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Abstract

:

The microbiota involved in Korean soy paste (doenjang) fermentation are the key factors determining its quality aspects. In this study, doenjang was prepared by adding three different herbs (Peppermint, Korean mint, and Coriander), and their effect on the microbiota composition was evaluated by 16S rRNA metagenomic analyses. The β-diversity statistics indicated clear distinctions in the doenjang microbiota after the addition of herbs. A microbial composition analysis revealed that Tetragenococcus was among the dominant genera in the four doenjang groups, with a relatively higher abundance in the Korean mint group. In the Peppermint and Korean mint doenjang groups, the levels of undesirable microbes, such as opportunistic pathogens belonging to the genera Sphingobacterium and Pantoea, were significantly reduced. Additionally, other desirable microbes that are known to exhibit beneficial properties and produce bioactive compounds, such as Saccharopolyspora and Buttiauxella, were present at significantly higher levels. Significant negative correlations between members of the Bacillaceae and Halomonadaceae, Lactobacillaceae and Tissierellaceae, and the Lacobacillaceae and Erwiniaceae families were observed, indicating possible antagonistic relationships. Taken together, our results demonstrated that the incorporation of herbs, particularly Peppermint and Korean mint, during doenjang fermentation resulted in significant shifts in the microbial composition and could be utilized for beneficial effect on its fermentation.
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1. Introduction


Fermentation has been practiced for thousands of years for the preservation and storage of food materials [1]. Fermented foods are important sources of nutrition and have improved flavors; they are known for their potential health promoting and disease preventing properties, which contribute to their current worldwide popularity [2].



Doenjang is a traditional Korean fermented soy paste that has been consumed for thousands of years as a protein source and a basic seasoning ingredient. Traditionally, doenjang production is a two-stage process that is initiated by preparing meju, a dry fermented, moldy cooked soybean block, using naturally occurring bacteria and fungi. The second stage is performed by soaking the meju in salty water in porcelain containers under sunlight for several weeks to produce a solid portion that is called soybean paste (doenjang) and a liquid portion called soy sauce (gangjang). The doenjang is then mashed and further fermented before consumption through a few weeks to several years [3].



Doenjang has attracted much attention and popularity due to its health-related beneficial properties such as antioxidative, anti-inflammatory, immunity enhancing, and fibrinolytic activities [4,5,6]. Moreover, doenjang consumption may be associated with a lower incidence of type 2 diabetes, greater antimutagenic and anticancer activity, and an antiobesogenic effect [7,8,9,10]. The properties of doenjang including the health promotion effects and unique flavors and taste can be attributed to several bioactive compounds (e.g., bioactive peptides, isoflavones, saponins, phytic acid, and linoleic acid), produced as the result of the degradation and decomposition of soybean proteins and additional ingredients by the fermentation microbes [5,11,12]. Thereby, the microbes involved in this fermentation are the most critical components for understanding the phenomenon associated with the quality characteristics and safety aspects of doenjang [13,14]. The microbial composition of doenjang can be affected by several factors, mainly the environmental variables and the basic ingredients during fermentation [15].



Culture-dependent and culture-independent microbiological studies have attempted to reveal the microbial community structure in doenjang during fermentation. The culture-based methods indicated that members of the Bacillus genus, such as B. subtilis, B. licheniformis, and B. megaterium, were among the dominant bacteria, and members of the Aspergillus, Mucor, and Rhizopus genera were among the dominant fungi in doenjang and were considered to play important roles during fermentation [11,16,17]. The bacterial community of doenjang underwent a shift toward salt-tolerant bacteria as the fermentation of doenjang progressed, during which Bacillus spp., the lactic acid bacterium (LAB) Tetragenococcus halophilus, and coagulase-negative staphylococci were predominant [18]. However, these studies used culture-based methods and were limited in the detection and identification of the involved microbiota.



Culture-independent techniques such as 16S rRNA libraries and denaturing gradient gel electrophoresis (DGGE) have been used to study doenjang microbiota, and unlike in the case of previous studies, other microbes such as Staphylococcus equorum, Leuconostoc mesenteroides, T. halophilus, and Enterococcus faecium were found to be dominant [19,20]. More recently, an rRNA pyrosequencing study revealed that Bacillus spp., among bacteria, and Mucor spp., among fungi, were predominant in doenjang during the early fermentation period. However, as fermentation progressed, changes were observed in the microbial composition and bacteria such as Ignatzschineria, Myroides, Enterococcus, Corynebacterium, and Clostridium spp., and fungi such as Geotrichum, Scopulariopsis, Monascus, Fusarium, and Aspergillus spp. increased in abundance [21]. Another recent study showed that the phylum, Firmicutes, was the dominant taxon in both the traditional and modified doenjang samples; LAB, including mainly Tetragenococcus, Enterococcus, Leuconostoc, and Lactobacillus spp., were detected in most samples, whereas among the non-LAB, Staphylococcus and Ochrobactruma spp. were dominant [22]. In the same line, a recent study utilized an Illumina MiSeq platform to study the microbial composition of doenjang and revealed that members of the halophilic or halotolerant Tetragenococcus, Staphylococcus, Debaryomyces, Meyerozyma, Millerozyma, and Hyphopichia were predominant [23].



Herbs and spices have had a long history of use in foods as natural additives for improving health and sensory properties and are becoming more attractive as potential alternatives to pharmaceutical agents that provide significant protection against chronic diseases [24]. Various types of herbs such as Peppermint (Mentha piperita), Korean mint (Agastache rugosa), and Coriander (Coriandrum sativum) have been studied and are shown to be sources of a range of bioactive phytochemicals with a multitude of properties, including antimicrobial, antioxidant, and anticancer activities [25,26,27]. Hence, it is of great importance to investigate the role of different herbs and to demonstrate the positive effects of their incorporation in food.



A study on the microbes involved in doenjang fermentation and the effect of the ingredients used is crucial to understanding the fermentation process and the quality of the produced doenjang. Therefore, the objective of this study was to use high-throughput next generation sequencing-based metagenomics analyses to evaluate the effects of adding different herbs (Peppermint, Korean mint, and Coriander) on the microbial composition of doenjang. Controlling the process of doenjang fermentation by supplementation with different ingredients may result in the establishment of customized amounts and compositions of ingredients with respect to the effects on the microbes involved in the fermentation.




2. Materials and Methods


2.1. Preparation of Fermented Soy Paste Samples


Fermented doenjang was prepared using the traditional Korean method under the guidance of a master craftsman of Korean cuisine at Youngsan University located in Pusan, Korea. Briefly, fermented doenjang-meju bricks (approximately 2 kg, Gigang County, Korea) were soaked in 6 L of a 20% (w/v) solar salt (Shinan, Korea) solution in a porcelain pot, and then 3 pieces of pure charcoal (3 cm × 3 cm × 10 cm) and 5 pieces of dried red pepper purchased from the local market in Gigang County were added. Each root-removed, trimmed herb with a weight equal to 10% of the meju weight was added. The mixture solution was stored in a sunny yard with no temperature control and the lid of the pot was opened by day and closed by night every day. After 45 days of fermentation, the mixture was separated into liquid (soy sauce) and solid parts (doenjang). Separated doenjang was mashed, homogenized, and continually stored under the same conditions, then samples were collected for metagenomic sequencing and analysis after 3 months of fermentation. Three different batches for each treatment and the control were prepared and used for the metagenomic analysis.




2.2. Metagenomic DNA Extraction, Sequencing, and Bioinformatic Analysis


The collected samples (5 g) were dissolved in 25 mL sterile distilled water, vigorously vortexed, filtered through double-layered sterilized cheesecloth to remove large particles, and centrifuged for 15 min (10,000× g) at 4 °C. The collected pellet was weighed, and 250 mg was used for metagenomic DNA extraction using a PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA), according to the manufacturer’s protocol. The concentration and quality of the obtained metagenomic DNA were assessed using a NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) and agarose gel electrophoresis. Samples were stored in Tris-EDTA buffer at −20 °C until use.



The metagenomics analysis was based on the sequencing of the V3 and V4 variable regions of the 16S rRNA gene. PCR amplification, sequencing, and library preparation were carried out using the protocol provided along with the Herculase II fusion DNA polymerase Nextera XT Index Kit V2 on an Illumina® MiSeq® platform at Macrogen (Seoul, South Korea), using the following primer pair:



(F), 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′;



(R), 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′.



The sequencing resulted in paired-end reads that were merged using the fast length adjustment of the short reads (FLASH; http://ccb.jhu.edu/software/FLASH/) [28]. The obtained raw sequences were purified and preprocessed to remove Illumina adaptors and short and low-quality reads using the Scythe (v0.994) (https://github.com/vsbuffalo/scythe) and Sickle programs (https://github.com/najoshi/sickle). The clustering and annotation of the preprocessed sequences were performed using the CD-HIT-OTU-MiSeq and UCLUST algorithms, and the qualified sequences were arranged into the respective operational taxonomic units (OTUs) at a cut-off value of 97%, using the Greengenes database (version 13_5) [29,30,31]. Microbiome analysis, including sequence annotation, diversity statistics, and taxonomic assignments of the obtained OTUs from the phylum to species level was carried out using the Quantitative Insights into Microbial Ecology version 2 (QIIME2) pipeline [32]. The obtained sequences were deposited as a sequence read archive in the National Center for Biotechnology Information database under the BioProject ID PRJNA628532.




2.3. Statistical Analysis


Microbiome diversity and rarefaction were estimated using QIIME2 scripts, R (version 3.1.3), and the PAleontological STatistics software package (PAST) version 3.23 [33]. An analysis of variance (ANOVA) was performed using GLM procedures, and the means were separated using the least significant difference (LSD) test using by SAS (SAS Institute, Cary, NC, USA), wherein a p-value < 0.05 was considered statistically significant. A Principal Coordinates Analysis (PCoA) was performed based on the Euclidean and Bray–Curtis distances. Pearson’s correlation analysis and the plotting of correlograms representing the Pearson’s correlation coefficient (r) matrices were performed using PAST.





3. Results


3.1. Diversity of Fermented Soy Paste Microbiota


The total read count in the next generation sequencing of the 12 doenjang samples (4 different samples in triplicate) was 1,558,143, with an average of 129,845 reads per sample. The total bases, read counts, GC%, Q20%, and Q30% for each sample are shown in Table S1. After removing the low-quality reads and chimeras, 399,938 high-quality sequences were obtained, with an average of 33,328 ± 4606 reads per sample (ranging from 26,522 to 40,950).



The rarefaction analysis representing the number of OTUs with respect to the read counts of the sequences obtained from the doenjang samples showed partial levelling of the curves at around 1500 reads, which indicated that the sequencing was sufficient to represent the microbial composition, and that further sequencing would not result in a significant increase in the number of OTUs (Figure 1).



The doenjang samples supplemented with Korean mint exhibited higher richness compared to those supplemented with Peppermint or Coriander and the control; this was indicated by significantly (p < 0.05) higher OTUs and Chao1 indices (Figure 2A,C). Additionally, the Shannon diversity index was significantly (p < 0.05) lower for the doenjang samples supplemented with Peppermint and Korean mint, compared to that for the Coriander and control groups (Figure 2B). The inverse Simpson index was significantly higher for the control doenjang group, compared to that for the other treatments (Figure 2D).



PCoA was performed using the Euclidean and UniFrac distances to illustrate the differences in relationship between the different doenjang samples. The different groups exhibited a clear distinction, with a close relationship between the Peppermint- and Korean-mint-supplemented doenjang groups based on the Euclidian distance and between the control and Coriander-supplemented doenjang groups, based on the UniFrac distance (Figure 3A,B).




3.2. Effects of Peppermint, Korean Mint, and Coriander on Microbial Composition and Dominant Taxa in Doenjang


The microbial community profiles of the different groups of doenjang showed noticeable differences at the taxonomic level (Figure 4). Four main phyla (Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes) represented the bacterial profiles of the different doenjang samples. Bacteroidetes comprising mainly the genus Sphingobacterium were only found in significant levels in the control group, with an average relative abundance of 21.30%; Actinobacteria comprising mainly the genus Saccharopolyspora were more abundant in the Peppermint doenjang, with an average abundance of 25.77% compared to 6.10%, 2.00%, and 1.49% in the Korean mint, Coriander, and control doenjang, respectively (Figure 4A).



At the order level, Lactobacillales dominated the microbial communities in all the samples, with average relative abundances of 35.37%, 38.99%, 42.92%, and 38.25% in the control, Peppermint, Korean mint, and Coriander doenjang groups, respectively. Sphingobacteriales were present in significant levels only in the control group, whereas Pseudonocardiales were only present in the Peppermint and Korean mint groups. Within the Proteobacteria, the ratio of Enterobacterales to Pseudomonadales was 18.79%:12.23%, 1.25%:31.69%, 31.28%:18.87%, and 35.16%:5.11% in the control, Peppermint, Korean mint, and Coriander doenjang groups, respectively. Moreover, Bacillales were present in higher abundance in the Coriander group, with an average relative abundance of 17.98% compared to 10.18%, 2.28%, and 0.81% in the control, Peppermint, and Korean mint groups, respectively (Figure 4B).



At the family level, Enterococcaceae dominated the community in the control, Peppermint, and Korean mint doenjang samples, with average relative abundances of 32.83%, 37.61%, and 38.89%, respectively. However, the Coriander group was dominated by Erwiniaceae followed by Enterococcaceae, with average relative abundances of 35.09% and 34.77%, respectively. Erwiniaceae accounted for average relative abundances of 18.78%, 0.41%, and 12.63% in the control, Peppermint, and Korean mint doenjang groups, respectively. Pseudomonadaceae and Pseudonocardiaceae were present at higher levels in the Peppermint doenjang samples than in other groups, with average relative abundances of 31.64% and 25.56%, respectively. Yersinia spp. were present at significant levels only in the Korean mint doenjang group, with an average relative abundance of 14.32%, whereas Sphingobacteriaceae were found at significant levels only in the control group with an average relative abundance of 21.30% (Figure 4C).



At the genus level, Tetragenococcus was dominant in the control and Korean mint doenjang groups, accounting for average relative abundances of 25.40% and 38.81%, respectively. The dominant genus in the Peppermint group was Pseudomonas, with an average relative abundance of 31.64% compared to 12.22%, 18.65%, and 5.10% in the control, Korean mint, and Coriander doenjang groups, respectively. The genus Pantoea dominated the Coriander group, with an average relative abundance of 32.25% compared to 18.15%, 0.41%, and 12.61% in the control, Peppermint, and Korean mint doenjang groups, respectively. Sphingobacterium spp. were the second most dominant species in the control group, with an average relative abundance of 21.30% and were present in minor levels in the other groups. Saccharopolyspora spp. were present at significant levels only in the Peppermint and Korean mint groups, with average relative abundances of 25.55% and 5.78%, respectively (Figure 4D). The genus Rahnella was present at significant levels only in the Korean mint doenjang group, with an average relative abundance of 14.07% compared to 0.49%, 0.66%, and 2.60% in the control, Peppermint, and Coriander doenjang groups, respectively (Figure 4D).




3.3. Correlation Analysis of Relative Abundance of Bacterial Families in Doenjang Samples


Different significantly (p < 0.05) positive and negative correlations between the OTU counts corresponding to different bacterial families in all the tested doenjang samples (n = 12) were determined based on the Pearson’s coefficient matrix. The strong positive and negative correlations indicated by the large blue and red circles (Figure 5) suggest the possible coexistence or antagonism between the different bacterial families. With respect to the doenjang fermentation microbiota, significant negative correlations between the Bacillaceae and Halomonadaceae, and the Lactobacillaceae, Microbacteriaceae, Micrococcaceae, and Tissierellaceae families were observed (Figure 5).





4. Discussion


The microbiota involved in doenjang fermentation are the key factors that determine the end-product’s quality and safety aspects [13]. Therefore, it is important to study the microbial composition of doenjang, and to endeavor to provide fermentation conditions aimed at enhancing desirable microbes (e.g., microbes that produce bioactive metabolites and toxin-degrading enzymes contributing to better health), thereby reducing the levels of undesirable microbes such as those related to spoilage, or opportunistic human pathogens. Previous studies have shown that the ingredients used for doenjang preparation markedly affect the fermentation process and the properties of the end-product [34,35,36,37].



In this study, three different herbs (Peppermint, Korean mint, and Coriander) known to potentially produce various bioactive compounds with several beneficial properties, including the inhibition of harmful microbes [25,26,27] were used as supplements during doenjang fermentation, and their effects on the microbial composition of the prepared doenjang were evaluated using high-throughput sequencing-based metagenomics analyses. The microbial composition in the herb-supplemented doenjang showed noticeable shifts compared to that in the control; in particular, the Peppermint- and Korean-mint-supplemented doenjang showed greater shifts compared to the control and Coriander-supplemented doenjang. Generally, doenjang prepared with herbs showed an improved microbial composition as evidenced by an increase in the abundance of beneficial microbes and a reduction in potential spoilage and harmful microbes.



Basically, the conditions of doenjang fermentation induce a shift in the microbial composition toward an increase in the abundance of salt-tolerant microbes [18]. The halophilic LAB, Tetragenococcus, was among the dominant microbes in all the doenjang samples, with a relatively higher abundance in Korean mint supplemented doenjang than in the control. Jung et al. [13], functionally characterized the major microbial taxa responsible for fermentation, and concluded that although Bacillus and Enterococcus spp. were the dominant microbes, their abundance was not linked to the changes in the metabolite levels, whereas Tetragenococcus was linked to an increase in organic acids and a reduction in glucose and fructose levels; Lactobacillus was associated with an increase in γ-aminobutyric acid (GABA) and a decrease in galactose levels. Consistent with our results, T. halophilus has been shown to be among the predominant halophilic LAB during doenjang fermentation and produced desirable flavors in fermented soy products [19,20,38].



Previous studies have also revealed several beneficial roles of T. halophilus in doenjang, such as antiallergy and aflatoxin degradation activity. The immunomodulatory activity of a strain of T. halophilus, which was selected for its ability to induce strong interleukin (IL)-12 production and T helper type 1 (Th1) immunity promotion, has been reported [39]. The oral administration of this strain was employed in another study to alleviate the severity of nasal symptoms in perennial allergic rhinitis [40]. Another strain of T. halophilus has been reported to degrade 92% of the aflatoxin B1 in a polluted fermented soy product [41].



In the same context, the level of Actinobacteria, which includes several members known to produce many bioactive compounds, was significantly higher in herb-supplemented doenjang, specifically in that prepared with Peppermint. In particular, the halophilic bacteria of the Saccharopolyspora genus were present in the Peppermint- and Korean-mint-supplemented doenjang, with a significantly high relative abundance; Saccharopolyspora are known producers of amylases, which transform starch into micromolecular sugars (such as glucose and mannose) that serve as carbon source precursors for the production of organic acids in addition to potential bioactive metabolites with anticancer and antimicrobial activities [42,43,44]. Moreover, halophilic members of the genus Buttiauxella, which were previously shown to produce antimicrobial metabolites active against several pathogenic and harmful bacteria and fungi, were present at relatively high abundances in the Korean-mint-supplemented doenjang and, to a lesser extent, in the Peppermint-supplemented doenjang but not in the control or the Coriander-supplemented doenjang [45].



However, the relative abundance of the phylum, Bacteroidetes, mainly composed of the genus Sphingomonas, was significantly low in the doenjang prepared with herbs; members belonging to the Sphingomonas genus are potentially harmful, and have been reported to infect humans [46,47]. The levels of other potentially harmful species belonging to the genus Pantoea, which are considered opportunistic pathogens, were significantly lower in the Peppermint-supplemented doenjang and high in the control and Coriander-supplemented doenjang [48].



The correlation analysis revealed specific relationships between different microbial taxa; interestingly, the Bacillaceae family showed a significant negative correlation with the halophilic and halotolerant Halomonadaceae, Lactobacillaceae, and Tissierellaceae families, which indicated that the levels of Bacillaceae could be reduced in the presence of such halophilic microbes. Moreover, Lactobacillaceae also showed a significant negative correlation with Erwiniaceae, which includes opportunistic pathogens belonging to the genus Pantoea, indicating that the high abundance of Lactobacillaceae played a role in the suppression of potentially harmful microbes.



It is noteworthy to mention that the bioinformatic analysis in this study was performed before the recent change in the taxonomy of Lactobacillus and the union of Lactobacillaceae and Leuconostocaceae families reported in Zheng et al. [49].



Taken together, our metagenomic analysis on doenjang prepared with different herbs revealed significant shifts in the microbial composition. Notably, the supplementation of doenjang with Peppermint and Korean mint during fermentation resulted in positive changes in the microbial composition with respect to the suppression of undesirable microbes and an increase in the abundance of beneficial microbes that have been previously shown to play key roles in doenjang fermentation and production of bioactive compounds. Further study is required to investigate the effect of adding herbs during doenjang fermentation for longer durations; additionally, metabolic profiling and sensory evaluation with respect to the microbial composition are also required.
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Figure 1. Rarefaction curve of 16S rRNA sequence reads obtained against assigned operational taxonomic units (OTUs) to evaluate whether further sequencing may result in the detection of additional taxa in soy paste samples prepared by adding Peppermint, Korean mint, and Coriander with respect to that in control. 
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Figure 2. Alpha diversity in the soy paste samples prepared by adding Peppermint, Korean mint, and Coriander, relative to that in control. (A) Number of operational taxonomic units (OTUs), (B) Shannon diversity index, (C) Chao1 richness index, and (D) Inverse Simpson’s index. Data are represented as the means ± standard deviations in triplicate. Different letters on the error bars represent significant differences at p < 0.05. 
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Figure 3. Principal Component Analysis (PCA) of (A) Euclidian and (B) Bray–Curtis distances of soy paste samples prepared by adding Peppermint, Korean mint, and Coriander, relative to those of the control. Each dot represents a replicate of the different groups of doenjang samples. 
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Figure 4. Stacked bar graphs representing the microbiome structure in soy paste samples prepared by adding Peppermint, Korean mint, and Coriander, relative to that of the control. (A) Phylum level, (B) order level, (C) family level, and (D) genus level. 
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Figure 5. Correlogram representing the matrices of Pearson’s correlation coefficient (r) for different bacterial taxa (at family level) in soy paste samples (n = 12) prepared by adding Peppermint, Korean mint, and Coriander, relative to those for the control. Only significant (p < 0.05) positive (blue) and negative (red) correlations are shown in the graph. 
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