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Abstract

In this review, we describe the genomic and physiological features of the yeast species predominantly isolated from Nuruk, a starter
for traditional Korean rice wines, and Jang, a traditional Korean fermented soy product. Nuruk and Jang have several prevalent yeast
species, including Saccharomycopsis fibuligera, Hyphopichia burtonii, and Debaryomyces hansenii complex, which belong to the CUG clade
showing high osmotic tolerance. Comparative genomics revealed that the interspecies hybridization within yeast species for generat-
ing heterozygous diploid genomes occurs frequently as an evolutional strategy in the fermentation environment of Nuruk and Jang.
Through gene inventory analysis based on the high-quality reference genome of S. fibuligera, new genes involved in cellulose degra-
dation and volatile aroma biosynthesis and applicable to the production of novel valuable enzymes and chemicals can be discovered.
The integrated genomic and transcriptomic analysis of Hyphopichia yeasts, which exhibit strong halotolerance, provides insights into
the novel mechanisms of salt and osmo-stress tolerance for survival in fermentation environments with a low-water activity and
high-concentration salts. In addition, Jang yeast isolates, such as D. hansenii, show probiotic potential for the industrial application of
yeast species beyond fermentation starters to diverse human health sectors.
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Introduction

In Asia, numerous types of fermented foods are made from cere-
als, leguminous seeds, vegetables, meat, and fish (Nout and Aidoo
2002). The representative fermented food products in Korea in-
clude kimchi (fermented cabbage), doenjang (fermented soybean
paste), ganjang (fermented soy sauce), gochujang (fermented chili
paste), jeotgal (fermented fish sauce), and makgeolli (fermented
alcoholic beverage), whose fermentation can take several months
to several years (Table 1). Many different fermented products ei-
ther occur naturally or through the addition of a starter cul-
ture. Nuruk and Meju, which are traditional Korean fermenta-
tion starters of rice wine and Jang products, respectively, are rich
sources of microbiota; therefore, different bacterial and yeast
specles are present in each starter, contributing to unique flavors
and textures in fermented foods. Several nonconventional yeast
species isolated in Nuruk and Meju contribute to the hydrolytic
breakdown of cereal starches and other polysaccharides (Carroll
et al. 2017, Chun et al. 2021). In fermented foods, volatile desired
flavor compounds, such as branched alcohols, esters, and aldehy-
des, are synthesized through amino acid degradation or transfor-
mation by yeast strains (Song et al. 2015).

Yeast species involved in traditional food fermentation have
been subjected to genomic studies because of their great biotech-
nological potential and implication on human health. In re-
cent years, we have performed de novo whole genome (WG) se-
quencing analysis of yeast isolates from traditional Korean fer-

mented foods, particularly Nuruk and Jang, to establish reference
genomes with high-quality annotation. In this review, we describe
the genomic features and physiological characteristics of the pre-
dominant yeast species from Nuruk and Jang, including Saccha-
romycopsis fibuligera, Hyphopichia yeast species, Wickerhamomyces
anomalus, and Debaryomyces hansenii complex, which were sub-
jected for the complete WG sequencing and chromosome-level
assembly to find common and unique genomic characteristic
of yeast species in major Korean fermented foods (Choo et al.
2016, Chun et al. 2021, Lee et al. 2021, Jeong et al. 2022). The
obtained genome information from the yeast species serves as
a good basis for comparative genomics to elucidate the evo-
lutionary consequences of yeast species in fermentation envi-
ronments. Furthermore, combined with other omics analysis,
genomic data can be used to establish a useful platform for
the identification and functional analyses of useful genetic re-
sources. We also discuss the probiotic potential of yeast species
isolated from Korean fermentation foods as an extended future
application.

Diversity of yeast species in Nuruk and Jang

The traditional Korean wine makgeolli, frequently called Takju, is
made by fermenting the starch materials of rice, which has been
the staple food of Korea (Jang 1989). To produce makgeolli, the fer-
mentation starter Nuruk should be prepared from several kinds of
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Table 1. List of Korean traditional fermented food and alcoholic beverages.

Name

Description

Fermented food
Kimchi (fermented cabbage)
Napa cabbage kimchi

Radish kimchi

Cucumber kimchi

Jang (soy-based products)
Cheonggukjang (fermented soybean)
Gochujang (fermented chili paste)
Doenjang (fermented soybean paste)

Ganjang (fermented soy sauce)
Jeotgal (fermented fish sauce)
Saeu-jeot (shrimp jeotgal)

Myeongnan-jeot (salted pollock roe)
Guljeot (salted oyster)

Jogae-jeot (salted clam)

Gejang (salted crab)

Ojingeo-jeot (salted squid)
Myeolchi-jeot (salted anchovy)

Traditional Korean side dish of salted and fermented vegetables, such as napa cabbage, Korean radish,
and cucumber

Fermented boiled soybean product with short term fermentation (2~3 days)

A savory, sweet, and spicy condiment, fermented with red chili powder, glutinous rice and Meju powder
Fermented soybean products from Meju following a complex fermentation process that separates the
products into solid (doenjang) and liquid (ganjang) states. Used as a basic seasoning

Salted preserved dishes made with salt, red chili pepper, and seafood such as shrimps, roe, oysters, and
so on. Used as a side dish or as an ingredient of kimchi

Fermented alcoholic drinks
Makgeolli (rice wine)

Yakju (cheongju)

Soju (distilled liquor)

Distilled soju

Insamju (ginseng medicinal wine)
Gwasilju (fruit wine)

Bokbunja (raspberry wine)

Fermented with boiled rice (or wheat) and Nuruk, soaked in water nondistilled cloudy alcohol (4%~6%
of alcohol content)
Clear liquid refined from makgeolli

Liquor (16%~41% of alcohol content), distilled after makgeolli fermentation.
Matured wine with ginseng and soju

Fruit wine (5%~15% of alcohol content), fermented with fruits such as black raspberry, green plum, and

Korean red grape.
Maesilju (green plum liquor)
Meoruju (Korean red grape wine)

grains, especially rice grains, by using airborne microorganisms
(Fig. 1A). These microorganisms provide a source of several hy-
drolytic enzymes required for starch degradation during saccha-
rification to produce glucose and other organic acids (Yang et al.
2011, Song et al. 2013, Bal et al. 2014, 2015, Park et al. 2016). Then,
glucose is fermented by Saccharomyces cerevisiae to produce alco-
hol. Thus, the quality of alcohol in makgeolli critically depends on
the characteristics of Nuruk used for fermentation.

Korean fermented soybean products, namely, gochujang, gan-
jang, and doenjang, have been used as essential flavors and nutri-
tional bases of authentic Korean cuisine. Soy sauce, a traditional
fermented liquid condiment that originated in East Asia, is popu-
larly used in cooking worldwide (Devanthi and Gkatzionis 2019). It
varies in flavor and taste among different countries because of dif-
ferences in raw materials and manufacturing processes (O’toole
2019). In Korea, soy sauce is made using soybeans alone; in Japan
and China, it is made using a combination of soybeans and wheat
flour (Lioe et al. 2010). In traditional fermentation, soy sauce is
produced through a two-step fermentation process, i.e. solid-state
fermentation (Koji in Japan, Meju in Korea, and Qu in China) and
brine fermentation (Fig. 1B). In soybean product preparation, Meju
(fermented soybean block) is mixed with high-salt brine (~18%)
and ripened in a porcelain pot. The liquid portion is separated
and boiled after ~2 months, resulting in ganjang. Doenjang is the
remaining solid portion, which is subsequently mashed and fer-

mented for 1 month to 180 days in the porcelain pot (Shin and
Jeong 2015). The metabolism of Meju microbiome is diversified
during soybean fermentation with bacteria and fungi, including
yeast.

A variety of yeast species have been isolated from the fermen-
tation starter Nuruk for makgeolli and the fermented Jang prod-
ucts, and several yeast species were commonly identified in both
Nuruk and Jang (Table 2). The yeast species reported to be iso-
lated from Nuruk include S. fibuligera, Candida glabrata, Pichia ku-
driavzevii (syn. C. krusei; Issatchenkia orientalis), Candida tropicalis,
Clavispora lusitaniae, Kluyveromyces lactis, Pichia fabianii, P. guillier-
mondii, Millerozyma farinosa (syn. Pichia sorbitophila; Pichia farinosa),
W. anomalus, Hyphopichia burtonii, H. pseudoburtonii, P. membranifa-
ciens, and S. cerevisiae (Song et al. 2013, Bal et al. 2015, Carroll
et al. 2017, Choi et al. 2017, Lee et al. 2021, Yoon et al. 2022).
The yeast species isolated from Jang products include D. hansenii
complex, Candida versatilis, W. anomalus, Zygosaccharomyces rouxii,
Millerozyma farinosa, C. lusitaniae, Galactomyces geotrichum, Candida
mogii, C. etchellsii, C. intermedia, P. kudriavzevii, C. glucosophila, H. bur-
tonii, and H. pseudoburtonii (Kim et al. 2009, Song et al. 2015, Chun
et al. 2021). The yeast species from Nuruk and Jang are classi-
fied mostly under Ascomycota, and a few species are assigned to
Basidiomycota at the phylum level (Fig. 2). The major families of
yeast member s found in Nuruk and Jang are Debaryomycetaceae
and Saccharomycetaceae.
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Figure 1. Fermentation of the traditional Korean rice wine makgeolli and the fermented soy product Jang. (A) Makgeolli fermentation. A traditional
fermentation starter called Nuruk, which is a dough made of coarsely ground grain and water naturally inoculated with bacteria, fungi, and yeast, is
dried to become hard as a rock. The Nuruk cake is added to boiled rice and fermented in a liquid state. (B) Jang fermentation. A traditional Korean
fermented soybean brick called Meju is made with boiled soybeans and dried in a warm, dry place for days. For the first fermentation, Meju is hung by
a string in a sunny and dry place with a high amount of airflow upward for a month. The aged meju is mixed with salt-water brine, and the mixture is
fermented additionally. Next, the solid part, doenjang, and the liquid part, ganjang, are divided.

Genomic features of yeast isolates from
traditional Korean fermented foods

Saccharomycopsis fibuligera isolates from Nuruk

The amylolytic yeast Saccharomycopsis fibuligera is the most
abundant species among several yeast species isolated from
wheat-based Nuruk samples collected from various provinces in
Korea (Bal et al. 2014, Carroll et al. 2017). S. fibuligera, a member
of the subphylum Saccharomycotina of the phylum Ascomycota
of the kingdom Fungi (Fig. 2), is also commonly found as a
dominant yeast species in traditional Asian alcoholic starters
for producing rice wine, such as “Daqu” in China (Zheng et al.
2012), “Ragi” in Indonesia (Hesseltine et al. 1988), “Loogpang” in
Thailand (Sukhumavasi et al. 1975), and “Banh Men” in Vietnam
(Thanh et al. 2008). Moreover, this yeast has been isolated as a
spoilage fungus causing chalk mold defects, which are commonly
found on dark bread popular in continental Europe and the UK
(Deschuyffeleer et al. 2011).

We performed the de novo WG sequencing of two S. fibuligera
isolates from wheat-based Nuruk samples from Jeju (KJJ81) and
Pohang (KPH12) in Korea, which were chosen for based on their
high saccharification activity, and performed a complete genome
assembly with high-quality (Choo et al. 2016). As a dimorphic
yeast, S. fibuligera KJJ81 and KPH12 grow exclusively as filamen-
tous forms with a minor fraction of budding yeast cells. The KPH12
genome is a haploid composed of seven chromosomes with a to-
tal length of 19.56 Mb (Table 3). Intriguingly, the KJJ81 genome
with a total size of 38.51 Mb was revealed as a hybrid between the
KPH12 genome (subgenome A) and another unidentified genome
(subgenome B) sharing 88.1% nucleotide identity with the KPH12
genome (Fig. 3A). The sequence divergence observed between
subgenomes A and B of the KJJ81 genome is 10.84% at the nu-
cleotide level between syntenic regions, which is equivalent to the
divergence described between the genomes of S. cerevisiae and S.
paradoxus, which are two distinct Saccharomyces species. Thus, the

formation of this heterozygous diploid genome of S. fibuligera KJj81
is speculated to involve hybridization between KPH12 and a yet-
unidentified parent strain with subgenome B via inter(sub)species
mating. The highly conserved synteny over the WG in the S. fibu-
ligera KJJ81 hybrid genome strongly indicates that hybridization
occurred recently.

Additional WG sequencing of S. fibuligera ATCC36309, an isolate
from chalky rye bread in Germany, revealed that the ATCC36309
genome is highly identical to the KPH12 genome with 97.97%
sequence identity (Choo et al. 2016). Interestingly, despite such
high identity, reciprocal translocation between chromosomes 3
and 5 occurred with the loss of ~250 paralogous genes be-
tween the ATCC36309 and KPH12 genomes. This finding indi-
cated that sequence divergence occurred during growth adap-
tation to different environments such as Nuruk in Korea and
chalky rye bread in Germany. Our previous phylogeny analy-
sis, inferred on the basis of genome sequences analyzed by
ClustalW and Neighbor-Joining method, S. fibuligera was posi-
tioned as an early divergent of the subphylum Saccharomy-
cotina, which was separated from a common ancestor much ear-
lier before the divergence of Saccharomycetaceae and the CUG
clade (Choo et al. 2016). However, in this study when we con-
structed the phylogenetic tree of 33 yeast species from Nuruk
and Jang using iterative refinement (MAFFT and MUSCLE, re-
spectively) and Maximum Likelihood (ML)-based tree construc-
tion, S. fibuligera was positioned to be diverged after the separa-
tion of CUG-Ser1 group (Fig. 2). Notably, Saccharomycopsis yeasts
were recently reassigned as a subclade in the CUG clade, namely,
CUG-Ser2 group, of yeasts, which was positioned to be sepa-
rated from Saccharomycetaceae in the phylogenomic tree of 52
yeast species (Krassowski et al. 2018). The phylogenetic tree in
the present study supports the reassignment of Saccharomycop-
sidaceae including S. fibuligera as the CTG-Ser2 group, i.e. a sis-
ter clade to Saccharomycetaceae, not a subclade of the CUG-Ser1
clade.
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Table 2. Yeast species isolated in traditional Korean fermentation starter (Nuruk) and fermented soy product (Jang).

Yeast taxa Nuruk Jang
Ascomycota Debaryomycetaceae Debaryomycetaceae
C. tropicalis Candida albicans
H. burtonii Candida parapsilosis
H. pseudoburtonii Candida temnochilae
Meyerozyma guilliermondii Candida zeylanoides
M. farinosa D. hansenil
. X H. burtonii
Metsghn;kowmceae . pseudoburtonii
C. lusitaniae A .
— Meyerozyma guilliermondii
Pichiaceae M. farinosa
P membranifq@ens Dipodascaceae
P kudriavzevii Geotrichum candidum
Phaffc_)myceta.lce_ae” Metschnikowiaceae
Cyberlindnera jadinit . .
— C. intermedia
P. fabianii C. mogii
W anomalus C. lusitaniae
Saccharomycetaceae Pichiaceae
C. glabmta P. kudriavzevii
K. lactis —
S. cerevisiae Phaffomycetaceae
Torulaspora delbrueckii Cyberlindnera jadinii
. W. anomalus
Saccharomycopsidaceae —
S. fibuligera Saccharomycetaceae
Kazachstania exigua
Lachancea kluyveri
S. cerevisiae
Tetrapisispora blattae
Torulaspora delbrueckii
Z. rouxii
Trichomonascaceae
Wickerhamiella (Candida) versatilis
Not classified
C. glucosophila
Diutina rugosa
Kuraishia capsulata
Nakazawaea holstii
Starmerella etchellsii
Basidiomycota Microbotryum violaceum
Naganishia albida
Rhodotorula mucilaginosa
Rhodotorula glutinis
Sterigmatomyces halophilus
References Song et al. (2013), Carroll et al. (2017), Oh and Lee (1996), Kim et al. (2009),

Choi et al. (2017), Kang et al. (2014),
Lee et al. (2021), Yoon et al. (2022)

Shin and Jeong (2015), Song et al. (2015a),
Chun et al. (2021)

*Underlined yeast species were commonly identified in Nuruk and Jang.

Hyphopichia burtonii and H. pseudoburtonii from
Nuruk

Hyphopichia burtonii is common in nature and strongly competi-
tive in several harsh conditions (Kurtzman 2005). It belongs to the
CUG-Ser1 clade grouped with several yeast species found in Nu-
ruk and Jang in phylogenetic trees generated using genome se-
quence information (Fig. 2 and Table 3). H. burtonii is a spoilage
yeast, along with other amylolytic yeasts such as S. fibuligera and
W. anomalus, and it causes chalk mold defects in partially baked
breads and traditional cookies (Deschuyffeleer et al. 2011, Berni
and Scaramuzza 2013). It has been isolated from various foods,
such as fermented baking products with a high sugar content and

a low water activity (Bonjean and Guillaume 2003). It is one of the
dominant yeast species in amylolytic fermentation starters used
to produce traditional alcoholic drinks, such as “Murcha” in Nepal
(Takeuchi et al. 2006) and “Nuruk” in Korea (Carroll et al. 2017).
In addition, H. burtonii is a major isolate in dried substrates with
high starch contents, such as Japanese dry noodle (Ohisa et al.
2012) and white rice stored at low temperatures (Lee et al. 2018a);
itis also found in salty foods, such as Italian ham (Simoncini et al.
2007) and Korean traditional fermented soybean food “Jang” (Kim
et al. 2011).

We conducted genomic and transcriptomic analyses to char-
acterize two Hyphopichia yeast isolates, namely, H. burtonii KJj43
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Figure 2. Phylogenetic tree analysis of yeast species isolated from Nuruk and Jang. The phylogenetic relationship was reconstructed by the
maximum-likelihood method using RAXML (ver. 8.2.12) with LG + F + I + G4 matrix. Total 13 genes were selected to recapitulate the genome-based
phylogeny of S. cerevisiae strains (Ramazzotti et al. 2012) and concatenated for further phylogenetic analyses. Among 39 yeast species (Table 2), six
yeast species (C. glucosophila, C. mogii, C. temnochilae, C. zeylanoides, S. etchellsii, and S. halophilus), whose genome information is unavailable, were not
included. Nuruk, Jang, and both derived strains were presented in red, blue, and green, respectively.

and H. pseudoburtonii KJS14, which were isolated as major fun-
gal species with a high saccharification activity from wheat-based
Nuruk samples in Korea (Lee et al. 2021). H. pseudoburtonii KJS14
morphologically resembles H. burtonii, and both Hyphopichia yeasts
grow exclusively in the filamentous form with few budding cells
upon cultivation under normal growth conditions. The WGs of H.
burtonii KJJ43 and H. pseudoburtonii KJS14 have lengths of 12.5 Mb
and 15.5 Mb, respectively, and both genomes are haploids con-
sisting of eight chromosomes (Table 3). H. burtonii and H. pseu-
doburtonii show a sequence identity of 85.2% with ~10.3 Mb of
synteny blocks between them. However, numerous chromosomal

rearrangements between the two genomes suggest their relatively
early divergence from a common ancestor.

Debaryomyces hansenii complex isolates from
Jang

Debaryomyces hansenii, belonging to Hemiascomycetes, is grouped
as a member of the CUG-Ser1 clade (Riley et al. 2016; Fig. 2 and
Table 3). It has been isolated from saline water, foods, fruits, and
even the human gut (Hallen-Adams and Suhr 2017). Particularly,
D. hansenii is among the yeast species with the highest preva-
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Figure 3. Representative haploid and heterozygous diploid genomes of S. fibuligera and D. hansenii isolates from Nuruk and Jang. Synteny blocks of S.
fibuligera genomes (A) and D. hansenii genomes (B) Synteny blocks were visualized through chromosome painting in SynChro (Drillon et al. 2014), which
are modified from the previous synteny analysis data of S. fibuligera (Choo et al. 2016) and D. hansenii (Jeong et al. 2022).

lence on surface-ripened cheeses (Frohlich-Wyder et al. 2019)
and dry-aged beef (Ryu et al. 2018). Debaryomyces spp. are also
identified as the most highly abundant fungal groups between
40 and 60 days during the Korean traditional ganjang fermenta-
tion period (Chun et al. 2021). We performed a genomic analy-
sis of two D. hansenii ganjang isolates KD2 and C11, which show
halotolerance to concentrations of up to 15% NaCl and improved
growth in the presence of salt (Jeong et al. 2022). Notably, ploidy
and WG sequencing analyses indicated that the KD2 genome
is haploid, whereas the C11 genome is a heterozygous diploid
with two distinctive subgenomes. The D. hansenii KD2 genome
is composed of seven chromosomes with a total length of 12.91

Mb. Conversely, the D. hansenii species complex C11 genome con-
sists of two subgenomes A and B, each containing six contigs.
Chromosome rearrangement was observed in all chromosomes
of C11 subgenomes except for chromosome 3, which corresponds
to chromosome C in D. hansenii CBS767". The synteny block con-
struction shows various changes of chromosomal structures in
the C11 diploid genome (Fig. 3B). Based on such genomic features,
the D. hansenii species complex C11 is considered a heterozygous
diploid, which resulted from hybridization between two strains
that diverged from the common ancestor of Debaryomyces spp.,
followed by a loss of heterozygosity and massive chromosomal
rearrangements.
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Wickerhamomyces anomalus from Jang and
Millerozyma farinosa from Nuruk

Wickerhamomyces anomalus, previously known as Pichia anomala
or Hansenula anomala, is a yeast frequently associated with the
spoilage or processing of food and grain products (Sabel et al.
2013). W. anomalus is a member of the family Phaffomycetaceae in
the order Saccharomycetales of the phylum Ascomycota (Fig. 2).
Along with H. burtonii and S. fibuligera, W. anomalous is known as
a spoilage yeast that causes chalk mold defects (Berni and Scara-
muzza 2013). It is one of the predominant yeast isolates in Korean
fermented foods, namely, Nuruk and Jang (Carroll et al. 2017, Chun
etal. 2021), and itis frequently isolated as a flavor yeast in Chinese
liquor fermentation starter and wine microbial consortia (Renouf
etal. 2007, Shi et al. 2022). The genome sequencing of W. anomalus
haploid strains reported the WG size as about 15 Mb (Riley et al.
2016, Shi et al. 2022), but the complete assembly of genomes at
a chromosomal level has yet to be described. The draft genome
sequence of the diploid neotype strain W. anomalus DSM 6766 has
a total genome size as 25.47 Mb (Schneider et al. 2012). Our WG
sequencing analysis of several W. anomalus isolated from Jang re-
vealed that it has a genome size of 23.96 Mb composed of two
separable subgenomes (Table 3), indicating the frequent presence
of heterozygous diploid genomes in W. anomalus.

Millerozyma farinosa, formerly known as P. farinosa (synonym:
Pichia sorbitophila), is a member of the CUG-Ser1 group of Saccha-
romycotina and closely related to D. hansenii in phylogenetic tree
analysis (Fig. 2). It is known as a multistress tolerant yeast that
particularly exhibits a high-salt tolerant and osmotolerant phe-
notype (Fig. 6). M. farinosa (syn. P. sorbitophila) is found mainly
in food, including fermented alcoholic beverages, and on various
substrates, such as laboratory media and highly concentrated sor-
bitol solutions. The complete WG sequencing with detailed anal-
yses of M. farinosa (P. sorbitophila) CBS7064, isolated from a con-
centrated sorbitol solution in the industry, reported its genome
as a hybrid genome composed of two subgenomes (seven chro-
mosomes per subgenome), which is inherited separately from
two distinct progenitors with high-level nucleotide polymorphism
(10.84% of divergence) but well-conserved synteny (Louis et al.
2012). The diploid genome with a size of 21.5 Mb appears to be gen-
erated by a recent hybridization during evolution, followed by sub-
sequent genomic changes, including loss of heterozygosity, uni-
lateral loss of TDNA, and reciprocal exchange. The draft genome
sequence of M. farinosa KCTC27753, a strain isolated from Nuruk,
revealed that the genome length is 21.3 Mb with a total of 10 910
plausible gene-coding regions, indicating that the strain is also a
heterozygous diploid. Therefore, M. farinosa exists as a population
of haploids and hybrids in Nuruk and Jang, as observed in other
prevalent yeast species, including S. fibuligera, D. hansenii, and W.
anomalus.

Genetic resources of the Nuruk yeast S. fibuligera
for industrial applications of cellulase
degradation genes

The enzymatic degradation of cellulose, which is the most abun-
dant polymer on Earth, includes the joint action of exoglucanases
or cellobiohydrolases, endoglucanases, and g-glucosidases (BGLs).
As an amylolytic yeast, S. fibuligera has served as a good source of
enzymes and genes involved in saccharification (Chi et al. 2009).
For example, the S. fibuligera BGL1 gene, encoding B-glucosidase
1, has been heterologously expressed in S. cerevisiae to con-
struct cellobiose-growing and fermenting strains (Moon et al.
2022). Gene inventory analysis based on the high-quality refer-

ence genome of S. fibuligera KJJ81 and KPH12 has revealed new
genes involved in cellulose degradation (Choo et al. 2016). The
S. fibuligera genome retains several genes encoding hydrolytic en-
zymes, which are found in many cellulolytic fungi. A total of four
or five copies of the genes encode BGL, which acts mainly on cel-
lobiose, in the S. fibuligera KPH12 and KJJ81 genomes. The S. fibulig-
era KJJj81 genome (Fig. 4A) contains two previously reported genes
(SfBGL1 and SfBGL2), three novel genes encoding a protein with
considerable homology to SfBGL1 (55% identity; designated Sf-
BGL3), and two additional genes encoding homologs of Schizosac-
charomyces pombe putative g-glucosidase (designated SfBGL4 and
SfBGLS). The S. fibuligera BGLs belong to glycosyl hydrolase fam-
ily 3 or 17 (PF00933 or PF00332). The fibronectin type III-like do-
main (PF14310) associated with the glycoside hydrolase 3 domain
is present in SfBGL1, 2, and 3, but its function is yet unknown.
All the SfBGLs except SfBGL4 have a native signal peptide and
multiple N-/O-glycosylation sites, indicating that they are secre-
tory glycoproteins. Notably, three S. fibuligera homologs to ther-
mophilic Trichoderma reesei and Sporotrichum thermophile Cel61A
proteins, which are copper-dependent polysaccharide monooxy-
genases (PMOs), are identified in the diploid genome of S. fibuligera
KJJ81 (Fig. 4B). The S. fibuligera Cel61A proteins have a signal pep-
tide except for SfCel61A(A)1 and several N-/O-glycosylation sites.
PMOs belong to the auxiliary activity family 9 (PF03443), formerly
glycosyl hydrolase (GH61), and they constitute a novel class of en-
zymes that catalyze the O,-dependent oxidative cleavage of recal-
citrant polysaccharides (Dimarogona et al. 2013). PMOs have been
explored for biotechnological applications because they enhance
the efficiency of common cellulases, resulting in increased hydrol-
ysis yields while reducing the protein loading needed for plant
polysaccharide degradation. Therefore, their substrate specificity
and the biological functions of putative S. fibuligera Cel61A ho-
mologs should be defined.

A homolog of Aspergillus nidulans abfC, encoding a probable a-
L-arabinofuranosidase C involved in the degradation of hemicel-
lulose polymers with arabinosyl residues, is present in S. fibulig-
era KJJ81 and KPH12 genomes. The abfC proteins in S. fibuligera
KJj81 have the a-L-arabinofuranosidase domain (PF06964) and an
active site in Glu 305 (Fig. 4C). The acidic residue of the active
site is required for substrate recognition (Souza et al. 2011). Our
transcriptome analysis revealed that the expression of this S. fibu-
ligera abfC homolog is highly induced under glucose-limited and
sulfur-limited conditions (Choo et al. 2016). We tested the enzy-
matic activity of the S. fibuligera abfC homolog, probably encoding
a-L-arabinofuranosidase (E.C. 3.2.1.55) isozymes (ABFs) that be-
long to the glycoside hydrolase (GH) family 51. The diploid strain
S. fibuligera KJJ81 has two abfC homologs with 92.3% amino acid
sequence identity, which is named SfABF51A and SfABF51B. The
open reading frame of both SfABF51 isogenes encodes a protein
of 517 amino acids with a molecular mass of ~59 kDa, shar-
ing 92.3% amino acid sequence identity with each other. These
isozymes share ~49% amino acid sequence identity with eukary-
otic ABFs from filamentous fungi. The recombinant SfABF51, and
SfABFS1p proteins, were expressed and purified from Escherichia
coli; they were shown to hydrolyze arabinoxylo-oligosaccharides
(AXOS) and arabino-oligosaccharides (AOS) to produce only L-
arabinose. They can catalyze the versatile hydrolysis of a-(1,2)-
and a-(1,3)-L-arabinofuranosidic linkages of AXOS and the hydrol-
ysis of «-(1,2)-, «-(1,3)-, and @-(1,5)-linkages of linear and branched
AOS (Park et al. 2021). Thus, S. fibuligera abfC-encoded ABFs likely
playimportant roles in the degradation and utilization of hemicel-
lulosic biomass by S. fibuligera. The retention of a subset of cellu-
lose degradation genes in S. fibuligera is quite noteworthy because
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Figure 4. Domain analysis of cellulase degradation enzymes identified by in silico analysis of S. fibuligera KJJ81 genome by using Pfam domain matching
(http://hmmer.org). (A) The g-glucosidases (BGL) in the S. fibuligera KJJ81 genome, predicted as glycosyl hydrolase family (PF00933 or PF00332). The N-
and O-glycosylation sites were predicted with NetNglyc (ver. 1.0) and YinOYang (ver. 1.2), respectively. The native signal peptide was analyzed using
SignalP (ver. 5.0). (B) S. fibuligera Cel61A homologs, belonging to an auxiliary activity family 9 (PF03443) of a family of lytic PMOs. (C) S. fibuligera abfC
homologs carrying the a-L-arabinofuranosidase domain (PF06964) and an active site.

most yeast species belonging to the Saccharomycotina subphy- cells via alcohol acyl/acetyltransferase (AATase)-catalyzed intra-
lum have lost the gene sets involved in cellulose degradation. cellular reactions. Two major aroma-esters are present in fer-

mented foods: acetate esters and medium-chain fatty acid (MCFA)

ethyl esters (Saerens et al. 2010, Hu et al. 2018). Acetate esters are
Genes involved in volatile aroma ester formation produced from acetic acid (acetate) with ethanol or a higher al-
Aroma ester components, which are responsible for the fruity ~ cohol (fusel alcohol) through the action of AATases (EC 2.3.1.84)
character of fermented foods, are produced by fermenting yeast (Yoshioka and Hashimoto 1981). Fusel alcohols and acetyl coen-
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zyme A (acetyl-CoA) can be condensed via the action of alcohol-
O-acetyltransferases (Atfs). In S. cerevisiae, two Atf enzymes (Atf1p
and Atf2p) catalyze these reactions. MCFA-ethyl ester, a sec-
ond group of aroma-esters, is produced in S. cerevisiae through
the condensation of the acyl chain from fatty acid-coenzyme A
and ethanol by Eeblp and Ehtlp, encoding acyl-CoA:ethanol O-
acyltransferase (Saerens et al. 2006).

In the culture supernatant of S. fibuligera KJJ81, an isolate
from wheat-based Nuruk, some volatile metabolites derived from
phenylalanine, such as phenethyl alcohol, phenethyl acetate, and
ethylphenyl acetate, are predominantly found (Lee et al. 2018b).
We identified 12 ATF orthologs (SfATFs) encoding putative AATases
with the AATase Pfam domain (PF07247) in the diploid genome of
S. fibuligera KJJ81 (Fig. 5A). The identified SfATF proteins (SfAtfp)
display low-sequence identities with S. cerevisiae Atflp (between
13.3% and 27.0%). All the identified SfAtfp, except SfAtf(A)4p and
SfAtf(B)4p, contain the activation domain (HXXXD) conserved in
other Atf proteins. The recombinant S. cerevisige strains express-
ing SfAtf(A)2p, SfAtf(B)2p, and SfAtf(B)6p produce high levels of
isoamyl and phenethyl acetates (Moon et al. 2021). The volatile
aroma profiles generated by SfAtf proteins were distinct from
that of S. cerevisiae Atflp, implying differences in substrate pref-
erence. A previous study on the genome sequencing of W. anoma-
lus DSM 6766 reported the presence of six AATases with the Pfam
domain PF07247 (Schneider et al. 2012). The presence of mul-
tiple ATF genes might partly contribute to the increased lev-
els of acetate ester in S. fibuligera as the case of W. anomalus.
In addition to ATF family genes, S. fibuligera KJJ81 genome con-
tains the homologs of EEB1 and IMO32 encoding another group
of AATases, which possess an «/g hydrolase fold structure (Pfam
domain: PF00561 or PF12697) and the Ser-Asp/Glu-His catalytic
triad (Fig. 5B). In S. cerevisiae, Imo32p is an alternative ethyl ac-
etate biosynthetic enzyme of the major enzyme Eatlp, whereas
Eeblpisinvolved in MCFA-ethyl ester formation (Kruis et al. 2017).
The presence of multiple gene families involved in ester formation
indicates the high potential of S. fibuligera as a producer of high-
level volatile aroma and source of novel genes for diverse flavor
production.

Unique osmotolerance mechanisms employed by
Nuruk yeast H. burtonii

The tolerance of most yeast isolates from Nuruk and Jang to
salt and sugar is higher than that of S. cerevisiae. Particularly,
H. burtonii and M. farinosa retain their vigorous growth at high
concentrations of NaCl, KCl, and sorbitol. Interestingly, H. bur-
tonii on YPD plates supplemented with salts and sorbitol formed
white expanding colonies with farinose and wrinkled surface be-
cause of induced hyperfilamentous growth in response to os-
mostress conditions (Fig. 6). Unique mechanisms employed by Hy-
phopichia yeasts for high osmotolerance and halotolerance have
been proposed through the integrated genomic and transcrip-
tomic analysis (Lee et al. 2021). H. burtonii KJj43 and H. pseu-
doburtonii KJS14 genomes show the enrichment of novel genes
carrying ATP-binding cassette (ABC) and gene families of amino
acid permeases, including oligopeptide transporter proteins. ABC
transporters, enriched with the MRP subfamily, display dynamic
expression patterns during osmotic stress. Moreover, the high-
osmolarity glycerol (HOG) signaling pathway and filamentous
growth (FG)-mediated signaling pathways are activated even un-
der nonosmotic stress conditions. Particularly, the enhanced glyc-
erol accumulation during osmotic stress is mediated by its effi-
cient production via cytosolic Gpd1p, its active import by multiple

Stllp, and its decreased leakage as Hyphopichia yeasts do not pos-
sess the glycerol channel protein Fps1p. Associated with hyperfila-
mentation growth under high osmotic conditions, a set of genes in
the FLO family with induced expression in response to NacCl, KCI,
and sorbitol supplementation were identified. Furthermore, the
increased BAT2 expression suggests that changes in amino acid
metabolism, including the pooling of hydroxy acid metabolites of
branched-chain amino acids, are involved in salt-specific stress
response in Hyphopichia yeasts.

Glycerol plays a role as the major osmoprotective molecule in
most of the yeast species (Stratford et al. 2019), but the synthe-
sis and intracellular accumulation of glycerol occur in distinc-
tive ways in Hyphopichia yeasts with highly strong osmotolerance,
leading to extremely high glycerol productivity. This capacity of
H. burtonii KJJ43 to accumulate high glycerol levels inside cells
under osmotic stress could be exploited to develop this yeast as
a promising host for commercial glycerol production. Based on
their ability to accumulate large amounts of glycerol as the main
intracellular osmoprotectant, several osmotolerant yeast species
belonging to Candida, Debaryomyces, Pichia, Torulaspora, or Zygosac-
charomyces have been considered for glycerol production (Semkiv
et al. 2020).

Probiotic potential of Jang yeast isolates D.
hansenii

In addition to its role in producing fermented foods, several yeast
species have been used in several biotechnological processes
(Breuer and Harms 2006, Chi et al. 2009, Riley et al. 2016). In recent
years, the biological application of yeast has been extended as
probiotic candidates. Since yeast species in fermented foods can
affect the gut microbiota as an autochthonous species, probiotic
and potentially probiotic yeasts have been screened from foods
(Kumura et al. 2004). During the last decade, some species iso-
lated from food and environmental habitats have been assessed to
possess probiotic characteristics and abilities, which include yeast
species from Debaryomyces, Hanseniaspora, Pichia, Meyerozyma, and
Torulaspora (Staniszewski and Kordowska-Wiater 2021, Tamang
and Lama 2022). These potentially probiotic yeasts can be used to
produce new fermented food with enhanced nutritional and sen-
sory properties, presenting the potential for new probiotic prod-
ucts with novel properties.

Live D. hansenii strains have been recognized as potential hu-
man probiotics because they secrete higher levels of IL-10/1L-12
in human dendritic cells (hDCs) than Saccharomyces boulardii does
(Ochangco et al. 2016). They have also been considered as fish pro-
biotics based on the probiotic effects of marine D. hansenii CBS8339
on innate immune and antioxidant parameters in newborn goats
(Angulo et al. 2019). D. hansenii is the most abundant species in
the neonatal gut during breastfeeding (Schei et al. 2017), and it
is included in the Top 10 most prevalent fungi found in metage-
nomic WG sequences in fecal metagenomic sequencing data of
Human Microbiome Project (Nash et al. 2017), supporting the pos-
sibility of D. hansenii as human probiotic candidates. We evaluated
the potential of the ganjangisolates D. hansenii KD2 and D. hansenii
species complex C11 as probiotic candidates by examining the tol-
erance of the strains to low pH and bile salt, adherence ability to
Caco-2 cells, and immunomodulatory activity (Jeong et al. 2022).
KD2 and C11 were viable in the presence of bile salts and at low
PH, strong adhesion to Caco-2 cells, and beneficial immunomod-
ulatory activity to induce high levels of the anti-inflammatory cy-
tokine IL-10. Furthermore, the safety of the Jang yeast isolates
was confirmed by analyzing virulence and acute oral toxicity. This
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Figure 5. Domain structure analysis of acyl/acetyl transferases (AATases) identified by in silico analysis of S. fibuligera KJJ81 genome via Pfam domain
matching (http://hmmer.org/). N- and O-glycosylation sites were predicted with NetNglyc 1.0 and YinOYang 1.2 program, respectively. The native
signal peptide was analyzed using SignalP 5.0. (A) Atf protein family predicted on the basis of the S. fibuligera KJJ81 genome. The domain features of
SfAtf proteins were partly obtained from a previous study (Moon et al. 2021). (B) Eatl, Imo32, and Eeb1 proteins predicted on the basis of the S.

fibuligera KJJ81 genome.

result supported their potential as probiotics for enhancing the
functional properties of fermented foods.

Conclusion and perspectives

In the Asian region, indigenous fermented foods are important in
daily life, and numerous diverse yeast species have been isolated
from various fermented foods. De novo WG sequencing and com-
parative genomics of yeast species prevalently isolated from Nu-
ruk and Jang provide a useful basis for elucidating and document-
ing evolutionary consequences, revealing intriguing aspects of ge-
netic diversity and population structure. Notably, the coexistence
of haploid and heterozygous diploid genomes is not rare among
Nuruk and Jang yeast species (Table 3), strongly indicating that in-
terspecies hybrids are frequently generated in yeast populations
in Nuruk and Jang environments. Since the hybrid nature of a Sac-
charomyces yeast used in the production of lager beer was revealed
in the late 1980s (Vaughan Martini and Kurtzman 1985), the num-

ber of identified interspecies hybrids of Saccharomyces hybrids in
fermented beverages and foods has been increased, as genome
sequencing technologies have rapidly developed (Hittinger et al.
2018). Beyond the genus Saccharomyces sensu stricto, many hybrids
have been identified also in other yeast genera of food industry,
including Zygosaccharomyces (Solieri et al. 2007), Dekkera (Curtin
et al. 2012), Pichia (Smukowski Heil et al. 2018), Millerozyma (Louis
et al. 2012), Saccharomycopsis (Choo et al. 2016), and Debaryomyces
(Jeong et al. 2022), suggesting that interspecies hybrids may be
common in human-associated strains across the broader yeast
phylogeny (Gabaldén T 2020). Furthermore, many Nuruk and Jang
yeast species belong to the CUG-Ser clade (Fig. 2). Several CUG
clade species are ubiquitous, showing strong osmotolerance and
halotolerance. It is noticeable that several CUG yeast species have
high biotechnological potentials, such as promising producers
of industrial enzymes, single-cell protein, bioethanol, vitamins,
sweeteners, lipids, and other metabolites of medicinal and nutri-
tional values (Papon et al. 2014). These unique traits might enable
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Figure 6. Halotolerance and osmotolerance of yeast species isolated from Jang. Yeast cells, including S. cerevisiae BY4742 (Sc, a laboratory strain), D.
hansenii CBS767" (Dh, a type strain), KCTC27743 (from Nuruk), KD2 (from Jang), and complex C11 (from Jang), M. farinosa SM-1 (Mf, from Jang), C.
lusitaniae KM-1 (Ch, from Jang), H. burtonii KJJ43 (Hb, from Nuruk), W. anomalus KG16 (Wa, from Jang), A30-11-Y3 (from Jang), KCTC27761 (from Nuruk),
CBS605T (a type strain), Z. rouxii KCTC17748 (Zr, from red miso), and SMY-04 (from Jang), cultivated in YPD, were subjected to 10-fold serial dilutions
from ODgoo = 1, spotted on plates with YPD alone or YPD supplemented with various osmolytes, and incubated at 26°C for 2 days (A) and 4 days (B).

them to thrive in fermentation environments. As more informa-
tion on complete WG sequences with high-quality annotation and
assembly is accumulated, more yeast species in fermented foods
would be discovered to have hybrid genomes and to employ non-
canonical genetic codes.

An important foundation for the functional inference of each
yeast species is established on the basis of the completely se-
quenced genome with high-quality annotation and RNA-Seq
analysis. New genes with biotechnological potential, such as mul-
tiple genes involved in cellulose degradation and volatile aroma
formation, are discovered via gene inventory analysis on the ref-
erence genomes of Nuruk and Jang yeast species, indicating their
key roles in fermentation mash degradation and flavor produc-
tion. Integrated genomic and transcriptomic analysis also re-
veals multiple novel mechanisms involved in the halotolerant
and osmotolerant behavior of Hyphopichia yeasts, which are abun-
dantly present in Nuruk and Jang. Such advanced information
and new genetic resources will be applicable to the develop-
ment of engineered yeast strains for simultaneous saccharifica-
tion/fermentation processes, along with improved starter strains
tailored to produce fermented products with desired flavor pro-
files or an enhanced nutraceutical composition. Moreover, yeast
isolates from Jang possess several physiological properties bene-
ficial to be developed as probiotic candidates, such as tolerance
to gastric conditions, strong adhesion to intestinal epithelial cells,
and beneficial immunomodulatory activity. These results indicate

that Korean fermented foods are good sources of yeast species
that can exert various beneficial effects on human health. There-
fore, yeast species isolated in fermented foods will be further ap-
plied not only to food starters but also to new probiotics and com-
mercialized globally.

In Korean fermented foods, diverse yeast species other than S.
cerevisiae, which are so-called nonconventional yeasts, participate
in fermentation with defined and as yet-unidentified functions.
Although limited to a few yeast species from Nuruk and Jang,
the high-quality WG information with systematic characteriza-
tion of their physiological features has led to the unraveling of
several interesting traits with industrial potentials. Implementa-
tion of functional genomics platforms, including genomics, tran-
scriptomics, and metabolomics, in Nuruk and Jang yeast species is
expected to facilitate the exploitation of huge biotechnological po-
tential of these yeast species in development of functional foods
and bioprocesses for bioactive compound production. Particularly,
systems and synthetic biology approach, which has been mainly
carried out for S. cerevisiae, would be valuable in the development
of novel cell factories for food ingredients using Nuruk and Jang
yeast species.
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