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The influence of microbiota composition and metabolisms on the safety and quality of fermented fish products is attracting increasing attention. In this study, the total viable count (TVC), pH, total volatile base nitrogen (TVB-N) as well as biogenic amines (BAs) of traditional fermented Scomber japonicus (zaoyu) were quantitatively determined. To comprehend microbial community variation and predict their functions during fermentation, 16S rRNA-based high-throughput sequencing (HTS) and phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) were employed, respectively. The fresh samples stored without fermentation were used as controls. TVC and TVB-N values increased rapidly, and the content of BAs exceeded the permissible limit on day 2 in the controls, indicating serious spoilage of the fish. In contrast, a slower increase in TVC and TVB-N was observed and the content of BAs was within the acceptable limit throughout the fermentation of zaoyu. Significant differences in microbiota composition were observed between zaoyu and the controls. The bacterial community composition of zaoyu was relatively simple and Lactobacillus was identified as the dominant microbial group. The accumulation of histamine was inhibited in zaoyu, which was positively correlated with the relative abundance of Vibrio, Enterobacter, Macrococcus, Weissella, et al. based on Redundancy analysis (RDA), while Lactobacillus showed a positive correlation with tyramine, cadaverine, and putrescine. Functional predictions, based on Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis, revealed that the relative abundance of metabolic function exhibited a decreasing trend with prolonged fermentation time and the abundance of metabolism-related genes was relatively stable in the later stage of fermentation. Those metabolisms related to the formation of BAs like histidine metabolism and arginine metabolism were inhibited in zaoyu. This study has accompanied microbiota analysis and functional metabolism with the accumulation of BAs to trace their correspondences, clarifying the roles of microorganisms in the inhibition of BAs during fermentation of Scomber japonicus.
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Introduction

Scomber japonicus is an economically important fish species extensively distributed in the East China Sea, the Yellow Sea, and the Sea of Japan (Yu et al., 2018). It is noted for its pleasant aroma and high nutritional value, whereas it is rich in free histidine in muscle tissues, which is commonly implicated in incidents of histamine poisoning (Visciano et al., 2012). Hence the preservation of Scomber has been a quite challenging issue. Fermentation plays a vital role around the world for the preservation of aquatic products, such as Narezushi in Japan (Doi et al., 2021), Gravlax in Northern Europe (Wiernasz et al., 2020) and zaoyu in China. Zaoyu is a traditional fermented product made by mixing fish and fermented rice, then sealed in the vessel for a long-term fermentation under anaerobic conditions, which is usually made from several marine species such as Scomber japonicus, Miichthys miiuy, Trichiurus lepturus, Muraenesox cinereus, and freshwater species (Chen et al., 2021). The fermentation process imparts a distinctive flavor to the final products. Typically high levels of biogenic amines (BAs) have been found in some fermented fish products like fish sauce (Kuda et al., 2012) and dried fish (Huang et al., 2010), owing to the availability of amino acids, which may be the potential precursors of BAs. However, it’s worth noting that the formation of BAs was inhibited during the preparation of zaoyu.

BAs are low molecular weight organic bases with biological activity that are formed by microbial decarboxylase of the corresponding amino acid or transamination of aldehydes and ketones by amino acid transaminases (Zhai et al., 2012). The intake of foods with high concentration of BAs could provoke those adverse reactions like migraine, brain hemorrhage, heart failure, hypertension, urticaria, and headache as well (Rice et al., 1976). The most common sources of BAs intoxication are histamine (His) and tyramine (Tyr) (Smith, 1981), produced by the decarboxylation of histidine and tyrosine, respectively. Putrescine (Put) and cadaverine (Cad) could enhance histamine toxicity through interfering with the histamine detoxification system (Kim et al., 2009). The formation of BAs in fermented foods might result from a complex process and could be influenced by many factors and their interactions (Sang et al., 2020).

Spontaneously fermented fish has a unique flavor, while it is restricted by the relatively long production period and the risk of spoilage is higher. Hence the inoculum of suitable microorganisms, defined as starter cultures, has become a widely adopted approach in fermented food. Bover-Cid et al. have shown that the incorporation of pure or mixed amine-negative starter cultures is capable of inhibiting microorganisms with amino acid-decarboxylase activity in fermented products (Bover-Cid et al., 2000; Hu et al., 2007). However, the use of commercial starter cultures may reduce the microbial diversity of fermented food, and the dominant bacteria may inhibit the growth of other microorganisms including those contributing to the flavor formation. Zaoyu is produced on the basis of the traditional fermentation method, mostly relying on the community of autochthonous microorganisms from fermented rice. The addition of fermented rice as natural starter culture differs from spontaneous fermentation, which could not only promote the appearance of dominant bacteria, but also be used as the supplementary substrate for carbon sources during traditional fermentation (Bassi et al., 2015). Besides, figuring out the microbiota composition of zaoyu is vital for the application of synthetic microbial community (SMC) in fermented foods, which could construct a controllable and stable microbial interaction network and might serve as a potential strategy to control the quality of fermented fish in the future (Han et al., 2022).

Dynamic changes and interactions of the microbiota during fermentation were found to play a critical role in the quality characterization. Since spoilage potentials and metabolic characteristics of different microbes vary significantly and could be affected by microbial interactions (Lu et al., 2018). High-throughput sequencing (HTS) with the properties of high flux and short experimental cycle has recently been applied to the analysis of microbial systems in different food matrices, such as fish sauce (Wang et al., 2018), reef fishes (Gao et al., 2020), and Pacific white shrimp (Guan et al., 2021). A great potential of HTS is facilitating the exploration of the relationships between the microbiota composition and specific variables like BAs (Hao and Sun, 2020), salinity (Mengjuan et al., 2021). Phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt), a technique predicting metagenomes based on 16S rRNA gene data and a reference genome database (Yan et al., 2019), provides a great amount of information about the genetic profile and metabolic potential of microbiota composition. Combined with both technologies could determine the dynamic changes of microbial community in zaoyu and get a comprehensive view of the role that fermentation played in inhibiting the accumulation of BAs from the perspective of microorganism.

The aim of this study is to explore microbial succession during fermentation of Scomber japonicus and demonstrate the correlation among the microbiota composition, functional metabolism and the formation of BAs. The microbiota composition of zaoyu also may serve as a promising model system to study eco-evolutionary dynamics, such multidisciplinary approach is expected to improve the property and quality of fermented foods.



Materials and methods


Source of samples

Fresh Scomber japonicus was obtained from a local market in Ningbo, Zhejiang Province, China, and filleted to collect the dorsal muscle. The dorsal muscle was cut with a knife into blocks of 7 × 7 × 4 cm and were cleaned with tap water and mixed with 12% saline marinate in a barrel for 3 h, then drained the water for 12 h. Zaoyu was prepared according to the traditional techniques by mixing fresh fish with fermented rice and were neatly stacked layer-by-layer in a barrel for fermentation. Then Zaoyu samples were collected at 0, 1, 2, 4, 6 and 8 days of the fermentation stages for further analysis as experimental group. The fresh Scomber japonicus stored at 28°C under the same conditions were used as controls, and fermented rice was collected as the other controls named Z. All of the experiments were conducted in three replications.



Methods


Enumeration of cultivable microbes

The TVC was determined based on the National Standards of the People’s Republic of China (GB 4789.2-2016). Briefly, an aliquot of 2.5g fish filets was collected in an aseptic manner, put into aseptic bag, and homogenized in 22.5 ml of physiological saline for 2 min. The homogenates were serially diluted with sterile physiological saline (1:10), and 1.0 ml aliquots of the dilutes were poured onto a 15–20 ml of plate count agar medium to obtain a mixture. Colonies on the plates were identified posterior to incubation under 30°C for 72 h. The total number of the colony was described as lg CFU/g.



Determination of physicochemical indices.

The water content was measured with a moisture analyzer (MB27; OHAUS, American). An aliquot of 2.0 g samples was homogenized in 20 ml of distilled water at room temperature and then recorded via a digital pH meter (PHS-2F, Leici, Shanghai, China). TVB-N levels were identified via a semi-micro determination of nitrogen approach as per the Chinese Standard (GB 5009.288-2016). All samples for analysis were ground individually using a meat grinder. An aliquot of 4.0 g ground filets was taken into a beaker, blended with 20 ml distilled water, then impregnated still for 30 min and shook the beaker every 10 min. Next, the solution was filtered through the filter paper, then 5 ml of filtrate was made alkaline by adding 5 ml of 10 g/L Magnesia (MgO). Steam distillation was distilled for 5 min using a Kjeldahl distillation unit. The distillate was absorbed by 10 ml of 20 g/L boric acid, and titrated with 0.01 mol/L HCl. The result stated for each sample is the mean value of two measurements, TVB-N content was calculated and expressed with a unit of mg/100 g.



Determination of biogenic amines

The separation and quantification of BAs were carried out according to the liquid chromatography–tandem mass spectrometry method (Waters Alliance e2695) using 1,7-diaminoheptane as internal standard. For the analysis, 2 g of sample was ground in a Waring blender for 60 s and thoroughly homogenized with 20 ml of distilled water. The obtained homogenate was decanted into centrifuge tubes and added acetonitrile (20 ml), ethanol (3 ml), n-hexane (5 ml), followed by centrifugation (5,000 rpm, 5 min). The supernatant was collected and cleaned with methylene chloride (2 × 2 ml) twice. The solution was then filtered with 0.45 μm filter paper and diluted 1:4 with pure water before injection in the column equipped with ACQUITY HSS T3 (100 mm × 2.1 mm, 1.8 μm; Waters Technologies (Shanghai) Limited). The mobile phases of LC–MS/MS were A: 2 mM/L ammonium acetate, and B: methanol containing 0.1% formic acid. The flow rate was 0.2 ml/min.



Total DNA extraction, PCR reaction and MiSeq sequencing

Total genomic DNA was extracted from the muscle of mackerel samples (10 g) with the instructions of the E.Z.N.A® Bacterial DNA kit following the manufacturer’s instructions. DNA samples were then stored at −80°C before amplification. The V3-V4 (341F: 5′-CCTACGGGNGGCWGCAG-3′, 806R: 5′-GGACTACNNGGGTATCTAAT-3′) hypervariable regions of the bacterial 16S rRNA genes were, respectively, amplified using the genomic DNA extracts for each sample. The reactions mixture (25 μl) included 2.5 μl of 10 × PCR buffer, 2.0 μl of dNTP, 0.5 μl of each primer, 1.0 μl of DNA, 0.5 μl of TaqE and 18 μl of ddH2O. PCR reactions were conducted in a Thermal Cycler under the following conditions: initial denaturation at 95°C for 3 min, followed by 30 cycles of denaturation at 95°C for 30 s, primer annealing at 57°C for 1 min, and extension at 72°C for 45 s, and a final extension step at 72°C for 10 min. The PCR products and expected size were checked by 1% agarose gel electrophoresis and were purified with a quick gel extraction kit. The concentration and quality of amplicons were measured using a NanoDrop-1000 spectrophotometer. Sequencing was performed on an Illumina MiSeq platform at Novogene Bioinformatics Technology Co. Ltd.



Statistical analysis

The bioinformatics analysis was performed with QIIME 2 (2021.11). Then quality filter, denoising, merging, and chimera removal were conducted by the DADA2 plugin. The sequences were clustered at the level of 97% similarity and the representative sequence of each operational taxonomic unit (OTU) was annotated by Silva database. Analysis of α-diversity and β-diversity was completed based on the platform of Personalbio.1 The Linear discriminant analysis Effect Size (LEfSe) tool2 was used to analyze the different species among the sample groups. Phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) software and database was used to obtain Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway information. Redundancy analysis (RDA) on interrelationships between microbiota composition and BAs was analyzed by canoco5. Physiochemical properties of samples were analyzed, expressed on mean ± standard deviation. One-way analysis of variance (ANOVA) with Tukey pairwise comparisons at p < 0.05 was used to assess the significance between alpha diversity indices and relative abundance rates among each group using SPSS16.0.





Results


Microbiological and chemical analysis

As shown in Figure 1, an increase in TVB-N value was observed during both storage and fermentation, which was in agreement with the microbial load. TVC values in the controls displayed an obvious upward trend and exceeded 7.0 lg CFU/g on day 2, which is the largest value that marine species are suitable for human consumption proposed by the ICMSF (ICMSF, 1986), and this observation was consistent with the trend in TVB-N value. Owing to the degradation of amino acids by microorganisms, the initial TVB-N value increased from 11.79 mg/100 g to 52.18 mg/100 g on day 2 of storage, which exceeded the upper acceptability limit of TVB-N in marine species of 30 mg/100 g according to the Chinese Standard GB/T 2733-2015, indicating it was already in a seriously spoiled state. Whereas it was observed that the amount of TVB-N increased relatively slighter in zaoyu, and TVC increased at a slower rate, being 6.67 lg CFU/g on the 8th day of fermentation, According to the microbial analysis below, the dominant microorganism was identified as Lactobacillus, which meant that the fermentation inhibited the growth of spoilage microorganisms. The formation of nitrogenous compounds in aquatic products is closely correlated with microbial metabolism indeed (Yu et al., 2019). The lower TVB-N and TVC values may be attributed to that the growth of some microorganisms is partially inhibited by the roles of fermentation. In addition, salting could also be an effective operation for inactivating microbes in the initial fermentation stage (Han et al., 2004).
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FIGURE 1
 Changes in TVB-N and TVC values. Notes: S0, S1, S2 denote the controls on day 0, 1, 2, respectively; F0, F1, F2, F4, F6, F8 denote zaoyu on day 0, 1, 2, 4, 6, 8, respectively; Z denotes the fermented rice. Different letters (a, b, c etc.) indicate significantly different means at p < 0.05 (analysis of variance; ANOVA). The same below.




Physicochemical features

The changes in moisture and pH were displayed in Figure 2. The increase in pH value during storage reflected the accumulation of TVB-N from bacterial activity and protein degradation (Moradi et al., 2019). In general, no significant changes in pH of zaoyu samples were observed. The initial pH presented a decreasing trend and reached a relatively stable value with slight fluctuation in the later period of fermentation. The decrease of pH was supposedly the result of the production of organic acids by fermentation (Jung et al., 2013), which was associated with the growth of Lactobacillus. The microbiota composition reached equilibrium in the late fermentation stage, which was also reflected in the pH changes. The slight increase in water content of zaoyu in the early stage may be attributed to the rehydration of the semi-dried fish soaked in the fermented rice, and the decrease on day 4 may be attributed to the changes in the water holding capacity of protein.

[image: Figure 2]

FIGURE 2
 Variation in water content and pH.




BAs analysis

Totally 8 BAs were detected, including His, Tyr, Put, Cad, 2-Phenethylamine (2-Phe), spermidine (Spd), spermine (Spm) and tryptamine (Try), while octopamine (Oct) was not detected in any samples analyzed (Table 1). His, Cad and Put were the major amines in the spoilage of Scomber japonicus, among which His was the most dominant and increased rapidly, reaching 479.64 mg/kg on day 2 of storage, which far exceeded the limit level suggested by the U.S. Food and Drug Administration (FDA; 50 mg/kg). Compared with the controls, the content of His in zaoyu increased slightly and was below the allowable limit (50 mg/kg) suggested by FDA, indicating that the formation of His or the growth of microorganisms involved in the accumulation of His was inhibited during fermentation.



TABLE 1 Changes in the content of BAs.
[image: Table1]

Put, Cad and Tyr were relatively abundant BAs in zaoyu samples, and the content kept an upward trend during fermentation. Whereas the content of Tyr was still lower than the potentially dangerous level of 100–800 mg/kg (Elena et al., 2014), and neither legal limits nor toxic dose has been established for Put and Cad. A combination of Put and Cad has been suggested as an acceptable index in fresh meat, whereas it has proven not suitable to apply to fermented products (Ruiz-Capillas and Jiménez-Colmenero, 2004). The content of Spd and Spm in zaoyu was nearly unchanged, indicating that both BAs had negligible correlation with microorganisms. They are often considered to be physiological polyamines in organisms related to variety, location and physiological status (Önal, 2007). Zhai et al. have shown that Spm and Spd cannot be used as indicators for the evaluation of spoilage in fish fermentation (Zhai et al., 2012).



Sequencing results and diversity indices

The number of reads per sample ranged from 16,154 to 36,342, 1,690 OTUs were obtained based on 97% similarity threshold. Alpha diversity indices were compared in different samples (Table 2). The coverage of sequences was over 0.99, showing that the data of amplicon sequencing with sufficient authenticity and depth. Shannon and Simpson are two main indices which comprehensively take the richness and evenness of microbial community of samples into account (Aregbe et al., 2019). In general, the four indices of bacterial communities presented a decreasing trend during fermentation, indicating that the richness of bacterial community decreased over time and a subset of bacteria became dominant in samples.



TABLE 2 Alpha diversity of bacterial community.
[image: Table2]



Beta-diversity analysis of bacterial community

An NMDS (Non-metric Multidimensional Scaling analysis) ordination biplot demonstrated clear clustering of microbiota composition (Figure 3). Every point represented a sample, and the higher similarity of microbial community was, the closer the sample points were. Overall, the microbiota composition was different between fermentation and storage categories. Zaoyu samples on day 0 were distinct from the samples on day 1, revealing that the bacterial community changed significantly in the early fermentation. The closer distance between samples in the later fermentation stage (F2, 4, 6, 8) indicated that their bacterial community was more similar. As the fermentation system established, a dynamic and stable environment was gradually formed, leading to the similarity of microbiota composition (Shen et al., 2021).

[image: Figure 3]

FIGURE 3
 The analysis of differences of species diversity. (A) Two-dimensional NMDS of microbiota compositions of samples, (B) horizontal bar chart, (C) microbiota cladogram produced by LEfSe.


The distinct flora of Scomber japonicus during different fermentation periods could be obtained based on the Lefse (Linear discriminant analysis effect size) analysis demonstrated in Figure 3B, showing those microorganisms meeting the linear discriminant analysis significance threshold of 4.0. The results revealed that the biomarkers of different samples were significantly different. The biomarker of samples of F1 was Psychrobacter spp., and samples of F0 featured a higher abundance of Bacillus spp. Compared with the controls, zaoyu had greater proportions of Lactobacillus spp. and Lactococcus spp. belonging to the Lactobacillales. These key representative bacterial taxa contributed to the differences of microbiota composition in different samples.



Taxonomic composition of bacterial communities

To explore microbial community succession during fermentation of Scomber japonicus, the microbial taxonomic compositions of samples were determined at the phylum (Figure 3A) and genus (Figure 3B) levels, respectively. Among the phylum, Firmicutes and Proteobacteria possessed the highest abundance throughout the fermentation. Such results were found in other fermented seafood, like Yu-lu (Wang et al., 2018), and tilapia sausage (Li et al., 2022). As fermentation progressed, the relative abundance of Firmicutes presented an increasing trend, while the bacteria from Proteobacteria and Actinobacteria were inhibited and presented in minor percentages (Figure 4).

[image: Figure 4]

FIGURE 4
 Relative abundance at the phylum level (A) and the genus level (B) of bacterial community.


Analysis at genus level showed that the type of bacterial community in zaoyu samples was significantly lower than that of the controls, indicating that the microbial community is relatively simple during fermentation, which was in accord with the analysis of alpha diversity. Vibrio, Psychrobacter, and Acinetobacter were dominant bacterial species in the storage of Scomber japonicus and they were active in inducing fish spoilage, among which Enterobacteriaceae and Vibrio, two typical spoilage microorganisms playing a vital role in the formation of BAs (Kim et al., 2009), were inhibited during fermentation. The relative abundance of Vibrio, Acinetobacter, and Psychrobacter decreased rapidly along with the fermentation, whereas the relative abundance of Lactobacillus increased and quickly occupied the dominant position in zaoyu.



Correlation between microbial community and BAs

The RDA results demonstrated the relationship between the accumulation of BAs and bacterial community. The blue arrows expressed 7 BAs, and the red represented core microbes. The length of arrows determined the degree of importance, and the angle between the lines indicated the correlation between them. An acute angle indicated a positive correlation, while an obtuse angle indicated a negative correlation. Changes in bacterial communities were significantly correlated with the formation of different BAs. As shown in Figure 5, the accumulation of His was positively correlated with the relative abundance of Vibrio, Enterobacter, Macrococcus, and Weissella, et al., while negatively correlated with Lactobacillus spp. and Pediococcus spp. Lactobacillus presented positive relation to Cad, Tyr, Put and Try but negatively related to the growth of some microorganisms which was positively related to the formation of His including Klebsiella, Acinetobacter, Vibrio, and Enterobacter. These results indicated that diverse microbes like Vibrio spp., Enterobacter spp., Macrococcus spp., Weissella spp., and Weissella spp. belonging to gram-negative bacteria might facilitate the accumulation of His, and Lactobacillus may have an inhibition effect on His production by some microorganisms.

[image: Figure 5]

FIGURE 5
 RDA for relationship between BAs and microbiota composition based on the top 10 dominant microbes at genus levels.




Potential metabolic prediction By PICRUSt-KEGG

Since the type and abundance of metabolic pathways of microbiota determines the process of fermentation and food spoilage, the prediction of metabolic profiles may provide useful information on the potential of metabolic activities (Zhuang et al., 2020a). A total of 328 KEGG Orthology (KO) categories were obtained by assigning homologous sequences in metagenomes based on KEGG gene and pathway database. There were 12 genes related to metabolism during fermentation and storage (Figure 6A). Notably, carbohydrate metabolism presented the most enrichment among the 12 pathways, amino acid and energy metabolism were also important throughout the fermentation. Amino acid metabolism plays an important role in the spoilage of fish due to its producing carbon skeletons, especially keto acids like pyruvic acid and oxoglutarate for microbial activities and biosynthesis (Zhuang et al., 2020c).

[image: Figure 6]

FIGURE 6
 Functional genes related to metabolism. (A) distribution of KEGG pathways, (B) amino acid metabolism, carbohydrate metabolism and energy metabolism.


Figure 6B showed the relative abundance of carbohydrate metabolism, amino acid metabolism, and energy metabolism of samples. Considering that all zaoyu samples in this study were collected in the early fermentation stage of Scomber japonicus, the relative gene abundance of the three metabolisms during fermentation was relatively low and changed slightly. The changes of microbiota composition may explain well why the relative enrichment levels of the metabolism-related genes decreased first, then in equilibrium during fermentation. LAB as dominant bacteria in the process of fermentation inhibited the growth of other microorganisms and caused bacteria type single.

To analyze and compare the distribution characteristics of microbial metabolism, a heatmap that represented the related gene abundances of metabolism was constructed in Figure 7, which successfully visualized the dynamic changes of various metabolisms. These main metabolic pathways presented a decreasing trend in controls, however, the changes of the metabolic features in zaoyu were more stable. In amino acid metabolism, histidine is a precursor substance of His, and Tyr was formed by decarboxylation of tyrosine, whereas several amino acid metabolisms including histidine, glycine, serine, and threonine metabolism were obviously inhibited during fermentation. Hence the formation of BAs in zaoyu was inhibited. In addition, the proteins and lipids during fermentation were mainly hydrolyzed by enzymes produced by microbial metabolism, so the relative abundance of enzyme-related genes related to amino acid metabolism was the highest in the whole process.

[image: Figure 7]

FIGURE 7
 Functional prediction of amino acids, carbohydrates and energy metabolism of the microbiota.


In carbohydrate metabolism, the main metabolic types were pyruvate metabolism, amino sugar and nucleotide sugar metabolism, as well as glycolysis. Glycolysis and pyruvate metabolism imparted a sweet taste to fermented rice, which is an essential factor affecting the flavor formation of zaoyu. Glycolysis is one of the most common carbohydrate metabolic pathways in bacterial communities. Pyruvate produced by glycolysis is oxidized by bacteria to acetyl-CoA for TCA cycling (Bomberg et al., 2016), and TCA cycle provides a source of many amino acid metabolisms such as lysine and glutamate.




Discussion

The quality of zaoyu is closely associated with the complex metabolism of microbiota. Microbiota composition of fish flesh undergoes massive changes throughout storage and fermentation, reflected as the changes of bacterial alpha-diversity based on Shannon, Chao1, Simpson, Ace indices and the differences of dominant bacteria. It’s noteworthy that despite the highest alpha diversity in fresh samples, most species have no effect on the fermentation process due to that they originated from processing tools and environment, while these exogenous microorganisms could be inhibited under continuous fermentation and certain salt concentrations (Shen et al., 2021). Noticeable differences were observed between zaoyu and the controls. The bacterial diversity was relatively low in zaoyu, which may be attributed to the presence of dominant microorganisms such as LAB with the ability of acid tolerance. Numerous studies have shown that the presence of dominant microorganisms in aquatic products during storage or processing inhibited the growth of other microorganisms and led to a decrease in microbial diversity (Silbande et al., 2016).

The relationship between microbiota and quality of fermented seafood remained not comprehensively clear though, there has been increasing interests in forging bonds between microbiota composition and different quality indices like BAs as well as exploring the potential role of relevant microorganisms (Bover-Cid et al., 2003; Hao and Sun, 2020). Different microbes may excrete different amino acid decarboxylases to produce specific BAs, and some could also produce amine oxidases to degrade BAs in turn (Lu et al., 2018). In fermented foods, the mutual growth and interaction of LAB and yeast are universal as the growth environment is analogous (Wang et al., 2022). The majority of LAB is able to contribute to the flavor formation of fermented foods and displays some specific metabolic cross-feeding with yeast (Mukisa et al., 2017). Thus, LAB plays a solemn role in the effective fermentation of seafood. In the process of fermentation, diverse microbial interactions are thought to be more like those of an evolutionary community able to adapt to the raw material (Alekseeva et al., 2021), when microbiota have adapted to the acidic conditions, it shifts sequentially to a more acidic-tolerant group that is more adaptable to the acidic (Wang et al., 2022). Lactobacillus spp. occupied the dominant position throughout the whole fermentation, which is due to that it is a facultative anaerobe with the ability to survive under hypoxic and acid conditions, thus it is not restricted by the fermentation environment and maintains a constant quantity. Besides, arginine degradation has been regarded a significant source of cell energy for Lactobacillus, thus it could obtain energy from the formation of Put and thus keep more energetic advantages in bacterial competition (Zhuang et al., 2022). Lactobacillus could utilize carbohydrates in zaoyu to generate a large amount of lactic acid, and inhibit the growth of other spoilage bacteria like Vibrio, thereby reducing the content of BAs (Khouadja et al., 2017).

As the most important type of BA in the spoilage of Scomber japonicas, the formation of His is mainly caused by the secretion of histidine decarboxylase by some microorganisms with the ability of histidine decarboxylation to produce free histidine (Kuda et al., 2012). Some species with the ability to degrade in vitro Tyr and His, such as Lactobacillus plantarum, Lactobacillus pentosus, Lactobacillus sakei, Pediococcus acidilactici, belong to the Lactobacillus spp. and Pediococcus spp. that occupied the dominant proportions in zaoyu samples (Arena and Manca de Nadra, 2001; Emmanuel et al., 2010), this observation is consistent with the results of RDA analysis in this study. Therefore, it is speculated that the growth of dominant microorganisms leads to antagonism between microorganisms and thus inhibits the growth of histamine-forming bacteria. Furthermore, LAB also shows a stimulative effect on the formation of BAs. Lactococcus, Lactobacillus, Enterococcus, and Pediococcus are considered as strong producers of BAs (Ladero et al., 2012). Tyr is one of the most common and abundant BA in fermented meat products (Ruiz-Capillas and Jiménez-Colmenero, 2004), in which LAB strains of Enterococcus faecalis, Enterococcus faecium, and Enterococcus durans strains are strong tyramine-producers (Özogul and Hamed, 2017). Put could be produced through the catabolism of agmatine, a decarboxylated derivative of arginine through the agmatine deiminase (AGDI) pathway (del Rio et al., 2015). Species like Lactobacillus brevis, Lactobacillus curvatus, and Enterococcus faecalis have been reported to be able to produce putrescine via AGDI.

Proteobacteria was one of the predominant bacterial phyla during storage, many studies have shown that Proteobacteria is the main bacterial species in the process of seafood spoilage and plays an essential role in its quality changes (Chaiyapechara et al., 2012). It was reported that the formation of TVB-N was mainly related to Pseudomonas and Enterobacteriaceae, which were responsible for the enzymatic decarboxylation of specific amino acids (Li et al., 2019), hence it was also responsible for the accumulation of BAs. The microbial populations in the controls increased significantly and were mainly dominated by spoilage bacteria, including Psychrobacter, Klebsiella, Vibrio, and Acinetobacter, which was actively associated with the accumulation of His based on RDA analysis. The synergistic action of various microorganisms during fermentation promotes the production of Put and Cad. LAB could degrade arginine and its amino acid-derived ornithine, and then the degradation products are metabolized by Enterobacteriaceae to produce Put (Arena and Manca de Nadra, 2001), which may cause a symbiotic relationship between them, thus leading to a rapid increase in Put during fermentation. Kim et al. have revealed that many stains of Enterobacter spp. were identified as amine-forming bacteria with strong decarboxylation activity, being strong producers of Put and Cad (Kim et al., 2009). It’s noted that Aeromonas belonging to the Vibrio specie could be active in producing Cad (Zhuang et al., 2020b), which may be responsible for the relatively high content of Cad in control samples. Most Proteobacteria, including Enterobacter, Salmonella, Vibrio, etc. are gram-negative bacteria, indicating that the spoilage of Scomber japonicus is more suitable for gram-negative bacteria. Vibrio also may reduce trimethylamine oxides to the fishy smelling compound trimethylamine (TMA), and most strains also produce H2S (Lin et al., 2021). Macrococcus caseolyticus and Staphylococcus sciuri, two histamine-producing bacteria (HPB) reported before (Zhou et al., 2012), belonging to Macrococcus and Staphylococcus, respectively, were inhibited during fermentation, which could be potentially associated with the reduction of His in the whole fermentation. Staphylococcus has exhibited high esterase and lipase activities, and Micrococcus has the ability of lipolysis in fermented fish products. It could decompose proteins, free amino acids and fats fatty acids into some small molecules such as aldehydes and ketone, promoting the formation of product flavor (Lin et al., 2021).

Combined with the analysis of metabolic pathways, the metabolism of carbon and nitrogen source compounds plays an essential role during spoilage and fermentation of fish. Microbial catabolism of nitrogen-containing compounds and carbon sources could be related through biochemical reactions like amino acid transamination, which crosslinks various metabolic pathways into a complex network (Zhuang et al., 2020a). Carbohydrate metabolism and amino acid metabolism are primary metabolic pathways during storage and fermentation. The muscles of fish are rich in amino acids, providing sufficient substrate for the microorganisms. Previous studies have shown that proteins could be hydrolyzed into peptides and amino acids by microbial protease (Masniyom, 2011; Zhuang et al., 2019), then metabolized into a variety of BAs and ammonia metabolized through transamination, deamination, and decarboxylation (Biji et al., 2016). In this study, the abundance of metabolic pathways related to the formation of biogenic amines and sulfide in zaoyu was lower compared with the controls, such as phenylalanine, tyrosine and tryptophan metabolism, and these metabolisms have been reported to be associated with Enterobacteriaceae and Pseudomonas (Li et al., 2019).

Carbohydrate metabolism not only provides building blocks for the construction and assembly of complex macromolecules in cells, including nucleic acids, proteins and lipids, but is also used to generate energy required for microbial growth (Wu et al., 2021). Carbohydrates could be used as an energy source for LAB, belonging to the phylum Firmicutes which is the main microorganism of carbohydrate metabolism during fermentation (Stellato et al., 2016). LAB could compete and inhibit competitors by the rapid utilization of abundant carbohydrates with the accumulation of organic acids (Wang et al., 2022). Lactate is the main product of metabolism when the fermentable carbohydrates are abundant and generally remains the major metabolite of most LAB growing aerobically (Gänzle, 2015). A large amount of LAB produced carbon dioxide making the fermentation environment anaerobic, then synthesized pyruvic acid by anaerobic respiration. Therefore, pyruvate metabolism is the primary metabolic type of anaerobic respiration, mainly in the late stage of fermentation. Oxidative phosphorylation is a crucial type of energy metabolism in fermentation and is considered one of the most vital metabolic pathways in bacterial communities (Bomberg et al., 2016). However, further research is needed on the relationship between the metabolic pathways of exact metabolism and microbes in zaoyu.



Conclusion

In this study, we characterized the complex microbiota composition during fermentation of Scomber japonicus using metagenomics and explored the relationships among the microbiota composition, functional metabolisms, and the formation of 8 BAs. This study revealed that the accumulation of His was inhibited and it was positively correlated with the relative abundance of Vibrio, Enterobacter, Weissella, et al., but negatively related to Lactobacillus spp. and Pediococcus spp., suggesting that Lactobacillus spp. and Pediococcus spp. may improve the safety of the zaoyu from a microbial point of view, which provided theoretical basis for the control of BAs during fermentation of Scomber japonicus. The predicted metabolic pathways revealed that some metabolisms related to the formation of BAs were inhibited throughout the fermentation. Nevertheless, the obtained functional profiles are merely rough functional hierarchy levels, detailed analyses of specific metabolic pathway and the roles of certain microorganism on the formation mechanisms of BAs are needed to be further elucidated.



Data availability statement

The data presented in the study are deposited in the NCBI repository, accession number: PRJNA876092.



Author contributions

JC performed the formal analysis, data visualization, and finished the final manuscript. HT contributed to the conception and design of the study. MZ finished the experiment. SS contributed significantly to analysis and manuscript revision. LJ helped to perform the analysis with constructive discussions. CO and HT contributed to the conception and design of the study. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Key Research and Development Program of China under Grant 2019YFD0901705.



Conflict of interest

The authors confirm that they have no known competing financial interests or personal relationships which could influence the work reported in this paper.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1030789/full#supplementary-material



Footnotes

1https://www.genescloud.cn

2http://huttenhower.sph.harvard.edu/galaxy/root?tool_id=PICRUSt_normalize


References

 Alekseeva, A. Y., Groenenboom, A. E., Smid, E. J., and Schoustra, S. E. (2021). Eco-evolutionary dynamics in microbial communities from spontaneous fermented foods. Int. J. Environ. Res. Public Health 18:10093. doi: 10.3390/ijerph181910093 

 Aregbe, A. Y., Mu, T., and Sun, H. (2019). Effect of different pretreatment on the microbial diversity of fermented potato revealed by high-throughput sequencing. Food Chem. 290, 125–134. doi: 10.1016/j.foodchem.2019.03.100 

 Arena, M. E., and Manca de Nadra, M. C. (2001). Biogenic amine production by lactobacillus. Eur. J. Appl. Microbiol. 90, 158–162. doi: 10.1046/j.1365-2672.2001.01223.x

 Bassi, D., Puglisi, E., and Cocconcelli, P. S. (2015). Comparing natural and selected starter cultures in meat and cheese fermentations. Curr. Opin. Food Sci. 2, 118–122. doi: 10.1016/j.cofs.2015.03.002

 Biji, K. B., Ravishankar, C. N., Venkateswarlu, R., Mohan, C. O., and Gopal, T. K. (2016). Biogenic amines in seafood: a review. J. Food Sci. Technol. 53, 2210–2218. doi: 10.1007/s13197-016-2224-x

 Bomberg, M., Lamminmäki, T., and Itävaara, M. (2016). Microbial communities and their predicted metabolic characteristics in deep fracture groundwaters of the crystalline bedrock at Olkiluoto. Finland. Biogeosci. 13, 6031–6047. doi: 10.5194/bg-13-6031-2016

 Bover-Cid, S., Hernández-Jover, T., Miguélez-Arrizado, M. J., and Vidal-Carou, M. C. (2003). Contribution of contaminant enterobacteria and lactic acid bacteria to biogenic amine accumulation in spontaneous fermentation of pork sausages. Eur. Food Res. Technol. 216, 477–482. doi: 10.1007/s00217-003-0691-6

 Bover-Cid, S., Hugas, M., Izquierdo-Pulido, M., and Vidal-Carou, M. C. (2000). Reduction of biogenic amine formation using a negative amino acid-decarboxylase starter culture for fermentation of Fuet sausages. J. Food Prot. 63:237. doi: 10.1089/10665270050081559

 Chaiyapechara, S., Rungrassamee, W., Suriyachay, I., Kuncharin, Y., Klanchui, A., Karoonuthaisiri, N., et al. (2012). Bacterial community associated with the intestinal tract of P. monodon in commercial farms. Microb. Ecol. 63, 938–953. doi: 10.1007/s00248-011-9936-2

 Chen, Z., Tang, H., Ou, C., Xie, C., Cao, J., and Zhang, X. (2021). A comparative study of volatile flavor components in four types of zaoyu using comprehensive two-dimensional gas chromatography in combination with time-of-flight mass spectrometry. J. Food Process. Preserv. 45:e15230. doi: 10.1111/JFPP.15230

 del Rio, B., Linares, D. M., Ladero, V., Redruello, B., Fernández, M., Martin, M. C., et al. (2015). Putrescine production via the agmatine deiminase pathway increases the growth of Lactococcus lactis and causes the alkalinization of the culture medium. Appl. Microbiol. Biotechnol. 99, 897–905. doi: 10.1007/s00253-014-6130-8

 Doi, R., Wu, Y., Kawai, Y., Wang, L., Zendo, T., Nakamura, K., et al. (2021). Transition and regulation mechanism of bacterial biota in Kishu saba-narezushi (mackerel narezushi) during its fermentation step. J. Biosci. Bioeng. 132, 606–612. doi: 10.1016/j.jbiosc.2021.09.002

 Elena, B., Vita, K., Grazina, J., Daiva, V., and Zita, M. (2014). Solid state fermentation with lactic acid bacteria to improve the nutritional quality of lupin and soya bean. J. Sci. Food Agric. 95, 1336–1342. doi: 10.1002/jsfa.6827

 Emmanuel, C., Niels, M., Monika, C., Sylvie, P., Hein, T., and Lolkema, J. S. (2010). Origin of the putrescine-producing ability of the coagulase-negative bacterium Staphylococcus epidermidis 2015B. Appl. Environ. Microbiol. 76, 5570–5576. doi: 10.1128/AEM.00441-10

 Gänzle, M. G. (2015). Lactic metabolism revisited: metabolism of lactic acid bacteria in food fermentations and food spoilage. Curr. Opin. Food Sci. 2, 106–117. doi: 10.1016/j.cofs.2015.03.001

 Gao, Y., Zou, K., Zhou, L., Huang, X., Li, Y., Gao, X., et al. (2020). Deep insights into gut microbiota in four carnivorous coral reef fishes from the South China Sea. Microorgansims. 8:426. doi: 10.3390/microorganisms8030426

 Guan, W., Li, K., Zhao, S., and Li, K. (2021). A high abundance of Firmicutes in the intestine of chinese mitten crabs (Eriocheir sinensis) cultured in an alkaline region. AMB Express 11:141. doi: 10.1186/S13568-021-01301-W

 Han, B., Cao, C., Rombouts, F. M., and Nout, M. J. R. (2004). Microbial changes during the production of Sufu––a Chinese fermented soybean food. Food Control 15, 265–270. doi: 10.1016/s0956-7135(03)00066-5

 Han, J., Kong, T., Wang, Q., Jiang, J., Zhou, Q., Li, P., et al. (2022). Regulation of microbial metabolism on the formation of characteristic flavor and quality formation in the traditional fish sauce during fermentation: a review. Crit. Rev. Food Sci. Nutr. 21-20. doi: 10.1080/10408398.2022.2047884

 Hao, Y., and Sun, B. (2020). Analysis of bacterial diversity and biogenic amines content during fermentation of farmhouse sauce from Northeast China. Food Control 108:106861. doi: 10.1016/j.foodcont.2019.106861

 Hu, Y., Xia, W., and Liu, X. (2007). Changes in biogenic amines in fermented silver carp sausages inoculated with mixed starter cultures. Food Chem. 104, 188–195. doi: 10.1016/j.foodchem.2006.11.023

 Huang, Y. R., Liu, K. J., Hsieh, H. S., Hsieh, C. H., Hwang, D. F., Tsai, Y. H., et al. (2010). Histamine level and histamine-forming bacteria in dried fish products sold in Penghu Island of Taiwan. Food Control 21, 1234–1239. doi: 10.1016/j.foodcont.2010.02.008

 ICMSF (1986). Microorganisms in Foods. 2: Sampling for Microbiological Analysis: Principles and Specific Applications, 2nd ed. Univ. of Toronto Press, Toronto.

 Jung, J. Y., Lee, S. H., Lee, H. J., and Jeon, C. O. (2013). Microbial succession and metabolite changes during fermentation of saeu-jeot: traditional Korean salted seafood. Food Microbiol. 34:360. doi: 10.1016/j.fm.2013.01.009

 Khouadja, S., Haddaji, N., Hanchi, M., and Bakhrouf, A. (2017). Selection of lactic acid bacteria as candidate probiotics for Vibrio parahaemolyticus depuration in pacific oysters (Crassostrea gigas). Aquac. Res. 48, 1885–1894. doi: 10.1111/are.13026

 Kim, M. K., Mah, J. H., and Hwang, H. J. (2009). Biogenic amine formation and bacterial contribution in fish, squid and shellfish. Food Chem. 116, 87–95. doi: 10.1016/j.foodchem.2009.02.010

 Kuda, T., Izawa, Y., Ishii, S., Takahashi, H., Torido, Y., and Kimura, B. (2012). Suppressive effect of Tetragenococcus halophilus, isolated from fish-nukazuke, on histamine accumulation in salted and fermented fish. Food Chem. 130, 569–574. doi: 10.1016/j.foodchem.2011.07.074

 Ladero, V., Fernandez, M., Calles-Enriquez, M., Sanchez-Liana, E., Canedo, E., Martin, M. C., et al. (2012). Is the production of the biogenic amines tyramine and putrescine a species-level trait in enterococci? Food Microbiol. 30, 132–138. doi: 10.1016/j.fm.2011.12.016

 Li, N., Zhang, Y., Wu, Q., Gu, Q., Chen, M., Zhang, Y., et al. (2019). High-throughput sequencing analysis of bacterial community composition and quality characteristics in refrigerated pork during storage. Food Microbiol. 83, 86–94. doi: 10.1016/j.fm.2019.04.013

 Li, C., Zhao, Y., Wang, Y., Li, L., Huang, J., Yang, X., et al. (2022). Contribution of microbial community to flavor formation in tilapia sausage during fermentation with Pediococcus pentosaceus. LWT – Food Sci. Technol. 154:112628. doi: 10.1016/J.LWT.2021.112628

 Lin, F., Nianchu, T., Ruijie, L., Mengyue, G., Zhangtie, W., Yiwen, G., et al. (2021). The relationship between flavor formation, lipid metabolism, and microorganisms in fermented fish products. Food Funct. 12, 5685–5702. doi: 10.1039/D1FO00692D

 Lu, L., Liying, R., Ji, A., Wen, Z., Chen, S., Ling, W., et al. (2018). Biogenic amines analysis and microbial contribution in traditional fermented food of Douchi. Sci. Rep. 8:12567. doi: 10.1038/s41598-018-30456-z

 Masniyom, P. (2011). Deterioration and shelf-life extension of fish and fishery products by modified atmosphere packaging. Songklanakarin J. Sci. Technol. 33, 181–192.

 Mengjuan, C., Yeyou, Q., Fangming, D., Hui, Z., Rongrong, W., Pao, L., et al. (2021). Illumina MiSeq sequencing reveals microbial community succession in salted peppers with different salinity during preservation. Food Res. Int. 143:110234. doi: 10.1016/J.FOODRES.2021.110234

 Moradi, M., Tajik, H., Almasi, H., Forough, M., and Ezati, P. (2019). A novel pH-sensing indicator based on bacterial cellulose nanofibers and black carrot anthocyanins for monitoring fish freshness. Carbohydr. Polym. 222:115030. doi: 10.1016/j.carbpol.2019.115030

 Mukisa, I. M., Byaruhanga, Y. B., Muyanja, C. M. B. K., Langsrud, T., and Narvhus, J. A. (2017). Production of organic flavor compounds by dominant lactic acid bacteria and yeasts from Obushera, a traditional sorghum malt fermented beverage. Food Sci. Nutr. 5, 702–712. doi: 10.1002/fsn3.450

 Önal, A. (2007). A review: current analytical methods for the determination of biogenic amines in foods. Food Chem. 103, 1475–1486. doi: 10.1016/j.foodchem.2006.08.028

 Özogul, F., and Hamed, I. (2017). The importance of lactic acid bacteria for the prevention of bacterial growth and their biogenic amines formation: a review. Crit. Rev. Food Sci. Nutr. 58, 1660–1670. doi: 10.1080/10408398.2016.1277972

 Rice, S. L., Eitenmiller, R. R., and Koehler, P. E. (1976). Biologically active amines in food: a review. J. Milk Food Technol. 39, 353–358. doi: 10.4315/0022-2747-39.5.353

 Ruiz-Capillas, C., and Jiménez-Colmenero, F. (2004). Biogenic amines in meat and meat products. Crit. Rev. Food Sci. Nutr. 44, 489–499. doi: 10.1080/10408690490489341

 Sang, X., Li, K., Zhu, Y., Ma, X., and Hou, H. (2020). The impact of microbial diversity on biogenic amines formation in grasshopper sub shrimp paste during the fermentation. Front. Microbiol. 11:782. doi: 10.3389/fmicb.2020.00782

 Shen, Y., Wu, Y., Wang, Y., Li, L., and Yang, S. (2021). Contribution of autochthonous microbiota succession to flavor formation during Chinese fermented mandarin fish (Siniperca chuatsi). Food Chem. 348:129107. doi: 10.1016/j.foodchem.2021.129107

 Silbande, A., Adenet, S., Smith-Ravin, J., Joffraud, J.-J., Rochefort, K., and Leroi, F. (2016). Quality assessment of ice-stored tropical yellowfin tuna (Thunnus albacares) and influence of vacuum and modified atmosphere packaging. Food Microbiol. 60, 62–72. doi: 10.1016/j.fm.2016.06.016

 Smith, T. A. (1981). Amines in food. Food Chem. 6, 169–200. doi: 10.1016/0308-8146(81)90008-X

 Stellato, G., Storia, A. L., Filippis, F. D., Borriello, G., Villani, F., and Ercolini, D. (2016). Overlap of spoilage microbiota between meat and meat processing environment in small-scale vs large-scale retail distribution. Appl. Environ. Microbiol. 82, 4045–4054. doi: 10.1128/AEM.00793-16

 Visciano, P., Schirone, M., Tofalo, R., and Suzzi, G. (2012). Biogenic amines in raw and processed seafood. Front. Microbiol. 3:188. doi: 10.3389/fmicb.2012.00188

 Wang, Y., Li, C., Li, L., Yang, X., Wu, Y., Zhao, Y., et al. (2018). Effect of bacterial community and free amino acids on the content of biogenic amines during fermentation of Yu-lu, a Chinese fermented fish sauce. J. Aquat. Food Prod. Technol. 27, 496–507. doi: 10.1080/10498850.2018.1450573

 Wang, Y., Zhang, C., Liu, F., Jin, Z., and Xia, X. (2022). Ecological succession and functional characteristics of lactic acid bacteria in traditional fermented foods. Crit. Rev. Food Sci. Nutr. 11–15. doi: 10.1080/10408398.2021.2025035

 Wiernasz, N., Leroi, F., Chevalier, F., Cornet, J., Cardinal, M., Rohloff, J., et al. (2020). Salmon gravlax biopreservation with lactic acid bacteria: a Polyphasic approach to assessing the impact on organoleptic properties, microbial ecosystem and Volatilome composition. Front. Microbiol. 10:3103. doi: 10.3389/fmicb.2019.03103

 Wu, Y., Xia, M., Zhao, N., Tu, L., Xue, D., Zhang, X., et al. (2021). Metabolic profile of main organic acids and its regulatory mechanism in solid-state fermentation of Chinese cereal vinegar. Food Res. Int. 145:110400. doi: 10.1016/J.FOODRES.2021.110400

 Yan, L., Liu, S., Liu, Q., Zhang, M., Liu, Y., Wen, Y., et al. (2019). Improved performance of simultaneous nitrification and denitrification via nitrite in an oxygen-limited SBR by alternating the DO. Bioresour. Technol. 275:153. doi: 10.1016/j.biortech.2018.12.054

 Yu, W., Guo, A., Zhang, Y., Chen, X., Qian, W., and Li, Y. (2018). Climate-induced habitat suitability variations of chub mackerel Scomber japonicus in the East China Sea. Fish. Res. 207, 63–73. doi: 10.1016/j.fishres.2018.06.007

 Yu, D., Wu, L., Regenstein, J. M., Jiang, Q., Yang, F., Xu, Y., et al. (2019). Recent advances in quality retention of non-frozen fish and fishery products: a review. Crit. Rev. Food Sci. Nutr. 60, 1747–1759. doi: 10.1080/10408398.2019.1596067

 Zhai, H., Yang, X., Li, L., Xia, G., Cen, J., Huang, H., et al. (2012). Biogenic amines in commercial fish and fish products sold in southern China. Food Control 25, 303–308. doi: 10.1016/j.foodcont.2011.10.057

 Zhou, W., Tang, H., He, L., Yang, H., and Ou, C. (2012). Screening and identification of histamine-producing bacteria from chub mackerel meat. Food Sci. 33, 225–229.

 Zhuang, S., Hong, H., Zhang, L., and Luo, Y. (2020a). Spoilage-related microbiota in fish and crustaceans during storage: research progress and future trends. Compr. Rev. Food Sci. Food Saf. 20, 252–288. doi: 10.1111/1541-4337.12659

 Zhuang, S., Li, Y., Hong, H., Liu, Y., Shu, R., and Luo, Y. (2020b). Effects of ethyl lauroyl arginate hydrochloride on microbiota, quality and biochemical changes of container-cultured largemouth bass (Micropterus salmonides) fillets during storage at 4°C. Food Chem. 324:126886. doi: 10.1016/j.foodchem.2020.126886

 Zhuang, S., Li, Y., Jia, S., Hong, H., Liu, Y., and Luo, Y. (2019). Effects of pomegranate peel extract on quality and microbiota composition of bighead carp (Aristichthys nobilis) fillets during chilled storage. Food Microbiol. 82, 445–454. doi: 10.1016/j.fm.2019.03.019

 Zhuang, S., Liu, X., Li, Y., Zhang, L., Hong, H., Liu, J., et al. (2020c). Biochemical changes and amino acid deamination & decarboxylation activities of spoilage microbiota in chill-stored grass carp (Ctenopharyngodon idella) fillets. Food Chem. 336:127683. doi: 10.1016/j.foodchem.2020.127683

 Zhuang, S., Tan, Y., Hong, H., Li, D., Zhang, L., and Luo, Y. (2022). Exploration of the roles of spoilage bacteria in degrading grass carp proteins during chilled storage: A combined metagenomic and metabolomic approach. Food Res. Int. 152:110926. doi: 10.1016/J.FOODRES.2021.110926



OPS/images/fmicb-13-1030789-g005.jpg
Kiehsiella

0.8

Pediococeus
Acinetobacte

s
3
S Staphylococcus
= lactobacitius Spm
: robacter

¥

Weissella
Tyr Ccad
Enterobact

Vibrio is.

-0.8

10 Axis-1 (93.27%) 1.0





OPS/images/fmicb-13-1030789-g006.jpg





OPS/images/fmicb-13-1030789-g003.jpg





OPS/images/fmicb-13-1030789-g004.jpg
'
tllllL' ‘‘‘‘






OPS/images/fmicb-13-1030789-t002.jpg
Sample Shannon
Mean SD

FO 377 0.25
F1 197 029
F2 213" 023
Fa 1.45* 0.05
F6 210 0.07
152 007

3.89° 0.08

S1 3.89° 0.20
S2 3.81° 0.04
Z 3.98° 0.24

Simpson
Mean SD
0.92¢ 0.02
073" 0.03
076" 0.03
0.67* 4.70E-03
0.76" 0.01
0.67* 0.01
093 0.01
0.96° 0.01
0.95% 3.85E-03
0.96° 0.01

Values with different lowercase letters are significantly different (p<0.05).

Chaol

Mean

388,97
158,63
115.44%
1nL79*
87.23
6161
347.78'
224.28%
183,33
25282

ACE

Mean

376.07
15130
115.64%
11287
87.
6148
344.86'
222.78%

17856
249.48%

SD
39.73
3176
2119
12.23

9.20

9.10
28.84
52.55
12.35
55.96

Good coverage

Mean

0.9983
0,995
0.9997%
0.9998%
09998
0.9999'
0.9991"
0.9990"
09992
0,994

SD
4.02E-04
159E-04
LI7E-04
1A6E-04
LOGE-04
6.22E-05
2,63

604
228E-04

179E-04






OPS/images/fmicb-13-1030789-g007.jpg
Alanine, asparate and glutamate metabolsm]

Cystcine and methionine metabolsn
Glyeine,serne and theonine meabolsm|
Histidine metabalism,

Lysine biosynthesis

Lysine degradation|

Phenylaianine metabolism)

Phenylalanine, yrosine and ryplophan biosynthess
“Tryptophan merabolism,

"Tyrosine metabolism|

leucine and isoucine biosynthesis

C5-Branched dibasic acid metabolism
Citrate ycle (TCA eyele)
Fructose and mannose metabolsm

Tnositol phosphate metabolism
Pense and gl i

Carbon fixation n photosynihetic organisms
‘Carbon fxaton pathways in prokaryotes
Methane merabolism,
Nitogen metabolsm)
Oxidative phosphorylaton;
Photosynthesis B
Photosynthesis - antenn protens |
Photosynthesis protcns
Sulfur meabolism






OPS/images/fmicb-13-1030789-t001.jpg
Sample

S0
St
52
Fo
Fl
F2
P4
F6
8

His
ND
145£39.23¢
479.64+46.95"
ND
ND
5.01£0.16"
0.95+0.06"
12.36:+0.64"
438037%

Cad

ND
10421 1.85°
100014592
ND
ND
12.340.66°
8.
3132542496

7:0.25°

287.58+25.22°

Content of biogenic amines (mg/kg)

8.40£0.44°
132413.28°
134321082
282.33423.62"
342.99+37.84

Phe

ND
ND
ND
ND
ND

3.9540.15°

3.904038°

9.

14210,

12104

Oct

ND
ND
ND
ND
ND
ND
ND
ND
ND

Tyr
0.06+0.02¢
6.45+2.77¢

ND

ND
26.53+3.68"
87.91+4.65"
74.28+4.53¢
99.01+6.04*
92.81+6.93"

Spd
1.57 £0.39"%
1.04 1016
0.65 +0.12"
1.44£0.19%
226+0.18%
172014
1.81 045"
1.880.11°F
1.23 003"

Try
0.04 £0.02"
0.03 £ 0.00”
0.03 £ 0.00”
0.01 £0.00”
2.18 035"
11.41 +0.94¢
10.76 + 2.26°
17.80 + 1.39%

27.88 +0.43"

Spm
197:4059"
2285087
210+ 0,09
2195033
2
188+ 0.06"

+0.03°

+007°
+0.04°
+0.00°

Values with different capital ettersare significantly different (p<0.05). S0, 51,52 denote the controls on day 0,1, 2, respectively; FO, FI, E2, F4, F6, FS denote zaoyu on day 0, 1,2, 4,6, 8,

respectively; Z denotes the fermented rice, and the same below. The same below.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exploration of the roles of microbiota on biogenic amines formation during traditional fermentation of Scomber japonicus



		Introduction



		Materials and methods



		Source of samples



		Methods



		Enumeration of cultivable microbes



		Determination of physicochemical indices.



		Determination of biogenic amines



		Total DNA extraction, PCR reaction and MiSeq sequencing



		Statistical analysis















		Results



		Microbiological and chemical analysis



		Physicochemical features



		BAs analysis



		Sequencing results and diversity indices



		Beta-diversity analysis of bacterial community



		Taxonomic composition of bacterial communities



		Correlation between microbial community and BAs



		Potential metabolic prediction By PICRUSt-KEGG









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References



















OPS/images/fmicb-13-1030789-g001.jpg
(34D 31) DAL

g 2 8

(S001/5w)N-GA.

-

s2 F0 FI F2 F4 F6 P8

s

Sample





OPS/images/fmicb-13-1030789-g002.jpg
o)

of

7

64
54
44
34
2]
1

ab n
I b
h
bed
Sl s2 F0 FI F2 F4 F6 F8

be
S0

8 &8 8 2 8 8 8 2 =<
(2%)1U2IU0D 1EAL

Sample

Sample





OPS/images/cover.jpg
, frontiers  Frontiers in Microbiology

Exploration of the roles of
microbiota on biogenic amines
formation during traditional
fermentation of Scomber
Japonicus









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology





