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A high-amylose transgenic rice line (TRS) modified by antisense RNA inhibition of starch branching
enzymes revealed a resistant starch-rich quality. Compound starch granules in whole grains of the
regular rice cultivar Teqing (TQ) were readily split during fracturing, whereas the starch granules in
TRS were structurally intact and showed large voluminous, non-angular rounded bodies and
elongated, filamentous structures tolerant of fracturing. In isolated preparation, TQ starch granules
broke up into separate polygonal granules, whereas TRS starch granules kept their intactness. TRS
starch granules consisted of packed smaller subgranules, some of which located at the periphery of
starch granules were fused to each other with adjacent ones forming a thick band or wall encircling
the entire circumference of the granules. TQ starch granules had a high concentration of amylose in
the concentric hilum, whereas TRS starch granules showed a relatively even distribution of amylose
with intense amylose in both hilum and band.
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INTRODUCTION

Reserve starch is a major source of nourishment for humans
and many animals. Most of the starch in the diets of humans is
ingested in cooked foods and digested rapidly in the small
intestine. However, a variable proportion is not assimilated in
the upper gastrointestinal tract. Instead, this fraction, known as
resistant starch (RS), reaches the large intestine where it acts as a
substrate for fermentation by the microflora that inhabit that
region of the gut (/). Short chain fatty acids (SCFA) are end
products of this fermentation, and these acids are thought to
promote the optimal function of the viscera (2). Foods highin RS
have the potential to improve human health, prevent pathogen
infections or diarrhea, and be of benefit in a variety of pathologic
processes, such as inflammatory bowel disease (3), colon cancer
risk (4), insulin resistance and diabetes (5), and chronic renal or
hepatic disease (6). The estimated RS intake by Americans is in
the range of approximately 3—8 g per person per day (7).

The proportion of RS in the diet can be increased by consuming
starch that retains granular structures that are naturally more
resistant to digestion. This resistance to digestion by raw granules is
further increased if the granules have high amylose content (AC).
For example, raw high-amylose maize starch is more resistant to
digestion than raw wild type maize starch (§). Transgenic potato
with very-high-amylose tuber starch was produced by antisense
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inhibition of two starch branching enzymes (SBEs), offered novel
properties for both food and nonfood applications (9). A high-
amylose and RS barley cultivar was proven to have potential
health benefits through reduction of plasma cholesterol and
production of increased large-bowel SCFA (10). High-amylose
wheat generated by RNA interference also has a significant
potential to improve human health through its RS content (/7).

Rice is the most important cereal crop and the staple food of
over half the world’s population. As the primary dietary source of
carbohydrates in these populations, rice plays an important role
in meeting energy requirements and nutrient intake, but the
content of RS in rice is low (12). In view of the current concept
of nutrition, rice with a higher content of digested starch and a
lower content of RS is not the fittest food for health. Breeding for
rice high in RS is of particular interest, as it will be easy to
incorporate into the dietary-prevention strategy. To address this
problem, high-amylose rice breeding is important. Five rice
mutant lines (EM10, EM16, EM72, EM129, EM145) with
increased AC in starch granules were identified among floury
endosperm mutants. The ACs of the mutants ranged from 29.4%
to 35.4% (13). The rice line Goami 2 was produced by mutagen-
esis of the japonica line Ilpumbeyo, which has approximately
twice the proportion of amylose (33% versus 18.6%) (14). A rice
mutant described RS111 with high RS in hot cooked rice was
induced by y-ray irradiation (15).

Thought high-amylose rice starch has been produced from
mutants via breeding program, the ACs ( <36%) of these mutant
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rice plants are not very high compared with high-amylose wheat
(88.5%) generated by RNA interference (11, 13—15). We have
generated several very-high-amylose transgenic rice lines by
antisense RNA inhibition of SBEs (Zhu et al., manuscript
submitted), and these transgenic rice were rich in RS and had
been proven to show a significant potential to improve the large
bowel health of rat (/6). In the present study, microstructure and
ultrastructure of the granules from a high-amylose RS transgenic
rice, as well as its wild type, were investigated and compared with
several microscopy techniques, including light microscopy (LM),
fluorescent microscopy (FM), confocal laser scanning micro-
scopy (CLSM), scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM). The detailed structural
information from the high-amylose RS should be useful for
various applications of high-amylose RS rice in the food and
nonfood industry.

MATERIALS AND METHODS

Plant Materials. A transgenic rice line, TRS, with very high amylose
and RS content and its wild type Teqing (TQ) were used in this study. TQ s
an indica rice cultivar with relative high AC, and TRS was generated from
TQ after transgenic inhibition of two SBEs (SBEI and SBEIIb) through
antisense RNA technique (Zhu et al., manuscript submitted). TRS holds
the homozygous transgene and shows the identical growth behavior and
plant type as its wild type TQ with the exceptions of the grain composition
and starch structure. These two rice lines were simultaneously cultivated in
the experimental field of Yangzhou University, Yangzhou, China. The
mature grains were used to analyze the microstructure and ultrastructure
of starch granules.

Measurement of Amylose and RS Contents. Apparent amylose
content (AAC) was determined by using a previously described colori-
metric method with iodine—potassium iodide (/7). RS was measured
according to the method of Megazyme RS assay kit (Megazyme, Co.
Wicklow, Ireland) (/8). All analyses were repeated thrice.

Isolation of Starch Granules. Starch granules were isolated following
a method described by Takeda et al. (19). Briefly, the brown rice was
steeped in 0.2% NaOH for 2 days and homogenized in a mortar with a
pestle. The homogenate was squeezed through five layers of cotton cloth
and then filtered with 100-, 200-, and 400-mesh sieves, successively. The
starch was washed with 0.2% NaOH by centrifugation until no biuret
reaction occurred and finally washed with water. The precipitated starch
was further treated with anhydrous ethanol, dried under atmosphere,
ground into powder, and passed through a 100-mesh sieve.

Bright Field Microscopy (BFM) of lodine-Stained Starch Gran-
ules. BFM of iodine-stained starch granules was performed as previously
described (20). A 5-mg portion of isolated starch was dispersed in 0.25 mL
of deionized water, and after dispersion, one drop was placed on the
microscope slide. An equal volume of iodine solution was then added
before covering with a coverslip. After being stained with iodine for 3 min,
the starches on the slide were viewed in the Olympus BX51 BFM equipped
with a CCD camera.

Polarized Light Microscopy (PLM) of Starch Granules. Starch
granules were examined for the presence of birefringence by using PLM. A
specimen was prepared from the mixture of 2 mg of isolated starch and
1 mL of 50% glycerol solution. PLM images were recorded on the Leica
DM LM/P polarized light microscopy.

APTS Staining of Starch Granules. A method for visualizing the
distribution of amylose and amylopectin in starch granules was developed
using the fluorophore APTS (8-amino-1,3,6-pyrenetrisulfonic acid) (21).
APTS specifically reacts with the reducing end of starch molecules leading
to a 1:1 stoichiometric ratio of starch molecule labeling. Because of its
smaller size, amylose contains a much higher molar ratio of reducing ends
per glucose residue than amylopectin. This results in a higher by-weight
labeling of amylose, enabling the distinction of the two molecules by FM
and CLSM (21). APTS staining was performed essentially as previously
described (21). Briefly, starch granules (2 mg) were dispersed in 3 uL of
freshly made APTS (Molecular Probes) solution (20 mM). Then, 3 uL of
1 M sodium cyanoborohydride was added, and the reaction mixture was
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Table 1. Apparent Amylose and Resistant Starch Contents of Milled Rice?

rice materials apparent amylose content (%) RS (%)
TQ 22.68 +0.07 1.89+0.14
TRS 49.20 +0.28 14.92 +0.56

4 All data presented are the means of three repeats + standard deviation.

incubated at 30 °C for 15 h. The granules were washed 5 times with 1 mL of
distilled water and finally suspended in 20 uL of 50% glycerol. The starch
granules were fixed in an agar—glycerol matrix and immediately mounted
on a glass plate for FM and CLSM analyses.

FM of APTS-Stained Starch Granules. APTS-stained starch
granules were observed with an Olympus BX51 FM equipped with a
CCD camera.

CLSM of APTS-Stained Starch Granules. Images of APTS-
stained starch granules were recorded on a CLSM (TCS SP2, Leica
Microsystems, Germany) as previously described (27). A 488 nm laser
line was used for excitation, and light was detected in the interval from 500
to 535 nm. Image analysis was performed using the Leica TCS SP2
software and granules were viewed using the “Glow” color scale going
from black to red, orange, yellow, and white to represent areas of low to
high fluorescence.

Specimen Preparation for SEM. Two types of specimens were
prepared for SEM, one for the whole raw grain and the other for the
isolated starch granules. For the whole grain, individual mature grain was
fractured in the midregion with a razor blade by applying a slight pressure
on the top of the grain. During fracturing, efforts were made to produce no
physical contact between the razor blade and the fractured surface of the
internal endosperm tissues. Fractured rice grains, with the fractured
surface upward, were immediately mounted on the specimen stub and
sputter-coated with gold before viewing with an environmental scanning
electron microscope (ESEM, Philips XL-30) at an accelerating voltage of
20 kV. For isolated starch granules, starch powder was directly mounted
on circular aluminum specimen stubs with double-sided sticky tape,
sputter-coated with gold, and viewed with the same ESEM as above.

Specimen Preparation for TEM. Isolated starch granules were fixed
for4 hat0—4°Cwitha 1.2% potassium permanganate (KMnQ,) solution
containing 0.5% sodium chloride (NaCl). After fixation, the starch
granules were centrifuged at 3000g for 10 min, the supernatant was
discarded, and the precipitates were washed 3 times with a 0.5% NaCl
solution for 20 min at 0—4 °C and then passed once through 35% ethanol.
Samples were further fixed in 70% ethanol for 12 h at 0—4 °C. After the
ethanol fixation, samples were successively dehydrated in 80%, 90%, and
100% ethanol at room temperature. Samples were then embedded in low
viscosity Spurr’s medium. The quality of thin sections was poor due
apparently to the nature of starch, so slightly thicker sections (150 nm),
which had improved quality compared with the thin sections, were cut with
a diamond knife and double stained with 2% aqueous uranyl acetate and
lead citrate before being viewed with TEM (Philips Tecnai 12) at 120 kV.

RESULTS

Contents of Amylose and RS. The contents of amylose and RS
in rice grains are given in Table 1. On the basis of the category
classification by the International Rice Research Institute (22),
starch from TRS should be classified as very-high-amylose starch,
which was over twice that from TQ (Table 1). The RS content in
TRS was significantly higher compared to that of the wild type
TQ (Table 1).

LM Study of Starch Granules. After being stained with a 0.5%
iodine solution, the isolated starch granules from TQ were
detected to have regular and polyhedral shape with a size of
3—5 um under BFM (Figure 1A). However, when the purified
TRS starch granules were stained with a same (0.5%) iodine
solution, they showed so deeply dark that the microstructure was
difficult to observe under BFM (Figure 1B). So, the TRS starches
were stained with a lower (0.125%) iodine solution, and the
microstructure could be subsequently clearly observed under
BFM (Figure 1C). The starch granule shapes of TRS were clearly
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Figure 1. Images of LM. (A—C) Isolated starch granules stained with iodine solution under BFM: (A) starch granules from TQ in 0.5% iodine solution, (B)
starch granules from TRS in 0.5% iodine solution, (C) starch granules from TRS in 0.125% iodine solution. (D—@G) Isolated starch granules without iodine
staining under PLM. For each sample, the same field was shown for normal light (D, E) and polarized light (F, G): (D and F) starch granules from TQ, (E and G)

starch granules from TRS. Scale bar = 5 um.

different from those of TQ; some of the TRS granules were large
voluminous, non-angular rounded bodies, which were greatly
larger than those of TQ starch granules, and some of the granules
were elongated, filamentous structures. Also, the TRS starch
granules consisted of many small subgranules but could not break
up into the separate subgranules (Figure 1C).

When unstained starch granules were observed by PLM with
normal bright light, the granule shapes were similar to those
stained with iodine solution under BFM (Figure 1D,E). All TQ
starch granules showed birefringence in the form of the typical
maltese crosses by PLM with polarized light, indicating a sym-
metrical radial molecular orientation in the granules (Figure 1F).
The large voluminous starch granules of TRS showed many
maltese crosses, though each maltese cross was not typical, which
showed that TRS starch granules consisted of many subgranules
(Figure 1G). However, the birefringence of TRS starch granules
was considerably weaker, resulting in a lower contrast between
birefringence and background compared to TQ starch. Some
TRS starch granules, especially elongated and filamentous gran-
ules, showed very weak maltese cross (data not shown). This
effect would likely be a result of the high amylose concentrations
of these starch granules, since amylose molecules were not
expected to be specifically uniformly oriented in the granule (27).
The weak birefringence of TRS starch granules indicated the
presence of variations in the molecular orientation of the mole-
cules in the starch granules.

FM Study of Starch Granules. Each starch molecule could be
labeled with the fluorophore molecular probe APTS in a nearly
1:1 stoichiometry. Under APTS labeling, the specific internal
structures, as well as the general distribution of amylose within

the granule could be simultaneously investigated (27). After
staining with APTS, the TQ starch granules showed evenly bright
(Figure 2A), whereas TRS starch granules revealed strong stain-
ing due to high amylose content at the same exposure time
condition of Figure 2A; the fluorescent intensity was too strong
to observe the microstructure of TRS (data not shown). Figure 2B
shows the microstructure and fluorescent distribution of TRS
starch granules with a shorter exposure time. Large starch
granules contained many regularly polygonal subgranules, which
were heavily stained (Figure 2B-®). Moreover, the band (or wall)
encircling the entire circumference of these starch granule was
brightly stained too. Both indicated again the high AC in these
regions. Besides, some TRS starch granules were internally
hollow, but their circumference was also brightly stained
(Figure 2B-®). Some TRS elongated starch granules revealed
multiple highly fluorescent round structures, which appeared to
make up the interior of these granules with high amylose
(Figure 2B-®). Figure 2C shows the different focusing plans of
a starch granule from Figure 2C-@®, which presents more clearly
the microstructure and amylose distribution in starch granules.
CLSM Study of Starch Granules. CLSM gives a much more
comprehensive view of the internal granular structures. CLSM
optical sections of TQ starch granules stained with APTS showed
an intensely stained centered hilum and no visible growth rings
(Figure 3A1). CLSM optical sections of TRS starch granules
revealed a brightly stained interior and band encircling the entire
circumference of the granules, which was consistent with the high
AC (Figure 3A2—A6). The APTS staining pattern of the larger
voluminous starch granules revealed that the multiple polygonal
subgranules with intensely stained centered hila made up the
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Figure 2. Images of isolated starch granules stained with APTS under FM: (A) starch granules from TQ, (B) starch granules from TRS, (C) different focusing
plane of a starch granule shown in Figure 2B-®. Scale bar = 5 um.

Figure 3. CLSM optical sections of starch granules stained with APTS from TQ (A1) and TRS (A2—A6 and B—D): (A) representative CLSM optical slices,
showing the hilum and distribution of amylose; (B—D) serial optical sections of representative TRS starch granules, showing multiple initiations (hila) and the
distribution of amylose. Arrow shows hilum. Scale bar = 1 «m for panel A and 5 um for panels B—D.
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Figure 4. SEM micrographs of starch granules from TQ (A and C) and TRS (B, D, and E). (A, B) View of intracellularly cleaved endosperm cells in whole
mature grains: (A) unsplit (ring) and partially split (dot ring) compound starch granules exposing the presence of individual starch granules with sharp angles
and edges; (B) unsplit starch granules were present. Most starch granules (rings) had no sharp angles or edges with large voluminous bodies. Some small
starch granules were irregular and elongated. (C—E) Morphology of starch granules isolated from mature grains: (C) entire population consisted of well-
separated individual starch granules of similar sizes that were polygonal in shape with sharp angles and edges; (D) irregularly large voluminous starch granules
and sausage-like elongated small starch granules; (E) the surface of the large voluminous starch granule was not smooth but had irregular undulations,

protrusions, and linear divisions. Scale bar = 5 um.

interior of the starch granules and the band encircled the entire
circumference of the granules (Figure 3A2,A4,A5). This observa-
tion was consistent with the presence of multiple tightly packed
starch subgranules with a surrounding layer (Figure 2). The APTS
staining pattern of the elongated granules revealed multiple
highly fluorescent round structures, which appeared to make
up the interior of these granules, with a brightly stained wall
encircling the entire circumference of the granules (Figure 3A3).
This observation was consistent with the presence of multiple hila
arranged like a string of pearls inside the elongated structure
(Figure 2B-®) and suggested that aberrant initiation of new
granules could be the cause of this phenomenon. CLSM optical
sections of an irregularly shaped starch granule with hollow
interior showed an intensely stained interior and brightly stained
band encircling the entire circumference of the granules
(Figure 3A6). This observation was consistent with the results
of FM (Figure 2B-@) and suggested that irregularly shaped
starch granules with hollow interior had higher AC.
Figure 3B—D shows the CLSM serial optical sections of different
shapes of TRS starch granules, which indicates the structure of
starch granules and the distribution of amylose.

SEM Study of Starch Granules. The transversely fractured
surface of the midregion in whole raw grains of both TQ and TRS
displayed two types of endosperm cell morphology depending
upon the cleavage planes, intercellular cleavage and intracellular
cleavage. Intracellular cleavage of TQ endosperm produced an
uneven and rough surface morphology due to the exposure of
unevenly cleaved starch granules of various sizes and shapes
(Figure 4A). Individual starch granules (ISGs) were polygonal
and clustered into compound starch granules (CSGs). CSGs were
either unsplit or partially split (Figure 4A). No partially split
CSGs were detected in intracellular cleavage planes of TRS
grains. Most of them were large voluminous starch granules

and had no sharp angles and edges, while some of them were
smaller irregular or elongated granules (Figure 4B). This sug-
gested that most TRS starch granules were physically tolerant of
the mechanical impact of fracturing, and thus their initial sizes
and shapes remained unchanged when endosperm cells were
intracellularly cleaved.

Isolated starch granules from TQ were polygonal with sharp
angles and edges. The surfaces of the granules were smooth and
flat or slightly concave with no structural debris (Figure 4C),
indicating that the isolation preparation consisted primarily of
pure starch subgranules. The whole or partially split CSGs
presented in fractured whole grains (Figure 4A) were not present,
indicating that the entire populations of the CSGs were totally
dissociated during the isolation processes and ISGs tightly packed
within them were all released freely. In contrast with those in TQ,
the isolated TRS starch granules were heterogeneous in size and
shape and could be grouped into two populations: one with those
having smaller sizes and irregular shapes, like filamentous struc-
tures, and the other, the major population of the two, those with
large voluminous bodies having roughly spherical or ovoid
profiles (Figure 4D). These starch granules were morphologically
similar to those shown in fractured whole grains (Figure 4B). This
suggested that the starch granules of TRS endosperm cells had
survived the severe treatments received during the isolation
process, thereby retaining their structural integrity. In addition,
the surfaces of these large voluminous starch granules were,
unlike the smaller granules, not smooth but had irregular un-
dulations and/or protrusions of various shapes and sizes
(Figure 4E), suggesting that these were caused by the presence
of solid structures of some sort in the interior of the voluminous
bodies. Although these interior structures were believed to be the
subgranules of TRS starch granules, it was still uncertain ultra-
structurally, because the voluminous bodies were the images of
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Figure 5. TEM micrographs of isolated starch granules from TQ (A) and TRS (B—E). (A) View of starch granules with polygonal shape having sharp angles
and edges. (B) View of starch granules with irregular shape having no sharp angles and edges. The peripheral region of the granules was densely stained, but
the interior was lightly stained or hollow. (C and D) View of the large voluminous starch granules with roughly spherical or ovoid shape having no sharp angles
and edges. The band (Bn) encircling the entire circumference of starch granule was densely stained, and the interior consisted of tightly packed individual
starch granules (ISG), demonstrating that they were indeed semicompound starch granules (SCSG). ISGs within each SCSG were separated from the
adjacent ones by an electron-lucent, linear air space (As). The spaces separating ISGs were not continuous all the way through the outer surface of the
granules but stopped at a short distance underneath the surface, creating a dense, continuous band (Bn) or wall encircling the entire circumference of the
granule. (E) Higher magnification view of the squared area shown in Figure 5D, showing the ultrastructure of the band (Bn) encircling the entire starch granule.
Scale bar =1 um.

their surface examined by SEM, which showed no details of edges with linear boundaries (Figure 5A), similar to those
internal organization of the bodies. shown in isolated starch granules examined with LM,
TEM Study of Starch Granules. Figure SA shows several well- FM, CLSM, and SEM. The matrix of the granules was homo-

isolated TQ starch granules. The granules had sharp angles and geneously smooth and flat with no noticeable structural
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modifications or signs of the presence of non-starch material
(Figure SA). Figure 5B—D shows a low magnification view of
an area where several starch granules in an isolation prepara-
tion of TRS starch were grouped. Sections of smaller irregular
starch granules showed that the interiors were hollow or
lightly stained, while the circumferences were heavy stained
(Figure 5B). Sections of large voluminous starch granules
showed that starch granules contained many subgranules.
These subgranules packed within starch granules were sepa-
rated from the adjacent ones by a thin electron-lucent linear
space, apparently an air space. The spaces separating subgra-
nules that were located at the periphery of starch granule were
always oriented radially extending from the central area to the
granule surface (Figure 5C,D). However, these radially or-
iented spaces did not reach through to the external surface of
starch granules but stopped a short distance underneath the
surface, creating externally a thick, dense, and continuous
band surrounding the entire circumference of starch granule
(Figure 5C,D). It was suggested that the starch granules, tightly
appressed by the adjacent ones located internally below the
circumference, participated in the formation of the band of
starch granule. In a higher magnification view, the peripheral
region exhibited the structural details of the band that sur-
rounded the entire circumference of each granule (Figure SE).
The band consisted of radially oriented filaments aligned side
by side appearing like “skeletal” elements of a starch granule,
which may responsible for determining its shape, which was
roughly spherical. Some interior subgranules of TRS starch
granule had fissures or cracks (Figure 5C,D), but the TQ starch
granules showed no fissures or cracks.

DISCUSSION

Starch granules are synthesized in amyloplasts and can be
classified as simple, compound, and semicompound granules,
depending on the number of starch granules initiated in each
amyloplast (23). A simple granule is formed when only one
granule is initiated in an amyloplast. In contrast, CSGs are
composed of several separate parts, known as subgranules or
granules, which come simultaneously within a single amyloplast,
but each separate granule still exhibits a polarizing cross. During
grain milling, the CSGs can be broken up into separate sub-
granules. Semicompound granules also begin as CSGs, but
several separate subgranules are fused together by a surrounding
layer of amorphous starch. Thus one semicompound granule
always contains one exterior surface but two or more hila (23). In
rice grains, starch granules develop in the amyloplasts of endo-
sperm cells and form as CSGs at maturity. In each CSG, 20—60
ISGs are tightly packed (24). In the present study, when starches
from grains were subjected to the isolation and purification
processes, the products of TQ and TRS showed striking differ-
ences. The starch granules in TQ grains were completely dis-
sociated (broken) and the ISGs were freely released. These
released ISGs exhibited the typical polarizing cross under polar-
ized light (Figures 1 and 2), so the starch granules in TQ grains are
organized as typical CSGs. However, in TRS grains, the isolated
starch granules were structurally intact, similar to that of frac-
tured endosperm cells in the whole grains. The TRS starch
granules consist of many small subgranules, some of which are
located at the periphery of starch granules, fuse to each other, and
form a thick band or wall encircling the entire circumference of
the granules. These bands may prevent the release of subgranules
during physical fracturing and/or chemical treatments. There-
fore, these starch granules should be regarded as semicompound
starch granules.

Wei et al.

The hilum, which is the core of the granule and the starting
point from which the granule grows, is commonly situated near
the middle of the granule, but it can be eccentric, i.e., toward one
end of the granule (25). The shape of hilum may be in the form of
a point, stellate and radiating from the center, or elongated and
branched. Central vacuoles (also known as open hila) are also
found in some species (25). Normal rice starch granules show a
concentric point hilum (26). In high-amylose TRS, most hila are
clear in the middle of subgranules. Some elongated starch
granules showed multiple hila arranged like a string of pearls
inside granules. Some large voluminous starch granules appeared
to contain multiple hila. These phenomena were also reported in
high-amylose starch granules from maize (26). Light microscopic
observation showed that, in the SGP-1 null wheat with apparent
high amylose, large starch granules were mostly deformed, and
their hila appeared to be cracked. SEM showed that the hila of the
deformed granules were hollow (27). The starch in high-amylose
potato lines had a shape resembling that of normal starch
granules; however, the surface was irregular, and many of the
granules possessed asymmetrical fissures and were generally not
birefringent as viewed under polarized light (21, 26). Starch
granules with suppressed SBE had severe internal cracks and
rough surfaces (27). A study of high-amylose maize by Atkin et
al. (28) showed that the round maize granules were normally
birefringent, whereas the elongated structures were only weakly
birefringent at the surface, indicating a lack of internal crystalline
order. Blennow et al. (27) reported that fissures and cracks were
detected in the antisense SBE potato starch granules, but bi-
refringence (maltese cross) effects were clearly visualized. The
cracks did not result in a dramatic change in form of the
birefringence pattern. Hence, growth of these granules most
likely continued at the surface of the granule after cracking (27).
In this study, we could not observe the fissure or cracks in the
high-amylose TRS starch granules under light microscopy but did
inside the starch subgranules under TEM. This might be that the
starch granules were too small to observe the fissure cracks under
light microscopy. The birefringence of TRS granules, especially of
the elongated and filamentous starch granules, was considerably
weaker and resulted in a lower contrast between birefringence and
background when compared to that of TQ granules. This effect
would likely be a result of the high amylose (low amylopectin)
concentrations in these starch granules since amylose molecules
are not expected to be specifically uniformly oriented in the
granule (21).

It has been demonstrated that the synthesis of amylose occurs
inside the granule (29). In native starch granules, amylose appears
to be interspersed among the amylopectin molecules (30). Pre-
vious reports have suggested that amylose is quite concentrated
near the granule surface (37). Data from enzyme-gold labeling
experiments and iodine staining of hydrated maize and potato
granules indicate that amylose is localized in distinct amorphous
regions around the hilum (28). Under CLSM coupled with the
unequal APTS fluorescence distribution between amylose and
amylopectin, the internal structures could be visualized, and thus
we could understand the relation between the internal structures
and shape and surface of the granule. Analysis of APTS-labeled
potato granules demonstrated the preferential labeling of amylose
and showed that the fluorescence intensity as imaged by CLSM
was positively correlated to amylose content (27). Normal potato
amylose granules showed an intense approximately 1 um large
fluorescence dot in the hilum, indicating a high concentration of
amylose in the center of the granule (27). In high-amylose maize
and potato, the irregular granule shapes could be observed,
and there presented multiple round fluorescent structures. In
maize, these granules were often elongated, and the filamentous
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structures with the fluorescent bodies are arranged like a string of
pearls inside the elongated structures (26). The high-amylose
phenotype of Amol gave rise to obvious, large glowing cores (32).
The results of this study showed that the regular TQ starch
granules have an intense fluorescence in the concentric hilum,
indicating a high concentration of amylose in the center of the
granules. In the case of TRS starch granules, there was a relatively
even distribution of high fluorescence but intense fluorescence in
the hilum and wall encircling the entire circumference of the
granules.

In conclusion, with a result of high amylose by simultaneous
inhibition of expression of two SBEs in transgenic rice endo-
sperm, there are great effects on either the microstructure or
ultrastructure of the starch granules, when comparing with those
of regular rice. In the grains of the high-amylose rice TRS, the
starch granules tend to form large voluminous and non-angular
rounded or elongated and filamentous structures and are struc-
turally intact and very tolerant to fracturing. However, the
granules from the regular rice TQ are organized as CSGs and
are easily dissociated to separate ISGs during fracturing. The
semicompound starch granules from TRS grains consist of
packed small subgranules, some of which fuse to each other
and form a thick wall encircling the entire circumference of the
granules. Moreover, under the CLSM coupled with APTS
fluorescence staining, inside the TRS granules there was intense
amylose not only in the hilum but also the wall of the semi-CSGs.
It is different from that in TQ granules, in which the intense
amylose is only present in the granule hilum. These data are
helpful to understand the formation of high amylose in TRS
endosperm as well as for further application of high-amylose RS
rice in food and nonfood industry.

ABBREVIATIONS USED

AAC, apparent amylose content; AC, amylose content; BFM,
bright field microscopy; CLSM, confocal laser scanning micro-
scopy; CSG, compound starch granule; FM, fluorescent micro-
scopy; ISG, individual starch granule; LM, light microscopy;
PLM, polarized light microscopy; RS, resistant starch; SBE,
starch branching enzyme; SCFA, short chain fatty acid; SEM,
scanning electron microscopy; TEM, transmission electron mi-
Croscopy.
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