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Starch is the major constituent of matured wheat grain. The details of subtle localized
differences in the evolution of the structure of starch are important for an understanding
of starch biosynthesis. However, the distinct stages involved in the formation and
transformation of the molecular structure of starch during starch biosynthesis are still not
fully understood. In this study, starches extracted from wheat grains harvested at 3, 7, 14,
28, and 49 days after anthesis (DAA) were used as a means of examining the molecular
structure of starch from developing wheat grain. Gel-permeation chromatography and
high-performance anion-exchange chromatography were employed for the analysis of the
structure of both whole starch and its isolated amylopectin (AP) component. Scanning
electron microscopy of 3 DAA wheat grain cross-sections revealed the absence of
endosperm but the presence of spherical transitory-type small starch granules in the
pericarp. Endosperm was present at 7 DAA and contained lenticular-shaped developing
large granules. From 14 DAA onward, spherical-shaped small granules coexisted with
large granules in the endosperm. The structure of transitory pericarp starch (PS) was
compared with that of matured endosperm storage starch (ES). The composition of PS
and ES differed: PS granules contained 14 % apparent amylose (AAM), whereas ES
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granules contained 33 % AAM. The AAM fractions of PS showed characteristics similar
to those of intermediate-type materials with short branches, whereas ES contained both
linear and branched amylose (AM). Differences in the amylopectin component of PS and
ES were also apparent, especially in their internal structures. PS amylopectin had longer
chains and fewer A-chains, resulting in a structure less branched than that of ES
amylopectin. Starches isolated from 7 DAA to 49 DAA were studied with respect to
endosperm development. The AAM of both large and small granules increased with
increasing maturity. The AAM fraction of starch granules at early maturity (7 DAA and
14 DAA) consisted of intermediate-type materials in addition to linear AM, whereas
starch at later maturity stages (28 and 49 DAA) contained linear and branched AM.
During granule development, the fine structure of AP varied with the maturity level as
well as with the size of the granule. During the post-physiological maturity stage, when
the net accumulation of sugars ceases, the grain dries out; however, structural changes
occurred in AP at this stage, possibly due to the action of starch branching and
debranching enzymes. In both large and small granules, the external AP structure was
more organized at post-physiological maturity (49 DAA) than at pre-physiological
maturity (7 DAA to 28 DAA). Compared to their characteristics at post-physiological
maturity, at the pre-physiological maturity stage, isolated clusters of AP were larger with
more branches and building blocks. In addition to the time-dependent discrepancies in the
AP structure of developing starch, differences were also evident between large and small
granules with regard to glucan trimming and the type of new chains produced. The
clusters isolated from small starch granules were more tightly branched than those
isolated from large granules.
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CHAPTER 1: INTRODUCTION
Wheat is one of the most popular cereal crops grown around the world. Matured
starchy endosperm of wheat contains ~70% starch by dry kernel weight (Hucl & Chibbar,
1996). Deposition of starch in wheat endosperm starts after flowering and fertilization
have taken place (Briarty, Hughes & Evers, 1979). However, starch is observed in the
pericarp of the wheat kernel even before the formation of endosperm (Jenkins, Meredith
& Loney, 1975). Starch is temporarily stored in the wheat pericarp tissue (Sato, 1984),
subsequently moving to rapidly growing endosperm tissues (Duffus & Rosie, 1973a).
As the wheat grain develops, deposition of starch in the endosperm and
decomposition of pericarp tissue begin simultaneously. Starch in wheat endosperms
contains many classes of granules at maturity: large A-type granules with diameters
greater than ~16 μm, small B-type granules with diameters ~5-16 μm, and small C-type
granules with diameters < 5 μm (Bechtel, Zayas, Kaleikau & Pomeranz, 1990). Large Atype granules are initiated at ~ 4 to 7 days after anthesis (DAA), small B-type granules at
~ 12 to 14 DAA, and small C-type granules at ~21 DAA (Bechtel, Zayas, Kaleikau &
Pomeranz, 1990; Parker, 1985). These temporal morphological changes in starch
granules impart variations in chemical, physical, and functional properties to both large
and small starch granules (Ao & Jane, 2007; Kim & Huber, 2010; Liu, Gu, Donner,
Tetlow & Emes, 2007; Peng, Gao, Abdel-Aal, Hucl & Chibbar, 1999; Salman, Blazek,
Lopez-Rubio, Gilbert, Hanley & Copeland, 2009; Vermeylen, Goderis, Reynaers &
Delcour, 2005).
Starch biosynthesis involves many enzymes, including ADP-glucose
pyrophosphorylase (AGPase), granule bound starch synthase (GBSS), starch synthases
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(SS), starch branching enzymes (SBE), and starch debranching enzymes (DE). Each
enzyme has different isoforms, and the expression patterns of certain isoforms are tissue
and time specific. Each enzyme isoform has a specific role in the synthesis of amylose
and amylopectin (Tetlow, 2011). Since starch synthesising enzymes exhibit time and
tissue specificity patterns, the structure of starch is likely different at different endosperm
development stages and wheat kernel tissue types. There is supporting evidence that the
expression pattern of biosynthetic enzymes have profound effects on chemical and
physical properties of developing wheat endosperm: amylose (AM) content, amylopectin
(AP) chain length profile, relative crystallinity, and thermal properties of starch change
during wheat endosperm development (Bice, MacMasters & Hilbert, 1945; Waduge,
2012; Waduge, Xu & Seetharaman, 2010; Wei et al., 2010). However, changes in the
molecular structure of amylose and amylopectin in developing wheat endosperm are still
not fully understood.
In semi-crystalline starch granules, amylose and amylopectin have a particular
geometric arrangement: double helices formed from branched chains of amylopectin
occupy the crystalline area, while amylopectin branch points and amylose are located in
the amorphous area (Pérez & Bertoft, 2010). Out of the two macromolecules present in
starch, the major component is amylopectin, which is responsible for the granule
architecture as well as physico-chemical behaviour (Bertoft, 2007b). Chains of
amylopectin is classified as either external or internal depending on their localization:
external chains build up the crystalline lamellae with comparatively well-known
structures, and internal chains are mainly found among clusters of branches in amorphous
lamellae (Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008). Most previous studies
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focused on the unit chain profile (average chain length distribution) of amylopectin to
explain structural and functional changes in starch. However, the sensitivity of interbranch point lengths in the internal structure of AP for the initialization and stabilization
of double helices arrangement (external structure of AP) was demonstrated using
computer models of amylopectin (O'Sullivan & Perez, 1999). By studying the internal
unit chain profile of AP, it has been experimentally demonstrated that the organization of
chain branch points in the amorphous lamellae play an important role in starch granule
architecture (Bertoft, 2004b; Bertoft, Koch & Åman, 2012; Bertoft, Piyachomkwan,
Chatakanonda & Sriroth, 2008). Recently, Vamadevan et al. (2013) found a correlation
between the internal structure of amylopectin and thermal properties of the starch
granule, indicating the importance of understanding not only the chain length
distribution, but also chain organization in amylopectin (Vamadevan, Bertoft &
Seetharaman, 2013).
There has been a great interest in understanding details of starch biosynthesis and
structure since starch is the major constituent in many agronomically important crops
(wheat, corn, rice, potato) and the molecular structure of starch is an important
determinate of its functionality (Nielsen, Baunsgaard & Blennow, 2002). Detailed
information of the internal structure and chain organization in AP is required to
understand starch biosynthesis. According to the backbone cluster model proposed by
Bertoft et al., (2012), the backbone is a highly branched structure building up the
amorphous lamellae of the starch granules. Clusters are defined as groups of chains
separated by internal chain segments with less than nine glucosyl residues (Bertoft,
2007b). The branches of clusters in amorphous lamellae form very tightly branched units
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called building blocks. Based on the backbone model, the chains inside the clusters are
interconnected by short chains, and clusters are interconnected by long B-chains (Bertoft,
Koch & Åman, 2012). During starch biosynthesis, it is suggested that enzymes act on
clusters of chains (external structure) as well as amorphous regions (internal structure)
(Nakamura, 2002). Studying the unit chain profile of amylopectin alone is not sufficient
to fully explain the starch biosynthesis process because the unit chain profile provides
information about chain length distribution only, but not the details about type of changes
that happen in the internal and external structure of AP.
Therefore, there is a need to understand the details of starch biosynthesis in wheat
starch. Wheat pericarp is a short-term storage of starch; endosperm is its location of longterm storage. The structure of pericarp starch is not yet known. Comparing the structures
of starches in the pericarp with the matured endosperm helps understand tissue-specific
starch biosynthesis processes in the wheat kernel. A study of starch structure at different
maturity stages of the developing endosperm will reveal time-dependent structural
changes that occur during starch biosynthesis, including differences between large and
small granules. In addition, internal structures of wheat AP have not been previously
studied. Understanding the structural organization of AP in wheat starch may help
explain physicochemical and functional differences of wheat starches from different
biological origins. Further, contributions made by this research to the understanding of
amylopectin biosynthesis will help give improved directions when developing starches
for specific food and non-food applications.
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CHAPTER 2: LITERATURE REVIEW

2.1 The wheat grain
Wheat belongs to the genus Triticum of the family Graminaea, the ‘grass family’
(Peterson, 1965). The Grasses produce single seeded fruit enclosed in a closely adhering
ovary wall/pericarp and is known botanically as a caryopsis (Evers & Millar, 2002).
Wheat caryopsis or wheat grain has seven main parts (proceeding from interior outward):
embryo, starchy endosperm, aleurone layer, nucellus, seed coat, and pericarp. The seed
coats and pericarp tissues surround the products of fertilisation: embryo and endosperm.
Pericarp is not considered a part of the seed because it originates from the ovary wall
tissues of the mother plant (Peterson, 1965).
Development of wheat seed starts after fertilization of the ovule, which, in the
angiosperms, involves the participation of two male nuclei. One nucleus fuses with the
egg forming a diploid zygote and gives rise to the embryo, the other fuses with two polar
nuclei to produce a triploid nucleus. The embryo is the most important component for the
survival of the species. The embryo is comprised of the embryonic axis (the embryonic
root and the hypocotyl), a single cotyledon, and the scutellum. The division of triploid
nucleus produces the endosperm (Emes, Bowsher, Hedley, Burrell, Scrase ‐Field &
Tetlow, 2003). The endosperm consists of two tissues, starchy endosperm and aleurone
(~90% of wheat grain) (Evers & Millar, 2002). Endosperm occupies the center of the
grain surrounded by a single layer of thick-walled aleurone cells (Peterson, 1965).
Outside the aleurone layers is a thin colourless ‘nucellus’. Surrounding nucellus is the
seed coat. In red wheat, this inner layer of the seed coat contains colouring material.
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Pericarp consists of four or five layers of cells surrounding the seed (Evers & Millar,
2002; Peterson, 1965).

2.2 Wheat endosperm development
Starch is deposited in wheat endosperm for long-term storage and it accounts for
about 70% of the total dry weight of the grain (Hucl & Chibbar, 1996). First stage during
cereal endosperm development is the grain enlargement stage, which involves rapid
division of the zygote and triploid nucleus. At this stage, influx of water into the grain
causes cell extension. This cell division phase is completed within 2–4 days after anthesis
(DAA) in wheat and cell expansion continues up to maturity (Briarty, Hughes & Evers,
1979). The number of endosperm cells produced at this stage and the final size of the
cells are strong indicators of final yield (Dupont & Altenbach, 2003). Grain enlargement
stage is followed by the grain filling stage in which cell division slowly ceases and
accumulation of storage products begins (Briarty, Hughes & Evers, 1979). Deposition of
storage material in endosperm tissue continues up to maturity (Briarty, Hughes & Evers,
1979; Dupont & Altenbach, 2003)
The process of starch deposition takes place in the amyloplast as a semicrystalline granule. Three sizes of starch granule populations are initiated at specific
times during wheat endosperm development (Bechtel & Wilson, 2003). Large A-type
granules are first initiated at approximately 4 to 7 DAA, during which the endosperm
cells are actively dividing (Langeveld, van Wijk, Stuurman, Kijne & de Pater, 2000). A
second generation of amyloplasts first appears between 12-14 DAA, which is during the
cell enlargement stage. The third population of small C-type granules initiate at about 21
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DAA (Bechtel & Wilson, 2003; Bechtel, Zayas, Kaleikau & Pomeranz, 1990). C-type
granules are difficult to separate from small B-type and their contribution to total mass is
small. C-type granules are therefore included with small B-type granules in many studies
(Tetlow, 2011).
Cell expansion and water accumulation cease first when the kernel reaches its
maturity. The formation of a waxy layer at the chalaza prevents the supply of sugars and
amino acids depositing into the grain. This prevents further starch deposition and the
grain reaches its maximum dry weight (~35 DAA/ physiological maturity) (Cochrane,
1983). Around this time, the endosperm tissue undergoes a form of apoptosis, leaving
only the aleurone cells viable (Young & Gallie, 1999). Grains are harvested after 10-15
days of physiological maturity. During this period (between physiological maturity and
harvest maturity), kernels desiccate rapidly, losing all but 10–15% of moisture by weight
(Dupont & Altenbach, 2003).

2.3 Wheat pericarp development
During wheat grain development, starch in the pericarp tissue is in granular form
even before anthesis and fertilization (Jenkins, Meredith & Loney, 1975). As the grain
develops, pericarp tissues gradually decompose and starch granules in the pericarp
disappear. As considerable amounts of starch exist in the wheat pericarp even before the
formation of the endosperm, the starch content in developing wheat grain start from 3040% on dry basis (Jenkins, Meredith & Loney, 1975). Cereal grain pericarp (matured
ovary wall) is a tissue containing multi-layers of morphologically distinct cells. It
surrounds the endosperm and embryo (Duffus & Rosie, 1973b). Part of this tissue
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consists of chlorophyll containing parenchyma cells, giving a bright green colour to
immature grains (Duffus & Rosie, 1973b). This green tissue contributes to a substantial
amount of starch involved in grain filling (Caley, Duffus & Jeffcoat, 1990). Microscopic
examinations revealed the presence of chloroplasts, amyloplasts, and starch-bearing
chloroplasts (Duffus & Rosie, 1973a; Evers & Millar, 2002) in pericarp tissue.
In a review by Sato (1984), starch in vegetative organs of rice was classified as
permanently stored starches and temporarily stored starches. Temporarily stored starch is
sub-classified into three types: assimilation starch found in chloroplast, waiting starch
deposited in young cells near the meristems, and transitory starch stored in parenchyma
cells. Pericarp starch is categorized as “transitory starch”, which is designed to mobilize
and translocate to other tissues (Sato, 1984). Wheat pericarp starch is believed to
translocate to rapidly growing endosperm tissues (Duffus & Rosie, 1973a; Evers &
Millar, 2002). Pericarp starch is therefore considered as a type of temporary storage
starch, lasting longer compared to transient starch in the chloroplast (ex; leaf starch), but
short-lived compared to endosperm storage starch (Sato, 1984). The expression of
granule bound starch synthase (GBSS), which is responsible for amylose synthesis, is
different in the pericarp compared to endosperm (Nakamura, Vrinten, Hayakawa &
Ikeda, 1998). Isoform GBSS II is expressed in the pericarp, whereas GBSS I is expressed
in the endosperm. Pericarp tissue contains higher amounts of starch compared to that in
leaves, making the pericarp suitable for the study of starch structure in non-storage
tissues (Nakamura, Vrinten, Hayakawa & Ikeda, 1998).
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2.4 Starch biosynthetic enzymes
Starch biosynthesis is a complex process (Buléon, Colonna, Planchot & Ball, 1998).
The pathways of starch biosynthesis involve a number of enzymes such as ADP-glucose
pyrophosphorylase (AGPase), starch synthase (SS), starch branching enzymes (SBE), and
starch debranching enzymes (DE). Each starch biosynthetic enzyme exists in several
isoforms exhibiting different tissue-specific expression patterns (reviewed by Tetlow,
2011).
Biosynthesis of both transient starch (in the chloroplast) and storage starch (in the
amyloplast) begins with the synthesis of ADP-glucose by ADP-glucose
pyrophosphorylase (AGPase) (Tetlow, 2011). AGPase is plastidial in all starch
synthesising tissues, but non-plastidial AGPase enzymes have been reported: in the
developing endosperm of cereals two distinct plastidial and cytosolic isoforms of AGPase
have been identified. In cereal endosperm, cytosolic isoforms account for 65-95% of the
total AGPase activity. ADP-glucose is therefore synthesised in the cytosol, and
transported into plastids via a specialised nucleotide sugar transporter, which imports
ADP-glucose in exchange of ADP (by-product of plastidial starch synthase reaction)
(Bowsher, Scrase-Field, Esposito, Emes, Roger & Tetlow, 2007; Shannon, Pien, Cao &
Liu, 1998; Tetlow, Bowsher, Scrase‐Field, Davies & Emes, 2003). In contrast, nongraminaceous plant tissues and algae depend solely on a plastidial AGPase (James,
Denyer & Myers, 2003).
The α-glucan chains of both amylose (AM) and amylopectin (AP) are elongated
by starch synthase (SS). SS catalyzes the transfer of α-D-glucose from ADP-glucose to
the non-reducing end of the chain by an α-(1– 4) linkage (Dian, Jiang & Wu, 2005).
9

Subfamilies of starch synthases have been identified in higher plants, including granulebound starch synthase (GBSS), starch synthase I (SS I), starch synthase II (SS II), starch
synthase III (SS III), and starch synthase IV (SS IV). The specific function of the
granule-bound isoform GBSS is to elongate amylose. GBSS is of two types, GBSS I and
GBSS II. GBSS I is mostly confined to storage tissues and GBSS II synthesises amylose
in leaves, pericarp, and other non-storage tissues that synthesise transient starch
(Nakamura, Vrinten, Hayakawa & Ikeda, 1998; Vrinten & Nakamura, 2000). In the
storage tissues of peas and potatoes, the expression of GBSS I increases in later
development stages (Dry, Smith, Edwards, Bhattacharyya, Dunn & Martin, 1992). In the
endosperm of rice (Dian, Jiang & Wu, 2005; Hirose & Terao, 2004) and wheat (Shewry
et al., 2009), GBSS I expression increases with the increasing development of the
endosperm.
SS I, SS II, SS III, and SS IV are responsible for amylopectin chain elongation in
cereals, and each class of SS genes plays a distinct role in the synthesis of amylopectin.
SS I is primarily responsible for the synthesis of the shortest glucan chains in the AP
molecule, i.e. elongation of glucan chains to DP 8-12 from DP 6-7 (Commuri & Keeling,
2001; Nakamura, 2002). In wheat, SS I is expressed early in the development (5-10
DAA), and a considerable amount of the enzyme is entrapped as granule associated
proteins (Peng, Hucl & Chibbar, 2001). Beyond 10 DAA, SS I is mostly entrapped as
inactive protein (Commuri & Keeling, 2001). SS II has a specific role in the synthesis of
intermediate-length chains (DP 12-24) by elongating short chains (DP <10). SS II is
subdivided into two types: SS IIa is mainly present in the cereal endosperm, whereas SS
IIb is mainly found in photosynthetic tissues (Morell et al., 2003). The main role of SS III
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is believed to be the elongating of short chains to long chains (DP>30) during AP
synthesis (Fujita et al., 2007). SS II and/or SS III are responsible for the production of
longer chains that extend between clusters (Commuri & Keeling, 2001). The role of SS
IV is believed to be the control of the number of starch granules within the plastid of
Arabidopsis leaf tissues. However, it is not yet known whether SS IV plays a similar
granule-initiating role in seed tissues (Tetlow, 2011).
Starch branching enzyme (SBE), earlier known as Q-enzyme, catalyzes the
formation of α-(1– 6) linkages by cleaving internal α-(1– 4) bonds and transferring the
released reducing ends to C6 hydroxyls to form the branched structure of AP (James,
Denyer & Myers, 2003; Tetlow, 2011). There are two major classes; SBE I and SBE II
based on their biochemical and physicochemical properties (Nakamura, 2002). SBE II
transfers shorter chains than SBE I in vitro (Takeda, Guan & Preiss, 1993). In cereals
there are two distinct SBE II isoforms; namely SBE IIa and SBE IIb. In developing wheat
endosperm there is a remarkable difference in the expression of SBE IIa and IIb
compared to other cereals, where in wheat, SBE IIb expression is much lower than SBE
IIa (Morell, Blennow, Kosar-Hashemi & Samuel, 1997). The time of expression of
isoforms of SBE also vary. In wheat, SBE I is not detectable until 18 DAA and increase
in relative expression late in endosperm development, whereas SBE II is expressed at a
similar level from 13 to 34 DAA (Morell, Blennow, Kosar-Hashemi & Samuel, 1997).
Two types of debranching enzymes (DE) exist in plants - isoamylase-type and
pullulanase-type. Both types hydrolyze α-(1–6) linkages of AP molecules. They differ in
substrate specificity, i.e. isoamylase debranches glycogen, phytoglycogen and
amylopectin, whereas pullulanase attack pullulan and amylopectin but not glycogen or
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phytoglycogen (Nakamura, 2002). Isoamylase plays an important role in the formation of
crystalline amylopectin and in the absence of the DE accumulation of disordered watersoluble phytoglycogen has been observed (Nakamura, 2002; Tetlow, 2011). During AP
synthesis DE plays a crucial role working together with SSs and SBEs. According to the
‘glucan-trimming model’, DE removes inappropriately positioned branches generated at
the surface of the growing starch granules (Ball et al., 1996). In addition to these major
enzymes, disproportionating enzyme (D-enzyme) and starch phosphorylase are also
involved in the starch biosynthetic pathway.
During starch biosynthesis, most of the isoforms of all the enzyme classes are
involved in AP synthesis at the same time. Tetlow and others (2004) showed that in
wheat endosperm some of the key enzymes involved in the amylopectin biosynthetic
pathway form heteromeric protein complexes. The formation of the protein complex is
dependent upon phosphorylation status. Phosphorylation of SBE I, SBE IIb and
phosphorylases by plastidial protein kinase(s) results in the formation of a protein
complex between these enzymes which is lost following in vitro dephosphorylation
(Tetlow et al., 2004). In developing wheat endosperm protein complexes are formed
between SS and SBE II around 10 to 15 DAA. Prior to this stage (10-15 DAA) SS I, SS
II, and SBE II isoforms are detectable only in monomeric form. SBE II in the protein
complex has a higher affinity for glucan substrates than the monomeric form in-vitro,
providing evidence for the existence of protein complexes involved in amylopectin
biosynthesis (Tetlow et al., 2008). It is assumed that the protein complex between SS I,
SS IIa and SBE II isoforms work on semi-crystalline cluster formation, and a complex
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between SS III and SBE I (probably working with other SSs and SBEs) is involved in the
synthesis of the cluster connecting glucan chains in the amorphous zones (Tetlow, 2011).

2.5 Molecular organization and composition of starch granules
Glucan polymers (mainly AM and AP) are deposited into granules in alternating
semi-crystalline (hard) and amorphous (soft) shells. Blocklet structures occupy both hard
and soft shells. These blocklets are described to have alternative crystalline and
amorphous lamellae, with the periodicity of about 9-10 nm. Crystalline lamellae are
occupied with clusters of external chains of AP while the amorphous lamellae are made
up with internal chains of amylopectin, including most of the branch points, and amylose
molecules (Gallant, Bouchet & Baldwin, 1997). Double helices are formed by winding
two amylopectin external chains together and are packed in the crystalline lamellae of the
starch granule into two different patterns, which are called A- and B-type polymorphic
structures. A-polymorphs are found in cereal starches such as wheat, corn and barley,
while B-polymorphs are found in tuber starches such as potato and high-amylose cereal
starches (Buléon, Véronèse & Putaux, 2007).
The starch granule consists of 3 types of α-glucan polymers; amylose (AM),
amylopectin (AP), and intermediate material (IM). Amylose is a relatively long, linear
molecule containing ∼99% α- (1–4) linkages. Some AM with large molecular weights
were reported to have ~1% branches (Takeda, Hizukuri, Takeda & Suzuki, 1987). AP is a
highly branched molecule with α- (1–4)-linked D-glucose backbones and α-(1–6) linked
branches (Pérez & Bertoft, 2010). Intermediate materials, found commonly in some
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starches like mutant maize genotypes, have a structure intermediate between amylose and
amylopectin structures (Banks & Greenwood, 1975; Klucinec & Thompson, 2002).
2.5.1 Molecular structure of amylose
Amylose has a molecular weight of approximately 1×105–1×106 Dalton (Buléon,
Colonna, Planchot & Ball, 1998), a degree of polymerization by number (DPn) of 324–
4920 (Tester, Karkalas & Qi, 2004). Depending on the botanical origin, size and structure
of AM is different. For example DPn of amylose in different wheat varieties ranged
between 830 and 1570 (Shibanuma, Takeda, Hizukuri & Shibata, 1994). The molar
fraction of branched AM varies between different starches from 0.1-0.7 and the
molecular weight of branched AM is generally higher than linear AM (Takeda, Hizukuri,
Takeda & Suzuki, 1987). The average number of chains in a single, branched molecule
varies among different botanical sources from 5 (rice and maize) to 21 chains (wheat)
(Shibanuma, Takeda, Hizukuri & Shibata, 1994). Branched amylose from wheat
(Shibanuma, Takeda, Hizukuri & Shibata, 1994) and corn (Takeda, Shitaozono &
Hizukuri, 1990) consists of long chains with several hundreds to thousands of residues
and small amounts (3.2–7.6% weight basis) of very short chains, suggesting that the short
chains comprise small clusters along the long chains.

The actual unit chain distribution in branched amyloses is not known, because the
branched component cannot be separated from the linear portion (Pérez & Bertoft, 2010).
Treatment of AM with the exo-acting enzyme β-amylase hydrolyses every second α-(1–
4)-linkage from the non-reducing end of the polysaccharide chains until it reaches a
branch point that blocks a further degradation. Thus β-amylase completely hydrolyses
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linear AM into maltose (and small amounts of maltotriose) whereas all the branched
amylose is reduced into β-limit dextrins (β-LD) that contain all branches and the residual,
internal chain segments (The Amylase Research Society of Japan, 1988). DPn of the βLD of amyloses from different sources range from 700 to 2000 and the average chain
length (CLn) is between 50 and 160 residues (Takeda, Hizukuri, Takeda & Suzuki, 1987).

2.5.2 Molecular structure of amylopectin
Perhaps amylopectin is the most important fraction of starch, which is responsible
for granule architecture. The molecular structure of AP is considerably more complex
(Buléon, Colonna, Planchot & Ball, 1998) and is larger than amylose. The molecular
weight of amylopectin is 1×107–1×109 Dalton, and it is a heavily branched structure built
from about 95% α-(1– 4) and 5% α-(1– 6) linkages (Buléon, Colonna, Planchot & Ball,
1998; Tester, Karkalas & Qi, 2004). DPn is typically within the range 0.7 x 103 to 26.5 x
103 (Pérez & Bertoft, 2010). Like with amylose, the molecular size, shape and structure
varies with the botanical origin (Tester, Karkalas & Qi, 2004).
Different structural levels and chain organization of AP is illustrated in Fig. 2.1.
The AP molecule generally have three groups of chains; A, B and C categories (Fig. 2.1a)
(Peat, Whelan & Thomas, 1956). According to Peat et al., A-chains are not substituted by
other chains and are connected through an α-(1–6) linkage to the rest of the
macromolecule, whereas B-chains are substituted by one or several other chains (Aand/or B-chains). In addition, each macromolecule contains a single C-chain, which
carries the sole reducing end-group. Depending on the chain length, B-chains are further
subdivided into B1-, B2- and B3-chains. Amylopectin unit chains have average unit
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chain-length of DP 17-26 depending on the type of crystallinity of starch granules:
starches that possess A-type crystallinity have more of shorter chains than starches that
possess B-type crystallinity (Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008;
Pérez & Bertoft, 2010). The chains of AP are external or internal (Fig 2.1a). An external
chain consists of segment that extends from the outermost branch point to the nonreducing end. All A-chains and part of B-chains are categorized as external. The rest of
the B-chains are considered as internal chains (Bertoft, 2004c).
The molecular structure of AP can be studied at different structural levels, such as
domains, clusters and building blocks (Fig. 2.1b). Interconnecting more than one cluster
forms domains. Clusters are defined as groups of chains separated by internal chain
segments with less than nine glucosyl residues (Bertoft, 2007b). Building blocks are
tightly branched areas where the average internal chain length between branches are only
~2 glucose residues. Clusters are formed by interconnecting building blocks with an
apparent length of 5.5-8 glucose residues (indicated as IB-CL in Fig. 2.1b) (Bertoft, Koch
& Åman, 2012). There are different models available to date to explain the structure of
AP. One of the most common models is the traditional cluster model by Hizukuri, in
which long chains form an integrated part of the clusters (Hizukuri, 1986). The other
commonly used model is the two-directional backbone model proposed by Bertoft in
2004 and modified in 2012 (Bertoft, 2004c; Bertoft, Koch & Åman, 2012). According to
the backbone cluster model proposed by Bertoft et al., (2012) the backbone, which is
highly branched, builds up the amorphous lamellae of the starch granules. The branches
of clusters in the amorphous lamellae form building blocks. According to the backbone
model the chains inside the clusters are interconnected by short chains and clusters are
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interconnected by long B-chains (indicated by IC-CL in Fig. 1.1b) (Bertoft, Koch &
Åman, 2012).

2.5.3 Molecular structure of intermediate materials
Intermediate materials (IM) are commonly found in starch mutants and in small
quantities in normal starches (Banks & Greenwood, 1975; Klucinec & Thompson, 1998).
The nature of IM is different in different samples making it difficult to define its
structural properties (Pérez & Bertoft, 2010). IM consists of branched polymers with
chains that apparently are similar to normal AP, but the chain lengths of long chains are
higher and the ratio of long to short chains are higher than AP (Klucinec & Thompson,
1998). It was also reported that the proportion of long chains increases with decreasing
molecular weight of the intermediate material (Takeda, Takeda & Hizukuri, 1993). When
AM has unusually high amounts of short chains compared to normal AM, it is also
considered as IM (Adkins & Greenwood, 1969). In another study it was suggested that
the IM category of long chains included long A-chains not found in normal maize starch
(Yuan, Thompson & Boyer, 1993).
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Figure 2.1. (a) Basic labelling of chains and chain arrangement in the amylopectin
molecule adapted from Pérez and Bertoft, (2010); Horizontal lines indicate α-(1– 4)
glucan chains and bent arrow points indicates α-(1– 6) linkages; ∅= reducing end. (b) A
schematic representation of clusters of amylopectin that build up the semi-crystalline and
amorphous lamellae; The building blocks (highlighted by circles) are attached to a
backbone forming a network of chains in the amorphous lamella; Gray colour cylinders
represent double-helices in the crystalline lamella; IB-CL = inter-block chain length; ICCL = inter-cluster chain length.
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2.6 Analysis of amylopectin structure
The most common method of analysis of AP structure is to measure the length
and the size distribution of the unit chains in amylopectin after debranching with the
enzyme isoamylase. The unit chain profile can be analysed using gel-permeation
chromatography (GPC), size-exclusion chromatography (SEC), and high performance
anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD).
Regardless of the botanical origin, all starches possess typically a major group of short
chains and a minor group of long chains, the division between the groups being
approximately at DP 30-40 (Bertoft, 2004a). Starches with A-crystallinity (cereal
starches) have comparatively high molar ratio of short:long chains than starches with Bcrystallinity (tuber and many root starches) which has a lower short:long ratio (Hizukuri,
1985).
The chain distribution and the positions of the chains within the macromolecule
cannot be understood by studying the unit chain distribution (Thompson, 2000).
Therefore, by carefully isolating different structural units by starch hydrolyzing enzymes,
a more detailed fine structure of AP is analyzed. Different steps of isolating AP structural
units are illustrated in Fig. 2.2. Amylopectin molecule with clusters of short chains
interconnected by long B chains is illustrated in Fig. 2.2a. Using exo-acting enzymes (βamylase and phosphorylase a) the external chains can be removed and the resulting
product is phi-beta limit dextrin (φ,β-LD of AP). The φ,β-LD of AP contains the internal
parts of AP together with all remaining original branches (Fig. 2.2b) and represents
mainly 2 types of internal chains, namely long chains (chains reflecting the
interconnection of clusters) and short chains (reflecting the internal structure of clusters)
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(Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008). In φ,β-LD of AP, all A-chains
are reduced to maltose and external B-chains are reduced to glucose (Manners, 1989).
Thus the average external chain length is 1.5 glucose resides in φ,β-LD (Bertoft, 2004a).
Pullulanase attacks short maltosyl chain stubs more efficiently than isoamylase (Hizukuri
& Maehara, 1990) and is used to completely debranch φ,β-LD. The chain distribution can
be analysed chromatographically and the maltose obtained from the φ,β-LD equals the
number of A-chains, whereas all longer chains represent the B-chains (Bertoft,
Piyachomkwan, Chatakanonda & Sriroth, 2008).
On the basis of the internal chain distribution profile of AP, starches from
different biological sources are classified into four structural groups by Bertoft (2008).
According to his classification, group 1 (e.g. barley) contains a low amount of long
chains and broad size-distribution of the short B chains. Group 2 (e.g. maize) contains
more B2 chains and possesses a narrow distribution of the short chains. Compared to the
other two groups, group 3 (e. g. cassava) has somewhat higher content of long B chains.
Starches included in group 4 (e. g. potato) contains higher amounts of long B3-chains
compared to group 3 (Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008).
The unit chains of amylopectin are packed into clusters with densely grouped
branches. Endo-acting enzymes have been used to cleave the internal chain segments
found between the units of clusters, thereby releasing clusters. Recently, domains (groups
of clusters) and clusters from potato amylopectin were isolated and characterized
(Bertoft, 2007a, b), providing a new approach to characterizing the cluster structure of
amylopectin. In this work, clusters were isolated by controlled hydrolysis with α-amylase
from Bacillus amyloliquefaciens (Fig. 2.2c). It contains nine subsites unevenly distributed
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around the catalytically active site, so that the enzyme can attack at the external chains,
which preferentially results in the formation of linear maltohexaose. At the same time,
the enzyme preferentially attacks at long internal chains between clusters, which releases
the clusters (Bertoft, 1986). The reaction of AP with α-amylase is initially fast when all
subsites are filled with D-glucosyl residues, but slows down considerably when this
criterion is not fulfilled. At this stage, units of clusters dominant the reaction mixture and
clusters of AP are isolated (Bertoft, 1986). Further removal of external chains of clusters
produced during α-amylolysis produce the internal structure of cluster (Fig. 2.2d).
Clusters are analysed for their average degree of polymerization, number of chains
present in a cluster, average chain length and number of A-and B-chains that build up
clusters. Building blocks (α-limit dextrins) were obtained by an extensive hydrolysis of
clusters to near-limit dextrins with the α-amylase (100 times more concentrated) (Bertoft,
2007a) (Fig. 2.2e). The mixture of α-limit dextrins contains only very short internal
chains that are resistant to further attack by α-amylase. These α-limit dextrins represent
building blocks from which the units of clusters are constructed and short linear dextrins
that interconnect building blocks (Bertoft, 2004a).
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(a) Amylopectin

(b) Internal chains of amylopectin
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Figure 2.2. Schematic illustration of isolation of different structural levels of
amylopectin. (a) Part of amylopectin molecule with clusters of chains and clusterinterconnecting long chain perpendicular to clusters. (b) Amylopectin is treated with βamylase and phosphorylase a to remove external chains of amylopectin and produce φ,βLD. (c) Amylopectin is treated for a limited time with α-amylase to produce clusters. (d)
Clusters are transformed into limit dextrins by removing residual external chains of
amylopectin with β-amylase and phosphorylase a. (e) Limit dextrins of clusters are then
subjected to extensive α-amylolysis, through which the building blocks together with
linear fragments from interblock segments are released. Adapted from Bertoft, Källman,
Koch, Andersson & Åman, (2011)
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2.7 Research objectives
The overall objective of this research was to understand the evolution of starch
structure during the development of wheat grains.
The specific objectives of this research were:
1. To map the molecular structure of non-storage wheat pericarp starch granules and
to compare them with mature storage endosperm starch granules.
2. To understand the evolution of starch structure in developing wheat endosperm in
terms of (a) The effects of temporal variation in biosynthesis on the molecular structure
of AM and AP of large and small starch granules, and (b) Comparison and contrast of the
structure of starch synthesized at pre-physiological and post-physiological maturity
stages.
3. To understand the time-dependent chain organization of AP isolated from large
and small granules in developing wheat endosperm.
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CHAPTER 3: COMPARISON OF THE STARCH STRUCTURES OF PERICARP AND
ENDOSPERM TISSUES IN WHEAT

Published: Starch/Stärke. doi: 10.1002/star.201200240

3.1 Introduction
As in other cereals, the main storage carbohydrate in wheat kernels is starch.
During the development of the wheat grain, starch can be observed in the pericarp tissue
in granular form even before anthesis and fertilization (Jenkins, Meredith & Loney,
1975). As the grain develops, the pericarp tissue gradually decomposes, and the starch
granules in the pericarp disappear. Meantime, development of endosperm and deposition
of storage starch in the endosperm begin. Cereal grain pericarp, or the matured ovary
wall, is a tissue that contains multiple layers of morphologically distinct cells and that
surrounds the endosperm and embryo (Duffus & Rosie, 1973b). Part of this tissue
consists of chlorophyll-containing parenchyma cells, which is the layer that contributes to
the bright green colour of the immature grains (Duffus & Rosie, 1973b). This green tissue
supplies a substantial amount of the starch involved in grain filling (Caley, Duffus &
Jeffcoat, 1990). Microscopic examinations of pericarp tissue reveal the presence of
chloroplasts, amyloplasts, and starch-bearing chloroplasts (Duffus & Rosie, 1973a).
Pericarp starch is categorized as a “transitory starch” designed to mobilize and
translocate to other tissues (Sato, 1984). In the case of wheat pericarp starch, the
translocation is to rapidly growing endosperm tissues (Duffus & Rosie, 1973a). Pericarp
starch is thus different from transient starch find in green tissues and can be considered a
type of temporary storage starch (Sato, 1984). The expression of granule-bound starch
31

synthase (GBSS) in pericarp, which is responsible for amylose synthesis, differs from
that in endosperm: isoform GBSS II is expressed in pericarp, whereas GBSS I is
expressed in endosperm (Nakamura, Vrinten, Hayakawa & Ikeda, 1998).
Although information regarding the physiology and biochemistry of cereal
pericarp is available, knowledge of the molecular structure and granule organization of
pericarp starch is limited. The goal of this study was to document the detailed molecular
structure of non-storage wheat pericarp starch granules and to compare them with those
of mature storage endosperm starch granules. The results will add to the body of
knowledge related to distinctions in the biosynthesis of starch in different wheat kernel
tissues.

3.2 Materials and Methods

3.2.1 Materials
Immature wheat seeds were harvested from spikes at 3 days after anthesis (DAA)
and matured seeds were harvested at 49 DAA, with ± 3 days of variation in maturity
within a spike (Peterson, 1965), from Eastern hard red spring wheat (Hobson variety)
grown in Ontario, Canada, in 2010. Heads were tagged when 50 % of the spikelets within
the head were anthesised. Immediately after being harvested, the grains were stored at
– 20 °C to prevent any enzyme activity until starch extraction.
β-Amylase (705 U/mg) from barley [(1– 4)-α-D-glucan maltohydrolase; EC
3.2.1.2] and pullulanase (36.3 U/mg) from Klebsiella planticola (amylopectin 6glucanohydrolase; EC 3.2.1.41) were purchased from Megazyme (Wicklow, Ireland).
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Phosphorylase a (~25 U/mg) from rabbit muscle [(1– 4)-α-D-glucan:ortophosphate α-Dglucosyltransferase; EC 2.4.1.1] was obtained from Sigma-Aldrich (Deisenhofen,
Germany), and isoamylase (~59,000 U/mg) from Pseudomonas sp. (glycogen 6glucanohydrolase; EC 3.2.1.68) was acquired from Hayashibara Biochemical
Laboratories, Inc., (Okayama, Japan).
3.2.2 Starch extraction
At 3 DAA, no endosperm tissue was observed, as confirmed by scanning electron
microscopy (SEM). The entire ovary was, therefore removed from the spikes and used
for the isolation of pericarp starch. Endosperm starch was obtained from seeds harvested
at 49 DAA. Starch was isolated according to the method developed by Waduge et al.
(2010).
3.2.3 Starch morphology
The morphology of pericarp starch granules was observed through SEM. Wheat
grains were cross-sectioned with the use of a double-edged razor blade and mounted on
circular aluminum stubs with double-sided adhesive carbon tape. They were then sputter
coated with gold/palladium to a thickness of 20 nm and were examined using a scanning
electron microscope (Hitachi S-570, Hitachi High Technologies, Tokyo, Japan) at an
accelerating voltage of 10 kV. Cross-sections of three randomly selected seeds were
analyzed.
3.2.4 Amylopectin extraction
Amylopectin (AP) was isolated based on the method devised by Klucinec and
Thompson (1998), with minor modifications (Bertoft, Källman, Koch, Andersson &
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Åman, 2011). Non-granular pericarp starch formed a firm precipitate and was recovered
without centrifugation, whereas the endosperm starch was centrifuged at 2850 g for 15
min at 4 °C. The precipitated amylose-butanol complex was removed by centrifugation at
2850 g for 25 min at 4 °C. The recovered AP was then freeze-dried. The purity of the
isolated AP was measured by means of debranching with isoamylase and subsequent gelpermeation chromatography (GPC) on Sepharose CL-6B, as described below.
3.2.5 φ,β-limit dextrin of amylopectin
ϕ,β-Limit dextrins (ϕ,β-LDs) of amylopectin were prepared according to
procedure given by Bertoft (2004), with minor modifications. Briefly 100 mg of
amylopectin was treated with phosphorylase a twice and then with β-amylase twice
successively. After each treatment, glucose 1-phosphate and maltose were removed with
tangential flow filtration (Minimate™ TFF System, Canton, MA), using a filter with a
molecular weight cut-off of 10,000 Da. The resulting ϕ,β-LDs were recovered and
freeze-dried.
3.2.6 β-Limit dextrin of starch
β-Limit dextrins (β-LD) of whole starch were produced by adding 1 μL of βamylase (4 U/mg), with a pH of 6 (0.01 M NaAc buffer), into the starch (5 mg/mL) after
the starch was dissolved in 90 % DMSO (dimethyl sulfoxide) (Bertoft, 2004).
3.2.7 Molecular size distribution of starch and β-limit dextrin of starch
The size distribution of the starch components was analyzed on a Sepharose CL2B column (1.6 × 32 cm) (Pharmacia, Uppsala, Sweden). Starch granules were first dissolved in 90 % DMSO and then diluted to 5 mg/mL with water. 1.0 mL of dissolved
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whole starch solutions and β-LDs were eluted through the column with 0.01 M NaOH at
a rate of 0.5 mL/min. Fractions (1 mL) were collected, and the carbohydrate content was
determined using the phenol-sulphuric acid reagent (Dubois, Gilles, Hamilton, Rebers &
Smith, 1956) for one half of the fractions. The other half of the fractions were neutralized
with 0.01 M HCl, and 0.1 mL of a solution of 0.01 M I2, and 0.1 M KI was added. The
wavelength at the absorbance maxima (λmax) of the iodine-starch complex was measured.
The values given include averages of duplicates.
3.2.8 Chain length distribution of starch components
The chain length distribution of the starch samples and their β-LDs was analyzed
after debranching with isoamylase and pullulanase on a column of Sepharose CL-6B (1.6
× 90 cm) (Pharmacia, Uppsala, Sweden) eluted with 0.5 M of NaOH at 1 mL/min.
(Bertoft, 2004). The amylose (AM) content in the starch samples was defined according
to Sargeant (Sargeant, 1982). The numbers given are averages of duplicates.
3.2.9 Chain length distribution of amylopectin and φ,β-limit dextrin of amylopectin
The chain length distribution of the debranched AP and the ϕ,β-LDs of AP was
analyzed using high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) (Dionex ICS 3000, Synnyvale, CA, USA) on a CarboPac PA-100 column (4 × 250 mm), as described elsewhere (Bertoft, 2004). The PAD
signal was converted to carbohydrate content (Koch, Andersson & Åman, 1998) and the
numbers given are averages of replicates.
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3.3 Results
3.3.1 Pericarp starch morphology
The morphologies of pericarp starch (PS) and endosperm starch (ES) (Fig. 3.1)
were investigated using SEM. The cross-section of grains at 3 DAA revealed pericarp
with multiple cell layers (Fig. 3.1a) and a hollow area in the centre. Endosperm
development had not yet occurred at this stage. Starch granules were uniformly
distributed throughout the pericarp tissue. Fig. 3.1b, an enlargement of the area
highlighted in Fig.3.1a, shows pericarp cells with an abundance of spherical starch
granules with a diameter of 1-6 μm. In contrast, the cross-section of the 49 DAA grain
exhibited well-developed endosperm (Fig. 3.1c). Large lenticular-shaped granules and
small spherical granules were observed inside the endosperm (Fig.3.1d).
3.3.2 Molecular structure of pericarp and endosperm starch
Fig. 3.2 shows the molecular size distribution of whole starch and β-amylasetreated starch obtained by GPC with Sepharose CL-2B. The size distribution of both PS
and ES was bimodal. The material eluted at the void is generally considered to be
branched and larger molecular size glucan polymers. The material eluted after the void
are considered to be less branched or linear glucan polymers with smaller molecular size.
In PS and ES, the initial peak (fraction I) at the void exhibited a λmax of ~545 nm which is
common for amylopectin. The second peak after the void (fraction II) exhibited a λmax of
584 nm with iodine (Fig. 3.2a) in PS. In contrast, ES showed a higher λmax of 630 nm for
fraction II (Fig. 3.2b). Fraction II accounted for 25.6 % and 29.6 % by weight of the PS
and ES, respectively. β-amylase produces maltose and removes most of the non-reducing
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chains, leaving internal chains of AP and branched AM (Takeda, Shitaozono & Hizukuri,
1990; The Amylase Research Society of Japan, 1988). The β-LD of the starch thus
exhibited a large peak of maltose at the total volume in addition to peaks observed at void
and after the void. The λmax of fraction I of the PS and ES β-LD was similar to that of the
starch before β-amylolysis. However, the λmax of fraction II decreased to 566 nm in PS
but in ES the λmax increased slightly to 644 nm.

37

Figure 3.1. Morphology of wheat kernels: (a) SEM of a cross-section of a whole kernel
at 3 DAA; (b) SEM of starch granules in the pericarp (arrow shows starch granules inside
a pericarp cell); (c) SEM of a cross-section of a whole kernel at 49 DAA; (d) SEM of
starch granules in the endosperm; S = Small granules; L = Large granules.
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Figure 3.2. The molecular size distribution of whole starch on Sepharose CL-2B of (a)
pericarp starch and (b) endosperm starch; whole starch is indicated by (⎯); β-LD is
indicated by (----); λmax values for whole starch () and the corresponding β-LDs ()
are indicated; M = Maltose.
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Table 3.1. Molecular structural parameters of pericarp and endosperm starches
(means ± SD) (n = 2)
Molecular size distribution (wt%)

Pericarp starch

Endosperm starch

Fraction II a

25.6 ± 1.4

29.6 ± 1.2

Apparent AM content b

14.1 ± 0.4

33.2 ± 0.5

LC in whole starch c

6.4 ± 0.2

16.3 ± 0.7

LC in β-LD c

2.7 ± 0.1

4.0 ± 0.9

SC in whole starch d

7.7 ± 0.6

16.9 ± 0.2

SC in β-LD d

5.7 ± 1.6

12.0 ± 0.5

LC:SC in whole starch

0.8

1

LC:SC in β-LD

0.5

0.3

a

Fraction II in Fig. 3.2a and b.

b

AM in Fig. 3.3a and b.

c

Long chains of starch eluting at the void volume of Sepharose CL-6B (Fig. 3.3a and b).

d

Shorter chains of starch eluting between the void and AP chains in Sepharose CL-6B
(Fig. 3.3a and 3.3b).
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The apparent amylose contents of whole starches were analyzed in a column of
Sepharose CL-6B after they were debranched, as indicated by the solid lines in Fig. 3.3a
and 3.3b.The amylose eluted partly at the void and partly after the void and was divided
into fractions of long chains (LC) and short chains (SC), respectively. In both PS and ES,
the LC:SC ratio was close to one. The remainder of the chromatogram represented the
shorter AP chains. The total apparent amylose (AAM) content was 14.1 % and 33.2 % in
PS and ES, respectively (Table 3.1). In the β-LDs, the amounts of LC and SC were lower
than in whole starch, as represented by the dotted lines in Fig. 3.3a and 3.3b. The LC:SC
ratio decreased to 0.5 in PS and to 0.3 in ES (Table 3.1). The peak of the AP chains was
also reduced in both starches, and the large peak of maltose, which overlapped the AP
chains, appeared at the total volume of the gel.
The isolated amylopectin components were also debranched, and the unit chain
profiles were analyzed using HPAEC (Fig. 3.4a). The unit chain profiles of both PS and
ES exhibited a peak at degree of polymerization (DP) 12, with a small shoulder at DP 14
and a prominent shoulder between DP 18 and DP 20. Table 3.2 summarizes the structural
parameters of the AP component. The molar ratio of short chains (CL ≤ 37) to long
chains (CL ≥ 38) was 13.9 in PS and 16.2 in ES. The average chain length (CL) in PS
was 18.5 and in ES, 17.7. The internal structure of AP was studied through the successive
removal of external chains with phosphorylase and β-amylase. In the resulting ϕ,β-Limit
dextrin (ϕ,β-LD), the A-chains are reduced to maltosyl chain stubs and can thus be
quantified following debranching. The rest of the debranched sample represents the
internal segments of the B-chains (with a remaining single external glucosyl residue)
(Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008). The distribution of these B41

chains is shown in Fig. 3.4b. As observed in the original AP, ϕ,β-LD also displayed a
bimodal distribution of chains: short chains (CL ≤ 25) and long chains (CL ≥ 26). As
commonly found in starch from different sources (Bertoft, Piyachomkwan, Chatakanonda
& Sriroth, 2008), pericarp and endosperm AP exhibited two subgroups of short B-chains:
a major group (BSmajor), with a peak at DP 10, and a minor group of "fingerprint" chains
(Bfp), with a peak at DP 6. The molar ratio of short B-chains (BS) to long B-chains (BL)
was 6.4 and 7.1 in PS and ES, respectively. Pericarp AP had fewer A-chains (54.2 %)
than endosperm AP (58.0 %). In pericarp AP, the external chain length (ECL), internal
chain length (ICL), and total internal chain length (TI-CL) were DP 12.4, 5.0, and 13.1,
respectively. The corresponding respective values in the endosperm were 12.3, 4.4, and
12.6 (Table 3.2), thus suggesting a similar external structure but differences with respect
to the internal structure.
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Figure 3.3. Chain length distribution of debranched starch on Sepharose CL-6B for (a)
pericarp starch and (b) endosperm starch: whole starch is indicated by (⎯); β-LD is
indicated by (----); AP = Amylopectin; AM = Amylose; M = Maltose; LC = long chains;
SC = short chains.
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Figure 3.4. Branch chain length distribution of (a) amylopectin and (b) ϕ,β-limit dextrin
for pericarp starch (⎯) and endosperm starch (----), as measured through HPAEC-PAD;
the numbers represent DP: Categories of chains typical for ϕ,β-limit dextrin are given
indicated; BS (short B chains) = DP 3 to DP 25; BL (long B chains) = DP ≥ 26; Bfp
(fingerprint B chains) = DP 3 to DP 7; BSmajor (short major B chains) = DP 8 to DP 25.
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Table 3.2. Average chain lengths and relative molar amounts of chain categories of
amylopectin and its ϕ,β-limit dextrins (means ± SD) (n = 2)
Structural parameter

Pericarp starch

Endosperm starch

59.2 ± 1.3

61.1 ± 0.3

CL

18.5 ± 0.1

17.7 ± 0.1

SCL

16.0 ± 0.1

15.6 ± 0.0

LCL

52.2 ± 0.4

51.5 ± 0.2

ECL

12.4 ± 0.3

12.3 ± 0.1

ICL

5.0 ± 0.3

4.4 ± 0.1

TICL

13.1 ± 0.1

12.6 ± 0.0

A

54.2 ± 1.6

58.0 ± 0.4

Afp

4.9 ± 0.4

5.7 ± 0.1

B

45.8 ± 1.6

42.0 ± 0.4

Bfp

15.6 ± 0.6

14.4 ± 0.1

BS

39.6 ± 1.2

36.8 ± 0.3

BL

6.2 ± 0.4

5.2 ± 0.0

BS:BL

6.4 ± 0.2

7.1 ± 0.0

S:L

13.9 ± 0.3

16.2 ± 0.4

ϕ,β-limit value
Average chain lengths (DP)

Relative mole amounts (%)

φ,β-limit value = (CL of AP – CL of φ,β-LD)/CL of AP × 100; CL = average chain
length; SCL (CL of short chains) = DP ≤ 37; LCL (CL of long chains) = DP ≥ 38; B =
internal B chains; A chains = DP 2 in ϕ,β-LD; Afp(fingerprint A chains) = DP 6 to DP 8;
Bfp (fingerprint B chains) = DP 3 to DP 7; BSmajor (short major B-chains) = DP 8 to DP 25
; BS (short B chains) = DP 3 to DP 25; BL (long B chains) = DP ≥ 26; ECL (external
chain length) = CL × (ϕ,β-limit value/100) + 1.5; ICL (internal chain length) = CL – ECL
– 1; TICL (total internal chain length) = B – 1; S = short chains; L = long chains.
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3.4 Discussion
Starch is synthesized in plant tissues either in temporary, transitory, or storage
form. In this investigation, when the granule morphology and molecular structure of
starch from wheat pericarp (transitory) were compared with the same elements for
endosperm (storage) tissue, both differences and similarities were observed. The pericarp
accumulated starch whose shape (Fig. 3.1b) was different from that in the mature
endosperm (Fig. 3.1d). Unlike ES, whose granule populations appeared in two sizes
(Parker, 1985), PS exhibited only small starch granules.
Because of the differences in the granule morphology of starch from different
tissues, it was also of interest to determine how the structure of different starch
components varies according to the type of tissue. The AP chain length distributions of
both wheat pericarp and wheat endosperm were characteristic of starches with A-type
crystallinity (Hizukuri, 1985): short average chain lengths due to a high number of short
chains (Table 3.2). The main differences between the AP chain length distribution of PS
and ES were related to the internal chains. Overall, the pericarp AP had higher CL, ICL,
and TICL values, indicating that it is less branched than ES. These results were in
agreement with previous findings related to corn starches from pericarp and endosperm.
Amylopectin isolated from corn pericarp had longer average CL, a higher number of long
chains, and fewer chains with a DP < 12 than does the AP isolated from corn endosperm
(Li, Blanco & Jane, 2007). The chain length distribution pattern of other non-storage
starches, such as pea and Arabidopsis leaf starches, is characterized by pronounced peaks
at DP 12, DP 15, and DP 19 to DP 21 (Tomlinson, Lloyd & Smith, 1997; Zeeman,
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Tiessen, Pilling, Kato, Donald & Smith, 2002), suggesting that wheat PS and ES also has
features somewhat similar to those of leaf starches.
In addition to having AP with fewer short chains, PS contains less apparent AM
than ES (Fig. 3.3a and b). The presence of low amounts of AAM in pericarp starch was
previously reported in both wheat (Nakamura, Vrinten, Hayakawa & Ikeda, 1998) and
corn (Li, Blanco & Jane, 2007). The underlying reason for these results might be
different isoforms of the amylose-synthesizing enzyme that is present in both pericarp
and endosperm tissues. GBSS II plays a special role in the synthesis of amylose in
pericarp, whereas GBSS I is responsible for the synthesis of amylose in endosperm
(Nakamura, Vrinten, Hayakawa & Ikeda, 1998; Vrinten & Nakamura, 2000). The
amylose fraction of starches often contains clearly higher numbers of long chains than
short chains, but some starches, such as rye, rice, and yam, contain the same proportion
of LCs and SCs (Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008). In this
investigation, the PS LC:SC ratio was 0.8 and that of ES was 1.0 (Table 3.1). A fraction
of amylose in most starches has been shown to be branched, and compared to linear
amylose, branched amylose has a greater molecular weight and shorter chain lengths
(Takeda, Hizukuri, Takeda & Suzuki, 1987). The low LC:SC ratio, therefore, suggests
the presence of AM that is more branched. The LC:SC ratio in the β-LD was
considerably lower than in the whole starch (Table 3.1) because the longer, linear AM
had been removed. The different LC:SC ratios observed in the PS and ES β-LDs (Table
3.1) suggest different arrangements of the branched components, especially in the
internal structure.
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Apart from the AAM content, substantial differences were also evident between
the wavelength at the absorbance maxima (λmax) of the iodine-starch complex in fraction
II of the wheat PS and ES (Fig. 3.2a and 3.2b). This fraction generally corresponds to the
presence of AM in ES starches as shown by high λmax values (usually greater than 600
nm) (Banks & Greenwood, 1975). The λmax value for fraction II of the PS was
substantially lower than typical λmax values observe for AM and at the same time higher
than the AP. Low λmax values for fraction II have also been observed in Arabidopsis leaf
starch, and it was concluded that the fraction consists of both AM, with a λmax value of
620 nm, and branched glucans, with a λmax value similar to that of the AP, thus resulting
in overall low values (Zeeman, Tiessen, Pilling, Kato, Donald & Smith, 2002). Klucinec
and Thompson (1998) isolated intermediate materials from the endosperm of normal and
high amylose corn starches and reported that intermediate materials had λmax values
falling midway between those of AM and AP. They also found that intermediate
materials from corn starches were highly branched and that the average CL of the
intermediate material was higher than the CL of AP. It was interesting to note that the
AAM obtained after the debranching of the PS were considerably lower than those for
fraction II that were obtained before the debranching (Table 3.1); the absence of direct
correspondence between the two fractions was clear. Indeed, the amount of fraction II in
PS was greater than the AAM content obtained after debranching, whereas the opposite
was observed in the ES. Considering the very low λmax value of the iodine complex of
fraction II in PS, it is clear that glucan polymers in fraction II is a mixture of branched
intermediate type, with very little or no linear and branched AM.
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To provide further understanding of the composition of these fractions, the
theoretical β-limit values of the different fractions shown in Fig. 3.2 and 3.3 were
estimated and are summarized in Table 3.3. The β-limit values were calculated based on
percentage differences between whole starches and their corresponding limit dextrins.
The β-Limit value of PS whole starch was higher than that of ES whole starch, and the
ES value was even lower than the ϕ,β-limit value of the purified AP (Table 3.2). The βLimit value of fraction I was also higher in PS than in ES, with the PS value
corresponding closely to that for the purified AP. However, again, in ES it was lower
than in its corresponding AP, suggesting that fraction I in ES was not pure AP but was
mixed with a component that has a very low β-limit value. The β-Limit value of the PS
fraction II was lower than that of the ES, indicating that the PS has greater amounts of a
branched type of material than are found in the ES. The β-limit of LC was ~75 % for ES
and ~58 % for PS, which suggests that ES has more of the normal linear type of AM. The
presence of high amounts of linear AM in ES was also evidenced by high λmax values in
fraction II (Fig. 3.2b).
Based on the above discussion, Fig. 3.5 depicts schematically the possible
structures of glucans in PS and ES fractions I and II. The structure proposed for PS
fraction I is shown in Fig. 3.5a: lesser branching is evident because of longer internal
chains and fewer A-chains than in ES fraction I (Table 3.2). According to the backbone
model of the AP structure, clusters are composed of tightly branched building blocks,
which form an amorphous backbone along long chains in the amorphous lamellae
(Bertoft, Koch & Åman, 2012). It can be speculated that inter-cluster chains, which were
defined by Bertoft et al. (2008) as having a DP > 8 (Bertoft, Piyachomkwan,
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Chatakanonda & Sriroth, 2008), are present in the amorphous lamellae. Because the
internal chains in PS are longer than in ES (Table 3.2), it can be expected that in PS these
inter-cluster chains are also longer than in ES. Fraction II of the PS is represented as a
branched component, as indicated by its λmax value of less than 600 nm (Fig. 3.2a). When
the external chains were removed through the β-amylase treatment, the λmax value
decreased even further. This result suggests that the structure of the glucan polymers
found in PS fraction II is branched and that the external segments of the branches are
longer than the internal segments, as depicted in Fig. 3.5b. However, these internal
segments are also longer than the AP internal segments because the λmax values in PS
fraction II were greater than those in PS fraction I (Fig. 3.2a). The representation of ES
fraction I is shown in Fig. 3.5c, with shorter internal segments than in the corresponding
PS fraction I, a result of the presence of a greater number of A-chains (Table 3.2). ES
fraction II consists of two types of molecules: the first is a linear fraction (Fig. 3.5d) with
a high λmax value of ~630 nm (Fig. 3.2b), and the second is a branched molecule, as
shown in Fig. 3.5e. The iodine binding of ES fraction II did not change in the β-LD, thus
indicating that the internal chains in this fraction are long. Further, since the results
suggest that the molecular structure led to a low limit value, the molecule depicted in Fig.
3.5e also has very short external chains that do not contribute to iodine binding
properties. This type of molecule probably also co-eluted with AP in fraction I. To a large
extent, the molecule is recognized as resembling the backbone part of the amylopectin,
but with substantially longer internal segments.
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Table 3.3. β-Limit values of the structural components of pericarp starch and endosperm
starch (means ± SD) (n =2)
β-Limit values (%)

Pericarp starch

Endosperm starch

Whole starcha

55.0 ± 1.0

49.9 ± 1

Fraction Ib

61.1±1.0

47.7 ± 2.9

Fraction IIb

39.2 ± 3.0

55.2 ± 3.7

LCc

58.1 ± 2.6

75.2 ± 6.6

a

Calculated using the maltose peak of Sepharose CL-2B chromatogram

b

% difference between whole starch and β-LD of starch using CL-2B chromatogram

c

% differences between LCs of whole starch and LCs of β-LD of using Sepharose CL-6B
chromatogram
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Pericarp
Fraction I

Endosperm
(c)

(a)



Fraction II



(b)

(d)





(e)




Figure 3.5. Schematic illustration of structural differences between fractions I and II of
pericarp and endosperm starch: (a) amylopectin of pericarp starch; (b) branched amylose
of pericarp starch; (c) amylopectin of endosperm starch; (d) linear amylose of endosperm
starch; and (e) branched amylose of endosperm starch; reducing end (Ø); chains
illustrated by spirals are the sections that complex with iodine.
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3.5 Conclusions
Pericarp exhibits smaller spherical shape starch granules than does endosperm,
and the molecular composition of the two starches also differs. PS is characterized by
lower amylose content and does not appear to include a typical AM fraction, i.e., linear
chains with a high λmax value. Instead pericarp starch has intermediate type material
between amylose and amylopectin. On the other hand, ES contains both linear and
branched types of AM molecules. Similar external AP chain lengths are observable in PS
and ES, with differences detected primarily in the internal structure. Pericarp starch AP
has longer chains and fewer A-chains, resulting in a less branched structure.
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CHAPTER 4: EVOLUTION OF STARCH STRUCTURE IN DEVELOPING WHEAT
ENDOSPERM

4.1 Introduction
Starch is a biopolymer consisting mainly of amylose (AM), amylopectin (AP),
and intermediate material (IM). AP, the major component, has profound effects on the
physical and functional properties of normal starch. AP is a highly branched molecule
with α-(1– 4)-linked D-glucose backbones and about 5 % α-(1– 6) linked branches (Pérez
& Bertoft, 2010). The outer branches of AP form double helices by intertwining, and the
arrangement of these double helices gives starch semi-crystalline properties. AM is a
predominantly linear polysaccharide with α-(1– 4) linked D-glucose units. Some AM
with large molecular weights was reported to have ten or more branches (Takeda,
Hizukuri, Takeda & Suzuki, 1987). IM has a structure intermediate to those of amylose
and amylopectin (Banks & Greenwood, 1975; Klucinec & Thompson, 2002). This
composition and structure are responsible for the chemical inertness and water
insolubility of starch, properties that make it such an ideal storage material for plants
(Tetlow, 2011).
In wheat, starch is deposited in the endosperm for long-term storage and accounts
for about 70 % of the total dry weight of the grain (Hucl & Chibbar, 1996). Endosperm is
formed following pollination. The deposition of starch in the endosperm begins shortly
after a period of rapid cell division and expansion (Briarty, Hughes & Evers, 1979). The
deposition of starch in endosperm starts with the initiation of A (large) granules at about
4 DAA to 7 DAA, followed by the initiation of B (small) granules at about 12 DAA to 14
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DAA, and then C-type small granules around 21 DAA (Bechtel, Zayas, Kaleikau &
Pomeranz, 1990; Parker, 1985). Starch deposition in endosperm occurs until maturation
(Dupont & Altenbach, 2003). The size of the large granules continues to increase until
the maturity, whereas the size of the small B and C granules remains significantly small
(Bechtel, Zayas, Kaleikau & Pomeranz, 1990). Around 35 DAA, cell expansion and
water accumulation stop, protein and starch deposition ceases, and the kernel begins to
desiccate. At this stage, the grain attains its maximum dry weight, or physiological
maturity. After 10 to 15 days of physiological maturity, the grain reaches its harvest
maturity (~45 DAA) (Dupont & Altenbach, 2003). Starch granules are synthesized in the
endosperm inside an amyloplast. The biosynthesis of starch is a complex process
involving numerous enzymes.
The main enzymes involved in endosperm starch biosynthesis are ADP-glucose
pyrophosphorylase (AGPase), granule-bound starch synthase I (GBSS I), starch
synthases (SS), starch branching enzymes (SBE), and starch debranching enzymes (DE).
In the endosperm, the expression of different enzyme isoforms occurs at different times.
For example, SBE IIa and IIb are expressed during 13 DAA to 32 DAA, whereas SBE I
is not detected until 18 DAA (Morell, Blennow, Kosar-Hashemi & Samuel, 1997). SS I is
expressed in early stages (5 DAA to10 DAA), but in later stages, a considerable amount
of the enzyme is entrapped as inactive granule-associated protein (Commuri & Keeling,
2001; Peng, Hucl & Chibbar, 2001). In addition, different biosynthetic enzymes are
active on different substrates, e.g., SBE I has a higher affinity for longer chains than SBE
II (Takeda, Guan & Preiss, 1993). Differences in the action pattern of starch synthesizing
enzymes suggest that starches produced at different time intervals have different
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structures. In addition to these differences, particular enzyme isoforms are specifically
associated only with large granules; however, their exact role in biosynthesis is still
unclear (Peng, Gao, Baga, Hucl & Chibbar, 2000).
The dynamic nature of the structure and composition of starch granules during
endosperm development is revealed by the decrease in relative crystallinity, the increase
in amylose content, and changes in the average AP chain length (Kulp, 1973b; Waduge,
2012; Waduge, Xu & Seetharaman, 2010; Wei et al., 2010). These changes in starch
during the development of wheat endosperm influence the quality of the final food
product: starch derived from increasingly mature wheat produces better quality bread
with a higher loaf volume (Kulp, 1973b). In addition to the differences observed in the
developing endosperm, variations in the structure and functionality of large and small
granules have also been reported: compared to small granules, large granules have higher
amounts of amylose, longer AP chain lengths, and higher gelatinization and
retrogradation enthalpy; provide superior baking properties; and are less digestible (Ao &
Jane, 2007; Kulp, 1973a; Liu, Gu, Donner, Tetlow & Emes, 2007; Salman, Blazek,
Lopez-Rubio, Gilbert, Hanley & Copeland, 2009; Vermeylen, Goderis, Reynaers &
Delcour, 2005; Waduge, 2012; Wei et al., 2010). However, not a great deal is known
about the way different expression patterns and variations in the substrate specificity of
the enzyme isoforms affect structural changes in starch.
In this investigation, starch and amylopectin extracted from developing wheat
endosperm were studied in order to acquire an understanding of the evolution of starch
structure in developing wheat endosperm. As mentioned, starch deposition stops at
physiological maturity. However, it is not yet known whether any structural changes
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occur during the post-physiological period or to what extent the pre-physiological and
post-physiological structures of starch differ. The primary goal was to discover whether
temporal variations in biosynthesis cause structural differences in AM and AP during the
development stages of both small and large starch granules.

4.2 Materials and Methods
4.2.1 Materials
From Eastern hard red spring wheat (Hobson variety) grown in Ontario, Canada,
in 2010, wheat kernels were harvested from spikes at 7, 14, 28, and 49 DAA, with a
variation of ± 3 days maturity within a spike (Peterson, 1965). Heads were tagged when
50 % of the spikelets within the head were anthesised. Soon after harvesting, spikes were
stored at –20 °C to prevent any enzyme activity until the starch could be extracted.
Isoamylase (~59,000 U/mg) from Pseudomonas sp. (glycogen 6glucanohydrolase; EC 3.2.1.68) was purchased from Hayashibara Biochemical
Laboratories, Inc. (Okayama, Japan). β-Amylase (705 U/mg) from barley [(1 – 4)-α-Dglucan maltohydrolase; EC 3.2.1.2] and pullulanase (36.3 U/mg) from Klebsiella
planticola (amylopectin 6-glucanohydrolase; EC 3.2.1.41) were purchased from
Megazyme (Wicklow, Ireland). Phosphorylase a (~25 U/mg) from rabbit muscle [(1–4)α-D-glucan:ortophosphate α-D-glucosyltransferase; EC 2.4.1.1] was purchased from
Sigma-Aldrich (Deisenhofen, Germany).
4.2.2 Morphology of kernels and starch granules
The morphologies of wheat kernels and starch granules were examined using
scanning electron microscopy (SEM). Samples were prepared as explained in section
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3.2.3, and three kernels from each maturity stage were scanned (Hitachi S-570, Hitachi
High Technologies, Tokyo, Japan) at an accelerated voltage of 10 kV.
4.2.3 Starch extraction and granule separation
Endosperm starch was extracted from starch harvested at 7, 14, 28, and 49 DAA
using the method developed by Waduge et al. (2010). Large and small granules were
separated from starch extracted from 14, 28, and 49 DAA grains using 60 % and 30 %
glycerol solutions for large and small granules, respectively (Waduge, 2012). The yields
of separated large and small granules are listed in Table 4.1. The purity of the separated
granules was confirmed by observation under a light microscope.
4.2.4 β-Limit dextrin of starch
Starch granules were dissolved in 90 % dimethyl sulphoxide (DMSO) overnight and
diluted with warm water and a sodium acetate buffer (0.01 M, pH 6) to 5 mg/mL. The
starch solution was then treated with β-amylase (4 U/mg) overnight (Bertoft, 2004).
4.2.5 Amylopectin extraction
Amylopectin was isolated following the method given by Klucinec and
Thompson (1998) with minor modifications (Bertoft, Källman, Koch, Andersson &
Åman, 2011). The purity of the AP was measured after debranching using gel-permeation
chromatography (GPC) on Sepharose CL-6B as described in section 3.2.8. Table 4.1
indicates the conditions at a variety of centrifugation steps during the AP extraction,
along with the percentage yields and the AP purity levels.
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4.2.6 φ,β-limit dextrin of amylopectin
φ,β-limit dextrin (φ,β-LD) of amylopectin was prepared by removing external AP
chains as glucose 1-phosphate and maltose using phosphorylase a and β -amylase
according to the method described elsewhere (Bertoft, Piyachomkwan, Chatakanonda &
Sriroth, 2008), with minor modifications, as explained in section 3.2.5.
4.2.7 Molecular size distribution of starch and β -limit dextrin of starch
The size distribution of whole starch and of β-limit dextrin (β-LD) of starch was
analyzed using GPC on a column (1.6 x 32 cm) of Sepharose CL-2B (Pharmacia,
Uppsala, Sweden), as explained in section 3.2.7. Fractions were analyzed for
carbohydrate content (Dubois, Gilles, Hamilton, Rebers & Smith, 1956) and for the
wavelength at the absorbance maxima (λmax) for an iodine-starch complex (Robin &
Bertoft, 1996).
4.2.8 Chain length distribution of starch components
Starch was dissolved in 90 % DMSO, and the concentration was adjusted to 5
mg/mL. Both the starch and β-LD of starch were adjusted to pH 5.5 using a sodium
acetate buffer (0.01 M) and treated with isoamylase and pullulanase overnight. The chain
length distribution was studied using GPC on a column (1.6 x 90 cm) of Sepharose CL6B (Pharmacia, Uppsala, Sweden), as explained in section 3.2.8. The amylose content
was calculated as defined by Sargeant (Sargeant, 1982).
4.2.9 Chain length distribution of amylopectin and φ,β-limit dextrin of amylopectin
The AP and φ,β-LD of AP were debranched with isoamylase and pullulanase at
pH 5.5. The chain length distribution was analyzed by high-performance anion-exchange
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chromatography with pulsed amperometric detection (HPAEC-PAD) (Dionex ICS 3000,
Synnyvale, CA, USA) on a CarboPac PA-100 column (4 x 250 mm), as described
elsewhere (Bertoft, 2004). The PAD signals were converted to carbohydrate content
(Koch, Andersson & Åman, 1998).
4.2.10 Statistical analysis
Statistical analysis was performed by SPSS 17.0 statistical software (SPSS Inc.,
Chicago. IL. USA). All experiments conducted on starch were duplicated and the
experiments conducted on isolated amylopectin were replicated at least twice. The Mean
values are reported. A comparison of the means of starch properties and amylopectin
properties were conducted using one-way analysis of variance (ANOVA) and Duncan’s
test (p<0.05).
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Table 4.1. Yields of starch granules, with the centrifugation conditions a, yields, and purity of amylopectin

Maturity
stage
(DAA)

Yield of
starch
granules

Centrifugation 1

Centrifugation 2

Centrifugation 3

Centrifugation 4

2850 g

2850 g

11,400 g

11,400 g

(wt%) b

Yield

Purity

of AP

of AP

(%)

(%)

7 large

3c

no centrifugation

20 min

20 min

20 min

60

96

14 large

28

15 min

20 min

25 min

20 min

55

95

28 large

39

15 min

20 min

25 min

20 min

50

96

49 large

44

15 min

25 min

30 min

30 min

46

97

14 small

18

no centrifugation

25 min

20 min

20 min

64

95

28 small

22

no centrifugation

25 min

30 min

20 min

53

99

49 small

33

15 mind

30 min,

30 min

30 min

38

97

a

All centrifugations were conducted at 4 °C. Centrifugation steps included precipitation of (1) non-granular starch, (2)
amylose-butanol complex, (3) amylopectin in methanol, and (4) amylopectin in ethanol;

b
c

Yield of starch granules separated from isolated starch;

Yield of starch extracted from grains harvested 7 DAA (based on fresh weight of grains);

d

Centrifugation at 1030 g
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4.3 Results
4.3.1 Endosperm starch granule development in the grains
Developing wheat grains harvested from different maturity stages were examined
by SEM. Cross-sections of kernels with starch granules in the endosperm from 7, 14, 28,
and 49 DAA are shown in Fig. 4.1. Enlargement of the endosperm and reduction in the
pericarp layer can be observed with increasing grain maturity. At 7 DAA, initiation of
lenticular large granules (indicated by L) was observed; it was clear that, at this maturity
stage, only one type of granule existed in endosperm (Fig. 4.1e). When the grain matured
to 14 DAA (Fig. 4.1f), the initiation of spherical-shaped small granules (indicated by S)
was observed. Both large and small granules continued to grow in size with increasing
maturity, and the granules were more densely packed in mature endosperm at 49 DAA
(Fig. 4.1h).
As confirmed by SEM pictures, grains harvested at 7 DAA exhibited only one
large granules population, and the starch extracted from these grains was considered to be
the very early stage of the development of large granules. SEM images confirmed the
presence of two types of granules in grains harvested at 14, 28, and 49 DAA, and large
and small granules were therefore separated from the starch extracted from these
samples.
AP was prepared from all starches, and the preparation conditions were varied for
different starches (Table 4.1). 7 DAA, 14 DAA small, and 28 DAA small starch granules
formed a firm precipitate after the preparation of non-granular starch, which could
therefore be recovered without a centrifugation step for these samples. When the second
centrifugation step was implemented, it was difficult to precipitate the amylose-butanol
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complex from some starches, so the duration of the centrifuging was increased to 25 min
and 30 min. Similarly, the centrifugation time was also increased for those starches from
which it was difficult to recover precipitated AP at centrifugation steps 3 and 4. The
yields of AP varied from 38 % to 64 %, and in all samples, the purity of the AP was ~ 95
%.
In this chapter, endosperm starch granule development (specially development of
AP) is discussed with respect to two major growth stages. Because wheat grain reaches
its physiological maturity at about 35 DAA (Dupont & Altenbach, 2003), grains
harvested before 28 DAA (inclusive) were considered to be at pre-physiological maturity
(7 DAA to 28 DAA), and grains harvested at 49 DAA were considered to be at postphysiological maturity. A starch granule is synthesized by apposition from the hilum
towards the periphery (Badenhuizen & Dutton, 1956). Therefore, outer layers represent
newly synthesized starch, and starches at younger maturity stages represent starch
synthesized at early granule development (Li, Blanco & Jane, 2007). Using chemical
gelatinization with 4 M CaCl2, outer layers of growth rings from potato and maize have
been isolated. These outer layers, representing newly synthesised starch, exhibited more
AM, and the AP had fewer BL-chains than in the core of the granules (Jane & Shen,
1993; Pan & Jane, 2000). Based on these previous findings, it can be claimed that the
structures seen in starch granules collected at any particular maturity stage are the
average structures of starch produced at early and subsequent maturity stages.
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Figure 4.1. Cross-sections of wheat grains harvested at different developmental stages:
(a) 7 DAA; (b) 14 DAA; (c) 28 DAA; and (d) 49 DAA. Starch granules at the centre of
the endosperm at (e) 7 DAA with a few lenticular large starch granules; (f) 14 DAA when
small spherical starch granules start to form; (g) 28 DAA; and (h) 49 DAA; E =
Endosperm; P = Pericarp; L = Large granules; S = Small granules.
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4.3.2 Molecular size distribution of whole starch and β-limit dextrins
The molecular size distribution of starches at different maturity stages and their
respective β-LDs are shown in Fig. 4.2. When starches were size-separated on Sepharose
CL-2B, glucan polymers corresponding to AP were observed at the void volume of the
gel (fraction I). The wavelength of the maximum absorbance of the starch-iodine
complex is given by the λmax value, which has been found to be related to the degree of
polymerization (DP) of the glucan chains (Banks & Greenwood, 1975). Fraction I had
low λmax values (~550 nm in all samples), with a common value for AP indicating
similarities in the structure of the AP component. The polymers that separated after the
void volume (fraction II) had smaller molecular sizes and corresponded primarily to
amylose (AM). Substantial differences were observed in the λmax values of fraction II at
different maturity stages. In general, at all maturities, both large and small granules had
λmax values above 600 nm, indicating the presence of glucan chains longer than those
found in AP. The λmax was ~610 nm for the large granules isolated at 7 DAA; it increased
continuously up to ~630 nm for the large granules isolated at 14, 28, and 49 DAA. In
contrast, small starch granules (Fig. 4.2e, 4.2f, and 4.2g) did not show major differences
in λmax values at different maturity stages.
The addition of β-amylase removes maltose from the non-reducing ends of starch
polymers so that the hydrolysis of linear chains (linear amylose) reaches 100 %.
However, the hydrolysis of AP or branched AM stops at specific locations near the
branch points (α- (1– 6) glucosidic linkage), leaving β-LDs (The Amylase Research
Society of Japan, 1988). The molecular size distributions of the β-LDs of the starch
samples are shown by dotted lines in Fig. 4.2. A reduction in the amount of carbohydrate
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content due to the removal of external chains was observed in fractions I and II. The λmax
values at the peak position in fraction I of the β-LDs remained similar to that for whole
starch. However, for all samples, the λmax values were lower at the right-hand side of the
peak in fraction I due to the mixture of AP and AM in this area. Fraction II of all samples
showed lower λmax values than those of whole starch, with the exception of 49 DAA large
granules, in which the λmax values remained the same (Fig. 4.2d). Interestingly, the β-LDs
of starches from the early maturity stages at 7 and 14 DAA (Fig. 4.1a, b, and e) had λmax
values below 600 nm, indicating that most of the long chains of the AM were removed
during hydrolysis with β-amylase, leaving shorter internal chains than in the β-LDs from
the late maturity stages (28 and 49 DAA). The relative amount of maltose produced by βamylase was estimated from the peak of maltose (indicated as “M”) at the total volume of
the gel, as given in Table 4.2. The β-limit values varied between 54.4 % and 62.1 %, with
no significant differences between the different maturity stages of either the large or
small granules, or between large and small granules at the same maturity stages.
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Figure 4.2. As analyzed on Sepharose CL-2B, the molecular size distribution of large
and small starch granules and their β-LDs at different maturity stages: (a) 7 DAA large
granules; (b) 14 DAA large granules; (c) 28 DAA large granules; (d) 49 DAA large
granules; (e) 14 DAA small granules; (f) 28 DAA small granules; (g) 49 DAA small
granules; (⎯) = whole starch; (----) = β-LD; () = λmax for whole starch; () = β-LD; M
= Maltose; Fr. I = Fraction I; Fr. II = Fraction II.
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Table 4.2. Molecular structural parameters of endosperm starches at different maturity stages (n = 2)
Maturity

% β-limit

stage

value1

Whole starch (weight %)2

β-LD of whole starch (weight %) 4

AAM

LC

SC

LC:SL3

57.8ab

16.6a

9.4a

7.1a

1.3

57.5

ab

c

60.1

ab

54.4

a

AM

LC:SC5

LC

SC

3.7a

7.3ab

0.5

a

c

0.4

bc

0.8

c

13.1

0.3

Large granules
7 DAA
14 DAA
28 DAA
49 DAA

25.2

f

31.9

g

13.9

b
c

17.1

c

11.3

d

14.8

d

11.0a
bc

1.2

16.8

c

1.2

18.5

bc

4.4

b

8.2

32.7

c

17.3

15.4

1.1

17.4

4.3

a

12.3

10.4

Small granules
14 DAA

62.1b

22.0b

13.7b

8.3ab

1.6

10.3a

5.3a

5.0a

1.1

28 DAA

56.2ab

27.1d

17.6cd

9.6b

1.8

15.5b

8.3b

7.1ab

1.2

49 DAA

54.6ab

28.6e

19.2d

9.4b

2.0

17.6bc

8.7b

8.9b

1.0

Note: Values followed by a different superscript in each column are significantly different (P < 0.05).
1

Relative area under the peak “M” in Fig. 4.2

2

Calculated using debranched whole starch on Sepharose CL-6B (Fig. 4.3); Apparent amylose content = AAM; LC = long
chains of amylose eluting at void volume; SC = short chains of amylose eluted after the void

3

Ratio of long chains and short chains of amylose in whole starch

4

Calculated using debranched β-LD of whole starch on Sepharose CL-6B (Fig. 4.3); AM = amylose fraction of β-LD; LC=
long chains of β-LD eluting at void volume; SC = short chains of β-LD eluted after the void;

5

Ratio of long chains to short chains of amylose in β-LD
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4.3.3 Unit chain length distribution of whole starch and β-limit dextrins
The unit chain length distributions of whole starch and β-LDs analyzed by GPC
on Sepharose CL-6B are given in Fig. 4.3. The apparent AM (AAM) contents were
calculated, and long chains (LC) and short chains (SC) of amylose were defined as shown
in the figures. In large granules of whole starch, AAM, LC, and SC contents increased
significantly during the pre-physiological maturity stage (7 DAA to 28 DAA). However,
after 28 DAA and up to maturity (post-physiological maturity stage), these numbers
stayed the same (Table 4.2). In small granules, AAM and LC increased, whereas the
amount of SC remained unchanged throughout the maturation. From 7 DAA to 49 DAA,
when large granules developed, the ratio of LC:SC decreased from 1.3 to 1.1. On the
other hand, in small granules, the LC:SC ratio increased from 1.6 to 2.0 at a rate that
corresponded with granule development. The relative amount of AM was lower in the βLDs than in whole starch. In all starches, comparatively small amounts of LC remained in
the β-LDs. However, the amount of LC in the β-LDs of small granules was higher than in
those of large granules, as evidenced by the higher LC:SC ratio in the small granules;1.0
to 1.2, compared to the large-granule ratios of 0.3 to 0.8 (Table 4.2). Starches at early
maturity stages (7 DAA and 14 DAA) had fewer LCs in the β-LDs than starches at later
maturity stages, with the exception of large granules at 49 DAA.
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Figure 4.3. As analysed on Sepharose CL-6B, chain length distributions of debranched
large and small starch granules: (a) 7 DAA large granules; (b) 14 DAA large granules; (c)
28 DAA large granules; (d) 49 DAA large granules; (e) 14 DAA small granules; (f) 28
DAA small granules; (g) 49 DAA small granules; (⎯) = Whole starch; (----) = β-LD; M
= Maltose; LC = Long chains; SC = Short chains.
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4.3.4 Unit chain length distribution of amylopectin and φ,β-limit dextrins of amylopectin
The unit chain-length distributions of purified AP of different maturity stages are
shown in Fig. 4.4. All AP from wheat starch granules at different growth stages had
similar chain length distribution patterns, with a prominent peak at a degree of
polymerization (DP) of 12, a small shoulder at DP 14, and a prominent shoulder at DP
20. The local minimum point at DP 37 was used as the demarcation between long and
short chains. In general, AP from large granules had slightly higher average chain lengths
(CL) than AP from small granules (Table 4.3). At 14 DAA, however, the CL was similar
in both types of granules. Interestingly, when the CL increased in the large granules from
14 to 28 DAA, it decreased in the small granules, so that AP from 28 DAA large granules
had significantly (p < 0.05) longer average CLs than AP in small granules at the same
maturity. During the post-physiological maturity period (28 DAA to 49 DAA), the CL
decreased again from 18.0 to 17.7 in the large granules, whereas the CL in the small
granules remained unchanged.
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Figure 4.4. As obtained by HPAEC-PAD, branch chain-length distributions of wheat
endosperm amylopectin at different maturity stages for (a) large granules and (b) small
granules: Numbers represent DP; Short chains = DP ≤ 37; Long chains = DP ≥ 38.
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Table 4.3. Average chain lengths of different chain categories of amylopectin and its ϕ,β-limit dextrins obtained by HPAECPAD (n = 2)
Length

Maturity stage

of different
chain
categories

Large granules
7 DAA

14DAA

Small granules

28 DAA

49 DAA

14 DAA

28 DAA

49 DAA

CLAP

18.2d

17.6b

18.0c

17.7b

17.7b

17.2a

17.3a

CLLD

7.3bc

7.3bc

8.1d

6.9a

7.4c

7.9d

7.1ab

ECL

12.5d

11.9c

11.4b

12.3d

11.7c

10.8a

11.7c

ICL

4.8bc

4.8bc

5.6d

4.4a

4.9c

5.4d

4.6ab

TICL

12.8b

12.6b

13.4c

12.6b

13.2 c

13.3c

11.5a

φ,β- limit value

60.1cd

58.7 bc

55.0a

61.1d

57.9b

53.9a

59.0bc

Note: Values followed by a different superscript in each row are significantly different (p < 0.05).
φ,β-limit value = (CLAP – CLLD)/CLAP × 100; CLAP = Average chain length of AP; CLLD = Average chain length of
φ,β-LD of AP; ECL (external chain length) = CL × (φ,β-limit value/100) + 1.5; ICL (internal chain length) = CL – ECL
– 1; TICL = total internal chain length of B – 1.
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AP chains can be divided into internal chains and external chains. Internal chains
are found between the branches in the amorphous lamellae, and external chains form the
crystalline lamellae (Bertoft, 2007). External chains were removed successively using the
enzymes phosphorylase a and β-amylase whereby the φ,β-LD of the amylopectin was
produced (φ,β-LDAP). In the φ,β-LDAP, A-chains are reduced to maltosyl stubs and, after
debranching, thus give rise to a large number of chains with DP 2, with the remainder
being internal B-chains. The chain length distribution of internal B-chains in φ,β-LDAP is
shown in Fig. 4.5. As observed with AP, φ,β-LDAP also exhibited a bimodal distribution
of internal B-chains, with a local minimum at DP 25. Changes in the average CL of φ,βLD (CLLD) and in the internal chain length (average length of the interior linear
segments) showed a similar pattern in both types of granules (Table 4.3): they
significantly increased up to 28 DAA (during pre-physiological maturity) and then
decreased at 49 DAA (post-physiological maturity). However, with respect to large and
small granules at the same maturity, no differences were apparent in either the CLLD or
internal chain length (ICL). Total internal chain length (TICL) is calculated by
subtracting the single external glucosyl residue from the B-chains in the limit dextrins,
(i.e., the actual internal structure of amylopectin) (Bertoft, Piyachomkwan, Chatakanonda
& Sriroth, 2008). The TICLshowed a pattern similar to the one observed for the ICL and
CLLD in the large granules: an increase up to 28 DAA and then a decrease at 49 DAA. In
small granules, the TICL did not change during pre-physiological maturity but decreased
when the granules developed from 28 and 49 DAA (Table 4.3). The external chain length
(ECL) is the average length of the portion of the chains that is external to the branch
points (Thompson, 2000). The ECL showed patterns opposite to those of the CLLD or
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ICL: in both large and small granules, it decreased during pre-physiological maturity and
then increased again at 49 DAA. Except at 14 DAA, the ECLs of the large and small
granules differed significantly at the same maturity.
Relative molar amounts of different chain categories of AP and φ,β–LDAP are
given in Table 4.4. As can be seen in Fig. 4.4, lengths of AP were divided into short
chains (DP ≤ 37) and long chains (DP ≥ 38). In AP, short chains (S) consisted of short Aand short B-chains (BS), whereas short chains of φ,β-LDAP are comprised of only BSchains (Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008). Minor differences were
exhibited with respect to the number of L- and S-chains in large granules and there were
no significant changes in small granules. The amount of S-chains decreased and the
amount of L-chains increased during pre-physiological maturity in large granules. During
post-physiological maturity, the changes again reversed, so that S-chains increased and
L-chains decreased.
A-chains are chains that do not carry any other chain (Peat, Whelan & Thomas,
1956), and the entire A-chain is therefore external. The number of A-chains was
calculated based on the maltose obtained by debranching φ,β-LDAP. (Bertoft,
Piyachomkwan, Chatakanonda & Sriroth, 2008)In large granules, the number of Achains decreased significantly from 55.2 % to 51.0 % during the pre-physiological
maturity period, and at the post-physiological maturity period, it increased to 58.0 %
(Table 4.4). In small granules, the number of A-chains decreased from 14 DAA to 28
DAA (from 55.5 % to 51.9 %) and then remained at a similar level until 49 DAA (51.7
%). The shortest AP A-chains are the fingerprint A-chains (Afp, DP 6-8) (Bertoft,
Piyachomkwan, Chatakanonda & Sriroth, 2008), which are too short to form double
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helices (Gidley & Bulpin, 1987) and are considered to be defects in the assembling of the
crystalline lamellae (Koroteeva et al., 2007). The number of Afp-chains was calculated
from the AP unit chain profile, and the relative number of Afp-chains increased in the
large granules between 7 DAA (4.8 %) and 49 DAA (5.8 %). In small granules, the Afpchains increased during the pre-physiological maturity stage (5.1 % to 6.8 %) and did not
change thereafter. A-chains other than Afp-chains are called clustered A-chains (Acluster).
Changes in the number of Acluster-chains were generally similar in both types of granules:
during pre-physiological maturity, they decreased, and then increased in the large
granules, but remained less numerous (44.8 %) in the small granules (Table 4.4).
B-chains are chains that carries either by A- or B-chains, or by both types of
chains (Peat, Whelan & Thomas, 1956); B-chains are consequently composed of one
external segment and one internal segment (Bertoft, Piyachomkwan, Chatakanonda &
Sriroth, 2008). The BS-chains (DP > 25) in the φ,β-LDs of AP (Fig. 4.5) have been
further divided into additional categories as fingerprint B-chains (Bfp-chains, DP 3 to DP
7), and major short B-chains (BSmajor-chains , DP 8 to DP 25). Changes in the relative size
of these categories are shown in Table 4.4. Bfp-chains are characteristic of a variety of
samples and have been found to be a component of large building blocks inside clusters
of AP (Bertoft, 2007). Changes in the number of Bfp-chains during the development of
starch granules resulted in different patterns in large and small granules. In large
granules, the number of Bfp-chains increased until 28 DAA and then decreased at postphysiological maturity (49 DAA). In small granules, however, the number of Bfp-chains
increased significantly throughout maturity, with the largest number appearing at 49
DAA (19.3 %). Both large and small granules exhibited the greatest number of BSmajor-
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chains at 28 DAA. B-chains longer than DP 26 are considered to be long B-chains (BL).
The pattern of change in the number of BL-chains during granule development was
similar to that for BSmajor-chains.
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Figure 4.5. As obtained by HPAEC-PAD, branch chain length distributions of φ,β-limit
dextrins of amylopectin of endosperm starch in (a) large granules; and (b) small granules:
Numbers represent DP; BShort (short B-chains) = DP 3 to DP 25; BLong (long B-chains) =
DP ≥ 26; Bfp (fingerprint B-chains) = DP 3 to DP 7; BSmajor (major group of short Bchains) = DP 8 to DP 25.
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Table 4.4. Relative molar percentages of chain categories of amylopectin and its φ,β-limit dextrins (n = 2)
Maturity stage

Chain
category

Large
7 DAA

14 DAA

Small

28 DAA

49 DAA

14 DAA

28 DAA

49 DAA

S

93.5 a

94.7d

93.9b

94.2bc

94.3c

94.1bc

94.1bc

L

6.5d

5.3a

6.1c

5.8b

5.7b

5.9bc

5.9bc

A

55.2b

54.5b

51.0 a

58.0c

55.5b

51.9a

51.7a

Afp

4.8a

5.3ab

5.4ab

5.8b

5.1ab

6.8c

6.9c

Acluster

50.4bc

49.2b

45.7a

52.16c

50.4bc

45.1a

44.8a

B

44.8b

45.5b

49.0c

42.0a

44.5b

48.1c

48.3c

BS

39.0bc

39.8c

41.8 d

36.8a

38.3b

41.2d

43.0e

Bfp

15.1b

16.5d

16.2cd

14.4a

14.9b

15.9c

19.3e

BSmajor

23.9b

23.2b

25.6c

22.4a

23.4b

25.3c

23.7b

BL

5.8b

5.8b

7.1d

5.2a

6.2c

6.9d

5.3ab

1.2

1.2

1.0

1.4

1.2

1.1

1.1

1.1

1.1

0.9

1.2

1.1

0.9

0.9

A:B1
2

Acluster:B

Note: Values followed by a different superscript in each row are significantly different (P < 0.05).
S = short chains of AP (DP ≤ 37); L = long chains of whole AP (DP ≥ 38); B = B-chains of φ,β-LD: A (A-chains) = DP 2 in
φ,β-LD; Afp= DP 6-8 of whole AP; Acluster (clustered A-chains) = A-chains – Afp; BS (short B chains) = DP 3 to DP 25 in φ,βLD; BL (long B chains) = DP ≥ 26 in φ,β-LD; Bfp = DP 3 to DP 7 in φ,β-LD; BSmajor = DP 8 to DP 25 in φ,β-LD.
1

The ratio between relative mole percent of A to B chains; 2The ratio between relative mole percent of Acluster:B chains
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4.4 Discussion
This chapter presents evidence for changes in the morphology and molecular
structure of starch from developing wheat endosperm. In accordance with previous
findings (Bechtel, Zayas, Kaleikau & Pomeranz, 1990), enlargement of the endosperm,
and the initiation of lenticular-shaped large granules, followed by the initiation of
spherical-shaped small granules, were evident in scanning electron micrographs (Fig.
4.1). Previous work conducted on the same sample (Eastern hard red winter wheat,
variety Hobson) has also shown changes in the size distribution of developing wheat
endosperm starches (Waduge, 2012). According to the findings in that study, 7 DAA
grains have one size population of starch granules (~1 -15 μm), but from 14 DAA
onward, two populations with two distinct sizes were found. The size of large granules
increases to ~ 45 μm when the granules have developed to 49 DAA. In contrast, the size
of small granules does not change dramatically with maturity, and size range between 1
μm and 10 μm at 49 DAA. Fig. 4.1 shows that the pericarp layer (outer layer of the
grains) is relatively thick at 7 DAA and 14 DAA when compared to 28 DAA and 49
DAA (Appendix 1). The diameter of pericarp starch granules ranged from 1 μm to 6 μm
(Chapter 3). Visual evidence therefore indicates that some pericarp starch contamination
is expected in 7 DAA large starch granules and in 14 DAA small starch granules.

81

4.4.1 Amylose structure in developing wheat endosperm and the molecular size distribution
of starch
The λmax values at the void volume (fraction I) were ~550 nm, remaining unchanged
during granule development (Fig. 4.2). Fraction I separates at void volume consists
mainly of AP (Klucinec & Thompson, 1998), whose structure remains unchanged during
the development of the endosperm.
The rapid shift in the λmax value above 600 nm in fraction II for whole starch
indicated the presence of AM-type long glucan chains in all endosperm starches
(Klucinec & Thompson, 1998). The λmax value changed from 610 nm (7 DAA) to 630
nm (14 DAA, 28 DAA, and 49 DAA). According to Bank and Greenwood (1975) when
λmax increase from 606 to 642 number average DP of glucan polymer increase from 105 1500 (Banks & Greenwood, 1975) suggesting that glucan chains in whole starch were
short at 7 DAA relative to their size in later stages. The λmax value was below 600 nm
(Fig. 4.2) for the β-LDs of starch (internal chains of glucan polymers) in fraction II from
the early maturity stages (7 DAA and 14 DAA). This property was similar to that of the
pericarp starch discussed in Chapter 3, based on which the presence of branched
intermediate material in the pericarp was postulated. It thus appeared that, at the early
maturity stages, endosperm starch had long linear glucan chains that produced high λmax
values above 600 nm in whole starch, but when these linear glucan chains were removed
by β-amylolysis, a branched intermediate material was left that gave rise to a lower λmax
value: one lower than for AM but higher than for AP, as explained by Klucinec and
Thompson (1998).
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Higher λmax values of fraction II of large and small granules at late maturity stages
(28 DAA and 49 DAA) (Fig. 4.2) revealed the presence of true AM-like long glucan
polymers. After β-amylolysis, the λmax value was still high, indicating that the internal
segments were long enough to form iodine complexes, which resulted in high λmax values
similar to those of AM. These findings suggest that starches at the late maturity stages of
endosperm development have both linear AM and branched AM with long internal
chains.
Because of the interesting differences observed in the fraction II of Fig. 4.2 with
respect to the molecular size distribution, the unit chain distributions of whole starch and
its β-LDs were also studied. The amount of AAM content (sum of LC and SC) increased
in both large and small granules during granule development; throughout maturity, large
granules had a higher amount of AAM than did small granules. This trend observed in
AAM was in agreement with previous findings (Morrison & Gadan, 1987; Peng, Gao,
Abdel-Aal, Hucl & Chibbar, 1999; Waduge, 2012; Wei et al., 2010). The primary starch
synthase responsible for the biosynthesis of AM is GBSS I (Smith, Denyer & Martin,
1995). In wheat endosperm, transcripts of GBSS I start to appear around 6 DAA,
becoming most abundant between 14 DAA and 28 DAA (Shewry et al., 2009). In rice
endosperm, GBSS I is expressed at mid- to late grain filling (5 DAA to 20 DAA) (Hirose
& Terao, 2004). This increase in GBSS I expression is directly related to the increase in
AAM content during wheat grain development as well as suggested AM chain elongation
observed between 7 DAA and 14 DAA (Fig. 4.2a and b) in this study.
Takeda et al. explained that the structure of branched AM from maize endosperm
starch has a generally higher molecular weight than the corresponding linear component,
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as well as shorter chain lengths than linear AM (Takeda, Shitaozono & Hizukuri, 1990).
Bertoft et al. (2008) assumed that most of the SCs of AM are generated after the
debranching of branched AM (Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008).
Therefore, the relatively higher number of SCs in large granules than in small granules
suggests that large granules have more branched AM than small granules (Table 4.2).
The amount of SC increased during large granules development effect that could
be due to the expression pattern of isoforms of branching enzymes in starch. It has been
reported that SBE II is expressed during 13 DAA to 32 DAA, SBE I is expressed after 18
DAA and SBE I have higher expression at late maturity stages (Morell, Blennow, KosarHashemi & Samuel, 1997). The affinity of the SBE I is greater for longer glucan chains
(minimum DP 16) while that of the SBE II is for shorter chains (DP 11to DP12) (Takeda,
Guan & Preiss, 1993). It can be postulated that increased long glucan chains (Table 4.2),
provide a substrate where SBE I can catalyse branching (Takeda, Guan & Preiss, 1993)
thus increasing the amount of branched AM content. This branched amylose in small
granules also had fewer branches with long internal chains than did the large granules, as
confirmed by the higher LC in the β-LDs of small starch (Table 4.2).
Using barley starch, Takeda et al. (1999) isolated AM from small, medium, and
large granules; their investigation of its structure revealed that the AM in small granules
had more branches, shorter chain lengths, and larger molecular sizes than that in large or
medium granules (Takeda, Takeda, Mizukami & Hanashiro, 1999). This trend was
apparently reversed in the case of wheat starch studied in the work presented in this
thesis. However, in the 1999 study, the AM structure was postulated using the purified
amylose fraction, making a direct comparison of results difficult.
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Based on these factors, the possible structures of branched AM in large and small
granules at early maturity stages (7 DAA to 14 DAA) and late maturity stages (28 DAA
to 49 DAA) are shown in Fig. 4.6. The linear fractions of AM from the early maturity
stage (in this case, 7 DAA) and the late maturity stage are depicted in Fig. 4.6a and 4.6b,
respectively, which reveal that linear AM at 14 - 49 DAA was longer than at 7 DAA.The
main differences in the branched AM were observed between the 7-14 DAA and 28 - 49
DAA. As well, at the 28 and 49 DAA, the structure of the branched AM in the two
granule populations also differed. Based on the low λmax values observed (Fig 4.2a, 4.2b,
and 4.2e) and on the persistently low numbers of LCs (Fig. 4.3a, 4.3b, and 4.3e and Table
4.2), a proposed structure of the branched AM at pre-physiological maturity is illustrated
in Fig. 4.6c: an intermediate type of material with shorter internal than external chains.
The proposed structures of the branched AM 28 and 49 DAA large and small granules
are depicted in Fig. 4.6d and 4.6e, respectively: small granules have less branching and
longer internal chains than large granules.
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Linear amylose
(a)

7 DAA

Branched amylose
(c)

7-14 DAA
Ø

Ø

(b)

14-49 DAA

(d) 28 -49 DAA

Ø

Ø

(e)
Ø

Figure 4.6. Schematic illustration of the structural differences in AM (fraction II) at early
and late maturity stages: (a) linear AM at 7 DAA; (b) linear AM from 14 - 49 DAA; (c)
branched AM at 7 and 14 DAA; (d) branched AM of large granules at 28 and 49 DAA;
and (e) branched AM of small granules at 28 and 49 DAA; (Ø) = reducing end.
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4.4.2 Structure of amylopectin in developing wheat endosperm
The major component of starch that determines granule organization and
functionality is AP. The investigation of the structural development of AP was based on
consideration of two distinct developmental stages: pre-physiological maturity (7 DAA to
28 DAA) and post-physiological maturity (49 DAA). Surprisingly, the AP structure
changed continuously during both maturity stages (Tables 4.3 and 4.4), even though no
starch accumulation occurs during post-physiological maturity (Dupont & Altenbach,
2003). These changes were reflected in the CLAP, CLLD, ECL, ICL, and TICL. In both
types of granules, at 28 DAA, the ICL increased and the ECL decreased. Waduge et al.
(2010) studied granular starch from developing endosperm and found that starch
harvested at 28 DAA had longer chains that can bind with iodine (Waduge, Xu &
Seetharaman, 2010). The results of the current research showed that both types of
granules had longer ICLs and TICLs and more BL-chains at 28 DAA than in other
maturity stages; this outcome correlates somewhat with previous findings that some
segments of glucan chains might be long enough at 28 DAA to interact with iodine
compared to other maturities. In addition to the structural changes in AP during granule
development, differences were also apparent between large and small granules
throughout all development stages. In general, large granules had more long chains than
did small granules (Table 4.3 and 4.4). This trend has previously been observed in large
and small granules from barley, triticale and wheat (Ao & Jane, 2007; Salman, Blazek,
Lopez-Rubio, Gilbert, Hanley & Copeland, 2009). However the specific reason for the
structural differences in AP of large and small granules are as yet unknown. Peng (2000)
and others have reported that a specific isoform of branching enzymes in starch
preferentially associate with large granules in wheat endosperm; however, their exact role
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in the biosynthesis of starch in large and small granules is unclear (Peng, Gao, Baga,
Hucl & Chibbar, 2000).
The overall differences in chain length caused by variations in the changes that
occur in different chain categories during development are summarized in Table 4.4. The
expression pattern and affinity of enzymes for different substrates could be consider as
the primary identifiable reasons for the structural changes in AP. It has been
demonstrated that phosphorylation-dependent complexes exist between SBE and SS
isoforms (Tetlow et al., 2004). Protein complexes are formed around 10 DAA to 15
DAA; prior to this development stage, SS I, SS II, and SBE II are present in wheat
endosperm in monomeric form (Tetlow et al., 2008). In wheat endosperm, SS I
expression is high around 5 DAA to10 DAA (Peng, Hucl & Chibbar, 2001). SSI
catalyzes the elongation of shorter glucan chains (DP < 10) using the chains with DP 6 to
DP12. This enzyme is believed to be the primary enzyme that initiates the synthesis of
the AP clusters. When the chains reach a critical length, they become unsuitable for
catalysis by SS I, which is then enzyme entrapped inside the granules as a relatively
inactive protein (Commuri & Keeling, 2001). In this study, the number of A-chains,
especially Acluster-chains, decreased during the pre-physiological maturity of starch
granules (Table 4.4). This result indicates that the short chains produced by SS I at the
beginning of granule development were elongated by SS IIa and SS IIIa (Commuri &
Keeling, 2001). These long chains provide sufficient chain lengths for the activity of SBE
IIa and IIb to be expressed during early maturity (Morell, Blennow, Kosar-Hashemi &
Samuel, 1997). SBE II forms branches preferentially by cutting segments from the most
abundant medium-length chains (DP 12 and longer) and adding them to short chains (DP
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6 to DP 11) (Nielsen, Baunsgaard & Blennow, 2002). This activity of SBE II during the
pre-physiological maturity stage was evidenced by the increase in BS-chains (Bfp and
BSmajor) (Table 4.4). During this period, the number of BL-chains also increased in both
large and small granules. It is believed that, according to the backbone cluster model,
these BL-chains are present primarily in the amorphous lamellae of the AP molecules
(Bertoft, Koch & Åman, 2012). The suggestion has been that SS I, SS IIa, and SBE II
isoforms function as separate enzymes or as complexes involved in semi-crystalline
cluster formation (Tetlow, 2011). It can thus be speculated that at pre-physiological
maturity stages, BL-chains do not act as donor chains for SBE II. As well, the elevated
level of activity of ADP-glucose pyrophosphorylase and starch synthase (Shewry et al.,
2009) in the presence of a replenishing supply of sugars during this period makes it
tempting to postulate that glucan chains undergo more elongation than branching. The
intermediary glucan structures formed during AP synthesis in Arabidopsis leaf starch was
studied by Nielsen and others (2002). Their findings indicated that predominantly
medium-length chains were transferred by branching enzymes; furthermore, since the
organization of crystalline layers restricts the accessibility of branching enzymes to
amorphous lamellae, where most of the long chains are accommodated, it has been
suggested that only the outer glucose units are likely to participate in the branching
reaction (Nielsen, Baunsgaard & Blennow, 2002).
The changes that occur in the AP structure during the pre-physiological maturity
stage in both large and small granules are modelled in Fig. 4.7. The models suggest
possible modes of SBE action that could produce the differences detected in the chain
lengths and in the proportions of chain categories (Tables 4.3 and 4.4). The net effects of

89

alternative chain transfer reactions were compared with the experimental observations.
Fig. 4.7a depicts the possible structural changes that result from the SBE II transfer of a
segment of A-chain to an existing Bfp-chain. According to this model, the number of Bfpchains decreases because the Bfp-chain is converted into a BSmajor-chain. Therefore,
BSmajor-chains and A-chains increase in number, and internal segments (TICL and ICL)
increase in length. After the SBE II action, SSs are thought to elongate the external parts
of the chains so that the net effect on the ECL becomes negligible. The theoretical
increase in BSmajor-chains agrees with the experimentally found increase; however, the
experimental data do not correspond to the theoretically predicted effects on A- and Bfpchains. It appears, therefore, that this mode of SBE action would not be very common.
Fig. 4.7b depicts possible changes that occur when SBE II transfers an external B-chain
segment to the non-reducing-end side of an A-chain. This mode of action converts the Achain into a BSmajor-chain, with a theoretically predictable increase in the number of
BSmajor-chains and a decrease in Bfp-chains; as a side effect, the relative number of Achains is reduced and, as shown in Fig. 4.7a, the length of the internal segments (ICL)
expands. With the exception of the decrease in the number of Bfp-chains, this mode of
SBE action agrees fairly well with the experimental results, especially for large granules.
As shown in Fig. 4.7c, SBE II transfers a segment of an A-chain back to the same Achain (or alternatively to another A-chain), this time close to the reducing-end side.
According to this model, the initial A-chain is converted to a Bfp-chain, increasing the
relative number of Bfp-chains and decreasing that of the A-chains; in addition, the TICL
and ICL are unchanged because there is no effect on the length of the internal segments.
This explanation fits rather well with the changes observed in the small granules: no
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significant differences in the TICL were found. Additional deductions can be made with
respect to chain transfers, but it is apparent that any single type of chain transfer cannot
explain all of the changes that occur during AP biosynthesis, including the differences
apparent between large and small granules.
When a wheat grain reaches its physiological maturity (around 35 DAA), it has no
supply of sugars, proteins, or water. At this time, the endosperm tissue undergoes a form
of apoptosis, and the grain begins to desiccate (Dupont & Altenbach, 2003). Considering
the variation in maturity within a spike, all the grains harvested at 49 DAA were
considered to be representative of post-physiological maturity. Surprisingly, the structural
changes that were observed during the post-physiological maturity stage occurred
primarily in reverse order compared to the changes that were observed at the end of the
pre-physiological maturity. Such structural changes can occur if the enzymes produced
before physiological maturity, which are now trapped inside the starch granule (Liu,
Makhmoudova, Lee, Wait, Emes & Tetlow, 2009), were still active during the postphysiological maturity stage. In addition to the SBE II expresses during the early maturity
stages, the expression of SBE I starts after 18 DAA (Morell, Blennow, Kosar-Hashemi &
Samuel, 1997): the expression level of SBE I was greater than that of SBE II at about 28
DAA (Shewry et al., 2009). The protein complexes that are formed with SBE I and SS
(mainly SS III) are believed to be involved in the synthesis of the cluster-connecting AP
chains that are present in amorphous lamellae (Tetlow, 2011). At 28 DAA, both large and
small granules had the longest ICL and the greatest number of BL-chains. In line with the
views of some researchers (Nakamura, 2002; Tetlow, 2011), the current study thus
indicates that at 49 DAA reduction in lengths of ICL and TICL (Table 4.3) and amount
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of BL-chains (Table 4.4) most likely is due the activity of SBE I. At the postphysiological maturity stage, the structural variations in small granules were different
from those in large granules: the number of A-chains increased in large granules but
remained constant in small granules (Table 4.4). The number of Bfp-chains increased in
small granules and decreased in large granules, whereas the occurrence of BSmajor- and
BL-chains decreased in both types of granules. Since the number of BSmajor- and BLchains decreased, it appears that they act as donor chains for branching enzymes during
post-physiological maturity. However, a difference could be noted in the type of newly
formed glucan chains, which suggests that large and small granules contained mainly Achains and Bfp-chains, respectively.
The reason for the increase in the ECL at 49 DAA is unclear. However, a possible
cause could be the glucan trimming by DE: throughout the starch biosynthesis process,
debranching enzymes play a critical role in trimming the cluster shape at the periphery of
the growing granules (Ball et al., 1996; Nakamura, 2002). Based on the above discussion,
Fig. 4.8 shows possible modes of glucan trimming at the post-physiological stage.
Fig.4.8a depicts possible changes in the structure when the starch DE removes an Achain attached to a Bfp-chain, resulting in an increased ECL and a larger number of Achains. The number of Bfp-chains drops and the number of BSmajor –chains remains
unchanged. Fig. 4.8b illustrates a possible explanation of the changes that might be
expected when the DE removes an A-chain that is attached to a BSmajor-chain. The figure
shows a theoretical model of the increasing ECL and number of A-chains. However, this
model fails to include changes in the Bfp-chains. Fig.4.8c provides an explanation of the
changes that might occur when a BSmajor-chain accommodates multiple A-chains, some of
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which have been removed by DE. In this model, both the ECL and the number of Bfpchains increase. Again, based on the proposed mechanisms involved in glucan trimming,
the Fig. 4.8 indicates the difficulty of using a single model to explain the processes that
occur in both types of granules, suggesting that they have different genetic controls.
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Key:
Remaining residues of B-chains in LDs
External chain segments of A- and B-chains
Part of a B-chain e.g., in the backbone
Action of branching enzyme
Elongation of chains by starch synthase

Figure 4.7. Possible models for structural changes in wheat endosperm AP during prephysiological maturity: (a) SBE II catalyses transfer from an A-chain to an existing Bfpchain; (b) SBE II catalyses transfer from an external B-chain to an A-chain, forming a
new BSmajor-chain; (c) SBE II catalyses transfer from an A-chain to the same A chain,
forming a new BSmajor-chain. Theoretical positive (+), negative (–), and neutral (±) effects
on the structural parameters are indicated and compared with the actual experimentally
detected changes in large and small granules. Red signs suggest correlation with the
theoretical effect.
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Key:
Remaining residues of B-chains in LDs
External chain segments of A- and B-chains
Part of a B-chain e.g., in the backbone
Action of debranching enzyme

Figure 4.8. Possible models for glucan trimming in wheat endosperm AP at postphysiological maturity: (a) DE removes an A-chain attached to a Bfp-chain; (b) DE
removes an A-chain attached to a BSmajor-chain; (c) a BSmajor-chain accommodates
multiple A-chains, some of which are removed by DE. Theoretical positive (+), negative
(–), and neutral (±) effects on the structural parameters are indicated and compared with
the actual experimentally detected changes in large and small granules. Red signs suggest
correlation with the theoretical effect.
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4.4.3 The relationship between the internal structure of amylopectin and the unit chains of
whole amylopectin
The original chain length distribution of whole AP is a reflection of the internal
structure of AP (Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008). External AP
chains are removed when φ,β-LDs are produced, making it theoretically possible to
reconstruct the original positions of external B-chains in whole AP by adding external
segments back to B-chains. In practice, since the exact external length for each chain is
uncertain, external segments are added using the average ECL value. Similar earlier
reconstructions have shown that the theoretically constructed curves of B-chains were in
good agreement with experimentally measured profiles for a broad range of starch
samples. In these studies, the differences between the curves allowed the prediction of Achain positions in AP (Bertoft, 2004; Bertoft & Koch, 2000; Bertoft, Piyachomkwan,
Chatakanonda & Sriroth, 2008).
Based on the research conducted for this thesis, Fig. 4.9 illustrates reconstructions
of the molar distribution of the B- and A-chains and provides a comparison with the
experimental profiles of the unit chains of the original AP. For DP > 16, the theoretical
profiles of the B-chains were in good agreement with the experimental unit chain profiles
of AP from fully matured large and small granules (49 DAA), suggesting that B-chains in
this DP range carry external chains that correspond closely to the average ECL. For DP <
16, there was apparently a mixture of A- and B-chains. This result was thus in general
agreement with findings for many other starches and suggests a well-ordered external
structure. The same outcome was obtained with the 7 DAA sample. However, at other
pre-physiological maturity stages, especially at 14 DAA, the reconstructed B-chains
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profiles were in poor agreement with the experimental curves for DP < 20. This
discrepancy suggests that the length of the external B-chain segments differs significantly
from the average ECL value; it also implies that the overlapping area of A- and B-chains
is comparatively broad. Overall, it appears that the external structure of the amylopectin
components is more irregular during the pre-physiological maturity stage with large
variations in external chain lengths. The reason for the difference between the 7 DAA
and the other pre-physiological maturity samples is unclear; it could be due to pericarp
starch contamination or the absence of biosynthesis-related enzyme complexes at this
stage.
The molar ratios of different chain categories were calculated, as summarized in
Table 4.4. At all maturities, amylopectin had more A-chains than B-chains, except for the
large granules at 28 DAA, which exhibited equal amounts (A:B = 1.0). The ratio of A- to
B-chains in large granules at 49 DAA was 1.4, which was exceptionally high and has
thus far been detected only in Andean yam bean starch (Bertoft, Piyachomkwan,
Chatakanonda & Sriroth, 2008). However, in Andean yam bean starch, the high ratio was
due to the abundance of Afp-chains, whereas this was not the case in wheat: instead, the
clustered Acluster-chains were present in relatively high numbers. Because Afp-chains are
considered to introduce defects into the crystalline lamellae rather than forming double
helices with B-chains, it is of interest to analyze the ratio of Acluster-chains to B-chains. If
each Acluster-chain intertwines with one B-chain into a double helix, it would be expected
that the Acluster:B ratio would be 1.0 (Imberty, Buléon, Tran & Péerez, 1991). For
developing wheat endosperm starches, this ratio varied between 0.9 and 1.2, indicating
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that most of these chains indeed interact to form double helices. However, other possible
causes of the formation of double helices cannot be excluded.

4.4 Conclusion
In developing wheat endosperm, large granules are initiated at 7 DAA and small
granules are initiated at 14 DAA. In both large and small granules, AAM content
increases with maturity, and at all maturity stages, large granules have higher amounts of
AAM than do small granules. Starch granules at early maturity (7 and 14 DAA) stages
possess intermediate-type material in addition to long-linear AM whereas starches at 28
and 49 DAA small granules have less branching and longer internal chains than large
granules. The AP structure changes continuously during pre- and post-physiological
maturity stages. Both large and small granules undergo similar changes during prephysiological maturity, showing a decrease in the number of A-chains and an increase in
the number of Bfp-, BSmajor, and BL-chains. During this period, the average CL and ECL
of whole AP decreases, but the ICL increases. At post-physiological maturity stage small
and large granules appear to have more organized AP structure than pre-physiological
maturity. At the post-physiological maturity stage ECL is high in both types of granules.
At this stage internal BL- and BSmajor-chains acts as donor chains for branching. The new
chains produced in small granules are mostly Bfp-chains and in large granules are mostly
A-chains. This suggests that both external structure and internal structure of AP change
during endosperm development.
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Figure 4.9. Reconstruction of the molar distribution of A-chains (⎯
from the distribution of φ,β-LD of amylopectin from developing wheat endosperm. The
profiles are compared with the experimentally obtained distribution of chains in the φ,βLD amylopectin (⎯). The circulated area in each graph indicate areas with variable good
or poor matching of theoretical values with experimental values: (a) 7 DAA large
granules; (b) 14 DAA large granules; (c) 28 DAA large granules; (d) 49 DAA large
granules; (e) 14 DAA small granules; (f) 28 DAA small granules; (g) 49 DAA small
granules.
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CHAPTER 5: STRUCTURE OF CLUSTERS AND BUILDING BLOCKS IN
AMYLOPECTIN FROM DEVELOPING WHEAT ENDOSPERM

5.1 Introduction
Amylopectin (AP) is a highly branched molecule with α-(1–4)-linked D-glucose
backbones and α-(1–6) linked branches (Pérez & Bertoft, 2010). Branches of AP coalesce
to form clusters, which are defined as groups of branches located within a length of nine
glucose residues along the backbone (Bertoft, 2007). Chains of clusters that build up the
crystalline lamellae are called external chains, and those forming the amorphous lamellae
are called internal chains (Pérez & Bertoft, 2010). Internal chains are found among the
branches of clusters and among the internal segments between branches. The branches of
clusters in the amorphous lamellae form tightly branched (chain length of ~1-3 glucose
residues between two branches) regions, called building blocks. The number of branches
in building blocks is greater in larger blocks. Building blocks occur in a range of sizes,
the smallest consisting of two chains with degree of polymerization (DP) of 5 to DP 9
and the largest containing over 10 chains (DP > 45); their relative abundance decreases
with increasing block size. Inside the cluster, the building blocks are interconnected by
slightly longer segments with inter-block chain lengths (IB-CL) of ~5 to 8 glucose
residues (Bertoft, Koch & Åman, 2012b). By interconnecting more than one cluster
domains are formed.
Starch AP from different botanical sources has been studied extensively with
respect to its unit chain profile, but not much attention has been directed at its internal
structure until recently, when four types of internal structural groups in AP were
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identified in 17 starches (Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008). This
grouping was based on the internal chain length distribution of AP. Cereal starches
studied thus far contain either type 1 or type 2 AP structures. Types 1 and 2 are
characterized by a broader size distribution of short B-chains (BS) and smaller quantities
of long B-chains (BL) than are typical of types 3 and 4 (Bertoft, Piyachomkwan,
Chatakanonda & Sriroth, 2008). These four structural types of AP represent both interand intra-cluster constituents: BL-chains interconnect clusters, and short chains form
internal cluster structures (Bertoft, Koch & Åman, 2012a). A backbone cluster model for
amylopectin has been proposed based on clusters isolated from different starches by
hydrolysis with α-amylase derived from B. amyloliquefaciens. In this model, clusters are
treated as an integral part of the backbone, with BS-chains also being involved in cluster
interconnections, especially in type 1, although to a lesser extent than BL-chains (Bertoft,
Koch & Åman, 2012a). Analysis of building blocks isolated by further hydrolysis of
clusters with α-amylase has revealed a correlation between the length of the inter-block
segments (IB-CL) inside clusters and their structural types: IB-CL values were shortest
for type 1, intermediate for types 2 and 3, and longest for type 4 (Bertoft, Koch & Åman,
2012a). The internal organization of the chains inside the building blocks is unique to
each starch. AP from cereal starches (rye, oat, waxy maize, and rice) have higher
numbers of the shortest internal B-chains (DP 3 to DP 7), resulting in a lower ratio of
A:B chains in the building blocks in cereal starches than in starches from other sources.
This discrepancy suggests that the conformation of chains in AP from cereals is mostly of
the Haworth type, whereas that in other starches is of the Staudinger type (Bertoft, Koch
& Åman, 2012b).
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An understanding of the detailed structure of AP is important because the chain
organization of the backbone in the amorphous lamellae has a profound impact on the
granular architecture and functionality of the starch. Computer models of AP have been
used to demonstrate the importance of chain lengths between branches for the
initialization and stabilization of the arrangement of double helices (external structure of
AP) (O'Sullivan & Perez, 1999). By correlating gelatinization parameters with the
number of building blocks in clusters, the inter-block chain lengths, and the external
chain lengths, Vamadevan et al., (2013) found relationships between the structural
parameters that revealed the importance of the internal structure of AP in the
functionality of starch (Vamadevan, Bertoft & Seetharaman, 2013).
Both the internal chain length distribution and the internal chain organization of
AP are important factors in the development of an understanding of AP biosynthesis.
Nakamura (2002) modelled the starch biosynthesis process, concluding the occurrence of
glucan extension and branching in both crystalline and amorphous lamellae (Nakamura,
2002). Based on this model of starch biosynthesis indicate that an examination of the unit
chain distribution in AP alone offers an insufficient explanation of all of its localized
structural changes, such as chain elongation, glucan trimming, and branching, or of the
locality (crystalline or amorphous lamellae) where they occur. The formation of the
building block structure during starch biosynthesis is not yet understood, even though
starches from a broad range of botanical sources have been used to study the structure
and organization of AP constituents (cluster structure of AP, building block structure, and
building block organization). Storage starches from different plant sources, including
wheat endosperm (Kulp, 1973; Waduge, 2012; Waduge, Xu & Seetharaman, 2010; Wei
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et al., 2010), corn endosperm (Li, Blanco & Jane, 2007), rice endosperm (Briones,
Magbanua & Juliano, 1968; Murugesan, Hizukuri, Fukuda & Juliano, 1992), and potato
tubers (Liu, Weber, Currie & Yada, 2003), show variations in structure and functionality
with maturity. Based on the discussion in Chapter 4, it can be concluded that the structure
of both large and small amylopectin granules changes over time, suggesting that both
internal (amorphous lamellae) and external (crystalline lamellae) chains are subjected to
change during wheat endosperm starch granule development. The changes in starch
structure during development are due mainly to the expression pattern and substrate
specificity of the different isoforms of starch biosynthetic enzymes (ADP-glucose
pyrophosphorylase, starch synthases, starch branching enzymes, and starch debranching
enzymes) involved in the development of endosperm starch (reviewed by Tetlow, 2011).
The objective of this study was therefore to provide further understanding of the
evolution of the fine structure (at the level of clusters and building blocks) of AP in
developing endosperm starch. Because large and small granules of wheat endosperm
starches have been reported to have different structural and functional properties, it is of
interest to understand the differences in their AP building block structure.

5.2 Materials and Methods
5.2.1 Materials
The wheat endosperm starch used in the work described in this chapter was similar
to the samples used for the investigations presented in Chapter 4. Starch from Eastern
hard red spring wheat (Hobson variety) cultivated in Ontario, Canada, in 2010 was
isolated from four maturity stages: 7, 14, 28, and 49 days after anthesis (DAA).
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5.2.2 Enzymes
In addition to the enzymes mentioned in section 4.2.2, α-amylase from Bacillus
amyloliquefaciens ((14)-α-D-glucan glucanohydrolase, and EC 3.2.1.1) from
Megazyme, Wicklow, Ireland, was also used for the research presented in this chapter.
5.2.3 Starch isolation, granule separation, and amylopectin extraction
Starch isolation was conducted according to the method given by Waduge et al.
(2010). Large and small granules were separated from endosperm starches at 14, 28, and
49 days after anthesis (DAA) maturity stages using 30 % (for small granules) and 60 %
(for large granules) glycerol solutions (Waduge, 2012). Amylopectin was extracted
according to the method described by Thompson and Klucinec (1998) with minor
modifications (Bertoft, Källman, Koch, Andersson & Åman, 2011). The yields of
separated large and small granules; the conditions during AP isolation, the AP yields, and
the levels of purity are summarized in Table 4.1 in chapter 4.
5.2.4 Time course of α-amylolysis of AP for cluster preparation
The time course of α-amylolysis of AP for cluster preparation was conducted
according to the technique developed by Kong and others (2009). From 49 DAA large
granules, 20 mg of AP was dissolved in 400 μL 90 % DMSO (dimethyl sulphoxide) with
constant stirring overnight. The sample was then diluted to 10 mg/mL with warm water
and 200 μL of 0.9 U/mL α-amylase in a 0.01 M sodium acetate buffer (pH 6.5). The
sample was hydrolyzed for 2 h in a water bath at 25 oC with magnetic stirring. At each 20
min interval, 250 μL aliquots were taken, and the molecular size distribution was
analyzed by gel-permeation chromatography (GPC) on a column (1.6 x 90 cm) of
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Sepharose CL-6B (Pharmacia, Uppsala, Sweden) with 0.5 M NaOH as eluent at a rate of
1 mL/min. The column was calibrated using α-dextrins as described by Bertoft and Spoof
(1989). The carbohydrate content of the fractions collected (1 mL) was determined with
the use of a phenol-sulphuric acid reagent (Dubois, Gilles, Hamilton, Rebers & Smith,
1956).
5.2.5 Production of clusters and their φ,β-limit dextrins
Clusters of amylopectin were prepared from 200 mg of AP, following the method
explained elsewhere (Kong, Corke & Bertoft, 2009). Clusters were prepared by
hydrolyzing AP with 0.09 U/mL α-amylase in a water bath at 25 oC. The concentration of
AP during the reaction was 10 mg/mL. Based on the time course experiment, the reaction
was continued with magnetic stirring for 90 min at 25 oC. The reaction was terminated by
the addition of 200 μL of 5 M NaOH. After 1 hr at room temperature, methanol in the
amount of 5 volumes was added, and clusters were recovered by centrifugation at 1800 g
for 20 min. The cluster preparation was then washed with methanol twice, re-dissolved in
water, and freeze-dried.
The external chains of the clusters produced were removed by phosphorylase a
(derived from rabbit muscle) and β-amylase (extracted from barley) according to the
method given by Kong et al., (Kong, Corke & Bertoft, 2009). The resulting product, φ,βlimit dextrins of clusters (φ,β LDC), was freeze-dried and the size distribution of the
clusters was analyzed on the GPC column, as described in section 5.2.3.
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5.2.6 Chain length distribution of clusters
φ,β-LDC (1 mg) was dissolved in 900 μL of warm water, and 100 μL 0.01 M of a
sodium acetate buffer (pH 5.5) were added. Clusters were debranched overnight at room
temperature with 2 μL pullulanase (36.3 U/mL) and isoamylase (1000 U/mL). The unit
chain distribution was analyzed by means of high-performance anion-exchange
chromatography with pulsed amperometric detection (HPAEC-PAD) (Dionex ICS 3000,
Synnyvale, CA, USA) on a CarboPac PA-100 column (4 x 250 mm), as described
elsewhere (Bertoft, Koch & Åman, 2012a), and PAD signals were converted to
carbohydrate content (Koch, Andersson & Åman, 1998).
5.2.7 Building block preparation and structure
Building blocks were prepared according to the method given by Bertoft et al
(2012): 3 mg of φ,β-LDC were dissolved in 540 μL of warm water and hydrolysed with
60 μL α-amylase (60 U/ml) diluted in a 0.01M sodium acetate buffer at pH 6.5.
Hydrolysis was conducted for 3 h at 35 oC. Boiling in a water bath for 5 min stopped the
reaction. The samples were then treated with 3 μL of β-amylase (~ 4 U/mg substrate) at
room temperature overnight and were boiled again in order to halt the reaction (Bertoft,
Koch & Åman, (2012a).
The size distribution of the building blocks was analyzed by GPC on a column
(1.6 x 90 cm) of Superdex 30 (Pharmacia, Uppsala, Sweden) with 0.05 M NaCl as an
eluent at a rate of 1 mL/min. The column was calibrated using α-dextrins as described by
Bertoft and Spoof (1989). Fractions of 1 mL were collected, and the carbohydrate content
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was determined using phenol and sulphuric acid (Dubois, Gilles, Hamilton, Rebers &
Smith, 1956).
5.2.8 Statistical analysis
Statistical analysis was performed with SPSS 17.0 statistical software (SPSS
Institute Inc., Chicago, IL, USA). All analyses were replicated at least twice, and mean
values are reported. A comparison of the means of the structural parameters of the
clusters and the building block were conducted using one-way analysis of variance
(ANOVA) and Duncan's test (p<0.05).

5.3 Results
5.3.1 α-Amylolysis of amylopectin from matured wheat starch
Matured endosperm starch was used as the model for the estimation of the
appropriate time for α-amylolysis for the production of clusters. The change in the
molecular size distribution with time is shown in Fig. 5.1a. The α-amylolysis of wheat
AP was similar to that previously reported for other starches (Bertoft, Zhu, Andtfolk &
Jungner, 1999) (Kong, Corke & Bertoft, 2009; Zhu, Corke, Åman & Bertoft, 2011) and
produced a bimodal size distribution of dextrins. Fraction A typically represents clusters
or domains and fraction B contains small fragments derived primarily from external AP
chains. The hydrolysis induced an increase in the number of dextrin molecules over time,
as indicated in Fig. 5.1b. Initially, the reaction rapidly increased the number of dextrin
molecules, but after ∼80 min the changes with time became small: α-amylase, which
contains nine subsites, reacts fastest when all of the subsites are filled with D-glucosyl
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residues, but the reaction slows considerably when this criterion is not met. The enzyme
attacks the external chains, resulting in the formation of maltohexaose, and it
preferentially attacks long internal AP chains, resulting in the release of clusters (Bertoft,
1989; Robyt & French, 1963). In this study, an enzyme activity of 0.09 U/ml was used,
giving a near-zero increase in branched dextrin formation after 80 min of hydrolysis: an
indication of near-complete long AP internal chain (glucose residues > 9) removal and of
the predominance of clusters of chains in the dextrins. For all wheat AP samples, 90 min
was chosen for cluster preparation since no net formation of branched dextrins was
observed beyond 90 min (Fig. 5.1b).
As in the chapter 4, amylopectin structure development is discussed with respect
to two major growth stages: grains harvested 7 to 28 DAA were considered to be at prephysiological maturity, and grains harvested at 49 DAA were considered to be at postphysiological maturity.
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Figure 5.1. Time course of α-amylolysis of amylopectin from 49 DAA large starch
granules: (a) Gel-permeation chromatography on Sepharose CL-6B, in which two major
groups of dextrins were formed: branched dextrins (DP > 40) in fraction A and linear
fragments (DP < 40) in fraction B; (b) Development of the relative number of branched
dextrins indicated by fraction A in the time course of α-amylolysis.
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5.3.2 Characterization of φ,β-limit dextrins of the clusters
The entire set of samples was hydrolysed for 90 min, and the branched dextrins
(clusters), represented by fraction A in Fig. 5.1a, were isolated using methanol. Each
cluster preparation from different maturity stages was further hydrolyzed with
phosphorylase a and β-amylase in order to remove the external chains remaining after αamylolysis. The resulting product was φ,β-LDC. The size distributions of the φ,β-LDC of
endosperm starches at different maturity stages are shown in Fig. 5.2. In general, the
clusters from all samples exhibited similar size distributions. The DP range of the clusters
was 15 to 680 at all maturity stages (fractions containing < 1 % carbohydrate were
excluded). The average DP of the clusters is listed in Table 5.1. The size of the clusters
increased from DP 85.0 to DP 89.5 when large granules developed from 7 DAA to 14
DAA, and it remained unchanged thereafter until 28 DAA. At the post-physiological
maturity stage (49 DAA), the size of the clusters decreased significantly to 82.4 DP.
Similarly, when small granules developed, the size of the clusters increased from 84.0 DP
to 88.2 DP in the pre-physiological maturity stage, and the size again decreased to 82.9
DP during the post-physiological maturity stage. Small and large granules belonging to
the same maturity stage did not show any significant differences in AP cluster size except
at 14 DAA.
After the debranching of the clusters, additional parameters for characterizing
cluster structures were estimated and are summarized in Table 5.1. The average number
of chains (NC) is another parameter that expresses the size of the clusters (Bertoft, Koch
& Åman, 2012a). The NC of the large granules did not change during the prephysiological stage; however, the NC decreased from 14.8 to 14.2 during the post-
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physiological stage (49 DAA). In small granules, the NC increased from 14.9 to 15.8
when the granules developed from 14 DAA to 28 DAA, and it decreased to 14.8 by 49
DAA. The degree of branching in the clusters (DB) did not change significantly in either
small or large granules during granule development. However, at all maturities, small
granules generally exhibited a higher DB than large granules.
Table 5.1 shows the average chain length (CL) and the internal chain length (ICL)
of the clusters, as calculated after debranching. The CL was nearly independent of
granule type or maturity level: the CL slightly increased from 5.8 DP to 5.9 DP in large
granules when they developed from 7 DAA to 14 DAA, and it decreased to 5.8 DP by 49
DAA; in contrast, the CL remained unchanged when small granules developed. The ICL
remained similar in both small and large granules throughout granule development. At
the same maturity stage, the CL and ICL in large granules were greater than in small
granules. However, at 49 DAA, the difference between the ICLs of the small and large
granules was statistically insignificant.
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Figure 5.2. Size distribution at different maturity stages of φ,β-limit dextrins of clusters
isolated from amylopectin from developing wheat endosperm starch: (a) large granules;
(b) small granules.
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Table 5.1. Characterization of φ,β limit dextrins of clusters from amylopectin (n = 2)
DP1

NC2

DB (%)3

7 DAA

85.0a

14.7b

16.2abc

5.8b

3.6ab

14 DAA

89.5 b

15.1b

15.7a

5.9 c

3.8b

28 DAA

87.6 b

14.8b

15.7a

5.9 c

3.7b

49 DAA

82.4a

14.2a

16.0ab

5.8b

3.6ab

14 DAA

84.0 a

14.9b

16.5bc

5.6a

3.4a

28 DAA

88.2b

15.8c

16.8c

5.6a

3.4a

49 DAA

82.9 a

14.8b

16.7c

5.6a

3.4a

Maturity stage

CL4

ICL5

Large granules

Small granules

Note: Values followed by a different superscript in each column are significantly
different (p < 0.05).
1

Average size of the cluster (DP) as measured by GPC: Fractions containing < 1 %
carbohydrate were excluded.

2

Number of chains = DP/CL

3

Degree of branching = (NC ̶ 1)/DP x 100

4

Average chain length estimated by HPAEC

5

Internal chain length = [(CL ̶ ECL) x NC]/(NC ̶ 1) ̶ 1, in which ECL = 1.5
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5.3.3 Unit chains in clusters
The internal unit chain profiles of clusters in small and large granules from
developing endosperm are shown in Fig. 5.3. Maltose (external A-chains) and maltotrios
(mixture of internal A- and B-chains) were excluded from the chromatograms. αAmylolysis drastically reduces the length of long chains (DP ≥ 25), and the increasing
population of short-B chains shows signature profiles with peaks around DP 6 and DP 9
(Bertoft, Koch & Åman, 2012a). Fig. 5.3 provides a comparison of the changed
proportions of internal B-chains in the original AP with the proportions in the clusters:
the proportion of long B-chains is reduced after α-amylolysis. The relative number of
different chains with DP 2, DP 3, and DP ≥ 4 are listed in Table 5.2. As mentioned, DP 3
is a mixture of A- and B-chains. In clusters from large granules, the relative number of
chains at DP 2 (A-chains) exhibited a pattern similar to that in the original amylopectins
(Table 4.4): the number of A-chains decreased slightly during the pre-physiological stage
and then increased during the post-physiological maturity stage. However, these changes
were not as dramatic as in the original AP. In small granules, the number of A-chains
decreased with increasing maturity. Chains with DP 3 showed few significant changes.
Chains of DP ≥ 4, which represent B-chains, also showed only minor changes between
maturity stages. In large granules, B-chains in both the original AP (Table 4.4) and in
clusters showed similar change patterns (Table 5.2): during pre-physiological maturity,
B-chains increased to the highest number at 28 DAA (40.0 %) and decreased to 38.1 %
by 49 DAA. In clusters of small granules, no significant change in B-chains was evident
during granule development. In general, large granules included more chains with DP ≥ 4
than did small granules except at 49 DAA, when no significant difference was observed.
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When α-amylase cleaves long internal B-chains in AP, specific categories of Bchain lengths are formed: b0, b1a, b1b, b2, and b3 (Bertoft, Koch, & Åman, 2012a).
These new B-chains are defined in Fig. 5.3, and their relative molar distributions are
given in Table 5.2. The B-chains found in isolated clusters have two origins: some are
produced by enzyme action, and some arise from pre-existing B-chains in the parent
amylopectin (Bertoft, Koch & Åman, 2012a). In large granules at 7 DAA, clusters
exhibited 10.0 % b0-chains (DP 4 to DP 6), a percentage that increased slightly to 10.5 %
when the granules matured to 28 DAA. During the post-physiological maturity stage of
large granules, b0-chains decreased to 9.8 %. In small granules, the number of b0-chains
remained constant during pre-physiological maturity but increased significantly to 11.5 %
during post-physiological maturity. With respect to granule size (small or large), the
differences in the b1a-chains (DP 7 to DP 10) were insignificant at different or identical
maturity stages, except for large granules at 28 DAA, which had a significantly higher
number (12.4 %) of b1a-chains than other granules. In general, the changing pattern of
numbers of b1b-chains (DP 11to DP 18) and b1a-chains (DP 7 to DP 10) were nearly
identical. The numbers of b2-chains (DP 19 to DP 27) and b3-chains (DP ≥ 28) were
comparatively small, with b3-chains occurring in only trace amounts. The numbers of
both b1b- and b2-chains remained unchanged during small granule development but not
with respect to the large granules, in which the two chain categories showed similar
change patterns. When large granules developed from 7 DAA to 14 DAA, the number of
b1b- and b2-chains increased. After 14 DAA, the quantity of these chains remained
constant. The number of b3-chains remained identical in large granules but tended to
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decrease in small granules during development. In general, at all maturities, large
granules exhibited greater numbers of b1b-, b2-, and b3- chains than did small granules.

5.3.4 Building block composition of clusters
Extensive hydrolysis of clusters with α-amylase releases small, tightly branched
areas in clusters, which are known as building blocks. Linear dextrins with DP 1 to DP 6
are released from segments located between the branched blocks. These linear dextrins
are further hydrolyzed into glucose, maltose, and maltotriose by treatment with βamylase, a procedure that produces better size separation when carried out by GPC
(Bertoft, Koch & Åman, 2012a). The building block composition of developing wheat
endosperm starches is shown in Fig. 5.4. The building block profile is composed of
regions representing linear dextrins and tightly branched building blocks; the linear
dextrins include glucose, maltose, and maltotriose (group 1 with a peak at DP ~2) (Kong,
Corke & Bertoft, 2009). Branched building blocks belong to groups 2, 3, and 4 and
contain 2, 3, and 4 chains, respectively. The large building blocks of groups 5 and 6
contain multiple branches. These larger blocks, which have a DP ≥ 20, are arbitrarily
divided into two groups, with the point of demarcation at DP 35 (Bertoft, Koch & Åman,
2012a). In the work conducted for this thesis, at all maturity stages, the most common
building blocks were building blocks of group 2, which showed a peak at DP ~8,
followed by group 3. Building blocks of group 4 and larger (groups 5 and 6) were found
in successively lower quantities in all samples. The results suggest only minor differences
among the maturity stages of developing wheat endosperm starch.
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Figure 5.3. Internal chain distribution of clusters isolated from amylopectin from developing endosperm, as indicated by the
solid lines (⎯), with only chains with DP ≥ 4 shown: (a) 7 DAA (b) 14 DAA large (c) 28 DAA large (d) 49 DAA large (e) 14
DAA small (f) 28 DAA small (g) 49 DAA small. Categories of chains typical for clusters are indicated: b0 = DP 4 to DP 6;
b1a = DP 7 to DP 10; b1b = DP11 to DP 18; b2 = DP 19 to DP 27; b3 = DP > 28). For comparison purposes, the internal unit
chain profiles of the original amylopectins are shown as dotted lines (….)
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Table 5.2. Molar distributions of different chain categories in the clusters isolated from amylopectin (n = 2)

Chain categories

Maturity stage

(mole %)

Large granules

Small granules

7 DAA

14 DAA

28 DAA

49 DAA

14 DAA

28 DAA

49 DAA

DP 21

51.2 bc

51.2 bc

49.1a

52.2 bc

53.0 c

52.5 bc

50.7 ab

DP 32

10.6 ab

9.9 ab

10.9 b

9.6 a

9.8 ab

10.0 ab

10.9 b

DP ≥ 43

38.2 ab

38.9 bc

40.0 c

38.1 ab

37.3 a

37.5 ab

38.3 ab

b0 (DP 4 to DP 6) 4

10.0 bc

9.5 a

10.5 d

9.8 ab

10.0 abc

10.3cd

11.1 e

b1a (DP 7 to DP 10)4

11.7 a

11.8 a

12.4 b

11.5 a

11.5 a

11.7 a

11.9 ab

b1b (DP 11 to DP 18)4

11.1 ab

11.8 d

11.7 cd

11.3 bc

10.8 a

10.6 a

10.7 a

b2 (DP 19 to DP 27)4

3.9 b

4.1c

3.8 b

3.9 bc

3.5 a

3.5 a

3.4 a

b3 (DP > 28)4

1.5 bc

1.7 c

1.6 c

1.6 c

1.5 bc

1.4 ab

1.3 a

Note: Values followed by a different superscript in each raw are significantly different (p < 0.05).
1
A-chains
2
Mixture of A- and B-chains
3
B-chains
4
Categories of B-chains of clusters (DP ≥ 4)
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Figure 5.4. Size distribution by GPC on Superdex 30 of building blocks in clusters of
developing wheat endosperm starch from (a) large granules and (b) small granules.
Numbers indicate different groups of building blocks.
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The compositions of the linear dextrins and branched building blocks from
clusters of developing wheat endosperm are summarized in Table 5.3. The quantity of
linear dextrins varied somewhat during granule development. In large granules, the
occurrence of linear dextrins increased continuously during the pre-physiological
maturity stage, and then decreasing thereafter at 49 DAA. In small granules, the change
in the quantity of linear dextrins was insignificant during development. Branched
building blocks accounted for 79.7 % to 82.4 % of the cluster weight. The average size of
the branched building blocks changed slightly with maturity. In large granules, the size of
the building blocks at 7 DAA was DP 11.0, which decreased to DP 10.2 at 14 DAA and
remained constant thereafter. The DP of branched building blocks in small granules
remained nearly unchanged throughout grain development.
The compositions of the building blocks in the clusters are summarized in Table
5.4. The average number of branched building blocks in a cluster (NBbl) ranged from 6.2
(49 DAA small granules) to 7.0 (14 DAA large granules). The density of the branched
building blocks (DBbl) increased when large granules developed from 7 DAA to 14
DAA but remained constant afterwards. No change in the DBbl was observed during
small granule development. Extensive hydrolysis of clusters by α-amylase produces the
linear dextrins used to estimate the inter-block chain length (IB-CL), which corresponds
to the average chain length between two adjacent building blocks (Bertoft, Koch &
Åman, 2012a). In the current study, a significant increase in the IB-CL occurred when
large starch granules developed from 7 DAA to 28 DAA (from 6.4 to 6.7), followed by a
decrease to 6.4 at 49 DAA. In small granules, the IB-CL remained constant throughout
granule development. The relative molar distribution of the branched building blocks in
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groups 2 to 6 is provided in Table 5.4. The amounts of the different groups did not
change during small granule development. In large granules, however, significant
differences were observed during pre-physiological maturity, primarily when the granules
developed from 7 DAA to 14 DAA, when group 2 increased from 56.0 % to 60.8 %.
Groups 4, 5, and 6 decreased from 9.6 % to 8.4 %, 7.7 % to 6.5 %, and 1.8 % to 1.0 %,
respectively. The relative molar amount of group 3 building blocks did not change
significantly. As well, at the same maturity, the number of building blocks in each group
was similar in both large and small granules, with the exception of those in group 6,
which were generally found in slightly higher quantities in small granules than in large
granules. However, in the newly developed large granules at 7 DAA, the number of
group 6 building blocks resembled the quantity found in small granules.
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Table 5.3. Building block compositions in clusters of amylopectin from developing
wheat endosperm starch (n = 2)
Linear1

Maturity
stage

Weight (%)

Mole (%)

Branched2
DP

Weight (%) Mole (%) DP

Large granules
7 DAA

17.6a

51.7 a

2.2 b

82.4 c

48.3 b

11.0 b

14 DAA

20.0 bc

55.4 ab

2.1 ab

80.0 ab

44.6 ab

10.2 a

28 DAA

20.3 c

57.2 b

2.0 ab

79.7 a

42.8 a

10.5 ab

49 DAA

18.23ab

52.7 a

2.1 ab

81.8 bc

47.3 b

10.7 ab

14 DAA

18.7 abc

55.2 ab

2.0 ab

81.3 abc

44.8 ab

10.6 ab

28 DAA

18.7 abc

53.9ab

2.1 ab

81.3 abc

46.1 ab

10.6 ab

49 DAA

18.6 abc

57.5 b

1.8 a

81.4 abc

42.5 a

10.9 ab

Small granules

Note: Values followed by a different superscript in each row are significantly different (P
< 0.05).
1

Fragments with DP 1 to DP 3

2

Dextrins with DP ≥ 5
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Table 5.4. Building block structures of clusters of amylopectin from developing wheat endosperm starch (n = 2)
Maturity stag

DBbl

IB-CL2

NBbl3

Molar distribution of groups of building blocks (%)4

(%)1

2

3

4

5

6

Large granules
7 DAA

7.5 a

6.4 a

6.4 ab

56.0 a

24.9 c

9.6 b

7.7 bc

1.8 c

14 DAA

7.8 b

6.6 ab

7.0 d

60.8 c

23.3 abc

8.4 a

6.5 a

1.0 a

28 DAA

7.6 ab

6.7 b

6.6 c

59.2 bc

23.8 abc

8.8 ab

6.9 ab

1.3 ab

49 DAA

7.6 ab

6.4 a

6.3 ab

57.0 ab

24.5 bc

9.6 b

7.6 bc

1.3 ab

14 DAA

7.7 ab

6.4 a

6.4 ab

60.1 c

23.0 ab

8.3 a

7.1 abc

1.6 bc

28 DAA

7.6 ab

6.4 a

6.7 c

59.0 bc

23.5 abc

8.8 ab

7.3 abc

1.5 bc

49 DAA

7.5 a

6.5 ab

6.2 a

58.9 bc

22.4 a

8.8 ab

8.0 c

1.9 c

Small granules

Note: Values followed by a different superscript in each column are significantly different (P < 0.05)
1

Density of building blocks (DBbl) = (NBbl/DPcluster) x 100

2

Inter block chain length (IB-CL) = (mole% linear dextrins blocks x DP linear dextrins) / mole% branched building blocks + 4

3

Average number of branched building blocks (NBbl) = (Wt % Bbl/100) x (DP cluster/DPBbl)

4

Group of branched building blocks based on their branches
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5.3 Discussion
In Chapter 4, the structural changes in AP extracted from endosperm starches at
different maturity stages were discussed. It was observed that the AP structure of both
large and small granules was subject to change during pre-physiological (7 DAA to 28
DAA) and post-physiological (49 DAA) maturity stages. This chapter has described the
examination of the internal structure of AP in developing endosperm at two different
structural levels: clusters and building blocks. According to Bertoft et al. (2012a), chain
segments that interconnect building blocks form a branched backbone in the amorphous
lamellae inside the growth rings of the starch granules. Building blocks interconnect with
chains that have an apparent length of 7 to 8 glucose residues in order to form clusters.
The building block structures of a broad range of samples have been studied, with the
results indicating that long B-chains are most often apparent in interconnecting clusters,
but that BS-chains are also involved in some starches, especially in cereals (Bertoft, Koch
& Åman, 2012a).

5.3.1 Clusters in amylopectin
It is assumed that when amylopectin is hydrolysed with α-amylase (derived from
B. amyloliquefaciens), long chains of AP are cleaved, leaving relatively resistant clusters
built up by short chains (Bertoft, Koch & Åman, 2012a). Variations in the size of the
clusters isolated from different botanical sources have been observed. In general, starches
that exhibit B-type crystallinity (e.g., potato and yam starch) have relatively small
clusters compared to those with A-type crystallinity (e.g., cereals) (Bertoft, Koch &
Åman, 2012a). The average size of the clusters isolated from AP of developing wheat
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endosperm ranged from DP 82.4 to DP 89.5 (Table 5.1). The size of these clusters was
larger than that previously reported for those isolated from several other botanical
sources. The starch for which the size reported was closest to that of wheat starch is
Andean yam bean starch, which has an average size of DP 82.7 (Bertoft, Koch & Åman,
2012a). Andean yam bean (Bertoft, Piyachomkwan, Chatakanonda & Sriroth, 2008) and
wheat starches at all maturity stages (Waduge, 2012) are both reported to have A-type
crystallinity.
In both small and large wheat granules, both the size of the clusters and the
number of chains increased during pre-physiological maturity but decreased during postphysiological maturity. This feature is common in clusters studied thus far: when the size
of the cluster decreases, the number of chains per cluster decreases, and vice versa
(Bertoft, Koch & Åman, 2012a). At the pre-physiological maturity stage, there is an
ample supply of sugars as well as an increased expression of starch synthases (SS), ADPglucose pyrophosphorylase (AGPase), debranching enzymes (DE) (Shewry et al., 2009),
and starch branching enzymes (SBE) (Morell, Blennow, Kosar-Hashemi & Samuel,
1997; Shewry et al., 2009). These levels are an indication that the coordinated response
of these enzymes produces larger clusters with additional branches. At the postphysiological maturity stage, when there is no net starch accumulation (Dupont &
Altenbach, 2003), the NC decreased in both types of granules, which could be
attributable to glucan trimming, in which the debranching enzymes remove unfavourably
positioned AP glucan chains (Ball et al., 1996). Clusters isolated from large granules at
different maturity stages had longer average CLs and ICLs than clusters isolated from
small granules (Table 5.1). The NC and DB were also lower in large granules than in
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small granules, indicating that clusters of small granules have a denser structure with
more branches than do large granules.
5.3.2 Unit chain composition of the clusters
Based on the hypothesis that, when clusters are isolated, long chains form parts of
the clusters that transform into short chains, the NC of the clusters should be
approximately equal to the ratio of short to long chains (S:L) of the parent AP plus one
chain (Bertoft, Koch & Åman, 2012a). The AP S:L ratios were calculated based on the
relative mole percentage of short and long chains, as given in Table 4.4, which produced
ratios ranging from 14.3 to 17.8. These findings mean that the clusters are composed of
an estimated 15.3 to 18.8 chains. Compared with the predicted values, the actual NCs of
the clusters (Table 5.1) are lower at all maturity stages. This discrepancy is also common
for starches such as Andrean yam bean, rye, oat (Bertoft, Koch & Åman, 2012a), and
barley (Bertoft, Källman, Koch, Andersson & Åman, 2011). The apparent reason, as
explained by these researchers, is that the number of BL-chains is insufficient for the
interconnection of the clusters (Bertoft, Koch & Åman, 2012a), resulting in the
involvement of a considerable number of longer types of short B-chains (BSmajor with DP
8 to DP 25) in the interconnection of clusters in AP.
The unit chain composition of isolated clusters showed small variations by
developmental stage as well as between small and large granules (Table 5.2). The amount
of maltotrios was higher in the clusters than in their original AP, a typical pattern
previously observed in other starches. Maltotriose is believed to be produced during αamylolysis as an effect of the enzyme action on cluster interconnections (Bertoft & Koch,
2000; Bertoft, Koch & Åman, 2012a; Kong, Corke & Bertoft, 2009). During the
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development of the starch granules, only minor changes occurred in the amount of
maltotriose, indicating that the pattern of cluster interconnection was unchanged during
wheat endosperm development.
Because chains indicated by maltotriose are a mixture of A- and B-chains, it is
difficult to quantify the proportion of each category. Only chains with a DP of 2 are
therefore considered pure (or "true") A-chains, and chains with a DP ≥ 4 are considered
"true" B-chains. In general, the relative number of true A-chains was lower in the clusters
(Table 5.2) than in their original AP (Table 4.4). When starch granules develop from the
pre-physiological maturity stage to the post-physiological maturity stage, the number of
A-chains increased in large granules but decreased in small granules. This finding
suggests that the modes of branching by SBE and debranching by DE that occur in large
and small granules are different.
The true B-chains (b0, b1a, b1b, b2, and b3) newly formed during the isolation of
the clusters by α-amylase are believed to play a role in interconnecting the building
blocks in a cluster. The major types of inter-block chains are b1- and b2-chains, which
for the most part corresponding to the BSmajor -chains in the original AP. The smallest
type of B-chain is b0. These chains are completely embedded in the building blocks and
have no inter-block segments. α-Amylolysis is believed to produce a substantial number
of b0-chains, which are principally remnants of inter-cluster or inter-block segments of
the parent AP molecule (Bertoft, Koch & Åman, 2012a). In AP, b0-chains form part of
building blocks that have an NC ≥ 3 (Bertoft, Piyachomkwan, Chatakanonda & Sriroth,
2008). The b1-chains contain one inter-block segment and are divided into b1a and b1b
subgroups: b1a-chains have a DP from 7 to 10, and b1b-chains, a DP from 11 to 18. The
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b2-chains (DP 19 to DP 27) and b3-chains (DP > 28) are involved in the interconnection
of three and four building blocks and contain two and three inter-block segments,
respectively (Bertoft, Koch & Åman, 2012a).
In clusters isolated from small granules, a major change was observed in the
number of b0-chains, which increased with increasing maturity. The b0-chains
correspond to the fingerprint B-chains (Bfp). This finding was in agreement with the
continuous increase observed in Bfp-chains in AP isolated from small granules (Table 4.4
in chapter 4). In contrast, the other b-chain categories remained unchanged during small
granule development. In large granules b0-, b1a-, and b1b-chains increased during the
pre-physiological stage and then decreased during post-physiological maturity, showing a
correlation with the changing patterns of both Bfp- and BSmajor-chains in the original AP
(Table 4.4, chapter 4). The b2- and b3-chains did not change during large and small
granule development, for two plausible reasons: (1) inside clusters long B-chains remain
unaffected during granule development, and glucan chain rearrangement and trimming
occur primarily in short B-chains; (2) even though structural changes occurred in the BLchains of AP, the clusters did not reflect these changes due to the removal of the affected
segments of the BL-chains during the preparation and isolation of the clusters.

5.3.3 Building blocks in clusters
Minor differences were evident in the size distribution and structural
characteristics of building blocks during endosperm development (Fig. 5.4). Similar types
of profiles have previously been obtained for potato, barley, sweet potato, cassava,
amaranth, and ten other starches with four different structural types of AP (Bertoft, 2007;
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Bertoft, Källman, Koch, Andersson & Åman, 2011; Bertoft, Koch & Åman, 2012a;
Bertoft, Laohaphatanalert, Piyachomkwan & Sriroth, 2010; Kong, Corke & Bertoft,
2009; Zhu, Corke, Åman & Bertoft, 2011). The chain profile distribution of building
blocks in AP is, therefore, a ubiquitous feature of the AP cluster structure, and the chains
that connect the building blocks (IB-CL) are related to the AP structure. In this study for
all developing wheat endosperm starches, the IB-CLs ranged from 6.4 to 6.7, which is
characteristic of the cereal starches analysed thus far (Bertoft, Koch & Åman, 2012a).
In both types of granules, the NBbl increased during pre-physiological maturity
and decreased during post-physiological maturity, indicating a direct correlation with
cluster size and NC value (Table 5.4). Given that the occurrence of the other groups was
mostly similar throughout development, the major reason for the fluctuations in the NBbl
would appear to be that the relative number of group 2 (the smallest) building blocks
changed. These results suggest the possibility that the trimming of the glucan chains in
group 2 blocks caused the size of the cluster as well as the NC to decrease at postphysiological maturity. However, small but interesting differences were observed in the
group 6 building blocks. The suggestion is that these building blocks are composed of
two smaller building blocks with one or two chains attached to the internal segment of a
long chain (DP > 7), and they are thus considered to be remnants of incomplete
biosynthesis (Bertoft, Koch & Åman, 2012b). Between 14 DAA and 49 DAA, the
relative number of group 6 blocks was higher in small granules than in large granules and
was highest in large granules at 7 DAA, when it in fact corresponded to the level found in
small granules. Tetlow et al., (2004) discovered that the AP synthetic enzymes (SS I, SS
II, and SBE II) form complexes that are detectable only after 10 DAA to 15 DAA
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(Tetlow et al., 2008). This biosynthetic enzyme complex is believed to increase the
efficiency of AP synthesis, which suggest that lack of enzyme complex resulted in a
greater number of large building blocks (group 6) in 7 DAA. The relatively large quantity
of group 6 building blocks in small granules also found but the underlying reason is not
clear.
5.3.4 Development of building blocks in clusters
Based on the number of building blocks per cluster and the relative distribution of
the groups of blocks in the clusters, the average number of the different types of building
blocks per single cluster was estimated, as summarised in Table 5.5. These estimates
show that the only major difference in the composition of the building blocks was in the
number of the smallest blocks (group 2), which in both types of granules, increased
during pre-physiological maturity and decreased during post-physiological maturity. This
effect could be due to extra branches produced at the end of the pre-physiological
maturity stage were removed through trimming by DE at post-physiological maturity.
The removal of a branch-chain (eg, on a chain at the side of the backbone of the AP)
would correspond to the removal of a building block with only two chains. The DP (5 to
9) of these building blocks corresponds approximately to the fluctuations in the DP of the
clusters (Table 5.1).
Based on the estimated average number of different types of building blocks and
number of chains per single cluster, a general model for a cluster of wheat starches at all
maturity stages are proposed, as shown in Fig. 5.5. The number of building blocks
belonging to groups 2, 3, 4, and 5 (circled areas) and their possible arrangement in
average wheat cluster is shown in the Fig. 5.5a. Group 6 building blocks were not
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included in the cluster model because the numbers estimated for that group were small
(0.1), which indicates that it is unlikely to be common in every cluster. A comparison of
the numbers obtained experimentally (for starches at different maturities) with those
calculated from the model are indicated below the illustration; the numbers show a fairly
good correlation, considering that a single model represents the average structure of what
is probably a very complex mixture of cluster structures.
Some of the possible interconnections of building blocks created by different
chain categories are illustrated in Fig. 5.5b. Based on the mole percentages of different
chain categories provided in Table 5.2, the experimental numbers of A-, A + B (DP 3)
and B-chains per cluster were also calculated. There is good agreement between the
numbers obtained experimentally and those from the model, as indicated below the
diagram.
The cluster size, number of chains, and number of building blocks were all larger
during the pre-physiological maturity of large granules than during the post-physiological
maturity stage (Table 5.1) The quantity of building blocks with two chains (group 2) was
also greater during pre-physiological maturity (Table 5.5), suggesting the trimming of the
chains during the post-physiological maturity stage. This glucan trimming in large
granules is illustrated in Fig. 5.6. In this model, an A-chain attached to b1-chain forms a
group 2 building block. The debranching enzyme removes this A-chain, thus decreasing
the number of both group 2 building blocks and b1-chains because the pre-existing b1chains are converted to an A-chain.
In addition, in small granules, the cluster size, the NC, the NBbl, and the number
of group 2 blocks at the end of the pre-physiological maturity stage were also all greater
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than at the post-physiological maturity stage. However, as opposed to the conditions
observed in the clusters in large granules, in small granules, the number of different Btype chains remained constant, whereas the number of A-chains decreased. The
postulated glucan trimming in small granules is illustrated in Fig. 5.7. In this case, a
single A-chain is attached close to the non-reducing end of a BL-chain (b3-chain),
forming a group 2 building block. As with the previous case, the DE can easily remove
this single A-chain, which simultaneously removes the building block. In this instance,
however, the BL-chain remains a BL-chain, and thus, only the quantity of A-chains (and
group 2 building blocks) decreases in small granules.
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Table 5.5. Average number of the different types of building blocks per single cluster
Maturity stage

Type of branched building block
2

3

4

5

6

7 DAA

4.2

1.9

0.7

0.7

0.1

14 DAA

5.3

2.0

0.7

0.7

0.1

28 DAA

4.9

1.8

0.7

0.7

0.1

49 DAA

4.4

1.9

0.7

0.7

0.1

14 DAA

4.7

1.8

0.7

0.7

0.1

28 DAA

4.9

1.9

0.7

0.7

0.1

49 DAA

4.5

1.7

0.7

0.7

0.1

Large granules

Small granules
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(a)

IB-S
IB-S
Gr. 4

Building blocks
Experimental

Gr. 3

Gr. 2

Number of
building blocks

Group 2

Group 3

Group 4

Group 5

6.2-7.0

4.4-5.3

1.7-2.0

0.7

0.7

8

5

1

1

1

Illustration

(b)

Gr. 5

A

b0

b3
DP 3

b1

Chain
categories

Number
of chains

A

Experimental

14.2-15.8

7.3-8.3

16

8

Illustration

DP 3

b0

 1.4-1.6


2

b1

b2+b3

3.2-3.6

0.7-0.8

4

1

Figure 5.5. A building block model of a cluster in wheat amylopectin: (a) Possible
arrangements of building blocks from different groups in a wheat cluster. The highlighted
circular areas indicate building blocks. The red line indicates long B-chains in the
backbone; IB-S = inter-block segment. (b) Possible role of different categories of chains
in the formation of a cluster: A-chains are the chains that do not carry any other chains;
b0-chains are indicated in red and are found only inside building blocks; b1-chains
contain one IB-S; b2- and b3-chains contain two and three IB-Ss, respectively. The
experimental and modeled numbers are summarized in the table.
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A

b1
Gr. 2
Trimming

A

Structural
parameter

Group 2
building
blocks

A
chains

b0
chains

b1
chains

b2+b3
chains

28 DAA

4.9

7.3

1.6

3.5

0.8

49 DAA

4.4

7.4

1.4

3.2

0.8

28 DAA

5

8

2

4

1

49 DAA

4

8

2

3

1

Experimental

Illustration

Figure 5.6. Possible glucan trimming of clusters in large granules during the postphysiological period. A group 2 building block (red circle) formed by an A-chain (red
line) and a b1-chain are highlighted. The A-chain is removed by the DE, upon which the
b1-chain becomes a new A-chain. The experimental and illustration numbers are
summarized in the table.
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A

b3

Gr. 2

Trimming
b2

Structural
parameter

Group 2
building
block

A
chains

b0
chains

b1
chains

b2+b3
chains

28 DAA

4.9

8.3

1.6

3.5

0.7

49 DAA

4.5

7.5

1.6

3.4

0.7

28 DAA

5

8

2

4

1

49 DAA

4

7

2

4

1

Experimental

Illustration

Figure 5.7. Possible glucan trimming of clusters in small granules during the postphysiological stage. A group 2 building block (red circle) formed by an A-chain (red line)
and a b3-chain (BL-chains) are highlighted. The a-chain is removed by the DE, upon
which the number of A-chains decreases and forms a b2-chain (BL-chain). The overall
number of BL-chains (b2- and b3-chains) is unaffected. The experimental and illustration
numbers are summarized in the table.
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5.4 Conclusions
The structure of clusters isolated from AP changes as a function of the maturity
stage of wheat endosperm development. In both small and large granules, marked
changes in cluster characteristics occur between the end of the pre-physiological maturity
stage (28 DAA) and the post-physiological maturity stage (49 DAA): cluster sizes
become smaller, and the number of chains and building blocks are lower in clusters at 49
DAA. The reduction in the number of building blocks at post-physiological maturity is
due mainly to the lower number of building blocks that contain two chains (group 2). The
trimming activity is suggested as a possible cause of the modifications in the structure of
AP clusters during the post-physiological maturity period when grain tissues undergo
apoptosis and net starch accumulation ceases. However, the location of the trimming in
the cluster is different in large and small granules, with the change in trimming location
leading to an increase in the number of A-chains in large granules and a decrease in these
chains in small granules. The AP clusters in small wheat starch granules are more tightly
branched than those in large granules.
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CHAPTER 6: OVERALL CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
Information obtained in this study has highlighted similarities and differences in
structure of starch in (1) different tissues (pericarp and endosperm) and (2) within the
same tissue (endosperm) at different maturity stages of two types of granules (small and
large) in wheat grain.
Granule morphology and molecular composition of starch vary depending on the
type of tissue in the wheat kernel. The transitory starch stored in the pericarp has
substantially different structures compared to storage starch in the endosperm. Pericarp
starch is characterized by lower amylose content; however, it does not appear to include a
typical amylose fraction that has linear and branched amylose found in matured
endosperm starch. The apparent amylose fraction found in pericarp shows characteristics
similar to intermediate type materials. The amylopectin structure of pericarp and
endosperm starches differs considerably in two aspects, giving the former a less branched
structure: pericarp starch has longer internal chains and fewer A-chains compared to
those in endosperm starch.
The structure of the components of starch continuously changes during prephysiological maturity and post-physiological maturity. Also, the structure of the
components is different in small and large granules. At the early stages of granule
initiation (7 and 14 DAA), starch granules have intermediate type material mixed with
linear amylose. When granules develop to 28 DAA, starch granules possess linear and
branched amylose typically found in storage starches. The branched amylose fraction in
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small and large granules is different: the fraction in small granules has less branching and
longer internal chains than in large granules.
Both internal and external structures of amylopectin change during amylopectin
synthesis in the developing endosperm. During pre-physiological maturity, the
amylopectin structure of both small and large starch granules changes: internal chain
length increases, and the external chain length decreases. The amylopectin structure of
small and large granules continues to develop during the period of post-physiological
maturity. At post-physiological maturity, amount of long B-chains and short B-major
chains decrease, suggesting that they act as donor chains for branching and form new
chains, which in small granules mostly appear to be fingerprint B-chains and in large
granules A-chains. Characteristics of clusters of amylopectin at post-physiological
maturity are different compared to clusters at pre-physiological maturity: clusters are
smaller in size, and contain less branches and building blocks at post-physiological
maturity stage. The observed reduction in the number of building blocks is mainly due to
the reduction of blocks with two branches (group 2), suggesting that trimming by
debranching enzymes preferentially occurs during the post-physiological maturity stage.
The major location of trimming within the cluster seems to be different depending on the
type of granule. Such location-dependent trimming could explain the increase in the
external chain length in the granules at post-physiological maturity stage and results in a
more organized structure at the post-physiological maturity stage compared to prephysiological maturity. Finally, the results in this investigation also show that clusters of
amylopectin in small granules are more tightly branched than in large granules.
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6.2 Future recommendations
Based on the findings of this study, a number of questions are identified that needs
further investigation.
1. A previous study showed a correlation between structural properties of amylopectin (external chain length, number of building blocks per cluster, and inter-block
chain length) and thermal properties of the starches from different botanical
sources. In this study, the structure of amylopectin in starch was observed to depend on maturity stage and granule type (small and large). Therefore, it will be interesting to investigate the correlation between functional properties and structural
changes of starches at different maturity stages.
2. It has been reported that phospholipids and lipid-complexed-amylose contents increase during wheat granule development. Also studies have been shown impact
of lipid content on starch functionality. Therefore it is worth to understand
changes in functional properties of starch in developing wheat endosperm and
their relationship to the lipid content.
3. Starch granules grow in size by radially incremental layer-wise apposition of
granule material. Therefore, it is assumed that at maturity, starch in the core of the
granule represents starches synthesised at the beginning of endosperm development and outer shells of the granule represent most recently synthesised starch.
Thus starches synthesised at younger stages (eg., 7 DAA large and 14 DAA
small) are found in the core of the matured starch granules. Therefore, to confirm
the structure of starch at maturity, outer shells of starch granules can be isolated
using chemical gelatinization and the starch structure in these layers can be stud148

ied. Comparison of structure of starch from outer shells with the structure of
starch in inner shells will help clarify whether the structure of starch synthesised
at the beginning of the synthesis remained unchanged during granule development.
4. Some changes in the structural details observed in amylopectin, for example,
changes in internal chain length and long B-chains, were not observed in isolated
clusters and building blocks, suggesting that certain structural features were lost
during the isolation of clusters. Therefore, it will be interesting to isolate domains
(groups of clusters) from amylopectin of developing wheat starches, which can
provide further details regarding the principles of clusters interconnection in developing amylopectin.
5. In this study, the structure of amylose was postulated based on whole starch at
different maturity stages. Amylose can be isolated using Con-A or by butanol
precipitation. Isolated amylose would be more useful to investigate its structure in
developing endosperm in terms of the degree of branching, chain length of
branches, and average size of amylose molecules.
6. This research was conducted with one wheat variety using one growing season in
field conditions. Therefore, these experiments should be conducted on starch isolated from different wheat varieties grown in at least two successive years to identify
effects due to the genetic background and the growing environment conditions.
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CHAPTER 7: APPENDIX
7.1 Pericarp starch co-exists with endosperm starch between 7 and 14 DAA

Figure 7.1. (a) SEM of a cross-section of a whole kernel at 7 DAA; (b) Starch granules
in the pericarp layer of 7 DAA; (c) SEM of a cross-section of a whole kernel at 14 DAA;
(d) Starch granules in the pericarp layer of 14 DAA; Arrows show the starch granules
inside a pericarp cell
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