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Abstract

The quantity and composition of rice proteins play a crucial role in determining taste quality of sake, Japanese
rice wine. However, the spatial distribution of proteins within rice grains, especially in endosperm tissue, and the
differences between rice varieties remain unclear. Here, we analyzed the crude protein contents and composition
ratios of table (Nipponbare and Koshihikari) and genuine sake rice varieties (Yamadanishiki, Gohyakumangoku,
Dewasansan, Dewanosato, and Yumenokaori) to elucidate their spatial distribution within the Japonica rice grain
endosperm. Seven sake rice varieties were polished over five harvest years using a brewer’s rice-polishing machine.
We obtained fractions at 90-70% (the outermost endosperm fraction), 70-50%, 50-30%, and 30-0% (the central
region of the endosperm fraction). Yamadanishiki and Dewanosato exhibited considerably lower crude protein
contents than the other cultivars. After applying SDS-PAGE, the protein composition, comprising glutelin/total
protein (G/TP), prolamin/TP (P/TP), and G/P ratios of these fractions was determined. In white rice (at a 90% rice-
polishing ratio), the average ratio of the major protein composition was G/TP 41%, P/TP 21%, and G/P ratios of 1.97.
Gohyakumangoku and Yamadanishiki had higher G/TP ratio, while Dewanosato had a lower value. Despite having
lower crude protein contents, Yamadanishiki and Dewanosato exhibited significantly varying G/TP ratios. The G/
TP ratio markedly varied among rice varieties, particularly in the rice grains’ central region. The 50-30% fraction
had the highest P/TP ratio among all tested rice varieties, suggesting spatial differences in P/TP within rice grains.
Koshihikari had the lowest P/TP ratio. In addition, the 50-30% fraction had the lowest G/P ratio among all tested
rice varieties, with Gohyakumangoku having the highest G/P ratio. Dewanosato had the lowest G/P value, and this
value significantly differed from that of Yamadanishiki in the 30-0% fraction. We found substantial differences in
protein composition within distinct spatial regions of rice grains, and larger differences among rice varieties were
observed in the rice grain's central region.
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Background

The protein content in brown or polished white rice is a
key indicator of table rice palatability (Kondo and Nozoe
1993; Martin and Fitzgerald 2002; Matsue et al. 1996).
For genuine sake rice, a Japonica rice variety specifically
bred and used for Japanese sake brewing, the protein
content in rice grains is also considered a crucial indi-
cator of rice quality (Iemura et al. 1995, 1999a, b; Taka-
hashi et al. 2021a; Wakai et al. 1997). Typically, the crude
protein content in white rice with a 70% rice-polishing
ratio (the ratio [w/w] of polished rice to original brown
rice) has been the standard measure because rice for sake
brewing is highly polished compared to table rice (Kizaki
et al. 1991; Takahashi et al. 2021a). In sake brewing, the
brewmaster initiates the production of koji, a rice mold
that grows Aspergillus oryzae on and in polished rice
grains (Kanauchi 2013). While the fungi generate numer-
ous proteases and peptidases for protein degradation into
oligopeptides and amino acids, these enzymes also enzy-
matically digest rice proteins into nitrogen-containing
compounds such as oligopeptides and amino acids within
the koji. As the sake brewing process proceeds accord-
ing to the multiple parallel fermentation manner, in
which the koji-produced enzymes are active in the main
mash known as “moromi,” proteases and peptidases can
continue to degrade rice proteins. Notably, the resulting
nitrogen-containing compounds are subsequently incor-
porated into sake yeast and utilized as energy sources
and cellular constituents. However, the protease and pep-
tidase would remain active even in the middle and later
stages of mash when the stage sake yeast population has
reached a saturation point and its growth has ceased.
Therefore, a considerable quantity of nitrogen-containing
compounds should remain in the final sake product.

Some sake are brewed using highly polished rice
because an excessive amount of amino acids in sake can
impart an unpleasant, unsophisticated taste, especially
for ginjo sake (Iemura et al. 1996; Iwano et al. 2005;
Takahashi and Kohno 2016). In contrast, the presence
of extremely few assimilable nitrogen compounds in the
mash due to the usage of “low-glutelin rice” as an ingre-
dient presents challenges in controlling yeast growth
effectively, which may result in the production of sake
with undesirable flavors (Mizuma and Furukawa 2004;
Mizuma et al. 2002).

In rice endosperms, the majority of proteins are accu-
mulated in small particles known as “protein bodies”
located between large starch crystals. These rice protein
bodies can be divided into two types. Protein body type-
I (PB-I), which originates from the rough endoplasmic
reticulum (ER), forms a spherical shape with a diameter
of 1-2 pm and accumulates various types of prolamin
gene products (Mitsukawa et al. 1999; Nagamine et al.
2011; Saito et al. 2012; Tanaka et al. 1980). An in silico
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database search has identified 34 prolamin genes in O.
sativa (Xu and Messing 2009), with more than 20 esti-
mated to exist in flawless form in rice (Saito et al. 2012).
Most of these prolamin genes are subclassified of 13-kDa
prolamin, while minor types include 10-kDa and 16-kDa
prolamins (Saito et al. 2012). These prolamin proteins
form multiple layers within the spherical PB, with each
layer comprising the same gene products. For example,
the core comprises cysteine-rich 10-kDa prolamin, but
the outermost layer comprises cysteine-poor 13-kDa
prolamin (Nagamine et al. 2011; Saito et al. 2012). Owing
to the physical properties of densely packed PB-I, pro-
lamin exhibits resistance to digestive enzymes such as
proteases and peptidases. Protein body type-1I (PB-II),
which is derived from the vacuole, forms irregularly
shaped granules with a diameter of 3—4 um and accumu-
lates various types of glutelins and 26-kDa alpha-globulin
(Kumamaru et al. 2010; Takaiwa et al. 1987; Yamagata et
al. 1982). Glutelin is initially synthesized as a precursor
approximately 50-55-kDa in polypeptide length (Taka-
hashi et al. 2019; Yamagata et al. 1982). Subsequently, it is
cleaved by a vacuolar processing enzyme (Kumamaru et
al. 2010; Wang et al. 2009) into a 30—35-kDa acidic sub-
unit and a 20-kDa basic subunit (Takahashi et al. 2019;
Yamagata et al. 1982). Glutelin is the product of sev-
eral glutelin genes (Kusaba et al. 2003; Masumura et al.
1989a; Mitsukawa et al. 1998; Qu et al. 2002; Takaiwa et
al. 1987, 1991; Takaiwa and Oono 1991) that are catego-
rized into four glutelin subfamilies (GluA, GluB, GluC,
and GluD) based on their amino acid sequence homol-
ogy (Kawakatsu and Takaiwa 2010; Kawakatsu et al.
2008). The localization and distribution of these glutelin
gene products in rice grains can markedly differ based
on specific glutelin genes (Takahashi et al. 2019). For
instance, GluA exhibits a strong localization in the outer
region of the endosperm, with a much weaker presence
in the central region, extending its localization to the
aleurone layer and even into the embryo, but GluC dis-
plays a uniform distribution throughout the endosperm.
The localization pattern of glutelin proteins in the endo-
sperm remains largely consistent across seven Japonica
rice varieties, including popular sake rice used in practi-
cal sake brewing. A rice variety specific distribution fea-
ture is also indicated. Proteases and peptidases readily
degrade glutelin, unlike prolamin, leading to the release
of amino acids and oligopeptides during sake brewing.
Thus the quantity and/or proportion of glutelin and pro-
lamin relative to total protein (TP) can be crucial factors
in rice processing, particularly in sake brewing.

Studies on the PB-II/PB-I ratio in white rice grains have
been reported previously. The glutelin (acidic and basic
subunits)/prolamin (10-, 13-, and 16-kDa prolamin) ratio
in white rice, including table and sake rice, at a 70% rice-
polishing ratio was 2.42 (Kizaki et al. 1991) or 2.67 (Kizaki
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et al. 1993) using a designated baseline on the chromato-
gram chart. This ratio was also reported to be 2.2 using
the same extraction and analytical methods as Kizaki et
al., except for the use of rice variety and another densi-
tometer (Furukawa et al. 2000). Ashida et al. reported
that the PB-II (acidic and basic subunits of glutelin, and
alpha-globulin)/PB-I ratio in Yamadanishiki, the most
popular sake rice variety, at a 90% rice-polishing ratio
was 2.08, and the glutelin (acidic and basic subunits)/pro-
lamin (13-, and 16-kDa prolamin) ratio was 1.77 (Ashida
et al. 2013). As these reports have shown, the glutelin/
prolamin ratio considerably varies in 1.77-2.67 depend-
ing on factors such as the methods used, including pro-
tein extraction and denaturing, the rice-polishing ratio,
and rice variety. Despite the importance of the quantity
and/or proportion of glutelin and prolamin to TP for sake
brewing, the spatial distribution of nitrogen compounds
in rice grains, especially in endosperm tissue, and the dif-
ferences between rice varieties remain unclarified. In this
study, we analyzed the crude protein content and compo-
sition ratio of sake rice in selected varieties to elucidate
the spatial distribution within the rice grain endosperm.

Materials and Methods

Plant Materials

Seven cultivars of brown rice were obtained from the
Society for the Studies of Brewer’s Rice and harvested
in 2009, 2010, 2011, 2013 and 2014. These included
Koshihikari (Chiba, Chiba), Nipponbare (NRIB, Higashi-
Hiroshima, Hiroshima), Yamadanishiki (NRIB, Higashi-
Hiroshima, Hiroshima), Gohyakumangoku (Kitakata,
Fukushima), Dewasansan (Sakata, Yamagata), Dewano-
sato (Higashi-Okitama, Yamagata), and Yumenokaori
(Kitakata, Fukushima). All rice plants were grown in a
paddy field at each location according to the growth con-
ditions required for each rice variety.

Preparation of Fractionated Rice Powder from Endosperms
Fractionated rice powder was obtained as described pre-
viously (Takahashi et al. 2019). A home rice polisher was
used to polish brown rice to 90% (w/w) of the original
weight. The resulting polished rice to 90% rice-polishing
ratio (the ratio [w/w] of polished rice to original brown
rice) was sequentially polished to 70, 50, and 30% by a
grain test mill HS-4 using whetstone roll#60 and a roll
mesh (Chiyoda Engineering, Inc., Hiroshima, Japan).
Fractionated rice powder from four different spatial rice
grain—90-70%, 70—-50%, 50—30%, and 30—0% of rice-pol-
ishing ratio—was obtained as described previously (Taka-
hashi et al. 2019).

Crude Protein Contents
Fractionated rice powder and brown rice powder from
different crop years (n=>5) were analyzed using an
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elemental analyzer (Vario EL III, Elementar, Langensel-
bold, Germany). Nitrogen content was quantified, and
the coefficient for rice protein, 5.95, was multiplied to
calculate the crude protein content. The crude protein
content of each rice variety was indicated as a dry mat-
ter. Briefly, rice moisture was determined as follows: Rice
flour (1.5 g) was sampled into an aluminum dish with a
cover. The samples were completely dried by heating in
a drying container at 135°C for 2 h. After 10-min cooling
in a desiccator, immediately their weight was determined.
The difference in rice powder weight measured before
and after drying was taken as the moisture value.

SDS-PAGE and Protein Composition Analysis

A previous report outlined the process of protein extrac-
tion from rice powder and the method of moderate dena-
turation to achieve higher resolution SDS-PAGE results
(Takahashi et al. 2019). SDS-PAGE was performed using
15% polyacrylamide gels (ATTO, Tokyo, Japan) with pro-
tein-size markers (Bio-Rad, Hercules, MA, USA). After
separation, the proteins were stained with 0.1% Coo-
massie Brilliant Blue (CBB) R-250 (Nacalai tesque, Kyoto,
Japan). The gel was destained for at least 3 h before being
scanned directly. Quantity One software ver. 4.6.9. (Bio-
Rad) was used to determine the intensity of TP intensity
in a lane, glutelin acidic subunit, glutelin basic subunit,
and prolamin. The ratios of glutelin (G) / TP, prolamin (P)
/ TP, and other proteins / TP were calculated as follows:

G/TP = (glutelin acidic subunit + glutelin basic subunit)/TP
P/TP = prolamin/TP

TP — glutelin acidic subunit >

— glutelin basic subunit — prolamin

(TP — G — P)/TP = (

TP

Statistical Analysis

Statistical differences in crude protein and protein com-
position in rice-polishing ratio and rice variety were
analyzed with analysis of variance (ANOVA) and Tukey-
Kramer HSD test using JMP software ver.10.0.2 (SAS
Institute, Cary, NC, USA).

Results

Crude Protein Contents

To determine the crude protein content of whole brown
rice used for practical sake production, nitrogen levels
were quantified through elemental analysis. Yumenokaori
had higher crude protein content than Yamadanishiki
and Dewanosato (Fig. 1). To gain insight into the spa-
tial distribution of protein in the rice grains, the crude
protein content of sequentially polished rice flours was
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Fig. 1 Crude protein content of brown rice The average crude protein
contents in brown rice of different rice varieties (n=5, as crop year) are
shown. The crude protein content of each rice variety is indicated as dry
matter. Data containing different capital and small letters indicate signifi-
cance by Tukey-Kramer HSD test at p<0.01 and p <0.05, respectively

analyzed. The rice grains’ outer region with a rice-pol-
ishing ratio of 90-70%, contained over 13% of the crude
protein content in all tested rice varieties, whereas it
decreased to half in the rice-polishing ratio of 70-50%
(Fig. 2A). In the rice grains’ central region, with a rice-
polishing ratio of 30—0%, the crude protein content was
below 4%. The crude protein content was the lowest in
Nipponbare among the tested rice varieties at a rice-pol-
ishing ratio of 90-70%, and Dewanosato contained the
lowest content in the other powder fractions (Fig. 2B—E).
In the fractions of 70-50% through 30—0%, the rice vari-
ety with the lowest crude protein content was Dewano-
sato, followed by Yamadanishiki (Fig. 2C—E). This finding
corroborated a previous report in which white rice with
a 70% rice-polishing ratio of Dewanosato and Yamadani-
shiki exhibited markedly lower crude protein content
than other sake rice harvested in 2002—-2019 (Takahashi
et al. 2021a).

Protein Composition

To determine the proportion of major protein compo-
nents in rice grains, TP, glutelin acidic subunit, glutelin
acidic subunit, and prolamin were quantified after SDS-
PAGE. A typical SDS-PAGE result is shown in Fig. 3, as
reported previously (Takahashi et al. 2019). The inten-
sity of the stained protein in each fraction was almost
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the same for TP by densitometry after SDS-PAGE and
for crude protein content by elemental analysis (data not
shown). Given the inherent difficulty in achieving a per-
fect comparison of quantified textual data of stained pro-
teins for more than two independently stained gels even
when using molecular markers as external standards, we
calculated the molecular ratio of proteins in each lane to
evade this problem: (1) G/TP, (2) prolamin to total pro-
tein (P/TP), (3) glutelin/prolamin (G/P), and (4) proteins
other than glutelin and prolamin (TP-G-P). The aver-
age value of the protein ratio with seven rice varieties
in white rice with a 90% rice-polishing ratio was as fol-
lows: G/TP ratio, 41%; P/TP ratio, 21%; TP-G-P, 38%;
G/P, 1.97. Although the TP-G-P value contained 26-kDa
globulin and minor seed storage proteins such as proglu-
telin bands presenting in 50-55-kDa, 16-kDa prolamin,
and 10-kDa prolamin, 38% of the TP—G-P protein quan-
tity markedly exceeded previously reported values.

The Ratio of Glutelin/Total Protein

The G/TP ratio was the highest in Gohyakumangoku
among the other cultivars for any rice powder fraction or
harvest years (Fig. 4 and Supplementary Fig. 1), strongly
suggesting that Gohyakumangoku has a higher G/TP
ratio in sake rice. Interestingly, the G/TP ratio in Yama-
danishiki was relatively high among the investigated rice
varieties (Fig. 4). but the ratio was lowest in Dewanosato.
Despite having lower crude protein contents (Fig. 2),
Yamadanishiki and Dewanosato presented markedly
varying G/TP ratios. The G/TP ratio differed greatly
among rice varieties, particularly in the rice’s central
region (Fig. 4C-F). ANOVA indicated no significant dif-
ferences among the fractionated rice flours but a slightly
lower G/TP ratio for the rice-polishing ratio of 50—-30%
(Fig. 4B). Evaluation of the average G/TP ratio for every
rice variety revealed the least G/TP ratio in the 50-30%
fraction, with only the Dewanosato cultivar showing the
least value in the 30—0% fraction. To examine the effect
of crop year on the G/TP ratio, we compared the ratios
by crop year. No significant differences were observed by
ANOVA (Fig. 4A); however, a significant difference was
detected between 2009 (lower temperature in summer
(Takahashi et al. 2019) and 2010 (hotter temperature in
summer) based on paired-¢-test (p<0.01).

The Ratio of Prolamin/Total Protein

ANOVA revealed a significant difference among crop
years regarding the P/TP ratio, with a clear difference
observed (p<0.01) between 2009 and 2010—higher P/
TP ratios in 2010 and lower P/TP ratios in 2009 (Fig. 5A).
Prolamin gene expression in rice grains decreases when
grains develop at high temperatures (Lin et al. 2010;
Yamakawa and Hakata 2010; Yamakawa et al. 2007). Pro-
lamin protein levels were found to decrease in the 90%
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Fig. 2 Crude protein content of polished rice. The average crude protein contents in fractionated rice powders of different rice varieties (n=5, as crop
year) are shown. The crude protein content of each rice variety is indicated as dry matter. (A) Crude protein contents of polished rice with rice-polishing
ratio of 90-70% (closed bars), 70-50% (dark gray bars), 50-30% (light gray bars), and 30-0% (opened bars). Crude protein contents of the ratios of 90-70%
(B), 70-50% (C), 50-30% (D), and 30-0% (E). Data containing different capital and small letters indicate significance by Tukey—Kramer HSD test at p < 0.01

and p<0.05, respectively

rice-polishing ratio of Yamadanishiki (Ashida et al. 2013)
when grains developed at high temperatures—findings
that corroborated the present results. The rice flour frac-
tions exhibited markedly varying P/TP ratios (Fig. 5B),
with a rice-polishing ratio of 90-70% having the lowest
value and a fraction of 50-30% having the highest value.
In addition, for the rice flour fractions, the average cal-
culated for each rice variety showed results similar to the
whole average (Fig. 5B and Supplementary Fig. 2)—the
P/TP ratio was low in the 90-70% rice-polishing ratio
fraction and high in the 50-30% rice-polishing ratio frac-
tion, regardless of the rice variety. This finding suggests
that the proportion of prolamin to TPs differs accord-
ing to the spatial distribution of rice grains and that this
feature is common to Japonica species. Unlike the G/TP
ratio, the P/TP ratio showed no clear difference between
rice varieties in the rice grains’ outer region (Fig. 5C-D),
although a significant difference was observed in the

central region (Fig. 5E-F). In Koshihikari, the P/TP ratio
tended to be lower than that in the other rice varieties
(Fig. 5CF).

The Ratio of Glutelin/Prolamin

Based on the P/TP ratio (Fig. 5B), the G/P ratio was high
in the rice-polishing ratio fractions of 90-70% and low in
the rice-polishing ratio fractions of 50-30%, regardless of
the cultivar, except for Gohyakumangoku, in which the
G/P ratio at the 30-0% fraction was the highest among
all fractions (Fig. 6 and Supplementary Fig. 3) due to
highly expressed glutelin in the rice grains’ central region
(Fig. 4F). Gohyakumangoku had a higher G/P ratio than
the other varieties, especially in the rice’s central region,
in the fractions with a rice-polishing ratio of below 70%
(Fig. 6D-F). This finding corroborated a previous result
in which the rice-polishing ratio of 70% white rice exhib-
ited a higher PB-II/PB-I ratio in Gohyakumangoku
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owing to lower prolamin content (Kizaki et al. 1993).
The 2010-cropped rice had a significantly higher G/P
ratio than the 2009-cropped rice (p<0.01). The PB-II/
PB-I ratio was found to increase in the 90% rice-polishing
ratio of Yamadanishiki when grains developed at high
temperatures (Ashida et al. 2013). Our findings support
those of previous studies. Although the G/P ratio in the
rice grain’s outer region varied insignificantly among the
rice varieties (Fig. 6C-D), the ratio in the central region
varied based on rice variety (Fig. 6E-F), which could be
due to the characteristics of the G/TP ratio inherent in
rice varieties. Notably, the difference in the G/P ratio
among rice varieties was stronger in the rice grains’ cen-
tral region (Fig. 6E-F).

Ratio of Non-glutelin and Non-prolamin Proteins

The proportion of non-glutelin and non-prolamin pro-
teins (TP—G-P) was calculated by subtracting the G/
TP and P/TP ratios from 1. This value contains PB-I-
constituting proteins such as 10-kDa and 16-kDa prola-
mins derived from RP10 and RP16 genes (Masumura et
al. 1989b; Mitsukawa et al. 1999), respectively, as well
as PB-II-constituting proteins, such as 26-kDa globulin
(Iida et al. 1998) and pro-glutelin. Non-glutelin and non-
prolamin proteins varied insignificantly across crop years
(Fig. 7A). Among the rice flour fractions, a higher value

in the 90-70% fraction and a lower value in the 70-50%
fraction were observed, but this was not statistically sig-
nificant (Fig. 7B, p=0.0771). The difference in the rice
variety was remarkable, with the lowest in Gohyakuman-
goku compared with the other cultivars for any rice pow-
der fraction, followed by Yamadanishiki (Fig. 7C—F). The
higher G/TP ratio in these cultivars compared to other
rice varieties supports this result (Fig. 4C—F). While the
difference in the TP—G-P ratio among the rice variet-
ies was pronounced in the rice grains’ central region
(Fig. 7C-F), the presence of many clear and rather strong
bands located beyond approximately 35-kDa in the rice-
polishing ratio fractions of 30-0% suggests that certain
specific proteins are abundant in this region (Fig. 3).

Discussion

Prolamin and glutelin are major protein species in rice
grains, as they accumulate in the protein bodies PB-I and
PB-II, respectively. However, the spatial patterns in rice
grains, especially in the endosperm tissue, and differ-
ences in rice varieties remain unclarified. In this study, we
addressed the spatial, quantity, and quality differences in
rice proteins. Although Yamadanishiki and Dewanosato
presented almost the same crude protein content (Figs. 1
and 2), their G/TP and G/P ratios in the central region of
rice grains differed markedly (Figs. 4 and 6), suggesting
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Fig. 4 The ratio of glutelin to total protein in rice. (A) The average ratio of glutelin to total protein (G/TP) in white rice grains with a 90% rice-polishing
ratio from seven rice varieties is shown (n=28). (B) The average ratio of G/TP in the fractionated rice powder of different rice varieties is shown (n=35).
The ratio of G/TP of rice-polishing ratios of 90-70% (C), 70-50% (D), 50-30% (E), and 30-0% (F) (n=5, as crop year). Data containing different capital and
small letters indicate significance by Tukey—Kramer HSD test at p<0.01 and p <0.05, respectively. Nonsignificance between groups is indicated as “n.s”

The p-value by ANOVA is shown in the inset

that the “protein quantity” of both cultivars was com-
parable, but “protein quality” was differed considerably.
Enzymes can readily digest glutelin accumulated in PB-II,
indicating that glutelin in steamed rice is vulnerable to
proteases and peptidases in rice koji (Hashizume et al.
2006, 2007; Iemura et al. 1996; Kizaki et al. 1993; Taka-
hashi et al. 2012). In contrast, prolamin accumulated in
PB-I is resistant to digestive enzymes (Tanaka et al. 1975).
Glutelin is the product of several glutelin genes (GluA,
GluB, GluC, and GluD) (Kawakatsu et al. 2008; Kusaba
et al. 2003; Masumura et al. 1989a; Mitsukawa et al.
1998; Qu et al. 2002; Takaiwa et al. 1987, 1991; Takaiwa
and Oono 1991) and the amino acid sequence consider-
ably differs among glutelin subfamilies, because glutelin
contains the variable region in its amino acid sequence

(Kawakatsu et al. 2008; Khan et al. 2008). These facts
indicate that protein-degradative nitrogen compounds,
such as oligopeptides and amino acids, from these rice
varieties may differ in the Japanese sake-making process,
that is, mash (moromi) and/or sake final products. Differ-
ences in nitrogen-containing compounds in sake mash
prepared using either Yamadanishiki or Dewanosato
must be explored.

Interestingly, the G/TP and G/P ratios in rice grains
dramatically varied based on rice variety, particularly in
the rice grains’ central region (Figs. 4 and 6), suggest-
ing that the genetic background of rice strongly reflects
the glutelin protein composition. In our previous study,
we indicated that the protein expression of GluB-1, a
member of the GluB subfamily, was slightly elevated in
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Fig. 5 The ratio of prolamin to total protein in rice. (A) The average ratio of prolamin to total protein (P/TP) in white rice grains with a 90% rice-polishing
ratio from seven rice varieties is shown (n=28). (B) The average ratio of P/TP in the fractionated rice powders of different rice varieties is shown (n=35).
The ratio of P/TP of rice-polishing ratios of 90-70% (C), 70-50% (D), 50-30% (E), and 30-0% (F) (n=5, as crop year). Data containing different capital and
small letters indicate significance by Tukey—Kramer HSD test at p<0.01 and p <0.05, respectively. Nonsignificance between groups is indicated as “n.s!”

The p-value by ANOVA is shown in the inset

Gohyakumangoku, even in the rice grains’ central region,
as assessed using immunodetection assays (Takahashi
et al. 2019). GluB-1 protein expression levels among
rice varieties may affect the versatility of G/TP and G/P
ratios (Figs. 4 and 6). Glutelin molecular species highly
expressed in Gohyakumangoku require further explora-
tion. Addressing the differences in the expression of each
glutelin protein among rice varieties is a crucial area for
future research, and it currently constitutes our ongoing
focus. Uncovering the differences in the estimated oligo-
peptides and amino acids when comparing rice variet-
ies is necessary. Although lower levels of prolamin were
previously implicated in higher G/P ratios in Gohyaku-
mangoku compared to other rice varieties at a 70% rice-
polishing ratio (Kizaki et al. 1993), in the present study,
the P/TP ratio of Gohyakumangoku did not differ signifi-
cantly from that of other rice varieties, but this variety
presented a markedly higher G/TP ratio. Therefore, the
higher G/P ratio of Gohyakumangoku may have resulted
from its higher G/TP ratio.

Unlike glutelin, the difference in prolamin was not pro-
nounced among rice varieties (Fig. 5C—F). Koshihikari, a
longstanding popular table rice variety in Japan since the
1970s (Kobayashi et al. 2018) due to its sticky texture, had

a considerably lower P/TP ratio. This suggests that the P/
TP ratio may be involved in the hardness of steamed rice
(Anzawa et al. 2006) and palatability of table rice (Takebe
et al. 1996), as considered previously. However, it should
be noted that this study used a single district for each
rice variety, and Koshihikari experienced a higher aver-
age temperature for one month after rice heading than
the other varieties (Takahashi et al. 2019), which may
be partly due to earlier rice heading date of the variety
(Takahashi et al. 2022) and slightly warm climate of the
district chosen. Therefore, prolamin gene expression for
Koshihikari may have decreased due to high tempera-
tures during the rice developmental stage (Lin et al. 2010;
Yamakawa and Hakata 2010; Yamakawa et al. 2007). To
define the difference in the P/TP ratio among rice variet-
ies further, experiments will be required to determine the
P/TP ratio of rice varieties, including Koshihikari, using
rice grown under same temperature conditions. Impor-
tantly, the P/TP ratio varied significantly among rice flour
fractions (Fig. 5B), indicating that the P/TP ratio varied
in a spatially dependent manner in rice grains. All rice
varieties in this study showed that the P/TP ratio was the
lowest at a rice-polishing ratio of 90-70% and the high-
est at a fraction of 50-30% (Supplementary Fig. 2). The
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Fig. 6 The ratio of glutelin to prolamin in rice. (A) The average ratio of glutelin to prolamin (G/P) in white rice grains with a 90% rice-polishing ratio from
seven rice varieties is shown (n=28). (B) The average ratio of G/P in the fractionated rice powders of different rice varieties is shown (n=35). The ratio of
G/P of rice-polishing ratios of 90-70% (C), 70-50% (D), 50-30% (E), and 30-0% (F) (n=5, as crop year). Data containing different capital letters indicate
significance by Tukey—Kramer HSD test at p<0.01. Nonsignificance between groups is indicated as “n.s” The p-value is shown in the inset. The double

asterisk shows statistical significance by Tukey-Kramer HSD test with p <0.01

relatively higher proportion of prolamin to TP can confer
hardness and prevent stickiness on the surface of the 50%
polished steamed rice. We demonstrated that crude pro-
tein content in the rice powder fractions differed consid-
erably among the rice varieties (Fig. 2). Herein, we used
seven rice cultivars harvested over five cropping years
from a single production district. Generally, it is well
established that crude protein content in rice can vary
depending not only on the rice variety but also on various
growth conditions, including nitrogen fertilizer applica-
tion (Ning et al. 2010; Song et al. 2012). Thus, rigorous
comparison of crude protein content among rice culti-
vars ought to be difficult. We confirmed that the average
crude protein content in white rice with a 70% rice-pol-
ishing ratio of the seven rice cultivars used in this study

was similar to that of Koshihikari, Nipponbare, Yamadan-
ishiki, Gohyakumangoku, and Dewasansan, which were
cropped from 2002 to 2019 (Koshihikari, Nipponbare,
Yamadanishiki, and Gohyakumangoku were cropped in
several different districts), and Dewanosato and Yume-
nokaori, which were cropped from 2006 to 2019 [(Taka-
hashi et al. 2021a, b)] data not shown). However, the
average crude protein content of Dewasansan and Yume-
nokaori used in this study was slightly higher than the
previous results (Takahashi et al. 2021a). Therefore, rig-
orous studies, in which rice plants were grown under the
same conditions, should be conducted for precise com-
parison of the crude protein content among rice varieties.

Finally, the rice-polishing ratio fractions of 30-0%
presented many clear and strong bands (Fig. 3). Certain
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Fig. 7 The ratio of non-glutelin and non-prolamin proteins in rice. (A) The average ratio of non-glutelin and non-prolamin proteins (TP-G-P) in white
rice grains with a 90% rice-polishing ratio for the seven rice varieties is shown (n=28). (B) The average ratio of TP-G-P in the fractionated rice powder of
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year). Data containing different capital letters indicate significance by Tukey—Kramer HSD test at p <0.01. Nonsignificance between groups is indicated as
“n.s"The p-value is shown in the inset. The double asterisk shows statistical significance by Tukey—Kramer HSD test with p <0.01

proteins had higher expression levels in the rice grains’
central region than in other spatial regions, such as GluC-
1, as reported previously (Takahashi et al. 2019). When
brewing daiginjo, a premium ginjo sake with white rice
polished below 50%, the mash should contain peptides
and amino acids from proteins that are highly abundant
in the rice grains’ central region. Uncovering these pro-
teins will provide valuable insights into the field of brew-
ing science. For effective evaluation of rice grain nitrogen
levels and quality, the protein composition ratio should
be considered, especially in the rice grains’ central region
alongside the crude protein content.
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