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a b s t r a c t

Starch and cell wall polysaccharides (dietary fibre) of cereal grains contribute to the health benefits
associated with the consumption of whole grain cereal products, including reduced risk of obesity, type 2
diabetes, cardiovascular disease and colorectal cancer. The physiological bases for these effects are
reviewed in relation to the structures and physical properties of the polysaccharides and their behaviour
(including digestion and fermentation) in the gastro-intestinal tract. Strategies for modifying the content
and composition of grain polysaccharides to increase their health benefits are discussed, including
exploiting natural variation and using mutagenesis and transgenesis to generate further variation. These
studies will facilitate the development of new types of cereals and cereal products to face the major
health challenges of the 21st century.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Cereals are the dominant crops inworld agriculture, with a total
of 2500million tonnes being harvested globally in 2011, comprising
704 million tonnes of wheat, 723 million tonnes of rice, 883 million
tonnes of maize (http://faostat.fao.org/site/291/default.aspx.) and
lesser amounts of a number of “minor cereals” (barley, oats, rye,
sorghum and millets). They are the major source of calories and
protein to the diets of humans and livestock (including poultry).

Major reasons for the success of cereals include their adapt-
ability, high yields, and ease of harvest and storage, but their pro-
cessing and eating properties are also important, with wheat in
particular being processed into a range of foods including bread
and other baked goods, noodles and pasta. Failure of cereal harvests
due to adverse weather, pathogens or human actions has contrib-
uted to famines in many countries, and increasing cereal produc-
tion is a key aim of national and international research efforts.

Although emphasis is rightly placed on increasing crop pro-
duction to meet the needs of the growing global population it is
important to also bear in mind that the major effect of food on the
health of the population in the developed world, and increasingly
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in rapidly developing economies such as India and China, relates
not to lack of food but to over-consumption, particularly increased
consumption of highly refined foods when associated with an
increasingly sedentary life style. These include many starch-rich
foods derived from cereals, which has conveyed a negative view
of the contribution of cereals to diet and health tomany consumers.
In fact, this is far from the truth with cereals being important
sources of many essential or beneficial components to the human
diet. For example, the National Diet and Nutrition Survey of the UK
showed that cereal products contributed 29/30% of the total daily
energy intake of adult males/females, 22/21% of the intake of pro-
tein and 39/37% of the intake of non-starch polysaccharides (the
major components of dietary fibre, DF) (NDNS, 2011). Similarly,
Steer et al. (2008) showed that bread products alone contributed
12% of the protein, 20% of the fibre and 16% of the iron to the adult
UK diet.

The present article therefore focuses on the contributions of
cereal carbohydrates to a healthy diet, focussing on wheat with
comparative data on other cereals being included where
appropriate.
1.1. Introduction to grain carbohydrates

Carbohydrates can be classified according to their molecular size
and degree of polymerisation, with each group being subdivided
according to the number and composition of monosaccharide units.
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This classification includes sugars (monosaccharides and di-
saccharides), oligosaccharides, starch (amylose and amylopectin)
and non-starch polysaccharides.

Carbohydrates account for about 65e75% of the mature wheat
grain (Stone and Morell, 2009), with similar values being reported
for other major cereals. Values reported for the amounts of indi-
vidual groups in the wheat grain vary between different studies but
are in the order of about 1% or less monosaccharides (glucose,
fructose) and disaccharides (sucrose and maltose), about 1% oli-
gosaccharides (raffinose and fructo-oligosaccharides), 1e2% fruc-
tans, 65e75% starch and about 10% cell wall polysaccharides
(mainly cellulose, arabinoxylan and b-glucan), the latter forming
the major DF components (Stone and Morell, 2009; Andersson
et al., 2013). However, there are large differences between the
compositions of the different grain tissues. In particular, the aleu-
rone and outer layer (pericarp and testa), which form the bran
fraction on milling of wheat, contain little starch but up to half of
the dry weight is cell wall polysaccharides, while the starchy
endosperm (the major storage tissue of the grain) comprises about
85% starch and only 2e3% cell wall polysaccharides.

Starch is composed of two different types of glucan polymers:
amylopectin and amylose, present in a 3:1 ratio. Both polymers are
formed of a-D-glucose but they differ in their level of branching,
with amylose being essentially linear and amylopectin being highly
branched. These branches can directly affect starch characteristics
and functionality as differences in their chain length distribution
and clustering, and the ability to form a double helical conforma-
tion, may contribute to the crystalline features of the amylopectin
(Jeon et al., 2010).

The major cell wall polysaccharides in the cell walls of wheat
and related cereals (barley, oats and rye) grain are arabinoxylan
Fig. 1. Schematic (top) and detailed (bottom) structures of wheat starchy endosperm
arabinoxylan.
(AX) and (1 / 3, 1 / 4)-b-D-glucan (b-glucan). AX comprises a
backbone of b-D-xylopyranosyl residues linked through (1 / 4)
glycosidic linkages, with some residues being substituted with a-L-
arabinopyranosyl residues at either position 3 or positions 2 and 3
(Fig. 1). Substitution at position 2 alone occurs only rarely in wheat
AX (Stone andMorell, 2009). The arabinose residues at position 3 of
monosubstituted xylose residues may also be substituted with
ferulic acid at the 5 position, allowing the formation of cross-links
by oxidation of ferulate present on adjacent AX chains. This results
in the formation of dehydrodiferulate (ferulate dimers) or, more
rarely, triferulate residues which are stable to acid hydrolysis. A
range of other modifications may also occur, including acetylation,
substitution with galactose and glucuronic acid and substitution of
the arabinose with p-coumaric acid instead of ferulic acid.

By contrast, b-glucan has a simpler structure, comprising only
glucose residues which are linked by (1/4) and (1/3) bonds. In
general, single (1 / 3) linkages are separated by 2 or 3 (1 / 4)
linkages but the linkage ratio may vary between tissues and species
and longer “cellulose-like” regions of continuous (1 / 4) linkages
(up to 14) have been reported in wheat bran b-glucan (Li et al.,
2006). The ratio between (1 / 4) and (1 / 3) linkages differs
between different cereal species (Cui et al., 2000; Lazaridou et al.,
2004; Lazaridou and Biliaderis, 2007), with the relative propor-
tion of trisaccharide (DP3) decreasing from wheat (67e72%), to
barley (52e69%) and oats (53e61%). It is probable that such vari-
ation in linkage pattern determines the differences that occur in the
properties, including the solubility and viscosity, of b-glucans from
various sources.

2. Contributions of grain carbohydrates to diet and health

2.1. Nutritional value of grain carbohydrates

All organisms require energy to maintain their life cycles. For
humans, carbohydrates are the major energy sources, typically
accounting for 45e70% of the total energy intake and expenditure.
Being quantitatively the most important dietary energy source for
most populations, carbohydrates have a special role to play in en-
ergymetabolism and homeostasis. Cereals are the dominant source
of carbohydrates in the human diet, providing the major source of
energy and contributing significantly to protein intake.

In addition to their classification based on degree of polymeri-
sation and sugar composition, carbohydrates can also be classified
based on the extent to which they are digested and absorbed in the
human small intestine, thus contributing directly or indirectly to
the body carbohydrate pool and influencing post-prandial glycae-
mia (glycaemic carbohydrates). In this classification, carbohydrates
which are not digested and absorbed in the human small intestine
are distinguished from glycaemic carbohydrates, forming the major
part of DF (Mann et al., 2007).

The carbohydrates that have the greatest impact on post-
prandial blood glucose are those that are absorbed relatively
quickly from the small intestine. In fact, most metabolic parameters
are adversely affected by an abrupt perturbation in the post-
prandial period of a metabolic steady state present in the fasting
condition. The greater and more rapid the perturbation, the more
pronounced are the effects. Therefore this metabolic perturbation
could be minimised if carbohydrate digestion and absorption were
slowed down. This has resulted in interest in understanding the
properties of foods that are able to retard digestion. The type of
starch is certainly relevant in this respect, with amylose being
slowly digested by a-amylases present in the human duodenum
and amylopectin being very rapidly digested because the branched
structure provides multiple sites for enzymatic hydrolysis. More-
over, amylose is structurally organised in the form of the double
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helixes, with the inner part of the helix accommodating the hy-
drophobic ends of polar lipids which form molecular complexes
and reduce the accessibility of themolecule to a-amylase (Birt et al.,
2013). These properties of amylose, in addition to its propensity to
retrogradation, justify interest in producing high amylose wheat
varieties for the preparation of cereal foods with a low glycaemic
response (Asp et al., 1996; Saris et al., 1998; Rahman et al., 2007).

The contents of fibre and other food constituents that affect
carbohydrate digestibility also affect the rise in blood glucose that
follows the ingestion of carbohydrates from different foodstuffs,
resulting in wide variation between different foods. The glycaemic
response to food is also influenced by the method of preparation
and other components of the meal.

The structure of food has long been recognised as an important
parameter governing the health benefits of cereal products, in that
the intact structure of a plant food is more important than the
composition (including the amount of DF) in determining physio-
logical responses such as those related to glucose metabolism.
Many studies have shown the importance of preserving as much as
possible of the natural network of cell wall polysaccharides present
in plant tissues, particularly in more or less intact cereal (wheat,
barley, rye and oat) grains (Riccardi et al., 2008).

A simple marker for the impact of carbohydrate-rich foods on
post-prandial glycaemia is the glycaemic index. This index is based
on the increase in blood glucose concentrations (the incremental
area under the curve of blood glucose concentrations) after the
ingestion of a portion of a test food containing 50 g of carbohydrate,
divided by the incremental blood glucose area achieved with the
same amount (50 g) of carbohydrate present in an equivalent
portion of reference food (glucose or white bread). Fibre-rich foods
often have a low glycaemic index, although some foods with a low
fibre content may also have a low glycaemic index.

Low glycaemic index/high fibre diets have been shown to have
beneficial effects, including lower post-prandial glucose and insulin
responses, improved lipid control, and possibly improved insulin
sensitivity. Although it is not possible to define precise values for
high or low glycaemic index diets, it is clear that the lower the
glycaemic index, the greater the metabolic effects (Saris et al.,
1998).

2.2. Dietary fibre and health effects of cereal foods

Dietary fibre is one of the major food constituents that influence
the rate and extent to which blood glucose increases after ingestion
of a carbohydrate food. DF is not digested and absorbed in the small
intestine but passes to the colon where it undergoes bacterial
degradation. The principal types of DF are the non-starch poly-
saccharides (NSP), resistant starches (RS), non-a-glucan oligosac-
charides (short chain carbohydrates) and some polyols and
modified starches. The daily intake of NSP in the diet in European
countries varies between 11 and 33 g, all of which will reach the
colon (Saris et al., 1998).

An important health benefit of DF is the capacity to lower the
glycaemic response of the foods in which it is present: foods rich in
DF release glucose more slowly into the blood which is relevant to
the prevention of disorders such as obesity and diabetes (Nugent,
2005).

Food viscosity is a potential mechanism by which DF slows
down the rates of digestion of starch and the absorption of sugars.
Soluble, viscous types of NSP present either in food rawmaterials or
incorporated as ingredients are able to reduce the post-prandial
glucose and insulin responses after a meal. The effect is consid-
ered to be related to viscosity, which inhibits mixing and diffusion
in the intestinal tract and delays gastric emptying. Moreover, high
viscosity decreases enzyme diffusion and stimulates the formation
of an unstirred water layer which decreases glucose transport to
enterocytes. It has been repeatedly demonstrated that reducing the
viscosity of DF following acid hydrolysis results in concurrent loss
of its clinical efficacy (Riccardi et al., 2004). Several types of soluble
fibre, including b-glucan, psyllium and guar gum, reduce post-
prandial glucose and insulin responses, and improve insulin
sensitivity both in diabetic and non-diabetic individuals (De Natale
et al., 2012; Riccardi et al., 2005).

b-glucan varies in solubility, with a higher proportion of the
total fraction being soluble in oats and barley than in wheat. The
basis for this variation is still not completely understood, but it is
likely that chain length (shorter chains being more soluble) and the
ratio and distribution of 1/ 3 and 1/ 4 linkages both contribute.
A significant relationship between the amount of b-glucan in ce-
reals and the plasma glucose peak, or area under the glucose curve,
has been observed. Similarly, a linear dose-dependent decrease in
glycaemic responses was noted in response to breads containing
proportions of barley b-glucan ranging from 0.1% to 6.3%. It has
been suggested that viscosity of b-glucan could account for 79e96%
of the effects on glucose and insulin responses after consumption of
50 g glucose in a drink model (El Khoury et al., 2012; Fardet, 2010).

Reduced insulin responses have consistently been observed
following the ingestion of b-glucan and other soluble viscous types
of fibre; as in the case of glycaemia, dose is an important factor in
determining insulin responses to b-glucan. A consistent dose-
dependent decrease in insulin secretions was observed in over-
weight individuals in response to oat b-glucan, with significant
changes reported at a dose of at least 3.8 g of b-glucan (El Khoury
et al., 2012). DF present in cereals also affects the intestinal ab-
sorption of other macronutrients, such as fat, although there is little
evidence for significant effects in humans. Cereal b-glucan exhibits
similar hypocholesterolemic effects on plasma lipids to those of
other types of soluble dietary fibre (Poli et al., 2008).

A significant proportion of DF that enters the large bowel will be
fermented by the commensal bacteria that live in the colon.
Fermentation is an anaerobic process and, therefore, produces the
short chain fatty acids (SCFA) acetate, propionate and butyrate as
the principal end-products, together with methane, hydrogen,
carbon dioxide and lactate. SCFA can influence liver glucose pro-
duction and, thus, the plasma glucose concentrations (Slavin, 2013).

Among SCFA, butyrate has attracted particular interest because
it is associated with unique benefits, such as the ability to promote
a normal phenotype in colonocytes by repairing damaged DNA (Le
Leu et al., 2005; Toden et al., 2007; Topping et al., 2008) and
inducing death in transformed cells (Candido et al., 1978). These
mechanisms are believed to be effective in the prevention of
serious diseases such as colorectal cancer.

Butyrate is the major energy source for the colonic epithelial
cells and also has differentiating properties in the cells, arresting
cell division through its ability to regulate gene expression. This
property provides a credible link between the dietary intake of
fermented carbohydrates, such as NSP, and protection against
colorectal cancer (Roberfroid et al., 2010).

Propionate is absorbed and passes to the liver where it is taken
up and metabolised aerobically. This molecule moderates hepatic
lipid metabolism. Acetate is the major SCFA produced in all types of
fermentation, the molar ratio of acetate:propionate:butyrate usu-
ally being around 60:20:20. Acetate is rapidly absorbed, stimulating
sodium absorption, and passes to the liver and then into the blood
fromwhere it is available as an energy source. The fasting levels of
blood acetate are about 50 mmol/L, rising to 100e300 mmol/L be-
tween 8 and 12 h after meals containing fermentable carbohydrate.
Acetate is rapidly cleared from the blood with a half-life of only a
few minutes and is metabolised principally by the skeletal and
cardiac muscle and the brain. Acetate reduces free fatty acid
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oxidation in humans and its absorption does not stimulate insulin
release (Liljeberg and Björck, 1996; Saris et al., 1998).

Foods containing high levels of fibre are often made fromwhole
grains or whole foods such as fruit and vegetables and are thus
bulky with a low energy density. This may promote satiety and
therefore may be expected to encourage weight loss, or prevent
weight gain. In addition, some types of fibre, present in oats, barley,
pulses, vegetables and fruit, are viscous andmay act to delay gastric
emptying and reduce the rate of absorption of glucose and fat from
the small intestine, which may further contribute to feelings of
increased fullness and satiety. The colonic metabolism of fibre after
ingestion of the meal may delay the onset of hunger before the next
meal as a consequence of the production of short-chain fatty acids
and other satiety signals (Riccardi et al., 2004).

A further mechanism by which whole grain may influence body
weight regulation is via a probiotic effect modulating the intestinal
flora. The available evidence, primarily from studies in animal
models, suggests that the gut microbiota affect nutrient acquisition
and energy regulation. Microbiota composition has also been
shown to differ in lean vs obese animals and humans. Of particular
interest among the possible mechanisms determining this rela-
tionship is the hypothesis that the metabolic activities of the gut
microbiota facilitate the extraction of calories from ingested dietary
substances and help store these calories in the host adipose tissue
for later use. In fact, the gut bacterial floras of obese mice and
humans include fewer Bacteroidetes and correspondingly more
Firmicutes than those of their lean counterparts, suggesting that
differences in the extraction of calories from ingested food sub-
stances may be due to the composition of the gut microbiota. The
focus on Bacteroidetes, however, seems to be controversial. It has
been hypothesised that more specific modulations of the gut
microbiota community occur in obesity (instead of those at the
wide phylum levels); this hypothesis is supported by several
studies (Delzenne et al., 2011). It is not knownwhether the habitual
intake of whole grain products is able to influence the composition
of the gut microbiota; however, available data in humans indicate
that a diet rich in whole wheat cereals is associated with an
increased number of faecal Bifidobacteria and Lactobacilli, the
target genera for prebiotic intake (Delzenne et al., 2013; Giacco
et al., 2011).

2.3. Grain carbohydrates and prevention of metabolic and
cardiovascular diseases

Epidemiological observations consistently show an association
between consumption of whole grain cereal foods and prevention
of several non-communicable diseases; in particular, several
studies show that subjects who ingest three or more portions of
foods per day based on whole grain cereals have a 20e30% lower
risk of CVD than subjects who consume predominantly refined
cereals. Similarly, a high intake of whole grain cereals and their
products, such as whole wheat bread, is associated with a 20e30%
reduction in the risk of type 2 diabetes (Gil et al., 2011).

Several prospective studies have also shown a more general
inverse relationship between the consumption of fibre-rich foods
and the risk of type 2 diabetes. It is noteworthy that in all of these
studies the intake of cereal fibre in particular was inversely asso-
ciated with the incidence of diabetes (Parillo and Riccardi, 2004). In
fact, the regular consumption of whole grain cereal foods has been
found to be consistently associated with a lower risk of developing
overweight, type 2 diabetes and cardiovascular diseases in both
cross-sectional and longitudinal epidemiological studies (Riccardi
and Rivellese, 2000).

No intervention studies have so far determined the effects of
fibre, glycaemic index and/or whole grains on the prevention of
diabetes, although the most important independent studies aimed
at lifestyle modification also included increases in fibre consump-
tion and, in particular, consumption of whole grain fibre in the
intervention group.

Results from human intervention studies with surrogate end
points consuming whole grain cereal products are not always
consistent since the outcomes may be influenced by a number of
factors such as the type of cereals consumed and their fibre con-
tents together with other dietary factors which may be relevant for
health such as the polyphenol content and the overall diet
composition (Cho et al., 2013).

The benefits of regular intake of whole grain and cereal fibre
may be mediated by the improvement of one or more risk factors
for type 2 diabetes and cardiovascular diseases, such as insulin
resistance, dyslipidemia, inflammation and oxidative stress
(Wirstrom et al., 2013). However, intervention studies of the effects
of whole grain on the regulation of glucose/insulin metabolism
have thus far provided conflicting results. Some clinical trials have
shown an improvement in insulin sensitivity, while other studies
have reported no effect on either glucose or insulin metabolism
(Brownlee et al., 2010). Similarly, conflicting data are available on
the effects of increased whole grain consumption on C-reactive
protein (CRP) and other markers of inflammation (Giacco et al.,
2010). As for the effects of whole grain consumption on lipid
metabolism, there is a general consensus that whole grain cereals
rich in b-glucan, such as oats and barley, have effects on the
reduction of fasting plasma concentrations of both total and LDL
cholesterol. However, clinical trials withwholewheat and/orwhole
grain rye products have reported mixed results (Giacco et al., 2013;
Juvonen et al., 2011; Rosén et al., 2011).

It is possible that the benefits of whole grain consumption in
reducing the risks of type 2 diabetes and CVD could also be
mediated by mechanisms that have not yet been investigated,
particularly in relation to the post-prandial metabolism. A large
body of evidence indicates that metabolic abnormalities in pre-
diabetic insulin-resistant subjects and in diabetic patients are
related more tightly to the post-prandial condition than to the
fasting state. Indeed, increases in blood glucose, insulin and lipids
in the post-prandial period are risk factors for adverse cardio-
vascular events that can also be detected in the absence of altered
fasting parameters (Saris et al., 1998). It can be hypothesised that
whole grain intake exerts its metabolic effects mainly during the
post-prandial period with minimal impact, at least in the short/
medium term, on fasting parameters. In this regard, very few
studies have focused on investigating the effects of whole grain
cereals on post-prandial metabolism. In fact, in acute experi-
mental settings, a reduction in insulin response has been reported
with whole kernel rye/whole rye bread when compared with
white wheat bread. This has been confirmed in longer term
experimental conditions (2e4 weeks) that demonstrated a
reduction of both insulin and glucose post-prandial responses
after a whole grain rye or wheat diet in overweight men (Gil et al.,
2011).

2.4. Resistant starch (RS)

The digestibility of starch is of great importance to human
health (Copeland et al., 2009) with a variable proportion remaining
undigested in the small intestine and reaching the large intestine as
part of the DF fraction where it is fermented by the gut bacterial
microflora. This “resistant starch” (RS) has been defined as “the
starch and products of starch digestion that are not absorbed in the
small intestine of healthy individuals” (Englyst and Cummings,
1985; Asp, 1992) and is subdivided into five categories: physically
inaccessible starch (RSI), resistant starch granules (RSII),
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retrograded starch (RSIII), chemically modified starch (RSIV) and
starch capable of forming complexes between amylose and long
branch chains of amylopectin with lipids (RSV) (Thompson, 2000;
Sharma et al., 2008; Hasjim et al., 2010; Birt et al., 2013). In fact,
the resistance of starch to digestion is influenced by many prop-
erties of the starch granule, such as: size, shape and crystallinity,
lipid, protein and phosphate contents and amylose content
(Themeier et al., 2005; Tester et al., 2006). In addition, food pro-
cessing may affect starch digestibility (Alsaffar, 2011). In terms of
crop modification, attention has been focused almost entirely on
changing the proportions of low branched (amylose) and highly
branched (amylopectin) polymers.

RS has beneficial physiological effects (Nugent, 2005) associated
with metabolic products released during its fermentation in the
large bowel, particularly the production of the SCFAs butyrate, ac-
etate and propionate. These are important metabolites for viscera
contributing to their energetic needs (Topping, 2007). The benefi-
cial effects of the fermentation of RS2 from high amylose maize
have recently been demonstrated by a microarray study carried out
with a total RNA extract from caecal cells in rats (Keenan et al.,
2012). Fermentation of RS resulted in altered expression of genes
involved in cell growth, proliferation and differentiation of the gut,
as well as the expression of genes involved in apoptosis and the
control of cell proliferation. The increased gene expression also
appeared to improve the structure and function of the gastro-
intestinal (GI) tract. SCFAs also play an important role in the
lowering of the pH in the GI tract, which contributes to control of
the proliferation of pathogenic bacteria and avoids the formation of
harmful cytotoxic compounds.

An improvement of blood glucose regulation has been associ-
ated with the consumption of cereals rich in RS (Akerberg et al.,
1998; Granfeldt et al., 1995; Li et al., 2011; Hallström et al., 2011).
RS is similar to NSP in that it can delay gastric emptying, reduce the
rate of glucose absorption and is fermented by colonic bacteria
producing SCFA (Slavin and Green, 2007; Pereira and Ludwig, 2001;
Bodinham et al., 2010).

The metabolism of RS in the large bowel is beneficial because it
is associated with the production of higher levels of butyrate
compared to other types of dietary fibre (Topping and Clifton, 2001;
Topping et al., 2008). RS can also help to control body weight since
it is able to prolong satiety, due to its low energy density, and its
ability to be fermented by colonic bacteria producing SCFAs that are
able to reduce the energy intake (Slavin and Green, 2007; Pereira
and Ludwig, 2001; Bodinham et al., 2010). According to Keenan
et al. (2006), the consumption of resistant starch in the diet rep-
resents also a natural, endogenous way to increase gut hormones,
such as glucagon-like peptide (GLP-1) and peptide YY (PYY) that are
effective in reducing energy intake. The PYY and GLP-1 signals
associatedwith use of RS in the diet may alter the long-term energy
balance by interacting with neuronal pathways in the brain and
also have other benefits such as improved gut health (Slavin, 2013).

In addition to its important impact on health, RS also confers
improved quality features to several food products. RS has the
desirable properties of low water binding capacity, small particle
size, and bland flavour, and has a positive impact on dough rheo-
logical characteristics and product palatability (Sharma et al.,
2008). Aravind et al. (2013) compared the technological, sensory,
and structural properties and in vitro starch digestibility of pasta
enriched with commercial resistant starches at 10%, 20% and 50%
for RS2 and 10% and 20% for RS3with pasta made from 100% durum
wheat semolina, The resultant RS content of pasta was increased
from 1.9% to 21% in the blend made with 50% RS2 and was not
reduced on cooking. Significantly, the results indicated that sub-
stitution of semolina with 10% and 20% RS2 and RS3 had no sig-
nificant effects on pasta loss on cooking, texture and sensory
properties, with only a minimal reduction in pasta yellowness. The
incorporation of commercial high amylose starch in baked products
such as cakes, muffins and biscuits has resulted in significant in-
creases in total DF content and, at the same time, softer texture
(Waring, 2005). RS has also been shown to enhance pasta firmness
and to increase expansion, crispness and oil absorption of snack
foods (Sajilata and Singhal, 2005; Sajilata et al., 2006; Soh et al.,
2006).

The demonstration that the amount of RS2 and the ability to
form RS3 are influenced by the amylose content (Morell et al.,
2004; Rahman et al., 2007) has resulted in interest in increasing
resistant starch through the manipulation of genes involved in the
starch biosynthetic pathway, using classical or novel breeding
approaches.

3. Strategies to improve grain composition

In the past century, breeders have aimed to develop highly
productive and uniform varieties of wheat and other crops, which
has resulted in decreased genetic diversity. It is therefore necessary
to seek ways to increase the range of diversity in key traits.

3.1. Exploiting natural variation

Classical plant breeding depends on exploiting natural variation,
which is generated by recombination during crossing of genotypes
with different genetic backgrounds. The range of variation which is
available varies depending on the trait, and may also be modulated
by interactions between the genotype and environment. Wider
variation may also be available in species related to the crop of
interest, and exploited using “wide crossing”. Depending on the
degree of relationship and sexual compatibility of the crop andwild
relative, this may require the use of embryo rescue or tissue culture
to recover fertile embryos. An extensive programme of back
crossing is also required to eliminate deleterious genes from the
wild relative which are not related to the trait of interest.

3.2. Mutagenesis and TILLING

Mutation breeding, which is based on the use of radiation or
chemical agents to induce mutations, has proved to be very effec-
tive in generating novel genetic diversity for important traits that
has been exploited in breeding programmes. This has resulted in
the production of 3218 different crop cultivars (http://mvgs.iaea.
org/Default.aspx) with economic and social benefits. More
recently, the availability of large genomic resources and bio-
informatic tools together with new sophisticated technologies to
detect mutations in target genes have led to the development of a
technology termed TILLING (Targeting Induced Local Lesions in
Genomes). This approach combines classical chemical mutagenesis
and PCR-based screening to identify mutations in a given gene of
interest (McCallum et al., 2000). TILLING involves the use of
chemical agents such as sodium azide (NaN3) or ethyl methane
sulfonate (EMS) which are able to alkylate nucleotides to induce
point mutations which are randomly distributed over the entire
genome. EMS alkylates guanine bases that will then pair with
thymine instead of cytosine, ultimately resulting in a G/C to A/T
transition. Different high-throughput technologies are available for
mutation detection (Sikora et al., 2011). Treatment of seeds with
EMS is very effective in producing nonsense, missense and silent
mutations. Nonsense mutations can cause loss of gene function,
with truncation or loss of expression of corresponding protein;
whereas missense mutations result in the change of an amino acid
in the protein encoded by the mutated gene. Missense mutations
can also affect the functionality of the protein if they occur in the
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Fig. 2. Pathway of starch biosynthesis in wheat. Modified from Tian et al. (2009) with
permission.
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catalytic domain or affect the protein folding or assembly. Silent
mutations have no effect on the protein sequence or functionality.
Comai et al. (2004) also used TILLING to identify genetic variation in
natural populations and termed this approach EcoTILLING.

Mutagenised populations and TILLING platforms have been
developed for cereals and are being used in functional genomic
studies and practical breeding. In addition, as noted by Sikora et al.
(2011), mutagenised populations can be directly screened for
variation in the content and composition of components including
starch.

3.3. Transgenesis

Transformation systems are now available for the major cereals
(wheat, rice and maize) and most minor cereals (including barley,
oats, triticale, sorghum and tef) (Jones and Shewry, 2008; Dunwell
and Wetten, 2012), with transgenic maize being grown on over 50
million ha in 17 countries in 2012 (http://www.isaaa.org/inbrief/
default.asp). This includes 129,000 ha of transgenic insect resis-
tant maize in five EU countries. Furthermore, transgenesis is
increasingly being applied to improve grain composition and
quality, as reviewed by Dunwell (2014) in this issue. Hence, the
main barrier to the deployment of transgenesis to improve the
health benefits of cereal grain is low acceptability by consumers
and regulatory authorities, with no nutritionally enhanced cereals
currently being grown for human consumption.

4. Improving the starch composition of cereals for health
benefits

4.1. Variation in starch composition

Starch is deposited within amyloplasts in discrete semi-
crystalline structures termed granules. Starch granule size and
shape vary greatly among the different types of cereals. The starch
granules present in members of the Triticeae tribe, wheat, barley
and rye, have a bimodal size distribution with larger ellipsoidal A-
type granules ranging from 10 to 40 mm in diameter and smaller
spherical B-type granules between 2 and 10 mm. Starch granules in
maize have a polyhedral or spherical structure, with a size ranging
between 2 and 30 mm, whereas rice granules exhibit a polyhedral
shape and size ranging between 3 and 8 mm (Tester et al., 2004,
2006).

The relative amounts of amylose and amylopectin and their
molecular structures contribute to its unique properties with
strong effects on specific end uses in the food and manufacturing
industries (Blennow, 2004; Blazek and Copeland, 2008; Copeland
et al., 2009). Data on the role of starch in the prevention of
chronic diseases has stimulated interest in the manipulation of
starch structure in order to increase the health benefits.

Genetic modification of starch composition in cereals, through
modulation of the amylopectin/amylose ratio, has become feasible
thanks to the elucidation of its biosynthetic pathway. Genes
encoding enzymes involved in the synthesis of the two different
polymers have been identified using classical and biotechnological
approaches. Starch synthases (SS), branching and debranching
enzymes (SBE and DBE), which can be found in the soluble fraction
of the endosperm, bound to starch granules, or both, are involved in
amylose and amylopectin synthesis, through two different path-
ways which have ADP-glucose as a common substrate (Fig. 2).
Detailed studies of the changes in structure and composition of
starch inmutants lacking specific enzyme activities, have shed light
on the contributions of different enzymes and led to the possibility
of manipulation of genes involved in the starch biosynthetic
pathway. This has made it possible to tailor starch composition in a
predictable way for specific end uses (Blennow, 2004; Lafiandra
et al., 2010; Blennow et al., 2013).

Detailed accounts of the role of the different enzymes involved
in starch biosynthesis have been provided by several authors
(Hannah and James, 2008; Stone andMorell, 2009; Jeon et al., 2010;
Keeling and Myers, 2010; Zeeman et al., 2010; Tetlow, 2011) and
only a short description will be given here.

A single starch synthase, the granule bound starch synthase
(GBSS), is involved in the synthesis of amylose. This enzyme is also
known as waxy protein reflecting the typical phenotypes of seeds
lacking amylose. In diploid cereals such as maize, barley and rice,
the inactivation of genes encoding GBSS results in starch containing
only amylopectin. In polyploid species, such as bread wheat, the
waxy phenotype may result from the complete inactivation of
genes present at three different loci located on the short arms of
chromosomes 7A and 7D and on the long arm of the chromosome
4A. The inactivation of one or two of these homoeologous genes
results in the production of partial waxy lines (Graybosch, 1998)
which can then be crossed to obtain partial and complete waxy
genotypes in both bread and durum wheats (Graybosch, 1998;
Lafiandra et al., 2010). Complete waxy lines are characterised by
starch with a very low amylose content (0e2%) and unusual func-
tionality, making them suitable for the production of refrigerated
and frozen foods and as fat replacers. Miura et al. (1994) deter-
mined the differential effects of the three waxy protein isoforms on
the amylose content and showed that the largest effect was asso-
ciated with the Wx-B1 allele. Polymorphism at the waxy loci in
durum and bread wheats, and its effect on the amount of amylose,
has also been investigated by Yamamori (2009), identifying alleles
associated with reduced and increased amylose content.

In addition to its role in amylose synthesis, GBSS has been
suggested to play a role in the extension of the extra long chains of
amylopectin (Yoo and Jane, 2002; Tetlow, 2011). Attempts have
been made to relate waxy gene polymorphism with amylose con-
tent. The amylose content of starch in the endosperm is usually
higher in indica rice than in japonica rice and this has been related
to the presence of two types of waxy alleles, Wxa and Wxb. Rice
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varieties with the Wxa allele produce more GBSSI than varieties
with the Wxb allele. The fact that many indica varieties possess the
Wxa allele, while japonica varieties usually have the Wxb allele,
therefore accounts for the higher amylose content in endosperm of
indica rice than in japonica rice (Sano, 1984; Umemoto et al., 2002).

Amylopectin synthesis is more complex than the synthesis of
amylose and involves several different enzymes. Four classes of SS
(SSI, SSII, SSIII and SSIV) have been shown to contribute to amylo-
pectin synthesis through effects on the synthesis of glucan chains of
different length, with SSI appearing to play a direct role in the
synthesis of short glucan chains (DP 6e12) (Tetlow, 2011).

Two different types of SSII genes are present in cereals, with one
being expressed in the endosperm (SSIIa) and the other in the leaf
(SSIIb). Li et al. (1999) have demonstrated that three starch granule
proteins are present in bread wheat. These are called SGP-1(starch
granule proteins-1), previously described by Yamamori and Endo
(1996), and are encoded by the SSIIa genes present on the home-
ologous group 7 chromosomes. Loss of this activity in wheat, rice
and barley (Yamamori et al., 2000; Umemoto et al., 2002; Morell
et al., 2003; Konik-Rose et al., 2007) results in a characteristic
phenotype comprising reduced starch content and swelling prop-
erties, increased amylose content, modified amylopectin chain
length and reduced granule gelatinisation temperature. Genotypes
lacking one of the three possible isoforms have been identified in
wheat (Yamamori and Endo, 1996). Studies of SSIII enzymes have
identified a possible role in the synthesis of amylopectin long
chains and a possible regulatory role in starch synthesis. In addition
mutations in this gene in maize, rice and barley have also been
shown to result in an increased amylose level (Li et al., 2011). No
clear role has been assigned to the SSIV enzymes (Tetlow, 2011).
Branching of the glucan chains is catalysed by starch branching
enzymes, through cleavage of the a-1,4 glucosidic linkage of a
glucan chain and subsequent bonding of the cleaved portion of this
glucan chain to an adjoining chain through an a-1,6 linkage
(Keeling andMyers, 2010). Twomajor classes of SBE, SBEI and SBEII,
have been identified in cereals (Stone and Morell, 2009; Tetlow,
2011). No major effects on starch composition and structure have
been identified when SBEI activity is eliminated, although a regu-
latory role in influencing other SBEs has been suggested (Tetlow,
2011). Branching enzymes of class II include two genes desig-
nated SBEIIa and SBEIIb. In wheat, down-regulation of the SBEIIa
gene results in a phenotype with high amylose content and
modified granule morphology. There is a marked decrease in the
proportion of chain lengths of DP 4e12 and a corresponding in-
crease in the chain lengths greater than DP 12. Whereas no effect is
associated with the loss of expression of SBEIIb in wheat (Regina
et al., 2006; Sestili et al., 2010b), the absence of expression in
maize and rice results in a phenotype, designated as amylose
extender (ae) (Mizuno et al., 1993; Boyer and Preiss, 1978), with a
profound effect on the amount of amylose and the structure of
amylopectin.

It should be stressed that reduction or elimination of starch
branching enzyme activity will not result in the production of true
amylose; the major effect will be the reduction of branch points in
the amylopectin fraction that will result in the formation of an
amylopectin polymer with amylose-like properties (Morell et al.,
2004).

In addition to the enzymes described above, two types of
debranching enzyme (DBEs) have been identified in cereals: iso-
amylases and pullulanases (limit dextrinases). Both hydrolyse a-1,6
linkages of amylopectin but they differ in substrate specificity. The
absence of isoamylase activity is associated with lower starch
content, the formation of a highly branched polymer (phytoglyc-
ogen) and changes in the number and size distribution of starch
granules (Kubo et al., 1999; Fujita et al., 2003; Stahl et al., 2004). In
particular, a strong increase in the total number of granules has
been observed, which are of irregular shape and intermediate in
size compared with the A and B granules normally present in the
Triticeae.

4.2. Natural and induced mutations affecting starch composition

In recent years the manipulation of the amylose-amylopectin
ratio in cereals has been identified as a major target for the pro-
duction of starches with novel functional properties and improved
health benefits. Together with natural mutants, induced mutations
have been extensively explored in order to extend the narrow range
of genetic variation for starch characteristics in crops. The studies
carried out on maize, rice, wheat and barley have indicated that
lack of activity of starch synthase SSII or SBE (SBEIIa or SBEIIb) are
more effective in increasing amylose content in the seeds.

Several mutants influencing the amount and composition of
starch in maize have been identified since the middle of the
twentieth century (Creech et al., 1963; Creech, 1965). The discovery
of the amylose extender (ae) allele by Vineyard and Bear (1952),
which increases the amylose content of starch without affecting
significantly the total amount of starch in the grain, paved the way
for intensive breeding, in both the private and public sectors, that
resulted in the release of maize hybrids with desirable agronomic
qualities and high amylose starch, termed “Amylomaize” (Fergason,
2001). Maize ae mutants lack SBEIIb activity (Hedman and Boyer,
1982; Liu et al., 2012). Subsequent studies have revealed that
mutant ae alleles interact with an unknown number of genetic
modifiers, contributing to the range of values of amylose found
when different inbred lines are crossed (Fergason, 2001).

Commercial maize varieties possessing high-amylose starch
have been classified into amylomaizes V, VI, and VII, reflecting
amylose contents of 50, 60, and 70%, respectively (Vineyard et al.,
1958; Jiang et al., 2010). More recently, breeding has resulted in
the production of maize lines with amylose contents up to 85e90%
(Campbell et al., 2007; Li et al., 2008).

In barley, the first high amylose mutant (45%) was identified by
Merritt (1967) and the gene controlling the trait was designated
amo 1 by Eslick and Ullrich (1977). Treatment of seeds of the barley
variety Himalaya 292 with sodium azide resulted in the identifi-
cation of mutants with amylose content ranging from 65% to 70%
(Morell et al., 2003). Lack of SSIIa protein was observed in the
mutant lines and the DNA sequence of corresponding SSIIa gene
showed the presence of a stop codon responsible for the mutation
and resulting in inhibition of the translation of the transcript.

Chemical and physical mutagens have been used to induce
mutations affecting starch biosynthesis in japonica rice varieties
(Yang et al., 2006). Yano et al. (1985) used chemical mutagens to
identify five mutant lines with amylose contents ranging from
29.4% to 32.4%, compared to 17.4% in the normal variety.

Treatment of the seed of the japonica rice variety Ilpumbyeo
withN-methyl-N-nitrosourea resulted in the production of the new
rice variety Goami 2 with an amylose content of 34%, compared to
Ilpumbyeo that had 18.63% (Kang et al., 2003). According to Butardo
et al. (2012), the higher amylose content of Goami 2 could be due to
a mutation responsible for the trapping and accumulation of SBEIIb
inside the starch granules in much greater amounts compared to
Ilpumbyeo. This could prevent SBEIIb from carrying out its role in
starch biosynthesis if its main function occurs at the surface of the
starch granule.

SDS-PAGE of the starch granule proteins present in a large
collection of bread wheat lines originating from different countries
allowed Yamamori and Endo (1996) to identify mutants lacking
each of the three possible homoeologous SSIIa proteins. The three
different single null mutants were crossed to produce bread wheat
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lines lacking all the three starch synthases proteins by Yamamori
et al. (2000). The starch contents of these lines were about 20%
lower compared to that of normal wheat and the amylose contents
37.4%. Using the SGP-A1 and SGP-B1 mutants identified by
Yamamori and Endo (1996), Lafiandra et al. (2010) produced partial
and complete null lines in the Italian durum wheat cultivar Svevo.
The complete SSIIa null line showed an amylose content of 43.6%
compared to 23% in Svevo.

More recently, Hogg et al. (2013) analysed 255 T. durum acces-
sions and identified two SGP-A1 nulls but no SGP-B1 nulls. The
SGP-A1 nulls were crossed with the durum variety ‘Mountrail’ and
F5-derived SGP-A1 null progeny lines were treated with EMS. One
SGP-B1 null mutation was recovered from each EMS population,
with each being a missense mutation. Each of the SGP-1 nulls was
found to have large increases in amylose content (44.3% and 42.8%
using an iodine colorimetric assay) compared to the wild type
(28.7%).

As mentioned above, the development of TILLING technology
has allowed the generation and detection of novel allelic diversity
in genes involved in starch biosynthesis by several research groups.
Slade et al. (2005) analysed two EMS mutagenised populations of
durum and breadwheat, targeting the waxy genes and were able to
detect 50 and 196 new alleles, respectively in durum and bread
wheats.

TILLING resulted in the identification of more genetic diversity
than had been reported by other research groups analysing wild
and cultivated wheats. An EMS-mutagenised population of the
bread wheat cultivar Cadenza was screened by Sestili et al. (2010a),
combining SDSePAGE analysis of starch granule proteins with
TILLING. In particular, they focused on the SSIIa andwaxy genes and
found single null genotypes for each of the three homoeologous loci
of the target genes. Another application of TILLING tomodify starch
composition in wheat has been reported by Uauy et al. (2009).
These authors targeted genes encoding SBEIIa and SBEIIb in durum
and bread wheat. Screening of the bread wheat TILLING population
identified 65mutations in SBEIIa alleles. In durumwheat, 58 and 35
mutants were detected for the SBEIIa and SBEIIb genes, respectively.
The same genes have been targeted by TILLING in the bread wheat
cultivar Cadenza by Botticella et al. (2011), who reported the
identification of 123 novel allelic variants for the three homoeol-
ogous genes coding SBEIIa. The crossing of knock-out mutants gave
a set of single and double null SBEIIa lines. Pyramiding of two null
homeologs resulted in an increase in the amylose content by up to
21% compared to the control line Cadenza. Although total starch
content decreased slightly, 100 seed weight did not differ signifi-
cantly among the single and double null genotypes with respect to
the control. More recently, Hazard et al. (2012) used a tetraploid
wheat TILLING population, obtained by EMS treatment of the
durum wheat cultivar Kronos, to identify mutations in the two
SBEIIa and SBEIIb genes. Single gene mutants showed no significant
increases in the contents of amylose and resistant starch, but when
a double mutant was obtained, by combining a SBEIIa-A knock-out
mutationwith a SBEIIa-B splice-site mutation, an increase of 22% in
amylose content and 115% in resistant starch content was observed.

Similarly, Slade et al. (2012) used TILLING to identify novel ge-
netic variation in each of the A and B genomes of tetraploid durum
wheat and the A, B and D genomes of hexaploid bread wheat,
identifying deleterious mutations in the form of single nucleotide
polymorphisms (SNPs) in SBEIIa genes. Combining these new al-
leles of SBEIIa resulted in high amylose durum and bread wheat
lines containing 47e55% amylose and with elevated levels of
resistant starch compared with wild type wheat. The high amylose
lines also had reduced expression of SBEIIa, changes in starch
granule morphology and altered starch granule protein profiles as
evaluated by mass spectrometry.
Kadaru et al. (2006) described the application of EcoTILLING to
detect allelic variation in SSIIa and waxy genes in 57 inbred rice
accessions.

4.3. Using transgenesis to modify starch composition

RNA interference (RNAi), offers a robust approach to manipulate
gene expression with the ability to simultaneously suppress
members of multigene families, in order to modify crop quality
traits (Jones et al., 2009) including starch composition. Regina et al.
(2006) used RNAi technology to silence the SBEIIa genes and in-
crease the amylose content of bread wheat. Suppression of SBEIIa
resulted in high amylose contents of the transgenic lines (a value of
88.5% was obtained with iodometric determination and 77.4% using
the size exclusion chromatography). The transgenic line showed
altered starch granule morphology, a marked decrease in the pro-
portion of chain lengths of DP 4e12 and a corresponding increase in
the chain lengths greater than DP 12.

The same approach was used by Sestili et al. (2010b) to increase
the amylose content of two durum wheat cultivars (Svevo and
Ofanto). Although two different methods were used for genetic
transformation (biolistic for cv. Svevo and Agrobacterium for cv.
Ofanto), the silencing of SBEIIa genes produced similar effects. The
Agrobacterium- and biolistic-mediated transformants showed
various levels of silencing between independent transgenic lines.
The abundance of mRNAs of SBEIIa genes varied in the transgenic
lines from nearly undetectable to wild type level, confirming that
the RNAi construct, designed to reduce the expression of SBEIIa
genes, was effective in inducing gene silencing. An increase in
amylose content was found in all transgenic lines but the per-
centage varied between lines, presumably due to differences in
copy number and/or positional effects. One of the lines showed a
high value of 75% amylose content, while in the other lines, the
content varied between 31 and 56%.

In order to define the roles of different isoforms of SBEIIa and
SBEIIb in determining amylose content, chain length distribution,
and branching frequency of starch in barley, Regina et al. (2010)
generated lines with low expression of SBEIIa or SBEIIb, and with
the low expression of both isoforms through RNA-mediated
silencing technology. These lines enabled the study of the role of
each of these isoforms in determining the amylose content, the
distribution of chain lengths, and the frequency of branching in
both amylose and amylopectin. In lines where both SBE IIa and SBE
IIb expression were reduced by >80%, a high amylose phenotype
(>70%) was observed, while a reduced expression of either of these
isoforms alone had little impact on amylose content. The structure
and properties of the high amylose starch resulting from the
concomitant reduction in the expression of both isoforms of SBEII
in barley were similar to the changes in aemutants of maize, which
result from reduced expression of the SBEIIb gene. Analysis of
amylopectin chain length distribution indicated that the SBEIIa and
SBEIIb isoforms play distinct roles in determining the fine structure
of amylopectin. A significant reduction in the frequency of branches
in amylopectin occurred only when both SBEIIa and SBEIIb were
reduced, whereas there was a significant increase in the branching
frequency of amylose when SBEIIb alone was reduced. Functional
interactions between SBE isoforms and a possible inhibitory role of
SBEIIb on other SBE isoforms have been suggested.

The ae phenotype was obtained in rice by Butardo et al. (2011)
by down-regulating the expression of SBEIIb using RNA silencing.
For the first time, artificial microRNA (amiRNA) was used to silence
RNA in rice endosperm, resulting in a more extreme starch
phenotype (with distinct differences in chemistry, crystallinity, and
digestibility) than when hairpin-RNA (hp-RNA) was used for sup-
pression. However, in order to obtain very high amylose rice grains,



D. Lafiandra et al. / Journal of Cereal Science 59 (2014) 312e326320
the expression of multiple starch synthesising enzymes may need
to be down-regulated simultaneously.

Zhu et al. (2012) have inhibited the expression of SBEI and
SBEIIb in the indica rice cultivar Te-qing using a double antisense
construct. One of the transgenic lines showed a large increase in
amylose content, to 64.8% compared to 27.2% in the normal cultivar.
Scanning electron microscopy also showed a drastic change in the
morphology of the starch granules in the transgenic line. Granules
of smaller size, elongated shapes and filamentous structures with
large voluminous bodies with spherical or ellipsoidal profiles were
present in the transgenic line, compared with polygonal shapes
characteristic of the starch granules present in the normal cultivar.

Recently, Carciofi et al. (2012) have silenced all three genes
encoding starch branching enzymes (SBEI, SBEIIa and SBEIIb) in
barley by RNAi, producing transgenic lines with starch granules
containing only amylose. This was achieved using a chimaeric RNAi
hairpin construct with three elements targeting simultaneously
each of the three SBE genes. The starch granules were irregularly
shaped and showed modified thermal properties and crystallinity.

5. Improving cereal cell wall polysaccharides for health
benefits

Increases in the contents of soluble and total DF (AX and b-
glucan) are clear targets for improvement, with the latter contri-
bution to viscosity. More subtle differences in the benefits of AX
and b-glucan may also exist, but have not yet been explored. The
identification, and generation, of variation in the structure and
properties of these two polysaccharides will therefore allow the
relationships between their structures and properties (such as
viscosity and production of SCFA) that affect health benefits to be
defined and exploited to produce new types of cereals with
enhanced benefits.

5.1. Cell walls of grain tissues

AX and b-glucan account for about 70% and 20%, respectively, of
the total cell wall polysaccharides in the starchy endosperm of
wheat, with smaller amounts of cellulose ((1 / 4)-b-D-glucan)
(about 2%) and glucomannan (about 7%) (Mares and Stone, 1973).
Callose ((1 / 3)-b-D-glucan) is deposited in the early stages of
endosperm development (Philippe et al., 2006; Pellny et al., 2012),
and it is also possible to detect xyloglucan in the cell walls of the
young developing endosperm using a specific antibody (Pellny
et al., 2012). The inability to detect callose, xyloglucan or other
minor cell wall polysaccharides by immunolabelling in the mature
endosperm could be due to masking by the later deposition of
major polysaccharides rather than their absence.

Whereas the starchy endosperm of rye is also rich in AX, the
starchy endosperm cells of both barley and oats have higher con-
tents of b-glucan than of AX. In barley, the proportions of AX, b-
glucan, cellulose and glucomannan have been reported as about
20%, 70%, 3% and 2%, respectively (Fincher, 1975).

The bran fraction produced on milling comprises the pericarp
and testa (often called the outer layers), the aleurone layer and, in
most milling processes, also the embryo (germ). In wheat the al-
eurone accounts for about 6.5% of the whole grain, the outer layers
for about 7e8% and the germ for about 3% (Barron et al., 2007).

The aleurone layer is the outer part of the starchy endosperm,
which consists of a single layer of cells in wheat, rye and oats but
usually three layers of cells in barley (except for the region adjacent
to the germ which is a single layer). The aleurone cells have thick
walls which account for 35e40% of the dry weight of the tissue in
wheat (Barron et al., 2007). The aleurone cells of wheat, barley, rye
and oats are all rich in AX, accounting for about 65% and 67% of the
total in wheat and barley, respectively (Bacic and Stone, 1981). The
aleurone cell walls of these two species also contain 26% and 29% b-
glucan, respectively, and about 2% each of cellulose and gluco-
mannan (Bacic and Stone, 1981).

The outer layers of the grain have been studied in most detail in
wheat, where they comprise about 45e50% cell wall material
(Barron et al., 2007). The major tissue is the pericarp which is
similar in cell wall composition to vegetative tissues such as straw,
containing about 30% cellulose, 60% AX and 12% lignin and lacking
b-glucan (Stone and Morell, 2009).

5.2. Variation in AX structure between tissues

The AX in the cell walls of starchy endosperm cells of wheat has
a low level of ferulylation, accounting for about 0.3% of the total AX,
and only traces of ferulic acid dimers and no triferulate or p-cou-
maric acid (Barron et al., 2007; Saulnier et al., 2012). By contrast, the
aleurone cell walls contain about 3.2% ferulate and 0.45% diferulate
(both % total AX) (Saulnier et al., 2012) and p-coumaric acid (0.2e
0.3mg/g tissue) (Barron et al., 2007), with the latter being proposed
as a biochemical marker for the tissue (Hemery et al., 2009). The AX
in the outer layers varies in structure between the different layers
but is generally more highly substituted than in the endosperm
tissues, containing galactose and glucuronic acid, and is therefore
often termed glucuronoarabinoxylan. It is also acetylated and
highly ferulylated, with triferulic acid being abundant in the outer
pericarp (over 1 mg/dry weight of tissue) and therefore providing a
good marker for the tissue (Hemery et al., 2009).

Both AX and b-glucan are frequently fractionated into water-
extractable (i.e. soluble) and water-unextractable (insoluble)
forms, which are referred to as WE and WU with the total being
TOT. Variation in the proportions of these fractions is discussed
below.

5.3. Genetic variation in AX and b-glucan content and composition

A number of comparative studies have been reported of varia-
tion in the contents of AX and b-glucan in wholemeal, flour and
bran of wheat (reviewed by Shewry, 2013). The most extensive of
these was the EU FP6 HEALTHGRAIN study, in which 151 wheat
lines (selected to represent a range of geographical origins and
release dates) were grown on a single site in Hungary (Gebruers
et al., 2008; Ward et al., 2008). The grain was milled to separate
white flour and bran fractions. TOT-AX in bran varied from about 13
to 22% dry weight, withWE-AX varying from 0.3% to 0.85% (i.e. only
2%e5% of the TOT-AX was water-soluble, see Fig. 3). The content of
TOT-AX in flour varied from 1.35% to 2.75% and WE-AX from 0.30%
to 1.4%, accounting for 20%e50% of the total (Fig. 3). Hence, wheat
bran is rich in insoluble AX while up to 50% of the AX in the flour is
water-soluble. In the same study, wholemeal flours from the same
lines contained from 0.5% to 0.95% dry weight of b-glucan.

A similar large scale study was reported by Pritchard et al.
(2011), who analysed wholemeal flour of 338 hexaploid wheat
lines from the Australian Winter Cereals Collection. The total con-
tent of non-starch polysaccharides ranged from 3.18% to 9.14%, TOT-
AX from 2.37% to 6.58% and b-glucan from 2.0% to 14.3%. Although
most of the lines had been grown at Temora (NSW) this was at
different times and it is possible that some of the variation was due
to the environment in the different years.

Genetic variation in the fine structure of AX in wheat flour, and
in particular the proportions of monosubstituted and disubstituted
xylose residues, is also revealed by endoxylanase digestion to
release oligosaccharides which are then separated by HP-AEC to
give an “enzyme fingerprint” (Shewry et al., 2010a; Toole et al.,
2011).



Fig. 3. The content of WE-AX in four and bran of 150 wheat lines, expressed as % TOT-AX. Based on data reported by Gebruers et al. (2008).
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Henry (1986) showed that b-glucan varied from 3.44% to 5.68%
dry weight and pentosans (i.e. AX) from 4.38% to 7.79% dry weight
in 17 cultivars of barley grown at three locations in Australia. The
ratio of pentosans to b-glucan varied from 2.26 to 1.05, and their
combined amounts from 8.5% to 11.8% dry weight. Similarly, Henry
(1985) showed that total b-glucan varied from 4.03% to 5.26% in 13
cultivars and 12 lines grown on two sites in Australia over two
years.

The solubility of b-glucan varies significantly between species,
being about 10e15% of the total in white flour of wheat (Nemeth
et al., 2010) but much higher in barley and oats.

To the best of our knowledge there is no information onwhether
the amounts, proportions and structures of AX and b-glucan vary
significantly among aleurone tissues of different genotypes of
cereals.

Andersson et al. (2013) carried out a more extensive analysis of
DF components in whole grains of 129 winter wheat lines in the
HEALTHGRAIN collection. This showed that total DF (analysed by
the Uppsala method) varied from 11.5% to 15.5%, cellulose from
1.67% to 3.05% and fructans from 0.84% to 1.85% dry weight.

It should be noted that the HEALTHGRAIN study is currently the
only large scale systematic comparison of DF in flour and bran in
multiple wheat lines. Furthermore, although 151 lines were studied
these only represent a fraction of the variation present in wheat;
Feldman (1995) estimating the existence of at least 25,000 different
wheat varieties and lines. Hence, wider germplasm screens will
undoubtedly identify further variation that could be exploited.

5.4. Heritability and genetic control of AX and b-glucan

The studies discussed above have shown that the contents of AX
and b-glucan vary widely between genotypes of wheat and other
cereals inwhole grain, white flour and bran fractions. However, this
could result from effects of the environment as well as genetic dif-
ferences, and to specific interactions between the genotype and
environment. It is therefore important to determine the extent to
which the differences observed are heritable. Analyses of genotypes
grownonmultiple sites allow the variation to bepartitioned into the
effects of genotype, environment and genotype � environment,
with the ratio of genetic variance to total variance providing an es-
timate of the “broad sense heritability” of the trait. Analyses of 26
lines from the HEALTHGRAIN collection grown in six environments
(sites and/or years) provided ratios of 0.39 and 0.71 for TOT-AX in
bran andflour, respectively, and0.47 and0.59 forWE-AX inbran and
flour (Gebruers et al., 2010; Shewry et al., 2010a). The ratio for total
b-glucan in wholemeal was 0.51. A similarly high heritability (ratio
of 0.75) was reported for WE-AX in flour by Martinant et al. (1999).
However, contrasting results were reported by Li et al. (2009) who
carried out multisite trials with 50 wheat lines (25 spring and 25
winter) in the USA. They showed that environment had a much
greater impact than genotype on WE-AX and TOT-AX in the winter
lines and on WE-AX in the spring lines. Hence the relative contri-
butions of genotype and environment may vary with the genotypes
and environments which are compared.

A series of analyses of mapping populations have allowed major
quantitative trait loci (QTL) for AX to be identified in wheat.
Martinant et al. (1998) analysed two mapping populations to
identify a major QTL for WE-AX, extract viscosity and the ratio of
arabinose to xylose in AX on chromosome 1B. Quraishi et al. (2010)
combined the data from these and five more crosses (Laperche
et al., 2007; Charmet et al., 2009; Quraishi et al., 2009; Perretant
et al., 2000) to identify three “meta-QTL” on chromosomes 1B, 3D
and 6B, while Charmet et al. (2009) reported that the QTL on 6B
accounted for up to 59% of the variation in WE-AX viscosity in the
two populations. Association genetic analysis of the HEALTHGRAIN
diversity collection of 156 wheat lines (131 winter and 20 spring
bread wheats and five Triticum spelta lines grown in Hungary in
2005) identified seven loci involved in WE-AX viscosity, three of
which co-located with the meta-QTL located on chromosomes 1B,
3D and 6B and four additional loci on chromosomes 3A, 5B, 7A and
7B (Quraishi et al., 2010). The most significant locus identified by
both these studies was that on chromosome 1B and Quraishi et al.
(2010) have shown that this region of the chromosome contains
four genes which may contribute to the trait. This work should



D. Lafiandra et al. / Journal of Cereal Science 59 (2014) 312e326322
therefore facilitate the development of molecular markers to allow
plant breeders to screen for high flour WE-AX. Less is known about
the genetic control of TOT-AX in flour or of AX structure, but
Saulnier and colleagues have used endoxylanase digestion followed
by HP-AEC to show that cultivars vary in AX structure, and in
particular in the proportions onmonosubstituted and disubstituted
xylose residues (Shewry et al., 2010a, 2010b; Toole et al., 2011).

The heritability of the amount of ferulic acid bound to AX has
not been determined in wheat flour, but the heritability of total
bound phenolic acids (which comprised an average of 74% of total
phenolic acids in these samples (Fernandez-Orozco et al., 2010)) in
wholemeal of wheat is low (a ratio of 0.26) (Shewry et al., 2010a).

5.5. Manipulation of AX and b-glucan

The existence of genetic variation in AX amount, solubility and
composition provides opportunities for plant breeders to produce
improved lines using marker assisted selection. However, it is also
possible to generate more precise changes in amount and compo-
sition using transgenesis and mutagenesis.

It is now well-established that the biosynthesis of b-glucan is
mediated by the Cellulose synthase-like (Csl) F6 gene in barley
(Burton et al., 2006) and wheat (Nemeth et al., 2010) and the over-
expression of this gene under an endosperm-specific promoter in
transgenic barley resulted in an increase in the b-glucan content of
the grain by 80% (Burton et al., 2011). Burton et al. (2011) also showed
that over-expression of the related CslF4 gene under the control of a
constitutive promoter resulted in increased b-glucan in grain.
Although the same enzymes appear to catalyse the formation of both
1 / 3 and 1 / 4 linkages, the expression of the two transgenes
resulted in contrasting effects on the ratio of DP3 andDP4 fragments
released by digestion with lichenase (indicating different distribu-
tions of the two types of linkage) (Burton et al., 2011). Consequently,
transgenic expression of CslF may be used not only to increase the
content of total b-glucan but also to modify its fine structure. Cseh
et al. (2001) also reported the presence of increased b-glucan in a
4BS.7HLwheat-barley translocation linewhich contained the barley
CslF6 genes in the centromeric region of chromosome 7HL, indi-
cating that chromosome engineering could also be used to modify
the content and properties of b-glucan in wheat grain.

The application of mutagenesis to manipulate grain b-glucan
was reported for oats by Sikora et al. (2013). They analysed 1700
lines of a mutagenised population, obtained by EMS treatment of
the variety Belinda (Chawade et al., 2010), and identified lines with
Fig. 4. Proposed pathway of arabinoxylan synthesis. Key enzymes are in blue boxes. (For int
web version of this article.)
altered b-glucan levels. The differences observed between the lines
were great, with the b-glucan levels ranging from 1.8% to 7.5%,
compared to a value of 4.9% for the parent variety. Mutants with
altered b-glucan structure were also identified.

By contrast to b-glucan synthesis, the pathway of AX synthesis
involves several enzymes and is still incompletely understood
(Fig. 4). Mitchell et al. (2007) used bioinformatics to identify
candidate genes for AX synthesis (xylan synthase and arabinosyl
transferase) in the glycosyl transferase (GT) families 43, 47 and 61
and for feruloylation of arabinose in the Pfam family PF02458.
These predictions have been borne out by experimental studies, in
which candidate genes have been functionally characterised by
expression in transgenic wheat or Arabidopsis. In wheat, most GT
genes occur in multiple forms, with three homoeoalleles of each
form present on the A, B and D genomes. Forms which are highly
expressed in the developing starchy endosperm were therefore
identified using EST databases (Mitchell et al., 2007), Affymetrix
arrays (Wan et al., 2008) and RNA-Seq (Pellny et al., 2012).

Six forms of GT61 were identified as expressed in developing
starchy endosperm of wheat, with GT61_1 being the most highly
expressed (Pellny et al., 2012). RNAi was therefore used to suppress
the expression of GT61_1 in developing starchy endosperms, using
a construct designed to suppress all three homoeoalleles (Anders
et al., 2012). This resulted in a specific reduction in the abun-
dance of monosubstituted xylose residues in AX, demonstrating
that the GT61_1 gene encodes an arabinosyl transfer which is
specific for this position. The RNAi suppression of GT61_1 resulted
in decreased TOT-AX and in reduced proportions of WE-AX in two
lines (Anders et al., 2012), demonstrating that the pattern of ara-
binosylation can be manipulated to change AX solubility. Several
other forms of GT61 are also expressed in the developing starchy
endosperm (Pellny et al., 2012) and are expected to include forms
encoding enzymes that catalyse the addition of arabinose to the 2
and 3 positions of disubstituted xylose residues, and ferulylated
arabinose to the 3 position only.

A similar approach was used to functionally characterise the
highly expressed GT43_2 and GT47_2 genes, which were putatively
identified as encoding xylan synthases based on their relationship
to the IRX10 and IRX9 genes, respectively, of Arabidopsis (Brown
et al., 2007, 2009). In both cases RNAi suppression resulted in
decreased total xylan, with no apparent effects on the proportions
of monosubstituted and disubstituted xylose residues (Lovegrove
et al., 2013). It is therefore probably that these two genes encode
xylan synthases responsible for synthesis of the xylan backbone.
erpretation of the references to color in this figure legend, the reader is referred to the
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RNAi suppression of GT43_2 and GT47_2 also resulted in
decreased total AX and in reduced viscosity of aqueous extracts.
Determination of the concentration and intrinsic viscosity profiles
of WE-AX separated by size-exclusion HPLC showed increased
proportions of smaller AX chains in the transgenic lines. However,
differences were also observed between GT43_2 RNAi and GT47_2
RNAi lines, with the latter having a greater effect (Lovegrove et al.,
2013). The functions of other expressed forms of GT43 and GT47
(Pellny et al., 2012) are currently under investigation.

Functional characterisation of the genes responsible for fer-
ulylation of AX has provedmore elusive but transcriptomic analysis
in wheat (Pellny et al., 2012) and RNAi suppression in rice (Piston
et al., 2010) indicates the importance of genes from the BAHD
clade of the PF02458 family.

It is clear, therefore, from these studies that the amounts and fine
structures of both b-glucan and AX can be manipulated by altering
the total and relative activities of biosynthetic enzymes. This could
be achieved by transgenesis or mutagenesis (TILLING). However,
because in wheat, most (probably all) genes encoding enzymes of
cell wall biosynthesis occur in three forms, it is necessary to identify
and “knock- out” at all three loci to observe effects on cell wall
composition. It should also be noted that mutagenesis rarely results
in increased gene expression, and is only routinely applicable where
the required phenotype can result from gene knock-out(s).

6. Conclusions

The polysaccharides of cereal grain are not only important
sources of calories in the human diet but also have health benefits
related to their physical properties, digestion in the small intestine
and fermentation in the colon. These contribute to the well-
established health benefits associated with the regular consump-
tion of whole grain cereal foods. There is therefore considerable
interest in modifying the amounts and compositions of starch and
the major non-starch polysaccharides (arabinoxylan and b-glucan)
to develop new types of cereals with improved health benefits,
notably reduced glycaemic index in the small intestine and
improved properties as DF in the colon. This may be achieved by
exploiting genetic variation in composition with the ability to
generate additional variation using mutagenesis and transgenesis.
The development and adoption of such varieties will allow health
benefits to be delivered to large populations in low cost staple foods
such as bread, noodles and pasta.

TILLING technology provides a very powerful non-GM approach
to identify useful mutations which can be exploited in conventional
plant breeding, as demonstrated by the increasing number of
platforms developed in different crops (Sikora et al., 2011). In
addition, the access to this technology is being facilitated by the
establishment of public services offered by many laboratories. This
technology should therefore make it possible to modify starch and
NSP polysaccharide composition in a wider array of cereal crops, to
generate healthier food products with increased amounts of fibre
and/or resistant starch.
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