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a b s t r a c t

Makgeolli is a traditional Korean alcoholic beverage manufactured with a natural starter, called nuruk,
and grains. Nuruk is a starchy disk or tablet formed from wheat or grist containing various fungal and
bacterial strains from the surrounding environment that are allowed to incorporate naturally into the
starter, each of which simultaneously participates in the makgeolli fermentation process. In the current
study, changes in microbial dynamics during laboratory-scale fermentation of makgeolli inoculated with
six different kinds of nuruk were evaluated by barcoded pyrosequencing using fungal- and bacterial-
specific primers targeting the internal transcribed spacer 2 region and hypervariable regions V1 to V3
of the 16S rRNA gene, respectively. A total of 61,571 fungal and 68,513 bacterial sequences were used for
the analysis of microbial diversity in ferment samples. During fermentation, the proportion of fungal
microorganisms belonging to the family Saccharomycetaceae increased significantly, and the major
bacterial phylum of the samples shifted from g-Proteobacteria to Firmicutes. The results of quantitative
PCR indicated that the bacterial content in the final ferments was higher than in commercial rice beers,
while total fungi appeared similar. This is the first report of a comparative analysis of bacterial and fungal
dynamics in parallel during the fermentation of Korean traditional alcoholic beverage using barcoded
pyrosequencing.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Alcoholic beverages have been part of human society since the
beginning of recorded history and have developed in various
regions of the world to reflect natural climates and cultural tradi-
tions (Room et al., 2005). Beer and wine are representative alco-
holic beverages of Europe and Middle East in which sugar- or
starch-containing plant material is used as the fermentation
resource. The fermentation process for these two alcoholic bever-
ages differs in that wine is made by natural fermentation of sweet
grapes or fruits without a factitious starter inoculation, whereas
beer requires an additional saccharification process for the hydro-
lysis of starch to soluble sugars, which is accomplished by the
endogenous diastatic enzymes produced by the germination of

barley (Linko et al., 1998; Moreno-Arribas and Polo, 2005). The
alcoholic beverages of East Asia are quite different from those of
Europe orMiddle East in terms of both the startingmaterial and the
process of fermentation. Alcoholic beverages of Asia are produced
with rice and amylolytic fermentation starters, largely because the
tropical humid climate of the AsiaePacific region is most suitable
for rice cultivation and saccharification usingmould. As a result, the
alcoholic beverages fermented with steamed rice and an amylolytic
fungal starter in East Asia are generally referred to as ‘rice beer’
(Haard et al., 1999).

The amylolytic fermentation starters for rice beer are classified
mainly into two types: (i) single strain starters such as ‘koji’ in
Japan, which is a pure culture of starch-degrading mould such as
Aspergillus oryzae formed on steamed grains (Machida et al., 2008);
and (ii) mixed strain starters, including ‘nuruk’ in Korea (Kim,1968),
‘ragi’ in Indonesia (Hesseltine et al., 1988) or ‘banh men’ in Vietnam
(Thanh et al., 2008), which are prepared through the natural
transfer of various moulds, yeasts and bacteria from the environ-
ment into an uncooked cereal cake or ball-shaped piece of dough.
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Saccharification and alcohol fermentation are simultaneously
precipitated by the various microorganisms in the mixed strain
starter, whereas extra yeast inoculations are needed for alcohol
fermentation using a single strain starter.

The Korean traditional alcoholic beverage ‘makgeolli’ (also
known as ‘takju’ in Korea), a type of rice beer typically prepared
using steamed rice and nuruk (Kim, 1968), is the most popular
alcoholic beverage in Korea. The world market of makgeolli has
been growing due to its health-promoting properties (Statistics
Korea, http://kostat.go.kr/). Furthermore, most other Korean alco-
holic beverages are manufactured usingmakgeolli. For example, the
rice wine ‘yakju’, similar to Japanese sake, and ‘soju’, similar to
European whiskey, are made by the filtration and distillation of
makgeolli, respectively. While themanufacture ofmakgeolli consists
of a simple process of mixing steamed rice, nuruk and water, the
structure of the microbial community in the natural fermentation
starters and themicrobial dynamics during the fermentation of rice
beers are important and relatively unexplored areas of investiga-
tion. The quality of beverages in terms of flavor (organic acids and
amino acids) and aroma content (ester compounds and higher-
alcohols) have been shown to be influenced mainly by the micro-
bial composition of the alcoholic beverages (Feron et al., 1996).

To date, the microbial communities of alcoholic beverage have
been studiedmainly using cultivation-dependentmethods (Esteve-
Zarzoso et al., 2001; Yu et al., 1998). However, this level of analysis
has gradually been replaced by various molecular methods such as
denaturing gradient gel electrophoresis (DGGE) (Thanh et al., 2008;
Urso et al., 2008), cloning and the amplification of rRNA genes using
PCR (Escalante et al., 2008, 2004; Li et al., 2011), amplified fragment
length polymorphism (AFLP) (Esteve-Zarzoso et al., 2010), fluores-
cence internal transcribed spacer-PCR (f-ITS-PCR) (Bre�zná et al.,
2010), and ribosomal intergenic spacer analysis (RISA) (Xie et al.,
2007). With the introduction of molecular methods, knowledge of
the microbial communities of alcoholic beverages has expanded
somewhat, revealing, for example, the presence of microorganisms
that are uncultivable on agar plates (Ampe et al., 2001; VanBeek and
Priest, 2002). In addition, recent advances in high-throughput
technologies such as DNA microarrays and next-generation
sequencing (NGS) are rapidly changing the way microbial commu-
nities are studied (Roh et al., 2010). In particular, 454 pyrosequenc-
ing represents a simple and rapid method of studying microbial
ecology that permits the analysis of hundreds of thousands of
nucleotide sequences. This type of approach can yield comprehen-
sive information about microbial communities in various environ-
ments. Since most microbiological studies of alcoholic beverages
have been carried out using culture-dependent or conventional
molecular ecological methods, there remains a need for compre-
hensive studies of themicrobial communities in alcoholic beverages
fermented with naturally-prepared (non-controlled) starters, using
techniques such as pyrosequencing of phylogenetic markers, in
order to precisely control and maintain food and beverage quality.

In the current study, a detailed analysis of community structure,
comparative diversity and dynamics of the bacterial and fungal
communities during laboratory-scale fermentation ofmakgeolliwas
carried out. Samples were inoculated with 6 different kinds of nuruk
and then analyzed by 454 pyrosequencing using sample-specific
barcoded primers targeting hypervariable regions V1 to V3 of the
16S rRNA gene (for bacteria) and the internal transcribed spacer (ITS)
2 region (for fungi). To compare the microbial communities, four
commercially available makgeolli samples were also analyzed.
Parameters such as pH and glucose and alcohol concentration were
simultaneously determined to assess the degree of alcohol fermen-
tation. Toourknowledge, this is thefirstmolecularecological studyof
rice beer and the first investigation of themicrobial community of an
alcoholic beverage using a deep sequencing approach. The results of

this foundationalworkwill help guarantee thequality of this popular
alcoholic beverage through precise monitoring of the microbial
community during the fermentation process, thereby avoiding the
outbreak of unwanted pathogenic bacteria and fungi.

2. Materials and methods

2.1. Sample description

In accordance with the 6 different kinds of fermentation starter
(nuruk) used in the current study, the samples of rice beer (mak-
geolli) were designated A, B, C, D, E and F. The starter used for
sample A was produced by a modified process and inoculated with
pure cultured microorganisms designed mainly to improve the
quality of alcoholic beverages, the three starters used for samples B,
C and D were made via the traditional Korean process, and the
starters used for samples E and F were purchased from a traditional
Korean market. Samples were removed periodically from the
laboratory fermentation bottles for microbial community analysis.
Samples were coded XS or Xx, where X designates the rice beer
sample (AeF), S designates the inoculated fermentation starter
itself and x designates the sampling day during fermentation (day
0e16). The four commercially available brands of rice beer (R1eR4)
were purchased from distributors in Korea and used in the
comparative analysis of microbial communities.

2.2. Laboratory-scale fermentation and sampling

Laboratory-scale rice beer fermentation using 6 different kinds
of fermentation starter were prepared with 1 kg of steamed rice,
100 g of fermentation starter and 1.5 L of sterilized water in a 4 L
sterile plastic container at 25 �C. The pH and glucose and ethanol
concentrations of the samples were monitored by periodic
sampling every 24 hours (h) throughout the fermentation process.
Each sample was analyzed in triplicate. Briefly, 20 mL of ferment
was transferred to a sterile 50 mL conical tube and then subjected
to centrifugation for 20 min at 7000 rpm. The supernatants were
collected and used for the determination of pH, and glucose and
ethanol concentration. Measurements of pH were performed with
a pH meter (Orion 3-Star Plus pH Meters, Thermo Scientific, USA)
by dipping the electrode directly into each sample. Glucose
concentration was determined using a QuantiChrom� Glucose
Assay Kit (BioAssay Systems, USA) and ethanol concentration was
determined using a Saccharide Removal Kit (BioAssay Systems,
USA) and a QuantiChrom� Ethanol Assay Kit (BioAssay Systems,
USA), according to the manufacturers’ instructions. Samples for
DNA extractionwere removed on day 0, and then again on days 1, 2,
3, 4, 8, 12 and 16, based on the fermentation parameters.

2.3. DNA extraction

Approximately 1 g of fermentation starter (ASeFS) was fully
homogenized with glass beads 0.4e0.6 mm diameter (type H
beads, Sigmund Lindner GmBH, Germany) and liquid nitrogen, and
then transferred to a sterile 15 mL conical tube. Alternatively,
approximately 0.1 g of pellet was obtained by centrifugation of
ferment (samples AxeFx) or commercially branded rice beer
(samples R1eR4) and then transferred to a sterile 2 mL tube along
with glass beads. All homogenized samples were kept on ice until
the addition of STES buffer (0.5 M NaCl, 0.2 M TriseHCl (pH 7.6),
0.01 M EDTA, 1% SDS) and then incubated for 1 h at 60 �C. DNAwas
extracted using standard phenol/chloroform methods and then
purified with an UltraClean Microbial DNA Isolation Kit (Mo Bio
Laboratories, Solana Beach, CA). DNA concentration and quality
were determined by agarose gel electrophoresis (1% w/v agarose in
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0.5X Tris-acetate-EDTA (TAE) buffer) and by spectroscopy using
a NanoDrop 2000 spectrophotometer from Thermo Scientific
(Saveen Werner ApS, Denmark).

2.4. PCR for barcoded pyrosequencing

Phylogenetic gene maker fragments were amplified from 30 ng
of template DNA in reactions containing 10 pmol of each barcoded
primer and 20 mL of PCR premix solution (Maxime PCR PreMix Kit,
iNtRON Biotechnology, Korea) using a PTC-220 DNA Engine Dyad
MJ Research thermalcycler (PharmaTech, Seoul, Korea). PCR
amplification of bacterial and fungal markers was performed using
primer pairs targeting hypervariable regions V1 to V3 of the 16S
rRNA gene (Baker et al., 2003) and the nuclear ribosomal ITS 2
region (Martin and Rygiewicz, 2005), respectively. The bacterial
primers (8F, 50-GAGTTTGATCMTGGCTCAG-30 and 518R, 50-
WTTACCGCGGCTGCTGG-30) and fungal primers (58A2F, 50-ATC-
GATGAAGAACGCAG-30 and NLB4, 50-GGATTCTCACCCTCTATGAC-30)
contained two-base linker sequences and sample-specific barcode
sequences of 4e8 basepairs at their 50 ends (Table S1). The ther-
mocycling conditions were as follows: 10min denaturation at 95 �C
followed by 18 cycles of 94 �C for 20 s, 55 �C for 40 s and 72 �C for
30 s, with a final extension at 72 �C for 10 min. The quality of the
amplified PCR products was confirmed by 1% agarose gel electro-
phoresis (0.5X TAE buffer) of 1 mL of the PCR reaction mixture and
then the products were purified using a QIAquick� PCR Purification
kit (Qiagen, Duesseldorf, Germany). An equal amount (100 ng) of
each amplicon tagged with sample-specific barcode sequences was
pooled using a NanoDrop 2000 spectrophotometer from Thermo
Scientific (Saveen Werner ApS, Denmark). DNA concentration and
quality were further assessed on a BioAnalyzer 2100 microfluidics
device (Agilent, Palo Alto, CA) using a DNA1000 lab chip (Agilent,
Palo Alto, CA) before being analyzed by 454 pyrosequencing.
Finally, the pooled DNAwas amplified by emulsion PCR followed by
sequencing by synthesis using the massively parallel pyrose-
quencing protocol (Margulies et al., 2005). 454 pyrosequencing was
carried out using Genome Sequencer FLX titanium chemistry
(Roche, Basel, Switzerland) through a sequencing provider (Mac-
rogen, Korea). The sequences obtained in this study were uploaded
and made available through the DDJB database under Project ID
60507.

2.5. Pyrosequencing data analysis and community comparison
analysis

Sequences were processed using the PANGEA program (Giongo
et al., 2010), which was used for pre-processing (quality adjust-
ment, barcode split and removal) and identification (stand alone
Mega-BLAST search, unclassified sequence selection, clustering of
unclassified sequences, clustering of classified sequences and
hybrid tabulation with classified and unclassified operational
taxonomic units [OTUs]). Raw pyrosequencing data were identified
by a valid barcode and subsequently passed through additional
quality filters to minimize the effects of poor sequence quality and
sequencing errors by removing (i) sequences with more than one
ambiguous base call and (ii) sequences that were shorter than 350
nucleotides. The sequences were sorted according to the original
sample fromwhich they were derived based on barcode sequences
(Table S1). Sample-specific barcode and primer sequences were
trimmed from the proximal and distal ends of the sequences, and
then the trimmed sequences were phylogenetically classified by
stand alone Mega-BLAST searches of a modified bacterial RDPII
database containing 164,517 nearly full-length 16S rRNA sequences
(prepared using TaxCollector; http://www.microgator.org), and
a fungal ITS sequence database (Nilsson et al., 2009). Sequences

classified by Mega-BLAST were grouped into OTUs at a 3% distance
level based on the relatedness of classification. Sequences not
classified by Mega-BLAST were collected using Perl script, which
recognizes unclassified sequences directly from the Mega-BLAST
output file. Unclassified sequences were clustered into OTUs using
cluster database at high identity with tolerance (CD-HIT), a tool that
uses a short word filter instead of many pair-wise sequence align-
ments, as does the BLAST algorithm (Li and Godzik, 2006).

Principal component analysis (PCA) was performed using the
UniFrac service (Lozupone et al., 2006). Distances between micro-
bial communities from each sample were calculated using the Dice
coefficient (Dice, 1945) and represented as an unweighted pair
group method with arithmetic mean (UPGMA) clustering tree,
which describes the dissimilarity (1-similarity) between multiple
samples. A Newick-formatted tree file generated through this
analysis was used for UniFrac analysis.

2.6. Calculation of species richness and diversity indices

Chao I-bc richness indices (bias-corrected estimator for Chao1)
(Chao, 2005) were generated using the SPADE program (Chao and
Shen, 2010). The Shannon’s diversity index [H0 ¼ -

P
(pilnpi)],

where pi is the proportion of taxon i (Gotelli, 2002), and rarefaction
curves (Colwell and Coddington, 1994) were generated using the
PAST 2.00 program (Hammer et al., 2001). A 3% dissimilarity cutoff
value was used to assign OTUs. Good’s coverage was calculated as
G ¼ 1�n/N, where n is the number of singleton phylotypes and N is
the total number of sequences in the sample.

2.7. Quantitative real-time PCR (qPCR) analysis

To estimate the relative abundance of bacterial 16S rRNA and
fungal ITS region gene copies in the rice beers, standard curves were
first created by plotting threshold cycle (Ct) versus concentration of
purified PCR product obtained by amplification of two standards,
Escherichia coli K2441 or Saccharomyces cerevisiea s288c genomic
DNA. The initial PCR products used as the template for qPCR were
amplified using the primer pairs 8F/1492R for bacteria (1500 base-
pairs) and ITS1/NL4 for fungi (2000 basepairs). The purified PCR
products were diluted serially to concentrations of 10 ng/mL to
10 � 10�6 ng/mL. DNA concentrationwas quantified by spectroscopy
(Nanodrop Technologies) and then qPCR was carried out using
a DyNAmoTM HS SYBR� Green qPCR kit (FINNZYMES, Korea) and
a CFX96� Real-Time PCR Detection System (BIO-RAD, USA). The
qPCR reactions (20 ml) contained 1 mL of template DNA, 10 pmol of
each primer, 7 mL of nuclease-free water, and 10 mL of 2x master mix
containing the hot start version of a modified Tbr DNA polymerase,
SYBR Green I, optimized PCR buffer, 5 mM MgCl2, and dNTP mix,
including dUTP. Amplificationwas performed using the primer pairs
bac1055YF/bac1392R for bacteria or 58A2F/NLB4 for fungi. The
thermocycling conditions were as follows: initial denaturation for
15min at 95 �C; followed by 70 cycles of 94 �C for 30 s, 55 �C for 30 s
(for bacteria) or 65 �C for 30 s (for fungi), and 72 �C for 1 min; and
a final extension for 10 min at 72 �C. Amplification was followed by
melting curve analysis at a rate of temperature increase of 0.1 �C/s
from 70 �C to 95 �C with continuous monitoring of changes in fluo-
rescence. The gene copy number for a known amount of amplified
DNAwas calibrated as described previously (Ritalahti et al., 2006).

3. Results

3.1. General features of rice beer fermentation

Changes in biochemical parameters such as glucose and alcohol
concentration and pH during fermentation using six different
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starters are presented in Fig. 1. pH values for the ferments were
between 7.35 and 6.25 (average, 6.86 � 0.37) at the beginning of
fermentation, decreased dramatically to 3.59 and 3.40 (average,
3.52 � 0.17) by the third day of fermentation, and then increased
slightly until the end of fermentation (range, 3.95e3.49; average,
3.68 � 0.18). The exception was ferment E, the pH of which
consistently decreased until the end of fermentation. Glucose
concentrations in all fermentation bottles were increased at the
first or second day of fermentation and then gradually decreased
over the remainder of the fermentation period. In particular, the
glucose concentration of ferment A (which used a modified starter)
increased precipitously to 291.06 mg/dL (�10.72) by the first day of
fermentation indicating that starter A had greater amylolytic
activity than the other starters. Subsequently, glucose concentra-
tion decreased to 95.22 mg/dL (�2.10) on the second day and
continued to decrease gradually to 11.33 mg/dL (�1.44) at the end
of fermentation. The glucose concentrations of ferments B, C, D and
F also increased at the beginning of fermentation but were rela-
tively lower than ferment A. By contrast, the glucose concentration
of ferment E gradually increased to 35.5 mg/dL (�0.8) and then
stayed consistent until the end of fermentation indicating that
alcohol fermentation was not properly carried out in sample E. The
alcohol content of ferment A paralleled the glucose concentration,
sharply increasing to 133.67 mg/mL (�2.43) by the third day of
fermentation, then increasing slightly to 160.40 mg/mL (�4.86) by
the end of fermentation. The alcohol contents of the other ferments
(B, C, D and F) were also significantly increased by the third or
fourth day of fermentation and then maintained over the course of

fermentation, ranging on average from 117.46 (�1.40) to 145.82mg/
mL (�2.43) at the end of fermentation. However, ferment E
exhibited a somewhat different pattern in that the alcohol content
increased slightly to 25.92 mg/mL (�1.40) and was maintained
throughout the fermentation period.

3.2. Comparison of phylotypes and diversity estimations of bacterial
and fungal communities using pyrosequencing

A total of 142,257 sequence reads for bacteria and 139,727 for
fungi were obtained from each of the 1/8th region of the PicoTi-
terPlate using a 454 Genome Sequencer. After quality control pro-
cessing, 68,513 bacterial and 61,571 fungal reads were obtained.
Average read length was 466 bases for bacteria and 453 for fungi,
and each individual sample was covered by an average of 1181
(�874) and 1062 (�672) bacterial and fungal reads, respectively.
The average number of OTUs for bacteria and fungi was 49 (�19)
and 8 (�3), respectively (Tables 1 and 2). In rarefaction analysis, the
individual rarefaction curves were similar prior to reaching plateau
but differed in their saturation phases (Fig. S1). The total number of
OTUs in the bacterial and fungal data sets for each sample, as
estimated by the Chao1-bc estimator, was considerably higher than
the observed number of OTUs, covering an average of 66.7% (�14.1)
and 86.1% (�15.4) of the estimated richness, respectively. Estimated
OTUs based on the Chao1-bc estimator suggested that there was on
average 28.8 (�26.8) and 2.1 (�4.1) additional bacterial and fungal
phylotypes. The final richness indices were 77.9 (�39.2) and 9.6
(�6.4) for bacteria and fungi, respectively. Good’s coverage for the

Fig. 1. Changes in biochemical parameters during the fermentation of rice beers (samples AeF) using six different starters. Data represent averages and standard deviation of
triplicate determinations.
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samples, which provides an estimate of sampling completeness
using a probability calculation with randomly selected amplicon
sequences, was 93.1% (�6.4) and 98.0% (�6.5) for bacteria and
fungi, respectively, with 97% species-level phylotypes, which sug-
gested that the majority of bacterial and fungal phylotypes present
in the rice beer samples could be identified. The Shannon diversity
index for the bacterial communities varied from 0.199 to 3.233
(average, 2.357 � 0.540) and for fungal communities ranged from
0.141 to 1.258 (average, 0.588 � 0.295).

3.3. Bacterial community dynamics during rice beer fermentation

Fig. 2 shows the relative abundance of different bacteria in rice
beer ferments at the phylum level. In all of the starter samples
(ASeFS), the phylum Firmicutes was dominant, representing on
average 85.6% (�3.2) of the population, with various members of
the phyla Proteobacteria, Actinobacteria and Bacteriodetes repre-
senting minor percentages. The bacterial compositions of samples
BeF collected at day 0 of fermentation (samples B0eF0) were
similar to their respective starters. In contrast, in ferment A0, there
was a dramatic shift in the major phylum from Firmicutes to g-
Proteobacteria. The bacterial composition of the ferments changed
dramatically at the phylum level from the first day of fermentation
to the end of the fermentation period. In all of the ferments except
F, there was a rapid increase in the proportion of g-Proteobacteria to
an average of 64.4% (�23.1) on the first day, which gradually
decreased to an average of 17.9% (�22.1). In ferment F, the
proportion of g-Proteobacteria increased to 23.3% on the second day
and was maintained for the duration of the fermentation period.
With the exception of ferment F, the proportion of Firmicutes
decreased rapidly to an average of 32.8% (�21.9) on the first day and
then gradually increased to 80.2% (�24.8). In ferment F, Firmicutes
decreased to 76.1% by the second day and was maintained at that
level for the duration of fermentation. In general, starter and
ferment samples were relatively simple in terms of bacterial
composition at the phylum level, with 2 or 3 dominant phyla.

Although there were unique and diverse bacterial families in
each of the starter samples, these families disappeared through the
fermentation process, and the bacterial composition of the samples,
with the exception of ferment E, converged into three families,
Lactobacillaceae, Leuconostocaceae, and Enterobacteriaceae (Fig. S2).
To analyze the bacterial dynamics associated with rice beer
fermentation in greater detail, heat maps representing the relative
abundance of each species-level phylotype were constructed
(Fig. 3). Among the starter sample-specific bacterial genera, Ace-
tobacter (ES), Bacillus (BS and ES), Streptomyces (BS and ES), and
Saccharopolyspora (CS and ES) disappeared right after the begin-
ning of fermentation. During fermentation, lactic acid bacteria
(LAB) of the genera Enterococcus, Lactobacillus, Leuconostoc, Ped-
iococcus, Weissella and Lactococcus represented on average up to
42.1% (�42.6) of the sequences at the beginning of fermentation
and eventually dominated the population by the end of fermen-
tation (77.6% � 24.8). Although there was a high proportion of
Enterobacteriaceae, including the genera Cronobacter, Enterobacter,
Klebsiella and Escherichia, at the beginning of fermentation, the
relative abundance of these genera dramatically decreased to less
than 10% by the end of fermentation in ferments A, B and D. There
was a high proportion of Klebsiella pneumonia (10.7%) in ferment C,
while in ferments E and F, Cronobacter sakazakii constituted 19.3%
of the bacterial community by the end of fermentation.

3.4. Fungal community dynamics during rice beer fermentation

The composition of the fungal communities during rice beer
fermentation was far simpler than the bacterial communities

Table 1
Number of sequences analyzed, observed diversity richness (OTUs), estimated OTU
richness (Chao 1-bc), diversity index (Shannon), and estimated sample coverage for
bacterial 16S rRNA libraries derived from Korean rice beer samples.

Sample ID Read OTUsa Chao 1-bcb Shannonc ESCd

AS 1208 59 92.3 (71.3, 149.4) 2.096 (1.979, 2.158) 95.1
A0 1284 67 77.2 (70.3, 98.6) 2.852 (2.753, 2.903) 94.8
A1 2193 80 128.3 (98.9, 203.5) 3.155 (3.087, 3.181) 96.4
A2 410 46 58.0 (49.7, 85.2) 2.858 (2.674, 2.911) 88.8
A3 2853 98 150.9 (121.3, 218.0) 2.432 (2.343, 2.484) 96.6
A4 216 28 50.0 (33.6, 114.7) 2.322 (2.082, 2.427) 87.0
A8 396 22 29.5 (23.8, 53.7) 1.551 (1.384, 1.663) 94.4
A12 1536 62 99.5 (75.7, 164.8) 1.804 (1.687, 1.871) 96.0
A16 4298 47 77.0 (57.2, 135.5) 1.355 (1.306, 1.391) 98.9

BS 2177 63 78.4 (68.5, 106.1) 2.601 (2.535, 2.637) 97.1
B0 2669 87 142.5 (110.8, 216.5) 2.553 (2.479, 2.596) 96.7
B1 1414 62 73.3 (65.6, 98.0) 2.722 (2.624, 2.768) 95.6
B2 497 33 38.1 (34.1, 56.4) 2.422 (2.281, 2.492) 93.4
B3 2630 61 126.0 (83.7, 247.5) 2.241 (2.178, 2.280) 97.7
B4 1933 58 73.8 (63.4, 104.3) 2.530 (2.456, 2.569) 97.0
B8 1222 43 60.1 (48.2, 99.5) 2.414 (2.327, 2.464) 96.5
B12 412 31 40.2 (33.3, 67.7) 2.462 (2.312, 2.531) 92.5
B16 1235 39 54.2 (43.3, 92.5) 2.116 (2.020, 2.181) 96.8

CS 166 17 20.8 (17.6, 39.0) 1.832 (1.587, 1.957) 89.8
C0 1698 89 131.5 (107.1, 188.5) 2.728 (2.621, 2.774) 94.8
C1 1791 65 88.3 (73.1, 132.5) 2.605 (2.512, 2.656) 96.4
C2 1559 65 115.0 (82.7, 206.5) 2.492 (2.396, 2.547) 95.8
C3 2164 74 116.9 (89.4, 193.1) 2.767 (2.687, 2.812) 96.6
C4 1492 60 91.7 (70.4, 156.5) 2.646 (2.553, 2.694) 96.0
C8 692 43 49.1 (44.5, 67.7) 2.547 (2.412, 2.605) 93.8
C12 1243 45 97.5 (59.3, 238.1) 2.569 (2.481, 2.619) 96.4
C16 614 43 77.2 (53.8, 151.1) 2.388 (2.241, 2.460) 93.0

DS 589 45 62.0 (50.3, 99.2) 2.707 (2.563, 2.756) 92.4
D0 280 41 83.2 (55.5, 163.5) 2.816 (2.599, 2.861) 85.4
D1 283 57 78.0 (64.5, 116.1) 3.233 (2.961, 3.272) 79.9
D2 728 69 84.8 (74.4, 115.3) 3.160 (3.002, 3.219) 90.5
D3 261 49 77.5 (58.2, 137.4) 2.961 (2.678, 3.031) 81.2
D4 1257 50 78.5 (59.2, 138.4) 2.961 (2.678, 3.031) 96.0
D8 565 42 66.0 (49.1, 122.9) 2.961 (2.678, 3.031) 92.6
D12 1524 45 56.4 (48.2, 84.8) 2.961 (2.678, 3.031) 97.0
D16 1135 47 63.5 (51.3, 110.9) 2.530 (2.424, 2.586) 95.9

ES 56 23 53.0 (31.7, 126.2) 2.511 (1.937, 2.604) 58.9
E0 2255 91 186.1 (129.1, 328.8) 2.580 (2.486, 2.631) 96.0
E1 200 21 27.0 (22.3, 48.1) 1.492 (1.201, 1.655) 89.5
E2 308 40 50.1 (42.9, 75.4) 2.372 (2.106, 2.490) 87.0
E3 1154 49 58.8 (51.7, 84.5) 1.979 (1.845, 2.055) 95.8
E4 2237 58 88.6 (67.5, 156.6) 2.483 (2.402, 2.531) 97.4
E8 451 52 227.5 (107.7, 605.4) 2.683 (2.478, 2.756) 88.5
E12 871 45 56.0 (47.9, 86.9) 2.567 (2.445, 2.636) 94.8
E16 149 33 48.0 (37.4, 83.9) 2.522 (2.144, 2.634) 77.9

FS 1201 52 91.4 (66.0, 163.0) 2.071 (1.965, 2.132) 95.7
F0 2447 75 130.1 (97.0, 213.2) 2.321 (2.245, 2.365) 96.9
F1 798 28 41.1 (31.9, 72.4) 0.870 (0.750, 0.948) 96.5
F2 1832 47 68.9 (54.0, 115.4) 1.985 (1.910, 2.029) 97.4
F3 1924 54 87.0 (65.4, 149.7) 2.096 (2.019, 2.145) 97.2
F4 225 24 35.0 (26.9, 65.9) 2.028 (1.795, 2.135) 89.3
F8 364 24 42.3 (28.5, 99.1) 2.057 (1.896, 2.145) 93.4
F12 305 25 28.0 (25.5, 41.5) 2.026 (1.820, 2.132) 91.8
F16 1958 58 79.0 (65.3, 118.4) 2.152 (2.064, 2.208) 97.0

R1 1310 51 72.9 (58.0, 119.4) 2.286 (2.187, 2.336) 96.1
R2 885 34 47.8 (37.4, 89.6) 2.183 (2.059, 2.251) 96.2
R3 376 11 29.0 (15.0, 92.3) 0.199 (0.088, 0.297) 97.1
R4 583 25 85.0 (41.7, 241.2) 1.799 (1.677, 1.867) 95.7

Abbreviations: ESC, estimated sample coverage; OTUs, operational taxonomic units.
Values in brackets are 95% confidence intervals as calculated by each program.

a Calculated with the PANGEA program at the 3% distance level.
b Chao 1-bc (bias-corrected estimator for Chao 1) richness index was calculated

with the SPADE program (3% distance).
c Shannon’s diversity index was calculated with the PAST 2.00 program (3%

distance).
d ESC: G ¼ 1�n/N, where n is the number of phylotypes and N is the total number

of sequences.
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(Fig. 4). With the exception of sample E, the phyla Ascomycota and
Zygomycota were the predominant phyla in all samples, consti-
tuting 85.4% (�31.1) and 14.3% (�30.9) of the fungal populations,
respectively. Sample E also contained members of the phylum
Basidiomycota at a rate of 0.01% (data not shown). Fig. 4 shows the
relative abundance of fungal microorganisms during the rice beer
fermentation process at the family level. All of the analyzed
sequences were distributed among 11 fungal families, with Sac-
charomycetaceae, Saccharomycopsidaceae, Mucoraceae and Tricho-
comaceae representing the 4 major fungal families, together
constituting 99.6% (�0.6) of the fungal sequences. Starter samples
AS and ES contained a high proportion of fungal microorganisms of
the family Mucoraceae (83.0% � 16.6) and a small fraction of Tri-
chocomaceae, Saccharomycetaceae and Saccharomycopsidaceae (less
than 13.9%� 17.4, on average). Samples BS and DS containedmainly
Saccharomycopsidaceae (91.0 and 18.0%, respectively) and Saccha-
romycetaceae (8.6 and 82.0%, respectively); samples CS and FS
contained mainly Saccharomycetaceae (52.3% � 7.6, on average),
Saccharomycopsidaceae (25.4% � 3.3) and Trichocomaceae
(22.0% � 10.5).

In ferments A, B, C and F, there was a rapid increase in the
percentage of fungal microorganisms of the family Saccha-
romycetaceae to 91.9% (�3.3) on average by the third day of
fermentation, and this level was maintained throughout fermen-
tation (97.2% � 3.9, on average at the end of the fermentation). On
the other hand, in ferment D, there was a decrease in Saccha-
romycetaceae to 5.3% on the third day, followed by a sharp increase
to 89.0% on the fourth day, and then this level was maintained
throughout the remainder of the fermentation period. In ferment E,
Saccharomycetaceae represented a minor component (3.7%) until
the fourth day, at which point there was a rapid increase up to
75.0% on day 8 that was maintained for the duration of the
fermentation period. Saccharomycopsidaceae rapidly decreased in
ferments B, C and F to an average of 9.2% (�12.8) on day 3 of
fermentation and was maintained at that level (3.6% � 12.9) until
the end of fermentation. In ferment D, Saccharomycopsidaceae
increased to 93.8% by day 3 and then rapidly decreased on day 4 to
a level of 10.9%, which was maintained during the rest of fermen-
tation. The major fungal microorganisms in ferment E were
members of the family Mucoraceae, representing 93.1%, until day 4
of fermentation, at which point they decreased to 25.0% on day 8
and remained at that level for the duration of fermentation. In
ferment F, Mucoraceae rapidly increased to 84.9% on day 1, sharply
decreased to 11.5% on day 2, and by the end of fermentation, related
sequences were undetectable. Ferment C contained a higher
proportion of microorganisms of the family Trichocomaceae in the
starter (29.4%), but these fungi decreased to 2.6% on day 1 of
fermentation.

To compare fungal dynamics during rice beer fermentation in
more detail, heat maps representing the relative abundance of each
species-level phylotype were constructed (Fig. 5). While the
dominant fungi in each starter were different, the fungal compo-
sition of the ferments, with the exception of ferment E, dramatically
converged into Saccharomyces spp., which represented an average
of up to 92.5% (�10.5) of the sequences at the end of the fermen-
tation process. Wickerhamomyces anomalus and Saccharomycopsis
fibuligera were the main constituents at the beginning of fermen-
tation in ferments B, C, D and F, and then rapidly decreased.
W. anomaluswas not detected in ferment E at the beginning stages,
and then suddenly and dramatically increased to 75.0% on day 8
and was maintained at that level until the end of fermentation. In
ferments A, C and F, Aspergillus spp. and Rhizopus spp. decreased
rapidly and were undetectable at the end of fermentation, while in
ferment E, Rhizopus spp. gradually decreased to a level of 17.9% until
the end of fermentation.

Table 2
Number of sequences analyzed, observed diversity richness (OTUs), estimated OTU
richness (Chao 1-bc), diversity index (Shannon), and estimated sample coverage for
fungal ITS 2 libraries derived from Korean rice beer samples.

Sample ID Read OTUsa Chao 1-bcb Shannonc ESCd

AS 386 17 19.5 (17.4, 34.0) 1.258 (1.092, 1.377) 95.6
A0 387 11 13 (11.2, 27.0) 0.681 (0.534, 0.796) 97.2
A1 1684 11 11.5 (11.0, 19.3) 0.366 (0.313, 0.413) 99.3
A2 447 5 5.5 (5.0, 13.3) 0.263 (0.183, 0.330) 98.9
A3 236 4 5 (4.1, 17.3) 0.216 (0.103, 0.312) 98.3
A4 848 5 5.5 (5.0, 13.3) 0.225 (0.168, 0.273) 99.4
A8 1767 8 11 (8.4, 31.0) 0.246 (0.206, 0.278) 99.5
A12 1445 4 4 (4.0, 4.0) 0.198 (0.162, 0.232) 99.7
A16 929 5 5.5 (5.0, 13.3) 0.232 (0.179, 0.281) 99.5

BS 1849 12 22 (13.9, 64.4) 0.407 (0.358, 0.454) 99.4
B0 1453 9 14 (9.8, 41.1) 0.141 (0.098, 0.175) 99.4
B1 276 6 6 (6.0, 6.0) 0.961 (0.841, 1.054) 97.8
B2 651 5 6 (5.1, 18.5) 0.856 (0.803, 0.900) 99.2
B3 2327 11 18.5 (12.3, 53.5) 0.846 (0.807, 0.878) 99.5
B4 1724 8 11 (8.4, 32.9) 0.653 (0.607, 0.693) 99.5
B8 1790 8 14 (9.0, 45.6) 0.655 (0.610, 0.694) 99.6
B12 700 6 6 (6.0, 6.0) 0.892 (0.834, 0.939) 99.1
B16 1561 6 6.5 (6.0, 14.3) 0.571 (0.524, 0.614) 99.6

CS 347 9 12 (9.4, 34.0) 1.251 (1.154, 1.323) 97.4
C0 285 10 16 (11.0, 47.8) 1.114 (0.981, 1.215) 96.5
C1 1777 9 9 (9.0, 9.0) 0.727 (0.670, 0.776) 99.5
C2 152 4 4 (4.0, 4.0) 0.795 (0.634, 0.910) 97.4
C3 1040 5 5 (5.0, 5.0) 0.544 (0.485, 0.602) 99.5
C4 648 3 3 (3.0, 3.0) 0.379 (0.310, 0.446) 99.5
C8 861 6 7 (6.1, 19.7) 0.623 (0.552, 0.688) 99.3
C12 2056 7 8.5 (7.1, 22.1) 0.350 (0.312, 0.385) 99.7
C16 1495 4 4 (4.0, 4.0) 0.413 (0.371, 0.448) 99.7

DS 377 6 6 (6.0, 6.0) 0.623 (0.528, 0.704) 98.4
D0 1958 14 42 (21.4, 119.3) 0.767 (0.725, 0.801) 99.3
D1 416 7 7 (7.0, 7.0) 0.974 (0.879, 1.051) 98.3
D2 760 8 8.5 (8.0, 16.3) 0.384 (0.309, 0.452) 98.9
D3 340 4 4 (4.0, 4.0) 0.281 (0.182, 0.369) 98.8
D4 991 6 6 (6.0, 6.0) 1.059 (0.994, 1.116) 99.4
D8 486 6 6 (6.0, 6.0) 1.084 (1.002, 1.149) 98.8
D12 1122 7 10 (7.4, 31.8) 0.391 (0.327, 0.449) 99.4
D16 396 5 5 (5.0, 5.0) 0.951 (0.853, 1.034) 98.7

ES 248 10 15 (10.8, 42.1) 0.405 (0.247, 0.533) 96.0
E0 1452 17 20.3 (17.5, 39.1) 0.679 (0.600, 0.743) 98.8
E1 2052 7 8 (7.1, 20.8) 0.294 (0.253, 0.332) 99.7
E2 1009 11 14 (11.4, 34.0) 0.358 (0.285, 0.421) 98.9
E3 618 10 11 (10.1, 20.7) 0.496 (0.401, 0.573) 98.4
E4 1585 12 12.3 (12.0, 18.0) 0.442 (0.378, 0.497) 99.2
E8 4 2 2 (2.0, 2.0) 0.562 (0.000, 0.693) 50.0
E12 401 9 10.5 (9.1, 24.1) 0.918 (0.807, 1.000) 97.8
E16 318 7 7.5 (7.0, 15.3) 0.703 (0.575, 0.801) 97.8

FS 130 5 5 (5.0, 5.0) 1.059 (0.908, 1.161) 96.2
F0 1100 11 12.5 (11.1, 26.1) 0.787 (0.713, 0.844) 99.0
F1 2497 13 15.5 (13.4, 30.0) 0.559 (0.518, 0.595) 99.5
F2 1222 8 8.5 (8.0, 16.3) 1.035 (0.980, 1.083) 99.3
F3 2043 8 9.5 (8.1, 23.1) 0.598 (0.553, 0.638) 99.6
F4 860 7 7.5 (7.0, 15.3) 0.654 (0.578, 0.723) 99.2
F8 1712 5 5 (5.0, 5.0) 0.433 (0.390, 0.474) 99.7
F12 1852 6 7 (6.1, 19.7) 0.417 (0.378, 0.455) 99.7
F16 197 3 3 (3.0, 3.0) 0.360 (0.235, 0.472) 98.5

R1 1556 9 10.5 (9.1, 24.1) 0.396 (0.346, 0.441) 99.4
R2 1604 7 13 (8.0, 44.4) 0.311 (0.262, 0.350) 99.6
R3 1388 5 8 (5.4, 29.4) 0.314 (0.272, 0.349) 99.6
R4 1756 3 3 (3.0, 3.0) 0.277 (0.245, 0.307) 99.8

Abbreviations: ESC, estimated sample coverage; OTUs, operational taxonomic units.
Values in brackets are 95% confidence intervals as calculated by each program.

a Calculated with the PANGEA program at the 3% distance level.
b Chao 1-bc (bias-corrected estimator for Chao 1) richness index was calculated

with the SPADE program (3% distance).
c Shannon’s diversity index was calculated with the PAST 2.00 program (3%

distance).
d ESC: G ¼ 1�n/N, where n is the number of phylotypes and N is the total number

of sequences.
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3.5. Comparison of microbial communities of starter samples and
commercial branded rice beers

The bacterial communities of commercial branded rice beers
(samples R1eR4) were next analyzed and compared to the
laboratory-scale fermentation samples. In all of the commercial
branded rice beers, the major bacterial phylum was Firmicutes
(96.5% � 4.0) (Fig. 2) and, with the exception of sample R1, 96.6%
(�2.0) of the sequences belonging to the phylum Firmicutes were
related to the family Lactobacillaceae. In sample R1, Firmicutes
sequences were split between Lactobacillaceae and Streptococca-
ceae (74.4% and 13.2%, respectively) (Fig. S2). At the genus-level
(Fig. 3), on average, 99.7% (�0.4) of the bacterial sequences of the
family Lactobacillaceae converged into the genus Lactobacillus; in
sample R1, all of the sequences belonging to Streptococcaceae were
identified as Lactococcus lactis of the genus Lactococcus. The
commercial rice beers contained various brand-specific species of
Lactobacillus. Sample R1 contained mainly Lactobacillus plantarum
(35.2%), Lactobacillus parabuchneri (12.6%) and Lactobacillus curva-
tus (8.2%); sample R2 contained mainly L. plantarum (40.1%),
Lactobacillus casei (18.0%), Lactobacillus hilgardii (7.7%) and Lacto-
bacillus harbinesis (6.8%); sample R4 contained mainly Lactobacillus
fermentum (97.1%); and sample R5 containedmainly L. casei (44.3%),
L. fermentum (15.8%) and L. paracasei (13.9%). Unlike the commercial
rice beers, the bacterial composition of the final products of
laboratory-scale fermentation (samples A16eF16) contained
various bacterial species of Leuconostoc, Pediococcus, Weissella,
Lactococcus, Cronobacter, Enterobacter and Klebsiella, as well as
Lactobacillus (Fig. 3): Pediococcus pentosaceus (greater than 3.9% in

samples A16, B16, C16, D16 and F16), Pediococcus acidilactici
(greater than 1.1% in samples A16, B16 and C16), Pediococcus sp. P14
(greater than 3.5% in samples D16 and F16), Leuconostoc mesen-
teroides (12.8% in sample E16), Weissella cibaria (41.6% in sample
F16), W. confusa (6.4% in sample A16), W. paramesenteroides
(greater than 14.3% in samples B16 and D16), W. salipiscis (6.8% in
sample A16), L. lactis (4.7% in sample E16), C. sakazakii (39.0 and
19.3% in samples E16 and F16, respectively), Enterobacter sp. CSB08
and Enterobacter sp. pp9c (greater than 3.0 and 2.8% in samples B
and C, respectively), and Klebsiella pneumoniae (10.7% in sample
C16). For the commercial branded rice beers, with the exception of
sample R2, the fungal composition consisted only of Saccharomyces
cerevisiae (average, 91.5%) and the fusant of S. cerevisiae and
Candida shehatae (average, 7.5%). Sample R2 also contained Asper-
gillus tubingensis (1.9%) (Fig. 4). At the species-level (Fig. 5), the
fungal communities of the final products of laboratory-scale
fermentation, with the exception of the failed product (sample E),
were generally similar to the commercial branded rice beers.
Sample D16 differed the most in that it contained W. anomalus
(4.8%) and S. fibuligera (19.9%). Similarly, samples C16 and F16
contained S. fibuligera at a level of 8.4% and 2.5%, respectively.
Principal component analysis (PCA) showed that all of the samples
had different bacterial community profiles, but there were strong
relationships between the samples (excluding ferment E) in terms
of fungal community profiles. These results suggested that the
fungal communities of the commercial samples and the lab-scale
ferments converged into a similar restricted fungal population,
whereas each sample maintained a specific bacterial community
profile (Fig. 6).

Fig. 2. Bacterial community dynamics during the fermentation of rice beers. The relative abundance of partial sequences of the bacterial 16S rRNA genes was estimated by
classification at the phylum level.
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3.6. Quantitative comparison of bacteria and fungi in rice beer
fermentation using qPCR

To determine the total number of microorganisms in rice beer,
the abundance of bacteria and fungi in the final lab-scale ferments
and commercial branded rice beers was estimated using qPCR. The
equations for the bacterial and fungal standard curves were as
follows: y ¼ �3.8888x þ 29.224 and y ¼ �5.0465x þ 25.68,
respectively (x, log10 DNA concentration in ng/mL; y, cycle
threshold), with coefficients of 0.997 and 0.992, respectively
(Fig. S3). The gene copynumber for bacteria ranged from3.909�105

and 4.341�107 permicroliter of bulkDNA, and for fungi, 5.005�106

and 3.247 � 108 per microliter of bulk DNA. The average gene copy
number for bacteria in the final ferments was approximately 10.5-
fold higher than the commercial beers, whereas the gene copy
number for fungi was similar. This resulted in the final ferments
having an average gene copy ratio of fungi to bacteria that was
approximately 30.0-fold lower than the commercial rice beers.

4. Discussion

In the current study, ferments generated using six different kinds
of nuruk, a starter, exhibited starter-specific microbial compositions

and dynamics during the fermentation process.While each ferment
had a diverse species-level bacterial community in the early stage of
fermentation, the number of bacterial species was significantly
reduced by the end of fermentation, and almost all of the bacteria
converged into a few bacterial species of the families Lactobacilla-
ceae, Leuconostocaceae and Enterobacteriaceae. The compositions of
the starter-specific bacterial communities could potentially be
explained by geographical variations in nuruk, which is prepared
through the natural transfer of bacteria from the environment, not
by artificial inoculation with specific bacterial strains. In the case of
fungi, ferment-specific successions of fungal species were also
observed during the fermentation process. Aspergillus fumigates
(samples C and E), A. oryzae (sample C), Kazachstania barnettii
(sample E), W. anomalus (samples B, C, D and F), Rhizopus micro-
spores (samples A, E and F), S. fibuligera (all samples), and S. cer-
evisiae (all samples) were present at greater than 1% abundance in
the earlier stages of fermentation. However, as fermentation pro-
gressed, this heterogeneity in fungal species was dramatically
diminished and S. cerevisiae became the dominant microorganism.
This trend of reduction in the fungal community diversity and
predominance of S. cerevisiae as fermentation progresses may be
due to the ability of S. cerevisiae to rapidly produce ethanol and
tolerate high concentrations of alcohol in the fermentation process.

Fig. 3. Changes in bacterial taxa during fermentation. Each column in the heat map represents a different rice beer sample. The starter sample and eight ferment samples (samples
on days 0e4, 8, 12, and 16) from the each ferment and four commercial rice beer samples (R1eR4) are shown grouped together in parallel. Each row represents a species. The color
intensity of the panel is proportional to the abundance of OTUs (max. 10%). The staggered bars on the right indicate phyla (Act ¼ Actinobacteria, Fir ¼ Firmicutes, a-Pro ¼ a-
Proteobacteria, g-Pro ¼ g-Proteobacteria, Unc ¼ Unclassified bacteria). The numbers on the left represent the predominant species: 1. Lactobacillus brevis; 2. L. coryniformis; 3.
L. fermentum; 4. L. paralimentarius; 5. L. plantarum; 6. Pediococcus pentosaceus; 7. Leuconostoc mesenteroides; 8. Weissella cibaria; 9. W. confusa; 10. W. paramesenteroides; 11.
W. salipiscis; 12. Lactococcus lactis; 13. Cronobacter sakazakii; 14. Enterobacter sp. CSB08; 15. Enterobacter sp. mcp11b; 16. Enterobacter sp. pp9c; 17. Klebsiella pneumonia; and 18.
Enterobacteriaceae bacterium Z4076.
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Fig. 4. Fungal community dynamics during the fermentation of rice beers. The relative abundance of partial sequences of the fungal ITS 2 region was estimated by classification at
the family level.

Fig. 5. Changes in fungal taxa during fermentation. Each column in the heat map represents a rice beer sample. Starter samples and eight ferment samples (samples on days 0e4, 8,
12, and 16) from each ferment and four commercial rice beer samples (R1eR4) are shown grouped together in parallel. Each row represents a species. The color intensity of the
panel is proportional to the abundance of OTUs (max. 10%). The staggered bars on the right indicate the families (Dav ¼ Davidiellaceae, Ple ¼ Pleosporaceae, Her ¼ Herpotrichiellaceae,
Tri ¼ Trichocomaceae, Nec ¼ Nectriaceae, Api ¼ Apiosporaceae, End ¼ Endomycetaceae, Sac ¼ Saccharomycetaceae, Sap ¼ Saccharomycopsidaceae, Tre ¼ Tremellaceae,
Muc ¼ Mucoraceae, Unc ¼ Unclassified fungi). The numbers on the left represent the predominant species: 1. Aspergillus flavus; 2. A. fumigatus; 3. A. niger; 4. A. oryzae; 5. Candida
tropicalis; 6. Kazachstania barnettii; 7. Wickerhamomyces anomalus (synonym Pichia anomala); 8. Saccharomyces cerevisiae; 9. the fusant of S. cerevisiae and C. shehatae; 10. Sac-
charomycopsis fibuligera; 11. Rhizopus microsporus; and 12. R. oryzae.
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LAB are a group of microorganisms that produce lactic acid from
carbohydrates and represent some of the most well-studied and
important microorganisms due to their various beneficial proper-
ties, including growth inhibition of pathogenic microorganisms,
immune stimulation in host animals, and cancer reduction
(Macfarlane and Cummings,1999; Naidu et al.,1999; Perdigon et al.,
1995). In addition, LAB are important in the preparation of various
fermented foods using plant materials, such as grains, sap and fruit
juice (Caplice and Fitzgerald, 1999). They also play a critical role in
the successful fermentation of alcoholic beverages by inhibiting the
growth of a number of spoiling and pathogenic microorganisms
through the production of organic acids, hydrogen peroxide,
diacetyl, CO2 and bacteriocin (Calo-Mata et al., 2008). In the current
study, a high proportion of Enterobacteriaceae, including the genera
Cronobactor, Enterobacter, Klebsiella, and Escherichia, was detected
in the early stage of fermentation but was dramatically replaced by
LAB as fermentation progressed, with LAB representing as much as
77.6% of the bacterial community, and acidity increased. Escalante
et al. (2008) previously analyzed bacterial community dynamics
during the fermentation of Mexican alcoholic beverages and re-
ported that the proportion of Proteobactera such as Erwinia rha-
pontici, Enterobacter spp., and Citrobacter sp. was gradually reduced
and replaced by LAB such as Lactobacillus, Lactococcus, Leuconostoc,
Pediococcus and Streptococcus throughout the fermentation
process. In addition, Thanh et al. reported that LAB distributed
across 6 genera (Enterococcus, Lactobacillus, Lactococcus, Leuconos-
toc, Pediococcus and Weissella) were the most dominant bacterial
group, accounting for 32 of 45 DGGE bands in Vietnamese alcohol
fermentation starters (banh men) (2008). Thus, LAB seems to be
a major bacterial group involved in the inhibition of spoilage
bacteria during the fermentation of Korean alcoholic beverages.

The flavor quality of alcoholic beverages is dependent on the
ester compounds formed from reactions between alcohol and
carboxylic acid catalyzed by enzymes such as esterases, lipases and
alcohol acetyltransferases, which are produced by LAB (Sumby
et al., 2010). In addition, esterification improves the taste of alco-
holic beverages through the reduction of acidity and sourness. In
a previous study, the content and amount of ester compounds
such as ethyl 2-methylpropanoate, ethyl 2-methylbutanoate,
ethyl 3-methylbutanoate, ethyl 2-hydroxypropanoate, ethyl 3-
hydroxybutanoate, ethyl hexanoate, 3-methybutyl acetate, ethyl

2-phenylacetate, 2-phenylethyl acetate and hexyl acetate were
shown to be strain-specific. These ester compounds have the
potential to greatly affect the final aroma of alcoholic beverages,
although excess growth of LAB could also throw off the flavor in the
final product (Sumby et al., 2010). Here, a slight increase in the pH
value 2 or 3 days after the beginning of fermentationwas observed,
and this correlated with the increase in bacterial species of the
genera Leuconostoc and Lactobacillus. It has been reported that
Korean rice beers manufactured with different kinds of nuruk have
a specific aromatic content (Woo, K.S. et al., 2010; Woo, S.M. et al.,
2010; Yi et al., 2010). As shown with other fermented alcoholic
beverages, esterification seems to be mediated by LAB and the
ferment-specific LAB communities identified in the current study
might contribute to unique flavors and aromas in traditional
rice beer.

Unlike the making of wine and beer, which does not require
microbial saccharification, the saccharification of raw materials in
alcohol fermentation using mixed starters is accomplished by
Mucoraceae and Trichocomaceae, including the genera Mucor,
Rhizopus and Aspergillus (Nout, 2009). For example, in sake
manufacturing, A. oryzae inoculated into koji produces a-amylase
and amylglucosidase, which hydrolyze starches to dextrin, malto-
triose, maltose, glucose, and acids. However, Mucoraceae and Tri-
chocomaceaewere not a major component during the fermentation
of rice beers and represented only a minor constituent of the nuruk
starters. On the other hand, S. fibuligera and W. anomalus were
detected at the beginning of fermentation and were maintained at
high levels throughout the fermentation process as glucose
concentrations increased, eventually being replaced by primary
ethanol-producing yeast (S. cerevisiae) as ethanol concentrations
increased to their maximum level. It was previously reported that
S. fibuligera is the main amylase producer in traditional Thai and
Vietnamese alcohol fermentation (Limtong et al., 2002).
W. anomalus is known to have a positive (flavor-enhancing) role in
food and beverage fermentation and in food preservation. Due to its
ability to produce significant amounts of ester compounds,
including ethyl acetate,W. anomalus is believed to help improve the
flavor of alcoholic beverages (Rojas et al., 2003, 2001). In addition,
W. anomalus possesses antimicrobial properties, including the
production of killer toxins, hydrolytic enzymes such as b-glucanase
and volatile chemicals such as ethyl acetate, which can help

Fig. 6. Principal component analysis (PCA) of the distribution of bacterial (A) and fungal (B) species in rice beer samples.

M.-J. Jung et al. / Food Microbiology 30 (2012) 112e123 121



Author's personal copy

prevent fungal and bacterial spoilage in fermented foods
(Passoth et al., 2006). Amylolytic yeasts such as S. fibuligera and
W. anomalus might be the primary drivers of the saccharification
rawmaterials, as opposed tomoulds, in Korean fermented alcoholic
beverages. Additionally, the proliferation of W. anomalus in the
early stage of fermentation may contribute to the suppression of
spoilage microorganisms and enhance flavor and taste.

S. cerevisiae is an essential fermentative microorganism that
produces ethanol from glucose, fructose and sucrose, and synthe-
sizes both nutritive (amino acids and vitamins) and flavor-volatile
compounds that influence the quality and aromatic profile of
beverages (Lappe-Oliveras et al., 2008). Saccharomyces may be
specifically adapted to ethanol production compared to other types
of yeast. During ethanol production in the presence of oxygen, the
energy for S. cerevisiae growth is provided through glycolysis and
fermentation rather than oxidative respiration (De Deken, 1966;
Johnston, 1999). Although it is not the most efficient strategy for
degrading substrate to C2 compounds, fast ethanol production by
S. cerevisiae is a successful growth strategy because ethanol is toxic
to most other microbes (Pi�skur et al., 2006). In the current study,
the proportion of Saccharomyces such as S. cerevisiae and the fusant
of S. cerevisiae increased throughout the rice beer fermentation
process, correlating with the increase in ethanol content and rep-
resenting on average 92.5% of the fungal community at the end of
fermentation. Thus, S. cerevisiae seems to be the microorganism
responsible for ethanol production in Korean rice beer, similar to
wine, beer and other fermented alcoholic beverages.

Comparative analysis showed that commercial brand rice beers
and the final products of traditional rice beers have different
microbial compositions. The bacterial communities of commercial
rice beers were dominated by the genus Lactobacillus. However,
traditional rice beers had diverse ferment-specific bacterial
communities and complex bacterial diversity, containing species of
the genera Pediococcus, Weissella, Enterococcus and Lactococcus as
well as Lactobacillus. Commercial rice beers contained less than 1%
g-Proteobacteria, including the genera Cronobacter, Enterobacter,
Escherichia and Klebsiella, compared to 12.5% for the traditional rice
beers at the end of fermentation, even though the abundance of g-
Proteobacteria was reduced throughout the fermentation process.
g-Proteobacteria are present in other alcoholic beverages, and these
bacteria are naturally distributed in environments such as fresh
water, soil, and plant and vegetable surfaces (Ampe et al., 1999;
Gassem, 2002). It is possible that g-Proteobacteria is found in rice
beers because it is part of the natural bacterial diversity and thus is
incorporated into the fermentation starter from the environment
during preparation and storage under non-aseptic conditions.
Differences in bacterial community structure between traditional
and commercial rice beers were also assessed by PCA. While each
rice beer sample had sample-specific bacterial diversity, the tradi-
tional and commercial rice beer samples formed individual clus-
ters, with each group (traditional or commercial rice beer) clearly
separated from the other (Fig. 6). Additionally, there was little
difference in terms of fungal microbiota between traditional and
commercial rice beers, whereas the bacterial communities of the
traditional rice beers exhibited a spontaneous species composition,
most likely reflecting the natural transfer of microorganisms from
the environments into the nuruks. Each type of nuruk, therefore,
can be seen as representing the specific microbial community in
which it was manufactured, and as such, will tend to have a far
more complex bacterial community than industrial starters.

In the case of the fungal community, while traditional and
commercial rice beers showed similar patterns, dominated by
S. cerevisiae, traditional rice beers contained additional fungi such
as Pichia spp. and Sacchromycopsis spp. compared to commercial
rice beers. It is widely accepted that fungi rather than bacteria play

amajor role in alcohol fermentations (Haard et al., 1999). Therefore,
differences in fungal species composition would largely affect
fermentation efficiency and product quality. There was one alcohol
fermentation failure in the current study, traditional sample E. This
sample was different from the other traditional and commercial
rice beers in terms of fungal community as well. Sample E was
dominated by Pichia spp., Saccharomcopsis spp., Rhizopus spp. and
unclassified fungi rather than S. cerevisiae, and the overall fungal
community of sample E was clearly separate in the clustering
analysis (Fig. S4B).

Consumption of Korean traditional rice beer has been increasing
not only in Korea but worldwide due to promotion of its taste and
nutritional value, as well as its health-promoting properties to
consumers (Bae et al., 2010; Rhee et al., 2004). While the process of
manufacturing nuruk involves the natural transfer of a complex
microbial community from the environment in which the starter is
made, the bacterial and fungal composition of nuruk is important
for the quality of the alcoholic beverage in terms of alcohol content,
flavor and taste. The majority of industrially manufactured Korean
rice beer is made using a modified starter nuruk inoculated with
Lactobacillus sp. and S. cerevisiae to ensure the uniformity of the
product. Using 454 pyrosequencing, we were able to demonstrate
that the fermentation of Korean alcoholic beverages is associated
with a wide range of the starter-specific microorganisms. It was
also confirmed that the fermentation is completed by a progressive
selection of S. cerevisiae and LAB from among the starting bacterial
and fungal communities. While additional studies will be needed
on the microorganisms that participate in fermentation and the
biochemical mechanisms of Korean rice beer fermentation, the
insight gained from this analysis of microbial diversity and
compositionwill help in the development of traditional Korean rice
beersmanufacturedwith various nuruk starters with unique flavors
and tastes. Finally, the success of the molecular analytical approach
used in the current study will be an important contribution to the
field of food microbial ecology.
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