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ABSTRACT Microbial sulfur metabolism plays crucial roles in various food and alco-
holic beverage fermentations. 3-(Methylthio)-1-propanol and dimethyl disulfide are
important sulfur compounds in fermented foods and alcoholic beverages. Here, we
studied the dynamics of these two compounds during spontaneous Chinese liquor
fermentation. The two compounds reached the maximum concentration at day 10
and the maximum production rate at day 3. Metatranscriptomic analysis at days
3 and 10 revealed a total of 354 metabolically active microorganisms. Saccharomyces
and Lactobacillus were identified as core microbiota critical for sulfur compound pro-
duction based on both the transcript abundances of the principal genes and the dis-
tribution frequencies of 31 enzymes involved in sulfur metabolism. Saccharomyces
transcribed genes encoding 23 enzymes related to the generation of 3-(methylthio)-
1-propanol and dimethyl disulfide, and Lactobacillus was active in the methyl cycle,
which recycles methionine, the precursor of the two sulfur compounds. Furthermore,
the sulfur metabolism-related characteristics of two representative species were
studied in coculture during a simulated fermentation. Saccharomyces cerevisiae JZ109
produced 158.4 �g/liter 3-(methylthio)-1-propanol and 58.5 �g/liter dimethyl disul-
fide in monoculture, whereas Lactobacillus buchneri JZ-JN-2017 could not produce
these two compounds in monoculture. Their coculture significantly enhanced the
generation of 3-(methylthio)-1-propanol (350.0 �g/liter) and dimethyl disulfide (123.8
�g/liter). In addition, coculture significantly enhanced the gene transcriptions (fold
change, 1.5 to �55.0) that convert methionine to these two compounds in S. cerevi-
siae and in the methyl cycle of L. buchneri. This study reveals a novel synergistic ef-
fect between members of the core microbiota in the production of sulfur com-
pounds via methionine recycling in spontaneous Chinese liquor fermentation.

IMPORTANCE Sulfur compounds play a crucial role in the aroma quality of various fer-
mented foods and alcoholic beverages. However, it is unclear how these compounds are
produced by microbes during their spontaneous fermentations. Here, we identified the
core microbiota (Saccharomyces and Lactobacillus) associated with sulfur metabolism by
determining both transcript abundance and distribution frequency of each genus in
spontaneous Chinese liquor fermentation. This study provides a system-level analysis of
sulfur metabolism by the metatranscriptomic analysis and culture-dependent methods. It
sheds new light on how the metabolic behavior of the microbiota contributes to the li-
quor aroma quality. Furthermore, this work reveals a novel synergistic effect between
Saccharomyces and Lactobacillus in the production of sulfur compounds, in which Lacto-
bacillus regenerates the precursor methionine for sulfur compound production by Sac-
charomyces. Our findings can contribute to the enhancement of aroma characteristics in
Chinese liquor and open new avenues for improving various food and alcoholic bever-
age fermentation processes.
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Chinese liquor is one of the oldest and most famous alcoholic beverages all over the
world (1, 2). It is generally produced by spontaneous fermentation processes, which

involve complex microbiota (3). The metabolic profile of microbiota plays a key role in
flavor quality through the metabolism of sugars and other organic compounds to
produce various aroma compounds (4, 5). Thus, it is important to reveal the contribu-
tion of microbial metabolism to Chinese liquor fermentation.

Sulfur compounds, most with a low detection threshold and potent sensorial
properties, are considered important flavor compounds in fermented foods and alco-
holic beverages. Dimethyl disulfide shows an onion aroma in wine and beer (6) and
an onion and cooked cabbage aroma in Chinese liquor (7). 3-(Methylthio)-1-propanol
exhibits a cauliflower aroma in wine and beer (6) and a cooked vegetable aroma in
Chinese liquor (8). Sulfur metabolism has been well understood from monoculture
studies (9). For example, Kluyveromyces lactis and Yarrowia lipolytica convert cysteine,
serine, and sulfite to methionine and then degrade methionine to several sulfur
compounds (10, 11). S. cerevisiae degrades methionine to methanethiol via the deme-
thiolation pathway, and then methanethiol can be transformed to dimethyl disulfide. S.
cerevisiae also produces 3-(methylthio)-1-propanol via the Ehrlich pathway (12). How-
ever, sulfur metabolism is more complex in microbial communities. Thus, the influence
of complex microbial interactions on microbial metabolism during the spontaneous
fermentation has not been dissected (13).

The core microbiota plays an essential role in spontaneous food fermentation and
flavor generation (14). Thus, it is crucial to reveal the core microbiota associated with
sulfur metabolism in spontaneous fermentation. Recently, metatranscriptomic analysis
provides deep insight into the core functional microbiota during traditional solid-state
fermentation (15). For example, metatranscriptomic analysis has been used to explore
the key microbiota associated with proteolysis during cheese maturation (16). Meta-
transcriptomic analysis of carbohydrate metabolism during kimchi fermentation also
reveals that the key lactic acid bacteria mainly contribute to lactate and acetate
production (17, 18). Thus, it would be useful to apply metatranscriptomic analysis to
reveal core microbiota related to sulfur metabolism in spontaneous Chinese liquor
fermentation.

In this work, we applied a metatranscriptomic approach to identify the core micro-
biota associated with sulfur metabolism during the fermentation processes of Chinese
liquor. We revealed the sulfur metabolic pattern of the core microbiota, focusing on the
production of 3-(methylthio)-1-propanol and dimethyl disulfide, which possess high
concentrations and aroma characteristics in Chinese liquor and were generated in the
fermentation processes (19). Furthermore, we studied the microbial interactions in the
core microbiota and their effects on sulfur metabolism by a coculture method. This
work provides deep insight into the production of sulfur compounds by the microbiota,
and this work would be beneficial in the development of mechanisms to regulate sulfur
metabolism in spontaneous Chinese liquor fermentation.

RESULTS AND DISCUSSION
Characteristics of 3-(methylthio)-1-propanol and dimethyl disulfide during

liquor fermentation. The production of 3-(methylthio)-1-propanol and dimethyl di-
sulfide was monitored during liquor fermentation (Fig. 1). Their concentrations reached
a maximum of 640.8 �g/kg and 36.3 �g/kg at day 10, respectively, and then decreased
until the end of the fermentation. Their maximum production rates reached peaks of
85.3 �g/kg/day and 4.0 �g/kg/day at day 3, respectively.

Microbial population dynamics and metatranscriptomic analysis in liquor fer-
mentation. We then sought to characterize the microbiota throughout the fermenta-
tion process. Molds increased and reached the highest population at day 5 (1.2 � 105

copies/g) and then decreased and kept nearly stable until the end of fermentation.
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Bacteria peaked at 6.1 � 108 copies/g at day 15 and then decreased until the end of
fermentation. Yeasts increased and reached 5.2 � 107 copies/g at day 10 and then
decreased until the end of fermentation (Fig. 2a). These results indicate that bacteria
and yeast dominate the course of the fermentation process.

Since the production rate and concentration of sulfur compounds were highest at
days 3 and 10, respectively, we employed a metatranscriptomic approach to explore
the metabolically active microorganisms at these times. A total of 290 (day 3, replicate
1 [3-1]), 354 (day 3, replicate 2 [3-2]), 222 (day 10, replicate 1 [10-1]), and 233 (day 10,
replicate 2 [10-2]) genera were detected. The genera were largely restricted to Saccha-

FIG 1 Dynamics profile of 3-(methylthio)-1-propanol (a) and dimethyl disulfide (b) in liquor fermentation.
Data are shown as the mean � standard deviation (SD) (n � 4).

FIG 2 Dynamics of microbial population and community makeup based on transcript abundance. (a)
Microbial population of bacteria, yeasts, and molds during the fermentation process. Data are shown as
the mean � SD (n � 4). (b) Relative transcript abundances of major genera at day 3 and day 10 (two
biological replicates, 3-1 and 3-2 for day 3, and 10-1 and 10-2 for day 10). (c) Transcript abundances of
Saccharomyces and Lactobacillus at days 3 and 10 (two biological replicates as in panel b).
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romyces (89.8%) at day 3, and only Sporosarcina, Lactobacillus, Naumovozyma, Ogataea,
Penicillium, and Bacillus (2.9%, 0.9%, 0.7%, 0.6%, 0.5%, and 0.5%, respectively) were
present at �0.5% of the average relative transcript abundance. It has been reported
that Saccharomyces acts as the dominant microbe in the early stage of liquor fermen-
tation processes (20). At day 10, Lactobacillus possessed the highest transcriptional
activity (86.7%) and became the dominant microbe (Fig. 2b and c). Previous studies
have reported that several Lactobacillus species, such as L. buchneri, can grow anaer-
obically at a high organic acid level (21). Only Saccharomyces (6.5%) and Pediococcus
(0.5%) were present at �0.5% of the average relative transcript abundance (Fig. 2b),
which showed lower transcriptional activities at day 10 (Fig. 2b). The decrease in the
transcription activity of yeasts might be due to a decrease in reducing sugar concen-
tration (see Fig. S1b in the supplemental material) and an increase in organic acid and
ethanol levels (Fig. S1) (15, 22, 23).

Core microbiota associated with sulfur metabolism. We observed that a total of
15 genera transcribed genes encoding 31 enzymes associated with sulfur metabolism
at days 3 and 10 (Fig. 3). Sporosarcina, Kuraishia, Ogataea, Kazachstania, Naumovozyma,
Virgibacillus, Oceanobacillus, Penicillium, Bacillus, Brettanomyces, Truepera, Komagataella,
and Acetobacter possessed low-average transcript abundances (�500 fragments per
kilobase of transcript per million fragments mapped [FPKM]) or low-average distribu-
tion frequencies (�20%) at days 3 and 10. In contrast, Saccharomyces possessed
high-average transcript abundances (day 3, 14,866.2 FPKM; day 10, 2,485.2 FPKM) and
high-average distribution frequencies (74.2%) at days 3 and 10. These results indicated
that Saccharomyces exhibited the highest transcriptional activity in sulfur metabolism
at days 3 and 10. Lactobacillus showed the highest average transcript abundances
(3,023.8 FPKM) at day 10 and high-average distribution frequencies at days 3 and 10
(21.0% and 22.6%, respectively). Thus, Saccharomyces and Lactobacillus were identified
as the core microbiota based on both their high-average transcript abundances
(�1,000 FPKM) and average distribution frequencies (�20%).

Sulfur metabolic pattern of microbiota in Chinese liquor fermentation. We next
wanted to determine the contribution of the microbiota to sulfur metabolism during
fermentation. As shown in Fig. 4, the metabolic pattern of 3-(methylthio)-1-propanol
and dimethyl disulfide was partitioned into 6 modules (E, S, A, M, C, and L) based on
the KEGG pathway and MetaCyc Metabolic Pathway Database.

In module E, sulfite serves as the sole inorganic sulfur donor to synthesize cysteine
(24) (Fig. 4a, E1 to E2). In the first step, Saccharomyces showed higher transcript
abundances of genes encoding sulfite reductase (NADPH) flavoprotein �-component

FIG 3 Analysis of transcript abundances and distribution frequencies of core microbiota at days 3 and 10
(two biological replicates, 3-1 and 3-2 for day 3, and 10-1 and 10-2 for day 10).
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(E1, day 3, 91.3 FPKM; day 10, 13.8 FPKM) and sulfite reductase (NADPH) hemoprotein
�-component (E1, day 3, 60.2 FPKM; day 10, 7.1 FPKM) at day 3 than at day 10 (Fig. 4
and Data Set S1). In the second step, a gene encoding cysteine synthase (E2) was
transcribed in the genera Saccharomyces, Sporosarcina, and Virgibacillus at days 3 and
10. Among these genera, Saccharomyces showed a higher gene transcript abundance
than other genera (E2, day 3, 21.0 FPKM; day 10, 4.7 FPKM). Module S includes two
reactions from serine to cysteine. Truepera and Virgibacillus possessed low transcript
abundance of the gene encoding serine O-acetyltransferase (S1, �12.0 FPKM) at day 3
and day 10. In the second step (S2), cysteine synthase (E2) also catalyzes the conversion
of O-acetyl-L-serine to cysteine.

In module A, homocysteine and cystathionine are intermediates which can be
synthesized from aspartate (9). In the common first step (A1), Sporosarcina possessed
transcript abundance of the gene encoding aspartate-semialdehyde dehydrogenase
(A1) of 99.1 FPKM at day 3 and 174.0 FPKM at day 10. Lactobacillus possessed high
transcript abundances of genes encoding aspartate kinase (A1, 99.2 FPKM) and
aspartate-semialdehyde dehydrogenase (A1, 167.8 FPKM) at day 10. Saccharomyces also
showed transcript abundances of the genes encoding aspartate kinase (A1) of 38.3

FIG 4 Metabolic pattern of 3-(methylthio)-1-propanol and dimethyl disulfide at days 3 and 10. (a) Schematic depicting the metabolic profile of the microbiota.
The red solid lines represent reactions carried out by Lactobacillus, black solid lines represent reactions carried out by Saccharomyces, green solid lines represent
reactions by other genera, and the black dashed lines represent chemical reactions. Different colored areas show different modules. A, S, and E represent sulfur
sources from aspartate, serine, and sulfite, respectively. M, cysteine to methionine; C, methyl cycle; L, methionine catabolism. (b) Heatmap showing the
transcription level. The boxes on the left side of heatmap show the microbiota, and boxes on the right side represent corresponding enzymes. A complete list
of the transcription levels of genes encoding enzymes can also be found in Table S3, Data Set S1, and Fig. S4. CoA, coenzyme A; PLP, pyridoxal phosphate.
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FPKM at day 3 and 46.5 FPKM at day 10 and of the genes encoding aspartate-
semialdehyde dehydrogenase (A1) of 61.3 FPKM at day 3 and 4.8 FPKM at day 10. In the
common second step (A2), Saccharomyces was responsible for transcription of the gene
encoding homoserine dehydrogenase (A2, 101.4 FPKM) at day 3. Low transcript abun-
dance of the gene encoding homoserine O-succinyltransferase (A3, 0.7 FPKM) was
shown in Sporosarcina at day 3. Meanwhile, Saccharomyces exhibited higher transcript
abundances of genes encoding cystathionine �-synthase (A4 and A6, day 3, 61.6 FPKM;
day 10, 37.5 FPKM), homoserine O-acetyltransferase (A5, day 3, 41.9 FPKM; day 10, 20.2
FPKM), and O-acetylhomoserine (thiol)-lyase (A7, day 3, 246.4 FPKM; day 10, 46.3 FPKM)
at day 3 than at day 10. Naumovozyma, Sporosarcina, and Kazachstania showed low
transcript abundances (A2 to A7, �10 FPKM) of these genes at day 3 and day 10. These
results indicate that Saccharomyces plays a major role in synthesizing cystathionine and
homocysteine from aspartate, and Lactobacillus and Sporosarcina play a secondary role
in these pathways.

In module M, the synthesis of methionine from cysteine requires three successive
reactions (49). Saccharomyces possessed the highest transcript abundances of genes
encoding cystathionine �-lyase (M1, 138.6 FPKM), cystathionine �-synthase (M2, 139.8
FPKM), 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (M3,
273.8 FPKM), and homocysteine S-methyltransferase (M3, 8.1 FPKM) at day 3. Low
transcript abundances (�10 FPKM) of these genes were shown in Bacillus, Naumo-
vozyma, Sporosarcina, and Kazachstania at day 3 and day 10. These results show that
Saccharomyces is responsible for the synthesis of methionine from cysteine.

The methyl cycle (module C) plays a major role in methionine regeneration (50).
It includes five enzymatic reactions. Saccharomyces exhibited higher transcript
abundance of the gene encoding S-adenosylmethionine synthetase at day 3 than
day 10 (C1, 315.4 and 21.9 FPKM, respectively). Lactobacillus exhibited higher
transcript abundance at day 10 than day 3 (C1, 234.0 and 0.7 FPKM, respectively).
Lactobacillus played a major role in producing S-adenosylhomocysteine from
S-adenosylmethionine (SAM) by DNA (cytosine-5-)-methyltransferase at days 3 and
10 (C2, 0.6 and 413.7 FPKM, respectively). Only Saccharomyces exhibited high
transcript abundance of the gene encoding adenosylhomocysteinase at days 3 and
10 (C3, 265.9 and 23.1 FPKM, respectively). Moreover, S-adenosylhomocysteine also
forms homocysteine via a two-step reaction. Lactobacillus showed the highest
transcript abundance of the gene encoding S-adenosylhomocysteine–5=-methyl-
thioadenosine nucleosidase at days 3 and 10 (C4, 1.6 and 1,014.3 FPKM, respec-
tively). Only Sporosarcina and Virgibacillus showed transcript abundance of the
gene encoding S-ribosylhomocysteine lyase (C5) of �1.6 FPKM at day 3. In this
module, Lactobacillus and Saccharomyces exhibit both high distribution frequencies
and transcript abundances of genes involved in regenerating methionine and
producing SAM.

In module L, 3-(methylthio)-1-propanol is generated from methionine in three steps
(27). Low transcript abundance of the genes encoding aromatic amino acid amino-
transferase (L2, �5 FPKM) was shown in Naumovozyma and Brettanomyces at day 3. At
day 10, Lactobacillus showed high transcript abundance of genes encoding alcohol
dehydrogenase (L4, 1,094.8 FPKM) and Acetobacter showed low transcript abundance
of the genes encoding alcohol dehydrogenase (L4, 2.0 FPKM). Saccharomyces possessed
high transcript abundances of genes encoding aromatic amino acid aminotransferase
(L2, 100.7 FPKM), pyruvate decarboxylase (L3, 9,568.2 FPKM), and alcohol dehydroge-
nase (L4, 3,198.6 FPKM) at day 3, and their transcript abundances were decreased by
95.6%, 80.0%, and 90.9%, respectively, at day 10. The high transcript abundances of
these genes encoding enzymes (Fig. 4a, L1 to L4) is consistent with a high production
rate of 3-(methylthio)-1-propanol at day 3 (Fig. 1), whereas the decreased transcriptional
activities of these genes encoding enzymes at day 10 reflect the decreased accumulation
of 3-(methylthio)-1-propanol at day 10.

Dimethyl disulfide is produced from methanethiol, which is generated from
methionine in a reaction catalyzed by methionine �-lyase, cystathionine �-lyase, or
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cystathionine �-lyase (9) (Fig. 4a, L1). Sporosarcina possessed transcript abundances
of genes encoding methionine �-lyase (L1) of 5.0 FPKM and of 9.2 FPKM for
cystathionine �-lyase (L1) at day 3. Only Saccharomyces exhibited high transcript
abundances of genes encoding cystathionine �-lyase (L1, 138.6 FPKM) and cysta-
thionine �-lyase (L1, 10.0 FPKM) at day 3. These results indicate that Saccharomyces
plays a key role in catalyzing the conversion of methionine into dimethyl disulfide.

Effect of interaction between Saccharomyces and Lactobacillus on 3-(methylthio)-
1-propanol and dimethyl disulfide generation. Our multispecies analysis shows com-
pletion of the sulfur metabolic pathway, which promotes the development of the
aroma characteristic of sulfur compounds. Lactobacillus plays an important role in
regenerating methionine, which can serve as a precursor of sulfur compounds pro-
duced by Saccharomyces. This result indicates that Saccharomyces and Lactobacillus
may exhibit synergism in the generation of 3-(methylthio)-1-propanol and dimethyl
disulfide.

In this study, the impact of synergism on sulfur metabolism remains to be explored
based on culture-dependent methods. However, the microbial interactions are difficult
to assess within natural systems, due to the complex microbial community’s structure.
As an alternative, synthetic microbial communities (cocultures) including two species
are used to simulate the natural systems under laboratory conditions (28).Thus, we
developed a Saccharomyces-Lactobacillus coculture system to study their interaction
with respect to sulfur metabolism. S. cerevisiae possesses a complete pathway from
methionine to 3-(methylthio)-1-propanol and dimethyl disulfide (Fig. S5a). L. buchneri
possesses a complete pathway associated with the methyl cycle, which could regen-
erate methionine and produce SAM (Fig. S5b). In addition, S. cerevisiae (29) and L.
buchneri (30) are the dominant species of these two genera and have positive impacts
on Chinese liquor fermentation. Therefore, S. cerevisiae JZ109 and L. buchneri JZ-JN-
2017 were both isolated from our liquor fermentation and used in the mono- and
coculture fermentation experiments.

S. cerevisiae achieved a maximum population of 2.2 � 108 copies/ml at 72 h in
monoculture and 3.8 � 108 copies/ml at 96 h in coculture. L. buchneri achieved a
maximum population of 4.2 � 107 copies/ml and 7.1 � 107 copies/ml at 72 h in both
mono- and coculture. No significant (P � 0.05) variation in the population was observed
in monoculture and coculture for either of the two strains over the fermentation period
(Fig. 5a).

S. cerevisiae showed a maximum production of 158.4 �g/liter 3-(methylthio)-1-
propanol in 72 h (Fig. 5b) and 58.5 �g/liter dimethyl disulfide at 120 h in monoculture
(Fig. 5c). In contrast, L. buchneri did not produce 3-(methylthio)-1-propanol or dimethyl
disulfide in monoculture. Previous studies have reported that Lactobacillus spp. exhibit
minor aminotransferase activity on methionine (31) and lack methionine �-lyase in
cheese fermentation (32), which might explain the lack of 3-(methylthio)-1-propanol
and dimethyl disulfide production in L. buchneri JZ-JN-2017. Interestingly, when these
two strains were cocultured, the maximum concentrations of 3-(methylthio)-1-propanol
(350.0 �g/liter) (P � 0.05) and dimethyl disulfide (123.8 �g/liter) (P � 0.05) significantly
increased. These results indicate that Saccharomyces-Lactobacillus coculture enhances
the production of these two sulfur compounds.

Effects of microbial interactions on gene transcriptions associated with sulfur
metabolism. To obtain further insight into the effects of microbial interactions on
sulfur metabolism, the transcription levels of genes involved in the methyl cycle and
membrane transport systems and the generation of 3-(methylthio)-1-propanol and
dimethyl disulfide from methionine were monitored at 48 h, when the coculture
achieved the maximum production rates.

L. buchneri increased the transcription of metK (C1, 4.2-fold), ubiE (C2, 4.9-fold), pfs
(C4, 5.9-fold), luxS (C5, 2.9-fold), and metE (M3, 12.0-fold) in coculture compared to
monoculture (Fig. 6). This result indicates that coculture increases the transcription of
related genes in the methyl cycle in L. buchneri. Meanwhile, S. cerevisiae increased the
transcription of SAM3 (1.3-fold), encoding a high-affinity SAM uptake permease, and
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MUP1 and MUP3 (13.8-fold and 3.5-fold, respectively), encoding a high-affinity methi-
onine uptake permease, which could be fed into the methyl cycle in S. cerevisiae (33,
34). Consequently, the transcription levels of genes in the methyl cycle increased in S.
cerevisiae cocultured with L. buchneri, including SAM1 (C1, 4.2-fold), MTQ1 (C2, 2.6-fold),
SAH1 (C3, 1.4-fold), and MHT1 (M3, 4.1-fold). The enhanced methyl cycle in these two
strains might contribute to the efficient regeneration of methionine. Moreover, cocul-
ture increased the transcription of CYS4 (M1, 3.4-fold) and STR3 (M2, 3.5-fold) in
Saccharomyces, which may also increase the production of methionine from cysteine.

Besides the increasing transcription of genes in methionine biosynthesis, the tran-
scription of genes encoding enzymes generating 3-(methylthio)-1-propanol also were
upregulated in coculture, including ARO8 (L2, 1.5-fold), ARO10 (L3, 55.0-fold), ADH5 (L4,
2.2-fold), SFA1 (L4, 8.2-fold), and ADH4 (L4, 2.3-fold). Moreover, S. cerevisiae also
increased the transcription of STR3 (L1, 3.5-fold), which encodes enzymes generating
methanethiol, and then methanethiol is converted to dimethyl disulfide (Fig. 5). The
increase in the concentrations of 3-(methylthio)-1-propanol and dimethyl disulfide
might result from increased expression of genes involved in methionine biosynthesis
and methionine catabolism. Recent studies reported that the overexpression of ARO8
or ARO10 could enhance the production of 3-(methylthio)-1-propanol, and the co-
expression of ARO8 and ARO10 could significantly boost the production of 3-(methylthio)-
1-propanol in S. cerevisiae (35). A higher expression of STR3 could produce a higher
concentration of methanethiol, which could be transformed to dimethyl disulfide in S.
cerevisiae (12). These results confirm the higher productions of 3-(methylthio)-1-
propanol and dimethyl disulfide in S. cerevisiae in coculture in this study. These results
indicate that S. cerevisiae increases the expression of genes for the generation of
3-(methylthio)-1-propanol and dimethyl disulfide in the presence of L. buchneri, which
can regenerate the precursor methionine for methionine catabolism, and they reveal a
novel synergistic effect between these two strains.

Interactions between Saccharomyces and lactic acid bacteria occur in dairy, food,
and beverage fermentation (36). It is reported that Lactobacillus delbrueckii could

FIG 5 Microbial population and production of 3-(methylthio)-1-propanol and dimethyl disulfide in
mono- and coculture in sorghum medium. (a to c) Populations of S. cerevisiae and L. buchneri in
monoculture and coculture (a), 3-(methylthio)-1-propanol (b), and dimethyl disulfide (c). Data are shown
as the mean � SD (n � 3).
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hydrolyze lactose to glucose and galactose, which is beneficial to the growth and
alcoholic fermentation of S. cerevisiae; meanwhile, S. cerevisiae can supply CO2 to
Lactobacillus delbrueckii, and CO2 is necessary for the growth of Lactobacillus delbrueckii
(36). In addition, S. cerevisiae can provide valine or leucine to Lactobacillus brevis, which
cannot grow in the medium without valine or leucine in the pure culture (37). These
studies imply these two genera could provide nutrients to each other and promote the
growth or metabolism of the members. Here, in a spontaneous Chinese liquor fermen-
tation system, we found a novel microbial interaction between Saccharomyces and
Lactobacillus, in which Lactobacillus recycled methionine, the precursor of sulfur com-
pounds for Saccharomyces, leading to an increase in the production of sulfur com-
pounds.

Conclusion. This study comprehensively revealed the sulfur metabolism pattern of
microbiota in Chinese liquor fermentation using a metatranscriptomic approach to-
gether with a simulated fermentation. A combination of transcript abundance and
distribution frequency identified the core microbiota (Saccharomyces and Lactobacillus)
associated with sulfur compound production. This work revealed a synergistic effect

FIG 6 Model of S. cerevisiae-L. buchneri interactions based on RT-qPCR and 3-(methylthio)-1-propanol and dimethyl disulfide analyses. (a)
Model of S. cerevisiae-L. buchneri interactions. The red solid lines represent upregulated reactions in coculture relative to monoculture. The
black dashed lines represent the generation of 3-(methylthio)-1-propanol and dimethyl disulfide. M1 to M3 represent the pathway from
cysteine to methionine, C1 to C5 represent the methyl cycle pathway, and L1 to L4 represent methionine catabolism. (b and c) Relative
gene expression ratios in S. cerevisiae (b) and in L. buchneri (c). The red lines indicate �2-fold difference. Data are shown as the mean �
SD (n � 3).
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between Saccharomyces and Lactobacillus, in which Saccharomyces played a crucial role
in the generation of 3-(methylthio)-1-propanol and dimethyl disulfide and Lactobacillus
regenerated methionine and SAM for S. cerevisiae. This study revealed a novel syner-
gistic effect of the core microbiota in spontaneous Chinese liquor fermentation. Our
findings can be used to enhance the aroma characteristics in Chinese liquor fermen-
tation and open new avenues for improving various spontaneous food fermentation
processes.

MATERIALS AND METHODS
Sample collection. Sampling was conducted in March 2016 from a Chinese liquor distillery in

Shandong Province, China. A mixture of the starter, raw material (sorghum), and fermented grains from
the last fermentation round (1:6:3) was put into a cube-shaped underground pit (about 3.2 m by 2.4 m
by 2.9 m) and then sealed for a 30-day fermentation. Samples (200 g) were collected at days 0, 3, 5, 10,
15, 20, and 30 from four separate fermentation pits (four biological replicates), as previously reported
(20). These samples were stored at �20°C for microbial population determination, physical and chemical
parameter analyses, and 3-(methylthio)-1-propanol and dimethyl disulfide quantification. Samples (200
g) from the sampling position at day 3 and day 10 (two biological replicates, 3-1 and 3-2 for day 3 and
10-1 and 10-2 for day 10) were immediately frozen in liquid nitrogen after sampling and then stored at
�80°C for metatranscriptomic analysis. Additional samples (200 g) from the sampling position were
stored at 4°C for strain screening.

Strains. Predominant liquor fermentation microorganisms, S. cerevisiae JZ109 and L. buchneri JZ-JN-
2017, were both isolated from this liquor fermentation process and were deposited in the China General
Microbiological Culture Collection Center with the accession numbers CGMCC no. 12417 and CGMCC no.
14271, respectively.

Total RNA extraction and sequencing for metatranscriptomic analysis. Total RNA was extracted
with the RNeasy minikit (Qiagen, Hilden, Germany). DNA was removed by treatment with the RNase-Free
DNase set (Qiagen). The quality and concentrations of total RNA were assessed using a NanoDrop 2000
spectrophotometer (Thermo Scientific, Waltham, MA) and an Agilent 2100 Bioanalyzer (Agilent Technol-
ogies, Palo Alto, CA). Thereafter, rRNA depletion was performed using the Ribo-Zero magnetic kits
(Illumina, San Diego, CA). Library preparation was performed using the TruSeq RNA sample prep kit
(Illumina). The quality of the library was assessed on 2100 Bioanalyzer (Agilent Technologies). Finally,
sequencing was performed on the Illumina Genome Analyzer IIx (Illumina). All the operations followed
the manufacturer’s instructions.

Sequence processing. Poor-quality (Phred score �20) bases of raw reads, reads with “N” bases, and
those with lengths of �50 bp were discarded using Sickle (https://github.com/najoshi/sickle). Next, we
used cross-match to search a database of Illumina adaptor sequences, and adaptor contaminations
(http://www.phrap.org) were filtered. SortMeRNA (http://bioinfo.lifl.fr/RNA/sortmerna/) was used in a
BLAST search of the SILVA short subunit (SSU; 16S/18S) and SILVA long subunit (LSU; 23S/28S) databases,
rRNA reads were removed, and then paired reads and single reads with high quality were preserved.
Putative mRNA reads were assembled de novo using the Trinity RNA-Seq assembly algorithm (http://
trinityrnaseq.github.io/) (25). All the operations followed the manufacturer’s instructions. The detailed
information of the metatranscriptomic sequence is listed in Table S1.

Putative mRNA reads were subject to BLASTX comparisons against the nonredundant (nr) protein
database obtained from the National Center for Biotechnology Information (NCBI) (E value, �10�5) (18).
The least common ancestor (LCA)-based algorithm implemented in MEGAN was used to determine the
taxonomic level of each gene. MetaGene Annotator was applied to assemble contigs, and then reads
longer than 100 bp were identified. BLASTP was used to query the predicted proteins matching sequence
reads against the integrated nr protein database (E value, �10�5). Functional annotation was performed
using the Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations (version April 2011). Transcript
expression was normalized using fragments per kilobase of transcript per million fragments mapped
(FPKM) (26).

Mono- and coculture fermentation. Sorghum extract medium was used for mono- and coculture
fermentation (38). S. cerevisiae and L. buchneri were precultured in sorghum extract medium at 30°C and
200 rpm. Cells were centrifuged (10,000 � g for 3 min), washed twice with sterile saline, and then
inoculated in fresh sorghum extract medium with an initial strain density of 1 � 106 cells per milliliter.
Cocultures were carried out with a 6-well Transwell system (24-mm Transwell; Corning, NY). Each well
consists of an upper and a lower chamber, which are separated by a polycarbonate membrane (0.45 �m).
This polycarbonate membrane can prevent physical interspecies interaction but not the diffusion of small
molecules, such as the metabolites (�7 kDa). Uninoculated sorghum extract medium was used as a
negative control. Fermentation was performed without shaking at 30°C for 144 h. The experiments were
performed in triplicate.

Microbial population determination by real-time quantitative PCR. The populations of different
microbes in liquor fermentation and mono- and coculture fermentation were determined by quantitative
PCR (qPCR). Genomic DNA was extracted using the E.Z.N.A. soil DNA kit (Omega Bio-Tek, Norcross, GA)
in liquor fermentation and DNAiso reagent (TaKaRa, Dalian, China) in mono- and coculture fermentation.
All the operations followed the manufacturer’s instructions. Genomic DNA was used as the template to
amplify bacteria using primers 340F and 758R (39), yeasts using primers YEASTF and YEASTR (40), molds
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using primers Fnpstr and Rnpstr (41), S. cerevisiae using primers SC1 and SC2 (42), and L. buchneri using
primers FalllactIS and RalllactIS (43).

qPCR was performed by StepOnePlus instrument (Applied Biosystems, Foster City, CA) with a
commercial kit (SYBR Premix ExTaq II; TaKaRa, Dalian, China). The qPCR calibration curves were generated
via 10-fold serial dilutions of standard DNA. Each reaction was performed in 20 �l containing 8.2 �l of
double-distilled water, 10 �l of SYBR Premix Ex Taq (TaKaRa), 0.4 �l of each primer (20 �M), 1.0 �l of DNA
template (50 ng/�l for molds and 5 ng/�l for yeasts, bacteria, Lactobacillus, and Saccharomyces). The
amplification conditions were as follows: preheating at 95°C for 30 s, 40 cycles of 95°C for 5 s, 55°C (for
bacteria, yeasts, and molds) or 58°C (for S. cerevisiae, L. buchneri) for 30 s, and an increase of 0.5°C every
5 s from 65°C to 95°C for melting curve analysis to confirm the specificity of the amplification. The
experiments were performed in triplicate.

Gene transcription analysis in mono- and coculture by reverse transcription-quantitative PCR.
Cells were collected from mono- and coculture by centrifugation at 10,000 � g at 4°C for 5 min,
immediately frozen in liquid nitrogen, and stored at �80°C. RNA was extracted as follows: cell pellets
were crushed into fine powders in a precooled mortar (China National Pharmaceutical Group Corp.,
Shanghai, China). The sample powders were transferred to RNase-free 2.0-ml centrifuge tubes, which
were filled with 1.0 ml of precooled TRIzol reagent (TaKaRa, Dalian, China), vortexed for 15 s, and then
incubated at 25°C for 5 min. After that, 200 �l chloroform was added, vortexed for 15 s, and centrifuged
at 10,000 � g at 4°C for 10 min, and then 200 �l of supernatant was mixed with an equal volume of
isopropyl alcohol and centrifuged at 10,000 � g and 4°C for 15 min. The obtained pellet was washed with
1.0 ml of 75% ethanol and centrifuged at 10,000 � g and 4°C for 15 min, and the pellets were dissolved
in 40 �l of RNase-free water. RNA samples were subsequently purified using RNeasy spin columns
(Qiagen, Hilden, Germany). DNase treatment was conducted with 1 �g of RNA sample in a 10-�l reaction
mixture using the PrimeScript reverse transcriptase (RT) reagent kit with genomic DNA (gDNA) Eraser
(TaKaRa). All the operations followed the manufacturer’s instructions. The ratios of A260/A280 and A260/A230

was calculated to assess RNA purity using a NanoDrop ND-1000 microspectrometer (Thermo Scientific,
Wilmington, DE). The quality of the total RNA was analyzed by 1% nondenatured agarose gel electro-
phoresis.

Reverse transcription was conducted using the PrimeScript RT reagent kit (TaKaRa, Dalian, China).
Reactions without reverse transcriptase and a template were both used as a negative control. qPCR was
performed using a StepOnePlus instrument (Applied Biosystems, Foster City, CA), according to the
manufacturer’s instructions. Each reaction was performed in a 20-�l mixture containing 1.0 �l (10 ng) of
cDNA, 0.4 �l of each primer, 10 �l of SYBR Premix Ex Taq (TaKaRa), and 8.2 �l of double-distilled water.
The amplification conditions were as follows: preheating at 95°C for 30 s, 40 cycles of 95°C for 5 s, 57°C
for 30 s, and an increase of 0.5°C every 5 s from 65°C to 95°C for melting curve analysis to confirm the
specificity of the amplification. The experiments were done in triplicate. Negative controls were per-
formed with no SYBR Premix Ex Taq, no template, and only double-distilled water. For each gene, the
cycle threshold (CT) values of the technical and biological replicates were averaged. The CT values of
reference genes (UBC6 and recA) were then averaged. The relative transcriptional levels of genes were
quantified by the 2�ΔΔCT method (44). The primers for reverse transcription-quantitative PCR (RT-qPCR)
for genes in S. cerevisiae and L. buchneri are listed in Tables 1 and 2, respectively.

Physical and chemical parameters analysis. Temperature was measured by inserting thermome-
ters into fermented grains in the sampling location of the pit (4). The moisture content was measured
with the gravimetric method by drying at 60°C for 48 h (45). The reducing sugar content was measured
with a colorimetric method using 3,5-dinitrosalicylic acid (4). The concentrations of ethanol, lactate,
acetate, and methionine were determined by high-performance liquid chromatography (HPLC), as in our
previous study (46). The variations in physical and chemical parameters are listed in Fig. S1.

3-(Methylthio)-1-propanol and dimethyl disulfide determination. (i) Chemicals. 3-(Methylthio)-
1-propanol, dimethyl disulfide, and 4-(methylthio)-1-butanol (internal standard) were purchased from
Sigma-Aldrich Co. Ltd. (Shanghai, China). Sodium chloride and anhydrous sodium sulfate were purchased
from the China National Pharmaceutical Group Corp. (Shanghai, China). Ethanol (99.9%, HPLC grade) was
purchased from J&K Chemical Ltd. (Shanghai, China). All standard compounds were gas chromatography
(GC) grade.

(ii) Sample pretreatment. 3-(Methylthio)-1-propanol and dimethyl disulfide generated by the
monoculture and coculture in the laboratory-scale fermentations, and fermented grains from Chinese
liquor distillery were analyzed by headspace solid-phase microextraction gas chromatography-pulsed
flame photometric detection (HS-SPME-GC-PFPD) (7). The fermented grains were pretreated as follows:
for each sample, we removed a layer of a 2-cm rind from the surface to eliminate any possible
fluctuations in volatile composition and contamination from packaging. Twenty milliliters of bidistilled
water was added to 20-g samples, soaked to improve agitation, and then well mixed to reduce the
variability of the sample due to the nonuniformity of the different parts of the sample, and the mixture
was obtained for HS-SPME-GC-PFPD analysis.

(iii) HS-SPME-GC-PFPD analysis. The sampling conditions were as follows: the mixture (8 ml) with
10 �l of 4-(methylthio)-1-butanol (80 mg/liter, internal standard), 3 g of NaCl, and a 4-mm Teflon-coated
stir bar were added into a 20-ml headspace vial, which was flushed with argon and then sealed with a
polytetrafluoroethylene (PTFE)-faced silicone septum. The samples were equilibrated at 45°C for 15 min,
and then a 2-cm fiber coated with 50/30 �m divinylbenzene-carboxen-polydimethylsiloxane (DVB/CAR/
PDMS; Supelco, Bellefonte, PA) was exposed to the headspace of the vial and extracted for 30 min at
45°C. Then, the fiber was introduced into the GC injection port at 250°C for 5 min of desorption.
HS-SPME-GC-PFPD analysis was conducted on an Agilent 7890A GC coupled with a pulsed flame
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photometric detector (OI Analytical model 5380; OI Analytical Co., College Station, TX). Separation was
achieved using a DB-FFAP column (30 m by 0.32 mm inside diameter [i.d.], 1-�m film thickness; J&W
Scientific). The GC-PFPD conditions were from a previous method (8). Sulfur compound identification was
achieved by standard compounds and retention index values. Standard calibration curves for sulfur
volatiles were obtained by adding authentic sulfur compound standards of known concentration to an
aqueous ethanolic solution (6% [vol/vol]). A series of concentration levels of the standards in aqueous
ethanolic solution were prepared and analyzed in the same way as the sample (8). Each measurement
was performed in triplicate.

Bioinformatic analysis. (i) Related enzyme identification and the metabolic network prediction.
The enzymes associated with 3-(methylthio)-1-propanol and dimethyl disulfide were identified by KEGG
pathways and the MetaCyc Metabolic Pathway Database. According to the results, 31 enzymes were
mapped to the generation of sulfur compounds, synthesis of methionine, and conversion of sulfur
sources (Fig. S2); the schematic of the sulfur metabolic network was then reconstructed according to the
functions of these 31 enzymes (Fig. S3). The detailed information of 31 enzymes is listed in Table S2.

TABLE 1 Primer sequences for gene transcription analysis in Saccharomyces cerevisiae

Reaction Gene
Primer
direction Primer sequence (5=¡3=)

Primer
size (bp)

Production
size (bp)

C1 SAM2 F GTCTCTAGTTGCCGCTGGTT 20 170
R ACACACCTGGTCTCAAGTCG 20

C1 SAM1 F CCGAGGACTTAAGAGCGCAA 20 141
R TCAAACCAGCGTCACCTTGA 20

C2 MTQ1 F ACACGTCCCATTGCAGTACA 20 107
R TCACCCATTCCTCGGTTTCC 20

C2 MTQ2 F ATGTGTGCCAGATGTCCCAG 20 92
R TCAGTAATCGCCATCCCGTC 20

C3 SAH1 F TGGGTTGTGCTACTGGTCAC 20 166
R TTTGGCAAAACGTGGACACC 20

M1 CYS3 F CGCAGTCAACTACCCAGGTT 20 144
R CTTGTGGAGGAGGCGAACTT 20

M2 STR3 F GAAACCCGACCAGAAGTGT 19 129
R TAAGTAAGACGAGCCCACG 19

M3 MHT1 F TTGAGCACCCCGGAAAAGTT 20 122
R CCAAAAGGATTCGCTCGT 18

M3 SAM4 F TGAGCACGGTGTCTTGAGAG 20 122
R GGTTGAAGCTGACGCAGTTG 20

M3 MET6 F AGTTGCAAAAGGAGGCTGGT 20 199
R ACGTCGACAGCCTTTTCAGT 20

L1 CYS3 F CGCAGTCAACTACCCAGGTT 20 144
R CTTGTGGAGGAGGCGAACTT 20

L1 STR3 F GAAACCCGACCAGAAGTGT 19 129
R TAAGTAAGACGAGCCCACG 19

L2 ARO8 F AAAAGTTTTGGCCCCAGGGA 20 139
R GGATAGCGTAGCGTTGACCA 20

L3 ARO10 F CGGAGACTTCGACGGAAAGT 20 160
R GCACTTTAGCTGTTCGGGGA 20

L3 PDC6 F CGGTATCTCGCAGGTGTTGT 20 179
R ACGGCTTTAACCCCCATCTG 20

L3 PDC1 F ACGACGTCAAGGCTGAAACT 20 123
R TACCGACGTAAACACCACCG 20

L4 ADH5 F TGCTGAAGTTGCCCCAATCT 20 105
R CGCATGCACCGGATATAGT 19

L4 SFA1 F TGCTGCCTGTTTACTGGGTT 20 150
R GAAGCGCCCCTTAACTTTGC 20

L4 ADH4 F ACAACGTCACTCCAGCTGTT 20 161
R ACCCTTCAAAGCACAGGCAT 20

L4 ADH3 F ATTTACATGCTTGGCACGGC 20 123
R AATCACCGACTTTCCAGCCC 20

L4 ADH1 F TTCAAGCCGCTCACATTCCT 20 130
R CCGGAGATAGCAACCCAGTG 20

Transport MUP3 F TGGTCCAAGTACGTCAGCA 19 180
R CAACTTGACCGGTGCTTTT 19

Transport MUP1 F CATTAGCGCGGGTTTGCTTT 20 164
R ACACCGACTCGCCATTTGAA 20

Transport SAM3 F ATCACGTGCTGCCAAAGGTA 20 111
R GAACCACTGAGCAGTCTGGG 20

Reference
gene

UBC6 F CGAATGGACGTTTCAAGCCC 20 143
R TCCTGTCGTGGCTTCATCAC 20
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(ii) Identification of the core microbiota. Identification of the core microbiota was based on 31
enzymes and the sulfur metabolic network. First, we analyzed the transcript abundances of genes
encoding these 31 enzymes in individual genera. Moreover, an individual genus could possess more than
one enzyme activity among these 31 enzymes. For example, Saccharomyces expressed genes encoding
23 enzymes (i.e., there were 23 occurrences of Saccharomyces), and the distribution frequency of
Saccharomyces was 74.2% (23/31). As a result, the distribution frequency of an individual genus was
estimated by counting the occurrences of these 31 enzymes. The core microbiota was identified by
combining both transcript abundances (�1,000 FPKM) of genes encoding 31 enzymes and distribution
frequencies (�20%) in 31 enzymes (Fig. 3). Moreover, the core and noncore microbiota participating in
the pathway were identified.

(iii) Statistical analyses. Statistical testing for gene expression was performed in R with edgeR, using
the two-replicate method (47). Different gene expression profiles in the sulfur metabolic pattern were
illustrated using Heatmap Illustrator version 1.0 (the Cuckoo Workgroup, Wuhan, China) (48). A single-
tailed independent Student’s t test (P � 0.05) was conducted to test significant differences between
monoculture and coculture with SPSS Statistics version 20 (IBM, Yorktown Heights, NY).

Accession number(s). The metatranscriptomic sequence data have been submitted to the DNA Data
Bank of Japan (DDBJ) under accession numbers DRA005616 and DRA005855.
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