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The aim of this two-part review is to highlight some of the numerous newer aspects of qual-
ity related wheat research and its achievements in the last two decades. In the first part – after a
short introduction highlighting the essential need of quality improvement and its changing and
widening meaning – a brief section describes directions of the more and multi-interdisciplin-
ary wheat quality oriented research with special emphasis on the “omics”-type of popula-
tion-based strategies and width the enlarging gap between breeding – and industry oriented
quality research and its consequences. These general comments are followed by the session
describing our understanding of the role of components of flour determining bread-making.
The first two sections of the second part of the review overlook the new directions of quality
related basic and applied research in breeding and breeding as well as in the wheat industry, in-
cluding genetic, molecular biological, biochemical chemical, instrumental and model-mak-
ing/predictive methodologies. A brief coverage of the directions and achievement in the more
and more important two non-traditional quality areas, the nutrition- and health-related quality
attributes are followed by a short conclusion and speculation on future direction.

Keywords:

Introduction

One of the most important tasks of cereal science is to relate end-product and handling
quality of wheat, flour and bread to genes involved in determining certain attributes of
quality. It requires a good understanding of the complex nature of quality that can lead to
the proper measurements/predictions of these attributes.

The aim of this review is to highlight some of the numerous newer aspects of quality re-
lated wheat research and its achievements in the last two decades. The scope of this work
does not allow discussing all of the aspects of wheat quality it concentrates only to
bread-making quality, so other wheat-made end-products and their specific quality-re-
lated requirements are not discussed in depth. It is the reason that wheat protein research is
covered un-proportionally while progress made recently in studying other components
such as starch, non-starchy carbohydrates, and lipids are only just mentioned and/or
up-to-date reviews are recommended for the reader seeking for deeper information.
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Because of size issues this overview is made in two parts. In the first part – after a short
introduction highlighting the essential need of quality improvement and its changing and
widening meaning – a brief section describes the nature of the more and more multi-inter-
disciplinary wheat quality oriented research with special emphasis on the “omics”-type of
population-based strategies and with the enlarging gap between breeding – and industry
oriented quality research and its consequences. These general comments are followed by
the session describing our understanding of the role of components of flour determining
bread-making. The first two sections of the second part of the review overlook the new di-
rections of quality related basic and applied research in breeding and breeding as well as in
the wheat industry, including genetic, molecular biological, biochemical, chemical, in-
strumental and model-making/predictive methodologies. A brief coverage of the direc-
tions and achievement in the more and more important two non-traditional quality areas,
the nutrition- and health-related quality attributes are followed by a short conclusion and
speculation on future directions.

Superior bread-making quality – traditional and new requirements in a changing

and more competitive international wheat market

The international wheat marketplace is becoming increasingly competitive (Fritz 2005).
Users of wheat have driven change by demanding greater quality consistency, and this in
turn has placed additional demands on all sectors of the supply chain. As the results of suc-
cessful breeding in the last 50 years often characterised as “green revolution”, the yield per
area increased significantly and wheat can be produced in regions around the world where
never before. Parallel with this larger overall production, new demand of purchasing
wheat occurred in originally rice-consuming regions such as South-East Asia as the result
of improved living standards. This increase in demand however is overcompensated by
the declining per capita cereal consumption in the Western world what is partly due to liv-
ing standard improvement but mostly on some overreacted nutrition and health related is-
sues.

It is well known that traditional wheat exporting countries (USA, Canada, Australia,
Argentina) are facing stiff competition from recent entrants into the export markets, such
as Ukraine, Kazakhstan, Uzbekistan, Pakistan, India and Brazil, all of whom have signifi-
cant cost structure advantages based on low land and labour costs and proximity to mar-
kets. The ‘new players’ at the moment produce average or low quality wheat what can be
utilised by supplementing it – if it is needed – with better quality so called utility quality
wheats. Producing quality wheat is essential for satisfying the demand of domestic market
and to be competitive in the export market. The impact on the wheat industries in wheat
growing countries is largely economic through firstly protection of livelihood through re-
tention of market share, protection of income through protecting the price per unit grain,
and in some cases, premiums may be obtained based on achieving higher quality grades.
The social advantages related to retention of lifestyle and ownership of farms and busi-
nesses, with spin-offs for rural communities.
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Quality related wheat research – as the entire cereal science – drastically changed in the
last decades: genetics, molecular biology and bioinformatics became part of this strongly
interdisciplinary field (Fig. 1). While transcript profiling proved to be a valuable resource
to better understand the biology of the developing grain assisting the improvement of
yield and quality traits for different environments (Wan et al. 2008), the genomic and
proteomic approaches and methodologies become essential tools not only in quality re-
lated basic research but also in applied areas such as pre-breeding, breeding, quality con-
trol and assurance in the food industry. Meanwhile, the introduction of population-based
genetic techniques required a significant alteration and improvement in characterising the
quality related phenotypes: more objective and more reproducible, higher throughput and
cost effective methods had to be developed.

Till recently, the term “superior bread-making quality” mostly covered only parame-
ters such as loaf volume, textural parameters, quality attributes directly related to proper-
ties of the end-product. These characteristics are directly related to the balance of dough
strength and extensibility. Our knowledge from their relationships to the protein composi-
tion of flour significantly improved in the last two decades Wrigley et al. (2006).

The genetic potential of certain quality traits is manifested through the effects of grow-
ing conditions where all of the agronomic treatments, soil and climatic parameters alter the
final quality of the grain. The realisation that both qualitative and quantitative aspects of
composition are important factors determining bread-making quality led to strategies to
work simultaneously on both gene (G) and gene product levels. Because of the fact that
the level of gene expression is highly dependent on growing conditions, these effects (E)
and their interaction with the genetic factors (G – E), are essential parts of these strategies
(Fig. 1).
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The new level of knowledge about structure/function relationships of wheat flour
dough derived from this dual effort when both the genes and gene products have been
parallelly investigated in large genetically well-defined samples populations (Kammholz
et al. 2001; Cavanagh et al. 2008). On gene level, using QTL analysis type of methodolo-
gies, the overall aim is the discovery of genes related to quality traits (Appels et al. 2000,
2001), while on gene product level, sophisticated analytical and statistical procedures are
applied to characterise both the qualitative and quantitative aspects of chemical composi-
tion of wheat to utilise these data to define their relationships to quality parameters
(Cornish et al. 2001a, b).

Together with this new level of knowledge on the traditionally considered quality at-
tributes, however, several new aspects of ’quality’ became more important and require
deeper understanding of the genetics and of the composition of wheat flour. Traits, di-
rectly related to the economics of production such as the milling yield, the amount of water
and energy required to reach dough with optimal consistency became significantly more
important than earlier.

Consistency of the source material nowadays is the key issue in the grain industry to be
able to run the mostly automatic large technologies (Uthayakumaran and Wrigley 2010).
Everyday solutions to satisfy the industry’s needs created an increasing conflict situation
in applied cereal science. Because of the variation of the properties of wheat grain har-
vested from different plots, consistency of the grain to be milled and consistency of the
flour to be baked can only be achieved if grains with different attributes are mixed
(gristing) or flours with different attributes are mixed (blending) (Miskelly et al. 2010).
So, while quality related research in breeding deals with single germplasm, blends are uti-
lised in the bakery. The problem here is that dough properties, such as dough strength, ex-
tensibility are not simply additive characteristics, they show usually non-linear relation-
ships with the blend formulation (Békés et al. 1998, 2002; Larroque et al. 2000; Lee et al.
2006). So, beyond the traditional requirements for new varieties to satisfy certain set of
quality attributes, an additional demand starts to be more and more important, describing
the behaviour of the given variety in a blend (“blendibility”) (Békés et al. 1998; Békés
2011).

Economics and consistency related issues led to the fact that the bread-making formu-
lations used nowadays in the bakeries are far more complicated compared to the tradi-
tional practice: It is not a rare situation when a bread-making formula contains 20–30 in-
gredients, additives. Making the bread production easier and more economic, these chem-
ically, biochemically active supplements can alter the texture of the product softer or
harder; can increase the self-life of the bread through significant alteration of the chemical
composition of the flour/dough. Because of the fact that even ranking among flour sam-
ples can be altered by using different bread-making formulations and applying different
mixer type for dough-making, it is practically impossible to directly relate the original
quality of a variety in the breeding situation to its performance in the industrial practice.
So, quality attributes in the industry are the function not only of genetic and environmental
factors but they are also altered significantly by the technology (G × E × T), (Fig. 1.)
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The task of cereal science to monitor/improve quality therefore is to either introduce
generalised methodologies working for both the breeder and for the industry or to recom-
mend specialised methods for the breeder’s or for the industry’s need.

Other dimensions of widening the complex requirements for good bread quality are re-
lated to the nutritional and health aspects of the end-product. Beyond the moral obligation
of grain science to provide healthy products for the costumer, it is essential for the whole
grain chain to listen and respond to the often not precise, even false media reports and pub-
lications tuning the public against wheat consumption. The general public in most West-
ern countries is now aware of the potential adverse effects of cereals containing “high cal-
orie”, “toxic” and “allergic” gluten with stories and books appearing in the lay press
(Braly and Hogganm 2002; Ford 2008; Wangen 2009; Davis 2011) promoting gluten-free
diets, many without drawing attention to the importance of appropriate diagnosis or defin-
ing what gluten “intolerance” an individual may have. Such adverse publicity poses a sig-
nificant threat to the grain industry.

Better understanding of function of flour components in bread-making

The relationhips between grain hardness, starch damage and water absorption

of the flour: the puroinduline story

The miller’s goal is to separate the botanical parts of the wheat kernel – germ and bran
from endosperm – and then to reduce the endosperm to flour-sized particles. This separa-
tion is accomplished by exploiting the differences in inherent material properties among
the various botanical parts. Bran tends to be leathery and resistant to breakage when hy-
drated, while germ tends to be more plastic and therefore deformable.

Milling properties mostly determined by grain hardness – with protein content the two
single most important aspects of wheat utilization (Osborne et al. 2007). This trait was first
described by Greer and Hinton (1950) who proposed that soft wheats tend to fracture
along the starch/protein interface. However, in hard wheats, where there is greater adhe-
sion at the starch/protein interface, fracture occurs preferentially along cell boundaries.
Three standard methods are available for the measurement of wheat hardness. These are:
particle size index, near-infra red spectroscopy (NIRS) and the single-kernel characterisa-
tion system (SKCS). The particle size index and NIRS methods both measure hardness on
the basis that hard wheats, when compared with soft wheats milled under the same condi-
tions, produce meal containing larger particles. On the other hand, the SKCS method mea-
sures the force resisting crushing of the wheat, with hard wheats requiring a greater crush-
ing force than soft wheats. The single-kernel characterisation system (SKCS) 4100 instru-
ment has been shown to provide in situ measurements of the rheological properties of the
bran and endosperm layers of wheat, otherwise only possible following their isolation by
dissection or machining. Research on wheat grain rheology aims to define and measure
hardness in terms of mechanical properties. For example, Turnball and Rahman (2002)
defined hardness as a measure of the resistance to deformation under applied stress. Hard-
ness and vitreousness are separate traits linked by overlapping quality trait loci under ge-
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netic control at the 5D Ha locus (Turnball and Rahman 2002). The environment affects the
expression of both, but does not change the ranking of cultivars. Modifying genes account
for the range of hardness within hard or soft classes. It is the expression of these genes that
is thought to be important in determining milling quality.

Hardness mostly related to the surface properties of the starch particles of the endo-
sperm. Different proteins interacting on the granular membrane play essential role this
process. The most comprehensive review on wheat proteins published in recent years
(Shewry et al. 2009) characterises the discovery of the puroindolines and grain softness
proteins (GSPs), and the elucidation of their roles in determining grain texture as one of
the most fascinating stories in cereal chemistry. The puroindolines are basic lipid-binding
proteins, rich in cysteine, of about 13,000 Da (Gautier et al. 1994; Morris 2002; Jones et al.
2006). They belong to the 2S albumin superfamily of proteins. They are encoded by genes
at two loci on the short arm of chromosome 5D: Pina-D1 (two alleles, a and b) and
Pinb-D1 (many alleles, a-g, l, p, q) (Morris 2002; Jones et al. 2006; Wanjugi et al. 2008).
Bread wheat generally contains two types of puroindolines differing slightly in size. Soft
wheat possesses both puroindoline a and puroindoline b, due to the allele combination
Pina-D1a and Pinb-D1a. As their starch granules are loosely attached to the protein ma-
trix, soft wheat crushes easily, producing largely intact starch granules and fine flour. On
the other hand, the starch granules of hard wheat are tightly bound to the protein matrix,
requiring greater milling energy and producing coarser flour with higher levels of starch
damage.

The whole “puroindoline story”, reviewed by Shewry et al. (2009), consist of more
than hundred research publications from the first paper of Greenwell and Schofield (1986)
till the in vivo proof experiments – introducing the pin gene in rice (Krishnamurthy and
Giroux 2001) and in wheat (Beecher et al. 2002; Hogg et al. 2005) –, covering the detailed
analysis of the HA locus, the allelic variation of puroindulines and the relationship be-
tween the different alleles present and grain softness, the structure and lipid binding action
of puroindulines, finally the mechanisms resulting grain softness.

The term starch damage refers to starch granules that have been physically altered from
their native granular form during milling process. These smaller particles hydrate more
easily during dough preparation. Normally starch granules absorb one-third their weight
in water; when damaged that increases to 2–3 times their weight. The level of starch dam-
age therefore significantly affects the water absorption of the flour and alters the rheology
of the dough. Damaged starch granules are very susceptible to attack by �-amylase en-
zymes, thus damage provides a further supply of sugars to the yeast during fermentation.
Too much starch damage can result in poor loaf volume, heavy texture and coloured crust.

Non-cellulosic polysaccharides, especially pentosans (heteroxylans) and â-glucans,
constitute a high proportion of the walls of the aleurone and endosperm cellsof the wheat
grain (Fincher and Stone 2004). The �-glucans are linear polysaccharides, unbranched,
and polymerized through both (1 � 4) and (1 � 3) linkages. They range in molecular
weight from about 50,000 to 3 million Daltons. They are poorly extractable into water at
room temperature. Strong alkali (e.g., 4 M sodium hydroxide) is required for complete ex-
traction. Although the non-starch polysaccharides are minor white-flour components
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(about 2%), their high water-binding capacity makes them significant in relation to dough
properties. Despite the role of non-starch polysaccharides in determining the extent of wa-
ter absorption by a flour sample, they share this function with the protein and starch frac-
tions. The extended conformation of water-soluble pentosans means that they contribute
significantly to viscosity, possibly over 15 times more than the viscosity contribution of
globular proteins of similar molecular weight (Fincher and Stone 1986).

Dough- and gluten-formation, the uniqueness of wheat

The fundamental basis of utilising wheat flour as one of the most important food source
around the world is its unique property of forming dough and developing gluten when
wheat flour is mixed with water. Wheat gluten is a protein-lipid-carbohydrate complex
formed as a result of specific covalent and non-covalent interactions from flour compo-
nents during dough making as the components are hydrated and energy from mechanical
input from the mixing process is provided (Islam et al. 2011). The usual chemical compo-
sition of untreated gluten formed during this process is approximately 75% protein, 6%
fat, 15% carbohydrate and 0.85% ash (Sarkki 1980). The proteins in wheat gluten are not
only ‘gluten protein’, but also include 8–10% soluble proteins (albumins and globulins).
Removal of gluten from bread formulations often results in a liquid batter, rather than a
dough system during the pre-baking phase, and then result in baked bread with crumbling
texture, poor colour and other quality defects (Gallagher et al. 2004). Indeed, gluten is the
main structure-forming protein present in wheat dough, and plays a major role in
bread-making functionality by providing viscoelasticity to the dough, good gas-holding
properties, and good crumb structure of many baked products (Gallagher et al. 2004;
Moore et al. 2004).

Wheat varieties at the same protein level were found to differ in their bread making
quality, giving the first indication that “protein quality”, as well as the amount is important
for good bread-baking quality (Finney and Baremore 1948). The gluten proteins contrib-
ute 80–85% of the total wheat protein and are the major storage proteins of wheat. They
belong to the prolamin class of seed storage proteins (Shewry and Halford 2002). Gluten
proteins are largely insoluble in water or dilute salt solutions. Two functionally distinct
groups of gluten proteins can be distinguished: monomeric gliadins and polymeric
(extractable and unextractable) glutenins (Lindsay and Skerritt 1999). Gliadins and
glutenins are usually found in more or less equal amounts in wheat. Gluten has a unique
amino acid structure, with Glu/Gln and Pro accounting for more than 50% of the amino
acid residues (Eliasson and Larsson 1993). The low water solubility of gluten is attribut-
able to its low content of Lys, Arg, and Asp residues, which together amount to less than
10% of the total amino acid residues. About 30% of the amino acid residues in gluten are
hydrophobic, and the residues contribute greatly to its ability to form protein aggregates
by hydrophobic interactions and to bind lipids and other non-polar substances. The high
glutamine and hydroxyl amino acids (~10%) content of gluten are responsible for its wa-
ter-binding properties. In addition, hydrogen bonding between glutamine and hydroxyl
residues of gluten polypeptides contributes to its cohesion-adhesion properties. Cysteine
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and cystine residues account for 2–3% of the total amino acid residues, and during forma-
tion of dough, these residues undergo sulfhydryl-disulfide interchange reactions, resulting
in extensive polymerization of gluten proteins.

Large level of polymorphism of wheat prolamins results in a special effect in relation to
the overall functional properties of wheat dough. During dough formation when prolamin
proteins are hydrated and form the gluten network, the numerous structurally similar but
slightly different proteins produce a mass in which several characteristics (such as size,
polarity, charge distribution, solubility, and viscosity) show a continuous distribution in a
relatively large interval. This structural feature provides a unique characteristic of gluten
proteins among any other protein systems.

It is generally accepted that the bread-making quality of wheat is related to the presence
and properties of the two gluten protein classes. Many studies have attempted to relate
wheat proteins to bread-making quality (Bushuk 1985; Hoseney and Rogers 1990;
MacRitchie 1992, 2005; Borneo and Khan 1999; Toufeili et al. 1999; Uthayakumaran et
al. 1999; Wooding et al. 1999; Khatkar et al. 2002a, b; Cuniberti et al. 2003). Gliadin pro-
teins have little resistance to extension and are mainly responsible for the cohesiveness of
dough, whereas glutenin proteins give dough resistance to extension (Dimler 1965;
Hoseney 1992; Uthayakumaran et al. 2000c). The gliadin fraction has been reported to
contribute to the viscous properties and dough extensibility of wheat dough (Don et al.
2003a, b). The glutenin fraction of wheat gluten has long been considered to have a promi-
nent role in the elastic and strengthening of dough (MacRitchie 1980, 1992; Wooding et
al. 1999; Cuniberti et al. 2003; Xu et al. 2007). The relative proportions of gliadin and
glutenin found in dough affect the physical properties of dough, with higher relative pro-
portions of glutenin imparting greater dough strength (MacRitchie 1987). However, there
is still debate as to the role of the various protein classes on bread-making parameters such
as absorption, mixing, loaf volume, and crumb grain. For example, gliadin proteins have
been reported to be highly related to loaf volume by many researchers (Hoseney et al.
1969; Finney et al. 1982; Branlard and Dardevet 1985; Weegels et al. 1994; Fido et al.
1997; Khatkar et al. 2002a, b). Others, however, have observed that gliadin proteins have
an insignificant effect on loaf volume and that the glutenin proteins are the major compo-
nents responsible for loaf volume (MacRitchie 1978, 1985; MacRitchie et al. 1991; Gupta
et al. 1992; Borneo and Khan 1999; Toufeili et al. 1999; Uthayakumaran et al. 1999,
2002b; Labuschagne et al. 2004) also found that fractions with mainly gliadins negatively
affect important quality traits.

Individual dough-property parameters describe only certain essential elements of
dough properties. Depending on the final product, different levels of these attributes are
required to get superior processing quality. For example, the balance of dough strength
and extensibility are believed to be the most important factors governing the suitability of
a flour to make good bread (Bushuk and Békés 2002). However, for different types of
breads, and even for different type of processing technologies, a diversity of dough
strength and extensibility values may provide the optimum balances needed in each case
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(Oliver and Allen 1992). All of these aspects of quality are mainly determined by the pro-
tein molecular structure which controls the interactions of the proteins during the bread-
making process (Bushuk 1998; Shewry et al. 1999).

Balances on different structural levels

The complexity of relating protein composition to quality derives from the fact that the
question can (and has to be) investigated on different levels of protein composition,
(Wrigley et al. 2006) namely, protein content, the ratio of polymeric to monomeric pro-
tein, the ratio of HMW to LMW glutenin subunits, and the proportions of x- and y-type
HMW glutenin subunits. These various parameters can be determined for a specific flour
sample to see if there is a “good balance” between the various components in the sample,
thereby to satisfy quality-related criteria. The polymeric glutenin is mostly responsible for
the elasticity of the dough, whereas the monomeric gliadins are the extensibility-related
characters in the system (Hoseney 1986). Thus, the ratio of polymeric to monomeric pro-
teins (the glutenin-to-gliadin ratio) can be directly related to the balance of dough strength
and extensibility of the sample.

To investigate these relationships, there are important requirements for the experiments
to be considered to be valid. Because dough properties are significantly dependent of pro-
tein content, the balance of glutenin-to-gliadin ratio can best be compared among samples
with similar protein contents. Meanwhile, the composition of both the glutenin and gliadin
proteins has to be taken into account because, for example, at the same glutenin-to-gliadin
ratio, the balance of HMW-to-LMW glutenin subunits in the polymeric fraction can sig-
nificantly alter dough strength and extensibility (Uthayakumaran et al. 1999). Clear exam-
ples have been reported to demonstrate the extremes in dough properties that result from
drastic changes in HMW-to-LMW ratio. For example, dough strength systematically de-
creased, while extensibility increased, as a result of decreasing the HMW-to-LMW sub-
unit ratio for sibling lines of an Olympic × Gabo cross (Lawrence et al. 1988), providing
single-, double- and triple-null lines for HMW subunit-coding genes (Uthayakumaran et
al. 2002a; Beasley et al. 2002). On the other hand, the increased number of copies of the
genes coding for Dx5 subunits in transgenic wheat samples resulted in doughs so strong
that it was not possible to mix them with traditional equipment (Rooke et al. 1999,
Popineau et al. 2001, Shewry et al. 2006a). Further manipulation of protein balance in
dough can be achieved by systematically changing the ratio of x- to y-HMW glutenin sub-
units (Butow et al. 2003a), whilst maintaining equivalent levels for protein content,
glutenin-to-gliadin ratio and HMW-to-LMW subunit ratio. The presence and the relative
levels of individual polypeptides can also be related to quality attributes. For example, the
“imbalance” in glutenin-subunit composition caused by the over-expression of subunit
Bx7 in certain wheat varieties around the world (Glenlea, Red River, Bánkúti 1201, Chara,
Kukri) provides extra dough strength and better overall bread-making quality, compared
to samples with comparable protein content and glutenin-to-gliadin ratios (Butow et al.
2003b; Juhász et al. 2003).
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Polymer formation of the glutenin subunits: in vitro studies

The molecular structure of individual glutenin polypeptides determines their different ca-
pabilities to form polymers. The application of special reconstitution techniques such as
the “base-flour method” – systematically altering the composition of a flour by supple-
menting bulk protein isolates or individual polypeptides – together with a reversible re-
duction-oxidation procedure to incorporate glutenin subunits into the partially reduced
then re-oxidised polymeric glutenin during micro-mixing – revealed the structural fea-
tures of the glutenin subunits being important in polymer formation and the extent of mod-
ifying dough properties (Gras and Békés 1996; Békés and Gras 1999; Gras et al. 2001).

Similarly to the effects of gliadin supplementation, the addition of monomeric glutenin
subunits to base flour would effectively reduce the average molecular weight of the pro-
tein in the composite flour. In such in vitro experiment, the added HMW-GS would not be
expected to display the effects expected in an in vivo experiment because they would not
form part of the extended disulfide-linked glutenin structure. Meaningful estimates of the
effects of added glutenin subunits on dough properties could be made only if they could be
chemically incorporated into the glutenin polymer, as they would be in an in vivo experi-
ment.

Studies of the effects of a range of reductants and oxidants on the functionality of glu-
ten proteins during dough mixing showed that it was possible to effectively destroy dough
functionality with a reductant, and then to recover it by subsequent oxidation (Békés et al.
1994b). Although several reductants were tested, dithiothreitol was found to be the only
one of these whose action on dough mixing properties could be readily reversed. Careful
selection of the oxidant, its concentration and reaction conditions allowed essentially
complete recovery of the original dough mixing properties. For the oxidation step,
bromate was the oxidant of choice, performing better than iodate, permanganate or hydro-
gen peroxide. The parameters of this reduction/oxidation procedure have been optimised
so that there is less than 5% difference in mixing time, peak dough resistance and dough
stability (resistance breakdown) between a treated and untreated flour. Under these condi-
tions, no significant difference in the size distribution of the proteins isolated from the two
samples could be detected (Békés et al. 1994b).

The application of the reduction/oxidation procedure to doughs produced for extension
measurement required different conditions compared to those for mixing studies, presum-
ably because of continuing slow oxidation of dough components during the long relax-
ation required before stretching. Formulation and the reduction/oxidation conditions also
had to be modified if the resulting dough was to be baked, because of the toxicity of
dithiothreitol to yeast. Nevertheless, it has been possible to develop protocols in which
functionality is maintained (Gras et al. 1997; Uthayakumaran et al. 2000a, b).

The reduction/oxidation procedure with its mild reducing conditions has been shown
not to altering of the mixing properties of mixtures made from flour and isolated gliadins
(Murray et al. 1999), indicating the presence of intra-molecular disulfide bonds in gliadins
does not seem to interfere with the reduction/oxidation of glutenin.
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This reduction/oxidation procedure (incorporation) has been applied to incorporate a
wide range of partially purified fractions or individual purified HMW (Békés et al. 1994c;
Sapirstein and Fu 1996; Veraverbeke et al. 1999) and LMW (Sissons et al. 1997; Lee et al.
1999) glutenin subunits into the polymeric phase of ‘native glutenin’ reviewed by Békés
and Gras (1999), Anderson and Békés (2011) and Anderson et al. (2011). Most of these
experiments have been carried out with bacterially expressed wheat polypeptides (re-
viewed by Tamás and Shewry 2006). This powerful technique allowed to genetically
modify the wheat glutenin genes and produce altered sets of novel mutants. Two mutant
families have been investigated intensively: the derivates of the Dx5 glutenin subunit (An-
derson et al. 1996a, b; Buonocore, et al. 1997; Anderson and Békés 2011) and mutants of
an omega gliadin analogue isolated from barley, C hordein (Tamás et al. 1997, 2002;
Greenfield 1997). The set of proteins differed in the length of the central repetitive domain
and in the numbers and locations of cysteines in the proteins.

The comparison of the effects of different incorporated proteins on mixing properties
and showed a significant positive correlation between subunit size and mixing time, peak
resistance and a significant negative relationship with resistance breakdown (Békés et al.
1994a). Data obtained by mixing studies of naturally occurring glutenin polypeptides of
very similar size but differing in their cysteine contents indicated that protein functionality
is related not only to the size of the subunits, but also to the number and availability of
cysteine groups, through which the inter-molecular disulfide bonds are formed.

Incorporation of x-y pairs of subunits showed responses much higher than expected
from their calculated average molecular weights (Anderson and Békés 2011; Anderson et
al. 2011). This synergistic effect was at a maximum when equimolar ratios of either sub-
units 5 and 10 or subunits 2 and 12 were used, indicating a special interaction between the
x- and y-type 1D subunits. Under the same experimental conditions, subunits coded by the
genes on chromosomes 1A and 1B showed the same relationships between mixing proper-
ties and the size of subunits as those coded by the 1D chromosome. However, synergistic
effects between x- and y-type subunits were only observed for subunits coded by chromo-
some 1B when flours of lines nil for Glu1D and Glu1B were used as base flour
(Uthayakumaran et al. 2000b).

The limitation of the “base flour” method is that the extent of the incorporated poly-
peptides depends on the base flour, used: The resulting changes in rheological properties
of the wheat dough are partly dependent on the direct contribution of the incorporated pro-
tein and partly on the protein’s interaction with other prolamin type proteins present in the
base flour. A novel approach, introducing incorporation into rice flour dough can now
clearly monitor only the direct effects of individual polypeptides on mixing properties
while the same experiments using wheat flour doughs result in the direct plus interactive
effects (Oszvald et al. 2011). Rice flour does not contain any wheat prolamin type pro-
teins, therefore in principle it can provide a new way to investigate the functional proper-
ties of wheat proteins: By incorporating these proteins into rice flour dough, the direct ef-
fect of the proteins on the functional properties of the rice dough can be investigated in the
absence of any interactions with the other prolamin type proteins.
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A reduction/oxidation procedure has been developed, optimised for rice flour, which is
suitable for incorporating purified wheat protein fractions into rice dough and monitoring
their effects on the mixing properties of rice dough. It was also confirmed that dough with
reasonable strength and stability can be made from rice flour supplemented by wheat glu-
ten (Oszvald et al. 2008a, b, 2009). Initial results of incorporating different wheat storage
proteins in different proportions into both rice and wheat flour doughs demonstrate the po-
tential of using rice flour as a model system to characterise functional properties of the
wheat storage proteins (Oszvald et al. 2011; Békés 2011).

The role of size distribution of polymeric glutenin

The hydrated network in developed dough contributes to its rheological properties. Rmax
and Ext are determined by the protein composition and are thus under genetic control.
Knowledge of the relationship between protein composition and extensograph parameters
can therefore be utilised to solve processing problems as well as to form a sound basis for
manipulating dough properties in breeding programs.

The pioneer finding of Orth and Bushuk (1972) realising that the dough strength is re-
lated not to the total amount of polymeric glutenin proteins but to a certain fraction with
different extractability, led firstly to the realization of the importance of the size distribu-
tion of polymeric proteins in relation to functional properties.

In a study of factors governing flour properties, it was found by Gupta et al. (1992) that
Rmax correlated best with the percentage of polymeric protein in the total protein (PPP)
whereas Ext showed an even higher correlation with the percentage of polymeric protein
in the flour (FPP). A subsequent study (Gupta et al., 1993) showed that for certain cultivar
sets, Rmax did not always correlate well with PPP but correlated with the percentage of
polymeric protein unextractable by SDS-buffer solution (UPP). The UPP was taken to be
a simple relative measure of the molecular weight distribution (MWD) based on the
well-known inverse relationship between solubility and molecular size.

Several similar methods like UPP have been developed to quantify the large polymeric
proteins in wheat flour: The procedure of Sapirstein and Fu (1998) is based on the same
principles but using spectrophotometric measurements instead of HPLC separation, while
Bean et al. (1998) used for protein determination using nitrogen combustion analysis from
the residue followed by repeated 50% 1-propanol (1 mL) for 5 min. The measurement/es-
timation of the molecular size distribution of polymeric glutenin and its relevance is re-
viewed by Southan and MacRitchie (1999) including the introduction of related method-
ologies from the simplest multi-stacking SDS electrophoresis (Khan and Hackle 1992) till
the most sophisticated field flow fractionation (FFF) technique (Stevenson and Preston
1996; Daqiq et al. 2007).

The results of UPP can be interpreted to mean that only molecules above a critical mo-
lecular size contribute to dough strength. This critical value may correspond to the critical
size for effective entanglements, a concept well-established in polymer science for relat-
ing physical properties of polymers (Ferry 1961). Evidence for the importance of the
larger-sized glutenins in explaining dough strength has been presented in the work of
Popineau et al. (1994), in the studies by Weegels et al. (1996a, b) – using the term the
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glutenin macropolymer – and in numerous publications relating dough strength and prod-
uct quality to glutenin size distribution measurements (Park et al. 2006; Dowell et al.
2008; Tsilo et al. 2010; Ohm et al. 2010).

While the estimation of dough strength is achievable using these procedures in practi-
cal applications, the predictability of extensibility seems to be a significantly more prob-
lematic task. The best estimates for this quality trait are related to the amount of polymeric
protein in the flour (percentage of glutenin multiplied by the protein content of the flour)
but this simple relationship does not have the capability to successfully predict extensibil-
ity in practical terms. Bangur et al (1997) aimed at investigating whether there are critical
molecular weight cut-off points governing Extensograph parameters (Rmax and extensi-
bility). For Rmax, maximal correlation was obtained for estimated molecular weights
greater than 250,000 Da, while the highest correlation for extensibility was found for pro-
teins larger than 52,000. The different dependencies of Rmax and extensibility on protein
composition has the capacity to manipulate these parameters in predictable ways by se-
lecting for appropriate composition open the way for production of cultivars with proper-
ties that meet specific requirements.

The dual film hypothesis

In the light of recent results of Sroan et al. (2009) and Sroan and MacRitchie (2009) finally
we have an observation-based hypothesis about the complex nature of wheat dough and
the gas cells in it.

Stability of the gluten–starch matrix, which is the primary stabilizing factor for expand-
ing gas cells against disproportionation and coalescence, depends on its tendency to strain
harden. The phenomenon of strain hardening appears to depend on the balance between
strength and extensibility of the entangled network of polymeric proteins of wheat flour.
Extensibility ensures slippage of the maximum number of statistical segments between
entanglements (Singh and MacRitchie 2001), whereas strength prevents disruption of the
entangled network of polymeric proteins. Thus, to ensure stability of gas cells, the dough
needs to be sufficiently extensible to respond to gas pressure but also strong enough to re-
sist collapse. Differences in gluten quality can significantly affect the bread making poten-
tial. Strength is conferred by the fraction of polymeric proteins having molecular weight
greater or equivalent to MT (250,000), and the fraction of gluten protein smaller than MT
may counter the strength by acting as diluents. The optimum balance seems to exist when
the relative proportions of polymeric proteins greater and smaller than MT are roughly
60:40. Shift in the balance to either side will decrease loaf volume. Increase in smaller pro-
teins (less than MT) may decrease stability of the gluten–starch matrix due to a lesser num-
ber of entanglements per chain. On the other hand, increase in strength conferring proteins
may prevent sufficient expansion of the gluten–starch matrix required to increase loaf vol-
ume due to reduced slippage of gluten polymers through entanglement nodes as a result of
increase in number of entanglements per chain. The secondary stabilizing mechanism in-
volves thin liquid lamellae stabilized by adsorbed surface active compounds (lipids and
proteins) at the gas–liquid interface. Liquid lamellae prevent coalescence and dispropor-
tionation of gas cells when they come in close contact with each other during the late prov-
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ing and early baking stages of bread making i.e. when discontinuities begin to appear in
the gluten–starch matrix. Flour lipids at their natural levels do not influence rheological
properties of the gluten–starch matrix surrounding the gas cells, as measured by the dough
inflation system. Nevertheless, the small amounts in which these lipids are naturally pres-
ent are sufficient to influence surface properties.

To study this secondary stabilizing mechanism, different lipid fractions were added
incrementally to the defatted flours. No effects were observed on the rheological proper-
ties of the dough. However, large effects on the loaf volume were measured. Polar lipids
had positive effect on loaf volume, while non-polar lipid, linoleic and myristic acids had
negative effects. The different effects of the lipid fractions were thought to be related to
the type of monolayer that is formed. Polar lipid and palmitic acid form condensed
monolayers at the air/water interface whereas non-polar lipid, linoleic and myristic acids
form expanded monolayers.

While wheat lipids at their natural levels do not affect dough rheology and gas cell sta-
bilization by the gluten–starch matrix, their ability to modify loaf volume and crumb
structure supports the dual film hypothesis of Gan et al. (1990, 1995). It suggests the pres-
ence of liquid lamellae, providing an independent mechanism of gas cell stabilization. The
effects of different surface active components may be explained by the type of monolayer
that they form.

Beyond the gluten proteins

As it is obvious from the dual film hypothesis, bread-making quality cannot be described
considering only the gluten proteins. Based on a large statistical analysis carried out by
Gupta et al. (1994) the gluten proteins are responsible for around 70–72% of the variation
of bread-making quality, the remaining more than quarter of the variation is related to cer-
tain soluble proteins, lipids, starch and non-starchy polysaccharides.

In relation to the role of lipids an excellent review published recently provides good
summary about the topic (Pareyt et al. 2011).

For many years starch was considered to play only a minor role in wheat product qual-
ity. It has been only recently that the contribution of starch to flour processing quality has
been recognized (Rahman et al. 2000). Starch has dominating contribution determining
the quality of noodle products and it has major contribution to the nutritive value of
wheat-based products. There is an intensive research activity aiming to alter the composi-
tion/structure/nutritive value of wheat starch by manipulating the enzymes of starch me-
tabolism, reviewed by Regina et al. (2007). However starch plays important role also in
bread-making and in defining certain quality attributes of bread-type end-products such as
self-life, staling. The main chemical and physical starch characteristics of direct impor-
tance to quality are the amylase content, the granule-size distribution, the temperature of
gelatinization, the viscosity of starch gels, and swelling power.. Progress in improving our
understanding of starch related quality research are recently reviewed by Wrigley et al.
(2009) and Park et al. (2009)

Based on the work of Wang (2003) pentosans interfere with gluten formation in both an
indirect and a direct way and contribute to bread-making quality. The indirect effect is re-
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lated to water availability. The direct effect is related to an interaction between pentosans
and gluten in which ferulic acid (FA) plays an important role. The interference of water
unextractable solids (WUS) or water extractable pentosans (WEP) with gluten formation
caused an incomplete aggregation of gluten protein, which was reflected in a larger aver-
age glutenin macropolymer (GMP) particle size and a smaller tendency of these particles
to aggregate. Wang (2003) proposed a possible explanation for the effect of pentosans on
gluten formation and properties where both physical and chemical effects are involved.
The physical effect is related to viscosity and likely also depletion attraction between pro-
tein particles. The chemical effect is related to FA and “controls” the tendency of the parti-
cles to aggregate and hence also gluten yield. Pentosans do not affect the growth of these
particles directly after mixing, but hinder the further agglomeration of especially smaller
particles to end up in the gluten. The partial agglomeration of GMP particles will result in
turn in GMP with a different GMP particle size distribution and hence in gluten with
changed rheological properties.

The influences of genotype, environment, and genotype × environment interaction

on wheat quality

Knowledge of the relative contributions of genotype (G), environment (E), and genotype
and environment interaction (G × E) effects on wheat quality leads to more effective selec-
tion in breeding programs and segregation of more uniform parcels of grain better suited
to the needs of customers. Unlike grain yield (Basford and Cooper 1998), till recently
there was no comprehensive review of genotype and environment studies of wheat qual-
ity. O’Brien (1999) did review the effects of genotype and environment on feed wheat
quality attributes, but reviews of milling quality are only within the introductions of some
articles, e.g. (Peterson et al. 1992; Mariani et al. 1995; Pena et al. 2002; Zhang et al. 2004,
2005). The paucity of reviews may be due to the complex nature of wheat quality, com-
pared with grain yield, which makes comparisons across studies difficult (Fowler and de
la Roche 1975; van Lill et al. 1995).

The effects of G, E and G × E on wheat quality were reviewed by Williams et al. (2008)
using papers obtained from 4 major international databases. The literature was dominated
by research from North America, with lesser contributions from Europe, Australia, and
the rest of the world. Use of analysis of variance to partition sources of variation due to G,
E, and G × E was the most common approach but, more recently, residual maximum like-
lihood methods that can accommodate large, but unbalanced, datasets have been used. In
North America and Europe, the relative contributions of G, E, and G × E varied across
studies, but traits associated with protein content were more influenced by E and G × E
than those associated with protein quality, dough rheology and starch characteristics,
where G effects were more important. Variation in the relative contributions of G, E, and
G × E was highly dependent on the G and E sampled. The Australian studies were charac-
terised by a relative lack of G × E, with G and E rankings being similar across the country
for the protein quality, dough rheology, and starch quality traits examined in detail. This
suggests that, in Australia, more efficient testing of potential cultivars will be possible for
these traits, especially when the underlying variation at the gene level is known, and that
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efficiencies in the design and conduct of trial systems and quality evaluations could be
achieved by testing samples from targeted environments without affecting genetic gain
and overall crop quality. Similar studies have been published recently for different wheat
growing regions in different countries (Graybosh et al. 1996; Zhang et al. 2004; Georget et
al. 2008; Hristov et al. 2010; Dencic et al. 2011.)

The proper review on the literature related to the effects of farming practices (such as
the effects of fertilisation), the alteration of quality caused by abiogenic or biogenic stress
is far beyond the scope of this review. Only some typical examples are mentioned here to
show the diversity of important quality related research in this area.

For many wheat varieties, a few days with temperature daily maxima over 30 C can re-
sult in grain with weaker dough properties, despite the protein content often being higher
(Blumenthal et al. 1993, 1995; Stone and Nicholas 1994; Lafiandra et al. 1999). A signifi-
cant outcome of these studies was the demonstration that the glutenin protein from
heat-stressed grain has a lower size distribution than that of the control grain (Blumenthal
et al. 1995; Lafiandra et al. 1999). Furthermore, a survey of a wide range of genotypes in-
dicated that there is a degree of natural tolerance to the effects of heat-stress on dough
strength, indicating the possibility of developing varieties tolerant to heat-stress. The
proteomics approach significantly contributed to better understand the mechanism of heat
shock and its consequences on the deposition of different endosperm proteins (Skylas et
al. 2002, Majoul et al. 2004).

Much of southern Europe and Russia is affected by proteases produced by the action of
some insect species of Heteropterus on immature grain in the field, resulting in very weak
dough and poor performance in baking. The resulting ‘bug-damaged’ grain must be
down-graded to feed classification with significant financial loss to growers. Proteome
analysis has been successful in identifying the degradation products of bug damage. When
partly purified, bug protease was added to the flour of a strong wheat (Katepwa), 25
polypeptide spots appeared as a result of proteolysis. The main target of the proteolytic ac-
tivity appears to be the large glutenin polymers. As a result of the protease activity, some
glutenin-subunit spots underwent shifts to more basic isoelectric points (Sivri et al. 2004).
Konarev et al. (2011) recently purified these glutenin hydrolyzing proteinases (GHPs,
from wheat seeds damaged by the Sunn bug Eurygaster integriceps (Hemiptera,
Scutelleridae). A 28 kDa protein was partially sequenced by mass spectrometry and
Edman degradation which showed homology to serine proteases from various insects. The
cleavage site of the protease was determined using recombinant and synthetic peptides
and shown to be between the consensus hexapeptide and nonapeptide repeat motifs pres-
ent in the high molecular weight subunits of wheat glutenin (PGQGQQGYYPTSLQQ).
The novel specificity of this protease may find applications in both fundamental and ap-
plied studies.

Jia et al. (1996a, b) looked for effect of growing conditions and nitrogen fertilization on
protein aggregation followed by Zhu et al. (1999) and Zhu and Khan (1999), who studied
two biotypes of an Australian wheat cultivar, Warigal, differing only in the Glu-D1 high
molecular weight (HMW) glutenin subunits with the objective to examine the effects of
nitrogen fertilization and allelic variation at the Glu-D1 locus on the characteristics of
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glutenin polymers. Unreduced proteins containing the SDS-soluble glutenins and the
other protein classes were analyzed by multistacking SDS-PAGE which separates the
glutenin into six distinctly different-sized aggregates. Nitrogen fertilization not only in-
creased protein quantity but also affected the ratio of polymeric to monomeric proteins
and the proportion of individual HMW glutenin subunits in glutenin polymers. The x/y
subunit ratio was not significantly influenced by nitrogen fertilization. The relative pro-
portions of different HMW glutenin subunits within glutenin polymers might affect the
structure of the glutenins. The insolubility of glutenin proteins not only was associated
with the HMW/LMW subunit ratio, but also seemed to be affected by the proportion of the
individual HMW subunits. For example, 1Dx subunits 5 or 2 were significantly higher in
proportion in the SDS insoluble glutenins than in the SDS-soluble glutenins. Also the x/y
subunit ratio was greater in the SDS-insoluble glutenins than in the SDS-soluble
glutenins. The proportion of different HMW glutenin subunits in the SDS insoluble poly-
mers was significantly different from that of the SDS-soluble polymers.

The continuing increase in atmospheric CO2 concentration is predicted to enhance bio-
mass production and to alter biochemical composition of plant tissues. Wieser et al. (2008)
compared the protein composition and bread-making quality of a winter wheat (Triticum

aestivum L. cv. ‘Batis’) grown under different CO2 levels and two different nitrogen (N)
fertilization levels. Elevated CO2 caused significant reductions in crude protein and all
protein fractions and types (p < 0.001) except albumins and globulins. Effects were more
pronounced in wheat samples supplied with normal amounts of N fertilizer. Crude protein
was reduced by 14%, gliadins by 20% and glutenins by 15% and 15% and glutenin
macropolymer by 19%. According to these results, flour from high CO2 grown grain will
have a diminished baking quality.

One of the most important findings of the above studies is that the effects of environ-
ment cannot be explained simply by its effect on protein content: the protein composition,
so the relative mass ratios of the different protein components are altered because of the
different extents of changes in the expressions of individual protein genes. (The G × E ef-
fects in this context are strongly related to the differences in the E related changes of ex-
pression levels among the different alleles.)

Therefore among the spread of nucleotide-based methods such as the use of molecular
markers (reviewed in dept in the second part of this review), the importance of the qualita-
tive and quantitative protein analysis has not diminished.

Determination of protein composition of wheat

As it is noted in the editor’s preface in the book of Shewry and Lookhart (2003), wheat
protein analysis has a long and distinguished history. It is not surprising that a massive lit-
erature has been developed in the last 250 years on the analysis and properties of wheat –
mostly gluten – proteins. The book edited by Shewry and Lookhart (2003) was published
to provide standard protocols for the investigations of wheat proteins, with extensive prac-
tical details and examples of applications for the extraction and different types chromato-
graphic, (ion-exchange-, size exclusion-, reverse phase-column and HPLC, Field Flow
Fractionation) and electrophoretic (SDS-, lactic acid- and multi-stacking PAGE, capillary
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electrophoresis and electrofocusing) methods as well as small- and micro-scale dough
testing methodologies.

Since the publication of this extremely useful book, three methodologies have been in-
troduced and successfully applied in cereal science and specifically in quality related
wheat protein analysis.

The utilization of microchip capillary electrophoresis systems – namely lab-on-a-chip
(LOC) technology (Manz et al. 1990) has the potential to improve the capability of high
throughput sample analysis of wheat proteins. The LOC technology integrates analytical
processes and reactions to scale them down to microfluidics, involving micron-sized
channels in glass or polymer chips. So far a prior research on validating lab-on-a-chip data
some of the possible applications on the field of wheat protein analysis were introduced
(Bhandari et al. 2004; Uthayakumaran et al. 2005, 2006; Rhazi et al. 2009; Balázs et al.
2011).

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) has developed rapidly to become a powerful tool for characterizing
wheat gluten proteins (Dworschak et al. 1998; Cunsolo et al. 2002, 2003, 2004; Ma et al.
2009; Gao et al. 2009a; Liu et al. 2009, 2010). Compared with the common separation
methods, the MALDI-TOF-MS technique appears to be much more accurate and sensi-
tive, requiring only few minutes per sample to perform the measurement (Dworschak et
al. 1998; Gao et al. 2009b). The implementation of the method seems to be costly but, be-
cause of the incomparably high throughput, the unit cost per sample is very low. It is the
reason that there are already examples for its routine application in breeding programs in
centralized service laboratories screening thousands breeding lines for glutenin allelic
composition in Western Australia (Ma, W. personal communication).

The proteomics approach – using either 2D electrophoresis or mass spectroscopy for
separating proteins – are widely used in the last 10 years in wheat research, covering each
of the morphological parts of the grain, investigating physiological stages, effects of
biogen and abiogen stress on protein composition, comparing wild type and transformed
samples, comparing wheat with its botanical relatives, helping in functional and health re-
lated quality research (Juhász et al. 2012).

Conclusion

The better understanding of the relationships between certain wheat grain components and
certain quality attributes leads us to efficiently satisfy the complex demand of the cus-
tomer in relation to good quality wheat-based end-products. The application both gene-
and gene based methodologies in pre-breeding, breeding and in food industry (being re-
viewed in the second part of this overview (Békés 2012)) has the potential to use an inte-
grated approach where not individual genes or gene products but their interacting action is
taken into consideration.
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