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ABSTRACT

Noncellulosic polysaccharides from the cell walls of cereal grains are
not digested by human small intestinal enzymes and so contribute to total
dietary fiber intake. These polysaccharides are becoming recognized in-
creasingly for their potential to lower the risk of serious diet-related con-
ditions such as type II diabetes, cardiovascular disease, colorectal cancer,
and diverticular disease. The effectiveness of noncellulosic cell wall poly-
saccharides in improving health outcomes is related to the fine structure
and associated physicochemical properties. The two most nutritionally
relevant wall polysaccharides of cereal grains are the arabinoxylans and
the (1-3,1-4)-B-D-glucans. These polysaccharides have high molecular
mass values but are nevertheless soluble in aqueous media, at least in
part, where they adopt highly asymmetrical conformations and conse-
quently form high viscosity solutions. Thus, arabinoxylans and (1-3,1-4)-
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B-D-glucans contribute to the soluble fiber component of human diets.
The molecular size, solubility, and viscosity of the polysaccharides vary
widely not only between different cereals but also within a single species.
The variability in these properties reflects differences in the chemical
structure of the polysaccharides, which in turn influences the beneficial
effects of arabinoxylans and (1-3,1-4)-B-D-glucans in human diets. Here,
we summarize information on the variability of fine structures of the
arabinoxylans and (1-3,1-4)-pB-D-glucans in common cereals and relate
these to solubility, viscosity, and health benefits. The recent identification
of genes involved in the biosynthesis of the (1-3,1-4)-B-D-glucans opens
the way for the genetic improvement of cereal quality parameters that are
important in human health.

Cereal grains contain macronutrients such as protein, fat, and
carbohydrate that are required by humans for growth and mainte-
nance, but cereals also supply important minerals, vitamins, and
other micronutrients that are essential for optimal health. Indeed,
a major proportion of these nutrients for humans is obtained from
foods prepared from cereal grains including rice (Oryza sativa),
wheat (Triticum aestivum), barley (Hordeum vulgare), sorghum
(Sorghum bicolor), and the millets (Panicum miliaceum and Pen-
nisetum americanum).

In traditional agrarian societies, cereal starches remain the prin-
cipal sources of energy, where they are largely consumed as whole
grains, which includes the pericarp-seed coat and the aleurone
layer and so are relatively high in fiber content. This is not the
case in industrialized countries where refined, low-fiber foods are
the norm (Marquart et al 2007). It is becoming clear that whole
grain cereal foods in general have considerable potential to im-
prove human health and to substantially lower the risk of serious,
diet-related diseases. One of the most important components of
whole grain cereals from this standpoint is a complement of indi-
gestible complex carbohydrates (dietary fiber). Within the grain
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nonstarch polysaccharides (NSP), resistant starch (RS), and oligo-
saccharides (OS) are the major contributors to total dietary fiber
(TDF). Of these, human intestinal enzymes can digest only starch.
All other plant polysaccharides have a monomeric composition or
stereochemistry that renders them resistant to human digestive
enzymes. Thus, arabinoxylans and (1-3,1-4)-B-D-glucans are NSP
that constitute the noncellulosic component of cell walls and cell
wall residues in cereal grains, but they are not digested by human
enzymes, and make up an important proportion of dietary fiber in
many diets.

Dietary Fiber and Human Health

Dietary fiber reduces the risk of contracting serious human dis-
eases and reduces the adverse social and personal impact of con-
ditions such as colorectal cancer (CRC), cardiovascular disease
(CVD), and diabetes. These are global issues and are established
as the main causes of morbidity and mortality in affluent, devel-
oped economies (Jemal et al 2005). There is strong evidence that
they are also emerging as serious problems in developing coun-
tries through growing affluence that is flowing from industrializa-
tion (Mascie-Taylor and Karim 2003). This time-trend not only
supports the role of diet and lifestyle as risk factors for these con-
ditions, but is also informative as to opportunities for prevention.

The strongest evidence for the contribution of dietary fiber to
disease prevention comes from prospective cohort studies such as
the European Prospective Investigation into Cancer and Nutrition
(EPIC). Typically, these involve the assessment of the diet and
lifestyle characteristics of large groups of people who are moni-
tored for an extended period of time and are also assessed for
clinical events. Data from EPIC show very strong, dose-dependent
reduction in the risk of CRC with greater dietary fiber consump-
tion (Bingham et al 2003). Other studies have shown similar re-



ductions in the risk of obesity (Lui et al 2003; Koh-Banerjee et al
2004), diabetes (Jacobs and Gallaher 2004), diverticular disease
(Aldoori et al 1998), and CVD (Jacobs and Gallaher 2004).

Some of the effects of dietary fiber reflect NSP indigestibility.
This is particularly the case for insoluble NSP, which are major
constituents of plant cell walls. Products such as wheat bran are
extremely effective at relieving constipation through a stool bulk-
ing effect. However, it is clear that not all NSP are equal, and
fractions containing pentosans are particularly effective over other
polysaccharides in increasing fecal bulk (Cummings 1992). The
reason for this is not clear but may reflect water-holding capacity.
However, NSP have effects above and beyond simple indigestibil-
ity and they can be subdivided further on the basis of aqueous
solubility into soluble and insoluble NSP. It must be emphasized
that this solubility may be demonstrated under conditions that do
not occur in the human small intestine (Topping 1991).

NSP in Plasma Cholesterol and Cardiovascular Disease

The terms “soluble fiber” and “insoluble fiber” have entered
into common usage and also serve to segregate NSP on the basis
of the best-documented physiological effect, lowering of plasma
cholesterol, an established risk factor for CVD (Clearfield 2006).
CVD is characterized by infiltration of lipoprotein cholesterol
into major arteries. This process is known as atherosclerosis and
can lead to progressive occlusion of the circulatory system, which
results in impaired cardiac or brain function and, if unchecked, to
tissue necrosis and death. CVD has a number of risk factors such
as age and gender that cannot be altered. Modifiable risk factors
include cigarette smoking, physical activity, and raised plasma low
density lipoprotein (LDL) cholesterol. LDL is the major plasma
vehicle for transporting cholesterol to the tissues and its connec-
tion to atherosclerosis is clear. Cereals high in soluble NSP can
lower plasma cholesterol effectively. At the least, these reductions
are ~3-5% and are obtained through the consumption of foods in
quantities that consumers are likely to eat (Kestin et al 1990). The
lowering of total and LDL cholesterol has been demonstrated
particularly through the consumption of oats and to a lesser extent
barley (Truswell 2002).

Both cereals contain soluble NSP (1-3,1-4)-3-D-glucans, which
are thought to be the active agents (Dikeman and Fahey 2006).
Studies in humans and animals with isolated (1-3,1-4)-B-D-
glucans have shown reductions supporting this hypothesis. How-

ever, there are some contradictory data generated using (1-3,1-4)-
B-D-glucan-enriched fractions (Keogh et al 2003). The reasons for
this uncertainty are very important and may reflect isolation proce-
dures, food production methods, or other factors.

NSP and Diabetes

The (1-3,1-4)-B-D-glucans and other soluble NSP, such as ara-
binoxylans, are thought to modulate digestion by relatively high
viscosity in aqueous media (Dikeman and Fahey 2006). The high
viscosity is believed to slow the flow of digesta, which would
attenuate fat and cholesterol absorption and the reabsorption of
bile acids. It is also thought to contribute to the effects of soluble
NSP through the absorption of other nutrients including glucose,
which leads to a lowering of the glycemic response. The glucose
released during starch digestion is absorbed and enters the circu-
lation, raising blood concentrations and stimulating the secretion
of insulin, which maintains homoeostasis through uptake of glu-
cose by peripheral tissues. The speed and magnitude of the rise in
blood glucose concentration are of considerable significance, es-
pecially in individuals with diabetes, where insulin secretion is
inadequate or insulin action is impaired. The effect of soluble
NSP in slowing glucose absorption is therefore of considerable
benefit in terms of diabetes risk and management but also has
implications for overall starch digestion. The presence of soluble
NSP in foods, even at very modest levels, limits amylolysis so that
the RS content is increased (Topping 2007). This leads to an area
of growing interest for human health, the relationship between
undigested fiber carbohydrates and the large bowel microflora.

NSP, Bowel Microflora, and Fermentation

The human cecum and colon support a numerically large, taxo-
nomically diverse, and metabolically active bacterial population
that ferments unabsorbed dietary carbohydrates. The main meta-
bolic end products include short chain fatty acids (SCFA), in par-
ticular acetate, propionate, and butyrate. Many of the health
benefits of NSP and other complex carbohydrates accrue from the
presence of these acids (Topping and Clifton 2001). SCFA are
absorbed during passage of the fecal stream and <10% of those
produced appear in excreted feces. The SCFA taken up from the
large bowel are metabolized by the viscera and contribute to en-
ergy needs. While major SCFA acids make a general metabolic
contribution, butyrate in particular has attracted considerable in-

TABLE I
Composition of Cell Walls of Cereal Grains (% by wt)?

Cereal Cellulose Glucomannan (1-3,1-4)-B-p-Glucan Heteroxylan Pectin Lignin Protein®
Wheat (Triticum aestivum L.)

Aleurone 2 2 29 65 - - 1

Starchy endosperm 2 2 20 70 - - -

Bran 29 - 6 64 - 8.3 9.2
Barley (Hordeum vulgare L.)

Aleurone 2 2 26 71 - - 6

Starchy endosperm 2 2 75 20 - - 5
Rice (Oryza sativa L.) -

Starchy endosperm 28 15¢ 204 274 3 - 18

Bran 9 3 6 60 8 12 8
Maize (Zea mays L.) - -

Bran 22.5 - - 67.5 - - -
Oats (Avena sativa L..)®

Starchy endosperm - - 85 - - - -
Rye (Secale cereale L.)f

Aleurone 8 - 13 68 - - -

Starchy endosperm 6 - 12 65 - - -

a Extracted from Fincher and Stone (2004).

b Values for wall protein may include cellular proteins.
¢ Some genotypes had very low glucomannan content.
4 Xyloglucan/mannan.

¢ Millar et al (1995).

f Extracted from Glitso and Knudsen (1999), based on percentage of total nonstarch polysaccharides.
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terest for its potential to promote large bowel health. It is the pre-
ferred metabolic substrate for colonocytes and its oxidation is
thought to provide energy for the uptake of cations and for the
salvage of water. This is an important function for the normal gut
but has a considerable therapeutic potential in infectious watery
diarrhea (Ramakrishna et al 2000).

Butyrate is also believed to make an important contribution to
lowering the risk of chronic diseases. A substantial body of ex-
perimental evidence indicates that it acts to promote a normal
colonocyte phenotype through the repair of damaged DNA and
induction of programmed cell death, or apoptosis, in transformed
cells. These and related actions are thought to lower the risk of
CRC and help to explain the protective effect of fiber. While it
appears that RS fermentation favors the production of butyrate,
evidence is emerging that arabinoxylans may also be fermented to
a substantial degree and may have a role to play in regulating
SCFA production in humans (Lu et al 2000a,b).

NSP and Emphysema

It is clear that cereal NSP have an established and growing
connection to human health which is of considerable socio-
economic importance through the reduction of diet-related dis-
ease. A population study has shown a new and unexpected rela-
tionship in the lowering of risk of emphysema by greater fiber
consumption (Kan et al 2008). This disease is found most com-
monly in cigarette smokers and the protection mechanism is un-
clear. This is just one of the emerging drivers for a more thorough
understanding of the relationship between the chemical structure
of NSP, their physical properties, and mode of action in the gas-
trointestinal tract.

(1-3,1-4)-B-p-Glucans and Arabinoxylans in Cereal Grains

The NSP of cereal grains include cellulose, (1-3,1-4)-3-D-glu-
cans, heteroxylans, glucomannans, xyloglucans, pectic polysac-
charides, callose, fructans, and arabinogalactan-proteins. However,
the heteroxylans and the (1-3,1-4)-B-D-glucans usually predomi-
nate, and attention is focused on these two polysaccharides in this
review. Substituents on heteroxylan chains of the starchy endo-
sperm and aleurone cells of cereal grains are mostly a-L-arabino-
furanosyl residues and therefore these polysaccharides will be
referred to as arabinoxylans. The absolute amounts of these major
NSP of cereal grains, the arabinoxylans and (1-3,1-4)-p-D-glucans,
vary considerably depending on the cereal species (Table I), the
genotype of the individual cereal species, and on environmental
conditions during grain development and maturation.

Among cereal grains, barley and oats contain the highest level
of (1-3,1-4)-B-D-glucans (Table II), with contents on a dry basis
reported to be 3-20% and 3—7% (Welch and Lloyd 1989; Wood et
al 1991; Rudi et al 2006), respectively. The (1-3,1-4)-B-D-glucans

are the major endosperm cell wall components of both species,
where they contribute ~75% of the total cell wall material. Wheat
is not recognized as a significant source of (1-3,1-4)-B-D-glucan
because of it has much lower content in the grain. These are usu-
ally <1% on a dry weight basis, although values <2.3% have been
reported (Fincher and Stone 2004). Rice, rye, and maize also con-
tain levels <2% (Table II).

Arabinoxylan is a major component of the cell walls of the en-
dosperm in most cereal species and is the dominant component of
wheat, rye, and maize endosperm walls (Table I). Rye and wheat
have the highest content with reported ranges of 7.1-12.2% and
4-9%, respectively. This is followed by barley, maize, rice, and
oats. The lowest levels are found in sorghum, which has levels of
<2% (Table III).

Molecular Diversity of (1-3,1-4)-B-D-Glucans
Chemical Structure

Cereal (1-3,1-4)-B-D-glucan consists of long chains of glucosyl
residues linked through both (1-3)- and (1-4)-B-linkages, in pro-
portions of 1:2.2 to 1:2.6 (Fig. 1A) (Fincher 1975; Bacic and
Stone 1981). The distribution of the two linkage types is neither
random nor is it a strictly repeating arrangement. The (1-3)-link-
ages appear to be occurring singly, while most of (1-4)-linkages
occur in groups of two or three, leading to a structure of predomi-
nantly (z90%) (1-3)-B-linked cellotriosyl and cellotetraosyl units.
Longer blocks of 4-14 contiguous (1-4)-f-linked glucosyl resi-
dues account for the rest of the structure (Cui and Wood 2000).
The presence of irregularly spaced (1-3)-linkages prevents exten-
sive alignment or crystallization of otherwise long glucan chains by
introducing molecular kinks and bestows apparent water solubil-
ity on the cereal -glucan.

Distribution in Cereal Kernels

In general (1-3,1-4)-B-D-glucan in cereals occurs in the sub-
aleurone and endosperm cell walls (Cui and Wang 2009). Differ-
ent cereals exhibit different distribution patterns in the kernels:

Oats. The distribution of (1-3,1-4)-B-D-glucan in the oat kernel
appears to vary between low and high (1-3,1-4)-B-D-glucan culti-
vars, showing concentrations in the subaleurone layer in the low
(1-3,1-4)-B-D-glucan cultivars, and an even distribution across the
endosperm in the high (1-3,1-4)-B-D-glucan cultivars (Fulcher and
Miller 1993).

Barley. There is no particular concentration of (1-3,1-4)-p-D-
glucan in the subaleurone layer in barley as there is in oats and
the distribution appears to be even across the endosperm (Autio
2006; Cui and Wang 2009).

Wheat. There is a significant concentration of (1-3,1-4)-B-D-
glucan in the subaleurone layer in wheat with little found in the
rest of the endosperm (Beresford and Stone 1983; Autio 2006).

TABLE 11
Properties of (1-3,1-4)-B-D-Glucans in Cereal Species

Total B-Glucan Water-Extractable Water-Extractable Intrin. Viscosity Molecular DP3:DP4  (1-4),(1-3)
Cereal (g/100 g flour)? (g /100 g flour)? % Total B-Glucan®® (dL/g)* Wt (kDa)© Ratio Linkages
Wheat (Triticum aestivum L.) 0.5-2.3 0.02 1-4 4.96 350-800 3.0-4.5:1 222612
Barley (Hordeum vulgare L.) 2.0-20.0¢ 1.7-2.6f 36-54 4.6-6.9 800-2,000 2.8-3.3:1 -
Oats (Avena sativa L.) 3.8-6.1 3.7-5.0 82-97 2.0-9.6 800-2,000 1.8-2.4:1 -
Rice (Oryza sativa L.) 0.13 0.03 23 - - -
Rye (Secale cereale L.) 1.0-2.0 - - 5.9 - 2.7-3.2:1 -
Sorghum (Sorghum bicolor L.) 1.1-6.2 - - - - - 1.15:1¢
Maize (Zea mays L.) 0.8-1.7 - - - - - -

a Extracted from Fincher and Stone (2004) and Fincher and Stone (1986).

b Calculated as a percentage of the water-extractable (1-3,1-4)-B-D-glucan of the total (1-3,1-4)-B-D-glucan.

¢ Cui et al (2000); Rimsten et al (2003); Li et al (2006a); Li et al (2006b).
4 Wood (2007).

¢ Rudi et al (2006).

f Lazaridou et al (2008).

& Ramesh and Tharanathan (1998).
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Rye. In rye, the overall (1-3,1-4)-B-D-glucan content is much
lower than in oats and barley, and seems to be evenly distributed
throughout the grain (Autio 2006).

Molecular Size

A very wide range (48,000-3,000,000) of weight average mo-
lecular weights (M,,) has been reported for cereal (1-3,1-4)-p-D-
glucans (Fincher and Stone 2004), with the values depending very
much on the history of the source material, the isolation proce-
dure employed to obtain (1-3,1-4)-B-D-glucan, and the method
used for molecular mass estimation. Therefore a cautious approach
is needed when comparing published molecular mass data.

When comparing molecular size data of cereal (1-3,1-4)-B-D-
glucan samples prepared in a similar manner and determined by
defined methods, the average My of wheat (1-3,1-4)-fB-D-glucan
is in the range 350,000-800,000, and appears to be significantly
lower than the values of 800,000-2,000,000 reported for oat and
barley (1-3,1-4)-B-D-glucans (Table IT) (Cui et al 2000; Rimsten
et al 2003; Li et al 2006a,b). It is noteworthy that the health bene-
fit of NSP, such as lowering of blood glucose, insulin, and choles-
terol levels, is closely linked to viscosity and is thus dependent on
both molecular size and concentration.

Fine Structure

The ratio of (1-4)- to (1-3)-linkages is fairly constant for most
cereals at #2.2-2.6:1, except for sorghum where the ratio is 1.15:1
(Table II) (Ramesh and Tharanathan 1998). Little more is known
about the fine structure of (1-3,1-4)-B-D-glucan in sorghum and
how this difference might influence the physicochemical proper-
ties of the sorghum (1-3,1-4)-fB-D-glucan. However, one study has
proposed that sorghum (1-3,1-4)-B-D-glucan also contains (1-6)-
branch points (Onwurah 2001).

The (1-3,1-4)-B-D-glucan 4-glucanohydrolase (E.C.3.2.1.73; lich-
enase; endo-PB-D-glucanase) is an enzyme that specifically cleaves
(1,4)-B-glycosidic linkages that immediately precede (1-3)-linked
glucosyl residues in (1-3,1-4)-B-D-glucans (Fig. 1A). This class of
enzyme is particularly useful insofar as it can be used to provide
quantitative “fingerprint” information on the lengths and relative
proportions of the blocks of adjacent (1-4)-f-glucosyl residues in
different (1-3,1-4)-B-D-glucans. The fine structural fingerprint can
subsequently be related to the physicochemical properties of the
polysaccharide in aqueous media. The (1-3,1-4)-B-D-glucans of
oat, barley, and wheat and noncereal (1-3,1-4)--D-glucan lichenin

are distinguished by differences in the ratios of the two major
products of (1-3,1-4)-B-D-glucan endohydrolase hydrolysis: 3-O--
cellobiosyl-D-glucose (G4 G3G; DP3) and 3-O-B-cellotriosyl-D-
glucose (G4G4G3G; DP4) (Fig. 1A). The DP3/DP4 ratios in these
(1-3,1-4)-B-D-glucans are 1.8-2.4 for oats, 2.8-3.3 for barley,
3.04.5 for wheat, and >20 for lichenin (Cui and Wood 2000;
Lazaridou et al 2004). These ratios correspond to the relative
solubility of the four (1-3,1-4)-B-D-glucans, which range from the
high-soluble oat polysaccharide, through barley and wheat (1-3,1-
4)-B-D-glucans, to the relatively insoluble lichenin (Table II) (Cui
and Wood 2000). Lichenin has long been used as a standard (1-
3,1-4)-B-D-glucan but is synthesized by the fungal symbiont of the
Icelandic moss lichen (Honegger and Haisch 2001; Olafsdottir and
Ingoélfsdottir 2001) and, as mentioned above, has a relatively high
DP3/DP4 ratio. The (1-3,1-4)-B-D-glucan that was recently de-
tected in the cell walls of the fungal pathogen Rhynchosporium
secalis also has a very high DP3/DP4 ratio (Pettolino et al 2009).

Conformation and Solubility

The solubility of cereal (1-3,1-4)-B-D-glucans will depend on
the overall conformation of the polysaccharide, which in turn will
be determined by molecular size and molecular fine structure. The
G4G3G trisaccharides and the G4G4G3G tetrasaccharides in a
water-soluble barley (1-3,1-4)-B-D-glucan were arranged essen-
tially at random along the polysaccharide chain (Staudte et al
1983), and this indicated that (1-3)-B-D-glucosyl residues were
inserted at random along the (1-3,1-4)-B-D-glucan chain (Fincher
2009a,b). The irregular insertion of (1-3)-fB-D-glucosyl residues
would result in the formation of irregularly spaced kinks in the
polysaccharide chain that would severely limit the capacity of the
chains to align into regular aggregates and would probably ac-
count for the high solubility of polysaccharides with such a large
DP (Staudte et al 1983). If it is assumed that the tri- and tetrasac-
charides in other cereals (1-3,1-4)-B-D-glucans are also randomly
arranged, it would follow that DP3/DP4 ratios will provide an
indication of solubility. The (1-3,1-4)-B-D-glucans with ratios close
to 1:1 would be expected to be more soluble than (1-3,1-4)--D-
glucans with either very high or very low DP3/DP4 ratios because
as the proportion of either the trisaccharide or the tetrasaccharide
increases, the polysaccharide would become more regular in shape
and this would allow increased levels of molecular alignment and
hence lower solubility (Lazaridou et al 2004; Fincher, 2009a).
This suggestion is supported by observations that lichenin has a

TABLE III
Properties of Arabinoxylans in Cereal Species

Total Arabinoxylan Water-Extractable Water-Extractable Ara/Xyl Intrin. Viscosity

Cereal (g/100 g flour)? (g/100 g flour)? % Total Arabinoxylan®P Ratio (dL/g)?
Wheat (Triticum aestivum L.)

Whole grain 4.0-9.0 0.3-0.9 7.5-10 0.7¢ 0.8-5.5

Flour 1.4-2.1 0.54-0.68 34 -

Bran 194 0.88 4.6 -
Barley (Hordeum vulgare L.) 3.4-8.0 0.32-0.42 5394 0.4-0.54 -
Barley (Hordeum vulgare L.) hulless - - - 0.6-0.74 -
Oats (Avena sativa L.) whole grain 2.2-4.1 0.2 4.9-9.1 -
Rice (Oryza sativa L.) - -

Whole grain 2.6 0.06 2.3 -

Bran 4.8-5.1 0.35-0.77 7.3-15 - -
Rye (Secale cereale L.)

Whole grain 7.1-12.2 0.6-2.4 8.5-19.7 - -

Flour 3.10-4.31 1.05-1.49 34 0.7-0.8¢ -

Bran 12.06-14.76 1.04-1.47 8.6-10.0 0.5-0.6¢ -
Sorghum (Sorghum bicolor L.) whole grain 1.8 0.08 4.4 - -
Maize (Zea mays L.) whole grain 5.1-6.8 0.46 6-9 - -

4 Extracted from Fincher and Stone (1986), Fincher and Stone (2004) and Biliaderis and Izydorczyk (2006).
b Calculated as a percentage of water-extractable arabinoxylan of the total arabinoxylan.

¢ Barron et al (2007).
d Knutsen and Holtekjglen (2007).
¢ Nystrom et al (2008).
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DP3/DP4 ratio of =20 and is relatively insoluble. Conversely, the
(1-3,1-4)-B-D-glucans in the primitive horsetail group of plants,
including Equisetum arvense, have relatively low DP3/DP4 ratios,
typically of the order of <0.1 and are also relatively insoluble (Fry
et al 2008a; Sgrensen et al 2008).

Thus, a significant proportion of (1-3,1-4)-B-D-glucan from
barley and oat grain is extractable by water at 40°C. For example,
water-soluble (1-3,1-4)-B-D-glucan extracted at 40°C accounts for
<20% of the total (1-3,1-4)-B-D-glucan in some barley cultivars,
and the soluble fraction increases <50-70% when extracted at
65°C (Fincher 1975; Fleming and Kawakami 1977). In contrast,
the (1-3,1-4)-B-D-glucan of wheat is very difficult to solubilize,
being practically unextractable with water at 65°C (Beresford and
Stone 1983; Li et al 2006a).

Genetic Determinants of (1-3,1-4)-B-D-Glucan
Fine Structure

Members of both the cellulose synthase-like F (Cs/F) and cellu-
lose synthase-like H (CsIH) gene families in cereals mediate in the
synthesis of (1-3,1-4)-B-D-glucan (Burton et al 2006; Doblin et al
2009). In barley, there are seven members of the CsIF gene family
and only a single CsIH gene. All of these genes show variable
patterns of transcription across a wide range of tissues (Burton et
al 2008; Doblin et al 2009) and it is far from clear what role each
gene may play in the synthesis of this polysaccharide. It is likely

cellotriosyl cellotetraosyl
A unit unit

that the products of these genes do not act in isolation but rather
function in a complex, either with additional members of the fam-
ily or with proteins from other families (Schreiber et al 2008).

The availability of sequences for barley CslF and CsIH gene
family members has enabled the expression patterns of the genes
to be monitored through transcript abundance in developing bar-
ley grain. At about eight days after pollination (DAP), when cellular-
ization of developing endosperm is essentially complete (Wilson et
al 2006), there is a transient increase in Cs/F9 transcripts; these
subsequently decrease to very low levels by 16 DAP (Burton et al
2008). The levels of CsiF6 transcripts are high throughout endo-
sperm development and actually increase during the latter stages
of grain maturation (Burton et al 2008). Transcripts of the other
members of the Cs/F gene family, as well as the Cs/H genes, re-
main low throughout endosperm development in barley, but this is
not to dismiss them as unimportant in (1-3,1-4)-B-D-glucan bio-
synthesis (Burton et al 2008; Doblin et al 2009).

The abundance of transcripts for the individual CsI/F genes and
their developmental patterns during grain filling appear to vary
between barley cultivars and this is consistent with quantitative
trait locus (QTL) mapping data. Depending on the mapping popu-
lation used, QTL for barley grain (1-3,1-4)-B-D-glucan content are
found near the Cs/F9 locus on chromosome 1H and close to the
CslF6 locus on chromosome 7H, as expected from the expression
data (Burton et al 2008). However, other QTL have been reported
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Fig. 1. A, Structure of a typical (1-3,1-4)-B-D-glucan, where G indicates a glucosyl residue, 3 indicates a (1-3)-p-glucosyl linkage, 4 indicates a (1-4)-B-
glucosyl linkage and “red” indicates the reducing end of the polysaccharide. Polysaccharide may contain randomly arranged cellotriosyl and cello-
tetraosyl units linked by (1-3)-B-linkages. A small proportion of the molecule consists of blocks of <12 or 14 adjacent (1-4)-B-glucosyl linkages, as sug-
gested here by inclusion of a cellooctaosyl residue. Arrows show linkages hydrolyzed by the family GH17 (1-3,1-4)-B-D-glucan endohydrolase group of
enzymes. Because these enzymes only hydrolyze (1-4)-B-glucosyl linkages adjacent to a (1-3)-B-glucosyl residue toward nonreducing end of polysac-
charide, they can be use to quantitatively determine the proportion of tri- and tetrasaccharide units in the molecule. This figure was adapted from Fincher
and Stone (2004). B, Structure of a typical cereal arabinoxylan, showing o-L-arabinofuranosyl (Ara) units attached to O-2 or O-3 of (1-4)-linked B-D-
xylopyranosyl (Xyl) residues. Some arabinofuranosyl residues are esterified at O-5 by a hydroxycinnamic acid, which may be either p-coumaric or fer-
ulic acid (FeA). D-Glucuronosyl residues (GlcA) were reported as substituents at O-2 of the xylopyranosyl residues in some cereal arabinoxylans. Galac-
tosyl (Gal) substituents are also present in plant arabinoxylans, mostly in monocots. Acetyl ester groups (AcE) have also been reported but their locations

are not well defined. Diagram provided by Hunter Laidlaw.
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on chromosome 2H near a cluster of Cs/F genes that are not
highly expressed during endosperm development in the cultivars
studied by Burton et al (2008) and in positions of the genome
where there are no CsIF or other genes that might be expected to
be involved in (1-3,1-4)-B-D-glucan biosynthesis (Burton et al
2008).

Biosynthesis of (1-3,1-4)-B-D-Glucan and Regulation
of Fine Structure

At the moment, it is not clear exactly where in the cell the bio-
synthesis of the polysaccharide takes place, although there are any
number of hypotheses relating to both the mechanism and the
location of (1-3,1-4)-B-D-glucan synthesis in the cereals (Burton
and Fincher 2009; Fincher 2009a,b). The traditional view that
noncellulosic wall polysaccharides such as the cereal (1-3,1-4)-(3-
D-glucans are synthesized solely in the Golgi apparatus is not
easily reconciled with recent data on the location of the polysac-
charide and the putative synthase enzymes. Specific antibodies
against the (1-3,1-4)-B-D-glucans bind only to the cell wall in
barley tissues; no binding is observed over Golgi bodies (Wilson
et al 2006). However, antibodies against the CslH protein itself
bind to the ER and Golgi (Doblin et al 2009). These observations
have been rationalized through a two-phase assembly system for
(1-3,1-4)-B-D-glucan synthesis. Thus, the (1-3,1-4)-B-D-glucans of
barley might be synthesized first as a series of short cellodextrins
that are covalently linked to a membrane protein or to a mem-
brane lipid in the Golgi apparatus. The series would consist pre-
dominantly of cellotriosyl residues and cellotetraosyl residues,
but would also include longer cellodextrins in steadily decreasing
abundance. In the second phase of biosynthesis, the membrane-
linked cellodextrins may be translocated to the plasma membrane,
where a transferase polymerizes them into the final (1-3,1-4)-B-D-
glucan polysaccharide (Doblin et al 2009; Fincher 2009a,b). The
fine structure of the final (1-3,1-4)-B-D-glucan would be deter-
mined by the relative abundance of the cellodextrins synthesized
in phase I of the putative assembly process. Candidate trans-
ferases include glucan synthase-like enzymes (Gsl), which are
also known as callose synthases, and xyloglucan endotransglyco-
sylases (XET). Such a two-phase assembly mechanism involving
both the Golgi and the plasma membrane would explain why
antibodies against (1-3,1-4)-B-D-glucans do not bind to the Golgi
(Wilson et al 2006), where the (1-3)-p-D-glucosyl residues neces-
sary for antibody recognition are not yet present. The antibody
would only bind to the final (1-3,1-4)-B-D-glucans in the wall,
after the formation of the (1-3)-B-D-glucosyl linkages. At this
stage, there is only indirect evidence to support such an assembly
mechanism and that other plausible mechanisms of (1-3,1-4)-p-D-
glucan assembly have been proposed (Buckeridge et al 2001).

As a result of these uncertainties, we are not currently able to
describe precisely the molecular and cellular processes that are
involved in (1-3,1-4)-B-D-glucan synthesis and, in particular, we
can only speculate on the way in which the fine structure of the
polysaccharide is determined. Different CslF and CslH enzymes,
either alone or in combination with other enzymes, might synthe-
size (1-3,1-4)-B-D-glucans with different ratios of (1-3)-p-D-gluco-
syl to (1-4)-B-D-glucosyl residues or with different proportions of
cellotriosyl and cellotetraosyl units (Fincher 2009b). Indeed, we
have recently obtained evidence in transgenic barley lines to sug-
gest that transformation with specific CsIF genes results in (1-3,1-
4)-B-D-glucans with markedly different fine structures, especially
with respect to the ratio of tri- to tetrasaccharide units (Burton et
al 2010). It is possible that the mechanisms that control fine struc-
ture differ between species, and even within species, depending
on the tissue location of the (1-3,1-4)-B-D-glucan and on the pre-
vailing environmental conditions. We are accumulating knowl-
edge and experimental technologies that will enable these
questions to be addressed in the immediate future.

Alterations to (1-3,1-4)-B-D-Glucans in Muro

Molecular interactions between (1-3,1-4)-B-D-glucans and
other types of wall polysaccharides in cereals have generally been
assumed to be noncovalent. However, covalent linkages between
different classes of wall polysaccharides, including (1-3,1-4)-3-D-
glucans, might occur in the cereals, although unequivocal evidence
is not yet available to support this possibility (Fincher 2009a). Nev-
ertheless, a potential role in the formation of covalently linked
wall polysaccharide complexes has recently been assigned to the
xyloglucan endotransglycosylases (XET) and if in vivo evidence
for this proposed function is subsequently obtained, it will carry
important implications for the solubility of cereal grain (1-3,1-4)-
B-D-glucans and hence for commercial applications. Hrmova et al
(2007) showed that a highly purified barley XET catalyzed the
formation of covalent linkages between xyloglucans and cellu-
loses, and between xyloglucans and (1-3,1-4)-B-D-glucans, albeit
at relatively low rates. Fry et al (2008b) later showed that an XET
from Equisetum spp. has a preference for transferring (1-3,1-4)--
D-glucans to xyloglucans but also concluded that cereals lack this
activity. These observations provide some incentive for closer ex-
amination of the interactions between wall polysaccharides and
for the potential to alter the properties of the polysaccharides fol-
lowing their deposition into the wall.

Importance of (1-3,1-4)-B-D-Glucan Fine Structure
in Human Health

Health claims are now permitted in the United States and many
other countries for oats and barley, based on the fact that both
cereals and their derived products are good sources of (1-3,1-4)-
B-D-glucans. In contrast, wheat is not only low in (1-3,1-4)-B-D-
glucan content (<1%), but the physicochemical properties of the
native (1-3,1-4)-B-D-glucan from wheat are very poor compared
with those of oat or barley (1-3,1-4)-p-D-glucans. Consumption of
wheat fiber (or wheat bran) does not lower plasma cholesterol and
thus is often used as a control in human feeding trials (Anderson
et al 1991; Topping 2007).

The water hydration capacity of wheat bran (1.67 = 0.13 g/g) is
much lower than those of barley (2.33 + 0.19 g/g) and oat (4.12 £
0.23 g/g) bran (Wood 1993). Moreover, because of the low solu-
bility, essentially no wheat (1-3,1-4)-B-D-glucan will be extracted
into solution at physiological temperatures. Recently, a protocol
was reported that enables the isolation of high purity (>90%) (1-
3,1-4)-B-D-glucan from wheat bran powder (Li et al 2006a). The
extended isolation procedure, involving o-amylase digestion to
remove starch, alkali (1.0M NaOH) extraction at room tempera-
ture, B-xylanase treatment to partially hydrolyze coextracted ara-
binoxylan, and fractional precipitation by ammonium sulfate,
produces purified wheat (1-3,1-4)-B-D-glucan at <1% yield. Nota-
bly, without the aid of alkali or other hydrogen-bond-breaking
agents, the wheat (1-3,1-4)-B-D-glucan obtained needs to be stirred
at high temperature (>85°C) for a couple of hours to achieve suf-
ficient dissolution. Furthermore, wheat (1-3,1-4)-B-D-glucan is
relatively unstable in a solution state, showing a strong tendency
to aggregate or form gels (Cui and Wood 2000; Lazaridou et al
2004).

Technology developments in the milling industry, including ap-
plying specially designed machines with a friction or abrasion ac-
tion to debran grains, using air classification to achieve separation
based on particle density difference, and sieving to separate parti-
cles of different sizes, has been able to generate cereal fractions
enriched in (1-3,1-4)-B-D-glucan (Cubadda and Marconi 2008;
Verado et al 2008). Thus, for oats and barley cultivars with (1-3,1-
4)-B-D-glucan at 3-7%, fractions with (1-3,1-4)-B-D-glucan con-
tents of #20% can be obtained through these physical approaches.
For example, Barley Balance is a natural (1-3,1-4)-3-D-glucan con-
centrate consisting of >23% (1-3,1-4)-B-D-glucan that is prepared
from waxy barley by a dry-milling and separation process (Poly-
Cell Technologies, http://www.poly-cell.com/index.html). Simi-
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larly, through the use of a newly developed pearling technology,
wheat bran fractions with >3% (1-3,1-4)--D-glucan may be pro-
duced (www.nelstrop.co.uk/peritec.asp).

The potential health benefits of increased (1-3,1-4)-pB-D-glucan
levels in wheat-based products such as bread, pasta, and cookies
have been demonstrated in numerous studies using added milling
fractions from oat and barley to elevate the (1-3,1-4)-B-D-glucan
content of the products (Cavallero et al 2002; Gill et al 2002;
Kerckhoffs et al 2003; Andersson et al 2004; Trogh et al 2004,
Sinesio et al 2008).

Molecular Diversity of Arabinoxylans
Chemical Structure

Arabinoxylans of the cereals typically consist of a main chain
of (1-4)-linked B-D-xylopyranosyl (Xylp) residues (Fig. 1B). With
each Xylp residue in the *C, chair conformation (Nieduszynski
and Marchessault 1971), every hydroxyl group, including those
involved in glycosidic linkages, will be in the equatorial configu-
ration. The molecular structure will therefore adopt an extended
chain conformation similar to cellulose, albeit with more flexibil-
ity than a cellulosic chain, and chains will have a propensity to
aggregate through the formation of extensive interchain hydrogen
bonding. Varying amounts of a-L-arabinofuranosyl (Araf) units
can be attached to O-2 or O-3 of Xylp residues, giving rise to Xylp
residues that may be unsubstituted, monosubstituted or disubsti-
tuted. In wheat and rye arabinoxylans, only small amounts of O-2
substituted Xylp residues are present (Andersson et al 2006). The
arabinose-to-xylose (Ara/Xyl) ratio has been regarded as an im-
portant indicator of the physicochemical properties of arabinoxy-
lans because degree of substitution of the main xylan chain will
influence the ability of chains to aggregate and hence affect solu-
bility. Thus, one would expect that highly substituted arabinoxy-
lans would be more soluble than those with fewer arabinosyl
substituents. For example, when a water-soluble arabinoxylan
from wheat flour was treated with o-L-arabinofuranosidase, the
resulting products have fewer Araf substituents and more readily
aggregate into insoluble complexes (Andrewartha et al 1979).

The distribution of arabinosyl substituents along the xylan back-
bone will also influence the physicochemical properties of the
polysaccharide. In many cereal arabinoxylans, substitution patterns
appear to be nonrandom, with different regions showing different
substitution patterns (Gruppen et al 1993; Izydorczyk and Bilia-
deris 1994). In some regions, mono- and di-substituted Xylp resi-
dues are clustered together, often separated by 1-2 unsubstituted
Xylp residues. Other regions contain relatively few arabinosyl sub-
stituents and therefore are susceptible to hydrolysis by xylanases
(Fig. 1B).

Cereal arabinoxylans also bear hydroxycinnamic acid substitu-
ents including ferulic acid and p-coumaric acids at O-5 of Araf
substituents attached to the O-3 atoms of backbone Xylp residues
(Smith and Hartley 1983). The feruloyl moiety is susceptible to
oxidative cross-linking through a free-radical mechanism catalyzed
by enzymes and oxidizing agents such as peroxidase/H,0,. This
can lead to gel formation through dimerization of neighboring
arabinoxylan chains (Stone and Morell 2007). In addition, acetyl
ester groups can be present on Xylp or Araf residues but the loca-
tions are not well-defined because of the labile nature of the esters
(Stone and Morell 2007). Other substituents on Xylp, including
glucuronosyl residues, 4-O-methyl-glucuronosyl residues and
short oligomeric side chains consisting of two or more arabinosyl
residues, or an arabinosyl residue with a terminal xylosyl residue,
have been reported at low levels for some cereal arabinoxylan
extracts (Viétor et al 1992; Andersson et al 2006).

Molecular Size

As for (1-3,1-4)-B-D-glucans, the molecular mass of arabinoxy-
lans depends on the cereal species, the cell wall type, the method
of extraction, and the method used to determine the molecular size
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of the polysaccharide preparation. Average molecular mass values
have been reported at 65,000-5,000,000 with M,/M,, ratios of 1.3
for alkali-soluble wheat arabinoxylan to 8.5 for rye arabinoxylan
(Fincher and Stone 2004). Thus, the arabinoxylan, in common with
other cell wall polysaccharide preparations, represent polydisperse
populations of molecules that probably originate from imprecise
mechanisms of chain termination during biosynthesis or through
postsynthetic enzymic and nonenzymic modifications.

Solubility

Cereal arabinoxylans have been broadly divided into two
groups: water-soluble or water-extractable arabinoxylans (WE-AX)
and water-insoluble of water-unextractable arabinoxylans (WU-
AX). The WE-AX components are usually extracted with water at
<40°C, while alkali is needed to extract WU-AX. The solubility
of arabinoxylans will undoubtedly be determined by the molecu-
lar size and the fine structure of the polysaccharide. For the latter,
differences in structural or molecular features, including the de-
gree and patterns of arabinofuranosyl substitution, and the various
forms of covalent bonding such as ester and diferulic acid bridges
will contribute to solubility characteristics of the polysaccharides.

On a dry weight basis, WE-AX and total arabinoxylan com-
prise 0.3-0.9% and 4.0-9.0%, respectively, of wheat grain (Stone
and Morell 2007) and 0.6-3.0% and 7.0-12%, respectively, of rye
grain (Table IIT) (Bengtsson and Aman 1990). This shows clearly
that the soluble fraction only accounts for a small proportion of
total arabinoxylan in grains from both of these cereals.

Unfractionated WE-AX exhibit large variations in the Ara/Xyl
ratio, with typical average values of 0.5-0.7, but extreme values
of 0.3—1.1 have been reported for their subfractions (Philippe et al
2006; Stone and Morell 2007). Less information is available for
the WU-AX preparations. The structures of WU-AX preparations,
obtained from alkali extraction (Gruppen et al 1991, 1992, 1993)
or xylanase extraction (Ordaz-Ortiz and Saulnier 2005), appear to
be similar to those of WE-AX, with only small differences in
molecular weight and Ara/Xyl ratio.

Genetic Determinants of Arabinoxylan Fine Structure

At this stage, we know less about the synthesis of AX than we
do about (1-3,1-4)-B-D-glucan synthesis. There are a number of
reports detailing the perturbation of genes that cause a lower ac-
cumulation of AX in plants, as summarized for wheat by Saulnier
et al (2007). The need for the synthesis of a backbone that is sub-
sequently substituted by the addition of a number of differently
configured side-chains, some of which may contain multiple con-
stituents (Fig. 1B), ensures that the unraveling the mechanism of
AX synthesis will pose a major challenge to plant biologists. Re-
cent bioinformatical analyses of mutant lines and transcript pro-
files during periods of arabinoxylan synthesis in the Poaceae, sug-
gest that genes in GT43 families might encode (1-4)-B-D-xylan
synthases, genes in the GT47 family encode xylan (1-2)-a- or (1-
3)-o-L-arabinosyl transferases, and genes in the GT61 family
encode feruloyl-arabinoxylan (1-2)-B-D-xylosyl transferases (Brown
et al 2007; Mitchell et al 2007; Pena et al 2007; Persson et al
2007). However, experimental confirmation of the participation of
these genes in the process of AX biosynthesis has so far proved
elusive and these suggestions challenge traditional views as to
how heteroxylans in plants are assembled (York and O’Neill
2008; Fincher 2009a).

Although the genes that encode xylan synthases and the key
glycosyl transferases that together mediate the synthesis of AX in
plants have not been identified, QTL mapping has revealed that
genes involved in the Ara-to-Xyl ratio of the water-extractable AX
from wheat grain are located on chromosome 1BL and elsewhere
(Martinant et al 1998), while examination of wheat-rye addition
lines indicate that genes controlling AX levels are located on chro-
mosome 6R (Boros et al 2002). A QTL contributing to dough vis-
cosity and soluble AX is located on chromosome 7A of wheat



(Groos et al 2007). However, the genes involved in AX synthesis
in these regions of the genome have not been identified and this
has limited our ability to explain the differences in AX fine struc-
ture and in its regulation. Furthermore, uncertainties regarding the
enzymic determinants of Ara-to-Xyl ratios, AX chain length and
solubility (Saulnier et al 2007) place serious interpretative con-
straints on the genetic data that have so far been published for AX
levels and fine structure in cereals.

Remodeling of Arabinoxylan in Muro

There are a number of reports to suggest that newly synthesized
AX has a high degree of arabinosyl substitution, and that differing
numbers of arabinosyl residues are subsequently removed, possi-
bly by the action of arabinoxylan arabinofuranohydrolases (Car-
pita 1984; Lee et al 2001; Gibeaut et al 2005). These are extra-
cellular enzymes (Lee et al 2001) and have the potential to signi-
ficantly alter the physicochemical properties of the AX after they
are deposited into the wall. As a result, it is unclear whether the
degree of arabinosyl substitution of AX is regulated at the biosyn-
thetic level through the activity of arabinosyl transferases, or at
the remodeling level through the postsynthetic removal of arabi-
nosyl residues, or if both processes are important for the determi-
nation of AX fine structure. Also, the evidence that arabinoxylan
arabinofuranohydrolases remove arabinosyl residues from AX in
vivo is not strong (Lee et al 2001) nor can the participation of
other as yet unidentified hydrolytic enzymes cannot be ruled out.
In any case, the removal of arabinosyl residues from AX would
presumably increase the potential for intermolecular interactions,
both between AX molecules themselves, or between AX and other
wall constituents. This in turn would affect AX solubility and the
overall properties of the wall.

Importance of Arabinoxylan Fine Structure
in Human Health

WE-AX is believed to be the main NSP responsible for the per-
ceivable viscosity-enhancing property of wheat grain because
wheat (1-3,1-4)-B-D-glucan is mostly insoluble in water at body
temperature (Beresford and Stone 1983). There are a limited
number of reports in which health benefits were demonstrated for
wheat arabinoxylan concentrate that was isolated as a by-product
during starch and gluten production from wheat flour (Lu et al
2000a,b, 2004; Zunft et al 2004). However, it is still not clear as
to whether or not cereal arabinoxylans in grain or milling frac-
tions are able to produce the health benefits that are well-estab-
lished for oat and barley (1-3,1-4)-B-D-glucans (Brennan and
Cleary 2005; Topping 2006). Based on the data compiled in re-
view articles (Autio 2006; Stone and Morell 2007), wheat WE-
AX does not compare favorably with oat or barley (1-3,1-4)--D-
glucans with respect to viscosity.

Wheat WE-AX preparations have viscosities of 0.8-5.5 dL/g,
while those of oat and barley (1-3,1-4)-B-D-glucan are <9.6 dL/g
(Tables II and III). For the agronomic improvement of wheat, rye
has served as a valuable donor of genes (Dhaliawal and
MacRitchie 1990). The wheat 1B/1R lines seem to contain more
WE-AX than normal wheats, but the translocation of the rye 1R
chromosome fragment appears to have a negative effect on the
molecular size of the WE-AX in these lines (Biliaderis et al 1992;
Selanere and Andersson 2002).

It should be reemphasized that WE-AX only accounts for a
small proportion of the total arabinoxylan found in wheat grain.
Extraction of arabinoxylan from whole grain meal or the bran
fraction is thus difficult and unlikely to be commercially feasible.
It is generally accepted that arabinoxylan plays a significant role
in the baking performance of cereals, and various microbial xy-
lanases are already widely utilized in breadmaking to overcome
the detrimental effect of WU-AX on product quality (Courtin and
Delcour 2002; Selinheimo et al 2006). Xylanases not only hydro-

lyze the xylan backbone of WU-AX to release WE-AX, they also
reduce the molecular size of the WE-AX group (Courtin and Del-
cour 2001). However, it is unclear whether this enzymic depoly-
merization will damage or destroy physiological efficacy of arab-
inoxylan.

Concluding Remarks

Recent advances in the identification of genes involved in (1-
3,1-4)-B-D-glucan synthesis have opened up opportunities to dis-
sect the molecular mechanisms that control the fine structure of
the polysaccharide, including parameters such as the ratio of (1-
4)-B-D-glucosyl to (1-4)-B-D-glucosyl residues, the ratio of trisac-
charide to tetrasaccharide units along the chain, and the final mo-
lecular size of the polysaccharide. It is highly likely that the genes
that mediate AX biosynthesis in cereals and grasses will soon be
identified. Of particular importance will be genes that encode
xylan synthases, arabinosyl transferases, and feruloyl transferases.
Once these genes are characterized, we will be in a better position
to unravel the molecular mechanisms for AX biosynthesis and to
define the determinants of AX fine structure.

A more thorough understanding of the molecular mechanisms
for both (1-3,1-4)-B-D-glucan and AX synthesis should enable us
to isolate or prepare polysaccharides with well-defined structures,
which in turn could be used in animal and human feeding trials to
assess in detail the underlying factors that contribute to the bene-
ficial effects of these wall polysaccharides on human health.
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