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Abstract: To the best of our knowledge, there are no studies on the effects of molecular hydrogen
(Hz2) on microorganisms. In this study, we performed co-culture experiments using two microor-
ganisms involved in sake brewing: sake yeast strain K1401 and the kuratsuki bacterium Kocuria strain
TGY1127_2. The cells were suspended in water or water containing H>and statically incubated at 4
°C for 2 h before co-culture. Sake taste was estimated using a taste sensor. The taste of sake was
affected by Ha treatment of kuratsuki Kocuria as well as sake yeast. These results strongly suggest
that H> treatment alters the physiology of kuratsuki bacteria and sake yeast. We showed that sake
undergoes H: treatment of the microorganisms involved in sake brewing to boost its variety and
meet the market demand.
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1. Introduction

Molecular hydrogen (H2) is used in medical treatments because it refreshes the res-
piratory chain on the mitochondrial membrane of human cells [1-5]. H2 has been pro-
posed to convert ubiquinone intermediates to ubiquinol, which increases the antioxidant
capacity of the quinone pool and prevents the generation of reactive oxygen species [5].
However, to the best of our knowledge, there have been no studies on the effects of Hz on
microorganisms, which remains unclear. Because bacteria also have a quinone pool in
their plasma membrane, we expected similar effects in the mitochondria of eukaryotes.

The present study investigated sake brewing and the microorganisms involved in
this process. The sake yeast Saccharomyces cerevisiae is the most important microorganism
used in sake brewing. Sake yeast converts sugar into ethanol. The final ethanol concentra-
tion is ~20%. Although beer and wine yeasts are also S. cerevisiae, sake yeasts differ phy-
logenetically [6]. Sake yeast generates chemical components during sake brewing that af-
fect its flavor and taste [7-9]. Yeast strains produce different aromatic substances. The
Brewery Society of Japan (Jozo-Kyokai) manages and sells sake yeast strains (Kyokai yeast
strains), which were established in selected sake breweries in Japan because the flavor and
taste of sake produced using naturally occurring yeasts are unstable and not always sat-
isfactory [10].

The kuratsuki bacteria enter the sake production process and affect its flavor and taste
[11-13]. Different sake breweries produce different kuratsuki bacteria [14]. The Japanese
words “kura” and “tsuki” correspond to “sake brewery” and “inhabiting”, respectively.
Some ethanol-tolerant lactic acid bacteria (LAB; sake-spoiling bacteria) can grow in sake.
During sake production, microorganisms such as kuratsuki bacteria die, but LAB do not.
Some ethanol-intolerant LAB have been used in the traditional fermentation starter kimoto
production process [15-17]. However, bacteria other than LAB have not been well studied
for sake brewing. For example, co-culture studies of sake yeasts and bacteria other than
LAB have not yet been performed. Different varieties of koji, rice, and sake yeast are used
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to produce sake with different flavors and tastes. Koji is made from steamed rice and is a
koji mold that converts rice starch into sugar. We expect that the variety of sake will be
further expanded by considering the types of kuratsuki bacteria.

We identified Kocuria isolates as kuratsuki bacteria at the Narimasa Sake Brewery
[18,19]. The genus Kocuria belongs to the phylum Actinobacteria, which are not LAB. Ko-
curia isolates are classified into two different lineages [19]. Strains TGY1120_3 and
TGY1127_2 belong to different lineages at the species level, and their genomic DNA se-
quences have been determined [19]. TGY1127_2 is more suitable for sake brewing than
TGY1120_3 because of the comparison of their genes [19]. Kocuria strain TGY1127_2 lacks
amylase, and no significant difference in Brix change was detected between the solutions
of koji with and without TGY1127_2 [13]. Thus, although TGY1127_2 does not convert rice
starch into sugar or sugar to ethanol, it does affect the flavor and taste of sake [12,13,18].

Generally, environmental conditions, such as culture conditions, affect bacterial
properties. If the properties of kuratsuki bacteria are altered by Hz treatment, the effects of
kuratsuki Kocuria with and without such treatment on the taste of sake may differ. The
current study aimed to confirm the effects of Ha treatment of sake yeast strain K1401 and
kuratsuki Kocuria strain TGY1127_2 on sake taste.

2. Materials and Methods
2.1. Cultivation of Microorganisms

The sake yeast S. cerevisiae (Kyokai yeast strain K1401) and kuratsuki bacterium Kocuria
strain TGY1127_2 were used in this study. K1401 has been frequently used by sake brew-
eries in Japan and was used in our experiments [13,18]. TGY1127_2 was isolated, classi-
fied, and used in our experiments [13,18]. K1401 and TGY1127_2 strains were grown using
TGY medium (5 g/L tryptone, 1 g/L glucose, and 3 g/L yeast extract) and incubated at 25
°C for 12 h. Following pre-cultivation, the cells were separated by centrifugation and sus-
pended in water or water containing Hz (8 ppm; Ecomo International, Fukuoka, Japan).
These four solutions, sake yeasts suspended in water (9.5 x 10° cells/mL), sake yeasts sus-
pended in He-treated water (9.5 x 103 cells/mL), kuratsuki Kocuria suspended in water (1.5
x 105 cells/mL), and kuratsuki Kocuria suspended in He-treated water (1.5 x 10° cells/mL),
were then statically incubated at 4 °C for 2 h. As a control, 290 mL of water was added as
well as 60 g of koji (Isenou, Tokyo, Japan) and 10 mL of He-untreated sake yeast solution
(9.5 x 10* cells). The following ingredients were added to 280 mL of water: 60 g of koji, 10
mL of Ho-untreated or He-treated sake yeast solution, and 10 mL of Hz-untreated or He-
treated kuratsuki Kocuria solution (1.5 x 10¢ cells). Each mixed solution was statically incu-
bated at 14 °C for 13 days. Brix and acidity were measured using a digital refractometer
PAL-BX/ACID (ATAGO, Tokyo, Japan) at0, 1, 3, 5, 7, 9, 11, and 13 days. For the Brix test,
0.3 mL of the sample solution was used; for acidity, 0.6 mL of the sample solution was
diluted 20 times with water.

2.2. Estimation of Sake Taste

Sake taste was assessed using a taste sensor TS-5000Z (Intelligent Sensor Technology,
Inc., Atsugi, Japan). The initial tastes, astringent stimulation, bitter miscellaneous taste,
saltiness, sourness, and umami wre measured using the sensors AE1, CO0, CT0, CAO, and
AAE, respectively. Each taste sensor has a different lipid membrane [20]. The strength of
each taste is represented by the magnitude of its current value [20]. Aftertastes such as
astringency, bitterness, and umami richness were measured by intensities in the second
measurement after washing the sensors used in the initial taste measurement. Each meas-
urement was repeated four times.

2.3. Statistical Analysis

Statistical analyses were performed using R software (The R Project for Statistical
Computing, http://www.R-projet.org/ (accessed on 25 May 2023)). Bartlett's tests were
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performed before analysis of variance (ANOVA). Pairwise t-tests were performed using
the Bonferroni technique of p-value correction when the ANOVA showed p < 0.05. The
Kolmogorov-Smirnov test was performed to compare the Brix and acidity change pat-
terns.

3. Results and Discussion
3.1. Effect of H2 Treatment on Ethanol Fermentation of Sake Yeast

The Ha-untreated sake yeast strain K1401 was used as the control when measuring
the Brix and acidity of the sake production process. The Brix and acidity of sake made
with Ho-untreated sake yeast/Hz-untreated kuratsuki Kocuria were not significantly differ-
ent from those of the control (p > 0.05 in the Kolmogorov—-Smirnov test) (Figure 1). Addi-
tionally, there was no significant variance in the Brix and acidity of sake made with Hz-
treated sake yeast/Hz-untreated kuratsuki Kocuria, sake made with Hz-untreated sake
yeast/Ho-treated kuratsuki Kocuria, and sake made with Ho-treated sake yeast/Ho-treated
kuratsuki Kocuria (Figure 1). These findings show that Ha treatment of sake yeast and/or
kuratsuki Kocuria did not significantly affect the fermentation of sake yeast, which was con-
tinuously maintained during sake brewing.

—&— Yeast —*— Yeast + H2-Kocuria
—&— Yeast + Kocuria —— H2-Yeast + H2-Kocuria
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Figure 1. Brix and acidity of sake during brewing. Koji (60 g) and sake yeast solution (10 mL con-
taining 9.5 x 10* cells) without Ha treatment were added to 290 mL of water as a control. Koji (60 g),
He-untreated or He-treated sake yeast solution (10 mL), and Hz-untreated or He-treated kuratsuki
Kocuria solution (10 mL containing 1.5 x 10¢ cells) were added to 280 mL of water. Each mixed solu-
tion was statically incubated at 14 °C for 13 days. Brix and acidity were measured using PAL-
BX/ACID (ATAGO, Tokyo) at0, 1, 3, 5,7, 9, 11, and 13 days.
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3.2. Hz Treatment Affects Sake Taste

According to the results of the TS-5000Z taste estimation, there was a significant dif-
ference (p < 0.05, in pairwise t-test) between sake made with He-treated sake yeast/Hz-
untreated kuratsuki Kocuria and sake made with Ho-untreated sake yeast/H-treated ku-
ratsuki Kocuria for astringent stimulation, bitter miscellaneous, saltiness, sourness, and
umami tastes (Figure 2). A significant difference (in pairwise t-test) in astringent stimula-
tion, bitter miscellaneous, saltiness, and sourness tastes was observed between sake made
with He-untreated sake yeast/Hz-treated kuratsuki Kocuria and sake made with Ho-treated
sake yeast/Ho-treated kuratsuki Kocuria (Figure 2). A significant difference (in pairwise ¢-
test) in bitter miscellaneous and sourness tastes was observed between sake made with
Ho-treated sake yeast/Hz-untreated kuratsuki Kocuria and sake made with Ho-treated sake
yeast/Ho-treated kuratsuki Kocuria (Figure 2). These results indicated that Ho treatment af-
fected the properties of kuratsuku Kocuria and sake yeast.
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Figure 2. Difference between taste intensities of sake with and without Ha-treated bacteria. Taste
intensities of Ho»-treated sake yeast strain K1401 and/or Ho-treated kuratsuki Kocuria strain
TGY1127_2 sake minus that of sake with H2-untreated sake yeast and Hz-untreated kuratsuki Kocuria
were used. Intensities of astringency, astringent stimulation, bitter miscellaneous taste, bitterness,
saltiness, sourness, umami, and umami richness were measured using TS-5000Z. Each measurement
was repeated four times. Each treatment has four bars from different experiments. Significant dif-
ferences (p < 0.05, ANOVA) in analysis of variance were detected in astringent stimulation, bitter
miscellaneous taste, saltiness, sourness, and umami. Asterisk (*) indicates significant difference (p <
0.05) in pairwise t-test.



Fermentation 2023, 9, 516

50f 6

References

H: treatment of sake yeast strain K1401 and kuratsuki Kocuria strain TGY1127_2 had
an additive effect on saltiness; however, similar effects were not observed for other tastes
(Figure 2). These results showed that the effect of Ha treatment on sake yeast strain K1401
was not independent of that of Hz treatment of kuratsuki Kocuria strain TGY1127_2. In
other words, K1401 interacted with TGY1127_2 during sake production. The chemical
compounds associated with the flavor of sake are mainly produced by sake yeast. Hz treat-
ment affected the physiology and metabolism of sake yeast, and He-treated kuratsuki Ko-
curia affected the interaction between the kuratsuki bacterium and sake yeast. Surprisingly,
with astringent stimulation, bitter miscellaneous taste, sourness, and umami, the taste in-
tensity of sake prepared with H>-untreated sake yeast/Ho-treated kuratsuki Kocuria showed
the highest change among the three sakes (Figure 2). This implies that sake yeast strain
K1401 responds differently to He-treated and He-untreated kuratsuki Kocuria.

4. Conclusions

Although H: treatment in this experiment was performed at 4 °C for 2 h, there was a
surprisingly significant difference of tastes between the presence and absence of Hz treat-
ment. In addition, although we expected an effect of H2 on sake yeast, which is a eukary-
otic microorganism, we were surprised to find that the effect of Hz on the kuratsuki bacte-
rium was greater.

H: treatment of sake yeast strain K1401 and/or kuratsuki Kocuria strain TGY1127_2
did not significantly affect ethanol fermentation during sake brewing. However, sake
made with He-treated sake yeast and/or kuratsuki Kocuria had a different taste from sake
made with Hz-untreated sake yeast and/or Ho-untreated kuratsuki Kocuria. This indicates
that Hz leads to changes in the physiology of sake yeast and kuratsuki bacteria. However,
further research is required to fully elucidate this mechanism.

Our findings showed that H: treatment of sake yeast and kuratsuki bacteria affected
the taste of sake. Various flavors and tastes of sake have been reported by varying the
types of sake rice, koji, and yeast. Therefore, we propose using kuratsuki bacteria for sake
brewing. Based on the results of the present study, we propose the use of Hz to treat sake
yeast and kuratsuiki bacteria during sake brewing. Sake undergoes Hz treatment to boost
variety and meet the market demand.

To the best of our knowledge, this is the first study to use Hz in the production of
fermented beverages. Future predictions indicate an increase in the global and Japanese
demand for Hz. Thus, the need for clean energy and medical demands should be consid-
ered. Our proposal is to use Hz in drinks and foods.

Author Contributions: Conceptualization, H.N.; methodology, H.N.; validation, H.N.; formal anal-
ysis, M.S.; investigation, M.S. and H.N.; writing —original draft preparation, H.N.; writing —review
and editing, H.N.; visualization, H.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by JSPS KAKENHI Grant Number 21H02109 (to H.N.).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

1.  Ohsawa, I.; Ishikawa, M.; Takahashi, K.; Watanabe, M.; Nishimaki, K.; Yamagata, K.; Katsura, K.; Katayama, Y.; Asoh, S.; Ohta,
S. Hydrogen acts as a therapeutic antioxidant by selectively reducing cytotoxic oxygen radicals. Nat. Med. 2007, 13, 688-694.

2. Ishibashi, T.; Sato, B.; Rikitake, M.; Seo, T.; Kurokawa, R.; Hara, Y.; Naritomi, Y.; Hara, H.; Nagao, T. Consumption of water
containing a high concentration of molecular hydrogen reduces oxidative stress and disease activity in patients with rheumatoid
arthritis: An open-label pilot study. Med. Gas Res. 2012, 2, 27.



Fermentation 2023, 9, 516 6 of 6

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

Dixon, B.J.; Tang, J.; Zhang, ].H. The evolution of molecular hydrogen: A noteworthy potential therapy with clinical signature.
Med. Gas Res. 2013, 3, 10.

Ishibashi, T.; Sato, B.; Shibata, S.; Sakai, T.; Hara, Y.; Naritomi, Y.; Koyanagi, S.; Hara, H.; Nagao, T. Therapeutic efficacy of
infused molecular hydrogen in saline on rheumatoid arthritis: A randomized, double-blind, placebo-controlled pilot study. Int.
Immunopharmacol. 2014, 21, 468-473.

Ishibashi, T. Therapeutic Efficacy of Molecular Hydrogen: A New Mechanistic Insight. Curr. Pharm. Des. 2019, 25, 946-955.
Schacherer, J.; Shapiro, J.A.; Ruderfer, D.M.; Kruglyak, L. Comprehensive polymorphism survey elucidates population struc-
ture of Saccharomyces cerevisiae. Nature 2009, 458, 342-345.

Hashiguchi, T.; Yamada, O.; Suzuki, H.; Fujita, M. The relationship between ginjo-shu flavor characteristics and the yeast diver-
sity of the moromi. ]. Brew. Soc. Japan 1999, 94, 733-736. (In Japanese)

Katou, T.; Namise, M.; Kitagaki, H.; Akao, T.; Shimoi, H. QTL mapping of sake brewing characteristics of yeast. ]. Biosci. Bioeng.
2009, 107, 383-393.

Mimura, N.; Isogai, A.; Iwashita, K.; Bamba, T.; Fukusaki, E. Gas chromatography/mass spectrometry based component profil-
ing and quality prediction for Japanese sake. ]. Biosci. Bioeng. 2014, 118, 406-414.

Ohya, Y.; Kashima, M. History, lineage and phenotypic differentiation of sake yeast. Biosci. Biotechnol. Biochem. 2019, 83, 1442—
1448.

Nishida, H. Sake brewing and bacteria inhabiting sake breweries. Front. Microbiol. 2021, 12, 602380.

Nishida, H.; Hiroshima, T.; Yoshida, K. Sake brewing with the addition of kuratsukibacteria of a different sake brewery. Seibutsu-
Kogaku Kaishi 2022, 100, 390-391. (In Japanese)

Yazaki, A.; Nishida, H. Effect of kuratsuki Kocuria on sake brewing in different koji conditions. FEMS Microbiol. Lett. 2023, 370,
fnad020.

Kanamoto, E.; Terashima, K.; Shiraki, Y.; Nishida, H. Diversity of Bacillus isolates from the sake brewing process at a sake
brewery. Microorganisms 2021, 9, 1760.

Bokulich, N.A.; Ohta, M.; Lee, M.; Mills, D.A. Indigenous bacteria and fungi drive traditional kimoto sake fermentations. Appl.
Environ. Microbiol. 2014, 80, 5522-5529.

Koyanagi, T.; Nakagawa, A.; Kiyohara, M.; Matsui, H.; Tsuji, A.; Barla, F.; Take, H.; Katsuyama, Y.; Tokuda, K.; Nakamura, S.;
et al. Tracing microbiota changes in yamahai-moto, the traditional Japanese sake starter. Biosci. Biotechnol. Biochem. 2016, 80, 399—
406.

Watanabe, D.; Kumano, M.; Sugimoto, Y.; Ito, M.; Ohashi, M.; Sunada, K.; Takahashi, T.; Yamada, T.; Takagi, H. Metabolic
switching of sake yeast by kimoto lactic acid bacteria through the [GAR*] non-genetic element. J. Biosci. Bioeng. 2018, 126, 624—
629.

Terasaki, M.; Inoue, A.; Kanamoto, E.; Yoshida, S.; Yamada, M.; Toda, H.; Nishida, H. Co-cultivation of sake yeast and Kocuria
isolates from the sake brewing process. FEMS Microbiol. Lett. 2021, 368, fnab053.

Terasaki, M.; Kimura, Y.; Yamada, M.; Nishida, H. Genomic information of Kocuria isolates from sake brewing process. AIMS
Microbiol. 2021, 7, 114-123.

Toko, K. Taste sensor. Sens. Actuators B Chem. 2000, 64, 205-215.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



