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A three-dimensional (3D) visualization technique for the compound distribution in a rice kernel
was developed. This technique is a combination of sectioning, staining, and digital image
postprocessing. By using a special microtome system with adhesive tapes, a set of sequential sections
of a rice kernel, which can be preserved with their own set of relative position data, was obtained.
A single set of sequential sections was stained by various chemical techniques for the visualization
of protein, starch, or lipid content. Each stained section was digitally captured using a CCD imaging
device. As the stained areas represent areas containing dye-target complex, the distribution of
each compound in the section was visualized in two dimensions. The digitally captured images of
a single set of sequential sections were reconstructed to produce a 3D plotting image. As a result,
the distributions of various compounds in a rice kernel could be visualized in a new 3D model.
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INTRODUCTION

To evaluate the quality or safety of agricultural
products and foodstuffs and to elucidate migration
processes of compounds, the internal composition is
important. For the investigation of such compositions,
microscopy with sectioning method has been applied to
a small part of material in former days (1-5). The large-
scale imaging method for the measurement of the cross
section of agricultural products has also been studied
(6-8). These research results are analyzed and repre-
sented by two-dimensional (2D) imaging. Because the
form of agricultural products or foodstuffs is three-
dimensional (3D), a 3D analysis method for the compo-
sitions, especially for the distribution of chemical com-
pounds, is required for a thorough evaluation.

The 3D imaging method using optical sectioning
techniques (9-12) or confocal laser scanning micro-
scopes with a fluorescent staining method in a thin
section of material for the measurement of the physical
structure and compound distribution of small areas,
which are suitable for microscopic observation, has been
studied (13-17). These methods allow the 3D visualiza-
tion of the distribution of chemical compounds in small
parts of the material. However, the measurement of
large-scale 3D distributions, such as the distribution of
chemical compounds throughout the whole body of
harvest goods, has not been achieved by its principal
limits. Nuclear magnetic resonance (NMR) can be used

to measure such large-scale distributions of particular
compounds using characteristic proton shifts in a mate-
rial (18-20). By applying magnetic resonance imaging
(MRI), their distribution can be measured rendering 2D
images or the 3D plotting images constructed from such
2D images (21). However, MRI could not achieve the
determination of various compounds by its principal
properties.

For the measurement of the internal composition of
a material, the traditional sectioning technique using
a microtome has been applied as mentioned above.
Although this sectioning technique is destructive, the
distribution of various chemical compounds in a section
can be visualized and analyzed in 2D by special staining
or other imaging methods. To observe the internal
composition in 3D, in past days such sectioning methods
with computer aid for the 3D reconstruction of serial
section images using their interactive formation were
applied to measure the 3D physical structure of the
central nervous system of a simple animal (22) and
plant cells (23). Because the interactive formation
method for 3D reconstructions of sequential sections is
based on the outline of the object to be constructed, it
is suitable not for the compound distributions but for
physical structures.

By using such traditional sectioning techniques and
digital imaging technology, an advanced technique for
the 3D visualization of compound distributions in an
organic body is developed. This process is a combination
of sectioning methods to obtain sequential sections by
a special microtome system with a position fixing device,
staining by chemical methods, 2D digital imaging, and
3D reconstruction by stacking of 2D digital images. A
grain of brown rice (Oryza sativa L.), which has a scale
suitable for the current sectioning device and imaging
facilities, was used to test for such advanced techniques.
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In this study, the protein, starch, or lipid distributions
in a rice kernel were visualized three-dimensionally.

MATERIALS AND METHODS

Materials. Brown rice grains (cv. Nipponbare) harvested
in 1998 in the Tsukuba region, Ibaraki Prefecture, Japan, were
used for this experiment. Positioning rods were used to adjust
the position of all 2D images to reconstruct a 3D data set. As
these positioning rods so-called “somen” are used, which are
a kind of Japanese dried noodle, similar to Italian spaghetti.
Their diameter is ∼1 mm, their color is white, and their form
is cylindrical. Special adhesive tapes, which are made of
polyester (PET) and coated with a solvent-type acrylic resin
as the adhesive material, are used to obtain sections in
sequence.

Embedding. To prepare for sectioning, a rice kernel was
directly embedded in paraffin. Two positioning rods were also
carefully embedded with their long axis perpendicular to the
bottom plane of the embedding mold. The temperature of liquid
paraffin was kept at 60 °C during the embedding procedure.

Sectioning. The embedded materials, including a rice
kernel and the two positioning rods, were sliced by an
automatic precision microtome system (Toshiba Machine Co.,
Ltd.). This system provides a higher precision in comparison
to ordinary microtomes (24). The obtained sequential sections
from the embedded material are preserved by adhesion onto
tapes. Each adhered section contained slices of a rice kernel,
of two positioning rods, and of the paraffin surrounding the
rice section. Figure 1 shows a schematic diagram of the
sectioning method with an adhesive tape. By this method, each
section retains its position relative to the order of all slices.
The thickness of all sections in this experiment was 20.0 µm.

Staining. To visualize protein, starch, or lipid in each rice
section, a chemical staining method was applied to each set
of the sequential sections.

For the protein visualization, a single set of sequential
sections was fixed with a solution of 4% (w/v) paraformalde-
hyde (in phosphate buffer, pH 7.4) before staining. The fixing
time was 2 min at room temperature. Fixed sections were
soaked with Coomassie brilliant blue (CBB) solution (see
below) for 2 min and then washed exhaustively with a solution
of 20% methanol and 7% acetic acid in distilled water at 25
°C. [Note: CBB R-250 (1.25 g) was dissolved in 250 mL of
methanol and 50 mL of acetic acid. The resulting solution was
diluted to a final volume of 500 mL by distilled water. This
solution was used as CBB solution.]

For the starch visualization, a single set of sequential
sections was fixed with a solution of 10% formaldehyde directly
before staining. The fixing time was 2 min at room tempera-
ture. Fixed sections were soaked with 0.01 N iodine solution
for 30 s and then washed exhaustively with distilled water at
25 °C.

For the lipid visualization, a single set of sequential sections
was fixed with a solution of 10% formaldehyde [including 1.0%
(w/v) CaCl2] before staining. The fixing time was 2 min at room
temperature. Fixed sections were rinsed with a solution of 50%
ethanol in water for 1 min and then soaked with Sudan black

B solution (see below) for 7 min at 37 °C. The stained sections
were washed exhaustively with 50% ethanol twice for 3 min
each and then rinsed with distilled water. [Note: Sudan black
B (0.5 g) was dissolved in a 500 mL solution of 70% ethanol in
water. This solution was used as Sudan black B solution.]

In the cases of protein and starch visualization, the sliced
paraffin object was removed by xylene after staining for
reduction of optical background noise in the 2D images.

2D Imaging. Each stained section was captured by a CCD
imaging device with a ring light system for uniform lighting
conditions (CCD-f2, Shimadzu Rika Instrument Co. Ltd.) and
digitally imaged by the digital imaging system (DF-20, Fuji-
film). The 2D digital images have 24-bit RGB scale. The size
of one pixel of the obtained 2D digital images is 13.0 × 13.0
µm.

3D Reconstruction. The obtained 2D digital images were
reconstructed to produce a 3D data set by the volume render-
ing method, which can be plotted on the display for 3D
visualization, using special software (Voxel Viewer, Toshiba
Machine Co. Ltd.). Therefore, the voxel data, which were
produced by pixel data and the thickness of the sections, can
represent the position of compounds in a reconstructed rice
kernel. The size of one voxel of the produced 3D data set was
20.0 × 13.0 × 13.0 µm in this study.

RESULTS AND DISCUSSION

Sectioning Material. All embedded materials were
sliced by an ordinary steel knife (Feather Co., S35 type),
which set on our microtome system. All obtained sec-
tions from an embedded material were adhered onto an
adhesive tape (see Figure 1). Figure 2 shows a sample
image of an obtained section from an embedded material
including a rice section with sliced positioning rods as
positioning markers. In this sample image, the paraffin
was removed by xylene to improve imaging quality. All
objects were adhered onto an adhesive tape. Therefore,
the relative position between the rice section and the
markers is fixed. Because the positioning rods were
embedded with the rice kernel, all sections of a sequen-
tial section set were equipped with such positioning
markers. Although the captured positions of section
images imaged by the CCD imaging device differed from
each other, the relative position between each sequential
section could be adjusted by referring to two positioning
markers.

Staining. Protein, starch, or lipid in each section was
visualized by suitable staining methods. Figure 3 shows
some sample images of the stained sections after the
application of each staining method. The whole images

Figure 1. Schematic diagram of the sectioning method with
an adhesive tape.

Figure 2. Sample image of a rice section and positioning
markers.
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of each stained section are shown on the left side. On
the right side, magnifications of each boxed area in left-
side images are shown.

Protein was stained blue by CBB (upper blocks in
Figure 3). In the magnification (Pmag), blue particles,
which are called “protein body”, are shown in the cells
and the part of seed coat. Thus, the blue area in the
whole image (P) represents the protein distribution. In
the whole image (P), all parts of the section are
represented blue, but it is shown that the surrounding
side of the section is darker than the internal side.
Considering the magnification and gatherings of the
blue particles, the darker area can be correlated to a
higher density of stained protein bodies in comparison
with the lighter internal area. This result corresponds
with past studies (25, 26).

Starch was stained purple or brown by iodine solution
(middle blocks in Figure 3). In the magnification (Smag),
purple or brown parts are located at the inner section.
Compared with the inner area, the seed coat is not
stained purple or brown. In the whole image (S), it is
shown that the embryo also is not stained, and the
surrounding side of the section is lighter than the
internal side except for a center part. This distribution
differs from that of the protein.

Lipid was stained black or blue by Sudan black B
(bottom blocks in Figure 3). In the magnification (Lmag),

Figure 3. Some sample images of the stained sections of the rice kernel after application of each staining method (left side) and
magnifications of each boxed area in the left side (right side). The protein (P, top), starch (S, middle), or lipid (L, bottom) distributions
in a section are represented in this figure.

Figure 4. 3D plotting image of a rice kernel and two
positioning rods from a diagonal view reconstructed from a
single set of sequential sections (a straight view is shown in
the box).
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it is shown that a part of the seed coat is stained black
and parts of the inner section are stained light blue. In
the whole image (L), the black-stained area of the seed
coat and embryo and the blue-stained area in the inner
parts of the surrounding side of the section represent
the distribution of lipid. This distribution is similar to
the protein distribution. The density of the domains of
blue in this section decreases from the seed coat to the
inner parts of the section. Because lipids are so soluble
in xylene, the paraffin surrounding the rice section could
not be removed, similar to the case of protein and starch
distribution images.

To capture 2D images, all conditions for imaging, such
as staining, focusing, lighting, and shuttering, for each
single set of sequential sections were standardized.

Reconstruction of the 3D Data Set. To produce a
3D data set, all 2D images of a set of sequential sections
were adjusted according to their relative positions based
on the adhered positioning markers at the adhesive
tape. Adjusted 2D digital images were stacked in the
memory of a personal computer by the volume rendering
method to represent a 3D plotting image of the produced
3D data set. Figure 4 shows a 3D plotting image from
a single set of nonstained sequential sections. (Note:
Figure 2 shows one of them.) For a clear 3D representa-
tion, an opaque algorithm, which can set up the opacity
ratio of the 3D plotting image to let the back side shine
through the front side, was applied to the 3D data set.
The ratio of opacity set up 1/10 in this image. Position-
ing rods, shown in this figure, were reconstructed from
adjusted positioning markers. Because the positioning
markers had relative positions to the sliced rice kernel
on the adhesive tape, the rice kernel was also recon-
structed in 3D.

The 3D plotting images of the compound distributions
in a rice kernel are shown in Figure 5. They were
reconstructed by 2D distribution images of a single set
of stained sequential sections for each compound.
(Note: Sample 2D images of them were shown in Figure
3.) As a result, the compound distribution in a rice

kernel was visualized in 3D. The direction of the embryo
of the rice kernel points toward the top of this figure.
Each image for the compound distribution represents
the whole image (left side in each compound figure) and
its virtually divided image (right side; see sample form
for 3D representation). The ratio of opacity of these 3D
plotting images is also set up 1/10. For the improvement
of color differentiation, the image-processing techniques
of suitable color emphasis are applied to processed 3D
plotting images. The wrinkles in the 3D plotting images,
which look like the contour lines of a contour map, are
caused by section thickness. This is a peculiarity of this
visualization technique. In the 3D plotting image for the
protein distribution, it can be shown that the darker
area, which represents a concentration area of blue
particles shown in the stained 2D image (see Figure 3),
is located in the surrounding parts of the whole rice
kernel and embryo. By means of 3D model development
we can prove that the starch or lipid distributions in a
rice kernel behave in the manner that has been only
deduced from 2D methods until now. (Note: Because
the paraffin surrounding the rice section in 2D images
for lipid distribution shown in Figure 3 acts as optical
background noise, it is removed manually in the digital
images.)

Conclusions. The distributions of the protein, starch,
and lipid in a rice kernel in 3D were visualized by using
a new 3D visualization technique. The methods of fixing
sections in their location with adhesive tapes, 2D
imaging with staining, and 3D reconstruction with
volume rendering were organized to develop our tech-
nique.

The following methods were developed.
(1) By using adhesive tapes and embedded positioning

rods, a single set of sequential sections from a rice
kernel can be fixed and adjusted in their relative
positions.

(2) By application of suitable staining methods for
each compound (such as protein, starch, or lipid) and
digital capturing by a CCD imaging device, the 2D

Figure 5. 3D plotting images of each compound distribution, such as protein, starch, or lipid, in a rice kernel.
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digital images of a compound distribution in the whole
section, which are represented as differences of the color
gradient, were obtained.

(3) By stacking of the 2D digital images of a set of
stained sequential sections, which are adjusted in their
relative positions, the 3D compound distributions of a
rice kernel were visualized.

Not only the compound distribution in a rice kernel
but also physiological function, for example, location of
the phenotypic expression, can be revealed by using our
visualization technique.
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