis (73-74 kDa) 
[Booth & Ewart 1969].  

The origins of the "unique gliadin doublet", which is present in the 
electrophoregrams of many Canadian common-wheat cultivars, was 
studied by two different one-dimensional EP procedures. Gliadins extracted 
from each seed were studied, firstly, by the APAGE and, secondly, by 
SDS-EP. It was established that the doublet studied came into the 
Canadian wheat germplasm from a specific accession of the cv Kanred 
[Ng & Bushuk 1990]. Later, it was established that the doublet is a part of 
the block of gliadin EP bands (see 2.2.) encoded by the allele Gli-B1d (see 
2.5.). Importantly, the presence of this allele in the genotype of common 
wheat correlates with improved flour/dough quality (see 4.7.).  

1.5. Formalisation of gliadin electrophoregrams  
and their catalogues  

The use of APAGE reveals the huge polymorphism of the gliadin 
family of polypeptides: each wheat genotype produces its own characteristic 
set of gliadin polypeptides. There are several approaches about to how to 
compare and document electrophoregrams representing different genotypes. 
There is a way to describe EP patterns in terms of the relative EM and 
staining intensity of each band. The distance from the top of the gel to the 
fastest band is accepted to be 100 units, and the prominent band in the 
middle of the γ-zone of the common wheat cv Marquis may serve as a 
convenient intermediate marker. Band staining intensity is designated by a 
subscript number from 1 to 5 (the strongest) for each band along the 
electrophoregram [Bushuk & Zillman 1978]. So, the electrophoregram of 
the cv Marquis consisting of 24 gliadin APAGE bands is described, on the 
basis of the proposed nomenclature, as follows: ω16.03; ω18.53; ω20.53; 
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ω23.53; ω26.01; ω30.54; ω37.01; ω38.01; ω39.51; γ44.55; γ45.55; γ47.52; 
γ50.05; γ53.03; β55.54; β58.04; β60.04; β63.04; β65.54; α71.03; α75.03; 
α77.03; α82.03; α87.51 [Zillman & Bushuk 1979b]. This nomenclature 
was broadly used to denote gliadin EP bands in common [Peruffo et al 
1985; Pogna et al 1985; Pogna & Mellini 1986; etc.] and in durum 
[Damidaux et al 1980; Leisle et al 1981] wheats.  

Such formalization of gliadin patterns has repeatedly been used 
[Konarev et al 1970; Gubareva et al 1975; Konarev 1980; MirAli 2000; 
2002]. The approach could give a good result when there was a need to 
compare genotypes in a given group of cultivars [Branlard 1983b; Peruffo 
et al 1985; Haider et al 2010]. The disadvantage of this approach is that 
different laboratories use their own modifications of the APAGE 
procedure, thus providing different levels of resolution and staining 
intensity. Therefore, electrophoregrams of the same genotype obtained in 
different labs may reveal different numbers and distribution of detected 
gliadin bands over the gel zones. Therefore, it becomes impossible to 
compare the results of the analysis of gliadin polymorphism obtained in 
different labs [Bushuk & Zillman 1978].  

For the same reasons, it is impossible to practise any so-called 
"universal (standard) electrophoregram" which can be created by combining 
in one scheme (EP spectrum) all the bands found in the EP patterns of 
many wheat genotypes studied. Two proposed “universal spectra" 
suggested for "any wheat" contained only 29 (!) positions [Konarev et al 
1970; 1979; Gubareva et al 1975], or 62 positions [Haider et al 2010]. In 
the spectra based on the analysis of 73 French cultivars, there were 43 
positions [Autran & Bourdet 1975] and in the study of 37 cultivars 
(mainly French), 41 positions [Branlard 1983b]. There were 40 gliadin 
positions for Italian cultivars [Peruffo et al 1984]. In the study of 70 
cultivars of different origin, 55 band positions were observed [Branlard & 
Dardevet 1985a]. Summarizing all results obtained using this approach, 
one can state that the polymorphism of gliadin in any group of wheat 
genotypes studied is very high, but comparison of results obtained in 
different systems is difficult. 

Information about gliadin polymorphism may be stored as a catalogue 
of gliadin electrophoregrams of cultivars studied [Wrigley et al 1982a]. 
Several catalogues have been published, either in the form of a description 
of EP patterns, or in the form of their photographs [Autran & Bourdet 
1975; Peruffo et al 1981; 1984; Jones et al 1982; Javornik 1989]. The 
value of the catalogue of electrophoregrams is determined by the quality 
of the EP which was used to create it and by the presence of appropriate 
marker cultivars. The catalogues of 76 Canadian [Zillman & Bushuk 
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1979b] and 29 Italian cultivars [Peruffo et al 1981] of gliadin 
electrophoregrams were supplied by the formalized nomenclature (in 
terms of relative EM) of their bands.  

To be able to read (interpret) any APAGE pattern and to compare 
photos of gel patterns obtained in different runs, it is indispensably to have 
a universal standard (some well-known genotype) on each gel slab, for 
example, cultivars (cvs) Bezostaya-1 (abbreviated Bez1 in this book) (Fig. 
1-4), Marquis (Fig. 1), or Gabo (Fig. 2). The common-wheat Chinese 
landrace Chinese-Spring (abbreviated ChS) (Fig. 3) has been and is widely 
used in many genetic studies. However, this cultivar is not the best choice 
for exploit it as a universal standard in the EP analysis of gliadin because it 
produces a quite rare (for the common wheat germplasm studied) set of 
gliadin proteins. To analyse a new genotype, the standard must be run 
nearby, preferably on an adjacent lane of the same gel slab. Otherwise, it is 
nearly impossible to correctly interpret the distribution of bands along the 
electrophoregram of the genotype under study if it is represented by a 
lonely strip of gel cut from the slab.  

There is a catalogue of several dozens of Canadian and other world-
wide cultivars in the form of photographs of gel slabs obtained using the 
standard conditions of APAGE and the well-known cultivar (cv) Neepawa 
as a universal standard [Ng et al 1988]. Photos of many Italian cultivars, 
each accompanied by two markers (local cvs Pembina and E. Morandi), 
provide insight into Italian common wheat gliadin polymorphism [Peruffo 
et al 1984].  

A more elaborate approach was used for the discrimination of 73 
French common-wheat cultivars. EP patterns (one-dimensional acid EP in 
starch gel) of the same cultivar, obtained in repeated runs, were scanned, 
errors in the EM for each band caused by day-to-day variation (see 1.6.) 
were calculated, and a general table (a type of guide) of step-by-step 
varietal identification was developed so that each next step depended on 
the presence (or even intensity) of bands having a certain EM [Autran & 
Bourdet 1975]. This approach is good for distinguishing wheat genotypes 
within only a certain (already studied) group of cultivars.  

An attempt was made to create a guide for a set of cultivars bred in 
Russia, using the knowledge of the genetic control of some gliadin bands 
in an elecrophoregram [Upelniek et al 2013]. However, many cultivars in 
this guide (catalogue) were shown as single APAGE gel strips in the 
absence of any standard cultivar nearby.  
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1.6. The reproducibility of electrophoregrams;  
the need of using standard genotypes  

The human eye is a very accurate tool for comparing multicomponent 
patterns. However, using only visual analysis compromises the entire EP 
approach, which, as a result, appears to be aged and outdated. Visual 
analysis of electrophoregrams takes time and, to some extent, is not very 
reliable, being subjective [Bell et al 1998]. Therefore, it would be 
desirable to be able to automatically read (interpret) gliadin EP patterns 
[Zillman & Bushuk 1979b], and some attempts have been made to apply 
this approach [Lookhart et al 1982; Sapirstein & Bushuk 1985b].  

Two factors seriously limit the application of computer programs for 
the analysis of gliadin EP patterns. The first factor is the enormous 
diversity of gliadin polypeptides produced by any wheat genotype, while 
different gliadins may have similar (apparently identical) EM [Branlard et 
al 1983b; Metakovsky et al 2018a; b]. 

The second factor is day-to-day experimental variation of any EP 
procedure. There are some small but perceptible differences between gel 
slabs obtained in repeated runs of the same gliadin sample under the same 
EP conditions, for example, in the distance from the top of gel to the 
fastest band [Sapirstein & Bushuk 1986]. Moreover, the distribution of 
some EP bands along APAGE pattern (especially, in ω- and α-zones) may 
also vary in different runs [Metakovsky & Novoselskaya 1991].  

How is it possible to compare gel slabs obtained in different runs? To 
do that, it would be necessary to calculate the standardized EM for each 
gliadin band and to minimize the experimental error caused by day-to-day 
variation. However, in 98 genotypes of common wheat studied, up to 
3,500 bands of different staining intensity were revealed by accurate 
comparison of electrophoregrams. In addition, some important differences 
in the EM of some gliadins are so small that they can only be reliably 
confirmed by repeated (in different runs) comparisons on adjoined lanes of 
the slab [Sapirstein & Bushuk 1985a]. It is impossible to imagine that such 
a fine difference in EM could be recognized by comparing the results 
obtained with different runs (on different gel slabs).  

Based on the analysis of the gliadin patterns of 43 durum-wheat 
cultivars, a program was created that was able to identify eight control 
durum cultivars with a probability of 50-100% [Ruanet et al 2001]. Note 
that durum wheat has four Gli loci (see 7.6.) and, accordingly, a simpler 
EP pattern in comparison with common wheat.  
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Because of day-to-day experimental variation, it is difficult to 
electrophoretically analyse even incomparably less complex patterns, than 
that of gliadin [Bell et al 1998]. For example, grain storage proteins known 
as high molecular weight (HMW) glutenins (see 4.1.) produced by one 
common wheat genotype compose a group of only three to five 
polypeptides (EP bands) differing in their EM in the SDS-EP [Payne & 
Corfield 1979]. However, some of these polypeptides have similar EM 
(AMW in SDS-EP) making it difficult, in some cases, to "decipher" even 
such a simple EP pattern and to identify HMW glutenin alleles in a given 
wheat genotype (see 4.2.).  

Experience shows that, firstly, only adjoined gliadin electrophoregrams 
on the same gel slab (originated from neighbouring slots) can be 
accurately compared when visual analysis is applied. In this case, all 
differences between two patterns are determined only by the sets of gliadin 
polypeptides produced by the compared genotypes [Sapirstein & Bushuk 
1986; etc.]. Secondly, in order to obtain reliable results, it is advisable to 
compare a pair of gliadin samples in two or more electrophoretic runs 
[Autran & Bourdet 1975; Bushuk & Zillman 1978; Payne et al 1987a; 
Metakovsky 1991; etc.]. With repeated runs, day-to-day experimental 
variation plays a positive role: it is obvious that two identical polypeptides 
will be identical under any EP conditions. Day-to-day experimental 
variation may be observed and the reproducibility of the APAGE pattern 
of the same cultivar may be checked by comparing 128 different runs of 
gliadin of the cv Bez1 and of two runs of gliadin of 22 other cultivars 
[Metakovsky et al 2018c, Fig. S1]. For example, Fig. 1 shows the APAGE 
electrophoregrams of the cv Marquis obtained in two different runs. The 
reproducibility, in different runs, of a very fine difference in EM between 
two APAGE bands produced by two genotypes has also been shown 
[Metakovsky et al 2021a, Fig.S3].    

Scanning the APAGE slabs with subsequent visual analysis of scans 
does not lead to an acceleration or reliability of the work as compared with 
visual analysis of slabs or their photographs. 

Generally, gliadin polymorphism is discontinuous [Sapirstein & 
Bushuk 1986] and therefore cannot be correctly described or usefully 
arranged without reference to genetic data (see 2.4.). It seems that the 
creation of a computer program for reading gliadin EP patterns is not 
advisable, since this would require an unjustifiably large contribution of 
efforts and funds.  
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1.7. Summary. APAGE, an adequate technique  
for detecting gliadin polymorphism 

For the identification and differentiation of wheat genotypes, many 
different approaches have been proposed that exploit the enormous 
polymorphism of gliadin, the unusual protein of the wheat seed. Each of 
these approaches may be used to describe a set of gliadin polypeptides 
produced by a given genotype. However, one-dimensional EP is more 
suitable for the inspection of a large number of wheat genotypes when 
there is a need, for example, to routinely identify and distinguish many 
cultivars.  

To compare results of EP analysis obtained in different labs, a 
standard procedure of one-dimensional polyacrylamide electrophoresis in 
acid buffer (APAGE) was proposed. The technique is fast and highly 
productive. One operator can obtain electrophoregrams of up to 100 or 
more wheat genotypes within one working day (+subsequent night for gel 
staining). Therefore, the method can be used not only to describe the set of 
gliadin polypeptides present in a given sample, but also to compare many 
different genotypes (to examine, for example, progeny seeds from 
crossing). The results obtained can be documented in the form of a 
description of the gliadin EP pattern in terms of the electrophoretic 
mobility of all its bands or in the form of a catalogue of photos. A genetic 
approach for description of gliadin EP patterns has been developed and 
will be discussed below.  

Visual analysis is adequate for scoring gliadin electrophoregrams. 
However, for detailed comparison, only neighbouring lanes of a gel slab 
may be compared. It is advisable to compare a pair of gliadin samples in 
two or more EP runs because, in repeated runs, the day-to-day 
experimental variation plays a positive role: two identical polypeptides 
must have identical EM in any APAGE run, and the difference in EM 
between two EP bands will be repeated in any run. It is indispensable that 
each gel slab carries, in addition to the samples under study, one or more 
standard genotypes.  

SDS-EP is much less suitable for describing gliadin polymorphism 
because too many gliadin polypeptides encoded by one genotype have 
similar AMW. Of special interest, however, is the 2D APAGE/SDS 
separation of gliadins. Since the genetic control of gliadin polypeptides 
(electrophoretic bands) in the first dimension (APAGE) can already be 
known, the determination, in the second dimension, of the AMW of the 
same polypeptides can provide valuable new information.  
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2.1. Elementary genomes and the localization of six major 

Gli loci in common wheat 

The complex genomes of polyploid wheat cultivated by humans, 
hexaploid common (bread) wheat T.aestivum (genome AABBDD) and 
tetraploid wheat T.durum (genome AABB) consist of elementary genomes 
A, B and D. These elementary genomes originated from a common 
genome-progenitor about 2.5 million years ago [Huang et al 2002]. These 
genomes present in diploid wheat species existing today. For example, 
T.monococcum, and T.tauschii have A, and D genomes, respectively. The 
pathways of origin of the hexaploid wheat, are well known (see 8.1.). 

Each elementary genome (A, B, D) consists of seven chromosomes in 
a haploid set (2n = 14). Thus, the haploid set of common wheat consists of 
21 chromosomes (2n=42). In each elemental genome, chromosomes are 
numbered from first to seventh with the addition of a genome letter, for 
example, 1A, 3B, 6D. Chromosomes with the same number but belonging 
to different genomes, for example, 6A and 6D are called homoeologous. 
Identical chromosomes present in different wheat species, for example, 
chromosome 1B in common and durum wheat, or chromosome 1D in 
common wheat and in diploid T.tauschii, are named orthologous. It should 
be noted that some authors [Dong et al 2010; Zhang et al 2013; etc.], 
instead of using the term "homoeologous", apply the term "orthologous" to 
designate loci located on the same chromosomes belonging to different 
genomes in common wheat, for example, for the Glu-A3, Glu-B3 and Glu-
D3 loci (see 3.3.) mapped on the chromosomes 1A, 1B and 1D, 
respectively.  

Genetic studies of gliadin have begun with the creation of a series of 
nulli-tetrasomic lines of the variety ChS in the middle of the 20th century. 
In each line, a pair of homologous chromosomes, for example 6A, is 
replaced by homoeologous pair, for example 6B, so that the genotype of 
this line include four identical homologous chromosomes 6B whereas both 
chromosomes 6A are absent (line N6A.T6B). Ditelosomic lines lacking a 
certain chromosome arm were also created [Sears 1954; 1974]. Each 
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wheat geneticist inevitably uses the genotypes created by Dr E.R. Sears (or 
the results of working with these lines) in his own work.  

By comparing electrophoregrams of gliadin of the euploid ChS and its 
nulli-tetrasomic lines it was established that nearly all gliadin EP bands 
were encoded at the six Gli loci located on the chromosomes of the first 
(1A, 1B, 1D) and sixth (6A, 6B, 6D) homoeologous groups (loci Gli-1 and 
Gli-2, respectively). Using ditelosomic lines and other genetic approaches 
showed that each Gli locus is located in the distal part of the short arm of 
the corresponding chromosome, so that there is practically no genetic 
linkage between this locus and the centromere [Rybalka & Sozinov 1979; 
Singh & Shepherd 1988a]. Thus, six Gli loci were mapped distally on the 
chromosome arms 1AS (locus Gli-A1), 1BS (Gli-B1), 1DS (Gli-D1), 6AS 
(Gli-A2), 6BS (Gli-B2), and 6DS (Gli-D2) [Kasarda et al 1976; 
Mitrofanova 1976; Payne et al 1982; Payne 1987; Singh & Shepherd 
1988a; etc.]. It is believed that, in evolution, the Gli-2 locus arose from 
Gli-1 by translocation of genetic material before the emergence of 
polyploid wheats [Shewry & Halford 2002; etc.]. However, the Gli-1 and 
Gli-2 loci produce gliadin polypeptides which differ strongly in their 
amino acid sequences (see 3.1.). Homoeologous Gli-2 loci of common 
wheat encode groups of gliadins differing in their polymorphisms (AMW 
and EM) (see 2.5.). There are several so-called minor Gli loci in common 
wheat (see 6.).  

The use of nulli-tetrasomic lines for detecting gliadin polymorphism 
made it possible to firmly establish that each Gli locus produces several 
different gliadin polypeptides [Wrigley 1970; Kasarda 1984a; Bietz & 
Burnouf 1985; Akhmedov & Metakovsky 1987; etc.]. Thus, ChS produces 
much more different gliadin polypeptides than there are Gli loci in its 
genotype. The standard APAGE permitted to detect 3, 5, 4, 5, 6, and 5 EP 
bands encoded by the Gli-A1, -B1, -D1, -A2, -B2, and -D2 loci, 
respectively, of the variety ChS, [Metakovsky et al 1986a]. The use of 2D 
EP showed that six major Gli loci of a common wheat genotype produce 
30-50 different gliadin polypeptides [Payne et al 1982; Redaelli et al 1994; 
Gobaa et al 2008; etc.].  

In the detailed study of seed storage proteins of the cv ChS using a 
special 2D EP technique, 42 (in the text, 40) gluten protein gene sequences 
were associated with individual protein spots, including 16 α-, 10 γ-, 1 δ- 
and 6 ω-gliadin spots (see 3.1.) and 9 spots LMW glutenins (see 3.2.) 
[Altenbach et al 2020].  
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2.2. Inheritance of gliadin polypeptides and methods  
of its analysis 

Inheritance of gliadins that are produced by a given genotype (variety, 
cultivar) can be established by studying the progeny from the cross of this 
genotype. Due to the similarity of EM of some gliadins encoded by 
parental genotypes, the complete composition of the blocks encoded by 
each of the six loci can hardly be identified by examining only one given 
cross [Metakovsky et al 1984a]. The more the sets of produced gliadins of 
the crossed genotypes differ, the more information on the composition of 
each block can be obtained.  

Inheritance of some gliadin electrophoretic bands by groups was first 
mentioned in the early 1970s [Doekes 1973], but regular studies of 
inheritance of gliadins by means of one-dimensional EP in starch gel has 
begun in Odessa (Ukraine) [reviewed in Sozinov et al 1999]. The analysis 
of segregating progeny from crossing is the most natural way to determine 
the inheritance of gliadins of a given genotype.  

By analysing the progeny (F2, F3, or higher generations) from crosses 
of genotypes (cultivars) differing in the set of produced gliadins, it was 
firmly established that all gliadins (EP bands) controlled by one Gli locus 
are (almost always) inherited together, as one Mendelian co-dominant 
trait. A group of jointly inherited gliadins encoded by one locus has been 
called "block" [Sozinov et al 1975a, b; Sozinov & Poperelya 1980]. Later, 
the inheritance of gliadins in the form of blocks was confirmed in many 
other laboratories [Bebiakin & Balabolina 1977; Baker & Bushuk 1978; 
Mecham et al 1978; Mitrofanova 1979; Branlard 1983a; b; Dvořák & 
Appels 1986; etc.]. Recombination frequency between gliadin-coding 
genes of a Gli locus does not exceed 1% because there were only single 
recombinant genotypes or their absence among a large number of 
progenies from many different crosses studied [Metakovsky et al 1984a; 
Payne et al 1984b; Metakovsky 1990; etc.]. The average frequency of 
recombination detected between gliadin APAGE bands encoded at the Gli-
D1 locus was 0.35% [Kozub et al 2008b]. The problem of using this 
approach is the difficulty in identifying heterozygote genotypes, especially 
at the Gli-2 loci, encoding faint bands in the α- and β-zones of the 
electrophoregram. Of great value is the use of near isogenic lines (NIL), 
which represent higher generations from a given cross and therefore are 
largely homozygous genotypes. 

Another non-alternative approach for determining the inheritance of 
gliadins is the analysis of non-uniform cultivars. Surprisingly, many 
common wheat cultivars are non-uniform and represent mixtures of two or 
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more related genotypes (biotypes), differing in the set of gliadins encoded 
by the Gli loci, so that the two biotypes differ at one locus [Tkachuk & 
Metlish 1980; Metakovsky et al 1991b; 1996a; Poperelya 1996; etc.]. In 
fact, non-uniform cultivars are later generations originated from the cross 
performed by the breeder [Metakovsky et al 2019c; 2020]. The 
comparison of the APAGE patterns of the same non-uniform cultivar gives 
a comprehensive information about the component composition of some 
blocks. 

Analysis of sets of gliadins produced by closely related genotypes 
(cultivars) makes it possible to trace, using pedigrees, the inheritance of 
certain EP bands and their groups. The combination of this approach and 
analysis of non-uniform cultivars may provide more information about 
some blocks than analysis of F2 segregating progeny. The problems of this 
approach are the possible lack of authenticity of the grain sample under 
study and inaccuracies in the pedigrees (see 10.2.). 

Comparison of gliadins' patterns of substituted lines (SL) and its 
recurrent parent can be also useful for confirming APAGE band 
composition of the block identified earlier [Koval et al 1988]. However, 
the use of SL, in contrast to NIL, to identify blocks of jointly inherited 
gliadins is less reliable, since, in addition to the difficulty of their 
development. the genetic background of a SL may differ from the 
recurrent genotype due to its hidden intra-varietal non-uniformity (authentic 
biotypes and admixtures) [Metakovsky et al 2019c] and different kinds of 
errors [Yen & Baenziger 1992]. Intra-varietal heterogeneity (the presence 
of multiple biotypes (genotypes) originated from initial cross) was 
discovered in many registered cultivars of world collection [Metakovsky 
et al 2020], despite the fact that one of the important official requirements 
for the registration of a new cultivar is its homogeneity [Cooke 1995; Law 
et al 1998; Сooke & Wrigley 2004; Uthayakumaran et al 2006].  

Blocks of jointly inherited gliadins were discovered, besides common 
wheat, in T.macha [Metakovsky & Iakobashvili 1990], T.spelta 
[Iakobashvili 1989; Brezhneva et al 2010], T.durum [Kudryavtsev et al 
1988; Ruiz & Carrillo 1993; Melnikova et al 2012] (see 8.5.), T.boeoticum 
[Metakovsky & Baboev 1992b], T.monococcum [Metakovsky & Baboev 
1992a], and T.tauschii [Lagudah & Halloran 1988].  

Using F2 progeny from a cross between two genotypes of T.tauschii, 
the tight linkage between γ- and ω-gliadin-encoding genes was 
established: they were mapped at the distance of 0.69 cM [Hassani et al 
2006]. The fact that genes united by one function are inherited together, 
almost without recombination, is not unusual. For example, all ribosome 
genes located on the chromosome 6B of common wheat are inherited 


