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INTRODUCTION

Wheat forms a major part of the diet of many
millions of people around the world and factors
that affect the nutritional and product quality of
products derived from wheat are important from
both an economic and social perspective'. In 1941,
Harris and Sibbitt”> made the following comments
in the introduction to a paper on the comparative
baking qualities of starches prepared from different
wheat varieties: ‘the starch in wheat flour has not received
the consideration that it deserves from the standpoint of
Slour quality. This constituent is normally present in wheat
Slour in a concentration of at least 70% by weight and it
is only reasonable to expect that some effect must be exerted
upon baking strength by variations n starch properties
due to wheat variely or environmental conditions. ...
In the last few years starch has finally begun to
receive the attention that it merits. The availability
of mutants affecting the starch biosynthetic path-
way in a range of diploid species and plants altered
by genetic engineering has provided a wealth of
information about potential linkages between spe-
cific genes and specific functionalities. However,
the hexaploid nature of wheat has limited the
extent to which natural variation in the key genes
of the starch biosynthetic pathway have been iden-
tified and combined. In this review, we discuss the
synthesis of starch in cereals and the prospects for
the genetic manipulation of wheat starch, and
assess just how far we have progressed in relating
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starch structure and properties to end-use per-
formance since Harris and Sibbitt® made their
prescient comments in 1941.

Wheat starch is composed only of glucose units;
the glucose units are linked o-1,4 to form linear
chains and branches are formed through the con-
nection of a-1,4 linked chains via a-1,6 linkages.
Starch is generally described as containing two
broad classes of molecules, amylose and amylo-
pectin, that differ in degree of polymerisation and
branch frequency. Amylopectin is a very large
molecule with a degree of polymerisation from 10’
to 107 and contains frequent branch points, on
average approximately one branch for every 15-20
glucose units. Amylose has a lower degree of
polymerisation (10’ to 10* and contains from
zero to a few branch points. These differences in
amylose and amylopectin are functionally im-
portant and are reflected in the variety of ap-
plications these polymers find in the food and
chemical industries. In hexaploid and durum
wheats, amylose content ranges from about 18 to
35%, although waxy wheats containing effectively
zero amylose have now been produced”.

Starch is deposited in granules in the wheat
endosperm in amyloplasts!, specialised starch
biosynthetic organelles derived from the same
proplastids as chloroplasts, but containing no
photosynthetic apparatus’. The precise molecular
events that occur at the initiation of the starch gran-
ule remain obscure. In wheat, granule initiation
occurs in two phases, in the period 3-7 days after
anthesis, during which time the large ‘A’ granules
are initiated’. Granule initiation then appears to
cease until mid endosperm development, when a
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Scanning electron micrographs of wheat starch granules prepared at different times after anthesis. Panels (a) and

(b) show a central endosperm region of a transverse section of a mature wheat grain which was prepared for scanning electron
microscopy by briefly immersing the cut surface in water to remove soluble components. Panel (b) is a magnified image of
the area outlined by a white box in Panel (a). Panels (c) to (h) show granules isolated from endosperm at different stages after
anthesis, in days after anthesis; (c) 8 days (d) 12 days (e) 16 days (f) 14 days (g) 14 days (h) mature grain. The starch in panel
(1) was extracted from mature wheat grain, fractured by percussive force, and incubated them with 3 U/ml alpha-amylase
(from Bacillus licheniformis; supplied by Megazyme) for 15 min at room temperature. All samples were sputter coated with gold
and SEM pictures were collected on a Hitachi S2250-N Scanning Electron Microscope.

second, much more prolific, period of granule
initiation occurs leading to the development of the
small ‘B’ granule populations’. A third burst of
‘G’ granule initiation has also been observed in
wheat”.

Figure 1 panels (a) and (b) show a scanning
electron micrograph of a transverse section of a

wheat grain in the late stages of development. The
packaging of ‘A’ and ‘B’ granules into the cell is
tight [panel (a)], and the characteristic indentations
on the surface of the A and B granules caused by
their tight packaging in the granule can be seen
in panel (b). In wheat and barley, the A-granule
follows a characteristic developmental pathway,
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Table I Summary of starch granule properties from several cereals

156

Starch source Size range Size Gelatinisation onset ~Approximate amylose
(um) distribution temperature content
°C %
Wheat 3-34 Bi-modal 61 26
Barley 2-35 Tri-modal 57 22
Rice 2-13 Normal 745 18
Maize 5-20 Normal 67 28
Waxy maize 4-18 Normal 68 0
Amylomaize 6-15 Normal 68 >70

which has been described in some detail in wheat’.
The first structures that can be defined as starch
granules are spherical granules of about 0-5—1 pm
diameter, and these granules continue to grow
radially until 2-4 pm in diameter [Fig. 1, panel
(c)]. A-granules develop a bulbous protuberance
that develops into an apposition plate that pro-
gressively extends around the granule [Fig. | pan-
els (d) and (e)], eventually encircling the granule
[Fig. 1 panels (f) and (g)]. The rim of the equatorial
plate contains a clearly defined equatorial groove
[Fig. 1 panels (d) and (e)]. The equatorial plate
then expands further at the rim, with some de-
position on the faces of the plate, to a diameter
approaching the maximum granule diameter [I'ig.
1 panel (g)]. A period of active deposition on the
faces of the equatorial plate then occurs, producing
the characteristic lenticular shape of the mature
wheat A-granule [Fig. 1 panel (h)]. The deposition
on the faces of the equatorial plate of the A-
granule appears to proceed in a diurnal or cir-
cadian manner, producing the characteristic al-
ternating layers of starch, differing in their
susceptibility to amylase digestion [Fig. 1 panel
(1)]. The initiation of B granules has been most
intensively investigated by Parker” who described
the appearance of B granules in amyloplasts con-
taining a single A-granule, mid way through endo-
sperm development. The B-granules were seen in
lateral evaginations of the amyloplast membrane,
and multiple small B-granules were seen in a
single evagination. B granules remain spherical or
orthorhombic and do not proceed through the
equatorial plate formation pathway described
above for the A-granule. There are marked differ-
ences in the patterns of starch deposition in differ-
ent cereals that result in different starch granule
size distributions and morphologies. The size and
properties of various cereal starch granules are
summarised in Table I.

In addition to starch, the starch granule contains
two other important components. Firstly, the in-
terior of the starch granule contains a range of
starch biosynthetic enzymes that account for about
0-5% of the mass of the granule”’. The nature of
these proteins is discussed in the next section.
Secondly, the granule contains lipids, complexed
within the amylose fraction'. These lipids are
thought to exert important effects on the inter-
actions of the granule with water during gel-
atinisation and swelling'” and will be explored in
greater detail in a later section.

The properties and functionality of wheat starch
are controlled not only by the nature and com-
position of the starch granule, but are also strongly
influenced by the nature of the endosperm material
in which the granule is embedded in the desiccated
grain. The hardness of the grain controls the
manner in which the endosperm and starch gran-
ule is fractured during the milling process, leading
to important effects on processing performance.

In summary the key features of the deposition
of starch in the wheat endosperm that control
functionality are starch content, grain hardness,
granule size distribution and shape, the presence
of endogenous lipids in the granule, amylopectin
structure, and the ratio of amylose to amylopectin
(Iig. 2). These differences in starch deposition
define the ways in which starch responds to heat
and water during the utilisation of starch in the
complex foods prepared from cereal flours. Each
of these features may be amenable to modification
by molecular/genetic changes in genomic DNA.

GENETIC CONTROL OF STARCH SYNTHESIS
IN PLANTS

The delivery of sucrose to the developing endo-
sperm and the transformation of that sucrose to
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Figure 2 Flow diagram describing typical transformations involved in the production of wheat based foods, starch diagnostic
tests used at each stage of the transformation, and the properties of starch that have the greatest impact on each stage of the

transformation.

glucose-1-phosphate, the precursor of starch bio-
synthesis, is integral to the overall process of starch
deposition. However, these processes are beyond
the scope of this review and will not be considered
in depth here. For references concerning aspects
of the transformation of sucrose to glucose-1-
phosphate in wheat endosperm, see'” "

A scheme for starch synthesis in wheat endo-
sperm is shown in Figure 3. The first committed
step of the starch biosynthetic pathway is the
formation of ADP glucose (ADPG) from glucose-1-
phosphate and ATP by ADPG pyrophosphorylase

(ADPGPP). ADPG is a common substrate for
the various starch synthases responsible for the
synthesis of amylose and amylopectin through
addition of the glucosyl moiety of ADPG to the
non-reducing end of a pre-existing starch
molecule. The extended starch polymer is then
branched through the action of starch branching
enzymes and there is strong evidence for the
involvement of starch debranching enzyme in
forming the final structure of amylopectin'”®,

In cereals there appear to be at least four classes
of starch synthases important to starch synthesis
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Figure 3 General scheme for starch biosynthesis in cereals. Sucrose is transformed to glucose-1-phosphate through the
action of invertase, sucrose synthase, UDPglucose pyrophosphorylase, hexokinases, and phosphoglucomutase (not shown).

in the endosperm: granule bound starch synthase
(GBSS: wx! in maize™'), starch synthase I (SSI*),
starch synthase II (SSIT*’) and starch synthase III
(originally designated as SSII, du/ in maize™).
GBSS is essential for amylose synthesis, and may
be a contributor to amylopectin synthesis. The
roles of SSI, SSII and SSIII are thought to be
predominantly in amylopectin synthesis**"* al-
though they may also be non-essential contributors
to the synthesis of amylose.

Two classes of branching enzymes (BE) are
known in cereals, designated BEI and BEIIL. The
BEII class in maize contains two members, BEIIa
and BEIIb*. Natural mutants lacking BEI have
not been reported in any species and the char-
acteristics of potato tubers starches lacking BEI
activity following antisense suppression of BEI
synthesis”* suggests that this enzyme does not
have a major role in defining the branching fre-
quency in amylopectin in the presence of BEIL

In contrast, the absence of BEIIb leads to the high
amylose mutants known in maize”* pea™ and
rice’!.

The role of debranching enzymes (DBE) in
starch synthesis is the subject of considerable on-
going debate. It has been suggested that they trim
excess branches in the amylopectin®™. Although
there may be speculation about the precise func-
tion of debranching enzymes the genetic evidence
for a key role of isoamylase-type debranching
enzymes in starch biosynthesis in the cereal endo-
sperm is very powerful®”>. The scheme outlined in
Figure 3 is based on studies of starch biosynthesis
in species such as maize, pea, potato and Chla-
mydomonas (for reviews see’>** ). While the prin-
ciples of synthesis are expected to be similar in
wheat, there may be significant differences in detail
in the wheat endosperm. The relationships be-
tween specific enzymes and starch functionality
are discussed further in a later section.
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FUNCTIONALITY OF WHEAT STARCH

The functionality of wheat starch must be con-
sidered with reference to the end-uses of wheat
starch. The range of end-uses of wheat starch in
the food industry are very wide and varied, from
use in leavened breads, flat breads, steamed breads,
biscuits, cakes, pastas, noodles to a vast array of
regional specialties. In non-food industries, wheat
starch finds application as a sizing agent in the
paper and textile industries, and as a substrate for
the production of glucose syrups and adhesives.
Further applications require chemical modi-
fication and such applications will not be con-
sidered here. While the range of applications of
wheat starch is wide, some common processing
steps are employed in the utilisation of wheat
starch as a component of flours or semolinas for
food use (Fig. 2). As a wheat starch moves through
these classes of processing steps to a final product,
different aspects of wheat starch structure and
functionality assume prominence in defining the
suitability of the starch for the process. Figure 2
summarises relationships between aspects of starch
structure and functionality and processing steps. In
order to predict how the structure and properties of
starch will perform in a given process, a range of
tests have been devised to mimic process steps and
quantify the response of a starch to that process.
These tests are also indicated in Figure 2. General
principles concerning the relationships between
the composition and properties of starch and func-
tionality can be drawn which can be used to guide
the genetic manipulation of starch functionality in
wheat; no attempt is made to be comprehensive
or specific because of the vast range of end-uses.

GENES CONTROLLING WHEAT STARCH
FUNCTIONALITY

Starch content

There is evidence from enzymological studies that
ADPGPP is the rate-limiting step for starch syn-
thesis in leaves™ (Fig. 3). In leaf ADPGPP is a
tetrameric enzyme consisting of two large and
two small subunits of approximately 60 kDa and
55 kDa respectively™. Genes for large and small
subunits of ADPGPP have been described from
rice and maize" " and there are also cDNA se-
quences from wheat".

It has been reported that potatoes with increased
levels of starch have been produced by introducing

bacterial ADPGPP genes*'. The particular ad-
vantage of the bacterial gene is that it is not subject
to feedback inhibition by 3-phosphoglycerate.
Whether such modification would have an effect
in cereals is debatable, as it is not clear if ADPGPP
is a major rate-limiting step in the cereal grain.
Early work™* using developing grains led to the
conclusion that in the endosperm the flux through
the pathway was mainly controlled by starch syn-
thase activity. In contrast, increases of 15% in
seed weight of maize have been obtained by site-
specific mutagenesis of ADPGPP" and it has been
suggested that manipulation of this enzyme may
lead to heat-stable grain filling in maize™.

ADPGPP may occur in the amyloplast or in the
cytoplasm. The situation in wheat endosperm is
not yet resolved but in maize and barley, there is
strong evidence for cytosolic ADPGPP being the
major contributor to starch biosynthesis*”’. Thus
it may be possible to alter the amount and structure
of the starch produced by altering the ratios of
ADPGPP in the two cellular locations by targeting
the relative amounts of the two isoforms in genetic
engineering experiments. It is also possible that
increasing starch synthase or branching enzyme
activity in the endosperm could increase the
amount of starch formed during endosperm de-
velopment.

Grain hardness

Grain hardness of wheat is an important criterion
for starch quality and wheat-end use because grain
hardness is a major determinant of the level of
starch damage during milling. The level of starch
damage in turn influences the level of absorption
of water by the flour. In soft grains the adhesion
between the starch granules and the protein matrix
is weaker than in hard wheats. Consequently dur-
ing milling the fracture planes run between the
starch granules and the protein matrix in soft
wheats but within the starch granules in hard
wheats. Thus starch from hard grains fracture
more during milling and this leads to greater water
absorption when water is added to the flour. Hard
grains are used for baking breads and noodle
production whereas soft wheats are used for biscuit
flour.

The major factor controlling grain hardness is
a single locus, Ha, on chromosome 5D of wheat” >?
but so far no definitive biochemical explanation
of the difference between soft and hard wheats
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has been provided. In 1986 a correlation was
noted between the presence of a 15 kDa protein
associated with the starch and grain softness™.
This 15 kDa protein has been purified and found
to be a mixture of at least three polypeptides™ .
The proteins, puroindoline a, puroindoline b and
GSP-1, are encoded on chromosome 5 and there
is tight linkage between these genes and grain
hardness’ *'. The three polypeptides so far defined
are closely related and it has been shown that the
puroindolines can interact with lipids®. It has been
proposed that the major component of the mixture,
puroindoline b, is the candidate product of the Ha
gene®. The purodindoline b gene from the soft
cultivar Chinese Spring and the hard cultivar
Cheyenne was sequenced and only a glycine to
serine change found at position 75 of the deduced
amino acid sequence in the hard cultivar compared
to the soft cultivar. This change occurs in a position
that has been speculated to interact with lipids.
Recently it has been suggested that a combination
of puroindoline a and purodindoline b poly-
peptides affect grain hardness’". Other results sug-
gest that grain hardness can occur independently
of alterations in puroindoline a or puroindoline b
and further genes may be involved in determining
this trait (Turnbull e al., pers. comm.). The defin-
ition of the specific molecular genetic cause(s) of
hardness in our view remains an open question.

In barley the major locus controlling milling
energy (which is analogous to grain hardness) has
been mapped to a quantitative trait loci (QTL) on
chromosome 5H spanning 13 cM®™. Clearly, the
ability to modulate the hardness of the grain for
specific end purposes will have significant practical
applications.

Granule size distribution and shape

There has been little work on the impact of granule
size distribution and shape on the processing or
performance of starch containing foods because
of a lack of diversity available through wheat
germplasm. Starch granule size is important in
the starch processing industry, where there is sep-
aration of A granules from B granules during
starch washing, with B granules typically being
lost into effluent streams, incurring additional pro-
cessing and disposal costs. Changes in rheological
properties of dough based on granule size dis-
tribution might also be expected because an in-
crease in the proportion of the small B granules

provides a much higher surface area for the bind-
ing of proteins (including amylases), lipids and
water. The impact of granule size on dough rheo-
logy has been examined in a reconstitution system
in which wheat starch was replaced by starches
from various species, or by glass beads, with differ-
ing size distribution®. It was concluded that it was
difficult to separate the direct rheological effect of
granule size from the impact of substituting wheat
starch by starches from other botanical sources.
Kulp®” noted the increased water binding of small
granule starches and concluded that the baking
quality of resconstituted flour containing small-
granule starch was inferior to unfractionated wheat
starch. In a study of the effect of granule size on
dough extension it was found that small starch
granules increase the extensibility of the dough,
whereas large granules increase resistance to ex-
tension®. More recently, preliminary studies in-
dicated that flours with starch containing only
purified B granules show markedly longer mixing
times and higher water absorbtion compared to a
reconstituted flour containing only A granules (P.
Gras, E. Asp, pers. comm.). The importance of
the starch granule surface properties in influencing
the rheological properties of wheat flour dough
has been highlighted by recent work®.

For many years there has been speculation re-
garding the requirement of an initiator protein for
starch biosynthesis. The search for the initiator of
glycogen in mammalian systems led to the dis-
covery of glycogenin, a self-glucosylating protein
required for glycogen biosynthesis”. Recently a
number of glycogenin-like sequences have been
isolated from plants including rice (GenBank: ac-
cession number: D26537) and wheat’'. It may be
that a sub-class of these proteins is involved in
starch granule initiation but this has yet to be
demonstrated. Clearly identification of such
starch-initiating proteins would provide an answer
to a persistent question and be very useful in terms
of manipulation of starch properties.

It is not known what factors specifically control
the shape of the granule. It is clear that if the
composition of the granule is grossly affected then
the shape of the granule is also affected. For
example, in the high amylose maize starches, the
granules have irregular and elongated shapes com-
pared with the near-spherical shapes in the normal
maize. The dramatically higher amylose in the
starch presumably prevents the normal packing
mechanisms from operating efficiently in these
cultivars. Similarly in the embryos of peas bearing
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the rugd mutation in the starch synthase II gene,
the starch is deposited in the form of compound
granules®. Highly distorted starch granules have
been reported’”” in wheat lines that are missing
sgp-1 which has been shown to correspond to
SSIT”. It seems that alterations in amylopectin
structure will change the shape of starch granules.

Endogenous lipids

The lipid content of cereal starches is low, about
1%, but lipids have been shown to affect the
viscosity characteristics and quality of the
starches”*. The lipids in a sample of starch granules
can be assigned to one of three operational classes:
non-starch, surface and internal. The internal lip-
ids of wheat starch granules consist entirely of
lysophospholipids. There is little work to date on
defining the biochemical steps or the molecular
genetics involved in starch lysophospholipid syn-
thesis but there is evidence that cultivars of wheat
differ in the percentage of lysophospholipid in
their starches'™ and hence of the percentage of
lipid-complex amylose in their starches”. A gene
that has been shown to influence the amount of
extractable free polar lipid in the grain, fp/-1, has
been shown to be tightly genetically linked to the
grain hardness locus, Ha, on the short arm of
chromsome 5D, A second gene, fpl-2, that also
controls starch lipid content, has been mapped
to the long arm of chromosome 5D’° but the
biochemical basis of the action of these genes is
not known. It has been shown that bound polar
lipids are probably involved in the interaction
between puroindolines (see grain hardness) and
the starch granule surface’.

Starch structure in relation to gelatinisation,
swelling and hot paste viscosity

Starch granule gelatinisation involves the heat
driven transformation of granules in excess water
from an ordered state to a disordered state. The
initial stages of gelatinisation involve the uptake
of water lowering the glass transition temperature
in the amorphous regions and causing the crys-
talline regions to begin to melt. Further heating
and water uptake results in the mobilisation of
amylose and the initiation of its leaching from the
granule and the complete melting of the crystalline
regions, marked by the loss of birefringence. Fur-
ther swelling of the granule occurs, typically pro-

ducing greatly enhanced viscosity in the starch-
water paste. The overall process of gelatinisation
is similar in both normal and waxy starch granules,
although by definition, amylose is not present in
a waxy starch and cannot be lost by leaching.
These observations suggest that the properties of
the amylopectin fraction of starch are most critical
in controlling gelatinisation and granule swelling
in cereal starches. Examples of manipulations that
alter amylopectin structure by reducing the ex-
ternal chain length distibution, and reduce granule
gelatinisation temperature, can be found in the
su-2 mutation in maize” and in transgenic potato
with reduced levels of SSII and SSIIT*®. The
packing of amylopectin side chains in the amylo-
pectin fraction is basic to the formation of crys-
talline regions, known as crystallites, in the granule.
Three types of packing have been thought to
occur, based on x-ray diffraction studies. Densely
packed A-type crystallites are found in cereals with
waxy or normal amylose contents, while B-type
crystallites are found in potato and a range of
other tuber starches. C-type starches are typically
found in the grain legumes, and contain both A-
and B-type crystallites in the same granule. It has
been shown that these differing x-ray structures
are related to differences in chain length and the
arrangement of branch points in the amylopectin
fraction®. It has been demonstrated that the tem-
peratures differ at which disordering of A- and
B-type crystallites occurs in pea starch during
gelatinisation®'. For reviews of the importance of
granule crystallinity in controlling gelatinisation,
56682—84.

Amylose content is thought to be a major in-
fluence on starch granule swelling, mediated
through the reduced mobility of amylose/lipid
complexes in the granule that restrict water move-
ment and swelling'”. In wheat, a pioneering study®
discovered a link between a null allele at the GBSS
locus on chromosome 4A and the eating quality
of Japanese noodles. Initially this seemed to cor-
relate, as expected, with reduction in the pro-
portion of amylose in the starch. More detailed
analyses, however, have revealed that flour swell-
ing volume rather than amylose content correlated
with noodle quality®® ®. The study of wheat lines
that are missing the GBSS gene and the GBSS
protein on chromosome 4A" indicates that starch
viscosity, as well as swelling volume, are increased
without a significant change in the relative amylose
content. Other lines of wheat missing the GBSS
protein encoded by chromosome 4A as a result of
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point mutation have not been characterised in
detail with respect to starch properties'’*. Although
the presence or absence of GBSS loci have major
effects on wheat flour suitability for noodles it is
also clear that minor effects are due to other
genetic factors and these remain to be determined.
The presence of a GBSS protein characteristic of
pericarp tissue (GBSS2) has been reported'*”'*.

From the pathway of starch biosynthesis il-
lustrated in Figure 3, one could expect that mut-
ations in the genes encoding BEI, BE II, SSI, SSII,
SSIII and DBEs to profoundly affect amylopectin
structure. In this section we will consider the role
of each of these enzymes (with the exception of
BE II which will be discussed in the next section
together with GBSS as major contributors to the
control of the amylose/amylopectin ratio).

BEI is an enzyme of approximately 88 kDa in
wheat™. The gene consists of 14 exons in rice,
wheat and maize” *'" and a variant with only
10 exons has also been described in wheat™ but
despite this detailed structural knowledge no clear
definition of its role in cereals is yet available.
Three properties of BEI differentiate this gene
from BEIIL. Firstly, BEI transfers longer chains
than BEII during catalysis”. Secondly, BEI is
expressed later in endosperm development in
wheat and maize than BEI[™™*. Thirdly, unlike
BEIIL, BEI is not found within the starch granule
in wheat'"” or maize”’.

SSI 1s a 75 kDa starch synthase that is found in
wheat endosperm, partitioned between the soluble
fraction and the granule®™*”. Clones of cDNA
coding for SSI in cereals are available in rice”,
maize” and wheat”. The gene has been described
from rice'” and recently in wheat™; like other
starch biosynthetic genes described so far the gene
is complex with 15 exons over 10kb in wheat.
The gene is genetically linked to the GBSS gene
in rice on chromosome 6, at a distance of 5 cM'".
In wheat a locus controlling the accumulation of
SS is on chromosome 7'' and it appears that
this is also the structural gene”™. Natural mutants
lacking all SSI activity have not been identified
although Yamamori and Endo'” have identified
lines with mutations affecting SSI genes in the A
genome and in the B genome.

A group of three polypeptides of 100, 108 and
115 kDa apparent molecular weight are associated
with wheat starch granules'”' and have been clearly
shown to be starch synthase”™'"’®. Sequence com-
parisons indicate that these proteins are most
highly homologous to maize SSIIa*’ and in wheat

have been referred to as SSII”’. Yamamori has
recently reported the isolation of wheat lines
lacking each of the isoforms encoded by chro-
mosomes 7A, 7B and 7D’’. These lines have
unusual starch properties but the proportion of
amylose was not drastically different from that
in wild-type starches. The properties of these
wheats will be of great interest to the elucidation
of the function of these proteins. Similar reports
in peas also indicate that loss of soluble starch
synthase II in the rugb mutant leads to abnormal
granule morphology®.

The genetic lesion responsible for the dull
phenotype has been deduced from maize by trans-
poson tagging and the disrupted gene encodes a
180 kDa starch synthase, designated SSII**. This
gene is the homologue of the SSIII gene of po-
tato'"'”. Lack of this enzyme in maize results in
kernels with a tarnished appearance, slightly lower
total carbohydrate content and slightly or greatly
increased amylose content, depending on genetic
background'”. Although the gene for the 180 kDa
starch synthase is directly affected in the dulll
mutation®*, the amount of SBE IIa is also reduced,
probably as a secondary effect. The char-
acterisation of the homeologous gene has not yet
been reported from other cereals. The simul-
taneous antisense repression of both SSII and
SSIII in potato has been reported and the changes
in structure are dramatic with an increase in both
short and very long chains in amylopectin”™.

Debranching enzymes, which remove the
o-1,6 branch from branched glucose polymers,
have been shown in mutation studies to be involved
in the biosynthesis of amylopectin in the en-
dosperm of maize'’, rice' and Chlamydomonas'®.
Loss of debranching activity leads to the ac-
cumulation of sugars in the endosperm, pre-
sumably because starch synthesis is inhibited, and
in addition there is the production of a highly
branched polymer of glucose, phytoglycogen. The
role of debranching enzyme in starch biosynthesis
has been suggested to involve the removal of
branch points, introduced by branching enzymes,
which are iappropriately positioned for amy-
lopectin crystallisation to occur'®”. The sugary
I mutation in maize has been demonstrated by
transposon tagging to be caused by inactivation
of a gene encoding an isoamylase. The gene is
over 11 kb in length and the mRNA codes for an
enzyme of about 80kDa with 32% amino acid
identity overall to bacterial isoamylase'’. In maize
there appears to be a multigene family of about
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10-15 members encoding isoamylase like se-
quences, however, it seems that only one of these
is expressed in the developing endosperm'’. In
both maize and rice, mutation of the sugary-1 type
1soamylase gene also has the concomitant effect
of reducing the expression of a pullulanase-type
debranching enzyme'”". In rice, a cDNA" and
gene'” for a pullulanase-type enzyme have been
described. The encoded protein 1s 102 kDa and
located on chromosome 4 of rice and it has been
suggested that there is only a single copy of the
gene in rice. A pullulanase cDNA from maize'”
and from barley'” have also recently been de-
scribed and both genes are expressed in the en-
dosperm. It has not yet been established whether
the loss of pullulanase activity is also important to
the impact of the sugary-I mutation on starch
biosynthesis, or is a secondary effect.

Starch structure in relation to final viscosity and
gelation

Polyethylene of different densities have been
studied extensively in order to determine the re-
lationship between weight/branching at a mol-
ecular level, and rheological properties such as
viscosity'”"'®. Although a detailed review of the
rheological studies on synthetic polymers is beyond
the scope of this review it is evident that these
studies suggest increases in either molecular weight
or branching can lead to increases in maximum
viscosity (elongation). Furthermore the studies sug-
gest that small, defined, alterations to a polymer
such as amylopectin could lead to significant
changes in physical characteristics. A study by
Dintzis and Bagley'”', for example, has suggested
that the amylopectin in waxy maize starch had
shear-thickening properties that were not present
in the amylopectin present in normal starch.
Chemical analyses of these two amylopectins have
not, to date, had the resolution to determine the
structural change underpinning the physical
differences.

The smaller size of the unbranched glucan poly-
mer of amylose (0-2-8 x 10° daltons) provides op-
portunities for entanglement and the formation
of double helices in domains where regions of
molecules are in close contact'®>'”*. This behaviour
leads to precipitation of amylose and the gels thus
formed when suspensions of amylose are cooled
are opaque because of light-scattering by the pre-
cipitated polysaccharide, but strong because of the

intermolecular entanglements. This phenomenon
is also referred to as retrodegration when it occurs
in foods. Amylopectin (up to 590 x 10° daltons)'"*
tends not to form the domains of intimate inter-
action between molecules as easily as amylose (Fig.
4) and does not precipitate as readily. As a result,
it forms clearer gels, of lower strength. Studies on
low concentration amylopectin gels have suggested
that the molecules aggregate side-by-side with in-
timate interactions between outer branches (see
Fig. 4) allowing the formation of a network'®.

The pasting of starch is typically analysed in an
instrument such as the Viscoamylograph or Rapid
Visco Analyser (RVA), which measures the re-
sistance of starches to shearing forces under defined
hydration and temperature regimes'”. Following
complete gelatinisation at high temperatures (for
example 95 °C), peak viscosity is reached, the
starch 1s then cooled (typically to 50 °C) while
continuing to be stirred. A final viscosity is meas-
ured and while this viscosity reflects the inter-
actions between amylose and amylopectin in the
formation of a gel structure, there is a general
trend towards increasing strength with increasing
amylose. Further cooling of a starch paste to
ambient or sub-ambient temperatures results in
the formation of either a gel, in the case of starches
containing amylose, or a very weak gel or viscous
solution in the case of waxy starches. Depending
on composition, the gel or starch solution may
show the classic signs of retrogradation, in which
aggregation of amylose molecules occurs, leading
to an opaque appearance and the presence of a
form of resistant starch'”. Amylose content is
of central importance to the strength and visual
appearance of gels formed from gelatinised dis-
persed starches™. High amylose starches are util-
ised to produce firm opaque gels that tend to
retrograde over time. In contrast, amylose-free
starches form viscous solutions rather than gels,
which are typically translucent. Synergistic effects
on paste viscosity and gel strength have been
observed when amyloses and amylopectins are
mixed'" and the blending of starches from different
sources produced novel paste properties'''. It also
needs to be remembered that during baking the
gelatinisation of the starch granule occurs in a
limited water system where competition from other
components, such as gluten, changes as the baking
process progresses and thus products vary in the
gelatinisation of the starch depending on both the
initial components of the system and the heating
regime used'®.
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5 amylose
molecules

2 amylopectin
molecules

Figure 4 Schematic diagram that illustrates the scale of the molecular size differences between amylose and amylopectin,
and indicates the types of interactions involved in amylose-amylose intermolecular interactions, and amylopectin—amylopectin
interactions. Amylose, with its low molecular mass produces low viscosity solutions but its ability to align and form double
helices, i1s the primary determinant of gel strength and the primary cause of retrogradation in starches. Pure amylopectin
forms clearer gels of lowered strength as only the outer branches of two molecules can interact.

The 60kDa GBSS (also known as the waxy  enzyme is thus a primary target if the goal is to
protein) is of critical importance in the synthesis  reduce the amylose/amylopectin ratio. The waxy
of amylose, but not for amylopectin synthesis. The  gene has been described from a number of cereals
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including rice'”?, barley'"”, maize'* and wheat'"”.
The gene structure in barley shows that there are
11 introns'”. In wheat the genes are on chromo-
somes 7A, 4A and 7D'°; the 4A location arises
because of a translocation of a chromosome seg-
ment from chromosome 7B to chromosome 4A'".
The efficiency of removal of intron 1 to produce
the mRINA for an active GBSS varies between
cultivars in rice; the efficiency is high in most
indica varieties and low in japonica varieties and
this is correlated to the difference in amylose
content between these groups of varieties''”.

In barley, rice and maize there are natural
mutations which produce starches that are es-
sentially amylose-free. In wheat lines were iden-
tified which are lacking one or other of the
isoforms"'*"7*""" “and by conventional breeding
waxy wheat has been produced'”’. Antisense tech-
nology based on a portion of the rice waxy gene
has been used to produce rice grains with reduced
amylose content''. Waxy wheats have also been
produced by mutagenesis'®*'*’ and the properties
of waxy wheat starches are currently under in-
vestigation'**!*,

Amylose content is also affected by mutations
in BEIL. In maize two forms of BEII were dis-
tinguished, II a (the predominant form in the leaf’)
and II b (the predominant form in the endosperm).
In the ae (amylose extender) mutation BEII b was
entirely missing and the total branching enzyme
activity was only 20% of the normal®. High amyl-
ose maize lines have been produced by crossing
ae mutants with normal cultivars, in order to
maintain the high amylose phenotype but remove
other less desirable properties. Similarly in rice,
mutants have been identified where the loss of BE
IT has been correlated with the alteration of starch
structure’’. Clearly then BE II b is an attractive
target for gene manipulation for increasing the
amylose content of starch. A BE II gene was
mapped to rice chromosome 2 and it was suggested
that it occurs on chromosome 5 of maize and
wheat chromosome 6'*. In wheat, there is strong
evidence for the existence of a BEII gene on
chromosome 2 in wheat'” (and authors’ un-
published observations) and the corresponding
cDNA has also been reported'”. Recently the
1isolation of BE IIb ¢cDNA and genes from barley
have been reported'®’. While high amylose wheats
have not been reported, a well-characterised barley
line, Glacier Ac38, has an amylose content of 45
to 50% .

High amylose content is not only important for

the properties of dispersed starches. In the well
known amylose extender (a¢) mutation in maize, the
granule is distorted in shape and starch digestibility
declines markedly. This provides a source of ‘re-
sistant starch’’!, delivering unfermented starch
to the colon of humans and other monogastric
animals, which has been implicated in improved
bowel health'** "',

GENETIC MANIPULATION OF STARCH
FUNCTIONALITY

Two broad approaches for genetic alteration are
genetic engineering and conventional breeding.
During the last decade methods for the production
of transgenic cereal plants have been rapidly de-
veloped'™ . Although transgenic cereal plants
have been obtained by direct gene transfer to
protoplasts'”"* ! the majority of transgenic
plants are currently produced by either particle
bombardment-mediated transformation or Agro-
bacterium-mediated transformation'*.

At the present, particle bombardment is still a
popular and repeatable technique for the trans-
formation of wheat as well as other cereal crops
including rice, maize and barley. Using this tech-
nique, transgenic cereal plants have been obtained
by many laboratories. The list of species includes
ricel43, maize]44,l45, Wheat]36’l467l48’172’]73 and bar_
ley"”’. Generally speaking, this method produces
a low frequency of transgenic cereal plants and
high percentage of transgenic plants contain mul-
tiple insertions. The frequency of transformation
ranges between 0-9-3-5% for rice, and 0-1-1%
for barley, maize and wheat.

Rice was the first cereal crop successfully trans-
formed using  Agrobacterium-mediated  trans-
formation'*"". Since then this technique has been
rapidly adapted to other crops which include
maize”', barley'™ and wheat"”. Although Agro-
bactertum-mediated transformation of rice, maize
and barley has been successfully used in many
laboratories, transformation of wheat using this
techniques has been reported only by one group
so far'.

Compared to particle bombardment methods,
Agrobacterium-mediated transformation has an ad-
vantage in reducing the copy number of trans-
genes, reducing the frequency of transgene
silencing and increasing the transformation fre-
quency. Under the ideal conditions, the efliciency
of recovery of transgenic plants can reach 12 to
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29% in rice'™, 5 to 30% in maize”', 1:7% in
barley'” and 1% to 4-3% in wheat'””. The single
insertion of transgenes in wheat can be increased
from 17% (particle bombardment) to 35% (Agro-
bacterium-mediated  transformation)'”.  These
results are very encouraging and have led to a
concentrated effort at transforming these cereal
crops using Agrobacterium-mediated transformation.

Conventional breeding is still an attractive
option when the characteristics desired can be
identified in a natural population. Parent cultivars
are then crossed. Progeny (generally at the F2
generation) can be selected which contain the
desired phenotype and then backcrossed to elite
cultivars. After at least six backcrosses to the
elite cultivar, progeny plants that are satisfactory
for agronomic use can be obtained. Clearly
selection is much easier if the selected phenotype
is dominant.

Breeding waxy wheat by conventional means
has been achieved by combining null alleles of
granule bound starch synthase®'*’. Using a similar
strategy, Yamamori’”® has produced wheat lines
containing null alleles of SSII. The properties
of starch from these lines are novel, based on
preliminary studies, and are being further ana-
lysed. Exploiting wild germplasm and making wide
crosses in breeding programs can be an attractive
proposition to obtain greater variation in desired
characteristics.

Another strategy to obtain variation in prop-
erties that are not available in breeding lines is to
use mutagenesis. Using this approach waxy wheats
have been produced by ethyl methane sulphonate
treatment of cv. Kanto'””. However, it is important
to note that in this example of mutagenesis, Kanto
is deficient in both Wx-Al and Wx-B1 proteins
and the mutagenesis was targeted to developing a
line also deficient in the Wx-D1 protein

CONCLUSION

We can anticipate the development of wheat
starches with a wide range of properties in the
future. This will be due to a number of factors:
further elucidation of the genes involved in the
starch biosynthesis pathway and their roles, de-
velopment of improved transformation tech-
nologies, 1improvements in marker assisted
selection and improved analytical tools to define
changes in starch structure and properties. De-
velopment of the required germplasm will come

from two routes. One route is selective crossing
using molecular markers to follow progeny, such
as has been achieved with waxy wheats. In addition
transformation technologies will be used to ma-
nipulate the expression of endogenous wheat
genes, and to introduce novel genes form diverse
sources. Although particle bombardment is still
the most widely used and reliable method for
transformation of wheat, Agrobacterium-mediated
transformation will play a far more important role
in wheat transformation as well as other cereal
crops, maize, rice and barley in the future. The
commercial use of transgenic technologies in food
crops remains in the balance because of regulatory
and consumer acceptance issues.

Some aspects of starch synthesis and structure
that are important to functionality are still poorly
understood at the biochemical or molecular
genetic level. Grain hardness has, for example,
been linked to markers on the tip of chromosome
5D and vyet the causal lesion is still to be
definitively identified. Little is known about genes
controlling the synthesis of the suite of lipids
present in the wheat starch granule. Similarly,
while it is clear that the ratio of A granules to
B granules has a genetic determinant'”, the
causal gene(s) directing B granule initiation have
not yet been elucidated. The process of starch
granule development in wheat is clearly complex
(see Fig. 1) and there is little known about how
the three-dimensional growth of the granule in
wheat (or other plants) is programmed. Other
genes not identified through mutagenesis ap-
proaches in cereals could also be involved in
starch biosynthesis and useful for the alteration
of starch properties. Two examples are the R-
protein”®* and disproportionating enzyme'”.

In addition to genetics it is clear that starch
structure can be manipulated by the en-
vironment'””'”*, An understanding of the complex
interactions between specific isoforms of the vari-
ous enzymes involved in starch biosynthesis and
the environment is in its infancy.

The coming decade holds much promise as
a period when linkages between the roles of
specific genes and the functionality of the wheat
starch will be further defined. It is reasonable
to anticipate that at least some of these advances
in understanding and in the identification of genes
and germplasm will translate into economically
important new opportunities for the wheat in-
dustry and for the consumers of wheat-based
products.



Genetic alteration of starch functionality in wheat

105

Acknowledgements

The authors thank Peter Gras for helpful discussions
and Roger Heady for assistance in collecting scanning
electron microscope images.

©2000 CSIRO Australia.

10.

11.

12.

13.

14.

REFERENCES

. Orth, R.A. and Shellenberger, J.A. Origin, production,

and utilization of wheat. In Pomeranz, Y. (ed.), Wheat:
chemistry and technology. American Association of
Cereal Chemists, St Paul (1988) pp 1-14.

. Harris, R.H. and Sibbitt, L.D. The comparative baking

qualities of starches prepared from different wheat vari-
eties. Cereal Chemistry 18 (1941) 585-604.

. Nakamura, T., Yamamori, M., Hirano, H., Hidaka, S.

and Nagamine, T. Production of waxy (amylose-free)
wheats. Molecular and General Genetics 248 (1995) 253-259.

. Briarty, L.G., Hughes, C.E. and Evers, A.D. The de-

veloping endosperm of wheat—a stereological analysis.

Annals of Botany 44 (1979) 641-658.

. Kirk, J.T.O. and Tilney-Bassett, R.A.E. The Plastids:

their Chemistry, Structure, Growth and Inheritance.
Elsevier/North-Holland Biomedical Press, Amsterdam,
2nd Edition (1978).

. Bechtel, D.B., Zayas, 1., Kaleikau, L. and Pomeranz,

Y. Size-distribution of wheat starch granules during
endosperm development. Cereal Chemistry 67 (1990) 59—
63.

. Evers, A.D. Scanning electron microscopy of wheat

starch. III. Granule development in endosperm. Starch

23 (1971) 157-162.

. Parker, M.L. The relationship between A-type and B-

type starch granules in the developing endosperm of

wheat. Journal of Cereal Science 3 (1985) 271-278.

. Denyer, K., Hylton, C.M., Jenner, C.F. and Smith,

A.M. Identification of multiple isoforms of soluble and
granule-bound starch synthase in developing wheat
endosperm. Planta 196 (1995) 256-265.

Rahman, S., Kosar-Hashemi, B., Samuel, M.S., Hill,
A., Abbott, D., Skerritt, J.H., Preiss, J., Appels, R. and
Morell, M.K. The major proteins of wheat endosperm
starch granules. Australian Journal of Plant Physiology 22
(1995) 793-803.

Morrison, W.R. and Gadan, H. The amylose and lipid
contents of starch granules in developing wheat endo-
sperm. Journal of Cereal Science 5 (1987) 263-275.
Morrison, W.R., Tester, R.F., Snape, C.E., Law, R.
and Gidley, M,J. Swelling and gelatinisation of Cereal
Starches. IV. Some effects of lipid-complexed amylose
and free amylose in waxy and normal barley starches.
Cereal Chemustry 70 (1993) 385-391.

Tetlow, 1.J., Blissett, K.J. and Emes, M.J. A rapid
method for the isolation of purified amyloplasts from
wheat endosperm. Planta 189 (1993) 597-600.

Tetlow, 1]J., Blissett, K.J. and Emes, M,J. Starch syn-
thesis and carbohydrate oxidation in amyloplasts from
developing wheat endosperm. Planta 194 (1994) 454
460.

. Tetdow, 1.J., Bowsher, C.G. and Emes, M,]. Re-

constitution of the hexose phosphate translocator from

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

the envelope membranes of wheat endosperm amy-
loplasts. Buochemistry Journal 319 (1996) 717-723.
Esposito, S., Bowsher, C.G., Emes, M.J. and Tetlow,
I.J. Phosphoglucomutase activity during development
of wheat grains. Journal of Plant Physiology 154 (1999)
24-29.

James, M.G., Robertson, M.G. and Myers, A.M. Char-
acterisation of the maize gene sugary 1, a determinant
of starch composition in kernels. The Plant Cell 7 (1995)
417-429.

Mouille, G., Maddelein, M.-L.. and Ball, S. Pre-
amylopectin Processing: A Mandatory Step for Starch
Biosynthesis in Plants. The Plant Cell 8 (1996) 1353—-1366.
Nakamura, Y., Umemoto, T. and Satoh, H. Changes
in structure of starch and enzyme activities affected by
sugary mutations in developing rice endosperm. Possible
role of starch debranching enzyme (R-enzyme) in amylo-
pectin biosynthesis. Physiologia Plantarum 97 (1996) 491—
491.

Nakamura, Y., Umemoto, T., Ogata, N., Kuboki, Y.,
Yano, M. and Sasaki, T. Starch debranching enzyme (R-
enzyme or pullulanase) from developing rice endosperm:
purification, cDNA and chromosomal localization of
the gene. Planta 199 (1996) 209-218.

Shure, M., Wessler, S. and Federoff, N. Molecular
identification and isolation of the Waxy locus in maize.
Cell 35 (1983) 225-233.

Knight, M.E., Harn, C., Lilley, C.E.R., Guan, H.P.,
Singletary, G.W., Mu-Forster, C.M., Wasserman, B.P.
and Keeling, P.L.. Molecular cloning of starch synthase
I from maize (w64) endosperm and expression in [is-
cherichia coli. Plant Journal 14 (1998) 613-622.

Harn, C., Knight, M., Ramakrishnan, A., Guan, H.P.,
Keeling, P.L. and Wasserman, B.P. Isolation and
characterization of of the zSSIla and zSSIIb starch
synthase cDNA clones from maize endopserm. Plant
Molecular Biology 37 (1998) 639-649.

Gao, M., Wanat, J., Stinard, P.S., James, M.G. and
Myers, A.M. Characterization of dulll, a maize gene
coding for a novel starch synthase. The Plant Cell 10
(1998) 399-412.

Craig, J., Lloyd, J.R., Tomlinson, K., Barber, L., Ed-
wards, A., Wang, T.-L., Martin, C., Hedley, C.L. and
Smith, A.M. Mutations in the gene encoding starch
synthase II profoundly alter amylopectin structure in
pea embryos. The Plant Cell 10 (1998) 413-426.

Boyer, C.D. and Preiss, J. Multiple forms of starch
branching enzyme of maize: evidence of independent
genetic control. Biochemistry and Biophysics Research Com-
munications 80 (1978) 169-175.

Flipse, E., Suurs, L., Keetels, C.J.A.M., Kossmann, J.,
Jacobsen, E. and Visser, R.G.F. Introduction of sense
and antisense cDNA for branching enzyme in the amy-
lose-free potato mutant leads to physico-chemical
changes in the starch. Planta 198 (1996) 340-347.
Safford, R., Jobling, S.A., Sidebottom, C.M., Westcott,
R.J., Cooke, D., Tober, K,J., Strongitharm, B.H., Rus-
sell, A.L. and Gidley, M,J. Consequences of antisense
RNA inhibition of starch branching enzyme activity on
properties of potato starch. Carbohydrate Polymers 35
(1998) 155-168.

Boyer, C.D., Damewood, P.A. and Simpson, E.K.G.
Effect of gene dosage at high amylose loci on the



106

S. Rahman et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

properties of the amylopectin fractions of the starches.
Starch 32 (1980) 217-222.

Bhattacharyya, M., Smith, A.M., Ellis, T.H.N., Hedley,
C. and Martin, C. The wrinkled-seed character of pea
described by Mendel is caused by a transposon-like
insertion in a gene encoding starch-branching enzyme.
Cell 60 (1990) 115-122.

Mizuno, K., Kawasaki, T., Shimada, H., Satoh, H.,
Kobayashi, E., Okumura, S., Arai, Y. and Baba, T.
Alteration of the structural properties of starch com-
ponents by the lack of an isoform of starch branching
enzyme In rice seeds. Fournal of Biological Chemustry 268
(1993) 19 084-19 091.

Ball, S., Guan, H.P., James, M., Myers, A., Keeling,
P., Mouille, G., Buléon, A., Colonna, P. and Preiss, J.
From glycogen to amylopectin: A model for the bio-
genesis of the plant starch granule. Cell 86 (1996) 349—
352.

Nakamura, Y. Some properties of starch debranching
enzymes and their possible role in amylopectin bio-
synthesis. Plant Science 121 (1996) 1-18.

Martin, C. and Smith, A.M. Starch biosynthesis. The
Plant Cell 7 (1995) 971-985.

Smith, A.M., Denyer, K. and Martin, C. The Synthesis
of the Starch Granule. Annual Review of Plant Physiology
and Plant Molecular Biology 48 (1997) 67-67.

Buleon, A., Gallant, D,J. and Ball, S. Starches from A
to G. Chlamydomonas remhardtii as a Model Microbial
System to Investigate the Biosynthesis of the Plant
Amylopectin Crystal. Plant Physiwlogy 115 (1997) 949—
949.

Nelson, O. and Pan, D. Starch synthesis in maize
endosperms. Annual Review of Plant Physiology and Plant
Molecular Biology 46 (1995) 475-496.

Neuhaus, H.E. and Stitt, M. Control analysis of pho-
tosynthate partitioning. Impact of reduced activity of
ADP-glucose pyrophosphorylase or plastid phospho-
glucomutase on the fluxes to starch and sucrose in
Arabidopsis thaliana (L..) Heynh. Planta 182 (1990) 445—
454.

Morell, M.K., Bloom, M., Knowles, V. and Preiss, J.
Subunit structure of spinach leaf ADP glucose pyro-
phosphorylase. Plant Physiology 85 (1987) 182-187.
Anderson, J.M., Larsen, R., Laudenica, D., Kim, W.T.,
Morrow, D., Okita, T.W. and Preiss, J. Molecular
characterisation of the gene encoding a rice endosperm
specific ADP glucose pyrophosphorylase subunit and its
developmental pattern of transcription. Gene 97 (1991)
199-205.

Hannah, L.C. and Shaw, J.R. Genomic nucleotide
sequence of a wild type shrunken-2 allele of Jea mays.
Plant Physiology 98 (1998) 1214-1216.

Preiss, J. Biology and molecular biology of starch syn-
thesis and its regulation. In ‘Oxford Surveys of Plant
Molecular and Cell Biology’. (Vol 7). (B,J. Miflin, ed.),
Oxford University Press, Oxford, U.K. pp 59-114.
Olive, M.R., Ellis, RJ., Schuch, W.W. Isolation of
nucelotide sequences of cDNA clones encoding ADP-
glucose pyrophosphorylase and polypeptides from wheat
leat and endosperm. Plant Molecular Biology 12 (1989)
525-538.

Stark, D.M., Timmerman, K.P., Barry, G.I., Preiss, J.P.
and Kishore, G.M. Regulation of the amount of starch

45.

46.

47.

48.

49.

50.

51.

52.

33.

54.

55.

56.

37.

38.

59.

in tissues by ADP-glucose pyrophosphorylase. Science
258 (1992) 287-292.

Jenner, C.F.; Siwek, K. and Hawker, J.S. The synthesis
of 14C starch from 14C sucrose in isolated wheat grains
is dependent on the activity of soluble starch synthase.
Australian Journal of Plant Physiology 20 (1993) 329-335.
Keeling, P.L., Bacon, PJ. and Holt, D.C. Elevated
temperature reduces starch deposition in wheat endo-
sperm by reducing the activity of soluble starch synthase.
Planta 191 (1993) 342-348.

Giroux, M.J., Shaw, J., Barry, G., Cobb, B.G., Greene,
T., Okita, T. and Hannah, L.C. A single gene mutation
that increases maize seed weight. Proceedings of the National
Academic Sciences USA 93 (1996) 5824-5829.

Greene, T.W. and Hannah, L.C. Enhanced stability
of a maize ADP-Glucose pyrophosphorylase is gained
through mutants that alter subunit interactions. Pro-
ceedings of National Academic Sciences USA 95 (1998)
13 342-13 347.

Denyer, K., Dunlap, F., Thorbjornsen, T., Keeling,
P. and Smith, A. The major form of ADP-Glucose
Pyrophosphorylase in maize endosperm is extra-plast-
idial. Plant Physiology 112 (1996) 779-785.
Thorbjornsen, T., Villand, P., Denyer, K., Olsen, O.-
A. and Smith, A.M. Distinct forms of ADP glucose
pyrophosphorylase occur inside and outside the amylo-
plasts in barley endosperm. The Plant Journal 10 (1996)
243-250.

Symes, K.J. The inheritance of grain hardness in wheat
as measured by the particle size index. Australian Journal
of Agricultural Research 16 (1965) 113-123.

Symes, K.J. Influence of a gene causing hardness on
the milling and baking quality of two wheats. Australian
Journal of Agricultural Research 20 (1969) 971-979.
Mattern, PJ., Morris, R., Schmidt, J. and Johnson,
V.A. Locations of genes for kernel properties in the
wheat variety ‘Cheyenne’ using chromosome sub-
stitution lines. Proceeding of 4th International Wheat Genetics
Symposium Columbus, Missourt (1973) pp 703-707.
Greenwell, P. and Schofield, J.D. A starch granule
protein associated with endosperm softness in wheat.
Cereal Chemustry 63 (1986) 379-380.

Gautier, M.F., Aleman, M.E., Guirao, A., Marion, D.,
Joudrier, P. Triticum aestioum puroindolines, two basic
cystine-rich seed proteins: cDNA sequence analysis and
developmental gene expression. Plant Molecular Biology
25 (1994) 43-57.

Morris, C.F., Greenblatt, G.A., Bettege, A.D. and Mal-
kawi, H.I. Isolation and characterisation of multiple
forms of friabilin. Journal of Cereal Science 20 (1994)
167-174.

Oda, S. Two dimensional electrophoretic analysis of
friabilin. Cereal Chemustry 71 (1994) 394-395.

Rahman, S., Jolly, CJ., Skerritt, J.H. and Wallosheck,
A. Cloning of a wheat 15-kDa grain softness protein
(GSP). GSP is a mixture of puroindoline-like poly-
peptides. Furopean Journal of Biochemustry 223 (1994) 917—
925.

Jolly, C., Rahman, S., Kortt, A.A. and Higgins, T J.V.
Characterisation of the wheat Mr 15000 ‘grain softness
protein’ and analysis of the relationship between its
accumulation in the whole seed and grain softness.

Theoretical Applied Genetics 86 (1993) 589-597.



Genetic alteration of starch functionality in wheat

107

60

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

. Jolly, CJ., Glenn, G.M. and Rahman, S. GSP-1 genes
are linked to the grain hardness locus on wheat
chromosome 5D. Proceeding of National Academic Sciences
US4 93 (1996) 2408—2413.

Sourdille, P., Perretant, M.R., Charmet, G., Leroy, P.,
Gautier, M.F., Joudrier, P., Nelson, J.C., Sorrells, M.E.
and Bernard, M. Linkage between RFLP markers and
genes affecting kernel hardness in wheat. Theoretical and
Applied Genetics 93 (1996) 580-586.

Dubreil, L., Compoint, J.P. and Marion, D. The inter-
action of puroindolines with wheat flour polar lipids
determines their foaming properties. fournal of Agri-
cultural Food Chemistry 45 (1997) 108-116.

Giroux, M,J. and Morris, C.F. A Glycine to Serine
change in Puroindoline b is associated with wheat grain
hardness and low levels of starch-surface friabilin. 7heor-
etical and Applied Genetics 95 (1997) 857-846.

Giroux, M.J. and Morris, C.F.. Wheat grain hardness
results from highly conserved mutations in the triabilin
components puroindoline a and b. Proceedings of the
National Academy of Sciences USA 95 (1998) 6262-6266.
Chalmers, K,J., Barua, U.M., Hackett, C.A., Thomas,
W.T.B., Waugh, R. and Powell, W. Identification of
RAPD markers linked to genetic factors controlling the
milling energy of barley. Theoretical and Applied Genetics
87 (1993) 314-320.

Rasper, V.F. and deMan, J.M. Effect of granule size of
substituted starches on the rheological character of
composite doughs. Cereal Chemustry 50 (1980) 331-340.
Kulp, K. Characteristics of small-granule starch of flour
and wheat. Cereal Chemistry 50 (1973) 666-679.
Larsson, H. and Eliasson, A.-C.. Influence of the starch
granule surface on the rheological behaviour of wheat
flour dough. Journal of Texture Studies 28 (1997) 487-501.
Sebecic, B. and Sebecic, B. Wheat flour starch granule-
size distribution and rheological properties of dough.
Part 2. Extensographic measurements. Die Nahrung 2
(1995) 117-123.

Pitcher, J., Smythe, C., Campbell, D.G. and Cohen, P.
Identification of the 38 kDa subunit of rabbit skeletal
muscle glycogen synthase as glycogenin. European Fournal
of Biochemustry 169 (1987) 497-502.

Pater, S., De and Kijne, J. Cloning and characterisation
of the wheat biosynthetic enzyme amylogenin. 5th Inter-
national Congress of Plant Molecular Biology, Sin-
gapore (1997) Abstract No. 746.

Yamamori, M. Selection of a wheat lacking a putative
enzyme for starch synthesis, SGP-1. Proceedings of the
9th International Wheat Genetics Symposium Vol 4
(1998) pp 300-302.

Li, Z., Chu, X., Mouille, G., Yan, L., Kosar-Hashemi,
B., Hey, S., Napier, J., Shewry, P.R., Clarke, B.C.,
Appels, R., Morell, M.K. and Rahman, S. The local-
ization, expression and role of the class II starch syn-
thases of wheat. Plant Physiology 20 (1999), 1147-1156.
Morrison, W.R. Lipids in cereal starches: A review.
Journal of Cereal Science 8 (1988) 1-15.

South, J.B., Morrison, W.R. and Nelson, O.E. A re-
lationship between the amylose and lipid contents of
starches from various mutants for amylose content in
maize. fournal of Cereal Science 14 (1991) 267-278.

Law, C.N., Young, C.F., Brown, J.W.S., Snape, J.W.
and Worland, A.J. The study of grain protein control

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

in wheat using whole chromosome substitution lines. In
‘Seed Protein Improvement by Nuclear Techniques’.
International Atomic Energy Authority, Vienna. (1978)
pp 483-502.

Greenblatt, G.A., Bettege, A.D. and Morris, C.F. The
relationship among endosperm texture, friabilin oc-
currence and bound polar lipids on wheat starch. Cereal
Chemustry 72 (1995) 172-176.

Ng, K.Y., Duvick, S.A. and White, P.J. Thermal prop-
erties of starch from selected maize (Lea mays L..) mutants
during development. Cereal Chemistry 74 (1997) 288-292.
Edwards, A., Fulton, D.C., Hylton, C.M., Jobling, S.A.,
Gidley, M., Rossner, U., Martin, C. and Smith, A.M.
A combined reduction in the activity of starch synthases
IT and III of potato has novel effects on the starch of
tubers. Plant Journal 17 (1999) 251-262.

Lloyd, J.R., Landschutze, V. and Kossman, J. Simul-
tancous antisense inhibition of two starch synthase iso-
forms in potato tubers leads to accumulation of grossly
modified amylopectin. Biochemical Journal 338 (1999)
515-521.

Cairns, P., Bogracheva, T.Ya., Ring, S.G., Hedley, C.L.
and Morris, V.J. Determination of the polymorphic
composition of smooth pea starch. Garbohydrate Polymers
32 (1997) 275-282.

Buleon, A., Colonna, P., Planchot, V. and Ball, S. Starch
granules-structure and biosynthesis. Intional jJournal of
Buological Macromolecules 23 (1998) 85-112.

Wang, T L., Bogracheva, T.Y. and Hedley, C.L. Starch:
as simple as A, B, C. Journal of Experimental Botany 49
(1998) 481-502.

Hermansson, A.-M. and Svegmark, K. Developments
in the understanding of starch functionality. Trends in
Food Science and Technology 7 (1996) 345-353.

Miura, H. and Tanii, S. Endosperm starch properties
in several wehat cultivars preferred for Japanese noodles.
Euphytica 72 (1993) 171-175.

Crosbie, G.B. The relationship between starch swelling
properties, paste viscosity and boiled noodle quality in
wheat flours. Journal of Cereal Science 13 (1991) 145-150.
Crosbie, G.B., Lambe, W J., Tsutsui, H. and Gilmour,
R.F. Further evaluation of the flour swelling volume test
for identifying wheats potentially suitable for Japanese
noodles. Fournal of Cereal Science 15 (1992) 271-280.
Crosbie, G.B. and Lambe, W_J. The application of the
flour swelling volume test for potential noodle quality
to wheat breeding lines affected by sprouting. Fournal of
Cereal Science 18 (1993) 267-276.

Zhao, X.C., Batey, I.LL., Sharp, PJ., Crosbie, G., Bar-
clay, 1., Wilson, R., Morell, M.K. and Appels, R.
A single genetic locus associated with starch granule
properties and noodle quality in wheat. Journal of Cereal
Science 27 (1998) 7-13.

Morell, M.K., Blennow, A., Kosar-Hashemi, B. and
Samuel, M.S. Starch branching enzymes in developing
wheat endosperm. Plant Physiology 113 (1997) 201-208.
Kawasaki, T., Mizuno, K., Baba, T. and Shimada, H.
Molecular analysis of the gene encoding a rice starch
branching enzyme. Molecular and General Genetics 237
(1993) 10-16.

Rahman, S., Li, Z., Abrahams, S., Abbott, D., Appels,
R. and Morell, M.K. Characterisation of a gene en-
coding wheat endosperm starch branching enzyme-I.

Theoretical and Applied Genetics 98 (1999) 156-163.



108

S. Rahman et al.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Kim, K.N., Fisher, D.K.,; Gao, M., Guiltinan, M.].
Genomic organisation and promoter activity of maize
starch branching enzyme I gene. Gene 216 (1998) 233~
243.

Rahman, S., Abrahams, S., Abbott, D., Mukai, Y.,
Samuel, M., Morell, M. and Appels, R. A complex
arrangement of genes at a starch branching enzyme I
locus in the D genome of wheat. Genome 40 (1997)
465-474.

Guan, H., Ling, P., Imparl-Radosevich, J., Preiss, ].
and Keeling, P. Comparing the properties of Escherichia
coli branching enzyme and maize branching enzyme.
Archive of Biochemustry and Biophysics 342 (1997) 92-98.
Gao, M., Fisher, D.K., Kim, K.N., Shannon, J.C. and
Guiltinan, M,J. Evolutionary conservation and ex-
pression patterns of maize starch branching enzyme
ITA and IIB genes suggest isoform specialisation. Plant
Molecular Biology 30 (1996) 1223-1232.

Mu-Forster, C., Huang, R.M., Powers, J.R., Harriman,
R.W., Knight, M., Singletary, G.W., Keeling, P.L.,
Wasserman, B.P. and Huang, R.M. Physical association
of starch biosynthetic enzymes with starch granules of
maize endosperm. Plant Physiology 111 (1996) 821-829.
Li, Z., Rahman, S., Kosar-Hashemi, B., Mouille, G.,
Appels, R. and Morell, M.K. Cloning and char-
acterisation of a gene encoding wheat starch synthase
1. Theoretical and Applied Genetics 98 (1999) 1208-1216.
Baba, 1., Nishihara, M., Mizuno, K., Kawasaki, T.,
Shimada, H., Kobayashi, E., Ohnishi, S., Tanaka, K.
and Arai, Y. Identification, cDNA cloning, and gene
expression of soluble starch synthase in rice (Oryza sativa
L.) immature seeds. Plant Physiology 103 (1993) 565-573.
Tanaka, K., Ohnishi, S., Kishimoto, N., Kawasaki, T.
and Baba, T. Structure, organisation, and chromosomal
location of the gene encoding a form of rice soluble
starch synthase. Plant Physiology 108 (1995) 677-683.
Yamamori, M. and Endo, T.R. Variation of starch
granule proteins and chromosome mapping of their
coding regions in common wheat. Theoretical and Applied
Genetics 93 (1996) 275-281.

Abel, G J.W., Springer, I., Willmitzer, L. and Kossman,
J. Cloning and functional analysis of a cDNA encoding
a novel 139kDa starch synthase from potato (Solanum
tuberosum 1..). The Plant Journal 10 (1996) 981-991.
Marshall, J., Sidebottom, C., Debet, M., Martin, C.,
Smith, A.M. and Edwards, A. Identification of the major
starch synthase in the soluble fraction of potato tubers.
The Plant Cell 8 (1996) 1121-1135.

Shannon, J.C. and Garwood, D.L. Genetics and physi-
ology of starch development. In ‘Starch Chemistry and
Technology’ (2nd Edition). (R.L. Whistler, J.N. BeMiller
and E.F. Paschall, eds), Academic Press, New York,
U.S.A. (1984) pp 25-86.

Francisco, P.B., Zhang, Y., Park, S.Y., Ogata, N.,
Yamanouchi, H. and Nakamura, Y. Genomic DNA
sequence of a rice gene coding for a pullulanase-type
of starch debranching enzyme. Biochemica et Biophysica
Acta 1387 (1998) 469-477.

Beatty, M.K., Rahman, A., Cao, H.P., Woodman, W.,
Lee, M., Myers, A.M. and James, M.G. Purification
and molecular genetic characterization of ZPUI, a
pullulanase-type starch-debranching enzyme from
maize. Plant Physiology 119 (1999) 255-266.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Burton, R.A., Zhang, X.Q., Hrmova, M. and Fincher,
G.B. A single limit dextrinase gene is expressed both in
the developing endosperm and in germinated grains of
barley. Plant Physiology 119 (1999) 859-871.

Walker, C.E., Ross, A.S., Wrigley, C.W. and McMaster,
G. Accelerated starch paste characterisation with the
Rapid Visco-Analyser. Cereal Foods World 33 (1988) 491—
493.

Ring, S.G., Gee, J.M., Whittam, M., Orford, P. and
Johnson, L.'T. Resistant starch: its chemical form in
foodstufls and effect on digestibility i vitro. Food Chemustry
28 (1988) 97-109.

Jane, J.-L. and Chen, J.-I. Effect of amylose molecular
size and amylopectin branch chain length on paste
properties of starch. Cereal Chemistry 69 (1992) 60—-65.
Obanni, M. and BeMiller, J.N. Properties of some starch
blends. Cereal Chemustry 74 (1997) 431-436.

Wang, 2.Y., Wu, Z.L., Xing, Y.Y., Zheng, I.G., Guo,
X.L., Zhang, W.G. and Hong, M.M. Nucleotide
sequence of rice waxy gene. Nucleotide Acids Research 18
(1990) 5898.

Rohde, W., Becker, D. and Salamini, F. Structural
analysis of the waxy locus from Hordeum vulgare. Nucleic
Acids Research 16 (1988) 7185-7186.

Klosgen, R.B., Gierl, A., Schwarz-Sommer, Z. and
Saedler, H. Molecular analysis of the waxy locus of Jea
mays. Molecular and General Genetics 203 (1986) 237-244.
Yan, L., Bhave, M., Fairclough, R., Konik, C., Rahman,
S. and Appels, R. The genes encoding granule-bound
starch synthases at the waxy loci of the A, B and D
progenitors of wheat. Genome (1999) (in press).
Ainsworth, C., Clark, J. and Balsdon, J. Expression,
organisation and structure of the genes encoding the
waxy protein (granule bound starch synthase) in wheat.
Plant Molecular Biology 22 (1993) 67-82.

Gale, M.D., Devos, K.M. and Homologous group 7.
In: (P.E. McGuire and C.O. Qualset, eds), Progress in
genome mapping of wheat and related species. ( Joint
Proc. 5th 6th Public Workshops Int Triticeae Mapping
Initiative). Genetic Resources Conservation Program,
University of California, Davis, Ca (1997) pp 107-120.
Wang, 2.Y., Zheng, F.Q., Shen, G.Z., Gao, J.P., Snu-
stad, D.P., Li, M.G., Zhang, J.L.. and Hong, M.M. The
amylose content in rice endosperm is related to the
post-transcriptional regulation of the waxy gene. The
Plant Journal 7 (1995) 613-622.

Nakamura, T., Yamamori, M., Hirano, H. and Hidaka,
S. Identification of three Wx proteins in wheat (7riticum
aestivum L..). Biochemical Genetics 31 (1993) 75-86.
Miura, H., Tarui, S., Araki, E. and Nakagawa, Y.
Production of Wx-protein deficient lines in wheat cv.
Chinese Spring. Proc 9th International Wheat Genetics Sym-
posium Vol. 4 (1998) pp 208-210.

Shimada, H., Tada, Y., Kawasaki, T. and Fujimori, T.
Antisense regulation of the rice waxy gene expression
using a PCR-amplified fragment of the rice genome
reduces amylose content in grain starch. Theoretical and
Applied Genetics 86 (1993) 665-672.

Yasui, T., Sasaki, T., Matsuki, J. and Yamamori, M.
Waxy endosperm mutants of bread wheat and their
starch properties. Breeding Science 47 (1997) 161-163.
Kiribuchi-Otobe, C., Nagamine, T., Yanagisawa, T,
Ohnishi, M. and Yamaguchi, I. Production of Hex-



Genetic alteration of starch functionality in wheat

109

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

aploid Wheats with Waxy Endosperm Character. Cereal
Chemustry 74 (1997) 72-74.

Fujita, F., Yamamoto, H., Sugimoto, Y., Morita, N.
and Yamamori, M. Thermal and crystalline properties
of waxy wheat starch (7riticum aestivum L.) starch. Journal
of Cereal Science 27 (1998) 1-5.

Hayakawa, K., Tanaka, K., Nakamura, T., Endo, S. and
Hoshino, T. Quality characteristics of waxy hexaploid
wheat (Triticum aestivum L.)—properties of starch gel-
atinisation and retrogradation. Cereal Chemustry 74 (1997)
576-580.

Harrington, S.E., Blich, H.FJ., Park, W.D., Jones,
C.A. and McCouch, S.R. Linkage mapping of starch
branching enzyme III in rice (Omyzae sativa L.) and
prediction of location of orthologous genes in other
grasses. Theoretical and Applied Genetics 94 (1997) 564—568.
Gale, M.D. and Homologous group 2. In: (P.E. McGuire
and C.O. Qualset, eds), Progress in genome mapping
of wheat and related species. ( Joint Proc. 5th 6th Public
Workshops Int Triticeae Mapping Initiative). Genetic
Resources Conservation Program, University of Cali-
fornia, Davis, Ca (1997) pp 24-37.

Nair, R.B., Baga, M., Scoles, G J., Kartha, K.K. and
Chibbar, R.N. Isolation, characterisation and ex-
pression analysis of a starch branching enzyme II cDNA
from wheat. Plant Science 122 (1997) 153-163.

Sun, C.X., Satish, P., Ahlandsberg, S. and Jansson, C.
The two genes encoding starch branching enzymes Ila
and IIb are differentially expressed in barley. Plant
Physiology 118 (1998) 37-49.

Banks, W., Greenwood, C.T. and Walker, J.T. Studies
on the starches of barley genotypes: A comparison of
starches from normal and high-amylose barley. Starch/
Stirke 23 (1971) 12-15.

Brown, I. Complex carbohydrates and resistant starch.
Nutrition Reviews 54 (1996) S115-S119.

Cummings, J.H., Beatty, E.R., Kingman, S.M., Bi-
ngham, S.A. and Englyst, H.N. Digestion and physio-
logical properties of resistant starch in the human large
bowel. British Journal of Nutrition 75 (1996) 733-747.
Jenkins, D.J.A., Vuksan, V., Kendall, C.W.C., Wursch,
P., Jeffcoat, R., Waring, S., Mchling, C.C., Vidgen, E.,
Augustin, L.S.A. and Wong, E. Physiological effects of
resistant starches on fecal bulk, short chain fatty acids,
blood lipids and glycemic index. Journal of American
College of Nutrition 17 (1998) 609-616.

Topping, D.L., Gooden, J.M., Brown, L.L., Biebrick,
D.A., McGrath, L., Trimble, R.P., Choct, M., lllman,
R.J. A high amylose (Amylomaize) starch raises proximal
large bowel starch and increases colon length in pigs.
Journal of Nutrition 127 (1997) 615-622.

Uchimiya, H., Handa, T. and Brar, D.S. Transgenic
plants. Journal of Biotechnology 12 (1989) 1-20.

Vasil, V., Castillo, A.M., Fromm, M.E. and Vasil,
I.K. Herbicide resistance fertile transgenic wheat plants
obtained by microprojectile bombardment of re-
generable embryogenic callus. Bio/ Technology 10 (1992)
667-674.

Wan, Y. and Lemaux, P.G. Generation of large numbers
of independently transformed fertile barley plants. Plant
Physiology 104 (1994) 37-48.

Tingay, S., McElroy, D., Kalla, R., Fieg, S., Wang,
M.B., Thornton, S. and Brettell, R. Agrobacterium tu-

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

mefaciens-mediated barley transformation. The Plant
Journal 11 (1997) 1369-1376.

He, D.G., Mouradov, A., Yang, Y.M., Mouradova, E.
and Scott, K.J. Transformation of wheat (7riticum ae-
stivum L.) through electroporation of protoplasts. Plant
Cell Reports 14 (1994) 192-196.

Funatsuki, H., Kuroda, H., Kihara, M., Lazzeri, P.A.,
Muller, E., Lorz, H. and Kishinami, I. Fertile transgenic
barley generated by direct DNA transfer to protoplasts.
Theoretical and Applied Genetics 91 (1995) 707-712.
Salmenkallio-Marttila, M., Aspergren, K., Akerman, S.,
Kurten, U., Mannonen, L., Ritala, A., Teeri, T.H. and
Kauppinen, V. Transgenic barley (Hordeum vulgare L.)
by electroporation of protoplasts. Plant Cell Reports 15
(1995) 301-304.

Brettell, R.I.S. and Murray, F.R. DNA transfer and
gene expression in transgenic cereals. Biotechnology and
Genetic Engineering Reviews 13 (1995) 315-334.

Christou, P., Ford, T. and Kofron, M. Production of
transgenic rice (Orpza sativa L.) plants from ag-
ronomically important indica and japonica varities via
electric discharge particle acceleration of exogenous
DNA into immature zygotic embryos. Bio/ Technology 9
(1991) 957-96.

Fromm, M.E., Morrish, F., Armstrong, C., Williams,
R., Thomas, J. and Klein, T.M. Inheritance and ex-
pression of chimeric genes in the progeny of transgenic
maize plans. Bio/ Technology 8 (1990) 833-844.
Gordon-Kamm, W.J., Spencer, T.M., Mangano, M.L.,
Adam, T.R., Dains, R J., Start, W.G., O’Brien, J.V.,
Chambers, S.A., Adams, W.R., Willetts, W.G., Rice,
T.B., Hacker, C.J., Kreuger, R-W., Kausch, A.P. and
Lemaux, P.G. Transformation of maize cells and re-
generation of fertile transgenic plants. The Plant Cell 2
(1990) 603-618.

Vasil, V., Srivastava, V., Castillo, A.M., Fromm, M.E.
and Vasil, LK. Rapid production of transgenic wheat
plants by direct bombardment of cultured immature
embryos. Bio/Technology 11 (1993) 1553-1558.

Weeks, J.T., Anderson, O.D. and Blechl, A.E. Rapid
production of multiple independent lines of fertile tran-
sgenic wheat (Triticum aestivum L.). Plant Physiology 102
(1993) 1077-1084.

Barro, F., Rooke, L., Bekes, F., Gras, P., Tatham, A.S.,
Fido, R., Lazzeri, P.A., Shewry, P.R. and Barcelo, P.
Transformation of wheat with high molecular weight
subunit genes results in improved functional properties.
Nature Biotechnology 15 (1997) 1295-1299.

Chan, M.-T., Chang, H.-H., Ho, S.-L., Tong, W.-F.
and Yu, S.-M. Agrobacterium-mediated production of
transgenic rice plants expressing a chimeric o-amylase
promoter/ B-glucuronidase gene. Plant Molecular Biology
22 (1993) 491-506.

Hiei, Y., Ohta, S., Komari, T. and Kumashiro, T.
Efficient transformation of rice (Oryza sativa L..) mediated
by Agrobacterium and sequence analysis of the boundaries
of the T-DNA. The Plant Journal 6 (1994) 271-282.
Ishida, Y., Saito, H., Ohta, S., Hiei, Y., Komari, T.
and Kumashiro, T. High efficiency transformation of
maize (ea mays L.) mediated by Agrobacterium tumefaciens.
Nature Biotechnology 14 (1996) 745-751.

Cheng, M., Fry, J.E., Pang, S., Zhou, H., Hironaka,
C.M., Duncan, D.R., Conner, T.W. and Wan, Y.



110

S. Rahman et al.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Genetic transformation of wheat mediated by Agro-
bactertum  tumefaciens. Plant Physiology 115 (1997) 971
980.

Stoddard, F.L. Survey of starch particle-size distribution
in wheat and related species. Cereal Chemistry 76 (1999)
145-149.

Lorberth, R., Ritte, G., Willmitzer, L.. and Kossmann,
J. Inhibition of a starch-granule-bound protein leads to
modified starch and repression of cold sweetening. Nature
Biotechnology 16 (1998) 473-477.

Colleoni, C., Dauvillee, D., Mouille, G., Morell, M.,
Samuel, M., Slomiany, M.-C., Lienard, L., d’Hulst,
C. and Ball, S. Biochemical characterisation of the
chlamydomonas a-1,4 glucanotransferases supports a
direct function in amylopectin biosynthesis. Plant Physi-
ology 120 (1999) 1005-1013.

Jane, J., Kasemsuwan, T., Leas, S., Zobel, H. and
Robyt, J.F. Anthology of strach granule morphology by
scanning electron microscopy. Starch/Stirke 46 (1994)
121-129.

Munsted, H. and Laun, H.M. Elongational properties
and molecular structure of polyethylene melts. Rheologica
Acta 20 (1981) 679-221.

Fischer, P., Fuller, G.G. and Lin, Z. Branched visco-
elastic surfacant solutions and their response to elong-
ational flow. Rheologica Acta 36 (1997) 632-638.
McLeish, T.C.B. and Larson, R.G. Molecular con-
stitutive equations for a class of branched polymers: the
pom-pom polymer. Fournal of Rheology 42 (1998) 81-110.
Inkson, N.J., McLeish, T.C.B., Harlen, O.G. and
Groves, D J. Predicting low density polyethylene melt
rheology in elongational and shear flows with ‘pom-
pom’ constitutive equations. Journal of Rheology 43 (1999)
873-896.

Dintzis, F.R. and Bagley, E.B. Shear-thickening and
transient flow effects in starch solutions. Journal of Applied
Polymer Science 56 (1995) 637-640.

Gidley, M.J. Molecular mechanisms underlying amylose
aggregation and gelation. Macromolecules 22 (1989) 351~
358.

Leloup, V.M., Colonna, P., Ring, S.G., Roberts, K. and
Wells, B. Microstructure of amylose gels. Carbohydrate
Polymers 18 (1992) 189-197.

Millard, M.M., Wolf, W J., Dintzis, F.R. and Willett,
J.L. The hydrodynamic characterisation of waxy maize
amylopectin in 90% dimethyl sulphoxide-water by ana-
lytical ultracentrifugation, dynamic and static light scat-
tering. Carbohydrate Polymers 39 (1999) 315-320.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Cameron, R.E., Durrani, C.M. and Donald, A.M. Ge-
lation of amylopectin without long range order. Starch
46 (1994) 285-287.

Blanshard, J.V.M. Elements of cereal product structure.
In ‘Food Structure—its Creation and Evaluation’
(J-M.V. Blanshard and J.R. Mitchell, eds), (1988), pp
313-330.

Nakamura, T., Vrinten, P., Hayakawa, K. and Ikeda,
J. Characterisation of a granulebound starch synthase
isoform found in the pericarp of wheat. Plant Physiology
118 (1998) 451-459.

Fujita, N. and Taira, T. A 56-kDa protein is a novel
granule-bound starch synthase existing in the pericarps,
aleurone layers and embryos of immature seed in diploid
wheat (7riticum monococcum L.). Planta 207 (1998) 125—
132.

Repellin, A., Nair, R.B., Baga, M. and Chibbar, R.N.
Isolation of a starch branching enzyme I ¢cDNA from
a wheat endosperm library. (Accession no Y12320).
Plant Gene Register PGR 97-094 (1997). (http://
WWW.tarweed.com/pgr/PGR 97-094.html)

Demeke, T., Hucl, P., Nair, R.B., Nakamura, T. and
Chibbar, R.N. Evaluation of Canadian and other wheats
for waxy proteins. Cereal Chemistry 74 (1997) 442—444.
Graybosch, R.A., Peterson, C.J., Hansen, L.E., Rah-
man, S., Hill, A. and Skerritt, J.H. Identification and
characterisation of US wheats carrying null alleles at
the wx loci. Cereal Chemustry 75 (1998) 162—165.

Nehra, N.S.; Chibbar, R.N., Leung, N., Caswell, K.,
Mallard, C., Steinhauer, L., Baga, M. and Kartha, K.K.
Self-fertile transgenic wheat plants regenerated from
isolated scutellar tissue following microprojectile bom-
bardment with two distinct gene constructs. Plant Journal
5 (1994) 285-297.

Becker, D., Brettschneider, R. and Lorz, H. Fertile
transgenic wheat from microprojectile bombardment of
scutellar tissue. Plant Journal 5 (1994) 299-307.
Vrinten, P.; Nakamura, T. and Yamamori, M. Mo-
lecular characterisation of waxy mutations in wheat.
Molecular General and Genetics 261 (1999) 463-471.
Bhullar, S.S. and Jenner, C.F. Differential responses to
high temperatures of starch and nitrogen accumulation
in the grain of four cultivars of wheat. Australian Journal
of Plant Physiwlogy 12 (1995) 363-375.

Morris, C.F., Shackley, B,J., King, G.E. and Kidwell,
K.K. Genotypic and environmental variation for flour
swelling volume in wheat. Cereal Chemistry 74 (1997)
16-21.



	INTRODUCTION
	Figure 1
	Table I

	GENETIC CONTROL OF STARCH SYNTHESIS IN PLANTS
	Figure 2
	Figure 3

	FUNCTIONALITY OF WHEAT STARCH
	GENES CONTROLLING WHEAT STARCH FUNCTIONALITY
	Figure 4

	GENETIC MANIPULATION OF STARCH FUNCTIONALITY
	CONCLUSION
	REFERENCES

