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Abstract

Worldwide production of wheat in 2007 was 787 million (IGC 2008). Duc to
its importance in the world commodity market, there has been much research into the
potential problems of weather damage to wheat, particularly with reference to bread
making.

The current project aimed to address three major research areas. Firstly, the
effects of heat treatment in relation to the nutritional value of weather damaged
wheat were investigated. It appears that drying at 100°C may increase Cocfficient of
Apparent Digestibility of starch (CAD). Some flour samples that were heated to
100°C failed to demonstrate expected hydration properties that would normally be
associated with increased digestibility. They also appear to maintain their crystalline
order. Therefore, an increase in CAD is not necessarily related to changes in starch
structure and is probably more likely due to modification of non-starch components
such as protein. A hypothesis is discussed, that protcins may form a film that
protects the starch until the protein is digested by endogenous chick protcases. The
precise drying temperature is critical, as at 85°C, digestibility may be dccreased,
possibly due to crystalline perfection. Apparent Metabolisable Energy (AME) did
not follow starch digestibility.

Secondly, it was hypothesised that the Rapid Visco Analyser (RVA) may be
able to quantify amylase activity and predict nutritional value of wheat samples.
Interestingly, unexpectedly high levels of amylase were observed in some wheat
samples. This activity remained despite two years in ambicnt storage and
temperature treatment of up to 100°C. These high levels of amylase activity did not
appear to affecct CAD, presumably due to deactivation in the acidic conditions of the
proventriculus. There were some highly significant relationships between in vivo
parameters and in vitro RVA parameters, particularly between Peak Viscosity (with
an amylase inhibitor) and Coefficient of Duodenal Digestibility or AME (P<0.001 in

both cases). This suggests there is potential for the RVA to indicate nutritional
value.

Lastly, the nutritional value of wheat after storage for up to four months was

investigated. There was no significant difference in AME, CAD or FL.
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Chapter One

Introduction

1.1 Wheat

Wheat is a cousin of the common grasses which are part of the family
Gramineae (Kent and Evers 1994). The most common type in the UK (Triticum
aestivum) is hexaploid, with three diploid pairs of seven chromosomes (Atwell 2001)
which means that each characteristic is controlled by three genes. Each of these pairs
of chromosomes is attributed to a different ancestor (Flintham and Gale 1988).
Common in UK wheat varieties is the 1B/1IR translocation. Each wheat chromosome
has two ‘arms’, onc long and one short. The 1B/IR translocation involves the
replacement of the short arm of the 1B chromosome in wheat with the short arm of
the 1R chromosome from rye (Short et al. 2000). It is thought that 1B/IR wheat
varicties have broader adaptability and the translocation will often confer discase
resistance. It is possible that they may also confer higher productivity (Foulkes,
personal communication). Genes coding for particular glutenins, that are required for
high quality bread wheat, are located on the region of the chromosome that is absent
in 1B/1R wheat varieties. For this reason, these wheats tend to be feed and biscuit
making varieties (Carver and Rayburn 1994). The IB/IR translocation is however
associated with reduced nutritional value (Short ef al. 2000) and is currently being
bred out of UK wheats.

Three species of wheat are commonly grown around the world, with many
different end uses. Triticum aestivum is that found in the UK; T. compactum and T.
durum which is used primarily for pasta manufacture. Durum varicties have been
shown to give increased growth performance when fed to chickens, compared with
aestivum varicties. It is probably due to their lower productivity that they are not
used in poultry diets (Pirgozliev et al. 2002).

Wheat is a hardy crop, and is therefore grown around the world, including in
North America and Canada, Southern Australia and across Europe. It can also be

grown at altitudes of over 4000m (Kent and Evers 1994; Atwell 2001).

1.L1.1  Hard and Soft Categorisation

i Measurement



Wheat can be further categorised in several ways. Of critical importance to
millers, is the classification of hard or soft. The absolute classification of either hard
or soft is given, in the UK, by the Home Grown Cereals Authority. It is often this
classification that is quoted in studies. However, this does not allow for extremes of
hard or soft to be recognised. A hardness score can be obtained using Near Infra Red
Reflectance (NIR) Spectroscopy (Delwiche 1993; Carre ef al. 2002). Scores are on a
scale of one to 100; those less than 45 are soft (Greffeuille et al. 2006). Similarly,
the system of Particle Size Index (PSI) will allow a more specific hardness rating. In
this case, a score of 1-20 is hard, whereas 21 and above is soft. Both methods work
on the basis of differences in milled particle size distribution. PSI measures the
sieving behaviour and NIR the spectral characteristics.

With NIR, milled samples are exposed to radiation at a range of wavelengths,
typically a maximum of 2500nm (Garnsworthy et al. 2000; Fontaine et al. 2002;
Figueiredo et al. 2006). The reflectance is measured at every other wavelength and
expressed as log (1/Reflectance). The resulting spectrum is compared either to a
ceramic standard (Fontaine et al. 2002; Figueiredo et al. 2006) or calibrated to the
reflectance of known wheat standards at 1680nm and 2230nm (Carver 1994;
Garnsworthy et al. 2000).

In comparison to other mecthods, including PSI, NIR showed much less
variation between measurements (Famera et al. 2004), and is reliable at measuring

hardness (Garnsworthy et al. 2000).

ii. Properties

Hard wheat requires more encrgy to mill, and fracturcs along cell boundaries.
This leads to coarse flour (Carre ef al. 2002; Pcron et al. 2006) which is easily sifted.
However, although soft wheat varieties mill more easily, the resulting flour is very
fine and difficult to sieve. The starch and protein is present as a matrix that is easily
crumbled. Starch and protein are easily released (Short er al. 2000). When hard
wheat varietics are milled, high proportions of starch granules arc cleaved. However,
the starch is trapped in a protein matrix and is difficult to extract (Short ef al. 2000).

Many more starch granules remain intact when soft wheat is milled (Rose et al.
2001).

Hard wheat varicties are shown to have higher protein contents than soft

wheat varieties (Pirgozliev et al. 2002; Hetland et al. 2007). Endosperm hardness is



thought to be linked to the protein friabilin, which is present in or on the starch
granules. In all cases of barley and wheat, small amounts are bound to the surface of
the starch granule. In soft wheats higher levels are present on the surface than hard
wheats, where friabilin is associated with a protein matrix inside the granule
(Darlington et al. 2000). Friabilin is composed of two polypeptides, puroindoline A
and B (PinA and PinB) and they are likely to work together (Giroux and Morris
1998). These peptides are coded for by two genes on the hardness locus (Ha). The
genes are also named PinA and PinB (Wanjugi ef al. 2007). It is thought that hard
wheat varieties have a mutation in one of the puroindoline genes. Specifically this
may be a glycine to serine mutation in the PinB gene (Giroux and Morris 1998). The
presence of both genes, as the wild type, leads to a soft wheat (Wanjugi et al. 2007).
Recently it has been suggested that the presence of PinB limits the binding of
puroindoline A to starch (Swan et al. 2006). The presence of just one gene leads to
an intermediate NIR score (Wanjugi et al. 2007). The genetic basis for hardness
seems clear. However, Greffeuille ef al. (2006) suggest that even if puroindolines
are not directly involved in endosperm hardness, their genes provide a good marker
for the characteristic.

Durum wheat varicties are classified as harder than hard common wheat
varicties. In soft common wheat varietices, the endosperm is brittle whereas at the
other end of the scale, durum wheat varieties are ductile. The latter can withstand
twice as much stress and four times as much strain as the soft wheat varieties (Glenn
et al. 1991). However, there is also variation in hardness indicators within hardness
classes and this is correlated to Near Infra Red hardness scores (Glenn et al. 1991).
Moisture content affects hardness, as compressive strength is negatively correlated
with moisture. The more moisture in the sample, the less hard it may be. Hard

wheat varictics are more sensitive to moisture than soft varictics (Glenn ef al. 1991).

iii End Uses

Due to their milling properties, hard wheat varieties tend to be used for bread
making whereas soft wheat varietics are more suitable for cakes and biscuits
(Greffeuille er al. 2006). Hetland et al. (2007) and Pirgozliev et al. (2006) could not
find any consistent difference in nutritional value of wheat varieties varying in
hardness scores. However, this is a debatable issue, and many authors have found a

relationship between hardness and starch digestibility (Short et al. 2000; Carre e al.



2002; Wickramasinghe et al. 2005; Peron ef al. 2006; Peron et al. 2007). Overall
starch content appears not to be related to hardness (Soulaka and Morrison 1983),

although hard wheat varicties may contain more amylose (Wickramasinghe ef al.
2005).

1.1.2 Cultivation

In terms of sowing, wheat can be divided into winter wheat and spring wheat.
Winter wheat is sown in late autumn, usually between September and Dccember
depending on the previous crop (Kettlewell ef al. 1999), in areas where the soil is
unlikely to freeze. Spring wheat is sown as early as possible in spring. This method
is used in areas where winter weather would be too severe (Atwell 2001). The
increasing day length in spring serves to synchronise the development stages of crops
sown at different times. Anthesis occurs across crops in June and gives way to
ripening in July or early August. Harvest usually takes place in August although it
may be later in Scotland (Kettlewell ef al. 1999). For these reasons wheat can be
found at some point in its sowing to harvest cycle somewhere in the world all year
round (Atwell 2001). The quality of wheat grown in the UK is dependant on the
weather throughout Europe. Kettlewell et al. (1999) relate quality parameters to
Hagberg Falling Number (HFN) and specific weight to the North Atlantic
Oscillations. If one of these parameters falls below the standard thresholds and
becomes unsuitable for milling, the price of good quality wheat increases relative to
the price of animal feed. This indicates that wheat for animal fced use is commonly

material that has been discarded from the human food market.

1.1.3 Structure

The structure of a wheat grain is shown in figure 1.1. The wheat kernel is
complex, but loosely comprises the embryonic plant or the germ, the storage scction
known as the endosperm, and the outer protective layers, collectively known as the
bran. The kernel is between 4 and 10mm long, although this varies with variety and
location of the kernel on the spikelet (MacMasters et al. 1971). There is a crease that

runs the length of the kernel, opposite to the embryo, which may rcach the middle of

the kernel. The crease is unusual among cereals (Evers ef al. 1999).
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Figure 1.1 Structure of a mature wheat grain (Home Grown Cereals Authority 2007)

i The Bran

The bran has a protective purpose and makes up approximately 0.14 of the
kernel. The outer layer of the bran, the pericarp, is composed of many layers of cells
and covers the whole seed. Some layers are incomplete, but during development
serve to protect the embryo and endosperm (Evers et al. 1999). Cells of the pericarp
have 42 chromosomes, all from maternal tissue (Flintham and Gale 1988). Pericarp
cells are dry at maturity and are largely empty (Evers e al. 1999). Immediately
underneath the pericarp is the seed coat, which joins with the pigment strand at the
crease. The bran is rich in fibre and minerals (Atwell 2001). The bran also includes

the aleurone layer, the outer layer of the endosperm. It is typically one cell thick and



covers the majority of the endosperm. The cells are roughly cubic (Evers et al.
1999). The aleurone cells are comprised mainly of cellulose and contain a large
nucleus (MacMasters et al. 1971). Some would consider the aleurone to be part of

the endosperm, although distinct from the starchy endosperm (Evers et al. 1999).

il. The Germ

The germ contains the embryonic axis, or the potential root and shoot of a
new plant (MacMasters ef al. 1971). Attached to this is the scutellum which protects
the embryonic axis. The scutellum also secretes hormones and enzymes and
mediates the absorption of solubilised sugars and proteins (Evers et al. 1999). The
germ may only comprise 0.03 of the whole kernel (Atwell 2001). The embryonic
cells have 42 chromosomes, half from the original egg and half from the pollen
(Flintham and Gale 1988).

iil. The Endosperm

Perhaps of most significance to end users is the endosperm. It is the largest
tissue of the grain and contains cells packed with insoluble nutrients for growth of
the embryo (Evers ef al. 1999). There are two major components, starch and protein;
starch being more abundant.  Starch is contained in granules, in a protcin matrix.
There are thought to be two types of protein present. The first has cytoplasmic and
membrane functions and the second include gluten precursors. These are important
as they impact upon dough formation (MacMasters et al. 1971). The protein content
increases moving from the centre of the endosperm outward (MacMasters er al.
1971). The cell size decreases toward the outside of the endosperm but the thickness
of cell walls increases. The major cell wall component of wheat is arabinoxylan
whereas in barley it is B-glucan (Evers et al. 1999). Unlike other tissues in the grain,
the endosperm has 63 chromosomes, two sets from the maternal tissue, one from the

paternal tissue (Flintham and Gale 1988).

1.1.4 Germination

Generally speaking, germination is a combination of physiological processes
with in a seed that result in the initiation of metabolism and thercfore growth

(Bewley and Black 1994). Understanding the plant’s life cycle and the mechanism

of germination is vital for understanding some important quality issucs.



Ripe grain imbibes water at a critical temperature, in an acrobic environment
(Evers er al. 1999). Gibberellic acid (GA) is synthesised mainly in the scutellum and
is associated with a-amylase production in the scutellar epithelium (Appleford and
Lenton 1997). Abscisic acid (ABA) is involved in dormancy (prevention of
germination) and it is detected in all grain tissues (Hilhorst 1995). Diffusion of GA
from the embryo to the endosperm and the decline of ABA in the endosperm induces
a-amylase gene expression (Appleford and Lenton 1997). a-Amylase and other
enzymes are involved in the solubilisation of cell walls, proteins and starch which
provides energy and substrates for the growth of roots and shoots of the new plant
(Evers et al. 1999).

Resistance to prematurc germination (sprouting) is desirable and it is possible
to select lines that genetically confer this resistance (Bassoi and Flintham 2005).

Sprouting lowers starch and protein yield (Evers et al. 1999).

1.1.5 Chemical Composition

The chemical composition of wheat is known to be highly variable and related

to variety and growing scason. Some reported values for major components are

shown in table 1.1.

Kim et al. (2003) investigated 18 Australian wheat varieties and besides the
chemical composition, concluded that CP is inversely correlated to starch and soluble
NSP. Acid Detergent Fibre (ADF) and lignin are negatively correlated to soluble
Non Starch Polysaccharides (NSP) and free sugars are negatively correlated to
soluble NSP.

There are varietal effects on the levels of protein, starch, NSP, insoluble NSP
and fibre structure (Kim et al. 2003; Pirgozliev et al. 2003; Labuschagne et al. 2007).
Starch amylose to amylopectin ratio is also influenced by cultivar (Labuschagne ef
al. 2007). Growing scason is also responsible for variation in Crude Protcin (CP),
ADF, lignin, frce sugars, starch, soluble NSP and the amylose to amylopectin ratio of
starch (Kim ef al. 2003). Starch content is reported to be related to AME (Pirgozliev

et al. 2003; Huyghcbacrt and Schoner 1999). Varietal changes in CP and all
fractions of NSP were also reported by Choct et al. (1999).



Table 1.1 Chemical composition of wheat

Component Kim er al | Pirgozliev ef al. | Rose et al. | Steenfeldt
(2003)° (2003)" (2001)° 2001y
CP g/kg DM 98.1-191.0 85.0-151.0 118.0-132.0 112.0-127.0
Starch g/kg DM 585.0-737.0 594.0-732.0 629.0-662.0 658.0-722.0
Lipid g/kg DM - 14.6-21.0 - 21.0-27.0
NSP g/kg DM 78.3-110.6 85.0-128.0 92.0-105.0 98.0-117.0
Insoluble NSP g/kg DM | 68.9-101.2 66.0-85.0 68.0-87.0 73.0-94.0
Soluble NSP g/kg DM | 7.0-14.1 15.0-49.0 17.0-26.0 10.0-29.0
Free sugars g/kg DM 11.2-22.7 1.7-5.5 - -

18 wheat samples, comprising 3 varieties grown in varying rainfall zones, over two seasons in
Australia; measurements within one month of harvest

®23 wheat samples, comprising 19 varieties, grown over 3 seasons, in the UK; measurements at
varying times.

‘six wheat samples comprising six varieties, grown in one season in the UK
16 wheat samples comprising 16 varieties, grown in one season in Denmark

Environmental growing conditions can affect wheat chemical composition.
Location gives rise to variation in starch content. There is also an interaction with
variety, with the same variety having varying starch content depending on the growth
location (Labuschagne ef al. 2007). Elevated temperatures during grain {illing may
decrecase starch content. Amylase to amylopectin ratio may not be affected, or
amylase may increase slightly and lipid may increase (Tester et al. 1991; Tester et al.
1995). The decrease in starch is probably related to a decrease in synthesis and the

granules will be smaller and fewer in number (Tester ef al. 1995).

i Non Starch Polysaccharides (NSP)

Arabinoxylan, a polysaccharide of arabinose and xylose, is a major
constituent of wheat cell walls (Annison 1993). Over the whole grain it can compose
up to 0.57 of the polysaccharide content (Greffeuille e al. 20006). It is composed of a
main P1-4 linked xylose chain, with a-arabinose groups at the O2 and O3 positions

(Annison et al. 1991; Annison 1993). The structure is shown in figure 1.2.
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Figure 1.2 Structure of arabinoxylan. Modified from Annison (1993)

It is found that there are two fractions of NSP present in wheat, one that is
water soluble and one that is not, but extractable in alkali (Annison et al. 1991).

Over two consecutive scasons, the structure of arabinoxylan changed from
being highly branched to less branched. The rate of synthesis of arabinoxylan was
faster with higher growth temperature and greater available moisture during grain
filling (Toole et al. 2007). Arabinoxylan content may be related to hardness, but

composition of the molecule is similar irrespective of hardness (Greffeuille e al.
2006).

1.2 Starch

Based on a moisture content of around 140 g/kg, wheat contains around 640g
carbohydrate/kg, 130g protein/kg and 20g lipid/kg (Holland ef al. 1991). Aside from
being the most abundant component of the kernel, starch is arguably one of the most
important. Starch comprises, on average, 640g/kg whole wheat grain (Kent and
Evers 1994) which may itself form 700g/kg of dicts for broilers (Rose ef al. 2001). It
is energy-yiclding and may be the sole dictary source (Moran 1982). Starch granules
arc present in many plant species and their physical characteristics reflect the origin.
Starch is comprised of two alpha-glucans (sce figure 1.3), amylose and amylopectin
(Muralikrishna and Nirmala 2005) and the ratio of the two in starch granules will be
characteristic of the source. Cereals can often be classified according to this ratio.
For example, so called waxy starches contain less than 0.15 amylosc and are

therefore rich in amylopectin, whereas high amylose starches will contain >0.40
amylose (Moran 1982; Tester ef al. 2004a).



Amylosc: a-(1-4)-glucan; average n = ca. 1000. The linear molecule may carry a few occasional
moderately long chains linked o-(1-6).

CH,OH CH,OH 6CHQOH

Amylopectin: a-(1—6) branching points. For exterior
chains a = ca. 12-23. For interior chains b = ca. 20 - 30.
Both a and b vary according to the botanical origin.

Figure 1.3 Structure of amylose and amylopectin. Modified from Tester et a/ (2004a)

1.2.1 Amylose and Amylopectin

Amylose is a largely lincar molecule of (1-4) linked a-D-glucopyranosyl
(glucose) units (Muralikrishna and Nirmala 2005). There may be some branching,
resulting from a-(1-6) linkages. However, it is thought that these branches do not
alter the behaviour of the molecule (Buleon ef al. 1998). There are approximately a
thousand glucose residues per molecule and the average molecular weight has been
suggested to be 1x10° (Bulcon et al. 1998; Coultate 1999; Tester ef al. 2004a).
Amylose is insoluble in cold water as it mostly exists as a double helix. Each helix
comprises two amylose chains, resistant to solubilisation through hydrogen bonding
(Kodama et al. 1978).

Amylopectin is similar in that it is a polymer of a-D-glucopyranosyl residues
linked with a(1-4) and a(1-6) bonds, however it is highly branched. It is a larger
molecule than amylose, with a molecular weight often in excess of 1 x 10* (Bulcon et
al. 1998). Amylopectin is also involved in double-helical structures (Hedley et al.
2002).

The ratio of amylose to amylopectin can be determined using a lectin,
Concanavalin A, which readily complexes with amylopectin. The initial starch level
is calorimetrically mecasured after digestion to glucose using o-amylase and

amyloglucosidase. Amylopectin can then be removed from an intact, cquivalent
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sample by addition of Concanavalin A and centrifugation. The remaining amylase is
then digested and measured. The difference in the measurements account for

amylopectin and therefore the ratio of the two components can be determincd
(Gibson et al. 1997).

1.2.2 Wheat Starch Granule Structure

Starch granule structure and size varies very much with botanical source
(Moran 1982) and in the case of wheat, variety (Peron et al. 2007). Wheat starch is
laid down in granules, thought to be of two types. Some are large and biconvex, type
A, whereas others are smaller and spherical type B (Kent and Evers 1994; Peng et al.
1999; Langeveld et al. 2000). Type A are in the region of 12.5-35 um in diameter
whereas B type are around 2-10 pm (Soulaka and Morrison 1985; Burrell 2003;
Tester et al. 2004a). The variation is most likely attributed to genetic differences
although environment and growth location may play a part (Soulaka and Morrison
1985). It is thought that the larger, type A granules form first, with deposition
initiated within 27 days. Deposition of small, type B, granules then occurs in
amyloplasts containing the larger granules, at 40-53 days. The number of A type
granules is set at initiation although the granules continue to grow. lowever, the
number of B granules increases throughout development (Morrison and Gadan 1987;
Morrison 1993). Type B granules are also thought to contain more lipid and
probably have less amylose than type A granules (Soulaka and Morrison 1985).
However, the opposite has also been reported for amylose content (Peng er al. 1999).
The ratio of amylose and amylopectin varies with botanical origin, and the sizc of the
granule (Moran 1982). In general the ratio is approximately 75:25 amylopectin to
amylose, although certain genetic variants may be different.

In each wheat grain endosperm there is commonly an outer, vitrcous portion
and an inner floury portion (MacMasters et al. 1971). This may be related to the
packing of the granules. In the vitreous area, there is close packing which may cause
the granules to become misshapen, whereas in the floury area the granules appear in
their natural form (Kent and Evers 1994). Temperature conditions during the grain
filling period of wheat growth may affect propertics of the starch. Higher
temperatures may impair synthesis, particularly resulting in smaller granules and less

starch in the endosperm overall (Tester ef al. 1995).
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Figure 1.4 The semi crystalline structure of a starch granule. Modified from Donald ef al (1997)

Starch has a semi-crystalline structure and is arranged in the granule in dark
and light layers or lamellae (see figure 1.4, part a). These lamellae are laid down
from the centre, toward the outer surface of the granules and are attributed to
amylopectin and amylose chains (Robin et al. 1974). The dark lamellac are
crystalline regions of (branched) amylopectin double helices and are interspersed by
amorphous regions of amylose and the branch points of amylopectin, as illustrated in
figure 1.4, b) and ¢) (Robin et al. 1974; Donald et al. 1997). Within these crystalline
lamellac some amylopectin is in the form of a double helix and is not entircly
crystalline (Gallant et al. 1997). The reason for this complex order is thought to be
to minimise storage space and increase energy concentration (Tester e al. 2004a).
Changes in these lamella and states of crystallisation, caused by processing, may
affect gelatinisation and the extractability of amylose (Donovan ef al. 1983).

Due to the crystalline structure native starch displays birefringence and a
typical Maltese cross under polarised light (Gallant ef al. 1997). Plane polarised
light is able to pass through the granules (Moran 1982).

i Lipid and Protein

Cereal starch granules also contain small but significant levels of lipid. It is
thought however, that this is restricted to non-waxy cereals (Soulaka and Morrison
1985) and the lipid content may be between 6 and 15g/kg (on a dry matter basis) in

wheat kernels (Buleon ef al. 1998).  Starch granules arc thought to be covered in a

lipid bilayer, about SOA thick (Eliasson ef al. 1981). Granule surface lipids are
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commonly in the form of triglycerides whereas internal lipids tend to be in the form
of lysophospholipids (LPL) with some free fatty acid (Soulaka and Morrison 1985;
Tester et al. 2004a). The amount of these monoacyl lipids may be correlated to
amylose content (Morrison ef al. 1987; Morrison and Gadan 1987; Morrison 1993)
although usually this is not evident due to environmental variation (Soulaka and
Morrison 1985). LPL comprises nearly the whole lipid component of wheat
(Soulaka and Morrison 1985) and some specify that lysophosphatidylcholine,
palmitic and linolenic acids are the most common lipids found in wheat (Buleon et
al. 1998). The total LPL is reported to be around 917mg/100g, and there may also be
some free fatty acids, around 98mg/100g (Soulaka and Morrison 1985). Both
amylose and LPL increase with maturity and larger granules show increasing
amylose and LPL and you move outwards from the centre (Morrison and Gadan
1987). These monoacyl lipids can form inclusion complexes with amylose helices
(Morrison 1993). Tester and Morrison (1990) suggest that although swelling is a
property of amylopectin, formation of amylose-lipid complexes may hinder swelling.
Therefore, there is a possibility that the presence of lipid could indirectly affect
gelatinisation and therefore digestion. Amylose:lipid complexes may also decrease
susceptibility to amylolysis (Holm ef al. 1983). The review of Buleon et al. (1998)
suggests that the presence of lipid decreases the viscosity of the resulting paste.
Similarly, small amounts of protein may be present on the surface of the
granule, around 1.5-4.7mg/g. This may be in the form of gliadin or friabilin
(Eliasson et al. 1981). This could be of importance as the granule bound protcins

have been linked to grain hardness (Tester ef al. 2004a). The mechanism for this

scems unclear.
1.2.3 Changes in Wheat Starch with Storage

There has been much investigation into biochemical changes in wheat during
storage, possibly due to the size of the bread making industry across the world.
Some suggest that the nutritional quality is impaired as a result of storage, although
this often refers to human nutrition (Rehman and Shah 1999). The requirements of
individual industries are quite different. However, Posner and Deyoe (1986) suggest
that storage at ambient temperature for up to 14 wecks is possible for bread wheat

and Lukow et al. (1995) suggest up to 15 months is possible. It has even been
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suggested that careful storage for up to 16 years maintains wheat for bread making
(Pixton and Hill 1975). Rehman and Shah (1999) suggest that over a period of six
months, pH, moisture content and amylase activity of the wheat decrease. This is
particularly marked when temperatures of over 25°C are employed. Lukow et al.
(1995) and Pixton and Hill (1975) found increases in maximum starch viscosity with
storage which could be attributable to a decrease in amylase. However, it could also
indicate an increased resistance of starch to amylase. Rehman and Shah (1999) found
significant increases in insoluble amylose but a decrease in soluble amylose.
However, there were no changes in total amylose. Rehman and Shah (1999) suggest
that wheat is stored at less than 25°C, to avoid detrimental effects on nutritional
quality. The potential changes in composition of cereals on storage arc often
considered alongside moisture content. Al-Yahya (2001) suggests that wheat is best
stored at low moisture content, as moisture content is inversely related to the ability
to later germinate. They do not discuss why this may be but presumably it is further

evidence that with time, endogenous amylase activity falls.

Kim et al. (2003) found increases in soluble sugars over a period of six
months but also a decrease in lignin, ADF and soluble NSP. They also found a
small, but significant decrease in total starch. Jood et al (2003) found similar
changes in carbohydrates over a period of four months and Pixton and Hill (1975)
found decreases in total sugar over eight years. All above mentioned changes in
sugars may be brought about by the action of endogenous enzymes in the grain.

They suggest that these changes may be beneficial to poultry.

1.2.4 Changes in Wheat Starch with Temperature

It is quite clear from the literature that the structurc of cercal and other
starches can be altered with thermal treatment. Often this is irreversible. These
changes form the basis of several analytical methods such as Rapid Visco Analysis
and Differential Scanning Calorimetry, to be discussed below. It is also clear that the
extent of the temperatures used in treatments and the amount of water present, define

the changes that occur.

The enzyme susceptibility of cereal starches and their solubility increascs

with heat/moisture treatment. This may be due to the formation of enzyme

accessible regions on heating. The formation of holes on the surface of starch

granules has been reported (Baldwin et al. 1994). The subsequent swelling power is
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also reduced (Lorenz and Kulp 1982). These differences are as a result of changes
in and some degradation of physical order.

When heated past a critical temperature in excess water, native starch
granules begin to absorb water and swell. At temperatures of above 60°C, wheat
starch begins to gelatinise (Kulp and Lorenz 1981; Walker ef al. 1988; Allen et al.
1991). For maize starch the temperature may be around 66°C (Becker et al. 2001a).
This process involves melting of the semi-crystalline structure, loss of birefringence
and solubilisation and cannot happen if water is limiting (Tester et al. 2004b). Water
permeates the granules as amylose and amylopectin chains lie perpendicular to the
surface, and open regions exist. Initially, amorphous regions take up the majority of
the water, whilst crystalline regions stay intact (Moran 1982; Gallant et al. 1997).
Water aids gelatinisation penetrating between crystallites and pulling crystallites
apart (Donovan 1979). It has also been described as water increasing the mobility of
starch chains and aiding melting (Biliadecris es al. 1985). This corresponds with the
beginning of the endothermic peak on the DSC curve (Gallant et al. 1997). It has
been suggested that small crystallites melt more readily than larger crystallites
(Biliaderis et al. 1985).

Eventually granules begin to rupture and amylose and some amylopectin
leaches out (Loney and Meredith 1974). Amylose is leached more readily due to its
greater solubility, but will not leach if it is complexed to lipid (Becker ef al. 2001a).
Swelling has been described as a property of amylopectin (Tester ef al. 1991). This
leaching and solubilisation can be visualised by Scanning Electron Microscopy
(Gallant et al. 1997). Conde-Petit ¢t al. (1998) found that at 80°C, durum wheat
starch granules were swollen, but not disintegrated. At 95°C granules were still
visible, but there was also solubilised material present. Amylose leaching can be
visualised and determined by the lodine Binding Capacity. The more lcached
amylose that is present, the higher the IBC (Conde-Petit e al. 1998). The melting of
starch crystalline structure in excess water appears to occur in one phase (Liu and Shi
2006). It is concluded that high temperature drying of starch induces rearrangement
of double helical structure of starch polymers (Zweifel ef al. 2000).

If water is limiting (an intermediate level), melting occurs in two phases,
evidenced using the DSC (Donovan 1979; Jang and Pyun 1996; Lui and Shi 2006).

It appears that at intermediate water levels, the initial affect of heat and water is to
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strip starch molecules from the surface of the granules. With further heat, water is
re-distributed and complete melting occurs (Donovan 1979).

As water concentration further decreases, the gelatinisation temperature
increases and the amount of energy necessary for this change in phase is increased
(Donovan 1979). If water is only present in very low concentrations gelatinisation
cannot occur, except when temperature and/or pressure is extremely high, as in the
case of extrusion processes (Burt and Russell 1983). Burt and Russell (1983) found
that samples of between 80 and 120g moisture/kg, that were heated to 120°C retained
birefringence and were not swollen or disrupted. The starch of samples with a
moisture content of 80g/kg was still intact at 232°C. With a moisture content of

around 130g/kg, Tji et al (2003) found that the amylose levels decreased whilst the

amylopectin content increased.

i. Protein

Protein associated with starch may also be affected by heat treatment. After
treatment at 100°C, compared to a 20°C control, maize gluten content was
unchanged. However, the starch yield was lower (fraction, not a definite amount)
suggesting protein extractability was greater (Altay and Gunasckaran 2000).
Mohammed ef al. (2004) investigated temperature of just 30 or 50°C tempcratures
they expected to be too low for any starch changes. However, although no alteration
was seen in the starch, major changes occurred in the protein fraction. They
suggested that changes in secondary structurc mean less water is absorbed by protein.
This may be beneficial in terms of availability of water to starch.  Amcezcua and
Parsons (2007) found that the amino acid content of corn was decreased on heating
to 55°C or autoclaving, and that digestibility was also decreased. This was supported
by rescarch into chapati baking, during which lysine declines (Anjum et al. 20035).

Maillard reactions are suggested to occur between reducing sugars and lysine

(Amezcua and Parsons 2007).

1.2.5 Amylase

Amylases are hydrolases. That is, they specifically cleave glycosidic bonds in
starch and are found in microbes, plants and animals, although the origin determines
properties and mode of action. In cereals, they are very much related to germination

(Greenwood and Milne 1968a; Marchylo ef al. 1976). They can be further divided
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into endoamylases, exoamylases and debranching enzymes. Endoamylases (from
here on termed o-amylase) cleave a-1,4 glycosidic bonds in the middle of amylose
and amylopectin molecules (Hill and MacGregor 1988; Muralikrishna and Nirmala
2005), therefore rapidly decreasing molecular weight and decreasing starch viscosity
(Hill and MacGregor 1988). The initial stages of the hydrolysis involve random
scission of this type of linkage within amylose molecules (Greenwood and Milne
1968b). o-amylases are single chain polypeptides, with molecular weights in the
region of 41-54 kDa, depending on the isozyme (Marchylo et al. 1976). However, it
is thought that isozymes are probably of similar sizes (Greenwood and Milne 1968a).
Exoamylases (from here on termed B-amylases) however, cleave a-1,4 glycosidic
bonds to release terminal maltose and glucose molecules from the non-reducing end
of the starch molecule (Banks and Greenwood 1975). This results in much slower
reduction in molecular weight. B-amylases may be removed from a solution also
containing o-amylases by heating at 70°C with acetone (Greenwood and Milne
1968a). Glucoamylase and Pullulanase (the latter produced by the fungus
Aureobasidium pullulans) attack o-1,6- linkages at branch points in amylose and

amylopectin. These are therefore termed de-branching enzymes (Muralikrishna and
Nirmala 2005).

The aleurone layer is likely to be the origin of amylase in wheat grains
(Bewley and Black 1994; Evers et al. 1995). High levels of activity have also been
found in the crease region, particularly in large grains. Evers ef al. (1995) suggest
that this is due to an excessive number of aleurone cells being produced in the crease
region, during cell division. These particular cells do not then require the same
stimulation as normal aleurone cells. The amount of amylase present in a wheat

grain appears to be related to the size of the grain (Evers ef al. 1995).

i. Amylase Isozymes

The number of isozymes present in a cereal depends on the cultivar,
distribution in kernel and stage of development of the grain (Marchylo ef al. 1980).
There are two main groups of a-amylase that are separable on their isoclectric point

(Sargeant and Walker 1978; Marchylo er «l. 1980). Both groups are present

throughout germination, although group 1I isoenzymes are also present at earlicr

stages in development (Sargeant and Walker 1978). Group 1 isozymes have a pl of
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approximately between 6.0 and 6.5, within which there are four main components
that appear on a zymogram (Marchylo et al. 1976; Sargeant and Walker 1978). They
are the product of pre-harvest sprouting (Lunn et al. 2001b), but may also be
produced with no visible sprouting (Evers et al. 1995). Group 1l isozymes, often
termed pericarp amylases, are calcium dependant (Greenwood and Milne 1968a;
Lunn et al. 2001b) and have a pI of closer to 4.5-5.11, and can be scparated into three
main components (Marchylo et al. 1976; Sargeant 1982). This type of amylase is
degraded during development and will have almost totally disappeared at maturity
(Lunn et al. 2001b). They make up around 0.60 of a-amylase activity in cereals
(Muralikrishna and Nirmala 2005). Sargeant and Walker (1978) separated the two
isozymes and investigated the adsorption of both types onto wheat starch. They
concluded that for degradation to occur, the enzyme must be adsorbed onto the
surface of the starch. Kruger and Marchylo (1985) disagree and suggest that
adsorption is not necessarily a pre-requisite for degradation. Initially adsorption of
a-amylase is greatest onto the surface of small granules, although with time,
adsorption is equal on large and small granules (Marchylo e al. 1976). Small starch
granules are preferentially degraded over large granules (Marchylo er al. 1976).
Surface crosion seen by SEM, which Sargeant and Walker (1978) understood to
indicate degradation, only occurred with group I isozymes. Following this
observation, immature starch, that is starch from immature grains, was isolated.
Adsorption of group I isozymes was constantly high. However, adsorption of group
II began at a high level and tailed off to only 0.06 as the starch extract was from
more mature grains (Sargeant and Walker 1978). The authors conclude that group |
isoenzymes have a sccondary action, after the initial degradation by group 1
isoenzymes. (Greenwood and Milne 1968a) suggest that the two enzyme isozymes
have a similar mode of action.

Marchylo et al. (1980) studiecd a-amylase isocnzymes in immature wheat.
They suggest that up to 22 a-amylase enzymes may be present. These isoenzymes
can be characterised as group I, group Il or group Il isoenzymes and cultivar
variation exists in all groups. During early stages of kernel development, the
majority of a-amylase present is in the form of group I isoenzymes and is present
mainly in the pericarp. Group III isoenzymes are suggested to be similar to those
involved in germinating wheat and are predominantly present in the endosperm, It is

important to point that although these terms are the same as those allocated by
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authors and discussed above, it appears from the literature that the isoenzymes are
different.

ii. Optimum Conditions

The optimum pH range for cereal a-amylase group I isozymes is narrower
(5.5-5.7) than for group II isozymes (3.6-5.75) and at extreme pH values thcy may
become irreversibly inactivated (Greenwood and Milne 1968a; Marchylo et al. 1976;
Muralikrishna and Nirmala 2005). Similarly, cereal amylases have a small range of
temperature optima (40-55°C) above which they are inactivated (Muralikrishna and
Nirmala 2005). Group II isozymes have a much narrower optimum range.
Greenwood and Milne (1968b) suggest that the temperature optimum for group Il is
in the range 47-49°C. Marchylo et al. (1976) found that after 30 minutes at 30°C,
there was a rapid decrease in activity of purified group II a-amylasc. However,

group II isozymes, in the same time period, exposed to 60°C, only lost 10% of

activity.

iii.  Sprouting and Amylase Activity

Excess a-amylase activity is detrimental to baking quality (Kettlewell and
Cashman 1997). A major cause of this phenomenon is pre-harvest sprouting, where
ripe grain germinates whilst still on the plant in the field (Lunn ef al. 2001b). There
are thought to be four distinct routes of a-amylase accumulation. These mechanisms
have, on the whole been well rescarched. As a result they have been repeatedly
assigned different terms. For the sake of clarity, those used here are those given by
Lunn et al. (2001b).

The first mechanism, Retained Pericarp a-Amylase Activity (RPAA), is not
well recognised in the UK, but has been attributed to a-AMY-2 isozymes (Lunn ef
al. 2001b). Originally these were not thought to affect 1IFN scores. a-AMY-2
isozymes are less thermostable than a-AMY-1 isozymes, and therefore inactivated
by the temperatures used in the HEN test. However, Lunn ef al. (2001a) found that
they may indeed prevail and therefore affect HFN scores. In the UK grains that are
still green at harvest are often rejected as it is assumed that they still contain
unacceptable levels of RPAA. However, Lunn ef al. (2001b) carried out an
experiment to relate green colour to RPAA and found that after green grain colour

has disappeared, RPAA may still exist. However, the experiment only considered
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one cultivar at two sites, on one year. As is to be discussed below, genotype may
well affect amylase activity. The authors also suggest that RPAA may be the least
significant of all the mechanisms discussed. Storage before use can also decrease a-
AMY-2 activity (Lunn ef al. 2001a).

The second mechanism appears much more complicated but well rescarched.
It involves the deposition of a-AMY-1 in the endosperm cavity (see fig 1.1) (Lunn ef
al. 2001b). It has been termed Pre-Maturity a-Amylase Activity (PMAA) and is
related to amylase synthesised in pre-ripe ungerminated grains (Flintham and Gale
1988). It is of significance as it is often a mechanism for increased amylase where
no visible sprouting is reported (Joe et al. 2005). It may be affected by grain size.
Evers er al. (1995) published observations that suggest larger grains contain more
amylase, judged on their lower HFN scores. Large numbers of wheat samples grown
between 1986 and 1993 were ranked in terms of HFN. Cultivars known to be larger
than medium were consistently placed within the worst four scores. The same
publication also presents evidence for the crease region of the grain containing a
large proportion of PMAA. Genotype differences may also be responsible for
PMAA (Bingham and Whitmore 1966; Gale ef al. 1983). Grain drying rate may also
play a part (Kettlewell and Cashman 1997). Gale et al. (1983) suggest that slow
drying rate may be responsible for PMAA. Kettlewell and Cashman (1997) could
not find a link between a-amylase activity or HFN and grain drying. However they
do report an increase in potential evaporation with increasing HEN.

A major component of PMAA may be controlled by just one gene, which is
probably expressed in the endosperm. High temperatures in the field during ripening
may reduce this expression in certain varicties (Mrva and Mares 1996). However
cold weather, rainfall and humidity have been suggested to encourage PMAA
(Flintham and Gale 1988) and worsen HEN, which is indicative of incrcased amylase
(Craven et al. 2007). However, Joe et al. (2005) suggest that moisturc and a
temperature peak in early development could also be a causative factor for PMAA.
PMAA was the most frequent cause of a-amylase accumulation in a wide range of
cultivars over three UK sites investigated by Lunn et al (2001b).

The third mechanism of a-amylase accumulation is not well recognised.
What little literature that is available (Flintham and Gale 1988) suggests that it is

related to germination in early development, at high moisture contents. It may be
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related to extreme weather conditions and it has been termed Pre-Maturity Sprouting,
PrMS. It may also be attributed to parasitic insect larvae.

The final mechanism, Post-Maturity Sprouting (PoMS), although similar to
PrMS occurs after sprouting in mature grain, with moisture contents of less than
350g/kg (Lunn er al. 2001b). Although it falls second to PMAA in the frequency of
causing a-amylase accumulation, Lunn et a/ (2001b) judge it to be the most
important cause of reduced HFN in the UK. They suggest that PoMS encourages
higher amylase activity than PMAA.

Grain dormancy (prevention of sprouting/germination) is controlled by a set
of three genes, although many others are involved (Bassoi ef al. 2006). Thesc genes
also control grain pigmentation. It has been shown that in red wheat varieties, such
as those common in Brazil, red grain colour is a marker for sprouting resistance. For
protection against pre-harvest sprouting, red coloured plants can be chosen, or better
still, those that have the dominant ‘R’ gene (Bassoi and Flintham, 2005).

There is limited information in the literature on the effect of high endogenous
amylase and the idea of sprouted wheat on poultry nutrition. Pirgozliev and Rose
(2001) conducted a study using two varicties, Abbot and Equinox. Abbot was found
to be 0.09 sprouted at the time of inclusion in the poultry diet. The experiment was
primarily involved with storage, but found no difference in AME with between the

cultivars and no storage/variety interaction (Pirgozlicv and Rose 2001).

iv. Inactivation of Amylases

Amylases are inactivated by many metal ions such as those of aluminium,
silver, copper, iron, mercury and lead (Greenwood and Milne 1968a; Muralikrishna
and Nirmala 2005). It is also suggested that it is specifically the cations of these
metals, sincc corresponding sodium and potassium salts had no effect (Greenwood
and Milne 1968a). Since calcium jons are bound to cercal amylases, any chemical
that will chelate calcium, such as EDTA (Greenwood and Milne 1968a) or EGTA,
will act as an inhibitor. The lack of calcium ions will also lower the inactivation
temperature, possibly the difference between 71.5 °C and 63°C (Ilagenimana et al.
1994). Some organic acids will also inhibit amylase. Citric, ascorbic and oxalic
acids are examples (Greenwood and Milne 1968a; Muralikrishna and Nirmala 2005).

Barley amylases may be permanently inactivated by low concentrations of Ca®* ions
(Bush et al. 1989).
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1.2.6 Rheology and Measurement of Amylase

There are many possible ways to assay for a-amylase. Iodine-based assays
rely on the blue black colour formed by the association of iodine and starch. This
colour is progressively lost as starch is degraded by amylase and can be measured
calorimetrically. As starch is degraded by a-amylase, reducing sugars are released
and can be complexed with 3,5-dinitrosalicylate to form nitroaminosalicylic acid,
also measurable using calorimetry (Asp 1990).

Due to their commercial relevance and novel application in terms of poultry

nutrition, this review concentrates on viscometric methods.

i. Hagberg Falling Number (HFN)

In the 1960s a simple method for measuring amylase activity in flour was
devised by Hagberg (1960). This was later simplified to the HFN method (Iagberg
1961), which is still used today. Seven grams of flour and 25ml of water are stirred
together in a test-tube of specific size and then immersed in boiling water to begin
gelatinisation of the starch present in the sample. After a period of stirring, a weight
is dropped at the top of the slurry and allowed to fall under its own weight. The time
(in seconds) taken for the weight to fall 70mm is termed the HFN (Ilagberg 1960;
Hagberg 1961). The amount of sample used is debated. It is suggested that reducing
the sample amount from 7g to 5g may increase reproducibility and decrease the
coefficient of variation between replicate samples (Finney 2001).

When there is high amylase activity in a sample, gelatinisation occurs to a
lesser extent, due to the degradation of starch polymers. Therefore, a low HFN 1s
corrclated with high amylase activity, as the passage of the weight through the
sample is faster with less viscous slurry (Hagberg 1961; Lunn et al 2001a;
Johansson 2002). In the UK, wheat for bread making must have a score of over 250,
and for biscuits, 180 or greater (Lunn ef al. 2001a).

It seems there is no such standard set for wheat destined for animal feeding.
The literature is unclear on the relationship between HFN and animal performance
parameters.  This is despite the rejection of low HEN wheat samples for food use
which are instead used for animal feed purposes (Iletland ef al. 2007). This group
investigated two wheat varicties over two ycars, with varying HFN scores
manufactured by steeping the wheat and allowing it to germinate over varying

lengths of time or by delaying harvest. As expected, HFN decreased with increasing
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time of germination or time in the field. The authors found no effect of HEN on
FCR. They also failed to find any consistent effects on AME or starch digestibility.
However, they found that as HFN began to decrease, AME was reduced. As HFN
further declined, AME increased. This negative relationship was also reported by
Svihus and Gullord (2002). The effect on starch digestibility was similar but non-
significant.  Rose et al. (2001) and Pirgozliev ef al. (2003) also failed to find a link
between HFN and performance parameters.

HEN (and therefore amylase) is also affected by genotype and environment
(Johansson 2002). Low HFN is related to poor weather, with high rainfall. The
opposite weather conditions, warm and bright often produce high quality, high HFN
wheat (Johansson 2002).

The most interesting aspect of the report of Hetland er al. (2007) is the
discussion of the reason behind this non-lincar response. The authors suggest that
amylase may not be entirely responsible for the change in HFN score. No change in
starch was observed. They suggest that the initial reduction in AME may be as a
result of increased digesta viscosity caused by an increase in soluble arabinoxylans.
There is evidence that after steeping, levels of endoxylanase may be high. Initial
degradation of NSP may result in increase soluble NSP, increasing digesta viscosity.
With time, there may be more comprehensive degradation of NSP, leading to an
increase in nutritional quality. In contrast, insoluble NSPs may also affect viscosity,
but in other ways. They are suggested to immobilisc watcr in a system and thercfore
prevent gelatinisation.  The effect is concentration dependant (Tester and
Sommerville 2003).

It is also suggested that HFN is affected by gluten and gliadin, that with
increasing content, HFN decreases. Therefore application of nitrogen, that increascs

protein levels, may affect HFN (Johansson 2002).

il. The Rapid Visco-Analyser (RVA)

As discussed above the Hagberg Falling Number test has long been used to
give a qualitative assessment of amylase activity in wheat flour. It is commonly used
as a screening tool when deciding flour quality. The HEN test was developed in the
1960s. In the 1980s the Rapid Visco-Analyser was developed in Australia to give a
rapid, on farm measurement of flour quality. It was originally devised in response to

widespread weather damage in Australian wheat crops, with particular reference to
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the baking industry. The method out surpassed the Brabender visco-amylograph, due
to the speed of analysis and small sample size needed for RVA analysis (Allen et al.
1991). The RVA is thought to give very comparable results (Deffenbaugh and
Walker 1989). Originally, the RVA was designed to be a quick, 3 minute screening
process but was later expanded upon to enable precise measurements (Ross et al.
1987). The method can also be employed to give a qualitative measure of amylase
activity (Collado and Corke 1999).

As shown in figure 1.5, a typical starch pasting curve indicates how the RVA
monitors the changes in starch properties with heat and moisture. Typically, when
analysing a starch sample using the RVA, a heat-hold-cool program is employed.
The various characteristics of that curve are dependant on the starch sample and will
vary with any treatments imposed to the starch before the RVA test (Becker er al.
2001a). In wheat it is suggested that the large A-typc granules swell more readily
than the small B-type granules (Conde-Petit es al. 1998). The RVA can give
indication of modification made to starch granule structure (Becker ef al. 2001a). At
the beginning of the test, the temperature is usually set at below the gelatinisation
temperature of starch so viscosity is low. Due to hydrogen bonding (Moran 1985)

and the semi-crystalline nature of starch within the granules, native starch is

insoluble in cold water (Becker et al. 2001a).
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Figure 1.5 Typical RV A starch pasting profile

The RVA test exploits the behaviour of starch in excess water as already
discussed. At temperatures of above 60°C, wheat starch begins to gelatinisc (Kulp
and Lorenz 1981; Walker et al. 1988; Allen ef al. 1991). The starch melts, loses
semi-crystalline structure and birefringence, and becomes soluble. Water is essential
for this process (Tester ef al. 2004b). Eventually granules begin to rupture and
amylose and some amylopectin leaches out (Loney and Meredith 1974). Amylosc is
leached more readily due to its greater solubility, but will not lcach if it is complexed
with lipid (Becker ef al. 2001b). The Peak Viscosity (PV) (figure 1.5) is rcached
when granule swelling and leaching are at equilibrium. This is usually past 90°C
(Walker et al. 1988). PV is indicative of the water binding capacity of the starch
(Newport Scientific 2001). The granules undergo further disruption, causing
continuous leaching. Viscosity begins to drop. Often this can be attributed partly to
endogenous amylase activity which has been brought into contact with its substrate.
The rate and extent of the drop in viscosity (breakdown) is related to the temperature,

degree of mixing and the nature of the material. As the mixture is then cooled starch

molecules begin to re-associate and re-gelatinise leading to the end viscosity (Guler
et al. 2002).
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The RVA profile depends on a number of factors. The particle size of the
flour is important. This is particularly true for damaged samples, such as those
which have been extruded and have the characteristic of cold-swelling (Becker et al.
2001a). It is reported that not just the sieve fraction, but the type of mill that
influence the pasting characteristics. With the same sized sieve, but different type of
mill there maybe a 7% difference between pasting curves for the same sample
(Becker et al. 2001a). Particle size is related to viscosity, the greater the particle size
the greater the end viscosity (Becker et al. 2001a).

Free sugars that are present in the RVA slurry may also impact upon the
pasting profile. Deffenbaugh and Walker (1989) investigated the effect of dextrose,
sucrose and corn syrup solids (CSS) in ratios of 1:1, 2:1 or 4:1, sugar to starch, on
the pasting characteristics of maize, wheat and tapioca starches. At low
concentrations, peak viscosity increased in the cases of maize with dextrose, sucrose
or CSS and for wheat with dextrose or sucrose. Sugar in water controls did not have
an equivalent viscosity suggesting that in this case, sugars interact dircctly with the
starch. It is suggested by that sugars can interact with starch chains to form sugar
bridges between starch molecules in the amorphous area of the granule (Spies and
Hosency 1982). This may increase molecular weight and therefore viscosity. The
larger the sugar, the more the starch will be stabilised. Sugars may also lower the
water activity of the solution (Spies and Hoseney 1982). At higher sugar
concentrations, and for all tapioca starches, sugars caused a decrease in peak
viscosity. The effect of the sugar is greater, the greater its molccular weight. In all
cases the pasting profile was shifted toward the right, indicating that the time to onsct
and peak viscosity increased (Deffenbaugh and Walker 1989).

Even in small amounts, endogenous flour a-amylase can have significant
effect on pasting curves, causing variation in curves of the same flour sample. This
may be alleviated by the addition of ImM silver nitrate solution, a known inhibitor of
a-amylase (Crosbie ef al. 1999). Often unexpectedly low profiles can be attributed
to high endogenous amylase within the flour (Collado and Corke 1999). TFollowing
on from these observations, it has been suggested that comparisons of RVA profiles
using silver nitrate solution or water, can give an estimate of amylase activity in
sweet potato flour (Collado and Corke 1999). The authors found a strong correlation

(r=0.96, p<0.001) with the equation (PV2-PV1)/PV1, (where PV1 = peak viscosity
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with water and PV2 = peak viscosity with 0.05SmM silver nitrate solution) and the
biochemical measurement of a-amylase.

Pasting properties such as peak viscosity, breakdown and pasting temperature
are dependant upon hard and soft classification and variety (Wickramasinghe et al.
2005). Soft wheat varieties had lower pasting temperatures and increased peak

viscosity. The swelling power of soft wheat varieties was also greater.

iii. Differential Scanning Calorimetry (DSC)

When starch gelatinises, the starch becomes disordered and crystallinity is
lost, which is associated with an uptake of heat (Burt and Russell 1983). This peak
in energy uptake can be measured using Differential Scanning Calorimetry (DSC).
The operation of this equipment is discussed in chapter two. A typical DSC

endotherm is shown in figure 1.6.
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Figure 1.6 Typical DSC enthotherm, modified from Altay and Gunasekaran (2006)

Starch that has been heated in water is reported to gelatinise in two phases,
the temperatures of which is dependant on the origin of the starch and extent of

previous heat and moisture treatment. If excess water is used during the DSC,
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melting of starch occurs over a very narrow temperature range and only one peak is
observed (Biliaderis ef al. 1980). The DSC heats a small sample, thoroughly mixed
in excess water, at a certain heating rate. Typically this is 10°C per minute,
increasing to temperatures necessary to gelatinise the starch. Gelatinisation requires
heat and this is shown as a peak on a DSC endotherm (figure 1.6), the area under
which is proportional to the enthalpy changes (Biliaderis ef al. 1980). Gelatinisation
enthalpy reflects crystallinity but also the loss of double helical order (Cooke and
Gidley 1992). The gelatinisation temperatures (figure 1.6) are indicative of the
extent of crystallinity. High temperatures represent a high degree of crystallinity
(Ahmed and Lelievre 1978; Altay and Gunasekaran 2006). Interestingly, a high
onset temperature is indicative of more perfect crystallites (Ji er al. 2004). Since
gelatinisation cannot occur if crystallinity is already lost, samples that have alrcady
been heat treated and have melted, will exhibit no DSC endotherm peak.

Jang and Pyun (1996) investigated starches at various moisture contents using
the DSC, that had not previously be heat treated. Their results indicate the behaviour
of heat treated wheat starches at various moisture contents. They found that below
30°C no gelatinisation occurred. Between 30 and 90% moisture content, between
one and four endotherms were displayed by the DSC, dependant on moisture. The
first peak (G), the onset of which was routinely around 65°C, was attributed to water
mediated gelatinisation of crystallites. The second (M1) was attributed to secondary
crystallite melting, as described by Donovan (1979) and Lui and Shi (2006). The
third, M2, appeared to be the melting of amylose:lipid complexes and the fourth
(M3) the melting of amylose. Jang and Pyun (1996) found that at 300, 400 and 500 g
moisture / kg, all four peaks were observed. However, at 600 and 700g moisture / kg,
only G was observed indicating a singular crystalline melting phase, followed by
M2. At 800 and 900 g moisture / kg the M3 endotherm was also observed.
However, Altay and Gunasekaran (2006) suggested that two endotherm peaks may
be explained by initial amylopectin double helical dissociation, followed by crystal
melting, as opposed to two phases of melting.

In summary, the results of the DSC endotherm are indicative of the prior heat
treatment of the starch. The program conditions for the DSC are important, and
define the endotherm. Moisture content particularly must be kept constant between

all analyses to avoid misinterpretation. For example, Altay and Gunasckaran (2006)
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found that prior heat treatment of corn significantly affected the DSC endotherm at

500 or 900 but not 300 or 700 g moisture / kg .
1.3  The Chick

1.3.1 Anatomy

The avian digestive system is arranged in such a way that it is conducive to
the ability to fly. The bulk of the weight is centralised in the body cavity (Klasing

1999). The regions that are of relevance to this project are outlined below.

I The Beak, Oral Cavity and Pharynx

In avian species, the beak replaces mammalian lips and teeth. It comprises
the bones of the upper and lower jaws covered by the rhamphotheca. The upper beak
is then covered with a hard keratin layer (McLelland 1979; Klasing 1999). This is
continuously lost and replaced with wear and tear (Klasing 1999). The oral cavity
and pharynx are lined with a stratified squamous, or toughened, epithelium, Certain
areas are keratinised particularly where there may be more abrasion. For example,
the surface of the tongue (McLelland 1979). The tongue is attached to the floor of
the oral cavity and the top surface meets with the palate when the beak is closed
(McLelland 1979). Salivary glands are present in the walls of the oral cavity and
pharynx and their development is related to the diet. In graniverous species the
salivary glands are large compared to birds of prey for example (McLelland 1979).
Often associated with the salivary glands are taste buds, although they are few. They
are present on the floor of the mouth and pharynx and on the base of the tongue
where the epithelia is soft and glandular (McLelland 1979; Klasing 1999). To
compensate for the relatively few taste buds there are also many touch receptors on

the beak, tongue and in the oral cavity (Klasing 1999).

ii. The Oesophagus and Crop

The ocsophagus transports food from the pharynx to the stomach. It has
longitudinal folds so is distensible and allows food to be swallowed whole (Klasing
1999). There are no sphincter muscles at either end of the oesophagus as in
mammals (Denbow 2000). The crop is an expansion of the ocsophagus and allows

storage of food. It is placed such that it separates the upper, cervical region and the
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lower, thoracic region of the oesophagus. Similarly to the oesophagus, there are
longitudinal folds on the inner surface (Denbow 2000). Both the oesophagus and the
crop are lined with semi-keratinised epithelia including many mucosal glands to
lubricate the passage of food (Klasing 1999). These are more prolific in the thoracic
region of the oesophagus than the cervical region (Denbow 2000).

The crop routinely carries Lactobacillus (Jozefiak et al. 2007). Work in the
United States found the crop to contain Salmonella, Campylobacter and Escherichia
coli (Smith and Berrang 2006). It has been shown that fced withdrawal, as is often
the practice before slaughter, may increase the incidence of Salmonella in the crop
(Ramirez et al. 1997). This could be due to proliferation of micro flora or possible
ingestion of contaminated faeces through hunger (Ramirez et al. 1997). The crop

contents weigh approximately 2.2g, measured when extracted from the carcass
(Smith and Berrang 2006).

iil. The Stomach

The stomach is divided into two regions in the chicken, the proventriculus
and the gizzard and is adapted for hard diets. The proventriculus is the region most
analogous to the mammalian stomach (Denbow 2000) and is where digestion is
initiated (Klasing 1999). Generally, it is the site of chemical digestion and secretion
and is relatively small in chickens compared with carnivorous species. It is lined
with a mucous membrane and papillae. There are two types of gland present;
tubular, mucous secreting glands and gastric glands that secrete hydrochloric acid
and pepsin (Klasing 1999; Denbow 2000). The gizzard is the site of mechanical
digestion where the surface area of food is increased. It is also the site of action of
secretions from the proventriculus (Klasing 1999). It is has a thick layer of smooth
muscle (Kofuji and Inoue 2002) and is lined with koilin, a protective layer produced
by the mucosal glands to prevent damage by acids, enzymes and hard materials
(Denbow 2000). The cuticle layer is thickest under the biggest of the muscles that
carry out the majority of the grinding action. Like the covering of the beak, it wears
down and is continually replaced (Klasing 1999). In relation to the proventriculus,
the gizzard is large and consists of two pairs of opposing circular muscles (Klasing
1999; Denbow 2000). Similarly to the crop, the gizzard contains bacteria, coliforms
and E.coli. The population is much smaller in the gizzard than the crop because of

the more hostile environment in the gizzard. For example, the pll is lower since
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digesta has passed through the acid-secreting proventriculus (Smith and Berrang
2006). Feed withdrawal may have a similar effect on the gizzard as the crop,
increasing the pH and therefore increasing the prevalence of Salmonella (Smith and

Berrang 2006). The weight if the gizzard contents is around 8.4g (Smith and
Berrang 20006).

iv. The Intestines

Although they are not easily differentiated, the small intestine may be divided
into the duodenum, jejunum and ileum. Commonly, the Meckel’s diverticulum or
the vestigial yolk stalk is used to mark the jejunal-ileal junction (Denbow 2000). The
intestine is surrounded by two layers of longitudinal muscle. This allows peristalsis
and mixing of the digesta (Klasing 1999). In relation to carnivorous avian species the
intestine is long in chickens. However, it is short in relative comparison to mammals.
In chickens, villi are present that decrease in length from 1.5mm in the duodenum to
0.4-0.6mm in the ileum. In the first 10 days after hatching the number of villi
decreases. Subsequently it remains constant. They are arranged in a zigzag pattern,

which is believed to slow the flow of digesta (Denbow 2000).

V. The Pancreas

The pancreas is an important organ in the avian digestive tract and it lics
alongside the duodenum. Digestive enzymes, similar to those produced in mammals,
are produced in the tubulo-ascinar glands (Klasing 1999). These include amylase
(approximately 289g/kg of enzymes produced), three chymotrypsins (200g/kg) and
trypsinogen  (100g/kg).  Lipases, carboxypeptidases  deoxyribonucleases,

ribonucleases and elastases may also be present (Pubols 1991).

Vil The Caeca

In chickens the caeca are paired sacs lying alongside the small intestine and
opening into at the ileo-rectal junction. In six weck old birds, each caccum is around
90mm long (Ferrer et al. 1991). In chickens, the cacca can be divided into three
regions (Ferrer ef al. 1991). At the ileocaecal junction is the proximal portion, which
composes about a third of the length. It has a smooth internal surface similar to that
of the small intestine. Villi in this region arc around 364pum in height with a density

of 24 vill/mm?®, Mucous producing goblet cells are found in this arca along with
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filamentous bacteria on villi tips. In the medial region there are long folds or plica
circularis, therefore the diameter is larger and more variable than the proximal
region. In this area the villi are smaller but goblet cells are present. Again, the distal
region has longitudinal but also transverse folds (Ferrer et al. 1991). Absorptive
cells are present on the upper portions of the villi in all areas of the caeca and their
structure is similar to that in the small intestine (Ferrer et al. 1991). There is thick
musculature at the base region to prevent even small particles from entering.

The caeca is the site of microbial fermentation. Its removal slightly decreases
metabolisability of diets and specifically, lower digestibility of crude fibre. It may

also be involved in water and protein re-absorption (Chaplin 1989).

1.3.2 Digestion of Starch by the Chick

Nutritional quality of a feedstuff or dict for poultry is often described as a
Coefficient of Apparent Digestibility (CAD) of starch and Apparent Mectabolisable
Energy (AME). CAD is a balance of the starch present in the diet and that which is
present at various stages of the gut, or in the excreta. It refers to the amount of starch
that is removed from the diet and absorbed. AME is the amount of energy from the
foodstuff, available to the chick for metabolic processes, after faccal losses. The two
parameters are found to be correlated (Mollah and Annison 1981; Rogel er al. 1987).
It is debated whether or not AME is related to starch content (Rogel ef al. 1987,
Huyghebacrt and Schoner 1999; Pirgozliev ef al. 2003).

Although the rate of in vitro starch digestion of diffcrent wheat varicties may
vary, the final coefficient of digestibility of cercal starches is high. The starch itself
is highly digestible (Weurding ef al. 2001). The changing nature of starch from
source to source may affect digestibility (Moran 1982). Tuber and legume starches,
for example, are more resistant to enzymic attack (Sugimoto 1980) and therefore are
less well digested than cereals (Rogel ef al. 1987; Weurding ef al. 2001). Presumably
this is due to the genetic differences in the structure of these starch granules. Cereal
starches have A type granules, tubers B type and legumes C type (Weurding et al.
2001). Further to this, the starch of low-AME wheat varictics is well digested when
extracted and fed to broilers (Rogel er al. 1987) suggesting problems with
digestibility are not a result of the starch molecules per se.  The protein matrix and
the cell wall components are probably crucial in deciding digestibility. Weurding ef

al. (2001) found that even with well digested cereals, a small amount of starch
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remains undigested by the time the digesta reaches the caeca. For cereals this may
be just 0.02-0.06, and this is probably because this fraction is resistant and will not
be digested in the caeca. For potato, as much as 0.67 may rcmain and may be
substrate for microbes in the caeca (Weurding ef al. 2001). Presumably the products
of any digestion in the caeca are utilised by the microbes and are not wholly
available to the chick.

The characteristics of the starch and probably the granule, are thought to be
more important than total carbohydrate in deciding ME and starch digestibility. For
example, the starch of waxy (high amylopectin) barley, is better digested that that of
non waxy barley (Ravindran et al. 2007).

Chickens produce amylase in the pancreas and large amounts are present at
hatching. They have the ability to digest starch immediately (Moran 1985). It has
been suggested that there is no salivary amylase (Moran 1982). More recently it is
reported that salivary amylase is produced but food does not remain in the mouth
long enough for it to be active (Tester et al. 2004b). Amylasc is the only enzyme
endogenous to the chick that has a solely amylolytic function. It is rclcased from the
pancreas in response to starch concentration in the diet (Moran 1985). lowever,
even after the pancreas is removed, starch digestion can still occur (Rogel et al.
1987). This suggests that other processes such as mechanical digestion in the gizzard
and microbial fermentation in the cacca is important in starch digestion. The gizzard
has a requirement for hard material, which aids the mechanical breakdown of
foodstuffs. The inclusion of oat hulls in broiler diets has been found to improve in
vivo starch digestibility (Rogel er al. 1987). The majority of cercal starch digestion
occurs in the jejunum. For tuber and legume starches it is further through the
digestive tract, or not at all (Moran 1985), Chick a-amylase is similar to that of
porcine origin, and is a single chain amino acid, with three distinct domains and a
crystalline structure (Moran 1982; Buisson ef al. 1987). The most prominent form
has a pH optimum of 7.5, a temperature optimum of 37°C and has a molccular
weight of approximately 53,000 (Buonocore et al. 1977). As discussed above, a-
amylase is dependant on calcium (Greenwood and Milne 1968b; Buisson ef al. 1987,
Bush ef al. 1989; Lunn et al. 2001b), but also chloride ions (Moran 1982). Calcium
is likely to bind to region near the active site of the enzyme (Buisson et al. 1987).
Unlike calcium, chloride ions are not bound to the amylase molecule (Buonocore et

al. 1977). In the first 48 hours post hatching, body weight and small intestine weight
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increase, and this is correlated with increases in amylase but also trypsin and lipase
(Sklan and Noy 2000).

In terms of initial attack on the starch granule itself, it is the less crystalline
region of the granules that are attacked more readily (Gallant ef al. 1997). Pancreatic
a-amylase is readily adsorbed onto the surface of the starch granule (Ueda 1978).
The rate of digestion is dependant on the surface area to mass ratio and the nature
and crystallinity of the starch (Sugimoto 1980). Potato starches that are largely of B-
type crystallinity require heating in water before they can be properly digested by the
endogenous enzymes of the chick (Moran 1982). The botanical origin of the starch
determines the mode of attack on the granule. With wheat, barley and rye, specific
areas rapidly become pitted and then enlarge into canals (Gallant et al. 1997).
During germination viewed by SEM, starch granules appear pitted, and may appcar
to have holes (Sugimoto 1980). Native, granular starch cannot be readily digested,
and pre-treatment, and in the case of poultry, gizzard disruption is important (Tester
et al. 2004b). Chick endogenous proteases may also aid starch digestion. In in vitro
studies, commercial proteases improve the recovery of starch from cereal products
(Perez-Carrillo and Serna-Saldivar 2006).

When amylose and amylopectin are digested by a-amylase, maltosc/
maltotriose and other a-limit dextrins, respectively, are the first products. It is likely
that the binding site of a-amylase involves two aspartic acid residues (Buisson et al.
1987). a-Amylase attaches randomly along the al-4 chain of the starch molecule,
and the following cleavage releases maltose. There are five sites on the amylase
molecule for attachment to starch. The degree of amylopectin branching decides the
speed at which it is hydrolysed (Moran 1982).

Hydrochloric acid is secreted in the proventriculus (Klasing 1999; Denbow
2000) and therefore acid digestion of starch cannot be excluded. Likewise to the
mode of action of amylase, acid hydrolysis of the starch granule is dependant on
crystallinity and size (Gallant ef al. 1997). Amylose is involved in the resistance of
starch granules to hydrolysis. High amylose mutants such as amylomaize arc more
resistant to attack then the corresponding starch with normal amylose levels,

The intestinal villi comprise enterocytes, the outer surface of which have
microvilli. These secrete glycocalyx, a carbohydrate based surface coating. The
microvilli trap water and mucin from goblet cells. Once diffused across this barrier,

maltose, maltotriose and limit dextrins are hydrolysed by surface bound maltase and
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sucrase isomaltase (Moran 1985).  Glucose accumulates which builds up a
concentration gradient from the lumen of the small intestine and the circulation.
Sodium ions are required for absorption (Moran 1985; Sklan and Noy 2000).

Although glucose can be absorbed in the duodenum and jejunum, the initial products

of starch digestion cannot (Tester ef al. 2004b).

1.3.3 Feeding Method and Feed Form

Usually, in commercial and experimental conditions, birds are fed on an ad
libitum basis. The feed can be in the form of a mash or pellet, or a compound feed
often with added components such as cereal or soya. An alternative to feeding all
necessary components combined together is choice feeding (Forbes and Covasa
1995; Henuk and Dingle 2002). The distinct components can be provided in separate
compartments or in one. Henuk and Dingle (2002) investigated providing
components as separate entities, and that an energy source is necessary, such as a
cereal; a protein source, such as soyabean meal, and vitamins and minerals, including
specific calcium provision in the case of laying hens. This system allows birds to
compose their own diets, allowing for environmental variation. It is accepted that
birds can select for specific nutrients and minerals, especially if allowed a learning
period (Forbes and Covasa 1995). The birds will spend time observing and playing
with the food (Yo et al. 1998).  After having been fed with a low protein dict,
subsequent selection of either high or low protein diets is mainly of high protein, and
visa versa, and balanced intake with requirement (Forbes and Shariatmadari 1994).
The birds needed to actually eat the food, crop feeding did not have the same effect.
The appearance and colour of the diet made no difference to their sclection, nor did
the position of the dict in the cage (Forbes and Shariatmadari 1994). The ability of
the birds to select their diet appeared not to affect feed intake, up to six weeks of age
(Yo et al. 1998). There is also no effect on carcass quality, although growth
performance may be affected (Yao et al. 2006).

It is suggested that birds may also be able to sclect for minerals, particularly
phosphorus. Barkley er al. (2004) did not find such an cffect, although after being
deprived of phosphorus (P), chicks ate less of a low P diet than a P supplemented
diet, although the amounts consumed were not significantly different from cqual
quantities of each diet. However, when having been deprived of dietary P, the birds

chose to eat significantly less calcium (Ca) supplement. It was suggested that this is
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because the birds had mobilised minerals from body stores, to compensate for lack of
dietary P, and therefore had a surfeit of plasma Ca (Barkley et al. 2004).

Choice feeding such as this can reduce costs. Mixing and grinding can be
avoided and where many breeds are present, with different requirements, several
different compound feeds are not required. Perhaps this system is not so relevant in
experi