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Starch  granule  structure  within  wild-type  and  ae high-amylose  mutant  maize  kernels  has  been  mapped
in  situ  using  light,  electron  and atomic  force  microscopy,  and  both  Raman  and  infra-red  spectroscopy.
The  population  of  wild-type  starch  granules  is found  to be homogenous.  The  ae  mutant  granule  popu-
lation  is heterogeneous.  Heterogeneity  in  chemical  and  physical  structure  is  observed  within  individual
granules,  between  granules  within  cells,  and  spatially  within  the kernel.  The  highest  level  of hetero-
geneity  is  observed  in  the  region  where  starch  is  first deposited  during  kernel  development.  Light
microscopy  demonstrates  structural  diversity  through  use  of  potassium  iodide/iodine  staining  and
e maize
lectron microscopy
tomic force microscopy
ight microscopy
aman spectroscopy

nfra-red spectroscopy
ernel structure

polarised  microscopy.  Electron  and  atomic  force  microscopy,  and  infra-red  and  Raman  spectroscopy
defined  the  nature  of the  structural  changes  within  granules.  The  methodology  provides  novel informa-
tion  on  the  changes  in  starch  structure  resulting  from  kernel  development.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Knowledge of the structure of starch is important for under-
tanding functionality and considerable progress has been made
ver the last 30 years in understanding the nature of the internal
tructure of starch granules (Pérez & Bertoft, 2010). Wild-type (WT)
tarch granules are homogeneous structures and the properties of
ndividual granules can be deduced from studies on populations
f isolated granules. The current view of the internal structure of
tarch granules has been largely derived from microscopy and scat-
ering studies (Pérez & Bertoft, 2010).

Key results of these investigations include the following obser-
ations. Conventional light microscopy has revealed spheroidal
tructures of various size and shape, dependent on source (Pérez

 Bertoft, 2010). Differential interference contrast and confocal
icroscopy, together with various staining methods, have revealed

he existence of periodic growth ring structures within hydrated

ranules (Blennow et al., 2003; Gallant, Bouchet, & Baldwin,
997; Pérez & Bertoft, 2010; van de Velde, van Riel, & Tromp,
002). X-ray diffraction studies demonstrate that the granules are

∗ Corresponding author. Tel.: +86 571 88982713; fax: +86 571 88982713.
E-mail address: fcheng@zju.edu.cn (F. Cheng).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.05.013
semi-crystalline, with the type of crystal structure dependent on
source (Pérez & Bertoft, 2010). Observation of the granules between
crossed polarisers reveals characteristic ‘Maltese cross’ patterns
that demonstrate the radial orientation of ordered (crystalline)
structures within the granules (Gallant et al., 1997; Pérez & Bertoft,
2010). High-resolution transmission electron microscopy (TEM)
has shown the existence of the basic underlying structural units
(platelet nanocrystals) within the granule (Gallant et al., 1997).
Early microscopy studies on chemically-etched and enzymatically-
degraded granules showed the loss of alternate growth rings. The
cluster model of starch ultrastructure, deduced from the modelling
of largely small-angle X-ray scattering (SAXS) and small-angle neu-
tron scattering (SANS) data (Blazek & Gilbert, 2011; Cameron &
Donald, 1992; Daniels & Donald, 2003, 2004; Donald, Kato, Perry, &
Waigh, 2001; Waigh, Perry, Rickel, Gidley, & Donald, 1998; Waigh
et al., 2000) is thus based on a granule composed of alternating
amorphous and crystalline growth rings, with the crystalline rings
containing bundles (blocklets) of interconnected crystal lamel-
lae. These scattering studies have been refined to describe the
crystalline structures within the granule. Although the crystalline

regions within the granules are well-defined, more recent TEM
and atomic force microscopy (AFM) studies show an absence of
amorphous growth rings, revealing a continuous semi-crystalline
structure throughout the granule, with the blocklets embedded

dx.doi.org/10.1016/j.carbpol.2013.05.013
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.05.013&domain=pdf
mailto:fcheng@zju.edu.cn
dx.doi.org/10.1016/j.carbpol.2013.05.013
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n an amorphous matrix (Gallant et al., 1997; Morris, Ridout,
 Parker, 2005; Parker, Kirby, & Morris, 2008; Ridout, Gunning,
ilson, Parker, & Morris, 2002; Ridout, Parker, Hedley, Bogracheva,

 Morris, 2004). The growth ring structure appears to arise from
elective swelling of alternating semi-crystalline growth rings with
ifferent amorphous-crystalline ratios.

Gelatinisation of starch releases two polysaccharides, amylose
nd amylopectin. Amylopectin is a highly-branched molecule that
s considered to arise from the crystalline structures (blocklets)

ithin the granule: the branches of the amylopectin molecules are
resent in the granule as the radially-orientated crystalline lamel-

ae within the blocklets. Amylose is an essentially linear molecule,
onsidered to arise from the amorphous regions within the starch
ranule. Nowadays there is a growing interest in measuring and
efining the changes in granule structure that result from selected
utations in starch biosynthesis. Natural or induced mutations

ead to ‘low-amylose’ and ‘high-amylose’ starches, although in
act, particularly for the high-amylose starches, these mutations
ead to a range of molecular structures released from the granule
n gelatinisation including, as well as amylose and amylopectin,
n intermediate material variously called more-highly-branched
mylose or a modified amylopectin (Pérez & Bertoft, 2010). Despite
heir nomenclature it is clear that such mutations actually lead
o significant modifications of the starch granule structure rather
han simply altering the levels of amylose and amylopectin that
an be isolated from the granules. Even in the case of isogenic
utants such as amylose extender ae (high-amylose) maize, stud-

es on individual granules reveal heterogeneity in structure within
opulations of isolated starch granules (Chen, Yu, Chen, & Li, 2006;
vans, McNish, & Thompson, 2003; Katz, Furesik, Tenbarge, Hauber,

 Friedman, 1993). To understand how these mutations in biosyn-
hesis determine the resultant granule structures, it is useful to map
he chemical and physical structures of individual granules directly
ithin seeds. The spatial distribution of granule structure provides

nformation on the changes in granule structure during develop-
ent of the seeds. Populations of isolated starches from the single

e mutant maize contain a small percentage (∼1.7%) of elongated
ompound granules, not observed in WT  maize. The GEMS-0067
utant (Campbell, Jane, Pollak, Blanco, & O’Brien, 2007) which con-

ains a high amylose moderator gene (HAM), has a higher ‘amylose’
ontent (∼81–86%) than the single ae mutant (∼61–68%) (Li, Jiang,
ampbell, Blanco, & Jane, 2008), or the WT  starch (∼30%) (Hasjim,
richuwong, Scott, & Jane, 2009). The starch isolated from mature
EMS-0067 seeds contains a higher percentage (∼32%) of elon-
ated granules (Jiang, Horner, et al., 2010). Developmental studies
Jiang, Lio, Blanco, Campbell, & Lane, 2010) suggest that the per-
entage of these elongational structures increases with maturity
nd that their presence is related to an increased resistant starch
RS) content.

The present studies on the single ae mutant are designed to
haracterise the distribution of granule structures directly within
eeds. They build on previous in situ imaging of starch in dry seeds
Matsushima, Maekawa, Fujita, & Sakamoro, 2010; Parker et al.,
008; Wellner, Georget, Parker, & Morris, 2011). Low resolution
D and reconstructed 3D images of wild-type and high-amylose
ice kernels, using X-ray microtomography and environmental
EM, have been reported recently by Zhu and co-workers (Zhu
t al., 2012). Higher resolution studies on starch granule struc-
ures in WT  and ae mutant maize kernels, using iodine staining,
olarised light microscopy and Raman microscopy revealed the
eterogeneity within the kernel (Wellner et al., 2011) responsi-
le for that observed for isolated starches (Chen et al., 2006; Evans

t al., 2003; Katz et al., 1993). These studies identified the physical
nd chemical origins of this heterogeneity through high-resolution
hemical mapping of the structure of individual granules. This
rticle describes the use of iodine staining and polarised light
Fig. 1. Preparation of dry-cut sections and endosperm blocks from WT and ae maize
kernels. (a) ae maize kernel. (b) Sampling positions for transverse sections T1-4, and
for  longitudinal section L.

microscopy to map  variations in structural heterogeneity for WT
and ae maize starch granules spatially within kernels, and the use
of TEM, scanning electron microscopy (SEM), and AFM to probe the
structural basis of the heterogeneity.

2. Materials and methods

2.1. Maize kernel sections

Kernels of wild-type (WT) maize (cultivated Oh 43) and the
high-amylose amylose extender (ae) mutant in an Oh 43 background
were kindly provided by Dr K. Denyer (John Innes Centre, Nor-
wich, UK) and Professor C Weil, (Department of Agronomy, Purdue
University, West Lafayette, USA). The seeds used in the study are
mature seeds.

To compare the spatial variability within WT and mutant maize
kernels, thin sections were cut directly from four locations in the
grain. Each kernel was first cut in two  halves along the long axis L
(Fig. 1) using a fine-toothed saw. Then the halves were clamped in
the specimen holder of an ultra-microtome (Reichert-Jung Ultra-
cut E) and positioned so that transverse cuts could be made from
three different positions in the kernel, just below the crown (T1),
mid-kernel (T2), and the lower part of the kernel (T3), as shown
in the schematic diagram (Fig. 1). Longitudinal sections were also
cut from the position L. At each position, the bulk of the overlying
endosperm was  first removed with the fine-toothed saw, taking
care not to overheat the adjacent endosperm. Then the rough sur-
face was  planed away with a glass knife until a polished mirror-like
surface was  obtained. Consecutive dry-cut sections of endosperm
tissue, nominally 1.5–2 �m thick, could then be cut directly from
this flat surface to include bran layers, aleurone layer, outer vitre-
ous endosperm and inner floury endosperm, and also embryo tissue
in L, T2 and T3. Sometimes, cutting of sections led to loss of the
embryo and part of the floury region of the endosperm. Sections
could be imaged by light microscopy or atomic force microscopy
(AFM), and AFM and SEM could also be used to image directly the
polished surfaces. Because all the sections were cut sequentially
from each sampling position they were almost identical and the
results obtained using the different measurement techniques could
be compared.

2.2. Light microscopy

Sections were transferred to a small drop of distilled water on a

glass microscope slide, the excess water was  quickly drained off and
the sections were allowed to dry in an oven at 30 ◦C. The sections
were stained with 0.2% iodine in 2% potassium iodide diluted 2:1
with distilled water (KI/I2) then viewed and photographed in bright
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eld using an Olympus BX60 light microscope (Olympus, Japan)
ith ProgRes® Capture Pro 2.1 software (Jenoptik, Germany). For
olarised light microscopy, sections dried onto slides were exam-

ned unstained using the polarising optics of the microscope.

.3. Electron microscopy

.3.1. Scanning electron microscopy
Blocks of endosperm tissue, each with a surface polished as in

ection 2.1 were mounted, polished surface uppermost, on alu-
inium stubs using silver-conducting paint. Some blocks were

hen gold coated in an Agar high-resolution sputter-coater, other
locks were first passed briefly through steam to humidify the pol-

shed surface, and then allowed to dry at room temperature before
oating. To produce a fracture surface rather than a cut surface of
he endosperm cell contents, a shallow slot was first sawn into
he kernel in the plane L. A dull blade was inserted into the slot
ith sufficient pressure to split the kernel into two. The endosperm
alves were mounted on stubs and coated with gold. All samples
ere examined and photographed in a Zeiss Supra 55 VP FEG SEM,

perating at 3 kV.

.3.2. Transmission electron microscopy
Mature kernels of ae maize were imbibed between wet  fil-

er paper in a petri dish at 4 ◦C overnight. Small cubes of tissue,
pprox. 1 mm3, were cut from the inner endosperm at position T1
t the crown of the kernel and fixed in 3% glutaraldehyde (Agar
cientific, Stansted, UK) in 0.1 M cacodylate buffer (pH 7.2) for
pproximately 4 h. The tissue pieces were post-fixed in 1% aqueous
smium tetroxide overnight, then dehydrated through an ethanol
eries and infiltrated in LR White medium grade resin (London
esin Company Ltd.). The samples were polymerised in gelatin
apsules at 60 ◦C overnight. Sections approximately 90 nm thick
ere cut with a diamond knife using an ultramicrotome (Ultracut

, Reichert-Jung). Sections collected on copper grids were stained
equentially with uranyl acetate (saturated in 50% ethanol) and
eynold’s lead citrate. Sections were examined and imaged in a
EI Tecnai G2 20 Twin transmission electron microscope at 200 kV.

.4. Atomic force microscopy

Studies were made on sections dried onto glass slides, as
escribed in a previous publication (Parker et al., 2008), and on
ry or humidified polished blocks.

The instrument used in these experiments was an MFP-3D Bio
Asylum Research, Santa Barbara, CA). It was principally operated
n Tapping mode in air using AC160TS cantilevers (Olympus, Japan).
ypical resonant frequencies for these cantilevers were ∼300 kHz,
nd their spring constant ∼43 Nm−1. Owing to the relatively rough
ature of the samples it was important to scan at low rates, partic-
larly when imaging larger areas (>10 �m).  Scan rates employed

n these experiments were in the range 0.3–0.5 Hz. The scan angle
as set to 90◦ for all but the smallest scans (<2 �m)  where it was

eturned to 0◦. This is beneficial because it reduces the incidence of
kipping and mistracking for larger scans, although the sensitivity
s reduced slightly (Kirby, 2011).

.5. FTIR and Raman spectroscopy

1–2 �m thick WT  and ae sections were transferred to a small
rop of distilled water onto BaF2 disks (13 mm diameter, 1 mm
hick), the excess water was quickly drained off and the sections

ere allowed to dry.

FT-IR data were acquired with a Varian UMA600 microscope
nterfaced to a FTS6000 FT-IR spectrometer (Digilab/Varian). Aver-
ge spectra were collected in transmission mode from a 1 mm
mers 97 (2013) 458– 468

diameter sample spot with a MCT  detector. 128 scans at a resolution
of 2 cm−1 were averaged and referenced against a background from
an empty area of the BaF2 disc. The spectra were baseline-corrected
in the region (1800–900 cm−1) and Fourier-deconvoluted using a
10 cm−1 bandwidth and an enhancement factor of 2.0. Raman data
were obtained using an upgraded WITec CRM200 (Witec GmbH,
Ulm, Germany) confocal microscope using a frequency-doubled Nd
YAG laser (532 nm)  and a ×100 objective. Raman spectra were col-
lected in backscattering mode using a 600 nm grating in the spectral
range −30 to 3980 cm−1. Raman spectra were baseline-corrected
by subtraction of the value at 1800 cm−1 as a linear offset.

3. Results and discussion

3.1. Optical microscopy of the WT  and ae mutant

The optical microscopy studies revealed marked differences
between the internal structure of the WT  and ae mutant starches.
Dry-cut sections of kernels examined by KI/I2 staining and
polarising microscopy, showed that the WT  starch granules are
homogeneous within the kernel: they stain uniformly blue with
KI/I2 in all endosperm cells at positions TI (Fig. 2a), T2 and T3 and
show characteristic Maltese cross patterns, indicating radial orien-
tation of the crystalline regions within the granules (Fig. 2b). At
higher magnification, the granules reveal growth ring structures
indicating a periodic radial variation in the crystalline/amorphous
ratio within the granule. The data shown is representative of obser-
vations made on dozens of seeds.

For the ae mutant, optical microscopy of transverse dry-cut sec-
tions from position T1 (Fig. 3a) and from just below the crown
of longitudinal sections from position L (Fig. 3b) reveals gross
heterogeneity in the way the starch granules stain with KI/I2. At
position T1, there is a narrow band of sub-aleurone endosperm
cells with predominantly blue-staining granules, and a central
endosperm region with predominantly pink-staining granules.
Studies of sections cut from T1-3 show heterogeneity in stain-
ing within individual granules, between granules within cells, and
between cells across the kernel. Fig. 4a–f shows representative
regions of KI/I2 stained sections from the outer and inner regions
of ae endosperm at these positions T1-3 indicated in Fig. 1. The
data show that the major heterogeneity occurs in the sections
from T1: this is the region investigated in the previous study on
starch structure in ae mutant kernels (Wellner et al., 2011). As
described previously, the spheroidal starch granules of the outer
endosperm of ae tend to be smaller than those in the WT,  with evi-
dence for the presence of elongated and dimpled granules (Chen
et al., 2006; Evans et al., 2003; Jiang, Horner, et al., 2010; Jiang,
Lio, et al., 2010; Katz et al., 1993) on isolated ae mutant starch. In
the outer endosperm at position T1, the majority of the granules
stain blue with KI/I2 (Fig. 4a), with only occasional biphasic gran-
ules showing a central region that stains blue, and an outer region
of variable thickness that stains pink. The inner endosperm at T1
exhibits the widest variation between blue- and pink-stained gran-
ules with pink-stained material at the periphery of the granules
(Fig. 4b): the central hilum cavity of the blue regions enlarges when
the starch granule swells in the aqueous mounting conditions and
remains unstained. The level of heterogeneity in the T1 endosperm
can vary markedly at boundaries between neighbouring cells
and, in general, tends to become more heterogeneous as samp-
ling progresses from the outer to the inner endosperm. The
population of granules is very diverse, ranging from granules

that stain blue in colour, through a range of biphasic granules
containing blue- and pink-stained regions, to granules that are
largely pink in colour. Within position T2 the variation across the
endosperm is less pronounced but there are proportionally more
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Fig. 2. KI/I2 staining and polarised microscopy of dry-cut sections of maize kernels. Bar markers are 20 �m.  (a) WT starch stained with KI/I2 is uniformly blue throughout the
e (c and
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ndosperm. (b) WT  starch viewed by polarised microscopy show Maltese crosses. 

y  polarised microscopy exhibit heterogeneity in the distribution and size of Malte
For  interpretation of the references to color in this figure legend, the reader is refe

ranules containing pink regions in the inner endosperm (Fig. 4c
nd d). At position T3 (Fig. 4e and f) the variation is even less pro-
ounced, with very few granules containing pink-staining regions
Fig. 4f). Thus the greatest level of heterogeneity occurs in the inner
egion of the endosperm, just below the crown of the kernel, and
ecomes progressively less towards the base of the kernel. This
ould suggest that the greatest level of heterogeneity arises in

tarch granules that are laid down early in the growth of the seed,
nd that the level of heterogeneity is less in granules deposited later

uring subsequent development of the kernel. These observations
ere typical of studies made on dozens of seeds of this particu-

ar line. The data shown in Figs. 3 and 4 suggest that KI/I2 staining
n dry-cut sections provides an easy screening test for structural

ig. 3. Low magnification images of sections of ae kernels. (a) KI/I2 stained dry-cut section
ontaining predominantly blue-staining granules. In the central endosperm (right), just b
ar  marker is 200 �m. (b) KI/I2 stained longitudinal section (L) showing the central locati

s  200 �m.  (For interpretation of the references to color in this figure legend, the reader is
 d) Starch granules from the central region of ae endosperm at position T1 viewed
ses with some granules and some regions of granules showing no Maltese crosses.

 the web version of this article.)

heterogeneity and allows the location of these structural variations
to be mapped within the kernel.

Polarised light microscopy of the outer and inner ae endosperm
also emphasised the same variations in structural heterogeneity
(Fig. 2c and d). As with the KI/I2 staining, the greatest level of
structural heterogeneity is observed in the inner endosperm of
sections from T1 and the heterogeneity becomes less pronounced
at T2 and then T3. The polarised microscopy provides additional
information on the alignment of the ordered (crystalline) struc-

ture within the pink- and blue-staining areas of the granules. The
images in the most structurally-heterogeneous part of sections
from T1 (Fig. 2c and d) reveal surprising and unexpected fea-
tures: some granules show ordered (crystalline) structures that

 from position T1 showing (left) the narrow band of sub-aleurone endosperm cells
elow the crown of the kernel, the starch granules are predominantly pink-staining.
on of predominantly pink-staining granules at the crown of the kernel. Bar marker

 referred to the web  version of this article.)
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ig. 4. KI/I2 stained dry-cut sections from ae kernels. Bar markers are 20 �m.  (a) T1
uter  endosperm. (d) T2 inner endosperm with some pink-staining granules. (e) T3
n  this figure legend, the reader is referred to the web  version of this article.)

re radially-aligned and homogeneous, some granules show no
adial alignment, and other granules show various intermediate
tructures containing one or more radially-aligned regions within
he granules, and a peripheral region with no radial alignment
Fig. 2c and d). In general the blue-staining regions are those that
how characteristic, conventional ‘Maltese cross’ patterns, whilst
he pink-staining areas show no evidence of radial alignment of
he molecular structure. The presence of granules showing sev-
ral areas within the granule where the molecular structure is
ligned, existing within a background of unaligned material, plus
he presence of apparently normal, blue–staining granules, and
rossly abnormal, pink-staining granules is most surprising and dif-
cult to explain: isolated ae single mutant starch granules normally
tain blue with iodine when viewed under bright field microscopy
Evans et al., 2003; Seckinger & Wolf, 1966) and show only a small

ercentage of complex ‘compound’ granules (Jiang, Horner, et al.,
010). These images clearly show that a single mutation in an

sogenic line does not result in a simple change in the ratio of
mylose and amylopectin within the granules, but rather complex
 endosperm. (b) T1 inner endosperm with extensive pink-staining granules. (c) T2
r endosperm. (f) T3 inner endosperm. (For interpretation of the references to color

and variable granule structures resulting from development of the
kernel.

For the ae mutant the data shown is representative of studies
on dozens of seeds. The starch granules within a particular seed are
hetereogeneous, and the structure of individual granules within a
population varies from one seed to another. However, the general
and common observation is that the most severe level of structural
diversity is located at a central region within the inner endosperm
of the kernel and becomes less pronounced as the extremities of the
kernel are approached. The images shown were selected to illus-
trate the structural heterogeneity within granules and its variation
within the kernel.

3.2. FTIR and Raman spectroscopy of the WT and ae mutant
FTIR and Raman spectra were used to compare the chemical
composition and structure of the WT and the ae mutant maize. The
FTIR spectra show strong absorption in both the protein and carbo-
hydrate regions. The carbohydrate region is dominated by starch,
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Fig. 5. FTIR and Raman spectra. (a) Comparison of FTIR spectra for WT and ae maize
sections. (b) Comparative Raman spectra for WT and ae sections and the difference
spectrum. (c) Comparative Raman spectra for representative blue- and pink-staining
regions of ae mutant starch granules and the difference (pink–blue) spectrum. (For
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nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of this article.)

ith only a minor contribution from non-starch cell-wall compo-
ents. WT  and ae mutant FTIR spectra show similar amide I bands
t 1650 cm−1, indicating a comparable level of protein content.
owever, there were consistent differences in the starch bands,
articularly in the region of the absorption spectrum sensitive to
he crystal structure of the starch (Fig. 5a). Fourier-deconvolution of
he carbohydrate region resolved bands at 1153, 1126, 1105, 1078,
050, 1044, 1023, 1002, 933 and 924 cm−1 The ae maize spectra
howed a larger 1002 cm−1 band and also some broadening, result-
ng in greater overlap with the main 1023 cm−1 band and some
bsorption around 970 cm−1. The band at 1050 cm−1 was  found to
e slightly smaller than the equivalent band for the WT  samples.
morphous starch shows a peak at 1022 cm−1 whereas lintnerised

nd granular starches are characterised by a band at 1000 cm−1.
he ratio of these two bands is affected by water content and indi-
ates a change in the short-range order of amylosic helices within
mers 97 (2013) 458– 468 463

the crystal structure (Capron, Robert, Colonna, Brogly, & Planchot,
2007), because the 1047 cm−1 band, which has also been linked
to starch crystallinity (vanSoest, Tournois, deWit, & Vliegenthart,
1995), is slightly lower in the ae maize samples. These differences in
the two  bands at 1047 and 1002 cm−1 suggest that the starch struc-
ture in the ae maize mutant is significantly different from that of the
WT.  These data are consistent with well-documented observations
from X-ray diffraction that the ae mutation leads to a progressive
transition from A- towards B-type crystals. High-resolution Raman
microscopy has recently been used to study the starch structure
within individual granules (Wellner et al., 2011). Fig. 5 also shows
comparative Raman spectra for the WT and ae starch (Fig. 5b), and
for representative blue- and pink-staining regions of ae mutant
starch granules (Fig. 5c).

The maps of the ratio of the 865 cm−1 and 942 cm−1 Raman
bands exhibited dichroic effects (Wellner et al., 2011), indicative
of the orientation of ordered (crystalline) structures within the
granules, and equivalent to the Maltese cross patterns obtained by
conventional polarised light microscopy (Fig. 2b). These data con-
firmed that the WT  granule structures are homogeneous and the
crystalline structures are radially orientated. In the ae maize sec-
tions, the Raman maps (Wellner et al., 2011) showed heterogeneity
equivalent to that observed by polarised light microscopy and KI/I2
staining. Notably, evidence for radial alignment was  only found in
the blue-staining region of the granules. As reported previously, the
ratio of the bands at 952 cm−1 and 942 cm−1 is sensitive to the ratio
of linear/branched residues (Liu, Himmelsbach, & Barton, 2004).
The ae mutation results from the suppression of the activity of the
starch branching enzyme IIb (SBEIIb) and, as expected, the Raman
spectra for the ae mutant starches show a higher band at 952 cm−1

from unbranched starch when compared to the WT (Fig. 5b). The
Raman spectra shown in Fig. 5c give evidence for a smaller, but
detectable reduction in the level of branching in the pink-staining
regions, when compared to the blue-staining region of the biphasic
granules. Finally the 486 cm−1/942 cm−1 band ratio is sensitive to
order (crystallinity): the maps of this ratio revealed that the WT
starch granules are homogeneous and that the overall level of crys-
tallinity in the ae mutant was  lower than in the WT.  For individual
granules, the maps reported previously (Wellner et al., 2011) and
the spectra shown in Fig. 5c demonstrate that the level of order
(crystallinity) in the outer pink-staining regions of the granules
appears slightly more ordered (crystalline) than the central blue-
staining regions, and less than in the WT starch. These data show
that the KI/I2 staining pattern not only maps changes in chemical
composition, but also molecular alignment and ordering resulting
from the ae mutation, and allows characterisation of the localised
heterogeneity within individual granules.

Clearly in a proportion of the granules within the kernel the
ae mutation results in the presence of two  regions separated by a
distinct boundary. Electron microscopy and AFM provide methods
for visualising the ultrastructure within granules and thus should
reveal differences in structure within the WT starch, and for the
pink- and blue-staining regions within the ae mutant starch gran-
ules.

The following images are not intended to be a comprehensive
study using SEM, AFM and TEM, but rather to illustrate the pertinent
features that can be obtained using these methods to characterise
the WT and mutant starch samples, and to indicate how these
techniques could be extended to characterise further the structural
changes within the granules.

3.3. Scanning electron microscopy of WT  and ae mutants
Fig. 6a shows an FEG-SEM image from position T1 of a polished
surface of non-humidified WT  endosperm. The outline of individ-
ual starch granules can be identified and there are a number of
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Fig. 6. FEG-SEM images of polished endosperm blocks from T1. (a) Outlines of starch granules are visible in non-humidified WT  endosperm. Holes (arrowed) are characteristic
of  channels in WT starch. (b) Individual biphasic ae starch granules after sufficient hydration to reveal the growth ring structure within the central (blue-staining) regions
of  the granules. (c) Differential swelling of the blue- (B) and pink- (P) staining regions within the ae granules in a humidified block. (d) Fracture surface of biphasic ae
granules split open almost at mid-point and showing the distinct pink (P) and blue (B) internal regions. The fractures reveal layering (arrowed) of the blocklet structure and
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 clearly-defined transition region (T) between pink- and blue-staining regions. (Fo
he  web  version of this article.)

isible holes (arrowed), which are characteristic of the channels
ithin starch granules from sub-aleurone maize endosperm. Oth-

rwise, within dry samples there is little evidence of internal starch
tructure. Previously it has been shown that selective absorption
f water at the cut surface of starch leads to differential swelling
Morris et al., 2005; Parker et al., 2008) and that these height dif-
erences can reveal the growth ring structure within the granule.
ig. 6b shows FEG-SEM images of biphasic starch granules of ae
aize from position T1 after sufficient hydration to reveal the

rowth rings at the centre of the granules, identifying these rings
ith the blue-staining regions shown in Figs. 3 and 4. No holes were

bserved in these hydrated samples: either channels are absent in
iphasic granules, or hydration and swelling may  have obscured
hem. The appearance of growth rings in the central region of these
ranules implies differential swelling of these regions and indicates
ifferences in ultrastructure between the blue- and pink-staining
egions. This is consistent with the polarised light microscopy data
hown in Fig. 2 and previously reported Raman microscopy data
Wellner et al., 2011). Not all the granules appear to be hydrated to
he same extent and Fig. 6c shows a higher magnification image
hrough a biphasic ae granule where the inner blue region (B)
ppears as a raised dome-like structure, again indicating differen-
ial swelling of the blue- and pink-staining (P) regions within the
ranules. In previous studies on starch granules (Parker et al., 2008)
t was not possible to resolve the underlying blocklet structure
sing a conventional SEM. However, the use of FEG-SEM reveals
ome underlying ultrastructure that can be seen in images of frac-
ured samples (Fig. 6d). The image in Fig. 6d shows a biphasic ae

ranule fractured almost across its mid-point and clearly display-
ng the two distinct internal regions (B and P). Fracturing, rather
han cutting, reveals the presence of layered structures (arrowed)
ontaining spheroidal features identified as blocklet structures.
rpretation of the references to color in this figure legend, the reader is referred to

The images suggest compact continuous arrays of these blocklets
throughout the blue-staining (B) parts of the granule. Blocklet-like
structures are seen in the outer pink-staining (P) regions too, but
there the size of the blocklets and level of organisation is less regu-
lar. There are clear boundaries between the blue- and pink-staining
areas but the nature of the transition region (arrowed and marked
T) is unclear. Thus the blue- and pink-staining reflects genuine
structural changes at the ultrastructural (blocklet) level within the
granule. These structural changes should also be visible by AFM.

3.4. AFM studies of WT  and ae maize mutants

Fig. 7a shows a high-resolution AFM topographical image of
part of the growth ring structure (arrowed) within a WT  starch
granule imaged in situ at the surface of a block of humidified
polished endosperm from T1. As observed previously in images of
pea starch granules (Parker et al., 2008), the growth ring structure
arises from patches with a higher crystalline/amorphous ratio
in alternate growth rings, which show restricted swelling on
hydration. The image shown in Fig. 7a shows the underlying
blocklet structure within the growth rings. In the previous study
on pea starch (Parker et al., 2008), a comparison of topographic
and phase images revealed that the blocklet structure was  regular
and continuous within the granule. It has been shown (Parker
et al., 2008) that the growth rings become visible when there is
selective hydration of the sample: the regions that preferentially
absorb water swell and become softer. Whereas the SEM sees only
the changes in height, both factors contribute to contrast in the

AFM topographical images. Fig. 7b shows an error signal mode
(force) AFM image of a biphasic ae starch granule in region T1
of similarly-humidified polished block, where the growth-ring
structures are visible, again only in the central blue-staining region
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Fig. 7. AFM images of polished and humidified endosperm blocks from T1. (a) High resolution topographical image of part of the growth ring structure within a WT starch
granule.  Individual growth rings are arrowed. (b) Error signal mode image of a biphasic ae granule showing the growth rings confined to the central blue-staining region. (c)
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igher-resolution topographical image of the blocklet structure within the growth
opographical image of the transition region (arrowed) between blue- and pink-stai
s  referred to the web version of this article.)

f the granule: the wetting increases the roughness of the surface
nd the detail is more easily seen in the error signal mode image
han in the topographical image (not shown). Higher-resolution
opographical AFM images of the growth rings (Fig. 7c, arrowed)
eveal the underlying blocklet structure within the granules. As
bserved for starch in WT  maize, the growth rings arise due to
solated regions within the granule that show restricted swelling.
n the present study, the sizes of the blocklets observed by FEG-
EM (Fig. 6b) and AFM (Fig. 7c) are comparable: the close packing
f blocklets eliminates probe-broadening effects allowing the
imension observed in the AFM images to be compared directly
ith those observed in the FEG-SEM images. Typically the major

locklet dimensions are ∼40–60 nm.  Fig. 7d shows the transition
egion between the blue- and pink-staining regions of a biphasic
ranule, revealing a line of radially-aligned, elongated structures
arrowed) at the interface of the blue- and pink-staining regions.
hus both SEM and AFM reveal different ultrastructure in the blue-
nd pink-staining regions of the biphasic starch granules, and
he AFM images provide additional information on the structure
ithin the boundary region between these two  areas.

.5. TEM images of starch granules in ae mutant seeds
Finally, Fig. 8a shows TEM sections of biphasic starch gran-
les cut from position T1 of an ae mutant maize kernel. The

mage confirms the existence of radially-aligned elongated struc-
ures (arrowed) at the boundary between the blue- (B) and
 in a biphasic ae granule. Individual growth rings are arrowed. (d) High-resolution
egions. (For interpretation of the references to color in this figure legend, the reader

pink- (P) staining regions. These are seen more clearly in the
higher-magnification image in Fig. 8b. Despite the different con-
trast mechanisms, and the different sample preparations, the three
techniques reveal similar structures for these biphasic starch gran-
ules. The fibrous protrusions from the growing surface of the
blue-staining regions reveal the progressive loss of the radially-
aligned structure, leading to the unoriented, but ordered structures
in the pink-staining regions.

3.6. Discussion of the data on ae mutant starches

These studies show that combined use of dry-cut sections in
which starch is retained within cells, and KI/I2 staining is a power-
ful method of observing structural heterogeneity in starch granules
arising from mutations in biosynthesis. The observations on ae
maize starch show that a discrete mutation involving the suppres-
sion of the activity of the starch branching enzyme IIb (SBEIIb) leads
to significant heterogeneity of starch granule structure. Through
use of a combination of spectroscopy and microscopy, it is possible
to show that the blue- and pink-staining regions within the biphasic
granules correspond to well-defined differences in chemical com-
position, type, degree and orientation of the ordered structures
within the granules, and that there are ultrastructural differences,

with a distinct transition region between the differentially stained
parts of the granule. FEG-SEM, AFM and TEM can be used to
probe the ultrastructure at the blocklet level within the granules.
TEM studies using PATAG (periodic acid, thiosemicarbazide, silver)
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ig. 8. TEM images of biphasic granules in inner endosperm cells at position T1 of 

egion of radially-elongated structures between the blue (B)- and pink (P)-staining
tructures. (For interpretation of the references to color in this figure legend, the re

staining (Gallant et al., 1997) offers the potential to visualise the
ocation, orientation and size of the starch nanocrystals within the

T and in different regions within ae mutant starch granules.
The structures present in the blue- and pink-staining parts both

iffer from the structures present in the WT  starch granules. Gal-
ant and co-workers have investigated the enzymatic breakdown
f starch granules isolated from high-amylose single (Planchot,
olonna, Gallant, & Bouchet, 1995) and double (Gérard, Colonna,
ouchet, & Planchot, 2001) maize mutants with the aim of elucidat-

ng the structural origins of the elevated resistance to �-amylase
ydrolysis exhibited by these starches. SEM and TEM studies of
-amylase-degraded ae mutants were reported to show degraded
tructures inconsistent with the conventional ‘onion ring’ model
f starch structure (Cameron & Donald, 1992; Daniels & Donald,
003, 2004; Donald et al., 2001; Waigh et al., 1998; Waigh et al.,
000): rather the degraded granules showed a resistant outer layer
f variable thickness present in the granules. It is possible that this is
quivalent to the pink-staining region in which the structure is par-
ially ordered (crystalline) but lacks the regular radial orientation
resent in the blue-staining regions of the granules. Comparative
tudies on a range of isolated high-amylose maize mutant starch
ranules (Jiang, Campbell, Blanco, & Jane, 2008; Li et al., 2008) sug-
ests that the enzyme resistant (resistant starch) residues arise
rom crystalline amylose or intermediate material: the increased
hain length of the amylosic chains in the crystals gives rise to the
levated melting temperatures of these crystals.

The use of in situ techniques to probe the internal structure
f starch allows the distribution and level of heterogeneity to be
apped within the kernels. The present studies suggest that the

ighest level of heterogeneity is observed in the regions within the
ndosperm where the starch is first laid down and the distribu-
ion within the kernel suggests that the degree of heterogeneity
s less in starch granules deposited later in grain development:
he first cells containing starch are formed in the upper crown
egion of the kernel and further deposition moves progressively
o cells in the basal region of the endosperm (Watson, 1987). The
xtreme variation in the structures of the granules suggests that,
ather than the discrete mutation in an otherwise constant genetic
ackground leading to a homogeneous starch granule structure,
ith simply a new ratio of ‘amylose’ to ‘amylopectin’, the mutation
n fact appears to alter completely the physical structures of the
tarch granules, leading to a broad population of structural types.
he major key feature appears to be a transition at various stages
uring the formation of the granule from ordered aligned structures
nels. (a) Image showing the ultrastructure within biphasic granules. The transition
ns is indicated by arrows. (b) Detail of the transition region showing the elongated
s referred to the web version of this article.)

to regions within the granule containing ordered, but unoriented
structures, mainly indicated by progressive loss of radial alignment
of the ordered structure. Such loss of radial alignment of ordered
‘amylosic’ structure in ae single mutant starch granules has also
been suggested from a comparison of the differences in colours
observed for iodine-stained isolated granules under bright field or
polarising microscopy (Evans et al., 2003). This type of structural
breakdown could most easily be considered to arise through the
mutation in biosynthesis leading to the presence of defects during
the self-assembly of the granules. These defects could accumulate
to randomise progressively the physical state and arrangement of
the crystalline structure within the granules. A possible mecha-
nism by which such randomisation could occur would be through
changes in the basic self-assembly of the platelet nanocrystals. Inhi-
bition of SBEllb activity might be expected to allow more amylosic
chains to grow out of the faces of nanocrystals during biosynthesis,
since the levels of branching would be reduced relative to the elon-
gation, and cropping of the amylosic chains. Indeed the AFM and
TEM images of the boundary region reveal fibrous structures at the
surface of the blue regions indicating disruption of the radially-
aligned structure. This could then disrupt nucleation of the next
layer of platelet nanocrystals creating increasing levels of disorder
during growth of the granule structure, through altering the orien-
tation of subsequent crystals, and the chain length of the amylosic
chains involved in these crystals. The FEG-SEM reveals that in the
pink regions the size of the blocklets and their level of organisation
are less regular. Previous Raman microscopy (Wellner et al., 2011)
showed that these pink regions contained starch molecules with
reduced levels of branching, compared to those in the blue regions,
which were ordered (crystalline) but not radially-oriented. Such
drastic disruption of the granule structure might lead to further
loss of enzyme activity and increasing disorder, if an ordered sur-
face is required for location and action of the biosynthetic enzymes.
This explanation would not account for purely pink-staining gran-
ules, unless these arose due to the cutting or sectioning process
missing the centre of these granules, and thus failing to reveal
any blue-staining core region. Although the presence of defects
could account for the subsequent disparity in granule structures
it is necessary to explain how multiple ordered and aligned regions
(Figs. 2–4) develop within single granules.
Granule structures containing multiple regions of radially-
aligned, ordered (crystalline) structures (‘compound granules’)
have been reported for high-amylose rice granules (Wei  et al.,
2010) and high-amylose maize (GEMS-0067) starch (Jiang, Horner,
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t al., 2010). TEM studies (Jiang, Horner, et al., 2010) revealed
he presence of a small number of amyloplasts containing two
tarch granules in WT  maize, and demonstrated that the major-
ty of amyloplasts in GEMS-0067 mutants contained two or more
tarch granules. Based on these observations it has been proposed
hat the ‘compound’ elongated structures isolated from GEMS-0067
nd containing several radially-aligned, ordered structures, arise
rom the fusion of individual granules formed in the amyloplast
Jiang, Horner, et al., 2010). A similar explanation would account for
he complex structures containing multiple blue-staining regions
bserved in the present studies on ae single maize mutants.

It is necessary to explain why the greatest level of heterogene-
ty arises in the regions where the starch is first laid down during
evelopment of the kernel. One suggestion is that as the kernel
evelops the granules in the outermost regions are younger, and
he level of disorganisation is less, as there is less time for the cumu-
ative effects of defects in biosynthesis to take effect. This seems the

ost likely explanation for the observed structures. An alternative
ypothesis is that the starch laid down within the seed could be
eused during development of the kernel: successive degradation
nd reassembly of the granules might be expected to enhance the
ffects of defects leading to increased levels of heterogeneity. How-
ver, there is at present no experimental evidence to suggest reuse
f the starch within the ae kernel during development.

The progressive effects of defects on granule organisation could
xplain granule heterogeneity, but might not account for the
arked and distinct changes in heterogeneity observed between

djacent cells or, what appears to be a reasonably well-defined
ransition near the periphery of the kernel (Fig. 3). The simplest
xplanation is that these sharp transitions at the outer extremi-
ies of the kernel reflect the time during development at which the
ranule size is insufficient for the pink regions to develop. A more
omplicated explanation could be that the transitions arise due to
he effect of the mutation being moderated during development
f the kernel, reducing the level of defects and the degree of dis-
uption of the granule structure. Such an effect could be triggered
y a change in environmental conditions, such as water content,
uring growth of the kernel, which might then explain the pres-
nce of a relatively sharp boundary region. In their discussion of the
eterogeneity of high-amylose single and double mutants and its
ffect on enzymatic degradation, Gérard and co-workers (Gérard
t al., 2001) cite studies (Denyer, Clarke, Hylton, Tatge, & Smith,
996; Keeling, 1997; Singletary, Bansidr, & Keeling, 1997) indicat-

ng that spatial and temporal enzyme activity may  indeed change
uring kernel development. Granule heterogeneity could be due to
uch temporal or spatial variation, arising from over expression of
nzyme activity in the early stages of starch deposition, followed
t a later time by induction of the severity of the mutation (Gérard
t al., 2001). Alternatively it could arise from later compensation of
he severity of the mutation during kernel development. To distin-
uish between these alternatives would require the identification
nd characterisation of the nature of any local variations in enzy-
atic activity during kernel development. There are comparative

eported studies (Sidebottom, Kirkland, Strongitharm, & Jeffcoat,
998) on different levels of bioactivity of starch branching enzymes

n WT  and high-amylose maize during kernel development, but
nderstanding the development of starch granule architecture may
equire information on localised spatial and temporal variations,
ather than averaged temporal variations for the whole seed.

. Conclusions
A range of spectroscopic and microscopic methods has been
sed to identify and characterise structural heterogeneity in starch
ranule structure in ae maize mutants. The studies have been made
mers 97 (2013) 458– 468 467

in situ in mature kernels allowing the structural heterogeneity to
be mapped in different parts of the kernel. These studies revealed
that the highest level of structural heterogeneity appeared to occur
in the starches deposited at the early stages of kernel develop-
ment. The studies show that the single mutation at the ae loci
leads to marked changes in granule structure resulting in a highly-
diverse population of granules differing in chemical composition
and physical chemical structure. This structural diversity will make
it difficult to relate the ‘average’ chemical and physical chemi-
cal properties of extracted starch populations to the functional
behaviour or nutritional properties of the isolated starch or flours.
The distribution of structural heterogeneity within the kernel sug-
gests that the overall level of structural heterogeneity increases
during kernel development and is most pronounced in the granules
deposited earliest in the development of the seeds. The different
colours obtained through KI/I2 staining and bright field microscopy
allows different structural regions to be identified within individual
granules. Subsequent use of a range of spectroscopic and micro-
scopic methods allows these regions and nature of the boundary
between the regions to be characterised. The studies reveal struc-
tural differences and transitions at the granule, cellular and tissue
level. The methodology provides novel information on the changes
resulting from development and growth of the kernel and could
be used to investigate the effects of external environmental effects
on growth and development, and thus starch structure. The study
of starch structure within seeds provides novel information not
obtainable from studies on isolated starches, and could be used
to obtain information on the effects of isolation and processing on
starch structure and function.
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