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Flavor Profile of Chinese Liquor Is Altered by Interactions of Intrinsic
and Extrinsic Microbes
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The flavor profile of Chinese liquor is the result of the metabolic activity of its microbial community. Given the importance of
the microbial interaction, a novel way to control the liquor’s flavor is by regulating the composition of the community. In this
study, we efficiently improved the liquor’s flavor by perturbing the intrinsic microbial metabolism with extrinsic microbes. We
first constructed a basic microbial group (intrinsic) containing Saccharomyces cerevisiae, Wickerhamomyces anomalus, and Is-
satchenkia orientalis and added special flavor producers (extrinsic), Saccharomyces uvarum and Saccharomyces servazzii, to this
intrinsic group. Upon the addition of the extrinsic microbes, the maximum specific growth rates of S. cerevisiae and I. orientalis
increased from 6.19 to 43.28/day and from 1.15 to 14.32/day, respectively, but that of W. anomalus changed from 1.00 to 0.96/
day. In addition, most volatile compounds known to be produced by the extrinsic strains were not produced. However, more
esters, alcohols, and acids were produced by S. cerevisiae and I. orientalis. Six compounds were significantly different by random
forest analysis after perturbation. Among them, increases in ethyl hexanoate, isobutanol, and 3-methylbutyric acid were corre-
lated with S. cerevisiae and I. orientalis, and a decrease in geranyl acetone was correlated with W. anomalus. Variations in ethyl
acetate and 2-phenylethanol might be due to the varied activity of W. anomalus and S. cerevisiae. This work showed the effect of
the interaction between the intrinsic and extrinsic microbes on liquor flavor, which would be beneficial for improving the qual-

ity of Chinese liquor.

Traditional fermented foods are mainly prepared by a sponta-
neous fermentation process carried out by complex commu-
nities of microorganisms (1, 2). These microbial systems are resis-
tant to certain environmental stresses to some extent, and they
have stable structures and metabolic activities (3, 4). However, the
metabolic activity of the natural microbial community can be
variable. Therefore, inoculation of specially formulated starter
cultures into the natural fermentation community has been used
to improve its activity (5-7). This method has become attractive in
the fermented food industry because it has several excellent ad-
vantages, including shortening of fermentation times, reducing
the risk of spoilage, improving sensory qualities, and increasing
safety attributes (6). For example, to improve the aroma and color
of cheese, some yeast and bacterial strains have been inoculated to
inhibit or eliminate undesired microorganisms that cause quality
defects (8). The use of Saccharomyces cerevisiae resulted in the
suppression of potential spoilage yeasts in fermentation, ensuring
constant product characteristics and quality (9). The inoculation
of Bacillus licheniformis also improved the flavor profile of Chinese
Maotai-flavored liquor by increasing the amount of acids, aro-
matic compounds, phenols, and pyrazines (10).

However, the use of selected microbes did not always achieve
positive qualities, because the dominance of the inoculated strains
was not always assured. The most important reason is that the
microbial interaction between the inoculated microbes (extrinsic)
and the naturally occurring microbes (intrinsic) is poorly under-
stood. There are various types of microbial interactions, including
neutralism, commensalism, mutualism or synergism, amensalism
or antagonism, predation or parasitism, and competition (11).
These interactions can be classified into two groups in food fer-
mentation: promotion and inhibition (11). These interactions in-
fluence the metabolic activity of each microbe and, hence, influ-
ence the total function of the community. Therefore, the extrinsic
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microbes might be inhibited by the natural microbes, or they
might change the original interactions, resulting in unsuccessful
fermentation due to suboptimal structure and function of the
community. As a result, microbial interactions play an important
role in the structure and function of microbial communities (5,
12), and it is important to examine the microbial interactions and
their variations with perturbation from extrinsic microbes and to
investigate the effects of perturbation on the structure and func-
tion of microbial communities.

Chinese light-style liquor is one of the oldest traditional alco-
holic beverages in China (13). A typical example is Fen liquor,
with its renowned “light-fragrance” flavor. In our previous work,
we reported the microbial community structure in Fen liquor fer-
mentation. We found that S. cerevisiae, Issatchenkia orientalis, and
Wickerhamomyces anomalus were the most important species in
the production of the characteristic Fen liquor (14). As a result, we
were able to produce Fen liquor using a starter culture containing
only these three strains. Recently, we isolated two additional flavor
producers, Saccharomyces uvarum and Saccharomyces servazzii,
from another type of Chinese light-style liquor with a flavor dif-
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ferent from that of Fen liquor. We hypothesized that these two
strains might contribute to the flavor difference between these two
liquors. In addition, there might also be two different reasons for
this contribution: direct production of flavor compounds by the
additional strains and their effects on the metabolism of the in-
trinsic microbes. In this study, we investigated whether these two
extrinsic strains might influence the flavor profile of the liquor
and how this effect influences the microbial metabolism and the
liquor flavor profile.

MATERIALS AND METHODS

Strains. The following strains were isolated from the Chinese light-style
liquor-making process (15) and deposited in the China General Microbi-
ological Culture Collection Center (CGMCC): S. cerevisiae CGMCC 8130,
1. orientalis CGMCC 4741, W. anomalus CGMCC 4740, S. servazzii
CGMCC 8132, and S. uvarum CGMCC 8134.

Mixed-culture fermentations. The fermentation medium was pre-
pared with sorghum as previously reported (16). The original total reduc-
ing sugar in the extract was about 45.5 g/kg. This medium was sealed in
2-liter beakers and autoclaved at 121°C for 15 min. Yeast cultures were
inoculated by sterile loops in 250-ml Erlenmeyer flasks with 50 ml sor-
ghum extract, which was prepared as previously reported (16). Fermen-
tations were conducted at 150 rpm and 30°C for 48 h. Yeast cell numbers
were determined using a hemocytometer (16). These strains were then
inoculated into solid-state sorghum in beakers for mixed fermentation,
with the initial cell density of each strain adjusted to 1 X 10°> CFU/g. The
total added volume was made the same by addition of sorghum extract. All
fermentations were conducted without agitation at 30°C for 20 days.

Fermentations were conducted with single components, double com-
binations of S. cerevisiae, 1. orientalis, and W. anomalus, and higher-order
combinations (basal cocultures of S. cerevisiae, 1. orientalis, and W.
anomalus; basal cultures with S. servazzii and S. uvarum alone and in
combination). A noninoculated sample of fermentation medium was pre-
pared as the control. All experiments were performed in triplicate.

Enumeration of different yeast strains. Each sample (10 g) was mixed
with 90 ml sterile saline (0.85% NaCl) and soaked at 4°C for 30 min. Yeast
enumeration was carried out on Wallerstein Laboratory nutrient (WLN)
medium (17), in which the five strains showed different macroscopic
features, which were detailed in a previous report (15). According to the
macroscopic features (texture, surface, margin, elevation, and color), col-
onies of different types on the WLN medium were counted separately (15,
16). Standard deviations were calculated from triplicate repetitions of the
fermentation.

Analysis of reducing sugar and ethanol. Fermented sorghum (10 g)
was mixed with 90 ml distilled water, ultrasonically treated at 0°C for 30
min, and centrifuged at 8,000 X g at 4°C for 5 min. The supernatant
obtained was used to determine the contents of reducing sugar and etha-
nol. The reducing sugar was analyzed using the 3,5-dinitrosalicylic acid
method (18). The ethanol content was determined by high-performance
liquid chromatography (Agilent 1200 system) using a column (Aminex
HPX-87H, 300 mm by 7.8 mm; Bio-Rad) and a refractive index (RI)
detector (Schambeck SFD GmbH) (19). Standard deviations were calcu-
lated from triplicate repetitions of the fermentation.

Volatile compound analysis. The fermented grain (5 g) was mixed
with 20 ml sterile saline (0.85% NaCl, 1% CaCl,) and soaked overnight.
After ultrasonic treatment at 0°C for 30 min in a capped bottle, the mix-
ture was centrifuged at 8,000 X g at 4°C for 10 min. The supernatant was
filtered through a 0.22-pm filter and stored at —20°C until analysis (15).
Volatile compounds in fermented sorghums were assayed by headspace
solid-phase microextraction coupled with gas chromatography-mass
spectrometry (6890N gas chromatograph and 5975 mass selective detec-
tor; Agilent) and on a DB-Wax column (30 m by 0.25-mm inside diameter
[i.d.], 0.25-pm film thickness; J&W Scientific). The internal standard was
4-methyl-2-pentanol, and the final concentration was 54.50 u.g/liter.
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Standard deviations were calculated from triplicate repetitions of the fer-
mentation.

Statistical analysis. Heat maps were generated and cluster analyses of
the flavor compounds were performed in the statistical environment R,
version 2.15.3. All flavor data were normalized by SPSS 19.0 (IBM, Ar-
monk, NY, USA). The specific growth rate was calculated by Origin 8.0
(OriginLab) with the derivative equation reported previously (20), with
cell number/(cell number - day) as a complete unit (abbreviated here as
per day).

Random forest analysis was used to measure the importance of flavor
compounds and to obtain the significant differentiated flavor compounds
among different mixed cultures. It was used to compute two qualitative
measures. One value (increased mean square error [%IncMSE]) mea-
sured the importance of the variables (flavor compounds) in the ability to
reduce the mean square error. If the random permutation of the com-
pounds drastically changed the mean square error, then the compound
was considered critical. The other value (increased impurity index
[IncNodePurity]) measures the total increase in the homogeneity of the data
samples from splitting them in a given compound. A higher IncNodePurity
value represents higher importance of the compound (21). Volatile com-
pounds, which had %IncMSE values of >6% and IncNodePurity values of
>10, were considered to be critical to differentiate different mixed cultures.
These analyses were performed in the statistical environment R, version
2.15.3 (R Development Core Team, 2010) using the “random forest” library.

RESULTS
Influence of extrinsic yeasts on cell growth in intrinsic mixed-
culture fermentation. The main intrinsic yeast species for making
Chinese Fen liquor are S. cerevisiae, W. anomalus, and I. orientalis.
We constructed mixed cultures using combinations of two or all
three strains under simulated liquor fermentation conditions. The
growth curves of these three yeast strains in mixed-culture fer-
mentation are shown in Fig. 1A to D. Except for the culture of W.
anomalus-1. orientalis, the growth of all yeast strains slightly de-
clined in the initial time of this mixed-culture fermentation. This
might be due to the adaptation of the cells to this environment.

W. anomalus reached maximum populations of 3.0 X 10® and
4.5 X 10® CFU/g at 12 and 10 days, respectively, and then de-
creased to the final population of 8.3 X 10” CFU/g when grown in
the presence of S. cerevisiae or I. orientalis (Fig. 1A and C). How-
ever, it grew better and the maximum population reached 8.3 X
10® CFU/g when all three strains were present (Fig. 1D). The
growth curve of I orientalis was unaffected by the presence of S.
cerevisiae or W. anomalus. It reached the maximum value of 2.5 X
10® to 2.3 X 10® CFU/g at 8 days, respectively, and then was nearly
stable until the end of fermentation (Fig. 1B and C). However, in
the presence of S. cerevisiae and W. anomalus (Fig. 1D), its growth
quickly increased to 1.9 X 10® CFU/g at 6 days and further in-
creased to 5.6 X 10® CFU/g at 18 days, indicating that the growth
of L. orientalis is more vigorous in the triple combination than in
the double combinations. The growth of S. cerevisiae was lower
than that of the other two strains when grown in the presence of
W. anomalus or W. anomalus and I. orientalis, and its maximum
populations reached 6.1 X 10” and 5.1 X 107 CFU/g, respectively
(Fig. 1A and D). However, it grew better in the coculture with L
orientalis and maintained a population of around 1.1 X 10° to
6.9 X 10® CFU/g after 8 days (Fig. 1B). Therefore, W. anomalus
and L orientalis grew better than S. cerevisiae in the basal coculture
of the three intrinsic strains.

S. uvarum and S. servazzii were unique strains in another type
of Chinese light-style liquor, and they produced special flavors in
liquor fermentation (15). To improve flavor, they were added to
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FIG 1 Yeast growth profiles in different mixed-culture fermentations. (A) S.
cerevisiae-W. anomalus; (B) S. cerevisiae-1. orientalis; (C) W. anomalus-I. ori-
entalis; (D) S. cerevisiae-W. anomalus-I. orientalis; (E) S. cerevisiae-W. anoma-
lus-1. orientalis-S. uvarum; (F) S. cerevisiae-W. anomalus-1. orientalis-S. ser-
vazziiy (G) S. cerevisiae-W. anomalus-1. orientalis-S. uvarum-S. servazzii; (H)
single cultures. W, S. cerevisiae; A, I. orientalis; @, W. anomalus; 4, S. servazzii;
V, S. uvarum.

this intrinsic Fen liquor coculture. The effect of these two strains
on the cell growth of intrinsic yeast strains was investigated. As
shown in Fig. 1E, when S. uvarum was added, the growth of all of
the intrinsic yeast strains decreased after 6 days. However, the
growth of W. anomalus and I. orientalis slightly increased after 8

days, and I. orientalis became the dominant strain with a popula-
tion of 5.5 X 10° to 1.2 X 10”7 CFU/g at the end of fermentation,
while W. anomalus slightly decreased to 7.9 X10* CFU/g and S.
cerevisiae decreased to 9.2 X 10* CFU/g. This indicated that the
addition of S. uvarum inhibited the growth of all three intrinsic
strains. When S. servazzii was added (Fig. 1F), it was unable to
propagate. However, the growth of S. cerevisiae was still affected,
and its population decreased from 5.6 X 10 to 2.3 X 10° CFU/g at
the end of fermentation. The final population number of I. orien-
talis also decreased about 2-fold, from 3.6 X 10% to 1.8 X 10°
CFU/g, while W. anomalus was unaffected. When S. uvarum and
S. servazzii were both added to the basal coculture of the three
intrinsic strains (Fig. 1G), the population of S. uvarum gradually
decreased about 10-fold until the end of fermentation, while that
of S. servazzii gradually increased 10-fold at 6 days and then stayed
stable. Compared with the population in the basal intrinsic cul-
ture, the maximum populations of S. cerevisiae and I. orientalis in
the five-strain mixed culture increased from 5.6 X 107 t0 9.5 X 107
CFU/g and 5.6 X 10® to 8.9 X 10® CFU/g, respectively. However,
the growth of W. anomalus was slightly inhibited and the final
population decreased from 8.31 X 107 to 4.64 X 10" CFU/g at the
end of fermentation. The more vigorous growth of S. cerevisiae
and I. orientalis in the five-strain combination indicated that the
inhibition from S. uvarum and S. servazzii might be weakened to
some extent.

In order to determine the effects of S. uvarum and S. servazzii
on the microbial interactions among the three intrinsic yeast
strains, we determined the maximum specific growth rate of each
strain in different cultures (Table 1). The specific growth rate of S.
cerevisiae is nearly the same in single culture and double cocul-
tures. However, it increased upon the addition of both extrinsic
microbes and was much higher than those of W. anomalus and L.
orientalis, although the final biomass of S. cerevisiae was less than
those of the other two strains. The higher maximum specific
growth rate of S. cerevisiae might be due to the increasing meta-
bolic activity when it was challenged with the disturbance from the
combination of W. anomalus and I. orientalis. However, the initial
fast growth consumes much more energy and leads to less biomass
at the end of fermentation. While the maximum specific growth
rates of W. anomalus and I. orientalis were higher in double cocul-
tures than in single cultures, they decreased upon the addition of
both extrinsic microbes, which might be due to the stronger com-
petition from S. cerevisiae. This suggests that different combina-
tions lead to different growth rates and metabolic activities.

When S. uvarum was added in the basal intrinsic coculture, the
maximum specific growth rate of S. cerevisiae decreased, while

TABLE 1 Maximum specific cell growth rates in different mixed-culture fermentations

Maximum specific growth rate (day ') for:

Culture S. cerevisiae W. anomalus L orientalis S. uvarum S. servazzii
Single culture 1.03 0.88 0.89 1.47 1.47

S. cerevisiae-W. anomalus 0.90 2.11

S. cerevisiae-I. orientalis 1.38 2.20

W. anomalus-1. orientalis 1.88 1.88

S. cerevisiae-W. anomalus-1. orientalis 6.19 1.00 1.15

S. cerevisiae-W. anomalus-1. orientalis-S. uvarum 2.62 7.52 3.07 8.45

S. cerevisiae-W. anomalus-1. orientalis-S. servazzii 7.77 1.11 0.94 0

S. cerevisiae-W. anomalus-1. orientalis-S. uvarum-S. servazzii 43.28 0.96 14.32 0 0.84
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TABLE 2 Fermentation parameters in different mixed-culture fermentations®

Ethanol per  Ethanol
Fermentation Maximum biomass Maximum ethanol Consumed reducing Consumed sugar reducing (10°®
Culture time (day) (10® CFU/kg) concn (g/kg) sugar (g/kg) (10~ g/cell) sugar (g/g)  g/cell)
S. cerevisiae 16 3.05*0.42B 18.58 £ 1.21 H 412+ 1.8C 13.29 0.45 5.99
W. anomalus 18 427 = 0.64B 6.13 = 0.70 D 41.0*+21C 9.53 0.15 1.43
L. orientalis 20 6.77 = 0.79 C 1.78 = 0.21 A 362 £ 14A 5.32 0.05 0.26
S. uvarum 20 3.77 £ 0.64 B 16.29 £ 1.02 G 359 1.6 A 9.45 0.45 4.29
S. servazzii 20 0.88 = 0.22 A 590 £ 042 C 39.1 £ 1.2B 43.44 0.15 6.56
W. anomalus-1. orientalis 20 6.60 = 0.72C 412 £ 0.36 B 38.6 £2.0B 5.85 0.11 0.62
S. cerevisiae-W. anomalus 14 3.39 = 0.53B 11.03 £ 0.96 F 42.1*1.7C 12.42 0.26 3.25
S. cerevisiae-I. orientalis 20 8.96 + 0.64 D 11.86 = 0.72 F 36.0 x 1.0A 4.02 0.33 1.32
S. cerevisiae-W. anomalus-1. 14 10.30 = 0.42 E 7.89 £ 0.61 E 41.8 +22C 4.06 0.19 0.77
orientalis
S. cerevisiae-W. anomalus-1. 14 221 £0.39B 6.80 £0.73D 41.0£1.2C 18.55 0.17 3.08
orientalis-S. uvarum
S. cerevisiae-W. anomalus-1. 14 9.78 £ 0.60 E 9.63 = 0.88 E 413 *1.6C 4.22 0.23 0.98
orientalis-S. servazzii
S. cerevisiae-W. anomalus-1. 14 16.08 = 0.69 F 15.36 = 1.21 G 412 *+1.7C 2.56 0.37 0.96

orientalis-S. uvarum-S.
servazzii

“n = 3. Values followed by different letters are significantly different for different cultures at a P of <0.05.

those of W. anomalus and 1. orientalis increased, which might be
due to decreased competition from S. cerevisiae. However, when S.
servazzii was added to the intrinsic coculture, the maximum spe-
cific growth rate of S. cerevisiae increased slightly, while those of
W. anomalus and L. orientalis remained nearly the same. This sug-
gests a contradictory relationship between the growth activities of
S. cerevisine and W. anomalus/1. orientalis. However, when both
extrinsic strains were added, the maximum specific growth rate of
W. anomalus changed from 1.00 to 0.96/day, while those of S.
cerevisiae and I. orientalis increased remarkably from 6.19 to
43.28/day and 1.15 to 14.32/day, respectively. This suggests that S.
uvarum and S. servazzii influence the competition between S.
cerevisiae and L. orientalis.

Influence of extrinsic yeasts on ethanol production in the
mixed-culture fermentation. The influence of S. uvarum and S.
servazzii on ethanol production in the mixed-culture fermenta-
tion was investigated, and the results are shown in Table 2. The
fermentation efficiencies of W. anomalus-I. orientalisand S. cerevi-
siae-1. orientalis were lower than those of other cultures, and the
reducing sugar contents were about 15% and 20% of the total
reducing sugar at the end of fermentation, respectively. Besides
these two cultures, all other cultures grew and fermented well, and
the reducing sugar was <<10% of the total reducing sugar after 14
days.

In single-culture fermentation, the ethanol content of all cul-
tures reached a maximal value at 15 days and then decreased. S.
cerevisiaeand S. uvarum produced 18.58 and 16.29 g/kg ethanol in
single cultures, respectively, indicating that they were excellent
ethanol producers, while W. anomalus, I. orientalis, and S. ser-
vazzii produced only 6.13, 1.78, and 5.90 g/kg ethanol, respec-
tively, indicating that they were not active ethanol producers.

The total biomass in the S. cerevisiae-W. anomalus-1. orienta-
lis-S. uvarum culture was the lowest among those for the mixed
cultures. The ethanol production and conversion rate of sugar to
ethanol were also the lowest in this culture, except for the culture
with nonactive ethanol producers W. anomalus and L. orientalis. In
the S. cerevisiae-W. anomalus-1. orientalis-S. uvarum-S. servazzii

January 2016 Volume 82 Number 2

Applied and Environmental Microbiology

culture, the total microbial population and ethanol production
were the highest among those for the mixed cultures. Compared
with the basal intrinsic coculture of three yeast strains, the sugar
consumed per cell was the lowest and the conversion rate of sugar
to ethanol was the highest for the S. cerevisiae-W. anomalus-I.
orientalis-S. uvarum-S. servazzii culture, even though the total
consumed sugar was nearly the same for the two cultures. Since S.
uvarum and S. servazzii strongly improved the growth of S. cerevi-
siae, S. cerevisiae grew much better and might produce more eth-
anol in the five-strain culture than in the basal coculture of the
three intrinsic strains. Additionally, the five-strain culture had a
high conversion rate of sugar to ethanol, because W. anomalus and
I. orientalis have weak ethanol productivity and S. uvarum and S.
servazzii had their maximal biomasses of 5.76 X 10° CFU/g and
6.00 X 10° CFU/g, which were far lower than that of S. cerevisiae.
This indicates that a more harmonious interaction was beneficial
for the function of the microbial community as less substrate is
consumed in competition between the microbes; consequently,
more substrate is used for ethanol production.

Influence of extrinsic yeasts on flavor metabolism in mixed-
culture fermentation. The volatile compound profile is a main
characteristic of a microbial community in the making of fer-
mented foods. To investigate the effect of extrinsic yeast strains on
the metabolic activity of the intrinsic mixed culture, the volatile
compounds in different mixed cultures were determined. A total
of 57 volatile compounds were detected. Hierarchical clustering
analysis was performed based on the volatile compounds in dif-
ferent cultures. The tree represents the cluster of 12 different
mixed-culture fermentations. The distance indicates the close as-
sociation of different cultures, and cultures appearing close in the
tree are those that had a close proximity in the cluster. As shown in
Fig. 2, based on the volatile compounds, cultures were efficiently
differentiated.

S. servazzii is a special flavor-producing strain. Its profile of
flavor metabolites was significantly different from those in the
other cultures. It uniquely produced 2-amyl alcohol, 2-hep-
tanone, and 4-vinylguaiacol, and it was characterized by high pro-
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FIG 2 Hierarchical clustering of volatile compounds in mixed fermentations. Yellow indicates no correlation between the cultures and the flavor compounds, and red
indicates high correlation between the cultures and the flavor compounds. S.c, S. cerevisiae; 1.0, I. orientalis; W.a, W. anomalus; S.s, S. servazzii; S.u, S. uvarum.

duction of various flavor compounds, including ethyl 2-methyl-  tramethyl pyrazine. S. uvarum uniquely produced 2-nonanone,
butyrate, ethyl 3-methylbutanoate, ethyl oenanthate, 3-methyl furfuryl alcohol, 3-methylthiopropanol, and ethyl hydrocin-
pentanol, 2,3-butanediol, ethyl phenylacetate, 3-hydroxy-2-bu- namate. Compared with other single-strain cultures, it was char-
tanone, 2,5-dimethyl pyrazine, 2,3,5-trimethyl pyrazine, and te-  acterized by high production of 2-butyl alcohol and 3-methylbu-
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tyric acid. However, most of the special volatile compounds
produced by S. servazzii and S. uvarum were not produced in the
mixed culture. This is most likely a result of their weak growth in
the mixed-culture fermentation. Thus, the effects of S. uvarum
and S. servazzii on flavor production are probably not due to their
specific metabolic activities when added to the intrinsic cultures.

S. uvarum and S. cerevisiae were classified in one cluster and
showed similar metabolic activities. They were both characterized
by high production of ethyl valerate, isobutanol, 1-octen-3-ol,
acetic acid, 3-methylbutyric acid, and 2-phenylethyl acetate.

W. anomalus-I. orientalis and W. anomalus were grouped in
one cluster. They were characterized by high contents of ethyl
acetate and ethyl propionate. They were further classified in one
higher cluster with 1. orientalis. The three cultures were special,
with high contents of 2-methylbutyl acetate, octanoic acid, and
2-phenylethanol.

The other cultures were classified into two different clusters. S.
cerevisiae-W. anomalus-1. orientalis-S. uvarum, S. cerevisiae-W.
anomalus-1. orientalis, and S. cerevisiae-1. orientalis were in the
same cluster, with uniquely high contents of benzaldehyde and
geranyl acetone. When the growth of S. uvarum was inhibited, the
metabolic activities of W. anomalus and S. uvarum were not ex-
hibited, while I. orientalis and S. cerevisiae were not inhibited by
other strains, and they still exhibited excellent metabolic activities.
This indicated that S. cerevisiae and I. orientalis are the main flavor
producers in these three cultures.

The S. cerevisiae-W. anomalus-1. orientalis-S. uvarum-S. ser-
vazzii, S. cerevisiae-W. anomalus-I. orientalis-S. servazzii, and S.
cerevisiae-W. anomalus cultures were in the same cluster and had
uniquely high contents of ethyl succinate. There were not many
differentially produced compounds in this cluster because the
combinations of different strains were also the combinations of
these special compounds from different single strains.

Inaddition, S. cerevisiae-W. anomalus-I1. orientalis-S. uvarum-S.
servazzii and S. cerevisiae-W. anomalus-I. orientalis samples were
in a different cluster. The five-strain coculture contained larger
amounts of esters, alcohols, and acids than the three-strain cul-
tures but smaller amounts of aromatic compounds, aldehydes and
ketones, and other compounds. The maximal biomasses of S.
cerevisiae and I. orientalis were about 2-fold higher and that of W.
anomalus was about 2-fold lower in the five-strain coculture than
in the basal culture.

Although S. servazzii and S. uvarum might be metabolically
active, the maximal biomass of each strain was only 5.76 X 10
CFU/g and 6.00 X 10° CFU/ g, respectively, which was far lower
than that of the intrinsic strains. Therefore, the metabolic activi-
ties in the two cultures might be mainly attributed to the three
intrinsic yeast strains. This indicates that S. cerevisiae and I. orien-
talis might be responsible for the higher productivities of esters,
alcohols, and acids.

Significant different volatile compounds between the intrin-
sic and the disturbed culture fermentations. Random forest
analysis was used to measure the importance of flavor compounds
among different mixed cultures. Among the 57 volatile com-
pounds, 6 compounds had a %IncMSE value of >6%, and 10
compounds had an IncNodePurity value of >10 (see Table S1 in
the supplemental material). Six compounds (ethyl acetate, ethyl
hexanoate, isobutanol, 3-methylbutyric acid, 2-phenylethanol,
and geranyl acetone) were significant by the combination of the
two qualitative measures. These compounds are also the main
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FIG 3 Comparison of the contents of important volatile compounds between
cultures of S. cerevisiae-W. anomalus-1. orientalis-S. uvarum-S. servazzii and S.
cerevisiae-W. anomalus-1. orientalis. Sc, S. cerevisiae; lo, I. orientalis; Wa, W.
anomalus; Ss, S. servazzii; Su, S. uvarum.

flavor compounds in Chinese light-style liquor (15). The intrinsic
species culture produced more geranyl acetone than any of the
single cultures. However, it produced less of the other 5 com-
pounds, compared with the highest values of the 3 single cultures.
Specifically, it did not produce ethyl hexanoate. The contents of
these compounds in the S. cerevisiae-W. anomalus-1. orientalis-S.
uvarum-S. servazziiand S. cerevisiae-W. anomalus-I1. orientalis cul-
tures were also compared. As shown in Fig. 3, when S. servazzii and
S. uvarum were both added to the basal culture, the concentra-
tions of ethyl acetate, ethyl hexanoate, isobutanol, and 3-methyl-
butyric acid increased from 127.5 to 164.0 pg/liter, from 0 to 25.6
pg/liter, from 20.3 to 47.7 wg/liter, and from 110.0 to 326.8 pg/
liter, respectively. Meanwhile, the concentrations of 2-phenyle-
thanol and geranyl acetone decreased from 16,315.9 to 10,875.1
pg/liter and from 60.7 to 27.8 pg/liter, respectively. This suggests
that S. servazzii and S. uvarum may stimulate production of vola-
tile compounds by the intrinsic microbes.

DISCUSSION

This work revealed that the flavor profile of Chinese liquor could be
altered via the addition of extrinsic microbes. This effect was not due
to the flavor production ability of the extrinsic microbes but to the
interaction between the extrinsic and intrinsic microbes. In natural
and inoculated microbial communities, different microbial strains
coexist and interact with each other, and the interactions in the mi-
crobial community are essential for the formation of specific micro-
bial structures and the variations in functions. Variations in microbial
interactions lead to variations in the microbial structure and metab-
olism. Therefore, it is important to gain deep insight into the interac-
tions among the component strains.

In this work, when the three intrinsic species (S. cerevisiae, L.
orientalis, and W. anomalus) were grown in the presence of two
specific flavor producers (S. uvarum and S. servazzii), the maxi-
mum specific growth rate of W. anomalus slightly decreased, while
those of S. cerevisiae and I. orientalis remarkably increased. This
indicates the alleviation of the competition between S. cerevisiae
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and I. orientalis: the intrinsic microbes might turn from competi-
tion to cooperation to compete together against the extrinsic
microbes to suppress the extrinsic perturbation. This type of in-
teraction has also been observed in the coculture of Chinese sesa-
me-flavored liquor: S. cerevisiae strongly inhibited B. licheniformis
in the coculture of B. licheniformis, S. cerevisiae, and I. orientalis,
but the inhibition was slightly alleviated when Bacillus amyloliq-
uefaciens was added (22). As a result, the extrinsic strains grew
weakly or might not survive and exhibited little metabolic activity
because of inhibition from the intrinsic microbes. This might be
the reason for the resilience and robustness of the structure of the
microbial community in the presence of different extrinsic mi-
crobes.

The inhibition by the intrinsic microbes on the extrinsic mi-
crobes is important for the stability of the microbial community.
It might be caused by competition for nutrients, cell-cell contact-
mediated mechanisms, and inhibition by metabolites such as ac-
ids and ethanol (23, 24). In a previous study, we investigated the
mechanism of inhibition between S. cerevisiae and W. anomalus
isolated from Chinese liquor. The inhibition was not alleviated
when glucose and new fermentation medium were added to the
fermentation broth, which indicated that the inhibition was not
due to the competition for nutrients (25). We also found that the
inhibition still existed when we separated them by a dialysis bag
for coculture or when the culture supernatant of S. cerevisiae was
added to the W. anomalus fermentation medium. These results
indicated that the inhibition might be mainly due to the metabo-
lites produced by the inhibitor.

Furthermore, although the extrinsic microbes grew poorly,
they might still influence the overall metabolic activity of the in-
trinsic microbes. There has been increasing interest in under-
standing the interaction based on the aromatic profile analysis,
such as the interaction between non-Saccharomyces species and S.
cerevisiae (26-28). This effect was classified into three types: neu-
tral, positive, and negative. An example of a neutral interaction is
that between S. cerevisiae and Torulaspora delbrueckii, which had
nearly the same aromatic profile in monocultures and in cocul-
tures (26). A positive effect leads to increases in the types and
amounts of metabolites, such as fatty acids, ethyl esters and ace-
tates, and terpenol, found in the cocultures of Metschnikowia pul-
cherrima and S. cerevisiae (26), or production of sulfur com-
pounds, higher alcohols, and esters found in the cocultures of
Hanseniaspora uvarum, Hanseniaspora guilliermondii, and S.
cerevisiae (28). In contrast, a negative interaction results in a de-
crease in metabolism. For example, terpenols, norisoprenoids,
and lactones were significantly lower in the coculture than in the
monoculture of S. cerevisiae and Candida zemplinina (26). How-
ever, the effects of microbial interactions on metabolism are in-
vestigated mainly via the double combination culture, and the key
function of the individual microbe on the final flavor profile in the
mixed culture is still unclear. Since cultures found in liquor mak-
ing are more complex, it is important to carry out further experi-
ments in these more complex cultures to understand how to im-
prove the metabolism of the community.

This work investigated the microbial interactions in cocultures
with up to 5 strains, and more complicated interactions were ob-
served, including the contribution of each single strain to the final
flavor profile. After inoculation of both S. servazzii and S. uvarum,
there were 6 significant volatile compounds: ethyl acetate, ethyl
hexanoate, isobutanol, 3-methylbutyric acid, 2-phenylethanol,
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and geranyl acetone. S. cerevisiae and I. orientalis were both char-
acterized by high concentrations of ethyl hexanoate. S. cerevisiae
was characterized by high concentrations of isobutanol, 3-meth-
ylbutyric acid, and 2-phenylethanol, while W. anomalus was char-
acterized by high concentrations of ethyl acetate and geranyl
acetone, both in the single fermentation (Fig. 2). Because the max-
imum population numbers of S. cerevisiae and I. orientalis in the
five-species combined culture were about 2-fold greater than
those in the basal intrinsic culture (Fig. 1), the increases in ethyl
hexanoate, isobutanol, and 3-methylbutyric acid might be corre-
lated with the increased growth of S. cerevisiae and 1. orientalis,
while the decrease of geranyl acetone might be correlated with the
slightly decreased growth of W. anomalus. However, the increase
in ethyl acetate was not consistent with that of W. anomalus. S.
cerevisiae can also efficiently produce ethyl acetate and its precur-
sor acetic acid, which might transform to ethyl acetate by the es-
terification reaction, explaining the increased ethyl acetate. The
decreased 2-phenylethanol was not consistent with the increase in
the growth of S. cerevisiae. Although S. cerevisiae efficiently pro-
duced 2-phenylethanol in the single-culture fermentation, the
production of 2-phenylethanol decreased in all of the cocultures.
S. cerevisiae might retain 2-phenylethanol in the five-strain cocul-
ture fermentation, which might be beneficial for its growth. More-
over, this decrease is beneficial for the overall liquor flavor, as a
high concentration of 2-phenylethanol leads to defective liquor.

Therefore, we concluded that the function of the additional
inoculation of extrinsic microbes in this work did not follow the
1 + 1 = 2 principle because most of the special volatile com-
pounds produced by S. servazzii and S. uvarum were not produced
in the mixed cultures. The flavor profile produced by the intrinsic
strains varied due to the perturbation by the extrinsic strains. The
additional inoculation might follow the 1 + x = 1’ principle,
which might be another type of emergent property of the commu-
nity because the intrinsic microbes were stimulated by the extrin-
sic microbes.

Although there are many methods to improve microbial metab-
olism, such as imposing stress by changing the environmental condi-
tions (pH and temperature), they might lead to weak growth of the
culture. Application of additional cultures to the original culture in-
creases compound production in a more moderate manner. With the
use of a suitable extrinsic strain, microbial growth would be unaf-
fected, but the intrinsic microbial metabolic activity might increase.
Thus, selection of a suitable extrinsic starter is also important. The
general principle for selection is the microbial behavior under defined
conditions for making fermented foods (6, 9), such as the stresses
from high temperature (about 40 to 50°C), low pH (pH 2.0 to 3.0),
and ethanol (about 4.5 to 5.5% [vol/vol]) in the Chinese liquor fer-
mentation process (29). However, interactions between the extrinsic
and intrinsic microbes should also be considered. Once we better
understand the nature of the interactions, we can select suitable ex-
trinsic microbes and design strategies to alleviate the inhibition
among the intrinsic microbes and improve the intrinsic microbial
metabolism. This might become an attractive method for improving
the fermentation efficiency and the qualities of fermented products
and play an important role in the development of the fermentation
industry.

Furthermore, it is important to reveal the details of the mech-
anism of the microbial interactions in the community to allow
more scientific designs and control of their interactions to im-
prove the metabolism in mixed-culture fermentations. However,
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the mechanism of the metabolic activity shift in the perturbed
microbial community in this work remains elusive. Although
there are many reports about the individual transcription shift in
a mixed culture containing two microbes (30, 31), the individual
metabolism shift in a two-microbe coculture is not enough to
represent the changes of the whole community. The recent devel-
opment of metatranscriptome sequencing provides an attractive
method to reveal the systems-level transcriptional response of the
microbial community (32). Therefore, our future work will be
focused on the investigation of the transcription and metabolic
shift of each microbial community member with the extrinsic mi-
crobial perturbation and the interactions between the microbes by
use of a metatranscriptomic approach.

In conclusion, traditional fermented foods that are prepared
by spontaneous fermentation or by artificial mixed-culture fer-
mentation do not always meet the expectations of consumers.
Applying additional inoculated cultures is an attractive way to
improve these products. However, since the microbial interac-
tions are poorly understood, the use of selected microbes does not
always have a positive result. This work investigated the microbial
interactions in a perturbed microbial community. We found that
the microbial interactions varied when the intrinsic-species mixed
culture was perturbed by extrinsic microbes, and the intrinsic
strains turned competition to cooperation to suppress the extrin-
sic perturbation. In addition, the effects of the extrinsic yeasts on
the metabolic activity of the mixed culture were also investigated.
The special metabolic activities of the extrinsic yeasts were not
retained, and the flavor profiles varied because of the variations in
the population and metabolism of the intrinsic strains. This indi-
cates that the microbial interactions play important roles in the
metabolic activities of microbial communities. Our work furthers
the understanding of the interactions within microbial commu-
nities and can be used to increase the effectiveness of added cul-
tures in fermented food production.
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