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ABSTRACT: The wheat grain comprises three groups of major components, starch, protein, and cell wall polysaccharides
(dietary fiber), and a range of minor components that may confer benefits to human health. Detailed analyses of dietary fiber and
other bioactive components were carried out under the EU FP6 HEALTHGRAIN program on 150 bread wheat lines grown on a
single site, S0 lines of other wheat species and other cereals grown on the same site, and 23—26 bread wheat lines grown in six
environments. Principal component analysis allowed the 150 bread wheat lines to be classified on the basis of differences in their
contents of bioactive components and wheat species (bread, durum, spelt, emmer, and einkorn wheats) to be clearly separated
from related cereals (barley, rye, and oats). Such multivariate analyses could be used to define substantial equivalence when novel
(including transgenic) cereals are considered.

KEYWORDS: wheat, grain, phytochemicals, dietary fiber, heritability, substantial equivalence

H INTRODUCTION minerals, and vitamins. However, these components differ in
their distribution within the grain. In particular, the starchy

Three cereal crops, wheat, maize (corn), and rice, dominate o s o
endosperm, which is recovered as white flour on milling,

world agricultural production with combined annual yields of

over 2000 million tonnes (http://faostat.fao.org/). Although contains about 80% starch and 10% protein with low contents
the production of wheat is currently the lowest of the three of cell wall components, minerals, and phytochemicals, whereas
cereals (672 million tonnes in 2010), it has the widest the pure bran, which comprises the aleurone layer, the outer
distribution, throughout the temperate zone from Scandinavia layers of the grain, and the embryo, lacks starch and is enriched
to Argentina, and at higher elevations in the tropics. The major in minor components with nutritional and health benefits.

species grown is hexaploid bread wheat, which has evolved only The present paper reviews the extent of variation in grain
recently (about 10000 years), probably by spontaneous composition among lines of bread wheat, in relation to other
hybridization between cultivated tetraploid wheat (emmer) wheat species and related temperate small grain cereals (barley,
and a related diploid grass in southeastern Turkey.] However, oats, and rye), including data on whole grain, white flour, and
although recent domestication is usually associated with bran, drawing particularly on data generated in the EU FP6
reduced genetic diversity due to domestication bottlenecks, HEALTHGRAIN program.” This study included detailed
cultivated hexaploid wheat is immensely diverse, with over analyses of 150 bread wheat lines and 50 lines of other cereal
25000 varieties adapted to different environments.” This wide species (durum wheat, spelt, Triticum monococcum, Triticum
diversity results from a high level of genome plasticity, with dicoccum, rye, oats, and barley) grown on a single site (the
frequent gene rearrangements being buffered by the polyploidy HEALTHGRAIN diversity screen)4 and of a smaller set of 26
nature of wheat.! This diversity, combined with its economic wheat and $ rye lines grown in six environments (the

importance, means that wheat is an excellent system to explore
the range of natural genetic variation within a major crop
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species.

The mature wheat grain comprises three groups of major Received: December 18, 2012
components, starch, proteins, and cell wall polysaccharides, Revised:  February 11, 2013
which together account for about 90% of the dry weight, and Accepted: February 15, 2013
minor components that include lipids, terpenoids, phenolics, Published: February 15, 2013
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HEALTHGRAIN G X E study).>® In addition, multivariate
analysis of a subset of the samples (winter wheats) has been
reported, with a focus on the content and composition of
dietary fiber including fructo-oligosaccharides and fructans.”

The present paper provides an overview of the results of the
HEALTHGRAIN diversity screen and G X E study, based
mainly on previously reported analyses*™® but including some
new data and novel multivariate analyses of the data sets.
Details of the analytical procedures are reported in the original
publications and not included here.

It should also be noted that milled whole grains were used
for all analyses except dietary fiber components, most of which
were determined on white flour and bran fractions. Wholemeal
and bran both comprise mixtures of tissues that differ
significantly in composition. However, the three fractions
analyzed (wholemeal, bran, and white flour) represent the three
major wheat fractions used for food processing.

B MAJOR COMPONENTS: STARCH AND PROTEIN IN
WHEAT

Starch is the major storage component in the starchy
endosperm of the wheat grain, and increases in starch content
are largely responsible for the increases in grain size achieved by
breeding to produce high-yielding wheat varieties.

Starch generally accounts for about 80% of the dry weight of
the starchy endosperm and comprises a mixture of two
polymers, amylose and amylopectin, in a ratio of about 1:3.
Although natural mutations that lead to higher proportions of
amylopectin (waxy starches) or amylose (resistant starches)
have been detected in genes, these mutations have limited
impact on starch composition in hexaploid bread wheat unless
they are present on all three genomes.'®"" Such triple mutants
are unlikely to occur naturally but have been produced by
combining single mutant lines in breeding programs. For
example, Slade et al.'? have reported the production of bread
wheat with 57% amylose by combining induced and natural
mutations in the starch branching enzyme Ila (SBEIIa) gene.

The protein content of wheat varies more widely than the
starch content. Selection during plant breeding has resulted in
differences in protein content of about 2% dry weight when
modern breadmaking and feed wheats bred in the United
Kingdom are grown under the same conditions."*'* However,
greater variation in protein content has been reported in wider
germplasm screens, with the comparison of 212,600 lines in the
World Wheat Collection showing a range from about 7 to 22%
protein on a dry weight basis.'® It is of interest that the authors
ascribed about a third of this variation to genotype. Similarly,
comparison of 150 wheat lines grown under the same
agronomic conditions in the HEALTHGRAIN diversity screen
showed variation in grain protein content from 12.9 to 19.9% in
wholemeal and from 10.3 to 19.0% in white flour.'® Differences
in the functional properties of the grain proteins were reported
for the same material, with the content of wet gluten ranging
from 24.3 to 61.2% and the Zeleny sedimentation (an estimate
of loaf volume) from 13.5 to 50.0 mL. However, because starch
is the overwhelmingly dominant grain component, lines with
lower starch contents, which will include unimproved landraces
and lines grown outside their area of adaptation, will have
higher grain protein contents. Hence, it is important to
consider protein content on a per grain basis as well as on a dry
weight basis.

The availability of nitrogen, usually through application as
fertilizer, has a greater effect on grain protein content than
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genotype, with farmers optimizing their application of fertilizer
for yield and grain protein content. For example, plots on the
Broadbalk long-term wheat experiment at Rothamsted
Research yielded grain with a mean of 7.8% protein when 48
kg N/ha was applied and 14.1% protein with 288 kg N/ha, over
the period 2005—2007."” A more detailed comparison is shown
in Figure 1, which compares the yields and protein contents of
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Figure 1. Relationship between grain nitrogen and yield in six elite
UK. wheat cultivars grown in three replicate field plots over three
years and at three levels of nitrogen fertilization: (A) colored by
variety; (B) colored by N level; (C) colored by year.

six elite UK. wheat varieties (comprising five varieties bred for
breadmaking and one (Istabraq) for feed) grown within their
area of adaptation (the experimental farm at Rothamsted
Research, UK) over 3 years at three levels of nitrogen
fertilization. This shows the well-established inverse correlation
between yield and protein content. With the exception of
Istabraq, which generally has lower grain nitrogen (protein),
there is no clear effect of variety (Figure 1A), but a strong effect
of nitrogen fertilization, with the samples grown at 100, 200,
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and 350 kg N/ha falling on parallel regression lines (Figure
1B). There is also an effect of year on yield (being higher in
2009), but this is less clear than for nitrogen content (Figure
1C).

The gluten storage proteins account for over half of the total
protein content of wheat grain, with the proportion increasing
with total protein content.'® Gluten comprises a mixture of
many individual proteins, with two-dimensional gel separations
usually resolving between about 30 and S50 individual
components. There is also polymorphism in the patterns of
gluten protein subunits among wheat genotypes: in the number
of components, their proportions, and their properties,
including their molecular mass, charge (particularly at low
pH), and isoelectric point. This allows differences in protein
patterns between genotypes to be identified by one- and two-
dimensional electrophoresis and their exploitation as markers,
for varietal identification and purity in grain trading and for
quality traits in breeding programs. The polymorphism and
genetic variation in gluten protein subunits have been reviewed
extensively.'”*°

B CELL WALL POLYSACCHARIDES IN WHEAT

Wheat is a major source of dietary fiber (DF) in the human
diet, which mainly comprises nonstarch polysaccharides (NSP)
derived from the cell walls. The HEALTHGRAIN G X E study
showed that NSP accounted for between 7.7 and 11.4% of the
grain dry weight, with the total content of DF, including Klason
lignin (but not fructan), ranging from 9.6 to 14.4%.>' However,
there are large differences between the NSP contents of white
flour and bran. Total DF content, including fructo-oligosac-
charides and fructan, was analyzed in the winter wheat samples
in an earlier study, with an average content of 13.4% and a
range between 11.5 and 15.5%.” According to a new
international definition for dietary fiber, nondigestible
oligosaccharides such as fructo-oligosaccharides and fructan
can be included (Codex CAC/GL 2-1985, revised 2010).>* A
similar definition has also been approved by the European
Commission under Commission directive 2008/100/EC. In
this definition all carbohydrates with a degree of polymerization
(DP) >3 should be included in the dietary fiber content, of
which fructo-oligosaccharides are the most common in cereals.

The major NSP components in white flour are cell wall
polysaccharides. These account for between 2 and 3% of the
dry weight, with the major components being arabinoxylan
(AX) (about 70%) and (1—3,1—4)-f-p-glucan (f-glucan)
(about 20%), with small amounts of cellulose ((1—4)-f-p-
glucan) (about 2%) and glucomannan (about 7%).*

The bran fraction from milling comprises a mixture of
tissues, which differ in their contents and compositions of cell
wall components. The outer layer of endosperm cells, the
aleurone, has thick cell walls (which account for about 35—40%
of the dry weight**) having a composition similar to that of the
starchy endosperm cells walls, with 29% pf-glucan, 65%
arabinoxylan, and only 2% each of cellulose and gluco-
mannan.”® The grain is surrounded by a number of layers of
tissues that are often collectively called “outer layers”. These
comprise about 45—50% cell wall material** with the pericarp,
which is the major tissue, being more similar in cell wall
composition to wheat straw than to other seed tissues (with
about 30% cellulose, 60% arabinoxylan, and 12% lignin
(reviewed in ref 26). Little is known about the content and
composition of cell wall polysaccharides in the wheat embryo
(germ), but a recent study”* showed that the scutellum
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(cotyledon) and embryonic axis contained about 12 and 25% of
neutral carbohydrate, respectively, with arabinose and xylose
(presumably derived from AX) accounting for about 65% of the
total.

AX comprises a backbone of pf-p-xylopyranosyl residues
linked through (1—4) glycosidic linkages with some residues
being substituted with a-L-arabinofuranosyl residues at either
position 3 or positions 2 and 3. Furthermore, some
arabinofuranosyl residues at position 3 may themselves be
substituted with ferulic acid (or in the aleurone p-coumaric
acid) at the S-position. Differences in the extent of these
modifications, which may be crudely expressed as the ratio of
A:X and content of bound phenolic acids (PAs), affect the
properties of AX, including their solubility, with total AX
(TOT-AX) often being divided into two fractions, which are
extractable (WE-AX) or unextractable (WU-AX) with water.

Analyses of AX in white flour and bran fractions of the 150
lines in the HEALTHGRAIN diversity screen are summarized
in Table 1, together with analyses of total dietary fiber (TDF)

Table 1. Variation and Heritability in DF Components in
Wheat Samples from the HEALTHGRAIN Study

mean value  fold variation  heritability

in diversity  in diversity (%) in GXE
DF component dry matter screen screen study

basis (150 lines) (150 lines)“ (26 lines)®

TDF wholemeal % 15.1 1.6 nd®
P-glucan wholemeal % 0.72 1.93 S1
bound PA wholemeal pg/g 485 422 26
WE-AX flour % 0.51 4.79 60
WE-AX flour A:X ratio 0.48 1.46 nd
‘WE-AX bran % 0.42 2.89 48
WE-AX bran A:X ratio 1.01 2.30 nd
TOT-AX flour % 1.93 2.01 72
TOT-AX flour A:X ratio 0.58 143 nd
TOT-AX bran % 17.79 1.75 39
TOT-AX bran A:X ratio 0.62 1.34 nd

“Fold variation is defined as the highest/lowest values determined for
individual lines. “Heritability is defined as the ratio of genetic variance
to total variance, calculated as described previously.’ “nd, not
determined.

and p-glucan in wholemeal. This shows that the content of WE-
AX varied particularly widely, by 4.79-fold in flour and by 2.89-
fold in bran. However, data from the G X E study showed that
the variation in AX amount and composition was highly
heritable, particularly AX in white flour (Table 1).

The composition and properties of the cell wall poly-
saccharides can be modified by the action of enzymes, in
particular by endoxylanases synthesized as a result of preharvest
sprouting. Analysis of the HEALTHGRAIN G X E lines
showed that the contents of WE-AX in bran and flour were
negatively correlated with the precipitation during the period
between heading and harvest, which was probably due to high
xylanase activities in the lines grown in Hungary in 2006 and in
the United Kingdom in 2007.”” However, only low activity of
xylanase was detected in the 150 lines of the HEATHGRAIN
diversity screen grown in Hungary in 2005>" (authors’
unpublished analyses).

Analyses of wholemeals of 129 winter lines from the
HEALTHGRAIN diversity screen showed variation in fructan
content from 0.84 to 1.85% (mean 1.28%) dry wt.” A previous
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Table 2. Variation and Heritability in Bioactive Components in Wholegrain Fractions of Wheat Samples in the

HEALTHGRAIN Study”

mean content (4g/g dm) in HEALTHGRAIN

diversity screen (150 lines)

terpenoids
tocols 49.81
sterols 843.8
phenolics
total phenolic acids 65742
free phenolic acids 10.73
conjugated phenolic acids 162.04
bound phenolic acids 484.65
alkylresorcinols 431.54
methyl donors
betaine 1596
choline 221
trigonelline 3.10
B vitamins
folates (B9) 0.56

mean content (yg/g dm) in

HEALTHGRAIN G X E study (26 lines)

fold variation in HEALTHGRAIN

heritability (%) in HEALTHGRAIN
diversity screen (150 lines)

G X E study (26 lines)

2.96 76
1.39 57
3.60 28
9.75 6
391 10
422 26
2.81 63
3.04 36
1.56 25
16.13 59
2.38 24

fold variation in HEALTHGRAIN

heritability (%) in HEALTHGRAIN
G X E study (26 lines)

G X E study (26 lines)

thiamin (B1) 8.44 247 31
riboflavin (B2) 0.96 1.82 16
niacin (B3) bioavailable form 0.86 112 7
pyridoxine (B6) 1.89 2.35 12
“Details of methods and statistical analyses are given in the source publications.
study of milling fractions from three wheat lines showed that B B VITAMINS

fructans were concentrated in the bran, with the content in
white flour being about two-thirds that in wholemeal.*® This
indicates that the contents of fructans in white flours of the
HEALTHGRAIN lines probably varied between about 0.6 and
1.2% dry wt.

B BIOACTIVE COMPONENTS: PHENOLICS,
TERPENOIDS, AND METHYL DONORS IN WHEAT

The major groups of potentially bioactive components in wheat
grain are terpenoids (sterols and tocols, the latter including
vitamin E) and phenolics, notably phenolic acids, which occur
in free, soluble conjugated (to components such as sugars and
ferulate), and alkylresorcinol forms. In addition, wheat is a rich
source of glycine betaine (which acts as a methyl donor in the
homocysteine cycle) with smaller amounts of choline (the
precursor of betaine) and trigonelline (a structural analogue of
betaine and choline). These are together called “methyl
donors” in Table 2 and the text below. Most minor bioactive
components in the wheat grain are concentrated in the
aleurone, outer layers, and embryo so analyses of wholemeal
grain are discussed here. Because of this the contents of some
components are inversely correlated with grain size (1000 grain
weight) and directly correlated with the bran yield on milling.*

Table 2 summarizes the variation in content and heritability
of phenolics, terpenoids, and methyl donors in the HEALTH-
GRAIN study. The extent of variation in content among the
150 lines of the HEALTHGRAIN diversity screen ranges from
1.39-fold for sterols to between 3.6- and 9.75-fold for phenolic
acid fractions, and the heritabilities calculated from the
HEALTHGRAIN G Xx E study from between 6 and 28% for
phenolic acid fractions (free phenolic acids) to >50% for
sterols, tocols, alkylresorcinols, and trigonelline. Even wider
variation occurs in the compositions of these fractions,
particularly in the contents of individual phenolic acids.”****'
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Wheat is an important dietary source of B vitamins, particularly
thiamin (B1), riboflavin (B2), niacin (B3), pyridoxine (B6),
and folates (B9). Their contents were therefore determined in
the HEALTHGRAIN wholegrain wheat samples, with folates
being determined in the diversity screen and G X E study and
the other B vitamins in the G X E study only. This should be
borne in mind when comparing the fold variations given in
Table 2. All showed low heritabilities, with the highest values
being for thiamin (31%) and folates (24%).

B MULTIVARIATE ANALYSES OF BIOACTIVE
COMPONENTS IN WHEAT

The HEALTHGRAIN study has provided the most complete
data set currently available for the composition of wheat and
related cereal species and has been used to explore the
relationships between the contents of individual grain
components and between the contents of grain components
and environmental and other factors.> However, the database
can also be used to identify the most promising genotypes for
plant breeding and to define the range of variation within wheat
to assess the effects of modifications in composition resulting
from transgenesis (i.e., define substantial equivalence). Both of
these applications are facilitated by multivariate analysis of the
data set.

Principal component analysis (PCA) is a common statistical
tool used for visualizing groupings of samples and identifying
new meaningful underlying variables. The method involves a
mathematical procedure that transforms a number of correlated
variables into a smaller number of uncorrelated variables called
principal components. PCAs of the data sets from 150 wheat
lines based on the phytochemicals, DF components, and
combined phytochemicals plus DF components are shown in
Figure 2, with parts A, C, and E showing the PCA scores plots
and parts B, D, and F the corresponding loadings plots. Data
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Figure 2. Principal component analysis of 150 bread wheats: (A, B) scores and loadings plots of PCA model constructed from phytochemical
constituents as model variables; (C, D) scores and loadings plots of PCA model constructed from DF constituents as model variables; (E, F) scores
and loadings plots of PCA model constructed from combined phytochemical and DF constituents as model variables; (G) contribution plot of the
cultivar Yumai 34 compared to the data set average; (H) contribution plot of the cultivar Disponent compared to the data set average.

sets comprised concentrations for individual phytochemical
components, and these were scaled to Unit Variance prior to
PCA to ensure that appropriate comparisons could be made
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between abundant and nonabundant compound classes. PCA
scores plots allow the cultivars to be classified or grouped
according to their overall compositions, whereas the loading
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Figure 3. Principal component analysis of 200 cereal genotypes colored by cereal class: (A, B) scores and loadings plots of PCA model constructed
from phytochemical constituents as model variables; (C, D) scores and loadings plots of PCA model constructed from DF constituents as model
variables; (E, F) scores and loadings plots of PCA model constructed from combined phytochemical and DF constituents as model variables; (G)
contribution plot of rye genotypes compared to the data set average; (H) contribution plot of oat genotypes compared to the data set average.

plots highlight the individual components that are responsible correlated with each other. Figure 2A shows the cultivars
for the separation. The loadings plots also allow us to grouped according to their phytochemical composition. Figure
determine which discriminatory components are potentially 2B, the corresponding loadings plot, shows that all of the
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phenolic acid components are distributed in the bottom-right
corner of the loadings plot and therefore cultivars that are in
the corresponding corner of the scores plot are high in phenolic
acids (e.g,, Disponent and Campari). Total phenolic acids and
bound phenolic acids are located close together, which implies
a strong correlation between these two components. Similarly,
the contents of sterols, alkylresorcinols, and tocols reside
together in the top-right quadrant of the PCA scores plot,
implying that these components are also highly correlated.
Parts C and D of Figure 2 show which DF components are
responsible for the distribution of the cultivars. Lines such as
Atay-85, Courtot, and Fundulea-29 are clearly high in $-glucan,
whereas Yumai 34 is high in WE-AX and flour TOT-AX. The
ratio of arabinose to xylose is not correlated with the levels of
WE-AX and TOT-AX, and lines that have a high A:X ratio in
flour (in both TOT-AX and WE-AX) are distributed in the
bottom-left quadrant of the scores plot (Figure 2C).
Combining both sets of data (Figure 2E,F) allows us to
determine whether certain phytochemicals or DF components
are responsible for the separation of cultivars. In general, the
DF components are well separated from the phytochemical
components, with the exception of bran WE-AX. Phytochem-
icals cluster tightly together on the right-hand side of the PCA
scores plot and relate to a group of at least 20 cultivars having
higher levels of a number of different phytochemical
components while showing no appreciable difference in their
DF content or concentration. These cultivars include
Disponent, Campari, Cadenza, Riband, and Lynx. Contrast-
ingly, cultivars also separate by virtue of their different DF
compositions and concentrations. A high score in PC2 places
cultivars with a high flour AX content at the very top of the
PCA scores plot. Yumai 34 exemplifies this, whereas cultivars
such as Soissons and Alba appearing at the bottom of the PCA
scores plot have lower AX levels but, interestingly, show higher
A/X ratios in both total AX and WE-AX.

It is also possible to extract “contribution plots” for the
individual cultivars, which identify their characteristic composi-
tional features. For example, parts G and H of Figure 2 show
contributions plots (compared to the average of the data set)
for the bread wheat cultivars Yumai 34 and Disponent, showing
that the former is characterized by high flour AX (as noted in
refs 4 and 32), whereas the latter is characterized by high
phenolics (phenolic acids and alkylresorcinols).

It will not be feasible to carry out such detailed analyses of
such a large number of cultivars in future studies of substantial
equivalence®® of GM and non-GM crops. However, it will be
possible to select a smaller “core collection” of cultivars that
represent the full range of diversity in the collection and a
limited number of components as indicators of diversity.

B COMPARISON OF WHEAT WITH RELATED SMALL
GRAIN CEREALS

Table 3 summarizes the variation in bioactive components in
bread wheats compared with other wheat species and related
small grain cereals. Although only small numbers of accessions
of the latter were analyzed (S or 10 per species), it is
nevertheless possible to use multivariate analysis to identify the
extent to which the compositions of the species overlap and to
identify components or groups of components that are
characteristic for the individual species. Figure 3 therefore
shows such analyses, with parts A, C, and E showing the PCA
scores plots for phytochemicals, DF components, and
combined phytochemicals plus DF components, respectively,
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and parts B, D, and F the respective loadings plots. The PCA
based on phytochemicals (parts A and B) shows some overlap
between rye and the wheat species, whereas PCA based on DF
components (parts C and D) shows clear separations of the
wheat species from the other cereals. The resolution is
improved when both phytochemicals and DF components are
considered (parts E and F), with the bread wheat lines forming
a tight cluster in the center of the plot, which overlaps with the
spelt line, which is consistent with spelt being a hulled form of
the same species as bread wheat (Triticum aestivum). Lesser
overlaps are also observed with the other wheat species,
tetraploid durum wheat T. dicoccum and diploid T. monococcum,
but the other cereal species, barley, rye, and oats, form separate,
distinct clusters that do not overlap with each other or with the
wheat cluster. As with the analyses of the wheat lines discussed
above, it is also possible to extract contributions plots
describing the broad differences between cereal species (Figure
3G,H). Rye lines are typically characterized by higher
alkylresorcinol and sterol contents alongside higher levels of
WE-AX in the bran and TOT-AX in the flour. On the other
hand, oat genotypes have higher concentrations than average of
free phenolic acids, trigonelline, and J-glucan. Similar
“signature” plots could be constructed for individual cultivars
or accessions within these groups and, hence, this type of plot
could be used to determine whether the compositions of GM
or other novel cultivars fall within or outside the normal range
of composition for bread wheat.

Multivariate analysis based on grain composition can
therefore be used to determine the substantial equivalence of
GM and other novel forms of cereals, as discussed above for
wheat.
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