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Abstract

Wheat is the dominant crop in temperate countries being used for human food and livestock feed. Its success
depends partly on its adaptability and high yield potential but also on the gluten protein fraction which confers the
viscoelastic properties that allow dough to be processed into bread, pasta, noodles, and other food products. Wheat
also contributes essential amino acids, minerals, and vitamins, and beneficial phytochemicals and dietary fibre
components to the human diet, and these are particularly enriched in whole-grain products. However, wheat
products are also known or suggested to be responsible for a number of adverse reactions in humans, including
intolerances (notably coeliac disease) and allergies (respiratory and food). Current and future concerns include
sustaining wheat production and quality with reduced inputs of agrochemicals and developing lines with enhanced

quality for specific end-uses, notably for biofuels and human nutrition.
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Introduction

Wheat is counted among the ‘big three’ cereal crops, with
over 600 million tonnes being harvested annually. For
example, in 2007, the total world harvest was about 607 m
tonnes compared with 652 m tonnes of rice and 785 m
tonnes of maize (http://faostat.fao.org/). However, wheat is
unrivalled in its range of cultivation, from 67° N in
Scandinavia and Russia to 45° S in Argentina, including
elevated regions in the tropics and sub-tropics (Feldman,
1995). It is also unrivalled in its range of diversity and the
extent to which it has become embedded in the culture and
even the religion of diverse societies.

Most readers will be aware of the significance of bread in
the Judaeo-Christian tradition including the use of matzo
(hard flat bread) at the Jewish Passover and of bread to
represent the ‘host” at the Christian Eucharist (Holy
Communion). The latter may be a thin unleavened wafer,
similar to the Jewish matzo, in the Roman Catholic Church
and some Protestant denominations, or leavened in other
Protestant denominations and the Eastern Orthodox
Church. But how many readers are aware that bread is
treated as sacred in everyday life in the largely Muslim
communities of Central Asia, such as Uzbekistan and
Kyrgyzstan? In this culture, the leavened round breads

(nan) are stamped before baking and must be treated with
respect, including being kept upright and never left on the
ground or thrown away in public. These customs almost
certainly originate from earlier indigenous religions in the
Middle East in which wheat played a similar role and was
sometimes equated with the sun and its god.

Although such cultural and religious traditions are
fascinating and will certainly reward further study, they are
essentially outside the scope of this article which will
examine why wheat has developed and continues to be so
successful as a crop and food source.

Origin and evolution of wheat

The first cultivation of wheat occurred about 10 000 years
ago, as part of the ‘Neolithic Revolution’, which saw
a transition from hunting and gathering of food to settled
agriculture. These earliest cultivated forms were diploid
(genome AA) (einkorn) and tetraploid (genome AABB)
(emmer) wheats and their genetic relationships indicate that
they originated from the south-eastern part of Turkey
(Heun et al., 1997; Nesbitt, 1998; Dubcovsky and Dvorak,
2007). Cultivation spread to the Near East by about 9000
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years ago when hexaploid bread wheat made its first
appearance (Feldman, 2001).

The ecarliest cultivated forms of wheat were essentially
landraces selected by farmers from wild populations, pre-
sumably because of their superior yield and other character-
istics, an early and clearly non-scientific form of plant
breeding! However, domestication was also associated with
the selection of genetic traits that separated them from their
wild relatives. This domestication syndrome has been
discussed in detail by others, but two traits are of sufficient
importance to mention here. The first is the loss of
shattering of the spike at maturity, which results in seed
loss at harvesting. This is clearly an important trait for
ensuring seed dispersal in natural populations and the non-
shattering trait is determined by mutations at the Br (brittle
rachis) locus (Nalam ez al., 2006).

The second important trait is the change from hulled
forms, in which the glumes adhere tightly to the grain, to
free-threshing naked forms. The free forms arose by
a dominant mutant at the Q locus which modified the
effects of recessive mutations at the Tg (tenacious glume)
locus (Jantasuriyarat et al, 2004; Simons et al, 2006;
Dubkovsky and Dvorak, 2007).

Cultivated forms of diploid, tetraploid, and hexaploid
wheat all have a tough rachis apart from the spelt form of
bread wheat. Similarly, the early domesticated forms of
einkorn, emmer, and spelt are all hulled, whereas modern
forms of tetraploid and hexaploid wheat are free-threshing.

Whereas einkorn and emmer clearly developed from the
domestication of natural populations, bread wheat has only
existed in cultivation, having arisen by hybridization of
cultivated emmer with the unrelated wild grass Triticum

T. urartu (AA)

T T. aestivum
(AABBDD)

tauschii (also called Aegilops tauschii and Ae. squarosa).
This hybridization probably occurred several times indepen-
dently with the novel hexaploid (genome AABBDD) being
selected by farmers for its superior properties. The evolu-
tion of modern wheats is illustrated in Fig. 1 which also
shows examples of spikes and grain.

The genetic changes during domestication mean that
modern wheats are unable to survive wild in competition
with better adapted species. This was elegantly demon-
strated by John Bennet Lawes in the 1880s when he decided
to allow part of the famous long-term Broadbalk experi-
ment at Rothamsted to return to its natural state (Dyke,
1993). He therefore left part of the wheat crop unharvested
in 1882 and monitored the growth in successive years. After
a good crop in 1883 the weeds dominated and in 1885 the
few remaining wheat plants (which were spindly with small
ears) were collected and photographed.

The A genomes of tetraploid and hexaploid wheats are
clearly related to the A genomes of wild and cultivated
einkorn, while the D genome of hexaploid wheat is clearly
derived from that of 7. tauschii. In fact, the formation of
hexaploid wheat occurred so recently that little divergence
has occurred between the D genomes present in the
hexaploid and diploid species. By contrast, the B genome
of tetraploid and hexaploid wheats is probably derived from
the S genome present in the Sitopsis section of Aegilops,
with Ae. speltoides being the closest extant species. The S
genome of Ae. speltoides is also closest to the G genome of
T. timopheevi, a tetraploid species with the A and G
genomes (Feldman, 2001).

The spread of wheat from its site of origin across the
world has been elegantly described by Feldman (2001) and

Ae. speltoides (BB)

‘\T spelta (AABBDD)

Fig. 1. The evolutionary and genome relationships between cultivated bread and durum wheats and related wild diploid grasses, showing
examples of spikes and grain. Modified from Snape and Pankova (2008), and reproduced by kind permission of Wiley-Blackwell.
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is only summarized here. The main route into Europe was
via Anatolia to Greece (8000 BP) and then both northwards
through the Balkans to the Danube (7000 BP) and across to
Italy, France and Spain (7000 BP), finally reaching the UK
and Scandanavia by about 5000 BP. Similarly, wheat spread
via Iran into central Asia reaching China by about 3000 BP
and to Africa, initially via Egypt. It was introduced by the
Spaniards to Mexico in 1529 and to Australia in 1788.

Cultivated wheats today

Currently, about 95% of the wheat grown worldwide is
hexaploid bread wheat, with most of the remaining 5%
being tetraploid durum wheat. The latter is more adapted to
the dry Mediterranean climate than bread wheat and is
often called pasta wheat to reflect its major end-use.
However, it may also be used to bake bread and is used to
make regional foods such as couscous and bulgar in North
Africa. Small amounts of other wheat species (einkorn,
emmer, spelt) are still grown in some regions including Spain,
Turkey, the Balkans, and the Indian subcontinent. In Italy,
these hulled wheats are together called faro (Szaboé and
Hammer, 1996) while spelt continues to be grown in Europe,
particularly in Alpine areas (Fossati and Ingold, 2001).

The recent interest in spelt and other ancient wheats
(including kamut, a tetraploid wheat of uncertain taxon-
omy, related to durum wheat) as healthy alternatives to
bread wheat (Abdel-Aal et al., 1998) may also lead to wider
growth for high value niche markets in the future.

Why has wheat been so successful?

Despite its relatively recent origin, bread wheat shows
sufficient genetic diversity to allow the development of over
25 000 types (Feldman et al, 1995) which are adapted to
a wide range of temperate environments. Provided sufficient
water and mineral nutrients are available and effective
control of pests and pathogens is ensured, yields can exceed
10 tonnes ha !, comparing well with other temperate crops.
However, deficiencies in water and nutrients and the effects
of pests and pathogens cause the global average yield to
be low, at about 2.8 tonnes ha~!. Wheat is also readily
harvested using mechanical combine harvesters or tradi-
tional methods and can be stored effectively indefinitely
before consumption, provided the water content is below
about 15% dry weight and pests are controlled.

There is no doubt that the adaptability and high yields of
wheat have contributed to its success, but these alone are
not sufficient to account for its current dominance over
much of the temperate world. The key characteristic which
has given it an advantage over other temperate crops is the
unique properties of doughs formed from wheat flours,
which allow it to be processed into a range of breads and
other baked products (including cakes and biscuits), pasta
and noodles, and other processed foods. These properties
depend on the structures and interactions of the grain
storage proteins, which together form the ‘gluten’ protein
fraction.
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Wheat gluten proteins and processing
properties

Transcriptomic studies have shown that over 30 000 genes
are expressed in the developing wheat grain (Wan et al,
2008) while proteomic analysis of mature grain has revealed
the presence of about 1125 individual components (Skylas
et al., 2000). However, many of these components are
present in small amounts and have little or no impact on the
utilization of the grain, with one protein fraction being
dominant in terms of amount and impact. This fraction is
the prolamin storage proteins, which correspond to the
gluten proteins. The precise number of individual gluten
protein components has not been determined, but 2D gel
analyses suggest that about 100 is a reasonable estimate.
Together they have been estimated to account for about
80% of the total grain protein in European wheats
(Seilmeier et al., 1991).

Gluten was one of the earliest protein fractions to be
described by chemists, being first described by Beccari in
1728 (see translation by Bailey, 1941). It is traditionally
prepared by gently washing wheat dough in water or dilute
salt solution, leaving a cohesive mass which comprises
about 80% protein, the remainder being mainly starch
granules which are trapped in the protein matrix.

The ability to prepare the gluten proteins in an essentially
pure state by such a simple procedure depends on their
unusual properties. Firstly, they are insoluble in water or
dilute salt solutions but are soluble in alcohol/water
mixtures (as discussed below) and were hence defined as
‘prolamins’ by TB Osborne in his classic studies of plant
proteins carried out at the end of the 19th century and the
start of the 20th century (Osborne, 1924). Secondly, the
individual gluten proteins are associated by strong covalent
and non-covalent forces which allow the whole fraction to
be isolated as a cohesive mass.

What is the origin of gluten?

In common with other seed storage proteins, the gluten
proteins are secretory proteins, being synthesized on the
rough endoplasmic reticulum and co-translationally trans-
ported into the lumen of the ER. Once within the ER
lumen, cereal seed storage proteins may follow two routes:
a Golgi-dependent route leading to deposition within pro-
tein bodies of vacuolar origin or a Golgi-independent route
in which protein deposits formed within the ER lumen may
ultimately fuse with protein bodies of vacuolar origin (see
Kumamaru et al., 2007, for a review).

Work carried out by Galili and colleagues (Levanany
et al., 1992; Galili et al., 1995; Galili, 1997) indicated that
wheat gluten proteins may follow both routes, and this has
recently been confirmed using epitope tags and specific
antibodies to follow individual proteins and groups of
proteins in cells of developing grain (Tosi et al., 2009). It is
also clear that the protein deposits fuse to form a continuous
matrix as the cells of the starchy endosperm dry and die
during the later stages of grain maturation (Fig. 2A). Thus
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Fig. 2. The origin of wheat gluten. (A) Transmission electron
microscopy of the developing starchy endosperm cells at 46

d after anthesis shows that the individual protein bodies have
fused to form a continuous proteinaceous matrix. Taken from
Shewry et al., 1995, (Biotechnology 13, 1185-1190) and provided
by Dr M Parker (IFR, Norwich, UK). (B) Digestion of a flour particle
with amylases to remove starch reveals a continuous proteina-
ceous network. Taken from Amend and Beauvais (1995) and
reproduced by kind permission of Getreidetechnologie. (C) After
kneading, dough can be washed to recover the gluten network as
a cohesive mass which is stretched in the photograph to
demonstrate its viscoelastic properties.

a proteinaceous network is present in each endosperm cell
(Fig. 2B) and these networks are brought together when
flour is mixed with water to form a continuous network in
the dough. Washing the dough to remove non-gluten
components therefore allows the network to be recovered
as the cohesive mass which is called gluten (Fig. 2C).

The biochemical and molecular basis for gluten
functionality

Humankind has been aware for many centuries that wheat
dough has unusual properties which are shared to a limited
extent by doughs made from rye flour but not by those
from other cereal flours. These properties, which are usually
described as ‘viscoelasticity’, are particularly important in
making leavened bread, as they allow the entrapment of
carbon dioxide released during leavening. However, they
also underpin a range of other uses including making
unleavened breads, cakes, and biscuits, pasta (from durum
wheat), and noodles (from bread wheat). They are also
exploited in the food industry where gluten proteins may be
used as a binder in processed foods.

The volume of research carried out on wheat gluten is
vast, with a simple search of the Web of Science database
showing almost 20 000 papers since 1945. This volume not
only reflects the commercial importance of wheat process-
ing, but also the complexity of the system which remains
incompletely understood. They include studies at the
genetic, biochemical, biophysical, and functional (ie pro-
cessing) levels.

Genetic studies have exploited the extensive polymor-
phism which exists between the gluten protein fractions
present in different genotypes to establish genetic linkages
between either groups of gluten proteins, or allelic forms of
these, and aspects of processing quality. Similarly, studies at
the biochemical and biophysical levels have demonstrated
a relationship between dough strength and the ability of the
gluten proteins to form polymeric complexes (called glu-
tenins). Combining results from these two approaches
highlighted the importance of a specific group of gluten
proteins, called the high molecular weight (HMW) subunits
of glutenin.

Cultivars of bread wheat express between three and five
HMW subunit genes, with the encoded proteins accounting
for up to about 12% of the total grain protein (Seilmeier
et al., 1991; Halford et al., 1992). The HMW subunits are
only present in high molecular mass polymers and allelic
variation in both the number of expressed genes and the
properties of the encoded proteins results in effects on the
amount and size of the polymers and hence dough strength
(reviewed by Payne, 1987; Shewry et al., 2003b). These
glutenin polymers are known to be stabilized by inter-chain
disulphide bonds, but it is apparent that non-covalent
hydrogen bonds are also important in stabilizing the
interactions between glutenin polymers and monomeric
gluten proteins (called gliadins) (Belton, 2005). Hence, the
individual gliadins and glutenin polymers can be separated
using solvents which disrupt hydrogen bonding (such as
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urea) but reducing agents (such as 2-mercaptoethanol or
dithiothreitol) are required to break down the glutenin
polymers to release the individual subunits.

Although the HMW subunits are the main determinants
of glutenin elasticity relationships between other gluten
proteins and functional properties have also been reported
(reviewed by Shewry et al., 2003a).

The relationship between the HMW subunits and dough
strength was first established over 25 years ago (Payne
et al, 1979) and allelic forms associated with good
processing quality have been selected by plant breeders for
over two decades, using simple SDS-PAGE separations.
The established relationships between the number of
expressed HMW subunit genes, the total amount of HMW
subunit protein and dough strength have also resulted in the
HMW subunit genes being an attractive target for genetic
transformation, in order to increase their gene copy number
and hence dough strength.

The first studies of this type were reported over 10 years
ago (Altpeter et al., 1996; Blechl and Anderson, 1996; Barro
et al, 1997) and many studies have since been reported
(reviewed by Shewry and Jones, 2005; Jones et al., 2009). It
is perhaps not surprizing that the results have been ‘mixed’,
but some conclusions can be drawn. Firstly, expression of
an additional HMW subunit gene can lead to increased
dough strength, even when a modern good quality wheat
cultivar is used as the recipient (see Field et al, 2008;
Rakszegi et al, 2008, as recent examples, and reviews of
earlier work cited above). However, the effect depends on
the precise HMW subunit gene which is used and on the
expression level, with the transgenes resulting in over-strong
(ie too elastic) gluten properties in some studies. Thus,
although transgenesis is a realistic strategy to increase
dough strength in wheat, it is also necessary to have an
understanding of the underlying mechanisms in order to
optimize the experimental design.

Wheat in nutrition and health

Wheat is widely consumed by humans, in the countries of
primary production (which number over 100 in the FAO
production statistics for 2004) and in other countries where
wheat cannot be grown. For example, imported wheat is
used to meet consumer demands for bread and other food
products in the humid tropics, particularly those with
a culinary tradition dating back to colonial occupation.
Statistics are not available for the total volume of wheat
which is consumed directly by humans as opposed to
feeding livestock, although figures for the UK indicate
about one-third of the total production (approximately 5.7
m tonnes per annum are milled with home production being
15-16 m tonnes). Globally there is no doubt that the
number of people who rely on wheat for a substantial part
of their diet amounts to several billions.

The high content of starch, about 60—70% of the whole grain
and 65-75% of white flour, means that wheat is often
considered to be little more than a source of calories, and this
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is certainly true for animal feed production, with high-yielding,
low-protein feed varieties being supplemented by other pro-
tein-rich crops (notably soybeans and oilseed residues).

However, despite its relatively low protein content
(usually 8-15%) wheat still provides as much protein for
human and livestock nutrition as the total soybean crop,
estimated at about 60 m tonnes per annum (calculated by
Shewry, 2000). Therefore, the nutritional importance of
wheat proteins should not be underestimated, particularly
in less developed countries where bread, noodles and other
products (eg bulgar, couscous) may provide a substantial
proportion of the diet.

Protein content

Although wheat breeders routinely select for protein
content in their breeding programmes (high protein for
breadmaking and low protein for feed and other uses), the
current range of variation in this parameter in commercial
cultivars is limited. For example, Snape et al (1993)
estimated that typical UK breadmaking and feed wheats
differed in their protein content by about 2% dry weight (eg
from about 12-14% protein) when grown under the same
conditions, which is significantly less than the 2-fold differ-
ences which can result from high and low levels of nitrogen
fertilizer application. This limited variation in conventional
wheat lines has led to searches for ‘high protein genes’ in
more exotic germplasm.

Early studies of the USDA World Wheat Collection
showed approximately 3-fold variation in protein content
(from 7-22%), with about one-third of this being under
genetic control (Vogel et al., 1978). However, the strong
environmental impact on protein content (accounting for
two-thirds of the variation) underpins the difficulty of
breeding for this trait. Nevertheless, some success has been
achieved by incorporating sources of variation from exotic
bread wheat lines or related wild species.

The former include Atlas 50 and Atlas 66, derived from
the South American line Frandoso, and Nap Hal from
India. These lines appear to have different ‘high protein
genes’ and both were extensively used in breeding pro-
grammes in Nebraska with the Atlas 66 gene being
successfully incorporated into the commercial variety Lan-
cota (Johnson et al., 1985). Frandoso and related Brazilian
lines have also been successfully exploited in other breeding
programmes in the USA (Busch and Rauch, 2001). The
Kansas variety, Plainsman V, also contained a high protein
gene(s) from a related Aegilops species (Finney, 1978).

The most widely studied source of ‘high protein’ is wild
emmer (tetraploid Tr. turgidum var. dicoccoides) wheats
from Israel. One accession, FA15-3, accumulates over 40%
of protein when grown with sufficient nitrogen (Avivi,
1978). The gene in this line was mapped to a locus on
chromosome 6B (called Gpc-BI), which accounted for
about 70% of the variation in protein content in crosses
(Chee et al., 2001; Distelfeld et al., 2004, 2006). More recent
studies have shown that the gene Gpc-BI encodes a tran-
scription factor which accelerates senescence in the
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vegetative parts of the plant, resulting in increased mobiliza-
tion and transfer to the grain of both nitrogen and minerals
(notably iron and zinc) (Uauy et al, 2006). However, it
remains to be shown whether this gene can be incorporated
into high-yielding and commercially viable lines.

Protein composition

Of the 20 amino acids commonly present in proteins, 10 can
be considered to be essential in that they cannot be
synthesized by animals and must be provided in the diet.
Furthermore, if only one of these is limiting the others will
be broken down and excreted. There has been much debate
about which amino acids are essential and the amounts that
are required, with the most recent values for adult humans
being shown in Table 1. This table includes a combined
value for the two aromatic amino acids, tyrosine and
phenylalanine, which are biosynthetically related, and both
single and combined values for the two sulphur-containing
amino acids: methionine, which is truly essential, and
cysteine which can be synthesized from methionine. Com-
parison with the values for whole wheat grain and flour
shows that only lysine is deficient, with some essential
amino acids being present in considerably higher amounts
than the requirements. However, the lysine content of wheat
also varies significantly with the values shown in Table 1
being typical of grain of high protein content and the
proportion increasing to over 30 mg g~ ' protein in low
protein grain (Mossé and Huet, 1990). This decrease in the
relative lysine content of high protein grain results from
proportional increases in the lysine-poor gluten proteins
when excess N is available (for example, when fertilizer is
applied to increase grain yield and protein content) and also
accounts for the lower lysine content of the white flour (the
gluten proteins being located in the starchy endosperm
tissue).

Table 1. Recommended levels of essential amino acids for adult
humans compared with those in wheat grain and flour (expressed
asmg g~ protein)

Amino acid protein FAO/WHO/UNU?  Wheat
Grain®  Flour®
Histidine 15 23 22
Isoleucine 30 37 36
Leucine 59 68 67
Lysine 45 28 22
Methionine+cysteine 22 35 38
methionine 16 12 13
cysteine 6 23 25
Phenylalanine+tyrosine 38 64 63
Threonine 23 29 26
Tryptophan 6 1 11
Valine 39 44 41
Total indispensable amino acids 277 339 326

& FAO/WHO/UNU (2007).
b Calculated from literature values as described in Shewry (2007).

The amino acid requirements for infants and children
vary depending on their growth rate, being particularly high
in the first year of life. Similarly, higher levels of essential
amino acids are required for rapidly growing livestock such
as pigs and poultry.

Wheat as a source of minerals

Iron deficiency is the most widespread nutrient deficiency in
the world, estimated to affect over 2 billion people
(Stoltzfus and Dreyfuss, 1998). Although many of these
people live in less developed countries, it is also a significant
problem in the developed world. Zinc deficiency is also
widespread, particularly in Sub-Saharan Africa and South
Asia, and has been estimated to account for 800 000 child
deaths a year (Micronutrient Initiative, 2006), in addition to
non-lethal effects on children and adults. Wheat and other
cereals are significant sources of both of these minerals,
contributing 44% of the daily intake of iron (15% in bread)
and 25% of the daily intake of zinc (11% in bread) in the
UK (Henderson et al, 2007). There has therefore been
considerable concern over the suggestion that the mineral
content of modern wheat varieties is lower than that of
older varieties.

This was initially suggested by Garvin et al. (2006) who
grew 14 red winter wheat cultivars bred between 1873 and
2000 in replicate field experiments and determined their
mineral contents. Plants were grown at two locations in
Kansas and significant negative correlations were found
between grain yield, variety release date, and the concen-
trations of zinc in material from both of these sites and of
iron in materials from only one site. Similar trends were
reported by Fan et al (2008a, b) who took a different
approach. Rather than carrying out direct comparisons of
varieties in field trials, they analysed grain grown on the
Rothamsted Broadbalk long-term wheat experiment. This
experiment was established in 1843 and uses a single variety
which is replaced by a more modern variety at regular
intervals. Analysis of archived grain showed significant
decreases in the contents of minerals (Zn, Fe, Cu, Mg) since
semi-dwarf cultivars were introduced in 1968. A similar
difference was observed between the cultivars Brimstone
(semi-dwarf) and Squareheads Master (long straw) which
were grown side by side in 1988-1990, the concentrations of
Zn, Cu, Fe, and Mg being 18-29% lower in Brimstone. A
more recent comparison of 25 lines grown also showed
a decline in the concentrations of Fe and Zn since semi-
dwarf wheats were introduced (Zhao et al, 2009) (Fig. 3).
Although the decrease in the mineral content of modern
wheats is partly due to dilution, resulting from increased
yield (which was negatively correlated with mineral con-
tent), it has been suggested that short-strawed varieties may
be intrinsically less efficient at partitioning minerals to the
grain compared with the translocation of photosynthate.

Such genetic differences in mineral content are clearly
relevant to international efforts to increase the mineral
content of wheat to improve health in less developed
countries. Thus, increasing iron, zinc, and vitamin A
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Fig. 3. The relationship between the iron content of wholemeal
flours from 25 wheat cultivars grown on six trial sites/seasons and
their release dates. Taken from Zhao et al. (2009) and reproduced
by kind permission of Elsevier.

contents are a major focus of the HarvestPlus initiative of
the Consultative Group on International Agricultural Re-
search (CGIAR) which is using conventional plant breeding
(Ortiz-Monasterio et al., 2007) while other laboratories are
using genetic engineering approaches (reviewed by Brinch-
Pedersen et al., 2007).

These initiatives are focusing not only on contents of
minerals but also on their bioavailability. Iron is pre-
dominantly located in the aleurone and as complexes with
phytate (myo-inositolphosphate 1,2,3,4,5,6-hexa-kisphos-
phate). These complexes are largely insoluble, restricting
mineral availability to humans and livestock. The use of
transgenesis to express phytase in the developing grain can
result in increased mineral availability, particularly when
a heat-stable form of the enzyme is used to allow hydrolysis
to occur during food processing (reviewed by Brinch-
Pedersen et al., 2007).

Guttieri et al. (2004) also reported an EMS-induced low
phytate mutant of wheat. This mutation resulted in 43% less
phytic acid in the aleurone, but has not so far been
incorporated into commercial cultivars. However, previous
experience with low phytic acid mutants of maize, barley,
and soy bean has shown that they may also have significant
effects on yield and germination rates (reviewed by Brinch-
Pedersen et al., 2007).

Wheat as a source of selenium

Selenium is an essential micronutrient for mammals (but
not plants), being present as selenocysteine in a number of
enzymes. However, it is also toxic when present in excess
(above about 600 pg d'; Yang and Xia, 1995). Cereals are
major dietary sources of selenium in many parts of the
world, including China (FAO/WHO, 2001), Russia (Golub-
kina and Alfthan, 1999), and the UK (MAFF, 1997).
However, the content of selenium in wheat varies widely
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from about 10 pg kg~' to over 2000 pg kg~' (FAO/ WHO,
2001; Combs, 2001).

The concentration of selenium in wheat is largely de-
termined by the availability of the element in the soil.
Consequently, wheat produced in Western Europe may
contain only one-tenth of the selenium that is present in
wheat grown in North America. Thus, a survey of 452 grain
samples grown in the UK in 1982 and 1992 showed a mean
value of 27 pg Se kg~ ! fresh weight (Adams et al., 2002)
compared with 370 pg SE kg~ ! fresh weight for 290 samples
from the USA (Wolnik ez al., 1983).

Because the import of wheat from North America into
Europe has declined over the last 25 years, the intake of
selenium in the diet has also decreased, which has resulted
in concern in some European countries. One response to
this is to apply selenium to the crops in fertilizer (called
biofortification), which is practised in Finland (Eurola
et al., 1991).

Unlike iron, selenium is not concentrated in the aleurone,
being present wherever sulphur is present. The concentra-
tion of selenium in grain from the Broadbalk continuous
wheat experiment also appeared to be determined princi-
pally by the sulphur availability in the soil (which competes
to prevent selenium uptake), with no evidence of decreased
levels over time (Fan et al, 2008b). However, sulphur
fertilizer is often applied to wheat to improve the grain
quality (Zhao et al, 1997) and this could clearly have
negative impacts on selenium in grain.

The reader is referred to a recent review article by
Hawkesford and Zhao (2007) for a detailed review of
selenium in wheat.

Wholegrain wheat and health

The consumption of white flour and bread have historically
been associated with prosperity and the development of
sophisticated roller mills in Austro-Hungary during the
second part of the 19th century allowed the production of
higher volumes of whiter flour than it was possible to
produce by traditional milling based on grinding between
stones and sieving (see Jones, 2007, for a fascinating
account of the history of roller milling). However, the
increased consumption of bread made from highly refined
white flour was not accepted universally, leading to what we
would today recognize as a movement to increase the
consumption of wholegrain products.

In 1880, May Yates founded the Bread Reform League in
London to promote a return to wholemeal bread, particularly
to improve the nutrition of the children of the poor, and
suggested in 1909 that an official minimum standard of 80%
flour extraction rate should be adopted. This was called
‘Standard Bread’. Although we now appreciate the nutritional
advantages of wholegrain products, this was not supported
by the science of the time and clearly conflicted with the tastes
of consumers as well as the economics of bread production.
Nevertheless, the League continued to campaign and received
scientific support in 1911 when Gowland Hopkins agreed
that ‘Standard Bread’ may contain ‘unrecognized food
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substances’ which were vital for health: these were sub-
sequently called vitamins (Burnett, 2005).

By contrast, Thomas Allinson (1858-1918) had a much
greater impact by marketing and vigorously promoting his own
range of wholemeal products. He can therefore be regarded as
the father of the wholegrain movement and remains a house-
hold name to this day in the UK (Pepper, 1992).

We now know that wholegrain wheat products contain
a range of components with established or proposed health
benefits which are concentrated or solely located in the
bran. Hence they are either present in lower amounts or
absent from white flour which is derived almost exclusively
from starchy endosperm cells. They vary widely in their
concentrations. For example, lignans, a group of polyphe-
nols with phytoestrogen activity, are present at levels up to
about 10 pg g~ ' in wholemeal wheat and twice this level in
bran (Nagy-Scholz and Ercsey, 2009), while total phenolic
acids in wholemeal range up to almost 1200 pg g~ ' (Li
et al., 2008).

The most detailed study of wheat phytochemicals which
has so far been reported was carried out as part of the EU
Framework 6 HEALTHGRAIN programme (Poutanen
et al., 2008; Ward et al., 2008). This study determined a
range of phytochemicals in 150 wheat lines grown on a
single site in one year, meaning that the levels of the
components may have been influenced by environmental as
well as genetic effects. The lines were selected to represent
a broad range of dates and places of origin. The choice of
phytochemicals focused on those which have putative
health benefits and for which cereals are recognized dietary
sources. For example, cereals are considered to account for
about 22% of the daily intake of folate (vitamin B12) in the
UK (Goldberg, 2003) and 36% and 43% of the daily intake
in Finnish women and men, respectively (Findiet Study
Group, 2003). In the HEALTHGRAIN study the contents
of folates in wholemeal varied from 364 to 774 ng g~ ' dry
weight in 130 winter wheats and from 323 to 741 ng g~ ' dry
weight in 20 spring wheats, with the content in the former
being positively correlated with bran yield and negatively
correlated with seed weight (indicating concentration in the
bran) (Piironen et al., 2008).

The quantitatively major group of phytochemicals in the
wheat grain is phenolic acids, derivatives of either hydrox-
ybenzoic acid or hydroxycinnamic acid. Epidemiological
studies indicate that phenolic acids have a number of health
benefits which may relate to their antioxidant activity; the
total antioxidant activities of grain extracts and their
phenolic acid contents being highly correlated (Drankham
et al., 2003; Beta et al., 2005; Wende et al., 2005).

Cereals are also significant sources of tocols
(which include vitamin E) (27.6-79.7 pg g ' in the
HEALTHGRAIN study) (Lampi et al, 2008) and sterols
(670-959 pg g~ ') (Nurmi et al., 2008).

The HEALTHGRAIN study also determined the levels
of dietary fibre. In wheat, this mainly derives from cell wall
polymers: arabinoxylans (approximately 70%) with lower
amounts of (1-3)(1-4)B-p-glucans (approximately 20%) and
other components. The arabinoxylans also occur in soluble

and insoluble forms, with the latter being rich in bound
phenolic acids which form oxidative cross-links. These
bound phenolic acids account, on average, for 77% of the
total phenolic acid fraction and are predominantly ferulic
acid. Soluble fibre is considered to have health benefits
(Moore et al., 1998; Lewis and Heaton, 1999) which are
not shared by insoluble fibre and these may therefore be
reduced by the phenolic acid cross-linking. However, in-
soluble fibre may also have benefits in delivering phenolic
antioxidants into the colon: these benefits may include
reduction in colo-rectal cancer (Vitaglione et al., 2008).

The HEALTHGRAIN study showed wide variation in
the contents of total and water-extractable arabinoxylans in
both white flour and bran fractions (Gebruers et al., 2008)
(Fig. 4). Similarly, Ordaz-Ortiz et al (2005) showed
variation from 0.26% to 0.75% dry weight in the content of
water-extractable arabinoxylan in 20 French wheat lines
and from 1.66% to 2.87% dry weight in total arabinoxylans.
A high proportion of the variation in water-extractable
arabinoxylans is also heritable (Martinant et al., 1999).

It is clear from these and other studies that there is
sufficient genetically determined variation in the phyto-
chemical and fibre contents of wheat to be exploited in
breeding for varieties with increased nutritional benefits.

Adverse reactions to wheat
Allergy to wheat

Both respiratory and food allergies to wheat have been
reported.

Respiratory allergy (bakers’ asthma) has been known
since Roman times (when slaves handling flour and dough
were required to wear masks) and is currently one of the
most important forms of occupational allergy. For example,
it is the second most widespread occupational allergy in the
UK and has been reported to affect over 8% of apprentice
bakers in Poland after only 2 years exposure (Walusiak
et al, 2004). A wide range of wheat grain proteins have
been shown to react with immunoglobulin (Ig)E in sera of
patients with bakers’ asthma, including gliadins, glutenins,
serpins (serine proteinase inhibitors), thioredoxin, aggluti-
nin, and a number of enzymes (o- and P-amylases,
peroxidase, acyl CoA oxidase, glycerinaldehyde-3-phos-
phate dehydrogenase and triosephosphate isomerase)
(reviewed by Tatham and Shewry, 2008). However, it is
clear that the predominant wheat proteins responsible for
bakers’ asthma are a class of o-amylase inhibitors, also
known as CM proteins due to their solubility in chloro-
form:methanol mixtures (Salcedo et al., 2004). Furthermore,
their activity has been demonstrated by a range of approaches
including skin pricks and RAST (radioallergosorbent test) as
well as immunoblotting, ELISA, and screening expression
libraries with IgE fractions.

The CM proteins comprise monomeric, dimeric, and
tetrameric forms, with subunit masses ranging between
about 10 000 and 16 000. They differ in their spectrum of
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Fig. 4. Contents of arabinoxylan (AX) fibre in flour and bran of 150 wheat cultivars grown on a single site as part of the EU FP6 HEALTHGRAIN
project. (A) Total AX in flour (mg g™~ "); (B) water-extractable AX in flour (%); (C) total AX in bran (mg g~"), and (D) water-extractable AX in bran.
Prepared from data reported by Gebruers et al. (2008) with permission of the authors.

activity but all inhibit mammalian and insect o-amylases
(including those in some pest organisms) rather than
endogenous wheat enzymes. Hence, they are considered to
be protective rather than regulatory in function. Eleven
individual subunits have been shown to play a role in
bakers’ asthma (using one or more of the assays listed
above) but they differ in their activity, with a glycosylated
form of CM16 being particularly active.

Wheat is listed among the ‘big eight’ food allergens which
together account for about 90% of all allergic responses.
However, the incidence of true (ie IgE-mediated) food
allergy is, in fact, fairly infrequent in adults, although it
may affect up to 1% of children (Poole et al, 2006). A
number of wheat proteins have been reported to be
responsible for allergic responses to the ingestion of wheat
products but only one syndrome has been studied in detail.
Wheat-dependent exercise-induced anaphylaxis (WDEIA) is
a well-defined syndrome in which the ingestion of a product
containing wheat followed by physical exercise can result in
an anaphylactic response. Work carried out by several
groups has clearly established that this condition is associ-

ated with a group of w-gliadins (called ®5-gliadins) which
are encoded by genes on chromosome 1B (Palosuo et al.,
2001; Morita et al., 2003; Battais et al, 2005). Mutational
analysis has also identified immunodominant epitopes in the
w5-gliadins: short glutamine-rich and proline-rich sequences
present in the repetitive domains of the proteins (Matsuo
et al., 2004, 2005; Battais et al., 2005). However, a number
of other proteins have also been shown to react with IgE
from patients with WDEIA, including gliadins, glutenin
subunits, and related proteins from barley and rye (reviewed
by Tatham and Shewry, 2008).

Other allergic responses to wheat proteins include atopic
dermatitis, urticaria, and anaphylaxis. Not surprizingly,
these symptoms have been associated with a number of
wheat proteins, most notably gluten proteins but also CM
proteins, enzymes, and lipid transfer protein (LTP)
(reviewed by Tatham and Shewry, 2008).

Comparison of the proteins identified as responsible for
the respiratory and food allergy shows significant overlap in
their functions (most being storage or protective) and
identities (notably gluten proteins and CM proteins).
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Intolerance to wheat

Dietary intolerance to wheat is almost certainly more
widespread than allergy, notably coeliac disease (CD) which
is estimated to affect 1% of the population of Western
Europe (Feighery, 1999), and dermatitis herpetiformis
which has an incidence between about 2-fold and 5-fold
lower than CD (Fry, 1992).

CD is a chronic inflammation of the bowel which leads to
malabsorption of nutrients. Like bakers’ asthma, CD has
been known since classical times but it was only defined in
detail in 1887 and its relationship to wheat established by
Dicke in the late 1940s (Losowsky, 2008).

A series of elegant studies carried out over the past
decade, particularly by Sollid, Koning and co-workers, have
established that CD results from an autoimmune response
which is triggered by the binding of gluten peptides to T
cells of the immune system in some (but not all) individuals
with the human leucocyte antigens (HLAs) DQ2 or DQS,
expressed by specialized antigen-presenting cells. The pre-
sented peptides are then recognized by specific CD4+ T cells
which release inflammatory cytokines which lead to the
flattening of the intestinal epithelium. It has also been
demonstrated that tissue transglutaminase enzyme present
in the epithelium of the intestine plays an important role,
generating toxic peptides by deamidation of glutamine
residues to give glutamate.

The HLA-DQ?2 antigen is present in about 95% of coeliac
patients (Karell er al, 2003) and detailed studies have
identified the peptide sequences which are recognized by
intestinal T cell lines, using either peptide fractions pro-
duced from gluten proteins or synthetic peptides. This has
led to the definition of two overlapping immunodominant
epitopes corresponding to residues 57-68 (a-9) and 62-75
(-2) of A gliadin (a form of a-gliadin) (Arentz-Hansen
et al., 2000, 2002; Anderson et al., 2000; Ellis et al., 2003).
Related epitopes were similarly defined in vy-gliadins,
corresponding to residues 60-79, 102-113, 115-123, and
228-236 (Sjostrom et al., 1998; Arentz-Hansen et al., 2002;
Vader et al, 2002a). Furthermore, Vader et al (2002b)
showed that the spacing between glutamine and proline
residues determined the specificity of glutamine deamida-
tion and hence peptide activation, and developed algorithms
to predict the presence of novel T cell stimulatory peptides
in gluten proteins and in related proteins from other cereals.

Less work has been carried out on the determinants of
the HLAS-DQS8 associated coeliac disease, which affects
only about 6% of patients without HLA-DQ2 and 10% of
patients with HLA-DQ?2 (Karell et al., 2003). This has again
allowed immunodominant epitopes to be identified in
gliadins and glutenin subunits (van der Wal et al, 1998,
1999; Mazzarella et al, 2003; Tollefsen et al, 2006)
although detailed structural studies indicate that the HLA-
DQ2 and HLA-DQ8-mediated forms of the disease may
differ in their molecular mechanisms (Henderson et al.,
2007).

The possibility of producing wheat which lacks the
coeliac toxic peptides has been discussed for many years

but interest in the strategy tended to decline as it became
clear that most, if not all, gluten proteins are toxic to at
least some susceptible individuals, rather than only the a-
gliadins as initially thought. However, Spaenij-Dekking
et al. (2005) and van Herpen et al. (2006) have shown that
it is possible to identify natural forms of gliadin which have
few or no coeliac toxic epitopes, raising the possibility of
selecting for less toxic lines of wheat by classical plant
breeding. RNA interference (RNAi) technology has also
been used to silence the a-gliadin (Becker et al, 2006;
Wieser et al., 2006) and y-gliadin (Gil-Humanes et al., 2008)
gene families, although some effects on grain-processing
properties were observed.

The combination of these two approaches may therefore
allow the production of less toxic, if not non-toxic, wheat
for coeliac patients without significant loss of the processing
properties conferred by the gluten proteins.

Dermatitis herpetiformis is a skin eruption resulting from
ingestion of gluten, and is associated with the deposition of
IgA antibodies in dermal papillae. These include IgA
antibodies to epidermal transglutaminase which is consid-
ered to be an important autoantigen in disease development
(Hull et al., 2008).

Other medical conditions related to gluten proteins

There are many reports of the association of wheat, and
particularly wheat proteins, with medical conditions, rang-
ing from improbable reports in the popular press to
scientific studies in the medical literature. Not surprisingly,
they include autoimmune diseases such as rheumatoid
arthritis which may be more prevalent in coeliac patients
and relatives (Neuhausen et al., 2008). It is perhaps easier to
envisage mechanisms for relationships between such dis-
eases which have a common immunological basis (Hvatum
et al., 2006) than to explain a well-established association
between wheat, coeliac disease, and schizophrenia (Singh
and Roy, 1975; Kalaydiian et al, 2006) Other reported
associations include ones with sporadic idiopathic ataxia
(gluten ataxia) (Hadjivassiliou et al, 2003), migraines
(Grant, 1979), acute psychoses (Rix et al., 1985), and a range
of neurological illnesses (Hadjivassiliou et al, 2002). An
association with autism has also been reported (Lucarelli
et al., 1995) with some physicians recommending a gluten-
free, casein-free diet (Elder, 2008).

Some of these effects may be mediated via the immune
system but effects which are not immune-mediated are
notoriously difficult to define and diagnose. However, they
could result from the release within the body of bioactive
peptides, derived particularly from gluten protein. Thus,
gluten has been reported to be a source of a range of such
peptides including opioid peptides (exorphins) (Takahashi
et al., 2000; Yoshikawa et al., 2003) and an inhibitor of angio-
tensin [-converting enzyme (Motoi and Kodama, 2003) (see
also reviews by Dziuba et al, 1999; Yamamoto et al., 2003).
However, these activities were demonstrated in vitro and their
in vivo significance has not been established.
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The future for wheat

There is little doubt that wheat will retain its dominant
position in UK and European agriculture due to its
adaptability and consumer acceptance. However, it may
also need to adapt to face changing requirements from
farmers, food processors, governments, and consumers.

Reducing inputs

Currently grown wheat cultivars require high inputs of
nitrogen fertilizer and agrochemicals to achieve high yields
combined with the protein content required for breadmak-
ing. For example, UK farmers currently apply 250-300 kg
N ha~!in order to achieve the 13% protein content required
for the Chorleywood Breadmaking Process, which is the
major process used for breadmaking in the UK. Since a 10
tonnes ha~' crop containing 13% protein equates to about
230 kg N ha~!, this means that 50-70 kg N ha~! may be
lost. As fertilizer N currently costs about £1 kg~' this
represents a significant financial loss as well as a loss of the
energy required for fertilizer production and may also have
environmental consequences.

A number of projects worldwide are therefore focusing
on understanding the processes that determine the efficiency
of uptake, assimilation, and utilization of nitrogen in order
to improve the efficiency of nitrogen recovery in the grain
(reviewed by Foulkes et al., 2009).

Reducing the nitrogen requirement of wheat does not
only relate to the grain protein content, as an adequate
supply of nitrogen is also essential for high wheat yields in
order to build a canopy and fix carbon dioxide by
photosynthesis. Furthermore, a substantial proportion of
this nitrogen is remobilized and redistributed to the de-
veloping grain during canopy senescence (Dalling, 1985).
Hawkesford and colleagues at Rothamsted Research have
targeted this process in order to develop a strategy for
improving the recovery of N in the grain, using a combina-
tion of biochemical analysis and metabolite and transcript
profiling to identify differences in metabolites and gene
expression which are associated with efficient mobilization
and redistribution (Howarth et al., 2008). Some of the genes
identified in these and similar studies are suitable candidates
for manipulation to increase the proportion of the total
nitrogen recovered in the grain.

Stability of quality

The increases in temperature and carbon dioxide concentra-
tion associated with climate change are expected to have
effects on crop development and yield, although the
magnitude of these is difficult to predict due to interactions
with other factors which may also be affected, notably
water availability and populations of pests and pathogens
(Coakley et al., 1999; Semenov, 2008). Similarly, although it
is generally accepted that higher growth temperatures result
in greater dough strength, the precise effects are not clearly
understood (see review by Dupont and Altenbach, 2003)
with heat stress (ie above 30-33 °C) actually resulting in
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dough weakening and reduced quality (Blumenthal ez al,
1993). A recent review of the effects of CO, concentration
on grain quality also failed to draw clear conclusions (Hogy
and Fangmeier, 2008).

Of more immediate interest to wheat breeders and grain-
utilizing industries are year-to-year fluctuations in growth
conditions, and the frequency and magnitude of such fluctua-
tions are also predicted to increase in the future (Porter and
Semenov, 2005). Although some cultivars are generally
considered to be more consistent in quality than others, this
is largely anecdotal with no detailed scientific comparisons.

Given the recent advances in ‘omics’ technologies it
should now be possible to dissect the effects of GXE on
grain development and quality, and to establish markers
suitable for use in plant breeding. However, this will require
substantial resources and a multi-disciplinary approach: by
growing mapped populations and lines in multi-site/multi-year
trials and determining aspects of composition and quality from
gene expression profiling to pilot scale breadmaking.

Wan et al. (2009) have reported the application of this
approach using a limited set of seven doubled haploid lines
to identify a number of transcripts whose expression profile
was associated with quality traits independently of environ-
mental conditions. Millar et al. (2008) also reported a larger
study in which three doubled haploid populations of wheat
were used to map novel QTLs (quantitative trait loci) for
breadmaking and pastry making which were stable over two
years field trials, but did not relate quality traits to gene
expression profiles.

Biofuels

Wheat is an attractive option as a ‘first generation biofuel’
as the high content of starch is readily converted into sugars
(saccharification) which can then be fermented into ethanol.
Murphy and Power (2008) recently reported that the gross
energy recovered in ethanol using wheat was 66 GJ ha~'
a~!, but that this only corresponds to 50% energy conver-
sion and that the net energy production is as low as 25 GJ
ha~! a~!. The same authors also calculated that the net
energy production could be increased to 72 GJ ha=' a~ ! if
the straw was combusted and the residue after distillation,
called stillage or distillers grain and solubles (DGS), was
converted to biogas (biomethane).

A major concern about using wheat grain for biofuel
production is the high energy requirement for crop pro-
duction, including that required to produce nitrogenous
fertilizer. It is therefore necessary to develop new crop
management strategies to reduce inputs (Loyce et al., 2002)
as well as exploiting wheats with low N input requirements
combined with high starch contents (Kindred ez al., 2008).

The second major concern is, of course, the impact on
international grain prices which may exacerbate problems
of grain supply to less affluent populations.

New benefits to consumers

The increasing awareness of the important role of wheat-
based products in a healthy diet has been discussed above,
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focusing on the identification and exploitation of natural
variation in bioactive components. However, in some cases
the natural variation in a trait may be limited in extent or
difficult to exploit and, in this case, other approaches may
be required. Currently, the most important target of this
type of approach is resistant starch.

Most of the starch consumed in the human diet, including
wheat starch, is readily digested in the small intestine,
resulting in a rapid increase in blood glucose which may
contribute to the development of type 2 diabetes and obesity
(Sobal, 2007). However, a fraction of the starch may resist
digestion and pass through the small intestine to the colon,
where it is fermented to short chain fatty acids, notably
butyrate, which may have health benefits including reduction
of colo-rectal cancer (as discussed by Topping, 2007).

Although the proportion of resistant starch (RS) depends
on a number of factors including the effects of food
processing, the most widely studied form is high amylose
starch. In most species, amylose accounts for 20-30% of
starch and amylopectin for 70-80%. However, mutant lines
have been identified in a number of species in which the
proportion of amylose is increased up to about 40% (e.g.
Glacier barley; Yoshimoto et al., 2000).

Selection for high amylose mutants is relatively easy in a
diploid species such as barley, but more painstaking
approaches are required in hexaploid wheat as mutations in
homoeologous genes on all three genomes may be required
to have a significant effect on the phenotype. This has been
demonstrated very elegantly by Yamamori et al. (2000) who
combined mutations in the gene encoding the starch
synthase II enzyme (also called starch granule protein 1)
that catalyses the synthesis of amylopectin. The resulting
triple mutant line contained about 37% amylose.

However, the complexity of starch biosynthesis means
that similar high amylose phenotypes can result from
changes in other enzymes, with a notable example being the
use of RNA interference technology to down-regulate the
gene encoding starch-branching enzyme Ila (Regina et al.,
2006). The resulting transgenic lines had up to 80% amylose
and increased RS as measured in rat feeding trials. This
study demonstrates the power of GM technology, although
it remains to be shown that lines with such high levels of
amylose will have acceptable yields and properties for
milling and processing.

It also remains to be shown that consumers will be
prepared to eat bread and other foods produced from GM
wheat. The wheat grain and its products have been treated
with reverence by humans for millennia and GM wheat may
just be regarded as a step too far, even in countries in which
other GM crops are currently accepted.
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