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Abstract

In response to the growing interest in less conventional alcoholic beverages, this study
aimed to identify novel yeast strains suitable for sake production, with a focus on
their potential application in bioflavouring. Commercially available strains of bottom-
fermenting brewing yeasts (Saccharomyces pastorianus), a cryotolerant wine yeast (Saccha-
romyces bayanus), and a wild wine yeast (Torulaspora delbrueckii) were evaluated. The quality
characteristics of sake obtained using non-conventional yeasts were compared with sake
produced using Saccharomyces cerevisiae K7, one of the most commonly used strains in sake
brewing. Sake made with non-conventional yeasts exhibited differences in fermentation
kinetics, chemical composition, and sensory properties. Wine yeasts produced sake with
the most favorable ester profile, markedly distinct from those obtained with other yeast
strains used in the study. Compared to the conventional strain, the concentrations of the key
contributors to the fruity/floral aroma, namely 3-methylbutyl acetate and ethyl hexanoate,
in sake produced with S. bayanus were higher by 249.5% and 199.3%, respectively. The
wine yeast S. bayanus may be considered the most promising strain for sake production
due to its ability to generate elevated levels of volatile aroma compounds associated with
Ginjo-ka characteristics, as well as its effectiveness in supporting a consistent and efficient
alcoholic fermentation process.

Keywords: non-conventional yeast; sake aroma; sake quality; ethyl carbamate precursors

1. Introduction

Sake is a traditional Japanese alcoholic beverage made from steamed rice, water,
yeast, and koji. Its production involves a unique process in which saccharification and
fermentation occur simultaneously. Unlike beer brewing, where fermentation takes place
after mashing, sake brewing employs a parallel double fermentation. In this process, starch
from rice is hydrolyzed by enzymes produced by the mold Aspergillus oryzae present in koji,
while the resulting sugars are fermented by sake yeast.

Rice serves as the primary raw material in sake production. The rice polishing ratio and
the addition of alcohol are the main criteria used to classify different types of sake. Unlike
grapes, whose varietal aromas strongly shape the flavor of wine, rice has a low aromatic
potential and therefore exerts only a limited influence on the aroma of sake. By definition, sake
cannot contain any added ingredients intended to enhance aroma or flavor, which highlights
the crucial role of microorganisms in shaping its sensory characteristics. Among these, yeast
is considered the most important factor influencing the aromatic profile of sake [1-6].

Yeasts of the species Saccharomyces cerevisiae are among the most important industrial
microorganisms used for ethanol fermentation. Similarly to wine, beer, and spirit produc-
tion, the yeasts used in sake brewing are also classified as S. cerevisinze. However, these
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microorganisms exhibit several distinct characteristics that make them particularly suitable
for sake fermentation. These include adaptation to lower fermentation temperatures, high
ethanol tolerance, low foam formation, reduced urea and pyruvate production, and high
ester productivity (e.g., isoamyl acetate and ethyl caproate), among others [7,8].

In recent decades, the use of S. cerevisine Kyokai no. 7 (K7) group strains, represented
by K6, K7, K9, K10, and their non-foaming derivatives, has become a common practice in
sake production. The K7 strain is characterized by high ethyl caproate production, strong
fermentation performance, and excellent brewing quality at low temperatures (10-12 °C).
Strains K6 and K9 additionally produce elevated levels of isoamyl acetate, contributing to
the fruity and refreshing aroma of sake. The K10 strain is known for yielding sake with
lower acidity. Strains K-601, K-701, and K-901 are classified as non-foaming yeasts. These
strains are officially provided by the Brewing Society of Japan for use in sake production,
owing to their unique properties and proven compatibility with the brewing process [6].
Only small amounts of sake are brewed using unique house sake yeast typical for the
brewery. Although this approach positively influenced the overall quality of sake produced
on an industrial scale, the diversity of its sensory properties declined. Therefore, a trend in
brewing sake with yeast other than K7 group strains emerged [9].

During alcoholic fermentation, yeasts are responsible not only for ethanol produc-
tion but also for the synthesis of numerous flavour-active compounds that contribute to
the characteristic aroma and taste of fermented beverages. Sake yeasts produce a vari-
ety of metabolites, including volatile compounds (e.g., esters, higher alcohols, carbonyl
compounds) and non-volatile compounds (e.g., glycerol, organic acids), which are key
contributors to the flavor and taste of sake. Thus, employing yeast strains that differ
metabolically from the conventional K7 strain can change the composition of flavor-active
compounds and increase the diversity of sake styles and products [10,11].

To obtain sake yeast strains with distinct metabolic capabilities, selective breeding
has proven to be an effective strategy. Several approaches have been applied, including
mutagenesis, cell fusion, and crossbreeding [12]. Within the sake brewing industry, par-
ticular emphasis has been placed on developing yeast mutants that: (1) produce elevated
levels of desirable flavor compounds (e.g., isoamyl acetate, ethyl caproate, 3-phenethyl
alcohol) while reducing the formation of off-flavors such as dimethyl trisulfide [13-17];
(2) do not form foam [18,19]; (3) do not generate urea, a precursor of the carcinogenic com-
pound ethyl carbamate [20]; (4) exhibit high ethanol tolerance [21]; (5) accumulate elevated
concentrations of malate [22-24]; (6) overproduce tyrosol [25,26]; or (7) enhance peptide
production [27]. The publication of genome sequences for sake yeasts has facilitated the
identification of quantitative trait loci (QTLs) associated with key brewing characteristics,
enabling the application of DNA marker—assisted selection in mated strains [8,28,29]. In
parallel, recent advances in genetic engineering have been utilized to improve sake yeast
strains. For example, Chadani et al. [30] employed a three-step serial breeding approach
combined with an optimized CRISPR-Cas9 genome-editing system to introduce eight
targeted mutations into a standard sake yeast strain. The resulting variant lacked foam
formation, produced sake free of carcinogenic compounds and unpleasant sulfurous notes,
and generated a characteristic sweet ginjo aroma. Furthermore, sake yeasts that undergo
genetic modification followed by the removal of extraneous DNA sequences are classified
as self-cloning yeasts. Importantly, under Japanese government guidelines for GMO foods,
such strains are not considered genetically modified organisms [8,31].

Beyond laboratory-bred strains, a number of useful natural sake yeast isolates have
also been obtained from brewing facilities across different regions of Japan [9,32]. On
the other hand, certain non-conventional yeast species have recently been proposed as
starter cultures in brewing and winemaking to create unique and high-quality products.
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These include genera such as Pichia, Saccharomycodes, Zygosaccharomyces, Scheffersomyces,
Hanseniaspora, Torulaspora, and Lachancea. Selected strains of these non-conventional yeasts
can positively influence beverage quality by enhancing aroma complexity, increasing flavor
diversity, and contributing to the production of other metabolites that affect the character
and style of the final product, such as ethanol content, acidity, glycerol, mannoproteins,
and color stability [33-35].

Bioflavouring represents a natural strategy for enhancing the aroma profile of alcoholic
beverages through the use of non-conventional yeast strains during fermentation. Due
to high need for various types of yeast strains in the sake industrial sector, this study
aimed to evaluate non-conventional yeast strains for sake production during the simul-
taneous saccharification and fermentation process (SSF). Commercially available strains
of bottom-fermenting brewing yeast (Saccharomyces pastorianus), cryophilic wine yeast
(Saccharomyces bayanus), and wild wine yeast (Torulospora delbrueckii) were evaluated. The
quality characteristics of sake obtained using non-conventional yeast were evaluated by
comparison with wine produced using one of the most popular yeast strains for sake
production Saccharomyces cerevisine K7. A comprehensive analysis of the obtained sake was
conducted, covering the dynamics of fermentation process, basic chemical composition,
ethyl carbamate and its precursors, profile of volatile by-products of alcoholic fermentation,
antioxidant activity, color, and sensory characteristic.

2. Results and Discussion
2.1. Alcoholic Fermentation Kinetics and Basic Chemical Composition of Sake

Both conventional and non-conventional yeast strains used for moromi inoculation
exhibited appropriate alcoholic fermentation dynamics, reaching ethanol levels required
for sake production (Figure 1). The fermentation profile of the conventional S. cerevisiae
K7 strain closely resembled that of the brewing yeast S. pastorianus W34 /70 throughout
the process. In contrast, fermentation with S. pastorianus Diamond Lager showed slower
kinetics, with a delay of approximately five days. Such delays are relevant at the industrial
scale, as they may prolong production time and increase resource consumption. Conversely,
the cryotolerant wine yeast S. bayanus demonstrated the highest fermentation efficiency,
achieving elevated ethanol concentrations within the shortest time frame.
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Figure 1. The kinetics of alcoholic fermentation of sake inoculated with different yeast species.
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Sake production in Japan is regulated by the National Tax Agency. Under Japanese
liquor tax regulations, sake is required to contain less than 22% alcohol by volume; however,
the typical content on the label is around 15% (v/v). Our findings show that all products
obtained in this study meet the required criterion and can be classified as low-alcohol
sake. The level of produced alcohol ranged from 10.7 to 12.3% (v/v) for S. pastorianus
Lager and S. bayanus, respectively (Table 1). Variability in ethanol yield among yeast
strains has been attributed to differences in sugar uptake and metabolism [36,37], ni-
trogen assimilation [38,39], ethanol tolerance [40,41], redox balance through by-product
formation such as glycerol [42,43], and genetic regulation of alcohol dehydrogenase
expression [44].

Table 1. Basic chemical composition and antiradical activity of sake.

S. pastorianus S. pastorianus

S. cerevisiae K7 W34/70 Lager T. delbrueckii S. bayanus

Alcohol [% (v/v)] 11.6 +03b 11.8+0.0b 10.7£0.1c¢ 11.1 + 0.1 be 123 +£04a
Total extract [g/L] 2214 £0.00 a 21.13+0.10Db 20.12 £0.00 c 2323 +042d 18.09 £ 0.00 e
Total acidity [g/L] 1.87 £ 0.05 bc 1.83 £0.09c 1.94+0.12b 242 £0.07 a 1.95+0.04b
Volatile acidity [g/L] 0.39+£0.04a 0.33+0.03a 0.36 = 0.00 a 0.54 +0.04b 0.50 + 0.00 b
Amino acidity [mL] 2.55+£0.07 a 2.45 + 0.07 ab 2.05 £ 0.06 c 2.20 + 0.00 be 2.05+0.07 ¢
Free SO, [mg/L] 2.74 £ 0.09 ab 283+ 024a 234+021b 2334+025b 230£0.15b
Total SO, [mg/L] 13.49 £ 0.55b 13.73 + 0.41 ab 13.67 £ 0.55 ab 13.94 £ 0.38 ab 14.07 £ 0.70 a
Antiradical activity [mM/L] 032+ 0.04a 033+ 0.01a 025+0.01a 023+0.01a 029 £0.02a

Results are expressed as mean =+ standard deviation (n = 3). ANOVA assumptions were verified (Shapiro-Wilk
test for normality, p > 0.05; Levene’s test for homogeneity of variances, p > 0.05). Different letters within the same
row indicate statistically significant differences between sake variants (ANOVA, p < 0.05).

The average content of total acidity in sake ranges between 1.1 and 2.4 g/L. However,
recent research conducted by Nakatani et al. [45] on the acidifying potential of L. thermo-
tolerans strains in sake brewing, reported much higher concentration—3500 ppm of lactic
acid and an ethanol content of approximately 11-12% (v/v), recognizing high suitability
of this strain for sake production. The level of total acidity in sake analysed in our study
varied notably depending on the yeast strain used for fermentation (Table 1). T. delbrueckii
fermentation led to significantly higher values (2.42 g/L) compared to all other strains,
indicating more intense acid production. Similarly, volatile acidity was the greatest in sake
fermented with T. delbrueckii (0.54 g/L) and S. bayanus (0.50 g/L), which could influence
the aromatic and flavor profile of the final product. In contrast, the lowest volatile acidity
was observed in S. pastorianus W34/70 (0.33 g/L), potentially contributing to a cleaner
sensory profile. Volatile acidity in sake primarily consists of acetic acid and, to a lesser
extent, other short-chain fatty acids. It serves as an important quality indicator, as elevated
levels (approximately above 1 g/L) may signify microbial spoilage or deviations in the
fermentation process.

Regarding amino acidity (Table 1), the highest values was recorded for S. cerevisiae K7
(2.55mL), S. pastorianus W34/70 (2.45 mL) and T. delbrueckii (2.20 mL) suggesting enhanced
proteolytic activity or amino acid release, which may contribute positively to umami and
complexity in sake flavor. The lowest amino acidity was observed in both S. pastorianus
Diamond Lager and S. bayanus, indicating reduced nitrogenous compound formation. An
increase in amino acidity generally enhances the taste of sake, imparting richness, body, and
savory depth. However, excessively high levels may result in a heavy or flat flavor, whereas
insufficient amino acidity can lead to a lack of complexity. The perception of umami is
driven primarily by free glutamate and, to a lesser extent, by free aspartate [46]. Schmidt
et al. [47] reported that not only sake, but also certain beers, wines, and champagnes that
undergo extended yeast contact, contain notable concentrations of free glutamate capable
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of eliciting umami taste. Peptides and free amino acids (FAAs), which contribute to flavor
development, may originate either from the rice substrate or from microbial autolysis, de-
pending on the brewing process. Premium sake types such as Ginjo and Daiginjo, brewed
from highly polished rice, typically exhibit lower amino acidity, resulting in a lighter
sensory profile. Nevertheless, amino acid levels in sake are influenced not only by the
polishing ratio, but also by the yeast strain and the activity of specific bacteria, particularly
lactic acid bacteria [48]. Beyond their role in umami perception, amino acids also modulate
the balance between sweetness and bitterness. Iwano et al. [49] identified alanine as a
contributor to sweetness, whereas arginine was associated with bitterness. Amino acidity
further affects the aging potential of sake through participation in the Maillard reaction, a
complex chemical process in which nucleophilic groups from amino acids, peptides, and
proteins react with carbonyl groups from reducing sugars. This reaction generates a wide
range of volatile compounds and brown pigments known as melanoidins [50]. As a result,
sake with higher amino acidity tends to undergo more pronounced maturation, devel-
oping complex flavor attributes such as nuttiness and caramel through Maillard-derived
pathways [51,52].

Although no external sulfites are added to some wines, they may still contain mea-
surable amounts of sulfites produced endogenously by fermenting yeasts as a natural
by-product of the fermentation process. In yeast metabolism, sulfur dioxide (SO;) acts as an
intermediate in the biosynthesis of sulfur-containing amino acids such as methionine and
cysteine. It is generated through the sulfate reduction pathway, which is activated when
there is a cellular demand for these amino acids, compounds often limited in fermenting
wort. Under conditions that lead to significant intracellular accumulation of sulfite ions
(SO327), yeast cells activate protective mechanisms involving active transport systems that
export excess sulfite into the extracellular environment. This process results in an increased
concentration of sulfur dioxide in the fermentation medium, such as wine and beer [53-55].
Additionally, sulfites act as precursors to hydrogen sulfide, an undesirable by-product due
to its detrimental effect on wine aroma. Consequently, elevated concentrations of SO, in
wine are regarded as unfavorable. Ogata et al. [56] identified a relationship between nitro-
gen deficiency and increased hydrogen sulfide (H,S) production by lager yeast, which may
also indirectly contribute to elevated sulfur dioxide levels. The endogenous production
of sulfur dioxide during alcoholic fermentation is governed by multifactorial interactions
involving genetic determinants, metabolic pathways, and physicochemical conditions,
with key contributions from the yeast strain employed and the chemical composition
of the must.

In this study, several yeast strains commonly used in winemaking and brewing were
employed as non-conventional microorganisms for sake production. Although these strains
were selected by the manufacturers based on fermentation-related properties, including low SO,
production, the composition of the must, specifically using rice wort instead of wine must or
brewing wort, could significantly influence SO, levels. However, all yeast strains produced low
concentrations of free (2.30-2.83 mg/L) and total SO, (13.49-14.07 mg/L) (Table 1), demonstrating
their suitability for use in the sake production process with respect to SO, levels. According to
Zhang et al. [57], sulfur dioxide levels in lager beer under different wort oxygenation conditions
ranged between 14 and 18 mg/L. In turn, wine yeasts are capable of producing anywhere from a
few milligrams per liter of sulfites to over 90 mg/L [58,59]. Considering that a small proportion of
the population is sensitive to sulphites (manifesting symptoms such as dermatological reactions,
respiratory distress, gastrointestinal disturbances, and cardiovascular effects), regulations require
disclosure of sulphur dioxide content on the label of alcoholic beverages. This applies when the
total concentration of sulphur dioxide equals or exceeds 10 mg/L [60,61].
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There have been numerous reports on the antioxidant capacity and associated
antioxidant components of sake [62-64]. According to the literature, the primary con-
tributors to the antioxidant capacity of sake include phenolic compounds (such as
tannic acid, ferulic acid, and p-coumaric acid), tyrosol, peptides, amino acids, and
melanoidins. This study also examined the influence of the yeast strains used on the
biological activity of the final sake product. The antioxidant activity against the ABTS
radical ranged from 0.23 to 0.32 mM/L (Table 1). The results indicate that the type of
yeast employed in the sake production process did not significantly affect its radical
scavenging activity.

2.2. Ethyl Carbamate and Its Precursors

The World Health Organization (WHO) International Agency for Research on Cancer
working group classified ethyl carbamate (EC) as a group 2A carcinogen, i.e., proba-
bly carcinogenic to humans [65,66]. It is important to note that the presence of ethyl
carbamate in fermented foods is of considerable concern. Consequently, the wine indus-
try has shown strong interest in developing effective strategies to reduce EC levels in
final products.

Ethyl carbamate is primarily formed through the reaction of ethanol with urea
or other carbamoyl-containing compounds, with urea being the main precursor in
fermented products. In contrast, elevated EC levels in stone fruit spirits are mainly
attributed to cyanate [67,68]. In alcoholic beverages, the main pathway for EC formation
involves the yeast-mediated conversion of arginine to urea during early fermentation.
Bacterial conversion of arginine to citrulline may also contribute to ethyl carbamate
formation through reaction with ethanol. Although less common than the urea pathway,
ethyl carbamate formation via citrulline has been observed in red and white table wines,
yellow rice wine, and fermented soybean products [69,70].

Sake samples obtained in the course of this study were subjected to analysis for
ethyl carbamate precursors, including arginine and urea. The conducted analyses did not
confirm the presence of L-arginine in any of the rice wine samples examined, including both
conventional and non-conventional varieties. Arginine is classified as a Group A amino
acid, which is preferentially consumed by yeast during the early stages of fermentation,
thereby explaining its absence in the final alcoholic products [71].

It has been reported that up to 90% of ethyl carbamate in Chinese yellow rice
wine originates from the reaction of urea with ethanol [72]. Yeast strains differ in their
urea production capacity, the proportion of urea excreted into the medium, and the
extent to which it is reabsorbed and utilized. In our study, various Saccharomyces and
non-Saccharomyces yeast strains exhibited differing capacities for nitrogen compound
metabolism, which directly influenced the residual urea concentrations in sake after
fermentation. The bottom-fermenting brewing yeast S. pastorianus and the cryophilic
wine yeast S. bayanus were generally associated with approximately 36% lower urea
production compared to the conventional sake yeast strain. K7, T. delbrueckii, and S. cere-
visiae Lager strains showed no statistically significant differences in urea concentrations
(Table 2). In the context of using non-Saccharomyces yeasts, Wu et al. [73] demonstrated
that Wickerhamomyces anomalus contributes more significantly to urea formation in a
model system simulating Chinese liquor fermentation, producing considerably higher
urea levels (910.0 ug L1 compared to S. cerevisiae (300.1 ug L~1). In contrast, Benito
et al. [74] utilized S. pombe instead of S. cerevisiae for red wine fermentation, achieving a
final urea concentration of less than 0.5 mg/L.
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Table 2. Concentration of ethyl carbamate and its precursors in sake.
S. cerevisiae K7 S. pastorianus W34/70 S. pastorianus Lager T. delbrueckii S. bayanus
Arginine [mg/L] nd nd nd nd nd
Urea [mg/L] 6.62 +0.28 a 423+£020Db 5.80 + 0.27 ab 6.25+0.32 a 442 +0.17b
Ethyl carbamate
LOD 4.89 ng/L nd nd nd nd nd

LOQ 14.82 ug/L

nd—not detected. Results are expressed as mean =+ standard deviation (n = 3). ANOVA assumptions were verified
(Shapiro-Wilk test for normality, p > 0.05; Levene’s test for homogeneity of variances, p > 0.05). Different letters
within the same row indicate statistically significant differences between sake variants (ANOVA, p < 0.05).

The urea concentration found in sake (4.23-6.62 mg/L) aligns with the range observed
in wines by Larcher et al. [75], who reported values between 0.12 and 33.6 mg/L (median
0.33 mg/L) per different wine yeast strain. At these urea concentrations, ethyl carbamate
(EC) levels ranged from below the detection limit to 13.5 ug/L before storage and up to
14.3 pg/L after 150 days at <12 °C. In our study, ethyl carbamate (EC) was not detected
in any of sake samples, which was analysed immediately after the completion of the
fermentation process. However, EC formation is influenced not only by the concentration
of its precursors, but also increases during storage and is closely associated with external
storage-related factors, including duration, temperature, and exposure to UV light [76-78].

Risk assessments have prompted various governmental bodies to set permissible
limits for ethyl carbamate in alcoholic beverages. EC limit is established under Korean and
Japanese food safety regulations, which classify sake and yellow rice wines as fortified
wines. For such beverages, an ethyl carbamate concentration of up to 100 ug/L is considered
acceptable. The legal basis for this threshold in Japan includes the Food Sanitation Act [79],
as well as relevant provisions under the Japanese Agricultural Standards [80] and regulatory
updates issued by the National Tax Agency (NTA) [81] concerning the production and
labeling of sake as a fortified alcoholic beverage. Also, Canada specifically limits EC
concentrations in sake at 200 pg/L [82].

The analytical method applied in our study provided a limit of detection (LOD) of
4.89 ng/L and a limit of quantification (LOQ) of 14.82 ng/L. Given that our LOD and LOQ
are significantly lower than these regulatory thresholds, the absence of detectable EC in our
samples indicates that the risk of exceeding permissible limits under the tested conditions
is minimal.

To minimize ethyl carbamate formation in the final product, some fermentation indus-
tries utilize genetically modified or selectively bred yeast strains with reduced capacity for
urea production. The use of a commercial genetically modified yeast strain (ECMo01) with
improved urea-degrading activity resulted in a reduction in ethyl carbamate concentrations
by about 50% in bread and 90% in red wine [83,84]. The use of urease enzymes has been
recognized and authorized by the OIV (International Organisation of Vine and Wine) as
part of the International Code of Oenological Practices [85].

2.3. Aroma of Sake

Yeast are the most important factor determining the aromatic profile of sake. Terms
used to describe the aroma of sake, such as fruity, floral, caramel-like, and earthy, reflect the
remarkable diversity of its sensory characteristics. Considering the widespread presence
of intensely aromatic rice wine on today’s market, it is often mistakenly assumed that
it contains added fruits or herbs. However, by definition, sake must not contain any
additional ingredients that enhance aroma or flavor, which clearly illustrates the vital role
of microorganisms used in its production in shaping its sensory profile.
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Yeasts generate a variety of metabolites, including volatile aroma compounds such as
esters, higher alcohols, and carbonyl compounds. In this study, the by-products of alcoholic
fermentation in sake samples produced with both conventional and non-conventional yeast
strains were analysed in terms of their quantitative and qualitative composition.

A principal component analysis (PCA) was conducted to elucidate similarities and
differences in the aroma profiles of standard and non-conventional sake. The analysis
encompassed the concentrations of five alcohols, eighteen esters, seven carbonyl com-
pounds, as well as the total concentrations of aroma components, alcohols, esters, and
carbonyls (Figure 2). Examination of the explained variance indicated that two principal
components accounted for 81.11% of the total variance: the first principal component (F1)
explained 59.60%, while the second principal component (F2) accounted for 21.71%. Case
classification was performed based on the correlation with each PCA factor.

Biplot (axes F1 and F2: 81.09 %)
1.5 -
T.delbruecki
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L] L]
- 3
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Figure 2. The result of PCA for the composition of volatile fermentation by-products in sake.
A1l: 1-propanol, A2: Isobutyl alcohol, A3: 3-Methylbutanol, A4: 2-Methylbutanol, A5: 2-Phenylethanol,
E1: Methyl acetate, E2: n-propyl acetate, E3: Ethyl isobutyrate, E4: Butyl acetate, ES: Ethyl formate,
E6: Ethyl acetate, E7: Ethyl propionate, E8: Isobutyl acetate, E9: Ethyl butyrate, E10: 3-methylbutanol
acetate, E11: 2-methylbutanol acetate, E12: ethyl hexanoate, E13: Ethyl heptanoate, E14: Ethyl oc-
tanoate, E15: 2-Phenethyl acetate, E16: Ethyl nonanoate, E17: Ethyl decanoate, E18: Ethyl dodecanoate,
C1: Acetaldehyde, C2: Acetone, C3: Isobutyraldehyde, C4: 2,3-Butanedione, C5: 3-methylbutanal,
C6-2-methylbutanal), C7-Acetal.

The PCA results confirmed differences in the aroma profiles among the sake samples
investigated. Specifically, four sake samples produced with non-conventional yeasts were
distributed across different quadrants of the coordinate system. However, no distinct clus-
tering was observed solely based on yeast type. Notably, sake produced with wine yeast
tended to separate along the F2 axis, occupying the first and second quadrants, whereas
samples fermented with brewing yeast and sake K7 yeast were primarily located in the third
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and fourth quadrants. In this context, the attributes positively contributing to wine yeast
(T. delbrueckii and S. bayanus) included total ester content, which was closely associated
with ethyl acetate concentration, and additionally ethyl isobutyrate, ethyl propionate, and
2,3-butanedione content. Along PC1, samples were primarily differentiated by their car-
bonyl compounds, higher alcohols, and total aroma content. Sake produced with Saccha-
romyces pastorianus Lager yeast exhibited the greatest similarity to conventional sake, as
these samples clustered within the same quadrant (IV).

Among sake fermented by different yeast species, the highest concentrations of fer-
mentation by-products were recorded for S. pastorianus Lager (472.8 mg/L) and S. bayanus
(485.3 mg/L), which, compared to the sake based on conventional yeast, constituted 128.5%
and 132.7% of the total aromas determined, respectively. There were no significant differ-
ences in the total concentration of volatiles between S. cerevisiae K7, S. pastorianus W34/70,
and T. delbrueckii (Figure 3).

C
Higher sconol: RS TSN RETES

a
coters DR 0

Carbonyl compounds be

b
Total volstes A RN

0.00 100.00 200.00 300.00 400.00 500.00
Concentration [mg/l]

S. bayanus m T.delbruecki m S. pastorianus Lager = S. pastorianus W34/70 m S. cerevisiae K7

Figure 3. The main groups of volatiles in sake. Data represent means from three replicates of a
single experiment. Error bars indicate standard deviations. ANOVA assumptions were verified
(Shapiro-Wilk test for normality, p > 0.05; Levene’s test for homogeneity of variances, p > 0.05).
Different letters indicate statistically significant differences between sake variants (ANOVA, p < 0.05).

Compared to ethanol, higher alcohols contain more than two carbon atoms, resulting
in increased molecular mass and elevated boiling points. In all types of sake analysed
in this study, higher alcohols (fusel alcohols) constituted the largest share of aroma
compounds. In sake produced using S. cerevisine K7, fusel alcohols accounted for nearly
81% of the total volatiles, with a concentration of 297.6 mg/L. A similar share of higher
alcohols in the aroma of sake was noted for the S. pastorianus W34/70 (78%, 259.4 mg/L)
and S. pastorianus Lager (79%, 372.8 mg/L). In sake samples produced using wine
yeast, the percentage of higher alcohols was lower in comparison with conventional
sake, amounting to 71% for S. bayanus yeast (223.3 mg/L) and 66% for T. delbrueckii
yeast (341.9 mg/L).

The use of different Saccharomyces yeast strains in wine fermentation has been shown to
result in significant variations in the levels of higher alcohols present in the final product [86,87].
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Among non-Saccharomyces yeasts, T. delbrueckii is the most extensively studied, commercially
available, and widely applied at the industrial scale. However, findings regarding its impact
on higher alcohol production remain inconsistent. In sequential fermentations involving
three industrial T. delbrueckii strains: Zymaflore Alpha (Laffort, Bordeaux, France), BIODIVA
(Lallemand, Montreal, QC, Canada), and Viniferm NS-TD (Agrovin Ciudad Real, Spain), only
Viniferm NS-TD exhibited the ability to reduce the total concentration of higher alcohols when
co-inoculated with Saccharomyces cerevisiae [88,89]. In the present study, the total amount of
higher alcohols produced by T. delbrueckii was approximately 25% lower compared to sake
fermented with conventional S. cerevisiae K7 sake yeast.

Previous studies have found that higher initial sugar concentrations stimulate yeast
to metabolize more alpha-keto acids and enhance amino acid deamidation, which are
prerequisites for the production of large amounts of higher alcohols [90]. However, sake
is produced through a process of simultaneous saccharification and fermentation, during
which the sugar concentration typically does not exceed 240 g/L, which is generally
considered a critical threshold for enhanced higher alcohol formation.

Higher alcohols are typically recognized as harsh and pungent; however, at concen-
trations below 300 mg/L they usually contribute to the desirable complexity of wine and
are not regarded as off-flavors [91]. At concentrations above 400 mg/L, the beverage is
classified as having poor sensory quality due to its unpleasant and sharp odor. Although
sake produced using S. pastorianus Lager and S. bayanus slightly exceeded the 300 mg/L
threshold, these levels did not result in any noticeable sensory defects during the aroma
evaluation of those samples.

Esters are considered the most important group of volatile compounds, generally
contributing to the fruity and floral aromas in sake. Our results indicated that the wine
yeast strains were the most effective ester producers among the tested microorgan-
isms (Figure 3). In comparison with the conventional K7 yeast, the total ester levels
in sake fermented with T. delbrueckii and S. bayanus were approximately 5-fold and
4.3-fold higher, respectively. However, the total ester concentrations detected in all
sake samples (ranging from 18.38 to 79.47 mg/L) remain well within the acceptable
limits for high-quality beverages, in which total ester concentrations should not exceed
200 mg/L [92]. T. delbrueckii contributed positively to the aromatic profile of sake not
only by generating increased levels of fruity esters, but also by simultaneously reducing
the concentration of higher alcohols. No significant differences in total ester content
were observed between sake produced with K7 and S. pastorianus W34/70. Nevertheless,
the total ester concentration is not the sole determinant of sake aroma. In fact, differences
in the qualitative and quantitative composition of individual esters play a key role in
defining the unique sensory characteristics of the sake bouquet.

The primary ester found in wine, beer, and sake is ethyl acetate. In the analyzed
sake samples, ethyl acetate, present at concentrations ranging from 17.37 to 90.86 mg/L,
accounted for a relatively high proportion of total esters (to over 94%)—Table 3. Typical
ethyl acetate concentrations in beer range from 8 to 32 mg/L, while in wine they vary
between 22.5 and 63.5 mg/L [93,94]. Wines containing more than 90 mg/L of ethyl acetate
are generally considered faulty. At low concentrations, ethyl acetate enhances fruity
aromas, whereas at higher levels it imparts an odor reminiscent of nail polish [57,92].
In sake fermented with wine yeasts, the ethyl acetate concentration was 5.2-fold higher
for T. delbrueckii and 4.4-fold higher for S. bayanus, compared to that obtained with the
conventional S. cerevisiae K7 strain.
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Table 3. Qualitative and quantitative composition of volatile compounds in sake (mg/L).

Compound S. cerevisiae K7 S-p x;z;;gnus S-p u]j;zzranus T. delbrueckii S. bayanus
Mean £SD Mean +SD Mean £SD Mean +SD Mean +SD
Acetaldehyde 51.125 ab 3.935 33.149 ¢ 0.577 39.680 bc 2478 25122 ¢ 6.382 61.992 a 0.914
Methyl acetate 0.009 ¢ 0.001 0.033b 0.005 0.072a 0.004 0.011 0.002 0.058 ac 0.006
1-Propanol 46.187 bc 2.448 35.613 dc 1.600 51.006 b 4.614 27.837 d 3.542 68.962 a 1.215
n-Propyl acetate 0.013b 0.000 0.015b 0.001 0.035b 0.007 0.023b 0.001 0.092 ac 0.009
Ethyl isobutyrate 0.003d 0.000 0.008 cd 0.000 0.017b 0.002 0.032 a 0.001 0.009 0.000
Butyl acetate 0.000 ¢ 0.000 0.002 a 0.000 0.001 b 0.000 0.000 ¢ 0.000 0.000 ¢ 0.000
Ethyl formate 0.149b 0.017 0.159b 0.014 0.139b 0.032 0.032¢ 0.014 0.523 a 0.009
Isobutyraldehyde 0.182 be 0.009 0.133 cd 0.003 0.200 b 0.019 0.106 d 0.011 0270 a 0.004
2,3-Butanedione 0.011a 0.002 0.008 a 0.001 0.013 a 0.002 0.074 a 0.040 0.011 a 0.001
Ethyl acetate 17.372d 1.231 36.980 ¢ 1.072 57.139b 6.219 90.869 a 3.653 76.712 a 3.916
Isobutyl alcohol 82.345 ab 4.253 55.023 b 2.724 97.395 a 9.859 57.951b 7.633 93.051 a 3.181
3-Methylbutanal 0.041 a 0.002 0.026 b 0.001 0.041 a 0.004 0.017b 0.003 0.047 a 0.002
2-Methylbutanal 0.006 b 0.000 0.004 ¢ 0.000 0.008 a 0.000 0.002d 0.000 0.009 a 0.000
Ethyl propionate 0.021d 0.000 0.159b 0.015 0.178 b 0.010 0.223 a 0.004 0.099 ¢ 0.001
Acetal 1.022b 0.083 0.604 ¢ 0.027 0.613 ¢ 0.041 0417 ¢ 0.109 1.450 a 0.009
3-Methylbutanol 118.207 b 1.860 122.088 b 2.743 150.481 a 3.266 95.574 ¢ 4.434 113.396 b 3.027
2-Methylbutanol 30.401 be 0.311 28.138 ¢ 0.804 50.189 a 3.191 23.578 ¢ 2.384 39.228 b 0.657
Isobutyl acetate 0.032Db 0.000 0.026 b 0.001 0.064 b 0.008 0.048 b 0.015 0.187 a 0.033
Ethyl butyrate 0.085b 0.005 0.074b 0.001 0.107 b 0.012 0.077 b 0.005 0.195 a 0.021
3-Methylbutanol acetate 0441 c 0.019 0.674 be 0.008 1.340 a 0.117 0.165 ¢ 0.057 1.100 ab 0.185
2-Methylbutanol acetate 0.023b 0.001 0.027 b 0.001 0.075b 0.007 0.022b 0.009 0.137 a 0.023
Ethyl hexanoate 0.066 b 0.001 0.058 b 0.004 0.085b 0.012 0.011 ¢ 0.002 0.131a 0.011
2-Phenylethanol 20.488 a 5.105 18.562 a 2.282 23.698 a 2.287 18.358 a 0.535 27.261 a 5.639
Ethyl octanoate 0.070 ab 0.002 0.055b 0.010 0.070 ab 0.004 0.003 ¢ 0.001 0.098 a 0.011
2-Phenethyl acetate 0.098 ab 0.001 0.056 b 0.002 0.100 ab 0.015 0.051b 0.004 0.120 a 0.016
Ethyl decanoate 0.004 a 0.000 0.006 a 0.001 0.005 a 0.001 0.000 a 0.000 0.005 a 0.000

Results are expressed as mean =+ standard deviation (n = 3). ANOVA assumptions were verified (Shapiro-Wilk
test for normality, p > 0.05; Levene’s test for homogeneity of variances, p > 0.05). Different letters within the same
row indicate statistically significant differences between sake variants (ANOVA, p < 0.05).

In addition to ethyl acetate, wine, beer, and sake products also contain a relatively
small share of other ester compounds (e.g., esters of acetic acid and higher alcohol, as
well as esters of ethanol and fatty acid), which typically occur in quantities below 1 mg/L
or within several mg/L. Despite their low abundance, these compounds often have ex-
tremely low sensory thresholds (in the ng/L range) and therefore have a significant impact
on the overall aroma profile of wine. According to Mimura et al. [95], key contribu-
tors to the fruity aroma of sake, known as ginjo-ka, include hexanoate and octanoate
esters (e.g., ethyl caproate and ethyl caprylate), along with isoamyl acetate. Among the
tested yeast strains, S. bayanus showed the highest potential for producing this character-
istic aroma. Compared to the conventional S. cerevisize K7 strain, the concentrations of
3-methylbutyl acetate, 2-methylbutyl acetate, and ethyl hexanoate in sake produced with
S. bayanus were higher by 249.5%, 590.9%, and 199.3%, respectively. No significant differ-
ences were observed in the levels of ethyl octanoate and 2-phenethyl acetate between these
yeast strains.
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The sensory profile imparted by S. pastorianus in beer is generally subtle, with esters
such as ethyl acetate and isoamyl acetate serving as key contributors to its aroma. In
beer, ethyl acetate typically occurs within the range of 10-60 mg/L, while isoamyl acetate
is found at concentrations between 0.5 and 5 mg/L [96]. The concentrations of these
compounds observed in this study for both strains of S. pastorianus strains during sake
fermentation were within the established ranges.

According to Puligundla et al. [97], lager beers with a balanced flavor profile typi-
cally exhibit higher alcohol-to-ester ratios in the range of approximately 2.5-3:1. In the
present study, this ratio was substantially higher for the brewing strains W34/70 and
Diamond Lager, reaching 6.7 and 6.2, respectively. These elevated values indicate an
imbalance skewed toward higher alcohol production, which is associated with a less har-
monious flavor profile in lager beer. In this context, T. delbrueckii positively influenced
the aromatic profile of sake by increasing the production of fruity esters while simultane-
ously lowering the concentration of higher alcohols. The resulting alcohol-to-ester ratio
was 2.4, indicating a more balanced and aroma-enhancing fermentation outcome. How-
ever, this value may not be fully representative of the wine yeast strain, as the majority
of esters produced were attributed to ethyl acetate, which alone may contribute to im-
balances in the overall aroma profile. In contrast, this ratio exceeded 16 in the case of
the sake yeast strain K7, which was characterized by very low ethyl acetate production.
These findings suggest that a comprehensive sensory analysis would be essential to draw
definitive conclusions regarding the impact of these metabolic differences on the final
aromatic quality.

In the further course of the research, five commercially available sake beverages
with varying alcohol contents (12.5-17.0% v/v) were subjected to gas chromatography
analysis to compare the major components of the ginjo-ka aroma with those present in
sake produced using non-conventional yeast strains. This aspect was further examined
using principal component analysis (PCA), based on ester-type by-products of alcoholic
fermentation (Figure 4). Principal components F1 and F2 accounted for 34.37% and 19.95%
of the total variance, respectively. The sake samples were distributed across different
quadrants of the coordinate system. Notably, three out of four commercial sake samples,
along with the laboratory-scale S. cerevisiae K7 sake, clustered in the third quadrant, sug-
gesting similarities in ester aroma profiles among these beverages. No distinct clustering
was observed among samples produced with wine yeast and those with brewing yeast.
The F1 axis showed a strong positive correlation with the total concentrations of methyl
acetate, ethyl formate, isobutyl acetate, 3-methylbutanol acetate, 2-methylbutanol acetate,
2-phenethyl acetate, and ethyl nonanoate. These esters significantly influenced the aroma
of sake produced with S. bayanus. Samples distributed along the F1 axis exhibited greater
differences than those along F2, as F1 explained a larger proportion of the overall variance,
indicating substantial differences in ester production between conventional sake yeast and
S. bayanus. Factor F2 appeared to correlate with the total concentration of esters, including
some of the most abundant compounds such as ethyl acetate, ethyl isobutyrate, and ethyl
propionate. These compounds were associated with sake produced using T. delbrueckii.
The PCA results revealed that wine yeasts had the greatest influence on the ester profile
of the sake.
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Figure 4. The result of PCA for the ester profile of non-conventional and commercial sake. E1: Methyl
acetate, E2: n-propyl acetate, E3: Ethyl isobutyrate, E4: Butyl acetate, E5: Ethyl formate, E6: Ethyl
acetate, E7: Ethyl propionate, E8: Isobutyl acetate, E9: Ethyl butyrate, E10: 3-methylbutanol acetate,
E11: 2-methylbutanol acetate, E12: ethyl hexanoate, E13: Ethyl heptanoate, E14: Ethyl octanoate,
E15: 2-Phenethyl acetate, E16: Ethyl nonanoate, E17: Ethyl decanoate, E18: Ethyl dodecanoate.

2.4. Color of Sake

Color is an important indicator of sake quality and product stability. High-quality
sake is typically transparent, almost colorless, or exhibits only a faint straw-like tint. A
shift in color toward yellow or brown in young sake may indicate oxidation, aging, or
improper storage, which is regarded as a quality defect. Previous studies [98-100] have
demonstrated that changes in color correlate with degradative processes such as photo
oxidation and Maillard reactions, as well as with the presence of humic acid in brew-
ing water. As a result of Maillard reactions, brown pigments known as melanoidins
are synthetised. The extent of color change depends in part on the amino acid content.
Sake such as junmai daiginjo, brewed from highly polished rice and therefore contain-
ing relatively few amino acids, shows little color change even after extended storage.
In our study, potential differences in nitrogen uptake by non-conventional yeasts, along
with variations in their sugar metabolism profiles, prompted a detailed investigation of
color development.

The color of sake produced using non-conventional yeast strains was compared to that
of conventionally fermented sake based on the total color difference value (AE). Parameters
describing the color attributes of the samples, along with total color difference values,
are presented in Table 4. Based on the results, it can be concluded that the rice wine
samples were very light in color, with low saturation of yellow and green hues. No
significant differences in color parameters were observed between sake produced with
conventional and non-conventional yeasts. Moreover, the total color difference was small
(AE < 1), indicating that the color differences were visually imperceptible. The use of
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non-conventional yeast strains in the rice wine production process did not affect the color
of the final product.

Table 4. Parameters of sake color.

L a* b* AE
S. cerevisiae K7 96.26 + 0.12 a —0.44 + 0.04 ab 2.70 £ 0.06 a -
S. pastorianus W34,/70 96.22 +0.12a —0.44 + 0.04 ab 261 +0.12a 0.15 + 0.04
%gﬁg’;gﬂ; o 96.24 +0.04 a ~0.36 £ 0.02a 2.63 +0.09a 0.12 + 0.06
T. delbrueckii 96.12 + 0.20 a ~0.36 £ 0.01a 2.66 £0.15a 0.23 + 0.09
S. bayanus 96.27 +0.13 a —048 +0.02b 279 +0.04a 0.14 + 0.01

Results are expressed as mean =+ standard deviation (n = 3). ANOVA assumptions were verified (Shapiro-Wilk
test for normality, p > 0.05; Levene’s test for homogeneity of variances, p > 0.05). Different letters within the same
column indicate statistically significant differences between sake variants (ANOVA, p < 0.05).

2.5. Sensory Analysis

Non-conventional sake characteristics were explained by the sensory compo-
nent profiles. Figure 5 demonstrate the mean scores of the six aroma attributes
typical for sake, namely, ginjo-ka (fruity/floral), grassy/aldehyde, grainy/rice bran,
sweet/caramel, sulfury, overall aroma, which were evaluated for their contribution
to the aroma profile of sake. Among them, ginjo-ka was the dominating descriptor
among all samples tested. Mimura et al. [95] examined the relationship between the
component profile and the attributes of different sake types. Ethyl caproate was iden-
tified as the main contributor to ginjo-ka, with additional influence from hexanoate
and octanoate esters. Although isoamyl acetate is commonly associated with ginjo-
ka, it was not selected due to its relatively stable levels across samples, limiting its
discriminative value. Our findings revealed significant variation in isoamyl acetate
content across samples (Table 3). In sake fermented with T. delbrueckii, isoamyl acetate
was the dominant ginjo-ka ester, contributing to elevated fruity/floral aroma scores.
The most intense fruity and floral notes were detected in S. bayanus-fermented sake,
surpassing conventional variants. This profile was driven by the combined presence
of ethyl caproate and isoamyl acetate, whose relative proportions likely affect both
aroma intensity and quality. Acetaldehyde and 3-methylbutanal, known contributors
to grassy and aldehydic aromas, were most perceptible in samples fermented with
S. bayanus and S. cerevisiae K7. On the other hand, T. delbrueckii imparted sweet and
caramel-like notes to sake, likely due to its high production of 2,3-butanedione. All
strains tested exhibited minimal perception of sulfur-related off-notes, typically as-
sociated with hydrogen sulfide, methyl mercaptan, and dimethyl trisulfide. Sensory
evaluation confirmed that S. bayanus had a positive impact on wine aroma, showing
the highest overall scores and the most complex flavour profile. These findings suggest
that S. bayanus may be effectively used to enhance wine quality by improving aroma
and complexity.
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Figure 5. Radar plots of sensory evaluation of sake.

3. Materials and Methods
3.1. Raw Materials and Microorganisms

Yamadanishiki rice (Kobe, Japan), highly polished to 35-55%, was used in the fermen-
tation process. Koji was prepared by inoculating the rice with Aspergillus oryzae spores
(Koji-kin, Kensho, Nagano-ken, Japan). The yeast starters included Saccharomyces cere-
visiae K7 (Sake #7 Yeast, White Labs, Tokyo, Japan), Saccharomyces pastorianus (Diamond
Lager Yeast, LalBrew, Lallemand, Vienna, Austria), S. pastorianus ssp. carlsbergensis W34 /70
(Hefebank Weihenstephan GmbH, Freising, Germany), Torulaspora delbrueckii (Level2 Bio-
diva, Lallemand, Montréal, QC, Canada), and Saccharomyces bayanus (Siha Aktiv Hefe 4,
Lallemand, Montréal, QC, Canada).

The primary criterion for the selection of non-conventional yeasts in our study was
their cryotolerance, as the moromi fermentation in sake brewing is carried out at tem-
peratures below 15 °C. For this reason, we included bottom-fermenting brewing yeasts,
which ferment efficiently at 10-15 °C, as well as sparkling wine yeasts, which are capable
of conducting fermentation at 8-10 °C. In addition, Torulaspora delbrueckii is not specifically
adapted for low-temperature fermentation, but according to the manufacturer’s specifi-
cation it produces high levels of esters, which are essential contributors to the aromatic
profile of sake.

Four types of commercially available sake were used as control samples: Sake 1—12.5% (v/v)
(Hakutsuru, Kobe, Japan), category/style: Junmai Nigori; polishing rate: 70%. Sake 2—17.0% (v/v)
(Tsuji Honten, Hiroshima, Japan), category/style: Junmai Bodaimoto Nigori; polishing
rate: 65%; rice variety: Yudomachi. Sake 3—17.5% (v/v) (Takara Shuzo, Kyoto, Japan),
category: Daiginjo, Muroka Genshu (Nihonshuy); polishing rate: 50%; rice variety: Go-
hyakumangoku. Sake 4—15.0% (v/v) (Hakutsuru, Kobe, Japan), category/style: Junmai;
polishing rate: 70%. For the comparative study, sake samples with varying alcohol contents
were selected, ranging from light (12.5% v/v) to strong, undiluted genshu (17.5% v/v).
The polishing rate ranged from 70% (yielding fuller, more rice-forward flavors) to 50%
(producing a more delicate and elegant profile). The selected styles comprised: Nigori
(Sake 1 and 2)—cloudy and creamy; Bodaimoto (Sake 2)—traditional and acidic; Daiginjo
Muroka Genshu (Sake 3)—premium, pure, and undiluted; and Junmai (Sake 4)—classic,
full-bodied, and without additives.
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3.2. Sake Preparation

Sake was prepared following the method described by Ichikawa et al. [101], with
slight modifications. Yamadanishiki rice was washed twice for 30 s using tap water at
10 °C, then drained for 1 min. The rice was subsequently soaked for 30 min to achieve
a water absorption rate of 130-140%. After soaking, the rice was steamed under cover
for 50 min. Following cooling, water absorption was adjusted to 130-140%, based on the
assumption that the initial moisture content of the dry rice was 13.5%. The steamed
rice was then inoculated with Aspergillus oryzae (Kensho preparation) at a ratio of
1 g of mold spores per 1 kg of dry rice. The mixture was incubated for 46 h at 37 °C
under conditions of high humidity. Sake mash was prepared in three stages over a four-
day period. A total of 55 g of rice was used in the initial stage, consisting of 11 g of koji,
44 g of steamed Yamadanishiki rice, 70 mL of water, a calculated amount of yeast inoculum
(1 x 107 CFU/mL), and 490 pL of 50% lactic acid. After thorough mixing, the mixture was
covered with a fermentation lock and incubated at 15 °C. After 72 h, the second portion
of ingredients was added to the moromi: 110 g of rice in total, comprising 22 g of koji,
88 g of steamed rice, and 140 mL of water. Incubation was continued for an additional
24 h. Subsequently, the final portion was added: 33 g of koji, 132 g of steamed rice, and
210 mL of water. Alcoholic fermentation was conducted at 10 °C. Progress of fermentation
was monitored by measuring the decrease in mash mass. Upon completion, the fermented
mash was centrifuged to obtain clarified sake. Our laboratory method reproduces the key
stages of sake brewing (rice steaming, koji making, yeast starter, and three-step moromi
fermentation). However, it is simplified in terms of scale and equipment compared with
industrial production. It is important to note that reducing the scale of fermentation pro-
cesses usually affects heat transfer and aeration, and also influences yeast performance and
viability due to increased osmotic and hydrostatic pressure stress.

3.3. Basic Chemical Composition of Sake

Ethanol content and total extract were determined using the distillation method,
followed by densimetric measurement with an Anton Paar DMA 5000 M densitometer
(Graz, Austria). Total acidity was measured by titration. Volatile acidity was assessed
following steam distillation of the sake sample and immediate titration of the distillate with
standardized 0.1 M sodium hydroxide solution, using phenolphthalein as an indicator.

Amino acidity was determined by titration based on the ethanol addition method. Briefly,
10 mL of the sample were first titrated with 0.1 M sodium hydroxide to a pH of 8.2. Subse-
quently, 25 mL of ethanol were added to the titration mixture, and the solution was further
titrated with 0.1 M sodium hydroxide until the pH reached 10.4. The volume of 0.1 M NaOH
required to reach the second endpoint is defined as the amino acidity, according to the National
Tax Agency of Japan [102].

3.4. Gas Chromatography GC/MS

The analysis of volatile b-products of alcoholic fermentation in the obtained sake
was carried out using a gas chromatography apparatus (Agilent 7890 A, Santa Clara,
CA, USA) with a mass spectrometer (Agilent MSD 5975C, Agilent Technologies, Santa
Clara, CA, USA). The headspace autosampler operating parameters were: incubation
temperature 50 °C, loop 60 °C, transfer line 70 °C, incubation time 20 min. An HP
INNOWax capillary column 30 m in length, 0.25 mm film thickness, 0.4 pm i.d. was
used. The oven temperature was programmed from 35 °C (7 min) to 80 °C at a rate of
5 °C/min and was then increased to 225 °C (5 min) at a rate of 10 °C/min. The flow
rate of the carrier gas was 1.1 mL/min. The temperature of the injector was 250 °C.
MS conditions were as follows: ion source temperature 230 °C, transfer line temperature
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250 °C, and quadrupole temperature 150 °C. The ionization energy was 70 eV. Volatile
compounds were quantified using calibration curves in the selected ion monitoring
mode. Quantitative analysis was performed using Agilent MassHunter software (Version
B.07.00/Build 7.0.457.0, Agilent Technologies, Inc. 2008, Santa Clara, CA, USA). Ethyl
carbamate was extracted with dichloromethane according to the method of Mimura
etal. [59]. A5 puL aliquot of the sample was directly injected onto a TG-WaxMS column
(60 m x 0.32 mm x 0.50 um; Thermo Fisher Scientific, Waltham, MA, USA). The oven
temperature was programmed from 50 °C (4 min) to 70 °C at a rate of 2 °C/min and
then increased to 230 °C (7 min) at a rate of 10 °C/min. The carrier gas (helium) flow
rate through the column was 1.1 mL/min. The same MS parameters as described above
were used.

3.5. Urea and L-Arginine

The determination of ammonia, urea, and L-arginine was performed by UV spec-
trophotometry using the L-Arginine/Urea/Ammonia test kit (Megazyme, Bray, Ireland).
The assays were performed using a Multiscan GO spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a microplate reader.

3.6. Antiradical Activity Against ABTS Radical

The radicals were generated by reaction of 7 mmol/L ABTS (2,2'-Azinobis
3-ethylbenzothiazoline-6-sulfonic acid) in water with 2.45 mmol/L potassium persulphate.
Sake samples (10 pL) were mixed with 200 uL of ABTS reagent and incubated in darkness
for 30 min at room temperature. Absorbance was measured at 734 nm. The assays were
performed using a Multiscan GO spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a microplate reader. The results were presented in mmol of
Trolox per 1 L of sake.

3.7. Color Determination Using the CIE Lab Model

The color of rice wine was determined spectrophotometrically using a Konica Minolta
Chroma Meter colorimeter (Konica Minolta, Tokyo, Japan). The measurement was con-
ducted within the CIE Lab* color space, where colors are represented as points forming a
three-dimensional space defined by the L, a, and b axes. The device was calibrated using
standard black and white reference tiles. Two colors were compared by calculating the
total color difference, which represents the distance between two colors in the CIE Lab
three-dimensional space.

3.8. Sensory Evaluation

Sake aroma was assessed using analytical descriptive sensory analysis. The evaluated
aroma descriptors were determined according to the sake terminology system described
by Utsunomiya et al. [103] with slight modifications. The panel consisted of eight trained
judges with prior experience in sake evaluation. Assessors evaluated the following aroma
attributes: ginjo-ka (fruity/floral), grassy/aldehyde, grainy/rice bran, sweet/caramel,
sulfury, and overall aroma. A structured five-point scale was applied, ranging from weak
(1) to strong (5) intensity. Samples were served in standardized sake tasting glasses at
approximately 20 °C, under controlled laboratory conditions with neutral lighting and
minimized external odors. Each sample was coded with a random three-digit number and
presented in randomized order.
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3.9. Statistical Analysis

Statistical analyses were carried out using XLSTAT software (version 2025.1, Addinsoft,
Lumivero, France). The normality of residuals was assessed using the Shapiro-Wilk test
and by visual inspection of Q-Q plots, given the known limitations of formal normality tests
with small and large sample sizes. Homogeneity of variances was evaluated with Levene’s
test. For all datasets analyzed, p-values exceeded 0.05, confirming that the assumptions
for parametric analyses were satisfied. Data were then analyzed using ANOVA, followed
by Tukey’s post hoc test to determine significant differences between samples. Differences
were considered statistically significant at p < 0.05. Principal Component Analysis (PCA)
was additionally performed to explore relationships between variables and samples.

4. Conclusions

The widespread use of K7 group strains has reduced the diversity of sake flavor pro-
files compared to earlier times, when breweries relied on their own distinctive house yeast
strains. Although K7 group strains possess excellent characteristics for sake production,
increased use of other yeast strains with distinctive sensory profiles may diversify the
organoleptic characteristics of sake and expand the range of sake categories. This study
demonstrated that non-conventional strains can be used in sake brewing to produce unique
products. Sake produced using commercial brewing and wine yeast strains differed in fer-
mentation kinetics, chemical composition, and sensory properties. Yeast and fermentation
conditions are considered the primary factors influencing wine flavour.

Our findings suggest that the wine yeast S. bayanus can be considered valuable in sake
production technology. This is due to its high production of volatile compounds responsible
for the Ginjo-ka aroma qualities of the final product, as well as its ability to support a proper
alcoholic fermentation process. The results obtained in this study may represent a valuable
contribution to the development of innovative sake production technologies aimed at
achieving high sensory quality.

The non-conventional sake obtained in this study may be classified as low-alcohol,
as its ABV level is below 13%, whereas traditional sake typically contains more than
15% alcohol. Low-alcohol beverages represent a rapidly growing sector, driven largely
by the shift toward healthier lifestyles. According to the International Wine and Spirits
Record (IWSR), across 10 key markets (Australia, Brazil, Canada, France, Germany, Japan,
Spain, South Africa, the UK, and the US), the combined no/low-alcohol market is expected
to expand by +4% volume CAGR through 2028 [104]. The low- and non-alcoholic beer
sector has long driven the trend toward LNA beverages, and its success later inspired
the introduction of low- and non-alcoholic wine and spirits. Entering the LNA market is
therefore an important strategy for producers seeking to diversify their product portfolios
and sustain competitiveness [105]. In this context, the prospects for low-alcohol sake
production also appear promising. With overseas markets expanding, sake is undergoing a
process of redefinition evolving into a lighter, more inclusive, and experimental beverage
that resonates with contemporary tastes and values.

Our future research on reduced-alcohol sake will focus particularly on its aging
potential. Most low-alcohol styles are designed for early, fresh consumption rather than for
long-term maturation. A lower ethanol concentration generally results in reduced shelf
stability and a greater susceptibility to undesirable changes in the bottle, such as microbial
spoilage or the development of off-flavors. In this context, future innovation should not aim
to replicate the long-aging tradition of full-strength sake, but rather to define new strategies
that achieve complexity, stability, and consumer appeal within the unique constraints of
the low-alcohol category.
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