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ABSTRACT: Japanese sake (rice wine) is commonly heat treated (pasteurized) to maintain its quality. In this study, temporal
changes in the metabolite profiles of pasteurized and unpasteurized sake were investigated during storage. Metabolomic analyses
were conducted for eight sets of pasteurized and unpasteurized sake obtained from single process batches stored at 8 or 20 °C for
0, 1, 2, or 4 months. Capillary electrophoresis time-of-flight mass spectrometry and liquid chromatography tandem mass
spectrometry were used to obtain charged metabolite and sugar profiles, respectively. The total amino acid concentration
decreased with storage, and the decrease was faster in pasteurized sake than in unpasteurized. The organic acid concentrations
were relatively constant in both types of sake. Peptide and glucose concentrations increased and polysaccharide concentrations
decreased in unpasteurized sake, while they were relatively constant in pasteurized sake. Rather than stabilizing the sake
metabolite profile during storage, pasteurization results in characteristic changes compared to unpasteurized sake.
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■ INTRODUCTION
Japanese sake (rice wine) is a popular alcoholic beverage in
Japan that is made from steamed rice by multiple fermentations
with rice malt (Aspergillus oryzae) and sake yeast (Saccha-
romyces cerevisiae).1 The sake brewing process starts with the
polishing of rice kernels to remove the outer layer of proteins,
lipids, and minerals that could adversely affect the aroma and
flavor of the sake.2 The polished rice is separated into two parts,
and one part is steamed with the addition of Aspergillus oryzae
spores and incubated to generate malted rice (koji). S. cerevisiae,
water, and lactic acids are added to the other group (shubo).
After this processing, the two parts are combined to yield the
final mash (moromi), and alcohol can be added at this stage.
Finally, a clear liquid is obtained by filtration and then bottled
with or without pasteurization.
Sake is roughly divided into two types; pasteurized (hiire)

and unpasteurized (namazake). Unpasteurized sake has a fresh
flavor but should be consumed soon after production and
stored under particular conditions to avoid rapid deterioration
of its quality because of its microorganism and enzyme
content.3 Pasteurized sake is more commonly available
commercially than unpasteurized sake. Pasteurization of sake
inactivates most microorganisms and enzymes, which makes its
quality more stable, but the heat treatment results in the loss of
the fresh flavor of unpasteurized sake. Pasteurization is usually
conducted at ≤65 °C for ≤30 min to avoid production of
compounds that contribute to undesirable aromas,4 and these
pasteurization conditions do not result in complete inactivation
of microorganisms and enzymes.5 The taste of pasteurized sake
becomes milder after storage for several months, which is
preferable for consumption. However, the mechanism for this
change in the sake taste with time is still unknown.

Many studies have used profiling techniques to investigate
the relationship between sake’s components and its character-
istics. For example, changes in aroma compounds with long-
term storage have been investigated.6 Amino acids are abundant
in sake,7,8 and the amino acid balance determines the quality of
some types of premium sake, such as junmai and ginjo, which
are distinguished by the rice polishing rate and addition of
alcohol during production.9,10 Organic acids are also major
compounds in sake.2,11 Peptides are known to contribute to
bitter and unpleasant tastes.12 In an earlier nontargeted analysis
of charged metabolites, we found that amino acids and organic
acids were the dominant metabolites in sake, and their
concentrations were positively correlated to the sake sourness
and turbidity.13 In addition to these metabolites, sugars are also
important in determining the general quality, and especially the
sweetness, of sake.14,15 Therefore, a wide range of molecules
should be profiled simultaneously.
The aim of this study was to investigate the metabolite

profiles of pasteurized and unpasteurized sake, and their
changes with time after storage for several months. Capillary
electrophoresis time-of-flight mass spectrometry (CE-TOFMS)
was used for comprehensive analysis of charged metabolites,
such as amino acids, organic acids, and short peptides, and
liquid chromatography tandem mass spectrometry (LC-MS/
MS) was used to obtain sugar profiles. These comprehensive
metabolomic analyses revealed characteristic changes for each
type of sake.
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■ MATERIALS AND METHODS
Chemicals. Ophthalmic acid and leucinic acid were purchased

from Bachem AG (Bubendorf, Switzerland). 2-Amino-2-methyl-1,3-
propandiol, 2-amino-2-(hydroxymethyl)-1,3-propanediol, hydroxyatra-
zine, terephthalic acid, and vanillic acid were obtained from Chem
Service (West Chester, PA). Other chemicals used included
pseudopelletierine (Fluorochem, Hadfield, United Kingdom), betaine
and pelargonic acid, p-hydroxymandelic acid (Tokyo Chemical
Industry, Tokyo, Japan), tropine, N-acetyl-L-histidine and 4-hydrox-
ycinnamic acid (MP Biomedicals Japan, Tokyo, Japan), D-fructose
(Research Organics, Cleveland, OH), 6-hydroxynicotinic acid and
propionic acid (Kanto Chemical, Tokyo, Japan), glycerol-3-phosphate
(Nakalai Tesque, Kyoto, Japan), 6-hydroxyhexanoic acid (Acros
Organics, Geel, Belgium), and cysteine-glutathione (APOLLO
Scientific, Bredbury, United Kingdom). All other compounds were
from Sigma-Aldrich Japan (Tokyo, Japan) or Wako Pure Chemical
Industries (Osaka, Japan).
Samples. Sixteen sake samples were obtained from eight

commercial companies in Tsuruoka (Yamagata Prefecture, Japan).
Seven of these companies provided pasteurized and unpasteurized sake
samples from the same process batch, so that the ingredients (e.g., rice,
water, yeast, and koji (malted rice)) and brewing process conditions
(e.g., rice polishing ratio and length of brewing) were the same for
each sample. One company provided pasteurized and unpasteurized
sake from different process batches, and the rice and polishing ratio
were different for these two samples. The samples represented four
types of sake according to the rice polishing ratio of rice. These types
were junmai and special junmai, junmai-ginjo, which was made without
the addition of alcohol, and special dai-ginzyo made with the addition
of alcohol.8 Two of the samples were nigorisake, which is not filtered
and appears white and cloudy. The sample information is summarized
in Table S1 (Supporting Information). The sake samples were stored
in the dark at 8 and 20 °C, to represent refrigerator and room
temperature storage, respectively. Metabolomic analyses were
conducted after heat treatment of samples that had been stored for
0, 1, 2, or 4 months.
Sample Preparation for CE-TOFMS. An internal standard

solution (2 mmol/L in 10 μL of Milli-Q water (Millipore, Billerica,
MA)) was added to 10 μL of each sake sample, and the sample was
diluted with 80 μL of Milli-Q water. The internal standard solution
contained 2 mmol/L each of methionine sulfone and 3-amino-
pyrrodine as the positively charged (cationic) standards and 2-(N-
morpholino)ethanesulfonic acid, D-camphol-10-sulfonic acid sodium
salt, and trimesate as negatively charged (anionic) standards. The
nigorisake samples UP3 and PA3 were centrifuged at 9,100g for 15 min,
filtered through a 5 kDa cutoff membrane filter (Pall, Tokyo, Japan) to
remove suspended solids, and the filtrate was immediately analyzed by
CE-TOFMS.
Sample Preparation for LC-MS. A 1 mL aliquot of each sake

sample was filtered through a DISMIC-13HP syringe filter (Advantec,
Tokyo, Japan) and the filtrate was diluted 1:100 with an aqueous
solution of MeOH (MeOH/H2O = 1:1, v/v) immediately before LC-
MS analysis.
Instrumental Parameters for CE-TOFMS. The instrumentation

conditions used for CE-TOFMS were the same as those described
previously16 with slight modification.17 CE-TOFMS methods for
cationic16 and anionic18 metabolites have been described previously.
Details for these methods are given in the Supporting Information.
Instrument Parameters for LC-MS/MS. The LC-MS/MS

experiments were performed using an Agilent (Santa Clara, CA)
1100-series vacuum degasser, an Applied Biosystems (Carlsbad, CA)
API3000 mass spectrometer, and electrospray ionization. Samples
were separated on a NH2P-50 4E column (4.6 × 250 mm I.D.,
Shodex, New York, NY). The initial mobile phase was 80% acetonitrile
and 20% Milli-Q water at a flow rate of 0.8 mL/min. The percentage
of acetonitrile was 80%, 73%, and 65% at 10, 25, and 35 min,
respectively. The post time was 17 min. The temperature of the
column oven was 30 °C, and 1.0 μL aliquots were injected onto the
column. The turbospray mode was selected in the negative ion mode.

The nebulizer gas, curtain gas, collision gas, ion spray voltage, and ion
source temperature were 15 psi, 11 psi, 8, −4500 V, and 550 °C,
respectively.

The mass spectrometer was run in multiple reaction monitoring
mode with unit resolution for both Q1 and Q3 and a dwell time of 80
ms for the multiple reaction monitoring channels. For ribose and
arabinose, Q1 and Q3 were m/z 148.9 and 89.1, respectively. The
declustering potential (DP), focusing potential (FP), and collision
energy (COE) were −41 V, −190 V, and −10 V, respectively. For
arabitol, Q1, Q3, DP, FP, and COE were m/z 150.8, m/z 89.1, −36 V,
−100 V, and −18 V, respectively. For fructose, mannose, galactose,
and glucose, Q1, Q3, DP, FP, and COE were m/z 178.9, m/z 89.0, −
26 V, −160 V, and −12 V, respectively. For sorbitol and mannitol, Q1,
Q3, DP, FP, and COE were m/z 180.9, m/z 89.0, −41 V, −190 V, and
−20 V, respectively. For trehalose, Q1, Q3, DP, FP, and COE were m/
z 340.9, m/z 119.1, −61 V, −340 V, and −24 V, respectively. For
maltose, Q1, Q3, DP, FP, and COE were m/z 341.3, m/z 160.8, −46
V, −230 V, and −12 V, respectively. For inositol, Q1, Q3, DP, FP,
COE were m/z 178.9, m/z 87.0, −36 V, −210 V, and −22 V,
respectively. For maltotriose and panose, Q1, Q3, DP, FP, and COE
were m/z 503.2, m/z 341.2, −56 V, −310 V, and −14 V, respectively.
All data were acquired using Analyst Software (AB Sciex, Framingham,
MA).

Data Analysis. File conversion of raw MS data, peak picking,
reduction of noise, alignment of the data for multiple samples, and
concentration calculations were conducted using our proprietary
software.19 JMP version 9.0.2 (SAS Institute, Cary, NC) and Mev
TM4 software (version 4.7.4. Dana-Farber Cancer Institute, Boston,
MA)20 were used for principal component analysis (PCA) and heat
map analysis, respectively. The time-dependent changes in the profiles
were evaluated by the sum of Euclidean distances of the plots of the
first and second principal components (PC) as follows:
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The Pearson correlation coefficient and paired t-test (two-tailed)
were calculated using GraphPad Prism version 5.04 (GraphPad
Software, Inc., San Diego, CA). Statistical significance is indicated by *,
P < 0.005; **, P < 0.01; or ***, P < 0.001.

■ RESULTS
Metabolomic analyses by CE-TOFMS and LC-MS/MS
identified 195 metabolites in total over all the samples. Before
storage for 4 months, each sake sample contained 140 ± 8
(standard deviation) metabolites on average. Sample 7
contained the most metabolites (157) among the sake samples,
which could be attributed to its type (junmai) and/or the rice
(Naenuki) used in its production. Figure 1 depicts the relative
differences in the metabolites found in each sample as a heat
map. Figure 2 shows the PCA score plots and loading plots for
pasteurized and unpasteurized samples stored at 8 and 20 °C.
The changes in the total concentrations of amino acids, sugars,
organic acids, and peptides with time are shown in Figures 3
and S1 (Supporting Information) for the samples stored at 8
and 20 °C, respectively. The changes in individual metabolite
concentrations with time for samples stored at 8 °C are shown
in Figures 4 and 5 for pasteurized and unpasteurized samples,
respectively. The corresponding data at 20 °C are depicted in
Figures S2 and S3 (Supporting Information).

■ DISCUSSION
Metabolite Profiles before Storage for 4 Months. The

metabolites found in each pair of pasteurized and unpasteurized
sake samples from the same company were similar (Figure 1),
and the sample pairs had high correlation coefficients (R >
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0.949, P < 0.0001) (Table S1, Supporting Information). The
samples were not clustered by sake type. For example, junmai-
dai-ginzyo samples were at either end of the heat map. Samples
prepared from Dewano-sato rice (samples 3 and 6) were aligned
as neighbors on the heat map. Samples prepared with rice
polishing rates of 55% and 60% (samples 1, 7, 3, and 6) showed
similar features, with a higher concentration of metabolites in
clusters a and b, which included all sugars except for glucose. It
should be noted that a rice polishing rate of 60% indicates that
40% of the rice is removed. With higher removal of rice (i.e.,
lower rice polishing rates) fewer proteins are present for
fermentation, which is expected to reduce the amount of
glucose in the sake samples. However, sample 8 (rice polishing
rate = 40% pasteurized and 50% unpasteurized) contained
more glucose than other samples, and sample 6 (rice polishing
rate = 60%) contained a relatively high amount of glucose.
These results indicate that the glucose concentrations cannot
be explained simply by the rice polishing rate. Only glucose was
included in cluster e, and the other sugars were in clusters a and
b, which indicates that the glucose profile is independent of the
other sugars. Clusters d and e included most of the amino acids
and were not characteristic for sake type, rice, or the rice
polishing rate.

Changes in the Metabolic Profiles during Storage.
PCA score plots and loading plots are shown in Figure 2. After
storage at 8 °C, the mean Euclidean distances of PC1 and PC2
from 0 to 4 months calculated using eq 1 were 5.61 ± 1.60
(unitless) for the pasteurized samples and 7.10 ± 1.65 for the
unpasteurized samples (P = 0.1134) (Figures 2A,B). These
results indicate that the changes in the metabolite profiles of
the unpasteurized samples with storage were generally larger
than those in the pasteurized samples. This difference was more
obvious after storage at 20 °C when the values were 7.43 ± 1.31
for pasteurized samples and 13.0 ± 1.82 for unpasteurized
samples (P < 0.0001) (Figures 2C,D). Visual inspection of the
loading plots showed most metabolites existed at PC1 ≥ 0
(Figures 2E−H). This distribution bias was more obvious in
the plots after storage at 8 °C (Figures 2E,F) than in those at
20 °C (Figures 2G,H). Only arginine existed at PC1 < 0 and
PC2 < 0 after storage at 8 °C (Figures 2E,F), which implies that
the arginine showed different patterns compared to the other
amino acids during storage. Under the storage at 20 °C, glycine,
citrulline, and γ-aminobutyric acid were located at PC1 < 0 in
the pasteurized samples (Figures 2G) and asparagine and
alanine were located far from the other amino acids in the
unpasteurized samples (Figures 2H). This indicates that a large
change in the amino acid balance occurs during storage rather
than a simple change in the overall concentration. Plots of the
organic acids and sugars were homogenously distributed, while
the plots of the peptides, except for glutamate−glutamate, were
located closed to each other in all loading plots (Figures 2E−
H). This indicates that the changes for these peptides occur

Figure 1. Heat map showing the metabolite profile before storage. All
quantified concentrations were normalized to Z-scores for each sake
sample, and the values were then further normalized to Z-scores for
each metabolite (blue−black−yellow heat map). Log10 concentration
values are also visualized (blue−green−red heat map). Clustering was
conducted based on Pearson correlation for both metabolites and
samples. Labels a−f indicate prominent metabolite clusters. Pink and
green indicate the pasteurized and unpasteurized samples, respectively
(Table S1, Supporting Information). In the color panels for sake
classification, blue, pink, green, and red indicate junmai, special junmai,
junmaai-ginzyo, and junmai-dai-ginzyo sake, respectively. In those for

Figure 1. continued

rice, blue, brown, red, green, and pink indicate Miyama-nishiki,
Dewano-sato, Kame-no-o, Yamada-nishiki, and Naenuki rice, respec-
tively. In those for the rice polishing rate (%), blue, green, brown, and
red indicate 40, 50, 55, and 60%, respectively. The metabolites are
colored pink for amino acids, blue for sugars, green for organic acids,
and yellow for peptides. Metabolites that were detected in less than
four sake samples were eliminated to reduce the complexity of the heat
map.
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over similar time-courses during storage and that they are
independent of the storage temperature or pasteurization.
Amino Acids Profile. The average total amino acid

concentration before storage in the pasteurized sake samples
was significantly higher than that in the unpasteurized samples
(P = 0.025) (Figure 3A). After storage at 8 °C, the total
concentrations in both the pasteurized and unpasteurized
samples gradually decreased. The difference between the
pasteurized and unpasteurized samples increased after storage

for 4 months (P < 0.001). This indicates the amino acid
concentrations decreased at a faster rate in the pasteurized
samples than the unpasteurized samples. After storage at 20 °C,
a similar decreasing trend to that at 8 °C was observed, but
slight increases in the amino acid concentrations were observed
in the unpasteurized samples stored for 1 or 2 months (Figure
S1A, Supporting Information).
After storage at 8 °C (Figures 4A and 5A), the

concentrations of alanine, glycine, and leucine were high and
showed significant differences between 0 and 4 months storage
(>500 μmol/L, P < 0.001) for both pasteurized and
unpasteurized sake. In the pasteurized sake, the concentrations
of proline and glutamic acid were also high and showed
significant differences between 0 and 4 months storage (P <
0.001). Among the amino acids showing relative high
concentrations, the concentration of arginine was almost
constant over the storage period (P = 0.0940). Similar trends
were observed after storage at 20 °C (Figures S2A and S3A,
Supporting Information). A similar gradual decreasing trend in
the total amino acid concentration has been observed in
Chinese rice wine,21 and this change could be attributed to
amino−carbonyl reactions.6 However, the faster decrease in
pasteurized samples cannot be explained by this reaction alone.
Binding of free amino acids and proteins could also contribute
to this decrease. The decreases in histidine (P = 0.038),
threonine (P = 0.056), tryptophan (P = 0.067), and methionine
(P = 0.38) during the storage of unpasteurized sake were faster
than those in pasteurized sake (histidine, P = 0.015; threonine,
P = 0.0004; tryptophan, P = 0.0002; and methionine, P =
0.0001). It has been reported that methionine degradation
could result in the formation of methional and then dimethyl
trisulfide, which gives the sake an undesirable aroma.22

Therefore, these results indicate that the aroma of pasteurized

Figure 2. Principal component analysis score plots for (A) pasteurized samples stored at 8 °C, (B) unpasteurized samples stored at 8 °C, (C)
pasteurized samples stored at 20 °C, and (D) unpasteurized samples stored at 20 °C. The first and second principal components accounted for (A)
43.1% and 20.7%, (B) 26.7% and 20.7%, (C) 38.9% and 21.1%, and (D) 29.6% and 20.4% of the variance. The labels from 1 to 8 indicate the sake
sample number. Corresponding loading plots were visualized in panels E−H. The dots in pink are for amino acids, blue for sugars, green for organic
acids, and purple for peptides. All metabolites were used for this analysis, but only metabolites in these four classes were visualized in the loading
plots to reduce the complexity.

Figure 3. Changes in the total concentrations of amino acids (A),
sugars (B), organic acids (C), and peptides (D) with time. Filled and
open circles indicate the results for pasteurized and unpasteurized
samples, respectively. All samples were stored at 8 °C. Corresponding
data for samples stored at 20 °C are shown in Figure S2 (Supporting
Information). Error bars indicate the standard deviations. Cysteine was
not included in the amino acid profiles because it was detected in only
a few samples and could be unstable in CE-TOFMS analysis. γ-
Aminobutyric acid, citrulline, and ornithine were included instead.
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sake will be more stable during storage than that of
unpasteurized sake.
Sugars Profile. Before storage, the total sugar concen-

tration in the unpasteurized sake samples (64.8 μmol/L) was
significantly higher than that in the pasteurized samples (62.29
μmol/L, P = 0.0111) (Figure 3B). The total sugar
concentration in the unpasteurized sake samples increased
after storage at 8 °C for 4 months (Figure 3B), while that in the
pasteurized samples was almost constant. Consequently, the
difference between the unpasteurized (96.8 μmol/L) and
pasteurized samples (66.4 μmol/L) increased and became more
significant (P = 0.0007). Similar trends were observed after
storage at 20 °C for 4 months, but the difference between the
unpasteurized and pasteurized samples was larger (unpasteur-
ized, 95.1 μmol/L; pasteurized, 52.9 μmol/L; P = 0.0009)
(Figure S1B, Supporting Information).
Among the free sugars, glucose was dominant (pasteurized

77.6 ± 5.83%, unpasteurized 79.1 ± 5.28%), and the
concentrations of panose and maltose were low (Figures
4B,C and 5B,C). These results are consistent with an earlier
sugar profiling study.14 During storage for 4 months at 8 °C,
the glucose concentration was almost constant in pasteurized
sake (P = 0.126) and increased significantly in unpasteurized
sake (P = 0.00029). Over the same period, the concentration of
arabitol decreased (P = 0.0012), while the concentrations of

mannitol (P = 0.00037), fructose (P = 0.0030), and maltose (P
= 0.044) increased significantly in pasteurized sake. In
unpasteurized sake, the concentrations of maltotriose (P =
0.0016), panose (P = 0.0000028), and ribose (P = 0.034)
decreased, while the concentrations of mannitol (P =
0.000051), fructose (P = 0.0013), and sorbitol (P = 0.044)
increased. After storage at 20 °C, similar trends were observed,
except for the concentration of glucose in pasteurized sake,
which increased up to 1 month and subsequently decreased but
not significantly (Figures S2B,C and S3B,C, Supporting
Information). Our observations are consistent with those of
Tanimoto et al., who found that the concentration of glucose
increased and that of isomaltose decreased in unpasteurized
sake after storage for 6 months, while the concentrations of
these sugars were almost constant in pasteurized sake.3 These
sugars are mainly derived from starch in rice, which is
converted by the rice mold, and yeast then metabolizes the
products. The glucose and maltose were not metabolized.
Therefore, the sugar profile strongly depends on the yeast and
rice. However, the profile changes are more pronounced in
unpasteurized sake than in pasteurized sake.

Organic Acid Profiles. The total concentrations of organic
acids in the pasteurized and unpasteurized samples were similar
and almost constant over the 4 month storage period at both 8
and 20 °C (Figure 2C and Figure S1C, Supporting

Figure 4. Changes in the concentrations of individual metabolites for amino acids (A), glucose (B), sugars except for glucose (C), organic acids (D),
and peptide (E) with time in pasteurized samples stored at 8 °C. Corresponding data for samples stored at 20 °C are shown in Figure S2
(Supporting Information). Statistical differences between storage for 0 and 4 months were assessed.
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Information). Surprisingly, the concentrations of individual
metabolites, including lactate (33.3 ± 2.77% pasteurized, 33.5
± 2.06% unpasteurized), succinate (18.8 ± 1.98% pasteurized,
18.8 ± 1.72% unpasteurized), choline (16.2 ± 1.45%
pasteurized, 16.9 ± 1.73% unpasteurized), malate (13.1 ±
4.54% pasteurized, 12.2 ± 2.98% unpasteurized), and pyruvate
(10.7 ± 7.31% pasteurized, 10.6 ± 7.05% unpasteurized)
(Figures 4D and 5D), were similar for the pasteurized and
pasteurized samples. The concentrations of the individual
metabolites increased and decreased with storage, but the
metabolite balance was almost constant during storage (Figures
4D and 5D; Figures S2D and S3D, Supporting Information).
This meant that the overall features of the organic acid profile
of the sake that were obtained during brewing remained after
pasteurization.
Most of the organic acids in sake come from the yeast, and

while their concentrations are lower than those in wine,23 they
are the second most abundant charged metabolites in sake after
amino acids.13 Malate and succinate give sake a pleasant
taste.24,25 In both pasteurized and unpasteurized sake, the
concentration of malate increased significantly (P < 0.01), while
that of succinate was almost constant (P > 0.69) after storage at
either temperature (Figures 4D and 5D; Figures S2D and S3D,
Supporting Information). Although the contributions of these

organic acids to the flavor are well-known, the time-dependent
changes in their profiles were small for both storage conditions
and types of samples. The quantified profile obtained in this
study and the relative intensities of individual organic acids are
needed to evaluate the contributions of these small changes
during storage.

Peptide Profiles. The total peptide concentrations before
storage were almost the same for the pasteurized and
unpasteurized samples (P = 0.44). During storage at 8 °C for
4 months, the total peptide concentration in the pasteurized
samples was almost constant, while that in the unpasteurized
samples increased (P = 0.0035) (Figures 4E and 5E). Similar
trends were observed for storage at 20 °C (P = 0.0032)
(Figures S2E and S3E, Supporting Information)
The amino acids and peptides in sake mainly come from a

hydrolysis reaction of proteins and microorganisms in glutinous
and wheat koji, which is a source of nitrogen during alcoholic
fermentation.26 Several of the individual peptide concentrations
increased moderately in pasteurized sake, while they remained
almost constant in pasteurized sake. This could be attributed to
the presence of active protease in unpasteurized sake but its
deactivation by pasteurization. Orosensory effects are known
for several peptides. Peptides with 5 to 13 amino acids
contribute to an unpleasant taste, such as bitterness, or

Figure 5. Changes in the concentrations of individual metabolites for amino acids (A), glucose (B), sugars except for glucose (C), organic acids (D),
and peptide (E) with time in unpasteurized sake stored at 8 °C. Corresponding data for samples stored at 20 °C are shown in Figure S3 (Supporting
Information). Statistical differences between storage for 0 and 4 months were assessed.
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turbidity12 that is presumably derived from the function of
amino acid residues, but these were not included in our profile
because we focused on lower weight metabolites. Among the
shorter peptides detected, glutamate−glutamate and glycine−
leucine produce sour and bitter tastes, while the other detected
dipeptides do not contribute to taste.27

A sensory evaluation was not conducted in this study, but the
metabolite profiles were discussed with respect to known
orosensory effects of peptides. In our previous metabolomic
profiling study, many metabolites were highly correlated with
taste, which made it difficult to identify the contribution of each
metabolite.13 In addition, the intensities of the individual
metabolites are different, for example, fructose is sweeter than
sucrose, which is sweeter than glucose. Therefore, concen-
tration profiles and a large database of the taste intensities of
the relevant metabolites are required to understand the
relationship between metabolites and overall taste.
There are several limitations in this study. We did not

measure volatile compounds that also contribute to the sensory
and flavor properties of sake.1,6 The high temperature of
pasteurization causes suspension of proteins, which increases
the turbidity of the sake,28 but this was not measured in the
present study. Another limitation is that chiral metabolites were
not differentiated. For example, D-lactic acid is produced by
yeast, and the amount of L-lactic acid depends on the
concentration in the initial stage of brewing.2 Integration of
such data2 with these techniques29 will assist to identify the
source of individual metabolites. The lack of a sensory
evaluation is also a limitation of this study. However, because
of the complexity of the flavor expression of sake,30 a large
number of testers and samples would be required in such an
evaluation to obtain consistent scores. This study revealed that
profiling metabolites of the just bottled samples is not sufficient
to access the quality of the product because the metabolomic
profiles change during storage even in pasteurized samples.
Metabolomic analyses of the sample with different brewing
conditions are necessary in the future to be able to apply these
results to brewing process improvement. In addition, to
evaluate the quality and the design of the brewing process,
the time between the bottling and consumption should be
considered.
In summary, we studied the time-dependent profiles of

charged metabolites and sugars in pasteurized and unpasteur-
ized sake. Amino acids that were present in high concen-
trations, such as alanine, proline, and glycine, generally
decreased in concentration during storage, while those present
in low concentrations increased. Surprisingly, a rapid decrease
in the total amino acid concentration was observed in
pasteurized sake. The organic acid concentrations were
relatively constant in both types of sake. Glucose was the
most abundant sugar and had a different profile than the other
sugars. Peptide and glucose concentrations increased during
storage, while polysaccharide concentrations decreased in
unpasteurized sake. By comparison, the concentrations of
these metabolites were relatively constant in pasteurized sake.
For both pasteurized and unpasteurized sake stored for 4
months, the changes in the metabolite profiles were similar for
different types of sake and different storage temperatures.
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