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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. The first part described
the directions of more and more multi-interdisciplinary wheat quality oriented research with
an enlarging gap between breeding – and industry oriented quality research. These general
comments were followed by the session describing our understanding the role of components
of wheat flour determining bread-making quality. This second part of the review overlooks the
new directions of quality related basic and applied research in pre-breeding and breeding as
well as in the wheat industry, including genetic, molecular biological, biochemical chemical,
instrumental and model-making/predictive methodologies. A brief coverage of the directions
and achievement in the more and more important two non-traditional quality areas, the nutri-
tion- and health-related quality attributes are followed by a short conclusion and speculation
on future direction.
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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. As it was indicated in
the first part of this overview (Békés 2012), the scope of this work does not allow discuss-
ing all of the aspects of wheat quality: it concentrates only to bread-making quality. Other
wheat-made end-products and their specific quality-related requirements are not dis-
cussed in depth. It is the reason that wheat protein research is covered un-proportionally
while progress made recently in studying other components of wheat flour 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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The first two sections of this second part of the review overlook the new directions of
quality related basic and applied research in pre-breeding and breeding as well as in the
wheat industry, including genetic, molecular biological, biochemical, chemical, instru-
mental and model-making/predictive methodologies. A brief coverage of the directions
and achievement in the more and more important two non-traditional quality areas, the nu-
trition- and health-related quality attributes are followed by a short conclusion and specu-
lation on future directions.

New methodologies in pre-breeding and breeding for better quality wheat

Cereal grains are the major component of the diet for a large proportion of the world’s
population, and have been bred over thousands of years for improvements in agronomic
performance and yield, to produce the crops we know today. A major challenge for to-
day’s breeders is to continue to increase the yield of these cereal crops while at the same
time improving grain quality for end-product manufacture. This is particularly important
as the world’s population continues to grow, with it estimated to increase by approxi-
mately one third to over nine billion in the next 40 years.

Three features of wheat add greatly to the complexity of selection in breeding and to ap-
plying genetics based new methodologies such as molecular makers (Langridge et al.
2001):

i) The wide range of end uses, each with differing but specific quality requirements
has imposed many constraints on wheat breeding programs in many cases, re-
stricted the diversity of germplasm that can be used in a specific program. Conse-
quently, the level of diversity detected between commercial wheat varieties is gen-
erally lower than for many other species. This complicates both the development
and application of molecular markers.

ii) The complexity of the polyploid wheat genome, i.e. hexaploid, as opposed to dip-
loid in most other cereal crops. Two problems arise here: the size of the wheat ge-
nome compared to another cereals and the presence of 3 related genomes of wheat
(A, B, and D). The 3 genomes also translate into 21 linkage groups in wheat, again
adding to the complexity of mapping work.

iii) Low level of polymorphism in bread wheat. There is generally a low level of poly-
morphism in wheat relative to other cereal species and this means that a larger
number of markers usually need to be screened than is the case for rice, maize, or
barley (Chao et al. 1989). Further, the level of polymorphism is not consistent
across genomes or crosses. Commonly, the D genome is more highly conserved
between varieties and is, consequently, substantially more difficult to map.

Traditionally breeding has relied on physical measurements to select for phenotypes
(traits) such as plant height, grain number and grain size; this type of characterisation is
relatively simple and quick to do. Many lines can be characterised at an early stage in the
breeding program with only the best lines being carried forward. When breeding for qual-
ity, the process is not as straight forward, as analysis of quality requires significant quanti-
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ties of grain; thus it cannot be performed at an early stage. To compound this problem,
grain-quality analysis is time- and labour intensive, with quality assessments in wheat
breeding programs representing up to 25% of the breeders’ costs (Howitt 2010); thus only
a limited number of lines can be analysed in a comprehensive manner.

Our ability to capitalize on the potential advantages of early-generation selection for
quality depends on the practical aspects of predictive quality testing methodology and bio-
logical considerations of genetics, the influence of the environment and their interactions.

The most obvious restrictions are the enormous numbers of lines and the small sample
size (possibly the product of a single plant, some of which must serve as seed for the next
generation). Therefore, it is desirable that quality characteristics be considered at an ear-
lier stage to improve overall breeding efficiency. O’Brien and Ronalds (1985) reported
that the cost per breeding line could be reduced by selecting for quality prior to selecting
for yield. Fisher et al. (1989) found a useful response in the seventh generation (F7) to
selection in F3 for various quality characteristics. Brennen and O’Brien (1991) have fur-
ther reported on the economic aspects (with respect to breeding costs) of early-generation
testing for quality, concluding that the decision depended largely on the likely market dif-
ferentials for quality versus yield, and the bias of the variety-licensing system for grain
quality.

The biology of the system imposes additional constraints. Under conventional systems
of cross-fertilization, earlier generations possess a high degree of heterozygosity. Further,
quantitative traits and traits with low heritability, that is, traits that are highly influenced
by the environment, pose a particular challenge. Often the cereal technologist is faced with
differentiating breeding lines from unreplicated trials against a background of environ-
mental influence (Morris and Raykowski 1994). Part of the general ‘heritability’ difficulty
is the greater degree of heterozygosity at early generation – particularly a problem for
‘quantitative’ characters involving many genes (such as overall processing quality).

In response to the need to cope with small sample size, several novel approaches are
used more and more in wheat breeding: i) small- and micro-scale dough testing equipment
and methodology, ii) quality estimation based near infrared spectroscopy and iii) biotech-
nological methods, iv) predictive models applying genetic and biochemical data.

Small- and micro-scale dough testing methods

Cereal chemistry as discipline has born when in the 1880s Guthrie, the chemist working
with the first Australian wheat breeder, collected experimental data from the milling per-
formance of wheat lines from a Ganz (Hungary) mill built originally for promotion pur-
poses (Wrigley et al. 2011). Guthrie’s philosophy was trying to mimic the industrial mill-
ing and baking procedures on reduced sized equipments and using these data in the selec-
tion process of breeding. This brilliant idea became the basis of the instrument and method
development in cereal science in the last 120 years.

To evaluate milling properties and then to determine dough characteristics and/or
bread-making quality by micro baking, the very first task is to produce flour from wheat
grain in small scale. The very first attempt in this area was the micro mill of USDA
(Seeborg and Barmore 1957; Shoup et al. 1957). The smallest micro mill available com-
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mercially nowadays is the micro-scale FQC2000 flour mill (INTER-LABOR Kft., Hun-
gary) developed to mill very small grain samples (Békés et al. 2000b). It is capable of mill-
ing as little as one single grain of wheat but five to ten grams of grain is recommended to
provide meaningful results on milling yield and milling quality. Furthermore, the likely
dough or product tests to be performed would require an amount of flour that would be
provided from a grain sample of this size.

Experiments applying the most commonly used dough mixing instruments, the
Farinograph (Brabender 1932) and Mixograph (Swanson and Working 1933) cannot be
considered as fundamental rheology measurements but instead, trying to model what hap-
pens in the bakery. The traditional dough testing equipments such as these two mixers and
the Extensograph, Alveograph etc., served well the breeders and the industry in the last 80
years: invaluable amount of experience and archived data have been collected what is the
fundamental basis of wheat classification systems in different wheat producing countries.

To scale down this traditional machinery, several small scale Mixographs have been
developed and used in different laboratories (Voisey et al. 1969; Rath et al. 1990; Gras et
al. 1996; Békés et al. 2000a; Suchy et al. 2000), requiring 2 g and 10 g of flour. A 10 g mix-
ing bowl Farinograph has been available since the early 1980s, while the 4 g analogous
machine have been developed by Haraszi et al. (2004) and its commercially available ver-
sion, the Micro-DoughLAB (Dong et al. 2007) produced by Perten are used worldwide.
The spin-off of these developments have been that parallel with the development of
small-scale machinery, the electronic data-handling and processing as well as the specific
softwares for calculating the mixing parameters have been adapted for the traditional in-
struments, even, ‘mobile’ PC-based versions have been made to attach them onto indus-
trial mixers. Similar scaling-down process have happened also in relation to the exten-
sion-measurements, developing a prototype micro-extension tester (Rath et al. 1994) and
the Kiefer-rig (Kiefer et al. 1998) for the TA-XT2 Texture Analyser (Stable Miro Sys-
tems).

The micro Zeleny tester has the smallest sample size requirement – 0.2 g – among any
dough testing methodology. It was found to be an excellent tool both in basic research and
in wheat breeding (Tömösközi et al. 2009).

Results derived from traditional and small-scale dough testing methods have been
found to be highly related (Rath et al. 1990; Gras et al. 1990, 2000; Rath et al. 1994; Gras
and Békés 1996), were found to be extremely valuable tools for the breeder in early selec-
tion for quality (Kaur et al. 2004; Mann et al. 2008). Using the 2 g Mixograph Gras and
O’Brien (1992) have reported that major aspects of dough quality have high heritability if
tested as early as F3.

NIR-based estimation of breeding lines

Since the early work of Rubenthaler and Pomeranz (1987), achieving good correlations of
water absorption, mix time, and loaf volume of hard red winter (HRW) wheat to flour NIR
spectra, near-infrared spectroscopy (NIRS) has been used as a rapid, accurate, and non-de-
structive technique for measuring many wheat quality parameters (reviewed by Dowell et
al. 2006). Based on the results of Dowell et al. (2006), NIRS shows the potential for pre-
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dicting protein content, moisture content, and flour colour b* values with accuracies suit-
able for process control (R2 > 0.97). Many other parameters were predicted with accura-
cies suitable for rough screening including test weight, average single kernel diameter and
moisture content, SDS sedimentation volume, colour a* values, total gluten content,
mixograph, farinograph, and alveograph parameters, loaf volume, specific loaf volume,
baking water absorption and mix time, gliadin and glutenin content, flour particle size, and
the percentage of dark hard and vitreous kernels. However, when the influence of protein
content was removed from the analyses, the only factors that could be predicted by NIRS
with R2 > 0.70 were moisture content, test weight, flour colour, free lipids, flour particle
size, and the percentage of dark hard and vitreous kernels. Thus, NIRS can be used to pre-
dict many grain quality and functionality traits, but mainly because of the high correla-
tions of these traits to protein content (Osborne 1984).

Another way of utilising the NIR technique quality related screening is to look for
quantitative estimations of protein data related to quality attributes. Wesley et al. (2001)
reported successful prediction of gliadin and glutenin content from NIRS. In the study of
Scholz et al. (2007) partial least squares regression gave high R2 values between many
protein parameters and NIR/NIT spectra of flours, while no such relationship was found
for whole wheat grains. Most and highest correlations were found for total amount of
extractable and unextractable proteins and monomer/polymer protein ratio. Some positive
relationships were found between percentage of total unextractable polymeric protein in
the total polymeric protein and percentage of large unextractable polymeric protein in the
total large polymeric protein and NIR/NIT spectra.

Applications of biotechnology in pre-breeding and breeding

for quality improvement

The success of wheat breeding has largely come from the application of new technologies
to breeding and selection. Particularly important were the introgression of chromosome
regions from wild relatives and the development of new selection strategies. Biotechnol-
ogy offers two new means for improving wheat, firstly through genetic engineering and
secondly through the development and application of molecular markers.

Genetic engineering

The advantages of transgenesis for improving the agronomic performance of crops are
clearly demonstrated by their extensive cultivation, with approximately 90 million ha of
transgenic soybean, maize, cotton and canola being grown in 2005, predominantly in the
USA (49.8 million ha) and Argentina (17.1 million ha) (www.isaaa.org). These crops
have been engineered to provide resistance to herbicides used for weed control and/or in-
sect pests, resulting in economic and environmental benefits from decreased use of agro-
chemicals. These “input” traits have proved attractive for manipulation in “first genera-
tion” transgenic crops as significant impacts can be obtained using only one or two
well-characterised genes. However, although agronomic performance and crop yield re-
main key targets, the emphasis is now moving towards “output” traits, which include as-
pects of crop quality. Thus, the “second generation” of transgenic crops will be manipu-
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lated to improve their properties for the processor (e.g., bread-making performance of
wheat) and consumers (e.g. increased vitamins and minerals, reduced glycaemic index
and increased content of soluble fibre in cereals) rather than the farmer (Shewry et al.
2007).

The earliest GM wheat aiming to alter quality was a line expressing a genetically al-
tered HMW glutenin subunit, a hybrid molecule where the N-terminal of 1Dx5 (4 cysteine
residues) was replaced by that of 1Dy10 with 5 cysteine residues (Blechl and Anderson
1996; Shimoni et al. 1997). In the transgenic wheat, the properties of the flour from the
transgenic wheats showed this new HMW glutenin was not efficiently incorporated into
the polymers of gluten and formed intramolecular disulfide bonds, but importantly the
new protein was expressed as expected in the endosperm.

Since this first successful quality related wheat transformation, a great number of ex-
periments have been carried out with different aims and concepts. Some of these works
fall into basic research aiming to provide better understanding of structure/function rela-
tionships or physiological events such as the proof the action puroindoline, by introducing
the pin gene into rice (Krishnamurthy and Giroux 2001) and in wheat (Beecher et al. 2002;
Hogg et al. 2005), or the use of epitope tagged genes to monitor storage protein deposition
(Tosi et al. 2004). Most of the research, however, has been carried out aiming to alter/im-
prove certain quality attributes by i) altering metabolic pathways in wheat by silencing
certain key enzymes (involved for example starch in biosynthesis) (Morell et al. 2006; Re-
gina et al. 2006, 2007; Topping 2007); ii) altering the ratios between storage protein
classes by increasing the copy number(s) (Barro et al. 1997; Rooke et al. 1999) or silenc-
ing certain genes (Howitt et al. 2008); iii) introducing extra copies of natural wheat genes
(Altpeter et al. 1996, 2005; Rooke et al. 1999; Alvarez et al. 2001; Blechl et al. 2007;
Wang et al. 2010); iv) transformation with genetically modified wheat and barley genes
(Blechl and Anderson 1996; Shimoni et al. 1997; Howitt et al. 2003); v) transformation
with genes of non-cereal plant (amaranth) origin (Tamás et al. 2009) and vi) transforma-
tion with genes of not plant (arctic fish) origin (Solomon et al. 1997).

Another way to overview the different applications of genetic engineering in quality
improvement is to group the works based on the quality treat targeted in different studies:
Most of the works have been carried out altered the storage protein composition by intro-
ducing further/additional copies of HMW (Altpeter et al. 1996, 2005; Rooke et al. 1999;
Alvarez et al. 2001; Blechl et al. 2007; Wang et al. 2010) or LMW glutenin subunit genes
(Tosi et al. 2005) or silencing gliadin (Howitt et al. 2008); genes to improve dough proper-
ties. There are applications i) to improve the nutritive value of wheat by altering starch
characteristics (Regina et al. 2006, 2007); and ii) non-starchy carbohydrate composition
(Németh et al. 2010); iii) increase the overall biological value of proteins by introducing
proteins with high lysine content (Tamás et al. 2009), and iv) to alter the ice-cell formation
mechanism in frozen dough by introducing an anti-freeze protein into wheat (Solomon
et al. 1997).

There is a huge expectation from the customers suffering in different wheat protein re-
lated health disorders to produce wheat with reduced level of toxic and/or allergenic pro-
teins. The very first step in this direction has been already made using well-established
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strategy, namely, to develop the methodology in the incomparably simpler barley (being a
diploid plant) (Tanner et al. 2010) and adapt it later in wheat.

Whereas conventional plant breeding involves the selection of novel combinations of
many thousands of genes, transgenesis allows the production of lines which differ from
the parental lines in the expression of only single or small numbers of genes. Consequently
it should in principle be easier to predict the effects of transgenes than to unravel the multi-
ple differences which exist between new, conventionally-produced cultivars and their par-
ents. Nevertheless, there is considerable concern expressed by consumers and regulatory
authorities that the insertion of transgenes may result in unpredictable effects on the ex-
pression of endogenous genes which could lead to the accumulation of allergens or toxins.
This is because the sites of transgene insertion are not known and transgenic plants pro-
duced using biolistics systems may contain multiple and rearranged transgene copies (up
to 15 in wheat) inserted at several loci which vary in location between lines (Barcelo et al.
2001; Rooke et al. 2003). Similarly, this apparently random insertion has led to the sug-
gestion that the expression of transgenes may be less stable than that of endogenous genes
between individual plants, between generations and between growth environments. Al-
though there is evidence that the expression of transgenes introduced by biolistic transfor-
mation is prone to silencing in a small proportion of wheat lines (Anand et al. 2003;
Howarth et al. 2005), many recent reviews including Kohli et al. (2003), Sahrawat et al.
(2003), Jones (2005) and Altpeter et al. (2005) demonstrated the utility of biolistics trans-
formation as a basis for stable genetic manipulation.

A series of transgenic wheat lines which express additional copies of wheat-derived
genes encoding specific high molecular weight (HMW) subunits of glutenins, together
with the marker genes used to facilitate the selection of transgenic plants by Barro et al.
(1997) and Rooke et al. (2003). Preliminary characterisation of the transgenic lines grown
under glasshouse conditions showed both positive and negative impacts on dough
strength (Barro et al. 1997; Rooke et al. 1999) and this has since been confirmed by large
scale testing of grain grown in field trials (Darlington et al. 2003; Rakszegi et al. 2005;
Shewry et al. 2006). These lines are therefore representative of the types of transgenic
wheat which may be grown commercially in the future. Detailed statistical analyses on
field-grown samples involving both chemical and functional parameters showed that the
transgenic and non-transgenic lines did not differ in terms of stability of HMW subunit
gene expression or in stability of grain nitrogen, dry weight or dough strength, either be-
tween harvest years or between sites and plots. These results indicate that the transgenic
and control lines can be regarded as substantially equivalent in terms of stability of gene
expression between generations and environments. The study of Baudo et al. (2006) on
the detailed global gene expression profiles of transgenic and control lines led to the same
conclusion: the presence of the transgenes did not significantly alter gene expression and
therefore, at this level of investigation, transgenic plants could be considered substantially
equivalent to the untransformed parental lines.

Regardless these scientific facts, at the moment there is no green light for developing
transgenic wheat varieties with improved quality. However, genetic engineering already
achieved significant results through an indirect root: the development of wheat lines con-
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taining genetically modified genes allows to closely investigating the effects of the gene of
interest on the traits in laboratory conditions. Meanwhile, effective molecular tools, per-
fect markers can be developed for screening for lines containing the required mutation in
large germplasm collections. Therefore the importance of chemically (Dong et al. 2009a)
and physically (Borzouei et al. 2010) induced mutation techniques (not being considered
as ‘transgenic’) like TILLING (Dong et al. 2009b) become obvious and they are used all
around the world for quality improvement.

It has to be mentioned here that wheat storage protein genes have been also used to im-
prove the techno-functional properties of other cereals: Sangtong et al. (2002) introduced
the Dx5 gene into maize, while for rice the same gene has been applied by Oszvald et al
(2007). Both HMW and LMW GS coding genes have been successfully introduced by
Araki et al. (2008) to alter its functional properties.

Marker Assisted Selection (MAS)

Significant efforts are underway to identify markers for quality traits that can be utilised in
Marker Assisted Selection (MAS) programs, which will allow the breeders to identify
lines that are likely to be of higher quality. For a comprehensive recent review of the prin-
ciples of MAS, the reader is referred to Collard and Mackill (2008).

When utilising MAS, two types of markers are available to the breeder (Howitt 2010).
The first are diagnostic (also known as ‘perfect’), where the marker is directly associated
with the gene that influences the trait, thus having absolute linkage with the trait being se-
lected, and do not require independent validation for each parental line used in a breeding
programme. The second type is linked markers, and they are generally associated with
quantitative trait loci (QTL) identified, in a mapping population, for the trait of interest.
They are not directly associated with the gene underpinning the trait, and thus they only
have a probability of being co-inherited with the trait of interest. As linked markers are
identified within a specific population, it is required that they be validated before being
used in breeding programmes.

Molecular marker technology offers a wide range of novel approaches to improving the
efficiency of selection strategies. The techniques are based around the detection of se-
quence variation between varieties or accessions of wheat. Where the sequence variant
sits in a region of the genome closely linked to a trait of interest, such as a disease resis-
tance locus, the variant can be used to predict the presence or absence of the resistance al-
lele. The strength of the prediction will depend upon the closeness of the genetic linkage
between the sequence variant and the target locus. Sequence variation is generally abun-
dant so that an almost unlimited number of such markers are available. However, in addi-
tion to providing a means for predicting and tracking important alleles, molecular markers
are also important in the analysis of the genetic control for specific characteristics and in
the selection and analysis of the whole genome of plants.

The potential for the use of molecular markers in improving backcrossing efficiency,
early selection/pyramiding of traits of interests, defining quantitative traits, selecting par-
ents to use in a particular cross, and defining epistatic interactions affecting desirable traits
has been widely recognised and hundreds of examples for applications are published on
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wheat in the last 20 years. Good reviews help to search in the literature for specific topics
and markers for specific quality attributes (Howitt et al. 2006; Howitt 2010; Jin et al. 2011;
Zhang et al. 2011).

The availability of dense molecular markers has mad possible the use of genomic selec-
tion (GS) for plant breeding. However, the evaluation of models for GS in real plant popu-
lations is very limited. Crossa et al. (2010), evaluating the performances of parametic and
semiparametric models for GS using wheat and maize data for different traits measured in
samples grown under different environments, concluded that models including marker in-
formation had higher predictive ability than pedigree-based models. These results indicate
that GS in plant breeding can be an effective strategy for selecting among lines whose phe-
notypes have yet to be observed.

Predicting dough properties from genetic and biochemical data

Dough strength and extensibility

Relating the protein composition to certain quality traits by statistical means is frequently
used methodology to relate structure/composition to functionality in cereal science. The
classic tool used by breeders is the Payne score (Payne 1987; Payne et al. 1987) providing
a single number to estimate dough strength from the HMW glutenin allelic composition.
Since the significant success of using the Payne score in breeding programs as applying
the HMW glutenin composition as protein markers for dough properties, there are several
attempts to also involve the LMW glutenin alleles in similar mathematical formulas
(Gupta et al. 1991; Eagles et al. 2002; Békés et al. 2006; Cornish et al. 2006). By the appli-
cation of sophisticated statistical approaches, the Wheat Simulator of Eagles et al. (2002),
and the Protein Scoring System (PSS) of Békés et al. (2006) are capable to describe the ef-
fects of both HMW and LMW GS alleles on dough strength and extensibility, individually
and the pair-wise interactions among the alleles. In the latter case, developing an incident
matrix from the allelic composition of the samples, a complex multiple regression type of
statistical analysis has been carried out providing factors to describe the contribution of
each of the HMW and LMW glutenin alleles and their pair–wise interactions to dough
strength and extensibility. The PSS model has two different type of applications: Applica-
tions of the models indicate that the approach of relating allelic composition to quality at-
tributes is possible with careful data selection and applying robust mathematical tools: the
genetic potential of a line, with a certain combination of alleles on the six glutenin coding
loci, can meaningfully be predicted where both the contribution of the individual alleles
and their pair–wise interactions play equally important role (Branlard et al. 2003; Békés et
al. 2006; Cornish et al. 2006; Baracskai et al. 2011).

The coefficients for the different alleles and allele-allele interactions provide a basis to
select parents for crossing with the aim of a certain dough strength/extensibility combina-
tion. One of the most important conceptual finding of evaluating such models is the reali-
sation that – because of the large contribution of allele–allele interactions – the different
allelic combinations, rather than the individual glutenin alleles should be targeted in
breeding situations to develop new lines with certain quality attributes (Békés et al. 2006).
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The effects of allele–allele interactions recently become independently measurable by
the application of the above-mentioned incorporation methodology using wheat and rice
flours as base flour. The effects of the individual alleles are determined using rice flour
while the wheat flour measurement indicates the superposed individual and interactive ef-
fects (Oszvald et al. 2011).

The original version of the PSS model is capable to predict the genetic potential of
dough strength and extensional properties of dough of a wheat flour with 12% protein
content and with the ratios of glutenin to gliadin and HMW to LMW GS of 1.0 and 0.2, re-
spectively. The further developed version of the model (Békés et al. 2006) is capable to
consider the effects of the expression levels of the different storage proteins genes, so the
actual dough parameters can be predicted. The input of this model is the allelic composi-
tion and the quantitative protein composition (including UPP%), while the output pro-
vides a good estimate of the actual dough strength and extensibility of a given sample (r2 >
0.85 and r2 > 0.75, respectively).

Further applications of the models are also useful in blending formulation and to com-
bine these data and to predict the end-product- and technology specific bread-making po-
tential of the samples (see in the industrial applications section).

Recent research on looking for sensitive, reproducible and high throughput methodolo-
gies to provide quantitative information about the protein composition for these predic-
tions found that MALDI-TOF analysis of wheat proteins (Liu et al. 2009) can serve as es-
sential tools not only for basic research but also for these types of applied research.

The genetic makeup up gluten proteins, the information about the allelic composition
of glutenin and gliadin alleles therefore become essential information in wheat breeding.
Large databases containing wheat varieties grown around the world are available to search
for certain combinations of alleles holding specific quality attributes (Metakovsky et al.
2006; Wrigley et al. 2006a, b).

Water absorption

The above models, however, are only suitable for the estimation of dough properties, other
parameters such as water absorption cannot be predicted on the basis of gluten proteins
only. Water absorption – the amount of water needed to hydrate flour components to pro-
duce a flour with optimum consistency – can be described as a function of protein content,
the amounts of pentosans and the level of starch damage in the sample (Bushuk and Békés
2002). Experiments carried out with flours supplemented with different protein classes re-
sulted in the observation that while mixing requirement, dough strength and extensibility
significantly depends on the glutenin to gliadin ratio, water absorption is not sensitive on
this ratio (Uthayakumaran et al. 1999). However, the ratio of the amount of gluten proteins
to soluble proteins significantly can alter water absorption (Tömösközi et al. 2002). Sup-
plementing wheat flour with soluble proteins of different origin and polarity showed that
polarity/hydrophobicity as well as the charge distribution of albumins and globulins are
the key features changing the amount of water needed for hydration (Tömösközi et al.
2004).
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A significantly high positive correlation (r2 > 0.8) was obtained in 63 strait-run flours
between water absorption and damaged starch content compared to a value of r2 = 0.5 for
protein content (Tara et al. 1972). Predicting equations using multiple linear models with
protein content and starch damage have been developed and it was found that more than
90% of the variation in water absorption is covered by these two parameters. It was also
concluded that the remaining variation is mostly related to the pentosan content of the
flours. The relationships between the pentosan composition and water absorption of flours
indicated that arabinoxylans play the major role and the largest effect is caused by the sol-
uble – small-medium sized arabinoxylans, while the large polymers do not have marked
effects on water absorption (Primo-Martín and Martínez-Anaya 2003).

So, the detailed information on the composition of soluble components of wheat flour,
the qualitative and quantitative aspects of albumin/globulin as well as pentosan composi-
tion together with the overall protein content and the level of starch damage (produced by
the milling procedure) are the necessary elements of information needed to estimate water
absorption from compositional data

Technology related research

Research related to product- and process development, quality control of source materials
and end-products in the wheat industry is in a permanent improvement to produce better
products on a good price with a reasonable margin. The demands for new types of prod-
ucts such as whole meal products, frozen dough based goods, using sponge and dough and
sour dough breads with special flavours, the whole gluten-free area, the structural alter-
ations in the industry such as the increasing popularity of hot-bread shops and showcase
bakeries together with the need for consistent source material and production with as low
as possible energy cost are some of the initiators for the recent and ongoing research activ-
ities.

In the last two decades the bread formulations became incomparably complex by the
overall application of different chemical improvers, additives, ingredients to keep consis-
tency, to improve shelf-life, to reduce energy cost, to alter water absorption, etc. All of
these reasons led to apply numerous enzymes in the formulations. The research related to
these applications cannot be summarised here, only some recent and excellent review pub-
lications on improvers (Pyler and Gorton 2008) and enzyme applications (Pyler and
Gorton 2008; Brijs et al. 2009; Joye et al. 2009a, b) are cited here.

Modern bakeries employ high energy and low temperature mixing in the production of
raw and frozen dough products. However, batch variation in mixed dough quality remains
a problem. Traditional instruments used to study the mixing characteristics of doughs
were unable to mimic this low temperature mixing process. The DoughLab® (Bason et al.
2006) and Mixolab® (Koksel et al. 2009) developed by Newport Scientific and Chopin
Technologies, respectively, have the capabilities to alter thermal and mechanical energy
inputs during mixing. Another recently developed new equipment extensively used both
in basic research and developmental activities is the C-Cell digital image analysis system
(Calibre Control International, UK) for the objective investigation of crumb structure of
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bread loafs, providing incomparably more insight about bread-making quality than loaf
volume. This technique was applied in the famous FQS 23 project of HGCA (Millar et al.
2008). This project was unique in scope and depth of analysis of bread-making quality in
wheat. No other groups, worldwide, have been able to put together a project which brings
together the combinations of processors, breeders, cereal technologists and geneticists to
produce the detailed information on the genetic control of the different bread-making pro-
cesses, and the stability of QTL across products and seasons.

Two special aspects of industry driven quality research aspects are discussed here in a
more detailed fashion: the application of NIR technology as continuous monitoring and
process control tool in the milling and baking industry and the prediction of end-use qual-
ity based on chemical rheological parameters.

NIR as process control

The milling industry makes different wheat flour depending on the bread-making process.
Nowadays, millers have flour blenders in order to do tailor made flour, because flour
needs to be adapted to each bread or biscuit process. In that situation, many types of flour
are made and much wet chemistry is needed to do quality control of end-use flour. Large
mills make five or six principal flours, and depending on the type of bread or biscuits they
could blend these flours in order to obtain the flour requirements. Flour quality control
needs quick analytical tools for predicting rheological and chemical properties. In routine
flour quality, wet chemistry analyses take more time. NIR technology allows us to obtain
results in a few seconds.

In the last 10 years NIR and NIT technologies become essential tools in the milling in-
dustry. Miralbes (2004) characterized commercial wheat flour samples in terms of pro-
tein, moisture, dry gluten, wet gluten, starch damage and ash contents as well as dough
rheological properties assessed by farinograph and alveograph. Modified partial least
squares analyses on NIR transmittance spectroscopy were developed for each constituent
or property. Some NIR models obtained were accurate enough for screening end-use flour
quality proposes purposes.

Nowadays online NIR and NIT systems are available to serve in large commercial
mills. The large effort to screen thousands of grain and flour samples and develop robust
calibrations for basic chemical and even rheological parameters of flours allow to develop
fully automated technologies where the spectroscopic methods serve as monitors in the
process control of the mill.

Similarly to the mills, there is a strengthening trend to utilise the advantages of spectro-
scopic analytical and monitoring techniques also in the baking industry. The NIR technol-
ogy has the potential to provide a mean of distractive or non-distractive probing chemical
changes that occur during dough development because the absorbances in the spectra can
be directly related to the chemical dough components (water, starch, protein and fat)
(Wesley et al. 1998). The progress in the area was recently reviewed by Kaddur and Cuq
(2011).
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Predicting end-product quality

Various researchers have attempted to predict bread quality by combining measurements
made from grain, flour, or dough and combining them into prediction models.

Flour protein content was shown by Graybosch et al. (1993) to be the primary factor
contributing to dough strength and loaf characteristics. However, they noted that no single
biochemical component explained >41% of the variation in bread quality and because of
that the prediction models would require measurement of numerous components. The ca-
nonical analysis by Graybosch et al. (1993) showed that loaf volume, bake water absorp-
tion mix time, and texture were influenced by flour protein content, gliadin, glutenin, wa-
ter-soluble pentosan, LMW residue protein, salt-water soluble protein, total free lipid, and
total free polar lipid contents. Andersson et al. (1994) predicted loaf volume using partial
least squares regression models that included bulk density, flour and grain protein content,
flour and grain falling number, flour and grain moisture content, ash content, flour that
loaf volume was consistently influenced by grain and flour protein content, farinograph
dough development, stability, and breakdown, and extensigraph area, peak height, and
length. Flour protein content explained ~50% of the variation in loaf volume, while the ad-
dition of all variables explained 65.4% of the variation

Haley et al. (1999) developed a relational database where a user could access quality
measurements made on samples obtained from the hard winter wheat regional testing pro-
gram. A baking score could be obtained after the user input the weights assigned to quality
measurements such as flour protein, mix time, baker’s water absorption, and loaf volume.
Other researchers (Shuey et al. 1975; Dick and Shuey 1976; Nolte et al. 1985; Morris and
Raykowski 1993) used a similar approach for evaluating the quality of other wheat
classes, but databases only allowed samples to be compared with a target or to each other,
and quality predictions were not made.

Ohm and Chung (1999) and Ohm et al. (2006) concluded from the results of their in-
vestigations that multivariate methods could be used to develop reliable prediction models
for dough mixing and bread- and noodle characteristics using SE-HPLC and RVA data.
Millar (2003a, b) used step-wise regression to develop an equation to predict loaf volume.
His equation included glutenin quantity, % gliadins, flour colour grade, protein content,
glutenin elastic modulus, farinograph water absorption, particle size index, moisture con-
tent, and the ratio of HMW glutenins to LMW glutenins, obtaining a r2 = 0.39. Their equa-
tion showed that glutenin mass, protein content, and the ratio of HMW to LMW glutenins
had a positive influence on loaf volume, and that flour colour grade and particle size index
had a negative influence on loaf volume. Farinograph water absorption, glutenin elastic
modulus, and gliadins variables had coefficients that were opposite of what was expected,
and including moisture content was difficult to explain, indicating the difficulty in devel-
oping a single model to predict baking performance. Lee et al. (2006) predicted loaf vol-
ume in a study using blend soft the hard white wheat cultivars with r2 = of 0.70. Their pre-
diction equation included grain protein content, hardness index, mixograph water absorp-
tion and peak height, and break flour extraction. All variables were positively correlated to
loaf volume, although the prediction equation had a high coefficient of determination, all
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samples were blends of the two original samples and there was limited variability in the
sample set. Dowell et al. (2008) investigated the relationship between bread quality and
grain, flour, and dough quality characteristics. The estimated bread quality attributes in-
cluded loaf volume, bake mix time, bake water absorption, and crumb grain score. The
best-fit models for loaf volume, bake mix time, and water absorption had r2 values be-
tween 0.78–0.93 with five to eight variables. Similar results have been obtained for an-
other bread types by Konopka et al. (2004) and Branlard et al. (1991).

A new generation of predictive models have been developed by Békés et al. (2006). All
the previously mentioned models do not deal with the fact that most of relationships be-
tween grain or flour parameters and loaf volume are not linear: there is an optimum level
of energy required to produce the largest volume loaf, under or over mixing will produce
loaves of inferior volume and quality. So, for a set of technological parameters and ingre-
dients, there is an optimal dough strength, and extensibility. The Protein Quality Index
(PQI) of Békés et al. (2006) uses the Morup–Olesen transformation (Morup and Olesen
1976) (developed originally for describing the effects of individual essential amino acid
levels in food or feedstuffs on the biological value) on certain dough parameters prior to
multiple regression. Using only such parameters – an r2 value above 0.85 can be achieved
with low standard error of prediction on loaves produced using commercial bread-making
formulations. The model can be applied by using data dough property parameters pre-
dicted based on spectrophotometric techniques, making the end-product quality estima-
tion incomparably cheaper than carrying out baking tests. Such models realistically could
be useful in the future for the baking industry to evaluate source materials and/or be part of
the quality control in the bakery.

Nutrition and health related quality attributes

Some of the research activities on nutrition and health related quality attributes have been
already mentioned in the introduction and in different sections of this review. However,
the special interest on this subject in recent years by the whole cereal chain requires a short
indication of the directions, aims achievements and problems in this area.

The relationship between diet and health has become one of the major concerns of gov-
ernments, the food industry and consumers, with the realisation that many of the health
challenges facing the developed world in the 21st century relate not to shortage of food but
to the consumption, and often over-consumption, of highly refined foods (Shewry and
Poutanen 2007). Such refining often removes key nutrients, which are essential for the
healthy organism, including vitamins, minerals and dietary fibre, yielding starch-rich
products with high glycaemic index. This depletion of key nutrients is particularly rele-
vant to cereal processing as vitamins, minerals, phytochemicals and fibre are concentrated
in the outer layers of the grain which are often removed by the milling or polishing opera-
tions used to produce white grain products. On the other hand, epidemiological studies
have shown that the consumption of whole grain products and foods rich in cereal fibre
has multiple health benefits, including decreased risk of coronary heart disease and type 2
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diabetes. Furthermore, studies in humans and animals have shown that grains are also an
important source of physiologically active phytochemicals.

A special issue of Journal of Cereal Science was published in 2007 based on the results
of the HEALTHGRAIN programme supported by the European Union under the 6th

Framework programme focusing on the science underpinning the contribution of ce-
real-based foods to a healthy diet. Topics range from consumer acceptability via food pro-
cessing technology and human nutrition to plant biotechnology and breeding. Taken to-
gether these papers present a unique overview of this active and important area of re-
search. In the HEALTHGRAIN programme, a sample set comprising 130 winter and 20
spring wheat varieties was selected to identify the range of variation in a number of
phytochemical and dietary fibre components. These lines were also analysed for their
technological properties. Based on frequency distribution and principal component analy-
sis it was concluded that significant variation for technological quality traits is present in
the 150 wheat lines. The results of the study together with the analyses of fibre and
phytochemical components indicate that it is possible to combine enhanced nutritional
quality with good agronomic performance and processing properties (Ward et al. 2008).

Population studies have shown that whole grain consumption is associated with dimin-
ished risk of serious, diet-related diseases, which are major problems in wealthy indus-
trialised economies and are emerging in developing countries with greater affluence (Top-
ping 2007; Topping et al. 2007). These conditions include coronary heart disease, certain
cancers (especially of the large bowel), inflammatory bowel disease and disordered
laxation. Carbohydrates are important contributors to the health benefits of whole grains.
Insoluble non-starch polysaccharides (NSP, major components of dietary fibre) are effec-
tive laxatives. Soluble NSP (especially mixed-link b-glucans) lower plasma cholesterol
and so can reduce heart disease risk but the effect is inconsistent. Processing seems to be
an important contributor to this variability and other grain components may be involved.
However, starch not digested in the small intestine (resistant starch, RS) appears to be as
important as NSP to large bowel function. While NSP are effective faecal bulking agents,
they are fermented to a very variable extent by the large bowel microflora. In contrast, RS
seems to act largely through the short chain fatty acids (SCFA) produced by these bacteria.
One SCFA (butyrate) appears to be particularly effective in promoting large bowel func-
tion and RS fermentation appears to favour butyrate production. Animal studies show that
dietary RS lowers diet-induced colonocyte genetic damage and chemically-induced large
bowel cancer which correlates with increased butyrate. These effects could contribute to a
lower risk of cancer and ulcerative colitis in the long term. Cereal grain oligosaccharide
(OS) may also function as prebiotics and increase the levels of beneficial bacteria in the
large bowel. Understanding the relationships between NSP, RS and OS and large bowel
health will be facilitated by the advent of new molecular technologies to identify the bacte-
rial species involved (Topping 2007).

As it was mentioned earlier, detailed investigation of the starch biosynthetic pathway
has revealed that reducing the activity of specific isoforms of branching enzymes and
starch synthases can lead to increased amylase (Morell et al. 2006). Methods to alter the
expression of and detect mutations in targeted genes involved are discussed by Rahman
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et al. (2007); Toping et al. (2007); Regina et al. (2007) and the biological response of the
altered grain with high amylase content was shown in rat feeding experiments by Regina
et al. (2006).

Another carbohydrate-type compound of wheat, with nutrition/health related aspects is
the short-chain non-starchy carbohydrates. Fermentable oligo-, di-, and monosaccharides
and polyols (FODMAPs) are short-chain carbohydrates that can be poorly absorbed by the
small intestine and may have a wide range of effects on gastrointestinal processes.
FODMAPs include lactose, fructose in excess of glucose, fructans and fructo-oligosac-
charides (FOS, nystose, kestose), galactooligosaccharides (GOS, raffinose, stachyose),
and sugar polyols (sorbitol, mannitol). Fructans are an example of a FODMAP that has at-
tracted a great deal of research interest. Fructans include FOS, with degrees of polymer-
ization (DP) of 2–9 units, and inulin (DP ~ 10). The beneficial effects of fructans
have been attributed to their malabsorption in the small intestine and delivery of carbohy-
drate to the large bowel, where they undergo rapid fermentation by bacteria with the sub-
sequent expansion of bacterial populations, especially of bifidobacteria and lactobacilli
(Roberfroid et al. 1998; Gibson et al. 2005). These bacteria are believed to mediate a wide
range of responses including suppressing the growth of potential pathogens in the colon
(Gibson et al. 2005), alleviating diarrhea (Szajewska et al. 2006), increasing the absorp-
tion of calcium and stimulating the gastrointestinal immune system (Kirjavainen et al.
2002). Other byproducts of colonic fermentation include short-chain fatty acids (acetate,
propionate, and butyrate) and gases (H2, CO2 and CH4) (Cummings and MacFarlane
1997).

For some individuals, however, the delivery of FODMAPs to the distal small and prox-
imal large bowel and their subsequent rapid fermentation may lead to an exacerbation of
symptoms (such as bloating, abdominal discomfort or pain, and altered bowel habit) asso-
ciated with irritable bowel syndrome (IBS) and other functional gut disorders (Gibson and
Shepherd 2005; Shepherd et al. 2008). IBS affects one in seven Australians and is the most
common reason for referral to a gastroenterologist. Designed dietary strategy that reduces
the quantities of these fermentable FODMAPs in the diet has been highly successful in re-
lieving functional gut symptoms of patients with IBS or inflammatory bowel disease
(Shepherd and Gibson 2006). It required a large survey to collect information on the
FODMAP content of the most frequently used food sources, including cereals (Muir et al.
2007, 2009).

Consumption of gluten containing food causes disease for a significant minority of
people who consume foods derived from wheat, rye, barley and oats. Commercial activity
related to ‘gluten toxicity’ is largely focused upon ‘gluten-free’ food. The fact is however,
that in several types of diseases related to the consumption of gluten containing cereals the
trigger compounds are not components of the gluten. There is a certain luck of related
knowledge about the causes of different symptoms or diseases and about the terms ‘glu-
ten’, ‘prolamins’, ‘gliadin’, ‘glutenin’ not only in the minds of the consumer but also in the
medical practice.

‘Gluten-free’ substitutes attract a premium over standard gluten-containing products,
yet in only a few countries are patients with gluten-related disease assisted with the costs
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of following a gluten-free diet. In addition, standards for ‘gluten-free’ labelling vary be-
tween countries, most gluten-free products are not labelled as such, and substitutes for
gluten-containing foods (e.g. bread) are seldom as palatable or as versatile in cooking.
Frequently, the gluten-free diet is further complicated by the need to treat co-existent dia-
betes, fructose or lactose intolerance, which may compromise the utility of many ‘glu-
ten-free’ substitutes.

While the number of publications i) about gluten related health disorders, ii) about t
causative agents substances celiac disease and other different illnesses (such as wheat in-
tolerance, gluten intolerance, irritable bowel syndrome, etc.) and iii) about the develop-
ment of gluten-free food products is far beyond 1000 in last 20 years, there are not too
many works written in a style and language to be understandable for all the three related
professions (medicine, plant biology and the food industry). A mutual understanding and
collaboration is essential in the future among them to satisfy the customer’s need and
avoid the unnecessary and often unfounded rejection of cereal products.

One of the recent exceptions in the scientific literature which aims to make bridges
among the related parties is the review of Islam et al. (2011). Based on excellent reviews
of the specific areas, cited here, this work defines the different health related disorders in a
‘clear to all’ but scientifically exact style (Kushimoto and Aold 1985; Armentia et al.
1990; Drossman et al. 1997; Anderson et al. 2000; Anderson and Wieser 2006; Lauriere et
al. 2006; Catassi and Fasano 2008) reviews the up-to-date knowledge about the wheat pro-
teins containing toxic and allergenic epitopes (Amano et al. 1998; Mills et al. 2003; Mittag
et al. 2004; Tatham and Shewry 2008) as well as about the non-protein causative compo-
nents of wheat such as short-chain non-starchy carbohydrates (FODMAPS) (Gibson
2007), finally provides a good overview on research and development in the food industry
in relation to gluten-free products (Chavez and Barca 2010). This latter area involves the
analytical and labelling issues in relation to gluten content of food (Hischenhuber et al.
2006; Wieser 2008; Haraszi et al. 2011), the activities to find formulations with function-
ality similar to wheat gluten (Arendt et al. 2008; BeMiller 2008; Rosell and Marco 2008;
Schoenlechner et al. 2008; Stathopoulos 2008), looking for less harmful wheat varieties
and wheat relatives (Klockenbring et al. 2001; Nakamura et al. 2005; Spaenij-Dekking et
al. 2005; van Herpen et al. 2006) and methods and technologies to reduce the level of
harmful compounds in wheat-based products such as the use of different enzymes
(Malandain 2005; Berti et al. 2007; Mitea et al. 2008; Renzetti et al. 2008; Stenman et al.
2009), and/or sour-dough technology (Decock and Capelle 2005; De Angelis et al. 2006;
Ehren et al. 2008; Ganzle et al. 2008; Gobetti et al. 2008; Goesaert et al. 2008; Marco et al.
2008; Di Cagno et al. 2010).

Conclusions, trends and future directions

All traits are the result of complex interactions of the environment with genes, their prod-
ucts and their activity. After thousands of years of evolution and cultivation by man, there
is an enormous pool of variability in wheat available as a resource for breeders. Until re-
cently, breeders had only phenotypic data to rely on to uncover that diversity, which meant
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that it was revealed only when specific environmental conditions were applied. The devel-
opments in molecular biology and genomics enable diversity to be approached from the
point of view of the fundamental genetic unit of the DNA sequence. The establishment of
meaningful molecular markers linked to the traits, provides for the analysis of the vast ge-
netic pool using accurate, high throughput technologies without the limitations imposed
by assaying phenotypes in unpredictable environmental conditions (Appels et al. 2011).

Less than a decade ago when the sequencing of the human genome and the rice genome
was nearing completion, the possibility of sequencing a genome of the size and complex-
ity of hexaploid wheat was difficult to envisage. However, the advances in generating
BAC libraries from flow-sorted chromosomes combined with new high throughput DNA
sequencing techniques are providing the platforms for rapid advances in the analysis of
the wheat genome what hopefully will be completed in the next 2–5 years (Appels et al.
2011).

Complementing the structural features of genomes, the advances in the trans-
cripto-mics (Liang and Kelemen 2006; Poole et al. 2007) and proteomics (Dumur et al.
2004; Chen et al. 2007; Wan et al. 2008) in wheat provide the basis for functional analyses
when combined with the unique genetic resources established over the past 40 years
(Endo and Gill 1996; Lukaszewski et al. 2004). The increased accuracy in defining pheno-
types of interest through metabolomics and new engineering technologies means that spe-
cific aspects of the normally complex phenotypes dealt with in breeding can be assigned
addresses in the genome in order to identify candidate genes. The ability to link pheno-
types to specific regions of the genome is a major landmark in defining new approaches to
breeding and meeting the challenges of matching the features of the wheat genome to the
requirements of both a changing environment and changing demands by consumers. The
capability of targeting the manipulation of a pool of genetic material in order to influence
traits is greater now than at any time in the history of wheat improvement (Appels et al.
2011).

It is likely that genetic engineering will play a major role in this process not only in ba-
sic research but more and more in pre-breeding and – as the consumer acceptance step by
step will change – in breeding. Some health related quality attributes such as allergenicity
and toxicity of certain proteins cannot be solved without this process and those individuals
who would like to consume wheat-based bread without harm are already more tolerant to
this alternative.

The better understanding of the relationships between genes, gene products, dough
properties and end-product quality and the realisation that most of these relationships do
not follow a linear fashion will lead to the development of a new generation of
bioinformatics tools where these non-linear relationships can be monitored and/or applied
for example in QTL analysis.

A permanent further development is needed in measuring/monitoring the quality re-
lated attributes, more objectively, with cheaper, high throughput manner, serving both the
breeding and industrial applications. In this latter case, the contribution of the indirect,
non-destructive technologies such as spectroscopy and image analysis will significantly
increase.
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As the results of the British FQS 23 project clearly indicated (Millar et al. 2008), with
increasing requirements and competitiveness in the marketplace, ongoing improvements
in wheat yield, robustness and quality are fundamental to further improvements in the sup-
ply chain. To develop superior quality wheats and satisfy the diverse demand of the cus-
tomer, a complex integrated approach is needed. In this activity the effects of different
genes and gene products should not be investigated individually but in a process where the
interactive effects – inhibitions and synergisms – can also be realised, quantified and fi-
nally utilised. It also means that in case of bread-making, keeping the emphases on the glu-
ten proteins, the contribution of non-gluten components such as soluble proteins and
non-starchy carbohydrates, lipids and finally starch has to be realised and taken into ac-
count.

It has to be realised that the nutritional and health related aspects will get more and
more emphasis in the customer’s choice to select among products.

All of these diverse demands make the development of better wheat varieties and man-
ufactured products extremely complex, where bioinformatics will play an important role:
there is a need to develop decision-making tools which help the breeder and the product-
and process developing technologist to select targets and to achieve goals (Appels et al.
2011). It is also an important question about the future directions of quality improvement
that who, and to what extent is willing to cover the extra cost of this process.
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