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Abstract

Background The traditional Sichuan Sun-dried vinegar (SSV) with unique flavor and taste is believed to be
generated by the solid-state fermentation craft. However, how microorganisms and their metabolites change along
with fermentation has not yet been explored.

Results In this study, our results demonstrated that the middle and late stages of SSV fermentation were the periods
showing the largest accumulation of organic acids and amino acids. Furthermore, in the bacterial community, the
highest average relative abundance was Lactobacillus (ranging from 37.55 to 92.50%) in all fermentation stages, while
Acetobacters ranked second position (ranging from 20.15 to 0.55%). The number of culturable lactic acid bacteria

is also increased during fermentation process (ranging from 3.93 to 8.31 CFU/g). In fungal community, Alternaria
(29.42%), Issatchenkia (37.56%) and Zygosaccharomyces (69.24%) were most abundant in different fermentation
stages, respectively. Interestingly, Zygosaccharomyces, Schwanniomyces and Issatchenkia were first noticed as the
dominant yeast genera in vinegar fermentation process. Additionally, spearman correlation coefficients exhibited that
Lactobacillus, Zygosaccharomyces and Schwanniomyces were significant correlation with most metabolites during the
fermentation, implying that these microorganisms might make a significant contribution to the flavor formation of
SSV.

Conclusion The unique flavor of SSV is mainly produced by the core microorganisms (Lactobacillus,
Zygosaccharomyces and Schwanniomyces) during fermentation. This study will provide detailed information related to
the structure of microorganism and correlation between changes in metabolites and microbial succession in SSV. And
it will be very helpful for proposing a potential approach to monitor the traditional fermentation process.
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Introduction

Vinegar is a worldwide traditional fermented condiment
and a crucial material in the food industry [1, 2]. It has
been produced and consumed as a commercial product
with a history of approximately 5000 years [3]. Sichuan
Sun-dried vinegar (SSV), produced in Sichuan Province,
is quite famous because of unique flavor and soft taste
with rich nutrition, which are believed to be generated by
the special solid-state fermentation (SSF)craft. Report-
edly, SSF is a fermentation process that exhibits charac-
teristics similar to spontaneous fermentation, involving
a long-term aging process and yielding multiple metabo-
lites [4, 5]. It can enhance the nutritional value and bioac-
tivity of the raw materials utilized in fermentation, as well
as endow the resulting vinegar with a distinct and mellow
flavor profile. Notably, the major flavor metabolites pro-
duced through this process, alongside organic acids and
amino acids, exhibit various health benefits, including
antioxidant, antihypertensive, anti-obesity, antidiabetic,
and antimicrobial activities [6, 7]. These attributes have
led to consumer approval of SSF vinegar as a healthful
and flavorful dietary option. Compared with other Chi-
nese vinegars, the fermentation craft of SSV (Fig. 1) is
different in three aspects. Firstly, wheat bran is used as
the only major ingredient during the fermentation. Sec-
ondly, the fermentation starter (Daqu) is not powder,
but fresh natural fermentation liquid made from cooked
rice porridge supplemented with a variety of edible herbs
such as patchouli, Chinese yam, etc. Previous studies
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have reported that Daqu used in vinegar fermentation
contained a rich variety of microorganisms, primarily
including molds/yeasts and lactic acid bacteria (LAB)
[2, 8]. Thirdly, the entire fermentation process, includ-
ing starch saccharification (SS), alcohol fermentation
(AF) and acetic acid fermentation (AAF), was conducted
simultaneously in the same pool for 30 days, and the
Cupei was manually stirred every morning (by facilitat-
ing the exchange between the upper and lower layers of
Cupei) to ensure adequate oxygen supply, promote heat
release, enhance the yield of acetic acid and maintain gas
exchange balanced [5, 9]. But how the microbial commu-
nity changes of this fermentation process has never been
explored.

Previous studies demonstrated that different fermen-
tation craft of Chinese traditional vinegars may lead to
variation in microbial community composition [1, 8,
10-12]. For example, during shanxi aged vinegar fer-
mentation process, the SS and AF stages were carried
out simultaneously after mixing with Daqu powder and
water, and then the last batch of Cupei was added to start
the AAF stage. Nie et al. also found that LAB increased
in the AF stage, then decreased in AAF stage, and the
abundance of acetic acid bacteria (AAB) (50.9%) was
higher than that of LAB [5]. Whereas, during the Tian-
jing duliu vinegar fermentation process, Daqu usually
mixed with raw materials for SS, then adding water and
auxiliary materials go on AF and AAF stages, respec-
tively. The results showed AAB increased continuously in
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the early fermentation stage, but the abundance of LAB
(>80%) was higher than that of AAB in the late fermenta-
tion stage [8]. Furthermore, the taste and flavor of vin-
egar were determined by the abundant metabolites such
as free amino acids (FAAs), organic acids (OAs), volatile
compounds and other bioactive constituents, which were
generated by the microorganisms [2]. Therefore, the cor-
relation between metabolites changes and microbial suc-
cession in traditional Chinese vinegars were also studied.
Nie et al. found that Saccharomyces, Komagataeibacter
and Acinetobacter were positively correlated with alcohol
or acetic acid production in Shanxi aged vinegar by using
454 high-throughput sequencing, GC-MS and HPLC [5],
and they also found that LAB had important influences
on the flavor and taste of vinegars [8]. Mei et al. exhibited
that Lactobacillus, Acetobacter and Candida were closely
related with volatiles and organic acids in Sichuan bran
vinegar by using Illumina-MiSeq sequencing, HPLC and
HS-SPME-GC-MS as well [13]. Since the craft of SSV is
quite different from other vinegars, exploring the correla-
tion of metabolites changes and microbial succession in
the fermentation process will be very helpful to under-
stand the essence mechanism of this kind of solid-state
fermentation. To the best of our knowledge, no research
has been reported on the correlation between changes in
metabolites and microbial succession, as well as the com-
position of microbial communities during different fer-
mentation stages of SSV.

Therefore, in this study, Illumina high-throughput
sequencing technology and cultivation method were
applied to investigate the structure of microbial commu-
nities and the numeration of culturable microorganisms
in the three fermentation stages, respectively. Moreover,
HPLC and chemical methods were performed to deter-
mine metabolites and flavor components, and the poten-
tial correlations between dominant microbiota and major
metabolites of SSV were explored. This study will provide
detailed information related to the structure of microor-
ganism and correlation between changes in metabolites
and microbial succession. And it will be very helpful for
proposing a potential approach to monitor the tradi-
tional fermentation process. Furthermore, since recent
evidence suggested that some kind of traditional vinegar
have several types of therapeutic effects like antioxidant,
hypotensive, hypoglycemic and cholesterol-lowering
activities [6, 7]. Thus, our study will also be helpful to fur-
ther investigate the medicinal benefits of SSV.

Results and discussion

Changes in Physiochemical features during fermentation
process

The changes of physicochemical features, including mois-
ture, amino acid nitrogen, titratable acidity and pH of
Cupei samples were illustrated in Fig. 2 and Table S1. The
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moisture content of Cupei was maintained at 60%~65%
during the fermentation process (Fig. 2A and B), which
was due to the better water absorption and holding
capacity of the wheat bran, ensured the high moisture
content of Cupei. The amino acid nitrogen, titratable
acidity gradually increased from 0.06 g/kg to 1.31 g/kg,
and from 2.68 g/kg to 10.50 g/kg, respectively and the
contents were statistically significant in three fermenta-
tion stages (Fig. 2C~F). This could be attributed to the
complex interaction and alternation of multiple micro-
organisms, leading to the generation of metabolites and
the degradation of nitrogen-containing compounds [14].
Conversely, the pH values decreased sharply from the 0d
to 1d (6.58~4.22) after the addition of Daqu and were
maintained between 4.22 and 4.69 during fermentation
stages (Fig. 2E). Compared with other cereal vinegars,
the pH values were maintained between 3.0 and 3.8 dur-
ing fermentation stages [8, 15, 16]. The fluctuation of
pH value and titratable acidity may probably due to the
production or consumption of organic acids (lactic acid
and acetic acid) by multiple bacterial and fungal genera
during the fermentation process [5, 17]. These physio-
chemical factors were not only the indicators of normal
fermentation but also the potential vital environmental
drivers in the assembly of microbial community of fer-
mented foods [18, 19].

Changes of Organic acids during fermentation process

Organic acids (OAs) are one of the main flavor sub-
stances of vinegar, which are converted from proteins,
starches and fats in the raw materials through the action
of microorganisms during fermentation [20]. The types
and contents of OAs are strongly related to the taste and
quality of vinegar. In this study, 8 OAs in the fermentation
process of SSV were quantified with calibration curves
and the variations were presented in Fig. 3 and Table S2.
During the whole fermentation process, the total level of
OAs showed a rising trend, from 1.54+0.30 g/kg at the
0d (SS0) to 24.29+1.21 g/kg at the 30d (AAF10) (Fig. 3A).
Among these OAs, acetic acid, lactic acid and succinic
acid were found to be the top 3 OAs in terms of their con-
tent, accounting for more than 80% of the total OAs. The
acetic acid concentration increased from 0.85+0.05 g/kg
at the 1d (SS1) to 10.86+0.62 g/kg at the end of fermenta-
tion (AAF10). The content of lactic acid was higher than
that of acetic acid in SS fermentation stage, and showed
an increasing trend in the first 21d of fermentation, and
then decreased slightly, remained stable in the AAF stage.
Acetic acid and lactic acid were the predominant OAs
in cereal vinegar, and lactic acid was benefit to balance
the sourness stimulate taste of acetic acid [21]. Similarly,
the change trend of succinic acid was basically consistent
with that of lactic acid (Fig. 3B). These findings were in
line with Shanxi aged vinegar and Tianjin duliu mature
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Fig. 2 Physicochemical characteristics of Cupei samples in different fermentation stages. Changes in the moisture (A, B), amino nitrogen (C, D), pH value
and titratable acidity (E, F), total phenols and total flavonoids and pigment (G, H). Data were given as mean +standard deviations. *P < 0.05; **P<0.01;

**p<0.001

vinegar [5, 8]. Besides, other OAs with low content in
SSV were also increased during the fermentation process,
such as oxalic acid, malic acid, citric acid, tartaric acid
and pyroglutamic acid. Among them, oxalic acid, malic
acid, and pyroglutamic acid showed a slow upward trend.
However, the proportion of these 5 OAs decreased from
42.24% at the beginning of fermentation to 17.88% at the
end of fermentation (Fig. 3C). On the other hand, these
OAs were intermediate metabolites of the tricarbox-
ylic acid cycle, which were used as substrates and enter
other metabolic pathways, and thus could not accumu-
late in large quantities during the fermentation process
[22]. However, the content of citric acid increased signifi-
cantly during the fermentation process, which might be
attributed to the metabolites of AAB and LAB [4, 5]. In
addition, these bacteria could also utilize other organic
acids to produce citric acid through the tricarboxylic acid
cycle pathway [22]. The presence of these OAs reduced
the influence of acetic acid and increased the softness of
vinegars [23].

Changes of free amino acids during fermentation process

Free amino acids (FAAs) are important flavor and nutri-
ent components of vinegars, as well as serve as precur-
sors for the formation of other flavor substances [23].
As described in Fig. 4 and Table S3, the contents of
total FAAs accumulated during the whole fermentation

process, from 29.641+4.19 mg/100 g at the 0d (SSO) to
705.35+£56.03 mg/100 g at the 30d (AAF10). The contents
of FAAs were relatively more abundant at the middle and
late stages of fermentation. In the raw material sample
(SS0), only three kinds of free amino acids were detected,
which were methionine (Met), threonine (Thr) and aspar-
tic acid (Asp). After 7 days of fermentation, 17 FAAs were
detected in all Cupei samples. Among them, Thr, arginine
(Arg) and alanine (Ala) were the most abundant. The con-
tents of these three amino acids increased significantly in
the middle and late stages of fermentation, accounting for
more than 50% of the total FAAs, and reached 61.35% at
the end of fermentation. In contrast with Monascus rice
vinegar, 3 FAAs with higher content were glutamic acid
(Glu), Ala and leucine (Leu) during the fermentation pro-
cess, whose total contents accounted for more than 43%
of the total FAAs. In addition, the total content of serine
(Ser), Met, glycine (Gly), phenylalanine (Phe), Asp and
tryptophan (Trp) at the end of fermentation accounted
for 37.61% of the total FAAs. The remaining eight amino
acids, Glu, cystine (Cys), lysine (Lys), proline (Pro), Leu,
valine (Val), Isoleucine (Ile) and histidine (His), showed
dynamic changes during fermentation, and their contents
were maintained at a low level. The variations of FAAs in
SSV were similar to Monascus rice vinegar, where FAAs
increased rapidly on middle and late fermentation stages
[6]. The accumulation of FAAs not only improved the
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Fig. 3 Changes of OAs in Cupei samples. Changes of total organic acid content (A), eight organic acids content (B), and the proportion of eight organic
acids (C) in different fermentation stages. Data were given as mean +standard deviations

flavor of vinegars, but also provided the precursors nec-
essary for the Maillard reaction in the subsequent aging
stage, which promoted the formation of flavor and func-
tional substances in Chinese traditional vinegars [23].

Furthermore, the taste of SSV also be influenced by
the FAAs. Generally, FAAs are classified into umami,
sweetness and bitterness flavors [24, 25]. As described
in Table 1, the content of total sweet-taste FAAs was
the highest, stabilizing at around 50% of total amino
acids during the entire fermentation process, followed
by bitter-taste FAAs, while the umami-taste FAAs were
the lowest, accounting for only about 3% of the total
FAA. And besides umami-taste amino acids, the con-
tent of sweet-taste and bitter-taste amino acids in the
three stages of fermentation were statistically significant.
In contrast with Monascus rice vinegar, the bitter-taste
amino acids were the most abundant, accounting for
about 50% [6]. The reason for this difference might be the
different fermentation craft of the two vinegars [1, 2, 8].
Monascus vinegar is fermented by liquid-state fermenta-
tion craft, while SSV is fermented by solid-state fermen-
tation craft.

Changes of total phenols and total flavonoids during
fermentation process

Since phenols are not only important flavor substances in
Chinese traditional cereal vinegars [14], but also are bio-
active components with antioxidant activity [26, 27]. In
this study, we determined the level of total phenols (TP)
and total flavonoids (TF), and the results were presented
in Fig. 2. The contents of TP and TF gradually increased
during the fermentation process (Fig. 2G and H). In the
raw material sample (SS0), the content of TP was 047 g
CAE/kg, then increased, reaching 1.41 g CAE/kg at the
end of fermentation. Apart from the source of raw mate-
rials, the formation of phenols was also associated with
the fermentation process. Previous studies showed that
fermentation improved the content of phenols, and the
aroma of vinegars was also correlated with the phenolic
substances [28, 29]. Therefore, Gao et al. further deter-
mined the phenolic components in the fermentation
process of Monascus rice vinegar, which exhibited that
ferulic acid content was the highest, accounting for about
50% of the TPs during the fermentation process, followed
by vanillic acid (ranging from 15 to 30%) [6]. Besides,
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the variation trend of TF content was similar to that of
TP content during fermentation. On the 20th day, the
content of total flavonoids reached the highest (0.90 g
RTE/kg), and then remained stable from 21d to 30d
(0.85~0.89 g RTE/kg). These results were in accordance
with the accumulation of TP and TF during fermentation
of Zhenjiang vinegar and Monascus rice vinegar [6, 15].

Alpha diversity analysis during fermentation process

To obtain an overview of community diversity and suc-
cession of SSV fermentation, 13 Cupei samples from
different fermentation stages were analyzed using Illu-
mina high-throughput sequencing technology. The cov-
erage rate of all Cupei samples was greater than 99.9%,
indicating that the identification of the microorgan-
isms (bacterial and fungi) was highly possible. And the
sequencing depth of the samples was sufficient accord-
ing to the rarefaction and rank - abundance curves (Fig.
S1), which could meet the requirement for subsequent

bioinformatic analysis. The number of bacteria ASVs/
OTUs (Operational Taxonomic Units) of all samples
were 986, while fungal ASVs/OTUs were 432. And a
total of 142 bacterial genera and 132 fungal genera were
identified in SSV Cupei samples. Compared with Shanxi
mature vinegar, only 556 bacterial OTUs and 172 fungal
OTUs were observed [30], while in Sichuan bran vinegar,
only found 63 bacterial genera and 41 fungal genera [31].
These results indicated that the SSV Cupei had highly
variable bacterial and fungi species compositions.

The alpha diversity metrics, including Observed,
Shannon and Simpson, were generated to evaluate rich-
ness and diversity of microbial community. As shown
in Table 2; Fig. 5, the observed index indicated that
the water content in the raw material (SSO) sample
was lower as fermentation liquid (Daqu) had not yet
been added, which was more favorable for the growth
of fungi, resulting in lower bacterial abundance and
higher fungal abundance. Upon addition of Daqu (SS1),



Dong et al. BMC Microbiology

(2023) 23:197

Table 1 Concentrations of FAAs in different flavor among Cupei

samples
Samples FAAs* (mg/100 g)

Umami Sweet Bitter
S50 993+468 15204532 451+158
SS1 331413 1055+171 10784157
SS4 7644269 3605+6.79 43244810
SS7 7004275 717941449  4452+10.07
$S10 884335 6687+1101 6592+12.03
AF1 1237455 12865+313 111.49+27.03
AF4 894+387 1155142258  108.32+2593
AF7 856+287 280.69+4457  19834+419]
AF10 6284190 24581+3686  206.74+42.79
AAF1 951+388 26435+3828  231.96+4663
AAF4 905+3.12 286.13+4134  29329+57.69
AAF7 19544812 43353468 23091 +4852
AAF10 22384955 4316546429  251.32+50.17
Mean® 7344225 4009+2542°  3379+2291°
Mean”* 904+218 19267+7180° 156.22+4643°
Mean™* 15124593 3539247905 251.87+25.26°

*The results are expressed as meanzxstandard deviation with three triplicates
for each sample. Umami FAAs include Asp, Glu and Lys; Sweet FAAs include Ala,
Gly, Cys, Pro, Trp, Ser and Thr; Bitter FAAs include Phe, Met, Arg, Leu, Val, lle
and His. *° SS fermentation stage samples; A AF fermentation stage samples;
AAF AAF fermentation stage samples; # SS fermentation stage samples vs. AF
fermentation stage samples (P<0.05); ® AF fermentation stage samples vs. AAF
fermentation stage samples (P<0.05); < AAF fermentation stage samples vs. SS
fermentation stage samples (P<0.05)

microorganisms began to proliferate rapidly in the early
stages of fermentation, and the abundance and diversity
of bacteria continued to increase, reaching a peak on
day 7 (SS7), whereas the abundance of fungi was high-
est on day 1 (SS1), possibly due to the high yeast content
in Daqu, after which its abundance started to decline.
These results suggested that the growth of fungi in the
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raw materials might be inhibited due to environmental
changes during fermentation. As the fermentation time
increased, the acetic acid content also increased, which
inhibited the growth of acid-intolerant microorganisms
and affecting the diversity of microbial communities
[19]. As a result, the abundance and diversity of bacte-
ria showed a decreasing trend from day 10 to day 21 of
fermentation (SS10-AAF1). Although the acetic acid
content continued to increase from day 24 to day 30 of
fermentation (AAF4-AAF?7), the diversity of bacteria and
fungi changed little, indicating that the microbial com-
munity had gradually stabilized in the high acid environ-
ment during the later stages of fermentation. Throughout
the fermentation process, the abundance of the fun-
gal community remained at a low level, which was also
reflected in the number of culturable microorganisms
(Fig. S2), where the number of fungi was much lower
than that of bacteria during SSV fermentation, indicating
that bacteria were the dominant microorganisms during
SSV fermentation. Additionally, the fluctuation of fungal
community diversity may be attributed to the competi-
tive advantage of acid-tolerant bacteria in the growth and
reproduction of other microorganisms in strongly acidic
environments, or to other fermentation factors such as
temperature, nutrients, and pollution [32].

Changes of microbial community succession during
fermentation process

Microorganisms played a vital role in the fermentation
process of vinegar, which could release various enzymes
to accelerate starch saccharification, provide nutrients for
the microbial community, and contribute to the flavor of
the product [10, 33]. To further identify the structure of

Table 2 Alpha diversity of bacterial and fungi community in Cupei samples

Samples 16s rDNA (region: V3-V4) ITS (region: ITS1~1TS2)
Observed Shannon Simpson Observed Shannon Simpson

SSO 104.00 404 0.03 122.00 1.66 047
SS1 118.00 181 0.36 144.00 163 0.52
SS4 138.00 268 0.11 40.00 145 0.36
SS7 378.00 439 003 41.00 2.06 0.17
SS10 240.00 2.90 0.12 72.00 1.89 0.30
AF1 132.00 2.25 0.18 69.00 1.98 0.25
AF4 180.00 2.70 0.15 54.00 227 0.14
AF7 91.00 2.16 0.25 88.00 2.66 0.12
AF10 97.00 148 0.50 59.00 221 0.19
AAF1 120.00 137 0.56 55.00 2.00 0.22
AAF4 96.00 0.73 0.76 53.00 0.60 0.79
AAF7 107.00 0.88 0.71 4800 054 0.81
AAF10 116.00 0.70 0.78 56.00 1.08 0.52
Mean®® 195.60 3.16 0.13 83.80 174 0.36
Mean” 125.00 2.14 0.27 67.50 2.28 0.17
Mean™f 109.75 092 0.70 53.00 1.05 0.58

55 55 fermentation stage samples; A7 AF fermentation stage samples; *AF AAF fermentation stage samples
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microbial communities, the ASVs from 16 S rRNA and
ITS sequencing were annotated and classified at phylum
and genus levels. For bacteria, Firmicutes and Proteobac-
teria were predominant at the phylum level, account-
ing for more than 97% of total abundance, followed
by Actinobacteria (1.25%) and Bacteroidetes (0.20%)
(Fig. 6A). The abundance of Firmicutes increased from
24.39 to 98.63%, while the abundance of Proteobacteria
decreased from 46.02% at the 0d to 0.63% at the 30d. At
the genus level of bacteria, an overview of the top 25 gen-
era at three stages was displayed in Fig. 6B. During the
three fermentation stages, the predominant populations
were Lactobacillus (68.02%) and Acetobacter (12.58%),
followed by Weissella (5.84%), Oceanobacillus (2.57%),
Pantoea (2.16%) and Bacillus (1.88%). It was notewor-
thy that the abundances of Acetobacter (20.15%) and
Weissella (17.42%) at the SS stage decreased to 0.55%,
0.04% at the AAF stage, respectively, while Lactobacillus
(37.55%) increased to 92.50%, becoming the most major
genus on AAF stage. In spontaneous fermentation, many
factors can affect the growth of Acetobacter, which was
that some AAB does not tolerate high concentration of
acetic acid [34, 35]. Compared with Shanxi aged vinegar

[5], the abundance of Lactobacillus was only 47.9% at
the AAF stage, while 80% of Lactobacillus was observed
in Tianjin duliu vinegar [8], 49.8% in Zhejiang rose vin-
egar [36], among of which were lower than SSV. The high
abundance of LAB in SSV Cupei was also observed in the
results of enumeration of culturable bacteria (Fig. S2).
Previous studies demonstrated that Lactobacillus could
produce large amounts of lactic acid, acetic acid, FAAs,
and other flavor compounds during fermentation pro-
cess [37], which indicated that the high abundance of
Lactobacillus might be very beneficial for the formation
of the rich flavor of SSV. Interestingly, Pantoea was not
detected in any other samples after 4 days of fermenta-
tion, and Lactobacillus was the only dominant bacteria
in the late fermentation period. It indicated that the ace-
tic acid brewing environment had selective pressure on
exogenous microorganisms, thereby affecting the micro-
bial diversity [19].

For fungi, the community was dominated by two phyla
during the fermentation process, namely, Ascomycota
(95.06%) and Basidiomycota (4.36%) (Fig. 6C). This phe-
nomenon is consistent with the results of Shanxi aged
vinegar, Zhenjiang aromatic vinegar and Ziziphus jujube
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Vinegar [16, 23, 38], indicating that Ascomycota and
Basidiomycota might play a key role in vinegar fermenta-
tion. At the genus level, the diversity of dominant fungal
populations in each fermentation stage were displayed
in Fig. 6D. In the early fermentation stage, two kinds of
yeast, Kazachstania and Issatchenkia were the main fun-
gal genera, while in middle and late fermentation stages,
three kinds of yeast, Zygosaccharomyces, Schwanniomyces
and Issatchenkia were dominant, which was first noticed
in our study as the dominant yeast genera in vinegar fer-
mentation process. Interestingly, Zygosaccharomyces was
not detected in SSO and SS1 samples, and neither was
the main genus in SS and AF stages, but in AAF1 sample
(21d), the abundance of this kind of yeast increased to
28.71%, and reached the highest in AAF7 sample (27d),
accounting for 89.70%, becoming the most abundant
genus. This kind of yeast was not reported as dominant
genus in other cereal vinegars, but was reported to be
abundant in fermented foods of Pixian Doubanjiang [39]
and Reduced-Salt broad bean paste [40], might be con-
tributed to the release of FAAs by autolysis [41]. In our
study, FAAs accumulated continuously during the AAF
stage (Fig. 4), suggesting a possible relationship with
Zygosaccharomyces. We also observed Zygosaccharomy-
ces, Schwanniomyces and Issatchenkia were dominant
in AAF stage of SSV, which was different from other
cereal vinegars, their main yeast genera were Saccha-
romyces and Saccharomycopsis [5, 23, 38). Issatchenkia

was considered the main microorganism causing aerobic
deterioration of cereals [42]. Saccharomyces and Saccha-
romycopsis were reported to product alcohol [43] and
release amylase [10], respectively. Although some strains
of Schwanniomyces have been shown to have potential
pathogenicity [44], several studies have also suggested
that certain strains of Schwanniomyces may play a ben-
eficial role in fermentation processes [45—48]. At present,
we only observed the structure of the microbial com-
munity during the fermentation process (30 days), and
the changes of Schwanniomyces during the post-ripen-
ing process of SSV were not clear. Meanwhile, the spe-
cific role of Schwanniomyces strains in SSV has not been
thoroughly studied. Therefore, it is necessary to conduct
a more detailed investigation to determine the specific
roles and potential risks associated with the Schwannio-
myces strains present in SSV to conduct a comprehensive
evaluation of its quality and safety.

In summary, the microbial community of Cupei sam-
ples underwent significant variations during the dif-
ferent stages of vinegar fermentation. At the early stage
of fermentation, the microbial communities in Cupei
were mainly derived from raw materials and Daqu, with
high diversity. At this time, microorganisms had not yet
multiplied in large numbers, so the abundance of Ace-
tobacter and Lactobacillus was relatively low. As fer-
mentation time increased, the levels of acetic acid and
alcohol increased, resulting in the inhibition of some
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microorganisms, particularly Weissella and Alternaria.
At this time, yeasts, Lactobacillus and Acetobacter mul-
tiplied continuously and increased in abundance. At
the later fermentation stage is characterized by further
increased in the levels of acetic acid in the fermenta-
tion environment (as depicted in Fig. 3), leading to the
death of most microorganisms that were intolerant to the
strong acid environment. Consequently, the growth of
acid-resistant microorganisms was favored, leading to a
decrease in the diversity of the microbial community, and
Lactobacillus, Zygosaccharomyces, Schwanniomyces were
dominant genera in the late fermentation stage.

Beta diversity analysis and representative microbes on
different fermentation stages

Although, based on experience, the fermentation pro-
cess of SSV is divided into starch saccharification, alcohol
fermentation and acetic acid fermentation stages for 10
days for each, whether the variation of bacterial and fun-
gal communities supports this classification need to be
addressed. Here, the PCoA analysis based on Bray-Curtis
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distance was used to understand the clustering of SSV
Cupei samples. As shown in Fig. 7A and B, the first two
components explained 64.02% and 80.70% of bacterial
and fungal variability, respectively. The bacterial and
fungal communities of Cupei samples were well sepa-
rated, indicating that there was a remarkable difference
in bacterial and fungal communities in different stages
(P<0.01). Compared to samples from SS stage, samples
in AF and AAF stages were closer to each other, indicat-
ing their similarity in bacterial and fungal composition.
Furthermore, hierarchical clustering analysis was per-
formed using the B diversity distance matrix and the
tree branch structure was constructed using unweighted
pair-group method with arithmetic means (UPGMA) to
further compare the similarities and differences of bac-
terial and fungal population composition among Cupei
samples. As illustrated in Fig. 7C and D, the bacterial
and fungal communities of the raw material (SS0) sam-
ples exhibited significant differences from those of Cupei
samples at other fermentation stages and were placed in
separate branches. In contrast, the samples from the AAF

B PERMANOVA: F = 5.461, P-value = 0.002
1
9
3 0 groups
< ® AAF
52 @ AF
N ®ss
]
x
<
-1
-1.0 05 0.0 0.5 1.0
D Axis.1 (46.56%)
= SS AF = AAF

Fig. 7 PCoA and UPGMA clustering tree analysis of fermentation samples. PCoA for bacterial (A) and fungal (B) community; UPGMA clustering tree for

bacterial (C) and fungal (D) community



Dong et al. BMC Microbiology (2023) 23:197

fermentation stage showed close distances, particularly
the three samples (AAF4, AAF7, AAF10) in the late fer-
mentation stage that were grouped together in the same
branch, indicating that the bacterial and fungal com-
munity structures of these samples were similar. These
results corroborated the findings of PCoA and provided
further insights into the microbial dynamics during the
fermentation process. Based on the results of hierarchical
clustering analysis of microbial communities, Zhang G et
al. divided the solid-state fermentation process of Taiyu-
anjing sun-dried vinegar into three stages: the first stage
lasted from 1 to 8 days, the second stage lasted from 9 to
12 days, and the third stage lasted from 14 to 16 days [49].
Additionally, Rong K et al. have also employed PCoA and
UPGMA methods to investigate the differences in micro-
organisms present in Cupei samples between winter and
summer in Shanxi old vinegar. The results showed that
the microorganisms in the same season were similar and
clustered together [30]. In summary, the results of micro-
bial community composition of SSV support, to some
extent, an empirically based classification of fermenta-
tion stages.

Furthermore, the specific bacterial and fungal taxa
within each fermentation stage were identified by the
LEfSe analysis, and the threshold on the LDA score for
discriminative features was adopted to select the greatest
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differences in taxa at different stage. The overall compari-
son of these representatives bacterial and fungi taxa from
each time-point during three fermentation stages were
conducted by LDA and Cladogram (Fig. 8). In the com-
parison of the bacterial populations among three stages,
4 bacterial genus and species (Acetobacter, Unassigned,
Lactobacillus nagelii and uncultured bacterium) from SS,
3 (Lactobacillus panis, Lactobacillus coleohominis and
Lactobacillus secaliphilus) from AF and 3 (Lactobacillus
acetotolerans, Lactobacillus and Lactobacillus acetotoler-
ans_DSM) from AAF exhibited differentially abundant in
each stage (Fig. 8A and B). In the SS stage, Acetobacter
had the highest LDA score of 5.58, followed by Unas-
signed (5.57), Lactobacillus nagelii (4.23). Lactobacil-
lus panis, Lactobacillus coleohominis and Lactobacillus
secaliphilus were the significantly enriched species in the
AF stage, while the enriched species were only Lactoba-
cillus acetotolerans and Lactobacillus in the AAF stage.
The Lactobacillus acetotolerans existed during the entire
fermentation process in SSV, and the relative abundance
reached 83.4% at the AAF stage, which was very differ-
ent in Shanxi vinegar and Tianjin vinegar [5, 8]. For fun-
gal LDA analysis, 2, 2 and 2 fungal species were found to
be enriched at the SS, AF and AAF stages, respectively.
Papiliotrema aurea and Kazachstania exigua at the
SS stage, Issatchenkia orientalis and Schwanniomyces
mm AAF
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Cladogram

: o_Actinomycetales
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Fig. 8 LEfSe analysis on different fermentation stages. LEfSe analysis for bacterial (A) and fungal (C) community. LEfSe showed a list of specific bacteria
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lis evaluation. Cladogram demonstrating the bacterial (B) and fungal (D) community with significant differences at different fermentation stages. Blue,
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etchellsii at the AF stage, and Zygosaccharomyces pseu-  have important effects on local microbial interactions in
dobailii and Millerozyma farinosa at the AAF stage, were  response to environmental disturbances [9, 52].

verified to the specific enriched on each stage (Fig. 8C Additionally, redundancy analysis (RDA) was also con-
and D). These results were consistent with those in the ducted to further understand the relationships between

phylogenetic tree (Fig. S3). dominant microorganisms and major metabolites. In

Fig. 9B, axes 1 and axes 2 could explain 83.16% of the data
Correlation between dominant microbes and metabolites variance of the correlation between microorganisms and
during fermentation process metabolites. Furthermore, most of the OAs and FAAs

To address the relationships between the microbial com-  were accumulated at the AAF stage, and showed a highly
munity succession and the metabolites changes at differ-  positive correlation with Lactobacillus, Zygosaccharomy-
ent fermentation stages, Spearman’s correlation analysis  ces and Schwanniomyces. These were coincident with the
was conducted between top 25 microbial genera and 31  previously described results (Figs. 3 and 4).

metabolites. As shown in Fig. 9A, positive correlations It is well known that the interaction among commu-
were observed between 13 genera and metabolites of SSV,  nity members and that between the members and the
while 9 genera represented negative. Among the 13 posi- metabolites are extremely complicated. For example,
tive correlations, Lactobacillus and Zygosaccharomyces  Huang et al. found that the flavor compounds in Zhenji-
showed strongly associated with most of the metabolites  ang aromatic vinegar was related to the core microbiota,
(21/31), followed by Corynebacterium (20/31), Schwanni-  including Acetobacter, Lactobacillus, Lactococcus, Gluco-
omyces (20/31) and Millerozyma (20/31), indicating that  nacetobacer, Wickerhamomyces and Saccharomyces [38,
these microorganisms possess a high tolerance for acidic ~ 53]. And Ai et al. reported that Acetobacter, Lactobacil-
environment. It was reported that Lactobacillus could lus, Candida, and Monascus were core microbes for the
promote the production of malic acid and citric acid  production of volatiles and OAs in Sichuan bran vinegar
through the tricarboxylic acid cycle pathway [50], as well ~ [31]. Nevertheless, in our study, except for Lactobacillus,
as hydrolyze peptides with specific aminopeptidases to  the core microbes during SSV fermentation were differ-
form a variety of amino acids [51], which might contrib-  ent from other vinegars, such as Corynebacterium, Zygo-
ute to form soft taste and rich nutrition of SSV. Interest-  saccharomyces, Schwanniomyces and Millerozyma, which
ingly, although Corynebacterium and Millerozyma with  might lead to the difference in the flavor of SSV from
less abundance, they were still had strong positive corre-  other vinegars. This finding will be very helpful for the
lation with acetic acid, lactic acid, citric acid, etc., which  further study of the relationship between microbial com-
might play an indispensable role in the formation of munity and unique flavor and taste of SSV.

special flavor. In previous study, the rare microbial taxa
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Conclusions

In this study, we explored the relationship between
metabolites changes and microbial succession along with
the special solid-state fermentation craft of SSV by using
HPLC and Ilumina high-throughput sequencing tech-
nology. We found that dominant microorganisms in SSV
fermentation process were different from some other tra-
ditional Chinese vinegars, especially Lactobacillus (rela-
tive abundance>90%) instead of Acetobacters, becoming
the only dominant genera in the AAF stage, which was
also confirmed by the results of culturable methods.
Besides, two kinds of yeast, Zygosaccharomyces and
Schwanniomyces were first noticed in our study as the
dominant yeast genera. Furthermore, most of OAs, FAAs
and other metabolites accumulated at AAF stage. And
most of these metabolites demonstrated a highly posi-
tive correlation with Lactobacillus, Zygosaccharomyces
and Schwanniomyces during the fermentation process.
This study is the first report to explore the relationships
between microbial diversity and OAs, FAAs and other
flavor compounds. Nevertheless, further studies should
be performed to explore otherwise important microbes
and metabolites, as well as the function of polyphenols,
flavonoids and the dominant yeasts of SSV.

Materials and methods

SSV fermentation and sample collection

The traditional fermentation process of SSV was per-
formed at Zigong Qiantian Baiwei Food Co., Ltd (Fus-
hun county, Zigong city, Sichuan). Briefly, wheat bran
(12,000 kg) was mixed with fresh fermentation starter
(Daqu) at a ratio of 1:1. The mixture was also called
Cupei, which was stacked together in the workshop and
fermented at room temperature for 30 days with manu-
ally mixed every morning to maintain sufficient oxygen
and improve acetic acid yield. Besides, the brown leaf
mats were applied to cover the Cupei to retain the mois-
ture. The fermentation process was divided into three
stages: SS, AF, and AAF stages, each lasting for 10 days,
which were conducted simultaneously in the same place
and followed by transport to the pithos for aging. Sam-
ples were collected respectively at SS stage (0d, 1d, 4d, 7d,
10d, marked as SSO, SS1, SS4, SS7, SS10), AF stage (11d,
14d, 17d, 20d, marked as AF1, AF4, AF7, AF10) and AAF
stage (21d, 24d, 27d, 30d, marked as AAF1, AAF4, AAF7,
AAF10) after stirring at a depth of approximately 30 cm
from the surface of Cupei. All the samples of approxi-
mately 200 g each were collected in triplicate and stored
at —80°C for the subsequent study.

Physicochemical features analysis

The moisture content of Cupei was determined by direct
drying method at 105°C [39]. In brief, the Cupei sam-
ples (Approximately 30 g) were homogenized with 90
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mL of distilled water, and then the pH value was deter-
mined with a pH meter (Fangzhou technology, Chengdu,
China). The titratable acidity and amino acid nitrogen
were analyzed by titration method using pH as an indi-
cator according to the recommendation of national stan-
dard of China GB/T 5009.235 [54]. Briefly, titratable
acidity was titrated with 0.01 M NaOH until the final pH
of the solution was 8.2. Then, 10 mL formaldehyde was
added to the sample to fix the amino group, followed by
titration with 0.01 M NaOH until the final pH of the solu-
tion reached 9.2. The amount of titrant was calculated
to determine the content of titratable acidity and amino
acid nitrogen, respectively.

Organic acid and free amino acids determination

A HPLC system (Thermo Fisher Scientific, Massachu-
setts, USA) equipped with an Ultimate AQ-C18 (250 mm
x 4.6 mm, 5 um) column was used for identification and
analysis of OAs and FAAs. In this study, 8 OAs standards
and a mixture of 17 standards FAAs were used for iden-
tification and quantification of OAs and FAAs in Cupei
samples. For OAs determination, Cupei samples were
pretreated with zinc sulfate and potassium ferricyanide
solution, and then the samples were filtered with 0.22 pm
microporous membrane. The mobile phase consisted of
20 mmol/L sodium dihydrogen phosphate (NaH,PO,, pH
2.7), and the flow rate was maintained at 0.8 mL/min. The
injection volume was 10 uL, and the detected wavelength
of the UV detector was 210 nm. For FAAs determination,
pre-column derivatization with phenyl isothiocyanate
(PITC) was established [55]. The mobile phase consisted
of 20 mmol/L anhydrous sodium acetate - triethylamine
solution (pH 6.2, A) and methanol-acetonitrile-aqueous
solution (v/v/v=2:6:2, B), using a gradient program of
95%~52% (A) in 0~39 min, 52%~0% (A) in 39~40 min,
0% (A) in 40~45 min, 0%~95% (A) in 45~46 min, 95%
(A) in 46~60 min. The flow rate maintained at 0.8 mL/
min. The injection volume was 10 pL, and the detected
wavelength of the UV detector was 254 nm.

Total phenols and total flavonoids determination

Since phenols are also important flavor substances in
Chinese traditional vinegars. Total phenols (TP) were
determined by Folin-Ciocalteu method with chlorogenic
acid as the standard according to a previously reported
method [56]. In brief, 500 pL of Cupei extract sample
was mixed with 2.5 mL of Folin-Ciocalteu reagent and
incubated at room temperature for 3 min, then 2 mL of
Na,CO; solution (7.5%, w/v) was added to the mixture,
followed by incubation at room temperature for 90 min
in the dark. The absorbance of the mixture was measured
at 747 nm. And the results were expressed as gram equiv-
alent of chlorogenic acid per kg of samples (g CAE/kg).
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Total flavonoids (TF) was determined using a colori-
metric method as follows [57]: 400 pL of test sample was
mixed with 200 uL of 5% (w/v) NaNO, solution, followed
by incubation for 5 min. Subsequently, 200 uL of 10%
(w/v) AI(NO,),4 solution, prepared in 100 g/L, was added
to the mixture and left to stand for 5 min. Finally, 800
pL of NaOH (4%, w/v) were added to the mixture. After
15 min, the absorbance of the mixture was measured at
510 nm. The results were expressed as gram equivalent of
rutin per kg of samples (g RTE/kg).

Enumeration of culturable bacteria and fungi

The total number of culturable bacteria and fungi in
Cupei was determined using a standard viable cell count-
ing method to examine the total Colony Forming Units
(CFUs) [54]. Briefly, 25 g Cupei sample and 225 mL ster-
ilized 0.9% NaCl solution were firstly placed in the ster-
ilized conical flask and then it was homogenized on an
oscillation incubator (Thermo Fisher Scientific, Massa-
chusetts, USA) with shaking at 150 rpm for 10 min fol-
lowed with 10-fold series dilution. For the enumeration of
total bacterial, lactic acid bacteria and fungi, the diluted
samples were spread on plate count agar (PCA), MRS
agar and rose bengal agar (Beijing Land Bridge Technol-
ogy Co., Ltd., China), and incubated at 37°C for 48 h, at
37°C in anaerobic chamber for 72 h, at 28°C in mould
incubator for 120 h, respectively. The average counts of
bacteria and fungi in Cupei samples were calculated as
colony forming units (CFU) per gram or expressed as log
CFU/g [54].

DNA extraction

All samples were pretreated before DNA extraction.
Approximately 2 g of Cupei sample was homogenized and
grinded using liquid nitrogen [16]. Subsequently, 100 mg
of each sample was used to extract total genomic DNA
using Super Plant Genomic DNA Kit (TianGen Biotech,
Beijing, China) according to the instruction of manu-
facturer. The integrity of genomic DNA was detected
through agarose gel electrophoresis and the concentra-
tion and purity of genomic DNA were detected through
the Nanodrop 2000 and Qubit 3.0 Spectrophotometer.

PCR amplification and lllumina NovaSeq sequencing

The V3-V4 hypervariable regions of the 16S rDNA
gene were amplified with the forward primers 341F
(5-CCTACGGGNGGCWGCAG-3) and the reverse
primer 805R (5-GACTACHVGGGTATCTAATCC-3).
For fungi, the internal transcribed spacer (ITS) regions
were amplified with the primer ITS1 (5-CTTGGT-
CATTTAGAGGAAGTAA-3) and ITS2 (5-GCTGC-
GTTCTTCATCGATGC-3’) [58]. The PCR components
were as follows: 10x Toptaq buffer (1 uL), Toptaqg DNA
Polymerase (0.2 pL), 2.5 mM dNTPs (0.8uL), 10 pM of
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each Forward and Reverse primer (0.2 pL), DNA Tem-
plate (1 pL), and up to 10 pL of ddH,O. The total volume
of the reaction was 10 pL. Amplification conditions con-
sisted of an initial denaturation step at 94 °C for 2 min,
followed by 25 cycles consisting of denaturation at 94 °C
for 30 s, annealing at 55 °C for 30 s, and extension at
72 °C for 1 min, with a final extension of 10 min at 72 °C.
PCR amplicons were purified with Agencourt AMPure
XP PCR Purification Beads (Beckman Coulter, Indianap-
olis, USA) and quantified using the Invitrogen Qubit3.0
Spectrophotometer Kit (Thermo Fisher Scientific, CA,
USA). The PCR products were sequenced using the Illlu-
mina NovaSeq platform with NovaSeq Reagent Kit v3 at
Genesky Biotechnology Co., Ltd. (Shanghai, China).

Bioinformatics analysis

The raw read sequences were processed by using QIIME2
with the cutadapt plugin for trimming the adaptor and
primer sequences [59], and the DADA?2 plugin for qual-
ity control as well as identification of amplicon sequence
variants (ASVs) [60]. A pre-trained Naive Bayes classifier
in RDP (Ribosomal Database Project) (version 11.5) with
a confidence threshold of 0.8 was applied for the taxo-
nomic assignments of the representative ASV sequences
followed with removing of the chloroplast, chondriosome
and unclassified sequences [61-63].

To estimate the species diversity and richness of Cupei
samples, the three alpha diversity indices (Observed,
Shannon and Simpson) were calculated based on the nor-
malized ASV abundance profile by using R software, and
the ASV-level were evaluated by using Bray-Curtis-based
Principal Coordinate Analysis (PCoA). Subsequently,
to identify the representative bacterial and fungal taxa
of each phase of Cupei samples, the linear discriminant
analysis (LDA) effect size (LEfSe) algorithm was per-
formed [58], and Spearman’s rank correlation was applied
to explore the correlations between bacteria and fungi,
the physicochemical factors and significantly enriched
taxa as well. Finally, the correlation between dominant
microbes and major metabolites in a multifactorial anal-
ysis-of-variance model with redundancy analysis (RDA).
The cosine similarity (cos) between genera and variables
was utilized to determine their quantitative relationship,
with positive (cos>0) or negative (cos<0) values indi-
cating the nature of the relationship, and the projection
distance of variables on the genus direction reflecting
their quantitative association [31]. It was conducted with
Hiplot online analysis platform (https://hiplot-academic.
com).

Statistical analysis

Physicochemical indices were expressed as mean=stan-
dard deviations (SD) and analyzed by Prism 8.0 software.
The significant differences among different fermentation
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processes were determined by one-way analysis of vari-
ance (ANOVA), and pairwise comparison between
groups was analyzed by Tukey’s method. A value of
P<0.05 was considered as statistically significantly.
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HPLC  High-Performance Liquid Chromatography
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TP Total Phenols

TF Total Flavonoids

CAE Equivalent of Chlorogenic Acid
RTE Equivalent of Rutin
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Cys Cystine

Lys Lysine

Pro Proline

Val Valine

lle Isoleucine

His Histidine

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512866-023-02947-1.

Supplementary Material 1

Supplementary Material 2

Acknowledgements

We thank the supports of Public Health and Preventive Medicine Provincial
Experiment Teaching Center at Sichuan University and Food Safety Monitoring
and Risk Assessment Key Laboratory of Sichuan Province.

Authors’ contributions

X.P. contributed to the initial design of this experiment. K.D., W.L. and QX
performed the experiment and wrote the main manuscript text. ZH., S.Z,
B.Z,and Y.W. analyzed the data and prepared all figures and tables. H.Z,, Z.Y,,
and J.L. collected the samples and other resources. All authors reviewed the
manuscript. The authors read and approved the final manuscript.

Funding

This study was supported by the Science and Technology Cooperation Project
of Sichuan University (No. 00404055A1103), and Sichuan Province Science &
Technology Department (No. 2020YJ0233). The funding body played no role in

Page 15 of 17

the design of the study and collection, analysis, interpretation of data, and in
writing the manuscript.

Data Availability

All data generated or analysed during this study are included in this published
article and its supplementary information files.

The datasets generated in this study are deposited in the NCBI repository,
accession number: PRINA994050 (https://www.ncbi.nlm.nih.gov/sra/
PRINA994050).

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

The staff of Zigong Qiantian Baiwei Food Co,, Ltd. help to collect Cupei
samples and record atmospheric temperature on site. So we include them
(Jiazhen Liu, Ziwen Yan) as co-authors. And all the authors declare that they
have no competing interests.

Received: 12 December 2022 / Accepted: 17 July 2023
Published online: 24 July 2023

References

1. JiangV,Lv X, Zhang C, Zheng Y, Zheng B, Duan X, Tian Y. Microbial dynamics
and flavor formation during the traditional brewing of Monascus vinegar.
Food Res Int. 2019;125:108531.

2. Solieri L, Giudici P.Vinegars of the World. In.: Italy: Springer Milan; 2009. pp.
1-34.

3. Budak NH, Aykin E, Seydim AC, Greene AK, Guzel-Seydim ZB. Functional
properties of vinegar. J Food Sci. 2014;79(5):R757-764.

4. LS, LiP LiuX LuoL, Lin W. Bacterial dynamics and metabolite changes in
solid-state acetic acid fermentation of Shanxi aged vinegar. Appl Microbiol
Biotechnol. 2016;100(10):4395-411.

5. Nie ZQ, Zheng, Xie SK, Zhang XL, Song J, Xia ML, Wang M. Unraveling the
correlation between microbiota succession and metabolite changes in
traditional Shanxi aged vinegar. Sci Rep-Uk. 2017, 7.

6. GaoH,Wang WP, Xu DD, Wang P, Zhao Y, Mazza G, Zhang X. Taste-active
indicators and their correlation with antioxidant ability during the Monascus
rice vinegar solid-state fermentation process. J Food Compos Anal 2021, 104.

7. Kandylis P, Bekatorou A, Dimitrellou D, Plioni |, Giannopoulou K. Health
promoting Properties of cereal vinegars. Foods. 2021;10(2):344-74.

8. Nie ZQ, Zheng Y, Wang M, HanY, Wang YN, Luo JM, Niu DD. Exploring micro-
bial succession and diversity during solid-state fermentation of Tianjin duliu
mature vinegar. Bioresource Technol. 2013;148:325-33.

9. ZhuYP, Zhang FF, Zhang CN, Yang L, Fan GS, Xu YQ, Sun BG, Li XT. Dynamic
microbial succession of Shanxi aged vinegar and its correlation with flavor
metabolites during different stages of acetic acid fermentation. Sci Rep-Uk.
2018, 8.

10. WuJJ, Ma YK, Zhang FF, Chen FS. Biodiversity of yeasts, lactic acid bacteria
and acetic acid bacteria in the fermentation of “Shanxi aged vinegar’, a
traditional chinese vinegar. Food Microbiol. 2012;30(1):289-97.

11. Wu JJ, Ma YK, Zhang FF, Chen FS. Culture-dependent and culture-indepen-
dent analysis of lactic acid bacteria from Shanxi aged vinegar. Ann Microbiol.
2012,62(4):1825-30.

12. XuW, Huang ZY, Zhang XJ, Li Q, Lu ZM, Shi JS, Xu ZH, Ma YH. Monitoring the
microbial community during solid-state acetic acid fermentation of Zheniji-
ang aromatic vinegar. Food Microbiol. 2011;28(6):1175-81.

13. AiM, Qiu X, Huang J, We CD, Jin Y, Zhou RQ. Characterizing the microbial
diversity and major metabolites of Sichuan bran vinegar augmented by
Monascus purpureus. Int J Food Microbiol. 2019;292:83-90.

14.  Zhang X, Wang P, Xu DD, Wang WP, Zhao Y. Aroma patterns of Beijing rice
vinegar and their potential biomarker for traditional chinese cereal vinegars.
Food Res Int. 2019;119:398-410.


https://doi.org/10.1186/s12866-023-02947-1
https://doi.org/10.1186/s12866-023-02947-1
https://www.ncbi.nlm.nih.gov/sra/PRJNA994050
https://www.ncbi.nlm.nih.gov/sra/PRJNA994050

Dong et al. BMC Microbiology

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

(2023) 23:197

Duan WH, Xia T, Zhang B, Li SP, Zhang CW, Zhao CY, Song J, Wang M. Changes
of Physicochemical, Bioactive Compounds and antioxidant capacity during
the Brewing process of Zhenjiang aromatic vinegar. Molecules 2019, 24(21).
Nie ZQ, Zheng Y, Du HF, Xie SK, Wang M. Dynamics and diversity of microbial
community succession in traditional fermentation of Shanxi aged vinegar.
Food Microbiol. 2015;47:62-8.

Lee SH, Jung JY, Jeon CO. Effects of temperature on microbial succession
and metabolite change during saeu-jeot fermentation. Food Microbiol.
2014,38:16-25.

Xiao C, Lu ZM, Zhang XJ, Wang ST, Ao L, Shen CH, Shi JS, Xu ZH. Bio-Heat is

a key environmental driver shaping the Microbial Community of Medium-
Temperature Daqu. Appl Environ Microb. 2017, 83(23).

Zheng Y, Mou J, Niu JW, Yang S, Chen L, Xia ML, Wang M. Succession
sequence of lactic acid bacteria driven by environmental factors and
substrates throughout the brewing process of Shanxi aged vinegar. Appl
Microbiol Biot. 2018;102(6):2645-58.

Wu YF, Xia ML, Zhao N, Tu LN, Xue DN, Zhang XL, Zhao CM, Cheng Y, Zheng
Y, Wang M. Metabolic profile of main organic acids and its regulatory mecha-
nism in solid-state fermentation of chinese cereal vinegar. Food Res Int. 2021,
145.

Chai LJ, QiuT, Lu ZM, Deng YJ, Zhang XJ, Shi JS, Xu ZH. Modulating micro-
biota metabolism via bioaugmentation with Lactobacillus casei and Aceto-
bacter pasteurianus to enhance acetoin accumulation during cereal vinegar
fermentation. Food Res Int. 2020, 138.

Yin X, Li JH, Shin HD, Du GC, Liu L, Chen J. Metabolic engineering in the
biotechnological production of organic acids in the tricarboxylic acid cycle of
microorganisms: advances and prospects. Biotechnol Adv. 2015;33(6):830-41.
Ruan'W, Liu JL, Li PL, Zhao W, Zhang AX, Liu SY, Wang ZX, Liu JK. Dynamics

of Microbial Communities, Flavor, and Physicochemical Properties during
Ziziphus jujube Vinegar Fermentation: Correlation between Microorganisms
and Metabolites. Foods. 2022, 11(21).

Bassoli A, Borgonovo G, Caremoli F, Mancuso G. The taste of D- and L-amino
acids: in vitro binding assays with cloned human bitter (TAS2Rs) and sweet
(TASTR2/TAS1R3) receptors. Food Chem. 2014;150:27-33.

Poojary MM, Orlien V, Passamonti P, Olsen K. Enzyme-assisted extraction
enhancing the umami taste amino acids recovery from several cultivated
mushrooms. Food Chem. 2017;234:236-44.

Pyo YH, Hwang JY, Seong KS. Hypouricemic and antioxidant Effects of soy
vinegar extracts in Hyperuricemic mice. J Med Food. 2018;21(12):1299-305.
Yu X, Yang M, Dong JL, Shen RL. Comparative analysis of the antioxidant
capacities and Phenolic Compounds of Oat and Buckwheat Vinegars during
production processes. J Food Sci. 2018;83(3):844-53.

Liu AP, Peng Y, Ao XL, Pan WS, Chen SJ, He L, Yang Y, Chen FS, Du DZ, Liu SL.
Effects of Aspergillus niger biofortification on the microbial community and
quality of baoning vinegar. Lwt-Food Sci Technol. 2020, 131.

Liu DC, He YL, Xiao JB, Zhou Q, Wang MF. The occurrence and stability of
Maillard reaction products in various traditional chinese sauces. Food Chem.
2021, 342.

Kou R, Li M, Xing J, He Y, Wang H, Fan X. Exploring of seasonal dynamics of
microbial community in multispecies fermentation of Shanxi mature vinegar.
J Biosci Bioeng. 2022;133(4):375-81.

Ai M, Qiu X, Huang J, Wu C, JinY, Zhou R. Characterizing the microbial diver-
sity and major metabolites of Sichuan bran vinegar augmented by Monascus
purpureus. Int J Food Microbiol. 2019,292:83-90.

GuanT, LinY, Chen K, Ou M, Zhang J. Physicochemical factors affecting
Microbiota Dynamics during traditional solid-state fermentation of chinese
strong-flavor Baijiu. Front Microbiol. 2020;11:2090.

Solieri L, Landi S, De Vero L, Giudici P. Molecular assessment of indigenous
yeast population from traditional balsamic vinegar. J Appl Microbiol.
2006;101(1):63-71.

Peng MY, Zhang XJ, Huang T, Zhong XZ, Chai LJ, Lu ZM, Shi JS, Xu ZH.
Komagataeibacter europaeus improves community stability and function

in solid-state cereal vinegar fermentation ecosystem: non-abundant species
plays important role. Food Res Int. 2021, 150.

Roman-Camacho JJ, Santos-Duenas IM, Garcia-Garcia I, Moreno-Garcia J,
Garcia-Martinez T, Mauricio JC. Metaproteomics of microbiota involved in
submerged culture production of alcohol wine vinegar: a first approach. Int J
Food Microbiol 2020, 333.

Fang GY, Chai LJ, Zhong XZ, Jiang YJ. Deciphering the succession patterns of
bacterial community and their correlations with environmental factors and
flavor compounds during the fermentation of Zhejiang rosy vinegar. Int J
Food Microbiol 2021, 341.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 16 of 17

Wang ZM, Lu ZM, Yu YJ, Li GQ, Shi JS, Xu ZH. Batch-to-batch uniformity of
bacterial community succession and flavor formation in the fermentation of
Zhenjiang aromatic vinegar. Food Microbiol. 2015;50:64-9.

Huang T, Lu ZM, Peng MY, Liu ZF, Chai LJ, Zhang XJ, Shi JS, Li Q, Xu ZH.
Combined effects of fermentation starters and environmental factors on the
microbial community assembly and flavor formation of Zhenjiang aromatic
vinegar. Food Res Int. 2022, 152.

Zhang L, Che ZM, XuWZ, Yue P, Li R, Li YF, Pei XF, Zeng PB. Dynamics of
physicochemical factors and microbial communities during ripening fermen-
tation of Pixian Doubanjiang, a typical condiment in chinese cuisine. Food
Microbiol 2020, 86.

JiaY, Niu CT, Lu ZM, Zhang XJ, Chai LJ, Shi JS, Xu ZH, Li Q. A Bottom-Up
Approach to develop a synthetic Microbial Community Model: application
for efficient reduced-salt Broad Bean Paste Fermentation. Appl Environ Micro-
biol 2020, 86(12).

Guo H, Niu C, Liu B, Wei JB, Wang HX, Yuan YH, Yue TL. Protein abundance
changes of Zygosaccharomyces rouxii in different sugar concentrations. Int J
Food Microbiol. 2016;233:44-51.

Santos MC, Golt C, Joerger RD, Mechor GD, Mourao GB, Kung L. Identifica-
tion of the major yeasts isolated from high moisture corn and corn silages

in the United States using genetic and biochemical methods. J Dairy Sci.
2017;100(2):1151-60.

Perrone B, Giacosa S, Rolle L, Cocolin L, Rantsiou K. Investigation of the domi-
nance behavior of Saccharomyces cerevisiae strains during wine fermenta-
tion. Int J Food Microbiol. 2013;165(2):156-62.

Relich RF, Schmitt BH, Koehlinger J, Wiederhold NP, May M. Schwanniomyces
etchellsii: an unusual cause of fungemia in a patient with cholecystitis. Diagn
Microbiol Infect Dis. 2016;84(3):221-2.

Alvaro-Benito M, de Abreu M, Fernandez-Arrojo L, Plou FJ, Jiménez-Barbero
J, Ballesteros A, Polaina J, Fernandez-Lobato M. Characterization of a beta-
fructofuranosidase from Schwanniomyces occidentalis with transfructosylat-
ing activity yielding the prebiotic 6-kestose. J Biotechnol. 2007;132(1):75-81.
Argyri K, Doulgeraki Al, Manthou E, Grounta A, Argyri AA, Nychas GE, Tassou
CC. Microbial diversity of fermented greek table olives of Halkidiki and Kons-
ervolia Varieties from different regions as revealed by Metagenomic Analysis.
Microorganisms 2020, 8(8).

Rodrigo-Frutos D, Piedrabuena D, Sanz-Aparicio J, Ferndndez-Lobato M. Yeast
cultures expressing the ffase from Schwanniomyces occidentalis, a simple
system to produce the potential prebiotic sugar 6-kestose. Appl Microbiol
Biotechnol. 2019;103(1):279-89.

Wang Y, Liu H, Sun T, Zhang S. Cloning of alpha-amylase gene from Schwann-
jomyces occidentalis and expression in Saccharomyces cerevisiae. Sci China
C Life Sci. 1998;41(6):569-75.

Zhang GR, Feng JY, Cai J, Fu JJ, Li L, Liu J, Wen XP, Cao R. Dynamic changes

of Physicochemical Properties and Fungal Community structure during
solid-state fermentation of Sichuan Sun vinegar. Sci Technol Food Ind.
2022;43(9):131-8.

Liu AQ, Yang X, Guo QY, Li BG, Zheng Y, Shi YZ, Zhu L. Microbial Communi-
ties and Flavor Compounds during the fermentation of traditional Hong Qu
Glutinous Rice Wine. Foods 2022, 11(8).

Christensen JE, Dudley EG, Pederson JA, Steele JL. Peptidases and amino acid
catabolism in lactic acid bacteria. Anton Leeuw Int J G. 1999;76(1-4):217-46.
Xue YY, Chen HH, Yang JR, Liu M, Huang BQ, Yang J. Distinct patterns and
processes of abundant and rare eukaryotic plankton communities following
a reservoir cyanobacterial bloom. Isme J. 2018;12(9):2263-77.

Wang ZM, Lu ZM, Shi JS, Xu ZH. Exploring flavour-producing core microbiota
in multispecies solid-state fermentation of traditional chinese vinegar. Sci
Rep. 2016,6:26818.

Chen YH, Liu XW, Huang JL, Baloch S, Xu X, Pei XF. Microbial diversity and
chemical analysis of Shuidouchi, traditional chinese fermented soybean.
Food Res Int. 2019;116:1289-97.

Chen J, Wei F, Cheng XL, Liu W, Ma SC. Determination of amino acids in Pearl
Powder and Conch Powder from different Origins by HPLC with Pre-column
Derivation. J Chin Med Mater. 2015;38(4):693-6.

He FT, Chen JY, Dong K, Leng Y, Xu JY, Hu PW, Yao YQ, Xiong JY, Pei XF.
Multi-technical analysis on the antioxidative capacity and total phenol
contents of 94 traditional chinese dietary medicinal herbs. Food Sci Nutr.
2018,6(6):1358-69.

Hussain T, Al-Attas OS, Alamery S, Ahmed M, Odeibat HAM, Alrokayan S.The
plant flavonoid, fisetin alleviates cigarette smoke-induced oxidative stress,
and inflammation in Wistar rat lungs. J Food Biochem. 2019;43(8):e12962.



Dong et al. BMC Microbiology

58.

59.

60.

(2023) 23:197

Dong K, Wu K, Zheng T, Yue J, Wang W, Luo R, You L, He X, Li J, Hong Z, et al.
Comparative study of oral Bacteria and Fungi Microbiota in Tibetan and Chi-
nese Han living at different Altitude. Tohoku J Exp Med. 2021;254(2):129-39.
Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA,
Alexander H, Alm EJ, Arumugam M, Asnicar F et al. Reproducible, interactive,
scalable and extensible microbiome data science using QIIME 2 (vol 37, pg
852,2019). Nat Biotechnol. 2019, 37(9):1091-1091.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: high-resolution sample inference from lllumina amplicon data. Nat
Methods. 2016;13(7):581-.

Callahan BJ, McMurdie PJ, Holmes SP. Exact sequence variants should
replace operational taxonomic units in marker-gene data analysis. Isme J.
2017;11(12):2639-43.

Page 17 of 17

62. Edgar RC. Accuracy of microbial community diversity estimated by closed-
and open-reference OTUs. Peer). 2017;5:23889.

63. Zhang J, Kobert K, Flouri T, Stamatakis A. PEAR: a fast and accurate lllumina
paired-end reAd mergeR. Bioinformatics. 2014;30(5):614-20.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Exploring the correlation of metabolites changes and microbial succession in solid-state fermentation of Sichuan Sun-dried vinegar
	﻿Abstract
	﻿Introduction
	﻿Results and discussion
	﻿Changes in Physiochemical features during fermentation process
	﻿Changes of Organic acids during fermentation process
	﻿Changes of free amino acids during fermentation process
	﻿Changes of total phenols and total flavonoids during fermentation process
	﻿Alpha diversity analysis during fermentation process
	﻿Changes of microbial community succession during fermentation process
	﻿Beta diversity analysis and representative microbes on different fermentation stages
	﻿Correlation between dominant microbes and metabolites during fermentation process

	﻿Conclusions
	﻿Materials and methods
	﻿SSV fermentation and sample collection
	﻿Physicochemical features analysis
	﻿Organic acid and free amino acids determination
	﻿Total phenols and total flavonoids determination
	﻿Enumeration of culturable bacteria and fungi
	﻿DNA extraction
	﻿PCR amplification and Illumina NovaSeq sequencing
	﻿Bioinformatics analysis
	﻿Statistical analysis

	﻿References


