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Many previous studies have reported various phospholipids and elements that affect sake production; however,
it seems to be challenging to investigate individual types in each rice variety due to their high diversity, not to
mention their distribution patterns. Since its introduction, mass spectrometry imaging (MSI) has gained atten-
tion in various fields as a simple compound visualization technique. The current study highlights the progress
of powerful MSI in comprehensively analyzing phospholipids and minerals in brown rice for sake production.
Multivariate analysis suggested phospholipids relating to each rice group based on regions of interest. Phos-
pholipid classes connected with embryo and endosperm included fatty acylcarnitine, diacylglycerol, phospha-
tidylcholine, phosphatidylglycerol, and phosphatidylethanolamine. Meanwhile, the studied rice groups showed
the same distribution of the investigated 12 minerals. This is the first study that reports a comprehensive imag-
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ing analysis of phospholipids and elements in brown rice for several cultivars for sake production.
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INTRODUCTION

Sake is a national alcoholic beverage of Japan which is
brewed from rice (Oryza sativa L.) as the main constituent
through a unique process, simultaneously parallel biocon-
versions, during which the starch of rice is decomposed by
koji starter (Aspergillus oryzae) liberating sugars to be then
fermented into alcohol by yeast Saccharomyces cerevisiae.”
As the principal material, the suitability of rice for sake
production is an important consideration. The rice used in
the sake industry is characteristically different from general
rice. Sake rice cultivars have some special features, includ-
ing larger grain size and weight that reasonably represent a
higher rate of white-core region (so-called shinpaku) expres-
sion (WCE) in the center part of rice grain.? Larger shinpaku
indirectly contributes to brewing high-quality sake because
this property is thought to be important for the growth of koji
mold and enhances the digestibility and gelatinization of the

rice.* In addition, brewing rice cultivars are also character-
ized by lower content of protein, lipid, and several inorganic
compounds that, when in an excess amount, contribute to
sake deterioration such as a rough taste, coloration, and
unpleasant aroma."”

In particular, about 2%-3% of lipid is contained in rice
grain with dominant accumulation in the rice bran (19.4%-
25.5%) and germ (34.1%-36.5%), while only 0.8% in the
endosperm.®” As mentioned above, in the sake industry, it is
well known that lipids are one of the main concerns. Among
all rice lipids categories, phospholipids are a major lipid
constituent that accounts for approximately 10% of the total
rice lipid content” from which unsaturated fatty acids are
derived and increased, which negatively impacts the pathway
of fermentation in S. cerevisiae.¥ The presence of unsatu-
rated fatty acids leads to the inhibition of the biosynthesis
of isoamyl acetate (banana-like aroma) and ethyl caproate
(apple-like aroma) in S. cerevisiae” which are important
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aroma-enhancing components in sake are reduced, directly
deteriorating sake’s flavor quality. The inhibitory effect was
also consistent with a study by Furukawa et al'” when
phospholipids phosphatidylinositol (PI), phosphatidylcho-
line (PC), phosphatidylglycerol (PG), and phosphatidyleth-
anolamine (PE) were examined in sake mash. Aside from
the effect on the involved enzyme, fatty acids derived from
phospholipids could also alter volatile compositions and
generate some undesirable compounds. A previous study
showed medium-chain fatty acids (MCFAs) such as hexanoic
acid, octanoic acid, and butanoic acid, MCFA derivatives, and
long-chain alkanes produced from MCFA decarboxylation
reaction contributed to fatty odor and inharmonious taste in
sake.'"? For these reasons, phospholipids are undesired for
sake manufacturing.

It is also important not to disregard inorganic elements,
despite comprising merely approximately 1% of brown rice."”
Several minerals such as potassium (K), magnesium (Mg),
and phosphorus (P) are essential for supporting the quality
of koji, the fermentation process, and the growth of brewing
microorganisms, while sulfur (S), iron (Fe), and manganese
(Mn) are thought to be greatly responsible as a causative
agent of coloration in sake.’” Both raw rice and water con-
tain such inorganic elements, but regardless of the sources,
it is unnecessary to allow low levels of all elements during
the sake-making process. Several works have reported how
some inorganic components interfered with sakes qual-
ity.!*!” Among the studies that have been carried out so far,
the investigations have worked on the effects derived from
minerals on unpleasant taste, coloration, and the increasing
of off-flavor compounds in the sake product.’*"*® Unfortu-
nately, specific analysis on minerals in rice grains for sake
manufacturing remains limited to the total concentration (in
ppm),’*'? the effect of polishing,” and the impact on rice
digestibility.?

While it is possible to eliminate the unwanted compo-
nents by the rice polishing process, some concerns remain
unresolved. Even though phospholipids and minerals-related
works in sake brewing have been performed for years, there
remains a lack of information on the diversity of phospholip-
ids and minerals present in rice grains exclusively processed
for sake production, leading to uncertainty about the occur-
rence of specific phospholipids and minerals to certain rice
cultivars. Following this, it is sufficiently clear that up to the
present, the exact distribution of phospholipids and minerals
in rice tissues subjected to sake-making also remains unclear.
Consequently, it is difficult to ascertain whether these com-
ponents can be perfectly removed or remain present even
after the polishing treatment. Such concerns also apply to the
fact that sake manufacturers utilize both sake rice and general
rice. Nevertheless, it is still uncertain whether these different
rice groups possess distinct or similar phospholipids and
mineral profiles. Therefore, the information of their distribu-
tion may be worth acquiring.

Mass spectrometry imaging (MSI) is one of the analyti-
cal tools for metabolomic study that enables a wide range
of metabolites in biological samples to be visible. Since
its emergence, MSI has been applied well in various study
fields, including medical and pharmaceutical,>"* enzyme
histochemistry,”**® plant,*” and even in the microbi-
ological study,’’*? to name a few. Furthermore, MSI has
also been rapidly gaining popularity in food science®*
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due to its power to localize numerous metabolites with
different functions that benefit improving food quality,
safety, and security. Other than that, methods for data
analysis have also been optimized for deeper data eluci-
dation, considering that the acquired information of the
MSI data set is immensely high. For example, principal
component analysis (PCA) has been employed to dis-
criminate metabolite accumulation based on regions. This
approach showed successful implementation in the previous
reports.***”) Notwithstanding the significant advancements
in this technique, only a few studies implemented sake
brewing science, especially for raw material which is a sig-
nificant starting point. Currently, the investigations are still
restricted to the examination of rice koji ***** and one spe-
cific rice phospholipid.*” Unfortunately, a comprehensive
analysis of critical substances in rice for the production of
sake has not yet been performed.

In light of this, in this current study, the application of MSI
has been updated by comprehensively investigating and visu-
alizing the distribution of phospholipids and minerals in rice
cultivars used for sake production through widely targeted
analysis. Utilizing region of interest (ROI)-based PCA in rice
cultivars for sake production, mass spectra that were detected
to be highly correlated with a particular region were sub-
jected to further analysis on an individual basis. The findings
of this study are expected to be not only useful in advancing
scientific knowledge of brewing but also in potentially ben-
efiting the sake industry, specifically in the selection of rice
cultivars and the polishing process.

EXPERIMENTAL

Samples information

Brown rice (polishing ratio of 100%) of sake rice (Hakut-
surunishiki and Yamadanishiki) and general rice (Yamad-
awara, Nakate Shinsenbon, and Nipponbare) were obtained
from Hakutsuru Sake Brewing Co. Ltd. (Hyogo, Japan).
Hakutsurunishiki and Yamadanishiki rice were cultivated in
Hyogo, Japan in 2021, while Yamadawara, Nakate Shinsen-
bon, and Nipponbare were produced in Yamaguchi, Japan in
2022 (Table S1).

Preparation of rice sections

The experimental workflow of matrix-assisted laser
desorption/ionization (MALDI) MSI in this current study
is briefly summarized in Fig. 1. Rice sections were prepared
by embedding the whole rice grains in molds (Base mold A,
Falma, Tokyo, Japan) filled with 4% carboxymethyl cellulose
(CMC) solution (Leica Microsystems, Wetzlar, Germany),
followed by flash-freezing at —80°C. The frozen samples were
transferred to a cryostat (CM1950, Leica Biosystems, Wet-
zlar, Germany) and sectioned into 16 um at —22°C. The rice
sections were collected using a cyrofilm (Section-Lab, Yoko-
hama, Japan) and dried using silica gel (Fujifilm Wako Pure
Chemical Corporation, Osaka, Japan) in a falcon tube (Corn-
ing, NY, USA) before being attached to an indium-tin-oxide
(ITO)-coated glass slide (Matsunami, Osaka, Japan) using
conductive double-sided tape (3M, Tokyo, Japan) for phos-
pholipid imaging. As for mineral distribution, the rice sample
sections with the same thickness were fixed on the general
glass slide (Matsunami, Osaka, Japan) using general tape
(Nichiban, Tokyo, Japan).
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Fig. 1. Overview of MALDI MSI experimental workflow. MALDI, matrix-assisted laser desorption/ionization; MSI, mass

spectrometry imaging.

Matrix deposition

To find a suitable matrix, 2 types of common matrices were
used: a-cyano-4-hydroxycinnamic acid (CHCA) and 2,5-
dihydroxybenzoic acid (DHB) (Merck, Darmstat, Germany).
The matrices were separately deposited on ITO glass loaded
with rice sections by sublimation method using matrix vapor
deposition device iMLayer™ (Shimadzu, Kyoto, Japan) with
the following conditions: CHCA with a thickness of 0.7 um at
180°C; DHB with a thickness of 1.5 pm at 250°C.

MSI analysis

For phospholipid distribution, the analysis was performed
using an iMScope™ QT (Shimadzu, Kyoto, Japan) with
MALDI as an ion source. Mass spectra were recorded by
Imaging MS Solution version 2.0 software, and all spectra
were acquired in the m/z range of 500-1000 in the positive
ionization mode. Laser diameter was set to 2. Other related
conditions were as follows: Number of irradiations, 50 shots;
Laser repetition rate, 1000 Hz; Laser strength, 67; Detector
voltage, 2.30 kV; A pitch of 25 x 25 pm?. After spectra data
acquisition, the IMAGEREVEAL MS™ Software (Shimadzu,
Kyoto, Japan) was utilized to generate phospholipid imaging
data.

For mineral distribution, the rice sample sections were
processed using laser ablation-inductivity coupled plasma
(LA-ICP)-MSI technology (ICPMS-2030 and Laser abla-
tion NWR266, Shimadzu, Kyoto, Japan). The parameters of
ICPMS were set to high-frequency power, 1.20 kW; sampling
depth, 5.0 mm; plasma gas flow rate, 9.0 L/min; auxiliary
gas flow rate, 0.70 L/min; carrier gas flow rate, 0.40 L/min;
chamber temperature, 5°C; peristaltic pump speed, 20 rpmy;
collision gas, He; cell gas flow rate, 6.0 mL/min; cell voltage,
—-21 V; and energy filter, 7.0 V. Meanwhile, laser ablation
parameters were laser energy, 25%; laser irradiation diameter,
30 pm; scanning speed, 30 um/sec; laser frequency, 1000 Hz;
and He flow rate, 0.80 L/min.

Data analysis

After the mass spectra were generated, the data were
then processed using IMAGEREVEAL MS™ for collective
image analysis. At first, it was desirable to search for regions
that share general similarities in their mass spectra before
determining ROIs. The following were parameters set in

the pre-processing settings: normalization; total ion current
(TIC), target; lipids with m/z range 500-1000, number of
clusters; 10, linkage criteria; ward, metric; Euclidean distance,
data point thinning; none, delta m/z; £0.01 Da. Based on the
segmentation formed in each cluster of pixels, embryo and
endosperm were selected as ROlIs, as illustrated in Fig. S1,
to be then subjected to the differential analysis. The number
of analysis points per ROI was set to 3. From the test, the
score plot and loading plot of PCA will be constructed to
assist MALDI MSI data interpretation. Then, ion images were
generated based on data points presented in the loading plots
using the in-house database previously reported.

RESULTS AND DISCUSSION

Segmentation analysis of phospholipids localized
in sake rice and general rice

During the MSI data analysis, many areas of the sample
tissues corresponding to specific anatomical parts could be
virtually specified."” A precise characterization approach of
ROIs enables the delineation of tissue region-type specific
compound accumulation, which is crucial for downstream
statistical analysis.*” For this reason, prior to the determina-
tion of ROI, segmentation analysis was carried out in all rice
grain sections as a promising data-driven technique to define
the pattern of localized features of the vast amount of analyte
mass in tissue imaging data. In this examination, a clustering
algorithm will separate a series of mass spectral profiles col-
lected at different points of sample tissue sections into several
groups, resulting in signal-based images from the whole mass
range, thus weighted to reflect the variations across the ROIs.
The analysis result visually showed not only specific location
but also both distinct and similar accumulations of phospho-
lipids between sake rice and general rice cultivars. According
to the visual segmentation (Fig. 2), 2 ROIs of 10 clusters
formed were further objectively analyzed by multivariate
analysis.

Region-based differential analysis
on the phospholipids distribution in
sake rice and general rice
The data matrix obtained from each ROI (embryo and
endosperm) was utilized for PCA plot construction. The PCA
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Fig. 2. Segmentation analysis showing the internal structure of sake rice and general rice based on phospholipid distribution. Dif-

ferent colors highlight the unique characteristics of the localization pattern.
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Fig. 3. PCA results of phospholipids in sake rice and general rice. (A) Score plot of phospholipids distribution in embryo part. (B) Loading plot

representing phospholipids associated with each rice group embryo. (C) Score plot of phospholipids distribution in endosperm part. (D)
Loading plot representing phospholipids associated with each rice group endosperm. Blue and orange-colored data points represent each
phospholipid related to, consecutively, general rice and sake rice. HK, Hakutsurunishiki; NB, Nipponbare; NS, Nakate Shinsenbon; YM,
Yamadanishiki; YW, Yamadawara; PCA, principal component analysis.

calculation was performed to reduce high data dimension
based on the average spectrum of each ROL® All peaks
associated with matrix clusters were excluded from the
measurement.

As a result, clustering, as shown in score plots (Figs. 3A
and 3C), demonstrated a clear separation along PC1 between
sake rice and general rice in relation to phospholipid ions in
the ROIs embryo and endosperm. Each peak associated with
each rice cluster was indicated in the loading plots (Figs. 3B
and 3D). To address the issue of peak selection derived from
several aggregated and overlapping peaks, further filtering
was performed by picking peaks with loading values higher
than 0.05.

The distribution of phospholipids extracted from each
area of interest is summarized in Table 1. Among all
detected phospholipid types, the classes are grouped into
fatty acylcarnitine, diacylglycerol (DAG), PC, PG, and PE.
A total of 37 peaks were strongly correlated with embryos

of Hakutsurunishiki and Yamadanishiki as sake rice group
representatives, whereas 10 peaks were observed to be
associated with the embryos of Nipponbare, Nakate Shin-
senbon, and Yamadawara as the members of general rice
group (Tables 1 and S2). It was obvious that the sake rice
embryo showed dominant PCs, while that of general rice
was rich in PEs. Furthermore, from the analysis of the
endosperm region, a noticeable difference in the number
of peaks was recovered between the 2 rice groups; 21 peaks
were closely related to sake rice, while 49 peaks were found
to be connected to general rice. Tables 1 and S3 indicated
that PGs were found to be accumulated more than other
phospholipids in the endosperm of sake rice. By contrast,
the general rice endosperm contained a high abundance
of DAGs and PCs. To provide a more detailed under-
standing of the actual accumulation of phospholipids, the
abundance of each phospholipid type in rice cultivars was
imaged.
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Table 1. Distribution of phospholipids in sake rice and general rice based on regions of interest.
Total each PLs species
ROIs Rice groups Total PLs
Fatty acylcarnitines DAGs PCs PGs PEs

Embryo Sake rice 37 2 0 22 10 3

General rice 10 0 3 0 0 7
Endosperm  Sake rice 21 3 0 7 11 0

General rice 49 4 19 16 2 6

DAGs, diacylglycerols; PCs, phosphatidylcholines; PEs, phosphatidylethanolamines; PGs, phosphatidylglycerols; PLs, phospholip-

ids; ROIs, regions of interest.

Spatial distribution of phospholipids in embryo

A number of phospholipid peaks corresponding to each
rice part of interest were visualized. Prior to image genera-
tion, we further highlighted the phospholipid representatives
with only specific and clear localization. Out of 37 phospho-
lipids found in the sake rice embryo, 2 fatty acylcarnitines,
22 PCs, 10 PGs, and 3 PEs (Tables 1 and S2), we selected 1
fatty acylcarnitine, 3 PCs, 2 PGs, and 1 PE to exemplify the
distribution within the embryo (Fig. 4A). The phospholip-
ids PC (32:4) m/z 764.463, PG (32:0) m/z 761.474, and PE
(40:3) m/z 798.601 were solely distributed in the germ of
Hakutsurunishiki and Yamadanishiki rice tissues, although PE
(40:3) in Yamadanishiki rice, in particular, was found in lower
abundance. Interestingly, PG (32:0) was observed not only
dispersed in the germ but also predominantly discovered in
the core of the Hakutsurunishiki rice. Albeit, according to the
loading plot, being exclusive to the sake rice embryo, we also
included the regional distribution information for the general
rice germ to make a comparison. Phospholipids, including
fatty acylcarnitine (23:5) m/z 502.330, PC (38:7) m/z 826.536,
PC (38:8) m/z 824.520, and PG (38:4) m/z 798.601 were
present not only in the germ of sake rice group but in the
general rice as well, with slightly different intensities. For
example, based on an overall visual, Yamadawara showed a
lower accumulation compared to the other 4 types of rice.
This supports the correspondence between these phospholip-
ids with the sake rice embryos as presented in the score plot
and loading plot of PCA.

Meanwhile, only 2 categories of phospholipid correspond
to the general rice embryos among 10 detected phospholip-
ids, namely DAGs and PEs (Tables 1 and S2). Furthermore,
we chose 3 phospholipids from each class to be visualized, for
instance, DAGs (34:2) m/z 615.496, DAG (34:1) m/z 617.512,
DAG (36:4) m/z 617.514, PE (34:1) m/z 740.520, PE (34:0)
m/z 742.538, and PE (36:2) m/z 744.554 (Fig. 4B). All exam-
ples were evidently accumulated in the germ of general rice
tissues; however, Yamadawara exhibited another intriguing
DAGs accumulation in the bran region, with high intensities.
In comparison to the sake rice grains, Yamadanishiki showed
a relatively high distribution of DAGs in the embryo and
slightly lower in the bran area. Meanwhile, scarcity of the
DAGs abundance was clear in the Hakutsurunishiki embryo
and bran. While the presence of PEs in the regular rice
embryo was apparent, it was barely visible in the sake rice
germ. This result may suggest that DAGs and PEs are charac-
teristics of the general rice embryos.

To wrap up this result, both rice groups exhibited various
phospholipids in the germ region. According to a previous
report,") PC, PE, PI, and PG, which were also detected in

this study, except PI, were discovered to be the main lipids
present in rice germ and bran, accounting for roughly 80%.
As previously reported, these types of phospholipids PC, PG,
and PE contributed to the decrease in important aroma com-
pounds in sake.'” Fortunately, the process of polishing may
effectively eradicate them from the grains since they are dom-
inantly accumulated in the outer layer areas. However, since
fatty acylcarnitines and DAGs were also detected, mainly
in the general rice samples, it might be necessary to further
investigate the potential impacts of these phospholipids on
the sake’s quality.

Spatial distribution of phospholipids in
endosperm

A total of 21 phospholipids associated with the sake rice
endosperm mainly consist of PGs, followed by 7 PCs and 3
fatty acylcarnitines (Tables 1 and S3). Despite belonging to
the same group, Hakutsurunishiki and Yamadanishiki dis-
played a distinguishable phospholipid distribution difference
in the endosperm (Fig. 5A). As examples in Hakutsurunishiki
rice, fatty acylcarnitine (25:1) m/z 506.361, PC (34:0) m/z
800.558, PC (32:0) m/z 734.569, PC (30:0) m/z 744.495, PG
(36:3) m/z 773.533, and PG (38:3) m/z 801.564 primarily
accumulate in the central region of the endosperm, in spite
of a slight difference in the intensity. For example, PC (30:0)
showed a lower intensity compared to the other previously
mentioned phospholipids. In addition, a noticeable distri-
bution of PC (34:0) and PG (38:3), respectively, was also
observed in the embryo and extended beyond the core of
the endosperm. Additionally, it is also important to note that
PG (36:5) m/z 807.458 presented a recognizable occurrence
toward the epical end of the Hakutsurunishiki grain tissue,
which is the opposite side of the germ. Whereas the distri-
bution of phospholipids in the endosperm of Yamadanishiki
differs from that of Hakutsurunishiki, as they exhibited a scat-
tered accumulation throughout the tissues rather than con-
centrated in the central part, with PC (32:0) and PC (30:0)
generally showed higher intensities. Except for fatty carnitine
(25:1), the abundance that was observed in the core of the
Yamadanishiki endosperm was found to be relatively low.

When the spatial distribution of phospholipids corre-
sponding with the sake rice endosperm was also tracked
in the endosperm of Nipponbare, Nakate Shinsenbon, and
Yamadawara as general rice examples, it suggested different
spatial accumulation patterns and relatively low intensities
(Fig. 5A). Fatty acylcarnitine (25:1) distribution with m/z
506.361 was almost negligible in all general rice sections.
For the PC group, PC (34:0) m/z 800.558 was concentrated
in the germ area instead of in the endosperm, with Nakate
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Optical image Fatty acylcarnitine (25:3) PC (32:4) PC (38:7) PC (38:8) PG (38:4) PG (32:0) PE (40:3)
m/z 502.329 m/z764.463 m/z826.536  m/z824.520 m/z821.530 m/z761.476 m/z798.601
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Optical image DAG (34:2) DAG (34:1) DAG (36:4) PE (34:1) PE (34:0) PE (36:2)
m/z615.496 m/z617.512 m/z617.514 m/z740.520  m/z742.538 m/z 744.554
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Spatial distribution of representative phospholipids associated with sake rice embryo (A) and general rice embryo (B) obtained by
MALDI MSI. MALDI, matrix-assisted laser desorption/ionization; MSI, mass spectrometry imaging.

Shinsenbon indicating the scarcity. PC (32:0) m/z 734.569 distributed distinctively. While Nipponbare and Nakate Shin-
was only detected in the embryo and bran of Yamadawara, senbon exposed a clear presence of PG (36:5) throughout
whereas PC (30:0) m/z 744.495 was minimally present in the endosperm, these 2 rice exhibit a very low abundance of
all general rice tissues. As in the case of PCs, PGs were also PG (36:3) compared to Yamadawara. Lastly, PG (38:3) was

Page 6 of 11




IMAGING OF LIPIDOMICS AND METALLOMICS IN RICE Vol. 13 (2024), AO164

Optical image Fatty acylcarnitine (25:1)  PC(34:0) PC (32:0) PC (30:0) PG(36:3) PG(38:3) PG(36:5)
m/z 506.361 m/z 800.558 m/z734.569 m/z 744.495 m/z773.533 m/z801.564 m/z 807.458
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Optical image Fatty acylcarnitine (28:1) DAG (36:1) DAG (34:0) PG (32:1) PE(34:0)
m/z 548.409 m/z 661.518 m/z 619.527 m/z 721.501 m/z 720.554
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Fig. 5. Spatial distribution of representative phospholipids associated with sake rice endosperm (A) and general rice (B) obtained by
MALDI MSI. MALDI, matrix-assisted laser desorption/ionization; MSI, mass spectrometry imaging.

distributed more in the bran area of Nakate Shinsenbon and endosperm of the general rice group and 49 phospholipids
Yamadawara. were extracted from the loading plot (Tables 1 and S3). This

Furthermore, we looked into the spatial distribution of number was obviously greater in quantity compared to those
phospholipids that potentially share a relationship with the of the sake rice endosperm. In terms of phospholipid variety,
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the endosperm of general rice possessed more diverse phos-
pholipids, including 4 fatty acylcarnitines, 19 DAGs, 16 PCs,
2 PGs, and 6 PEs. Five of the 49 phospholipid types such
as fatty acylcarnitine (28:1) m/z 548.408, DAG (36:1) m/z
661.517, DAG (34:0) m/z 619.527, PG (32:1) m/z 721.501,
and PE (34:0) m/z 720.554 were further visualized as pre-
sented in Fig. 5B. The distribution of PG (32:1) and PE (34:0)
in all general rice samples is quite conspicuous and intrigu-
ing. These 2 phospholipids were evenly distributed through-
out the entire endosperm, with higher abundance toward
the bran of the dorsal areas of Nakate Shinsenbon. Similarly,
Yamadawara also presented a heightened intensity of PE
(34:0) in the bran region. On the other hand, it is essential to
note that neither of the sake rice samples demonstrated the
localization of PG (32:1) and PE (34:0), suggesting that these
phospholipid types are probably specific to the endosperm of
general rice. Moreover, 2 DAGs, DAG (36:1) and DAG (34:0),
exposed different accumulation trends regardless of belong-
ing to the same category. While the former did not exhibit
localization, the latter was detected in the embryo and bran
regions of all general rice. A similar distribution was also
clear in the sake rice bran part, while that of Hakutsurunishiki
was higher. Finally, none of the rice tissue sections accumu-
lated fatty acylcarnitine (28:1).

From the results of this current study, it is shown that
the distribution of phospholipids varied among rice groups
and also between 2 sake rice cultivars. Even though we only
captured the overall pattern in the phospholipid distribution
across multiple rice cultivars commonly used in sake pro-
duction as representatives and did not specifically address
the individual structural and compositional variations, such
as white core and nonwhite core region, among the rice cul-
tivars, we recognize that such variation might be necessarily
important as one of the potential factors may affect the differ-
ences in the distribution of phospholipids. Previous reports
have linked the relationship between starch granules and
lipids which then grouped lipids into starch lipids and non-
starch lipids. The former lipids are those located in the starch
granules, while the latter are found outside the starchy core,
including those in the bran and germ.”** As an example,
fatty acids, lysophosphatidylcholine (LPC) and lysophos-
phatidylethanolamine (LPE) are well known as the principal
starch lipids. In this study, Hakutsurunishiki rice was found
to accumulate a higher abundance of PCs and PEs in the core
of the endosperm, which may be suggested as starch lipids
according to the theory. This finding may be explained by the
previous report by Tamada et al.*® that the Hakutsurunishiki
grain possessed a larger starchy core (shinpaku) size that
may influence the expression of starch lipids in the imaging
data. On the other hand, Yamadanishiki, Nipponbare, Nakate
Shinsenbon, and Yamadawara showed the primary accumu-
lation of phospholipids outside of shinpaku, which were then
possibly considered non-starch lipids. However, this is still
a mere assumption according to the established theory and
remains considered a limitation of our current work. There-
fore, a more detailed analysis is necessary in the future to
clarify how grain-by-grain variations contribute to the differ-
ences in the phospholipid distribution, such as comparative
study of phospholipid distribution between white-core and
non-white-core rice grains. In addition, there is still limited
available literature providing quantitative values of phospho-
lipid distribution in individual sake and general rice cultivars
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tested in this study. Up to the present, the previous reports
only suggested a general quantity of lipids in brown rice,
approximately 2%-3%, and such information in the tested
rice still needs to be measured.

Visualization of spatial distribution of minerals

In this study, we focused on investigating the regional dis-
tribution of 12 minerals which included magnesium (Mg),
phosphorus (P), potassium (K), iron (Fe), zinc (Zn), manga-
nese (Mn), sulfur (S), calcium (Ca), sodium (Na), cobalt (Co),
nickel (Ni), and silicon (Si) since the significance of these
elemental components in sake’s quality has been mentioned
in previous studies.'*?"*”) For sake rice, we used all rice grain
samples, while Nipponbare was the only general rice example.
Using LA-ICP MSI technology, the information on the spatial
distribution of the minerals was successfully detected (Fig. 6).
The result suggested all investigated elements depicted identi-
cal distribution patterns among different rice groups, highly
concentrated in the germs and slightly in the bran. The same
trend was also observed in other minerals (Fig. S2). In addi-
tion, the distribution trend was observed similar to some lipid
species, such as DAG. The similarity in spatial distribution is
primarily due to their natural distribution patterns. In addi-
tion to that, the co-localization presumably may be attributed
to their involvement in the lipid metabolism pathway. For
example, the presence of P and Ca, respectively, is a crucial
part of phospholipid structure and form interaction with the
lipid membrane, directly affecting the spatial distribution.*®
Nevertheless, in terms of the concentration, it has been gen-
erally suggested that mineral concentration in brown rice
usually used for sake material highly varies depending on the
individual type of elements itself. For instance, the content of
K and P was measured, ranging from 2000 to 3000 ppm and
around 1000 ppm of Mg." The rice cultivars examined also
included Yamadanishiki and Nipponbare. Further study inves-
tigating the concentration of elemental components in other
rice cultivars, including the ones used in this study, is highly
recommended to explore, thus complementing the obtained
information of the spatial distribution in this current result.

Finally, this study could provide information on the dis-
tribution of numerous phospholipids in the investigated rice
grains. Sake rice and general rice showed different phospho-
lipids distribution and similar mineral distribution. Refer-
ring to a previous work by Aramaki et al'® that showed
the effect of polishing treatment on the concentration of
elemental components, the elimination of those distributed
throughout the germ and surface fractions of raw rice may
be possibly polished at a minimum rate of 70%. Several
minerals that predominantly exist in the germ and bran
areas were drastically reduced and relatively leveled off after
70% polished. This polishing ratio may also be sufficient for
removing phospholipids dispersed in the germ and bran.
However, special attention is highly demanded for those
located in the endosperm, especially in the central area,
which will be potentially left after the polishing process.
Since it is reasonably difficult to polish off, thereby, suitable
strategies are worth the exploration as future perfectives.
First, from the biological aspect, it might be necessary to
investigate the environmental conditions where Hakut-
surunishiki rice is cultivated, subsequently compared to the
cultivation conditions of other rice cultivars containing a
lower abundance of phospholipids in the core of endosperm
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Fig. 6. Spatial distribution of representative minerals in sake rice (Hakutsurunishiki and Yamadanishiki) and a general rice example (Nippon-
bare) obtained by MALDI MSI. MALDI, matrix-assisted laser desorption/ionization; MSI, mass spectrometry imaging.

to find the optimal condition in achieving lower phos-
pholipid abundance in the starch granule. Following this,
development in the future breeding might also be promis-
ing. For example, among 5 rice cultivars used in this study,
Hakutsurunishiki rice has the potential to be used as a parent
and crossed with other cultivars with a lower abundance of
endosperm phospholipids to produce rice with a lower con-
tent of phospholipids in the core endosperm.

CONCLUSION

In this study, we conducted a comprehensive investigation
and visualization of a variety of phospholipids and minerals
in brown rice utilized in sake manufacturing, as well as the
spatial distribution. Detected phospholipids are including
fatty acylcarnitine, DAG, PC, PG, and PE. Using specific
regions, sake rice and general rice could be further discrim-
inated based on their phospholipid accumulation. In terms
of minerals, we observed 12 elements, namely Mg, P, K, Fe,
Zn, Mn, S, Ca, Na, Co, Ni, and Si, with uniform distribution
patterns across different rice cultivars. Both sake rice (Hakut-
surunishiki and Yamadanishiki) and general rice (Nipponbare,
Nakate Shinsenbon, and Yamadawara) exhibited distinct
phospholipids profiles but similar distribution trends of ele-
ments. To the best of our knowledge, this is the first study
that elucidates a more comprehensive view of the spatial

distribution of phospholipids and minerals in brown rice as
a raw material for sake production. This finding is expected
to be valuable for sake breweries in the rice cultivars selec-
tion and polishing strategy; however, additional research is
required in the future. However, while this study has success-
fully provided comprehensive phospholipid and mineral dis-
tribution in several rice cultivars for sake production, several
limitations remain that need to be addressed. To gain a better
understanding of the observed pattern of distribution, several
potential factors, such as structural and compositional grain-
by-grain variations, environmental and storage conditions,
and quantitative values, warrant further exploration.
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