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Comparative Proteomics Reveals the Spoilage-Related Factors of Shewanella putrefaciens Under Refrigerated Condition
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Shewanella putrefaciens is a microorganism with strong spoilage potential for aquatic products. This study aimed to investigate the potential spoilage factors of S. putrefaciens by comparative proteomic analysis. The spoilage potential of two strains of S. putrefaciens (00A and 00B) isolated from chilled spoiled bigeye tuna was investigated. The results of total volatile basic nitrogen (TVB-N), trimethylamine (TMA) in fish inoculated with S. putrefaciens, extracellular protease activity of S. putrefaciens, and degradation of fish proteins indicated that the spoilage potential of S. putrefaciens 00A was much higher than that of 00B. Fish proteins are usually degraded by spoilage microorganism proteases into small molecular peptides and amino acids, which are subsequently degraded into spoilage metabolites in bacterial cells, leading to deterioration of fish quality. Thus, proteomic analysis of the extracellular and intracellular proteins of 00A vs. 00B was performed. The results indicated that the intracellular differentially expressed protein (IDEP) contained 243 upregulated proteins and 308 downregulated proteins, while 78 upregulated proteins and 4 downregulated proteins were found in the extracellular differentially expressed protein (EDEP). GO annotation revealed that IDEP and EDEP were mainly involved in cellular and metabolic processes. KEGG annotation results showed that the upregulated proteins in IDEP were mainly involved in sulfur metabolism, amino acid metabolism, and aminoacyl-tRNA biosynthesis, while downregulated proteins were related to propanoate metabolism. In contrast, EDEP of KEGG annotation was mainly involved in ribosomes, quorum sensing, and carbohydrate metabolism. Proteins associated with spoilage containing sulfur metabolism (sulfite reductase, sulfate adenylyltransferase, adenylyl-sulfate kinase), amino acid metabolism (biosynthetic arginine decarboxylase, histidine ammonia-lyase), trimethylamine metabolism (trimethylamine-N-oxide reductase), and extracellular proteins (ATP-dependent Clp protease proteolytic subunit) were identified as upregulated. These proteins may play a key role in the spoilage potential of S. putrefaciens. These findings would contribute to the identification of key spoilage factors and understanding of the spoilage mechanism of microorganisms.
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INTRODUCTION

Bigeye tuna (Thunnus obesus) has become one of the most economically valuable fish in the world because of its rich nutritional value and huge production (Wang and Xie, 2019). However, bigeye tuna flesh can easily deteriorate in a short period and lose its nutritional value even under refrigerated conditions (Rossi et al., 2002). Microbial growth and metabolism are vital factors that lead to spoilage including quality loss, the production of off-flavors, and even harmful substances (Ruiz-Capillas and Moral, 2005; Pataca et al., 2021). Although a variety of spoilage bacteria have been found in marine fish, Shewanella putrefaciens is considered to be one of the main destructive factors of marine fish under low-temperature storage. S. putrefaciens reduces trimethylamine N-oxide (TMAO) to trimethylamine (TMA) during anaerobic respiration (Gao et al., 2019; Qian et al., 2021). In addition, S. putrefaciens can also be involved in the metabolism of sulfur-containing amino acids or proteins to produce H2S, which is considered to be the main source of fishy odor (Remenant et al., 2015; Wright et al., 2019). These psychrotrophic bacteria should be of concern during the cold chain for the marketing of marine fish such as bigeye tuna.

At low temperatures, extracellular hydrolytic enzymes (including lipases, proteases, and gelatinases) secreted by spoilage bacteria, especially protein hydrolases, are recognized as the main cause of fish spoilage (von Neubeck et al., 2015; Zhu et al., 2017). The protein in fish muscle can be degraded into small-molecule peptides and free amino acids by the microbial extracellular proteolytic enzymes, resulting in deterioration of fish quality (Wang G. et al., 2018). Small peptides and amino acids will be metabolized to ammonia and biogenic amines by the intracellular deaminase and decarboxylase (Zhuang et al., 2021b). Liu et al. (2018a) studied the degradation of sarcoplasmic and myofibrillar protein in cold-storage bighead carp inoculated with different spoilage bacteria, and the results showed that the spoilage ability of strains was consistent with the ability to degrade proteins. A similar study was also performed in chicken (Wang G. et al., 2017). Moreover, the extracellular protease activity of spoilage bacteria has a similar trend to other spoilage indicators (total volatile basic nitrogen, etc.) (Liu et al., 2018b). The spoilage potential of spoilage bacteria is also related to the activity of intracellular proteases, such as amino acid decarboxylase, deaminase, and oxotrimethylamine reductase (Fan et al., 2014; Fu et al., 2018). Therefore, it is of great significance to study the relationship between the extracellular and intracellular proteins and the spoilage potential in spoilage bacteria during cold storage.

The identification of proteins that play an important role in spoilage is essential for understanding the mechanism of bacterial spoilage during cold storage. Comparative proteomic analysis has emerged as a useful quantitative technique to provide relative measurements of bacterial proteins. Based on comparative proteomics, the identification of extracellular secretory proteins of seven strains of toxic and non-toxic Vibrio parahaemolyticus reveals the key pathogenic factors of V. parahaemolyticus, which is helpful in clarifying its pathogenic mechanism (He et al., 2015). However, there are few studies on the relationship between extracellular/intracellular proteins and spoilage in S. putrefaciens.

This study aimed to investigate biochemical parameters (including total volatile basic nitrogen, TMA, and extracellular protease hydrolytic activity) of bigeye tuna fish juice inoculated with S. putrefaciens with large differences in spoilage potential during cold storage. Comparative proteomic analysis of S. putrefaciens strains of different spoilage potential was used to clarify the key factors related to spoilage. The results of this study are helpful to understand the spoilage mechanism of S. putrefaciens in refrigerated seafood and provide a basis for the development of novel preservatives.



MATERIALS AND METHODS


Shewanella putrefaciens Strains and Culture Conditions

Bigeye tuna was caught by Zhonglu Ocean Fishing Company Ltd. (Qingdao, Shandong province, China) and stored at −60°C for about 30 days in sterile vacuum polyethylene bags, then transported in perforated polystyrene boxes with dry ice to the laboratory of Shanghai Ocean University. Subsequently, the samples were thawed in vacuum bags for approximately 12 h at 4°C. After thawing, the fish blocks were transferred to aseptic polyethylene bags under aseptic handling and stored aerobically at 4°C until spoilage. Then, 25 grams of spoiled flesh was homogenized with 0.85% sterile saline solution and 10-fold serially diluted. Samples of serial dilutions (0.1 ml) were spread on the surface of plate count agar and incubated at 30°C for 48 h. S. putrefaciens 00A and S. putrefaciens 00B strains were identified based on 16S rRNA gene sequences and the VITEK® 2 Compact system (bioMérieux, Craponne, France). Strains were stored in tryptone soy broth (TSB) containing 25% glycerine at −80°C. Before use, stains were precultured in brain heart perfusion solution (BHI) for 18 h and then cultured in TSB at 30°C. Bacterial cell cultures grown at the late-logarithmic phase (8 log CFU/ml, OD600 ≈ 0.8) were used for inoculation.



Preparation and Inoculation of Sterile Fish Juice and Fish Block

After thawing, the back muscle of bigeye tuna was homogenized and then mixed with an appropriate amount of distilled water (1,000 ml of water per kg of meat), boiled for 5 min, filtered, and the filter residue removed. Then, 1.6 g/l of TMAO, 40 mg/l of L-cysteine, and L-methionine were added and autoclaved (121°C, 15 min). The final product was sterile bigeye tuna juice. Sterile fish blocks were prepared by soaking in formalin and ethanol solution according to the method of Li Y. et al. (2020). In brief, sterile fish blocks were prepared by soaking in formalin and ethanol solution followed by irradiating with sterile water and draining with UV light.

The sterile fish blocks were soaked in two bacterial suspensions for 10 min and then fished out, to a final concentration of 3–4 log CFU/g. After inoculation, fish blocks were placed in sterile bags for refrigeration at 4°C for 10 days. For fish juice inoculation, sterile fish juice was mixed with two bacterial suspensions separately to obtain an inoculum level of 3–4 log CFU/ml. Non-inoculated sterile fish juice and sterile fish blocks soaked in 0.85% sterile saline solution were used as controls. The fish juice was stored at 4°C for 10 days.

Sterilized fish juice can be in full contact with spoilage bacteria cells and better reflect the spoilage causing ability of spoilage bacteria. The preparation of sterilized fish blocks was used to reflect the ability of spoilage bacteria to degrade fish muscle tissue and protein. The fish juice was used for microbiological growth analysis, TVB-N and TMA analysis, and random sampling and determination every 2 days. The fish blocks were used for flesh myofibrillar protein degradation analysis (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and muscle microstructure analysis (scanning electron microscope) on days 0, 6, and 10.



Spoilage Potential Evaluation


Microbiological Analysis

Total viable count (TVC) was determined by Liu et al. (2018a). Briefly, after 1 ml of fish juice sample was serially diluted (1:10, sterile saline solution), 0.1 ml was evenly smeared on an iron agar (IA) plate, incubated at 30°C for 48 h, and black colonies were counted. Plate count agar (PCA) was used for the colony count of control samples.



Total Volatile Basic Nitrogen and Trimethylamine Analysis

TVB-N was determined according to the method of Wang X. et al. (2018) with an automatic Kjeldahl apparatus (KjeltecTM 8,400; FOSS Quality Assurance Co., Ltd., Hovedstaden, Denmark). The analysis of TMA was determined according to the Colorimetric Picric Acid Method. Briefly, fish samples and trichloroacetic acid (TCA) were homogenized and mixed. After centrifugation, the supernatant was mixed with formaldehyde, saturated potassium carbonate solution, and toluene. The toluene layer solution and picric acid were mixed thoroughly, and absorbance readings were taken at 410 nm. TVB-N and TMA contents were expressed as mg N/100 ml.



Protein Degradation


Bacterial Extracellular Proteolytic Assay

The activated bacterial culture was inoculated into fresh TSB medium to a final concentration of 3 log CFU/ml and incubated at 4°C. Proteolytic activity was determined using casein as the substrate (Yu et al., 2019). The samples were centrifuged (4,000 g, 20 min, 4°C), and 1 ml of supernatant was added into 1 ml of azocasein substrate solution (2% in 0.02 mol/l phosphate buffer, pH 6.8) to incubate at 40°C for 10 min. The reaction was stopped by 2 ml of 0.4 mol/l TCA solution standing at room temperature for 20 min. Then, the mixture was centrifuged (6,000 g, 8 min, 4°C) to obtain the supernatant. The supernatant (1 ml) was added with Na2CO3 (5 ml, 0.4 M) and 1 ml of Folin-phenol reagent. The sample was mixed and incubated at 40°C for 20 min and the absorbance at 680 nm with a BioTek Synergy 2 (Winooski, VT, United States).



Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

The proteolytic activity of S. putrefaciens on the tuna flesh myofibrillar proteins was determined using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. Myofibrillar proteins were extracted according to the method of Liu et al. (2018a). Then, SDS-PAGE was performed according to the method of Qian et al. (2015).



Scanning Electron Microscopy

Bigeye tuna muscle was cut into the size of 5 mm × 5 mm × 2 mm and was prefixed with 2.5% (v/v) glutaraldehyde at 4°C overnight. Longitudinal sections of freeze-dried bigeye tuna samples were visualized under scanning electron microscopy (SU5000, Hitachi, Tokyo, Japan) with an accelerating voltage of 5 kV.



Proteome Analysis


Isolation of Extracellular and Intracellular Proteins of Shewanella putrefaciens Strains and Digestion

For the extraction of intracellular proteins, S. putrefaciens strains were cultured in the TSB to late-logarithmic phase (OD600 ≈ 0.6), with shaking, at 4°C. Bacterial cultures were centrifuged at 12,000 rpm for 1 min, and the supernatants were used to extract the extracellular proteases, then intracellular proteins were extracted using the Bacterial Protein Extraction Kit (Sangon, Shanghai, China). Extracellular proteases were extracted according to the method previously described with some modifications (Zhu et al., 2020). The supernatants were filtered through a 0.22-μm PES membrane (Millipore, Bedford, MA, United States) to remove the residual bacterial cells. The proteins in the supernatant were precipitated by acetone and TCA.

The dried protein samples were dissolved in redissolved solution (8 M urea/100 mM Tris–HCl). The protein concentrations were measured using a BCA Assay Kit. Subsequently, protein digestion was determined according to Bathke et al. (2019). Briefly, proteins were reduced with 1 mM dithiothreitol (DTT) and alkylated with 40 mM iodoacetamide. Next, proteins were further digested by trypsin (protein to enzyme ratio 100:1) overnight, and the resulting mixture of peptides was desalted and concentrated, and drained.



LC-MS/MS and Protein Identification

The samples (12 samples from four groups) were analyzed on a Q Exactive mass spectrometer coupled to an UltiMate 3,000 nano-flow UHPLC. Each sample was performed on a C18 column (3 μm, 100 μm × 20 mm, Thermo Fisher Scientific, Waltham, MA, United States) at a flow rate of 300 nl/min with two solvent systems (buffer A: 3% dimethylsulfoxide (DMSO), 0.1% formic acid and 97% H2O; buffer B: 3% DMSO, 0.1% formic acid, and 97% acetonitrile) in 90 min. The full-scan MS spectra ranged from 350 to 1,800 m/z and were acquired with a mass resolution of 70 K, followed by 15 sequential high-energy collisional dissociation (HCD) MS/MS scans with a resolution of 17.5 K. The dynamic exclusion time for repeated ion collection was set at 35 s. HCD collision energy was set to 28, and the filter window for the quad rod is set to 1.6 DA. MS/MS spectral data were retrieved by MaxQuant (V1.6.6) software (Thermo Fisher Scientific, United States) against the S. putrefaciens (31682 entries) from UniProtKB.



Statistical Analysis

All experiments were repeated at least three times. The data were expressed as the mean ± standard deviation. One-way ANOVA was evaluated statistically by using SPSS 19.0 software (Chicago, IL, United States). Functional analysis of differentially expressed proteins according to GO (Gene Ontology), KEGG pathway, and COG (Cluster of Homologous Proteins).



RESULTS


Spoilage Potential Evaluation


Microbiological Analysis

The initial TVC for fish juice inoculated with S. putrefaciens 00A and 00B were 3.88 and 3.54 log CFU/ml, respectively (Figure 1A). Strains 00A and 00B showed similar growth patterns with slow growth in the first 2 days and then reached maximum growth levels of 8.89–9.01 logCFU/ml on day 10 at 4°C. The TVC of fish juice inoculated with two strains showed no significant differences throughout the storage period (p > 0.05), while the CK was always below 2 logCFU/ml, indicating a satisfactory preparation of sterile fish juices. Similar growth patterns suggested that both strains had similar cold adaptation in tuna juice.
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FIGURE 1. Changes in TVC (A), TVB-N (B), and TMA (C) of tuna juice inoculated with S. putrefaciens during storage at 4°C.




Total Volatile Basic Nitrogen and Trimethylamine

The initial TVB-N content was 8.21 mg/100 g (Figure 1B). The TVB-N values for the CK group did not exceed 11 mg/100 g throughout the storage period. The TVB-N of S. putrefaciens 00A increased significantly (p < 0.05) throughout the storage period and produced the highest TVB-N, reaching 24.27 mg/100 g on day 10. However, the TVB-N values of the sample inoculated with 00B increased slowly, reaching only 13.03 mg/100 g at the end of storage. Tuna juice inoculated with S. putrefaciens 00A produced TVB-N significantly higher than that of 00B (p < 0.05), indicating that it had a higher spoilage potential. Shewanella species reduced TMAO to TMA, producing a fishy odor in refrigerated marine fish. The changes of TMA in fish juice in CK and inoculation group are shown in Figure 1C. The initial TMA concentration was 0.67 mg/100 g. The TMA value of S. putrefaciens 00A- and 00B-inoculated groups significantly increased (p < 0.05), reaching 11.74 and 5.50 mg/100 g, while the CK group only reached 1.78 mg/100 g. The TMA of samples inoculated with S. putrefaciens 00A was significantly higher than those of the 00B and CK groups from the fourth day of storage (p < 0.05).



Protein Degradation


Extracellular Protease Activity

The changes in the extracellular protease activity of the two strains of S. putrefaciens 00A and 00B at 4°C are shown in Figure 2A. The extracellular protease activity of S. putrefaciens 00A and 00B showed a similar trend, with an increase followed by a decrease. The extracellular protease activity exhibited no significant effect (p > 0.05) in the first 2 days and then increased significantly (p < 0.05), reaching a maximum value on day 6 in two strains. This was followed by a significant decrease in the last 2 days. In addition, the extracellular protease activity of S. putrefaciens 00A was higher than that of 00B throughout the incubation phase and reached the maximum difference on day 8 (115.09% higher in S. putrefaciens 00A than in 00B).
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FIGURE 2. Changes in extracellular protease activity of S. putrefaciens (A), SDS-PAGE of myofibrillar protein (B), and SEM of muscle tissue (C) during storage at 4°C.




Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

The changes in myofibrillar proteins on days 6 and 10 for the CK and inoculated groups are shown in Figure 2B. There was no significant change in myofibrillar proteins in the CK group after storage for days 6 and 10 compared to samples in day 0. However, the results of SDS-PAGE profiles showed that the intensity of the myosin heavy chain (MHC) of the tuna decreased significantly after being inoculated with S. putrefaciens 00A for days 6 and 10. In addition, two bands near 100 kDa became weak, the band near 80 kDa became stronger, and one and three new bands appeared at 63–75 and 25–35 kDa, respectively. This phenomenon was more obvious in the 00A-inoculated samples on day 10 than that on day 6. In contrast, little degradation of myofibrillar proteins in samples inoculated with 00B was observed. In the S. putrefaciens 00B groups, no significant degradation of the MHC was detected, while one band was weakened and one was enhanced in the range of 75–100 kDa. Otherwise, no other bands were found to be altered in the 00B groups. SDS results showed that the myofibrillar proteins of bigeye tuna were more severely degraded by S. putrefaciens 00A than that of 00B.



Scanning Electron Microscope Changes in Muscle Tissue

In this study, the changes in scanning electron microscope (SEM) images of tuna muscle fibers were used to characterize the proteolytic activity of two S. putrefaciens strains (Figure 2C). The dynamic changes of myofibril tissues were studied in three groups of samples (CK groups, inoculated with S. putrefaciens 00A groups and 00B groups) on days 0, 6, and 10 under 4°C of storage. On day 0, muscle fibers of the sample showed well-organized, intact, and unbroken morphology. Storage for 6 and 10 days in bigeye tuna samples and cracking of the muscle fiber section occurred to varying degrees. In the CK group stored for 6 and 12 days, the organization of the muscle fibers changed slightly and the structure remained largely undamaged. For samples stored at 6 days in the S. putrefaciens 00A group, the organization of the muscle fibers changed, the structure was damaged, and there was bond loss in the myotomes. Bigeye tuna samples inoculated with 00A showed a greater loss of structure of muscle fibers on day 10. In contrast, in tuna samples inoculated with S. putrefaciens 00B, muscle fibrous tissue was less disrupted, but a slight disruption of the muscle fibrous structure was also observed on day 10 of inoculation. Similarly, the TEM results confirmed that S. putrefaciens 00A was more likely to destroy the muscle fiber structure of tuna than 00B.



Identification and Bioinformatics Analysis of Intracellular Differential Expressed Protein and Extracellular Differential Expressed Proteins of Shewanella putrefaciens 00A and 00B

In proteomic analyses, 830 and 162 intracellular and extracellular proteins were identified, respectively, with the p-value set at < 0.05 and normalized ratios of > 2 and < 0.5, which allowed 522 and 82 intracellular differential expressed proteins (IDEPs) and extracellular differential expressed proteins (EDEPs) to be classified. As shown in Figure 3A, of the 551 IDEP, 243 were significantly upregulated and 308 were downregulated in the 00A vs. 00B group. In addition, there were 78 upregulated proteins and 4 downregulated proteins in the EDEP (Figure 3B). The IDEP and EDEP are given in Supplementary Tables 1, 2.
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FIGURE 3. Volcanic map of all identified proteins: volcanic map of intracellular proteins in 00A vs. 00B (A); volcanic map of extracellular proteins in 00A vs. 00B (B). Red points: upregulated proteins (fold change > 2, p < 0.05); green points: downregulated proteins (fold change > 0.5, p < 0.05); black points: unchanged proteins.


As shown in Figures 4A,B, a GO annotation analysis was performed for 522 and 82 differentially expressed proteins in the IDEP and EDEP of the 00A vs. 00B group, respectively. There were three main categories of GO annotation analysis: biological process (BP), cellular component (CC), and molecular function (MF). In IDEP and EDEP, the cellular process and the metabolic process were the two main categories in the BP. The cell anatomy entity was the main item in CC (373 and 65 differentially expressed proteins in IDEP and EDEP of 00A vs. 00B, respectively). In the MF, differential proteins were mainly involved in catalytic activity and binding. In IDEP, GO function revealed that upregulated proteins were related to the oxidation–reduction process, catabolic process, oxidoreductase activity, catalytic activity, and translation regulator activity. Downregulated proteins were related to protein–DNA complex and structural constituent of ribosome (Supplementary Table 3). For BP, differential proteins were upregulated and mainly associated with the primary metabolic process, nitrogen compound metabolic process, and cell periphery (Supplementary Table 4).
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FIGURE 4. GO annotation analysis of the intracellular (A) and extracellular (B) differentially expressed proteins in 00A vs. 00B. COG terms of the intracellular (C) and extracellular (D) differentially expressed proteins in 00A vs. 00B. KEGG pathway analysis of the intracellular (E) and extracellular (F) differentially expressed proteins in 00A vs. 00B.


Figures 4C,D display the COG function classification. In IDEP, there were a total of 19 categories, of which the top six COG terms were Translation, ribosomal structure and biogenesis, Amino acid transport and metabolism, Coenzyme transport and metabolism, Function unknown, Energy production and conversion, and Nucleotide transport and metabolism. In EDEP, 13 functions were classified, of which the relevant COG terms were Translation, ribosomal structure, and biogenesis.

Pathway category statistical histograms were conducted to show the metabolic pathways of S. putrefaciens 00A and 00B (Figures 4E,F). The KEGG pathways of translation, carbohydrate metabolism, amino acid metabolism, and vitamin metabolism were significantly related to IDEP. For EDEP, the main KEGG pathways were translation, carbohydrate metabolism, and amino acid metabolism. In addition, KEGG notes showed that upregulated IDEPs were involved in the pathway of carbon metabolism (sfr01200); sulfur metabolism (sfr00920); arginine and proline metabolism (sfr00330); glycine, serine, and threonine metabolism (sfr00270); and aminoacyl-tRNA biosynthesis (sfr00970) (Supplementary Table 5 and Supplementary Figure 1). KEGG pathways of propanoate metabolism (sfr00640) were the main pathway in IDEP. Furthermore, KEGG analysis indicated that upregulated IDEPs were primarily involved in the ribosome, quorum sensing, biosynthesis of secondary metabolites, carbon metabolism, and microbial metabolism in diverse environments (Supplementary Table 6 and Supplementary Figure 2).



Spoilage-Related Proteins

As mentioned above, there were differences in the production of TVB-N and TMA and extracellular protease production between S. putrefaciens 00A and 00B. The spoilage potential of Shewanella spp. was closely related to sulfur metabolism, amino acid metabolism, TMA metabolism, and protease activity. To better understand the reasons for the differences in the spoilage potential of S. putrefaciens, the differentially expressed proteins (IDEP and EDEP) associated with spoilage are listed in Table 1. In IDEP, some differentially expressed proteins associated with sulfur metabolism included some upregulated proteins (A4Y7D7, A4Y9Z3, A4Y9Z4, A4Y9 × 2, A4Y9 × 3, A4Y9 × 0, E6XJS8, A4Y5H9, E6XLK8, A0A252F0Q3) and downregulated proteins (A4Y4G8, A4YBG0, A4Y3R7). Several amino acid metabolism-related proteins that may produce biogenic amines, including A4Y5Y9 and A4Y1I3, were upregulated, and no downregulated proteins were identified. Similarly, trimethylamine-N-oxide reductase (O86914, Q8EHI7), a protein associated with TMA metabolism, was upregulated. In addition, proteases containing one upregulated protein (A4Y2S7) and one downregulated protein (A4Y2S8) were listed. In EDEP, the only protease ATP-dependent Clp protease proteolytic subunit (A4Y5I2) was found in the upregulated proteins of 00A vs. 00B.


TABLE 1. The spoilage-related proteins in differentially expressed proteins of S. putrefaciens 00A vs. 00B.
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DISCUSSION

Fish and fish products are highly susceptible to spoilage due to microbial activity. Thus, it is essential to elucidate the mechanisms of spoilage microorganisms in order to detect and control fish product spoilage. S. putrefaciens is the specific spoilage organism of many seafood products, such as tuna and Pacific white shrimp, during low-temperature storage (Yang et al., 2020; Lee et al., 2021). In order to characterize the spoilage potential and to reveal the mechanism of two strains of S. putrefaciens at refrigerated temperatures, we investigated the spoilage phenotypes of S. putrefaciens 00A and 00B under refrigeration and performed proteomics studies on the intracellular and extracellular proteins of the two strains.

In this study, both strains were inoculated into bigeye tuna juice and showed high levels (8.5–9.0 log cfu/ml) at the end of storage. S. putrefaciens 00A and 00B grew rapidly and had a similar growth pattern in sterile fish juice, which was consistent with the growth pattern of S. putrefaciens inoculated into bighead carp by Liu et al. (2018a). Compared to S. putrefaciens 00B, S. putrefaciens 00A was an active producer of TVB-N and TMA in chilled storage of bigeye tuna, indicating that 00A has a stronger spoilage potential than 00B. Some researchers also found that individual strains in the same spoilage bacteria species may show different spoilage potentials (Gu et al., 2013; Fu et al., 2018), which revealed that S. putrefaciens was considered as a strong spoilage bacterium in some studies (Papadopoulos et al., 2003) but weak spoilage ability in others (Wang H. et al., 2017). TVB-N is mainly composed of ammonia and amines, which were produced by the metabolism of proteins and non-protein nitrogenous compounds by spoilage bacteria (Zhuang et al., 2021a). The difference between the two strains of TVB-N in this study may be caused by the difference in the ability of the strains to metabolize amino acids. TMA, an important indicator of spoilage of aquatic products, is mainly reduced to TMAO by the action of TMA oxide reductase (Zhu et al., 2016). Therefore, S. putrefaciens 00A may possess a stronger TMA oxide reductase activity and thus produces more TMA.

Proteases secreted by spoilage bacteria break down proteins into small peptides and free amino acids, which were further broken down in bacterial cells into spoilage metabolites such as nitrogenous compounds and amines (Li Y. et al., 2020; Zhuang et al., 2021a). Therefore, extracellular protease activity was one of the important spoilage indicators of spoilage microbes. In this study, the temporal changes in the extracellular protease activity of S. putrefaciens 00A and 00B showed a consistent trend, that is, an increase followed by a decrease and reaching the highest value on day 8. Previous studies showed that the consumption of small-molecule compounds in the early stages leads to bacterial growth and then increase in protease activity (Moradi et al., 2019; Wang and Xie, 2020). In the later stage of the culture, the nutrients in the culture medium were scarce and therefore the protease activity decreased. The protease activity of S. putrefaciens 00A was higher than that of 00B, indicating a higher spoilage potential of 00A, which is consistent with the results that 00A produced more TVB-N and TMA. In terms of protein degradation, the hydrolytic activity of S. putrefaciens 00A was higher than that of 00B for fish proteins, which was in accordance with the results of extracellular protease activity. The deterioration and softening of fish filets during refrigeration are considered to be the result of muscle protein degradation, associated with various protein hydrolysis systems of microorganisms, which allows spoilage microorganisms to use the internal nutrients of the fish to cause faster spoilage (Ge et al., 2016). Silbande et al. (2016) reported that S. putrefaciens readily hydrolyzed myofibrillar proteins of the blunt snout bream. Liu et al. (2018a) determined the protein hydrolytic activity of S. putrefaciens in frozen bighead carp and reported that this bacterium was able to degrade myofibrillar proteins, which was consistent with our study. To investigate the damage of the fish muscle myofibril structure by S. putrefaciens, SEM changes in muscle tissue were measured in this study. With the increase in storage time, the muscle tissue of fish in the 00A group was more damaged. This may be due to the strong protein hydrolytic activity of the 00A group and the loss of water resulting in the destruction and disorder of the muscle structure (Yu et al., 2020). The destruction of the fish muscle tissue structure also accelerated the process of spoilage bacteria using the fish substrate to cause spoilage. Overall, extracellular protease activity, SDS-PAGE, and SEM showed that S. putrefaciens 00A possessed stronger protein hydrolysis activity than 00B.

Proteomics is a potential emerging tool for studying protein expression and has been used to investigate the mechanism of biofilm formation in S. putrefaciens under cold stress (Yan and Xie, 2020). In IDEP, upregulation of proteins associated with oxidation–reduction and metabolic processes in 00A vs. 00B indicated that S. putrefaciens 00A underwent stronger oxidation–reduction and metabolic activity than 00B. The upregulated intracellular expression proteins of 00B were mostly used in the structural composition of ribosomes. In addition, IDEP is involved in amino acid and nucleotide catabolism, allowing bacteria to use amino acids and nucleotides as a source of energy. The production of energy promotes translation in bacterial cells, which activates the formation of ribosomal structures (Gupta et al., 2013). KEGG annotation results indicated that the upregulated proteins in IDEP (00A vs. 00B) were mainly involved in carbon metabolism, sulfur metabolism, amino acid metabolism (glycine, serine, threonine, cysteine, methionine, and arginine), and aminoacyl-tRNA biosynthesis (Supplementary Table 5 and Supplementary Figure 1). The enrichment of the sulfur metabolism pathway indicated that bacteria may produce more sulfur-containing metabolites, accelerating spoilage of aquatic products and producing malodor (Fu et al., 2018), which also predicts that 00A may produce more H2S. Proteins involved in the amino acid metabolic pathway were upregulated, indicating that the bacteria may produce more spoilage metabolites such as ammonia and amines (Zhuang et al., 2021b), which also provide energy for bacterial growth (Valgepea et al., 2017). The protein associated with aminoacyl-tRNA biosynthesis was upregulated in 00A vs. 00B, which may be related to the synthesis of protein, contributing to the formation of stable biofilm and spoilage metabolic activities in bacteria (Yan and Xie, 2020). In EDEP, 78 upregulated proteins but only 4 downregulated proteins were in the 00A group, compared with the 00B group. In GO classification, nitrogen metabolism was one of the main items involved in upregulated proteins. The metabolism of nitrogen-containing compounds by bacteria may lead to the accumulation of ammonia and amines, which also explained the higher production of TVB-N by S. putrefaciens 00A metabolism in fish juice than 00B. As shown in Supplementary Table 6 and Supplementary Figure 2, the ribosomal pathway was the most enriched, with many ribosomal proteins found in EDEP. Three proteins related to quorum sensing (QS) were upregulated. QS was shown in many studies to regulate the formation of bacterial biofilm and induce bacterial spoilage potential (Zhao et al., 2016; Fu et al., 2018). The enrichment of the carbohydrate metabolic pathway suggested that polysaccharides may be converted to glucose and fructose via transferases or transport systems, which can be further metabolized by the glycolytic pathway (Zhong et al., 2019). In conclusion, S. putrefaciens 00A secreted more extracellular proteins than 00B, which may indicate that 00A can be able to use the aquatic substrate more quickly to accelerate spoilage.

Bacterial spoilage activity in aquatic products is usually associated with protein degradation, sulfur metabolism, amino acid metabolism, and TMA metabolism (Remenant et al., 2015). To better understand the spoilage potential of S. putrefaciens 00A and 00B, Table 1 shows the list of spoilage-related differentially expressed proteins. Upregulated proteins related to sulfur metabolism may be important in causing sulfur-containing spoilage metabolites (Leustek et al., 2000). Sulfate is converted to adenosine 5′-phosphosulfate (APS) through ATP consumption by sulfate adenylyltransferase. APS is then converted to 3′-phosphonoadenosine-5′-phosphate sulfate (PAPS) by the action of adenylyl-sulfate kinase, which continues to be reduced to sulfite by phosphonoadenosine phosphate reductase. Finally, sulfite is catalyzed by sulfite reductase to form sulfide (Li J. et al., 2020). In this study, multiple enzymes related to the sulfur metabolic pathway were found to be upregulated (A4Y9Z3, A4Y9 × 3, A4Y9 × 0), which means that 00A could produce more sulfide (Cordente et al., 2009; Konopka et al., 2015). In addition, we also identified amino acid metabolism-related proteins including arginine decarboxylase (A4Y5Y9) and histidine deaminase (A4Y1I3) among the upregulated proteins, which may be related to the production of ammonia and putrescine (Jorgensen et al., 2000; Zhuang et al., 2021b). Since the aquatic products are rich in TMAO, it is reduced to TMA by TMA oxide reductase produced by the spoilage bacteria, producing a fishy odor (Dos Santos et al., 1998; Wang et al., 2019). Trimethylamine-N-oxide reductase (O86914) was found in the upregulated proteins of 00A vs. 00B, which at least partially explained the fact that fish juice inoculated with S. putrefaciens 00A produced more TMA than that inoculated with 00B. Furthermore, an extracellular protease, the ATP-dependent Clp protease hydrolytic subunit (A4Y5I2), was identified in EDEP, whose main activity was the hydrolysis of proteins into peptides and amino acids in the presence of ATP and magnesium ions (Porankiewicz et al., 1999). In addition, it plays an important role in the degradation of misfolded proteins (Bewley et al., 2009; Wang et al., 2010). The upregulation of ATP-dependent Clp protease hydrolytic subunit in group 00A may be the main reason for its strong extracellular protease activity. Overall, most of the differentially expressed proteins associated with spoilage in 00A vs. 00B were upregulated. Although these identified proteins were reported to be associated with bacterial spoilage in the literature, further experimental validation was needed in future studies (such as related genes deletion, suppression, and overexpression).



CONCLUSION

In summary, this study explored the spoilage phenotype and comparative proteomics analyses of intracellular and extracellular proteins between S. putrefaciens 00A and 00B. The results indicated that S. putrefaciens 00A exhibited a stronger spoilage potential (in terms of TVB-N, TMA, extracellular protease activity, fish protein degradation, and tissue structure destruction) than 00B. Proteomic analysis revealed that differentially expressed proteins were mainly involved in amino acid metabolism, sulfur metabolism, and carbohydrate metabolism. The differentially expressed proteins related to spoilage were almost all upregulated in 00A vs. 00B, mainly including sulfite reductase, sulfate adenylyltransferase, adenylyl-sulfate kinase, arginine decarboxylase, histidine ammonia-lyase, trimethylamine-N-oxide reductase, and ATP-dependent Clp protease proteolytic subunit, which may be associated with bacterial spoilage potential. This research would help to understand the spoilage mechanism of S. putrefaciens.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

ZY: conceptualization, methodology, software, investigation, and writing. JX: validation, formal analysis, writing—review and editing, examination, and funding acquisition. Both authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (31972142), the Key Project of Science and Technology Commission of Shanghai Municipality (19DZ1207503), and China Agriculture Research System of MOF and MARA (CARS-47) and was also supported by the Shanghai Municipal Science and Technology Project to enhance the capabilities of the platform (19DZ2284000, 19DZ1207503).



ACKNOWLEDGMENTS

We gratefully acknowledge Xinyun Wang for his helpful comments and suggestions.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.740482/full#supplementary-material



REFERENCES

Bathke, J., Konzer, A., Remes, B., McIntosh, M., and Klug, G. (2019). Comparative analyses of the variation of the transcriptome and proteome of Rhodobacter sphaeroides throughout growth. BMC Genomics 20:358. doi: 10.1186/s12864-019-5749-3

Bewley, M. C., Graziano, V., Griffin, K., and Flanagan, J. M. (2009). Turned on for degradation: aTPase-independent degradation by ClpP. J. Struct. Biol. 165, 118–125. doi: 10.1016/j.jsb.2008.10.005

Cordente, A. G., Heinrich, A., Pretorius, I. S., and Swiegers, J. H. (2009). Isolation of sulfite reductase variants of a commercial wine yeast with significantly reduced hydrogen sulfide production. FEMS Yeast Res. 9, 446–459. doi: 10.1111/j.1567-1364.2009.00489.x

Dos Santos, J.-P., Iobbi-Nivol, C., Couillault, C., Giordano, G., and Méjean, V. (1998). Molecular analysis of the trimethylamine N -oxide (TMAO) reductase respiratory system from a Shewanella species. J. Mol. Biol. 284, 421–433. doi: 10.1006/jmbi.1998.2155

Fan, H., Luo, Y., Yin, X., Bao, Y., and Feng, L. (2014). Biogenic amine and quality changes in lightly salt- and sugar-salted black carp (Mylopharyngodon piceus) fillets stored at 4°C. Food Chem. 159, 20–28. doi: 10.1016/j.foodchem.2014.02.158

Fu, L., Wang, C., Liu, N., Ma, A., and Wang, Y. (2018). Quorum sensing system-regulated genes affect the spoilage potential of Shewanella baltica. Food Res. Int. 107, 1–9. doi: 10.1016/j.foodres.2018.01.067

Gao, X., Liu, W., Mei, J., and Xie, J. (2019). Quantitative Analysis of Cold Stress Inducing Lipidomic Changes in Shewanella putrefaciens Using UHPLC-ESI-MS/MS. Molecules 24:4609. doi: 10.3390/molecules24244609

Ge, L., Xu, Y., Xia, W., Jiang, Q., and Jiang, X. (2016). Differential role of endogenous cathepsin and microorganism in texture softening of ice-stored grass carp (Ctenopharyngodon idella) fillets. J. Sci. Food Agric. 96, 3233–3239. doi: 10.1002/jsfa.7506

Gu, Q., Fu, L., Wang, Y., and Lin, J. (2013). Identification and Characterization of Extracellular Cyclic Dipeptides As Quorum-Sensing Signal Molecules from Shewanella baltica, the Specific Spoilage Organism of Pseudosciaena crocea during 4 °C Storage. J. Agric. Food Chem. 61, 11645–11652. doi: 10.1021/jf403918x

Gupta, P., Kannan, K., Mankin, A. S., and Vázquez-Laslop, N. (2013). Regulation of Gene Expression by Macrolide-Induced Ribosomal Frameshifting. Mol. Cell 52, 629–642. doi: 10.1016/j.molcel.2013.10.013

He, Y., Wang, H., and Chen, L. (2015). Comparative secretomics reveals novel virulence-associated factors of Vibrio parahaemolyticus. Front. Microbiol. 6:707. doi: 10.3389/fmicb.2015.00707

Jorgensen, L. V., Huss, H. H., and Dalgaard, P. (2000). The effect of biogenic amine production by single bacterial cultures and metabiosis on cold-smoked salmon. J. Appl. Microbiol. 89, 920–934. doi: 10.1046/j.1365-2672.2000.01196.x

Konopka, A. E., Miller, R. H., and Sommers, L. E. (2015). “Microbiology of the sulfur cycle,” in Agronomy Monographs, ed. M. A. Tabatabai (Hoboken, NJ: Wiley), 23–55. doi: 10.2134/agronmonogr27.c2

Lee, B. H., Wu, S. C., Shen, T. L., Hsu, Y. Y., Chen, C. H., and Hsu, W. H. (2021). The applications of Lactobacillus plantarum-derived extracellular vesicles as a novel natural antibacterial agent for improving quality and safety in tuna fish. Food Chem. 340:128104. doi: 10.1016/j.foodchem.2020.128104

Leustek, T., Martin, M. N., Bick, J.-A., and Davies, J. P. (2000). Pathways and regulation of sulfur metabolism revealed through molecular and genetic studies. Annu. Rev. Plant Physiol. Plant Mol. Biol. 51, 141–165. doi: 10.1146/annurev.arplant.51.1.141

Li, J., Yu, H., Yang, X., Dong, R., Liu, Z., and Zeng, M. (2020). Complete genome sequence provides insights into the quorum sensing-related spoilage potential of Shewanella baltica 128 isolated from spoiled shrimp. Genomics 112, 736–748. doi: 10.1016/j.ygeno.2019.05.010

Li, Y., Jia, S., Hong, H., Zhang, L., Zhuang, S., Sun, X., et al. (2020). Assessment of bacterial contributions to the biochemical changes of chill-stored blunt snout bream (Megalobrama amblycephala) fillets: protein degradation and volatile organic compounds accumulation. Food Microbiol. 91:103495. doi: 10.1016/j.fm.2020.103495

Liu, X., Huang, Z., Jia, S., Zhang, J., Li, K., and Luo, Y. (2018a). The roles of bacteria in the biochemical changes of chill-stored bighead carp (Aristichthys nobilis): proteins degradation, biogenic amines accumulation, volatiles production, and nucleotides catabolism. Food Chem. 255, 174–181. doi: 10.1016/j.foodchem.2018.02.069

Liu, X., Ji, L., Wang, X., Li, J., Zhu, J., and Sun, A. (2018b). Role of RpoS in stress resistance, quorum sensing and spoilage potential of Pseudomonas fluorescens. Int. J. Food Microbiol. 270, 31–38. doi: 10.1016/j.ijfoodmicro.2018.02.011

Moradi, M., Sun, Z., Song, Z., and Hu, H. (2019). Effect of proteases secreted from a marine isolated bacterium Bacillus vietnamensis on the corrosion behaviour of different alloys. Bioelectrochemistry 126, 64–71. doi: 10.1016/j.bioelechem.2018.08.003

Papadopoulos, V., Chouliara, I., Badeka, A., Savvaidis, I., and Kontominas, M. (2003). Effect of gutting on microbiological, chemical, and sensory properties of aquacultured sea bass (Dicentrarchus labrax) stored in ice. Food Microbiol. 20, 411–420. doi: 10.1016/S0740-0020(02)00148-X

Pataca, J. K. G., Porto-Figueira, P., Pereira, J. A. M., Caldeira, H., and Câmara, J. S. (2021). Profiling the occurrence of biogenic amines in different types of tuna samples using an improved analytical approach. LWT 139:110804. doi: 10.1016/j.lwt.2020.110804

Porankiewicz, J., Wang, J., and Clarke, A. K. (1999). New insights into the ATP-dependent Clp protease: escherichia coli and beyond. Mol. Microbiol. 32, 449–458. doi: 10.1046/j.1365-2958.1999.01357.x

Qian, Y.-F., Cheng, Y., Ye, J.-X., Zhao, Y., Xie, J., and Yang, S.-P. (2021). Targeting shrimp spoiler Shewanella putrefaciens: application of ε-polylysine and oregano essential oil in Pacific white shrimp preservation. Food Control 123:107702. doi: 10.1016/j.foodcont.2020.107702

Qian, Y.-F., Xie, J., Yang, S.-P., Huang, S., Wu, W.-H., and Li, L. (2015). Inhibitory effect of a quercetin-based soaking formulation and modified atmospheric packaging (MAP) on muscle degradation of Pacific white shrimp (Litopenaeus vannamei). LWT - Food Sci. Technol. 63, 1339–1346. doi: 10.1016/j.lwt.2015.03.077

Remenant, B., Jaffrès, E., Dousset, X., Pilet, M.-F., and Zagorec, M. (2015). Bacterial spoilers of food: behavior, fitness and functional properties. Food Microbiol. 45, 45–53. doi: 10.1016/j.fm.2014.03.009

Rossi, S., Lee, C., Ellis, P. C., and Pivarnik, L. F. (2002). Biogenic Amines Formation in Bigeye Tuna Steaks and Whole Skipjack Tuna. J. Food Sci. 67, 2056–2060. doi: 10.1111/j.1365-2621.2002.tb09500.x

Ruiz-Capillas, C., and Moral, A. (2005). Sensory and biochemical aspects of quality of whole bigeye tuna (Thunnus obesus) during bulk storage in controlled atmospheres. Food Chem. 89, 347–354. doi: 10.1016/j.foodchem.2004.02.041

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

Valgepea, K., Loi, K. Q., Behrendorff, J. B., Lemgruber, R., de, S. P., Plan, M., et al. (2017). Arginine deiminase pathway provides ATP and boosts growth of the gas-fermenting acetogen Clostridium autoethanogenum. Metab. Eng. 41, 202–211. doi: 10.1016/j.ymben.2017.04.007

von Neubeck, M., Baur, C., Krewinkel, M., Stoeckel, M., Kranz, B., Stressler, T., et al. (2015). Biodiversity of refrigerated raw milk microbiota and their enzymatic spoilage potential. Int. J. Food Microbiol. 211, 57–65. doi: 10.1016/j.ijfoodmicro.2015.07.001

Wang, B., Xu, M.-Y., and Sun, G.-P. (2010). Extracellular respiration of different amounts azo dye by Shewanella decolorationis S12 and comparative analysis of the membrane proteome. Int. Biodeterior. Biodegradation 64, 274–280. doi: 10.1016/j.ibiod.2010.02.004

Wang, G., Ma, F., Zeng, L., Bai, Y., Wang, H., Xu, X., et al. (2018). Modified atmosphere packaging decreased Pseudomonas fragi cell metabolism and extracellular proteolytic activities on meat. Food Microbiol. 76, 443–449. doi: 10.1016/j.fm.2018.07.007

Wang, X., Geng, L., Xie, J., and Qian, Y.-F. (2018). Relationship Between Water Migration and Quality Changes of Yellowfin Tuna (Thunnus albacares) During Storage at 0°C and 4°C by LF-NMR. J. Aquat. Food Prod. Technol. 27, 35–47. doi: 10.1080/10498850.2017.1400630

Wang, G., Wang, H., Han, Y., Xing, T., Ye, K., Xu, X., et al. (2017). Evaluation of the spoilage potential of bacteria isolated from chilled chicken in vitro and in situ. Food Microbiol. 63, 139–146. doi: 10.1016/j.fm.2016.11.015

Wang, H., Liu, X., Zhang, Y., Lu, H., Xu, Q., Shi, C., et al. (2017). Spoilage potential of three different bacteria isolated from spoiled grass carp (Ctenopharyngodon idellus) fillets during storage at 4 °C. LWT Food Sci. Technol. 81, 10–17. doi: 10.1016/j.lwt.2016.11.010

Wang, X.-Y., and Xie, J. (2019). Evaluation of water dynamics and protein changes in bigeye tuna (Thunnus obesus) during cold storage. LWT 108, 289–296. doi: 10.1016/j.lwt.2019.03.076

Wang, X.-Y., and Xie, J. (2020). Quorum Sensing System-Regulated Proteins Affect the Spoilage Potential of Co-cultured Acinetobacter johnsonii and Pseudomonas fluorescens From Spoiled Bigeye Tuna (Thunnus obesus) as Determined by Proteomic Analysis. Front. Microbiol. 11:940. doi: 10.3389/fmicb.2020.00940

Wang, Y., Wang, F., Wang, C., Li, X., and Fu, L. (2019). Positive regulation of spoilage potential and biofilm formation in Shewanella baltica OS155 via quorum sensing system composed of DKP and orphan LuxRs. Front. Microbiol. 10:135. doi: 10.3389/fmicb.2019.00135

Wright, M. H., Shalom, J., Matthews, B., Greene, A. C., and Cock, I. E. (2019). Terminalia ferdinandiana Exell: extracts inhibit Shewanella spp. growth and prevent fish spoilage. Food Microbiol. 78, 114–122. doi: 10.1016/j.fm.2018.10.006

Yan, J., and Xie, J. (2020). Comparative Proteome Analysis of Shewanella putrefaciens WS13 Mature Biofilm Under Cold Stress. Front. Microbiol. 11:1225. doi: 10.3389/fmicb.2020.01225

Yang, S.-P., Xie, J., Cheng, Y., Zhang, Z., Zhao, Y., and Qian, Y.-F. (2020). Response of Shewanella putrefaciens to low temperature regulated by membrane fluidity and fatty acid metabolism. LWT 117:108638. doi: 10.1016/j.lwt.2019.108638

Yu, M.-M., Gang, K.-Q., Li, C., Wang, J.-H., Liu, Y.-X., Zhou, D.-Y., et al. (2020). Change of lipids in whelks (Neptunea arthritica cumingi Crosse and Neverita didyma) during cold storage. Food Res. Int. 136:109330. doi: 10.1016/j.foodres.2020.109330

Yu, P., Huang, X., Ren, Q., and Wang, X. (2019). Purification and characterization of a H2O2-tolerant alkaline protease from Bacillus sp. ZJ1502, a newly isolated strain from fermented bean curd. Food Chem. 274, 510–517. doi: 10.1016/j.foodchem.2018.09.013

Zhao, A., Zhu, J., Ye, X., Ge, Y., and Li, J. (2016). Inhibition of biofilm development and spoilage potential of Shewanella baltica by quorum sensing signal in cell-free supernatant from Pseudomonas fluorescens. Int. J. Food Microbiol. 230, 73–80. doi: 10.1016/j.ijfoodmicro.2016.04.015

Zhong, Q., Wang, B., Wang, J., Liu, Y., Fang, X., and Liao, Z. (2019). Global Proteomic Analysis of the Resuscitation State of Vibrio parahaemolyticus Compared With the Normal and Viable but Non-culturable State. Front. Microbiol. 10:1045. doi: 10.3389/fmicb.2019.01045

Zhu, J., Zhao, A., Feng, L., and Gao, H. (2016). Quorum sensing signals affect spoilage of refrigerated large yellow croaker (Pseudosciaena crocea) by Shewanella baltica. Int. J. Food Microbiol. 217, 146–155. doi: 10.1016/j.ijfoodmicro.2015.10.020

Zhu, S., Zhang, C., Wu, H., Jie, J., Zeng, M., Liu, Z., et al. (2017). Spoilage of refrigerated (4 °C) Litopenaeus vannamei: cooperation between Shewanella species and contribution of cyclo-(L-Pro-L-Leu)-dependent quorum sensing. Int. J. Food Sci. Technol. 52, 1517–1526. doi: 10.1111/ijfs.13427

Zhu, Z., Yang, L., Yu, P., Wang, Y., Peng, X., and Chen, L. (2020). Comparative Proteomics and Secretomics Revealed Virulence and Antibiotic Resistance-Associated Factors in Vibrio parahaemolyticus Recovered From Commonly Consumed Aquatic Products. Front. Microbiol. 11:1453. doi: 10.3389/fmicb.2020.01453

Zhuang, S., Liu, X., Li, Y., Zhang, L., Hong, H., Liu, J., et al. (2021b). 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., Hong, H., Zhang, L., and Luo, Y. (2021a). 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


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

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.

Copyright © 2021 Yi and Xie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comparative Proteomics Reveals the Spoilage-Related Factors of Shewanella putrefaciens Under Refrigerated Condition



		INTRODUCTION



		MATERIALS AND METHODS



		Shewanella putrefaciens Strains and Culture Conditions



		Preparation and Inoculation of Sterile Fish Juice and Fish Block



		Spoilage Potential Evaluation



		Microbiological Analysis



		Total Volatile Basic Nitrogen and Trimethylamine Analysis







		Protein Degradation



		Bacterial Extracellular Proteolytic Assay



		Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis







		Scanning Electron Microscopy



		Proteome Analysis



		Isolation of Extracellular and Intracellular Proteins of Shewanella putrefaciens Strains and Digestion



		LC-MS/MS and Protein Identification







		Statistical Analysis







		RESULTS



		Spoilage Potential Evaluation



		Microbiological Analysis



		Total Volatile Basic Nitrogen and Trimethylamine







		Protein Degradation



		Extracellular Protease Activity



		Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis



		Scanning Electron Microscope Changes in Muscle Tissue







		Identification and Bioinformatics Analysis of Intracellular Differential Expressed Protein and Extracellular Differential Expressed Proteins of Shewanella putrefaciens 00A and 00B



		Spoilage-Related Proteins







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-12-740482-g004.jpg
0.83

Percent of Proteins

GO annotations analysis

1M biological_process
W cellular_component
W molecular_function

459

N @
8 £
Number of Proteins

&

- o
R
S5 &5 5 5
$ $ &8
§ g 8
3 $

biological_process

150

125

g

Number of Proteins

cellular_component

COG function classification

molecular_function

A:RNA processing and modification
B:Chromatin structure and dynamics

C:Energy metabolism

D:Cell cycle control, cell division, chromosome partitioning
E:Amino acid transport and metabol
F:Nucleotide transport and metabolism
G:Carbohydrate transport and metabolism
H:Coenzyme transport and metabolism

I:Lipid transport and metabolism

J:Translation, ribosomal structure and biogenesis
K:Transcription
eplication, recombination and repair
M:Cell wallimembrane/envelope biogenesis
N:Cell motility
0: Postiranslational modification, prot
P:Inorganic ion transport and metabolism
Q:Secondary metabolites biosynthesis, transport and catabolism

tumover, chaperones

0 10 20 3 40 5 60
Number of Protein

504
R:General function prediction only
:Function unknown
- :Signal transduction mechanisms
UtIntracellular trafficking, secretion, and vesicular transport
o
W:Extracellular structures
. 'Y:Nuclear structure
ACDEFGHTI JKLMOGPQs Ty vy -~k
Function Class
E
Histogram of KEGG
- Metabolism
Anino scd eisbotor S 35 B Envvonmantal mtormadon brosessing
Biosynthesis of other secondary metabolites | 7 = g:l'l':;l:rl;rso;;ess:;s
»
Energy metabolism | 19
maps 124
Giyean biosynthess and metabolism | 1 6
Upid metabolism | 16
Metabolsm of cofactors and vtamins |[# 3
2 Metabolism of other amino acids || 15
2 Metabolism of terpenoids and polyketides | 8
g Nucleotide metabolism |/ 22
3 Xenobiotos iodegradation and motabolism | &
5 Folding,soring and degradation SN 12
Replcaion and repaic I 8
Transorpion I ¢
Transision | 4
Membran vansport [ 9
= |
collmotity i 2
S o |
Drug resistance: antmicrobial B 5 o
7 8 w0 100 1O 120 130 o

KEGG pathways

GO annotations analysis

Number of Proteins
@ @
8 2

3

M biological_process
M cellular_component
M molecular_function

biological_process cellular_component

COG function classification

H

Number of Proteins
8

c F G H I J K L O
Function Class

Amino acid metabolism
Biosynthesis of other secondary metabolites.
Carbohydrate metabolism

Energy metabolism

Global e

Upid metabolism

Metabolsm of cofactors and vitains

Metabolism of oher amino acids

|— .

[ .
Repicaton and repair il 1

. -

Nudleotide metabolism

Folding, sorting and degradation

Transcription

Histogram of KEGG

molecular_function

ARNA processing and modification
B:Chromatin structure and dynamics
C:Energy metabolism
DCell eycle control, cell division, chromosome partitioning
E:Amino acid transport and metabolism
F:Nucleotide transport and metabolism
G:Carbohydrate transport and metabolism
H:Coenzyme transport and metabolism
I:Lipid transport and metabolism
J:Translation, ribosomal structure and biogenesis
K:Transcription
L:Replication, recombination and repair
M:Cell wall/membrane/envelope biogenesis
NiCell motility
O: Postiranslational modification, protein tumover, chaperones
PInorganic fon transport and metabolism
Q:Secondary metabolites biosynthesis, transport and catabolism
ReGeneral function prediction only
S:Function unknown
ignal transduction mechanisms
ing, secreti

n, and e

V:Defense mechanisms
'W:Extracellular structures
Y:Nuclear structure
ZCyloskeleton

 Metabolism
enetic Information Processing
nvironmental Information Processing
1 Cellular Processes

Translation
Membrane transport
Cell motity

Cellular community - prokaryotes

S 65 D p e B
AL S S

Number of Protein

ES





OPS/images/fmicb-12-740482-g003.jpg
A

-Log10(pvalue)

00A vs 00B Volcano Plot (Intracellular)

5.0 -4

4.5

4.0 -

354

3.0+

2.5

2.0

B nosig_279
I down_308
B up_243

T T T T
-16 -14 -12 -10

8

T T T
6 4 -2

Log2 fold change

B

-Log10(pvalue)

00A vs 00B Volcano Plot (Extracellular)

5.0-9

45+

4.0

35+

3.0+

2.5

2.0

W nosig_80
m down_4
= up_78

Log2 fold change





OPS/images/fmicb-12-740482-g002.jpg
Protease activity (U/mL)

1 2 4 6
Storage time (d)

I S.putrefaciens 00A
I S.putrefaciens 00B

B

0d

CKé CK10 A6

A10 B6

B10

Myosin heavy chain

Actin






OPS/images/fmicb-12-740482-g001.jpg
A

TVC (log CFU/mL)

104

—e— S. putrefaciens 00A
—a— S. putrefaciens 00B
—=— Control

0 2 4 6 8 10 12
Storage time (days)

- N »
& S o
L L L

TVB-N (mgN/100 mL)

3
T

—e— S. putrefaciens 00A
—a— S. putrefaciens 00B
—a— Control

0 2 4 6
Storage time (days)

TMA (mgN/100 mL)

—e— 8. putrefaciens 00A
—a— 8. putrefaciens 00B
—=a— Control

0 2 4 6
Storage time (days)





OPS/images/cover.jpg
, frontiers
in Microbiology

Comparative Proteomics
Reveals the Spoilage-Related
Factors of Shewanella
putrefaciens Under Refrigerated
Condition









OPS/images/fmicb-12-740482-t001.jpg
Protein name

Cysteine desulfurase IscS

Biosynthetic arginine decarboxylase

Sulfite reductase

Sulfite reductase [NADPH] flavoprotein alpha-component
Sulfate adenylyltransferase subunit 2
Imidazolonepropionase

Sulfate adenylyltransferase

Adenylyl-sulfate kinase

Histidine ammonia-lyase

S-Ribosylhomocysteine lyase

ATP-dependent protease ATPase subunit HslU
Cysteine desulfurase IscS

Cysteine—tRNA ligase

S-Adenosylmethionine synthase

Sulfite reductase [NADPH] hemoprotein beta-component
Trimethylamine-N-oxide reductase

Iron—sulfur cluster insertion protein ErpA

Iron-sulfur cluster assembly protein CyaY
Lipoprotein-releasing system ATP-binding protein LolD
ATP-dependent protease subunit HslV
ATP-dependent Clp protease proteolytic subunit
S-Ribosylhomocysteine lyase

Polyribonucleotide nucleotidyltransferase
S-Adenosylmethionine synthase

Fe/S biogenesis protein NfuA

Accession number

A4YTD7
A4YEY9
A4Y9Z3
A4Y9Z4
A4YOX2
A4Y110
A4YOX3
A4Y9X0
A4Y113
A4Y3Y4
A4Y2S7
E6XJS8
A4YEHI
A4Y3R7
E6XLK8 AOA252F0Q3
086914
A4YAGS
A4YBGO
E6XJS2
A4Y2S8
A4Y5I2
E6XLW4
A4YOB5
E6XL87
A4YC18

Location

Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Intracellular
Extracellular
Extracellular
Extracellular
Extracellular
Extracellular

Regulate

Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Up
Down
Down
Down
Down
Up
Up
Up
Up
Up





OPS/images/logo.jpg
, frontiers
in Microbiology





