




Reaction conditions involved an initial step at 95°C for 30 s, followed by
40 cycles of 5 s at 95°C, 1 min at 55°C, and 1 min at 72°C. For amplification
of total bacteria, the primers Uni334F (5=-ACTCCTACGGGAGGCAGC
AGT-3=) and Uni514R (5=-ATTACCGCGGCTGCTGGC-3=) (27) were
used. Reaction conditions consisted of an initial hold at 50°C for 2 min,
95°C for 10 min, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. All
reactions were performed in triplicate in optical-grade 96-well plates on
an ABI Prism 7500 Fast real-time PCR system (Applied Biosystems). The
instrument automatically calculated cycle threshold (CT), efficiency (E),
confidence intervals, and Saccharomyces cerevisiae cell equivalents (fungi)
or 16S rRNA gene copy number (bacteria) by comparing sample CT values
to a standard curve of serially diluted genomic DNA extracted from a
known concentration of S. cerevisiae or Escherichia coli cells.

Nucleotide sequence accession numbers. Raw marker gene sequenc-
ing data were deposited in QIIME-DB (www.microbio.me/qiime) under
the accession numbers 2278 (16S rRNA gene sequences) and 2279 (fungal
ITS sequences).

RESULTS
Koji and sake preparation involve multistage microbial succes-
sion. To elucidate the microbial processes involved in traditional
kimoto sake fermentations, a combined culture-independent ap-
proach of marker gene sequencing, qPCR, and LAB-TRFLP (23)
was used to profile two separate fermentations and koji prepara-
tions in a single North American sake brewery. Results demon-
strated large changes in bacterial community composition and
abundance over time (Fig. 2). Koji preparations were character-

ized by several-log bacterial growth over 48 h, reaching a maxi-
mum of close to 109 16S rRNA gene copies/ml (Fig. 2A and B). For
the first 24 h following inoculation, the bacterial communities
appear unpredictable and differed between batches but primarily
consisted of Acinetobacter, Bacillus, and Staphylococcus. After 24 h,
both koji batches were dominated by Bacillus with secondary pop-
ulations of Staphylococcus and Planococcaceae. After being mixed
with steamed rice and water to initiate moto production, the bac-
terial communities quickly changed from a koji-like profile to
become dominated by Lactobacillaceae, Klebsiella, and Lactococcus
within 4 days, accompanied by another 1-log increase in bacterial
abundance to between 109 and 1010 16S rRNA gene copies/ml
(Fig. 2A). As moto fermentation proceeded, Lactococcus and Kleb-
siella gradually declined, replaced by increasing populations of
Lactobacillaceae. The onset of moromi, during which more
steamed rice is added as the fermentation is mixed and transferred
to a larger vessel, is characterized by another drastic change in
bacterial community composition. Bacillus and Leuconostoc sud-
denly emerged in both batches before gradually decreasing during
the course of fermentation. Lactococcus, Staphylococcus, and Kleb-
siella continued to decrease over the course of moromi fermenta-
tion, yielding to increasing Lactobacillaceae populations. How-
ever, no appreciable change in bacterial abundance occurred
during the moto-to-moromi transition or during the remainder
of the fermentation, through which it hovered around 108 to 109

FIG 2 Kimoto fermentations involve multistage bacterial succession. Bacterial community abundance and structure across time for batch A (A) and batch B (B).
Column height indicates qPCR 16S rRNA gene copy number/ml. Relative abundance of each bacterial taxon (sequence count/total sequence count) derived from
marker gene sequencing (key in panel B) is superimposed on each bar and does not correspond to the y axis. Only taxa detected at �1% maximum relative
abundance are shown. (C) Relative abundance (OTU peak area/total peak area) of Lactobacillales detected in batch A by LAB-TRFLP (23). Units along x axis
indicate hours (koji) or days (moto and moromi) since initiation of stage. I, inoculation with Aspergillus flavus var. oryzae; M, mixing; H, koji harvest.
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16S rRNA copies/ml (Fig. 2A and B). Although some of the taxo-
nomic groups detected in these fermentations include potentially
pathogenic organisms (e.g., Klebsiella), both batches tested fin-
ished at 10% alcohol and pH 3.7, effectively preventing growth or
survival of pathogenic organisms and explaining the decreased
abundance of these groups as moromi fermentation progressed.

Due to the limited heterogeneity of some bacterial taxonomic
groups within the 16S rRNA gene V4 domain with the short read
lengths achievable by marker gene sequencing methods, the dom-
inant bacterial taxon in sake fermentations could be confidently
identified only to the family level: Lactobacillaceae. Therefore,
LAB-TRFLP (23) was used to identify which Lactobacillaceae were
present during the course of sake fermentations. Results identified
Lactobacillus plantarum as the most abundant species during the
course of fermentation, with large populations of Lactobacillus
parabrevis, Lactobacillus fermentum, and a group identified as ei-
ther Lactobacillus acidophilus, Lactobacillus helveticus, or Lactoba-
cillus amylolyticus (Fig. 2C). L. plantarum, L. acidophilus, and L.
fermentum have all been described in sake previously (12). Con-
sistent with the marker gene sequencing results, Lactococcus lactis
and other Streptococcaceae (most likely other lactococci) were also
detected during the fermentation course.

The fungal communities of kimoto fermentations exhibited
comparatively less complexity, consisting primarily of S. cerevisiae
and A. flavus var. oryzae throughout the course of fermentation
(Fig. 3). Rapid fungal growth was observed over the 48-h course of
koji preparation, from around 106 to 1010 S. cerevisiae cell equiv-
alents/ml, consisting almost entirely of A. flavus var. oryzae with
minor populations of S. cerevisiae. Populations continued to in-
crease and stabilized around 1010 cell equivalents/ml through
moto and moromi stages, during which time A. flavus var. oryzae
dramatically decreases in favor of S. cerevisiae. Minor populations
of Wickerhamomyces anomalus were observed sporadically in both

batches in these later stages. In the initial days of batch 1 moromi,
several other fungi were observed, including Phoma, Aspergillus,
and an unknown Nectriaceae, disappearing within the first week
(“Other” in Fig. 3).

The processing environment is the source of adventitious
microbiota in sake fermentations. Marker gene sequencing and
qPCR were also both applied to characterize the bacterial and
fungal communities on equipment and surfaces within the sake
brewery environment in order to observe sites of microbial trans-
fer between the processing environment and these autochthonous
sake fermentations. The adventitious microbiota detected during
these sake fermentations were observed frequently throughout the
brewery environment (Fig. 4). The greatest abundance of bacteria
and fungi was detected within the main fermentation cellar, par-
ticularly in and around the moto, fermentation, and aging tanks.
S. cerevisiae (99.9% maximum relative abundance) and the Lacto-
bacillaceae OTUs (70.7%) detected in the fermentations were
highly abundant at these sites, as were Bacillus (40.8%), Klebsiella
(10.7%), Lactococcus (10.3%), Leuconostoc (1.8%), Staphylococcus
(3.1%), and W. anomalus (38.5%), all organisms detected in the
moto and moromi fermentations. The koji room and rice steam-
ing room both displayed lower bacterial and fungal abundance
than the main cellar. Microbes detected in the fermentations were
less prevalent here, but Bacillus and Staphylococcus were detected
at higher abundances on equipment surfaces within these rooms,
corresponding to their detection in the koji preparations. While A.
flavus var. oryzae was the dominant fungus in koji preparations, it
was detected less frequently in the environment (73.5% maximum
relative abundance inside koji room, 6.5% maximum elsewhere).

DISCUSSION

Kimoto sake fermentations are a unique and increasingly rare fer-
mentation tradition, employing indigenous microbiota to per-

FIG 3 Fungal succession of kimoto fermentations. Fungal community abundance and structure across time for batch A (A) and batch B (B). Column height
indicates qPCR S. cerevisiae cell equivalents/ml. Relative abundance of each fungal taxon (sequence count/total sequence count) derived from marker gene
sequencing; key in panel B) is superimposed on each bar and does not correspond to the y axis. Only taxa detected at �1% average relative abundance are shown.
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form a multistage food fermentation. The several stages of pro-
duction apparently involve a parallel succession of bacteria and
fungi responsible for the fermentation. The initial stage, koji prep-
aration, is a semiaerobic, stirred, solid fermentation, dominated

by A. flavus var. oryzae (the only organism inoculated in the koji),
Bacillus, and Staphylococcus, accompanied by a complex, variable
consortium of adventitious bacteria (Fig. 2 and 3). Some of these
groups, e.g., Pseudomonas, have been detected in early sake fer-

FIG 4 Microbial drivers of kimoto fermentations are residents of the processing environment. Floor plan key (top) depicts all environmental surfaces analyzed.
Microbial heatmaps (below) indicate estimated absolute abundance of select microbial taxa detected in high abundance in kimoto fermentations. Total bacteria
and total fungi are results of actual qPCR data; estimated abundances of other taxa are the products of marker gene sequencing relative abundance (sequence
count/total sequence count) multiplied by absolute abundance of the appropriate qPCR target. Color gradient logarithmic scale is indicated in the key (top right).
White surfaces (fungal plots) were below the limit of detection.
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mentations previously but do not persist (6, 7), consistent with
our observations. A. flavus var. oryzae was the dominant fungus
detected in the koji and the koji room environment, reflecting its
use as an inoculum here. The marker gene sequencing method
could not distinguish varieties of this fungus, but this OTU pre-
sumably represents Aspergillus flavus var. oryzae, the pure com-
mercial inoculum used in this facility (and traditionally in sake
and other food fermentations), and not other phytopathogenic,
aflatoxin-producing varieties of A. flavus (28).

The moto, or seed mash, is the next propagation stage involved
in sake production, during which prepared koji is mixed with
steamed rice and water, precipitating a dramatic shift in the mi-
crobial communities and initiating alcoholic fermentation (Fig. 2
and 3). A. flavus var. oryzae, Bacillus, and other koji organisms
rapidly declined, most likely because of decreased aerobiosis fol-
lowing hydration, and were replaced by S. cerevisiae, Lactobacillus
spp., Lactococcus, and Klebsiella. This consortium bears consider-
able similarity to another autochthonous beverage fermentation,
lambic-style coolship beers (29), providing a similar niche as a
grain-based sugar substrate with relatively high pH and low alco-
hol prior to fermentation. While the roles of Saccharomyces and
lactic acid bacteria in sake fermentations are well characterized—
alcohol production and acidification, respectively—those of sev-
eral other microbiota that appear in the moto are unclear. Kleb-
siella may play a similar role as in lambic-style beers, in which
enterobacteria produce short-chain fatty acids and organic acids
that contribute to product complexity (30). Consequently, they
may be responsible for some of the more pungent aromas of
kimoto compared to modern sake production.

The moromi, or main mash, involves mixing the moto with
increasing quantities of water and steamed rice to start the main
fermentation. Interestingly, Bacillus and Leuconostoc emerged at
this stage in both batches analyzed, as well as Staphylococcus in
batch B, reminiscent of the bacterial composition of the koji (Fig.
2). Though these taxa were detected throughout the main cellar,
their sudden emergence in the moromi may suggest that the
severalfold dilution of the moto with water and steamed rice
introduces this microbial influx and encourages their growth
until conditions restabilize. Spore-forming bacilli may survive
rice steaming (31) and grow on the surface before alcohol in-
creases and oxygen decreases, yielding the large populations ob-
served in all moromi tanks and batches. Bacillus spp. are com-
monly reported in other rice wines and solid rice fermentations
(32–38) in which the amylolytic activity of these bacteria may be
an important contributor to saccharification (33). The role of ba-
cilli in sake flavor development is unknown, but they can produce
an array of ketones, acids, esters, and other compounds important
to soybean fermentations (39) and may play a similar role here.
Staphylococcus is frequently detected on human skin (40) and in
food fermentations, including other Asian beverage fermenta-
tions that employ semisolid stages similar to koji preparation (34–
37). The common pattern observed in rice fermentations of early
dominance by Staphylococcus and Bacillus species succeeded by
lactic acid bacteria has led other authors to speculate that these
bacteria may produce growth factors conducive to lactic acid bac-
teria growth later during the fermentation (38), but this relation-
ship has yet to be demonstrated. Leuconostoc species have also
been frequently isolated from sake fermentations, in which it pro-
duces lactic acid (11, 12). In some kimoto fermentations, Leucono-

stoc mesenteroides can directly compete with L. sakei, providing the
opportunity for growth of wild yeasts (9).

Surprisingly, no yeasts other than S. cerevisiae were detected in
appreciable quantities throughout any of the sake fermentations
or within the processing environment. Non-Saccharomyces yeasts
have been reported in other sakes previously (8), as well as in other
food processing environments (1, 41). Unlike wine and some
cheese production, sake production involves raw material steril-
ization, rice steaming, prior to any production stage. This may
limit the carryover of microbiota associated with the raw materials
into the fermentation and into the processing areas. The low fun-
gal biomass observed in the rice steaming and koji preparation
rooms may be further evidence of this theory. The one non-Sac-
charomyces yeast detected in sakes and in the cellar was W. anoma-
lus. This yeast is commonly detected in fermented beverages and
other food products (42). It is considered typical in some food
fermentations, including other rice wines (32), but causes spoilage
in many foods through excessive ethyl acetate production (42). It
was detected at low abundances in these kimoto fermentations,
likely inhibited by the high alcohol concentration (42), but may be
a typical member of these types of fermentations.

Most of the organisms commonly detected in these kimoto
fermentations were also detected on equipment and other sur-
faces throughout the main cellar, particularly on processing
equipment and fermentation tanks (Fig. 4). As these fermenta-
tions rely entirely on the growth of adventitious microbiota,
their presence within the cellar demonstrates the importance of
surface contact for possible bidirectional transfer of these or-
ganisms between fermentations. Similarly to artisan cheese-
making facilities (1), individual sake breweries may harbor
unique, resident microbiota, potentially leading to regional
differences in kimoto characteristics. However, the resident
populations may not necessarily be stable and likely fluctuate
seasonally as previously observed in wineries (41), altering the
propensity for flavor development and spoilage by indigenous
microbiota on a seasonal basis in response to changing envi-
ronmental conditions. This may reflect the practice of per-
forming traditional sake fermentations only during winter
months, when cooler conditions would dampen spoilage po-
tential. Further studies across multiple sake breweries and sea-
sons will be necessary to establish the stability and regionality
of sake brewery microbiota.

This study illuminates the role of brewery-resident, adventi-
tious microbiota in spontaneous sake fermentations. The micro-
bial succession of these fermentations closely corresponds to the
microbial consortia inhabiting the production environment, il-
lustrating the reservoirs and routes for microbial contact in tradi-
tional food fermentations. Interrogating the microbial consortia
of production environments in parallel with food products is a
valuable approach for understanding the complete ecology of
food production systems. Using this model, a similar approach
could—and should— be applied to any food production system,
leading to enlightened perspectives for process control, spoilage
prevention, and food safety.
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