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Abstract: In this study, high-throughput sequencing technology was used to analyze the bacterial
diversity of sauerkraut produced at home and in factories in Chaozhou. The differences in bacterial
community structure among different sauerkraut samples were studied by diversity analysis and heat
map analysis, and the dominant bacterial genera were analyzed. The results showed that 54 phyla
and 622 genera were identified from 10 Chaozhou sauerkraut samples. The bacterial community
structures of Chaozhou sauerkraut produced by five factories were similar, and the dominant bacterial
genera were the same, which were Lactobacillus, Pediococcus and Weissella. The dominant genus in
the sauerkraut samples produced by three families was similar to that in samples produced by the
factories. However, the samples from two other families were quite different, and there may be
environmental pollution. The samples may also contain possible pathogenic microorganisms such
as Pseudomonas and Vibrio. Overall, there were still some differences in the bacterial community
structure of Chaozhou sauerkraut factory-produced and household-handmade samples. To the
best of our knowledge, this paper is the first to compare the bacterial diversity of homemade and
factory-produced Chaozhou sauerkraut, laying the foundation for further research on Chaozhou
sauerkraut.

Keywords: high-throughput sequencing; Chaozhou pickles; bacterial diversity; production process

1. Introduction

Vegetable fermentation was originally developed for long-term preservation, and
fermented vegetables have a long history in China. Sichuan pickles, for example, are
a typical representative of traditional Chinese fermented food whose history can be traced
back to the ancient Shang Dynasty [1]. Sauerkraut fermented by mustard is a popular
processed vegetable with a unique flavor [2]. As a condiment, it is widely used in the
preparation of various local dishes, such as sauerkraut fish, sauerkraut soup and sauerkraut
hot pot [3]. Mustard is an important raw material in sauerkraut that is rich in chlorophyll,
dietary fiber, vitamin C, flavonoids and other nutrients and bioactive substances [2,4,5].
During the fermentation process, mustard not only produces a unique flavor [6] but also
produces organic acids and enzymes other than the nutritional components of mustard
that have the effects of promoting digestion and regulating physiological functions [7–9].

Among fermented mustards, sauerkraut (Brassica juncea (L.) Czerniak.) is an obvi-
ous feature. It is naturally fermented from the raw material Brassica juncea. Fermented
Chaozhou sauerkraut, golden in color, pleasing to the eye, fragrant and refreshing, can
be eaten both raw and cooked, and is the most classic sauerkraut for Chaoshan people to
eat in white porridge. It is also an essential dish that many Chaozhou Chinese carry with
them on trips overseas. At present, Chaozhou pickles are factory-produced or handmade
by households. Chaozhou sauerkraut can be produced by natural fermentation of fresh
vegetables with natural microorganisms or by adding aged sauerkraut brine. In short,
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after the mustard is harvested, the old and yellow leaves are removed, the sediment is
washed off, and then the leaves are exposed to the sun for half a day to soften them and
reduce the surface moisture. Coarse salt is added (the weight ratio of mustard to coarse
salt is about 7:1), and the leaves are then kneaded and marinated. The marinated mustard
greens are then put into a large ceramic vats and pressed tightly with heavy stones. After
two or three days, the mustard greens are marinated to produce vegetable juice, and then
an appropriate amount of hot rice soup is added to the vat to help fermentation. After
waiting for more than 10 days, the pickled vegetables in the vat develop a strong, sour
smell and are ready to be eaten or sold.

Microorganisms, as a key factor in sauerkraut fermentation, have attracted much
attention from scholars at home and abroad in recent years. Studies on microbial diversity
in fermented sauerkraut are traditionally carried out by culture methods, but in fact, there
are a large number of uncultured microorganisms in fermented sauerkraut. Thanks to
the continuous development of modern molecular biology methods, high-throughput
sequencing technology has been widely used in the study of microbial diversity in a variety
of ecosystems [10]. The method has the characteristics of high accuracy, high throughput,
high sensitivity and low operating cost and is very suitable for the study of microbial
diversity in fermented sauerkraut [11]. AN et al. [12] compared and analyzed the microbial
community structure of 22 pickles from domestic and industrial sources in northeast-
ern China through Illumina MiSeq sequencing. Rao et al. [13] analyzed the microbial
community characteristics of Sichuan pickles through high-throughput sequencing tech-
nology. At present, the research is mainly focused on the northeastern sauerkraut [14]
and Sichuan pickles [15]. However, there are few, if any, studies of Chaozhou sauerkraut.
Therefore, this study used high-throughput sequencing technology to analyze and compare
the differences in microbial diversity in Chaozhou sauerkraut made by different man-
ufacturers and households. This paper provides basic support for further research on
Chaozhou sauerkraut.

2. Materials and Methods
2.1. Sample Collection

Chaozhou sauerkraut samples were mainly collected from mature sauerkraut fer-
mented for 20–25 days, and they were all similarly fermented according to the formula
described in the introduction. However, factory-made samples had rice soup added once
during the production process, whereas homemade samples had rice soup added multiple
times every 1 to 2 days. Among them, samples F1 and F2 produced by factories (group F)
were collected from Nanqiao Market in Chaozhou City, Guangdong Province, China, and
F3–F5 were collected from Fengchun Market. Homemade (group H) Chaozhou sauerkraut
samples were collected from Jiangdong Town, a suburb of Chaozhou City, and labeled
H1–H5. In short, the same amount of sour soup was taken from the upper, middle and
lower parts of the fermentation container, mixed evenly and put into a sterile container for
one sampling. All samples were stored at −80 ◦C until detection.

2.2. DNA Extraction and PCR Amplification

Total genomic DNA from samples was extracted using the CTAB method [16]. DNA
concentration and purity were monitored on 1% agarose gels. According to the concentra-
tion, DNA was diluted to 1 ng/µL using sterile water.

16S rRNA genes of distinct regions (16S V3-V4) were amplified using specific primers
(341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′))
with barcodes. All PCRs were carried out with 15 µL of Phusion® High-Fidelity PCR Master
Mix (New England Biolabs, Ipswich, MA, USA), 2 µM forward and reverse primers, and
approximately 10 ng of template DNA. Thermal cycling consisted of initial denaturation at
98 ◦C for 1 min, followed by 30 cycles of denaturation at 98 ◦C for 10 s, annealing at 50 ◦C
for 30 s, elongation at 72 ◦C for 30 s, and finally, 72 ◦C for 5 min.
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The same volume of 1X TAE buffer was mixed with PCR products, and electrophoresis
was performed on a 2% agarose gel for detection. PCR products were mixed in equidensity
ratios. Then, the mixed PCR products were purified with a Qiagen Gel Extraction Kit
(Qiagen, Hilden, North Rhine-Westphalia, Germany).

2.3. Illumina NovaSeq Sequencing

Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Prepa-
ration Kit (Illumina, San Diego, CA, USA) following the manufacturer’s recommendations,
and index codes were added. The library quality was assessed on a Qubit@ 2.0 Fluorometer
(Thermo Scientific, Waltham, MA, USA). Finally, the library was sequenced on an Illumina
NovaSeq platform, and 250 bp paired-end reads were generated.

2.4. Bioinformatics Analysis

The analysis was conducted by following the “Atacama soil microbiome tutorial”
of Qiime2docs along with customized program scripts (https://docs.qiime2.org/2019
.1/ accessed on 10 February 2023). Briefly, raw data FASTQ files were imported into
the format that could be operated by the QIIME2 system using the qiime tools import
program. Demultiplexed sequences from each sample were quality-filtered and trimmed,
denoised, and merged, and then the chimeric sequences were identified and removed
using the QIIME2 dada2 plugin to obtain the feature table of amplicon sequence variants
(ASVs) [17]. The QIIME2 feature-classifier plugin was then used to align ASV sequences
to a pretrained SILVA 138 99% database (trimmed to the V3–V4 region bound by the
341F/806R primer pair) to generate the taxonomy table [18]. Any contamination including
mitochondrial and chloroplast sequences was filtered using the QIIME2 feature-table
plugin. Appropriate methods, including ANCOM, ANOVA, Kruskal–Wallis, LEfSe and
DEseq2, were employed to identify bacteria with different abundances among samples
and groups [19,20]. Diversity metrics were calculated using the core-diversity plugin
within QIIME2. Feature-level alpha diversity indices, such as observed OTUs, Chao1
richness estimator, Shannon diversity index, and Faith’s phylogenetics diversity index,
were calculated to estimate the microbial diversity within an individual sample. Beta
diversity distance measurements, including Bray Curtis, unweighted UniFrac and weighted
UniFrac, were performed to investigate the structural variation of microbial communities
across samples and then visualized via principal coordinate analysis (PCoA) and nonmetric
multidimensional scaling (NMDS) [21]. PLS-DA (partial least squares discriminant analysis)
was also introduced as a supervised model to reveal the microbiota variation among
groups using the “plsda” function in the R package “mixOmics” [22]. Redundancy analysis
(RDA) was performed to reveal the association of microbial communities in relation to
environmental factors based on the relative abundances of microbial species at different taxa
levels using the R package “vegan”. Co-occurrence analysis was performed by calculating
Spearman’s rank correlations between predominant taxa, and the network plot was used
to display the associations among taxa. In addition, the potential KEGG Ortholog (KO)
functional profiles of microbial communities were predicted with PICRUSt [23]. Unless
specified above, the parameters used in the analysis were set as default.

2.5. Detection and Statistical Analysis of pH Value and Nitrite Content and Reducing Sugar
Content

The pH value was measured by an FE20 pH meter (METTLER TOLEDO Int. Ltd.,
Greifensee, Switzerland). Nitrite content and reducing sugar content were determined
using a commercial kit (Nanjing Jiancheng Biological Engineering Research Institute Co.,
Ltd., Nanjing, China) and according to its instructions. Statistical analysis was performed
using SPSS 22 (Statistical Package for the Social Science, SPSS Ins., Chicago, IL, USA). The
results are presented as the means ± SD, and the difference between the mean values of the
two groups of samples was tested by t test. Values of p < 0.05 or p < 0.01 were considered
statistically significant.

https://docs.qiime2.org/2019.1/
https://docs.qiime2.org/2019.1/
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3. Results and Discussion
3.1. pH Value, Nitrite Content and Reducing Sugar Content

pH value and reducing sugar content are important indicators to measure the fermen-
tation situation. Nitrite content is an important indicator of food safety. The test results
(Table 1) showed that the pH values of the samples in group F were all below 3.7, and the
standard deviation was small. The pH value of group H varied greatly among the samples,
among which the pH value of H4 was 5.16, which deviated the most. The average nitrite
content in both groups of samples was 0.35 mg/kg, but the H4 sample had the largest
value, at 1.12 mg/kg. However, all samples were within the normal standard for nitrite
content in pickled and fermented products. The reducing sugar content in the samples in
group F was relatively close, fluctuating around 0.098 mg/mL. The reducing sugar content
in the H group samples was relatively high, with the highest, of 0.86 mg/mL, in the H4
sample, which may be related to the method of adding cooked rice soup multiple times in
the homemade process.

Table 1. pH value, nitrite content and reducing sugar content.

Label pH Value Nitrite Content
(mg/kg)

Reducing Sugar
Content (mg/mL)

F1 3.41 0.66 0.0976
F2 3.42 0.12 0.0980
F3 3.65 0.24 0.0976
F4 3.65 0.35 0.0981
F5 3.56 0.38 0.0985

F group 3.54 ± 0.12 a 0.35 ± 0.2 a 0.098 ± 0.0004 a

H1 3.92 0.15 0.1022
H2 3.41 0.04 0.1945
H3 3.7 0.31 0.1020
H4 5.16 1.12 0.8639
H5 3.56 0.09 0.1015

H group 3.95 ± 0.7 a 0.34 ± 0.44 a 0.273 ± 0.3329 a

Notes: F means factory production; H means household handmade. Data in the same column marked with the
same letter indicate no significant difference between F group and H group (p > 0.05).

3.2. Statistical Analysis of the Alpha Diversity Index

The alpha diversity index is the analysis of species diversity in samples, including the
richness and evenness of species composition in samples. The observed OTUs (observed
features) and Shannon and Faith’s phylogenetic diversity are usually used to evaluate
the species diversity of a sample. The higher the index, the more complex the diversity
of the sample. As shown in Figure 1, the average Shannon index of Group F was lower
than that of Group H, which seems to indicate that the bacterial community diversity of
homemade sauerkraut is higher than that of factory-produced sauerkraut. The similarity of
the samples in group F was relatively high, and the distribution of each sample point was
relatively concentrated, while the samples in group H had relatively large differences, and
the distribution of sample points was relatively scattered, especially that of two sample
points that were far away from the median line. The difference between the two groups was,
therefore, not significant. The reason may be related to large differences in the production
environment of different families in the H group.
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3.3. Beta Diversity Analysis

Beta diversity is a comparison of microbial community composition between different
samples. Partial least squares discriminant analysis (PLS–DA) is a multivariate statistical
analysis method for discriminant analysis. It is necessary to group the tested samples
according to the category. When calculating the mathematical model, each group is distin-
guished, ignoring the random differences within the group and highlighting the systematic
differences between groups. It has better sample discrimination performance when the
observation factor is much larger than the number of samples. Based on all OTUs with
abundance greater than 10, we performed PLS–DA analysis. As shown in Figure 2, it
was found that the separation effect of the factory-processed Chaozhou sauerkraut and
home-made Chaozhou sauerkraut samples along the two coordinates was obvious, indi-
cating that the production method had a significant impact on the microbial community
composition of the pickles. Among them, Group F was relatively concentrated, but H1 and
H4 of Group H were far from the remaining three samples. This situation was consistent
with the phenomenon shown in Figure 1.
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3.4. Analysis of Bacterial Community Structure Based on Phylum and Genus Levels

Phylum and genus levels are commonly used to analyze microbial composition.
Through high-throughput sequencing analysis, 52 phyla and 622 genera of bacteria were
identified from 10 Chaozhou sauerkraut samples. As shown in Figure 3, an average of
20.2 ± 4.32 phyla and 129.6 ± 37.73 genera were identified in group F. In group H, an aver-
age of 25.2 ± 6.53 phyla and 186.2 ± 86.76 genera were identified. The average number of
bacteria in group F was lower than that in group H, indicating that the number of bacterial
species in Chaozhou sauerkraut produced in factories was lower than that in Chaozhou
sauerkraut produced by households in terms of phyla and genera. While the samples
produced by different households showed great differences in terms of their numbers of
phyla and genera, the bacteria in Chaozhou sauerkraut produced by the two methods
showed no significant differences in numbers of phyla and genera (p > 0.05). Samples
H1 and H4 had the highest number of genera, which may be the reason why they were
different from other H samples. These findings are consistent with the results shown in
Figure 2. The reason may be that the microorganisms in the environment of H1 and H4
were relatively complex, which caused a certain degree of contamination during the process
of adding cooked rice soup many times.
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A Venn diagram can intuitively reflect the similarity and overlap of bacterial com-
position in samples. Therefore, Venn diagram analysis was performed on the number
of bacterial phyla and genera in the two groups of sauerkraut samples produced by fac-
tories or handmade by family households, and the results are shown in Figure 4. As
shown in Figure 4A, there were 28 bacterial phyla in the two groups of sauerkraut samples,
18 bacterial phyla unique to the samples of household (H) sauerkraut, and only 6 bacterial
phyla unique to the samples of factory (F) sauerkraut. From Figure 4B, it can be seen that at
the genus level, there were 235 mutual bacterial genera in the two groups of sauerkraut
samples, 307 unique bacterial genera in homemade (H) sauerkraut samples, and only
80 unique bacterial genera in the factory (F) produced sauerkraut samples. It can be seen
that there are still some differences in the species and quantities of bacteria in Chaozhou
sauerkraut in different production methods.
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3.5. Cluster Analysis

In the heatmap diagram, a color block represents the abundance of a genus in a sample,
reflecting the similarity of community composition of multiple samples at the genus level.
In order to further explore the differences in the structure and relative abundance of
bacteria at the genus level, the top 20 genera in terms of absolute abundance were selected
for heat map analysis (Figure 5). The results showed that there were obvious inter-generic
differences among the samples. Despite sharing the same dominant genera, their relative
abundances varied widely. The dominant genera in sauerkraut samples were Lactobacillus,
Pediococcus and Weissella, which belonged to Lactobacillales. Lactobacillus is an important
acid-producing genus [24], and the abundance of Lactobacillus in H1 and H4 samples
shown in the heat map was lower, which may be the reason for their higher pH values
in Table 1.

3.6. Analysis of Dominant Bacteria Based on Phylum Level

The sequences were identified as Firmicutes, Proteobacteria, Bacteroidetes, Campy-
lobacterota, Actinobacteria, Patescibacteria, Desulfobacterota, Chloroflexi, Gemmatimon-
adetes, Deinococcota, Cyanobacteria, Acidobacteriota, unclassified, Fusobacteriota, Myxo-
coccota, Verrucomicrobiota, Synergistota, Halobacterota, Spirochaetota, Elusimicrobiota
and 21 other phyla. From Figure 6, it can be seen that Firmicutes bacteria were the dominant
phylum in factory-produced (F) pickle samples, all of which reach more than 91%, among
which F1 had the highest content of 98.96%. In the homemade sauerkraut samples, the
most dominant phylum of H2, H3 and H5 was also Firmicutes, reaching more than 91%, of
which H5 was as high as 97.54%. However, Proteobacteria was the most dominant phylum
in the samples of H1 and H4, with 46.56% and 67.13%, respectively, while Firmicutes was
the second most dominant phylum, with 12.4% and 19.57%, respectively, followed by
Bacteroidetes, at 10.52% and 8.51% in the H1 and H4 samples, respectively. After that,
Campylobacterota and Actinobacteria were the dominant phylum in these samples. There-
fore, Firmicutes, Proteobacteria, Bacteroidetes, Campylobacterota and Actinobacteria were
considered to be the dominant phyla in all samples. Firmicutes and Proteobacteria were
the dominant phyla in samples from both Jiangshui [25] and Suan-cai [26] in northeastern
China; these were similar to the results of this study. Sun [27] et al. found that the main
bacterial phyla in kimchi in Jilin, China were Firmicutes, Cyanobacteria and Proteobacteria,
which was different from this study.
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species abundance distribution in all samples. The middle heatmap is a log10 (absolute abundance)
heatmap.
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3.7. Analysis of Dominant Bacteria Based on Genus Level

The bacteria in the two types of Chaozhou sauerkraut were classified at the genus
level, and their relative abundance was calculated. The top 20 bacterial genera with the
highest abundance are presented in a bar chart (Figure 7). It can be seen that except for
the other and unclassified genera, the dominant bacterial genera in sauerkraut samples
of group F were similar, mainly Lactobacillus, Pediococcus and Weissella. This is similar
to previous studies that found Weissella as the dominant genus in fermented chopped
pepper [28] and traditional jiang-shui [25] in northwestern China. The relative abundance
of Lactobacillus in samples F1, F4 and F5 was the highest, at 97.42%, 91.00% and 90.28%,
respectively. The two genera Lactobacillus and Weissella were the most representative
kimchi fermentation bacteria, which contributed to the formation of flavor during kimchi
fermentation [12]. The genus with the second highest relative abundance in samples F2
and F3 was Pediococcus, accounting for 18.18% and 7.55%, respectively. Among the samples
of group H, the dominant bacteria were different. The dominant bacterial genera of H2, H3
and H5 were Lactobacillus, Pediococcus and Weissella, which was the same as that of group
F. However, the top six dominant bacterial genera in the H1 sample were Halarcobacter
(10.11%), Lactobacillus (9.58%), Oceanimonas (8.57%), Shewanella (6.78%), Paracoccus (6.21%)
and Vibrio (5.30%). This is quite different from the previously mentioned sample microbial
genera. There may have been environmental pollution in this sample [29]. Weissella is the
dominant bacterial genus in sauerkraut [12], which ensures food safety by producing acid
and alcohol, thereby inhibiting the growth of pathogenic bacteria [30]. The top six dominant
genera in H4 samples were Chromohalobacter (19.61%), Rhizobium (11.09%), Pseudomonas
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(10.23%), Weissella (8.94%), Sphingobacterium (6.02%), and Pediococcus (3.2%); however,
Lactobacillus only accounted for 1.46%. It is well known that the type and quantity of core
microorganisms affect the quality of pickled foods [12]. In Table 1, it can be seen that
the pH value, nitrite content and reducing sugar content of H4 samples were the highest
among all samples, which may have been affected by its bacterial genera due to the type
and quantity of effects. It can be seen from the above that there were large inter-group
differences in the genus level of home-made sauerkraut. Compared with commercial
kimchi, the fermentation conditions of home kimchi are more variable [31], and may also
be affected by the production environment [32]. The production of commercial sauerkraut
strictly controls the sources and types of raw materials, fermentation conditions, etc., and
the final product is usually packaged and stored under refrigerated conditions to ensure
high quality standards [12]. These processes are more standardized relative to those used
in homemade pickles. In addition, the aged sauerkraut brine added during fermentation is
also an important factor influencing the microbial community. The age of the sauerkraut
brine, the way it is stored, etc., can affect the initial composition of the microbial community.
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Internal environmental factors such as pH and total acidity affect the microbial com-
munity structure in kimchi [12]. The organic acids produced by lactic acid bacteria can
reduce the pH value of sauerkraut, which can effectively inhibit the growth of harmful bac-
teria [33]. It is evident from Figure 7 that samples H1 and H4 had the lowest abundance of
Lactobacillus. Correlation analysis between Lactobacillus abundance and pH value (Figure 8)
showed a significant negative correlation (p < 0.01). Therefore, the higher pH environ-
ment may have resulted in higher Vibrio (5.30%) in the H1 sample and higher Pseudomonas
(10.23%) in the H4 sample. These genera may be pathogenic [29,34]. Therefore, there may
be certain food safety hazards associated with direct consumption of this sauerkraut. In
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addition, the composition of microorganisms also changes dynamically during the time
course of storage. In the future, the relationship between storage time and sample flora
will also be one of our key research directions.
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4. Conclusions

The bacterial diversity of Chaozhou sauerkraut samples produced by two different
methods was analyzed by high-throughput sequencing technology. The results showed that
54 phyla and 622 genera were identified in 10 sauerkraut samples. Except for the shared
ones, the unique bacterial phyla and genera in sauerkraut samples produced by households
(H) were 18 and 307, respectively, while those in the samples produced by factories (F)
numbered only 6 and 80, respectively. The bacterial community composition in samples of
sauerkraut produced by factories was similar. At the genus level, the dominant bacterial
genera in sauerkraut samples in group F were similar: mainly Lactobacillus, Pediococcus and
Weissella. The dominant bacterial genera in most samples of group H were similar to those
in samples of group F. However, there were a small number of samples in group H that were
quite different, and they also may have contained potentially pathogenic microorganisms
such as Pseudomonas and Vibrio. On the whole, there are still some differences in the bacterial
community structure between factory-produced and home-made samples of Chaozhou
sauerkraut, each with its own advantages and disadvantages.
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