Chapter 2

Chemistry of Cereal Grains
Peter Koehler and Herbert Wieser

2.1

Introductory Remarks

Cereals are the most important staple foods for mankind worldwide and represent
the main constituent of animal feed. Most recently, cereals have been additionally
used for energy production, for example by fermentation yielding biogas or bioethanol. The major cereals are wheat, corn, rice, barley, sorghum, millet, oats, and rye.
They are grown on nearly 60% of the cultivated land in the world. Wheat, corn, and
rice take up the greatest part of the land cultivated by cereals and produce the largest
quantities of cereal grains (Table 2.1) [1]. Botanically, cereals are grasses and belong
to the monocot family Poaceae. Wheat, rye, and barley are closely related as members of the subfamily Pooideae and the tribus Triticeae. Oats are a distant relative of
the Triticeae within the subfamily Pooideae, whereas rice, corn, sorghum, and millet show separate evolutionary lines. Cultivated wheat comprises ﬁve species: the
hexaploid common (bread) wheat and spelt wheat (genome AABBDD), the tetraploid durum wheat and emmer (AABB), and the diploid einkorn (AA). Triticale is
a man-made hybrid of durum wheat and rye (AABBRR). Within each cereal species
numerous varieties exist produced by breeding in order to optimize agronomical,
technological, and nutritional properties.
The farming of all cereals is, in principle, similar. They are annual plants and
consequently, one planting yields one harvest. The demands on climate, however,
are different. “Warm-season” cereals (corn, rice, sorghum, millet) are grown in
tropical lowlands throughout the year and in temperate climates during the frostfree season. Rice is mainly grown in ﬂooded ﬁelds, and sorghum and millet are
adapted to arid conditions. “Cool-season” cereals (wheat, rye, barley, and oats)
grow best in a moderate climate. Wheat, rye, and barley can be differentiated into
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Table 2.1 Cereal production in 2010 [1]
Cultivated area
Species
(million ha)
Corn
162
Rice
154
Wheat
217
Barley
48
Sorghum + millet
76
Oats
9
Triticale
4
Rye
5

Grain production
(million tons)
844
672
651
123
85
20
13
12

winter or spring varieties. The winter type requires vernalization by low temperatures;
it is sown in autumn and matures in early summer. Spring cereals are sensitive to
frost temperatures and are sown in springtime and mature in midsummer; they
require more irrigation and give lower yields than winter cereals.
Cereals produce dry, one-seeded fruits, called the “kernel” or “grain”, in the form
of a caryopsis, in which the fruit coat (pericarp) is strongly bound to the seed coat
(testa). Grain size and weight vary widely from rather big corn grains (~350 mg) to
small millet grains (~9 mg). The anatomy of cereal grains is fairly uniform: fruit and
seed coats (bran) enclose the germ and the endosperm, the latter consisting of the
starchy endosperm and the aleurone layer. In oats, barley, and rice the husk is fused
together with the fruit coat and cannot be simply removed by threshing as can be
done with common wheat and rye (naked cereals).
The chemical composition of cereal grains (moisture 11–14%) is characterized by
the high content of carbohydrates (Table 2.2) [2, 3]. Available carbohydrates, mainly
starch deposited in the endosperm, amount to 56–74% and ﬁber, mainly located in
the bran, to 2–13%. The second important group of constituents is the proteins which
fall within an average range of about 8–11%. With the exception of oats (~7%),
cereal lipids belong to the minor constituents (2–4%) along with minerals (1–3%).
The relatively high content of B-vitamins is, in particular, of nutritional relevance.
With respect to structures and quantities of chemical constituents, notable differences exist between cereals and even between species and varieties within each
cereal. These differences strongly affect the quality of products made from cereal
grains. Because of the importance of the constituents, in the following we provide an
insight into the detailed chemical composition of cereal grains including carbohydrates, proteins, lipids, and the minor components (minerals and vitamins).

2.2

Carbohydrates

Cereal grains contain 66–76% carbohydrates (Table 2.2), thus, this is by far the
most abundant group of constituents. The major carbohydrate is starch (55–70%)
followed by minor constituents such as arabinoxylans (1.5–8%), b-glucans (0.5–
7%), sugars (~3%), cellulose (~2.5%), and glucofructans (~1%).
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Table 2.2 Chemical composition of cereal grains (average values) [2, 3]
Wheat
Rye
Corn
Barley
Oats
(g/100 g)
Moisture
12.6
13.6
11.3
12.1
13.1
Protein (N × 6.25)
11.3
9.4
8.8
11.1
10.8
Lipids
1.8
1.7
3.8
2.1
7.2
Available carbohydrates
59.4
60.3
65.0
62.7
56.2
Fiber
13.2
13.1
9.8
9.7
9.8
Minerals
1.7
1.9
1.3
2.3
2.9
(mg/kg)
Vitamin B1 (thiamine)
4.6
3.7
3.6
4.3
6.7
Vitamin B2 (riboﬂavin)
0.9
1.7
2.0
1.8
1.7
Nicotinamide
51.0
18.0
15.0
48.0
24.0
Panthothenic acid
12.0
15.0
6.5
6.8
7.1
Vitamin B6
2.7
2.3
4.0
5.6
9.6
Folic acid
0.9
1.4
0.3
0.7
0.3
Total tocopherols
41.0
40.0
66.0
22.0
18.0

2.2.1

Rice

Millet

13.0
7.7
2.2
73.7
2.2
1.2

12.0
10.5
3.9
68.2
3.8
1.6

4.1
0.9
52.0
17.0
2.8
0.2
19.0

4.3
1.1
18.0
14.0
5.2
0.4
40.0

Starch

Starch is the major storage carbohydrate of cereals and an important part of our
nutrition. Because of its unique properties starch is important for the textural properties of many foods, in particular bread and other baked goods. Finally, starch is
nowadays also an important feedstock for bioethanol or biogas production (for
reviews see [4, 5]).

2.2.1.1 Amylose and Amylopectin
Starch occurs only in the endosperm and is present in granular form. It consists of the
two water-insoluble homoglucans amylose and amylopectin. Cereal starches are typically composed of 25–28% amylose and 72–75% amylopectin [6]. Mutant genotypes
may have an altered amylose/amylopectin ratio. “Waxy” cultivars have a very high
amylopectin level (up to 100%), whereas “high amylose” or “amylostarch” cultivars
may contain up to 70% amylose. This altered ratio of amylose/amylopectin affects
the technological properties of these cultivars [7, 8]. High-amylose wheat has been
suggested as a raw material for the production of enzyme-resistant starch [9].
Amylose consists of a-(1,4)-linked d-glucopyranosyl units and is almost linear.
Parts of the molecules also have a-(1,6)-linkages providing slightly branched structures [10, 11]. The degree of polymerization ranges from 500 to 6,000 glucose units
giving a molecular weight (MW) of 8 × 104 to 106. Amylopectin is responsible for
the granular nature of starch. It contains 30,000–3,000,000 glucose units and, therefore, it has a considerably higher MW (107–109) than amylose [12]. Amylopectin is
a highly branched polysaccharide consisting of a-(1,4)-linked d-glucopyranosyl
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chains, which are interconnected via a-(1,6)-glycosidic linkages, also called branch
points [13]. The a-(1,4)-linked chains have variable length of 6 to more than 100
glucose units depending on the molecular site at which they are located. The
unbranched A- or outer chains can be distinguished from the branched B- or inner
chains, which can be subdivided into B1-, B2-, B3-, and B4-chains [14]. The molecules
are “terminated” by a single C-chain containing the reducing glucose residue [15].
Amylopectin has a tree-like structure, in which clusters of chains occur at regular
intervals along the axis of the molecule [16]. Short A- and B1-chains of 12–15 glucose residues form the clusters which have double-helical structures. The longer,
less abundant B2-, B3-, and B4-chains interconnect 2, 3 or 4 clusters, respectively.
B2-chains contain approximately 35–40, B3-chains 70–80, and B4-chains up to
more than 100 glucose residues [12, 17].

2.2.1.2

Starch Granules

In the endosperm starch is present as intracellular granules of different sizes and
shapes, depending on the cereal species. In contrast to most plant starches, wheat,
rye, and barley starches usually have two granule populations differing in size.
Small spherical B-granules with an average size of 5 mm can be distinguished
from large ellipsoid A-granules with mean diameters around 20 mm [18]. In the
polarization microscope native starch granules are birefringent indicating that
ordered, partially crystalline structures are present in the granule. The degree of
crystallinity ranges from 20 to 40% [19] and is primarily caused by the structural
features of amylopectin. It is thought that the macromolecules are oriented perpendicularly to the granule surface [12, 16] with the nonreducing ends of the
molecules pointing to the surface.
A model of starch granule organization from the microscopic to the nanoscopic
level has been suggested [12]. At the microscopic level alternating concentric
“growth rings” with periodicities of several hundreds of nanometers can be observed.
They reﬂect alternating semicrystalline and amorphous shells [12]. The latter are
less dense, enriched in amylose, and contain noncrystalline amylopectin. They further consist of alternating amorphous and crystalline lamellae of about 9–10 nm [20].
Crystalline regions contain amylopectin double helices of A- and B1-chains oriented in parallel fashion and possibly 18 nm-wide, left-handed superhelices formed
from double helices. Amorphous regions represent the amylopectin branching sites,
which may also contain a few amylose molecules. The lamellae are organized into
larger spherical blocklets, which vary periodically in diameter between 20 and
500 nm [21]. The amylopectin double helices may be packed into different crystal
types. The very densely packed A-type is found in most cereal starches, while the
more hydrated tube-like B-type is found in some tuber starches, high amylose cereal
starches, and retrograded starch [12, 19]. Mixtures of A- and B-types are designated
C-type.
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Changes in Starch Structure During Processing

In many cereal manufacturing processes ﬂour and also starch is usually dispersed in
water and ﬁnally heated. In particular heating induces a series of structural changes.
This process has been termed gelatinization [22]. Depending on water content, water
distribution, and intensity of heat treatment the molecular order of the starch granules
can be completely transformed from the semicrystalline to an amorphous state.
The mixing of starch and excess water at room temperature leads to a starch suspension. During mixing starch absorbs water up to 50% of its dry weight (1) because
of physical immobilization of water in the void space between the granules, and (2)
because of water uptake due to swelling. The latter process increases with temperature. If the temperature is below the gelatinization temperature, the described changes
are reversible. As the temperature increases, more water permeates into the starch
granules and initiates hydration reactions. Firstly, the amorphous regions are hydrated
thereby increasing molecular mobility. This also affects the crystalline regions, in
which amylopectin double helices dissociate and the crystallites melt [23, 24]. These
reactions are endothermic and irreversible. They are accompanied by the loss of
birefringence, which can be observed under the polarization microscope. Endothermic
melting of crystallites can also be followed by differential scanning calorimetry
(DSC). Viscosity measurements, for example in an amylograph or a rapid visco analyzer, also allow one to monitor the gelatinization process. Characteristic points are
the onset temperature (To; ca. 45 °C), which reﬂects the initiation of the process, as
well as the peak (Tp; ca. 60 °C) and conclusion (Tc; ca. 75 °C) temperatures. These
temperatures are subject to change depending on the botanical source of the starch
and the water content of the suspension. The loss of molecular order and crystallinity
during gelatinization is accompanied by further granule swelling due to increased
water uptake and a limited starch solubilization. Mainly amylose is dissolved in
water, which strongly increases the viscosity of the starch suspension. This phenomenon has been termed “amylose leaching,” and it is caused by a phase separation
between amylose and amylopectin, which are immiscible [25]. During further heating
beyond the conclusion temperature of gelatinization swelling and leaching continue
and a starch paste consisting of solubilized amylose and swollen, amorphous starch
granules is formed. The shapes of the starch granules can still be observed unless
shear force or higher temperatures are applied [23, 26].
Upon cooling with mixing the viscosity of a starch paste increases, whereas a
starch gel is formed on cooling without mixing at concentrations above 6%. The
second process is relevant in cereal baked goods. The changes that occur during
cooling and storage of a starch paste have been summarized as “retrogradation” [22].
Generally, the amorphous system reassociates to a more ordered, crystalline state.
Retrogradation processes can be divided into two subprocesses. The ﬁrst is related
to amylose and occurs in a time range of minutes to hours, the second is caused by
amylopectin and takes place within hours or days. Therefore, amylose retrogradation is responsible for the initial hardness of a starch gel or bread, whereas amylopectin retrogradation determines the long-term gel structure, crystallinity, and
hardness of a starch-containing food [27].
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On cooling granule remnants that are enriched in amorphous amylopectin
become incorporated into a continuous amylose matrix. Amylose molecules that are
dissolved during gelatinization reassociate to local double helices interconnected by
hydrated parts of the molecules, and a continuous network (gel) forms [27]. As
amylose retrogradation proceeds, double helix formation increases and, ﬁnally, very
stable crystalline structures are formed, which cannot be melted again by heating.
Amylopectin retrogradation takes several hours or days and occurs in the granule
remnants embedded in the initial amylose gel [27]. Crystallization mainly occurs
within the short-chain outer A- and B1-chains of the molecules. The amylopectin
crystallites melt at ca. 60 °C and, therefore, aged bread can partly be “refreshed” by
heating. This so-called “staling endotherm” can be measured by DSC to evaluate
amylopectin retrogradation. Amylopectin retrogradation is strongly inﬂuenced by a
number of conditions and substances, including pH and the presence of low-molecularweight (LMW) compounds such as salts, sugars, and lipids [26].

2.2.1.4

Interaction with Lipids

Amylose is able to form helical inclusion complexes in particular with polar lipids
and this can occur in native (starch lipids; see below) as well as in gelatinized starch [28].
During gelatinization amylose forms a left-handed single helix and the nonpolar moiety of the polar lipid is located in the central cavity [16]. The inclusion complexes
give rise to a V-type X-ray diffraction pattern. The presence of polar lipids strongly
affects the retrogradation characteristics of the starch, because amylose-lipid complexes do not participate in the recrystallization process [26]. Complex formation is,
however, strongly affected by the structure of the polar lipid [29]. For example,
monoglycerides are more active than diglycerides and saturated fatty acids more
active than unsaturated ones, because inclusion complexes are preferably formed
with linear hydrocarbon chains and with compounds having one fatty acid residue.
In addition, lipids, in particular lysophospholipids (lysolecithin), are minor constituents of cereal starches in amounts of 0.8–1.2% [30]. As so-called starch lipids
they are associated with amylose as well as with the outer branches of amylopectin
[28]. These lipid complexes lead to a delay of the onset of gelatinization and affect
the properties of the starch especially in baking applications.

2.2.2

Nonstarch Polysaccharides (NSP)

Polysaccharides other than starch are primarily constituents of the cell walls and are
much more abundant in the outer than in the inner layers of the grains. Therefore, a
higher extraction rate is associated with a higher content of NSP. From a nutritional
point of view NSP are dietary ﬁber, which has been associated with positive health
effects. For example, cereal dietary ﬁber has been related to a reduced risk of chronic
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life style diseases such as cardiovascular diseases, type II diabetes, and gastrointestinal
cancer [31–36]. In addition, technological functionalities have been described for
the arabinoxylans (AX) of wheat (reviewed by [4]) and rye.

2.2.2.1 Arabinoxylans
AX are the major fraction (85–90%) of the so-called pentosans. Different cereal
species contain different amounts of AX. The highest contents are present in rye
(6–8%), whereas wheat contains only 1.5–2% AX. On the basis of solubility AX
can be subdivided into a water-extractable (WEAX) and a water-unextractable
fraction (WUAX). The former makes up 25–30% of total AX in wheat and
15–25% in rye [37]. In particular WEAX has considerable functionality in
breadmaking.
AX consist of linear b-(1,4)-d-xylopyranosyl-chains, which can be substituted
at the O-2 and/or O-3-positions with a-l-arabinofuranose [38, 39]. A particular
minor component of AX is ferulic acid, which is bound to arabinose as an ester at
the O-5 position [40]. AX of different cereals may vary substantially in content,
substitutional pattern and molecular weight [41–43]. WEAX mainly consist of two
populations of alternating open and highly branched regions, which can be distinguished by their characteristic arabinose/xylose ratios, ranging between 0.3 and
1.1 depending on the speciﬁc structural region [44]. WUAX can be solubilized by
mild alkaline treatment yielding structures that are comparable to those of WEAX
[37, 45–48].
The unique technological properties of AX are attributable to the fact that AX
are able to absorb 15–20 times more water than their own weight and, thus, form
highly viscous solutions, which may increase gas holding capacity of wheat doughs
via stabilization of the gas bubbles [49]. In total, WEAX bind up to 25% of the
added water in wheat doughs [50]. Under oxidizing conditions, in particular under
acidic pH, the so-called “oxidative gelation” [51] leads to AX gel formation by
inducing di- and oligoferulic acid cross-links [52, 53]. This is thought to be one
major structure-forming reaction in rye sourdoughs. Because of covalent crosslinks to the cell wall structure WUAX do not dissolve in water. Although they have
high water-holding capacity and assist in water binding during dough mixing they
are considered to have a negative impact on wheat breadmaking as they form physical barriers against the gluten network and, thus, destabilize the gas bubbles.
However, the baking performance can be affected by adding endoxylanases, which
preferentially hydrolyze WUAX. This produces solubilized WUAX, which have
techno-functional effects comparable to WEAX [54, 55].
Beside AX the pentosan fraction contains a small part of a water-soluble, highly
branched arabinogalactan peptide [41]. It consists of b-(1,3) and b-(1,6) linked
galactopyranose units with a-glycosidically bound arabinofuranose residues. The
peptide is attached by 4-trans-hydroxyproline. Unlike AX, arabinogalactan
peptides have no signiﬁcant effects in cereal processing.
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2.2.2.2 b-Glucans
b-Glucans are also called lichenins and are present particularly in barley (3–7%)
and oats (3.5–5%), whereas less than 2% b-glucans are found in other cereals. The
chemical structure of these NSP is made up of linear D-glucose chains linked via
mixed b-(1,3)- and b-(1,4)-glycosidic linkages. b-Glucans show a higher water
solubility than AX (38–69% in barley, 65–90% in oats) and form viscous solutions,
which in the case of barley may interfere in wort ﬁltration during the production of
beer.

2.3

Proteins

The average protein content of cereal grains covers a relatively narrow range
(8–11%, Table 2.2), variations, however, are quite noticeable. Wheat grains, for
instance, may vary from less than 6% to more than 20%. The content depends on the
genotype (cereal, species, variety) and the growing conditions (soil, climate,
fertilization); amount and time of nitrogen fertilization are of particular importance.
Proteins are distributed over the whole grain, their concentration within each
compartment, however, is remarkably different. The germ and aleurone layer of
wheat grains, for instance, contain more than 30% proteins, the starchy endosperm
~13%, and the bran ~7% [3]. Regarding the different proportions of these compartments, most proteins of grains are located in the starchy endosperm, which is the
source of white ﬂours obtained by milling the grains and sieving.
White ﬂours are the most important grain products. Therefore, the predominant
part of the literature on cereal proteins deals with white ﬂour proteins. The amino
acid compositions of ﬂour proteins from various cereals are shown in Table 2.3.
Typical of all ﬂours is the fact that glutamic acid almost entirely occurs in its amidated
form as glutamine [56]. This amino acid generally predominates (15–31%), followed by proline in the case of wheat, rye, and barley (12–14%). Further major
amino acids are leucine (7–14%) and alanine (4–11%). The nutritionally essential
amino acids tryptophan (0.2–1.0%), methionine (1.3–2.9%), histidine (1.8–2.2%),
and lysine (1.4–3.3%) are present only at very low levels. Through breeding and
genetic engineering, attempts are being made to improve the content of essential
amino acids. These approaches have been successful in the case of high-lysine
barley and corn.

2.3.1

Osborne Fractions

Traditionally, cereal ﬂour proteins have been classiﬁed into four fractions (albumins,
globulins, prolamins, and glutelins) according to their different solubility and based
on the fractionation procedure of Osborne [57]. Albumins are soluble in water,
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Table 2.3 Amino acid composition (mol-%) of the total proteins of ﬂours from various cereals [56]
Amino acid
Wheat
Rye
Barley
Oats
Rice
Millet
Corn
Asxa
Thr
Ser
Glxa
Pro
Gly
Ala
Cys
Val
Met
Ile
Leu
Tyr
Phe
His
Lys
Arg
Trp
Amide group
a

4.2
3.2
6.6
31.1
12.6
6.1
4.3
1.8
4.9
1.4
3.8
6.8
2.3
3.8
1.8
1.8
2.8
0.7
31.0

6.9
4.0
6.4
23.6
12.2
7.0
6.0
1.6
5.5
1.3
3.6
6.6
2.2
3.9
1.9
3.1
3.7
0.5
24.4

4.9
3.8
6.0
24.8
14.3
6.0
5.1
1.5
6.1
1.6
3.7
6.8
2.7
4.3
1.8
2.6
3.3
0.7
26.1

8.1
3.9
6.6
19.5
6.2
8.2
6.7
2.6
6.2
1.7
4.0
7.6
2.8
4.4
2.0
3.3
5.4
0.8
19.2

8.8
4.1
6.8
15.4
5.2
7.8
8.1
1.6
6.7
2.6
4.2
8.1
3.8
4.1
2.2
3.3
6.4
0.8
15.7

7.7
4.5
6.6
17.1
7.5
5.7
11.2
1.2
6.7
2.9
3.9
9.6
2.7
4.0
2.1
2.5
3.1
1.0
22.8

5.9
3.7
6.4
17.7
10.8
4.9
11.2
1.6
5.0
1.8
3.6
14.1
3.1
4.0
2.2
1.4
2.4
0.2
19.8

Asx Asp+Asn, Glx Glu+Gln

while globulins are insoluble in pure water but soluble in dilute salt solutions.
Prolamins are classically deﬁned as cereal proteins soluble in aqueous alcohols, for
example 60–70% ethanol. Originally, glutelins were described as proteins that were
insoluble in water, salt solution, aqueous alcohols and soluble in dilute acids or
bases. Later, it was ascertained that notable portions of glutelins are insoluble in
dilute acids such as acetic acid, and that extraction with strong bases destroys the
primary structure of proteins. Nowadays, complete solubility of glutelins is achieved
by solvents containing a mixture of aqueous alcohols (e.g., 50% propanol), reducing agents (e.g., dithiothreitol), and disaggregating compounds (e.g., urea).
Regarding their functions, most of the albumins and globulins are metabolic
proteins, for example enzymes or enzyme inhibitors (see Sect. 2.3.4). Oats are an
exception containing considerable amounts of legume-like globulins such as 12S
globulin [58]. Albumins and globulins are concentrated in the aleurone layer, bran,
and germ, whereas their concentration in the starchy endosperm is relatively low.
Predominantly, prolamins and glutelins are the storage proteins of cereal grains (see
Sects. 2.3.2 and 2.3.3). Their only biological function is to supply the seedling with
nitrogen and amino acids during germination. They are located only in the starchy
endosperm; in white ﬂours, their proportions based on total proteins amount to
70–90%. In general, none of the Osborne fractions consists of a single protein, but
of a complex mixture of different proteins. A small portion of proteins does not fall
into any of the four solubility fractions. Together with starch, they remain in the
insoluble residue after Osborne fractionation and mainly belong to the class of lipo
(membrane) proteins.
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The prolamin fractions of the different cereals have been given trivial names:
gliadin (wheat), secalin (rye), hordein (barley), avenin (oats), zein (corn), kaﬁrin
(millet, sorghum), and oryzin (rice). The glutelin fraction of wheat has been termed
glutenin. Terms for the other glutelin fractions such as secalinin (rye), hordenin
(barley), and zeanin (corn) are scarcely used today. Gliadin and glutenin fractions of
wheat have been combined in the terms gluten or gluten proteins.
The content of the Osborne fractions varies considerably and depends on genotype and growing conditions. Moreover, the results of Osborne fractionation are
strongly inﬂuenced by experimental conditions, and the fractions obtained are not
clear-cut. Therefore, data from the literature on the qualitative and quantitative composition of Osborne fractions is differing and, in parts, contradictory. On average,
the smallest proportion of total protein is present in the globulin fraction, followed
by the albumin fraction. An exception is oat globulins amounting to more than 50%
of total proteins. In most cereal ﬂours, prolamins are the dominating fractions,
oat prolamins, however, are minor protein components and rice ﬂour is almost free
of prolamins. Beside quantitative aspects the Osborne procedure is still useful for
the preparation and characterization of ﬂour proteins and the enrichment of different protein types.

2.3.2

Storage Proteins of Wheat Rye, Barley, and Oats

2.3.2.1

Classification and Primary Structures

Storage proteins (prolamins and glutelins) have been extensively investigated by the
analysis of amino acid compositions, amino acid sequences, MW, and intra- and
interchain disulﬁde linkages. The results indicated that, in accordance with phylogeny
(see Sect. 2.1), the storage proteins of wheat, rye, and barley are closely related,
whereas those of oats, in particular their glutelins, are structurally divergent.
According to common structures storage proteins have been classiﬁed into three
groups by two different principles. Shewry and coworkers [59] deﬁned all storage
proteins as prolamins and grouped them into the high-molecular-weight (HMW),
sulfur-poor (S-poor) and sulfur-rich (S-rich) prolamins based on differences in MW
and sulfur (cysteine, methionine) content. To prevent confusion, however, the term
“prolamin” is not used for total storage proteins in the present paper, since classically the term prolamins comprises only the alcohol-soluble portions of storage
proteins and does not include glutelins. We classiﬁed storage proteins according to
related amino acid sequences and molecular masses into the following groups [60, 61]:
(1) a HMW group; (2) a medium-molecular-weight (MMW) group; and (3) a
LMW group. The proteins of these groups can be divided into different types on
the basis of structural homologies (Table 2.4). Each type contains numerous
closely related proteins; the small differences in their amino acid sequences can
be traced back to substitutions, insertions, and deletions of single amino acids and
short peptides.
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Table 2.4 Characterization of storage protein types from wheat, rye, barley, and oats [61, 63]
Partial amino acid
composition
(mol-%)b
Repetitive unitb,c
Group/type
HMW group
HMW-GS x
HMW-GS y
HMW-secalin x
HMW-secalin y
D-hordein
MMW group
w5-gliadin
w1,2-gliadin
w-secalin
C-hordein
LMW group
a/ß-gliadin

Code

Residues Statea (frequency)

Q P

Q6R2V1
Q52JL3
Q94IK6
Q94IL4
Q40054

815
637
760
716
686

a
a
a
a
a

QQPGQG (72×)
QQPGQG (50×)
QQPGQG (66×)
QQPGQG (60×)
QQPGQG (26×)

36
32
34
34
26

13
11
15
12
11

Q402I5
Q6DLC7
O04365
Q40055

420
373
338
328

m
m
m
m

(Q)QQQFP (65×)
(QP)QQPFP (42×)
(Q)QPQQPFP (32×)
(Q)QPQQPFP (36×)

53
42
40
37

20 10.0 0.7 3.1 0.2
29 9.9 0.8 4.0 0.5
29 8.6 0.6 4.4 1.8
29 9.4 0.6 8.6 0.3

Q9M4M5 273

m

QPQPFPPQQPYP
(5×)
(Q)QPQQPFP (15×)
(Q)QQPPFS (11×)
QPQQPFP
QQPQQPFP (32×)
QPQQPFP (15×)
QQPFPQ (13×)
PFVQQQQ (3×)

36 15

F +Y G

g-gliadin
Q94G91 308
m
36 18
LMW-GS
Q52NZ4 282
a
32 13
g-40 k-secalind –
–
m
34 18
g-75 k-secalin Q9FR41 436
a
38 22
g-hordein
P17990
286
m
28 17
B-hordein
P06470
274
a
30 19
avenin
Q09072 203
m
33 11
a
a aggregative, m monomeric
b
One-letter-code for amino acids
c
Basic unit frequently modiﬁed by substitution, insertion, and deletion of
residues
d
Gellrich et al. [65]

5.8
5.5
6.7
5.0
5.5

20
18
20
18
16

L

V

4.4
3.8
3.7
3.2
4.1

1.7
2.3
1.5
1.8
4.1

7.4 2.6 8.1 5.1
5.2
5.7
5.5
6.1
7.7
7.3
8.4

2.9
3.2
2.4
1.6
3.1
2.9
2.0

7.2
8.2
7.4
4.8
7.0
8.0
8.9

4.6
5.3
4.7
5.3
7.3
6.2
8.3

single amino acid

The nomenclature of types is rather confusing and inconsequential. On the one
hand prolamins have been termed according to their electrophoretic mobility in acid
polyacrylamide gel electrophoresis (PAGE) with band regions designated as w
(lowest mobility), g (medium mobility), and a/b (highest mobility). On the other
hand, the nomenclature is based on their apparent sizes (after reduction of disulﬁde
bonds) as indicated by sodiumdodecyl sulfate (SDS-) PAGE; examples are HMWand LMW-glutenin subunits (GS), HMW-secalins, D-, C-, and B-hordeins. Because
of the different importance of HMW-GS for the bread-making quality of wheat,
single subunits have been numbered according to their mobility on SDS-gel
electrophoresis (original nos. 1–12), the genome (1A, 1B, or 1D), and the type (x or y);
examples of nomenclature are HMW-GS 1Ax1, 1Bx7, and 1Dy10 [62].
The HMW group contains HMW-GS of wheat, HMW-secalins of rye, and
D-hordeins of barley (Table 2.4); this type is missing in oats. HMW-GS and HMWsecalins can be subdivided into the x-type and the y-type. The proteins comprise
around 600–800 amino acid residues corresponding to MW of 70,000–90,000.
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Fig. 2.1 Schematic structure
and disulﬁde bonds of
a/b-gliadins, g-gliadins,
LMW-, and HMW-GS
(Adapted from [64])

The amino acid compositions are characterized by high contents of glutamine, glycine,
and proline. The amino acid sequences [63] can be separated into three structural
domains: a nonrepetitive N-terminal domain A of ~100 residues, a repetitive central
domain B of 400–700 residues, and a nonrepetitive C-terminal domain C with ~40
residues (Fig. 2.1) [64, 65]. Domain B is dominated by repetitive sequences such as
QQPGQG (one-letter-code for amino acids) as a backbone with inserted sequences
like YYPTSL, QQG, and QPG with remarkable differences between x- and y-types
(Table 2.5). Domains A and C have a more balanced amino acid composition and
more amino acid residues with charged side chains. In a native state, the proteins of
the HMW group are aggregated through interchain disulﬁde bonds (Fig. 2.1).
The MMW group consists of the homologous w1,2-gliadins of wheat, w-secalins
of rye, and C-hordeins of barley including amino acid residues between 300 and
400 and MW around 40,000 (Table 2.4). Additionally, wheat contains unique w5gliadins with more than 400 residues and MW around 50,000. This group, likewise,
is not present in oats. The proteins of the MMW group have extremely unbalanced
amino acid compositions characterized by high contents of glutamine, proline, and
phenylalanine, which together account for ~80% of total residues. Most sections of
the amino acid sequences are composed of repetitive units such as QPQQPFP or
QQQFP. This type of protein occurs as monomers and is readily soluble in aqueous
alcohols and, in parts, even in water.
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Table 2.5 Partial amino acid sequences of domain B of HMW-GS 1Dx2 (positions 93–338)
and of HMW-GS 1Dy10 (positions 106–380) [63]
Position
Sequencea
Position
Sequencea
93
YYPSVTSPQQVS
106
YYPGVTSPRQGS
105
YYPGQASPQRPGQG
118
YYPGQASPQQPGQG
119
QQPGQG
132
QQPGKW
125
QQSGQGQQG
138
QEPGQGQQW
134
YYP--TSPQQPGQW
147
YYP--TSLQQPGQG
146
QQPEQGQPG
159
QQIGKGQQG
155
YYP--TSPQQPGQL
168
YYP--TSLQQPGQGQQG
167
QQPAQG
183
YYP--TSLQHTGQR
173
QQPGQGQQG
195
QQPVQG
182
QQPGQGQPG
201
QQPEQG
191
YYP-TSSQLQPGQL
207
QQPGQWQQG
204
QQPAQGQQG
216
YYP--TSPQQLGQG
213
QQPGQGQQG
228
QQPRQW
222
QQPGQG
234
QQSGQGQQG
228
QQPGQGQQG
243
HYP--TSLQQPGQGQQG
237
QQPGQG
258
HYL--ASQQQPGQGQQG
243
QQPGQGQQG
273
HYP--ASQQQPGQGQQG
252
QQLGQGQQG
288
HYP--ASQQQPGQGQQG
261
YYP--TSLQQSGQGQPG
303
HYP--ASQQEPGQGQQG
276
YYP--TSLQQLGQGQSG
318
QIPASQ
291
YYP--TSPQQPGQG
324
QQPGQGQQG
303
QQPGQL
333
HYP--ASLQQPGQGQQG
309
QQPAQG
348
HYP--TSLQQLGQGQQT
315
QQPGQGQQG
363
QQPGQK
324
QQPGQGQQG
369
QQPGQG
333
QQPGQG
375
QQTGQG
a
One-letter-code for amino acids; - deletion

The LMW group consists of monomeric proteins including a/b- and g-gliadins
of wheat, g-40 k-secalins of rye, g-hordeins of barley, and avenins of oats, and of
aggregative proteins including LMW-GS of wheat, g-75 k-secalins of rye, and
B-hordeins of barley (Table 2.4). They have around 300 amino acid residues and
MW ranging from 28,000–35,000, besides g-75 k-secalins (~430 residues, MW
~50,000) and avenins (~200 residues, MW ~23,000). The amino acid compositions
of the LMW group proteins are characterized by relatively high contents of hydrophobic amino acids besides glutamine and proline. The amino acid sequences consist
of four (a/b-gliadins ﬁve) different sequence sections (Fig. 2.1). The N-terminal
section I is rich in glutamine, proline, and phenylalanine forming repetitive units
such as QPQPFPPQQPY (a/b-gliadins), QQPQQPFP (g-gliadins), QQPPFS
(LMW-GS), or PFVQQQQ (avenins). Section I of g-75 k-secalins is prolonged by
around 130 residues as compared to g-40 k-secalins and that of avenins is shortened
to around 40 residues. Section II is unique to a/b-gliadins and consists of a polyglutamine sequence (up to 18 Q-residues). Sections III, IV, and V possess more balanced
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amino acid compositions and most of the cysteine residues that form only intrachain
disulﬁde bonds (monomeric proteins) or both intra- and interchain disulﬁde bonds
(aggregative proteins). The comparison of the amino acid sequences demonstrates
that sections III and V contain homologous sequences, whereas section IV is, in part,
unique to each type (Table 2.6). g-Type proteins (g-gliadins, g-40 k-secalins [66],
g-75 k-secalins, g-hordeins) show the highest conformity; a/b-gliadins, LMW-GS, and
avenins have the lowest degree of homology within the LMW group. Most oat glutelins are globulin-like proteins and do not show any structural relationship with the
HMW-, MMW-, and LMW-type proteins described above [67]. The reasons as to
why they are not extractable with a salt solution are not yet clear.
As mentioned earlier, the quantitative composition of storage protein is strongly
dependent on both genotype and growing conditions. Nevertheless, some constant
data can be observed (Table 2.7) [68–70]: Proteins of the LMW group belong, by far,
to the major components. Within this group, monomeric proteins (55–77% of total
storage proteins) exceed aggregative proteins (10–25%) in the case of wheat species,
whereas rye and barley are characterized by more aggregative (34–48%) than monomeric proteins (~25%). Proteins of the MMW and HMW groups belong to the minor
components except w-secalins (18%) and C-hordeins (36%) or are missing (oats).
Within wheat species signiﬁcant differences can be observed. Common wheat is
characterized by the highest values for aggregative proteins (HMW-, LMW-GS) and
a low monomeric/aggregated (m/a) ratio, and the “old” wheat species emmer and
einkorn by low proportions of HMW-GS and high m/a ratios.

2.3.2.2

Disulfide Bonds

Disulﬁde bonds play an important role in determining the structure and properties
of storage proteins. They are formed between sulfhydryl groups of cysteine residues,
either within a single protein (intrachain) or between proteins (interchain). Most
information on disulﬁde bonds is available for wheat gliadins and glutenins. With a
few exceptions, w-type gliadins are free of cysteine and, consequently occur as
monomers. Most a/b- and g-gliadins contain six and eight cysteine residues, respectively, and form three or four homologous intrachain disulﬁde bonds, present within
or between sections III and V (Fig. 2.1) [64]. A small portion of gliadins is different
from most gliadins and contains an odd number of cysteine residues. They may be
linked to each other or to glutenins by an interchain disulﬁde bond. Homologous to
g-gliadins, g-40 k- and g-75 k-secalins, g- and B-hordeins as well as avenins contain
eight cysteine residues at comparable positions within sections III–V (Table 2.6).
Probably they form four intrachain disulﬁde bonds homologous to those of g-gliadins (Fig. 2.2). LMW-GS include eight cysteine residues, six of which form three
intrachain disulﬁde bonds homologous to those of a/b- and g-gliadins [64, 65]. Two
cysteine residues located in sections I and IV are unique to LMW-GS; they are obviously not able to form intrachain bonds for steric reasons. They are involved in
interchain bonds with residues of different proteins (LMW-GS, modiﬁed gliadins,
y-type HMW-GS).

Table 2.6 Amino acid sequences of sections III, IV, and V of the LMW group [63]
Type
Positions
Sequences
(a) Section III
a/b-gliadin
119–186
ILQQILQQQLIPCMDVVLQQHNIVHGRSQVLQQSTY-----QLLQELCCQHLWQIPEQSQCQAIHNVVHAIIL
g-gliadin
153–224
FIQPSLQQQLNPCKNILLQQCKPASLVSSL-WSIIWPQSDCQVMRQQCCQQLAQIPQQLQCAAIHSVVHSIIM
LMW-GS
101–173
IVQPSVLQQLNPCKVFLQQQCSPVAMPQRLARSQMWQQSRCHVMQQQCCQQLSQIPEQSRYDAIRAITYSIIL
g-40 k-secalina
–
SIQLSLQQQLNPCKNVLLQQCSPVALVSSL-RSKIFPQSECQVMQQQCCQQLAQIPHHLQCAAIHSVVHAIIM
g-75 k-secalin
285–356
SIQLSLQQQLNPCKNVLLQQCSPVALVSSL-RSKIFPQSECQVMQQQCCQQLAQIPQQLQCAAIHSVVHAIIM
g-hordein
135–206
TIQLYLQQQLNPCKEFLLQQCRPVSLLSYI-WSKIVQQSSCRVMQQQCCLQLAQIPEQYKCTAIDSIVHAIFM
B-hordein
112–184
YVHPSILQQLNPCKVFLQQQCSPVPVPQRIARSQMLQQSSCHVLQQQCCQQLPQIPEQFRHEAIRAIVYSIFL
Avenin
43–114
FLQPLLQQQLNPCKQFLVQQCSPVAAVPFL-RSQILRQAICQVTRQQCCRQLAQIPEQLRCPAIHSVVQSIIL
(b) Section IV
a/b-gliadin
187–222
HQQQKQQQQPSSQVSFQQPLQQYPLGQGSFRPSQQN
g-gliadin
225–253
QQQQQQQQQQGMHIFLPLSQQQQVGQGSL
LMW-GS
174–228
QEQQQGFVQAQQQQPQQSGQGVSQSQQQSQQQLGQCSFQQPQQQLGQQPQQQQQQ
g-40 k-secalina
–
QQEQREGVQILLPQSHQQLVGQGAL
g-75 k-secalin
357–381
QQEQREGVQILLPQSHQQHVGQGAL
g-hordein
207–231
QQGQRQGVQIVQQQPQPQQVGQCVL
B-hordein
185–225
QEQPQQLVEGVSQPQQQLWPQQVGQCSFQQPQPQQVGQQQQ
Avenin
115–155
QQQQQQQQFIQPQLQQQVFQPQLQLQQQVFQPQLQQQVFQP
(c) Section V
a/b-gliadin
223–273
PQAQGSVQPQQLPQF-EEIRNLALQTLPAMCNVYIPPYCTI--APFGIFGTNYR
g-gliadin
254–308
VQGQGIIQPQQPAQL-EAIRSLVLQTLPSMCNVYVPPECSIMRAPFASIVAGIGGQ
LMW-GS
229–282
VLQGTFLQPHQIAHL-EAVTSIALRTLPTMCSVNVPLYSATTSVPFAVGTGVSAY
g-40 k-secalina
–
AQVQGIIQPQQLSQFNVGIVLQMLQNLPTMCNVYVPRQCPPSRRHLHAMSLVCGH
g-75 k-secalin
382–436
AQVQGIIQPQQLSQL-EVVRSLVLQNLPTMCNVYVPRQCSTIQAPFASIVTGIVGH
g-hordein
232–286
VQGQGVVQPQQLAQM-EAIRTLVLQSVPSMCNFNVPPNCSTIKAPFVGVVTGVGGQ
B-hordein
226–274
VPQSAFLQPHQIAQL-EATTSIALRTLPMMCSVNVPLYRILRGVGPSVGV
Avenin
156–203
QLQQVFNQPQMQGQI-EGMRAFALQALPAMCDVYVPPQCPVATAPLGGF
a
Gellrich et al. [65]
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Table 2.7 Proportions (%) of storage protein types of different wheat species, rye,
and barley [68–70]
Group
HMW
MMW
LMW
Cereal
Variety
a
m
a
m
m/aa
Common wheat
Rektor
9.1
10.4
25.1
55.4
1.9
Spelt wheat
Schwabenkorn
6.6
10.4
17.7
65.3
3.1
Durum wheat
Biodur
5.0
6.7
19.3
69.0
3.1
Emmer
Unknown
2.6
10.8
10.0
76.6
6.9
Einkorn
Unknown
3.5
12.8
19.3
64.5
3.4
Rye
Halo
9.0
17.6
48.4
25.0
0.7
Barley
Golden promise
5.0
35.8
34.1
25.1
1.6
a
a aggregative, m monomeric

Fig. 2.2 Schematic two-dimensional structures of the C-terminal domain (sections III–V) of
g-gliadins (Taken from [94])
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Because HMW-GS do not occur as monomers, it is generally assumed that they
form interchain disulﬁde bonds. The x-type subunits, except subunit 1Dx5, have
three cysteine residues in domain A and one in domain C (Fig. 2.1). Cysteines Ca
and Cb were found to be linked by an intrachain bond, thus, the others (Cd, Cz) are
available for interchain bonds. Subunit 1Dx5 has an additional cysteine residue at
the beginning of domain B, and it has been suggested that this might form another
interchain bond. Recently, a so-called head-to-tail disulﬁde bond between HMW-GS
has been identiﬁed [71]. The y-type subunits have ﬁve cysteine residues in domain
A and one in each of domains B and C. At present, interchain linkages have only
been found for adjacent cysteine residues of domain A (Cc1, Cc2), which are connected in parallel with the corresponding residues of another y-type subunit, and for
cysteine Cy of domain B, which is linked to Cx of section IV of LMW-GS. Thus,
HMW- and LMW-GS fulﬁll the requirement that at least two cysteines forming
interchain disulﬁde bonds are necessary to participate in a growing polymer; they
act as “chain extenders.” The most recent glutenin model suggests a backbone
formed by HMW-GS linked by end-to-end, probably head-to-tail interchain disulﬁde
bonds [65]. LMW-GS form also linear polymers via cysteine residues of sections I
and IV; they are linked to domain B of y-type HMW-GS. y-Type HMW-secalins of
rye have a second cysteine in domain C, which opens the possibility that an intrachain
disulﬁde bond within domain C is formed inhibiting an interchain bond for polymerization [72]. As far as is known, D-hordeins possess ten (!) cysteine residues [63];
the formation of a regular polymer backbone appears to be impossible.

2.3.2.3

Molecular Weight Distribution

Most information on the quantitative MW distribution (MWD) of native storage
(gluten) proteins is available for wheat, because MWD of gluten proteins has been
recognized as one of the main determinants of the rheological properties of wheat
dough. Native gluten proteins consist of monomeric a/b- and g-gliadins with MW
around 30,000 and monomeric w5- and w1,2-gliadins with MW between 40,000 and
55,000. They are alcohol-soluble and amount to ~50% of gluten proteins (Fig. 2.3).
Besides monomers the alcohol-soluble fraction contains oligomers with MW
roughly ranging between 60,000 and 600,000. They are formed by modiﬁed gliadins
with an odd number of cysteine residues and LMW-GS via interchain disulﬁde
bonds and account for ~15% of gluten proteins. Composition and quantity of the
oligomeric fraction are strongly determined by the conditions of alcohol extraction,
for example by temperature and duration. The remaining proteins (~35%) are alcohol-insoluble and mainly composed of LMW-GS and HMW-GS linked by disulﬁde
bonds. Their MW ranges approximately from 600,000 to more than 10 million. The
largest polymers termed “glutenin macropolymers” (GMP) are insoluble in SDS
solutions and have MW well into the multimillions indicating that they may belong
to the largest proteins in nature [73, 74]. Their amounts in ﬂour (20–40 mg/g) are
strongly correlated with dough strength and bread volume. GMP is characterized
by higher ratios of HMW-GS to LMW-GS and x-type to y-type HMW-GS in
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Fig. 2.3 Molecular weight
distribution of native wheat
storage (gluten) proteins
(Modiﬁed from [73])

comparison with total glutenins; the HMW-GS combination 1Dx5 + 1Dy10
appears to produce higher GMP concentrations than 1Dx2 + 1Dy12 [73].
Rye storage proteins have a strongly different MWD as compared to wheat.
Although rye shows higher proportions of aggregative to monomeric storage proteins than wheat (Table 2.7), the proportions of polymers is much lower (~23%) and
the amount of GMP (~5 mg/g ﬂour) strongly reduced [75, 76]. The deﬁciency of
polymeric proteins is balanced by the higher proportion of oligomers (~30%), whereas
the proportion of rye monomers (~47%) is similar to that of wheat. Obviously rye
storage proteins consist of many more chain terminations (e.g., g-75 k-secalins,
y-type HMW-secalins) and less chain extenders than wheat, which apparently
prevents gluten formation during dough mixing. Information about the MWD of
native barley and oat proteins is not yet available.
2.3.2.4

Influence of External Parameters

Many studies have substantiated that both structures and quantities of storage proteins are exposed to a continuous change from the growing period of plants to the
processing of end products. Because of the importance of wheat as a unique “bread
cereal,” most investigations have been focused on gluten proteins. In principle, however, the effect of external parameters is similar for all cereal proteins.
Fertilization
The supply with minerals during growing is essential for optimal plant development. Nitrogen (N) fertilization is, in particular, important for common wheat,
because a high N supply provides a high ﬂour protein content and thus, increased
bread volume. Fertilization with different N amounts demonstrated that the quantities
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of albumins/globulins are scarcely inﬂuenced, whereas those of gluten proteins
increase with higher N supply [77]. The effects on gliadins are more pronounced
than on glutenins resulting in an elevated gliadin/glutenin ratio. Particularly, the
proportions of w-type gliadins are strongly enhanced by high N supply.
In the past, sulfur (S)-containing fertilizers were not widely used for cereal crops,
because air pollution from industry and trafﬁc provided sufﬁcient amounts of S in the
soil. The massive decrease in the input of S from atmospheric deposition over the last
decades reduced S availability in soils dramatically, and has led to a severe S deﬁciency
in cereals, which exerts a large inﬂuence on protein composition and technological
properties. In the case of wheat, S deﬁciency provokes a drastic increase of S-free
w-type gliadins and a decrease of S-rich g-gliadins and LMW-GS [78]. Moreover, S
deﬁciency has been reported to impair dough and bread properties [79].
Infections
The infection of cereal plants with Fusarium strains induces a premature fading of
individual spikelets and then, a fading of the whole ears. An outbreak of this infection is often accompanied by mycotoxin contamination of grains and ﬂours, for
example by the trichothecene deoxinivalenol. Studies on wheat demonstrated that
infection with Fusarium caused a distinct reduction in the content of both total glutenins and HMW-GS and impaired dough and bread quality [80]. Glutenins of common wheat have been shown to be more strongly affected than those of emmer and
storage proteins of naked barley [81, 82].

Germination
Proteins as well as other constituents are stable in dry grains. Water supply, however, induces germination of grains accompanied by the activation of enzymes, in
particular, amylases and peptidases. The latter have been shown, for instance, to
cause a fast degradation of prolamins of wheat, rye, barley, and oats during germination [83]. Studies on the Osborne fractions of wheat demonstrated that both
monomeric gliadins and polymeric glutenins were strongly degraded during germination for 168 h at 15–30 °C, whereas albumins/globulins were scarcely affected [84].
The degradation of gluten proteins has a drastic negative effect on the bread-making
quality of wheat.

Oxidation
Grains contain a considerable amount of LMW thiols such as glutathione, which are
known to affect the structures and functional properties of polymeric storage proteins
by thiol/disulﬁde interchange reactions during dough preparation [64]. To prevent
this deleterious effect on the bread-making quality of wheat, week-long storage of
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ﬂour under air (direct oxidation of LMW thiols) and treatment with L-ascorbic acid
(indirect oxidation catalyzed by glutathione dehydrogenase) are recommended.

Enzymes
Breads prepared from rye and wheat sourdoughs are of increasing consumer interest
due to the improvement of sensorial and nutritional quality, the prolongation of shelf
life, and the delay in staling. Wheat storage proteins, however, which are responsible
for the viscoelastic and gas-holding properties of dough and for the texture of the
bread crumb, are profoundly degraded [85]. Protein degradation during fermentation
is primarily due to acidic peptidases present in ﬂour and activated by the lowered pH
caused by Lactobacillus strains. The strongest decrease was found for the glutenin
macropolymer and total glutenins. The extent of the decrease of monomeric gliadins
was lower and more pronounced for the g-type than for the a/b- and w-types.

Heat
The baking process involves a drastic heat-treatment of proteins, with temperatures
of more than 200 °C on the outer layer (crust) and near 100 °C in the interior (crumb)
of bread. HPLC analysis of crust proteins from wheat bread indicated serious structural damage of both gliadins and glutenins [86]. With respect to crumb, the extractability of total gliadins with 60% ethanol is strongly reduced compared with those
from ﬂours. The single gliadin types are affected differently, w-type gliadins less
and a/b- and g-types much more. Most gliadins can be recovered in the glutenin
fraction after reduction of disulﬁde bonds suggesting that major heat-induced crosslinks of gliadins to glutenins are disulﬁde bonds.

High Pressure
The effect of hydrostatic pressure is similar to that of heat. Treatment of gluten with
pressure in the range of 300–600 MPa at 60 °C for 10 min provokes a strong reduction of gliadin extractability [87]. Within gliadin types, cysteine containing a/b- and
g-type gliadins, but not cysteine-free w-type gliadins, are sensitive to pressure and
are transferred to the ethanol-insoluble glutenin fraction. Cleavage and rearrangement of disulﬁde bonds have been proposed as being responsible for pressureinduced aggregation.

2.3.2.5 Wheat Gluten
Wheat is unique among cereals in its ability to form a cohesive, viscoelastic dough,
when ﬂour is mixed with water. Wheat dough retains the gas produced during
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fermentation and this results in a leavened loaf of bread after baking. It is commonly
accepted that gluten proteins (gliadins and glutenins) decisively account for the physical properties of wheat dough. Both protein fractions are important contributors to
these properties, but their functions are divergent. Hydrated monomeric and oligomeric proteins of the gliadin fraction have little elasticity and are less cohesive than
glutenins; they contribute mainly to the viscosity and extensibility of dough. In contrast, hydrated polymeric glutenins are both cohesive and elastic, and are responsible
for dough strength and elasticity. Thus, gluten is a “two-component glue,” in which
gliadins can be understood as a “plasticizer” or “solvent” for glutenins [65]. A proper
mixture (~2:1) of the two is essential to give desirable dough and bread properties.
Native gluten proteins are amongst the most complex protein networks in nature
due to the presence of several hundred different protein components. Even small
differences in the qualitative and quantitative protein composition decide on the
end-use quality of wheat varieties. Numerous studies demonstrated that the total
amounts of gluten proteins (highly correlated with the protein content of ﬂour), the
ratio of gliadins to glutenins, the ratio of HMW-GS to LMW-GS, the amount of
GMP, and the presence of speciﬁc HMG-GS determine dough and bread quality.
Amongst chemical bonds disulﬁde linkages (Fig. 2.1) play a key role in determining the structure and properties of gluten proteins. Intrachain bonds stabilize the
steric structure of both monomeric and aggregative proteins; interchain bonds provoke the formation of large glutenin polymers. The disulﬁde structure is not in a
stable state, but undergoes a continuous change from the maturing grain to the end
product (e.g., bread), and is chieﬂy inﬂuenced by redox reactions. These include (1)
the oxidation of free SH groups to S-S linkages, which supports the formation of
large aggregates, (2) the presence of chain terminators (e.g., glutathione and gliadins with an odd number of cysteine), which stop polymerization, and (3) SH-SS
interchange reactions, which affect the degree of polymerization of glutenins.
Consequently, oxygen is known to be essential for optimal dough development and
oxidizing agents, for example potassium bromide, azodicarbonimide, and dehydroascorbic acid (the oxidation product of ascorbic acid) have been found to be
useful as bread improvers [88].
Conversely, reducing agents such as cysteine and sodium metabisulﬁte are used
to soften strong doughs, accompanied by decreased dough development and resistance and increased extensibility. They are speciﬁcally in use as dough softeners for
biscuits. The overall effect is to reduce the average MW of glutenin aggregates by
SH/SS interchange.
Beside disulﬁde bonds, dityrosine and isopeptide bonds have been described as
further covalent cross-links between gluten proteins. Compared with the concentration of disulﬁde bonds (~10 mmol per g ﬂour) tyrosine-tyrosine cross-links
(~0.7 nmol per g ﬂour) appear to be only of marginal importance [89]. Interchain
cross-links between lysine and glutamine residues (isopeptide bonds) are catalyzed
by the enzyme transglutaminase (TG). Addition of TG to ﬂour results in a decrease
in the quantity of extractable gliadins and an increase of the glutenin fraction and
the nonextractable fraction [90]. Thereby, dough properties and bread-making quality can be positively inﬂuenced, similar to the actions of chemical oxidants.
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Fig. 2.4 A model double unit for the interchain disulﬁde structure of LMW-GS and HMW-GS of
glutenin polymers (Adapted from [65])

The covalent structure of gluten proteins is complemented by noncovalent bonds
(hydrogen bonds, ionic bonds, hydrophobic bonds). Glutamine, predestinated for
hydrogen bonds, is the most abundant amino acid in gluten proteins (Table 2.4) and
chieﬂy responsible for the water-binding capacity of gluten. In fact, dry gluten
absorbs about twice its own weight of water. Moreover, glutamine residues are
involved in frequent protein-protein hydrogen bonds. Though the number of ionizable side chains is relatively low, ionic bonds are of importance for the interactions
between gluten proteins. For example, salts such as NaCl are known to strengthen
dough, obviously via ionic bonds with glutenins [91]. Hydrophobic bonds can also
contribute to the properties of gluten. Because the energy of hydrophobic bonds
increase with increased temperature, this type of noncovalent bonds is particularly
important for protein interactions during the oven phase.
Both covalent and noncovalent bonds determine the native steric structures
(conformation) of gliadins and glutenins. Studies on the secondary structure have
indicated that the repetitive sequences of gliadins and LMW-GS are characterized
by b-turn conformation, whereas the nonrepetitive sections contain considerable
proportions of a-helix and b-sheet structures [92]. The nonrepetitive sections of
a/b-, g-gliadins, and LMW-GS include intrachain disulﬁde bonds, which are concentrated in a relatively small area and form compact structures including two or
three small rings and a big ring (Fig. 2.2) [93]. The nonrepetitive sections A and C
of HMW-GS are dominated by a-helix and b-sheet structures, whereas the repetitive section B is characterized by regularly repeated b-turns [94]. They form a loose
b-spiral similar to that of mammalian connective tissue elastin; b-spirals have been
proposed to transfer elasticity to gluten.
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A range of models has been developed to explain the structure and functionality
of glutenins. Most recently, the experimental ﬁndings on disulﬁde bonds were transformed into a two-dimensional model [65] (Fig. 2.4). HMW-GS and LMW-GS
polymerize separately, both forming linear backbone polymers. Both polymers are
cross-linked by a disulﬁde bond between section IV of LMW-GS and section B of
y-type HMW-GS. The backbone of HMW-GS is established by end-to-end, probably
head-to-tail linkages. LMW-GS polymers are linked between two sections I and
between sections I and IV. The polymerization of HMW-GS and LMW-GS is terminated by chain terminators, either by modiﬁed gliadins or LMW thiol compounds.

2.3.3

Storage Proteins of Corn, Millet, Sorghum, and Rice

Overall, the storage proteins of corn, sorghum, millet, and rice are, in part, related
and differ signiﬁcantly from those of wheat, rye, barley, and oats. According to the
amino acid composition they contain less glutamine and proline and more hydrophobic amino acids such as leucine [56]. Corn storage proteins, called zeins, can be
subgrouped into alcohol-soluble monomeric zeins and cross-linked zeins alcoholsoluble only on heating or after reduction of disulﬁde bonds. With respect to different structures zeins have been divided into four different subclasses [95]. a-Zeins
are the major subclass (71–85% of total zeins), followed by g- (10–20%), b- (1–5%)
and d-zeins (1–5%), respectively [96]. a-Zeins are monomeric proteins with apparent MW of 19,000 and 22,000 determined by SDS-PAGE. Their amino acid
sequences contain up to ten tandem repeats [97]. Proteins of the other subclasses are
cross-linked by disulﬁde bonds and their subunits have apparent MW of 18,000 and
27,000 (g-zein), 18,000 (b-zein), and 10,000 (d-zein).
In many ways the storage proteins of sorghum and millet called kaﬁrins are
similar to zeins. Sorghum kaﬁrins have also been subdivided into a, b-, g- and
d-subclasses based on solubility, MW, and structure [98]. a-Kaﬁrins are monomeric
proteins and represent the major subclass accounting for around 65–85% of total
kaﬁrins. Proteins of the other subclasses are highly cross-linked and alcohol-soluble
only after reduction of disulﬁde bonds. On average, each of them accounts for less
than 10% of total kaﬁrins [99, 100]. Within the numerous millet species and varieties the proteins of foxtail millet were studied in detail [101]. SDS-PAGE of unreduced kaﬁrins revealed bonds with apparent MW ranging from 11,000 to 150,000.
After the reduction of disulﬁde bonds two major bands with MW of 11,000 (subunit
A) and 16,000 (subunit B) were obtained. Unreduced proteins with higher MW
were formed by cross-links of A and/or B subunits. The storage proteins of rice are
characterized by the highly unbalanced ratio of prolamins to glutelins (~1:30) [102].
Both fractions show the lowest proline content (~5 mol-%) amongst cereal storage
proteins [56]. SDS-PAGE patterns of rice prolamins (oryzins) showed a major band
with MW 17,000 and a minor band with MW 23,000 [103]. The apparent MW of
glutelin subunits was in a range from 20,000 to 38,000.
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2.3.4

Metabolic Proteins

Most proteins of the albumin and globulin fractions are metabolic proteins, mainly
enzymes and enzyme inhibitors. The corresponding extensive studies have been
summarized by Kruger and Reed [104] and recently by Delcour and Hoseney [105].
Many of these proteins are located in the embryo and aleurone layer; others are
distributed throughout the endosperm. They have nutritionally better amino acid
compositions than storage proteins, particularly because of their higher lysine
contents. Those enzymes that hydrolyze carbohydrates and proteins and, thereby,
provide the embryo with nutrients and energy during germination, are of most
signiﬁcant importance.

2.3.4.1

Hydrolyzing Enzymes

Carbohydrate-Degrading Enzymes
The many carbohydrate-degrading enzymes include a-amylases, b-amylases,
debranching enzymes, cellulases, b-glucanases, and glucosidases. Amylases are
enzymes that hydrolyze the polysaccharides in starch granules. They can be
classiﬁed as endohydrolases, which attack glucosidic bonds within the polysaccharide molecules and exohydrolases, which attack glucosidic bonds at or near
the end of chains. The most important enzyme of the endohydrolase type is
a-amylase. The enzyme hydrolyzes a-1,4-glucosidic bonds of amylose and amylopectin and produces a mixture of dextrins together with smaller amounts of
maltose and oligosaccharides; the pH-optimum is about 5. The other major amylase type is b-amylase, an exohydrolase, which hydrolyzes a-1,4-glucosidic bonds
near the nonreducing ends of amylose and amylopectin to produce maltose. Its pHoptimum is similar to that of a-amylase. Both amylase types exist in multiple
forms or isoenzymes with different chemical and physical properties. Neither
a- nor b-amylase can break a-1,6-glucosidic bonds present in amylopectin. For
this kind of hydrolysis debranching enzymes are present in cereal grains. Along
with a-glucosidases they assist a- and b-amylases in a more complete conversion
of starch to simple sugars and small dextrins. A number of other carbohydrate degrading enzymes exist, their amounts, however, are very low compared to amylases.
Examples are a- and b-glucosidases, cellulases, and arabinoxylanases.

Proteolytic Enzymes
Enzymes that hydrolyze proteins are called proteinases, proteases, or peptidases.
They attack the peptide bond between amino acid residues and include both endoand exopeptidases. The latter are divided into carboxypeptidases, when acting from
the carboxy terminal and aminopeptidases, when acting from the amino terminal.
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The most important proteolytic enzymes are acidic peptidases. They exist in multiple
forms having pH-optima between 4.2 and 5.5 and include both endo- and exotypes.
On the basis of their catalytic mechanism they can be classiﬁed as serine, metallo-,
aspartic, and serine peptidases. According to their biological function to provide the
embryo with amino acids, their activity is highest during the germination of grains.

Other Hydrolyzing Enzymes
Lipases are the most important enzymes that hydrolyze ester bonds. They attack
triacylglycerols yielding mono- and diacylglycerols and free fatty acids. Lipase
activity is important, because free fatty acids are more susceptible to oxidative rancidity than fatty acids bound in triacylglycerols. The activity varies widely among
cereals with oats and millet having the highest activity. Exogenous lipases are in use
to improve the baking performance of wheat ﬂour.
Phytase is an esterase that hydrolyzes phytic acid to inositol and free phosphoric
acid. Even partial hydrolysis of phytic acid by phytase is desirable from a nutritional
point of view, because the strong complexation of cations such as zinc, calcium, and
magnesium ions by phytic acid is signiﬁcantly reduced.

2.3.4.2

Oxidizing Enzymes

Lipoxygenase is present in high levels in the germ. It catalyzes the peroxidation of
certain polyunsaturated fatty acids by molecular oxygen. Its typical substrate is
linoleic acid containing a methylene-interrupted, doubly unsaturated carbon chain
with double bonds in the cis-conﬁguration.
Polyphenoloxidases preferably occur in the outer layers of the grains. They catalyze
the oxidation of phenols, such as catechol, pyrogallol, and gallic acid, to quinons by
molecular oxygen. Peroxidase and catalase may be classiﬁed as hydroperoxidases
catalyzing the oxidation of a number of aromatic amines and phenols, for example
ferulic acid in arabinoxylans, by hydrogen peroxide. Other oxidizing enzymes are
ascorbic acid oxidase and glutathione dehydrogenase.

2.3.4.3

Enzyme Inhibitors

Many investigators have isolated and characterized enzyme inhibitors from germ
and endosperm. Most important inhibitors are targeted on hydrolyzing enzymes to
prevent the extensive degradation of starch and storage proteins during grain
development and to defend plant tissues from animal (insect) or microbial enzymes.
Predominant classes are amylase and protease inhibitors concentrated in the albumin/globulin fractions. Amylase inhibitors can be directed towards both cereal and
noncereal amylases and protease inhibitors towards proteases from both cereals and
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animals. Some inhibitors appear to be bifunctional inhibiting amylases as well as
proteases.

2.4
2.4.1

Lipids
Lipid Composition

Cereal lipids originate from membranes, organelles, and spherosomes and consist
of different chemical structures. Depending on cereal species average lipid contents
of 1.7–7% in the grains are present (Table 2.2). Lipids are mainly stored in the germ,
to a smaller extent in the aleurone layer and to the lesser extent in the endosperm. In
particular oats are rich in lipids (6–8%) in contrast to wheat and rye (1.7%). Cereal
lipids have similar fatty acid compositions, in which linoleic acid reaches contents
of 39–69%, while oleic acid and palmitic acid make up 11–36% and 18–28%,
respectively [106, 107]. Although wheat lipids are only a minor constituent of the
ﬂour, they greatly impact the baking performance and have, therefore, been extensively studied.
While triglycerides are the dominating lipid class in the germ and the aleurone
layer, phospho- and glycolipids are present in the endosperm (Fig. 2.5). Depending
on the extraction rate wheat ﬂour contains 0.5–3% lipids [108]. Extraction with a
polar solvent at ambient temperature, i.e., water-saturated butanol, dissolves the
nonstarch lipids that make up approximately 75% of the total ﬂour lipids [109]. The
residual 25% are the so-called starch lipids. The composition of the nonstarch lipids
is given in Table 2.8. They contain about 60% nonpolar lipids, 24% glycolipids, and
15% phospholipids. By extraction with solvents of different polarities they can be
further subdivided into a free and a bound fraction. The nonpolar lipids are mainly
present in the free lipid fraction, whereas glyco- and phospholipids are part of the
bound fraction, in which they can be associated, for example with proteins [106, 107].
The major glycolipid class is the digalactosyldiglycerides. Starch lipids are primarily composed of lysophospholipids, which form inclusion complexes with amylose
helices already in native starch [28].

2.4.2

Effects of Lipids on the Baking Performance
of Wheat Flour

Only nonstarch lipids affect the rheological properties of wheat doughs. Interactions
between starch lipids and starch are sufﬁciently strong so that this lipid fraction is
not available before the starch gelatinizes. Studies with nonstarch lipids have shown
that only the polar lipids have a positive effect on baking performance, whereas the
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Fig. 2.5 Polar lipids that
affect the baking performance
of wheat

Table 2.8 Composition of nonstarch lipids of wheat ﬂour [107]. Content (g/100 g) based on total
lipid
Nonstarch lipids: 1.70–1.95 g/100 g ﬂour
Polar
36–42 Nonpolar
58–64
Phospholipids
14–16 Sterol esters
1.9–4.2
Acylphosphatidyl ethanolamine
4.2–4.9 Triglycerides
39.5–49.4
Acyllysophosphatidyl ethanolamine
1.6–2.3 Diglycerides
3.3–5.4
Phosphatidyl ethanolamine/phosphatidyl 0.7–1.1 Esteriﬁed monogalactosyldi2.7–3.9
glycerol
glycerides/monoglycerides
Phosphatidyl choline
3.8–4.9 Esteriﬁed sterolglycerides
0.8–4.2
Phosphatidyl serine/phosphatidyl inosit
0.4–0.7
Lysophosphatidyl ethanolamin
0.3–0.5
Lysophosphatidyl glycerol
0.2–0.3
Lysophosphatidyl choline
1.4–2.1
Glycolipids
22–26
Monogalactosyldiglycerides
5.0–5.9
Monogalactosylmonoglycerides
0.9–0.4
Digalactosyldiglycerides
12.6–16.5
Digalactosylmonoglycerides
0.6–3.4

nonpolar lipids have the opposite effect [110]. In particular glycolipids have been
shown to contribute to the high baking performance of wheat ﬂour [29, 111–113],
whereas the functionality of the phospholipids has been found to be less important.
If the term “speciﬁc baking activity” would be deﬁned, polar lipids would be found
to affect the baking performance of wheat ﬂour to a considerably greater extent than
proteins. The addition of only 0.13% polar lipids would yield the same increase of
loaf volume as a protein content that would be increased by 1%. Polar lipids affect
dough properties in many ways, i.e., the dough handling properties are improved
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and the gas-holding capacity during prooﬁng is increased enabling a prolonged
oven spring, increased loaf volume, better crumb resilience, and, in some cases,
retardation of bread staling.

2.4.3

Modes of Action of Polar Lipids in Baking

The high baking activities of polar lipids, in particular of the glycolipids, might be
explained by modes of action based on the formation of liquid ﬁlms at the dough
liquor/gas cell interface. Possible modes of action are the direct inﬂuence of the surfactants on the liquid ﬁlm lamellae and gas cell interfaces through direct adsorption
resulting in an increase of surface activity as suggested by Gan et al. [49, 114] and
Sroan et al. [115] as the secondary stabilizing mechanism in the so-called dual ﬁlm
theory. It suggests the presence of liquid lamellae, providing an independent mechanism of gas cell stabilization. As shown recently, the effects of different surface active
components may be explained by the type of monolayer that they form [116].
However, in particular the positive effect of some polar lipids such as acylated
sterol glucosides and sterol glucosides cannot be explained with this mode of directly
stabilizing the liquid ﬁlm lamellae. Here another mode of action could be the answer,
for example the indirect stabilization of the dough liquor/gas cell interface through
this type of surfactant [116, 117]. These polar lipid classes have a positive inﬂuence
on the phase behavior of the endogenous lipids present in the dough liquor in that
they lead to an increase in surface activity of the endogenous lipids and hence a better availability and accumulation at the liquid ﬁlm lamellae/gas cell interface, thus
increasing gas cell stabilization, and consequently the bread volume.
Inclusion complexes between amylose helices and polar lipids with one fatty acid
residue are responsible for two effects. Complexes present in native starch (starch
lipids) increase the temperature of gelatinization and, thus, prolong the oven spring.
Inclusion complexes between amylose helices and polar lipids with one fatty acid
residue may also form during and after the gelatinization process and are responsible
for the anti-staling effect of some polar lipids, for example monoglycerides.

2.5
2.5.1

Minor Constituents
Minerals

The mineral content of cereals ranges from ca. 1.0 to 2.5% (Table 2.2). Compared
to other foods this is an intermediate concentration with milk, meat, and vegetables
having somewhat lower mineral contents and pulses, which are extraordinarily rich
in minerals (mean mineral content ~3.5%). As cereals are among the most important
staple foods, and are consumed in high quantities, they are important sources of
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minerals in the human diet. The major portion of the minerals (>90%) is located in
the outer layers of the grains, namely in the bran, the aleurone layer, and the germ.
Consequently, products made from whole grains should increasingly be introduced
into human nutrition to beneﬁt from the mineral content of cereals.

2.5.2

Vitamins

Cereals contain vitamins in concentrations ranging from below 1 to ca. 50 mg/kg,
depending on the compound (Table 2.2). Thus, cereals are a good source of vitamins from the B-group, and, in industrial countries, they cover about 50–60% of
the daily requirement of B-vitamins. The most important fat-soluble vitamins are
the tocopherols, which are present in concentrations exceeding 20 mg/kg. Like the
minerals, vitamins are concentrated in the outer layers of the grains, in particular
in the aleurone layer as well as in the germ. Therefore, milling of cereals into white
ﬂour will remove most of the vitamins. Consequently, the use of whole-grain products or products enriched in vitamin-containing tissues will be of nutritional beneﬁt
for the consumer.

Abbreviations
AX
DSC
GMP
GS
HMW
HPLC
LMW
m/a
MMW
MW
MWD
NSP
PAGE
SDS
TG
WEAX
WUAX

Arabinoxylans
Differential scanning calorimetry
Glutenin macropolymer
Glutenin subunits
High-molecular-weight
High-performance liquid chromatography
Low-molecular-weight
Monomeric/aggregated
Medium-molecular-weight
Molecular weight
Molecular weight distribution
Nonstarch polysaccharides
Polyacrylamide gel electrophoresis
Sodium dodecyl sulfate
Transglutaminase
Water-extractable arabinoxylans
Water-unextractable arabinoxylans

40

P. Koehler and H. Wieser

References
1. Food and Agriculture Organization of the United Nations (2012) FAOSTAT Database. http://
faostat.fao.org/site/567/default.aspx#ancor. Accessed 18 May 2012
2. Souci SW, Fachmann W, Kraut H (2008) In: Deutsche Forschungsanstalt für
Lebensmittelchemie (ed) Food composition and nutrition tables. Deutsche Forschungsanstalt
für Lebensmittelchemie. MedPharm Scientiﬁc Publishers, Stuttgart
3. Belitz H-D, Grosch W, Schieberle P (2009) Cereals and cereal products. In: Belitz H-D,
Grosch W, Schieberle P (eds) Food chemistry, 4th edn. Springer, Berlin, pp 670–675
4. Goesaert H, Brijs C, Veraverbeke WS, Courtin CM, Gebruers K, Delcour JA (2005) Wheat
constituents: how they impact bread quality, and how to impact their functionality. Trends
Food Sci Tech 16:12–30
5. Zeeman SC, Kossmann J, Smith AM (2010) Starch: its metabolism, evolution, and biotechnological modiﬁcation in plants. Annu Rev Plant Biol 61:209–234
6. Colonna P, Buléon A (1992) New insights on starch structure and properties. In: Cereal chemistry and technology: a long past and a bright future. In: Proceedings of the 9th international
cereal and bread congress, 1992, Paris, France, Institut de Recherche Technologique
Agroalimentaire des Céréales (IRTAC), Paris, France, 1992; pp. 25–42
7. Van Hung P, Maeda T, Morita N (2006) Waxy and high-amylose wheat starches and ﬂourscharacteristics, functionality and application. Trends Food Sci Tech 17:448–456
8. Jonnala RS, MacRitchie F, Smail VW, Seabourn BW, Tilley M, Laﬁandra D, Urbano M
(2010) Protein and quality characterization of complete and partial near-isogenic lines of
waxy wheat. Cereal Chem 87:538–545
9. Topping DL, Segal I, Regina A, Conlon MA, Bajka BH, Toden S, Clarke JM, Morell MK,
Bird AR (2010) Resistant starch and human health. In: Van der Kamp W (ed) Dietary ﬁbre:
new frontiers for food and health, proceedings of the 4th international dietary ﬁbre conference, Vienna, Austria, Wageningen Academic Publishers, Wageningen, pp 311–321
10. Hizukuri S, Takeda Y, Yasuda M (1981) Multi-branched nature of amylose and the action of
debranching enzymes. Carbohyd Res 94:205–213
11. Shibanuma K, Takeda Y, Hizukuri S, Shibata S (1994) Molecular structures of some wheat
starches. Carbohyd Polym 25:111–116
12. Buléon A, Colonna P, Planchot V, Ball S (1998) Starch granules: structure and biosynthesis.
Int J Biol Macromol 23:85–112
13. Zobel HF (1988) Starch crystal transformations and their industrial importance. Starch/Stärke
40:1–7
14. Hizukuri S (1986) Polymodal distribution of the chain lengths of amylopectins and its
signiﬁcance. Carbohyd Res 147:342–347
15. Peat S, Whelan WJ, Thomas GJ (1956) The enzymic synthesis and degradation of starch.
XXII. Evidence of multiple branching in waxy maize starch. J Chem Soc: 3025–3030
16. French D (1984) Organization of starch granules. In: Whistler RL, BeMiller JN, Paschal EF
(eds) Starch chemistry and technology, 2nd edn. Academic, New York, pp 183–212
17. Hejazi M, Fettke J, Paris O, Steup M (2009) The two plastidial starch-related dikinases
sequentially phosphorylate glucosyl residues at the surface of both the A-and B-type allomorphs of crystallized maltodextrins but the mode of action differs. Plant Physiol
150:962–976
18. Karlsson R, Olered R, Eliasson A-C (1983) Changes in starch granule size distribution and
starch gelatinisation properties during development and maturation of wheat, barley and rye.
Starch/Stärke 35:335–340
19. Hizukuri S (1996) Starch: analytical aspects. In: Eliasson A-C (ed) Carbohydrates in food.
Marcel Dekker, Inc, New York, pp 347–429
20. Jenkins PJ, Cameron RE, Donald AM (1993) A universal feature in the structure of starch
granules from different botanical sources. Starch/Stärke 45:417–420

2 Chemistry of Cereal Grains

41

21. Gallant DJ, Bouchet B, Baldwin PM (1997) Microscopy of starch: evidence of a new level of
granule organization. Carbohyd Polym 32:177–191
22. Atwell WA, Hood LF, Lineback DR, Varriano-Marston E, Zobel HF (1988) The terminology
and methodology associated with basic starch phenomena. Cereal Foods World 33:306–311
23. Tester RF, Debon SJJ (2000) Annealing of starch—a review. Int J Biol Macromol 27:1–12
24. Waigh TA, Gidley MJ, Komanshek BU, Donald AM (2000) The phase transformations in
starch during gelatinisation: a liquid crystalline approach. Carbohyd Res 328:165–176
25. Kalichevsky MT, Ring SG (1987) Incompatibility of amylase and amylopectin in aqueous
solution. Carbohyd Res 162:323–328
26. Eliasson A-C, Gudmundsson M (1996) Starch: physicochemical and functional aspects. In:
Eliasson A-C (ed) Carbohydrates in food. Marcel Dekker, Inc, New York, pp 431–503
27. Miles MJ, Morris VJ, Orford PD, Ring SG (1985) The roles of amylose and amylopectin in
the gelation and retrogradation of starch. Carbohyd Res 135:271–281
28. Morrison WR, Law RV, Snape CE (1993) Evidence for inclusion complexes of lipids with
V-amylose in maize, rice and oat starches. J Cereal Sci 18:107–109
29. Selmair PL, Koehler P (2008) Baking performance of synthetic glycolipids in comparison to
commercial surfactants. J Agric Food Chem 56:6691–6700
30. Morrison WR, Gadan H (1987) The amylose and lipid contents of starch granules in developing wheat endosperm. J Cereal Sci 5:263–275
31. Blackwood AD, Salter J, Dettmar PW, Chaplin MF (2000) Dietary ﬁbre, physicochemical
properties and their relationship to health. J Roy Soc Promot Health 120:242–247
32. Lu ZX, Walker KZ, Muir JG, Mascara T, O’Dea K (2000) Arabinoxylan ﬁber, a byproduct of
wheat ﬂour processing, reduces the postprandial glucose response in normoglycemic subjects. Am J Clin Nutr 71:1123–1128
33. Lu ZX, Walker KZ, Muir JG, O’Dea K (2004) Arabinoxylan ﬁbre improves metabolic control in people with type II diabetes. Eur J Clin Nutr 58:621–628
34. Garcia AL, Steiniger J, Reich SC, Weickert MO, Harsch I, Machowetz A, Mohlig M, Spranger
J, Rudovich NN, Meuser F, Doerfer J, Katz N, Speth M, Zunft HJF, Pfeiffer AHF, Koebnick
C (2006) Arabinoxylan ﬁbre consumption improved glucose metabolism, but did not affect
serum adipokines in subjects with impaired glucose tolerance. Hormone Meta Res
38:761–766
35. Garcia AL, Otto B, Reich SC, Weickert MO, Steiniger J, Machowetz A, Rudovich NN,
Mohlig M, Katz N, Speth M, Meuser F, Doerfer J, Zunft HJ, Pfeiffer AH, Koebnick C (2007)
Arabinoxylan consumption decreases postprandial serum glucose, serum insulin and plasma
total ghrelin response in subjects with impaired glucose tolerance. Eur J Clin Nutr
61:334–341
36. Babio N, Balanza R, Basulto J, Bullo M, Salas-Salvado J (2010) Dietary ﬁbre: inﬂuence on
body weight, glycemic control and plasma cholesterol proﬁle. Nutr Hospital 25:327–340
37. Izydorczyk MS, Biliaderis CG (1995) Cereal arabinoxylans: advances in structure and physicochemical properties. Carbohyd Polym 28:33–48
38. Meuser F, Suckow P (1986) Non-starch polysaccharides. In: Blanshard JMV, Frazier PJ,
Galliard T (eds) Chemistry and physics of baking. The Royal Society of Chemistry, London,
pp 42–61
39. Perlin AS (1951) Isolation and composition of the soluble pentosans of wheat ﬂour. Cereal
Chem 28:370–381
40. Perlin AS (1951) Structure of the soluble pentosans of wheat ﬂours. Cereal Chem
28:282–393
41. Fausch H, Kündig W, Neukom H (1963) Ferulic acid as a component of a glycoprotein from
wheat ﬂour. Nature 199:287
42. Delcour JA, Van Win H, Grobet PJ (1999) Distribution and structural variation of arabinoxylans in common wheat mill streams. J Agric Food Chem 47:271–275
43. Maes C, Delcour JA (2002) Structural characterisation of water-extractable and waterunextractable arabinoxylans in wheat bran. J Cereal Sci 35:315–326

42

P. Koehler and H. Wieser

44. Dervilly G, Saulnier L, Roger P, Thibault J-F (2000) Isolation of homogeneous fractions from
wheat water-soluble arabinoxylans. Inﬂuence of the structure on their macromolecular characteristics. J Agric Food Chem 48:270–278
45. Gruppen H, Hamer RJ, Voragen AGJ (1992) Water-unextractable cell wall material from
wheat ﬂour. II. Fractionation of alkali-extractable polymers and comparison with water
extractable arabinoxylans. J Cereal Sci 16:53–67
46. Gruppen H, Komelink FJM, Voragen AGJ (1993) Water-unextractable cell wall material
from wheat ﬂour. III. A structural model for arabinoxylans. J Cereal Sci 19:111–128
47. Mares DJ, Stone BA (1973) Studies on wheat endosperm. I. Chemical composition and ultrastructure of the cell walls. Aust J Bio Sci 26:793–812
48. Mares DJ, Stone BA (1973) Studies on wheat endosperm. II. Properties of the wall components and studies on their organization in the wall. Aust J Bio Sci 26:813–830
49. Gan Z, Ellis PR, Schoﬁeld JD (1995) Mini review: gas cell stabilisation and gas retention in
wheat bread dough. J Cereal Sci 21:215–230
50. Atwell WA (1998) Method for reducing syruping in refrigerated doughs. Patent application
1998; WO 97/26794
51. Izydorczyk MS, Biliaderis CG, Bushuk W (1990) Oxidative gelation studies of water-soluble
pentosans from wheat. J Cereal Sci 11:153–169
52. Figueroa-Espinoza MC, Rouau X (1998) Oxidative crosslinking of pentosans by a fungal
laccase and horseradish peroxidase: mechanism of linkage between feruloylated arabinoxylans. Cereal Chem 75:259–265
53. Vinkx CJA, Van Nieuwenhove CG, Delcour JA (1991) Physicochemical and functional properties of rye nonstarch polysaccharides. III. Oxidative gelation of a fraction containing watersoluble pentosans and proteins. Cereal Chem 68:617–622
54. Courtin CM, Roelants A, Delcour JA (1999) Fractionation-reconstitution experiments provide insight into the role of endoxylanases in bread-making. J Agric Food Chem
47:1870–1877
55. Courtin CM, Gelders GG, Delcour JA (2001) The use of two endoxylanases with different
substrate selectivity provides insight into the functionality of arabinoxylans in wheat ﬂour
breadmaking. Cereal Chem 78:564–571
56. Wieser H, Seilmeier W, Eggert M, Belitz H-D (1983) Tryptophangehalt von Getreideproteinen.
Z Lebensm Unters Forsch 177:457–460
57. Osborne TB (1907) The proteins of the wheat kernel, vol 84. Carnegie Inst, Washington,
DC
58. Peterson DM (1978) Subunit structure and composition of oat seed globulin. Plant Physiol
62:506–509
59. Shewry PR, Tatham AS (1990) The prolamin storage proteins of cereal seeds: structure and
evolution. Biochem J 267:1–12
60. Wieser H (1994) Cereal protein chemistry. In: Feighery C, O’Farrelly C (eds) Gastrointestinal
immunology and gluten-sensitive disease. Oak Tree Press, Dublin, pp 191–202
61. Wieser H, Koehler P (2008) The biochemical basis of celiac disease. Cereal Chem 85:1–13
62. Payne PI, Nightingale MA, Krattinger AF, Holt LM (1987) The relationship between HMW
glutenin subunit composition and the bread-making quality of British-grown wheat varieties.
J Sci Food Agric 40:51–65
63. Database Uni Prot KB/TREMBL. http://pir.georgetown.edu
64. Grosch W, Wieser H (1999) Redox reactions in wheat dough as affected by ascorbic acid.
J Cereal Sci 29:1–16
65. Wieser H, Bushuk W, MacRitchie F (2006) The polymeric glutenins. In: Wrigley C, Bekes F,
Bushuk W (eds) Gliadin and glutenin: the unique balance of wheat quality. AACC
International, St. Paul, pp 213–240
66. Gellrich C, Schieberle P, Wieser H (2005) Studies of partial amino acid sequences of g-40 k
secalins of rye. Cereal Chem 82:541–545
67. Robert LS, Nozzolillo C, Altosaar I (1985) Characterization of oat (Avena sativa L.) residual
proteins. Cereal Chem 62:276–279

2 Chemistry of Cereal Grains

43

68. Wieser H (2000) Comparative investigations of gluten proteins from different wheat species.
I. Qualitative and quantitative composition of gluten protein types. Eur Food Res Tech
211:262–268
69. Gellrich C, Schieberle P, Wieser H (2003) Biochemical characterization and quantiﬁcation of
the storage protein (secalin) types in rye ﬂour. Cereal Chem 80:102–109
70. Lange M, Vincze E, Wieser H, Schjoerring JK, Holm PB (2007) Suppression of C-hordein
synthesis in barley by antisense constructs results in a more balanced amino acid composition. J Agric Food Chem 55:6074–6081
71. Lutz E, Wieser H, Koehler P (2012) Identiﬁcation of disulﬁde bonds in wheat gluten proteins
by means of mass spectrometry/electron transfer dissociation. J Agric Food Chem
60:3708–3716
72. Köhler P, Wieser H (2000) Comparative studies of high Mr subunits of rye and wheat. III.
Localisation of cysteine residues. J Cereal Sci 32:189–197
73. Koehler P (2010) Structure and functionality of gluten proteins: an overview. In: Branlard G
(ed) Gluten proteins 2009. INRA, Paris, France, pp 84–88
74. Weegels PL, Hamer RJ, Schoﬁeld JD (1996) Functional properties of wheat glutenin. J Cereal
Sci 23:1–18
75. Wrigley CW (1996) Giant proteins with ﬂour power. Nature 381:738–739
76. Altpeter F, Popelka JC, Wieser H (2004) Stable expression of 1Dx5 and 1Dy10 high-molecular-weight glutenin subunit genes in transgenic rye drastically increases the polymeric glutelin fraction in rye. Plant Mol Biol 54:783–792
77. Wieser H, Seilmeier W, Kieffer R, Altpeter F (2005) Flour protein composition and functional properties of transgenic rye lines expressing HMW subunits genes of wheat. Cereal
Chem 82:594–600
78. Wieser H, Seilmeier W (1998) The inﬂuence of nitrogen fertilisation on quantities and proportions of different protein types in wheat ﬂour. J Sci Food Agric 76:49–55
79. Wieser H, Gutser R, von Tucher S (2004) Inﬂuence of sulphur fertilisation on quantities and
proportions of gluten protein types in wheat ﬂour. J Cereal Sci 40:239–244
80. Zhao FJ, Hawkesford MJ, McGrath SP (1999) Sulphur assimilation and effects on yield and
quality of wheat. J Cereal Sci 30:1–17
81. Wang J, Wieser H, Pawelzik E, Weinert J, Keutgen AJ, Wolf GA (2005) Impact of the fungal
protease produced by Fusarium culmorum on the protein quality and bread making properties
of winter wheat. Eur Food Res Tech 220:552–559
82. Eggert K, Wieser H, Pawelzik E (2010) The inﬂuence of Fusarium infection and growing
location on the quantitative protein composition of (part I) emmer (Triticum dicoccum). Eur
Food Res Tech 230:837–847
83. Eggert K, Wieser H, Pawelzik E (2010) The inﬂuence of Fusarium infection and growing
location on the quantitative protein composition of (part II) naked barley (Hordeum vulgare
nudum). Eur Food Res Tech 230:893–902
84. Dalby A, Tsai CY (1976) Lysine and tryptophan increases during germination of cereal
grains. Cereal Chem 53:222–226
85. Koehler P, Hartmann G, Wieser H, Rychlik M (2007) Changes of folates, dietary ﬁber, and
proteins in wheat as affected by germination. J Agric Food Chem 55:4678–4683
86. Wieser H, Vermeulen N, Gaertner F, Vogel RF (2008) Effects of different Lactobacillus and
Enterococcus strains and chemical acidiﬁcation regarding degradation of gluten proteins during sourdough fermentation. Eur Food Res Tech 226:1495–1502
87. Wieser H (1998) Investigations on the extractability of gluten proteins from wheat bread in
comparison with ﬂour. Z Lebensm Unters Forsch A 207:128–132
88. Kieffer R, Schurer F, Köhler P, Wieser H (2007) Effect of hydrostatic pressure and temperature on the chemical and functional properties of wheat gluten: studies on gluten, gliadin and
glutenin. J Cereal Sci 45:285–292
89. Wieser H (2003) The use of redox agents. In: Cauvin SP (ed) Bread making: improving quality. Woodhead Publishing Limited, Cambridge, UK, pp 424–446

44

P. Koehler and H. Wieser

90. Hanft F, Koehler P (2005) Quantitation of dityrosine in wheat ﬂour and dough by liquid
chromatography-tandem mass spectrometry. J Agric Food Chem 53:2418–2423
91. Bauer N, Köhler P, Wieser H, Schieberle P (2003) Studies on the effects of microbial transglutaminase on gluten proteins of wheat. I. Biochemical analysis. Cereal Chem 80:781–786
92. Kasarda DD (1989) Glutenin structure in relation to wheat quality. In: Pomeranz Y (ed)
Wheat is unique. AACC, St. Paul, pp 277–302
93. Tatham AS, Shewry PR (1985) The conformation of wheat gluten proteins. The secondary
structures and thermal stabilities of a-, b-, g- and w-gliadins. J Cereal Sci 3:104–113
94. Müller S, Wieser H (1997) The location of disulphide bonds in monomeric g-type gliadins.
J Cereal Sci 26:169–176
95. Tatham AS, Miﬂin BJ, Shewry PR (1985) The b-turn conformation in wheat gluten proteins:
relationship to gluten elasticity. Cereal Chem 62:405–412
96. Esen A (1987) A proposed nomenclature for the alcohol-soluble proteins (zeins) of maize
(zea-mays-l). J Cereal Sci 5:117–128
97. Wilson CM (1991) Multiple zeins from maize endosperms characterized by reversed-phase
HPLC. Plant Physiol 95:777–786
98. Rubenstein I, Geraghty D (1986) The genetic organization of zein. In: Pomeranz Y (ed)
Advances in cereal science and technology, vol VIII. AACC, St. Paul, pp 297–315
99. Shull JM, Watterson JJ, Kirleis AW (1991) Proposed nomenclature for the alcohol-soluble
proteins (kaﬁrins) of Sorghum bicolor (L. Moench) based on molecular weight, solubility,
and structure. J Agric Food Chem 39:83–87
100. Watterson JJ, Shull JM, Kirleis AW (1993) Quantitation of a-, b-, and g-kaﬁrins in vitreous
and opaque endosperm of Sorghum bicolor. Cereal Chem 70:452–457
101. Hamaker BR, Mohamed AA, Habben JE, Huang CP, Larkins BA (1995) Efﬁcient procedure
for extracting maize and sorghum kernel proteins reveals higher prolamin contents than the
conventional method. Cereal Chem 72:583–588
102. Danno G, Natake M (1980) Isolation of foxtail millet proteins and their subunit structure.
Agric Biol Chem 44:913–918
103. Juliano BO (1985) Polysaccharides, proteins, and lipids. In: Juliano BO (ed) Rice chemistry
and technology, 2nd edn. AACC, St. Paul, pp 98–142
104. Mandac BE, Juliano BO (1978) Properties of prolamin in mature and developing rice grain.
Phytochem 17:611–614
105. Kruger JE, Reed G (1988) Enzymes and color. In: Pomeranz Y (ed) Wheat chemistry and
technology, vol I, 3rd edn. AACC, St. Paul, pp 441–476
106. Delcour JA, Hoseney RC (2010) Principles of cereal science and technology, 3rd edn. AACC
International, Inc, St. Paul, pp 40–85
107. Eliasson A-C, Larsson KA (1993) Molecular colloidal approach. In: Cereals in breadmaking.
Marcel Dekker, Inc, New York
108. Hoseney RC (1994) Principles of cereal science and technology, 2nd edn. AACC, St. Paul,
pp 81–101, and 229–273
109. MacMurray TA, Morrison WR (1970) Composition of wheat-ﬂour lipids. J Sci Food Agric
21:520–528
110. Morrison WR, Mann DL, Soon W, Coventry AM (1975) Selective extraction and quantitative
analysis of nonstarch and starch lipids from wheat ﬂour. J Sci Food Agric 26:507–521
111. MacRitchie F (1981) Flour lipids: theoretical aspects and functional properties. Cereal Chem
58:156–158
112. Daftary RD, Pomeranz Y, Shogren M, Finney KF (1968) Functional bread-making properties
of wheat ﬂour. II. The role of ﬂour lipid fractions in bread making. Food Technol
22:327–330
113. Hoseney RC, Pomeranz Y, Finney KF (1970) Functional (breadmaking) and biochemical
properties of wheat ﬂour components. VII. Petroleum ether-soluble lipoproteins of wheat
ﬂour. Cereal Chem 47:153–160
114. Gan Z, Angold RE, Williams MR, Ellis PR, Vaughan JG, Galliard T (1990) The microstructure
and gas retention of bread dough. J Cereal Sci 12:15–24

2 Chemistry of Cereal Grains

45

115. Sroan BS, Bean SR, MacRitchie F (2009) Mechanism of gas cell stabilization in bread making.
I. The primary gluten-starch matrix. J Cereal Sci 49:32–40
116. Sroan BS, MacRitchie F (2009) Mechanism of gas cell stabilization in breadmaking. II. The
secondary liquid lamellae. J Cereal Sci 49:41–46
117. Selmair PL, Koehler P (2009) Molecular structure and baking performance of individual
glycolipid classes from lecithins. J Agric Food Chem 57:5597–5609

http://www.springer.com/978-1-4614-5424-3

