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Abstract

AFM studies have been made of the internal structure of pea starch granules. The data obtained provides support for the blocklet
model of starch granule structure (Carbohydr. Polym. 32 (1997) 177-191). The granules consist of hard blocklets dispersed in a
softer matrix material. High-resolution images have yielded new insights into the detailed structure of growth rings within the
granules. The blocklet structure is continuous throughout the granule and the growth rings originate from localised defects in
blocklet production distributed around the surface of spheroidal shells within the granules. A mutation at the rb locus did not lead
to significant changes in granule architecture. However, a mutation at the r locus led to loss of growth rings and changed blocklet
structure. For this mutant the blocklets were distributed within a harder matrix material. This novel composite arrangement was
used to explain why the granules had internal fissures and also changes in gelatinisation behaviour. It is suggested that the matrix
material is the amylose component of the granule and that both amylose and amylopectin are present within the » mutant starch
granules in a partially-crystalline form. Intermediate changes in granule architecture have been observed for the double mutant rrb.

© 2003 Elsevier Ltd. All rights reserved.

Keywords: Starch granule structures; Growth rings; AFM; Atomic force microscopy; Near-isogenic pea starch mutants

1. Introduction

The prospect of being able to design starches for specific
industrial uses, by genetic manipulation of the biosyn-
thetic pathway, has led to renewed interest in the
structure of starch granules and their bio-assembly.’
Advances in the understanding of starch biosynthesis
have benefited from the use of genetic variation and, in
particular, the identification of specific mutations that
affect defined steps in the biosynthetic pathway.
Genetics also provides a tool for investigating the
architecture of starch granules, and for establishing
links between the granule structure and the functional
behaviour of the starch. Such studies require suitable
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genetic material and simple, reproducible methods for
probing granule ultrastructure.

A range of mutants developed in peas provides a
suitable vehicle for such studies: these mutants are
known to be affected at specific steps in the starch
biosynthetic pathway.> ” The mutants have been back-
crossed into a common background and can now be
considered as near-isogenic apart from those genes at
the loci where mutations have been identified. All of the
mutants produce starches that differ from the wild-type
in the proportions of amylose and amylopectin.® Genes
at three of the loci (rb, rug3 and rug4) encode enzymes
that determine the supply of substrate during biosynth-
esis: namely ADP glucose pyrophosphorylase, phospho-
glucomutase and sucrose synthase, respectively.” The
genes at the other three loci (lam, rug5 and r) encode
enzymes that involve direct synthesis of starch poly-
saccharides: these are respectively starch synthase I,
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involved in amylose synthesis, and starch synthase II
and starch branching enzyme A, which are considered to
be involved in amylopectin biosynthesis.?

Wild-type pea starch®!® contains 35% amylose and is
a C-type starch with a total crystallinity of 20%. The
crystalline structure of pea starch granules has been
shown to consist of both A and B polymorphs”'® with B
polymorphs arranged centrally and the A polymorphs
peripherally within each granule.'"'> Mutations in genes
that influence the flow of substrate during biosynthesis
(rb, rug3 and rug5) resulted in starches with changes in
the total level of crystallinity and possibly increased the
relative content of A polymorphs in the starches.® Genes
affecting synthesis of starch polysaccharides (r, rug$
and lam) had little effect on the total crystallinity but
increased the content of B polymorphs, with the r
mutant becoming purely B-type.® During gelatinisation,
the rb, rug3, rug4 and lam mutants retained narrow
endothermic peaks similar to the behaviour of the wild-
type, although each starch had different peak tempera-
tures and enthalpy changes. By contrast, starches from r
and rug5 mutants were very different showing broad
transitions during gelatinisation.® The rrb double mu-
tant shows intermediate behaviour reflecting the differ-
ent influences of the two genes.! In trying to relate these
specific genetic mutations to changes in starch function-
ality, it is important to identify genetically-induced
changes in the architecture of the starch granules.

The current view of starch granule structure is
described in recent reviews.'*!> The conventional model
of starch consists of a semi-crystalline granular structure
that is composed of concentric shells of ‘amorphous’
and ‘crystalline’ growth rings. Crystallinity is considered
to arise from the branches of the amylopectin molecules.
On the basis of tomographic reconstruction of transmis-
sion electron micrographs of treated sectioned potato
starch granules, Oostergetal and Bruggen have proposed
an extremely detailed model of granule structure.'® This
model has received support from recent X-ray micro-
focus diffraction data'’ and incorporation of the con-
cept of the side-chain liquid crystalline model of
starch.'®!” A further model suggested by Gallant and
coworkers introduces an additional level of structural
organisation termed blocklets.'"> The blocklets are
essentially pictured as parcels of crystals distributed
within the growth rings. Support for this model has
come from recent atomic force microscopy (AFM)
studies of starch granule surfaces®® and the internal
structure of starch granules.?! The blocklets may be the
precursors of the ‘amylopectin particles’ recently ob-
served during the gelatinisation of starch.**** Observa-
tion of blocklets in native starch granules will require
high-resolution methods such as AFM that do not
spatially average the granule structure. AFM thus
provides a suitable route for the investigation of the
effects of genetic mutations on the ultrastructure of

starch granules. However, AFM studies of the internal
structure of starch granules require flat surfaces, best
obtained by the preparation of sections of embedded
granules.”’?* Recent studies have shown that the choice
of embedding resin can influence the contrast in the
AFM images, and may introduce artifacts into the
images.”* A new methodology has been developed,
using a non-penetrating resin, which allows routine
imaging of the starch granule ultrastructure under
near-native conditions.>* This article describes the use
of this method to investigate the ultrastructure of
selected near-isogenic pea starch mutants.

2. Materials and methods

Pea starch was extracted from the seeds of the wild-type
parental line and from a series of mutants that are near-
isogenic to this wild-type except for genes at the r and rb
loci. The method of extraction is based on the procedure
described previously by Bogracheva and coworkers.®?
Pea seeds were ground in a Cyclotec 1093 sample pin-
mill (Sweden) and the resulting meal was slurried in
water at a solid—liquid ratio of 1 to 12, the pH being
adjusted to 8.5 with 0.1 M NaOH. The mixture was
centrifuged at 2500g and the supernatant then removed.
The precipitate had a very viscous green top layer and a
solid white main part. The green top layer was removed
and the rest of the precipitate was re-suspended in
distilled water. This centrifugation and separation
procedure was repeated twice, until the viscous layer
was no longer present. The resulting uniform white
precipitate was then re-suspended in distilled water and
screened sequentially through two sieves of mesh sizes
300 and 53 pm. The resulting starch was washed with
water and air-dried.

The air-dried starch was mixed with rapid-set Araldite
(Bostik Ltd) then transferred to a mould. Rapid-set
Araldite sets in about 2 min and hardens within 24 h,
after which time the sections could be cut. Sections,
nominally 1.5 pm thick, were cut onto water with glass
knives using an Ultramicrotome (Ultracut E, Reichert-
Jung). The sections were immediately transferred to a
drop of distilled water on a glass slide. Individual
sections were swiftly moved from the edge of the drop
to an area of dry glass and the slide left to dry at room
temperature. Although it was possible to cut thinner or
thicker sections, a thickness of about 1.5 pm maintained
the integrity of the starch granules during sectioning and
minimised starch swelling on contact with water.

For light microscopy, whole starch grains or sections
were generally stained with very dilute iodine in
potassium iodide and then the unstained or stained
samples were examined and photographed in an Olym-
pus BX60 microscope equipped with digital image
acquisition software (Syncroscopy, Cambridge).
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AFM studies were made using a Thermomicroscopes
Lumina combined AFM/SNOM system. Sections were
scanned in air using the ‘dry-scanner attachment’.
Samples were scanned in the dc contact mode and
recorded as topographical and error signal mode
images. SiNj3 cantilevers were used with a nominal force
constant of 0.38 Nm ~!. Scan sizes ranged from about
100 pm down to about 1 pm. The scan rate was
generally between 2.0 and 2.5 Hz. For the force
modulation studies, the cantilevers were driven at a
frequency of 5 kHz into the sample surface with
amplitudes of 4.0 nm.

3. Results and discussion

Previous studies on rapid-set Araldite-embedded
starches have shown that this technique provides
reproducible images of the internal structure of near-
native starch.>* The embedding resin does not penetrate
into the granule and thus the features observed within
the boundaries of the granules are entirely due to the
internal structure of the starch granule.** Typical low-
resolution AFM images of wild-type pea starch are
shown in Fig. 1. Light microscope images of iodine-
stained sections are shown in Fig. 2(a). These images
show sectioned granules of a range of size and shapes.
Part of this variation will be due to the fact that not all
the sections are cut through the centre of the granule.
For those sections that are clearly cut through the centre
of the granules, where the hilum is visible, the size and
shapes observed are typical of pea starch.''?® In Fig.
1(a) there is a dark hole where a granule has fallen out of
the section enabling the thickness of the section to be
confirmed as 1.5 pm. The height variation across the
sectioned granules (Fig. 1(a and c)) appears to result
from folds around the edges of the granule. These are
most likely artifacts that are known to occur when
sections are cut onto water during the sectioning
procedure.”’*” We have observed similar effects for
potato starch sections embedded in rapid-set Araldite.*
The error signal mode images (Fig. 1d—f) show the
growth rings most clearly. There is good agreement
between the AFM images (Fig. 1d—f) and the light
microscopy images (Fig. 2a). At the very centre of the
granule (marked ‘cen’ in Fig. le) near the hilum there
are no discernable growth rings. Further out from the
centre of the granule growth rings can be seen. These
AFM images of the granule have been obtained without
iodine staining or any of the modifications, such as
lintnerisation or enzyme digestion, normally used to
enhance the contrast between the ‘amorphous’ and
‘crystalline’ regions within the granule. Near the centre
of the granule, the spacing of the growth rings is about
800 nm and this reduces to about 300 nm towards the
edges of the granules (Fig. 1(e)). This is consistent with

the light microscopy images (Fig. 2(a)). At higher
resolution, the internal surface of the granule has a
rough, mottled appearance (Fig. 3). This is true for both
the centre of the granule, where no growth rings are
seen, and for regions within and between growth rings.
These higher resolution images (Fig. 3) show features
ranging in shape from circular to elliptical: such features
being most easily seen in the error signal mode image
(Fig. 3(b)). The most asymmetric structures have an
axial ratio of 2:1 with a maximum length of about 130
nm. The size and shapes of these features seem to be the
same at the centre of the granule and further out
towards the edge of the granule. These images support
the proposed blocklet model of starch structure.'® High-
resolution images spanning growth rings suggest that
the growth rings, and the regions between them, contain
loosely-assembled layers of blocklets. Also the so-called
‘amorphous’ growth rings (labeled a) are not continuous
structures. Rather, in some regions (arrowed c) there is a
continuous stream of blocklets from one ‘crystalline’
growth ring, through the ‘amorphous’ boundary and
into the next outer ‘crystalline’ zone. In neighbouring
sites on the ‘amorphous’ zones (arrowed d) there are
darker regions that may correspond to imperfect or
missing blocklets. It appears to be this collection of
defects, assembled on what one must assume to be the
surface of a shell within the granule, which together
generate the ‘amorphous’ growth ring. Locally, the
elliptical blocklets are aligned with each other and the
net orientation is not completely radial. The simplest
three-dimensional structure for the blocklets would be a
prolate ellipsoid. Variations in size and shape may
reflect genuine changes in axial ratio or could result
from different locations of sectioning planes through the
blocklet: at present it is not possible to distinguish
between these two options.

Force modulation imaging generates contrast that
depends on the relative stiffness of different regions of
the sample. Harder regions should appear brighter in the
images. Fig. 3(c) shows high-resolution force modula-
tion images of the wild-type pea samples. The blocklet
structures appear bright relative to a darker back-
ground. This is consistent with the idea of partially-
crystalline amylopectin contained within the blocklets
and with the amylose lying in the regions surrounding
the blocklets."

The AFM images of the rb mutant starch (Fig. 4) are
qualitatively similar to those of the wild-type parent
(Fig. 1). The low-resolution AFM images show good
agreement with the light microscopy images of iodine-
stained sections (Fig. 2(b)). Once again there is some
slight folding of the structure at the edges of the granule,
best seen in the topographic AFM images (Fig. 4(a and
¢)). The sizes and shapes of the granules are as expected
for pea starch.”® Growth rings can be seen in the
topographic images (Fig. 4(a, ¢ and e)) but are much
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Fig. 1. Low- and medium-resolution AFM images of wild-type pea starch granules: (a and c) are topographic images; and (b, d, e
and f) are error signal mode images. In (e and f) the central region of the granule within which no growth rings are seen is marked

3 bl

cen .

clearer in the error signal mode images (Fig. 4(b, d and
f)). The growth ring structure can be seen almost
continuously throughout the granule, becoming closer
together towards the outer edges of the granule, but the
surfaces of the sections appear slightly rougher than the
wild-type samples. The AFM images of unstained
material correlate well with light microscopy of iodine-
stained sections (Fig. 2(b)). Once again high-resolution
AFM images (Fig. 5(a and b)) show discontinuous

‘amorphous’ growth rings (labeled a) with the blocklet
size and shape similar within and between ‘crystalline’
growth rings. The higher resolution error signal mode
images (Fig. 5(b)) show features ranging in shape from
circular to elliptical. The most asymmetric structures
have an axial ratio of 2:1 with a maximum length of
about 150 nm.

Force modulation images of the rb mutant (Fig. 5(c))
are again similar to those seen for the wild-type starch
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Fig. 2. Light microscopy of iodine-stained sections: (a) wild-type pea starch; (b) rb mutant; (c) r mutant; and (d) rrb mutant. Scale

bar is 10 um.

(Fig. 3(c)). The blocklet structures appear bright,
consistent with crystalline amylopectin-based blocklets
embedded in a softer amylose matrix.

By contrast, AFM images (Figs. 6, 8 and 9) of the r
mutant show substantial differences to those of the wild-
type samples (Figs. 1 and 3). Low-resolution topo-
graphic (Fig. 6(a and c)) and error signal mode images
(Fig. 6(b and d)) show sharp irregular-shaped objects.

2.0um

1
a

2.0um

1

Closer inspection reveals that these are fissured starch
granules. In some samples the fissuring is incomplete
and the different fragments remain partially attached to
each other. This is borne out by light microscopy images
of whole grains (Fig. 7) and sectioned material (Fig.
2(c)). The light micrographs show representative types
of structure. There are a few near-spherical granules
showing a central region with different contrast (marked

2.0um 1 2.0um

b c

Fig. 3. High-resolution AFM images of wild-type pea starch granules: (a) topography image; (b) error signal mode image; and (c)
force modulation image. The ‘amorphous’ growth rings are marked ‘a’, the regions where blocklets pass continuously across these
‘amorphous zones’ are marked ‘c’, and the defect regions are marked ‘d’.



2140 M.J. Ridout et al. | Carbohydrate Research 338 (2003) 2135-2147

30.5pm]

15.25

15.25

a

30.51m

7.46)Lm

3.73
e

30.5p

7.46pm

7.461Lm

15.2

20pm ]

104

10 20pm

3.73

6m

Fig. 4. Low- and medium-resolution AFM images of rb mutant pea starch granules: a, ¢ and e are topographic images and b, d and

f are error signal mode images.

‘a’ in Fig. 7). A significant fraction of the granules are of
the type marked ‘b’ in Fig. 7, showing internal fissures
radiating out from the centre of the granule. The
remaining material is in the form of partially-disrupted
granules or granule fragments (Fig. 2(c), Fig. 6 and the
insert in Fig. 7). Thus the images appear to indicate
fissuring and progressive fragmentation of the starch
granules. Comparison of the light microscopy images of

whole grains and sectioned material confirms that the
fissuring and fragmentation of the granules is not an
artifact of the embedding and sectioning process. The
topographical AFM images (Fig. 6(a and c)) show flat
samples with less evidence of folding at the edges of the
granules than that seen for the wild-type parent (Fig. 1).
Even in the error signal mode images (Fig. 6(b and d))
there is no evidence for any growth ring structure
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Fig. 5. High-resolution AFM images of rb mutant pea starch granules: (a) topography image; (b) error signal mode image; and (c)
force modulation image. The ‘amorphous’ growth rings are marked ‘a’, the regions where blocklets pass continuously across these
‘amorphous zones’ are marked ‘c’, and the defect regions are marked ‘d’.

throughout the granule. Similarly no growth ring even at relatively low-resolution the AFM images reveal
structures are apparent in light micrographs of the a granularity of the section surface (Fig. 6(d)). At higher
iodine-stained sectioned material (Fig. 2(c)). However, resolution (Fig. 8) even in the topographic images (Fig.

30pm
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Fig. 6. Low- and medium-resolution AFM images of r mutant pea starch granules: a and ¢ are topographic images and b and d are
error signal mode images.
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B B

Fig. 7. Light microscopy of r mutant pea starch grains. Scale bar is 10 pm. Examples are shown of unstained granules marked ‘a’
showing distinct inner regions, unstained granules marked ‘b’ showing radial fissures and an insert showing intact iodine-stained
broken granules and granule fragments.
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Fig. 8. High-resolution AFM images of r mutant pea starch granules: (a and d) are topographic images; (b and e) are error signal
mode images; and (d and f) are force modulation images. The arrows in c and f indicate bright interconnecting matrix surrounding
groups of blocklets.
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Fig. 9. Higher-resolution AFM images of r mutant pea starch granules: (a) is an error signal mode image; and (b) is a force
modulation image. The arrows in b indicate regions where the bright interconnecting matrix passes through a blocklet.

8(a and d)), but particularly in the error signal mode
images (Fig. 8(b and e), Fig. 9(a)), objects attributable to
blocklet structures can be seen. These show a range of
sizes and shapes, with elliptical structures of axial ratios
up to 3:1 and major dimensions up to 250 nm in length.
Clearly this mutation leads to substantial changes in
granule architecture.

Force modulation images highlight harder, stiffer
regions within the granule. The force modulation images
of the r mutant (Fig. 8(c and f), Fig. 9(b)) are strikingly
different from those of the wild-type (Fig. 3(c)) and rb
mutant (Fig. 5(c)). In this instance, the brightest regions
within the image are the interconnecting matrix within
which the blocklets are enclosed. Close comparison of
the force modulation and error signal mode images in
Figs. 8 and 9 reveals that, although the majority of the
interconnecting network is bright, there are regions
where blocklets are grouped together and the grouping
is encompassed by a bright boundary, rather than a
bright boundary enclosing each individual blocklet.
Such features are arrowed in Fig. 8(c and f). There are
also regions where bright bands are seen to cross
blocklet structures and such examples are highlighted
by arrows in Fig. 9(b). The brightness of the boundary
regions suggests that the interconnecting matrix is now
stiffer than the blocklet structures. The wild-type parent
and the two mutants (r and rb) can be considered as
composite structures. For the wild-type parent and the
rb mutant the softer matrix can accommodate small
expansions or contractions of the granule, preventing
fracture of the blocklets. However, for the r mutant the
harder matrix material may not be able to accommodate
such changes and this could offer an explanation for the
fissured granules seen in Fig. 2(c), Figs. 6 and 7. Slight
expansions or contractions of the granules, probably
during seed maturation or maybe on extraction, due
possibly to small changes in water content, would stress

the stiff network causing it to fail at the weakest points
and thus relieve the stress within the granule. This would
explain the fissures and subsequent breakdown of the
granule structure.

In order to explain the enhanced hardness of the
matrix material, it is tempting to suggest that in the r
mutant, the generation of excess amylose (up from 35 to
65%)® leads to crystallisation of a fraction of this
material forming the hard matrix. Some support for
this suggestion comes from lintnerisation studies of the
granules.® For the r mutant, the profile of amylosic
chains contained within the crystalline regions is very
broad,® and much broader than the branch length
distribution of the amylopectin, which remains fairly
similar to that of the wild-type amylopectin.?® The
formation of a crystalline amylose matrix would affect
the gelatinisation of the starch. The melting point of
amylosic crystals depends on chain length®® and this
could account for the broadened gelatinisation beha-
viour seen for the r mutant. The presence of an
interconnected crystalline matrix (physical cross linking)
would inhibit swelling of the granule until the crystal
structure melts at sufficiently high temperatures. This
effect could be likened to cross-linking in a chemically-
modified starch. If the above picture is correct, it lends
credence to the idea that amylose and amylopectin are
largely compartmentalised within the granule.

Figs. 10 and 11 shows AFM images of the double
mutant rrb. At low-resolution the samples are similar to
those of the r mutant (Fig. 6) showing fragmented
granules with sharp fracture planes. Fragmentation of
the granules is also apparent from the light microscopy
images of unstained granules (Fig. 12) and sectioned
iodine-stained material (Fig. 2(d)). The AFM images of
the sections are quite flat with little evidence in the
topographic images (Fig. 10(a and c)) for folding at the
edges of the granules. Unlike the » mutant, but like the
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Fig. 10. AFM images of rrb double mutant pea starch granules: (a and c) are topographic images; and (b, d, e and f) are error signal
mode images. The central region of the granule within which no growth rings are seen is marked ‘cen’ in (d, e and f). The position X
in the fragmented granule shown in d is indicated in (e and f). ‘Amorphous’ and ‘crystalline’ growth rings are marked ‘a’ and ‘c’ in e
and f.

rb mutant, the granules show discernable growth rings. material (Fig. 2(d)). The AFM data shows that there is a
These are most clearly seen in the error signal mode small central region (‘cen’ arrowed in Fig. 10(d)) in
images (Fig. 10(d—f)). The growth ring structure is very which no growth ring structure is visible. Outside this
clearly defined in the AFM images but difficult to detect central region, growth rings become closer together

in the light microscopy of the iodine-stained sectioned towards the edges of the granule (Fig. 10(d)). At higher
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Fig. 11. High-resolution AFM images of rrb double mutant pea starch granules: (a and d) are topographic images; (b and e) are
error signal mode images; and (c and f) are force modulation images. The arrowed region in ¢ indicates bright interconnecting matrix
material enclosing a group of blocklets.

resolution, features taken to be blocklets can be seen growth rings (marked a and c in Fig. 10(e)). Generally
within the central region (marked ‘cen’ in Fig. 10(e)), the size and shape of the blocklets seems to be similar at
and within both the ‘amorphous’ and ‘crystalline’ all points within the granule: the blocklets are circular

Fig. 12. Light microscopy of unstained rrb pea starch granules. Scale bar is 10 um. The field of view shows granules with radial
fissures, broken granules and granular fragments.
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suggesting a spherical shape with a diameter of 126 nm.
At a few regions within granules, group of smaller
blocklets similar in size to those of the wild-type parent,
are observed and an example of this is arrowed in Fig.
11(e).

The force modulation images of the double mutant
rrb (Fig. 11(c and f)) resemble those of the r mutant
(Fig. 8(c and f), Fig. 9(b)). The interconnecting matrix
appears bright relative to the blocklets. This would
suggest that this matrix region is stiffer and possibly
more crystalline than the blocklets. This would be
consistent with the observed tendency for internal
fissures within the granules. As with the r mutant there
are regions (arrowed in Fig. 11(c)) where the brighter
matrix surrounds groups rather individual blocklets.

4. Conclusions

Novel AFM images have been obtained of the internal
structure of starch granules of wild-type pea starch and
the near-isogenic r, rb and rrb mutants. The high-
resolution images obtained support the blocklet model'”
of starch granule architecture. For the wild-type and rb
mutants, the force modulation images support the idea
of stiffer blocklets suspended in a softer matrix. The
high-resolution AFM images suggest a totally new
interpretation of the internal structure of the starch
granule. These images imply that the blocklet structure
is continuous throughout the granule and the so-called
‘amorphous’ growth rings in the native granule are
composed of a collection of localised defects in blocklet
structure, distributed around the surface of shells within
the granule.

The present data suggest the need to refine the
‘blocklet model’” of starch granule structure introduced
by Gallant and coworkers.'> The AFM images imply
that the blocklet structure is uniform throughout the
granule and that the blocklets are embedded in a softer
matrix material. This structured nature of the granule is
interrupted by localised defects in blocklet production
that appear to be distributed on the surfaces of
spheroidal shells within the granule. It is suggested
that these defect regions are the origins of the growth
ring structures seen in modified or stained granules.
Following Gallant and coworkers'> it might be con-
sidered that the blocklets correspond to partially-
crystalline amylopectin and that amylose is predomi-
nately distributed within the softer matrix material.

The r mutation causes striking changes in the
architecture of the granule, resulting in the loss of
growth rings and an altered blocklet structure. The
most noticeable change in granule architecture has been
revealed by force modulation AFM studies. These
measurements imply that, in the r mutant, the inter-
connecting matrix within which the blocklets are dis-

tributed is stiffer than the blocklets. It has been
tentatively suggested that this could be attributed to
crystallisation of amylose within the granule. It is
proposed that the presence of this harder matrix
structure accounts for the observed fissuring of the
granules and the changes in gelatinisation behaviour.
These studies also provide evidence taken to favour
compartmentalisation of amylose and amylopectin
within the granules. The double mutant rrb is observed
to show intermediate behaviour between that observed
for the r and rb single mutants.
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