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1 | INTRODUCTION
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Abstract

Cadmium (Cd) is one of the environmental pollutants contaminated in our food. Sev-
eral previous reports showed that rice polishing cannot be efficient to reduce Cd
content in white rice, implying the characteristic Cd distribution in rice grain. How-
ever, Cd distribution has not been fully elucidated so far. Herein, 1°°Cd radiotracer
experiment was performed using the rice seedlings at various time points after flow-
ering to obtain autoradiographs of the brown rice to visually understand the Cd
transport and distribution during the grain-filling process. It was shown that *°°Cd
accumulated in the outermost area of the brown rice, and also in the middle part of
the starchy endosperm, resulting in the appearance of the double circle distribution
pattern, which was not observed in the autoradiographs of ®°Zn. The inner circle of
199Cd located around the center of the endosperm was developed particularly at
around 8 and 10 days after flowering. After this period, 1°?Cd started to deposit at
the outer part of the endosperm, which was also found in the autoradiograph of *#C-
sucrose. Considering the physiology of grain development, the contribution of water
transport and protein synthesis in the endosperm on the characteristic Cd distribu-

tion pattern was hypothesized.
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pain, muscle pain, and other painful symptoms. Even without concen-

trations high enough to cause such symptoms, low-level Cd exposure

Cadmium (Cd) is one of the hazardous metals present in food. It
comes from soil and water which naturally contain some amount of
cadmium. If the amount of Cd in the environment increases and the
Cd content of crops increases, it can lead to negative effects on
human health. The famous severe chronic Cd poisoning known as itai-
itai disease occurred in the mid-19th century in Japan, due to the river
water contaminated with slags containing Cd delivered from the mine
upstream (Yoshida, 2002). The symptoms of itai-itai disease are renal

tubular dysfunction and osteoporosis, which are accompanied by back

has been noted to be associated with reduced bone mineral content
and increased cancer risk (FAO/WHO, 2011b).

To avoid the health damage caused by excess Cd accumulation in
the body, provisional tolerable weekly intake (PTWI) for Cd is deter-
mined to be 7 mg/kg-body-weight/month by FAO/WHO, and accord-
ingly, the maximum levels for Cd in each food is determined. Given
that rice is the staple food in Asian countries, reducing the Cd content
in rice grains as low as possible is directly attributable to the achieve-

ment of reducing health risks.
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There are several methods to reduce Cd content in rice. Washing
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the soil to remediate the Cd-contaminated paddy soil is one of those
methods. For washing, several reagents such as hydrochloric acid
(Takijima et al, 1973), ethylenediaminetetraacetic
acid (EDTA) solution (Abumaizar & Smith, 1999; Nakashima, 1979),
methylglycine diacetate tri-sodium (Makino et al., 2011), and calcium

solution

chloride (Makino et al., 2007) were tested and their effects on remov-
ing Cd were presented. After starting rice cultivation, keeping the
paddy fields flooded is effective to reduce the Cd content in rice
grains (Arao et al., 2009; Carrijo et al., 2022). This water management
method is based on the chemical property of Cd. Under the reduced
condition in flooded soil, the solubility of Cd decreases and it precipi-
tates as carbonate (Khaokaew et al., 2011) and/or as sulfide (de Livera
et al., 2011), which the rice root cannot absorb.

Polishing rice grains to obtain white rice before cooking is effec-
tive to remove various elements. Therefore, polishing of rice is a
general-purpose measure that consumers can do by themselves to
reduce contamination by toxic elements. The effectiveness of polish-
ing in reducing the radiocesium contamination in rice has been
actively verified in Japan after the nuclear power plant accident in
Fukushima. When the polishing ratio (mass ratio of polished rice to
brown rice) was 90-92%, which is typical for the rice marketed as
white rice, radiocesium concentration in the rice was decreased to
almost half of that before polishing (Hachinohe et al., 2015; Tagami &
Uchida, 2012). The radiocesium concentration was further decreased
to almost 20% as the polishing ratio decreased to 70% (Okuda
et al., 2013). Arsenic contamination of rice is an urgent issue in several
Asian countries (FAO/WHO, 2011a). The polishing ratio of 90%
achieved the total arsenic level decreased to 61-66% of that in brown
rice (Naito et al., 2015). Pedron et al. (2019) further demonstrated that
polishing rice for 60 seconds using a rice mill Suzuki MT-10 could
remove more than 40% of arsenic. On the other hand, the effective-
ness of polishing rice as a Cd-mitigation method is less clear. Polishing
rice for 60 seconds removed only 17% of Cd (Pedron et al., 2019).
According to the report comparing Cd and arsenic concentrations in
48 rice samples, the median Cd concentration in polished rice was
92% of that of unpolished rice while it was 73% for arsenic (Onozuka
et al., 2000). It was also shown that the polishing ratio of 96% had
mealy effective in reducing Cd concentration, and the Cd concentra-
tion in polished rice was still 94% of that of brown rice when the pol-
ishing ratio reached 91%. This value of Cd, 94%, was apparently
higher than other metals such as manganese (Mn), iron (Fe), and zinc
(Zn) which showed 34%, 21%, and 79%, respectively (Shindoh &
Yasui, 2003). It will therefore be important to note that the distribu-
tion of Cd in brown rice may be very different from those of other
metals.

Recently, the distribution of Cd as well as other metals in mature
brown rice was imaged using synchrotron-based X-ray absorption
spectroscopy (Gu et al., 2020). It was found that Cd can be distributed
almost uniformly, or concentrated higher in the outer portions of star-
chy endosperm and to the aleurone layer, probably depending on the
timing of the supply of Cd from the soil (Gu et al., 2020). These distri-
bution patterns were unique to Cd and contrasting to those of Mn,

Fe, and Zn, which accumulated mainly in the embryo and the aleu-
rone/pericarp layer (Gu et al., 2020). The unique Cd distribution in the
outer portions of the starchy endosperm was consistent with the Cd
distribution profile obtained by laser ablation-inductively coupled
plasma-mass spectrometry (Wei et al., 2017). Then, how is this unique
Cd distribution pattern developed? Knowledge of this not only con-
tributes to scientifically verifying the effectiveness and limitations of
polishing rice as the Cd-mitigation method but also provides impor-
tant clues to elucidate the molecular mechanisms of Cd accumulation
in rice grains. In this study, we addressed this issue by investigating
the distribution pattern of Cd, with zinc (Zn) distribution as a compari-
son, in rice grains through the grain-filling and maturing stages over
28 days. Autoradiography technique using 1°°Cd visually revealed that
the Cd distribution in rice grains dynamically changes with the timing
of the input into the grain, and finally, in mature brown rice, a unique
“double circle” distribution pattern was developed, consisting of an
inner circle due to Cd accumulation in the middle part of the
starchy endosperm, and an outer circle due to Cd deposition in the
cross cells, the tube-cells, and the seed coat tissue, outside of the

aleurone layer.

2 | RESULTS
2.1 | Unique distribution pattern of 1°°Cd found in
the growing brown rice

The transition into the distribution of each inorganic element in
mature brown rice was depicted by the sequential visualization of
radiotracers, 1°?Cd and Zn, which were dosed to the rice plant con-
tinuously from the ear emergence until harvesting. The autoradio-
graphs of 1°7Cd showed that Cd distributed almost uniformly in the
grain at 3 DAF (days after flowering) and 6 DAF. At 9 DAF, *°°Cd
started to distribute surrounding the center of the grain, at the abaxial
side of scutellum, and in the outermost part of the grain (Figure 1a). In
the transverse section, °°Cd signal appeared like a double circle
(Figure 1a,b). When expressed three-dimensionally, the °°Cd accu-
mulation area in the endosperm was shaped like an elongated balloon
connecting to the abaxial side of scutellum. Thereafter, the distribu-
tion of °°Cd does not change largely until 28 DAF when the rice
grain matured (Figure 1a). Zinc was initially accumulated in the outer-
most part of the grain and the embryo, but from 9 DAF, it was distrib-
uted also in the central area of the endosperm (Figure 1a). As a result,
657Zn signal was detected almost uniformly at 28 DAF, except in the
embryo where it was extremely strong (Figure 1b).

Having detected the unique accumulation pattern of Cd, we next
tried to see whether the formation of the double circle pattern of Cd
distribution in the brown rice, especially the inner circle surrounding
the center of the endosperm, was completed around 9 DAF to
12 DAF, or whether Cd entering the endosperm after 9 DAF contin-
ued to be deposited there until rice matures. For this purpose, we
dosed 1°°Cd to the rice root for only 24 hours at various points after

flowering and traced its distribution in the brown rice after 2, 5, and
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FIGURE 1 Distributions of Cd and Zn in rice grain during the maturation process. (a) The images of *°?Cd and ¢>Zn distribution in the vertical
transverse section and the sagittal views are shown. The number of days after flowering (DAF) at the sampling and the appearance of the grain
then are presented on the left. (b) Quantification of the intensities of 1°°Cd and 4°Zn signals along the lines in the grain samples harvested

12 days after flowering. The strength of the signal is shown in logarithm.

8 days and at the maturation stage. We refer, for example, to brown
rice in which the addition of 1°°Cd was started on 3 DAF and was
sampled for autoradiography 2 days after, that is, 5 DAF, as the 3-5
DAF rice sample.

The distribution of 1°°Cd in the endosperm of 3-5 DAF samples
was almost uniform (Figure 2a). But in the autoradiographs of, 3-8
DAF and 6-8 DAF samples, formation of °°Cd inner circle was
started, and the 1°°Cd signal was clearly observed as double circle in
3-11 DAF and 6-11 DAF samples (Figure 2a-d). On the other hand,
the inner circle was less clear in 9-11 DAF sample as well as in 9-14
DAF and 9-17 DAF samples (Figure 2a). Therefore, the development
of the inner circle was thought to be started in 8 DAF and was mostly

completed before 11 DAF. The !°°Cd distribution observed by
11 DAF commonly had a strong signal near the apical part of the sam-
ple, probably corresponding to the dorsal vascular tissues (Figure 2a).
In the 9-11 DAF, 9-14 DAF, 9-26 DAF, 12-14, 12-17 DAF, 12-20
DAF, and 12-26 DAF samples, 199cd did not reach the central part of
the endosperm, but was slightly spread from the dorsal vascular tis-
sues to the outer area of the endosperm, with little contribution to
the formation of the inner circle (Figure 2a-c). In the rice samples
to which 1°°Cd was added from 15 DAF to 16 DAF, the signal inten-
sity was very low, but it was apparently observed that °°Cd was
accumulated preferentially in the outermost part of the brown rice

(Figure 2a-c).
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FIGURE 2 Distribution of 1°°Cd
added at multiple time points during the
maturation of brown rice. The number of
days after flowering (DAF) at the time
when the 24 hours of 1°°Cd absorption
was started is indicated on the horizontal
axis. The DAF at the time the sample was
taken is indicated on the vertical axis.

(a) The vertical transverse section images.
The sagittal view (b) and the horizontal
longitudinal view (c) are created digitally
using the reconstructed three-
dimensional 1°°Cd distribution data.

(d) The 1°°Cd signal intensity values along
the lines drawn in the 3-11 DAF sample.
The strength of the signal is shown in
logarithm.

2.2 | High-resolution analysis of 1°°Cd distributed challenge. Therefore, the microautoradiography (MAR) method for the
in the double circle pattern at 11 DAF fresh-frozen plant section was applied to the 3-11 DAF sample. As a

result, inside the endosperm area, it was shown that the 109¢d signals

Identifying the tissue where exactly Cd accumulated at the time point looked as if they were arranged in an oval shape from a distance were

when the double circle pattern of Cd distribution became the next not actually aligned in a line, but were scattered discontinuously
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around the central portion of the endosperm (Figure 3a). According to
the overlaid picture of the 1°?Cd signal image and the hematoxylin-
stained section image, 1°°Cd appeared to be localized intracellularly
rather than in intercellular spaces (Figure 3a). Meanwhile, as far as the
hematoxylin-stained images were concerned, there was nothing char-
acteristic about the cells in which °°Cd was localized in the endo-
sperm spaces.

In the outer part of brown rice, 199cd was accumulated almost
on the surface layer (Figure 3a). In contrast to being scattered in
the endosperm, 1°°Cd was distributed continuously on the arc of
the ellipse. However, the °°Cd signal varied in intensity depending
on the location: the strongest signal was detected around left and
right sides of the ellipse, followed by a stronger signal at the apex
(Figure 3a). To distinguish which cell type °?Cd localized to, the
non-separated MAR method was carried out (Figure 3b). In this
method, the fresh-frozen section covered with a layer of the
nuclear emulsion was developed to deposit the silver particles
directly on the section so that not the slightest positional misalign-
ment would occur during overlaying the 1°°Cd signal image and
the tissue image. Microscopic examination revealed that silver par-
ticles were deposited around the tube cells and the cross cells, as
well as in the adjacent seed coat tissue consisting of the inner
integument and the nucellar epidermis, while few were observed in
the aleurone layer adjacent to the inner side of the seed coat
(Figure 3b).

silver_ particle
(\JQCd)

Overlay

FIGURE 3
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2.3 | Comparison of transport patterns of 1°°Cd
and “C-sucrose

It was assumed that Cd flows into endosperm along with the transport
of the photoassimilates. To evaluate this, the distribution of °°Cd at
different stages of maturation was compared with that of foliar-
applied ¥*C labeled sucrose. When *°°Cd was dosed from 9 DAF and
observed 1, 2, 4, and 7 days later, 109¢d was found to be distributed
in the outer endosperm, especially in the upper dorsal side (Figure 4a).
Then, looking at the 14C signal at the same period, **C was found to
be accumulated in the outer region of the endosperm almost uni-
formly (Figure 4a). The characteristic of not flowing into the inner
region of the endosperm was commonly observed in both radio-
tracers. In the brown rice to which the radiotracers were adminis-
trated at 15 DAF, 1°°Cd as well as **C signal was detected particularly
at the outermost region of the brown rice, and hardly distributed
inside the endosperm (Figure 4a). Thus, the similarities and differences
between the distributions of the two nuclides were largely under-
stood. However, we could not rule out the possibility of misjudgment
on the colocalization of 2°°Cd and 4C since the layout of the radio-
tracer can differ to some extent from sample to sample, which is the
so-called individual difference. So, in order to make precise compari-
sons without taking individual differences into account, both 1°°Cd
and *C-sucrose were administrated from 9 DAF to 10 DAF to the

same seedling, and their distributions were analyzed in the same

b

Focus on silver particle = =~ "

D g e e

Focus on section

Identification of 1°°Cd localized tissue in the grain sampled at 11 days after flowering (DAF) at high resolution using 2 types of

microautoradiography (MAR) methods. (a) Separated MAR method shows the distribution of 1°°Cd over the entire surface of the vertical
transverse section. The section images of hematoxylin-eosin (HE) stained section sample and the images of silver particle corresponding to the
radiation energy of 1°°Cd are overlaid. (b) Non-separated MAR method allows the observation of silver particles developed on the section. The
same sample was observed by focusing on the silver particle (upper panel) or the section (lower panel). The images are the observation of the
outermost part of brown rice, including the cross cells (CC), the tube cells (TC), the seed coat (SC), and the aleurone layer (AL).
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FIGURE 4 Comparison of the distribution patterns of 1°°Cd and 14C in rice grain. °?Cd was absorbed from roots, and 1*C-sucrose was
added to the flag leaf surface. (a) °°Cd and **C-sucrose were introduced to the rice plant for 24 hours from either 9 DAF or 15 DAF, and then
visualized at the day (DAF) indicated on the left. (b) 109¢d and #C-sucrose were introduced simultaneously to the same rice plant from 9 DAF
(indicated as “1°°Cd + #C”), and the grains were harvested on the day indicated on the left. For the technical validation, the samples in which
109¢d and “C-sucrose were absorbed separately were also prepared and visualized (indicated as “*°?Cd” and “#C”). The silver foil completely
shielded the 4C signal, making it possible to discriminate 1°°Cd and 14C distributions in the same grain sample (see Section 4). (c) The cut surface
of the rice sample, and the transmitted light image of the rice section with 1 mm thickness taken at 11 DAF (its radiography is enclosed by a
dotted square in b).

brown rice (Figure 4b). One day after, the *C signal was already dis- After that, the location of °°Cd accumulation expanded over the
tributed in the outer parts of endosperm in contrast to the *°°Cd sig- days, but did not quite reach the ventral part of the endosperm until

nal which was detected only at the dorsal part of the brown rice. 18 days later (Figure 4b). On the other hand, the region in the inner
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parts of endosperm where °°Cd and *C did not go in was found to
be identical for both radiotracers (Figure 4b). This region has already
begun to become transparent at 11 DAF (Figure 4c), indicating that
carbohydrate filling has been finished and the packing of starch gran-

ules was underway.

3 | DISCUSSION

Tracing the Cd transportation with radioisotope 1°°Cd can provide
evidence of the transport characteristics of Cd in plants. To obtain the
real picture of Cd behavior, it is important to consider carefully how
to administrate 1°°Cd to plant. In this study, rice plants were grown
with full-nutrient solution added with .1 uM Cd under the controlled
condition, and the dynamics of Cd absorbed from their roots at vari-
ous time points after the start of the flowering were traced by using
109¢d. So, we should discuss whether the *°°Cd absorbed from the
root at the flowering stage represents the behavior of Cd in grains
since 60% of the Cd in the mature grain has been estimated to be
remobilized from that accumulated by the plant before flowering and
the remainder came from root uptake after flowering (Rodda
et al., 2011). In this regard, it should be noted that there is no report
so far that shows Cd which is remobilized after flowering and Cd
which is absorbed by the roots after flowering have different charac-
teristics in terms of the transport in the vascular tissue in the ear.
Indeed, the 1°°Cd distribution in the double circle manner is consis-
tent with the previous report finding the region with the higher Cd
concentration surrounding the inner endosperm in the mature rice
cultivated in the Cd-contaminated soil (Wei et al., 2017). Therefore,
the pictures of 1°°Cd distribution in the grain obtained in this study
can be thought to represent the basic characteristics of Cd transport
and accumulation in the rice grain during maturation. In field cultiva-
tion, the supply of Cd will not be constant throughout the grain devel-
opment season. If there is a period when Cd supply is high, the
distribution of Cd in the final harvested brown rice could have a distri-
bution pattern being modified to emphasize the tissue where Cd accu-
mulates during that period. In reality, paddy water management,
which has a major impact on soil Cd availability, will play a critical role
in shaping the Cd distribution pattern in grains (Gu et al., 2020).
Regarding the perspective of quantity, another point to note is that,
due to the relatively short period of °°Cd labeling in this study, it is
possible that the ratio of 2°?Cd to stable Cd did not reach the steady
state. Therefore, the ratio would not be identical among the grains,
even in the same seedling. This means that the quantitative compari-
son of the total amount of Cd among grains based on the ¥°°Cd signal
intensity will not be made accurately. We should focus on the distri-
bution pattern of 109¢d, as well as other radiotracers, in each autora-
diograph presented in this study.

The autoradiographs of 1°°Cd suggested that Cd distributes uni-
formly in the expanding rice endosperm from 3 DAF to 7 DAF, and
then preferentially accumulated around the center of the endosperm
from 8 DAF to 10 DAF to appear the inner circle of the double circle,
and thereafter, deposited at the outer part of the endosperm. We

) . 7 of 12
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could not explain the mechanism underlying this Cd behavior simply
based on our current knowledge. However, by making several
assumptions, the Cd accumulation model can be suggested as illus-
trated in Figure 5. In this model, Cd is assumed to preferentially bind
to glutelin in the protein body Il (PB-II). Glutelin, which consists of
2 subunits, is the major seed storage protein in rice endosperm,
accounting for about 80% of total seed protein (Yamagata
et al, 1982). Several previous studies showed that the extraction
behavior of Cd, compared to other metals, was similar to glutelin dur-
ing chemical separation (Kitagishi et al., 1976; Moritsugu, 1964;
Suzuki et al., 1997). It should be also noted the two observations that
Cd-glutelin complex is significantly stabilized in the alkalized solution
with a pH higher than 6 (Kobashi et al., 1978), and that glutelin is
formed via Golgi apparatus where the pH can be between 6.3 and 7.0
(Zhu et al., 2019). The time when accumulation of glutelin begins was
shown to be 8 DAF (Takahashi et al., 2019), which is the same as the
time when the inner circle of Cd appeared (Figure 2). In addition, one
of the glutelin genes, GluD-1, was supposed to start expressing in the
inner endosperm by 7 DAF, and then throughout the endosperm by
15 DAF (Kawakatsu et al., 2008). Development of starch granules is
also rapidly progressing from 7 DAP (which is almost identical to
7 DAF in this study) from the inner part of the endosperm (Wu
et al.,, 2016). We also hypothesized about the transport pathway of
water to be loaded from the dorsal vascular bundle, pathing through
the center of the endosperm, and directed to the embryo tissue in the
end. The entrance of the water, as well as nutrient molecules, from
the dorsal vascular bundle has been suggested based on morphologi-
cal and experimental observations (Wu et al, 2016). Nutrients
reached to the central endosperm can be further loaded to the
embryo through the apoplasm surrounding the embryo tissues (Wu
et al., 2016), which we hypothesized was also occurring for water.
The water flow between endosperm and embryo, although the direc-
tion of flow was not elucidated, was indicated by the nuclear magnetic
resonance (MR) imaging experiment (Horigane et al., 2001). Then, in
our Cd accumulation model, Cd moves into the endosperm from the
dorsal vascular bundles along with the water flow, probably like car-
bohydrates do, and spreads uniformly before 7 DAF (Figure 5). The
chemical form of Cd when it enters brown rice may be in ionic form,
but it is more likely to exist as Cd-bound 13 kDa complex (Kato
et al., 2010). At 8 DAF, starch granules start to mature at the center
of the endosperm, and protein bodies may start to be produced in the
inner endosperm. Then, Cd moving along the water flow can be bound
to glutelin in the protein body Il (PB-I11), gradually forming the inner cir-
cle until 10 DAF (Figure 5). After 11 DAF, the area where PB-Il is pro-
duced is gradually expanded to the peripheral of the endosperm,
resulting in the deposition of Cd in this area. Nevertheless, given that
109Cd did not penetrate to the center part of the endosperm after
11 DAF was also true for **C-sucrose (Figure 4a), accumulation of Cd
in the outer part of the endosperm may occur due to the decreased
solute flow apart from binding to glutelin. After all, the inner circle of
the Cd accumulation will remain apparent until maturation, as the
amount of Cd deposition in the outer endosperm can be lower than

that around the center part of the endosperm. Here, the additional
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FIGURE 5 Schematic illustration representing a potential mechanism of Cd transport and deposition in the rice endosperm. By 7 DAF, as
water and carbohydrates flow in, Cd also flows in and is distributed throughout the endosperm in the enlargement process. At the center of the
endosperm, starch granules start to mature at 8 DAF, and then the protein body Il (PB-II) starts to be synthesized at around the center of the
endosperm. Water keeps flowing to the center of the endosperm, while Cd binds the glutelin in the PB-II and deposits before reaching the center
of the endosperm. After 11 DAF, protein body production area (PPA) expands to the outer part of the endosperm. The amount of water and Cd
flow in the endosperm decreases. In practice, water and cadmium inflows occur from all directions, but the figure shows only the inflow from the
upper left as an example. The arrows indicate the flow of water, and their thickness indicates the volume of water. Triangles indicate Cd moving
along the water flow, and circles indicate Cd binding to glutelin in PB-1l and depositing there. The center of the endosperm where starch granules

are dominated is enclosed by the dashed line. Em, embryo.

assumption needs to be made that the amount of Cd transported into
the grain was decreased after 11 DAF. The actual amount of Cd accu-
mulated in the endosperm during grain maturation in this study can
not be quantitatively evaluated by the reason mentioned above. How-
ever, previous reports showed that the amount of Cd accumulated in
a growing rice grain within 1 day peaked at around 9 DAF (Ren
et al., 2023), and half of Cd in rice grains was loaded within 10 days
after flowering (Rodda et al., 2011). The reduction of water flow into
the endosperm after 10 DAF can be also suggested based on the MR
images (Horigane et al., 2001).

For Zn dynamics, in contrast to Cd, deposition at the center part
of the endosperm was found after 9 DAF without forming the inner
circle-like distribution (Figure 1). This difference may be caused by dif-
ferences in the binding properties to glutelin. For instance, Cd
behaved almost identically to glutelin during chemical extraction, indi-
cating a higher binding affinity to glutelin, while Zn was found both in
the glutelin and non-protein fraction extracted by water (Kitagishi
et al., 1976). It should be also noted that the concentration of Zn is, in
fact, significantly higher than Cd in the starchy endosperm at the
maturing stage. In the milled rice samples, concentrations of Zn and
Cd were shown to be 18-20 mg kg~! and .022-.026 mg kg2, respec-
tively (Tagami & Uchida, 2016). Therefore, it is reasonable to assume
that Zn, which is present in high concentrations, binds nonspecifically
to several compounds, including glutelin. Finally, before the grain
matured completely, Zn in the center of the endosperm was thought

to be loaded to the embryo along with the water flow. Thus, Zn

distributed almost uniformly in the mature rice endosperm and highly
accumulated in the embryo, which is consistent with the elemental
distribution maps visualized by synchrotron X-ray fluorescence
microscopy (Gu et al., 2020; Johnson et al., 2011; Oli et al., 2016; Ren
etal.,, 2023).

The signal of 1°°Cd in the outer circle of the double circle at
11 DAF was shown to be emitted from the cross cells, the tube cells,
and the seed coat tissue (Figure 3b). These cells are located between
the vascular bundles and the endosperm, through which all solutes
toward the endosperm will pass. During traveling through these cells,
Cd might be sequestered in the vacuole and be accumulated. In fact,
the inner integument cells in the seed coat are rich in vacuole and are
suggested to be high in physiological activity, especially until 10 DAF
(Matsuda et al., 1979). This result does not necessarily contradict pre-
vious literature that suggested Cd accumulation in the aleurone layer
(Gu et al., 2020; WEei et al., 2017). Accumulation of Cd, although the
amount could be small, was shown to continue in the outer endo-
sperm after 11 DAF (Figure 2). Therefore, it is possible that at some
time after 11 DAF, Cd is indeed deposited in the aleurone cells. It
should be also noted that the cell layers in the outermost part of the
brown rice including the cross cells, tube cells, and seed coat cells are
degenerated and become thin after 18 DAF (Wu et al., 2016). It can
be possible that the previous analysis could not distinguish between
the layers of those degenerated cells and the adjacent aleurone layer
in the mature brown rice due to the limited resolution. In any case,

our result suggests that the cross cell, the tube cells, and the seed coat
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cells take part in the regulation of Cd transport into the endosperm
unless these tissues lose their physiological activity. In summary, the
specific double circle distribution of Cd is assumed to have been
formed under the influence of multiple physiological factors related to
the grain development, including the amount of water and nutrients
transported and their dynamics inside the brown rice, and changes in
starch and protein biosynthesis and maturation over time.

4 | MATERIALS AND METHODS

4.1 | Rice plant cultivation

Rice seeds (Oryza sativa L. var. Nipponbare) were surface sterilized
and then germinated in the tap water. The seedlings were cultivated
hydroponically in the plant growth chamber (L/D = 10 h/14 h, 30 °C,
80% humidity). For cultivation, the half-strength Kimura B nutrient
solution (Kobayashi et al., 2013) added with .1 uM CdCl, was used.
The first ear appeared 46 days after germination.

4.2 | Administration of radionuclides and
harvesting the grain samples

For administration of radionuclides, the root of the rice seedling was
put in the nutrient solution added with the radionuclide. In addition to
the dates and time of the start and end of radionuclide uptake, we
recorded the date of the flowering for every single floret on the test
plants using various colored markers. Flowers and seeds formed were
used in the experiment solely according to the date of flowering, with-
out regard to whether they were developed on the main stem or til-
lers, or their position in the panicle. To investigate the changes in the
distribution of elements in the grain during the maturation process of
brown rice, the radionuclides of Cd and Zn were kept being supplied
to the roots from the ear emergence stage until the maturation stage,
and the florets were sampled between 3 days after flowering (DAF) to
28 DAF. The radioactivity of the radionuclides used for this continu-
ous administration was as follows: .65 kBgml~ °7CdCl, and
3.6 kBg ml™t 4>ZnCl,. The series of experiments, from cultivation to
sampling and visualization (described in the next and subsequent sec-
tions), was conducted twice, although the two experiments did not
necessarily examine the same DAFs in all of them. Twenty-four hours
of 1°°Cd uptake was carried out with 17 kBg ml~* *°?CdCl,. In select-
ing the test plants, we considered that in rice ear, the maximum num-
ber of flowers blooming per day reached 2 or 3 days after the first
bloom. The seedlings with the maximum numbers of florets of 3 DAF,
6 DAF, 9 DAF, 12 DAF, or 15 DAF were transferred to a hydroponic
solution containing °°Cd and cultivated for 24 hours, after which
they were returned to a regular hydroponic solution. The targeted flo-
rets were harvested 1, 4, and 7 days after the end of 109¢q uptake as
well as at 26 DAF. It should be noted that for each DAF at the start of
the 1°°Cd addition, two plants were prepared for the treatment. How-

ever, the seeds sampled from these two plants were not distinguished
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and were used in subsequent experiments without distinction. Phloem
flow into the rice grain was monitored by tracing **C-sucrose adminis-
trated by the foliar application. The small cotton wool absorbent with
14C-sucrose solution (2 MBg ml~* in pure water) was attached on the
flag leaf blade for 24 hours. After labeling, the leaf surface was wiped
and cleaned with wet cotton wool. A precise comparison between
199¢d and *C-sucrose was made by simultaneous administration of
199Cd from roots and #C-sucrose from the flag leaf for 24 hours at
9 DAF or 15 DAF. Three or four brown rice samples of each of the
same treatment were collected and immediately placed in the embed-
ding material (SCEM, SECTION-LAB Co. Ltd.) and freeze-embedded
with liquid nitrogen. The root samples were also embedded at the cor-
ner of the sample blocks aiming to use them as the positioning
markers in the imaging process. The embedded sample blocks were

stored in the deep freezer until sectioning.

4.3 | Preparation of fresh-frozen sections

Frozen sections were prepared by the film method using a cryotome
(CM1850, Leica) set to —25°C as described previously (Kobayashi
et al.,, 2013). Cryofilm TypellC (SECTION-LAB Co. Ltd.) was used as
the adhesive film for complete retention of the thin section. The thick-
ness of the transverse section was 5 um, and one section was taken
sequentially every 100 um. The number of sections obtained from
one grain sample varied between 48 and 54, depending on the

grain size.

44 | Autoradiography and 3D image construction
The sections with the adhesive film were placed on the sticky sponge
sheet, wrapped with 1.2 um thick polyphenylene sulfide film, and con-
tacted to the imaging plate (IP BAS-TR, GE Healthcare) for 5 days
under —80°C. After exposure, the imaging plate was scanned with the
FLA-5000 image scanner (Fuijifilm) with a resolution of 10 pum/pixel.
The autoradiogram data were loaded in the ImageJ software using the
ISAC Manager plugin to construct the image with original photo-
stimulated luminescence (PSL) value. Individual section images were
cut from multiple sequential images to create a single superimposed
image of all consecutive sections (this is called “stack” in ImageJ). The
position and angle of each section image were adjusted using the
StackReg plugin (Thevenaz et al., 1998), and finally, three-dimensional
image data were obtained by entering settings where 1 pixel in the
XY direction was 10 um and the spacing between sections was
100 pum.

4.5 | Autoradiography with discrimination
between *C and 1°°Cd

The radiation emitted by C and °°Cd from the grain administrated

both **C-sucrose and °°Cd was detected using the imaging plate
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(IP BAS-TR, GE Healthcare). Discrimination between the two radionu-

clides was achieved based on differences in the transmittance of the
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two radiations. At first, the section samples were contacted to the
imaging plate to detect both **C and °°Cd. Then, the second expo-
sure was made with the silver foil of 20 um thickness inserted
between the section samples and the imaging plate, which enabled to
shield the radiation emitted by C and leave only the °°Cd signal
(Figure S2). The *4C plus 1°?Cd signal image and °°Cd signal image
were overlaid using Image) software. After smoothing by Gaussian
Blur processing, the Image Calculator plugin was used to acquire the

subtracted signal as a **C distribution image.

4.6 | Microautoradiographic methods for high-
resolution imaging

Distribution of 1°°Cd was analyzed at the cellular level by means of
the microautoradiography (MAR) based on the daguerreotype. To get
an overview of 1°°Cd distribution in the whole brown rice, “separated
MAR” method, in which the section sample and the silver particles
produced in the nuclear emulsion were observed separately (Hirose
et al., 2014), was applied. Briefly, the frozen section sample on the
adhesive film and the nuclear emulsion (liford Nuclear Emulsion Type
K5; Harman Technology Ltd.) coated on the glass slide were placed on
top of each other with the 1.2 um thick polyphenylene sulfide film in
between under dark and —25°C condition. After exposure in the
—80°C ultra-low temperature freezer, the section sample, the poly-
phenylene sulfide film, and the nuclear emulsion film were separated.
The nuclear emulsion film was soaked in quarter-strength Kodak D-19
developer (Kodak Ltd.) to develop the silver grains and observed with
the microscope (BX-60, Olympus). The section sample was stained
with hematoxylin-eosin and then observed with the microscope. The
tissue images and radiographs were constructed and superimposed
using ImageJ (Abramoff et al., 2004) and GIMP software (http://www.
gimp.org). To achieve precise alignment of the silver particles and the
rice tissue at the cellular level, “non-separated MAR” method was
implemented. In this method, the cover glass was coated with the
nuclear emulsion, and the section samples with the adhesive film were
directly placed on it to exposure. Then, the cover glass coated with
the nuclear emulsion with the section sample stuck on it was soaked
with hexane to remove the adhesive film under dark and —25°C con-
dition, followed by the graded series of ethanol to hydrate the nuclear
emulsion in the dark room. After that, the development process was
proceeded without separating the section samples. For microscopic
observation, the sections were placed in contact with a glass slide, so
that the cover glass came to the top. By changing the depth of focus,
the brown rice tissue and the silver particles formed on it were
observed separately. This non-separated MAR method is a technique
with a very low success rate because the sections are often detached
during the process of immersion in multiple solutions, but it has an
outstanding advantage with respect to alignment of radiographs and

tissue images.

4.7 | Observation of endosperm transparency

The rice grains of 9, 10, 11, and 13 DAF were sampled and embedded
in the embedding material (SCEM, SECTION-LAB Co. Ltd.) under
—25°C. The sample block was cut to near the center of the grain using
a cryotome (CM1850, Leica). Then, the block was removed from the
sample folder, turned upside down, and set back on the sample folder.
Cutting was restarted and then stopped when the remaining sample
was 1 mm thick. The 1 mm thick grain section was examined using an

optical scanner.
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