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1 Introduction
Vinegar is a popular and nutritious acidic liquid condiment 

with a long history (Ho et al., 2017). In general, vinegar refers to 
brewed vinegar, which is produced by microbial fermentation 
using individual or mixed raw materials containing starch and 
sugar, or edible alcohol (Budak et al., 2014). Brewed vinegar can 
be classified based on raw material such as grain, fruit, or malt, 
and brewing technology comprising liquid-state fermentation 
(LSF) or solid-state fermentation (SSF). In European countries, 
different vinegar products, such as Italian balsamic vinegar and 
French sherry vinegar, are mainly produced by LSF using fruits. 
However, in Asian countries, many types of vinegar, including 
Japanese Kurozu vinegar and Chinese Shanxi aged vinegar (SAV), 
are brewed by SSF from raw materials comprising sorghum, 
wheat bran, beans, rice, or rice hulls (Xia et al., 2020).

Fruit vinegar has the nutritional and health functions of 
both fruit and vinegar, and this is fueling demand (Liu et al., 
2011). To date, production of fruit vinegar primarily relies on 
LSF, and the raw materials, mainly fruit or juice, are subjected to 
submerged fermentation with pure microbial strains. Typically, 
Saccharomyces cerevisiae is inoculated in the alcohol fermentation 
(AF) stage and Acetobacter species are inoculated in the acetic acid 
fermentation (AAF) stage (Budak et al., 2014). LSF technology 
benefits from high production efficiency, and facile large-scale 
and mechanized production. However, due to its simple raw 

materials and microbial strains, vinegar products of LSF tend 
to suffer from a bland flavor, poor aroma, and pungent sour 
aftertaste (Tesfaye et al., 2002). Therefore, improving flavor and 
quality are major goals for LSF fruit vinegar production (Yao 
& You, 2010).

Great effort from many aspects has been expended to 
improve the quality of LSF fruit products. For example, some 
studies screened and cultivated excellent microbial strains 
(Chen et al., 2019b; Xing et al., 2018; Fernández-Pérez et al., 
2010), while others explored mixed fermentation (Kong et al., 
2019; Chen et al., 2019a; Liu et al., 2016) and SSF technology 
(He & Fan, 2012; Luo et al., 2016).

In China, Daqu (made from barley and pea by spontaneous 
fermentation) is an essential starter for the preparation of SSF 
vinegar (Zheng et al., 2014). Daqu contains diverse microorganisms 
and enzymes, amounting to ~60% of the total raw materials. 
In the presence of Daqu together with raw and auxiliary 
materials, the SSF substrate (called pei in Chinese) is in a loose 
solid state, making it suitable for the growth and reproduction 
of different microorganisms; this is also conducive to fusion 
reactions between multiple substances (Hutchinson et al., 2019). 
Therefore, vinegar produced by SSF is not only rich in nutritional 
and functional components, but also has superior color, flavor, 
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and taste (Hugenholtz, 2013). Thus, SSF is considered to be 
an effective method to improving the quality of fruit vinegar. 
However, application of this technology in China is still limited 
to grain vinegar, and the microbial mechanisms by which it 
improves fruit vinegar quality remain unclear.

In the present study, jujube (Zizyphus jujuba Mill.) was 
used to produce fruit vinegar using SSF technology, and vinegar 
quality was evaluated by comparing with LSF vinegar. Changes 
in physicochemical factors, bacterial community succession 
patterns, and their correlations during the SSF process were also 
investigated. The results could help to identify specific bacteria 
potentially contributing to the high quality of SSF fruit vinegar.

2 Materials and methods
2.1 Jujube vinegar production

SSF jujube vinegar (SSFJV, referred to the brewing of SAV) 
and LSF jujube vinegar (LSFJV) was produced follow the flow in 
Figure 1. Details of the process refer to supplementary materials.

2.2 Sample collection and processing

Parallel Daqu and pei samples from three different batches 
(one sample per batch) were collected every day throughout the 
fermentation process (days 0-14), the detail steps were performed 
as previously described (Zhu et al, 2018). For analysis of some 

chemical properties, pei samples (10 g each) were accurately 
weighed into 250 mL Erlenmeyer flasks, 90 mL of distilled water 
was added, flasks were plugged, and samples were mixed evenly on 
a 120 rpm shaker for 30 min. Samples were then filtered through 
qualitative filter paper and filtrates were collected. In addition, 
SSFJV and LSFJV samples were taken after thoroughly mixing 
the vinegar products.

2.3 Physicochemical analysis of pei

The temperature (T) of pei was measured using a sterilized 
thermometer inserted into the center of samples every day before 
the pei was turned over. The water content (W) of pei samples was 
determined by measuring dry weight after oven-drying at 105 °C. 
Proteins (P) and total sugar (TS) concentrations of pei samples 
were determined by Kjeldahl nitrogen analysis (Association of 
Official Analytical Chemists, 2011) and the phenol-sulfuric acid 
colorimetric method (Tomáš et al, 2018), respectively. A Hach pH 
meter (Loveland, CO, USA) was used to measure the pH value of 
pei filtrates. Alcohol degree (A) of pei samples, titratable acidity 
(TA) of pei filtrates and the concentrations of non-volatile acids 
(NVA), total esters (TE), Reducing sugar (RS), and free amino 
acids (AA) in pei filtrates were determined according to the 
Chinese National Standard of GB 19777-2013 (Wu et al., 2012). 
P, TA, NVA, TE, AA, and RS of SSFJV and LSFJV samples were 
analyzed using the same methods as described for pei analysis. 
In addition, total flavonoid and polyphenol concentrations of 

Figure 1. A flowchart of jujube vinegar production by solid-state fermentation (SSF) and liquid-state fermentation (LSF).
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vinegar samples were determined by colorimetric methods of 
sodium nitrite-aluminum nitrate and Folin-phenol, respectively 
(Verzelloni et al., 2007). Vitamin C concentration of vinegar 
samples was determined by titration with 2,6-dichlorophenol 
(Li et al., 2007).

2.4 Fuzzy mathematical sensory evaluation of jujube 
vinegar

The sensory attributes of SSFJV and LSFJV were analyzed 
from the four dimensions of color, body, aroma, and taste using 
fuzzy mathematics sensory evaluation method, the major steps 
was implemented as previously described (Jiang, 2011). Details 
of the process refer to supplementary materials.

2.5 Microbial analysis

Samples from activated Daqu and jujube vinegar pei (days0, 
2, 4, 6, 8, 10, 12, 14) were sent for bacterial diversity analysis 
using the Illumina MiSeq platform (Illumina, San Diego, CA, 
USA) by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, 
China) with reference to the report by (Xu et al., 2018).

2.6 Statistical analysis

Statistical significance (p <0.05) of differences between SSFJV 
and LSFJV were determined by one-way analysis of variance 
(ANOVA) with SPSS v19.0 (IBM SPSS, Somers, NY, USA). 
Principal component analysis (PCA) and Spearman’s correlation 
coefficients were conducted using the ggplot2 package in R v4.0.2. 
Bacterial genera that differed significantly in relative abundance 
across stages were determined using the Kruskal-Wallis H test.

3 Results and discussion
3.1 Comparison of vinegar quality between SSFJV and 
LSFJV

Nutritional and functional components

Compared with LSFJV, SSFJV had significantly higher 
concentrations of NVA, TE, P, AA, and RS (Figure 2a), as well 

as total flavonoids and polyphenols (Figure 2b). The increase 
in nutritional and functional components in SSFJV may be 
attributed to the rich substrate and diverse microorganisms 
in the fermentation system. Auxiliary materials, such as wheat 
bran, rice hull, and millet chaff, are rich in minerals, proteins, 
polysaccharides, flavonoids, and polyphenols, all of which 
slowly dissolve during fermentation and eventually enter the 
vinegar (Ong & Lee, 2021). In addition, enzymes produced and 
secreted by microorganisms may synthesize-phenols, amino 
acids, and sugars, thereby increasing their concentrations in 
the vinegar (Javanmardi et al., 2003). However, the vitamin C 
concentrations of SSFJV were slightly, but significantly, lower 
than those of LSFJV. Although the TA concentrations of SSFJV 
were also lower than those of LSFJV, the differences were not 
significant (Figure 2b).

Sensory quality

Based on the weight distribution results (Table  1), the 
fuzzy weight set of jujube vinegar was obtained as follows: 
X = (x1, x2, x3, x4) = (0.12, 0.10, 0.38, 0.40). The weights of color, 
body, aroma, and taste factors were 0.12, 0.10, 0.38, and 0.40, 
respectively, indicating that taste and aroma were two major 
sensory evaluation indicators of jujube vinegar.

A total of 10 sensory evaluators were used to evaluate jujube 
vinegar according to the evaluation criteria. The results (Table 2) 
were normalized to obtain the fuzzy relation matrices R1 and 
R2 as follows (Equation 1):

0.6 0.3 0.1 0 0.6 0.3 0.1 0
0.4 0.4 0.1 0.1 0.7 0.2 0.1 0

1    2
0.7 0.2 0.1 0 0.2 0.3 0.4 0.1
0.8 0.1 0.1 0 0.1 0.3 0.4 0.2

R R= =  (1)

According to the principle of fuzzy matrix transformation, 
Yi = X × Ri = |0.12, 0.10, 0.38, 0.40| × Ri. Therefore, the comprehensive 
evaluation results of Y1 and Y2 (after normalization) were obtained 
as follows (Equation 2 and 3):

Figure 2. Comparison of (a) nutritional and (b) functional components between jujube vinegar produced by solid-state fermentation (SSFJV) 
and jujube vinegar produced liquid-state fermentation (LSFJV). * P < 0.05; ** P < 0.01.
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0.6 0.3 0.1 0
0.4 0.4 0.1 0.1

1 1 0.12, 0.10, 0.38, 0.40
0.7 0.2 0.1 0
0.8 0.1 0.1 0

0.698, 0.192, 0.100, 0.010

Y X R= × = × =
 (2)

0.6 0.3 0.1 0
0.7 0.2 0.1 0.1

2 2 0.12, 0.10, 0.38, 0.40
0.2 0.3 0.4 0.1
0.1 0.3 0.4 0.2

0.258, 0.290, 0.334, 0.118

Y X R= × = × =
 (3)

The total score of fuzzy evaluation was calculated 
(Equation 4 and 5):

1 1 0.698, 0.192, 0.100, 0.010 90, 80, 70, 60 85.78T Y V= × = × =  (4)

2 2 0.258, 0.290, 0.334, 0.118 90, 80, 70, 60 76.88T Y V= × = × =  (5)

Because T1 >T2, the sensory score of the evaluation object 
a1 was higher than a2. Thus, the fuzzy mathematical sensory 
score of SSFJV was higher than that of LSFJV. According to 
the membership function theory and the degree of maximum 
membership, the peak value of the comprehensive evaluation 

score of SSFJV was 0.698, corresponding to the ‘excellent’ 
grade. The peak value of the comprehensive evaluation score 
of LSFJV was only 0.334, which corresponded to the ‘medium’ 
grade. In conclusion, the results of sensory evaluation in four 
dimensions (color, body, aroma, and taste) indicated that the 
sensory quality of SSFJV reached an excellent level, while that 
of LSFJV only reached a medium level.

The main objective in the development and improvement 
of products is to meet the needs and acceptance of consumers 
(Costa et al., 2020). So, there is still a need for more sensory 
studies using consumer perception for the evaluation of SSFJV 
and LSFJV in the future, such as CATA test, acceptance test 
and hedonic test. These methods have been successfully used 
in studies with several foods, such as coffee (Bressani  et  al., 
2021), juice blend (Campos et al., 2021) and sirkencubin syrup 
(Yikmis et al., 2020).

3.2 Changes in physiochemical factors during the SSF 
process

Physicochemical factors were measured during the SSF process 
(Figure 3). The overall changes in T values were complex. The W 
parameter varied minimally between 60-62.5%. TS concentrations 
continuously decreased with increasing fermentation time. 
RS concentrations dropped sharply in the first 3 days, and then 
increased slightly. The A parameter increased sharply from day 
0 to 3 and reached a peak value (4.93%vol) on day 5. From day 

Table 1. Weight distribution of sensory evaluation indicators for jujube vinegar.

Professional 
reviewer

Membership degree Normalization

u1 u2 u3 u4 u1 u2 u3 u4

1 0.20 0.20 0.90 0.90 0.10 0.10 0.45 0.45

2 0.37 0.18 0.78 0.88 0.17 0.08 0.36 0.40

3 0.25 0.25 0.75 0.75 0.125 0.125 0.375 0.375

4 0.40 0.30 0.85 0.85 0.16 0.12 0.34 0.34

5 0.30 0.20 0.80 0.80 0.14 0.10 0.38 0.38

Mean 0.12 0.10 0.38 0.40

Table 2. The evaluation results of SSFJV (a1) and LSFJV (a2).

Object Factor
Evaluation set

v1 v2 v3 v4

a1 u1 6 3 1 0

u2 4 4 1 1

u3 7 2 1 0

u4 8 1 1 0

a2 u1 6 3 1 0

u2 7 2 1 0

u3 2 3 4 1

u4 1 3 4 2
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7 to the end of SSF, A values decreased rapidly. TA showed an 
upward trend throughout the SSF process; a slow increase occurred 
in the AF stage, followed by a sharp increase in the AAF stage. 
AA also increased with increasing fermentation time, while 
P showed a downward trend, indicating that the amino acids 
in pei were mainly derived from protein degradation. The pH 
values of pei decreased sharply from day 0 to 9, then leveled 
off between pH 3.4-3.6 due to the buffer effect of the complex 
system. Conversely, both NVA and TE concentrations increased 
continuously, and tended to level off or decrease slightly until 
the end of SSF, indicating continuous accumulation of these 
components during the SSF process.

3.3 Bacterial diversity and community succession during the 
SSF process

The distribution of dominant bacteria (relative abundances 
>0.1%) in the SSF process was analyzed at the genus level (Figure 4). 
More bacteria were found in Daqu and at the beginning (day 0) of 
SSF compared with other samples. The 0-day bacterial community 
was dominated by Staphylococcus (38.22%), Saccharopolyspora 
(15.73%), Brevibacterium (10.09%), Streptomyces (7.99%), 
Lactobacillus (6.45%), Weissella (3.38%), Bacillus (2.07%), most 
of them mainly originated from Daqu.

From day 2 to 6 (anaerobic, AF), the dominant genera were 
mainly Pediococcus, Lactobacillus, and Staphylococcus. Pediococcus 
was the absolute dominant genus in this stage. Lactobacillus 
abundance was low on day 0 (6.45%), then it increased sharply 

to 50.53% on day 6. Interestingly, Staphylococcus abundance 
gradually decreased.

From day 8 to 14 (aerobic, AAF), bacterial community 
diversity continued to decline. In this stage, the relative abundances 
of Acetobacter, Lactobacillus, and Pediococcus were higher 
than those of other genera. At the beginning of the AAF stage, 
Lactobacillus and Pediococcus were predominant; however, their 
relative abundances decreased with increasing fermentation 
time. In contrast, Acetobacter was highly enriched throughout 
the AAF stage and became the most dominant genus at the end 
of SSF. In addition, some genera with low relative abundance 
(only 2-3% in total during AAF), such as Saccharopolyspora, 
Weissella, Kroppenstedtia, and so on, persisted throughout the 
SSF process, despite their overall decreasing trends.

The diversity of the microbial community in Daqu and the 
microbial dynamics during the fermentation of SAV have been 
investigated, and Acetobacter, Lactobacillus, and Komagataeibacter 
are the dominant or key bacteria (Wu et al., 2012; Nie et al., 
2015; Nie et al., 2017). We also found that Lactobacillus and 
Acetobacter were dominant, while Kroppenstedtia was detected 
at low levels during the SSF process. Unlike previous studies, 
Staphylococcus and Pediococcus were dominant in day 0 and day 
2 to 6, respectively. Staphylococcus mainly came from Daqu, and 
this genus is considered part of the functional core microbiota 
for production of flavors in Zhenjiang aromatic vinegar 
(Wang  et  al., 2016). Accordingly, Staphylococcus plays a role 
in flavor production during SSF of jujube vinegar. Pediococcus 

Figure 3. Changes in physicochemical factors during the SSF process. (a) T and W, (b) TS and RS concentrations, (c) A and TA, (d) P and AA 
concentrations, (e) TE, NVA, and pH value. Bars indicate standard deviation of the mean.
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is a group of microaerobic bacteria belonging to the family 
Lactobacillaceae. Pediococcus mainly ferments monosaccharides 
and disaccharides to produce lactic acid, and species have a strong 
acid production capacity (Porto et al., 2017). Unlike grain used 
for traditional SSF, jujube does not contain starch, but mainly 
contains sugars, such as glucose, fructose, sucrose, and so on 
(Wang et  al., 2018). Thus, there is no starch saccharification 
stage during the SSF process of jujube vinegar, and there are high 
concentrations of fermentable sugars and associated derivatives 
at the start of SSF. These substances provide unique conditions 
for the proliferation of metabolically active Pediococcus, enabling 
this genus to quickly become the dominant bacteria in the AF 
stage. In the later SSF stages of jujube vinegar, the bacterial 
community essentially reaches a stable state, with little variation 
in structure and abundance. In short, the bacterial community 
structure shifted throughout the SSF process, and was dominated 
by Staphylococcus, Pediococcus, Lactobacillus, and Acetobacter, 
respectively.

3.4 Variation in bacterial community structure across 
different stages of SSF

Variation in bacterial community structure was analyzed by 
PCA at the OTU level (Figure 5a). Daqu samples were clustered 
with day 0 pei samples, while day 8-14 pei samples were close 
to each other. However, samples of days 2-6 were relatively 
scattered, indicating that the bacterial community structure 
shifted dynamically from the initial chaotic state to the later 

stable and orderly state. According to the PCA results, the SSF 
process of jujube vinegar could be divided into four stages: the 
original stage (day 0, S1); the early stage (days 2-5, S2), mainly 
AF; the middle stage (days 6-7, S3), which was a transition stage 
of AF and AAF; and the late stage (days 8-14, S4), mainly AAF. 
Samples from the same stage were grouped tightly.

The top 15 genera in terms of mean relative abundance 
showed significant differences among the four stages (p <0.05; 
Figure 5b). As SSF progressed, there were continuous decreases 
in the relative abundances of Staphylococcus, Saccharopolyspora, 
Brevibacterium, Streptomyces, Weissella, Pantoea, and Bacillus 
(p <0.001), as well as Pseudomonas (p <0.05). However, the relative 
abundances of Pediococcus and Lactobacillus increased (p <0.01) 
from S1 to S2 and S3 stages, respectively. Furthermore, the 
relative abundances of Acetobacter, Rhodococcus, Sphingomonas, 
Kroppenstedtia, and Acinetobacter increased in stage S4 compared 
with stage S3 (p <0.001).

3.5 Relationships between major bacteria and 
physicochemical factors

Microbial behavior contributes to the production of specific 
nutritional and flavor metabolites (Wang et al., 2016; Nie et al., 
2013). Potential relationships between the major bacteria and 
physicochemical factors were discerned by a Spearman correlation 
heatmap (Figure 6). The results indicate that the major bacteria 
interacted with physicochemical factors in a complex manner 
across different stages of SSF.

Figure 4. Distribution of bacterial community at the genus level during the SSF process. dq_1, dq_2, and dq_3 are Daqu samples; d0_1 to d14_3 
are pei samples collected from day 0 to 14 of SSF (three parallel samples each).
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Figure 5. Bacterial community succession across different stages of the SSF process. (a) PCA biplot showing the variation in bacterial community 
structure (OTU level) among four SSF stages; (b) Kruskal-Wallis H test results showing the differences in bacterial abundance (genus level) 
among four SSF stages.

Staphylococcus were important bacteria in stage S1, displaying 
positive correlations with P, TS, and pH (p <0.001). Previous study 
has shown that Staphylococcus can improving the nutritional value 
of fermented food and endowing products with unique flavors 
(Zhang et al., 2016). Pediococcus had a strong positive correlation 
with TE, TA, A, NVA, and AA (p <0.05). Xing et al. (2018) isolated 
Pediococcus pentosus during SAV fermentation and used this species 
for in situ strengthening of hawthorn fruit vinegar produced by LSF, 

which markedly improved the vinegar flavor and quality. Therefore, 
Pediococcus could be included as one of the main components of 
mixed starters for fruit vinegar fermentation in order to improve 
vinegar quality and enhance functional attributes.

Lactobacillus was positively correlated with TE, A, and NVA 
(p <0.01) as well as AA (p <0.05), and negatively correlated with 
P, TS, and RS (p <0.01). The main product of Lactobacillus is 
lactic acid, the most important NVA in vinegar. Lactic acid 

Figure 6. Spearman correlation matrix of major bacterial genera and physicochemical factors in the SSF process (top 15 genera in terms of relative 
abundance). Red and green colors represent positive and negative correlation, respectively. * p ≤0.05, ** p ≤0.01, and *** p ≤0.001.
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can buffer H+ ions in acetic acid, endow vinegar with a soft 
taste, and contribute to the taste of vinegar (Fang et al., 2021). 
Furthermore, lactic acid has inhibitory effects on the growth of 
other bacteria, such as Pantoea, Pseudomonas, Methylobacterium, 
and Cladosporium (Nie et al., 2017). This may explain why in 
the S2-S3 stages of SSF, the relative abundance of Lactobacillus 
increased markedly, while the relative abundances of other 
bacterial genera decreased sharply.

Acetobacter had a significant positive correlation with TE, TA, 
NVA, and AA (p <0.001). Acetobacter species are the main producers 
of acetic acid, an important volatile acid in vinegar. Acetobacter 
can also produce a small amount of NVS by oxidizing sugars to 
gluconic acid or glucoketo acid, then further oxygenating these 
intermediates to lactic acid and succinic acid (Mounir et al., 2016).

Other bacteria with low abundance also had a high correlation 
with physicochemical factors. For instance, Weissella (p <0.001) and 
Bacillus (p <0.001) were positively correlated with TS and P, while 
Rhodococcus and Acinetobacter were positively correlated with A (p 
<0.05). These non-dominant bacteria could adapt to the changing 
environment and exist stably in pei, potentially contributing to the 
production of flavor and functional substances. However, their roles 
in SSF process of jujube vinegar need to be further investigated.

4 Conclusions
This study reports a reliable method to improve the quality of 

fruit vinegar by SSF. The proposed method effectively improved 
the quality of jujube vinegar in terms of increased nutritional 
and functional components, and excellent sensory evaluation 
properties compared with LSF. Bacterial community structure 
shifted in response to environmental changes, being dominated 
successively by Staphylococcus, Pediococcus, Lactobacillus, and 
Acetobacter. They showed positive effects on the levels of non-
volatile acids, total esters, proteins, free amino acids, and titratable 
acidity in the fermentation substrate. These results may prove 
useful for the application of microbial resources in fruit vinegar 
brewing. The findings may also be used to implement directional 
regulation of fermentation technology and establish directional 
targets for artificial construction of bacterial consortia suitable for 
SSF of fruit vinegar. Furthermore, this study provides technical 
support for the industrial transformation from traditional grain 
vinegar brewing to fruit vinegar production.
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